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Abstract

Reactive oxygen species (ROS) are an interesting class of molecules because of their ability to
promote contradictory phenotypes depending on their intracellular concentration. Most
significantly, their elevation has been linked with several pathologies, including cancer. The
selective cancer killing hypothesis hinges on the idea that certain cancers will be more susceptible
to toxicity via a redox-based mechanism than their surrounding healthy counterparts, and provides
an attractive target for those studying redox biology. In order to effectively leverage this strategy,
quantitative knowledge of intracellular ROS, specifically hydrogen peroxide (H2O2) and its
associated pathway proteins, is necessary.

This thesis developed tools and methodology for quantitative and mechanistic studies of H2Oz in
the mitochondria. Both experimental and computational tools were developed and implemented to
analyze mitochondrial H2O2, peroxiredoxin (Prx) proteins, and primary patient tumor cells. It was
established that the toxicity of H.O> perturbations localized to the mitochondrial matrix is dose-
and time-dependent. A computational model of the mitochondrial H.O> reaction network predicted
that basal steady-state mitochondrial H2O> concentrations are in the low nM range, and that Prx3
is responsible for H>O> dynamics. Preliminary data in primary patient tumor cells of
paraganglioma and related tumors with succinate dehydrogenase b (SDHB) mutations suggested
these cancers are potentially sensitive to the investigational chemotherapeutic piperlongumine.
And finally, analysis on the Prx family using statistical coupling analysis suggested evolutionarily
conserved clusters of residues at the C-terminus of the Prx2 and Prx1 protein families that may
point to a structure-function mechanism for their ability to complex with other proteins. All in all,
these tools can be used in other cancer cell systems to better understand the quantitative H20-
signaling mechanisms and possible chemotherapeutic targets within those pathways.

Thesis Supervisor: Hadley D. Sikes
Title: Associate Professor of Chemical Engineering
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Chapter 1 : Introduction

Reactive oxygen species (ROS) are a class of molecules that arise as a result of the
abundance of diatomic oxygen (O.) in aerobic species. Redox biology spans all kingdoms of life,
and many antioxidant defense proteins are highly evolutionarily conserved across species 3. This
chemical class is compelling for study because ROS can elicit diverse phenotypes depending on
their intracellular concentration. At low concentrations, they promote homeostasis; as that
intracellular concentration increases, we expect to observe pathogenesis, oncogene activation, and
eventually toxicity and cell death °. This more nuanced understanding of ROS as more than
simply deleterious agents is a relatively recent development . While our qualitative understanding
of the biological roles of ROS grows, still lacking is a specific, quantitative, and dynamic

characterization of ROS species.

1.1 Hydrogen Peroxide
ROS can take several forms; common biologically relevant species comprise hydrogen

peroxide (H20-), superoxide (O; ), and hydroxyl radical (HO?) ’. H20. alone among ROS is

known to behave as a classical signaling molecule >80, Unlike radical species, H20; is expected
to be able to cross biological membranes and participate in specific chemical reactions inside the
cell 811, The primary intracellular target for H20> signaling is protein cysteine residues, as depicted
in Figure 1.1 8 H,0, reacts with thiol groups to form sulfenic acid, which is then free to form
disulfides. The sulfenic acid can condense into an internal disulfide bond, or it can form
intermolecular bonds. Alternatively, under high concentrations of H,O>, the sulfenic acid can react

with additional molecules of H>O- to form sulfinic or sulfonic acid 812,



H 202 Hzoz H,0,
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Figure 1.1: H20 reactions with protein thiols.

Thiol groups actually differ greatly in reactivity depending on the local protein structure
1213 General protein thiols have a reactivity on the order of 20 s*M! while specialized antioxidants
like the 2-Cys peroxiredoxins (Prx) react with H.O2 on the order of 1x10® s*M™* 1416, The Prx
group of antioxidants comprise the most abundant family of H.O, scavenging proteins /18, The
2-Cys Prxs dimerize in a head-to-tail fashion. The catalytic or peroxidatic cysteine (Cp) forms a
disulfide bond with the resolving cysteine (Cr) upon oxidation that links the homodimer 1,
Figure 1.2 depicts schematically the way 2-Cys Prxs react with H20». It is currently unclear by
what mechanism low-reactivity thiols become oxidized when this reaction is Kkinetically
unfavorable. The chief hypothesis that has been proposed is the redox relay; H20- does not directly
react with these thiols, but rather, reacts with Prx, and then that oxidized dimer reacts with the

protein thiol and “transfers” its disulfide 292,

14
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H-0- SOH HS
22
SH HOS

H,0,

SO;H HS—

SH HO,S—

Figure 1.2: General 2-Cys Prx reaction scheme, illustrated by the mitochondrion-specific Prx3. The catalytic cysteine of Prx
becomes oxidized by H20:2 to form a sulfenic acid. This causes a local conformational change that allows the resolving cysteine to
become accessible for disulfide formation with the catalytic cysteine on the opposite monomer, completing the formation of the
dimer 0. Alternatively, under high concentrations of H20z, the sulfenic acid can be oxidized an additional time by H20z2 to a sulfinic
acid, which is then unable to form dimers.

The Prxs have six different mammalian isoforms, each one showing different compartment
sequestration within the cell 3. Among the typical 2-Cys Prxs, Prx1 and Prx2 are cytosolic, Prx3 is
mitochondrial, and Prx4 is specific to the Endoplasmic Reticulum (ER) ?2. Prx5, an atypical 2-Cys
Prx, is putatively more reactive to reactive nitrogen species (RNS) than H20, 2. Prx6 is a 1-Cys
Prx 3. The oxidized dimer formed upon oxidation of the typical 2-Cys Prxs is reduced by the
thioredoxin (Trx) system using electrons from NADPH 2428, The hyperoxidized sulfinic/sulfonic
acid forms of Prx are reduced by sulfiredoxin (Srx) 2%,

It has long been proposed that catalase and the glutathione peroxidases (Gpx) were the

main enzymes responsible for detoxifying H.O> due to their fast reactivities 2°. Indeed, catalase

has been measured to react with H,O, with a second-order rate constant of 2.4x10° Ms* and
Gpx1 has a second-order rate constant in the same order of magnitude %31, Combining these data
with information about these enzymes’ relative abundance and sub-cellular sequestration paints a
different picture. We expect catalase to remain to typically remain sequestered in peroxisomes,
32—35.

and only sometimes be expressed in mitochondria in certain, specialized cell types

Additionally, based on the detailed kinetic experiments of several groups, we now know that the
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second-order rate constant for Prx2 is higher than that of the Gpx system, 1.6x10° M1s™ 1636 prxs
are also more abundant than Gpxs by at least one order of magnitude, meaning the former will
have a higher pseudo first-order reaction rate constant with H.O, *. Thus, based on a kinetic
analysis, we expect Prx to be an important reaction partner of H.02%".

Glutathione (GSH) and the glutaredoxins (Grx) are another piece of the redox puzzle whose
role has recently come into question. GSH is an extremely abundant non-enzymatic protein
antioxidant, reaching concentrations sometimes in excess of 5 mM 33383 |ts abundance has led
many to conclude that is has a crucial role in maintaining redox homeostasis . However,
inhibition of GSH synthesis using buthionine sulfoximine (BSO) has produced mixed results, and
even improved cells’ ability to detoxify an intracellular H2O, perturbation “°-*2, It has been
proposed that GSH’s primary intracellular role may not be related to redox homeostasis per se,
and that additional quantitative data is necessary to elucidate more precisely what role GSH has in
H,0- signaling 343, Grx is the enzyme responsible for reversing the protein S-glutathionylation
reaction, a post-translation modification wherein a disulfide bond between a protein and GSH is

formed that may have some protective or even regulatory function #4-4,

1.2 Mitochondria
Mitochondria are organelles of active interest in redox biology because they are a putative

site of H2O> generation through the electron transport chain (ETC) and oxidative phosphorylation
(OxPhos) 48-%, It is currently hypothesized that during OxPhos, some electron leak occurs, causing
incompletely reduced oxygen to be evolved as superoxide 1. This superoxide is quickly converted
to H202 by manganese superoxide dismutase (MnSOD) in the mitochondrial matrix °°°2,
Complexes I, II, and Il are thought to be the specific sites of ROS generation, as well as the

tricarboxylic acid (TCA) cycle enzymes 2-oxoglutarate dehydrogenase (Odh) and pyruvate
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dehydrogenase (Pdh) #. The rate of ROS evolution due to OxPhos is expected to be proportional
to the rate of cellular respiration, and various ETC complex inhibitors can alter this rate .

In addition to generating H>O, the mitochondria is hypothesized to be the site of much
H20,-mediated signaling >°>*, There are many routes through which mitochondrial H,O2 can
trigger a signaling cascade, which includes post-translational modifications on thiol groups and
redox relays °. Mitochondrial H2O; signaling is hypothesized to play a role in processes like the
mitochondrial permeability transition (MPT) %4, uncoupling °%°, phosphatidylinositol 3 kinase
(PI3K) signaling *8, and apoptosis *°. One particular signaling cascade that has been implicated in
cancer onset and progression is the Kelch-like ECH-associated protein 1 (Keapl)/ nuclear factor-
like 2 (Nrf-2) pathway, depicted schematically in Figure 1.3 . Under homeostatic conditions,
Keapl binds Nrf-2 and marks it for degradation, but if there is an increase in intracellular oxidants,
Keapl becomes oxidized, changing conformation and releasing Nrf-2 8. Nrf-2 is then free to
translocate into the nucleus, where it acts as a transcriptional activator of the antioxidant responsive
element (ARE) 2. This regulatory element upregulates the transcription of many antioxidant
proteins, including Gpx1 ®. In certain cancers, Keapl is mutated, causing a constitutive
upregulation of the ARE, as Nrf-2 is always bound there 54, This mutation has been implicated in

drug resistance %°.
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Figure 1.3: The Keapl/Nrf-2 Pathway. A simplified schematic of the Keapl/Nrf-2 signaling pathway. Under homeostatic
conditions, dimeric Keapl binds Nrf-2 and marks it for degradation by the proteasome. If there is an increase in intracellular
H20z, then cysteine residues on Keapl become oxidized, causing a conformational change that releases Nrf2. This allows Nrf2 to
translocate into the nucleus and act as a transcription factor, binding the antioxidant responsive element (ARE) and upregulating
the transcription of certain antioxidant and other stress response genes. Image created using BioRender.com.

Another way the mitochondria is putatively involved in H.O2-mediated signaling is via the
Bcl-2 family of proteins 6%, This protein family consists of pro- and anti-apoptotic proteins that
normally allow the cell to regulate programmed cell death, though they sometimes become
dysregulated in cancer 57, Bcl-2 and related pro-survival proteins are associated with the
mitochondrial outer membrane, whereas Bax and Bak, the pro-apoptotic proteins, translocate to
the mitochondrial membrane upon receiving a cytotoxic signal %81 Bax and Bak have been
found to promote the mitochondrial outer membrane polarization (MOMP) whereas Bcl-2 has
been found to suppress this; some linear combination between these competing signals will
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ultimately determine cell fate ®1. Bcl-2 has already been identified as oncogenic, and efforts to
target it have demonstrated that it is responsive to redox-mediated signaling, likely via post-
translational modification 6768.70.72.73,

The mitochondria has been found to maintain its own redox homeostasis separate from the
cytosol and other organelles "#7°, As previously mentioned, Prx3 is the Prx isoform native to this
organelle. Prx5 is also present, as well as two Gpx isoforms, 1 and 4. Trx2, a distinct isoform from
the cytosolic Trx1, is responsible for reducing the mitochondrial Prxs 2. Quantitative efforts to
characterize this interesting organelle have largely focused on the ETC 7. Some groups have
explicitly modeled the rate of generation of H202 as a function of cellular respiration and
mitochondrial membrane polarization; these models are quite detailed, and focus on fast-respiring
cell types (e.g. cardiac cells) °>7""8, Some other models have sought to integrate mitochondrial and
cytosolic ROS "°#°. As our quantitative understanding continues to grow, computational models

of the mitochondria will be able to answer a more diverse array of questions.

1.3 Tools and Methodology
Most of the tools that have existed in the field until very recently were quite effective at

qualitative characterizations 812, This allowed for a broad understanding of many cellular redox
processes and the discovery of antioxidant pathways. As we look towards developing a clear
mechanistic understanding of H20. signaling, tools would ideally have spatiotemporal resolution,
be quantitative rather than qualitative, and be specific for H2O2 only. The advent of genetically
encoded probes and synthetic biology tools has greatly improved our ability to make quantitative
measurements of cellular systems .. Measurement tools and tools for creating perturbations have
improved over time, but still face limitations.

Dyes have traditionally been used as sensors of ROS changes. Though vendor websites

often claim specificity, it is unclear how specific these dyes actually are in their chemistry. The
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dyes MitoSOX and dihydroethidium are marketed as O, sensors. The dye 2'7'-

dichlorodihydrofluorescein diacetate (H2DCFDA), converted to the fluorescent 2',7'-
dichlorofluorescein (DCF) intracellularly, is commonly used to detect changes in ROS levels.
Experiments using this latter compound are fraught with artifacts, as DCF itself can act as a
photosensitizer of H2DCFDA and can also generate radicals itself 8182, Newer dyes have recently
been developed with some of the drawbacks of older methods in mind; mitochondrially targeted
ROS dyes with reversible fluorescence were developed as sensors of the state of all the redox
couples in the mitochondria 8.

In order to overcome some of the limitations presented by fluorescent dyes, protein-based
sensors have been developed. These offer the advantages of being specific and reversible, allowing
measurement of how a signal is changing over time 485, Because they are genetically encoded,
they can be stably expressed in a cell line, and the gene can also be modified for localization to a
specific organelle. Several sensors specific to H-O, have been developed. HyPer, based on the
OxyR transcription factor derived from microbes, consists of a circular-permuted yellow
fluorescent protein (cpYFP) inserted into the H202-sensititve domain of OxyR. Upon oxidation by
H202, HyPer’s cpYFP changes conformation, causing a change in the ratio of the sensor’s two
characteristic fluorescent peaks . Another probe, roGFP-Orp1, is based on a similar concept, but
uses a redox-sensitive green fluorescent protein (roGFP) 8. Both of these probes have been
directed to other organelles, like the mitochondria, to track specific sub-cellular changes in H20>
8788 Both HyPer and roGFP-Orpl are relatively insensitive to low-level H2O, perturbations.
Recently, a more sensitive probe based on engineered Prx2 was developed. This probe uses the
principles of Forster resonance energy transfer (FRET) to elicit a change in fluorescence upon

formation of the oxidized dimer of Prx2 &. The dynamic range of the FRET probe was sufficient
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to cover low-level perturbations that were below the limit of detection of HyPer and roGFP-Orp1,
and when this probe saturated, the other probes were able to sense H,O2 changes 8%°. A more
sensitive H20. sensor specific for the mitochondria was also recently developed based on the yeast
analog of Prx, Tsa2, and roGFP *°. This probe was well-validated in a yeast model system but does
not translate to mammalian systems.

Specific generators of H>O; are tools that have also been leveraged by the field to deliver
a tunable perturbation. Glucose oxidase (Gox) has been used to generate H>O> extracellularly, as
it can consume glucose present in cell culture media and produce a steady output of H.02 %. This
is a useful tool for modeling an exogenous signal, like from inflammation. An enzyme derived
from yeast, D-amino acid oxidase (DAAO), has been leveraged for its ability to convert D-amino
acids into H20; in a tunable fashion °2. This enzyme is genetically encoded rather than added
extracellularly, creating an intracellular perturbation that can be further targeted to specific
organelles ®. This tool is useful for modeling an endogenous signal, like one that would be
introduced by a redox-based chemotherapeutic.

Some groups have made significant strides in understanding and targeting small molecule
tools to the mitochondria. This can generally be achieved by attaching a lipophilic
triphenylphosphonium cation (TPP*) to a molecule 9%, The use of an alkyl linker has been
successfully used to attach TPP* to antioxidants like ubiquinone and a-tocopherol (vitamin E) in
order to dose the mitochondria with them "%, TPP* has also been linked to thiol reagents like 4-
iodobutyl and 4-thiobutyl to identify reactive thiols in the mitochondria specifically *® and to a Trx
reductase (TrxR) inhibitor to block only mitochondrial TrxR activity °. Finally, the Murphy group

in particular has used small molecules to perturb the mitochondria. For example, using paraquat,
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which interacts with complex I, they have altered superoxide production 1. These targeted tools

are useful in the quest for building a spatially-resolved understanding of H>O> signaling.

1.4 Redox-based Chemotherapeutics
Redox-based chemotherapeutics have become an attractive target because of the selective

cancer killing hypothesis. This is the hypothesis that certain cancers, due to their aberrant
metabolism and subsequent adaptations, have higher endogenous concentrations of ROS than the
healthy cells around them, so if a patient were given a therapeutic systemically that raised the ROS
levels in all cells, only the cancer cells would be raised above some toxic threshold . Several
drugs, both currently in use and under investigation, work by perturbing intracellular redox
pathways in some way.

Many interesting compounds currently on the market for cancer treatment have been found
to involve a mitochondrial redox-mediated mechanism. These include cisplatin 1192 arsenic
trioxide %1% and tamoxifen 19°1%, Tamoxifen was found to interfere with mitochondrial complex
I, and a horseradish peroxidase (HRP) assay demonstrated increased H.O> with tamoxifen
treatment in isolated liver mitochondria 1%. Arsenic trioxide is an uncoupler of OxPhos and has
also been found to bind thiol residues . Cisplatin binds purines, interfering with DNA synthesis,
but has also been demonstrated to alter GSH and Gpx concentrations 19192107 This compound has
been targeted to the mitochondria using TPP* to enhance its chemotherapeutic effects .

There has also been a marked interest in evaluating natural products and other small
molecules for potential therapeutic effect. Many small molecules currently in use as supplements
are under investigation for potential redox-based anti-cancer activity. These include a-tocopherol
succinate (a vitamin E analog) 1% curcumin %12 imexon 1'% and lonidamine %673,
Piperlongumine is a small molecule investigational therapeutic that has been demonstrated to act

via a H20,-dependent mechanism in the cytoplasm by using mechanistic synthetic biology tools
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0. This type of methodology will be useful in further understanding the mechanisms of all the

compounds listed here, as well as ones yet to be investigated.

1.5 Purpose of Thesis Work
In this work, tools and methodology for developing a quantitative understanding of

mitochondrial H,O> are presented. This is achieved experimentally by using synthetic biology
tools and redox Western blots alongside more traditional assay like immunofluorescence. A
computational modeling framework is presented to contextualize the experimental results in the
appropriate concentration range and build a mechanistic understanding of the mitochondrial H.O>
reaction network. Two exploratory pieces are also presented. First, a methodology for analyzing
primary patient tumors for sensitivity to an investigational chemotherapeutic while maintaining
statistical power was developed. Second, an analysis on the Prx proteins using statistical coupling
analysis (SCA) to look for evolutionarily conserved clusters of residues and what they might mean
about the proteins’ structure and function was performed. These thesis results provide an overall
proof-of-concept system for making and measuring H.O> perturbations and the related Prx

proteins, which can be applied in clinically relevant cancer systems.
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Chapter 2 : Mitochondrial H20O2 generation using a tunable
chemogenetic tool to perturb redox homeostasis in human cells and
induce cell death

Among reactive oxygen species (ROS), H20. alone acts as a signaling molecule that
promotes diverse phenotypes depending on the intracellular concentration. Mitochondria have
been suggested as both sources and sinks of cellular H>O2, and mitochondrial dysfunction has been
implicated in diseases such as cancer. A genetically-encoded H20O2 generator, D-amino acid
oxidase (DAAO), was targeted to the mitochondria of human cells, and its utility in investigating
cellular response to a range of H>O» doses over time was assessed. Organelle-specific
peroxiredoxin dimerization and protein S-glutathionylation were measured as indicators of
increased H.O> flux due to the activity of DAAO. Cell death was observed in a concentration- and
time-dependent manner, and protein oxidation shifted in localization as the dose increased. This
work presents the first systematic study of H.O.-specific perturbation of mitochondria in human
cells, and it reveals a marked sensitivity of this organelle to increases in H2O. in comparison with

prior studies that targeted the cytosol.

2.1 Introduction
Hydrogen peroxide (H20-) is a member of a family of molecules known as reactive oxygen

species (ROS) and has been demonstrated to induce proliferation, differentiation, and cell death
12 Among ROS, H20; is known to behave as a classical signaling molecule, undergoing specific
reactions with cysteine residues to cause various downstream effects 3. It has been observed that
the intracellular level of H.O, determines phenotypic outcome, so controlled modulation of H20-
concentration is desirable in order to probe cellular response #. Previous studies have investigated
cytoplasmic generation of H>O, and found either no toxic effects® or only partial toxicity with

surprisingly large and lengthy perturbations’.
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It is thought that subcellular localization of H2O. generation, in addition to concentration,
determines downstream effects™*. The need for mechanistic studies exploring the effects of
targeted, intracellular H.O> generation has already been identified, as the network of antioxidant
reactions confine H,O- to a small area near its generation site 8%, This limitation imposed by the
interplay of reaction and diffusion rates within the cell highlights the difference between
extracellular bolus addition and intracellular peroxide generation 2, Mitochondria are a
compelling organelle for study because they have been suggested as both sources and sinks of

intracellular ROS, as well as a hypothesized site for redox signaling >34, Mitochondria generate
superoxide (O,” ) at various points in the electron transport chain (ETC) as well as in the Kreb’s

cycle, after which it is quickly converted to H20, by manganese superoxide dismutase (MnSOD)
®. The H20; levels are managed by the mitochondrial antioxidant network, which is dominated by
the 2-cysteine peroxidase Peroxiredoxin 3 (Prx-3) >*°.

Notably, mitochondrial H202 has been implicated in the onset of apoptosis as well as
several diseases, such as cancer and diabetes; as such, some therapeutics have targeted
mitochondria and mitochondrial ROS %18 However, a dose-response relationship between
mitochondrial H202 and cell phenotype, as well as the kinetics involved in this interaction, have
not been well established. Synthetic biology tools provide access to this information, enabling
elucidation of the strength and activities of compartment-specific networks of antioxidant
reactions. In our previous work, we used tunable tools in the cytosol of human epithelial cells to
establish the concentration- and time-dependence of H.O2-induced cell death . We observed only
partial toxicity (<50%) as a result of these cytosolic H2O. perturbations. Here, we extend this
approach to mitochondria, enabling a comparison of cellular responses to compartment-specific

perturbations.

32



2.2 Methods
2.2.1 : Cell Culture
HelLa cells were a generous gift from Dane Wittrup, and were maintained in Dulbecco’s

modified Eagle’s medium (DMEM; Lonza) supplemented with 10% fetal bovine serum (FBS;
ATCC) at 37 °C in a humidified atmosphere of 5% CO.. Cells were passaged every three to six
days, depending on growth rate. Stable cell lines created by lentivirus transfection using a synthetic
construct were maintained in medium containing 6 ug/mL puromycin (Sigma) to apply selective
pressure.

2.2.2 : Creation of Stable Cell Lines
A plasmid encoding HyPer with a mitochondrial localization tag (HyPer-mito) was

purchased from Evrogen. A plasmid encoding D-amino acid oxidase with a mitochondrial
localization tag (DAAO-mito) was a gift from Rajiv Ratan (Weill Medical College of Cornell
University, USA). HyPer-mito and DAAO-mito were sub-cloned from their original vectors into
the lentiviral transfer plasmid PLIM1-EGFP (Addgene plasmid #19319), replacing the EGFP gene
between the Nhel and EcoRlI restriction sites. HEK293 FT cells (ATCC) were seeded at 7.5x10°
cells/35mm well and allowed to grow for two days until 90% confluent. The PLIM1 transfer vector
containing the appropriate gene insert was co-transfected for 18 hours in OptiMEM (Invitrogen)
with the packaging plasmids psPAX2 and pMD2.G (Addgene plasmids #12260 and #12259) in a
ratio 3:2:1 and a total of 5 pg plasmid and 10 pg Lipofectamine 2000 (Invitrogen). Following
transfection, the OptiMEM was replaced with 1 mL DMEM supplemented with 10% FBS for virus
collection; viruses were harvested every 24 hours for two days. HeLa cells were seeded at a density
of 3.5x10° cells/35mm well and grown for 24 hours until 80-90% confluent in preparation for
transfection. 1 mL virus-containing medium plus 6 pg/mL polybrene (Sigma) was added to the

HeLa well for 24 hours. Cells were allowed to recover in DMEM supplemented with 10% FBS
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for two days, at which point they were expanded into a 10 cm dish for selection in DMEM

supplemented with 10% FBS plus 6 pg/mL puromycin.

2.2.3 : Mitochondrial Generation of H>O> Using D-amino Acid Oxidase

HeLa cells co-transfected with HyPer-mito and DAAO-mito were seeded at 3.5x10°
cells/well in 35 mm dishes or 6-well plates, 1.75x10° cells/well in 12-well plates coated with poly-

L-lysine (Sigma), or 2x10* cells/well in 96-well plates 24 hours prior to the start of generation.

For confocal imaging experiments, cells were grown on 12 mm round coverslips coated with poly-

L-lysine (Fisher Scientific) seeded at 8.75x10* cells/well. Cells were washed once with 1x PBS
then exposed to 5 uM FAD (Sigma) and concentrations of D-alanine (Sigma) from 0 — 50 mM in
Roswell Park Memorial Institute 1640 medium (RPMI; Invitrogen) without phenol red. At least

25 cells per time point per condition were imaged.

2.2.4 : Redox Western Blotting
The protocols for redox western blotting were adapted from 2. Prior to lysing, cells grown

in 6-well plates were washed with 1x PBS then incubated on ice with 2 mL 100 mM methyl
methanethiosulfonate (MMTS; Sigma) for 30 min to block thiols. Cells were lysed with 100 pL
lysis buffer (0.5% Triton X-100, 1x HALT protease inhibitors (ThermoFisher), 1x PBS) then
lysates were collected and centrifuged at 10,000 xg for 10 min. Supernatants were separated on a
non-reducing SDS-PAGE 12% polyacrylamide gel, then transferred to a PVDF membrane for
immunoblotting. Blots were blocked with Odyssey blocking buffer (Licor) and incubated
overnight at 4 °C with primary antibodies against Prx-2 (R&D Systems, AF3489), Prx-3 (Abcam,
Clone# EPR8115), and Hsp60 (R&D Systems, Clone# 264233). Blots were incubated with IR-
conjugated secondary antibodies (Licor) for 1 hr at room temperature. For the Western blots
showing hyperoxidation, the same protocol was followed, excluding the blocking step with

MMTS.
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2.2.5 : Protein S-glutathionylation Immunofluorescence
After H2O> generation experiments, cells were fixed in 4% paraformaldehyde for 30 min.

Cells were permeabilized in 0.5% Triton X-100 (Sigma) in 1x PBS for 30 min and blocked in 2%
bovine serum albumin (BSA; VWR), 0.5% Triton X-100 in 1x PBS for 30 min. Primary antibody
staining with antibodies raised against protein-glutathione conjugates (Abcam, Clone# D8) was
performed overnight at 4 °C at a 1:200 dilution. AlexaFluor-488 conjugated (Invitrogen)
secondary antibody staining was performed for 45 min at room temperature at a 1:250 dilution.
Feature sizes were quantified using a built-in toolbox in ImageJ. We note that we have verified the
specificity of the Pr-SSG antibody used here by reducing the mixed disulfides induced by
DAAOQ/D-ala H20; perturbations and observing the expected ablation of fluorescent signal upon

immunofluorescent analysis %

2.2.6 : Cell Viability after Exposure to H2O2 Produced by DAAO-mito
For cell counts, at the end of H,O, generation experiments, cells were trypisinized and

counted by Trypan blue exclusion to obtain live cell counts. For CellTiter Glo, cells were grown

in white 96-well plates. Assay was performed according to manufacturer’s instructions.

2.2.7 : Mitochondrial Depolarization Assay
Prior to treatment of cells with D-alanine, cells were incubated with 200 nM

tetramethylrhodamine, ethyl ester (TMRE; ThermoFisher) for 45 min spiked directly into the
culture medium. 20 uM Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP; Sigma)
was used as a positive control for mitochondrial depolarization, and was added 10 min prior to
TMRE addition. After dye incubation, cells were washed once with Dulbecco’s phosphate
buffered saline (DPBS) with calcium and magnesium (ThermoFisher), and then culture medium

was replaced with RPMI for H.O> generation and imaging. At least four images per condition per
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time were taken. TMRE-stained images were quantified using ImageJ by measuring the average

fluorescence of the entire field of view.

2.2.8 : Fluorescence Microscopy
The ratiometric HyPer-mito signal was captured using an inverted 1X81 widefield

fluorescence microscope (Olympus) with a 60x/1.42 NA oil-immersion objective lens and Prior
Lumen2000 lamp. For the HyPer Short channel, a Chroma 415/30 nm excitation filter was used,
and for the HyPer Long channel, a Semrock 488/6 nm excitation filter was used. Emission was
collected on a Semrock 525/40 nm filter for both channels. A 250 ms exposure time and 10% lamp
intensity was used to generate fluorescent images. Mitochondrial localization was verified using
CellLight Mitochondria-RFP, BacMam 2.0 (ThermoFisher) following manufacturer’s
instructions. TMRE and CellLight Mitochondria-RFP were visualized using a Texas Red filter set
from Semrock, 562/40 nm excitation and 624/40 nm emission, and AlexaFluor-488 conjugated
secondary antibodies were visualized using a GFP filter set from Semrock, 472/30 nm excitation
and 520/35 nm emission. Confocal images were obtained using a FV1000MPE confocal
microscope (Olympus) and a 40x/1.25 NA oil-immersion objective lens. Images were exported to

ImageJ or MATLAB for post-processing.

2.2.9 : Quantification and Statistical Analysis
At least four fields of view per time point per condition were captured for all imaging

experiments, encompassing a minimum of 20-70 cells total. The number of cells observed per
condition was inversely proportional to the toxicity of the perturbation, as this factor limited the
number of cells available for analysis. A minimum of two biological replicates and three technical
replicates per experiment were performed (a minimum of four technical replicates for imaging
experiments). Analysis of variance (ANOVA) or Welch’s ANOVA testing of trends was

performed where appropriate using the Excel Real Statistics add-in. The null hypothesis in this
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case is that all sample means for all concentrations of D-ala assayed are equal. One-tailed Student’s

t tests were calculated using the built-in Excel statistics toolbox.

2.3 Results
We have implemented a tunable chemogenetic tool, a D-amino acid oxidase construct

targeted to the mitochondrial matrix (DAAO-mito)*® (Figure 2.1a), to systematically study the
effects of elevated mitochondrial H2O>. Thus far, this tool has not been used in the mitochondria,
so it is not yet understood how these perturbations might affect cells’ downstream phenotypes.
DAAO reacts with D-amino acids and oxygen to generate imino acids and H2O using flavin
adenine dinucleotide (FAD) as a cofactor (Figure 2.1b). Here, we have used D-alanine (D-ala) to
control the onset and amount of H>O> produced. DAAQ’s reaction with D-ala is characterized by
a Michaelis-Menten constant, Km, in the mM concentration regime 2°. We stimulated cells with a
range of H.O> doses by supplying D-ala at concentrations ranging from 0 — 50 mM over periods
of up to 6.5 hours. D-ala alone is not toxic to HeLa cells even at the highest concentration and time
combination used (Figure 2.1c) so it is a viable substrate for these experiments. To validate the
function of the tool in the mitochondria, cells were analyzed as a function of time for post-
translational protein modifications that provide evidence of H,O> generation. After dose-response
trends were observed in two different kinds of molecular measurements, changes in mitochondrial
morphology and membrane potentials, as well as phenotypic responses of cells to a range of
perturbations were assessed. In order to monitor the morphological changes that took place as cells
were perturbed with H>O5, the H.O> biosensor HyPer was targeted to the mitochondria of HelLa
cells, as presented in Figure 2.1d 2%, In contrast with destructive analysis techniques such as
immunoblotting and immunocytochemistry, HyPer allows live-cell imaging; a commercially-
available RFP targeted to the mitochondria was used to verify mitochondrial localization of HyPer-

mito (Figure 2.1d). Considering these new results in the context of previous findings, increased
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H20- fluxes in the mitochondria are considerably more toxic than increased H20O. fluxes in the
cytosol, and a mitochondrial permeability transition (MPT) rather than mitochondrial

fragmentation accompanies this toxicity.
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Figure 2.1: Schematic overview of synthetic construct and experimental mechanism. a) A mitochondrial localization sequence
(MLS) on the N-terminus of the DAAO protein codes for the short peptide sequence necessary for protein import to the
mitochondrial matrix. b) Cells expressing the synthetic DAAO-mito were exogenously given D-alanine and FAD to induce
mitochondrial H202 generation in a dose-response fashion. DAAO performs oxidative deamination on D-alanine to produce
pyruvate and H20: using FAD as a cofactor. c¢) Control cells not expressing DAAO-mito stimulated with 50 mM D-ala for 6.5
hours did not show signs of mitochondrial stress or toxicity. Scale bars represent 50 um. Full microscopy images are shown in Sl
Figure S1. d) HeLa cells co-expressing DAAO-mito and HyPer-mito imaged with mito-RFP to verify mitochondrial localization of
the biosensor HyPer.

To assess function of DAAO in the mitochondria, the Peroxiredoxin (Prx) family of
proteins was probed using redox Western blotting techniques to detect direct molecular evidence

of changes in H20. (Figure 2.2). Increased fluxes of H2O- in different organelles is detectable
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based on the oxidation status of different Prx isoforms 22, In the cytoplasm, Prx-2 is expected to
be the dominant antioxidant in the network involved in clearing physiologically relevant
concentrations of H,0, ®!*. Similarly, in the mitochondria, Prx-3 is expected to dominate, with an
abundance of 60 uM and a second-order rate constant of 2x10° Ms?5° Catalase, the most
familiar scavenger of H20», is generally not found in mitochondria, or is found at concentrations
nearly four orders of magnitude lower than Prx-3 in specialized tissues, so it is not expected to
contribute appreciably to the mitochondrial antioxidant network >°. Similarly, Glutathione
peroxidase 1 (Gpx 1) is present at an order of magnitude lower concentration than Prx-3, so despite
the fact that the second-order rate constant of Gpx 1 is similarly high at 6x10” Ms, it is expected
to make at most a minor contribution to the mitochondrial antioxidant network °.

Redox Western blots were performed on cell lysates to determine the relative changes in
reduced and oxidized Prx-2 and Prx-3 across the different treatments, as schematically depicted in
Figure 2.2a. Methyl methanethiosulfonate (MMTS) was reacted with cultures prior to lysis to
convert sulfhydryl groups to -SS-CHs groups (Figure 2.2b), so increases in the dimer Prx species
from the 0 mM D-ala are indicators of intracellular H.O> fluxes rather than lysis-induced oxidation
artifacts. Analogously, the reduced status of monomers is preserved. Analysis of mitochondrial
Prx-3 in Figure 2.2b demonstrates that, as more peroxide was generated, the amount of monomer
decreased, with a resulting increase in the amount of dimer. This finding is consistent with what
one would expect from the local action of H20>. In the cytoplasm, at low doses of H20>, there was
an increase from control in the dimer band of Prx-2. Interestingly, however, the dimer bands
disappeared at higher levels of H2O., implying either suddenly low levels of HO. or
hyperoxidation, as Prx-2 cannot dimerize when its thiol has been hyperoxidized to a sulfinic or

sulfonic acid 23, To confirm whether this was indeed hyperoxidation and not simply reduced Prx-
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2, a Western blot was performed without any MMTS thiol-blocking steps prior to cell lysis;
disappearance of the dimer indicates hyperoxidation 23. This methodology following the protocol
established by Cox et al. was preferred over blotting with antibodies specific to the
sulfinic/sulfonic forms of Prx because existing antibodies are not specific to particular Prx
isoforms, ergo all compartment-specific information is lost 23, Figure 2.2c depicts the results of
the hyperoxidation blot, which confirm that at low levels of H.O> generation in the mitochondria,
Prx-2 did not differ from control, but at higher levels of H>O., Prx-2 became hyperoxidized in the
cytoplasm. These results suggest that large amounts of H>O> were present in the cytoplasm above
some threshold of mitochondrial H.O> generation, as more than 150 nM of cytosolic H.O> (~100
UM external bolus) would be necessary to induce this reaction 2*. In summary, redox (+MMTS)
and hyperoxidation (-MMTS) Western blots of Prx-3 (mitochondrial) and Prx-2 (cytosolic)
oxidation states validated the function of DAAO-mito in elevating H2O flux in the mitochondria,
and increases in H.O> flux appeared to correlate with the concentration of D-ala, substrate of

DAAO.
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Figure 2.2: Redox Western Blots Demonstrate Increasing Mitochondrial and Cytoplasmic H202 upon Stimulation of DAAO-mito
Cells with D-ala. a) HelLa cells co-expressing HyPer-mito and DAAO-mito were stimulated with the indicated concentration of D-
ala (mM) for 6.5 hours or given the indicated bolus of H202 (uM) as a positive control. Then cells were either blocked with the
alkylating agent methyl methanethiosulfonate (MMTS), which reacts with free thiols (Redox western blot, b), prior to cell lysis or
lysed without alkylating agents (Hyperoxidation western blot, c). b) Redox blots for Prx-3 and Prx-2. Dimerized species indicate
oxidation, as indicated in the schematic. The disappearance of the Prx-2 dimer at higher concentrations of D-ala suggests
hyperoxidation, implying high concentrations of H202 in the cytosol. c) Hyperoxidation blots, where disappearance of dimer
species indicates hyperoxidation, as indicated in the schematic. Suspected hyperoxidation from b) is confirmed by the
disappearance of the Prx-2 dimers. Corresponding densitometry plots, tabulates densitometry data, and full blot images for both
b) and c) are presented in SI Figures S2-S7 and Table S1.

To further validate the function of the tool and test for dose-dependent molecular
modifications of proteins, we examined protein S-glutathionylation (Pr-SSG). This post-
translational modification results when a cysteine residue of a protein is oxidized by H.O> to form
a sulfenic acid. The sulfenic acid form of the protein then reacts with glutathione to form a disulfide
linkage between the protein and glutathione (Pr-SSG). Protein S-glutathionylation has been

hypothesized to be important in the redox regulation of mitochondria. The primary proposed role

42



for Pr-SSG is to protect proteins from further oxidation; the mixed disulfide bond with glutathione
is readily reduced by glutaredoxin (Grx), whereas a sulfinic or sulfonic acid is not so easily
reversed. It has also been proposed that Pr-SSG regulates protein function as a post-translational
modification, especially in the mitochondria %°. Cells were therefore probed for Pr-SSG conjugates
using immunofluorescence. Figure 2.3 demonstrates that, as H.O. dose increases due to
stimulation of DAAO-mito with D-ala, the abundance of Pr-SSG increases as well. In addition,
the pattern of Pr-SSG shifts from localized at low H>O> concentrations to ubiquitous at high H.O>
concentrations; the single-cell images in Figure 2.3b better illustrate this change. The distribution
of feature sizes is shown in Figure 2.3d, and demonstrates a marked shift from small features at
low D-ala concentrations, to distributions that span several orders of magnitude at 25 mM, shown
by the peak flattening as D-ala concentration increases. This finding suggests that at low levels,
the effects of H2O> signaling are localized, but at high levels, those effects are no longer confined
to subcellular regions. Additionally, the observed staining pattern coupled with the changes in Prx

oxidation suggest some kind of threshold in cellular response between 12.5 and 25 mM D-ala.
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Figure 2.3: Pr-SSG Abundance and Localization Depends on H202 Dose. a) HelLa cells co-expressing HyPer-mito and DAAO-
mito stimulated with the indicated concentration of D-ala for 6 hours, labeled with an antibody specific for protein-GSH conjugates.
Signal at 0 mM D-ala indicates baseline Pr-SSG. Scale bars represent 50 um. b) Close-up of cells indicated by red arrows in a.
Scale bar represents 10 «m. ¢) Mean fluorescence intensity vs. D-ala concentration of the cells stained for Pr-SSG. Points represent
mean + SEM of the cells across four fields of view. # denotes P<0.005 by ANOVA. d) Probability distribution of feature sizes
identified by Pr-SSG staining, given by the area in um2.
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Figure 2.4: Localizing a H202 Perturbation to the Mitochondria Causes Morphological Changes and Cell Death. a) HelLa cells
co-expressing HyPer-mito and DAAO-mito stimulated with 50 mM D-ala for 2.5 hours. b) HeLa cells co-expressing HyPer-mito
and DAAO-mito stimulated with 15 mM D-ala for 6.5 hours. Additional microscopy images for a) and b) can be found in SI Figure
S8. ¢) Decrease in live cells as measured by Trypan blue exclusion compared to control (0 mM D-ala) vs. the initial dose of D-ala
multiplied by treatment time (mM-hr). Points represent mean £ SEM. d) Normalized luminescence foldchange, as measured by
CellTiter Glo, for cells treated with D-ala for 2 hours (blue) and 6 hours (magenta). Lower luminescence corresponds to lower
cell viability. Lines represent the average of 16 cultures, and shaded regions represent SEM. ** denotes P<0.05 for ANOVA. e)
Data from d represented as a bar chart to more clearly show the differences between 2 and 6 hours. ** denotes P<<0.05, # denotes
P<0.001 for one-tailed t-test.
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Once specific, molecular evidence of H>O»-mediated reactions had been established, it was
next of interest to investigate downstream phenotypic responses, including morphological changes
to mitochondria as well as cell fate decisions. Unperturbed cells displayed a string-like
mitochondrial morphology, consistent with published descriptions of healthy mitochondria (Figure
2.4b-c, 0 mM D-ala) %. Cells co-expressing DAAO-mito and HyPer-mito were monitored at
various intervals over the generation periods, up to 7 hours, with D-ala concentrations of 0 — 50
mM to note any changes. Figure 2.4 depicts representative results of these experiments, with
Figure 2.4a showing a short, high intensity D-ala perturbation and Figure 2.4b showing a longer,
lower intensity D-ala perturbation. At shorter generation times, the highest concentrations of H.O>
had induced drastic morphological changes (Figure 2.4a) and cell detachment. Mitochondria
became swollen and punctate, consistent with qualitative signs of mitochondrial stress. Lower
concentrations of H20O- did not induce these morphological changes until longer generation times
(Figure 2.4b). This was indicative of a temporal component to H2O»-induced toxicity in the
mitochondria, consistent with previous findings in the cytoplasm ’. Change in live cells is plotted
as a function of D-ala dose-time [mM-hr] in Figure 2.4c for all perturbations, demonstrating a trend
of increasing toxicity with increasing dose-time combinations, with a 98% decrease in cell survival
observed with the highest dose-time combination of 300 mM-hr. This trend is echoed in the cell
viability data obtained by CellTiter Glo assay, depicted in Figure 2.4d-e. Holding dosing time
constant, cell viability decreases as a function of D-ala concentration, plotted in Figure 4d. On the
other hand, holding concentrations constant, cell viability also decreases as a function of dosing
time, depicted in the bar chart in Figure 2.4e. Though we calculated HyPer ratios during these
experiments and observed an increasing trend with increasing D-ala concentration, cell-to-cell

heterogeneity made the probe more useful for observing morphological changes than for exact
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quantification of H2O; in these long-term experiments where monitoring individual cells for the
duration of the experiment was not practical (SI Figures S9 — S10).

Punctate mitochondrial morphology and mitochondrial swelling is typical of cell stress ’.
A mitochondrial depolarization assay was performed in order to attribute this morphological
change to mitochondrial fragmentation or mitochondrial permeability transition (MPT); an
increase in mitochondrial polarization would indicate the former, while a decrease implies the
latter 2628, As demonstrated in Figure 2.5, using the cationic lipophilic dye tetramethylrhodamine
ethyl ester (TMRE), mitochondria were initially polarized, indicated by the bright TMRE
fluorescence. As H,O> was generated, polarization was lost, as indicated by the loss in TMRE
fluorescence signal. The dark panel at 50 mM D-ala (325 mM-hr) in Figure 2.5a indicates the
complete depolarization at the highest dose of H20. assayed, demonstrating that mitochondria
became completely depolarized over the investigated dose range. The plot in Figure 2.5b marks
the trend of decreasing TMRE fluorescence as the mitochondria were exposed to increasing doses

of H20». These data are consistent with changes associated with the MPT.
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Figure 2.5: Mitochondrial Depolarization Assay Consistent with MPT. a) HeLa cells co-expressing HyPer-mito and DAAO-mito
stimulated with the indicated concentration of D-ala for 6.5 hr. More concentrations shown in SI Figure S11. HyPer Long signal
shown on the top row and TMRE signal shown on the bottom row. Scale bars represent 50 um. b) Trend in average TMRE signal
across D-ala doses after 2.75 hr of stimulation. Points represent mean + SEM of at least four fields of view. # indicates P<0.005

by ANOVA.
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2.4 Discussion

Uncovering the signaling reactions underlying the mechanism of cell death initiated by
mitochondrial H>O2 generation is an intriguing line of study prompted by these results.
Understanding how the cell death signal is being transmitted, and which proteins are involved, will
enable better manipulation of the cellular environment for therapeutic purposes. Several proteins
in the mitochondria are hypothesized to be redox-sensitive and targets for signaling via H2Op,
including the adenine nucleotide translocase (ANT), which plays a role in the mitochondrial
permeability transition pore (MPTP) %°. In addition, Prx-3 itself is thought to play a role in signal
transduction >3, The transcription factor signal transducer and activator of transcription 3
(STAT3) has also been described as a redox-responsive signaling molecule, responding to changes
in H202 levels throughout the cell and propagating the signal downstream 31%2. STAT3 is now
thought to play several important roles in the mitochondria, including regulation of the MPTP 3L,
While there are missing links in how the cell converts the input of H2O: into a cell death signal,
this work has demonstrated the ability to make controlled perturbations in order to study these
pathways mechanistically. Investigating spatiotemporal aspects of H>O> reactions and signaling
will provide important supplementary information to existing bolus-addition-based experiments.

Finally, one of the most notable aspects of this work is the dramatic increase in cell death
with H20> generation in the mitochondria compared to control. Previous work in the cytoplasm
demonstrated at most an approximately 45% increase in toxicity compared to control, much lower
than the 98% decrease in survival observed with mitochondrial localization, even with shorter
generation times 7. It is thought that redox-based therapeutics work by raising the levels of
intracellular oxidants, though the mechanisms are only beginning to be understood. This work

suggests that redox-based chemotherapeutics may be more deleterious to cells if targeted to the
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mitochondria, as previously hypothesized 33. Efforts exist to both target existing redox-active
compounds to the mitochondria and also understand the mechanisms of compounds that seem to
act via the mitochondria 3#%. Making controlled perturbations with a peroxide generator has been
useful in elucidating drug mechanisms in the cytoplasm, and could be a key tool in understanding

chemotherapeutics in the mitochondria *°.
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2.6 Appendix
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Figure 2.6: Full microscopy images for Figure 2.1. Scale bars represent 50 pm.
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Figure 2.7: Full redox Western blot image from Figure 2.2, depicting bands for Hsp60 (top), Prx-2 dimer (middle), and Prx-2

monomer (bottom).
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Figure 2.8: Full redox Western blot image from Figure 2.2, depicting Prx-3 dimer (top) and Prx-3 monomer (bottom).
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Figure 2.9: Full hyperoxidation Western blot from Figure 2.2, depicting Hsp60 (top), Prx-2 dimer (middle), and Prx-2 monomer
(bottom).
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Figure 2.10: Full hyperoxidation Western blot from Figure 2.2, depicting Prx-3 dimer (top) and Prx-3 monomer (bottom).
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Figure 2.11: Densitometry plot for redox Western blot depicted in Figure 2.2, normalized to the intensity of the loading control
Hsp60. Points represent average of two independent experiments +/- SEM. ANOVA (Prx-3) or Welch’s ANOVA (Prx-2) was
performed to test the trends. * indicates P<0.1 and ** indicates P<0.05 for the series.
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Figure 2.12: Densitometry plots for hyperoxidation Western blots depicted in Figure 2.2, normalized to the intensity of the loading
control Hsp60. Points represent the average of three independent experiments +/- SEM. Welch’s ANOVA was performed to test
the trends. ** indicates P<0.05 for the series. Prx-3 data demonstrated no statistically significant trend.
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Table 2.1: Densitometry values from Figure 2.2, Figure 2.11, and Figure 2.12. All values were normalized to the loading controls

in their respective blots.

D-ala Prx-3 Prx-3 Prx-2 Prx-2 Fraction | Fraction
concentration | monomer | dimer monomer | dimer Prx-3 Prx-2
(mM) dimer dimer
+MMTS | 0 62156+/- | 35131+/- | 134912+/- | 28262+/- | 0.2294+/- | 0.1722+/-
24228 22608 9702.6 4399.5 0.0762 0.0121
5 55002+/- | 31645+/- | 130478+/- | 45359+/- | 0.2426+/- | 0.2530+/-
13592 15355 7435.6 12647 0.0621 0.0430
12.5 | 42238+/- | 26941+/- | 102437+/- | 39072+/- | 0.2654+/- | 0.2761+/-
225.62 10338 12125 4695.8 0.0921 3.68x103
25 33727+/- | 32602+/- | 113375+/- | 28015+/- | 0.3315+/- | 0.1846+/-
4749.1 14685 1449.2 18809 0.151 0.110
50 28036+/- | 31959+/- | 103398+/- | 10358+/- | 0.3659+/- | 0.09053+/-
3042.1 11227 27415 4334.0 0.0641 0.0368
-MMTS | 0 168343+/- | 103304+/- | 248726+/- | 127650+/- | 0.4195+/- | 0.3598+/-
70401 16894 63181 13120 0.106 0.057
5 141375+/- | 93877+/- | 247723+/- | 137910+/- | 0.4218+/- | 0.3583+/-
38840 11540 55652 33708 0.101 0.0231
12.5 | 176510+/- | 113229+/- | 317624+/- | 149466+/- | 0.4432+/- | 0.2840+/-
69196 7843.4 99019 64090 0.111 0.0621
25 134234+/- | 120969+/- | 268272+/- | 55391+/- | 0.5008+/- | 0.1740+/-
47757 20753 68041 14079 0.0936 0.0214
50 101386+/- | 85484+/- | 223757+/- | 51760+/- | 0.4654+/- | 0.1891+/-
32385 22418 53016 12977 0.0867 0.0221
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Figure 2.13: Supporting microscopy image for Figure 2.4. Scale bars represent 50 pm.
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Figure 2.14: Normalized HyPer ratios over time for three different D-alanine concentrations. Each point represents the mean +/-
std of at least 15 cells. On average, the signal from HyPer-mito increases when cells expressing DAAO are stimulated with D-ala.
A large degree of cell-to-cell heterogeneity of HyPer ratios was observed, as evidenced by the error bars.
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Figure 2.15: HyPer ratio vs. cell number for three different D-alanine concentrations, showing the significant amount of scatter in
the data even without H202 perturbation (a), as well as the change in the scatter of the ratios as the cells are perturbed with H202
(b and c).
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Figure 2.16: Microscopy plots continued from Figure 2.5.

2.6.1 : Quantification of HyPer ratios
A rolling ball background subtraction method was applied to all images using a radius of

100 prior to quantification using ImageJ. Fluorescence intensities of individual cells were then
measured in the HyPer Short (415 nm excitation) and HyPer Long (488 nm excitation). The ratio
was taken as the HyPer Long intensity divided by the HyPer Short intensity. Ratios at each time

point for each D-ala concentration were normalized to the average of the ratio at t=0.

2.6.2 : Sequence for DAAO-mito construct
Mitochondrial localization sequence (MLS) underlined

ATGTTGAGCCGCGCAGTGTGCGGCACCAGCCGGCAGCTGGCTCCGGCTTTGGGGTAT
CTGGGCTCCAGGCAGGCTAGGATGCACTCGCAGAAGCGCGTCGTTGTCCTCGGATC
AGGCGTTATCGGTCTGAGCAGCGCCCTCATCCTCGCTCGGAAGGGCTACAGCGTGCA
TATTCTCGCGCGCGACTTGCCGGAGGACGTCTCGAGCCAGACTTTCGCTTCACCATG
GGCTGGCGCGAATTGGACGCCTTTCATGACGCTTACAGACGGTCCTCGACAAGCAA
AATGGGAAGAATCGACTTTCAAGAAGTGGGTCGAGTTGGTCCCGACGGGCCATGCC
ATGTGGCTCAAGGGGACGAGGCGGTTCGCGCAGAACGAAGACGGCTTGCTCGGGCA
CTGGTACAAGGACATCACGCCAAATTACCGCCCCCTCCCATCTTCCGAATGTCCACC
TGGCGCTATCGGCGTAACCTACGACACCCTCTCCGTCCACGCACCAAAGTACTGCCA
GTACCTTGCAAGAGAGCTGCAGAAGCTCGGCGCGACGTTTGAGAGACGGACCGTTA
CGTCGCTTGAGCAGGCGTTCGACGGTGCGGATTTGGTGGTCAACGCTACGGGACTTG
GCGCCAAGTCGATTGCGGGCATCGACGACCAAGCCGCCGAGCCAATCCGCGGCCAA
ACCGTCCTCGTCAAGTCCCCATGCAAGCGATGCACGATGGACTCGTCCGACCCCGCT
TCTCCCGCCTACATCATTCCCCGACCAGGTGGCGAAGTCATCTGCGGCGGGACGTAC
GGCGTGGGAGACTGGGACTTGTCTGTCAACCCAGAGACGGTCCAGCGGATCCTCAA
GCACTGCTTGCGCCTCGACCCGACCATCTCGAGCGACGGAACGATCGAAGGCATCG
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AGGTCCTCCGCCACAACGTCGGCTTGCGACCTGCACGACGAGGCGGACCCCGCGTC
GAGGCAGAACGGATCGTCCTGCCTCTCGACCGGACAAAGTCGCCCCTCTCGCTCGGC
AGGGGCAGCGCACGAGCGGCGAAGGAGAAGGAGGTCACGCTTGTGCATGCGTATG
GCTTCTCGAGTGCGGGATACCAGCAGAGTTGGGGCGCGGCGGAGGATGTCGCGCAG
CTCGTCGACGAGGCGTTCCAGCGGGACCACGGCGCGGCGCGGGAGTAG
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Chapter 3 : Kinetic modeling of H2O, dynamics in human epithelial
mitochondria

Hydrogen peroxide (H202) promotes a range of phenotypes depending on its intracellular
concentration and dosing kinetics, including cell death. While this qualitative relationship has been
well established, the quantitative mechanisms of H.O signaling are still being elucidated.
Mitochondria, a putative source of intracellular H20., have recently been demonstrated to be
particularly vulnerable to localized H>O perturbations, eliciting a dramatic cell death response in
comparison to similar cytosolic perturbations. We sought to improve our dynamic and mechanistic
understanding of the mitochondrial H2O> reaction network in HeLa cells by creating a kinetic
model of this system. This model uses the most current quantitative proteomics and kinetic data
available to model species abundances and rate constants, respectively. This model also considers
responses on different time scales. We predict that basal mitochondrial H2O2 will be in the low
nM range (~3 nM) and will be inversely dependent on the total pool of peroxiredoxin-3 (Prx3).
We additionally expect the mitochondrial reaction network to control perturbations well, up to
H20> generation rates ~50 pM/s (0.25 nmol/mg-protein/s), above which point the (Prx3) system
collapses. We found Prx3 to control the observed H202 dynamics. Experimental validation of these
results demonstrated good trend agreement at short times (< 15 min) but at longer times suggested
a greater impact of transport of H>O out of the mitochondria and into the cytosol, as evidenced by
peroxiredoxin-2 (Prx2) oxidation. These results have applications for understanding the
physiologically relevant concentration ranges of H20. in mammalian epithelial cells, as well as
which thiol modifications are possible under these conditions via direct, bimolecular reaction

mechanisms.

63



3.1 Introduction

Reactive oxygen species (ROS) are a class of chemical species that promote diverse
phenotypes depending on intracellular concentration and cumulative dose over time, spanning the
gamut from homeostasis to toxicity 2. Among ROS, the behavior of hydrogen peroxide (H205)
most closely resembles that of a classical signaling molecule, based on the specificity of its
reactions and its in vivo half-life 3. Mitochondria are putatively a main intracellular source of
H20> under basal conditions as a result of the electron transport chain (ETC) and oxidative
phosphorylation (OxPhos) 2’. This organelle is also hypothesized to be an important site for H20--
mediated signaling °.

Previous work in our group has demonstrated that H.O, perturbations directed to the
mitochondrial matrix elicit a marked toxicity in HeLa cells, especially when contrasted against
comparable perturbations delivered in the cytoplasm %1, This toxicity was both concentration-
and time-dependent, indicating the importance of a dynamic understanding of the H>O> reaction
network. Building upon our experimental results, we sought to further our mechanistic
understanding of mitochondrial H>O> kinetics by constructing a computational model of the
reaction network. Detailed molecular mechanisms that connect changes in H2O2 with phenotypic
responses such as changes in mitochondrial morphology, mitochondrial permeability transition
(MPT), and programmed cell death have not been elucidated. Since these signaling responses
occur during excursions in H>O. concentration from the basal steady state, we expect that
establishing a quantitative range that can be connected with phenotypic responses will help inform
whether particular cysteine residues are likely to become directly oxidized 2. Existing models on
mitochondrial ROS so far have largely fallen into two categories: detailed kinetic models focusing
on fast-respiring cells, like cardiac cells >4, or models that exclude the thioredoxin/peroxiredoxin
(Trx/Prx) system °. While models of cardiac mitochondrial H2O reaction networks are well-
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validated in their experimental systems, we do not expect them to generalize to epithelial cells, as
their rates of cellular respiration are much faster ¢, and it has additionally been demonstrated that
the abundance of mitochondrial proteins can vary greatly between tissues and cell types *’. The
Prxs are so abundant and react with H,O, with such a high second-order rate constant (10°-10% M-
1s1) that this antioxidant system cannot be neglected *3°. Some additional modeling efforts have
focused on the kinetics of species other than H.O; specifically 2° or on parameter estimation 2. To
our knowledge, this model represents the first kinetic model of the mitochondrial H>O> reaction
network in epithelial cells, incorporating the most recent quantitative data specific for HeLa cells.

Here, we implement this new model to predict basal H,O> concentrations in HelLa cell
mitochondria. We also predict network behavior in response to sustained H>O. perturbations,
including the degree of oxidation of four major antioxidant species present in epithelial
mitochondria: Prx3, glutathione peroxidase 1 (Gpx1), Prx5, and Gpx4. This system was modeled
by mass action kinetics using a system of 28 reactions, 29 parameters, and 28 species in MATLAB.
Basal mitochondrial H.O2 as well as reaction network response to H,O> perturbations were
predicted. Modeling was validated experimentally by redox Western blots of the Prxs using the
mitochondrially-localized H2O> generator D-amino acid oxidase (mito-DAAO). HelLa cells were
exposed to a range of D-alanine concentrations, a substrate for mito-DAAO, over time, and
Western blots were performed on the cell lysates to observe the change in Prx3 and Prx2 oxidation

with the different treatments.

3.2 Methods
3.2.1 : Model Formulation: Baseline Model
This model was adapted from our previously published kinetic model of the cytoplasmic

antioxidant network, and consists of a system of first-order ordinary differential equations of the

form
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dC,
—~i_R 0.1
dt 1 ( )

where C, is the species concentration, t is time and R, is the net reaction for that species #. It
assumes species concentrations are homogeneous throughout the compartment. The baseline
model investigates the steady state conditions in the mitochondria, where the only source of
endogenous H»O; is assumed to be from the ETC due to cellular respiration. For the purposes of
this simulation, the rate of H2O> generation due to OxPhos is assumed to be invariant. As a first
approximation, no transport of H.O> between the mitochondria and the cytoplasm is assumed. This
system quickly reaches steady state (less than 1 s), so baseline simulations are carried out to 5 s.
The stiff equation solver odel5s in MATLAB was implemented to solve the system of equations.

The  main  reaction systems that this model captures are the
thioredoxin/peroxiredoxin/thioredoxin reductase (Trx/Prx/TR) and the glutathione/glutathione
peroxidase/glutaredoxin (GSH/Gpx/Grx) networks. The Prx isoforms found in the mitochondria
are Prx3 and Prx5 %24 which are reduced by Trx2 226, Trx2 also reduces disulfide bonds to
protein dithiols 2. Both Gpx1 and Gpx4 are found in the mitochondria, though at low
concentrations in epithelial cells 8. Grx2 is the most abundant mitochondrial Grx isoform, and is
responsible for reducing S-glutathionylated proteins 231, While the prior proteins are all
considered mitochondrially localized, both GSH and sulfiredoxin (Srx) are generally considered
cytoplasmic molecules that must be imported into the mitochondria "*-3*, The mitochondria
maintains a large pool of the former, but the latter is only imported based upon a stimulus 3334,
Catalase is not included because it is not expected to be found in the mitochondria for most cell

types, including HeLa cells 7283, A schematic representation of the reaction networks captured

by this model is shown in Figure 3.1.
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Figure 3.17: Schematic representation of the H202 reaction network in the mitochondria. H20: is evolved as a result of cellular
respiration and the respiratory complexes at a rate that is taken as fixed for the purposes of this model. For the perturbation model
only, H20: is also added to the system by a variable source term, kpaao. It can then participate in reactions with the two Prx
isoforms present in the mitochondria (Prx3 and Prx5), which are reduced by Trx2. H202 can also react with one of the Gpx isoforms
in the mitochondria (Gpx1 and Gpx4), which involves reduction by GSH. Both of these networks require NADPH for reduction
36,37 Only Prx3 can undergo the hyperoxidation pathway, forming a sulfinic acid, which is reduced by Srx. Srx is imported into the
mitochondria. Finally, H202 can react with protein thiols and dithiols, which are reduced by Trx2 and Grx2, respectively. Image
created with Biorender.com.

The reaction rate parameters for mass action or Michaelis-Menten kinetics in Eq.(3.1) were found
in the peer-reviewed literature or derived from published data. Details on calculations used for
derivations can be found in Supporting Information. For any cases where mitochondria-specific
values could not be located, the cytosolic equivalent was assumed. These parameters are
summarized in Table 3.1. One major difference between previously published models and this one
is the treatment of Srx. Previous work has assumed zeroth-order kinetics with respect to Srx, and
the form of the rate law for hyperoxidized Prx3 has been:

d[Prx3—SOOH |
dt = khyperox [

Prx3—SOH ][H,0, ] K. [Prx3—SOOH | (0.2)

where k is the rate of hyperoxidation of Prx3 and k_, is the turnover number reported for Srx

hyperox cat
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by Chang and colleagues . However, overexpression studies have clearly demonstrated an
increase in reduction rate of the sulfinic acid with increased Srx concentration . The form of the
rate law proposed by Eq. (3.2) fails to capture any dependence on Srx, so we propose a rate law

with first-order dependence on Srx as a first approximation.

d[Pmx3-SOOH] _, [Prx3—SOH][H,0,]-k" [Prx3—SOOH |[Srx] (0.3)

— ““hypero
dt yperox

where k' is the estimated second-order rate constant. These parameters, Knyperox and k’ correspond

to k7 and ks in Table 3.1, respectively.
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Table 3.2: Kinetic parameters. Calculations for parameters that were derived can be found in the Appendix.

Reaction Parameter
Generation of H20O2 by OxPhos | ki = 4 pM/s 1640
k2[Gpx1red][H202] k2 = 60 pM1s1 3541
ks[Gpx10X][GSH] ks =0.04 pM1st 42

ka[Gpx-SSG][GSH]

ks =10 pM1st

koo[NADP*]/(ks+[NADP™])

ks =57 uM ®

ks[Prx3-SH][H202]

ke = 20 uM1st 2

k7[Prx3-SOH][H20:]

k7 =0.014 uM1st44

ke[Prx3-SOOH][Srx]

ks = 3x10° pMTs 1%

Ko[Prx3-SOH]

ko =20 s144

Kio[Prx3-SS][Trx2-SH]

klO =0.22 HI\/l-ls-l 26,45

k11[GSH]

ki1 = 7.4x107° 5146

k12[Pr-SH][H202]

k12 - 1X10-4 HI\/l-ls-l 47,48

kus[Pr-SOH][GSH]

k13 =0.12 HI\/l-ls-l 49,50

kua[Grx2-SH][Pr-SSG]

kis = 0.01 pMist 5t

k15s[Grx2-SSG][GSH]

kis = 0.04 pM1s1 52

kie[Pr-(SH)2][H20z]

kis = 1x10* pM1s147

k17[Pr-SS][Trx2-SH]

ki7 = 1x10* pM1s 47

kis[GSSG][NADPH]

kig = 3.2 uM1s1 33

ko[ Trx2-SS][NADPH]

Kio = 20 uM1st 5

koo[NADP*]/(ks+[NADP™])

k2o = 375 uM/s

GSH synthesis

k21 = 0.41 pM/s %

Trx2 synthesis

K22 = 6.97x10™ puM/s >

k23[Prx5-SH][H202]

ks = 0.3 pM s T35

kz4[Prx5-SOH]

kosa = 14.7 512

Kas[Prx5-SS][Trx2-SH]

k25 =2 M|\/|-1S-1 25

kos[ Gpx4red][H202] ks = 0.05 uM1st ¥
k27[Gpx40x][GSH] k27 = 0.02 uM1st ¥
Srx import Koo = 1.23x10° uM/s %
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Species abundances for model initialization were also either found in literature, calculated
from published datasets, or calculated based on molar balances and rate laws. Species that were
found in literature/published datasets are summarized in Table 3.2 and species that were calculated
are summarized in Table 3.3. Gpx1 and Gpx4 were found to be at a much lower abundance than
previously reported (2 and 1 order of magnitude lower, respectively) *°. Prx3-SH abundance is
given as a range rather than a single value. This is the result of the assumptions necessary to convert
the proteomics dataset in 8 to a concentration, and represents potential cell-to-cell variability. For
these calculations, mitochondrial volume was taken as 0.29 um? ¢ and mitochondrial number in a
HeLa cell has been reported to range from 383 — 882 ®1. A total protein density throughout the cell
was reported as 2x10° mg/L in 28 so we assumed this density was invariant between organelles.
Additional details regarding these calculations can be found in the Appendix. While all the proteins
that were calculated based on the data in 2 produced a range of possible values, Prx3-SH was by
far the most abundant and/or had the potential to vary most from what was reported previously in
literature. Therefore, in all but this instance, we took the median value calculated or kept the
literature value if these were very close. Because several species are initialized by molar balance,
the range in Prx3-SH initialization results in several species in Table 3.3 to initialize differently

depending on its concentration.
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Table 3.3: Initial species abundances

Species Concentration (UM)
Prx3-SH | 48 — 110 %8061
Prx5-SH | 14 286061

Gpx1 1.5x1072 17.2860,61
Gpx4 0.23 17286061
Grx2 1 286061

Trx2-SH | 7.7 286063
Trx2-SS | 0.0755
GSH 5x10%2
GSSG 1.78 4
NADPH |30
NADP* 0.03 %6

Pr-SH | 1x10°7
Pr-(SH)2 | 1.09x10°%
Srx 8.8x103 %8

Table 3.4: Derived initial species abundances

Species Concentration (UM)
H.0; 2x107° — 4x10°3
Prx3-SOH 0.18-0.20

Prx3-SS 2.2-2.3

Prx3-SOOH |0.19-0.42
Prx5-SOH 5x10% - 1x10°3

Prx5-SS 5x10* - 1x107°
Gpx1lox 8x10° - 2x10°
Gpx1-SSG 3x10%- 7x10°8
Gpx4ox 0

Gpx4-SSG | 0

Grx2-SSG 1x10°16

Pr-SOH 3x101%— 6x1013
Pr-SSG 1x10%-3x10°®
Pr-SS 0.26 - 0.59

3.2.2 : Model Formulation: H>O> Perturbation
The second part of this modeling endeavor sought to investigate the effects of a source of

H20, perturbation, similar to what is introduced by the synthetic biology tool D-amino acid

oxidase (DAAO) targeted to the mitochondrial matrix. This was modeled as a constant source
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term, Kpaao - Within the H202 rate equation, as depicted in Figure 3.1. Because we were interested

in how the network would respond to perturbations of varying magnitudes, we swept this
parameter across a range of values until we reached an upper limit of physiological relevance,
which we defined as the complete collapse of the Prx3 system. This part of the simulation was

carried out to 3600 s (1 hr).

3.2.3 : Sensitivity Analysis
In order to calculate the sensitivity of H>O> concentration and Prx3-SS concentration to the

model parameters, the finite difference approximation method was used °’. The sensitivities were

calculated using the following equation:

aC;(t) C,(k +ak,t)-C,(k.t)
()= " AK,

0.4)

Where s; is the sensitivity corresponding to parameter k; and C; is the concentration of the either

H20> or Prx3-SS. Parameters were perturbed by 10% to reflect an estimate of typical experimental

error, and sensitivities were normalized to adjust for differences in orders of magnitude:

— oC. (t)/C. (t
s)- Lo ©9)

Here, we report only s_I . All sensitivities were calculated at the end of the perturbation analysis for
all values of Kpuo -

3.2.4 : Model Validation
Cell Culture

HeLa cells (a generous gift from Dane Wittrup) that had previously been transfected by
lentivirus to stably express a mitochondrially-targeted D-amino acid oxidase (mito-DAAQO) H.O>

10

generator were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Lonza)
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supplemented "with 10% fetal bovine serum (FBS; ATCC) at 37 °C in a humidified atmosphere
with 5% CO,. Cells were passaged approximately every 3 days and were maintained under
selective pressure using 6 pg/mL puromycin (Sigma) until 24 hrs before any experiments.
Analysis of Prx Response to Mitochondrial H202 Perturbations:

HeLa cells expressing mito-DAAO were seeded at 3.5x10° cells/well in 6-well plates ~18
hours prior to the start of generation (target confluence ~50% at start of experiment). Cells were
exposed to 5 uM flavin adenine dinucleotide (FAD; Sigma) and concentrations of D-alanine
(Sigma) from 0 — 25 mM in Roswell Park Memorial Institute 1640 medium (RPMI; Invitrogen)
without phenol red. At the end of the H>O, generation period, cells were washed with ice cold 1x
phosphate buffered saline (PBS) and then incubated on ice with 2 mL 100 mM methyl
methanethiosulfonate (MMTS; Sigma) for 30 min to block free thiols. Cells were washed twice
more with cold PBS, then lysed in 100 pL of lysis buffer (0.5% Triton X-100 (Sigma), 1x HALT
protease and phosphatase inhibitor (ThermoFisher), 1x PBS). Lysates were centrifuged on a cooled
rotor for 10 min at 10,000xg and the supernatant was collected and stored at -80 °C for further
analysis. Western blotting was carried out according to the protocol in 8. Proteins were separated
by non-reducing SDS-PAGE using a pre-cast 12% polyacrylamide stain-free gel (Bio-Rad).
Following SDS-PAGE, the gel was activated for 45 s using a ChemiDoc MP (Bio-Rad), then
proteins were transferred to a polyvinylidene difluoride (PVDF) membrane for immunoblotting.
Blots were blocked using Odyssey blocking buffer (Licor), and incubated with primary antibodies
against Prx3 (Abcam, ab73349), Prx2 (R&D Systems, AF3489), and Hsp60 (R&D Systems,
Clone# 264233) either overnight at 4 °C or 2 hr at room temperature. Blots were incubated for 1
hr at room temperature with Licor IRDye secondary antibodies. The ChemiDoc MP system was

used to image the blots, then ImageJ was used to quantify the images for densitometry.
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Statistical Analysis

Analysis of variance (ANOVA) was used to test for trends in the fractional oxidation of
the Prx protein, as measured by Western blot. At least three biological replicates per time point
were used for trend testing. Post-hoc Tukey’s Honest Significant Difference (Tukey-HSD) testing
was performed to determine which sample means were different from the control (0 mM D-ala)

within each time point.

3.3 Results
The first quantity investigated was the baseline concentration of H2O: in the mitochondria.

This steady-state concentration showed a strong inverse dependence on the available pool of Prx3,
as shown in Figure 3.2a. Basal mitochondrial H-O> concentration was predicted to range between
1.8 -4.2 nM, higher than the basal concentration of 80 pM predicted for the cytoplasm, a necessary
condition for mitochondria-to-cytoplasm transport 2. We also investigated the effect of the total
available pool of Prx3 on the relative basal oxidation levels, calculated as

fraction oxidized =~ X5 =55 (0.6)

Prx3

total

This quantity is one often measured experimentally by Western blotting, and at baseline can
characterize the variability between different cell types %% Similar to the basal H.0:
concentration, the fraction of oxidized Prx3 demonstrates an inverse relationship with the total
pool of Prx3, as depicted in Figure 3.2b. Finally, for subsequent questions, we fixed the Prx3
concentration; prior literature has reported Prx3 concentrations at ~60 UM, so we examined the 62
UM condition %, Figure 3.2c demonstrates the basal concentrations of the oxidized and reduced
isoforms of the four major antioxidant species with the 62 uM total Prx3 pool. Only Prx3

experienced any major oxidation at baseline, as summarized in Table 3.4.
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Figure 3.18: Baseline Conditions.Steady state [H202] in the mitochondria with fixed H202 generation from OxPhos (4 pM/s) for
different initial concentrations of Prx3-SH. Range of Prx3-SH based on possible range calculated from 2. b) Fraction of oxidized
Prx3 (Prx3-SS/total Prx3) vs. initial concentration of Prx3-SH for fixed H202 generation from OxPhos (4 uM/s). c) Steady state
concentrations of oxidized and reduced isoforms for the four major antioxidants in the mitochondria for fixed initial pool of Prx3-
SH (62 pM) and fixed H202 generation from OxPhos (4 pM/s). Similar plots for a fixed H202 generation rate from OxPhos of 11
MM/s can be found in Appendix Figure 3.6-3.8.

Table 3.5: Summary of fractional oxidation of major antioxidants in the network

Species Fraction oxidized

Prx3 0.037
Gpx1 1.0x10°®
Prx5 6.5x10°
Gpx4 1.6x10°®
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Once the baseline was established, we next sought to evaluate the network response to
H20, perturbations. The magnitude of the perturbation term, kpaao, was varied up to 70 uM/s, at
which point the reaction network showed evidence of nearing saturation, demonstrated in Figure
3.3 by changes in the shape of the H2O- traces at high perturbation rates. Figure 3.3a depicts the
concentration of H2O over time for each perturbation rate simulated. For all but the highest values
of koaao, the H2O> concentration settled out to a new steady state. It can be observed from the
plots of Prx3 dynamics in Figure 3.3b — d that this antioxidant pool controls the dynamics of
mitochondrial H20>. Prx3-SH concentration reached a new steady state for each perturbation rate,
reflecting the predicted H.O> behavior. Prx3-SS concentrations jumped to correspondingly higher
levels for each perturbation rate, and slowly declined over the 1 hr simulation, accompanied by a
slow increase in the Prx3-SOOH isoform. At perturbations above 54 uM/s, the H.O> concentration
followed a sigmoid trend that reached an asymptote in the mid-micromolar range. This was
accompanied by a collapse of the Prx3 network, demonstrated by Figure 3.3b — c. At these very
high perturbations, all of the Prx3 became trapped as the hyperoxidized isoform, seen in Figure
3.3d. It is unlikely that a physiologically relevant perturbation would cause a total collapse of the
Prx3 network, so we concluded that the top of our kpaao range is an excessive and unrealistic
limit. It is only when the capacity of the Prx3/Trx/TR system was exceeded that other antioxidants
were able to kinetically compete and react with H20O, as summarized by Table 3.5, which lists the
fractional oxidation for the four major antioxidant species at each perturbation rate. It is important
to note that the observed steady states that result from this H,O> perturbation analysis are the net
effect of the rate of H2O2 generation by OxPhos and the additional kpnaao generation term; a higher
OxPhos generation rate would result in a lower kpaao that causes non-physiological behavior in

the reaction network (Appendix).
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Figure 3.19: Perturbation Analysis. Plots showing the dynamics of a) [H202], b) [Prx3-SH], c) [Prx3-SS], and d) [Prx3-SOOH]

for increasing rates of kpaao. All values of kpaao in pM/s.

Table 3.6: Summary of fractional oxidation with changing H20: perturbations for the major antioxidants in the network at 1 hr

kpaao (LM/s) Fraction Oxidized
Prx3 Gpx1 Prx5 Gpx4

0 0.03 7.7x10% 4.9x10° 1.2x10°
8 0.08 2.4x1073 1.5x10™ 3.9x10°
16 0.14 4.4x10° 2.8x10* 7.0x10°®
23 0.20 0.01 4.3x10" 1.1x10°
31 0.25 0.01 6.2x10™ 1.6x10°
39 0.31 0.01 8.9x10™ 2.2x10°
47 0.36 0.02 1.3x10°3 3.4x10°
o4 0.42 0.04 2.8x1073 7.0x10°
62 3.4x107 0.87 0.22 0.01

70 2.6x1073 0.90 0.24 0.01
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In order to evaluate the impact that parameter uncertainties may have on the model
predictions, we performed a sensitivity analysis. The value of s_I can inform us about both the

magnitude and direction that changes in a particular parameter will have on the predictions for a
given species of interest. For example, a sensitivity of 1 indicates that a 10% increase in the
parameter resulted in a 10% increase in the model output, and likewise, a sensitivity of -1 would
signify a 10% decrease in the model output. Figure 3.4 depicts tornado plots of the sensitivities for
the concentrations of each H»O2, Prx3-SH, Prx3-SS, and Prx3-SOOH when there is no
perturbation. These plots order the parameters from greatest to least effect on the model output.
The model prediction for [H202] was most sensitive to the rate constant of oxidation of Prx3-SH,
ke, closely followed by ki, the rate of generation of H,O2 by OxPhos. Prx3-SS was similarly
sensitive to ki but was most sensitive to kio, the rate constant of reduction of Prx3-SS by Trx2-SH.
Prx3-SH was not very sensitive to any single model parameter, and Prx3-SOOH was sensitive to
several parameters but none with a particularly large magnitude. ki appeared in all four sensitivity
analyses as a top parameter, indicating its importance to all the model predictions. Increasing the
value of kpano caused the sensitivies to shift, with all four model outputs showing an increasing
dependence on kpaao (Appendix Figure 3.9-3.10). Higher rates of H.O> perturbation also caused
all four model outputs to become more sensitive to a few more parameters, but all within the
Trx2/Prx3 pathway. The sensitivity analysis, therefore, pointed to the model’s overall dependence

on the rate of H>O> input into the system and the kinetic parameters within the Trx2/Prx3 pathway.
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Figure 3.20: Sensitivity Analysis. Tornado plots of sensitivities to model rate parameters for a) [H202], b) [Prx3-SH], c) [Prx3-
SS], and d) [Prx3-SOOH] when kpaao=0. Plots show model rate constants in descending order of sensitivities (absolute value).

In order to validate the trends predicted by the model as well as test our assumptions, we
used the genetically-encoded H20- generator mito-DAAO, which localizes a H2O> perturbation to
the mitochondrial matrix 1%7°, We varied the concentration of D-alanine (D-ala) substrate the cells
were exposed to for up to 1 hr, then probed the Prx isoforms using redox Western blots. The
Western blot results are summarized in Figure 3.5. The experimental data demonstrates
consistently higher fractions of oxidized Prx3 than what the model predicts, though this
discrepancy is most prominent at high perturbations. Where the model predicts disappearance of
the dimer and a maximum fractional oxidation of Prx3 around 0.4, the experimental data continues
to rise monotonically, reaching a fraction of oxidized Prx3 as high as 0.8. This suggests that the
model may be over-predicting hyperoxidation, and therefore the steady-state concentration of
H20- reached after each perturbation. The Prx2 data also demonstrate H>O> flux in the cytoplasm

at certain perturbations after 15 min. At 15 min, while one-way ANOVA testing determined there
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was a statistically significant trend in Prx3 mean fractional oxidation at the 95% confidence level
(P=0.041), the same test found the Prx2 means to not differ across D-ala concentrations (P=0.095)
suggesting little effect of transport at this time scale. However, at subsequent times, both Prx3 and
Prx2 oxidation demonstrated significant trends at the 99% confidence level, as determined by one-
way ANOVA (P=0.004 and P=0.003 for Prx3 and Prx2 at 30 min, P=1.76x10"° and P=2.05x10°°
for Prx3 and Prx2 at 1 hr). This suggests that transport effects may be playing a larger role at these

longer times, as Prx2 oxidation becomes increasingly significant.
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Figure 3.21: Experimental Validation. Western blot analysis of the oxidized (dimer) and reduced (monomer) Prx isoforms after
a) 15 min, b) 30 min, and c) 1 hr of H202 generation by mito-DAAO, with corresponding densitometry plots in d, e, and f,
respectively. * represents P<0.05 for one-factor ANOVA, ** represents P<0.01 for one-factor ANOVA. Full Western blot images
can be found in Appendix Figure 3.11-3.19.

3.4 Discussion

This model has demonstrated that Prx3 is the controlling antioxidant in the mitochondrial
H.,0- reaction network, as has been previously hypothesized *. Because of the dynamics of Prx3,
the mitochondrial reaction network is able to control H20O> perturbations in the low pM/s range.
Only at perturbations that cause total saturation of the Prx3 system do we expect oxidation of

Gpx1, Prx5, and Gpx4. Even so, Prx5 and Gpx4 are not really involved in the H>O> reaction
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network, consistent with the peer-reviewed literature describing their other roles. It has been
previously reported that, though Prx5 and Gpx4 are able to react with H2O, that is not their
primary biological function; Prx5 is the putative reductant of reactive nitrogen species and Gpx4
is hypothesized to react with lipid hydroperoxides 25772,

The model currently predicts a great deal of hyperoxidation of Prx3 at moderate to large
perturbation rates. This is inconsistent with experimental observations (Figure 3.5) as well as the
field’s understanding of the kinetics of Prx3 oxidation. Prx3 is known to be less prone to
hyperoxidation as compared with Prx2, as it has faster resolution kinetics of disulfide formation
472 One limitation to accurately predicting hyperoxidation is that the reduction kinetics of the
sulfinic acid form of Prx3 have not been well characterized, nor the dynamics of Srx import into
and export from the mitochondria. In addition, the reduction of Srx itself is still poorly understood
73, More careful quantitative analyses of the kinetics governing this reaction pathway will improve
our understanding of the dynamics of hyperoxidation.

Currently, transport between the mitochondria and the cytoplasm is ignored. The validity
of this assumption is concentration- and time-dependent, as demonstrated by the Prx2 data in
Figure 3.5. Under low-perturbation conditions, Prx2 experiences relatively little change in
oxidation, suggesting that there is little H2O> flux in the cytoplasm under these conditions.
However, for mid-range perturbations, the longer the perturbation persists, the greater the
contribution of transport becomes (comparing 30 min vs. 1 hr Prx2 oxidation), and for large
perturbations, transport appears to be altering cytoplasmic H>O. flux even at early times.
Physiologically, we expect a variety of transport-related phenomena that might occur over the
range of perturbation rates we simulated, including aquaporin-mediated diffusion of H>O; into the

cytoplasm and even possible depolarization of the mitochondrial membrane cause by the
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mitochondrial permeability transition (MPT) 74’®. Transport of HO; into the cytoplasm could
account for why this model over-predicts hyperoxidation, as H.O2 concentrations in the
mitochondria would be too high. Future modeling work can explore how transport of H.O2 out of
the mitochondria affects the reaction network dynamics, which will require quantitative
experimental studies to understand these important transport processes and their associated
parameters.

Finally, this modeling work helps us understand physiologically relevant concentration
regimes in epithelial cell mitochondria, using HeLa cells as a model system. We predicted basal
conditions to be in the low nM range, lower than the previously predicted 40 nM 2. This previous
estimate was derived using parameters for a faster respiring cell type, which would produce more
H>0> through OxPhos, so we expect our basal prediction to be lower. It also demonstrates the
usefulness of measuring Prx oxidation as a marker of H2O flux. Other groups have pointed out
that the Prxs could be informative biomarkers for certain cancers "8, This model corroborates
that idea, and demonstrates not only a relationship between Prx oxidation and H>O> perturbation,
but also Prx oxidation and the total available pool. Moving forward, this model can be used as a
general framework for understanding mitochondrial H2O. reaction networks, that can be

parametrized to match other cells and tissues as data becomes available.
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3.6 Appendix

3.6.1 : Calculations

The rate of H20O2 generation from the electron transport chain (ETC) due to oxidative
phosphorylation (OxPhos) was calculated based on oxygen consumption rate (OCR) data and
H,0- production rate data from respiring mitochondria isolated from rat liver 184°, We reconciled
the data from these two sources in order to estimate this important parameter.

amol 16

The reported OCR from HelLa cells was 200 ———
ng-protein*s

. HelLa cell protein

concentration was reported as 2x10° mg/L %8, so we used this number to convert the reported OCR
to 40 uMY/s. Up to 10% of the O, consumption can be assumed to get converted to H20 ”°, giving

a value of 4 uM/s H.0O produced by OxPhos.

200%*&10“ W*m% = 4x10°aM/[ 4u1\% ©07)
ng-protein=s

The data reported by Treberg et al. provided a range of possible H.O> production rates, as
measured extramitochondrially. Based on the methodology presented in their paper, any measured
extramitochondrial H2O> rates are lower than what is actually produced because some H20- has
already been consumed by the mitochondrial antioxidant network “°. They propose the following

equation:

V?p: [H,0,] 08)

SS

where V is the rate of H202 production, k is the first order rate constant that describes the

mitochondrial reaction network, and [HZOZ]Ss Is the steady state concentration of H2O2. For our

system, k is the pseudo-first order rate constant of Prx3, equal to 1200 s, as this is the largest
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kinetic constant in our network. Applying our rate constants with the reported [HZOZ] of

SS

1LOI 40 we can calculate an H20; production rate of 5 uM/s. This is the same order of

min-mg
magnitude as the 4 uM/s calculated by using the OCR approach above, and we took the number
associated with the OCR data as this was measured from HelLa cells rather than rat liver

mitochondria.

To convert copy number reported by Itzhak et al. 2 to a mitochondrial protein
concentration, the following calculations were carried out:

n
cC=— 0.9
NI 09)

mito © mito

where ¢, is the concentration of protein i, n is the protein copy number associated with all the

mitochondria in a single cell (given in the proteomics dataset), N, is Avogadro’s number, N

mito

is the number of mitochondria in a single cell (383 — 882) %!, and V_._ is the volume of one

mito
mitochondrion (0.29 pm?) . If the protein was not reported in the organelle-specific dataset, but
is known to localize in the mitochondria (the glutathione peroxidases) then its copy number was

pulled from the proteome-wide dataset and then the mitochondrial concentration was still

calculated in this manner.

The initial concentration of H2O» used in the model at t = 0 was calculated based on the
consumption by Prxa3:

kl

kGCPrx3—SH T

(0.10)

Chy0,i =
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The magnitude of the Prx3-SH term is much larger than any other terms we might have included

in this calculation, so this reduced term is sufficient to initialize the model.

For related isoforms of proteins, the pseudo-steady state assumption was used to find the

initial concentrations of each species 8. For the Prx3 isoforms, those calculations were as follows:

CPrx3—SH T
Corxa-son,i = (0.11)
kg kg I(7(:H 0O, ,i
+1+ + 22
kGCHZO2 | klOCTrXZ—SH | k8(-:'Sr><,i
k,C Cuo, i
7VPrx3-SH.,T “H,0, i
Chrxa-soon,i = = (0.12)

kg kg I(7(::H O, ,i
kscsrxyi[kC +1+k + kcz 2
6H,0,,i 1OCTrx2—SH,i 8Srx,i

KC
9“Prx3-SH,T
Corxa-ss,i = y " C (0.13)
9 9 7YH,0,,i
k10(::Tr><2—SH,i k +1+ k + k =
6CH202,i 10CTrx2—SH,i SCer,i
CPrx3—SH,i = Cprya-sn T ~Corys-son ~Cprxa-soon ~ Cprxa-ss (0-14)

The same strategy was followed for the other protein families for consistent initialization.
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3.6.2 : System of ODEs

dc
— 4k

DAAO CH202 (kZCprlred - kSCPrx3—SH - k7CPrx3—SOH - klZCPr—SH - leCPrf(SH)Z - k23CPr><5—S H ™ kzsce px4red )

dt
(0.15)
dcg
pxlred
dt - _kZCprlred CHzo2 + k4Cpr1-sse Cesh (0'16)
dcg
pxlox _
dt - kZCprlred CHzo2 - kSCprloxCGSH (0-17)
dc, ...
Glg: = = SCprloxCGSH _k4Cpr1—SSGCGSH (018)
dc
GSH _
dt =Cssh (_kSCprlox - k4Cpr1—sse - an - leCPr—SOH - k15Cer2—sse - k27Cpr4ox - k4Cpr4—sse )
+2k18CGSSGCNADPH + k21
(0.19)
—dCGSSG—c k,C k, +k.C k,C k,.C C 0.20
dt ~ YGSH \ ™M4~Gpx1-SSG * Ky T KisCorx-sse TKs Gpx4-SSG | "™8“NADPH “GSSG ( . )
dc
Pgt?ﬁSH = _kBCPrx3—SH CHZo2 + klOCPrXS—SSCTrXZ—SH (0-21)
dCPrXﬂ—kc C.o —kcC Ch o +KC C.,, —kqC (0.22)
dt — Re“Prx3-sH “H,0, 7YPrx3-SOH “H,0, 8 “Prx3-SOOH “Srx 9~Prx3-SOH :
dc
Prx3-SOOH __
ri]lt - k7CPrx3—SOH CHZOZ - kSCPrXS—SOOH Cix (0-23)
dCP 3-S5
(l;]xt = I(9(::Prx3—SOH - klOCPrx3—SSCTrx2—SH (024)
Cormzsi _ ¢ (KCorra ce +KoCor s +KosCorse 50 )+ K Cunon +Kpy  (0.25)
- rx2-SH \ ™0“~Prx3-ss 17~Pr-sS 25YPrx5-SS 19 “Trx2-SS “NADPH 22 .
dt Cr Cr
oo _ (k€ +KCo,_os +K,C )—k c (0.26)
— “rx2-5s \™M0“Prx3-ss 17 ~Pr-SS 25Prx5-5S 19 “Trx2-SS “NADPH :
at Cr Cr
dc
Pr-sH _
d—rt - _klZCPr—SH Cho, T k14CPr—SSGCer2—SH (0.27)
dc
—PISOH — k€ i Cri o — KisC C 0.28
2Y2
Pdt 12“Pr—SH “H,0 13%Pr-SOH “GSH ( )
Ao o =k,C C k,,C C (0.29)
dt — M3YPr-SOH “GSH ~ ™4“Pr-ssG “Grx2-SH .
WCono-sn =k,C C k,,C c (0.30)
dt — M5VGrx2-SSG¥GSH T M4 “Grk2-SH “Pr-SsG .
dc
Grx2-S5G __
r(;t - k14CPr—SSGCer2—SH - leCer27SSGCGSH (0-31)
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dCP r—(

SH),

dt = _leCPr—(SH)ZCHZOZ + k17CPr—SSCTr><2—SH
dc
Pr-ss _
dt leCPr—(SH)ZCHZOZ —KizCor_ssCrraa-sh
dCN ADPH kzoc:NADP*
dt =CyappH (_kmcesse _k19CTrx2—SS)+ K
5+ CNADP+

dc K,oC

NADP* __ NADP*
dt =CyapPH (leCGSSG +k19CTrx2—SS)_k i
5 NADP*
dc
Prx5-SH __
dt - _k23CPrx5—SH CHzo2 + k25CPrx5—SSCTrx2—SH
dc
Prx5-SOH __
- kZSCPrXS—SH CHzo2 - k24CPrx5—SOH
dt
dc
Prx5-SS __
dt - k24CPrx5—SOH - kZSCPrXS—SSCTrXZ—SH
dc
Gpx4red _
dt - _kZGCpr4red CHZOZ + kACGpXA—SSG CGS H
dc,
Gpx40ox __
dt - k26Cpr4red CHZOZ - k27Cpr4oxCGSH
dc
Gpx4-SSG
dt - k27Cpr4oxCGSH - k4Cpr4—SSGCGSH
dCer _ k
— P29
dt
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3.6.3 : Figures
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Figure 3.22: Baseline H202 concentration as a function of Prx3 pool for a higher H202 generation rate by OxPhos (11 uM/s). A
value of 4 uM/s was used to generate the figures used in the main text.
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Figure 3.23: Dimer fraction as a function of Prx3 pool for a higher rate of H202 generation from OxPhos (11 uM/s). A value of 4
MM/s was used to generate the figures used in the main text.
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Figure 3.24: Baseline concentrations of reduced and oxidized isoforms of major antioxidant species for a fixed pool of Prx3 (62
pM) and a higher rate of H202 generation by OxPhos (11 pM/s). A value of 4 uM/s was used to generate the figures used in the
main text.
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Figure 3.25: Sensitivity Analysis. Tornado plots of sensitivities to model rate parameters for a) [H202], b) [Prx3-SH], c) [Prx3-
SS], and d) [Prx3-SOOH] when kDAAO=23 puM/s. Plots show model rate constants in descending order of sensitivities (absolute
value).
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Figure 3.26: Sensitivity Analysis. Tornado plots of sensitivities to model rate parameters for a) [H202], b) [Prx3-SH], c) [Prx3-
SS], and d) [Prx3-SOOH] when kDAAO=31 puM/s. Plots show model rate constants in descending order of sensitivities (absolute
value).
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Figure 3.27: Full Western blot image from Figure 3.5 stained for Prx2 and Hsp60, visualized using IRDye680, showing samples
from 15 min of generation, 0 — 25 mM D-ala (left to right).

Figure 3.28: Full Western blot image from Figure 3.5 stained for Prx3, visualized using IRDye800, showing samples from 15 min
of generation, 0 — 25 mM D-ala (left to right).
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Figure 3.29: Corresponding stain-free total protein image of 15 min Western blot

Figure 3.30: Full Western blot image from Figure 3.5 stained for Prx2 and Hsp60, visualized using IRDye680, showing samples
from 30 min of generation, 0 — 25 mM D-ala (left to right).
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Figure 3.31: Full Western blot image from Figure 3.5 stained for Prx3, visualized using IRDye800, showing samples from 30 min
of generation, 0 — 25 mM D-ala (left to right).

Figure 3.32: Corresponding stain-free total protein image of 30 min Western blot
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Figure 3.33: Full Western blot image from Figure 3.5 stained for Prx2 and Hsp60, visualized using IRDye680, showing samples
from 1 hr of generation, 0 — 25 mM D-ala (left to right).

Figure 3.34: Full Western blot image from Figure 3.5 stained for Prx3, visualized using IRDye800, showing samples from 1 hr of
generation, 0 — 25 mM D-ala (left to right)
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Figure 3.35: Corresponding stain-free total protein image of 1 hr Western blot
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Chapter 4 : Using high-throughput techniques to assess drug
toxicity in primary patient samples
Pheochromocytoma and paraganglioma are rare but life-threatening cancers. Certain sub-

types of these cancers carry succinate dehydrogenase b (SDHB) mutations in Complex Il of the
mitochondrial electron transport chain, which drive the disease. This mutation may make these
tumors susceptible to treatment via a redox-based chemotherapeutic, but the lack of a model
system currently makes it difficult to test this hypothesis. A method for using primary patient
tumor samples and testing their susceptibility to treatment with a redox-based drug,
piperlongumine, while maintaining rigorous statistical power was developed. This method
leveraged high-throughput imaging systems and automated image analysis software. Preliminary

data indicates that these tumors may be sensitive to piperlongumine.

4.1 Introduction

Pheochromocytoma (PCC) are a rare but nonetheless life-threatening type of
neuroendocrine cancer that typically carries a poor prognosis *. Paraganglioma (PGL) are a related
type of cancer that arise from a different type of cell in the nervous system *. Both cancers can be
driven by a germline mutation in the electron transport chain (ETC), specifically in a defect in
succinate dehydrogenase b (SDHB) of complex Il in the mitochondria . Gastrointestinal stromal
tumors (GIST) are an additional type of tumor than can arise in patients with PGL, and neither
type can be cured °. A present difficulty in studying these cancers is the lack of representative
model cell lines/tumor systems. PC3 cells are commonly used as a proxy, but these do not fully
recapitulate the disease °.

Because of the deficiency in the ETC, it has been hypothesized that hypoxia may play an
important role in the progression of PCC and PGL tumors . The hypoxia-inducible factor (HIF)

proteins, HIF-1o and HIF-2a have both been investigated as possible key players in the tumors’
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metabolism 889, The aberrant nature of the ETC complex Il in this cancer coupled with the possible
change in oxygen usage/dependency led us to wonder how these changes may have altered
hydrogen peroxide (H20>) flux through the mitochondria, and ultimately, if these cancers would
be susceptible to treatment via a redox-based chemotherapeutic. We had previously demonstrated
that piperlongumine (PL), an investigational therapeutic, exerted its toxic effects by a H.O»-
dependent mechanism *°. Early studies have demonstrated that PL may effective in these cell types
11, Additionally, when performing a meta-analysis in The Cancer Proteome Atlas (TCPA) provided
by MD Anderson Cancer Center, peroxiredoxin-1 (Prx1) came up as a “hit” for PCC with SDHB
mutations, implying that there may be some kind of redox-related mechanism at play 22,

In these experiments, we sought to create a methodology for finding dose-response curves
to PL or similar redox-based chemotherapeutics in primary patient samples. Our constraints in this
system were primarily a lack of cells, so our main optimization objective was to split up a single
sample into multiple dose and replicates to maximize the statistical power. We leveraged the
availability of high-throughput imaging systems, as well as software that automatically processes
images. We used this to gain some preliminary insight into the susceptibility of these tumor types

to treatment by PL.

4.2 Materials and methods
4.2.1 : Cell Culture
Primary patient cells biopsied from pheochromocytoma (PCC), paraganglioma (PGL), or

gastrointestinal stromal tumors (GIST) were provided by the group of Dr. Arthur Tischler at Tufts
Medical Center. Cells were counted to estimate the total cell count in the sample so that it could
be subdivided among the experimental conditions, which worked out to approximately 10*

cells/well. The cells were seeded onto Corning CellBind 96-well plates, and evenly divided among
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9 doses and 4 replicates. Cells were dosed with piperlongumine (PL) for 48 hrs, and then fixed

with 4% paraformaldehyde.

4.2.2 : Cell staining and labeling
Post-fixation, cells were permeabilized with 0.1% Triton X-100, and then labeled with

DAPI to stain nuclei. PCC and PGL were also stained with an antibody against tyrosine
hydroxylase (TH) to differentiate cancer cells from the surrounding epithelial cells. For some

assays, cells were additionally stained with an antibody specific for S-glutathionylated proteins.

4.2.3 : Cell imaging and post-processing
Fixed and stained 96-well plates were imaged at the High-Throughput Screening core

facility at the MIT Koch Institute at 5x or 10x magnification using the DAPI filter set for auto-
focusing. The TRITC filter set was used to visualize the TH label, and where applicable, the FITC
filter set was used to visualize protein S-glutathionylation. Images were exported to CellProfiler
(Broad Institute) for post-processing. A custom image analysis pipeline was designed to determine
the toxicity of each dose of PL based on absolute cell counts. The object identification functions
of the software were used to automatically identify nuclei in each field of view, with filtering in
place to avoid identifying large debris as a cell nucleus. Where additional stains were used, object

identification was used to count and co-localize nuclei with stains in other channels.

4.3 Results and Discussion

Primary tumor samples contained a mix of cancer cells and surrounding non-cancer cells.
As such, they could potentially provide insight into any toxicity differences between cancerous
and non-cancerous cells when exposed to a redox-based chemotherapeutic like PL. Because data
regarding both types of cells may have been interesting, dose-response curves for both cell types
in PGL samples were created. An example is shown in Figure 4.1. Cancer cells were assumed to

be any nuclei that co-localized with the TH stain, and all other nuclei were assumed to be non-
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cancer cells. Toxicity was assessed by changes in cell count from the control. Both cancer and
non-cancer cells demonstrated a significant decrease in cell count over the dose range tested, as
evaluated by one-way ANOVA at the 95% confidence level. In post-hoc testing, however, no
single dose showed a statistically significant decrease in cell number from the control for the non-
cancer cells at the 95% confidence level (Figure 4.3). For the cancer cells, on the other, all doses
starting at 6.3 UM were statistically different from the control at the 95% confidence level (Figure
4.2). This suggests that while overall trends in both cell types exist, individual differences between
the dosed and un-dosed cells are stronger in the cancer cells. More experiments beyond these

preliminary data will test whether this difference between cancer and non-cancer cells is real or an

artifact.
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Figure 4.1: Dose-response curve of PGL to PL doses. Points represent the mean + SEM.
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Figure 4.2: Results of Tukey HSD post-hoc test for cancer cells from PGL primary tumor samples dosed with PL. Blue represents
the mean that other samples were compared to (the control), grey represents non-statistically significant samples, and red
represents samples that were found to be statistically different at the 95% confidence level.
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Figure 4.3: Results of Tukey HSD post-hoc test for non-cancer cells from PGL primary tumor sample dosed with PL. Blue
represents the mean that other samples were compared to (the control) and grey represents non-significant samples at the 95%
confidence level.

GIST cells were cultured in such a way as to not be a mixed cell population, so it was
unnecessary to stain them for TH to differentiate them from surrounding non-cancer cells. In this
case, the co-localization algorithm was not required, and only nucleus counts were performed. The
results of from one of these experiments is shown in Figure 4.4. The shape of this curve is quite
different from the one in Figure 4.1, and demonstrates a sharp drop-off in cell count after 4.2 uM.
The trend was found to be significant at the 95% confidence level by one-way ANOVA, and the
results of post-hoc testing are shown in Figure 4.5. Consistent with the sharp drop seen in the plot
of cell counts, doses of 6.3 uM and higher were found to differ significantly from the control at

the 95% confidence level.
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Figure 4.4: Dose-response curve of GIST cells treated with PL. Points represent mean = SEM.
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Figure 4.5: Results of Tukey HSD post-hoc test for cancer cells from GIST samples dosed with PL. Blue represents the mean that
other samples were compared to (the control), grey represents non-statistically significant samples, and red represents samples
that were found to be statistically different at the 95% confidence level.
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Protein S-glutathionylation was initially thought to be quantifiable via this methodology.
It had been previously found to be an interesting part of the PL mechanism. PL produced proteins
whose disulfide bond to GSH could not be reduced °. The way this had been previously
determined was by comparing the staining pattern produced by an antibody against S-
glutathionylated proteins with the fluorescence produced by a kit that relied on that disulfide bond
being reduced. However, early attempts to implement all the steps the chemistry of the kit required
resulted in the cells washing off the plate, despite centrifuging between steps and gentle handling.
Future attempts to understand these post-translational modifications will require careful
optimization, and may benefit from robotic liquid handling systems.

The PGL and GIST initial data show some promise that PL may be an effective therapeutic
in these tumor types. Some additional preliminary data for PCC is shown in the Appendix. More
broadly, the methodology applied here provided a framework to be able to study these non-model
systems with some amount of statistical rigor. By taking advantage of high-throughput systems
microscopy systems and automated image processing pipelines, we are able to capture a lot more
information from cells sourced from the same donor, rather than adding an additional confounding
variable of patient-to-patient heterogeneity within a dose-response curve. This methodology could
be extended to any cancer system where model cell lines are not currently available but patients

biopsies are.
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4.5 Appendix
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Figure 4.6: Dose-response of primary PCC samples dosed with PL. Points represent mean + SEM.
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Figure 4.7: Dose-response curve of primary PCC samples dosed with PL. Points represent mean = SEM.
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Figure 4.8: Dose-response of GIST cells grown in normoxia rather than hypoxia. Points represent mean + SEM.

Table 4.1: Dose-response (raw and normalized) of cancer and non-cancerous cells in primary PGL samples to PL

Dose Cancer Non- Normalized Normalized non-
(UM) cell count | cancer cell | cancer cell count | cancer cell count
count

0 187127 910+£117 1+0.14 1+0.13

1 178+37 1066139 | 0.95+0.20 1.17+0.15

2.1 161+11 776140 0.86+0.05 0.85+0.04

4.2 17517 7981101 0.93+0.09 0.88+0.11

6.3 110+17 376+31 0.59+0.09 0.41+0.03

8.3 4517 203+20 0.24+0.04 0.22+0.02

12.5 11+4 269+110 0.06+0.02 0.30+0.12
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Table 4.2: Dose-response (raw and normalized) of cancer and non-cancerous cells in primary PCC samples to PL

Dose cancer | SEM | non- SEM | Normalized | SEM | Normalized SEM
(UM) cancer cancer non-cancer
0| 1938.5| 163.7 | 1018.5| 94.71 1| 0.084 1| 0.092
999 404 498 994
21| 1796.5| 1835 | 758.5| 164.2 0.926747 | 0.094 0.744723 | 0.161
381 024 68 22
4.2 | 16455 | 90.18 | 1028.5 | 205.7 0.848852 | 0.046 1.009818 | 0.202
361 403 522 003
6.3 | 2106.5| 137.7 | 850.25 | 257.4 1.086665 | 0.071 0.834806 | 0.252
755 883 073 811
8.3 | 2344.2 | 99.79 | 431.25| 181.0 1.209311 | 0.051 0.423417 | 0.177
5 761 301 482 742
125 1859 | 74.11| 121.25| 135.2 0.958989 | 0.038 0.119048 | 0.132
365 432 232 787
16.8 | 1508.2 | 9342 | 89.75| 70.14 0.77805 | 0.048 0.08812 | 0.068
5 41 435 194 87
25 996 | 66.47 | 226.25 | 27.59 0.513799 | 0.034 0.22214 | 0.027
18 642 29 095
50 | 855.75 | 79.92 | 199.25 | 101.2 0.44145 | 0.041 0.195631 | 0.099
953 179 233 379
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Chapter 5 : Using Computational Methods to Analyze the Structure
of 2-Cys Peroxiredoxins

Peroxiredoxins are remarkably conserved across all kingdoms of life and through
evolutionary time. Their catalytic mechanism involves a conformational change across the length
of the protein, from the peroxidatic to the resolving cysteine, in order for a disulfide bond to form.
To better understand the allosteric mechanisms involved in dimer formation and protein-protein
interactions, statistical coupling analysis (SCA) was performed to elucidate evolutionarily
conserved clusters of residues within the peroxiredoxin-2 (Prx2) and peroxiredoxin-1 (Prx1) sub-
families of proteins. Eigenvalue decomposition of the correlation matrices was used to analyze
protein sectors. Prx2 was found to have four evolutionarily conserved clusters, and Prx1 was found
to have three, with each protein demonstrating evidence of distinct protein sectors. These data can

be used to better understand the structure-function relationships in Prx2 and Prx1.

5.1 Introduction
The peroxiredoxin (Prx) protein family in mammals is part of a large protein group,

conserved across kingdoms, known as thiol-specific antioxidants (TSAs) or sometimes called the
thioredoxin (Trx) superfamily. What is most notable about TSAs is their very high reaction rate
with hydrogen peroxide (H202) compared to a typical protein thiol: ~108 vs. ~10* 13, Contributing
to this large kinetic difference is the microenvironment created by the protein structure around the
catalytic (or peroxidatic, Cp) and resolving (Cr) cysteines *. In the most common type of H.O;
detoxification reaction, the TSA protein converts from a fully folded (FF) conformation to a locally
unfolded (LU) conformation after H2O reacts with Cp °. This enables the reaction between Cp on
one monomer with Cr on the opposite monomer, completing the formation of a disulfide bond and

a head-to-tail dimer ©.
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Based on the conformational change necessary for the mechanism of action of these
proteins and the presence of these proteins in all kingdoms of life, it is expected that there exists a
conserved structural relationship within Prxs that goes beyond the simple conservation of Cp and
Cr. Additionally, new data are emerging that suggest the existence of protein-protein interaction
sites on Prx2 and Prx1 8, These sites could help explain the mechanism and kinetics of the putative
redox relay that has recently been proposed, which posits that proteins which are easily oxidized,
like Prx2, “transfer” their disulfides to protein thiols whose oxidation is kinetically unfavorable "®.
As an experimental approach to an exhaustive structural analysis is infeasible, a computational
strategy was employed to investigate the allosteric mechanisms behind Prx catalysis as well as the
existence of possible protein sectors. Statistical Coupling Analysis (SCA) applies the experimental
strategy of making point mutations to proteins and measuring whether the protein retains function,
but in a computational format. By using the “experiments” already performed by nature through
evolution, a library of protein sequences can be used to demonstrate how mutations correlate with
each other.

The focus of this work is two members of the Trx superfamily: peroxiredoxin-2 (Prx2) and
peroxiredoxin-1 (Prx1). Each of these forms a homodimer; dimer formation is central to its
catalytic activity. Clusters of residues identified by SCA could indicate how allosteric interactions
are mediated across the protein dimers or within the monomers themselves. They could also point

to structural features that support protein-protein interactions.

5.2 Methods
5.2.1 : Creating a library of protein sequences
Human peroxiredoxin-2 (PRDX2, accession number P32119), human peroxiredoxin-1

(PRDX1, accession number Q06830), and a truncated peptide from an unpublished crystal
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structure provided by the lab of Todd Lowther were used to seed a PSI-BLAST search to identify
proteins with >65% identity. The following were excluded from the search: synthetic
DNA/organisms, predicted/putative/hypothetical structures, and unknown proteins. The top hits
were selected to perform a multiple sequence alignment (MSA) and subsequent analysis. Libraries

were selected to have at least 500 sequences.

5.2.2 : Multiple Sequence Alignment
MSA was performed on the protein libraries that each PSI-BLAST search outputted using

Clustal Omega. The alignment was performed on the whole sequences, ensuring that the first
sequence in the alignment was the sequence used to seed the PSI-BLAST search (PRDX2,
PRDX1, and the peptide sequence, respectively). After the alignment, the sequences were

truncated to match the length of a single monomer of Prx, where applicable.

5.2.3 : Statistical Coupling Analysis
The Ranganathan laboratory has made available a MATLAB code for the execution of

SCA, the clustering of residues based on the results of SCA, and the generation of corresponding
figures. For more specific methodology regarding SCA, please see Suel et al °. For protein
structure reference, Prx2 results were compared to the published crustal structure 1QMV ! and

Prx1 results were compared to the published crystal structure 2RI11 12,

5.3 Results and Discussion
5.3.1 : Validation of Statistical Coupling Analysis Approach
For SCA to work best, the sequence library must be both conserved and flexible, because

without a variety of sequences, it is difficult to determine how one residue responds to a change in
another. In Figure 5.1, it is demonstrated that for both Prx2 and Prx1, the sequence libraries have
sufficient diversity. As seen in the histograms in Figure 5.1a — b, most of the distribution in these

libraries falls between 50 — 70% conserved sequence identity, with a tail above 70%. This indicates
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that both alignments are comprised of a mostly diverse group of sequences, with a smaller group
of very similar sequences. The matrix plots in Figure 5.1c — d displays these results as clusters.
Both Prx2 and Prx1 show a small cluster of high pairwise sequence identity, demonstrated by the
red clusters in the top left of both matrices, but this cluster appears larger for Prx1. A second, more
diffuse cluster appears in both matrices as well, depicting the group of sequences that fall in the

middle ranges of pairwise sequence identity.
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Figure 5.1: Sequence correlation. Histogram of the mean pairwise identity distribution for a) PRX2 sequences and b) Prx1
sequences. Both histograms are relatively normally distributed, with a tail towards higher values. Sequence similarity matrix for
c) PRX2 and d) Prx1, with red indicating the highest degree of similarity and blue indicating no similarity.

The positional conservation results further support a moderate degree of conservation
across sequences. Figure 5.2 indicates that the individual conservation scores for PRDX2 and Prx1

show a similar distribution, and that most of them fall between 1.5 and 3; only a small number
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have

a very high score (D>4). This suggests that only a few residues are very highly conserved,

and are likely the ones essential for protein function. For instance, the peroxidatic and resolving

cysteines (Sp and Sr) of both Prx2 and Prx1 stand out as very highly conserved.
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5.2: Positional conservation. Histogram of positional conservation scores (D) calculated for each residue in a) Prx2 and

c) Prx1. Bar graph of the degree of conservation at each residue in b) Prx2 and d) Prx1.

5.3.2

: Probing the Mathematical Structure of SCA Results
To search for patterns in protein structure coevolution, an eigenvalue decomposition was

performed on the SCA positional correlation matrix. The eigenvectors here represent a linear
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combination of sequence positions, with the eigenvalue assigning statistical importance. To verify
which eigenvectors are statistically significant rather than the result of finite sampling, the
eigenvectors of the positional correlation matrix were compared to the eigenvectors of the
scrambled alignment. Figure 5.3a — b demonstrates that up to six eigenmodes are statistically
significant for both the Prx2 and Prx1 sequence families. The top three eigenmodes are further
explored here. Figure 5.3c — d depicts 3D plots of these eigenmodes for Prx2 and Prx1. Patterns,
as opposed to random scatter or all points grouped at the origin, suggest different sectors in the
protein. The three branches in Figure 5.3c suggests that there are different sectors of coevolution
in the Prx2 family of proteins; a similar pattern can be observed for Prx1 in Figure 5.3d. Figure
5.4 depicts 2D representations of the top eigenmodes for both protein families. The scatter of
residues from Prx1 in Figure 5.4d — e as opposed to the tighter branching patterned seen in the
plots associated with Prx1 in Figure 5.4a — b suggests that the sectors in the Prx2 family are more

separate from one another, whereas the structure in Prx1 may be more interrelated.
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Figure 5.3: Eigenmodes of the SCA matrix. Red line in a (Prx2) and b (Prx1) depicts the random statistical expectation value of
the eigenmodes for each protein family. Blue bars are the actual eigenmodes calculated by eigenvalue decomposition. Bars to the
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top three are considered, plotted in c and d for Prx2 and Prx1, respectively. These 3D representations of the eigenmodes suggest
the existence of different protein sectors, evidenced by the branches in the plots.
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Figure 5.4: Top Eigenmodes, 2D representation. Plots a — ¢ depict the top three eigenmodes of the positional correlation matrix
for Prx2 plotted against each other in 2D. Plots d — g depict the top three eigenmodes of the positional correlation matrix for Prx1
plotted against each other in 2D. These plots imply the existence of different protein sectors, particularly evident in panels ¢ and

g.

Independent component analysis (ICA) further validated the results from the eigenvalue
decomposition. ICA performs a singular value decomposition on the eigenvectors of the positional
correlation matrix, which maps it to the sequence correlation matrix. Figure 5.5 depicts the 3D
plots of the top three independent components of the positional correlation matrices for each Prx2
and Prx1, with corresponding 2D plots in Figure 5.6. In Figure 5.5a, the ICA results for Prx2
display three branches along the three independent components, indicating three groups of
evolutionarily correlated sectors, as was implied from the eigenvalue decomposition. From the 2D
plots, it can be observed that these sectors are mostly independent from the branching, but that
some points contribute about equal weight to multiple sectors (i.e. position 61). In Figure 5.5b, the
ICA results for Prx1 show two defined branches and a less defined third branch. Breaking this
down into the 2D plots in Figure 5.6d — f, there appear to be two groups of evolutionarily correlated

sectors, most clearly depicted by the branching in d, with some scattered residues comprising a
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weak possible third sector. This pattern can be further explored by directly comparing the sequence
space to the positional correlations, depicted in Figure 5.7. Different patterns emerge for Prx2 and
Prx1. By comparing Figure 5.7a and c, the pattern emergence in the sequence space suggests that
difference sectors may correspond to phylogenetically distinct subfamilies in the Prx2 family. The
same comparison for Prx1 in Figure 5.7b and d is less clear, as the scatter in the sequence space is

ambiguous and difficult to interpret.

IC3

10

IC 2

Figure 5.5: Independent component analysis. The top three independent components of the sequence correlation matrix of a) Prx2
and b) Prx1 were plotted against each other in 3D. Similar to the eigenvalue decomposition, these plots suggest the existence of
different protein sectors rather than a single group of related residues.
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Figure 5.6: ICA, 2D representation. Plots a— ¢ depict the top three eigenmodes of the sequence correlation matrix for Prx2 plotted
against each other in 2D. Plots d — g depict the top three eigenmodes of the sequence correlation matrix for Prx1 plotted against
each other in 2D.
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Prx1 also appears to imply some evolutionary divergence, though not as clearly as for Prx2.

5.3.3 : ldentifying and Understanding Correlated Residue Clusters
Following eigenvalue analysis, correlation data was used to identify structural relationships

in the protein. Figure 5.8 depicts a heatmap of the clustering of residues based on their pairwise
correlation. For Prx2, four clusters were identified and for Prx1, three clusters were identified. In
choosing groups of interest, some clusters were chosen as a smaller subset of a larger cluster in
order to reduce noise and better elucidate the functional features of the group, like Group 1 for

Prx2.
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Figure 5.8: SCA position clustergram. a) Pairwise residue correlations for Prx2, with the four identified clusters outlined and
numbered. b) Pairwise residue correlations for Prx1, with the three identified clusters outlined and numbered. Normalized
maximum correlation is 2.

The Prx2 dimer with its Cp and Cr highlighted on each monomer is shown in Figure 5.9.
This structure was used to contextualize each cluster identified in Figure 5.8a.
Cluster 1 is depicted in Figure 5.10 and has the most visually apparent allosteric mechanism. Its
residues span the homodimer interface and also form part of Cr’s binding pocket. This suggests a
series of cooperative interactions that mediate the conformational changes involved in
dimerization. Cr cannot be accessed until the second step of the Prx2 catalytic mechanism, after
Cpr has been oxidized and the structure has shifted from FF to LU. This suggests that this cluster
may be involved in the allosteric interaction that occurs as the structure undergoes this

conformational change.
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Figure 5.9: Dimer of Prx2 with peroxidatic and resolving cysteines shown in spherical form. Chain D, which was used for the
analysis, is shown in grey, and Chain C, its homodimer, is shown in gold. Cp is shown in yellow and Cr is shown in red on each
monomer.

Figure 5.10: Prx2 cluster 1. Cluster 1 from Figure 5.8a superimposed in cyan on a) Chain D of Prx2 and b) both monomers. Cp
shown in yellow and Cr shown in red.

The second major cluster, cluster 2, is depicted in Figure 5.11. This cluster spans the length
of the protein. This cluster connects Cp and Cr through the core of the protein and by forming parts
of the binding pockets. Similar to cluster 1, this cluster likely contributes to the conformational
changes that take place during catalysis as the protein changes from FF to LU. This cluster also

interfaces with the dimer-dimer interface formed when Prx2 is in a decamer. It has been
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demonstrated in microbes that Tsal, a homolog of Prx2, exists as a decamer until oxidation, at
which point the dimer dissociates from the higher-order complex . This mechanism has been
hypothesized to be consistent in mammals. Cluster 2 is suggestive of this putative decamer-to-

dimer transistion that occurs when the protein interacts with its substrate.

Figure 5.11: Prx2 cluster 2. Cluster 2 from Figure 5.8a superimposed in green on a) Chain D of Prx2 and b) both monomers. Cp
shown in yellow and Cr shown in red.

Cluster 3 is depicted in Figure 5.12 and is a bit disjointed across the protein, with several
clusters around the C-terminus of the monomer surrounding the Cr binding pocket and two
residues in the middle of each monomer. The isolated residues are Phel5 and Leull7. Similarly,
cluster 4, shown in Figure 5.13, also surrounds the C-terminus. These clusters may be involved in
the newly hypothesized protein-protein interactions between Prx2 and important signaling or
structural proteins within the cell 8. It has already been established that the C-terminus of Prx
proteins is the site of interaction with sulfiredoxin (Srx) . This YF motif must move in order for
disulfide bond formation to occur, so clusters 3 and 4 are also most likely conserved because of
this catalytic mechanism. Clusters 3 and 4 are shown together in Figure 5.14a, demonstrating how
they complement each other at the C-terminus of each monomer. Figure 5.14b shows all the
clusters together; this depiction demonstrates how conserved residues can allosterically link the

two cysteine pockets across the entire protein structure, as well as provide sites of interface.
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Figure 5.12: Prx2 cluster 3. Cluster 3 from Figure 5.8a superimposed in orange on a) Chain D of Prx2 and b) both monomers. Cp
shown in yellow and Cr shown in red.

Figure 5.13: Prx2 cluster 4. Cluster 4 from Figure 5.8a superimposed in magenta on a) Chain D of Prx2 and b) both monomers.
Cp shown in yellow and Cr shown in red.

Figure 5.14: Prx2 protein sectors. a) Clusters 3 and 4 shown together on the Prx2 dimer. b) All four clusters shown together on
the Prx2 dimer. Cp shown in yellow and Cr shown in red.
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Figure 5.15 depicts the Prx1 with Cp and Cr highlighted. This structure originally came
from a crystal structure in complex with two molecules of Srx, bound in the large gaps between
the C-terminus of one monomer and the Cp of the other. These molecules were omitted from the
figures for simplicity and clarity. Cluster 1 for Prx1 is depicted in Figure 5.16, and appears to have
elements spanning the core of the protein from the dimer interface to the outer face of the
monomers. This cluster’s role is not obvious, but could be involved in interfacing with other

molecules and/or the homodimer.

Figure 5.15: Dimer of Prx1 with peroxidatic and resolving cysteines shown. Chain A is shown in green and Chain B, its homodimer,
which was used for the analysis, is shown in cyan. Cp is shown in yellow and Cr is shown in red on each monomer. The Srx from
this protein complex crystal structure are not shown for simplicity.
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Figure 5.16: Prx1 cluster 1. Cluster 1 from Figure 5.8b superimposed in blue on a) Chain B of Prx1 and b) both monomers. Cp
shown in yellow and Cr shown in red.

Cluster 2 for Prx1 is depicted in Figure 5.17. As seen for Prx2, this cluster spans the C-
terminus of the monomers and also has a couple isolated residues in the center of the structure. In
this structure, where the C-terminus is swung out to interact with Srx, the role of this cluster is
more apparent. This is shown with Srx in context within the structure in Figure 5.19b along with

all the clusters.

Figure 5.17: Prx1 cluster 2. Cluster 2 from Figure 5.8b superimposed in orange on a) Chain B of Prx1 and b) both monomers. Cp
shown in yellow and Cr shown in red.

Cluster 3 is depicted in Figure 5.18. This cluster had the weakest SCA scores, but shares a
similar form to a high-scoring cluster from Prx2, spanning the interface of the homodimer and
linking Cp with Cr. Similar to Prx2, this cluster could provide an allosteric mechanism for the

conformational changes that occur during catalysis. All the clusters mapped together on the protein
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structure, shown in Figure 5.19, suggest a cooperative allosteric mechanism along the C-terminus
through the interface of the homodimer. This may aid Prx1 in interacting with other proteins like

Srx 2,

2

;

\

Figure 5.18: Prx1 cluster 3. Cluster 3 from Figure 5.8b superimposed in magenta on a) Chain B of Prx1 and b) both monomers.
Cp shown in yellow and Cr shown in red.

Figure 5.19: Prx1 protein sectors. a) All three clusters shown on the Prx1 dimer. b) One Srx group shown in pink in the dimer
complex, with clusters represented as spheres on Chain B of Prx1. Cp shown in yellow and Cr shown in red.

This analysis demonstrated that SCA was a useful tool for discerning more information
about the structure-function relationship of Prx2 and Prx1. It enabled the identification of four
groups of highly correlated residues in the Prx2 family and three groups in the Prx1 family. These
groups corroborate allosteric interactions in the suggested cooperative mechanism for Prx action

14 They describe a residue network that could induce the structural changes that are hypothesized
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to occur within each monomer upon oxidation. The C-terminus clusters could describe a residue
network responsible for a docking site for protein-protein interactions. Finally, the unexpected
identification of cluster 2 in Prx2 indicated a group of residues that could be responsible for dimer-
dimer binding in the formation of the decamer ring, indicating that there may be cooperativity
upon oligomerization.

Experimental validation of these residue networks would provide more confidence in the
function of these clusters. This would be achieved by creating mutant proteins and doing double-
mutant cycles to understand if sites are coupled as predicted. One region to pursue in these proteins
will likely be the sites at the C-terminus, which seems to be a possible protein-protein interaction
site; performing double-mutant cycles of the residues within these clusters and observing whether
the ability of the Prxs to interact with downstream proteins like Trx and Srx is intact will be
interesting. Efforts already exist to explore different motifs within the proteins using mutant and
chimera strategies '°. These SCA data provide a future direction for these structural biology efforts

that will help elucidate the functional significance of the sectors within Prx2 and Prx1.
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5.5 Appendix

Sequence of Prx2:

SGNARIGK PAPDFKATAV VDGAFKEVKL SDYKGKYVVL FFYPLDFTFV CPTEIIAFSN RAEDFRKLGC EVLGVSVDSQ
FTHLAWINTP RKEGGLGPLN IPLLADVTRR LSEDYGVLKT DEGIAYRGLF IIDGKGVLRQ ITVNDLPVGR SVDEALRLVQ
AFQYTDEHGE VCPAGWKPGS DTIKPNVDDS KEYFSKHN

Sequence of Prx1.:

SGNAKIGH PAPNFKATAV MPDGQFKDIS LSDYKGKYVV FFFYPLDFTF V' PTEIIAFS DRAEEFKKLN
CQVIGASVDS HFCHLAWVNT PKKQGGLGPM NIPLVSDPKR TIAQDYGVLK ADEGISFRGL FIIDDKGILR
QITVNDLPVG RSVDETLRLV QAFQFTDKHG EVCPAGWKPG SDTIKPDVQK SKEYFSKQK

Table 5.1: List of residues associated with each cluster in Prx2.

Cluster Residues

1 135+ 141 + 165 + 166 + 138 + 139 + 140 +142+179+160

2 26+32+ 41 + 43 + 46 + 83 +64+111+168+39+131+69+37+87+ 89 +90+ 81 +155
3 15+ 118 + 184 + 190 + 191 +192

4 185 + 196 + 183 +193+194+182

Table 5.2: List of residues associated with each cluster in Prx1

Cluster Residues

1 20+91+33+82+156+104+81+38+89+90+161+166+167

2 169+159+171+172+174+173+175+177+183+179+186+4
3 133+145+148+150+151+155+149+158+162+170+163+3
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Chapter 6 : Conclusions and Outlook

This thesis has developed tools and methodology for understanding hydrogen peroxide
(H203) perturbations in the mitochondria. It expanded upon previous work focused on cytoplasmic
perturbations. Using a genetically encoded generator of H>O, targeted to the mitochondrial matrix,
a tunable platform for making mechanistic perturbations was demonstrated. These perturbations
were observed to be dramatically more toxic than comparable one directed to the cytoplasm.
Consistent with previous findings, H2O> toxicity in the mitochondria was dose- and time-
dependent, highlighting the importance of considering the dynamics of H.O> signaling. Finally,
interesting evidence of H20O. protein modifications was found outside of the mitochondria at high
perturbations, implying that that are competing kinetic and transport processes at play.

To enhance the mechanistic understanding developed experimentally, a computational
model of the mitochondrial H20- reaction network was constructed. This modeled the kinetics of
the major antioxidant pathways, aka redox couples, and tracked the concentration of not only H20-
but the oxidized and reduced forms of all the relevant protein species. Using the model, basal
steady-state mitochondrial H2O. was predicted to vary with the overall available pool of
peroxiredoxin-3 (Prx3) and to be in the low nM range (~3 nM). This is in good agreement with
our group’s predictions of ~80 pM cytosolic H202; a higher steady state mitochondrial H2O:
concentration is expected for transport to be possible from the mitochondria to the cytoplasm. This
prediction is also about one order of magnitude lower than existing literature predictions, though
these simulations were made in faster-respiring cells than HeLa cells, which could account for the
discrepancy. It was also predicted that the mitochondrial reaction network could control H20>
perturbations well, up to a threshold (~50 pM/s or 0.25 nmol/mg-protein/s generation). At high
rates of perturbation, the Prx3 network collapsed, and the H20O concentration in the mitochondria

was no longer well controlled. Only at these extreme perturbations did the other antioxidants
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become oxidized, implying that Prx3 controls mitochondrial H2O2 dynamics. This points to the
Prx system as a potential target for future proteomic studies interested in cancer and
chemotherapeutic susceptibility. Finally, it was observed that at short times, there was good
experimental agreement with the model, but at long times, transport becomes more important,
causing the model to over-estimate hyperoxidation.

A method for testing redox-based drugs in primary patient samples was developed based
on high-throughput techniques. Patient tumor samples were split as homogeneously as possible
into 96-well plates to provide at least three replicates per dose to create a dose-response curve with
good statistical power. These plates were fixed and stained post-treatment, and imaged using a
high-throughput microscopy system. An automatic image analysis pipeline developed in the
software CellProfiler allowed a more rapid data processing of the volume of images that came out
of the experiments in order to generate dose-response curves. This methodology was applied to
pheochromocytoma, paraganglioma, and gastrointestinal stromal tumor (GIST) cells treated with
the investigational chemotherapeutic piperlongumine and preliminary results demonstrated some
toxicity of this drug in these tumor types.

The peroxiredoxin (Prx) family of proteins is remarkably conserved across all kingdoms
of life. The Prxs were analyzed using a computational technique known as statistical coupling
analysis (SCA) to look for evolutionarily conserved residues and predict protect sectors or residues
that may be promising for mutational studies. This algorithm was applied to a sequence family
related to Prx2 and Prx1. The analysis found four conserved clusters in the Prx2 family and three
conserved clusters in the Prx1 family. Both proteins showed a conserved cluster at the C-terminus
of the protein, near the resolving cysteine, that may be involving in Prx ability to complex with

other proteins.
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This thesis has elucidated several interesting points about H.O> and related proteins, and
leaves more questions that can be answered to further evolve our understanding. The dramatic cell
death observed with mitochondrial H2O. perturbations was only the beginning of the field’s
understanding of these cell death mechanisms. Thanks to the model, we now have a good idea of
the approximate magnitude of some of these perturbations, but now determine the downstream
protein targets and the signaling cascades with which H2O. participates is a new challenge. A
systems biology approach to this question may be a promising solution, wherein a
multidimensional dataset is captured and regressed to understand how much each component is
contributing to the observed phenotype. High-throughput methods like Luminex exist to
interrogate the phosphoproteome, which can be paired with the low-throughput methods like
Western blot that are necessary to interrogate the redox proteins. A systems-level understanding
of H20> signaling will help in our quest to find good drug targets in the future.

More complete models is another new area where this field is headed. Great strides have
been made in computational modeling in redox biology already. Future models could take several
forms. Reaction-diffusions models could investigate how H>O, (and probably other protein
species) traffic from the mitochondria to the cytoplasm. For this, more experiments will be
necessary to estimate mass transfer parameters. Another strategy would be to implement rule-
based modeling, which is simply a different representation of biochemical systems—still based on
kinetics—that tends to scale better as more species and reactions are added.

The SCA analysis bore out interesting findings. The conserved clusters of residues at the
C-terminus in both Prx2 and Prx1 was of particular interest. Structural biology studies are

underway with collaborators at several institutions to try to understand how these protein sectors
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contribute to the Prxs’ ability to complex with proteins. In particular, this could shed light on the
so-called redox relay hypothesis that has been emerging.

Moving some of these tools and methodologies out of proof-of-concept systems and into
more clinically interesting systems is another future direction. Based on public databases, it looks
like some pancreatic cancers, glioblastomas, and hepatic cancers may be interesting systems to
study to quantify differences in H>O; signaling and metabolism. Still another as-of-yet unexplored
avenue is moving these tools into non-cancerous cell lines and quantifying the differences between
cancer and non-cancer cells. This is a concept that the selective cancer killing hypothesis relies
upon, but that has not been rigorously validated. Taking these tools and beginning to make
measurements in interesting systems will not only shed light on existing hypotheses in the field,

but generate new ideas for the mechanisms underlying the pathologies we are studying.
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APPENDIX A: Measurement of peroxiredoxin-2 and
peroxiredoxin-3 oxidation in patient-derived tumors

Previous work in the area of redox-directed cancer therapeutics has suggested that small
molecule compounds in this class have the potential to selectively kill certain cancer cells through
intracellular elevation of oxidants. Tumors that carry genetic modifications thought to elevate
intracellular fluxes of oxidants may be particularly susceptible to this approach. However,
evaluating the functional significance of various mutations and identification of specific tumor
types that might benefit the most from these treatments remains a challenge. The oxidation states
and abundances of peroxiredoxin isoforms provide information about basal hydrogen peroxide
fluxes. However, most existing studies have been performed in vitro, using methods developed
with immortalized cell lines. We have extended these methods to examine H20. fluxes in the
cytosol and mitochondria of patient-derived tumor samples. Using a patient-derived xenograft
(PDX) model, we compared the effectiveness of the alkylating agents N-ethyl maleimide (NEM)
and methyl methanethiosulfonate (MMTS) in minimizing lysis-induced oxidation of protein-thiols
in tumor homogenates. Our results show that both NEM and MMTS can reduce artificial
peroxiredoxin oxidation to a similar extent in these samples, and that the addition of these agents
to tumor samples prior to cryopreservation is required in order to avoid a prohibitive amount of
artificial protein-thiol oxidation. Finally, the expression levels of the cytosolic and mitochondrial
peroxiredoxin isoforms in the tumors we analyzed appeared to be similar to expression levels
commonly observed in immortalized cell lines, which allows these proteins to retain their high

reaction rate with H,O,.
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A.1 Introduction

The advent of personalized medicine has spurred the production of numerous therapies that target
specific molecular signatures of disease, and these targeted therapies have had success in the
treatment of several types of disorders 3. In cancer treatment, use of these therapies revolves
around identification of biomarkers that are expressed by tumor cells and point to specific
molecules or pathways with altered activity that can be targeted in order induce selective cancer
cell death 1. Redox cancer therapeutics target cancer cells’ enhanced susceptibility to oxidant-
induced stress and elevate intracellular levels of key oxidants past the toxicity threshold for these
species in order to induce cell death *-’. Previously, Blackman et al. and Miyajima et al. suggested
that the small-molecule compounds cisplatin and elesclomol, respectively, act in part through
elevated oxidative species in the mitochondria of human cancer cells 8°, and Huang et al.
demonstrated that the small molecule compound piperlongumine induces toxicity through H20>
elevation in the cytosol of human cancer cells ¥°. However, clinicians currently do not have a
reliable biomarker for use as a metric to determine which tumors would benefit the most from
these treatments. Several researchers have hypothesized that tumor types with elevated fluxes of
intracellular H20. or decreased capacity to reduce H2O> could exist much closer to the toxicity
threshold for this species, thus exhibiting a higher sensitivity to H.O,-based therapeutics +.
However, in order to maximize the efficacy of these treatments and reduce the amount of off-target
toxicity, researchers and clinicians require better methods to measure molecular indicators of H20-
stress in patient tumor tissue.

Gastrointestinal stromal tumors (GISTs) are mesenchymal tumors found in the
gastrointestinal tract of humans, and can occur in men and women of all ages. Succinate
dehydrogenase (SDH) deficient GISTs are a rare type of tumor in this group, characterized by lack
of active SDH in the tumor cells’ mitochondrial membrane, resulting in impairment of electron
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transport chain (ETC) function and normal aerobic respiration. As a result of impaired
mitochondrial function in cells, researchers have hypothesized that these tumors may have higher
rates of production of H202, endowing them with a higher sensitivity towards H2O2-mediated
cancer therapeutics . However, methods for assessing the functional significance of particular
mutations in SDH and other components of the ETC are currently lacking.

In order to withstand oxidative insults, cells utilize a network of antioxidant proteins that
includes peroxiredoxins (Prxs), glutathione peroxidases, and catalase that consume H20; 13, Due
to the relatively high reactivity of Prxs with H.O> in comparison with that of other reaction partners
1415 these proteins act as natural intracellular sensors of this oxidant ®%’. In order to maintain
large pools of reduced Prx that can respond to slight fluctuations in intracellular H2O: levels, cells
rely upon thioredoxin (Trx) and thioredoxin reductase (TrxR) to constantly reduce oxidized Prxs.
As a result, changes in Prx oxidation can indicate changes in both intracellular H20- as well as Trx
and TrxR activity, and reflects the capacity of the cell to respond to further elevation of H20-. In
to order assess oxidation of Prxs in cells, researchers have utilized an electrophoretic method that
relies upon lysis of cell samples, followed by non-reducing SDS-PAGE, and finally, western
blotting for the Prx isoform of interest 178, This analysis reveals the oxidation state of Prx; under
these conditions, reduced forms of the protein appear as monomers and oxidation results in
disulfide-linked dimers. However, due to the extremely high sensitivity of Prxs towards H2O3,
freeze-thaw processes and other procedures that disrupt the membrane of the cell can expose Prxs
to H,0> in the extracellular media or buffer, which can result in artificial oxidation of Prxs ', In
order to reduce this lysis-induced oxidation, previous studies have used alkylating agents such as
methyl methanethiosulfonate (MMTS) and N-ethylmaleimide (NEM) in order to alkylate free thiol

groups on proteins in established cell lines and effectively trap the oxidation state of these proteins
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1718 'However, to our knowledge no studies to date have explored the variable space around use of
these alkylating agents for preparation of Prx protein from patient-derived tumor samples.

It was recently noted that knowledge of Prx protein status in tumors is lacking *°.
Establishing a clear methodology for measuring Prx oxidation status in tumor tissue is the first
step in obtaining these valuable data. In the present study, we employed our recently-characterized
patient-derived xenograft (PDX) model of SDH-deficient human GIST to optimize conditions for
assessing Prx oxidation status as a biomarker for oxidant induced stress in human tumor samples
20 Building upon previous work done with heart tissue from mice 2!, we tested several protocols
for protein extraction from tumor tissue, and used non-reducing SDS-PAGE followed by western
blots as a means to measure the fraction of oxidized Prx2 and Prx3 in the cytosol and mitochondria,
respectively. Our results suggest that both NEM and MMTS can reduce artificial oxidation of Prx2
and Prx3 to a similar extent. Furthermore, addition of the NEM immediately before preservation
of the tumor tissue on dry ice decreases the amount of observed artificial oxidation in both Prx2
and Prx3 to a similar degree as immediate lysis of fresh tumor tissue after surgical excision, which

resulted in the greatest reduction in artificial oxidation.

A.2 Materials and Methods
A.2.1: Origin and description of tumor model
As previously reported, the PDX model, which we have called “the lan GIST model”, was

derived from a gastric GIST in a 17 year-old male patient with a hereditary SDHB mutation
(423+1G>A) and family history of paragangliomas 2. In addition to the germline SDHB mutation,
the tumor harbored a somatic KRAS G12D mutation. Work with this model was approved by the

Institutional Review Board at Tufts Medical Center.
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A.2.2 : Extraction of intracellular protein from patient-derived xenograft model tumor
Excised tumor tissue samples were first placed into 1.5 mL tubes with 1 mL of PBS with either

MMTS (Sigma Aldrich) or NEM (Sigma Aldrich) at various concentrations in order to block free
thiol groups *"'82! and incubated on ice for approximately 50 minutes. After incubation with
either MMTS or NEM, a portion of the tissue samples were snap-frozen on dry ice and stored in
liquid nitrogen. The remainder of the tissue samples were added to separate 1.5 mL tubes with 100
uL of RIPA lysis buffer with either MMTS or NEM at various concentrations plus 1x HALT
protease inhibitor, similar to previous work 2. Samples were then ground with a manual tissue
homogenizer and centrifuged at approximately 18,000xg for 10 minutes at 4 °C. After
centrifugation, the supernatant of the samples was collected and stored at -20 °C.

Previously snap-frozen samples were thawed on ice and immediately placed in 1.5 mL
tubes with 1 mL of PBS with either MMTS or NEM, and incubated on ice for approximately 50
minutes. The samples were then treated as the other samples and the lysate supernatant was stored
at-20 ° C.

A.2.3 : Gel electrophoresis and Prx oxidation western blots
After extraction of protein from the tumor samples, the lysates were first passed through a

sepharose spin column (GE) in order to remove any excess alkylating agent from the lysate
solution. For Prx2 and Prx3 non-reducing western blots, 25 pg of protein was then loaded into a
tris-tricine acrylamide gel and subjected to SDS-PAGE under non-reducing conditions (i.e. with
no PB-mercaptoethanol in sample buffer). The separated proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) (1 hour at 100V), then the membrane was
subsequently blocked with Odyssey blocking buffer (Licor). Primary antibody staining was
performed at 4 °C overnight with either goat anti-Prx2 (R&D Systems, Catalog # AF3489) (at a

dilution of 1:800) or rabbit anti-Prx3 (Abcam, Catalog #ab129206) (at a dilution of 1:10000), as
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well as rabbit anti-p-tubulin (Cell Signaling Technology, #2146) (at a dilution of 1:1000) as a
loading control, and then secondary antibody staining was performed for 1 hour at room
temperature with donkey anti-goat IR 688 (Licor) (at a dilution of 1:10000) or donkey anti-rabbit
IR 800 (Licor) (at a dilution of 1:10000). The tagged proteins were then visualized on the Odyssey
CLx Infrared Imaging System. Densitometry quantifications were done using Image Studio Lite

software and ImageJ.

A.2.4 : Statistical Analysis
In order to isolate the effects of the treatment being investigated, tumor fragments from the

same parent tumor were used. Microsoft Excel’s built-in statistical analysis toolbox was used to

perform two-tailed Student’s t-test where appropriate.

A.3 Results
A.3.1 : Effect of lysis-induced oxidation on Prx oxidation status in human tumor samples
Due to the existence of trace amounts of H202 in aqueous buffers, disruptive techniques

such as rapid freeze/thaw of tumor tissue samples or cell membrane permeabilization with
detergents can result in introduction of additional H>O> to the internal environment of the cell.
Since Prxs react so readily with H>O5, they react with virtually all of this species that enters the
cell, which results in the formation of oxidized Prx dimer species (Figure A.l1a). In order to
determine the extent of this artificial oxidation in a PDX model of human GIST, we first thawed a
section of tissue, homogenized it with detergent, and retained the soluble protein in the lysate. We
subsequently separated the protein via non-reducing SDS-PAGE, transferred the protein to a
PVDF membrane, and probed the membrane for oxidized and reduced Prx2 (which exists in the

cytosol) and Prx3 (which exists in the mitochondria) (Figure A.1b-c). As shown in Figure A.1,
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virtually all of the Prx protein was found in the oxidized dimer state, which suggests that artificial

oxidation has occurred.
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Figure A.1: Effect of lysis-induced oxidation on Prx status in human tumor samples. (a) Schematic representation of effect of
freeze/thaw process and detergents on oxidation state of Prx in human tumor samples. (b) Prx2 dimerization in untreated human
GIST xenograft samples. (c) Prx3 dimerization in untreated human GIST xenograft samples. Representative of two blots.

A.3.2 : Effect of alkylating agent and lysis conditions on measurement of Prx2 and Prx3
oxidation in xenograft model GIST

Given the large amounts of oxidized Prx protein in all of the lanes of the blots in Figure A.1, we
next sought to optimize the protein extraction protocol for this tissue sample type in order to
minimize any artificial oxidation that resulted from the tumor extraction and homogenization

process. In order to determine the optimal parameters for this process, we used three different
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concentrations of two different alkylating agents to block free thiols on Prx protein in GIST tumor
fragments, homogenized the tumor fragments, and immunoblotted the lysates for both Prx2 and
Prx3 (Figure A.2b-e). Tumor fragments were obtained from the same parent tumor to isolate the
variability associated with the alkylation methods. As shown in Figure A.2, addition of the
alkylating agents significantly reduced the fraction of oxidized Prx protein in each lane compared
to the control with no alkylating agent. In addition, higher amounts of alkylating agents reduced
the fraction of oxidized protein in each lane even further in several instances. In contrast with prior
reports of other sample types "8, in this new sample type, the two alkylating agents appeared to

reduce the fraction of oxidized protein with equal efficacy.
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Figure A.2: Effect of alkylating agent identity and alkylating agent concentration on Prx dimerization status in homogenized GIST
biopsies. (a) Schematic representation of effect of NEM and MIMTS on Prx oxidation status. (b-c) Effect of 0-200 mM NEM and
MMTS on Prx2 dimerization in GIST biopsies (b) and quantification of the fraction of total Prx2 that is oxidized, where total Prx2
is calculated from the sum of the oxidized (dimer) and reduced (monomer) bands for each condition shown in western blot (c).
(d-e) Effect of 0-200 mM NEM and MMTS on Prx3 dimerization in GIST biopsies (d) and quantification of fraction of oxidized Prx3
at each condition shown in western blot (e). Error bars reflect mean + S.E.M. for two replicates per condition. Tumor fragments
for all conditions were obtained from the same parent tumor in order to confine variability to the type and concentration of
alkylating agent used.

In addition to alkylating agent concentration and identity, we also sought to determine the

extent of artificial oxidation in homogenized GIST biopsies thawed from frozen tumor segments,
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and if it differed from GIST biopsies freshly excised from the host mouse. In order to determine
the effect of the freeze-thaw process on the amount of artificial oxidation, we homogenized both
thawed and fresh GIST biopsies under different conditions, prepared western blots from the
soluble protein, and probed the blots for Prx2 and Prx3 (Figure A.3a-d). A comparison of the
second and fourth lanes of the blot shows that thawed tumor tissue sections display significantly
more oxidized Prx2 and Prx3 than fresh tumor tissue segments homogenized under the same
conditions. Further, comparison of the second and third lanes in the blot in Figure A.3 demonstrates
that addition of alkylating agent immediately before preservation of the tumor segments on dry ice

prevents additional oxidation once thawed.
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Figure A.3: Effect of freeze-thaw process on Prx dimerization status in homogenized GIST biopsies. Lane 1: frozen GIST
biopsies treated with 0 mM NEM after removal from liquid nitrogen storage; Lane 2: frozen GIST biopsies treated with 50 mM
NEM after removal from liquid nitrogen storage; Lane 3: frozen GIST biopsies treated with 50 mM NEM immediately before
placement in liquid nitrogen and immediately after removal from liquid nitrogen storage; Lane 4: fresh GIST biopsies treated
with 50 mM NEM. (a-b) Effect of tissue disruption conditions on Prx2 dimerization in GIST biopsies (a) and quantification of
fraction of oxidized Prx2 (b). (c-d) Effect of tissue disruption conditions on Prx3 dimerization in GIST biopsies (c) and
quantification of fraction of oxidized Prx3 (d). Error bars reflect mean + S.E.M. for two replicates. Tumor fragments for all
conditions were obtained from the same parent tumor in order to isolate the effects of the freeze-thaw process conditions.

In our last experiment, we sought to compare the fraction of oxidized Prx protein in the
human PDX GIST model with the fraction of oxidized Prx protein from a reference human cancer
cell line. In the absence of the availability of a cell line that would allow a comparison in the same
genetic background, we chose a cell line that allows connection to the existing literature where
redox western blots have been used. When immortalized cell lines are cultured in growth medium
at atmospheric oxygen concentrations, it is well established that peroxiredoxins are highly
abundant and primarily found in the reduced state 112131718 Comparison data for tumor tissues
has not yet been reported. It is possible that the relative scarcity of nutrients and oxygen within the

tumor could lead to dramatically altered expression levels and or/extent of oxidation of Prx.
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Human GIST samples freshly excised from a mouse were pre-treated with 200 mM of NEM before
homogenization. For comparison, a culture of HelLa cells were immersed in 200 mM NEM for an
equivalent period of time and lysed. Both samples were then subjected to non-reducing SDS-
PAGE followed by western blot (Figure A.4a-e). As shown in the figure, the GIST samples
contained a similar fraction of oxidized Prx2 in the cytosol as the HeLa cells, as well as similar
amounts of total Prx2 protein. These data also suggest sub-significant differences in the amount of

oxidized Prx3 and total Prx3 protein between the GIST and HeLa samples.
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Figure A.4: Comparison of oxidized and reduced Prx2 and Prx3 levels in patient derived xenograft GIST samples and HeLa cell
samples. (a) Western blot demonstrating the relative amounts of oxidized and reduced Prx2 in freshly homogenized human GIST
biopsies and HeLa cells treated with 200 mM NEM, with the corresponding densitometry comparing the fraction of oxidized
Prx2 given in (b). Western blot and corresponding densitometry for Prx3 are given in (c) and (d). (e) Comparison of total Prx2
and Prx3 content of GIST biopsies and HeLa cells. Protein band intensities were normalized to the f-tubulin loading control.
Error bars reflect mean = SEM for three biological replicates. Statistical significance reflects a two-tailed t-test at the 95%
confidence level.

A.4 Discussion
In order to prevent lysis-induced oxidation of protein-thiols in samples from established

human cell lines, prior studies have utilized alkylating agents such as MMTS and NEM. These
compounds react with the free thiols of cellular proteins to form adducts that prevent additional
oxidation of the protein samples upon cell lysis. Previously, Sobotta et al. found that addition of
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either MMTS or NEM to HEK?293 cells grown in 2D cell culture resulted in a decrease in the
amount of artificial Prx2 oxidation, and that MMTS was more effective at reducing artificial
oxidation than NEM 7. However, Cox et al. demonstrated that NEM can also serve as a very
effective agent in Jurkat cells at high enough concentrations 8, Kumar et al. showed that treatment
of mouse hearts undergoing ischemia and reperfusion with NEM could preserve information about
peroxiredoxin oxidation status 2*. That said, no studies to date have examined the use of these
reagents in patient-derived tumor samples. In this study, we utilized both MMTS and NEM to treat
human PDX model GIST samples, and systematically examined the effects of several reaction and
process conditions.

In order to prevent degradation of fresh tumor samples, researchers often use dry-ice or an
equivalent substance to rapidly freeze tumor tissue samples and store them for a later date.
However, this process can alter the tissue and lead to a rupture of cellular membranes, which can
cause oxidation of very sensitive proteins such as Prxs. In agreement with this claim, and similar
to observations in mouse hearts 2!, we observed very high levels of oxidized Prx protein in tissue
samples frozen in dry ice without prior incubation with MMTS or NEM, but addition of NEM
immediately before placement in dry ice substantially reduced the amount of Prx oxidation. These
findings suggest that analysis of tissue samples from biorepositories are not likely to provide
valuable information regarding the oxidation status of Prx. Future studies of Prx oxidation as a
biomarker as suggested in 6 will need to include sample collection and alkylating treatment using
methodology we present here in the study design.

Previous studies with kinetic models have suggested that the majority of cytosolic Prx
exists in reduced form in human cells 322 and numerous experimental studies have demonstrated

that many cell types have very low levels of oxidized Prx proteins in the basal state 11718,
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Interestingly, the GIST tissue samples used in this study exhibited only slightly higher levels of
oxidized Prx in the cytosol, but much higher levels of oxidized Prx in the mitochondria compared
to the reference cancer cell line; meanwhile, the total Prx protein in each organelle was actually
comparatively lower for the GIST tissue. To that point, the GIST tumor tissue contains a loss-of-
function mutation of succinate dehydrogenase B (SDHB), a key mitochondrial protein that could
affect intracellular H>O. levels. SDHB is one of four separately encoded protein subunits of SDH:
subunit A catalyzes the oxidation of succinate to fumarate in the TCA cycle, while subunits B, C,
and D support the transport of the free electron to the next member of the electron transport chain.
The SDHB mutation causes destabilization of the enzyme complex and loss of SDH activity, which
can in turn result in impaired transport of electrons that result from the oxidation reaction 22,
These electrons can “leak” from the electron transport chain and combine with molecular oxygen
in the mitochondria to form Oy, and eventually H-0- 24, Consequently, the human GIST samples
may have higher levels of H.O: in the mitochondria as a result of the SDHB mutation, which could
also potentially explain the higher fraction of oxidized Prx3 in this tissue compared to our reference
cancer cell line. An alternative interpretation of these differences could be that, because established
cell lines are grown in rich medium and high-oxygen environments, they express the Prxs at higher
levels to compensate. This observation about underlying differences in Prx3 protein merits further
study through a more comprehensive analysis of many tumors, and could be an interesting avenue
of future work.

The aim of this study was to explore the parameters that affect the efficacy of NEM and
MMTS as a means to block free thiol groups in human GIST samples obtained from a PDX model.
Our results suggest that both MMTS and NEM reduce the amount of artificial Prx2 and Prx3

oxidation in these samples to a similar extent, and concentrations of MMTS and NEM above 50

154



mM correspond to the most effective blocking of artificial oxidation. Our results also suggest that
addition of the alkylating agent immediately after isolation from the host organism is most
effective at minimizing artificial oxidation during subsequent processing steps, including
freeze/thaw. Finally, our experiment in which we compared Prx oxidation in GIST tissue and HelLa
cells suggests that human GIST isolated from the xenograft model have a higher fraction of
oxidized Prx3 in the mitochondria, which could reflect disruption of the mitochondrial electron
transport chain which could result in additional electron leakage into the mitochondrial matrix and
formation of additional O, followed by H20>. These results shed light on the effects of NEM and
MMTS on the oxidation status of Prxs in patient-derived GIST samples, and provide a basis for
the use of these agents block free thiol groups and measure relative Prx oxidation in patient-derived

human tissue samples.
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