
Journal of Microscopy, Vol. 231, Pt 2 2008, pp. 299–316

Received 18 September 2007; accepted 22 February 2008

Confocal imaging of glutathione redox potential in living plant cells
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Summary

Reduction–oxidation-sensitive green fluorescent protein
(roGFP1 and roGFP2) were expressed in different sub-
cellular compartments of Arabidopsis and tobacco leaves to
empirically determine their performance as ratiometric redox
sensors for confocal imaging in planta. A lower redox-
dependent change in fluorescence in combination with
reduced excitation efficiency at 488 nm resulted in a
significantly lower dynamic range of roGFP1 than for roGFP2.
Nevertheless, when targeted to the cytosol and mitochondria
of Arabidopsis leaves both roGFPs consistently indicated redox
potentials of about –320 mV in the cytosol and –360 mV in
the mitochondria after pH correction for the more alkaline
matrix pH. Ratio measurements were consistent throughout
the epidermal cell layer, but results might be attenuated deeper
within the leaf tissue. Specific interaction of both roGFPs
with glutaredoxin in vitro strongly suggests that in situ both
variants preferentially act as sensors for the glutathione redox
potential. roGFP2 targeted to plastids and peroxisomes in
epidermal cells of tobacco leaves was slightly less reduced than
in other plasmatic compartments, but still indicated a highly
reduced glutathione pool. The only oxidizing compartment
was the lumen of the endoplasmic reticulum, in which roGFP2
was almost completely oxidized. In all compartments tested,
roGFP2 reversibly responded to perfusion with H2O2 and
DTT, further emphasizing that roGFP2 is a reliable probe
for dynamic redox imaging in planta. Reliability of roGFP1
measurements might be obscured though in extended time
courses as it was observed that intense irradiation of roGFP1
at 405 nm can lead to progressive photoisomerization and
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thus a redox-independent change of fluorescence excitation
ratios.

Introduction

Reactive oxygen species (ROS) are formed during normal
aerobic metabolism and have the potential to cause
considerable damage within cells (Halliwell, 2006). Further-
more, ROS formation typically increases under a wide range of
different biotic and abiotic stress conditions (Mittler, 2006). To
ameliorate ROS damage, cells have a range of detoxification
systems present in different organelles (Mittler et al., 2004).
Most anti-oxidant systems are constitutively present, but also
show marked increases in activity in response to stress. In
several cases, it appears that ROS themselves function as
the signal for the presence of a particular stress. Thus, cells
have developed sensory systems to detect and respond to the
presence of increasing ROS as an early warning signal for
impending trouble.

The tripeptide, glutathione (reduced form: GSH; oxidized
disulfide form: GSSG) is thought to play a central role both as an
anti-oxidant and as a link to downstream signalling pathways.
The GSH-GSSG redox couple is the most important redox buffer
in virtually all eukaryotic cells, most Gram-negative bacteria,
and a few Gram-positive bacteria (Fahey & Sundquist, 1991;
Fahey, 2001; Copley & Dhillon, 2002). GSH acts directly as
an anti-oxidant for H2O2 through glutathione peroxidase or
indirectly through ascorbate peroxidase, and the resultant
GSSG is re-reduced by NADPH in the Halliwell–Asada–Foyer
pathway. Shifts in the glutathione redox potential also have
the potential to reversibly modify redox-sensitive thiol groups
in target proteins in response to changing oxidation state,
either through glutathionylation or formation of cystine cross-
bridges, with specificity conferred by glutaredoxins (GRX).
The redox potential of the glutathione couple is dependent
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on the ratio [GSH]2/[GSSG]. Thus, the extent that any stress
will affect the redox potential is strongly influenced by the
total concentration of glutathione (Meyer & Hell, 2005). This
provides a conundrum: constitutively high levels of reduced
GSH are advantageous to act as a strong buffer against ROS,
but would also make the system less responsive, in terms
of changes in redox potential that may be needed to up-
regulate the inducible defence components. To understand the
dynamics of this pathway, particularly as many of the signals
are themselves short-lived and highly localized, it is essential to
measure these components quantitatively in living cells with
good spatial and temporal resolution.

Traditionally, GSH and GSSG levels have been determined
by destructive sampling and chemical analysis. This gives an
estimate of the total GSH and GSSG levels averaged across
all compartments. Occasionally sub-cellular fractionation has
been used to try to get an indication of organelle-specific
levels, but this is technically demanding, and increases the
likelihood of changes in oxidation state during extraction. In
all such biochemical measurements, additional assumptions
about compartment volumes are required to calculate the
actual concentration of GSH and GSSG rather than the
amount in moles. By contrast, the cytosolic glutathione
concentration can be determined directly using in situ
fluorescent methods following GST-catalyzed conjugation
of GSH to monochlorobimane (MCB) to give a fluorescent
glutathione-bimane (GSB) adduct. Imaging GSB deep within
tissues requires correction for depth-dependent attenuation
(Fricker et al., 2000; Meyer & Fricker, 2000; Meyer et al.,
2001), but has now been applied to GSH measurements in
several different types of tissues, including roots (Sánchez-
Fernández et al., 1997; Fricker et al., 2000; Meyer & Fricker,
2000; Fricker & Meyer, 2001), suspension culture cells (Meyer
& Fricker, 2002), trichomes of Arabidopsis (Gutiérrez-Alcalá
et al., 2000) and tobacco, and mesophyll, epidermal and guard
cells of poplar leaves (Hartmann et al., 2003). Competitive
labelling with MCB was also used to show uptake and
conjugation of electrophilic xenobiotics and depletion of the
GSH pool by heavy metal treatment (Meyer & Fricker, 2002;
Mezzari et al., 2005). Although bimane labelling gives an
indication of the total GSH concentration, it cannot report
the redox state of the GSH pool.

More recently, ratioable GFP-based transgenic fluorescent
reporters have been developed that allow in vivo measurements
of redox state. Additional cysteine residues have been
engineered into the protein barrel of both GFP (roGFP) and
YFP (rxYFP), such that the two cysteines are located on two
adjacent ß-strands (Østergaard et al., 2001, 2004; Dooley
et al., 2004; Hanson et al., 2004; Cannon & Remington,
2006). The two cysteine residues are sufficiently close to
form disulfide bridges depending on the redox-environment
of the protein. Formation or release of this disulfide bridge
then leads to slight conformational changes in the protein

barrel and alters the protonation state of the fluorophore. This
change in protonation leads to a change in the absorption
properties and hence in a change of fluorescence. In the case of
rxYFP, the introduction of a pair of cysteine residues (N149C
and S202C) confers reversible redox-dependent changes in
fluorescence intensity, but no shift in either the excitation
or emission spectrum (Østergaard et al., 2001, 2004). By
contrast, the oxidized and reduced forms of roGFPs are
preferentially excited at two different wavelengths, facilitating
quantitative ratiometric imaging of redox dynamics (Dooley
et al., 2004; Hanson et al., 2004; Björnberg et al., 2006).
Within the roGFP family, subtle differences in the positioning
of the cysteine groups confer different spectral properties, mid-
point potentials and pH sensitivity. Both roGFP1 and roGFP2
have been expressed in plants (Jiang et al., 2006; Meyer et al.,
2007), but there has been no direct comparison of which probe
is the most useful and under what conditions. Thus, in this
paper we compare results for roGFP1 and roGFP2 targeted to
different compartments in leaf tissues to empirically determine
their performance as redox sensors for confocal imaging in
planta.

Materials and methods

Expression of roGFP in Arabidopsis

roGFP1 (C48S/T65S/S147C/Q204C) and roGFP2 (C48S/
S147C/Q204C) sequences (Hanson et al., 2004), based
on mutations introduced into pEGFP-N1 that contains the
S65T mutation, were obtained from Prof. J. Remington
and introduced into Arabidopsis using two independent
cloning and transformation strategies. Both yielded stable
transformants with high levels of expression of either
roGFP1 or roGFP2. In the first approach, the roGFP2
sequence (Hanson et al., 2004) was amplified by PCR with
primers 5

′
-GGATCCCATGGTGAGCAAGGGCGAG-3

′
and 5

′
-

GTCGACTTACTTGTACAGCTCGTCC-3
′

and cloned into the
pCAPS vector (Roche, Mannheim, Germany). After sequence
confirmation, the roGFP2 sequence was excised with BamHI
and SalI and cloned into the binary vector pBinAR (Höfgen
& Willmitzer, 1990) behind a CaMV-35S promoter. In the
second approach, roGFP1 and roGFP2 (Hanson et al., 2004)
sequences were amplified by PCR using the primer pair
5

′
-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATG

GTGAGCAAGGGC-3
′

and 5
′
-GGGGACCACTTTGTACAAGA

AAGCTGGGTTTTACTTGTACAGCTCGTCCA-3
′
, and cloned

into a pH2GW7 vector (Karimi et al., 2002) using the
Gateway R© technology system (Invitrogen, Paisley, UK).

For mitochondrial localization, the 261-bp mitochondrial
targeting sequence from Nicotiana plumbaginifolia β-ATPase
(GeneBank X02868) was amplified from pBINmgfp5-atpase
(Logan & Leaver, 2000) using the primers 5

′
-TACAAAAA

AGCAGGCTTCACCATGGCTTCTCGGAGGCTTCTC-3
′

and 5
′
-
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GAACAGCTCCTCGCCCTTGCTCACACCAGCGCCGGTGAACT
CATCGGTA-3

′
. The sequences of roGFP1 and 2,

respectively, were PCR-amplified using the primer-pair 5
′
-

TACCGATGAGTTCACCGGCGCTGGTGTGAGCAAGGGCGAG
GAGCTGTTC-3

′
and 5

′
-GTACAAGAAAGCTGGGTTTTACTT

GTACAGCTCGTCCATGCCG-3
′
, to remove the initial

start codon from the cytosolic sequences. Fusion of the
mitochondrial targeting sequence and roGFP1 or roGFP2 was
achieved by PCR using overlapping sequences introduced
by the primers of the first PCR-step. The primer pair 5

′
-

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACC-3
′

and
5

′
-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAC-3

′

gave rise to a 1042-bp amplicon, which was cloned into the
pH2GW7 vector.

For plastid targeting of roGFP2 (cp-roGFP2), the
roGFP2 sequence was amplified with primers 5

′
-GGATCCCA

TGGTGAGCAAGGGCGAG-3
′

and 5
′
-GTCGACTTACTTGT

ACAGCTCGTCC-3
′

and cloned into the vector pBinAR-TKTP
behind a CaMV-35S promoter and a transketolase target
peptide (TKTP).

Plasmids were electroporated into Agrobacterium tumefaciens
strain C58C1 (Deblaere et al., 1985) and the resulting
Agrobacteria were used to transform Arabidopsis plants by
floral-dip (Clough & Bent, 1998). Seeds were plated on
Agar plates containing 50 μg mL−1 kanamycin (pBinAR) or
15 μg mL−1 hygromycin (pH2GW7) to select for transfor-
mants and screened for roGFP fluorescence by fluorescence
microscopy.

Transient expression of roGFP in tobacco

Transient expression in tobacco leaves was used as a more
rapid approach to characterize redox state in other organelles.
The same Agrobacteria were also used for transient expression
of roGFP2 in the cytosol and mitochondria of tobacco cells.
Well-watered tobacco plants were pressure infiltrated with an
Agrobacterium suspension of OD600 0.5 and imaged 2 days
after transformation. For ER targeting roGFP2 (ER-roGFP2)
was first PCR amplified to delete start and stop codons and
then cloned at NcoI and XbaI sites into pWEN81 between
a chitinase targeting peptide and the HDEL retreival signal.
Subsequently, the entire cassette consisting of roGFP2 with
N-terminal chitinase targeting signal and C-terminal HDEL-
motif was sub-cloned into the binary vector pWEN22 behind a
CaMV-35S promoter with XhoI and SacI. The resulting vector
was electroporated into A. tumefaciens strain AGL-1 (Lazo et al.,
1991). ER localization was confirmed by the morphology, in
particular labelling of the nuclear envelope but the absence
signal from within the nucleus.

For peroxisomal targeting roGFP2 (px-roGFP2) was
amplified with primers 5

′
-GGATCCCATGGTGAGCAAGGGC

GAG-3
′
and 5

′
-GTCGACTTAAAGCTTAGACTTGTACAG-3

′
to

generate a BamHI restriction site at the N-terminus and
an SKL-motif and a SalI restriction site at the C-terminus.

The amplicon was blunt-end ligated into the vector pCAPS

(Roche) at the MluNI restriction site. The confirmed roGFP2-
SKL was then sub-cloned into the vector pBinAR with BamHI
and the SalI downstream of the CaMV-35S promoter to
create pBinAR-rogfp2-SKL, which was then transformed into
the Agrobacterium strain AGL-1. Agrobacteria carrying the
roGFP2-SKL plasmid were selected on 50 μg mL−1 rifampicin,
100 μg mL−1 carbenicillin and 50 μg mL−1 kanamycin. Leaf
infiltration was done as described previously (Sparkes et al.,
2006).

Plant material and growth conditions

Arabidopsis seeds from transgenic plants expressing roGFP1 or
roGFP2 were surface sterilized as described previously (Meyer
& Fricker, 2000) and plated on 0.7% agar plates supplemented
with 1/2-strength Murashige&Skoog (MS)-medium. Plants
were grown in a controlled growth chamber with a diurnal
cycle of 14 h light at 21◦C and 10 h dark at 19◦C. The light
intensity was 50 μmol photons m−2 s−1. Young rosette leaves
of 16- to 21-day-old T2-seedlings were used.

Tobacco plants (Nicotiana tabacum L. cv. SR1) were grown
under long day conditions in a growth chamber for 4 weeks.
Plants were well watered before transfection to facilitate leaf
infiltration with Agrobacterium suspensions.

Isolation of recombinant proteins

The roGFP1 and roGFP2 sequences were cloned at NcoI and
NotI sites into the expression vector pET-30a(+) (Novagen,
Darmstadt), which resulted in C-terminal fusion with a His-
tag. After transformation of Escherichia coli a pre-culture of
50 mL volume was grown at 37◦C overnight. Four millilitres
of this pre-culture were then added to 200 mL Luria Bertani
medium and grown to an OD600 of 0.6–0.8. Expression of
roGFPs was then induced by addition of 1 mM isopropyl-
β-D-thiogalactopyranoside (IPTG). To avoid misfolding, the
temperature of the culture was reduced to 20◦C. After 18-h
expression, bacteria were harvested and proteins were purified
on a HiTrap chelating HP column (Amersham Bioscience,
Braunschweig, Germany).

In vitro characterization of roGFP1 and roGFP2

Ratiometric time-course measurements with isolated roGFP
proteins were performed using a fluorescence plate reader
(FLUOstar Optima, BMG, Offenburg, Germany) with filter-
based excitation at 390 and 480 nm and detection of
emitted light at 510 ± 5 nm. Hundred microlitres of
phosphate-buffer (100 mM K2HPO4/KH2PO4, 1 mM EDTA,
pH 7.0) containing 5 μM roGFP1 or 1 μM roGFP2 and
other proteins according to figure legends were pipetted
into the wells of a 96-well plate with clear bottom (Greiner
Bio-One, Frickenhausen, Germany). Glutathione solutions

C© 2008 The Authors
Journal compilation C© 2008 The Royal Microscopical Society, Journal of Microscopy, 231, 299–316



3 0 2 M . S C H W A R Z L Ä N D E R E T A L .

(in 100 mM phosphate-buffer, pH 7.0) were automatically
injected using the built-in injectors. For maximum achievable
reduction of the glutathione buffer, 1 μg recombinant GR and
100 μM NADPH were added to each well. Stock solutions were
always sufficiently highly concentrated to avoid inappropriate
dilution of the roGFP solution during the injection. Similarly,
H2O2 and DTT were automatically injected into the roGFP
solution. Gain settings for detection of roGFP fluorescence were
adjusted for each experiment and thus absolute ratio values
calculated varied slightly between experiments. However, the
relative ratio changes during a single experiment were defined
solely by the redox properties of roGFP.

Excitation spectra of roGFPs

Fluorescence excitation spectra were collected on a
Luminescence Spectrometer (LS50, Perkin Elmer). Three
hundred microlitres of roGFP solution was placed in a
0.5-mL quartz cuvette and excitation spectra were collected
from 350 to 500 nm with a bandwidth of 6 nm and a scan
speed of 1500 nm min−1. Fluorescence was detected at 510 nm
with a bandwidth of 3 nm.

CLSM imaging

Whole leaves of 16- to 21-day-old seedlings expressing roGFP
were placed in a closed perfusion chamber RC-21BR (Warner
Instruments LLC, Hamden, CT). The remainder of the chamber
was filled with glass wool to stabilize the sample. The sample
was perfused at 4 mL min−1 with aerated 1/2-strength MS-
medium, pH 5.8 using two Beckman 110B HPLC-pumps
connected with standard HPLC-tubing. The chamber was
mounted on a Zeiss confocal microscope LSM510META (Carl
Zeiss MicroImaging, Jena, Germany) equipped with lasers for
405- and 488-nm excitation. Images were collected with
a 25× lens (Zeiss 25× 0.8 N.A. Plan-NEOFLUAR multi-
immersion lens) in multi-track mode with line switching
between 488-nm illumination and 405-nm illumination.
The roGFP fluorescence was collected with a 505–530
nm-emission band-pass filter. For roGFP1, the ratio of the
405/488-nm laser power was kept constant at 1:4; for roGFP2
a ratio of 3:1 was used to match with the different excitation
properties of the two probes. Time series of roGFP responses
were collected with a time interval of approximately 8 s. For
the standard in situ calibration, the sample was perfused with
10 mM H2O2 in 1/2-strength MS-medium for approximately 10
min, washed with 1/2-strength MS-medium for 80 s and then
perfused with freshly prepared 10 mM DTT in 1/2-strength
MS-medium for 10–15 min. In some experiments, a range of
increasing concentrations of H2O2 was applied with a washout
period in between as noted in figure legends.

For photobleaching experiments, selected regions of interest
were scanned with five iterations of the 405-nm laser at
maximal output. To test the photobleaching properties of

roGFP1 and roGFP2 in vitro, 5 μL of purified recombinant
His-tagged roGFP was added to 20 μL Ni-NTA-agarose bead
suspension (Qiagen, Hilden, Germany), incubated for 5 min
and then washed three times in 500 μL phosphate buffer
(100 mM K2HPO4/KH2PO4, 1 mM EDTA, pH 7.0). Washed
beads were pipetted onto a cover slip and imaged with the
same photobleaching protocol used for roGFP in vivo.

Mitochondrial localization of roGFP was confirmed by
double labelling with MitoTracker Orange (CMTMRos,
Invitrogen), following vacuum infiltration at 200 nM in
half-strength MS for 20–30 min (Ishizaki et al., 2005).
MitoTracker was visualized with excitation at 543 nm and
emission at 565–615 nm in line-switching mode with the
405-nm roGFP signal. Plastid localization of roGFP was
confirmed with reference to chloroplast autofluorescence with
excitation at 405 nm and emission at 670–720 nm. ER
localization of roGFP was confirmed by double labelling with
hexyl-rhodamine B (Invitrogen) (Boevink et al., 1996). Small
pieces of tobacco leaves transiently transformed with roGFP-
HDEL were incubated with 1 μM hexyl-rhodamine for 10–15
min and visualized with excitation at 543 nm and emission
at 560–615 nm. The roGFP signal in this case was excited at
488 nm. Chloroplast autofluorescence also excited at 488 nm
was recorded at 679–754 nm.

Ratiometric analysis

Image time series were imported into a custom MatLab (The
MathWorks, Nantick, MA) analysis suite (available on request
from M.D. Fricker). Ratio images were calculated on a pixel-
by-pixel basis as I405/I488 following spatial averaging in (x,
y) using a 3 × 3 or 5 × 5 kernel and subtraction of the
background for each channel, typically measured from the
vacuole of one of the cells. Pixels with intensity values less
than 2 standard deviation units above background or within
10% of saturation were masked from the ratio image and
excluded from all quantitative measurements. For pseudo-
colour display, the masked ratio was coded by hue on a
spectral colour scale ranging from blue (fully reduced) to red
(fully oxidized), with the limits set by the in situ calibration.
The intensity image was calculated as the mean intensity for
each pixel in the two channels and the resulting image also
used to set the level of saturation. This effectively gives bright
colours for regions with good signals that fade to white for
regions of background. Masked regions were also set to white.
Quantitative measurements were calculated as the ratio of the
mean intensity from each channel for user-defined regions
of interest (ROIs). Each experiment included an internal
calibration at the end of the experiment by perfusion with
10 mM H2O2 and 10 mM DTT to drive the roGFP to oxidized
and reduced form, respectively. The level of cytoplasmic auto-
fluorescence was typically <10% of the resting signal at
each wavelength and did not vary with addition of DTT or
H2O2. The degree of oxidation (OxD) of the roGFP sensor was
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calculated from Eq. 1:

OxDroGFP = R − Rred
I488ox
I488red

(Rox − R) + (R − Rred)
, (1)

where R is the ratio of excitation at 405/488 nm, Rred

is the ratio of fully reduced form following perfusion
with 10 mM DTT, Rox is the ratio of the fully oxidized form
following perfusion with 10 mM H2O2 and I488ox and I488red are
the intensities at 488 nm for the fully oxidized and fully reduced
forms, respectively. The redox potential was then estimated
from Eq. 2:

E ′ = E ′p H
0(roGFP) − 2.303RT

zF
log10

1 − OxDroGFP

OxDroGFP
, (2)

where R is the gas constant (8.315 J K−1 mol−1), T is
the absolute temperature (298.15 K), z is the number
of transferred electrons (2), F is the Faraday constant
(9.648 104 C mol−1) and E

′ pH
0(roGFP) is the mid-point redox

potential based on the standard mid-point potential E0 at 30◦C
and pH 7, adjusted for the estimated compartment pH and
experimental temperature (20–25◦C) according to Eq. 3:

E ′p H
0(roGFP) = E ′

0(roGFP) − 2.303RT
zF

( p H − 7), (3)

where the mid-point redox potential for roGFP1 (E0 ′
roGFP1)

was –288 mV and roGFP2 (E0 ′
roGFP2) was –272 mV (Hanson

et al., 2004).

Results

roGFP1 and roGFP2 respond rapidly to changes in the redox
environment in situ

A number of independent stable Arabidopsis transgenic lines
were selected with good expression of roGFP1 and roGFP2
in the cytosol (c-roGFPx), or mitochondria (mt-roGFPx)
(Fig. 1(A–D)). Correct mitochondrial targeting was assessed by
co-localization with MitoTracker as an independent organelle
marker (Supplementary Fig. S1A–C). The transgenic plants
appeared morphologically normal and progressed through
development with no obvious aberrant phenotypic changes
(data not shown). To evaluate the performance of the roGFPs
in situ, leaf pieces were sequentially perfused with 10 mM

H2O2 and then 10 mM DTT to drive the roGFP towards the
fully oxidized and reduced forms, respectively. Pseudo-colour–
coded ratio images revealed rapid and uniform responses to
these treatments for both probes in both locations (Fig. 1(A–
D)). Initially responses were quantified from specific ROIs.
However, as all the epidermal cells responded to an equivalent
degree, results are presented for the average response across
the whole image (Fig. 1(E–H)). Averaging over a larger area
was particularly useful for the mitochondrial measurements
as individual mitochondria moved rapidly from frame to
frame leading to stochastic variation for signals in small ROIs.
Nevertheless, the ratioing approach effectively compensated

for this variation and yielded very consistent ratio traces
(Fig. 1E

′
–H

′
). In addition, masking approaches were used

to ensure that only signals above background and below
saturation were included in the analysis.

In all cases, there was an extremely rapid transition from a
reduced resting state to a stable, highly oxidized state within
minutes of adding H2O2 (Table 1). The half time (t1/2 ) for the
response to H2O2 was slightly slower for roGFP2 than roGFP1,
whereas t1/2 for the subsequent responses to DTT were faster, as
expected from the difference in the mid-point potential of the
two probes (Table 1). Responses in the mitochondria were
also marginally slower compared with cytosolic responses
(Table 1), probably reflecting the additional time required to
equilibrate across the mitochondrial membrane. From these
results we infer, first, that perfused H2O2 was able to rapidly
reach all cells in the epidermis; second, that it easily crossed
the cell membrane; third, it also reached the mitochondrial
matrix quickly as responses were only marginally slower
for mt-roGFP and fourth, the concentration applied resulted
in dramatic oxidation of the roGFP probes and the plateau
ratio values reached were stable. Addition of DTT following
washout of H2O2 was sufficient to reduce the roGFP beyond the
starting level, although with slower kinetics than the oxidation
response, particularly for the mitochondria (Table 1).

The dynamic range of roGFP2 varies within different
compartments

Although both roGFP1 and roGFP2 followed the same general
pattern, significant differences were also observed between
the probes. In particular, the dynamic range (DR) of the
ratio between the fully oxidized and fully reduced forms
did not match in vitro values measured for roGFP2. At
the wavelengths used for confocal imaging, the expected
DR for roGFP1 was 2.58 (Fig. 2(A)) and 9.23 for roGFP2
(Fig. 2B), measured with purified protein in vitro. The DRroGFP1

in situ gave 96% of the range predicted for both cytosolic
and mitochondrial probes (Fig. 2(C)). We also infer from this
result that 10 mM H2O2 and DTT used were sufficient to drive
the system almost completely between the fully oxidized and
fully reduced forms of roGFP1. roGFP2 showed a much better
dynamic range in vitro, with DRroGFP2 around 3.5-fold greater
than DRroGFP1 at the wavelength 405 and 488 nm used for
CLSM (Fig. 2(B)). In situ titration of roGFP2 with varying
concentrations of H2O2 showed that 10 mM was the minimum
concentration needed to drive c-roGFP2 to a fully oxidized form
(Fig. 2(C)), whereas potentially even higher concentrations
were needed to drive mt-roGFP2 towards a fully oxidized form
(Fig. 2(C)). Even under these conditions, the dynamic range
was about 50% lower than the maximum for mt-roGFP2 in
vitro (Fig. 2(C)).

A number of possible explanations may be put forward
to explain the difference in DRroGFP2. We first established
that it could not be accounted for variation in background

C© 2008 The Authors
Journal compilation C© 2008 The Royal Microscopical Society, Journal of Microscopy, 231, 299–316



3 0 4 M . S C H W A R Z L Ä N D E R E T A L .

Fig. 1. roGFP1 and roGFP2 expressed in different sub-cellular compartments of Arabidopsis leaf cells respond rapidly to induced changes in redox state.
(A) c-roGFP1; (B) c-roGFP2; (C) mt-roGFP1; (D) mt-roGFP2. Ratiometric images (i–iii) show resting state (i), oxidized state (ii) and reduced state (iii) from
typical perfusion time-course experiments. Leaves were perfused with 1/2 MS-medium (0–163 s), 10 mM H2O2 (163–570 s), 1/2 MS-medium (570–652
s) and 10 mM DTT (652–1630 s) at a flow rate of 4 mL min−1. Scale bars = 10 μm. The change of fluorescence intensity for both excitation wavelengths
(405 nm, −; 488 nm, —) is shown in panels E–H, with the time points for the images indicated by vertical dotted lines. (E) c-roGFP1; (F) c-roGFP2; (G)
mt-roGFP1; (H) mt-roGFP2. The corresponding ratio values for the different constructs are shown in panels E

′
–H

′
.
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Table 1. Rate of in situ responses to calibration solutions for roGFP1 and
roGFP2 in the cytosol and mitochondria.

t1/2 for oxidation (s) t1/2 for reduction (s)

c-roGFP1 40 ± 5.8 126 ± 7.4
c-roGFP2 80 ± 2.8 89 ± 18.4
mt-roGFP1 65 ± 12.6 272 ± 16.3
mt-roGFP2 96 ± 18.5 206 ± 33.1

The t1/2
was calculated from the time point when perfusion was changed

over to 10 mM H2O2 to oxidize the probe, and 10 mM DTT to reduce
the probe and therefore includes the time for penetration of tissue and
permeation of the cells. Values represent the mean ± SEM (n = 3).

subtraction or masking as these had relatively little impact
on the ratio values (data not shown). roGFPs show slightly
different pH sensitivity in their fluorescence properties
(Hanson et al., 2004), as well as the expected pH-dependent
shifts in the mid-point potentials. To determine the extent that
pH might modify the measured ratios, both the kinetics and
magnitude of the response of fully oxidized roGFPs to reduction
by DTT were examined across the physiological pH range in
vitro (Fig. 3). The rate of reduction was very rapid at alkaline
pH values, with a t1/2 of a few seconds (Figs 3(A) & (B), inset),
but increased as the pH dropped below pH 7, with t1/2 25 s for
roGFP1 and 45 s for roGFP2 at pH 5.8. Nevertheless, the final
ratios and the dynamic range did not alter substantially over
the pH range examined. Given that the expected pH values for
the cytosol (pH 7.2) and mitochondria (pH 7.8) are in a range
that would promote rapid responses, we do not believe that
differences between in situ pH values of the mitochondria and
cytosol can explain the lower DRroGFP2 observed.

The final possibility is that the level of background
cytoplasmic auto-fluorescence starts to play a significant
role during calibration in situ, particularly when imaging
small organelles such as mitochondria. Levels of cytoplasmic
auto-fluorescence from plants not expressing roGFP, were
<10% of the resting 488- and 405-nm signals, and did
not change with DTT or H2O2 treatment. However during
treatment with H2O2, the proportional contribution of
auto-fluorescence increased to as much as 20% as the
488-nm roGFP signal dropped, under the particular imaging
conditions used. This would have a small impact on the
calculated ratio. So for example, for the example shown in
Fig. 1(H), DRroGFP2 in the absence of any correction would be
approximately 4.5, whereas DRroGFP2 following subtraction of
a notional 20 fluorescence intensity units from each channel
would be approximately 5.3. Clearly, if the extent of auto-
fluorescence was greater, then the estimated dynamic range
would also increase further. Thus, the effect of the auto-
fluorescence error may provide a partial explanation for the
lower DRroGFP2 observed for mitochondria and peroxisomes,
as the relative contribution of the cytoplasmic signal is
much greater in comparison to the small volumes of these

Fig. 2. Fluorescence excitation spectra of roGFPs. (A) roGFP1 (1.5 μM),
(B) roGFP2 (0.2 μM). For full oxidation (�), proteins were incubated with
10 mM H2O2. Full reduction (◦) was achieved with 10 mM DTT. Both
proteins were excited with wavelengths from 300 to 500 nm with emission
recorded at 510 nm. Dotted vertical lines indicate laser wavelengths
used for ratiometric CLSM imaging. (C) Dynamic range (DR) of roGFP1
and roGFP2 observed by CLSM after expression in the cytosol and in
mitochondria with the maximum dynamic range expected from the in
vitro measurement (A, B) indicated by the horizontal dotted line. 10
mM H2O2 was sufficient to fully oxidize roGFP1 and yield an equivalent
DRroGFP1 to the in vitro value. In the case of roGFP2, the response to
increasing concentrations of H2O2 showed that 10 mM was the minimum
concentration needed to approach the full in vitro DRroGFP2 for cytosolic
roGFP2. Higher concentrations were needed to drive the mt-roGFP signal
towards a plateau value. Nevertheless, even at 50 mM H2O2, DRroGFP2 for
mt-roGFP2 was approximately half the in vitro value.
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Fig. 3. pH dependence of roGFP1 and roGFP2 reduction. Purified protein in an oxidized state was diluted in buffer at different pH and reduced by addition
of 10 mM DTT. Fluorescence was excited with 390 and 480 nm and collected at 510 nm. Time courses are shown for the reduction of 5 μM roGFP1 in
panel (A) and 1 μM roGFP2 in panel (B). �, pH 5.8; �, pH 6.4; �, pH 7.0; ♦, pH 7.6; ×, pH 8.0. Ten millimolar DTT were injected into the roGFP solution
2 min after start of the measurement. The insets show the time required for the half-maximum ratio change at different pH values. All values are means
of five measurements. The pH dependence of roGFP1 (panel C) and roGFP2 (panel D) are presented for fully oxidized (�) and fully reduced (◦) protein.

organelles. At this stage, we do not have a reliable method
to estimate a cytoplasmic auto-fluorescence correction factor
simultaneously with measurements of the roGFP signal.
Nevertheless, as auto-fluorescence does not change during the
calibration, the net effect is to decrease the expected dynamic
range rather than to alter the observed conclusion from the
response.

Both roGFP1 and roGFP2 are strongly reduced in the cytosol
and mitochondria

Although we do not currently have a complete explanation
for the reduced DRroGFP2 observed in situ for mitochondria,
if we assume that the in situ calibration with H2O2/DTT
does indeed drive mitochondrial roGFPs close to their fully
oxidized and reduced forms, it is possible to calculate the
degree of oxidation of the reporters in each compartment. The
steady-state ratio before calibration (Fig. 4(A)) was translated
into the proportion of roGFP in the oxidized form using
Eq. 2 (Fig. 4(B), see Materials and Methods). This showed
that approximately 8.5% of roGFP1 and 1.8% of roGFP2 were
oxidized in the cytosol, and approximately 19.4% roGFP1 and
5.7% roGFP2 were oxidized in the mitochondria (Table 2).
These differences reflected both the difference in the mid-point

potential between the two probes and also the difference in
pH between the compartments. These values are comparable
with measurements on Arabidopsis roots using either roGFP1
(Jiang et al., 2006) or roGFP2 (Meyer et al., 2007), or
measurements in mammalian cells (Dooley et al., 2004;
Hanson et al., 2004; Schwarzer et al., 2007). To translate these
values to predicted redox potentials required assumptions
about the pH of the cytosol and mitochondria, and also the
value for the mid-point potentials for roGFP1 and roGFP2 in
situ. Changes in the estimated pH of each compartment would
affect the predicted redox potential by around –59 mV per pH
unit, but do not impact on the percentage oxidation unless the
compartment pH approaches the pKa values of the cysteine
residues at approximately pH 9 (Hanson et al., 2004). Here
we used cytosolic pH of 7.2 (Felle, 2005) and mitochondrial
pH of 7.8 (Nobel, 1991), and mid-point potentials of –288 mV
(roGFP1) and –272 mV (roGFP2) (Hanson et al., 2004) to
estimate a cytosolic redox potential of approximately –320 mV
and a mitochondrial redox potential of –356 mV (Fig. 4(C)).
With these mid-point potentials, the values of redox potential
reported by both roGFP1 and roGFP2 were remarkably similar
in both compartments. By contrast, if we used the consensus
mid-point potentials of –291 mV (roGFP1) and –280 mV
(roGFP2) suggested by Dooley et al. (2004), a difference of
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Fig. 4. Measurements of the resting redox state in cytosol and mitochondria using roGFP1 and 2. (A) Measured fluorescence intensity ratios. (B) Degree
of oxidation calculated from the measured ratios following in situ calibration using 10 mM H2O2 followed by 10 mM DTT. Note that although the absolute
ratios are similar for cytosol and mitochondria, the difference in degree of oxidation reflects the different dynamic range of the probes in each compartment.
(C) Calculated redox potentials assuming cytosolic pH of pH 7.2, mitochondrial pH of pH 7.8 and mid-point potentials of –288 mV (roGFP1) and –272 mV
(roGFP2). All values are means ± SEM (n = 3). (D) The theoretical response curve for roGFP1 (solid line) and roGFP2 (dashed line) at pH 7 to illustrate
the non-linear response as the degree of oxidation reaches 10 and 90% (solid lines) and 5 and 95% (dotted lines).

approximately 8–9 mV opened up between results from the
two probes in both compartments (data not shown).

Despite the apparent consensus between these results and
previous reports (Jiang et al., 2006), we also note that the low

degree of oxidation observed pushed the reporters to the limits
of their useful range. By analogy with other types of fluorescent
reporters, the most useful range is typically 1 log unit from the
mid-point potential (i.e. E0 ± 59.18 mV) or the equivalent of

Table 2. Degree of oxidation of roGFP1 and roGFP2 in various sub-cellular compartments.

% Oxidized n pH Redox potential (mV)

c-roGFP1 (Arabidopsis epidermis) 8.5 ± 4.0 3 7.2a −321±6.1
c-roGFP2 (Arabidopsis epidermis) 1.8 ± 0.9 3 7.2a −323±5.1
mt-roGFP1 (Arabidopsis epidermis) 19.4 ± 5.9 3 7.8b −355±5.0
mt-roGFP2 (Arabidopsis epidermis) 5.6 ± 2.7 3 7.8b −358±7.0
cp-roGFP2 (Arabidopsis epidermis) 25.9 ± 6.1 3 8.0b −361±4.0
c-roGFP2 (tobacco epidermis) 5.6 ± 1.9 2 7.2a −320±0.2
ER-roGFP2 (tobacco epidermis) 98.9 ± 0.15 3 7.2c −225±2.0
px-roGFP2 (tobacco epidermis) 15.9 ± 5.4 2 8.0d −352±0.4

The percentage oxidation for each probe was calculated following in situ calibration with 10 mM H2O2 and 10 mM DTT using Eq. 1 (see Materials and
Methods). The redox potential was calculated assuming a mid-point potential of –288 mV for roGFP1 and –272 mV for roGFP2 at the assumed pH values
indicated. Each value represents the mean ± SEM.
aFelle (2005).
bNobel (1991).
cKim et al. (1998).
dDansen et al. (2000), van Roermund et al. (2004).
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approximately 10–90% oxidized (Fig. 4(D)). By the time the
degree of oxidation reaches 5%, the probe response becomes
much more non-linear and sensitive to noise or very small
errors due to the sigmoidal response curve. Although both
probes indicated the cytosol and mitochondria were highly
reduced, the more negative mid-point potential for roGFP1
makes it better suited than roGFP2 to measurements of resting
redox state under these conditions.

The absolute values for the redox potential were also
critically dependent on the estimates of mid-point potential
in situ, and it is possible that the actual values may be less
negative in planta than expected from in vitro calibrations. We
note that full in vivo calibrations give mid-point potentials of
–276 mV for roGFP1 in mammalian cells (Schwarzer et al.,
2007) or as low as approximately –240 mV in plants (Fig. 3B
in Jiang et al., 2006).

Both roGFP1 and roGFP2 respond to the glutathione pool via
glutaredoxin

Interpretation of the physiological significance of the redox
potential reported by these probes also requires understanding
of which cellular redox couples they can interact with. We
have previously shown that roGFP2 is tightly coupled to GSH-
GSSG via glutaredoxin and does not respond to thioredoxin in
vitro (Meyer et al., 2007). We therefore tested whether roGFP1
was also preferentially linked to the glutathione couple in vitro
(Fig. 5). In the absence of GRX, both fully oxidized roGFP1
and roGFP2 only responded slowly to DTT (Figs 5(A) & (B)).
However, addition of GRX dramatically increased the rate of
reduction (Figs 5(A) & (B)). For both roGFP versions, cytosolic
TRX h3 from poplar was not able to significantly increase the
rate of reduction (Meyer et al., 2007; data not shown).

roGFP2 can be used to monitor redox state in different organelles

To determine whether roGFP2 could be used to monitor redox
state in other organelles, we also generated stable Arabidopsis
lines expressing roGFP2 in the plastids and chloroplasts
and took advantage of Agrobacterium-mediated transient
expression in tobacco leaf pieces to test expression from
constructs targeting roGFP2 to endoplasmic reticulum (ER)
and peroxisomes. roGFP2 was correctly localized in the plastids
and ER, but showed some cytosolic expression of the px-
roGFP2 constructs (Fig. 6(A)–(C), see also supplementary Figs
S1D-F & S2). Thus, results for px-roGFP2 are only indicative of
the behaviour of the peroxisome as the signal will also contain
a contribution from cytosolic probe. Nevertheless, reporters in
all compartments responded to in situ calibration with H2O2

(Fig. 6(A)–(C)(ii)) and DTT (Fig. 6(A)–(C)(iii) ). The kinetics
and dynamic range of the full response varied between the
different organelles (Fig. 6(D)). Thus, the DR was highest for
the ER, followed by the cytosol, plastids, mitochondria and
then peroxisomes (Fig. 6(E)). Similar behaviour for roGFP1 in

Fig. 5. The transfer of electrons from GSH to roGFP1 and roGFP2 is
catalyzed by glutaredoxin. Fluorescence was excited with 390 and 480
nm and collected at 510 nm. Time courses for roGFP1 are shown in panel
(A) and for roGFP2 in panel (B). GSH was injected to a 1 μM solution of
fully oxidized roGFP 3 min after start of the measurement, in presence (•)
or absence of AtGRX C1 (�). Maximal and minimal ratios were determined
by addition of 10 mM H2O2 for oxidation (�) and 10 mM DTT for reduction
(♦).

the ER has been reported for animal cells (Schwarzer et al.,
2007). Although the initial ratio for roGFP in the cytosol,
mitochondria, chloroplasts and peroxisomes was consistent
with a reducing environment, ER-roGFP2 was fully oxidized,
as no further response was observed with H2O2. Reduction
of ER-roGFP2 also took 3-fold longer in response to DTT in
comparison with the other organelles (Fig. 6(D)).

If we assume that the degree of oxidation calculated from
the in situ calibration data correctly represents the redox state
of the probes, it is possible to calculate the redox potential for
each compartment, using the standard mid-point potentials
and corrections for the different pH values and temperature
(Table 2).
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Fig. 6. Redox-properties of roGFP2 in different sub-cellular compartments. (A) cp-roGFP2; (B) ER-roGFP2; (C) px-roGFP2. Ratiometric images (i–iii)
show resting state (i), oxidized state (ii) and reduced state (iii) from typical perfusion time-course experiments. Leaves were perfused with 1/2 MS-medium
(0–163 s), 10 mM H2O2 (163–570 s), 1/2 MS-medium (570–652 s) and 10 mM DTT (652–1630 s; 652–2445 s for ER-roGFP2) at a flow rate of
4 mL min−1. Scale bars = 10 μm. (D) Plot of the fluorescence intensity ratio of roGFP2 for various compartments (�: c-roGFP2, �: mt-roGFP2, ◦: cp-
roGFP2, �: ER-roGFP2, ♦: px-roGFP2). The variation of the dynamic ranges (E) and the degree of oxidation (F) for the different sub-cellular compartments
were calculated as the mean ± SEM (n = 3).
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Ratio values remain consistent imaging deeper within tissues

Quantitative confocal imaging deep into plant tissues
has potential problems with differential depth-dependent
attenuation of each excitation wavelength and its
corresponding emission signal, and also absorption effects
from endogenous pigments, particularly in the plastids
(Hartmann et al., 2003; White et al., 1996). In practice,
the absolute ratio values for c-roGFP2 (Figs 7(A) & (B))
remained fairly constant with depth and yielded a slight
(approximately 20%) change in dynamic range (Fig. 7(C)),
despite considerable variation in the absolute signal intensities
progressing through the epidermal tissue and into the
mesophyll layer. This also illustrates the benefit of the ratio

approach over a single wavelength reporter such as rx-
YFP. More pronounced variation in ratios were observed for
cp-roGFP2, which showed an increase in the ratio of the
reduced probe and a decrease in the ratio of the oxidized
probe, particularly at depths greater than 80 μm (Figs
7(D) & (E)). As a result the dynamic range declined deeper
into the tissue. The decline in ratio would be anticipated
from both wavelength- and depth-dependent attenuation
preferentially affecting 405-nm excitation (White et al., 1996),
and also the increased absorption of the 405-nm excitation
by photosynthetic pigments in the mesophyll chloroplasts.
Although it appears that useful measurements can be
made through the epidermal layer with appropriate internal
calibration in each experiment, care has to be exercised in

Fig. 7. Depth-dependent attenuation of fluorescence ratios and the impact on the dynamic range of the response for c-roGFP2 (A–C) and cp-roGFP2 (D–F)
expressed in Arabidopsis leaves. Depth-dependent changes in fluorescence intensity with excitation at 405 nm (◦), 488 nm (�) and the resulting ratio (�)
for reduced roGFP2, following perfusion with 10 mM DTT (A, D), and oxidized roGFP2, following perfusion with 10 mM H2O2 (B, E). (C) Depth-dependent
changes of the dynamic range based on intensities measured for fully reduced and oxidized c-roGFP2 (C) and cp-roGFP2 (F). Results are presented as the
mean ± SEM (n = 3).
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trying to make estimates of redox potential deeper into leaf
tissue.

roGFP1 photoswitches in response to high levels of irradiation

During pilot experiments with a wide range of different
treatments expected to alter the redox poise in different
organelles, we observed an unusual response of both c-roGFP1
and mt-roGFP1 to high levels of 405 nm excitation. We
evaluated the possibility of using highly localized irradiation
of the probe to generate ROS with fine spatial and temporal
control. Our expectation was that ROS production could
be followed by the associated photobleaching of the probe,
whereas the ratio approach could be used to compensate
for the decrease in active probe following bleaching. These
assumptions appeared to hold for c-roGFP2 and mt-roGFP2,
which showed localized photobleaching upon high-intensity
irradiation with 405-nm light (Figs 8(A) & (B); and data
not shown) and a slight shift in the ratio towards a more
oxidized state (Fig. 8(C)). By contrast, high-intensity 405-nm
excitation caused c-roGFP1 to photoswitch to a variant
that had different spectral properties. The ratio images (Fig.
8(D)) are shown with a different scaling as the substantial
increase in the 488-nm excitation and decrease in the 405-nm
excitation (Fig. 8(E)) caused the ratio to drop approximately
10-fold lower than the normal resting ratio (Fig. 8(F)).
The photoswitched state showed a small apparent recovery
that we interpret as equilibration of probe that was not
fully photoswitched during irradiation, but then remained
stable over a period of minutes (Fig. 8(F)). The photoswitch
behaviour was an intrinsic property of roGFP1, rather than a
result of additional in vivo interactions, as it also occurred
in vitro with roGFP1 immobilized on Ni-beads (Fig. 8(D),
inset).

Discussion

Both roGFP1 and roGFP2 are useful redox reporters
in plant cells

Expression of roGFP redox-sensors is becoming an increasingly
versatile tool for dynamic in situ measurements of the
cellular redox environment. These probes have the promise
of overcoming limitations imposed by irreversible oxidation of
most other fluorescent probes used to monitor redox changes
so far (Fricker et al., 2006; Meyer et al., 2007). Both roGFP1
and roGFP2 (Hanson et al., 2004) can be expressed in plant
cells and respond to artificially imposed redox changes with
ratiometric alterations in their fluorescence (Jiang et al., 2006;
Meyer et al., 2007). Direct comparison of the two probes
for their applicability in confocal imaging indicated subtle
differences between the two sensor variants, summarized in
Table 3. In general, roGFP2 appears to be brighter than
roGFP1, which has been reported for other GFP versions

containing the S65T mutation (Tsien, 1998). Ratiometric
confocal imaging of roGFPs requires excitation at 405 and
488 nm. With restriction to these laser wavelengths roGFP1
is excited off the maximum of the two excitation peaks at
395 and 475 nm in particular. Introduction of the S65T
mutation in roGFP2 not only changes the relative amplitude of
the two excitation peaks but also shifts the second excitation
peak to 490 nm. This shift results in significantly increased
excitation efficiency at 488 nm and concomitantly also an
increased DR of roGFP2 compared with roGFP1. Although the
substantial changes in fluorescence intensity observed with
the roGFPs as they change oxidation state are advantageous
in giving a large DR, the low signals measured with reduced
roGFP2 with excitation at 405 nm, or with either oxidized
roGFP1 or roGFP2 with excitation at 488 nm, will give
potential errors as the relative level of background cytoplasmic
auto-fluorescence increases. This will have an impact on the
absolute ratios and the dynamic range measured in different
species, tissues and sub-cellular compartments, but does not
obviate quantitative measurements provided an appropriate
in situ calibration is performed at the end of each experiment.
We are currently investigating whether it is possible to track
the level of cytoplasmic auto-fluorescence more precisely by
monitoring at a tertiary wavelength that can then be used to
derive an effective bleed-through calibration to correct for the
auto-fluorescence contribution to the roGFP signals.

A further possible source of error for ratiometric redox
measurements with roGFP1 is the observed photoswitch after
strong irradiation at 405 nm, resulting in increased absorption
at 488 nm and thus a significantly altered fluorescence ratio.
This effect is probably due to photoisomerization of the protein
favouring the ionization of the phenolic group of Tyr66 in
the wild-type chromophor, which has been reported under
UV-excitation before (Cubitt et al., 1995; Brejc et al., 1997).
The same isomerization is exploited in photoactivation of GFP
with irradiation at 413 nm (Patterson & Lippincott-Schwartz,
2002). If progressive irradiation of roGFP1 would result in
changes of the absorption properties independent of formation
of the disulfide bridge between Cys147 and Cys204, then the
measured fluorescence ratio could not be calibrated correctly.
To exclude such artefacts, the laser power used for excitation
at 405 nm was kept as low as possible. The absence of gradual
shifts in the calculated ratio values indicates that at least
within the time frame of 30 min, photoisomerization is not a
severe problem for reliable redox measurements. Introduction
of the S65T mutation in roGFP2 avoids the possible problems
with photoswitching completely (Brejc et al., 1997). This
mutation on the other hand renders GFP pH-sensitive and
might lead to fluorescence quenching (Elsliger et al., 1999).
However, calculation of excitation ratios effectively cancels
out any pH effect between pH 5.8 and pH 8.0. With a pKa

of 5.6 in the reduced state (Hanson et al., 2004), this pH-
sensitivity is thus not critical in all cytoplasmic compartments
with neutral or even alkaline pH conditions.

C© 2008 The Authors
Journal compilation C© 2008 The Royal Microscopical Society, Journal of Microscopy, 231, 299–316



3 1 2 M . S C H W A R Z L Ä N D E R E T A L .

Fig. 8. Photostability of c-roGFP2 (A–C) and c-roGFP1 (D–F). A high-intensity laser pulse applied to the rectangular marked area (A, D) after 81.5 s
resulted in subtle bleaching and slight photo-oxidation for c-roGFP2 (A–C), but a substantial switch in ratio for c-roGFP1 (D–F). The pseudo-colour
scales have been adjusted to highlight these changes in comparison to standard time-course experiments. The change of fluorescence intensity for both
excitation wavelengths (405 nm, −; 488 nm, —; B, E) and the resulting ratio behaviour (C, F) are shown for comparison. Scale bar = 10 μm. There is an
apparent recovery in the photoswitched c-roGFP1 in vivo, which arises from diffusion or movement of unswitched c-roGFP into the measurement area
from other regions of the cell. The inset figures in (D) show the photoswitching behaviour of purified recombinant roGFP1 immobilized on Ni-NTA-agarose
beads, and illustrates the essentially irreversible change in state following photoswitching.
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Table 3. Summary of the properties of the roGFPs for use in plant cells.

roGFP1 roGFP2

λmax oxidized : λmax reduced 396 nm : 468 nm 398 nm : 492 nm
Relative excitation efficiency 91% : 77% 93% : 92%

(405 nm : 488 nm)
Relative brightness Low High
Dynamic range achieved by CLSM ∼2.6 4–9, depending on compartment
Possible sources of error Sensitive to cytoplasmic auto-fluorescence Sensitive to cytoplasmic auto-

at 488 nm in oxidized form. fluorescence at 488 nm in oxidized form
and 405 nm in reduced form.

Shows photoswitching with high irradiation at 405 nm Depth and tissue-dependent attenuation.
Depth and tissue-dependent attenuation.

Mid-point potentiala −288 mV −272 mV
Specificity Glutathione via glutaredoxin Glutathione via glutaredoxin
Useful reporting range at pH7.2 ∼ −328 mV to −272 mVb ∼ −312 mV to −256 mVb

Most appropriate for measurements Most appropriate for measurements
close to the fully reduced GSH redox potential. under mild to strong oxidative stress.

aHanson et al. (2004).
bValues refer to 10 and 90% oxidation of roGFP at pH 7.2.

Under non-stressed conditions, the probes are almost completely
reduced

Under non-stressed conditions, the probes are almost
completely reduced (Fig. 3(B)). Based on mid-point redox
potentials estimated in vitro around –288 mV (roGFP1) and
–272 mV (roGFP2) (Hanson et al., 2004), it can be deduced
that the steady-state redox potential in the cytosol of plant
cells is around –320 mV (Meyer et al., 2007). The theoretical
titration curves for both roGFPs (Fig. 4(D)) indicate that under
neutral pH conditions more negative redox potentials cannot
be measured accurately anymore because minute changes
in ratio would result in large changes in redox potential.
Substantial shifts in redox potential can be achieved by H2O2

and DTT, and the probes can be used to monitor redox
differences in different cells in both root (Jiang et al., 2006;
Meyer et al., 2007) and aerial tissues (Meyer et al., 2007 and
this paper).

Both roGFP1 and roGFP2 need GRX and therefore the response is
probably dominated by GSH-GSSG couple in situ

Meyer et al. (2007) reported that roGFP2 directly interacts
with GRXs linking the redox potential of roGFP2 to that of
the glutathione redox buffer. Results presented here indicate
that roGFP1 in the presence of GRX also responds the GSH-
GSSG couple. A similar specificity of rxYFP for GRXs rather
than interaction with the more reducing thioredoxins has
been reported earlier for yeast cells (Østergaard et al., 2004;
Björnberg et al., 2006). Furthermore, in the absence of a GRX,
reaction rates with a range of redox agents in vitro required
high concentrations and extended periods (approximately

24 h) to achieve full oxidation, suggesting a catalytic step
is required in vivo to achieve the speed of response observed
(Dooley et al., 2004). Thus, it appears that the preferential
interaction of roGFPs with GRX occurs consistently across
a wide range of different species. Plant cells contain a large
number of different GRXs, which exhibit a strong structural
homology to the yeast GRX (Lemaire, 2004; Xing et al.,
2006). In vitro studies with Arabidopsis GRX C1 confirmed
this hypothesis and showed that only GRX together with GSH
are capable of efficiently reducing the disulfide bond of roGFP.
Other reducing compounds like ascorbate or NADPH and
thioredoxin were not able to effectively reduce roGFP (Meyer
et al., 2007 and unpublished observation). Thus, it seems
likely that roGFP also specifically reports on the state of the
GSH-GSSG redox couple in situ. GRXs with the classical CxxC
motif in their active site, which have been shown to interact
with rxYFP (Østergaard et al., 2004) and roGFP2 (Meyer
et al., 2007) in Arabidopsis are present in most plasmatic
compartments and the ER (Rouhier et al., 2006). The only
exception appears to be the peroxisomes for which there is
neither bioinformatic prediction of GRX nor any proteomic
identification of a GRX. Nevertheless, the response of roGFP2
targeted to peroxisomes to H2O2 and DTT was very similar to
the response curves in the other cytoplasmic compartments
indicating that at least under the extreme conditions applied
here, there was no kinetic limitation to the roGFP response.
In the absence of a GRX roGFP2 in peroxisomes equilibrates
with other redox components and might in effect report the
steady-state average redox potential of several redox pairs. It
cannot be excluded at this stage, however, that the kinetics
of the interaction between roGFPs with the respective GRXs
in different compartments is slightly different resulting in
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different response times of the redox reporter. This limitation
might be overcome by kinetic coupling of roGFP to a particular
GRX in a fusion protein similar to a GRX fusion of rxYFP
described by Björnberg et al. (2006).

Probes can function in a range of compartments

Like all other genetically encoded probes, roGFPs can be
targeted to different sub-cellular compartments, such as the
ER, mitochondria or chloroplasts. Thus, it is now feasible to
study the sub-cellular compartmentation of glutathione in situ
and to address questions regarding intra-cellular and inter-
cellular transport and turnover of the glutathione pool in living
cells. An important implication of the apparent equilibration
of roGFPs with the glutathione redox buffer is that the redox
potential of glutathione is far lower than often assumed
based on the analysis of cell extracts by HPLC. Although
biochemical analysis of glutathione commonly suggested a
degree of oxidation of the glutathione pool between 1 and 10%
under non-stress conditions, the in situ measurements with
roGFP now suggest that the degree of oxidation of the cytosolic
pool is only in the order of 0.002%, that is in a background of 2–
3 mM GSH, the amount of oxidized GSSG is in the low
nanomolar range (Meyer et al., 2007). The very low-ratio
values and hence the low degree of oxidation of roGFP
observed here indicate that similarly low concentrations of
GSSG are present in other plasmatic compartments. A very
low concentration of GSSG suggests that the oxidized form of
glutathione can serve as a signalling molecule. An increase of
the GSSG concentration in the sub-micromolar range would
already shift the glutathione redox potential to significantly
less reducing values, which can be sensed by GRXs and
transferred to target proteins. The fact that such changes are
far below the detectable level for HPLC analysis highlights
the significantly improved spatial and temporal resolution of
imaging the glutathione redox potential in situ.

Given that the steady-state glutathione redox potential
in non-stressed wild-type cells is –320 mV or less the
thermodynamically stronger reductant roGFP1 appears to
be the slightly better sensor for in situ redox measurements.
roGFP2 on the other hand would be the better choice in a
situation where the glutathione redox potential is slightly
oxidized already as occurs in partially glutathione-deficient
mutants (Meyer et al., 2007). In this case, the much better
DR of roGFP2 compared with roGFP1 would allow for better
resolution of relatively small redox changes.

Formation of ROS in non-stressed cells is mainly restricted
to organelles like mitochondria and chloroplasts. Micro-
compartmentation is also likely to occur during many forms of
stress and biotic interactions in particular. Analysis of micro-
compartmentation of oxidative stress and signalling as well
as dissection of redox signals at high spatial and temporal
resolution can only be achieved through imaging approaches
applied to living cells. Another challenge will be to understand

more about the way plants regulate the amount of ROS at
the cellular and sub-cellular level. In this context, reversible
genetically encoded probes that can be targeted to different
organelles currently have the greatest potential for providing
new insights into the cellular redox network. In combination
with thiol redox proteomics, the imaging approaches will
provide detailed insights into the complex redox network.

Increasing evidence points at significant cross-talk between
redox-dependent pathways and other signalling pathways.
This has already been shown for ROS and Ca2+ (Gomez
et al., 2004), abscisic acid (Pei et al., 2000), ethylene
(Moeder et al., 2002), salicylic acid (Mateo et al., 2006),
and is also likely to occur for pathways dependent on other
signalling molecules. Integration of all these signals into
the entire cellular signalling network further highlights the
necessity for a dynamic and quantitative analysis of signals in
living cells. Better understanding of this network is expected
to aid the improvement of plants towards environmental
stress.
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Supplementary Material

The following supplementary material is available for this
article.

Figure S1. Expression of roGFP2 in mitochondria and
chloroplasts of Arabidopsis leaves. (A–C) Co-localization of

roGFP2 targeted to the mitochondria (A) with MitoTracker
Orange (B). The merge of the two channels (C) indicates the
roGFP-labelled organelles as mitochondria. Scale bar=10μm.
(D–F) Co-localization of roGFP2 targeted to the chloroplasts
(D) with chlorophyll autofluorescence (E). The merge of the
two channels shows the exact match of the two independent
signals. Scale bar = 20 μm.

Figure S2. Expression of roGFP2 in the endoplasmic
reticulum. (A) Typical reticulate ER network in a tobacco
leaf epidermal cell after transient expression of roGFP2-
HDEL. Scale bar = 20 μm. (B–E) Co-localization of ER-
resident roGFP2 (C) with the independent ER stain hexyl-
rhodamine B (B) in a region around the nucleus. Hexyl-
rhodamine also stains mitochondria and the plastid envelope.
(D) Chloroplast autofluorescence. The merge of the three
independent channels (E) shows co-localization of roGFP2
with hexyl-rhodamine in the nuclear envelope. N = nucleus.
Scale bar = 10 μm.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/10.1111/j.1365-
2818.2008.02030.x
(This link will take you to the article abstract).

Please note: Blackwell Publishing are not responsible for
the content or functionality of any supplementary materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
the article.
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