Instigating and Investigating Cellular
Chemistry via Fluorescence Microscopy

Wenzhou (Kevin) Zhang

Department of Chemistry
McGill University

Montreal, Canada

February 2024

A thesis submitted to McGill University in partial fulfiliment of the requirements of the degree of

Doctor of Philosophy

© Wenzhou Zhang 2024






(Photo taken by Kevin Zhang, 2016)

The first commandment for every good explorer is that an expedition has two points; the point of departure
and the point of arrival. If your intention is to make the second theoretical point coincide with the actual point
of arrival, don’t think about the means — because the journey is a virtual space that finishes when it finishes,
and there are as many means as there are different ways of “finishing.” That is to say, the means are endless.

-Ernesto ‘Che’ Guevara, The Motorcycle Diaries (1993)



Abstract

This thesis describes our efforts in using live cell imaging with fluorogenic, chemo-selective
molecules to probe the milieu of oxidative stress-related cell death. Reactive oxygen species (ROS) have
long been a subject of great importance in the field of biology and medicine. While ROS has been
implicated in numerous disease states and pathologies, they can also be harnessed as therapeutics such
as in photodynamic therapy (PDT). Lipid autooxidation — the autocatalytic cycle of lipids being degraded
into lipid hydroperoxides through a free radical pathway — in particular has raised great interest, as it is
the central chemical reaction involved in a recently discovered form of cell death called ferroptosis — for
which the fundamental molecular mechanisms of its execution are still poorly understood. Fluorescence
microscopy, including super-resolution techniques, present a unique opportunity into gaining access to
such systems as minute changes can be detected, with good spatial and temporal resolution, all while
minimally perturbing cellular function. To this end, this work focused on three major goals: 1) to gain a
mechanistic understanding of ferroptotic cell death by monitoring ferroptosis progression in live cells
using fluorescence microscopy-based strategies and HsB-PMHC — a fluorogenic radical trapping
antioxidant probe —; 2) To exploit the ROS imbalance in ferroptosis toward generating new strategies
that bring together ferroptosis inducers and photodynamic therapy. Enhanced imaging sensitivity will
also be explored. Both aims are facilitated by working with the dormant photosensitizer HsBrB-PMHC — a
dual-action fluorogenic antioxidant probe and dormant photosensitizer; and 3) To conduct super
resolution imaging in healthy cells and in ferroptosis, using the reversible Michael acceptor fluorogenic

probe cyanoAcroB (a lipid derived electrophile (LDE) mimic).

The body of experimental work is reflected in three experimental chapters. A first chapter
outlines our work on ferroptosis with a palette of fluorogenic antioxidant-mimicking probes, positioning

our method as a useful toolbox for the study of ferroptosis. We identify an ordered sequence of events



to the execution of ferroptosis. Alongside this, we present a proof-of-principle usage of H4B-PMHC as an
internal standard for the assessment of ferroptosis inhibitors. We also identify the endoplasmic
reticulum as the critical organelle in the protection against ferroptosis onset. A second chapter presents
the usage of our dormant photosensitizer probe H3BrB-PMHC. Conceived to undergo activation upon
reaction with ROS, an autocatalytic process next takes over as singlet oxygen is generated from newly
activated compound in turn activating nearby dormant probes. The new probe was utilized to identify
with enhanced sensitivity regions of cells undergoing increased ROS imbalance. Lipid droplets were thus
identified as such sites. We posit a hypothesis for this phenomenon as lipid droplets as a primary site of
polyunsaturated fatty acid storage and a protection mechanism against further oxidative stress. A third
chapter seeks to elucidate how LDEs react within cells and exploit this reactivity toward enhanced
resolution of reaction sites. LDEs such as a,B-unsaturated aldehydes are formed upon lipid
hydroperoxides rearrangement and their chemistry, and their biological and health implications are
intimately related to ferroptosis pathology. Here, we show that a fluorogenic reversible Michael
acceptor (an LDE mimic) may be used to interrogate the chemistry of lipid-derived electrophiles, while

unraveling the dynamics of organelles (e.g. mitochondria) where this chemistry takes place.

This work provides new insights and broadens the scope of applications where fluorescence
microscopy may be utilized toward interrogating biological problems. From the mechanistic
understanding of a new modality of cell death, to identifying subcellular locations of ROS, to optimizing
conditions for super-resolution live cell microscopy and its usage in LDE chemistry exploration, the

techniques developed in this work may serve as a springboard for further development in the field.



Résume

Cette thése décrit nos efforts pour utiliser I'imagerie en direct des cellules avec des molécules
fluorogénes et chimio-sélectives afin d'explorer le milieu de la mort cellulaire liée au stress oxydatif. Les
especes réactives de |'oxygéne (ROS) ont longtemps été un sujet d'une grande importance dans le
domaine de la biologie et de la médecine. Bien que les ROS aient été impliqués dans de nombreuses
maladies et pathologies, ils peuvent également étre exploités comme thérapeutiques, comme la
thérapie photodynamique (PDT). La peroxydation des lipides - le cycle autocatalytique de dégradation
des lipides en hydroperoxydes lipidiques - est particulierement fascinante, car elle est a la base d'une
forme récemment découverte de mort cellulaire appelée ferroptose, dont les mécanismes
fondamentaux d'exécution sont encore mal compris. La microscopie de fluorescence, y compris les
techniques de super-résolution, offre une opportunité unique d'accéder a de tels systemes car de
minuscules changements peuvent étre détectés, avec une bonne résolution spatiale et temporelle, tout
en perturbant au minimum la fonction cellulaire. Dans cette optique, ce travail s'est concentré sur trois
objectifs majeurs : 1) utiliser des stratégies basées sur la microscopie de fluorescence et le H4B-PMHC -
une sonde fluorogéne mimant les antioxydants - pour comprendre les mécanismes de la mort cellulaire
par ferroptose ; 2) évaluer le photosensibilisateur dormant H3BrB-PMHC - un photosensibilisateur a
double action et une sonde fluorogene ; et 3) utiliser la sonde fluorogéne a accepteur de Michael
réversible cyanoAcroB pour I'imagerie en direct de cellules en super-résolution de I'ajout de thiols se

produisant in vitro.

Le premier chapitre décrit notre travail sur la ferroptose avec une palette de sondes fluorogenes
mimant les antioxydants, positionnant notre méthode comme une boite a outils utile pour I'étude de la
ferroptose. Grace a I'utilisation de la microscopie multicanal, nous identifions une séquence ordonnée

d'événements dans |'exécution de la ferroptose. Paralléelement, nous présentons une utilisation de
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principe de H4B-PMHC comme norme interne pour I'évaluation des inhibiteurs de la ferroptose. De plus,
en utilisant des sondes PMHC ciblant les organites, nous identifions également le réticulum
endoplasmique comme l'organe critique dans la protection contre I'apparition de la ferroptose. Le
deuxieme chapitre présente I'utilisation de notre sonde photosensibilisatrice dormante H3Br-PMHC.
Notre sonde a base de PMHC activable par les ROS a été réglée pour équilibrer la génération d'oxygene
singulet et la fluorescence, fournissant un générateur et un indicateur d'oxygéne singulet. L'avantage de
|'autocatalyse - 'activation de la sonde engendrant d'autres activations de la sonde - a été utilisé pour
identifier des régions sensibles aux ROS des cellules, des emplacements subcellulaires ou I'activation de
la sonde se produit plus rapidement, notamment les gouttelettes lipidiques. Nous émettons |'hypothése
d'un phénomene selon lequel les gouttelettes lipidiques sont un site principal de stockage des acides
gras polyinsaturés et un mécanisme de protection contre un stress oxydatif supplémentaire. Le
troisieme chapitre met |'accent sur I'amélioration de I'imagerie en super-résolution des cellules vivantes
grace a une conception rationnelle des sondes. Les hydroperoxydes lipidiques subissent une
réarrangement en produits électrophiles réactifs tels que les aldéhydes a,B-insaturés dérivés des lipides
(électrophiles dérivés des lipides), dont les chimies sont étudiées et caractérisées pour leurs implications
biologiques et sanitaires. Ici, nous montrons qu'un accepteur de Michael fluorogene réversible pourrait
étre utilisé pour interroger la chimie des électrophiles dérivés des lipides, ou la réversibilité réglée
minimise I'accumulation de produits fluorescents et prolonge la fenétre d'imagerie permettant une

imagerie en super-résolution a I'échelle de I'heure.

Dans I'ensemble, ce travail apporte de nouvelles perspectives et élargit le champ d'application
de ce que la microscopie de fluorescence peut étre utilisée pour interroger des problemes biologiques.
De la compréhension mécanistique d'une nouvelle modalité de mort cellulaire, a l'identification des

localisations subcellulaires des sensibilités aux ROS dans la thérapie photodynamique, a I'optimisation
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des conditions pour la microscopie de cellules vivantes en super-résolution, les techniques développées

dans ce travail pourraient servir de tremplin pour d'autres développements dans le domaine.
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Chapter [: Introduction

Mankind thus inevitably sets itself only such tasks as it is able to solve, since closer examination will
always show that the problem itself arises only when the material conditions for its solution are already
present or at least in the course of formation.

-Karl Marx, A Contribution to the Critique of Political Economy (1859)

|.] Preface

Theory and methodology exist in a dialectical relationship. Challenging problems require the
development of adequate tools, which affords further insights into the previously unknown, illuminating
further problems, and the cycle is repeated ad infinitum.

The problem chosen for this investigation is the very problem of life itself. As aerobic beings,
utilizing oxygen for metabolism comes at the cost of oxidative stress, which we have evolved to balance
in a delicate homeostasis. The recently discovered form of cell death resulting from excess oxidative
stress in lipid membranes has garnered significant interest, yet fundamental questions remain
unresolved as to its origin and final execution.

The methods of choice for this research are primarily fluorescence-based, a boon to the study of
biological systems ever since its inception. Being able to light up specifically labeled molecules against a
dark background with little perturbation allows for the extraction of a rich trove of information, such as
distribution, structural features, quantity, and rates.

This introduction aims to provide the reader with an overview of oxidative stress biology and
the tools used to study it. A particular focus will be placed on our subject of interest — lipid peroxidation
and ferroptosis. Fluorescence methodologies utilized in the subsequent chapters of original research will

be adequately described and contextualized.



|.2 Lipid Peroxidation: From the Very Beginning (of the Universe)
|.2.1 Oxygen: Chronicle of a Death Foretold

Oxygen is an essential factor for sustaining the majority of living things on earth; however, it was
not always this way. The earliest lifeforms — microorganisms inhabiting deep sea vents — appeared
roughly 3.4 billion years ago?; it would take another billion years for oxygen in the form most familiar to
us — as Oy, an atmospheric gas — to appear in any significant quantity. This was an event termed the
Great Oxygenation Event (GOE),* 3 triggered approximately 2.6 billion years ago by the emergence of
cyanobacteria that evolved to harness the light of the sun to generate energy via photosynthesis and
produce oxygen from the splitting of water.? Initial atmospheric O; levels were suppressed as free iron
and other mineral deposits absorbed atmospheric O, to form oxides,* and they only began to
accumulate after the saturation of these mineral deposits, rising from negligible to as high as 21% 0,.2
To the primarily anaerobic organisms on earth, this was a death sentence, as they were defenseless
against the toxic effects of oxygen. lonizing UV radiation from the sun generates ozone, which in an
aqueous milieu leads to promiscuously reactive oxygen species® (ROS, Section 1.2.2) forming that can

modify and damage many key biomolecules.

Heightened atmospheric O, levels presented new opportunities for organisms evolved to take
advantage of it. More efficient aerobic respiration for energy generation allowed for the development of
multicellularity and complex tissue development, with vasculature to transport oxygen. Tolerance to
oxygen and ROS requires the adaptation of antioxidant defenses (enzymatic and small molecule), the
malfunction of which results in disease states.> > Biological membranes, essential for maintaining
concentration gradients and cell integrity, are a major site of concern for oxidative stress. The
unsaturated lipid components of biological membranes, contributing to membrane fluidity, are

vulnerable to oxidation (discussed in Section 1.2.4), the excesses of which can result even in cell death



(Section 1.3). It is within these contradictory conditions of oxygen being a gift and a curse that oxidative

stress biology and the subject of this thesis begins.

|.2.2 Reactive Oxygen Species in Biology

Reactive oxygen species (ROS) is a collective term given to a multitude of radical and non-radical
molecules deriving from oxygen.>® Examples include hydroxyl (OH*), peroxyl (LOO"), hydroperoxyl
(HOO®), and superoxide (O °) radical species, and hydrogen peroxide (H,0,), lipid hydroperoxide
(LOOH), and singlet oxygen (*0,) non-radical species. Highly — and thus non-specifically — reactive, they
are capable of modifying all classes of biomolecules, including nucleic acids,® lipids,” and proteins.®
Despite being implicated as a component of almost every disease state, including aging,® cancer,°
neurodegeneration,! inflammation,'? and more, ROS also serve as mediators of cellular homeostasis.*
ROS are utilized as signalling molecules as well as in cellular defense mechanisms.? A delicate
homeostasis of ROS is required for basal metabolism, while perturbation towards the side of oxidation

results in oxidative stress.

Aside from external stressors like UV or photosensitizers (Section 1.4.8), ROS are primarily
generated endogenously as a consequence of enzymatic electron transfer processes* and low basal
level ROS are always present in the cellular milieu (Fig. 1.1). For example, leakages within the
mitochondria electron transport chain (ETC), or in NADPH oxidases in the plasma membrane, produces
05". H,0; is also a product of peroxisomal enzymatic activity in fatty acid degradation, which in the
presence of intracellular iron can undergo a Fenton chemistry/Haber-Weiss cycle to produce OH".
Antioxidant enzymes are expressed to keep the levels of ROS species in check, such as superoxide

dismutase (SOD) converting O,™" into the less reactive H,0,, which is then reduced to water by catalase.

The interest of this thesis lies primarily in lipid-associated ROS, namely the process of lipid

peroxidation (Section 1.2.3). As many sources of ROS are membrane-bound or adjacent — such as



aerobic respiration — it stands to reason that lipids, the majority component of biological membranes,

will withstand a heavy burden of oxidative stress.
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Figure 1.1: Overview of major sites of lipid-associated ROS in various cellular organelles. Reproduced
with permission from reference.*

1.2.3. Lipid Autoxidation/Peroxidation

Lipid autoxidation is the autocatalytic free radical attack of polyunsaturated fatty acids in lipid
membranes in the presence of oxygen, rendering lipid hydroperoxides. The process of lipid peroxidation
follows those of other free radical processes in its breakdown into three stages: 1) initiation, 2)
propagation, and 3) termination (Fig. 1.2). Polyunsaturated fatty acid (PUFA) lipid tails in biological
membranes are susceptible to free radical attacks from a variety of initiating radical species in the
biological milieu (highlighted in Section 1.1.2). This is due to the easily abstractable hydrogen in the bis-
allylic position, where following PUFA reaction with free radical initiators carbon centered lipid radical
species (L*) are formed. Propagation next occurs when the newly formed carbon-centred radical reacts
at close to diffusion-controlled rates with molecular oxygen to form a lipid peroxyl radical (LOO"®),*®
which can then abstract another hydrogen from a neighbouring PUFA, generating another unit of L* and

a lipid hydroperoxide (LOOH).® Lipoxygenases (LOX) can also directly catalyze the formation of LOOH



from PUFAs.Y Termination of the radical chain reaction occurs either when two LOO*s combine, or,
more likely, by an encounter with radical trapping antioxidants (RTA), such as a-tocopherol (a-TOH,

vitamin E).

The accumulation of LOOH is toxic to cells. LOOH may produce further radical products through
Fenton chemistry with intracellular iron, which can go on to initiate more lipid peroxidation catalytically.
In addition, LOOH can undergo rearrangements into lipid-derived electrophiles® (LDE, Chapter 4), which
can go on to modify proteins upon alkylation of their reactive cysteine residues. In cells, the
selenocysteine dependent enzyme glutathione peroxidase 4 (GPX4) couples the oxidation of glutathione
(GSH) with the reduction of LOOH to rather inert lipid alcohols (LOH). The impairment of the GPX4

function in LOOH detoxification leads to ferroptosis,*® further elaborated on in Section 1.3.
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Figure 1.2: Overview of lipid peroxidation in the cellular milieu, including the fate of lipid
hydroperoxides (LOOH).®



|.3 Ferroptosis — Regulated Cell Death by Lipid Peroxidation

Ferroptosis is the form of cell death stemming from uncontrollable lipid peroxidation. While
oxidative stress-related cell death is not new (Section 1.3.1), the clear articulation and identification of a
mechanism centring (at first, see Section 1.3.4) around the action of the lipid hydroperoxide detoxifying
enzyme GPX4 unlocked a linkage between metabolism, cellular iron pool, oxidative stress biology, and
disease states.'® As with other regulated cell death mechanisms, control over ferroptosis induction or

|'20

prevention has tremendous therapeutic potential,* which has driven the explosive growth of the field

since its commencement a mere 20 years ago.

This section will provide a brief overview into the history of the study of ferroptosis, its key
underpinnings, and the unanswered questions in the field which served as the inspiration behind our

pursuits in this thesis.

|.3.1 History of Regulated Cell Death (RCD) & Discovery of Ferroptosis

In the early days of biology, cell death was given little thought and dismissed as an inevitable
phenomenon of life. The discovery of apoptosis?! (stemming from the Greek word for “falling off,” akin
to leaves from a tree) upended such orthodoxy. Apoptosis is a tightly regulated process, with precise
external and internal triggers to activate a cascading series of caspases, which go on to cleave cellular
proteins in a neat degradation of every cell component. Triggers and inhibitors of apoptosis also exist,
showing the process to be governable and exploitable, making apoptosis the first classified regulated
form of cell death. This stood in sharp contrast to accidental cell death — instantaneous and catastrophic
damage to cellular integrity. Regulated cell death plays an integral part of multicellular organismal
development?? (e.g., dissolving the webbing between fingers during gestation) and the loss of control
over cell death leads to the proliferation of cancer.? The explosion in the discovery of novel forms of

regulated cell death (e.g., pyroptosis,?* NETosis,?® cuproptosis,? disulfidptosis,?” etc.) necessitated a



consortium of cell death researchers to provide an updated classification, in which an emphasis is placed

on the specific mechanism of execution rather than morphology (Fig. 1.3).2
- on NECrOsis Necr,
?’(—d‘wen OPlog;g
-
\O‘b\ A
R S,
R %
Y D,
9 8-
& K
&
£
S RCD 9
§ <
g 3
L o
s o,
£ [
. / \
> A — j24
s — F:
_ " 5]
% Apoptotic Necrotic &
morphology morphology £
]
Q
&
< g
AN
% ®
0 0'\\0
<«
N
ae?
tcp NETotic "

Figure 1.3: Overview of major regulated cell death (RCD) subroutines, highlighting variety and also
interconnectivity. Reproduced with permission from reference 28.

In a sense, ferroptosis is the reconciliation of many decades of cell biology, dating back to the
earliest days of cell culture. The earliest observations of ferroptosis date back to the 1950s and 1960s in
Eagle’s pioneering work in the nutritional requirements of cultured cells.?® Eagle’s work showed that the
removal of cysteine — which we now recognize as a limiting precursor to the GPX4 axis of ferroptosis
(see Section 1.3.3) — causes cell death, and that the biosynthesis of cysteine in turn leads to cell
resilience. In the decades following, by which time cell death was discovered as a regulated process with

the advent of apoptosis, ferroptosis-like cell death was observed once more with the discovery of an



oxidative stress-induced cell death in neuronal cells, then termed oxytosis.3® Tan, Schubert and Maher
observed that excess extracellular glutamate leads to cell death associated with a depletion of GSH and
a resultant increase in ROS. We now consolidate this observation, understanding it as an inhibition of
GSH synthesis via the inhibition of cystine import proteins (system x.). The Conrad group in the early
2000s, working in transgenic rat models, firmly established the foundations of ferroptosis as a field,

demonstrating lethality with heightened ROS in various organs from the knockdown of GPX4.3!

Ferroptosis was in parallel discovered in small molecule screening efforts for anti-cancer
compounds by the Stockwell group. The compounds erastin,? and later RSL3,® were discovered to
induce cell death in a manner incongruent with any of the mechanisms known thus far (apoptosis,
autophagy, necrosis, etc.) by exerting a large amount of lipid peroxidation. The term “ferroptosis” was
given due to the finding that erastin/RSL3 induced cell death could be prevented by the chelation of
iron. The molecular underpinnings were elucidated later, showing RSL3 to be an inhibitor of the enzyme
GPX4 and erastin to be an inhibitor of cystine import — an upstream component of GPX4 function.*®
Thus, the earliest definition of ferroptosis was stated as cell death by lipid peroxidation governed by the

function of the enzyme GPX4, and that can be inhibited by iron chelators and lipophilic antioxidants.® 2

34

|.3.2 Mechanism (of Sorts) of Ferroptosis

With the explosion of available data as the field gained momentum, mechanistic insight into
ferroptosis seemed to point to a lack of a common shared mechanism, in sharp contrast to other forms
of RCD like apoptosis, with clearly defined regulators and effectors. A meta-analysis of the ferroptosis
literature indicated that ferroptosis was highly context dependent,® with some metabolites/proteins

influencing ferroptosis sensitivity very differently depending on cell type and the method of ferroptosis



induction. The consensus as it stands is that any pathway or metabolite which can directly or indirectly,

up or down-regulate the cellular defense against lipid peroxidation is an effector of ferroptosis.

In a recent review, Pratt and Dixon propose a flexible model of ferroptosis (Fig. 1.4),
understanding it as a series of overlapping and non-mutually exclusive effectors over a common core
mechanism.3® Within this framework, the core mechanism and inner defenses most relevant will be

elaborated upon.

A flexible conception
of ferroptosis

Regulatory penumbra
Qv Inner defensesb)

Core mechanism

¥

Lethal membrane permeabilization

Figure 1.4: A flexible model of ferroptosis proposed by Pratt and Dixon. Reproduced with permission
from reference 36.

Core mechanism — requirements for the initiation of ferroptosis:

First and foremost, molecular oxygen is necessary for ferroptosis, as it is the source of the R”0"S

which initiates lipid peroxidation (the sources of ROS in cells is elaborated upon in Section 1.2.2).



Lipoxygenase enzymes also utilize molecular oxygen directly, such as ALOX-15,%” which catalyze the
regioselective addition of oxygen to PUFAs to form certain lipid hydroperoxide species and are
implicated in certain instances of ferroptosis induction. PUFAs, the main oxidizable lipid, serve as the
fuel for lipid peroxidation. Ferroptosis can be attenuated or accelerated by changing PUFA availability.
Examples of the former includes supplementing cells with monounsaturated fatty acids (MUFAs),* or
disrupting enzymes, such as acyl-CoA synthetase long-chain family member 4 (ACSL4), that enrich
membranes with PUFAs.3 An example of the latter is the upregulation of PUFA synthesis increasing
ferroptosis susceptibility.3” With the buildup of lipid hydroperoxides (Fig. 1.2), the presence of iron can
lead to Fenton reaction, leading to further radical species and further lipid peroxidation, linking iron
availability and metabolism to ferroptosis. In addition, many enzymes which generate O,™* and H,0;
utilize iron as cofactors. As such, iron availability and metabolism is intimately linked to the induction of
ferroptosis. The chelation of iron or the down-regulation of genes in iron metabolism is capable of
preventing ferroptosis.'® Taken together: molecular oxygen, PUFAs/oxidizable lipids, and iron create the

conditions from which uncontrollable lipid peroxidation can take place.

Inner defenses — canonical and non-canonical protectors against lipid peroxidation:

The central regulators of ferroptosis are the cellular guardians of lipid peroxidation homeostasis.
The selenoprotein GPX4 is the earliest identified and most well-recognized line of defense against the
accumulation of lipid hydroperoxides,® with inhibition of its expression and function an initiator of
ferroptosis. This can be achieved directly by small molecule inhibitors such as RSL3* or ML210.%° As
GPX4 is GSH-dependent, disruptions to intracellular GSH levels will also eventually lead to ferroptosis
after sufficient depletion, such as that achieved through the action of erastin (a cystine importer) and

buthionine sulfoximine* (a GSH synthesis inhibitor).
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More recently, other endogenous mechanisms have been identified to regulate ferroptosis
independent of GPX4, challenging the previously held orthodoxy of GPX4 as the central axis.*®
Ferroptosis suppressor protein 1 (FSP1, renamed from AIFM2/apoptosis-inducing factor 2 due to the
recent elucidation of its mechanism) is an oxidoreductase that reduces coenzyme Qi (CoQuo), which can
trap lipid peroxyl radicals and further regenerate a-tocopheroxyl radicals, thus ensuring a sustained pool
of RTA.** % The first small molecule inhibitor of FSP-1 function was discovered shortly after.** Vitamin
K,* recharged by the activity of FSP1, also possesses RTA capacity. Taken together: the cellular defenses
against lipid peroxidation, whether it be GPX4 or RTA cycles, stop LOOH accumulation and prevent

runaway lipid peroxidation.

|.3.4 Key Questions Remaining in the Field

While the state of the field has focused on the identification of new modulators of ferroptosis,
with an eye on the role that ferroptosis plays in disease states and avenues for therapeutics,
fundamental questions remain. In 2018, Brent Stockwell, one of the pioneers of the field, summarized

the key unanswered questions of the field as follows:*®

1) What are the drivers of lipid peroxidation?
2) Where does lipid peroxidation take place?

3) How exactly do cells die in ferroptosis?

Amidst the exponential growth in ferroptosis literature over the years since 2018, evidence has
accumulated to a point where these questions can start to be answered. For instance, the drivers of lipid
peroxidation are generally agreed to be the various O, and H,0, species from cellular metabolism
(Section 1.2.2). However it seems no individual enzyme is necessary for ferroptosis initiation, hence the
flexible constellation model of ferroptosis regulation.®® As well, a matter of where and how much ROS is

required to kickstart ferroptosis is still not understood. In the case of where lipid peroxidation takes
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place, the endoplasmic reticulum (ER) has been implicated as an essential site of lipid peroxidation, with
the exact reason still unresolved. The contributions of various organelles in ferroptosis have been
investigated by many groups, especially metabolically obvious ones like the mitochondria®’ — site of
oxidative respiration — and lysosomes®® - keeper of degradative enzymes, with no clear universal
relevance and observing context-dependence. Recent works by Stockwell, Woerpel, and Min using the
targeted delivery of an endoperoxide (ferroptosis inducer) to various organelles show that the ER is the
primary site of lipid peroxidation. While lipid peroxidation can be induced in other organelles to initiate
ferroptosis, it is propagated through the ER, where after some delay it finally reaches the plasma
membrane.* How said lipid peroxidation propagates from the ER to the plasma membrane is thus far an
unsettled question.* As to the final executioner of cell death, the field has arrived at the consensus of
catastrophic membrane permeabilization being the hallmark.*® It has been shown that ferroptosis leads
to the formation of membrane pores, which allow for water entry and causes cell swelling and
rounding.>® However, the causes of pore formation and loss of membrane integrity still require

elucidation, although it is speculated to be lipid-derived electrophiles®, especially aldehyde species.*

It is increasingly apparent that the complexity and ambiguity of the ferroptosis puzzle can only

be cut through with tools this thesis aims to sharpen.

| .4 Tools and Probes for Studying Lipid Peroxidation and Ferroptosis

The methods for studying lipid peroxidation and its byproducts in ferroptosis are typically
endpoint measurements, observing what remains after an induction period of hours to days. Key
methodologies employed by the field are outlined here, spanning from colorimetric and fluorescence

high throughput assays to lipidomics and imaging
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|.4.1 High Throughput Assays of Cell Viability

The efficacy of ferroptosis inhibitors and inducers are commonly screened via cell viability
assays. Their commercial availability and multiplex capability present an easy entryway into a quick
diagnosis of cell health. Most are colorimetric and rely on quantitation of cellular metabolism as a proxy
for cell health. Examples of such assays include the MTT assay,>® which measures the reduction of the
yellow tetrazole compound (3-(4,5-dimethylthaizol-2-yl)-2,5-diphenyltetrazolium bromide, or MTT) to a
purple substrate (formazan), mainly via the action of NADPH reductases in the cell cytoplasm. The loss
of cell viability results in the loss of reductive power, facilitating this quantification. The resazurin assay,
also commercially known under the name AlamarBlue,>* is another assay based on the reductive
potential inside live cells, converting the blue non-fluorescent dye resazurin to the — reduced form —red
highly fluorescent resorufin and thus offering two modes of detection, fluorescence and colorimetric.
Both assays require an incubation time for sufficient quantities of dye to be reduced until instrument
detection limits are reached. CellTiter-Glo® is a cell lysis-based assay®® which quantifies ATP - present in
living cells as the fuel for metabolic activities — via chemiluminescence of the enzyme luciferase and its
substrate luciferin, resulting in almost instantaneous quantifications of chemiluminescence at extreme
sensitivities. See Figure 1.5 for a summary of these methods. The same drawback is shared by all these
assays in that only static information can be gathered, assessing viability at a discrete timepoint.
Dynamic information regarding the speed and proportions of cells undergoing ferroptosis, or other

forms of cell death, is missing.
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Figure 1.5: Chemical structure and mechanism for commonly used cell death assay markers A) MTT
(yellow to purple), B) rezasurin/AlamarBlue (blue/non-fluorescent to pink/fluorescent), and C)
Luciferase-based assays like CellTiter-Glo (dark to light). Adapted with permission from reference.>®

|.4.2 Mechanistic Assays

Mass spectrometry is the premier method for characterizing the lipid oxidation and metabolic
products of ferroptosis. It has proved uniquely important in elucidating the relevance of lipid
composition and action of enzymes. Specifically, lipidomics have been used in studying the role of PUFA
regulatory enzymes and distributions of oxidized lipid species in ferroptosis, such as in Doll and
coworkers’ seminal work, which identified the role of acyl-CoA synthase 4 (ACSL4) in modulating
ferroptosis sensitivity®® and characterized phosphatidylethanolamines (PE) lipids®’ as being preferentially
oxidized. Metabolite quantification, used in the work of the Conrad* and Olzmann® groups when
measuring CoQqo levels, helped to identify the key FSP-1 axis of ferroptosis. Proteomics has also been a
key frontier for development, especially in detecting proteins modified by ferroptosis-derived LDEs.%’
Activity-based protein profiling (ABPP), for instance, is a mass spectrometry technique used to identify
changes in the availability of nucleophilic sites within the cell milieu. In ABPP, an exogenous electrophile
with a pulldown tag is added at saturating concentrations into cell populations, and the negative

difference in reactive sites identified between said population and a control population represents the
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reactive sites modified by endogenous electrophiles. The Wang group used a meta-
aminophenylacetylene (m-APA) probe in ABPP to quantitatively profile LDE modifications in ferroptotic

cells and identified over 400 sites of protein modification.®’

|.4.3 Fluorescence Methods for Measuring Lipid Peroxidation

Fluorescent probes have emerged as a powerful tool for the study of ferroptosis. A number of
probes exist to either image the formation of lipid peroxyl radicals or of lipid hydroperoxides. They have
been used in high throughput applications outside of simple viability (Section 1.4.1) as well as in cell

imaging experiments.

Probes for lipid hydroperoxides exist, based commonly on the triphenylphosphine backbone
(Fig. 1.6). The most commonly used probe is diphenyl-1-pyrenylphosphine (DPPP), which yields a blue
(352 nm) fluorescent DPPP oxide product upon reduction of a hydroperoxide into its corresponding
hydroxide.>® Although utilized,*® the short wavelength makes said probe unsuitable for live cell
applications. Spy-LHP was designed to overcome said weakness, detectable at longer wavelengths (535
nm).%° However its low solubility in cell imaging compatible solvents limited its applications. LiperFluo, a
Spy-LHP derivative was later developed and represents the most successful lipid hydroperoxide probe to
date.! LiperFluo has been utilized by Kagan and coworkers in marking the accumulation of lipid

hydroperoxides in lipidomics studies of ferroptosis.*’
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Fig 1.6: probes for lipid hydroperoxides: DPPP, Spy-LHP, and LiperFluo. Reproduced with permission
from references 58 and 61.

The commercial probe BODIPY 581/591 C11 (C11 BODIPY).%2 has been the standard to date in
the field of ferroptosis. C11 BODIPY is made up of a BODIPY core, a fatty acid tail for anchorage into lipid
membranes, and a phenyl group linked to the core via a diene linker. Upon lipid peroxyl radical addition
to of the diene linker, the fluorescence of C11 BODIPY shifts from 595nm to 520nm. Here, the degree of
oxidation is quantized ratiometrically (oxidized to unoxidized), where this ratiometric assay can be
exploited not only in in fluorescence cell sorting applications but also in end-point fluorescence
microscopy studies. Oxidation of the diene linker in C11 BODIPY upon reaction with LOO- is analogous to
the propagation step of lipid peroxidation in that a new carbon centered radical is initially formed that
can trap a molecule of O,, becoming a peroxyl radical that next may react with additional PUFA. In terms
of microscopy, C11 BODIPY is typically used as an endpoint measurement in fixed-cell scenarios post-
treatment, instead of in live cell continuous measurements, due to its propensity for internalization,

adding ambiguity to spatiotemporal measurements as the distribution of probe is irregular in the cellular
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milieu. The usage of C11 BODIPY in more quantitative works has also been cast in doubt, as mass
spectrometry studies of fatty acids versus C11 BODIPY oxidation show C11 BODIPY overestimates the
extent of lipid peroxidation, due to it being more sensitive to lipid oxidation and exhibiting an

antioxidant effect of its own.%3

Lipid peroxyl radical probes could also be used in high throughput applications for the screening
of antioxidant — ferroptosis inhibitor — kinetics. The Cosa group first developed a high throughput well
plate fluorescence assay, utilizing a (2" generation) fluorogenic RTA probes (see below) for measuring
the kinetics of peroxyl radical reactions in liposomes.®* In the presence of competing antioxidants, this
assay obtained relative rate constants of H-atom abstraction (kinn) by monitoring the fluorescence of the
RTA fluorogenic probe over time, in a rapid and parallel format. FENIX®® (Fluorescence-ENabled Inhibited
autoXidation, Fig. 1.7 for overview) developed by the Pratt group, makes use of Sty-BODIPY, a
fluorogenic BODIPY with an oxidizable alkene moiety, takes inspiration from C11 BODIPY and the high
throughput antioxidant competition assay of the Cosa group. The monitoring of antioxidant activity by
the co-oxidation of Sty-BODIPY induced by a radical initiator (DTUN) in a model lipid membrane
(liposome) environment yielded better adherence to actual degree of ferroptosis protection than a
simple measure of antioxidant activity in solution. The FENIX platform has also been recently built upon
with endogenous lipid peroxidation initiators® to better mimic lipid peroxidation in the cellular milieu

for greater physiological relevance.
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Figure 1.7: Graphical overview of FENIX. Reproduced with permission from reference 65.

The Cosa group has since iteratively developed RTA fluorogenic probes to report
spatiotemporally on the generation of lipid peroxyl radicals,®* 677° culminating in H4B-PMHC,”® our
fourth-generation reporter. Our design principle has remained consistent, connecting the lipid peroxyl
radical trapping antioxidant chromanol moiety of a-tocopherol (a-TOH) to a reporter BODIPY
fluorophore. In the unoxidized state, the chromanol trap moiety quenches the BODIPY excited state via
photoinduced electron transfer (PeT, Fig. 1.8). Upon reaction with two equivalents of lipid peroxyl
radicals, the chromanol is oxidized, PeT is abolished, and the BODIPY core fluorescence is restored.
Iterative improvements of this design by tuning the BODIPY core to be more electron deficient to yield
faster rates of PeT,”* as well as the linker length between the chromanol and BODIPY segments, have
improved the dynamic range of the probe from a 22-fold®” to a 1000-fold’® enhancement (H4B-PMHC) in

fluorescence upon oxidation.

Our latest probe H4B-PMHC is amenable to a range of applications due to its extreme sensitivity,
including real-time live cell visualization of lipid peroxyl radical generation. Thus, in cell cultures, H4B-

PMHC has been used in the measurement of the basal metabolic rate of lipid peroxyl radical generation
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in Hela cells,” in visualizing the extent of lipid peroxidation in lung endothelial cells exposed to cigarette
smoke’? and in measuring antioxidant consumption in neuronal cultures.”® In bacteria, H4B-PMHC was
employed to resolve the sites of lipid peroxyl radical accumulation.”® In model membrane systems, H4B-
PMHC has also been used as a fluorescent analogue of a-TOH in spectroelectrochemistry studies,’” as
well as in monitoring singlet oxygen flux in giant unilamellar vesicles.”® This thesis will describe the use

of H4sB-PMHC and related probes in studying ferroptosis progression in live cell imaging.
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Figure 1.8: (A) Structure of a-TOH and a previously reported, 2" generation fluorogenic tocopherol
analogue. (B) Proposed off/on sensing mechanism of H,B-PMHC based on PeT. Reproduced with
permission from reference 70.

|.5 Live Cell Fluorescence Methodologies

From van Leeuwenhoek’s first compound microscopes’’ leading to the first observation of cells’

7581 hlowing well past the diffraction limit to the 1-nanometer

to today’s super-resolution methods
scale,®? the advancements of microscopy cannot be disentangled from the advances in the studies of

biological systems. In particular, fluorescence microscopy has become an indispensable component of

the modern arsenal to study cell biology, as fluorescent markers can be used to specifically label
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substrates of interest with minimal perturbation to cell function. Here an overview of fluorescence
microscopy — the key method employed in this thesis is provided. We start the description with
fluorophores and recent advances in their usage, to then give details on new imaging techniques

enabled by advances in microscopy hardware and software.

|.5.1 Fluorophores

The phenomenon of fluorescence has been observed as early as the fifteenth century.® The
term fluorescence was first coined by Stokes in 185284 as a description of a process of light absorption
and emission in his observations of fluorspar (CaF,) when exposed to light. Since then, a robust

understanding of the underlying physics has been developed, serving as the basis of countless platforms.

Photophysical Processes:

Fluorescence and other photophysical processes can best be represented by a Jablonski diagram (Fig
1.9a).5% The process begins typically with a molecule (fluorophore) in the singlet electronic ground
state (So) absorbing a photon of suitable energy (process i, Fig 1.9a), promoting an electron into a higher
energy orbital (Sn), relaxation then occurs to the lowest electronic excited state (S: ) via a combination
of internal conversion and vibrational relaxation (process ii, Fig. 1.9a). From S, the fluorophore returns
to the ground state either by emitting a photon — fluorescence (process iii, Fig. 1.9a) — or alternatively,
nonradiative processes could also occur to relax the molecule down to the ground state without a
photon emission (process iv, Fig. 1.9a). Intersystem crossing (ISC) into the spin-forbidden triplet excited
state T1 could also occur (process v, Fig. 1.9a), which can subsequently lead to radiative
(phosphorescence, process vi, Fig. 1.9a) or nonradiative decay back to the ground state (process vii, Fig.
1.9a). Further elaboration into triplet state processes and their application will be discussed in Section

1.5.8 (Photodynamic Therapy).
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Figure 1.9: A) Jablonski diagram of relevant photophysical processes, highlighting i) absorption of a
photon to promote a molecule from the ground to an upper singlet electronic state, ii) vibrational
relaxation to Sy, iii) fluorescence, iv) nonradiative decay, v) intersystem crossing to Ty, vi)
phosphorescence, and vii) nonradiative decay. B) Absorption and emission spectra of a generic
fluorophore. Adapted with permission from reference 85.

Photophysical Properties

The utility of fluorophores comes from the exploitation of their photophysical properties. Fluorophores
can be distinguished from each other by their characteristic absorbance and emission, a generic
example of which is shown in Fig 1.9b. The absorption wavelength maximum (Amax) of a fluorophore
corresponds to the most probable absorption wavelength in the absorption band. It is related to the
transition energy between Sp and the excited state Sn, and corresponds to the minimum excitation
energy when referring to So-S; transition(Fig 1.9a, i). Upon excitation to S3, the energy lost in solvent
reorganization and other processes redshifts the emission when compared to the absorption, with the
difference in Amax and Aem characterized as the Stokes shift, and the intersection of absorption and
emission being equal to the value for So-S; transition energy . To use many dyes in parallel, it is
important to consider selecting ones without spectral overlap, so individual dyes can be uniquely excited
and visualized. For usages of fluorophores as a measure of concentration, a high signal-to-noise ratio, or
brightness, is desirable. The absorptivity of a fluorophore (at Amax) can be expressed by the extinction

coefficient (g), as defined by the Beer-Lambert law. The emission quantum yield () is a measure of the
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probability of a dye to decay from S; (or upper excited state) via fluorescence (Fig 1.9, iii). It is the
proportion of emitted photons to all photons absorbed, essentially the efficiency of a dye to fluoresce.
The ideal fluorophore — one with the maximal output of photons — is one which has high € and a high ¢,
where the product of the two is termed molecular brightness.® For fluorophores with overlapping
spectral emissions, the lifetime of the excited state (1) can be used as an alternative discriminant in

fluorescence polarization® or lifetime imaging.%

Types of fluorophores:

The principal classes of fluorophores typically used in cell imaging applications are fluorescent
proteins and organic dyes. While lanthanide® and semiconductor nanocrystals (quantum dots)®? have
been deployed, their biocompatibility remains a huge hurdle best overcome by sidestepping it

altogether. These latter materials will not be elaborated upon further.

Fluorescent proteins, such as those derived from the original Aequorea victoria jellyfish%,
present the advantage of being easy to use and highly biocompatible. Their application was first
demonstrated post-cloning® and genetically-encoded to a target gene to track its expression in
nematodes.”® Currently a plethora of options exist due to the explosion of protein engineering, creating
a palette of different colours and brightness®® to choose from, accessible to the labeling of specific

protein targets via routine molecular biology.

Small molecule organic dyes have the advantage of being synthetically flexible, with many
opportunities for functionalization with chemically reactive handles for either cross linkages or
fluorogenicity.®® Many families of dyes across the visible (and near IR) spectra have been developed and
are highlighted in Figure 1.10, presenting a very enticing array to choose from in multiplexing. In

addition to photophysical properties (Amax, Aem, €, @, T), here additional criteria such as the pKj,,
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chemical/photostability, toxicity, and dye localization can serve as the basis for selection based on

application.

The boron-dipyrromethene (BODIPY) backbone for our fluorogenic probes has been developed
upon in the Cosa lab over the past decade.®” % 7% %7 Correspondingly, the probes utilized in this thesis

are BODIPY-based. BODIPYs in this application have many advantages, including their high quantum

yield (¢ ~1 for typical BODIPY core), high stability across the range of physiologically-relevant conditions,

facile synthesis and functionalization, and high lipophicity — for ease of partitioning into lipid

membranes. As this work is focused on imaging methodologies, the synthetic schemes and

characterizations of various probes is outside of the scope of investigation and will not be discussed.
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Figure 1.10: Survey of major fluorophore families arranged by wavelength. Reproduced with permission

from reference.®®
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|.5.2 Fluorescence Microscopy

Fluorescence microscopy is an extremely versatile platform that can be adapted for qualitative
and quantitative, static and dynamic, physical and organic systems. In the Cosa group alone, imaging has
been the technique of choice for studying the dynamics of protein binding,® the assembly of DNA
nanostructures,® the photophysical properties of materials,'® and chemical reactions in membranes.”

As this work is primarily interested in cellular processes, a focus will be placed on live cell imaging.

Widefield microscopy - meaning the whole sample is illuminated, as opposed to nearfield

101 _js broadly used for cell imaging. Typically, this method is employed in the

microscopy
epifluorescence modality, meaning the objective lens is used to both excite and collect light from the
sample. The sample is illuminated with a light source of adequate power and spectrally filtered for the
correct wavelengths. Lasers are nowadays implemented in most systems due to their high output and
their capability for precise wavelength tuning. Upon excitation, the emission is then collected back
through the objective lens, filtered for the specified wavelengths, and captured by a camera. High
sensitivity image sensor setups, such as electron-multiplying charged coupled devices (EMCCDs) and

scientific- complementary metal oxide semiconductors (sSCMQOSs) allow for fast acquisition rates (“ms

time resolution), along with incredible sensitivity ( >90% quantum efficiency).

|.5.3 Total Internal Reflection Fluorescence (TIRF)

TIRF is a widefield technique in which illumination occurs at an angle greater than the critical
angle of refraction between two interfaces of different refractive indices.'® Typically, these interfaces
consist of an aqueous sample (n; = 1.33) and a glass coverslip (n, = 1.52). When the angle of illumination
exceeds the critical angle, total internal reflection occurs, the incident light is reflected into itself, and an
evanescent wave is generated at the glass-water interface that decays exponentially with distance into

the water. The spatial confinement (d) of the evanescent field is a function of the angle of incidence past
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the critical angle (B) and the wavelength of excitation. It is approximately 150nm for the visible light

range.

d= ﬁ (n,?sin? @ —n,2)1/2
TIRF mitigates problems associated with background, as chromophores/impurities away from
the surface are not excited, creating a superior signal-to-background ratio capable of discriminating
fluorophores from background at the single molecule level.2 TIRF is thus the illumination method of

choice for single molecule fluorescence microscopy as well as many super-resolution methods (Section

1.5.6).1

|.5.4 Highly Inclined and Laminated Optical Sheet (HILO)

While TIRF enables the visualization of fluorophores down to the single molecule level, it is a
surface phenomenon that is very limiting for biological systems, as cells are microns in thickness. To this
end, HILO!® is more amenable to obtaining useful information. Here, slightly less oblique illumination
than that used in TIRF results in an optical sheet of approximately one micron in thickness, passing
through the centre of the sample of interest. Signal-to-background is good, as in TIRF, due to the lack of
background excitation, albeit slightly less so when, for instance, the bulk of the cytosolic content of an
adherent cell is illuminated. See Figure 1.11 for a comparative illustration of the epifluorescence, TIRF,

and HILO illumination angles.
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Figure 1.11: Angle of illumination for widefield microscopy: epifluorescence, TIRF, and HILO. Figure
adapted from reference 106.1%
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|.5.5 Confocal Microscopy

Confocal microscopy encompasses a broad class of techniques commonly used in cell imaging.2?’
In contrast to widefield techniques, confocal techniques produce a series of optical slices by occluding
out-of-focus light. This is achieved by focusing the light through a carefully aligned pinhole (in the
CONjugate FOCAL plane of the sample), ensuring only fluorescence that originates from the focal plane
is captured. Two major implementations of confocal techniques exist: laser scanning confocal
microscopy (LSCM) and spinning disk confocal microscopy (SDCM). In LSCM, scanning mirrors are used
to raster the laser light source across the sample one pixel at a time. Acquisition times are relatively
slow, precluding fast dynamics. Typically, a photomultiplier tube (PMT) is used instead of a camera, as
intensity is assigned to one pixel at a time (point detector). SDCM excites and images the sample in
parallel from multiple points.1% By utilizing an array of pinholes on a disk spinning at a high frequency
(5000-10000 rpm), out of focus light can be rejected while achieving an even illumination of the entire
sample. Acquisition time is thus improved, allowing for the use of array detectors (cameras) instead of

point detectors (PMT). See Figure 1.12 for a graphical overview of both LSCM and SDCM.
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Figure 1.12: Overview of a) LSCM and b) Yokogawa-based SDCM, where the laser is focused with an
array of lenses (a lens disk) aligned with the pinhole disk. Reproduced with permission from
reference.’®®
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|.5.6 Super-Resolution Microscopy

Ernst Abbe derived the theoretical fundamental resolution limit to optical microscopy® 150
years ago, stating it as a function of the numerical aperture (NA) of the objective and the wavelength of
emitted light. Diffraction limited resolutions of approximately 200 nm and 500 nm are thus calculated
laterally and axially respectively, and attained with a high (~1.4) NA objective for a wavelength of 500

nm.

i y)
XY™ 2 NA
o 22
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The diffraction limited resolution is on the size scale of many organelles and bacteria, meaning more

invasive methodologies such as electron microscopy must be used to acquire intracellular details.

Starting in the early 1990s and 2000s, methods for circumventing the diffraction limit of light
began to emerge, leading to the Nobel Prize in Chemistry in 2014 awarded for the development of two
such methods.!! Broadly, the two strategies for beating the diffraction limit of light are: 1) point spread

function (PSF) engineering and 2) single molecule localization (Fig. 1.13).

STED (STimulated Emission Depletion) is a point-scanning confocal technique (Section 1.5.5) first
theorized!'? and realized®! by Stefan Hell, by which resolution can be enhanced by depleting fluorophore
emission in the outer region of the diffraction limited spot. Stimulated emission can be achieved by
using a laser of longer wavelength, forcing the excited fluorophore to relax to a higher vibrational state
than the fluorescence transition, causing a red shifted photon separable/ignorable from the normal
fluorescence of the fluorophore. Thus, by engineering a donut shaped depletion beam over the
excitation beam, the periphery of the excitation PSF can be depleted thus confining the emission to a

sub-diffraction limited zone. Resolution enhancement here follows the relationship:
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Where the saturation factor (o) is a function of the peak intensity of the excitation laser (Imax)

and the threshold intensity required to achieve saturated emission depletion (lsat):

0 = Lnax/Isat

Improvements in resolution can be made down to ~50 nm.!3

SMLM (single molecule localization microscopy) methods separate single, diffraction-limited
fluorophores in time, before separating them in space. This has been achieved in various ways using
different fluorophores, in techniques such as PALM® (Photoactivated Localization Microscopy, using
fluorescent proteins proposed by Eric Betzig) and STORM” (Stochastic Optical Reconstruction
Microscopy, using cyanine dyes, proposed by Xiaowei Zhuang). By capturing thousands of frames of
photoswitchable fluorophores under conditions such that only a small subset of diffraction-limited
fluorophores is emitting, computational analysis can be done to pinpoint the centres of emitting
molecules and reconstruct a map of super-resolved emissions (fitting a point spread function). The
improved localization precision (diocalization) Of the fluorophore thus scales with the number of photons

collected (N) for each fluorophore imaged:

d d
localization = \/—
N

Improvement in resolution down to ~50 nm can be routinely achieved, with ~10nm range

accessible with further optimization.!*®

MINFLUX,® a revolutionary new technique, is capable of achieving sub-nm resolution. Similar to
STED, but flipping the paradigm on its head, MINFLUX makes use of a donut-shaped incident beam. A
spot of zero intensity exists in the center of the excitation beam, at which point a fluorophore
positioned there would exhibit no intensity. MINFLUX moves the excitation donut to encircle
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fluorophores until it is positioned at the position of minimum signal directly in the centre of the

excitation donut. This technique drastically reduces the number of photons required for image

acquisition compared to STED.

The advent of super-resolution methods has led to important discoveries in cell biology. To
highlight a few specific examples, the Zhuang group discovered the periodic cytoskeletal structure in
neuron axons/dendrites using STORM.* The Jakobs group, using live cell STED, resolved mitochondria
cristae dynamics for the first time and the distribution of mitochondria nucleoids.*> MINFLUX,8? still in
its infancy, has already been used to track the movement of individual kinesin motor proteins making

discrete ~4nm length steps along microtubules in 3D.%1¢
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Figure 1.13: Overview of A) SMLM, B) STED, and C) MINFLUX. Reproduced with permission from

reference.'’
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|.5.7 Alternative Methods for Super-Resolution

Super-resolution methods such as STED and SMLM do not come without significant trade-offs,
which has led to a desire for mitigation. Both techniques require laser power at ranges which can impact

cell viability,®

as the resolution increase in STED is directly proportional to the intensity of the
depletion donut and SMLM techniques require high laser power in order to achieve the desired
fluorophore photoswitching dynamics. In addition, SMLM, requiring the collection of thousands of

frames — over the course of minutes or longer — precludes the possibility of capturing fast dynamic

processes.

Structured illumination microscopy (SIM) is a widefield technique that utilizes a periodically
patterned illumination field to generate interference with labeled structures in the sample, from which
an image of the structure can be calculated at a resolution beyond the diffraction limit.*'° While not
requiring high laser power or long acquisition times, SIM is physically limited to a twofold increase in
resolution (~150 nm, compared to ~20 nm for SMLM). As such, the above listed techniques all possess

caveats for live cell imaging.

Super-resolution Optical Fluctuation Imaging is a computational super-resolution technique
exploiting the correlation of light from individual fluorophores.??® The fundamental idea is that capturing
a series of images (~100 to ~1000 frames) over time using a fluorophore with stochastic, time-
dependent fluctuations (not moving, only varying in intensity over time/blinking), enhancing the
intensity of pixels correlated over time (signal) and diminishing the intensity of pixels uncorrelated in
time (noise, out of focus light), will lead to resolution enhancement. The resolution improvement with
SOFI scales with the number of orders of correlation (correlating n measurements at a time), by a factor

of Vn.
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SRRF (super-resolution radial fluctuations)*?> 122 js a method pioneered by the Henriques lab
which circumvents many of the challenges of super-resolution when applied to live cells. As in SMLM,
higher resolution data is created from a sequential series of frames. However, unlike SMLM, there is no
requirement for sparse distribution of fluorophores — thus, it enables working on densely labeled
samples at low laser power. Additionally, there is no requirement for blinking fluorophores (like in SOFI).
In brief, the analysis is split in two steps, 1) localization by radiality and 2) de-noising by temporal
correlation. In the first step, an intensity gradient vector is assigned to each pixel, pointing to the
direction of highest pixel intensity in a ring of neighbouring pixels. A radiality score is then assigned to
each pixel, as a measure of how well the gradient vectors in the local environment converge, with high
radiality as a proxy for the position of the fluorophore, as microscope point spread functions are radially
symmetric (Fig. 1.14). The second step of the analysis examines the temporal correlation of the map of
radiality, with the reasoning that while signal is highly temporally correlated, noise is random and
temporally uncorrelated. The final map of temporal correlation can then be rendered as a SRRF image,
with a resolution of ~70 nm.'?! For this thesis, SRRF is employed in Chapter 2 and Chapter 4 as the best

compromise between biological relevance, temporal sampling, and image resolution.

a Diffraction-limited SRRF
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Figure 1.14: Workflow of SRRF analysis. The cyan box highlights the raw data of a stack of diffraction-
limited images, and the green box highlights the analysis process of radiality assighment and temporal
correlation analysis. Reproduced with permission from reference.?
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|.5.8 Photodynamic Therapy (PDT)

The therapeutic applications of light date back to antiquity, with many ancient civilizations
prescribing various plant extracts and sun exposure for treatment of skin diseases.'?* Modern
phototherapy began in the early twentieth century, exemplified by Niels Finsen, whose work on the
subject was awarded the Nobel Prize in 1903.1%* The discovery of the tumour-localizing ability of

haematoporphyrin along with its phototoxic effect on tumour cells led to the development of PDT.1%

PDT relies on the action of a photosensitizer, light, and oxygen. Molecular oxygen in its ground
state exists as a triplet (30,), rendering it electronically inert towards the vast majority of molecules
which are singlets.®” A photosensitizer — a chromophore which upon absorption of a suitable wavelength
of light and excitation to the singlet excited state (Section 1.5.1, Fig. 1.9a), efficiently undergoes ISC to
the triplet excited state — is needed to facilitate the reaction of 30, with biomolecules to achieve the
desired effect of inactivation. Here Dexter energy transfer (nonradiative energy transfer of the excited
state, also known as triplet-triplet annihilation) between the excited triplet state of the photosensitizer
and the ground state triplet oxygen takes place through a spin allowed process,'?’ to yield a ground
state photosensitizer and molecular oxygen in the excited singlet state 10,, commonly known as singlet
oxygen. Of note, singlet oxygen can also be sensitized from the singlet excited state of photosensitizers,
provided the singlet triplet gap for the photosensitizer is larger in energy than the excitation energy
required to form singlet oxygen. Inactivation by singlet oxygen is known as Type |l PDT.?” To attain
efficient ISC in the photosensitizer, one may take advantage of the heavy atom effect, a phenomenon
where increased intersystem crossing efficiency is attained by the chromophore substitution with high
atomic number atoms. Here increased ISC is due to spin-orbit coupling.!?® The photosensitizer in the
triplet excited state can also interact with a substrate (biomolecule) via hydrogen atom or electron

transfer®’” (Type | PDT), generating radical species which can then further react with 30,to form ROS
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(Section 1.2.2). Type Il PDT represents the dominant mechanism in the literature, with most

photosensitizers producing 10,.

While the lifetime of 103 is short, when in proximity with membranes, 0, can undergo the ene
reaction with unsaturated lipids to produce lipid hydroperoxides (Fig 1.15, also Section 1.2.4 for the

implications of lipid peroxidation).
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Figure 1.15: A) Mechanism of type Il photosensitization to produce '0,. B) Ene reaction of singlet oxygen
with unsaturated lipid to generate a lipid hydroperoxide. Reproduced with permission reference 14.

The general principle of PDT is to deliver a photosensitizer to a targeted cell possessing a disease
pathology and to utilize light and oxygen to generate ROS for its elimination. PDT has been broadly

128 3nd in inactivating microorganisms such as bacteria??®

deployed over the years in cancer treatments,
(PDI, photodynamic inactivation). As ROS react non-specifically, spatial control over the activation of

photosensitizers to mitigate damage to healthy cells is of utmost importance.

The Cosa group has designed a novel approach to adding an extra layer of control to
photosensitization, with the incorporation of a chemical cue for photosensitizer activation (Fig. 1.16).1*
Reasoning that activating a photosensitizer specifically in regions under high oxidative stress could
contribute to the discrimination of diseased versus healthy tissue, heavy atoms (bromines) were added
to our fluorogenic probes for ROS® to create a dormant photosensitizer. This design principle was

validated in bacterial inactivation, showing selective killing in ROS-stressed E. coli over basal.
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Figure 1.16: Dormant photosensitizer (DoPS) controlled by quenching of the BODIPY photosensitizer
segment via PeT by the chromanol segment. Singlet oxygen sensitization is activated in environments of
high ROS, providing an extra layer of control over photosensitization. Reproduced with permission from
reference 130.
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|.6 Goals and Scope of Thesis

Live cell imaging can be used to gain insights into fundamental biological processes, as events
can be observed from start to finish with minimal perturbation. Fluorogenic probes that turn on/off with
chemical reactivity add another dimension of information on top of the conventional utilization of

fluorophores as positional markers, allowing for the quantization of concentration and kinetics.

This thesis sets out to develop a toolkit for the usage of a series of fluorogenic probes
responding to lipid peroxidation-related species and to demonstrate potential use-case scenarios for the

study of oxidative stress-related cell death in the field at large.

Chapter 2 summarizes our usage of a palette of tocopherol-bearing fluorogenic probes in
examining ferroptosis. In what is the first reported real-time observation of ferroptotic cell death from
induction to completion, we record with HsB-PMHC the sequence of events in which cell death
progresses, as a physical process stemming from the total consumption of membrane antioxidant. With
organelle-targeting PMHC-bearing probes, we demonstrate the trafficking pathway of oxidized lipids

from the interior of the cell to the plasma membrane.
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Extending our work in detecting lipid peroxidation, we use the probe H3BrB-PMHC to induce
oxidative stress in Chapter 3. Here, we introduce the concept of a dormant photosensitizer, an
autocatalytic probe which reports ROS while also generating ROS, for the dual purpose of cell imaging
and cell killing. We demonstrate spatial specificity in probe activation for photodynamic therapy as well

as hot spots of ROS sensitivity within cells, paving the path for theragnostic applications.

Chapter 4 involves examining the chemistry of lipid-derived electrophiles, downstream
breakdown products of lipid peroxidation, with the LDE-mimicking probe cyanoAcroB. Tuned to
reversibly react with cellular nucleophiles, cyanoAcroB reports on individual reaction events while never
accumulating fluorescent products, making it uniquely suitable for the high signal-to-noise requirements
of super-resolution microscopy. We show here the capability of cyanoAcroB to produce live cell super-

resolution images on the hour timescale in a proof-of-principle application to ferroptosis.

Taken together, this thesis contributed to our understanding of ferroptosis — its process, its
intracellular regions of importance, and the fate of its oxidized lipid byproducts. The investigations set
out in this work provide an arsenal of methodologies for investigating future problems in the field of

oxidative stress biology.
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2.1 Preface:

As highlighted in Chapter 1 (Section 1.3.4), fundamental questions remain unanswered in the
fast-growing field of ferroptosis, specifically as to the spatiotemporal origins of lipid peroxidation and the
execution of cell death. We champion cell imaging combined with intelligent probe design as the route
toward resolving these questions. Here, we deploy a palette of newly designed and prepared fluorogenic
probes for lipid peroxidation toward conducting both long timecourse and high-resolution imaging
applications. My work seeks to monitor and examine — for the first time — ferroptosis from induction to
execution. Via multichannel imaging, we unravel the timing of peroxidation, cell deformation, and
membrane permeabilization. We assess the individual contributions of the endoplasmic reticulum (ER),
mitochondria, lysosome, and plasma membrane with regards to lipid peroxidation and antioxidant
capacity and find the ER to be the key site of lipid peroxidation. In addition, this work uncovers valuable
insights, in observing the trafficking of damaged lipids from the interior of the cell towards the plasma

membrane.

This chapter is to be submitted as a manuscript and is co-authored with Laiyi Xu as equal
contributors. Probe synthesis and characterization was the work of Laiyi Xu, and as such will not be

discussed in this thesis.
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2.2 Abstract:

Ferroptosis is a regulated form of cell death driven by uncontrollable lipid peroxidation. Distinct
from other regulated forms of cell death, ferroptosis is governed by many overlapping regulators, all
converging on the formation of lipid peroxyl radicals, accumulation of lipid hydroperoxides, and plasma
membrane damage. Various pathways leading to the overproduction of lipid hydroperoxides have been
elucidated in recent years, along with small molecule modulators of these pathways to up- or down-
regulate ferroptosis in the search of therapeutic applications. While lipid peroxidation has been
observed through endpoint imaging measurements, dynamic information is lacking, such as the
spatiotemporal development of lipid peroxidation as it relates to cell death and the intracellular
contributions of various organelles. In this work, we demonstrate that a palette of newly developed
organelle-targeting, fluorogenic a-tocopherol analogues can be employed to (evaluate organelle
contributions to ferroptosis rescue and to) observe the direct induction of ferroptosis in real time.
Further, we show a proof-of-concept assay in which our probe can be used as an internal standard in
assessing ferroptosis rescue. Finally, via high-resolution microscopy and colocalization studies, we
demonstrate that the plasma membrane is a site of accumulation of damaged lipids from the interior of
the cell in ferroptosis. Taken together, our results validate the potential of live cell monitoring of
ferroptosis from start to finish. We illuminate fundamental aspects of ferroptotic cell death, in that
plasma membrane damage comes after the total consumption of antioxidants in the cell, along with the
source of the membrane damage — trafficked lipid peroxidation products from the interior of the cell.
We champion our palette of lipid peroxidation probes as being suitable for the study of numerous

aspects of ferroptosis field, and as a valuable toolbox for the community.
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2.3 Introduction:

Ferroptosis is an iron-dependent, regulated form of cell death resulting from accumulation of lipid
hydroperoxides.! Normally detoxified via enzymatic defenses? such as the selenocysteine-dependent
enzyme glutathione peroxidase (GPX4), the direct inhibition of GPX4 results in lipid hydroperoxide
accumulation, whose downstream pathways and byproducts lead to cell death.! Ferroptotic cell death
can be rescued by either the addition of lipophilic, radical trapping antioxidants, or the chelation of labile
iron — preventing Fenton chemistry and further radical formation.> From a therapeutic standpoint,
ferroptosis serves a unique entry point into many applications. Various cancer lineages have shown
increased metabolic vulnerability to ferroptotic cell death, providing opportunities to target these cells
and control their proliferation.* In addition, lipid peroxidation plays a role in the pathology of many
degenerative diseases such as neurodegeneration and ischaemia reperfusion.>” Here ferroptosis

inhibition may ameliorate and prevent symptoms.

At the molecular level, lipid hydroperoxides are generated via auto-oxidation of lipid membranes,
a process which proceeds in a free radical chain reaction initiated by a suitable reactive oxygen species
(ROS).2 Since ROS are highly reactive, short-lived, and promiscuous in their oxidative targets, the specific
site and rate of their generation, as well as the intracellular contributions to ferroptosis are a source of
great interest toward deciphering the molecular and cellular interconnections in ferroptosis. While plasma
membrane (PM) oxidation and damage has been widely observed and recognized as a hallmark of
ferroptosis®, other sources of lipid-associated ROS, including the endoplasmic reticulum (ER)%,

8 10 a5 well as lipid droplets, which regulate PUFA trafficking have also

mitochondria,'! and lysosome,
garnered significant attention. The relevance and roles of these subcellular membranes to ferroptosis
have gradually been elucidated over the past decade. Stockwell et al. have recently demonstrated that

oxidative damage in the ER renders the cell most susceptible to ferroptosis, compared to mitochondria

and lysosomes.’? Mitochondria have been shown to be crucial in ferroptosis induced by inhibition of
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system xc, although they are dispensable in ferroptosis induced by GPX4.%3 Constitutive generation of ROS
in lysosomes have been reported by Torii et al, who proposed the essential role of lysosomal activity in
regulating cellular iron equilibria and ROS generation.'* It has been established that boosting lipid droplet
formation renders the cell less sensitive to ferroptosis, while degradation of lipid droplets facilitates
ferroptosis.’® Related, the mechanism of action of various ferroptosis inhibitors in these organelles have
also been investigated. To this end, it has been shown that monounsaturated fatty acids (MUFAs) potently
inhibit ferroptosis by suppression of ROS accumulation at PM.® The ER have been identified as a major
site of PUFA incorporation beyond lipid droplets,'? while accumulation of Fer-1, an antioxidant/ferroptosis
suppressor, in mitochondria and lysosomes did not contribute to suppression of ferroptosis induced by
erastin.’® However, the effectiveness of protecting these subcellular membranes from lipid peroxidation
has yet to be systematically compared. In addition, although lipid peroxidation, unique cell morphology
alternations, including rounding up and formation of blisters, and PM permeabilization have all been
commonly observed,® it remains unclear how these events correlate with each other in the timeline of
ferroptosis. Finally, how lipid peroxidation in these subcellular membranes is correlated in time has not
been fully understand. It is currently believed that lipid peroxides initially accumulate in ER and other
intercellular membranes, with preferential PM accumulation observed in late stage of ferroptosis.?”
However, it is unknown whether lipid peroxidation spreads from intracellular membranes to PM or
whether accumulation of lipid hydroperoxides in these sites happens independent to each other with a
temporal delay—when exactly does lipid peroxidation initiate in these subcellular membranes and how it

propagates remains to be elucidated.'? 1718

The lack of temporal resolution posts challenges in understanding the dynamic and heterogenous
picture in cellular ferroptosis. In the field of ferroptosis research, endpoint measurements are standard.
It is common to assess cell viability® via product accumulation assays (i.e. Cell Titer Glo, AlamarBlue),

assess lipid peroxidation via fixation-and-staining fluorescence microscopy'* * 9 (i.e. C11 BODIPY), and
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metabolic changes via mass spectrometry.?’ While all these methods offer static images of process
endpoints, to gain both temporal and spatial information on the onset and progression of ferroptosis, live
cell fluorescence imaging becomes a highly desirable method. However, to our knowledge, real-time
monitoring of ferroptosis via fluorescence microscopy has yet to be achieved due to the lack of compatible

fluorescent probes.

We have previously developed a fluorogenic radical trapping antioxidant, HsB-PMHC,? by linking
PMHC —the active moiety of a-tocopherol — with the bright fluorophore BODIPY (Fig. 2.1a). In this off-on
probe, oxidation of the chromanol warhead by lipid peroxyl radicals abolishes photoinduced electron
transfer (PeT) and restores emission, providing a visual indicator of the spatiotemporal progression of lipid

autoxidation.

Utilizing the trap-fluorophore scaffold of H4sB-PMHC, in this work we have developed a palette of
fluorogenic probes targeting the mitochondria, lysosomes, and plasma membrane, respectively (Fig 2.1b).
Addition of a targeting moiety further ensures selective partitioning in desired membrane organelles,
providing a visual indication of the spatial temporal progression of lipid auto-oxidation. Here, we report
the real-time, live-cell monitoring of ferroptosis via fluorescence microscopy, examining the onset and
progression of ferroptosis with unprecedented spatial and temporal resolution. We explore ferroptotic
cell death induced by RSL3. As a class Il ferroptosis inducer, RSL3 directly inhibits GPX4,® causing
accumulation of lipid hydroperoxides throughout the cell, as opposed to a specific organelle. We found
via cell viability assay and widefield fluorescence microscopy studies that our PMHC probes exhibit
different potencies toward ferroptosis inhibition, identifying the ER and PM as the most and least effective
site for antioxidant intervention, respectively. Using multi-channel imaging experiments, we show that
lipid peroxidation and total antioxidant depletion occurs first, followed by cell volume change/swelling,
and finally loss of membrane integrity, elucidating a timeline of ferroptosis in cell culture bulk population.

Moreover, we quantified real-time fluorescence enhancement of our PMHC probes in cells treated with
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RSL3 and found that lipid peroxidation initiates at similar stages with similar rates in lipid droplets/ER,
mitochondria, lysosomes, and PM, although previous studies show that lipid peroxidation propagate at
different rates at these sites.!? High resolution imaging (SRRF?2) employing our PMHC probes enabled
ferroptosis to be examined at single cell level. Here lipid peroxidation in lipid droplets and ER is observed
concomitantly to be the earliest sites of lipid peroxidation, further emphasising the relevance of these
targets for oxidative damage. We identified the unidirectional trafficking of oxidized lipids from
intracellular membranes to PM, which happens in addition to local PM peroxidation, contributing to
eventual lethal accumulation of lipid hydroperoxides in PM. Together, our findings not only serve to
demonstrate the utility of high spatiotemporal tools in ferroptosis research, but also contribute to original

observations not accessible through other methods.
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Figure 2.1: a) Mechanism of H4B-PMHC utilizing PeT. b) Structures of new palette of PMHC probes

50



2.4 Results and discussion:

2.4.1 H4B-PMHC can be specifically targeted to the mitochondria, lysosomes, and
plasma membrane

The contribution of various organelles in ferroptosis is of fundamental importance and the subject
of studies. We found that our original probe HsB-PMHC, which bears two propyl-chloride handles, is
promiscuous in all lipid membranes due its high lipophilicity (log P = 5.85). To tackle the challenge of
monitoring lipid peroxidation in specific intracellular sites during ferroptosis, in this work we have
functionalized H4B-PMHC with targeting groups to direct the probe to the mitochondria (mito-HsB-PMHC,
triphenylphosphonium cation), lysosomes (lyso-H4B-PMHC, tertiary amine), and plasma membrane (PM-
H4B-PMHC, long zwitterionic alkyl linker). The scaffold of H4B-PMHC is preserved in our new palette of
probes for its optimized sensitivity. The design and synthesis of this palette of linkers were prepared by
Laiyi Xu and thus not discussed in this work. The probe structures are shown in Figure 2.1b and

photophysical properties characterized and summarized in Table S2.1.

2.4.2 Our PMHC probes show different effectiveness in ferroptosis inhibition
Considering that all our probes bear a PMHC moiety, they are organelle-specific antioxidants
capable of rescuing cells from ferroptosis. A resazurin reduction assay was employed to compare their
potency in inhibiting ferroptosis. Here HT-1080 cells were co-treated with the ferroptosis inducer RSL3
and a PMHC probe (or the parent antioxidant PMHC). After a 3-hour incubation, media containing RSL3
and the probe were removed and cell viability was assessed by developing with resazurin for another 3

hours, before measuring on a plate reader instrument.

As shown in Fig 2.2a, consistent with their antioxidant nature, all our probes exhibit a degree of
ferroptosis inhibition, as shown by the marked higher viability with increasing concentrations of RSL3
compared to the negative control. Difference in efficacy at the higher RSL3 concentrations were however

noticeable, demonstrating a difference in the degree of protection from ferroptosis based on where the
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probe partitioned. H4B-PMHC, which mainly accumulates in the ER and lipid droplets, showed the highest
potency in inhibiting ferroptosis. It is noteworthy that, at the same concentration, H4B-PMHC showed a
superior potency compared to that of the parent antioxidant PMHC. Considering that the fluorophore
BODIPY itself is a highly lipophilic molecule, we reason that the increased lipophilicity of HsB-PMHC
relative to PMHC promoted lipid membrane embedding, thus rendering the molecule more effective in
ferroptosis inhibition. Surprisingly, lyso-H4sB-PMHC exhibited greater potency than mito-HsB-PMHC,
despite the central role of mitochondria in oxidative metabolism.!® Cells treated with PM-H4B-PMHC
showed the lowest viability, suggesting that PM is the least effective site of antioxidant delivery for

ferroptosis inhibition.

We note that although the same probe concentration was used for treatment (i.e. 100 nM), the
effective probe concentration inside the cell is not necessary the same between different PMHC probes,
as structural differences may result in different partitioning behaviors. To rule out this possibility, we
measured logP values of HsB-PMHC, mito-HsB-PMHC, lyso-HsB-PMHC, and PM-H4B-PMHC via HPLC, and
found that all these compounds exhibit similar lipophilicities (Fig. 2.2b). This suggests that here the
effective probe concentration, and therefore antioxidant concentration, is approximately the same in
each of these subcellular membranes. In other words, the difference in potency observed is indeed due
to a matter of relevance and roles of these membranes in ferroptosis, rather than an artifact of probe

partitioning.

To visualize the impact of our PMHC probes on ferroptosis progression, HT-1080 cells treated with
100 nM of a PMHC probe and RSL3 were imaged using widefield fluorescence microscopy for 3 hours. As
the PMHC warhead of our probes is simultaneously an antioxidant preventing ferroptosis, along with the
trigger for fluorogenicity to observe lipid peroxidation, in imaging experiments a matter of probe
concentration must be considered, such that antioxidant function does not overwhelm radical detection.

With HiB-PMHC, mito-HsB-PMHC, and lyso-HsB-PMHC, we observed no fluorescence enhancement or
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change in cell morphology (Fig. 2.2c), indicating that under these high loadings of RTA, ferroptosis is
inhibited by the antioxidant effect of the PMHC warhead. In contrast, cells treated with PM-H;B-PMHC
underwent ferroptosis in the 3-hour time window (Figure 2.2c, top right panel), evidenced by fluorescence
enhancement accompanied by cell rounding. Reducing the RTA probe loading to 10 nM for H4B-PMHC,
mito-HsB-PMHC, and lyso-H4B-PMHC, we observed a clear induction of fluorescence enhancement and
characteristic morphology change (Figure 2.2c, bottom left panel). This corroborates the cell viability
results in Figure 2.2a, showing per unit of antioxidant, delivery to the interior membranes is much more
efficacious than to the plasma membrane. Together, these results position our palette of PMHC probes
as organelle-targeted radical trapping antioxidants, enabling us to position a given amount of antioxidant

in a specific subcellular membrane and assess the effect in cell viability under ferroptosis.
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Figure 2.2: Our PMHC probes exhibit different potency for ferroptosis inhibition. a) cell viability assessed
via resazurin reduction assay (normalized resazurin intensity) of HT-1080 cells treated with 100 nM H,4B-
PMHC (blue), PMHC (violet), mito-HsB-PMHC (green), lyso-H4B-PMHC (blue), PM-H4B-PMHC (red), or no
treatment (white) and 0-1000 nM RSL (3hr treatment). Bars = SEM. b) logP values of our PMHC probes
determined via the HPLC method. C) representative images of HT-1080 cells treated with HsB-PMHC
(100 nM) or PM-H4B-PMHC (100 nM) (top) and H4B-PMHC (10 nM) or PM-HsB-PMHC (10 nM) (bottom)
at 180 min upon RSL3 (1 uM) treatment. 20x Widefield. Scale bar 64 um

2.4.3 Lipid peroxidation happens at a similar stage and rate in all organelles of
interest

To monitor rates of lipid peroxyl radical formation in bulk population, HT-1080 cells were stained
with H4B-PMHC (10 nM) and propidium iodide (PI, 1 uM) and treated with RSL3 (1 uM). They were then

imaged using widefield fluorescence microscopy with a 20x objective. Fluorescence enhancement in the
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fluorogenic RTA probe channel, marking formation of lipid peroxyl radicals, was quantified via calculating
the corrected total cell fluorescence (CTCF). In addition, we obtained statistics on cell death by counting
the times at which cells reach the rounded morphology, the characteristic morphological change in
ferroptotic cell death previously reported by Dixon et al. Finally, to mark the point of membrane
permeabilization, the membrane impermeant dye propidium iodide (PI) was used. Pl fluorescence
intensity enhances upon intercalating DNA, serving as a marker the loss of plasma membrane integrity.
The combination of fluorescence and brightfield microscopy yielded a holistic picture of the onset of

radical formation, its generation rate, and ultimately cell death.

As shown in Figure 2.3a-c, the CTCF of cells treated with RSL3 and stained with HsB-PMHC
exhibited a ~20 minutes incubation period, followed by a rapid rise in intensity to reach a steady regime
where intensity increased linearly with time, a manifestation of zeroth order kinetics for RTA probe
oxidation, and from where we could abstract rates of antioxidant consumption. Fluorescence intensity of
H4B-PMHC peaked at approximately 100 minutes, following which cell morphology started to change. PI
fluorescence started enhancing at ~120 minutes. From this, it is seen that ferroptosis occurs via an ordered
mechanism, with the bulk of ROS production happening before morphology change and correlated with
membrane compromise. In the absence of ferroptosis inducer RSL3, HT-1080 cells exhibit minimal lipid

peroxidation and cell death, in the five-hour observation window chosen (Fig. $2.3).

To compare the rate of lipid peroxyl radicals formation (i.e. initiation of lipid peroxidation) in
different subcellular membranes, the experiment was repeated with 10 nM mito-HsB-PMHC, lyso-H4B-
PMHC, or 100 nM of PM-H4B-PMHC, as shown in Figure 2.3d. The rate of lipid peroxyl radical formation
in each subcellular membrane was characterized by the time when enhancement starts, which marks the
onset lipid peroxidation, and the time when enhancement plateaus, which marks the complete
consumption of the probe. We found that upon RSL3 introduction, intensity of our PMHC probes all

exhibited a short incubation time (~20 minutes), followed by a linear increase and finally plateauing at
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~100 minutes. With all our PMHC probes, cell morphology started to change at ~100 minutes, right after

complete antioxidant consumption, followed by Pl enhancement starting at ~120 minutes.
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Figure 2.3: a) graphical representation of ferroptosis in real time, illustrating membrane oxidation,
morphology change via water entry, and propidium iodide staining (nuclear membrane
permeabilization). b) Representative multi-channel images of HT-1080 cell death with RSL3 as
ferroptosis inducer (1 uM). Scale bar = 50 um. c) Profile of HT-1080 cell ferroptotic cell death shown in b.
Lipid peroxyl radical measured by HsB-PMHC fluorescence (10 nM), bars = CTCF SEM, n = 4. Cell death
marked visually by time of blebbing, n = 100. Membrane integrity assessed by Pl (10 uM) fluorescence.
Bars = CTCF SEM, n = 4. d) Enhancement of HsB-PMHC (10 nM), mito-HsB-PMHC (10 nM), lyso-H4B-
PMHC (10 nM), and PM-H4B-PMHC (100 nM) during 5 hours of RSL3 treatment (1 uM). Bars = CTCF SEM.

Our results confirm that lipid peroxyl radicals are generated in all subcellular membranes of
interest, including ER/lipid droplets, mitochondria, lysosomes, and PM, in ferroptosis induced by RSL3,
contributing to the accumulation of lipid hydroperoxides which leads to ferroptotic cell death. In

addition, we observed that, on average, lipid peroxidation initiates at similar rates in these subcellular
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membranes. This is to say, while protection of ER/lipid droplets from lipid peroxidation is the most
effective in ferroptosis inhibition, lipid peroxidation does not initiate faster in these organelles over the

others.

2.4.4 Assessing ferroptosis rescuers in cell culture

To assess the impact of different antioxidants in live cells under ferroptosis, we next co-imaged
ferroptotic cells treated with HsB-PMHC along with other antioxidants, to assess its impact on HsB-PMHC
fluorescence (Fig 2.4). Here we monitored the temporal evolution of the fluorogenic antioxidant in the
presence of competing antioxidants in HT-1080 cells in presence of RSL3. RTA more potent than H4B-
PMHC are expected to prevent intensity enhancement and cell death, while those with lower antioxidant
power would not impact the temporal profile of H4B-PMHC. Propidium iodide (PI) was also added to the

cellular imaging milieu to assess for membrane integrity.

When co-treated with the weak phenol-based antioxidant resveratrol (Figure 2.4a), up to a
concentration of 100 nM, no significant effect can be observed on either HsB-PMHC fluorescence nor on
cell membrane integrity. Treating with PMHC (Figure 2.4b), the antioxidant analogue of H4sB-PMHC, a
concentration dependence can be observed, with higher concentrations of PMHC co-treatment resulting
in the abolishment of both HsB-PMHC fluorescence and membrane permeabilization. Phenoxazine,
identified as a potent lipophilic antioxidant and ferroptosis rescuer, completely suppressed both lipid
peroxidation and membrane damage even at low concentrations (Figure 2.4c). HsB-PMHC, can thus be
used as an internal standard for assessing antioxidant strength in ferroptosis inhibition, with the reduction

in fluorescence correlated with greater antioxidant strength.
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Figure 2.4: Cell fluorescence of HT-1080 cells imaged with HsB-PMHC (top) and Pl (bottom),

supplemented with resveratrol (left, weak antioxidant), PMHC (centre, equivalent antioxidant), and
phenoxazine (right, strong antioxidant). Bars = SEM, n = 4.

2.4.5 Single cell ferroptosis progression

To gain details on dynamics at the single cell and organelle level, we next conducted imaging at
higher magnification and resolution. To visualize formation of lipid peroxyl radicals in lipid droplets and
ER simultaneously and to compare their contributions to ferroptosis, we first performed super-resolved
radial fluctuation (SRRF) on HT-1080 cells stained with 10 nM H4B-PMHC and treated with 1 uM RSL3.
SRRF was chosen over other super-resolution methods given its low laser power requirements and low
frame-count requirements for reconstruction, a compromise suitable for live cell imaging. Here we
observed in the earliest timepoints (recorded at in the first hour following RSL3 treatment) the
illumination of punctate, vesicular structures along with fluorescence intensity from perinuclear sites.
Perinuclear membranes slowly became illuminated over time, until after ~75 minutes the illumination of

the plasma membrane became apparent — in line with bulk studies (Fig. 2.5).
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DIC

SRRF

Figure 2.5: SRRF timelapse of H4B-PMHC in HT-1080 cells with RSL3 (1uM). Punctate structures
resembling lipid droplets highlighted in earliest timepoint (yellow arrow), followed by the clear
resolution of the plasma membrane towards end of observation window (red arrow). Scale bars = 10
microns.

To identify these perinuclear and puncta sites, HT-1080 cells were co-stained with HsB-PMHC (10
nM) and either ER Tracker Red (1 uM) to label the ER or 1x LipidSpot 610 to label lipid droplets, and treated
with 1 pM RSL3. As shown in Figure 2.6a, within an hour following RSL3 treatment, a clear induction of
fluorescence enhancement is observed in punctate structures, concomitant with weak signals in
perinuclear regions. In the next 2 hours, fluorescence continued to enhance at both sites, then
colocalization with ER Tracker is gradually lost as PM illumination becomes apparent. Colocalization with
ER Tracker revealed that perinuclear sites are ER membranes. In contrast, bright puncta observed do not
colocalize with the lipid droplet stain LipidSpot 610 (Fig 2.6b). We hypothesize these punctate structures
as secretory vesicles of oxidized lipids, during early stages of ferroptosis. Interestingly, these bright puncta

become less apparent as ferroptosis progresses, suggesting likely export or merger with other membranes.
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Figure 2.6: 100x HILO timelapses of H4B-PMHC in HT-1080 cells with RSL3 (1 uM), co-stained W|th a)
ERTracker Red (1 uM) or b) 1x LipidSpot 610.

In addition, with H4B-PMHC, PM illumination is observed concomitant with a gradual loss of signal
in puncta. This phenomenon became particularly prominent in late stage of ferroptosis (Fig. 2.5). However,
H4B-PMHC is expected to have a similar distribution in the cell with its fluorescent control compound H4B-
CHs, which shows no staining of PM. This suggests that the adduct between H4B-PMHC and oxidized lipid

(Fig. 2.1a) initially formed in the internal membranes is trafficked to the PM as ferroptosis progresses.

2.4.6 PM is a sink and a source of oxidized lipids

To investigate whether the oxidized lipids are also trafficked from mitochondria and lysosomes to
PM, the experiment was repeated with mito-HsB-PMHC and lyso-HiB-PMHC, co-stained with MitoTracker
Deep Red and LysoTracker Deep Red, respectively. As shown in Figure 2.7a and 2.7b, colocalization is
initially observed at the onset of fluorescence imaging, along with a corresponding increase in
fluorescence intensity due to lipid peroxidation. However, after approximately two hours, prominent
fluorescence in the plasma membrane can be observed, along with a loss of colocalization with the

MitoTracker or LysoTracker. Considering that loss of dye targeting specificity can result from many other
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reasons, such as mitochondria depolarization or simply cleavage of the targeting group from the
fluorophore. To rule out this possibility, two fluorescent control compounds, mito-HsB-CH; and lyso-H4B-
CHs, are employed. Lacking the chromanol warhead, these control compounds do not form fluorescent
adducts with lipid peroxyl radicals. As shown in Figure 2.7c and 2.7d, mito-HsB-CH3 and lyso-H4B-CHs
exhibited good colocalization with MitoTracker Deep Red and LysoTracker Deep Red, respectively,
throughout the 3-hour of RSL3 treatment, confirming that tethering the dye to oxidized lipids is necessary

for dye trafficking to occur.

In contrast to results with the previous three PMHC probes, with PM-H;B-PMHC, we observed no
trafficking events from the PM to the internal membranes. As shown Figure 2.7e, prominent fluorescence
enhancement is observed within 2 hours, and showed good colocalization with the red channel
throughout the experiment. These results collectively suggest that oxidized lipids initially formed in the
internal membranes are trafficked unidirectionally to PM. Two processes are identified that contribute to
the lethal accumulation of lipid hydroperoxides in PM: i) PM lipid peroxidation and ii) trafficking of
oxidized lipid initially formed in internal membranes to PM. In other words, PM is both a source and a sink

of oxidized lipids.
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Figure 2.7: 100x HILO timelapses of our PMHC probes in HT-1080 cells treated with RSL3 (1 pM). a) mito-
HsB-PMHC (10 nM) co-stained with MitoTracker Deep Red (25 uM). B) lyso-HsB-PMHC (10 nM) co-
stained with LysoTracker Deep Red (75 nM). c) HT-1080 cells transfected with PM-RFP and stained with
PM-H4B-PMHC (100 nM). d) mito-HsB-CHs (10 nM) co-stained with MitoTracker Deep Red (25 uM). e)
lyso-H4B-CHs (10 nM) co-stained with LysoTracker Deep Red (75 nM).
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2.4.7 Usage of probes

A point of consideration in the usage of HsB-PMHC is its comparison to C11 BODIPY 581/591—a
commonly used, promiscuous probe for lipid peroxidation. Clear differences need to be drawn in
identifying the merits of each probe and their applications. C11 BODIPY acts as a fluorescent unsaturated
lipid analogue, whose emission shifts to shorter wavelengths upon oxidation of its diene
interconnection.? In a sense, the probe serves as a radical chain propagator. In comparison, H4B-PMHC,
and related compounds used herein act as radical chain terminators, and display antioxidant capacity. As
such, experimental conditions need to be considered in studying ferroptosis, as high probe load will delay,
if not prevent, ferroptosis — the object of observation. Thus, signal-to-noise and excess antioxidant
perturbation to the system need to be balanced. We showed that at an excess of H4B-PMHC abolishes
fluorescence enhancement due to the inhibition of ferroptosis within the timespan of live cell imaging. A
10 nM concentration was shown to be optimum for fluorescence imaging in all modalities (widefield,
TIRF/HILO, SRRF), exhibiting minimal perturbation to the antioxidant load while still maintaining good
signal-to-noise. This is in sharp contrast to C11 BODIPY, which is usually employed more as a stain than a
dye, for taking static measurements instead of in real-time. In addition, the concentration used is usually
in the micromolar range compared to nanomolar, which will perturb cell physiology to a greater extent.
Thus, our measurements with HsB-PMHC and its organelle targeted derivatives provide, to the best of our
knowledge, the first live cell observations of lipid peroxidation initiation and progression in ferroptosis via

direct induction of RSL3.

2.4.8 Potencies of our PMHC probes in ferroptosis suppression

With our palette of PMHC probes used in cell viability assay, we provide an indirect measurement
of the efficacy of an equivalent amount of antioxidants delivered to different organelles in ferroptosis
rescue. With the equivalent amount (100 nM) of our PMHC probes, we found that H4,B-PMHC exhibited

the greatest cell viability, followed by lyso-HsB-PMHC and mito-HsB-PMHC, with PM-H,B-PMHC being the
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least potent in ferroptosis rescue. While H4B-PMHC is non-specifically targeted, it accumulates mainly in
the ER and lipid droplets due to its high lipophilicity. We conclude that accumulation of antioxidants in all
the subcellular membranes of interest exhibited a certain degree of ferroptosis suppression, and the
efficacy can be ranked in descending order: ER/lipid droplets, lysosomes, mitochondria, and PM. Our
results align with the work of Stockwell, Min, and Woerpel in using organelle-targeted FINO; derivatives,
serving as a lipophilic endoperoxide, observing the ER to be the key site of ferroptosis sensitivity.'?
Stockwell and colleagues show the ER to be the most sensitive site of ferroptosis induction, and this work
complements by showing the ER to be the most effective site of ferroptosis inhibition. We present a
physical hypothesis for the relative importance of the ER over other organelles in ferroptosis suppression.
As the ER has the largest surface area and thus the highest number of lipid molecules in the cell, a lipid
peroxyl radical has a longer lifetime — a reflection of the average distance between membrane
antioxidants — in the ER versus in other organelles. As lipid peroxidation is an autocatalytic process, a
longer radical lifetime results in a larger chain (i.e. more lipids becoming peroxidized). Therefore,
intervention by adding antioxidants and shortening lifetime has a relatively greater impact on the ER than
elsewhere. Many variables need to be accounted for, such as antioxidant concentration in each organelle
membrane, membrane surface area, etc. Some, such as modulating the size of the ER, are experimentally
very challenging. Future studies involving more rigorous kinetic measurements and molecular dynamics

studies could help elucidate further the reason for organelle specificity of ferroptosis sensitivity.

In addition, our results highlight the role of mitochondria and lysosomes protection. It has been
previously shown by Stockwell and Min that accumulation of ferrostatin-1, an antioxidant-based
ferroptosis inhibitor, in mitochondria and lysosomes does not contribute to ferroptosis inhibition.°
Interestingly, ferrostatin-1 has a much higher erastin-suppressing potency than Trolox, presumably due

to its unique profile of radical reactivity compared to phenolic antioxidants.?* We reason that the
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discrepancy we observe may due to higher lipophilicity and targeting specificity of our PMHC probes,
emphasising key aspects to consider for developing more potent ferroptosis inhibitors.
2.4.9 Usage of HsB-PMHC as an internal standard for ferroptosis rescuer
assessment

Ferroptosis rescue does not correlate directly with antioxidant potential in solution, shown by
Shah and coworkers.? Factors such as lipophilicity and accessibility of the antioxidant to lipid peroxides
produced influence the efficacy of a potential ferroptosis rescuer/antioxidant. Here, we show HsB-PMHC
occupies a unique position as not only a reporter, but a measuring stick as well. We showed using
antioxidants positioned at above and below the ferroptosis rescuing capability of PMHC, the parent
antioxidant moiety of our probes, that only ferroptosis rescuers with equivalent or better activity than
PMHC can suppress or retard HsB-PMHC fluorescence. We envision that H4sB-PMHC provides an elegant
tool in high throughput screening applications, as a criterion to filter out and select for promising

candidates in therapeutics.

2.4.10 Towards the quantification of lipid peroxidation rate in ferroptosis

An actual quantification of lipid peroxidation rates with ferroptosis induction, while possible, is
not free from approximations and errors thus introduced. Reasons for this include the difficulty in
guantifying the actual intracellular probe concentration due to the complex equilibria between probe
partition (into cells) and probe binding to BSA in the media. In addition, the onset of probe enhancement
has a certain degree of uncertainty due to the convoluted rates of various processes, such as the
portioning of RSL3 into the cell at the start of experiments. However, from stoichiometry, we can provide
a maximalist, ceiling rate of lipid peroxyl radical production from the bulk experiment studies. We can
assume that the plateau of H,B-PMHC fluorescence in bulk studies represents the time of total antioxidant
consumption, occurring at approximately 100 minutes. Given the 1:2 stoichiometric ratio at which H,B-

PMHC reacts with lipid peroxyl radicals, we can assume that the total number of dye molecules (10 nM in
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300 pL media) distributed evenly across the total number of cells (30 000) yields 1.2 x 108 molecules
peroxyl radicals, for a maximum rate of 1 200 000 radicals per minute. Future works to control more
precisely the exact concentration of active antioxidant-bearing probes can be used to more accurately

qualify some of the assumptions used and provide more valuable, accurate, and overall useful figures.

2.4.11 Observations on ferroptosis

Multichannel fluorescence imaging allowed us to observe the execution of ferroptotic cell death
as an ordered series of events which fundamentally distill down to a physical process — lipid peroxidation
overwhelming antioxidant capacity, until pore formation from lipid peroxidation byproducts lead to water
entry into the cytoplasm, and finally catastrophic loss of membrane integrity. This is in line with the work
of Garcia-Saez and coworkers, who showed that cells undergoing ferroptosis can be rescued by blocking
the membrane pores with PEG micelles?®, physically preventing water entry into the cytoplasm. We posit
that the cause of membrane permeabilization is lipid-derived aldehydes, shown in our previous
collaboration to be capable of lowering the free energy barrier of water molecules crossing the lipid

bilayer in molecular dynamics studies.?’

In bulk, all our PMHC probes exhibited similar fluorescence enhancement curves upon RSL3
treatment, suggesting that lipid peroxidation in ER/lipid droplets, mitochondria, lysosomes, and PM all
happen at approximately the same stage and rate following RSL3 treatment. However, with C11-BODIPY,
it has been observed that ER exhibited a higher ox/red ratio than PM at early stage of ferroptosis,
suggesting ER is oxidized prior to PM.'2 Since measurements with C11-BODIPYs are taken at discrete time
points to capture ferroptosis progression, ox/red ratio is a reflection more of the amount of lipid peroxides
accumulated at a specific site than of lipid peroxyl radials being generated locally. In contrast, our PMHC
probes offer a more continuous, real-time measurement, whose fluorescence enhancement directly

correlates with generation of lipid peroxyl radicals. As such, observations with C11-BODIPY and with our
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PMHC probes can be considered to complement each other, offering a more complete picture on how
different subcellular membranes are involved in ferroptosis: while lipid peroxides first accumulate in ER

and followed by PM, at these sites lipid peroxidation initiates and progresses at similar stages and rates.

At the single cell level, high-resolution imaging employing H4B-PMHC indicates that in RSL3-
induced ferroptosis, lipid peroxidation in lipid droplets is observed concomitantly with the ER. While PUFA
storage in lipid droplets have been shown to protect membranes from PUFA oxidation,?® we found that
lipid droplets are still essential sites for lipid peroxidation in ferroptosis. Further investigation regarding

mechanisms of lipid droplets peroxidation is needed to elucidate their roles in regulating ferroptosis.

We also present evidence via our high-resolution imaging that the plasma membrane is both a
sink and a source of lipid peroxidation. Preferential accumulation of lipid hydroperoxides at the plasma
membrane has now been established as a hallmark of ferroptosis,® primarily observed via C11 BODIPY
imaging (see above for a discussion of its usage vs RTA fluorogenic probes). However, it was not
established whether lipid peroxidation occurred locally at the site of the plasma membrane, or lipid
peroxidation products were trafficked from elsewhere in the cell towards the plasma membrane —
whether via an active or passive mechanism. Our results support that both mechanisms contribute to the
observed accumulation of oxidized lipids in PM. On one hand, with PM-HsB-PMHC, fluorescence
enhancement is observed exclusively at PM throughout the experiment, indicating lipid peroxyl radicals
are produced locally at PM upon GPX4 inhibition. On the other hand, with mito-HsB-PMHC and lyso-H4B-
PMHC, we present evidence of trafficking. After induction of ferroptosis, both organelle-specific probes
exhibited fluorescence enhancement within their respective targeted organelles, indicating lipid
peroxidation, which over time colocalization gradually decreased and a pronounced plasma membrane
staining became apparent. As probe activation comes from the adduct formation between a lipid peroxyl
radical with the PMHC moiety of the RTA probe, the appearance of fluorescence in the plasma membrane

despite passive organelle targeting could only occur via an active mechanism, transporting probe-oxidized
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lipid adducts from their respective sites of formation to the plasma membrane. Further investigation, via
higher resolution and/or single particle tracking, would help to clarify this picture, however the bulk

evidence presents evidence to support the active mechanism.

2.5 Conclusions:

Armed with a palette of tocopherol-analogue fluorogenic probes for lipid peroxidation, we
present an effective toolbox for the study of ferroptosis, demonstrating both proof-of-concept for applied
usage as well as fundamental discovery. H4B-PMHC and its organelle targeted analogues demonstrate an
order of magnitude increase in sensitivity over other lipid peroxidation probes (C11 BODIPY). We show
H4B-PMHC to be capable of observing real-time induction of ferroptosis from start to finish, as well as an
internal standard in the assessment of ferroptosis rescuers. With organelle-targeted moieties, we lend

support to the plasma membrane being a sink not a source of oxidized lipids.

2.6 Materials and methods:
2.6.1 Materials:

Cell culture reagents were purchased through ThermoFisher Scientific. FluoroDish (35mm, FD35) imaging
dishes were purchased through World Precision Instruments, Inc. p-Slide 8 well (ibiTreat, glass bottom,

cat. no. 80827) chambered coverslips were purchased through Ibidi, USA.

2.6.2 Cell Culture:

HT-1080 cells (ATCC CCL-121) were obtained via a material transfer agreement from the Brent Stockwell
laboratory (Columbia University) and cultured in DMEM with glutamine and sodium pyruvate (Gibco:
11995-065) and supplemented with 10% FBS (Gibco: A31607-02), 1% penicillin-streptomycin (Gibco:
15140) and 1x Non-Essential Amino Acids (Gibco: 11140050). Cells were maintained at 37 °C and 5%

humidified CO, in a tissue incubator, and passaged regularly at sub-confluency.
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Buthionine Sulfoximine treatment: cells were plated at a density of 15000/well and treated with 10 uM

BSO (solubilized in PBS) directly into culture media, incubated overnight for 12-24hr. Prior to imaging, cells
were washed 3x with LCIS + 5% glucose, and incubated with H4B-PMHC (100 nM, 0.33% DMSO) for 10

minutes. Cells were then transferred into phenol-free DMEM and imaged.

Propidium iodide: PI (10uM, 0.33% DMSO) was co-administered with treatments — control (0.33% DMSO),

RSL3 (1uM, 0.33% DMSO) on HT-1080 cells in phenol-free DMEM media (10% FBS, 1x penicillin-
streptomycin, 1x non-essential amino acids). Imaging was conducted at 20x magnification widefield
fluorescence (488nm, 0.1mW laser power, 50ms, 1 frame/min for 3 hours) using the same microscopy

setup as mentioned above.

Mitochondria and lysosome co-staining: MitoTracker Deep Red and LysoTracker Deep Red were used. 15

minutes prior to cell imaging, cells were stained with Mito/LysoTracker in media, prior to washing out and

preparing in accordance to BODIPY imaging protocols outlined above.

Resazurin Cell Death Assay: Dose response to RSL3 was characterized by resazurin reduction assay. Cells

were seeded 24 hours prior to treatment at a density of 10 000/well in 100 pL in tissue-cultured treated
96-well plates (Corning). A co-treatment of RSL3 (D2 dilution series descending from 1 uM) with 100 nM
H4B-PMHC, 100 nM PMHC, or vehicle control (DMSO) was added to the plates (50 L additional volume
for 150 L total, 0.33% final DMSO concentration in DMEM culture media) and incubated for three hours.
Post-treatment, the media was exchanged with rezasurin (44uM in DMEM culture media) and further
incubated for 3 hours. The viability was then assessed by measuring resazurin intensity (ex: 570 nm, em:

590 nm) via a plate reader.

2.6.3 Microscopy:
Images were acquired on a Nikon Eclipse Ti2 microscope, with brightfield differential interference

contrast (DIC), epifluorescence, spinning disk confocal (CREST X-Light V2 L-FOV) and total internal
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reflection fluorescence (TIRF) modalities. The unit was equipped with a Perfect Focus System (PFS) and a
motorized filter block turret for multichannel imaging. Cells were maintained at 37 °C and 5% humidified
CO, with a stage-top incubator (Tokai Hit). For TIRF and SRRF images, fluorescence excitation (488 nm)
was filtered using a multiband beam splitter (ZT488/640rpc, Chroma Technology). Emissions were

captured using a back illuminated EM-CCD camera (Andor iXon Ultra DU-897).

2.6.4 Cell Imaging:

Cells were seeded one day prior to imaging, 15 000 cells/well in ibidi 8-well slides for widefield
experiments and 30 000 cells per dish for TIRF experiments. Widefield fluorescence experiments were
performed using a 20x objective (Nikon CFI Plan Apo VC 20x, NA = 0.75, air, DIC). TIRF was imaged

utilizing a 100x objective (Nikon CFI SR Apochromat TIRF 100x, NA = 1.49, oil, DIC)

2.6.5 Image Analysis:
CTCF: Image analysis was performed using FlJl/ImageJ?. Quantifications of fluorescence enhancements
in cells by corrected total cell fluorescence (CTCF) was previously utilized by our group?¥3%3! and

adapted from previously published protocol®%:

CTCF — IntDensity;oraicetiarea — (total cell area x BkgFluorescence)

Ncells

Where IntDensity;otaiceliareq 1S the integrated intensity of the pixels for all cells in the
image, total cell area is the number of pixels of all the cells, BkgFluorescence is the mean fluorescence
intensity per pixel for a region containing no cells and Nc.s is the number of cells in the image. A FlJI

macro was used to identify cell area from DIC images via a variance-based method.3!

Cell Death Timeline: For each field of view, the time at which cells reach a rounded morphology (Fig S3)

from flat was marked and counted individually. Four FOVs were compiled and summed for population

statistics.
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Super Resolution Radial Fluctuation (SRRF): SRRF imaging of H4B-PMHC was conducted at 100x/1.45 NA

TIRF modality, in the same imaging set up as described above. Cell imaging was done in the same
condition as described above. At each time point, 100 frames were acquired at 20 ms exposure time (2s
exposure in total). Image processing was done using default settings on the nanoJ-SRRF plugin in

FlJI/Imagel.

2.7 Supplementary information:
2.7.1 Photophysical characterization of probe

Table S2.1: Photophysical properties of novel organelle-targeting dyes in acetonitrile

e(x103 M 1em™1) il Fluorescence lifetime (ns)

HiB-PMHC? 8.2 0.001 NA

H4B-CH3 ® 7.9 0.94 5.60

Mito- HsB-PMHC 5.4 0.012 6.54

Mito- HsB-CH3 4.8 0.7 6.38

Lyso- H4B-PMHC 7.5 0.004 0.14,0.44

Lyso- H4B-CH3 6.8 0.65 0.9

PM- H4B-PMHC ® 8.2 0.013 0.16, 5.62

PM- H4B-CH3 ® 8.2 0.8 5.51

a — previously reported??, b — values measured in methanol instead of acetonitrile

2.7.2 Behaviour of probe in cells

We examined the stability and fidelity of our probes once reacted with peroxyl radicals in cells
(Fig. S2.1). To generate the necessary buildup of radicals, cells were treated with RSL3 — the direct
inhibitor of GPX4 — for 1 hour. H4B-PMHC was added to cells in Live Cell Imaging Solution (LCIS, a HEPES-
based buffer) and its cellular enhancement upon reactivity monitored via imaging. The maximum of
fluorescence enhancement/CTCF was reached at approximately one hour. At the point of CTCF plateau,
at which all free dye has been consumed, the media was exchanged to phenol-free DMEM — to better
reflect the imaging conditions above. At this point, the fluorescence trajectory can be seen declining,

until reaching a plateau of approximately half the original maximum. The enduring fluorescence shows
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the fidelity of H4B-PMHC has both a positional and a spatiotemporal marker of lipid peroxidation

generated in ferroptosis.
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Figure S2.1: H4B-PMHC fluorescence (100 nM) in HT-1080 cells pre- and post-media exchange. Lipid
peroxidation was induced with RSL3 (1uM) in LCIS (white region) and then exchanged into phenol-free
DMEM (grey/green region).

2.7.3 Indirect inhibition of GPX4

To observe long timescale induction of ferroptosis via the indirect inhibition of GPX4, we used
the small molecule inhibitor buthionine sulfoxomine (BSO, Fig. S2.2). GPX4 activity can also be indirectly
regulated via its substrate glutathione. BSO is a bonafide downregulator of intracellular glutathione
concentration by acting as a substrate mimic in a key step of glutathione biosynthesis®3. We treated cells
with BSO for varying amounts of time, up to 24 hours, prior to incubating and imaging with HsB-PMHC.
We observe that cell fluorescence is directly related to the length of BSO exposure. With longer
treatment of BSO, more glutathione is depleted, and therefore less GPX4 activity and more lipid
peroxidation. Therefore, H4B-PMHC can be used to correlate the cumulative oxidative stress cells have
been subjected to, on the timescale of tens of hours, making it a useful tool for assessing indirect

inhibition of GPX4 via glutathione synthesis inhibition.
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Figure S2.2: Profile of H4B-PMHC fluorescence (100 nM), corresponding to lipid peroxidation, post BSO

treatment (12-24hr, 10 uM). Bars = CTCF SEM, n = 4.
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2.7.4 Full timeline of ferroptosis with organelle targeted PMHC probes

(HAE + F1)
(HAE + F1)

H,B-PMHC

PM-
H,B-PMHC

\

Lyso-
H,B-PMHC

Mito-
HsB-PMHC

Figure S2.3: Profile of HT-1080 cell death with RSL3 ferroptosis inducer (1 pM, right column) and in basal

(left row) conditions. Lipid peroxyl radical measured by H4B-PMHC fluorescence (10 nM), bars = CTCF
SEM, n = 4. Cell death marked visually by time of blebbing, n = 100. Membrane integrity assessed by PI
(10 uM) fluorescence. Bars = CTCF SEM, n = 4.
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Chapter 3: Sensing Lipid Peroxidation in vitro Through
Fluorescence Coupled to Chemical Amplification

Zhang, W.; McCain, J.; Bresoli-Obach, R.; Nonell, S.; Cosa, G.; To be submitted

78



3.| Preface:

In Chapter 2 we utilized our arsenal of targeted fluorogenic probes to monitor the
spatiotemporal formation of lipid peroxyl radicals in ferroptosis, unraveling some fundamental
underpinnings of the process. However, the desire for increased sensitivity in identifying the initial sites
of lipid peroxidation still remains. In this chapter, we use probe autocatalysis to find sites vulnerable to

ROS damage.

Here, we demonstrate the utility of the dormant singlet oxygen photosensitizer H3BrB-PMHC to
simultaneously report on and generate ROS. The probe was conceived bearing juxtaposed antioxidant
(chromanol) activity as the probes described in Chapter 2, and prooxidant antagonistic chemical activity
through the substitution of the BODIPY core with heavy atoms (Br-BODIPY), enabling the autocatalytic,
and in general ROS-mediated, activation of the probe. HsBrB-PMHC was further designed to yield equal
proportions of fluorescence and singlet oxygen sensitization quantum yields. The autocatalytic paradigm
arising from the juxtaposed antioxidant-prooxidant moieties build in H3BrB-PMHC was reported
previously by our group in a first-generation dormant photosensitizer and recently exploited in bacteria
cells. Here we exploit the autocatalytic properties of H3;BrB-PMHC to observe sites of ROS generation
with enhanced sensitivity and to achieve efficient photodynamic inactivation in a spatially confined
manner. Thus, using high-speed, high-power imaging, we exploit the autocatalytic nature of the probe
to examine regions of high ROS sensitivity, which we identify as lipid droplets — the sites of PUFA
storage. We conclude with an outlook towards combining HsBrB-PMHC in ferroptosis, toward achieving
a synergy between ferroptosis induction and PDT, as well as sensing the initial sites of lipid peroxidation

in ferroptotic cells.

This work, to be submitted as a manuscript, was prepared in cooperation with Julia McCain and

Roger Bresoli-Obach.
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3.2 Abstract:

The concentration of reactive oxygen species (ROS) in cells is tightly controlled as part of their
homeostasis, where elevated ROS levels leads to oxidative stress. The destructive potential of ROS can,
however, be harnessed in therapeutics for the treatment of diseases, as exemplified with the use of
photodynamic therapy (PDT) in cancer treatment. Present in low concentrations and typically
characterized by their short lifetimes, the sensitive and accurate detection of different ROS is of the
utmost interest in furthering our understanding of metabolism and disease states. Here, we introduce
HsBrB-PMHC, a dormant fluorogenic photosensitizer bearing a juxtaposed antioxidant (chromanol) and
prooxidant (Br-BODIPY) antagonistic chemical activities, to study lipid peroxyl radical generation and
achieve PDT in a controlled manner in cells undergoing high levels of ROS production. HsBrB-PMHC is
deactivated through an intramolecular photoinduced electron transfer pathway. Probe activation takes
place in the presence of either lipid peroxyl or alkoxyl free radicals, becoming highly emissive while also
generating singlet oxygen (a ROS typically generated in PDT), with both processes taking place with
comparable quantum yields. Notably, controlled singlet oxygen release by activated H3BrB-PMHC can go
on to activate more probes, leading to signal amplification through an autocatalytic chemical process.
Here we demonstrate the potential of H:BrB-PMHC as a sensor of initial sites of ROS production,
exploiting the enhanced sensitivity rendered from the chemical and fluorescence amplification. We also
illustrate the potential of HsBrB-PMHC as a PDT agent with high spatiotemporal specificity in cell
inactivation. Through high-speed imaging we unveil a sequential intracellular activation pattern and
identify ROS-responsive regions where lipid droplets first, followed by mitochondria and ER, are
observed to sequentially undergo ROS generation. Finally, we probe the compatibility of H3BrB-PMHC
with ferroptosis, with an eye on synergistic uses of photodynamic therapy with ferroptosis induction.
Taken together, our results demonstrate a versatile platform by which one probe can have two uses —

instigating cell death and investigating its causes.
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3.3 Introduction:

Reactive oxygen species (ROS) play a central role in many aspects of cell function.? Elevation of
ROS levels above a basal concentration required for cell signaling and homeostasis is called oxidative
stress and contributes to numerous pathologies, such as cancer,? neurodegeneration,® and
inflammation.* As such, the quantification and localization of ROS in biological systems is integral in
forming better understandings of disease pathologies, along with more accurate diagnoses of disease

progression.

The harmful potential of ROS can, on the other hand, be harnessed as therapy for the
amelioration of diseases. Photodynamic therapy (PDT) has been a technique utilized since antiquity,’
exploiting oxygen, light, and a photosensitizer — a compound that can produce ROS upon irradiation with
the appropriate wavelength — to spatiotemporally control the delivery of ROS to ablate unhealthy
cells/tissues.®7 As ROS, such as singlet oxygen — the most commonly utilized mechanism of cytotoxicity
in (type Il) PDT® — are non-specifically reactive,® their delivery must be tightly controlled to avoid
unwanted off-target effects. In the context of PDT, layers of control include the delivery of light as well
as selective uptake of the photosensitizer by diseased cells.” An additional layer of control in ROS

production, such as a chemical cue, would be desirable to mitigate damage to healthy tissue.

Recently, our group introduced the concept of a dormant photosensitizer (DoPS)° to selectively
inactivate cells with elevated levels of ROS — a hallmark of many disease states. X° The 1t generation
dormant photosensitizer Br,B-PMHC is based on the design of a fluorogenic radical trapping antioxidant
(RTA) probe,* where the excited state of the chromophore segment in the probe is quenched by
photoinduced electron transfer (PeT) from the RTA segment.!! The probe, being non-emissive in its
reduced form, readily becomes emissive upon the oxidation of its RTA moiety upon scavenging e.g. lipid

peroxyl radicals, abolishing PeT and restoring fluorescence. Here, the substitution of bromine atoms in
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the BODIPY chromophore converts the probe into an efficient photosensitizer via the heavy atom
effect.!? This concept of DoPS was previously applied by our group in the selective inactivation of
bacteria.’ Building off the design principle of DoPS, our group recently reported the 2" generation DoPS
— H3BrB-PMHC (Scheme 3.1).22 Utilizing the fluorogenic lipid peroxidation probe backbone developed by
Greene and coworkers, the detection sensitivity of the probe was greatly improved. Here, the
substitution by one bromine atom - compared to the two present in the 1°t generation DoPS design -
afforded a special advantage, namely the fluorescence quantum yield is retained and perfectly balanced
with photosensitization where both processes occur with quantum vyields close to 0.5. This allows for the
real-time observation of probe activation and subsequent photosensitization. Additionally, as probe
activation begets more probe activation, the potential for signal amplification means more sensitive

detection could potentially be achieved.

Here, we demonstrate the utility of the DoPS compound HsBrB-PMHC in its dual usage as both a
photosensitizer and an autocatalytic probe of lipid peroxidation. We show in bulk microscopy studies
that upon irradiation, H3:BrB-PMHC acts as a photosensitizer, showing spatially localized inactivation of
cancer cells (with heightened metabolism and ROS levels) upon irradiation with light. Through high
magnification microscopy, we show that vesicles of high intensity are the predominant features in the
first few frames of imaging, indicative of a high degree of probe activation. Following that, the
characteristic morphological structures of mitochondria are visible, and finally the ER/Golgi mass,

highlighting what we posit are ROS-sensitive regions of cells.

We next explore the use of HsBrB-PMHC toward studying ferroptosis and toward exploring a
two-pronged therapy to control cell proliferation via ferroptosis and PDT. Ferroptosis®® is a form of cell
death characterized by uncontrollable lipid peroxidation that has captured the attention of the oxidative
stress biology community due to its plethora of ways in regulating ROS production,® tipping the scale

from homeostasis towards cell death. Many small molecule inducers of ferroptotic cell death have been

82



investigated for their potential as anti-cancer drugs.” ¥ When using H3BrB-PMHC in tandem with the
ferroptosis inducer RSL3, we notice a slight synergy in PDT activity with ferroptosis along with the

preferential oxidation of lipid droplets during the initial onset of ferroptosis.

Taken together, we demonstrate a potent probe with potential applications for theragnostics —

exposing and inactivating regions of elevated ROS concentration.
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Scheme 3.1: Mode of action of HsBrB-PMHC.
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3.4 Results and discussion:

3.4.1 H;BrB-PMHC balances fluorescence and singlet oxygen generation

H,B-PMHC H;BrB-PMHC H,Br,B-PMHC

Figure 3.1 Structures of tocopherol-bearing fluorogenic probes H4B-PMHC, H3BrB-PMHC, H,Br,B-PMHC
and their corresponding control compounds

The full synthetic details of HsBrB-PMHC and other tocopherol-bearing fluorogenic probes have
been reported by our group in previous publications,® * with the photophysical characterisations
summarized in Table 3.1 (see Fig. 3.1 for structures). The general design principle of heavy atom
substitution to facilitate intersystem crossing for singlet oxygen sensitization has been well established
in the field” and previously reported by our group.®

Using the H4B-PMHC backbone (Fig. 3.1), the mono-substitution of bromine was chosen over di-
substitution to balance fluorescence and singlet oxygen quantum yields. All PMHC-bearing probes
demonstrate dormancy due to PeT, as shown by the extremely low fluorescence quantum yields (¢y;).
To quantify singlet oxygen quantum yields (¢,), always-on fluorescent control compounds were used
for quantitation, substituting the PMHC moiety for a methyl and abolishing PeT. The substitution of two
bromines in the BODIPY core results in a significantly decreased fluorescence quantum yield compared
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to one substitution (0.48 to 0.35 in going from H3BrB-CHs to H,Br,B-CHs), with negligible gains in singlet

oxygen sensitization (0.48 to 0.51 in going from HsBrB-CHs to H,Br,B-CHs).

Table 3.1: spectroscopic properties of chromanol-bearing fluorogenic probes H4sB-PMHC, H3BrB-PMHC,
H,Br,B-PMHC and their corresponding control compounds.

Agps (NM) Aem (NnM) e(x103 M 1em™) o Pa
H4B-PMHC 509 533 82 0.001 -
HsBrB-PMHC 520 533 60 0.0007 -
H,Br,B-PMHC 537 551 73 0.001 -
H4B-CHj3 502 516 79 0.94 -
H3BrB-CH; 513 525 56 0.48 0.48
H,Br,B-CH3 529 544 60 0.35 0.51

3.4.2 H;BrB-PMHC Effectively Induces Cell Death with Light Exposure

We tested the efficacy of HsBrB-PMHC as a PDT agent by demonstrating light-induced cell death
with Hela cells (Fig. 3.2). Fluorescence microscopy was employed to accomplish the dual role of light

dosing and monitoring cells.

To gauge the delivery of HsBrB-PMHC into cells, we initially examined the intensity of an
analogous always-fluorescent control compound (H3BrB-CHs), lacking the PMHC mediated
intramolecular PeT quenching mechanism, as it partitions into cells. In imaging conditions, when HsBrB-
CHs; was delivered into cells in Live Cell Imaging Solution (LCIS) in 0.33% DMSO (vehicle), it was found
that a plateau of fluorescence intensity was achieved at approximately 15 minutes. Upon exchange of
the buffer solution, it was found that fluorescence intensity dropped slightly due to the removal of free
dye from solution, of which a plateau occurred in approximately 15 minutes as well (Fig. $3.1). This

established our imaging conditions to maximize signal-to-background for imaging.
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Figure 3.2: Dormant photosensitizer demonstrating spatially controlled cell killing A) HelLa cells with 100
nM control (always active) HsBrB-CHs, incubated for 10 min in LCIS prior to media exchange, irradiated
continuously at 0.5 mW laser power (488 nm, 5 W/cm?) for 20 minutes, with observable blebbing by 10
minutes. B) Hela cells with 100 nM DoPS H3;BrB-PMHC (dormant photosensitizer), incubated for 10 min
in LCIS prior to media exchange, irradiated continuously at 0.5 mW laser power (488 nm, 5 W/cm?) for
90 minutes. Images were captured by widefield microscopy at 20x magnification, along with
neighbouring fields of view adjacent to the irradiated FOV and stitched together. Brightfield DIC images
are displayed in the first row showing cell morphology. The second row shows the DIC overlaid with
fluorescence of the same region. Dashed boxes highlight the region of irradiation (yellow) along with
neighbouring FOV (red). Third and fourth rows display the expanded irradiated and non-irradiated
regions for ease of viewing. Scale bar = 150 um.
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After establishing conditions to deliver HsBrB-PMHC into cells, we next examined
photoinactivation. We irradiated Hela cells continuously after treatment with the probe, and captured
brightfield differential inference contrast (DIC) and fluorescence images of the field of view (FOV) of
irradiation along with its neighbouring FOVs to examine the area of effect of photoinactivation. First, to
gauge singlet oxygen generation in the absence of a deactivation mechanism (always active
compounds), we monitored the control compound H3BrB-CHs, which does not require activation by
oxidation prior to photosensitization upon light exposure. Upon constant irradiation with H3BrB-CHjs, cell
membrane blebbing — a characteristic morphology in apoptotic cell death'® —is recorded in as early as
10 minutes following the start of the irradiation (Fig. 3.2A). Next, we examined HsBrB-PMHC. Within the
region of irradiation (Fig. 3.2B), cell membrane blebbing is much more attenuated and controlled,
becoming apparent only after 30 minutes, where within the window of observation it appears to be
highly spatially localized to the region of irradiation only. The initial activation of the probe is due to the
basal level of endogenous metabolic ROS production, we reason, which next results in autocatalytic
activation, thus resulting in delayed photoinactivation in contrast to the speed at which control
compound HsBrB-CHs inactivates cells under otherwise identical conditions. We monitored the
fluorescence intensity, a measure of probe activation, of HsBrB-PMHC in cells with light irradiation by
measuring the corrected total cell fluorescence intensity (CTCF). The CTCF of H3BrB-PMHC undergoes an
approximately two-fold enhancement with light irradiation. Under identical conditions, the signal
intensity of the fluorogenic (non-photosensitizing) RTA H4B-PMHC remains constant (Fig. 3.3). While the
signal intensity change of HsBrB-PMHC is consistent with the mechanism of action (initial activation
upon ROS scavenging), it is important to comment on the lower signal intensity of H3BrB-PMHC in
comparison to H4B-PMHC (control). This is attributed to the lower fluorescence quantum yield of H3BrB-
PMHC, due to the addition of the heavy atom and increased triplet quantum yield. It is also consistent

with a lower overall absorption extinction coefficient (see Table 3.1) for HsBrB-PMHC vs its fluorogenic
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RTA analogue H4B-PMHC, and the red-shifted absorption spectrum of the former resulting from the
incorporation of the Br atom to the BODIPY chromophore. Combined, the bathochromic shift and lower
overall extinction coefficient result in reduced absorption at 488 nm, the laser excitation used herein.
We previously reported HsB-PMHC, the fluorogenic but non-photosensitizing control, to measure basal
ROS metabolism* via its fluorescence enhancement. Notably, under the conditions used for
photoinactivation — continuous light irradiation — H4B-PMHC showed negligible fluorescence
enhancement over time. This is likely due to minimal probe activation (by metabolic ROS), contrary to
HsBrB-PMHC, where autocatalysis amplifies the initial ROS production. Activation of H3BrB-PMHC leads
to the production of 0,, which result in the formation of lipid hydroperoxides and further activation of
HsBrB-PMHC. That no larger enhancement of H3BrB-PMHC was observed is consistent with the rate of
enhancement being approximately equal to the rate of photobleaching for this probe under our
experimental conditions, accounting for the drop in intensity after ~ 30 min of irradiation (Fig 3.3. right
panel). As dye photobleaching is a function of intersystem crossing/population of the triplet excited

state, the faster rate of photobleaching for the DoPS H3BrB-PMHC versus HsB-PMHC is not surprising.
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Figure 3.3: CTCF of Hela cells with 100 nM photosensitizing H;BrB-PMHC (green) and non-

photosensitizing H4B-PMHC (black), irradiated continuously at 0.5 mW laser power (488 nm). Scale bar =
50 um.
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3.4.3 H;BrB-PMHC as an Imaging Agent Reveals ROS Sensitive Regions
within Cells
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Figure 3.4: a) High speed imaging of 100 nM H3BrB-PMHC in a single Hela cell. Fast time stacks (50 ms
exposure) were collected continuously. Images were collected at 100x in TIRF modality (1 mW 488 nm
laser). Scale bar = 10 um. b) DIC image of cell. c) enhancement in various subcellular locations: vesicle
structure (black), mitochondria (red), ER (blue). ROIs selected by morphology segmentation (Section
3.6.6)

To interrogate intracellular dynamics, we next exploited the autocatalytic nature of our probe,
under high-speed imaging (50 ms exposure). We reasoned that at high light dosage/laser power, faster
probe activation will occur due to autocatalysis, enabling the visualization of the earliest formed radical
species or areas of increased ROS production to be amplified. Consequently, at high laser power, a faster
acquisition speed could be utilized due to the heightened fluorescence intensity increase with time. In
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fast, high magnification (100x) timelapses of cells treated with H3BrB-PMHC (Fig. 3.4), we observed a
sequential activation of the probe in various organelles of the cell. High intensity punctate structures are
the predominately featured in the first few frames of imaging. Following that, the characteristic
morphological structures of mitochondria are appear, and finally the ER/Golgi mass. We quantified the
fluorescence enhancements of these key features at various timepoints based on morphology

segmentation (Section 3.6.6).

3.4.4 Characterisation of ROS Sensitive Vesicles

Our initial suspicion regarding the observation of vesicle/punctate structures are that they
correspond to stress granules — structures typically formed during oxidative stress. Here, liquid-liquid
phase separation drives the formation of many granule-like structures in cells, commonly termed as
membrane-less organelles, driving a wide variety of biological functions.? Stress granules, RNA-protein
assemblages, are sites of stalled translation within the cell cytoplasm in which heat-shock and other
stress response proteins aggregate around mRNA and the translational machinery as a protective

mechanism against cell stress.? 2

To test for the hypothesis that stress granules are originally involved in H;BrB-PMHC activation,
we resorted to a bona fide method of generating stress granules using arsenite.?® In mammalian cells, it
has been shown that sub-millimolar concentrations of NaAsO; can induce stress granule assembly on
the scale of minutes from exposure, observed through the fluorescent labeling of canonical proteins
involved in stress granule assembly.?2?* Cells treated with the non-photosensitizing fluorogenic RTA
probe H4B-PMHC, when exposed to arsenite stress, displayed an overall increase in ROS levels relative to
basal metabolism, as seen in the non-specific enhancement of fluorescence in all cellular structures and
membranes (Fig. 3.5). However, no aggregation and formation of granule-like structures was observed,

indicating stress granules not to be a culprit of the observed hotspots of H:BrB-PMHC fluorescence.
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Figur;‘3.5: Impact of arsenite stress on cells a) Hela cell with 100 nM HB—PMHC incubated in LCIS for 10
min prior to media exchange, imaged for 30 min. b) Hela cell with 100 nM H4B-PMHC incubated in LCIS
for 10 min prior to media exchange, treated with NaAsO; (0.5mM, 30min). Scale bars = 10 um.

We next investigated lipid droplets as the site where enhanced oxidative stress is recorded via
monitoring HsBrB-PMHC activation. Lipid droplets are the site of neutral lipid storage.?* Composed of a
single phospholipid bilayer shell and a core packed with triglycerides, lipid droplets play a critical role in
the mediation of lipid metabolism,?* serving as the intermediary of many building materials. To induce
lipid droplet formation, we starved cells in buffer solution, inducing autophagy — the breakdown lipid
products that will eventually become stored in lipid droplets. It was reported by Nguyen and colleagues
that lipid droplet biogenesis can be regulated by the activity of diacylglycerol acyltransferase 1 and 2
(DGAT1/2), which are enzymes along the lipid assembly pathway, where lipid droplet assembly is
critically impaired with DGAT1/2 inhibition.?> We monitored H3BrB-PMHC intensity in imaging studies
concomitant with the induction and inhibition of lipid droplet formation via starvation and DGAT1/2
inhibition (Fig. 3.6). H:BrB-PMHC intensity, a marker of oxidation, correlated with conditions inducing

formation of the vesicle structures, supporting that these structures are primarily visualizing lipid

droplets as the first sites of activation in high power time course imaging.
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Figure 3.6: a) Lipid droplet count in Hela cells at various conditions, monitored upon H3BrB-PMHC
activation, and b) representative images. Hela cells treated with DGAT-1/2 inhibitors (20 uM T863 20 +
10 uM PF-06424439, 6hr) and/or starved (PBS, 3hr). N=30, bars = mean +/- 1 SEM. Asterisk indicates
significance by t-test, ** p < 0.01 and *** = p < 0.001. Scale bars on images = 12 um.

It has previously been reported by Bailey and colleagues in a drosophila model that oxidative
stress induces the formation of lipid droplets in neuronal cells.?® Via lipid peroxidation measurements, it
was found that lipid droplets experienced a lower degree of oxidation than cellular membranes despite
being packed with easily oxidizable unsaturated fatty acids. A physical sequestration mechanism was
proposed, suggesting that vulnerable lipid building materials are shuttled into lipid droplets and away

from oxidative stress.

The BODIPY core of the probe is highly lipophilic and often used as the backbone of lipid
membrane stains.?’” Naturally, HsBrB-PMHC should partition into regions of high lipophilicity such as lipid
droplets. However, in comparison to mitochondria for example, lipid droplets are not sites of high
enzymatic activity which can generate ROS and activate HsBrB-PMHC. We suggest that the reason for
heightened sensitivity of lipid droplets to H3BrB-PMHC may be partly due to spatial confinement, where
a single ROS-mediated activation event would be required to trigger the rest via photoinduced singlet
oxygen generation from H3BrB-PMHC,,, in a small organelle in which there is a relatively higher probe

concentration than elsewhere.
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3.4.5 Potential promising application for synergy with ferroptosis
induction

Having characterized the potential of H3BrB-PMHC as a sensor we next explored the possibility
of synergizing the effects of our dormant photosensitizer with ferroptosis — cell death via excess lipid
peroxyl radical generation and associated lipid peroxidation.’® We reasoned that the autocatalytic
properties of the antioxidant/prooxidant compound H3BrB-PMHC could be used in tandem with
ferroptosis inducers — currently explored as potential therapeutics for cancers'” 28 — to amplify their
mechanism of action: exacerbating oxidative stress in sites already undergoing lipid peroxidation. For
this purpose, we employed a bulk assay consisting of an LED light array for PDT studies under exposure
to ferroptosis inducers and assessed cell viability with the resazurin assay (Fig. 3.7). We found that with
light irradiation, a slight decrease in the EC50 of the ferroptosis inducer RSL3 is observed (279 to 202
nM), however the sampling in the region of interest is low enough that makes the difference not
significant. A parallel must be drawn however between these PDT results and those from the
microscope (Fig. 3.2), in that the light array for PDT here is orders of magnitude lower in power — 2.6

mW/cm? compared to 5 W/cm?. Higher light dosage could accentuate the EC50 differences.
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Figure 3.7: Cell viability of HT-1080 cells treated with dormant photosensitizer H3BrB-PMHC, with
(green) and without (black) light exposure. Dilution series (0-1000 nM) of ferroptosis inducer RSL3 in HT-
1080 cells with 100 nM H3BrB-PMHC were incubated for 1.5hr and then irradiated with light (2.6
mW/cm?, peak wavelength at 520 nm) for 30 min. The cells were then incubated for 24 hours and
developed with resazurin for a further 2 hr prior to viability measurement. Bars = SEM.
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3.4.6 Autocatalysis as a mechanism for increased detection sensitivity:

The self-amplification mechanism of H3BrB-PMHC stands to be of great utility for the
observation of sensitive lipid peroxidation events. Of particular interest is the onset of lipid peroxidation
in ferroptosis. While the field has shown remarkable growth in the 20 years since its inception,
fundamental questions remain to be answered,? such as the primary/first sites of lipid peroxidation and
the contributions of various organelles in the onset of ferroptosis. Recent works by Stockwell and
colleagues as well as ourselves (Chapter 2) have pointed to the ER as the key organelle involved in the
induction of ferroptosis.?° Notably, increased sensitivity in the probes used could play a big role in

elucidating the exact spatiotemporal aspects of lipid peroxidation induction.

To provide insights into the localization of lipid peroxidation earlier in the ferroptosis
progression, we next explored imaging with H3BrB-PMHC, reasoning that data acquisition in quick bursts
at different stages of the ferroptosis progression would shed light on foci of ROS generation (Fig. 3.8).
Similar to results in Hela cells, imaging with HT1080 cells treated with RSL3 at the earliest stages of
ferroptosis induction (10 min, 30 min) displayed punctate structures with lipid droplets being the first
structures to be prominently illuminated. Following the course of ferroptosis, the plasma membrane
became the dominant feature post-120 min, congruent with the established understanding of
ferroptosis with plasma membrane damage as the final morphological feature prior to cell death
(Chapter 2).1° These results raise questions of what role lipid droplets play in ferroptosis. While previous
works by Stockwell, Min, and Woerpel have shown that the complete ablation of lipid droplets does not
prevent ferroptosis upon GPX4 inhibition,3® these structures remain an untapped pool of oxidizable

lipids, perhaps capable of playing a role in alternative pathways of ferroptosis induction.
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Figure 3.8: Ferroptosis induced (1 uM RSL3) in HT-1080 cells imaged with HsBrB-PMHC (10 nM in
DMEM). Cells were imaged continuously under conditions identical to those in Fig. 3.4, to amplify sites
of probe activation. Frames taken from time-courses of individual cell acquisitions at various times post
RSL3 treatment. Bar = 10 pm.

3.5 Conclusion:

Here we present the second-generation dormant photosensitizer, HsBrB-PMHC, with its
balanced rates of fluorescence emission and intersystem crossing as a dual-purpose probe for ROS
sensing and generation of singlet oxygen, a specific ROS involved in lipid peroxidation via the ene
reaction. With its two layers of control over singlet oxygen generation, the photosensitizer is only active
in areas of ROS generation and light dosing displaying high spatial specificity in cell killing. Utilizing high
power, fast frame acquisition imaging, we demonstrate an ordered sequence of activation of the probe
within cells, highlighting ROS sensitive regions which preferentially oxidizes the probe, which we posit as
the sites of PUFA storage. Lastly, utilizing HsBrB-PMHC in conjunction with ferroptosis, we demonstrate
promising avenues for further exploration of synergistic PDT as well as investigation into the early stages

of lipid peroxidation in ferroptosis.

3.6 Experimental:
3.6.1 Materials:

Cell culture reagents were purchased through ThermoFisher Scientific. RSL3 and DGAT inhibitors were
purchased through Sigma Aldrich. FluoroDish (35mm, FD35) imaging dishes were purchased through
World Precision Instruments, Inc. u-Slide 8 well (ibiTreat, tissue culture treated, cat. no. 80826)

chambered coverslips were purchased through Ibidi, USA.
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3.6.2 Cell Culture:

Hela cells (ATCC: CCL-2) were cultured in DMEM with glutamine and sodium pyruvate (Gibco: 11995-
065) and supplemented with 10% FBS (Gibco: A31607-02) and 1% penicillin-streptomycin (Gibco:
15140). HT-1080 cells (ATCC CCL-121) were maintained in the same media composition as Hela cells,
except for the additional supplementation of non-essential amino acids (Gibco: 11140050). Cells were

maintained at 37 °C and 5% humidified CO; in a tissue incubator.

3.6.3 Microscopy:

Images were acquired on a Nikon Eclipse Ti microscope, with brightfield differential interference
contrast (DIC), epifluorescence, and total internal reflection fluorescence (TIRF) modalities. The unit was
equipped with a Perfect Focus System (PFS) and a motorized filter block turret for multichannel imaging.
Cells were maintained at 37 °C and 5% humidified CO, with a stage-top incubator (Tokai Hit).
Fluorescence excitation (488 nm) was filtered and directed towards the objective using a multiband
beam splitter (ZT488/640rpc, Chroma Technology). Emissions were filtered through a ZET488/640m

emission filter and then captured using a back illuminated EM-CCD camera (Andor iXon Ultra DU-897).

3.6.4 PDT with ferroptosis:

Cells were seeded at 5000 cells/well and incubated for 24hr. The cells were then co-treated with H3BrB-
PMHC and a dilution series of RSL3 and incubated for 90min in phenol-free DMEM. Afterwards, the
plates were then irradiated for 30 minutes using an LED array (EXPO-LED, Luzchem Research, 5x4W
tube lamps with peak wavelength at 520 nm and FWHM of 31 nm, output power = 2.6 mW/cm?) with
dark control covered in aluminum foil. Following light treatment, the cells were replaced in media and
incubated for 24 hours, prior to addition of resazurin (44 uM) for 2 hours and measured on a place

reader. EC50 calculations were performed by fitting a dose response curve in OriginPro 2022.
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3.6.5 Cell Imaging:

Cells were seeded one day prior to imaging, 15 000 cells/well in ibidi 8-well slides for widefield
experiments and 30 000 cells per dish for TIRF experiments. Widefield fluorescence experiments were
performed using a 20X objective (Nikon CFl Plan Apo VC 20X, NA = 0.75, air, DIC). TIRF was imaged

utilizing a 100X objective (Nikon CFI SR Apochromat TIRF 100X, NA = 1.49, oil, DIC)

3.6.6 Image Analysis:
Image analysis was performed using FlJI/Imagel).3* Quantifications of fluorescence
enhancements in cells by corrected total cell fluorescence (CTCF) was previous utilized by our group*

and adapted from previously published protocol®%:

CTCF — IntDensity;oraicetiarea — (total cell area X BkgFluorescence)

Ncells

Where IntDensityiotaiceiiarea is the integrated intensity of the pixels for all cells in the image, total cell area
is the number of pixels of all the cells, BkgFluorescence is the mean fluorescence intensity per pixel for a

region containing no cells and N is the number of cells in the image.

Regions of interest (ROI) for vesicle regions were performed by intensity thresholding from the
initial frames of the timelapse. Mitochondria, identified morphologically from DIC images, are
challenging to segment as many are in close proximity and/or contact with the ER, in addition to spectral
crosstalk from MitoTracker (Fig $3.2). As such, a manual selection of a region distant from the ER mass
was selected. The ER ROI was selected via intensity thresholding of the timelapse at 20s and applied to

the full timelapse.

Lipid droplet quantification was performed using the SpotCounter plugin on FlJI, at a noise

tolerance of 2000 and box size of 10.
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3.7 Supporting Information:
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Figure S3.1: Partition in and out of H3BrB-CHs. 100 nM of dye was added in LCIS and imaged at 1
frame/min (488 nm, 0.1 mW) for 30 minutes to observe partitioning in of the dye (dark green). The
media was then exchanged and imaged again for a further 30 minutes to observe partitioning out of the
dye (light green).
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Chapter 4: Chemically Tuned, Reversible Fluorogenic
Electrophile for Live Cell Nanoscopy
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4.| Preface

We examined the power of imaging for both the investigation of lipid peroxidation (Chapter 2)
in the context of ferroptosis and the instigation of lipid peroxidation (Chapter 3) for PDT and probe
autocatalysis. Here, we extend further into the biology of lipid peroxidation to examine the dynamics of

lipid-derived electrophiles.

Monitoring the reactions of LDE with cellular nucleophiles has been of interest and achieved
previously in our group with the creation of AcroB — a fluorogenic turn-on LDE mimic. While efficacious
at highlighting hotspots of LDE reactivity, the accumulation of fluorescent products severely hindered
the applicability of AcroB in live cell applications requiring more demanding temporal and spatial
resolution.To that end, we introduce the reversible Michael acceptor — cyanoAcroB — as an answer. The
incorporation of a cyanoacrylate moiety allows for the observation of reactions with cellular
nucleophiles, as fluorescent bursts, but prevents the accumulation of fluorescent products over time
that would otherwise overwhelm the signal strength of further chemical events. We demonstrate this by
showing good signal-to-noise in localization-based super-resolution microscopy as well as fluctuation-
based over the timescale of an hour. In addition, we validated cyanoAcroB in a ferroptosis model
system, showing not only the temporal fidelity for observing organelle dynamics on the timescale of
tens of minutes, but also a correlation with endogenous LDE production, paving the path for future

guantitative works on LDEs in ferroptosis.

This chapter is modified from the original article in the following manner. Probe synthesis was
the work of Dr. Richard Lincoln and previously reported in his thesis; it is not included in this chapter.
DFT calculations in the original article were the work of Dr. Terri Lowell, also not included in this chapter.
The exclusion of the two sections does not influence the conclusions drawn or the imaging data

presented and will be referenced when appropriate.
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4.2 Abstract:

We report a chemically-tuned fluorogenic electrophile designed to conduct live-cell super
resolution imaging by exploiting its stochastic reversible alkylation reaction with cellular nucleophiles.
Consisting of a lipophilic BODIPY fluorophore tethered to an electrophilic cyanoacrylate warhead, the
new probe cyanoAcroB remains non-emissive due to internal conversion along the cyanoacrylate
moiety. Intermittent fluorescence occurs following thiolate Michael addition to the probe followed by
retro-Michael reaction, tuned by the cyano moiety in the acrylate warhead and BODIPY decoration. This
design enables long-term super-resolved imaging of live cells by preventing fluorescent product
accumulation and background increase, while preserving the pool of probe. We demonstrate the
imaging capabilities of cyanoAcroB via two methods i) a single molecule localization microscopy imaging
NASCA (nanometer accuracy by stochastic chemical activation), and ii) SRRF (super-resolution radial
fluctuation). The latter tolerates higher probe concentrations and low imaging powers as it exploits the
stochastic adduct dissociation. Super resolved imaging with cyanoAcroB reveals electrophile alkylation is
prevalent in mitochondria and endoplasmic reticulum. The 2D dynamics of these organelles within a
single cell are unraveled with tens of nanometers spatial and sub-second temporal resolution through
continuous imaging of cyanoAcroB extending for tens of minutes. Extending the reversible electrophile
mimic platform into a ferroptosis model, we demonstrate an elegant indirect correlation of probe
fluorescence with ferroptosis-induced LDE elevation, as well as observations of organelle dynamics of
potential interest. Our work underscores the opportunities that reversible fluorogenic probes with bio-
inspired warheads bring toward illuminating with super-resolved features chemical reactions in live

cells.
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4.3 Introduction:

Super-resolution imaging methodologies have become transformative tools in biology,
chemistry and physics.»® Enabled by new hardware and software, at the core of super-resolution
methods lie the chemical ability to switch fluorophores on and off. Some super-resolution techniques
such as STED,” GSDIM,® and RESOLFT?® require controlled fluorophore on/off switching that is achieved
via photo-activating and photo-deactivating pathways. In turn, other super-resolution techniques based
on single-molecule localization microscopy (SMLM) exploit a stochastic on-off cycling.1>1? Here just a
few interspersed fluorophores in a highly densely labeled substrate will glow - and be recorded - in each
image frame (snapshot). In this way, the centroid position of each diffraction-limited spot is determined
without overlap between closely spaced emitters within the image. Acquiring multiple frames allows the

reconstruction of a high-resolution image by combining the positions computed from each frame.

Fuelled by advances in super-resolution imaging there has been an upsurge in the number of
fluorescence probes being developed in the past five years for super-resolution. Based on green and red
absorbing cyanine dyes,' rhodamines,*® silicon rhodamines,'” '8 and diarylethenes.'® 2° Guidelines
that underpin the search for new dyes include chemical robustness to maximize photon budget, red
absorption to minimize cell damage and reduce autofluorescence background, and controlled on-off
cycling. While cycling in most dyes comprises of photoactivation of otherwise non-emissive probes, this
requires high excitation powers, typically in the UV region,?° which is detrimental to biological
specimens. Recently, spontaneously (thermal) blinking rhodamine derivatives based on an
intramolecular spirocyclization reaction were reported.'” 2! These dyes provide an ingenious way to
circumvent the need for high imaging powers, where chemical tuning enables controlling on and off
dwell times (rate constants of interconversion). Furthermore, on-off cycling (blinking) was achieved
through reversible nucleophilic attack of intracellular glutathione (GSH) to the xanthene fluorophore in

living cells. Here the free dye is emissive while its glutathione adduct (dominant species) is colorless.?
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Chemoselective fluorogenic probes that rely on the induction/enhancement of fluorescence (off

2325 offer an unmatched opportunity for super-

to on transition) upon reaction with a molecular entity
resolution imaging. With these probes, chemical reactions of interest occurring stochastically in live cells
can be visualized at the single molecule level. Combined with super-resolution imaging techniques such
as SMLM based NASCA?* " (nanometer accuracy by stochastic chemical activation), chemoselective
fluorogenic probes hold the promise to facilitate the understanding of how different cellular
environments modulate chemical reactivity of biological relevance. In this regard, we recently showed
that a chemoselective fluorogenic electrophile may be utilized to image mitochondria with super-
resolution.?® Unfortunately, a major caveat with ours, and related fluorogenic probes, is the inability to
cycle back to a non-emissive state. Product accumulation over time thus results in a rise in the
fluorescence background, reducing the time window for imaging experiments. This may be mitigated

through the photobleaching of newly activated probes, yet the high excitation powers needed can cause

photodamage in biological samples during live cell imaging.?

Here we report the design and preparation of a reversible fluorogenic electrophile cyanoAcroB
that enables long term super-resolved imaging for tens of minutes on live cells. The new probe bears a
reactive warhead, a chemically-reversible cyanoacrylate moiety, tuned to enable spontaneous (thermal)
blinking, associated to Michael addition and retro-Michael reactions. CyanoAcroB was conceived to
enable super-resolved imaging of live cells over long-term by preventing fluorescent product
accumulation and concomitant background increase, while preserving intact the pool of probe. The

3034 (LDE) analogues

work is driven by our desire to monitor the reaction of lipid-derived electrophile
with cellular nucleophiles. Super-resolution fluorescence imaging utilizing NASCA and SRRF* (super-
resolution radial fluctuation) illustrated the alkylation reaction of the lipophilic electrophile probe with

).21

cellular nucleophiles in live cells over tens of minutes (Fig. 4.1B-C).** CyanoAcroB alkylation was

observed in mitochondria and the endoplasmic reticulum (ER). Through the ongoing chemistry within

105



these organelles, we were in turn able to record these organelle dynamics within the cell. The
juxtaposition of organelle dynamics and chemical kinetics can be deconvoluted enabling the correlation
of chemical reactivity with organelle motion in live cells. Finally, we turn our probe towards ferroptosis,
a form of cell death for which LDEs are heavily implicated in its mechanism of action,? and observe
intracellular dynamics during cell death progression as well as competitive behaviour between probe
fluorescence and endogenous LDE production. Our work underscores the opportunities that reversible
fluorogenic probes with bio-inspired warheads bring toward illuminating chemical reactions in live cells

with enhanced resolution.

4.4 Results and discussion:

4.4.1 Probe design, preparation and characterization:

To design a lipophilic and fluorogenic electrophile that is reversibly conjugating to nucleophiles
we resorted to a BODIPY fluorophore to favour lipid membrane partitioning.3” Fluorogenicity was in turn
sought through incorporation of a reactive electrophilic warhead, an a-p unsaturation at the meso
position of a BODIPY dye. Here unsaturation at the meso position rapidly deactivates 1-7 methyl
substituted BODIPY fluorophores via internal conversion.?® 38 Emission is then restored following
nucleophilic attack and Michael addition.?® Reversibility and associated spontaneous (thermal) blinking,
was explored via incorporation of a cyanoacrylate electrophile warhead at the meso position. Increased
acidity, we reasoned, of the a-proton following nucleophilic attack to the reactive warhead would
ensure that thiolate-probe adducts undergo retro-Michael reaction,* rapidly dissociating the
fluorescent products back to reactants. To further drive the retro-Michael addition we additionally
sought to exploit the need for alleviation of the structural strain at meso position observed on 1,7
methyl substituted BODIPY dyes.*® Accordingly, we expect a low propensity for adduct formation in the

new probes with the equilibrium shifted towards reactants, and with rapid dissociation of the adduct
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taking place as needed to prevent emissive product accumulation over time and to enable single
molecule localization microscopy imaging.
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Figure 4.1: Reaction scheme of cyanoAcroB and imaging modalities enabled. A) Reaction scheme for the
reversible fluorogenic electrophile cyanoAcroB. B) cyanoAcroB (25 nM) enables NASCA super resolution
imaging in live Hela cells with roughly the same number of events per cell detected per unit time, over
extended time, and for different cells in a plate, with minimal background, acquired upon 488 nm
excitation with 412 W/cm?. C) Bursts of 100 - 20 ms exposition — frames are next used to render single

reconstructed SRRF super resolution images from a single live Hela cell imaged for tens of minutes (488
nm excitation with 41 W/cm?. Scale bar = 10 um).
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Following probe design (Lincoln), the initial DFT validation of fluorgenicity (Lovell), and synthesis
(Lincoln), we tested cyanoAcroB in live cell imaging. We confirmed that cyanoAcroB does not lead to
product accumulation, consistent with its reversible nature. Here the temporal evolution of the
fluorescence intensity arising from cyanoAcroB adduct formation was visualized at low excitation power
via widefield microscopy (~0.5 W/cm?). For cyanoAcroB we recorded low fluorescence intensity, mostly
localized in the cell mitochondria (Fig. $4.1-S4.2), consistent with adduct formation followed by its rapid
dissociation. Under identical conditions, studies with the irreversible electrophile AcroB resulted in the
accumulation of fluorescent adducts over time and their endomembrane trafficking?® as revealed by
time-course imaging (Fig. S4.1). As expected from our design cyanoAcroB adducts emit only where their

formation occurs and dissociate before their major trafficking into other organelles takes place.

4.4.2 NASCA imaging with cyanoAcroB.

To map and count over time the reactions of the probe within the cell, we next conducted
NASCA imaging experiments (see Fig. 4.2-4.3 and S4.3). Increasing the laser excitation power ~800-fold
to 412 W/cm?, working in a total internal reflection fluorescence (TIRF) configuration, and imaging at a
frequency of 20 Hz allowed us to visualize the formation of single, sparse, cyanoAcroB-adducts. These
manifested as single bursts of fluorescence residing on average <1 frame before their dissociation (or
photodegradation) occurred. A steady state of fluorescence burst occurrences (cyanoAcroB alkylation
and dissociation events) and fluorescence emission was achieved and maintained through the whole
imaging window. Here cyanoAcroB-thiolate adducts were generated and dissociated/photobleached at
a similar rate (Fig. 4.2 top, also Fig. 4.1 for a reaction scheme). In total, 150-200 alkylation events were
recorded above threshold per Hela cell, per frame, following probe addition (Fig. 4.2 top left). In
comparison, photobleaching of hundreds of initial frames (where the time of photobleaching increases

with incubation time, see below) were necessary prior to NASCA data acquisition when imaging with the

108



irreversible probe AcroB under identical conditions (see olive bars in Fig. 4.2, middle right panel).

Notably, formation of an irreversible fluorescent product with AcroB ultimately prevents SMLM.

The mathematical localization of individual fluorescence bursts - single events for cyanoAcroB
reaction - rendered a new super-resolved image combining results from 500 frames (see Fig. 4.3 and
also S4.3). The alkylation events were recorded predominantly in the mitochondria and ER. Sub-
diffraction features in these organelles were rendered through NASCA analysis. Colocalization studies
with cyanoAcroB imaged with NASCA modality and MitoTracker Deep Red illustrate that cyanoAcroB

events localize in the mitochondria (Fig. $4.6)

Studies with an intrinsically fluorescent control BODIPY dye showed that the limiting step in
adduct formation is the cyanoAcroB probe arrival, rather than thiolate availability within the
mitochondria and ER. This conclusion is reached upon comparing the SMLM images rendered upon
registering arrival and photobleaching of the control BODIPY dye shown in Fig. S4.4 (an experiment
analogous to PAINT), with NASCA images obtained for cyanoAcroB (and AcroB). In all cases the number

of localizations is comparable.

Close inspection of Fig. 4.2 left and right panels further underscores the differences between
the reversible fluorogenic probe cyanoAcroB, its irreversible fluorogenic analogue AcroB and an
intrinsically fluorescent BODIPY probe. Both fluorogenic systems give rise to steady-state number of
bursts, yet while the reversible one does so over a constant overall intensity, the irreversible one does it
against a backdrop of increasing overall intensity with time (compare left to right plots for both probes).
In turn the fluorescent compound shows a drop in the number of events with time. Here the probe is
photobleached regardless of its location while fluorogenic probes are not photoactive (and thus do not
photodegrade) until the adducts are formed). The data underscores the opportunities that reversible

fluorogenic probes bring in SMLM imaging.
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Figure 4.2: Number of events and intensity over time for cyanoAcroB, AcroB, and a control BODIPY. Left:
number of localization events associated to alkylation by cyanoAcroB, and AcroB, and related to
membrane embedding for the control BODIPY dye. Images were obtained for Hela cells over 50 s (1000
consecutive frames), following treatment with either 25 nM cyanoAcroB, 25 nM AcroB or 25 nm control
BODIPY dye (H2B-Et, Fig.S4.3- S4.4) and with a laser excitation power of 412 W/cm?. Event series were
recorded on different cells at different times following probe addition, see listed times on the graphs,
events are as obtained except for the first trajectory with AcroB which was divided by 2. Pre-
photobleaching times (reflected by the olive bar) and frame saturation (reflected by the burgundy bar)
were required and occurred, respectively, upon starting imaging. Right: fluorescence intensity (photons)
per frame recorded over time. See also Fig. S4.3-S4.4 for super-resolution map of event images
rendered over the first 500 frames (discarding saturated frames).

4.4.3 Organelle dynamics imaged via adduct formation.

Given the low background rendered with cyanoAcroB, we subsequently explored whether
mitochondria and ER dynamics could be extracted from our electrophile reactivity maps. Mitochondria
are highly dynamic structures, a hallmark of cell viability.** In NASCA/SMLM, the necessity to combine
large numbers of localizations and frames over time (500 frames, 25 s to render a single NASCA image),
precluded the observation of mitochondria motion. We thus utilized SRRF analysis on the same images

acquired at 412 W/cm? excitation, reconstructing images over time upon integrating data from 0.5 s of
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exposure (10 acquisition frames) to extract dynamics from our live cell imaging studies. Fig. 4.3 depicts
SRRF reconstruction of a Hela cell treated with cyanoAcroB. The zoomed regions in the right panels,
corresponding to a time difference of 2 seconds, illustrate that a fraction of the mitochondria displays
highly dynamic behaviour (depicted by orange arrows). This feature is also observed in NASCA analysis
when data were integrated from 0.5 s rather than from the full 25 s data set, albeit data sparsity
precludes a clear visualization without a guide. Notably, prolonged photobleaching times such as those
required for imaging with the irreversible probe AcroB (e.g. after ~900 s incubation of irreversible probe,
where over 10 s of photobleaching are required) negatively impact these organelle dynamics indicating
that cell damage takes place during the required preconditioning. Decrease in cell organelle motility
with imaging time are marked in comparing the 50 frame SRRF movie reconstruction from initial 25

seconds (500 raw imaging frames) with the subsequent 25 seconds.

We reasoned that while photobleaching may occur during high power NASCA imaging, we could
exploit the stochastic elimination reaction tuned in the design of cyanoAcroB - in combination with SRRF
imaging - to enable super resolution under low excitation powers thus preventing cellular photodamage.
Accordingly, we explored SRRF imaging under 10-fold lower excitation powers (41.2 W/cm?) and
working with either 100 nM or 1 uM probe concentrations. Images were acquired with 20 ms exposure
continuously for 50 s, for a total of 2500 frames, which were then integrated into 100 SRRF frames (see
Fig. S4.5 for our optimization of SRRF imaging conditions). Reconstructed SRRF images illustrate
mitochondria dynamics were not affected over time under the lower exposure conditions, where similar
signal to background ratios were retrieved in both sets of data conducted at low and high cyanoAcroB

concentrations.
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Figure 4.3: Evolution of cyanoAcroB alkylation events in Hela cell analyzed via NASCA and SRRF. Left:
NASCA localizations accumulated over the first 500 frames. Middle and Right: an expanded region
analyzed via SRRF, where the image is reconstructed by combining 10 frames of 50 ms duration each,
is shown initially and following 2s to illustrate mitochondria 2D dynamics (see orange arrows) as
projected in the imaging EMCCD camera). Scale bars 10 um (left) and 1 um (center and right).
CyanoAcroB was 25 nM, and the excitation power 412 W/cm?.

4.4.4 Single cell SRRF imaging over extended time.

We finally tested whether super resolved SRRF imaging could be conducted on a single cell for
tens of minutes without compromising cell viability or image quality. Figure 4.4, top, illustrates
reconstructed SRRF images obtained from a single cell monitored over 60 minutes under 41.2 W/cm?

excitation power. Here the cell was exposed for 2 s every minute to collect a burst of 100 frames of 20

ms exposition each, which were next used to render a single SRRF frame. Organelle dynamics could then

be retrieved for up to forty-five minutes of imaging without affecting resolution. Colocalization studies
with cyanoAcroB imaged via SRRF modality and MitoTracker Deep Red illustrate that cyanoAcroB
localizes in mitochondria (Fig S4.7). Notably, the filamentous structures observed bear striking
resemblance to ER imaged via super-resolution microscopy.?! A fading becomes noticeable afterward,
which we assign to cellular decay. For comparison we evaluated imaging with the irreversible probe
AcroB under otherwise identical conditions. The bottom panel in Figure 4.4 reveals that the increasing

background rapidly, within a minute, precludes SRRF imaging for this irreversible probe.
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Figure 4.4: cyanoAcroB alkylation events in Hela cell analyzed via SRRF at low imaging powers,
contrasted to studies with irreversible probe AcroB. Top: SRRF images with cyanoAcroB reconstructed
by combining 100 frames of 20 ms duration each (see also Fig. 4.1C). Bottom: SRRF images with AcroB
constructed by combining 100 frames of 20 ms duration each. Sequences of 100 frames (leading to 1

SRRF-rendered frame) were taken once per minute for 60 minutes, using 100 nM probe and 41.2 W/cm?
excitation power. Scale bars are 10 um.
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4.4.5 cyanoAcroB revealing intracellular details by preventing
background accumulation in a ferroptosis system

Having underscored the potential of cyanoAcroB for super resolution imaging studies, we next
sought to exploit this fluorogenic electrophile in the study of LDE during ferroptosis. LDEs have been
implicated in post-translational modifications of key proteins for the induction of, as well as potentially
causing the membrane permeabilization pathology characteristic of ferroptosis. Our group recently
demonstrated the utility in AcroB in the study of ferroptosis, by quantifying the ratio of its enhancement
as well as its background accumulation, to demonstrate the impairment of LDE detoxification associated
with LDE accumulation, as a hallmark of ferroptosis.3® However, the resultant background accumulation
occludes the intracellular dynamics of cells undergoing ferroptosis with excess fluorescent products,
preventing the quantification of chemical events similar to the NASCA analysis (see above) at the single
cell level. Here, we posited cyanoAcroB offers an opportunity to resolve intracellular details, due to the
absence of background accumulation, allowing the observation of alkylation real time during ferroptosis

progression.

Figure 4.5 displays results obtained with HT-1080 cells — a cell line sensitive to ferroptosis —
treated with RSL3 — a bona fide ferroptosis inducer prior to imaging with the LDE mimicking probes
AcroB and cyanoAcroB. Several key points of comparison can be made, in between the two probes, as
well as upon treatment with ferroptosis inducer. In comparison to AcroB, cyanoAcroB yields a lower
signal intensity (Fig. 4.5A). In RSL3-treated cells, the mitochondrial network — the site of highest pH and
thiolate concentration —is resolved clearly in both the TIRF images as well as the SRRF reconstructions of
cyanoAcroB, while AcroB is obscured by high background fluorescence. Here, good signal to noise for
cyanoAcroB is maintained for up to one hour of imaging (Fig. 4.5B), in congruence with Hela cell results
and further emphasizing the strength of this probe and relevance for the study of biological questions.

Most interestingly is the change in cyanoAcroB fluorescence intensity upon ferroptosis induction
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(compare Fig. 4.5A vs 4.5B). We reason that the loss of fluorescence upon ferroptosis induction with
RSL3 is a result of cyanoAcroB being outcompeted for nucleophiles by the high concentration of LDEs
generated from lipid peroxidation. In contrast for AcroB, cell fluorescence intensity increased because
fluorescent adduct excretion is inhibited upon RSL3 treatment (compare Fig. 4.5A vs 4.5B), despite the
increase in LDE levels outcompeting AcroB for nucleophiles. CyanoAcroB illustrates that lack of excretion
is not an impediment for unraveling dynamics and opens up the possibility of quantitative, albeit

indirect, measurements of LDE levels throughout the progression of ferroptosis.

Using both AcroB and cyanoAcroB, we report an observation of mitochondrial morphology
change (Fig. 4.6) in HT-1080 cells upon the induction of ferroptosis with RSL3. In AcroB, the initial
occlusion of cytoplasm by fluorescent products resolves over time, likely due to photobleaching.
Intracellular structural details could be resolved in SRRF, showing the formation of loop structures. This
observation is also seen in cyanoAcroB , which has a propensity for mitochondria — due to preferential
activation of the probe in the elevated pH environment favouring thiolate formation — where the

formerly filamentous structure characteristic of mitochondria appears to form loops.
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Figure 4.5: SRRF imaging of cyanoAcroB and AcroB in a) basal and b) ferroptosis-induced HT-1080s cell.
Cells were treated with RSL3 (1 uM, 1hr) in DMEM prior to exchange into LCIS. cyanoAcroB or AcroB
(100nM, 0.33% DMSO) was added immediately prior to imaging. SRRF images were reconstructed from
100x20ms acquisitions at 41.2 W/cm2 excitation power. Scale bars are 12 um.
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Figure 4.6: Timecourse SRRF imaging of AcroB and cyanoAcroB in ferroptosis-induced HT-1080s cell.
Cells were treated with RSL3 (1 uM, 1hr) in DMEM prior to exchange into LCIS. cyanoAcroB or AcroB
(100nM, 0.33% DMSO) was added immediately prior to imaging. SRRF images were reconstructed from
100x20ms acquisitions at 41.2 W/cm? excitation power. Boxed region zoomed in to highlight to
morphologies of interest. Scale bars are 12 um.
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4.5 Conclusions:

Utilizing the chemically reversible fluorogenic probe cyanoAcroB ensures fluorescence intensity
remains low over time. This enabled super-resolved experiments to be conducted on single or multiple
cells within the same dish, over long-time lapse. CyanoAcroB enables mapping alkylation events in live
cells yielding super-resolved charts of reactivity exploiting stochastic chemical activation and
deactivation of the probes. Here the lipophilic electrophile reactions are mostly circumscribed to
mitochondria and endoplasmic reticulum, due to the number of nucleophilic reactants partly associated
with the higher pH in mitochondria. Imaging experiments involving single molecule localization
microscopy techniques (NASCA) and methods that involve super-resolution reconstruction based on a
gradient field (SRRF) are shown to facilitate the understanding of how different cellular environments
modulate reactivity. Working with the reversible electrophile NASCA provides rich kinetic information
on nucleophilic reactions with electrophiles, while SRRF enables monitoring single cell for tens of
minutes, mapping where chemistry takes place exploiting both the stochastic adduct formation and
dissociation. SRRF based analysis of acquired images further permitted monitoring of mitochondria

dynamics on single cells for up to forty-five minutes with super resolved features.

From a biological perspective, LDEs are implicated in cellular toxicity and the pathogenesis of
neurodegenerative diseases®* 3 and atherosclerosis,*> among others. A growing interest in the fate of
LDEs in the context of ferroptosis, can also be better explored with cyanoAcroB in comparison to its non-
reversible Michael acceptor analogue AcroB. The new probe cyanoAcroB holds opportunities to explore
with enhanced spatiotemporal resolution how cellular pathologies and metabolic conditions my affect

the spatial and temporal profile of lipophilic electrophile reactivity.
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4.6 Materials and methods:
4.6.]1 Materials

HPLC grade solvents for spectroscopy, buffers, and cell culture reagents were purchased through
ThermoFisher. Water used was purified via a Millipore Milli-Q system. All other chemicals were

purchased through MilliporeSigma and used without further purification

4.6.2 Cell culture
Hela (ATCC CCL-2) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, high glucose, L-

glutamine, phenol red, pyruvate), supplemented with 10% FBS and 1x penicillin-streptomycin. Cells were
maintained at in a humidified incubator at 37°C and 5% CO.. Cells were passaged at approximately 90%
confluency. HT1080 cells (ATCC CCL-121) were cultured identically to Helas, save for the

supplementation of non-essential amino acids in the DMEM.

For imaging, cells were plated on 35mm glass bottom imaging dishes (FluoroDish, World Precision
Instruments, Inc.) coated with fibronectin (1 pg/cm?, Corning) and plated one day prior to imaging at
50% of cell count expected on day of imaging (HeLa doubling time ~1 day). Prior to imaging, media was

removed and washed 3x with Live Cell Imaging Solution (LCIS, ThermoFisher).

For mitochondria colocalization experiments: Hela cells were stained with MitoTracker Deep
Red (50 nM, ThermoFisher) for 5 minutes in DMEM. The media was then removed and washed 3x with

LCIS prior to cyanoAcroB staining and imaging.

cyanoAcroB/AcroB were prepared in DMSO at 300x concentration used for imaging before being
diluted DMEM to 3x concentration (1% v/v). The dye solution was added to the imaging dish prior to

imaging to its final 1x concentration (0.33% DMSO v/v).

For cell viability assay, Hela cells were plated in 96-well plates (Corning) at a density of 10 000
cells/well 24 hour prior to treatment. Cells were then treated with a dilution series of AcroB/cyanoAcroB

(0.33% DMSO v/v) across the relevant concentration range for imaging, and incubated for one hour.
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Rezasurin was then added to the cells and developed for 4 hours and then measured on a fluorescence

well plate reader.

4.6.3 Microscopy

Imaging (DIC was performed on a Nikon Eclipse Ti inverted total internal reflection fluorescence (TIRF)
microscope equipped with a motorized turret and Perfect Focus System (PFS).The laser (Agilent MLC-
400B) emissions were filtered (ZT488/640rpc, Chroma), and captured using a high numerical aperture oil
objective (Nikon CFI SR Apochromat TIRF 100x, NA = 1.49) and an EMCCD camera (Andor iXon Ultra DU-

897). Cells were maintained at 37°C and 5% CO, using a stage top incubator (Tokai Hit).

4.6.4. Image analysis

SRRF images were analysed with the NanolJ suite of plugins in FlJI/Imagel. Analysis settings: ring radius
0.5, radiality magnification 5, axes in ring 6, Temporal Radiality Maximum used). Fast timelapse imaging
was conducted at 20 ms exposure for 2500 frames (50s total time), and then integrated into 100 SRRF
frames at 0.5 s time resolution. Long timecourse imaging was conducted at 20 ms for 100 frames, every
minute for 60 minutes.

4.6.8. Instrumentation

Absorption spectra were recorded using a Hitachi U-2800 UV-Vis spectrophotometer and a 1 cm quartz
cuvette. Fluorescence spectra were recorded using a PTI QuantaMaster fluorimeter and corrected for
detector sensitivity. Fluorescence well plate reader measurements were conducted using a BioTek

Synergy H4.
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4.7 Supplementary information:

A Reversible Permanent
Adducts | Adducts

FF
cyanoAcroB

cyanoAcroB

Figure S4.1: Structures of cyanoAcroB and an irreversible electrophile, AcroB. Also shown are
differences in the temporal evolution of fluorescence in Hela cells treated with these fluorogenic
electrophiles. Hela cells were treated with 100 nM of the fluorogenic electrophiles and imaged via
widefield microscopy with 50 pW (50 x 102 W/cm?) excitation. Color scheme provides a time stamp at
which features were recorded. Scale bars are 10 um.
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Figure S4.2: Colocalization of cyanoAcroB chemical events with mitochondria stain MitoTracker Deep
Red in Hela cells. Hela cells were treated with 100 nM cyanoAcroB (green) and 50 nM MitoTracker
Deep Red (red) and imaged in widefield configuration with 2 mW excitation (20 W/cm?)). A) cyanoAcroB
fluorescence only. B) MitoTracker fluorescence only. Due to the reversible nature of cyanoAcroB probe,
only a small fraction of the dye is emissive at a given time, thus images appear with low contrast under
standard imaging conditions. In turn the MitoTracker Deep Red probe, a bright reporter designed to be
constantly emissive, yields better quality images under steady state. Scale bar is 10 um.
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cyanoAcroB

Figure S4.3: Super-resolved mapping of cyanoAcroB alkylation events in Hela cells recorded at different
times following probe addition. Cells were treated with 25 nM cyanoAcroB. Images result from
accumulating all events over the first 500 frames (after discarding saturated frames, see also Fig. 2)
analyzed via NASCA. Addition times are listed at the top. Scale bars are 20 um.
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control BODIPY (H,BEt)

Figure S4.4: Super-resolved mapping of alkylation events by the irreversible electrophile AcroB, analyzed
via NASCA and localization events of the lipophilic fluorescent control BODIPY dye (H,BEt), both in Hela

cells, recorded at different times following dye addition. The images correspond to those depicted in Fig.
2 in the main text. The events were recorded at different times following probe addition (see panel top).

Scale bars are 20 um.
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Figure S4.5: Optimization of cyanoAcroB imaging conditions for SRRF fast time lapse imaging. Hela cells
were imaged continuously for 50 s at 20 ms exposure and SRRF images were integrated at 25
frames/construction (0.5 s time resolution each). Here, the only 4 timepoints for each condition are
presented. Scale bars are 10 um. Powers are reported out of the objective, considering that the power is
distributed across a 100 x 100 um region it provides an upper estimate for the power density of 41.2 x
10 W/cm? and 412 x 10 W/cm?.

125



DIC cyanoAcroB MitoTracker Overlay

Figure S4.6: Colocalization of cyanoAcroB, imaged via NASCA, with mitochondria marker. Hela cells were
treated with 100 nM cyanoACroB (cyan in overlaid image) and 10 nM MitoTrakcer Deep Red (magenta in
overlaid image) and imaged in TIRF configuration with 488 nm, 412 W/cm2 excitation (for cyanoAcroB).
Colocalized signals are observed from cyanoAcroB imaged via NASCA modality and MitoTracker Deep Red
in mitochondria, characterized by the defined rod-like morphologies. Localizations result from
accumulating all events over the first 500 frames (after discarding saturated frames) analyzed via NASCA.
ROl is 2.5x size of original image. Scale bar is 10 um.
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DIC cyanoAcroB MitoTracker Overlay

Figure S4.7: Colocalization of cyanoAcroB, imaged via SRRF, with mitochondria marker. Hela cells were
treated with 100 nM cyanoACroB (cyan in overlaid image) and 10 nM MitoTrakcer Deep Red (magenta in
overlaid image) and imaged in TIRF configuration with 488 nm, 41.2 W/cm2 excitation (for cyanoAcroB).
Colocalized signals are observed from cyanoAcroB imaged via SRRF modality and MitoTracker Deep Red
in mitochondria, characterized by the defined rod-like morphologies. It is worth noting in addition that
the filamentous structures observed bear striking resemblance to ER imaged via super-resolution
microscopy. SRRF image was constructed with 100 frames imaged at 20ms. ROl is 2.5x size of original
image. Scale bar is 10 um.
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Figure $4.8: Cell viability assessment of cyanoAcroB. Cells were treated for 1hr with varying
concentrations of cyanoAcroB before assessment by AlamarBlue assay (resazurin).
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Chapter 5: Conclusions & Outlook

If the writer of these lines has succeeded in providing some material for clarifying these problems, he
may regard his labours as not having been fruitless.

-Vladimir Lenin, The Development of Capitalism in Russia (1899)

5.1 Conclusions and Contribution to Original Knowledge

The important role that ROS plays in biology and medicine has long been established. Lipid
peroxidation in particular, culminating in the official denomination of ferroptosis in 2012, has been one
of the fastest-growing fields by citation count in the past decade. Our contributions to this now
centuries-long line of work, at the intersection of oxidative stress, cell death, and metabolism, are the
development of a toolset through which vital problems which still elude the field can be better

answered.

This thesis describes our efforts in utilizing intelligent probes that activate upon chemical
reaction with the reactive species generated from lipid peroxidation, to study the milieu of oxidative

stress-related cell death in live cells.

In Chapter 2, we demonstrate the power of our fluorogenic tocopherol probes as a versatile
platform for the study of ferroptosis. To date, our work remains unparalleled as the only live cell, real-
time observation of lipid peroxidation in ferroptosis. With multichannel microscopy, we uncover a
sequence of ferroptosis progression, stemming from the total consumption of membrane-available
antioxidants prior to irreversible membrane damage and loss of cellular integrity. With organelle-
targeting PMHC analogues, we present evidence for the endoplasmic reticulum as a key site of
protection against ferroptosis, along with evidence of the trafficking of oxidized lipids from the internal

membranes of the cell to the plasma membrane.
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In Chapter 3, we present HsBrB-PMHC, a dormant photosensitizer built on a fluorogenic
tocopherol analogue backbone and tuned to emit photons and singlet oxygen. Our group previously
introduced the concept of dormant photosensitization as a means to: i. achieve signal amplification of
ROS presence via an avalanche chemical reaction and associated emission from newly generated
compounds, and ii. as a mechanism to exert another layer of control over the highly toxic production of
singlet oxygen in photosensitization, through the chemical cue of singlet oxygen. We demonstrate the
autocatalytic nature of the probe, as well as its cell killing capabilities within extreme spatial
confinement. In addition, at the single-cell level, we demonstrate that the auto-amplification of our

probe has the advantage of identifying potential ROS-sensitive regions of cells, namely lipid droplets.

In Chapter 4, we present cyanoAcroB, a fluorogenic electrophile specifically designed for live-cell
super-resolution imaging. The reversible nature of the cyanoacrylate moiety mimics the reactivity of
lipid-derived electrophiles while also limiting the accumulation of fluorescent product formation, to
keep signal-to-noise within reasonable limits for extended super-resolved imaging. We demonstrate this
with two applications: localization and fluctuation-based super-resolution microscopy. With
cyanoAcroB, 2D dynamics of alkylation events — primarily in the endoplasmic reticulum and
mitochondria — can be faithfully recorded by NASCA for up to 90 minutes. With SRRF, we show organelle
dynamics on the single cell level for up to an hour of imaging and present an application for the study of
ferroptosis that indirectly shows the increase in LDE production in ferroptosis and mitochondria

deformation into rings/spheroids early in ferroptosis progression.

Our work highlights the potential of chemoselective fluorogenic probes and live cell
fluorescence microscopy as a way of obtaining not only static but dynamic information about biological
systems. We have progressed from utilizing probes as mere positional markers to reporters of, and even
instigators of, chemical reactions. We hope our work illuminates the way for others, and serves as a

blueprint for continuous inquiries into the milieu of oxidative stress in cells and cell death.
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5.2 Outlook and Future Directions

Methodology development exists in a cyclic relationship with fundamental biology, with better
tools revealing more complex systems, which thus necessitates the development of better methods.
Ultimately, we hope that the advancement of ROS probes and quantification methodologies such as
those described herein can translate into a more complete understanding of ROS-associated diseases
and therapeutics. In this regard, with the work highlighted in this thesis, we propose the following

avenues of investigation.

5.2.1 Where do ROS (Plural) Come From?

This work, in particular Chapter 2, demonstrates the power of live cell imaging. A natural follow-
up would be to ask: to what extent can the limit of detection be pushed? Iterative probe design can
achieve higher fluorescence enhancement, based on optimal tuning of HOMO-LUMO gaps, as well as
tuning of electron donor/acceptor energy levels. May we then reach the point where observing single
ROS events become possible? Moreover, armed with the autocatalytic probe outlined in Chapter 3, we
envision that with continuous light irradiation and singlet oxygen generation, we can amplify the initial

sites of ROS production.

5.2.2 Expanding the Scope of Ferroptosis Inducers

With the methods presented in Chapter 2, a logical future direction will be to investigate the
array of other ferroptosis inducers, operating at different timescales, in different organelles and through
different pathways. Ferroptosis is a flexible array of convergent pathways that can be regulated
independently of each other. The classifications of ferroptosis inducers, serendipitously discovered by
the Stockwell lab and others on the earliest small molecule screens for RAS-selective cancers, was an ad

hoc system with no real reason for its grouping. The focus of this thesis was on exploring the induction
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of ferroptosis from direct GPX4 inhibition via RSL3*2- a class Il ferroptosis inducer. The choice of this
inducer was partly based on its rapid action. The action of class | inducers, such as erastin, which was
indirectly observed with glutathione depletion via BSO, takes place over a much longer time scale, tens
of hours versus tens of minutes for class Il inducers, and is typically observed via endpoint
measurements for this reason. The details on the mechanism of action of class 11l (GPX4 depletion, e.g.
FIN56%) and class IV (iron oxidation, e.g. FINO,?*) inducers mechanism of action are still needed. We have
demonstrated HsB-PMHC and the palette of organelle-targeted PMHC RTA fluorogenic probes to be
most suitable for real-time live cell observations of ferroptosis induction and the monitoring of specific
intracellular contributions to ferroptosis and their relative importance. Efforts may be made to examine
the spatiotemporal profiles of lipid peroxidation generated by the actions of different ferroptosis
inducers within class I-1V and their evolutions over longer timescales. New invaluable mechanistic

insights may well result from these efforts

5.2.3 Cell Cycle and Ferroptosis — Long Time Course Live Cell Imaging

Recent reports have garnered the community’s interest on the relevance of the cell cycle to
ferroptosis induction, a field to which we believe the methods pioneered in this work are uniquely
poised to contribute. During amino acid starvation experiments, Homma and coworkers observed, by
chance, that the depletion of S-adenosylmethionine, an intermediate in the methionine-cysteine axis of
the transsulfuration pathway, can lead to ferroptosis suppression and cell cycle arrest.®> This calls into
question the role of ROS generated during mitosis and other cell cycle checkpoints,® as well as, less
certainly, the intracellular distribution of antioxidants during the cell cycle,” in partly explaining the
differential sensitivities of various cell lines to ferroptosis and the heterogeneity of individual cells in the
induction of ferroptosis. The Dixon group in a preprint also demonstrated not only influence of cell cycle
arrest in ferroptosis sensitivity, but synergy with class Il (GPX4), though not class | (system x.),
ferroptosis activation.® Questions of long timescale (up to 24 hours), slow evolution, and intracellular
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distribution of lipid peroxidation and its onset are well suited to be answered by HsB-PMHC, related
organelle targeting fluorogenic RTAs, and the work highlighted in Chapter 2, making such inquiries a
logical extension of this research. In addition to endogenously expressed reporters of cell cycle,>°
multichannel imaging could correlate lipid peroxidation levels with cell cycle stages on a single-cell level.

5.2.4 The Contribution of Lipid-Derived Electrophiles — Toward Real-Time
Observation

Our group has also developed the fluorogenic LDE mimic — AcroB!! — and used it to investigate
the role of LDEs in ferroptosis,'? referenced and highlighted in Chapter 4. Van Kessel and coworkers
utilized AcroB to quantify the degree of LDE-adduct formation and export, showing LDE detoxification
impairment as a hallmark of ferroptosis. However, AcroB/cyanoAcroB cannot be used in conjunction
with our PMHC-bearing RTA fluorogenic probes for two reasons: 1) spectral overlap, due to both having
similar backbone fluorophores and 2) incompatible media conditions, as cell media is rich with

nucleophiles (protein, amino acids, etc.).

In the same vein of visualizing the spatiotemporal evolution of LDE production and their fate, we
envision the development of the next generation of probes to overcome the current limitations: 1)
alternative fluorophore backbones with preferably red absorption/emission and 2) protected

AcroB/cyanoAcroB, allowing for selective activation by cellular chemistry rather than media additives.

5.2.5 Citius, Altius, Fortius

Cell imaging is a compromise between temporal resolution, spatial resolution, and signal-to-
noise. High/super-resolution, high contrast techniques such as STORM and STED require high laser
power detrimental to cell vitality,® calling into question the biological relevance of these techniques. In

a balance of resolution, signal-to-noise, and biological relevance, this work chose to utilize SRRF,%* a
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post-processing enhanced resolution technique, as a minimally invasive method to beat the diffraction

limit while gaining new levels of intracellular detail.

Future work should follow the developments in the field of post-processing super-resolution
techniques more closely and integrate them into the data processing and experimental design pipeline
to answer more challenging questions. Examples such as the recently developed SACD (Super-resolution
imaging based on Auto Correlation with two-step Deconvolution), an improvement on SOFI (Stochastic
Optical Fluctuation Imaging), optimizes the pre-processing requirements down to 20 frames,**> opening
up the avenue to theoretically to observe super-resolved events down to the sub-second. Cost-effective
upgrades to conventional microscope setups, such as adding a phase modulating disk in a spinning disk
confocal setup, as highlighted by Zhang and colleagues, may introduce SIM capabilities to an existing

system at a very low cost.®

The motto of the Olympic Games — Citius, Altius, Fortius — is particularly apt for the field of cell
imaging and our aspirations. Faster (time resolution), Higher (spatial resolution), Stronger (signal-to-
noise and biological relevance).

5.2.6 Weighing the Probe — Toward a Better Understanding of HsB-PMHC
reactivity

Lastly, of particular importance to the future, quantitative works utilizing H4B-PMHC and other
PMHC-based fluorogenic probes require deeper mechanistic studies of the probe. For instance, product
studies, via LC-MS (thus the weighing pun) or other means, on the actual activated HsB-PMHC species
are needed to better understand their relevance to biological models such as ferroptosis, especially

through the assessment of biases towards the capture of certain species of lipid peroxyl radicals.
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“You can’t resist for very long a truth you discover for yourself”

-Nikolai Chernyshevsky, What Is to Be Done? (1865)

HEAESLABE, TABLH ., XIEMM EAIES, HL EAOKER, ENAZT, HBEMRT
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“Hope cannot be said to exist, nor can it be said not to exist. It is just like roads across the earth. For
actually the earth had no roads to begin with, but when many men pass one way, a road is made.”

-2l (&%)

- Lu Xun, My Old Home (1921)
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