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Abstract

Significance: Hydrogen peroxide (H,0O,) is not only a key mediator of oxidative stress but also one of the most
important cellular second messengers. This small short-lived molecule is involved in the regulation of a wide
range of different biological processes, including regulation of cellular signaling pathways. Studying the role of
H->0, in living systems would be challenging without modern approaches. A genetically encoded fluorescent
biosensor, HyPer, is one of the most effective tools for this purpose. Recent Advances: HyPer has been used by
many investigators of redox signaling in various models of different scales: from cytoplasmic subcompartments
and single cells to tissues of whole organisms. In many studies, the results obtained using HyPer have enabled a
better understanding of the roles of H,O, in these biological processes. However, much remains to be learned.
Critical Issues: In this review, we focus on the uses of HyPer. We provide a general description of HyPer and its
improved versions. Separate chapters are devoted to the results obtained by various groups who have used this
biosensor for their experiments in living cells and organisms. Future Directions: HyPer is an effective tool for
H,0, imaging in living systems as indicated by the increasing numbers of publications each year since its
development. However, this biosensor requires further improvements. In particular, much brighter and more pH-
stable versions of HyPer are necessary for imaging in mammalian tissues. Antioxid. Redox Signal. 24, 731-751.

Introduction

N AEROBIC ORGANISMS, oxygen plays a central role in the

maintenance and regulation of vital redox reactions. Spe-
cifically, oxygen is the final acceptor of electrons in the re-
spiratory electron transport chains involved in cellular energy
production. However, the role of oxygen is not limited to
respiration. Regulatory, or signaling, functions of oxygen are
carried out by reactive oxygen species (ROS).

ROS are produced in many biochemical processes both
spontaneously and through regulated mechanisms. Superoxide
anion radical O,"~ is a precursor of all other types of ROS. O,*~
is formed by univalent reduction of molecular oxygen O,.
Cellular electron transport chains are one of the sources of O,*~
in the cells. In eukaryotes, it is generated by the mitochondrial
respiratory chain at the levels of complex I (NADH:ubiquinone
oxidoreductase) and complex III (ubiquinol:cytochrome c
oxidoreductase) (24, 173, 200, 211). From 0.15% to 2% of the
total, electron flow through the mitochondrial respiratory
chain supports ROS generation (31, 200).

NOX (nicotinamide adenine dinucleotide phosphate oxi-
dase) family proteins are the main source of cellular O,°.
These membrane enzyme complexes transfer electrons
across biological membranes using NADPH as an electron
donor. Oxygen serves as an electron acceptor, which leads to
the formation of substantial amounts of O,*” (6, 10). Xan-
thine oxidase that is involved in oxidation of purines and
nitric oxide synthases (NOSs) catalyzing the production of
nitric oxide are the other examples of enzymes that may
contribute to the cellular production of O,°” (23, 137). The
majority of cellular O,°” is converted into hydrogen peroxide
(H,0,) by highly specialized enzyme, superoxide dismutase
(SOD), almost immediately (136). Thus, SOD neutralizes the
radical and prevents its devastating effects. However, H,O,
can be toxic for cells as well. Regulation of cellular H,O, is
controlled by several enzymatic systems such as catalases
(31, 33), peroxiredoxins (Prxs) (96, 219), and glutathione
peroxidases (GPxs) (67).

For many decades, ROS were believed only to be dam-
aging oxidative stress molecules because of their ability to
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cause oxidative damage to different cellular molecules and
structures (53, 198), and ROS are clearly involved in the
induction and progression of many pathological states as well
as in the aging process. However, ROS are also produced, at
lower levels, in normal physiological processes, in which
they play important roles in cellular functions (53, 178). The
concentrations and lifetimes of ROS in cells are strictly
controlled by specialized enzymatic systems.

After discovery of NOX2 in phagocytic cells and the es-
tablishment of its role in the pathogen elimination (7, 44, 152,
155, 172), other members of this protein family were found to
exist in a large variety of nonphagocytic cell types (10). The
variety of ubiquitous NOX homologues that generate O,*” in
cells of different tissues is one more proof that ROS play an
active role in the regulation of cellular processes. Particular
attention among ROS is given to H,O,, which is now re-
garded as a second messenger.

The signaling role of H,O, stems from its ability to se-
lectively modify the thiol groups of certain proteins, thereby
regulating their functions (34, 210). Modifications of amino
acids can significantly affect the conformation of proteins,
changing their functionality or interaction with partners.
Oxidation by H,O, is one of the cysteine modifications al-
lowing protein function modulation either via catalytic Cys
inactivation or conformational rearrangements. Accessibility
and pK, values of cysteine residues in the protein structure
are the main factors limiting H,O, interaction with proteins.

Accessibility of cysteines for interaction with H,O, de-
pends on structural characteristics of a particular protein.
Usually, cysteines that interact with H,O, and participate in
cell signaling are exposed and available for interaction. The
location of two redox-active cysteines of peroxiredoxins is
one of the bright examples among proteins interacting with
H,0, (218). Thiol groups of cysteines interacting with H,O,
usually have a pK, value lower than most of thiol groups not
involved in such reactions due to the local environment of the
cysteine residues (217). Reaction of thiol groups with H,O,
leads to formation of a sulfenic acid, which can be oxidized to
the more stable sulfinic acid or reduced again after disulfide
formation (166). Sulfenic acid anions react with thiol groups
of low-molecular-weight compounds as glutathione or with
protein thiols forming intra/intermolecular disulfides (39). In
a cell, these oxidative modifications are reversible due to the
thiol/disulfide exchange catalyzed by glutaredoxins (Grxs)
(63, 122) and thioredoxins (Trxs) (4, 40, 97).

Many examples of the involvement of H,O, in the regula-
tion of cell signaling pathways are available. The first dis-
covered and best known example is an interaction of H,O,
with the active center of protein tyrosine phosphatases (PTPs),
which leads to the inhibition of the phosphatase activity (48,
119). By contrast, H,O, activates certain protein tyrosine ki-
nases (PTKSs), including Src family kinases (76). It is known
that elevation of H,O, leads to activation of mitogen-activated
protein kinases (MAPKSs), including the extracellular signal-
regulated kinases (ERKs), jun N-terminal kinase (JNK),
and p38 (170), which participate in many cellular signaling
cascades (26).

Additionally, some cellular ion channels are regulated
by H,0,. Examples of redox-regulated channels include,
but are not limited to, Ca®*-activated voltage-dependent K*
channels (Ky c,) (195, 203) and ryanodine receptor (RyR)
channels. Insulin-induced H,O, generation causes RyR1 S-

BILAN AND BELOUSOV

glutathionylation that leads to Ca®" release (41). It has also
been shown that the function of several transcription factors
in cells also depends on H,0, (125). The OxyR protein of
Escherichia coli is the most studied example among such
regulators (37).

It is not surprising that H,O, has attracted enormous in-
terest from investigators in the redox biology field. Several
synthetic indicators for H,O, detection in cells such as 2,7-
dichlorodihydrofluorescein (DCFH), dihydrorhodamine 123
(DHR), Peroxy Green 1 (PG1), Peroxy Crimson 1 (PC1), and
others are currently used (45, 68, 79, 143, 177). However,
application of some of these probes is possible only in vitro.
Typically, dyes that are able to penetrate into the cells are not
specific for the individual forms of ROS and their reactions
are irreversible. In addition, the signals of these indicators
can be affected by artifacts associated with nonspecific re-
actions (68, 79).

Many of the problems of spectroscopic H,O, detection
methods were overcome by the genetically encoded fluores-
cent biosensors. Two types of genetically encoded sensors for
H,0, currently exist: HyPer, which was developed in 2006
(11), followed by other HyPer family members, and roGFP2-
Orp1 (86). The principle of roGFP2-Orpl and its applications
have been extensively discussed in other reviews (139, 188). In
a short period of time, HyPer has proven to be a powerful tool
for the investigation of the dynamics and roles of H,O, in
various biological models. This biosensor allows real-time
imaging of H,O, in living systems of various complexities.
Furthermore, its reaction is reversible and highly specific with
regard to other types of ROS and various oxidants (11). This
review will focus on how and where the sensor can be used.

Features of HyPer and Its Modifications
HyPer

The genetically encoded biosensor HyPer (from Hydrogen
Peroxide) enables real-time imaging of H,O, within cells and
even individual compartments of the cell. The biosensor
consists of the H,O,-sensitive regulatory domain of the
E. coli transcription factor, OxyR, with the circularly per-
muted yellow fluorescent protein (cpYFP) integrated into the
sequence of OxyR (11).

The transcription factor, OxyR, activates the expression of
a number of antioxidant genes in bacteria in response to in-
creasing concentrations of H,O,, thus protecting the cells
from oxidative stress. The C-terminal domain of OxyR
functions as a sensor for H,O, by selectively and reversibly
reacting with H,O, (118, 227). Oxidation of OxyR by H,0,
causes the formation of a disulfide bond between cysteine
residues, Cys-199 and Cys-208, in the structure of the regu-
latory domain, which leads to conformational changes in the
DNA-binding domain of the protein. The selectivity of OxyR
toward H,0O, is determined by the low pKa of Cys-199 and its
hydrophobic environment (5, 37, 227). The disulfide bond in
the oxidized OxyR can be reduced enzymatically by glutar-
edoxins and most likely by some other enzymes (227).

In the HyPer molecule, the OxyR domain performs the same
function. cpYFP is integrated into the sequence of the C-terminal
regulatory OxyR domain in a position between amino acids, 205
and 206, via short peptide linkers. This region of OxyR is
characterized by the most significant changes in the structure
upon oxidation—reduction. The OxyR domain of HyPer is
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specifically oxidized by H,O, and undergoes conformational
changes that are transmitted to the fluorescent protein (FP; a
schematic representation is shown in Fig. 1A). The spectral
characteristics of HyPer change as a result of these in-
tramolecular reorganizations. The fluorescence excitation
spectrum of HyPer has two maxima at 420 and 500 nm and a
single emission peak with a maximum at 516 nm. Upon
oxidation of HyPer in the presence of H,O,, the intensity of
the 420 nm excitation peak decreases proportionally to the
increase in the 500 nm peak (Fig. 1B). Therefore, HyPeris a
ratiometric sensor. In living systems, for example, in cells
as shown in Figure 1C, the HyPer signal should be defined
as the ratio of fluorescence intensities separately excited at
500 and 420 nm (Fs0/F420). Increasing of H>O, concen-
tration results in oxidation of the biosensor, and the F5qo/
F450 signal increases (Fig. 1C, D) (11).

In vitro, minimal response of fully reduced HyPer protein
at a concentration of 25 nM can be observed after addition of
25 nM of H,0O, (fold change in Fsq¢/F4p ratio is 1.5+0.12).
The addition of 250nM of H,O, to the probe leads to full
oxidation of the biosensor (11). The same sensitivity was
confirmed for HyPer in the cytoplasm of mammalian cells.
Minimal concentration of externally added H,0O, that induces
minimal detectable changes in HyPer fluorescence is 5 uM
(11). According to the experimental data, the gradient of
H,0, across the plasma membrane can reach 650-fold (98).
Therefore the sensitivity and specificity of HyPer to H,O, are
similar to these parameters in the wild-type OxyR, and sim-
ilar to the wild-type OxyR, oxidized HyPer is reduced by
cellular thiol-reducing systems (11).

HyPer is currently being successfully used in many
laboratories to study the roles of H,O, in living systems.
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However, in some biological models, the average cytoplas-
mic concentration of signaling H,O, changes very little rel-
ative to the basal level. Despite its 3-fold ratio change upon
reaction with saturating amounts of H,O,, the dynamic range
of HyPer is not high enough to visualize these small changes
in H,O, concentration. Therefore, it was very desirable to
improve the dynamic range (R/Rg) of HyPer.

HyPer-2 and HyPer-3—improved versions of HyPer

HyPer-2 was the first improved version of the biosensor
(131). HyPer-2 demonstrates an expanded dynamic range
compared with the parental HyPer. The Fsqo/F4,9 ratio of
HyPer-2 changes up to 6-7-fold upon saturation of the
probe, which is twice as high as that of HyPer. This means
that at lower oxidant concentrations, the HyPer-2 response
is twice as easy to visualize. The advantage of using HyPer-
2 to monitor low concentrations of endogenous H,O, was
demonstrated in NIH 3T3 fibroblasts stimulated with the
platelet-derived growth factor (PDGF). HyPer-2 demon-
strated higher amplitude of response than HyPer in the same
cells.

HyPer-2 differs from HyPer only by one point mutation:
Ala406Val (131). This mutation is located in the OxyR do-
main of HyPer. The same mutation was previously described
in the wild-type OxyR. It resides in the interface responsible
for the oligomerization of the protein (37). Unlike the original
HyPer molecule, which is monomeric, HyPer-2 forms a
strong dimer. HyPer-2 also has lower rates of reaction with
H,0, and subsequent reduction in the cells than those of
HyPer (16, 131) (Fig. 2A, B). These deficiencies could po-
tentially affect the temporal resolution of the H,O, detection.
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FIG. 1. Genetically encoded fluorescent biosensor HyPer for H,O, measuring. (A) The scheme of HyPer structure

and its oxidation and reduction reactions. (B) Excitation spectrum of reduced (black line) and full oxidized (red line) protein
HyPer extracted from Escherichia coli. Two excitation peaks of HyPer with maxima at 420 and 500 nm ratiometrically
change upon oxidation. Emission was measured at 530 nm. (C) Images of HyPer-expressing HeLa Kyoto cells at indicated
time points before and after addition of 75 uM of H,O, (H,O, was added after 20s). In two upper rows, fluorescence of
HyPer was excited in two channels at 420 and 500 nm (F4,¢ and Fsqg), respectively. Lowest row represents the Fsgo/Faoq
excitation ratio. Scale bar, 40 um. Lookup table indicates the Fsyy/F4; ratio. (D) HyPer response (Fsqo/F4,0 ratio) to added
H,0, in mammalian cells shown in (C). Error bars indicate standard error of mean. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 2. HyPer, HyPer-2, and HyPer-3 response to H,O, [Reprinted with permission from Bilan et al., (16)]. (A)
Half-oxidation times of HyPer, HyPer-2, HyPer-3, and HyPer-H34Y-A406V upon the addition of H,O,. Zero time cor-
responds to the moment of H,O, addition. Error bars indicate standard deviation. (B) Half-reduction times of HyPer, HyPer-
2, HyPer-3, and HyPer-H34Y-A406V upon the addition of H,O,. Zero time corresponds to the maximum of F500/F420
ratio after H,O, addition. Error bars indicate standard deviation. Data in panels (B) and (C) are results of 7 experiments for
HyPer, 10 for HyPer-2, 10 for HyPer-3, and 4 for HyPer-H34Y-A406V; >10 cells in each experiment. (C) Images of Fsqo/
F450 ratio in HeLa cells transiently transfected with HyPer-3 (upper row) or HyPer (lower row) exposed to 150 uM of H,O,.
Numbers indicate timing in seconds. Scale bar, 40 um. Lookup table indicates the Fsoo/Fa49 ratio. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/ars

A more rapidly responsive version was subsequently de-
veloped and was named HyPer-3 (16). HyPer-3 contains the
mutation, His34Tyr, located in the same interface of OxyR as
the mutation, Ala406Val, of HyPer-2. The dynamic range of
HyPer-3 is comparable with that of HyPer-2 (6-7-fold).
However, the reaction rates of oxidation and reduction of
HyPer-3 are higher than those of HyPer-2 (Fig. 2). The olig-
omeric states of HyPer-2 and HyPer-3 are also different:
HyPer-3 is monomeric, similar to HyPer. Therefore, HyPer-3
combines advantages of both previous versions (16). How-
ever, for an as yet unknown reason, HyPer-2 is brighter in
mammalian cells than either HyPer or HyPer-3 (unpublished
observations). All versions have equal quantum yields of 0.1,
but differ in their extinction coefficients at 490 nm: 17.000 M~
"em™ (HyPer and HyPer-3) and 25.000M ™' cm™"' (HyPer-2)
(16). Therefore, HyPer-2 is the probe of choice for weakly
expressing cells.

A form of HyPer with the combined mutations, Ala406-
Val and His34Tyr, was also created. This biosensor main-
tained the same high dynamic range as HyPer-2 and HyPer-
3, but differs from both in exhibiting extremely long half-
reduction and half-oxidation times (Fig. 2A, B). For this
reason, HyPer-Ala406Val-His34Tyr cannot be used for real-
time imaging, but could be potentially used as a memory
biosensor for H,O, (16) because of its prolonged oxidized
state after stimulation, making it similar to turn-on synthetic
ROS probes. This approach may allow determining, even

after a long time after the stimulus, which cells in culture or
tissue responded by H,0, increase.

SypHer—best control for HyPer

Due to the structural characteristics of the chromophore,
HyPer is sensitive to pH changes. Changes in pH lead to
changes in chromophore protonation state. pH sensitivity is
typical for many green fluorescent protein (GFP)-like proteins
(25, 55, 92). However, the cpYFP and all sensors based on it
are extremely sensitive to physiological pH changes. The
fluorescence intensity of cpYFP (pK, 8.6 with a 485 nm exci-
tation) (189) is much more sensitive to intracellular pH changes
than EYFP (pK, 7.1) (126). HyPer as a chimeric protein
OxyReg domain-cp YFP with pK, 8.6 at 490nm and is not an
exception from this rule. Acidification of the environment
produces an increase in the intensity of the excitation peak at
420 nm and a decrease at 500 nm, which imitates reduction of
HyPer (11, 163). Alkalization leads to the opposite effect.

Molecular mechanisms underlying spectral changes in
response to oxidation or pH changes are not completely un-
derstood. However, some conclusions can be made. Both
oxidation and alkalization increase probability of the depro-
tonated state of the Tyr phenol in the chromophore. This
leads to increase of 500 nm excitation peak corresponding to
deprotonated chromophore and proportional decrease of
400 nm excitation peak that belongs to the protonated form of
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the chromophore. However, conformation changes caused by
oxidation/reduction do not merely lead to changes in pro-
tonation state. As yet unknown changes in chromophore
surroundings upon oxidation lead to (i) decrease in fluores-
cence lifetime and (ii) several fold increase in deprotonated
chromophore extinction (16). What kind of intramolecular
interactions are responsible for these changes is still to be
resolved.

It is a well-known fact that during many physiological and
pathological processes, the pH value may change, and
sometimes significantly. Therefore, it is essential to use valid
pH control in each experiment with HyPer.

Previously, to confirm the activity of OxyR in HyPer, the
functional amino acid residue, Cys-199, was replaced by
Ser199. HyPer-C199S does not respond to H,O, and imitates
fully reduced HyPer, thus demonstrating the key role of this
Cys in the mechanism of the HyPer response to H,O, (11).
However, HyPer and HyPer-C199S have the same pH sen-
sitivity with identical values of pK,. HyPer-C199S was sub-
sequently introduced as good pH sensor and received a new
name, SypHer (163). It has been extensively characterized and
used for imaging of pH changes in different compartments of
living cells (163). SypHer has spectral properties similar to
HyPer, thus both biosensors may be used in parallel experi-
ments at the same settings. Some other pH indicators can also
be used, including fluorescent dyes (89) and GFP-based indi-
cators (12, 19). However, SypHer that differs only by single
mutation and has identical spectral characteristics in compar-
ison with HyPer is the most optimal pH control molecule for all
versions of HyPer based on cpYFP in any systems.

HyPer-Red

Most of the widely used single-fluorophore biosensors
have green fluorescence. Due to their spectral overlaps, these
sensors cannot be imaged in the same system simultaneously.
However, it is desirable to be able to detect several different
parameters in one cell or tissue using sensors with different
spectral characteristics. Moreover, biological tissues are
poorly permeable to violet and blue excitation light as well as
emitted green light. Therefore, there is considerable demand
for the development of red fluorescent biosensors.
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HyPer-Red, a red fluorescent version of the biosensor, was
developed using green fluorescent HyPer as a template (59).
The cpYFP in HyPer was replaced by a circularly permuted
version of the red fluorescent protein mApple that has
been used previously as the fluorescent domain of the Ca**
indicator, R-GECO1 (225). HyPer-Red is an intensiometric
biosensor: it has one excitation peak with a maximum at
575nm and an emission peak at 605 nm. The sensitivity of
HyPer-Red is similar to the other versions of HyPer based on
cpYFP (59). The kinetic parameters of oxidation of HyPer-
Red are comparable with other HyPer versions. The reaction
rate constant is 3 x 10° M's™! for HyPer-Red (59) compared
with 5x10° M~'s™", 1.2x10° M™'s', and 2.5x10° M"'s™"
for HyPer, HyPer-2, and HyPer-3, respectively (16). The
reduction half-time of HyPer-Red is similar to that of HyPer-
2 (59). Therefore, HyPer-Red enables the detection of even
the low physiological amounts of H,O, produced in cells by
signaling cascades activated by growth factor stimulation,
although the dynamic range of HyPer-Red is ~30% lower
compared with HyPer (59).

H,0;-insensitive version of HyPer-Red with the replace-
ment of key cysteine residue has also been created for
monitoring of pH changes in a parallel experiment. At the
same time, pH titration profiles in the presence of nigericin
and monensin of HyPer-Red and HyPer in the cytoplasm of
eukaryotic cells are almost identical (59). Therefore, Hy-
PerRed can now be used in multiparameter imaging settings
in combination with SypHer, and similarly, HyPerRed-
C199S can be expressed in the same cells together with
yellow HyPer versions to serve as a pH control. Key prop-
erties of all HyPer versions are summarized in Table 1.

Various Imaging Techniques for HyPer

Confocal systems and widefield fluorescence microscopy
are commonly used approaches for HyPer imaging. All ex-
amples described above obtained results using these devices.
The two excitation peaks for HyPer permit its use in a ratio-
metric mode, in which the HyPer fluorescence is detected in
separate channels, F4,q and Fsq, corresponding to excitation
of the biosensor at 420 and 500 nm. The F5q¢/F4,q ratio is the
preferred signal of HyPer. Although the use of the ratiometric

TABLE 1. A CoMPARISON OF THE HYPER PROBE PROPERTIES

Characteristics HyPer HyPer-2 HyPer-3 HyPer-Red

Excitation maxima 420, 500 nm 575 nm

Emission maximum 516 nm 605 nm

Readout ratio of fluorescence intensities excited fluorescence

at 500 and 420 nm (F5q9/F420) intensity (Fs;¢)

Dynamic range 3+0.4-fold 6+0.3-fold 6+0.3-fold 2+0.2-fold

Oxidation rate constant 5%10° 12x10° 2.5x10° 3.0x10°
(Ky), M !sec™!

[H,0,] at the half-maximal 160 nM 290 nM 260 nM 140 nM
(K,y) reaction rate

Sensitivity to H,O, for the 20-30nM 20-30nM 20-30nM 20-30nM
isolated probe

pK. 8.6 8.6 8.6 8.7

QY 0.1 0.1 0.1 0.29

Brightness 1700 2500 1700 11,300

Oligomeric state at the monomer dimer monomer N/A
0.02mg-mL™" concentration

Reference (11 (131) (16) 59)
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mode of HyPer is the preferred approach, single-wavelength
imaging is also possible. However, the ratiometric readout
avoids artifacts associated with different expression levels of
the biosensor, cell movement, or changes in cellular shape.
Ratiometric two-photon excitation has also successfully been
applied to HyPer (214).

Recently, HyPer has found applications in fluorescence
lifetime imaging microscopy (FLIM) (16). FLIM provides
several advantages such as (i) the possibility of using a single
excitation band for a single probe, (ii) independence from the
expression level of the probe, (iii) quantitative readout, and (iv)
much less interference from light scattering or photobleach-
ing. Experiments with HyPer revealed that the fluores-
cence lifetimes of single-fluorophore biosensors significantly
change upon activation. Previously, one example of single-
fluorophore FLIM was demonstrated for pH-driven lifetime
changes in enhanced green fluorescent protein (EGFP) (150).
The fluorescence of HyPer and HyPer-3 excited at 488 nm
increased upon H,O, addition, while the lifetime decreased.
HyPer-3 exhibited more pronounced changes in the fluores-
cence lifetime upon oxidation.

The lifetimes of oxidized and reduced HyPer differ enough
to be suitable for H,O, detection using FLIM even in vivo. In
particular, the ability to detect the generation of H,O, using
FLIM after wounding of zebrafish larvae fins was tested using
HyPer-3. The fluorescence lifetime changes in HyPer-3 dis-
tinctly showed a gradient of H,O,, with higher concentrations
at the wounding site of the injured animals consistent with the
results obtained by fluorescence imaging (Fig. 3) (16). Note
that in all GFP variants tested (108, 150, 187), fluorescence
lifetime either does not change or it increases with alkaliza-
tion of the medium. Therefore, decrease in lifetime of HyPer-
3 close to the wounding site is yet another argument for the
existence of H,O, gradient.

HyPer uses from a single live cell
and its compartments to whole organisms

One of the main advantages of all genetically encoded
biosensors is the ability to use them in living systems, both at
the cellular level and at the level of the whole organism. This
is possible due to the protein nature of these indicators. Each
biosensor is encoded by a single gene that can be expressed in
a tissue-specific manner in transgenic organisms. The protein

Normalized counts
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nature of the biosensors allows them to be localized to vari-
ous subcellular structures by adding a targeting sequence to
the biosensor. Within a few years after its development,
HyPer was used in many biological models with various
levels of complexity, as shown in Table 2.

HyPer in cells and cellular organelles

The fluorescent signal of HyPer localized to various com-
partments, including the cytoplasm and nucleus (11, 129),
mitochondrial matrix (11, 102, 129, 208), mitochondrial in-
termembrane space (129), and peroxisomes (43, 56, 129),
significantly changes after extracellular addition of H,O, and
slightly when the same cells were exposed to the reducing
compound, dithiothreitol (DTT) (129). This fact indicates that
the HyPer in these compartments is in an almost completely
reduced state. The most reduced state of HyPer was observed
in the nucleus (129), whereas the most oxidized state was
found in the lumen of the endoplasmic reticulum (ER) (58,
129), where more than 70% of HyPer is oxidized (129).

The ER is one of the most oxidized cellular compartments.
Many proteins, including secreted and plasma membrane-
associated proteins, have disulfide bonds that stabilize their
structures and are necessary for normal function. The oxi-
dizing environment of the ER is optimal for the formation of
disulfide bonds of proteins (191). However, for HyPer,
whether its oxidized state results from the high redox po-
tential of the ER lumen or from high H,O, production within
this compartment remains unknown. The redox potential of
the redox-active Cys-199-Cys-208 pair in wild-type OxyR is
—185mV (227). The homologous region of HyPer has the
same potential. The glutathione redox potential in the ER
measured by different approaches could range from —170 to
—208 mV (17, 49, 100). For this reason, HyPer should be
more than 50% reduced even in the highly oxidizing ER
environment in the absence of H,O,. Therefore, we tend to
think that both the low glutathione redox potential and in-
trinsic H,O, production are responsible for HyPer oxidation
in the ER.

Experimental studies have confirmed that the oxidized
state of ER-localized HyPer reflects general oxidizing con-
ditions inside this compartment in a greater degree than
generation of H,O, (138). The evidence was provided by the
fact that overexpression of the H,O,-inactivating enzymes,

0.2 | I RO 1 (Lifetime (phase)) |
I RO 2 (Lifetime (phase)) |

0.5 1.0 1.5 2.0 2.5
Value (ns)

FIG. 3. Inflammation-driven H,O, production in zebrafish larvae imaged using fluorescence lifetime imaging
microscopy (FLIM) of HyPer-3 [Reprinted with permission from Bilan ef al., (16)]. (A) Left and right panels represent
fluorescence intensity and FLIM images, respectively. ROI1 highlights the wound margin; ROI2 represents an area distant
from the wound. (B) Fluorescence lifetime distribution plot for ROI1 and ROI2 in panel (A). To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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GPx and catalase, did not affect the fluorescent signal of ER-
HyPer (138). Previous studies demonstrated that HyPer in
other cellular compartments such as cytoplasm, mitochon-
dria, and peroxisomes in catalase-overexpressing cells was
significantly reduced in comparison with the control cells
(56, 75, 83), and even the overexpression of the ER-resident
antioxidant enzyme, peroxiredoxin IV (204, 205), did not
affect the ER-HyPer redox state (138). However, in other
studies, ER-HyPer has been successfully used. For example,
H,O, transportation into the lumen of ER via aquaporin-8
was investigated using HyPer (13). In summary, it should be
noted that the oxidized state of HyPer in the ER is maintained
mainly because of low reducing power of this compartment
rather than the high level of H,O,.

Targeted HyPer allows the investigation of the dynamics
of low concentrations of H,O, in the various compartments in
the physiological settings (Table 2), including treatment of
cells with PDGF or tumor necrosis factor alpha (TNF-a) or
the inhibition of the mitochondrial electron transport chain
(129).

HyPer-cyto is the most widely used version of the avail-
able HyPer derivatives. In this case, the biosensor easily
diffuses within the nucleocytoplasmic compartment. Pro-
duction of H,O, during stimulation of cells with growth
factors such as epidermal growth factor (EGF) (132, 141),
PDGEF (131), and nerve growth factor (NGF) (11) was first
visualized using this version. In addition, HyPer is also
suitable for use in other cellular models.

The results of redox-proteomic studies revealed that the
average level of the protein thiol oxidation in various cellular
compartments is the same. However, the degree to which the
protein thiol groups involved in different signaling pathways
are oxidized can vary significantly even within a single
compartment (77). Therefore, the oxidation processes in the
cellular compartments can occur locally, which suggests that
during some signaling events, ROS are also produced locally.
HyPer has been successfully used for imaging such local sites
of H,O, production (144, 146, 147).

It is known that stimulation of cells with EGF causes EGF
receptor (EGFR) internalization (69), an increase of Ca*" in

A
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the cytoplasm (27) and production of H,O, in low con-
centrations (132). By fusing HyPer with different membrane-
associated proteins, the biosensor has been immobilized on
the cytoplasmic surfaces of plasma membrane, endosomes,
and the ER membrane. Upon activation of tyrosine kinase
cascades, H,O, microdomains were visualized by the
membrane-localized HyPer (146, 147). HyPer fused to EGF
receptor (EGFR) showed specific H,O, production on the
cytoplasmic surface of the endosomes. Upon stimulation of
the cells with EGF, the EGFR-HyPer fusion was internalized
into the endosomes. HyPer on the surface of the endosomes
started to be oxidized after internalization. At the same time,
the noninternalized EGRF-HyPer remained reduced, dem-
onstrating that (i) H,O, was produced locally; (ii) no H,O,
production was associated with the plasma membrane; and
(iii) H,O, diffusion from the endosomes to the plasma
membrane did not occur (Fig. 4).

Similarly, HyPer has been immobilized on the cytoplasmic
side of the ER membrane. This enabled the detection of the
microdomain of H,O, near the phosphatase PTP-1B (147).
These experiments directly demonstrated for the first time
that H,O, acts locally under physiological conditions.

Insulin induces several signaling cascades, including Ca**
release from intracellular stores, and enhances the production
of ROS in different cell types. HyPer has been used for
studies of insulin-stimulated ROS production in myotubes.
HyPer detected the increase in H,O, in the cytoplasm of the
myotubes after insulin stimulation. However, incubation of
the myotubes with a specific inhibitor of p47°"*-dependent
NADPH oxidase, apocynin, prevented this increase. Thus, it
became clear that insulin caused generation of H,O, due to
NADPH oxidase activation (60). In another study, generation
of H,O, was shown in cultures of primary neurons after high-
frequency electrical stimulation. Electrical stimulation of
neuronal cells enhances Ca**-dependent H,O, generation via
stimulation of a neuronal NADPH oxidase activity (179).

It is known that cell death is accompanied by active gen-
eration of ROS, including H,O,. HyPer is the most appro-
priate tool for visualization of this phenomenon. HyPer was
used to visualize the H,O, changes in the cytosol and

— endosomes
1.4 — PM

0.8 \\ Mo

N\V\/\,\f\/_/ \N
0 10 20 20
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Normalized HyPer ratio

FIG. 4. Microdomains of elevated H,O, generation upon activation of epidermal growth factor receptor (EGFR)
[Reprinted with permission from Mishina et al., (147)]. (A) Confocal images of EGFR-HyPer-expressing HeLa-Kyoto
cells at indicated time points (in minutes) after stimulation of the cells with 50 ng/ml EGF. Upper row of images represents
subcellular distribution of HyPer ratio. Lower row of images shows subcellular distribution of EGFR-HyPer. Cell
boundaries and nucleus of one of the cells are highlighted. Scale bar: 15 yum. (B) Time course of H,O, production associated
with endosomes and plasma membrane in the cells shown in (A). To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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mitochondria of HeLa cells exposed to the apoptogenic
protein, Apo2L/TRAIL. Changes in the mitochondrial
transmembrane potential were measured in parallel using the
dye, tetramethylrhodamine methyl ester (TMRM). Together
with the decrease in the transmembrane potential and chan-
ges of the cell shape, the cytosolic and mitochondrial H,O,
levels increased during cell degradation upon stimulation
with Apo2L/TRAIL (11).

HyPer-Red was successfully used in multiparameter im-
aging to solve the controversy regarding whether the H,O,
level in the mitochondrial matrix changes as a function of the
Ca®" load. The data obtained earlier using isolated mito-
chondria supported opposite views (54, 87, 93, 112, 114,
196). For this reason, HyPer-Red was cotransfected into
human embryonic kidney (HEK) cells in different combi-
nations with different green-emitting biosensors for pH,
H,0,, and the GSH/GSSG ratio targeted to various com-
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partments (59). It was demonstrated that inducing ER stress
by inhibiting the Ca** uptake by the ER leads to a transient
increase in the mitochondrial level of H,O, (Fig. 5). An al-
ternative method to increase mitochondrial Ca**, inducing
ATP-evoked Ca®" release, did not cause any detectible H,O,
changes. Coexpression of mito-HyPer-Red with a green
HyPer version targeted to the cytoplasm or to the mito-
chondrial intermembrane space revealed a highly localized
spatial distribution of H,O, restricted to the matrix. The in-
crease in H,O, was not associated with a change in the GSH/
GSSGratio (59). In the future, HyPer-Red could be combined
in different experimental setups with other biosensors, in-
cluding green-emitting HyPers, NAD"/NADH indicators (15,
99, 226), rxYFP (156), and roGFPs (52, 85, 91), for GSSG/
2GSH registration and others.

HyPer can be used in bacteria as well as in eukaryotic cells
(28, 124). The minimum concentration of exogenous H,O,

HyPerRed-mito” " 1g'_y,

roGFP-mito Bl By doosl] +Tc  Time (min)  +H,0,
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FIG. 5. Multiparameter imaging of H202, GSH/GSSG, Ca**, and pH [Reprinted with permission from Ermakova
et al., (59)]. (A) Inhibition of SERCA Ca** pump by thap31garg1n (TG) induces temporal H,O, increase in the mitochondrial
matrlx whereas the GSH/GSSG ratio remains unchanged. HEK-293 cells were cotransfected with HyPerRed-mito (upper
row) and roGFP-mito (lower row). Numbers indicate timing in minutes. Scale bar, 20 um. Lookup tables indicate HyPerRed
brightness (3700-25,000, 16 bit scale) and the roGFP-mito ratio (0.5-4). (B) H,O, does not spread from the mitochondria to
the cytoplasm of the cells. HEK-293 cells were cotransfected with HyPerRed-mito (upper row) and HyPer3-cyto (lower
row). Numbers indicate timing in minutes. Scale bar, 30 um. Lookup tables indicate HyPerRed brightness (3700-25,000, 16
bit scale) and HyPer-3 ratio (0.5-6). (C) Mitochondrial pH remains stable upon SERCA Ca®* pump inhibition and matrix
H,0, release. HEK-293 cells were cotransfected with HyPerRed-mito (upper row) and SypHer-mito (lower row). Numbers
indicate timing in minutes. Scale bar, 40 um. Lookup tables indicate HyPerRed brightness (3700-25,000, 16 bit scale) and
SypHer ratio (0.5-4). (D) TG induces temporal H,O, increase in the mitochondrial matrix (measured using HyPerRed-
mito), while cytosolic H,O, (HyPer3-cyto), mitochondrial GSH/GSSG (roGFP-mito), and mitochondrial pH (SypHer-mito)
remain stable. In each experiment, HyPerRed-mito was coexpressed with either HyPer3-cyto or roGFP-mito or SypHer-
mito. The panel shows values £ SDs for more than 100 cells in two or more experiments for each sensor combination. The
agonist was added at the 1.7-min time point. For sample images, see panels (A—-C). To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars
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for detectable changes in the HyPer fluorescence in a sus-
pension of E. coli cells is 5 uM (11). Later studies charac-
terized in detail the HyPer responses in E. coli exposed to
external H,O,. These recent studies are very important for
understanding the role of H,O, in the immunological re-
sponse of higher organisms against pathogenic bacteria and
are also useful for evaluating the general quantitative per-
formance of the biosensor (124). HyPer also has been used in
the study, demonstrating that enhancing endogenous ROS
production makes bacteria more susceptible to oxidative
stress and antibiotic activity (28). In another study, HyPer
was used as an efficient readout for improvement of H,O,-
producing function of cytochrome P450 variants (123).
HyPer is suitable for studies on the roles of H,O, in most
cellular models, and combinations with other sensors enable
multiparameter imaging in single live cells. Due to the high
rate of reaction of HyPer with H,O, (the rate constant is ~ 10°
M™'s™!) (16), the biosensor has a very high temporal reso-
lution: this fact is very important for any biosensor-based
imaging of fast messenger or activity fluctuations. However,
this characteristic raises the question of whether HyPer could
function as an antioxidant enzyme peroxidase. This seems
unlikely because the peroxiredoxin-like antioxidant activity
of an enzyme requires not only a fast oxidation rate but also
very rapid reduction by electron-supplying enzymes such as
thioredoxin and glutathione/glutaredoxin systems. This is, for
example, the case for AhpC peroxidase in E. coli cells (38,
159, 165, 167). By contrast, bacteria evolved OxyR and sci-
entists later produced HyPer as oxidant-sensing molecules.
These molecules have high oxidation rates, but much slower
reduction rates (5, 16), which make them more useful as
sensors than as antioxidants. In the systems in which HyPer
had been used in vivo, there were no inhibitory effects of
HyPer on redox-dependent physiological reactions, whereas
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external antioxidants or Nox inhibitors had dramatic effects
(90, 127, 153). Examples of such uses are provided below.

However, the main problem in studies using HyPer is the
pH sensitivity of the biosensor. Without the adequate pH
control, the fluorescent changes of HyPer may lead to mis-
interpretation of the results. Many of the above examples,
including stimulation of cells with different growth factors
(11, 60, 131, 132, 141, 179), were conducted without such
controls. Although later experiments with the pH indicator,
SypHer, proved that some growth factors such as PDGF and
EGF do not cause pH changes in the cytoplasm, in other
cases, such as apoptosis or inhibition of the respiratory chain,
intracellular pH may vary significantly. For HyPer localized
in cellular compartments, pH control should also be per-
formed in the same compartment.

HyPer in vivo

Until recently, there was no information regarding the role
of H,O, in paracrine signaling. This was first demonstrated in
the model of zebrafish Danio rerio larvae that were wounded
by cutting their tail fins (153). Zebrafish larvae are commonly
used for investigations of inflammatory and regenerative
processes in vertebrate organisms. Upon injury of the tail fins
of the zebrafish larvae at 3 days postfertilization, HyPer indi-
cated tissue-scale gradients of H,O, at the wound area (Fig. 6).

The H,0, can reach concentrations of 0.5-50 uM near the
wound margin with a 100-200 ym gradient from the margin
into the epithelium. The gradient was observed beginning
3min after wounding and reached a maximum at 20 min.
These estimated concentrations of H,O, were obtained by
calibration of HyPer. For this, the fins of the zebrafish larvae
expressing HyPer were exposed to increasing exogenous
H,0,. Using the same settings for each imaging series, the
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FIG. 6. Wound margin H,O, production in zebrafish larvae [Reprinted with permission from Niethammer et al.,
(153)]. (A) Experimental procedure. (B) HyPer imaging in an injured zebrafish larva. [H,O,] is inferred from the YFPsqo/
YFP,4,, excitation ratio of HyPer. Grayscale scaling is adjusted to improve contrast. Pseudocolor calibration bars: HyPer
ratio (YFP500/YFPy450). Scale bars: 100 um. (C) Temporal [H,O,] profile in a ~ 10-30-um broad region of interest along the
wound margin. Arrival of first leukocyte at wound (solid red line) + SD (dashed red line) is shown. (D) [H,O,] line profile
normal to the wound margin. To see this illustration in color, the reader is referred to the web version of this article at

www.liebertpub.com/ars
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HyPer ratio then may be transformed into H,O, concentration.
However, in the estimation of H,O, levels in the tissue using
external calibration, the authors did not make a correction for
H,0, gradient across the plasma membrane, which could
range from 200 to 600-fold. Therefore, the real numbers for the
H,0, concentration in the wounded fin are most probably
within the 5-200 nM range, which is more realistic given the
low level of molecular oxygen in the animal tissues.

The gradient of H,O, was necessary for leukocyte re-
cruitment to the wound (153). Previously, a chemotactic ef-
fect of H,O, had been shown in vitro for some types of cells
(107, 121). However, this was the first demonstration of this
effect in an in vivo model. Notably, the H,O, production in
the wound area preceded the recruitment of leukocytes (153).
The observations in this study indicate that generation of
H,0,; during the inflammatory response is not associated with
the activity of leukocytes as previously thought (190). The
dual oxidase (Duox) is responsible for creating this gradient
of H,O, in the area of wound. Specific inhibition of Duox
significantly reduces the H,O, production in the fin after
wounding. Furthermore, it strongly attenuates the migration
of the leukocytes into the region of inflammation (153). The
gradient of H,O, in this model was also observed using an
improved version of the biosensor, HyPer-3 (16).

The authors did not use SypHer as a control, but in-
stead used YFP and 2’,7’-Bis-(2-Carboxyethyl)-5-(and-6)-
Carboxyfluorescein, both having smaller dynamic range
compared with SypHer. However, there are data to suggest
that the gradient of HyPer ratio is indeed determined by
H,0,, at least to a large extent. First, the gradient of H,O, in
this model was also observed using an improved version of
the biosensor, HyPer-3 (16). Notably, HyPer-3 pH titra-
tion profile is identical to that of HyPer, unlike the dynamic
range of H,O, response, which is 2-fold higher in HyPer-3.

Brightfield

Trans W F1 transgenic I»

HyPerYFP ratio
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HyPer-3 ratio change upon wounding is elevated compared
with that of HyPer, meaning substantial contribution of H,O,
to this signal change. Moreover, the direction of fluorescence
lifetime response (decrease) of HyPer-3 in the wound model
strongly supports the existence of H,O, gradient (see details
in the Various imaging techniques for HyPer section).

In further studies, HyPer has been specifically expressed in
the neutrophils of zebrafish larvae. The experiments dem-
onstrated that the arriving neutrophils dissipate the gradient
of H,O, in the region of wound by means of myeloperoxidase
(160).

Interesting results were obtained in transgenic Xenopus
laevis that expressed HyPer (127). Xenopus tadpole tail am-
putation also induces pronounced H,O, production similar to
that in D. rerio. Notably, the concentration of H,O, remained
high (50-200 uM) at the injury site for several days after the
amputation of the tail, until the completion of the wound
healing (Fig. 7). Inhibition of the NADPH oxidases and ad-
dition of therapeutic antioxidants reduced the H,O, level.
However, reducing the level of H,O, significantly impaired
the regeneration dynamics of the tails after wounding, as
indicated by the shorter lengths of the tails. Thus, H,O, is an
important regulator of tissue regeneration. It is already
known that an increased level of H,O, activates the Wnt/f3-
catenine signaling pathway during regeneration (127).

In Xenopus, addition of antioxidants blocked the regener-
ation, whereas expression of HyPer in the tissue did not.
Therefore, this study also confirms that HyPer cannot be
considered as an effective antioxidant. pH monitoring in this
study (127) was carried out using a pH-sensitive FP, pHluorin
(140), which confirmed the specificity of the HyPer response
during processes of tadpole tale regeneration (127).

Zebrafish are a good model system in which to study organ
regeneration due to their strong regenerative potential.

HyPerYFP

4 dpa — 6 dpa

FIG. 7. Production of reactive oxygen species (ROS) during Xenopus tadpole tail regeneration [Reprinted with
permission from Love ef al., (127)]. (A) Bright-field and fluorescence micrographs of a tadpole derived from the F1
generation of a transgenic Xenopus laevis line that expresses the H,O, sensor HyPerYFP ubiquitously. (B) HyPer trans-
illumination (Trans) imaging of a representative regenerating tadpole tail. [H,O,] is derived from the excitation ratio of
HyPerYFP490nm/HyPerYFP402 nm. mpa, minutes postamputation; hpa, hours postamputation; dpa, days postamputation.
Owing to the size of the regenerated tail, the 6dpa time point panels are derived from the merging of three images.
Pseudocolor calibration bars: HyPer ratio. To see this illustration in color, the reader is referred to the web version of this

article at www.liebertpub.com/ars
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Therefore, they are often used as the organism of choice for
cardiac regeneration studies (81, 169, 175). HyPer imaging in
the hearts of adult zebrafish revealed increases in the H,O,
levels in the epicardium and the adjacent myocardium at the
resection site after organ injury. The high H,O, level was
maintained during the cardiac regeneration processes and
returned to its basal level only after the full recovery of the
injured heart. Interestingly, in contrast to rapid inflammatory
H,O, response in zebrafish larvae tail fins after wounding, the
H,0O, production induced by injury to the heart is slower.
Decreasing the H,O, level during the regeneration processes
by using NADPH oxidase inhibitors or by catalase over-
expression in the tissues significantly impaired the cardiac
regeneration. These valuable data further confirm an impor-
tant role for H,O, in regeneration mechanisms (90).

Oxidative stress and therefore ROS are involved in aging
processes. It has been shown that oxidative damage of various
cellular molecules increases with age (64). HyPer has been
used in a study designed to investigate the role of ROS in the
life span of Caenorhabditis elegans, a well-established eu-
karyotic aging model (8, 110). HyPer demonstrated a signifi-
cant increase in the H,O, level in the body of C. elegans with
age. Interestingly, a dietary restriction that prolongs life span of
worms delayed H,O, elevation (8). Moreover, local regions
with high H,O, concentration were identified using HyPer in
young adult individuals. For example, canal-associated neu-
rons and hypodermal syncytium, hyp7, have the most elevated
levels of H,O, (8). Experiments with SypHer as a pH control in
this study have not been done. Adding this control to the study
would be important as the intestine of nematodes becomes
slightly acidified during aging (8). pH changes may occur in
other tissues especially upon perturbations of metabolism.

In another study, the H,O, levels at different developmental
stages of the worm were determined by independent ap-
proaches: by monitoring the thiol redox status of different
proteins using a quantitative redox proteomic technique and
using HyPer and Amplex UltraRed for intra- and extracellular
H,0, monitoring, respectively. All of these methods showed
that at early stages of development, the animals accumulate
high levels of H,O,, whereas in adulthood, the concentrations
of H,0, are significantly lower. As aging starts, the H,O, level
again begins to increase. Changes in the general cellular redox
environment during the development of C. elegans were
confirmed by a quantitative redox proteomic technique. This
approach allows quantitative determination of the redox states
of protein thiol groups at different time points in the life span
of the animals. The proteome of C. elegans is more oxidized at
the initial stages of development and during aging; these re-
sults are consistent with the data obtained for H,O, using
HyPer. Overall, the results obtained in these studies suggest
that cellular redox changes at the initial stages in life may
determine the life span (110).

HyPer may also be used to investigate the role of H,O, in
plants and even in the different compartments of plant cells
(43, 61, 95). First, experiments with HyPer in plants dem-
onstrated H,O, dynamics in vivo in plant peroxisomes (43).
HyPer used together with the Ca*t biosensor, D3cpv (157),
also targeted to %)lant peroxisomes, confirmed the modulation
of H,O, by Ca*" signaling. The intraperoxisomal Ca®" ele-
vation following the rise in the cytoplasm significantly ac-
celerated H,O, scavenging due to the stimulation of catalase
activity in this compartment (43). In Arabidopsis roots ex-
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posed to aluminum, HyPer was used to monitor intracellular
H,0O, changes. It was shown that in the elongation zone of
roots, the H,O, level significantly decreases after aluminum
treatment (95). However, the mechanisms by which alumi-
num inhibits root elongation are poorly understood. Effect of
possible pH changes on HyPer was not verified in this study
and therefore cannot be excluded.

Plant cells constantly produce different types of ROS as
by-products during photosynthesis. In fact, exposure of pho-
tosynthetic cells to high light intensities leads to the strong
accumulation of ROS, including H,O,, in chloroplasts, which
can cause intracellular oxidative damage (71, 202). Using
HyPer, it was demonstrated that upon exposure to high doses
of light, even nonphotosynthetic cotyledon epidermal cells
produce H,O, in Arabidopsis (61). However, these interesting
results have to be confirmed by the reliable control experi-
ments concerning the determination of possible pH changes.

HyPer with Combined Functions

Development of biosensors with dual functions is another
interesting approach to multiplexing the readouts in multi-
parameter imaging. Such biosensors allow detection of two
independent parameters at the same time by means of two
independent readouts.

PH domains fused to FPs are often used for visualization of
phosphorylated forms of phosphatidylinositol (PI) (209). One
such domain, the PH domain from Bruton’s tyrosine kinase
(BTK), is specifically sensitive to phosphatidylinositol 3.4,5-
trisphosphate (PIP3) (144) and redistributes from the cyto-
plasm to the plasma membrane upon PI3-kinase activation.
Fusing HyPer with BTK-PH resulted in a probe named PIP-
SHOW (PIP3 and SH Oxidation Watching) that senses both
PIP3 and H,0, by translocation and ratiometric readouts, re-
spectively. The biosensor moves to the cellular plasma mem-
brane after an increase in PIP3, which is a clear indication of
phosphatidylinositol 3-kinase (PI3K) activity. The biosensor
Fsoo/F400 ratio reports the changes in the concentration of H,O,.

A single probe with these dual functions was tested in NIH
3T3 fibroblasts stimulated with PDGF. After cell stimulation,
the translocation of the probe to the plasma membrane indi-
cates PI3K activation, and the ratiometric fluorescent signal
changes indicate the production of H,O,. PIP-SHOW was
used to study the lipid and redox signaling events of the first
phase of CD4+ human T helper (Ty) cell activation. For this
purpose, PIP-SHOW was expressed in human Ty cells. Ad-
dition of beads coated with anti-CD3/CD28 to Ty cells led to
the formation of immunological synapses between the cells
and the beads. Within these contacts, which were stable
throughout the experiment, a strong local increase in the PIP3
level and rapid generation of H,O, were reported using the
PIP-SHOW sensor (Fig. 8) (144). This combined sensor
shows how easy and efficient it is to combine readouts within
a single probe. Indeed, instead of HyPer, any other ratio-
metric probe (for Ca**, pH, NAD/NADH, etc.) can be used.
In a complementary manner, BTK-PH can be replaced with
any domain that translocates within the cell upon activation
or inhibition of signaling or metabolic activities.

H2O. generation and detection using DAO and HyPer

Recently, HyPer was fused with the yeast b-amino acid
oxidase (DAO) (134), to produce an efficient H,O, generator/
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FIG. 8. PIP-SHOW detects PI3K activity and H,O, production in the human T helper (Ty) cell upon formation of
the immunological synapse [Reprinted with permission from Mishina ef al., (144)]. (A) Widefield fluorescence images
of Ty cell forming a contact with anti-CD3/CD28-coated beads (added at time point zero). Numbers indicate time points in
minutes. Upper row of the images represents transmitted light channel (beads are dense black); two next lower rows show
distribution of the fluorescence sequentially excited at 420 and 505 nm; lowest row represents distribution of H,O, re-
presented by the 505/420 excitation ratio. Scale bar: 10 um. (B) Mean values of PI3K activity and H,O, production in 28 Ty
cells from three experiments and two donors. Error bars indicate standard error of mean. To see this illustration in color, the
reader is referred to the web version of this article at www.liebertpub.com/ars

detector system. DAO oxidizes the NH,— group of p-amino
acids to produce a-keto acids, ammonia, and H,O, (120, 164).
DAO can be thus used as a controllable source of H,O, in cells.
The activity of the expressed enzyme in cells may be con-
trolled using external additions of D-alanine as the substrate for
DAO (94). Because in mammalian cells all of the amino acids
are in the L-optical isoform (with rare exceptions), D-alanine is
a specific substrate for DAQO, and in the absence of D-Ala, no
H,0, is produced. The DAO/HyPer fusion protein allows the
determination of the dynamics of H,O, production and the
sensitivity to externally added p-alanine in the living cells.
Intracellular visualization of DAO activity revealed hetero-
geneity in the dynamics of H,O, production among individual
cells. This finally answered the question of how much H,O, is
produced by DAO in mammalian cells. As it turned out, even
with a millimolar excess of added p-alanine, the concentration
of H,O, produced by DAO in cells does not exceed 50—100 nM
(134).

Conclusions

The H,0, molecule is a relatively short-lived but impor-
tant cellular regulator. Many adverse roles of ROS, including
cell-damaging effects, have been attributed to this molecule
as well as to other ROS (1, 64). Subsequently, the roles of
ROS were reconsidered due to the accumulated evidence for

specific and reversible redox regulation of cellular processes.
A change in the viewpoint regarding ROS led to many im-
portant discoveries. In particular, it is currently known that
different cells produce H,O, themselves as a second mes-
senger for signaling pathways. Many reviews have been de-
voted to various functions of H,O, (53, 65, 66, 72, 82, 176,
193,197, 210). Currently, this molecule is of great interest to
investigators in the field of redox biology.

However, studies of redox regulation and oxidative stress
are impossible without accessible and reliable methods. In-
itially, various dyes were the main tools for in vitro studies of
ROS. This approach was far from perfect and helped to an-
swer a limited number of questions. Unfortunately, hundreds
of articles were produced using improper methodologies of
ROS detection, which are therefore difficult to interpret (22,
130, 183, 184).

The discovery of FPs has opened substantial opportunities
for investigation of biological events in living organisms. FP-
based genetically encoded biosensors have, for the first time,
allowed specific real-time visualization of cellular processes,
including redox events. HyPer for detection of H,O, level
was one of the first redox biosensors (11). Today, HyPer is an
effective tool for studying the role of H,O, in the fine regu-
lation of both cellular signaling and oxidative stress. Over the
past few years, this biosensor has been widely used in many
biological models from organelles to whole organisms. The
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high demand and widespread use of the HyPer family of
biosensors are probably the best proof of their effectiveness.
The main advantage of HyPer as a biosensor lies in its protein
nature that allows it to be expressed in all types of cells and
even with specific localizations within the cell. It can also be
combined with other readouts. Because OxyR is a bacterial
protein, HyPer has no known interaction partners in eu-
karyotic cells except the thiol reduction cellular systems that
enable its reduction. Expression of HyPer is therefore non-
toxic for cells, which reduces the likelihood of false signals.

An important question for HyPer relates to its possible an-
tioxidant role because it reacts with H,O, and thus neutralizes
the oxidant. However, in most cases, including in vivo tests,
HyPer has demonstrated no effect on the H,O,-dependent
physiological processes. An effect of the peroxidase activity of
HyPer was detected only once in the experimental model,
Arabidopsis thaliana (14). However, in principle, this problem
cannot be totally excluded for other models. This concern
exists not only for HyPer but also for other redox biosensors
(128). Another issue relates to the pH dependence of HyPer,
which can be solved by using pH biosensor, SypHer, as a
control (11, 163). In many experiments, HyPer has been used
without monitoring of pH changes. However, the side-by-side
use of pH controls is an essential condition for any research
involving HyPer.

HyPer has considerable future potential. There is sub-
stantial interest in the use of HyPer to study the roles of H,O,
in mammals in vivo. It is therefore necessary to develop
brighter variants of the biosensor. This will be possible with
the development of new circular permutants of other FPs.
Versions of HyPer with different spectral characteristics will
allow them to be combined with each other or with other
biosensors within a single cell.

Many indisputable advantages and the incredible flexibil-
ity of the genetically encoded biosensors have made HyPer a
key tool for redox biology investigators.
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Abbreviations Used

Anti-CD3/CD28 = antibodies against cluster
of differentiation (CD) 3/28
Apo2L/TRAIL = Apo?2 ligand or tumor necrosis factor
(TNF)-related apoptosis-inducing
ligand
BTK = Bruton’s tyrosine kinase
cpYFP = circularly permuted yellow fluorescent
protein
DAO = p-amino acid oxidase
DCFH = 2,7-dichlorodihydrofluorescein
DHR = dihydrorhodamine 123
DTT = dithiothreitol
Duox = dual oxidase
EGF = epidermal growth factor
EGFP =enhanced green fluorescent protein
EGFR = epidermal growth factor receptor
ER = endoplasmic reticulum
ERK = extracellular signal-regulated kinases
FLIM = fluorescence lifetime imaging
microscopy
FPs = fluorescent proteins
GFP = green fluorescent protein
GPx = glutathione peroxidases
Grx = glutaredoxin
GSH = glutathione (reduced state)
GSSG = glutathione disulfide (oxidized
glutathione)
H,0, =hydrogen peroxide
JNK = jun N-terminal kinase
MAPKSs = mitogen-activated protein kinases
NGF =nerve growth factor
NOSs =nitric oxide synthases
PC1 =Peroxy Crimson 1
PDGF = platelet-derived growth factor
PG1 = Peroxy Green 1
PI = phosphatidylinositol
PI3K = phosphatidylinositol 3-kinase
PIP3 = phosphatidylinositol 3,4,5-trisphosphate
PIP-SHOW =PIP3 and SH Oxidation Watching
Prxs = peroxiredoxins
PTKSs = protein tyrosine kinases
PTPs = protein tyrosine phosphatases
roGFPs =redox green fluorescent proteins
ROS =reactive oxygen species
rxYFP =redox yellow fluorescent protein
RyR =ryanodine receptor
SOD = superoxide dismutase
TG = thapsigargin
Ty =T helper
TMRM = tetramethylrhodamine methyl ester
TNF-o = tumor necrosis factor alpha
Trxs = thioredoxins




