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Abstract

Hydrogen peroxide (H,05) is produced endogenously in a number of cellular compartments,
including the mitochondria, the endoplasmic reticulum, peroxisomes, and at the plasma
membrane, and can play divergent roles as a second messenger or a pathological toxin. It is
assumed that the tuned production of H,O, within neuronal and non-neuronal cells regulates a
discreet balance between survival and death. However, a major challenge in understanding the
physiological versus pathological role of H,O5 in cells has been the lack of validated methods that
can spatially, temporally, and quantitatively modulate H,O, production. A promising means of
regulating endogenous H»,05 is through the expression of peroxide-producing enzyme D-amino
acid oxidase (DAAO from Rhodotorula gracilis lacking a peroxisomal targeting sequence). Using
viral vectors to express DAAQ in distinct cell types and using targeting sequences to target DAAO
to distinct subcellular sites, we can manipulate HoO, production by applying the substrate D-
alanine or permeable analogs of D-alanine. In this chapter, we describe the use of DAAQO to
produce H»O5 in culture models and the real-time visual validation of this technique using two-
photon microscopy and chemoselective fluorescent probes.

1. INTRODUCTION

Neuronal death in stroke, Alzheimer’s disease, Parkinson’s disease, and other neurological
conditions is known to share common cellular signaling pathways. One group of highly
studied, yet not fully understood signals come from toxic metabolites generated from
oxygen, also known as reactive oxygen species (ROS; Barnham, Masters, & Bush, 2004;
Lin & Beal, 2006). Endogenous ROS are produced in the mitochondria as a normal by-
product of cellular metabolism as superoxide (O,™), which is then converted into more
reactive and lipid soluble ROS and reactive nitrogen species (RNS) such as hydrogen
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peroxide (H20,) and peroxynitrate (ONOQ™), respectively (Perez-Pinzon, Dave, & Raval,
2005; Thompson, Narayanan, & Perez-Pinzon, 2012). Following neuronal injury, the
overproduction of ROS and the destruction or consumption of antioxidant defenses lead to
an imbalance between oxidants and antioxidants, otherwise known as oxidative stress.
Oxidative stress has the potential to damage proteins, lipids, or DNA, but whether this
damage is a mediator of neuronal death or a consequence of oxidative death is unclear.
Despite the widely held belief that oxidants induce damage to cells in disease, therapeutic
strategies aimed at reducing ROS levels using antioxidants have thus far been unsuccessful
in clinical trials for diabetes and related neuropathies (Cowell & Russell, 2004; Johansen,
Harris, Rychly, & Ergul, 2005).

The failure to translate antioxidant treatments to the clinic is likely multifactorial, but may
be due to the possibility that ROS do not serve primarily as direct toxins. There is growing
recognition that ROS, specifically peroxide, may act as a second messenger molecule by
activating kinases (i.e., MAP kinases), inhibiting protein tyrosine phosphatases (PTPs) and
inducing transcription factor activation (i.e., NFkB, FOXO, and p53) (Essers et al., 2004;
Lange et al., 2008; Rhee, 2006; Ryu et al., 2003; Schreck, Rieber, & Baeuerle, 1991;
Sundaresan, Yu, Ferrans, Irani, & Finkel, 1995; Yin et al., 1998). In addition to being a
second messenger molecule, H,O5 is also involved in cellular mechanisms such as
neurogenesis, chemotaxis, apoptosis, and peripheral neuroregeneration following injury
(Bao et al., 2009; Le Belle et al., 2011; Rieger & Sagasti, 2011; Sundaresan et al., 1995;
Terman, Mao, Pasterkamp, Yu, & Kolodkin, 2002; Yin et al., 1998). Some of these
peroxide-related injury responses suggest that H,O, is not only involved in cell damage
following injury, but also acts as a messenger signal within cells that promote survival.
These observations suggest that the inhibition of all ROS within a cell would not only inhibit
the damaging effects on free radicals but may also inadvertently suppress beneficial
physiological signaling.

Physiological ROS involved with signaling appear to be generated in a number of
subcellular compartments, including the mitochondria, and the cellular membrane. For
example, in response to ligand activation of receptor tyrosine kinases (RTK),
phosphatidylinositol 3,4,5-trisphosphate (PIP3) is produced by phosphatidylinositol 3-kinase
activation. PIP3 activates the nicotinamide adenine dinucleotide phosphate oxidase complex
at the cellular membrane, which produces localized H,0,. Under physiological conditions,
localized H,0, accumulation can inactivate PTPs, such as the tumor suppressor protein
phosphate and tensin homolog (PTEN), by oxidizing a catalytic cysteine residue (Kwon et
al., 2004; Rhee, 2006; Rhee, Chang, Bae, Lee, & Kang, 2003). Similarly, localized H,0,
can also activate tyrosine kinases, such as SRC, by oxidizing two cysteine residues
(Giannoni, Buricchi, Raugei, Ramponi, & Chiarugi, 2005). Cysteine has a low pK, (where
Kj is a disassociation constant), and under normal pH form a thiolate ion, which can be
easily oxidized by peroxide to form a disulfide bond (Rhee, 2006). Cell membrane
production of H,0, can also inactivate anti-oxidant enzymes, such as peroxiredoxins, to
further accumulate H,O, (Kwon et al., 2004). This combination of RTK-dependent
localized peroxide production and H,0,-dependent inactivation of PTPs demonstrates that
H,0, can modulate phosphorylation states of second messenger pathways.
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The challenge of understanding the differences between the physiological versus
pathological roles of H,O5 in various cell types in the nervous system is the lack of
validated methods that can spatially, quantitatively, and temporally manipulate peroxide
both in vivo and in vitro. The most common method used to manipulate H,O5 uses
exogenous changes in oxygen or its metabolites such as application of nonphysiological
concentrations of H,O, and O™ or normobaric hyperoxia (elevated ambient oxygen) (Gille
& Joenje, 1992). Another method currently used in our lab to produce endogenous oxidative
stress involves nonreceptor mediated glutamate toxicity (oxidative glutamate toxicity;
Ratan, Murphy, & Baraban, 1994). This model involves treating immature neurons with
glutamate or its analogs (i.e., homocysteate acid, HCA), where glutamate competitively
inhibits the activity of the glutamate-cystine (Xc(-)) antiporter, which reduces uptake of
cystine. Within the cell, cystine is rapidly reduced to cysteine which is required for
glutathione synthesis (Ratan & Baraban, 1995). This results in a depletion of glutathione,
which is required for removing naturally produced ROS, and leads to a buildup of ROS in
the cell and oxidative damage. Some of the limitations of these models in studying oxidative
stress include (a) the use of immature neurons; (b) the lack of synaptic activity (glutathione
depletion model only); (c) the inability to manipulate spatially and temporally specific ROS
production both in a single cell type and heterologous cell cultures; and (d) the inability to
distinguish physiological and pathological ROS production. Since current models of
oxidative stress are limited, our lab has been exploring enzymatic methods to endogenously
manipulate specific ROS.

In this chapter, we will first discuss techniques developed in our lab using the H,0,
producing enzyme DAAO from Rhodotorula gracilis (R. gracilis DAAO) with its C-
terminal peroxisomal targeting sequence deleted to endogenously manipulate peroxide
concentrations. This model used viral vectors to selectively express R. gracilis DAAO in
astrocytes, followed by the subsequent application of exogenously applied D-alanine (D-ala)
and flavin adenine dinucleotide (FAD) to produce H,0, (Haskew-Layton et al., 2010). The
latter half of the chapter will discuss our validation method using two-photon microscopy
(TPM) to detect site-specific fluorescent boronate probes sensitive to H,O, (Guo et al.,
2013). The advantage of this method over other ROS detection methods is that it detects
only intracellular H,O, concentrations (as opposed to other ROS). As well, the addition of a
TPM allows for real-time visualization that prevents photobleaching and can be used both in
vivo and in vitro (Chen et al., 2013).

2. PRODUCTION OF H,0, USING DAAO

DAAO is a peroxisomal flavoenzyme that exists in a wide array of species from yeast to
humans; the enzyme oxidatively deaminates D-amino acids into their corresponding imino
acids and uses the cofactor FAD to produce H,0, as a by-product (Pollegioni, Piubelli,
Sacchi, Pilone, & Molla, 2007). Unlike other enzymatic models of peroxide production,
such as glucose oxidase, galactose oxidase, monoamine oxidase, and superoxide dismutase,
DAAO allows for precise H,O, production by manipulating the concentration of its
substrate D-ala (Stegman et al., 1998). The D-ala substrate was also appealing to use in
rodent models since the D enantiomer is generally scarce in mammalian cells. Our model
uses adenoviruses containing flag-tagged cDNA for R. gracilis (red yeast) DAAO lacking its
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peroxisomal targeting sequence. The absence of targeting sequence allows for R. gracilis
DAAO expression only in the cytoplasm and thus prevents scavenging of H,O5 in
peroxisomes by catalase (Stegman et al., 1998). R. gracilis DAAO also has a higher
catalytic activity and is less prone to auto-oxidation-induced inactivation in comparison to
endogenous mammalian DAAO.

We have used this model to manipulate H,O, production in astrocytes (Guo et al., 2013;
Haskew-Layton et al., 2010). When R. gracilis DAAO expressing astrocytes are cocultured
with neurons, we found that low concentrations of peroxide production (3.7 nmol/min/mg
protein) protected neighboring neurons from glutamate-induced oxidative stress, thus
showing that this model can be used to distinguish protective and nonprotective
concentrations of peroxide (Haskew-Layton et al., 2010). In this section, we describe the
methods developed in our lab using R. gracilis DAAO to endogenously produce peroxide in
cells.

2.1. Cell cultures

2.1.1 Astrocyte cultures—Primary astrocyte cultures are prepared from the cerebral
cortices of Sprague—Dawley rat pups (P1-3) as described in Haskew-Layton et al. (2010). In
brief, the brain tissue is dissociated using the protease Papain (Cat.: LS003127 Worthington
Biochemical Corp., Lakewood, NJ). Astrocyte cultures are seeded at a low density
(15,000/mL) on Primaria plates (BD Falcon, San Jose, CA) in minimal essential medium
(MEM; Cat.: 41090-101; Life Technologies, Grand Island, NY) supplemented with 10%
horse serum (Cat.: 26050-088) and 25 U/mL penicillin plus 25 g/mL streptomycin (Cat.:
15140122; Life Technologies). Cultures are grown for ~2 weeks in a 37 °C incubation
chamber with 5% CO» with regular media changes until astrocytes reach confluency. Once
confluent, astrocytes are treated with 8 UM cytosine-D-arabinofuranoside (Ara-C; Cat.:
C1768; Sigma-Aldrich, St Louis, MO), a mitotic inhibitor, for ~3 days to kill O2A
progenitor and microglia contaminating cells. Astrocytes are maintained for 2—-3 weeks in
culture prior to experimental use. To confirm astrocyte culture purity (~95% purity) use glial
fibrillary acidic protein staining, which stains primarily astrocytes.

2.1.2 HT22 cultures—HT22 is an immortalized neuroblast line originating from
hippocampal neurons. Culture HT22 cells on clear bottom untreated plastic plates in a
Dulbecco’s modified Eagle medium (DMEM,; Cat.: 11965-118; Life Technologies)
supplemented with 10% fetal bovine serum (Cat.: 16140-071; Life Technologies) and 25
U/mL penicillin plus 25 g/mL streptomycin. Cultures are incubated at 37 °C with 5% CO
until they are ready to use. HT22 cultures can be used for experiments when grown to 60—
80% confluence. At 100% confluence, HT22 cells must be split using 0.05% trypsin~-EDTA
(Cat.: 25300-120; Life Technologies) and plated in new culture dishes with DMEM culture
media.

2.1.3 Culture plates—Culture plate sizes can be modified for experimental requirements.
It is recommended that cells are cultured on glass bottom culture dishes when using the two-
photon system (described in Section 3) to measure H,O, and on opaque 96-well plates when
using the horseradish peroxidase (HRP)/Amplex Red assay (described in Section 2.3.2).
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When using opaque plates, also plate cells at the same density in a clear bottom plate to
determine confluence.

2.2. DAAO transduction into cells

2.2.1 DAAO viral construct generation—The R. gracilis DAAO viral construct was
generated prior to experimentation. cDNA encoding flag-tagged R. gracilis DAAO (gift of
B. D. Ross and A. Rehemtulla, University of Michigan, Ann Arbor, MI) was subcloned into
a pVQAd5CMVK-NpA shuttle plasmid containing a CMV promoter. In addition to the R.
gracilis DAAO plasmid, we also generated an empty pVQAd5CMVK-NpA plasmid (for
negative control) and a GFP cDNA pVQAdJ5CMVK-NpA plasmid to calculate multiplicity
of infection (MOI). Shuttle plasmids were incorporated into adenoviral backbones and
replication-deficient adeno viruses were generated by Viraquest Inc. Were commend using
viral vector-based transduction of the DAAO construct due to its high efficiency. Liposomal
transfection of nonviral plasmids can be used, but may cause complications due to
inconsistent and low transfection rates, particularly in primary cells. Here, we will describe
the viral transduction method only.

2.2.2 R. gracilis DAAO transduction—Prior to transduction, remove media and wash
with the serum-free Opti-MEM media (Cat.: 31985-088; Life Technologies). Adenovirus
containing the R. gracilis DAAO construct are diluted in Opti-MEM at an MOI of 15. Then
cells are treated with R. gracilis DAAO+Opti-MEM media for 4 h at 37°C and 5% CO,.
Following incubation, R. gracilis DAAO+Opti-MEM is removed and replaced with serum-
containing culture media. Astrocytes are ready for experiments 4 days after adenovirus
treatment. Use the empty vector adenovirus and no adenovirus in the same treatment as a
negative control. An MOI of 15 was determined using adenoviral GFP (adGFP) and anti-
flag immunostaining for the flag-tagged R. gracilis DAAO, which had an ~80%
transduction efficiency with no astrocyte toxicity (Haskew-Layton et al., 2010). We
recommend first treating cells with adGFP at varying MOIs to determine optimal (70-80%)
efficiency, prior to using adenoviral R. gracilis DAAO. The adenoviral R. gracilis DAAO
construct expresses DAAO in the cytoplasm; we will discuss other site targeted DAAO in
Section 2.5.

2.3. Induction of H,O, production in cells

The R. gracilis DAAO enzyme oxidatively deaminates D-amino acids using FAD as an
electron acceptor. Concomitantly, R. gracilis DAAO uses molecular O, to oxidize FAD and
H,0 is produced as a by-product (Fig. 14.1). Using this model and D-ala as a limiting
substrate, we manipulated endogenous H,O, production as described below. As
demonstrated in Haskew-Layton et al. (2010), R. gracilis DAAQ expression in the absence
of substrate (D-ala+FAD) administration was insufficient in generating H,O, production. As
well, D-ala treatment in cells not expressing R. gracilis DAAO failed to generate measurable
H,0, levels. This highlights that the R. gracilis DAAO system is ideal for the precise
experimental control of intracellular H,O, production. Some cell types fail to transport
alanine very effectively, and for these cell types, we have tested esterified forms of D-amino
acids which can diffuse through the membrane and be trapped by nonspecific esterases.
These esterified D-amino acids are available through Sigma-Aldrich. We have found it
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useful to evaluate a panel of esterified amino acids for each cell type to establish which
amino acid works best.

2.3.1 D-Alanine and FAD concentrations for treatment of DAAO-transfected
cells—D-Alanine (Cat.: A7377; Sigma-Aldrich) at concentrations of 0-4 mM is diluted
into basal media containing 135 mM NacCl, 3.8 mM KCI, 1.2 mM MgSQg, 1.3 mM CaCl,,
1.2 mM KH,PO4, 10 mM D-glucose, 10 mM HEPES (Sigma-Aldrich), at a pH 7.4.
Experimental data showed that in rgDAAO transduced astrocytes, D-ala in the absence of
FAD is insufficient in maintaining continuous H>O5 production beyond 10 min (Haskew-
Layton et al., 2010). To maintain H,O, production, basal media+ D-ala must be
supplemented with the cofactor FAD (Cat.: F6625; Sigma-Aldrich) at a concentration of 2.5
UM, which was found to be sufficient in maintaining H,O, production beyond 10 min (Fig.
14.2). Media lacking both D-ala and FAD was also used as negative controls to measure
baseline H,O, production in cells.

2.3.2 H,05 production and measurement—The HRP/Amplex Red substrate assay
(Cat.: A22188; Life Technologies) is used to initially confirm extracellular H,O, levels
released from live cells. This method assumes that H,O is freely diffusible through cell
membranes. In this assay, HRP uses peroxide as a cofactor to convert Amplex Red into
resorufin, which is a fluorescent or colorimetric indicator. The net rate of H,O, production
by R. gracilis DAAO equals the rate of its consumption by HRP, as monitored by the
accumulation of resorufin (ext coefficient = 54,000 M~1 §71).

To measure kinetic H,0, production, cells are washed once with serum-free basal media to
remove serum. After wash, prewarmed (37 °C) D-ala+FAD in basal media is added over cell
cultures and is incubated for approx. 30 s at room temperature (RT). After 30 s, prewarmed
reaction mixture containing 50 pM Amplex Red and 0.1 U/mL HRP (from life technologies
kit) in basal media is added on top of the D-ala+FAD containing media. Note that HRP is
not a limiting factor, being shown to have similar rate of resorufin production up to 0.8
U/mL. After adding the reaction mixture, resorufin is measured every 30 s for 1 h using a
spectrophotometer at 560 nm (Spectramax Plus 384; Molecular Devices, Sunnyvale, CA).
Alternatively, resorufin can be measured using a fluorescent plate reader at 560 nm
excitation and 590 nm emission detection.

For end-point H,O, measurements, cultures are washed once with basal media and treated
with D-ala+FAD in basal media for 30 min in the cell culture incubator. Following D-ala
+FAD treatment, bathing media is collected and HRP/Amplex Red reaction buffer is added
to the bathing media. Bathing media+reaction buffer solution is incubated for 5 min at RT
and then final resorufin concentration is measured using a spectrophotometer. We also
recommend using known concentrations of HoO5 as a control to determine relative
measurements of peroxide concentration.

2.4. Heterologous cell-type culture

One advantage of the R. gracilis DAAO model over other models of oxidative stress is the
ability to manipulate H,O> in a single cell type in a heterogeneous population of cells. We
have previously used this method to produce H,0 in astrocytes when cocultured with
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neurons. As described in Section 2.2.1, astrocyte primary cultures are transduced with R.
gracilis DAAO for 4 days. Then, astrocytes are treated with desired concentration of D-ala
and FAD for 4-24 h. D-Ala is then washed off and cortical neurons from E1 rat embryos are
plated, using methods described in Haskew-Layton et al. (2010).

Although D-ala is known to be an N-methyl-D-aspartate (NMDA) receptor coagonist at the
glycine-binding site (McBain, Kleckner, Wyrick, & Dingledine, 1989; Tsai, Yang, Chang,
& Chong, 2006), it is important to note that in the coculture model, the D-ala is completely
washed off of the astrocytes prior to neuronal plating to avoid direct neuronal exposure to D-
ala. Use of the R. gracilis DAAO model in mature neurons would require the use of a D-
amino acid substrate that does not act as an NMDA receptor coagonist. This model is useful
in understanding how Kinetic parameters of H,O, production in one cell type can influence
another.

2.5. Differentiating pro-survival and pro-death ROS concentrations

ROS are known to be involved in both cell survival and cell death mechanisms. Pretreatment
with low concentrations of exogenous H,O has been shown to cause neuroprotective
preconditioning, while high concentrations of ROS lead to cell death (Chang, Jiang, Zhao,
Lee, & Ferriero, 2008; Furuichi, Liu, Shi, Miyake, & Liu, 2005; McLaughlin et al., 2003). In
order to finely modulate between physiological/survival and pathological ROS levels, we
use our R. gracilis DAAO model to generate a broad spectrum of H,O5 levels in astrocytes
coupled with the glutathione depletion model to promote oxidative stress-induced neuronal
death. By titrating the level of H,O, production in the R. gracilis DAAO expressing
astrocytes with different concentrations of D-ala, we can determine what level of astrocytic
H,0, will protect neurons from oxidative stress-induced death. The glutathione depletion
model uses glutamate/HCA to inhibit the Xc(-) transporter, which in turn inhibits
production of the antioxidant glutathione. The level of neuronal survival following
glutamate/HCA treatment of R. gracilis DAAO expressing cells determines what
concentrations of endogenously produced H,O5 in astrocytes is protective. In Haskew-
Layton et al. (2010), we demonstrated that the R. gracilis DAAO model can be used to
reveal both the physiological and pathological roles of H,O,. We showed that 16 pM D-ala
+FAD stimulated an intracellular mechanism in R. gracilis DAAO astrocytes that protected
neurons from oxidative stress, while 2 mM D-ala+FAD produced levels of H,O, from R
gracilis DAAO astrocytes that were lethal to neighboring neurons (when neurons were
directly exposed to H,O, being released from the astrocytes). Although we have used this
method in a coculture model to determine H,0,’s effect on noncell autonomous neuronal
protection, the R. gracilis DAAO model could also be employed in a cell autonomous
system to determine H,O,’s physiological parameters using cultures of a single cell type.

2.5.1 Glutamate/HCA model with R. Gracilis DAAO—In the astrocyte-neuron
coculture model, R. gracilis DAAO expressing astrocytes are treated with a broad range of
D-ala concentrations (from 0.016 to 4 mM) supplemented with 2.5 uM FAD for 4-24 h. D-
Ala+FAD is then washed off and immature E18 rat neurons are plated at a density of
500,000 cells/mL immediately in the presence or absence of 5 mM HCA (Cat.: H9633;
Sigma-Aldrich) for 48 h prior to determining neuronal viability. As shown in Haskew-
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Layton et al. (2010), although 5 mM HCA depletes glutathione in both the astrocytes and the
neurons, only the neurons die as a consequence of the glutathione depletion. To determine
how astrocytic H,0, affects the survival of neurons subjected to HCA-induced oxidative
stress, it is essential to distinguish between neuronal and astrocyte viability. Control
treatments lacking HCA are used to determine baseline neuronal death in cultures. To
measure specific neuronal viability when cocultured with astrocytes, we monitor levels of
the neuronal specific marker MAP2 using an immunoassay. Forty-eight hours following
HCA treatment, the cocultures are fixed in 4% paraformaldehyde and then incubated with
primary MAP2 antibodies (as described in Haskew-Layton et al., 2010). Secondary
antibodies conjugated with HRP are then employed to bind the primary MAP2 antibodies as
a means to quantify MAP2 levels. To measure HRP activity an Amplex Red assay is used.
In brief, after removal of secondary antibodies with a wash, the fixed cocultures are exposed
to basal media containing 100 uM Amplex Red and 400 uM H,O,. In the presence of H,0o,
HRP converts Amplex Red to the colorimetric/fluorescent product resorufin, the levels of
which are quantified with a spectrophotometer at 560 nM. Alternatively, a fluorescent plate
reader can be used to monitor resorufin as well.

In a single cell-type culture model, D-ala with 2.5 uM of FAD is applied to cells expressing
R. gracilisDAAO for 24 h. D-Ala+FAD is then washed with PBS and replaced with growth
media supplemented with 5 mM of glutamate or HCA for 24 h. Cell death is measured using
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability assay
(Cat.: G4100; Promega, Fitchburg, WI), a colorimetric assay where live cells reduce
tetrazolium dye MTT into insoluble formazan. In a 96-well plate, 5 uL of MTT is added to
each well of 100 pL of media and incubated for 30 min-2 h (depending on cell type). After
incubations, wells are treated with 20 pL of stop solution, which stops the reduction of MTT
and solubilizes the formazan so that it can be detected. Plates are shaken at 65 rpm in the
dark for ~1 h, after which formazan levels are read using a colorimetric plate reader. For a
positive control, treat cells with a known antioxidant (such as N-acetylcysteine or catalase)
to ensure that it is oxidative stress that is killing the cells. Sometimes, antioxidants can
directly reduce MTT, so we recommend replacing the antioxidant rich media with media
lacking antioxidants, waiting 2 h, rinsing again with media lacking antioxidants and
proceeding with the MTT assay. Also cell death can be visually confirmed using a light
microscope and observing cell density. Incubation times with MTT will vary according to
the celltype. To obtain a linear relationship between cell number and MTT reduction,
incubate cells treated with and without HCA in MTT at varying times and measure which
time point gives the largest colorimetric difference between live and dead cultures.

2.6. Targeted H,0, production in cells

Intracellular ROS is primarily generated at subcellular compartments, specifically the
mitochondria, peroxisomes, and cellular membrane. Most commonly used oxidative stress
models, as well as our R. gracilis DAAO model, are limited to cytoplasmic modulation of
ROS and are unable to regulate ROS production in a site-specific manner. Since the R.
gracilis DAAO model uses an expressed enzyme to manipulate ROS production and
enzymes can be trafficked to different subcellular compartments, we have been developing
R. gracilis DAAO constructs that contain subcellular targeting sequences. The following
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targeting sequences have been N-terminally attached to R. gracilis DAAO: myristoylated
DAAO (Myr-DAAO: MGSSKSKPK) which targets membrane expression; mitochondrial
matrix-targeted DAAO (mito DAAO; protein sequence:
MLSRAVCGTSRQLAPALGYLGSRQ) which targets the mitochondria; nuclear
localization sequence DAAO (NLS-DAAO,; protein sequence: DPKKKRKYV) which targets
inside the nucleus; and nuclear exclusion sequence DAAO (NES-DAAOQ; protein sequence:
LPPLERLTL) which traffics R. gracilis DAAO outside the nucleus into the cytoplasm. We
verified that R. gracilis DAAO targeted to the mitochondria can generate peroxide.
Experimental studies using targeted R. gracilis DAAO must confirm that D-amino acid
substrates can get distributed to distinct sites equally in the cell.

2.6.1 R. gracilis DAAO expression confirmation—Prior to experiments, R. gracilis
DAAO expression at their intended target is verified using immunofluorescence against
flag-tag sequence in R. gracilis DAAO constructs. As described in Sections 2.2 and 2.3,
cells are transduced with one of the site-directed R. gracilis DAAO constructs. Cultures are
then fixed in 4% paraformaldehyde for 15 min, washed with PBS, and then blocked with 1%
bovine serum albumin (BSA; Cat.: A3059; Sigma-Aldrich) in PBS for 1 h. Fixed cultures
are then incubated with primary FLAG antibodies in 1% BSA solution overnight. Primary
antibody is washed with PBS and fluorescent secondary antibodies (red) in 1% BSA are
then employed to bind the primary antibodies to determine R. gracilis DAAO expression
localization. The fluorescent nuclear probe, Hoechst 33342 (Cat.: H1399; Life
Technologies), is added with secondary antibody solution to stain (blue) nucleus of the cell
(Fig. 14.3). Empty vector adenovirus is used as negative controls to ensure that viral
transfection alone has no effect on immunofluorescence and antibodies are specific to the
expression of the flag-tag sequence.

2.6.2 Cytoplasmic and mitochondrial H,O, production in cell—Protocols to
transduce cytoplasmic R. gracilis DAAO and mito DAAO constructs into cells and
manipulation of H,O5 are similar to those described in Sections 2.2 and 2.3. For targeted
generation of H,O5 in cytoplasm and mitochondria, R. gracilis DAAO and mito DAAO-
transduced cells are washed once with PBS and then incubated for 45 min with 25 pM of
fluorescent probe dichlorofluorescein (DCF; Cat.: ab113851; Abcam, Cambridge, MA) in
PBS at 37 °C. Following incubation, cells are washed once with 1x buffer and location of
peroxide production is visualized using an inverted fluorescent microscope system (Zeiss
Axiovert 200 M) with excitation 485 nm and emission 535 nm (Fig. 14.4). DCF is at best a
semi-quantitative indication of a redox change. To verify that DCF differences between
groups actually relate to changes in the cellular redox state, we perform several controls.
First, we show that the maximum fluorescence achieved by adding 1 mM peroxide to
cultures is similar between distinct experimental groups. Second, we monitor pH levels
using BCECF AM (Cat.: B-1170; Life Technologies) to exclude potentially confounding
changes in pH. Third, we ideally overexpress an antioxidant enzyme to demonstrate that
DCF fluorescence can be reduced by reducing the oxidant of interest.
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3. TWO-PHOTON FLUORESCENCE IMAGING OF H,0,

In addition to manipulating intracellular ROS generation, a substantial challenge remains in
developing validation methods to determine the spatial and temporal dynamics of specific
ROS in living systems. The use of conventional confocal microscopy to visualize
fluorescence has limitations for real-time in vivo H,O, imaging, specifically phototoxicity,
photo-bleaching, and limited imaging depth (Chen et al., 2013; Guo et al., 2013). In
addition, prolonged light exposure can cause artifact ROS generation and signal
amplification (Hockberger et al., 1999; Squirrell, Wokosin, White, & Bavister, 1999). To
overcome these limitations, two-photon imaging of H,O, offers an attractive alternative,
since it detects fluorescence inside the tissue in real time and does not require long exposure
to light resulting in H,O5 artifacts (Chung, Srikun, Lim, Chang, & Cho, 2011).

3.1. Two-photon microscopy

The first TPM system was developed by Denk, Strickler, and Webb (1990). This method
provides high-resolution (submicron) imaging with lower phototoxicity and deeper tissue
penetration than confocal imaging (Chen et al., 2013; Guo et al., 2013). In the two-photon
excitation model, a molecule simultaneously absorbs two photons whose individual energy
is only half of the energy needed to excite that molecule, and then releases the energy to a
fluorescence photon. TPM generally uses a near infrared excitation wavelength laser that
reduces the tissue autofluorescence and optical scattering. Therefore, it can provide deeper
penetration depth than regular confocal microscopy. Two-photon fluorescence (TPF) can
only occur at the focus when the laser power is high enough for excitation. In other words,
TPM can perform “optical sectioning” without using the physical pinhole that is used in
confocal microscopy, since there is no two-photon signal from either above or below the
focal plane. As a result, TPM can collect signals more efficiently than confocal microscopy.
TPM imaging can be achieved from two-photon excitation of conventional fluorophores
such as fluorescent dyes, fluorescent proteins, and nanoparticles. With fluorescent labeling,
TPM has been used for intracellular imaging of molecules such as calcium, oxygen partial
pressure (pO5), and ROS (Chen et al., 2013; Guo et al., 2013; Kwan & Dan, 2012; Sakadzic
etal., 2010). It can also image endogenous fluorescence molecules such as the reduced
nicotinamide adenine dinucleotide (NADH), FAD, and keratin (Chen et al., 2013; Zipfel et
al., 2003).

We have published the use of next-generation boronate-based probes in combination with
TPF imaging for the detection of intracellular H,O, in the cytoplasm and mitochondria (Guo
et al., 2013). In this section, we describe this method to validate and confirm in vitro
manipulation of peroxide in cells transduced by R. gracilis DAAO and treated with D-ala.

3.2. Chemoselective fluorescent probes

Current strategies of detecting ROS production in vitro have relied upon several fluorescent
probes that are based on small molecules, fluorescent proteins, and nanoparticles (Belousov
et al., 2006; Crow, 1997; Dickinson & Chang, 2008; Lee et al., 2007; Miller, Tulyathan,
Isacoff, & Chang, 2007; Wu, Zhang, & Ju, 2007; Zhao et al., 2010). Among these
technologies, small-molecule probes offer an attractive approach to ROS detection due to
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their ability to detect intracellular H,O, and their general compatibility with an array of
biological systems without requiring external activating enzymes or genetic manipulation.
However, limitations to small-molecule probes, such as DCF derivatives, include lack of
specific ROS detection (DCF detects a number of ROS and RNS) and lack of identification
of the intracellular ROS source (Belousov et al., 2006; Crow, 1997). To overcome these
disadvantages, new chemoselective fluorescent indicators with a boronate-based molecular
detection mechanism have been developed (Miller et al., 2007). These indicators provide
improved selectivity for H,O, in comparison to related ROS, such as superoxide, nitric
oxide, and hydroxyl radical. Some probes also come in different colors and are specifically
directed to subcelluar compartments, allowing for simultaneous H,O, measurement at
multiple intracellular locations. These probes include peroxyfluor-2 (PF2), peroxy yellow 1
(PY1), peroxy orange 1 (PO1), peroxyfluor-6 acetoxymethyl ester (PF6-AM), and
mitochondrial peroxy yellow 1 (MitoPY1) (Chan, Dodani, & Chang, 2012; Dickinson &
Chang, 2008; Dickinson, Huynh, & Chang, 2010; Dickinson, Peltier, Stone, Schaffer, &
Chang, 2011; Lippert, Van de Bittner, & Chang, 2011; Miller et al., 2007).

We describe here two previously reported chemoselective probes with two useful colors:
peroxyfluor-6 acetoxymethyl ester, PF6-AM (green), and mitochondria peroxy yellow 1,
MitoPY1 (yellow). These probes contain an aryl boronate group that is selectively switched
to phenol by H,O5 over other ROS. Upon reaction with H,O,, a highly fluorescent product
is released, which can be measured by fluorescence imaging. All fluorescence probes are
derivatives of fluorescein/rhodamine. PF6-AM is a modified PF6 with acetoxymethyl ester
groups that has improved cell membrane permeability in comparison to PF6. Upon
penetration of the cell membrane, PF6-AM is hydrolyzed (deprotected) by intracellular
esterases, releasing the dianionic PF6 that is then trapped in the cytosol (Dickinson et al.,
2011). MitoPY1 is derived from PY1 to include both a boronate-based switch and a
mitochondrial-targeting phosphonium moiety for the detection of H,O, localized to cellular
mitochondria (Dickinson & Chang, 2008). Prior papers have extensively reviewed
chemoselective fluorescent probes (Dickinson et al., 2010; Lin, Dickinson, & Chang, 2013).
These probes were designed and synthesized by Chris Chang’s lab at the University of
California Berkeley.

3.2.1 Optical parameters for probes—The two-photon activation times, single-photon
absorption, and emission peaks of the probes are shown in Table 14.1, originally published
in Guo et al. (2013). Activation time is related to the deprotection efficiency, specifically the
average time when TPF intensity increases to saturation intensity. Compared with the
nonspecific probe DCF, the chemoselective probes demonstrate much faster responses to
H,0,.

3.3. Measurement of cellular H,O, concentration

3.3.1 Microscope setup—-Prior to H,0, imaging we set up our microscope as follows:
We used a commercial laser scanning inverted microscope system (Zeiss 710NLO)
configured for both confocal microscopy and TPM. A Ti:sapphire laser (Coherent
Chameleon Vision I1) at 770 nm was used to coexcite fluorescent probes PF6-AM,
MitoPY 1, and Hoechst 33342, a fluorescent nuclear probe. A 20x/0.80 NA objective was
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used to focus the excitation laser beam onto cells, as well as collect emitted fluorescence
into the photo-multiplier tube. A prism-based 34-channel QUASAR detection unit was used
for tunable spectral bandwidth collection without traditional band-pass filters. Live cells
were maintained in a 5% CO, circulation and 37 °C thermal chamber during imaging.

3.3.2 TPF imaging of intracellular HyO,—For exogenous manipulation of H,0,, 20
UM of fluorescent probes, Pf6-AM (green) and MitoPY1 (yellow/green), are individually
diluted in PBS. Hoechst 33342 (blue) is also added in each fluorescent probe mixture at 20
UM to stain the nucleus. Then, HT22 hippocampal neuroblasts at 70-80% confluence are
first washed once with PBS to remove media and then incubated with fluorescent probe
solution for either 20 min (for PF6-AM solution) or 10 min (for MitoPY1 solution) at 37 °C
with 5% CO». After incubation, the cells plated on a glass bottom culture dish are
transferred to the microscope chamber and 50 uM of H,O5 (or desired concentration) is
continuously bath applied. TPM time lapse can monitor real-time changes in H,0,
concentrations in the cytoplasm (for PF6-AM solution; Fig. 14.5A) and mitochondria (for
MitoPY 1 solution; Fig. 14.5B). To confirm mitochondria localization use the MitoTracker
Red assay (Life Technologies) which stains for mitochondria in live cells. In this assay,
HT22 cells are first incubated with 5 uM of MitoPY1 for 25 min. Then H,O, is applied
either exogenously or is endogenously produced. After peroxide is produced, 1 mM of
MitoTracker Red is added for 60 min to ensure full staining of mitochondria. Both MitoPY1
and MitoTracker Red are coexcited at 770 nm excitation.

For endogenous H,0, manipulation by DAAO, astrocytes transfected with R. gracilis
DAAO are first treated with D-ala+FAD to induce H,O, production, as described in Section
2. Various incubation periods of D-ala+FAD can be used to observe kinetic H,O5
production. Then, 5 uM of PF6-AM and Hoechst 33342 solution is added to the media for
30 min before use. PF6-AM and Hoechst 33342 are coexcited at 770 nM and visualized
using TPF (Fig. 14.6). Visualization of cells treated with targeted R. gracilis DAAO
expression (described in Section 2.6.1) is yet to be done by our lab.

4. SUMMARY

Accumulation of ROS is known to be a key trigger of cell death in ischemia and
neurodegenerative disorders. However, completely removing ROS can interfere with ROS-
dependent physiological pathways. Differentiating the role of ROS in pathological and
physiological conditions requires a finely tuned method of temporally and spatially
manipulating and measuring specific ROS. Herein we described methods using R. gracilis
DAAO to endogenously manipulate H,O, production by modulating concentrations of the
substrate D-ala. In addition, we also describe how to use TPF and chemoselective
fluorescent probes to visualize ROS accumulation in real time in the mitochondria and
cytoplasm. Studies exploring the full potential of these methods are ongoing, which will
allow us to manipulate site-specific production of H,O, and observe in real time how this
effects cellular functions both in vivo and in vitro.
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Figure14.1.
DAAO enzymatic function DAAO deaminates D-amino acid (in this case D-ala) with the

cofactor FAD to produce imino acid. In the process, FAD is reduced which is then quickly
oxidized by O» to produce oxidized FAD and H,0,. Imino acid eventually reacts with H,O
to produce NH4 * and a-keto acid. Figure modified from Haskew-Layton et al. (2010).
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Figure14.2.
Amplitude of H,O, production by D-ala. Application of D-ala+ FAD in R. gracilis DAAO-

transfected astrocytes causes a significant dose dependent production of H,O, (shown in red
(light gray in the print version); ***p <0.001). Production of H,O, is observed at
concentrations as low as 0.02 mM of D-ala. Empty vector (blue; dark gray in the print
version) and nontransfected (black) controls had no change in peroxide production with D-
ala treatment. Figure modified from Haskew-Layton et al. (2010).
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Figure14.3.
Expression location of R. gracilis DAAO targeted sequences. Immunofluorescence staining

of cells transduced with adenoviral R. gracilis DAAO (no targeting, expressed primarily in
cytoplasm), Mito-DAAO (targeting mitochondria), NLS-DAAO (targeting nucleus), NES-
DAAO (targeting outside nucleus), and Myr-DAAO (targetting cell membrane) all shown in
red. Hoechst 33342 staining in blue to localize nucleus. Immunofluorescence confirms that
adding targeting sequence to the R. gracilis DAAO construct causes DAAO expression in
specific subcellular compartments.
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A R. gracilis DAAO B Mito- DAAO

Figure14.4.
Fluorescent imaging of ROS expression in DAAO targeted expression cells DCF fluorescent

images of HT22 cells transduced with either (A) R. gracilis DAAO or (B) mito DAAO, that
produce H,O5 in either the cytoplasm or mitochondria. Fluorescent intensity was converted
to red to black color gradient, where red indicates high fluorescent intensity and blue
represents low.
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A PF6-AM stained cells
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B MitoPY1 stained cells

Untreated 50 nM rotenone

Figure 14.5.
TPM of H,0, presence in cytoplasm and mitochondria of HT22 cells (A) PF6-AM (green;

white in the print version) staining peroxide in the cytoplasm of HT22 cells with
exogenously applied 50 uM H,0, for 3 min (left panel) and 38 min (right panel). Hoechst
33342 (blue; light gray in the print version) shows nuclear staining of live cells. (B)
MitoPY1 (green; white in the print version) staining of H,O, in mitochondria. Here, cells
were either untreated (left panel) or treated with 50 nM rotenone, a chemical which
interferes with the mitochondrial electron transport chain and produces ROS. Figure
modified from Guo et al. (2013).
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A 1 min B 6 min

Figure 14.6.
TPM of cytoplasmic H,0, stained with PF6-AM in astrocytes. Astrocytes are incubated

with 2 mM D-ala +FAD for (A) 1 min, (B) 6 min, and (C) 25 min before staining with PF6-
AM (green; gray in the print version) and Hoechst 33342 (blue; white in the print version).
Cytoplasmic H,0, concentration accumulates the longer the D-ala + FAD treatment as
shown in greater green intensity after 25 min compared to 1 min. Figure modified from Guo
etal. (2013).
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Table 14.1

Optical parameters for probes

Probes Absorption peak (hm)  Emission peak (nm)  Activation time (min)

DCF 500 525 48+1
PF6-AM 460 520 14+1
MitoPY1 510 530 2445
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