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Background: The oxidase activity of human Ero1� generates hydrogen peroxide in the ER.
Results: Overexpression of a hyperactive Ero1� mutant induces the unfolded protein response but does not cause a broad
antioxidant response.
Conclusion: Ero1� hyperactivity elicits ER stress through local ER lumenal hyperoxidation.
Significance: These findings show how the cell negotiates oxidative stress generated specifically in the lumen of the ER.

Oxidizing equivalents for the process of oxidative protein
folding in the endoplasmic reticulum (ER) of mammalian cells
aremainly provided by the Ero1� oxidase. Themolecularmech-
anisms that regulate Ero1� activity in order to harness its oxi-
dative power are quite well understood. However, the overall
cellular response to oxidative stress generated by Ero1� in the
lumen of the mammalian ER is poorly characterized. Here we
investigate the effects of overexpressing a hyperactive mutant
(C104A/C131A) of Ero1�. We show that Ero1� hyperactivity
leads to hyperoxidation of the ER oxidoreductase ERp57 and
induces expression of two established unfolded protein
response (UPR) targets, BiP (immunoglobulin-binding protein)
and HERP (homocysteine-induced ER protein). These effects
could be reverted or aggravated byN-acetylcysteine and buthio-
nine sulfoximine, respectively. Because both agents manipulate
the cellular glutathione redox buffer, we conclude that the
observed effects of Ero1�-C104A/C131A overexpression are
likely caused by an oxidative perturbation of the ER glutathione
redox buffer. In accordance, we show that Ero1� hyperactivity
affects cell viabilitywhen cellular glutathione levels are compro-
mised. Using microarray analysis, we demonstrate that the cell
reacts to the oxidative challenge caused by Ero1� hyperactivity
by turning on theUPR.Moreover, this analysis allowed the iden-

tification of two new targets of the mammalian UPR, CRELD1
and c18orf45. Interestingly, a broad antioxidant response was
not induced. Our findings suggest that the hyperoxidation gen-
erated by Ero1�-C104A/C131A is addressed in the ER lumen
and is unlikely to exert oxidative injury throughout the cell.

In eukaryotic cells, formation of structural disulfide bonds
takes place in the lumen of the endoplasmic reticulum (ER)5

and is an essential step in the folding of many proteins of the
secretory pathway. The flavoproteins of the ER oxidoreduc-
tin-1 (Ero1) protein family are the main source of de novo gen-
erated disulfide bonds in human cells (1, 2) where two paralogs
of Ero1 exist: Ero1� and Ero1� (3, 4). Whereas Ero1� is only
present in select tissues (4, 5), Ero1� is widely expressed (4).
Both enzymes oxidize the active-site cysteines of certain pro-
tein disulfide isomerases (PDIs), which in turn introduce disul-
fide bonds into newly synthesized proteins (6–8). In the cata-
lytic cycle of Ero1 enzymes, the so-called outer active site
oxidizes the PDI by disulfide exchange. The electrons received
from the PDI are then shuffled to the inner active site of Ero1
and onto the adjacent flavin adenine dinucleotide cofactor. The
ultimate electron acceptor is molecular oxygen. As a result,
Ero1� and -� generate the reactive oxygen species (ROS)
hydrogen peroxide (H2O2) (8–10). Thus, Ero1 activity must be
regulated to prevent ROS build-up and hyperoxidizing condi-
tions in the ER (11).
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Intramolecular disulfide bonds have been shown to nega-
tively regulate the activity of both human Ero1 paralogs (10,
12–14). Although the activity of Ero1� is tightly controlled
(12–14), Ero1� seems to bemore loosely regulated (10, 13). The
disulfide pattern of Ero1� has been proposed based on muta-
tional analysis and SDS-PAGE mobility (10). In Ero1�, the
majority of disulfide bonds have been identified by mass spec-
trometry (13) and in the crystal structure (15) (see also Fig. 1A).
Because of different arrangements of intramolecular disulfide
bonds, monomeric Ero1� migrates as three distinct species
(redox forms) by SDS-PAGE under non-reducing conditions:
Red, OX1, and OX2 (5, 13, 16, 17). The latter is the most oxi-
dized redox form, and with all the regulatory disulfides in place
it constitutes the inactive state of the enzyme (13). The relative
abundance of these redox forms in endogenous Ero1� can vary
substantially (13).
The small thiol-containing molecule glutathione makes up

the ER redox buffer by maintaining a closely balanced ratio of
its oxidized (GSSG) and reduced (GSH) forms (18, 19).
Although theGSSG:GSH ratio is higher (more oxidizing) in the
secretory pathway relative to the cytosol (20), a principal role of
the glutathione redox couple in the ER is to maintain the redox
state of PDIs sufficiently reduced to ensure efficient isomeriza-
tion of non-native disulfide bonds (21, 22). The distribution of
Ero1� redox forms is responsive to the GSSG:GSH ratio in the
ER (22), although GSH is an inefficient substrate for oxidation
by Ero1� (14, 23, 24). The equilibrium between the glutathione
redox buffer and Ero1� is mediated by PDI, as the availability of
reduced PDI influences the redox state of Ero1� (13). These
interactions establish a feedback mechanism ensuring efficient
and rapid homeostatic control of the ER redox state (1). A sim-
ilar model for ER redox regulation has recently been demon-
strated in Saccharomyces cerevisiae, with an additional layer of
autonomous control demonstrated by the ability of yeast Ero1
(Ero1p) to self-oxidize regulatory cysteine residues in trans
(25).
Non-optimal folding conditions in the ER, e.g. perturbation

of the redox balance and increased ROS levels, can result in
protein misfolding and thereby turn on the unfolded protein
response (UPR) (26–28). The UPR is a coordinated transcrip-
tional and translational program that is initiated by accumula-
tion of misfolded proteins in the ER (designated as ER stress)
(29). The UPR seeks to restore normal cellular conditions, for
instance by up-regulating ER chaperoneswhile e.g. also increas-
ing ER-associated degradation (ERAD) of misfolded ER pro-
teins (30). Failure of the cell to adapt to the stress condition
eventually turns on proapoptotic pathways resulting in cell
death (31).
Protein kinase RNA-like ER kinase (PERK), inositol-requir-

ing protein 1� (IRE1�), and activating transcription factor 6�
(ATF6�) constitute the three proximal UPR transducers that
are activated upon ER stress (31). These transducers sense ER
stress differentially, and their downstream target genes only
partially overlap (32). For instance, the PERK branch is the only
pathway shown to induce an antioxidant stress response (33,
34). In addition, ERAD is likely also implicated in negotiating
oxidative stress by preventing ROS build-up (35). The close
connection between protein misfolding, ROS, and the UPR is

underscored by the finding that overexpression of a protein that
misfolds in the ER can lead to the production of ROS and that
these two factors (misfolded protein and ROS) together induce
the UPR (36).
Professional secretory cells, such as antibody-producing

plasma cells and insulin-producing � cells, produce large quan-
tities of disulfide-bonded proteins, and the concomitant Ero1-
generated H2O2 is presumed to pose a significant challenge to
ER homeostasis (29). The overall cellular response to this chal-
lenge is unclear. Here, we show that overexpression of a hyper-
active Ero1� mutant creates hyperoxidizing conditions in the
ER and induces expression of two established UPR targets. The
observed effects could be modulated by agents that manipulate
the cellular glutathione redox buffer. The global transcriptional
response to Ero1� hyperactivity revealed induction of the UPR,
whereas a broad antioxidant response was conspicuously
absent. Our results indicate that Ero1� hyperactivity elicits ER
stress through local ER lumenal hyperoxidation.

EXPERIMENTAL PROCEDURES

Plasmids and Primers—Human Ero1�-myc6his (Ref. 3; a gift
from R. Sitia, Milan) cloned into the pcDNA5/FRT/TO vector
(13) was used as the template for QuikChange mutagenesis
(Stratagene) to introduce Cys-to-Ala mutations. The following
primers were used (only the sense strand is shown): C85A
(5�-CCTGAAGAGGCCGGCTCCTTTCTGGAATGACATC-
AGC-3�); C104A (5�-GGACTGTGCTGTCAAACCAGCTCAA-
TCTGATGAAGTTCC-3�); C391A (5�-CAAGAATTATG-
GATGCTGTTGGTTGTTTTAAATGTCG-3�). The C131A
mutation has been described before (13). All plasmids were
sequenced to confirm the correct DNA sequence of the inserts.
Cell Culture—Doxycycline (dox)-inducible Flp-In T-REx

HEK-293 (Invitrogen) cell lines were generated as previously
described (13). The cell lineswere grown in�-minimal essential
medium (Invitrogen), supplemented with 10% FCS, 100 �g/ml
hygromycin B (Invitrogen), and 15 �g/ml blasticidin (Invivo-
gen) at 37 °C, 5% CO2. Ero1� expression was induced for 24 h
(unless otherwise stated) using 1 �g/ml doxycycline (Sigma).
Where indicated, cells were treatedwith 5mMN-acetylcysteine
(NAC; Sigma) for 18 h, whichwas added directly to themedium
from a 250 mM stock dissolved in 100 mM HEPES (Invitrogen).
Cells were treated with 1 mM buthionine sulfoximine (BSO;
Sigma) dissolved in medium for the indicated periods of time.
For ER stress induction, cells were treated with either 5 �M

thapsigargin (Sigma) or 2.5 �g/ml tunicamycin (Sigma) for the
indicated times.
Sample Preparation and 4-Acetamido-4�-maleimidylstil-

bene-2,2�-disulfonic acid (AMS) Modification—Cells were
treated withN-ethyl-maleimide (NEM) and subsequently lysed
as described elsewhere (37). The AMS (Invitrogen) modifica-
tion protocol has been described previously (37). In brief, this
protocol of differential alkylationwithNEMandAMS results in
modification of free cysteineswithNEM,whereas those present
in disulfides are decorated with AMS. Because of the size dif-
ference between the two alkylating agents, AMS modification
gives rise to slower SDS-PAGE mobility compared with the
NEMmodification. Reduced and oxidized control lysates were
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obtained from cells treated with 10 mM DTT or 5 mM diamide
(both Sigma) for 5 min at 37 °C in full growth medium.
Antibodies—The following mouse monoclonal antibodies

were used: �His (Tetra-His, Qiagen), �myc (9E10, Covance),
��-actin (AC-15, Sigma). The rabbit polyclonal antisera used
were: �BiP (G8918, Sigma), �ERp57 (a gift from A. Helenius,
Zürich, Switzerland),�HERP (a gift fromL.Hendershot,Mem-
phis, TN).
Western Blotting—All samples for Western blotting were

separated by SDS-PAGE on Tris-glycine polyacrylamide Hoef-
fer minigels (GE Healthcare) before transfer onto a polyvi-
nylidene difluoride membrane. Membranes were probed with
primary antibodies in the following dilutions: ERp57, 1:1,000;
�-actin, 1:25,000; homocysteine-induced ER protein (HERP),
1:2,000; immunoglobulin-binding protein (BiP), 1:5,000; myc,
1:1,000. After the addition of horseradish peroxidase-conju-
gated goat anti-rabbit or anti-mouse IgG (Pierce) secondary
antibody, the bound antibody was detected with the ECL Prime
detection reagent (GE Healthcare). All Western blots shown
are representative of three independent experiments.
Metabolic Activity Assay—Cells were seeded in 24-well

dishes at a density of 25,000 cells per well. After 24 h of incuba-
tion, cells were treated where indicated with 1 �g/ml doxycy-
cline and/or 1 mM BSO for 48 h. As a positive control for cyto-
toxity, 5 �M thapsigargin was added for the last 20 h. The
metabolic activity was thenmeasured by incubating the cells in
400 �M water-soluble tetrazolium-1 (Santa Cruz Biotechnol-
ogy) and 40 �M phenazine methosulfate (Sigma) in serum-re-
duced (1% FCS) medium for 30 min. The absorbance of hydro-
lyzed dye was then measured at 405 nm, and the background
signal at 660 nmwas subtracted. To ensure a linear relationship
between the number of cells versus absorbance intensity, a
2-fold dilution series was made in each experiment. Statistical
significance (p � 0.05) was assessed by performing Student’s
unpaired t test (two tailed, heteroscedastic) on log 2-trans-
formed -fold changes.
Real-time Reverse-transcription PCR—RNA was extracted

from cells using TRI Reagent (Sigma) according to the manu-
facturer’s instructions. cDNAwas synthesized by theRevertAid
Premium Reverse Transcriptase (Fermentas) using poly-dT
primers according to the manufacturer’s guidelines. Real-time
PCR reactions were performed on a CFX96 Real-time PCR
Detection system (Bio-Rad) using the Power SYBR Green PCR
Master Mix (Applied Biosystems). Gene specific primers are
provided in the supplemental Table S1. The data were analyzed
by the CFX manager software (Bio-Rad) and threshold cycle
(Ct) values were used to compute the relative expression levels
normalized to GAPDH using the 2(���C(T)) method (38).
Array Analysis—Cells overexpressing Ero1�-WT and

Ero1�-C104A/C131A were grown in triplicate, and expression
was either not induced or inducedwith 1�g/ml doxycycline for
24 h. RNA was extracted using TRI Reagent (Sigma) according
to themanufacturer’s instructions. The extractedRNA (250 ng)
was amplified and labeled using theAmbionWTExpression kit
(Applied Biosystems) according to the manufacturer’s guide-
lines. The labeled samples were hybridized to the HumanGene
1.0 ST GeneChip array (Affymetrix, Santa Clara, CA). The
arrayswerewashed and stainedwith phycoerythrin-conjugated

streptavidin using theAffymetrix Fluidics Station� 450, and the
arrays were scanned in the Affymetrix GeneArray� 3000 scan-
ner to generate fluorescent images as described in the
Affymetrix GeneChip� protocol. Cell intensity files (CEL files)
were generated in the GeneChip� Command Console� Soft-
ware (AGCC) (Affymetrix). The raw data were normalized, and
the log 2-transformed expression indices were calculated using
the robust multiarray average method (39) implemented in the
statistical programming language R. Genes with significantly
different expression levels between the four categories were
identified by a two-way analysis of variance, where the cell line
(Ero1�-WT or Ero1�-C104A/C131A) and induction status
(�dox/�dox) were used as the two factors for the p value cal-
culation. The number of top significant genes was selected
based on estimations of false discovery rates obtained from p
value calculation using balanced permuted categories. Ap value
threshold of 0.001 was selected as the cut-off. Log 2-trans-
formed -fold changes (�dox/�dox) were calculated by com-
puting the differences between the means of the log 2-trans-
formed expression indices for both cell lines. Functional
enrichment analysis with regard to gene ontology (GO) catego-
ries (biological process only) was performed using the Cyto-
scape plugin BiNGO (40). The threshold for the Fisher’s exact
test p values (corrected formultiple testing) was set to 0.01, and
in case of several related significant GO terms only the most
specific (the lowest child) was selected.
Disulfide Bridge Mapping—Ero1� was expressed and puri-

fied as previously described (13). Purified Ero1� was digested
with sequencing grade-modified trypsin (Promega) at 37 °C
overnight. Tryptic peptides were separated by reverse-phase
HPLC on a �RPC C2/C18 PC 2.1/10 column connected to an
ÄKTA Explorer (GEHealthcare). Separation was carried out in
0.1% trifluoroacetic acid (buffer A) and elutedwith a gradient of
80% acetonitrile in 0.1% trifluoroacetic acid (buffer B) devel-
oped over 95min (0–5min, 0% B; 5–90min, 0–100% B; 90–95
min, 100% B) at a flow rate of 0.15 ml/min. The peptides were
detected in the effluent bymeasuring the absorbance at 226 nm.
All fractions were analyzed by MALDI-TOF-MS using a Voy-
ager DE-PRO mass spectrometer (Applied Biosystems). The
theoretical peptide masses were calculated using the GPMAW
program (Lighthouse Data). For reduction of disulfide bond-
containing peptides, the relevant HPLC fractions were dried in
a vacuum centrifuge and then resuspended in 15 mM dithio-
erythritol (DTE) in 50 mM ammonium bicarbonate and incu-
bated at 56 °C for 45 min. Free cysteines were alkylated by the
addition of iodoacetamide (IAM) to 50 mM and incubated for
30min in the dark at room temperature before characterization
by MALDI-TOF-MS.

RESULTS

Cys104 Forms a Disulfide Bond with the Outer Active-site
Cys99 in Ero1� OX2—The presence of a regulatory disulfide
between Cys99 and Cys104 in human Ero1� has been proposed
based onmutational analysis and previous investigations of the
disulfide bond pattern in Ero1� (13, 14). Because Cys99 and
Cys104 are located in a flexible loop, these residues were not
observed in the crystal structure of the inactive OX2 form of
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Ero1� (15). Thus, direct experimental evidence for the pres-
ence of the Cys99–Cys104 disulfide has been missing.
Affinity-tagged human Ero1� stably expressed in tissue-cul-

ture cells was purified in the OX2 redox state upon treatment
with the alkylating agentNEMas previously described (13). The
protein was digested with trypsin, and the resulting peptides
were separated by HPLC and analyzed by mass spectrometry.
The peptides were either left untreated or reduced with DTE
and subsequently alkylated with IAM.
Peaks with masses corresponding to the oxidized forms of

two tryptic peptides, Asp98–Lys114 and Arg97–Lys114 were
detected in the non-reduced and IAM-treated material (peaks
#2 and #3, respectively; Fig. 1B and Table 1). The differences

between the observed masses for these two peptides and the
theoretical monoisotopic masses for the corresponding
reduced peptides were consistent with the presence of an intra-
molecular disulfide bond in both peptides (Table 1). No mass
differences between the untreated material (�DTE-IAM; data
not shown) and the non-reduced and IAM-treated material
(�DTE�IAM) were observed, showing that the two tryptic
peptides did not contain free thiol groups. When the peptides
were reduced and alkylated, peaks #2 and #3 disappeared (Fig.
1C and Table 1). Instead, peaks #5 and #6 emerged correspond-
ing to the Asp98–Lys114 and Arg97–Lys114 peptides, respec-
tively, each decoratedwith two IAMmoieties. This further sup-
ported the presence of an intramolecular disulfide bond in
these two tryptic peptides. Because the Asp98–Lys114 and
Arg97–Lys114 peptides only contain two cysteine residues
(Cys99 and Cys104), we concluded that these residues form a
disulfide bond. The overall disulfide pattern of Ero1� OX2 is
depicted in Fig. 1A.
Mutation of Cysteine Pairs Reveals Interplay between Sets of

Disulfide Bonds—With the disulfide pattern at hand, we deter-
mined gel mobilities of specific Ero1� Cys-to-Ala mutants to
analyze a potential interplay between the regulatory disulfides
in Ero1�. Apart from already established stable cell lines for
ectopic inducible expression of Ero1�-WT and Ero1�-C131A
(13), we generated four new cell lines overexpressing the fol-
lowing mutants of Ero1�: C104A, C104A/131A, C85A/391A,
andC85A/C104A/C131A/C391A.All six cell lines showed sim-
ilar expression levels of Ero1� variants (Fig. 2A).
Exogenous Ero1�-WTmigrated exclusively in theOX2 form

(Fig. 2B, lane 2; see also Ref 13). Although the majority of
C104A migrated like OX2, a small fraction migrated as OX1
(Fig. 2B, lane 3). This species likely lacks both of the regulatory
disulfides, Cys94–Cys131 and Cys99–Cys104 (Fig. 2C). This sug-
gested that the Cys94–Cys131 disulfide was destabilized when
the Cys99–Cys104 disulfide did not form. As previously
observed (13, 16), C131Amigrated exclusively as OX1 (Fig. 2B,
lane 4), whichwas also the case for C104A/C131A (Fig. 2B, lane
5). Whether removal of Cys94–Cys131 destabilized the Cys99–
Cys104 bond could not be discerned because the absence of the
Cys99–Cys104 disulfide did not give rise to an apparent gel
mobility shift (Fig. 2B, lane 3, lower band). Consistent with the
previous observations for the single C85A and C391A mutants
(16), Ero1�-C85A/C391Amigrated as two distinct species (Fig.
2B, lane 6); one between theOX1 andOX2 forms and the other
at the mobility of reduced Ero1� (Red). Although other possi-
bilities cannot be excluded, the faster migrating species could
contain an intact Cys94–Cys131 disulfide, whereas this bond is
resolved in the slower migrating species due to destabilization.
On the contrary, the Cys85–Cys391 disulfide did not seem to be
destabilized by the lack of the Cys94–Cys131 and/or Cys99–
Cys104 disulfides (Fig. 2B, lanes 3–5). It is unclear whether the
Cys99–Cys104 disulfide is present in Ero1�-C85A/C391A as its
reduction would only give rise to a minimal mobility shift.
Finally, Ero1�-C85A/C104A/C131A/C391A migrated exclu-
sively as the red form. Taken together, the results showed that
absence of certain disulfides influences the stability of others
and that the Cys85–Cys391 and Cys94–Cys131 disulfides deter-
mine the three redox states of Ero1�-WTvisible by SDS-PAGE.

FIGURE 1. Identification of the Cys99–Cys104 disulfide bond in Ero1�. A,
shown is a schematic representation of the disulfide pattern in Ero1� OX2
based on (13, 15) and this study. The cysteine residues are shown as yellow,
green (outer active site), or blue (inner active site) circles with amino acid num-
bering and disulfides as thick gray (likely structural), black (active site), or red
(reported regulatory function based on Refs 12–14 and this study) lines. The
thick orange line at Cys166 indicates the connection to a potential (but uniden-
tified) disulfide partner. The flexible loop regions are colored in light blue. The
three identified peptides after trypsin cleavage are shown in gray boxes. B and
C, shown are mass spectra of Ero1� tryptic peptides treated with the alkylat-
ing agent IAM without prior reduction (B) or reduced with DTE and alkylated
with IAM (C). Peak numbers are shown above the peaks. See “Results” and
Table 1 for details.
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In addition to the monomeric species of each Ero1� variant
described above and consistent with previously published data
(16), we also observed mixed disulfide complexes with endog-
enous PDI (data not shown). Judging from their gel mobilities,
1:1 complexes were formed for all variants. These migrated as
distinct bands of slightly different mobilities depending on the
specific variant of Ero1� involved. Similar complexes have
recently been observed between mutants of Ero1p and endog-
enous Pdi1p (25). It was shown that cysteines of regulatory
disulfide bonds in Ero1pwere involved in forming the intermo-
lecular disulfides to Pdi1p (25), and we suggest the same to
occur in Ero1�. No Ero1�-containing high molecular weight
aggregates were observed, suggesting that all five variants were
correctly folded (see “Discussion”).
Deregulated Ero1� Hyperoxidizes ERp57 and Induces the

UPR—Recombinant Ero1�-C104A/C131A has been shown to
be more active than Ero1�-WT and all other Ero1� mutants
tested, as judged by faster consumption of molecular oxygen in
an oxidase assay (12, 14, 15). Therefore, we chose to use
Ero1�-WT and Ero1�-C104A/C131A for a comparison of the
cellular response to regulated and deregulated Ero1� activity.

First, we compared the effect of inducing overexpression of
Ero1�-WT and Ero1�-C104A/C131A on the cellular redox
state of the PDI family member ERp57, as assessed by differen-
tial alkylation (see “Experimental Procedures”) (13, 41). Expres-
sion of Ero1�-C104A/C131A clearly increased the oxidized
fraction of ERp57 (Fig. 3A). In comparison to the Ero1�-C131A
single mutant, Ero1�-C104A/C131A seemed to cause a more
pronounced increase in hyperoxidation of ERp57, although the
observed difference was only minor (data not shown). Consist-
ent with previous studies (1, 7, 13), the redox distribution of
ERp57was only weakly affected by expression of Ero1�-WT. In
parallel, we treated the cells with NAC, a cell-permeable gluta-
thione precursor and widely used thiol-containing antioxidant
(42) that increases the cellular level of GSH and thereby causes
more reducing conditions (43, 44). In accordance, NAC treat-
ment likely had a weak reducing effect on the redox state of
ERp57 (Fig. 3A, lane 9 and 10). Interestingly, NAC addition
partly reverted the oxidative shift on ERp57 caused by Ero1�-
C104A/C131A expression (Fig. 3A, lane 7 and 8). No effect on
the expression levels of Ero1�-WT and Ero1�-C104A/C131A
was observed as a result of NAC treatment (Fig. 3B).
Next we studied a potential effect of the deregulated Ero1�

mutant on two established UPR targets, HERP and BiP (45).

Treatment of cells with tunicamycin and thapsigargin, two
chemical inducers of the UPR, was used to generate positive
controls. HERP and BiP protein levels were clearly increased by
Ero1�-C104A/C131A but only weakly by Ero1�-WT overex-
pression (Fig. 3C). Moreover, NAC treatment abolished this
effect (Fig. 3C). As NAC treatment did not have any effect on
tunicamycin- and thapsigargin-induced ER stress asmonitored
by BiP and HERP expression (Fig. 3D, lanes 3–6), NAC did not
seem to have a general inhibitory effect on UPR induction.
HERP and BiP expression levels were also unaffected by treat-
mentwithNACor doxycycline alone (Fig. 3D, lanes 1 and 2 and
lanes 7 and 8, respectively).
Ero1�-C104A/C131A Overexpression Affects Cell Viability

Only When Cellular Glutathione Is Depleted—The results of
NAC treatment indicated that the glutathione redox couple
played an important role in buffering the effects of overexpress-
ing Ero1�-C104A/C131A. To further investigate this possibil-
ity, we tested the effects of treating cells with BSO, an inhibitor
of glutathione synthesis. As previously demonstrated for over-
expression of Ero1�-C131A (13), the hyperoxidizing effect of
Ero1�-C104A/C131A on ERp57 was clearly aggravated when
treating cells with BSO (Fig. 4A).
Although cells overexpressing Ero1�-C104A/C131A for 24 h

appeared to proliferate normally and visual inspection did not
reveal any apparent abnormalities, unusual cell morphology
could be observed after 48 h of induction, and this effect was
aggravated by BSO treatment (data not shown). These impres-
sions were confirmed in a water-soluble tetrazolium-1 assay,
which measures the metabolic activity of mitochondrial dehy-
drogenases as readout for cell viability (Fig. 4B). Although over-
expression of neither Ero1�-WT nor Ero1�-C104A/C131A for
48 h affected the metabolic activity, combining overexpression
with BSO treatment resulted in a significant decrease only in
cells overexpressing Ero1�-C104A/C131A.We concluded that
overexpressing Ero1�-C104A/C131A affected viability only
when cellular glutathione levels were compromised.
Global Transcriptional Response to Ero1� Hyperactivity—

Having established that deregulation of Ero1� perturbs ER
homeostasis, we next explored the global transcriptional
response to this perturbation. RNAwas extracted fromcells not
induced or induced to express Ero1�-WT and Ero1�-C104A/
C131A with doxycycline for 24 h and subjected to microarray
analysis using the Human Gene 1.0 ST GeneChip array. Princi-
pal component analysis of the data showed that the main vari-

TABLE 1
Mapping of the Cys99–Cys104 disulfide bond in Ero1�

DTEa IAMa Peptidesb Cysteinesc
Peak

numberd
Observed masse

(MH�)
Mass differencef

(MH�) Modificationg

� � Arg97–Lys114 99, 104 #3 1957.87 �2.06 (1 S-S)
� � Arg97–Lys114 99, 104 #6 2074.04 114.11 (2 IAM)
� � Asp98–Lys114 99, 104 #2 1801.75 �2.08 (1 S-S)
� � Asp98–Lys114 99, 104 #5 1917.90 114.07 (2 IAM)
� � Leu137–Lys150 #1 1505.70 �0.04
� � Leu137–Lys150 #4 1505.79 �0.05

a Tryptic peptides were either left untreated or reduced with DTE and subsequently alkylated with IAM and analyzed by mass spectrometry.
b Tryptic peptides of Ero1� identified by MALDI-TOF-MS.
c Positions of cysteines contained in the identified peptides.
d Peak number as indicated in the spectra (Fig. 1, B and C).
e Observed monoisotopic molecular masses (MH�) determined by MALDI-TOF-MS.
f Difference between observed masses and the theoretical masses of the reduced peptides.
g The number and type of modification corresponding to the mass difference: disulfide bridge (S-S) and alkylation with IAM.
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ation in the expression data was between the Ero1�-WT and
the Ero1�-C104A/C131A cells regardless of the induction sta-
tus (�dox; data not shown). Despite the transcriptional differ-
ences between the cell lines, we were able to identify a set of
genes with significant changes due to expression of Ero1�-WT
and Ero1�-C104A/C131A (�dox). This set contained 159
genes (p � 0.001, false discovery rate � 10%), and the majority
of these (86.1%) were up-regulated (Fig. 5A, supplemental
Table S2). For the 159 genes, overexpression of Ero1�-C104/
131A clearly mediated more pronounced transcriptional
changes compared with Ero1�-WT (Fig. 5B). Among the genes

with GO cellular component annotations (122 of 159 genes),
the majority of the corresponding gene products were ER-lo-
calized. In addition, a GO gene enrichment analysis of the 159
genes based on biological processes (115 genes had biological
process GO annotations) was performed. This analysis showed
a significant overrepresentation of genes involved in the UPR,
ERAD, cell redox homeostasis, N-glycosylation, and negative
regulation of caspase activity (data now shown).
When comparing log 2-transformed -fold changes (�dox/

�dox) for the two Ero1� cell lines, a group of genes were iden-
tified to have considerably higher relative -fold changes
between Ero1�-C104A/131A (�dox/�dox) and Ero1�-WT
(�dox/�dox) (Fig. 5C). By setting the threshold to 0.3 for dif-
ferences between log 2-transformed -fold changes, we identi-
fied a set of 26 genes with this particular expression profile
(above the dashed red line in Fig. 5C), whereas no genes among
the 159 genes had considerably lower relative -fold changes
(below the dashed blue line). AGO enrichment analysis of these
26 genes (17 genes had biological process GO annotations)
revealed significant over-representation of genes related to
UPR, ERAD, redox homeostasis, and lipid biosynthesis (supple-
mental Table S3). Importantly, only one gene (SLC7A11)
among the 109 genes of the GO term “Response to oxidative
stress” (GO:0006979) was present among the 26 genes.
Moreover, the same GO term was not among the signifi-
cantly enriched biological process GO terms for the top 159
significant genes. Of the 109 genes in the above-mentioned
GO term, only three (SELK, DHCR24, and SLC7A11) were
detected in the set of 159 genes. The transcriptional
response to Ero1� hyperactivity was, therefore, mainly
addressed by amore pronounced UPR induction, whereas no
apparent antioxidant response was induced.
Microarray Analysis Reveals Two New Targets of the UPR—

The majority of transcripts shown in Fig. 5 and supplemental
Table S2 encode proteins with well characterized functions in
ER homeostasis, many of which are established targets of the
UPR. However, several identified transcripts have not previ-
ously been associated with the UPR, and some are derived from
open reading frames encoding proteins of unknown function.
We, therefore, wanted to investigate whether we could identify
new targets of theUPRbased on the results of the array analysis.
For these studies we chose two candidates: cysteine-rich with
EGF-like domain protein 1 (CRELD1) and c18orf45. The for-
mer is a predicted membrane-bound homolog of CRELD2, a
putative ER protein that is up-regulated by the UPR (46). The
latter is an open reading frame encoding a putative GDP-man-
nose transporter. Both transcripts were significantly up-regu-
lated in response to tunicamycin and thapsigargin as compared
with ERp90 and ERLIN1 but only moderately up-regulated
comparedwith BiP andHERP (Fig. 6). As previously shown, the
expression level of ERp90 and ERLIN1 is largely unaffected by
ER stress, whereas BiP and HERP are strongly up-regulated
(47). We concluded that CRELD1 and c18orf45 are novel tar-
gets of the mammalian UPR.

DISCUSSION

Maintaining balanced ER redox conditions is fundamen-
tally important for oxidative protein folding to proceed cor-

FIGURE 2. The regulatory Cys94–Cys131 disulfide in Ero1� is destabilized
when the Cys99–Cys104 disulfide is absent. A, expression of His- and Myc-
tagged Ero1 variants was induced with doxycycline for 24 h, and cells were
NEM-treated to prevent post-lysis thiol-disulfide exchange reactions. Equal
amounts of protein from lysates were analyzed by reducing SDS-PAGE and
Western blotting (WB) using �Myc (Ero1�) and �Actin (loading control) to
compare expression levels of Ero1� variants. B, cell lysates were obtained as
described for A, and the SDS-PAGE mobility of the Ero1� variants was ana-
lyzed under non-reducing (Non-red) or reducing (Red) conditions by �His
Western blotting. The mock cell line is stably transfected with an empty vec-
tor and functions as a background control. The vertical hairline denotes
removal of one lane, and the asterisk indicates an uncharacterized redox form
between OX1 and OX2. C, shown is a schematic representation of the pro-
posed disulfide pattern (as in Fig. 1A) in the analyzed Ero1� Cys-to-Ala vari-
ants as inferred from gel mobility of monomeric species (see ”Results” for
details). For the sake of clarity, the N-terminal region until Cys-85 was omitted.
A dashed line denotes the presence of the disulfide in only a fraction of the
monomeric species, and a question mark indicates that the presence of the
disulfide is unknown.
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rectly. This study reveals the overall cellular response to an
oxidative challenge generated within the ER lumen. The
results provide fundamental insight into how maintenance

of ER homeostasis depends on the UPR and redox regulation
of Ero1� activity.
Using the set of 159 genes with significant changes due to

Ero1� overexpression as a basis for further studies, we identi-
fied two new targets of the UPR, CRELD1 and c18orf45.
Because CRELD1 is a homolog of the known UPR target
CRELD2 (46), identification of CRELD1 as a UPR target gene
was not unexpected. Unlike c18orf45, CRELD1 appears on the
list of 159 genes. To identify c18orf45 as a UPR target, we used
another gene present in the set of 159 genes, GDP-mannose
pyrophosphorylase A (GMPPA), as a starting point. GDP-man-
nose pyrophosphorylase A encodes the cytosolic enzyme that
generates GDP-mannose from mannose-1-phosphate and
GTP. Because the up-regulation of GDP-mannose pyrophos-
phorylase A indicated an increased demand for GDP-mannose,
we decided to test c18orf45 as a potential target of the UPR as
this gene is predicted to encode a multispanning membrane
protein that shows sequence similarity to the Golgi-resident
GDP-mannose transporter 1 (GMT1/VRG4) from S. cerevisiae
(48). Golgi mannosyltransferases use GDP-mannose precur-
sors as opposed to the mannosyltransferases in the ER, which
use the lipid-linked dolichol-P-Man as a saccharide donor (49).
This supports the putative function of the protein encoded by
c18orf45 as a Golgi-localized GDP-mannose transporter. We
expect that further careful data mining of the hits obtained in
the array analysis will allow the identification of additional pre-
viously unknown UPR targets.
The regulatory disulfides in Ero1p and human Ero1� have

proven to be structurally and functionally distinct (50). In
Ero1p, the regulatory disulfide bonds likely function to lock the
structure in a conformation incompatiblewith enzymatic activ-
ity (51, 52). In Ero1�, two regulatory disulfide bonds have been
proposed: Cys94–Cys131 and Cys99–Cys104 (Fig. 1A) (13, 14). By
mass spectrometry, we provide the first direct experimental
identification of the Cys99–Cys104 disulfide bond (Fig. 1, B and

FIGURE 3. Deregulation of Ero1� perturbs ER redox conditions and induces the UPR. A, where indicated, Ero1�-WT or Ero1�-C104A/C131A cells were
induced with dox for 24 h and co-treated with 5 mM NAC for the last 18 h. Before lysis, cells were treated with NEM to alkylate free thiols. After cell lysis, cysteines
present in disulfides were reduced and decorated with AMS. Such AMS modification of active-site cysteines originally present in the oxidized state gives rise to
slower SDS-PAGE mobility compared with the (NEM-decorated) pool of ERp57 containing reduced active-site cysteines. The cellular redox state of ERp57 was
visualized by Western blotting (WB). DTT and Diamide (Dia)-treated cells were used to show the mobility of fully oxidized (OX) and reduced (RED) ERp57. B,
expression levels of Myc-tagged Ero1� variants were analyzed by Western blotting using �-actin as the loading control. C and D, cells were treated as described
for A, and the expression levels of BiP and HERP were analyzed by Western blotting using �-actin as the loading control. Cells treated with 5 �M thapsigargin
(Tg) or 2.5 �g/ml tunicamycin (Tm) for 20 h were used to generate positive control lysates for UPR induction.

FIGURE 4. The glutathione redox buffer counteracts Ero1� hyperactivity.
A, where indicated, Ero1�-WT or Ero1�-C104A/C131A cells were induced
with dox and treated with 1 mM BSO for 24 h. The cellular redox state of ERp57
was visualized by Western blotting (WB) as described in Fig. 3A. Dia, diamide.
B, cell viability of Ero1�-WT and C104A/C131A cells, which where indicated
were treated with dox and/or BSO for 48 h, was assessed by a water-soluble
tetrazolium-1 assay (mean � S.D., n � 3). Treatment with 5 �M thapsigargin
(Tg) for 20 h was used as positive control for cytotoxicity (n � 2). Absorbance
values were normalized to untreated cells. Statistical significance (p � 0.05)
was assessed by performing Student’s unpaired t test (two tailed, heterosce-
dastic) on log 2-transformed -fold changes.
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C, Table 1). This finding shows that regulation of Ero1� activity
is indeed based on inactivation of the two outer active-site cys-
teine residues, which prevents them from forming the Cys94–
Cys99 disulfide bond for transfer to the substrate.

Based on mobility characteristics under non-reducing con-
ditions of Ero1�Cys-to-Alamutants, the absence of the Cys99–
Cys104 regulatory bond was observed to destabilize the other
regulatory bond, Cys94–Cys131 (Fig. 2, B and C). A similar reg-
ulatory mechanism has been observed in Ero1p, where the
presence of one regulatory bond, Cys150–Cys295, protects
another, Cys143–Cys166, from reduction (52) and increases the
threshold for activation by PDIp (25). As proposed for the yeast
system (25), the presence of Ero1� species with different

degrees of deregulation could function to fine-tune the activity
of the enzyme.
How does the deregulated Ero1�-C104A/C131A mutant

turn on the UPR? Induction of the UPR is caused by accumula-
tion of misfolded proteins in the ER (31). Importantly, UPR
induction did not seem to be an artifact of overexpressing an
ER-localized protein. First, no high molecular weight aggre-
gates were observed for any of the Ero1� Cys-to-Ala mutants
(data not shown), suggesting that these mutants did not mis-
fold. Second, the UPR induced by Ero1�-WT was significantly
weaker relative to the response induced by Ero1�-C104A/
C131A (Fig. 3C, supplemental Table S3), although the two
proteins were expressed to similar levels (Fig. 3B). This

FIGURE 5. The global transcriptional response to deregulated Ero1� activity. A, shown is a heatmap of the 159 genes found by a two-way analysis of
variance to have significant changes in expression levels between non-induced (�dox) and induced (�dox) cells (see supplemental Table S2). The colors reflect
expression intensities (transformed to mean of 0 and S.D. of 1) for each gene, with red and blue colors corresponding to high and low expression intensities,
respectively. Genes are ranked by -fold change (�dox/�dox) in Ero1�-C104A/C131A cells. Numbers 1–3 denote independent biological replicates. B, shown is
a density plot of log 2-transformed -fold changes (�dox/�dox) in absolute values for the 159 significant genes shown in A. C, shown is a scatter plot of log
2-transformed -fold changes (�dox/�dox) of the 159 significant genes in Ero1�-WT and Ero1�-C104A/C131A cells shown in A and B. Both the full view of the
159 genes (the inserted scatter plot) and an enlarged view (155 genes) are shown. The green line indicates no difference in -fold change between Ero1�-WT and
Ero1�-C104A/C131A cells, whereas the dashed red and blue lines signify a difference of 0.3 and �0.3, respectively, between the log 2-transformed -fold changes
(�dox/�dox) for Ero1�-C104A/C131A and Ero1�-WT. For the genes above the dashed red lane (see also supplemental Table S3), the associated gene names are
either shown on top of the data point or in the vicinity of the data point indicated by an arrow. Numbers in italics denote probeset IDs of unannotated genes.
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shows that overexpression of Ero1 per se did not cause a
strong UPR. Third, the UPR induction by Ero1�-C104A/
C131A was abolished by NAC treatment (Fig. 3C), which did
not change the expression level of the oxidase (Fig. 3B). This
demonstrates that the Ero1�-C104A/C131A-generated UPR
depends on the hyperoxidizing activity of the mutant rather
than its expression level. Importantly, NAC treatment did
not have any detectable influence on the UPR induced by
thapsigargin and tunicamycin (Fig. 3D), indicating that NAC
is not a general inhibitor of the UPR.
The observed UPR is likely a result of the high oxidative

activity of deregulated Ero1�. Unlike Ero1�-WT, Ero1�-
C104A/C131A has been shown to cause H2O2-mediated irre-
versible hyperoxidation of the ER-localized peroxiredoxin IV
(PrxIV) in cells (53). One cause for UPR induction by Ero1�-
C104A/C131A could, therefore, be H2O2-mediated sulf(i/o)
nylation of proteins resulting in misfolding. NAC has been
shown to directly scavenge hydroxyl radicals but only reacts
slowly withH2O2 (54). Therefore, direct detoxification of H2O2
by NAC (Fig. 3C) is probably not the cause of the observed
reversion of UPR induction. As GSH is more efficient in scav-
engingH2O2 thanNAC (55), a NAC-mediated increase in GSH
levels is more likely to explain the effects of NAC, although an
indirect function of GSH is also possible (see below).
Ero1�-C104A/C131A overexpression also caused hyperoxi-

dation of ERp57, an effect that was partly abolished by NAC
treatment (Fig. 3A) and increased by BSO treatment (Fig. 4A).
When overexpressing Ero1�-C100A/C130A (a hyperactive
mutant of Ero1� (10)), very similar results were obtained.6
Hyperoxidation of ER oxidoreductases could lead to an imbal-
ance in oxidative folding and thereby protein misfolding. Even
though ERp57 is a relatively poor substrate of Ero1� as com-
pared with PDI (15), we cannot rule out an increased direct
oxidation of ERp57 by Ero1�-C104A/C131A.However, the pri-
mary cause of hyperoxidation of ERp57 is likely an elevated

glutathione reduction potential (i.e.more oxidizing conditions)
in the ER. Previously, we showed that overexpression of Ero1�-
C131A leads to an increase in the ratio betweenGSSG and total
glutathione (13). We expect the same effect for Ero1�-C104A/
C131A, as overexpression of thismutant leads to a slightlymore
pronounced effect on ERp57 hyperoxidation relative to Ero1�-
C131A (data not shown). Overexpression of Ero1�-C100A/
C130A also increases the ER glutathione reduction potential as
measured by a glutathione-specific fluorescence-based sensor.7
Similarly, an increased luminal GSSG:GSH ratio has been dem-
onstrated upon stimulation of H2O2 production in the ER by a
system based on gulonolactone oxidase (56).
An increased glutathione reduction potential would nor-

mally inactivate Ero1� and Ero1p through feedback regulation
via PDI (1, 25). In accordance, an observed growth inhibition of
yeast cells mediated by the hyperactive Ero1p-C150A/C295A
mutant was alleviated by BSO treatment (51). Upon BSO-me-
diated depletion of GSH, Ero1p-C150A/C295A was predomi-
nantly in an oxidized redox state, suggesting that Ero1p was
inactivated by the formation of another regulatory intramolec-
ular disulfide bond (51). Because the Cys143–Cys166 disulfide is
destabilized by the absence of the Cys150–Cys295 disulfide (52),
the Cys143–Cys166 disulfide is potentially reformed upon BSO
treatment and thereby inactivates Ero1p-C150A/C295A. On
the contrary, cell viability was reduced in cells overexpressing
Ero1�-C104A/C131A only when the glutathione redox buffer
was compromised by BSO (Fig. 4B). This indicates that an inac-
tivation process similar to the one occurring in Ero1p-C150A/
C295A was not possible in Ero1�-C104A/C131A. This is con-
sistent with the fact that both cysteines (Cys104 and Cys131)
engaged in the regulatory disulfide bonds with the outer active-
site cysteines (Cys94 and Cys99) were absent (Fig. 2C).
Based on the shown effects of Ero1�-C104A/C131A hyper-

activity, it is intriguing that the array analysis did not reveal a

6 H. G. Hansen and L. Ellgaard, unpublished observations.

7 J. Birk, M. Meyer, H. G. Hansen, A. Odermatt, T. P. Dick, and C. Appenzeller-
Herzog, manuscript submitted.

FIGURE 6. CRELD1, CRELD2, and c18orf45 are transcriptionally up-regulated by the UPR. A, shown is relative abundance of mRNA analyzed by real-time
quantitative PCR on RNA extracted from HEK293 cells. Cells were treated with solvent (0.025% DMSO) or 2.5 �g/ml tunicamycin in 0.025% DMSO for 8 h. mRNA
levels were normalized to the housekeeping gene GAPDH (mean � S.D., n � 3). ERp90 and ERLIN1 both serve as controls for genes that are largely unaffected
by ER stress (47), whereas BiP and HERP serve as positive controls for UPR target genes. The expression level of the housekeeping gene HPRT1 serves as a control
for the normalization to GAPDH expression. Statistical significance (p � 0.05) was assessed by performing Student’s unpaired t test (two tailed, heteroscedastic)
on log 2-transformed -fold changes; *, p � 0.05; **, p � 0.005; ***, p � 0.0005; n.s., not significant. B, HEK293 cells were treated with solvent (0.04% ethanol) or
5 �M thapsigargin in 0.04% ethanol for 8 h and analyzed as described in A.
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broad transcriptional up-regulation of genes involved in anti-
oxidant responses. Transcripts of ER-resident enzymes with
the potential to scavenge H2O2, peroxiredoxin IV (53, 57), and
glutathione peroxidases 7 and 8 (58)were not up-regulated, and
only three genes of the GO term “Response to oxidative stress”
were identified among the top 159 significant genes: SELK,
DHCR24, and SLC7A11. Among these, themost direct connec-
tion to the effects elicited by Ero1�-C104A/C131A overexpres-
sion was found for the SLC7A11 gene. This gene also appears
on the list of 26 genes with considerably higher relative -fold
changes between Ero1�-C104A/131A (�dox/�dox) and
Ero1�-WT (�dox/�dox) (supplemental Table S3). The
SLC7A11 gene encodes the substrate-specific subunit (xCT) of
the heterodimeric plasmamembrane cystine/glutamate anti-
porter, xC�. The cystine imported by xC� is reduced to cys-
teine, which is then used for GSH synthesis (59). Moreover,
overexpression of xCT rescues GSH deficiency in cells devoid
of �-glutamylcysteine synthase, which catalyzes the rate-limit-
ing step in GSH synthesis (60). During B-cell differentiation,
where an increased production of H2O2 originating from vari-
ous sources is observed, xCT is up-regulated as part of a broad
antioxidant response (61).
Together with the observed effects of treating cells overex-

pressing Ero1�-C104A/C131AwithNACandBSO, the up-reg-
ulation of the SLC7A11 gene indicates xCT to counteract an
oxidizing imbalance in the ER glutathione redox buffer through
cytosolic import of cystine, an essential building block for the
synthesis of GSH.
The nuclear erythroid 2 p45-related factor 2 (Nrf2) tran-

scription factor controls the expression of a number of antiox-
idant response genes (62). However, our transcriptome analysis
did not demonstrate an obvious activation of the Nrf2-medi-
ated antioxidant response. As this response is triggered by ROS
accumulation in the cytosol (62), we suggest that the vast
majority of Ero1�-C104A/C131A-derived H2O2 is confined to
the ER. Here GSH could either directly detoxify H2O2 or indi-
rectly detoxify by buffering the redox state of protein disulfide
isomerases. Thus, we propose that Ero1�-C104A/C131A over-
expression elicits NAC-sensitive ER stress through local hyper-
oxidation anddoes not cause broad oxidative injury throughout
the cell.
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