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Abstract
Significance: Hydrogen peroxide (H,0,) is a key signaling molecule involved in the
regulation of both physiological and pathological cellular processes. Genetically encoded
HyPer probes are currently among the most effective approaches for monitoring H,0,
dynamics in various biological systems because they can be easily targeted to specific cells
and organelles. Since its development in 2006, HyPer has proved to be a robust and
powerful tool in redox biology research. Recent Advances: HyPer probes were used in a
variety of models to study the role of H,0; in various redox process. HyPer has been
increasingly used in the last few years for in vivo studies, which has already led to many
important discoveries, for example, that H,O, plays a key role in the regulation of signaling
cascades involved in development and aging, inflammation, regeneration, photosynthetic
signaling, and other biological processes. Critical Issues: In this review, we focus on the
main achievements in the field of redox biology that have been obtained from in vivo
experiments using HyPer probes. Future Directions: Further in vivo studies of the role of
H,0, largely depend on the development of more suitable versions of HyPer for in vivo
models: those having brighter fluorescence and a more stable signal in response to

physiological changes in pH.
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Introduction

The important role of hydrogen peroxide (H,0,) in the regulation of cellular signal
transduction pathways has been well established in recent years. Initially, similar to other
reactive oxygen species (ROS), including the superoxide anion radical (0,") and hydroxyl
radical ("OH), H,0, was viewed only from a negative standpoint. Indeed, these compounds
by their nature are extremely reactive and cause oxidation of various cellular molecules
such as proteins, lipids, and nucleic acids. A ROS burst usually leads to oxidative stress in
cells and tissues, an event that accompanies the development of many pathological
conditions and aging (1,45,67,116). However, at low concentrations, ROS serve as
important redox regulators. In particular, H0, is now considered a second messenger
alongside such messengers as cAMP and Ca**. Hundreds of studies have been published to
date confirming various biological functions of H,0, and its participation in the regulation
of signal transduction cascades (32,42,43,51,60,77,99,103,109,110,112,117).

In cells, H,0, is formed from short-lived 02'_, which in turn is produced mainly by
seven identified sites in mitochondria (17) or by NADPH oxidases (Nox) (6,69). Previously,
it was suggested that NADPH oxidases only exist in immune phagocytic cells, which use
superoxide to oxidize molecules of pathogens (4). However, it turns out that this type of
proteins is also present in many types of nonphagocytic cells (6). Various growth factors,
cytokines, and intracellular proteins are involved in the regulation of NADPH oxidase
activity (6,41,61,75), demonstrating once again that the role of superoxide and H,0; in
cellular function is much more diverse than previously thought. In addition, a wide range
of other enzymes also participate in the formation of intracellular O,", mainly as by-
products of their reactions (60,94). Generated O," is rapidly converted into H,O,
spontaneously or mostly by the action of specialized enzymes called superoxide
dismutases. These enzymes are involved in antioxidant protection in almost all cells.
Eukaryotic cells are characterized by the presence of two different superoxide dismutase
isoforms localized in the cytosol and mitochondrial matrix (47,48,119), where they restrict
the intracellular lifetime of O," and thereby prevent damage to proteins containing iron—
sulfur clusters. In addition, superoxide dismutases catalyze H,0, formation, which can

regulate signaling cascades.
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H,0, functions as a second messenger due to its ability to modify cysteine residues

in some proteins. Most cysteine residues in cytosolic proteins are protonated (Cys-SH) at
physiological pH, and these thiols react weakly with H,0,. However, H,0, effectively
oxidizes a thiolate anion (Cys—S ) to a sulfenic acid (Cys—SOH) on some cysteine residues
with a low pKa. For example, H,0, reacts very slowly with glutathione and free cysteine,
with a rate constant of 2 x 10* Mt s, However, this rate constant can reach values of 1 x
10° M s for specific cysteine residues on certain proteins (29,44,68). The ability of a
given cysteine residue to be oxidized by H,0; is determined not only by its pKa value but
also by the pH inside cellular compartments. However, not only pKa determines cysteine
reactivity with H,0,. Other factors include, but not limited to, steric orientation of H,0,
and thiol in the reaction site, thiol accessibility, stabilization of the reaction transition state
structure which lowers the activation barrier of the reaction (92).

Sulfenic acid (Cys—SOH) is highly reactive and immediately forms disulfide bonds in
the presence of an accessible -SH group. The formation of inter/intramolecular disulfide
bonds often leads to global conformational rearrangements in protein molecules that alter
their functions. However, this reaction is fully reversible, and disulfides can be reduced by
the glutathione- and thioredoxin-dependent reduction systems (3,26,29,40,72). Thus, the
reversible and specific H,0,-mediated oxidation of certain cysteine residues within
different proteins is a clear example of a signal transduction mechanism carried out by
ROS. Such cysteine residues serve as redox-dependent switches that can regulate the
activities and functions of many proteins in both prokaryotic and eukaryotic cells. This
group of proteins includes certain kinases and phosphatases, structural proteins, metabolic
enzymes, transcriptional factors, and numerous others (110,117), and the redox regulation
of so many proteins inevitably affects intracellular processes via signaling pathways. The
most striking example is H,0, generation in response to some growth factors, as a result of
which H,0, acts as a signaling molecule and regulates the activity of protein tyrosine
phosphatases (24,114). To date, the participation of H,0; has already been demonstrated
in such global biological processes as aging and development, inflammation, regeneration,
proliferation, differentiation, immune modulation, and circadian rhythms (60,110,117).

H,O, is a nonpolar molecule, so it is capable of diffusing through biological

membranes in contrast to the charged O,", for example. Although it was previously
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5
assumed that H,0, transport is carried out by simple diffusion, it was later shown that this

molecule mainly uses water channels, the aquaporins, and such transport is much more
effective (9,57,83,87). The term "peroxiporins" refers specifically to those aquaporins that
play an important role in H,0, translocation (109). Inside cells, H,0, is distributed non-
uniformly and acts quite locally, and under normal conditions, an H,0, gradient can be
formed even within single cellular compartments (90,110). Similar to other signaling
molecules, the level of H,0, is finely regulated by cellular systems. Catalases,
peroxiredoxins, and glutathione peroxidases are the main enzymes involved in the
degradation of H,0,, thereby limiting its effects (19,23,59,122).

Generally, the physiological concentrations of H,0, fall within the nanomolar range
(110). Oxidative stress, for example, is caused by an imbalance in H,0,
production/degradation, which leads to a significant increase in its concentration in cells.
Elevated H,0, leads to excessive accumulation of sulfenic (~SOH), sulfinic (-=SO,H), and
sulfonic (—SOsH) acids in proteins. Cys—SO,H is a reversible modification of cysteine
residues; it can be reduced by ATP-dependent enzymes such as sulfiredoxin and sestrins
(14,20). In contrast, the formation of Cys—SOsH is irreversible and the highest degree of
thiolate anion oxidation, which leads to protein damage.

In addition to cysteine residues, some others can also be modified by H,0,, such as
methionine residues (31,71,111). The physiological functions of these modifications are
still poorly investigated. Thus, the interrelated and complex operation of antioxidant- and
ROS-generating systems is a delicate intracellular balance between redox regulation and
oxidative stress.

Increased interest in the study of the role of H,0; has stimulated the development
of methodological approaches that allow such studies. To date, a broad range of synthetic
dyes for H,0, detection have been developed, including dihydrorhodamine 123 (DHR), 2,7-
dichlorodihydrofluorescein (DCFH), Peroxy Green 1 (PG1), and Peroxy Crimson 1 (PC1)
(18,28,46,50,100,121). Some of these indicators are able to penetrate into living cells.
Nevertheless, there are some difficulties in their application. In addition to H,0,, other
types of ROS can also affect the fluorescence signal of many such indicators. Moreover,

the reactions of them are irreversible. For a long time, the use of these synthetic indicators
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was the only available tool for visualizing H,0, generation in cell cultures, and in vivo

studies in more complex biological systems were impossible until recently.

Genetically encoded redox biosensors based on fluorescent proteins have opened a
new era in the field of redox biology (12). Each such biosensor is a protein molecule that,
similar to a conventional fluorescent protein, can be localized within any biological system,
from cellular compartments to the tissues of living organisms. The fluorescence signal is
specifically dependent on the redox state of a particular redox pair or reactive molecule.
As a result, the dynamics of redox processes can be observed directly in living systems in
real time. To date, several types of biosensors have already been developed to investigate
glutathione (52,105), thioredoxin (39), NAD(H) (10,125), and NADP(H) (22,113) redox
states.

Investigation of the role of H,0, in living systems has also become possible due to
the development of specific genetically encoded biosensors. There are two families of such
biosensors, differing in their principle of action. One type of biosensor is based on redox-
sensitive GFP (roGFP), which differs from the original variant of GFP by the presence of a
surface-exposed cysteine pair capable of forming an intramolecular disulfide bond. As a
result, roGFP is involved in the cellular reactions of thiol-disulfide exchange. The reversible
formation of the disulfide bond between these redox-active cysteines located on adjacent
B-sheets affects the spectral characteristics of the fluorescent protein. In addition to
determining the redox status of the glutathione pool, roGFP-like proteins can also be used
as H,0; biosensors. For this purpose, roGFP2 was fused with the yeast thiol peroxidase
Orp1, which is extremely sensitive to H,0;, (53). In the roGFP2-Orp1 fusion, Orpl is
oxidized by H,0, and involved in the thiol-disulfide exchange reaction with roGFP2,
oxidizing it in a practically stoichiometric manner. In another example, roGFP2 was fused
with yeast 2-Cys peroxiredoxin Tsa2. These chimeric proteins are the most sensitive
indicators of H,0, currently available and can detect low concentrations of endogenous
H,O, at basal levels (91). However, because the roGFP domain in these H,O, sensors
retains its intrinsic sensitivity to the cellular glutathione redox state, appropriate controls
are needed.

Whereas in roGFP-peroxidase fusions the redox relay mechanism is involved in

roGFP oxidation, in HyPer, the first genetically encoded indicator for H,0, detection (7,11),
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7
difulfide formation directly leads to conformational rearrangements resulting in spectral

changes. Over the years, the HyPer family probes have become one of the most popular
tools in redox biology used to investigate the pathological and physiological function of
H,0, in a wide variety of biological models in vivo. This review focuses on HyPer use in
vivo.

HyPer family probes

Bacteria have evolved special sensory mechanisms to ensure their defense against
oxidative stress. This kind of protection is provided by activating regulons controlled by
specific transcription factors, such as SoxR, OxyR, and PerR, that are sensitive to either
superoxide or H,0, (64). It is noteworthy that intracellular bacterial systems can strictly
distinguish between different types of ROS, thus acting as natural biosensors. OxyR is
widely distributed in bacteria and acts as a H,0, sensor due to the specific mechanism of
conformational changes caused by direct oxidation. Upon reaction with H,0,, the thiol of
the cysteine residue at position 199 (Cys199) is oxidized to sulfenic acid, as a result of
which this modified residue moves from a hydrophobic pocket and becomes spatially close
to Cys208, with which it forms a disulfide bond (25). Conformational rearrangements of
OxyR caused by oxidation affect its binding to DNA. Oxidized proteins can be reduced by
cellular thiol exchange systems (25,70,126). As a result, the bacterial cells actively control
the H,0, concentration by regulating the expression of a number of antioxidant genes.

The H,0,-sensitive regulatory domain of OxyR from E.coli was used as a basis for a
genetically encoded biosensor for H,0, detection. A circularly permuted fluorescent
protein (cpFP) was integrated via short peptide linkers into the OxyR region of high
conformational mobility (between amino acids 205 and 206). Within the resulting chimeric
protein, the OxyR domain retains selectivity and kinetic properties toward H,0,, resulting
in a conformational change upon formation of a Cys199-Cys208 disulfide bond.
Conformational rearrangements of OxyR are then transmitted to the fluorescent protein,
resulting in a spectrum change. Thus, the oxidized and reduced state of this molecule can
be distinguished by its spectral characteristics. This biosensor was named HyPer (7) and is
now widely used as a tool for real-time H,O, monitoring in living systems.

The HyPer family probes are now represented by five variants. Four versions, HyPer

(7), HyPer-2 (79), HyPer-3 (13), and TriPer (85), are based on the circularly permuted
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yellow fluorescent protein (cpYFP) (Fig. 1 A). Another version, HyPerRed, is based on the

red fluorescent protein comApple (35). All cpYFP-based versions are characterized by the
presence of two peaks in the fluorescence excitation spectrum with maxima at 420 nm and
500 nm and one peak in the emission spectrum with a maximum at 516 nm. Upon
oxidation of the biosensors, the intensity of fluorescence excitation at 420 nm (F40)
decreases, while the fluorescence excitation at 500 nm (Fsqo) increases proportionally.
Thus, most often, the fluorescence (emission) measurement is carried out using two
separate channels corresponding to the excitation maxima. The HyPer signal is defined as
the ratio of fluorescence intensities in the two excitation channels (Fsoo/Fa20), and this
value increases with increasing H,0, concentration in any system under study (Fig. 1 B,C).

HyPer-2 and HyPer-3 are improved versions of the original HyPer, as their dynamic
range is at least 2-fold higher compared to the parental HyPer. Using a cell culture model,
it was demonstrated that an excess of exogenous H,0, results in an approximately 6-fold
Fsoo/Fa20 ratio change in HyPer-2 and HyPer-3, while the HyPer signal under the same
conditions increases by only 3-fold (13). This expanded dynamic range is an important
advantage of these biosensors especially at low H,0, concentrations, for example, when
H,0, is endogenously generated in response to growth factors (79). HyPer-3 has higher
oxidation and reduction rates compared to HyPer-2 while retaining the same high dynamic
range (13). HyPer-2 and HyPer-3 differ from the original variant of the biosensor by only
single point mutations in the OxyR domain: Ala406Val for HyPer-2 and His34Tyr for HyPer-
3 (13,79). This illustrates how the properties of biosensors and likely other proteins can
differ markedly due to the introduction of one amino acid substitution. It is noteworthy
that both mutations affect not only the dynamic range and kinetic characteristics of HyPer
probes but also their oligomeric states. HyPer and HyPer-3 are monomeric, whereas
HyPer-2 forms a stable dimer (13,79).

HyPer probes have some limitations in their application. For example, in the high
thiol-oxidizing environment of the endoplasmic reticulum (ER) lumen, HyPer is almost
completely oxidized. This phenomenon likely occurs because of both enhanced levels of
H,0, and a high local glutathione redox potential, which favors the formation of disulfide
bonds in proteins (107). Moreover, experimental data suggest that oxidized HyPer in the

endoplasmic reticulum reflects general oxidizing conditions inside this compartment to a



Downloaded by Queen Mary & Westfield Coll from www.liebertpub.com at 03/24/18. For personal use only.

Page 9 of 42

Antioxidants and Redox Signaling
In vivo imaging of hydrogen peroxide with HyPer probes (DOI: 10.1089/ars.2018.7540)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

9
greater extent than H,0, production (84). The version named TriPer was specially

developed for such conditions. TriPer (tri-cysteine probe) differs from HyPer by the
introduction of an additional cysteine (Alal87Cys) to the OxyR structure near the
functional Cys208. In the oxidizing conditions of the endoplasmic reticulum, this additional
cysteine can form a disulfide with Cys208. Thus, the fraction of molecules with redox
active Cys199 are retained in their reduced state even under such conditions so that H,0,
can be detected. In the case of TriPer, Cys199 interacts in trans to form an intermolecular
disulfide. ER-localized TriPer can be successfully used for monitoring changes in luminal
H,0, (85).

HyPer-Red is characterized by a single peak in the fluorescence excitation spectrum
with a maximum at 575 nm and an emission peak at 605 nm (35). This fluorescence
intensity increases twice during the transition from its fully reduced to H,0,-mediated fully
oxidized form (35) (Fig. 1 D-F).

Since all versions of HyPer are based on the same OxyR, they have identical
sensitivity to H,0,. Approximately 20-30 nM H,0, produces a minimally detectable
response in isolated and fully reduced HyPer probes. A similar effect can be achieved in
the cytoplasm of eukaryotic cells by adding 5 uM H,0, (7,11). This difference is explained
by the presence of up to 650-fold gradient of H,O, across the plasma membrane of
mammalian cells, which was confirmed experimentally (62). HyPer can be reversibly
reduced by cellular antioxidant systems, as well as by wild-type OxyR. Importantly, all
biosensors of the HyPer family are highly specific for H,0,, while other oxidants, such as
0,", NO, ONOO, GSSG (7,35), and clo (unpublished data), do not affect the signal.
Another important feature of any biosensor is its brightness, which should especially be
taken into account when working in vivo. HyPer-Red is the brightest version. Despite the
fact that all green versions of HyPer are based on the same fluorescent protein cpYFP, for
unknown reasons, HyPer-2 is brighter than HyPer and HyPer-3 (13).

pH-dependency of HyPer probes: need for an appropriate control

The main drawback of all currently available HyPer probes is their high sensitivity to
pH changes in the physiological range. Because the protonation state of Tyr in many GFP-
like proteins depends on the pH of the environment, fluorescent proteins can be used, for

example, as probes of intracellular pH (34,56). Circularly permuted proteins are usually
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even more sensitive to physiological pH changes compared to proteins with intact B-barrel

structures. HyPer probes based on cpYFP (with pKa 8.6 at 490 nm) (7) and HyPer-Red (with
pKa 8.7) (35) can thus reflect not only H,0, concentration dynamics but also intracellular
pH changes. This problem can be addressed by using an appropriate pH probe as a control
in HyPer experiments.

Many synthetic dyes (54) or GFP-based probes (8) can be successfully used as pH
indicators. However, a H,0,-insensitive version of the HyPer probe with the same pKa
value is the most reliable pH control for these biosensors. The simplest way to render OxyR
insensitive to H,0; is to mutate one of the redox active cysteines (Cys199 or Cys208).
Initially, a version of HyPer with the Cys199Ser mutation was generated in order to confirm
that this amino acid residue plays a key role in the mechanism of H,0, recognition by the
biosensor. Indeed, HyPer-Cys199Ser does not respond to H,0, and mimics the fully
reduced state of HyPer. Both versions have identical spectral characteristics and pH
titration curves, thereby making their direct comparison possible in parallel experiments.
HyPer-Cys199Ser was named SypHer and is now used as a reliable pH indicator for various
cellular organelles (98). SypHer-2 is the improved version that is three times brighter
compared with SypHer when expressed in mammalian cells (81). Based on the same
principle, a H,O,-insensitive version of HyPer-Red was developed to monitor pH changes in
parallel experiments (35).

It should be noted that other modifications in addition to point mutation of a redox
active cysteine in the OxyR part can be used to make HyPer probes insensitive to H,0,. For
example, in the reduced form of wild type OxyR, Arg-266 increases the reactivity of the
Cys-199 thiol group by lowering its pKa (25). For this reason, the introduction of an
Arg266Ala mutation abolishes the H,0, responsiveness of HyPer and TriPer (85). However,
the HyPer versions containing the Cys199Ser mutation are the most straightforward pH
controls, and their use is highly recommended.

Where and how HyPer probes can be used

The fluorescence signal of the HyPer probes can be detected in living cells and
tissues using conventional confocal or widefield microscopy. Since the fluorescence of
green versions of HyPer is excited at two separate peaks (Fs0 and Fsp), it must be

detected in separate channels of a microscope. This yields a ratiometric biosensor readout
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that provides some advantages; for example, the signal does not depend on protein

expression levels in different cells, object movement, or changes in its shape. However,
signal dynamics can also be monitored in one channel, as, for example, in the case of
single-wavelength HyPer-Red. Furthermore, HyPer can be employed to obtain relative
guantitative data using a plate reader assay (63).

Two-photon excitation microscopy is better suited for working with complex
objects such as living tissue, and HyPer has been successfully tested using this
fluorescence imaging technique (120). Another technique, fluorescent lifetime imaging
microscopy (FLIM), was applied to HyPer in several studies (13,85,120). As the
fluorescence intensity of cytosolic HyPer in response to H,0, increases, its fluorescence
lifetime decreases. It is noteworthy that HyPer-3 has a higher dynamic range compared to
HyPer and exhibits more pronounced changes in fluorescence lifetime upon oxidation (13).
Exposure of cells expressing TriPer localized in the endoplasmic reticulum to H,0; results in
highly reproducible increases in the fluorescence lifetime (85). FLIM has several
advantages over fluorescence intensity measurement; for example, it is relatively
indifferent to photobleaching and provides a quantitative readout. Finally, HyPer-2 was
used in live-cell stimulated emission depletion (STED) microscopy (89), which allowed the
imaging of H,0, dynamics with subdiffractional resolution in parallel with STED imaging of
cellular intermediate filaments.

Similar to any other gene, HyPer probes can be expressed in any cell type, whether
prokaryotic or eukaryotic. For example, HyPer has been successfully used in experiments
with cultured endothelial, epithelial, embryonic, and neuronal cell types, among others,
during the years of this biosensor’s existence (11). For this, one must insert the HyPer gene
into a vector containing tissue-specific functional elements to drive its expression in the
desired system. Similar to conventional fluorescent proteins, the use of special signal
sequences makes it possible to localize HyPer probes in any cellular compartment (11,76).
Considering that HyPer biosensors are represented by red- and green-emitting versions,
they can be localized to different compartments within single live cells for use in
multiparametric imaging (35).

In recent years, more complex molecular tools based on HyPer have appeared that,

in addition to monitoring H,0,, combine additional functions. For example, the fusion of
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HyPer with the PH domain from Bruton's tyrosine kinase resulted in a probe that senses

two independent parameters, namely, phosphatidylinositol 3,4,5-trisphosphate (PIP3) and
H,0,. Translocation of the resulting probe (named PIP-SHOW) to the cellular plasma
membrane reflects an increase in PIP3 concentration, which in turn indicates the activity of
phosphatidylinositol 3-kinase (PI3K). At the same time, the HyPer portion reports H,0,
changes. A typical example of the application of this biosensor was demonstrated in
fibroblasts, in which stimulation by platelet-derived growth factor (PDGF) caused H,0,
generation and PI3K activation. Both of these parameters were simultaneously visualized
with the use of the PIP-SHOW probe (88).

In another work, HyPer was fused with the yeast D-amino acid oxidase (DAO), an
enzyme that produces H,0, upon the oxidation of D-amino acids, which are relatively
uncommon in mammalian cells. Thus, the intracellular production of H,0, in this model
can be induced by the extracellular addition of D-amino acids, for example D-alanine, while
the presence of HyPer makes it possible to visualize the H,0, generation (80).

Ideas for the development of such biosensors with combined functionalities are, in
fact, limitless. First, instead of conventional fluorescent protein any ratiometric biosensor
can be combined with any translocation-based probe. Second, H,0, generators such as
DAO, can be combined not only with HyPer, but also with other probes in order to study
how local H,0, production influences other signaling and metabolic pathways.

In vivo imaging of H,0, with HyPer probes

In vivo studies at the level of the whole organism are rapidly gaining popularity in
the field of redox biology. This is partly due to the development of more reliable research
tools, including genetically encoded redox biosensors (12), which can be stably or
transiently expressed in different organisms and targeted to specific organs and tissues of
interest. HyPer family probes have been successfully used in many in vivo models to study
the role of H,0, in various biological processes (Fig. 2). In this review, we will focus on the
most striking discoveries.

Development and aging

The nematode Caenorhabditis elegans has long been one of the favorite objects of
in vivo studies, especially in the field of developmental biology and aging. These animals

with a short lifecycle (approximately 3 days under optimal conditions) are best suited for
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this purpose. In addition, C. elegans is transparent, which greatly facilitates in vivo imaging

of fluorescent reporters localized in any part of transgenic animals. In recent years, C.
elegans has been extensively used to investigate biological redox processes, including
through the use of genetically encoded biosensors (16).

HyPer has been used in several in vivo studies to visualize changes in H,0, levels in
different organs of C. elegans (5,21,36,65,66,118). Dr. Fisher and colleagues clearly
demonstrated the application of HyPer to nematodes and discussed in detail important
issues including the generation of transgenic animals, microscopy equipment, and settings
for ratiometric readout imaging of HyPer and subsequent analysis of the images (118). In
two other independent studies, HyPer was used to detect H,0, levels in the tissues of C.
elegans during its development cycle and aging (5,66). A team of researchers led by Ursula
Jakob (66) discovered high oxidant levels in nematodes at the larval development stage,
which rapidly decreased as they matured and entered into reproductive age. A second
wave of oxidation during the worm life span was found in aging animals. Several
approaches were used in this work to clarify the role of oxidative stress during C. elegans’
life span. First, the authors applied the quantitative redox proteomic technique OxICAT
using animals of different ages from early stages of development to late adulthood. In
total, this team determined the thiol redox status of almost 140 different proteins, which
revealed that the oxidation of protein thiols generally increases with age. However, high
levels of thiol oxidation were also observed in developing larvae, whereas reproductive
ages were characterized by reducing conditions. Interestingly, not all proteins that were
determined to be more oxidized during development were also more oxidized in aging
animals (66). Endogenous changes in H,0, levels were directly monitored with HyPer in
individual transgenic animals at different stages. In agreement with the redox proteomics
results, HyPer confirmed H,0, generation during larval development. H,0, levels then
decreased in the reproductive period and remained low during the fertile phase, followed
by increased concentrations again in the aging population (66).

Age-dependent H,0, fluctuations were confirmed in an independent study
conducted by Braeckman and colleagues (5). Remarkably, in both mentioned studies, in
animals with an extended life span caused by either dietary restriction (5) or mutation in

the insulin/IGF signaling receptor (66), the age-related H,0, increase was weakened.
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However, the study of Braeckman et al. did not reveal any significant changes in the HyPer

signal during larval development in contrast to the experiments conducted by the team of
Jakob.

H,0, concentrations are unevenly distributed throughout the C. elegans body,
resulting in the formation of local H,0, hot spots. The highest H,0, levels were detected in
canal-associated neurons, the hypodermal syncytium, and body wall muscles in young
animals on their first day of adulthood (5). Regarding the latter, it is possible that the high
H,0, signal observed in wall muscles might be an artifact associated with experimental
procedures. All animals were immobilized for microscopy with levamisole, which is an
acetylcholine receptor agonist of body wall muscle cells and causes their contraction. The
increased H,0, levels in wall muscles might be caused by levamisole (16). This could be
easily verified by using other anesthetics and microscopy approaches for living subjects.
However, the same localizations of high H,0, level were not found in six-day-old animals
(5).

In another study, the redox biosensors roGFP and HyPer were expressed in the
endoplasmic reticulum and the cytosol to investigate the organellar redox state in C
elegans muscle and neuronal tissue during development and aging (65). Despite the fact
that HyPer has limited use in the endoplasmic reticulum, as previously reported, HyPer
expressed in the ER of nematode cells responded to exogenous H,0,. SypHer was used as
a control in this model. This study showed that the redox state of different cellular
compartments varies in different ways during aging. As demonstrated previously, the
cytosol becomes more oxidized in aged animals. However, the redox state of the
endoplasmic reticulum changes in the opposite direction and becomes more reduced with
age. Similar trends were observed for aggregation-prone protein expression and
proteasome inhibition in both C. elegans and mammalian cell culture. Although the
underlying mechanism for this is not yet known, the original article contained an extensive
discussion of these results with several possible explanations for the effects found (65).

Vertebrate animals are more closely related to humans compared with C
elegans or another popular model system, the fly Drosophila melanogaster. Among
vertebrate model organisms, the zebrafish Danio rerio is the most popular model for

studying development due to several important advantages, including its optical
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transparency at early stages and the large number of offspring that develop and grow at

an extremely fast rate. In addition, the fish genome has been fully sequenced, opening up
broad possibilities for genetic manipulation. Moreover, genetically encoded biosensors can
be easily expressed in different tissues. In experiments where transient expression is
sufficient, mRNA injection at the one-cell stage is the easiest way to accomplish this.

Dr. Vriz and colleagues conducted research using a D. rerio line with stable
expression of HyPer under the control of a ubiquitous promoter (49). They demonstrated
that the H,0, concentration varies significantly during embryonic development. Moreover,
local zones with high H,0, were identified. H,0, levels had already increased at the early
stage of gastrulation on the side opposite to the shield and became highest during
somitogenesis, especially at the 20 somite stage. Subsequently, in most tissues, HyPer
gradually reduced, remaining more oxidized only in the heart and neuronal tissues. At 48
hours post-fertilization, the biosensor revealed high levels of H,0, only in some organs
(optic tectum, spinal cord, and notochord), whereas 24 hours later, H,0, was reduced in all
tissues and remained low in adults. For each of these time points, the authors determined
the activity of the main enzymes participating in H,0, homeostasis, superoxide dismutase
and catalase. Whereas superoxide dismutase activity remained unchanged throughout
development, catalase activity decreased, and this time interval coincided with the
increase of H,0, in the tissues. Upon development of the embryo, catalase activity
increased again with a simultaneous decrease in H,0,. Therefore, the degradation system
determines H,0, levels during development (49).

It was reported that H,0, promotes peripheral sensory axon regeneration in
wounded zebrafish larvae (101) and during regeneration in adults (82). The high H,0, level
in the nervous system during D. rerio development suggests that in this process, H,0, also
plays an important signaling function. To verify this, H,0, levels were artificially decreased
in larval tissues by incubating animals with a selective NADPH oxidase inhibitor (Fig. 3 A,B).
Indeed, retinal ganglion cell axonal projections in developing zebrafish with reduced H,0,
levels had diminished length and branching compared to the axons of control animals (Fig.
3 C-E), an effect that could be partially rescued by exogenous H,0, treatment or ectopic

activation of the Hedgehog pathway. Thus, during the development of D. rerio under
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normal physiological conditions, H,0, levels are tightly controlled, and this is required for

the regulation of many important processes, including axonal growth (49).

Inflammation

Wounding of the zebrafish larval tail fin is one of the most popular in vivo models
for the study of inflammation and regeneration, and HyPer probes have been effectively
used to visualize H,0, in this model in real time, starting from the earliest stages of
inflammation (Fig. 4). For the first time, HyPer was used in the wound model of zebrafish
larva by Niethammer and colleagues (95), who introduced HyPer into zebrafish embryos by
RNA injection and showed that the biosensor was evenly expressed throughout the animal
tissues at 3 days post-fertilization. Local injury of the tail fin led to a rapid and significant
increase in the H,O, concentration in the wound area, which reached a maximum value
~20 min after wounding with a gradient extending ~100-200 pum inward from the wound
margin (95). In parallel, these researchers monitored leukocyte recruitment to the wound
using specific fluorescent tags. These experiments revealed that H,0, in the wound is
generated by epithelial cells rather than leukocytes as was previously believed (106),
which was evidenced by the fact that H,0, production always preceded recruitment of the
first leukocyte to the wound region (95). Since NADPH oxidases are the main physiological
source of superoxide and H,0,, the role of particular enzymes in the formation of a H,0,
gradient in the wound was assessed using pharmacological and genetic inhibition.
Subsequently, it was determined that increased H,0, levels in the wounded zebrafish
larval tail fin are caused by the activity of dual oxidase (DUOX) in epithelial cells. duox
knockdown significantly weakened H,0, generation and strongly attenuated the
recruitment of leukocytes to the wound. Thus, H,0, acts like a chemotactic signal, which is
required for leukocyte recruitment to the area of inflammation (95). It was later revealed
that the Src-family kinase Lyn also mediates neutrophil recruitment to the wound (124).

The successful use of HyPer probes in this model of inflammation was also
corroborated independently by other laboratories (13,74,97,113,123,124). In their study,
Dr. Yang and colleagues (113) clearly demonstrated that the H,0, gradient in the wound
region of a zebrafish larval tail fin is caused by NADPH oxidase activity. For this, they
utilized HyPer-Red in a multi-parameter imaging mode together with the green biosensor

iNap for NADPH imaging, which enabled the simultaneous imaging of H,0, and NADPH
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dynamics in real time (Fig 5). Upon local injury of the tail fin, HyPer-Red revealed increased

H,0, levels in the wound, while the iNap biosensor was used to visualize a reduction in the
NADPH concentration in the same area caused by its consumption in the NADPH oxidase-
mediated reaction. These changes were not observed when NADPH oxidase inhibition was
applied to this model (113).

Another interesting study headed by the Lieschke team (97) found that leukocytes
are not the source of H,0, in the inflammatory region; instead, they participate in H,0,
degradation, decreasing its gradient in the wound via the myeloperoxidase reaction. HyPer
has revealed similar increases in H,0, levels in injured tissues of wild-type and leukocyte-
depleted zebrafish larvae. However, in the wounded area of leukocyte-depleted animals,
the high H,0, level was maintained for a long time, while in wild-type fish, it declined over
time. In addition, the H,0, burst in wild-type animals was limited to the wound area, while
in leukocyte-depleted individuals, the H,0, gradient spread much farther from the wound
margin. The use of a myeloperoxidase-deficient zebrafish mutant, durif, revealed that this
enzyme plays a key role in H,0, reduction, as neutrophils lacking myeloperoxidase
enzymatic activity were unable to reduce the H,0, concentration in the inflammatory
region. Moreover, populating durif embryos with wild-type neutrophils by transplantation
at the blastula stage restored the ability to decrease the H,0, concentration (97). As
previously stated, changes in a HyPer signal in response to H,0; can also be imaged using
FLIM (13). Using the same zebrafish tail fin wounding protocol, it was possible to follow
increased levels of H,0, in the wound area via lifetime changes of HyPer-3 (13). As in the
case of D. rerio larvae, epidermal wounding of Xenopus laevis tadpoles also caused an
increase in H,0; levels at the injury site (74).

The pH sensitivity of all HyPer probes raises the following question: what does
HyPer detect in the zebrafish wound region, H,0, or pH changes? In the original article
(95), the authors used YFP and the synthetic dye BCECF as pH reporters. Neither approach
indicated any significant pH change in the system. However, it must be acknowledged that
these are not optimal pH controls for HyPer probes in contrast to the SypHer biosensor,
which was not used in these experiments. Nevertheless, there is reason to believe that
HyPer reflects, at least in part, H,0, dynamics in this model. Although HyPer-3 (with an

improved dynamic range) and HyPer have identical pH titration profiles, HyPer-3
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demonstrated elevated signal changes compared to HyPer in the area of inflammation,

suggesting a substantial contribution of H,0, to this response (13). Further evidence
comes from FLIM experiments: the fact that the HyPer3 lifetime is decreased in the wound
site compared to the body suggests H,0, production (13), whereas elevated pH (based on
ratiometric imaging) typically leads to an increased lifetime for green Aequorea victoria
GFP derivatives (93,104).

Neutrophils are recruited not only to physically wounded areas but also to sites of
infection. It turns out that distinct signaling mechanisms are involved in sensitizing
neutrophils to pathogen- and non-pathogen-induced tissue damage. For example, H,0, is
not required for neutrophil recruitment to tissue areas damaged by bacterial infection.
Deng and colleagues in their work used a localized bacterial infection model that is optimal
for monitoring pathogen—leucocyte interactions (30). For this, bacteria expressing a
fluorescent marker were injected into the inner ear of zebrafish larvae. These experiments
were conducted using transgenic fish expressing a HyPer biosensor together with a
neutrophil-specific fluorescent protein that allowed visualization of their movement.
Another option is expression of any redox biosensor such as HyPer. It was found in the
experiments with HyPer that the infection (Pseudomonas aeruginosa PAK strain) does not
cause H,0, generation in zebrafish tissue, and inhibition of NADPH oxidase enzymatic
activity did not affect neutrophil recruitment to the infection area. In contrast,
a phosphoinositide 3-kinase inhibitor had a pronounced effect in both mechanical tissue
injury and infection (30).

Regeneration

H,O, serves as an important signaling molecule during the process of tissue
regeneration. Increased H,0, production following Xenopus laevis tadpole tail amputation
and during tail regeneration was observed in HyPer probe experiments carried out in
Amaya’s lab (74). H,0; levels increased several minutes after amputation and remained at
a high level for several days. At the same time, the use of a pH-sensitive probe, pHluorin,
revealed that during the tail regeneration process, pH does not change significantly. The
H,0, source was also not associated with inflammatory cells, as is the case of wounding of
the zebrafish larval tail fin. The formation of a H,0, gradient in the tissue is due to NADPH

oxidase enzymatic activity, and the H,0, burst precedes the recruitment of inflammatory
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cells to the injured area. These features are clearly similar to the zebrafish wounding

model. Different approaches to reducing H,0, levels, including NADPH oxidase inhibition
and incubation with the free radical scavenger MCI-186, caused impaired tail regeneration
of animals, as evidenced eventually by a shorter tail length in comparison with control
groups. Interestingly, NADPH oxidase inhibitors and antioxidant scavengers affect the
regeneration process differently. NADPH oxidase complex activity is required for the
initiation of the regeneration program in the first 3 days after tadpole tail amputation.
After this, regeneration is suppressed even in the absence of inhibitors, whereas the effect
of the antioxidant scavenger is maintained only if it is constantly present in the medium.
This study also revealed that sustained high levels of H,O, during regeneration are
required for Wnt/B-catenin signaling activity (74).

In another study, the role of H,0, was studied in the context of D. rerio heart
regeneration (55). A marked increase in the concentration of H,0, was observed using
HyPer probes in intact injured hearts at 3, 7, and 14 days post-amputation. The H,0; level
decreased to the initial concentration in the tissue after nearly complete regeneration at
30 days post-amputation. It is noteworthy that wounding of the zebrafish tail fin and
ventricular resection of its heart induce the generation of H,0,, but the dynamics of
gradient formation are very different in these organs. In the fin epithelium, H,0, rises
within the first few minutes after injury, whereas in injured adult hearts, no changes in
HyPer signal were observed even during the first hour. The enzymatic activity of the
NADPH oxidase complex is also the primary source of H,0, generation during cardiac
regeneration, which was confirmed in experiments using various inhibitors. Moreover,
lowering the H,0, concentration by NADPH oxidase inhibition or catalase overexpression
leads to weakening of cardiac regenerative capacity. The role of H,0; in this process is
mediated through destabilization of the redox-sensitive phosphatase Dusp6, thus
providing a derepression of the canonical MAP kinase signaling cascade (55).

H,0; signaling in plants

Chloroplasts are organelles with a high rate of electron flow, which provides an
additional source of oxidant production in plants. Electron leakage can occur at the levels
of photosystem | and photosystem |l, and superoxide generation by these sources is

enhanced in plant cells subjected to adverse conditions limiting CO, fixation. Other general
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sources of ROS generation in plants are similar to those in mammalian cells, including the

mitochondrial electron transport chain, several mitochondrial matrix enzymes, and NADPH
oxidases. However, some differences exist; for example, in photosynthetic cells, the
mitochondrial electron transport chain contributes less to superoxide production
compared to mammalian cells. Nonetheless, ROS production and scavenging in a plant cell,
as in any other cell type, is a finely adjustable balance between redox signaling and
oxidative stress (96,108,115), and plant cells are also characterized by the presence of
highly efficient antioxidant systems. Some interesting discoveries in the field of redox
biology in plants have also been made with the use of HyPer biosensors (2,15,27,37,38,58).

Exposure of photosynthetic cells of plants to high light intensities can cause a rapid
rise in H,0, related to photosynthetic metabolism. According to one hypothesis, H,0,
plays an important role as a signaling molecule that contributes to acclimation of cells
under high light intensities. However, oxidative stress can occur if antioxidant systems
cannot cope with elevated H,0, levels. Seedlings of Arabidopsis thaliana were transformed
with HyPer to monitor cellular H,0, under these conditions. It is noteworthy that the H,0,
level increased even in nonphotosynthetic cotyledon epidermal cells after 20 minutes of
exposure to high light intensity. This was evidenced by an increase in the HyPer signal by
approximately 45 % compared to the zero time point (37). Recently, by using HyPer-2, it
was found that exposure to high light intensity increases H,0, production in the
chloroplast stroma, cytosol, and nuclei of photosynthetic Nicotiana
benthamiana epidermal cells (38). It is important to note that stromal H,0, was reduced by
over-expression of ascorbate peroxidase in this compartment and that treatment with an
inhibitor of photosynthesis attenuated nuclear H,0, accumulation and high light-
responsive gene expression. Additionally, over-expression of cytosolic ascorbate
peroxidase had a much smaller effect on nuclear H,0, levels and high light-responsive
gene expression (Fig. 6). Thus, H,0, is transferred directly to the nucleus from the
chloroplasts closely associated with it, bypassing the cytoplasm, and performs
photosynthetic control over gene expression (38).

In another study, HyPer was used to visualize dynamic changes in H,O; in
Arabidopsis roots induced by aluminum treatment (58). It is known that micromolar

concentrations of aluminum significantly limit plant growth by disrupting root hair
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development, although the precise mechanism by which aluminum inhibits root

elongation has not yet been established. HyPer experiments revealed a clear H,0,
distribution in growing roots of 5-day-old transgenic Arabidopsis seedlings, with the
highest concentration observed in the root tip region. However, incubation with 800 nM
aluminum for 5 minutes caused a decrease in the overall H,0, level, with the most
significant reduction observed in the elongation region. The mature region (where the root
hairs have ceased growing) was the most resistant to aluminum exposure. After 15 min of
such conditions, root growth was arrested and did not reinitiate, even after several hours,
although generation of short secondary roots was stimulated to compensate for this
effect. Findings indicate that increased H,0, level is a necessary and tightly regulated
event during optimal root growth in plants (58).

In the tip-growing pollen tube, NADPH oxidases produce tip-localized H,0,, which is
required to maintain a steady, tip-focused Ca®* gradient that is essential for growth; this
has also been shown with the use of genetically encoded indicators (15). HyPer can also be
expressed in different compartments of the plant cell. For example, HyPer targeted to
peroxisomes confirmed the modulation of the H,O, level by Ca?* signaling in this
compartment. Intraperoxisomal Ca®' rises after the increase of Ca®" in the cytoplasm, as
shown by the use of a GFP-based Cameleon Ca®* indicator. This, in turn, stimulates
catalase activity in this compartment (27).

H,0, is involved in signaling processes during the establishment of legume-
Rhizobium symbioses. As a result of complex molecular interactions between the plant and
the symbiont, root nodules are formed, in which nitrogen fixation occurs. NADPH oxidase
enzymatic activity appears to play an important role in H,O, generation during the process
of symbiosis formation (78), and HyPer probes have been used for imaging H,0,
accumulation in nodules. For this purpose, Medicago truncatula plants expressing HyPer
were inoculated with the Sinorhizobium meliloti DsRed strain. Then, H,0, production was
observed in 12-day-old root nodules. In this work, the effect of H,0, on certain gene
expression levels was studied in the context of the Medicago truncatula—Sinorhizobium
meliloti symbiotic interaction (2). H,0, generation also occurs during plant—pathogen
interactions. For example, in the rice blast fungus, Magnaporthe oryzae, it plays an

important role in the development of special structures called appressoria that are used to
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infect host plants. Importantly, appressoria cannot form without the production of H,0,.

Deletion of NADPH oxidases prevents appressorial development (33). HyPer expression in
transformed M. oryzae has enabled real-time monitoring of H,O, dynamics during spore
germination and appressorial development. Here, the barley leaf surface was infected with
conidia, after which HyPer signals were imaged by confocal microscopy at different time
intervals during important stages of the plant infection process (63). HyPer-2 was used to
analyze H,0, dynamics in mycelia of Fusarium graminearum in vitro and in the early
infection stages of wheat (86). In another study, HyPer was expressed in the necrotrophic
maize pathogen Cochliobolus heterostrophus to detect changes in H,O, concentration after
exposure to plant phenolic compounds in the wild-type strain and a mutant in the redox-
sensitive transcription factor chap1 (102).

HyPer in bacteria

HyPer probes can also be used successfully in prokaryotic systems. All versions of
these biosensors have been successfully tested in E. coli in order to determine the
minimum concentration of exogenous H,0, that leads to changes in fluorescence, which is
approximately 5 puM for HyPer (7) and 10 uM for HyPer-Red (35). These studies were
aimed only at demonstrating HyPer probe utility in bacterial cells. However, bacteria
exposed to external oxidative stress are excellent in vivo models for describing events that
occur as a result of the immunological response of higher organisms against invasive
pathogens. Sikes and colleagues performed detailed characterization of the behavior of
the biosensor signal in E. coli exposed to external H,0, (73). For example, it was found that
HyPer expression decreases the cell's peroxide scavenging capacity. It is also interesting to
note that for any experiment, the choice of bacterial strain, timing of measurement, and
even growth conditions may significantly affect the HyPer signal. Therefore, all these
parameters should be taken into account before carrying out comparative analysis (73).

Conclusions

HyPer family probes are a reliable and proven tool for studying the role of H,0, in
various physiological and pathological processes. The main advantage of HyPer, similar to
any other genetically encoded indicator, stems from its protein nature so that this probe
can be easily expressed in a biological system of any complexity. In recent vyears,

biosensors have been successfully used in various in vivo models. This is especially
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important because complex processes such as aging and development cannot be studied

in vitro or even in cell cultures. Modern approaches using indicators based on florescent
proteins allow such studies to be carried out in intact living organisms in real time.

A few important points should be taken into account when working with HyPer
probes. i) In all eukaryotic systems, HyPer is a foreign protein. Since the H,0,-sensitive
OxyR part of the biosensor has a bacterial origin, the probability of HyPer interactions with
other biomolecules in eukaryotic cells is minimal. An exception is the thiol reduction
antioxidant systems through which HyPer can be reversibly reduced after H,0,-induced
oxidation. Nevertheless, proper control experiments should be performed in any new
study. For example, Ursula Jakob and colleagues in their investigation of oxidative stress
during the C. elegans life span verified that HyPer expression does not affect the life span
of the animals (66). ii) Changes in pH in the physiological range affect the HyPer signal.
Therefore, pH monitoring in the same system is highly recommended. The most suitable
pH control for any HyPer version is a SypHer or SypHer-2 probe. iii) The brightness of
HyPer family probes may not be sufficient for use in some subjects, for example, in
mammalian tissues.

HyPer probes have great potential for future studies. An important achievement is
the development of the red HyPer version, which has expanded the capabilities of
multiparametric H,0, imaging. New bright pH stable permuted fluorescent proteins will
inevitably appear in the near future and will lead to the development of a set of universal
HyPer probes ideally suited for in vivo studies.
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FIG. 1. Graphical schemes and spectral characteristics of the HyPer family probes. The
scheme of HyPer-1,2,3 (A) and HyPer-Red (D) structures and their oxidation and reduction
reactions. Excitation spectrum of reduced (blue line) and full oxidized (red line) HyPer
probes based on cpYFP (B) and cpmApple (E). Images of HyPer-3 (C) and HyPer-Red (F)
before and after addition of 150 uM of H,0,. HyPer-3 was excited in two channels at 420
nm and 500 nm (F420 and Fsqp), respectively. HyPer-Red excited at 575 nm (Fs7s). Scale bar,
40 um. Lookup tables indicate HyPer probes brightness changes in corresponding channels
and Fsqo/Faz0 ratio for HyPer-3. To see this illustration in color, the reader is referred to

the online version of this article at www.liebertpub.com/ars.
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FIG. 2. Selected examples of HyPer use in vivo. HyPer probes can be used in a wide variety

of model organisms. These and other examples detailed in the text. (Panel “Embryonic

development” was reprinted with permission from Gauron et al.,, (49)). To see this

illustration in color, the reader is referred to the online version of this article

at www.liebertpub.com/ars.
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FIG. 3. A reduction of the H,0, levels impairs the retinal ganglion cells projections
(Reprinted with permission from Gauron et al., (49)). (A, B) HyPer imaging at 2 dpf in the
control (n=3), or NADPH oxidase inhibitor (Nox-i)-treated larvae (n=3). Lookup table
indicates HyPer F500/F420 ratio. (C, D) GFP expression in the [pou4f3:GAL4, UAS:GAP-GFP]
larvae with or without Nox-i treatment. (E) Branch number per axon in this transgenic line.
The error bars represent the standard error of the mean (SEM) (*p<0.05). To see this
illustration in color, the reader is referred to the online version of this article

at www.liebertpub.com/ars.
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FIG. 4. Schematic illustration of redox events in the inflammation area caused by
wounding of the tail fin of zebrafish D. rerio larva. 1 — The wound in the tail fin causes the
activation of dual oxidase (DUOX) in epithelial cells. 2 — DUOX-driven O," rapidly
dismutates into H,0, due to the reaction catalyzed by superoxide dismutase (SOD). 3 —
H,0, gradient formed in the tissue is required for leukocyte recruitment to the area of
inflammation. 4 — Ultimately, leukocytes participate in H,0, degradation, decreasing its
gradient via the myeloperoxidase (MPO) reaction. To see this illustration in color, the

reader is referred to the online version of this article at www.liebertpub.com/ars.
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FIG. 5. Simultaneous visualization of NADPH and H,0, dynamics in wound margin by
coexpression of iNap1 and HyPerRed in zebrafish larvae (Reprinted with permission from
Tao et al., (113)). (A) General transgenic zebrafish procedure. (B) Simultaneous
visualization of NADPH and H,0, dynamics in wound margin by coexpression of iNap1 and
HyPerRed in zebrafish larvae with or without 100 uM DPI (diphenyleneiodonium, the
NADPH oxidase inhibitor). Tail-fin tip amputation was performed at the 0-min time point.
Scale bars, 50 um. To see this illustration in color, the reader is referred to the online

version of this article at www.liebertpub.com/ars.
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FIG. 6. Time course of HyPer2 and SypHer2 responses to high light (HL) expressed in
different subcellular compartments of N. benthamiana epidermal cells (Reprinted with
permission from Exposito-Rodriguez et al., (38)). (A, B) N. benthamiana abaxial epidermal
cells expressing stromal sHyPer2 and sSypHer2. (A) 488/405 nm ratio images of resting
state in the dark (upper row) and after 60 min HL (lower row). From left to right, the
panels show the fluorescence of chloroplasts of cells from leaves expressing sHyPer2,
sSypHer2, sHyPer2 treated with DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, the
photosynthetic electron transport inhibitor) (10 uM for 20 min prior to illumination) and
over-expressing sAPX (ascorbate peroxidase), respectively. (B) The effect of exposure to HL
over 60 min on the 488/405 nm fluorescence ratio of chloroplasts in epidermal cells
expressing sHyper2 and sSypHer2. The data points were normalized to the mean initial

value for each treatment and represent the mean + SEM values from 40-70 chloroplasts
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from 3 independent experiments per treatment. (C, D) Equivalent to panels (A) and (B)

except that the cells expressed nuclear nHyPer2 and nSypHer2. From left to right, the
panels show the fluorescence from nuclei expressing nHyPer2, nSypHer2, sHyPer2 treated
with DCMU (10 uM for 20 min prior to illumination), over-expressing sAPX and cAPX in
stroma and cytosol, respectively. The data points were normalized to the mean initial
value for each treatment and represent the mean +* SEM from 8-18 nuclei from 3
independent experiments per treatment. (E, F) N. benthamiana abaxial epidermal cells
expressing cytoplasmic cHyPer2 and cSypHer2. (E) 488/405 nm ratio images of resting
state in the dark (upper row) and after 60 min HL (lower row) of cHyPer2 and cSypHer2
right and left column, respectively. (F) Quantification of the HL-dependent changes in
cHyPer2 and cSypHer2 fluorescence over 60 min HL. The data points were normalized to
the mean initial value for each treatment and represent the mean + SEM from 12-15 cells
from 3 independent experiments per treatment. Scale bar = 50 um. To see this illustration
in color, the reader is referred to the online version of this article

at www.liebertpub.com/ars.



