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Summary

Hydrogen peroxide (H2O2) is a key redox intermediate generated within cells. Existing probes for 

H2O2 have not solved the problem of detection of the ultra-low concentrations of the oxidant: 

these reporters are either not sensitive enough, or pH-dependent, or insufficiently bright, or not 

functional in mammalian cells, or have poor dynamic range. Here we present HyPer7, the first 

bright, pH-stable, ultrafast and ultrasensitive ratiometric H2O2 probe. HyPer7 is fully functional in 

mammalian cells and in other higher eukaryotes. The probe consists of a circularly permuted GFP 

integrated into the ultrasensitive OxyR domain from Neisseria meningitidis. Using HyPer7, we 

were able to uncover the details of H2O2 diffusion from the mitochondrial matrix, to find a 

functional output of H2O2 gradients in polarized cells, and to prove the existence of H2O2 

gradients in wounded tissue in vivo. Overall, HyPer7 is a probe of choice for real-time H2O2 

imaging in various biological contexts.

Graphical Abstract
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eTOC

Pak et al. have developed HyPer7, a next generation genetically encoded fluorescent probe for 

H2O2 detection. Importantly, HyPer7 is resistant to pH changes. Applying HyPer7 to study H2O2 

diffusion from the mitochondrial matrix, the authors decipher the topology of H2O2 production by 

Complex I and visualize oxidant gradients in cell motility and wounded tissue.

Introduction

Hydrogen peroxide is one of the key intermediates of aerobic metabolism. Being a substrate 

for four-electron reduction in the respiratory chain, oxygen can also undergo incomplete 

reduction to the superoxide anion radical (O2
.−) and H2O2 (Droge, 2002). These two 

products have different molecular targets, interaction chemistry, and lifetime (Winterbourn, 

2008). In contrast to extremely short-living superoxide, H2O2 can exist for up to several 

seconds in aqueous solutions, and can serve as a secondary messenger by reversibly 

oxidizing specific protein thiolates. There are many sources of H2O2 within cells, ranging 

from specific enzymatic sources – including NADPH oxidases (Bedard and Krause, 2007) or 

monoamine oxidases (Edmondson and Binda, 2018) – to the multiple mitochondrial sites 

where electrons can “leak” from intermediate acceptors in the respiratory chain (Brand, 

2010; Murphy, 2009). H2O2 levels are tightly controlled by antioxidant machinery, including 

thioredoxin (Collet and Messens, 2010; Lu and Holmgren, 2014) and glutathione (Arteel 

and Sies, 2001) systems that both take electrons from NADPH and transfer them to terminal 

peroxidases such as peroxiredoxins and glutathione peroxidases. These enzymes convert 

H2O2 into water.
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For many decades reactive oxygen species (ROS) in biological systems were viewed as toxic 

intermediates of aerobic metabolism. Since the mid-90s, however, it became clear that H2O2 

is a signaling molecule (Bae et al., 1997; Lee et al., 1998), and the concept of oxidative 

stress has recently been revised (Sies et al., 2017). Indeed, sites of redox regulation through 

reversible thiol oxidation have till now been found in virtually all metabolic and signaling 

pathways using bioinformatics (Fomenko et al., 2007) and proteomics (Yang et al., 2016).

The earlier generation of genetically encoded oxidant-sensitive fluorescent probes provided 

new insights into redox biology by allowing the real-time monitoring of redox intermediates 

in living cells. Such probes provide advantages of selectivity, reversibility, ease of 

intracellular targeting, and the possibility of generating transgenic animals. However, these 

previous biosensors have limited effectiveness because of moderate sensitivity, poor 

brightness, pH-sensitivity, and a limited dynamic range.

The first genetically encoded probe for H2O2 – HyPer and its later versions– consisted of 

circularly permuted YFP (cpYFP) integrated into the regulatory domain of the E. coli 
protein OxyR, an H2O2 sensing domain (Belousov et al., 2006; Bilan and Belousov, 2015; 

Ermakova et al., 2014). OxyR has several structural features which render its Cys199 residue 

selective towards oxidation by H2O2 but not by other oxidants (Choi et al., 2001). In contrast 

to synthetic H2O2-sensitive dyes, HyPer oxidation is reversible, a sensitivity and reaction 

rate that are several orders of magnitude higher, and it does not generate photodynamic 

ROS. By now, HyPer has been used in a wide range of biological settings, from cultured 

cells to in vivo (Bilan and Belousov, 2015; Steinhorn et al., 2018). However, all HyPer 

family probes have the disadvantage of being pH sensitive. As a result, this behavior 

necessitates control experiments using a HyPer C121S (C199S in wtOxyR) variant that is 

insensitive to H2O2 but retains pH-sensitivity (Belousov et al., 2006).

Another group of H2O2 probe is based on roGFP2. roFPs are fluorescent proteins in which 

engineered point mutations introduce a pair of Cys residues that are capable of disulfide 

formation upon oxidation. While roGFP itself is not directly sensitive to H2O2, fusion to a 

thiol peroxidase makes the roGFP protein a part of a redox relay, providing electrons for 

peroxidase, and undergoing spectral changes upon oxidation. The roGFP2-Orp1 probe 

appears to have similar sensitivity yet has slower responsiveness compared to HyPer 

(Gutscher et al., 2009). However, even fused with peroxidase, roGFP2 retains its sensitivity 

to the intracellular GSH/GSSG ratio, and other thiol species e.g. persulfides (Ezeriņa et al., 

2018).

Taken together, the current H2O2 probes are sensitive to relatively high concentrations of 

H2O2 that are produced within the cell upon strong stimuli such as growth factors, death 

ligands, and various cytokines. However, smaller H2O2 concentration changes near the basal 

level of the oxidant remain invisible. A few attempts to design a probe with a higher 

sensitivity based on the use of peroxiredoxins as sensitive domains resulted in limited 

success because the probe turned out to be functional in yeasts but not in mammalian cells 

(Morgan et al., 2016), or had a very low signal change typical for FRET reporters (Langford 

et al., 2018). Therefore, the need for a highly sensitive and specific H2O2 probe functional in 
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various physiological contexts, – and with a high dynamic range – has until now not been 

met.

Here, we report on HyPer7, a hydrogen peroxide probe based on cpGFP integrated into the 

OxyR-RD domain from Neisseria meningitidis. HyPer7 fulfills all the requirements for an 

ultrasensitive and ultrafast H2O2 sensor functional in a broad range of species. With its 

improved properties, we expect that HyPer7 will become the probe of choice in the redox 

biology field, and beyond.

Design

Generation of an ultrasensitive H2O2 probe

In order to find a suitable OxyR regulatory domain (OxyR-RD) with a higher sensitivity 

compared to the E. coli OxyR-RD, we constructed and analyzed a tree of OxyR sequences 

(Figure 1A). As we had no a priori information on the expected sensitivity of the different 

OxyRs, we have chosen 11 proteins from different bacterial taxa covering a broad range of 

species living in different environments and which are evolutionarily distant from one 

another. The set of the OxyR versions of choice are presented in Figure S1. We have 

integrated cpYFP between positions 125 and 126 of the OxyR-RDs (E. coli OxyR-RD 

nomenclature) (Figure 1B).

Out of 11 constructs, 6 responded to exogenous H2O2 in bacterial suspension, although all 

of them were weakly fluorescent. Therefore, we designed several additional constructs in 

which the cpYFP insertion position was varied for each OxyR-RD in order to optimize the 

folding of the fluorescent domain. Among the constructs tested, the one with cpYFP inserted 

into the 126–127 position of Neisseria meningitidis OxyR demonstrated a 30% change of 

fluorescence intensity in HeLa-Kyoto cells upon addition of 2 μM H2O2 to the imaging 

medium. The protein was still relatively dim and possessed a single maximum in its 

excitation spectrum. We introduced Y132F mutation (corresponding to Y145F in the YFP 

nomenclature) reported to enhance the brightness of the cpYFP-based SypHer3s pH probe 

(Ermakova et al., 2018), along with a number of random mutations. This yielded a set of 

novel mutations (namely D135N, G298S and T379P in the current construct nomenclature) 

that enhanced the brightness of the probe and led to the appearance of a second maximum in 

the excitation spectrum. Interestingly, the G298S mutation corresponds to a substitution of 

the first amino acid of the amino acid triade that forms the GFP chromophore. With serine in 

this position, the chromophore becomes identical to the one of wtGFP from Aequorea 
victoria. The resulting protein, apart from its ultrahigh sensitivity to H2O2, was much 

brighter than the previous versions of the probe. The construct demonstrated a 30% change 

of the fluorescence ratio in HeLa-Kyoto and E. coli cells upon addition of 2 μM H2O2 in 

contrast to HyPer3 which did not react at all to this concentration (Figure S2A–E). The 

C121S version of the probe in which the redox sensitive cysteine was substituted to a Ser 

was not sensitive to H2O2. The working name for this clone was HyPer7, and we decided to 

leave it, as the name of the probe highlights its unique features (see below), jumping over 

several generations from its previous version, HyPer3.
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Results

In vitro characterization of HyPer7

We have characterized the quantitative parameters of purified HyPer7. It has two excitation 

maxima, 400 and 499 nm, and one emission peak centered at 516 nm (Figure 2A). Upon 

oxidation, excitation and absorption spectra of HyPer7 changed in a ratiometric way, with a 

decrease at 400 nm and an increase of the 499 nm peak (Figure 2A and Figure S3A,B). For 

simplicity, we will further call the ratiometric HyPer7 signal “F500/F400” or “HyPer7 

ratio”. HyPer7 has a molar extinction coefficient of 74,000 M−1cm−1 (vs. 17,000 for 

HyPer3) and a fluorescence quantum yield of 0.4 or 0.32 in the reduced and oxidized forms, 

respectively. Therefore, the sensor is ~15–17 fold brighter than HyPer3. Further, the 

oxidation of HyPer7 is fully reversible (Figure S3C).

Although the fluorescence intensity of both the 400 and 500 nm excitation maxima 

depended on the pH, the ratiometric readout of the probe demonstrated a high pH-stability in 

the physiological pH range (Figure 2B and Figure S3D), similar to roGFP2-based probes.

To understand how the enhanced pH-stability of the probe results in stability of the signal in 

living mammalian cells, we incubated cells expressing either HyPer7 or HyPer3 in media 

with different pH and performed flow cytometry analysis. To avoid possible oxidation 

events, C121S versions of the probes were used in these experiments. Incubation of the cells 

in medium of pH 7.4, or alternatively, pH 6 or 8, resulted in large shifts in the HyPer3 ratio, 

whereas the HyPer7 ratio remained unchanged (Figure S3E,F). This indicates that the high 

pH stability of the probe allows its application for imaging under experimental conditions 

associated with relatively large pH shifts.

To compare the HyPer7 reaction rate with H2O2 with that of previous HyPer versions, we 

developed progress curves for the three biosensors under the same experimental conditions 

and determined that the initial velocities for HyPer 1, 3 and 7 are 0.454 ± 0.014, 0.315 ± 

0.007 and 26.9 ± 0.28 AU/s, respectively (Figure S3G). This means that the initial velocity 

of HyPer7 is approximately 60 and 86 times faster compared to those of HyPer 1 and 3, 

respectively.

The faster kinetics of HyPer7 resulted in the improved responsiveness of the probe in 

cultured mammalian endothelial cells (Figure 2C and Figure S3H–J).

To quantitatively evaluate the sensitivity of HyPer7, three different concentrations of the 

probe, 1, 2.5 and 7.5 μM were incrementally treated with a broad range of H2O2 

concentrations starting from low nanomolar to micromolar (Figure 2D). As can be seen in 

the inset of the Figure 2D, 1 μΜ HyPer7 responds to approximately 10 nM H2O2, i.e. 100x 

less than the concentration of the protein. This amount of H2O2 changes the HyPer7 ratio by 

approximately 5%.

To compare the sensitivities between the different HyPer versions, we determined the 

minimum H2O2 concentration that elicits a ratio increase by 0.1 a.u. For HyPer 1/3 this 

concentration is approximately 1 μΜ, while for HyPer7 this concentration is 0.03 μΜ. 
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Hence, HyPer7 is at least 30 times more sensitive than previous HyPer versions (Figure 

S3K,L).

Because the selectivity of N. meningitidis OxyR towards H2O2 could differ from that of the 

E. coli one, we determined the spectral responses of HyPer7 to various oxidants. H2O2 and 

high concentrations of organic hydroperoxides were able to induce substantial changes in the 

HyPer7 signal. However, when the peroxides were applied at concentrations of 1 μΜ, οnly 

H2O2 elicited a substantial response – that of CumOOH was much lower, and HyPer7 did 

not respond to tert-butyl hydroperoxide and 4-hydroxy-2-nonenal. Other oxidants were not 

able to induce HyPer7 oxidation. This indicates high selectivity of the probe towards H2O2 

(Figure 2E). A likely explanation for the response of HyPer7 to cumene hydroperoxide is 

traces of H2O2 known to contaminate all commercial organic hydroperoxides (Nakashima et 

al., 1994).

Visualization of H2O2 transport across mitochondrial membranes

Mitochondria are the main oxygen consuming organelles in cells, and historically have been 

considered as a principal intracellular source of ROS. In the mitochondria, a number of sites 

have been shown to donate electrons to molecular oxygen. These sites include Complex I, 

Complex III, oxoglutarate dehydrogenase and several other enzymes (Murphy, 2009).

Whereas enzymes like pyruvate dehydrogenase and oxoglutarate dehydrogenase generate 

the superoxide anion radical in the mitochondrial matrix, ETC ROS production sites vary in 

their location relative to the mitochondrial inner membrane. For example, Complex I 

generates superoxide to the matrix whereas Complex III mainly to the IMS (Brand, 2010). 

Although experiments with isolated mitochondria clearly demonstrate the possibility of 

H2O2 diffusion from the matrix outside, it is not clear if this diffusion takes place in the 

context of intact living cells. Indeed, purified mitochondria lack their natural environment 

including a broad variety of cytosolic metabolites, proteins that interact with the 

mitochondria, antioxidant systems and their substrates, etc.

To overcome the abovementioned challenges, we performed a series of experiments using 

the HyPer7 probe combined with other H2O2 probes and a chemogenetic substrate-

controlled H2O2 generator, D-amino acid oxidase (DAO) (Bogdanova et al., 2017), targeted 

to the mitochondrial matrix.

First, we studied H2O2 diffusion into the mitochondrial matrix. Our previous experiments 

demonstrated that H2O2 efficiently diffuses from the cytosolic compartment to the matrix 

(Mishina et al., 2019). To evaluate whether there is a gradient of H2O2 between the cytosol 

and the mitochondrial matrix we performed titration with low doses of H2O2 on K562 cells 

expressing either HyPer7-NES (NES=nucleus exclusion signal, cytosolic localization) or 

mito-HyPer7 (Figure 3A).

Minimal doses of externally added H2O2 that caused a detectable oxidation of both probes 

were in the nanomolar range of concentrations (Figure 3A). Given an approximately 400-

fold gradient between the extracellular and intracellular peroxide levels which is established 

in the cytosol of K562 cells due to effective H2O2 scavenging by cellular antioxidants 

Pak et al. Page 7

Cell Metab. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Lyublinskaya and Antunes, 2019), we may suppose that HyPer7-NES responded to 

subnanomolar concentrations of intracellular hydrogen peroxide. This is in contrast to the 

previous version of the probe, HyPer-3, which was sensitive to only 3 nM of intracellular 

H2O2 (Huang and Sikes, 2014). Mito-HyPer7-MLS sensitivity differed only slightly from 

that of HyPer7-NES, indicating that the mitochondrial matrix is relatively weakly protected 

from external sources of H2O2.

To verify if H2O2 produced within the matrix can exit and reach the cytosol we placed DAO 

into the matrix and co-expressed it with mito-HyPerRed and with HyPer7 placed in various 

compartments of the cell. Both mito-HyPer7 and mito-HyPerRed were able to reflect matrix 

H2O2 production after addition of D-Ala, although mito-HyPer7 showed a fast and complete 

saturation whereas mito-HyPerRed was oxidized slower and did not reach saturation (Figure 

3B,C). This is a clear consequence of higher sensitivity of HyPer7. However, in striking 

contrast to almost unrestricted H2O2 diffusion from the cytosol into the matrix, we observed 

no oxidation of HyPer7 in the cytosol indicating the strict restriction of diffusion of matrix-

produced H2O2 to the cytosol (Figure 3B,C).

We assumed that since thioredoxin (Trx)-fueled thiol peroxidases are known to be the main 

scavenger of H2O2 in both cytosol and mitochondria, the thioredoxin system could be 

responsible for scavenging mitochondrial H2O2 on its way to the cytosol. Indeed, 

preincubation of the cells with the thioredoxin reductase (TRR) inhibitor auranofin led to 

immediate release of mitochondrial H2O2 upon addition of D-Ala (Figure 3B,D). This 

indicates that the thioredoxin system is responsible for H2O2 restriction within the 

mitochondria.

The mitochondrial matrix is separated from the cytosol by two membranes, inner and outer, 

with the intermembrane space (IMS) being a distinct compartment with a unique redox 

environment (Hu et al., 2008). We tested whether H2O2 produced within the matrix can 

reach the IMS. Therefore, we co-expressed mito-DAO with HyPer7-IMS wherein the 

SMAC/DIABLO protein was used as an IMS localization tag (Du et al., 2000). Addition of 

D-Ala induced a substantial increase of the HyPer7-IMS signal indicating that some part of 

the H2O2 produced in the matrix can leak to the IMS (Figure 3B,C). Therefore, either the 

IMS or the outer mitochondrial membrane or both serve as an additional barrier for H2O2 on 

its way from the mitochondria to the cytosol.

In the presence of auranofin the signal of HyPer7 in the IMS quickly reached saturation, 

again indicating the crucial role of the Trx system in preventing the spread of mitochondrial 

H2O2 (Figure 3D).

Topology of H2O2 production by Complex I

The next set of experiments allowed us to compare the ability of HyPer7 vs. HyPer3 to 

detect endogenous H2O2 production in the mitochondrial matrix. Inhibition of Complex I of 

the mitochondrial electron transport chain (ETC) has been shown to induce H2O2 production 

by isolated mitochondria (Turrens and Boveris, 1980) and that leads to the appearance of 

H2O2 in the cytosol of living cells (Malinouski et al., 2011). Moreover, it was demonstrated 

using HyPer that a 24-hour treatment of cells with rotenone, an inhibitor of Complex I, leads 
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to the appearance of H2O2 in the cytosol, but not in the mitochondrial matrix (Forkink et al., 

2015). This observation could lead to an important conclusion about the topology of oxidant 

production by Complex I which contradicts the prevalent view that Complex I generates 

superoxide in the matrix. However, HyPer as well as its second and third generation versions 

could be either i) not sensitive enough to detect low concentrations of H2O2 or ii) too pH-

sensitive to detect low amounts of H2O2 over the background of matrix acidification caused 

by blocking the ETC. To test both possibilities we added rotenone to cells expressing either 

mito-HyPer7 or mito-HyPer3. Indeed, the signal of mito-HyPer3 did not increase, but even 

decreased indicating acidification of the matrix (Figure 3E). The same result was obtained 

using the pH probe mito-SypHer (Figure S4B). In contrast, mito-HyPer7 showed a 

ratiometric increase, indicating the appearance of H2O2 in the matrix (Figure 3F), while 

mito-HyPer7-C121S did not respond to rotenone (Figure S4C). Therefore, the H2O2 

sensitivity of HyPer7 permits the quantitation of endogenous mitochondrial H2O2 

production, with the HyPer7 signal unaffected by pH changes during mitochondrial 

respiration.

To determine the topology of H2O2 production by Complex I, we have performed a series of 

experiments where we incubated cells expressing HyPer7 in the mitochondrial matrix, IMS, 

or cytosol and compared the degree of probe signal changes in these compartments in 

response to Complex I inhibition (Figure 3G and Figure S4D). We observed substantial 

H2O2 changes in the mitochondrial matrix, but not in the IMS and cytosol, indicating that 

Complex I releases H2O2 to the matrix side of the inner mitochondrial membrane. Notably, 

auranofin led to a substantial increase of rotenone-driven H2O2 in all compartments 

indicating that the Trx system is indeed responsible for the prevention of H2O2 diffusion 

from the mitochondrial matrix (Figure S4D).

H2O2 gradients determine the stability of cellular protrusions

Cellular motility is based on the dynamic rearrangement of actin networks, with actin 

polymerization events being a driving force for protrusion formation (Wang, 1984). It has 

been shown that H2O2 levels are increased in migrating cells compared to stationary ones 

(Cameron et al., 2015), and intracellular H2O2 gradients are formed with the highest 

concentrations being in the front edge of migrating cells (Bouzigues et al., 2014). There are 

several mechanisms by which H2O2 influences actin dynamics including direct actin 

glutathionylation (Sakai et al., 2012) and the oxidation of cofilin, a key regulator of the actin 

network (Cameron et al., 2015).

However, it remains unknown which particular property of protrusion formation is regulated 

by H2O2. While it is known that the H2O2 concentration in the protrusion is elevated, it is 

not clear how this elevation is reflected in the protrusion dynamics. To address this question, 

we fused HyPer7 with LifeAct, a peptide that binds actin filaments with a relatively weak 

affinity and that allows actin visualization without affecting the shape and dynamics of 

native actin filaments, in contrast to direct fusions of FPs with actin (Riedl et al., 2008). We 

transfected NIH-3T3 fibroblasts with HyPer7-LifeAct and followed dynamics of H2O2 

changes within spontaneously migrating cells.

Pak et al. Page 9

Cell Metab. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The cells underwent spontaneous polarization and formed an intra-cytosolic H2O2 gradient 

with an elevated concentration of the oxidant at the leading edge (Figure 4A). HyPer7-

LifeAct signal at the front edge was 2.14 +/− 0.08-fold higher compared to the perinuclear 

part of the cytosol (mean +/− SE, p<0.001). During changes in the direction of cell 

polarization, the gradient transiently disappeared (see 3:00 time point at Figure 4A,B). 

Migrating cells constantly formed small filopodia-like protrusions not only at the front edge, 

but also at all other sides indicating that protrusion appearance itself does not determine the 

directionality of the cell movement. We further analyzed the dynamics of protrusion 

formation and the decrease of H2O2 levels in them and found that the H2O2 gradient 

positively correlates with the stability of the protrusion (Figure 4C). Those protrusions that 

formed a strong gradient of H2O2 (HyPer7-LifeAct signal in protrusion/cytosol > 2) 

demonstrated an average protrusion lifetime of 52 +/− 3 min, whereas the protrusions with a 

low intensity gradient (HyPer7-LifeAct signal in protrusion/cytosol < 2) existed only for 19 

+/− 3 min (p<0.001). High or low average concentration of H2O2 in the cytosol had no 

influence on protrusion dynamics (Figure 4D), indicating that the gradient rather than the 

absolute concentration of H2O2 correlates with protrusion lifetime.

It is possible that the expression of HyPer7-LifeAct affects the dynamics of protrusion 

formation. To rule out this possibility we quantified the protrusion lifetime in cells 

expressing HyPer7-LifeAct, HyPer7-C121S-LifeAct, HyPer7 and EGFP. At low to moderate 

expression levels, we have found no differences between cells expressing either of the 

proteins and non-transfected cells. At high overexpression levels (in the top 15% brightest 

cells), however, all proteins affected protrusion dynamics indicating that while 

overexpression of recombinant proteins itself partially impairs cell motility, the mechanism 

of this impairment is not directly caused by HyPer7 or LifeAct overexpression (Figure S5A).

in vivo imaging of H2O2 gradients

Previous studies of tissue-scale H2O2 gradients in wound healing using the pH-sensitive 

H2O2 biosensor HyPer were confounded with possible pH effects on the regeneration 

response (Love et al., 2013; Niethammer et al., 2009). In the current experiments, zebrafish 

embryos were injected with HyPer7 mRNAs at the single cell stage and a tail fin amputation 

assay was performed on 48 hpf larvae. Imaging HyPer7 in the pH-insensitive ratiometric 

mode revealed the appearance of a clear gradient of H2O2 with maximal intensities at the 

wounding site (Figure 5). Control experiments with H2O2 insensitive HyPer7-C121S 

demonstrated no change in the signal, confirming that the gradient observed with HyPer7 is 

due to the specific oxidation of the probe. Therefore, the tissue-scale gradient of H2O2 in the 

wounded tissue indeed exists.

To demonstrate that HyPer7 expression does not affect the process of regeneration, we have 

measured the regeneration dynamics in zebrafish larvae expressing HyPer7, HyPer7-C121S, 

and un-injected animals. We have found no differences in the regeneration capacity between 

the animals (Figure S5B,C).
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Discussion

An ideal H2O2 probe should be sensitive, bright, ratiometric, fast, stable to pH variations, 

and functional in different organisms. HyPer7 described in this paper has all these features. 

Although we do not know the details of the redox environment of N. meningitidis, a cause of 

bacterial meningitis, one could suggest that it evolved the ultrasensitive OxyR to ensure a 

very early response to survive host immune cells. The explanations of high reaction rate of 

N. meningitidis OxyR may lie in its active site pocket: while most OxyRs have a histidine 

residue before the peroxidatic cysteine, the OxyRs from the Neisseria group are the only 

ones with an asparagine residue at this position (Figure S1).

Due to its high sensitivity, HyPer7 can be applied for the assessment of basal hydrogen 

peroxide concentrations in cells. Our experiments allow us to estimate the range of basal 

intracellular H2O2 concentrations to be in the sub-nanomolar to low nanomolar range. This 

concentration range perfectly matches recently published data obtained using a cell culture 

model (Lyublinskaya and Antunes, 2019) and a perfused liver (Chance et al., 1979; Oshino 

et al., 1973).

The previous versions of HyPer suffered from a high pH-sensitivity. Several observations 

made in the current work highlight the importance of having a pH-stable readout for this 

ultrasensitive H2O2 probe. An example of the model where pH changes are able to produce 

substantial artifacts in H2O2 imaging is the fish-tail-fin-wound experiment. Experiments on 

D. rerio tail fin amputation demonstrated that H2O2 forms tissue-scale gradients upon tissue 

wounding. The oxidant gradient, visualized by the HyPer probe, serves as a chemotactic 

signal for neutrophils (Niethammer et al., 2009). It was subsequently demonstrated in 

Xenopus leavis larvae (Love et al., 2013) and adult zebrafish (Meda et al., 2016) that H2O2 

is necessary for the induction of regeneration. However, in both studies, the pH sensitivity of 

HyPer was not properly considered. The pH probes used in these studies as a control have 

different pKas and smaller dynamic ranges compared to HyPer. In fact, the only proper 

controls for HyPer family reporters are their redox-insensitive counterparts, the C121S 

variants, also known as the SypHer family of pH probes (Ermakova et al., 2018; Matlashov 

et al., 2015; Poburko et al., 2011). They have the same pH sensitivity as HyPer probes, 

including the pKa and dynamic range. The lack of such controls in these experiments 

produced numerous personal communications about possible artifacts of H2O2 

measurements. Our experiments with HyPer7 confirm H2O2 gradient existence, not only 

demonstrating the utility of a pH-independent readout, but also providing a much more solid 

background for numerous studies on inflammation and regeneration that are based on the 

existence of a tissue-scale H2O2 gradient. However, it is important to note that the probe is 

pH stable only in the ratiometric mode: intensiometric imaging would still be prone to pH 

driven artifacts.

Using HyPer7, we have addressed one of the key questions in redox biology: can H2O2 

produced within the mitochondrial matrix reach other compartments? Hundreds of studies of 

mitochondrial H2O2 generation were performed using isolated mitochondria. It is clear that 

in many conditions H2O2 can leave mitochondria, however in all experimental conditions of 

this type one key element is missing: the context of the cell. Inside the living cell, 
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mitochondria are surrounded by the complex environment of the cytoplasm, form contact 

sites with other organelles, have protein binding partners and exchange a great variety of 

factors with the rest of the cell. In contrast, purified mitochondria lack all these factors. 

Therefore, within the cellular context the properties of H2O2 release could differ 

dramatically. And, indeed, using HyPer7 we have found that although H2O2 is able to enter 

the mitochondrial matrix from the cytosol, the reverse direction is prohibited. These data are 

in agreement with previous observations that H2O2 generated by the mitochondria-targeted 

redox cycler, MitoPQ, caused oxidation of the matrix isoform of peroxiredoxin, Prdx3, but 

not the cytosolic Prdx2 in C2C12 myotubes (Hinchy et al., 2018) and that elevated H2O2 

levels in the matrix of respiratory chain mutant yeast strains do not affect cytosolic H2O2 

(Morgan et al., 2016). Our observations call for a re-evaluation of the role of mitochondria 

as the main source of ROS in the cell.

In the previous study (Mishina et al., 2019), we demonstrated that the thioredoxin system is 

responsible for restricting intracytosolic diffusion of H2O2. In the present study, we found 

that the same system is responsible for entrapping H2O2 within the matrix and for the 

restriction of the matrix-cytosol diffusion of the oxidant. It is clear that H2O2 is able to leak 

from the mitochondria to the cytosol only in case of a decrease in thioredoxin system 

functionality or upon a sustained generation of high concentrations of H2O2 in the matrix 

(Stein et al., 2018), when the thioredoxin system is most likely exhausted. In agreement with 

this, studies involving MitoPQ in adipocytes demonstrated that low concentrations of the 

redox cycler caused Prdx3 oxidation only, whereas high doses led to dimerization of both 

Prdx3 and Prdx2 indicating leakage of H2O2 from the matrix to the cytosol (Fazakerley et 

al., 2018).

Whereas the inner mitochondrial membrane is usually considered to be impermeable for 

most of the ions and metabolites, the outer membrane is viewed as much less selective. 

Therefore, it seemed logical that the inner membrane would be a major barrier for H2O2 on 

its way from the matrix to the cytosol, whereas the outer membrane would be more or less 

freely permeable for the oxidant. To our surprise, we have found that a substantial amount of 

H2O2 produced within the matrix leaks into the IMS, but does not pass further to the cytosol, 

indicating that the IMS is an additional line of antioxidant defense against H2O2 produced 

within the matrix. Another explanation of this phenomenon is that the large volume of the 

cytosol compared to the mitochondria and a high abundancy of cytosolic peroxiredoxins 

make the cytosol an effective scavenger of mitochondrial H2O2.

Our data and those of others discussed above indicate that mitochondria can be a source of 

H2O2 at the cellular scale only in a limited spectrum of conditions of i) continuous and/or 

excessive ROS production in the matrix, or ii) inactivation of the thioredoxin – 

peroxiredoxin axis. The latter scenario can be caused by either insufficient electron influx 

from NADPH or by overoxidation of Prdx3 which was shown to cause accumulation of 

H2O2 (Kil et al., 2012).

The central open question in the mitochondrial redox biology field is the molecular identity 

of the H2O2 transporter across the inner mitochondrial membrane, and whether it is also a 

water transporter. Although both the diffusion of H2O2 to and from mitochondria and a rapid 

Pak et al. Page 12

Cell Metab. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



swelling of the mitochondria in hypotonic solutions (indicating water transport), are known 

for decades, the mitochondrial transporters for both molecules remain unknown. One 

candidate for such a transporter would be an aquaporin (AQP) family member (King et al., 

2004) as some of them function also as peroxiporins (Bertolotti et al., 2013; Miller et al., 

2010). AQP8 was found to be associated with mitochondria in various cells, however the 

studies are mostly based on subcellular fractionation protocols that do not exclude impurities 

from other organelles, such as the endoplasmic reticulum (Calamita et al., 2005; Lee and 

Thévenod, 2006). In agreement with the latter, studies exist demonstrating that AQP8 is 

rather an ammonia but not a water transporter in mitochondria, or even does not exist in the 

mitochondria (Soria et al., 2010; Yang et al., 2006). Overall, the molecular identity of 

mitochondrial H2O2 transport remains to be elucidated.

It has been known since the late-80s that ROS promote cell motility (Sundaresan et al., 

1995; Wach et al., 1987). Since then some molecular mechanisms were uncovered linking 

H2O2 production at the front edge of the migrating cell to the remodeling of the actin 

filament network. However, an important question remained open: which decision-making 

parameter of the H2O2 gradient is being used by the cell? This could be either the absolute 

concentration of H2O2 in the protrusion or the difference in H2O2 concentration between the 

protrusion and the cell body. Our experiments clearly demonstrated that the latter is the case: 

the stability of the protrusion is associated with steepness of the H2O2 gradient from the 

protrusion to the cytosol. Most likely our observation suggests that the F-actin 

polymerization and depolymerization events occur constantly and randomly in all directions 

and therefore an increase of H2O2 in some particular direction over other directions dictates 

the orientation and stability of the protrusion.

Taken together, our findings demonstrate the full power of HyPer7 in uncovering the role of 

low levels of H2O2 in cell physiology.

Limitations of Study

We expect that being an ultrasensitive and ultrafast indicator, HyPer7 would not be able to 

discriminate between moderate and high concentrations of H2O2 that are above its saturation 

range. Therefore, if needed, HyPer7 and be used in combination with the probes with lower 

sensitivity, such as HyPer3 or HyPerRed. This case can be illustrated by the Figure 3C 

where mito-HyPer7 becomes saturated immediately after mito-DAO activation whereas 

lower sensitivity mito-HyPerRed operates within its dynamic range.

HyPer7 has green fluorescence. It means that its spectrum is not optimal for deep tissue 

imaging in relatively large non-transparent organisms like rodents. Visible light poorly 

penetrates tissues, therefore future development of far-red probes for H2O2 is necessary to 

overcome this limitation.
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STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Vsevolod V. Belousov (belousov@ibch.ru). This study 

generated plasmids encoding HyPer7 that are deposited on Addgene (name #Addgene ID: 

pLifeAct-HyPer7 #136464; pCMV-HyPer7-MEM #136465; pCS2+HyPer7 #136466; 

pCS2+HyPer7-NES #136467; pCS2+HyPer7-NLS #136468; pCS2+IMS-HyPer7 #136469; 

pCS2+MLS-HyPer7 #136470)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—HeLa Kyoto cells (gender: F) were cultured in RPMI1640 (PanEko) 

supplemented with 10% FBS v/v (Biosera), 2 mM L-glutamine (PanEko), 100 U/ml 

penicilin (PanEko) and 100 mg/ml streptomycin (PanEko) at 37 °C in a 5% CO2 

atmosphere.

EA.hy926 cells (gender: M) were obtained from ATCC and maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% FBS, v/v, 1% HAT (5 mM 

hypoxanthine, 20 μM aminopterin, 0.8 mM thymidine), 4 mM glutamine, 50 U/ml penicillin 

and 50 mg/ml streptomycin, at 37 °C in a 5% CO2 atmosphere.

NIH-3T3 cells (gender: M) were cultured in DMEM containing 10% FBS without 

antibiotics at 37 °C in a 5% CO2 atmosphere.

K562 cells (gender: F) were maintained in RPMI-1640 medium supplemented with 10% 

fetal bovine serum and 1% L-glutamine at 37 °C in a 5% CO2 atmosphere.

Zebrafish Danio rerio—Zebrafish colonies (AB-TU strain) were maintained using 

standard methods. The animal facility obtained an agreement from the French Ministère de 

l’Agriculture (no. C75–05-12), and the protocols were approved by the Ministère de 

l’Education Nationale de l’Enseignement Supérieur et de la Recherche (00477.02). To 

maintain a healthy colony, a 14 h light to 10 h dark cycle was adopted, and a water 

temperature of 28 °C was maintained, with a maximal density of five fish per liter. Water 

filtration depended on the aquatic habitat stand-alone fish housing and was operated 

automatically (Aquatic Habitat Inc, FL, USA). The fish were fed twice a day with live 2-

day-old paramecia.

METHOD DETAILS

Multiple sequence alignment and phylogeny of OxyR sequences—The 38 OxyR 

regulatory domain protein sequences (see full list in Figure S1) were taken from the Uniprot/

Uniparc database (http://www.uniprot.org) or Genbank. Multiple sequence alignment was 

performed with ClustalW included in the MEGA software package (Kumar et al., 2016). 

The obtained multiple sequence alignment was used to create a neighbor-joining based 

phylogenetic tree and the Jones–Taylor–Thornton matrix method (Jones et al., 1992) was 

utilized to generate the distance matrix. A pairwise deletion was utilized, and the level of 

confidence was measured based on 3000 bootstrap replicates. The MEGA software package 
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was used to generate the phylogenetic tree (Kumar et al., 2016), and the web-based program 

iTOL was utilized to generate the final figure (Letunic and Bork, 2016).

Gene design and cloning—Codon-optimized sequences (Supporting information) of 

OxyR regulatory domains were purchased from IDT. Chimeric constructs containing the 

cpYFP coding sequence inserted into OxyR and their point mutants were created by overlap 

extension PCR (Ho et al., 1989) and subcloned into the pQE30 vector using BamHI/HindIII 

restriction sites (see primer list). Random libraries of the H7 206–207 construct were created 

by an error-prone PCR reaction with primers 5’-attagctacaggatcccgggaattcgccaccatg-3’ and 

5’-attggatcgaaagcttacagtcggcctcgagtca-3’.

For expression in eukaryotic cells, selected cDNAs were cloned into the pCS2+ vector using 

EcoRI/XhoI sites. Mitochondrial matrix, mitochondrial intermembrane space, nuclear and 

cytosolic versions of HyPer7 were also created by overlap extension PCR and subcloned 

into the pCS2+ vector using the same sites. pC1-HyPer3-dmito, pC1-HyPer2-IMS, pC1-

HyPer2-NLS and pC1-HyPer2-NES vectors previously generated in our laboratory were 

used as PCR matrices for amplification of mitochondrial matrix, mitochondrial 

intermembrane space, nuclear and cytoplasmic (nuclear exclusion signal) localization 

signals, respectively. The pLifeAct-HyPer7 plasmid was obtained by replacing the 

FusionRed coding sequence with HyPer7 in pLifeAct-FusionRed plasmid using the AgeI 

and NotI sites.

Library screening—Libraries were transformed into XL1-blue competent cells and 

grown overnight on agar plates. After 12–24 hours incubation at room temperature, colony 

brightness was visually inspected in the cyan and blue excitation channels using an Olympus 

US SZX12 fluorescent stereo microscope. Brightest clones were transferred onto new plates 

and grown overnight. After incubation at room temperature bacteria were resuspended in 

PBS (pH 7.4) and excitation spectra in the 390–510 nm range were recorded in the absence/

presence of 2–20-200 μM H2O2. Selected clones were grown in LB (100 μg/mL) overnight 

and plasmid DNA was extracted and sequenced.

Protein expression and purification—HyPer7 was expressed in the M15 E. coli strain 

from the pQE30 vector. An overnight LB culture set up in LB medium from a single colony 

was diluted 1:100 in LB + 100 μg/ml ampicillin and 50 μg/ml kanamycin. The culture was 

grown at 37°C with shaking at 130 rpm and induced at A600nm=0.4 and with 0.5 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG). The temperature was then lowered to 18°C 

and the cultures were grown for an additional 18 h. The cells were harvested by 

centrifugation at 4,000 x g for 15 min at 4°C. After one freeze-thaw cycle, the cells were 

resuspended in 3 ml/g pellet lysis buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 1.5 mM DTT, 

10% glycerol, 1 mM benzamidine, 1 μg/ml Leupeptin, 0.1 mg/ml 4-(2-aminoethyl) 

benzenesulfonyl fluoride hydrochloride (AESBF), 100 μg/ml DNaseI, 20 mM MgCl2) and 

lysed by sonication at 70% amplitude for 3 min with a 30 sec on – 15 sec off cycle (Sonics 

Vibra-cell). The lysate was clarified by centrifugation at 39,000 x g for 30 min at 4°C, 

filtered through a 0.45 μm filter and added to Ni2+-Sepharose (GE Healthcare) affinity beads 

equilibrated with 40 mM (4-(2-hydroxyethyl)-1- piperazineethanesulfonic acid (HEPES), 

pH 7.4, 400 mM NaCl, 10% glycerol, 1 mM DTT. The lysate-bead suspension was 
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incubated for 1 h at 4°C while rotating and subsequently packed into a column. After a wash 

step with 40 mM HEPES, pH 7.4, 400 mM NaCl, 10% glycerol, 1 mM DTT, the protein was 

eluted with a linear gradient to 1 M imidazole in the same buffer solution. Imidazole was 

removed by dialysis in 30 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 2 mM DTT at 

4°C, and the elution fraction was concentrated using a Vivaspin 6 10,000 MWCO PES 

concentrator (Sartorius) and further purified by gel filtration using a HiLoad Superdex75 PG 

(16/60) column (GE Healthcare) equilibrated with 30 mM HEPES, pH 7.4, 200 mM NaCl, 5 

mM tris(2-carboxyethyl)phosphine (TCEP). The first and second purification steps were 

performed on the ÄKTA Pure FPLC system (GE Healthcare). The protein was stored in the 

same buffer at 4°C for up to a week.

Fluorimetry—Experiments for the determination of the specificity and sensitivity of 

HyPer7 were carried out by fluorimetry using an LS55 luminescence spectrophotometer at 

25°C (Perkin Elmer). Prior to the experiment, HyPer7 was buffer-exchanged into Ar-flushed 

100 mM sodium phosphate buffer, pH 7.4 containing 0.1 mM diethylene triamine penta-

acetic acid (DTPA) using a 5 ml HiTrap desalting column (GE Healthcare). The protein 

concentration was determined with the Bradford reagent (Bio-Rad), using bovine serum 

albumin as standard. The protein was diluted to a final concentration of 2.5 μΜ and 

incubated with a 25x molar excess of TCEP for 12 h at 4°C. HyPers 1 and 3 were prepared 

the same way.

For the sensitivity measurements, the concentration of H2O2 was measured at 240 nm and 

calculated using the Lambert-Beer Law, taking ε240nm = 43.6 M−1 cm-1. Stock solutions 

with concentrations of 125 nM, 1.25 μΜ and 12.5 μΜ H2O2 were prepared. The assay was 

carried out by adding 20 μl from each stock solution to a cuvette with 300 μl protein till a 

plateau was reached. Following H2O2 addition, the excitation at λ = 495 nm with emission 

at λ = 520 nm was monitored in real time until a steady state had been reached, after which 

the excitation spectrum from λ = 350 nm to λ = 512 nm with emission at λ = 520 nm was 

recorded.

For the specificity measurements, each putative oxidant was added at 50x the final volume to 

a cuvette containing 490 μl protein, otherwise the measurements were carried out as 

described above. The organic and lipid hydroperoxides, which are poorly soluble in water, 

were added directly to the cuvette to obtain the indicated concentrations (in all cases < 5 μl 

was added). As these lipid hydroperoxides were dissolved in acetone, we first tested HyPer7 

with acetone to make sure that it was not influencing the read-out. For the experiments with 

the lower concentrations (1 μΜ), the organic and lipid hydroperoxides were first diluted 100 

times in the aforementioned phosphate buffer and sonicated for 10 s with an amplitude of 

37% to increase solubility. Volumes needed to obtain a final concentration of 1 μΜ were 

then used to treat HyPer7. The concentration of the peroxynitrite (ONOO−) stock was 

determined spectrophotometrically, using ε302nm = 1670 M−1 cm-1. As the ONOO− stock 

was stored in strongly alkaline conditions, we also checked the pH of the solution with a 

final concentration of 100 μΜ ONOO−, and found a pH of approximately 7.4. All chemicals 

used for the specificity assay were purchased from Sigma-Aldrich, except for ONOO− and 

4-hydroperoxy 2-nonenal (Cayman Chemical), and GSSG (Roche).
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Pre-steady state kinetic measurements—Pre-steady state kinetic measurements were 

performed using a stopped-flow apparatus coupled with a fluorescence detector (Bio-Logic) 

with λex = 495 nm, and by following the emission at λ = 515 nm. HyPer7 was prepared in 

the same way as for the fluorimetry assays, i.e. the protein was used at a concentration of 2.5 

μΜ in Ar-flushed 100 mM sodium phosphate buffer, pH 7.4, containing 0.1 mM DTPA. The 

protein was mixed with increasing concentrations of H2O2 at a 37:1 protein: H2O2 ratio. The 

progress curves were used to estimate the initial velocities. The experiment was performed 

in triplicates.

pKa determination—To determine the pKa of HyPer7, the protein was buffer-exchanged 

to 100 mM sodium phosphate buffer, pH 7.4, containing 0.1 mM DTPA, and its 

concentration was determined as described above. The protein was then diluted to a final 

concentration of 0.5 μΜ in the respective pH buffer solutions: pH 3.0 – 4.5 – 130 mM KCl, 

30 mM NaCl, 0.5 mM MgCl2, 0.2 mM EDTA, 30 mM NaH2C6H5O7/HCl; pH 5.0 – 7.5 – 

130 mM KCl, 30 mM NaCl, 0.5 mM MgCl2, 0.2 mM EDTA, 15 mM KH2PO4/Na2HPO4; 

pH 8.0 – 13.0 – 130 mM KCl, 30 mM NaCl, 0.5 mM MgCl2, 0.2 mM EDTA, 20 mM 

Na2B4O7/HCl (or NaOH). To reduce the protein, TCEP (pH adjusted to 7.4) was added to 

all the samples to a final concentration of 5 mM. To oxidize HyPer7, each sample was 

treated with H2O2 to a final concentration of 100 μΜ. The excitation spectra (λex = 350 nm 

- λex =520 nm; λem = 560 nm) at varying pH were recorded in the SpectraMax ID5 plate 

reader (Molecular Devices). The assays were performed in triplicates.

Cell culture, plasmid transfection, and real-time imaging—For imaging 

experiments, HeLa Kyoto cells were seeded into 35 mm glass bottom dishes. After 24 h, 

cells were transfected using FuGeneHD transfection reagent (Promega) according to the 

manufacturer’s recommendations.

24 h after transfection, culture medium was replaced with 1.2 mL of HBSS solution (Sigma) 

supplemented with 20 mM HEPES (PanEko). Cell imaging was performed using a Leica 

DMI6000 microscope, equipped with an HCX PL APO lbd. BL 63 × 1.4NA oil objective at 

37 °C. Fluorescence of HyPer probes was excited sequentially via 427/10 and 504/12 band-

pass excitation filters. Emission was collected every 20 s using a 525/50 bandpass emission 

filter. For the HyPerRed probe, a TX2 filter cube was used (excitation: BP 560/40, 

dichromatic mirror 595, emission: BP 645/75). After 5–10 images were acquired, 300 µl 

Tyrode containing D-alanine or H2O2 was added.

To determine the response of the HyPer3/7 probes to exogenous H2O2, a solution of H2O2 

was added to a final concentration of 2–20–200 µM. To induce intracellular H2O2-

generation by DAO, D-alanine (Sigma) was used as a substrate. Solution of D-Ala in 

imaging medium was added to cells at 300 μl volume obtaining a final concentration of 4 

mM. For experiments with TrxR inhibition cells were incubated in culture medium with 1 

μM auranofin (Enzo) for 1 h prior to imaging.

The time series were analyzed using the Fiji freeware (https://fiji.sc). The background was 

subtracted from 420 and 500 nm stacks (corresponding to two HyPer excitation peaks). Each 

500 nm stack was divided by the corresponding 420 nm stack frame-by-frame. The resulting 
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stack was depicted in pseudocolors using a “16-colors” lookup table. The time course of 

HyPer fluorescence was calculated for regions of interest (ROI) inside the imaged cell.

EA.hy926 cells at ~80% confluency were transfected in cell culture medium using the 

transfection reagent PolyJet (SignaGen Laboratories) with 1 µg plasmid DNA following the 

manufacturer’s protocols. Cells were incubated for 5 h and then the culture media was 

replaced. All imaging experiments were performed 16–24 h after transfection. Prior to the 

imaging experiments, cells were washed with PBS and incubated for at least 2 h in a 

HEPES-buffered solution containing 138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM 

MgCl2, 1 mM HEPES, 2.6 mM NaHCO3, 0.44 mM KH2PO4, 0.34 mM Na2HPO4, 10 mM 

D-glucose, 0.1% vitamins, 0.2% essential amino acids and 1% penicillin–streptomycin, pH 

7.4. Imaging experiments were performed using a custom perfusion system with a peristaltic 

pump to maintain stable superfusion conditions. The superfusion solution consists of a 

physiological buffer with the following composition: 140 mM NaCl, 5 mM KCl, 2 mM 

CaCl2, 1 mM MgCl2, 10 mM D-glucose and 1 mM HEPES, pH 7.4. For live-cell imaging, 

the intensiometric HyPer-Red was excited at 561 nm and emission was collected at 615 nm. 

The ratiometric HyPer7 was excited both at 420 nm and 490 nm, and emission was collected 

at 530 nm. All cells were visualized using a ×40 oil immersion objective (Olympus). Images 

were acquired with a CCD camera from Hamamatsu. Real-time signals were acquired using 

Metafluor Software (Molecular Devices). For each experiment, an additional region for the 

background signal was acquired. Background subtraction was calculated in Microsoft Excel. 

The HyPerRed signal was normalized to 100% to the average signal in the corresponding 

cell population. The fluorescent signal of HyPerRed was calculated using the formula ΔF= 
1-(F/F0)x100. The ratiometric signal of HyPer7 was calculated by first subtracting the 

background in each wavelength and calculating the ratio by dividing the intensity of the 

emission signals excited by 490nm/420nm.

To show that HyPer7-IMS indeed localizes to the IMS, we used a mitochondrial uncoupler 

test (Ermakova et al., 2014). As the matrix of energized mitochondria is more alkaline than 

the IMS due to constant proton export, we expect an acidification of the matrix upon 

addition of an uncoupler (CCCP) to the cells, i.e. HyPer7-mito fluorescence in the 

intensiometric observation mode would decrease. In contrast, the IMS has either the same 

pH as the cytosol due to the rapid proton exchange via the mitochondrial outer membrane or 

is slightly more acidic because of the proton gradient across the inner mitochondrial 

membrane. Therefore, the F500 fluorescence intensity of the HyPer7-IMS would not change 

or would increase upon the uncoupler addition. Indeed, HyPer7-IMS did not respond to 

CCCP, whereas HyPer7-mito demonstrated a slight decrease (Figure S4A), indicating proper 

localization of the probe in both cases.

H2O2 registration in polarized cells—NIH-3T3 cells were seeded in WillСo glass 

bottom dishes (WillCo Wells B.V., Netherlands) in DMEM containing 10% FBS without 

antibiotics at a density equivalent to 50% confluence. The next day cells were transfected 

with the HyPer7-LifeAct construct using the FuGene HD transfection reagent (Promega, 

USA). To reveal intracellular dynamics of actin and H2O2 during cell migration we used a 

Zeiss LSM780 (Zeiss, Germany) equipped with 63x/1.40 Plan-Apochromat oil immersion 

objective, an on-stage cell culture box, and humidifier life-time confocal microscope. During 
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imaging, the cells were kept in full growth medium (DMEM supplemented with 10% FBS 

and 20mM HEPES without antibiotics). The time-lapse series were continuously acquired 

every 5 min over 5 h using the ‘Positions’ application in ZEN 2010 (Zeiss, Germany) to 

achieve simultaneous image acquisition in different fields of view. HyPer7 fluorescence was 

excited with a low-powered 30 mW 405 diode laser and 35 mW 488 nm Argon lasers and 

was detected in the 499–560 nm wavelength interval. The excitation intensities and gain 

were chosen manually to level the fluorescence intensity in both channels within the range 

of 80–150 out of a maximum of 256 units on the 8 bit grayscale. To minimize phototoxic 

effects, the least possible light intensity and a 625 mV gain on the detector were used. The 

time series were analyzed using free ImageJ software. The background was subtracted from 

405- and 488-nm stacks (corresponding to two HyPer excitation peaks. Each 488-nm stack 

was divided by the corresponding 405-nm stack frame-by-frame. The resulting stack was 

depicted in pseudocolors using a “16-colors” lookup table. Protrusion activity was analyzed 

by making kymographs on the front and side edges of the cell. Routinely, 40–50 positions 

were tracked in every independent experiment.

Flow cytometry—For flow cytometry measurements, the next day after seeding (100,000 

cells/mL), K562 cells cells were transfected with HyPer7 or HyPer3 (as well as the 

corresponding C121S mutants) expression vectors using the FuGene 6 (Promega, USA) 

reagent. Transfection mixtures were prepared according to the manufacturer’s instructions at 

a 3:1 ratio of FuGene to DNA. Experiments were performed 36–48 h after transfection.

To analyze the HyPer7 response to extracellular H2O2, transfected cells were resuspended in 

PBS and incubated for 30 min in standard growth conditions (37°C, 5% CO2) for adaptation 

to a new environment. After that, prewarmed H2O2 solution in PBS (100 μL, 0.2 – 10 μM) 

was added to the cell suspension aliquot (100 μL). Cells were incubated with H2O2 at 

standard growth conditions for 5 min and then analyzed with a flow cytometer (CytoFLEX, 

Beckman Coulter, USA; 405/488 nm laser).

To investigate the HyPer response to endogenous H2O2 production, cells transfected with 

HyPer vectors were exposed to 20 to 1000 μM of rotenone (an inhibitor of Complex I of the 

mitochondrial electron transport chain). Control cells were treated with an appropriate 

volume of vehicle (DMSO). Cells were incubated with rotenone at standard growth 

conditions for 30 min and then analyzed with a flow cytometer (CytoFLEX, Beckman 

Coulter, USA; 405/488 nm laser).

During flow cytometry analysis of the samples, cells were gated for HyPer expression 

(Lyublinskaya et al., 2017), and within this gate the λex=488 nm/ λem = 530 nm to λex=405 

nm/ λem = 530 nm signal ratios multiplied by 100 (parameter denoted in the measurement 

protocol as HyPer ratio) was determined for each cell analyzed.

Danio rerio micro-injections, imaging and data quantification—100 ng/µL of 

HyPer7 or HyPer7-C121S mRNA were injected into one-cell stage embryos.

The larvae were anesthetized in tricaine solution and embedded in low-melting agarose 

(0.8%). Imaging were performed with a CSU-W1 Yokogawa spinning disk coupled to a 
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Zeiss Axio observer Z1 inverted microscope equipped with a sCMOS Hamamatsu camera 

and a 25× (Zeiss 0.8 Imm WD: 0.19mm) oil objective. DPSS 100 mW 405 nm and 150 mW 

491 nm lasers and a 525/50 bandpass excitation filter were used. Quantification was 

performed by measuring the signal at the amputation plane and normalizing it to the 

fluorescence mean on the uncut tails before amputation. A statistical two-way ANOVA test 

with Tukey’s multiple comparisons post-test was then performed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow Cytometry Data Processing and Analysis—To assess the oxidation level of 

HyPer7 localized in different compartments of K562 cells upon the extracellular addition of 

H2O2, the cell suspension was split into two parts and placed into the experimental and 

control tubes. H2O2 solution in PBS was added to the experimental tube, whilst the same 

volume of pure PBS was added to the control cells. Upon incubation, both samples were 

analyzed with the flow cytometer, and the HyPer7 signal collected from the cells in the 

experimental tube was normalized to the signal measured in the control sample. This 

procedure was repeated 3 – 5 times (N) and the mean and SD values of the normalized 

HyPer signal were estimated for each H2O2 concentration added. An unpaired t-test was 

applied to estimate the significance of the results obtained, in which the HyPer signal was 

considered to be significantly changed after H2O2 addition in case of p < 0.05. In the 

experiments where endogenous production of H2O2 was stimulated with rotenone, a similar 

experimental protocol was used except that the same volume of the DMSO solution, used as 

a vehicle for rotenone, was added to the control tube. Number of samples: Figure 3A - at 

[H2O2] ≤ 0.2 μM N=5, at [H2O2] > 0.2 μM N=3, Figure 3G N=4.

HyPer7 in vitro characterization—Unless otherwise indicated, all experiments were 

carried out using biological triplicates, as indicated in the figure legends. Each replicate 

represents a separately reduced, quantified and buffer-exchanged protein sample prepared 

from the same purification batch. The results are presented as the ratio between the 

excitation maxima at 500 and 400 nm with emission at 520 nm, normalized to the untreated 

or vehicle-treated sample, depending on the experiment (see figure legends). The plotted 

data points and bars represent the mean and the error bars the standard deviation. No 

hypothesis test was used. All calculations were performed using GraphPad Prism version 

7.0d.

HyPer7 ratio in polarized cells—Statistical analysis was performed using Sigma-Plot 

12.0 software. Data was assessed for normality of distribution using the Kolmogorov-

Smirnov test. Values are expressed as mean ± standard error of mean (s.e.m.). Comparison 

of two independent groups was performed using Student’s t-test for normally distributed 

data and the Mann–Whitney U-criteria (M-U test) for not normally distributed data. Multiple 

comparisons were made using the Kruskall-Wallis test with subsequent application of the 

Dann criteria. Statistical significance was defined as p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• HyPer7 is an ultrasensitive, ultrafast, and pH-stable indicator for H2O2

• Being controlled by the Trx system, H2O2 does not diffuse out from 

mitochondria

• Intensity of the H2O2 gradient associates with the stability of cellular 

protrusions

• H2O2 gradients can be visualized in wounded tissues with HyPer7
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Context and Significance

Hydrogen peroxide, H2O2, is not only disinfection reagent, but also an important 

molecule naturally occurring in living cells. It plays a role as a signaling molecule, and its 

excessive production leads to oxidative stress. Due to the high reactivity of H2O2, it is 

complicated to study its biological roles. Currently existing indicators are not sensitive 

enough and respond not only to H2O2 but also to pH changes. In this study, investigators 

in Moscow and their collaborators have developed an ultrasensitive H2O2 probe, HyPer7, 

which is resistant to pH. The tool allows the researchers to discover new details on H2O2 

production and distribution in cells and tissues, and its roles in cell motility and 

mitochondrial functioning. HyPer7 is readily available for the study of H2O2 in 

physiology and pathology.

Pak et al. Page 26

Cell Metab. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Design of the ultrasensitive H2O2 indicator. (A) Neighbor joining-based phylogenetic tree of 

the OxyR-RD domain sequence based on the multiple sequence alignment derived from 

Supplementary Figure 1. The tested 11 OxyR regulatory domain sequences are highlighted 

in bold, and the regulatory domain sequence of HyPer7 (from Neisseria meningitidis) is 

highlighted in red. (B) cpYFP from HyPer probe was integrated into 11 selected OxyR-RD 

protein domains. The most sensitive version was further improved by mutagenesis.
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Figure 2. 
In vitro characterization of HyPer7. (A) Fluorescence excitation and emission spectra of 

HyPer7 in oxidized and reduced state. (B) pH-dependency of HyPer7 and HyPer3 in the 

physiological pH range. F500 and F400 are fluorescence intensities excited at 500 nm and 

400 nm, respectively. (C) HyPer7 responds much faster than HyPerRed to the addition of 

exogenous H2O2 added to Ea926.hy human endothelial cells. Curves represent simultaneous 

responses to H2O2 treatment (50 μM) of Ea926.hy cells co-expressing HyPer7 (black curve) 

and HyPerRed (red curve). The speed of HyPer7 response is principally limited by the 

imaging system used. (D) The response of HyPer7 of the indicated concentrations to 

increasing concentrations of H2O2. The y-axis represents the HyPer7 ratio, normalized to the 

ratio prior to the addition of oxidant. Each point represents the mean of three repeats, the 

error bars denote the standard deviation. The inset depicts the lower nM range for HyPer7 at 

a concentration of 1 μΜ. (E) Selectivity of HyPer7. Reduced HyPer7 was incubated with the 

Pak et al. Page 28

Cell Metab. Author manuscript; available in PMC 2021 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respective substances. XOX = xanthine oxidase; X = xanthine (50 μΜ); cat = catalase (100 

nM); tBOOH = tert-butyl hydroperoxide; CumOOH = cumene hydroperoxide; benzOOH = 

benzoyl hydroperoxide; 4H2N = 4-hydroperoxy 2-nonenal. Catalase was added to ONOO− 

sample to remove any H2O2. The y-axis represents the HyPer7 ratio, normalized to the ratio 

obtained with the addition of an equal volume of vehicle (100 mM phosphate buffer, pH 7.4 

+ 0.1 mM DTPA or acetone for the organic and lipid hydroperoxides). Each bar represents 

the mean of three replicates and the error bars denote the standard deviation. The dotted 

vertical lines separate two different concentrations of the organic hydroperoxides and H2O2. 

The horizontal black line separates the conditions where HyPer7 reacts to the oxidant (gray 

bars) from those where it does not, i.e. normalized ratio >1 (white bars).
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Figure 3. 
Mitochondrial H2O2 production: diffusion and topology. (A) HyPer7 F500/F400 ratio in 

cytosol (NES, nuclear exclusion signal) and mitochondrial matrix (mito) of transiently 

transfected K562 cells exposed to different concentrations of H2O2. Data are the results of 

flow cytometry analysis. Each bar represents the mean of N replicates and the error bars 

denote the standard deviation (at [H2O2] ≤ 0.2 μM N=5, at [H2O2] > 0.2 μM N=3; *,** P < 

0.05 versus control using unpaired t-test) (B) Images of HyPer7 and HyPerRed in different 

compartments of HeLa-Kyoto cells expressing mito-DAO before and after the addition of D-

Ala. HyPer7 is targeted to the mitochondrial matrix (mito, scale bar 20 μm), mitochondrial 

intermembrane space (IMS, scale bar 30 μm), cytosol (NES, nuclear export signal, scale bar 

15 μm), nucleus (NLS, nuclear localization signal, scale bar 10 μm). Cells on the lowest 

panel were preincubated with auranofin (Aur). (C, D) H2O2 dynamics in various 

compartments of mito-DAO expressing cells in the absence (C) or in the presence (D) of 
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auranofin detected with HyPer7 and HyPerRed. Traces represent mean and standard 

deviation from at least 10 cells in each of 3 biological replicates. (E, F) Flow cytometry 

histograms displaying mito-HyPer (E) and mito-HyPer7 (F) ratio signals in K562 cells 

exposed to rotenone. (G) HyPer7 ratio in cytosol (NES, nuclear exclusion signal) and 

mitochondrial matrix (mito) of transiently transfected K562 cells exposed to different 

concentrations of rotenone. Data are the results of flow cytometry analysis. Each bar 

represents the mean of four replicates and the error bars denote the standard deviation (* P < 

0.05 versus control using unpaired t-test).
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Figure 4. 
H2O2 gradients in cell polarization. NIH-3T3 cells transiently expressing HyPer7-LifeAct 

were imaged during spontaneous migration. (A) Images of a migrating cell at different time 

points. Upper and middle rows: fluorescent images excited by 405 nm and 488 nm. Lower 

row: ratiometric images. Addition of PEG-catalase (PEG-Cat) destroys the gradient and 

leads to retraction of the protrusions. Lines 1 and 2 were used to build kymographs. Scale 

bar shows 10 μm. (B) Kymographs of the HyPer7-LifeAct ratio along lines 1 and 2 

representing the leading edge and the side of the cell from images shown in panel A, 

respectively. Notice that a more extensive gradient makes the protrusion more stable. (C, D) 

Correlation plots between the protrusion lifetime and either HyPer-LifeAct ratio gradient (C) 

or the mean HyPer-LifeAct ratio in the cell demonstrates positive correlation between 

protrusion stability and the intensity of the H2O2 gradient from the protrusion to the cell 
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body (correlation coefficient 0.37), but not the mean H2O2 levels (correlation coefficient 

−0.06).
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Figure 5. 
Monitoring H2O2 production with HyPer7 in zebrafish larvae after wounding. Zebrafish 

embryos were injected with HyPer7 or HyPer7-C121S mRNAs at the one-cell stage and tail 

fin amputation assay was performed on 48 hpf larvae. Images were taken before amputation 

and time lapse imaging was performed up to 60 min post-amputation (mpa). HyPer7 and 

HyPer7-C121S ratios were quantified at the amputation plane and normalized to the mean 

fluorescence of the uncut tail for each larvae. (A) Representative images of HyPer7 and 

HyPer7-C121S expressing larvae before and after amputation. Scale bar is 100µm. (B) Time 

course of HyPer7 (black lines) or HyPer7-C121S (gray lines) in the wounding site of the 

larvae tail fin (values ± SEM, N=2) experiments, n≥4 embryos/time point; **, P<0,01; ***, 

P<0,001). Uncut tails - dashed line.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli, M15 strain Qiagen N/A

Chemicals, Peptides, and Recombinant Proteins

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Fisher Scientific BP1755-10; CAS: 367-93-1

Dithiothreitol (DTT) Roche 10708984001; CAS: 3483-12-3

Leupeptin Carl Roth CN33.3; CAS: 103476-89-7

4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride 
(AESBF)

Carl Roth 2931.3; CAS: 34284-75-8

Benzamidine hydrochloride hydrate Sigma-Aldrich B6506; CAS: 206752-36-5

DNAse I Sigma-Aldrich DN25; CAS: 9003-98-9

Ni2+-Sepharose 6 Fast Flow GE Healthcare 17531802

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 
(HEPES)

Sigma-Aldrich H3375; CAS number: 7365-45-9

Imidazole Merck 1.04716.1000; CAS: 288-32-4

Tris(2-carboxyethyl)phosphine (TCEP) Roth HN951; CAS: 51805-45-9

Diethylenetriaminepentaacetic acid (DTPA) Sigma-Aldrich 285560; CAS: 67-43-6

Hydrogen peroxide (H2O2) Sigma-Aldrich 95321; CAS: 124-43-6

tert-butyl hydroperoxide Sigma-Aldrich B2633; CAS Number 75-91-2

cumene hydroperoxide Sigma-Aldrich 247502; CAS Number 80-15-9

benzoyl hydroperoxide Sigma-Aldrich 228877; CAS Number 94-36-

4-hydroperoxy-2-nonenal Cayman Chemical 10004413; CAS Number 7439-43-2

Peroxynitrite (ONOO−) Cayman Chemical 81565; CAS: 14042-01-4

Oxidized glutathione (GSSG) Roche 105635; CAS:103239-24-3

Reduced glutathione (GSH) Sigma-Aldrich 64251; CAS: 70-18-8

6-(2-Hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-
hexanamine (MAHMA NONOate)

Sigma-Aldrich M1555; CAS: 146724-86-9

Xanthine oxidase Sigma-Aldrich X4376; CAS: 9002-17-9

Xanthine Sigma-Aldrich X0626; CAS: 69-89-6

Catalase Sigma-Aldrich C9322; CAS: 9001-05-2

D-alanine Sigma-Aldrich A7377

Auranofin Enzo BML-EI206-0100

Rotenone Sigma-Aldrich R8875

PEG-catalase Sigma-Aldrich C4963

PolyJet™ In Vitro DNA Transfection Reagent Signagen Laboratories SL100688

Experimental Models: Cell Lines

NIH-3T3 fibroblasts Collection of cell cultures of 
vertebrates, Institute of 
Cytology Russian Academy 

RRID:CVCL_0594
ATCC CRL 1658
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REAGENT or RESOURCE SOURCE IDENTIFIER

of Sciences, Russia, 
originally obtained from 
ATCC

HeLa-Kyoto EMBL RRID:CVCL_1922

EA.hy926 ATCC CRL-2922

K-562 ATCC CCL-243

Experimental Models: Organisms/Strains

Zebrafish, Danio rerio, AB-Tu strain ZFIN https://zfin.org/action/genotype/view/ZDB-
GENO-010924-10

Oligonucleotides

5’-attagctacaggatcccgggaattcgccaccatg-3’ Forward primer 
for HyPer7 cloning into PQE-30

This paper N/A

5’-attggatcgaaagcttacagtcggcctcgagtca-3’ Reverse primer 
for HyPer7 cloning into PQE-30

This paper N/A

Recombinant DNA

pQE30-HyPer7 This paper N/A

pQE30-HyPer (Belousov et al., 2006) N/A

pQE30-HyPer3 (Bilan et al. 2012); Addgene https://www.addgene.org/42132/

pC1-HyPerRed Belousov lab, Addgene https://www.addgene.org/48249/

FusionRed-Lifeact-7 Addgene https://www.addgene.org/54778/
RRID:Addgene_54778

pC1-HyPer3-dmito (Mishina et al., 2019) N/A

pC1-HyPer2-IMS (Ermakova et al.,2014) N/A

pC1-HyPer2-NES Belousov lab pC1-HyPer2-NES

pC1-HyPer2-NES Belousov lab N/A

pC1-HyPer3 Belousov lab, Addgene https://www.addgene.org/42131/

Software and Algorithms

Prism 7 GraphPad Software https://www.graphpad.com

FIJI Fiji.sc

MEGA software package (Kumar et al., 2016) https://www.megasoftware.net

MetaFluor® Imaging System Molecular Devices,San Jose, 
California, United States

https://www.moleculardevices.com/sites/
default/files/en/assets/brochures/dd/img/
metafluorfluorescence-
ratioimagingsoftware.pdf

iTOL(Interactive Tree of Life) (Letunic and Bork, 2016) https://itol.embl.de

Jalview (Waterhouse et al., 2009) http://www.jalview.org

CytExpert Software v2.0 Beckman Coulter, USA https://www.beckman.com/flowcytometry/
instruments/cytoflex/software
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