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Abstract

Recent advances in chemotherapeutic development have targeted vital mechanisms that ensure
survival of cancer cells; these include the ability to evade immune surveillance, undergo
metabolic adaptations and form a defense mechanism against oxidative stress. Cancer cells often
possess higher endogenous levels of reactive oxidative species (ROS) compared to normal cells
due to the cumulative effects from genomic instability, inflammation and oncogene activation,
and they become increasingly reliant on the cell antioxidant network to prevent this elevated
oxidative stress from becoming toxic. Thus, chemotherapeutics that inhibit the antioxidant
network and thereby elevating ROS are thought to be promising candidates that can selectively
eliminate tumor cells. Despite the promises of these molecules, chemotherapeutics modulating
ROS levels have mostly fallen short of their projected impact. We believe that a thorough
understanding of the quantity, location and duration of ROS generation needed to cause tumor
cell toxicity, will be important for understanding the mechanism of current successful
chemotherapeutics and designing future ROS-based drug candidates. In this thesis, we explored
the use of genetically encoded sensors and generators of ROS, H20 2 in particular, to answer
these important redox biology questions.

We began by developing a deeper understanding of how to use these protein-based peroxide
sensors in a quantitative manner. We created a technique quantifying intracellular peroxide
levels by converting the fluorescence signal outputs from these sensors into more meaningful
intracellular concentrations. This was accomplished via a combination of kinetic modeling,
biochemical measurements and image analysis techniques. We also explored the cell to cell
heterogeneity in sensor response to H2 02 stimulation, and found that the intracellular expression
level of the sensor is correlated with the ratio-metric response of the probe. Further kinetic
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modeling analysis showed that the slow recycling step of activated sensor was responsible for the
correlation.

In the second part of the thesis, we used these sensors in combination with enzymatic generators
that can produce H2 02 endogenously in a kinetically controlled manner. These tools allowed us
to quantitatively determine that there are two toxicity thresholds, a total accumulation of H202 ,
and intracellular concentration, that are needed for H2 02 -mediated cell death. We also applied
these tools to investigate the mechanism of two ROS-based chemotherapeutics, phenethyl
isocyanate (PEITC) and piperlongumine. We found that depletion of the glutathione antioxidant
by these drugs was unimportant to the toxicity mechanism, and the amount of oxidative stress
generated by these compounds was not enough to induce significant toxicity by itself.

The final part of the thesis involves technology development for a next generation enzymatic
ROS generator. We explored the use of P450-BM3, an enzyme that can generate superoxide and
hydrogen peroxide through a reaction that requires only NADPH and oxygen. While this reaction
in the wild type protein is slow, it can be engineered to have much higher catalytic rates. We
demonstrated through various protein engineering approaches that we could create P450-BM3
proteins with enhanced generation of H2 02. We also were able to express correctly folded, active
enzymes inside mammalian cells that utilize intracellular NADPH and oxygen to produce H2 02.

Thesis supervisor: Hadley D. Sikes, Assistant Professor of Chemical Engineering
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Chapter 1: Introduction

Reactive oxidative species (ROS) is a family of molecules implicated in many functions

important to cell survival and pathological problems related to aging, tumorigenesis and

inflammatory diseases. Despite the apparent importance of these molecules, therapy involving

the manipulation of ROS levels has fallen short of its promise. A thorough understanding ROS as

discrete chemical entities with specific kinetic reaction rates will be important for the design of

more effective ROS-based drugs in the future. To do so, we will need sensors that enable better

quantification of specific molecules and ROS generators that investigate the biological role of

these molecules in a controlled, systematic way. In this chapter, we will first provide background

on where various ROS species are generated, what are their reaction targets, and the signaling

and downstream phenotypic effects that have been studied. We will also discuss the success of

previous ROS-based therapies for cancer. Finally, we will give an overview on the existing

technologies for sensing and generating various ROS species for a more quantitative analysis of

redox biology.

1.1 Reactive Oxidative Species: What are they and where do they come
from?

Although molecular oxygen is a di-radical and rather unreactive, its univalent reduction leads to

formation of more reactive species. Reactive oxidative species (ROS) are a family of chemical

molecules that are formed during incomplete reduction of oxygen.1,2 These molecules can

include the initial species generated during the reduction, hydrogen peroxide (H202) and

superoxide anion (02), along with their secondary reactive products such as hydroxyl radical

(HO) and hypochlorous acid (HOCl).i Biological systems are continually exposed to both
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Figure 1.1: Sources of ROS generation inside the cell. ROS is generated through the electron transport chain, the

NADPH oxidase enzymes, the ER and the peroxisome

extrinsic and intrinsic oxidative stress, and consideration needs to be given as to where a

particular metabolite is generated, since microenvironment can dictate the targets these ROS

molecules will potentially encounter. 3

1.1.1 Mitochondria and respiration

The mitochondria houses the electron transport chain (ETC), which transfers electrons from

NADH and succinate along a controlled redox path that ultimately results in a four-electron

reduction of oxygen to water during aerobic respiration.4 However, this reduction process is

imperfect, and 1% of the time the oxygen exits from the reduction relay early to form H202 and

superoxide, notably from complex I and III .5 It is unclear whether the generation is by accident

or for a purpose. The leakage, and especially the presence of H 202, has been implicated in age-

related decline in mitochondrial function, since it was found that mice overexpressing catalase in
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the mitochondria live longer. However, more recent studies suggest that ETC-generated H2 0 2

can be important for dopamine regulation and for activation of stress proteins for growth

signaling.7

1.1.2 NADPH Oxidases (NOX) proteins

NADPH oxidases (NOX) are transmembrane proteins localized to various cellular membranes.8

Family members of this protein transport electrons across biological membranes to reduce

oxygen to superoxide, thus they are exclusive generators of ROS. NOX2, the first member to

be discovered, is implicated during inflammation mediated by phagocytes such as neutrophils

and macrophages. '9 These cells express large amounts of NOX2 on the plasma surface and that

generate copious amounts of superoxide upon activation and assembly of its co-factor subunits.

The superoxide can be converted to H202 and reacts with myeloperoxidase to form oxidants such

as HOCI, an effective killer of microbial pathogens.10 The large amount of ROS released by

these inflammatory cells can also affect the physiology of nearby cells, leading to environments

conducive to tumorigenesis.11 Other members of the family, NOXl through NOX5, are found in

various tissues such as the heart and lung endothelium, contributing to very different

physiological roles.8 NOX4, found exclusively in the endoplasmic reticulum, is constitutively

active and only generates H2 02, not superoxide. 12 The role of these NOX proteins outside of

inflammation is still an active area of research, since their activities and expression levels are

often altered during other pathological phenomena, such as NOX4's role as a regulator of

cardiovascular distress and NOXl's role as a promoter of neural growth.'3 " 4

19



1.1.3 Post translational modifications and protein folding

Secreted proteins often undergo disulfide bond formation as a post-translational modification as

they fold in the ER lumen.15 These reactions are initiated by glycoprotein Erol, which causes

oxidation of thioredoxin protein disulfide isomerase (PDI), forming a disulfide bond.1 5 This

oxidation process requires a two-electron reduction of oxygen to H2 02 , thus creating a flux of

H2 0 2 every time PDI undergoes disulfide formation. The oxidized PDI then transfers its disulfide

bond to the secreted protein via thiol-disulfide exchange. 3

1.1.4 Other sources of generation

While ROS arising from the mitochondria, NOX proteins and the ER are thought to be the major

producers, generation in other cellular compartments and by other enzymes is starting to be

recognized as potentially important in recent years. The peroxisome is an organelle that carries

out key metabolic functions in the cell including P-oxidation of fatty acids, a process which

releases H2 0 2.1 6 The ROS resulting from the peroxisome have been implicated in regulating

mTORCl signaling and causing autophagy in cells.17 Other enzymes such as cytochrome P450, a

superfamily of monooxygenases involved in heme-dependent oxidation of various metabolic

intermediates, is thought to generate superoxide and hydrogen peroxide to regulate diurnal

variation during corticosteroid production.' 8

1.2 Kinetic network and chemical targets of ROS

Since ROS encompasses a family of molecules and not a discrete chemical entity, different

species can mediate a diverse array of modifications on biomolecules from proteins to lipids to

nucleic acids. To achieve a better mechanistic understanding of redox biology, we would need to

identify specific oxidants involved in a biological process and know what they react with as well
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as the reaction rates. While some reactions are theoretically possible, the slow rate of reaction

will render them physiologically irrelevant. To compare the reaction kinetics, we will have to

consider both the second-order rate constant of the reaction and the amount of reactant target

present. We also need to examine the reaction rates of intra-conversion between different ROS

species compared to the rates of reaction of these reactive species with protein, lipids or DNA.

1.2.1 Intra-conversion between different ROS species

While superoxide and hydrogen peroxide are the two primary products resulting from the oxygen

reduction process, they can react with enzymes to form other, more reactive ROS species and

even reactive nitrogen species (RNS). Figure 1.2 shows the intra-conversion between different

members of ROS and how RNS can arise from the presence of ROS. In particular, superoxide

02

ONOO~
1o 9 M's'

109M-Is- SOD

HOCI MPO "202 Fe+2

10 M 1 s 1  76 M-s1

GPx, Prx, Catalase 10 7 Ms-1

H 20

Figure 1.2. Intraconversion between different ROS species. While superoxide and hydrogen peroxide are the

primary species of oxygen reduction, many secondary species can be generated from their reaction with

peroxidases, dismutases and other radicals.

dismutase (SOD) is an enzyme found in different isoforms throughout cellular compartments that

acts as a detox for the oxygen anion radical, reacting with 0-- with rate constants of 109 MI sI
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(close to the diffusion limit) and converting it to H202 .1 9 Superoxide can also react with nitric

oxide (NO-) to form peroxynitrite with similar second order rate constant to SOD.2 0 Peroxynitrite

(ONOO-) is a powerful oxidant of the RNS family that can directly oxidize proteins and DNA

via direct reaction or indirect radical-mediated mechanisms.2 ' Hydrogen peroxide can participate

in the fenton reaction with Fe+2 to yield the short-lived, highly reactive hydroxyl radical (OH*)

with rate constant 76 M-1s-. 22 It can also react with peroxidases with high reactivity, on the

order of 107-108 Ms'1. 23 Seleno and thiol peroxidases such as glutathione peroxidase (GPx)

and peroxiredoxin (Prx) scavenge H20 2 by converting it into water. Heme-peroxidase

myeloperoxidase (MPO) reacts with H202 to form the more reactive HOC.2 If we have

information on the concentrations of reaction partners of superoxide and hydrogen peroxide, we

can predict the dominant radical species for reaction with protein, lipids and DNA based on their

lifetime.

One-electron Two-electron

RadicalI Reduction potential (V) 1 Oxidant Rate constant with GSH (TVI~1s )
OH 2.31 25 HOCl 3 x 10 26
02'- 0.94 25 ONOO~ 700 27

H2 0 2  0.9 28

Table 1.1 Reactivity of various ROS species, categorized by reduction potential and reaction rate with thiols.

The ROS/RNS species highlighted above can be divided into one-electron (radical) and two-

electron (non-radical) oxidants, red and black in Fig 1.2, respectively. The oxidation strength

(reactivity) of the one-electron radicals can be ranked based on the reduction potential, since the

activation energy (kinetics) for radical reactions is low. The reactivity of two-electron (non-

radical) oxidants is trickier, since the kinetics of the reaction is more important than the reduction

potential, given the high activation energy barrier. Table 1.1 shows the relative reactivity of one-

electron oxidants, based on the reduction potential, and the relative reactivity of two-electron

oxidants, based their reaction rate constants with thiol protein glutathione (GSH). While
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superoxide and hydrogen peroxide have lower reactivity compared to other oxidants in their

class, they can rapidly convert into the more reactive species via the network described

previously.

1.2.2 Major reaction targets of H202

Cysteines. Oxidation of the thiol side chains of cysteine through a two-electron oxidation

mediated by H20 2 is the most commonly recognized and studied H2 0 2 modification of proteins.

Due to the electrophilic nature of hydrogen peroxide, nucleophilic attack by deprotonated thiols

releases H2 0 to form a sulfenic acid, which can then go on to form internal or mixed-disulfides

with GSH.2 9 H20 2 is selectively reactive to cysteine residues depending on the protein

environment. For example, the second order rate reaction of H202 with PTP1B is 20 M's' while

the rate constant of H202 with antioxidant Prx-2 is 1.3 x 107 M's'. 3 The reactivity of the

cysteine residue is dictated by their solvent-exposed localization and ionization state, since

thiolated anions (-S-) are more nucleophilic than their protonated counterpart. Thus, the pKa of

the residue relative to the intracellular pH is important for the second order rate constant. 28 ,30,31

The oxidized cysteine groups can be reduced in two different ways: internal disulfides can be

reduced by thioredoxin (Trx), while mix-disulfides formed with GSH can be reduced by

glutaredoxin (Grx).32 Table 1.2 shows the reaction of H2 02 with various intracellular chemical

targets in the cytoplasm, reported as a rate constant consist of second order rate constant x

concentration of the analyte. The majority of H2 0 2 in the cytoplasm is scavenged by the thiol

peroxidases peroxiredoxin I or II, due to their high activity and high abundance inside the cell.

Many studies have shown that peroxiredoxin is important in H202-mediated signaling. Since

actual signaling targets such as PTP 1 B or PTEN react with H20 2 very slowly, it is thought that a

redox relay occurs where H202-oxidized Prx can transfer the oxidation to the desired signaling
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molecule.1'3 3 This phenomenon is shown during the oxidation of STAT3 by Prx-2, and the

requirement of Prx-1 oxidation for the activation of p38 mitogen-activated protein kinase

(MAPK).34 ,35

Selenols. A selenoprotein is any protein that includes a selenocysteine (Se-Cys) amino acid

residue. They are structurally similar to that of cysteine, but with an atom of selenium in place of

sulfur. Glutathione peroxidase (GPx) is a family of antioxidants with a reactive selenol, reacting

with H2 0 2 with second order reaction rate of 107 M~Is-1 in the cytoplasm.36 H2 0 2 causes

oxidation of the selenocysteine to SeOH, which then forms a mix-disulfide with a glutathione

molecule.3 7 The mix-disulfide is transferred when another glutathione molecule comes in to

reduce the enzyme. While GPx has the same second order reaction as Prx 1 or 2, it is present in

much lower abundance in the cytoplasm (1:100 compared to Prx 1 and 2).38 Thus, its reaction

with H2 0 2 is secondary to that of Prx and only takes prominence when Prx is irreversibly over-

oxidized or inactivated via phosphorylation.39 ,40

Iron-catalyzed reactions. In addition to cysteine thiols, various other amino acids can be

oxidized by H2 02 , although most of these oxidations are catalyzed by redox-cycling metal ions

such as Fe+2 or Fe+3 . 41 An example of this is the conversion of histidine to 2-oxo-histidine,

which has a second order rate constant of 102 M-1 s-133 H2 0 2 can also undergo Fe+2-mediated

decomposition known as fenton reaction, generating the highly reactive hydroxyl radical.

However, the fastest iron-catalyzed reaction is the conversion of H202 to H2 0 by catalase, with a

second order rate constant of 2 x 107 M~Is-1.36 While the complete mechanism of catalase is not

entirely known, it is believed that the iron center of the heme group attached to the enzyme

interacts with hydrogen peroxide, causing the oxidation of Fe+3 to Fe+4 42 Since catalase is
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sequestered in the peroxisome, its apparent reaction rate in the cytoplasm is low. 37 43 However,

H 202 generated in the peroxisome will react predominately with catalase.

H20 2 Target Reaction rate s-
Candidates (second order rate constant x

concentration of anal te in cytoplasm)
Prx-1 or 2 1300

GPx 10 38

Catalase 3 38

GSH 0.0045 28

Cdc25B 0.000016 44

PTP1B 0.000002 45

Table 1.2 Pseudo first order reaction rates with H-202 with various intracellular targets including peroxidases and

cellular signaling targets in the cytoplasm

As the most-studied ROS, the reaction partners of H202 are of intense interest. A summary of

common targets of H 202 is shown in Figure 1.3.

1.2.3 Major reaction targets of other ROS species

Superoxide. Despite the reduction potential of 0.9V, superoxide directly oxidizes few biological

compounds because its anionic charge limits reaction with electron-rich centers. The majority of

direct reactions with superoxide yield other, potentially more biologically reactive molecules.

Superoxide dismutase reacts to convert superoxide to H202 with a rate constant close to the limit

of diffusion. The detoxifying effect of this enzyme is extremely important, the loss of which

causes mitochondrial depolarization and eventual apoptosis. 46'47 Nitric oxide, while having low

reactivity by itself, can combine with superoxide to form peroxynitrite (ONOO-), a molecule that

can directly oxidize thiol protein groups or lead to secondary carbonate and nitrogen dioxide

radicals.2 ' These radicals can lead to significant DNA alterations. Due to the anionic charge,

superoxide is highly attracted to iron-sulphur clusters, oxidizing the release of iron.3 3 3

HOC. HOC1 is a highly reactive species formed from reaction of H202 with myeloperoxidase

(MPO), a heme-based peroxidase. HOCl is a key component during immune response since it is
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Figure 1.3 Mechanism of H202 interaction with peroxidases and protein thiols inside the cell. The mechanism of

H202 interaction with peroxiredoxin, glutathione peroxidase and protein thiols are depicted, along with the re-

generation mechanism of the reducing partners.

extremely toxic to bacteria, but it has been linked to several pathologies as a result of damage to

host tissue.10 HOCl can directly oxidize cysteine residues at a much faster rate than H202; the

reaction rate constant of GSH with HOCl is 3 x 10' Ms 1', compared to 0.9 Mls-' for H202. "3

HOCl can also react with tyrosine residues to form 3-chlorotyrosine, 5-chlorotyrosine and 3,5-

chlorotyrosine, implicated in atherosclerosis and cystic fibrosis.48

OH'. Hydroxyl radical generated from H2 02 fenton reaction is extremely toxic and unstable.

With a half-life of one nanosecond, hydroxyl radicals indiscriminately attack targets with rate

constants typically in the 109 M -1 range, making it difficult for any antioxidant to detoxify the

molecule.' While most other ROS species cause modifications on proteins, oxidation of lipids

and DNA is predominately due to OH. Hydroxyl radical removes an electron from unsaturated
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lipids, causing a free radical chain reaction mechanism that results in lipid peroxide (R-OOH).49

It can also attack the deoxyribose DNA bases via addition to the electron-rich pi bonds. These pi

bonds, located between C5-C6 of pyrimidines and N7-C8 of purines, can be converted to

baseless sites subject to beta-elimination.5 0

1.2.4 Localization and kinetic targets

We would be remiss not to consider the effects of localization in a discussion of relevant kinetic

targets of ROS. The second order rate constant is only one component of the overall kinetic rate,

with the other important consideration being the concentration of the reactants. Less reactive

substrates can become oxidized in the presence of more potent scavengers by considering site

localization. This theory, known as the flood-gate model, proposes that low fluxes of ROS are

quickly scavenged by the highest antioxidants, such as peroxiredoxin. However, higher fluxes of

ROS can overwhelm the local peroxiredoxin by causing it over-oxidize and enable other less

reactive proteins immediately outside the "scavenging zone" to be oxidized.1,3, 8 ,4 0,5 1 ,52 Another

localization technique is to sequester the ROS and the target in the same cell compartment, as in

the case of catalase and H2 02 in the peroxisome, or superoxide in the mitochondria, since it has

low membrane permeability.5 3 Manipulating the local concentration of the reactants is an

alternative way for ROS molecules such as H20 2 to confer selectivity. For example, Nox proteins

that influence receptor tyrosine kinase signaling via H202 are often colocalized with their

phosphatase and kinase targets at the plasma membrane. 54 We should also consider that given the

instability and short half-lives of certain ROS like hydroxyl radical, these species will only get

the chance to react with what is in the immediate vicinity of their site of generation, so different

ROS species can have very different localized effects.
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1.3 Cell signaling and down-stream phenotypic effects related to H202

elevation

The previous section explored the different ROS and RNS that can arise from the primary

species superoxide and hydrogen peroxide. Furthermore, we demonstrated that this family of

molecules can have very different reaction targets due their chemistry and depending on their

localization. While superoxide mostly participates in SOD-mediated dismutation to hydrogen

peroxide or conversion to RNS, H20 2 and the secondary species generated from this molecule

often participate in meaningful biological modifications leading to an array of cellular responses.

Hydrogen peroxide itself has low second order rate constants with many signaling molecules; it

overcomes this problem in one of three ways:

1. Conversion to more reactive molecules such as hydroxyl radical and HOC

2. Using its high reactivity with peroxiredoxin (Prx) and glutathione peroxidase (GPx) to

create a redox relay, allowing the oxidized Prx or the GPx to transfer the oxidation to the

desired protein

3. Developing a large, highly localized flux of the molecule, temporarily overwhelming the

local antioxidants to react with other less reactive proteins

There are many studies out there that connect H202 elevation to cell signaling leading to

proliferation, apoptosis and necrosis. Without the proper tools, we don't know by which of the

aforementioned mechanisms H202 is reacting, only that H202 and the oxidation of the

phosphatases or kinases are correlated. The consensus in the field is that increasing intracellular

H202 concentration cause a shift from pro-growth to pro-death response.55~57 However, there is

no consensus on what those concentrations are.
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1.3.1 Role of H20 2 in pro-survival pathways and tumor formation

H 20 2 has been long thought to play a role in neoplastic growth, since a variety of cell lines

derived from human cancers demonstrate elevated oxidative stress. 58 Research in the past two

decades has demonstrated that at most physiological levels, H 20 2 serves as a second messenger

in signaling, essential in maintaining the survival and homeostasis of the cell by regulating the

MAPK and the P13K pathway.5 9-63 It does so by oxidizing tumor suppressors and apoptosis

regulatory elements, and by causing genomic instability.64,65 Molecules such as dual-specific

phosphotase 3 (DUSP3), an inhibitor of the ERK molecule, results in sustained MAPK

activation. 33,66 It can also inactivate other tyrosine phosphatases such as PTEN and Sph2,

promoting the activation of proliferation/survival P13K pathway. 66 The activation of these

mitogenic pathways often leads to production of growth factors such as PDGF and VEGF, which

drive the cell towards angiogenesis and cancer progression, while producing more reactive

oxygen species.67 The activation of the P13K pathway also upregulates Akt, which prevents cells

H 20 2 can promote proliferation, survival and tumorgenesis

EGF VEGF PDGF

ERK

PTEN |- H2 02  - DUSP6
Proliferation

AKT

H2O2

1 MDM2 BCL-2

Proliferation, Survival, tumorgenesis
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Figure 1.4 Signaling and interaction pathways for H 202 to cause proliferation, survival and tumorigenesis. In
particular, the AKT and the MAPK pathways are involved.

from programmable cell death and causes a transition from aerobic respiration to aerobic

glycolysis, also known as the Warburg effect, a common phenomenon in advanced cancers. 68

Rather than oxidizing the protein signal molecules, H202, in its more reactive hydroxyl radical

form, can also cause DNA mutation. Accumulation of these mutations leads to progressive

genomic instability and tumor formation. The causal link between H202 and cancer progression

is illustrated through experimental manipulation of the NOX proteins. NIH3T3 cells transfected

with NOXl increase the vascularity of tumors and induce angiogenesis when implanted in a

mouse model.59 More recently, specific NOXl protein inhibitors have been able to block the

formation of functional invadopodia in human DLD1, decreasing the metastatic potential of

these colon cancer cells.60

1.3.2 Role of H202 in cell toxicity

Apoptosis. During highly elevated or persistent oxidative stress, H202 shifts from promoting

growth to inducing apoptosis or necrotic cell death.63 Apoptosis is a programmed cell death in

which a cell breaks into several apoptotic bodies containing the organelles and releases them to

the environment for digestion by the phagosomes, minimizing damage to the surrounding cells. 69

It is usually activated via caspases. There are two caspase-dependent pathways to apoptosis: the

intrinsic pathway involves the opening of the permeability transition pore complex in

mitochondria and the release of cytochrome c, culminating in caspase-3 cleavage, and the

extrinsic pathway involves the Fas ligand and TNFR activating the caspase 8 pathway to induce

apoptosis. 57,69,70 H202 can participate in the intrinsic pathway by inhibiting phosphatases that

would interfere with ASK signaling molecule, leading to JNK and p38 activation. The activation

of these known pro-death pathways causes the mitochondrial membrane to activate pore-
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destabilizing proteins (Bax/Bak). 71 The p38 pathway is also found to be specific to H202 -

induced activation, as only oncogenes that increase H202 production cause the activation of the

p38 pathway and caspase mediated cell death.72 However, apoptosis signaling via H202 does not

necessarily require caspase-3 cleavage. Continuous, low generation of H202 using extracellular

enzymes such as glucose oxidase can lead to translocation of AIF, a key mitochondrial death

factor, to the nucleus and subsequent mitochondrial disassembly. 73 H 202-mediated apoptosis also

does not have to occur through oxidative manipulation of signaling pathways. Generation of high

enough concentrations of H 202 and other ROS in the mitochondria can cause oxidation of

membrane lipids in mitochondria, leading to depolarization of membrane potential.47'74'75 Finally,

excessive presence of DNA damage by hydroxyl radicals can alert p53, a tumor suppressor gene

that will activate ATM (ataxia telangiectasia mutated), signaling the beginning of programmed

cell death.76

Necrosis H202 leads to cell death

H 202  H202

JUN1I2 Bak Sax HO

ASK

Mitochondria

Caspase-3 < Caspase-9 <

Cytochrome c release

as93 eH202
Apoptosis

p53 J Nucleus
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Figure 1.5: Pathways and interaction with H202 that lead to cellular apoptosis or necrosis. H202 can induce
depolarization of the mitochondria by ASK signaling, lipid modifications through hydroxyl radical, and DNA-
damage-triggered p53 activation

Necrosis. Necrotic cell death lacks the pre-programmed and organized disassembling of cellular

organelles of apoptosis since the cell membrane ruptures to release the cell's content,

unpackaged.69 Necrosis is an undesired cell death process since the release of cellular content is

toxic to surrounding cells and often is accompanied by inflammation. Instead, it is thought of as

a backup cell death pathway when the caspases or caspase-dependent pathways cannot be

properly activated. High, acute H202 insults have been shown to cause necrotic cell death.77

However, little is known about the mechanism by which cells switch from an apoptotic to a

necrotic mode of death. It is likely that necrosis occurs when the excessive H202, some of which

converts to hydroxyl radical, causes massive, sudden lipid peroxidation, rupturing the plasma

membrane before the cell can activate the appropriate mechanism to form apoptotic bodies.

1.4 ROS-based cancer chemotherapeutics

The use of cancer chemotherapeutics have always been limited by dose toxicity, the

concentration above which both normal cells and tumor cells are affected by the drug.76 Thus, it

is an ultimate goal for chemotherapy to be able to exploit biochemical differences between

normal and tumor cells, widening the gap between which the drug is harmful to the tumor cell

and not harmful to the normal cell. ROS-based cancer chemotherapeutics in particular exploit the

redox state differences between tumor and normal cell. In this section, we will explain the theory

and give examples of this new class of drugs that are purported to selectively kill cancer cells by

causing excessive oxidative stress.
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1.4.1 The theory behind ROS-based chemotherapeutics

As mentioned in the previous section, oxidative stress contributes to progression of tumor

formation. Both intrinsic and extrinsic oxidative stress cause a wide variety of protein and

genomic instability in the cell, and accumulation of these mistakes are a central part of

malignancy. Intrinsic factors such as oncogene activation, aberrant metabolism, mitochondrial

dysfunction and loss of p53 are known to increase ROS production in cancer cells.78'79

Expression of genes associated with tumor transformation, such as H-Rasvl 2, causes a large

amount of superoxide to be generated through the NOX protein. 80'8 1 Besides oncogenic

transformation, ROS-induced genetic mutations in the mitochondrial DNA lead to leakage of

82electrons in the ETC. Finally, at later stages of cancer development, p53 inactivation via

accumulated mutations prevent the aberrant cells from regulating genetic instability through p53-

mediated DNA repair or apoptosis. 83 In addition to the intrinsic factors, the microenvironment

around tumor cells is often conducive to elevation of oxidative stress. Tumors are often found in

the same locale as immune cells, since the oxidative burst released from macrophages and

neutrophils during pathogen combat can impact nearby, otherwise healthy cells.84 The

microenvironment surrounding tumors are also hypoxic. Hypoxia is known to stimulate the

production of mitochondrial ROS, activating hypoxia-inducible transcription factor 1 (HIF-1), a

known factor that promotes angiogenesis, survival and glycolysis (Warburg effect). 85

Measurement of oxidative stress markers, such as oxidized DNA base (8OHdG) and lipid

peroxidation, is much more elevated in tumor cells than their normal counterparts.8 6-88 To

combat the endogenous elevated ROS level, cancer cells have evolved stronger antioxidant

systems to keep the stress from becoming overly toxic. Cells adapted to increasing level of

oxidative stress show elevation of catalase and glutathione peroxidase activity in vitro, and the
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same can be observed in vivo. 89-91 Tumor cells often activate redox-sensitive transcription factors

such as nuclear factor-kB (NF-kB) and NRF-2. These transcription factors are typically bound

and inactive in the cytoplasm until oxidation of their binding partner allows them to translocate

to the nucleus, leading to increased expression of SOD, catalase, thioredoxin and GSH to combat

the elevated stress. 92 Thus, cancer cells have characteristically high antioxidant capacity that

regulates ROS to levels that are compatible with cellular biological functions, but still higher

than in normal cells. Thus, a strategy to treat tumor cells is to manipulate the ROS level inside

the tumor cells.

The first strategy is to scavenge the excess ROS produced by the cancer cells, bringing them

back to a normal oxidative state. Several antioxidants, including vitamin E for free radicals and

Cell Death

Cn
Toxicity threshold 0

Tumorgenesis . Therapy 

Add
antioxidants
Therapy

L.)
Homeostasis

Normal Cancer
Figure 1.6 Strategies to eliminate tumors through ROS-based therapies. Cancer cells have elevated endogenous ROS
compared to normal cells. We can either add antioxidants to bring that level down, or we can add more ROS to
selectively push tumor cells over the toxicity threshold.

selenium for glutathione peroxidase, have been used in this context. 93' 94 However, the success of

these antioxidants is varied. In many cases, the use the vitamin E and selenium actually increased
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the progression of cancer. 95' 96 This is because the concentration of the ROS matters, as we

described in the previous section. If the antioxidant is not successful in bringing the cancer cell

completely down to normal physiological levels and instead lingers at concentrations of

associated with onset of disease, the antioxidants would actually be helping the cell survive in

persistent oxidative stress. Using antioxidant-based therapy would require very careful

monitoring of intracellular ROS level.

The second, more clinically successful strategy is to actually increase the ROS level inside the

cell (Figure 1.6). As the previous section describes, high levels of oxidative stress can induce cell

apoptosis. Since cancer cells have an elevated ROS level compared to normal cells, addition of

more ROS can selectively propel these cells over the toxicity threshold, while leaving the normal

cells unharmed. These can be drugs that directly cause more production of ROS from various

cellular sources, such as arsenic trioxide's inhibition of mitochondrial respiratory chain, or they

can be compounds that take advantage of cancer cell's higher dependence of antioxidants by

depleting these ROS detoxifiers. 65 The next section details this antioxidant depletion strategy

with actual examples of ROS-based chemotherapeutics currently being developed.

1.4.2 Examples of ROS-based chemotherapeutics for tumor elimination

Many of ROS-elevating chemotherapy strategies involve knocking down the antioxidant system

that tumor cells rely on for survival. Three main antioxidants have been targeted with current

chemotherapy: glutathione, thioredoxin and superoxide dismutase.

GSH metabolism. GSH metabolism appears to be actively involved in protecting cancer cells

from apoptosis, as well as in mechanisms of multidrug and radiation resistance. In particular,

elevated GSH in tumor cells has been associated with resistance to platinum-containing anti-
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cancer compounds such as cisplatin. 97 GSH participates in H202 elimination as a reducing

partner for glutathione peroxidase; it is also used during protein oxidation as a protectant of the -

SOH group, targeting it for reduction via glutaredoxin. 29,98,99 Finally, GSH, via its thiol group,

can bind to toxic, electrophilic compounds and export them from the cytoplasm. 99

Glutamate cysteine ligase (GCL) is the rate-limiting enzyme in the synthesis of GSH, thus it is a

target for drug therapy. The classical drug used to inhibit GCL activity is buthionine

sulphoximine (BSO), the only known inhibitor of de novo GSH synthesis in clinical use. 100 Two

other more recent drug candidates employing supposedly the same mechanism include phenethyl

isothiocyanate (PEITC)74,81,ioi, which has shown promise in preclinical mouse models of ovarian

cancer 0 2, and piperlongumine, which suppresses tumor growth in mouse xenografts of bladder,

breast and lung, possibly due to its interaction with GSTP-1.103,104 Incubation of tumor cells with

these drugs is linked to substantial decrease in total GSH level, and increase in ROS measured by

DCFH fluorescence dye.1 05 The ROS increase is selectively more magnified in tumor cells than

normal cells, causing tumor cells to undergo apoptosis while leaving the normal cells unharmed.

Thioredoxin metabolism. Similar to GSH, thioredoxin is central to one of the major redox

systems in animal cells. Thioredoxin is important for catalyzing the reduction of protein di-

sulfide bonds, making it an integral part of the H2 02 scavenging mechanism via peroxiredoxin 1

and 2. 10'107 Auranofin is a gold compound that is clinically used as an antirheumatic agent and

functions as a specific thioredoxin inhibitor.1 08 1 09 Ovarian cancer cells treated with Auranofin

undergo cytochrome-c mediated cell death.1 09 Furthermore, co-treatment of Auranofin and BSO,

which knocks down both GSH and thioredoxin, is extremely effective against head and neck

squamous cell carcinomas.1 08
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Superoxide dismutase. Since mitochondrial dysregulation is a common pathology associated

with cancer cells, production of superoxide is an integral part of tumorigenesis. An unbiased

small molecule screen identified superoxide dismutase 1, or SOD1, as a target for inhibitors of

growth in many lung adenocarcinoma cells in vitro."'" A copper chelating agent, ATN-224,

has been shown to specifically inhibit SODI by binding and removing copper from the active

site of the enzyme. This SOD-1 inhibition has led to steady state increases in ROS level via

DCFH, and also increased mitochondrial membrane depolarization, leading to release of

cytochrome c and apoptosis. 46'1'12 In particular, ATN-224 has been demonstrated in vitro to be

effective for non-small-cell lung cancer (NSCLCs), a class of tumors that have poor prognosis

and few therapeutic targets.! 1 2

1.4.3 Shortcomings of ROS-based chemotherapeutics

Although ROS-based chemotherapeutics, as described above, show great promise for

advancement of tumor treatment, the use of these chemotherapeutics is still fraught with

complications, and many of these chemotherapy candidates never make it past clinical trials. One

aspect limiting the effectiveness of these drugs, as well as many other chemotherapeutics, is the

development of chemo-resistance.6 5 Tumor cells are constantly evolving to adapt to oxidative

stress. Some tumor cells have evolved strong overexpression of cyto-protective genes that make

them resistant to the ROS-elevating effects of these drugs. An example of gene-related

adaptation is the up-regulation of NRF-2 found in many chemo-resistant tumor cells.' 1 3-115 In

normal cells, NRF-2 is usually bound to KEAP1 and subject to degradation. Since KEAPI

contains many reactive thiol groups, it acts as a "sensor" for the presence of H202 ; oxidation of

these thiol groups lead to de-coupling of NRF-2 from KEAP 1 and translocation of NRF-2 to the

nucleus to activate antioxidant response elements (ARE).1 1 6 However, some cancers have
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evolved somatic mutations in KEAP1 or KEAP1 binding domain to NRF-2, and consequently

NRF-2 is constitutively active in the nucleus. 14 Gradual treatment of breast cancer cells with

doxorubicin at sub-lethal levels over a period of a few weeks leads to consistent up-regulation of

nuclear NRF-2, and certain difficult-to-treat lung adenocarcinomas often have an oncogene-

mediated increase in nuclear NRF-2 via KRAS, or deletion of KEAPI. 114,7,118 Thus, it is

important to consider genomic regulation of ROS-mediating transcription factors before

suggesting ROS-based chemotherapy treatments for a particular tumor.

There has been a lack of thorough investigation into the mechanisms of these chemotherapeutics

due to lack of appropriate, quantitative tools and proper ROS-generating controls. For example,

while many previous studies indicated the correlative effects between GSH depletion and ROS-

elevation with subsequent apoptosis for BSO, PEITC and piperlongumine, it has never been fully

tested whether the depletion of GSH, or elevation of ROS, is necessary for toxicity, and it is

unclear which reactive species is responsible and where it is being generated. As a result, high-

throughput screens identifying "ROS-elevating" small molecules show that there is no dosage

correlation between ROS elevation and toxicity of the compound.1 0 5 ,119, 12 0 These shortcomings

can be addressed with better, more species-specific measurement tools, along with protein tools

that provide spatial and temporal generation of the desired oxidative species. Only with a

systematic investigation into the ROS mechanism of these chemotherapeutics can we begin to

apply these compounds most effectively to treating tumors.

1.5 Sensors and generators of hydrogen peroxide and superoxide

To enable mechanistic understanding of ROS-based chemotherapeutics and to inspire their future

design, we need to develop a better understanding of how individual ROS species and their

generation affect phenotypic outcome. Tools that can measure locally-produced ROS and
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enzyme generators that can produce spatially and temporally controlled oxidants will be

important in that goal. In this section, we discuss the currently available sensors and generators

for studying redox biology. While we will discuss tools available to study both superoxide and

hydrogen peroxide, there is an emphasis on tools tailored to H2 02 , due to its longer lifetime and

more interesting biological implication.

1.5.1 Colorimetric and dye-based sensors for H20 2

Colorimetric assays. Although H20 2 has a distinct UV absorbance measureable at 240 nm, its

sensitivity is poor and requires millimolar concentrations, well outside the physiological range

found in biological systems.3 7 Therefore, the majority of extracellular peroxide measurements

are done using horseradish peroxidase (HRP) based assays with substrates such as azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS) or 10-acetyl-3,7-dihydroxyphenoxazin (Amplex

Red). 3 8,121,122 Both of these compounds, colorless to begin with, act as electron donors when in

contact with H2 02 , with their oxidation catalyzed by HRP. The oxidized product from this

reaction is a soluble green compound in the case of ABTS, and a red compound called resorufin

in the case of Amplex Red, the color of which can be quantified using a UV-Vis. The dynamic

range of this reaction, amplified by HRP, is between 2 - 50 pM for ABTS and between 250 nM

- 10 pM for Amplex Red (data not shown). Since the reaction between the reagent and H2 02 is

irreversible, these assays are useful for end-point signal collection and measurement of

cumulative H2 02 . They cannot follow the real-time fluctuations in H202 concentration.

Fluorescent-based dyes. While colorimetric assays are sufficient for extracellular measurement,

the compounds cannot diffuse across the plasma membrane to record intracellular peroxide

concentrations. About 30 years ago, a fluorescent dye called 2',7'-dichlorodihydrofluorescein
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El

(DCFH2) was invented. DCFH2 is able to penetrate cells as its esterified derivative, DCFH-

DA.123 Once inside the cell, the acetate groups are hydrolyzed to form DCFH2, which is polar

and unable to diffuse out. Upon oxidation, DCFH2 forms the fluorescent product DCF. Although

often touted to be a measurement of H202 , DCFH 2 does not actually get oxidized directly by

H2 0 2 . Instead, it is directly oxidized by one-electron free radicals, and the intermediate radical

species gets subsequently converted to a fluorescent product (Figure 1.7). 124 In order for a

reaction between H202 and DCFH2 to take place, a metal catalyst would be required. Thus

increases in DCFH2 could simply be a measure of an increase in metal ions inside the cell. 125 The

direct reactants of DCFH2 are radical species, therefore it is a non-specific probe for many ROS

or even RNS. Finally, the intermediate radical species of DCFH2 can be scavenged with radical

capturing antioxidants. Thus, signal output from DCFH2 is riddled with caveats. Despite all this,

it is still the most commonly used sensor for H202 measurement in redox biology.
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Figure 1.7: Different methodology for intracellular quantification of H20 2/other ROS. DCFH2 and PG1 are
membrane-permeable dye-based methods of measuring ROS. HyPer and ro-GFP ORP1 are protein-based sensors
that are genetically expressed

Building on the repertoire of chemical-based sensors, an intracellular dye using boronate

deprotection reaction of H202 called Peroxy Green 1 (PGl) was invented as a more specific

sensor for H202.1 26 Briefly, 2-methyl-4-O-methyl Tokyo Green is treated with N-phenyl

bis(trifluoromethanesfulonamide) and palladium-catalyzed borylation, the end product produced,

as shown Figure 1.7, is essentially Toyko Green with a boronate group. When H20 2 comes in

contact with PG1, a marked increase in green fluorescence occurs as the boronate deprotection

reaction regenerates the 2-methyl-4-0-methyl Tokyo Green. This deprotection reaction is

specific to H202, as incubation with other members of the ROS family such as superoxide and

hydroxyl radical did not cause a change in signal.

While PGI is an improvement in specificity from DCFH2, use of fluorescent dyes for detection of

H202, or ROS in general, is problematic. First of all, the reaction of the dye with the oxidants is

irreversible, so the probes can only measure total accumulated H20 2 , rather than a real-time

concentration. Secondly, experimental variability with dye uptake into the cell can be

confounded with an actual difference in H202 level, and there is no control for it due to the fact

that it is a single feature measurement. The probe cannot be selectively localized to different

cellular compartments, and finally, its H202 sensitivity of 10 -100 pM can miss pathological

intracellular concentrations that are of interest.56 ,12 7 ,12 8

1.5.2 Intracellular protein-based sensors for H20 2

In recent years, genetic engineering has been used to produce fusions of fluorescent proteins with

bacterial and yeast proteins that react specifically with hydrogen peroxide. Fusions are

constructed such that changes in the spectrum of the fluorescent protein occur when hydrogen
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peroxide oxidizes a cysteine of the microbial or yeast protein, causing it to subsequently form a

disulfide bond with a neighboring cysteine.1 29-131 Two examples of this type of fusion are the

bacterial-based HyPer sensor and the yeast-based ro-GFP Orpl sensor (Figure 1.7). In the case of

HyPer, a circular-permutated YFP was inserted in between the cysteine groups of the OxyR

H2 0 2 sensor domain of bacteria, and upon H202 oxidation, the cysteine groups form a disulfide

bond and change the conformation of the entire fusion protein.132,133 In the case of ro-GFP Orp1,

the ro-GFP fluorescent protein, with cysteines engineered on the P-barrel of EGFP, is fused

downstream of Orp1, a yeast sensor specific for H202 oxidation sensing. The oxidation by H20 2

causes a disulfide bond formation on Orp-1, which is subsequently transferred to the ro-GFP.1 34

The conformational changes involving the fluorescent proteins affect two spectral features: an

excitation peak at one wavelength decreasing and an excitation peak at a second wavelength

increasing in a dose-dependent manner upon stimulation with hydrogen peroxide. 13 1,133 For

HyPer, the 500 nm wavelength increases while the 420 nm wavelength decreases, and the

onnosite trend occurs for ro-GFP Orn. The dynamic ranges of both sensors are similar and very

sensitive, detecting intracellular changes in the nanomolar range.38 ,135

Besides the specificity and sensitivity in response to H202, genetically encoded protein sensors

have a huge advantage in terms of the ability to localize to specific cellular compartments or

locale when an appropriate targeting sequence is attached, or when the sensor is fused to the

source of generation. Furthermore, the oxidation of these probes is reversible by intracellular

glutaredoxin or thioredoxin, enabling measurements of fluctuations in intracellular H2 02 rather

than a cumulative output. However, these measurements are not exactly real-time, since these

sensors suffer from slow reduction kinetics, causing them to lag behind the actual cellular

concentration. Another caveat of using HyPer, in particular, is the pH sensitivity of the YFP
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protein. Small changes in pH have shown large shifts in ratiometric fluorescent response. Thus a

control protein, SypHer, where one of the cysteine residues of the OxyR is mutated to serine,

needs to be used with every experiment to ensure that the effects were due to H2 0 2 and not

environmental artifacts. 36

1.5.3 Sensors for superoxide

Over the past 20 years, hydroethidine (HE) has become the gold standard for detecting

superoxide. The oxidation product of the HE and superoxide reaction, 2-Hydroxyethidium, is

unique to superoxide and peroxynitrite; H20 2 and hydroxyl radical do not form the same product

upon reaction with HE.17 However, the current detection method using fluorescence cannot

distinguish 2-hydroxyethidium from the products formed by other oxidants1 38,139 The only

accurate method of detecting this compound is via HPLC or mass spectrometry, making the

detection method too cumbersome to be effectively employed.

1.5.4 Generators of hydrogen peroxide and superoxide

Bolus H202 addition. Researchers have historically used bolus addition to perturb intracellular

levels of H2 0 2 and study its effects. However, bolus treatment can only add H20 2 to the

extracellular medium, requiring H 202 to diffuse through the cell membrane, which results in a

gradient.37' 38"1 40 While generation of H2 02 external to the cell is relevant to certain cellular

processes, such as inflammation and the respiratory burst, this is not the case with respect to

many other diseases that produce oxidative stress. 141,142 Furthermore, bolus addition of H202 has

non-physiological kinetics: while bolus addition is expected to produce a sudden increase in

intracellular H20 2 concentration followed by exponential decay due to antioxidant scavengers,

realistic H20 2 production is gradual over a more prolonged period of time. These differences in
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kinetics may result in effects not seen when H202 is produced using endogenous cellular sources.

141,143,144 Continuous generation of H20 2 in localized settings within the cell may better reflect

physiological processes with respect to spatiotemporal changes in H2 02 levels during the actions

of certain drugs and pathologies, making this a preferred method of perturbation. Both enzymes

and small molecules have been used in this capacity, as discussed below.

Enzymes for ROS generation. The three main enzymes that have been used in past studies to

perturb H 202 levels are oxidases: xanthine oxidase (XO), glucose oxidase (GO), and D-amino

acid oxidase (DAAO). While xanthine oxidase and glucose oxidase have been predominately

used for continuous ROS generation outside the cell, D-amino acid oxidase has been used as a

genetically encoded generator.

Enzyme Source ROS Intracellular Substrates Products
generation versus
rate (min") extracellular

Xanthine Bovine milk -550 141-630 149 Extracellular Xanthine/hypo Uric
oxidase xanthine + 02 acid/xanthine

+ H2 0 2 /0 2 .

Glucose Aspergillus -56000 15 Extracellular $-D-glucose + Gluconic acid
oxidase niger 02 + H2 02
D-amino Rhodotorula ~20000 Intracellular D-amino acid + a-keto acid +
acid gracilis H20 + 0 2  NH 4+ + H202
oxidase I I I I

Table 1.3 Key characteristics of existing enzymatic ROS generators. Xanthine oxidase, Gluocse oxidase and D-amino
acid oxidase are enzymatic generators that can produce H202 and superoxide.

While XO purportedly generates 02'~, it actually generates both 02 and H202, and was recently

found to predominantly produce H202 under physiologically relevant conditions.1 45 Furthermore,

while extracellular 02 can diffuse across the membrane through anion channels to enact

intracellular effects, it may also dismutate to H202, either outside or inside the cell.1 46 It is thus

inappropriate to label XO solely as a superoxide-generating agent, and it is important to

determine the stoichiometry of the products from a reaction catalyzed by XO in a given set of
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experimental conditions. Because XO is given to catalyzing production of a mixture of H2 02 and

02', along with other byproducts such as uric acid, it is difficult to pinpoint any resulting

biological effects to a particular species. While XO could theoretically be genetically encoded

for intracellular perturbation, its promiscuous activity with a wide range of endogenous

substrates would add another undesirable complication. 147

GO is an enzyme that oxidizes glucose to D-glucono-6-lactone, and produces H2 02 as a by-

product. The H20 2 produced from GO has often been used in conjunction with catalase, an H202

scavenger, to modulate steady state levels of H2 0 2 .144 It thus offers product specificity that is

difficult to control in reactions catalyzed by XO. However, GO has only ever been used for

extracellular generation, likely because it requires use of a valuable metabolite, glucose, that

would greatly perturb cellular metabolism and obfuscate any resulting effects that could be

attributed to either H20 2 or glucose consumption. While this may be relevant for studying

inflammatory processes,1 42 this may not be the case for processes involving only intracellular

generation.

DAAO is an enzyme that is predominately found in the peroxisome. It enables the oxidation of a

D-amino acid to the corresponding imino acid with a FAD co-factor, producing ammonia and

hydrogen peroxide as by-products. 5 2 By altering the peroxisomal targeting sequence, DAAO

from yeast can be expressed in the cytosol.1 531 54 The production of H20 2 is initiated when D-

alanine is added extracellularly, with increasing D-alanine concentration causing an increase in

the kinetics of generation. DAAO has been used in this manner in numerous other studies,15 3,155 -

157 giving insights into the effects of endogenously produced H202 .

The properties of the enzymatic generators are summarized in Table 1.3.
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Small molecule generators. Miller et al. developed a photocaged H2 02 generator termed Caged

Peroxide Generator 1 (CPGl) that produces superoxide as an intermediate species and hydrogen

peroxide via dismutation upon activation by light.' CPG1 was able to produce H2 02 on the

order of tens of micromolar, with the total amount and kinetic rate modulated by the amount of

CPG1 loaded into the cell. In a similar system, Cheong et al. used a photosensitizer,

hematoporphyrin, and light to activate intracellular ROS generation in dendritic cells.1 59 It is

noted that hematoporphyrin produces singlet oxygen (102), hydroxyl radical (OHf), and 02-, in

addition to H202. Both probes were loaded into the cytosol of cells, as they currently do not have

any tag to direct them to a particular subcellular compartment. The lack of localizability and

specific species generation make it difficult to use these tools to pinpoint with more precise

spatial resolution the effects of a particular ROS.

1.6 Conclusion and purpose of thesis work

This chapter provides an overview of reactive oxidative species in terms of where they come

from, what are the reaction kinetics of the protein, lipid and DNA targets of each member, and

how the concentration of the ROS is implicated in signal transduction and downstream

phenotypic effects. This dual life-versus-death role of ROS, depending on the intracellular

concentration, is exploited by ROS-based cancer chemotherapeutics to selectively eliminate

tumor cells, but the use of these drugs is fraught with complications and falls short of its

promise. Therefore, a quantitative, systematic study of specific ROS and their phenotypic effects

will inform better design of these therapies in the future. These studies require state-of-the-art

tools that can provide species-specific measurements, as well as spatially and temporally relevant

generation.
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In this thesis work, we explored quantitative use of genetically encoded sensors for H202. We

did so by developing an assay that converts the signal generated from the sensors into an

intracellular concentration change. We also explored the massive heterogeneity in the sensor

response to an identical stimulant, understanding how we should interpret the sensor output in

context of this heterogeneity. We then used these genetically encoded sensors together with

generators of H2 0 2 to quantitatively study H202-induced toxicity, and also applied them to better

understand the ROS mechanism of the chemotherapeutics PEITC and piperlongumine. Finally,

we engaged in our own technology development, creating a new enzymatic generator based on

P450-BM3, an easily engineer-able protein that can produce hydrogen peroxide and superoxide

with controlled kinetics. Taken together, our findings yielded greater quantitative insight into

how we use these genetically encoded sensors, and how these sensors and generators can be used

to elucidate H202-mediated cell death in cancer chemotherapeutics. Finally, our work inspired

the development of next generation sensor and generators for study of reactive oxidative species.
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Chapter 2: Quantifying intracellular

hydrogen peroxide perturbations in terms

of concentration
Molecular level, mechanistic understanding of the roles of reactive oxygen species (ROS) in a

variety of pathological conditions is hindered by the difficulties associated with determining the

concentration of various ROS species. Here, we present an approach that converts fold-change in

the signal from an intracellular sensor of hydrogen peroxide into changes in absolute

concentration. The method uses extracellular additions of peroxide and an improved bio6hemical

measurement of the gradient between extracellular and intracellular peroxide concentrations to

calibrate the intracellular sensor. By measuring peroxiredoxin activity, we found that this

gradient is 650-fold rather than the 7-10-fold that is widely cited. The resulting calibration is

important for understanding the mass-action kinetics of complex networks of redox reactions,

and it enables meaningful characterization and comparison of outputs from endogenous peroxide

generating tools and therapeutics across studies.

2.1 Introduction

Redox reactions underlie a number of signaling pathways within cells, causing a variety of

observable cellular responses ranging from homeostasis to proliferation to death 1-.

Understanding the molecular mechanisms that make one of these responses more likely than

another is an active area of current research, and such an understanding has far-reaching practical

significance since several pathological states are characterized by altered redox biology 5. As

one example of a class of pathological states, cancerous cells are thought to function in the

presence of higher levels of oxidative species than noncancerous cells 6. Redox therapeutics are
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hypothesized to act by causing the intracellular oxidant level of cancer cells to rise above the

upper limit that is compatible with survival 7-9. For safety, it is important that the perturbation

induced by the therapeutic stays within the limits of the defense networks of healthy cells ". This

hypothesis and approach are inherently quantitative and success would depend on the

magnitudes of the changes to oxidant levels in healthy and diseased cells and how the final levels

relate to the threshold for survival. However, facile measurement of perturbations to the

intracellular levels of oxidants in terms of concentration and as a function of time has been a

long-standing challenge in the field.

Hydrogen peroxide is a particularly interesting oxidant because of its stability; its longer lifetime

allows it to participate either as a secondary messenger molecule or a lethal oxidant . Most

phenotypic and signaling studies of cellular responses to peroxide are done using extracellular

addition, either with a bolus or with sustained generation using glucose oxidase 12,13. However,

hydrogen peroxide has limited permeability across the plasma membrane 1. When peroxide is

added to the outside of cells, fast consumption by antioxidant enzymes inside the cell creates a

gradient across the plasma membrane, making the intracellular concentration lower than the

extracellular concentration. Antunes, et al. were the first to move from simply reporting external

concentrations to estimating intracellular concentrations by building a compartmental model that

estimates the gradient using experimentally determined kinetics of known antioxidants and of the

hydrogen peroxide adsorption rate across the membrane 15. A gradient of -7- to 10-fold results

from their analysis, meaning for a given extracellular concentration, the corresponding change to

the intracellular concentration is about 7- to 10-fold lower. Using this method, changes to

intracellular concentrations have been correlated with cellular responses indirectly by observing

the effects of extracellular hydrogen peroxide perturbations 13,16
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However, since these publications appeared, other antioxidants have been discovered as

important in scavenging hydrogen peroxide 17. These were not included in the original kinetic

calculations and therefore, depending on the magnitude of their contribution, the original

gradient estimate may be lower than the actual gradient across the membrane, leading to

incorrect intracellular associations for different phenotypes. Furthermore, the study of cellular

response to hydrogen peroxide is shifting from using extracellular perturbation to endogenous

generators, with the reasoning that endogenous generators better mimic physiological conditions

during the action of drugs and for some disease states in terms of the location and kinetics of

121820
peroxide generation -2. It is currently difficult to assess the hydrogen peroxide

concentrations generated by these endogenous tools.

To address this need, we developed a quantification approach, demonstrated here as we correlate

fold-change in signal from a genetically encoded peroxide sensor to change in intracellular

concentration. HyPer, the particular probe used herein, is derived from the OxyR transcription

factor found in bacteria with YFP inserted between two reactive thiol groups to provide a

fluorescent readout of OxyR's oxidation state 21. The sensor is expressed by the cell and emits a

ratiometric fluorescence change upon reaction with hydrogen peroxide only; it is unresponsive to

other oxidants. Unlike the readouts in other intracellular peroxide sensing strategies 22, the signal

of HyPer is reversible due to the activity of intracellular reductases, and this feature allows

peroxide to be monitored as a function of time. To convert fold-change in HyPer's signal to a

change in absolute intracellular concentration, we first added various known amounts of

peroxide to the outside of HeLa cells expressing HyPer and measured the resulting fluorescence

using methodology established in previous work 23 . Then, we modified the compartmental model

from Antunes, et al. to include peroxiredoxin, and devised methodology for experimentally
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determining the kinetic parameters required for calculation of an improved peroxide gradient

across the plasma membrane. Using the new gradient, we are able to interpret changes in HyPer

fluorescence resulting from the known, external bolus additions in terms of absolute intracellular

concentration (Fig 2.1 a), and the resulting calibration accomplished using extracellular addition

of peroxide can be then used to quantify peroxide produced by intracellular generators.

2.2 Methods and Materials

Materials

Hydrogen peroxide, horseradish peroxidase (HRP), neomycin, penicillin-streptomycin, glucose

oxidase, catalase, L-glutathione, glutathione reductase, digitonin, triton X-100, were purchased

from Sigma (St. Louis, MS, USA). 2, 2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

diammonium salt (ABTS) was purchased from Tokyo Chemical Industry Co (Portland, OR,

USA). D(+)-Glucose was purchased from Macron Fine Chemicals (Center Valley, PA, USA).

NADPH was purchased from Roche (Basel, Switzerland). HeLa cells were a gift from the

Wittrup Lab at MIT (Cambridge, MA, USA). The Modified Eagle's medium (EMEM) and fetal

bovine serum were purchased from ATCC (Manassas, VA, USA). Trypsin was purchased from

Lonza (Walkerville, MD, USA). Lipofectamine 2000 was purchased from Invitrogen (Carlsbad,

CA, USA). A plasmid encoding HyPer-cyto plasmid was purchased from Evrogen (Moscow,

Russia). Q HP FF, Phenyl HP and Superdex75 FPLC purification columns were purchased from

GE Healthcare (Fairfield, CT, USA). Other common chemicals to make buffer solutions were

purchased from VWR International (USA).

Cell culture and transfection
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HeLa cells were cultured in EMEM with 10% FBS at 37*C, 95% air and 5% CO 2 . A stable cell

line of HeLa cells expressing HyPer was created by transfecting HeLa cells with a mixture of

plasmid DNA and Lipofectamine for 24 hours, and a single colony was gradually selected over a

period of six weeks using neomycin at 1 mg/mL. The plasmid was maintained in the cell with

neomycin at 0.2 mg/mL.

Fluorescence spectroscopy for HyPer readings in intact HeLa cells

HeLa cells expressing HyPer were trypsinized, washed once in phosphate buffer saline (PBS),

pH 7.4 and re-suspended in the same buffer at a concentration of 250,000 cells/mL. Excitation

spectra of HyPer expressed in cells were recorded using a Tecan M200 microplate reader with

excitation at 410-510 nm, 9 nm bandwidth, and emission at 545 nm, 20 nm bandwidth. A

baseline excitation spectrum was taken, then a bolus of hydrogen peroxide was added to the

suspension and kinetics were followed for a period of 10 minutes. HyPer's ratiometric

fluorescent response was obtained by dividing the emission reading for excitation at 500 nm by

the emission reading for excitation at 420 nm, then dividing the peak of the ratiometric

fluorescence by the baseline to obtain a fold change. The fold change data is normalized to a

control case where no hydrogen peroxide was added to the system (i.e. an equal volume of buffer

only was added).

Consumption of hydrogen peroxide by intact HeLa cells

HeLa cells containing HyPer were grown in 10 cm BD Falcon dishes (VWR International, USA)

until confluent. The cells were trypinized, washed once in PBS, pH 7.4, and re-suspended in PBS

with 2 g/L D-glucose at a concentration of 106 cells/mL, 10 mL total. A bolus of hydrogen

peroxide was then mixed into the dish, making it a total of 80-100 pM in cell suspension. Every
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two minutes, a 200 jiL sample of the cell suspension was inactivated with 13 pL 5 N HCl to

prevent further antioxidant scavenging. The samples were incubated for 10 minutes in HCl, then

centrifuged at 14,000 x g. 160 ptL of the supernatant was removed, mixed with 70 pL of 1 M Kpi

(pH 8.0), followed by 50 pL of 2.5 mM of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic

acid) (ABTS) solution and 10 gL of 3 mg/mL horse-radish peroxidase. The samples were read at

an absorbance wavelength of 405 nm. A standard curve between 0 pM and 50 pM for hydrogen

peroxide was done with each set of data.

Exposure of HeLa cells to steady state levels of hydrogen peroxide

If the first order rate constant of hydrogen peroxide consumption by intact HeLa cells is correct,

then we can do a steady state balance between the consumption of hydrogen peroxide and the

generation of hydrogen peroxide by a glucose oxidase system 1. Glucose oxidase was diluted in

PBS (pH 7.4) with 2 g/L D(+)-glucose to concentrations of ~5 mU/mL. The rate of hydrogen

peroxide generation for the diluted stock was determined using the ABTS assay. Then, 10 pM of

hydrogen peroxide mixed with 0.8 million cells/mL and an appropriate amount of glucose

oxidase (generates 2.8 gM hydrogen peroxide/min) in the PBS + glucose solution, and the

concentration of hydrogen peroxide outside the cell was measured for a period of 60 minutes

using the ABTS assay.

Consumption of hydrogen peroxide by catalase

Trypinized HeLa cells expressing HyPer (106 cells/mL) were lysed by re-suspending the cells in

50 mM potassium phosphate buffer (pH 7.4) containing digitonin. Digitonin concentration was

varied from 0.01 to 1 mg/mL. For each lysate sample, hydrogen peroxide depletion was

measured in the presence of 10 mM hydrogen peroxide and kinetics were followed at 37C for 5
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minutes at 240 nm (extinction coefficient 43.6 M'cm-1 ). At digitonin concentrations of less 0.1

mg/mL, only the plasma membrane was affected, yielding depletion kinetics due to catalase

acting on H202 that diffused across an intact peroxisomal membrane.

Consumption of hydrogen peroxide by glutathione peroxidase

HyPer HeLa cells expressing HyPer (5million cells/mL) were lysed in 50 mM potassium

phosphate (pH 7.4), 1mM DPTA buffer containing 0.1 % Triton solution. The lysate mixture was

then pre-incubated at 3 7C with a range of 1 to 3 mM of GSH, 1.1 U/mL glutathione reductase,

0.3 mM NADPH and 1 mM NaN 3 to reduce any oxidized GPx for 10 minutes. Then, a bolus of

35 pM hydrogen peroxide was added to the mixture and NADPH depletion at 340 nm (extinction

coefficient 6.22 mM~'cm-1) was followed for a period of 5 minutes. For kinetic analysis, the part

of the curve corresponding to 2 to 15 pM hydrogen peroxide remaining was used for fitting to

the integrated rate equation shown below:

t- to k2Ik11 Ln 1

[H2 O2]o- [H2Oz]t GPxtotal(GSH] k1 '*GPxtotal [Hz0z 0-[H20z1t

where t is the time since the addition of a bolus of hydrogen peroxide to the lysate system, k1 ',

k2', k3' are rate constants associated with GPx redox reaction as indicated in SI, and [GPx]total is

the total concentration of GPx enzyme. kGpx kl' * [GPx]tOtal and was obtained by the inverse

/ Ln ([H202]0
slope of linear fitting [H2021t o t-to

[H20z10-[H202 [H2 02 ]0 -[Hzo 2]t

Consumption of hydrogen peroxide by 2-cys Peroxiredoxin

HeLa cells expressing HyPer (5.8 million/mL) were lysed in 20 mM Hepes (pH 7.4), 1 mM

EDTA buffer containing 0.1% Triton solution. The lysate mixture was pre-incubated at 37C
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with a range of 20-50 pM yeast Trx, 2 pM yeast TrxR, 0.4 mM NADPH and 1 mM NaN3 for a

period of 10 minutes. Then, a bolus of hydrogen peroxide between 20 to 25 ptM was added to the

mixture and NADPH depletion was followed by monitoring absorbance at 340 nm (extinction

coefficient 6.22 mM 1cm-) for a period of 5 minutes. For kinetic analysis, the experimental data

was fitted to a model simulation using root-mean square deviation and the pseudo first order rate

constant kpr was extracted.

Purification ofyeast-thioredoxin and thioredoxin-reductase

Plasmids for yeast Trx/TrxR (pET17b-yTrxl and pET17bOyTrxR) were a gift from Dr. Sang

Won Kang (Ewha Woman's University, Seoul, Korea) 24. To purify the recombinant proteins,

E.coli BL21 (DE3) transformed with the plasmids were was grown until OD 0.6 (k=600 nm) in

250mL of Terrific Broth, at which point expression was induced by addition of 1 mM isopropyl-

1-thio-B-d-galatoside (IPTG), cells are harvest after shaking for 4 hours at 250 rpm. The cells are

lysed, on ice, for 20 minutes, 1 min interval in 10 mL of buffers specified in 24, then spun at

12,000 x g for 15 minutes. The supernatant was filtered through a 0.22 pm Acrodisc Syringe

Filter (Pall Corporation, USA). For TrxR, the crude extract was loaded onto a Q HP fast-flow

anionic exchange FPLC column. The protein was eluted with a linear gradient of 0-500 mM

NaCl in 20 mM Tris-HCl (pH 7.5), and the fraction containing yTrxR protein was verified

through SDS-PAGE gel and used for a subsequent purification. After dialyzing the fraction

against 20 mM Hepes-NaOH (pH 7.0), the protein was equilibrated with 1 M ammonium sulfate

(pH 7.0) and loaded onto a Phenyl HP FPLC column. The protein of interest came out in the

flow-through before the elution step, and the pool of purified proteins were dialyzed against

buffer containing 20 mM Hepes (pH 7.4) and stored at -70C until required. For Trx, the crude

extract was heat-treated for 30min at 75'C and centrifuged to remove denatured protein. The
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soluble supernatant was loaded onto the Q-HP fast flow anionic exchange and eluted with the

same linear NaCl gradient as TrxR. The fractions containing Trx were then loaded onto

Superdex 75 gel filtration column equilibrated with 20 mM Tris-HCl, 1mM EDTA and 150 mM

NaCl (pH 7.0). Protein purities for both Trx/TrxR were confirmed through SDS-Page gel and

UV spectra (Appendix). The reducing potential of yTrxR was measured by pre-oxidizing yTrx

with equimolar hydrogen peroxide for 10 minutes, then incubating with yTrxR and NADPH to

measure the reduction kinetics 2. An activity of 2.4 0.3 tmol/min/mg was found, indicating

active yTrxR was produced that couples with the yTrx redox state.

Statistical analysis

For kinetics analyses at least three technical replicates and two biological replicates were

performed for each rate constant. The experimental values are reported as the mean standard

error of mean (SEM). For the HyPer standard curve, the data points represent the mean over 4

trials (2 technical and 2 biological replicates), and the error bars are the 95% confidence

intervals.

To determine kprx, a parameter sweep from 0.1 to 100, step size 0.1 was performed using

Matlab2013, and for each value of kprx, the root mean square deviation (RMSD) is calculated

between the simulation kinetic curve and the experimental kinetic curve. The kprx value that gives

the minimum of the RMSD function is the estimated kprx. This fitting was performed for various

Trx and hydrogen peroxide concentrations, and the overall kprx reported is the mean from all of

the fittings.

RMSD = ( Xne)2
n
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where n is the number of data points, xsis the value of the simulation data, and Xe is the value of

the experimental data.

2.3 Results

2.3.1 Determining the hydrogen peroxide gradient across the HeLa biomembrane

We determined the peroxide gradient across the HeLa biomembrane by adapting Antunes' model

(Fig 2.1b). Since intracellular concentrations of hydrogen peroxide are generally thought to be

sub-micromolar, most of the antioxidant pool is expected to exist in the reduced form, resulting

in a pseudo-first order reaction 1,25,26 Thus, at equilibrium, the rate of absorption of hydrogen

peroxide across the plasma membrane will equal the rate of consumption of hydrogen peroxide

by the antioxidants inside the cell:

kintact [H 2 02] outside = kantioxidants [H2 02] cel (1)

where kintac, is the pseudo-first order rate constant for absorption of peroxide across the

membrane of intact cells and kantioxidants is the sum of pseudo first-order rate constants for all

intracellular antioxidants. Re-arranging these terms yields an equation for the gradient, R, across

the plasma membrane.

[H202]outside _ kantioxidants = R (2)
[H202]cell kintact

This gradient is independent of peroxide concentration and is only dependent on the first order

rate constants of hydrogen peroxide adsorption by the intact cell and by the intracellular

antioxidants.
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Figure 2.1: Schematics for quantification assay and gradient measurement. (A) Schematic of a quantification assay for hydrogen

peroxide. We measured the gradient of hydrogen peroxide across the plasma membrane of HeLa cells and the fluorescent

response of a genetically encoded sensor, HyPer, to known added amounts of extracellular peroxide. Knowledge of the gradient

provides a correlation between intracellular concentration and HyPer fold change. (B) Kinetic model of hydrogen peroxide

absorption across the plasma membrane and scavenging within the cell. A gradient is established across the plasma membrane

due to the rapid consumption of hydrogen peroxide by intracellular antioxidants. The magnitude of this gradient depends on the

relative value of the rate constant for intracellular consumption (kinioxidants) and the rate constant for transport across the

membrane (kitat)

The pseudo first order rate constants for the rate of adsorption of hydrogen peroxide across the

plasma membrane (kintact) and consumption by antioxidants catalase (kcataiase) and glutathione

peroxidase (kGPx) in the cytoplasm were determined using methodology similar to that outlined in

5. To determine kintact, we tracked the extracellular concentration of hydrogen peroxide as a

function of time using an absorbance-based horseradish peroxidase assay in place of an oxygen

electrode, and we verified the value using steady state generation of peroxide by an extracellular

glucose oxidase system (Appendix). kcataiase and kGpx were determined using the experimental

protocol and data analysis methods of the original Antunes paper. We found a kintact of 5.9 0.2
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x101 s- cell- L (N=6), kcaataase of 8.5 0.3 x10 1 s-cell-'L (N=8) and a kGpx 3.4 0.08 x]0- f s-1 s-

'cell-'L (N=12) (Fig 2.2).
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Figure 2.2: Finding kititact, kcatalase and kGP. (A) Finding kinact. The rate constant of hydrogen peroxide diffusion across the

membrane was determined by adding hydrogen peroxide to a suspension of HeLa cells and measuring the extracellular

concentration of peroxide using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) absorbance based assay. (B)

Finding kcatalase. HeLa cells were permeabilized with increasing concentrations of digitonin and lysates were incubated with 10

mM H 20 2. Depletion of peroxide was measured at 240 nm and the first order rate constant was determined. The plateau before

the rise in kinetic activity indicates conditions where the peroxisome is not disrupted. (C) Finding kGP,. HeLa cells lysed with

0.1% Triton were incubated with 1.3 mM to 3 mM of GSH, 1.1 U/mL of glutathione reductase, 1 mM NaN 3 , 0.3 mM NADPH

and 35 pM hydrogen peroxide. NADPH depletion, as an indicator of hydrogen peroxide depletion, was measured at 340nm.

Hydrogen peroxide depletion kinetics between 2-15 pM were then fitted to an integrated rate equation and kGPx was determined.

Since the time of Antunes' widely cited gradient estimations, a class of antioxidants called

peroxiredoxins (Prx) has been hypothesized to play a major role in scavenging hydrogen

peroxide in mammalian cells. Though pseudo-first order rate constants are not yet available in

the literature, second order oxidation rate constants the same order of magnitude as that of

glutathione peroxidase (GPx) have been reported for purified 2-cysteine forms of the protein

17,27. The 2-cysteine Prx (2-cys-Prx) that react with peroxide are largely localized in the

cytoplasm, and in HeLa cells, cytoplasmic Prx I and II account for over 90% of these isoforms

found throughout the cell 28. Following reaction with peroxide, thioredoxins are responsible for

returning oxidized form of Prx to its reduced state. We believe that the contribution of this class

of antioxidants cannot be ignored in determining the gradient across the plasma membrane.
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One interesting and potentially complicating feature of 2-cys-Prx is that the redox active thiol

group can be hyper-oxidized to sulfinic or sulfonic acid groups under sufficient hydrogen

peroxide concentrations, rendering it inactive. These species are then very slowly reduced to

-SOH by sulfiredoxins (Fig 2.3a) 29. However, hyper-oxidation of 2-cys-Prx has been detected

only for cells exposed to high concentrations of extracellular hydrogen peroxide (>100 pM) and

is generally not detected during hydrogen peroxide mediated signaling events 26,30,31. Below the

hyper-oxidation detection threshold, the abundant thioredoxin system in most cell lines rapidly

recycles any oxidized 2-cys-Prx, so we can approximate that the majority of the active

cytoplasmic 2-cys Prxs are in the reduced form 26,32. Thus under most in vivo hydrogen peroxide

conditions, the Prx scavenging activity can be estimated as pseudo first order, where the rate

constant kpx is a function of the second-order rate constant of the oxidation step, and the total

active intracellular 2-cys-Prx concentration, [Prxactive].

The reaction scheme of 2-cys Prx oxidation, hyperoxidation and reduction is shown below:

H 2 0 2 + Prx - (SH) 2 + H+ -+ Prx - (SOH) + H 2 0 (3)

k2
Prx - SOH -4 Prx - (SS) + H2 0 (4)

or

H 202 + Prx - (SOH) + H+ -- Prx - (SO 2 H) + H 2 0 (5)

Prx - (SO2 H) - Prx - SOH + H+ + H 2 0 (6)

k5
Prx - (SS) + Trxred -> Prx - (SH) 2 + Trxo, (7)

Trxox + NADPH 4 NADP+ + Trxred + H+ (8)
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Writing these reactions as ordinary differential equations yield:

O[H2 02 ] = kl[H2 02 ] [Prxreduced] - k[H2 02] [Prx - (SOH)] (9)

a[Prxreduced] = -k 1 [H2 02] [Prxreduced] + k5 [Prx - SS] [Trxreduced] (10)at

a[Prx-SOH] = k1[H 20 2 ] [Prxreauced] - k 3 [H2 02][Prx - (SOH)] - k2 [Prx - (SOH)] +at

k4[Prx - (SO 2 H)] (11)

a[Prx-(S02 H)] = k3[H202][Prx - (SOH)] - k4 [Prx - (SO 2 H)] (12)at

a[Prx-SS]=k ---

[ - k2 [Prx - (SOH)] - ks [Prx - SS] [Trxreduced] (13)

a[Trxreduced] - -k 5 [Prx - SS] [Trxreduced]+ k 6 [Trxox] [NADPH] (14)at

a[Trx*x] = ks [Prx - SS] [Trxreduced] - k6 [Trxox][NADPH] (15)at

We added known initial concentrations of hydrogen peroxide and excess thioredoxin/thioredoxin

reductase to reduce the 2-cys Prx present in lysates of HeLa cells, and tracked the hydrogen

peroxide depletion via NADPH consumption. To determine k, we extracted the value of

k*[Prxactive] from our kinetic data of peroxide concentration as a function of time. We did so by

fitting the experimental kinetic data to a simulation of the experimental system, built from the

system of ODEs above with the appropriate rate constants and initial conditions (Equations 9-15,

SI) 17,24,33-35. Fitting using a root-mean square deviation method, we found a kprx of 3.8 0.03

x10 9 s'celt'L (N=6), meaning 2-cys-Prx scavenges peroxide 100 times faster than GPx under

most physiological conditions (Fig 2.3b). As shown in the appendix, it is important to consider

hyper-oxidation effects for our experimental set-up since we added a significant peroxide bolus

to cell lysate in order to get a measurable kinetic curve.
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Figure 2.3: Measuring kp,, using a combination of simulation and experimental fitting. (A) Schematic of 2-cys peroxiredoxin
oxidation and reduction cycle through reactions with hydrogen peroxide and thioredoxin. Peroxide oxidizes 2-cys Prx to form
Prx-SOH. Prx-SOH can then either react with a second hydrogen peroxide to form a hyper-oxidized state, or it can interact with
another Prx to form a disulfide bond, which can then be reduced through the thioredoxin/thioredoxin reductase system. (B)
Finding k,.. HeLa cells lysed with 0.1% Triton were incubated with 30 ptM-50 p.M yTrx, 2 pM of yTrxR, 1 mM NaN3 , 0.3 mM
NADPH and 20-25 pM hydrogen peroxide. NADPH depletion, as an indicator of hydrogen peroxide depletion, was measured at
340nm. The kinetic data were then fitted by minimizing the root mean square deviation to a simulated model of the experimental
system. The rate constant kp,., was determined for several peroxide and thioredoxin (Trx) concentrations. For the case of
hydrogen peroxide=22.5 pM and Trx=30 pM, we obtained a kp,, value of 3.7xi0-9 s-'cel-'L (N=2). For hydrogen peroxide=22.5
pM and Trx=42 pM, kp,, was 3.8 x10 9 s'cel-'L (N=2), and with hydrogen peroxide=25 pM and Trx=33 pM, kp,, was 3.9 x109

s'celt'L (N=2). The kp,, value reported in the text is the average of all six trials.

Substituting the pseudo first order rate constants for intact cells and for the various antioxidants

into Equation 2, we obtain a gradient of ~650 fold across the plasma membrane. This value is

significantly higher than the gradient of 7- to 10- fold calculated by Antunes et al., and we note

that the inclusion of 2-cys-Prx in our calculations is crucial in obtaining the higher value.

Typical, non-pathogenic intracellular H2 0 2 perturbations have been given as between 1 to 700

nM 36. This widely cited information is based on the gradient calculated by Antunes et al,

combined with data in a subsequent paper showing that a steady concentration of less than 5 pM
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extracellular hydrogen peroxide does not affect Jurkat cell morphology, but a concentration

above this threshold causes these cells to undergo apoptosis 16. Our new gradient suggests that

the perturbation to the average intracellular concentration before the onset of cell death is less

than 7.5 nM, and for perturbations between 7.5 nM and 10.5 nM, induction of apoptosis would

be expected. Thus, changes to the level of intracellular hydrogen peroxide that lead to the onset

of apoptosis appear to be in the low nanomolar range.

2.3.2 Quantifying Intracellular [H202] with HyPer and the H20 2 Membrane Gradient

With the improved membrane gradient, we now demonstrate a quantitative approach to calibrate

the HyPer sensor such that we can translate its signal output into a change in concentration. We

made a standard curve that relates HyPer signals to extracellular peroxide concentrations by

adding known boluses of hydrogen peroxide to a suspension of HeLa cells expressing HyPer.

We followed the kinetics of HyPer fluorescence over a period of 10 minutes and extracted the

peak ratiometric fluorescence for each bolus addition, and divided that ratio by the baseline

ratiometric fluorescence to obtain a fold-change in HyPer response. To account for potential pH

effects, buffer without hydrogen peroxide was added to an identical sample of HeLa cells, and

fold-change for every hydrogen peroxide bolus is normalized to this control case. The

intracellular sensor responded dynamically to 2 to7 pM of hydrogen peroxide added externally to

a suspension containing 2.5x 105 cells/mL (Fig 2.4). Using our experimentally determined

hydrogen peroxide gradient, we can calculate the corresponding intracellular peroxide change for

each different external hydrogen peroxide concentration added. This analysis suggests HyPer

responds to 3 to 10 nM changes in intracellular peroxide concentrations (Fig 2.4). Now,

independent of the method of hydrogen peroxide perturbation, we can measure the intracellular
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fold-change in HyPer signal and use the standard curve in Fig. 4 to determine the change in

terms of an absolute concentration.
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Figure 2.4: Calibrating HyPer's ratiometric fluorescent response to hydrogen peroxide. The excitation spectra of cell
suspensions containing 2.5xI 05 cells/mL treated with 0-7 jiM hydrogen peroxide were measured at 2-minute intervals with
excitation from 410 nm-5 10 nm and emission monitored at 545 nm. The peak of the response was noted. Ratiometric responses
(500nm/420nm) were calculated at the peak. This ratio was divided by the baseline ratio before addition of hydrogen peroxide,
and normalized to the case where an equal amount of buffer without hydrogen peroxide was added to obtain the normalized fold
change values. The error bars for each data point represent 95% confidence intervals. In order to determine the corresponding
intracellular hydrogen peroxide concentration for each HyPer response, the extracellular concentration is divided by 650, the
estimated gradient of hydrogen peroxide across the plasma membrane.

2.4 Discussion and Conclusion

Peroxiredoxins have been proposed as the dominant hydrogen peroxide elimination enzyme in

mammalian cells, and our experimental results support this hypothesis as we found that the

pseudo first-order rate constant for the oxidation of Prx by hydrogen peroxide is about 100 times

faster than that of GPx. This finding suggests that antioxidant-based therapeutics should focus on

targeting Prx isoforms and their reduction partners, thioredoxin and glutathione. Another

implication of peroxiredoxin activity is the much higher hydrogen peroxide gradient we
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measured across the plasma membrane. The new gradient estimates the switch between non-

pathological to pathological perturbations to the intracellular concentration of peroxide to be in

the low nanomolar range. This lower intracellular concentration means that the rate of

cytoplasmic hydrogen peroxide reacting with a protein thiol is even slower than previously

thought. Direct action of hydrogen peroxide on its target may require very close proximity of the

target to the source of generation, as suggested by the flood-gate model 27,31,37. Another

possibility is that hydrogen peroxide acts on the downstream signaling targets in an indirect

manner, through oxidation of more abundant Prx/Gpx antioxidants or conversion to a more

reactive radical species such as hydroxyl radical 1,30,38. Improving our quantitative understanding

of these concentration parameters can establish more powerful mathematical models of

biological redox systems. Specifically, knowledge of actual intracellular concentrations is

important for allowing evaluation of the likelihood of mass-action interactions of various

oxidants with their supposed targets, yielding better predictions of fundamental redox processes.

Furthermore, concentrations associated with phenotypic responses establish design criteria for

future ROS-therapeutics as to how much of a perturbation to the intracellular hydrogen peroxide

level is needed to switch from proliferation to apoptosis or another mechanism of cell death 67.

Our calibration of an intracellular peroxide sensor using a gradient measurement is an important

advance that supports and parallels the development of physiologically relevant intracellular

ROS-generators. The gradient can be used for intracellular quantification with a known amount

of exogenous addition, but it alone cannot give any concentration information for intracellular

generator tools. For this task, an intracellular sensor must be paired with knowledge of the

gradient. As Fig. 2.4 indicates, the response of HyPer to hydrogen peroxide, like that of many

popular redox sensors, is non-linear 2. As a result, it is difficult to interpret the common
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approach of reporting sensor signal as fold-change, since an increase in signal between a 1.5x-

fold change and a 2x-fold change, versus a 2x-fold change and a 2.5x-fold change are not

necessary the same. The calibration approach detailed herein will be important in providing real-

time verification, visualization and quantification of the perturbations produced by intracellular

peroxide generators.

Accuracy in measuring perturbations to the intracellular peroxide concentration depends in part

on the choice of sensor. We chose HyPer to demonstrate our quantification approach because it

23is an intracellular sensor specific for peroxide, and it is reversible and ratio-metric . These

characteristics offer an advantage over the dye-based sensors such as DCFH or PG-1 since

HyPer measures real-time concentrations rather than a cumulative effect 39, and HyPer provides

greater specificity and sensitivity than other fluorescent genetically-encoded sensors such as

roGFP 40. However, using the sensor is not without its caveats. First, the probe is pH sensitive, so

proper controls are required to ensure the results are not artifacts of the external environment 41.

We addressed this issue by including a control where buffer without hydrogen peroxide was

added to a suspension of HeLa cells, and fold-change for every hydrogen peroxide bolus was

normalized to this control case. Secondly, the OxyR domain has a second order rate constant of

10' M-1 s-1 with hydrogen peroxide 42, while 2-cys Prx interacts with hydrogen peroxide with a

second order rate constant of 10' M-' s-'. Thus, in the kinetic competition for reaction with

intracellular peroxide, HyPer does not effectively compete with Prx. It follows that in lining up

our standard curve with the results of the biochemical gradient measurement, we are slightly

over-estimating the intracellular concentration of hydrogen peroxide for each HyPer fold-change.

We should note that our quantitative approach generalizes to probes other than HyPer, and
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accuracy and responsive regions will improve as improved hydrogen peroxide sensors are

developed.

The accuracy of this quantification is also dependent on the accuracy of the gradient across the

plasma membrane. In fitting our kinetic data for cytoplasmic 2-cys-Prx activity in HeLa cells,

where Prx I and II are predominant, we were able to obtain second order rate constants for Prx II

but not for Prx I for use in our numerical model. Thus, our experimental data is an average

activity of both Prx isoforms in the cytoplasm, but our theoretical fit assumes Prx I have the

same rate constants as Prx II. It has been observed that Prx I is less susceptible to hyper-

oxidation than Prx II, and is rather inactivated by phosphorylation, however these kinetic rates

are unknown and so could not be included in our model 31. In addition, a recent kinetic model

suggests the inclusion of an inhibitor of Prx II as a plausible way to obtain the correct

oxidation/reduction kinetics for the antioxidant in red blood cells, and this modeling approach

predicts that only a small fraction of the total Prx II protein is active in these cells 4. Since our

kinetic experiments are done under dilute, lysed cell conditions, it is possible that any inhibitor

function may be disrupted under these experimental conditions and we over-estimate the

concentration of active Prx II. The identity of molecular species that may act as inhibitors and

whether this theory applies in HeLa cells remain open questions. Finally, discovery of new

antioxidants and targets that react with hydrogen peroxide at a rate similar to that of Prx would

further increase the value of the gradient. The model and analysis can easily be updated as more

information becomes available. It should be noted that the current calculation as it stands is

already a vast improvement over the previous gradient measurement. A combined effort of

intracellular quantification and generation tools will allow physiologically relevant and

systematic studies of the role of hydrogen peroxide in determining cellular phenotypes. In
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addition to promoting fundamental, mechanistic understanding of human redox biology, such

studies hold promise for determining quantitative design criteria for future ROS-based

therapeutics.
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2.6 Appendix

Hydrogen peroxide production by glucose oxidase. Glucose oxidase was diluted to
concentrations between 3-5 mU/mL in in PBS (pH 7.4) + 2 g/L glucose. The production of
peroxide by the enzyme was measured using the ABTS assay. (B) A steady-state hydrogen
peroxide level obtained using external glucose oxidase as a generator and Hyper HeLa cells as
scavengers. HyPer HeLa cells were re-suspended at 0.8 million cells/mL in PBS + 2 g/L glucose.
The amount of glucose oxidase producing 2.8 pM hydrogen peroxide/min was added
simultaneously with 10 VtM of hydrogen peroxide. The extracellular peroxide concentration was
monitored for a period of 1 hour using the ABTS assay. A constant extracellular concentration
verifies the kntac, value.
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Depletion of hydrogen peroxide due to 2-cys Prx activity in cell lysates with and without hyper-
oxidation effects. While hyper-oxidation of 2-cys Prx in intact cells has only been detected for
extracellular additions of >100 rM, it is important to consider hyper-oxidation effects for lower
peroxide concentrations when the sample consists of cell lysates rather than intact cells.

The kinetics of Prx activity in the experimental system was modeled using a system of ODEs
implemented using Matlab (SI). The situation where Prx can undergo hyper-oxidation (solid)
versus without hyper-oxidation (dotted) was compared for bolus additions of 20 iM (black) and
35 pM (blue) hydrogen peroxide to a solution of HeLa cell lysate. The possibility of hyper-
oxidation changes the kinetics of hydrogen peroxide depletion significantly, and this effect is
greater for the 35 tM addition in comparison with the 20 [tM addition. From this simulation, we
conclude that for both concentrations, hyper-oxidation needs to be taken into account when
fitting the Prx kinetic data to a rate equation. Other parameters used in the simulation were
Trx=30 jM, k;*[Prxactive]= 3.8s-x10 9 s'cel[1 L and a cell density of 5.8 million cells/mL.
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Expression and purification of yTrx and TrxR. After induction with IPTG and expression for 4

hours, Trx and TrxR overexpression was detected in the lysate fractions. After chromatographic

separations with anionic (Q) and gel filtration (Superdex75) columns using an AKTA FPLC, a

single 11 kD fragment for Trx was observed using SDS PAGE. Similarly, TrxR was also purified

using Q and Phenyl hydrophobic columns, and a strong band of 35 kD was detectable. The UV-

spectra for the purified TrxR showed the correct peaks at 280 nm, 359 nm and 452 nm.

Trx Purified TrxR Purified
Lysate Trx Lysate TrxRINIE 2.5

C

04

1 .

0.

UV-Spectrum of Purified
TrxR

2

5

1

'5

0
200 300 400 500 600

Wavelength (nm)

82

80
57
46

30 401

23

17

7



Calculations and model parameters for the GPx and Prx kinetic measurements

GPx kinetics
The reaction mechanism of GPx consists of an oxidation-reduction cycle where GPx is

oxidized by H202 and reduced by GSH:
kir

H2 0 2 + GPXred + H+ -+ GPx0, + H2 0
k 2 'GPxOx + GSH -+ GS - GPx + H2 0

k3 'GS - GPx + GSH -+ GPXred + GSSG + H+

The GSSG is then reduced using electrons supplied by NADPH inside the cell. By adding excess
NADPH to cell lysate, we can indirectly track the consumption of H202 by GPx. These depletion
kinetics are fitted to the integrated rate law reported in Materials and Methods.

2-Cys Prx kinetics
Similar to GPx, 2-cys Prx requires a partner, Trx, to return it to the reduced form after

oxidation by hydrogen peroxide. The difference between GPx and Prx is that Prx can react with a
second hydrogen peroxide molecule to form sulfinic or sulfonic acid. This over-oxidized form
reverts very slowly back to Prx-SOH through reaction with sulfiredoxin. The competing reaction
to hyper-oxidation is the formation of a disulfide bond between the -SOH and -SH groups of
adjacent 2-cys Prx molecules to form Prx-SS. This disulfide bond is reduced by
thioredoxin/thioredoxin reductase back to the Prx-(SH)2 form.

In order to obtain an analytic solution, we make a quasi-steady state assumption of the
intermediate species Prx - SOH, Prx - (SO 2H) and Prx - SS, and by adding excess yeast
Trxreauced and TrxR to the system, we can assume that concentration to be constant. Since the
conversion of Prx - (SO 2 H) back to Prx - SOH is very slow 44, we can also assume that the
oxidation reaction k5 is irreversible for the kinetic time frame we are considering. Furthermore,
at hydrogen peroxide of less than < 62 pM, only 1% of the mammalian 2-cys Prx enzymes are

29 k, [H2 02] k,[H7 02 1over-oxidized per cycle 2. This allowed us to simply the expression k3[H2 02]+kz to k 2

Solving the system of ODEs (equations 9-15) give us an implicit equation of hydrogen peroxide
related to time:

( + k k Prxactive + [ H2 0210 k3  [H2 0210
(k1Prxactive -+ L)ln( k2 + -In( ) = At

k2 k+[Trx] k2 k2 [H2 02]1Prxactive + [3 IH20211

What is notable about the equation is that the rate constants ki, k2, k3 and k4 are needed in order

to fit the [1202] against At, since the implicit form is not as elegant as GPx that allow us to

determine k'*W[GPxtotai] from the slope of expression involving only hydrogen peroxide terms

and time. Thus, the most accurate way of determining k1 *[Prxactive] will be to numerically

simulate a model with the system of ordinary differential equations as shown above, with rate
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constants and initial values
model.

as shown in the table below, and fit our experimental data to the

Reaction Rate Constant

1.3*10 M s 17

k 2s-1 34

k 4 -1 -1 34

3 1.2*10 M s

k 4 *0-3 s-1 35
k 3*10 s

k 5 -1 -124

s 1*10 M s

k 7 -1 -133
6 2*10 M s

Species Initial Concentration

H2 0 2  20-25 p.M

Prxactive Parameter to fit

Prx-SOH le-14 M

ii~L~.e2II 1;-t lvi

Prx-SS le-14 M

Trxreduced 20-50 p.M

Trxoxidized le-14 M

NADPH 300 pM

7 -1 -1
The system of ODEs was simulated using MatLab2013, time step size of Is. kj=1.3*10 M s

-1 4 -1 -1

k5= 2 s and k3=1.2*10 M s were obtained from in vitro data with 2-cys Prx II 17,34, a close
-3 -1

homolog of Prx I that also exists in the cytoplasm. k4 =3*10 s was obtained from experimental
5 -1 -1

data with purified human Prx I protein interaction with human Srx 35 k5=1*10 M s comes
7 -1 -1

24from experimental data with human Prx I and a yeast Trx/TrxR system . k6=2*10 M s is
derived from experimental data measuring mammalian Trx reduction with the mammalian Trx
33. The initial conditions for hydrogen peroxide and Trxreduced are given as experimental inputs.
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NADPH initial condition is 300 pM. The variable to fit is the initial concentration of active
reduced 2-cys peroxiredoxin in the system. kp, is equal to k1 *[Prxactve].
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Chapter 3: Interpreting heterogeneity in
cellular response to H20 2 protein
biosensors
Fluorescent, genetically encoded sensors of hydrogen peroxide have enabled visualization of

perturbations to the intracellular level of this signaling molecule with sub-cellular and temporal

resolution. Ratiometric sensors hold the additional promise of meaningful quantification of

intracellular hydrogen peroxide levels as a function of time, a longstanding goal in the field of

redox signaling. To date, studies that have connected the magnitudes of observed ratios with

peroxide concentrations have either examined suspensions of cells or small numbers of adherent

cells (-10). In the present work, we examined the response of all cells in several microscopic

fields of view to an identical perturbation and observed a striking degree of heterogeneity of

fluorescence ratios from individual cells. The expression level of the probe and phase within the

cell cycle were each examined as potential contributors to the observed heterogeneity. Higher

ratiometric responses correlated with greater expression levels of the probe, and phase in the cell

cycle was also shown to influence the magnitude of response. To aid in the interpretation of

experimental observations, we incorporated the reaction of the reduced probe with peroxide and

the reactions of the oxidized probe with glutathione and glutaredoxin into a larger kinetic model

of peroxide metabolism. The predictions of the kinetic model suggest possible explanations for

the experimental observations. This work highlights the importance of a systems-level approach

to understanding the output of genetically encoded sensors that function via redox reactions

involving thiol and disulfide groups.
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3.1 Introduction

Hydrogen peroxide is a signaling molecule important for normal cellular function 123 and

implicated in pathological conditions such as inflammation and cancer 456 as well as

neurodegenerative 7 and cardiovascular 89 disorders. It acts as a signaling molecule by oxidizing

particular cysteine residues of particular proteinsi, and discovering the identities of these

proteins is an intense focus of research 1. Whether hydrogen peroxide is associated with

normal function or pathology is hypothesized to depend on its spatiotemporal concentration

within the cell.1 3 Due to limitations in methods for measuring intracellular peroxide

concentrations reliably 14151617 it has been difficult to definitively test this reasonable hypothesis

and, more importantly, establish a quantitative understanding of the signaling networks that

characterize particular biological processes. For example, without reliable measurement tools, it

is not possible to ask how these networks compare quantitatively across cell types within an

organism, different malignant tumors, or even cells within the same tumor.

Knowledge of bacterial and yeast proteins that react specifically with hydrogen peroxide exceeds

knowledge of the same within mammalian systems.2 In recent years, genetic engineering has

been used to produce fusions of fluorescent proteins with bacterial and yeast proteins that react

specifically with hydrogen, peroxide.18 1920 Fusions are constructed such that changes in the

spectrum of the fluorescent protein occur when hydrogen peroxide oxidizes a cysteine of the

microbial protein, causing it to subsequently form a disulfide bond with a neighboring

2122
cysteine. Two spectral features are affected, with an excitation peak at one wavelength

decreasing and an excitation peak at a second wavelength increasing in a dose-dependent manner

upon stimulation with hydrogen peroxide. The ability to examine the ratio of two spectral

features, in contrast with measuring changes in fluorescence intensity for only one feature,
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enables measurements unbiased by the amount of sensor within the cell or the number of cells

within a sample.

As part of an on-going effort to connect the magnitudes of fluorescent, ratiometric responses

from a sensor with intracellular concentrations of hydrogen peroxide 23, we have noted with

interest the cell-to-cell heterogeneity, captured in part by standard deviations of signals measured

from several cells, that has been reported when populations of adherent cells expressing

genetically encoded peroxide sensors are stimulated with an identical amount of hydrogen

peroxide. 192 In this work, we explore several hypotheses regarding factors that may underlie this

heterogeneity. To do so, we examine larger sample sizes than were typical in past work, and we

use a systems model of hydrogen peroxide metabolism within HeLa cells to aid in the

interpretation of experimental results. Insights from this analysis support future efforts toward a

quantitative understanding of redox signaling in physiological and pathological processes.

3.2 Methods and Materials

Materials

EMEM and FBS were sourced from ATCC (Manassas, VA). Penicillin-streptomycin was from

EMD Millipore (Gibbstown, NJ). HyPer plasmid (pHyPer-cyto) was from Evrogen (Moscow,

Russia). Lipofectamine was from Life Technologies (Carlsbad, CA). PBS, thymidine and G418

were from Sigma-Aldrich (St. Louis, MO). H202 was from BDH Chemicals (West Chester, PA).

HRP and ABTS were from Alfa Aesar (Ward Hill, MA) and Tokyo Chemicals (Tokyo, Japan),

respectively.

Cell Culture and Transfection
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HeLa cells were cultured in EMEM supplemented with 10% FBS and 1% penicillin-

streptomycin. The cell cultures were maintained in a 370 C humidified incubator in the presence

of 5% CO2. Media was changed every 3 days and cells were passaged every 5-6 days.

HeLa cells were stably transfected with pHyPer-cyto vector containing the HyPer gene under

CMV promoter. Cells were first transiently transfected with Lipofectamine following supplier's

protocol. Twenty-four hours after transfection, media was changed and supplemented with 700

ptg/mL of G418. After two weeks, stable clones were selected by picking fluorescent colonies

using an Olympus widefield fluorescence camera (IX81). The selected colonies were expanded

in medium containing 200 gg/mL G418 in 96-well plates. The best fluorescing colony was kept

for subsequent experiments. The stable HyPer-HeLa cell line was cultured in 200 pg/mL G418 to

maintain selection pressure and remove non-fluorescing cells.

For imaging, HyPer-HeLa cells were plated at a density of 2 x 104 cells per well for

approximately 42 hours in 96-well plate without G418. Before imaging, each well was washed

with pre-warmed PBS (pH 7.4), and incubated with 150 pL of 20 pM H202 in PBS for 10

minutes at room temperature.

Cell Cycle Synchronization

For GI synchronization, HyPer-HeLa cells were grown as described above in the presence of 2

mM thymidine 24. Control cultures were grown similarly in absence of thymidine. For GO

synchronization, cells were plated at a density of 1 x 104 cells per well in EMEM with 10% FBS.

After culturing for 24 hours, cells were washed with PBS (pH 7.4) and placed in serum-free

media for additional 24 hours before imaging 25 Control cultures were grown similarly except

the replaced media contained 10% FBS.

90



Imaging

HyPer imaging was done using an Olympus widefield fluorescence microscope (IX8 1) and Prior

Lumen2000 lamp. Images were acquired with a 20X Olympus objective. The 96-well plate was

clamped on the stage to obtain same view-field images before and after the incubation with

H 20 2 . HyPer fluorescence images were taken using Chroma D415/30x and Semrock FF01-

488/6-25 excitation filters while emission was collected using a Semrock FF02-525/40-25 filter.

Both images have 1600 x 1200 pixel density at 16-bit resolution. Exposure time was set at

300ms with the lamp intensity at 25%. Images were taken using a Retiga 2000R camera. The

microscope, lamp and camera settings were kept constant throughout this study.

Image Analysis

HyPer images were background subtracted using the rolling ball algorithm (radius=200 pixels) in

ImageJ. These images were then used to identify cell regions in CellProfiler software based on

intensity thresholding. The thresholding algorithm used was 'Mixture of Gaussian Adaptive.'

The regions determined were filtered using a size criterion of 30-125 pixels and eccentricity of 0-

0.9. HyPer ratio for a particular region was calculated as the average pixel intensity in HyPer-

long channel divided by the average pixel intensity in HyPer-short channel in that region.

Measuring Cellular Scavenging of H202 as a Function of Time Using an HRP-ABTS Assay

HyPer-HeLa cells, seeded at lxl06 cells in 10 cm2 dishes, were grown as described above in the

absence of G418 for 48 hours. Cells were washed with PBS (pH 7.4) and placed in contact with

10 mL of 20 tM H202 in PBS (pH 7.4). Over a period of ten minutes, 150 pL samples were

withdrawn every two minutes and placed in a 96 well plate. 50 pL of 2.5 mM ABTS and 10 pl of
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3 mg/mL HRP were added to each well. Absorbance was measured at 405 nm using a Tecan

M200 plate reader.

Mathematical Modeling of the Kinetics of Reactions of HyPer with H20 2 and Reductants

The basic framework of the model has been previously reported by Admiora, et al 26. It includes

a system of 28 species and ordinary differential equations (ODEs) that describe the kinetics of

the network of reactions between H2 02 , antioxidants, and thiols of proteins within Jurkat cells.

We modified certain kinetic parameters and initial conditions of the original model to better

represent our cells of interest, HeLa cells. We added a set of redox reactions that describes

HyPer's reactivity within this network. All parameters that we modified or added are listed in the

tables in the appendix. The system of equations governing the rates of reaction of HyPer with

H2 0 2 and disulfide reductase species that we added to the model is as follows:

aHyPer-(SH)2
at

-k, [H2 02] [HyPer - (SH)2 ] + kred [Grx] [HyPer - SS] + kGRssg [Grx] [HyPer - SSG]

(1)

aH yPer-(SOH) = k.. [H 2 021 [HyPer - (SH) 2] - ks [HyPer - SOH] - kssg [GSH] [HyPer -at

SOH] (2)

aH yPer-SS = ks [HyPer - SOH] - kred [Grx] [HyPer - SS] (3)

ayPer-SSG kssg [GSH] [HyPer - SOH] - kGRssg [Grx] [HyPer - SSG] (4)

aGrx-SS = kred [Grx] [HyPer - SS] - kGSHssg [GSH] [Grx] (5)

Where k0x is the rate constant for the reaction of HyPer with H 202, kred is the rate constant of

the reduction of HyPer-SS by Grx, ks is the rate constant of the formation of the disulfide bond
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resulting in HyPer-SS, kssg is the rate constant of the reaction of GSH with HyPer-SOH, kGRssg

is the rate constant of the reduction of HyPer-SSG by Grx, and kGSHssg is the rate constant of the

reduction of Grx-SS by GSH. We modified the ODEs for H202, GSH, GSSG, Grx and Grx-SSG

using the appropriate mass balances.

3.3 Results

3.3.1 Analysis offluorescence images

As in past studies18 22, the genetically encoded sensor HyPer was stably expressed by HeLa cells

and these cells were stimulated with peroxide via extracellular bolus addition. Most prior studies

that included microscopic image analysis of cells expressing peroxide sensors used small sample

sizes (-10 cells) 19202728(29-30). To facilitate analysis of larger sample sizes, we automated the

image analysis process, using a combination of ImageJ (U.S. National Institutes of Health) and

Cell Profiler software (Broad Institute, Cambridge, MA). Figure 3.1 shows the image processing

steps that were used to quantify the HyPer signal from the HeLa cells. A set of two images were

obtained for each field of view per time point, using excitation filters centered at 488 nm and 415

nm, with emission collected at 525 nm for both measurements (Figures 3.1A and 3.1B). Images

were corrected for uneven illumination using the rolling ball algorithm in Image J with a radius

of 200 pixels 31. Figures 3.1 C and 3.1 D demonstrate that the algorithm allows the elimination of

background signal in both excitation channels, and that the level of background signal is quite

different in the two channels. Following background correction, we aligned each set of images of

the same field of view and used CellProfiler to identify individual cells expressing HyPer. Cells

were identified using a combination of object diameter, eccentricity, and Mixture of Gaussian

intensity-thresholding algorithms, and cells in a cluster are distinguished from one another from
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based on the intensity profile around the cell border 2 (Figure 3.1E). Once each cell expressing

HyPer was identified, fluorescence ratios within each were calculated by dividing the mean

intensity of all pixels within the cell in the 488 nm excitation image by the mean of all pixels

within the cell in the 415 nm excitation image. This methodology facilitates rapid analysis of

200-300 cells from multiple sets of images.
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\icr Correction

N I A - 488111

0

IIf

D

F

71.

-- B3ore Corrction
.Ahlr Correction1

4 n'1Sn

I )i~tancc ( pixel")

.- ''4 .* *0

Cell

Figure 3.1: Images processing before calculating the ratiometric HyPer readout. (A) Fluorescent image (ke,=488 nm, kem=525
nm) of HeLa cells stably expressing the HyPer sensor protein under control of the CMV promoter. (B) Fluorescent image of the

same field of view (kex=415 nm, kem=525 nm). Images shown in (A) and (B) were taken 10 minutes after stimulation with 2 0 pM
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H20 2. (C, D) Intensity as a function of distance plots for the line shown in panels A and B before (black) and after (red)
correction for background signal using the rolling ball algorithm (radius = 200 pixels) in Image J. (E) Cells expressing HyPer are
identified in an automated fashion (CellProfiler) using the background-subtracted image acquired using kex=488 nm, kem=525
nm. (F) Calculated HyPer ratio for the cells identified in (E). The HyPer ratio is defined as the average emission intensity upon
excitation with 488 nm light divided by the average emission intensity upon excitation with 415 am light. Each data point
represents the average HyPer ratio within one cell.

3.3.2 Heterogeneity in cellular response to H20 2

Figure 3.2 shows a representative dose-response experiment when cells are stimulated with

hydrogen peroxide and imaged after ten minutes. Without exogenous addition of peroxide, all of

the cells are characterized by similar fluorescence ratios near 0.5. When bolus additions of 5-20

pM H202 are used to stimulate the cells, increased HyPer ratios are observed, and above 20 pM

H20 2 , the ratios remain at saturated values and do not increase further. The degree of

heterogeneity in the sensor's response in a population of cells to an identical stimulus is striking.

For example, a bolus addition of 20 pM H2 0 2 leads to observations of the full range of possible

ratios from 0.5 to 3 within the population of cells. We investigated several possible explanations

for these drastically different apparent responses.

3.5

2.5

+0 Am

2

1.5

0.5 0

0 -),00 t00 200

.5 3.5 3.5 3.5
+5pM +2 10IM +Z20LM +25pgM

3 33

.5 2.5 2.5 2.5

2 2 :- 2 2

.5 .5 1 5' 1.5

5 0.5 0.5 . . 0.5

0 200 400 0 200 400 0 200 400 00 200
Cell

Figure 3.2: The ratiometric response of HyPer to H 20 2. HyPer-HeLa cells were stimulated with 0-50 pM H20 2 and imaged after
10 minutes. Fluorescence images were obtained using excitation filters centered at 488 and 415 nim. Emission was measured at
525 nm. Each data point represents the HyPer ratio within one cell. Sample sizes are as follows: 0 [tM (158 cells); 5 pM (431
cells); 10 pM (337 cells); 20 pM (338 cells); 25 pM (292 cells); 50 pM (307 cells).
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3.3.3 Dependence of HyPer response on expression level of the probe and cell cycle

Though HyPer's response is assumed to be independent of expression level, this has not been

tested. We tested this assumption by examining the same field of view before and after

stimulation by H202 . Figure 3.3A shows that though in the basal state, a representative 300 cells

in addition to those shown in Figure 3.2 exhibited HyPer ratios near 0.5. Figure 3.3B shows

though the ratios in all cells are similar, the expression level of the sensor in all cells is not.

Emission intensity upon excitation centered at 415 nm varies up to 20-fold from the highest

expressing cell to the lowest, while emission intensity upon excitation centered at 488 nm varies

up to 10-fold.
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Figure 3.3: HyPer's ratiometric response to H2 02 correlates with its expression level. Images of HyPer-HeLa cells
were obtained using excitation filters centered at 488 and 415 nm and emission was measured at 525 nm. The same
fields of view were imaged prior to stimulation and 10 minutes after stimulation with hydrogen peroxide. Each data
point represents one cell. (A) HyPer ratios within individual cells prior to stimulation with hydrogen peroxide are
relatively uniform. (B) Prior to stimulation, the range of emission intensities within cells indicates expression level
of the fluorescent sensor protein, and emission intensity at each of the excitation wavelengths is positively
correlated. Emission intensity at either excitation wavelength prior to stimulation can be used to indicate expression
level. (C) Prior to stimulation, the HyPer ratio within each cell does not correlate with the expression level of the
sensor. (D) Ten minutes after stimulation with 20 ptM H202, the observed HyPer ratio (y-axis) correlates with the
expression level of the sensor within the cell as measured by the emission intensity upon excitation centered at 488
nm prior to stimulation (x-axis). All emission intensities were scaled by a factor of 104.
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As expected, given that the ratios in all cells are nearly identical, high emission from a cell in one

channel correlates with high emission from that cell in the other channel. Thus, emission from

either channel prior to simulation can be used as a measure of the expression level of the

fluorescent sensor. Figure 3.3C plots the HyPer ratio of 300 cells prior to stimulation with

hydrogen peroxide as a function of expression level of the sensor, as indicated by emission upon

excitation at 488 nm. Figure 3.3D shows the HyPer ratio within these same cells 10 minutes

after stimulation with 20 pM H202 , plotted as a function of emission intensity prior to

stimulation, and it is clear that the magnitude of the observed HyPer response correlates with the

expression level of the probe. The Spearman correlation between the emission intensity at time

zero and the ratiometric response at 10 minutes was determined to be 0.70 (p<0.05), signifying

that 70% of the variability in the HyPer ratio could be attributed to variation in the expression

level of the probe.
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Figure 3.4: Phase within the cell cycle affects HyPer's response. HyPer-HeLa cells were synchronized in GO phase using serum
starvation or in GI phase using 2 mM thymidine. Unsynchronized control cells cultured using complete medium (A) and
synchronized cells cultured using serum-free medium were each identically stimulated with 20 [tM H 202 and imaged after 10
minutes. Similarly, unsynchronized control cells cultured in complete medium without thymidine (C) were compared with cells
synchronized in GI via culture using medium containing 2 mM thymidine (D). All emission intensities were scaled by a factor of
104.
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We examined phase within the cell cycle as an additional factor that may contribute to the

observed heterogeneity. We synchronized cells in different stages of the cell cycle to determine

whether there is a difference in HyPer's response to H202 as a function of this variable. HeLa

cells expressing HyPer were blocked in the GO phase using serum starvation and in the GI phase

using 2 mM thymidine 2. Figure 3.4 shows that, upon stimulation with 20 ptM of H202, there

was a subtle difference in the distribution of HyPer responses from cells that were blocked in the

GO phase (Figure 3.4B) compared to the unsychronized cell population (Figure 3.4A). The

difference between HyPer responses of cells that were treated with thymidine and those that were

not was more readily apparaent. Figure 3.4D shows that thymidine-blocked cells exhibited muted

responses in comparison to cells that were unsychronized (Figure 3.4C).
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Figure 3.5: A nom-al probability plot of the cell cyle and its effect on HyPer signal. Phase within the cell cycle has an effect on
the magnitude of the response of the fluorescent biosensor. All cells were stimulated with 20 tM H202 and imaged after 10
minutes. The HyPer ratio is a ratio of emission intensity at 525 nm upon excitation at two different wavelengths, 488 nm and 415
nm.

These differences are quantitatively elaborated by Figure 3.5, a normal probability plot. For cells

that were blocked in the GI phase using thymidine, the probability of the HyPer ratio within a

cell being under 2.5 was 0.99, while for cells that were blocked using serum starvation this

probability was 0.9. In contrast, this measure was 0.75-0.8 for unsychronized cells. In addition,

98



cells that were exposed to media containing thymidine do not have markedly lower expression

levels of HyPer as evidenced by the magnitudes of emission intensities prior to stimulation, so a

factor other than expression level of the sensor must be responsible for the observed differences

in HyPer responses.

The levels of antioxidant enzymes have been reported to vary with phase within the cell cycle for

some cell types 3. We reasoned, on the basis of typical expression levels and second order rate

constants for reaction with hydrogen peroxide, that upregulation of these enzymes may reduce

the effectiveness of HyPer in the kinetic competion for reaction with hydrogen peroxide,

resulting in lower observed HyPer signals. To measure the scavenging capacity of the GI phase

cells versus the unsynchronized cells, we compared the rates at which the two cultures removed

hydrogen peroxide from the extracellular media. After adding 20 pM H20 2 to the cultures, we

followed the H202 concentration remaining in the medium for 10 minutes. Fitting to a first order

kinetic equation, we compared the decay rates obtained with GI synchronized cells with those

obtained using unsynchronized cells (Appendix). GI cells (117 22 cells per field of view, n=4

fields) and unsynchronized cells (227 24 cells per field of view, n=6 fields) each removed H20 2

from the media at the same rate, with a decay constant for the entire dish of 0.1 min-. Since

fewer cells in the case of the thymidine-blocked sample contributed to this rate of removal, the

data suggest that these cells have a greater capacity for scavenging hydrogen peroxide. One of

the ways the decay rate per cell can be increased is if the antioxidant levels inside each cell are

up-regulated. Therefore, variations in phase within the cell cycle may contribute to hetereogenity

in HyPer response, with higher antioxidant levels leading to lower observed ratiometric

responses.
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3.3.4 Mathematical model of metabolism of hydrogen peroxide by HeLa cells expressing

HyPer

In order to better understand why variations in the expression level of the probe and antioxidant

levels within individual cells might cause variation in HyPer's response, we implemented an

ODE-based network model simulating the redox reactions of H2 02, HyPer, antioxidants and

other proteins within a cell. The network model for H202 elimination by Jurkat cells reported by

Adimora et al. served as a base template, since it included the reactivity of catalase, glutathione

peroxidase, peroxiredoxin and glutaredoxin, the redox reactions of thioredoxin and glutathione,

the pseudo-enzymatic oxidative turnover of protein thiols, and the diffusion of H2 02 across the

plasma membrane 26 We adjusted the model for HeLa cells using rate constants and other

parameters that we measured in previous work 23 We added reactions of HyPer with H20 2,

glutathione and glutaredoxin to the basic framework (Figure 3.6A).

The oxidation of HyPer by H2 02 occurs at cysteine 199 of the OxyR domain 34. As a result of

this reaction, HyPer in its reduced state (HyPer-(SH) 2) converts to a sulfenic acid form (HyPer-

SOH) that can react with cysteine 208 on the same domain to form a disulfide bond 34. This fully

oxidized form of HyPer (HyPer-SS) differs significantly in conformation from the reduced form,

as evidenced by a change in the excitation spectrum 18. Alternatively, glutathione can react with

HyPer-SOH to form a mixed-disulfide form of HyPer (HyPer-SSG) that can be reduced by

glutaredoxin 3. For the reduction of the fully oxidized HyPer (HyPer-SS), it has been shown that

the disulfide bonds of OxyR are preferentially reduced by the glutaredoxin (Grx)/glutathione

(GSH) system 16,36,37. Glutaredoxin can attack the disulfide bond via a dithiol mechanism similar

to thioredoxin, resulting in the transfer of the disulfide bond to glutaredoxin and the reduction of

35,3835,38,39
HyPe35,38 The oxidized glutaredoxin (Grx-SS) can then be reduced by GSH ',,
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Figure 3.6: Network of HyPer's reactions with H2O2 and cellular disulfide reductase species and simulated reaction kinetics. (A)
Schematic of the HyPer oxidation and reduction through H2-12. The reduced form of HyPer (HyPer-(SH) 2) is oxidized to the
sulfenic form, HyPer-(SOH), through cysteine oxidation at the 199 position. This intenrnediate species can then form a mix-
disulfide bond with glutathione (GSH) to form HyPer-SSG, or it can form a disulfide bond with a nearby cysteine (HyPer-SS),
causing a conformational change in HyPer that leads to a different excitation spectrum. Both HyPer-SSG and HyPer-SS are
reduced by glutaredoxin (Grx) and GSH back to HyPer-(SH) 2. (B) Representative figure showing the predicted fraction of each of
HyPer's oxidation states over time after stimulation with 20 pM of H2O2 bolus. Total HyPer concentration = 0. 1 pM. A majority
of the HyPer proteins convert to HyPer-SSG almost immediately upon oxidation due to rapid reactions with abundant GSH in the
cytoplasm. Slightly less than 20% convert to the HyPer-SS form. A negligible fraction of the HyPer proteins are in the HyPer-
SOH form since it reacts very quickly with a cysteine or a GSH. Over time, the Grx/GSH reduction cycle converts the various
oxidized forms of HyPer back to HyPer-(SH) 2 We assume that HyPer-SS is the only species that has a different excitation
spectrum. Thus changes in the overall HyPer ratio can be represented by fraction of HyPer-SS.

The measured excitation spectrum from a cell expressing HyPer at a particular time point reflects

contributions from all of the various oxidation states that are present at that time. Thus, the

overall HyPer ratio in a cell is determined by

fhyper-ss * Rhyper-ss + fhyper-ssG * Rhyper-ssG + fhyper-(SH)2 * Rhyper-(SH)2 + fhyper-SOH * Rhyper-SOH
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where f is the fraction of the total HyPer that is in a particular oxidation state, and R is the ratio

of emission upon excitation at 488 nm to emission upon excitation at 415 nm for that particular

state. From the equation, it is evident that changes in the average HyPer ratio is determined by

the changes in the fraction of HyPer in each oxidation state. In our model, we simulated the

experimental addition of a 20 pM bolus of H2 02 outside the cell and followed the kinetics of the

HyPer subspecies distributions over time (Figure 3.6B), assuming that all of the HyPer are

initially in the reduced form 40. Immediately after the addition of H2 02 , about 80% of the HyPer

molecules convert to the HyPer-SSG state while about 20% react to form HyPer-SS. Over a

period of 20 minutes, the fraction of HyPer in these two states decreases as glutaredoxin and

glutathione reduces the disulfide bonds and the fraction of HyPer-(SH) 2 rises (Figure 3.6B).

HyPer-SOH represents a negligible fraction of the total HyPer concentration since it is quickly

converted to the disulfide or mixed disulfide form. For the purposes of this analysis, we assume

that HyPer-(SH) 2, HyPer-SOH and HyPer-SSG have similar excitation spectra since the

modifying groups are small and limited to one thiol group, and only HyPer-SS has asignificantly

different spectrum than that of the reduced form. Thus, changes in the fraction of HyPer in the

fully oxidized state are an indirect indication of changes in the overall HyPer ratio.

Typical heterologous expression levels of fluorescent proteins appropriate for detection using

fluorescence microscopy result in intracellular, cytosolic concentrations in the range of 0.1 -1 IM

41,42. We varied the intracellular concentration of HyPer from 0.1-0.5 pM in our model, and

plotted the predicted fraction of HyPer-SS as a function of time following the addition of a 20

pM bolus of H2 02 (Figure 3.7A). We found that increasing the expression level of HyPer

increases the fraction of HyPer-SS, and the differences in the fractional value for each expression
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level becomes more significant with time. One hypothesis we investigated is that an increased

expression level of HyPer would make it a more effective competitor with the antioxidants inside
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Figure 3.7: Predictions of the impact of variations in HyPer's expression level on the expected oxidation states of HyPer and
several antioxidant species as a function of time following stimulation with an extracellular bolus of 20 ptM H20 2 (A-C) or
stimulation with continuous, endogenously generated H 2O2 (D). (A) Increasing the expression level of HyPer from 0.1 to 0.5 pM
changes the fraction of HyPer in the disulfide bond form significantly. (B) The effect of increased expression levels of HyPer on
the fraction of glutathione peroxidase (GPx) and peroxiredoxin (Prx) in the reduced form over time. Coincident curves show that
the expression level of HyPer has no effect on either. (C) Effects of an increased expression level of HyPer on the concentrations
of GSH and reduced Grx over time. While the GSH concentration did not change, the amount of reduced Grx decreased
significantly with higher HyPer expression level. (D) The effect of increased expression levels of HyPer on the fraction of HyPer
in the disulfide bond for endogenous generation of H 2 02 . Elevating the internal generation of H2 2 to 1. 1 x 10-5 M/s causes a
continuous increase in the fraction of HyPer-SS, and the magnitude of this increase varies with HyPer expression level.
Depending on the total HyPer present inside each cell, different HyPer ratios might be measured upon an identical stimulation to
all cells.

the cell for H 202 . However, when we examined glutathione peroxidase (GPx) and peroxiredoxin

(Prx), two of the dominant H202 scavengers inside the cell, there is no effect on the magnitude of

their interaction with H 202 as measured by the fraction of the GPx and Prx proteins that are in

the reduced form in response to the 20 pM bolus (Figure 3.7B). Since the expression level of

HyPer does not affect the competition at the oxidation step, we examined the effect of HyPer's

expression level on the two reduction agents, Grx and GSH. While increasing the concentration

of HyPer within the cell does not affect the concentration of GSH in response to the H 202 bolus,

it significantly depletes the level of reduced Grx (Figure 3.7C). This prediction implies that the
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reduction of oxidized HyPer is slowed in response to the increased expression of the sensor.

Increasing the total expression level of HyPer means proportionally more HyPer molecules can

be oxidized, however, the limited amount of reduced glutaredoxin means only certain number of

the disulfide bonds can be reduced at a time, causing an accumulation of HyPer in the oxidized

HyPer-SS states, and therefore elevating the overall HyPer ratio. This bottleneck at the reduction

step due to Grx causes differences in the fraction of HyPer-SS to become more significant with

increased time, since the sensor is more rapidly reduced for lower concentrations of HyPer while

at higher concentrations, HyPer remains trapped in the disulfide form.
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Figure 3.8: The effect of variation in antioxidant expression level on HyPer's oxidation state following stimulation with an
extracellular bolus of 20 pM H 20 2. An increase in glutathione peroxidase (GPx) concentration in the range of 0.55 IM to 5 pM
causes a decrease in the fraction of HyPer-SS.

For the bolus addition of H202, Figure 3.7A suggests that reading the signal at earlier time points

may minimize the response differences as a function of HyPer expression levels, before the

kinetics of the reduction step play a significant role. However, in many cases of interest, the

elevation of H2 0 2 levels is continuous, and following the signal from the sensor over a longer

period of time is desirable. In this case, the reduction kinetics becomes important as shown in

Figure 3.7D. We simulated the case of internal generation of H2 02 and predicted the signal
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development over a period of twenty minutes. In this case, the rise in fraction of HyPer-SS is

significantly different depending on the expression level of HyPer in the cell.

We also wanted to use our model to investigate whether changes in the antioxidant levels of the

cell can impact the HyPer ratio, since we found that thymidine-blocked cells had enhanced H2 02

scavenging capacity. As we increased the expression level of glutathione peroxidase, we saw a

decrease in the fraction of HyPer-SS (Figure 3.8). This prediction is consistent with our

observation that these synchronized cells exhibited a muted response compared to the

unsynchronized cells. The increase in antioxidants decreases the amount of H202 available to

react with HyPer, resulting in a lower overall signal.

3.4 Discussion and Conclusion

The ratiometric property of HyPer and other disulfide redox sensors have long been touted as a

way of circumventing problems interpreting data since variations in the expression level of the

sensor are not expected to affect the response. However, we found that the expression level of

the genetic sensor does affect its ratiometric response to H2 02 . The higher the expression level of

the probe, the higher its percentage residing in the oxidized rather than the reduced form,

resulting in a higher ratio. Contrary to our initial intuition, the model predicts that an increased

expression level of HyPer does not significantly alter its competition with the antioxidant

network inside for reaction with H202 , likely because of the slow second order rate constant of

HyPer compared to that of the antioxidants. Instead, our model suggests that there is an

imbalance between a rapid oxidation reaction of the sensor by hydrogen peroxide and a slow

reduction step once the sensor is oxidized, with glutaredoxin as the limiting reagent for

reduction. This imbalance results in an accumulation of HyPer in a disulfide form that increases
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with the expression level of the probe, while the active depletion of glutaredoxin prevents a

proportionate amount of HyPer from being effectively recycled. Following this logic, the

magnitude of the ratiometric signal at the level of the individual cell from other genetic H2 02

sensors such as the ro-GFP family may also show a similar dependence on expression level since

16,37the disulfide bond of the ro-GFP interacts preferentially with glutaredoxin . We should note

that at the extreme ends of the dose-response curve, this dependence on the expression level is

minimized: for H2 0 2 concentrations less than 1 pM, not enough of the sensor is oxidized to

create a kinetic bottleneck during recycling; for H 202 concentrations greater than 200 pM, the

residence time of H20 2 in the cell is long enough such that much of the sensor is being

continually oxidized for a long period of time, and recycling to the reduced state is extremely

slow regardless of the sensor expression level. However, these concentrations are outside of the

detectable or dynamic range of HyPer.

Furthermore, we found that HyPer-expressing cells blocked in the GI of the cell cycle respond to

H2 02 with a muted ratiomentric signal in comparison to cells expressing similar levels of HyPer

in other phases of the cell cycle. These cells also showed higher H202 scavenging ability,

implying that they have a higher antioxidant capacity. It is possible that the muted HyPer

response to H202 in GI phase synchronized cells was due to the presence of higher antioxidant

levels. We tested this explanation using our model by increasing the concentration of glutathione

peroxidase (GPx), an enzyme that catalyzes the elimination of H2 02 , and found that an increase

in the intracellular concentration of this antioxidant caused a decrease in the fraction of HyPer

molecules predicted to be found in the oxidized form (HyPer-SS).

An alternative hypothesis for the heterogeneity in HyPer's response from cell to cell that we

have not explored is that the redox states of the HeLa cells are in reality vastly different from one
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another at the basal state, even though differences are undetectable by HyPer. These differences

may manifest when H202 is added to the cells, putting the overall intracellular concentration in

the detection range of HyPer. This explanation would suggest that the cell-to-cell variation in

H2 0 2 level is on the same order of magnitude as that of the dynamic range of the sensor and a

large quantity of valuable information could potentially lie outside of what the probe can

measure and detect. Intracellular probes that respond to even lower levels of hydrogen peroxide

are not currently available; thus, a test of this hypothesis is not feasible at present.

We showed that the expression level of the sensor and the antioxidant variations among cells at

different stages of the cycle can yield very different HyPer ratios in response to the same H2 02

stimulus. This heterogeneity suggests that, for questions that are quantitative in nature, caution

must be exercised in comparing the responses of small numbers of cells to one another. The

automated image processing technique we described allows for unbiased analysis of hundreds of

cells from different fields of view, while previous literature that used HyPer for microscopic

studies have analyzed typically on the order of 10 cells. We must be careful making inferences

based on a few cells, taking into account sensor expression level and cell cycle phase as potential

experimental artifacts that can be misinterpreted as indicators of differing magnitudes of change

in intracellular peroxide concentration. A quantitative understanding of hydrogen peroxide's role

as a cellular signaling molecule will contribute to mechanistic understanding of how networks of

reactions control phenotype. To achieve this understanding using genetic sensors, it is important

that we measure their outputs with an awareness of the caveats of using these tools to monitor

dynamic concentrations of redox-active analytes.
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3.6 Appendix

HRP-ABTS assay is used to measure antioxidant capacity by following the H2 0 2 decay kinetics
in thymidine blocked (A) and unsynchronized cells (B). 20 pM H2 0 2 was added in the
extracellular medium. Samples were withdrawn every 2 minutes to measure the remaining H20 2

concentration. Each data point is the average of three measurements. Error bars represent one
standard deviation about the mean. The exponential decay constants calculated from the kinetic
data in (A) and (B) were 0.1 min-' for each case. In order to meaningfully compare the peroxide
scavenging capacities of thymidine blocked cells (A) with unsynchronized cells (B), it is
essential to consider the number of cells in each sample. Cells were counted in brightfield
images obtained using a 20X magnification lens. The average cell count was 117 22 (n=4
images) in thymidine blocked samples and 227 24 (n=6 images) in unsynchronized samples.
Since fewer cells in (A) than in (B) led to the same decay constant, these data suggest that the
thymidine blocked cells had a greater capacity for reducing hydrogen peroxide.

(A)

0 Trial 1
0 Trial 2

U

20-

18-

16-

14-

12 -

10 -4
8-

6-

4-

2-

o 2 4 6
T'1ne (mnn)

8

6

4

2

*

a

8 10 o 2 4 6
T.ne (nun)

112

20-

18-

16-

14-

12 -

10 -

(B)

* Trial 1
m Trial 2

U

5
11

I

8 10



Parameters values for HeLa
model of Jurkat cells (26).

cells (this work) that differ from those used in Adimora et al.'s
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Reaction Rate Constant

k l x 10-1 cm/s*
I

k8 1.3 x 107 M s 43

k9 1.2 x 104 M s 44

k1 2 s 44

k 2 -1 -1

14 1 x 10 M s 2

k 2 -1 -1

18 1 x 10 M s 2

k 3.84 x 10~7 M/s 41
24

Species Initial Concentration

H202  20 M

GPx reduced 0.55 gM 
23

Catalase cytoplasm 0.1 pM 23

Prx reduced 100 pM 23

Grx-SH 0.8 pM 46

Cell density 0.4 million/miL

* fitted to the experimental H202 decay data in SI



Added parameters for HyPer mechanism

Reaction Rate Constant

kOx 1.1 x 105 M s 47

k .
s S 9.7 s 47

k -1-1
red 1.0 X 105 M s 48-50**

k -1 -1
GSHssg 1.2 X 10' M s 9

kssg 1.2 x 10 5 M s 26

k '4 -1 -1

GRssg 9.1 X 10 M s 26

Species Initial Concentration

HyPer-(SH) 2  0.1-0.5 pM 41,42

HyPer-(SOH) I x 10-14 M

HyPer-SS I x 10-14 pM

HyPer-SSG 1 x10 4 jiM

Grx-SS 1 x 10-14 ttM

**based on the similarity in structure and in function at the active site of dithiol reduction
mechanism of glutaredoxin and thioredoxin
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Chapter 4: Using peroxide sensors and
generators for quantitative analysis of
H202-induced toxicity

4.1 Introduction

Hydrogen peroxide is an often-studied member of a class of molecules called reactive oxidative

species (ROS) due to its stability, longer life-time and involvement in a number of signaling

pathways within the cell, causing a variety of observable cellular responses. 1-3 Depending on the

intracellular level of H202, these responses can be a part of normal cellular homeostasis, or

associated with pathological outcomes.4'5 It is hypothesized that low level elevation of hydrogen

peroxide promotes survival, proliferation and differentiation, while increasing peroxide beyond

that level lead to increase DNA and lipid injury, eventually leading to apoptosis.4,6,7 Despite the

importance of peroxide level in controlling phenotype outcome, there are very few studies

putting quantitative numbers on these levels in a physiologically relevant way. The few studies

that do exist are often done with a bolus addition or extracellular enzymatic generation, when

many examples of oxidative elevation are intracellular processes. 6'8 '9 The lack of quantitative

information about H202 has led to many conflicting reports on mechanisms of H202-mediated

pathways involving cell apoptosis.

Mounting evidence suggests that cancer cells in particular have elevated levels of H 20 2

compared to their normal counterparts. 12,13 As a method of combating the toxicity effects of

elevated oxidative stress, tumor cells often have higher levels of antioxidants and are extremely

reliant on these molecules for survival.'14 16 Thus, it is believed that targeting these antioxidant
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defenses and subsequently raising of the oxidative stress level above the toxicity threshold might

be a viable option for selectively eliminating tumor cells while sparing normal cells.12,16-18 Many

cancer chemotherapeutics have been designed around this principle. 17'19-21 However, the success

rate of these ROS-based chemotherapeutics is low due to use of non-specific, non-quantitative

probes.22 23 We believe that with a better quantitative understanding of the oxidative stress

threshold leading to apoptosis, we will enable design of more effective ROS-based

chemotherapeutics in the future.

We used a genetically encoded protein sensor is specific to H 202 called HyPer that can quantify

the intracellular production. HyPer is derived from the OxyR transcription factor found in

bacteria with YFP inserted between two reactive thiol groups to provide a fluorescent readout of

OxyR's oxidation state. 24,25 The sensor is expressed by the cell and emits a ratiometric

fluorescence change upon reaction with hydrogen peroxide. Unlike the readouts in other

intracellular peroxide sensing strategies, the signal of HyPer is reversible due to the activity of

intracellular reductases, and this feature allows real-time monitoring of peroxide level.26 In

conjunction with HyPer, we generated hydrogen peroxide in a kinetically and spatially controlled

fashion using two different enzymes. Glucose oxidase, an enzyme that can be added externally to

the cell media, catalyzes the conversion of glucose and production of H2 0 2. 27 D-amino acid

oxidase, an enzyme that can be expressing inside many different cellular compartments and the

cytoplasm, and produces hydrogen peroxide as a by-product when D-alanine is added as a

substrate in the media.28,29 We want to explore the caveats and limitations of using HyPer for

detection of continuous peroxide generation, investigate the differences in using an external

versus internal generator, and develop better quantitative metrics for determining the threshold

necessary to cause H202-mediated apoptosis in cancer cells. This systematic study of hydrogen
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peroxide using physiologically and kinetically relevant generator tools will allow us direct the

desired phenotypic outcome from ROS-based chemotherapeutics in the future.

4.2 Methods and Materials

Materials used

Glucose oxidase, D-alanine, Flavin adenine dinucleotide (FAD), methyl methanethiosulfonate

(MMTS), horse radish peroxidase (HRP), puromycin, polybrene and H202 were all purchased

from Sigma. 2, 2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)

was purchased from Tokyo Chemical Industry Co. The RPMI 1640 no-phenol red for generation

experiments was purchased from Invitrogen. DMEM media was purchased from Lonza. FBS

was purchased from ATCC. Staining reagents Annexin V-APC and propidium iodide were

purchased from BioLegends. Prx-2 antibody was purchased from R&D Systems. HeLa cells

were a gift from the Dane Wittrup (Massachusetts Institute of Technology, USA). The

cytoplasmic HyPer plasmid was purchased from Evrogen. SypHer plasmid was a gift from

Nicolas Demaurex (Addgene plasmid # 48250). The PLJM-EGFP plasmid was a gift from David

Sabatini (Addgene plasmid #19319). The DAAO plasmid was a gift from Brian Ross (University

of Michigan, USA).

Cell culture

HeLa cells were cultured in DMEM media supplemented with 10% fetal bovine serum (FBS).

The cultures were maintained in 37'C humidified incubator in the presence of 5% C02. Media

was changed every 3 days and cells were passaged every 5-6 days. HeLa cells virally infected
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with plasmids containing HyPer, catalase and DAAO were maintained in the same DMEM

media containing 2ug/mL of puromycin.

Lentiviral infection of HyPer, SypHer, DAAO

HyPer, SypHer and DAAO were re-cloned from their original vector into a lenti-viral transfer

plasmid PLJM-EGFP, cutting out the EGFP portion of the plasmid. HeK FT cells were seeded at

7.5x 105 cells/35mm well and grown for 2 days until 90% confluence. The PLJM transfer vector

with the appropriate gene insert was co-transfected with the packaging plasmids PAX2 and

pMD2.G at 3:2:1 ratio for a total of 5ug of plasmid and 1Oug of Lipofectamine 2000 for a period

of 18 hours in OptiMEM media. Subsequently, 1 mL of 10% FBS + DMEM media was used to

replace the transfection media. This media containing lentiviruses was collected every 24 hours

for a period of 2 days. The media was centrifuged at 500g for 5 minutes and the supernatant was

collected.

The lmL of the supematant, along with 6ug/mL of polybrene, was then added to an 8090%

confluent 35mm well of HeLa cells. Three days post infection, media containing 5ug/mL of

puromycin was used for selection of HeLa cells containing the plasmid for a period of 10 days

for HyPer and SypHer. For the DAAO plasmid, the plasmid was incubated for 4 days post

infection and used immediately.

Glucose oxidase H202 generation

A stock solution of glucose oxidase from Aspergillus niger was formed by diluting 0.1 mg of the

powder in 1 mL of PB, kept on ice and made fresh every day. Immediately prior to use, the stock

solution was diluted further 1:50 to 1:250 in 5 mL of PBS. For experiments involving studying

the caveats of the HyPer signal, 20 ptL of the diluted stock solution was added to 1 mL total

118



volume of RPMI 1640 media no phenol red (already containing glucose) and added to HeLa

cells expressing HyPer seeded at 1 x 10 5 cells/well in a 24 well plate. For experiments involving

phenotypic effects of glucose oxidase generation, 100 piL of the diluted stock solution was added

to 2 mL of RPMI 1640 media no phenol red, then added to HeLa cells seeded at 3.5 x 105

cells/well in a 6-well plate. HyPer signal was followed over the desired period of time using

microscopy. For phenotypic assays, media containing glucose oxidase was replaced with DMEM

media containing 10% FBS after the peroxide generation period, and the assays were performed

48 hours later.

D-amino acid oxidase H202 generation

HeLa cells co-infected with HyPer (or SypHer) and DAAO plasmids were seeded at 1 x 105

cells/well on a 24 well plate for experiments studying caveats of the HyPer sensor signal, and 3.5

x 105 cells/well on a 6 well plate for experiments requiring phenotypic assays. The substrate for

the DAAO enzyme, D-alanine, was added at 0-10 mM to the 1 mL of extracellular media (RPMI

1640, no phenol red), along with co-factor substrate FAD at 5 pM for the 24-well plate

experiments. For the 6-well plate phenotypic experiments, the D-alanine was added at 0-24 mM

to 2 mL of extracellular media, along with 5 pM FAD co-factor. Four microscopy images per

well of the cells were taken with the HyPer wavelengths every 30 min to 1 hour for the desired

H2 0 2 generation period. For phenotypic assays, media containing glucose oxidase was replaced

with DMEM media containing 10% FBS after the peroxide generation period, and the assays

were performed 48 hours later.

Microscope quantification of HyPer or SypHer signal
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The excitation wavelengths of HyPer were captured using a Nikon x81 epi-fluorescence

microscope on lOx objective setting. Images were excited at 415 nm/30 nm and 488 nm/25 nm

and emission was recorded at 525 nm/40 nm, on 10% lamp intensity and 300ms exposure. Four

to five fields of view are captured per condition, and the images were exported to ImageJ for

post-processing. All images were background subtracted using the rolling ball algorithm with

radius of 200 pixels, and then the mean pixel intensity for each image was measured 30. The

HyPer ratio for each field of view was calculated by dividing the mean pixel intensity at 488 nm

by the mean pixel intensity at 415 nm. The baseline HyPer ratio is around 0.45-0.5, and the

maximum ratio for the probe is 0.85-0.9.

ABTS assay for extracellular H202 measurement

2 mM stock solution of ABTS and 3 mg/mL of HRP were prepared in RPMI 1640 no phenol red

media prior to start of the experiment. Extracellular media samples containing hydrogen

peroxide were dilute 1:2 and 150 [pL of the sample was added to 50 jiL of 2 mM ABTS and 10

pL of 3 mg/mL HRP stock. The samples were mixed via shaking and read immediately at

absorbance wavelength of 405 nm. A standard curve between OuM and 1 OuM for hydrogen

peroxide was done with each set of data.

Annexin V/PlApoptosis assay

48 hours after generator treatment, the extracellular media and HeLa cells remaining on the dish

were collected and centrifuged at 500 x g for 5 minutes. The pellet was re-suspended in 1 mL

PBS and a cell count was performed. Following a second centrifugation, the cells were

resuspended at a concentration of 1 million cells / mL in annexin V binding buffer containing 10

mM HEPES/NAOH, 150 mM NaCl and 2.5mM CaCl 2 (pH 7.4). 100 pL of the sample was
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incubated with 5 pL of Annexin V- APC conjugate antibody and 10 p.L of propidium iodide

stain for 15 minutes in the dark. Afterwards, 400 pL of annexin V binding buffer was added to

the mixture and the fluorescent reading in the APC and PE-Cy5 channels were read immediately

via flow cytometry. Cells that were stained positive with PI or Annexin V antibody were

considered apoptotic and a percentage of cell death was calculated based on a an analysis of

20,000 cells per condition.

Growth inhibition assay

48 hours after removal of peroxide generator, the remaining live cells on the dish were trypinized

and quantified using Beckman Coulter Vi-Cell Counter (courtesy of Doug Lauffenburger, MIT),

the fraction of live cells remaining was calculated by dividing by the number of live cells in the

control case without H20 2 generation.

Immunoblot for Prx-2 oxidation

HeLa cells were exposed to 24 hours of continuous H2 0 2 generation via DAAO, below the

detection limit of HyPer. After 24 hours, the cells were trypinized, washed once with lx PBS,

followed by re-suspension in 2 mL of 100mM MMTS to convert sulfhydryl groups to -S-CH 3.

This is to prevent artificial oxidation during the cell lysis step. 9 The MMTS cell suspension was

placed on ice for 20 minutes, followed by 2 more lx PBS washes. The cell pellet was lysed using

100 ptL of 1% Triton x- 100, spun at 12,000g for 10 minutes and the supernatant cell lysate was

collected and stored at -20 C until needed.

To immunoblot for monomer and dimer form of peroxiredoxin-2 (Prx-2), we denatured the cell

lysate sample using non-reducing sample buffer, then loaded 25 ug of cell lysate per lane to run

on a tris-tricine gel/buffer system. After transferring the proteins to a PDVF membrane, the blot

is blocked using Licor blocking buffer for an hour, followed by overnight incubation in goat
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primary antibody (1:1000 in PBS-blocking buffer-Tween20) against Prx-2 at 4C. After washing

with PBS + 0.1% tween-20, licor anti-goat secondary antibody IR 688 was added at 1:10000

dilution and incubated for 1 hour. Blots are visualized on Odyssey CLx Infrared Imaging

System (Koch Institute, Cambridge, MA).

4.3 Results

4.3.1 Interpreting signals from HyPer used in conjunction with a continuous peroxide

generator

In order for us to gain better quantitative information about the amount of hydrogen peroxide

that correlates with a particular phenotype, we need to accurately interpret the HyPer signal
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Figure 4.2: Sample kinetic profile of HyPer signal over time in response to DAAO or GO peroxide generators. 5 mM D-alanine
or 50 ng/mL glucose oxidase was added to the extracellular media of HeLa cells expressing HyPer. The HyPer ratio was
followed for a period of 3 hours. The HyPer ratio decreased upon reaching the maximum possible HyPer ratio at 0.85, and
increased again after the cells began to show visible signs of apoptosis.

stemming from the presence of a continuous peroxide generator. We were able to generate H 202

both extracellularly and intracellularly in HeLa cells expressing the HyPer sensor using two

different enzymes. Glucose oxidase (GO) from Aspergillus niger was added to RPMI cell media
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at concentrations from 0-50 ng/mL. The enzyme catalyzes the oxidation of glucose present in the

RPMI media to H202 and D-glucono-lactone. This externally generated peroxide can then

diffuse across the plasma membrane and cause a change in the HyPer ratiometric reading in the

cytoplasm. Alternatively, D-amino acid oxidase (DAAO) from R. gracilis was co-expressed in

HeLa cell cytoplasm with HyPer. Adding 0-10 mM D-alanine as substrate and 5 pM FAD as co-

factor to the external media allow the two compounds to diffuse across the membrane and react

with DAAO to produce intracellular H2 0 2 with tunable kinetics. We tracked the HyPer signal

over a period of three hours for a range of substrate/enzyme concentrations. While most kinetic

curves showed a steady increase HyPer signal over period measured, we noticed an interesting

trend at the higher substrate or enzyme concentrations. A sample HyPer signal kinetic curve in

response to each generator, 50 ng/mL of GO and 5 mM D-Alanine is shown in Figure 4.1. Two

interesting inflection points stood out about the kinetic curves: first, after the HyPer ratio reached

a peak at around 0.85, the signal subsequently decreased; secondly, the ratio started to rise again

after 2 hours of generation, corresponding to the onset of apoptosis (Appendix) in the peroxide

treated HeLa cells. We want to determine if these fluctuations in HyPer signal is reflective of

actual changes in intracellular peroxide concentration.

The first inflection point at a HyPer ratio of 0.85 corresponded to the maximum possible ratio

achievable by the sensor, since adding additional peroxide beyond that ratio did not result in

increase in HyPer signal (Appendix). We wanted to test if the subsequent decrease in HyPer

after the maximum was reached was an artifact from generating excessive peroxide beyond the

limit of the probe. Using 40 ng/mL of GO as external generator, we followed the intracellular

HyPer signal over a period of 3 hours. We also measured the H2 0 2 concentration outside the cell

during the same period of time, using ABTS horseradish peroxidase assay. While the HyPer ratio
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decreased upon reaching the maximum possible sensor ratio after the first 30 minutes, the actual

concentration outside steadily increased for the entire 3 hour period of measurement (Figure 4.2).
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Figure 4.3: Intracellular HyPer signal compared to extracellular H202 concentration generated by glucose oxidase. HyPer signal

was followed for 3 hours after addition of 40 ng/mL GO to the extracellular media. At the same time, the extracellular H202

concentration was measured using ABTS-Hrp assay. While HyPer signal decrease after reaching the peak ratio. the extracellular

measurement showed that there was no decrease in H202 produced by the glucose oxidase enzyme.

Thus, the decrease in the HyPer ratio was not a function of actual decrease in H202, rather a

consequence of prolonged peroxide generation beyond the limit of the sensor. We also tested

whether the sensor was still functional and responding to H202 after the decrease in sensor

signal. After the 3 hour generation period, the HeLa cells expressing HyPer were allowed to

return back to the baseline for a period of 30 minutes, and then a bolus of 75 tM peroxide was

added to the cells. The subsequent ratiometric increase of HyPer treated with 40 ng/mL of GO

for 3 hours was un-impaired (Appendix).

We wanted to determine whether the subsequent rise in Hyper signals (second inflection point)

following the onset of apoptosis is due to production from the H 2 02 generator increasingly

overcoming the antioxidants inside the cell. We tuned intracellular peroxide production using

DAAO and D-alanine substrate at 1.5 mM, 2.5 mM and 5 mM. The second inflection point for
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these three substrate concentrations occurred between 1-2 hours after the initiation of generation,

and Hyper signal continued to rise for the rest of the 3 hour generation period. After 3 hours, the

D-alanine substrate was removed, stopping the generator production, and the HyPer signal was

followed for an additional hour post removal. We found that while the HyPer signal after the
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C 0.9 - removed
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- - .5 mM D-Ala +77%
.60 - -A- 2.5 mM D-Ala
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0 50 100 150 200 250

Minutes post D-alanine addition

Figure 4.4: HyPer kinetics before and after removal of H202 generator DAAO. D-alanine was added at 1.5 mM, 2.5 mM and
5mM concentrations and HyPer kinetics was followed over a period of 4 hours. 3 hours after addition of D-ala, the substrate was
removed and the kinetic was continually measured for another hour. After removal of the generator, the signal initially decreased,
but then increased again after 30 minutes. The degree of increase was correlated with the % increase in apoptosis, measured via
Trypan Blue exclusion assay after 24 hours.

generator removal decrease towards baseline initially, it begin to rise again after 30 minutes,

independent of presence of a generator (Figure 4.3). The degree of increase was correlated with

the toxicity of the generation, as measured by apoptosis 24 hours post removal of the D-alanine

substrate. To confirm that this rise was due to peroxide elevation, and not an artifact of the

fluorescence sensor or pH effects, we employed a mutant form of HyPer called SypHer, which

had cysteine 199 of HyPer mutated to a serine to prevent di-sulfide bond formation following

H 20 2 oxidation. HeLa cells expressing SypHer did not experience a rise in the ratiometric

fluorescent signal post 5 mM D-ala generation treatment. We can conclude that onset of
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apoptosis in HeLa produces a secondary source of hydrogen peroxide independent of the H 20 2

generator, possibly contributing to this second increase in HyPer signal at later times

4.3.2 Low continuous generation of hydrogen peroxide below the detection limit of HyPer

While previous studies have explored the phenotypic effects of peroxide in the dynamic range of

HyPer, little has been done to address whether concentrations below the detection limit of HyPer
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Figure 4.5: Phenotypic and Prx-2 oxidation effects of generating H202 below the detection limit of HyPer. Hydrogen peroxide
was produced using 14 mM D-alanine substrate for HeLa cells expressing HyPer and DAAO seeded on a 6-well plate. The
peroxide was produced for a period of 24 hours and HyPer signal was measured during the time course. The generation never
caused an increase in HyPer signal. The number of cells on the dish after 24 hours of peroxide generation was measured and
compared to the control case with no D-alanine added. Peroxiredoxin-2 oxidation was also measured by immunoblotting for the
presence of dirner Prx-2. The generator caused an increase in dimerized Prx-2,

lead to interesting effects on the cell biology. Using DAAO, we tuned the D-alanine substrate to

produce low concentrations of peroxide un-detectable by HyPer for a period of 24 hours. To

verify that hydrogen peroxide was being produced, we looked for the presence of peroxiredoxin

II (Prx-2) oxidation for these low generators. Prx-2 is an antioxidant found in the mammalian

cytoplasm at hundreds of micromolar abundance and reacts specifically with H202 at rate
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constants greater than 107 M-1s- 1. Thus its reaction with peroxide is much more sensitive than that

of HyPer. When Prx-2 comes in contact with H2 0 2 , a cysteine on the Prx-2 is oxidized to -SOH,

which can then form a disulfide bond with a nearby thiol group of another Prx-2 to form a dimer.

Elevated presence of this dimer-form of Prx-2 is evidence of H2 02-derived oxidative stress.

Figure 4.4 showed that while the peroxide generated by DAAO was undetectable via HyPer over

a period of 24 hours, there was a clear elevation in Prx-2 dimer due to generator presence. This

elevation in turn caused a 50% growth inhibition compared to the control without H2 02

generation. Thus, long, continuous peroxide concentrations generated below the detection limit

of HyPer can have important pathological consequences, and using HyPer quantitatively at these

longer periods of time (24 hours and greater) comes with the caveat that we can be missing

important amounts of undetectable peroxide.

4.3.3 Establishing a new quantitative metric for studying H202-induced toxicity

The previous sections demonstrated the need for careful interpretation of HyPer signal in

response to peroxide generators. Generation of H2 02 past the maximum HyPer signal cause

inexplicable decrease in the ratiometric fluorescence, even if the actual concentration

intracellular concentration is not decreasing. Using the sensor beyond the onset of apoptosis to

quantify contribution from a particular generation source can be marred by the secondary

intracellular peroxide production during cell death. Finally, the limit of detection prevents the

probe from capturing pathological amounts of low oxidative stress during generation periods

greater than 24 hours.
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Figure 4.6: Development of a new quantitative metric for correlating HyPer signal with cell apoptosis. A) Using DAAO
generator to produce H 202 kinetic curves with different durations and end point signals. While some short, 1 hour generation

resulted in HyPer signals with higher end point concentrations, kinetic curves with longer but lower end point signal can result in

much greater apoptotic effects. B) Measurement of area under the curve for each kinetic profile. Using the ratio at t--0 as the

base, the area under the kinetic curve was measured using trapezoid rule. This resulted in a new quantity, HyPer ratio x time,

which captures both the time and the concentration characteristics of the generation. C) Correlating HyPer x time versus HeLa

cell apoptosis after 48 hours for DAAO and GO generator. HyPer x time correlated positively with % apoptosis. DAAO

generator caused more cellular damage than GO generator for the same intracellular accumulation of H2 02 .

With these caveats in mind, we want to use HyPer in combination with the two H 202 generators

to develop a quantitative understanding of peroxide-induced apoptosis. The information from the

study will be important for establishing design criteria for ROS-based cancer-elimination agents,

and making meaningful comparison across different oxidative stress generating conditions. We
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tuned the generation kinetics in HeLa cells by varying the concentration of D-alanine or GO, and

allowing the generator to run for periods of time between 1 - 12 hours while recording the HyPer

signal every hour. Only kinetics curves where the HyPer signal remained below the maximum

possible ratio for the entire generation duration were used in our analysis so we can extract

meaningful quantitative information. For each of the kinetic curve, we determined the percentage

of apoptotic cell 48 hours post generation using Annexin V/ PI double staining and subtract the

percent apoptosis for the control case with no H202 generation from the result. The delta of the

two values represents the percent cell death incurred by the elevated oxidative stress. As a

control for HyPer artifact such as pH fluctuations, HeLa cell line expressing SypHer was also

used for the same generation conditions. We found that the SypHer cell line did not show

increase in signal in response to generation by DAAO or GO (Appendix).

Much of the quantitative efforts on correlating peroxide with specific phenotype have focused on

the intracellular concentration, and few very studies have considered the impact of both

concentration and kinetics on the phenotypic effects. In Figure 4.5a, we juxtaposed some kinetic

curves where the total DAAO generation time was an hour, with kinetic curves where the total

generation time was 5-6 hours. We detected no increase in apoptosis for the one hour generation

time, even though the ending HyPer ratio of these kinetic curves were higher than some of the

more toxic 5-6 hour generation ones. Thus, the duration of the generation, along with the

concentration, need to be considered simultaneously for the most accurate quantitative metric of

peroxide production. To capture the full characteristics of the kinetic curve, we took the area

under the curve (Figure 4.5b) using the trapezoid rule, giving us a value with units HyPer ratio x

time. Plotting HyPer ratio x minutes against the toxicity of the generation (measured in %

increase in cell death), we found an expected increasing trend (Figure 4.5c). The one hour
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generation kinetic curves, when converted to HyPer ratio x minutes, had values between 0 -

12.5, putting them in the beginning parts of the scatter plot where there were no toxicity effects,

and also no proliferation or growth inhibition effects (Appendix). The 5-6 hour kinetic curves

were found with HyPer ratio x minutes values between 15 - 55, and increasing apoptosis up to

90% cell death.

With our new metric, HyPer x minutes, we did a quantitative comparison of different generation

conditions. In particular, we were interested in whether the localization of the generation was

important for the toxicity outcome. We used GO for a generation period of 5-6 hours to plot a

similar toxicity curve of HyPer x minutes versus apoptosis as the DAAO. Surprisingly, even

though the same intracellular concentrations were reached in both scenarios, the peroxide

generated outside by GO was much less toxicity than peroxide generated inside by DAAO

(Figure 4.5c). While DAAO showed almost 90% apoptosis for HyPer x minutes of 55, the same

area under the kinetic curve for GO led to less than 20% apoptosis. Our quantitative approach

allowed us to make controlled comparisons between inside and outside peroxide generation to

discover localization bias for cell toxicity.

4.3.4 Validity of HyPer x time as an appropriate metric for capturing design criteria related to

H202-induced apoptosis

We demonstrated that measuring the area under the curve captured the generation of hydrogen

peroxide better than looking at the concentration alone. We want to evaluate whether calculating

the area is sufficient in capturing the peroxide dosage necessary to induce apoptosis. A

thoroughly understanding of how to calculate this threshold is important for designing effective

chemotherapeutics. We compared the cell apoptosis for kinetic curves of different DAAO
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generation duration, but the same area under the curve (same Hyper x minute value), three

examples are shown in Figure 4.6. If the area metric was sufficient for capturing the design

criteria for inducing apoptosis, then the kinetic curves with controlled area should show similar

apoptosis. However, we found that longer generations at lower end-point HyPer ratio were

consistently less toxic than the shorter generations at higher end-point HyPer ratio. We

hypothesize that the concentration, in addition to the area under the curve, were important for

determining the toxicity. Thus, there are two threshold criteria associated with H202-induced

apoptosis: a cumulative amount is needed, and a certain concentration has to be reached for the

cell to undergo apoptosis.
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Figure 4.7: Comparing the toxicity of kinetic curves with the same area HyPer x time but different generation duration. A set of
three different kinetic curves that have the same area but DAAO peroxide generation times ranging from 3 hours to 11 hours.
Longer generations that reached lower end-point HyPer signal were consistently less toxic than the shorter generation with higher
end-point HyPer signal. We hypothesize that while the area under the curve is important, there is a second concentration
threshold that also need to be reached in order for cells to undergo H2O2 induced apoptosis.

4.4 Discussion and Conclusion

Our study showed the caveats of interpreting HyPer signal from produced from a continuous

peroxide generator. HyPer signals after the maximum possible fluorescence ratio has been

reached is unreliable, and using HyPer past the onset of apoptosis means a secondary peroxide

generation during cell death is also included along with what is being produced by the generator.

These findings indicate the importance of looking at the kinetics of peroxide generation over
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time, since these features were only discovered when we followed the HyPer signal over the

course of the entire generation period. The kinetic profile was also important in the new

quantitative metric we employed for measuring peroxide dosage. The cumulative peroxide

dosage, HyPer x time, helped captured many more subtleties of the peroxide generation than

simply looking at the end point concentrations, and is a necessary component in determining the

threshold for cell apoptosis.

HyPer, in combination with peroxide generators could be used for a controlled study of the

quantity of oxidative stress in phenotypic outcomes. In particular, many chemotherapeutics are

thought to produce ROS, but it is unclear what, if any effects the amount generated contribute to

the overall toxicity of the compound. The use of intracellular sensor and appropriate generator

mimicking the physiological condition is important for evaluating these existing

chemotherapeutics, and also sets quantitative design criteria for future ROS-based

chemotherapeutics. We found that the previous notions of correlating intracellular concentration

of peroxide alone with different phenotypic outcomes to be too limiting.4 Instead, phenotype

such as apoptosis is determined by two different thresholds: a cumulative amount of peroxide

needs to be generated, as measured by Hyper x time, and a intracellular concentration also need

to be reached before significant apoptosis occurs. This dual threshold concept had been previous

observed in nitric oxide: steady state extracellular delivery of nitric oxide results in toxicity only

above a certain concentration and duration.3 '

Our study also showed the importance of localization on the phenotypic outcome. Comparing

generation via GO (extracellular) versus DAAO (intracellular), similar kinetic curves in

intracellular HyPer increase, show vastly different levels of HeLa cell apoptosis. The

intracellular antioxidant network is very powerful and scavenges H202 very quickly, thus
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hydrogen peroxide has a limited effective radius before being consumed by these enzymes.3 2

Furthermore, previous work have shown that by fusing DAAO with HyPer, higher ratiometric

response can be obtained than if the sensor and generator were to be expressed separately.3 3 It is

perhaps unsurprising that generating peroxide outside versus inside the cell causes localized,

specific responses. Our finding emphasizes the need to mimic the physiological conditions of our

problem of interest. While using glucose oxidase is a suitable model for studying oxidative stress

during inflammation, it will not accurate portray H2 0 2 effects from intracellular perturbations.

Finally, there has been very little previous investigation into the detection capabilities of HyPer

in terms of measureable phenotypic effects. It was unclear whether phenotypes related to low

levels of oxidative stress, such as proliferation, can be studied using HyPer. Using the DAAO for

24 hour, continuous generation below the detection limit of HyPer, we found that H2 02

generation at these sub-HyPer concentrations can lead to significant growth inhibition effects on

the HeLa cells. Thus, there are interesting pathological phenomena to be studied at these low,

chronic H2 0 2 elevations, outside the quantitative capability of HyPer. However, we found that by

measuring peroxiredoxin-2 oxidation via western blot, we can detect these low H202 elevations.

Thus, designing a peroxide sensor around using peroxiredoxin as the reacting component may be

a worthwhile pursuit to study chronic oxidative stress.

Our work provides guidelines for using an intracellular peroxide sensor with continuous H202

generators for quantitative analysis of H202-related phenotypes. We showed the caveats of

interpreting HyPer signals from these generators, the limitations in what is measurable by the

HyPer probe and the new quantitative metrics to capture the concentration as well as the kinetics

of the peroxide generation. Furthermore, we applied the results from these tools to establish

design criteria for inducing apoptosis in HeLa cells. By considering both H202 concentration and
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cumulative Hyper x time thresholds, we can direct the desired phenotypic outcome from

chemotherapeutics in the future that eliminate cancer cells via oxidative stress. An interesting

next step might be to compare the toxicity thresholds of different cancer cell lines. This can

inform us whether ROS-based chemotherapeutics will be an effective strategy against a

particular type of cancer. We can also compare the toxicity thresholds of a tumor line with its

normal counterpart. Ideally, a chemotherapeutic will selectively eliminate the tumor cells while

sparing the normal cells to prevent excessive unwanted side-effects.34 Thus, designing a drug

that produces H2 02 in the therapeutic window where the tumor cells are selectively eliminated

will require quantitative knowledge of peroxide dosage and expected phenotypic effects. A

quantitative understanding of hydrogen peroxide's role as a cellular signaling molecule will

contribute to mechanistic understanding of how networks of reactions control phenotype. To

achieve this understanding, we need to use genetic sensors and generators in a physiologically

relevant manner, and interpret their outputs in a meaningful way.
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4.6 Appendix

HeLa cells undergo visible apoptosis 2 hours into H 2O2 generation via DAAO or Glucose
oxidase. SypHer is expressed in the cells. Fluorescent images are taken on Excitation 415
nm/Emission 525 nrm

Control 5mM DIa DAAO, 2 hours 50ng/mL GO, 2 hours

Peak HyPer ratio in response to external bolus addition of hydrogen peroxide between 0-75 IM.
HeLa cells expressing HyPer were plated at 1 x 1 05/well on a 24 well plate. I mL of RPMI 1640
media containing H 202 was added and HyPer ratio was followed for a period of 10 minutes.

IC)

Ej-

(L

a.

I I
Peroxide Concentration pM

Bolus testing for 40 ng/mL GO after the 3 hour generation period. After the GO media was
removed, HeLa cells were allowed to return to baseline for a period of 30 minutes. Then, a bolus
of 75 pM H2O2 is added to the dish. HyPer was not impaired by GO generation.
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Glucose oxidase Before bolus After 75 ptM bolus
0 ng/mL 0.5 0.84
40 ng/mL 0.49 0.84



SypHer signal over a period of 12 hours. D-alanine concentrations from 0 mM - 24 mM were
added to the extracellular RPMI media. The fluorescence ratio (500 nm/ 420 nm) were followed
for a period of 12 hours. No elevation in SypHer signal was detected.
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generator control case. D-alanine or GO was added to the dish at different concentrations and the
kinetics was followed for a period of 1 hour. The area under the curve was determined for each
kinetic curve. Proliferation or growth inhibition was determined 48 hours post removal of the
generator.
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Chapter 5: Using sensors and generators

for H202 to elucidate the toxicity

mechanism of ROS-based cancer

chemotherapeutics

5.1 Introduction

Reactive oxygen species (ROS) are formed as a byproduct of intracellular processes involving

respiration, protein folding or signaling, and as an inflammatory response against pathogens 1,2

These molecules are found to cause a variety of observable cellular responses from promoting

growth and proliferation at lower concentrations, to causing lethal oxidative damages to lipids

and DNA when present in excess 3,4 Mounting evidence suggest that many types of cancer cells

have increased levels of ROS compared to their normal counterpart 5'6. This elevated ROS is the

cumulative result of intrinsic factors such as activation of oncogene, aberrant metabolism,

mitochondrial dysfunction through genetic instability, along with extrinsic factors such as

inflammatory signals from nearby immune cells . As a method of combating the toxicity

effects of elevated oxidative stress, tumor cells often have higher levels of antioxidants and are

extremely reliant on these molecules for survival 8. Thus, it is believed that targeting these

antioxidant defenses and subsequently raising of the oxidative stress level above the toxicity

threshold might be a viable option for selectively eliminating tumor cells while sparing normal

cells 7-9. Many cancer chemotherapeutics have been designed around this principle. In particular,

electrophilic small molecules piperlongumine (PL) and phenethyl isothiocynate (PEITC) are

thought to cause depletion of glutathione (GSH), an important regulator of peroxide scavenging
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0-4. Both of these drugs have been shown to be selectively toxic to certain in vitro and in vivo

tumor models and are under clinical trials for various cancers.

However, while some ROS-elevating compounds have shown success as chemotherapeutics, a

good majority of other small molecules that also show apparent increase in ROS are in fact non-

toxic. A high-throughput screening of small molecules using dichlorofluorescin (DCFH), a cell

permeable fluorescent dye, as an indicator of ROS yielded mostly unsuccessful candidates that

are non-toxic as well as non-selective for cancer versus normal cells 15. Furthermore, studies on

several ROS-based chemotherapeutics show that there does not seem to be a dose-response

correlation between the signal from DCFH and drug toxicity 16. These studies suggest that our

understanding of ROS, and how these drugs utilize ROS to cause toxic effects is incomplete.

One way to improve our understanding is to use quantitative, species specific sensors for

studying oxidative stress produced by these chemotherapeutics. While DCFH is commonly used

by many redox biology studies, it indiscriminately detects ROS, RNS and a wide variety of

artifacts 17. Furthermore, its quantitative capability is limited by the variability in dye uptake

between cells 18. In recent years, genetic engineering has allowed us to produce fusions of

fluorescent proteins with bacterial and yeast proteins that react specifically with hydrogen

peroxide 19,20. Fusions are constructed such that changes in the spectrum of the fluorescent

protein occur when hydrogen peroxide oxidizes a cysteine of the microbial or yeast protein,

causing it to subsequently form a disulfide bond with a neighboring cysteine 2. Two spectral

features are affected, with an excitation peak at one wavelength decreasing and an excitation

peak at a second wavelength increasing in a dose-dependent manner upon stimulation with

hydrogen peroxide. The ability to examine the ratio of two spectral features, in contrast with
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measuring changes in fluorescence intensity for only one feature like DCFH, enables better

intracellular quantification of H20 2
2 2 ,2 3

Complementary to better measurement efforts, we can improve our understanding of these ROS-

based chemotherapeutics by incorporating additional controls relating to the hypothesized

mechanism of action. Using different methods of knocking down the antioxidant pathway that is

thought to be involved, whether by siRNA or alternative small molecules, we can determine

whether the changes we see is important to the drug toxicity, or just a secondary effect 24. We

can also test if the oxidative stress at the amount generated is enough to induce toxicity using

genetically encoded generators of particular ROS species. D-amino acid oxidase (DAAO) from

R. gracilis has been previously shown to be a powerful intracellular enzyme that can produce

tunable endogenous H202 levels depending on the concentration of D-alanine substrate added 25-

. Using DAAO give spatial and temporal control over the production of H202, we can mimic

the oxidative stress generation by these chemotherapeutics.

In this study, we focused on understanding the mechanism of piperlongumine (PL) and

phenethyl isothiocynate (PEITC). Previous studies have shown that incubation of tumor cells

with both of these compounds result in depletion of GSH and elevation of DCFH signal 10'11,13,14

The toxicity of the compound is attributed to oxidative stress elevation due to the lowered

quantity of GSH, an important antioxidant involved in protecting cells from electrophilic

compounds, H2 0 2 accumulation and protein oxidation 28,29. We aimed to study the role of

oxidative stress from these compounds more quantitatively using HyPer, a genetically encoded

sensor for H2 0 2 , along with DAAO, the intracellular generator for H20 2. We also used another

glutathione synthesis inhibitor, buthionine sulfoxmine (BSO) as a control to understand the

effects of GSH depletion on cell toxicity. Finally, we used both human tumor cells HeLa and
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A549, along with knockout variants of lung tumor model cell line, p53fl/KraSG1 2D to understand

the biochemical difference that contribute to why non-small cell carcinoma A549 is more

resistant to these chemotherapeutics than other tumors 24,30 The insights from our investigation

will aid application and design of future ROS-based chemotherapeutics to improve their success

rate.

5.2 Methods and Materials

Materials used

Piperlongumine (PL) and buthionine sulfoxmine (BSO), GSH assay kit and S-glutathionylation

kit were purchased from Cayman Chemicals. Phenethyl isothiocynate (PEITC), DMSO, Triton

X-100, D-Alanine, Flavin adenine dinucleotide (FAD), methyl methanethiosulfonate (MMTS),

puromycin, were purchased from Sigma. DMEM media was purchased from Lonza. Fetal bovine

serum (FBS) and pCAT10 catalase plasmid were purchased from ATCC. HyPer plasmid was

obtained from Evrogen. DAAO plasmid was a gift from Brian Ross (University of Michigan).

The lentiviral transfer plasmid PLJM-EGFP was a gift from David Sabatini (Addgene plasmid

#19319). The HeLa cell line was a gift from Dane Wittrup (Massachusetts Institute of

Technology, USA). The A549 cell line was a gift from Doug Lauffenburger (Massachusetts

Institute of Technology. USA). The p53fl/KrasG12 D, p53f/Kras G12D/Nrf-2-, p53'/Kras G1 2D/Keap-

Y cell lines were a gift from Tyler Jacks (Massachusetts Institute of Technology, USA). The

HeKFT cell line and the PAX2 and pMD2.G viral packaging plasmids were a gift from

Christopher Chen (Boston University, USA). Cell Tracker Deep Red, Opti-MEM and

Lipofectamine 2000 were purchased from Invitrogen. Primary goat antibody for Prx-2 was

purchased from R&D systems. Primary rabbit antibodies for alpha tublin and GADPH were

purchased from Cell Signaling. Primary mouse antibody against protein-GSH conjugates was
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purchased from Abcam. Secondary licor antibodies against goat and rabbit were purchased from

Licor Biosciences. Secondary FITC antibody against mouse was purchased from Jackson

ImmunoResearch.

Cell culture

HeLa, A549, p53f/Kras G12D, p53 /KraS G1D/Nrf-2-, p53"/Kras G12D /Keap- were cultured in

DMEM media supplemented with 10% fetal bovine serum (FBS). The cultures were maintained

in 37'C humidified incubator in the presence of 5% C02. Media was changed every 3 days and

cells were passaged every 5-6 days. HeLa cells virally infected with plasmids containing HyPer,

catalase and DAAO were maintained in the same DMEM media containing 2ug/mL of

puromycin.

Molecular cloning for HyPer, catalase and DAA 0

The coding sequence for HyPer (1.5kb) and DAAO (1.2kb) was amplified and re-inserted in

lenti-viral transfer vector PLJM-EGFP at cloning sites Nhel and BamHl, removing the EGFP.

The relevant coding sequence of human catalase (1.6kb) was amplified from the pCATIO vector

with a point mutation in the reverse primer, changing the penultimate amino acid from

asparagine (N) to aspartic acid (D). The primers used to amplify the sequence were 5' primer:

AAAA GCTAGC GCA GTG TTC CGC ACA GCA AAC and 3' primer: AAAA GGCGCGCC

TCA CAG ATC TGC CTT CTC CCT TGC (the underlined part being the point mutation), and

inserted between the Nhel and Asci sites on the PLJM-EGFP vector.

Lentiviral infection for HyPer, catalase and DAAO plasmids
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HeK FT cells were seeded at 7.5x10 5 cells/35mm well and grown for 2 days until 90%

confluence. The PLJM transfer vector with the appropriate gene insert was co-transfected with

the packaging plasmids PAX2 and pMD2.G at 3:2:1 ratio for a total of 5ug of plasmid and 1 Oug

of Lipofectamine 2000 for a period of 18 hours in OptiMEM media. Subsequently, 1 mL of 10%

FBS + DMEM media was used to replace the transfection media. This media containing

lentiviruses was collected every 24 hours for a period of 2 days. The media was centrifuged at

500g for 5 minutes and the supernatant was collected.

The lmL of the supernatant, along with 6ug/mL of polybrene, was then added to an 80-90%

confluent 35mm well of HeLa cells. Three days post infection, media containing 5ug/mL of

puromycin was used for selection of HeLa cells containing the plasmid for a period of 10 days.

Growth inhibition assay

Cells were seeded at 1.5 x 105 cells/well in a 12-well plate. The next day, lmL of 10% FBS +

DMEM medLX LLI vvILa 1 Lwih. apprupriate Comii11natLIO1 UI cemotUHICRapCUtiC cocktail were added to

each well and incubated for a period of 48 hours. Afterwards, the remaining live cells on the dish

were trypinized and quantified using Beckman Coulter Vi-Cell Counter (courtesy of Doug

Lauffenburger, MIT), the fraction of live cells remaining was calculated by dividing by the

number of live cells in the control case with DMSO only.

Total GSH measurement

Cells were seeded at 3.5 x 105 cells/well in a 6 well dish. The next day, 2.5mL of 10% FBS +

DMEM media with the appropriate combination of chemotherapeutic cocktail were added to

each well and incubated for a period of 10 hours. Afterwards, the cells were trypinized and lysed

with 100 tL of 1% triton X-100 for 20 minutes on ice, followed by 10min of centrifugation at
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12,000g. The supernatant collected was de-proteinated using equal volume of 0.lg/mL of

metaphosphoric acid, re-spun at 12,000g to separate the liquid from the precipitate. The pH was

readjusted by adding 4 M triethanolamine at 1:20 dilution to the supernatant. Both oxidized and

reduced glutathione were measured by using glutathione reductase to reduce the GSSG, followed

by reaction with DTNB (Ellman's Reagent) as dictated by the glutathione quantification kit from

Cayman Chemicals.

Using DAA O enzyme for controlled peroxide production

HeLa cells co-infected with HyPer and DAAO plasmids were seeded at 3.5 x 105 cells/well on a

6 well plate. The substrate for the DAAO enzyme, D-alanine, was added at various millimolar

concentrations to the 2mL of extracellular media (10% FBS + DMEM), along with co-factor

substrate FAD at 5 pM. 4-5 images per well of the cells were taken with the HyPer wavelengths

every 30 minutes for a period of 12.5 hours.

Microscopy quantification of HyPer fluorescence

The excitation wavelengths of HyPer were captured using a Nikon x81 epi-fluorescence

microscope on lOx objective setting. Images were excited at 415 nm/30 nm and 488 nm/25 nm

and emission was recorded at 525 nm/40 nm, on 10% lamp intensity and 300ms exposure. Four

to five fields of view are captured per condition, and the images were exported to ImageJ for

post-processing. All images were background subtracted using the rolling ball algorithm with

radius of 200 pixels, and then the mean pixel intensity for each image was measured 31. The

HyPer ratio for each field of view was calculated by dividing the mean pixel intensity at 488 nm

by the mean pixel intensity at 415 nm. The baseline HyPer ratio is around 0.5, and the maximum

ratio for the probe is 0.9.

147



Immunoblottingforperoxiredoxin-2 oxidation

Cells were seeded at 3.5 x 10s cells per well in a 6 well plate. The wells were treated with 2.5 mL

of 10 pM PL, PEITC or 100 pM of BSO for a period of 10 hours. After treatment, the cells were

trypinized, washed once with 1x PBS, followed by re-suspension in 2 mL of 100mM MMTS to

convert sulfhydryl groups to -S-CH 3. This is to prevent artificial oxidation during the cell lysis

step 32. The MMTS cell suspension was placed on ice for 20 minutes, followed by 2 more lx

PBS washes. The cell pellet was lysed using 100 pL of 1% Triton x-100, spun at 12,000g for 10

minutes and the supernatant cell lysate was collected and stored at -20 C until needed.

To immunoblot for monomer and dimer form of peroxiredoxin-2 (Prx-2), we denatured the cell

lysate sample using non-reducing sample buffer, then loaded 25 ug of cell lysate per lane to run

on a tris-tricine gel/buffer system. After transferring the proteins to a PDVF membrane, the blot

is blocked using Licor blocking buffer for an hour, followed by overnight incubation in goat

primary antibody (1:1000 in PBS-blocking buffer-Tween20) against Prx-2 at 4C. After washing

with PBS + 0.1% tween-20, licor anti-goat secondary antibody IR 688 was added at 1:10000

dilution and incubated for 1 hour. Blots are visualized on Odyssey CLx Infrared Imaging

System (Koch Institute, Cambridge, MA).

Detection ofprotein-GSH conjugation

By immunofluorescence: HeLa cells seeded at 1.0 x 104 cells/well in a 24-well plate were

incubated for 10 hours with 10 pM PL, PEITC or 100 pM of BSO. After incubation, the cells

were fixed in plate with 4% paraformaldehyde for 30 minutes, washed 3 times with PBS, and

followed by permeabilization with 0.5% triton x-1 00 (PBST) for 30 minutes. The cells were then

blocked for 30 minutes in PBST + 2% BSA, then primary mouse antibody against glutathione-

148



protein conjugates at 1:200 dilution in PBST + 2% BSA overnight at 4C. After 3 washes with

PBST, secondary anti-mouse FITC antibody was incubated at 1:250 dilution in PBST + 2%

BSA. The images were taken on NIKON x81 epi-fluorescence microscope at 10% lamp intensity

and 200ms exposure.

By flow cytometry: HeLa and A549 cells seeded at 2 x 105 cells/well in a 6-well plate were

incubated for 10 hours with 10 pM PL, or DMSO control. After incubation, the cells were

trypinized, washed with PBS, and re-suspended in 4% paraformaldehyde for 30 minutes. After

fixation and washing, the cells were penneabilized with 0.5% triton x-100 for 30 minutes, then

blocked with 2% BSA for an hour on a rocker. The cells pellets were re-suspended in 100 PL of

1:100 primary mouse antibody, rocked for 2 hours at room temperature. After washes, cells were

re-suspended in secondary anti-mouse FITC antibody at 1:100 dilution and incubated for 30

minutes on ice. The labeled cells were analyzed on BD LSR II at the Flow Cytometry Core

Facility (Koch Institute, Cambridge, MA).

Immunofluorescence quantification of S-glutathionylation

HeLa cells were seeded at 7500 cells/well in a 24-well plate, then treated for 10 hours with 10

pM PL, or DMSO control. After incubation, the cells were fixed on the dish with 4%

paraformaldehyde for 30 minutes, followed by PBS washes. Afterwards, cells were labeled with

Cell Tracker Deep Red for 1 hour at RT. Cells were permeabilized and protein free-thiols were

blocked with 100 mM MMTS. The reduction and detection steps were carried out according to

the S-Glutathionylation kit from Cayman Chemicals. 8 images were taken per condition (N=200)

on the microscope for the FITC channel (bio-tinylated reduced thiol groups) and the Cy5 channel

(cell tracker label) at 400 ms exposure, 10% lamp intensity. Using a pipeline we built in
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CellProfiler (Broad Institute, Cambridge, MA) 33, the cell tracker images were used to determine

the outline of the cell objects, create a mask which was then superimposed onto the FITC images

and the total pixel intensity per cell was determined.

5.3 Results

5.3.1 Differential response of HeLa and A549 cells to Piperlongumine and Phenethyl

Isothiocynate

We exposed two different tumor cell lines, HeLa and A549, to increasing concentrations of

electrophilic chemotherapeutics piperlongumine (PL) and phenethyl isothiocynate (PEITC) for a

period of 48 hours. Since cancer cell growth inhibition and apoptosis are both potential desired

outcomes of these small molecules drugs, we measure the efficacy by counting the live cells
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Figure 5.1: Growth inhibition curves of PL and PEITC for HeLa and A549 cells. 1.5 x 10 5 cells are seeded. After 24 hours, PL
and PEITC concentrations from 0-15 ptM were added and incubated for 48 hours. Number of live cells remaining on the dish
were counted and compared to the DMSO control. Blue triangle: A549, black squares: HeLa.

remaining on the dish after a period of 48 hours and comparing it to the DMSO control. We

found that for both compounds, the A549 cells are more resistant than the HeLa cells. In the case

of PL, the concentration needed to inhibit tumor cell population by 50% is 4.4 + 0.1 p.M for

HeLa and 11.7 2.0 pM for the A549, for PEITC it is 5 pM and 10.2 + 1.1pM, respectively
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(Figure 5.1). We want to understand how the differential responses arise in context of the redox

biochemistry of the cell lines so we apply these drugs more effectively to tumor treatments.

5.3.2 The role of glutathione in PL and PEITC mediated tumor inhibition

One of the main mechanisms of PL and PEITC toxicity suggested by the original papers is the

depletion of intracellular glutathione (GSH) level and the subsequent rise of oxidative stress. We

used another glutathione synthesis inhibitor, buthionine sulfoxmine (BSO) to determine whether
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decrease in the glutathione level in response to either drug. This suggests that the GSH depletion

is not the main toxicity mechanism of the PL or PEITC.
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Figure 5.3: Toxicity and glutathione depletion effects of PL + BSO, or PEITC + BSO co-treatments A) Co-incubations of A549
cells with 75 [tM BSO and 10 pM of PL. Fraction of live cells remaining after 48 hours was counted and compared to the
control. The co-incubation did not cause an increase in sensitivity of A549s to the PL B) Co-incubations of A549 cells with 75
IiM BSO and 10 pM of PEITC. Fraction of live cells remaining after 48 hours was counted and compared to the control. The co-
incubation did not cause an increase in sensitivity of A549s to the PEITC. C) Total GSH concentration of HeLa, A549 after 10h
incubation with PL or PEITC, and A549 cells co-incubated or pre-incubated with BSO (10 hours). A549 co-incubation and pre-
incubation with BSO, along with PL or PEITC, causes more GSH depletion than HeLa cells treated with PL or PEITC. D) Pre-
incubation of A549 cells with 100 gM BSO for 10 hours, followed by treatment with 10 pM PL for 48 hours. E) Pre-incubation
of A549 cells with 100 pM BSO for 10 hours, followed by treatment with 10 pM PEITC for 48 hours.

However, we noticed that the A549 cells were more resistant to GSH depletion through PL and

PEITC compared to the HeLa cells. The addition of PL to these lung carcinoma cells actually

increased the overall GSH concentration, while PEITC had no effect on the GSH level. On the

other hand, the HeLa cells saw two-fold decrease in GSH level in response to PEITC, and four-

fold decrease in response to PL. One hypothesis might be that the extra GSH in the A549 cells is

152

00

0 2 4 6 0 12 14 16

PEITC Concentration (pM)

S549 88s
9 549 Pre 486bate S

0 r

04

02 t

L.S

2 4 Q 12 14 16
P Concentration (M)

*A549
A549 Pre .nwbale 880

O08

0 2 0 1

PEITC Concentration (pM)

M



important for detoxifying either secondary effects from the compounds, or conjugating to these

electrophiles themselves and export them from the cell, conferring resistance for the A549s over

the HeLas. We tested this hypothesis by co-treating A549 cells with BSO and PL, or BSO and

PEITC, then measuring the subsequent GSH concentration and growth inhibition and comparing

it to the HeLa cells incubated with just PL or PEITC. Co-incubating A549s with 75 pM of BSO

and various concentrations of PL and PEITC did not change the efficacy of the two drugs

compared to treatment with the drugs by themselves (Figure 5.3a,b). However, the co-incubation

depleted the A549 GSH level to below that of HeLas treated with PL or PEITC (Figure 5.3c).

Thus, the sensitivity of the HeLa cells to PL and PEITC compared to the A549 cells is not due to

the selective depletion of GSH in these cells.

We then increased the concentration of BSO to 100 pM and pre-incubated the A549 cells with

the compound, followed by addition of different concentrations of PL or PEITC after 10 hours.

The pre-incubation and the higher BSO concentration had a dramatic effect on the sensitivity of

the A549s to the electrophilic compounds (Figure 5.3d,e). The concentration of GSH

concentration 10 hours post PL or PEITC addition is below the detection limit of the assay for

this pre-treatment protocol (Figure 5.3c). It is likely that the increased sensitivity is due to the

fact that some amount of GSH, however small compared to the control pool, is necessary for

combating the toxicity effects of PL and PEITC. A way to increase the potency of the two

chemotherapeutic compounds to these more resistant A549 cells would be to pre-treat the tumors

with BSO to deplete all or almost all of the GSH, followed by treatment with the compounds.

5.3.3 The role of oxidative stress generated by PL and PEITC
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In previous studies, the measured increase in DCFH signal from both PL and PEITC was used as

an indicator of elevated oxidative stress, commonly thought to be associated with the depletion

of GSH. Here, we pioneered a new approach towards studying the oxidative stress generated by

these compounds using both sensors and generators for a particular oxidative species. This new
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Figure 5.4: Detection and generation of oxidative stress in HeLa and A549 cells treated with PL, PEITC and BSO. A)
Measurement of HyPer ratio over a period of 12.5 hours for HeLa cells treated with 10 [M PL, 10 piM PEITC, or virally infected
with DAAO generator producing H202 with three different kinetic rates. The % of live cells remaining on the dish after 12.5 hours
compared to the DMSO control was determined. Incubation with PL and PEITC did not cause a rise in HyPer ratio, while causing
significant growth inhibition compared to the DAAO generators, which did cause a rise in HyPer ratio. B) Measuring oxidized
peroxiredoxin-2 as an indicator of peroxide elevation below the threshold of HyPer detection. HeLa and A549 cells were incubated
with 10 gM PL, 10 ptM PEITC or 100 pM BSO for a period of 10 hours. Antibody against Prx-2 was used to detect both the dimer
(oxidized) and the monomer form of Prx-2. Only piperlongumine caused a noticeable increase in Prx-2 oxidation compared to the
DMSO control. A549 cells show less oxidation in response to PL than the HeLas.

approach allows us to better understand which ROS is being generated by these cancer

chemotherapeutics and whether the quantities generated is enough to induce toxicity. In

particular, we investigated the role of H202 in the toxicity mechanism since many ROS-therapies

8are thought to interfere with the function of antioxidants for peroxide elimination
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We expressed HyPer, a ratiometric protein sensor with specificity towards H202 , inside HeLa

cells exposed to PL and PEITC. As intracellular H2 0 2 increases, the ratio of excitation spectra

peak at 500nm/420nm, also known as the HyPer ratio, should also increase. However, we did not

see any increase in HyPer ratio upon incubation of the PL and PEITC tracking over a period of

12.5 hours (Figure 5.4a). At the same time, incubation of the drugs for a period of 12.5 hours

cause significant growth inhibition effects, with 61% of live cells remaining after 48 hours for

PL and 38% for PEITC. As a control, we co-expressed an intracellular enzymatic generator for

peroxide, D-amino acid oxidase (DAAO) with HyPer in the HeLa cells. By adding different

substrate concentrations of D-Ala, we can tune the kinetics of intracellular H2 0 2 generation by

the enzyme. We found that to cause growth inhibition at the same level as PL or PEITC, the

amount of H20 2 that is needed is significantly above the detection threshold of the HyPer sensor:

a 1.6 fold increase in the ratiometric signal is needed to see close to 50% growth inhibition in the

HeLa cells. The combination of generator and sensor for H2 02 allows us to conclude that the

main toxicity mechanism of these drugs is not via excessive generation of peroxide alone.

While peroxide generation is not the main toxicity mechanism, it can still be produced by these

drugs at levels below the detection threshold of the HyPer sensor. To see if any peroxide is

produced, we needed a more sensitive detection method. Peroxiredoxin II (Prx-2) is an

antioxidant found in the mammalian cytoplasm at hundreds of micromolar abundance and reacts

specifically with H20 2 at rate constants greater than 101 M1 s -. 23,34-36 Thus its reaction with

peroxide is much more sensitive than that of HyPer. When Prx-2 comes in contact with H202, a

cysteine on the Prx-2 is oxidized to -SOH, which can then form a disulfide bond with a nearby

thiol group of another Prx-2 to form a dimer 37. Elevated presence of this dimer-form of Prx-2 is

indirect evidence of H202-derived oxidative stress. We treated HeLa cells and A549 cells with
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10 pM PL, 10 pM PEITC or 100 pM BSO and immuno-blotted for Prx-2 to detect the monomer

and the dimer form of the antioxidant after a period of 10 hours. Treatment with PL resulted in
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Figure 5.5: Using antioxidants to eliminate peroxide stress elevated by PL. A) HeLa cells treated with PL, PL + TEMPOL, PL +

mitoTEMPO and HeLa cells virally infected with human catalase then treated with PL. Cell viability was determined after 48

hours. TEMPOL and mito-TEMPO are super-oxidase dismutase mimetics, and pre-incubation of HeLa cells with these mimetics

did not cause significant improvement in cell viability. However, HeLa cells expressing endogenous catalase showed significant

improvement in cell viability. B) Prx-2 oxidation for HeLa cells treated with antioxidants and PL. Only the HeLa cells expressing

catalase showed decrease in oxidation compared to cells treated with PL only.

an increase in the dimer-form of Prx-2 in both HeLa and A549 (Figure 5.4b). However,

treatment with PEITC or BSO did not result in any increase in H 202. Thus, the increase in H202

in response to PL is not due to glutathione depletion. Interestingly, the HeLa cells have more

elevated H202 in response to PL than the A549 cells.

We want to test if this elevation of H 202 stress in the cytoplasm is important for the increased

sensitivity of the HeLa cells to PL versus the A549 cells. By modifying the peroxisome targeting

sequence -KANL of human catalase to -KADL, we can re-distribute the catalase we infect the

HeLa cells with to the cytoplasm 38. Immunofluorescence staining and western blot for catalase

showed that the HeLa cells transfected with catalase lenti-viral vector have increased expression

in the cytoplasm (Appendix). This modified cell line, HeLaCat, is much more resistant to PL
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than the HeLa cells (Figure 5.5a). To test to see if PL actually generates superoxide in the

cytoplasm or mitochondria, we pre-treated the cells with TEMPOL and mito-TEMPO, two super

oxide dismutase mimetics, before addition of PL. Neither TEMPOL or mito-TEMPO improve

the survival of the HeLa cells, thus PL generates hydrogen peroxide, but not superoxide inside

the cell. We confirmed that the resistant of the HeLaCat cells is due to the decrease in peroxide

stress through immuno-blot for Prx-2 dimer (Figure 5.5b). HeLaCat cells have less oxidation of

Prx-2 upon PL incubation compared to HeLa, or HeLa cells treated with TEMPOL or mito-

TEMPO (Appendix).

Since the presence of this low level H2 0 2 elevation appears to be important to the toxicity

mechanism of PL, we looked at an alternative indicator of oxidative stress, the presence of

protein s-glutathionylation inside the cell. Protein s-glutathionylation occurs because GSH

protects oxidized protein thiols by forming a mix-disulfide with -SOH group, this mixed-

disulfide form can then be reduced via glutaredoxin and convert the oxidized thiol back to a

sulfhydryl group 39. We performed immunofluorescence using an antibody that detects GSH-

protein conjugation for cells treated with 10 pM PL, 10 pM PEITC or 100 pM BSO for a period

of 10 hours. Unsurprisingly, only PL showed elevation of protein-GSH conjugation (Figure

5.6a). Furthermore, the HeLa cells have more elevated protein-GSH conjugation than the A549

cells in response to 10 pM PL treatment (Figure 5.6b). We also tested whether the interaction

between the GSH and the oxidized protein is due to the formation of a disulfide bond. By

converting all intracellular sulfhydryl groups on cysteine side chains into -S-S-CH3 using

MMTS (methyl methanethiosulfonate), we can then use glutaredoxin to convert all the GSH-

protein mix-disulfides to sulfhydryl group 28. Following a biotinylation reaction using

maleimide, we can detect the newly converted sulfhydryl groups using a biotin-FITC antibody
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(Figure 5.6c). We found that the GSH-protein complexes formed during PL treatment are not

reducible via glutaredoxin, since there is no elevation of immunofluorescence signal from

reduced disulfide bonds (Figure 5.6d). Therefore, it appears that the interaction of GSH and

oxidized thiol groups during to PL treatment is atypical of what traditionally happens during

elevated oxidative stress. Finally, we measured the protein-GSH conjugates of HeLa cells

producing peroxide via the DAAO generator. Although the generator produced more H202 than

PL as indicated via HyPer, it did not cause the same level of protein oxidation as PL (Appendix).

So the presence of oxidative stress alone cannot produce this much protein oxidative damage.
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Figure 5.6: Protein-GSH detection as evidence of protein oxidative stress in response to PL and PEITC. A) Immunofluorescence
detection of protein-GSH conjugate. HeLa cells were incubated for 10 hours with 10 pM PL, 10 gM PEITC and 100 pM BSO,
then protein-GSH conjugates were detected using an antibody raised against GSH. Only PL show increase in in the level of
protein-GSH conjugates. B) Flow cytometry quantification of protein-GSH conjugate for A549 and HeLa cells treated with PL.
HeLa cells show much greater increase in protein-GSH complexes compared to the A549 cells. C) Schematic of an assay to
detect s-glutathionylation. The free thiol groups are blocked using MMTS, then the mix disulfide formed by oxidized protein and
GSH is reduced using glutaredoxin. These sulfhydryl groups are then biotinylated and detected using an antibody against biotin.
D) Detection of s-glutathionylation for HeLa cells treated with PL. Treatment with 10 gM PL for 10 hours did not result in
elevated s-glutathionylation.

5.3.4 The role of NRF-2 in conferring A549 resistance to PL and PEITC

To provide a molecular understanding for the increased resistance of A549 cells to these

compounds, we investigated the role of NRF-2, a transcriptional molecule that is a master

regulator for many oxidative stress protecting functions inside the cell 40,41. At basal state in

normal cells, NRF-2 is mostly sequestered and bound to KEAP-1 in the cytoplasm. When there

is an elevation in oxidative stress, KEAP-1 is oxidized and undergoes conformational change,

which releases NRF-2, allowing it to translocate to the nucleus and activate the antioxidant

response element (ARE) signaling pathway 42. The products of the signal pathway allow for

modulation the oxidative stress. A549 cells have two different mutations, KRAS and KEAP-1,

both of which causes elevation of nuclear NRF-2, activating the transcription of important

antioxidants 43. In particular, the KEAP-1 is important for sequestering NRF-2 in the cytoplasm,

and mutations in the molecule will repair its ability to bind and inhibit the nuclear translocation

of NRF-2 . We used primary cells from a murine lung tumor model, Kras/p53, and created

two knockouts cell lines from it: NRF-2 and KEAP-1. The knockout of NRF-2 should severely

deplete the nuclear NRF-2 and the knockout of KEAP-1 should cause a significant increase in

NRF-2 level. The difference in nuclear NRF-2 between the three cell lines is reflected in the total

glutathione level, since translocated NRF-2 regulates activation of GSH synthesis (Appendix).
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When we exposed the three cell lines to PL and PEITC, we found that the absence of KEAP-1 is

important for conferring resistance to both drugs (Figure 5.7a, b), while the prescence of KRAS

mutation does not allow for greater cell survival over NRF-2 knock-out cells. Furthermore, the

KEAP-1 knock-out cells show almost no elevation in H202 during PL treatment as measured by

Prx-2 dimerization, while the Kras/p53 and the NRF-2 knock-out cell line shows significant

H 202 elevation (Figure 5.7c). As a result, the increase in S-glutathionylation in KEAP-1 knock-

outs upon PL treatment is the least amongst the three cell lines, at 5 times less than that of

p53/Kras cells (Appendix). Thus, the NRF-2 up-regulation due to KEAP-1 knockout is important

for protection of the cells against effects of oxidative stress induced by PL.
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concentrations 0 - 15 pM. Number of live cells remaining on the dish after 48 hours were counted and compared to the DMSO
control. The Keap-I null cell lines were the most resistant to both compounds. C) Measurement of Prx-2 oxidation via treatment
by 10 pM PL for a period of 10 hours. The Keap-1 cell line show the least amount of oxidation in response to PL treatment, and
subsequently it is the most resistant to the drug.

5.4 Discussion and Conclusion

Investigations into the mechanism of ROS-based chemotherapeutics are plagued by a lack of

proper controls and tools to achieve a better quantitative understanding of how these molecules

induce toxicity in the cancer cells. In relations to PL and PEITC, we found that the depletion of

glutathione is not the main mechanism responsible for the toxicity of the drug. By using an

appropriate control, BSO, we showed that amount of GSH depletion in HeLa cells due to these

compounds is non-toxic. We also showed that the GSH depletion does not act in synergy with

the main toxicity mechanism of the compounds to confer selectivity of the drugs for HeLa cells

over the A549 cells. Co-incubation of BSO and either chemotherapeutic causes GSH depletion in

A549 cells to levels below that of HeLa cells treated with the chemotherapeutics alone, without

increasing drug toxicity. It is surprising that we have to deplete almost all of the intracellular

GSH in order to see any synergistic effect between BSO and the chemotherapeutic, highlighting

the unimportance of GSH as a primary toxicity target and also a secondary protective measure in

the mechanism of these two drugs.

The combined use of a species specific sensor and generator demonstrated a unique approach for

understanding intracellular oxidative perturbations. Many studies on ROS generated by

chemotherapeutics use DCFH, which lacks information about the amount or the type of ROS.

Furthermore, it is unclear whether the quantity produced is important for toxicity, without a

proper control generator that mimics the amount and kinetics of the generation. We used HyPer,

a sensor for H2 0 2 , in conjunction with the DAAO enzyme, a tunable generator of H20 2, to
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conclude that the amount of peroxide generated by either drug cannot induce the growth

inhibition effects alone. Going one step further, we employed a new approach for measuring

H202 at levels below the limit of HyPer by immuno-blotting for Prx-2 dimers. We found that the

immuno-blotting method is more sensitive and revealed interesting oxidative patterns for PL,

PEITC and BSO incubation. Surprisingly, PEITC did not produce any H2 02 , despite previous

literature suggesting that the compound impairs glutathione and glutathione peroxidase activity.

We also noted that BSO, which causes the most GSH depletion amongst the three compounds,

also did not cause elevation in H2 02 level, so GSH depletion at the levels achieved by PL or

PEITC cannot contribute to H202 increase. The only compound that was able to cause an

increase in H202 was PL, and HeLa cells, which are more sensitive to the drug, showed more

increase in H202 compared to the A549 cells.

We demonstrated that the H2 02 elevation below the detection limit of HyPer is important to PL

toxicity. By adding intracellular catalase to the HeLas, we scavenged the elevated H202 from PL

treatment and made the cell line more resistant to the drug. This is surprising since using the

DAAO generator to produce H202 at levels below the detection limit of HyPer did not result in

significant growth inhibition, so the effect of oxidative stress alone at the amount present during

PL treatment cannot cause significant toxicity. We investigated the effect of PL on protein s-

glutathionylation, a consequence of GSH protecting oxidized thiol groups by forming a mix-

sulfide bond with them that can be reduced by glutaredoxin. We found that the s-

glutathionylation that happens during PL treatment results in a GSH-protein bond that cannot be

reduced, thus trapping thiol groups oxidized by H20 2 and keeping the protein in an inactive

form. This irreversible protein oxidation is unlike what occurs under normal oxidative stress, in

which the oxidation effects can be reversed using glutaredoxin. This irreversibility has been
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noted in previous studies on PL, where the use of DTT cannot reduce the protein-GSH bond 46

is hypothesized that the two electrophilic sites on the drug help form a covalent interaction

between the -SOH, GSH and PL, since absence of either double bond result in a non-toxic

variant of the compound 46. Thus, it is possible that the toxicity effects from PL are due to the

small quantity of H2 02 elevation that causes irreversible protein-oxidation in synergy with the

compound. We should note that this toxic synergy between the PL and oxidative stress is

uncovered when we used not only sensitive sensors, but also H202 generators to test if the

amount detected is meaningful by itself in producing any effects, highlighting the importance of

this dual approach for studying ROS-induced mechanisms.

Finally, we attempted to understand why certain cancer cells are more resistant to the effects of

PL and PEITC than other. In our case, the A549 cells had a greater resistance to both compounds

than the HeLa cells. By using model lung tumor cell lines that allow for varying levels of nuclear

NRF-2, we demonstrated that NRF-2 level is important in protecting cells from the effects of

these compounds. In particular, the KEAP-1 mutation of the A549 cells can cause an up-

regulation in protective function of NRF-2, some of which include antioxidant production, drug

efflux and heat-shock proteins activation 47. Thus, it is unsurprising that for the KEAP-1-null

cells, the up-regulation in antioxidant can contribute to a lower H202 elevation in response to PL,

which in turn contributes to a much higher resistance to the drug. In fact, NRF-2 has been shown

to be up-regulated in many instances of chemo-resistance. For example, cell lines adapted to

increasing concentrations doxorubicin often show elevated levels of NRF-2 48. More work will

need to be done to uncover exactly which antioxidants up-regulated by the NRF-2 confers

resistance to PL.

163



It should be noted that we have not yet discovered the mechanism of action for PEITC in our

study. While originally thought to operate by similar mechanisms as PL, we now showed that

treatment with PEITC does not produce H202 or superoxide (Figure 5.4a, Appendix), so

oxidative stress is unlikely to play a role in the drug mechanism. However, it is possible that

other reactive molecules, such as reactive nitrogen species (RNS) may contribute to the toxicity

of the drug, and the current repertoire of tools we have is insufficient to study these molecules in

a controlled and rigorous manner 49. Nevertheless, our combined use of H202-specific sensors

and generator uncovered a surprising toxic synergy between PL and H2 02 , and demonstrated the

need for both tools simultaneously in order to understand the role of oxidative stress in cancer

chemotherapeutics. Furthermore, our use of GSH depletion controls such as BSO, help elucidate

the lack of importance of GSH in the mechanism of these drugs. Overall, our study highlighted

the need for quantification of molecules affected by these drugs, and control experiments to

demonstrate that the amount increase or decrease is important to the toxicity mechanism. Only

then onn we achieve a truly rigorous understanding of these ROS-bascd canccr

chemotherapeutics.
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5.6 Appendix

HeLa cells infected with lenti-viral plasmid containing catalase redirected to the cytoplasm.

Immunofluorescence staining of catalase shows that there is up-regulation of the antioxidant in

the cytoplasm, this is increased expression is confirmed via western blot for catalase expression.

HeLa HeLaCat

719
catalase

GADPH

2

Prx-oxidation for HeLa cells treated with PL, externally added catalase , TEMPOL and Mito-

tempo. The Prx-oxidation is not decreased using these antioxidants.
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Protein-GSH conjugate comparison between PL and DAAO generated peroxide. While PL
produced less peroxide as measured via the HyPer than the DAAO generator, the oxidative
stress produced via the DAAO generator did not cause a significant increase in protein oxidation,
while PL caused a significant increase in protein-GSH conjugates

500
0,90

0 85 A control

080 --- DAAO Generator 400 DAAO
10 pM PL

075 control
Sontrol-10 pM PL

S070 ~300-
065 0

0 060 200
r 055

050 - 0
000

0 0 2 4 6 8 10 A \
Hours after addition of reagents 0 102 10 3 104 105

Protein-GSH conjugates

Total glutathione level in the kras/p53, NRF-2 null and Keap-1 null cell lines for control case
and upon treatment with 10 pM PL, 10 pM PEITC or 25 pM BSO.

200
0 kras/p53

E 150 nrf-2 null

C Keapi null
e c 100

0 0
50

0) -
-o 0 -.

E Control PL PE BSO
-50 25uM

170



Increase in protein-glutathione conjugates for kras/p53, NRF-2 Null and Keap-1 null cells treated
with 10 ptM PL as measured via flow cytometry.

HeLa cells pre-treated with catalase, TEMPOL and mito-TEMPOL does not improve viability
upon incubation with PEITC
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Chapter 6: Exploration of cytochrome
P450 BM3 as a next-generation ROS-
generator
*This chapter is a collaborative effort with Joseph B. Lim

6.1 Introduction

ROS is a natural byproduct of cellular metabolism that has also been implicated in numerous

biological processes, including the respiratory burst, proliferation, apoptosis, and cellular

signaling. 1-3 ROS has been studied using methodologies to both measure and perturb ROS levels

inside and outside cells. To perturb ROS levels, researchers have historically used bolus addition

of H2O2 to cell culture or stimulation and inhibition of nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase (NOX). 4 ,s However, these methodologies add conflating variables

of extracellular H202, a gradient between extracellular and intracellular species, and production

of superoxide (O2-) as an intermediate, complicating interpretation of resulting biological

effects. Furthermore, bolus addition in particular adds H202 in non-physiological and kinetics

amounts, which may result in effects not seen when H202 is produced endogenously during

events in which H202 has been implicated. 6-8

To more accurately mimic physiological production of ROS, researchers have recently turned to

soluble, localizable enzymes, including glucose oxidase (GO), xanthine oxidase (XO), and D-

amino acid oxidase (DAAO). GO, modulated by the H202 scavenger catalase, has been

primarily used for extracellular generation of H202, as has been XO; neither can be used

effectively inside the cell because of GO's requirement of a valuable metabolite, glucose, and
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XO's promiscuous activity on a variety of substrates and production of both 02- in addition to

H202.9-2 DAAO has been genetically encoded and used for intracellular H202 production in

numerous studies;' 3-15 however, its requirement of exogenous substrate, typically D-alanine, and

production of byproducts ammonia and a-keto acid may still introduce conflating effects.

Thus far, there is no endogenous generator of ROS that allows controlled production of both

superoxide and H202, and does not require exogenous co-substrates (limiting the ease of

subcellular localization). In this chapter, we explored the use of an enzyme with an established

history of being engineered for biotechnological applications (mainly in difficult oxidation

processes) and the capability of producing H202 or superoxide using only nicotinamide adenine

dinucleotide phosphate (NADPH) and molecular oxygen.

Cytochrome P450s (CYPs) is a family of heme-containing enzymes that generally perform

hydroxylation and are found in almost all organisms. The hydroxylation reaction proceeds as

follows:

R-H +02+ NADPH + H+ - R-OH + H20+ NADP+

where R-H is substrate, 02 is molecular oxygen, NADPH/NADP+ is nicotinamide adenine

dinucleotide phosphate, and R-OH is hydroxylated product. The reaction requires coupling of

activities between a reductase, to which NADPH transfers its electrons, and an oxidase, which

binds 02 and R-H and receives electrons from the reductase to perform catalysis (Figure 6.1).

While the electron transfer is usually well-coupled with the reaction, uncoupling sometimes

occurs, albeit at low frequencies, resulting in production of either H202 or 02.

One member of the CYP family, P450 BM3, is of particular interest because it captures many of

the qualities that define an ideal ROS generator. Unlike membrane-bound mammalian CYPs,
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P450 BM3 is water-soluble and is found in the cytosol of Bacillus megaterium. While many

other CYPs rely on a protein partner for electron transfer, P450 BM3 fuses the reductase and

oxidase domains into one polypeptide. 16' 17 As a result of this and perhaps other factors, P450

BM3 has the highest reported activity in the CYP family; indeed, its activity is several orders of

magnitude higher than those reported for mammalian CYPs, as shown in Table 6.1.

Table 6.1. Maximum velocity rates of CYPs on native substrates.

CYP Source Activity (min')
CYP102Al (BM3) Bacillus megaterium 17000 6

CYP 101 (cam) Pseudomonas putida 4200 1

CYP4F2 Human liver 7.4 9
CYP4A1 1 Human liver 49.1 9
CYPlAl Human liver 7.25 u
CYP1A2 Human liver 3.34 0

When in contact with non-native substrate or when certain mutations are introduced, P450 BM3

performs a leakage reaction whereby electrons are transferred from NADPH to reduce 02,

producing either water or the ROS H202 and O2 in a reproducible fashion (Figure 6.1).21 P450

BM3 is thus of interest because it captures nearly all the qualities of an ideal ROS generator: it is

endogenous, does not need exogenous substrates, and it can produce both superoxide and H202.

The single characteristic that the wild-type (WT) P450 BM3 may be lacking, however, is high

enough activity to sustain accumulation of intracellular ROS. While its native activity (Table

6.1) is on par with the activity levels of past enzymes used for H202 generation (Table 1.3), its

reported leak rate ranges from 12 6 2 to 28 0.7 min-I 23, depending on experimental

conditions, making it several orders of magnitude less than the activities of previously used ROS

enzyme generators.
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Thus, we need to engineering mutant forms of this enzyme that selects for higher production of

ROS. By developing a mutant library, we can selectively tune the kinetic activity and the ratio of

superoxide to H202 output of our generator.

Hydroxylation

NADPH NADP+

- 4

Leakage

NADPH NADP+
A

H20

Figure 6.1: Schematic of P450 hydroxylation and leakage. NADPH binds to the reductase domain and donates electrons to the
FAD and then FMN cofactors, which then transfer the electrons to the here in the oxidase domain. In coupled hydroxylation, 02
and R-H bind at distinct sites, and 02 is reduced and activated to hydroxylate R-H, transforming it into R-OH. In leakage, the
electrons are still transferred to the heme and used to reduce 02, but this may result in water, H202, or 02-. R-H is not involved
in the leakage reaction.

We used a two prong approach for the protein engineering efforts of this project. Previous

studies demonstrated certain mutations in the protein, i.e. A82W 24, T268N/F393H 22, and 1401P

WT

F393H

'I I1
A82W/1401P

A82W/T268N/F393H T268N/F393H/1401P

A82W/T268N/F393 H/1401 P

Figure 6.2: Schematic for lineage of variants with enhanced leakage derived from WT P450 BM3. Variants found to exhibit
enhanced leakage in previous studies colored in green. Variants directly derived from variants measured in previous studies
colored in blue. Variant containing all mutations in this chapter colored in red.
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23 exhibit leakage significantly higher than that of WT. we explored leakage in P450 BM3 and

its potential use as a ROS generator by generating and combining past mutations mentioned

above and previously shown to induce higher leakage 22-24, resulting in four new variants:

A82W/1401P, A82W/T268N/F393H, T268N/F393H/1401P, and A82W/T268N/F393H/1401P

(Figure 6.2).
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Figure 6.3: Schematic of HyPer-based screen for enhanced enzymatic production of H202. P450 BM13 variants from a library
generated by error-prone PCR were co-expressed with HyPer. The enzyme used cellular supplies of NADPH and 02 to produce
H202. which oxidized HyPer, resulting in an increase in its excitation spectrum at 500 nm and a decrease at 420 nm when
emission was measured at 545 nm. Oxidized spectrum shown in red and reduced spectrum shown in black.

Secondly, we used a high-throughput screening method, co-expressing a genetically encoded

sensor for H202, HyPer25 , into the bacteria cell along with the P450-BM3 enzyme. After using

error-prone PCR to generate a mutant bacterial population, we can screen for mutants that cause

an elevation in bacterial HyPer signal (Figure 6.3). We tested mutants found by these two

methods on HeLa and human embryonic kidney (HeK) cells, endogenously expressing them and

characterizing the H202 outputs from these enzymes.

6.2 Methods and Materials

Protein expression and purification
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Reagents for making growth media were obtained from Becton Dickinson. A single colony of E.

coli DH5a cells harboring the expression plasmid was used to inoculate 5 ml of LB medium

(Becton Dickinson) containing ampicillin (100 ptg/ml; USB Corporation) in a 14 ml culture tube

(17 x 100 mm, VWR) and incubated at 37 'C with orbital shaking of 250 rpm overnight. This

overnight culture was then used to inoculate 250 ml of TB medium (Becton Dickinson)

containing ampicillin at the same concentration in a non-baffled 1 liter Erlenmeyer flask (VWR).

The culture was incubated at 37 'C with orbital shaking of 250 rpm until the end of log phase

(OD600 -0.9). Expression was induced by the addition of IPTG (1 mM; Omega Bio-Tek) and

occurred at 30 'C with orbital shaking of 200 rpm for 24 hours. Cells were harvested by

centrifugation at 4000 g and 4 *C for 10 min and stored at -20 'C.

For purification, the cell pellet was resuspended in Tris buffer (20 ml, 25 mM Tris-HCl, pH 7.9;

MP Biomedicals, LLC) and lysed by sonication (7 x 1 min; output control = 5, duty cycle 50%;

Sonicator, S-250A analog, Branson). The lysate was centrifuged at 18000 g and 4 *C for 10 min

and the supernatant was filtered using a 0.8/0.2 pm Acrodisc syringe filter with Supor membrane

(Pall Corporation). The filtrate was loaded onto a 1 ml HiTrap Q Sepharose FF anion exchange

column via a superloop; the column and superloop were integrated into an AKTApurifier with a

UNICORN control system v5.20 and a Frac-950 collector (GE Life Sciences). Non-P450 BM3

proteins (as evidenced by absorbance at 280 nm and lack of absorbance at 417 nm) were eluted

in a first step from 0 to 0.2 M NaCl (Mallinckrodt Pharmaceuticals). P450 BM3 and related

variants were eluted in a second step to 0.4 M NaCl. Any remaining protein on the column was

eluted in a third step to 1 M NaCl. The purification was performed at 1 ml/min and 4 'C. Purified

P450 BM3 fractions were centrifuged through an Amicon Ultra- 15 Centrifugal Filter Unit with

Ultracel-100 membrane with nominal molecular weight limit of 100 kDa (Millipore). After
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centrifugation at 4000 g and 4 'C for 10 min, 3 ml of KPi (100 mM, composed of

monopotassium phosphate and dipotassium phosphate purchased from VWR, pH 8) was added

to the remaining sample and centrifuged again through the filter unit at the same conditions. 3 ml

of KPi (100 mM, pH 8) was added to the supernatant and centrifuged through the filter unit at

the same conditions, generally resulting in 200-400 jtl supernatant of protein solution. The

remaining supernatant was diluted by adding 200-400 pl of KPi (100 mM, pH 8) and then

dispensed into 20 pl aliquots and stored at -80 0C.

Spectrophotometric analysis of oxidized enzyme and carbon monoxide binding

Purified protein (20-200 pl) stored at -80 0C was thawed on ice and introduced into KPi (100

mM, pH 8) to make a 1 ml solution. Absorption spectra were recorded from 350 to 750 nm at

room temperature (22 'C) using a Varian Cary 50 spectrophotometer and a polystyrene cuvette

(VWR) with path length of 1 cm. The enzyme was reduced with a spatula tip of sodium

dithionite before introducing 30 bubbles of carbon monoxide (CO; Airgas, Inc.) at 1 bubble/s

into the assay solution, and absorption spectra were recorded before reduction, after reduction,

and after reduction and treatment with CO. Reduced CO-bound difference spectra and the

extinction coefficient 8450490 = 91 mM-1 cm-1 were used to calculate the concentration of

correctly folded full-length protein. Experiments were carried out in duplicate save for

A82W/T268N/F393H/1401P due to prohibitively low expression of correctly folded protein.

P450 concentrations were recorded as a mean standard deviation save for

A82W/T268N/F393H/401P.

For mammalian lysates, cells were lysed in 200 pL of 1% Triton x-100 (Sigma). 160 PL of cell

lysate was mixed with 40 pL of sodium dithionate 10mM in a 96-well microplate, and incubated
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with CO for a period of 15 minutes. Absorption spectra were recorded from 400-510 nm before

and after the CO binding, and the amount of functional P450 was calculated as above.

Enzyme kinetic measurements for Km and Kcat

Absorbance data was collected using a Varian Cary 50 spectrophotometer. Reactions (1 ml) were

carried out at room temperature in KPi (100 mM, pH 8) using enzyme (10-100 nM) and NADPH

(1-100 pM; Roche). Absorbance was followed at 340 nm and leak rates were calculated using

the initial 12-30 seconds of a reaction and c3 4 0 = 6.22 mM- cm-'. Experiments were carried out

in triplicate and each leak rate was reported as a mean standard deviation. For each variant,

Origin software (Origin Labs) was used to fit the leak rates at different concentrations of

NADPH to the Michaelis-Menten equation to obtain kcat, eakage and Km, leakage.

Analysis of H202 production via ABTS/HRP assay

The proportion of H202 production formation was determined by an HRP/ABTS assay. To

develop a standard curve, a stock solution of H 20 2 was quantified based on absorbance at 240

nm (240= 43.6 M' cm-) and used to prepare serial dilutions of H202 . Purified enzyme (100 nM)

was incubated with aliquots of the H202 dilutions; enzyme was included to account for the

possible effects of antioxidants such as catalase and Ahp, which may have been present in the

enzyme purifications in at least trace amounts. For trial reactions to measure H2O 2 formation by

P450 BM3, purified enzyme (100 nM) was incubated with NADPH (100 pM).

All reactions, both those to develop a standard curve and those to measure H20 2 formation by

P450 BM3, were performed at a fixed volume (150 pl) and room temperature (22 C). Reactions

were performed in KPi (100 mM, pH 8) with sodium azide (NaN 3, 10 mM; Sigma-Aldrich

Corporation), an inhibitor of catalase activity. Reactions were stopped after an initial incubation
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period of 2-6 min using hydrochloric acid (10 pl, 5 N; Mallinckrodt Pharmaceuticals); for each

P450 BM3 variant, the incubation period was held constant between trials. The reaction was

centrifuged at 14000 g and 4 'C for 10 min. A portion of the supernatant (140 pl) was added to

KPi (20 pl, 100 mM, pH 8), more concentrated KPi (50 pl, 1 M, pH 8), ABTS (50 pl, 2.5 mM;

Tokyo Chemical Industry, Co., Ltd.), and HRP (10 p1, 3 mg/ml, Thermo Scientific) in a

transparent 96-well microtiter plate (Greiner) and mixed. The absorbance at 405 nm was read

using a Tecan Infinite M200 plate reader.

Experiments were carried out in triplicate. Absorbances of the standard curve reactions were

averaged and standard deviations were calculated. These were then correlated with the initial

H2 0 2 concentrations to develop a standard curve via linear regression, which was used to convert

the absorbances of the trial reactions to the amount of H2 0 2 produced by each variant of P450

BM3 (Figures B.9-B. 13). To calculate the proportion of product comprised by H2 02 , the amount

of H2 0 2 was normalized by the amount of NADPH consumed by P450 BM3 during the

incubation period as measured by steady state kinetics assays.

Transfer of P450 gene to mammalian vector

The gene for the WT heme domain codon optimized for mammalian expression using Gene

Designer software (DNA 2.0, Menlo Park, CA) and encoded in a pCMV-Sport vector was

provided as a kind gift from Professor Mikhail Shapiro, Caltech, Pasadena, CA. The gene was

transferred to the pTRE3G-IRES vector (Clontech) by PCR. A Kozak sequence was added

immediately upstream of the gene to enhance expression, and a 6X His-tag was added

immediately downstream to enable detection by a Western blot. The reductase domain was then

codon optimized by GenScript (Piscataway, NJ) and fused with the heme domain by PCR.
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Mutations were implemented using site-directed mutagenesis, with codon of the most frequency

chosen.

Amplex Red assay for detection of H202 production in mammalian cell lysate

Cell lysate was collected as in the case of the CO binding assay, then mixed in 1:1 ratio with a

solution containing 100 pM of Amplex Red reagent (Invitrogen) and 0.1 U/mL of horseradish

peroxidase. The signal was captured at excitation of 490 nm and emission at 545 nm over a

course of 30 minutes at room temperature.

Immunoblot for P450 expression and Prx-2 dimerization

The his-tagged P450 proteins were detected using the Thermo Scientific HisProbe-Hrp Reagent

kit. Briefly, the detection probe is a tridentate chelator that binds to Ni+2 .The peroxiredoxin-2

dimerization was detected using an antibody against Prx-2 (R&D systems), along with an IR680

secondary antibody (Licor Biosciences) and was described in Ch.4 and 5. The block, primary

and secondary buffers were purchased from Licor Biosciences.

HyPer measurement for HeLa cells expressing P450

HeLa cells were seeded on a 6-well plate at 5x10 5 cells/well. The next day, the Tet3G and the

pTRE3G-IRES vectors containing P450 were transfected using Lipofectamine 2000 at a ratio of

1 ptg:4 pg:4 pg for a period of 18 hours. The media was replaced with media containing 1

mg/mL of doxycycline and incubated for another 3 days (a media refreshment after 2 days to

replace the depleted doxycycline). 5-6 images were taken per condition at that point. The

excitation wavelengths of HyPer were captured using a Nikon x81 epi-fluorescence microscope
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on 1Ox objective setting. Images were excited at 415 nm/30 nm and 488 nm/25 nm and emission

was recorded at 525 nm/40 nm, on 10% lamp intensity and 300ms exposure.

Construction and transformation of library of P450 BM3 variants for whole cell screening

Using P450 BM3/pRSFDuet-1 as the template plasmid, the primers 5'-

AGGAGATATACCATGGCAATTAAAGAAATGCCTCAGCC-3' and 5'-

GCGCCGTTCCTTCAGCTGTTCC-3' were used to amplify the part of the gene encoding the

oxidase domain of P450 BM3 from the plasmid pRSFDuet-1 containing the gene of P450 BM3

from Bacillus megaterium. The reaction mixture for 50 P1 error-prone PCR contained 1X

Mutazyme II reaction buffer, 0.8 mM dNTP mixture, 125 ng of each primer, 4.7 pg of P450

BM3/pRSFDuet-1, and 2.5 U of Mutazyme II DNA polymerase (Novagen). After denaturation

for 2 min at 95 'C, the PCR was run for 30 cycles of 95 'C for 30 seconds, 58.2 'C for 30

seconds, and 72 'C for 2 min, with a final extension step at 72 'C for 10 min. The error-prone

PCR products were run on a 1% agarose gel at 100 V for 45 min and purified using a Gel

Extraction Kit.

50 p1 restriction digest reactions were performed on the purified error-prone PCR products and

P450 BM3/pRSFDuet-1. The former contained 2 gg of the error-prone PCR products and the

latter contained 5 pg of the vector. Both reactions contained IX CutSmart Buffer, 20 U of NcoI-

HF, and 20 U of SacI-HF. After incubation at 37 'C for 1 hour, reaction products were loaded

onto a 1% agarose gel and run at 100 V for 50 min. The digested vector with the original P450

BM3 removed, along with the digested error-prone PCR products, were purified using a Gel

Extraction Kit. Ligation of the purified restriction digest products was performed in a reaction

with T4 DNA Ligase at 16 'C for 16 hours and purified using a Clean & Concentrate Kit. The
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purified ligated product was introduced into electrocompetent cells of E. coli BL21 (DE3) Tuner

by electroporation; these electrocompetent cells had already been previously transformed with

the HyPer/pQE30 plasmid.

Developing the screening culture protocol

To determine the time of measurement optimal for fold difference between the WT and 1401P

controls, a colony of E. coli BL21 (DE3) Tuner cells harboring HyPer/pQE30 and WT P450

BM3/pRSFDuet-l and another harboring HyPer/pQE30 and 1401P P450 BM3/pRSFDuet-l were

each cultured in a flask, washed, and resuspended as described above in IX PBS at pH 7.4. Cells

were diluted to a concentration of 60 x 106 per 200 pl in three replicate wells in a black 96-well

solid plate. Fluorescence emission intensity of each well was measured upon excitation at 500

nm with 9 nm bandwidth (F500) and 420 nm with 9 nm bandwidth (F420) with emission

monitored at 545 nm (20 nm bandwidth) at 3 min intervals for 2 hours and 9 min using a Tecan

Infinite M200 plate reader. Results indicated that the fold change maximized at approximately 2

hours; hence, all measurements hereafter were performed after 2 hours.

A side-by-side test was also performed to determine the effects on signal when cells are

measured at high frequency every 3 min for 2 hours versus measured only once after 2 hours. In

a sterile round-bottom 96-deep well microplate with a lid, 8 replicate wells each of WT and

1401P co-expressed with HyPer were cultured by inoculation of 500 p1 of LB medium

supplemented with 50 pg/ml ampicillin and 25 pg/ml kanamycin. The plate was incubated at 37

'C with orbital shaking of 250 rpm overnight. 90 pl from each well in the 96-deep well

microplate was then used to inoculate a single well in another sterile round-bottom 96-deep well

microplate with a lid containing 1000 pl of TB medium supplemented with 50 pg/ml ampicillin
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and 25 pg/ml kanamycin and incubated at 37 IC with orbital shaking of 250 rpm for 3 hours. 0.5

gl of IPTG was then added to each well to a final concentration of 0.05 mM and the cultures

were incubated at 20 'C with orbital shaking of 250 rpm for 22 hours. The microplate was

centrifuged at 4000 g and 4 'C for 5 min, the supernatant was removed, and each pellet in a well

was resuspended in 250 pl of 1X PBS at pH 7.4. This washing step was repeated twice to

remove traces of interfering fluorescent components of the growth medium. 100 p1 of each well

was mixed with 100 pl of lX PBS at pH 7.4 in a black 96-well solid plate.

To test the effects of buffers with different pH levels and compositions on the signal, a colony of

E. coli BL21 (DE3) Tuner cells harboring HyPer/pQE30 and WT P450 BM3/pRSFDuet-l and

another harboring HyPer/pQE30 and 1401P P450 BM3/pRSFDuet-l were each cultured in a

flask, washed, and resuspended as described above in either IX PBS at pH 7.4, IX PBS at pH 8,

or 0.1 M KPi at pH 8. Cells were diluted to a concentration of 480 x 106 per 200 pl in three

replicate wells in a black 96-well solid plate.

Screening for variants with elevated H202 production

Colonies resulting from the mutagenic PCR were each picked and inoculated in individual wells

of a sterile round-bottom 96-deep well microplate as described in in previous section. For

controls, 8 colonies containing HyPer/pQE30 and WT P450 BM3/pRSFDuet-l and 8 colonies

containing HyPer/pQE30 and 1401P P450 BM3/pRSFDuet-l were each used to inoculate wells.

The plate was incubated at 37 'C with orbital shaking of 250 rpm overnight. 150 p1 from each

well was mixed with 50 pl of 50% v/v glycerol in a sterile Falcon flat-bottom 96-well plate

(Corning) with a lid to create a glycerol cell stock and stored at -80 'C. 90 p1 from each well in

the 96-deep well microplate was then used to inoculate a single well in another sterile round-
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bottom 96-deep well microplate (VWR), incubated, induced for protein co-expression using

IPTG, and washed and resuspended in assay buffer as described in Section 4.2.3. 100 pl of each

well was mixed with 100 pl of 1X PBS at pH 7.4 in a black 96-well solid plate (Coming).

Fluorescence was measured at 3 min intervals for 2 hours as described in Section 4.2.3.

Hits were selected based on their final ratiometric signal (F500/F420) relative to the average of

those of the WT controls. For each hit, the glycerol cell stock plate was used to inoculate 8

replicate wells of a sterile round-bottom 96-deep well microplate with a lid. Each plate contained

8 replicate wells of WT P450 BM3 and 8 replicate wells of the 1401P variant. The procedure

described above was repeated except no glycerol cell stock plate was made. Final hits were

confirmed by averaging the final ratiometric signals of replicate wells and performing Student's

t-test to compare with the averaged final signal of the WT controls.

To isolate the P450 BM3/pRSFDuet-l plasmid from the HyPer/pQE30 plasmid in selected hits,

overnight cultures (5 ml) were started from the glycerol cell stock plate in LB medium

supplemented with 50 pg/ml ampicillin and 25 ig/ml kanamycin and incubated at 37 'C and 250

rpm. The plasmids were extracted and purified using a GenCatch Plasmid DNA Mini-Prep Kit.

50 ptl restriction digest reactions were performed on 900-1400 ng of the purified plasmids. Each

reaction contained IX CutSmart Buffer, 20 U of BamHI-HF, and 20 U of Sbft-HF. After

incubation at 37 'C for 1 hour, reaction products were loaded onto a 1% agarose gel and run at

100 V for 1 hour. The linearized P450 BM3/pRSFDuet-l plasmid (-7 kb) was separated from

the linearized HyPer/pQE30 plasmid (~5 kb) and purified using a Gel Extraction Kit. Ligation of

the purified restriction digest products was performed in a reaction with T4 DNA Ligase at 16 'C

for 16 hours and purified using a Clean & Concentrate Kit. The purified ligated product was

introduced into electrocompetent cells of E. coli DH5a by electroporation; we note that these

186



electrocompetent cells did not contain the HyPer/pQE30 plasmid. Each variant was cultured, and

the plasmid was extracted via a DNA miniprep and verified by sequencing.

6.3 Results

6.3.1 Kinetic modeling to establish design criteria for ROS generator

Before our protein engineering efforts, we needed to establish some quantitative design criteria

for the ROS generator using kinetic modeling efforts. The information from our analysis will be

important for understanding our mutant selection goals. Questions such as how "good" the

mutant would need to be, can be answered from knowing how much H202 needs to be produced
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Figure 6.4: Design criterion specifying the total amount of H20 2 production required for a generator, as a product of specific

production rate and total amount of generator, to overcome cellular antioxidant capacity and sustain generation. The criterion is

shown as a contour; any generator in the shaded, grey region surpasses the required threshold. The criterion calculated here is

specific to HeLa cells.

in order to overcome the antioxidants inside the cell. We adapted a model from Adimora et al, it

included the reactivity of catalase, glutathione peroxidase, peroxiredoxin and glutaredoxin, the
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redox reactions of thioredoxin and glutathione, the pseudo-enzymatic oxidative turnover of

protein thiols, and the diffusion of H202 across the plasma membrane 26. We adjusted the model

for HeLa cells using rate constants and other parameters that we measured in previous work 27

the changes in rate constants and initial conditions are listed in Chapter 3 Appendix. Instead of

simulating a bolus addition, we instead increased the endogenous production of H202 parameter

until the intracellular concentration profile begins to rise. We found that an endogenous

generator would need to produce 108 H202 molecules/min in order it to overcome the

antioxidant system and be detected. Since the production rate is a function of both expression

level of the generator and the specific kinetic activity, we illustrated the design criteria by

plotting the two variables against each other in Figure 6.4. As we can see from the plot, when the

expression level gets below 106 molecules/cell and the specific activity gets below 20 min-1, it

becomes extremely difficult for the enzyme to be able to overcome the intracellular H202

scavengers. Generator candidates in the gray region of the plot will considered promising

candidates for in vivo testing.

6.3.2 Producing and characterizing P450 mutants generated via literature reported mutations

in vitro

All mutant proteins from the lineage tree in Figure 6.2 were overexpressed and purified. The

final preparations of the WT protein and A82W, 1401P, T268N/F393H, and A82W/1401P

variants had purities in excess of 95% as evidenced by strong single bands in SDS-PAGE

analysis (appendix). The A82W/T268N/F393H, T268N/F393H/1401P, and

A82W/T268N/F393H/1401P preparations showed a weaker P450 band and a significant band

between 50 and 75 kDa. The A82W/T268N/F393H preparation was mostly comprised of P450,

but the T268N/F393H/1401P and A82W/T268N/F393H/1401P preparations had purities less than
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50%. The decrease in purity may be due to the fact that expression of the protein decreased when

leakage-enhancing mutations were introduced, and decreased even further when mutations were

combined.

We then kinetically characterized them by measuring their Michaelis-Menten parameters for

leakage. All variants studied here exhibited kcat, leakage values significantly higher than that of the

WT enzyme. Interestingly, variants with two mutations - A82W/1401P and T268N/F393H - did

not exhibit kcat, leakage values higher than that of single-mutation variants, i.e. A82W and 1401P.

Moreover, A82W/1401P had a Km 5-fold greater than that of the next highest (A82W) and more

than an order of magnitude greater than those of all other variants measured in this work (Table

6.2).

Table 6.2. Measured Km, leakage and proportion of product comprised by H2 02 .

Variant Km leakage (PM) % H202

WT 1.3 0.4 -
A82W 4.0 0.9 24 1.7
1401P 1.7 0.3 62 5.7
T268N/F393H <la 89 11
A82W/1401P 20.1 4.4 59 15
A82W/T268N/F393H <la 53 7.4
T268N/F393H/1401P < la > ob

a NADPH absorbance not detectable at concentrations less than 1 RM

b positive signal indicated presence of H202 but was not quantifiable due to inability to generate

a standard curve

When three of the four mutations were combined - A82W/T268N/F393H and

T268N/F393H/1401P - kcat, leakage increased dramatically to several fold higher than the kcat, leakage

of any of the one- or two-mutation variants. The Km, leakage of these three-mutation variants also

remained below 1 tM. When combined in numbers greater than two, the mutations in this

chapter dramatically increase leakage. The combination of all mutations,

A82W/T268N/F393H/1401P, which we do not show in Table 6.2, resulted in a variant that was
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the most active with respect to leakage as shown in the table. While the variant was extremely

difficult to express and purify, enough active enzyme was obtained to measure the leak rate using

100 pM NADPH: 1198 43 min'. Given the Km, leakage of all other variants, it is likely that

A82W/T268N/F393H/1401P was assayed at a saturating level of NADPH, and thus the leak rate

can be approximated as the kcat, leakage-

Each variant other than WT produced different amounts of H2 02 as indicated by measurements

of H202 in Table 6.2. No variant produced only H 202 ; thus, each variant also produced either 02

, water, or both, in addition to H202 . Notably, the T268N/F393H variant exhibited the highest

percentage, which may be due to its particular conformation. In the structure of the T268N

variant, the amine on N268 points into the active site and is able to donate a hydrogen bond to

the ferrous dioxygen species, but cannot accept a hydrogen bond from the hydroperoxy ferric

22species . This makes the hydroperoxy ferric species less stable, increasing the chance that H2 0 2

will be released as a product, which is consistent with the percentage obtained for

T268N/F393H.

6.3.3 Expressing and characterizing P450 mutants generated via literature reported mutations

in mammalian cells

The WT P450-BM3 with a his-tag was codon optimized using a proprietary algorithm and

encoded in the pTRE3G-IRES inducible vector for expression in mammalian cells. The

mutations in Figure 6.2 were then introduced by site-directed mutagenesis. Vectors encoding

each variant were transfected into HyPer-HeLa cells, which stably contained a pHyPer-cyto

vector that encoded the HyPer sensor. A histidine western blot showed visible bands for both the
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WT and mutant expressed inside the cell (Figure 6.5), although the band for WT is much

stronger than the mutants.

Ladder WT A82W 1401P WNH WP NH NHP

150 kD

100 kD

W = A82W, N = T268N, H = F393H, P = 1401P

Figure 6.5: Western blot of P450 BM3 variants encoded in a pTRE3G-IRES vector and expressed in HyPer-HeLa cells. The
unlabeled lane was sourced from cells transfected with an empty vector. NH = T268N/F393H, WNH = A82W/T268N/F393H,
WP = A82W/1401 P, NHP = T268N/F393H/140 1P.

However, the western blot only promised the presence of the protein, not whether it is functional

or correctly folded. We performed a spectrophotometric analysis of oxidized enzyme and carbon

monoxide binding to determine whether the protein is functional. A cell lysate consisted of HeLa

cells expressing P450 BM3 was incubated with carbon monoxide, with function P450s showing

a spectra shift at an absorbance of 450nm upon incubation with CO (sample figure in Appendix).

only WT was detectable by a CO binding assay, indicating that the variants suffered severe

decreases in their expression of active enzyme relative to their general expression levels and

suggesting disruptions in their protein folds. WT was detected at an active expression level of 6.7

x 106 molecules/cell. Coupled with its H 202 production rate, it falls short of the threshold for

overcoming the antioxidants inside the cell. For the variants, we are unable to determine the

expression level of the active protein such it was inaccessible by the CO binding assay.

Since it was still possible that the variants in this chapter might have sufficient active expression

levels and H2 02 production rates to meet the criteria posed in Figure 1.2, we used measured the

H202 production in the cell lysate expressing P450s using Amplex Red horseradish peroxidase

based assay (Figure 6.6). Incubation of Amplex Red, a chemical probe that is oxidized to resorfin
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upon oxidation by H202, with the cell lysates expressing P450, showed many that many P450

variants, including the WT, were producing H202 well above the empty vector control. This rise

in signal was not due artifacts such as P450 protein, cell lysate or buffer interacting with Amplex

Red (Appendix).

Amplex Red Reading on P450-Expressing Cell Lysate
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Figure 6.6: Amplex red reading on cell lysates expressing different variants of P450-BM3. HeLa cells expressing P450-BM3
were lysed in 200 pL of 1% triton buffer. 50pL samples of the lysate were incubated with 50 pL of Amplex Red/Hrp reagent and
fluorescence was recorded on the plate reader at ex. 490 nm emission. 545 nm for a period of 30 minutes.

While this initial result was promising, a definitive test would be to use these enzymes in a live

cell setting. We developed a stable HeLa cell line expressing HyPer, then introduced the P450-

BM3 to measure their H202 production (Figure 6.7). However, the signal was not significantly

different between the empty vector and all P450 BM3 variants expressed. In an effort to amplify

the signal, a mCherry protein was introduced at the second site of the expression vector as a

fluorescence tag for P450. Cells expressing both the HyPer sensor and the P450 protein were

sorted and collected on the flow cytometer. The sorting induced unwanted stress and artificial

elevation of HyPer signal on the HeLa cells (Appendix); these elevations in signals went away
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within 10 minutes of sorting completion and there was no elevation in HyPer signal in any of the

cell samples expressing P450.
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Figure 6.7: Signal of HyPer when co-expressed with P450 BM3 variants in HyPer-HeLa cells. Signal measured 4 days after
transfection was nonralized by signal at the time of transfection; signals were measured using microscopy and adherent cells.
NH = T268N/F393H, WNH = A82W/T268N/F393H, WP = A82W/1401P, NHP = T268N/F393H/1401P.

6.3.4 Optimization for the whole-cell H202 screen

We first evaluated two schemes for co-expression by determining the effects of placing the gene

for HyPer in the second cloning site of pRSFDuet-1 with P450 BM3 (either WT or 1401P) in the

first versus placing the genes in two separate vectors, P450 BM3 (either WT or 1401P) in

pRSFDuet-1 and HyPer in pQE30 (Appendix). While both the enzyme and HyPer are expressed

when encoded in the same vector, HyPer's expression level appeared to dramatically increase by

more than two-fold when co-expressed with 1401P versus WT. In contrast, HyPer's expression

levels were nearly identical when co-expressed with 1401P and WT with HyPer encoded in the

pQE30 vector. Because HyPer's expression level was better controlled when co-expressed from
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a separate plasmid with a different origin of replication, we implemented the screen with the two

proteins expressed from two separate plasmids rather than from a single plasmid. We also

devised a new electrocompetent screening strain by transforming only HyPer/pQE30 into BL21

(DE3) Tuner cells. For future transformations with the pRSFDuet-1 vector, this new strain

eliminated the need for co-transformation with HyPer/pQE30 and the consequent decreased

transformation efficiency known to occur with co-transformation of multiple plasmids.

After choosing a scheme for co-expression, we sought to determine if WT and 1401P could serve

as baseline and positive controls, respectively. We measured HyPer's signal for the two samples

at the end of protein expression. WT and 1401P showed signals of 0.93 0.02 and 1.12 0.02,

respectively, confirming the utility of these clones as controls.

We measured the temporal behavior of the signal after resuspension and dilution of the cells and

found that the signal (F500/F420) for 1401P monotonically increased and plateaued, while the

signal for WT decreased and flattened, with the fold difference maximizing at -2 hours as WT

and 1401P showed final signals of 0.792 0.002 and 1.812 0.004, respectively (Appendix). We

thus measured the signal after 2 hours in all following screening experiments.

After validating the controls and determining the optimal time for measurement, we performed a

side-by-side test of the controls comparing signal fold change when fluorescence measurements

were performed at 3 min intervals for 2 hours as was shown in Appendix versus one fluorescence

measurement after a 2 hour incubation period. In the former case, WT and 1401P had signals of

0.96 0.05 and 1.81 0.05, respectively; in the latter case, WT and 1401P had signals of 0.85

0.02 and 1.12 0.08, respectively. Since cells analyzed using these two alternative procedures

were taken from the same source, the samples measured at 3 min intervals can be directly
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compared with the samples that were measured only once. The comparison shows that the

former method maximizes the fold change between the baseline and positive controls.

To investigate whether the choice of buffer impacts the magnitude of the observed fold change

between the baseline and positive controls, we tested the effects of buffer pH and composition by

resuspending E. coli co-expressing HyPer and either WT P450 BM3 or the 1401P variant in three

different buffers: IX PBS at pH 7.4, 1X PBS at pH 8, and 0.1 M KPi at pH 8. Previous work has

established that the external buffer can induce changes in E. coli's cytosolic pH 28 and it is also

known that HyPer's signal is quite sensitive to pH changes in this range 25. Although the

F500/F420 values differed in each buffer as expected, the fold change between signals induced

by WT and 1401P remained consistently high and did not change significantly across the buffers

tested (Appendix). We thus decided to use our initial choice of buffer, IX PBS at pH 7.4, to

implement the screen.

6.3.5 Producing and characterizing P450 mutants generated via high-throughput, whole cell

screening method in vitro

We proceeded to engineer WT via directed evolution by performing error-prone PCR to

introduce random mutations into the oxidase domain of the enzyme encoded in pRSFDuet-1

using primers described in Section 6.2. After transformation of the library into the screening

strain, DNA sequence analysis of 10 randomly picked variants showed an average mutation

frequency of 2.1 base pairs per P450 gene, indicating one amino acid per enzyme was changed

on average. We co-expressed variants with HyPer in 96-well microplates with eight wells

dedicated each to WT and 1401P to provide a measure of the variability expected from clones

bearing the same constructs.
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One round of evolution was sufficient to increase the enzyme's H202 production. We screened

400 clones and found 10 variants with higher signals than that induced by the WT control, as

measured by fold change (appendix) and confirmed by Student's t-test (p < 10-9). To confirm

these initial hits, we used the glycerol cell stock of each to inoculate eight wells in a separate

microplate and cultured and assayed these hits again (appendix). In this re-screening with

multiple replicates for each hit, 9 of the 10 original hits had statistically higher final signals than

that of the WT control (p < 10-6).

To confirm whether the nine hits had elevated levels of H 2 02 production, we extracted and

transformed their plasmids into BL21 (DE3) Tuner cells. Each variant was expressed, purified,

and assayed for leakage activity and H202 production (Appendix). All nine had leak rates higher

than that of WT to varying extents, from 2- to 30-fold greater (p < 0.05). The proportion of

product comprised by H202 was measured using an HRP/ABTS assay. When the proportion was

multiplied by leak rate to determine the H202 production rate, three of the hits - P142S/V216A,

W90L/R255C/T4271, and D222N/E247D - had higher production rates than WT with p < 0.05,

and two others - T152A/Al84V/T269A/R296Q and L249H - had higher rates with p < 0.1,

demonstrating the screen's efficacy in finding novel variants with higher H202 production than

the parent enzyme. Overall, 5 of the original 10 hits had higher H202 production, indicating a

percentage of confirmed hits of 50%.

After verifying the efficacy of the screen, we screened an additional 640 clones from the library

and found 18 more hits with signals significantly higher than that of the WT control. We chose

the variants with the 11 highest signals, including those previously screened in the first 400

clones, and expressed them side-by-side along with WT in a 96-well microplate, with eight wells

dedicated to each variant. After expression, we lysed the cells with lysozyme and performed a
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CO binding assay to measure the amount of active P450 in the lysate (Appendix).

Simultaneously, we also measured the leak rate of the lysate by adding NADPH and following

absorbance at 340 nm over time (Figure 6.8). Although measurement in lysate is obscured by the

effects of the lysis procedure and other intracellular contents, we chose this method for an

efficient side-by-side comparison of variants, to avoid having to purify them separately for in

vitro assays.
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Figure 6.8: Specific and total leak rates of P450 BM3 variants measured in lysate and expressed in a 96-well microplate.

Cultures were grown on three different days, with 8 wells dedicated to each variant each day (n = 24). Total leak rate was

calculated without taking into consideration the concentration of active P450 as measured by a CO binding assay, specific leak

rate was calculated by normalizing the total leak rate by the concentration of active P450. Error bars represent a single standard

deviation.

Although the data contains wide variability likely due to the measurements having been

performed in lysate, they still offer insights into the variants as they compare with each other in

terms of bacterial expression and leakage. All variants experienced decreased expression relative
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to WT, though several - namely, M185K, V21lM/L231/V3171, T152A, All1T, 1220T, and

A264V - had expressions that could not be statistically distinguished from that of WT (p > 0.05).

We also found that several variants - M185K, D217G, Al IT, 1220T, and A264V - had both

statistically higher total and specific leak rates (p < 0.05).

6.3.6 Expressing and characterizing P450 mutants generated via high-throughput, whole cell

screening method in mammalian cells

We took the set of variants that had expression statistically comparable with that of WT and total

and specific leakage statistically higher than that of WT - M185K, Al IT, 1220T, and A264V -

and introduced each by site-directed mutagenesis into the WT gene codon optimized for

mammalian expression and encoded in the pTRE3G-IRES vector. Indeed, we found that each

variant expressed to levels detectable by a CO binding assay, something not achieved by the

variants in Chapter 3. M185K, A I11T, 1220T, and A264V had expression levels of 3.3, 6.5, 5.5,

and 3 x 106 molecules/cell, respectively; for comparison, WT expression amounted to 9.1 x 106

molecules/cell. It is important to consider, however, that the plasmids were transfected into

HEK293 cells rather than HeLa cells, for improvement of expression level of the protein.
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Figure 6.9: Detection of peroxiredoxin-2 oxidation in HeK cells expressing P450 variants obtained from a whole-cell screen.

Mutants of P450 that are potential candidates for expressing high levels of H202 were found using a whole cell screen. The
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candidates were expressed inside HeK cells for a period of 4 days using the inducible vector. At end of 4 days, the cells were
lysed and an antibody against peroxiredoxin-2 was used.

To improve our chances for detection of H202 elevation, we decided to employ a detection

method more sensitive than HyPer, discussed in Chapter 4 and 5. Peroxiredoxin II (Prx-2) is an

antioxidant found in the mammalian cytoplasm at hundreds of micromolar abundance and reacts

specifically with H2 0 2 at rate constants greater than 101 M- s -1.2,29-1 ' Thus its reaction with

peroxide is much more sensitive than that of HyPer. When Prx-2 comes in contact with H202 , a

cysteine on the Prx-2 is oxidized to -SOH, which can then form a disulfide bond with a nearby

thiol group of another Prx-2 to form a dimer 32. Elevated presence of this dimer-form of Prx-2 is

indirect evidence of H202-derived oxidative stress. When we immunoblot for the presence the

dimeric Prx-2, we found that the expression of P450 in general causes an elevation in H202

level. However, there was no difference in elevation between the WT protein and the mutant

candidates from the whole cell screen.

6.4 Discussion and Conclusion

In this chapter, we presented two different protein engineering approaches for discovering P450

mutants that exhibit higher generation of ROS, specifically H202. We then characterized the

mutants both in vitro and in vivo to determine whether they will be good candidates to use as an

endogenous ROS generator in mammalian cells. The combination of mutations previously found

to enhance leakage in P450 BM3 resulted in increased leakage, and consequently, H2 02

production in vitro. However, these mutations were also associated with sharp decreases in

bacterial expression. These decreases may be linked to the lack of active expression observed in

mammalian cells, which hinder the ability of P450 BM3 and related variants to be powerful

enough generator to overcome antioxidants inside the cell. We were therefore surprised to find
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increase in Amplex Red signal in response to cell lysate expressing P450 for both WT and the

mutants, indicating that there were correctly folded and functionally active mutants expressed

inside the cells taking NADPH from the cell lysate and converting it to H202. However, when

we measured H202 elevation via HyPer in a live cell, we were unable to detect any changes

between cells expressing the empty vector and the cells expressing the library of P450s.

Two items might contribute the discrepancy in results between the Amplex Red measurement

and the live cell measurement. First of all, it is well-known that cell lysis induce oxidation of

antioxidants, especially peroxiredoxins, a powerful scavenger that consumes 99% of H202

generated.' 33 The lowered antioxidant defenses in cell lysate may contribute to the ability for the

P450 expressed to overcome the defenses and cause a rise in H202 elevation. In this case, doing

measurements on the cell lysate does not yield information about whether the generator will be

useful for studying biological phenotype, which requires live cells. Another possibility, one that

has been highlighted in previous chapters, is that HyPer is simply not sensitive enough for

detection of low level H202 produced by P450s, and those low levels could still be interesting

for further studies.

We must also consider that we have not fully explored P450 BM3's sequence space, as it is

comprised of 1049 amino acids; there may exist variants with both sufficient H202 production

and active mammalian expression to satisfy the quantitative criteria and fulfill the requirements

of an ideal generator. To address all of the above points, we continued investigating P450 BM3

as a possible H2 02 generator by targeting it for engineering in a whole-cell screen for enzymatic

H2 0 2 production, and we used a new method of detection H202 increase by using a technique

that is informative for live cell oxidation state and is much more sensitive than HyPer.
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Our new whole-cell screen method by co-expressing P450 mutants with HyPer in live bacterial

cell, and selecting for the population that has elevated signal allowed facile identification of

novel P450 BM3 variants with elevated H202 production and leakage. The methodology proved

advantageous in comparison with other methods for screening for H202 production because of its

lack of any time-consuming lysis, purification and characterization with ABTS assay, allowing

for rapid, high-throughput screening for generator candidates. Furthermore, since we are

screening for H202 elevation rather than looking at specific activity, so both the robustness of

the expression along with the catalytic kinetic parameter are being selected for. The screening

generated four promising generator candidates that we tested in HeK cells. We found much

higher expression of functional protein of these generator candidates than the ones from the first

protein engineering approach. We also tested for H202 elevation in these candidates by looking

for dimerization of Prx-2. Surprisingly, we found that just by expressing P450 causes an

elevation of oxidative stress, as evidenced by the elevation of dimer Prx for WT protein. It is

unclear whether this elevation occurs because of the stress of overexpressing a foreign protein, or

if the WT P450 was actually generating H202 via NADPH and 02 catalysis. Furthermore, we

did not see an increase in dimerization in the mutants compared to the controls, therefore the

screening effort did not yield mutants with higher endogenous ROS generation ability than the

WT.

The results from our demonstrated that the whole-cell screening method might be a potential

technique for discovering new ROS generators based on the NADPH and 02 catalytic ability of

the P450 enzyme to produce hydrogen peroxide and superoxide. While the candidates from the

first two screening rounds were unsuccessful in generating an array of mutants with a variety of

H202 production kinetics, the mutants found were in general more stable and expressed more
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abundantly in the mammalian system. Any of these mutants can be a parent species for further

rounds of directed evolution to find other, more suitable candidates. All in all, our engineering

efforts with the P450-BM3 protein for generators of ROS represent an unlikely intersection of

two very separate fields, and an unique application of an enzyme that has traditionally been used

in relationship to traditional chemical engineering industries.
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6.6 Appendix

I
Example protein purification result of WT and NH, as done on SDS-page gel comassie staining.
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Example of absorption spectra for CO binding assay on the P450-BM3 proteins. This spectra

example is from bacterial lysates expressing P450
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Controls for the Amplex red experiment involving cell lysates expressing P450-BM3 variants.
The buffer, cell lysate and P450 protein does not interfere with the Amplex Red signal.
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Fluorescence spectra of HyPer co-expressed with WT (black) or the 1401 P variant (red), encoded
in either the second cloning site of pRSFDuet-1 (solid) or pQE30 (dashed). In all cases, WT or
1401 P was encoded in the first cloning site of pRSFDuet- 1.
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HyPer's signal when co-expressed with WT or the 1401P variant after resuspension in three
different buffers: IX PBS at pH 7.4, 1X PBS at pH 8, and 0.1 M KPi at pH 8.
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In vitro evaluation of putative H202 generators identified using the HyPer-based screen of intact

cells. Measurements were performed using purified enzymes and well-established analytical

methods. Leak rates were determined by monitoring absorbance at 340 nm as a function of time

to measure NADPH oxidation by each variant. The percentage of leakage product comprised by

H 202 for each variant was measured using an HRP/ABTS assay.
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Chapter 7: Conclusions and Outlook

7.1 Summary of thesis

This thesis has developed an analysis of reactive oxidative species and its effects on cell toxicity,

with applications for designing better ROS-based chemotherapeutics. To achieve this goal, we

demonstrated how to use and interpret signals from genetically encoded sensors for H2 02 in a

quantitative manner. Then, using these sensors in combination with H2 02 generators, we were

able to mimic and measure physiological H202 generation in a spatially and kinetically

controlled manner for our phenotypic and mechanistic investigations. Finally, in an ongoing

effort to provide alternative ROS generators that can produce other species in a simplified

manner, we explored the use of P450-BM3 enzyme by engineering them to generate ROS with

regulated species output.

Hydrogen peroxide is an often studied molecule since its longer lifetime allows it to selectively

interact with intracellular biological targets to confer the desired phenotypic outcome. While

many studies have suggested the importance of intracellular concentration and localization to

predicting the downstream effects of these molecules, these studies are often done under non-

physiological conditions, so there are little consensus on on what those concentrations are

supposed to be. The first step to a better quantitative analysis of H202 is to thoroughly

understand how to use intracellular sensors for these molecules. Genetically encoded protein

sensors such as HyPer have been in existence for about 10 years now, but little has been done to

really interpret the signal from these sensors in a meaningful way. We developed a method of

converting the fluorescence ratiometric outputs from these sensors into intracellular peroxide
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concentrations. We did so by titrating known external addition of H202 against sensor signal,

then measuring the gradient across the plasmid membrane of the cell to get the corresponding

internal concentration. This way, the sensor output is now indirectly calibrated with internal

concentrations. Using this calibration method, we can look at both data from existing literature,

or perform our own experimental analysis to correlate signaling activation or phenotypic

response with intracellular H20 2 levels.

We also explored the caveats of using these protein sensors in response to H20 2 elevation. One

interesting phenomena we frequently observed was the large heterogeneity in cellular response to

an identical H2 0 2 stimulation. We found that 70% of the heterogeneity in HyPer response was

due to the expression level differences of the sensor inside the cell. This was a surprising result,

since one of the advantages touted of the sensor was that by looking at two spectra features

changes instead one, the ratiometric output from the sensor controls for variability in expression

level. Using a kinetic model, we looked at the interplay of H 202 , sensor and antioxidant network

in H202 scavenging, and the evolution of sensor oxidative states over time. The model predicted

the same correlation between expression level and HyPer signal response, and showed that this

was due to the slow reduction kinetics of HyPer, leaving more and more kinetically trapped

oxidized form of the sensor as the expression level increases. We then used these sensors in

conjunction with continuous generators of H2 02 to explore the interesting kinetic features of

HyPer ratio over time. We found that using the probe beyond the maximum possible signal, or

when cells are undergoing apoptosis, causes the output reading to become unreliable.

With a better understanding of how to use H2 0 2 sensors and generators, we conducted a

systematic study of how localization and concentration of H 202 generation affects cell toxicity.

We discovered that the traditional view of intracellular concentration predicting H20 2 toxicity
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was too simplified. Two toxicity thresholds exist for H202-mediated apoptosis: a total

cumulative amount, defined by concentration x time is needed, and a certain concentration level

has to be achieved for the onset of apoptosis. Furthermore, generating H20 2 outside the cell was

much less toxic than generating H202 inside the cell, even when there were comparative rise in

intracellular concentration, highlighting the importance of localization to specificity of

phenotypic response. Finally, we showed that HyPer was insufficient if we wanted to study

phenotypic effects of low, chronic oxidative stress, since these concentrations, while still

providing interesting effects, were below the detection limit of the sensor.

We applied these tools to investigating the mechanism of ROS-generating chemotherapeutics

PEITC and Piperlongumine. Previous studies suggest that the depletion of glutathione was

central the toxicity mechanism of these compounds, inducing H2 02 elevation and subsequent

apoptosis. We found instead that the depletion of glutathione was unimportant to the toxicity

mechanism of the drugs and the amount of oxidative stress generated by these compounds was

not enough to induce significant toxicity by itself. In the case of piperlongumine, there was a

synergy between oxidative stress generated and the chemical compound that caused irreversible

protein oxidation and subsequent cell death. We also used NRF-2 mouse models to understand

chemo-resistance certain tumor cell lines to these drugs. The antioxidant protective function of

elevated NRF-2 via KEAP-l was important for conferring chemo-resistance to piperlongumine.

Finally, we explored the use of P450-BM3, an enzyme that can generate superoxide and

hydrogen peroxide through a reaction that requires only NADPH and oxygen, termed leakage.

While this leakage reaction is slow in wild-type P450-BM3 proteins, it can be engineered to have

much higher catalytic rates. We demonstrate through various protein engineering approaches that

we can create P450-BM3 proteins with higher catalytic leak rates, and generation of H202. We
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were able to express correctly folded, active enzymes inside mammalian cells that utilize

intracellular NADPH and oxygen to produce H202. Ongoing efforts involve finding examples of

P450 mutants that can generate detectable levels of H202 in live mammalian cells and creating a

library of mutants with different kinetic and H 20 2 to superoxide ratios.

7.2 Outlook

This thesis highlights the importance of a quantitative understanding of ROS-mediated

phenotypic effects. While many chemotherapeutics were thought to kill tumor cells by inducing

excessive oxidative stress, our analysis using a sensor to measure, and a generator to mimic the

ROS generation showed that the oxidative stress alone was not enough to induce toxicity in

tumor cells. This might account for why many high-throughput screenings to find more of these

ROS-based chemotherapeutics are failing in the recent years. To improve this screening effort,

we would need information on the quantity, duration and level of ROS needed to actually see the

desiredL effect.. ums UIes can' U on Ley ep11yinjY111g LheW sensr fAn gener1t19 se, aL4jihb

with our analysis process to establish design criteria for selective tumor toxicity. Secondly, our

experience working with these ROS tools allowed us to develop a deeper understanding of how

to use genetically encoded peroxide sensors in a quantitative manner and to appreciate the

nuances of using the probe. These findings will be important for future studies involve use of

these sensors as researchers are more informed of the caveats, and are able to extract more

meaningful concentration information from the signal output.

The beauty of using genetically encoded sensors and generators is that they can be localized to

subcellular compartments using targeting sequences. It is becoming more realized that these sub-

cellular localizations of ROS generation can be vastly important in driving distinct, specific
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responses. While our thesis primarily deals with cytoplasmic generation of ROS, these tools can

be easily adapted to studies in the mitochondria, peroxisome and we have even done some work

in the centrosome that were not included as part of this thesis work.

Our thesis findings can also enable future technology development for better H2 02 sensors.

We've demonstrated many times that we can detect H202 elevation below the detection limit of

HyPer using cytoplasmic peroxide oxidation. Furthermore, we've found that the levels detectable

by Prx-2 can have significant and interesting phenotypic effects. Therefore, creating a H202

sensor using peroxiredoxin as the detection agent is a worthwhile investment. Efforts utilizing

the disulfide formation that occurs during peroxiredoxin oxidation (ie FRET) can be potential

avenue for linking oxidation with detectable response.

Finally, while many studies on ROS have been focused on H2 0 2 due to their stability, H20 2 itself

does not react with relevant biological proteins, lipids and DNAs directly, but through secondary

species or antioxidants. Also, very little has been done to understand the impact of superoxide

generation, which can lead to nitric oxide species. It will be interesting to explore kinetically and

spatially the entire ROS network, understanding the conversion between all the species and their

respective lifetimes inside the cell. These modeling analyses will be interesting for understanding

which species are most important for conveying the biological effects. We can also being to

explore the interplay between ROS and RNS networks through these kinetic models to better

understanding the impact of the full spectrum of reactive species.
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