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INTRODUCTION 

 

Reactive oxygen species (ROS) have long been known to act as cytotoxic 

molecules. As double-edged swords they enable phagocytes to destroy 

engulfed particles and bacteria, however, they also promote inflammation, the 

development of tumors and neurodegenerative diseases and can accelerate 

aging. In the recent years it has become clear that in lower concentrations 

when their production is precisely controlled, they can act as important 

regulators of fundamental biological processes such as hormone biosynthesis, 

vascular tone, apoptosis or even fertilization. 

The main ROS in our cells are superoxide, hydrogen peroxide (H2O2) and 

the hydroxyl radical. H2O2 is the most stable and abundant of the three 

molecules and has been found to be an important regulator of various 

physiological processes. Its high selectivity and reactivity towards certain 

cysteine residues makes it fit for signaling. Several proteins have been 

identified as targets of H2O2, and their number is still increasing. 

Numerous aspects of the intracellular ROS production are still of debate, 

such as details of its spatial and temporal production or its concentration 

within different cellular compartments. The major site of their production has 

long been considered to be the mitochondria, where they have been regarded 

as unfortunate byproducts of the electron transport chain. The regulated 

production of ROS is mostly due to the activity of the NADPH oxidase (NOX) 

enzymes. Oxidative protein folding, that takes place in the endoplasmic 

reticulum (ER) of eukaryotes is also thought to be a potentially important 

source of ROS. 

The NOX family of NADPH oxidases is comprised of seven members. 

The first described and most thoroughly investigated enzyme is the phagocyte 

oxidase or NOX2 protein. These enzymes containing six transmembrane 
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domains produce superoxide at the expense of NADPH. The NOX1, NOX3 

and NOX4 enzymes are highly homologous to NOX2, and the main site of 

their expression is the colon, the inner ear and the kidney, respectively. A 

further member of the enzyme family, NOX5 that shows high expression in the 

testis, distinguishes itself from the NOX1-4 enzymes by the presence of a long 

intracellular NH2 terminus containing Ca2+-binding EF hand domains that are 

responsible for its activation. The DUOX1 and DUOX2 enzymes also contain 

EF-hand domains and besides the NOX homology domain they have a seventh 

transmembrane domain at the NH2 terminus with an extracellular peroxidase 

like domain. An important site of their expression is the thyroid gland and they 

are also present in surface epithelia (skin, airways, salivary glands, 

gastrointestinal tract, bladder) where they have been proposed to serve as a 

first line of host defense. It has been shown that in thyroid cells their product, 

H2O2 is indispensable for the gland’s hormone production. The function of 

several NOX enzymes is still unknown and the physiological role of the 

superoxide and H2O2 they produce is still a matter of intense research. 

Disulfide bonds between cysteine residues stabilize the structure of 

proteins. Their formation takes place during the oxidation of thiol-groups, 

which is catalyzed in vivo by an enzymatic relay that involves protein disulfide 

isomerases (PDI) and endoplasmic reticulum oxidoreductases (Ero1). 

Experiments on yeast cells and recombinant proteins have shown that during 

this process molecular oxygen serves as the terminal electron acceptor and its 

reduction by two electrons to yields H2O2. This suggested that oxidative 

protein folding in the endoplasmic reticulum could be an important source of 

ROS. In intact mammalian cells, however, the rate of H2O2 production during 

this process was still a question before our studies. 

The research of reactive oxygen species has been hampered by the lack of 

adequate methods for the accurate and specific intracellular assessment of 

 3



ROS production. Although sensitive and selective methods are available for 

the measurement of ROS outside of cells, it has proved difficult to devise 

methods for their selective intracellular detection. Two main approaches exist: 

measurement with fluorescent dyes or genetically encoded protein-based 

probes. 

The most commonly used dyes such as 2′,7′-dichlorodihidrofluorescein 

are relatively nonselective and are often susceptible to photooxidation. Their 

fluorescence is thus a measure of generalized oxidant production rather than 

that of any particular reactive oxygen species. Novel approaches are emerging 

that will hopefully overcome these drawbacks. Genetically encoded probes 

have the advantage of being targetable to various compartments of the cell. 

With the non-specific redox-sensitive green fluorescent protein (roGFP) 

localized redox-state changes can be followed in different cellular organelles. 

The development of the first fluorescent protein-based H2O2-sensor was an 

important step in ROS research, however, HyPer is very sensitive to changes 

in pH that frequently accompany the production of H2O2. Therefore, the results 

obtained from experiments with HyPer should be interpreted very carefully, 

similarly to those generated by the application of fluorescent dyes. 
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OBJECTIVES 

 

The main aims of my experiments were as follows: 

 

• Mapping the intracellular level of H2O2 in various compartments with the 

genetically encoded probe, HyPer. 

 

• Examining the source of the high [H2O2] measured in the ER, and 

following its level during Ca2+ mobilization from the organelle. 

 

• Investigating the effect of H2O2 produced by a physiological source on 

cellular Ca2+-signals, by preparing and measuring urothelial cells form 

wild type and knockout mice. 

 

• Development of novel genetically encoded fluorescent probes for the 

specific detection of H2O2. 

 

• Spatial and temporal analysis of NOX2 and DUOX1 generated hydrogen 

peroxide signals. 
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METHODS 

 

Gene construction, DNA constructs, gene silencing 
 

HyPer was targeted to various cellular compartments by fusing short 

localization signals to its N- or C-terminus. Nuclear targeting was achieved by 

using the localization signal of the SV40 T-antigen, plasma membrane 

targeting by fusing the CAAX domain of human K-Ras to the C-terminus and 

to target HyPer to the cytoplasmic surface of the ER the localization signal of 

S. cerevisiae ubiquitin conjugase 6 was used. For targeting HyPer to the 

mitochondrial matrix the N-terminal localization signal of the human 

cytochrome c oxidase VIII. subunit was used, and as an N-terminal ER luminal 

target sequence the murine Vh chain localization signal was used in 

combination with a C-terminal KDEL retention signal. 

Human Ero1-Lα, DUOX1, DUOXA1, the murine J-chain and the S. 

cerevisiae Yap1 and Orp1 proteins or their necessary domains were cloned 

from cDNA prepared from the respective species. The polymerase chain 

reaction was used to amplify the coding regions of the proteins. The PCR 

products were cloned into pcDNA3.1 V5-His-TOPO, pcDNA3.1(+), 

pmCherry-N1, pEGFP-N1 vectors or the pSB/CMV/MCS/Puro transposon 

plasmid. 

The H2O2 sensor protein, OxyFRET was created by fusing CeruleanΔ11, 

the redox domain of Yap1 comprised of its two cysteine-rich domains (nCRD 

and cCRD) and cp173Venus. To create PerFRET the nCRD domain of 

OxyFRET was replaced by the full length Orp1 protein. 

Single amino acid change mutants of HyPer, Ero1-Lα, OxyFRET and 

PerFRET were created by using the QuikChange® Site-Directed Mutagenesis 

Kit (Stratagene). 
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For the transient knockdown of Ero1-Lα three different Stealth® duplex 

siRNAs were used or short hairpin RNAs that were expressed from the 

psiSTRIKE-hMGFP plasmid. 
 

Cell culture, transfection and the preparation of urothelial cells 
 

COS-7 and HeLa cells were obtained from ATCC-LGC and maintained in 

Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 

penicillin and streptomycin. The PLB-985 human myeloid leukemia cell line 

was cultured in suspension in RPMI 1640 medium supplemented with 10% 

fetal calf serum, penicillin and streptomycin. To differentiate PLB-985 cells 

into neutrophil granulocyte like cells, the culture medium was supplemented 

with 0.5% v/v dimethylformamide while reducing the medium's FCS content 

to 0.5% v/v for 7 days. 

To prepare urothelial cells from wild type and DUOX1 knockout mice 

their bladder was cut open and the urothelium was stripped from the layer of 

underlying cells and was subsequently treated with trypsin. After neutralizing 

the trypsin, cells were sedimented by centrifugation and were resuspended in 

EC-1 medium, containing 133 mM NaCl, 3.1 mM KCl, 1.2 mM CaCl2, 0.5 

mM KH2PO4, 0.5 mM MgSO4, 2 mM NaHCO3, 5 mM glucose, and 5 mM Na-

Hepes, pH 7.4. 

DNA plasmids were transfected with FuGene HD (Roche) or 

Lipofectamin 2000 (Invitrogen). Undifferentiated PLB-985 cells were 

transfected by electroporation using the Neon™ transfection system 

(Invitrogen). Stealth® siRNA duplexes were transfected with Lipofectamine 

RNAiMAX (Invitrogen). 

For establishing stable cell lines expressing our H2O2 probes, cells were 

transfected in 1:10 ratio with the SB100x Sleeping Beauty transposase and the 
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pSB/CMV/MCS/Puro vectors encoding the sensors. Flow cytometry was used 

to gate and sort out the population from the puromycin resistant stable cells 

that showed the highest expression of the fluorescent H2O2 sensors. 
 

Confocal and epifluorescent microscopy, FRET technique 
 

Confocal images of paraformaldehyde-fixed cells expressing fluorescent 

proteins or cells stained with a standard immunofluorescent labeling protocol 

were collected on a Zeiss LSM510 confocal laser scanning microscope (Zeiss). 

Intact cells were measured in microfluorimetric experiments using an 

inverted Axio Observer microscope (Zeiss). Excitation wavelengths were set 

by a random access monochromator connected to a xenon arc lamp 

(DeltaRAM, Photon Technology International). 

The intracellular [H2O2] was measured with the ratiometric HyPer probe. 

When the sensor becomes oxidized by H2O2, the excitation peak at 420 nm 

decreases proportionally to the increase in the excitation peak around 490-500 

nm. After measuring the emitted light intensity at 520 nm and subtracting the 

fluorescence background, the F490/F420 excitation ratio of HyPer can be 

calculated. This quotient is proportional with the oxidational state of the 

molecule, thus the level of H2O2. 

The cytoplasmic [Ca2+] was measured with the ratiometric Fura-PE3 dye. 

The absorption maximum of the fluorescent dye shifts from 380 nm to 340 nm 

upon binding Ca2+, while the emission remains constant at 510 nm. The ratio 

of the emitted light intensities (F340/F380) can be directly correlated to the 

amount of intracellular calcium. 

The novel H2O2-sensitive OxyFRET and PerFRET probes are based on 

the mechanism of fluorescence resonance energy transfer (FRET). FRET is the 

non-radiative transfer of energy between a donor and an acceptor fluorophore, 

provided that they are sufficiently close to each other (2-10 nm). In our probes 

a variant of the blue fluorescent protein, CeruleanΔ11 was used as a donor, and 
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a modified yellow fluorescent protein, cp173Venus served as the acceptor. The 

fluorescent probes were excited at a wavelength of 435 nm, and the emitted 

donor intensity was measured around 480 nm, while the acceptor emission at 

535 nm. The FRET ratio is the quotient of the two intensities (Facceptor/Fdonor), 

and depends from the acceptor-donor distance. 
 

Measuring cytoplasmic [Ca2+] and extracellular [H2O2] 
 

The Fura-PE3 dye was used for the assessment of cytoplasmic [Ca2+] 

measurements of primary urothelial cells in suspension. The measurements 

were done in EC-1 medium on a DeltaScan fluorescent spectrophotometer 

(PTI), using excitational wavelengths of 340 and 380 nm, and detecting the 

emission at 510 nm. 

H2O2 production of PLB-985 and DUOX1 transfected COS-7 cells was 

measured in the extracellular medium with the Amplex Ultra Red reagent by 

detecting the amount of produced resorufin with the POLARstar OPTIMA 

fluorimeter at the excitation and emission wavelengths of 580/610 nm, 

respectively. 
 

Western blot experiments and J-chain oxidation assay 
 

To measure the level of Ero1-Lα in HeLa cells and the oxidational state of 

the V5-tagged modified J-chain, cell lysates were run on 10% SDS- 

polyacrylamide gels and were subsequently blotted to nitrocellulose 

membranes. For the analysis of J-chain oxidation cells were pretreated with N-

ethyl maleimide, an alkylating agent that binds to the free thiol-groups of 

cysteine side chains, and modifies the migration of the proteins. The 

membranes were incubated with anti-Ero1-Lα, anti-V5 and anti-beta-actin 

primary, than with HRP-conjugated secondary antibodies. Proteins were 

finally detected by a chemiluminescent method (ECL). 
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Statistics and dose-response curves 
 

Statistical analyses were performed using Sigmaplot 11.0 and Origin 8.0 

softwares. For estimating significance of differences Student's t test or the 

Mann–Whitney–Wilcoxon U-test was used, as appropriate. To calculate dose-

response curves sigmoidal nonlinear curve fitting was used. 
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RESULTS 

 

The subcellular distribution of intracellular H2O2 production was measured 

in Hela cells with the HyPer probe. By fusing short localization signals to the 

N- and C-terminus of HyPer we targeted it to different organelles. The 

localization of the recombinant proteins was examined by confocal 

microscopy. Using single cell fluorimetry we determined that in the cytosol, 

nucleus and on the cytoplasmic surface of the ER and the plasma membrane 

the level of H2O2 is similar. In the matrix of the mitochondria we observed 

higher [H2O2], and we measured the highest level in the lumen of the ER. 

In our following experiments we focused on the origin and regulation of 

the H2O2 level in the lumen of the ER. Overexpression of Ero1-Lα 

significantly increased, while its dominant negative mutant, Ero1-LαC394S 

decreased the [H2O2] in the ER. Furthermore, siRNA mediated downregulation 

of Ero1-Lα also resulted in the attenuation of the measured signal. We were 

interested whether the calcium content of the ER has any effect on the 

oxidative state of this compartment. We used thapsigargin, an inhibitor of the 

SERCA-pump to decrease the [Ca2+]ER, and found that the [H2O2]ER decreased 

simultaneously, with similar kinetics as calcium. Mobilizing calcium in a more 

physiological manner, using histamine led to a transient decrease of the ER 

H2O2 level. 

Since the previously described experiments suggested a role for Ero1-Lα 

in generating H2O2 in the ER, we were interested whether the effect of calcium 

store depletion on the ER H2O2 level was mediated by a change in Ero1-Lα 

activity. To study this we used an assay that detects the rate of disulfide bond 

formation in J-chains. According to our results Ero1-Lα increased, 

thapsigargin, however, had no effect on J-chain folding suggesting that 
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changes in Ero1-Lα activity were not responsible for the calcium store 

depletion-induced drop of the H2O2 level. 

To further test the relationship between cellular calcium homeostasis and 

[H2O2], we measured calcium signals in primary urothelial cells. Our research 

group has previously shown that DUOX1 is expressed in the urothelium where 

it produces H2O2 in a calcium-dependent manner. These cells allowed us to 

study the effect of a physiological H2O2 source on the rate and kinetics of 

cytoplasmic calcium signals. According to our results thapsigargin, ATP and 

the TRPV4 channel agonist GSK1016790A produced similar calcium signals 

in wild-type and DUOX1 knockout cells, indicating that DUOX1-generated 

H2O2 does not influence the calcium signal in urothelial cells. 

The lack of appropriate and reliable techniques for the specific 

measurement of H2O2 has prompted us to develop novel probes. H2O2 can 

specifically oxidize certain cysteine residues in proteins leading to formation 

of disulfide bonds and changes in their conformation that can be measured 

using the technique of fluorescence resonance energy transfer (FRET). We 

have designed two different, genetically encoded probes that are based on the 

H2O2-sensitive Orp1-Yap1 redox relay system of S. cerevisae.  In both probes 

H2O2-sensitive regions were inserted between the variants of the Cerulean and 

Venus fluorescent proteins. The probe OxyFRET contains the N- and C-

terminal cysteine-rich domains of Yap1, while the sensor part of PerFRET is 

composed of the Yap1 C-terminal cysteine-rich domain and the Orp1 protein. 

We characterized the probes in HeLa cells and found that H2O2 induced a 

dose-dependent increase in the FRET signal from OxyFRET-expressing cells, 

while a decrease in FRET ratio was measured in PerFRET-expressing cells. 

The opposite direction of FRET ratio changes probably reflects distinct 

conformational changes that bring the fluorophores closer to each other or 

increase the distance between them, respectively. Both probes are sensitive to 
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H2O2 concentrations between 1 and 100 µM and are specific towards H2O2 

compared to other oxidizing and reducing agents. OxyFRET and PerFRET 

only showed little changes of the basal FRET ratio in the physiological pH 

range of: 6.7 - 8.0. 

Next we sought to determine whether our probes can detect H2O2 

produced by an enzymatic source, such as the phagocytic NADPH oxidase. In 

these experiments we used PLB-985 cells that can be differentiated into 

neutrophil granulocyte-like cells. We established stable cell lines in which the 

OxyFRET probe was targeted either to the mitochondrial matrix or to the 

plasma membrane of the cells and we confirmed the localization of the probes 

with confocal microscopy. In subsequent experiments we measured FRET 

signals from PMA-stimulated (phorbol myristate acetate) cells and found a 

time-dependent increase of [H2O2] both at the plasma membrane and in the 

mitochondrial matrix as a result of NOX2 activation. 

We were curious to see whether our probes can detect H2O2 produced by 

other NADPH oxidases that are characterized by lower ROS output, such as 

the DUOX enzymes. The proper targeting and function of the Dual oxidases is 

dependent on the presence of DUOX activators (DUOXA) that likely form a 

complex with them. To measure oxidative changes in the molecular proximity 

of DUOX1 we fused the OxyFRET or PerFRET probes to the C-terminus of 

DUOXA1. DUOX1 activity was measured in COS-7 cells during stimulation 

with the receptor agonist ATP or the Ca2+-ionophore ionomycin. H2O2 

production was detected in the proximity of the enzyme with the fusion protein 

sensors, as well as in the cytosol with the non-targeted probes. We also showed 

that in ATP-activated cells DUOX1-derived H2O2 does not significantly 

penetrate into the mitochondrial matrix of the enzyme-expressing cells. Finally 

we found that ionomycin- or ATP-induced H2O2 production was readily 

detectable in the cytosol of neighboring cells that do not express DUOX1. 
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CONCLUSIONS 
 

With our experiments we have successfully mapped the level of H2O2 in 

different cellular compartments. We targeted a recently described protein-

based H2O2 sensor, HyPer to different organelles of HeLa cells and 

demonstrated that among the compartments examined, the level of H2O2 is the 

highest within the ER. Our results suggest that H2O2 does not significantly leak 

out of the ER, as the signal measured at the cytoplasmic surface of the 

organelle was the same as in the cytosol. In further experiments we found 

positive correlation between Ero1-Lα expression and the level H2O2, the 

results suggested, however, that the enzyme is not the only source of the ROS 

in this compartment. Our experiments provided evidence for the assumption 

that disulfide-bond formation in the ER of mammalian cells leads to H2O2 

production. We also showed that the mobilization of calcium from the ER 

either by thapsigargin or by the receptor agonist histamine, resulted in a rapid 

drop of [H2O2]ER. According to our results, however, oxidative protein folding, 

a process that is regulated by Ero1-Lα was not influenced by the decrease of 

[Ca2+]ER. This further suggests that enzymatic sources other than Ero1-Lα are 

also responsible for building up high [H2O2] in the ER. We also investigated 

the possible role of H2O2 in regulating the Ca2+ homeostasis by measuring 

cytoplasmic calcium signals in primary urothelial cells. According to our 

results, however, DUOX1-derived H2O2 does not influence the amplitude and 

kinetics of the Ca2+-signal in these cells. 

As part of my work as a doctoral student, I have engaged myself in 

developing novel tools for the intracellular measurement of H2O2. OxyFRET 

and PerFRET, the new FRET-based sensors that I have created are sensitive to 

H2O2 concentrations between 1 and 100 µM. The probes exceed the previously 

available H2O2 sensors in terms of sensitivity and specificity. It is important to 
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note that their low pH-sensitivity allows them to be used for following 

physiological processes that are accompanied with changes in the [H+]. We 

have successfully used these sensors to measure H2O2 production by the 

NADPH oxidases NOX2 and DUOX1 at different subcellular sites. The two 

enzymes differ in the amount of H2O2 they produce. The activation of NOX2 

leads to H2O2 production that can be measured under the plasma membrane or 

even in the mitochondrial matrix of PLB-985 cells that were differentiated into 

neutrophil granulocyte like cells. DUOX1-produced H2O2, however, can only 

be measured in the proximity of the enzyme or in the cytosol, it does not 

radiate into the mitochondrial matrix of the cell. Finally we showed that the 

activation of DUOX1 elevates the H2O2 level in the neighboring cells as well, 

raising the possibility that this molecule can act as a physiological paracrine 

mediator.  
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