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Abstract

Formation of intra- and intermolecular disulfide bonds is an essential step in the synthesis of secretory proteins.
In eukaryotic cells, this process occurs in the endoplasmic reticulum (ER) and requires an oxidative environment
with the action of several chaperones and folding catalysts. During protein folding, Ero1p oxidizes protein di-
sulfide isomerase (PDI), which then directly catalyzes the formation of disulfide bonds in folding proteins.
Recent cell-free studies suggest that the terminal electron acceptor in the pathway is molecular oxygen, with the
resulting formation of hydrogen peroxide (H2O2). We report for the first time the measurement of ER H2O2 level
in live cells. By targeting a fluorescent protein–based H2O2 sensor to various intracellular compartments, we
show that the ER has the highest level of H2O2, and this high concentration is well confined to the lumen of the
organelle. Manipulation of the Ero1-La level—either by overexpression or by siRNA-mediated inhibition—
caused parallel changes in luminal H2O2, proving that the activity of Ero1-La results in H2O2 formation in the ER.
We also found that calcium mobilization from intracellular stores induces a decrease in ER H2O2 level, sug-
gesting a complex interplay between redox and calcium signaling in the mammalian ER. Antioxid. Redox Signal.
13, 721–729.

Introduction

Disulfide bond formation is an essential step in the
synthesis of secretory proteins. The catalytic events of

protein folding take place in the ER (13). Our best under-
standing of oxidative protein folding originates from studies
on yeast in which the thiol oxidase Ero1p was identified as an
essential protein in the process (9, 21, 23). The FAD-bound
Ero1p oxidizes protein disulfide isomerase (PDI), which then
directly catalyzes the formation of disulfide bonds in folding
proteins. Cell-free studies suggest that the final electron ac-
ceptor in the pathway is molecular oxygen, which is finally
reduced to hydrogen peroxide (H2O2) (12, 27).

The molecular details of protein folding in the mammalian
ER are less clear, but mammalian homologues of Ero1p do
exist and presumably play a role in protein folding similar to
that observed in yeast (2). Ero1-La is present in several tissues,
whereas Ero1-Lb expression is characteristic for cells with high
secretory capacity (19). Based on the mechanism of oxidative
protein folding, it is assumed that the process imposes serious
oxidative stress on cells that can be especially high in secretory
cells, such as insulin-producing b cells or antibody-secreting
plasma cells (3). Tu et al. (26) suggested that Ero1p activity
could be responsible for�25% of total ROS production during
protein synthesis. Despite the obvious significance of ER-

associated ROS production, surprisingly little is known about
this process. The scant amount of information on this issue
is partially explained by the lack of adequate methods for the
accurate, subcellular assessment of ROS production.

Recently Belousov et al. (1) introduced a novel fluorescent
tool for measuring H2O2 in live cells. The probe HyPer was
described to be specific for H2O2, because the sensor is based
on the H2O2-sensing ability of the bacterial transcription fac-
tor OxyR (7). In this work, we targeted HyPer to different
intracellular organelles and measured H2O2 concentration at
these sites. Here we show that, among the organelles exam-
ined, the lumen of the ER contains the highest level of H2O2.
The high level of H2O2 is well confined to the lumen of the ER
and does not radiate beyond the luminal surface. We also
showed that manipulation of Ero1-La level—either by over-
expression or by siRNA-mediated inhibition—caused parallel
changes in luminal hydrogen peroxide concentration. Further-
more, we demonstrate that depletion of intracellular calcium
stores induces a decrease in the ER hydrogen peroxide level.

Materials and Methods

Materials

Histamine, thapsigargin, N-ethylmaleimide, 4,6-diamidino-
2-phenylindole (DAPI), and DTT were purchased from Sigma
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(St. Louis, MO). Fura-PE3 acetoxymethyl ester was obtained
from TEFLABS (Austin, TX). Anti-rabbit horseradish pero-
xidase and anti-mouse horseradish peroxidase were from
Amersham Biosciences (Piscataway, NJ); polyclonal anti-Ero1-
La Antibody was from Cell Signaling (Danvers, MA); mono-
clonal anti-PDI antibody was from Abcam (Cambridge, MA);
monoclonal anti beta actin antibody was from Sigma; Alexa
568 monoclonal anti-mouse antibody was from Molecular
Probes (Invitrogen, Carlsbad, CA); and monoclonal anti-V5
antibody was purchased from AbD Serotec (Martinsried,
Germany).

DNA constructs, gene silencing

Vectors encoding HyPer (cytosolic) and HyPer-M (mito-
chondrial) described by Belousov et al. (1) were purchased
from Evrogen (Moscow, Russia). HyPer was targeted to the
cytoplasmic surface of the ER (HyPer-ERcyto), to the nucleus
(HyPer-3NLS), and to the plasma membrane (HyPer-PM) by
using the following target sequences fused to the C terminus
of the protein through a short linker (ANSRV). HyPer-ERcyto:
localization signal of Saccharomyces cerevisiae ubiquitin con-
jugase 6 (MVYIGIAIFLFVGLFMK); HyPer-3NLS: SV40 T-
antigen NLS in triplicate (DPKKKRKV)3; and HyPer-PM:
C-terminal CAAX domain of human K-Ras (KMSKDVKK
KKKKSKTKCVIM). For targeting HyPer to the lumen of the
ER (HyPer-ERlum), the HyPer cDNA was subcloned into the
pCMV=myc=ER=GFP (Invitrogen) vector in place of the GFP
fluorophore by using the PstI and NotI restriction sites. This
construct uses the N-terminal ER-target sequence of the mu-
rine Vh chain (MGWSCIILFLVATATGAHS) and a C-terminal
KDEL retention signal for efficient ER targeting.

To create a vector encoding mCherry-ER, the GFP fluor-
ophore of pCMV=myc=ER=GFP was replaced with mCherry
by using the NheI NotI restriction sites. To create a vector
encoding a mitochondrially targeted mRFP (mito-mRFP), the
GFP fluorophore of pEF=myc=mito=GFP (Invitrogen) was
replaced with mRFP by using PstI and NotI restriction sites.
This construct uses the N-terminal target sequence of the
human cytochrome c oxidase VIII. subunit for efficient tar-
geting. For targeting mRFP to the plasma membrane (PM2-
mRFP), the N-terminal palmitoylation=myristoylation signal
of the Lyn protein (MGCIKSKGKDSAGA) was used (15). A
PCR fragment corresponding to the coding region of human
Ero1-La mRNA was generated by using cDNA from human
pulmonary fibroblast cells (Promocell, Heidelberg, Germany)
as a template and the following oligonucleotides as primers:
50-AAG CTG CCG GAG CTG CAA TGG-30 and 50-TTA ATG
AAT ATT CTG TAA CAA GTT CCT GAA GT-30. The PCR
product was subcloned into the pcDNA3.1 V5-His-TOPO
TA-cloning vector (Invitrogen). To create Ero1-La-mCherry,
the construct was subcloned into a pmCherry-N1 vector by
using XhoI and KpnI restriction sites.

Synthetic Ero1-La RNAi duplexes (Stealth siRNA; Invitro-
gen) were obtained from Invitrogen for transient knockdown
of Ero1-La. The sequences are as follows: Ero1-La-Si1: 50-GGG
ACA CAA CAU UAC AGA AUU UCA A-30; Ero1-La-Si2: 50-
GGG CUU UAU CCA AAG UGU UAC CAU U-30. A medium
GC content control Stealth siRNA was used as negative con-
trol (Si-C). The same Ero1-La-Si1 and Si2 sequences were
expressed as short hairpin RNAs by using the psiSTRIKE-
hMGFP (Promega, Madison, WI) vector, following the man-

ufacturer’s instructions. Control siSTRIKE vectors were cre-
ated by swapping three nucleotides in the specific siRNA
sequences leading to the following sequences: Control Ero1-
La-Si1, GGG ACg CAA CAa UAC AuA AUU UCA A; control
Ero1-La-Si2,GGG CUg UAU uCA AAG UcU UAC CAU U.
psiSTRIKE vectors were further modified by replacing the
hMGFP fluorophore to mCherry by using NheI and BstBI re-
striction sites.

A modified murine J chain ( JcM) was created, as described
by Mezghrani et al. (17). In brief, JcM was PCR amplified from
cDNA prepared from murine spleen cells by using the prim-
ers 50-ATG AAG ACC CAC CTG CTT CTC TGG-30 and 50-
CGA TTC TTG CTA CCT TGA CTG CTC GAG C-30. The PCR
product was subcloned into the pcDNA3.1 V5-His-TOPO TA-
cloning vector. With this protocol an extra cysteine was
inserted between the J-chain coding region and the V5 tag. To
enhance the expression of the protein, the construct was
subcloned into the pcDNA 3.1(þ) vector (Invitrogen) con-
taining a GCCACC Kozak-sequence by using the KpnI and
EcoRI restriction sites. To increase the retention of the protein
in the ER, a C-terminal KDEL sequence was added to the
construct.

Single-amino-acid change mutants of HyPer (C199S cor-
responding to C121S in OxyR) and Ero1 (C394S) were created
by using the Stratagene (La Jolla, CA) QuikChange site-
directed mutagenesis kit, following the manufacturer’s in-
structions. To identify mutant clones, silent mutations were
also introduced in the QuikChange primers that were auto-
matically designed by using the sequence-handling program
‘‘SeqHandler’’ (8).

All cloned, subcloned and mutated constructs were veri-
fied by sequencing.

Cell culture and transfection of cells

HeLa (CCL-2) cells were obtained from American Type
Culture Collection (Manassas, VA) and maintained in Dul-
becco’s modified Eagle’s medium (Lonza, Basel, Switzerland)
supplemented with 10% fetal calf serum, 50 units=ml peni-
cillin, and 50 mg=ml streptomycin in a 5% humidified CO2

incubator at 378C.
Cells were plated on six-well tissue-culture plates 1 day

before transfections at a density of 2�105 cells=35-mm well for
Western-blot and JcM-oxidation assays. For imaging experi-
ments, cells were grown on 25-mm-diameter circular glass
coverslips at a density of 1.5�105 cells=35-mm wells. Cells
were transfected for 24 to 48 h with the indicated constructs
(1 mg of total DNA=well) by using FuGene HD (Roche, Basel,
Switzerland), according to the manufacturer’s instructions.
For RNAi experiments, Stealth siRNA duplexes (final con-
centration of 100 nM) were transfected for 48 h with Lipo-
fectamine RNAiMAX reagent (Invitrogen), following the
manufacturer’s instructions.

Immunofluorescence, confocal analysis,
and fluorescence measurements

Cellular nuclei were stained with DAPI and a standard
immunofluorescent labeling protocol was used to stain PDI
with Alexa568. Confocal images were collected on a Zeiss
LSM510 confocal laser scanning microscope, equipped with
a 63�1.4 oil immersion objective (Plan-Apochromat; Zeiss,
Thornwood, NY) on a thermostated (378C) stage. HyPer and

722 ENYEDI ET AL.



DAPI were excited with 488-nm argon and 405-nm violet
diode lasers, respectively. Alexa568 and mRFP were excited
with a 543-nm helium=neon laser. Emissions were collected
by using a 500- to 530-nm bandpass filter for HyPer, 420- to
480- nm bandpass filter for DAPI, and a 560-nm longpass filter
for Alexa568 and mRFP. Postacquisition picture analysis was
performed by using the Photoshop (Adobe) software to ex-
pand to the full dynamic range, but only linear changes were
allowed.

Fluorescence-intensity measurements were performed on
an inverted microscope (Axio Observer, Zeiss) equipped with
a 40�1.4 oil-immersion objective (Fluar, Zeiss) and a Cascade
II camera (Photometrics, Tucson, AZ). Excitation wavelengths
were set by a random-access monochromator connected to a
xenon arc lamp (DeltaRAM, Photon Technology Interna-
tional, Birmingham, NJ). For ratiometric measurements of
HyPer, excitation wavelengths of 490 and 420 nm were se-
lected, combined with a 505-nm dichroic filter and a 525=36-
nm emission filter set. Before the experiment, coverslips were
placed into a chamber that was mounted on a heated stage,
with the medium temperature kept at 378C. Cells were incu-
bated in 1 ml of a HEPES-buffered solution containing
145 mM NaCl, 5 mM KCl, 1 mM MgCl2, 0.8 mM CaCl2, 10 mM
HEPES, 5 mM glucose, pH 7.4, and stimuli were added in
0.1 ml of prewarmed buffer after removing 0.1 ml of medium
from the cells. The MetaFluor (Molecular Devices, Down-
ingtown, PA) software was used for data acquisition. Images
were acquired every 10 s for a period of 3 or 30 min. The
490=420-nm fluorescence excitation ratio of HyPer was cal-
culated after background fluorescence subtraction.

The titration curve of HyPer was achieved by sequential
addition of increasing concentrations of H2O2 to HeLa cells
expressing HyPer-C. Mean fluorescence intensities over in-
dividual cells were calculated from 3-min recordings. For
time-resolved measurements of fluorescence, background-
subtracted recordings were averaged and plotted against
time.

For parallel cytosolic calcium [Ca2þ]c and HyPer mea-
surements, cells were loaded with Fura-PE3 (3mM, 30 min,
room temperature). Imaging was performed on the same filter
setup as described before for HyPer, with additional excita-
tions at 340 and 380 nm. Crosstalk between fluorophores was
minimalized by measuring the Fura-PE3 ratio above the nu-
clei of the cells. Remaining crosstalk was calculated and
subtracted, along with the background fluorescence. Images
were acquired every 3 s for a period of 30 min.

Western blot experiments and JcM oxidation assay

Standard SDS-PAGE, Western-blot experiments were per-
formed by using a 1:1,000 dilution of primary anti-Ero1-La,
anti-actin, and anti-V5 antibodies, as described elsewhere
(24). The JcM Oxidation Assay was performed as a modifi-
cation of that described previously (17). In brief, JcM-V5
transfected HeLa cells were treated with 10 mM dithiothreitol
(DTT) in DMEM and kept at 378C for 20 min to achieve dis-
ulfide bond reduction. After two washing steps to eliminate
DTT, oxidation was obtained by incubating cells at 378C in
DMEM. After 0, 1, 2, 4, and 8 min, oxidation was stopped by
washing the cells with ice-cold PBS containing 10 mM N-ethyl
maleimide (NEM). Cells were then lysed in Triton X-100 lysis
buffer (1% Triton X-100, 50 mM Tris, 150 mM NaCl, 10 mM

NEM, protease inhibitors) and processed in a standard non-
reducing SDS-PAGE, Western-blot procedure.

For quantification of Western blots, the densitometry func-
tion of ImageJ 1.41 was used.

Statistics

Means� SEM are shown. For estimating the significance
of differences the Mann–Whitney rank sum test was used.
Data were analyzed with Microsoft Excel and Sigmaplot 10.0
programs.

Results

Several cellular sources and biologic effects of H2O2 have
been identified over the years, but defining the precise role of
H2O2 in living organisms has been difficult due to the lack of
specific techniques for H2O2 measurement. We decided to use
a recently described protein-based H2O2 sensor, HyPer, to
measure H2O2 at different subcellular sites of HeLa cells. The
specificity of HyPer for H2O2 is based on its parent protein,
OxyR, a prokaryotic H2O2-sensitive transcription factor (6).
HyPer is a ratiometric probe: when it becomes oxidized by
H2O2, the excitation peak at 420 nm decreases proportionate
to the increase in the excitation peak at around 500 nm (1). The
advantage of a ratiometric probe is that the fluorescent signal
is independent of the amount of the expressed protein. We
added different targeting sequences to HyPer and studied the
intracellular localization of the recombinant proteins with
confocal microscopy (Fig. 1). In the absence of a specific tar-
geting tag, HyPer localized to the cytoplasm of HeLa cells
(Fig. 1A). For targeting HyPer to the matrix of mitochondria
(Fig. 1B), we used the method described by Belousov et al. (1).
Nuclear localization was achieved by fusing the SV40 T-
antigen nuclear-localization signal to the protein (Fig. 1C), and
we used the CAAX domain of human K-Ras to send HyPer
to the cytosolic surface of the plasma membrane (Fig. 1D).

We used two different strategies to target HyPer to the ER.
For targeting to the lumen of the ER, we fused an N-terminal
ER-target sequence of the murine Vh chain and a C-terminal
KDEL retention signal to HyPer (Fig. 1E). Addition of the lo-
calization signal of Saccharomyces cerevisiae ubiquitin conjugase
to HyPer resulted in localization to the cytoplasmic surface of
ER (Fig. 1F). The specific localization of targeted HyPer pro-
teins was confirmed by showing the colocalization of our
probes with organelle-specific markers or fluorescent fusion
proteins that were sent to the same compartment by using a
different targeting strategy (Supplemental Fig. 1; see www
.liebertonline.com=ars). Next we used single-cell fluorimetry
for the ratiometric measurement of HyPer fluorescence, as de-
scribed by Belousov et al. (1). Figure 1G shows that in the cytosol,
nucleus, and on the cytoplasmic surface of the ER, the ratio was
close to 1, indicating a low H2O2 concentration at these sites
under resting conditions. In the matrix of the mitochondria, we
observed a higher ratio (1.49� 0.03), which is well explained by
the fact that H2O2 is formed as a byproduct of mitochondrial
respiration. Among the organelles examined, we measured the
highest fluorescence ratio in the lumen of the ER (3.10� 0.11). It
is noteworthy that this high level of H2O2 is well confined to the
lumen of ER and does not affect the H2O2 concentration mea-
sured at the cytoplasmic surface of the ER (Fig. 1G).

In our next experiments, we focused on the origin and
regulation of the H2O2 level in the lumen of the ER. First, we
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determined that the fluorescence ratio measured in the ER
corresponds to the fluorescence ratio of HyPer in the cytosol
stimulated with 90 mM H2O2 (Fig. 2A), suggesting that the
concentration of H2O2 in this organelle might reach levels this
high. Next, we studied the effect of the reducing agent DTT on
the fluorescent signal (Fig. 2B). The addition of 0.5 mM DTT to
cells expressing HyPer-ERlum induced a rapid decrease in
fluorescence, indicating that the fluorescent signal truly re-
flects the oxidative state of the ER. When we washed out DTT
from the medium, the signal recovered quickly to the pro-
ximity of the original level (Fig. 2B). The small difference be-

tween the original and the recovered signal is probably due
to the presence of some residual DTT in the ER. The addi-
tion of 100 mM H2O2 to the cells rapidly restored the signal
above the original level, whereas it did not affect the locali-
zation of the probe (Supplemental Fig. 2; see www
.liebertonline.com=ars). Addition of 0.5 mM DTT to cells ex-
pressing cytosolic HyPer had no effect on the fluorescent
signal, indicating that, under resting conditions, cytosolic
HyPer is in a reduced state. When these cells were treated
with 100mM H2O2, the fluorescence ratio increased to the level
observed in cells expressing HyPer-ERlum (Fig. 2B).

FIG. 1. Measurement of subcellular H2O2 levels by specifically targeted HyPer. Confocal images of HeLa cells expressing
HyPer targeted to the cytosol (A) (HyPer-C), mitochondria (B) (HyPer-M), nucleus (C) (HyPer-3NLS), cytosolic surface of the
plasma membrane (D) (HyPer-PM), lumen of the endoplasmic reticulum (E) (HyPer-ERlum), and the cytosolic surface of the
endoplasmic reticulum (F) (HyPer-ERcyto). White bars represent 10mm. (G) The 490=420-nm fluorescence excitation ratio of
HyPer expressed in various cellular organelles of HeLa cells. Bars represent mean values� SEM of 43–103 cells from four
independent experiments.
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Next we studied whether the high fluorescent signal in the
ER is indeed a consequence of the oxidation of specific cys-
teine residues in a H2O2-sensing ‘‘pocket’’ of HyPer (6). To
examine this, we first created a mutant version (C121S) of
cytosolic HyPer. Figure 2C shows that the addition of H2O2 to
cells expressing the wild-type protein induced a large increase
in fluorescence, whereas the mutant version of the protein
was insensitive to H2O2. When the C121S mutant version of
HyPer was targeted to the ER, we measured a much lower
fluorescence ratio compared to the signal observed with the
wild-type protein (Fig. 2D). These experiments have proven
that the high fluorescence ratio observed in the ER is indeed
the consequence of the high H2O2 concentration in this
organelle.

Next we studied the possible origin of the high H2O2 level in
the ER. Cell-free studies using components of the yeast protein-
folding machinery demonstrated that the action of Ero1 pro-
teins results in formation of H2O2 (12, 27). Because this activity
of Ero1 has never been demonstrated in live cells, we manip-
ulated the Ero1-La level in HeLa cells and studied the conse-

quent changes in HyPer fluorescence (Fig. 3). The expression
level of the Ero1-La protein was determined with Western blot
analysis (Fig. 3A). Ero1-La was then tagged with mCherry, to
allow its visualization during coexpression with HyPer-ERlum

(Supplemental Fig. 3; see www.liebertonline.com=ars). As
shown in Fig. 3B, overexpression of Ero1-La increased
HyPer fluorescence (3.67� 0.10). When we overexpressed an
mCherry-tagged dominant-negative form of Ero1-La (Ero1-
LaC394S), we observed a lower fluorescence ratio in the ER
(2.49� 0.04). Furthermore, siRNA mediated downregulation
of Ero1-La with two different siRNAs resulted in the attenua-
tion of the fluorescent signal. These experiments suggested that
the H2O2 level in the ER is dependent on the activity of Ero1-La.

The ER of mammalian cells also plays a central role in
calcium signaling. We were interested to determine whether
the calcium content of the ER has any effect on the oxidative
state of this compartment. To study this, we used thapsigargin
to deplete the intracellular stores of HeLa cells and studied the
HyPer fluorescence in the ER. Figure 4A shows that thapsi-
gargin induced a decrease in fluorescence within 5 min, and

FIG. 2. Specific cysteine residues are oxidized in ER-targeted HyPer. (A) H2O2 titration curve of HyPer-C acquired in
HeLa cells, as described in Materials and Methods (n¼ 42 cells from three independent experiments). (B) HeLa cells ex-
pressing HyPer-ERlum or HyPer-C were perfused for 5 min with 0.5 mM DTT; then DTT was washed out of the medium for
the indicated time. Cells were treated with 100mM H2O2 at the end of the experiment. Mean� SEM are shown (n¼ 26 and 16
cells from three independent experiments on HyPer-ERlum and HyPer-C, respectively). (C, D) The 490=420-nm fluorescence
ratios were recorded for 3 min on HeLa cells expressing HyPer-C (n¼ 46), HyPer-C(C121S) (n¼ 91), HyPer-ERlum (n¼ 85), or
HyPer-ER(C121S)lum (n¼ 60) under basal conditions or after stimulation with 100mM H2O2. Mean� SEM from four inde-
pendent experiments on the given number of cells (n) is shown.
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the signal stabilized at a lower level. Depletion of the intra-
cellular calcium stores induces calcium influx in several cell
types mediated by a store-operated pathway (22). Calcium
influx, however, was not necessary for inducing the decrease
in HyPer fluorescence, because the same change was also
observed in the absence of extracellular calcium (data not
shown). Figure 4A shows that addition of H2O2 to the cells
restored the signal to the original level, indicating that a de-
crease in H2O2 concentration was indeed responsible for the
thapsigargin-induced decrease of fluorescence. Importantly,
the C121S mutant version of HyPer showed little change of
fluorescence in response to thapsigargin (Fig. 4A, lower trace).

In our next experiments, we used histamine to induce cal-
cium mobilization in a more physiologic manner. Figure 4B

shows that histamine also induced a rapid decrease in intra-
luminal H2O2; however, this signal was transient, and the
original fluorescence was restored within 15 min. We managed
to follow the changes of cytosolic calcium and intraluminal
H2O2 in parallel in real time. A representative recording in Fig.
4C shows that thapsigargin elicited an increase in cytosolic
calcium originating from store depletion, whereas HyPer
fluorescence in the ER permanently decreased. Figure 4D
shows that 100mM histamine induced calcium oscillation with
parallel, transient decrease of the HyPer fluorescence. These
experiments suggested that calcium mobilization from intra-
cellular stores, either by a receptor agonist or by inhibiting the
SERCA, results in relaxation of oxidative state in the ER.

Because previous experiments suggested a role for Ero1 in
generating H2O2 in the ER, we were interested in whether the
effect of calcium-store depletion on the ER H2O2 level was
mediated by a change in Ero1 activity. We used an assay based
on the detection of intrachain disulfide bonds in J chains under
nonreducing conditions to study the activity of Ero1 (17). In this
assay DTT is used to reduce disulfide bonds in the ER, and the
speed of recovery from the reduced state reflects the activity of
Ero1. To validate the assay, we studied the effects of over-
expression and siRNA-mediated depletion of Ero1-La on the
kinetics of recovery. As shown in Fig. 5, overexpression of Ero1-
La accelerated the recovery from the reduced state, whereas the
siRNA treatment inhibited J-chain folding after the washout of
DTT. Depletion of intracellular stores by thapsigargin, how-
ever, had no effect on J-chain folding, suggesting that changes
in Ero1 activity were not responsible for a calcium-store
depletion–induced decrease of H2O2 level.

Discussion

Hydrogen peroxide has diverse biologic roles in prokary-
otic and eukaryotic organisms. Production of this compound
has a well-documented effector role in host defense, fertil-
ization, and hormone biosynthesis, but various signaling
functions for H2O2 have also emerged recently (25). Several
cellular sources of H2O2 exist in living organisms. Although
intentional H2O2 formation is a function of the Nox family of
NADPH oxidases (10), H2O2 also is formed as a byproduct of
mitochondrial respiration (18). Oxidative protein folding in
the ER has also been suggested to be a source of H2O2; how-
ever, surprisingly little information has been gathered about
this process over the years.

Reconstitution studies with purified yeast and mammalian
Ero1 proteins suggested that the enzyme can form H2O2; how-
ever, it remained unknown whether H2O2 is also synthesized
in the ER of live cells and whether antioxidant mechanisms
can counterbalance the production of H2O2. With the help of a
recently described protein-based H2O2 sensor, HyPer, we
demonstrated for the first time that a high level of H2O2 exists
in the ER of mammalian cells. H2O2 sensing by HyPer is based
on disulfide-bridge formation between specific cysteine resi-
dues of the OxyR core of the protein (6). One can imagine that
the increased fluorescence of ER-targeted HyPer may originate
from H2O2-independent disulfide-bridge formation directly
mediated by the Ero1=PDI pathway or by a distinct oxidative
mechanism. Our results do not exclude this possibility, but
several observations suggest that HyPer is indeed a specific
sensor for H2O2. First, Zheng et al. (28) tested the sensing spe-
cificity of OxyR by treating E. coli cells with several different

FIG. 3. Ero1-La regulates the level of H2O2 in the ER. (A)
HeLa cells were transiently transfected with non-tagged
Ero1-La, siRNAs corresponding to Ero1-La or a medium GC
content control siRNA (Si-C), as described in Materials and
Methods. Two days after transfection, cell extracts were har-
vested and subjected to Western-blot analysis of Ero1-La
and beta actin. (B) Mean fluorescence ratio of HyPer (490=
420 nm) was calculated from 3-min recordings on HeLa cells
expressing mCherry-ER (n¼ 266) as a control, Ero1-La-
mCherry (n¼ 143), Ero1-La C394S-mCherry (n¼ 187), control
Ero1-La-Si1 (n¼ 172), Ero1-La-Si1 (n¼ 190), control Ero1-La-
Si2 (n¼ 153), and Ero1-La-Si2 (n¼ 171). Means� SEM from
three independent experiments on the given number of cells
(n) are shown (*p< 0.001, **p¼ 0.01). Average mCherry fluo-
rescence was the same in all experiments.
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oxidants, including H2O2, diamide, S-nitrosocysteine, nitrite,
hydrazine and its derivates, hypochlorous acid and oxidized
lipoic acid. Among the tested compounds only H2O2 and di-
amide-activated OxyR, and activation by diamide occurred at
concentrations higher than 100mM. Belousov et al. (1) also
tested the effect of several oxidants, and only H2O2 increased
the HyPer fluorescence (1). This remarkable selectivity for
H2O2 is provided by the structural features of OxyR, the
parent molecule for HyPer. Protein crystallographic studies
revealed that H2O2 sensing by OxyR is mediated by the H2O2-
mediated oxidation of specific cysteine residues, which are
located inside a hydrophobic binding pocket that is accessible
only to the small-sized H2O2 (6). In agreement with these
observations, mutation of a key cysteine residue (Cys121) in
ER-targeted HyPer led to a decrease in fluorescence and
turned the protein insensitive to changes of H2O2. By using
specific target sequences, we also mapped H2O2 levels at other
intracellular locations, and among the sites examined only the
mitochondrial matrix showed an increased oxidative state.
Interestingly, when HyPer was targeted to the cytoplasmic
surface of the ER, its fluorescence was the same as that in the
cytosol, indicating that no significant H2O2 leak occurs from
the ER lumen. Insulating the high H2O2 levels is probably of
high priority, because H2O2 could exert unwanted effects on
cytosolic metabolic processes and signaling networks.

To find the origin of the high oxidative state of the ER, we
manipulated Ero1-La expression in Hela cells and found a
positive correlation between Ero1-La expression and H2O2

level. These observations establish for the first time a link
between Ero1-La activity and H2O2 production in live cells.
The observed changes were relatively modest (within 80% of
the original signal), which might be explained by the residual
protein expression after siRNA treatment and the relative
insensitivity of HyPer toward H2O2 levels higher than 100 mM
(data not shown). Furthermore, when we manipulated Ero1-
La levels, we always measured fluorescence at a new steady
state, where the altered Ero1-La activity might have been
counterbalanced by parallel changes in H2O2 degradation.

It is also possible that enzymatic sources other than Ero1-La
are responsible for building up high H2O2 levels in the ER.
For example, an ROS-producing enzyme, NADPH oxidase 4
(Nox4), has been reported to localize to the ER (5, 20). The
enzymatic activities of Nox1, Nox2, Nox3, and Nox4 have
been reported to be dependent on complex formation with
p22phox (11). Complete inhibition of p22phox expression by
siRNA treatment did not affect the fluorescence of HyPer-
ERlum (data not shown), indicating that Nox enzymes are
unlikely to be a source of ROS in the ER of HeLa cells. The
contribution of other oxidoreductases, however, cannot
be excluded (4). The connection between Ero1-La activity and

FIG. 4. Calcium mobilization from intracellular stores induces a decrease in ER H2O2 level. (A, B) Time course of
thapsigargin (200 nM)- and histamine (100mM)-induced changes in HyPer-ERlum (black) and HyPer-ER(C121S)lum (blue)
fluorescence ratios. Traces are averages� SEM of 24–34 recordings for thapsigargin and histamine, respectively, from three
independent experiments. (C, D) Simultaneous imaging of HyPer-ERlum fluorescence (black) and cytosolic Ca2þ changes (red)
on thapsigargin or histamine stimulation. The left axis represents the excitation ratio of HyPer (490=420), and the right axis,
that of Fura-PE3 (340=380). Traces of representative measurements are shown. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
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H2O2 production has important potential physiologic and pa-
thophysiologic consequences. Our results suggest that protein
folding in cells with high Ero1 activity (such as insulin-
producing cells of the pancreas) is associated with high in-
traluminal H2O2 production in the ER. Currently, we are
studying whether shielding of intraluminal H2O2 in secretory
cells is effective, similar to that observed in HeLa cells.

Besides its regulation by Ero1-La, we also found evidence
that intraluminal calcium in the ER has a profound effect
on the H2O2 concentration of the same compartment. Mobi-
lization of calcium from the ER, either by thapsigargin or by
the receptor-agonist histamine, resulted in a rapid decrease of
H2O2 level in the ER.

Currently we have no mechanistic explanation for this ef-
fect, but a change in Ero1-La activity seems unlikely, because
thapsigargin did not affect the folding of immunoglobulin J

chains, a process that is strictly dependent on the activity of
Ero1-La (17). Furthermore, the amplitude of the thapsigargin-
induced decrease of the fluorescence ratio was not affected by
the level of Ero1-La (data not shown). It is possible that instead
of regulating the formation of H2O2, intraluminal calcium has
an effect on the degradation of H2O2. Whatever the case may
be, the revealed interplay between redox changes and calcium
signaling supplements earlier observations, which already
suggested a link between the redox state of the ER and cal-
cium handling. Li and Camacho (16) showed that SERCA 2b
activity is modulated by CRT and ERp57 oxidoreductases in a
redox-state-dependent manner. They also showed that SER-
CA activity is higher when the ER lumen is in a reduced state,
which, according to our observations, develops when calcium
content of the ER is depleted. Furthermore, the activity of IP3

receptor type 1 is also modulated by the redox state of the ER
in a way that the reduced state of the ER inhibits Ca2þ release
through the receptor (14). These data, combined with our
observations, fit to a model in which the calcium release in-
duces a more-reduced state of the ER, which then favors
restoration of the original calcium content through the parallel
inhibition of further calcium release and stimulation of Ca2þ-
pump activity.
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DMEM¼Dulbecco’s modified Eagle’s medium
DTT¼dithiothreitol

ER¼ endoplasmic reticulum
Ero1¼ endoplasmic reticulum oxidoreductin 1
FAD¼flavin adenine dinucleotide
GFP¼ green fluorescent protein

HEPES¼ 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid

IP3¼ inositol-1,4,5-trisphosphate
JcM¼modified murine J chain

NADPH¼nicotinamide adenine dinucleotide phosphate
NEM¼N-ethyl maleimide
Nox¼NADPH oxidase
PBS¼phosphate-buffered saline
PDI¼protein disulfide isomerase
RFP¼ red fluorescent protein

RNAi¼RNA interference
ROS¼ reactive oxygen species

SDS-PAGE¼ sodium dodecylsulfate polyacrylamide gel
electrophoresis

SEM¼ standard error of the mean
SERCA¼ sarco-endoplasmic reticulum calcium ATPase
siRNA¼ small inhibitory RNA

SV40¼ simian vacuolating virus 40
Tris¼ tris(hydroxymethyl)aminomethane

VH chain¼variable region heavy chain
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