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Abstract
The glutathione thiol/disulfide couple is the major redox buffer in the endoplasmic reticulum (ER); however, mechanisms by

which it contributes to the tightly regulated redox environment of this intracellular organelle are poorly understood. The recent

development of genetically encoded, ratiometric, single green fluorescent protein-based redox-sensitive (roGFP) sensors

adjusted for more oxidative environments enables non-invasive measurement of the ER redox environment in living cells.

In turn, Förster resonance energy transfer (FRET) sensors based on two fluorophore probes represent an alternative

strategy for ratiometric signal acquisition. In previous work, we described the FRET-based redox sensor CY-RL7 with a

relatively high midpoint redox potential of 2143 mV, which is required for monitoring glutathione potentials in the

comparatively high oxidative environment of the ER. Here, the efficacy of the CY-RL7 probe was ascertained in the cytosol

and ER of live cells with fluorescence microscopy and flow cytometry. The sensor was found to be fully reduced at steady

state in the cytosol and became fully oxidized in response to treatment with 1-chloro-2,4-dinitrobenzene, a depletor of

reduced glutathione (GSH). In contrast, the probe was strongly oxidized (88%) upon expression in the ER of cultured cells.

We also examined the responsiveness of the ER sensor to perturbations in cellular glutathione homeostasis. We observed

that the reductive level of the FRET sensor was increased two-fold to about 28% in cells pretreated with N-acetylcysteine, a

substrate for GSH synthesis. Finally, we evaluated the responsiveness of CY-RL7 and roGFP1-iL to various perturbations of

cellular glutathione homeostasis to address the divergence in the specificity of these two probes. Together, the present

data generated with genetically encoded green fluorescent protein (GFP)-based glutathione probes highlight the complexity

of the ER redox environment and indicate that the ER glutathione pool may be more oxidized than is currently considered.
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Introduction

Glutathione (GSH) is the major thiol-disulfide redox buffer
of the cell. Therefore, the redox potential of the reduced/
oxidized glutathione (GSH/GSSG) couple can be used as
an indicator of the redox environment of the cytosol or
subcellular compartments.1 Recent evidence indicates that
the glutathione couple is present in different concentrations
and that the GSH/GSSG ratio varies considerably among
subcellular organelles.2 – 5 Glutathione concentrations in
the cytosol and lumen of the endoplasmic reticulum (ER)
are similar (i.e. 1–10 mmol/L), but the ER GSH/GSSG
ratio is nearly 20 times lower than that of the cytosol.6 In

contrast to the reduced redox environment of the cytosol,
the ER redox potential ranges from approximately 2170
to 2185 mV, assuming the total glutathione concentration
in the secretory pathway is 8 mmol/L, or approximately
2133 to 2165 mV if the concentration is 1 mmol/L.7 – 9

Analyzing redox potentials within subcellular compart-
ments is inherently more difficult than total cellular or
tissue measurements due to the time and methods necess-
ary to extract the subcellular fractions.5 To address these
limitations, novel molecular tools have been developed to
enable studies of the redox conditions in intracellular orga-
nelles. The most reliable information has been obtained with
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green fluorescent protein-based redox-sensitive (roGFP)
probes targeted to subcellular compartments.10 – 12 The ratio-
metric, genetically encoded sensors allow non-invasive and
extended assessments of reversible redox changes in the
cytosol, mitochondria, ER and peroxisomes of mammalian
and plant cells.10,11,13 – 20 However, the roGFPs are limited
by their relatively reducing midpoint redox potentials, the
probe roGFP2 being at least 97% oxidized in the ER of plant
and animal cells.17,21 Measurements in epithelial cells with
roGFP1 targeted to the ER revealed the intraorganellar
redox potential to be approximately 2217 mV at pH 7.4,
which is decidedly more reduced than previous estimates
with invasive protocols.7,8,18

The rough ER, the site of synthesis for membrane-bound
and secreted proteins, harbors an intracellular redox
environment conducive to disulfide bond formation.7

Protein folding in the ER is a tightly regulated process
relying on many quality control measures that examine
both the overall structural integrity and cell-specific factors
that serve for specific protein export.22 As such, the ER
redox environment is a complex milieu of multiple redox
couples among which the GSH/GSSG couple is the major
contributor to the thiol-oxidizing machinery required for
oxidative protein folding.6,23 – 25 The driving force for disul-
fide formation is provided by the activity of ER-resident
endoplasmic oxidoreducin 1 (Ero1) enzymes, which func-
tion to oxidize cysteine side chains at the expense of molecu-
lar oxygen, as well as the relatively oxidizing GSH/GSSG
ratio.25 – 27 A complementary mechanism of ER redox regu-
lation, mediated by GSSG acting as a specific oxidant of
protein disulfide isomerase (PDI), has been proposed
recently in opposition to the currently considered notion
that the relatively low luminal GSH/GSSG ratio is the con-
sequence rather than the cause of oxidative protein
folding.6,24,28 In addition to a protein relay involving Ero1
and PDI, several other less characterized pathways exist
that may affect the ER GSH/GSSG ratio.24,29 Apart from
its essential role in protein folding and secretion, the ER’s
oxidative state is proposed to be responsive to cellular
stress signals and elicit an ‘unfolded protein response’,
which generates cell death decisions.30 Understanding
molecular mechanisms that shape the unique redox
environment of the ER is essential for the development of
successful therapeutic strategies for the treatment of
ER-stress-related diseases.31 – 33

Thus, a new family of roGFP1-iX probes with a less redu-
cing midpoint potential (as low as 2229 mV) has been
developed and successfully assessed in the ER of live
yeast and mammalian cells.29,34,35 The roGFP1-iL probe
with a half point redox potential of 2229 mV was recently
reported near its midpoint potential in the ER of yeast and
mammalian cells at steady state, thereby enabling full sensi-
tivity to both oxidative and reductive insults.29,35 The
roGFP1-iL probe responded not only to acute insults with
exogenous reductants and oxidants, but it was able to
monitor changes in the ER redox environment in response
to downregulation of Ero1a as well as to the release of
nascent polypeptides from ribosomes triggered by puromy-
cin.29 The ER glutathione redox potential was found to be in
the range of 2230 to 2235 mV at pH 7.0 with the roGFP1-iL

probe. Notably, this potential is close to the 2240 mV value
of the standard redox potential of the GSH/GSSG couple, at
which glutathione is present in a mainly reduced state.2 As
an alternative strategy in offering ratiometric signal acqui-
sition, Förster resonance energy transfer (FRET)-based
redox probes composed of two fluorophores were devel-
oped.19,36 FRET is a distance-dependent physical process,
in which the excitation energy of a fluorescent donor mol-
ecule is transferred to an acceptor molecule through non-
radiative dipole–dipole coupling. In FRET-based redox
probes, redox-sensitive polypeptide domains are inserted
between donor/acceptor pairs to gain increased responsive-
ness to glutathione redox potentials.12 Recently, we
described a novel redox-sensitive probe with an oxidative
midpoint redox potential of 2143 mV (pH 7.0), which is
ideal for probing the ER environment.37

In present work, we report the validation of the CY-RL7
probe expressed in two subcellular compartments, the
cytosol and the ER of mammalian cells. The dynamic
range of the CY-RL7 probe targeted to the ER of mamma-
lian cells was evaluated in response to the oxidant
diamide and the reductant dithiothreitol (DTT). We also tar-
geted both the CY-RL-7 and the roGFP1-iL probes to the ER
of Chinese hamster ovary (CHO) and HCT116 cells and
studied their responses to perturbations in glutathione
homeostasis with subsequent immediate monitoring of
intracellular glutathione content. The two independently
developed probes specific to glutathione redox potentials
revealed different read-outs in glutathione redox status at
steady states. Thus, these sensors may complement each
other and should be beneficial in monitoring and decou-
pling of individual redox pathways involved in regulation
of ER glutathione homeostasis.

Materials and methods

Materials

Reagents were purchased from Sigma (St Louis, MO, USA),
unless otherwise specified. Enzymes for the modification of
DNA as well as transformation reagent Lipofectamine 2000
were from Invitrogen (Carlsbad, CA, USA). The oligonu-
cleotides used in sensor design were obtained from
Integrated DNA Technologies (Coralville, IA, USA). CHO
K1 fibroblasts were from ATCC (Manassas, VA, USA) and
human colon epithelial (HCT116) cells were a generous
gift from Dr Bert Vogelstein of Johns Hopkins Medicine
(Baltimore, MD, USA). QIAprep spin miniprep and
QIAquick PCR purification kits were from Qiagen
(Valencia, CA, USA). The EKAR construct in pRK5 was pur-
chased from Addgene (Cambridge, MA, USA),38 pEYFP-N1
was from BD Biosciences (Palo Alto, CA, USA; YFP, yellow
fluorescent protein) and roGFP1-iL in pQE-30 was a kind
gift from Dr James Remington (University of Oregon, OR,
USA).

Cell culture, transfection and cell sorting

Tissue culture supplies were from Falcon (Franklin Lakes,
NJ, USA) and Corning (Corning, NY, USA). CHO and
HCT116 cells were maintained at 378C in 5% CO2 in
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Dulbecco’s modified Eagle’s medium (DMEM) and
McCoy’s 5A media, respectively (Cell Media Facility,
University of Illinois, Urbana, IL, USA). Both media were
supplemented with 10% fetal bovine serum (Tissue
Culture Biologicals, Tulare, CA, USA), streptomycin
(50 mg/L), penicillin (50,000 U/L) and fungizone (0.25 mg/L).
Streptomycin, penicillin and fungizone were purchased from
Gibco (Grand Island, NY, USA), phosphate-buffered saline
(PBS) from Lonza (Walkersville, MD, USA), and Hank’s buf-
fered saline solution (HBSS) and trypsin from Mediatech (Man-
assas, VA, USA). Trypan blue and dimethyl sulfoxide, used
respectively in cell counting and cryogen storage, were from
MP Biomedicals (Solon, OH, USA) and other tissue culture
reagents were obtained from Invitrogen. Transfection of CHO
cells with Lipofectamine 2000, deriving stable CHO cell lines,
and cell sorting were performed as described elsewhere.36

HCT116 cells were transfected with the Neon Transfection
System from Invitrogen, according to the manufacturer’s
protocol.

Genetic constructs

To create ER-targeted sensors, an ER leader sequence and
KDEL retention signal were derived from human calreticu-
lin.39 The DNA fragment encoding the ER leader signal was
prepared by annealing and extending the oligonucleotide
primer set LS-Forward 50 CCTCTAGAGCTAGCGCTACC
GGTCGCCACCATGCTGCTATCCGTGCCGCTGCTGCT 30

and LS-Reverse 50 TGCCATGGACTCGGCGACGGCCAGG
CCGAGGAGGCCGAGCAGCAGCGGCACGGATAGCA 30

with the cleavage sites NcoI/XbaI. This DNA fragment
was confirmed by automated sequencing and ligated
upstream of CY-RL7 in pET19b as described earlier (Supple-
mentary Figure 1a).37 For all supplementary figures, please
see http://ebm.rsmjournals.com/lookup/suppl/doi:10.1258/
ebm.2012.011436/-/DC1. The ER retention signal was
added downstream of the EYFP gene by polymerase
chain reaction (PCR) with the primer set YFP-Forward
50 GCGAATTCATGGTGAGCAAGGGCGAGGA 30 and
YFP-Reverse 50 GGATCCTACAGCTCGTCCTTCTTGTACA
GCTCGTCCATGCCGA 30. The pEYFP-N1 served as a tem-
plate. Next, the EYFP previously cloned in the cytosolic
CY-RL7 construct was replaced by the newly obtained
sequence EYFP þ KDEL with the cleavage sites EcoRI/
BamHI. Finally, the integrated CY-RL7 targeting ER
(erCY-RL7) was cloned into NheI/BamHI sites of pECFP-
C1 (Supplementary Figure 1c; CFP, cyan fluorescent pro-
tein). The ECFP-RL7-mVenus (mutated Venus) targeting ER
was obtained by replacement of EYFP (Supplementary
Figure 1d). For that purpose, the mVenus with attached
retention KDEL signal was amplified by PCR with the YFP
primer set from a 5.8-kb template obtained by EcoRI digest
of the EKAR construct. The roGFP1-iL targeting the ER
was prepared by two sequential PCR reactions with the
primer set iL-Forward1 50 ATCCGTGCCGCTGCTGCT
CGGCCTCCTCGGCCTGGCCGTCGCCGAGATGAGTAA
AGGAGAAGAACTTTTCACT 30 with iL-Reverse 50 GGAT
CCTACAGCTCGTCCTTTTTGTATAGTTCATCCATGCCAT
GTGT 30 and iL-Forward2 50 CCTCTAGAGCTAGCGCTA
CCGGTCGCCACCATGCTGCTATCCGTGCCGCTGCTG

CT 30 with iL-Reverse. The final PCR product was cloned in
pCR2.1 and confirmed by automated sequencing. Next, the
ER-roGFP1-iL construct was subcloned in the NheI/BamHI
sites of pECFP-C1 backbone plasmid (Supplementary
Figure 1e).

Fluorescence microscopy

Time-resolved imaging of live cells expressing FRET con-
structs was performed using cells seeded in eight-well,
ibiTreat microscopy chambers (Ibidi, Munich, Germany)
and cultured in phenol red-free DMEM or McCoy’s 5A
media for 24–48 h. The adherent cells in the wells were
washed with PBS just before data acquisition. Cells were
imaged on a Zeiss Axiovert 200M (Zeiss, Thornwood, NY,
USA) inverted microscope with a Zeiss Plan-Apochromat
�63 oil immersion objective (1.4NA). The fluorescence
microscope was also equipped with an environmental
chamber with temperature and CO2 controlled to 378C
and 5%, respectively. Images were taken with a cooled
CCD camera (Cascade 512b; Photometrics, Tucson, AZ,
USA) controlled by AxioVision 4.8 software (Zeiss). FRET
imaging was performed with FRET, CFP and YFP channels
using ‘three-cube FRET’ fluorescence microscopy.40 All
three channels were purchased as filter sets (Zeiss).
Briefly, the FRET channel was defined by a 436/20 nm
excitation filter, a 458 nm dichroic mirror and an emission
535/30 nm filter. Similarly, the CFP channel filter par-
ameters were 436/20 nm excitation, 458 nm dichroic and
480/40 nm emission. The YFP cube contained a 500/20 nm
excitation filter with a 515 nm dichroic mirror and an
emission filter at 535/30 nm. The excitation light was pro-
vided by an EXFO X-Cite 120 metal halide lamp operated
at 12% iris to reduce photobleaching. Exposure times were
set at 100–400 ms, and images were taken every 15 or
30 s. Fluorescence images were background-corrected by
manual selection of cell-free regions and processed as
described earlier.41

Cells expressing roGFP1-iL were cultured as described
above and optical sections were captured using a Zeiss
LSM700 confocal microscope controlled by ZEN 2010 soft-
ware. Dual excitation ratio imaging at room temperature
was performed with 405 nm and 488 nm laser lines and a
Plan-Apochromat �63 oil immersion objective (1.4NA)
and compiled using AxioVision 4.8 software. Each image
was corrected for background by subtracting the intensity
of an adjacent cell-free region.

Validation of redox probes for ER localization

CHO cells expressing erCY-RL7 or ERroGFP1-iL were cul-
tured in ibiTreat microscopy chambers (Ibidi) in phenol
red-free DMEM medium for 48 h. Before imaging, cells
were washed twice with 1� HBSS and incubated with
1 mmol/L ER-Tracker Red (Invitrogen) at 378C for 30 min.
Finally, cells were washed and imaged on a Zeiss LSM710
confocal microscope equipped with a Plan-Apochromat
�63 oil immersion objective (1.4NA) and controlled by
ZEN 2010 software (Zeiss). To confirm spatial localization,
images of the sensors were taken with a 488 nm laser line
and emission with 500–590 nm and images of the
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ER-Tracker Red were taken with a 594 nm laser line and
emission over 600 nm. Images were deconvoluted with
AutoQuant X software (MediaCybernetics, Bethesda, MD,
USA) and analyzed with Imaris software (Bitplane, South
Windsor, CT, USA). A single optical slice out of 46 is
present in the figures.

Intracellular analysis by flow cytometry

CHO cells were cultured in 75 cm2 tissue culture flasks to
confluence. Control flasks went untreated while others were
pretreated either with 5 mmol/L N-acetylcysteine (NAC) or
0.1 mmol/L L-buthionine-sulfoximine (BSO) for 24 h. Cells
were then trypsinized, centrifuged and resuspended in
HBSS to 2.0�106 cells/mL. HBSS was supplemented with
NAC or BSO at concentrations used in pretreatments. Cells
were treated with either 2 mmol/L diamide, 2 mmol/L
DTT, 1 mmol/L 1-chloro-2,4-dinitrobenzene (CDNB) or
1 mmol/L H2O2 for 5–30 min at room temperature before
data collection. FRET measurements were taken after each
treatment using the LSR II (Becton Dickinson, San Jose, CA,
USA) instrument as described earlier.36 The relative amount
of reduced erCY-RL7 (RRL7) was calculated according to the
following equation:

RRL7 ¼
FRETox � FRET

FRETox � FRETred

where FRET is the ratio of FRET at steady state (excited
at 405 nm) to YFP fluorescence (excited at 488 nm). YFP fluor-
escence serves as a normalizing factor. FRETox and FRETred are
normalized FRET signals of fully oxidized or reduced
erCY-RL7 that were determined by incubating CHO cells
with diamide or DTT, respectively.

Ratiometric measurements (405/488 nm) for roGFP1-iL
were collected using the same LSR II with emission of
530/30 bandpass filters in the primary 405 and 488 nm
laser pathways. All data were analyzed using FACS
Express Version 3 (De Novo Software, Thornhill, Ontario,
Canada; FACS, fluorescence-activated cell sorting). The rela-
tive amount of reduced ERroGFP1-iL (RiL) was calculated as
described elsewhere.29,34 Briefly, the relative amount of
reduced ERroGFP1-iL was calculated from the ratio of
reduced to oxidized ERroGFP1-iL according to the follow-
ing equation:

RiL

1� RiL
¼ F � Fox

Fred � Fox
� Iox

Ired

where F, Fox and Fred are the 405:488 nm excitation ratios at
steady state, fully oxidized and fully reduced, respectively.
Iox and Ired are the fluorescence intensities at 488 nm for
the fully oxidized and fully reduced samples. The fully oxi-
dized and fully reduced states of the roGFP1-iL were
obtained after adding diamide or DTT at designated
concentrations.

Determination of reduction potential

The reduction potential (E00) for given redox sensor can then
be calculated by using the Nernst equation as described

elsewhere.34 Briefly, by substitution RT/nF evaluated at
298 K, the reduction potential of CY-RL7 was calculated
according to the equation:

E00 ¼ E00
CY�RL7 � 29:6 mV� log

RRL7

1� RRL7

� �

where E00
CY-RL7 is the midpoint potential for CY-RL7 equal

to 2143 mV.37

GSH measurement

To measure GSH content in cultured cells, membrane-
permeant monochlorobimane (mBCl) was used as
described elsewhere.42 The method is based on the for-
mation of specific fluorescent GSH-mBCl adducts by intra-
cellular glutathione-S-transferases.43 Briefly, cells in HBSS
were incubated with 40 mmol/L mBCl at room temperature
for 10 min followed by immediate cytometric analysis on
the BD LSR II instrument. A violet 405 nm laser line at
25 mV and a 450/50 bandpass filter were used to collect
geometric mean cellular fluorescence.

Statistical analysis

Results are expressed as mean+SD. Duncan’s and
Bonferroni tests for multiple pairwise comparisons were
used to determine the significant differences between the
treatment means. These analyses were carried out using
XLStat program (v 2011.4.01; Addinsoft, New York, NY,
USA). Differences were considered significant if P , 0.05.

Results

Sensitivity of the FRET-based redox sensor in live cells

Previous studies demonstrated the efficacy of a-helical
polypeptide linkers containing redox switches composed
of dispersed cysteine residues.36 Recently, a novel
FRET-based redox-sensitive sensor ECFP-RL7-EYFP
(CY-RL7) with improved dynamic range in vitro was devel-
oped (Supplementary Figure 1a).37 Here, we present the
validation of the CY-RL7 probe by live cell imaging and
demonstrate that the sensitivity of the intracellular
FRET-based thiol biosensor is exclusively due to the
nature of the redox linker (Figures 1a and c). For that
purpose, the construct ECFP-P14-EYFP (CY-P14) was used
as a control (Figures 1b and d). The P14 linker is comprised
of 14 proline residues and the CY-P14 construct has been
previously used in vitro assays (Supplementary Figure
1b).36 To generate oxidative or reductive insult, stably trans-
fected CHO cells were treated sequentially with diamide
and DTT at concentrations of 1 mmol/L (Figures 1c and
d). The CY-RL7 biosensor at steady state is characterized
by relatively low normalized net FRET (NFRET), reflective
of a fully reduced state that cannot change after reductive
insult with DTT (data not shown).

In order to visualize the full dynamic range, an oxidative
insult was provided by diamide followed by DTT
(Figure 1c). Cell oxidation with diamide occurred very
fast, in the time frame of mere seconds, which is evidenced
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by the rapid FRET increase of the sensor (Figure 1c). The
slope of the sensor’s response to DTT treatment is dose-
dependent to this reductant (not shown). Responses to
diamide and DTT were not observed for the negative
control CY-P14 construct, confirming that all observed
changes are due to the specific redox linker RL7
(Figure 1d). These data demonstrate that CY-RL7 expressed
in the cytosol is fully reduced, as would be expected in a
normally reductive intracellular environment.

Sensor targeting cytosol responds to endogenous
modulation of GSH level

While diamide significantly depletes intracellular GSH
levels in a short time, it may also directly oxidize the biosen-
sor in live cells as it does in vitro.37 To test whether the
sensor CY-RL7 responds to changes of cytosolic glutathione
status, the cellular GSH pool was depleted by incubation
with 1 mmol/L CDNB, an electrophilic xenobiotic. Both
the changes in the FRET signal and the relative intracellular
GSH pool were monitored. In the cell, CDNB is enzymati-
cally detoxified via conjugation to GSH, resulting in rapid
and complete depletion of the cellular GSH pool.17 Full oxi-
dation of the biosensor with CDNB (Figure 2a) may high-
light direct specificity of CY-RL7 sensor to the glutathione
redox potential. Both diamide and CDNB treatments were
similar in action for both biosensor response and depletion
of intracellular GSH. On the other hand, no significant
change in FRET signal was observed in cells exposed to oxi-
dation with hydrogen peroxide (H2O2). This result is in

agreement with a relatively modest decrease in the GSH
level in response to H2O2 treatment (Figure 2a).

In addition to CDNB, intracellular GSH content was
modulated with BSO, another commonly used glutathione
depletor, which inhibits GSH synthesis with high speci-
ficity.44 In spite of the 10-fold drop in GSH levels of CHO
cells pretreated with 0.1 mmol/L BSO for 24 h, the FRET
signal was unchanged at basal state (Figure 2b).
Additional treatment with H2O2 had no or little effect on
both GSH level and the CY-RL7 response. The CY-RL7
sensor also effectively responded to diamide and CDNB in
BSO-pretreated cells. Surprisingly, the cytosolic content of
GSH affected the dynamic range of the sensor. The
decreased GSH level caused by BSO significantly altered
the FRET signal in response to diamide (Figure 2b). The
increase in the FRET signal was almost doubled in compari-
son to cells not treated with BSO and consequently the
dynamic range of the probe was nearly doubled in
BSO-treated cells. At the same time, the magnitude of the
FRET signal increase in response to CDNB treatment was
independent of BSO pretreatment.

Analysis of the ER redox environment with the FRET
probe

To observe time-resolved redox changes in the ER in
response to altered environmental conditions, the calreticu-
lin targeting signal and KDEL retention signal were added
to the CY-RL7 gene. To verify that CY-RL7 was in fact tar-
geted to the ER (erCY-RL7), the construct was expressed

Figure 1 Time-lapse FRET response of the CY-RL7 sensor (a, c) and CY-P14 construct (b, d) expressed in CHO cells to sequential treatment with exogenous

oxidant and reductant. Each trace within panels (c) and (d) indicates a separate cell. Diamide (vertical solid line) and DTT (vertical dashed line) were added to cells

at concentrations of 1 mmol/L. The data are representative of six independent experiments using a minimum of three ROIs. CHO, Chinese hamster ovary;

DTT, dithiothreitol; FRET, Förster resonance energy transfer. (A color version of this figure is available in the online journal)
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in CHO cells that were subsequently incubated with
ER-Tracker Red and examined on a laser scanning confocal
microscope (Figures 3a–d). Indeed, our FRET sensor exits
the ribosome in the reduced state with post-translational
delivery to the ER where the probe reacts with ER constitu-
ents to attain a steady-state level of oxidation. In contrast to
the fully reduced state of the CY-RL7 sensor expressed in
the cytosol, the erCY-RL7 sensor was found in a highly oxi-
dized state. That is evidenced by the treatment of cells with
1 mmol/L diamide resulting in only a moderately increased
FRET signal (Figure 3g). The alteration in FRET was not
very pronounced because the oxidative ER environment
presumably promotes photolysis of EYFP, which could be
neutralized by the spike of reductant (Figure 3h). Next, to
improve performance of CY-RL7 in the ER, we replaced
EYFP with Venus, the brighter YFP variant which has a
more efficient maturation as well as a reduced pH and
halide sensitivity.45 Despite this attempt, we did not
observe noticeable improvement in the read-out of the
ECFP-RL7-Venus sensor expressed in the ER environment
of CHO cells (data not shown). Accordingly, all data on
changes in glutathione redox potentials within the ER

were collected with the FRET sensor erCY-RL7. The main
alteration in FRET signal was achieved with application of
DTT at 1 mmol/L, providing additional confirmation of
the highly oxidative state of the sensor in the ER
(Figure 3h). It should again be noted that the dynamic
range of the sensor in the ER was twice of that found in
cytosol (Figures 1c and 3h).

FRET sensor targeting ER responds to GSH synthesis
in both non-transformed and transformed cells

To test the specificity of the sensor to the glutathione couple,
stably transfected cells were treated with NAC, a substrate
for cytosolic synthesis of GSH. To obtain quantitative data,
we employed flow cytometry that allows the rapid collec-
tion of data from thousands of individual cells, providing
a large data-set, which confers a statistical advantage over
microscopy with its cell-to-cell variability. Changes in
FRET signal of untreated cells versus cells pretreated with
5 mmol/L NAC were measured under oxidative and reduc-
tive insults provided by 2 mmol/L diamide and 1 mmol/L
DTT. Data collected on NAC-free cells show that the
sensor at steady state (black line) exhibits only a minor
increase in FRET signal after treatment with diamide (blue
line) and a large decline in FRET after reduction (red line)
with DTT (Figure 4a). On the other hand, in NAC-pretreated
cells, the sensor became less oxidized by shifting its FRET
signal at a basal state (black line peak) from the fully
oxidized state (blue line peak) towards the fully reduced
state (red line peak) (Figure 4b). The increase in degree of
sensor reduction in response to NAC treatment was
approximately two-fold and it was consistently observed
for all experiments (Table 1). At the same time, the oxidation
level of erCY-RL7 was not changed after cell incubation
with BSO, an inhibitor of GSH biosynthesis (data
not shown).

To demonstrate the efficacy of the erCY-RL7 in appli-
cation to tumor cells and the sensor’s broad base response
to a NAC-modulated increase of the cellular GSH pool,
HCT116 cells were transiently transfected with the probe.
In control cells, the sensor at steady state was observed to
be in a highly oxidized state (Figures 4c and e). The increase
in the FRET signal was modest, but present in all HCT116
cells in response to treatment with diamide at 1 mmol/L.
Alternatively, in NAC-pretreated cells, an increase in the
FRET signal was much stronger in response to diamide
(Figures 4d and f). The larger change of FRET signal in
response to an oxidative insult indicates the more reductive
state of the probe at steady state. Thus, the redox state of the
erCY-RL7 probe is responsive to an elevated cellular GSH
pool in both transformed and non-transformed mammalian
cells. The dynamic range of the probe was similar in ER
environments of both CHO and HCT116 cells. The mid-
point potential of 2143 mV previously determined for the
CY-RL7 sensor enabled a quantitative estimate of the
redox state of the ER.34,37 Based on the assumptions that
the steady state equilibrium of the probe expressed in ER
is oxidized at �88% and is specifically managed by the
GSH/GSSG couple, the ER redox state of mammalian cells
is estimated to be around 2118 mV at pH 7.0.

Figure 2 Effects of various treatments on both FRET signal response (black

bars, left y-axis) of the CY-RL7 probe targeting cytosol and GSH content

(white bars, right y-axis) in CHO cells cultured (a) at standard conditions

and (b) in the presence of 0.1 mmol/L BSO for 24 h. Intracellular GSH

content, determined with mBCl, is expressed by the geometric mean fluor-

escence intensity (MFI). Note that GSH content at basal� state in the bar

graph (b) corresponds to cells pretreated with BSO and differs from content

at basal state in (a). The data represent means+SD (n ¼ 3). Statistical differ-

ences are indicated by different letters. Bars without a common letter are sig-

nificantly different (P , 0.05). CHO, Chinese hamster ovary; FRET, Förster

resonance energy transfer; GSH, glutathione; mBCl, monochlorobimane;

BSO, L-buthionine-sulfoximine; DTT, dithiothreitol; CDNB, 1-chloro-2,4-

dinitrobenzene
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Figure 3 Visual confirmation of spatial localization and monitoring of the sensor erCY-RL7 responsiveness to diamide and DTT treatments. Images of CHO cells

were taken for (a) the sensor localization with 488 nm excitation and 500–590 nm emission; (b) the ER-Tracker Red dye with 594 nm excitation and emission over

600 nm; (c) merge (overlay a , b); and (d) co-localized pixels from data volume. Time-lapse FRET response of CY-RL7 targeted to the ER of CHO cells treated with

diamide (e, g) and DTT (f, h). Each trace within panels (g) and (h) indicates a separate cell. Diamide (vertical solid line) and DTT (vertical dashed line) were added to

cells at concentrations of 1 mmol/L. The data are representative of four independent experiments using a minimum of four ROIs. CHO, Chinese hamster ovary;

DTT, dithiothreitol; FRET, Förster resonance energy transfer; ER, endoplasmic reticulum

Figure 4 Representative histograms of flow cytometric data for the CY-RL7 probe targeted to the ER of CHO cells non-treated (a) and pretreated (b) with

5 mmol/L NAC for 24 h. The black line corresponds to basal level and red and blue lines correspond to treatment with 1 mmol/L DTT or 2 mmol/L

diamide, respectively. The ordinate (‘Count’) is the number of cells counted, and the abscissa (‘FRET intensity’) is the fluorescence intensity excited at

405 nm and collected through a 525 nm filter with a halfwidth of 25 nm. Time-lapse response of CY-RL7 targeted to the ER of HCT116 cells cultured

without (c, e) and with (d, f ) 5 mmol/L NAC to a sequential treatment with an exogenous oxidant and reductant. Each trace within panels (e) and (f ) indicates

a separate cell. Diamide (vertical solid line) and DTT (vertical dashed line) were added to cells at concentrations of 1 mmol/L. The data are representative of six

independent experiments using a minimum of three ROIs. ER, endoplasmic reticulum; CHO, Chinese hamster ovary; NAC, N-acetylcysteine; DTT, dithiothreitol;

FRET, Förster resonance energy transfer
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Analysis of the ER redox environment with the roGFP1-iL
probe

Recently developed roGFP1-iX probes with lowered ther-
modynamic stability have exhibited moderately high mid-
point potentials suitable for relatively oxidizing subcellular
environments.34 It was demonstrated that roGFP1-iE and
roGFP1-iL probes were only 50–55% reduced in the ER of
live yeast and mammalian cells.29,35 As a result, the ER
redox potential was estimated in the range of 2230 to
2240 mV. Knowing that both the CY-RL7 and roGFP1-iX
probes were developed for detecting changes in the redox
potentials of the GSH/GSSG couple in live cells, a consider-
able difference in read-outs of FRET-based and roGFP1-iX
probes motivated us to test the specificity of ERroGFP1-iL
to alterations in intracellular GSH content. Initial data col-
lected by flow cytometry on CHO cells stably expressing
roGFP1-iL in ER (ERroGFP1-iL) revealed that the redox
status of the probe at steady state is close to recently
reported values (Table 2).29,35 Temporal response of
ERroGFP1-iL to redox changes in live cells was acquired
on a laser scanning confocal microscope. The typical profiles
of the ERroGFP1-iL at steady state and its response to
sequential acute insults with a reductant and an oxidant
are shown in Figures 5c and d. The steady-state 405/
488 nm ratio of fluorescence, which reflects the redox equili-
brium between the sensor and the ER, often varied between
samples of the same experiment (Figures 5c and d).
Variability observed in excitation ratios taken at steady
state between experiments may be explained by changes
to the redox status during the cell cycle, differences in cell
density or light-induced changes.29,46

According to data acquired by flow cytometry, the ER
redox state is very close to the middle point potential of
ERroGFP1-iL where the probe has the highest sensitivity
(Table 2). Therefore, ERroGFP1-iL was expected to be
more sensitive to alterations in the ER redox state than

erCY-RL7, which is approximately 88% oxidized at a basal
state. Next, to examine responsiveness of ERroGFP1-iL to
endogenous perturbations in GSH status, CHO cells were
treated with 5 mmol/L NAC and 0.1 mmol/L BSO for 24 h.
The flow cytometry data revealed large alterations in the
GSH levels of cells pretreated with NAC and BSO
(Supplementary Figure 2). Yet, significant differences were
not observed in the redox level of the probe at steady state
in response to reductive or oxidative insults with NAC and
BSO (Table 2). Nevertheless, CDNB treatment at 1 mmol/L
provided an oxidative insult similar to diamide
(Supplementary Figure 3). Hydrogen peroxide at 1 mmol/L
was as effective as the oxidants CDNB and diamide in spite
of a relatively small decrease in GSH level (Supplementary
Figures 2 and 3). Thus, the ERroGFP1-iL response to H2O2

does not follow alterations in GSH content.

Discussion

In this work, we exploited a recently developed FRET-based
redox probe for live cell imaging in two subcellular environ-
ments, the cytosol and ER. The data obtained by this non-
invasive redox-sensitive probe provide unambiguous
evidence that redox potentials within these two intracellular
compartments are at a non-equilibrium steady state with
respect to each other. In the cytosol, the redox sensor is
fully reduced at its steady state, reflecting the inherently
reductive environment of living cells. Furthermore, the
CY-RL7 probe responds to intracellular GSH deprivation
with CDNB, but not with BSO. The absence of the
sensor’s response to BSO-mediated GSH depletion may
reflect the cells’ ability to maintain a cytosolic potential in
response to acute oxidative insults. It is of interest to note
that the probe equilibrates with the glutathione redox poten-
tial and not intracellular GSH concentrations. On the other
hand, the midpoint potential of approximately 2143 mV
implies that the FRET probe becomes saturated below
2190 mV in the cytosolic reductive environment, which
ranged from 2280 to 2320 mV.11,15

Because of its strongly oxidizing potential, the CY-RL7
probe provides an ideal tool for monitoring intraorganellar
glutathione potentials in more oxidative environments such
as the ER, Golgi apparatus and lysosomes. Only 12% of the
FRET-based probe targeting the ER of CHO cells was in a
reduced form, which implies approximately 2118 mV for
the ER glutathione potential at pH 7.0. Furthermore, we
observed a significant alteration in the level of probe
reduction after induction of glutathione biosynthesis with
NAC (Table 1). Specifically, NAC-mediated increase in the

Table 2 Comparison of the redox states of ERroGFP1 expressed in CHO cells cultured with and without alteration of intracellular GSH content

Treatment Exp. 1 Exp. 2 Exp. 3 Exp.4 Exp. 5 Exp. 6 Average SD

Basal 47.6 54.4 47.5 50.4 38.6 46 47.4 5.2

NAC 64.6 N/A 38.4 51.5 38 39.5 46.4 10.4

BSO N/A 47 41.4 43.9 39.9 36.5 41.7 3.6

CHO, Chinese hamster ovary; GSH, glutathione; NAC, N-acetylcysteine; BSO, L-buthionine-sulfoximine

Fractions of ERroGFP1-iL in reduced form (%) in cells before (basal) and after treatment with either 5 mmol/L NAC or 0.1 mmol/L BSO (BSO) were determined as

described in Materials and methods. Data for each experiment were collected by flow cytometry and represent an average of three replicates collected on 10,000

cells+SD

Table 1 The erCY-RL7 sensor expressed in CHO cells responds to
NAC treatment by increase in reduced form

Treatment Exp. 1 Exp. 2 Exp. 3 Exp. 4 Average SD

Basal 12.5 13.4 10.9 11.4 12.1 1.1

NAC 31.6 31.3 20.9 28.9 28.2 5.0

D 19.1 17.9 10 17.5 16.1 4.1

CHO, Chinese hamster ovary; NAC, N-acetylcysteine

Fractions of erCY-RL7 in reduced form (%) in CHO cells before (basal) and

after treatment with 5 mmol/L NAC for 24 hr were determined as described

in Materials and methods. D Denotes increase in the probe’s reduced form

after NAC treatment. Data for each experiment were collected by flow

cytometry and represent an average of three replicates collected on 10,000

cells+SD
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degree of probe reduction from 12% to 28% reflects changes
in the ER redox state of the GSH/GSSG couple from 2118
to 2131 mV at pH 7.0. However, the biosensor’s quantitat-
ive read-out of redox potential in mV is based on a number
of assumptions, such as pH, and therefore cannot be taken
as an absolute value.

Besides the pH-dependent nature of redox potential
values, the most intriguing question relates to the specificity
of the current redox probe within the ER. In contrast to the
roGFPs, the CY-RL7 probe was not sensitive to H2O2 either
in vitro or within cultured cells.37 Interestingly, the fluor-
escence signal of the FRET sensor was not altered by
H2O2 even in CHO cells with a low glutathione content
mediated by BSO (Figure 2). That the CY-RL7 probe is
specific to GSH/GSSG pair in vitro, however, does not
necessarily indicate the same mode of specificity in living
cells, specifically in the ER where thiol/disulfide exchange
is different from the cytosol. Therefore, the observation of
a two-fold increase of the reduced form of the erCY-RL7
probe in CHO cells after NAC-modulated GSH increase
may be considered as key evidence of probe specificity for
the glutathione redox potential. Real-time visualization of
redox changes of erCY-RL7 in the transformed HCT116
cell line revealed the same pattern in response to NAC treat-
ment (Figures 4e and f).

Additionally, the dynamic range of erCY-RL7 is twice as
high as CY-RL7. Moreover, the dynamic range of the
erCY-RL7 was not altered in cells treated with BSO, also
in contrast to the cytosolic probe. As such, the CY-RL7
probe exhibits a similar dynamic range in the ER and
cytosol for CHO cells pretreated with BSO. This observation
may indicate a lower buffering capacity of the GSH/GSSG
couple in the ER versus the cytosol.

Real-time monitoring of redox changes in the ER of yeast
and mammalian cells was reported recently with roGFP1-iX
probes.29,35 The probes at steady state are near equilibrium
between oxidized and reduced forms and are suited for
monitoring subtle changes in the ER redox status in
response to both reductive and oxidative insults.
Moreover, the reduction potential of the ER of eukaryotic cells
was determined to be in the range of 2230 to 2240 mV.29,35

Thus, FRET-based erCY-RL7 and ERroGFP1-iL sensors
provide differences of more than 100 mV in measurement of
the ER redox potential at steady state. Although the exact
reason(s) behind this difference is not known, it may highlight
a differential ability of the two probes to respond to subtle
changes in redox couples other than the glutathione buffer.

We also monitored redox changes with the roGFP1-iL
sensor targeting the ER of live cells to better understand
the differential read-outs of erCY-RL7 and ERroGFP1-iL. It
was expected that ERroGFP1-iL, being equilibrated within
the ER near its midpoint redox potential, would be
equally sensitive to oxidative or reductive insults. This con-
sideration provides a simple assay to test probe specificity in
the ER. Surprisingly, neither BSO-mediated depletion nor a
NAC-stimulated increase of the total cellular GSH content
affected the redox status of the probe (Table 2). In contrast
to ERroGFP1-iL, the reduced form of erCY-RL7 was
doubled in response to a NAC-mediated increase of the
GSH pool. The same signal peptide and retention signals
were used to target CY-RL7 and roGFP1-iL to the ER and
both of their ER localizations were confirmed, indicating
that their differential read-outs were not likely a result of dis-
similar compartmentalization (Figures 3a-d and Supple-
mentary Figure 4). Additionally, the responsiveness of
ERroGFP1-iL was not specific to alterations in GSH content.

Figure 5 Representative images of the roGFP1-iL sensor targeted to the ER of CHO cells. (c, d) Corresponding time-lapse responses of 405/488 nm ratio to

sequential treatment with diamide (vertical solid line) and DTT (vertical dashed line) added to cells at concentrations of 1 and 10 mmol/L, respectively. The

data are representative of six independent experiments using a minimum of three ROIs. (e) Relationship between the redox potentials in mV and the fractions

of CY-RL7 (solid line) and roGFP1-iL (dashed line) in oxidized form. Boxes denote changes in probe fluorescence from 5 to 95% oxidation, which translates

to an effective measuring range equal to a given probe midpoint potential+40 mV. ER, endoplasmic reticulum; CHO, Chinese hamster ovary; DTT, dithiothreitol
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For instance, ERroGFP1-iL was fully oxidized in response
to H2O2 despite only a modest decrease of intracellular
GSH. In contrast, the probe was not sensitive to an oxidative
insult with BSO, a strong GSH depletor that decreases cellular
glutathione levels to 10% of control values. Nonetheless, both
erCY-RL7 and ERroGFP1-iL exhibited similar responses to
an oxidative insult induced with CDNB, which depletes
cellular GSH by conjugation in a manner of minutes.
Defining the biochemical basis for the differential sensitivity
of erCY-RL7 and ERroGFP1-iL may reveal novel mechanisms
mediating redox homeostasis in the ER.

In spite of the insensitivity to H2O2, the erCY-RL7 probe
is more oxidized at its steady state than the H2O2-sensitive
ERroGFP1-iL. This is consistent with recent observations
that H2O2 produced in the ER is efficiently metabolized
by the ER-localized enzyme peroxiredoxin IV.47

Furthermore, the CY-RL7 probe with its more oxidized mid-
point potential would be assumed to be fully reduced in an
environment close to the midpoint potential of the roGFP-iL
probe (Figure 5e). Thus, the large difference in read-outs of
the ER redox state between the two redox sensors cannot be
explained by their distinct sensitivity to H2O2 or their differ-
ences in midpoint redox potentials. Together, these findings
indicate that while the CY-RL7 and roGFP1-iL probes can
measure redox potentials of the ER, their specificity may
extend beyond the GSH/GSSG couple to other pathways
that contribute to ER thiol/disulfide exchange. The recent
observation that BSO-mediated depletion of cellular GSH
in HEK293 cells does not alter the redox state of certain
members of the PDI family indeed indicates that mechan-
ism(s) other than ER export of disulfides or import of
thiols underlie ER redox balance.26

In summary, the present data demonstrate that the
FRET-based erCY-RL7 probe can be utilized for monitoring
the redox status of the very oxidizing environment of the
ER. The CY-RL7 probe targeted to the ER of both non-
transformed and transformed cells responded to moderate
increases in GSH, which were mediated by NAC, a substrate
for GSH synthesis. Additionally, we estimated the ER
glutathione potential to be approximately 2118 mV at pH
7.0 or approximately 2141 mV assuming pH 7.4.18,48,49

Finally, after demonstrating that both erCY-RL7 and
ERroGFP1-iL respond to glutathione depletion by CDNB,
but exhibit a differential response to H2O2, it became
evident that yet another redox pathway(s) may contribute
to the distinct read-out of the ER redox status by these
two probes.
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