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ABSTRACT

Recent years have seen the development of methods for analyzing the redox conditions in specific compart-
ments in living cells. These methods are based on genetically encoded sensors comprising variants of Green
Fluorescent Protein in which vicinal cysteine residues have been introduced at solvent-exposed positions. Sev-
eral mutant forms have been identified in which formation of a disulfide bond between these cysteine residues
results in changes of their fluorescence properties. The redox sensors have been characterized biochemically
and found to behave differently, both spectroscopically and in terms of redox properties. As genetically en-
coded sensors they can be expressed in living cells and used for analysis of intracellular redox conditions;
however, which parameters are measured depends on how the sensors interact with various cellular redox
components. Results of both biochemical and cell biological analyses will be discussed. Antioxid. Redox Signal. 8,

354-361.

INTRODUCTION

THIOL-DISULFIDE REDOX CHEMISTRY is unique in living
systems for its quasi-labile nature. There are two prop-
erties of this chemistry which set it aside: (a) the suscepti-
bility of thiols to oxidation by molecular oxygen in our ex-
ternal environment and by reactive oxygen species inside
living cells, and (b) the relative promiscuity of thiol-
disulfide interchange reactions. In an oxidizing atmosphere
the former can be regarded as a general nuisance to bio-
chemical analysis. It is, however, also a key virtue of the
major cellular thiol, glutathione, which thus acts as an an-
tioxidant in living cells. The promiscuity aspect of thiol-
disulfide reactions has often led to the notion that thiol-
disulfide pools are at mutual equilibrium, although this is
most likely far from true. Not only are there several thiol
redox systems at play within a given compartment that are

not at equilibrium with one another; individual compart-
ments are also highly diverse in their redox conditions. This
poses particular problems when one tries to assert the cellu-
lar redox status for a redox pair, for example, the glutathione/
glutathione disulfide pair (GSH and GSSG, respectively).
The ratio between the oxidized and reduced forms in a total
cell extract disguises large differences between different
compartments, a fact that exposes a need for nondisruptive
tools for the analysis of redox conditions.

The present review will discuss recent advances in the de-
velopment of genetically encoded sensors for intracellular
redox conditions. We will focus on GFP-based sensors devel-
oped independently in two laboratories and compare their
characteristics and results from their application in vivo. We
will also focus on the many potential pitfalls that should be
taken into consideration whe\n venturing into intracellular
redox sensing.
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THIOL-DISULFIDE REDOX SENSORS

CONSTRUCTION OF GREEN
FLUORESCENT PROTEIN-BASED
REDOX SENSORS

Biochemical properties of Green
Fluorescent Protein (GFP)

GFP was first identified in 1962 by Shimomura and co-
workers as a green fluorescing proteinaceous component in
extracts of the hydrozoan jellyfish Aequorea victoria (21).
GFP derives its name from the greenish fluorescence emitted
upon illumination of the protein with long-wavelength ultra-
violet or blue light. Aequorea GFP is a soluble single-chain
protein of 27 kDa (17). In the following the term GFP will
refer to the generic GFP structure encompassing all variants
derived from the original wild-type dequorea GFP (wtGFP).

The structure consists of a characteristic 11-stranded -
barrel enclosing a central irregular «-helix, which runs
through the barrel and spans its entire length. The fluores-
cence properties of wtGFP are due to a centrally buried 4-
(p-hydroxybenzylidene) imidazolidin-5-one chromophore
formed posttranslationally by a self-catalyzed intramolecular
cyclization of the polypeptide backbone of three residues,
Ser65-Tyr66-Gly67, in the central a-helix (Fig. 1A). Heterol-
ogous expression of the functional protein in a wide variety
of prokaryotic and eukaryotic cells as well as de novo chemi-
cal synthesis have demonstrated that chromophore formation
proceeds independently of any exogenous factors except for
molecular oxygen.

The B-barrel itself is almost cylindrical with a height of ~42
A and an ellipsoidal cross section measuring ~25 x 35 A2. The
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chain-fold topology is shown in Figure 1B. The N-terminal
half comprises two B-meanders (strands 1-3 and 4—6) con-
nected by the central a-helix. The polypeptide chain then
crosses to the opposite side at the top of the barrel and termi-
nates in a five-stranded Greek key motif (strands 7—11). Ex-
cept for strand 1 and 6, the B-strands are arranged in an anti-
parallel fashion. The regular interstrand hydrogen bonding
pattern, however, is disrupted between strand 7 and 8, where a
bulge is created around the side chain of His148 (strand 7).
This site is highly important in determining the spectral prop-
erties of GFP due to its close proximity to the phenolic hy-
droxyl group of the chromophore. The chromophore is com-
pletely encapsulated in the interior of the barrel, which has
been termed a “B-can”. Upon denaturation of the mature pro-
tein, fluorescence is almost completely lost, showing that the
protein matrix protects the fluorophore from quenching.

Spectral properties of wtGFP and the
variants of GFP used for redox sensors

wtGFP shows two excitation peaks at about 400 (the A-
peak) and 475 nm (the B-peak) with a single emission peak at
510 nm. Elimination of the A-peak can be achieved by replac-
ing Ser65 with other small amino acid residues such as Gly,
Thr, Cys, or Ala (1, 6). This has the additional effect of
slightly red-shifting the excitation and emission peaks. Fluo-
rescence emission from the S65T and other S65 mutants is
highly pH-sensitive, displaying a steep decrease in fluores-
cence as the pH drops below neutrality (4, 8). Absorbance
and fluorescence pH titrations of GFP S65T yielded an appar-
ent chromophore pK_ -value of 6.0 (4).

FIG. 1. Position of cysteine residues in the structural layout of GFP.

(A) Three-dimensional structure of GFP (26) showing

the position of cysteine replacements in rxYFP (white spheres) and roGFP1 (dark gray spheres). The fluorophore, protected from
the solvent by the B-barrel structure, is shown in a stick representation. (B) In the same gray-scale-code the positions of cysteine

substitutions are shown in the topology of the GFP fold.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2006.8.354&iName=master.img-000.jpg&w=425&h=244
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Additional substitution of Thr203 with Tyr generates Yel-
low Fluorescent Protein (YFP), the most red-shifted of all
known GFP variants, with excitation and emission wave-
lengths of 512 and 527 nm, respectively (13). The X-ray
structure of YFP showed the Tyr203 side chain to stack on top
of the phenol group of the chromophore (derived from Tyr66)
(25). The close distance between the stacked aromatic side
chains (< 3.5 A) suggests the presence of stabilizing - in-
teractions which may explain the significant red-shift of fluo-
rescence (18). Owing to the S65 mutation, the yellow fluores-
cent proteins are also pH-sensitive. In addition to protons,
YFPs are uniquely sensitive to halide ions and other small
anions (7).

Due to their unique properties, GFP and its derivatives
have gained tremendous interest as noninvasive molecular
markers in cell biology. Applications are broadly centered
around the use of GFPs as reporters of gene expression (20,
10), protein tracking and interaction (11, 16, 22), and as indi-
cators of biomolecules and cellular activities. Through direct
manipulation of GFP as well as fusion to other proteins with
desired properties, novel fluorescent proteins have been de-
signed to sense pH, calcium, chloride (halides), metal ions,
nitric oxide, protease action, kinase activity, and thiol/disul-
fide redox potentials amongst others.

Grafting disulfide bonds onto the GFP scaffold

As GFP-sensors can be expressed and assayed in living
cells, it was obvious to consider the use of a GFP-based scaf-
fold as a redox sensor. This goal was followed by two groups,
independently converging on the same part of GFP for intro-
duction of disulfide bonds (5, 14).

As described above, several residues from strands 7 and
10 in the B-can structure extend into the core of the protein
and play a key role in defining the spectral properties of GFP
and its derivatives. It was therefore attractive to chose these
and adjacent strands for introduction of vicinal cysteine
residues that were in principle able to form a disulfide bond.
It was anticipated that the strain potentially imposed by for-
mation of a disulfide bond would distort the structure in the
vicinity of the chromophore in such a way that it would af-
fect the fluorescence.

One group chose to use YFP as template, based on the as-
sumption that the dislocation of Tyr203, unique to the Yellow
variant, would affect fluorescence to a significant degree
(14). Pairs of cysteine residues were introduced at positions
N149-S202, S147-Q204, S202-T225, and Q204-F223. Com-
mon to all these pairs is that they protrude from the protein
surface into the solvent, allowing them to interact with redox
buffers in the environment. For YFP, only the form carrying
the N149C-S202C mutations (termed rxYFP, Fig. 1) gave a
strong difference in fluorescence signal upon oxidation and
reduction. The other cysteine pairs had only modest redox-de-
pendent effects on the fluorescence. Among the four YFP
variants constructed, only the Q204C-F223C mutant form
showed a significant degree of intermolecular disulfide bond
formation.

The other research group chose wtGFP as their starting
point for a redox sensor (5). Because GFP has two excitation
peaks it was anticipated that this would allow for generation
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of ratiometric sensors in which the intensity of the A and B
peaks would change relatively to each other depending on the
degree of disulfide bond formation. They inserted cysteine
residues at a subset of the positions used in YFP, S147-Q204
and N149-S202, generating roGFP1 and roGFP3, respectively
(Fig. 1). The S65T mutation was introduced into roGFP1 and
roGFP3, generating roGFP2 and roGFP4, respectively. As dis-
cussed below, the two latter forms have spectral properties dif-
ferent from those of the former two forms.

Interestingly, the structures of rxYFP and roGFP2, contain-
ing the 149-202 and 147-204 disulfide bonds, respectively,
have both been determined by x-ray crystallography. Not sur-
prisingly, the two structures are superimposable over most of
the sequences. However, close to the disulfide bonds there are
larger differences, in particular with regard to strand 7, which
packs closer towards the core of the protein in the roGFP2
structure than in the rxYFP structure. The distances between
strands 7 and 10 at the site of the disulfide are almost identi-
cal, as the disulfide bridge in both cases adopts a right-
handed staple conformation (Fig. 2).

Importantly, the oxidized and reduced forms of rxYFP (and
most likely also of roGFP’s) can be separated by nonreducing
SDS-PAGE. The oxidized state runs faster, most likely due to
the hairpin structure formed by linking of widely separated
segments of the protein structure. This allows for fluorescence-
independent confirmation of the redox state of the sensor
under various conditions, but more importantly pulse-labeling
experiments allow for determination of the kinetics for attain-
ing steady-state redox levels of the sensor within the cell (14).

Fluorescence properties

The spectral properties of the reduced form of rxYFP are
identical to those of YFP while the intensity of the fluores-

FIG. 2. Structural comparison of rxYFP and roGFP1 in the
oxidized state. rxYFP (14) is shown in blue, while roGFP2 (5)
is in yellow. The differences are most significant in strand 10,
which is pulled away from the fluorophore. This results in major
rearrangements of residues interacting with the fluorophore,
most notably His148. Interestingly, the right-hand staple confor-
mation of the disulfide bond is almost identical in the two struc-
tures. The 149202 disulfide bond of rx YFP was shown to inter-
act efficiently with the glutaredoxin system (15).
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cence of the oxidized form is decreased by approximately the
same factor throughout the spectrum. Oxidation of the sensor
decreased the peak fluorescence emission at 523 nm by a fac-
tor of 2.2. The roGFPs, on the other hand, all show ratiomet-
ric behavior. They show the typical A- and B-peaks and a
redox-independent isosbestic point at 425 nm. The ratio of
the changes at the two peaks, referred to as the dynamic
range, is 6.1 and 4.3 for roGFP1 and roGFP3, respectively
(5). Relative to roGFP1 and -3, GFP2 and -4 show approxi-
mately the inverse relationship of the intensity of the excita-
tion peaks. Also these forms show redox-dependent fluores-
cence, with ratios of 5.8 and 2.6, respectively (5). Both
rxYFP and roGFP2 and -4 are pH-sensitive, exhibiting re-
duced fluorescence at low pH. The ratiometric behavior of
roGFPs is in principle an advantage because it makes the
redox determination independent of sensor concentration.

Redox properties

A fundamental property of a disulfide bond is its thermo-
dynamic stability. For any sensor it is of course important that
the macroscopic properties that constitute the sensor readout
change within a range that is relevant for the conditions to be
investigated. This is usually determined from equilibrium
constants (K ) with other thiol-disulfide pairs of known sta-
bility. The stability of a disulfide bond is normally expressed
as a standard redox potential using the Nernst equation:
E’((Sensor) =E’ (N

(RT/nF) InK, Eq. 1

siss)
where E'((Ng, ) is the standard redox potential for oxida-
tion of the compound NSH, to NSS, R is the gas constant, T
is the absolute temperature, n is the number of electrons
transferred and F is the Faraday constant. K__is the equilib-
rium constant for the reaction:

Sensor, , + Ny < Sensor_ + N, Eq.2
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In the case of the 149-202 disulfide bond, the redox potential
was found to be —265 mV of rxYFP (14), 299 mV for
roGFP3, and —286 mV for roGFP4 (5). Although the disul-
fide bond is the same in all three cases, there appears to be
some differences that are dependent on the small differences
in the protein sequences. In the case of rxYFP, the glutathione
(GSH/GSSG) pair (E’; = —240 mV) was used for determina-
tion of the redox potential, while oxidized and reduced DTT
was used in the latter cases. Part of the difference can be ac-
counted for by the use of an E’; of =323 mV for DTT. A
more recent and detailed analysis of the DTT/GSSG redox
equilibrium has yielded a less reducing redox potential of
=308 mV for DTT (19). Values compensated accordingly are
given in Table 1 and are still more reducing than those ob-
tained for rx YFP. It is conceivable that rx YFP is slightly more
oxidizing because of the bulkiness of the Tyr203 relative to
the Thr found in this position in the roGFPs. This would force
strand 7 slightly away from the core of the protein, decreasing
the stability of the disulfide bond.

The redox potentials of roGFP1 and -2 have been deter-
mined using DTT as well as lipoic acid (6,8-dithiooctanoic
acid) and bis(2-mercaptoethyl)sulfone. In general the values
obtained with the latter reagents were somewhat more reduc-
ing. However, consensus values of —291 and —280 mV are
suggested in a later paper (3). These values are more reducing
than those found for the 149-202 disulfide bond in rxYFP.

MEASURING REDOX CONDITIONS IN
LIVING CELLS

Considerations on intracellular redox
homeostasis and redox sensing

Obviously, the sensors exit the ribosome in the reduced
state and as such must react with intracellular constituents to

TABLE 1.  MUTATIONS AND REDOX PROPERTIES OF SENSORS

Redox Disulfide Mutations relative to E'0 Koxe

sensor bond wtGFP (mV) (GSH?*/GSSG)

rxYFP 149-202 S65A C48V Q80R —265 6.8
N149C M153V
S202C T203Y
D234H

roGFP1 147-204 C48S Q80R S147C —291a 50
Q204C

roGFP2 147204 C48S Q80R S65T —2802 21
S147C Q204C

roGFP3 149-202 C48S Q80R N149C —299 29
S202C (—284b)

roGFP4 149-202 C48S Q80R S65T —286 10.7
N149C S202C (—271b) 10.7

a Consensus value suggested by Dooley et al. (3).
® Original E’ revised in accordance with an E’| (DTT) of -308 mV, as derived from

Rothwarf and Scheraga (19).

¢ Calculated based on a E’ j of =240 mV for the GSH/GSSG pair.
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attain a steady-state level of oxidation. While the use of
rxYFP and roGFPs in living cells may yield data that can be
used to describe redox conditions ad hoc, some issues regard-
ing their interaction with the cellular environment can be ad-
dressed already from a theoretical point of view. The cellular
redox milieu is made up of numerous redox pairs each defin-
ing a redox potential. For instance, it is known that the
NADPH/NADP* and NADH/NAD* ratios can be very differ-
ent (e.g., 5.3 and 0.15 in anaerobically grown yeast) although
these redox pairs have almost identical standard redox poten-
tials (12). For redox pools that are not at mutual equilibrium,
the redox status of a sensor will be determined by kinetic fac-
tors (i.e., the rates by which it equilibrates with the individual
pools). If it equilibrates with a strong preference with one
pool over another, it will in effect be a sensor for the former
redox pool.

In the eukaryotic cytosol, glutaredoxins and thioredoxins
are the enzymes that are primarily responsible for maintain-
ing protein thiols in the reduced state (Fig. 3). Glutaredoxins
derive their reducing equivalents from reduced glutathione,
which is found in cells at mM concentrations. Oxidized glu-

NADP*  NADPH + H*
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Thioredoxin pathway
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Glutaredoxin pathway

Glutathione reductase
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FIG. 3. Thioredoxin/glutaredoxin pathways of reduction of
protein disulfides. While the thioredoxin system (above the
horizontal arrow) relies on a proteinaceous catalyst in every
step, the glutaredoxin system (below the horizontal arrow) acts
via the GSH/GSSG redox buffer. Trx(SH), and TrxS, indicate
the reduced and oxidized forms, respectively, of thioredoxin.
Likewise, Grx(SH), and GrxS, indicate the reduced and oxi-
dized forms, respectively, of glutaredoxin. The arrows show
the direction of electron flow.
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tathione is generated by various oxidative processes and is
continuously reduced by the enzyme glutathione reductase at
the expense of NADPH.

Functioning in parallel with this system is the thioredoxin
system. Importantly, the thioredoxin system does not employ
a low molecular weight thiol redox buffer. Its reduction is di-
rectly linked to the oxidation of NADPH through the enzyme
thioredoxin reductase. This enzymatic link of thioredoxin,
with an E’; = —270 mV, to NADPH, with E’'; = —315 mV,
generates an extremely powerful reducing system (9). Assay
of the intracellular redox state of thioredoxin in the yeast cy-
tosol has shown this enzyme to be almost exclusively in the
reduced state (24). This means that thioredoxin acts as a sink
of oxidizing equivalents for almost any disulfide bond that it
interacts efficiently with. Glutaredoxin, on the other hand, in
effect only acts to equilibrate interacting thiols and disulfides
with the glutathione redox buffer.

To illustrate the crucial importance of understanding which
pathways a redox sensor interacts with, we would like to point
to recent data on the mechanism of the Yaplp transcription
factor from yeast. Yaplp is a basic leucine zipper transcrip-
tion factor that in response to H,O, activates genes that code
for antioxidants including enzymes in the thioredoxin and
glutaredoxin family. In Yaplp, a disulfide bond between cys-
teine residues 303 and 598 is formed upon exposure of cells
to H,0, (23). This leads to unmasking of a nuclear localiza-
tion signal and transfer of Yap1p to the nucleus, where is acti-
vates target genes. Interestingly, the 303598 disulfide bond
is formed rapidly and highly specifically by the enzyme
Orplp, which itself acts as a H,O, receptor (2). Over a period
of 30-45 minutes, the 303-598 disulfide bond will be re-
duced by thioredoxin. This indicates that the pathway is under
kinetic control and that an increase of the level of active
Yaplp only occurs if the rate of oxidation by Orplp is faster
than the rate of reduction by thioredoxin.

Because of the direct enzymatic link to NADPH oxidation,
we would expect a redox sensor to be much more reduced if it
was a good substrate for thioredoxin than if the glutathione
pool determined its redox state.

The redox state of rxYFP in the yeast cytosol

About 10% of rxYFP molecules were found by fluores-
cence measurements to be oxidized in the yeast cytosol under
steady-state conditions. The degree of fluorescence is deter-
mined by comparing the initial fluorescence of a cell suspen-
sion with that of a fully oxidized sample (after treatment of
cells with 4,4'-dipyridyl disulfide (4-DPS)) and a fully re-
duced sample (after treatment of the same cells with excess
DTT). Using a combination of genetics and pulse-labeling
techniques (separating oxidized forms from reduced forms on
non-reducing SDS-PAGE, as described above) it was seen
that rxYFP reaches its steady-state oxidation level more
slowly in mutants lacking glutaredoxin. Furthermore, while
glutaredoxin 1 from yeast readily equilibrates rxYFP with a
glutathione redox buffer in vitro, no thiol-disulfide exchange
between rxYFP and purified thioredoxins (Trx1p and Trx2p
from yeast) was detected (15). Thus, rxYFP equilibrates with
a glutathione redox buffer through the action of glutaredoxin
(Fig. 4). Contrary to the generally assumed role of the en-
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FIG. 4. Yeast glutaredoxin 1 catalyzes equilibration of
rxYFP with a glutathione redox buffer. The reversible re-
action of GSH and GSSG with oxidized and reduced rxYFP,
respectively, is catalyzed by the glutaredoxin encoded by the
yeast GRX1 gene. That this is indeed the case is shown in the
bottom panel where either oxidized or reduced rxYFP is placed
in a redox buffer with the same redox potential as rxYFP. At
equilibrium this will result in rxYFP being 50% oxidized. The
uncatalyzed reactions are rather slow, requiring several hours
to reach equilibrium, while addition of yeast glutaredoxin 1 re-
sults in a strong rate enhancement (adapted from (15)).

zyme, glutaredoxin in this case catalyzes the formation of a
disulfide bond in the newly synthesized rxYFP (Fig. 3).

It should also be noted that while fluorescence measure-
ments showed the fraction of oxidized rxYFP to be about
10%, pulse-labeling experiments resulted in 14-15% oxi-
dized rxYFP. This underestimation of the amount of GSSG by
the steady-state fluorescence measurement can be explained
by the fact that the redox sensor is initially synthesized in the
reduced state. Therefore, in systems with high growth rates
the rate of oxidation may be comparable to the production
rate of sensor and this must be taken into account in steady-
state measurements. With the latter percentage the cytosolic
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redox potential of the glutathione pool could be determined
as —289 mV. Because the redox potential is determined by the
[GSH]%/[GSSG] ratio, neither the absolute concentrations nor
the GSH/GSSG ratios can be directly derived from the degree
of oxidation. However, using chemical determination of GSH
and GSSG in whole cell extracts and more complicated ki-
netic data derived from mutants lacking glutaredoxins, the
cytosolic levels of glutathione were estimated to be =13 mM
GSH and =4 pM GSSG in the wild-type yeast cytosol. How-
ever, the single most important property of the readout from
rxYFP is that it, at least in yeast cells, refers to a specific
redox pair, namely that of GSH and GSSG.

The redox state of roGFPs in HeLa cells

To gauge the effects of different oxidants on the roGFP1
and roGFP2 sensors Dooley et al. performed dose-response
experiments that assayed the effect of different oxidants in
vitro (3). They found that roGFP2 (E;" = —280 mV) was gen-
erally oxidized faster at lower concentrations of oxidants than
roGFP1 (—291 mV), despite being less reducing. This obser-
vation shows how important kinetic effects may be, as one
would expect the more reducing protein to be oxidized more
rapidly. The redox-state changes of roGFPs in vivo are also
clearly influenced by interacting enzymes as seen from ex-
periments set up to simulate oxidative stress conditions. For
roGFP2, the responses (i.e., the rates of oxidation) upon ex-
posure to H,O, and superoxide were much faster in vivo than
in vitro although the compound had to cross membranes (3).
The different placement of the disulfide bond in roGFP1 and
-2 relative to rxYFP might enable interaction with thiore-
doxin. Indeed, a link to the thioredoxin/NADPH system is in-
dicated by “washout experiments” of HeLa cells. Cytoplas-
mic roGFP2 was oxidized by 100 pM DPS and the subsequent
reduction of the sensor was followed after washout of the
reagent. Pretreatment of the cells with inhibitors of thiore-
doxin reductase and dihydrolipoamide dehydrogenase, cis-
platin and 5-methoxyindole-2-carboxylic acid, respectively,
blocked re-reduction of the sensor. The former inhibitor
would inhibit reduction of thioredoxin while the latter would
affect the reduction of NADP*. However, these apparent links
to the thioredoxin system might be indirect since NADPH is
required for the turnover of GSSG. Other experiments might
suggest that roGFPs interact with glutaredoxins. Pretreatment
of HeLa cells with buthione sulfoximine, an inhibitor of GSH
synthesis, and aminotriazole, a catalase inhibitor, increased
the fluorescence responses to H,O,. The cellular defense
against H,0, and other peroxides comprises a variety of en-
zymes. Catalase acts independently, whereas other peroxi-
dases are supported with reducing equivalents from either the
thioredoxin or glutaredoxin system. Thus, it remains unclear
whether roGFPs in mammalian cells are primarily targets of
thioredoxin or glutaredoxin or whether there even is a compe-
tition between the two.

The fraction of oxidized sensor as determined by fluores-
cence in yeast cells (=10% implying —294 mV) can be com-
pared to the 16% and 5% of roGFP1 and —2, implying —315
and —325 mV, respectively, in the cytoplasm of HeLa cells
(3). Furthermore, Hanson et al. investigated the mitochon-
drial redox state using roGFP1 containing a targeting se-
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quence (5). Assuming a mitochondrial pH of 8.0 at 37°C,
—360 mV was obtained. If these values reflect the glutathione
redox potential, the —315 mV of cytosolic roGFP1, would in-
dicate a GSSG concentration of ~0.2 uM, assuming that the
concentration of GSH is the same as in yeast cells.

It may well be that human glutaredoxins equilibrate the
glutathione pool with roGFP1 and -2. In this case the redox
state of roGFP would reflect a significantly lower redox po-
tential in HeLa cells than in yeast cells. Alternatively, the rate
of equilibration with the glutathione buffer may be so slow
that the equilibrium end-point is significantly more oxidized
than indicated by fluorescence measurements. On the other
hand, significant interaction with thioredoxins means that
roGFP1 and -2 instead to a large extent would read the redox
state of the thioredoxin system.

FUTURE PERSPECTIVES

Obviously, the redox sensors described in this review open
up a wealth of new possibilities for detecting differences in
redox milieu between compartments as well as the effects on
cells of changes in their environment. Due to the potentially
slow reaction of the current sensors with glutathione it
should, however, be emphasized that a sensor does not neces-
sarily measure the redox status of glutathione. In order to do
so, the given system should harbor a catalyst for the redox-
equilibration with glutathione in the form of glutaredoxin. It
is here interesting to note that not all glutaredoxins catalyze
equilibration of rxYFP, for example, glutaredoxin 2 from E.
coli is essentially inert towards rxYFP (O. Bjornberg, H.
Ostergaard, and J. R. Winther, unpublished observations). The
reactivity of a thiol is determined by its pK . By insertion of
positive charges in the vicinity of the disulfide bond in rxYFP
its reactivity can be increased by up to 13-fold towards glu-
tathione (R. Hansen, H. @stergaard and J.R. Winther, manu-
script submitted). This may circumvent the need for an en-
dogenous catalyst, but may enhance possible problems of
specificity.

If specificity towards thioredoxin (and not glutaredoxin)
can be shown for roGFP1 and -2 this would give interesting
insight into the dynamics of the thioredoxin system, which is
not currently available.

All the five redox sensors described here have very reducing
standard redox potentials (e. g., the redox potential of rxYFP is
such that in a 10 mM GSH solution the sensor will go from
10% oxidized to 90% oxidized when the GSSG concentration
is varied from 1.5 uM GSSG to 180 uM GSSG). This, so to
speak, defines the practical range of the sensor. Whereas this
turned out to be useful for determining the redox potential for
the cytoplasmic glutathione pool in a eukaryotic cell, these
sensors are not suitable for determining redox conditions in
more oxidizing compartments of the cell, such as the endoplas-
mic reticulum or other parts of the secretory pathway. Indeed
rxYFP is almost completely oxidized in the yeast endoplasmic
reticulum (H. @stergaard, C. Tachibana, and J.R. Winther, un-
published observations). Determination of glutathione redox
status in these compartments is highly interesting but would re-
quire modification of the sensors towards more oxidizing
redox potentials (i.e., less stable disulfide bonds).
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