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Abstract

Molecular Imaging Approaches to Understanding the Roles of Hydrogen Peroxide Biology in
Stress and Development

by
Bryan Craig Dickinson
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Christopher J. Chang, Chair

biological systems is associated with a variety of _ NO
pathologies including neurodegenerative diseases,

B- OH
, 0 H,0,
cancer, and the general process of aging. However, a ©OH —
growing body of evidence suggests that the reactivity of ~oci

this particular reactive oxygen species (ROS) is also dye dye

The production of hydrogen peroxide (H,O,) in /&
o

harnessed for physiological processes. Molecular K
imaging using fluorescence microscopy offers a -%0_8_
valuable approach for deciphering the multifaceted roles ~ Eos}
of H,O, in biological processes. The use of aryl — 204
boronates for the selective detection of H,O, in §°§

biological systems 1is a validated approach to the H,0,TBHP OCI” NO +OH -OBu O
development of H,O,-responsive fluorophores. This

dissertation describes the design, synthesis, and characterization of an assortment of new
boronate-based fluorescent probes for H,0O,, as well as their application toward uncovering new
roles for H,O, in stress and development. Peroxyfluor-2, Peroxyfluor-3, Peroxy Yellow 1, and
Peroxy Orange 1 are turn-on fluorescent probes that can detect physiological levels of H,O,
produced for cell signaling, as well as monitor multiple ROS simultaneously in single cells.
Mitochondria Peroxy Yellow 1 is a bifunctional probe featuring a triphenylphosphonium group
for mitochondrial targeting and a single boronate for H,0O, detection that allows for the detection
of mitochondrial H,O, associated with a Parkinson’s diseases model. Nuclear Peroxy Emerald 1
is a nuclear-targeted probe that reveals Sirtuin-dependent changes in nuclear H,O, metabolism in
C. Elegans. Peroxyfluor-6 (PF6) is a bifunctional probe featuring acetoxymethylester-protected
phenol and carboxylic acid functionalities for enhanced cellular uptake and retention. PF6
reveals endogenous H,O, production within neural stem cells and molecular biological
experiments expose a new role for H,O, in growth signaling within this critical brain cell
population in vitro and in vivo. Finally, Peroxy Yellow 1 Methyl-Ester, a probe designed for
analysis by flow cytometry, reveals that Aquaporins 3 and 8, but not Aquaporin 1, can mediate
H,O, uptake across the plasma membrane of mammalian cells, and that Aquaporin 3 can
facilitate the uptake of endogenous H,O, relevant to cell signaling.
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Chapter 1:

A Palette of Fluorescent Probes with Varying Emission Colors for Imaging
Hydrogen Peroxide Signaling in Living Cells

Portions of this work were published in the following scientific journal:

Dickinson, B. C.; Huynh, C.; Chang, C. J. “A palette of fluorescent probes with varying emission
colors for imaging hydrogen peroxide signaling in living cells.” Journal of the American
Chemical Society 2010, 132, 5906-5915.

Portions of this work were performed in collaboration with the following persons:

Spectroscopic characterizations and synthesis were assisted by Calvin Huynh.
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Abstract

We present a new family of fluorescent probes with varying emission colors for
selectively imaging hydrogen peroxide (H,O,) generated at physiological cell signaling levels.
This structurally homologous series of fluorescein- and rhodol-based reporters relies on a
chemospecific boronate-to-phenol switch to respond to H,O, over a panel of biologically relevant
reactive oxygen species (ROS) with tunable excitation and emission maxima and sensitivity to
endogenously produced H,O, signals, as shown by studies in RAW?264.7 macrophages during the
phagocytic respiratory burst and A431 cells in response to EGF stimulation. We further
demonstrate the utility of these reagents in multicolor imaging experiments by using one of the
new H,O,-specific probes, Peroxy Orange 1 (PO1), in conjunction with the green-fluorescent
highly reactive oxygen species (hROS) probe, APF. This dual-probe approach allows for
selective discrimination between changes in H,O, and hypochlorous acid (HOCI) levels in live
RAW264.7 macrophages. Moreover, when macrophages labeled with both PO1 and APF were
stimulated to induce an immune response, we discovered three distinct types of phagosomes:
those that generated mainly hROS, those that produced mainly H,O,, and those that possessed
both types of ROS. The ability to monitor multiple ROS fluxes simultaneously using a palette of
different colored fluorescent probes opens new opporunities to disentangle the complex
contributions of oxidation biology to living systems by molecular imaging.

Introduction

The production of reactive oxygen species (ROS) molecules by biological systems is an
inevitable consequence of aerobic life.'” The mismanagement and accumulation of ROS in
mammals leads to a condition broadly referred to as oxidative stress, in which the production and
destruction of the various cellular oxidants no longer maintains a healthy equilibrium.’ Oxidative
stress is linked to aging and a host of diseases where age is a risk factor, including cancer*® and
neurodegenerative Alzheimer’s and Parkinson’s diseases.”® However, whereas ROS can be
damaging when uncontrolled, they also have the potential to be used for beneficial biological
activities ranging from immune response to cell signaling.”* At the cellular level, the delicate
balance between oxidative stress and signaling is influenced by the chemistry of a particular
ROS or set of ROS, as they are not generated in isolation of one another and can often
interconvert and undergo further reactions to produce other ROS metabolites.™'**'** In other
words, at any given time a cell is producing a variety of ROS, where each type exerts specific
downstream biological effects. As the lifetimes and reactivities of individual classes of ROS can
greatly vary," studying multiple ROS simultaneously in a single cell is critical to understanding
their discrete roles in complex environments.

Fluorescent probes are well suited to study the generation of specific types of ROS in
biological systems, as optical microscopy allows for the use of multiple probes simultaneously in
a single specimen as long as spectral overlap is sufficiently minimized.”* In this regard, several
new types of indicators have been reported for the detection of nitric oxide (NO),”**
peroxynitrite,”’”** and nitrative stress,” as well as superoxide,”* singlet oxygen,"* ozone,*
H,0,,'**"* hypochlorous acid,’*” highly reactive oxygen species (hROS),**” and general redox
events.”"* In terms of H,0, detection, we previously described the design, synthesis, and
characterization of Peroxyfluor-1 (PF1, Scheme 1-1),”' a novel probe for H,0, in which two
H,0,-mediated boronate deprotections yield the highly fluorescent dye molecule fluorescein.
Owing to its chemospecific deprotection mechanism, PF1 and related bisboronate derivatives
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exhibit high selectivity for H,0O, over other ROS and can respond to changes in H,O, fluxes at
oxidative stress levels.””*% To maintain H,O, specificity while increasing sensitivity to image
H,O, produced at low signaling levels, we devised the single boronate caged probes Peroxy
Green 1 (PG1, Scheme 1-1) and Peroxy Crimson 1 (PC1, Scheme 1-1)."® Green-fluorescent PG1
was capable of visualizing endogenous H,O, generation in both A431 cells and primary neurons
upon epidermal growth factor (EGF) stimulation, but red-fluorescent PC1 was not responsive
enough detect peroxide bursts at these basal levels. Because the most common types of
fluorescent reporters utilize GFP, fluorescein, or related green-colored fluorophores that overlap
and are thus incompatible with PG1 for multicolor imaging experiments, we sought to address
this shortcoming by expanding the available palette of colors for chemospecific peroxide
imaging at low cell signaling levels. We now report a new series of monoboronate probes that
responds to H,O, over a range of rationally tunable visible excitation and emission wavelengths
(Scheme 1-1). Three of these derivatives, Peroxyfluor-3 (PF3), Peroxy Yellow 1 (PY1), and
Peroxy Orange 1 (PO1), are sensitive enough to image H,O, signals produced in RAW264.7
macrophages and A431 cells during immune response and growth factor stimulation,
respectively. Moreover, dual-color imaging experiments using PO1 along with the green-
fluorescent highly reactive oxygen species (hROS) probe APF allows for selective
discrimination between changes in H,0O, and hypochlorous acid (HOCI) levels in macrophages,
as well as identification of phagosomes that produce H,0, and/or hROS during an endogenous
immune response.

Results and Discussion

Design and Synthesis of a Palette of Monoboronate Fluorescent Probes for
Hydrogen Peroxide Based on Fluorescein and Rhodol Scaffolds. The original Tokyo Green
fluorophore scaffold utilized for PG1, although functional in many ways, is limited to green
emission profiles. We therefore turned our attention to fluorescein and rhodol dyes that allow us
to rationally expand the palette of excitation and emission colors throughout the visible region by
altering oxygen or nitrogen substituents on the 2’ position of the xanthene core (Scheme 1-1).
Schemes 1-2 and 1-3 outline synthetic routes to a family of five new monoboronate probes for
chemoselective H,O, detection. Two of these probes are based on green methoxyfluorescein
(Peroxyfluor-2, PF2) and fluorescein (Peroxyfluor-3, PF3) platforms, whereas the other three
reporters feature rhodol derivatives made from aminophenol (Peroxy Emerald 1, PE1),
diethylaminophenol (Peroxy Yellow 1, PY1), and julolidine (Peroxy Orange 1, PO1) building
blocks. Briefly, treatment of the parent dyes with N-phenyl bis(trifluoromethanesulfonamide)
affords the corresponding triflate derivatives, and palladium-mediated coupling with
bis(pinacolato)diboron furnishes the final boronate-protected products. PF3 was then acetylated
with acetic anhydride to yield PF3-Ac to increase cell permeability, where the acetyl
functionality should be removed by nonspecific esterases once inside the cytoplasm to reveal
PF3. We anticipate that this modular synthetic strategy should be applicable to a wide variety of
scaffolds and note complementary synthetic methods for C-N and C-O bond formation that have
been reported in the recent literature,*** as well as a triphenylphosphonium-capped piperazine
rhodol for mitochondrial targeting.®'

Spectroscopic Properties and Responses to Hydrogen Peroxide. We evaluated the
spectral properties and H,O, responses of the new monoboronate dyes in aqueous media
buffered to physiological pH (20 mM HEPES buffer, pH 7); data are provided in Table 1-1. The
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methoxy and boronate groups on PF2 force it to adopt a closed lactone form that is
nonfluorescent and displays no absorption features in the visible region. The other four dyes each
feature one prominent absorbance band in the visible region with weak but measurable
fluorescence. The addition of H,O, triggers a marked increase in fluorescence intensity for all
five probes (Figure 1-1 and 1-8) with available emission colors spanning from green to yellow to
orange. As expected because of their common boronate switch, the fluorescein and rhodol
reporters respond with good selectivity to HO, over a variety of biologically relevant ROS,
including superoxide, NO, hypochlorite, and tert-butyl hydroperoxide, as well as hydroxyl and
tert-butoxy radicals (Figure 1-2). Kinetics measurements of the H,O,-mediated boronate
deprotections were performed under pseudo-first-order conditions (5 uM dye, 10 mM H,0,),
giving observed rate constants ranging from & = 3.7(1) to 8.1(1) x 10 s™". These data provide
further evidence that H,O,-triggered conversion of boronates to phenols is a robust and versatile
methodology for reaction-based H,O, detection.

Fluorescence Detection of H,0O, in Living Cells in Situations of Oxidative Stress.
With data establishing that all five monoboronate reporters selectively respond to H,O, in
aqueous solution, we turned our attention to assessing their performance in live-cell imaging
assays. Incubation of live A431 cells with 10 WM PF2, 5 «\M PF3-Ac, 5 M PY1, or 5 u\M PO1 for
40 min at 37 °C results in low levels of intracellular fluorescence as determined by scanning
confocal microscopy measurements (Figure 1-3, a,d,g, and j), and addition of 100 \M H,O, to
these dye-loaded cells for 20 min at 37 °C triggers increases in green, yellow, or orange
intracellular fluorescence (Figure 1-3, b,e.h, and k). PE1 does not show a turn-on response to
H,O, in cells under similar conditions owing to high background staining. Further brightfield
transmission and nuclear staining experiments confirm that the cells are viable throughout the
imaging assays (Figures 1-9 and 1-10). These experiments demonstrate that four of the probes,
PF2, PF3-Ac, PY1, and POI, are cell-permeable and nontoxic as well as capable of detecting
elevations in H,0, levels under oxidative stress conditions. The excitation wavelengths of this
series of reagents align well with the 488 nm (PF2, PF3-Ac), 514 nm (PY1), and 543 nm (PO1)
laser lines commonly used for light microscopy.

Fluorescence Detection of H,0, at Signaling Levels upon Immune or Growth Factor
Stimulation. We next tested whether the monoboronate probes were sensitive enough to detect
H,O, produced at low signaling levels upon physiological stimulation. Initial experiments
focused on macrophages, which fight off infections by engulfing pathogens and using NADPH
oxidase (Nox) and associated proteins to produce H,0, and other ROS to alleviate the threat.'>"®
We utilized RAW264.7 macrophages, which are estimated to produce low micromolar levels of
H,0, upon stimulation with phorbol myristate acetate (PMA),”* as a cell line model for H,0,-
mediated immune response. RAW?264.7 cells loaded with 10 \M PF2, 5 \M PF3-Ac, 5 WM PY1,
or 5 uM PO1 for 60 min at 37 °C show low levels of intracellular fluorescence (Figure 1-4, ae.i,
and m). Upon stimulation of probe-loaded cells with PMA for 40 min at 37 °C to induce an
immune response, we observe bright, punctate fluorescent patterns corresponding to phagocytic
vesicles (Figure 1-4, b.f,j, and n), showing that these reporters can visualize endogenous
production of H,O, under conditions of immune signaling. We confirmed cell viability during
live-cell imaging using a combination of brightfield transmission and nuclear staining
experiments (Figures 1-11 and 1-12).

We then sought to expand the utility of these fluorescent indicators to image H,O,
signaling in nonphagocytic systems. In particular, mounting data reveal that Nox proteins used in
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phagocytic ROS killing are also expressed in a wide variety of nonphagocytic cell types
throughout the body and that these enzyme complexes can be activated by ligands such as
growth factors and cytokines. We previously showed that A431 cells, which express high levels
of epidermal growth factor receptor (EGFr), respond to epidermal growth factor (EGF)
stimulation by producing H,0, via a Nox/PI3K pathway.'® Along these lines, A431 cells loaded
with 5 WM PF3-Ac, 5 WM PY1, or 5 uM PO1 for 60 min at 37 °C display modest intracellular
fluorescence (Figure 1-5, a,d, and g). Treatment of the dye-loaded cells with 500 ng/mL EGF
ligand for 40 min at 37 °C triggers a modest turn-on enhancement in bright green, yellow, or
orange intracellular fluorescence compared to unstimulated cells (Figure 1-5, b,e, and h) via
Nox-generated H,O,. Brightfield transmission and nuclear staining measurements confirm that
the cells are viable throughout the imaging experiments (Figures 1-13 and 1-14). Taken together,
PF3-Ac, PY1, and PO1 offer a set of green, yellow, and orange dyes that are capable of detecting
endogenous bursts of H,O, produced for physiological signaling purposes.

Simultaneous, Dual-Color Imaging of H,0, and hROS in Living Cells with
Complementary Chemoselective Fluorescent Probes. Our next goal was to exploit the utility
of the newly developed H,O,-specific fluorescent indicators with varying emission profiles to
image multiple analytes/processes in living cells. In particular, because a given ROS can undergo
an array of primary and secondary reactions to produce other classes of ROS molecules, we
envisioned using a dual-probe approach to simultaneously visualize H,0O, and an additional
important downstream product of cellular H,O, chemistry. We focused on macrophages as a cell
model system, as H,O, produced by Nox complexes in these cell types can be converted to HOCI
by reaction with heme-dependent myeloperoxidase enzymes.””” For dual-color imaging
experiments, we selected APF,* a 4-aminophenyl-fluorescein reporter developed by Nagano and
co-workers that responds selectively to HOCI and other highly reactive oxygen species (hROS)
by an increase in green fluorescence (488 nm excitation, 520 nm emission), along with the H,0,-
selective probe PO1 that responds in a complementary orange optical window (543 nm
excitation, 565 nm emission).

Initial experiments sought to test the ROS specificities of these dyes in a dual-probe/dual-
color imaging mode. To this end, RAW?264.7 macrophages loaded simultaneously with 5 M
APF and 5 yM PO for 50 min at 37 °C display low levels of both green and orange fluorescence
(Figure 1-6, a and b). In contrast, APF- and PO1-stained cells incubated with 50 .M H,O, for 20
min exhibit a selective increase in intracellular orange fluorescence from POl without any
change in green emission from the APF probe (Figure 1-6, ¢ and d). Moreover, APF- and PO1-
loaded cells incubated with 100 WM HOCI for 20 min give a selective turn-on increase in
intracellular green fluorescence from APF without any change in orange emission from the PO1
dye (Figure 1-6, e and f). In all cases, brightfield transmission and nuclear staining
measurements confirm reasonable cell viability through the duration of the imaging assays
(Figure 1-15), however the exogenous ROS treatments can cause some toxicity. This set of
experiments establishes not only that fluorescence signals arising from green APF and orange
PO1 probes can be distinguished by optical microscopy but also that each reporter maintains its
chemical selectivity in the presence of one another in living systems.

We then moved on to study endogenously produced ROS bursts using this dual-probe
imaging approach. APF- and PO1-loaded macrophages stimulated with 1 yg/mL PMA for 20 min
display bright, punctate patterns of green and/or orange fluorescence localized to phagosomes,
where ROS are generated in response to immune insult (Figures 1-6, g and h, and 1-15). As
shown in Figure 1-7 and 1-16, we discovered three classes of phagosomes that are characterized
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by different relative ratios of H,O, and hROS fluxes. Specifically, some phagosomes display
only PO1-derived orange fluorescence, indicating that H,O, production dominates (Figure 1-7,
a,b,c, and d), whereas other phagosomes show only APF-derived green fluorescence, indicating
that most of the phagocytic burst results in formation of hROS (Figure 1-7, e,f,g, and h). A third
distinct class of phagosomes possesses both green and orange fluorescence signals (Figure 1-7,
1,,k, and 1) resulting from a combination of phagocytic increases in both H,O, and hROS. These
data establish that the dual-probe approach can reveal chemical differences through simultaneous
imaging of discrete classes of ROS molecules.

Concluding Remarks

To close, we have described the synthesis, properties, and biological applications of a
new class of monoboronate fluorescent probes for imaging H,O, produced at low signaling
levels with a range of varying excitation and emission colors. By rationally tuning substitutents
on a homologous xanthene core, we have developed boronate-caged fluorescein and rhodol
derivatives for H,O, detection with excitation profiles that match well with common 488, 514,
and 543 nm lines used for light microscopy. All five probes in this series give a selective turn-on
fluorescence response to H>O, in aqueous solution buffered to physiological pH with minimal
interference from other biologically relevant ROS. Moreover, PF2, PF3-Ac, PY1, and POI are
capable of visualizing changes in H,O; levels in living cells in situations of oxidative stress, and
PF3-Ac, PY1, and PO1 can be used to image low levels of H,O, produced for signaling purposes
upon phagocytic immune or nonphagocytic growth factor stimulation in live samples. Owing to
the expanded color palette of H,O,-selective probes with sensitivity to low cell signaling levels,
we were able to combine one of our newly synthesized H,O, probes, PO1, with a complementary
green-fluorescent reporter for hROS, APF, for selective discrimination between changes in H>O,
and HOCI levels in live RAW264.7 macrophages by a dual-probe/dual-color imaging approach.
Further, we observed that PMA-stimulated macrophages were shown to respond with three
discrete types of phagosomes via PO1/APF imaging: those that produced primarily hROS and
selectively turned on APF during the phagocytic burst, those that primarily generated H,O, and
caused an increase in PO1 fluorescence, and those that deprotected both PO1 and APF probes
and, therefore, possessed an elevated mixture of both H;O, and hROS during immune signaling.
By establishing selective H,O,-responsive probes with varying emission colors that can be used
at low signaling levels, this work greatly expands our ability to study peroxide biology,
particularly in conjunction with other reporters for cellular analytes and reaction processes. We
are currently pursuing such opportunities in a variety of physiological and disease models, with
particular interest in brain and immune systems.

Experimental Section

Synthetic Materials and Methods. All reactions were carried out under a dry nitrogen
atmosphere. 2-(4-Diethylamino-2-hydroxybenzoyl)benzoic acid,'” 8-Hydroxy-9-o-
carboxybenzoyljulolidine,'” rhodol,'” and methoxyfluorescein'” were synthesized according to
literature methods. Silica gel P60 (SiliCycle) was used for column chromatography. Analytical
thin layer chromatography was performed using SiliCycle 60 F254 silica gel (precoated sheets,
0.25 mm thick). All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. 'H NMR, "C NMR, and *'P NMR spectra were collected in CDCl,, (CD,),0, or 9:1
CDCl,/CD,OD (Cambridge Isotope Laboratories, Cambridge, MA) at 25 °C on a Bruker AV-
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300, AVQ-400, or DRX-500 spectrometer at the College of Chemistry NMR Facility at the
University of California, Berkeley. All chemical shifts are reported in the standard & notation of
parts per million using the peak of residual solvent proton signals as an internal reference. High-
resolution mass spectral analyses were carried out at the College of Chemistry Mass
Spectrometry Facility at the University of California, Berkeley. Low-resolution mass spectral
analyses were carried out on an Agilent 6130 LC/MS system (Santa Clara, CA). Microwave
reactions were performed using a CEM Intelligent Explorer/Discover (Matthews, NC).

Methoxyfluorescein Triflate (1). Methoxyfluorescein (500 mg, 1.45 mmol) and N-phenyl
bis(trifluoromethanesulfonamide) (2.06 g, 5.78 mmol) were added to a vial and dissolved in 10
mL of dimethylformamide. Diisopropylethylamine (1.22 mL, 7.37 mmol) was then added, and
the reaction stirred for 120 min at room temperature. The reaction was then extracted into
dichloromethane, washed three times with water, and dried under reduced pressure. Purification
by column chromatography (2:1 hexanes/ethyl acetate) yielded 1 as a white solid (440 mg, 63%).
'H NMR ((CD;,),0, 400 MHz): 6 8.0 (1H,d,J =7.6 Hz),7.84 (1H,dt,J =1.2,7.2 Hz), 7.78 (1H,
dt,J=12,72Hz),754 (1H,D,J=24Hz),738 (1H,d,J=7.6 Hz),7.25 (1H,dd,J= 2.4,8.8
Hz),7.13 (1H,d,J=8.8Hz),7.94 (1H,d,J=2.4Hz),6.82 (1H,d,J=8.8 Hz),6.78 (1H,dd, J =
2.4,8.8 Hz), 3.89 (3H, s). "C NMR ((CD,),0, 100 MHz): 6 169.2, 162.9, 153.6, 152.9, 152.8,
151.1,136.6,131.6,131.4,130.1,127.3,1259, 125.0, 121.5,118.1,113.6,111.9, 111.5. 101.73,
56.24. YF NMR ((CD,),0, 376.5 MHz): § -73.25. HR-FABMS: calculated for [M*] 479.0412,
found 479.0426.

Peroxyfluor-2, PF2 (2). Compound 1 (150 mg, 0.31 mmol), bis(pinacolato)diboron (120 mg,
0.47 mmol), palladium acetate (63 mg, 0.10 mmol), and cyclo-hexyl JohnPhos (66 mg, 0.20
mmol) were added to a glass vial in an inert atmosphere glovebox and dissolved in 3 mL of
dioxane. Diisopropylethamine (0.31 mL, 1.79 mmol) was then added the vial, and the contents
were stirred at room temperature overnight. The contents were then brought out of the box and
dried under reduced pressure. Purification by column chromatography (2:1 hexanes/ethyl
acetate) afforded PF2 as a white solid (103 mg, 73%). 'H NMR ((CD,),0, 400 MHz): & 8.02
(1H,dJ =7.6Hz),7.79 (1H,t,J=6.8 Hz),7.74 (1H,t,J=7.2 Hz),7.66 (1H,s), 746 (1H,d,J =
8.0 Hz),7.26 (1H,d,J=7.6 Hz),6.90 (1H,d,J=4.0 Hz), 6.89 (1H,s), 6.78 (1H, d, J = 8.8 Hz),
6.72 (1H, dd, J = 2.4, 8.8 Hz), 3.86 (3H, s), 1.35 (12H, s). "C NMR ((CD,),0, 100 MHz): §
169.5,162.6, 154.1, 153.2, 151.6, 136.3, 131.0, 130.4, 130.0, 128.3, 127.2, 125.7, 1249, 123 .8,
123.1, 112.8, 112.1, 106.7, 85.1, 82.7, 56.1, 25.5. HR-FABMS: calculated for [M*] 457.1822,
found 457.1831.

Fluorescein Monotriflate (3). Fluorescein (20 g, 58 mmol) and N-phenyl
bis(trifluoromethanesulfonamide) (2.1 g, 5.8 mmol) were added to a dry Schlenk flask and
flushed with nitrogen. The reaction contents were dissolved in 15 mL of DMF and
diisopropylethylamine (3.8 mL, 23.1 mmol) was added. After 48 h of stirring of the contents at
room temperature, the reaction mixture was acidified with hydrochloric acid, extracted into ethyl
acetate, and evaporated under reduced pressure. Purification by column chromatography (1:1
hexanes/ethyl acetate) afforded 3 as a pale yellow solid (1.7 g, 63%). 'H NMR ((CD,),0, 400
MHz): § 8.01 (1H, d,J =8.0 Hz), 7.81 (1H, dt,J =1.2,7.6 Hz), 7.75 (1H, dt, J = 1.2, 7.6 Hz),
7.50 (1H,d,J=24Hz). 736 (1H,d,/=7.6 Hz),7.21 (1H,dd,/J=2.4,8.8 Hz),7.09 (1H,d, J =
8.8 Hz), 6.81 (1H,d J =24 Hz), 6.72 (1H, d, J = 8.8 Hz), 6.68 (1H, dd, J = 2.4, 8.8 Hz). °C
NMR ((CD,),0, 100 MHz): 6 168.2, 159.7, 152.6, 152.0, 151.8, 150.0, 135.5, 130.5, 130.3,



1293, 126.3, 124.8, 124.0, 120.5, 1170, 113.2, 1104, 110.0, 102.5, 81.1. "F NMR ((CD,),0,
376.5 MHz): § -73.21. HR-FABMS: calculated for [M*] 465.0256, found 465.0243.

Peroxyfluor-3, PF3 (4). Compound 3 (200 mg, 0.43 mmol), bis(pinacolato)diboron (111 mg,
0.430 mmol), Pd (dppf) ClL*CH,Cl, (106 mg, 0.130 mmol), potassium acetate (127 mg, 1.29
mmol), and 10 mL of toluene were added to a dry pressure tube in an inert atmosphere glovebox.
The pressure tube was then brought out of the box and microwave-heated for 2 h at 110 °C. After
the reaction mixture was cooled to room temperature, the contents of the pressure flask were
washed into a round-bottom flask with dichloromethane and evaporated to dryness. Purification
by column chromatography (1:1 hexanes/ethyl acetate) delivered 4 as a yellow solid (105 mg,
55%). 'H NMR ((CD,),0, 400 MHz): 6 8.00 (1H, d, J = 7.6 Hz), 7.76 (1H, t, J = 6.8 Hz), 7.70
(1H,t,J=6.8 Hz),7.64 (1H,s),743 (1H,d,J=7.6 Hz),7.24 (1H,d,J=7.6 Hz),6.86 (1H,d, J
=8.0 Hz),6.80 (1H,d,J=2.0 Hz), 6.69 (1H,d,J = 8.4 Hz), 6.64 (1H,dd, J =2.0,8.4 Hz), 1.32
(12H, s). "C NMR ((CD,),0, 100 MHz): § 168.7, 159.7, 1532, 152.2, 151.4, 150.7, 135.3,
130.0, 129.3, 129.1, 127.4, 126.3, 124.7, 1239, 1229, 122.2, 112.7, 110.1, 102.6, 84.1, 82.1,
24.3. HR-FABMS: calculated for [M*] 443.1676, found 443.1666.

Peroxyfluor-3 Acetate, PF3-Ac (5). Compound 4 (33 mg, 0.080 mmol) and cesium carbonate
(121 mg, 0.370 mmol) were added to a dry Schlenk tube and dissolved in 3 mL of dry
acetonitrile. Acetic anhydride (14 uL, 0.15 mmol) was added, and the reaction stirred at room
temperature for 30 min. The contents of the reaction were evaporated under reduced pressure.
Purification by column chromatography (3:1 hexanes/ethyl acetate) afforded S as a clear film (16
mg, 43%). 'H NMR (CDCl,/10% CD,0D, 400 MHz): 8.04 (1H, d, J = 6.8 Hz), 7.75 (1H, s), 6.64
(2H, quintet, J = 7.2 Hz), 445 (1H,d,J=7.6 Hz), 7.14 (1H,d,J=7.2 Hz), 708 (1H,d,J=2.0
Hz), 6.82 — 6.88 (2H, m), 6.80 (1H, dd, J = 2.0, 8.4 Hz), 2.32 (1H, s), 1.35 (12H, s). HR-
FABMS: calculated for [M*] 485.1772, found 485.1780.

Aniline Rhodol Triflate (6). Rhodol (150 mg, 046 mmol) and N-phenyl
bis(trifluoromethanesulfonamide) (250 mg, 0.69 mmol) were added to a glass vial and dissolved
in 10 mL of acetonitrile. Diisopropylethylamine (0.23 mL, 1.4 mmol) was added, and the
reaction stirred at room temperature for 72 h. The product was then extracted into ethyl acetate,
washed once with water, and dried under reduced pressure. Purification by column
chromatography (1:1 hexanes/ethyl acetate) yielded 6 as a white solid (49 mg, 23%). '"H NMR
((CD,),0, 400 MHz): 6 7.99 (1H,d,J = 7.6 Hz), 7.80 (1H,t,J =7.6 Hz), 7.73 (1H, t,J = 7.2
Hz),7.46 (1H,d,J=2.0Hz),7.33 (1H,d,J=7.6 Hz),7.17 (1H,dd, J = 2.0, 8.8 Hz), 7.04 (1H,
d, J = 8.8 Hz), 6.60 (1H, s), 6.52 (1H, d, J = 8.8 Hz), 6.48 (1H, d, J = 8.4 Hz). "C NMR
((CD,),0, 100 MHz): d 1684, 152.6, 152.2, 1520, 1499, 1354, 130.4, 130.1, 128.7, 126.7,
124.6, 124.0, 120.8, 118.7 (q, J = 318 Hz), 116.6, 112.0, 110.3, 106.1, 99.8, 81.9. "F NMR
(Acetone, 376.5 MHz): 6 -73.217. Low-res MS: 464.1.

Peroxy Emerald 1, PE1 (7). 6 (49 mg, 0.11 mmol), bis(pinacolato)diboron (27 mg, 0.11 mmol),
Pd (dppf) Cl,»CH,Cl, (26 mg, 0.03 mmol), potassium acetate (31 mg, 0.32 mmol), and 3 mL of
toluene were added to a dry pressure tube in an inert atmosphere glovebox. The pressure tube
was then brought out of the box and microwave-heated for 4 h at 110 °C. After the reaction
cooled to room temperature, the reaction contents were washed into a round-bottom flask with
dichloromethane and methanol and dried under reduced pressure. Purification by column
chromatography (1:1 hexanes/ethyl acetate) yielded PE1 as a light orange solid (7.0 mg, 15%).
'H NMR (Acetone, 400 MHz): 6 7.99 (1H,d,J=7.6 Hz),7.78 (1H,t,J = 7.6 Hz), 7.72 (1H, t, J
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=7.6 Hz),7.62 (1H, s), 741 (1H,d,J=7.6 Hz), 7.26 (1H,d,J=7.6 Hz), 6.83 (1H,d,J=7.6
Hz), 6.60 (1H,d,J=2.0 Hz), 6.52 (1H,d,J=8.8 Hz),6.45 (1H,dd, J=2.0, 8.8 Hz), 1.34 (12H,
s). C NMR (Acetone, 100 MHz): & 169.6, 154.2, 153.3, 152.1, 151.9, 136.1, 130.8, 1299,
129.6, 128.3, 127.7, 1254, 1249, 123.8, 1234, 1124, 1074, 100.9, 85.0, 83.7,74.9, 25.2. HR-
FABMS: calculated for [M*] 442.1831, found 442.1820.

Diethylamino Rhodol (8). Synthesis adopted from literature.'”! 2-(4-Diethylamino-2-
hydroxybenzoyl)benzoic acid (1.26 g, 4.00 mmol) and resorcinol (443 g, 4.0 mmol) were added
to a heavy-walled pressure flask and dissolved in 15 mL of trifluoroacetic acid. The reaction
contents were heated to 90 °C for 12 h, then cooled to room temperature, and evaporated to
dryness. Purification by column chromatography (4.5:4.5:1 dichloromethane/ethyl
acetate/methanol) delivered 8 as a red-brown solid (1.2 g, 77% yield). 'H NMR (CDCI, /10%
CD,0OD, 400 MHz): & 8.19 (1H, d, J = 7.2 Hz), 7.59 (2H, quartet, J/ = 7.2 Hz), 7.11 (1H,d, J =
7.2 Hz), 6.86-6.95 (3H, m), 6.68 (2H, dd, J =2.0,9.2 Hz), 6.64 (1H,d,J=2.0 Hz), 3.44 (4H, q,
J=172Hz), 1.16 (6H, t,J = 7.2 Hz). "C NMR (CDCl,/10% CD,0D, 100 MHz): § 163.5, 153 .4,
1524, 1509, 1289, 127.3, 126.7, 126.2, 126.0, 1244, 113.2, 110.0, 109.7, 108.7, 98.6, 92.3,
41.8, 8.3. HR-FABMS: calculated for [M*] 388.1549, found 388.1546.

Diethylamino Rhodol Triflate (9). Compound 8 (500 mg, 1.39 mmol) and N-phenyl
bis(trifluoromethanesulfonamide) (745 mg, 2.09 mmol) were added to a vial and flushed with
nitrogen. The reaction contents were dissolved in 5 mL of DMF, and diisopropylethylamine (691
ul, 4.18 mmol) was added. After 10 min of stirring at room temperature, the product was
extracted into ethyl acetate, washed three times with water, and evaporated under reduced
pressure. Purification by column chromatography (3:1 hexanes/ethyl acetate) afforded 9 as a
light pink solid (440 mg, 61%).'H NMR (CDCl,/10% CD,0D, 400 MHz): 6 7.99 (1H,d,J=7.6
Hz),7.65 (1H,t,J=7.2 Hz),7.60 (1H,t,J =72 Hz),7.20 (1H,d,J =24 Hz),7.17 (1H,d, J =
7.6 Hz),6.90 (1H,dd,J =24, 8.8 Hz), 6.84 (1H,d, J = 8.8 Hz), 6.54 (1H,d, J=9.2 Hz), 6.44
(1H,d,J=24Hz),6.36 (1H,dd,/J=2.4,88 Hz),3.31 (4 H,q,/=72Hz),1.11 (6H,t,J =72
Hz). °C NMR (CDCI, /10% CD,0D, 100 MHz): § 169.5, 152.5, 152.4, 152.4, 149.8, 149.8,
135.3,130.0, 129.2, 128.7, 126.7, 125.0, 124.0, 123.4, 120.2, 116.1, 113.8, 110.3, 109.0, 104.1,
974, 83.1, 444, 12.3. YF NMR (CDCl, /10% CD,0D, 376.5 MHz): § -72.05. HR-FABMS:
calculated for [M*] 520.1042, found 520.1036.

Peroxy Yellow 1, PY1 (10). Compound 9 (200 mg, 0.38 mmol), bis(pinacolato)diboron (94 mg,
0.38 mmol), Pd (dppf) Cl,»CH,Cl, (94 mg, 0.12 mmol), potassium acetate (113 mg, 1.16 mmol),
and 3 mL of toluene were added to a dry pressure tube in an inert atmosphere glovebox. The
pressure tube was then brought out of the box and microwave-heated for 2 h at 110 °C. After
cooling the reaction mixture to room temperature, the contents of the pressure flask were washed
into a round-bottom flask with dichloromethane and evaporated to dryness. Purification by
column chromatography (4:1 hexanes/ethyl acetate) delivered PY1 as a light tan solid (41 mg,
22%). 'H NMR (CDCl,/10% CD,0D, 400 MHz): & 7.98 (1H,d, J = 7.6 Hz), 7.69 (1H, s), 7.62
(1H,t,J =72 Hz),7.58 (1H,t,J =72 Hz), 735 (1H,d,J =7.6 Hz), 7.13 (1H, d, J = 7.2 Hz),
6.73 (1H,d,J =8.0 Hz), 6.55 (1H,d, J =9.2 Hz), 6.433 (1H, s), 6.34 (1H, d, J = 8.8 Hz) 3.33
(4H,q,J =7.2 Hz), 1.31 (12H,s), 1.14 (6H, t, J = 7.2 Hz). "C NMR (CDCl,/10% CD,0D, 100
MHz): 6 170.1, 153.2, 152.8, 151.1, 1349, 129.6, 128.8, 128.8, 127.2, 126.7, 1249, 1240,
123.9,121.8,84.2,44.5, 12.4. HR-FABMS: calculated for [M*] 498.2452, found 498.2441.



Julolidine Rhodol (11). Synthesis adopted from literature.””!  8-Hydroxy-9-o-
carboxybenzoyljulolidine (3.23 g, 9.56 mmol) and resorcinol (1.05 g, 9.56 mmol) were added to
a heavy-walled pressure flask and dissolved in 20 mL of methane sulfonic acid. The reaction
contents were heated to 90 °C for 3 h, then cooled to room temperature, and basified with
aqueous sodium hydroxide. The mixture was then extrated into ethyl acetate and evaporated
under reduced  pressure. Purification by column chromatography  (4.5:4.5:2
dichloromethane/ethyl acetate/methanol) delivered 11 as a maroon solid (2.5 g, 63% yield). 'H
NMR (CDCl, /10% CD,0OD, 400 MHz): § 8.01 (1H, d, J = 7.2 Hz), 7.46 (2H, quartet, J = 8.8
Hz),7.02 (1H,d,/=7.2Hz),6.92 (1H,d,J=9.2 Hz), 6.64 (1H, s), 6.58 (1H, 5),6.49 (1H,d, J =
7.6 Hz), 3.33 (4H, quintet, J/ = 6.0 Hz), 2.86 (2H,d, J = 6.4 Hz),2.50 - 2.58 (2H, m), 1.72 - 1.99
(4H, m). "C NMR (CDCl,/10% CD,OD, 100 MHz): § 174.6, 167.8, 153.9, 148.1, 146 .4, 134.0,
126.9,1259,125.8,125.3,125.0,1229,118.5,117.4,109.7, 108.7, 100.9,99.0,46.7,46.2, 23 4,
16.7, 15.8. HR-FABMS: calculated for [M*] 412.1549, found 412.1555.

Julolidine Rhodol Triflate (12). Compound 11 (500 mg, 1.2 mmol) and N-phenyl
bis(trifluoromethanesulfonamide) (868 mg, 2.4 mmol) were added to a vial and flushed with
nitrogen. The reaction contents were dissolved in 5 mL of DMF, and diisopropylethylamine (805
ul, 49 mmol) was added. After 20 min of stirring at room temperature, the product was
extracted into ethyl acetate, washed three times with water, and evaporated under reduced
pressure. Purification by column chromatography (1:1 hexanes/ethyl acetate) afforded 12 as a
light red solid (224 mg, 34%). 'H NMR ((CD,),0, 400 MHz): 6 7.98 (1H, d, J = 7.6 Hz), 7.79
(1H,t,J=72Hz),7.73 (1H,t,J=7.6 Hz),7.52 (1H,d, J =2.8 Hz), 7.31 (1H, d, J = 7.6 Hz),
715(1Hdd,J=24,88 Hz),7.00 (1H,d,J=8.8 Hz),6.19 (1H, s),3.20 (2H, t,J = 6.0 Hz), 3.15
(2H,t,J = 6.0 Hz), 291 (2H, t, J = 6.8 Hz), 2.41-2.59 (2H, m), 1.92-2.00 (2H, m), 1.76-1.86
(2H, m). "C NMR ((CD,),0 /10% CD,OD, 100 MHz): § 168.3, 152.5, 152.4, 149.9, 1473,
144.7,135.2,130.3, 130.0, 1269, 124.6, 124.5, 124.1, 120.7, 118.5, 116.3, 1104, 106.8, 104.5,
82.6,49.4,48.9,21.4,20.8,20.7,19.9. "F NMR ((CD,),0, 376.5 MHz): § -73.284. HR-FABMS:
calculated for [M*] 544.1042, found 544.1036.

Peroxy Orange 1, PO1 (13). Compound 12 (100 mg, 0.18 mmol), bis(pinacolato)diboron (47
mg, 0.18 mmol), Pd (dppf) Cl,>CH,Cl, (45 mg, 0.05 mmol), potassium acetate (55 mg, 0.55
mmol), and 5 mL of toluene were added to a dry pressure tube in an inert atmosphere glovebox.
The pressure tube was then brought out of the box and microwave-heated for 2 h at 110 °C. After
cooling the reaction mixture to room temperature, the contents of the pressure flask were washed
into a round bottom flask with dichloromethane and evaporated to dryness. Purification by
column chromatography (4.5:4.5:1 dichloromethane/ethyl acetate/methanol) delivered PO1 as
light red solid (36 mg, 38%).'H NMR (CDCl,/10% CD,0D, 400 MHz): § 7.95 (1H,d,J=7.2
Hz),7.40 (1H,s),7.58 (1H,t,J=7.2 Hz), 7.54 (1H,t,J=7.2 Hz),7.33 (1H,d,J=8.0 Hz), 7.11
(1H,d,J=7.6 Hz),6.69 (1H,d,J =7.6 Hz), 6.10 (1H, s), 3.10 2H, t,J = 5.2 Hz), 3.06 (2H, t,J
= 5.2 Hz),2.87 2H,t,J = 64 Hz), 2.37-2.54 (2H, m), 1.91-199 (2H, m), 1.79 2H, t,J =52
Hz), 1.28 (12H, s). "C NMR (CDCl, /10% CD,OD, 100 MHz): § 170.1, 153.2, 151.1, 147.8,
144.7,134.9, 1295, 128.6, 127.1, 126 .8, 124.8, 124.6, 1240, 123.5, 121.6, 117.8, 107.2, 1045,
85.1, 84.1, 749, 49.7, 49.3, 273, 248, 21.6, 21.1, 20.9. HR-FABMS: calculated for [M']
522.2456, found 522.2452.

Spectroscopic Materials and Methods. Millipore water was used to prepare all aqueous
solutions. All spectroscopic measurements were performed in 20 mM HEPES buffer, pH 7.
Absorption spectra were recorded on a Varian Cary 50 spectrophotometer (Walnut Creek, CA),
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and fluorescence spectra were recorded on a Photon Technology International Quanta Master 4
L-format scanning spectrofluorometer (Lawrenceville, NJ) equipped with an LPS-220B 75-W
xenon lamp and power supply, A-1010B lamp housing with integrated igniter, switchable 814
photon-counting/analog photomultiplier detection unit, and MD5020 motor driver. Samples for
absorption and emission measurements were contained in 1-cm x 1-cm quartz cuvettes (1.5-mL
volume, Starna, Atascadero, CA). Fluorescence quantum yields were determined by reference to
fluorescein in 0.1M NaOH (® = 0.94) or rhodamine B in water (® = 0.31).

Preparation and Staining of Cell Cultures. RAW?264.7 macrophages were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) containing high glucose with GlutaMAX
(Invitrogen, Carlsbad, CA) and supplemented with 10% Fetal Bovine Serum (FBS, Hyclone).
A431 cells were cultured in DMEM plus GlutaMAX™ supplemented with 10% FBS. Cells were
split 1/30 twice a week. Two days before imaging, cells were passed and plated on 18- mm glass
coverslips coated with poly-L-lysine (50 wg/mL, Sigma, St. Louis, MO). 18 hours before
imaging, A431 cells that were to be used for EGF stimulation experiments were serum-starved in
DMEM alone. For all experiments, solutions of dyes (from 5 mM stocks in DMSO) were made
in DPBS with calcium chloride and magnesium chloride (Sigma). H,O, (100 mM stock solution
in Millipore water), HOCI (100 mM stock solution in Millipore water), phorbol myristate acetate
(PMA, 1 mg/mL stock solution in DMSO), or EGF (100 pg/mL stock in Millipore water) was
added by bath application to the cell culture media. The cells were then kept in an incubator (37
°C, 5% CO,) during the course of all experiments.

Fluorescence Imaging Experiments. Confocal fluorescence imaging studies were performed
with a Zeiss LSM510 NLO Axiovert 200 laser scanning microscope and a 40x or 63x Achroplan
IR water-immersion objective lens. Excitation of PF2 and PF3-loaded cells at 488 nm was
carried out with an Ar laser and emission was collected using a META detector between 495 and
581 nm. Excitation of PY1-loaded cells at 514 nm was carried out with an Ar laser and emission
was collected using a META detector between 516 and 581 nm. Excitation of PO1-loaded cells
at 543 nm was carried out with a HeNe laser and emission was collected using a META detector
between 548 and 613 nm. Excitation of Hoechst 33342 was carried out using a MaiTai two-
photon laser at 780-nm pulses (mode-locked Ti:sapphire laser, Tsunami Spectra Physics) and
emission was collected between 452 and 537 nm. Excitation of PO1 and APF-loaded cells at 488
and 543 nm was carried out with Ar and HeNe lasers, respectively, and emission was collected
using a META detector between at 495-538 and 548-602 nm, respectively, using sequential
scans. Image analysis was performed in Image J.
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Figures and Schemes
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Scheme 1-1. Boronate-based H,O,-specific fluorescent indicators.
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Table 1-1. Spectroscopic properties of PF2, PF3, PE1, PY1, and PO1 acquired at 25 °C in 20 mM
HEPES, pH 7. Fluorescein reported in 0.1 M NaOH."®

Boronate-form Phenol-form
Aabs (MM) € (M'em™) dem (M) ¢ Aas (M) & (M'cm™) Aem (M) ¢ Kk (x 10%s-1)
PF2 n/a n/a n/a n/a 475 28600 511 0.27 4.7 (1)
PF3 454 24000 521 0.10 492 88000 515 0.94 3.8(1)
PE1 480 16400 519 0.30 491 51200 514 0.93 8.1 (1)
(
(

PY1 494 16200 558 0.01 519 48900 548 0.12 3.7(1)
PO1 507 13900 574 0.07 540 29300 565 0.46 52 (1)
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Figure 1-1. Fluorescence turn-on response of 5 uM PF2 (a), PF3 (b), PE1 (c), PY1 (d) or PO1 (e) to
H,O,. Data were acquired at 25 °C in 20 mM HEPES, pH 7, with excitation at A = 488 nm for PF2 and
PF3, A =490 nm for PE1, A = 514 nm for PY1, and A = 540 nm for PO1. Emission was collected between
493 and 750 nm for PF2 and PF3, 495 and 750 nm for PE1, 520 and 750 nm for PY1 and 545 and 750
nm for PO1. Time points represent 0, 5, 15, 30, 45, and 60 minutes after the addition of 100 uM H,O.,.
Reactions are not complete at these time points. Full turn-on response of each probe is shown in Fig. S1.
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Figure 1-2. Fluorescence responses of 5 uM PF2 (a), PF3 (b), PE1 (c), PY1 (d) and PO1 (e) to various
reactive oxygen species (ROS). Bars represent relative responses at 0, 5, 15, 30, 45, and 60 min after
addition of each ROS. Data shown are for 200 uM NO and 100 uM for all other ROS. Data were acquired
at 25 °C in 20 mM HEPES, pH 7, with excitation at A = 488 nm for PF2 and PF3, A = 490 nm for PE1, A =
514 nm for PY1, and A = 540 nm for PO1. Emission was collected between 493 and 750 nm for PF2 and
PF3, 495 and 750 nm for PE1, 520 and 750 nm for PY1 and 545 and 750 nm for PO1. Time points
represent 0, 5, 15, 30, 45, and 60 minutes after the addition of 100 uM H,O,. Reactions are not complete
at these time points.
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Figure 1-3. Confocal fluorescence images of H,O, in live A431 cells under oxidative stress with PF2,
PF3-Ac, PY1 and PO1. A431 cells incubated with 10 uM PF2 for 40 min at 37 °C (a). A431 cells
incubated with 10 uM PF2 for 40 min at 37 °C with 100 uM H,O, added for the final 20 min (b) and
quantification (c). A431 cells incubated with 5 uM PF3-Ac for 40 min at 37 °C (d). A431 cells incubated
with 5 uM PF3-Ac for 40 min at 37 °C with 100 uM H,O, added for the final 20 min (e) and quantification
(f). A431 cells incubated with 5 uM PY1 for 40 min at 37 °C (g). A431 cells incubated with 5 uM PY1 for
40 min at 37 °C with 100 uM H,O, added for the final 20 min (h) and quantification (i). A431 cells
incubated with 5 uM PO1 for 40 min at 37 °C (j). A431 cells incubated with 5 uM PO1 for 40 min at 37 °C
with 100 uM H,O, added for the final 20 min (k) and quantification (I). Data were normalized to controls
and statistical analyses were performed with a two-tailed Student’s t-test (n = 4). **P < 0.005 and error
bars are = s.e.m.
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Figure 1-4. Confocal fluorescence images of PMA-induced H,O, production in live RAWZ264.7
macrophages with PF2, PF3-Ac, PY1 and PO1. Macrophages incubated with 10 uM PF2 for 60 min at 37
°C (a). Macrophages incubated with 10 uM PF2 for 60 min at 37 °C with 1 ug/mL PMA added for the final
40 min (b) with a brightfield overlay (c) and quantification (d). Macrophages incubated with 5 uM PF3-Ac
for 60 min at 37 °C (e). Macrophages incubated with 5 uM PF3-Ac for 60 min at 37 °C with 1 ug/mL PMA
added for the final 40 min (f) with a brightfield overlay (g) and quantification (h). Macrophages incubated
with 5 uM PY1 for 60 min at 37 °C (i). Macrophages incubated with 5 uM PY1 for 60 min at 37 °C with 1
ug/mL PMA added for the final 40 min (j) with a brightfield overlay (k) and quantification (I). Macrophages
incubated with 5 uM PO1 for 60 min at 37 °C (m). Macrophages incubated with 5 uM PO1 for 60 min at
37 °C with 1 ug/mL PMA added for the final 40 min (n) with a brightfield overlay (o) and quantification (p).

Data were normalized to controls and statistical analyses were performed with a two-tailed Student’s t-
test (n = 4). **P < 0.005 and error bars are = s.e.m.
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Figure 1-5. Confocal fluorescence images of EGF-induced H,0, in live A431 cells with PF3-Ac, PY1 and
PO1. A431 cells incubated with 5 uM PF3-Ac for 60 min at 37 °C (a). A431 cells incubated with 5 uM
PF3-Ac for 60 min at 37 °C with 500 ng/mL EGF added for the final 40 min (b) and quantification (c).
A431 cells incubated with 5 uM PY1 for 60 min at 37 °C (d). A431 cells incubated with 5 uM PY1 for 60
min at 37 °C with 500 ng/mL EGF added for the final 40 min (e) and quantification (f). A431 cells
incubated with 5 uM PO1 for 60 min at 37 °C (g). A431 cells incubated with 5 uM PO1 for 60 min at 37 °C
with 500 ng/mL EGF added for the final 20 min (h) and quantification (i). Data were normalized to controls
and statistical analyses were performed with a two-tailed Student’s f-test (n = 4). *P < 0.05, **P < 0.005
and error bars are + s.e.m.
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Figure 1-6. Confocal fluorescence images of PMA-induced ROS production in live RAWZ264.7
macrophages with PO1 and APF simultaneously. Macrophages incubated with 5 uM PO1 and 5 uM APF
for 40 min at 37 °C and imaged for PO1 (a) and APF (b). Macrophages incubated with 5 uM PO1 and 5
uM APF for 40 min at 37 °C with 50 uM H,O, added for the final 20 min and imaged for PO1 (c) and APF
(d). Macrophages incubated with 5 uM PO1 and 5 uM APF for 40 min at 37 °C with 100 uM HOCI added
for the final 20 min and imaged for PO1 (e) and APF (f). Macrophages incubated with 5 uM PO1 and 5
uM APF for 40 min at 37 °C with 1 ug/mL PMA added for the final 20 min and imaged for PO1 (g) and
APF (h). Quantification of a-h (i). Data were normalized to controls and statistical analyses were
performed with a two-tailed Student’s t-test (n = 4). **P < 0.005 and error bars are = s.e.m.
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Figure 1-7. Confocal fluorescence images of different types of phagosomes in live RAWZ264.7
macrophages distinguished by PO1 and APF. A macrophage producing mostly H,O, as shown by the
PO1 signal (a), APF signal (b), overlay (c) and brightfield (d). A macrophage producing mostly hROS as
shown by the PO1 signal (e), APF signal (f), overlay (g) and brightfield (h). A macrophage producing a
mixture of H,O, phagosomes, hROS phagosomes, and H,O, and hROS phagosomes. as shown by the
PO1 signal (i), APF signal (j), overlay (k) and brightfield (I). 10 um scale bar shown.
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Figure 1-8. Complete fluorescence turn-on response of 5 uM PF2 (a), PF3 (b), PE1 (c), PY1 (d) or PO1
(e) to H,O,. Data were acquired at 25 °C in 20 mM HEPES, pH 7, with excitation at A = 488 nm for PF2
and PF3, A = 490 nm for PE1, A = 514 nm for PY1, and A = 540 nm for PO1. Emission was collected
between 493 and 750 nm for PF2 and PF3, 495 and 750 nm for PE1, 520 and 750 nm for PY1 and 545
and 750 nm for PO1. The emission spectra for the boronate-protected and deprotected forms of each dye
are shown. In some cases, the boronate-protected form of the dye has an emission spectra that is not
detectible in these plots.
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PF3-Ac with a nuclear stain and brightfields. A431 cells incubated with 10 uM PF2 for 40 min at 37 °C and
imaged for PF2 (a), Hoechst 33342 (b) and a brightfield (c). A431 cells incubated with 10 uM PF2 for 40
min at 37 °C with 100 uM H,O, added for the final 20 min and imaged for PF2 (d), Hoechst 33342 (e) and
a brightfield (f). A431 cells incubated with 5 uM PF3-Ac for 40 min at 37 °C and imaged for PF3-Ac (g),
Hoechst 33342 (h) and a brightfield (i). A431 cells incubated with 5 uM PF3-Ac for 40 min at 37 °C with
100 uM H,0, added for the final 20 min and imaged for PF3-Ac (j), Hoechst 33342 (k) and a brightfield (1).
2 uM Hoechst 33342 added for the final 20 min of all experiments. 50 um scale bare shown.



Figure 1-10. Confocal fluorescence images of H,O, in live A431 cells under oxidative stress with PY1
and PO1 with a nuclear stain and brightfields. A431 cells incubated with 5 uM PY1 for 40 min at 37 °C
and imaged for PY1 (a), Hoechst 33342 (b) and a brightfield (c). A431 cells incubated with 5 uM PY1 for
40 min at 37 °C with 100 uM H,0O, added for the final 20 min and imaged for PY1 (d), Hoechst 33342 (e)
and a brightfield (f). A431 cells incubated with 5 uM PO1 for 40 min at 37 °C and imaged for PO1 (g),
Hoechst 33342 (h) and a brightfield (i). A431 cells incubated with 5 uM PO1 for 40 min at 37 °C with 100
uM H»O, added for the final 20 min and imaged for PO1 (j), Hoechst 33342 (k) and a brightfield (I). 2 uM
Hoechst 33342 added for the final 20 min of all experiments. 50 um scale bare shown.
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Figure 1-11. Confocal fluorescence images of PMA-induced H,O, production in live RAW264.7
macrophages with PF2 and PF3-Ac with a nuclear stain and brightfield. Macrophages incubated with 10
uM PF2 for 60 min at 37 °C and imaged for PF2 (a), Hoechst 33342 (b) and a brightfield (c).
Macrophages incubated with 10 uM PF2 for 60 min at 37 °C with 1 ug/mL PMA added for the final 40 min
and imaged for PF2 (d), Hoechst 33342 (e) and a brightfield (f). Macrophages incubated with 5 uM PF3-
Ac for 60 min at 37 °C and imaged for PF3-Ac (g), Hoechst 33342 (h) and a brightfield (i). Macrophages
incubated with 5 uM PF3-Ac for 60 min at 37 °C with 1 ug/mL PMA added for the final 40 min and imaged
for PF3-Ac (j), Hoechst 33342 (k) and a brightfield (I). 2 uM Hoechst 33342 added for the final 40 min of
all experiments. 50 um scale bare shown.



Figure 1-12. Confocal fluorescence images of PMA-induced H,O, production in live RAW264.7
macrophages with PY1 and PO1 with a nuclear stain and brightfield. Macrophages incubated with 5 uM
PY1 for 60 min at 37 °C and imaged for PF2 (a), Hoechst 33342 (b) and a brightfield (c). Macrophages
incubated with 10 uM PY1 for 60 min at 37 °C with 1 ug/mL PMA added for the final 40 min and imaged
for PY1 (d), Hoechst 33342 (e) and a brightfield (f). Macrophages incubated with 5 uM PO1 for 60 min at
37 °C and imaged for PF3-Ac (g), Hoechst 33342 (h) and a brightfield (i). Macrophages incubated with 5
uM PO1 for 60 min at 37 °C with 1 ug/mL PMA added for the final 40 min and imaged for PO1 (j),
Hoechst 33342 (k) and a brightfield (I). 2 uM Hoechst 33342 added for the final 40 min of all experiments.
50 um scale bare shown.
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Figure 1-13. Confocal fluorescence images of EGF-induced H,O, in live A431 cells with PF3-Ac and PY1
and a nuclear stain and brighfield. A431 cells incubated with 5 uM PF3-Ac for 60 min at 37 °C and
imaged for PF3-Ac (a), Hoechst 33342 (b) and a brightfield (c). A431 cells incubated with 5 uM PF3-Ac
for 60 min at 37 °C with 500 ng/mL EGF added for the final 40 min and imaged for PF3-Ac (d), Hoechst
33342 (e) and a brightfield (f). A431 cells incubated with 5 uM PY1 for 60 min at 37 °C and imaged for
PY1 (g), Hoechst 33342 (h) and a brightfield (i). A431 cells incubated with 5 uM PY1 for 60 min at 37 °C
with 500 ng/mL EGF added for the final 40 min and imaged for PY1 (j), Hoechst 33342 (k) and a
brightfield (1). 2 uM Hoechst 33342 added for the final 40 min of all experiments. 50 um scale bare shown.



Figure 1-14. Confocal fluorescence images of EGF-induced H,O, in live A431 cells with PO1 and a
nuclear stain and brighfield. A431 cells incubated with 5 uM PO1 for 60 min at 37 °C and imaged for PO1
(a), Hoechst 33342 (b) and a brightfield (c). A431 cells incubated with 5 uM PO1 for 60 min at 37 °C with
500 ng/mL EGF added for the final 40 min and imaged for PO1 (d), Hoechst 33342 (e) and a brightfield

().
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Figure 1-15. Confocal fluorescence images of PMA-induced ROS production in live RAW264.7
macrophages with PO1 and APF simultaneously with a nuclear stain and brightfield. Macrophages
incubated with 5 uM PO1 and 5 uM APF for 40 min at 37 °C and imaged for PO1 (a), APF (b), Hoechst
33342 (c), and a brightfield (d). Macrophages incubated with 5 uM PY1 and 5 uM APF for 40 min at 37 °C
with 50 uM H,O, added for the final 20 min and imaged for PO1 (e), APF (f), Hoechst 33342 (g), and a
brightfield (h). Macrophages incubated with 5 uM PO1 and 5 uM APF for 40 min at 37 °C with 100 uM
HOCI added for the final 20 min and imaged for PO1 (i), APF (j), Hoechst 33342 (k), and a brightfield (I).
Macrophages incubated with 5 uM PO1 and 5 uM APF for 40 min at 37 °C with 1 ug/mL PMA added for
the final 20 min and imaged for PO1 (m), APF (n), Hoechst 33342 (0), and a brightfield (p). 2 uM Hoechst
33342 added for the final 20 min of all experiments. 50 um scale bar shown.



Figure 1-16. Confocal fluorescence images of PMA-induced ROS production in live RAW264.7
macrophages with PO1 and APF simultaneously with a nuclear stain and brightfield showing the various
responses in ROS-production. Various regions of cells treated as in S6 showing signal from PO1 (a-e),
APF (f-j), an overlay (k-0), Hoechst (p-t), and a brightfield (u-y). 20 um scale bar shown.
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Chapter 2:

A Targetable Fluorescent Probe for Imaging Hydrogen Peroxide in the
Mitochondria of Living Cells

Portions of this work were published in the following scientific journal:

Dickinson, B. C.; Chang, C. J. "A Targetable fluorescent probe for imaging hydrogen peroxide
in the mitochondria of living cells." Journal of the American Chemical Society 2008, 130, 9638—
9639.

38



Introduction

Hydrogen peroxide (H,O,) is an increasingly recognized small-molecule mediator of
physiology, aging, and disease in living organisms."® In this regard, aberrant production or
accumulation of H,O, within cellular mitochondria over time due to environmental stress(es)
and/or genetic mutation(s) is connected to serious diseases where age is a risk factor, including
cancer’ and neurodegenerative Alzheimer’s, Parkinson’s, and Huntington’s diseases.*’ Indeed,
overexpression and mitochondrial targeting of catalase, a peroxide-detoxifying enzyme, can
increase life span in mouse models." On the other hand, newer data suggest that controlled
bursts of mitochondrial H,0O, can also serve beneficial roles for cell survival, growth,
differentiation, and maintenance.’

New imaging methods that allow visualization of localized production and accumulation
of mitochondrial H,0O, in living samples are potentially useful for disentangling the complex
contributions of this reactive oxygen species (ROS) to both healthy and diseased states. Synthetic
fluorescent H,O, indicators that can be targeted to precise subcellular locations offer one
approach to this goal and do not require transfection like their protein counterparts,'"'> but
traditional ROS indicators such as dihydrorhodamine (DHR) are uncharged and hence not
preferentially localized in cells before oxidation.” In addition, DHR and related dyes are not
specific for H,O, over other ROS. Accordingly, mitochondrial-targeted small molecules for
detection of specific ROS remain rare”'* and none of the probes reported to date are selective for
H,0,. We now report the synthesis and applications of Mitochondria Peroxy Yellow 1
(MitoPY1), a new type of fluorophore for imaging mitochondrial H,O, in living cells with ROS
and spatial specificity.

Results and Discussion

Our overall strategy for fluorescence imaging of mitochondrial H,O, in living systems is
to create bifunctional dyes that contain both a peroxide-responsive element and a mitochondrial-
targeting moiety. For the latter purpose, we were inspired by the use of phosphonium head
groups by Murphy and others to deliver antioxidants, electrophiles, and EPR and optical probes
to mitochondria, as these and related lipophilic cations selectively accumulate in this organelle
due to proton gradient considerations.'*'® In addition, we sought a modular synthetic route that
would allow facile introduction of a phosphonium or any other desired targeting group after
installation of the boronate switch, which circumvents potential complications arising from
sensitive functionalities that are incompatible with palladium-catalyzed Miyaura-Suzuki
reactions typically used to introduce the H,O,-cleavable boronate cage. Both of these design
criteria can be met by the approach outlined in Scheme 2-1 for the synthesis of MitoPY1. The
ability to append additional groups post-boronation offers a host of opportunities for generating
new multifunctional H,O, imaging probes.

MitoPY 1 features two major visible region absorptions (A, = 489 nm, ¢ = 14,300 M'cm’
';510 nm, & = 14,200 M-1cm-1) and a weak emission (A, = 540 nm, ¢ = 0.019, Figure 2-3) in 20
mM HEPES, pH 7. Reaction of MitoPY1 with H,O, triggers a fluorescence increase by its
conversion to MitoPY lox (Figure 2-3), which possesses one major absorption band at 510 nm
(e = 22,300 M'cm™) and enhanced emission (A, = 528 nm, ¢ = 0.405). Kinetics measurements
of the H,0,-mediated boronate deprotection were performed under pseudo-first-order conditions
(5 uM dye, 10 mM H,0,), giving an observed rate constant of k = 2.0(1) x 10-3 s-1. Figure 2-1
shows the relative turn-on fluorescence responses of MitoPY1 to a panel of biologically relevant
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ROS. Owing to its chemospecific boronate switch,'”'® the probe is selective for H,0, over ROS
like superoxide, nitric oxide, and hydroxyl radical.

MitoPY1 was then tested for its ability to both target the mitochondria and respond to
H,0, in living biological systems. Cervical cancer HeLa cells loaded with 5 M MitoPY1 for 1 h
at 37 °C show faint but measurable levels of fluorescence in discrete subcellular locations as
determined by confocal microscopy (Figure 2-2a). Co-staining experiments with 50 nM
MitoTracker Deep Red, a commercially available mitochondrial indicator (Figure 2-2, b and c),
or 500 nM LysoTracker Red, a lysosomal indicator (Figures 2-6), establish that the observed
fluorescence from MitoPY1 is localized to the mitochondria of these live cells. Addition of 100
uM H,0O, to HeLa cells loaded with MitoPY1 display a marked localized increase in
fluorescence compared to control cells (Figure 2-2, d-f). Again, co-staining with MitoTracker
confirms that the dye is retained in the mitochondria and detects localized rises in H,O,
concentrations. Brightfield measurements and nuclear staining with Hoechst 33342 indicate that
the cells are viable throughout the imaging experiments (Figure 2-2, b, e, and g). In addition,
control experiments using a probe lacking the phosphonium targeting moiety (ContPY 1, Figures
2-4 through 2-5 and Figures 2-11 through 2-14) or the oxidized probe (MitoPY lox, Figure 2-15
through 2-19) confirm that only MitoPY1 targets the mitochondria, and complementary flow
cytometry experiments (Figure 2-10) provide supporting data over a larger population of cells.
Finally, analogous experiments in Cos-7, HEK293, and CHO K1 cell lines give similar results
and expand the scope of the probe (Figure 2-7 through 2-10). Taken together, these data establish
that MitoPY1 is targeted to cellular mitochondria, where it can respond to localized changes in
H,0, levels in living samples.

Finally, we sought to utilize MitoPY1 to visualize endogenous production of H,O, in the
mitochondria of living cells. To this end, we treated HeLa cells with paraquat, a small-molecule
inducer of oxidative stress that produces Parkinson’s-like phenotypes."” The images in Figures 2-
2, h-n show clear increases in mitochondrial-localized H,O, levels detected with MitoPY 1 within
cells that had been exposed to 1 mM paraquat compared to control cells (ICs, of paraquat in
HeLa cells is 1.02 mM).”* These data indicate that MitoPY1 is sensitive enough to detect local
mitochondrial H,O, elevations associated with oxidative stress in this Parkinson’s model.

Concluding Remarks

To close, we have presented the synthesis, properties, and biological applications of
MitoPY1, a new targeted fluorescent probe that can selectively detect H,O, in the mitochondria
of living cells. Our data show that MitoPY1 is capable of imaging changes in the levels of H,O,
within the mitochondria of a variety of mammalian cell lines, as well as H,0O, elevations caused
by an oxidative stress model of Parkinson’s disease. In addition to applying MitoPY1 and related
chemical tools for studies of mitochondrial redox biology, we anticipate that this modular probe
scaffold should prove useful for creating new multifunctional probes for targeting, activation,
and detection in living systems and are actively pursuing these possibilities.

Experimental Section

Synthetic Materials and Methods. All reactions were carried out under a dry nitrogen
atmosphere. (4-Iodobutyl)triphenylphosphonium (IBTP)*' and 2-(2,4-dihydroxybenzoyl)benzoic
acid®® were synthesized according to literature methods. Silica gel P60 (SiliCycle) was used for
column chromatography. Analytical thin layer chromatography was performed using SiliCycle
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60 F254 silica gel (precoated sheets, 0.25 mm thick). All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received. MitoTracker Deep Red and LysoTracker Red
were purchased from Invitrogen (Carlsbad, CA). "H NMR, ?C NMR, and *'P NMR spectra were
collected in CDCl; or 9:1 CDCI3/CD3;0D (Cambridge Isotope Laboratories, Cambridge, MA) at
25 °C on a Bruker AV-300, AVQ-400, or DRX-500 spectrometer at the College of Chemistry
NMR Facility at the University of California, Berkeley. All chemical shifts are reported in the
standard d notation of parts per million using the peak of residual proton signals of CDCl; as an
internal reference. Mass spectral analyses were carried out at the College of Chemistry Mass
Spectrometry Facility at the University of California, Berkeley. Microwave reactions were
performed using a CEM Intelligent Explorer/Discover (Matthews, NC).

Fmoc-piperazine rhodol (3). (adopted from literature)> 2-(2,4-Dihydroxybenzoyl)benzoic acid
(1, 1.24 g, 4.8 mmol) and 1-(3-hydroxyphenyl)-piperazine (2, 853 mg, 4.8 mmol) were added to
a pressure flask and dissolved in 20 mL of TFA. The reaction was stirred for 3 hours at 95 °C.
After cooling, the reaction mixture was poured into 300 mL of ether. The resulting precipitate
was collected, immediately redissolved in methanol, and then evaporated to dryness under
reduced pressure to yield a red solid. The crude product was carried on without further
purification. The crude fluorophore (1.09 g), Fmoc-ClI (845 mg, 3.27 mmol), and NaHCO; (686
mg, 8.16 mmol) were added to a dry Schlenk tube. Then, 20 mL of dry acetonitrile was added
and the reaction stirred under a nitrogen atmosphere at room temperature for 3 hours. The
product was then extracted into ethyl acetate, washed with water, and dried under reduced
pressure. Purification by flash chromatography (1:1 hexanes/ethyl acetate) provided 3 as a red
solid (654 mg, 39% overall yield). '"H NMR (CDCls, 400 MHz): d 7.99 (1H, d, J = 7.6 Hz), 7.74
(2H, d, J = 7.6 Hz), 7.57-7.66 (2H, m), 7.55 (2 H, d, J = 7.6 Hz), 7.37 (2H, t, J = 7.2 Hz), 7.29
(2H, t, J= 7.2 Hz), 7.14 (1H, d, J = 7.6 Hz), 6.71 (1H, d, J = 2.0 Hz), 6.65 (1H, d J = 2.0 Hz),
6.49-6.63 (4H, m), 4.47 (2H, d, J= 6.4 Hz), 4.22 (1H, t, J = 6.4 Hz), 3.55 (4H, bs), 3.14 (4H, bs).
3C NMR (CDCl3, 100 MHz): d 170.03, 159.59, 155.23, 152.82, 152.65, 152.58, 152.41, 143.76,
141.29, 134.92, 129.63, 129.15, 128.81, 127.73, 127.07, 127.00, 125.06, 124.82, 124.18, 129.97,
112.59, 112.18, 110.35, 109.87, 102.82, 102.33, 67.37, 47.99, 47.25, 43.20 (broad multiplet).
HR-FABMS: calculated for [M'] 623.2171, found 623.2182.

Fmoc-piperazine rhodol triflate (4). Rhodol 3 (400 mg, 0.64 mmol), N-phenyl
bis(trifluoromethanesulfonamide) (458 mg, 1.28 mmol), and sodium carbonate (340 mg, 3.21
mmol) were added to a dry Schlenk tube. Then, 8 mL of dry DMF was added via syringe and the
reaction stirred under a nitrogen atmosphere at room temperature for 12 hours. The reaction
mixture was then extracted into ethyl acetate, washed with water, and dried under reduced
pressure. Column chromatography (1:1 hexanes/ethyl acetate) afforded 4 as a white solid (222
mg, 46% yield). '"H NMR (CDCls, 400 MHz): d 8.04 (1H, d, J = 7.2 Hz), 7.76 (2H, d, J = 7.6
Hz), 7.69 (1H, dt, J= 1.2, 7.6 Hz), 7.64 (1H, dt, J = 7.6, 1.2 Hz), 7.57 (2H, d, J = 7.2 Hz), 7.38
(2H, t,J=17.2 Hz), 7.30 (2H, dt, J= 1.2, 7.2 Hz), 7.23 (1H, d, J= 2.4 Hz), 7.16 (1H, d, J= 7.2
Hz), 6.94 (1H, dd, J= 2.4, 8.8 Hz), 6.88 (1H, d, J = 8.8 Hz), 6.70 (1H, d, J = 2.0 Hz), 6.66 (1H,
d, /= 8.8 Hz), 6.61 (1H, dd, J = 2.0, 8.8 Hz), 4.48 (2H, d, J = 2.4 Hz), 4.23 (1H, t, /= 2.4 Hz),
3.56 (4H, bs), 3.16 (4H, bs). >°C NMR (CDCls;, 100 MHz): d 169.18, 155.09, 152.77, 152.49,
152.18, 151.85, 149.93, 143.83, 141.31, 135.37, 130.14, 130.06, 128.73, 127.73, 127.07, 126.36,
125.23, 124.86, 123.87, 119.98, 119.86, 116.52, 112.78, 110.42, 108.77, 102.23, 81.96, 67.29,
47.87, 47.30, 43.33 (broad multiplet). HR-FABMS: calculated for [MNa'] 777.1494, found
777.1501.
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Fmoc-piperazine rhodol boronate (5). Triflate 4 (71 mg, 0.28 mmol), Pd (dppf) Cl,*CH,Cl,
(68 mg, 0.08 mmol), potassium acetate (82 mg, 0.8 mmol), and 10 mL of toluene were added to
a dry pressure tube in an inert atmosphere glove box. The pressure tube was then brought out of
the box and microwave-heated for 4 hours at 110 °C. After cooling the reaction to room
temperature, the contents of the pressure flask were washed into a round bottom flask with
dichloromethane and evaporated to dryness. Purification by column chromatography (1:1
hexanes/ethyl acetate) delivered 5 as a white solid (151 mg, 74% yield). 'H NMR (CDCls, 400
MHz): d 8.02 (1H, d, J= 6.4 Hz), 7.77 (3H, t, J= 7.6 Hz), 7.56-7.68 (4H, m), 7.37-7.45 (3H, m),
7.33 (2H, t, J= 8.0 Hz), 7.22 (1H, d, J = 6.8 Hz), 6.81 (1H, d, /= 8.0 Hz), 6.69 (2H, d, J= 7.6
Hz), 6.59 (1H, dd, J = 2.4, 8.8 Hz), 4.50 (2H, d, J = 6.8 Hz), 4.26 (1H, t, J = 6.4 Hz), 3.60 (4H,
bs), 3.16 (4H, bs), 1.35 (12H, s). °C NMR (CDCls, 100 MHz): d 169.65, 155.09, 153.44,
152.69, 152.31, 150.84, 143.88, 141.34, 153.09, 129.70, 129.27, 128.73, 128.04, 127.75, 127.25,
127.09, 126.37, 125.07, 124.90, 123.82, 123.44, 121.60, 120.01, 112.27, 109.47, 102.60, 84.20,
82.85, 67.29, 48.13, 47.34, 24.86. (no signal for carbon attached to boronate observed). HR-
FABMS: calculated for [MNa'] 733.3082, found 733.3085.

MitoPY1 (6). Boronate 5 (35 mg, 48 umol) was dissolved in 15% piperidine in acetonitrile and
stirred at room temperature for 30 minutes. The reaction was then dried under reduced pressure
and brought into an inert atmosphere glovebox, where IBTP (55 mg, 96 pumol), sodium
bicarbonate (30 mg, 240 umol), and 5 mL of acetonitrile were added. The contents were then
stirred at room temperature for 24 hours inside the glove box. The reaction was then removed
from the glove box, filtered, and dried under reduced pressure. Purification by column
chromatography (4.5:4.5:0.5 dichloromethane/ethyl acetate/methanol) furnished MitoPY1 as a
light pink solid (35 mg, 76% yield). "H NMR (CDCl3/10% CD;0D, 300 MHz): d 7.96 (1H, d, J
=17.2 Hz), 7.76-7.83 (3H, m), 7.55-7.75 (15H, m), 7.35 (1H, dd, J = 8.0, 1.2 Hz), 7.09 (1H, d, J =
7.2 Hz),7.71 (1H, d, J="7.6 Hz), 6.67 (1H, d, J= 3.2 Hz), 6.60 (1H, d, J = 8.8 Hz), 6.56 (1H, dd,
J = 2.0, 8.8 Hz), 3.36-3.47 (2H, m), 3.23-3.29 (4H, m), 2.74-2.81 (4H, m), 2.62-2.70 (2H, m),
1.88-1.94 (2H, m), 1.65-1.76 (2H, m), 1.29 (12H, s). *C NMR (CDCl3/10% CD;OD, 125 MHz):
d 170.08, 153.13, 152.27, 150.08, 135.30, 135.28, 133.55, 133.47, 130.64, 130.54, 129.81,
129.17, 128.64, 127.09, 126.16, 124.97, 123.85, 123.36, 121.31, 118.00, 117.32, 84.23, 83.36,
74.96, 56.25, 52.33, 49.95, 24.61, 20.07. (no signal for carbon attached to boronate observed).
3P NMR (CDCl3/10% CDsOD, 162 MHz): d 23.80. HR-FABMS: calculated for [M "] 827.3781,
found 827.3780.

+
FmocN"™ Phsp\/\/\N/\

N O © ‘ o 1. Piperidine KN O = O OH
g e
MitoPY1ox (7). Rhodol 3 (124 mg, 0.20 mmol) was dissolved in 15% piperidine in acetonitrile
and stirred at room temperature for 30 minutes. The solvent was removed and the contents were
brought into an inert atmosphere glovebox, where IBTP (226 mg, 0.39 mmol), sodium
bicarbonate (167 mg, 1.99 mmol), and 6 mL of DMF were added. The reaction was then stirred
at room temperature for 96 hours inside the glove box, removed from the glove box and dried
under reduced pressure. Purification by column chromatography (gradient from 8.5:1.5:0.01

dichloromethane/methanol/water to 8.5:1.5:0.01:0.005 dichloromethane/methanol/water/HCI,
then a second column gradient from 9:1 to 8.5:1.5 dichloromethane/methanol) furnished
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MitoPY lox as a red solid (30 mg, 22% yield). '"H NMR (CD;OD, 500 MHz): d 8.03 (1H, d, J =
7.0 Hz), 7.89 (4H, dt, J = 2.0, 6.5 Hz), 7.73-7.83 (12H, m), 7.66-7.73 (2H, m), 7.18 (1H, d, J =
6.5 Hz), 6.88 (2H, d, J = 5 Hz), 6.84 (1H, d, J= 9.5 Hz), 6.63 (1H, d, J = 2.5 Hz), 6.56 (1H, dd, J
= 2.0, 9.0 Hz), 3.42-3.54 (6H, m), 2.89 (4H, bs), 2.71-2.78 (2H, m), 1.90 (2H, quintet, J = 7.5
Hz), 1.74 (2H, quintet, J = 7.5 Hz). *C NMR (10% CD;OD/D-0, 125 MHz): d 171.71, 156.18,
154.19, 153.59, 135.06, 135.03, 133.38, 133.30, 130.30, 130.20, 129.68, 129.44, 127.01, 126.53,
118.51, 117.83, 112.45, 111.34, 102.87, 100.17, 56.02, 51.71, 48.51, 29.19, 19.76. *'P NMR
(CD;0D, 162 MHz) d 23.80. HR-FABMS: calculated for [M"] 717.2877, found 717.2875.
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ContPY1 (8). Boronate 5 (10 mg, 13 umol) was dissolved in 15% piperidine in acetonitrile and
stirred at room temperature for 30 minutes. The reaction was then dried under reduced pressure.
Acetyl chloride (2 pL, 27 umol), cesium carbonate (9 mg, 27 umol), and 3 mL of acetonitrile
were added and the contents were then stirred at room temperature for 30 minutes at room
temperature. The reaction was then filtered and dried under reduced pressure. Purification by
column chromatography (20:1 dichloromethane/ methanol) furnished ContPY1 as a light pink
solid (1.8 mg, 25% yield). "H NMR (CDCl3/10% CD;0D, 400 MHz): d 8.00 (1H, d, J = 6.4 Hz),
7.69 (1H, s), 7.63 (1H, dt, J = 1.6, 7.2 Hz), 7.59 (1H, dt, J = 1.6, 7.6 Hz), 7.39 (1H, d, J = 8.0
Hz), 7.10 (1H, d, /= 6.8 Hz), 6.76 (1H, d, J= 7.6 Hz), 6.66 (1H, d, /= 8.8 Hz), 6.60 (1H, dd, J =
2.0,9.2 Hz), 3.71-3.78 (2H, m), 3.61 (2H, t, J=4.8 Hz), 3.25 (2H, t,J=4.8 Hz), 3.22 2H, t,J =
4.8 Hz), 2.12 (3H, s), 1.32 (12H, s) C NMR (CDCl3/10% CD;OD, 100 MHz): d 169.78,
169.45, 153.25, 152.31, 150.78, 133.07, 129.74, 129.25, 128.76, 127.96, 127.18, 126.28, 125.06,
123.80, 123.38, 121.47, 112.24, 102.63, 84.22, 74.88, 48.45, 48.17, 45.81, 41.01, 24.57, 21.16.
(no signal for carbon attached to boronate observed). HR-FABMS: calculated for [M '] 553.2523,
found 553.2521.

Spectroscopic Materials and Methods. Millipore water was used to prepare all aqueous
solutions. All spectroscopic measurements were performed in 20 mM HEPES buffer, pH 7.
Absorption spectra were recorded on a Varian Cary 50 spectrophotometer (Walnut Creek, CA)
and fluorescence spectra were recorded on a Photon Technology International Quanta Master 4
L-format scanning spectrofluorometer (Lawrenceville, NJ) equipped with an LPS-220B 75-W
xenon lamp and power supply, A-1010B lamp housing with integrated igniter, switchable 8§14
photon-counting/analog photomultiplier detection unit, and MD5020 motor driver. Samples for
absorption and emission measurements were contained in 1-cm % 1-cm quartz cuvettes (1.5-mL
volume, Starna, Atascadero, CA). Fluorescence quantum yields were determined by reference to
fluorescein in 0.1M NaOH (® = 0.95).

Preparation and Staining of Cell Cultures. HEK293 cells were cultured in DMEM
(Invitrogen) supplemented with 10% fetal bovine serum (FBS, Hyclone) and glutamine (2 mM).
CHO.K1 cells were cultured in DMEM with F-12 supplements, glutamax (Invitrogen), and 5%
FBS. Cos-7 cells were cultured in DMEM with high glucose, glutamax, 10% FBS, and non-
essential amino acids (Invitrogen). HeLa cells were cultured in DMEM with high glucose,
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glutamax, and 10% FBS. Two days before imaging, cells were passaged and plated on 18-mm
glass coverslips. For all experiments, solutions of dyes (from 5 mM stocks in DMSQO) were made
in DBPS with calcium chloride and magnesium chloride (Sigma). H,O, was added by bath
application to the medium from a 100 mM aqueous stock. For paraquat treatment, HeLa cells
were cultured as described above. One day prior to imaging, 1 mM paraquat was added to cells
from a 0.5 M stock solution in water. An equal amount of water was added to control cells at the
same time. Cells were then incubated at 37 °C, 5% CO,. After 24 hours, the media was
exchanged for DPBS with 5 mM dye and incubated for 1 hour.

Fluorescence Imaging Experiments. Confocal fluorescence imaging studies were performed
with a Zeiss LSM510 NLO Axiovert 200 laser scanning microscope and a 63x Achroplan IR
water-immersion objective lens. Excitation of PY-loaded cells at 510 nm was carried out with an
Ar laser and emission was collected using a META detector between 527-580 nm. MitoTracker
Deep Red was excited with a 633-nm line and emission was collected between 666-698 nm.
LysoTracker Red was excited with a 543-nm line and emission was collected between 580-644
nnm. Excitation of Hoechst 33342 was carried out using a MaiTai two-photon laser at 780-nm
pulses (mode-locked Ti:sapphire laser, Tsunami Spectra Physics) and emission was collected
between 452-537 nm. Image analysis was performed in Adobe Photoshop.

Flow Cytometry Experiments. Cells were treated as described in figure legends and analyzed
on a Beckman-Coulter EPICS XV-MCL flow cytometer in the Flow Cytometry Facility at the
University of California, Berkeley.
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Scheme 2-1. Synthesis and activation of MitoPY1.
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Figure 2-1. Fluorescence responses of 5 yM MitoPY1 to various reactive oxygen species (ROS). Bars
represent relative responses at 0, 5, 15, 30, 45, and 60 min after addition of each ROS. Data shown are
for 10 mM O,, 200 yuM NO, and 100 uyM for all other ROS. Data were acquired at 25 °C in 20 mM
HEPES, pH 7, with excitation A = 503 nm and emission collected between 510 and 750 nm.
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Figure 2-2. Confocal fluorescence images of live HelLa cells with increases in mitochondrial H,O, levels
visualized using MitoPY1. Images displayed represent emission intensities collected in optical windows
between 527-601 nm upon excitation at 510 nm for MitoPY1. HelLa cells incubated with 5 yM MitoPY1 for
60 min at 37 °C and imaged with MitoPY1 (a), MitoTracker Red and Hoechst (overlay, b), and MitoPY1
with MitoTracker Red (overlay, c). HelLa cells incubated with 5 yM MitoPY1 for 60 min at 37 °C with 100
MM H,0, added for the final 40 min and imaged with MitoPY1 (d), MitoTracker Red and Hoechst (overlay,
e), MitoPY1 and MitoTracker Red (overlay, f), and brightfield (g) with 20 mm scale bar. HelLa cells
incubated with 5 uM MitoPY1 for 60 min at 37 °C and imaged with MitoPY1 (h), MitoTracker Red and
Hoechst (overlay, i), and MitoPY1 with MitoTracker Red (overlay, j). HeLa cells incubated for 24 h with 1
mM paraquat, then washed and incubated with 5 pM MitoPY1 for 60 min at 37 °C and imaged with
MitoPY1 (k), MitoTracker Red and Hoechst (overlay, 1), MitoPY1 and MitoTracker Red (overlay, m), and
brightfield (n) with 20 mm scale bar.
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Figure 2-3. Fluorescence turn-on response of 5 yM MitoPY1 to H,O,. Data were acquired at 25 °C in 20
mM HEPES, pH 7, with excitation at A = 503 nm. Emission was collected between 510 and 750 nm. Time
points represent 0, 5, 15, 30, 45, and 60 minutes after the addition of 100 uM H,O,. Reactions are not
complete at these time points.
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Figure 2-4. Fluorescence turn-on response of 5 yM ContPY1 to H,O,. Data were acquired at 25 °C in 20
mM HEPES, pH 7, with excitation at A = 510 nm. Emission was collected between 518 and 750 nm. Time
points represent 0, 5, 15, 30, 45, and 60 minutes after the addition of 100 uM H,O,. The boronate dye
features three major visible region absorption bands (Aas = 404 nm, e = 4,100 M'ecm™: 490 nm, € =
15,600 M"'cm™; 510 nm, ¢ = 16,130 M"'cm™) and a weak emission centered at Aem = 549 nm (¢ = 0.018).
Reaction of ContPY1 with H,O, triggers conversion to the corresponding rhodol, which possesses one
major absorption band at 515 nm (e = 38,200 M'1cm'1) and enhanced emission (Aem = 543 nm, ¢ =0.388).
Reactions are not complete at these time points.
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Figure 2-5. Fluorescence responses of 5 yM ContPY1 to various reactive oxygen species (ROS). Bars
represent relative responses at 0, 5, 15, 30, 45, and 60 min after addition of each ROS. Data shown are
for 10 mM O, (with 10 pM catalase), 200 yM NO, and 100 uM for all other ROS. Data were acquired at
25 °C in 20 mM HEPES, pH 7, with excitation at A = 510 nm and emission collected between 518 and 750
nm.
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Figure 2-6. Confocal fluorescence images of H,O, in live HelLa cells under oxidative stress with MitoPY1
with a nuclear stain and brightfields. HeLa cells (on two coverslips each in separate petri dishes) were
incubated with 5 yM MitoPY1 in DPBS for 20 minutes. 100 yM H,O, was then added to one of the petri
dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM Hoechst 33342
were added to both dishes. After an additional 20 minutes (40 minute stimulation total), the two coverslips
were put in a single, new petri dish filled with fresh DPBS and confocal images were taken (3.2 psec pixel
time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser power for the 543 line,
scanned using 12-bit multi-track scan mode using a constant receiver gain). Shown above are signals
from MitoPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), an overlay of MitoTracker Deep Red
and MitoPY1 (d), Hoechst (e), and a brightfield image (f) of cells not treated with H,O,, as well as signals
from MitoPY1 (g), MitoTracker Deep Red (h), LysoTracker Red (i), an overlay of MitoTracker Deep Red
and MitoPY1 (j), Hoechst (k), and a brightfield image (1) of cells treated with H,O,. 20 um scale bar shown
for all images.
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Figure 2-7. Confocal fluorescence images of H,O, in live Cos-7 cells under oxidative stress with MitoPY1
with a nuclear stain and brightfields. Cos-7 cells (on two coverslips each in separate petri dishes) were
incubated with 5 yM MitoPY1 in DPBS for 20 minutes. 100 yM H,O, was then added to one of the petri
dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM Hoechst 33342
were added to both dishes. After an additional 20 minutes (40 minute stimulation total), the two coverslips
were put in a single, new petri dish filled with fresh DPBS and confocal images were taken (3.2 psec pixel
time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser power for the 543 line,
scanned using 12-bit multi-track scan mode using a constant receiver gain). Shown above are signals
from MitoPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), an overlay of MitoTracker Deep Red
and MitoPY1 (d), Hoechst (e), and a brightfield image (f) of cells not treated with H,O,, as well as signals
from MitoPY1 (g), MitoTracker Deep Red (h), LysoTracker Red (i), an overlay of MitoTracker Deep Red
and MitoPY1 (j), Hoechst (k), and a brightfield image (l) of cells treated with H,O,. A 20 ym scale bar is
shown for all images.
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Figure 2-8: Confocal fluorescence images of H,O, in live HEK293 cells under oxidative stress with
MitoPY1 with a nuclear stain and brightfields. HEK293 cells (on two coverslips each in separate petri
dishes) were incubated with 5 yM MitoPY1 in DPBS for 20 minutes. 50 yM H,O, was then added to one
of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 usec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from MitoPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), an overlay
of MitoTracker Deep Red and MitoPY1 (d), Hoechst (e), and a brightfield image (f) of cells not treated
with H,O,, as well as signals from MitoPY1 (g), MitoTracker Deep Red (h), LysoTracker Red (i), an
overlay of MitoTracker Deep Red and MitoPY1 (j), Hoechst (k), and a brightfield image (I) of cells treated
with H,O,. A 20 um scale bar is shown for all images.
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Figure 2-9: Confocal fluorescence images of H,O, in live CHO.K1 cells under oxidative stress with
MitoPY1 with a nuclear stain and brightfields. CHO.K1 cells (on two coverslips each in separate petri
dishes) were incubated with 5 uM MitoPY1 in DPBS for 20 minutes. 100 uM H,O, was then added to one
of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 usec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from MitoPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), an overlay
of MitoTracker Deep Red and MitoPY1 (d), Hoechst (e), and a brightfield image (f) of cells not treated
with H,O,, as well as signals from MitoPY1 (g), MitoTracker Deep Red (h), LysoTracker Red (i), an
overlay of MitoTracker Deep Red and MitoPY1 (j), Hoechst (k), and a brightfield image (I) of cells treated
with H,O,. A 20 um scale bar is shown for all images.
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MitoPY1 Fluorescence

Figure 2-10. Quantification of fluorescence from MitoPY1 using flow cytometry. HelLa, Cos-7, CHO.K1,
and HEK293 cells were grown in 35 mm tissue culture plates. Cells were washed with DBPS, detached
with trypsin, and pelleted by centrifugation. The supernatant was removed and the pellets were each
redissolved in 1 mL of 5 yM MitoPY1 in DPBS. The cell suspensions were then each split in half and
incubated at 37 °C for 20 minutes. H,O, (50 yM for the HEK293, 100 uM for all other cells) was then
added to one of the aliquots of each cell type and the cells incubated for a subsequent 40 minutes at 37
°C. The cells were then subjected to analysis by flow cytometry using excitation by a 488 nm laser and
collection by a 525 mm band pass filter (687 volts, 1.0 receiver gain). The paraquat-treated HelLa cells
were analyzed identically as control cells except they were pretreated with 1 mM Paraquat the previous
day. The data represents at least 10,000 cells for each analysis.
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Figure 2-11. Confocal fluorescence images of H,O, in live HelLa cells under oxidative stress with
ContPY1 with a nuclear stain and brightfields. HeLa cells (on two coverslips each in separate petri
dishes) were incubated with 5 yM ContPY1 in DPBS for 20 minutes. 100 yM H,O, was then added to one
of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 ysec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from ContPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst
(d), and a brightfield image (e) of cells not treated with H,O,, as well as signals from ContPY1 (f),
MitoTracker Deep Red (g), LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated
with H,O,. A 20 ym scale bar is shown for all images.



ContPY1

Cos-7

Cos-7 +
100 IJ,M H202

. - . |

‘ . . . | |
Figure 2-12. Confocal fluorescence images of H,O, in live Cos-7 cells under oxidative stress with
ContPY1 with a nuclear stain and brightfields. Cos-7 cells (on two coverslips each in separate petri
dishes) were incubated with 5 yM ContPY1 in DPBS for 20 minutes. 100 uM H,O, was then added to one
of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 uyM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 ysec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from ContPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst
(d), and a brightfield image (e) of cells not treated with H,O,, as well as signals from ContPY1 (f),

MitoTracker Deep Red (g), LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated
with H,O,. A 20 ym scale bar is shown for all images.
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Figure 2-13. Confocal fluorescence images of H,O, in live HEK293 cells under oxidative stress with
ContPY1 with a nuclear stain and brightfields. HEK293 (on two coverslips each in separate petri dishes)
were incubated with 5 yM ContPY1 in DPBS for 20 minutes. 100 uM H,O, was then added to one of the
petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 uM Hoechst
33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total), the two
coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were taken (3.2
usec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser power for the
543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain). Shown above are
signals from ContPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst (d), and a brightfield
image (e) of cells not treated with H,O,, as well as signals from ContPY1 (f), MitoTracker Deep Red (g),
LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated with H,O,. A 20 um scale bar
is shown for all images.
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Figure 2-14. Confocal fluorescence images of H,O; in live CHO.K1 cells under oxidative stress with
ContPY1 with a nuclear stain and brightfields. CHO.K1 cells (on two coverslips each in separate petri
dishes) were incubated with 5 yM ContPY1 in DPBS for 20 minutes. 100 yM H,O, was then added to one
of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 ysec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from ContPY1 (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst
(d), and a brightfield image (e) of cells not treated with H,O,, as well as signals from ContPY1 (f),
MitoTracker Deep Red (g), LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated
with H,O,. A 20 ym scale bar is shown for all images.
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Figure 2-15. Confocal fluorescence images of H,O, in live HelLa cells under oxidative stress with
MitoPY1ox with a nuclear stain and brightfields. HeLa cells (on two coverslips each in separate petri
dishes) were incubated with 5 yM MitoPY1ox in DPBS for 20 minutes. 100 uM H,O, was then added to
one of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 ysec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from MitoPY10x (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst
(d), and a brightfield image (e) of cells not treated with H,O,, as well as signals from MitoPY1ox (f),
MitoTracker Deep Red (g), LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated
with H,O,. A 20 ym scale bar is shown for all images.
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Figure 2-16. Confocal fluorescence images of H,O, in live Cos-7 cells under oxidative stress with
MitoPY1ox with a nuclear stain and brightfields. Cos-7 cells (on two coverslips each in separate petri
dishes) were incubated with 5 yM MitoPY1ox in DPBS for 20 minutes. 100 yM H,O, was then added to
one of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 ysec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from MitoPY10x (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst
(d), and a brightfield image (e) of cells not treated with H,O,, as well as signals from MitoPY1ox (f),
MitoTracker Deep Red (g), LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated
with H,O,. A 20 ym scale bar is shown for all images.
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Figure 2-17. Confocal fluorescence images of H,O, in live HEK293 cells under oxidative stress with
MitoPY1ox with a nuclear stain and brightfields. HEK293 cells (on two coverslips each in separate petri
dishes) were incubated with 5 yM MitoPY10x in DPBS for 20 minutes. 50 yM H,O, was then added to
one of the petri dishes. At 20 minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 uM
Hoechst 33342 were added to both dishes. After an additional 20 minutes (40 minute stimulation total),
the two coverslips were put in a single, new petri dish filled with fresh DPBS and confocal images were
taken (3.2 usec pixel time, 100% laser power for 514 line, 4.1% laser power for the 633 line, 26% laser
power for the 543 line, scanned using 12-bit multi-track scan mode using a constant receiver gain).
Shown above are signals from MitoPY1ox (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst
(d), and a brightfield image (e) of cells not treated with H,O,, as well as signals from MitoPY1ox (f),
MitoTracker Deep Red (g), LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated
with H,O,. A 20 um scale bar is shown for all images.
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Figure 2-18. CHO.K1 cells (on two coverslips each in separate petri dishes) were incubated with 5 yM
MitoPY1ox in DPBS for 20 minutes. 100 yM H,O, was then added to one of the petri dishes. At 20
minutes, 50 nM MitoTracker Deep Red, 500 nM Lysotracker Red, and 1 yM Hoechst 33342 were added
to both dishes. After an additional 20 minutes (40 minute stimulation total), the two coverslips were put in
a single, new petri dish filled with fresh DPBS and confocal images were taken (3.2 ysec pixel time, 100%
laser power for 514 line, 4.1% laser power for the 633 line, 26% laser power for the 543 line, scanned
using 12-bit multi-track scan mode using a constant receiver gain). Shown above are signals from
MitoPY1ox (a), MitoTracker Deep Red (b), LysoTracker Red (c), Hoechst (d), and a brightfield image (e)
of cells not treated with H,O,, as well as signals from MitoPY1ox (f), MitoTracker Deep Red (g),
LysoTracker Red (h), Hoechst (i), and a brightfield image (j) of cells treated with H,O,. A 20 um scale bar
is shown for all images.

63



150

100
5 50
®
(&)
5 0
o
0
E
| | | |
Z 150 A R SR
100 I S
50 L ,,,,,,,,,,,,,,,,,,
0 ) i
101 100 101 102 10 100 101 102

MitoPY1ox Fluorescence

Figure 2-19. Quantification of fluorescence from MitoPY10x using flow cytometry. HelLa, Cos-7, CHO.K1,
and HEK293 cells were grown in 35 mm tissue culture plates. Cells were washed with DBPS, detached
with trypsin, and pelleted by centrifugation. The supernatant was removed and the pellets were each
redissolved in 1 mL of 5 yM MitoPY1ox in DPBS. The cell suspensions were then each split in half and
incubated at 37 °C for 20 minutes. H,O, was then added to one of the aliquots (50 uM for the HEK293,
100 uM for all other cells) and the cells incubated for a subsequent 40 minutes at 37 °C. The cells were
then subjected to analysis by flow cytometry using excitation by a 488 nm laser and collection by a 525
mm band pass filter (687 volts, 1.0 receiver gain). The paraquat-treated HelLa cells were analyzed
identically as control cells except they were treated with 1 mM paraquat the previous day. The data
represents at least 10,000 cells for each analysis.
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Chapter 3:

A Nuclear-Localized Fluorescent Probe Reveals Sirtuin-Dependent Differences in
Hydrogen Peroxide Levels and Responses in C. Elegans

Portions of this work were performed in collaboration with the following person:

The C. Elegans imaging was performed by Yan Tang (Peking University).
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Abstract

We present Nuclear Peroxy Emerald 1 (NucPEl), a new type of nuclear-localized
fluorescent probe for hydrogen peroxide (H,O,) in living cells and organisms. NucPEI
selectively accumulates in the nuclei of a variety of mammalian cell lines as well as in whole
model organisms like C. clegans, where it can respond to subcellular changes in H,O, fluxes.
Moreover, in vivo NucPEI imaging reveals a marked reduction in nuclear H,O, levels in worms
overexpressing sir-2.1 compared to wildtype congeners, supporting a link between this
longevity-promoting sirtuin protein and enhanced regulation of nuclear ROS pools.

Introduction

Oxidative stress resulting from imbalances in the production of hydrogen peroxide (H,O,)
and related reactive oxygen species (ROS) is an inevitable consequence of aerobic life."'* Over
time, this stress can lead to accumulation of ROS-mediated oxidative damage to genetic material
(e.g., 8-oxoguanine) that is connected to aging and diseases where age is a risk factor, including
cancer and Alzheimer’s disease.'"'> Accordingly, new methods for directly and specifically
monitoring changes in nuclear H,O, fluxes thus offer a potentially powerful set of tools for
probing the relationships between nuclear oxidative stress, aging, and disease states. As current
methods for targeting H,O,-responsive imaging reporters to the nucleus rely on transfection,”
which varies in efficiency from cell type to cell type, we sought to pursue a complementary
strategy using synthetic H,O, indicators for nuclear localization. Nuclear-localized small-
molecules remain rare'*"* and no examples reported to date are H,O, responsive. We now report
the synthesis and properties of Nuclear Peroxy Emerald 1 (NucPEl), a new type of small-
molecule chemical probe that selectively targets cellular nuclei and can report changes in H,O,
levels localized to this subcellular compartment in various mammalian cell lines and in the
model organism C. elegans. Moreover, in vivo imaging experiments with this new chemical tool
have allowed us to discover that worms overexpressing the longevity sirtuin gene sir-2.1 possess
lower levels of nuclear H,O, compared to wildtype counterparts, supporting a link between this
gene and enhanced regulation of nuclear ROS pools.

Results and Discussion

Previous work from our laboratory has established the H,O,-mediated conversion of
arylboronates to phenols as a general reaction-based strategy for selective and sensitive detection
of cellular H,0, in immune and neural signaling models,"”'"** but the vast majority of these
probes do not possess a preferred subcellular localization. During the course of a systematic
study of rhodol platforms to develop a family of H,O, indicators that span a wider color palette,**
we serendipidously discovered a boronate derivative that accumulates to the nuclei of live cells
without the need for additional targeting groups. The synthetic route to this probe, NucPEl, is
shown in  Scheme 3-1. Condensation of 3-ethylamino-p-cresol and 2-(24-
dihydroxybenzoyl)benzoic acid in TFA produces rhodol 1 in 67% yield. Treatment of 1 with N-
phenyl bis(trifluoromethanesulfonamide) affords triflate 2 in 30% yield. Finally, palladium-
mediated coupling with bis(pinacolato)diboron furnishes NucPE1 in 60% yield.

We evaluated the spectral characteristics and H,O, response of NucPE1 in aqueous media
buffered to physiological pH (20 mM HEPES, pH 7). NucPE1 features two major visible region
absorptions (I, = 468 nm, e = 27,300 M'cm™; 1,, = 490 nm, e = 26,000 M'cm™) and a weak

> “abs
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emission (1., = 530 nm, F = 0.117). Reaction of NucPE1 with H,0O, triggers a fluorescence
increase upon its conversion to fluorophore 1, which possesses one major absorption band at 505
nm (e= 19,100 M'cm") with enhanced emission (I, = 530 nm, F = 0.626). Kinetics
measurements of the H,0,-mediated boronate deprotection were performed under pseudo-first-
order conditions (5 uM dye, 10 mM H,0,), giving an observed rate constant of k= 8.2 x 107 s™.
Figure 3-1a displays the H,O,-triggered fluorescence turn-on detected by NucPE1l over the
course of 1 hour. As shown in Figure 3-1b, NucPEI is selective for H,O, over a panel of
biologically relevant ROS, including superoxide, nitric oxide, and hydroxyl radical.

We next evaluated the subcellular distribution of NucPEl in live mammalian cells.
Images of HEK 293 cells loaded with NucPE1 and the nuclear stain Hoechst 33342 show good
colocalization of the two dyes, establishing that NucPE1 accumulates specifically in the nucleus
(Figure 3-2). Brightfield images coupled with nuclear staining demonstrate that the cells are
viable throughout the imaging experiments (Figure 3-6). NucPE1 was then tested for its ability to
respond to local changes in nuclear H,O, levels. HEK 293 cells loaded with NucPE1l and
Hoescht 33342 and then washed and treated with 100 xM H,O, exhibit marked increases in
green NucPEl fluorescence that maintains nuclear localization (Figures 3-3 and 3-9). Similar
images are observed in a wide variety of cell types, including HeLLa, CHO.K1, NIH 3T3, Swiss
3T3, COS-7, A431, and Raw 264.7 Macrophages (Figures 3-10 through 3-17), demonstrating
that NucPE1 can visualize changes in localized nuclear H,O, pools in a range of mammalian cell
systems. Importantly, compound 1 does not localize to the nucleus of cells (Figure 3-7),
suggesting that the boronate moiety is required for this unexpected localization, but also
confirming that any fluorescence change observed within the nucleus is due to nuclear H,O,
fluxes, as any NucPEl deprotected outside of the nucleus will no longer localize to this
organelle.

We performed several sets of experiments in an attempt to probe the origin of the
observed nuclear localization of NucPE]1. Initial studies focused on imaging mitotic cells stained
with both NucPE1 and Hoescht 33342. Because this process involves breakdown of the nuclear
envelope,”™ we reasoned that if the nuclear localization of NucPE1 depends on active nuclear
import, we would expect mitotic cells to no longer maintain colocalization between NucPE1 and
Hoechst 33342, as the latter dye relies on DNA intercalation for its nuclear targeting. However,
we observed that cells in late anaphase still show pronounced colocalization of NucPEl and
Hoechst 33342, suggesting that DNA is involved in the selective nuclear accumulation of
NucPE1 (Figures 3-2 and 3-6). However, our attempts to quantify this interaction in vitro by
multiple methods, including monitoring absorption and emission changes, staining DNA gels
with the NucPEl, or fluorescence polarization anisotropy measurements (Figure 3-8), have not
revealed a confirmation of DNA binding, which is still the most likely mode of localization as is
observed in other nuclear staining fluorophores. Nevertheless, NucPE1 selectively localizes to
the nuclei of live mammalian cells, where it can respond to local changes in H,O, levels.

With these cellular results in hand, we sought to expand the scope and utility of NucPE1
by applying this probe to in vivo nuclear H,0, imaging in the model organism C. elegans.
Worms loaded with 150 M Hoechst 33342 and 50 M NucPEl for 8 h at 20 °C and imaged by
scanning confocal microscopy show tight colocalization between the two fluorophores (Figures
3-4 and 3-18 through 3-20), confirming that NucPE1 maintains the ability to selectively target
nuclei in vivo. We then used NucPEl1 to interrogate nuclear redox responses to H,O, in a C.
elegans aging model. We focused our attention on sir-2.1,* an NAD-dependent histone
deacetylase that when overexpressed can increase the lifespan of C. elegans and other model
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organisms.”*’ Interestingly, NucPE1 imaging of tail neurons in the control (N2) and sir-2.1-
overexpressing worms reveals a lower basal level of nuclear H,0, for the long-lived mutant
strain (Figures 3-5 and 3-21). Moreover, addition of 10 mM H,O, for 30 min causes a lower
relative NucPE1 fluorescence increase for sir-2.1-overexpressing C. elegans compared to
wildtype counterparts (Figures 3-5 and 3-21), suggesting that these longer-lived organisms
possess enhanced nuclear protection to exogenous oxidative stressors.

Concluding Remarks

To close, we have discovered NucPE1, a new type of H,O,-specific fluorescent probe that
localizes to cellular nuclei and is capable of visualizing local changes in H,O, levels in a variety
of mammalian cell lines and in the model organism C. clegans. Moreover, this probe can detect
differences in nuclear H,O, levels and responses between wildtype C. elegans and ones that
overexpress the longevity gene sir-2.1. We are currently applying NucPE1 and related chemical
tools to study the contributions of localized H,O, fluxes to healthy, aging, and disease states in a
variety of biological models.

Experimental Section

Synthetic Materials and Methods. All reactions were carried out under a dry nitrogen
atmosphere. 2-(24-Dihydroxybenzoyl)benzoic acid® was synthesized according to literature
methods. Silica gel P60 (SiliCycle) was used for column chromatography. Analytical thin layer
chromatography was performed using SiliCycle 60 F254 silica gel (precoated sheets, 0.25 mm
thick). All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received.
'H NMR, "“C NMR, and "F NMR spectra were collected in CDCI, and (CD,),0 (Cambridge
Isotope Laboratories, Cambridge, MA) at 25 °C on a Bruker AV-300, AVQ-400, or DRX-500
spectrometer at the College of Chemistry NMR Facility at the University of California, Berkeley.
All chemical shifts are reported in the standard 0 notation of parts per million using the peak of
residual solvent proton signals as an internal reference. High-resolution mass spectral analyses
were carried out at the College of Chemistry Mass Spectrometry Facility at the University of
California, Berkeley. Low-resolution mass spectral analyses were carried out on an Agilent 6130
LC/MS system (Santa Clara, CA).

N-Ethyl (methyl) rhodol (1). 3-Ethylamino-p-cresol (1.1 g, 7.0 mmol) and 2-(2,4-
Dihydroxybenzoyl)benzoic acid (2.0 g, 7.7 mmol) were added to a heavy-walled pressure flask
and dissolved in 10 mL of trifluoroacetic acid. The reaction contents were heated to 90 °C for 24 h.
After cooling to room temperature, the contents were dried under reduced pressure. Purification by
column chromatography (dichloromethane/10 % methanol) yielded 17 as a red solid (1.7 g, 67%).
'H NMR (CD,0D, 400 MHz): 6 8.54 (1H,d,J=7.6 Hz),7.86 (1H,t,J =7.6 Hz), 7.81 (1H. t,J
=7.6 Hz),7.41 (1H,d,J=6.8 Hz),7.20 (1H,d,J=9.2 Hz), 7.15 (1H,d, J = 2.4 Hz), 7.05 (1H,
s),7.02 (1H,s),6.98 (1H,dd,J=24,9.2 Hz), 6.61 (2H,q,J=7.2 Hz),2.17 (3H,s), 1.35 (3H, t,
J =172 Hz). "C NMR (CD,0OD, 100 MHz): § 166.8, 161.0, 159.3, 158.8, 156.5, 133.8, 132.5,
131.2,130.8, 130.2, 1299, 1294, 128.0, 1169, 115.7, 115.2, 101.7, 93.6, 38 .4, 16.1, 12.5. LR-
MS (ESI): calculated for [M*] 374 .4, found 373.9.

N-Ethyl (methyl) rhodol triflate (2). Compound 1 (1.0 g, 2.7 mmol), N-phenyl
bis(trifluoromethanesulfonamide) (1.9 g, 5.4 mmol), and potassium carbonate (1.5 g, 10.7 mmol)
were added to a glass vial, dissolved in 5 mL of acetonitrile, and stirred at room temperature for
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5 h. The reaction contents were dried under reduced pressure. Purification by column
chromatography (2:1 hexanes/ethyl acetate) yielded 18 as a faintly-yellow solid (0.40 g, 30%).
'H NMR (CDCl, /5% CD,0D, 400 MHz): & 8.01 (1H, d,J = 7.6 Hz), 7.67 (1H, t, J = 7.2 Hz),
762 (1H,t,J=72Hz),7.19 (1H,d,J =24 Hz),7.15 (1H,d,J=7.6 Hz), 6.88 (1H,dd,J=2.0,
8.8 Hz), 6.83 (1H, d, J = 8.8 Hz), 6.39 (1H, s), 6.34 (1H, s), 3.19 (2H, q, J = 6.8 Hz), 1.92 (3H,
s), 1.29 (3H, t, J = 6.8 Hz). "C NMR (CDCl, /5% CD,0D, 100 MHz): & 169.6, 152.7, 152.4,
150.8, 149.8, 148.7, 135.3, 130.0, 1299, 128.1, 126.5, 125.1, 124.0, 1199, 119.1, 116.0, 110.3,
104.5,96.1, 83.1, 38.1, 16.7, 14.4. "F NMR (CDCl,/10% CD,0D, 376.5 MHz): 8 -71.995. LR-
MS (ESI): calculated for [M*] 506.5, found 505.5.

N-Ethyl (methyl) rhodol boronate, NucPE1 (3). Compound 2 (150 mg, 0.30 mmol),
bis(pinacolato)diboron (120 mg, 0.47 mmol), palladium acetate (63 mg, 0.10 mmol), and cyclo-
hexyl JohnPhos (66 mg, 0.20 mmol) were added to a glass vial in an inert atmosphere glove box
and dissolved in 3 mL of dioxane. Diisopropylethamine (0.31 mL, 1.79 mmol) was then added
the vial and the contents stirred at room temperature overnight. The contents were then brought
out of the box and dried under reduced pressure. Purification by column chromatography (1:1
hexanes/ethyl acetate) yielded Nuc-PEl as a light orange solid (87 mg, 60%). 'H NMR
(CDCl/5% CD,0OD, 400 MHz): 8 8.00 (1H,d, J = 6.8 Hz), 7.68 (1H, s), 7.63 (1H, t,J = 8.0 Hz),
7.58 (1H,t,J =7.2 Hz), 7.36 (1H,d, J=8.0 Hz), 7.10 (1H,d,J =72 Hz), 6.73 (1H,d,J=7.6
Hz), 6.39 (1H, s), 6.35 (1H, s), 3.21 (2H, q, J = 7.2 Hz), 1.92 (3H, s), 1.26-1.33 (15H, m). °C
NMR (CDCl, /5% CD,0D, 100 MHz): § 170.1, 153.6, 151.3, 151.0, 148.5, 135.0 129.5, 128 .8,
128.2,127.2,126.5, 1249, 1239, 1234, 121.6, 118.3, 105.1,96 4, 84.2,36.2,24.7,24.7, 16.7,
14.5. HR-FABMS: calculated for [M*] 484.2290, found 484 .2297.

Spectroscopic Materials and Methods. Millipore water was used to prepare all aqueous
solutions. All spectroscopic measurements were performed in 20 mM HEPES buffer, pH 7.
Absorption spectra were recorded on a Varian Cary 50 spectrophotometer (Walnut Creek, CA)
and fluorescence spectra were recorded on a Photon Technology International Quanta Master 4
L-format scanning spectrofluorometer (Lawrenceville, NJ) equipped with an LPS-220B 75-W
xenon lamp and power supply, A-1010B lamp housing with integrated igniter, switchable 814
photon-counting/analog photomultiplier detection unit, and MD5020 motor driver. Samples for
absorption and emission measurements were contained in 1-cm x 1-cm quartz cuvettes (1.5-mL
volume, Starna, Atascadero, CA). Fluorescence quantum yields were determined by reference to
fluorescein in 0.1 M NaOH (® = 0.94).

Selectivity Measurements. Data shown are for 10 mM O,, 200 uM NO, and 100 uM for all
other ROS as described previously.”” Data were acquired at 25 °C in 20 mM HEPES, pH 7, with
excitation A = 500 nm and emission collected between 510 and 750 nm with all slits at 0.5 mm.

Fluorescence Polarization. A 500 nM NucPE1 solution was made up in 20 mM HEPES buffer,
pH 7, with 2.5 mM MgCl,. 1 mg DNA from calf thymus (Sigma) or 1 mg RNA from torula yeast
(Sigma) were then dissolved in 1 mL of the NucPE1 solution. The samples were then measured
in triplicate in a 384-well plate using the FITC filter sets in a plate reader.

Preparation and Staining of Cell Cultures HEK 293, HelLa, A431, NIH 3T3, Swiss 3T3, COS-
7, and RAW?264.7 macrophages were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
containing high glucose with GlutaMAX™ (Invitrogen, Carlsbad, CA) and supplemented with
10% Fetal Bovine Serum (FBS, Hyclone). CHO.K1 cells were cultured in DMEM with F-12
supplements, glutamax (Invitrogen), and 5% Fetal Bovine Serum (FBS, Hyclone). Two days
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before imaging, cells were passaged and plated on 18-mm glass coverslips. For all experiments,
solutions of NucPEI (from 5 mM stocks in DMSO) were made in DBPS with calcium chloride
and magnesium chloride (Sigma). HO, was added by bath application to the medium from a 100
mM aqueous stock (Millipore H,O). The cells were then kept in an incubator (37 °C, 5% CO,)
during the course of all experiments.

Fluorescence Cell Imaging Experiments. Confocal fluorescence imaging studies were
performed with a Zeiss LSM510 NLO Axiovert 200 laser scanning microscope and a 40x
Achroplan IR water-immersion objective lens. Excitation of NucPE1-loaded cells at 514 nm was
carried out with an Ar laser and emission was collected using a META detector between 522-554
nm. Excitation of Hoechst 33342 was carried out using a MaiTai two-photon laser at 780-nm
pulses (mode-locked Ti:sapphire laser, Tsunami Spectra Physics) and emission was collected
between 436-501 nm. Image analysis was performed in Image J.

C. elegans Experiments. Standard nematode growth medium (NGM) plates seeded with E. coli
OP50-1 bacteria were used for C. elegans culture.” Worms were maintained at 20 °C N2 Bristol
were used the wild-type strain and sir-2.1(geln3) mutants were used as the sir-2.1 overexpressing
strain. Stock solutions of NucPE1 were freshly dissolved in M9 to make working solutions of 50
uM. Worms were collected, washed with M9 twice, and bathed in 100 xL NucPE1 (50 M) and
Hoechst 33342 (150 uM) solution for 8 h at 20 °C with mild shaking in the dark. Worms were
washed twice with M9 before imaging. Confocal fluorescence images were captured with a Zeiss
LSM710 NLO laser scanning microscope and a X40 water-immersion objective lens. NucPE1
and Hoechst double-loaded worms were excited at 514 nm and 405 nm respectively and
emissions were collected from 525 to 555 nm for NucPEI and from 440 to 480 nm for Hoechst
33342. The images were collected at 16-bit with the raw pixel values within the linear range of
the PMT. Nuclei were segmented by adaptive threshold of the Hoechst channel and watershed
segmentation. Inverse flood fill was used to remove nuclei internal holes. To calculate the
fluorescence intensity for both NucPE1 and Hoechst, the mean pixel intensity of all fluorescence
staining nuclei was divided by the multiply of corresponding laser power and master gain value
of PMT. All other imaging parameters including digital gain, scaling, and scanning speed were
kept constant for all images. The mean intensity of NucPEl was normalized by the
corresponding nuclear mean intensity of Hoechst 33342. For each treatment more than 55 nuclei
in at least 5 worms were analyzed. All experiments were performed in duplicate.
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Figures and Schemes

OH O COOH -~ “NH

* /©/ bike
_ >
o
HO HO 24h,90 °C

67%

H20,
PhN(Tf), 5h,22°C
SFoon [0
Pd(OAc),
Diisopropylethylamine o

NH Cyclohexyl JohnPhos O O NH

Q Dloxane Q (@)
o 12h,22°C

NucPE1 (3) 60% @

Scheme 3-1. Synthesis and activation of NucPE1.
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Figure 3-1. Fluorescence response and selectivity of NucPE1. (a) Fluorescence response of 5 uM
NucPE1 to H,O,. Time points represent 0, 5, 15, 30, 45, and 60 min after the addition of 100 yM H,O.. (b)
Fluorescence responses of NucPE1 to various reactive oxygen species (ROS). Bars represent relative
responses at 0, 5, 15, 30, 45, and 60 min after addition of each ROS.
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Figure 3-2. HEK 293 cells loaded with 5 yM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a) NucPE1 (b), and
Hoechst 33342 and NucPY1 overlay with 25 ym scale bar (c).
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Figure 3-3. HEK 293 cells loaded with 5 yM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and
a brightfield with NucPE1 overlay (c). HEK 293 cells loaded with 5 yM NucPE1 and 1 pM Hoechst 33342
for 15 min in DPBS, washed with DPBS, incubated 20 min in DPBS with 100 yM H,O,, and imaged for
Hoechst 33342 (d), NucPE1 (e), and bright field with NucPE1 overlay with 20 um scale bar (f).
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Figure 3-4. C. elegans loaded with 150 yM Hoechst 33342 and 50 uM NucPE1 for 8 h and imaged for
Hoechst 33342 (a), NucPE1 (b), and NucPE1 and DIC overlay with a 20 ym scale bar (c). The portion
illustrated by a squares in (c) is enlarged and the signal from Hoechst 33342 (d), NucPE1 (e), and
Hoechst 33342 and NucPY1 overlay (f) are shown with a 10 ym scale bar.
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Figure 3-5. Wild-type (N2) or sir-2.1-overexpressing C. elegans loaded with 150 yM Hoechst 33342 and
50 uM NucPE1 for 8 h, stimulated with either carrier or 10 mM H,O, for 30 min, and tail neurons analyzed
by confocal microscopy. Representative images of NucPE1 and a bright field overlay are displayed for
one worm from each condition as well as quantification of NucPE1 fluorescence as described in Methods.
20 um scale bar shown. Error bars are =+ s.e.m.
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Figure 3-6. HEK 293 cells loaded with 5 yM NucPE1 and 1 uM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a) NucPE1 (b),
Hoechst 33342 and NucPE1 overlay (c), and brightfield (d). HeLa cells loaded with 5 yM NucPE1 and 1
MM Hoechst 33342 for 15 min in DPBS, washed with DPBS, incubated 20 minutes in DPBS, and imaged
for Hoechst 33342 (e) NucPE1 (f), Hoechst 33342 and NucPE1 overlay (g), and brightfield (h). 25 ym
scale bar shown.
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Figure 3-7. HEK 293 cells loaded with 5 uM 1 for 40 min in DPBS, washed with DPBS, and imaged for 1
(a), brightfield (b), and 1 and brightfield overlay (c). HeLa cells loaded with 5 uM 1 for 40 min in DPBS,
washed with DPBS, and imaged for 1 (a), brightfield (b), and 1 and brightfield overlay (c). 20 ym scale bar
shown.
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Figure 3-8. Fluorescence polarization anisotropy of NucPE1 in the presence of DNA and RNA. 500 nM
NucPE1 solution in 20 mM HEPES buffer, pH 7, with 2.5 mM MgCl,, with either carrier (control), 1 mg/mL
DNA from calf thymus, or 1 mg/mL RNA from torula yeast. Error bars are = s.e.m.
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Figure 3-9. HEK 293 cells loaded with 5 yM NucPE1 and 1 uM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and
a brightfield (c). HEK 293 cells loaded with 5 yM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS with 100 uM H,O,, and imaged for Hoechst 33342

(d), NucPE1 (e), and brightfield (f). 20 um scale bar shown.
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Figure 3-10. Hela cells loaded with 5 yM NucPE1 and 1 uM Hoechst 33342 for 15 min in DPBS, washed
with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and a
brightfield (c). HeLa cells loaded with 5 yM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS with 100 uM H202, and imaged for Hoechst 33342
(d), NucPE1 (e), and brightfield (f). 20 ym scale bar shown.

83



Figure 3-11. RAW 264.7 macrophages loaded with 5 yM NucPE1 and 1 uM Hoechst 33342 for 15 min in
DPBS, washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1
(b), and a brightfield (c). RAW 264.7 macrophages cells loaded with 5 yM NucPE1 and 1 pyM Hoechst
33342 for 15 min in DPBS, washed with DPBS, incubated 20 minutes in DPBS with 100 yM H202, and
imaged for Hoechst 33342 (d), NucPE1 (e), and brightfield (f). 20 yum scale bar shown.
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Figure 3-12. CHO.K1 cells loaded with 5 yM NucPE1 and 1 pM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and
a brightfield (c). CHO.K1 cells loaded with 5 yM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS with 100 yM H202, and imaged for Hoechst 33342
(d), NucPE1 (e), and brightfield (f). 20 um scale bar shown.
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Figure 3-13. Swiss 3T3 cells loaded with 5 yM NucPE1 and 1 uM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and
a brightfield (c). Swiss 3T3 cells loaded with 5 yM NucPE1 and 1 uM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS with 100 uM H202, and imaged for Hoechst 33342

(d), NucPE1 (e), and brightfield (f). 20 ym scale bar shown.
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Figure 3-14. NIH 3T3 cells loaded with 5 yM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and
a brightfield (c). NIH 3T3 cells loaded with 5 yM NucPE1 and 1 uM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS with 100 uM H202, and imaged for Hoechst 33342

(d), NucPE1 (e), and brightfield (f). 20 ym scale bar shown.
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Figure 3-15. COS-7 cells loaded with 5 uM NucPE1 and 1 pyM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and
a brightfield (c). COS-7 cells loaded with 5 yM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS with 100 uM H202, and imaged for Hoechst 33342

(d), NucPE1 (e), and brightfield (f). 20 ym scale bar shown.
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Figure 3-16. A431 cells loaded with 5 yM NucPE1 and 1 pM Hoechst 33342 for 15 min in DPBS, washed
with DPBS, incubated 20 minutes in DPBS, and imaged for Hoechst 33342 (a), NucPE1 (b), and a
brightfield (c). A431 cells loaded with 5 yM NucPE1 and 1 pM Hoechst 33342 for 15 min in DPBS,
washed with DPBS, incubated 20 minutes in DPBS with 100 yM H202, and imaged for Hoechst 33342
(d), NucPE1 (e), and brightfield (f). 20 um scale bar shown.

89



a P =0.006 b P =0.001 c P =0.049
1 f 1 14 f !
c 12 - c 14 B c 1 2 -T-
2 9 S12] S 1-4r ==
g a0 g g 1
LLEJ 0'6' uEJO.8. LIEJ 0.8
o VR 06| o 0.6
'E 041 "‘%O 4 ; 04
302 30.2[ 302/
&J '0 1 D:O'g i o -O 1
Control H.O Control H.O Control H.O
d P =0.004 e P=0.014 .I: P =0.009
g1.2. S1.4. S1.4.
2 1 %1? %1?
— —— -T- ——
EO8p €osl| — Eosl
Yoe el we-Sr
| 2061 2061
=04 = =
£ 041 £0.4] 50.41
E 0.(2) I EJO.S | E’O.g |
Control H,O Control H,O Control H.O
P=0.017 h P =0.0004
g 1 1
1.4F c1.2[
212} = 3 1
£ 1t 20.8
wO.81 Woe
00.6 0 °F
=i 204
E04 1 902 |
©0.2 00.2]
g i
0 L 0 L
Control H,O Control H,O

Figure 3-17. Quantification of experiments as shown in Figure S3-S10. HEK 293 (a), HelLa (b), Raw
264.7 Macrophages (c), CHO.K1 (d), Swiss 3T3 (e), NIH 3T3 (f), COS-7 (g), or A431 (h) cells loaded with
5 uM NucPE1 and 1 yM Hoechst 33342 for 15 min in DPBS, washed with DPBS, incubated 20 minutes in
DPBS or 100 uM H,0,, and imaged for NucPE1. Statistical analysis were performed with a Student’s t-
test (n = 4) and error bars are + s.e.m.
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Figure 3-18. Image of LG100 C. elegans loaded with 150 yM Hoechst 33342 and 50 uM NucPE1 for 8 h
at 20 °C and imaged by confocal microscopy for Hoechst 33342 (a), NucPE1 (b), Hoechst 33342 and
NucPE1 overlay (c), and NucPE1 and brightfield overlay (d) with a 20 um scale bar. The region indicated

in (a) is enlarged and images shown for Hoechst 33342 (e), NucPE1 (f), and NucPE1 and Hoechst 33342
overlay (g) with a 10 um scale bar.
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Figure 3-19. Image of N2 C. elegans loaded with 150 uM Hoechst 33342 and 50 yM NucPE1 for 8 h at
20 °C and imaged by confocal microscopy for Hoechst 33342 (a), NucPE1 (b), Hoechst 33342 and
NucPE1 overlay (c), and NucPE1 and brightfield overlay (d) with a 20 ym scale bar. The region indicated
in (a) is enlarged and images shown for Hoechst 33342 (e), NucPE1 (f), and NucPE1 and Hoechst 33342
overlay (g) with a 10 ym scale bar.
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Figure 3-20. Image of LG100 C. elegans loaded with 150 yM Hoechst 33342 and 50 uM NucPE1 for 8
hours at 20 °C and imaged by confocal microscopy for Hoechst 33342 (a), NucPE1 (b), Hoechst 33342
and NucPE1 overlay (c), and NucPE1 and brightfield overlay (d) with a 20 um scale bar.
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Figure 3-21. Wild-type C. elegans loaded with 150 yM Hoechst 33342 and 50 yM NucPE1 for 8 h at 20
°C, washed, stimulated with carrier for 30 min and imaged by confocal microscopy for Hoechst 33342 (a),
NucPE1 (b), Hoechst 33342 and NucPE1 overlay (c), and brightfield (d). Wild-type C. elegans loaded with
150 yM Hoechst 33342 and 50 uM NucPE1 for 8 h at 20 °C, washed, stimulated with 10 mM H,O, for 30
min and imaged by confocal microscopy for Hoechst 33342 (e), NucPE1 (f), Hoechst 33342 and NucPE1
overlay (g), and brightfield (h). Sir2.1-overexpressing C. elegans loaded with 150 yM Hoechst 33342 and
50 uM NucPE1 for 8 h at 20 °C, washed, stimulated with carrier for 30 min and imaged by confocal
microscopy for Hoechst 33342 (i), NucPE1 (j), Hoechst 33342 and NucPE1 overlay (k), and brightfield (1).
Sir2.1-overexpressing C. elegans loaded with 150 yM Hoechst 33342 and 50 yM NucPE1 for 8 h at 20
°C, washed, stimulated with 10 mM H,O, for 30 min and imaged by confocal microscopy for Hoechst
33342 (m), NucPE1 (n), Hoechst 33342 and NucPE1 overlay (0), and brightfield (p). 20 ym scale bar
shown.
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Abstract

Reactive oxygen species (ROS) are conventionally classified as toxic consequences of
aerobic life, and the brain is particularly susceptible to ROS-induced oxidative stress and damage
owing to its high energy and oxygen demands. In this context, NAPDH oxidases (Nox) are a
widespread source of brain ROS implicated in seizures, stroke, and neurodegeneration. A
physiological role for ROS generation in normal brain function has not been established, despite
the fact that mice and humans lacking functional Nox proteins exhibit cognitive deficits. Using
molecular imaging with Peroxyfluor-6 (PF6), a new selective fluorescent indicator for hydrogen
peroxide (H,O;), we show that adult hippocampal stem/progenitor cells (AHPs) generate H,O,
through Nox2 to regulate intracellular growth signaling pathways, which in turn maintains their
normal proliferation in vitro and in vivo. Our results challenge the traditional view that brain
ROS are solely deleterious by demonstrating that controlled ROS chemistry is needed for
maintaining specific cell populations.

Introduction

Aberrant accumulation of reactive oxygen species (ROS) over time can trigger oxidative
stress and damage' of proteins, lipids, and nucleic acids that form the molecular underpinning of
the free-radical theory of aging.” The brain is particularly sensitive to ROS damage owing to its
high oxygen demand and low antioxidant capacity, and oxidative stress is connected to stroke
and neurodegenerative diseases where age is a risk factor.” However, this organ also purposefully
produces ROS throughout development and adult life, and a major source of brain ROS are the
NAPDH oxidase enzymes (Nox) that are expressed throughout the central nervous system
(CNS).*” These membrane-spanning protein complexes generate hydrogen peroxide (H,0,) as
their final chemical product by the direct two-electron reduction of molecular oxygen by
NAPDH,*® or through the one-electron reduction to superoxide (O,) followed by conversion to
H,0,.*” The established physiological function for Nox proteins is in the immune system, where
they participate in phagocytic killing of pathogen invaders.’” More recently, however, the
discovery of Nox enzymes in nonphagocytic cell types throughout the body®’ has greatly
expanded the scope and potential roles for these complexes, and emerging data links their H,O,-
producing activity to beneficial cell signaling events.*"

The H,O, generated from Nox proteins in the brain and CNS has been traditionally
associated with stroke,'® aging,” seizures,”” and neurodegenerative Alzheimer’s” and
Parkinson’s® diseases. However, the presence of these proteins in the brain and CNS throughout
adult life presages a beneficial role for endogenous ROS production that remains insufficiently
understood.”’ Along these lines, both mice and humans that lack functional Nox2 exhibit
cognitive deficits,”* most notably in learning and memory, suggesting a role for this Nox
isoform within the hippocampus. In this context, a population of neural stem/progenitor cells
reside within the dentate gyrus of the hippocampus and form new neural tissue in the adult brain
that plays a role in memory formation.”* We hypothesized that Nox-generated H,0,, which acts
as a molecular signal for growth within cultured cell lines,*” could help maintain the proliferation
of these stem cell populations in the brain.

In this report, we show that H,O, redox signaling derived from Nox2 is essential for
normal growth and proliferation of neural stem cells in vitfro and in vivo. Motivated by the dearth
of chemical tools to selectively probe H,O, production in cell types that would not be expected to
produce high concentrations of this ROS, we developed Peroxyfluor-6 acetoxymethyl ester (PF6-
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AM), a new chemoselective fluorescent indicator for H,O, with improved sensitivity. This
fluorescent probe features a boronate chemical switch that allows for selective detection of H,O,
over other ROS, combined with acetoxymethylester (AM) protected phenol and carboxylic acid
groups for enhanced cellular retention and sensitivity. After validating that PF6 is more
responsive than previous boronate H,O, reporters, we use this new trappable probe to
demonstrate that adult hippocampal stem/progenitor (AHP) cells produce H,O, when stimulated
with fibroblast growth factor 2 (FGF-2), a mitogen that regulates their proliferation.”> We then
show that endogenous H,O, production is important for normal cell signaling through the kinase
hub Akt and is mediated by the H,O,-producing enzyme Nox2. Moreover, RNAi knockdown of
Nox2 in cell culture and gene knockout of Nox2 in mice abrogates normal Akt signaling and
AHP function in vitro and in vivo. Our results highlight the utility of PF6-AM as a tool to help
discover new redox chemistry in biological systems and provide evidence that the controlled
production of H,O, in the brain can be beneficial to its physiology.

Results
Synthesis and evaluation of Peroxyfluor-6 (PF6)

Redox signaling mediated by H>O; has been studied primarily in proliferating cell culture
models stimulated with mitogens.” As the majority of brain tissue is comprised of terminally
differentiated cells, we turned our attention to AHPs, which grow and proliferate throughout
development and adult life to feed into neuronal and glial populations. Accordingly, we first
sought to test whether these neural stem cells produce endogenous H>O, under growth
conditions. In this regard, traditional methodologies for imaging H,O, and related ROS in living
cells typically utilize non-specific indicators that rely on general oxidation and therefore detect
an assortment of oxidants.”® Because neural tissue is highly susceptible to oxidative stress'>*"’
the specific ROS that the AHPs come in contact with is a critical determinant of the ultimate
downstream cellular responses. We have shown that the conversion of aryl boronates to phenols
is a useful chemoselective methodology for the detection of H,O, in biological systems.*® The
first generation of Peroxy dyes, exemplified by PF1 (Figure 4-6), possess two boronate
protecting groups, which after reaction with two equivalents of H,O,, yield fluorescent
products.”’>* This initial work established that boronate cages offer a general motif for creating
fluorescent indicators that can selectively image H,O, over other biologically relevant ROS.
Second generation boronate probes such as PGl and MitoPY1 (Figure 4-6) utilize a single
boronate deprotection to increase sensitivity and allow for detection of H,O, generated in
oxidative stress,” neurodegenerative disease,”*”> immune,’® and growth factor signaling
models.””** Unfortunately, these available boronate dyes were not sufficiently sensitive to
visualize potential H,O, production in AHPs after stimulation with the endogenous mitogen
FGF-2 (Figure 4-7).

We sought to improve the sensitivity of boronate-based probes while maintaining their
high selectivity for H»O,. Inspired by work showing that increasing cellular retention of
fluorescent probes is a practical strategy to improve sensitivity,”** we designed and synthesized
PF6-AM, a carboxyfluorescein-based probe combining a boronate-masked phenol for H,O,
detection and AM groups to cap phenol and carboxylic acid functionalities for enhanced cellular
retention (Scheme 4-1). Briefly, monotriflation of 6-carboxyfluorescein using stoichiometric N-
phenyl bis(trifluoromethanesulfonamide) affords triflate 2 in 60% yield. Palladium-mediated
borylation of 2 with cyclohexyl JohnPhos, bis(pinacolato)diboron, and diisopropylethylamine in
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anhydrous 1,4-dioxane at room temperature provides PF6 in 80% yield. Finally, protection with
bromomethyl acetate furnishes AM-ester protected PF6-AM. The lipophilic AM esters allow the
probe to pass readily through cell membranes, where esterases can then deprotect the AM groups
to reveal PF6, a dianionic form of the probe that is membrane impermeable and thus trapped
inside the cell, where it can respond to changes in intracellular H,O; levels. We reasoned that
this trappable probe should have increased sensitivity owing to a combination of increased local
concentration of probe substrate retained within cells as well as a decreased rate of deprotected
probe product leaking out of cells. PF6 features two visible region absorptions (l,ps = 460 nm, ¢ =
14,000 M'lcm'l; 370 nm, ¢ = 10,000 M'lcm'l) and a weak emission (I, = 530 nm, F = 0.10).
Spectrophotometric studies confirm that PF6 responds to H,O, by a turn-on fluorescence
response and is selective for HO, over a host of other ROS oxidants (Figure 4-1a,b). Kinetics
measurements of the H,O,-mediated boronate deprotection were performed under pseudo-first-

rder conditions (5 mM dye, 10 mM H,0,), giving an observed rate constant of k= 3.3(1) x 107

-1
S .

Validation of PF6 for molecular imaging in cell culture

With data characterizing the properties and H,O,-induced turn-on response of PF6 in
vitro, we sought to evaluate its utility for molecular imaging in cell culture model systems. First,
we assayed whether the AM ester cage groups were sufficient to increase retention of the probe
within living cells. We utilized the boronate-based H,O, probe Peroxy Green 1 (PG1), which is
sensitive to signaling levels of H,O, but does not possess esterase-cleavable groups, as a
benchmark for these studies. PG1 and PF6 utilize the same excitation and emission wavelengths
and exhibit similar emission characteristics, allowing for direct comparison of the uptake and
retention these probes in cell culture by scanning confocal microscopy. After loading HeLa cells
with either PG1 or PF6-AM, excess dye was thoroughly washed away. The cells were then
imaged immediately after washing and visualized again after 10, 30, and 60 minutes (Figure 4-
Ic,d). Cells loaded with PG1 show modest intracellular fluorescence immediately after washing,
but the signal drops off markedly by the 10-minute time point. In contrast, cells loaded with PF6-
AM exhibit intracellular fluorescence immediately after washing that is approximately twice as
bright as PG1-loaded cells and maintain this emission intensity throughout the time course of the
measurements. A similar trend is observed in analogous experiments using HEK 293 cells
(Figure 4-8).

We next established whether this increased cellular uptake and retention would permit
PF6 to detect low levels of H,O, in live samples. HeLa cells were loaded with PF6-AM and then
stimulated with either 10 uM H,O, or carrier for 30 minutes (Figure 4-1e,f). Cells treated with
H,0O, show increased intracellular fluorescence compared to control samples, even at this
relatively low level of exogenously added H,O,. Similar results are seen in HEK 293 cells
(Figure 4-8). A drawback to this approach is the probe is not retained after fixation, making it
incompatible with immunostaining in fixed cell and tissue samples. Future synthetic directions
include enhancing the photostability of these dyes, adding functional groups that allow for
maintenance of the probe upon fixation, and expanding the color palette of trappable H,O,
probes for multicolor imaging experiments. Nevertheless, these experiments confirm that PF6 is
a selective and sensitive reporter for intracellular HO; in live cells and further validate the
strategy of increased cellular uptake and retention as a general method for increasing the
sensitivity of small-molecule fluorescent probes. In this context, PF6 adds a H,O,-specific
fluorescent probe with selectivity and sensitivity to signaling levels of this oxygen metabolite to
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the arsenal of currently available ROS probes, including those for general oxidants** and
superoxide®™®.

PF6 reveals that AHPs produce H,O; upon FGF stimulation

After validation of PF6 in model systems, we sought to apply this new tool to the study of
AHP cells. To this end, AHPs were isolated from the hippocampi of 6-week-old female Fisher
344 rats as previously described®. After growth factor withdrawal, AHPs were loaded with PF6-
AM and treated with either FGF-2 mitogen or carrier. Cells stimulated with FGF-2 show
increased intracellular fluorescence compared to unstimulated control AHPs as shown by PF6
imaging (Figure 4-2, 4-12). Toxicity studies demonstrate that PF6-AM is non-toxic at the
concentration utilized in this study (Figures 4-9, 4-10). When coupled with the in vitro selectivity
characterization of PF6, these data indicate that FGF-2 induces the endogenous production of
H,0, in AHPs. Furthermore, these data illustrate the utility of this new chemical tool for
detecting changes in low levels of H,O; in live-cell settings. Intrigued at that finding that AHPs,
an essential cell population of the central nervous system from development throughout adult
life, produce a compound known to have potential toxic consequences in the brain,*® we next
turned our attention to elucidating potential roles for H,O, in physiological (rather than
pathological) processes of these cells.

H,O0; is required for growth signaling in AHPs

With molecular imaging data establishing that AHPs produce H,O, upon mitogen
stimulation, we then probed whether FGF-2-induced H;O, generation could influence
downstream cell signaling cascades. In this regard, an intriguing relationship has emerged
between endogenous H,O, production and PI3-kinase-dependent (PI3K) activation of the kinase
Akt, a signaling pathway that has several potentially redox-regulated components. For example,
previous studies have demonstrated that PTEN, a phosphatase that opposes forward PI3K
signaling, contains a catalytic active site residue Cys-124 that is reversibly oxidized by H,O; to
form a disulfide with Cys-71. This oxidative redox switch turns off the activity of the
phosphatase, allowing the PI3K/Akt signaling cascade to propagate forward; re-reduction of this
disulfide to the corresponding thiols restores PTEN phosphatase activity, resetting the cycle.”’
The PI3K-dependent activatpion of Akt is critical for the growth and proliferation of AHPs, as
previous studies using either pharmacological inhibition of Akt or the expression of a dominant
negative Akt inhibited their proliferation.* Accordingly, we first investigated the effects of
exogenous H,O, addition to AHPs by monitoring the phosphorylation status of Akt. Toxicity
studies demonstrate that AHPs can withstand H,O, to surprisingly high concentrations (Figure 4-
11). Treatment of AHPs with H,O, in the absence of FGF-2 stimulation is sufficient to trigger a
marked dose-dependent increase in phospho-Akt, without increasing the phosphorylation status
of another major signaling hub, the MAP kinase ERK1/2 (Figure 4-3a, 4-13). Previous work has
shown that pharmological inhibition of the ERK1/2 MAP kinase pathway does not strongly
affect AHP proliferation.*®

We then probed the role of endogenously produced H,O, on the phosphorylation status of
Akt. FGF-2 stimulation of AHPs triggers a time dependent increase in the phosphorylation of
Akt compared to control samples. In contrast, cells expressing Catalase, an enzyme that quickly
destroys H,O,, have diminished FGF-2-induced phosphorylation of Akt (Figure 4-3b) and
produce less detectable H,O, by PF6-AM imaging (Figure 4-2b, 4-12). Additionally,
pretreatment with the general antioxidant N-acetylcysteine (NAC), which will quench H,O,, or
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the flavin/Nox inhibitor diphenyliodonium (DPI), which inhibits the majority of potential
intracellular sources of H,O,, both block the FGF-2-induced phosphorylation of Akt, as well as
affect the phosphorylation of ERK1/2 to a lesser extent (Figure 3c). To confirm that DPI at this
concentration is concomitantly blocking the H,O, signal and Akt phosphorylation, pretreatment
of PF6-AM-loaded AHPs with DPI was shown to abolish FGF-2-induced H,O, production
(Figure 4-2a, 4-12). These experiments demonstrate that AHPs utilize redox chemistry to
modulate this growth-signaling kinase pathway. We then attempted to identify potential targets
of the H,0, along the Akt pathway. We utilized a methodology for assaying the oxidation status
of PTEN that relies on differences in gel mobility between the oxidized, disulfide form and the
reduced form of the protein*’ to demonstrate that FGF stimulation does indeed produce a small
but detectable amount of oxidized PTEN (Figure 4-14). However, this approach toward assaying
the oxidation state of PTEN is not very sensitive or consistent in this system, which is why we
continued to monitor Akt phosphorylation, a much more reliable readout of redox signaling.

Nox2 is the source of H,O,-mediated signaling in AHPs

We next elucidated the molecular source of the redox signal within the AHPs. Given the
vast expression of Nox2 in the CNS,*' we looked to this protein as a potential redox modulator in
AHPs. Both RT-PCR (Figure 4-3d) and western blot analysis using two separate Nox2
antibodies, a rabbit and a mouse (Figure 4-3e), confirm its presence in AHPs. Both antibodies
show a band at the same molecular weight that corresponds to the approximate molecular weight
of Nox2 (c.a. 65 kDa) and whose intensity selectively decreases upon genetic manipulation with
Nox2-targeted shRNA. The mouse antibody has a nonspecific band slightly below the Nox2
band that does not change upon treatment with Nox2 shRNA, which can serve as a loading
control. We utilized genetic manipulation of Nox2 to elucidate the contributions of this protein to
Akt proliferation/signaling pathways as well as the fluorescent signal measured by PF6-AM.
AHPs transfected with Nox2-targeted shRNA exhibit decreased Nox2 levels and show a
concomitant marked decrease in FGF-2-induced phosphorylation of Akt compared to control
cells transfected with an empty vector (Figure 4-3f). As was observed for chemical inhibition by
NAC or DPI, the ERK1/2 pathway in AHPs also appears to be affected by the lack of Nox2.
AHPs transfected with Nox2-targeted shRNA also show less H,O, production in response to
FGF-2 stimulation (Figure 4-2c, 4-12). As a further validation of the shRNA knockdown
experiments, we designed and tested another shRNA construct to target an alternative member of
the Nox family, Nox3. Again, Nox2-shRNA transfected cells show reduced levels of Nox2
compared to Nox3-shRNA transfected cells and concomitantly exhibit a decreased response to
FGF-2-induced phospho-Akt production (Fig. 4-3g), confirming the specific effects of the Nox2
shRNA. Taken together, these data demonstrate that Nox2-generated H,O, contributes to the
regulation of growth-signaling pathways within the AHPs.

Nox2 is required for normal AHP proliferation in vitro

With data establishing that intracellular redox changes affect signaling at the protein
level, we then sought to determine whether decreased redox signaling would also manifest
similar results in functional assays. We therefore investigated the effects of diminished redox
signaling on AHP proliferation in the presence of FGF-2. First, 5-day in vitro proliferation
experiments were performed in the presence of varying levels of DPI. We observed a dose-
dependent decrease in growth rate with DPI inhibition, with concentrations as low as 50 nM
having an inhibitory effect (Figure 4-4a). As DPI is relatively non-specific and will block all
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flavin-containing sources of ROS, we sought to elucidate the role of Nox2 specifically. We
therefore transfected AHPs with shRNA constructs targeting Nox2 or the empty vector. In
agreement with the chemical inhibition experiments and western blot analysis, the Nox2 shRNA
transfected cells show a diminished proliferation rate compared to AHPs containing the empty
vector (Figure 4-4b), or compared to cells expressing Nox3 shRNA as a control (Figure 4-4c).
Taken together, these data indicate that FGF-2 signaling involves the production of H,O, through
the activation of Nox2, which influences signaling through Akt and ultimately the downstream
phenotype of growth rate.

Nox2 is required for normal AHP function in vivo

We then sought to extend these in vitro findings to an in vivo system. To this end, we
performed bromodeoxyuridine (BrdU) incorporation experiments in Nox2 knockout (Nox2-/-)
mice and CL57BL/6J control mice. BrdU incorporates into the genome of dividing cells, which
can then be detected by immunohistochemistry post fixation along with stem cell or neuronal
markers. Therefore, cells that stain for both BrdU as well as a stem cell marker are AHPs that
proliferated during the course of the injections. Mice were injected with BrdU daily for 7 days
and perfused 24 h after the final injection. Immunohistochemical assessments of the dentate gyri
from Nox2-/- and control mice show no morphological abnormalities (Figure 4-4d,e), suggesting
that the dentate gyrus develops normally in the Nox2-/- mice. However, quantification of the
proliferating AHP populations based on colocalization of BrdU and Sox2, a stem cell marker,”’
reveals a marked decrease in the number of proliferating AHPs in the Nox2-/- mice (Figure 4f-
h), establishing that Nox2 contributes to the normal proliferation of AHPs in vivo.

Finally, we assayed the effects of Nox2 deficiency on adult neurogenesis in vivo. For
these experiments mice were injected with BrdU daily for 7 days and were then perfused 28 days
after the final injection. The brains were then analyzed for cells that stain for both BrdU and
NeuN, a neuronal marker, which would indicate neurons that had differentiated from AHPs
within the time course of the experiment. Quantification of the colocalization of BrdU and NeuN
reveals a reduction in the number of newborn neurons in the Nox2-/- mice (Figure 4i-k),
establishing that Nox2 also contributes to adult neurogenesis in vivo.

Discussion

H,0, is emerging as a newly recognized messenger for cell signaling, and a major source
of peroxide produced through stimulation of various cell surface receptors is the Nox family of
proteins®”'*?°, These ROS-generating enzymes are classically associated with phagocytic cells
during immune responses, where they are used to combat pathogens by attacking them with
controlled oxidative bursts. More recent results have revealed the widespread distribution of Nox
complexes in non-phagocytic cell types throughout the body’, presaging that H,O, generation is a
necessary component for physiological purposes; however, many aspects of how and why this
small-molecule oxidant is required and used for the benefit of living organisms remain elusive.
To address these questions, we developed a novel H,O,-specific fluorescent probe, PF6, and
applied this new chemical tool to help demonstrate that AHPs, an essential population of cells
that proliferate in the brain from development throughout adult life, respond to growth conditions
by producing H,O,. Through a combination of imaging, pharmacological, and genetic
experiments, we reveal that Nox2 and H,O, are important for maintaining normal signaling and
proliferation of AHPs in vitro. Moreover, we show that mice lacking functional Nox2 have a
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decreased number of proliferating neural stem cells and less adult neurogenesis in the
hippocampus, which establishes that H,O,-mediated redox signaling is essential on the whole
organism scale.

The collective data provide a molecular model for the cognitive deficits observed in mice
and humans lacking the ROS-generating Nox2 enzyme (Figure 4-5) and establish that ROS are
not exclusively detrimental to brain tissue in the context of seizures, stroke, and
neurodegeneration. Since various isoforms of the Nox family are present throughout the brain
and CNS,’ there are likely many other beneficial roles for these ROS-producing proteins in this
system. Indeed, the in vivo effects observed in the Nox2 knockout mice could also be influenced
by a lack of Nox2 in other cell types within brain. In a broader sense, our findings show that
controlled ROS production and signaling can be used as a strategy for maintaining proliferation
of essential cell populations in the body. Finally, these results suggest caution when applying
antioxidant therapeutics in a non-specific fashion, as ROS production can be a necessary
component for the fitness of a given system.

Materials and Methods

Synthetic Materials and Methods. Silica gel P60 (SiliCycle) was used for column
chromatography. Analytical thin layer chromatography was performed using SiliCycle 60 F254
silica gel (precoated sheets, 0.25 mm thick). All chemicals were purchased from Sigma-Aldrich
(St. Louis, MO) and used as received. 6-Carboxyfluorescein was synthesized according to
literature methods.” 'H NMR, "C NMR, and "“F NMR spectra were collected in 20:1
CDCl,/CD,0D, 9:1 CDCl,/CD,0D, or (CD;),0 (Cambridge Isotope Laboratories, Cambridge,
MA) at 25 °C using a Bruker AVQ-400 or DRX-500 spectrometer at the College of Chemistry
NMR Facility at the University of California, Berkeley. All chemical shifts are reported in the
standard § notation of parts per million using the peak of residual proton signals of CDCIl, or
(CD;,),0 as an internal reference. High-resolution mass spectral analyses were carried out at the
College of Chemistry Mass Spectrometry Facility at the University of California, Berkeley. Low-
resolution mass spectral analyses were carried out on an Agilent 6130 LC/MS system (Santa
Clara, CA).

6-Carboxyfluorescein monotriflate (2). 6-Carboxyfluorescein (512 mg, 1.36 mmol) was added
to a vial and dissolved in 15 mL of 2:1 acetonitrile/DMF. Diisopropylethylamine (2.2 mL, 13.3
mmol) was then added and the reaction stirred for 10 min. N-Phenyl
bis(trifluoromethanesulfonamide) (487 mg, 1.36 mmol) was then added and the reaction was
stirred overnight at room temperature. The reaction mixture was then dried under reduced
pressure. Purification by column chromatography (19:1 dichloromethane/methanol) afforded
compound 2 as a yellow oil (412 mg, 60% yield). 'H NMR (CDCl, /10% CD,OD, 400 MHz): §
8.26 (1H,d,J =8.0 Hz), 802 (1H, d, J =82 Hz), 7.77 (1H, s), 7.19 (1H, d, J = 2.4 Hz), 6.90
(1H,dd,J=24,8.8Hz),6.82 (1H,d,/=8.8 Hz),6.76 (1H,d,J=2.4 Hz),6.59 (1H,dd,J =24,
8.8 Hz), 6.54 (1H, d, J = 8.8Hz). "C NMR (CDCl, /10% CD,0D, 100 MHz): 6 168.6, 159.8,
152.5,152.1, 151.8, 150.0, 138 4, 131.5, 130.0, 129.1, 128.9, 125.3, 125.1, 119.2, 116.5, 113 4,
110.5, 108.5, 103.0, 82.5. "F NMR (CDCl,/10% CD,0D, 376.5 MHz): 6 -71.97. HR-FABMS:
calculated for [M*] 509.0149, found 509.0158.

PF6/PF6-AM (3/4). Compound 2 (412 mg, 0.81 mmol), Pd(OAc), (55 mg, 0.081 mmol),
Bis(pinacolato)diboron (308 mg, 1.22 mmol), Cyclohexyl JohnPhos (114 mg, 0.32 mmol),
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diisopropylethylamine (594 mg, 4.63 mmol), and 5 mL of dioxane were added to a vial in an
inert atmosphere glove box and the reaction was stirred overnight at room temperature. The vial
was then brought out of the glove box and the contents were evaporated to dryness. Purification
by column chromatography (19:1 dichloromethane/methanol) furnished PF6 as a yellow solid
(317 mg, 80% yield). 'H NMR (CDCI, /5% CD,0D, 400 MHz): 6 8.26 (1H, d, J = 8.0 Hz), 8.06
(1H,d,J=8.0Hz),7.78 (1H,s),7.71 (1H, s), 7.39 (1H,d, J = 8.0 Hz), 6.72-6.76 (2H, m), 6.58
(1H, d, J = 8.8 Hz), 6.53 (1H, dd, J = 2.4, 8.8 Hz), 1.32 (12H, s). "C NMR (CDCl, /10%
CD,0D, 100 MHz): 6 169.1, 167.5, 159.1, 153.5, 152.3, 150.7, 136.9, 131.3, 129.7, 129.2,
1290, 127.1, 1255, 125.1, 123.6, 120.7, 112.6, 109.2, 103.1, 20.7. HR-FABMS: calculated for
[M*] 487.1559, found 487.1567. PF6 (40 mg, 0.08 mmol), bromomethyl acetate (51 mg, 0.33
mmol), diisopropylethylamine (32 mg, 0.25 mmol), and 1 mL of DMF added to a vial and stirred
at room temperature overnight. The reaction mixture was then extracted into dichloromethane,
washed three times with water, washed once with brine, dried over magnesium sulfate, and dried
under reduced pressure. Purification by column chromatography (7:3 ethyl acetate/hexanes)
delivered PF6-AM as a white solid (11 mg, 22% yield). 'H NMR ((CD,),0, 500 MHz): & 7.99-
8.06 (1H, m), 7.81 (1H, t,J = 6.0 Hz), 7.72-7.79 (1H, m), 7.66 (1H, s), 7.43-7.50 (1H, m), 7.26-
7.31 (1H, m), 6.97-7.10 (1H, m), 6.87-6.95 (1H, m), 6.81-6.88 (1H, m), 5.30-6.00 (4H, m), 2.01-
2.11 (6H, m), 1.34 (12H, m). HR-FABMS: calculated for [M*] 631.1981, found 631.1979.

Cell Culture. AHPs were cultured on tissue culture polystyrene coated with poly-ornithine and 5
pg/mL of laminin (Invitrogen) and grown in Dulbecco’s modified Eagle medium (DMEM)/F-12
(1:1) high-glucose medium (Invitrogen) containing N-2 supplement (Invitrogen) and 20 ng/mL
recombinant human FGF-2 (Peprotech). For FGF starvation, AHPs were washed once with
(DMEM)/F-12 (1:1) high-glucose medium, and then placed in (DMEM)/F-12 (1:1) high-glucose
medium without FGF for 12-16 hours.

AHP Fluorescence Imaging Experiments. Confocal fluorescence imaging studies on AHPS
were performed with a Zeiss LSM510 NLO Axiovert 200 laser scanning inverted microscope
and a 40x oil-immersion objective lens. Excitation of PF6-AM-loaded AHPs at 488 nm was
carried out with an Ar laser and emission was collected using a 500-550 nm filter set. AHPs were
incubated with 5 yM PF6-AM in DMEM/F12 + N-2 for 30 minutes at 37 °C. The cells were then
washed with fresh DMEM/F12 + N-2 twice. The cells were then incubated in DMEM/F12 + N-2
either with or without 20 ng/mL FGF-2 for 30 minutes, then imaged. For the DPI inhibited cells,
5 uM DPI was included in the DMEM/F12 + N-2 media for all incubations. Image analysis was
performed in ImageJ (Wayne Rasband, NIH) with at least 10 cells counted per field in 4 separate
fields for each condition.

Stock Solutions. DPI (Sigma) stock solutions were made at a concentration of 5 mM in DMSO.
NAC (Sigma) stocks were made at a concentration of 250 mM in DMEM/F12 + N-2. PG1, PF6,
and PF6-AM stocks were made at a concentration of 5 mM in DMSO. H,0, stock solutions were
made at a concentration of 100 mM in Millipore water.

Spectroscopic Materials and Methods. Millipore water was used to prepare all aqueous
solutions. All spectroscopic measurements were performed in 20 mM HEPES buffer, pH 7.
Absorption spectra were recorded using a Varian Cary 50 spectrophotometer (Walnut Creek,
CA) and fluorescence spectra were recorded on a Photon Technology International Quanta
Master 4 L-format scanning spectrofluorometer (Lawrenceville, NJ) equipped with an LPS-220B
75-W xenon lamp and power supply, A-1010B lamp housing with integrated igniter, switchable
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814 photon-counting/analog photomultiplier detection unit, and MD5020 motor driver. Samples
for absorption and emission measurements were contained in 1-cm x 1-cm quartz cuvettes (1.5-
mL volume, Starna, Atascadero, CA). Fluorescence quantum yields were determined by
reference to rhodamine B in water (quantum yield ® = 0.31).

Comparison of PG1 and PF6-AM in cell culture. Confocal fluorescence imaging studies were
performed with a Zeiss LSM510 NLO Axiovert 200 laser scanning microscope and a 40x
Achroplan IR water-immersion objective lens. Excitation of PG1- or PF6-AM-loaded cells at
488 nm was carried out with an Ar laser and emission was collected using a META detector
between 501 - 554 nm. HEK 293 cells were cultured in DMEM (Invitrogen) supplemented with
10% fetal bovine serum (FBS, Hyclone) and glutamine (2 mM). HeLa cells were cultured in
DMEM with high glucose, glutamax, and 10% FBS. Two days before imaging, cells were
passaged and plated on 18-mm glass coverslips. Solutions of dyes were made in DBPS with
calcium chloride and magnesium chloride (Sigma). For washout experiments, the cells were
washed twice with fresh DPBS. H,O, was added by bath application to the medium. Identical
microscope settings were utilized for all imaging and PG1 and PF6-AM-loaded cells were
imaged side-by-side in simultaneous experiments. For data analysis, the average fluorescence
intensity per image in each experimental condition was obtained. The background was then
subtracted from each intensity and the data normalized to the brightest condition of each
experiment. Analyses were performed in ImageJ (Wayne Rasband, NIH).

Flow cytometry evaluation of cell viability. AHPs were passaged and suspended at a
concentration of 1 x 10° cells/mL. The cells were then aliquoted out into microcentrifuge tubes at
2 x 10’ cells per tube. The cells were then treated with either H,O, of PF6-AM and incubated at
37 °C for the indicated times. For the final 15 min of incubation, 3 uM propidium iodide (PI)
was added to each tube from a 1.5 mM stock. The cells were then analyzed on an LSR Fortessa
cell analyzer (BD Biosciences, Franklin Lakes, NJ). The instrument settings were calibrated
using ethanol-treated AHPs as a positive control. Briefly, 5 x 10° cells were pelleted by
centrifugation and then resuspended in 1 mL phosphate-buffered saline (PBS). The cells were
then transferred into 4 mL absolute ethanol at -20 °C while vortexing. The mixture was then
incubated at -20 °C for 10 min, then pelleted by centrifugation. The cells were resuspended in
PBS for 15 min at RT to rehydrate, pelleted by centrifugation, and resuspended in 200 puL of Tris
buffer (100 mM Tris, pH 7.4, 100 mM NacCl, 0.5 mM CaCl,, 0.5 mM MgCl,, 0.1% Nonidet P-
40) with 3 uM PI.

Trypan blue evaluation of cell viability. AHPs were passaged and resuspended at a
concentration of 1 x 10° cells/mL. The cells were then aliquoted into microcentrifuge tubes at 2 x
10° cells per tube. The cells were then either treated with DMSO carrier of PF6-AM at the
indicated concentrations and incubated at 37 °C for 1 hour. The cell suspensions were then
mixed with an equal volume of trypan blue solution (0.4% w/v) for 3 min. The cells were then
analyzed with a hemacytometer by counting under a microscope.

Western Blotting. Cells were lysed with RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with protease inhibitors
(Roche Complete MiniTab) and 2 mM Na3VO, for 30 minutes on ice, and clarified by
centrifugation at 13.2 x 10° rpm for 10 minutes at 4 °C. The protein concentration was
determined by BCA assay (Pierce), and then 4x Laemmli buffer (0.25 mM Tris, 2% SDS, 40%
glycerol, 20% beta-mercaptoethanol, 0.04% bromophenol blue) was added, the samples were
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denatured at 90 °C for 5 minutes, and equal amounts of total protein were loaded onto 12% SDS-
PAGE gels. Proteins were transferred to PVDF membranes (Immobilon, Millipore) and
incubated overnight at 4 °C in 5% non-fat dry milk in wash buffer (10 mM Tris, pH 7.5, 100 mM
NaCl, 0.1% Tween-20) with 1:1000 primary antibodies (rabbit anti-pAktl/2/3, rabbit anti-
Akt1/2/3, mouse anti-pERK 1/2, rabbit anti-ERK1, goat anti-catalase, goat anti-mouse IgG-HRP,
goat anti-rabbit IgG-HRP, mouse anti-PTEN, and donkey anti-goat I[gG-HRP from Santa Cruz
Biotechnology; mouse anti-actin from Millipore, mouse monoclonal anti-Nox2 and rabbit
polyclonal anti-Nox2 were a gift from Mark Quinn). Membranes were washed 5 times for 5
minutes in wash buffer, incubated for 1 hour at room temperature with 1:2000 secondary
antibody (HRP conjugates, Santa Cruz Biotechnology) in 5% non-fat dry milk in wash buffer,
washed 5 times for 5 minutes in wash buffer, and then visualized using enhanced
chemiluminescence (Western Lightning, Perkin-Elmer) recorded on a BioRad GelDoc imaging
station. Blots were stripped by incubating in pH 6.8 Tris with 2% SDS and 100 mM beta-
mercaptoethanol at 55 °C for 17 minutes, washed three times with wash buffer, then reprobed as
above.

RT-PCR. AHP RNA was isolated by Trizol (Invitrogen) according to manufacturer’s
instructions, and cDNAs were then generated using Thermoscript RT-PCR kit (Invitrogen)
according to manufacturer’s instructions. PCR was performed for Nox2 with the 18S ribosomal
subunit as an internal control. Nox2 expected amplicon: 165 base pairs. 18S expected amplicon:
150 base pairs. Bands were excised and confirmed by sequence analysis. All bands are from the
same gel, but intervening lanes have been removed for clarity. Primer sequences were as follows:

NOX2: TTGCCATCCATGGAGCTGA
CTATCCATTTCCAAGTCATAGGAGG
18S: GTAACCCGTTGAACCCCATTC

CCATCCAATCGGTAGTAGCGA

shRNA and Transfection. Mus musculus Catalase was obtained from Origene in a pCMV6
vector. A previously verified shRNA construct directed against rat Nox2 (NM_023965)" or a
new construct directed against rat Nox3 (AY573239) were designed and verified using
OligoEngine design tools and incorporated into a pSuper.retro.neo.GFP (for cell signaling and
growth assays) or a pSuper.retro.neo.mCherry (for H,O, imaging experiment) vector according
to the manufacturer’s instructions.

Rat Nox2 370: 5 GAGTGGTGTGTGAATGCCAGA 3’

Rat Nox3 578: 5 GTTTATCAGGCAGTCCTCT 3’
AHPs were transfected using the Nucleofector II device (Lonza) following the manufacturer’s
instructions using program A-33 and allowed to grow for 24 hours after transfection prior to
replating for imaging, western blot analysis, or growth assays.

In vitro Growth Assays. For DPI growth assays, AHPs were plated at low density (1000
cells/well) on 96-well poly-ornithine/laminin-coated tissue culture plates with 20 ng/mL FGF-2
in the presence of DPI or control carrier (DMSO). Fifty percent media changes were conducted
daily with media containing 20 ng/mL FGF-2. After 5 days in culture the cell numbers were
quantified using the WST-1 assay (Roche) and utilizing a standard growth curve generated with
known cell numbers. For shRNA growth assays, AHPs were transfected as above, allowed to
grow for 24 hours, then plated at 40,000 cells per well in 24-well poly-ornithine/laminin-coated
tissue culture plates containing 20 ng/mL FGF-2. Fifty percent media changes were conducted
daily with media containing 20 ng/mL FGF-2. After 5 days in cell culture, the cells were
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removed with Accutase and cell numbers were quantified using a hemacytometer. Cells for H,O,
stimulations and DPI growth assays were grown in homemade incubators™ under an atmosphere
of 2% O,/ 5% CO, / 94% N,.

In vivo BrdU Assays. All animal protocols were approved by the University of California,
Berkeley Animal Care and Use Committee and conducted in accordance with National Institutes
of Health guidelines. Eight week-old matched control (C57BL/6J) or Nox2-/- (B6.129S6-
Cybb™""[J, The Jackson Laboratory, Bar Harbor, Maine) mice were injected intraperitoneally
once daily for 7 days with either saline or BrdU resuspended in 0.9% saline (50 ug per g body
weight) in a total volume of 100 uL. The mice were perfused transcardially with 0.9% saline
followed by 4% PFA either 8 or 35 days after the start of the BrdU injections. The brains were
then post-fixed overnight in 4% PFA at 4 °C, rinsed with PBS, transferred to 30% sucrose at 4
°C for three days, and then sectioned at 40 ym with a freezing microtome. Every fourth coronal
section of the hippocampus was evaluated after immunostaining for NeuN (Mouse, 1:100,
Millipore) and BrdU (Rat, 1:100, Abcam) for the 35-day experiments, or NeuN, BrdU, and Sox2
(Y-17, Goat, 1:100, Santa Cruz) for the 8-day experiments. Sections were processed for BrdU
staining as previously described.’* Confocal fluorescence slices were analyzed using a Zeiss
LSM510 NLO Axiovert 200 laser scanning microscope and a Plan-Neofluar 40x oil-immersion
objective lens utilizing confocal slices less than 1 ym. Both dentate gyri of each section were
fully counted for the number of cells colabeled for both BrdU and Sox2.
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Scheme 4-1. Design and synthesis of Peroxyfluor-6 Acetoxymethyl Ester, PF6-AM.
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Figure 4-1. Spectroscopic characterization and cell culture validation of PF6-AM. (a) Fluorescence turn-
on response of 5 mM PF6 at 0, 5, 15, 30, 45, and 60 minutes after the addition of 100 mM H,O.,. (b)
Fluorescence responses of 5 mM PF6 to various reactive oxygen species (ROS). Bars represent relative
responses at 0, 5, 15, 30, 45, and 60 min after addition of each ROS. Data shown are for 10 mM O, (with
10 mM Catalase), 200 mM NO, and 100 mM for all other ROS. (c¢) HelLa cells were loaded with either 5
UM PG1 or 5 yM PF6-AM for 15 minutes, then washed twice with DPBS and imaged at 0, 10, 30 and 60
minutes post dye washing. (d) Quantification of the experiment as conducted in (c). (e) HelLa cells were
loaded with 5 yM PF6-AM for 15 minutes, stimulated with either water carrier or 10 yM H,O, for 30
minutes, and imaged. (f) Quantification of the experiment as conducted in (e). Statistical analyses were
performed with a two-tailed Student’s t-test and error bars are + s.e.m. 50 ym scale bars are shown.
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Figure 4-2. Application of PF6 to demonstrate that adult hippocampal stem/progenitor cells (AHPs)
produce H,O, upon FGF-2 stimulation. (a) After FGF-2 starvation, AHPs were loaded with 5 mM PF6-AM
for 30 minutes, stimulated with 20 ng/mL FGF-2 or media for 30 minutes, and then imaged. For DPI
treatment, cells were preincubated in media containing 5 mM DPI before FGF-2 stimulation. (b) AHPs
were transfected with either Catalase or control vector and treated as in (a). (c) AHPs were transfected
with either Nox2-shRNA or control vector and treated as in (a). Brightfield images are shown for each
representative image with a 50 um scale bar.
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Figure 4-3. Cellular redox status affects AHP growth signaling. (a) After FGF-2 starvation, AHPs were
stimulated with vehicle control (buffer), 20 ng/mL FGF-2, 300, 500, or 1000 mM H,0, for 30 min. (b)
AHPs transfected with either Catalase or a control vector. After FGF-2 starvation, AHPs were stimulated
with 20 ng/mL and lysed at the given time points. (c) After FGF-2 starvation, AHPs were incubated with
NAC, DPI, or vehicle control (DMSO) for 40 minutes, then stimulated with 20 ng/mL FGF-2 and lysed at
the given time points. (d) Nox2 mRNA detection in AHPs measured by RT-PCR. (e) Nox2 expression of
AHP whole cell extracts transfected with either Nox2 shRNA or an empty vector as measured by western
blot analysis using either a mouse monoclonal (m) or a rabbit polyclonal (r) Nox2 antibody, followed by
stripping and reprobing for actin as a loading control. An arrow shows the band in the Nox2 monoclonal
antibody blot that matches the band in the Nox2 polyclonal blot, which corresponds to the molecular
weight of Nox2. (f) AHPs transfected with either Nox2 shRNA or the empty vector. (g) AHPs transfected
with either Nox2 shRNA or Nox3 shRNA. After 12 hour FGF-2 starvation, AHPs were stimulated with 20
ng/mL and lysed at the given time points. phospho-Akt, phospho-ERK, or mouse monoclonal Nox2 were
measured by western blot analysis of whole cell extracts, and blots were stripped and reprobed for total
protein or actin as loading controls.
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Figure 4-4. Nox2 is essential for normal proliferation of AHPs in vitro and in vivo. (a) 5-day growth assay
of AHPs grown in the presence of FGF and varying concentrations of DPI (n = 4). (b) 5-day growth assay
of AHPs transfected with either Nox2 shRNA or the empty vector and grown in the presence of FGF (n =
3). (c) 5-day growth assay of AHPs transfected with either Nox2 shRNA or Nox3 shRNA and grown in the
presence of FGF (n = 3). (d) Dentate gyrus of a CL57BL/6J mouse after 7 days of BrdU injections. (e)
Dentate gyrus of a Nox2-/- mouse after 7 days of BrdU injections with 100 um scale bar. (f) Example of a
cluster of BrdU/Sox2 positive AHPs in a CL57BL/6J control after seven days of BrdU injections. (g)
Example of a single BrdU/Sox2 positive cell in a Nox2-/- mouse after 7 days of BrdU injections with 20 um
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scale bar. Sections stained for BrdU (blue), NeuN (red) and Sox2 (green). (h) Quantification of BrdU/Sox2
positive cells in either control or Nox2-/- mice after 7 days of BrdU injections (n = 5). (i) Example of
newborn neurons in a CL57BL/6J control mouse 28 days after 7 days of BrdU injections. (j) Example of a
newborn neuron in a Nox2-/- mouse 28 days after 7 days of BrdU injections with 20 um scale bar. (k)
Quantification of BrdU/NeuN positive cells in either control or Nox2-/- mice 28 days after 7 days of BrdU
injections (n = 4). For all panels data were normalized to controls and statistical analyses were performed
with a two-tailed Student’s t-test. *P < 0.05, **P < 0.005 and error bars are + s.e.m.
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Figure 4-5. Model for the role of Nox2 in FGF-2 redox signaling in AHPs. The mitogen FGF-2 induces the
production of H,O, in AHPs, which can be blocked by either the general flavin inhibitor DPI, the
antioxidant NAC, the expression of Catalase or genetic manipulation of Nox2. Nox2-generated H,O,
oxidizes and deactivates PTEN, which enhances signaling through Akt and manifest phenotypes in
growth rates of AHPs in vitro and in vivo.
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Figure 4-6. Structures of representative examples of 1% and 2™ generation boronate-based H,O, probes.
First-generation probes such as Peroxyfluor-1 (PF1) utilize two boronate-protected phenol cages to
confer H,O, specificity. Second-generation probes such as Peroxy Green 1 (PG1) and Mitochondrial
Peroxy Yellow 1 (MitoPY1) feature a single boronate-masked phenol, which increases sensitivity by only
requiring a single equivalent of H,O, to yield a fluorescent product.
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Figure 4-7. Application of PG1 to attempt to detect H,O, in adult hippocampal stem/progenitor cells
(AHPs) upon FGF-2 stimulation. (a) After FGF-2 starvation, AHPs were loaded with 5 uM PG1 for 30
minutes, stimulated with 20 ng/mL FGF-2 or media for 30 minutes, and then imaged. Brightfield images
are shown for each representative image with a 50 um scale bar. (b) Quantification of the experiment as
conducted in (a). Statistical analyses were performed with a two-tailed Student’s t-test. **P < 0.005 (n = 4)
and error bars are + s.e.m.
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Figure 4-8. Validation of increased uptake and retention of PF6-AM for molecular imaging. (a) HEK 293
cells were loaded with either 5 uM PG1 or 5 uM PF6-AM for 15 minutes, then washed twice with DPBS
and imaged at 0, 10, 30 and 60 minutes post washing. (b) Quantification of the experiment as conducted
in (a). (¢) HEK 293 cells were loaded with 5 yM PF6-AM for 15 minutes, stimulated with either water
carrier or 10 yM H,O, for 30 minutes, and imaged. (d) Quantification of the experiment as conducted in
(c). Statistical analyses were performed with a two-tailed Student’s t-test and error bars are = s.e.m. 50
pUm scale bars are shown.
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Figure 4-9. Flow cytometry evaluation of cell viability of AHPs treated with PF6-AM. AHPs treated with 0
(a/b), 5 (c), or 10 (d) yuM PF6-AM for 60 minutes with 3 uM propidium iodide (PI) added for the final 15
minutes and then analyzed by flow cytometry. FS and SS dot plots are shown for each concentration of
PF6-AM. (b) PI staining of cells within indicated ROI of (a) indicates that the cells within this ROI are
viable. No morphological abnormalities are seen in the FS/SS dot plot, indicating that PF6-AM at these
concentrations is non-toxic. Pl staining was not possible with PF6-AM loading due to the signal from PF6-
AM leaking into the Pl channel.
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Figure 4-10. Trypan blue evaluation of cell viability studies of AHPs treated with PF6-AM. AHPs were
treated with 0, 5, or 10 yM PF6-AM for 60 minutes and then incubated with trypan blue (0.4% wi/v) for 3

minutes at room temperature and then analyzed on a hemacytometer. Three independent counts were
conducted for each concentration. Error bars are s.e.m.
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Figure 4-11. Flow cytometry evaluation of cell viability studies of AHPs treated with H,O,. AHPs treated
with 0 (a, b), 300 (c, d), 500 (e, f), 1000 (g, h), or 2000 (i, j) uM H,0, for 30 minutes with 3 uM propidium
iodide (Pl) added for the final 15 minutes and then analyzed by flow cytometry. FS and SS dot plots as
well as Pl histograms are shown for each concentration of H,O,. Ethanol-fixed cells were used as a
positive control to calibrate flow cytometer settings. Quantification of the percent of cells that fall within the
ROI outlined in (a) as well as the total number of cells that are Pl positive are listed. These data indicated
that these levels of H,O, are not causing cell death within the time scale of this experiment.
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Figure 4-12. Quantification of imaging to demonstrate that adult hippocampal stem/progenitor cells
(AHPs) produce H,O, upon FGF-2 stimulation. (a) After FGF-2 starvation, AHPs were loaded with 5 yM
PF6-AM for 30 minutes, stimulated with 20 ng/mL FGF-2 or media for 30 minutes, and then imaged. For
DPI treatment, cells were preincubated in media containing 5 uM DPI before FGF-2 stimulation (b) AHPs
were transfected with either Catalase or a control vector. After FGF-2 starvation, AHPs were loaded with
5 yM PF6-AM for 30 minutes, stimulated with 20 ng/mL FGF-2 or media for 30 minutes, and then imaged.
(c) AHPs were transfected with either Nox2-shRNA or a control vector. After FGF-2 starvation, AHPs
were loaded with 5 yM PF6-AM for 30 minutes, stimulated with 20 ng/mL FGF-2 or media for 30 minutes,
and then imaged. Statistical analyses were performed with a two-tailed Student’s t-test (n = 4) and error
bars are + s.e.m.
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Figure 4-13. Uncut blot from Figure 4-3a. After FGF-2 starvation, AHPs were stimulated with vehicle

control (buffer), 20 ng/mL FGF-2, 300, 500, or 1000 mM H,O, for 30 min and analyzed by western blot
analysis.
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Figure 4-14. Detection of PTEN oxidation in AHPs. After FGF-2 starvation, AHPs were stimulated with 20
ng/mL FGF-2 and lysed at the various times points or stimulated with 100 yM H,O, and lysed after 15
min. Cells were lysed with lysis buffer containing 40 mM N-ethylmaleimide and whole cell extracts were
run on a non-reducing gel and probed for PTEN using western blot analysis.
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Chapter 5:

Aquaporin-3 Mediates Hydrogen Peroxide Uptake to Regulate Downstream
Intracellular Signaling
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Abstract

Hydrogen peroxide (H,0O,) produced by cell-surface NADPH Oxidase (Nox) enzymes is
emerging as an important signaling molecule for growth, differentiation, and migration
processes. However, how cells spatially regulate H,O, to achieve physiological redox signaling
over non-specific oxidative stress pathways is insufficiently understood. Here we report that the
water channel Aquaporin-3 (AQP3) can facilitate the uptake of H,O, into mammalian cells and
mediate downstream intracellular signaling. Molecular imaging with Peroxy Yellow 1 Methyl-
Ester (PY1-ME), a new chemoselective fluorescent indicator for H,O,, directly demonstrates that
aquaporin isoforms AQP3 and AQPS, but not AQPI, can promote uptake of H,O, specifically
through membranes in mammalian cells. Moreover, we show that intracellular H,O,
accumulation can be modulated up or down based on endogenous AQP3 expression, which in
turn can influence downstream cell signaling cascades. Finally, we establish that AQP3 is
required for Nox-derived H,O, signaling upon growth factor stimulation. Taken together, our
findings demonstrate that the downstream intracellular effects of H,O, can be regulated across
biological barriers, a discovery that has broad implications for the controlled use of this
potentially toxic small molecule for beneficial physiological functions.

Introduction

Hydrogen peroxide (H,O,) is garnering increased attention as a molecule involved not
only in immune response and oxidative stress, but also as a physiological effector in essential
cellular processes.'” Seminal contributions have elucidated ligand stimulants®'’ and enzymatic
sources ' for cellular H,0, production as well as putative downstream targets,'*** but
principles of how this reactive oxygen species (ROS) is spatially and temporally regulated to
promote redox signaling over oxidative stress pathways remain insufficiently understood.
Because many of the signaling functions of H,0O, rely on its generation by nonphagocytic forms
of NADPH (Nox) proteins on the extracellular side of cell membranes, understanding how cells
funnel H,O, toward beneficial pathways in these locales is of significant interest.

Despite its reactive nature, H,O, has been long thought to be freely diffusible across
biological membranes in a manner akin to the related canonical small-molecule signal nitric
oxide (NO).” More recent studies implicate the role of AQP water channels, a class of
membrane-spanning proteins that facilitate the diffusion of water and other substrates with
varying specificity,”**® in mediating H,O, passage across the plasma membrane of reconstituted
yeast” and plant™ cells. However, given that the experiments described in these reports utilized
non-specific chemical reagents for determination of the redox signal that was passed into the
cell, direct evidence that aquaporins influence the cellular uptake of H,O, in a native context
remains elusive, and no studies have addressed higher-order mammalian systems. More
importantly, the potential physiological consequences of regulating H,O, have not been
elucidated.

We now report a H,0O,-selective small-molecule fluorescent indicator, Peroxy Yellow 1
Methyl Ester (PY1-ME), and apply this novel chemical tool to show that members of two of the
three main types of aquaporins (e.g., aquaglyceroporins and unorthodox aquaporins), but not the
other type (e.g., classical aquaporins), can mediate H,O, uptake across the plasma membrane of
mammalian cells. Molecular imaging with PY1-ME in flow cytometry or confocal microscopy
experiments reveals that canonical examples of an aquaglyceroporin and unorthodox aquaporin
(AQP3 and AQPS, respectively), which are known to be permeated by molecules in addition to
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water, can facilitate H,O, uptake into mammalian cells, whereas an example of a classical
aquaporin that is known only to transport water (AQP1) does not enhance membrane H,O,
permeability. Moreover, we go on to show the physiological consequences of this newly
discovered form of membrane H,O, regulation in mammalian cells. We focused these studies on
the aquaglyceroporin isoform AQP3 owing to its wide expression in many tissues, including the
kidney, skin, colon, spleen, stomach, small intestine, uninary bladder, and respiratory tract, with
AQP3-knockout mice showing loss of kidney function, polyuric behavior, deficiencies in
epidermal hydration, and propensity towards colitis.”® Along these lines, we demonstrate at the
cellular level that H,O, uptake mediated by AQP3 can amplify or diminish downstream native
signaling pathways that rely on this ROS as a physiological messenger. Our findings challenge
the notion that H,O, is freely diffusible through cell membranes and define a link between its
membrane regulation and consequences for downstream signal transduction.

Results and Discussion

Design, Synthesis, and Properties of the New Chemoselective H,0O, Indicator Peroxy
Yellow 1 Methyl Ester (PY1-ME). Traditional fluorescent dyes used to probe H,O, typically
rely on non-specific general oxidations that can be modulated by a variety of ROS, which can
complicate data interpretation.””> We therefore sought to ensure that we could directly
discriminate between H,O, uptake and transfer of the redox signal by other means. Accordingly,
we developed a new H,O,-specific fluorescent indicator, Peroxy Yellow 1 Methyl Ester (PY1-
ME, Figure 5-5 A), which combines a boronate-masked phenol for the selective detection of
H,0,'”**" and an appended methyl ester group designed to increase cellular uptake and retention
upon cleavage by intracellular esterases; this latter feature makes the dye suitable for both
fluorescence 1maging and flow cytometry experiments. Because this probe relies on a specific
molecular reaction between H,0O, and the boronate to generate a fluorescence signal, rather than
thiol-based chemistry that can occur by non-specific ROS oxidation or disulfide exchange, our
chemical method affords a direct measure of H,O, in cellular specimens. Spectroscopic data
show that PY1-ME features high selectivity for H,O, over other ROS, visible excitation and
emission profiles, and a 12-fold turn-on dynamic range with sensitivity to micromolar levels of
H,0, (Figure 5-5 B and C).

Application of PY1-ME to Directly Establish that Select Types of AQP Channels
Mediate H,0, Uptake in Mammalian Cells. Initial experiments tested whether overexpression
of various types of AQPs would lead to increased intracellular H,O, uptake in a reconstituted
mammalian system. Previous work established that the unorthodox aquaporin AQPS8 but not the
classical aquaporin AQP1 can facilitate the uptake of H,O, in yeast models.” We sought to test
whether this same pattern would hold in mammalian cells, as well as explore whether
aquaglyceroporins, the third major type of these channels, could affect membrane H,O,
permeability. To this end, we transfected HEK 293 cells with either AQP expression or control
vectors. Overexpression of each AQP was confirmed by Western blot analysis on cell lysates
(Figure 5-6 A and B). Aquaporin expressing or control cells were then loaded with PY1-ME,
stimulated with H,O, or vehicle control, and analyzed by flow cytometry. As shown in Figure 5-
1A, the addition of H,O, to both control and AQP1 expressing HEK 293 cells results in enhanced
PY1-ME fluorescent signal, indicating that this new fluorescent probe is capable of measuring
intracellular uptake of H,O,. AQP1 expression does not cause an increased signal from PY1-ME
upon H,O, stimulation as compared to control cells also stimulated with H,0,. However, as
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shown in Figure 5-1B, addition of 50 uM H,0, to AQP8-overexpressing HEK 293 cells loaded
with PY1-ME results in a greater relative increase in intracellular fluorescence compared to
control cells. These results confirm the yeast studies and demonstrate that some members of the
AQP family of proteins are capable of allowing enhanced uptake of H,O, into mammalian cells,
while others appear to lack this ability.

We next turned our attention to evaluating whether an aquaglyceroporin-type AQP would
regulate membrane H,O, uptake in mammalian cells. We focused these studies on AQP3, owing
to the wide tissue distribution of this aquaglyceroporin and phenotypes shown by AQP3
knockout mice,” including kidney duct malfunctions and polyuric behavior,” epidermal
hydration deficiencies,” and propensity towards colitis.” At the cellular level, this
aquaglyceroporin is known to facilitate diffusion of larger, alternative substrates to water™ and is
involved in cell migration and wound healing processes.” Because some of these cell migration
and wound healing processes are redox dependent,”* we hypothesized that AQP3 may be
involved in second-messenger signaling cascades utilizing H,O,. Indeed, many cell types,
particularly colon cells**® and keratinocytes,”** possess the endogenous machinery to produce
H,0, at the membrane through NADPH oxidase (Nox) proteins as well as high levels of AQP
channels.

Overexpression of AQP3 was confirmed by Western blot analysis on cell lysates as well
as immunostaining (Figure 5-6 C and D). As shown in Figure 5-1C, addition of 50 uM H,0, to
AQP3-overexpressing HEK 293 cells loaded with PY1-ME results in a greater relative increase
in intracellular fluorescence compared to control cells. These results were further verified by live
cell imaging (Figure 5-1 D and E). AQP3-expressing cells exhibit a 130 £ 9% increase in
fluorescence upon treatment with H,O,, whereas control cells show only a 80 + 18% increase
upon H,0, addition (Figure 5-1E). These experiments directly demonstrate that AQP3 is also
able to increase the permeability of mammalian cells to exogenous H,O,.

Application of HyPer to Further Validate that AQP3 Facilitates H,O, Uptake in
Mammalian Cells. After establishing that AQP3 and AQP8 but not AQP1 mediate H,O, uptake
utilizing a chemoselective small-molecule, we sought to utilize a secondary method of H,O,
measurement. For these experiments, we utilized the genetically encoded fluorescent H,O,
sensor HyPer,” which has reasonable selectivity for and high sensitivity to H,0O, and thus should
permit the detection of very low levels of H,O, uptake and assure intracellular localization of the
fluorescent reporter. Control HEK 293 cells exposed to 10 uM H,O, show no statistically
significant fluorescence enhancements as determined by HyPer fluorescence (Figures 5-2A and
5-10). In contrast, AQP3-overexpressing HEK 293 cells exhibit a fluorescence increase within 2
min of H,0O, addition (Figures 5-2A and 5-10). These data further show that AQP3 increases the
permeability of mammalian cells to exogenous H,O,, and validates the use of HyPer as an
alternative methodology for the detection of H,O, uptake.

AQP3-Mediated H,O, Uptake Influences Intracellular Signaling Cascades. After
establishing that AQP3 can facilitate the uptake of H,O, by two independent imaging methods,
we sought to determine whether AQP3-mediated H,0, accumulation could affect downstream
intracellular processes. For these experiments we utilized HeLa cells, owing to their high number
of signaling proteins and lack of endogenous AQP3 expression, to provide a clean reconstituted
mammalian cell model. First we confirmed that AQP3 could also mediate H,O, uptake in this
cell line. Control HeLa cells exposed to 10 yM H,O, show no statistically significant
fluorescence enhancements as determined by HyPer fluorescence (Figure 5-2 B and C). In
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contrast, AQP3-overexpressing HeLa cells exhibit a 50 + 4% fluorescence increase within 2 min
of H,0O, addition (Figure 5-2 B and C). We then sought to probe whether these differences in
H,O, uptake obtained by the overexpression of AQP3 could affect downstream cell signaling
pathways that rely on this ROS as a physiological effector molecule. In this context, a
compelling relationship has emerged between H,O, signaling and the phosphorylation status of
the serine/threonine kinase AKT/PKB, a major node in cellular signal transduction *. ROS
signals can amplify AKT signaling cascades in the forward direction through transient oxidative
inactivation of the phosphatase and tensin homolog (PTEN) and other phosphatases that oppose
AKT phosphorylation.”’ Accordingly, we utilized the phosphorylation status of AKT as a central
marker for signal transduction that can be modulated by H,O,. Initial experiments tested the
direct effects of H,O, on AKT phosphorylation. Serum-starved control HeLa cells do not exhibit
increases in pAKT/AKT ratios upon addition of H,O, (Figure 5-2D). However, AQP3-
overexpressing, serum-starved HeLa cells treated with H,O, for 20 min triggers a marked
enhancement in AKT phosphorylation (Figure 5-2D). When correlated with the imaging data this
result shows that AQP3 can enhance permeability of cells to H,O, and amplify downstream
signaling that relies on this ROS as an intracellular messenger.

Endogenous AQP3 Levels Regulate H,0, Uptake. We next tested whether
endogenously expressed AQP3 could also facilitate H,0O, uptake and downstream intracellular
signaling. For these experiments we turned our attention to HT29 human colon cancer
adenocarcinoma cells, as this model naturally expresses both AQP3 ** and Nox proteins*® and
possesses the requisite AKT signaling hub. We utilized an shRNA construct targeted against
AQP3 and validated in HEK 293 cells (Figure 5-6D) to knock down the expression of
endogenous AQP3 in HT29 cells (Figure 5-3B). When control HT29 cells transfected with an
shRNA construct targeting AQP4, an AQP isoform not found in this cell line, were treated with
H,0,, we observed a ca. 20% increase in fluorescence intensity measured by HyPer (Figure 5-3
A, C, and D). In contrast, AQP3-knockdown cells showed no significant fluorescence increase
when exposed to an equivalent amount of H,O, (Figure 5-3 A, C, and D), establishing that
natural levels of AQP3 can affect H,O, uptake.

AQP3 Regulates Endogenous H,0, Uptake and Downstream Cell Signaling Upon
Growth Factor Stimulation. We then sought to determine whether AQP3-mediated uptake of
naturally generated H,O, could also mediate intracellular redox signaling. In this context,
previous work has shown that epidermal growth factor (EGF) stimulation causes the activation
of membrane-bound Nox proteins to produce H,O,, which in turn regulates intracellular
signaling.”' In agreement with experiments in HEK 293 and HeLa cells, addition of 100 uM
H,0O, causes a marked increase intracellular fluorescence in both natural and AQP3-
overexpressing HT29 cells, with a greater relative increase in the AQP3-elevated samples
(Figures 5-11 and 5-12). Moreover, HT29 cells overexpressing AQP3 and stimulated with EGF
exhibit a ca. 10% increase in intracellular fluorescence (Figure 5-4 A and B). We were unable to
directly image Nox-generated H,O, upon EGF stimulation of basal HT29 cells under similar
conditions, which is presumably due to the low levels of H,O, produced for signaling purposes
that are under the detection limit of HyPer. These experiments do, however, establish that AQP3
can also enhance the uptake of endogenous H,0,.

As a more sensitive method for probing extracellular H,O, generation and its subsequent
effects on intracellular processes, we then assayed the effects of endogenous AQP3 on Nox-
derived H,0, uptake and signaling by western blot analysis of AKT phosphorylation status. As
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expected, stimulation of HT29 cells with EGF causes a patent increase in AKT phosphorylation
(Figure 5-4D). In contrast, stimulation with EGF in the presence of extracellular catalase, which
will destroy any extracellular H,0O, produced by Nox, abrogates AKT phosphorylation,
demonstrating that extracellular H,O, production is linked to intracellular signaling processes.
Similarly, EGF stimulation in the presence of diphenyleneiodonium (DPI), a general Nox/flavin
inhibitor, also diminishes H,O, signaling through AKT. Finally, cells that have endogenous
AQP3 levels knocked down by shRNA also show small but significant decreases in EGF-
induced AKT phosphorylation when compared to control cells transfected with an AQP4
targeting shRNA (Figure 5-4 E and F), as shown by quantification of the Western data. Taken
together, these data establish that endogenous extracellular H,0O, produced by Nox at the cell
surface is important for EGF signaling, and AQP3 plays a role in the transduction of that signal
from the extracellular space to intracellular targets (Fig 4C). By showing that membrane
regulation of H,O, in this manner can occur and is essential for intracellular signaling, these
results provide a key piece of the puzzle for use of the reactive metabolite H,O, as a
physiological effector while avoiding oxidative stress pathways but open the door to many new
and interesting questions. In particular, the observation that RNAi knockdown of AQP3 does not
abolish AKT signaling as much as the addition of extracellular catalase suggests that other H,O,
membrane transport mechanisms may be at play, potentially either some passive membrane
diffusion or regulation by alternative aquaporins or other proteins. In addition, other membrane
and non-membrane sources of H,0O, could also be implicated in these types of signaling
pathways, a hypothesis that is supported by that fact that DPI abolishes AKT signaling to a
greater extent compared to addition of extracellular catalase.

Conclusions

In summary, our findings challenge the commonly held view that H,O, is freely
diffusible across biological membranes and define a connection between its membrane
regulation and downstream intracellular signaling. By utilizing PY1-ME, a new H,O,-specific
synthetic small-molecule dye, in conjunction with protein reporters to directly visualize
differences in H,O, uptake in various cell lines as a function of AQP levels, we have established
that specific types of AQP channels can regulate the uptake of H,O, in mammalian cells. In
particular, canonical members of the aquaglyceroporin (AQP3) and unorthodox (AQP8) family
of these channels mediate H,O, uptake through mammalian cell membranes, where a member of
the classical type of aquaporin (AQP1) does not. Furthermore, AQP-mediated H,O,
accumulation can amplify or diminish downstream signaling cascades that rely on this ROS as a
physiological messenger. Interestingly, in this context, membrane H,O, regulation bears more
resemblance to metal Ca* signals that require channel entry rather than the related small-
molecule signal NO that can freely diffuse through membranes.

The evidence presented in this report indicates that some, but not all, AQPs can facilitate
the uptake of H,0O, in mammalian systems, and that the ability to mediate H,O, transport may
correspond to specific AQP classes (classical, aquaglyceroporin, unorthodox). This selectivity
suggests that the expression profiles of AQPs could dictate the susceptibility of a particular cell
or tissue to external H,O, signaling. Moreover, the notion that H,0O, uptake is controlled at
biological barriers has broad implications for AQP channels as regulators of redox signaling,
with particularly tantalizing connections in the areas of cell migration and wound healing. For
example, AQP3 facilitates cell migration through an EGF/EGFr dependent pathway’> and can
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mediate wound healing in the epidermis via cell migration and proliferation through p38 MAPK-
dependent pathways.” In addition, several reports have suggested a relationship between ROS
fluxes and cell migration, based on imaging studies using non-specific ROS indicators at the
leading edge of migrating endothelial cells.”>** Finally, an exciting discovery establishing the
involvement of H,O, signaling in wound repair has been reported recently, in which H,O,
generated by the Duox class of Nox proteins acts as a signaling molecule to attract leukocytes to
the site of injury.* The involvement of both H,0, fluxes and AQP channels in cell migration and
wound healing raises the possibility that AQPs may modulate H,O, permeability as a general
way to modulate its downstream effects, where regulation of AQP channels through various
mechanisms, including differential expression, trafficking, or posttranslational modification may
allow for discrimination between extracellularly generated ROS molecules such as H,O, or
superoxide (O,). We are actively exploring these possibilities in a wide variety of model
systems.

Materials and Methods

Synthetic Materials and Methods. Silica gel P60 (SiliCycle) was used for column
chromatography. Analytical thin layer chromatography was performed using SiliCycle 60 F254
silica gel (precoated sheets, 0.25 mm thick). Fmoc-piperazine rhodol boronate was synthesized
according to literature procedures.”® 'H NMR spectra were collected in CDCI, or CD,0OD
(Cambridge Isotope Laboratories, Cambridge, MA) at 25 °C on a Bruker AV-300 spectrometer at
the College of Chemistry NMR Facility at the University of California, Berkeley. Chemical
shifts are reported in the standard 0 notation of parts per million using the peak of residual proton
signals of CDCI, or CD,OD as an internal reference. Mass spectral analyses were carried out at
the College of Chemistry Mass Spectrometry Facility at the University of California, Berkeley.

Peroxy Yellow-1 Methyl Ester, PY1-ME. Fmoc-piperazine rhodol boronate (15 mg, 0.02
mmol) was added to a vial and dissolved in 1.5 mL of acetonitrile. Two drops of piperidine were
added to the solution and the mixture was stirred at room temperature for 30 min, after which the
contents were evaporated under reduced pressure. Methyl N-succinimidyl adipate (Pierce, 10
mg, 0.04 mmol) and sodium bicarbonate (46 mg, 0.54 mmol) was added to the dry vial and the
contents were dissolved in a mixture of 1.5 mL of acetonitrile and 2 mL of dichloromethane and
stirred at room temperature for 6 hours. The reaction mixture was then dried under reduced
pressure. Purification by column chromatography (3:1 ethyl acetate/hexanes) furnished PY1-ME
as an orange solid (5 mg, 35%).'H NMR (CDCl, /5% CD,0D, 300 MHz): § 8.03 (1H,d,/J=6.3
Hz),7.72 (1H,s),7.64 (1H,t,J=6.6 Hz),7.60 (1H,t,J=6.6 Hz), 741 (1H,d,J=7.8 Hz), 7.11
(1H,d,J=63Hz),6.79 (1H,d,J =7.8 Hz),6.70 (1H, s), 6.68 (1H, d, J= 6.3 Hz), 6.60 (1H, dd,
J= 2.1,8.7Hz),3.72-3.82 (2H, m), 3.67 (3H, s), 3.58-3.64 (2H, m), 3.19-3.29 (4H, m), 2.32-
243 (4H, m), 1.66-1.75 (4H, m), 1.34 (12H, s). HR-FABMS: calculated for [M*] 653.3034,
found 653.3026.

Spectrophotometric Characterization of PY1-ME. PY1-ME features two major visible region
absorptions (A, = 489 nm, ¢ = 18100 M'cm™; A,,, = 510 nm, € = 18700 M'cm™) and a weak
emission (A, = 548 nm, (¥ =0.040) in 20 mM HEPES, pH 7.0. The deprotected, phenol form of
PYME has one major visible region absorption (A, = 515 nm, ¢ = 79900 M"'cm™") and enhanced
emission (A, = 540 nm, (@ = 0.402).
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Antibodies. Rabbit anti-AQP3 polyclonal antibody was from Chemicon/Millipore. Goat anti-
AQP3, rabbit anti-pAKT1/2/3, rabbit anti-AKT1/2/3, rabbit anti-AQP1, mouse anti-AQPS8, goat
anti-mouse IgG-HRP, and goat anti-rabbit IgG-HRP were from Santa Cruz Biotechnology.
Bovine anti-goat IgG-Cy3 was from Jackson Immuno Labs. Mouse anti-actin was from Sigma.

Cell Culture and Transfection. Cell lines HEK293T and HelLLa (ATCC) were maintained in
DMEM (Invitrogen) supplemented with 10% FBS, 1% Non-essential amino acids, and 1%
Gluta-MAX (Invitrogen). The HT-29 cell line (ATCC) was maintained in DMEM supplemented
with 10% FBS. HEK?293T cells were transfected with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. HeLa cells were transfected with either Lipofectamine
LTX (Invitrogen) or DreamFect Gold (OZ Biosciences) according to the manufacturer’s
instructions. HT-29 cells were transfected using the Nucleofector II device (Lonza), using the
high efficiency program W-017. Human AQP3 cDNA was obtained from ATCC (clone ID:
BC013566) in the vector pPCMV-SPORT6. The AQP3 gene was sub-cloned into the mammalian
expression vector pNice under control of the CMV promotor using Notl and EcoRI. Human
AQP1 was obtained from Origene (clone ID: M77829) in the vector pCMV6-XL4. Human
AQPS8 was obtained from Origene (clone ID: AB013456) in the vector pCMV6-XL4. shRNA
constructs were designed against human AQP3 (NM_004925.3) using OligoEngine design tools.
Three sequences were selected based on specificity and predicted strength of knockdown and
incorporated into a pSUPER .retro.neo vector according to the manufacturer’s instructions:

241: 5 ACCTGAACCCTGCCGTGAC 3’
243: 5 CTGAACCCTGCCGTGACCT 3’
824: 5> CAACGAGGAAGAGAATGTG 3’

Efficacy of the constructs was determined by co-transfection of the pSUPER construct along
with AQP3 into HEK 293 cells (3:1 ratio of pPSUPER:AQP3 DNA), followed by analysis of
AQP3 levels by Western blot, 24 48 hours post-transfection. The construct targeted against 241
was selected for use in knock down studies.

Preparation of Cell Extracts and Immunoblotting. Following transfection, cells were grown
to sub-confluency of 60-90% and then serum-starved in DMEM without supplements overnight
(HeLa) or for 1 hour (HT-29). Appropriate stimulants were added and the cells incubated at 37
°C. After stimulation, cells were cooled on ice, washed with ice-cold DPBS, scraped into RIPA
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and
0.1% SDS) supplemented with protease inhibitors (Roche Complete MiniTab), and 1 mM
Na,VO,, lysed for 30 minutes on ice, and clarified by centrifugation at 13.2 x 10’ rpm for 10
minutes at 4 °C. Protein concentration was determined by BCA assay (Pierce), 4x Laemmli
buffer (0.25 mM Tris, 2% SDS, 40% glycerol, 20% beta-mercaptoethanol, 0.04% bromophenol
blue) was added, the samples denatured at 37°C for 20 minutes (for AQPS8 blots), 70°C for 10
minutes (for AQP3 and AQP1 blots), or 95 °C for 5 minutes (pAKT/AKT blots), and equal
amounts of total protein were loaded onto 12% SDS-PAGE gels. Proteins were transferred to
PVDF membranes (Immobilon, Millipore), blocked for 1 hour in 5% non-fat dry milk in wash
buffer (10 mM Tris, pH 7.5, 100 mM NaCl, 0.1% Tween-20), and incubated overnight at 4 °C in
primary antibody (1:1000, x pAKT1/2/3, x AKT1/2/3; 1:500 x AQP3; 1:5000 x actin).
Membranes were washed 5 times for 5 minutes in wash buffer, incubated 1 hour at room
temperature with 1:1000 secondary antibody, washed 5 times for 5 minutes in wash buffer, and
then visualized using enhanced chemiluminescence (Western Lightning, Perkin-Elmer) recorded
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on a BioRad GelDoc imaging station. Densitometic analysis was performed using QuantityOne
software (BioRad). Blots were stripped using Restore stripping buffer (Fisher) or 50 mM Tris pH
6.8,2% SDS, 100 mM BME at 55 °C for 17 min.

Immunocytochemistry. Cells plated on 15 mm coverslips were fixed in 4% paraformaldehyde,
permeabilized in PBST (PBS + 0.3% Triton X-100), blocked in 2% FBS in PBST, incubated
with 1:1000 goat anti-AQP3 followed by bovine anti-goat IgG-Cy3, and mounted before
imaging using an epifluorescence microscope.

Cell Sorting. HEK293T cells were plated at 2.5 x 10° well in a 24-well tray. One day after
plating, cells were transfected with equal amounts (250 ng) of AQP expression vector or control
vector and mRFP using Lipofectamine LTX. 48 hours after transfection, cells were washed once
with DPBS and incubated with 5 M PYME in DPBS for 15 minutes at 37 °C. Cells were then
treated with 50 uM H,0O, or buffer and incubated for 30 minutes at 37 °C. After treatment, cells
were typsinized, resuspended in DPBS, and sorted by mRFP fluorescence. The mean PYME
fluorescence of mRFP-positives in the AQP and control cells was measured.

Confocal Microscopy. Sub-confluent HEK293T cells were plated on polylysine-coated 15 mm
coverslips and transfected with mRFP and AQP3 or control vector. 24 - 48 hours post
transfection, cells were washed with DPBS, and incubated with 5 uM PYME in DPBS for 15
minutes at 37 °C. Following incubation, H,0O, was added to give a final concentration of 50 yM
and incubated for another 30 minutes at 37 °C. Cells were then washed with DPBS and imaged
with a Zeiss 510 Axioplan equipped with a META detector and an Achroplan 40x/0.8 NA water
immersion lens. Excitation for PYME was provided at 514 nm, with emission collected from
516-569 nm. Excitation for mRFP was provided at 543 nm, with emission collected from 601-
676 nm. Regions of interest were generated within mRFP+ cells and the mean PYME
fluorescence from these ROIs were measured using ImagelJ.

HyPer Imaging. Sub-confluent HEK293T or HeLa cells plated on polylysine-coated 15 mm
coverslips were transfected with equal amounts of AQP3 or control vector and HyPer and
allowed to grow to approximately 80-90% confluency. Prior to imaging, the coverslips were
transferred to 2 mL of DPBS (no Ca** or Mg®) in a 35 mm petri dish with a 14 mm glass
microwell (MatTek). Images were acquired every 20 seconds to establish baseline fluorescence
and then 1 mL of 3x H,0O, was added to the dish. The mean fluorescence intensity of HyPer-
expressing cells was monitored over time using an Axiovert 200M equipped with an AxioCam
MRm. The fluorescence intensity immediately before H,O, addition was set to 1.00 and
quantified using ImageJ. Excitation was provided by an X-Cite series 120 lamp using a filter
cube containing a bandpass excitation filter at 470 / 40, a beamsplitter at 495, and a bandpass
emission filter at 525 / 50. HT-29 imaging was done in a similar manner except that Hank’s
Balanced Salt Solution (HBSS) with Ca® and Mg** was used instead of DPBS and a final
concentration of 100 M H,0O, was used instead of 10 uM H,0O,. For EGF imaging, HT-29 cells
were starved in DMEM for 1 hour prior to imaging. As with H,0, imaging experiments, 3x EGF
(Upstate/Millipore) was added to give a final concentration of 100 ng/mL.

136



Figures and Schemes

A . B
B i P = 0.250 5 3[ P =0.026
n [}
2 = P =0.006 K] P =0.010 P =0.001
S 2 |P d 020| I | g 2L 1 1
L — w _
.02) i - = .02) 1 -
4 i
0 L L 1 0 A ) ;
HO, - = ) b HO, - : ) :
c CMV6-XL4 + AQP1 D CMVe-XL4 + AQPS8
o Af P = 0.021 e P =0.029
.9 S
) P =0.001 ) P =0.002
= P =0.049 2 - P=0.021 -
G, —m ' E — 1
g 1 sali= 5 T =
7} T
= % " " : ® 9 . ' .
H,O, - & = + HG, = + - +
pNice +AQP3 pNice + AQP3
E pNice + AQP3

Figure 5-1. Application of PY1-ME to show some aquaporins can increase the uptake of H,O, in
mammalian cells. HEK 293 cells transfected with either a control vector or AQP1 (A), AQP8 (B), or AQP3
(C) expression vectors, loaded with PY1-ME, treated with 0 or 50 uM H,O, for 30 min, and analyzed by
flow cytometry (n = 3). (D) HEK 293 cells transfected with either a control vector or AQP3 and mRFP as a
transfection marker and measured by confocal microscopy (n = 8). (E) Representative images of
experiment represented in D. Scale bar = 20 ym. For all panels data were normalized to controls and
statistical analyses were performed with a one-tailed Student’s t-test. Error bars are + s.e.m.
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Figure 5-2. AQP3 mediated exogenous H,O, uptake can effect intracellular signaling. (A) Live-cell
imaging of changes in HyPer fluorescence upon treatment of HEK 293 cells with 10 yM H,0O,. “pNice,”
HEK 293 cells expressing HyPer and transfected with pNice as a control vector before addition of H,O..
“+ AQP3,” HEK 293 cells expressing HyPer and AQP3 before addition of H,O,. “+ H,O,,” cells 2 min after
addition of 10 yM H,0O,. 20 uym scale bar. (B) Live-cell imaging of changes in HyPer fluorescence upon
treatment of HelLa cells with 10 uM H,O,. “pNice,” HelLa cells expressing HyPer and transfected with
pNice as a control vector before addition of H,O,. “+ AQP3,” HelLa cells expressing HyPer and AQP3
before addition of H,O,. “+ H,0,,” cells 2 min after addition of 10 pM H,O,. 20 ym scale bar. (C) Time-
course and quantification of B. HelLa cells expressing HyPer and transfected with pNice (black line) or
AQP3 (blue line) were stimulated with 10 yM H,O, at t = 0 and the changes in HyPer fluorescence
monitored over time. Error bars are +/- s.e.m. (n = 3). (D) Western blot showing changes in pAKT1/2/3
levels in HelLa cells treated with H,O,. HelLa cells expressing AQP3 or control vector were serum-starved
and then treated with 200 uM H,O, for 20 minutes at 37 °C and then lysed. Phospho-AKT and AQP3
levels were measured by western blot analysis of whole cell extracts, followed by stripping and reprobing
for total AKT or Actin, respectively.
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Figure 5-3. Natural levels of AQP3 can mediate exogenous H,O, uptake. (A) HT29s transfected with
either HyPer and shRNA targeted against AQP3(241) or AQP4(801) as a control with 100 pM H,O, at t =
0 and the changes in HyPer fluorescence monitored over time. Images show cells att = 0 and t = 2 min
(“+ H20,"). 10 ym scale bar. (B) Knockdown of endogenous AQP3 in HT29 cells. HT29 cells were
transfected with either shRNA targeted against AQP3(241), or AQP4(801) as a control, then lysed and
probed for AQP3 levels by western blot analysis of whole cell extracts, followed by stripping and
reprobing for Actin. (C) Endogenous AQP3 can mediate H,O, uptake. HT29 cells expressing HyPer and
transfected with AQP4 shRNA as a control (black line) or AQP3 shRNA (blue line) were stimulated with
100 yM H,0O, at t = 0 and the changes in HyPer fluorescence monitored over time. Error bars are +/-
S.E.M. (n = 3). (D) Quantification of C att = 2. (n = 3). Data were normalized to controls and statistical
analyses were performed with a one-tailed Student’s t-test. Error bars are + s.e.m.
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Figure 5-4. Natural levels of AQP3 can mediate uptake of Nox-generated H,O, and effect intracellular
signaling. (A) Live-cell imaging of changes in HyPer fluorescence upon treatment of HT29 cells with 100
ng/mL EGF. HT29 cells expressing HyPer and transfected with pNice as a control (“pNice” ) or AQP3 (“+
AQP3”) before addition of EGF. Cells images at t = 0 and then again at t = 20 min (“+ EGF”). 20 ym scale
bar. (B) Time-course and quantification of A. HT29 cells expressing HyPer and transfected with pNice
(black line) or AQP3 (blue line) stimulated with 100 ng/mL EGF at t = 0 and the changes in HyPer
fluorescence monitored over time. Error bars are +/- s.e.m. (n = 3). (C) Schematic illustrating where the
H,O, redox signal can by intercepted. EGF stimulation can activate a membrane-bound NADPH oxidase
(Nox), which will then produce extracellular H,O,, which can then pass into the cell and modulate
intracellular redox signaling. Diphenylene iodonium (DPI) will block the Nox production of H,O, and
extracellular catalase (Cat) will destroy any H,O, produced outside of the cell. The genetic manipulation
of AQP3 using shRNA will block any potential factilitated uptake of extracellular H,O, by this protein. (D)
Extracellular catalase and DPI abrogate EGF signaling in HT29 cells. Serum-starved HT29 cells were
either preincubated with 5 yM DPI or DMSO as a carrier control for 30 min. 5 mg/mL catalase or water as
a carrier control was then added while the cells were simulataneously stimulated with 100 ng/mL EGF.
Phospho-AKT was measured by western blot analysis of whole cell extracts, followed by stripping and
reprobing for total AKT. (E) HT29 cells were transfected with either AQP3 shRNA or AQP4 shRNA as a
control, serum starved, stimulated with 100 ng/mL EGF, and lysed at the various time points. Phospho-
AKT was measured by western blot analysis of whole cell extracts, followed by stripping and reprobing for
total AKT. (F) Quantification of experiment as represented in E by analyzing 4 separate trials. pAKT
normalized to total AKT and each experiment normalized to the t = 0 pAKT/AKT ratio. Error bars are +
s.e.m.
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Figure 5-5. Design and characterization of PY 1-ME. (A) Design and synthesis of PY1-ME, a new
fluorescent probe for the selective detection of H,O,. (B) Fluorescence turn-on response of 5 yM
PYI-ME at 0, 5, 15, 30, 45, and 60 min after the addition of 100 uM H,O,. (C) Fluorescence
responses of 5 uM PY1-ME to various reactive oxygen species (ROS). Bars represent relative
responses at 0, 5, 15, 30, 45, and 60 min after addition of each ROS. Data shown are for 10 mM
O, (with 10 uM Catalase), 200 uM NO, and 100 zM for all other ROS.
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Figure 5-6. Verification of AQP overexpression. (A) Western blot showing the overexpression of
AQP1 in HEK 293 cells. HEK 293 cells were transfected with either control (pCMV6-XL4) or
AQP1 expression vector (“+ AQP1”) and analyzed by western blot. (B) Western blot showing
the overexpression of AQP8 in HEK 293 cells. HEK 293 cells were transfected with either
control (pCMV6-XL4) or AQPS8 expression vector (“+ AQP8”) and analyzed by western blot.
(C) Immunocytochemistry of HEK 293 cells transfected with HyPer and AQP3 or a control
vector. (D) Western blot showing overexpression and knockdown of AQP3 in HEK 293 cells.
Lane 1: HEK 293 cells transfected with AQP3 and pSUPER. Lane 2: HEK 293 cells transfected
with AQP3 and xAQP3 241 shRNA. Lane 3: HEK 293 cells transfected with AQP3 and xAQP3
243 shRNA. Lane 4: HEK 293 cells transfected with AQP3 and xAQP3 824 shRNA. Lane 5:
HEK 293 cells transfected with AQP3 and xAQP4 801 shRNA. Lane 6: Untransfected control
HEK 293 cells. Blots were stripped and reprobed for actin as a loading control.
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Figure 5-7. Immunocytochemistry of HEK 293 cells transfected with HyPer and AQP3 or control
vector. After transfection, cells were fixed, permeablized, and treated with anti-AQP3 antibody.
AQP3 localization was visualized by addition of Cy-3 conjugated secondary antibody (red
channel); YFP fluorescence from the HyPer chromophore, as a marker of transfection, is
visualized in green. A) HEK 293 cells expressing HyPer and AQP3. B) DIC image of cells in A.
C) HEK 293 cells expressing HyPer and control vector. D) DIC image of cells in D. Scale bar =
10 pm.
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Figure 5-8. Immunocytochemistry of HeLa cells transfected with HyPer and AQP3 or control
vector. After transfection, cells were fixed, permeablized, and treated with anti-AQP3 antibody.
AQP3 localization was visualized by addition of Cy-3 conjugated secondary antibody (red
channel); YFP fluorescence from the HyPer chromophore, as a marker of transfection, is
visualized in green. A) HeLa cells expressing HyPer and AQP3. B) DIC image of cells in A. C)
HelL a cells expressing HyPer and control vector. D) DIC image of cells in D. Scale bar = 10 ym.
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Figure 5-9. Immunocytochemistry of HT-29 cells transfected with HyPer and AQP3 or control
vector. After transfection, cells were fixed, permeablized, and treated with anti-AQP3 antibody.
AQP3 localization was visualized by addition of Cy-3 conjugated secondary antibody (red
channel); YFP fluorescence from the HyPer chromophore, as a marker of transfection, is
visualized in green. A) HT-29 cells expressing HyPer and AQP3. B) DIC image of cells in A. C)
HT-29 cells expressing HyPer and control vector. D) DIC image of cells in D. Scale bar = 10
pm.
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Figure 5-10. Live-cell imaging of changes in HyPer fluorescence upon treatment of HEK 293
cells with 10 uM H,0,. HEK 293 cells transfected with HyPer and AQP3 (solid line) or control
vector (dashed line) were treated with 10 uM H,O, and the changes in HyPer fluorescence were
monitored over time. Error bars are + s.e.m. (n = 3).

146



1}{

III’IH

Relative HyPer Fluorescence

Time / (min)

Figure 5-11. Live-cell imaging of changes in HyPer fluorescence upon treatment of HT-29 cells
with 100 uM H,0,. HT-29 cells transfected with HyPer and AQP3 (solid line) or pNice vector
(dashed line) were treated with 100 M H,O, and the changes in HyPer fluorescence were
monitored over time. Error bars are + s.e.m. (n = 3).
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Figure 5-12. Live-cell imaging of changes in HyPer fluorescence upon treatment of HT-29 cells
with 100 uM H,0,. A) HT-29 cells expressing HyPer and transfected with pNice as a control
vector before addition of H,O,. B) Cells from A, 4 minutes after addition of 100 uM H,0,. C)
HT-29 cells expressing HyPer and AQP3 before addition of H,0O,. D) Cells from C, 4 minutes
after addition of 100 M H,0,. Scale bar = 20 ym.
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Appendix 1:

A Targeted Fluorescent Sensor for Imaging Reversible Redox Cycles in the
Mitochondria of Living Cells
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As the site of cellular respiration, the mitochondria are a potentially potent source of
damaging reactive oxygen species (ROS)."” Therefore, monitoring the accumulation and
maintenance of ROS within this specific microenvironment is critical to discerning the effect of
mitochondrial redox status on both cellular pathology and physiology. There are currently an
assortment of mitochondrial fluorescent indicators for a variety of ROS,’ including hydrogen
peroxide,’ superoxide,” and highly reactive oxygen species.” However, all of these fluorescent
probes irreversibly respond to a given ROS, making them inadequate for studying the recovery
from oxidative stress within mitochondria. Several protein and peptide approaches have been
developed,”'* some of which can potentially be targeted to subcellular locales with targeting
sequences. However, these tools require transfection and are difficult to apply to tissue samples
or in vivo imaging. Therefore, we sought to develop a small molecule based reversible redox
sensor that is targeted to the mitochondria.

Previously we developed RF1, a naphthalene disulfide probe capable of monitoring
reversible redox changes in the cytosol.”” We sought to utilize this novel naphthalene-disulfide
switch to create a mitochondrial-targeted form of this compound. As lipophilic cations tend to
accumulate in the mitochodria due to the proton gradient,” we hypothesized that a thodamine
derivative of RF1, which would be cationic, would accumulate in the mitochondria without the
need for additional targeting groups. To that end, the condensation of naphthalene-1,8-disulfide-
4-carboxaldehyde with 3-dimethylaminophenol wusing microwave irradiation affords
Mitochondrial Redox-Sensor 1 (MRS1, Scheme Al-1).

MRSI (5 uM in DPBS, pH 7.4) has an excitation maximum around 540 nm and an
emission around 590 nm, as expected for a rhodamine-type dye of this structure. The addition of
one equivalent of TCEP causes a fast and robust decrease in fluorescent intensity, with maximal
turn-off after about 4 minutes (Figure A1-1). As seen in Figure Al-2, the addition of 100 uM
H,0O; causes a recovery of fluorescent signal after about 30 min. The addition of a second
equivalent of TCEP causes another drop in fluorescent output, and after another 30 min
incubation the fluorescent signal again recovers. These data indicate that MRSI is capable of
measuring reversible redox cycles.

We next turned our attention to the cellular distribution and validation of MRS1. To that
end, HeLa cells loaded with MRS1 show low but measurable fluorescent signal corresponding to
discrete subcellular regions (Figure A1-3a). The addition of 100 uM H,O, to the cells results in
enhanced fluorescent intensity after 15 min (Figure A1-3b). After removal of the H,O, and a 25
min recovery period, the fluorescent output is similar to that of the starting conditions (Figure
A1-3c). The addition of 100 uM H,0O, a second time causes an enhanced turn-on response
compared to the first stimulation (Figure A1-3d, and Al1-4), potentially due to the cells'
weakened redox defense system after the initial redox insult. The cells were simultaneously
loaded with Mitotracker Deep Red to stain mitochondria. These experiments confirm that the
fluorescent signal from MRSI1 is indeed arising from cellular mitochondria (Figure Al-3,
d,e.f,g,h, and 1). Additionally, this recovery response is opposite of that observed within the
cytosol using RF1, possibly suggesting a differential redox recovery after insult within different
compartments of the cell.

The aforementioned experiments demonstrate that MRS1 is capable of targeting the
mitochondria of live cells, where it can then respond reversibly to redox changes. This molecule
should prove useful in unraveling some of the complexities of mitochondrial redox homeostasis.
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Experimental Section

Synthetic Materials and Methods. All reactions were carried out under a dry nitrogen
atmosphere. Naphthalene-1,8-disulfide-4-carboxaldehyde'* was synthesized according to
literature procedures. Silica gel P60 (SiliCycle) was used for column chromatography. Analytical
thin layer chromatography was performed using SiliCycle 60 F254 silica gel (precoated sheets,
0.25 mm thick). All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. MitoTracker Deep Red and LysoTracker Red were purchased from Invitrogen
(Carlsbad, CA). 'H NMR spectra was collected in CO(CD,),/5% CD,OD (Cambridge Isotope
Laboratories, Cambridge, MA) at 25 °C on a Bruker AVQ-400 spectrometer at the College of
Chemistry NMR Facility at the University of California, Berkeley. All chemical shifts are
reported in the standard & notation of parts per million using the peak of residual proton signals
of CHCI; as an internal reference. Mass spectral analyses were carried out at the College of
Chemistry Mass Spectrometry Facility at the University of California, Berkeley. Microwave
reactions were performed using a CEM Intelligent Explorer/Discover (Matthews, NC).

Mitochondrial Redox-Sensor-1 (MRS1). Napthalene-aldehyde (120 mg, 0.89 mmol) and 3-
dimethylaminophenol (220 mg, 0.35 mmol) were dissolved in MeOH in a pressure flask and
stirred at room temperature for 10 min. The contents were then dried under reduced pressure.
The flask was then sealed and microwaved, solvent-free, at 155 °C for 30 min. After cooling, the
solid contents were then dissolved in MeOH and chloranil (100 mg, 0.41 mmol) was added.
After stirring at room temperature for 30 min, the contents were dried under reduced pressure.
Purification by flash chromatography (9:1:0.05 dichloromethane/methanol/water) yielded MRS1
(5.3 mg, 3%). 'H NMR ((CO(CD;,),/5% CD,OD 400 MHz): § 7.61 (1H,d,J=7.6 Hz), 7.46 (1H,
s), 744 (1H,d,J =20 Hz), 7.34 (1H, s), 7.32 (1H, s), 7.27 (1H, t, J = 8.0 Hz), 7.10 (1H, d, J =
24 Hz),704 (1H,d,J=24Hz),6.96-7.01 (3H,m),3.37 (12H, s).

Preparation and Staining of Cell Cultures. HelLa cells were cultured in DMEM with high
glucose, GlutaMAX, and 10% FBS. Two days before imaging, cells were passaged and plated on
18-mm glass coverslips. For all experiments, solutions of dyes (from 5 mM stocks in DMSO)
were made in DBPS with calcium chloride and magnesium chloride (Sigma). H,O, was added by
bath application to the medium from a 100 mM aqueous stock. For paraquat treatment, HeLa
cells were cultured as described above. One day prior to imaging, 1 mM paraquat was added to
cells from a 0.5 M stock solution in water. An equal amount of water was added to control cells
at the same time. Cells were then incubated at 37 °C, 5% CO,. After 24 h, the media was
exchanged for DPBS with 1 uM dye and incubated for 20 min.

Fluorescence Imaging Experiments. Confocal fluorescence imaging studies were performed
with a Zeiss LSM510 NLO Axiovert 200 laser scanning microscope and a 40x Achroplan IR
water-immersion objective lens. Excitation of MRS1-loaded cells was carried out with a 543 nm
laser and emission was collected using a META detector between 554-587 nm. MitoTracker
Deep Red was excited with a 633-nm laser and emission was collected between 672-704 nm.
Excitation of Hoechst 33342 was carried out using a MaiTai two-photon laser at 780-nm pulses
(mode-locked Ti:sapphire laser, Tsunami Spectra Physics) and emission was collected between
436-522 nm. Image analysis was performed in ImageJ.
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Scheme A1-1. Structure of MRS1.

156



1.2

1
0.8

T 06 »L
X 04

0.2

0 :
550 600 650 700

nm
Figure A1-1. Time-course fluorescence spectra of MRS1 treated with TCEP. 5 yM MRS1 in DPBS
scanned (ex 543 nm, scanned from 550-750 nm). Added 1 eq of TCEP after the first scan, then scanned
after 20, 45, 80, 110, 170, 260 and 440 seconds.
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Figure A1-2. Sensing reversible redox changes with MRS1 in vitro. 5 yM MRS1 in DPBS scanned (ex
543 nm, integrated from 550-750 nm). Added 1 eq of TCEP after the first scan, 100 uM H,O, at t = 5 min,
and 10 eq. of TCEP at t = 32 min. Finally, added 100 uM H,O, at t = 35 min. RFI = relative fluorecence
intensity.
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Figure A1-3. Confocal fluorescence images of live HelLa cells with varying mitochondrial redox states
visualized with MRS1. Images displayed represent emission intensities collected in optical windows
between 565 nm and 615 nm upon excitation at 543 nm for MRS1 and between 650 nm and 700 nm
upon excitation at 633 nm for Mitotracker Deep Red. HelLa cells incubated with 5 yM MRS1 for 15 min,
then swapped for fresh DPBS and imaged with MRS1 (a). The cells were then treated with 100 yM H,0,
for 20 min and imaged with MRS1 (b). The cells were then washed twice with DPBS, incubated for 25
min, and imaged with MRS1 (c). The cells were then treated with 100 uM H,O, again for 15 min and
imaged with MRS1 (d), Mitotracker Deep Red (e) and a brightfield (overlay, f) with a 50 um scale bar. The
cell identified with an arrow in d and e is shown enlarged with the fluorescent signal from Mitotracker
Deep Red (g), MRS1 (h), and an overlay (i) with a 10 ym scale bar.
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Figure A1-4. Quantification of fluorescence from live HelLa cells with varying mitochondrial redox states
visualized with MRS1. The experiment as conducted in Figure A1-3 was quantified (k, blue bars) with 3
images counted for each time point, along with a simultaneous control experiment with cells treated and
imaged identically without any H,O, added at any stage (k, yellow bars).
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Appendix 2:

Synthesis of Derivatives of the Peroxy Yellow and Peroxyfluor Classes of Mono-
Boronate Hydrogen Peroxide Sensors
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Synopsis

This appendix describes the synthesis of various derivatives of targeted hydrogen
peroxide (H,0O,) sensors based on the asymmetric piperazine-rhodol scaffold utilized for
MitoPY1 in Chapter 3. Peroxy Yellow Methyl Bromide (PYMBr) is a probe containing a
reactive electrophile designed for either cellular uptake by reaction with intracellular glutathione
or for bioconjugation reactions with cysteine-containing polypeptides. Peroxy Yellow
Acetoxymethyl Ester (PYAM) is a first-generation trappable probe with an acetoxymethyl ester
protected carboxylic acid for enhanced intracellular uptake and retention. This molecule was
later replaced by PF6-AM (Chapter 4) as multiple anionic groups were found to be required for
efficient trapping. Peroxy Yellow Palmitic Acid (PYPal) is a first-generation membrane-targeted
probe featuring a lipophilic carbon tail. However, PYPal tracked to not only the outer membrane,
but also the inner membranes of cells, rendering it inappropriate for detection of H,O, at the
outer membrane. Therefore, a second-generation membrane targeted probe, Membrane-targeted
Peroxy Yellow 1 (MembrPY1) was synthesized featuring a lipohilic palmitic acid tail for
membrane targeting and an anionic aspartic acid residue to hold the probe on the outer
membrane. As seen in figures A2-1 and A2-2, MembrPY1 can track to the cell membrane and
respond to both endogenous and exogenous H,O,. Finally, the synthesis and characterization of
PF5 (the other isomer of PF6, the carboxyfluorescein derivative of the probe used in Chapter 4)
is described. As seen in figures A2-3 and A2-4, PF5 has a turn-on response to H,O, and is
selective over other biologically relevant reactive oxygen species (ROS).

Results and Experimental Details
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Peroxy Yellow Methyl Bromide, “PYMBr”’. Fmoc-piperazine boronate (12 mg, 0.02 mmol)
was added to a vial and dissolved in 1.5 mL of acetonitrile. Two drops of piperidine were added
to the solution and the mixture was stirred at room temperature for 30 min, after which the
contents were evaporated under reduced pressure. The vial was then brought into an inert
atmosphere box, where bromoacetic acid NHS-ester (10 mg, 0.04 mmol), sodium bicarbonate
(20 mg, 0.24 mmol), and 1.5 mL of acetonitrile were added to the vial and the reaction was
stirred at room temperature for 24 hours. The vial was then brought out of the box and the crude
reaction was filtered through a celite plug. The reaction contents were then dried under reduced
pressure. Purification by column chromatography (1:4 hexanes/ethyl acetate) yielded PYMBr as
an orange solid (4.3 mg, 34%). '"H NMR (CDCl, /5% CD,0D, 300 MHz): 791 (1H,d,J=6.9
Hz), 7.60 (1H, s), 7.55 (2H, quintet, J = 6.6 Hz), 7.29 (1H,d,J=7.8 Hz), 702 (1H,d,J =69
Hz), 6.66 (1H, d, J = 8.1 Hz), 6.63 (1H, s), 6.49-6.60 (2H, m), 3.81 (2H, s), 3.38-3.45 (4H, m),
3.32-3.38 (4H, m), 1.23 (12H, s). HR-FABMS: calculated for [M*] 631.1615, found 631.1607.
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Peroxy Yellow Acetoxymethyl Ester, “PYAM”. Fmoc-piperazine boronate (21 mg, 0.03
mmol) was added to a vial and dissolved in 2 mL of dichloromethane. Two drops of piperidine
were added to the solution and the mixture was stirred at room temperature for 30 min, after
which the contents were evaporated under reduced pressure. Bromoacetic acid (11 mg, 0.08
mmol), sodium bicarbonate (23 mg, 0.27 mmol), and 3 mL of acetonitrile were added to the vial
and the contents stirred at room temperature overnight. The contents were evaporated under
reduced pressure and put on a high-vac to dry. The crude reaction mixture was then dissolved in
3 mL of DMF, and 100 L of diisopropylethylamine and 3 drops of bromomethyl acetate were
added to the reaction. After 24 hours of stirring at room temperature, the product was extracted
into ethyl acetate, washed three times with water, and dried under reduced pressure. Purification
by column chromatography (4:1 ethyl acetate/hexanes) furnished PYAM as an orange solid (8
mg, 47%).'"H NMR (CDCl,/10% CD,0D, 500 MHz): & 7.96 (1H, d, J = 7.5 Hz), 7.65 (1H, s),
7.61 (1H,t,J =75 Hz),7.57 (1H,t,J =7.5 Hz), 735 (1H,d,J =80 Hz), 707 (1H,d,J =7.5
Hz),6.72 (1H,d,J=8.0 Hz), 6.67 (1H,d,J=2.5 Hz),6.60 (1H,d,J=9.0 Hz), 6.56 (1H, dd, J =
2.5,9.0 Hz),5.74 (2H, s), 3.38 (2H, bs), 3.30 (4H, bs), 2.79 (4H, bs), 2.07 (3H, s), 1.29 (12H, s).
“C NMR (CDCI, /10% CD,0D, 125 MHz): 8 1700, 169.7, 153.3, 152.3, 150.8, 135.1, 129.7,
129.1,128.6,127.1, 126.2,124.9,123.8,123.3,121.41,112.0, 102.3, 84.2,79.3,52.3, 20.5. HR-
FABMS: calculated for [M*] 641.2665, found 641.2672.
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Peroxy Yellow Palmitic Acid, “PYPal”. Fmoc-piperazine boronate (12 mg, 0.02 mmol) was
added to a vial and dissolved in 1.5 mL of acetonitrile. Two drops of piperidine were added to
the solution and the mixture was stirred at room temperature for 30 min, after which the contents
were evaporated under reduced pressure. Palmitic acid NHS-ester (14 mg, 0.04 mmol), cesium
carbonate (13 mg, 0.04 mmol), and 1.5 mL of acetonitrile were added to the vial and the reaction
was stirred at room temperature overnight. The reaction contents were then dried under reduced
pressure. Purification by column chromatography (1:1 hexanes/ethyl acetate) yielded PYPal as
an orange solid (6.4 mg, 43%). '"H NMR (CDCl,, 400 MHz): § 8.04 (1H,d, J = 6.4 Jz),7.73 (1H,
s), 7.63 (2H, quintet, 6.8 Hz), 7.42 (1H,d,J=8.0 Hz), 7.12 (1H,d,J = 7.6 Hz), 6.80 (1H, d, J =
7.6 Hz), 6.67-6.74 (2H, m), 6.12 (1H, d, J = 8.8 Hz), 3.74-3.84 (2H, m), 3.59-3.66 (2H, m), 3.19-

)
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3.29 (4H, m), 1.56-1.70 (7H, m), 1.35 (12H, s), 1.19-1.31 (24H, m). HR-FABMS: calculated for

[M*] 749.4701, found 749 .4706.
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Membrane-targeted Peroxy Yellow 1, “MembrPY1” (25). Fmoc-piperazine boronate (214
mg, 0.33 mmol) was added to a vial and dissolved in 3.0 mL of acetonitrile. Five drops of
piperidine were added to the solution and the mixture was stirred at room temperature for 30
min, after which the contents were evaporated under reduced pressure. Fmoc-Asp(OtBu)-NHS
ester and 200 mg of sodium bicarbonate were added to the vial and the reaction contents were
dissolved in 5 mL of acetonitrile and stirred at room temperature for 2 hours. The reaction
contents were dried under reduced pressure and semi-purified via column chromatography (40:1
dichloromethane/methanol). 90 mg of the crude intermediate was dissolved in 4 mL of
acetonitrile. Five drops of piperidine were added and the contents stirred at room temperature for
30 min. After drying the reaction contents under reduced pressure, palmitic acid NHS-ester (100
mg), sodium bicarbonate (100 mg), and 4 mL of acetonitrile were added to the vial and the
reaction stirred for 2 hours. More palmitic acid NHS-ester (50 mg) was added to the mixture and
the stirring was continued for another 20 minutes. The crude reaction mixture was dried under
reduced pressure. Column chromatography (gradient from 4.5:4.5:0.25 dichloromethane/ethyl
acetate/ethanol to 8:2:1 dichloromethane/methanol/acetone) yielded a mixture of the pinnacol
protected and deprotected tert-butyl protected product. After dissolving the crude product in 1
mL of dichloromethane, 1 mL of trifluoroacetic acid was added and the solution was stirred for 2
hours. The mixture was then dried under reduced pressure. Purification by column
chromatography (225:225:25:2 dichloromethane/ethyl acetate/methanol/trifluoroacetic acid)
yielded MembrPY1 as a reddish solid (23 mg, 9%). 'H NMR (CDCl, /5% CD;0D, 400 MHz): &
8.00 (1H, bs), 7.76 (1H,d, J = 6.4 Hz), 7.56-7.69 (2H, m), 7.39-7.46 (1H, m), 7.30-7.39 (1H, m),
7.10 (1H,d,J =64 Hz), 6.76 (1H, d, J = 6.4 Hz), 6.63-6.74 (1H, m), 6.55-6.63 (1H, m), 4.09
(2H, d, J = 6.8 Hz), 3.69-3.88 (4H. m), 2.24-3.55 (16H, m), 2.18 (1H, s), 1.10-1.30 (19H, m).
HR-FABMS: calculated for [M*] 780.4049, found 780.4037.

5-Carboxyfluorescein monotriflate. 5-Carboxyfluorescein (5.24 g, 13.9 mmol) was added to a
vial and dissolved in 70 mL of acetonitrile. Diisopropylethylamine (25 mL, 248 mmol) was then
added and the reaction stirred for 10 min. N-Phenyl-bis(trifluoromethanesulfonimide) (5.0 g,
14.0 mmol) and 50 mL of DMF were then added, the vessel was sonicated for 5 minutes, and
the reaction was stirred 72 hours at room temperature. The reaction mixture was then dried under
reduced pressure. Purification by column chromatography (19:1 CH,Cl,/MeOH) afforded
compound 5-Carboxyfluorescein monotriflate as a yellow oil (412 mg, 60% yield). 'H NMR
((CD,),CO, 400 MHz): 6 8.64 (1H, s), 843 (1H,d, J = 8.0 Hz), 7.42-7.54 (2H, m), 7.22 (1H, dd,
J=24,88Hz),7.16 (1H,d,J= 8.8 Hz), 6.86 (1H,s),6.77 (1H,d,J=8.8 Hz),6.71 (1H,d,J =
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8.8 Hz). "C NMR ((CH,),CO, 100 MHz): 6 168.3, 167.9, 160.4, 155.4, 152.4, 152.2, 150.6,
136.7, 135.5, 131.0, 129.7, 127.2, 124 .8, 124.7, 120.3, 1174, 1139, 111.0, 109.7, 103.1, 82.1.
"F NMR ((CH,),CO, 376.5 MHz): & -73.02. Low-resolution MS: 508.1.

PF5. 5-Carboxyfluorescein monotriflate (478 mg, 0.94 mmol), Pd(OAc), (345 mg, 1.54 mmol),
Bis(pinacolato)diboron (365 mg, 1.42 mmol), Cyclohexyl JohnPhos (203 mg, 0.58 mmol),
diisopropylethylamine (742 mg, 5.74 mmol), and 5 mL of dioxane were added to a vial in an
inert atmosphere glove box and the reaction was stirred overnight at room temperature. The vial
was then brought out of the glove box and the contents were evaporated to dryness. Purification
by column chromatography (19:1 dichloromethane/methanol) furnished PF5 as a yellow solid
(157 mg, 34% yield). 'H NMR (CDCl, , 300 MHz): § 8.56 (1H,s), 8.19 (1H, d, J = 8.1 Hz), 7.65
(1H,s),7.33 (1H,d,J/=7.8 Hz),7.13 (1H, d, J = 8.1 Hz), 6.64-6.76 (2H, m), 6.44-6.55 (2H, m),
1.27 (12H, s). "C NMR ((CD,),CO, 75 MHz): 6 168.95, 167.49, 160.71, 156.45, 153.18, 151.59,
137.42,135.69, 130.27, 128.43, 127.72, 125.13, 124.76, 123.89, 122.62, 113.69, 110.69, 103.58,
85.10,25.21.

PF5 features two visible region absorptions (A,, = 370 nm, £= 10,000 'cm”; 460 nm, ¢ =
14,000 M'cm™) and a weak emission (A, = 527 nm, ® = 0.07). Kinetics measurements of the
H,0,-mediated boronate deprotection were performed under pseudo-first-order conditions (5 uM
dye, 10 mM H,0,), giving an observed rate constant of k= 5.5(1) x 107 s
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Figures

Figure A2-1. Imaging of membrane H,O, in live A431 cells. A431 cells loaded with 5 yM MembrPY1 in
DPBS with 1 uM Hoechst 33342 at 37 °C for 10 min. Cells then stimulated with either water carrier, 100
UM H,0,, or 500 ng/mL EGF for 30 minutes at 37 °C. Cells then analyzed by confocal microscopy.
Shown are control cells stained with MembrPY1 (a), MembrPY1 with Hoechst 33342 overlay (b),
brightfield (c), EGF-treated cells stained for MembrPY1 (d), MembrPY1 with Hoechst 33342 overlay (e),

brightfield (f), and H,O,-treated cells stained for MembrPY1 (g), MembrPY1 with Hoechst 33342 overlay
(h), brightfield (i).
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Figure A2-2. Quantification of membrane H,O, in live A431 cells. Quantification of experiment from
Figure A2-1 with 4 images counted per condition and error bars as S.E.M. MFI = mean fluorescent
intensity.
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Figure A2-3. Fluorescence response of PF5 to H,O,. Fluorescence turn-on response of 5 uM PF6 at 0, 5,
15, 30, 45, and 60 minutes after the addition of 100 yM H,0..
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Figure A2-4. Fluorescence responses of 5 yM PF5 to various reactive oxygen species (ROS). Bars
represent relative responses at 0, 5, 15, 30, 45, and 60 min after addition of each ROS. Data shown are
for 10 mM O, (with 10 uM Catalase), 200 uM NO, and 100 puM for all other ROS.
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Appendix 3:

Protocol for Aliquoting Boronate Probes
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Untroduction

The boronate probes are best stored as dry stocks free of water and oxygen at -20 °C.

Additionally, the dyes keep best if the solid stocks are dissolved and utilized the day of
experimentation. This protocol describes how to aliquot probes in a manner that keeps volumes
minimal but allows for optimal storage of the dyes. See Figure A3-1 for a picture of the entire

setup.

Protocol

1.
2.

10.

Weigh out an appropriate amount of dye in a clean, glass vial.

Calculate the volume of solvent to add to make the stock concentration of dye that is
appropriate.

a. In general, the boronate dyes are made as 5 mM stocks.

b. For example, if you weighed out 50 mg of a dye that had a molecular weight of
500 g/mol, you would calculate: 0.05 / 500 / 0.005 = 0.02. This means that
dissolving the dye in 20 mL will make a 5 mM stock.

. Dissolve the dye in the calculated volume of solvent. Select a solvent that is easily

evaporated but that can also be pipetted. Ethyl acetate is optimal, followed by acetone,
dichloromethane and methanol. Dichloromethane is very difficult to pipette accurately
and methanol can cause decomposition of the boronate. Mixtures of solvents also work,
as long as the volume is accurately measured.

. Allign PCR tubes with lids attached along an empty pipette tip box. It is generally best to

use every-other row, as the lids will get in the way of the previous row.
Use the lid of a pipette tip box to serve as a reservoir for the dye solution.

a. Make sure you test the lid for chemical reactivity prior to adding the dye stock. To
test the lid, add some solvent into the box and ensure that it does not dissolve it.

Pour the dye stock into the box, keeping it propped up at an angle so the solution forms a
basin along one of the edges.

. Use a multichannel pipette to add the dye to the PCR tubes. This should be done quickly,

as the solution of dye will evaporate and continue to become more concentrated over
time.

a. Generally, stocks between 10 and 100 yL are made.

. Put the tubes into a dessicator with a vacuum attachement and completely dry between 24

and 48 hours.

. Remove the tubes, seal the lids, and put into 50 mL conical tubes. Add about 3 mL of

Drierite to each tube, seal them, and store them in the freezer.

Mark the tubes with the name of the compound, the date, the volume aliquoted out per
tube, and the final concentration that volume would provide.

a. For example, “Dye X, dissolve in 50 L for a 5 mM stock.”
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Figure A3-1: Picture demonstrating the protocol for aliquoting out boronate probes. Note the plastic tip lid
being used as a basin for the organic dye stock, the PCR tubes aligned in a tip rack, the tubes drying in a

dessicator under vacuum, and the conical tube of tubes of dye with Drierite.
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Appendix 4:
Adult Hippocampal Stem/Progenitor Cell Culture and Analysis Protocols

Portions of this work were adapted from the following source:

Peltier, J.; Agrawal, S.; Robertson, M. J.; Schaffer, D. V. In Protocols for Adult Stem Cells 2009;
Vol. 621, p 65-87.
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Introduction

This appendix describes some experimental protocols for cell culture of adult
hippocampal progenitor/stem cells (AHPs) including Poly-L-Ornithine/Laminin plate coating,
AHP cell thawing, AHP cell passing, AHP proliferation assay, and AHP differentiation.

Poly-L-Ornithine/Laminin Plate Coating
Reagents:

1. Sterile H,O

2. Sterile Gibco PBS, pH 7.4

3. Poly-ornithine, 30-40 kDa (Sigma Cat. No. P-3655)
a. Dilute entire container in H,O.
b. Syringe Filter Sterilize.
c. Aliquot and store at -20 °C.

4. Purified Mouse Laminin (Gibco Cat. No. 680-30171V)
a. Store unopened stocks at —80 °C.

b. Avoid repeated freeze/thaws (Opened laminin can be stored at —20 °C and should
be used within 2 weeks.
Methods:

1. Based on the number and type of plates required, calculate required volumes of pOrn and
Laminin working solutions (10 cm plate: 7 mL, 6 cm plate: 3 mL, 3.5 cm plate: 2 mL,
6/12/24-well plate: 12 mL, 96-well plate: 10 mL).

2. Based on the volume of solutions needed for coating, calculate the required amount of
laminin for a 5 pg/mL working solution. Thaw laminin concentrate overnight at 4 °C.

3. Dilute pOrn in sterile water to generate a 10 ¢ g/mL working solution.

4. Add pOrn working solution to each plate according to the table above. Incubate overnight
at room temperature in tissue culture hood with the blower off, the sash closed, and the
UV light off.

5. Rinse plates 2X with sterile water using the same volumes for each rinse as used for
adding working solutions. Take care not to allow plates to dry out during this process.
This step is best done with two people; one person to aspirate and the next to immediately
add the next solution.

6. Dilute laminin in Gibco PBS pH 7.4 to a final concentration of 5 yg/ml.
7. Add laminin working solution to each plate. Incubate overnight at 37 °C.

8. Wrap complete plates in Saran Wrap and store at —20 °C. Plates last approximately 6
months when stored frozen.
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9.

Optional: To check and make sure coating process was sterile, use a single 10 cm coated
dish, fill with sterile media (i.e. DMEM/F12), and incubate at 37 °C. Check for the next 2
days and make sure nothing grows on the plate by microscopy.

AHP Cell Thawing
Methods
1. Warm DMEM/F-12 + N-2 to 37°C and thaw a 6 cm poly-L-ornithine/laminin coated

plate at room temperature.

. Remove the vial from cryopreservation and immediately thaw in a 37 °C water bath with

gentle swirling for about 2-3 min.

. Gently pipette 1 mL DMEM/F-12 + N-2 into the vial, then pipette the entire contents of

the vial to a 15 mL centrifuge tube, taking care to avoid bubbles.

4. Slowly and with gentle mixing, add 5 mL warm DMEM/F-12 + N-2 to the cell
suspension. Steps 1-4 should be completed as quickly as possible (while avoiding
contamination).

5. Pellet cells at 1000 rpm (200 x g) for 2.5 min.

6. Aspirate supernatant and add 2 mL DMEM/F-12 + N-2 to the cell pellet.

7. Use a flame-polished pipette to gently triturate the cell pellet.

8. Aspirate PBS from the freshly thawed poly-L-ornithine/laminin coated plate and
immediately add 2 mL warm DMEM/F-12 + N-2.

9. Add the entire 2 mL of cell suspension to the plate. Immediately after adding the
inoculum, gently rock the plate back and forth several times to mix.

10. Supplement the culture with 20 ng/mL FGF-2 (0.2 uL. FGF-2 stock per mL of culture)
and again rock the plate to mix.

11. Incubate overnight at 37 °C in 5% CO, atmosphere.

12. To remove residual DMSO, aspirate and replace the medium with fresh, warm DMEM/F-
12 + N-2 the day after inoculation. Re-supplement with 20 ng/mL FGF-2.

13. Incubate at 37 °C in 5% CO, atmosphere and monitor daily to determine when to pass the
culture, which is generally the next day. Cells are ready for experimentation after one
passage.

AHP Cell Passing
Reagents:
1. Accutase
2. Poly-ornithine/laminin coated culture dishes

3. DMEM/F-12 Media + N-2 supplement

a. Thaw 5 mL N2 solution at 4 °C overnight.
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b. Add entire 5 mL N-2 solution to DMEM/F12.
4. 100 pg/mL FGF-2

a. Dilute lyophilized FGF-2 in DMEM/F12 + N-2.

b. Pipette up and down several times to dissolve.

c. Aliquot out into microcentrifuge tubes and store at —20 °C (thawed aliquots can
be stored at 4 °C for up to 2 weeks).

Methods:
1. Warm DMEM/F12 + N2 in 37°C water bath.

2. Thaw poly-ornithine/laminin coated plates. Add sterile, room temperature PBS to plates
in order to for them to thaw faster and ensure they do not have dry spots during the
thawing process. It is best to thaw them at room temperature, but can also be done at 37
°C if need be.

3. Aspirate media from culture dish, leaving ~0.5 mL behind to hydrate the cells

4. Add cold Accutase directly from the 4 °C storage to the plate (10 cm: 2.5 mL, 6 cm: 1.5
mL, 3.5 cm: 1.0 mL) and then incubate the plate at 37 °C for 2-3 min to detach the cells.
Immediately put the Accutase back in storage. Gently tilt and shake the plate to dislodge
cells. Check under a microscope to make sure cells have detached.

5. Add 5 mL DMEM/F12 + N2 to the plate to put the cells in suspension. Pipette the
suspension into a 15 mL centrifuge tube and spin at 1000 rpm (200 x g) for 2.5 min.

6. Aspirate media to remove Accutase and add fresh media to the pellet. Generally cells
should be resuspended in about 2.0 mL media. However, if you need a more or less
concentrated solution of cells, this number can be modified.

7. Flame polish a cotton plugged Pasteur pipette to remove sharp edges and narrow the
bore. Using the flame polished pipette, gently dissociate the cell pellet by pipetteting up
and down several times.

8. Aspirate PBS from pOrn/Lam coated plates and immediately add fresh media (10 cm: 8
mL, 6 cm: 4 mL, 3.5 cm: 2 mL), ensuring that the plates do not dry out.

9. Add dissociated cells to plate and immediately mix by rocking plate back and forth. Do
not swirl or all of the cells will be forced to the edge of the plate.

10. Add FGF-2 to final concentration of 20 yg/mL and mix again by rocking plate back and
forth.

13. Incubate cells at 37°C.

AHP Proliferation Assay
Reagents:
1. Hemacytometer

2. Cell Proliferation Reagent WST-1 (Roche, Indianapolis, IN). Upon receipt, thoroughly
thaw at 37 °C and swirl/pipette to ensure all aggregates dissolve. Then aliquot and store

177



at -20°C. Protect from light. Aliquots can be freeze/thawed if necessary. Before use,
warm again to 37°C to dissolve aggregates.

Methods:

Day 0: Inoculation

. Thaw 96-well poly-L-ornithine/laminin coated plate. This can be done at room

temperature or 37°C.

Prepare all media solutions at 2X working concentration. For instance, prepare
DMEM/F-12 + N-2 with 40 ng/mL FGF-2 if the experiment calls for 20 ng/mL FGF-2.

. Fill the wells along the outer edge of the plate completely (~300 pL) with sterile PBS.

These wells should not be used for the assay as they are prone to evaporation and changes
in concentration during the course of the experiment.

Aspirate PBS from the other wells and immediately add 50 uL of the 2X media. Do not
allow the wells to dry out. Place plate in 37 °C incubator to warm the media.

. Prepare cells. Determine the cell concentration of the cell suspension by hemacytometer.

This solution is generally quite concentrated, so a 1:10 dilution in DMEM/F-12 + N-2
prior to counting is usually necessary. Keep cell suspensions well mixed throughout the
counting and diluting process.

. Dilute the 1:10 solution used to quantify cell concentration to 20,000 cells/mL in

DMEM/F-12 + N-2.

. Using a multi-channel pipette, add 50 yL of 20,000 cell/mL suspension to each well. To

ensure that cells are evenly plated from one row to the next, the cell suspension in the
pipette basin should be well mixed between each row. This can be achieved by pipeting
up/down with the multi-channel pipette multiple times.

. Continue culturing the leftover cells, as they will be used on day 5 to generate a standard

curve.

. Incubate cells at 37 °C in 5% CO, atmosphere. After 30 minutes visually confirm under

the microscope that cells are evenly plated across all wells.

Days 1-4: Media changes

10.

1.

Day 5:

12.
13.

Perform daily 50% media changes on all wells. Using a multi-channel pipette as
appropriate, remove 50 yL of media and replace it with 50 pL fresh 1X media.

Continue passaging the leftover cells in parallel to give an ~80% confluent 10 cm dish on
day 5.

Plate standard curve and quantify cell number by WST-1
Dissociate, dilute, and count the leftover cells maintained in parallel.

Prepare standard curve and plate 100 uL per well of each cell concentration.
Quadruplicate is best, but triplicate is sufficient. Plate out cells at 100,000, 50,000,
25,000, 12,500, 6,250, 3,125, and 0 (DMEM/F-12 + N-2 only) cells per well. There is no
need to wait for cells to attach.
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14.

15.
16.
17.

18.

19.

Thaw WST-1 at 37°C for at least 5 minutes. Briefly vortex to ensure all aggregates
dissolve.

Using a multi-channel pipette, add 10 pL. WST-1 to each well. Gently rock plate to mix.
Incubate at 37 °C for 2 hours.

Measure samples against blank (media only) on microplate reader. Measure absorbance
at 440 and 700 nm. Subtract A, from A,,,. This is the experimental readout.

Plates can then be returned to the incubator and re-analyzed up to 4 hours after WST-1
addition. Use the standard curve to determine the best read. This will depend on the cell
concentrations of the standard curve, but generally 2-3 hours post WST-1 addition
provides the best results.

Use the standard curve to interpolate cell numbers and perform statistical analyses as
necessary.

AHP Differentiation

1.

Dissociate, count, and seed cells at 20,000 cells/cm?. If, after differentiation, the culture
will be analyzed by immunostaining, use either 8-well CultureSlides or poly-L-
lysine/Laminin coated coverslips. If, after differentiation, the culture will be analyzed by
Western blot analysis, use 6-well culture plates.

. Supplement the culture with 20 ng/mL FGF-2 and incubate overnight at 37 °C in 5% CO,

atmosphere.
Remove FGF-2 medium and replace with differentiation medium of your choice:
a. Mixed population: 1 xM retinoic acid + 1% (v/v) FBS in DMEM/F-12 + N-2
b. Neuronal: 1 uM retinoic acid + 5 uM forskolin in DMEM/F-12 + N-2
Incubate at 37°C in 5% CO, atmosphere for two days.

5. Day 3: Replace media.

Day 5: Cultures are now ready for analysis. Alternatively, another media swap can be
performed and the cells can be allowed an extra 24-48 h to differentiate.
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Appendix 5:
Protocol for In Vitro Hydrogen Peroxide Quantification Using PF2 and PF3

This work was performed in collaboration with Dr. Alexander Michels.
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Introduction

This appendix describes as experimental protocol for analyzing hydrogen peroxide

(H,0,) in vitro utilizing a microplate reader.

Protocol

1.

Notes

Prepare PF2 or PF3 stock solution by dissolving the appropriate amount of dye in DMSO
to make a 1 mM (PF2) or 5 mM (PF3) stock. Keep the stock away from light but at room
temperature until use.

. Use a black, flat-bottom 96-well plate (i.e. Costar 9017) for the fluorescence assay. Turn

on the fluorescence plate reader to warm up before starting to prepare the plate.

. Dilute H,0, stock solution in Chelex-treated PBS. The working range of the dyes in this

format is between 1-100 pM. Since all wells will have an equal volume of dye added at
the end, all standards should be prepared at a higher concentration (2-200 M before
dilution). Place the appropriate amount of H,O, standard in each well needed for a
standard curve, in a final volume of 100 L. Make sure to prepare each standard in
triplicate, at least (quadruplicates are even better).

Before assembling reactions, attention must be paid to the nature of the H,O,-generating
system. Enzymes involved in the reaction should be pre-incubated in the buffers before
substrates are added (this includes SOD or Catalase as well). Inhibitors should also be
present before reactions are started. The working volume of the reaction is 100 M, while
the final volume will be 200 uM (with dye) and these concentrations will have to be
determined during this assembly.

. Prepare solutions to be tested in Chelex-treated PBS (If solutions are to be tested other

than PBS, these will need to be compared to solutions and standards in PBS). Again,
triplicate or quadruplicate samples on the wells are needed. Incubate solutions if needed
before preparing and adding dye (steps 6 and 7).

. After reactions are assembled, dilute the stock dye to a working concentration in 10 mL

of Chelex-treated PBS (or enough dye add 100 uL to each well of the plate). The final
concentration of PF2 should be between 1-2.5 uM, while PF3 operates best at a 5 yM
concentration. Thus, the diluted stocks should be 2-5 uM or 10 uM, respectively to
account for the dilution. Limit dye exposure to light.

. Add 100 uL of working solution of dye to each well. Agitate briefly and place in

fluorescence plate reader. Set the excitation wavelength for 488 nm, emission at 515 nm.
Read the fluorescence immediately, and every 2 minutes for at least 20-30 minutes to
establish the rate of dye reaction with H,0O,.

. Using the linear rate of product formation from the fluorescence data, generate a standard

curve and compare test compounds to that curve. Make sure to exclude any replicate
samples that do not show linear rates of increase in fluorescence.

For 96-well plates, 200 L final volume seems essential. PF2, for instance, worked
poorly at volumes below 200 pL.
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Concentration of dye is important for establishing sensitivity range. The less dye used,
the less sensitive the reaction. However, use of too much dye results in well saturation at
higher concentrations of H,O, standards. PF2 seems particularly sensitive to dye
concentration.

Cell-culture media causes unpredictable results in this system. This can be due to several
factors:

o Many FBS preparations contain Catalase, which interferes with H,O, production.
o Media sometimes contains Pyruvate, which can react with H,O,.

o Vitamins added to media (like MEM Vitamin Solution, which consists primarily
of B vitamins) seem to enhance, while amino acids may inhibit, the reaction of
dye with H,O,. In combination, or when added individually, they seem to produce
stable results.

o Redox-active transition metals might react with H,0O, and limit its reaction with
the dye.

Final concentrations of dye and working solutions are suggestions. Using more
concentrated working dye solution (followed by further dilution upon addition to the
well) can also work. The important parameters are total volume (min. 200 M) and final
concentration of dye in well (as stated above).
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Appendix 6:
Protocol for In Vitro Reactive Oxygen Species Selectivity

This work was written in collaboration with Dr. Evan Miller.
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Introduction

This appendix describes the in vitro preparation of various reactive oxygen species (ROS)

for use in selectivity measurements for ROS probes.

General Notes:

Generally, ROS will be at tested at a final concentration of 100-200 uM.
The dye or other probe being tested is usually at a concentration of around 5 yM.
HEPES pH 7.0 or DPBS pH 7 .4 are usually used as the buffer for experiments.

If possible, it’s best to do all of the selectivity measurements on the same day, so that
they can be calibrated to the “on” form (often the 100 M H,0O, sample) and the “off”
form (the blank).

If all of the tests aren’t done on the same day, make sure to do a H,0O, (or whatever the
ROS the probe responds to) and blank sample for each day so that the results of that day
can be bracketed between the “on” and “off” readings for that day and compared to the
rest of the selectivity measurements.

For each condition (i.e. blank, H,0O,, fert-butylhydroperoxide (TBHP), hypochlorite, etc),
take the following time points: 0, 5, 15, 30, 45, and 60 minutes.

To compile the results, plot the integrated emission for each result versus time, setting the
60 min H,O, response as 1.00. Everything else then becomes a fraction of the H,O,
response.

Recipes:

Blank:

o 5 uM dye in buffer solution; take scans at appropriate time points.
Hydrogen peroxide:

o Make a 100 mM H,0, stock (1:100 dilution from 30% H,0,).

o Dilute 100 mM stock of H,O, 1:1000 for a final concentration of 100 M.
Tert-butylhydroperoxide (TBHP):

o Make a 100 mM TBHP stock (12.9 L. of 70% TBHP in 1 mL buffer).

o Dilute 100 mM stock of TBHP 1:1000 for a final concentration of 100 M.
Hypochlorite (NaOCl):

o Make a 100 mM NaOCl stock (120 uL of 6.15% NaOCl in 1 mL buffer)

o Dilute 100 mM stock of NaOCI 1:1000 for a final concentration of 100 xM.
Hydroxyl and tert-butoxyl radical:

o The procedures for generating these radicals are identical, differing only in the
addition of either H,O, or TBHP to generate the corresponding radicals.
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o Buffered solutions must be degassed prior to generating these radicals.
o Radicals are generated by use of the Fenton reaction.

o Screw-cap cuvettes with septa should be used for these ROS so that an oxygen-
free environment can be maintained.

o Make a 100 mM solution of Fe(Il) in a 1.5 mL eppendorf tube (25 mg of Fe(Il)
perchlorate heptahydrate in 1 mL of 0.1 N HCI).

o Degas this solution for 5 min by sticking a needle through the top of the
eppendorf tube and bubbling N, through the solution.

o Add 100 uL of this solution to 10 mL of a degassed dye/buffer solution and degas
an additional 5 min or so

o Take a blank spectrum using 1 mL.
o Add 1 uL of 100 mM H,0, or 1 xLL 100 mM TBHP.

o Seal cuvette and take spectra at appropriate time points.

o Use the screw cap cuvettes, since O, will be added as a gas.

o Assuming O, is an ideal gas and that PV = nRT, ~2.5 uL O,/mL is required to
give a 100 M solution.

o Use the ozonolysis machine in the Toste group, draw 2.5 L of ozone per mL of
dye/buffer solution into a gas/liquid syringe by inserting the syringe into the
ozone line (be sure to follow all of the Toste group procedures for using the
ozonator).

o Quickly add the ozone to the septum-sealed cuvette.
* Nitric oxide:

o Nitric oxide readily forms reactive oxides in the presence of oxygen, which can
complicate the results of this analysis; therefore, the dye/buffer solutions must be
exhaustively degassed and maintained under a nitrogen atmosphere throughout
the testing.

o Make a 1 mM stock solution of Noc-5 in 0.1 M NaOH.

o Use stock solution to make a 280 uM solution of Noc-5 in dye solution. The
degradation of 280 uM Noc-5 in aqueous solution will generate 200 M NO after
60 min.

* Singlet oxygen:

o Irradiation of a polymer-bound RoseBengal (pbRB), a triplet sensitizer, generates
singlet oxygen.

o Add 1 mg of pbRB in 1 mL of dye/buffer in a quartz cuvette (so UV irradiation can
pass through).

o Add 1 mL of dye/buffer in a second quartz cuvette (this will be the blank).
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o Irradiate for 5 min in the Sarpong light box.

o Filter off the pbRB and then take spectra of both the blank and the sensitized sample
over the course of an hour.

Superoxide:

o Add a small chunk of KO, to 10 mL of dye/buffer solution and then take spectra (this
results in ~10 mM superoxide concentration)

o If background is high, Catalase can be added to the solution to sop up H,O, generated
by spontaneous dismutation.

Peroxynitrite

o Prepare peroxynitrite by first mixing 18 mL of 0.55 N NaOH with 20 mL of
isopropanol. Sequentially add 0.93 mL 30% H,O, and 0.07 mL isoamy] nitrite (7.51
M). Stir the contents during the additions and for an additional 10 min at room
temperature.

o Extract peroxynitrite reaction into 4 x 2 volumes of dichloromethane. Add about 5 g
of MnO, and stir for 5 min. Filter off MnO, and purge solution with N, for 10 min.

o Measure the concentration of the final solution by measuring the absorbance at 302
nm (e = 1670 M' cm™).

o Add in whatever concentration of peroxynitrite from this stock to probe solutions.
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