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ABSTRACT: As the endoplasmic reticulum (ER) is the
compartment where disulfide bridges in secreted and cell
surface proteins are formed, the disturbance of its redox state
has profound consequences, yet regulation of ER redox
potential remains poorly understood. To monitor the ER
redox state in live cells, several fluorescence-based sensors have
been developed. However, these sensors have yielded results
that are inconsistent with each other and with earlier non-
fluorescence-based studies. One particular green fluorescent
protein (GFP)-based redox sensor, roGFP1-iL, could detect
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oxidizing changes in the ER despite having a reduction potential significantly lower than that previously reported for the ER. We
have confirmed these observations and determined the mechanisms by which roGFPI-iL detects oxidizing changes. First,
glutathione mediates the formation of disulfide-bonded roGFP1-iL dimers with an intermediate excitation fluorescence spectrum
resembling a mixture of oxidized and reduced monomers. Second, glutathione facilitates dimerization of roGFP1-iL, which
shifted the equilibrium from oxidized monomers to dimers, thereby increasing the molecule’s reduction potential compared with
that of a dithiol redox buffer. We conclude that the glutathione redox couple in the ER significantly increased the reduction
potential of roGFP1-iL in vivo by facilitating its dimerization while preserving its ratiometric nature, which makes it suitable for
monitoring oxidizing and reducing changes in the ER with a high degree of reliability in real time. The ability of roGFP1-iL to
detect both oxidizing and reducing changes in ER and its dynamic response in glutathione redox buffer between approximately
—190 and —130 mV in vitro suggests a range of ER redox potentials consistent with those determined by earlier approaches that

did not involve fluorescent sensors.

D isulfide bonding helps to stabilize protein structure'” and
promotes correct pairing of cysteines in proper temporal
sequence, which is important for oxidative protein folding.**
Failure to form the appropriate disulfide bonds may affect a
protein’s function and lead to a diseased state.’® A redox
environment conducive to the formation of disulfide bonds is
critical for the oxidative folding of secreted or cell surface
proteins in the endoplasmic reticulum (ER).*” The ER redox
environment is likely under tight regulation given the multitude
of thiol oxidoreductases and low-molecular weight redox-active
electron carriers that are known to play key roles in oxidative
folding in eukaryotes.'’"' The presence of redox-sensitive
regulatory mechanisms affecting the activities of Erol-La and
potentially peroxiredoxin 4*°~> suggests redox homeostasis is
actively maintained in the ER.

A major obstacle in understanding the regulation of the ER
redox environment is the difficulty in monitoring physiologi-
cally relevant changes in the ER redox potential in living cells.
Until recently, real-time studies of the ER redox state have been
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impossible. Initial attempts to measure the ER redox state
depended on the uptake of a labeled peptide that contains a
cystelne and a glycosylation site into cultured mammalian
cells.*® The ER redox state was determined by recovery of the
peptide and analyzing the oxidation state of the cysteine and
sensitivity to specific endoglycosidases for ER localization.*®
This study showed that the couple of oxidized glutathione
(GSSG) and reduced glutathione (GSH) is the major redox
buffer in the secretory pathway with approximate reduction
potentials of —170 to —180 mV and —133 to —165 mV,
respectively, based on total glutathione concentrations of 8 and
1 mM, respectively.”® A similar GSH:GSSG molar ratio of 3:1
was obtained by directly measuring monobromobimane-
derived glutathione in rat liver microsomes.”” However, a
separate study of iodoacetic acid-treated rat liver microsomes
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reported a higher GSH:GSSG ratio corresponding to a lower
reduction potential of —205 mV.*® Consistent with this
observation, a significant amount of microsomal glutathione
has been found as mixed protein disulfides;>” however, the
extent of glutathionylation is disputed.”®

The ratiometric and redox-sensitive green fluorescent protein
(roGFP) has been used to assess changes in the ER redox state
in budding yeast” and cultured mammalian cells.** With
midpoint potentials lower than —280 mV, these roGFP1- and
roGFP2-based ER sensors allowed detection of reducing
changes in the ER redox state but did not respond to oxidizing
treatments.>”*° More recently, two different redox sensors with
higher midpoint reduction potentials have been introduced to
monitor the ER redox state.”’ > One of these sensors is
derived from a new family of ratiometric roGFPs with an
insertion (roGFP1-iX) that makes disulfide bonding less
favorable and leads to higher reduction potentials (=229 mV
for the most oxidizing member, roGFP1-L).** The other
sensor, based on Forster resonance energy transfer (FRET)
between cyan and yellow fluorescent proteins in a manner
dependent on the redox-mediated conformational change of a
linker peptide, has an even higher reduction potential of —143
mV.>* Analyses of the ER redox state using these two different
sensors yielded values that were widely different from each
other, and each was also different from prior estimates
determined using the traditional biochemical and cell biology
techniques described above. One study using roGFP1-iL and
roGFP-E targeted to the ER of the yeast Pichia pastoris®
estimated an ER redox potential of approximately —230 mV,*’
a finding consistent with other studies showing the ability of
roGFP1-iL to respond to both oxidizing and reducing
treatments in human sarcoma cell line HT1080>> and Chinese
hamster ovary (CHO) cells.** In contrast, the FRET-based
sensor remained mostly oxidized in the ER of CHO cells
despite having an exceptionally high reduction potential of
—31243 mV, suggesting a glutathione potential of —118 mV at pH
7.

Our work with the antidiabetic adipocyte hormone
adiponectin indicates the assembly of higher-molecular weight
complexes in vitro strongly depended on the redox environ-
ment.>"® To determine if the same holds true in vivo, we
targeted the roGFP1-iL sensor to the ER (termed eroGFP1-iL
by convention) of 3T3-L1 fibroblasts, a cell line that expresses
adiponectin upon differentiation into adipocytes.’* We were
able to confirm that eroGFP1-iL responded to diamide-induced
oxidizing c}lelnges,31_33 suggesting much of eroGFP1-iL exists
in the reduced state under basal conditions. Also similar to a
prior study,”® much of eroGFP1-L was found as covalent
dimers in the ER. Here we show that the dimer form of
roGFPI-iL exhibited an intermediate excitation fluorescence
spectrum between those of oxidized and reduced monomers. In
addition, we found formation of the roGFPI1-iL dimer was
markedly enhanced in glutathione-based redox buffer, and the
presence of the dimer effectively increased the reduction
potential of roGFP1-iL. We conclude glutathione alters the
redox state of roGFP1-iL in the ER through dimerization of the
sensor, thereby allowing it to detect oxidizing changes. The
results indicate that the
potential using fluorescence-based sensors must be conducted
to ensure the reduction potential of the sensor in vivo matches
that measured in vitro.

determination of ER reduction
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B MATERIALS AND METHODS

Generation of 3T3-L1 Fibroblasts Expressing
eroGFP1-iL. To target roGFP1-4L** to the ER, polymerase
chain reaction (PCR) was performed using roGFP1-iL as a
template to remove the six-His tag and to engineer the signal
peptide from mouse adiponectin® and the HDEL ER retention
motif to the N- and C-termini of roGFP1-iL, respectively. The
primers for the PCR contain the following sequences:
upstream, 5-GCGGATCCGCCACCATGCTACTGTTGCA-
AGCTCTCCTGTTCCTCTTAATCCTGCCCAGTCATGC-
CGAAGATAGTAAAGGAGAAGAACTTTTCACTGG-3';
and downstream, 5'-GGCGGTCGACTATTAGAGCTCATC-
ATGTTCCGAATTCAGATCCTCTTCTGAGATGAGTTT-
TTGTTCTTTGTATAGTTCATCCATGCCATGTGT-3'.
The myc epitope tag was inserted between roGFP1-iL and the
C-terminal HDEL motif as a spacer to promote the accessibility
of the retention signal.** Following the established con-
vention,”® the roGFP1-L construct containing the modifica-
tions described above is named eroGFP1-iL. Following
digestion with BamHI and Sall restriction enzymes, the
eroGFP1-iL PCR fragment was cloned into a similarly treated
pBabe-puro vector (Addgene, Cambridge, MA). The resultin§
pBabe-eroGFP1-iL plasmid was cotransfected with pCL-Eco”
into HEK 293T cells as described previously*’ to generate
replication-deficient retrovirus. 3T3-L1 fibroblasts (ATCC,
Manassas, VA) were infected according to protocols published
on G. Nolan’s Web site at Stanford University (http://www.
stanford.edu/group/nolan/indexhtml) using conditioned me-
dium collected from transfected HEK 293T cells after
centrifugation at 1000g for 10 min and passage through 0.45
um bottle-top filters. After 2 days, infected 3T3-L1 fibroblasts
were selected in 6 yg/mL puromycin for 4 days.

Selection of Cells Expressing eroGFP1-iL Using Flow
Cytometry. Puromycin-resistant 3T3-L1 fibroblasts infected
with replication-defective retrovirus carrying eroGFP1-iL in the
pBabe-puro vector were trypsinized, washed in phenol red-free
RPMI 1640 medium with 2% BSA, and resuspended in the
same medium for flow cytometry in FACSAria Iu (BD
Biosciences, San Jose, CA). To avoid enrichment of cells
exhibiting an abnormally high or low ER redox state, the cells
were excited with a 488 nm laser and emission fluorescence was
detected through a 530/30 bandpass filter. Even though
roGFP1-iL absorbs poorly at 488 nm, the fluorescence emitted
at that excitation wavelength was independent of the roGFP1-
iL. redox state.>* Cells with a mean fluorescence in the top tenth
percentile and cells in the next tenth percentile were sorted,
expanded in culture, and analyzed for signs of ER stress.

Confocal Microscopy. 3T3-L1 fibroblasts expressing
eroGFP1-iL were grown on glass coverslips in six-well plates,
washed in PBS** (phosphate-buffered saline with 0.9 mM
CaCl, and 0.5 mM MgCl,) with 0.2% BSA, and fixed in PBS**
with 4% paraformaldehyde. Permeabilization was performed for
10 min in PBS** with 0.2% Triton X-100 at 40 °C followed by
blocking in PBS** with 2% BSA and 4% goat serum for 30 min
at room temperature. Cells were stained sequentially using the
9B11 monoclonal antibody (Cell Signaling Technology, Inc.,
Danvers, MA) against the myc epitope tag followed by the
Alexa Fluor 488-conjugated anti-mouse antibody (Invitrogen)
and a polyclonal antibody (Cell Signaling Technology) against
protein disulfide isomerase (PDI) followed by the Cys-
conjugated anti-rabbit antibody (Jackson ImmunoResearch,
West Grove, PA). Staining with primary and secondary
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antibodies was performed for 120 and 45 min, respectively, at
room temperature in PBS™ with 2% BSA. After being stained,
the samples were washed four times with PBS. Finally, the
coverslips were sealed, imaged using a Nikon Clsi scanning
confocal microscope, and analyzed with EZ-C1.

ER Redox-State Measurement Using Epifluorescence
Microscopy. 3T3-L1 fibroblasts were grown on 25 mm round
No. 1 coverslips (VWR International, LLC) in six-well plates.
To evaluate fluorescence, a coverslip was placed in a chamber
held at 37 °C while mounted on the stage of an inverted
Olympus IX70 microscope equipped with a 40X 14 NA
ultrafluorophore objective. The oxidized and reduced forms of
eroGFP1-iL were maximally excited by light from a 100 W
mercury lamp through 380 + S and 455 + 1S nm bandpass
filters, respectively. A computer-controlled filter wheel was used
to rotate the excitation filters allowing for a pair of images to be
acquired within approximately 5 s. The emission filter had a 10
nm bandwidth centered at 510 nm. Because light exposure
drives eroGFP1-L to its oxidized state,>> the excitation source
was shuttered, and the exposure time was minimized (1 s per
image). Prior to being mounted on a microscope, cells on
coverslips were incubated for 2 h in fresh normal growth
medium (DMEM supplemented with 10% calf serum, 2 mM L-
glutamine, 100 units/mL penicillin, and 100 pg/mL strepto-
mycin) followed by 1 h in phenol red-free RPMI 1640 medium
supplemented with 2% Fraction V BSA (Research Products
International, Mt. Prospect, IL), 2 mM L-glutamine, and 20
mM Hepes (pH 7.4). To initiate an experiment, the stimulated
fluorescence was recorded at S min intervals until a steady-state
fluorescence was reached. Subsequently, cells were treated with
diamide (VWR International, LLC) or dithiothreitol (DTT)
(Sigma-Aldrich, St. Louis, MO), and images were acquired at
fixed intervals. The fluorescence intensity was quantified using
Image]. Specifically, all of the images collected from one
coverslip including the baseline were first collated into a stack,
and on average, eight box-shaped regions of interest (ROIs)
encompassing areas of varying fluorescence intensities and
three background ROIs were drawn per stack of images.
Intensities of the same box on successive images within the
stack were reduced by the average intensities of the background
boxes. Background-subtracted ROI intensities on the images
collected through the 380 & S nm bandpass filter were divided
by similarly adjusted intensities of the same ROIs on the
corresponding images collected through the 455 + 15 nm filter
to obtain a ratio of oxidized to reduced eroGFPI1-iL within a
given ROIL This procedure was modified when some of the
images within a stack varied slightly, a situation encountered
from time to time in which fluorescent areas of cells decreased
upon prolonged exposure to diamide. In this case, a freehand
tool was used to draw ROIs that each encompass the largest
fluorescent area of a cell among all images within a stack. These
areas almost always contain nuclei without green fluorescence,
and the oval tool was used to draw nucleus-encompassing ROIs
that were intersected out of the areas surrounding the ER. The
resulting ROIs were duplicated and moved to regions of the
image without green fluorescence to serve as background. In all
cases, the background-adjusted emission fluorescence intensity
following excitation at 380 nm (maximum for oxidized
roGFP1-iL) was divided by that at 455 nm (maximum for
reduced roGFP1-iL) to obtain a 380 nm/455 nm fluorescence
intensity ratio, which was then normalized to that of the
baseline before treatment. By the established convention, the
term “eroGFPl-iL ratio” is defined as log, values of the
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baseline-normalized 380 nm/455 nm fluorescence ratio. The
rationale for transforming baseline-normalized 380 nm/455 nm
fluorescence ratios to log, space, used to represent increasingly
oxidized eroGFP1-iL, is presented as positive values, while
increasing amounts of reduced eroGFP1-iL are presented as
negative values.

ER Redox-State Measurement Using Flow Cytometry.
3T3-L1 fibroblasts were maintained in normal growth medium
(defined above) at 37 °C until >70% confluence was reached.
Cells were replenished with fresh normal growth medium for 2
h and then transferred to phenol red-free RPMI 1640
supplemented with 2% Fraction V BSA, 2 mM L-glutamine,
and 20 mM Hepes (pH 7.4) for 1 h at 37 °C prior to the
addition of 1 mM diamide or 1 mM DTT and further
incubation at 37 °C for § and 15 min. Cells were then scraped
from culture plates, passed through 40 um cell strainers, and
excited sequentially with a 405 nm laser for maximal emission
by oxidized eroGFP1l-iL and a 488 nm laser for redox-
independent eroGFP1-iL fluorescence in an LSR II flow
cytometer (BD Biosciences). Fluorescence generated by both
lasers was detected through a 520/50 bandpass filter with a 505
nm long-pass dichroic mirror. Data acquisition and analysis
were performed using FACSDiva (BD Biosciences). Fibroblasts
were gated away from debris and aggregates based on forward
versus side scatter. Proportions of oxidized eroGFP1-iL relative
to total eroGFP1-IL were represented by ratios of mean
fluorescence from excitation at 405 nm to that from excitation
at 488 nm. After normalization to untreated control cells, the
405 nm/488 nm mean fluorescence ratios were transformed
into log, space to set controls to zero and oxidizing and
reducing changes to positive and negative values, respectively,
of comparable scales.

Nonreducing Denaturing Immunoblot Analysis of
eroGFP1-iL Redox States. 3T3-L1 fibroblasts expressing
eroGFP1-iL on 10 cm culture plates were transferred to fresh
normal growth medium 2 h prior to treatment with either 1
mM diamide or DTT for § and 15 min. At the end of the
incubation, media were aspirated and the cells were washed
once with ice-cold PBS followed by precipitation in 700 uL of
ice-cold 10% trichloroacetic acid (TCA) for S min. The
precipitates were scraped off of the plates and centrifuged at 4
°C and 2700g for 10 min. After removal of the supernatant, the
pelleted precipitates were washed three times with ice-cold 70%
acetone and air-dried. The pellets were then resuspended in 20
mM N-ethylmaleimide (NEM), 10% SDS, and S mM Hepes
(pH 7.4) and incubated on ice for 20 min followed by constant
vortexing for 90 min at room temperature. Laemmli sample
loading buffer*® without reducing agent was added, and the
samples were heated for 15 min at 90 °C prior to fractionation
in 10% Tris-glycine gels. Following electrophoretic transfer,
nitrocellulose membranes were stained with Ponceau S,
blocked, and incubated with antibodies against the myc epitope
or f-actin (Cell Signaling Technology, Danvers, MA) followed
by horseradish peroxidase-conjugated goat anti-mouse and
donkey anti-rabbit IgG (Jackson ImmunoResearch). Blots were
developed using enhanced chemiluminescence (Thermo
Scientific, Rockford, IL) and visualized in a Chemidoc XRS
imaging system (Bio-Rad Laboratories, Philadelphia, PA).

Expression and Purification of roGFP1-iL and A206K
roGFP1-iL. Six-His-tagged roGFP1-iL in the pQE30 vector was
a gift from S. James Remington.** Expression and purification
were performed essentially as described previously with
modifications.>* Protein was expressed in BL21(DE3)pLysS
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cells after induction with 1 mM ITPG at 37 °C for 4 h. The cell
lysate supernatant was loaded onto a nickel-charged HiTrap
chelating column (GE Healthcare, Pittsburgh, PA) and eluted
with a step imidazole gradient. roGFP1-iL was purified to
homogeneity with an additional anion exchange chromatog-
raphy step using quaternary ammonium resin and elution with
a continuous NaCl gradient from 50 to 500 mM. Purified
protein was dialyzed into PBS, sterile-filtered, and stored at 4
°C. An A206K amino acid substitution was introduced into
roGFP1-iL in pQE30 using QuikChange mutagenesis in two
stages. First, the GCC codon corresponding to alanine was
changed to AAC. A second round of PCR-based mutagenesis
was then performed to change AAC to the lysine-encoding
AAA sequence.

Redox Titration of roGFP1-iL in Vitro and Fluores-
cence Spectroscopy. For titration in mono- and dithiol redox
buffers, a total of 2.5 mM reduced and oxidized glutathione
([GSH] + 2[GSSG] = 2.5 mM) or DTT ([prL-dithiothreitol] +
[trans-4,5-dihydroxy-1,2-dithiane] = 2.5 mM) was combined in
20 mM Hepes, 150 mM NaCl, and 1 mM EDTA (pH 7.0) to
generate buffers with the indicated redox potentials using the
Nernst equation and values of —230 and —330 mV for standard
reduction potentials of glutathione and DTT, respectively.
roGFP1-iL was added to a final concentration of 7.5 uM.
Reaction tubes were sealed with rubber septa, and nitrogen gas
was passed through the reaction tubes for 1 min. The reaction
mixtures were incubated at 37 °C in the dark for 4 h prior to
the determination of excitation fluorescence spectra and redox
state by nonreducing SDS—PAGE. Excitation spectra were
determined using Varioskan Flash fluorescence plate reader
(Thermo Scientific, Hudson, NH) or model 8000 SLM Aminco
T-format spectrofluorometer (SLM Instruments, Urbana, IL).
Excitation scans from 350 to 490 nm were taken with emission
measured at 510 + 20 nm. Excitation spectra were normalized
to the isosbestic point of roGFP1-iL at 429 nm (data not
shown). Fluorescence intensities at specific wavelengths were
relative to that at 429 nm, which is arbitrarily set to 1. For
titration in diamide, 15 yM roGFP1-iL was incubated for 30—
60 min at room temperature in either PBS or 20 mM Hepes,
150 mM NaCl, and 1 mM EDTA (pH 7.0) prior to
nonreducing denaturing gel electrophoresis.

Assessment of the roGFP1-iL Redox State in Vitro by
Nonreducing SDS—PAGE. Following incubation in DTT- or
glutathione-based redox buffers and determination of excitation
fluorescence spectra, roGFP1-iL samples were quenched with
25 mM NEM for 10 min at room temperature followed by
denaturation in Laemmli sample loading buffer* without a
reducing agent by being heated to 90 °C for 15 min. Samples
were fractionated in 10% Tris-glycine, 4—12% Bis-Tris, or 10%
Bis-Tris gels and stained with Coomassie Brilliant Blue G-250.
Quantitation of images was performed using Image] following
digitization in an Epson Perfection 4990 optical scanner or a
LI-COR Odyssey infrared imaging system (LI-COR Bio-
sciences, Lincoln, NE) as previously described.**

Gel Filtration Chromatography. roGFP1-iL dimers and
monomers were separated on a Superdex 75 column (GE
Healthcare Biosciences, Piscataway, NJ). The column was
equilibrated and eluted in 20 mM Hepes, 150 mM NaCl, and 1
mM EDTA (pH 7.0) at 1 mL/min at room temperature.
Fractions (0.2 mL) were collected and analyzed by non-
reducing SDS—PAGE and fluorescence spectroscopy.

Molecular Modeling of roGFP1-iL Dimers. Molecular
modeling of roGFP1-iL dimers was performed using
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MODELLER software module.*® Structural templates to
which the roGFP1-iL sequences were aligned were 2B3Q, a
crystallized dimer of GFP,* and two copies of 3CBE, roGFP1-
iR in the reduced conformation.**

Statistical Analysis. Data are presented as means + the
standard deviation. Statistical comparisons between groups with
roGFP1-iL under different treatment conditions were per-
formed using either a paired or an unpaired Student’s t test with
two tails. Statistical comparison of eroGFP1-iL ratio was
evaluated using a one-sample, two-tailed, t test against the
expected value of 0. The particular statistical analyses applied to
the results in specific experiments are described in figure
legends. All experiments were performed at least three times.

B RESULTS

Generation of a Stable Cell Line Expressing eroGFP1-
iL in the ER. To generate an ER-specific redox reporter, the
signal peptide sequence from mouse adiponectin cDNA*” and a
myc epitope tag ending in ER retention motif HDEL were
attached to the N- and C-termini, respectively, of the previously
characterized roGFP1-L ratiometric sensor.”* The resulting
eroGFP1-iL construct was stably introduced into 3T3-L1
fibroblasts (3T3-L1-eroGFP1-iL cells) as described in Materials
and Methods. To examine if eroGFP1-iL is localized to the ER,
we assessed the degree of colocalization between eroGFP1-iL
and protein disulfide isomerase (PDI) using laser-scanning
confocal microscopy following staining of fixed 3T3-L1
fibroblasts using antibodies against the myc epitope tag and
PDI. As shown in Figure 1A, there was a near complete overlap
between signals produced by eroGFP1-iL and PDI (Pearson’s
correlation and Mander’s overlap coeflicients of 0.96 + 0.02
and 0.97 + 0.01, respectively, over nine different fields). As
overexpression of proteins in the ER could lead to induction of
an unfolded protein response, we assessed if 3T3-L1-eroGFP1-
iL fibroblasts exhibited ER stress. Although roGFP1-iL emits
poorly when excited by 488 nm light, 3T3-L1-eroGFP1-iL cells
nevertheless showed higher fluorescence than control cells with
the pBabe-puro vector (Figure 1B). Populations of cells with
eroGFP1-iL fluorescence in the top tenth percentile and the
next tenth percentile were separated by flow cytometry (Figure
1C) and expanded, and immunoblot analysis was performed to
determine the levels of eroGFP1-iL (Figure 1D) and the ER
stress marker BiP (Figure 1E). In contrast to 3T3-L1 fibroblasts
treated with 1 M thapsigargin, no evidence of BiP induction
was observed in the 10 and 20% of the cells expressing the
highest levels of eroGFP1-iL.

Changes in eroGFP1-iL Fluorescence following Treat-
ments with Oxidizing and Reducing Agents. To
determine if 3T3-L1-eroGFPI-iL fibroblasts can respond to
changes in the redox state, cells mounted on a heated
epifluorescence microscope stage maintained at 37 °C were
treated with 1 mM diamide or DTT. Live cell fluorescence
images were first acquired for untreated cells to obtain the
baseline redox condition. Cells were then treated with diamide
or DTT and imaged after 1, 5, 10, and 15 min to obtain the
eroGFP1-iL ratio, a term defined in Materials and Methods in
depth as the log, value of fluorescence excited at 380 nm versus
that at 455 nm normalized to baseline. Treatment with diamide
led to an increase in the eroGFP1-iL ratio from 0 to 0.63 +
0.09 within the first minute (Figure 2A,B). DTT brought about
an immediate reduction in the eroGFP1-iL ratio, with the most
dramatic response occurring also in the first minute (Figure
3A,B). Maximal changes in eroGFP1-iL ratios following both
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Figure 1. Assessment of colocalization of PDI and myc epitope-tagged
eroGFP1-iL in 3T3-L1-eroGFP1-iL fibroblasts by confocal microscopy
(A) and concentration of the ER stress marker BiP in 3T3-L1
fibroblasts expressing varying amounts of eroGFP1-L (B—D). (A)
Representative phase contrast and confocal fluorescence microscopy
images of 3T3-L1-eroGFP1-iL cells stained with antibodies against the
myc epitope and PDI followed by Alexa Fluor 488- and CyS-
conjugated secondary antibodies, respectively. (B) Fluorescence of
3T3-L1 fibroblasts infected with replication-defective retrovirus
carrying the eroGFP1-iL construct or vector assessed by flow
cytometry (488 nm excitation, 530 = 1S nm emission) and plotted
as a histogram. (C) Fluorescence of 3T3-L1-eroGFP1-iL fibroblasts
determined by flow cytometry (488 nm excitation, 530 + 15 nm
emission) and plotted as a histogram showing the top tenth percentile
and the next tenth percentile of cells with the highest fluorescence. (D
and E) Immunoblot analyses of 3T3-L1-eroGFP1-L cells sorted for
being in the top 10% and the top 10—20% of cells with the highest
fluorescence, 3T3-L1 cells carrying the pBabe-puro vector as a negative
control, and thapsigargin-treated 3T3-L1 fibroblasts as a positive
control for the (D) myc epitope tag and (E) ER stress marker BiP.

DTT and diamide treatments were observed at the end of 10
min (Figures 2A and 3A). While Figures 2B and 3B depict only
images at baseline and after treatments for 1 and 10 min,
fluorescence changes across all time points are shown as
QuickTime movies in Figure S1 of the Supporting Information.
Although in opposite directions, the maximal changes in
eroGFP1-iL ratios from baseline were approximately equal in
absolute terms for DTT and diamide treatments [0.72 + 0.1
and 0.79 + 0.04, respectively (Figures 2A and 3A)].

To assess the robustness of the ability of eroGFPI-iL to
detect redox changes, cells treated with diamide or DTT were
analyzed using flow cytometry with only a 405 nm laser to
excite the fluorophore in a redox-sensitive manner and a 488
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Figure 2. Real-time changes in the fluorescence of 3T3-L1-eroGFP1-
iL fibroblasts monitored using epifluorescence microscopy at baseline
and after treatment with 1 mM diamide for 1, 5, 10, and 15 min at 37
°C. (A) eroGFP1-L ratio (log, values of baseline-normalized 380 nm/
455 nm fluorescence ratios, described in greater detail in Materials and
Methods) averaged from four independent experiments after diamide
treatment. One asterisk and two asterisks denote p < 0.01 and p <
0.001, respectively, in a one-sample, two-tailed, ¢ test against an
expected value of 0. (B) Representative epifluorescence images of 3T3-
L1-eroGFP1-iL cells at baseline and after treatment with diamide for 1
and 10 min. Cells were excited with light from a mercury lamp through
a 380 + S nm bandpass filter (left) or a 455 + 15 nm bandpass filter
(right), and epifluorescence was collected through a 510 + 10 nm
bandpass filter.

nm laser to excite it in a redox-independent fashion. 3T3-L1-
eroGFP1-L cells grown on culture plates were treated with 1
mM diamide or 1 mM DTT for 5 and 15 min. At the end of the
treatment, cells were collected and subjected to flow cytometric
analysis as described in Materials and Methods. A statistically
significant oxidizing change in the ER, measured as the log,
ratio of intensities of light emitted by the oxidized eroGFP1-iL
following excitation at 405 and 488 nm, was recorded after
diamide treatment for 15 min [0.27 + 0.06 (Figure 4AB)].
Similarly, significant decreases in the log, ratio of 405 nm to
488 nm fluorescence intensities were observed after DTT
treatment for S and 15 min [—0.41 + 0.04 and —0.40 + 0.02,
respectively (Figure 4A,C)].

Redox States of eroGFP1-iL in 3T3-L1 Fibroblasts in
Response to Diamide and DTT. To evaluate the physical
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Figure 3. Real-time changes in the fluorescence of 3T3-L1-eroGFP1-
iL fibroblasts monitored using epifluorescence microscopy at baseline
and after treatment with 1 mM DTT for 1, 5, 10, and 15 min at 37 °C.
(A) eroGFP1-L ratio (log, values of baseline-normalized 380 nm/455
nm fluorescence ratios, described in greater detail in Materials and
Methods) averaged from four independent experiments after DTT
treatment. One asterisk and two asterisks denote p < 0.03 and p <
0.01, respectively, in a one-sample, two-tailed, ¢ test against an
expected value of 0. (B) Representative epifluorescence images of 3T3-
L1-eroGFPI-iL cells at baseline and after treatment with DTT for 1
and 10 min. Cells were excited with light from a mercury lamp through
a 380 + S nm bandpass filter (left) or a 455 + 15 nm bandpass filter
(right), and epifluorescence was collected through a S10 + 10 nm
bandpass filter.

state of the eroGFP1-iL protein in vivo upon treatment with
oxidizing and reducing agents, 3T3-L1-eroGFP1-iL cells were
incubated with 1 mM diamide or DTT for S and 15 min at 37
°C and then precipitated with TCA followed by resolubilization
in SDS and NEM to preserve redox states. Samples were
fractionated via nonreducing SDS—PAGE, transferred to
nitrocellulose, and probed with an antibody against the myc
epitope tag located on the C-terminus of eroGFPI-iL. We
observed three distinct species of eroGFP1-iL that are labeled
A-C in Figure 4D. Species A and B had molecular weights
corresponding to that of monomeric eroGFP1-iL. Species A
migrated faster than species B and is thus consistent with it
being the oxidized form of the eroGFP1-iL monomer
containing a disulfide bond between C147 and C204. Species
B is most likely the reduced form of the eroGFP1-iL monomer
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Figure 4. Response of eroGFP1-iL to oxidizing and reducing agents
measured using only one redox-sensitive excitation wavelength (A—C)
and immunoblot analysis of eroGFP1-iL redox states (D and E).
Relative amounts of oxidized eroGFP1-iL in 3T3-L1-eroGFP1-iL cells
after diamide or DTT treatment for 5 and 15 min were measured
using flow cytometry by normalizing the 405 nm laser-excited mean
fluorescence intensity with that excited by a 488 nm laser because both
oxidized and reduced roGFPI-iL exhibited equal fluorescence
intensities upon excitation at 488 nm.** The bar graph in panel A
shows the 405 nm/488 nm laser-excited mean fluorescence intensity
ratios normalized to untreated controls and expressed on a log, scale.
Values were averaged from three independent experiments with a
minimum of 7500 events per sample. One asterisk and two asterisks
denote p < 0.05 and p < 0.00S, respectively, in a one-sample, two-
tailed, ¢ test against an expected value of 0. (B and C) Representative
flow cytometry histograms plotting the cell number against the green
fluorescence of untreated 3T3-L1-eroGFPI-iL fibroblasts and either
(B) diamide-treated or (C) DTT-treated cells (15 min at 37 °C)
following excitation with a 405 nm laser. Redox states of eroGFP1-iL
in untreated and either diamide- or DTT-treated 3T3-L1 fibroblasts
were determined using antibodies against the myc epitope to probe
Western blots of TCA-precipitated cell lysates resolved via (D)
nonreducing and (E) reducing SDS—PAGE. 3T3-L1-eroGFP1-L cells
treated with or without 1 mM diamide or 1 mM DTT for S and 15
min were precipitated with 10% TCA followed by resolubilization in
the presence of 20 mM NEM to protect redox states. The blot shown
is representative of five independent experiments. For reducing SDS—
PAGE, resolubilized TCA precipitates in sample loading buffer were
heated for 15 min at 90 °C in the presence of 100 mM SME prior to
loading.

without a disulfide bond to constrain its conformation during
nonreducing SDS—PAGE. In untreated 3T3-L1-eroGFP1-iL
fibroblasts, both oxidized and reduced monomers of eroGFP1-
iL were found with larger amounts of reduced monomers
versus oxidized monomers (Figure 4D). Upon diamide

dx.doi.org/10.1021/bi400052u | Biochemistry 2013, 52, 3332—3345



Biochemistry

treatment, the reduced eroGFP1-iL monomers (species B)
disappeared, but oxidized monomers did not (species A and
Figure 4D). Levels of reduced monomers (species B) increased,
and oxidized monomers (species A) disappeared upon DTT
treatment (Figure 4D). Species C was the predominant form of
eroGFP1-L in cells under all conditions (Figure 4D). As the
presence of SME in sample loading buffer almost completely
eliminated the presence of species C (Figure 4E), this species is
most likely a disulfide-bonded homodimer of eroGFP1-iL or a
disulfide-bonded heterodimer between eroGFP1-iL and anoth-
er protein with a similar molecular weight. A reducing agent-
collapsible ER roGFP1-iL band with an apparent molecular
weight similar to that of species C in nonreducing SDS—PAGE
has been observed previously in HT1080 cells,*® indicating
species C is not an artifact specific to 3T3-L1 fibroblasts.

Presence of Redox-Sensitive roGFP1-iL Dimers in
Vitro. To determine if species C in nonreducing immunoblot
analysis could be a dimer of eroGFP1-iL, we examined if
purified roGFP1-iL formed dimers in vitro. Purified roGFP1-iL
containing a mixture of oxidized and reduced monomers and
small amounts of dimers were treated with 0, 0.5, 5, or 10 mM
diamide for 2 h at room temperature to determine if an
oxidizing environment could facilitate dimer formation.
Addition of diamide led to the conversion of monomers to
dimers (Figure SA) that was manifested by an increased ratio of
dimers to monomers (Figure SB). Interestingly, conversion to
dimers was most robust at 0.5 mM diamide (Figure SA),
leading to the highest dimer/monomer ratio at that
concentration (Figure SB). Paradoxically, the dimer/monomer
ratio decreased progressively with an increasing diamide
concentration (Figure SB).

Molecular Modeling of the roGFP1-iL Dimer. To assess
how roGFP1-iL monomers could interact to form a covalent
dimer, homology models of the roGFP1-iL dimer were built
using MODELLER software** with reduced roGFPI-iR
(3CBE) and a crystallized GFP dimer (2B3Q) as model
templates. MODELLER was able to generate disulfide-bonded
dimers in both cross [C147—C204 and C204—C147 (Figure
SC,D)] and para [C147—-Cl147 and C204—C204 (Figure
SE,F)] conformations that had highly similar DOPE energy
values. Five successfully produced models for each of the two
conformations are shown in Figure S2 of the Supporting
Information, while the models with the lowest DOPE value in
each conformation are shown in Figure SC—F. C70, the third
cysteine residue in roGFP1-iL, is located far from the dimer
interface and is thus not likely to form disulfide bonds. The
redox sensitivity of the entire roGFP1-iX family depends upon
whether a disulfide bridge is present between C147 and C204
of the GFP monomer.”* Formation of dimers mediated by
disulfide bridges involving C147 and/or C204 residues suggests
roGFP1-iL could exist in redox states in addition to oxidized or
reduced monomers.

Decreased Level of Formation of the roGFP1-iL Dimer
following Disruption of the Hydrophobic Region near
C204. GFP forms weak dimers in solution with an approximate
Ky of 100 uM,*® and substituting alanine at position 206 with
lysine further weakened the tendency to form dimers.*
Examination of the crystal structure of roGFP1-iE showed
the A206 residue forms part of a hydrophobic surface in the
proximity of one of the redox-sensitive cysteine residues, C204
(Figure 6A,B). We hypothesized that if substituting A206 with
a charged residue led to a decreased level of formation of
disulfide-linked dimers, it will provide experimental support for
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Figure 5. Redox-sensitive formation of roGFP1-iL dimers in vitro (A
and B) and models of the roGFP1-iL dimer in (C and D) cross and (E
and F) para conformations viewed from (C and E) sides and (D and
F) ends of GFP’s barrel-like structures. Representative nonreducing
SDS—PAGE analysis of roGFP1-iL following incubation in 0, 0.5, 5,
and 10 mM diamide is shown in panel A and the ratio of the intensities
of dimers to monomers in panel B. Asterisks and daggers denote p <
0.05 in a Student’s unpaired, two-tailed ¢ test against groups with 0 and
0.5 mM diamide, respectively (n = 2—4 per group). Ca traces of
roGFP1-iL dimers in cross and para conformations modeled using
MODELLER and rendered in MacPyMol are shown in panels C—F. In
the cross conformation, the C147 residue of one monomer forms a
disulfide bond with the C204 residue of the other monomer and vice
versa. In the para conformation, the C147 residue of one monomer
forms a disulfide bond with the same residue on the other monomer
while the other disulfide bond is between the C204 residues of
adjacent monomers. C70, the third cysteine residue in roGFP1-iL, is
also labeled.

C204 as one (or the only) cysteine residue in forming the
disulfide bridge between two roGFP1-iL monomers. As shown
in Figure 6C, roGFP1-iL with the A206K substitution exhibited
a weakened tendency to form dimers as manifested in a lower
dimer/monomer ratio (Figure 6D) in both reducing (—280
mV) and oxidizing (—160 mV) environments.

Excitation Fluorescence Spectrum of roGFP1-iL
Dimers. As dimers represent a major portion of the total
eroGFP1-iL found in 3T3-L1-eroGFPI-L cells (Figure 4D),
the dimers’ fluorescence property must be determined to
understand how the fluorescence of 3T3-L1-eroGFP1-iL cells
changes in response to redox-active agents. Size exclusion
chromatography was performed to separate dimers (fraction A
in Figure 7A) from monomers (fraction B in Figure 7A) of
roGFP1-iL. As fraction A remained contaminated with
significant amounts of monomers, the sample was further
treated with oxidized lipoic acid to increase the proportion of
dimers (Figure 7B). For comparison, fraction A was also treated
with DTT to convert all species to reduced monomers and
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fraction B was found to consist exclusively of oxidized
monomers (Figure 7B). As shown in Figure 7C, the excitation
fluorescence spectra of fraction A and oxidized lipoic acid-
treated fraction A were intermediate between those of reduced
monomers (fraction A with DTT) and oxidized monomers
(fraction B). These results indicate dimers of roGFP1-iL
display an intermediate excitation fluorescence spectrum similar
to having a mixture of oxidized and reduced monomers.
Increased roGFP1-iL Reduction Potential Caused by
the Glutathione-Mediated Dimer. The intermediate
fluorescence spectra of roGFP1-iL. dimers may help to explain
the ability of 3T3-L1-eroGFP1-iL cells to respond to both
oxidizing and reducing changes (Figures 2 and 3). As a result,
we assessed whether formation of the dimers is sensitive to
differences in the redox environment by titrating roGFP1-iL in
two different types of redox buffers, oxidized and reduced DTT
(DTT/DTTox) and glutathione (GSH/GSSG). DTT/DTTox
was used because it is a dithiol-based system similar to the
oxidized and reduced lipoic acid used previously to determine
the reduction potential of roGFP1-iL,** and GSH/GSSG is the
major physiological redox buffer in ER.*® It was observed that
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the excitation fluorescence spectra of roGFPI1-iL were
surprisingly different in DTT/DTTox (Figure 8A) and GSH/
GSSG (Figure 8B) buffers. In DTT/DTTox, the fluorescence
spectra indicated nearly 100% of roGFP1-iL existed in the
oxidized state at —190 mV and above (Figure 8A). In GSH/
GSSG, not until —100 mV were all of the roGFP-iL. molecules
oxidized (Figure 8B). The differences in fluorescence spectra
between the two buffer systems were associated with a
significantly weakened tendency for roGFP1-iL to dimerize in
DTT/DTTox (Figure 8C) compared with GSH/GSSG (Figure
8D). At —340, —310, —280, —220, and —190 mV, the
percentage of dimers as total roGFPI-iL was significantly
higher in GSH/GSSG than in DTT/DTTox (Figure 8E). In
addition to an increased level of dimer formation, another
surprise is monomeric roGFP1-iL molecules in GSH/GSSG
buffer were more easily reduced or more difficult to oxidize
than the monomers in DTT/DTTox buffer (Figure 8C,D).
While the midpoint reduction potential of the roGFP-iL
monomer in DTT/DTTox was approximately —240 mV, that
in GSH/GSSG was approximately —155 mV (Figure 8F). At
—250, =220, —190, and —160 mV, the percentages of
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Figure 7. Enrichment of roGFP1-iL dimers for the determination of
excitation fluorescence spectra. (A) Elution profile of roGFPI-iL in a
Superdex 75 gel filtration column showing the two fractions, labeled A
and B, that underwent further analyses. Aliquots of fraction A, fraction
A treated with 100 mM oxidized lipoic acid (OxLA), fraction A treated
with 10 mM DTT, and fraction B were analyzed using (B)
nonreducing SDS—PAGE followed by staining with Coomassie
Brilliant Blue and (C) excitation fluorescence spectroscopy with
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monomeric roGFP1-iL that were reduced were significantly
higher in GSH/GSSG buffer than in DTT/DTTox buffer
(Figure 8F).

B DISCUSSION

Given the vital role of ER oxidative protein folding in cellular
homeostasis, it is important to understand how redox state is
regulated in that cellular compartment. Our current under-
standing of ER redox-state regulation is poor. A real-time
sensor of the ER redox state will accelerate the discovery
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process. The commonly used roGFP1 has been targeted to the
ER previously but was found to be able to detect only reducing
changes in the ER**° presumably because of the large
difference between the midpoint reduction potential of roGFP1
(approximately —280 mV) and the reduction potential of the
glutathione couple in the ER measured using biochemical
approaches (approximately between —160 and —200 mV).2~2®
Newer fluorescent sensors whose in vitro midpoint reduction
potentials are closer to that in the ER have been developed
recently and used to assess redox changes in the ER>'7** As
detailed in the introductory section, results from these real-time
fluorescence-based sensors conflict with the earlier results
obtained using biochemical approaches. In this study, we
uncovered two mechanisms that may reconcile the differences
between the studies using one particular fluorescent sensor,
roGFP1-il, and the earlier studies based on biochemical
approaches: (1) an intermediate excitation fluorescence
spectrum associated with the roGFP1-iL dimer and (2) a
glutathione-mediated shift of the oxidized roGFP1-iL monomer
to the dimer form. These two mechanisms likely accounted for
the ability of eroGFP1-iL to detect both oxidizing and reducing
changes. Formation of the glutathione-mediated stable
roGFP1-iL dimer effectively increased the ambient reduction
potential at which the sensor has the highest dynamic response
in fluorescence intensity change (Figure 8A,B). Using the
midpoint potential of roGFP1-iL determined in a dithiol-based
redox buffer that did not facilitate dimer formation would
underestimate the ER reduction potential.

Measuring the ER Redox State Using Fluorescent
Sensors. A family of ratiometric fluorescent sensors based on
roGFP1 had been developed in which an insertion made
disulfide bond formation between the redox-active cysteine
residues more unfavorable, resulting in increased reduction
potentials.** The member with the highest midpoint potential
at =229 mV,** roGFP1-iL, has been targeted to the ER of the
yeast P. pastoris’* and the human sarcoma cell line HT1080.>
These studies showed that roGFP1-iL is capable of reporting
both oxidizing and reducing changes in the ER, a phenomenon
we have replicated in 3T3-L1 fibroblasts in this study (Figures
2—4). This suggests the sensitivity of eroGFP1-iL to both
oxidizing and reducing changes reflects ER redox conditions
common to many eukaryotic cell lines. However, it is unclear
how this reporter is able to detect oxidizing changes in the ER.
At the previously published ER redox potential of —150 to
—205 mV,**7?® virtually all of the roGFP1-iL molecules should
already be in the oxidized state, thereby reaching a limit on the
dynamic range of the redox probe. It is possible that the ER
redox potential in Pichia, calculated to be approximately —230
mV, is much more reducing than that previouslgf determined for
mammalian cells, as Delic et al. had suggested, ! but that could
not account for the observation that roGFP1-iL was able to
detect both oxidizing and reducing changes in the ER of
mammalian HT1080* and CHO®® cells. The estimate of
approximately —230 mV for the ER reduction potential derived
by Delic et al. relies on the midpoint potential value of —229
mV for roGFP1-L determined in a dithiol-based redox buffer.>*
As shown in Figure 8B, the formation of roGFP1-iL dimers in
monothiol-based redox buffer effectively increased the reduc-
tion potential in which the sensor’s fluorescence intensity is
dynamically responsive. As a result, the ER reduction potential
assessed using eroGFP1-iL is likely higher than —230 mV.

Existence of Redox-Sensitive eroGFP1-iL Dimers and
Their Fluorescence Property. We have uncovered two
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Figure 8. Altered redox states and excitation fluorescence spectra of roGFP1-iL in glutathione- vs DTT-based redox buffer. Excitation fluorescence
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mechanisms that may explain the ability of eroGFPI1-iL to
detect oxidizing as well as reducing changes in the ER, and both
involve redox-sensitive dimers of eroGFP1-iL. In panels D and
E of Figure 4, we showed the presence of a major eroGFP1-iL
species with a molecular weight consistent with it being a dimer
of eroGFP1-iL. This species could be collapsed by inclusion of
a thiol reducing agent in sample loading buffer, suggesting it is a
dimer linked by one or more disulfide bridges. This species was
also reported previously by van Lith et al.>®> Although neither
van Lith et al. nor we offered formal proof by way of purifying
the dimerlike species to show it is indeed a dimer of eroGFP1-
iL, we demonstrated in Figure SA that the roGFP1-iL dimer
could exist in vitro in a redox-dependent fashion. Two lines of
evidence supported the idea that the dimer is held together by
disulfide bridges involving the redox-sensitive cysteine residues
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whose redox states dictate the differential excitation fluo-
rescence property of oxidized and reduced roGFP1-iL
monomers. First, molecular modeling based on existing GFP
dimers demonstrated that a dimer of roGFP1-iL with disulfide
bridges between the same cysteine residues (para conformation,
C147—-C147 and C204—C204) or the opposite cysteine
residues (cross conformation, C147—C204) on adjacent
monomers is energetically favorable (Figure SC—F and Figure
S2 of the Supporting Information). Second, substitution of the
surface alanine residue at position 206 with lysine weakened the
tendency of roGFP1-iL to form dimers (Figure 6C,D). This
residue is in the proximity of one of the redox-sensitive cysteine
residues at position 204 and is also part of a large nearby
hydrophobic patch (Figure 6A,B). Decreased levels of A206K
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roGFP1-L dimers suggest C204 mediates covalent dimer
formation.

The excitation fluorescence spectrum of the roGFP1-iL
dimer, which resembles a mixture of oxidized and reduced
monomers (Figure 7), is one mechanism that allowed
eroGFP1-iL to detect oxidizing changes in the ER. At steady
state, a majority of eroGFP1-iL existed in dimeric form (Figure
4D), making it possible for a higher oxidized/reduced (380
nm/455 nm) fluorescence ratio to exist upon treatment of cells
with oxidizing agents. Conformational differences between
oxidized and reduced roGFPI-iL leading to differential
ionization of the tyrosine residue in the chromophore are
responsible for the ratiometric nature of the sensor.* The
C147 and C204 residues in a dimer of roGFP1-iL are not
expected to adopt the same conformation as an oxidized
monomer with a disulfide bridge between the two residues or a
reduced monomer in which the residues are farther apart. Most

likely, the residues exist in an intermediate conformation in the
dimer that leads to a chromophore tyrosine pK, value between
those of oxidized and reduced monomers.

Formation of the Glutathione-Mediated roGFP1-iL
Dimer and the Effect on the Reduction Potential. The
more important mechanism underlying the ability of eroGFP1-
iL to detect oxidizing changes in ER is the increase in the
apparent reduction potential of the monomer following
glutathione-mediated formation of the dimer. In addition to
an abundance of dimer, there were significantly more reduced
eroGFP1-iL monomers than there were oxidized monomers in
3T3-L1 fibroblasts under untreated control conditions (Figure
4D). This distribution pattern of eroGFP1-iL proteins in vivo
resembles that of roGFP1-iL incubated in GSH/GSSG redox
buffer at a —160 mV reduction potential in vitro (Figure 8D,F).
Such a mixture of reduced and oxidized monomers and dimers
was also observed in DTT/DTTox redox buffer, but only at a
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—250 mV reduction potential (Figure 8C,F). The illustration in
Figure 9A depicts the process by which glutathione-mediated
dimerization of roGFP1-iL changes the distribution of
monomers leading to a decreased amount of oxidized
monomers relative to reduced monomers. As the redox
potential of the environment increases with a higher
concentration of GSSG, a reduced roGFP1-iL. monomer first
becomes glutathionylated, yielding one GSH. At this point, the
glutathionylated roGFP1-iL could become an oxidized
monomer as the remaining free thiol undergoes intramolecular
disulfide bonding to resolve glutathionylation, yielding two
GSH molecules overall. Alternatively, the remaining free thiol
in glutathionylated roGFP1-iL could undergo intermolecular
disulfide bonding with an oxidized roGFP1-iL monomer. This
then leads to a mixed disulfide roGFP1-iL. dimer with one
intermolecular disulfide bridge, one free thiol, and one
glutathionylated adduct. Subsequent nucleophilic attack by
the free thiol (after deprotonation) will form a second
intermolecular disulfide bridge, yielding a stable dimer along
with two GSH molecules. Oxidation of a reduced roGFP1-iL by
GSSG along both of these two possible routes ultimately results
in the transfer of two electrons from two thiols to one GSSG to
form a disulfide and two GSH molecules. The difference is that
an oxidized roGFP1-L is trapped in the process of forming a
stable dimer, effectively shifting the equilibrium away from
oxidized monomers.

In contrast to GSSG, using oxidized DTT as an electron
acceptor to oxidize reduced roGFP1-iL will less likely result in
the formation of a stable dimer. As illustrated in Figure 9B, a
mixed disulfide dimer of roGFP1-iL with a DTT adduct will
likely result in an unstable dimer with one disulfide bridge and
two free thiols as the second thiol group in DTT mounts a
nucleophilic attack to regenerate an oxidized DTT. Unlike in
GSH/GSSG, the presence of a roGFPI-iL dimer species in
DTT/DTTox at —250 mV had no impact on the midpoint
reduction potential of the monomer (Figure 9F).

The schematic in Figure 9A illustrates the formation of a
stable roGFP1-iL dimer requiring both a reduced monomer
and an oxidized monomer. This is supported by the observation
that at an extremely oxidizing state of —100 mV, the amount of
dimers was significantly decreased compared to that at lower
reduction potentials in GSH/GSSG redox buffer (Figure 8D).
Additional support could also be found in panels A and B of
Figure 5 in which roGFP1-iL dimer formation was optimal at
the lowest diamide concentration tested (0.5 mM). At higher
diamide concentrations, dimer formation was hampered. These
results underscore the need for both oxidized and reduced
monomers to form dimers and provide experimental validation
for the model of dimer formation illustrated in Figure 9.

Dynamics of Dimer—Monomer Conversion. Under
steady-state conditions, there is likely a rapid equilibrium
between dimers and monomers. This possibility is suggested by
the difficulty in obtaining large amounts of dimers from the
monomers via gel filtration chromatography (Figure 7). This
observation stands in stark contrast with the high levels of
roGFP1-L dimers in nonreducing SDS—PAGE (Figures 4D,
SA, 6C, and 8D) under a variety of conditions. However,
samples in nonreducing SDS—PAGE had been denatured and
treated with NEM to alkylate available thiols, while those in the
gel filtration column had not been exposed to NEM and were
separated under native conditions in which dimer—monomer
exchange could take place.
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Factors Complicating the Assessment of the ER
Reduction Potential Using eroGFP1-iL. It is probable that
the concentration of glutathione in ER will affect the behavior
of the sensor in two ways. First, the glutathione concentration
will likely affect the rate by which dimers form. Given the rapid
equilibrium between roGFP1-iL dimers and monomers and the
impact of dimer formation on the levels of oxidized monomers,
uncertainty in the rate of dimer formation will make an accurate
assessment of the ER redox state difficult to achieve. Second,
the proportion of total eroGFPI-iL that is glutathionylated in
the ER will have a major impact on the assessment of the ER
redox state. Even though glutathionylated eroGFP1-iL differs
from reduced eroGFP1-iL in its redox state, we expect these
two species to have similar excitation fluorescence spectra
because they should have similar degrees of conformational
freedom near the redox center. As a result, the uncertainty in
the percentage of eroGFP1-iL that is glutathionylated
represents another difficulty in assessing ER reduction potential
in absolute terms.

Potential Role of Glutathione in Adiponectin Multi-
merization in the ER. The importance of glutathione in
disulfide bond formation in the ER is well-known.'”"® While
glutathione was shown to promote roGFP1-iL dimerization in
this study, it is unknown if glutathione facilitates disulfide-
mediated protein multimerization in general. One protein
whose multimerization status could be affected by glutathione is
adiponectin, an adipocyte-secreted hormone that homo-
oligomerizes into trimers and disulfide-stabilized 6mers and
18mers.*® Glutathione enhanced oligomerization of adiponec-
tin 18mers in vitro,”>° and inhibition of glutathione synthesis
by buthionine sulfoximine led to decreased levels of
adiponectin in rats. In addition, oligomerization and secretion
of adiponectin were enhanced by DsbA-L, an ER-localized
adiponectin-interacting protein®" that was initially characterized
as class kappa glutathione S-transferase (GSTK1).>* Even
though it contains a thioredoxin-like domain and diverges
significantly from canonical GSTs at the sequence level,>"*” the
structural elements for GSH recognition are conserved.*®
Analogous to eroGFP1-iL whose redox-active cysteines can
form intramolecular or intermolecular disulfide bonds,
adiponectin trimers can form intertrimer or intratrimer disulfide
bridges that favor or inhibit, respectively, the assembly of 18mer
adiponectin.®”3®

Epifluorescence Microscopy versus Flow Cytometry
in Measuring the ER Redox State. In this study, both flow
cytometry and epifluorescence microscopy were used to
measure redox changes in the ER of 3T3-Ll-eroGFP1-iL
cells. Each technique has unique advantages and drawbacks.
Flow cytometers are rarely equipped with lasers capable of
exciting eroGFP1-iL in the range (around 460 nm) that
produces the highest fluorescence when the molecule is in its
reduced state. Moreover, the magnitudes of changes in flow
cytometry-based 405 nm/488 nm fluorescence intensity ratios
in response to diamide and DTT (Figure 4A; 0.27 + 0.06 and
—0.40 + 0.01, respectively) were smaller than the epifluor-
escence microscopy-based 380 nm/455 nm intensity ratios
(Figures 2A and 3A; 0.79 = 0.04 and —0.72 + 0.1,
respectively). This suggests the responsiveness of eroGFP1-iL
to redox disturbance in 3T3-L1 fibroblasts was lower when
eroGFP1-iL was excited with only one wavelength capable of
generating varying emission fluorescence depending on the
redox state of the molecule. As a result, epifluorescence
microscopy, with the ready availability of a wide range of
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excitation bandpass filters, and high sensitivity may be better at
detecting small ER redox changes than a flow cytometer in
which only a 405 or 407 nm laser is available in addition to the
ubiquitous 488 nm laser. Nevertheless, flow cytometry may be
more desirable in certain applications because of its ability to
monitor large numbers of cells quickly and its versatility in
measuring additional parameters like cell size or complexity
simultaneously.

In summary, this study provides an in-depth analysis of the
behavior of the fluorescence-based ER redox-state reporter
eroGFP-iL ex vivo and in vitro. The results showed the
reduction potential of roGFP1-iL. was dramatically different in
glutathione- and DTT-based redox buffers because of
glutathione-facilitated dimerization of roGFP1-iL. While it is
difficult to determine the absolute ER reduction potential using
roGFP1-iL because of the difficulties discussed above, the range
of reduction potential in which roGFP1-L is highly responsive
(approximately between —190 and —130 mV) agrees with
estimates of ER reduction potential derived from the redox-
sensitive glycosylated peptide®® or the measurement of
microsomal GSH/GSSG concentrations.”” However, the
response of the reporter has a reasonable dynamic range, and
the use of ratiometric analysis allows for analysis of dynamic
redox changes within the ER in real time. Obviously,
conclusions regarding the ER redox state drawn from the use
of fluorescent reporters must be validated by ensuring the
sensor does not behave differently in vivo and in vitro.
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© Supporting Information

QuickTime movies of fluorescence intensity changes of
eroGFP-iL after treatment with diamide or DTT for 15 min
(Figure S1) and five homology models of roGFP1-iL dimers
successfully produced using MODELLER (Figure S2). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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