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Towards next-generation enzymatic generators of
hydrogen peroxide in quantitative redox biology

by

Joseph Benigno Lim

Abstract

Hydrogen peroxide (H 20 2) 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. H 2 0 2 has been well studied using methodologies to both measure and perturb H 20 2 levels
inside and outside cells. To perturb H 202 levels, researchers have historically used bolus addition to cell
culture or stimulation and inhibition of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase.
However, these methodologies add conflating variables of extracellular H 202, a gradient between
extracellular and intracellular species, and production of superoxide (02-) as an intermediate,
complicating interpretation of resulting biological effects. Furthermore, bolus addition in particular adds
H 20 2 in nonphysiological amounts, which may result in effects not seen when H 20 2 is produced
endogenously during events in which H 202 has been implicated.

To more accurately mimic physiological production of H 2 02 , researchers have recently turned to soluble,
localizable enzymes, including glucose oxidase (GOX), xanthine oxidase (XO), and D-amino acid oxidase
(DAAO). GOX, modulated by the H202 scavenger catalase, has been primarily used for extracellular
generation, as has been XO; neither can be used effectively inside the cell because of GOX's requirement
of a valuable metabolite, glucose, and XO's promiscuous activity on a variety of substrates and
production of 02 in addition to H 20 2 . DAAO has been genetically encoded and used for intracellular H 202

production in numerous studies; however, its requirement of exogenous substrate, typically D-alanine,
and production of byproducts ammonia and ot-keto acid may still introduce conflating effects.

The objective of this thesis was to develop criteria for an ideal H 202 generator and methodologies to
engineer enzymes that meet those criteria. An ideal enzymatic H 20 2 generator would enable meaningful
perturbations to H 2 0 2 levels and enable its kinetic production and steady state concentration to be
quantitatively linked with signaling events and phenotypes. We first describe the criteria of an ideal H202

generator and use current kinetic parameters and concentrations of enzymes involved in H202

scavenging in HeLa cells to determine the production rate of H 202 required to overcome the cell's
antioxidant capacity, which constitutes one of the criteria of an ideal generator.

To develop a methodology to engineer H202-generating enzymes, we sought to use an H 20 2 sensor and
Escherichia coli as a platform. Thus, in the first aim, we describe use of HyPer, a proteinaceous H 2 0 2

sensor, in E. coli when H202 is added in bolus. We demonstrated that experimental parameters typically
not reported, including amount of H202 per cell, cell density, E. coli strain, and timing of measurement,
can significantly impact the signal. We also showed that the sensor's signal lags behind the actual
amount of H2 0 2 remaining in culture during diffusion into and scavenging by E. coli, making HyPer a
reversible, rather than real-time, sensor. We also generated dose-response curves and fitted these to
the Hill equation, acquiring parameters that enable meaningful comparisons of the signal across studies,
including dynamic range, signal-to-noise ratio, and half saturation constant. This new framework for
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characterizing HyPer's signal in E. coli is relevant not only to the respiratory burst, in which H202 and

other related reactive species are generated to destroy invasive pathogens, but also to our work in

devising a new methodology for engineering enzymes with higher H 2 0 2 production.

After developing a protocol to use HyPer in E. coli, we co-expressed the sensor with cytochrome P450

BM3 in E. coli to demonstrate the efficacy of a novel whole-cell screen for H202 production. We chose

P450 BM3 as the target enzyme because of its satisfaction of all criteria of an ideal H202 generator

except total activity in mammalian cells. We chose a co-expression scheme that minimizes variability in

expression of the sensor, to avoid obfuscating interpretation of the signal. We then demonstrated that a

higher signal is attained when HyPer is co-expressed with 1401P, a P450 BM3 variant known to produce

H202 at a higher rate versus the wild-type enzyme. Finally, we applied a directed evolution approach to

generate a library of random P450 BM3 variants and used the screen to find novel variants with

enhanced H 202 production, confirming the screen's efficacy. The screen significantly improves upon

previous methodologies for enhancing H 202 production by avoiding the need to lyse the cells and add

extra reagents, reducing the amount of time required for each round of evolution. We expect the screen

to find use in finding and optimizing both candidate enzymes that meet the criteria of an ideal H2 02

generator, as well as enzymes that produce a valuable byproduct alongside H2 02 .

Finally, we note the importance of localization of H 202 generation in transducing its effects. While the

current kinetic model allows calculation of the H 202 production rate required to overcome the cell's

antioxidant capacity, it does not account for localization and resulting spatial variations in the

concentration of intracellular H 2 02 . In the last section, we describe development of a transport model

that predicts H 202 concentration profiles inside the cell. We found that the kinetic model can be

approximated by accounting for only peroxiredoxin as the sole H 20 2 scavenger that does not become

depleted by H202 oxidation. We thus reduced the model to a single equation, allowing us to use the

finite Fourier Transform (FFT) method to develop an analytical transport model. This should enable

feedback between theory and experiment, allowing us to refine the model parameters used to

determine the H202 production rate necessary for an ideal generator.

Together, these findings advance the field of redox biology by laying the methodologies and framework

for engineering an ideal enzymatic H 20 2 generator, the development of which should enable

physiologically meaningful perturbations of H2 02 levels inside the cell.

Thesis supervisor: Hadley D. Sikes

Title: Assistant Professor of Chemical Engineering
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Abstract

Hydrogen peroxide (H 2 02 ) is a principal reactive oxygen species (ROS) involved in numerous
physiological processes, including the respiratory burst, inflammation, proliferation, apoptosis, and
signaling. As such, H20 2 and other ROS have been an active research area in recent years. However, it is
still not well understood at what steady state levels and kinetic rates of production of H2 02 these
biological events and phenotype transitions occur. This chapter discusses the physiology of H 20 2 as well

as these remaining open questions in the field. Methodologies for perturbing H 20 2 levels are then
discussed, including bolus addition for transient bursts as well as use of small molecules and enzymes

for more continuous generation, the latter of which more closely resembles physiological production of
H 2 0 2 . The criteria for an ideal enzymatic H 202 generator are presented, followed by a critical evaluation
of whether enzymes currently in use meet those criteria. The chapter ends with an outline of the aims of

this thesis, which are designed to enable the development of next-generation enzymatic H 2 02

generators that fulfill the criteria of an ideal generator.

Portions of this chapter are included in:

Lim, J. B. and Sikes, H. D. Beyond bolus: molecular tools for continuous generation of hydrogen peroxide.

In preparation.
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1.1 Overview of biology of hydrogen peroxide (H 2 02 )

Hydrogen peroxide (H 202) and other related reactive oxygen species (ROS) such as superoxide (02-) were
once believed to be an unfortunate consequence of aerobic metabolism, which results in their
production and potentially damage of biomolecules, including lipids, proteins, and DNA. However, it is
now understood that organisms have evolved to integrate H 20 2 into their essential physiology, including
the respiratory burst [1,2], inflammation [3], proliferation [4], apoptosis [5], and signaling [6,7]. Given its
high stability relative to other related ROS and prominent physiological role, H 20 2 has stirred a surge of
interest and research in redox biology, and as such has been extensively studied.

While H 20 2 has been shown to be useful for survival, its levels are tightly controlled by efficient and

abundant enzymatic scavengers, including peroxiredoxin (Prx), thioredoxin (Trx), and glutathione

peroxidase (GPx), as well as other protein reductants that regenerate these scavengers in the reduced

form (Figure 1.1). All scavengers rely on a mechanism in which a thiol group reacts with H 202, followed

by disulfide formation with another thiol group. Knowledge of the pathways by which H2 02 is produced

and scavenged presents a systems model that, in conjunction with quantitative, mechanistic data, can

be used to understand how H 202 transduces its effects. A kinetic model integrating this knowledge has

recently been developed to determine which reactions are most important in H2 02 scavenging upon

bolus addition to cell culture, with a focus on Jurkat cells [8].
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Trx-SS Trx-(SH)2

Pr-(SH) Pr-SS Regeneration of
reductants

H 202  2 H 20 Trx-(SH) 2  Trx-SS
GSH --

Pr-SH r-SSGG6POPr-SH Pr-SSG NADP+ NADPH + H+

4 GR
Grx SSG Grx-(SH) 2  2 GSH GSSG

H20

H202 -H22 Grx-SSG Grx-(SH) 2

2GSH GSSG

Trx-SS Trx-(SH) 2
Srx

Prx-SH Prx-SOH Prx-SOOH

H 202  H 20 H 202  H 20

Prx-SH Prx-SOH Prx-SS

Trx-SS Trx-(SH) 2

Figure 1.1. Model of H 202 elimination in the cytosol of mammalian cells based upon a model for Jurkat T
cells [8]. Only cytosolic components were considered in this schematic; thus, catalase, which is known to

be contained exclusively in peroxisomes [9,10], was excluded, as well as any processes involving the
transfer of a species to another compartment. H 20 2 undergoes three main pathways of scavenging:
general protein thiols (Pr-(SH) 2 and Pr-SH), glutathione (GSH)/glutathione peroxidase (GPx), and
peroxiredoxin (Prx). In scavenging H202, vicinal dithiols can form disulfide groups that are reduced by
thioredoxin (Trx), while other general thiol groups can be glutathionylated and reduced by glutathione

reductase (Grx). GPx can also catalyze H202 scavenging by GSH alone, leading to GSH disulfide (GSSG). In
the last pathway, Prx can scavenge H202 and be oxidized into Prx-SOH, which can scavenge H 20 2 again,
leading to overoxidation (Prx-SOOH), which can be reduced with sulfiredoxin (Srx). Prx-SOH can also

form an intramolecular disulfide bond, resulting in Prx-SS. For clarity, reactions leading to regeneration
of reductants are shown apart from the pathways of H 202 scavenging: Trx is reduced by NADPH and Trx

reductase (TR), GSSG is reduced by GSH reductase (GR), and GSH is used to generate Grx. NADPH, a key

base reductant in the network, is regenerated from NADP' by glucose-6-phosphate dehydrogenase

(G6PD).

It has been observed that whether H202 effects physiological processes such as signaling cascades or

cytotoxic damage is dependent upon its concentration within the cell [7]. Furthermore, cancerous cells
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have been observed to hold higher levels of H 20 2 than non-cancerous cells [11]. However, the
relationship between changes in H 202 concentration and the resulting biology is only qualitative in
nature due to lack of tools to control and measure H2 02 levels with spatiotemporal precision. It thus
remains unknown at what levels and by what mechanisms these effects occur. While tools have been
developed to begin to probe this open question, their limitations prevent a definitive answer with
confidence from being posed.

1.2 Localization of sources and targets of H2 0 2

The aforementioned kinetic model assumes completely mixed compartments of H 20 2 in the extracellular
media, cytosol, and peroxisomes, with no spatial component, thus ignoring potential localization.
Several models have emerged to highlight the importance of H2 02 localization. In the floodgate model
[12], 2-cys Prxs act as floodgates, keeping H2 02 at low resting levels until a transient burst of H2 02

production results in overoxidation of the Prxs and consequent reaction with protein thiols to initiate
signaling cascades. Another model suggests that Prxs are inhibited by phosphorylation, decreasing their

overall H20 2 scavenging capacity and allowing local concentrations to increase [10,13]. The most recent

model suggests that Prx acts as a mediator, relaying electrons from H 2 02 to a signaling target [14,15];
this model is more amenable to Prx's abundance and efficiency, which allow it and other scavengers to

highly impede H20 2 from reacting directly with other proteins.

In any case, it is has been widely observed that H 20 2 production, as well as that of other ROS, is often

localized [16-20]. More specifically, H 202 and other ROS are produced in phagosomes (in cells of the

immune system specialized for destroying invasive pathogens), peroxisomes, mitochondria, the

endoplasmic reticulum, and by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases within

the cell membrane [21]; sources and targets of ROS are thought to be generally colocalized in the cell for

a further element of redox control [21,22] and signaling specificity [7], suggesting that the ROS produced

at subcellular locations only act upon nearby targets. Indeed, evidence has also emerged that ROS

generated in different locations, including H202 , result in different phenotypic effects [23,24].

With the importance of ROS localization becoming increasingly revealed, important questions arise,

which are posed here in relation to H 202 specifically: To what extent is H 20 2 localized? How far does

H20 2 produced in a particular subcellular location diffuse before reacting with a signaling target? How

much H 2 02 is required to reach and react with a key protein thiol to initiate a signaling cascade?

Although the previously mentioned kinetic model has been matched to experimental data for Jurkat

cells, it does not take into consideration potential spatial variations in the concentration of H2 02 , leaving

the above questions unanswered.

1.3 Past methodologies for perturbing extracellular and intracellular levels of H 202

Researchers have historically used bolus addition [25,26] or stimulation/inhibition of NADPH oxidase

[27] to perturb intracellular levels of H 202 and study its effects. However, bolus treatment can only add

H2 02 to the extracellular medium, requiring H 2 02 to diffuse through the cell membrane, which results in

a gradient. In the case of NADPH oxidase, 02 is generated, but due to limited membrane permeability to

ions, this species often converts to H202, which then diffuses through the membrane, as is the case with

bolus addition of H2 02 . While generation of ROS external to the cell is relevant to certain cellular

processes, such as inflammation [28] and the respiratory burst [1,2], this is not the case with respect to

many other processes, such as proliferation and apoptosis [29]. In such processes, generation of H2 02
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outside the cell complicates interpretation of data because the resulting gradient conflates the effects of
intracellular and extracellular species.

Furthermore, bolus addition of H 2 0 2, particularly in nonphysiological amounts, may result in effects not
seen when H 2 02 is produced using endogenous cellular sources [25,26]. While bolus addition is expected
to produce a sudden increase in intracellular H 20 2 concentration followed by exponential decay due to
antioxidant scavengers, endogenous H2 02 production at steady state results in constant H 202 over a
more prolonged period of time. Indeed, continuous generation of H 202 in localized settings within the
cell may better reflect physiological processes with respect to spatiotemporal changes in H2 0 2 levels
during the actions of certain drugs and pathologies, as performed or noted in several studies [21,30,31],
making this a preferred method of perturbation in quantitative redox biology. Both enzymes and small
molecules have been used in this capacity, and will be described in more detail later in this chapter.

1.4 Criteria for an ideal H 202 generator

Before reviewing past tools used for continuous H202 generation, it is important to denote the criteria of
an ideal generator, to provide standards against which such tools can be evaluated. We define these
criteria here:

1. Soluble

2. Localizable
3. Genetically encoded or diffuse easily through the membrane and remain inside the cell (for

intracellular generation)
4. Use of native endogenous substrates that are abundant in the cell (for intracellular generation)
5. Produces H20 2 in a specific manner with minimal, if any, byproducts
6. Exhibit total activity capable of overcoming the cell's antioxidant capacity
7. Exhibit activity that is tunable

Criterion (6) can be quantified by utilizing the previously mentioned kinetic model [8]. We updated this
model with parameters specific to HeLa cells [32] and used the model to determine the total H 20 2

production rate required to overcome the antioxidant network and increase H 2 02 levels in the cytosol
(Figure 1.2). A similar approach could be taken for other related species and cell lines.
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Figure 1.2. Design criterion specifying the total amount of H 20 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.

However, we also note that this assumes well-mixed compartments of H 20 2 in the cytosol, peroxisomes,

and extracellular media. This does not accommodate the emerging importance of H202 localization [16-

20,23,241, which we acknowledge in criterion (2). Indeed, in a recent study, the diffusion of H 20 2

through the cytosol in the face of antioxidant scavengers was claimed to be no more than a few

microns, a fraction of the cell's radius [33]. Thus, while the quantitative threshold shown in Figure 1.2 is

appropriate for determining the production rate required to perturb global levels of H202 , a transport

model incorporating a spatial dimension will be needed to elucidate the effects of a localized production

rate, which may lead to a different quantitative criterion.

A tool that fulfills the above criteria, in conjunction with appropriate sensors, would allow H 202 steady

state levels and kinetics of production to be controlled and thus quantitatively and systematically

correlated with cellular phenotypes and signaling cascades. This would enable tests of long-standing

hypotheses regarding the mechanism of how [10,12-15] and at what levels [6,7,11] H202 and related

species transduce biological effects and phenotypes as well as signaling cascades.

1.5 Evaluation of past enzymes and small molecules used for H 202 generation

The three main enzymes that have been used in past studies to perturb H202 levels are oxidases:

xanthine oxidase (XO), glucose oxidase (GOX), and D-amino acid oxidase (DAAO).

XO and GOX have been extensively used for extracellular generation of 02- [34-39] and H 2 0 2 [25,40-44],

respectively, in a wide variety of contexts. Yet XO has also been purportedly used to generate both 02-

25



and H2 0 2 [45-47]; indeed, XO is known to produce either species [48], and was recently found to
predominantly produce H2 02 under physiologically relevant conditions [49]. Furthermore, while
extracellular 02- can diffuse across the membrane through anion channels to enact intracellular effects,
it may also dismutate to H 202 , either outside or inside the cell [50], as is the case with use of NADPH
oxidase. It is thus inappropriate to label XO solely as an 02--generating agent, and it is important to
determine the stoichiometry of the products from a reaction catalyzed by XO in a given set of
experimental conditions. That XO is given to catalyzing production of a mixture of H 20 2 and Oi, along
with other byproducts such as uric acid, makes it 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 [51].

GOX is well known to produce only H 20 2 and has often been used in conjunction with catalase, an H202

scavenger, to modulate steady state levels of H 2 02 [52]. It thus offers product specificity that is difficult

to control in reactions catalyzed by XO. However, GOX has only ever been used for extracellular
generation, likely because it requires use of a valuable metabolite that would greatly perturb cellular

metabolism and obfuscate any resulting effects that could be attributed to either H 20 2 or glucose
consumption. Furthermore, any H202 produced outside the cell must migrate through aquaporins in the
membrane to exert intracellular effects [50], resulting in a conflating gradient between extracellular and
intracellular species. While this may be relevant for studying inflammatory processes [52], this may not

be the case for processes involving only intracellular species. It is also important to note that both XO

and GOX require exogenous substrate, which is adequate for controlling and tuning extracellular

activity, but would not be ideal for intracellular generation.

DAAO has been used extensively for this purpose. Stegman et al. noted that endogenous DAAO is
generally localized in peroxisomes with catalase, thereby neutralizing H 20 2 production by native DAAO
[53]. Thus, they genetically encoded DAAO from Rhodotorula gracilis without a peroxisomal targeting

sequence to express the enzyme in the cytosol; this particular isoform of DAAO is specific to D-amino

acids, which are rare in mammalian organisms [54], allowing control of activity by administration of a D-
amino acid, notably D-alanine. DAAO has since been used in this manner in numerous other studies
[30,55-58], giving insights into the effects of endogenously produced H 202. Matlashov et al. also fused
DAAO with the H202 sensor HyPer [59], showing that localizing the sensor with the source of generation
results in a higher signal [60]. Although expression of DAAO has never been formally quantified, it is
likely that it expresses well enough with sufficient activity to perturb H 20 2 levels given its previous
effective use in cell cultures to initiate changes in cell phenotype and cytotoxicity.

While DAAO provides functionality, i.e. intracellular generation, for which XO and GOX have not been

used, it also falls short of meeting the criteria of an ideal H 202 generator because of its requirement of
exogenous substrate. Although activity can be tuned by the amount of exogenous substrate
administered, this introduces a conflating variable, as D-alanine must diffuse through the membrane to
bind to DAAO, introducing a gradient between extracellular and intracellular species. Furthermore, in
addition to H2 02 , the reaction catalyzed by DAAO also results in a-keto acid and ammonia, which may
introduce perturbations in addition to the effects caused by H 202 .
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In short, XO, GOX, and DAAO have all proven useful in perturbing H 2 02 levels, but none yet meets the
criteria of an ideal intracellular generator, as noted above. Their properties as generators are
summarized in Table 1.1.

Table 1.1. Key characteristics of previously used enzymatic H 202 generators.

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

Xanthine Bovine milk "550 [61]- Extracellular Xanthine/hypoxanthine Uric
oxidase 630 [62] + 02 acid/xanthine

+ H2 0 2/02-

Glucose Aspergillus "56000 [63] Extracellular @-D-glucose + 02 Gluconic acid
oxidase niger + H2 02

D-amino Rhodotorula ~20000 [64] Intracellular D-amino acid + H 20 + ci-keto acid +
acid gracilis 02 NH4 + H 20 2

oxidase

While we focus on enzymes in this thesis, it is important to note that small molecules have also been
used for this purpose. In particular, Miller et al. developed a photocaged H202 generator termed Caged

Peroxide Generator 1 (CPG1) that produces H 2 02 upon activation by light and used this functionality to

trigger cofilin-actin rod formation in enhanced green fluorescent protein (GFP)-cofilin HeLa cells [31].
CPG1 was able to produce H20 2 on the order of tens of iM, 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,

demonstrating activation of the cells that led to stimulation of T-cell responses and antitumor effects

[65]. It is of note that these biological processes were not observable in this study when bolus additions
of H 20 2 were used in place of activation of hematoporphyrin for intracellular production.

Small molecules such as CPG1 and hematoporphyrin thus have functionality similar to that provided by
XO, GOX, and DAAO. However, they lack two key characteristics of an ideal generator: localizability and

generation of specific species. 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. For generation of specific species,

CPG1 generates 02- as an intermediate, which spontaneously dismutates into H 2 02 .The amount of H 2 02

generated was shown to be less than the amount of CPG1 loaded, leaving open the possibility that not

all of the CPG1 molecules were activated or that the intermediate 02- did not spontaneously dismutate

but rather reacted with an intracellular target. Cheong et al. also noted that hematoporphyrin produces

singlet oxygen (102), hydroxyl radical (OH*), and 02-, in addition to H 2 02 .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 species such as H2 02.

1.6 Thesis objectives

Given our evaluation of the tools currently used to perturb H 2 02 levels, it is clear that there remains a

need for an ideal generator. To that end, the overarching objective of this dissertation is two-fold: (1) to

develop a screening platform to detect, engineer, and optimize candidate enzymes for potential

applications as ideal H202 generators in mammalian cells, and (2) to develop and use a transport model
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of H 2 0 2 in mammalian cells to generate testable predictions of H202 concentration profiles. The former
is intended to produce a novel experimental system that facilitates development of next-generation
enzymatic H 202 generators; the latter is intended to refine the design criteria for an ideal H 20 2 generator
by providing predictions that can be validated in vivo, thus directly testing the model. These aims, which
we discuss at length in later chapters, are outlined as follows, along with underlying objectives for each:

1. Develop a quantitative framework for using a state-of-the-art H202 sensor in Escherichia coli to
generate reproducible dose-response curves in a physiological context.

a. Quantify the effects of relevant experimental parameters on HyPer's fluorescent
response.

b. Characterize the fluorescent response of HyPer expressed in E. coli to bolus additions of
H 20 2 .

c. Develop a systematic framework to enable side-by-side quantitative comparisons of
HyPer's signal across studies.

2. Develop a novel platform using a state-of-the-art H2 02 sensor in E. coli for engineering H202 -
generating enzymes.

a. Determine a scheme for co-expression of HyPer and a candidate enzyme for H2 02

generation in E. coli.
b. Establish the efficacy of the platform for finding enzyme variants with enhanced H 2 02

production using known controls and optimize fold difference in signal by tuning assay
parameters.

c. Use the platform to scan through a library of random variants of a candidate enzyme
and find novel variants with enhanced H 202 production.

3. Develop a transport model for H 20 2 in mammalian cells to refine the design criteria by which
H 2 02-generating enzymes would be evaluated to determine their use in quantitative redox
biology studies.

a. Use known kinetic model parameters to calculate the time and length scales for H 2 0 2

diffusion within a mammalian cell line of interest.
b. Use kinetic model to determine the most significant reactions for H 2 02 scavenging and

reduce the model to an analytical form.
c. Introduce a spatial component into the existing kinetic model to develop a complete

transport model and generate testable H 202 concentration profiles.

Achievement of these aims should advance development of next-generation H 20 2 generators and also
yield a model that can be used to quantitatively verify experimental observations, providing valuable
novel tools in quantitative redox biology.
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Chapter 2

Characterization of signal of a genetically
encoded H202 sensor in bacteria
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Abstract

Genetically encoded, fluorescent biosensors have been developed to probe the activities of various
signaling molecules inside cells ranging from changes in intracellular ion concentrations to dynamics of
lipid second messengers. HyPer is a member of this class of biosensors and is the first to dynamically
respond to hydrogen peroxide (H 20 2), a reactive oxygen species that functions as a signaling molecule.
However, detailed characterization of HyPer's signal is not currently available within the context of
bacteria exposed to external oxidative stress, which occurs in the immunological response of higher
organisms against invasive pathogenic bacteria. Here, we performed this characterization, specifically in
Escherichia coli exposed to external H 20 2. We found that the temporal behavior of the signal does not
correspond exactly to concentration of H 20 2 in the system as a function of time and expression of the
sensor decreases the H202 scavenging ability of the cell. We also determined the effects of cell density,
both before and after normalization of externally added H 2 02 to the number of cells. Finally, we report
quantitative characteristics of HyPer's signal in this context, including the dynamic range of the signal,
the signal-to-noise ratio, and the half saturation constant. These parameters show statistically
meaningful differences in signal between two commonly used strains of E. coli, demonstrating how
signal can vary with strain. Taken together, our results establish a systematic, quantitative framework
for researchers seeking to better understand the role of H 2 02 in the immunological response against
bacteria, and for understanding potential differences in the details of HyPer's quantitative performance
across studies. Furthermore, they enable use of HyPer in a protein engineering screen for enhanced
enzymatic H202 production with E. coli as a platform, which should prove useful in developing
methodologies for finding and optimizing H202 generators in redox biology and biotechnology, as
described later in Chapter 4.

Portions of this chapter have been published in:

Lim, J. B., Barker, K. A., Huang, B. K., and Sikes, H. D. In-depth characterization of the fluorescent signal
of HyPer, a probe for hydrogen peroxide, in bacteria exposed to external oxidative stress. Journal of
Microbiological Methods, 106, 33-39, 2014. doi: 10.1016/j.mimet.2014.07.038
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2.1 Introduction

In seeking to develop a screening platform to engineer novel H 202 generators, we first examined current
state-of-the-art redox sensors to determine which would be most suitable for implementation in a
protein engineering screen. ROS have historically been detected and measured using small-molecule
fluorescent dyes, most notably dihydrodichlorofluorescein (DCFH 2) [66]. Although DCFH 2 has been used
extensively to presumably detect H 202, its use in assays poses a number of limitations, including
artifactual H 20 2 generation, potential oxidation by light, requirement of peroxidase or other transition
metal catalysts, lack of specificity and localization, etc. [66].

Newer generation probes for H 202 detection use a blocking group that is released upon reaction with
H 20 2, unmasking a fluorescent product [67-70]; probes in this class have also been localized in particular
organelles [71,72]. While these probes circumvent many of the problems associated with DCFH 2 and
other similar oxidant dyes, they still have their own limitations. Many of them are based on boronate
derivatives and thus react quite slowly with H 202 (k - 1 M-1 s-) [68], presenting a daunting challenge in
competing with antioxidant scavengers. Furthermore, tests of specificity did not include peroxynitrite,
with which this class of probes has a much higher reaction rate constant (k - 106 M-1 s- 1) [73-75], and
also were performed in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer, which is known to
scavenge hypochlorous acid, another potential reactant with the probes with a higher reaction rate
constant (k ~104 M-1 s-) [75]. Thus, while the probes have shown use in demonstrating a change in
overall redox state in physiological contexts such as cell stimulation by epidermal growth factor [68], the
specificity of the probes to H2 02 needs further testing.

A promising methodology for H 20 2 detection and measurement previously mentioned is use of
genetically encoded fluorescent sensors that change in conformation and consequently fluorescence
spectrum upon reaction with the species of interest [76]. These sensors capture many of the
characteristics of an "ideal" probe [77], exhibiting a signal that is species-specific, ratiometric, and
reversible, and enables measurements in specific compartments of the cell [78]. The ratiometric nature
of the signal makes it independent of the concentration of the sensor in vivo, unlike most small-
molecule probes. Furthermore, the reversibility of the signal allows real-time, dynamic measurements;
non-reversible small-molecule probes can only offer a cumulative measure.

Two sensors have so far been developed specifically for H 202 measurement: HyPer [59] and roGFP2-
Orpi [79]. HyPer was developed as a fusion of circularly permuted yellow fluorescent protein (cpYFP)
and OxyR, a bacterial transcription regulator specific to H 202 . H 202 oxidizes one of OxyR's two key Cys
residues, after which the two Cys residues form a disulfide bond. This results in a conformational change
in the sensor, whereupon cpYFP exhibits an increase and decrease in the excitation spectral features at
500 (F500) and 420 nm (F420), respectively, when emission is monitored at 530 nm; the signal correlates
with H2 02 concentration in solution. HyPer's signal has been characterized to an extent and used in
multiple contexts [80-86].

The other sensor, roGFP2-Orpl, was generated as a fusion of a variant of reduction-oxidation sensitive
GFP and Orpl/Gpx3, a yeast glutathione peroxidase [79]. Like OxyR, one of Orpi's Cys residues is also
oxidized by H 202 and mediates oxidation of two surface-exposed Cys residues on roGFP2, which form a
disulfide bond concurrently with changes in the conformation and fluorescence spectrum. More
specifically, the excitation spectral features at 390 and 480 nm increase and decrease, respectively,
when emission is monitored at 510-530 nm. Similar to HyPer's signal, the ratio of the excitation spectral
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features correlates with H202 concentration. roGFP2-Orpl has also been applied in a variety of studies
[25,87-90].

Although genetically encoded H 202 sensors have certainly advanced the state-of-the-art in measuring
H 20 2 in vivo, many of the studies that have employed their use did not characterize their signals in a
quantitative, reproducible manner. Furthermore, while HyPer has been used in bacteria [59,86], the
signals of both sensors have never been fully quantitatively characterized in this context, which
particularly holds relevance as a potential platform for engineering novel H 202 generators, as described

later in Chapter 4.

Because of HyPer's extensive use by other research groups in the field and its numerous useful

properties as noted above, we characterized the fluorescent response of HyPer expressed in E. coli when

exposed to bolus additions of H202 [91]. In doing so, we sought to mimic the immunological response

against pathogenic bacteria, as well as expand upon the original proof-of-concept [59] and determine

statistically meaningful quantitative properties of the response, to enable comparisons of the signal

across studies.

2.2 Materials and methods

2.2.1 Expression of HyPer in E. coli

A recombinant pQE30 plasmid containing the HyPer construct was obtained from Evrogen. E. coli BL21

(DE3) and DH5a cells were transformed with the recombinant HyPer plasmid via electroporation. To

express the protein in a bacterial culture, a single colony was used to inoculate 5 ml of Luria-Bertani (LB)

medium (Becton Dickinson) 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 50 ml of Terrific

Broth (TB) medium (Becton Dickinson) in a non-baffled 250 ml Erlenmeyer flask (VWR) and incubated at

37 0C with orbital shaking of 250 rpm. When cultures reached an OD600 of 0.6, cytoplasmic recombinant

protein expression was induced by the addition of isopropyl -D-1-thiogalactopyranoside (0.05 mM;

Omega Bio-Tek), after which cultures were incubated for 17 hours at 20 0C with orbital shaking of 250

rpm.

2.2.2 Measurement of HyPer's signal in E. coli over time

After expression of HyPer, cells were centrifuged at 4 0C and 14000 g for 5 min. The supernatant was

discarded and cells were resuspended in Tris buffer (25 mM Tris-HCI obtained from MP Biomedicals, LLC,
150 mM NaCl obtained from Mallinckrodt Pharmaceuticals, pH 8). Cells were washed twice to remove

traces of interfering fluorescent components of the growth medium and aliquoted in cell concentrations

of 60, 240, and 480 x 106 cells per 195 pl based on optical density at 600 nm. A stock solution of H 202

(VWR) was quantified based on absorbance at 240 nm (E = 43.6 M- 1 cm-1) and used to prepare serial

dilutions of H 20 2. Cells were added (195 Itl) to H2 02 (5 il) in a 96-well microtiter plate (Greiner) to final

cell concentrations of 60, 240, and 480 x 106 cells per 200 il and final H 202 concentrations of 0, 1, 1.5, 2,

2.5, 3, 5, 10, and 20 pM; given the final volume of 200 pil, these concentrations equate to 0, 0.2, 0.3, 0.4,
0.5, 0.6, 1, 2, and 4 nmol. Fluorescence emission intensity was measured upon excitation at 500 nm (9

nm bandwidth) and 420 nm (9 nm bandwidth) with emission monitored at 545 nm (20 nm bandwidth)

at 30 second intervals for 20 min using a Tecan Infinite M200 plate reader. Measurements were

performed at room temperature (~22 0C) and pH 8. To examine whether the kinetics of HyPer's
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response changed with the availability of an energy source, the above measurement was repeated with

the same buffer containing glucose for HyPer expressed in DH5a at a cell density of 60 x 106 cells per

200 p in response to 20 ptM H20 2; all conditions were identical except for addition of D-glucose (25 mM,

Macron Fine Chemicals) to the assay buffer.

With or without glucose, measurements of the signal showed that both F500 and F420 increased over

time, even when no H202 was exogenously added to the cell suspension (Figures 2.1 and 2.2). Both

spectral features should in principle remain unchanged when no H 20 2 is introduced; additionally, the cell

suspensions used to measure different amounts of H 20 2 (0-4 nmol/60 x 106 cells) were all taken from

the same aliquot of cells. Thus, the increases in F500 and F420 with no exogenous H 202 were subtracted

from the time-course plots for F500 and F420 measured with non-zero amounts of exogenously added

H202 ; all F500/F420 time-course plots were then derived after this treatment of the data.
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2.2.3 Measurement of kinetics of H 20 2 scavenging by E. coli

Rates of removal of H 202 from solution by DH5a, DH5a expressing HyPer, and BL21 (DE3) expressing

HyPer were measured using a horseradish peroxidase (HRP) assay. Cells were washed twice in Tris-

glucose buffer (25 mM Tris-HCI obtained from MP Biomedicals, LLC, 150 mM NaCl obtained from

Mallinckrodt Pharmaceuticals, 25 mM D-glucose obtained from Macron Fine Chemicals, pH 8) in the

manner described in Section 2.2.2. Glucose was added to this resuspension buffer to ensure

regeneration of bacterial antioxidants such as catalase and alkyl hydroperoxide reductase (Ahp) [92].

For experimental reactions, cells were added (195 pl) to H 20 2 (5 pl) to a final cell concentration of 60 x

106 cells per 200 Il and a final H 202 concentration of 20 pM (4 nmol). In another set of solutions to

determine a standard curve, final H202 concentrations of 20, 16, 12, 8, 4, and 0 pM were prepared in a

volume of 200 pi; these concentrations equate to 4, 3.2, 2.4, 1.6, 0.8, and 0 nmol, respectively.

To quench the experimental reactions at certain time points, 10 pl of hydrochloric acid (HCI, 5 N;

Mallinckrodt Pharmaceuticals) was added to a sample containing cells at 2, 4, 6, 8, and 10 min. 10 Il of

HCI was also added to each standard curve reaction. All samples, both experimental reactions and

standard curve reactions, were centrifuged at 4 "C and 14000 g for 10 min. 160 l of the supernatant of

each sample was added to a 96-well microtiter plate (Greiner). 50 il of potassium phosphate buffer (KPi,

1 M, pH 8; VWR) was added to each sample in the plate, followed by 50 pI of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS, 2.5 mM; Tokyo Chemical Industry, Co., Ltd.) in KPi (0.1 M,

pH 8, composed of monopotassium phosphate and dipotassium phosphate obtained from VWR). 10 p1l

of horseradish peroxidase (HRP, 3 mg/ml; Thermo Scientific) in KPi (0.1 M, pH 8) was then added. All
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samples were mixed and the absorbance at 405 nm was measured using a Tecan Infinite M200 plate
reader. All samples were repeated twice for a total of three technical replicates for each time point in
the experimental runs and each concentration in the standard curve solutions.

The absorbances of the standard curve reactions, i.e. samples without cells were plotted against the
final concentrations of H2 02 in those samples (Figure 2.3). Linear least squares regression was
performed using Origin software (Origin Labs); this calibration was used to determine H 202 amounts in
the experimental reactions, i.e. samples containing cells at each time point. Origin software was used to
fit a model of exponential decay to the data for each strain to calculate the rate constant for H 2 02

scavenging (Section 2.2.5).

0.50

0.45 - Standard curve, trial #1
Standard curve, trial #2

0.40 -
y = 0.07731x + 0.14942
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Figure 2.3. Standard curves of nmol H 202 versus A405 for H 202 uptake kinetics assay. The equations of
linear regression are shown; x is nmol H 20 2 and y is A405. Slope is given in units of absorbance units
(AU)/nmol H 20 2 and y-intercept is given in units of AU.

Two separate biological replicates (independent cultures) were analyzed by repeating the above
described measurements, both standard curve reactions and experimental reactions at all time points,
for a total of n = 6 for each strain.

2.2.4 Measurement of HyPer's spectrum in E. coli at selected time points

To reduce the parameter space, HyPer's signal was determined at single, selected time points (Table 2.1)
by measuring spectra at 5 nm intervals from 400 to 510 nm, with emission at 545 nm. The measurement
was repeated for three total trials at the same experimental conditions used to measure the signal over
time (Section 2.2.2) except only at the aforementioned time points. The resulting dose-response curves
were characterized by using Origin software to fit the Hill equation to the curves (Section 2.2.5). The
dynamic range was calculated by dividing the maximum ratiometric signal F500/F420 by the signal with
no exogenous H202 added, i.e. the signal at basal levels of H 20 2 (F500/F420basai). The signal-to-noise ratio
was calculated by dividing the maximum ratiometric signal by the standard deviation of F500/F420basaI.

38



Table 2.1. Selected time points of measurement of HyPer's spectrum for each combination of cell strain
and cell density.

Cell number (x 106 per 200 pl) BL21 (DE3) DH5a
60 17.5 min 20 min
240 2.5 min 7.5 min
480 1.5 min 0.5 min

2.2.5 Statistical analysis

Each data point in the dose-response curves and time-course plots of H 20 2 scavenging represents mean

standard deviation of replicate trials.

Origin software was used to fit the following exponential decay function to time-course plots of H 20 2

scavenging:

[nmol H202 per 60 x 106 cells] = [initial nmol H202 per 60 x 106 ]e-at

where t is the time in minutes and a is the time constant of H202 decay in min-. Origin software was

also used to fit the following Hill equation to dose-response curves:

F500 F500 F500 F500 [nmol H2 02 per 60 x 10 6 cells]n

F420 F420basaI kF420max F420basal K1 1 2 + [nmol H202 per 60 x 106 celIlsn

where F500/F420max is the maximum signal upon saturation of the sensor, n is the Hill coefficient, and

K112 is the half saturation constant, i.e. the amount of H 2 0 2 per 60 x 106 cells when signal reaches half of

its maximum.

All parameters determined by Origin in the fitting of the Hill equation and exponential decay are

reported as the calculated parameter standard error. To determine the statistical significance of any

discrepancies, two-tailed Student's t-tests were used to compare H 2 02 scavenging time constants

between the strains.

2.3 Results

HyPer's signal in the cytoplasm of E. coli in response to exogenously added H 202 was measured for BL21

(DE3) and DH5a. For each strain, cell densities of 60, 240, and 480 x 106 per 200 [ll were tested to

determine the impact of cell density on the signal. Each combination of strain and cell density was

incubated with different amounts of H 20 2, and the ratiometric signal (F500/F420) was measured over

time (Section 2.2.2) and at selected time points to reduce the parameter space (Section 2.2.3 and Table

2.1).

We report HyPer's signal in two ways common among users of the probe: the raw ratio F500/F420 and

the fold change. Fold change is calculated by dividing the ratio F500/F420 measured in response to a

non-zero amount of H202 by the raw ratio F500/F 4 20basaI, i.e. the ratio for which no exogenous H 202 was

added.

2.3.1 Temporal behavior of HyPer's signal
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HyPer's signal was measured over time after an exogenous addition of H2 0 2 (Figure 2.4). On the basis of

existing literature, we expected the ratio F500/F420 to reach a peak value and then decay toward the

initial ratio. Figure 2.4 shows that the rise and decay time scales are not identical for every condition

examined. For most combinations of cell density and H 202 amount (Figure 2.4a, b, c, e) the rise and

decay were captured. However, in Figure 2.4d, the curves for the two highest H202 concentrations did

not decay on the time scale of the experiment, and in Figure 2.4f, only the tail end of the decay was

captured. The rise and peak for this set of conditions likely occurred on a faster time scale than was

accessible for these spectroscopic readings. Figure 2.4 demonstrates that the kinetics of HyPer's

response are complex and non-linear in some regimes when the number of cells and the amount of H 2 02

are varied. As the amount of H 202 increased, the time required to reach a peak response increased. As a

consequence of the observation that the signal can peak at different times in response to the addition of

different H202 amounts, the dose-response curve can evolve over time; hence, the quantification of

H 20 2 depends heavily in some cases upon the timing of the measurement.
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Figure 2.4. Time-course plots of F500/F420 at cell densities of 60 (a,

200 il for BL21 (DE3) (a, b, c) and DH5ct (d, e, f).

d), 240 (b, e), and 480 x 106 (c, f) per

To examine the extents to which HyPer acts as a real-time sensor of H202 concentration and perturbs

the H202 scavenging capacity of the cell, an additional measurement technique was used to measure the

concentration of H 202 as a function of time in the cell suspension. BL21 (DE3) and DH5a expressing

HyPer and DH5a without HyPer were incubated with H 202 .The scavenging of H202 by cells was then

stopped via acidification of the entire solution using HCI at different time points, and the amount of

remaining H 202 was measured using an HRP/ABTS assay (Figure 2.5). 60 x 106 cells were used for this

measurement because the scavenging rate for this number of cells was slow enough for several time

points to be assayed. Higher scavenging rates are expected for cell numbers of 240 and 480 x 106. The

kinetic measurements of HyPer's signal in BL21 (DE3) and DH5a at 60 x 106 cells were repeated as
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described above in buffer supplemented with glucose to compare the temporal behavior of HyPer's

signal with the rate at which external H 202 is scavenged by cells.

6
5 -2.2

4 
-*2.0

SBL21 +HyPer
0 DH5a+ HyPer 0~1.8 LL

-L21, F500F420 -.

. DH5a, F500/F420
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- 1.4
0

2 4 6 8 10
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Figure 2.5. Time-course plots of H 202 scavenging (squares) and F500/F420 (circles) measured at cell

density of 60 x 106 cells per 200 pil. An absorbance-based HRP assay was used to measure H2 02

concentration in solution as a function of time for an initial 20 pM addition of H 20 2 (4 nmol). Absorbance

values were converted to amounts of H 20 2 using a standard curve (Figure 2.3). F500/F420 signal is

shown in response to this same exogenous addition on the y-axis on the right. Data shown from 2 to 10

min.

The data show that the behavior of HyPer's signal as a function of time differs significantly from the

exponential decay of H 20 2 concentration after bolus, exogenous addition indicated by the ABTS signal.

This temporal behavior is due to HyPer's reliance on oxidation and reduction of two key Cys residues to

exhibit its signal. The oxidation reaction competes with scavenging by antioxidants such as catalase and

Ahp [92]. After oxidation, slow reduction of HyPer due to disulfide reductase activity within the cell

occurs, which leads to eventual decreases in the signal (Figure 2.4). The observation that oxidation

occurs more rapidly than reduction is consistent with previous characterization of HyPer's signal in

mammalian cells [93,94]. Because of its mechanism of action, HyPer can function as an intracellular,

reversible sensor, but researchers should note that its signal reverses well after H202 has been removed

from the system by cellular antioxidants. We also note that HyPer's signal was elevated when measured

with glucose present in the assay buffer, with the basal signal and the signal at 4 nmol H202/60 x 106

cells each increased by 2-3 fold; buffer composition is thus another assay variable that must be carefully

controlled in measurements of HyPer's signal.

The calculated H 20 2 scavenging rate constants are shown in Table 2.2. Two separate biological replicates

were performed to determine culture-to-culture variability of H202 scavenging by E. coli. While BL21

(DE3) and DH5a without HyPer exhibited H202 scavenging rate constants that were consistent between

the two separate trials, DH5a with HyPer had two statistically different rate constants. In both trials, the

scavenging rate constant of each strain was statistically different from the other two, with BL21 (DE3)

being the slowest, followed by DH5a, and then DH5a without HyPer (Table A.1). Although HyPer could
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be considered a scavenger because of its reaction with H 202 , its expression in E. coli results in decreased
overall H 202 scavenging activity, as DH5a without HyPer exhibited higher H 2 02 scavenging rate constants
than DH5a with HyPer in both trials. Given the effects of HyPer expression on H 202 scavenging, the
difference in rate constant between the two different trials for DH5ct with HyPer but lack of any
significant difference for BL21 (DE3) suggests that HyPer expression has more variability in DH5a than in
BL21 (DE3).

Table 2.2. H 2 02 scavenging rate constants (min-) for each strain in each trial.

BL21 (DE3) + HyPer DH5a + HyPer DH5a - HyPer
#1 0.17 0.003 0.25 0.01 0.44 0.02

0.17 0.01 0.34 0.02 0.42 0.02

Overall, timing of the measurement clearly has an impact on the dose-response curve developed due to
the kinetics of HyPer's signal. Furthermore, HyPer appears to significantly perturb the cell's scavenging
capacity; this effect should also be taken into account when integrating HyPer's signal into a quantitative
model of redox biology. Dose-response curves were measured at selected time points (Table 2.1) to
further investigate the effects of two other assay variables (cell density and cell strain) and also capture
statistically meaningful parameters that quantitatively characterize HyPer's signal, as discussed in
Sections 2.3.2 and 2.3.3.

2.3.2 Effects of cell density on dose-response curves

Dose-response curves often correlate the signal from cells expressing HyPer with the molar
concentration of H 2 02 added to the cell suspension, as shown in the left-hand panels of Figure 2.6. The
right-hand panels of Figure 2.6 show the same data in the left-hand panels but correlate the signal with
the amount of H202 per number of cells, rather than the concentration of H 20 2 of the entire system. The
left-hand panels would suggest that the signal, when calculated by either the raw ratio (Figures 2.6a and
2.6e) or the fold change (Figures 2.6c and 2.6g), has different dynamic ranges at different cell numbers.
However, when accounting for the number of cells in the right-hand panels, the signal across different
cell numbers collapses such that the dose-response curves for different cell numbers tend to more
closely match for both strains at higher amounts of H202 as evidenced by two-tailed Welch's t-tests
(Tables A.2-A.5).
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It should be noted that even though the amount of exogenously added H 20 2 is normalized to the
number of cells in the right-hand panels of Figure 2.6, some slight differences in the signal still persist
across different cell numbers. However, these differences do not show different dynamic ranges as in
the left-hand panels; rather, the differences lie in the fact that the raw ratio increases with the number
of E. coli at lower amounts of H2 02 , even when no H 202 is added (F500/F420basaI). Given that
measurements at all cell numbers were performed on cells taken from the same solution, the increase in
signal for higher cell numbers may be due to light scattering by E. coli; Kiefer et al., for instance, showed
that the absorbance at 500 nm increases more than at 420 nm when the number of cells in solution is
increased from 70 x 106 to 700 x 106 [95]. Thus, it is quite feasible that increases in cell number from 60
x 106 to 240 x 106 and then to 480 x 106 may lead to greater increases in scattering at 500 nm than at
420 nm, which would explain why F500/F420basaI and other raw ratios at low H 2 02 levels generally
increase with cell number. The use of fold change to measure the signal takes this variation in raw ratio
across different cell numbers into account and effectively eliminates statistically significant differences
in the signal (Tables A.2-A.5). Thus, while the raw ratio may vary with cell number at particularly low
levels of H 202 likely due to light scattering, the fold change can be used to somewhat account for this
variation.

The differences in dose-response curve behavior between the left-hand and right-hand panels of Figure
2.6 demonstrate the importance of controlling the number of cells when measuring HyPer's signal in
response to oxidative stress. Given a fixed number of cells and fixed amount of externally added H 20 2,
each cell is exposed to a fraction of the H2 0 2 ; thus, HyPer exhibits a signal within the cell in response to
this fraction of the H 20 2 .Therefore, the amount of H 2 02 added when measuring HyPer's signal should, in
principle, be normalized to the number of cells. Furthermore, even when the number of cells is
accounted for in measurement of the signal, light scattering as a function of the number of cells can also
impact the raw ratio, particularly at relatively low levels of H 20 2 .The amount of H2 0 2 per some fixed
number of cells as well as the total number of cells being measured in a given volume are both variables
to which dose-response curves can be quite sensitive.

2.3.3 Effects of expression host strain on dose-response curves and formalized quantitative
characterization of the signal

The proof-of-concept work by Belousov et al. [59] did not address the question of whether and how the
strain of E. coli used affects the signal. The difference in the kinetics of H 2 02 scavenging between the
two strains in this study (Figure 2.5), as well as the apparent differences in the dose-response curves in
the right-hand panels of Figure 2.6, suggest that that the use of HyPer in two different E. coli strains
does have an effect on the resulting dose-response curve. To further quantify the differences in the
signal between the two strains, we focused on the dose-response curves measured using 60 x 106 cells

and fitted the Hill equation (Section 2.2.5) to the raw ratiometric signal (Figure 2.7). The parameters
quantifying the dose-response curve according to a fit with an unconstrained Hill coefficient are shown
in Table 2.3.
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Figure 2.7. Dose-response curves of F500/F420 versus H202 amount normalized to number of cells in

assay solution. Curves for both strains BL21(DE3) and DH5a at cell number of 60 x 106 are shown. The

Hill equation was fit to the data, with n fixed at 1 (dashed) and not fixed but allowed to be fitted to the

data (solid).

Table 2.3. Quantitative parameters of the fluorescent signal of HyPer in E. coli measured at 60 x 106 cells

per 200 pl.

E. coli strain BL21 (DE3) DH5a

Dynamic range 2.45 0.06 2.71 0.11
([F500/F420maxl/[F500/F420basal])
K11 2 (nmol H 20 2/60 x 106 cells) 0.86 0.04 0.71 0.03

Hill coefficient n 1.72 0.09 1.62 0.06
Signal-to-noise ratio 120.4 57.2

The dose-response curves in each strain differ in dynamic range, K11 2 , and signal-to-noise ratio, while

the difference in the Hill coefficient n is not statistically significant (Table A.6). Also notable is that the

Hill coefficient n is greater than 1 for both strains. This suggests positive cooperativity in the reaction

between HyPer and H202, which in turn suggests that oxidized HyPer may interact in some way with

another HyPer molecule that is reduced, facilitating its oxidation by H202 ; this would be consistent with

the behavior of the OxyR transcription factor [96]. While purified HyPer has been characterized as a

monomer, it is also known that it can exist as a mixture of dimers and monomers at higher

concentrations [93,94].

The results of assuming the reaction of HyPer with H202 to be an independent event, fixing n at 1, and

fitting the Hill equation accordingly are also shown in Figure 2.7. To fit the equation to the data, the

parameter reduced X2 was minimized, and was 2.5 and 1.1 for BL21 (DE3) and DH5a, respectively, when

n was fixed at 1; when n was not fixed, the reduced X2 was 0.17 and 0.059 for BL21 (DE3) and DH5ct,
respectively, showing that the equation converged to a better fit.

Overall, Figure 2.7, Table 2.3, and Table A.6 confirm the differences in signal between the two strains

suggested by other data in this work. The apparent differences between two different strains of E. coli
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also suggest that other microbes, with possible differences in scavenging capacity, disulfide reductase
activity, and HyPer expression level, may also exhibit different dose-response curves. Thus, dose-
response curves should be developed specific to the expression host, without preemptively assuming
that a single HyPer molecule reacts with H 2 02 in an independent fashion.

2.4 Discussion

One possible reason for the difference in HyPer's signal measured in DH5a and BL21 (DE3) is the
presence of the recA null mutation in the former, which results in approximately 50% cell viability at the
time of measurement [97]. While expressed HyPer may still be able to detect H2O2 in dead cells, the
disulfide reductase machinery is no longer active; thus, HyPer in the oxidized state in dead cells can no
longer be reduced to reverse its signal and may become overoxidized. Because of the recA null
mutation, this would be more frequent in the DH5a strain than in BL21 (DE3).

Figure 2.5 clearly showed that the strains also have different scavenging rates, suggesting that they have
different expression levels of H202 scavengers. The primary scavengers in E. coli are the catalases, KatG
and KatE, and Ahp [98]. Ahp is the primary scavenger of endogenously produced H 2 02 in routine growth
conditions [92], while KatE and KatG are better suited for scavenging much higher levels of exogenously
introduced H 20 2 [92]; the scavenging activity of cells containing only Ahp with katE and katG null
mutations, for instance, became saturated at an extracellular H 20 2 concentration of 20 iM with 45 x 106

cells (assuming that an OD 600 of 1 approximately equates to 109 cells/ml) present in a 0.45 ml volume
(6.75 nmol H 202/60 x 106 cells), while the scavenging activity of cells expressing only catalase did not
become saturated even in the presence of millimolar concentrations of H2 02 [92]. Given the
concentrations of H 202 used in this study, it is likely that KatG and KatE were the primary scavengers in
the initial parts of our measurements, and possible that the expression levels of these scavengers differ
not only between different strains but also between different isolates of the same strain. KatE, for
instance, is induced by the RpoS system [99]; because the level of RpoS factor can vary between strains
and isolates of the same strain, this may result in different expression levels of KatE. The expression
levels and in vivo activities of the primary scavengers in E. coli may vary between strains, which would
affect the signal due to potential kinetic competition between scavengers and HyPer for H 2 02 .

We also note that the induction of certain genes in E. coli depend on growth conditions. Expression of
Ahp and KatG are primarily regulated by the OxyR transcription factor [100], while KatE is strongly
expressed only in the stationary phase and induced by the RpoS system [99]. In our experiments, the
cultures were grown to stationary phase and introduced to exogenous H 202, meaning that all three
scavengers were induced. Thus, a different set of conditions in which HyPer might have been expressed
could have changed the expression levels of the primary scavengers and consequently their competition
with HyPer and the resulting fluorescent signal. If the cultures had not been grown to stationary phase,
for instance, then the KatE catalase could have been removed as a potential contributor to scavenging
activity. Because growth conditions affect the expression levels of the primary scavengers, growth
conditions are also an important variable to consider when measuring HyPer's signal in cells in response
to exogenous H 2 0 2 .

2.5 Conclusions

Overall, the work described in this chapter shows the importance of controlling several variables when
assaying HyPer's intracellular signal in response to external oxidative stress. The timing of the
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measurement is important in the generation of a dose-response curve and the resolution it provides,

since this curve evolves over time after exposure to oxidative insult. Furthermore, expression of HyPer

may reduce the cell's H 20 2 scavenging capacity; this effect should be taken into account by measuring

the scavenging rate both with and without HyPer. The number of cells should also be controlled to allow

normalization of the amount of exogenously added H 20 2 and also to account for variations in the signal

due to possible light scattering by the cells themselves, particularly at low levels of H 20 2 per cell. The

expression host used also affects the signal, likely due to differences in scavenging capacity, disulfide

reductase activity, HyPer expression, and cell viability. Growth conditions also influence scavenging

capacity by affecting which scavengers are expressed and to what levels, making growth conditions for

HyPer expression another important variable to control.

We establish a framework for systematically measuring dose-response curves in this physiological

context and generating statistically meaningful properties of the response. When the variables

mentioned above - timing of measurement, effects of HyPer expression on the cell's scavenging

capacity, number of cells, and expression host - are well controlled and accounted for, the parameters

obtained from a dose-response curve should facilitate meaningful comparisons of the signal across

different studies. This framework should enable reproducible use of HyPer in more quantitative studies

of biological processes in which cells are exposed to external oxidative stress. Furthermore, our work

establishes a protocol for expressing HyPer in E. coli for in vivo measurements of H202 and interpreting

the resulting signal, which should prove useful in protein engineering applications, as we describe later

in Chapter 4.
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Chapter 3

Exploration of cytochrome P450 BM3 as an
H 202 generator
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Abstract

In searching for a candidate enzyme that meets the criteria of an ideal hydrogen peroxide (H 2 0 2)
generator, we turned to cytochrome P450 BM3, a soluble enzyme with an established history of being
engineered for biotechnological applications and the capability of producing H 20 2 or superoxide using
only nicotinamide adenine dinucleotide phosphate (NADPH) and molecular oxygen through a reaction
termed leakage. While the wild-type (WT) enzyme exhibits a relatively low leak rate orders of magnitude
less than the H202 production rates of previously used oxidases, the A82W, T268N/F393H, and 1401P
variants in past studies have demonstrated enhanced leakage. Leakage also holds interest since it has

often been correlated with decreased coupling efficiency between P450 BM3's two domains for its
native function of hydroxylation, lessening its value in biotechnological applications. Furthermore, the
physical basis for leakage is not yet well understood in this particular member of the cytochrome P450

family.

We used simulations to show that in kinetic competition with hydroxylation, the correlation between

leakage and decreased coupling can be explained by leakage's consumption of electrons that would

have otherwise been used to hydroxylate substrate, even with substrate in solution. We further

explored leakage and P450 BM3's potential as an H 20 2 generator by introducing the above leakage-
enhancing mutations and combining these mutations. The variants in this chapter show that combining

leakage-enhancing mutations can increase leakage further. They also provide evidence that while a

transition to high spin may be vital for coupled hydroxylation, this is not the case for leakage, showing

that substrate binding and the consequent shift in spin state are not strictly necessary as a redox switch
for catalytic action. While each variant exhibited leak and H 202 production rates significantly higher than

those of WT, they also experienced severe decreases in bacterial expression and thermostability,
suggesting a tradeoff between leakage and stability and thus evolvability. Indeed, mutations in this

chapter were far more deleterious than other mutations that have been used in other studies to change
substrate specificity. When expressed in mammalian cells, none of the variants except for WT were

detectable by a carbon monoxide assay that measures for active enzyme. Although none of the variants

were suitable for H 20 2 generation in that particular context, they do suggest a linkage between bacterial

expression, thermostability, and mammalian expression, which could be tested by exploring the
remainder of P450 BM3's sequence space, as was performed in Chapter 4.

Portions of this chapter are included in:

Lim, J. B., Barker, K. A., Jiang, L., Molina, V., Saifee, J. F., and Sikes, H. D. Insights into electron leakage in

the reaction cycle of cytochrome P450 BM3 revealed by kinetic modeling and mutagenesis. Submitted.
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3.1 Introduction

In seeking to create a novel screen to engineer enzymes with enhanced H202 production, we sought a
candidate enzyme to both explore as a potential H 202 generator in mammalian cells and test in the
pending screen. Since the previously used oxidases XO, GOX, and DAAO have demonstrated activity
levels high enough to induce biological effects associated with H 2 0 2 (Table 1.1), we aimed to explore use
of another enzyme that fulfills the criteria of an ideal generator unmet by previous oxidases.

We turned our attention to cytochrome P450s (CYPs), 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 3.1). While the electron transfer is usually

well-coupled with the reaction, uncoupling sometimes occurs, albeit at low frequencies, resulting in

production of either H20 2 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 H 202 generator. Unlike membrane-bound mammalian CYPs, 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. 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 3.1.

Table 3.1. Maximum velocity rates of CYPs on native substrates.

CYP Source Activity (min')
CYP102A1 (BM3) Bacillus megaterium 17000 [101]
CYP101 (cam) Pseudomonas putida 4200 [102]
CYP4F2 Human liver 7.4 [103]
CYP4A11 Human liver 49.1 [103]
CYP1A1 Human liver 7.25 [104]
CYP1A2 Human liver 3.34 [104]

When in contact with non-native substrate or when certain mutations are introduced, P450 BM3

performs the leakage reaction whereby electrons are transferred from NADPH to reduce 02, producing

either water or the ROS H202 and 02 in a reproducible fashion (Figure 3.1). P450 BM3 is thus of interest

because it captures nearly all the qualities of an ideal H202 generator; while its activity cannot be tuned

by substrate amounts because of its reliance on ample, endogenous substrate, a set of variants with

activity levels spanning a relevant range could be used instead for tuning.
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Hydroxylation Leakage

NADPH NADP+ NADPH NADP+

R-H H2 0 H20/ROS

R-OH 02 02

Figure 3.1. 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 heme 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.

The single characteristic that the wild-type (WT) P450 BM3 may be lacking, however, is high enough

activity to sustain accumulation of intracellular H 20 2. While its native activity (Table 3.1) is on par with

the activity levels of past enzymes used for H 202 generation (Table 1.1), its reported leak rate ranges

from 12 6 [105] to 28 0.7 min- [106], depending on experimental conditions, making it several

orders of magnitude less than the activities of previously used oxidases.

Yet previous studies demonstrated certain variants, i.e. A82W [107], T268N/F393H [105], and 1401P

[106], that exhibit leakage significantly higher than that of WT. Furthermore, P450 BM3 has an extensive

history of being engineered for many different biotechnological purposes [108-112], providing a key

precedent that opens the possibility of engineering P450 BM3 for higher H 202 production and thus

transforming it into an ideal generator.

In addition to its potential relevance to practical engineering applications, leakage also holds interest as

it relates to a fundamental understanding of P450 biocatalysis. A substrate for P450 BM3 to hydroxylate

has historically been considered necessary for any significant activity because the binding of target

substrate to the enzyme is thought to induce required changes in conformation, reduction potential,

and spin state that make the electron transfers favorable [113]. Leakage is essentially catalysis without

bound R-H substrate, raising the question of whether certain mutations induce similar protein property

changes thought to be required for favorable electron transfer.
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While leakage in P450 cam, another member of the P450 family, has been extensively studied, leakage
in P450 BM3 is relatively unexplored [114]. The reaction conditions in the studies that have noted

variants with enhanced leakage [105-107] were not consistent, complicating comparison of these

variants. These mutations were also associated with different property changes without bound
substrate, including structural conformation, reduction potential, and spin state content of the heme

domain. Systematic and quantitative investigation of these mutations should increase knowledge of

which mechanistic properties are important with respect to leakage in P450 BM3's catalytic cycle.

In this chapter, we asked the following: do combinations of individual leakage-enhancing mutations

increase leakage even further? Are the properties known to be important in hydroxylation also relevant

in leakage? To what extent is leakage of electrons coupled with ROS generation? Are any other protein

properties associated with increases in leakage? Can P450 BM3 be engineered into an ideal H202

generator? To address these questions, we explored leakage in P450 BM3 and its potential use as an

H 20 2 generator by generating and combining past mutations mentioned above and previously shown to

induce higher leakage [105-107], resulting in four new variants: A82W/1401P, A82W/T268N/F393H,
T268N/F393H/1401P, and A82W/T268N/F393H/1401P (Figure 3.2). We did not investigate T268N or

F393H without the other since it has already been reported that only combining these two mutations

together results in enhanced leakage; each of these mutations alone does not enhance leakage [105].
Using this set of variants, we investigated the relationship between increased leakage and other key

properties of the enzyme, such as the stability of the protein fold and electronic properties of the heme.

We also probed the potential of P450 BM3 and related variants as H 20 2 generators.

WT

A82W F393H 1401P

I I
A82W/1401P T268N/F393H

A82W/T268N/F393H T268N/F393H/1401P

I
A82W/T268N/F393H/1401P

Figure 3.2. 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. The T268N variant was not generated since it was already known that only

combining this mutation with the F393H mutation, rather than either of these mutations alone,

increases leakage [105].

3.2 Materials and methods
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3.2.1 Kinetic simulations

Differential equations modeling leakage, association and dissociation of substrate R-H to the enzyme,
and hydroxylation of bound substrate were implemented using the odel5s function in Matlab
(MathWorks). The reactions used and their respective rate constants are shown in Figure 3.3, and the
differential equations and code are shown in Appendix B.

R-H
kcat, leakage k120 4 R

P450 P450-R-H
koff

H 20 2/0 2-/H20 kcat, R-H

R-OH

Figure 3.3. Scheme modeling the competing reactions of hydroxylation and leakage. In both cases,
NADPH was used. It was assumed that P450 is saturated with 02. When P450 binds R-H, it was assumed
that hydroxylation occurs with 100% coupling, which is the case for native substrate. Unbound P450 was
subject to leakage and produced H20, H 20 2, or 02-. H202 and O2- were assumed to not react with and
deactivate P450.

3.2.2 Site-directed mutagenesis

Wild-type and variants were expressed using the plasmid pCWori [115], encoding full-length P450 BM3,
which was a kind gift of Professor Frances Arnold, Caltech, Pasadena, CA. All variants described in this
chapter were obtained by site-directed mutagenesis (see Table 3.2 for primer sequences). Codons that
occur most frequently in E. coli were chosen for the mutagenic primers. Oligonucleotides were
purchased from Integrated DNA technologies. All variants were fully sequenced to confirm the absence
of any undesired mutations.
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Table 3.2. Primers used for sequencing and site-directed mutagenesis of cytochrome P450 BM3 in its
native sequence.

Primer name Sequence
Heme for 5'-CAG GAA ACA GGA TCA GCT TAC TCC CC-3'
Heme rev 5'-CGC GCC GTT CCT TCA GCT GTT CCC-3'
FMN for 5'-GCT GGT ACT TGG TAT GAT GCT-3'
FMN_rev 5'-CCA GAC GGA TTT GCT GTG AT-3'
FAD-for 5'-CGT GTA ACA GCA AGG TTC GG-3'
FAD-rev 5'-CTG CTC ATG TTT GAC AGC TTA TC-3'
A82W for 5'-CGT GAT TTT TGG GGA GAC GGG-3'
A82W rev 5'-CCC GTC TCC CCA AAA ATC ACG-3'
T268N for 5'-GCG GGA CAC GAA AAC ACA AGT GGT CTT-3'
T268N rev 5'-AAG ACC ACT TGT GGT TTC GTG TCC CGC-3'
F393H for 5'-GCG TTT AAA CCG CAT GGA AAC GGT CAG CGT GCG-3'
F393H rev 5'-CGC ACG CTG ACC GTT TCC ATG CGG TTT AAA CGC-3'
1401P for 5'-CGG TCA GCG TGC GTG TCC GGG TCA GCA GTT CGC-3'
1401P rev 5'-GCG AAC TGC TGA CCC GGA CAC GCA CGC TGA CCG-3'

3.2.3 Protein expression and purification

Reagents for making growth media were obtained from Becton Dickinson. A single colony of E. coli DH5ot

cells harboring the expression plasmid was used to inoculate 5 ml of LB medium (Becton Dickinson)

containing ampicillin (100 pg/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 0C for 10 min and stored at -20 "C.

For purification, the cell pellet was resuspended in Tris buffer (20 ml, 25 mM Tris-HCI, 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 0C for 10 min and the supernatant

was filtered using a 0.8/0.2 im 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 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
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mM, pH 8) was added to the supernatant and centrifuged through the filter unit at the same conditions,
generally resulting in 200-400 pl 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 pil aliquots and stored at -80 "C.

3.2.4 Spectrophotometric analysis of oxidized enzyme and carbon monoxide binding

Purified protein (20-200 il) 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 E450-490 = 91mM-' 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/1401P.

3.2.5 Steady state kinetics

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 E340 = 6.22 mM-' cm-1 . 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, leakage and Km, leakage.

3.2.6 Thermostability

Activity-based thermostability values (T5o) were determined as follows. Samples of purified enzyme (2.5-
5 IM) were incubated for 10 min at different temperatures (from 30 to 65 "C) in an Eppendorf
Mastercycler gradient thermocycler. Samples were then centrifuged at 4700 g and 4 *C for 12 min. After
centrifugation, protein solutions (160 p) were mixed with sodium dithionite (40 i, 0.1 M; JT Baker) in a
transparent 96-well microtiter plate (Greiner). Spectra from 400 to 500 nm were measured using a
Tecan Infinite M200 plate reader and samples were incubated for 15 min with saturating CO in a sealed
chamber, after which spectra were measured again. Reduced CO-bound difference spectra were used to
calculate the concentrations of correctly folded protein of each sample, and T50 values were calculated
by fitting heat-inactivation curves to the resulting data using Origin software. Experiments were carried
out in duplicate save for T268N/F393H/1401P, for which only one trial was performed, and
A82W/T268N/F393H/1401P, for which not enough protein could be obtained to perform the assay. Each
T50 was reported as mean standard deviation.

3.2.7 Analysis of reaction products

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 (E240 = 43.6 M-1
cm-1) and used to prepare serial dilutions of H 202 . Purified enzyme (100 nM) was incubated with aliquots
of the H 202 dilutions; enzyme was included to account for the possible effects of antioxidants such as
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catalase and Ahp, which may have been present in the enzyme purifications in at least trace amounts.
For trial reactions to measure H 202 formation by P450 BM3, purified enzyme (100 nM) was incubated
with NADPH (100 iM).

All reactions, both those to develop a standard curve and those to measure H 202 formation by P450
BM3, were performed at a fixed volume (150 p'l) 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 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 il) was added to KPi (20 il, 100 mM, pH 8), more concentrated KPi (50
il, 1 M, pH 8), ABTS (50 pI, 2.5 mM; Tokyo Chemical Industry, Co., Ltd.), and HRP (10 pI, 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 H 2 02

concentrations to develop a standard curve via linear regression, which was used to convert the
absorbances of the trial reactions to the amount of H 20 2 produced by each variant of P450 BM3 (Figures
B.9-B.13). To calculate the proportion of product comprised by H 20 2, the amount of H 20 2 was
normalized by the amount of NADPH consumed by P450 BM3 during the incubation period as measured

by steady state kinetics assays.

3.2.8 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. Mutations were implemented using site-directed mutagenesis, as was done in

Section 3.2.2. Codons that occur most frequently in mammalian cells were chosen for the mutagenic

primers. Primers are listed in Table 3.3.
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Table 3.3. Primers used for sequencing, PCR, and site-directed mutagenesis of cytochrome P450 BM3
codon optimized for mammalian expression.

Primer name Sequence
pIRES MCS1 for 5'-CCG TCA GAT CGC CTG GAG C-3'
pIRES MCS1 rev 5'-CGG CTT CGG CCA GTA ACG-3'
FMN for 5'-GCT GGT ACT TGG TAT GAT GCT-3'
FMN rev 5'-CCA GAC GGA TTT GCT GTG AT-3'
FAD-for 5'-CGT GTA ACA GCA AGG TTC GG-3'
FADrev 5'-CTG CTC ATG TTT GAC AGC TTA TC-3'
A82W forcodonopt 5'-GTC AGA GAT TTT TGG GGA GAT GGC TTG-3'
A82W rev codonopt 5'-CAA GCC ATC TCC CCA AAA ATC TCT GAC-3'
T268Nforcodonopt 5'-GCC GGA CAC GAG AAC ACT TCA GGC CTG-3'
T268N revcodon opt 5'-CAG GCC TGA AGT GTT CTC GTG TCC GGC-3'
F393H for codonopt 5'-GCG TTT AAA CCC CAC GGC AAC GGA CAG CGC GCC-3'
F393H rev codonopt 5'-GGC GCG CTG TCC GTT GCC GTG GGG TTT AAA CGC-3'
1401P for codonopt 5'-CGG ACA GCG CGC CTG TCC CGG CCA ACA GTT CGC-3'
1401P rev codonopt 5'-GCG AAC TGT TGG CCG GGA CAG GCG CGC TGT CCG-3'

3.3 Results

We first modeled leakage and hydroxylation as competing kinetic reactions to quantify leakage's

potential impact on coupling. We then engineered previous leakage-enhancing mutations [105-107]
into P450 BM3 and combined them, determining the effects of these mutations on leak rate, spin-state
content, thermostability/evolvability, and H2 02 production, and thus exploring the relationship between
leakage and other key protein properties. Finally, we transferred each variant's gene to a vector for

inducible mammalian expression, used these vectors to transfect HeLa cells, and measured their
expression and H202 production.

3.3.1 Modeling effects of leakage on coupling with respect to hydroxylation

To quantify the potential effects of increasing leakage, we modeled leakage and hydroxylation of
palmitate [116,117] as two competing kinetic reactions, implementing them as differential equations in

Matlab (Mathworks, Inc.). Since k0 n and koff values have never been measured for P450 BM3 and a
particular substrate, we used a ko, range of 105 to 108 M-1 s-1 for association of enzyme with R-H (typical

for association of enzyme with substrate [1181) and calculated the effects of increasing kcat, leakage (i.e. kcat

measured for NADPH consumption in the absence of an R-H substrate), which resulted in higher rates of

overall NADPH consumption as well as lower coupling percentages (Figure 3.4 and Figures B.1-B.3).

While these simulations do not include the microscopic rate constants of the individual steps in the

catalytic cycle, using kcat and Km values to capture the entire cycle instead for both leakage and
hydroxylation, they still provide order-of-magnitude estimates of the effects of leakage on coupling.
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Figure 3.4. (A) Time-course plots of NADPH and hydroxylated product R-OH with different kcat, leakage

values, assuming k0 n for R-H and P450 BM3 to be 105 M-1 s- and using Kd, Km, and kcat, R-H values for

palmitate [117]. Black, red, blue, and green represent kcat, leakage of WT (as measured and later reported in

this study) multiplied by 100, 101, 102, and 103, respectively. Solid lines represent concentration of

NADPH. Dashed lines represent concentration of R-OH. kcat, R-H and Km, R-H with respect to NADPH in

hydroxylation of palmitate were used for the hydroxylation reaction in competition with leakage [116].

(B) Coupling plotted against the different kcat, leakage values used in (A). Coupling is defined as the

percentage of NADPH used for hydroxylation. Black, red, blue, and green symbols represent k0 n values

for enzyme binding to R-H of 105, 106, 107, and 108 M- s-, respectively.

The extent to which mutations decrease coupling in P450 BM3 can vary widely. In hydroxylation of lauric

acid, for example, the 1401P variant exhibited a significantly higher leak rate but did not have a

diminished coupling ratio compared to WT [106], suggesting that the leakage reaction in this variant

does not effectively compete against native function. Variants in the alkane hydroxylation lineage, on

the other hand, showed both higher leakage and significantly lower coupling than WT with respect to

P450 BM3's native substrates [115]. The results in Figure 3.4 show that this discrepancy in leakage's

effects on coupling may be due to differences between these variants in terms of the magnitude of k0 n

relative to that of kcat, leakage. For example, if ko0 is set at 108 M-1 s-1, then leakage is generally

outcompeted, as even kcat, leakage greater than 104 min-1, an amount on par with P450 BM3's highest

reported activity [119], only diminishes the coupling ratio to 78%; a kcat, leakage value on par with that

typical for WT [106] would decrease the coupling ratio by less than 0.1%. On the other hand, if k0 n is set

as low as 105 M- S1, then leakage could have a more drastic effect and potentially decrease coupling by

up to 95%. This divergence in leakage's effect on coupling shows the importance of considering not only

the absolute magnitudes of k0 n and kcat, leakage but also these values relative to each other.

3.3.2 Expression and purification

All proteins 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 (Figures B.4-B.8). The A82W/T268N/F393H, T268N/F393H/1401P, and
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A82W/T268N/F393H/1401P preparations showed a weaker P450 band and a significant band between
50 and 75 kDa (Figures B.7 and B.8). 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
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 (Table 3.4).

Table 3.4. Yields of protein per liter of culture.

Variant Yield (mg/I) Fold less than yield of WT
WT 14.10 1.00
A82W 9.64 1.46
T268N/F393H 10.19 1.38
1401P 9.99 1.41
A82W/1401P 5.69 2.48
A82W/T268N/F393H 2.22 6.35
T268N/F393H/1401P 0.49 28.84
A82W/T268N/F393H/1401P 0.09 150.11

The known primary scavengers in E. coli - KatG, KatE, and AhpC - have molecular weights of 80 [120], 84
[121], and 22 kDa [122] in monomeric form, respectively. Measurements of H 202 production required
NaN 3, a catalase inhibitor, to obtain a positive signal as described in Section 3.2.7, suggesting that
catalase is present in at least trace amounts. However, none of the scavengers' molecular weights
matched that of the main impurity present in the A82W/T268N/F393H, T268N/F393H/1401P, and
A82W/T268N/F393H/1401P protein preparations. While the impurity has a molecular weight
corresponding approximately to that of the reductase domain (65 kDa), it is unlikely that the impurity is
the reductase domain because it would imply cleavage of the polypeptide at or near the linker, and thus
would also result in a band for the oxidase domain (55 kDa), which is absent from the gels. The main
impurity must be native to E. coli, but our results did not determine its identity.

3.3.3 Steady state kinetics, spin state, and analysis of reaction products

After using site-directed mutagenesis to generate both variants previously studied [105-107] as well as
combinations thereof, we analyzed their spin-state contents using spectrophotometric characterization
(Figure 3.5). WT and the T268N/F393H and A82W/T268N/F393H variants resided completely in the low-
spin state, as evidenced by their strong Soret peaks at 417 nm. The A82W, 1401P, and A82W/1401P
variants, on the other hand, had approximately 60% high-spin state content, as shown by their mixed
Soret peaks at 390 and 417 nm.

62



A82W/T268N/F393H

_ A82W/1401P

T268N/F393H

1401P

A82W

WT

350 400 450 500

Wavelength (nm)

Figure 3.5. Absorption spectra of oxidized variants of P450 BM3. All spectra save for that of the WT

protein were offset along the y-axis to aid interpretation. Concentrations of each enzyme as determined

by reduced CO-bound difference spectra were 1.6 IM (WT), 0.8 IM (A82W), 0.7 ptM (1401P), 0.9 IM

(T268N/F393H), 0.6 iM (A82W/1401P), and 0.7 IM (A82W/T268N/F393H). T268N/F393H/1401P and

A82W/T268N/F393H/1401P were not included because their purities did not exceed 50% (Figure B.8).

We then kinetically characterized them by measuring their Michaelis-Menten parameters for leakage.

Figure 3.6 shows the kcat, leakage values that resulted for variants with combinations of A82W,

T268N/F393H, and 1401P mutations. 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

3.5). The combined effects of the high-spin state content and-more oxidizing reduction potential of the

1401P variant (-303 mV versus -445 mV for the WT protein [106]) seem to be manifested in the kcat, leakage

of A82W/1401P, but the addition of A82W, which individually also induces a shift to the high-spin state

through a different structural change [107], appears to be redundant.
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Figure 3.6. (A) Plot showing kcat, leakage and Ts0 of P450 BM3 variants studied here. W = A82W, N = T268N,
H = F393H, P = 1401P. T50 of A82W/T268N/F393H/1401P not measured due to prohibitively poor
expression (Table 3.4). (B) Plot of high-spin state content versus kcat, leakage. High-spin state contents
calculated using absorbance spectra in Figure 3.5. Three of the variants - WT, T268N/F393H, and
A82W/T268N/F393H - had high-spin state contents of 0% and three others - A82W, 1401P, and
A82W/1401P - had high-spin state contents of approximately 60%. When bound to and saturated with

palmitate substrate, the WT protein has high-spin state content of 100% and activity of 4860 1020

min' [117]. While high-spin state content is well correlated with high activity for hydroxylation, there is

no apparent correlation between high-spin state content and leakage. Data points for 1401P and

A82W/1401P largely overlapped. Error bars generally not visible due to magnitudes less than the size of

the data point symbols.

Table 3.5. Measured Km, leakage and proportion of product comprised by H 202 .

Variant Km, leakage (pM) % H 20 2

WT 1.3 0.4 -

A82W 4.0 0.9 24 1.7
1401P 1.7 0.3 62 5.7
T268N/F393H <1a 89 11
A82W/1401P 20.1 4.4 59 15
A82W/T268N/F393H < 1a 53 7.4
T268N/F393H/1401P < la > 0b

a NADPH absorbance not detectable at concentrations less than 1 IM
b positive signal indicated presence of H 202 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 iM. 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 Figure 3.6a, resulted in a variant

that was the most active with respect to leakage as shown in Figure 3.6a. While the variant was
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extremely difficult to express and purify (Table 3.4), enough active enzyme was obtained to measure the

leak rate using 100 IM 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.

The WT protein undergoes a transition from completely low spin to predominantly high spin when it

binds native fatty acid substrate, which displaces the water ligand bound as the sixth axial ligand to the

heme iron [119]. This displacement was found in the crystal structure of the 1401P variant [123],
consistent with its mixed spin state. This feature may also be present in the A82W variant, as suggested

by its similar spin state content. These findings are consistent with previously reported mixed spin states

[106,107]. Yet the other variants in this study, such as T268N/F393H and A82W/T268N/F393H, also had

relatively high leakages and exist primarily in the low-spin state (Figure 3.6b). Thus, there is no clear

correlation between spin state content and leakage activity for the variants in this chapter, marking a

clear biophysical distinction between leakage and coupled hydroxylation in terms of relevant protein

properties. In short, these results suggest that substrate binding and the consequent shift to high spin

do not seem to be strictly necessary as a redox switch for catalytic oxidation of NADPH, contrasting what

has been previously suggested [119].

Other biophysical changes that occur when the WT protein binds substrate for hydroxylation are

changes in the reduction potential, which becomes more oxidizing, and overall conformation. In

previous reports, the substrate-free 1401P and T268N/F393H variants exhibited reduction potentials that

were 142 and 145 mV more oxidizing than the WT protein in each study's experimental conditions,

respectively [105,106]. Furthermore, the 1401P variant was found to adopt a conformation resembling

that of substrate-bound WT [123]. Whether these trends hold for the variants in this chapter was

difficult to address due to low expression (Table 3.4). Spectroelectrochemical titrations to measure

reduction potential and crystallographic studies were thus experimentally inaccessible.

Each variant other than WT produced different amounts of H 202 as indicated by measurements of H202

in Table 3.5. No variant produced only H202; thus, each variant also produced either 02, water, or both,

in addition to H 20 2 . 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 species [105]. This makes the hydroperoxy ferric species

less stable, increasing the chance that H202 will be released as a product, which is consistent with the

percentage obtained for T268N/F393H.

3.3.4 Thermostability

To measure the thermostability of each variant, T50 was determined. T50 is an activity-based measure of

thermostability, defined as the temperature at which a 10 min incubation causes a 50 percent decrease

in the active concentration of the enzyme. The thermostabilities of the one and two-mutation variants

were slightly less than that of the WT enzyme and comparable to each other; beyond two mutations,

the thermostability decreased much further (Figure 3.6a).

The variants in this study exhibit a tradeoff between leakage and stability (Figure 3.7); the one and two-

mutation variants show an increase in kcat, leakage and decrease in T5o relative to the WT enzyme, the

three-mutation variants do so relative to the one and two-mutation variants, and the four-mutation
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variant likely does so as well relative to the three-mutation variants. A decrease in stability also means

decreased robustness for evolvability, as shown in previous work [124]; thus, the leakage-enhancing

mutations studied in this work decrease the ability of P450 BM3 to be engineered towards other

purposes, and give rise to the possibility of a fundamental tradeoff between leakage and stability, and

consequently, evolvability.
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Figure 3.7. Linear correlation between k,

A82W/T268N/F393H/1401P. R 2 was 0.72.
at and T50 of all variants in this chapter aside from

Interestingly, the leakage-enhancing mutations in this chapter are far more destabilizing than mutations

specifically engineered to change substrate specificity. Mutations introduced to induce native-like

catalytic properties with regards to propane, for instance, numbered up to 22 before a similar decrease

in T5o was observed [125]. This suggests that mutations that promote catalysis in the absence of

substrate have a far greater destabilizing effect on protein fold than mutations that increase reactivity

upon a non-native substrate.

3.3.5 Mammalian expression and activity

We report here work performed outside the scope of this dissertation but the results of which still hold

relevance to our evaluation of P450 BM3 and related variants as an H 202 generator. The WT gene was

codon optimized and encoded in the pTRE3G-IRES vector for expression in mammalian cells. The

mutations in this chapter 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. The variants had expression levels comparable to that of WT (Figure 3.8).
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WT A82W 1401P WNH WP

150 kD

100 kD

W = A82W, N = T268N, H = F393H, P = 1401P

Figure 3.8. 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/1401P, NHP = T268N/F393H/1401P. Data kindly

provided by Beijing Huang.

However, when cells were lysed, 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 (shown later in

Chapter 4), it likely does not meet the criteria of an ideal H202 generator (Figure 3.9); whether or not the

variants do will require measurement of the active protein, which was inaccessible by a CO binding

assay.

160 -
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40-
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6 8 10 12

Expression (106 molecules/cell)

Figure 3.9. Design criterion specifying the total amount of H202 production required for a generator with

WT P450 BM3 placed according to its active expression in HyPer-HeLa cells and H 202 production rate. It
was assumed that the criteria for HeLa and HyPer-HeLa cells was the same. Data kindly provided by
Beijing Huang.
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Since it was still possible that the variants in this chapter might have sufficient active expression levels

and H20 2 production rates to meet the criteria posed in Figure 1.2, we used HyPer's signal to measure

these production rates (Figure 3.10). However, the signal was not significantly different between the

empty vector and all P450 BM3 variants expressed when plasmids were transfected into cells and the

signal was measured at the time of transfection and 24 hours later. It is possible that the production

rates are indeed significantly different, but below the detection limit of the sensor; however, this cannot

be confirmed with the tools and methodologies currently available for measurement of active P450 BM3

and H 202 production.

1.2
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I
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A82W 1401P NH WNH

P450 BM3 variants

Figure 3.10. Signal of HyPer when co-expressed with P450 BM3 variants in HyPer-HeLa cells. Signal

measured 24 hours after transfection was normalized 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. Data kindly provided by Beijing Huang.

We note here that we did not include the A82W/T268N/F393H/1401P variant because of its extremely

poor bacterial expression (Table 3.4) and likely very low thermostability. Given that none of the other

variants had expression levels that could be detected by a CO binding assay or activities that significantly

perturbed the signal of the HyPer sensor, the A82W/T268N/F393H/1401P is unlikely to perform any

better in terms of meeting the criteria for an ideal H202 generator.

3.4 Discussion and conclusions

The combination of mutations previously found to enhance leakage in P450 BM3 resulted in increased

leakage, and consequently, H20 2 production. Moreover, these variants revealed novel findings on the

relationship between leakage and other protein properties, such as spin state. However, these
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mutations were also associated with sharp decreases in bacterial expression and thermostability. 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 ideal H202 generators.

Yet it is possible that the current methodologies for measuring P450 and H 202 production, i.e. CO
binding and HyPer, are not sensitive enough to detect expression and production levels that are
significant enough to induce biological events associated with H 20 2. 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 criterion

posed in Figure 1.2 and fulfill the requirements of an ideal H 20 2 generator. We continued investigating

P450 BM3 as a possible H202 generator by targeting it for engineering in a novel screen for enzymatic

H2 02 production, as described in the next chapter.
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Chapter 4

Use of a genetically encoded H 202 sensor for
whole cell screening for enzyme activity
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Abstract

In this chapter, we report the use of HyPer, a genetically encoded, fluorescent sensor that reacts with
hydrogen peroxide (H 20 2), in a novel screen to engineer enzymes for enhanced production of H202. We
co-expressed HyPer with cytochrome P450 BM3 variants and, using HyPer's ratiometric signal, found
variants that produce greater amounts of H 202 than the wild-type enzyme through the leakage reaction.
The screen avoids lysis procedures and the addition of reagents to assay intracellular contents. Less
laborious screening procedures will be useful in engineering more powerful H202 generators as tools in

quantitative redox biology, and increasing the utility of enzymes that produce H202 as a by-product
alongside a valuable compound. This screen provides the methodology necessary to find and optimize
candidate enzymes as ideal H202 generators, fulfilling the first objective of this dissertation.

Portions of this chapter have been published in:

Lim, J. B. and Sikes, H. D. Use of a genetically encoded hydrogen peroxide sensor for whole cell screening

of enzyme activity. Protein Engineering, Design & Selection, 28, 79-83, 2015. doi:

10. 1093/protein/gzv003
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4.1 Introduction

In seeking an ideal H202 generator due to H 20 2's prominent role in redox biology, we note that H 202 also
holds interest as a by-product of other reactions of biotechnological interest that produce valuable
compounds. Enzymes that catalyze such reactions include not only DAAO, but also L-amino acid oxidase
[126,127], uricase [128,129], tyrosinase [130], alcohol oxidase [131], and glycolate oxidase [132,133]. All
of these catalyze a redox reaction that reduces 02 to H2 02 . H 202's importance in biotechnology thus
gives further merit to developing a protein engineering screen for enhanced H 202 production, in
addition to its importance in this thesis.

Historically, enzymatic H202 production has been screened in multi-well plates in which enzyme libraries
are expressed in parallel cultures, lysed, clarified, and transferred to another set of wells containing an
additional enzyme and substrate to detect H 20 2 by reducing it to water while oxidizing the substrate into
a colorimetric or fluorescent product. A common enzyme and substrate combination is HRP and ABTS
[134]. This frequently used screen involves a laborious lysis procedure and addition of extra reagents to
measure the cumulative amount of H 202 produced.

To our knowledge, H 2 02 production had never been screened using genetically encoded, fluorescent
biosensors designed to detect and measure H 2 02 before our work. H 20 2 sensors of this class have

features that would be advantageous for efficient screening of enzyme libraries for enhanced

production of H2 0 2 .The genetic encoding of the sensor allows H202 detection without the need for a

time-consuming lysis procedure or addition of reagents. Moreover, the fluorescent signal of these
sensors is reversible due to cellular disulfide reductase activity that returns the sensor's oxidized form to

the reduced form. While a non-reversible sensor that exhibits a cumulative signal would only indicate

that H202 has been produced at some point during the assay, a reversible sensor would reveal whether
the enzyme has remained active up to the point of measurement, giving insight into the enzyme's

lifetime in vivo. The use of a genetically encoded sensor in a screen could thus provide a more time-

efficient, cost-effective, and informative method for finding more powerful generators of H 20 2.

In this chapter, we asked whether a genetically encoded H 202 biosensor can be used in a screen to

engineer a more active H202 generator. For this proof-of-concept, we chose HyPer as the sensor and

cytochrome P450 BM3 as the parent enzyme for directed evolution of an H20 2 generator. Because of the

precedents set in the previous chapters and our interest in engineering H 20 2 generators, we were

familiar with how to use HyPer in E. coli and desired to further explore P450 BM3's sequence space. We

thus chose P450 BM3 as the engineering target to develop a HyPer-based screen for H 2 02 production

with the goal of finding variants with higher rates of H2 02 production on par with those of the variants in

the previous chapter. This would demonstrate the utility of the screen for identifying and optimizing

H 202-producing enzymes.

We thus sought to co-express the enzyme and sensor in E. coli to create a novel whole cell screen

(Figure 4.1). To establish the screen's efficacy, we first determined a co-expression scheme that enables

functional and controlled expression of the sensor and the enzyme. We then asked whether WT and

1401P, one of the variants that we found to exhibit higher H 2 02 production, could be used as baseline

and positive controls, respectively, in an in vivo screen and confirmed their utility in these roles. In doing

so, we probed whether the enzyme's expression level and activity, coupled together, are high enough to

overcome E. coli's antioxidant defenses (i.e. Ahp and catalase [98]) and whether supplies of NADPH and

02 in the cell are sufficient to sustain activity at a level detectable by HyPer. We tuned other parameters
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such as timing of measurement to optimize fold difference between the controls. We then established

the screen's efficacy by using it to find P450 BM3 variants whose co-expression induced higher HyPer

signals, and used an alternative measurement technique to confirm enhanced H202 production [135].

0 *e . . ****** * * *

NADPH - H2 02

NADPr 02 420 500
Wave.not (rim)

P450 BM3 variant HyPer

Figure 4.1. Schematic of HyPer-based screen for enhanced enzymatic production of H202 . P450 BM3

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.

4.2 Materials and methods

4.2.1 Construction of control plasmids and a random mutation library

4.2.1.1 Construction and transformation of plasmids to test schemes for co-expression

A 6X His-tag was added to the 3' end of the P450 BM3 gene encoded in the pCWori vector, which was a

kind gift of Professor Frances Arnold, Caltech, Pasadena, CA. Simultaneously, the gene was cloned into

the pRSFDuet-1 vector (Novagen) . The primers 5'-AGGAGATATACCATGGCAATTAAAGAAATGCCTCAGCC-

3' and 5'-GCGGCCTGCAGGTTAATGATGATGATGATGGTG-3' were used to amplify the P450 BM3 gene and

the 1401P variant; these primers and all those hereafter in this chapter were ordered from Integrated

DNA Technologies. The reaction mixture for 50 Ipl PCR contained 1X Phusion HF buffer, 0.8 mM dNTP

mixture, 0.2 IM of each primer, 250 ng of P450 BM3/pCWori, and 2 U of Phusion High-Fidelity DNA

polymerase (New England Biolabs). After denaturation for 6 min at 95 "C, the PCR was run for 30 cycles

of 95 0C for 30 seconds, 54.4 *C for 30 seconds, and 72 *C for 3.5 min, with a final extension step at 72 *C

for 10 min. The PCR products were run on a 1% agarose gel at 100 V for 45 min and purified using a Gel

Extraction Kit (Epoch Life Sciences).

These products were then used in a 50 pl splice-overlap extension (SOE) PCR that also contained 1X

Phusion HF buffer, 0.8 mM dNTP mixture, 0.2 iM of the oligonucleotide 5'-

GCGGCCTGCAGGTTAATGATGATGATGATGGTGCCCAGCCCACACGTCTTTTGCGTATCG-3', 0.2 IM of the
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aforementioned primers, and 2 U of Phusion High-Fidelity DNA polymerase. The same aforementioned
PCR cycle was run, and the PCR products were run on a 1% agarose gel at 100 V for 45 min and purified
using a Gel Extraction Kit. 50 pl restriction digest reactions were performed on the purified SOE PCR
products and a pRSFDuet-1 vector. Both reactions contained 1X CutSmart Buffer, 20 U of Ncol-HF, and
20 U of Sbfl-HF; restriction enzymes, accompanying buffers, and those used hereafter in this chapter
were sourced from New England Biolabs. 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 and SOE 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 (New England Biolabs) at 16 *C for 16 hours and purified
using a Clean & Concentrate Kit (Zymo Research). The purified ligated product was introduced into
electrocompetent cells of E. coli DH5a by electroporation.

An overnight culture (5 ml) was started from one of the colonies of the transformed cells in LB medium

(Becton Dickinson) supplemented with 50 ptg/ml kanamycin (VWR) and incubated at 37 *C and 250 rpm.
The plasmid was then extracted and purified from the culture using a GenCatch Plasmid DNA Mini-Prep
Kit (Epoch Life Sciences), and presence of the transferred P450 BM3 gene was verified by sequencing.

After cloning WT and 1401P into the first cloning site of pRSFDuet-1, an analogous procedure was
performed to clone HyPer into the second cloning site. Oligonucleotides 5'-
GAAGGAGATATACATATGAGAGGATCGC-3' and 5'-GCGGTTTAACTCGAGTCTGGTAAAGAAACCG-3' and the
HyPer/pQE30 plasmid were used in a PCR reaction to amplify the HyPer gene in a cycle identical to that
performed to amplify the P450 BM3 gene encoded in pCWori, except the annealing temperature was 51
"C and the extension time at 72 "C was 1.5 min. After purification of the product using a 1% agarose gel
and a Gel Extraction Kit, restriction digest reactions were performed on the purified product and the
pRSFDuet-1 vector encoding WT or 1401P in the first cloning site, with conditions analogous to those
described above and using the Ndel and Xhol restriction enzymes. The digested products was purified
using a 1% agarose gel and Gel Extraction Kit and ligated in a procedure described above. The ligated
products were transformed into DH5ct and overnight cultures and sequencing verified the presence of

the HyPer gene in the second cloning site.

Thus, the following plasmids were now available: pRSFDuet-1 with only WT or 1401P in the first cloning

site, pRSFDuet-1 with WT or 1401P in the first cloning site and HyPer in the second cloning site, and

pQE30 encoding HyPer. The pRSFDuet-1 vector encoding both proteins was transformed into BL21 (DE3)
Tuner cells. The pRSFDuet-1 vector encoding only the P450 BM3 enzyme or the 1401P variant and the
pQE30 vector encoding HyPer were co-transformed into BL21 (DE3) Tuner cells (Novagen). Resulting

colonies were used for later assays described in section 4.2.2.

4.2.1.2 Construction and transformation of library of P450 BM3 variants

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 il

error-prone PCR contained 1X Mutazyme 11 reaction buffer, 0.8 mM dNTP mixture, 125 ng of each

primer, 4.7 lpg of P450 BM3/pRSFDuet-1, and 2.5 U of Mutazyme I 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

77



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 pil restriction digest reactions were performed on the purified error-prone PCR products and P450
BM3/pRSFDuet-1. The former contained 2 pg of the error-prone PCR products and the latter contained 5
ig of the vector. Both reactions contained 1X CutSmart Buffer, 20 U of Ncol-HF, and 20 U of Sacl-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 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.

4.2.2 Testing effects of scheme on co-expression

To measure expression levels of HyPer when co-expressed with an enzyme with both encoded in the
same vector or in two separate vectors, a colony of E. coli BL21 (DE3) Tuner cells harboring a pRSFDuet-1
vector encoding both P450 BM3 (or 1401P) and HyPer and a colony of E. coli BL21 (DE3) Tuner cells
containing a pRSFDuet-1 vector encoding only P450 BM3 (or 1401P) and a pQE30 vector encoding HyPer
were each used to inoculate 5 ml of LB medium with either only 50 pag/ml kanamycin (if cells contained
only a pRSFDuet-1 vector) or 50 pg/ml ampicillin (VWR) and 25 ig/ml kanamycin (if cells contained both
a pRSFDuet-1 vector and a pQE30 vector) in a 14 ml culture tube and incubated at 37 *C with orbital
shaking of 250 rpm overnight. The culture was used to inoculate 50 ml of TB medium containing the
same corresponding antibiotics at the same concentrations in a non-baffled 250 ml Erlenmeyer flask and
incubated at 37 "C with orbital shaking of 250 rpm until mid-log phase (OD600 -0.6). IPTG was added to a
final concentration of 0.05 mM to induce co-expression and the culture was incubated at 20 "C with
orbital shaking of 250 rpm for 22 hours. Cells were washed twice and resuspended in 0.1 M KPi at pH 8
as previously described [91] and diluted to cell concentrations of 480 x 106 per 200 pil in a black 96-well
solid plate, assuming an OD600 of 1 correlates with 109 cells/ml. Fluorescence emission intensity of each
well was measured with 9 nm bandwidth and excitation at 5 nm intervals from 400 to 510 nm, with
emission at 545 nm, using a Tecan Infinite M200 plate reader.

4.2.3 Testing effects of timing, measurement frequency, pH, and buffer composition on signal

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-1 and
another harboring HyPer/pQE30 and 1401P P450 BM3/pRSFDuet-1 were each cultured in a flask,
washed, and resuspended as described above in 1X PBS at pH 7.4. Cells were diluted to a concentration
of 60 x 106 per 200 Ipl 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-
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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 p 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 and 25 pg/ml kanamycin and incubated at 37 *C with orbital shaking of 250 rpm for
3 hours. 0.5 pl 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 [l of each well was mixed with 100 pl of 1X 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-1 and another harboring

HyPer/pQE30 and 1401P P450 BM3/pRSFDuet-1 were each cultured in a flask, washed, and resuspended
as described above in either 1X 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.

Fluorescence was measured as described above.

4.2.4 Screening for variants with elevated H 202 production

Colonies resulting from the final transformation in Section 4.2.1.2 were each picked and inoculated in

individual wells of a sterile round-bottom 96-deep well microplate as described in Section 4.2.3. For

controls, 8 colonies containing HyPer/pQE30 and WT P450 BM3/pRSFDuet-1 and 8 colonies containing

HyPer/pQE30 and 1401P P450 BM3/pRSFDuet-1 were each used to inoculate wells. The plate was

incubated at 37 0C with orbital shaking of 250 rpm overnight. 150 pl from each well was mixed with 50
p1 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 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 (VWR), incubated,

induced for protein co-expression using IPTG, and washed and resuspended in assay buffer as described

in Section 4.2.3. 100 [l of each well was mixed with 100 [l of 1X PBS at pH 7.4 in a black 96-well solid

plate (Corning). 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-1 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 [pg/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 pl restriction digest reactions

were performed on 900-1400 ng of the purified plasmids. Each reaction contained 1X CutSmart Buffer,
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20 U of BamHl-HF, and 20 U of Sbfl-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-1 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 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.

4.2.5 Confirmation of elevated H 202 production by HRP/ABTS assay

Variants were separately cultured and purified as previously described in Section 3.2.3. Their rates of
H 202 production were determined by measuring the amount of P450 via a CO binding assay, each
variant's leak rate via absorbance of NADPH, and proportion of H 202 present in the product via an
HRP/ABTS assay; these were previously described in Sections 3.2.4, 3.2.5, and 3.2.7, respectively. H 202

production rates were calculated by multiplying the proportion by the leak rate, and Student's t-test was
performed to compare leak rates and production rates.

4.2.6 Exploring the efficacy of the screen in fluorescence-activated cell sorting

The final transformation described in Section 4.2.1.2 was not plated but instead used to inoculate 5 ml

of LB medium containing 50 ptg/ml ampicillin and 25 xg/ml kanamycin and incubated at 37 *C and 250
rpm overnight. For controls, colonies containing either the WT enzyme or the 1401P variant co-
expressed with HyPer were also used to inoculate 5 ml of LB medium containing 50 ptg/ml ampicillin and

25 ig/ml kanamycin and incubated at 37 "C and 250 rpm overnight. The overnight cultures were then
each used to inoculate 50 ml of TB medium with the same antibiotics at the same concentrations in a
non-baffled 250 ml Erlenmeyer flask and incubated and induced for protein co-expression as described
in Section 3.2.3. Cells were washed and resuspended in 1X PBS at pH 7.4 as previously described [91]
and diluted to a cell concentration of 90 x 106 cells/ml, assuming an OD600 of 1 correlates with 10'
cells/ml.

Cells were sorted using a FACSAria 1 flow cytometer (Becton-Dickinson) with 1X PBS at pH 7.4 as sheath
fluid. To detect events, thresholds were set to forward and side scattering. The average sort rate was
~12000 events/second. A 70 ptm nozzle was used to excite the solid-state 488 and 405 nm lasers with
emission passing the 515 20 (FITC) and 525 50 (AmCyan) band-pass filters, respectively, and
measured. Cells were gated on HyPer's signal (emission induced by excitation at 488 nm divided by
emission induced by excitation at 405 nm) and sorted into either a sterile Falcon 12 x 75 mm
polypropylene tube (VWR) containing 1 ml of LB medium or a sterile Falcon flat-bottom 96-well plate
containing 200 ll of LB medium in each well using an automated cell deposition unit; in both cases, the
medium contained 50 pg/ml ampicillin and 25 pg/ml kanamycin. Cells sorted into a tube were taken
from the final transformation described in Section 4.2.1.2. Cells that were sorted into a 96-well plate
were sourced from a combination of cells containing either WT or 1401P, with the population comprised
in a 2:3 ratio (WT:1401P); a single cell was sorted into each of the wells in the first two rows, five cells
were sorted into each of the wells in the next two rows, 10 cells were sorted into each of the wells in the
next two rows, and 100 cells were sorted into each of the wells in the last two rows.
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For iterative screening, cells sorted into tubes were used to inoculate 5 ml total of LB medium with the
same antibiotics at the same concentrations. The culture was transferred to a 14 ml culture tube (17 x
100 mm) and incubated at 37 0C and 250 rpm overnight, at which point it was used to inoculate 50 ml of
TB medium with the same antibiotics at the same concentrations and incubated and induced for protein
co-expression, with cells washed and resuspended in 1X PBS at pH 7.4 and sorted using a FACSAria 1
flow cytometer as described above.

Cells sorted into a 96-well plate were transferred to a sterile round-bottom 96-deep well microplate.
800 pl of LB medium with the same antibiotics at the same concentrations was added to each well. The
plate was then incubated at 37 'C and 250 rpm overnight, and observable bacterial growth was
evaluated in each well to determine the recovery rate of the sort.

4.3 Results

4.3.1 Design of scheme for co-expression

HyPer competes with antioxidant enzymes for reaction with H20 2 and does so at a kinetic disadvantage

[92,96]. It follows that when H 2 02 is the limiting reagent, the expression level of HyPer is expected to

affect the kinetic competition between the sensor and the antioxidant enzymes and thus, the resulting

signal. Therefore, it is preferable to ensure low variability in the expression level of HyPer when it is co-

expressed with different P450 BM3 variants so that the signal of interest is not obscured by factors

other than enzymatic H 20 2 production.

To this end, 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 (Figure 4.2). 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 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.
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Figure 4.2. Fluorescence spectra of HyPer co-expressed with WT (black) or the 1401P variant (red),

encoded in either the second cloning site of pRSFDuet-1 (solid) or pQE30 (dashed). In all cases, WT or

1401P was encoded in the first cloning site of pRSFDuet-1. Measurements were performed using single

samples of 480 x 106 cells in 0.1 M KPi at pH 8 and t = 0.

4.3.2 Validation of baseline and positive controls and effects of timing, measurement frequency,
pH, and buffer composition on signal

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 (Figure 4.3). We thus measured the signal after 2

hours in all following screening experiments.
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Figure 4.3. Temporal behavior of HyPer's signal (F500/F420) measured from intact E. coli cells co-

expressing the sensor and either WT P450 BM3 or the 1401P variant. At the end of protein expression,

cell suspensions were prepared in 1X PBS at pH 7.4. Because of 1401P's known higher leak rate and H 20 2

production rate [106], it was expected to induce a signal greater than that induced by WT. While this

was the case even at t = 0, the fold difference between the signals increased and plateaued at t = 2
hours, making it a more optimal time of measurement since a higher fold change enhances the

probability of finding hits with enhanced H202 production during library screening. Measurements were

performed in triplicate and error bars represent a single standard deviation.

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 Figure 4.3 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 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: 1X 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 [136] and it is also known that HyPer's signal

is quite sensitive to pH changes in this range [59]. 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
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did not change significantly across the buffers tested (Figure 4.4). We thus decided
choice of buffer, 1X PBS at pH 7.4, to implement the screen.
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Figure 4.4. 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. Signal shown two hours after
resuspension and dilution. Measurements were performed in triplicate and error bars represent a single
standard deviation.

4.3.3 Application of the screen to find variants with enhanced H202 production

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 4.2.1.2. 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 in a procedure described in Section 4.2.4, with eight wells dedicated
each to WT and 1401P to provide a measure of the variability expected from clones bearing the same
constructs.

One round of evolution was sufficient to increase the enzyme's H 202 production. We screened 400
clones and found 10 variants with higher signals than that induced by the WT control, as measured by
fold change (Figure 4.5) 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 (Figure 4.5). 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).
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Figure 4.5. Upon co-expression with a library of P450 BM3 variants, HyPer's fluorescent signal from

intact E. coli cells revealed several putative H 20 2 generators in an initial screen (n = 1) and in re-
screening (n = 8). Fold change indicates HyPer's signal (F500/F420) for each variant normalized by the
signal (F500/F420) for WT. M177K/H478Q was the sole false positive in the re-screening; all other clones
induced higher signals than WT (p < 10). Error bars shown for this re-screening represent a single
standard deviation.

To confirm whether the nine hits had elevated levels of H 202 production, we extracted and transformed

their plasmids into BL21 (DE3) Tuner cells. Each variant was expressed, purified, and assayed for leakage
activity and H 202 production. Figure 4.6 shows that 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
H 20 2 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/A184V/T269A/R296Q and

L249H - had higher rates with p < 0.1, demonstrating the screen's efficacy in finding novel variants with

higher H2 02 production than the parent enzyme. Overall, 5 of the original 10 hits had higher H 202

production, indicating a percentage of confirmed hits of 50%.
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Figure 4.6. 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. V78L/F162S did not exhibit any positive signal in

the HRP/ABTS assay. All nine variants exhibited higher leakage than WT (p < 0.05), while five variants -

P142S/V216A, W90L/R255C/T4271, D222N/E247D, T152A/A184V/T269A/R296Q, and L249H - exhibited

higher H20 2 production rates than WT when leak rate was multiplied by the H202 percentage (p < 0.1),

giving a final percentage of confirmed hits of 50%. Measurements were performed in triplicate and error

bars represent a single standard deviation.

4.3.4 Efficacy of the screen in fluorescence-activated cell sorting

Because the screen is based upon a fluorescent signal, we explored the efficacy of the screen when

performed on individual cells using FACS. We analyzed homogenous populations of cells containing the

WT enzyme and the 1401P variant, as well as a heterogeneous population of cells containing variants

generated by error-prone PCR of the WT enzyme (Figure 4.7a).
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Figure 4.7. Fluorescence histograms depicting HyPer's signal co-expressed with WT, 1401P, or variants

derived from WT via error-prone PCR after the first sort (a) and the second sort (b). WT epPCR double

sorted #1 denotes random variants from the first sort (WT epPCR in (a)) with gates set at the mean and

one standard deviation above the mean. WT epPCR double sorted #2 denotes random variants from the

first sort (WT epPCR in (a)) with gates set at one and two standard deviations above the mean. Gates are

indicated by dashed lines.

Cells containing the 1401P variant had an average signal approximately two-fold higher than that of cells

containing the WT enzyme. Interestingly, the 1401P population showed a greater cell count relative to

that of the WT population at a range of ratios less than the maximum signal measured. For this reason,

gates used for sorting of the variants generated by error-prone PCR were set at the mean ratio and the

ratio one standard deviation above the mean of the 1401P population, as this region was judged to be

the range within which the ratio of the cell count of the 1401P population to that of the WT population

was optimal. Gates set at one and two standard deviations above the mean ratio were also used to sort

the population to test if cells with very high signals were required to enrich for cells with variants with

high H202 production.

Cells within these two sets of gates were sorted into separate tubes and regrown for an iterative sorting,

the results of which are shown in Figure 4.7b. The regrown population of cells was nearly

indistinguishable from the WT population, suggesting that cells with lower amounts of H202 production

outcompeted the cells with higher amounts that were responsible for the high signal in the previous sort

shown in Figure 4.7a.

We also note that the signal for all populations increased over time throughout the sort. After cells were

sorted, the same populations were analyzed immediately (Figure 4.8a), 15 min (Figure 4.8b), and 30 min

(Figure 4.8c) afterward. The increase in mean signal for all populations suggests that the cells undergo

oxidative stress throughout the assay, and shows that the time at which analysis and sorting are

performed must be well controlled between trials to prevent any confounding effect on the signal.
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We also tested the viability of combinations of cells containing both the WT and 1401P populations in a
2:3 ratio and sorted this population into a 96-well plate, with one cell, five cells, 10 cells, and 100 cells

each sorted into 24 wells. This resulted in bacterial growth only in wells into which 10 or more cells were

deposited; all other wells with depositions of one or five cells did not show any bacterial growth. All
wells with 100 deposited cells showed growth, while only 10 of 24 wells with 10 deposited cells showed

growth. Sequencing revealed that the only surviving cells in these wells contained the WT enzyme,
meaning that cells containing the 1401P variant were not viable or were outcompeted. Although cells

containing the 1401P variant clearly showed a higher signal, their rate of recovery seems to be

compromised to the extent that only cells containing the WT enzyme, even when outnumbered, survive

a sort and outcompete other cells. This suggests an innate disadvantage in any attempt to use cells to

engineer enzymes that produce higher amounts of H 202 and related species, possibly due to their

cytotoxicity. Because of the limited fold increase in HyPer's signal when co-expressed with a variant such

as 1401P, and because cells with higher amounts of H202 production appear to be less viable and
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outcompeted, we ultimately deemed the screen performed in 96-well plates to be more efficient in this

study.

4.3.5 Exploration of additional variants for H 20 2 generation

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 CO binding assay to measure the

amount of active P450 in the lysate (Figure 4.9). Simultaneously, we also measured the leak rate of the

lysate by adding NADPH and following absorbance at 340 nm over time (Figure 4.10). 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 4.9. Expression levels 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). Error bars represent a single standard deviation.
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Figure 4.10. 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 (Figure 4.9); 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 to WT, though several -

namely, M185K, V211M/L231/V3171, T152A, AM11T, 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, AM11T, 1220T, and A264V - had both statistically higher total and specific leak rates (p < 0.05).

Since the variants discussed in Chapter 3 experienced severely decreased expression in both E. coli and

mammalian cells, we hypothesized that variants with higher expression in E. coli would also be

expressed at higher levels in mammalian cells. If verified, this would open another avenue for

engineering enzymes to be ideal H202 generators; an enzyme could be engineered by its H202

production rate as well as its mammalian expression, which could be linked to its bacterial expression,

thermostability, and other factors. 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,
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A111T, 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, A111T, 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; while HEK293 cells are still mammalian cells, expression of a foreign gene

may vary between this cell line and HeLa cells, in which the variants in Chapter 3 were previously tested.

Additionally, the antioxidant capacities of these two cell lines may also be different, which would entail

different H202 production rates required of an ideal generator. To account for this and estimate whether

the activities of the M185K, AMliT, 1220T, and A264V variants may meet the criteria for HeLa cells, we

normalized their expression levels by the ratio of WT's expression in HeLa cells to its expression in

HEK293 cells (Figure 4.11).
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Figure 4.11. Design criterion specifying the total amount of H202 production required for a generator.

WT was placed according to its active expression in HyPer-HeLa cells and H 20 2 production rate. The

other variants were placed according to expression levels in HEK293 cells that were normalized by the

ratio of WT's expression in HeLa cells to its expression in HEK293 cells. H 2 02 production rates for these

variants were based on specific leak rates measured in lysate. It was assumed that leakage produced

only H202 for these variants and that the criteria for HeLa and HyPer-HeLa cells was the same.

We assumed that each of the variants in Figure 4.11 produced only H 20 2 when performing leakage and

that expression in HeLa cells would scale down from expression in HEK293 cells in the same ratio

observed for WT. It is very well probable and perhaps even likely that neither of these assumptions are

true. However, that the variants were detectable by a CO binding assay confirms the hypothesis of some
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correlation between bacterial and mammalian expression. This opens bacterial expression as one
potential metric to use for engineering more impactful H 202 generators in future work.

4.4 Discussion

The confirmed hit rate of 50% suggests differences between the in vivo and in vitro measurements. The
former is a function of enzyme concentration and activity in the cytoplasm while the latter is specific
activity, i.e. normalized by enzyme concentration, measured using purified enzymes in a KPi buffer.
Within the cytoplasm, in addition to leakage activity, a variant could bind P450 BM3's native substrate, a
long chain fatty acid, and produce H202 via uncoupled hydroxylation. The competition between the
former and the latter will depend on the concentration of free fatty acids and kon/koff binding rates
between enzyme and substrate. While numerous studies have reported the yields of free fatty acids
from different strains [137], the steady state cytoplasmic concentration of free fatty acids has, to our
knowledge, not been reported; indeed, it has been hypothesized that most fatty acids produced by E.
coli are sequestered within the inner membrane rather than the cytoplasm [138]. We thus do not know
for certain whether uncoupled hydroxylation or leakage in the absence of substrate dominates in the
production of H2 02 in our in vivo screen. In vitro measurements, on the other hand, are guaranteed to
reflect leakage activity that does not depend on a fatty acid substrate since none was supplied.

We also note that differences in NADPH/NADP' balance resulting from consumption of NADPH that does
not produce H 2 0 2 could also lead to increases in HyPer's signal. NADPH is known, for instance, to reduce
the KatE catalase, one of the primary endogenous H 202 scavengers in E. coli [98,139]; depletion of
NADPH could thus reduce the rate of KatE's return to the reduced state, which in turn could influence
the kinetic competition for H 202 between HyPer and endogenous scavengers in HyPer's favor, thus
raising the signal. Nevertheless, that the screen was able to find confirmed hits shows that these
potential differences between in vivo and in vitro activity do not significantly impede the screen's
effectiveness in scanning a library more quickly than past screens to find enzymes with elevated H 20 2

production.

We also note that our initial HRP/ABTS measurements using only enzyme and NADPH in experimental
reactions and H2 02 in the standard curve did not yield any positive signal. We thus used NaN 3, a catalase
inhibitor, in the experimental reactions and were able to detect positive signals thereafter, suggesting
that there may have been trace amounts of antioxidants such as catalase in the protein preparation able
to consume H 202 and decrease the amounts measured in the in vitro assay. Hence, the H 2 02 proportions
in Figure 4.6 represent lower limits to the true in vitro proportions, and the percentage of confirmed hits
may increase if in vitro activity free of any influence from antioxidants is measured.

Increased levels of enzyme expression, an in vivo parameter, would result in increased H 20 2 production,
which would raise the signal. To increase the screen's stringency and better distinguish more impactful
hits, one possible strategy is to systematically decrease all clones' expression levels by tuning the IPTG
concentration used in induction. This may identify only those variants that exhibit a sufficiently high
enough H202 production rate at lower expression levels to increase HyPer's signal.

Interestingly, none of the hits had any mutations at shared amino acid positions. While the roles of
certain residues have been elucidated in past studies [105,107,140-142], none of the amino acid
positions in the hits in this study have ever been investigated. The screen in this study may thus serve as

92



a robust platform for systematically exploring leakage in the P450 BM3 reaction cycle and finding
mutations that contribute to leakage and uncoupling.

Indeed, we used the screen to investigate 640 more variants in addition to those evaluated and which
yielded a confirmed hit rate of 50%. We found 18 more hits, and while we did not culture and purify
each of them separately to confirm enhanced H 20 2 production, we did express those with the 11 highest
signals along with WT in a 96-well microplate to perform a side-by-side test of their bacterial expression
and leakage. Four hits with expression comparable with that of WT and total and specific leakage higher
than that of WT, as measured in lysate, were detectable by a CO binding assay when expressed in
mammalian cells, confirming the hypothesis of a linkage between bacterial and mammalian expression
and opening the possibility of using bacterial expression as another method to engineer an ideal H 20 2

generator.

4.5 Conclusions

In conclusion, we have established a new use for genetically encoded H 202 sensors that improves upon

traditional methods of screening enzyme libraries for enhanced H 202 production. We fine-tuned the
screen's design regarding co-expression and measurement timing and established its efficacy using

controls. We also demonstrated the screen's robustness with respect to assay buffer pH and

composition; fold difference between controls remained high as these variables changed, highlighting

the screen's versatility. The screen allowed facile identification of novel P450 BM3 variants with

elevated H202 production and leakage. Furthermore, not only should the screen prove advantageous in

comparison with other methods for screening for H 2 02 production because of its lack of need for any

time-consuming lysis procedure or additional expensive reagents, the screen may serve as a platform for

systematically exploring sequence-structure-function relationships in oxygen-activating enzymes such as

P450 BM3. We thus anticipate the screen finding great use in addition to enabling identification and

optimization of H 202-producing enzymes in biotechnology and quantitative redox biology. Finally, we

used the screen to find variants that demonstrated a linkage between bacterial and mammalian

expression, suggesting it may be possible to engineer H 202-producing enzymes as ideal generators not

just through the H 2 02 production rate, but also through bacterial expression levels.
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Chapter 5

Development of a transport model for H202 in
mammalian cells
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Abstract

While kinetic models have provided useful insights into the reactions involved in H202 generation and
scavenging, they leave open important questions regarding spatial variations in the concentration
profile of intracellular H202 . A transport model would fill this missing gap of knowledge and yield
testable predictions that would initiate feedback between experiment and theory. In steps towards this
model, we first used a kinetic model to provide order-of-magnitude estimates of the length and time
scales for H20 2 diffusion through the cytosol, which were on the order of one micron and one
millisecond, respectively, supporting the notion of H 202 localization. We also found that in the context
of intracellular H202 scavenging in the cytosol, oxidation of peroxiredoxin by H 20 2 is the dominant
reaction and the overall concentration of reduced peroxiredoxin is not significantly affected by
physiological increases in intracellular H 202 concentration and subsequent scavenging by peroxiredoxin.

We used this information to reduce the model from 22 parameters and reactions and 21 species to a
single analytical equation with only one dependent variable, i.e. H202 , and reproduced results from the

complete model. Finally, we integrated this single equation into a transport model and applied the finite

Fourier Transform technique to derive a mathematical expression for the concentration profile of

intracellular H 202 in the context of bolus addition. Predictions from the transport model can be tested

by experiment and used to refine model parameters, which in turn should inform the design of next-
generation H202 generators and sensors and fulfills the last main objective of this dissertation.

Portions of this chapter are included in:

Lim, J. B., Huang, B. K., Deen, W. M., and Sikes, H. D. Analysis of the lifetime and spatial localization of

hydrogen peroxide generated in the cytosol using a reduced kinetic model. Submitted.

Lim, J. B., Huang, B. K., Deen, W. M., and Sikes, H. D. A reaction-diffusion model of cellular hydrogen

peroxide. In preparation.
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5.1 Introduction

As previously noted, the kinetic redox model developed by Adimora et al. [8] was valuable in
determining the H202 production rate required to overcome the cell's antioxidant capacity as shown in
Figure 1.2, but does not take into consideration spatial distributions of H202 and related generators and
scavengers. The model thus leaves open questions regarding H2 02 localization, including how far H 2 02

produced in a particular location would be expected to diffuse before reacting with a signaling target.
Furthermore, any generators or sensors designed based on the criteria derived from the kinetic model
may not be suited for physiological perturbations or measurements of H2 02 in subcellular locales;
although a generator, for instance, that meets the design criteria in Figure 1.2 would be able to
accumulate H 2 0 2 in the cytosol, it would also conflate unwanted global effects with those that come

from localized increases in H 202 concentration. This gives rise to the need for a transport model of H 2 02,
one that includes both kinetics and diffusion of H 202 and other related molecular species.

A transport model of H 2 02 that addresses the aforementioned questions left unanswered by a kinetic

model would predict the relevant length and time scales for H202 diffusion when generated at a

particular location and in a certain quantity. A transport model would also predict concentration profiles
of H202 within the cell, which would show how much H 20 2 is expected to reach other proteins at specific

distances from the site of H 202 generation. This would also determine whether the location and amount

of H 20 2 generation are such that a significant amount of H202 would be expected to diffuse through the

membrane and potentially act as an intercellular messenger [33]. Model predictions could also be tested

against past experimental observations, such as the different outcomes observed when cells are treated

with bolus addition of H 20 2 versus continuous low-level exposure [25,65,143], and thus potentially

provide a mechanistic explanation for these differences.

It is important to note here the most plausible model to date on the mechanism by which H 202 can
exhibit localized effects, which is based on Prx acting as a transmitter of H20 2 signaling by forming a

redox relay with another signaling target [14,15]. Quantification of the localization of H202 upon

intracellular generation and its role in signaling requires knowledge of not only the diffusion distance

and lifetime of H2 0 2, but those of oxidized Prx and possibly other scavengers such as GPx as well.

We sought to address the open questions of how far and for how long H2 02 and oxidized Prx diffuse

when generated within the cell before being scavenged by antioxidants (H 20 2) or reduced (oxidized Prx).

To do so, we used the kinetic redox model previously used to generate the design criteria in Figure 1.2

[32] to implement simulations and determine the overall kinetic rate constant for H202 scavenging. We

also used this result and a previous measurement for the kinetic rate constant of reduction of oxidized

Prx to generate order-of-magnitude estimates for the length and time scales of H 202 and oxidized Prx

diffusion in the cytosol. These theoretical estimates can be compared with previous experimental results

[33] and validated in future efforts by an experimental system with next-generation sensors of H202 .

We also showed that the network of reactions that eliminate H2 02 from the cytosol can be reduced to a

two-parameter analytical equation with only H202 concentration as the dependent variable. This

reduction highlights which reactions are most important in the context of intracellular generation and

scavenging of H2 0 2, and enabled us to develop a transport model that provides more precise predictions

of the spatiotemporal variations in H202 concentration. We modeled the cell as an idealized sphere and

implemented an FFT solution to generate concentration profiles of intracellular H 2 02 and determine the

time at which the profile reaches steady state. Finally, we implemented the model in COMSOL software,
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to determine how well a computational solution compares with the exact solution and evaluate the
viability of using COMSOL to extend the model.

5.2 Computational methods and modeling

5.2.1 Overview of kinetic model

We based our computational model on that developed by Adimora et al., using a set of ordinary
differential equations that describe mass action and Michaelis-Menten kinetics [8]. We removed any
rate expressions involving diffusion of any molecular species through a membrane to a different
compartment, such as diffusion from the cytosol to the extracellular media or into peroxisomes. We also
removed catalase as a component since it is known to be located exclusively in peroxisomes [9,10] and
we sought to simulate H2 02 clearance in the compartment of the cytosol only. Model parameters and
initial species concentrations are shown in Tables 5.1 and 5.2, respectively. We note that rather than
assume the different oxidized forms of Prx-(SH) 2, GPxred, Pr-SH, Pr-(SH) 2, and Grx-SH to be 0.5% of the
concentration of reduced protein [144] as Adimora et al. did [8], we used a molar balance and known
rate constants and reactions to determine what the basal concentrations of oxidized protein are
expected to be at steady state. We also assumed a basal concentration of H 20 2 that we demonstrate
later in the results to be valid due to reduction of the model to a single equation. Further details are
provided in Appendix C.

Table 5.1. Model parameters for the kinetic redox model.

Reaction Parameters
H202 intracellular generation ki = 1.1 x 107 M/s [144]
k2 ([H 202]) ([GPxred]) k2= 2.1 x 107 M 1 S-1 [145,146]
k3 ([GSH]) ([GPxox]) k3= 4 x 104 M-1 S1 [145]
k4 ([GSH]) ([GPx-SSG]) k4 = 1 x 107 M- S- [145]

k2o ([NADP*] - [NADP']i)/(k5 + [NADP']) k5 = 5.7 x 10-5 M [147]
k6 ([H 202]) ([Prx-(SH) 2]) k6 = 1.3 x 107 M 1 s- [32]
k7 ([H 20 2]) ([Prx-SOH]) k7= 1.2 x 104 M 1 S-1 [32]
k8 ([Prx-SO 2H]) kB = 3 x 10-3 s- [148]
k9 ([Prx-SOH]) k9 = 2 s-1 [32]
kjo ([Prx-SS]) ([Trxred]) k1o = 2.1 x 106 M- 1 S-1 [8,149]
ki ([GSH]) kil = 7.4 x 10-5- 4 [150]
k12 ([Pr-(SH)]) ([H 20 2]) k12 = 1 x 102 M-1 S-1 [32]
k13 ([GSH]) ([Pr-SOH] - [Pr-SOH]i) k13= 1.2 x 10' M s1 [151,152]
k14 ([Grx-SH]) ([Pr-SSG] - [Pr-SSG]i) k14 = 9.1 x 104 M- S4 [153]
k15 ([Grx-SSG] - [Grx-SSG]i) ([GSH]) k1 = 3.7 x 104 M-1 S-1 [154]
k16 ([Pr-(SH) 2]) ([H 202]) k16 = 1 x 102 M- S- [32]
k17 ([Trxred]) ([Pr-SS] - [Pr-SS]i) k17 = 1 x 102 M' S- [32]
k18 ([GSSG] - [GSSG]i) ([NADPH]) k,8 = 3.2 x 106 M-1 S [155]
kig ([Trxox] - [Trx.x]i) ([NADPH]) k19 = 2 x 107 M-1 S [156]
k20 ([NADP*] - [NADP*]i)/(ks + [NADP-]) k2o = 3.75 x 10-4 M/s [147]
GSH synthesis k2 l = 4.1 x 10-7 M/s [157]
Trx synthesis kn = 7 x 1010 M/s [158]
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Table 5.2. Species initial concentrations for the kinetic redox model specific to HeLa cells. Molar
balances and known rate constants were used to derive calculated values (Appendix C).

Species Initial condition (M)

[H 20 2] 0.01 to 100 x 10-6 (assigned for pulse generation
of H2 0 2 )
8 x 10-" (calculated in the absence of pulse
generation of cytoplasmic H2 02 for the purposes
of calculating basal concentrations of oxidized
proteins below)

[G Pxred] 0.55 x 10-6 [32]
[G Pxox] 6.64 x 1011 (calculated)
[GPx-SSG] 2.66 x 10-13 (calculated)
[GSH] 3.68 x 10-4 [8]
[GSSG] 1.78 x 10-6 [8]
[Prx-(SH) 2] 1 x 10-4 [32]
[Prx-(SOH)] 5.49 x 10-8 (calculated)
[Prx-(SOOH)] 1.86 x 10-11 (calculated)
[Prx-SS] 5.57 x 10-11 (calculated)
[Trxred] 4.27 x 10-7 [8]
[Trxx] 7.54 x 10-8 [8]
[Pr-SH] 1 x 10-9 [32]
[Pr-SOH] 1.92 x 1019 (calculated)
[Pr-SSG] 1.33 x 10-16 (calculated)
[Grx-SH] 7 x 10-7 [32]
[Grx-SSG] 6.21 x 10-19 (calculated)
[Pr-(SH) 2] 1.09 x 10-3 [8]
[Pr-(SS)] 2.16 x 10- [144]
[NADPH] 3 x 10-5 [159]
[NADP'] 3 x 10-7 [160]

In the simplified model comprised of a single analytical equation with two parameters, we simply

removed all reactions except for H2 02 intracellular generation and k6 ([H 2 02]) ([Prx-(SH) 2]), and also set

the concentration of Prx-(SH) 2 to be constant over time. We implemented both the complete and

simplified models using the odei5s function in Matlab (MathWorks), the code and further details for

which can be found in Appendix C.

5.2.2 Sensitivity analysis

The finite difference approximation method was used to calculate the sensitivity of [H 2 02] to each model

parameter. Sensitivity was determined using the following equation [161]:

8C(t) C(k + Aki, t) - C(ki, t)
s:at) = k1  Aki

where si is the sensitivity corresponding to the model parameter ki and C is [H2 02]. All parameters were

perturbed by 10% to reflect typical experimental errors, and sensitivities were evaluated at t = 0.001
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seconds. Since parameters differed by orders of magnitude to various degrees, we used a previous
normalization method [161]:

_ dC(t)/C(t)

Okilki

All sensitivities in this chapter were reported as j.

5.2.3 Transport model formulation

5.2.3.1 Calculation of permeability constant

Diffusion of H 20 2 through the plasma membrane was previously described in the following equation
[162]:

d [H2 02]media X -a [ L meda) P((cm ( A (2) cells
=t ([H2021cytosol - [H2021media) xm 103 - A(m2

where [H2 02]media is the concentration of H 202 in the extracellular media, [H2
0

2]cytosol is the

concentration of H 20 2 in the cytosol, P is the permeability constant of H 20 2 through the membrane, A is

the surface area of the cell, t is time, and is the cell density of the experimental system. As the

average radius of a HeLa cell was previously measured to be 10 ptm [163], we modeled the cell as an
idealized sphere and estimated the surface area, A, to be 1.3 x 10-5 cm 2 . It was also previously estimated
that in a bolus addition of H 20 2 to cell culture, the gradient between [H2 02]media and [H2

0
2]cytosol is

650-fold [32]. We thus assumed that [H2 02]cytosol was negligible relative to [H2 02]media and derived

the following equation to be fitted to experimental data to obtain the permeability constant:

(0- (Mcm cells
[H2 02]media = exp [-10-3 x - x A (cm2 ) x x t

cm3 s

5.2.3.2 Justification of assumptions

As previously mentioned, we modeled the cell as an idealized sphere of radius a (= 10 pm) [163] with
cytosolic concentration C(r, t) for H202 at radial position r and time t. We define two dimensionless
groups shown below: the Biot number, which is the rate of membrane permeation relative to cytosolic
diffusion, and the Sherwood number, which is the rate of external mass transfer relative to cytosolic
diffusion. We assumed the cell to be surrounded by a stagnant fluid and calculated the ratio of the Biot
number to the Sherwood number accordingly to determine whether external mass transfer resistance is
negligible relative to that of the membrane.

Pa
Bi = -

D

Sh =ka
D

Bi P

Sh kc

Here, kc is the external mass transfer coefficient, D is the diffusion coefficient for H2 0 2 [164], and P is
the permeability of the membrane to H 202. For a sphere in a stagnant fluid, the Sherwood number must
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be no less than 2 [165], allowing us to calculate the upper limit for the ratio to be 0.012. This, in turn,
allows us to neglect external mass transfer since this upper limit is significantly less than unity. In
determining this ratio, we calculated the Biot number to be 0.024, which is also significantly less than
unity, allowing us to assume that mass transfer at the membrane is limited by diffusion through the
membrane and consequently use a Neumann boundary condition in our model development.

5.2.3.3 Governing equations

In assuming the cell to be an idealized sphere with negligible external mass transfer, we devised the
conservation equation for H 2 02 in the cytosol to be

D 2 19C) aC
2 rz- +R=rzar ar at

As detailed later in Section 5.3.3, we found that the reaction for H202 can be reduced to a single
equation with a parameter for zeroth-order generation of H 20 2 and a parameter for first-order
scavenging by peroxiredoxin (Prx), which can be written as

dC

dt= k - kC

ks = kPrxox [Prxred]

where k, is the parameter for zeroth-order generation, kPrx,ox is the first-order parameter for the

reaction between reduced Prx and H 202 , and [Prxred] is the intracellular concentration of reduced Prx,
which we found to not be depleted by H 202 scavenging in physiologically relevant ranges of H 2 02

concentrations. Reducing the reaction to a single equation allowed us to pose the conservation equation
as

Dd r2aC aCD r 2 09)+ k1 - ksC = -C
r2dr r at

At the cell center, symmetry requires that

aC
- (0,t) = 0
dr

At the membrane, i.e. r = a, we can apply a Neumann boundary condition due to a sufficiently low Biot

number:

ac
D -(a,t) = PCextdr

where Cext is the concentration of the bolus H202 added to cell culture.

If we set the reaction term to zero to assume steady state, we can derive the initial condition for H 202

before perturbation by bolus addition:

C(r, 0) = -

5.2.3.4 Parameter values and additional dimensionless groups
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Model development was based on the parameter values in Table 5.3, which lists the required reaction
rate constants, diffusion coefficient, membrane permeability constant, and size of a typical HeLa cell.

Table 5.3. Model parameters for the transport model.

Parameter Value References
k, 1.1 x 10-7 M/s [8,144]

kprxox 1.3 x 107 M-1 S-1 [32]
D 1.83 x 10-9 m 2/s [164]
P 4.4 x 10-4 cm/s [32]
a 10 pm [163]

[Prxred] 1 X 10-4 M [32]

We note that Adimora et al. calculated k, [8] based upon 02 consumption rates and proportions of H2 0 2

production for the entire body rather than any particular cell type and which could be in error by two-
fold [144]; nevertheless, we deemed this value to be an adequate order-of-magnitude estimate for
intracellular H2 02 production.

For further convenience, we define another dimensionless group, the Damk6hler number, which is the
rate of H202 generation or scavenging relative to cytosolic diffusion:

DaO = kla2

DBiCext

Dal =
D

These correspond to zeroth-order generation and first-order scavenging of intracellular H2 02 ,
respectively. We note that we included the Biot number in the denominator of DaO to scale the group in
anticipation of a several hundred fold difference between intracellular and extracellular H2 0 2 in model
results [32].

To facilitate derivation of the solution to the conservation equation, we also used the following
dimensionless variables:

r

a

C
0 =

BiCext

Dt
Ta2

We included the Biot number in the denominator of 0 for the same reasons that we did so for DaO. The
dimensionless variables resulted in the following forms of the conservation equation and boundary
conditions:

1 --- 2ao + DaO - DajO = -o
1 an ao
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ae
-- (0, T) = 0

k1  Da0

0 (7, 0) = k a
ksBiCext Da1

ao
-(, )= 1

Using this set of parameters and equations, we derived the analytical solution to the transport model

using the FFT method. We show the transient solution and accompanying details and Matlab code in

Appendix C, and note that we found 30 eigenvalues to be sufficient for convergence of the transient

solution (Figure C.1). We present the steady solution here in both the dimensionless and dimensional

forms:

1 sinh( gDaii) Da0
0 (7) =

\. Dalcosh( a1 ) - sinh( Da1  77 Da1

Pa2 Cext 1 sinh(jks/Dr) +k1

D (a k/Dcosh(aV ks/D) - sinh(a k/D)) r ks

Finally, we derived the volumetric average concentration by integrating the concentration over the

dimensions of the sphere and show the dimensional form here:

2w 7r a
_ 13PCext k 1

C = - C(r)r sin drd dp = +
aks ks

0 0 0

5.2.4 COMSOL simulations

We implemented the model in COMSOL software (Stockholm, Sweden) with the same geometry,

boundary conditions, and parameter values. We used an extremely fine mesh and simulated the model

up to 3 ms with a 1 ps interval; we also simulated the model at steady state. We obtained concentration

profiles by extracting the concentration along the line between the center of the sphere and x = a, y =

0, z = 0.

5.3 Results

5.3.1 Order-of-magnitude estimates for length and time scales for diffusion of H2 02 generated in the

cytosol

Adimora et al. demonstrated that limited membrane permeability is highly significant in the cell's

defense against exogenous H2 02 [8]. However, we were interested in determining the kinetic rate

constant for H 2 02 scavenging in response to endogenous, rather than exogenous, generation of H2 02 .

Thus, we were interested solely in H 2 02 scavenging inside the cell, without any contributions from other

processes such as H2 02 diffusion through the plasma membrane or into subcellular compartments such

as peroxisomes; in other words, we sought to simulate the dynamics of the system as if all of the

molecular species involved in the kinetic redox model were mixed in a single compartment that

suddenly experienced pulsed, intracellular generation of H 2 02. We hence removed any rate expressions
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involving the transfer of any cytosolic species to another compartment and simulated the response
when H 202 at t = 0 was increased to a concentration ranging from 0.01 to 1 IM; we chose this range
because we estimated the basal concentration of H2 0 2 to exist in the picomolar range as described in
Appendix C and previous work suggests that cytotoxicity may occur at low nanomolar increases to the
basal concentration of H2 02 [32].

We confirmed pseudo-first order kinetics for H 20 2 scavenging [32] and calculated a kinetic rate constant,
keff, that ranged from 1.30 x 103 to 1.31 x 103 s-1. We used this rate constant and the known diffusion

coefficient for H 20 2 in water at 37 "C [164] to calculate order-of-magnitude estimates for the length and

time scales for H 20 2 diffusion based on the following equations, which are well-known in engineering

literature [165]:

D
L =

L= keff

1
t= t eff

Here, L is the length scale, D is the diffusion coefficient, and t is the time scale. The length and time
scales for H202 diffusion were calculated to be 1.18 pm and 0.76 ms, respectively, giving credence to the
notion of H2 02 localization and limited diffusion due to the strength of the cellular antioxidant network.
To quantify the relative magnitudes of homogeneous H 202 depletion and diffusion, we calculated the

Damk6hler number, which is expressed here as

Da = keff R 2
D

where R is the radius of the cell and, for HeLa, is 10 pm [163]. The Damk6hler number was calculated to
be ~71, which is significantly greater than unity and indicates that the depletion of H2 02 by antioxidant
scavenging is greater than the extent to which H 202 diffuses through the cell, implying H2 02 localization.

5.3.2 Comparison of reaction rates and sensitivity analysis

After using the full kinetic model as presented in Figure 1.1 to determine keff and calculate order-of-

magnitude estimates for the length and time scales of H 202 diffusion, we sought to determine which
reactions in the network are most important. We calculated the rates of the reactions in the model,
taking into account the reaction rate constants as well as the concentrations of the antioxidant enzymes

involved in each reaction (Figure 5.1 and Figures C.2-C.9).
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Figure 5.1. (A) Rates of reactions directly involved in H 2 02 scavenging with initial [H20 2] of 0.01 iM. Each
reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,
indicates the reaction k2 ([H 202 ]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved

in H 2 0 2 scavenging overtime with initial [H 202] of 0.01 PM.

Figure 5.1 shows that the reaction directly involved in H 20 2 scavenging with the highest rate by at least

two orders of magnitude is that between Prx-(SH) 2 and H202 , with the rate constant k6. Furthermore, the

concentration of Prx-(SH) 2 does not significantly decrease; while it is clear it is involved in H 202

scavenging as evidenced by the rise in concentration of oxidized Prx (Prx-SS), the amount of initial H 202

does not seem to significantly impact the concentration of Prx-(SH) 2 over time except at higher H 20 2

concentrations (Figures C.8 and C.9). A sensitivity analysis based on the finite difference approximation

showed that perturbation of k6, the rate parameter for the reaction between Prx-(SH) 2 and H202 (Figure

5.2 and Figures C.10-C.17), within its experimental error resulted in changes in the concentration of H202

by as much as 14%, while perturbation of each of the other parameters never resulted in a change

greater than 0.3%. This shows the dominating influence of k6 over the other parameters, confirming the

importance of the reaction between Prx-(SH) 2 and H202 .
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Figure 5.2. Sensitivity of [H 20 2] to reaction rate constants with initial [H 20 2] of 0.01 pM. Other reaction

rate constants were not shown because the sensitivities of [H 20 2] to those parameters were at least one

order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been

visible.

Given that Prxs dominate in H 202 scavenging as well as the recent finding that oxidized Prx acts as a

mediator for H202 signaling [14], we applied the same equations used to estimate length and time scales

for H 20 2 diffusion to oxidized Prx, using a previous measurement for the kinetic rate constant for

reduction of Prx-SS [8,149] and a previously measured diffusion coefficient for oxidized AhpC [166],

scaled to a temperature of 37 "C using the Stokes-Einstein equation [167,168]. AhpC is in the same

family of peroxidases as Prx and is of similar size, and thus is expected to exhibit a diffusion coefficient

similar to that of Prx-SS, which has not yet been experimentally measured. Based on these parameters,

order-of-magnitude estimates for the length and time scales for reduction of Prx-SS by Trx were 9.6 pm

and 1.1 s, respectively, suggesting signaling to span nearly half of the cell; we note that these estimates

are extremely dependent on the estimate for the rate constant for reduction. While Prx-SOH was

calculated to have an initial concentration higher than that of Prx-SS, the latter visibly rose in

concentration after the H 202 pulse while the former did not; in any case, the oxidation state responsible

for signaling redox relay reactions remains an open question. Direct quantitative measurement of the

relay reaction between both oxidation states and a signaling target such as STAT3 would be required to

confirm which Prx species is involved and also estimate the localization of signaling with more certainty

[169].

5.3.3 Reduction of kinetic model

Because of the overwhelming importance of Prx in H2 02 scavenging, we calculated the rate constant of

the reaction between Prx-SH and H 20 2, taking into account both k6 and the concentration of Prx-(SH) 2,
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and found it to be 1.3 x 103 51 [32], quite close to keff. Since the concentration of Prx-(SH) 2 was also

found to be nearly constant throughout the simulation except at higher, nonphysiological initial [H 20 2]

as previously mentioned, we reduced the kinetic model to a two-parameter model with only the

concentration of H 202 as the dependent variable and a constant level of Prx-(SH) 2, described here:

d [H202] - - k[H202]
dt

[H2 02] = + [H2 0210 -k e-kst
S ks

ks = k6[Prx - (SH) 2]

where k, is the zeroth-order rate constant for H 202 generation within the cell and ks is the product of

the kinetic rate constant for the reaction between Prx-(SH) 2 and H202 (k6 ) and the intracellular

concentration of Prx-(SH) 2.The results from the simplified, analytical equation completely capture the

results of the complete kinetic redox model across the physiologically relevant concentration range of

initial H202 that we tested (Figure 5.3). Although the analytical equation does break down in mimicking

the results of the original model at higher initial H 20 2 concentrations due to significant depletion of Prx-

(SH) 2 (Figure C.18), these concentrations are not within a reasonable physiological range [32]. Our

results show that the rate of H202 scavenging within the cell is fast enough that the concentration of Prx-

(SH) 2 available to scavenge H202 can be approximated as constant within physiologically relevant ranges

of initial H 20 2 .

10-
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0.05 M 0.5 0100 M
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0.000 0.002 0.004 0.006 0.008 0.010
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Figure 5.3. Simulated kinetic curves for clearance of a pulse addition of H202 to baseline levels in a single

compartment. Solid curves represent the original complete model sans transfer of H202 to other

compartments, such as extracellular media or peroxisomes. Dashed curves represent a simplified model

in which only H20 2 generation and scavenging by Prxs, without any oxidation of the enzyme, are

simulated as an analytical equation. Solid and dashed curves overlap except for 100 pM.
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We note that given the validation of this approximation as shown by Figure 5.3, we can estimate the
basal concentration of H 202 by assuming steady state and setting the single differential equation for
H 202 equal to zero:

d[H2 02] _k s[22
dt

k1[H1202] =-

This results in an estimate of ~80 pM. We note that before implementing simulations, we initially
hypothesized that the basal concentration is largely controlled by only its generation and reduction by
Prx-(SH) 2, and thus estimated the basal concentration of H 202 to be ~80 pM from the outset as
calculated by the above equation. We used this concentration in estimations for the initial
concentrations of oxidized proteins, such as Prx-SOH and Prx-SS, as detailed in Appendix C, and used
these values in the simulations shown in this study. Figure 5.3 validates our initial assumption and thus
shows that our initial estimation for the basal concentration of H 202 , and consequently for the initial
concentrations of oxidized proteins, is valid in this context, given the current parameter set used. We
acknowledge that not all model parameters, such as the concentrations of Trx and GSH, are specific to
HeLa [8]; in the absence of such data, we used these parameters as the best available proxy estimates.

We also note here that while k, in our model is orders of magnitude less than the k,[H20 2] term, even at
the lowest H202 concentration simulated, the estimated basal concentration of H 20 2 is sensitive and
directly proportional to k1. It is thus also worth noting that the parameter was calculated by Adimora et
al. [8] based on data corresponding to 02 consumption rates and proportions of H20 2 production for the
entire human body and which could be in error by two-fold [144]. While the value used here may
provide an adequate order-of-magnitude estimate for intracellular H2 02 production and give reason to
believe that the basal level of H 202 exists in the picomolar range, the rate may vary between cell types
and with changing physiological conditions [144,170,171]. This consequently has implications for the
basal levels of both intracellular H 20 2 and oxidized proteins as derived in Appendix C, giving merit to
measurement of the basal generation rate specific to the cell line being studied in future work.
Endogenous H 2 02 production could also be increased experimentally through the use of a genetically
encoded enzyme such as DAAO [30,56,57,60] or small molecule generators [31,65].

5.3.4 Time scale for consumption of bolus addition of H 202 and expected gradient

In our development of the transport model for cellular H 2 0 2, we first plotted previous experimental data
measuring the consumption of a bolus addition of H202 by suspended HeLa cell culture [32] in Figure
5.4. We also plotted the anticipated average intracellular concentration throughout the entire cell at
each time point using the equation developed in Section 5.2.3.4. The gradient between extracellular and
intracellular H 20 2 is approximately 980-fold throughout the entire assay; this has modest agreement
with the experimental estimate of 650-fold, which was determined by measuring the kinetic rate
constants of individual scavengers after cell lysis rather than in vivo, which may have affected the
measurements [32].
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Figure 5.4. Extracellular and intracellular H 202 over time upon bolus addition of 100 pM to HeLa cells

with density of 0.8 x 109 cells/I. An exponential curve was fit to the concentration of external H 202 .

Concentration of intracellular H 20 2 was averaged over the entire volume of the sphere. Error bars

represent standard deviation of three independent trials.

A priori, we assumed the intracellular concentration would be significantly less than the extracellular

concentration based on previous evidence [32] and consequently would be negligible relative to the

extracellular concentration in the equation described in Section 5.2.3.1. We thus fit an exponential curve

to the data as shown in Figure 5.4 and used the second equation in Section 5.2.3.1, as well as the assay

parameters of 0.8 x 109 cells/I [32] and an idealized spherical surface area of 1.3 x 10-5 cm 2, to determine

the cell permeability to be 4.4 x 104 cm/s. While we used this parameter in calculation of the average

intracellular concentration, these calculations show that the extracellular and intracellular

concentrations indeed differ by several orders of magnitude, justifying our a priori assumption that the

intracellular concentration is negligible relative to the extracellular concentration and our consequent

calculations for obtaining the permeability constant.

We note that the average intracellular concentrations could be verified by a sensor expressed in the

cytosol. For instance, Mishina et al. recently developed a methodology using the genetically encoded

H 202 sensor HyPer-2 [93] fused to the cytoskeleton in live-cell stimulated emission depletion (STED)

microscopy to monitor the production of H 202 within living cells with high spatial and temporal

resolution [172]. By their estimates, they were able to detect nanomolar concentrations within the cell

[172], suggesting their methodology to be suitable for confirming the intracellular estimates shown in

Figure 5.4.

5.3.5 Time and length scales for intracellular H 202 diffusion after step change in external

concentration and justification of intracellular pseudo-steady state
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After solving the conservation equation, we generated intracellular concentration profiles of H 202 after
a step change increase in the external concentration to 25 pM (Figure 5.5), assuming the same
experimental conditions used to measure the permeability constant.
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Figure 5.5. Development of intracellular concentration profile of H202 after

HeLa cells with density of 0.8 x 101 cells/I.

bolus addition of 25 pM to

We note that the profile reaches steady state on a time scale too rapid to be experimentally accessible

and thus verifiable; however, while they may be predicated upon a hypothetical instantaneous step

change in the external concentration, the idealized response in Figure 5.5 still provides value in showing

the time and length scales of H202 diffusion after permeation through the membrane. The concentration

profile reaches steady state within a time scale on the order of 1-2 ms, and H 20 2 penetrates

approximately 4-5 Im into the cell before being almost completely scavenged. This is consistent with

previous order-of-magnitude estimates for the time and length scales of H202 based on dimensional

analysis, which were 1 ms and 1 lim, respectively.

We also draw attention to the steep decline of H 20 2 after diffusing through the membrane and the lack

of any appreciable amount of H202 at the center of the cell. The prediction of localization of H202 close

to the membrane due to scavenging contradicts the assumption of a well-mixed cytosol, providing a

possible explanation for the differences in phenotype observed between bolus addition and steady state

intracellular generation throughout the entire cytosol [65]. The presence of H 20 2 close to the membrane

and lack of H 20 2 at the center of the cell could be verified by localized sensors [71,173,174]. The

predictions could also be tested by the previously mentioned methodology by Mishina et al. [172].

While the intracellular concentration profile requires only ms to reach steady state, the extracellular

concentration takes approximately 12 min to be consumed by suspended cell culture (Figure 5.4). The
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discrepancy between these two time scales allows us to approximate the intracellular concentration
profile at any point to be at the pseudo-steady state indicated in Figure 5.5, as the pseudo-steady state
is valid in the case of two time scales orders of magnitude apart [165]. Furthermore, it suggests that any
experimental measurement will, for practical purposes, measure this pseudo-steady state profile.

5.3.6 Pseudo-steady state concentration profiles over time

In our last set of predictions, we plotted the pseudo-steady state
consumption of bolus H 202 (Figure 5.6).
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Figure 5.6. Development of pseudo-steady state intracellular concentration profile after bolus addition

of 100 pM to HeLa cells with density of 0.8 x 10 cells/I.

The profile essentially retains its characteristic shape, with the concentration at the membrane gradually

decaying over time in accordance with the decay of the extracellular species. The effective penetration

distance also decreases as the overall H202 concentration drops over time, with H202 only effectively

diffusing about a micron through the cell and at very low nanomolar levels before being completely

scavenged at the 12 min time point. Again, these profiles could be verified by the previously mentioned

experimental system developed by Mishina et al. [172].

5.3.7 Comparison of computational and analytical solutions

After making testable predictions using the analytical transport model for H 20 2 derived using the FFT

method, we implemented the same model in COMSOL to determine if a computational solution based

on finite element analysis could be a viable alternative (Figure 5.7).
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Figure 5.7. Development of intracellular concentration profile of H 202 after bolus addition of 25 pM to
HeLa cells with density of 0.8 x 109 cells/I, with analytical (solid) and computational solutions (dashed).
Computational solutions were generated by COMSOL software and overlap with analytical solutions at

all time points considered and steady state. An "extremely fine" mesh was used for the computational
solution.

We observed no visible difference between the analytical and computational solutions: at the time

points shown in Figure 5.7 and at spatial intervals of 0.1 pim from the center of the cell to radius a, the

difference never exceeded 1.1 nM and the sum of squared differences never exceeded 2.6 nM 2 . We do

note that reducing the spatial resolution by adjusting the mesh from "extremely fine" to "extra fine"

decreased the accuracy of the solutions (Figure C.19), showing that the highest possible resolution of

any computational solution may be necessary. Nevertheless, based on the above metrics, we deemed

the computational solution to be a viable method for generating concentration profiles in this context.

Thus, any extensions to the model in future work that prove intractable using analytical methods may be

implemented using computational software such as COMSOL.

5.4 Discussion

We extracted a simple analytical expression for H202 generation and scavenging from a kinetic redox

model with 22 parameters and 21 species. This approximation is predicated on the finding that Prx is by

far the predominant H20 2 scavenger in the cytosol. We integrated the expression into the classic

transport equation for a solute in a cell idealized as a sphere and applied various mathematical

techniques to derive the expected concentration profile of H202 upon bolus addition. We also found that

the COMSOL software package provides predictions that closely match the exact solution, giving it

credibility as an alternative solution method. This model could be extended to provide predictions of

H202 concentration profiles when produced in a local fashion inside the cell.
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However, currently the literature lacks reports of signal responses that have been correlated with

absolute local H 202 concentrations, making it difficult to compare model results with experimental data.

Furthermore, colocalizing generators and sensors in the same subcellular location would only confirm
the amount of H2 02 being produced in that location, and only if the signal has been calibrated and

correlated with absolute concentrations. Validation of a transport model will require H2 02 sensors [175]
and generators that can be localized to different parts of the cell. Current state-of-the-art H202 sensors

such as HyPer [59] have indeed been localized to different cellular compartments [174,176-179], and

although enzymes previously used for H202 generation, such as DAAO, do not meet all the criteria of an

ideal H 20 2 generator, they are also capable of being targeted to certain organelles within the cell [56]. A
fusion of HyPer and DAAO also demonstrated improved dynamic range in response to enzymatic H2 02

production and could serve as a dual-purpose sensor and generator [60].

To verify length and time scales of diffusion of H 202 when generated at a particular location, sensors

must be present both at the site of H 202 generation and at a location sufficiently far away. If the second

location is farther than the predicted length scale, then a high, positive signal at that location would

contradict the model prediction; conversely, if the second location is not as far as the predicted length

scale, then lack of a signal would also contradict the model prediction. The reverse of these potential

outcomes would confirm the model prediction. An experimental system to enable verification of these

predictions could be constructed by using peptide tags to localize a generator and sensor at a particular

organelle and another sensor at another organelle; DAAO and HyPer could be localized to the plasma

membrane [33], for instance, while another genetically encoded sensor, roGFP2-Orpl [79], could be

localized in the nucleus [56] or centrosome [180]. If a bolus addition is used, it may be sufficient to

localize only one sensor at a distance significantly greater than a few microns from the membrane, and

test whether the predicted penetration of H 20 2 into the cell is consistent with the observation of a

positive signal or lack thereof.

A system designed to verify or refute model predictions for length and time scales of H202 diffusion

could also be used to measure concentrations that can be compared with predicted concentration

profiles. This would require quantitative calibration of the sensors and knowledge of how far apart the

different sensors are expected to be; if the latter is unknown, it could be attained by saturating the cell

with H 20 2 through bolus addition, for instance, and using fluorescence microscopy to measure the

distance between activated sensors. It has been claimed that cytosolic expression of a sensor may only

provide an overall intracellular measurement, rather than a spatial concentration profile, due to

potential diffusion of the sensor throughout the cell [33]; if this is the case, then a sensor could be

attached to the cytoskeleton of the cell [181], thus immobilizing the sensor and eliminating the potential

problem of sensor diffusion. Indeed, as mentioned before, Mishina et al. recently developed such a

measurement system using a fusion of HyPer-2 [93] to the cytoskeleton and STED microscopy to

visualize H202 dynamics and claimed measurement sensitivity in the nanomolar range, which should

make it suitable to verify the predictions we generated [172].

5.5 Conclusions

Although there does not yet exist quantitative experimental data for the model to match with

predictions, the transport model of H202 described in this chapter still holds value. The predicted

concentration profiles generated by the model can be tested against past experimental observations as

well as future experimental efforts that are accessible with the set of tools currently available;
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agreement between model and experiment would validate the model, while disagreement would
suggest deficiencies in the model, or possibly a flawed experimental system. The predictions of a
validated transport model also inform the design of next-generation sensors and generators of H 202 , as
they provide a test for the kinetic parameters that have been used to elucidate the design criteria shown
in Figure 1.2. While models generally gain credibility by experimental verification, the transport model
of H2 02 still provides predictions with great utility in the field and initiates the feedback between
experiment and theory that will help refine the experimental tools as well as the model upon which
these tools are based.
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Chapter 6

Conclusions and future directions
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Abstract

This thesis was designed to provide a foundation comprised of novel methodologies and criteria
refinement towards an ideal H202 generator, for use in quantitative redox biology studies. This chapter
summarizes each of the aims of the thesis and the resulting findings, and concludes with future
directions for developing next-generation H 20 2 generators.
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6.1 Conclusions

While H 20 2 is of great interest in redox biology due to its role in numerous physiological processes and
the qualitative correlation between H 20 2 levels and various phenotypes, it remains unknown at what
levels these processes and phenotypes occur. To make physiologically meaningful perturbations to the
intracellular H 2 0 2 level free of other conflating effects, a promising tool is what we define as an ideal
enzymatic generator. Such a generator would be soluble, localizable, and genetically encoded, and
would exhibit a tunable H 20 2 production rate capable of overcoming the cell's antioxidant capacity with
minimal or no byproducts and using only ample, endogenous substrates.

The objective of this thesis was to provide a foundation and framework for engineering next-generation
H 202 generators that meet the criteria of an ideal generator. We devised a novel enzyme engineering
methodology to explore and optimize candidate enzymes, and derived a transport model for H 2 02 to
refine the criteria. We summarize the main findings and conclusions in the rest of this section.

6.1.1 Use of an H 20 2 sensor in vivo

The most current state-of-the-art sensor for measuring intracellular H 202 is HyPer, a genetically encoded
protein with a ratiometric signal [59]. Yet often the signal is reported only with the concentration of the
bolus of H 202 added to culture, without considering other potential variables, such as number of cells,
cell type, and timing of measurement. Furthermore, the signal has never been fully characterized in
bacteria, which we saw as a potential platform for a novel protein engineering screen for enhancing
H 202 production.

In Chapter 2, we expressed HyPer in the E. coli strains BL21 (DE3) and DH5a and characterized the
signal, developing dose-response curves and finding that the cell density, bacterial strain, and timing of
measurement all do indeed impact the signal significantly. We also observed that the signal lags behind
the amount of H 2 02 actually present in solution; thus, while the sensor has often been advertised as
real-time [59], it is more appropriate to characterize it as reversible, at least in the context of H 2 0 2

measurement inside bacteria.

Finally, we fitted the dose-response curve to a Hill equation, providing a framework with statistically
meaningful parameters that, when the above assay variables are also controlled, should enable side-by-
side comparisons of the signal across studies. Our work reported in this chapter provided a protocol for
using the sensor in E. coli [91], allowing us to extend its to use to a novel protein engineering
methodology, as described in the following section.

6.1.2 Screening for enzymatic H 202 production

Since previously used oxidases for H 20 2 production have high activities capable of inducing relevant
signaling events and phenotypes but fail to meet other criteria of an ideal generator, we turned to
another candidate enzyme, cytochrome P450 BM3. Its main shortcoming was its low H202 production
rate which, coupled with its mammalian expression, did not allow it to overcome the cell's antioxidant
capacity. In Chapter 3, we explored variants that past studies indicated might be capable of higher
production rates [105-107] and found that not only did they produce H 20 2 at higher rates, but that
combining their mutations increases the leak rate and consequently the H 202 production rate. However,
this set of variants experienced severe decreases in bacterial expression and thermostability and were
not detectable by a CO binding assay when expressed in mammalian cells. While this did not preclude
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P450 BM3 entirely from consideration as an ideal H202 generator, we did not consider this set of

variants viable for this application.

We were also interested in developing a novel screening methodology for H202 production [135], one

that took advantage of the properties of a genetically encoded sensor and improved upon previous

methodologies that require time-consuming lysis procedures and extra reagents [134]. In Chapter 4, we

hence targeted P450 BM3 and co-expressed it with HyPer in E. coli. We first determined a co-expression

scheme that minimized variability in expression of the sensor. We then confirmed that WT and the

1401P variant could be used as baseline and positive controls, respectively, and refined the fold

difference between the controls with respect to timing of measurement and suspension buffer (both pH
and composition). We applied a directed evolution approach and generated a library of P450 BM3

variants by random mutagenesis, targeting the oxidase domain. After screening 400 clones, we found 10

hits and confirmed that five of them did indeed exhibit enhanced H 2 02 production rates based on an

alternative measurement technique, thus providing proof-of-concept for the screen.

We further explored the sequence space of P450 BM3 by screening 640 more variants and detecting 18

additional hits. We chose the hits with the 11 highest signals and expressed them along with WT in a 96-
well microplate to perform a side-by-side comparison of their expression levels and leak rates as

measured in bacterial lysate. We chose the four hits with expression comparable with that of WT and

enhanced leakage, and found that unlike the variants explored in Chapter 3, they were detectable by a
CO binding assay. This confirmed at least a qualitative correlation between bacterial and mammalian

expression and suggested that P450 BM3 may yet still be engineered in future studies to become an

ideal H202 generator, screening by either bacterial expression or enhanced specific H 2 0 2 production.

6.1.3 Development of a transport model for H 20 2

The criterion for H 20 2 production by an enzymatic generator as presented in Figure 1.2 was based on a

valuable kinetic model [8,32]. However, it only accounted for H2 02 production through the entire

cytosol, rather than in subcellular locales as is often the case in physiologically relevant events [16-20].

The extent to which H 2 0 2 signaling is localized is also not yet well understood, at least quantitatively.

In Chapter 5, we used a kinetic model to gain order-of-magnitude estimates of the length and time

scales of H 20 2 localization when generated inside the cell, which were on the order of 1 micron and 1

ms, respectively. We then simplified the model in that context, pruning it into a single equation, and

integrated this equation into the governing transport equation for solutes, assuming the cell to be an

idealized sphere. After applying mathematical techniques such as FFT, we derived the intracellular

concentration profile of H2 02 to be expected after bolus treatment. This provides experimentally

testable predictions and initiates feedback between experiment and theory, allowing us to directly test

the model parameters and refine the criteria for an ideal H 20 2 generator.

6.2 Future directions

This thesis provides a foundation for developing next-generation H 202 generators. It is our hope that

future work will build upon this foundation and apply our findings, namely our novel methodologies and

transport model. We describe in this section possible directions for these efforts.

6.2.1 Exploration of P450 BM3 as an H 202 generator
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We explored P450 BM3 as an H 202 generator by first studying variants that were found to exhibit
enhanced leakage in past studies [105-107]. When variants with these mutations and combinations
thereof did not express to significant amounts in mammalian cells, we applied our novel screen to find
other variants [135]. Four of these - M185K, AM11T, 1220T, and A264V - showed promise by not only
exhibiting higher leakage in bacterial lysate but also expressing in mammalian cells to detectable
amounts higher than what was observed for the variants explored in Chapter 3.

In future work, these variants should be isolated, cultured, and purified separately to confirm in vitro
that they do indeed have higher leak and H2 02 production rates. P450 BM3 could also be engineered
further, using WT or one of the above variants as a starting point. Although our screen considers only
total H 2 0 2 production and thus does not take into separate consideration the expression level of the
enzyme or its specific activity, this may prove useful since both properties are vital to the criterion posed
in Figure 1.2. It may also be advantageous to screen for bacterial expression separately.

While this thesis focuses on H202 , we also note again that P450 BM3 is capable of producing 02-. Thus, if
a viable sensor for 02- measurement becomes available, it may be of interest to use this sensor in
another novel screen for 02- production and target P450 BM3 similarly. This would extend the current
methodologies available for perturbing H2 02 and 02 levels and enable this to occur in a specific fashion,
allowing us to parse the effects of these species separately and more fully understand their underlying
biology.

6.2.2 Verification and extension of a transport model for H 20 2

We developed a transport model for H2 02 that provides testable predictions of the intracellular
concentration profile. These predictions could indeed be tested in future experiments. We predicted, for
instance, that H2 02 should not penetrate any further than a few microns upon bolus addition to cell
culture. This could be tested by localizing a sensor near the center of the cell, perhaps at the centrosome
[180]. To immobilize the sensor, one could attach the sensor to the cytoskeleton [181], thus directly
measuring the concentration profile rather than only testing the length and time scales. The reader is
referred to Section 5.4 for further details on possible experiments to verify the model.

The model could also be extended beyond bolus treatment and H 2 02. Since the COMSOL software
package has proven to match the exact solutions quite well, the model implementation could be
extended to make predictions when H20 2 generation is localized at a single point inside the cell. We
have also sporadically mentioned 02 throughout this thesis, and propose that if cell permeability,
diffusion coefficient, and the reaction network for O2 become well understood, this knowledge could be
applied to develop a similar model for 02. In this thesis, we provide the mathematical steps and
computational framework that we hope assists with development of such a model.

6.2.3 Next-generation generators and sensors of H 202

It is worth emphasizing that the objective of this thesis has been to establish a framework for developing
next-generation H 20 2 generators. Future work should, of course, entail this, but we also expect our work
to assist with development of next-generation sensors as well. A generator that uncovers the
physiologically relevant levels of H 2 02 production, for instance, should inform the dynamic range and
detection limit required of a corresponding sensor.
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The development of next-generation generators and sensors should also initiate meaningful feedback to
the methodologies and modeling efforts presented in this thesis. A sensor with improved dynamic
range, for instance, could be applied in a fashion similar to our novel protein engineering screen but also
enable the use of FACS, which would dramatically increase the screen's throughput. Additionally, the
model should provide predictions of where and how much H202 and other related species are expected
to be upon their perturbation, setting the relevant parameter space for next-generation generators and
sensors.
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Appendix A
The following contains additional data corresponding to Chapter 2.

Table A.1. P-values of Student's t-tests comparing time constants of H202 uptake by E. coli.

Compared BL21(DE3) vs DH5a BL21(DE3) vs DH5a, no HyPer DH5a vs DH5a, no HyPer
strains

p-value, 1.6 x 10~5 1.8 x 10-11 2.2 x 10'
trial #1

p-value, 3.4 x 10'- 1.2 x 10-12 5.4 x 10-4
trial #2

Table A.2. P-values of Welch's t-tests comparing dose-response curves of F500/F420 and fold change
versus [H 20 2] for BL21 (DE3). P-values less than 0.05 are highlighted in yellow.

[H202] (IM) 60 x 106 vs 240 x 106 cells 60 x 106 vs 480 x 106 cells 240 x 106 vs 480 x 106 cells

F500/F420 Fold change F500/F420 Fold change F500/F420 Fold change

20 0.007 0.0003 0.004 0.00003 0.001 0.0003

10 0.007 0.002 0.010 0.0002 0.034 0.024

5 0.022 0.007 0.025 0.001 0.089 0.026

3 0.006 0.013 0.014 0.008 0.089 0.039

2.5 0.042 0.004 0.142 0.004 0.012 0.026

2 0.107 0.010 0.684 0.008 0.010 0.030

1.5 0.537 0.018 0.116 0.005 0.011 0.221

1 0.071 0.034 0.005 0.008 0.012 0.043

0 0.024 - 0.002 - 0.010
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Table A.3. P-values of Welch's t-tests comparing dose-response curves of F500/F420 and fold change

versus amount of H 2 02 normalized by number of cells for BL21 (DE3). P-values less than 0.05 are

highlighted in yellow.

nmol H 20 2/60 60 x 106 vs 240 x 106 cells 60 x 106 vs 480 x 106 cells 240 x 106 vs 480 x 106 cells

x 106 cells
F500/F420 Fold change F500/F420 Fold change F500/F420 Fold change

1 0.059 0.155 - - - -

0.5 0.005 0.050 0.013 0.277 0.96 0.070

0.25 - - - - 0.0002 0.762

0.125 - - - - 0.001 0.099

0.075 - - - - 0.006 0.027

0.05 - - - - 0.001 0.242

0 0.024 - 0.002 - 0.010 -

Table A.4. P-values of Welch's t-tests comparing dose-response curves of F500/F420 and fold change

versus [H 2 021 for DH5a. P-values less than 0.05 are highlighted in yellow.

[H 202] (IM) 60 x 106 vs 240 x 106 cells 60 x 106 vs 480 x 106 cells 240 x 106 vs 480 x 106 cells

F500/F420 Fold change F500/F420 Fold change F500/F420 Fold change

20 0.020 0.023 0.003 0.002 0.023 0.013

10 0.025 0.021 0.011 0.015 0.715 0.038

5 0.014 0.004 0.013 0.001 0.595 0.045

3 0.040 0.017 0.067 0.012 0.430 0.021

2.5 0.039 0.010 0.151 0.008 0.373 0.035

2 0.065 0.008 0.364 0.006 0.315 0.038

1.5 0.176 0.009 0.843 0.006 0.298 0.038

1 0.963 0.005 0.251 0.001 0.271 0.173

0 0.039 - 0.093 - 0.210 -
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Table A.5. P-values of Welch's t-tests comparing dose-response curves of F500/F420 and fold change
versus amount of H 202 normalized by number of cells for DH5ct. P-values less than 0.05 are highlighted
in yellow.

nmol H 202/60 60 x 106 vs 240 x 106 cells 60 x 106 vs 480 x 106 cells 240 x 106 vs 480 x 106 cells
x 106 cells

F500/F420 Fold change F500/F420 Fold change F500/F420 Fold change

1 0.870 0.077 - -

0.5 0.240 0.277 0.013 0.087 0.956 0.210

0.25 - - - - 0.0002 0.696

0.125 - - - - 0.0008 0.526

0.075 - - - - 0.006 0.193

0.05 - - - - 0.001 0.065

0 0.039 - 0.002 - 0.010 -

Table A.6. P-values of Student's t-tests comparing parameters of Hill equation fitted to dose-response
curves of BL21 (DE3) and DH5a. P-values less than 0.05 are highlighted in yellow. Equation was fit to
dose-response curves measured using 60 x 106 cells and using the raw ratio as the signal.

Parameter P-value

Dynamic range ([F500/F420max]/[F500/F420basal) 0.0044

K112 (nmol H202/60 x 106 cells) 0.042

Hill coefficient n 0.31
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Appendix B
The following contains additional details on the methodologies and data corresponding to Chapter 3.

Code in Matlab was used to determine the effects of increased leakage on hydroxylation of palmitate.

The differential equations used are shown below and were solved using odel5s. The parameters are

shown in Table B.1. The parameters used for leakage, kcat, leakage and Km, leakage, were taken from what we

found for the WT enzyme in Chapter 3. The parameters used for hydroxylation were taken from

[116,117]. k0n values ranging from 10' to 10' M-1 s- were tested and used together with Kd to calculate

koff. The equations are shown below.

d [NADPH] kcat,leakage [P450] [NADPH] kcat,R-H [P450 - RH] [NADPH]

dt Km,leakage + [NADPH] Km,R-H + [NADPH]

d[R - OH] kcat,R-H[P4 50 - RH][NADPH]

dt Km,R-H + [NADPH]

d[R- = kon [R - H][P450] + koff [P450 - RH]

d [P450] _F R]kcatR-H [P45O - R H] [NADPH ]
dtP40 - kon [R - H] [P450] + koff [P450 - RH + k RNADPHdt IIKmR-H + [N ADPH ]

dIIP45O- RH] = kon [R - H][P450] - koff [P4SO - RH] -
dt

,

kcat,R-H[P4 50 - RH ] [NADPH]

Km,R-H + [NADPH]

Table B.1. Parameters used in the modeling of leakage and hydroxylation in Matlab.

Parameter Value

kcat, leakage (min-1 ) 11.92207

kcat, R-H (min-1) 4080

Km, leakage (pM) 1.32105

Km, R-H (M) 1.4

Initial NADPH concentration (pM) 100

Initial R-H concentration (pM) 100

Enzyme concentration (paM) 0.1

The code used in Matlab is shown below:

function out = P450_leakage3
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ti = 0;
tf = 6; j) iM,

step = 0.001; ime sp inrmi
dt = step;
tspan = ti:dt:tf;
options=odeset('AbsTol',1E-10,'RelTol',1E-4,'maxstep',step);

WT kcat leakage = 11.92207; mirl-I1
WT Kmleakage = 1.32105; uM
WT_ kcat RH = 81*60; in^ - I, fr hydrrxyl atin of pa01 itate;

ht tp :www.biochm .or /-i / 537 / 2> . pdi
WT Km RH = 1.4; uM, with respect to NADPH, for hvdr.xylation Cf

palmitate; http://pubs.acs.org/doi/pdfplus/10.10211/bi9,70/26b
WTKdRH = 5; , uM, with respect to palmitate;

http://www.biochemj.org/bj/327/053//3270537.pdf
WT konRH = le5*60*1e-6; uMI- midn-l, typical estimate for kor

for a small nolecule
WT koff RH = WT Kd RH*WT kon RH;

koff/kon

NADPH = 100;

Enzyme 0.1;
ROH = 0; uM
RH 100; uM
EnzymeRH 0;

k
k
k
k
k
k
k
k
k
k

mi n-IC, aalculated frm Kd

uM
uM

Creation of array of parameters
= zeros(9, 1);

(1) = WTkcat leakage;
(2) = WTkcatleakage*10;
(3) = WTkcat leakage*100;
(4) = WT kcat leakage*1000;
(5) = WTKmleakage;
(6) = WT kcatRH;
(7) = WT Km RH;
(8) = WT konRH;
(9) = WT koffRH;

x0
x0
x0
x0
x0
x0
x0
x0
x0
x0
x0
x0
x0

Creation of array
= zeros(20, 1);

(1) = NADPH;
(2) = ROH;
(3) = RH;
(4) = Enzyme;
(5) = Enzyme RH;
(6) = NADPH;
(7) = ROH;
(8) = RH;

(9) = Enzyme;
(10) = EnzymeRH;
(11) = NADPH;

(12) = ROH;

of initial condit ions
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RH;

Enzyme;

EnzymeRH;

NADPH;

ROH;
RH;

Enzyme;

Enzyme RH;

Solving of differential equations using odel5s

tic
[t x]=odel5s(@crank,tspan,xO,options,k);

toc
out = [t, x];

Recording of final results
filename = 'P450 ieakage.xlsx';

xlswrite (filename,x,1,'B3');

xlswrite(filename,t,1,'A3');

kReset

xO(1) =
xO(2) =
xO(3) =
xO(4) =
xO(5) =
xO(6) =
xO(7) =
xO(8) =
xO(9) =
xO(10)
xO (11)
xO(12)
xO (13)
xO(14)
xO (15)
xO (16)
xO (17)
xO (18)
xO (19)
xO (20)

initial values t
NADPH;

ROH;

RH;

Enzyme;

EnzymeRH;

NADPH;

ROH;

RH;

Enzyme;
" Enzyme RH;
= NADPH;
= ROH;
= RH;

= Enzyme;
= Enzyme RH;

= NADPH;
= ROH;

= RH;

- Enzyme;

= EnzymeRH;

try kon

Trying kon = le6 M^"
k(8) = WTkonRH*10;
k(9) = WT koffRH*10;

s s 1 and recalculating koff

Solving of differential equations using odel5s

tic
[t x]=ode15s(@crank,tspan,

toc
out = [t, x];

xO,options,k);
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filename 'P45H leakage.< xl ;
xlswrite(filename,x,2,'B3');

xlswrite(filename,t,2,'A3');

Reset r iial values to trv kon

xO(l) = NADPH;
xO(2) = ROH;

xO(3) = RH;

xO(4) = Enzyme;

xO(5) = Enzyme RH;
xO(6) = NADPH;
xO(7) = ROH;
xO(8) = RH;

xO(9) = Enzyme;
xO(10) = EnzymeRH;
xO(11) = NADPH;
xO(12) = ROH;
xO(13) = RH;
xO(14) = Enzyme;
xO(15) = EnzymeRH;
xO(16) = NADPH;
xO(17) = ROH;
xO(18) = RH;
xO(19) = Enzyme;
xO(20) = EnzymeRH;

Trying kon = le7 M^-1 s
k(8) = WTkonRH*100;
k(9) = WTkoffRH*100;

Solving of differeniial

e M^-/ s^-

and recalcilating kof

equtins usinog ode0 _Os
tic
[t x]=odel5s(@crank,tspan,xO,options,k);
toc
out = [t, x];

Recording of final results

filename = 'P450 leakage.xlsx';
xlswrite(filename,x,3,'B3');

xlswrite(filename,t,3,'A3');

Reset initial values tco try kori =le8
xQ(l) = NADPH;
xO(2) = ROH;
xO(3) = RH;
xO(4) = Enzyme;
xO(5) = Enzyme RH;
xO(6) = NADPH;
xO(7) = ROH;
xO(8) = RH;

xO(9) = Enzyme;
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x0(10) = EnzymeRH;
xO(11) = NADPH;
x0(12) = ROH;
x0(13) = RH;

x0(14) = Enzyme;
xO(15) = EnzymeRH;
xO(16) = NADPH;
x0(17) = ROH;
x0(18) = RH;
xO(19) = Enzyme;
x0(20) = EnzymeRH;

Trying kon = le8 M^-' s^I- and recalculating koff
k(8) = WTkonRH*1000;
k(9) = WTkoffRH*1000;

Solving of differential equations using odel5s
tic
[t x]=odel5s(@crank,tspan,x0,options,k);

toc
out = [t, x];

Recording of final resUlts

filename = 'P450 leakage.xisx';

xlswrite(filename,x,4,'B3');

xlswrite(filename,t,4, 'A3');

Differential equations modeling leakage and hydroxylation
function dxdt = crank(t, x, k);

dxdt = x;

dxdt(l) = -k(l)*x(4)*x(1)/(k(5)+x(l))-
k(6)*x(5)*x(l)/(k(7)+x(l));

dxdt(2) = k(6)*x(5)*x(1)/(k(7)+x(1));
dxdt(3) = -k(8)*x(4)*x(3)+k(9)*x(5);
dxdt(4) = -

k (8) *x (4) *x (3) +k (9) *x (5) +k (6) *x (5) *x (1) /(k (7) +x (1))
dxdt(5) = k(8)*x(4)*x(3)-k(9)*x(5)-k(6)*x(5)*x(1)/(k(7)+x(1));

dxdt(6) = -k(2)*x(9)*x(6)/(k(5)+x(6))-

k(6) *x (10) *x (6) / (k(7) +x(6) ) ;
dxdt (7) = k(6) *x (10) *x (6) / (k (7) +x (6));
dxdt(8) = -k(8)*x(9)*x(8)+k(9)*x(10);

dxdt(9) = -
k (8) *x (9) *x (8) +k (9) *x (10) +k (6) *x (10) *x (6) / (k (7) +x (6));

dxdt (10) = k (8) *x (9) *x (8) -k (9) *x (10)-
k(6) *x(10) *x(6) / (k(7)+x(6));

dxdt(1l) = -k(3)*x(14)*x(11)/(k(5)+x(11))-

k(6) *x(15) *x(11) / (k(7)+x(11));
dxdt(12) = k(6)*x(15)*x(11)/(k(7)+x(11));
dxdt(13) = -k(8)*x(14)*x(13)+k(9)*x(15);
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dxdt
k(8)*x(14)*x

dxdt
k(6) *x(15) *x

14)
13)
15)
11)

dxdt (16)
k(6) *x(20) *x(16)

dxdt (17)
dxdt (18)
dxdt (19)

k(8) *x(19) *x(18)
dxdt (20)

k(6) *x(20) *x(16)
end

end

+k(9)*x(15)+k(6)*x(15)*x(11)/(k(7)+x(11));
= k (8) *x (14) *x (13)-k (9) *x (15)-

/(k (7) +x (11));

= -k(4)*x(19)*x(16)/(k(5)+x(16))-
/(k(7)+x(16));

= k(6)*x(20)*x(16)/(k(7)+x(16));
= -k(8)*x(19)*x(18)+k(9)*x(20);

+k(9)*x(20)+k(6)*x(20)*x(16)/(k(7)+x(16));
= k(8)*x(19)*x(18)-k(9)*x(20)-
/(k(7)+x(16));
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Figure B.1. Time-course plots of NADPH and hydroxylated product R-OH with different kcat, leakage values,
assuming kon for R-H and P450 BM3 to be 106 M- S1 and using Kd, Km, R-H, and kcat, R-H values for palmitate
[117]. Black, red, blue, and green represent kcat, leakage for WT (as measured in Chapter 3) multiplied by
100, 101, 102, and 103, respectively. Solid lines represent concentration of NADPH. Dashed lines
represent concentration of R-OH. kcat, R-H and Km, R-H with respect to NADPH in hydroxylation of palmitate
were used for the hydroxylation reaction in competition with leakage [116].
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Figure B.2. Time-course plots of NADPH and hydroxylated product R-OH with different kcat, leakage values,

assuming k0 n for R-H and P450 BM3 to be 107 M- 1 S-1 and using Kd, Km, R-H, and kcat, R-H values for palmitate
[117]. Black, red, blue, and green represent kcat, leakage for WT (as measured in Chapter 3) multiplied by
100, 101, 102, and 103, respectively. Solid lines represent concentration of NADPH. Dashed lines

represent concentration of R-OH. kcat, R-H and Km, R-H with respect to NADPH in hydroxylation of palmitate

were used for the hydroxylation reaction in competition with leakage [116].
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Figure B.3. Time-course plots of NADPH and hydroxylated product R-OH with different kcat, leakage values,

assuming kon for R-H and P450 BM3 to be 107 M 1 S-1 and using Kd, KM, R-H, and kcat, R-H values for palmitate
[117]. Black, red, blue, and green represent kcat, leakage for WT (as measured in Chapter 3) multiplied by

10 , 101, 102, and 103, respectively. Solid lines represent concentration of NADPH. Dashed lines

represent concentration of R-OH. kcat, R-H and Km, R-H with respect to NADPH in hydroxylation of palmitate

were used for the hydroxylation reaction in competition with leakage [116].
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Figure B.4. SDS-PAGE gel of the WT protein and the T268N/F393H (NH) variant.
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Figure B.5. SDS-PAGE gel of the 1401P variant.
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Figure B.6. SDS-PAGE gel of the A82W variant.
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Figure B.7. SDS-PAGE gel of the A82W/1401P (WP) and A82W/T268N/F393H (WNH) variants.
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Figure B.8. SDS-PAGE gel of the T268N/F393H/l401P (WHP)
variants.
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Figure B.9. Standard curve and experimental trials of HRP assay with ABTS as colorimetric substrate for
A82W P450 BM3. Standard curve shown in black squares with red line fitted linearly to the points and
experimental trials shown in red circles.
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Figure B.10. Standard curve and experimental trials of HRP assay with ABTS as colorimetric substrate for
T268N/F393H P450 BM3. Standard curve shown in black squares with red line fitted linearly to the
points and experimental trials shown in red circles.
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Figure B.11. Standard curve and experimental trials of HRP assay with ABTS as colorimetric substrate for
1401P P450 BM3. Standard curve shown in black squares with red line fitted linearly to the points and

experimental trials shown in red circles.
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Figure B.12. Standard curve and experimental trials of HRP assay with ABTS as colorimetric substrate for
A82W/T268H/F393H P450 BM3. Standard curve shown in black squares with red line fitted linearly to
the points and experimental trials shown in red circles.
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Figure B.13. Standard curve and experimental trials of HRP assay with ABTS as colorimetric substrate for
A82W/1401P P450 BM3. Standard curve shown in black squares with red line fitted linearly to the points
and experimental trials shown in red circles.
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Appendix C
The following contains additional details on the methodologies and data corresponding to Chapter 5.

The following are the molar balance derivations used to calculate initial conditions for oxidized proteins,
assuming steady state. The derivations also required an estimate for the basal H 202 concentration. We

hypothesized that the basal concentration is largely controlled by only its generation and reduction by

Prx-(SH) 2, and that in the basal state, the concentrations of the oxidized forms of Prx-(SH) 2 are not

significant enough to appreciably perturb the initial concentration of Prx-(SH) 2 in a molar balance. We

thus used the following derivation for the estimate:

d[H2  = k1 - k 6 [Prx - (SH)2][H202] = 0dt

[H2 02] - -8 x 10-11 M
k6[Prx - SH]

While we used this estimate a priori in calculating the initial concentrations of various oxidized species,

we demonstrated this to be a valid estimate, as described in both the main text and later in this section.

We note that k, was estimated based on the H 20 2 production rate comprising 1% of the typical, rather

than maximal, 02 consumption rate by the human body [144].

The initial conditions for the oxidation states of Prx are as follows:

[Prx - (SH)2] + [Prx - SOH] + [Prx - SS] + [Prx - SOOH] = 10-4 M

d [Prx - (SH )z]
dt - 2= -k 6 [Prx - (SH) 2][H2 02] + k 1 0[Prx - SS][Trxl - SH] = 0
dt

d[Prx - SOH ]
d t -S = k 6 [Prx - (SH) 2][H 2 02] - k 7 [Prx - SOH][H 2 02] + k 8 [Prx - SOOH]
dt

-kg[Prx -SOH] = 0

d[Prx- SS] = kg[Prx - SOH] - k 1 0[Prx - SS] [Trxl - SH] = 0
dt

d[(Prx - SO OH ]
dt- = k 7 [Prx - SOH][H 2 02]- k 8 [Prx - SOOH]= 0
dt

10-4 M
[Prx - 55] =- 104 5.57 x 101 M

k 10[Trx1 - SH] + k 1 O[Trx1 - SH] + I + k 7 k1 0 [Trx1 - SH]
k6 [H202] k9 k8k9

10-4 M
[Prx - SOH] = = 5.49 x 10-8 M

kH 1+ k 7[H202]
k6[H202] k10[Trxl-SH] k8

10-4 M
[Prx - SOOH] = k9k 8  k__ 1-4_ k9k8  1.86 x 10-11 M

kk ]2+ k + + k-k
k6k [ H2 02]

2 k7[ H202] k10k7[Trxl - SH ][ H202]+1
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[Prx - (SH) 2] = 10-4 M - [Prx - SOH] - [Prx - SS] - [Prx - SOOH] ~ 10 - M

We pay special attention to the oxidation states of Prx since it has recently been discovered that either

Prx-SOH or Prx-SS is involved in redox relay reactions that mediate H 202 signaling. The ratio of Prx-SOH

to Prx-(SH) 2 was 5.5 x 10-4, orders of magnitude greater than the corresponding ratios for Prx-SS and Prx-

SOOH, which were 5.6 x 10-7 and 1.9 x 10-7, respectively. However, pulse additions of H 2 02 led to visible

changes in Prx-SS and not Prx-SOH. While it remains to be determined which oxidation state is relevant

in redox relay reactions, we note that if our calculations and the assumptions upon which they rest are

validated in future work, then these values could be used to quantify the concentrations at which Prx-

SOH or Prx-SS mediate signaling.

The initial conditions for the oxidation states of GPx are as follows:

[GPXred] + [GPxox] + [GPx - SG] = 5.5 X 10-7 M

d [GPxred]
dt = -k 2 [GPxred][H2 02] + k 4 [GPx - SG][GSH] = 0
dt

d [GPx] = k 2 [GPxred] [H2 02] - k3 [GPxox] [GSH] = 0
dt

d [GPx - SG]
dt = k 3 [GPxO] [GSH] - k 4 [GPx - SG] [GSH] = 0
dt

5.5 x 10-7 M
[GPxox] = X 10H M = 6.64 x 10-11 M

k3(GSH] + 1 +
kz[H2]02 k4

5.5 x 10-7 M
[GPx - SG] = =.H X 10-7 M 2.66 x 10-13 M

k4 [GSH] + 4 +
k 2 [H2 02] k3

[GPXred] = 5.5 x i0- M - [GPxox] - [GPx - SG] 5.5 x i0- M

The initial conditions for the oxidation states of Pr-(SH) 2 are as follows:

[Pr - (SH) 2] + [Pr - SS] = 1.09 x 10-3 M

d [Pr - (SH) 2] -k 1 6 [Pr - (SH) 2][H202] + k 1 7 [Pr - SS][Trxl - SH] = 0
dt

d[Pr - 55] k 1 6 [Pr - (SH) 2][H2 02] - k 17 [Pr - SS] [Trxl - SH] = 0
dt

1.09 x 10-3 M
[Pr- 55] = 1 + k17[Trx1 - SH] = 2.16 x i0- M

k 1 6 [H2 02]

[Pr - (SH) 2] = 1.09 x 10-3 M - [Pr - SS] ~ 1.09 x 10-3 M

The initial conditions for the oxidation states of Pr and Grx are as follows:

[Pr - SH] + [Pr - SSG] + [Pr - SOH] = 10-9 M
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d[Pr -SH ]
dt = -k 12[Pr - SH][H 2 02] + k 1 4 [Pr - SSG][Grx - SH] = 0dt

d[Pr - SOH] = k 1 2 [Pr - SH][H 2 02] - k1 3 [Pr - SOH][GSH] = 0
dt

d [Pr - SSG]
d - = k 1 3 [Pr - SOH] [GSH] - k 14 [Grx - SH] [Pr - SSG] = 0dt

i0-9 M
[Pr - SSG] = k14 [Grx - SH] = 1.33 x 10-16 M

k12[ H 2021 ] 1+ k1 3[GSH]

10-9 M
[Pr - SOH] = = 1.92 x 10-19 M

k13 [GSH ] + 1 + k13 [GSH ]
k12[H202 ] k 14[Grx - SH]

[Pr -SH] = 10-9 M - [Pr -SSG] - [Pr -SOH] - 10-9 M

We note that the estimates for Pr-SH, Pr-SOH, and Pr-SSG are dependent upon Grx being mostly in the

reduced state such that the concentration of Grx-SH can be approximated as 7 x 10- M. We confirmed

that to be the case here in the following:

[Grx - SH] + [Grx - SSG] = 7 x 10~7 M

d[Grx - SH] = k19[Grx - SSG][GSH] - k1 4 [Grx - SH][Pr - SSG] = 0
dt

d [Grx - SSG]
d - = -k 15 [Grx - SSG][GSH] + k 1 4 [Grx - SH] [Pr - SSG] = 0
dt

7 x 10-7 M
[Grx - SSG] 7 k[G0-7 6.21 x 10~21 M

+k15 [GSH ]1+
k 14 [Pr - SSG]

[Grx - SH] = 7 x 10-7 M - [Grx - SSG] - 7 x 10-7 M

Because the concentration of Grx-SH is still approximately 7 x 10- M after subtracting the concentration

of the glutathionylated form, the derivations for Pr-SH, Pr-SOH, and Pr-SSG are still valid.

We note again that a majority of the estimates here depend on the basal concentration of H 20 2.After

using that concentration and consequent initial concentrations for oxidized proteins shown above in

model simulations, we found that in the context of physiologically relevant perturbations to the

cytosolic concentration of H202, we could indeed approximate the model as the single equation

described in both the main text and at the start of this section. Thus, our a priori assumption still holds,

lending credence to our estimate for the basal concentration of H20 2 and consequently for those of the

oxidized species.

The following is the Matlab code used to implement the kinetic model:

function out = PeroxideClearanceModelHeLa cytosol final (i)
Mod-lel :r hydroe pernsupt
L wlill dete-ineiI I . 1 - iwhic, iizial HO2 Concentration t use
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ti = 0;
tf = 0.04;
step = 0.00001;
dt = step;

tspan = ti:dt:tf;
options=odeset (' AbsTirl'

k = zeros(22,1);

k(1) 1.le-7; /s

GPx:red eactn i

k (2) = 2. le7; M^- * ^

k(3) = 4e4; - s -

GPx-SSG reactinc with

k(4) = le7; - *> -

Km of NADP+

k(5) = 5.7e-5;

Prx-iH cxidi
k(6) = 1.3e7;

, 1E-10, ' K ' 1E-4, ' ' step);

GCH

zEd bv H.
M^ -ls

x- H vr-xdAz

k(7) = 1.2e4; M^-> Y

I b A:

RedIc'1]O

k (8) = 3e-3;

ef--catLaye Z

k(9) = 2; ^

Prx is reduced

k(10) = 2.le6;

Auto-ox I dation
k(11) = 7.4e-05;

Pr-SH oxi-Ldi '
k(12) = le2; M

.x - r!O P r -S

)y fthor- dox

of GSH

Pr-S( qg1uath i nyla t I I
k(13) = 1.2e5; N-I

Gr:x-H d e - an

k(14) = 9.le4; M^ -
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k(15) = 3.7e4; x -7s

i-i (i). 2s xidi zd by i

k(16) = le2; M'-". -

k(17) = le2; L-

k(18) = 3.2e6; P^-

k (19) = 2e7; M^-X-

k(20) = 3.75e-04; M/!

GSH- sin th1 s

k(21) = 4.le-7;

k(22) = 6.97e-10; m/i

xO = zeros(21,1);

Deermi in e wh ic ini-ti

if i == 1
xO(1) = .Ole-6;

elseif i == 2

xO(1) = .05e-6;
elseif i == 3

xO(1) = .le-6;
elseif i == 4

xO(1) = .5e-6;
elseif i == 5

xO(1) = le-6;

elseif i == 6

xO(1) = 5e-6;
elseif i == 7

xO(1) = lOe-6;
elseif i == 8

xO(1) = 50e-6;
else

xO(1) = 100e-6;
end

initial
x0(2) =

x0 (3) =

xO (4)

x0 (5) =

x0 (6) =

xQ (7) =

y baseiniie H:

H202 cytosol
0.55e-6;
le-14;
le-14;
3. 68e-4;
1. 78e-6;
1. Oe-4;

"41

9>

r 
i SL e Si~ Lr >1 e- itr)

c 7 0 Fi Lc c- ra C

1. Oe-9;
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xO(8) = le-14;

xO(9) = le-14;

xO(10) = le-14;

xO(11) = 4.27e-7;
xO(12) = 7.54e-8;

xO(13) = le-9;

xO(14) = xO(13)*(.5/100);
xO(15) = xO(13)*(.5/100);
xO(16) = 0.7e-6;
xO(17) = xO(16)*(.5/100);
xO(18) = 1.09e-3;

xO(19) = xO(18)*(.5/100);
xO(20) = 3.0e-5; D.)FH
xO(21) = 3.Oe-7; NAD +

Int eqra n

tic

[t x]=odel5s(@crank,tspan,

toc
xO,options,k);

out = [t, x];

filename = 'Hea intracelular

xlswrite(filename,x,i,'B3');
fin1a 2. x1zx';

Description o deriati
function dxdt = crank(t, x, k);

dxdt= x; setting up vCto a7 r1on 1 ri v t ir

dxdt(l) = k(1) - k(2)*x(2)*(x(l)- initial H202 cytosol) -

k(6)*x(7)*(x(l)- initialH202_cytosol) - k(7)*x(8)*(x(1)-

initial H202_cytosol) - k(12)*x(13)* (x(1)- initialH202_cytosol) -
k(16)*x(18)*(x(1)- initial H202 cytosol); T

dxdt(2) = - k(2)*x(2)* (x(1)- initialH202_cytosol) + k(4)* (x(4)-

xO(4))*x(5); GPXr d

dxdt(3) = k(2)*x(2)*(x(1)- initialH202_cytosol) - k(3)*(x(3)-
xO(3))*x(5); PXcx

dxdt(4) = k(3)* (x(3)-x0(3))*x(5) - k(4)*(x(4)-x0(4))*x(5); GPT
dxdt(5) = - k(3)* (x(3)-x0(3))*x(5) - k(4)*(x(4)-x0(4))*x(5) -

2*k(11) *x(5) - k(13) * (x(14) -xO (14)) *x(5) - k(15) * (x(17) -x0 (17)) *x(5)
2*k(18)* (x(6)-x0(6))*x(20) + k(21); 72GS

dxdt(6) = k(4)*(x(4)-xQ(4))*x(5) + k(11)*x(5) + k(15)*(x(17)-
xO(17))*x(5) - k(18)*(x(6)-x0(6))*x(20); :;SG

dxdt(7) = - k(6)*x(7)*(x(1)- initial H202 cytosol) + k(10)*(x
xO(10))*x(11); Hrx-'H

dxdt(8) = k(6)*x(7)*(x(l)- initial H202_cytosol) - k(7)*x(8)*
initialH202 cytosol) + k(8)*(x(9)-x0(9)) - k(9)*x(8); Prx-S OH

dxdt(9) = k(7)*x(8)*(x(1)- initialH202_cytosol) - k(8)*(x(9)

+

(10)-

(x(1) -

-x0 (9)

dxdt(10) = k(9)*x(8) - k(10)* (x(10)-x0(10))*x(11); a Pr
dxdt(11) = - k(10)*(x(10)-x0(10))*x(ll) - k(17)*(x(19)-x0(19))*x(1)

+ k(19)* (x(12)-x0(12))*x(20) + k(22); -
dxdt(12) = k(10)* (x(10)-xO(10))*x(11) + k(17)* (x(19)-xO(19))*x(11) -

k(19)* (x(12)-xO(12))*x(20); T x S
dxdt(13) = - k(12)*x(13)*(x(l)- initialH202_cytosol) +

k(14)*x(16)* (x(15)-xO(15)); r S
dxdt(14) = k(12)*x(13)*(x(1)- initialH202_cytosol) - k(13)*(x(14)-

xO(14))*x(5); br-io
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dxdt (15)

dxdt (16)

dxdt (17)

dxdt (18)
xO (19) ) *x (11) ;

dxdt (19)
xO (19) ) *x (11);

dxdt(20)
k(20)*(x(21)- xO

dxdt(21)
k(20)*(x(21)- xO

end
end

= k(13)*(x(14)-x0(14))*x(5) - k(14)*x(16)*(x(15) -x0(15));

= k(15)*(x(17)-x0(17))*x(5) - k(14)*x(16)*(x(15)-x0(15));

= k(14)*x(16)*(x(15)-x0(15)) - k(15)*(x(17)-x0(17))*x(5);

= - k(16)*x(18)*(x(1)- initialH202_cytosol) + k(17)*(x(1
-r-- (S )2

= k(16)*x(18)*(x(1)- initialH202_cytosol) - k(17)*(x(19)
r-SS

= - k(18)*(x(6)-x0(6))*x(20) - k(19)*(x(12)-x0(12))*x(20)
(21)) / (k (5) + x (21) ) ; NADPH
= k(18)*(x(6)-x0(6))*x(20) + k(19)*(x(12)-x0(12))*x(20) -

(21)) / (k(5) + x(21) ) ; N P +

We now show here our derivation of an analytical solution to the transport model for intracellular H 20 2.
The governing equation for intracellular [H 202 ], or C, is

D r2 ')+ R = --
rzar ar at

D r2 a)+ k1 - kSC = a
r2clr ar at

The boundary conditions are

ac
--(0, t) = 0

aC

D -(a, t)=PCext

ak1

C (r, 0)=-,
ks

Because Bi was previously calculated to be << 1, the boundary condition at r =a is valid.

We define the following dimensionless numbers:

/i =

D

We nondimensionalize the equations by the following:

r

D-(7t = P x
Or
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C
0 =

BiCext

Dt

This results in the following governing equation and boundary conditions:

+ DaO - Da1O =
do
a'

do
-(0, T) = 0

0(7, 0) = k,
ksBiCext

DaO

Da1

do
-(1, C) = 1

We pose the final solution as the following:

0(7, T) = f (r7) + g (r) + Vp(r, r)

We solve for g(T) and f(q7):

dg
ft

1 d / 2 f\
12 + DaO - Dal(f + g)

We can separate the functions and solve for each separately:

0 1 dI 2df\
2 d77 ( -Dalf

sinh( 7Dai7) cosh( 7Dai7)
f=A +B

B must be zero to keep f finite at nj = 0, resulting in

sinh( Dairj)

We use the following boundary condition:

df
(1)=

1

f = k. Daicosh( Dat)

sinh( rDai1)

- sinh(Daj)/ 17

We now solve for g:

dg
=rDaO - Dalg
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DaO
g = + Aexp(-DalT)

Da1

We use the following initial condition:

g(O) = 0

Da0
9 =Da [1 - exp(-Dar)]

=Dal

We now solve for p(rl, r). We use FFT to do so, using homogenous boundary conditions:

-(0, r) = 0

(1, ) = 0

To satisfy homogenous boundary conditions, we also note that we cannot have any internal generation
(i.e. kl, or DaO); we have accounted for this in the function for g. This leaves us with the following for

(r7, r):

1 a (72 aV) - al -a

Applying the FFT methodology results in

Op(r , T) =Y, (.)T) ()
n=1

(Pn ( n(l ) (1, r)r2dr7

0

f a1 2 2d 7 7 2 dn

dT

For the initial condition, we account for f and g:

_Da 0
S(r, 0) - 0 r) pr,0

Da1

Da0
yp(rj,0) = -g(0) - f(7)Da0
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Dalqp~7, j) = Dai (Da-cosh( -a,) - sinh(J-ai))

sinh( Dai?)

r1

We transform this condition into the appropriate coefficient for the basis function that will be used. For

n greater than zero:

Vn (0) =f

pn (0) Da1 + A2

For n equal to zero:

1

=0 0 f cPO(

0

77) p(r, 0)r1 2 dj

DaO - 3
-NJDa1

We use this condition to solve for qPn. For n greater than zero:

pn = - Da + -2 exp[- (i + Dal)r]

For n equal to zero:

_Da 0 - 3
wPo - Da- exp(-Dar)

F3D a,

The overall solution becomes

_Da 0 - 3
p(77,T) = Da exp(-Dair) -

Dal

13 sinGIlii)
2 Z]a 1  exp[-(i + Dal)r] sint~)

Dal + A2 n i(n

Thus, combining this with f and g, we obtain:

1
' Da-cosh( Da-) - sinh( Da))

00

+ Da exp(-Dar) - 2
Dai tf w

The parameter A must satisfy the following:

An = tan An

We show the steady state solution here:
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sinh( -Dra;) DaO
+ -[1

r-; Da1
- exp(-Dar)]

1 sin(Ar7)
+ exp[-(2 + Da)T]

1Dal + 71 sin(An)

(Pn (r) Kp(, 0)7j dyj



0I)= Daicosh( Da1 ) - sinh( Dai))

The solution was implemented using the following Matlab code:

function out = runConcentrationProfilesBolus

ifusivit y 02 iH202

D = 1. 83e-9; mii/s

BI a d dIo Ft i -1f H2
Cext = 4.18261e-6; M

kG = 1.le-7;

sinh(Dapij) DaO

77 Dal

kPrxOxH202 = 1.3e7; IsI -

Amx Hon o1.fer-x4;ed1x Fr
Prx HeLa = i.Oe-4; M1

__ po orneobl cry
R_HeLa =
P HeL

PHeLa =

10e-6; mt

0.- 4 /436;4 / s
0.000443644/100; m /s

caIc ua r i f i L III nmr a1 ndOil

BiHeLa = PHeLa*RHeLa/D;

Nmnber cf terms for dimeron ess length and f hte
num eta = 100;
numtau 30;
eta-array = linspace(0, 1, numeta+1);
t_array = linspace(0,0.003,numtau+1);
tau-array = t array*D/RHeLa^2;

filename = '-igenvalLes Neumann.xFs'
eigenvalues HeLa = xlsread(filename);
num eig = 30;

tic

f = GetConcentrationProfilesBolusNeumannf(eta array, tauarray, Cext, RHeLa,

P_HeLa, kG, PrxHeLa);

g = GetConcentrationProfilesBolusNeumanng(eta array, tauarray, Cext, RHeLa,

P_HeLa, kG, PrxHeLa);

psi = GetConcentrationProfilesBolusNeumannFFT(etaarray, tau-array,

eigenvaluesHeLa, num-eig, ...
Cext, RHeLa, P HeLa, kO, PrxHeLa);

ss = GetConcentrationProfilesBolusNeumannSS(etaarray, tau-array, Cext,
RHeLa, PHeLa, kG, PrxHeLa);

toc
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filename = strcat('i Henn ,num2str (Cext*le6));
filename = strcat (filename, ' -. );
xlswrite(filename,ss,l,''-.');
xlswrite(filename,transpose(eta array),1,'Aw');

xlswrite(filename,tauarray,l, 'B2');

xlswrite(filename,ss*Cext*Bi HeLa,2,'P');

xlswrite(filename,transpose(eta array*R-HeLa),2,'A3');

xlswrite(filename,tauarray*RHeLa^2/D,2,'B');

filename = strcat('PCI Ha b c Nma ,num2str(Cext*le6));

filename = strcat(filename,'u f f ica . '
xlswrite(filename,g,l,'B3');
xlswrite(filename,transpose (etaarray),1,'AC');

xlswrite(filename,tau array,l, 'B');

xlswrite(filename,g*Cext*Bi HeLa,2, 'B3');

xlswrite(filename,transpose (etaarray*RHeLa),2,'AC');

xlswrite(filename,tau-array*RHeLa^2/D,2,'B2C');

= strcat('HeLa bolus Neumann psi ',num2str (Cext*1e6));

= strcat(filename, 'uM n ');

= strcat(filename,num2str(num eig));
= strcat(filename,' otff icial.x sx');
(filename,psi,1,'B3');
(filename,transpose(eta array),1,'A3');
(filename,tauarray,l,'B2');
(filename,psi*Cext*Bi HeLa,2,'BC');
(filename,transpose (eta_array*RHeLa),2,'A<');
(filename,tau array*R HeLa^2/D,2,'B2');

= strcat ( ' H Yabo I lu _ N man _ i & P

= strcat(filename,'M uffi-iaA.x

(filename,f+g,1,'B3');
(filename,transpose (etaarray),1,'

(filename,tau array,l, 'B2');

(filename, (f+g)*Cext*Bi HeLa,2,'BC
(filename,transpose (eta array*RHe

(filename,tau-array*RHeLa^2/D,2,'

',num2str(Cext*1e6));

sx');

A ')
);

La),2,'A3');
B2');

psi ',num2str(Cext*le6));

La) ,2, 'A,-)
P2' );

filename = strcat('HeLa bolus Neumann f&g&
filename = strcat(filename,'uM n ');
filename = strcat(filename,num2str(num eig
filename = strcat(filename, ' ofFicial.x. sx
xlswrite(filename,f+g+psi,l,'B3');
xlswrite(filename,transpose (etaarray),1,'
xlswrite(filename,tau array,1, 'B2');
xlswrite (filename, (f+g+psi)*Cext*Bi HeLa,2
xlswrite(filename,transpose(etaarray*RHe
xlswrite(filename,tau-array*RHeLa^2/D,2,'

function array of eigenvalues GetEigenvaluesWrite (n)
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filename
filename
xlswrite
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xlswrite
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end



Diffusivi V

D = 1.83e-9;

R_HeLa

P HeLa

a nd permef
10e-6; mr

le-4/100;

Bi = PHeLa*RHeLa/D;

filename = 'aienvalu-s HeIa

what xlsread(filename);

start = length(what)+1;

)fFiciat- .x sx';

array of eigenvalues = zeros(n-start+1,3);

for i=start:n

array of eigenvalues(i-start+1,1) = i*3.1415926535897;

end

syms x
for i=start:n

if i==start
array of eigenvalues(i-start+1,2)

what(end,2)+3.1415926535897);
array of eigenvalues(i-start+1,3)

what(end,3)+3.1415926535897);
else

= vpasolve(tan(x)-x, x,

= vpasolve((1-Bi)*tan(x)-x,

array of eigenvalues(i-start+1,2) = vpasolve
array of eigenvalues(i-start,2)+3.1415926535897);

array of eigenvalues(i-start+1,3) = vpasolve
array of eigenvalues(i-start,3)+3.1415926535897);

end

i

(tan(x)-x, x,

((1-Bi)*tan(x)-x,

where = strcat('A',num2str(i));
xlswrite(filename,arrayof eigenvalues(i-start+l,:),l,where);

end

end

function theta = GetConcentrationProfilesBolusNeumannf(etaarray, tauarray,

Cext, R, P, kG, Prx)

EDif usivity ol H2>2

D = 1.83e-9; m^>2/s

c'aIral rS f:r perXired'x1n
kPrxOxH202 = 1.3e7; M-1>s^-i
kl = Prx*kPrxOxH202; -

Cain L f AimreSiunLess niu mbers

Bi = P*R/D;

DaO = kO*R^2/(D*Cext*Bi);
Dal = kl*R^2/D;
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theta = zeros(length(eta array), length(tau array));

for i=l:length(tauarray)

for k=l:length(eta array)

theta(k,i) = 1/(Dal^0.5*cosh(Da1^0.5)-

sinh(Dal^0.5))*sinh(Dal^0.5*eta array(k))/eta-array(k);

end

end

end

function theta = GetConcentrationProfilesBolusNeumanng(etaarray, tau-array,
Cext, R, P, kG, Prx)

iffusivty- o' H2
D = 1.83e-9;

Paramnetrs f 0 p 1re, doxIn

kPrxOxH202 1.3e7; I-V s
kl = Prx*kPrxOxH202; s-I

Sall a ion of dimensirnnlss nmer
Bi P*R/D;

DaG = kO*R^2/(D*Cext*Bi);

Dal = kl*R^2/D;

nia J tri fr i TnsIo-es s C i
theta = zeros(length(etaarray), length(tau array));

7? &-~qt~

for i=l:lenath(tau array)
for k=l:length(etaarray)

theta(k,i) = DaO/Dal*(
end

1-exp(-Dal*tauarray(i)));

end

end

function theta = GetConcentrationProfilesBolusNeumannFFT(eta array,
tau-array, eigenvalues, num eig, Cext, R, P, kG, Prx)

D = 1.83e-9;

Pa ramet rs or pre r oxi rdoi

kPrxOxH202 = 1.3e7; M- -:
k1 = Prx*kPrxOxH202; s -.

Ca1' i J m m

Bi = P*R/D;
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DaC = kO*R^2/(D*Cext*Bi);

Dal = kl*R^2/D;

Inia1e m atrx 0r1 , i
theta = zeros(length(eta array),

lss con en ai - n

length(tauarray));

c t imensiKoKss Kcnen L ra t ion at ecr- d imensionies seg" and

for i=1
for

end

:length(tau array)
k=l:length(eta array)
big-sum = 0;
for j=l:num eig

eig = eigenvalues(j);

term = 1/(Dal+eig^2)*exp(-(eig^2+Dal)*tau array(i))*...
sin(eig*eta array(k))/eta array(k)/sin(eig);

big-sum = bigsum+term;

end
theta(k,i) (DaO-3)/Dal*exp(-Dal*tau array(i))-2*big sum;

end

end

function theta = GetConcentrationProfilesBolusNeumannSS(etaarray, tauarray,

Cext, R, P, kG, Prx)

DU S Vsiv L.VGfI H2-
D =1. 83e-9; m^ -2/

Par armeters for peroxiredoxrin

kPrxOxH202 = 1.3e7; M-lis^-l

k1 = Prx*kPrxOxH202; s^-I

Bi =

DaG =

Dal =

culation of diensiKnless numbers

P*R/D;
kO*R^2/(D*Cext*Bi);

kl*R^2/D;

Ininilizc e maZi for dimensi'nless Kcocntrat io

theta = zeros(length(eta array), length(tau array));

CalIcu Ilate dinensJionless concenrration at each dirnnsionless Iength and

for i=l:length(tauarray)
for k=l:length(etaarray)

theta(k,i) = l/(Dal^0.5*cosh(Dal^0.5)-
sinh(Dal^0.5))*sinh(DalAO.5*eta array(k))/eta-array(k)+DaO/Dal;

end
end

end
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Figure C.1. Convergence of analytical solution based on FFT at 0.1 ms. The solutions using 30
eigenvalues and 50 eigenvalues overlap, showing that 30 eigenvalues is sufficient for convergence.
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Figure C.2. (A) Rates of reactions directly involved in H 202 scavenging with initial [H202] of 0.05 pM. Each
reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,
indicates the reaction k2 ([H 20 2]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved
in H 202 scavenging over time with initial [H 202] of 0.05 pIM.
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Figure C.3. (A) Rates of reactions directly involved in H 2 0 2 scavenging with initial [H 2 02] of 0.1 pM. Each
reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,
indicates the reaction k2 ([H 2 02]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved

in H 202 scavenging over time with initial [H 202] of 0.1 IM.
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Figure C.4. (A) Rates of reactions directly involved in H 202 scavenging with initial [H 2 02] of 0.5 M. Each

reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,

indicates the reaction k2 ([H 202]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved

in H202 scavenging over time with initial [H 202] of 0.5 pM.
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Figure C.5. (A) Rates of reactions directly involved in H 202 scavenging with initial [H 202] of 1 pM. Each
reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,
indicates the reaction k2 ([H 20 2]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved
in H20 2 scavenging over time with initial [H 202] of 1 pM.
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Figure C.6. (A) Rates of reactions directly involved in H 202 scavenging with initial [H 20 2] of 5 pM. Each
reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,
indicates the reaction k2 ([H 202]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved
in H202 scavenging over time with initial [H 20 2] of 5 pM.
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Figure C.7. (A) Rates of reactions directly involved in H 20 2 scavenging with initial [H 2 02] of 10 pjM. Each
reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,

indicates the reaction k2 ([H 2 02]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved

in H 20 2 scavenging over time with initial [H2021 of 10 IM.
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Figure C.8. (A) Rates of reactions directly involved in H 20 2 scavenging with initial [H 2 0 2] of 50 lM. Each

reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,

indicates the reaction k2 ([H 202]) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved

in H2 02 scavenging over time with initial [H 202] of 50 pM.
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Figure C.9. (A) Rates of reactions directly involved in H20 2 scavenging with initial [H 202] of 100 p.M. Each
reaction is designated by its accompanying rate constant as shown in Table 5.1; k2, for instance,
indicates the reaction k2 ([H 20 21) ([GPXred]). (B) Concentrations of antioxidant enzymes directly involved
in H2 0 2 scavenging over time with initial [H 202] of 100 lIM.
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Figure C.10. Sensitivity of [H202] to reaction rate constants with initial [H 20 2] of 0.05 ptM. Other reaction
rate constants were not shown because the sensitivities of [H202] to those parameters were at least one
order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been
visible.
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Figure C.11. Sensitivity of [H 2 02] to reaction rate constants with initial [H 20 2] of 0.1 pM. Other reaction

rate constants were not shown because the sensitivities of [H 202] to those parameters were at least one
order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been
visible.
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Figure C.12. Sensitivity of [H 202] to reaction rate constants with initial [H 202] of 0.5 iM. Other reaction
rate constants were not shown because the sensitivities of [H2021 to those parameters were at least one
order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been
visible.
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Figure C.13. Sensitivity of [H202] to reaction rate constants with initial [H20 2] of 1 M. Other reaction
rate constants were not shown because the sensitivities of [H 202] to those parameters were at least one
order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been
visible.
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Figure C.14. Sensitivity of [H 2 02] to reaction rate constants with initial [H 20 2] of 5 pM. Other reaction

rate constants were not shown because the sensitivities of [H 202] to those parameters were at least one

order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been

visible.
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Figure C.15. Sensitivity of [H 20 21 to reaction rate constants with initial [H202] of 10 pM. Other reaction
rate constants were not shown because the sensitivities of [H 2021 to those parameters were at least one
order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been
visible.
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Figure C.16. Sensitivity of [H 2 02] to reaction rate constants with initial [H 20 2] of 50 jiM. Other reaction
rate constants were not shown because the sensitivities of [H 202] to those parameters were at least one
order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been
visible.
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Figure C.17. Sensitivity of [H2 02] to reaction rate constants with initial [H 20 2] of 100 ptM. Other reaction

rate constants were not shown because the sensitivities of [H 20 2] to those parameters were at least one

order of magnitude less than the lowest sensitivity shown in the plot, and thus would not have been

visible.
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Figure C.18. Simulated kinetic curves for clearance of a pulsed addition of H 202 to baseline levels in a
single control volume. Solid curves represent the original complete model sans transfer of H 202 to other
compartments, such as extracellular media or peroxisomes. Dashed curves represent a simplified model
in which only H 202 generation and scavenging by Prxs, without any oxidation of the enzyme, are
simulated as an analytical equation. Solid and dashed curves overlap except at initial concentrations
greater than 1 ptM, which are not physiologically relevant, as noted in the main text.
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Figure C.19. Development of intracellular concentration profile of H 202 after bolus addition of 25 pM

with analytical (solid) and computational solutions (dashed). Computational solutions were generated

by COMSOL software and overlap with analytical solutions at all time points considered and steady

state. An "extra fine" mesh was used for the computational solution. Subtle but certainly visible

differences were seen between the two solutions, particularly at earlier time points (e.g. at 0.1 ms).

185


