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Utilizing Natural and Engineered Peroxiredoxins
As Intracellular Peroxide Reporters

Koen Van Laer, and Tobias P. Dick*

It is increasingly apparent that nature evolved peroxiredox-
ins not only as H,0O, scavengers but also as highly sensi-
tive H,0, sensors and signal transducers. Here we ask
whether the H,0, sensing role of Prx can be exploited to
develop probes that allow to monitor intracellular H,0,
levels with unprecedented sensitivity. Indeed, simple gel
shift assays visualizing the oxidation of endogenous 2-Cys
peroxiredoxins have already been used to detect subtle
changes in intracellular H,O,concentration. The challenge
however is to create a genetically encoded probe that of-
fers real-time measurements of H,0, levels in intact cells
via the Prx oxidation state. We discuss potential design
strategies for Prx-based probes based on either the redox-
sensitive fluorophore roGFP or the conformation-sensitive
fluorophore cpYFP. Furthermore, we outline the structural
and chemical complexities which need to be addressed
when using Prx as a sensing moiety for H,0, probes. We
suggest experimental strategies to investigate the influ-
ence of these complexities on probe behavior. In doing so,
we hope to stimulate the development of Prx-based
probes which may spearhead the further study of cellular
H,O, homeostasis and Prx signaling.

INTRODUCTION

Nature evolved specialized proteins to respond to increased
intracellular hydrogen peroxide (H2O.). These proteins typically
remove H,O, by either dismutation or reduction (Winterbourn,
2013). Some of these proteins additionally serve as H,O. sen-
sors and signal transmitters to inform the cell about changes in
intracellular H,O; levels (Delaunay et al., 2002; Rhee et al.,
2012; Sobotta et al., 2015). In principle, it should be possible to
use these H,O.-sensing proteins as research tools, namely to
exploit them as biosensors for the real-time observation of H,O»
in living cells.
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Indeed, the two existing genetically encoded H,O, probes,
HyPer and roGFP2-Orp1, are based on OxyR and Orp1, re-
spectively (Bilan and Belousov, 2015; Schwarzlander et al.,
2015). OxyR is a H,0,-sensing transcription factor from bacte-
ria and Orp1 is a member of the glutathione peroxidase family
from yeast. Both proteins have a rate constant for the reaction
with H,O, of approximately 10° M's™ (Aslund et al., 1999).
However, peroxiredoxins have a significantly higher reactivity
towards H;O, which can be as high as 10" — 10° M™ s (Rhee
and Woo, 2011). This potentially makes them superior H,O,
sensors. Indeed, a side by side comparison between endogen-
ous Prx2 and ectopic roGFP2-Orp1 in mammalian cells
showed that Prx2 is many times more sensitive than Orp1
(Sobotta et al., 2013). Nevertheless, little has been done to
develop biosensors based on Prx. In the following we will ad-
dress the question of whether such probes can be developed.

It is interesting to note that endogenous 2-Cys peroxiredox-
ins have already been utilized as H,O. reporters, albeit in a
biochemical way that imposes many restrictions (Cox et al.,
2010; Poynton and Hampton, 2014). Oxidation of 2-Cys perox-
iredoxins yields covalent dimers which can be visualized by
non-reducing SDS-PAGE and Prx-specific immunoblotting. The
Prx dimerization assay is capable of detecting increases in
intracellular H2O,, levels associated with physiologically relevant
signaling events (Cox et al., 2008; Kumar et al., 2009). Moreo-
ver, subcellular information can be obtained by analyzing perox-
iredoxins expressed in different organelles (e.g. Prx1 in the
cytosol and Prx3 in the mitochondrial). However, the approach
is limited in scope (Cox et al., 2008; Kumar et al., 2009), as it
doesn’t allow real-time monitoring of the Prx redox state in in-
tact cells. Cell need to be lysed, which inevitably causes un-
wanted oxidation of peroxiredoxins, unless intact cells are pre-
treated with sufficient amounts of alkylating agents prior to cell
lysis. Finding the best conditions for preserving the endogen-
ous Prx redox state and excluding artifacts is not always a trivial
task (Cox et al., 2010; Poynton and Hampton, 2014; Sobotta et
al., 2013). Thus, the challenge is to develop genetically en-
coded probes which do not suffer from these limitations and
can be monitored in living cells (Bilan and Belousov, 2015;
Schwarzlander et al., 2015).

ENGINEERING PRX-BASED GENETICALLY ENCODED
FLUORESCENT PROBES

Genetically encoded Prx-based H,O. probes will necessarily
consist of (at least) two moieties. The first moiety is the
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Fig. 1. The H,O, sensing mechanism of HyPer (A) and roGFP2-Orp1 (B). The sensing moieties of both probes (OxyR and Orp1 respectively)
are colored in red and the fluorescent reporter moiety (i.e. cpYFP and roGFP2) in green or blue. (A) HyPer consists of a cpYFP fused to two
halves of the OxyR regulatory domain. Upon the reaction of OxyR with H,O,, an intramolecular disulfide is formed which triggers a conforma-
tional change and thus modifies the fluorescence of cpYFP. (B) The roGFP2-Orp1 probe senses H,O, via Orp1. An intramolecular disulfide is
formed in Orp1 which is transferred to roGFP2 by thiol-disulfide exchange. The introduction of the disulfide into roGFP2 changes its fluores-
cence. Both probes are reversible in cellulo due to the reduction by glutathione/glutaredoxin(GSH/Grx) and/or thioredoxin(Trx) (dashed lines).

Prxs domain and the second a fluorescent reporter protein. In
currently used genetically encoded redox probes the fluores-
cent reporter is either circularly permutated yellow fluorescent
protein (cpYFP) or redox-sensitive green fluorescent protein
(roGFP) (Fig. 1). The cpYFP reporter responds to a structural
perturbation, whereas the roGFP reporter responds to the oxi-
dation of its cysteine pair to a disulfide bridge (Bilan and
Belousov, 2015; Schwarzlander et al., 2015). Another potential
strategy is the use of a Forster resonance energy transfer
(FRET) pair of two fluorescent proteins to sense structural
changes imposed by the oxidation of the peroxiredoxin
(Barranco-Medina et al., 2009). Thus, based on existing probes
at least three different designs can be envisaged.

The key requirement for a roGFP-based Prx probe is the
ability of the peroxiredoxin to mediate oxidation of the roGFP
cysteine pair. Recently, it was found that the human 2-Cys pe-
roxiredoxin Prx2 acts as a transmitter of oxidizing equivalents
towards the transcription factor STAT3 (Sobotta et al., 2015).
Thus, it is conceivable that 2-Cys peroxiredoxins can also
transmit oxidation to other proteins, including roGFP (Figs. 2A
and 2B). Obviously, various Prx-roGFP or roGFP-Prx fusion
proteins would need to be tested and optimized empirically to
identify those in which the oxidizing equivalents are transmitted
most efficiently to the roGFP moiety.

When using cpYFP as reporter moiety, Prx oxidation must
provoke a conformational change that can be sensed by the
cpYFP fluorophore. Peroxiredoxins undergo a local unfolding
transition upon reaction with H,O, (Hall et al., 2011). However, it
is not obvious if and how this limited structural change could be
transferred to the cpYFP moiety. Alternatively, a cpYFP domain
could be positioned to respond to the decamer to dimer transi-
tion, which accompanies oxidation of typical 2-Cys peroxiredox-
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ins (Barranco-Medina et al., 2009). Perhaps a cpYFP moiety that
is placed between two Prx domains would sense decamer dis-
sociation. Yet another strategy is a fusion protein in which cpYFP
is sandwiched between a Prx and a thioredoxin (Trx) domain, the
latter lacking its resolving cysteine (Figs. 2C and 2D). The rea-
soning behind this design is that the mutant Trx domain will cova-
lently trap the oxidized Prx domain thus causing a structural
change that is sensed by the cpYFP moiety. This strategy was
used previously to generate a methionine sulfoxide sensitive
probe in which cpYFP is inserted between a methionine sulfoxide
reductase domain and a mutant Trx domain (Tarrago et al., 2015).
A major disadvantage of utilizing circular permutated fluorescent
proteins (cpFPs) like cpYFP is their intrinsic pH sensitivity and the
requirement to use stringent pH controls in each experiment
(Bilan and Belousov, 2015). However, a potential advantage is
that cpFPs of different color can be used to create spectral probe
variants (Ermakova et al., 2014; Zhao et al., 2011).

The use of FRET to investigate 2-Cys peroxiredoxin behavior
has already been reported (Muthuramalingam et al., 2009;
Seidel et al., 2010). The authors used two (single-step FRET)
or three (two-step FRET) Prx-fluorescent protein (FP) pairs to
monitor the decamer dissociation upon peroxiredoxin oxidation.
Although these Prx-FP fusions showed potential as cellular
H2O, biosensors, no further developments in this direction have
been reported.

ANTICIPATING COMPLICATIONS THAT MAY AFFECT
PRX-BASED PROBES

The envisaged Prx-based biosensors promise to achieve much

higher sensitivity than the current generation of genetically en-
coded H,O, sensors (Ezerina et al., 2014). However, peroxire-
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Fig. 2. Example designs for a roGFP-based (A, B) and a cpYFP-based Prx probe (C, D). Schematic representation of the roGFP-Prx probe
(A), and Trx(CXXS)-cpYFP-Prx probe (C) with the reporter moiety in green, flexible linkers in grey and the Prx moiety in red. The Trx moiety
lacking its resolving cysteine in the Trx(CXXS)-cpYFP-Prx probe is shown in blue. Cysteine residues involved in the reaction mechanism are
denoted. (B, D) Hypothetical reaction scheme of the suggested probes. For simplicity, both schemes are based on a monomeric atypical
2-Cys Prx. Howerer, similar schemes apply to dimeric typical 2-Cys Prxs. Possible reduction pathways are indicated.

doxins exhibit rather complex biochemical and structural beha-
vior (Rhee and Woo, 2011; Perkins et al., 2015). This may
complicate or compromise their utilization as H,O, sensors. In
the following we discuss these complexities and how they may
affect probe behavior. For simplicity, we focus our discussion on
roGFP-Prx fusion proteins, but most considerations equally
apply to the other design strategies.

The influence of N- or C-terminal fusions

First of all, fusion to a fluorescent protein might already influ-
ence Prx behavior. Previously, the presence of an N- or C-
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terminal tag was found to influence peroxidase activity, chape-
rone holdase activity, hyperoxidation sensitivity or oligomeric
structure of several Prxs (Cao et al., 2007; Konig et al., 2013;
Koo et al.,, 2002; Noichri et al., 2015; Randall et al., 2014;
Sayed and Williams, 2004; Seo et al., 2009). Thus, each poten-
tial Prx-based probe should be functionally characterized and
compared to the unfused Prx.

The influence of substrate specificity

Many Prxs not only react with H.O,, but also show reactivity
towards organic peroxides and peroxinitrite (Perkins et al.,

http://molcells.org
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Fig. 3. Strategies to investigate hyperoxidation sensitivity (A) and physiological impact (B-D) of Prx-based sensors. (A) The fraction of hyper-
oxidized probe as a function of the applied H,O, concentration is determined by hyperoxidation-specific immunoblotting. (B) A growth recovery
experiment can be used to determine the influence of the probe expression on cell growth and survival. A theoretical growth curve upon treat-
ment with sublethal concentrations of H,O, is shown for probes with and without a physiological impact. (C) Investigating the influence of a
probe on H,0, scavenging capacity. A non-fluorescent probe version (grey cylinder) is expressed in the cytosol and its impact on H,O, ho-
meostasis is measured using a fluorescent probe (green cylinders) expressed in mitochondria. A theoretical result is shown on the right for
probes with and without an impact on H,O, homeostasis. (D) Expected fluorescence intensity scatter plots for a ratiometric probe with low

(open circles) and high H,0, scavenging activity (open triangles).

2014). For example, human Prx5 and E. coli Tpx are 100- to
200-fold more reactive towards organic peroxides than to
H20, (Hall et al., 2009; Trujillo et al., 2007). In contrast, other
Prx are much more restricted in their substrate specificity, for
instance, S. typhimurium AhpC shows a 100-fold higher reac-
tivity with H,O, as compared to organic peroxides (Parsonage
et al., 2008). The implications of substrate preference for probe
design will depend on the purpose of the envisaged Prx-based
probe. If the purpose of the probe is to report on intracellular
H,O, with the highest possible selectivity, then a corresponding-
ly selective Prx domain should be employed. However, if the
probe is used as a reporter for the Prx oxidation state as such,
the probe can simply use the particular Prx of interest.

The influence of oligomeric structure

The oligomeric state of different peroxiredoxins can vary from
monomers to decamers/docecamers and may change upon
oxidation (Barranco-Medina et al., 2009; Hall et al., 2011). In
principle, a probe should have a simple design, and thus a
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monomeric Prx may be preferred as a sensing moiety. How-
ever, only a few peroxiredoxins are monomeric. The majority
forms dimers and higher oligomeric structures. A typical 2-Cys
peroxiredoxin fused to a fluorescent reporter would need to
dimerize to be active. This situation raises several questions:
Does a probe based on a typical 2-Cys Prx only form probe-
probe dimers, or does it also form heterodimers with endo-
genous Prx molecules? Does the probe form decamers, or is
decamerization prevented by the fused reporter protein? If it
does form decamers, does it form probe homo-decamers or
mixed hetero-decamers with endogenous peroxiredoxins?
Furthermore, is decamerization required for the probe to func-
tion? Mutations at the A-type interface, either stabilizing or
destabilizing decamerization, may be used to investigate this
question. For example, Parsonage et al. showed that substi-
tution of Thr77 of Salmonella typhimurium AhpC for isoleucine
or aspartic acid disturbs decamer formation (Parsonage et al.,
2005). In any case the oligomeric status of Prx-based probes
should be investigated.
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The influence of hyperoxidation

The inactivation of peroxiredoxins by hyperoxidation has been
observed under physiological circumstances (Nelson et al.,
2013; Perkins et al., 2014). If a Prx-based probe turns out to be
susceptible to hyperoxidation, it may under certain conditions
report false results. Fortunately, not all Prx are highly sensitive
to hyperoxidation. Bacterial Prxs are in general more robust,
whereas some eukaryotic Prxs, including human Prx2, are
remarkably sensitive (Nelson et al., 2013; Wood et al., 2003).
Thus, bacterial Prxs may be preferable over eukaryotic Prxs
when designing a Prx-based probe. Nevertheless, an intrinsi-
cally sensitive Prx could be modified to decrease its hyperoxi-
dation sensitivity. Several factors have been described to influ-
ence hyperoxidation sensitivity, including two distinct sequence
motifs: a GGLG and a C-terminal YF motif (Wood et al., 2003).
It has been shown that alteration of these motifs and their sur-
rounding residues modulate hyperoxidation sensitivity (Sayed
and Williams, 2004; Wang et al., 2012). One possibility to de-
crease hyperoxidation sensitivity is the truncation of the C-
terminus (Koo et al., 2002; Randall et al., 2014; Sayed and
Williams, 2004; Seo et al., 2009). This strategy could be used
to increase the robustness of hyperoxidation-sensitive perox-
iredoxins, making them more suitable as a sensing moiety for a
probe. In any case, the hyperoxidation sensitivity of any Prx-
based probe should be determined experimentally since un-
ambiguous predictors of hyperoxidation sensitivity are lacking
(Perkins et al., 2014). Immunoblotting with hyperoxidation spe-
cific antibodies allows to determine hyperoxidation of Prx-based
probes (Fig. 3A).

The influence of post-translational modifications on the
Prx domain

Peroxiredoxins are subject to various post-translational modifi-
cations which influence their peroxidase activity or other proper-
ties. For instance, phosphorylation of Thr90 in human Prx1 and
Thr89 in Prx2 attenuates peroxidase activity and promotes
chaperone holdase activity whereas Ser32 phosphorylation of
Prx1 is reported to increase peroxidase activity (Chae et al.,
2012; Chang et al., 2002; Jang et al., 2006; Qu et al., 2007;
Zykova et al., 2010). N-terminal acetylation of human Prx2 was
found to influence hyperoxidation sensitivity (Seo et al., 2009).
Thus, it is conceivable that a Prx-based probe can also under-
go post-translational modifications under certain conditions.
Such modifications may alter the probe response and lead to
the misinterpretation of measurements. For those residues
already known to be potentially modified, corresponding probe
point mutants (e.g. preventing or mimicking phosphorylation)
can be created and studied in parallel. Alternatively or addition-
ally, a probe based on a heterologous Prx may be employed,
thus decreasing the probability of its post-translational modifica-
tion in the host system.

The influence of the cellular reducing systems

A dynamic (i.e. reversible) probe offers the possibility to monitor
transient elevations in H,O.. Since the reaction with the perox-
ide is an irreversible reaction, probe reduction depends on cel-
lular reducing systems (Figs. 1 and 2). Thus, a Prx-based
probe is a dual-specificity sensor in the sense that it responds
not only to changes in peroxide levels, but also to changes in
the activity of the relevant reducing system. The reducing sys-
tem to which the probe responds will depend on the design of
the probe (Fig. 2). If the probe uses a typical 2-Cys Prx moiety,
it will likely be reduced by the Trx system, unless the Prx moiety
is intentionally altered to avoid reduction by thioredoxin (e.g. by
mutation of the resolving cysteine). Designing a Prx-based
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probe to respond to a particular reducing system may be useful
in order to limit or adjust the total H,O, turnover of the probe.
The latter determines how much H,O, is consumed by the
probe inside cells (see next paragraph). In any case, it will be
important to characterize in detail how a given Prx-based probe
is reduced inside cells. This can be achieved by using selective
deletion/silencing of reducing systems inside cells and can
additionally be studied in vitro with recombinant proteins.

The effect of introducing additional peroxidase activity to
the cell

In principle, the ectopic expression of any H,O,-consuming
probe may perturb cellular H,O, homeostasis (Schwarzlander
et al., 2015). The impact of a Prx-based probe on endogenous
H>O; levels will depend on two factors, namely the probe’s
expression level and its H,O, turnover. The latter depends on
both the rate of probe oxidation and the rate of probe reduction.
Under most conditions, the endogenous peroxidase activity of
the cell is highly efficient, not least due to the high reactivity and
abundance of endogenous Prxs (Rhee et al.,, 2012). Thus, it
can be expected that ectopic expression of a Prx-based probe
at levels not higher than that of endogenous Prxs will not lead
to a major impact on endogenous H,O, homeostasis. Never-
theless, the impact of expressing a H,O,-consuming probe will
need to be determined experimentally. A simple and coarse
approach would be to follow growth and survival of cells ex-
posed to a range of H;O, concentrations in the absence or
presence of ectopic probe expression. If probe expression does
not enhance the overall H,O, scavenging capacity, the rate and
extent of recovery will not be different from cells lacking probe
expression (Fig. 3B). However, this experiment does not direct-
ly investigate the impact of probe expression on endogenous
H.O; levels and cellular adaptations could obscure the interpre-
tation. More sophisticated experiments to directly investigate
the contribution of a Prx-based probe to cellular H,O, scaveng-
ing could be envisaged along the following lines: a non-
fluorescent mutant of the probe (i.e. a mutant with identical
expression, but lacking a mature fluorophore) is expressed in
the cytosol and a fluorescent version of the same or alternative
probe is expressed in the mitochondrial matrix. A bolus of H,O,
is given from outside the cell and the amount of H,O, reaching
the mitochondrial matrix is monitored by the mitochondrially
targeted probe. This reveals if and how much the cytosolic
probe (which is made non-fluorescent in order not to interfere
with measurement of the mitochondrial probe) contributes to
H2O, scavenging (Fig. 3C). An alternative approach makes use
of the wide distribution of probe expression levels within a cell
population upon transient transfection (which reaches from
barely detectable expression to very strong overexpression)
(Barata and Dick, 2013; Schwarzlander et al., 2015). Any rati-
ometric probe (like the cpYFP and roGFP based probes) that
does not influence its own measurement (i.e. endogenous H,0,
levels) is expected to yield a perfectly straight line on a scatter
plot that relates the fluorescent emission intensities at the two
excitation wavelengths. Any deviation of this linearity at higher
fluorescence intensities (i.e. higher expression levels) would
indicate an impact of the probe on H,O; levels. These assays
should also allow screening for probe variants with minimal
impact on endogenous H>O, homeostasis.

The effect of introducing additional Prx chaperone activity
to the cell

Chaperon holdase activity is a well-known non-peroxidase
function of 2-Cys peroxiredoxins (Rhee and Woo, 2011). The
gain of chaperone activity seems to be tightly linked to the loss
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of peroxidase activity through hyperoxidation or heat stress. It is
conceivable that a 2-Cys Prx-based probe introduces additional
chaperone activity to the cell, especially if the Prx is sensitive to
hyperoxidation. However, the reporter moiety might sterically
hinder the chaperone activity. Indeed, the N-terminus of perox-
iredoxins is crucial for the binding of client proteins and an N-
terminal tag was found to abolish the chaperone activity
(Teixeira et al., 2015). The intrinsic chaperone activity of a re-
combinant Prx-based probe may be determined with commonly
used in vitro chaperone assays or with cellular recovery assays
to assess the impact of the additional chaperone activity on cell
survival (Fig. 3B) (Moon et al., 2013; Teixeira et al., 2015).

In summary, despite the many complexities that need to be
addressed, peroxiredoxins promise to become the foundation
of the next generation of genetically encoded H,O; biosensors.
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