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Abstract

Significance: Mitochondrial glutathione fulfills crucial roles in a number of processes, including iron—sulfur
cluster biosynthesis and peroxide detoxification.

Recent Advances: Genetically encoded fluorescent probes for the glutathione redox potential (Egsy) have permitted
extensive new insights into the regulation of mitochondrial glutathione redox homeostasis. These probes have revealed
that the glutathione pools of the mitochondrial matrix and intermembrane space (IMS) are highly reduced, similar to
the cytosolic glutathione pool. The glutathione pool of the IMS is in equilibrium with the cytosolic glutathione pool
due to the presence of porins that allow free passage of reduced glutathione (GSH) and oxidized glutathione (GSSG)
across the outer mitochondrial membrane. In contrast, limited transport of glutathione across the inner mitochondrial
membrane ensures that the matrix glutathione pool is kinetically isolated from the cytosol and IMS.

Critical Issues: In contrast to the situation in the cytosol, there appears to be extensive crosstalk between the
mitochondrial glutathione and thioredoxin systems. Further, both systems appear to be intimately involved in
the removal of reactive oxygen species, particularly hydrogen peroxide (H,O,), produced in mitochondria.
However, a detailed understanding of these interactions remains elusive.

Future Directions: We postulate that the application of genetically encoded sensors for glutathione in com-
bination with novel H,O, probes and conventional biochemical redox state assays will lead to fundamental new
insights into mitochondrial redox regulation and reinvigorate research into the physiological relevance of

mitochondrial redox changes. Antioxid. Redox Signal. 27, 1162-1177.
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Introduction

GLUTATHIONE (y-GLUTAMYLCYSTEINYL-GLYCINE) iS a
nucleophilic, thiol-containing tripeptide that is found at
high concentrations ( ~ 1-10 mM) in all eukaryotes and many
prokaryotic species (Fig. 1A). Glutathione can exist in a
thiol-reduced state (GSH) or an oxidized state (GSSG), which
consists of two GSH molecules that are linked together by a
disulfide bond.

GSH serves many crucial roles in the cell, including iron—
sulfur cluster biogenesis, the detoxification of certain reactive
oxygen species (ROS), toxic electrophiles, and heavy metals,
as well as the reduction of protein disulfide bonds (Fig. 1B).
GSH may also form disulfide bonds with protein thiol groups,
a post-translational modification known as protein S-
glutathionylation that may act to protect thiols from hyper-
oxidation or to regulate protein activity. Glutathione can

fulfill some of these roles alone but more frequently, in co-
operation with dedicated enzyme catalysts (Fig. 2) such as
glutaredoxins (Grx), glutathione-S-transferases (Gst), and
glutathione peroxidases (Gpx). Serving in these reactions
often results in the oxidation of GSH to GSSG, which can,
subsequently, be reduced back to GSH by glutathione re-
ductase (Glr), by using electrons supplied by NADPH.

In living cells and tissue, glutathione exists predominantly
as GSH, with GSH and GSSG typically found in a ~50:1
molar ratio in whole-cell and tissue extracts (40). Whole-cell
or tissue GSH:GSSG measurements report the average of
different glutathione pools from all subcellular compart-
ments. In reality, different subcellular compartments harbor
very different glutathione pools. For example, the cytosolic
glutathione pool is highly reduced, with a GSH:GSSG ratio in
the order of 10,000:1 to 50,000:1 and a redox potential of the
GSH/GSSG couple (Egsy) below =300 mV (26, 50, 68, 71,
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FIG. 1. Glutathione and its functions in mitochondria.
(A) The chemical structure of the tripeptide glutathione. (B)
Different functions of glutathione include roles in redox
regulation, iron—sulfur cluster biogenesis, protection of
protein thiols against oxidative stress, and protein folding.

96, 97) (Fig. 3). Conversely, the glutathione pool in the en-
doplasmic reticulum (ER) is much more oxidized, with a
GSH:GSSG ratio in the range of 1-15:1 (15, 87). These ob-
servations point toward the independent regulation of gluta-
thione pools in different compartments and might suggest
that the role and importance of glutathione may differ in
different subcellular compartments. Mitochondria are no
exception. They are double membrane-bound organelles,
consisting of two aqueous compartments: the matrix, which
is surrounded by the inner mitochondrial membrane (IMM),
and the intermembrane space (IMS), which is sandwiched
between the IMM and the outer mitochondrial membrane
(OMM) (Fig. 3). The matrix and the IMS harbor different sets
of glutathione-utilizing enzymes (Fig. 2) and employ differ-
ent mechanisms to supply NADPH and to exchange small
molecules, including glutathione, with other compartments.
In this review, focusing mainly on yeast for which there are
extensive experimental data, we describe the different pathways
that handle glutathione in mitochondria, highlight the dynamics
of glutathione in the matrix and the IMS, and focus on open
questions regarding the role of mitochondrial glutathione.

Glutathione Redox Homeostasis in Mitochondria

Glutathione fulfills a number of important roles in mito-
chondria, and, consequently, it is likely crucial that gluta-
thione homeostasis is robustly maintained. However, it
remains unclear as to what the important parameters of glu-
tathione homeostasis actually are. For example, do cells seek
to preserve a constant concentration of GSH or GSSG, or do
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FIG. 2. Glutathione-handling enzymes inside and out-
side mitochondria. Various enzymes use glutathione, in-
cluding glutathione reductase, glutaredoxins, glutathione
peroxidases, and glutathione-S-transferases. In the scheme,
[1C] stands for monothiol glutaredoxins and [2C] stands for
dithiol glutaredoxins. Protein localization was obtained from
the Saccharomyces cerevisiae genome database. cyto., cy-
tosol; ER, endoplasmic reticulum; secr., secretory pathway;
nucl., nucleus; perox., peroxisome; OMM, outer mitochon-
drial membrane; PM, plasma membrane.

they rather strive to maintain a specific GSH:GSSG ratio?
Alternatively perhaps, cells seek to maintain a constant mi-
tochondrial Egsy, which would require regulation of both
glutathione concentration and the GSH:GSSG ratio.

Technical limitations remain the major impediment to
gaining a deeper understanding of glutathione redox ho-
meostasis, and the measurement of either glutathione con-
centration or the GSH:GSSG ratio inside defined subcellular
compartments remains impossible with current technology.
Nonetheless, it is clear that many processes, including glu-
tathione synthesis, degradation, import, export, oxidation,
and reduction, will influence glutathione redox homeostasis
in the IMS and matrix. Here, we discuss the current knowl-
edge of each of these factors and their relevance for mito-
chondrial glutathione regulation.

Mitochondrial glutathione is synthesized in the cytosol

Mitochondria lack the enzymes to synthesize glutathione.
In both yeast and human cells, glutathione synthesis is
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FIG. 3. Egsy in different mitochondrial compartments.
Measurements performed with genetically encoded fluores-
cent sensors of the glutathione redox potential (Egsy) have
revealed extremely GSH pools in the cytosol, IMS, and
matrix. In all three compartments, Eggy is below —300mV.
GSSG:GSH values have been calculated via the Nernst
equation with pH 7, T=25°C, and a total glutathione con-
centration of 10mM. GSH, reduced glutathione; GSSG,
oxidized glutathione; IMS, intermembrane space.

confined to the cytosol and glutathione must be imported into
both the IMS and the matrix. The synthesis of GSH involves
two separate ATP-consuming steps (Fig. 4). Initially, gluta-
mate and cysteine react to form y-glutamylcysteine, followed
by a second step in which y-glutamylcysteine forms a peptide
bond with glycine to yield the tripeptide GSH (82). Inter-
estingly, y-glutamylcysteine can partially substitute for GSH
when GSH synthesis is blocked (41, 135). The first step
of glutathione synthesis is rate limiting and is catalyzed by
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FIG. 4. Glutathione synthesis. Glutathione synthesis is
exclusively restricted to the cytosol. Synthesis of glutathione
involves two ATP-dependent steps. First, y-glutamylcysteine
synthetase catalyzes the formation of a peptide bond between
the y-carboxyl group of glutamate and the amino group of
cysteines. In a second step, glutathione synthetase catalyzes
the formation of a conventional peptide bond between glycine
and y-glutamylcysteine. y-glutamylcysteine synthetase is non-
allosterically inhibited by the product of the pathway, gluta-
thione. Gshl, y-glutamylcysteine synthetase; Gsh2, glutathi-
one synthetase.
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the y-glutamylcysteine synthetase (Gshl in yeast) (67, 95). y-
glutamylcysteine synthetase is composed of two subunits that
are encoded by different genes in drosophila and humans, and
as a single protein with two domains in bacteria and yeast.
The catalytic domain/subunit is subject to non-allosteric
feedback inhibition by GSH, which competes with the
binding of glutamate (112) (Fig. 4). The interaction of the
first with the second domain/subunit increases the K; toward
GSH and, thus, can increase activity of the first subunit in the
presence of higher levels of GSH (51, 52). A second level of
regulation of the formation of y-glutamylcysteine is the
concentration of available L-cysteine. The intracellular cys-
teine concentration is in the order of the enzyme Ky, whereas
the intracellular glutamate concentration is about 10 times the
K. This becomes relevant in situations of sulfur/cysteine
starvation (76, 82).

In yeast, the GSHI gene is also subject to transcriptional
regulation by the transcription factors Yapl (positive regu-
lation) and Skn7 (negative regulation) (92, 122, 123, 140). It
has been shown that yeast cells lacking GSHI display an
irreversible respiratory incompetency and mitochondrial
DNA loss over several cell divisions (7, 73). Further, the
transcription factor Met4, which regulates the sulfur amino
acid pathway, plays a role in GSH biosynthesis (135). Thus,
glutathione synthesis is integrated into the complex network
of responses to oxidative stress, osmolarity, and starvation.
GSH synthetase (Gsh2 in yeast) catalyzes the second step in
GSH synthesis (55, 95). This enzyme is not limiting for GSH
synthesis as overexpression of GSH synthetase does not re-
sult in increased GSH levels (41).

Degradation of GSH

Similar to the synthesis of glutathione, its degradation is a
two-step process involving the enzymes 7-glutamyltrans-
peptidase and L-cysteinylglycine dipeptidase (Fig. 5), neither
of which is present in mitochondria. y-glutamyltranspeptidase is
responsible for the removal of the y-glutamyl moiety of any )-
glutamyl compound, including GSH, yielding an L-glutamate
molecule and cysteinylglycine. The y-glutamyltranspeptidase in
yeast, Ecm38, is glycosylated and localized in the vacuole as a
membrane-anchored protein, with the catalytic domain facing
the vacuolar lumen (57, 81, 129). Ecm38 is involved in the
detoxification of electrophilic xenobiotics, and its expression is
mainly induced by nitrogen starvation (119, 129). There also
exists a y-glutamyl cyclotransferase, which cleaves the y-
glutamyl bond of glutathione to yield 5-oxoproline and cystei-
nylglycine. A GFP fusion of this enzyme localizes to the cytosol
and the nucleus, and it is periodically expressed during the
metabolic cycle (70). L-cysteinylglycine dipeptidase activity has
been measured in yeast and is associated with the vacuole;
however, the open reading frame for the enzyme has yet to be
identified but might be the recently identified Dug1 pathway (82).

The degradation of glutathione in the yeast vacuole is
paralleled by the degradation of glutathione by extracellular
peptidases in mammalian cells. In both human cells and
yeast, glutathione alone or in a complex, for example with
xenobiotics, is expelled from the cytosol by ABC trans-
porters [Ycfl in yeast (74, 75, 89, 109) and MRPI1 and
MRP5 in mammals (8, 64, 84)]. In mammalian cells,
y-glutamyltranspeptidase is localized to the outer face of the
plasma membrane (48). This degradation pathway not only
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FIG. 5. Glutathione degradation. Similar to glutathione
synthesis, degradation is a two-step process, which in yeast
takes place in the vacuole and the cytosol. Speculatively, a
pathway for glutathione degradation may also be present
within the mitochondrial matrix. In mammalian cells, gluta-
thione degradation involves extracellular peptidases. CGase,
hypothetical protein with L-cysteinylglycine dipeptidase
function; Ecm38, vacuolar y-glutamyltranspeptidase; Dugl,
Cys-Gly metallo-di-peptidase; Dug2, component of glutamine
amidotransferase working in a complex with Dug3.

facilitates rapid removal of xenobiotics from the cytoplasm
but also serves to remove excess amounts of GSSG during
acute oxidative stress and to mediate transport of cysteine
and glutathione precursors between cells and organs (58,
130).

Yeast harbors an alternative glutathione degradation system
involving a complex of three proteins, Dugl, Dug2, and Dug3
(35, 61). In addition to GSH degradation, the Dug system can
also degrade other tri- and tetrapeptides in vitro and might,
thus, be less specific and exhibit lower activity compared with
the 7y-glutamyltranspeptidase/L-cysteinylglycine dipeptidase
system. It might also account for the previously measured
L-cysteinylglycine dipeptidase activity. Dugl is a metallo-
dipeptidase with Cys-Gly dipeptidase activity and is believed
to be present in both the cytosol (35) and mitochondria (53,
110, 111). Dugl is able to form homodimers and can operate in
a Dug2-Dug3-independent manner as a dipeptidase with high
specificity for cysteinylglycine. The human homologue
CNDP2 can complement the loss of the dipeptidase activity in
a Adug] yeast strain (62). Dug2 and Dug3 act as heterodimers
and are required to cleave glutathione into glutamate and cy-
steinylglycine. Dug3 exhibits glutamine amidotransferase
(GATase) activity, whereas Dug? is responsible for the inter-
action with GSH and exhibits no peptidase activity. Both genes
are constitutively repressed and only become induced under
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sulfur starvation in an Met4-dependent manner, thus pointing to
a highly regulated crosstalk between glutathione degradation
and cysteine availability (61). Dug3 and Dug?2 are believed to
mainly localize to the cytosol; however, prediction tools such as
Predotar, MitoProt, and PSORT place Dug3 in the mitochon-
drial matrix. High-throughput mass spectrometric protein
complex identification experiments also suggest that Dug2 in-
teracts with matrix proteins (83, 108). Thus, in principle, the
matrix might harbor a complete glutathione degradation system.
If so, this would further emphasize the importance of a gluta-
thione import pathway into the matrix.

Mitochondrial import and export of glutathione

Due to the exclusive localization of glutathione synthesis to
the cytosol, it is crucial that glutathione is imported into the
IMS and the matrix (Fig. 6). Glutathione is negatively charged
and unable to pass freely across a lipid bilayer. Clearly, both
the OMM and IMM must harbor transporters or channels that
facilitate the entry of GSH. In addition, there may be a re-
quirement for GSH and/or GSSG to exit from the matrix and
the IMS to the cytosol, which would also need to be mediated
by transporters.

Mitochondrial import/export

I Cytosol

Synthesis

IMS

; ISC
Cristae precursor

Matrix

FIG. 6. Glutathione import into mitochondria. Glu-
tathione traverses the outer membrane (OMM) of mitochon-
dria via porin/voltage-dependent anion channels and likely via
the TOM40 protein translocase. Glutathione transport across
the OMM appears to be rapid, allowing for equilibration of the
cytosolic and IMS glutathione pools. No evolutionarily con-
served IMM glutathione transporter has been identified. IMM,
inner mitochondrial membrane; TOM, translocase of the outer
membrane; Porl, mitochondrial porin; MICOS, mitochondrial
inner membrane complex involved in maintenance of crista
junctions; DIC, dicarboxylate carrier; OGC, oxoglutarate car-
rier; Atml, mitochondrial inner membrane ABC transporter
involved in the export of precursors of iron—sulfur clusters.
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The mechanism of glutathione transport across the OMM
appears to be relatively straightforward. The OMM is rich in
porins (in mammalian cells, voltage-dependent anion chan-
nels), large transport proteins, which form aqueous channels
through the lipid bilayer. Porins allow molecules smaller than
~ 5kDa to diffuse between the IMS and the cytosol, including
small proteins and glutathione, although it remains to be
strictly proved whether this is the case for both GSH and GSSG
(25). In the absence of porins, the translocase of the outer
membrane (TOM) can also facilitate small-molecule transport
across the OMM (72, 124). However, it remains unclear as to
what extent this channel contributes to small-molecule trans-
port in the presence of porins. The free passage of small
molecules across the OMM, including glutathione, would in-
dicate that the small-molecule environment of the IMS is
equivalent to that of the cytosol, as discussed later in detail.
One possible caveat to this conclusion would be that it is still
unclear as to what extent the OMM slows free diffusion, which
might be important, for example, during rapidly changing
stress conditions. Another important consideration is that the
IMM serves to divide the IMS into two further subcompart-
ments, the cristae space and the peripheral IMS, which are
separated from each other by cristae junctions. These junctions
not only have a structural role but might also serve in regu-
lating protein distribution in the IMM and perhaps control
small-molecule diffusion between the cristae space and the
peripheral IMS (12, 45, 47, 49, 131, 136). The accumulation of
the proton-pumping and ROS-generating respiratory chain
complexes in the cristae membrane likely results in differences
in the small-molecule composition (pH, ROS, glutathione)
between the peripheral IMS and cristae, but this remains to be
extensively explored. Nonetheless, porins are likely the com-
mon initial entry point for glutathione destined for both sub-
compartments of the IMS and for the matrix.

The IMM and OMM differ strongly in terms of protein and
lipid composition (13, 23, 127). In contrast to the OMM, the
IMM is impermeable to most of the solutes that can pass the
OMM, including glutathione. Instead, dedicated transporters
facilitate the transport of specific substrates into the matrix.
Compared with the situation for the OMM, the identity of the
proteins that facilitate transport of GSH or GSSG across the
IMM is much less clear, although there are some suggestions.
Two anion carriers, the dicarboxylate carrier (DIC) and the
oxoglutarate carrier (OGC), were identified as transporters of
GSH based on experiments in isolated human kidney mito-
chondria and mitoplasts. GSH import was found to be ham-
pered in the presence of dicarboxylates and inhibitors of the
transporters (21, 22). In contrast, in Lactococcus lactis, DIC
and OGC do not transport GSH (16), suggesting the existence
of alternative glutathione transporters in this organism. In yeast,
it remains unclear as to whether the DIC and OGC homologs
transport glutathione. Thus, a conclusive identification of an
evolutionarily conserved mitochondrial glutathione transporter
is still missing. An alternative possibility is that glutathione
import to the matrix relies on multiple low-affinity transporters
that typically transport alternative substrates but might ‘“moon-
light” in replenishing the matrix with glutathione. This might
also be in line with the lack of any influence of the charge of
GSH on IMM transport, which is pH dependent due to the pK, of
the cysteine moiety of 9 (16).

Glutathione can also be exported from the matrix. This
takes place via the IMM transporter Atm1, which is involved
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in the export of mitochondrially synthesized iron—sulfur
cluster assembly intermediates to the cytosol. Atm1 is stim-
ulated by GSSG but not by GSH, and it appears to transport
GSSG across the IMM in yeast (116). Further, the crystal
structure of Atml includes GSH bound to the transporter,
supporting its role in GSH or GSSG transport (120). The
plant homologue Atm3 fulfills the same function (116).

The matrix and IMS glutathione
pools are highly reduced

A recent major advance in terms of our ability to investi-
gate cellular glutathione homeostasis came with the devel-
opment of genetically encoded fluorescent Eggsy sensors,
which now permit real-time Egsy measurements in defined
subcellular compartments in living cells (5, 6, 30, 90, 117).
These probes are based on a genetic fusion between a redox-
sensitive GFP (roGFP) and a glutaredoxin that mediates the
thermodynamic equilibration of the roGFP thiol/disulfide
with the GSH/GSSG redox couple. These probes have al-
ready yielded significant new understanding of mitochondrial
glutathione homeostasis.

Both the matrix and the IMS glutathione pools have been
investigated with roGFP-based sensors. Interestingly, the
matrix and IMS glutathione pools were found to be extremely
reduced with Egsy values < —-300mV in both compartments
in yeast and mammalian cells (33, 44, 46, 68, 90) (Fig. 3).
These observations imply a GSH:GSSG ratio >10,000:1, with
GSSG present only in trace amounts. Further, both compart-
ments can rapidly restore Egsy after an oxidative challenge
with diamide or hydrogen peroxide (H,O,) (68), suggesting
that GSSG is robustly removed or reduced (50, 68).

The matrix and the IMS independently regulate E ggy

Perhaps surprisingly, given their very similar glutathione
pools, recent experiments in yeast have clearly revealed that the
matrix and the IMS employ independent mechanisms to main-
tain glutathione redox homeostasis and suggest that there is very
limited communication between the IMS and matrix glutathione
pools (68) (Fig. 7). The major evidence in support of this con-
clusion comes from experiments on yeast strains with differen-
tial targeting of glutathione reductase (Glrl) (39, 68). Glrl
reduces GSSG to GSH by using an FAD cofactor and NADPH.
GlIrl localizes to both the cytosol and the mitochondrial matrix,
but it has not been detected in the IMS. The cytosolic and the
matrix forms of Glrl are encoded by the same gene and trans-
lated from two different start codons in the mRNA (99); this
translational control is generally believed to be conserved in
mammalian systems. Interestingly, in a strain lacking the GLRI
gene, Egsy in the matrix cannot recover after an oxidative
challenge, whereas IMS Egsy can (50, 68, 69). In this respect,
the IMS mirrors the situation in the cytosol where Egsy can be
restored in the absence of Glrl due to the presence of other
mechanisms for GSSG removal, including Trx2-mediated
GSSG reduction and ABC transporter-mediated export of GSSG
(88, 89, 125). In yeast, Ycfl mediates GSSG transport to the
vacuole (89); whereas in mammalian cells, GSSG is exported
via plasma membrane-localized transporters (9, 84, 139). On
generation of a yeast strain that exclusively produces the cyto-
solic form of Glrl, it was observed that both cytosolic and IMS
Egsn is restored to its correct, highly reduced, state, whereas
matrix Egsy remains oxidized. In addition, in a yeast strain
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FIG. 7. Glutathione pool maintenance and dynamics in
the IMS and matrix. The glutathione pools of the cyto-
sol, IMS, and matrix are influenced by multiple factors,
including levels of other cellular redox species, NADPH
availability, and redox enzymes. (A) O,°” and H,O, arise
from the incomplete reduction of molecular oxygen by
electrons originating from the electron transport chain,
flavoproteins, semiquinones, or metal ions. The copper—
zinc superoxide dismutase (Sodl, cytosol, and IMS) and
the manganese superoxide dismutase (Sod2, matrix)
convert O,*” to H,0,. H,0, can diffuse across mem-
branes or (more rapidly) via channels. (B) NADPH is the
source of cellular-reducing equivalents. In the cytosol, it
is synthesized by dehydrogenases of the pentose phos-
phate pathway (Gndl, Gnd2, and Zwf1). In the matrix,
the process involves dehydrogenases (Ald4, Mael, Misl,
and Idpl) and kinases (Pos5). The latter is absent in
mammals. Mammalian cells rely on the membrane
potential-dependent NAD(P) transhydrogenase (NNT).
Idpl and Idp2 are responsible for the NADPH shuttling
from the matrix to the cytosol by using the citrate
transporter Yhm2 and the porin Porl to cross the IMS.
(C) The IMS glutathione pool is believed to be in equi-
librium with the cytosolic glutathione pool due to the free
passage of GSH and GSSG across the OMM. Effectively,
the IMS depends on cytosolic enzymes using reductive
equivalents provided by cytosolic NADPH to reduce
GSSG. In contrast, the matrix harbors its own pools of
glutathione-metabolizing enzymes, and it maintains in-
dependent pathways for the production of NADPH. The
matrix glutathione pool must be replenished by GSH
synthesized in the cytosol, but the rate of glutathione
transport across the IMM appears to be so slow that the
matrix glutathione pool is kinetically isolated from the
IMS and cytosolic glutathione pools. Sodl, cytosolic/
IMS copper-zinc superoxide dismutase; Porl, mito-
chondrial porin of the outer membrane; Ervl, flavin-
linked sulfhydryl oxidase of the mitochondrial IMS (in
humans ALR); Gut2, mitochondrial glycerol-3-phosphate
dehydrogenase; DId1, mitochondrial D-lactate dehydro-
genase; Cyc2, mitochondrial peripheral inner membrane
oxidoreductase involved in ligation of heme to apoc-
ytochromes ¢ and c¢/; Ndel,2 and Ndil, IMS and matrix
NADH dehydrogenases; Sod2, mitochondrial manganese
superoxide dismutase; Acol,2, mitochondrial aconitases;
Gnd1,2, 6-phosphogluconate dehydrogenases; Zwfl, cy-
tosolic glucose-6-phosphate dehydrogenase; Idp1,2, cy-
tosolic and mitochondrial isocitrate dehydrogenase;
Yhm?2, citrate and oxoglutarate carrier; Pos5, mitochon-
drial NADH kinase; Ald4,5, mitochondrial aldehyde
dehydrogenases; Mael, mitochondrial malic enzyme;
Misl, mitochondrial Cl-tetrahydrofolate synthase (in
humans MTHFD); Glrl, cytosolic and mitochondrial
glutathione reductase; Trrl, cytoplasmic thioredoxin re-
ductase; Trx2, cytoplasmic thioredoxin; Ycfl, vacuolar
glutathione S-conjugate ABC-C transporter; Gpx3, thiol
peroxidase involved in the response to high H,O, levels;
Tsal,2, cytosolic thioredoxin peroxidases; Prx1, mito-
chondrial peroxiredoxin with thioredoxin peroxidase
activity; Gpx2, phospholipid hydroperoxide glutathione
peroxidase. The enzymes represented in semi-
transparency are enzymes only present in mammals, for
example, NAD(P) transhydrogenase NNT.
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deleted for ZWF1, the gene encoding glucose 6-phosphate de-
hydrogenase, the major source of cytosolic NADPH, the re-
covery of cytosolic and IMS Eggy is significantly impaired after
an oxidative challenge but recovery of matrix Eggy is unaffected
(100). The matrix independently produces NADPH from a va-
riety of sources, including malic enzyme, the NADH kinase
Pos5, and aldehyde dehydrogenases, for example, Ald4 (59, 85,
98) and in higher eukaryotes by the proton-dependent NAD(P)
transhydrogenase (56, 93) and methylene tetrahydrofolate de-
hydrogenase (MTHFD2, in yeast Misl), a central enzyme in
one-carbon metabolism (31, 94) (Fig. 7).

The experiments described earlier indicate that the IMS
glutathione pool is effectively regulated by cytosolic en-
zymes and that the cytosolic and IMS glutathione pools must
be in close communication with the rapid transport of glu-
tathione across the OMM (Fig. 7). The finding that the de-
letion of PORI (the gene encoding the major yeast porin
isoform) in yeast results in a more oxidized Eggy in the IMS
compared with the cytosol supports this notion. In contrast,
although the IMM presumably must harbor transporters that
facilitate the import of GSH in addition to a transporter,
Atml1, that can facilitate the export of GSSG, it appears that
these processes are too slow to mediate any detectable
equilibration of the matrix with the IMS/cytosolic glutathi-
one pool, at least on a timescale of seconds to minutes. Thus,
although glutathione transport across the IMM is clearly
sufficient to resupply the matrix with glutathione that is lost
by export or degradation, it appears to be too slow to impact
the dynamic regulation of matrix Eggsy.

Functions of Glutathione in the Mitochondrial Matrix

In addition to the independent mechanisms for regulation
of the IMS and matrix glutathione pools, it is now apparent
that the two compartments maintain very different popula-
tions of glutathione-utilizing redox enzymes and glutathione
seems to fulfill different functions in each compartment.

The matrix harbors several enzymes that react with or
utilize glutathione (Figs. 2 and 8). Some of these enzymes are
dually localized and, thus, also found in the cytosol, including
Glrl and the dithiol glutaredoxin Grx2 (99, 105, 107).
However, in addition, the matrix also contains two glutathi-
one transferases, Gttl and Gtt2, and a selection of enzymes
that are found exclusively in the matrix, including the
monothiol glutaredoxin Grx5, a single cys-peroxiredoxin,
Prx1, a thioredoxin, Trx3, and a thioredoxin reductase Trr2
(86, 101, 103, 105, 114, 118, 134). Each of these enzymes
may interact with glutathione and/or be important for cata-
lyzing reactions between glutathione and protein thiols.

Glutathione regulates Trx3 redox state

Glutathione was recently implicated in the maintenance of
Trx3 redox state in yeast (128). Intriguingly, in a Atrr2 strain
deleted for the yeast mitochondrial thioredoxin reductase, Trx3
remains in a fully reduced state. On the contrary, deletion of the
cytosolic thioredoxin reductase leads to oxidation of both cy-
tosolic thioredoxins. However, when TRR2 was deleted in
combination with glutathione reductase, Trx3 was found to
accumulate in an oxidized form (128). Thus, counterintuitively,
it seems that in the matrix the glutathione system has a more
prominent role in maintaining Trx3 in a reduced state compared
with the situation in the cytosol (43, 128).
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Glutathione in the matrix

IMS

Essential for t%)
[Fe-S] biogenesis

Matrix

FIG. 8. Roles of glutathione in the matrix. Glutathione
fulfills a number of roles in the matrix, including an essential
role in the biogenesis of iron—sulfur clusters. Glutathione is
also important for the reduction of H,O,, serving as a re-
ductant for the matrix peroxiredoxin Prxl. However, the
exact mechanism remains unclear and several models have
been proposed (see text for details). Gpx2, phospholipid
hydroperoxide glutathione peroxidase; Prx1, mitochondrial
peroxiredoxin with thioredoxin peroxidase activity; Glrl,
cytosolic and mitochondrial glutathione reductase; Grx2,
cytoplasmic and mitochondrial glutaredoxin; Gtt2, mito-
chondrial glutathione S-transferase; Trr2, mitochondrial
thioredoxin reductase; Trx3, mitochondrial thioredoxin.

Glutathione may be important for HoO»
reduction in the matrix

The yeast matrix harbors Prx1, a 1-cys peroxiredoxin that is
believed to be the major pathway for the reduction of matrix
H,0,.. Peroxiredoxins usually rely on the thioredoxin system
to provide electrons for reduction. However, the situation ap-
pears to be more complex in the matrix and several models for
Prx1 reduction have been proposed. First, it was suggested that
Prx1 is reduced by a combination of Trr2 and GSH (42). It was
proposed that the sulfenic acid on the Prx1 peroxidatic cysteine
initially reacted with GSH, yielding a glutathionylated Prx1.
Trr2, subsequently, attacked the glutathionlyated Prxl1, re-
leasing GSH and yielding a mixed disulfide between Prx1 and
Trr2, which was, subsequently, reduced by two GSH mole-
cules, leading to the production of GSSG. Thus, in this scheme,
the reduction of one H,O, molecule yielded one GSSG,
thereby linking the glutathione pool to H,O, production.

A second scheme was proposed, which, as with scheme 1,
relies on an initial glutathionylation of the peroxidatic cys-
teine of Prx1. However, it was suggested that the glutathio-
nylation was subsequently reduced by the dithiol Grx2,
ultimately yielding a GSSG molecule as in scheme 1. Such
Grx-mediated reduction of a peroxiredoxin was not
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unprecedented (19, 104). Indeed, Haemophilus influenzae
harbors a Prx-Grx fusion protein, which can reduce H,O,
completely independently of a Trx system. The Prx-Grx fusion
protein forms a tetramer in which the active site interfaces of
Grx and Prx from different monomers alternatively interact with
each other, thereby facilitating the electron transfer from the Grx
to the Prx domain (66). Another similar possibility is that the
monothiol Grx5 could react with the oxidized Prx1 and form an
intermolecular disulfide bond that is then resolved by GSH (27).

A third alternative model proposes that Trx3 reduces the
glutathionylated Prx1 (102). This implies that GSH was not
oxidized directly during the reaction (102). However, the
subsequent reduction of Trx3 may be glutathione depen-
dent and, therefore, even this mechanism may indirectly
lead to glutathione oxidation, although the relative contri-
bution of glutathione and Trr2 for Trx3 reduction remains
to be fully determined. Interestingly, however, when Prx1
is absent, even in a AglrlAtrr2 strain, Trx3 is no longer
oxidized, even in the presence of H,O,, pointing to Prx1 as
the key translator of H,O, to matrix protein targets and
matrix Egsy (43).

A fourth model for Prx1 reduction has been presented, based
on experiments with purified bovine 1-cys peroxiredoxin.
Here, the Prx first required an activation step via hetero-
dimerization with a glutathione transferase, followed by glu-
tathionylation of its oxidized catalytic cysteine. The successive
separation into monomers yielded a glutathionylated Prx,
which became catalytically active only after spontaneous re-
action with GSH, generating a GSSG molecule (80). This
process, thus, also resulted in GSSG generation.

It is clear that more experiments are required to fully dis-
sect the complex interplay between mitochondrial glutathi-
one, H,0,, and the thioredoxin system. Perhaps the roGFP2
fusions with yeast Grx1, Grx2, and Prx1 (89, 91) can help to
untangle the complexity in intact living cells. It will certainly
be exciting to investigate this in future.

S-glutathionlyation of proteins as
a regulatory mechanism

Protein S-glutathionylation involves the covalent linkage
of a GSH molecule to a protein cysteine residue via a dis-
ulfide bond. Protein S-glutathionylation has been proposed
to be an important mechanism for regulating protein func-
tion and activity in mitochondria. Although many questions
remain, there are several plausible routes by which protein S-
glutathionylation may be achieved in mitochondria, which are
described later.

The first of these involves Grx-catalyzed glutathionyla-
tion. Grxs are traditionally considered to mediate protein
deglutathionylation reactions. However, it is clear that the
Grx-catalyzed reaction is fully reversible and, thus, Grxs may
actually catalyze S-glutathionylation of some proteins in
response to an increase in Egsy. Indeed, the Egsy-sensing
Grx1-roGFP2 probes require a fully reversible catalytic ac-
tivity of Grxs for their function. In response to an increase in
EGsp, that is, an oxidation of the glutathione pool, Grx1 is
glutathionylated. Grx1, subsequently, passes this glutathio-
nylation onto a cysteine residue in the roGFP2 protein. A
second cysteine in roGFP2 then resolves the glutathionyla-
tion, leading to the formation of an intramolecular disulfide
bond in roGFP2. This reaction is fully reversible; hence,
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when the glutathione pool becomes more reduced, GSH at-
tacks the roGFP2 disulfide and Grxl catalyzes the de-
glutathionylation of the roGFP2. Effectively, Grx1 catalyzes
thermodynamic equilibration between the glutathione redox
couple and roGFP2. Although roGFP2 is clearly not a physi-
ological substrate, it, nonetheless, nicely illustrates the feasi-
bility of Grx-mediated S-glutathionylation. Both yeast Grx1
and Grx2 were shown to be capable of mediating the fully
reversible equilibration of roGFP2 with the glutathione redox
couple (89). The dithiol glutaredoxin Grx2 is present in the
cytosol, matrix, and the IMS in yeast. Similar to Glrl, it is
encoded by one gene that gives rise to one mRNA. This mRNA
contains two alternative start codons, which lead to the pro-
duction of either a short cytosolic form of Grx2 or a long form
that additionally harbors a mitochondrial targeting sequence
(105-107). On import into the matrix, this sequence is cleaved,
leaving behind a mature form of Grx2 that contains four ad-
ditional amino acid residues (STPK) compared with its cyto-
solic counterpart (134). This tetrapeptide extension results in a
markedly higher activity of mitochondrial Grx2 in the catalysis
of dihydrolipoamide-driven GSSG reduction (106). A portion
of the long mitochondrial Grx2 also localizes as an unpro-
cessed form in the OMM (106). The IMS harbors the cytosolic
form of Grx2 as well as small amounts of its homolog Grx1,
which is also a cytosolic protein (69, 133). The mechanism for
import of Grx1 and Grx2 into the IMS is unknown. Given the
multiple localization patterns of Grx2 and Grxl and their
feasibility to promote protein S-glutathionylation, it will be
particularly interesting in the future to determine their impor-
tance for endogenous mitochondrial proteins.

A second mechanism by which proteins could become S-
glutathionylated is via the reaction of a cysteinyl thiol group
with a GSH thiyl radical. Grxs may also be important in this
context as human Grx2 has been shown to stabilize GSH
thiyls (121).

The third possible mechanism that has the potential to me-
diate protein S-glutathionylation in mitochondria is via Gst
activity. Gsts are generally known for their ability to conjugate
glutathione to xenobiotics to improve water solubility and
facilitate elimination. Moreover, they can be involved in ROS
handling due to their Gpx activity and their ability to conjugate
GSH to lipid peroxides (3, 4, 54, 126). Yeast contains six Gsts:
Gtol-3, and Gtt1-3 (24, 36, 115). Of these, only Gtt2 has been
proposed to be dually localized to the cytosol and matrix, and it
has been suggested that the enzyme exhibits some functional
overlap with Grx1 and Grx2 (38, 110, 118). Gsts catalyze
glutathionylations, which involve the binding of GSH to the
amino acids of the active sites that then promote thiolate for-
mation in the GSH by lowering its pK,. After deprotonation, the
glutathionylate is transferred to the target thiol, forming a re-
versible disulfide bond (27). Interestingly, Gtt2 lacks classical
catalytic residues, including a cysteine residue (77). Absence of
the cysteine might, therefore, allow Gtt2 to perform glu-
tathionylations without itself becoming a target of any of them
in a highly dynamic redox environment such as the matrix.

Glutathionylation may also proceed in a non-enzyme cata-
lyzed manner. For example, protein thiols that have become
oxidized to a sulfenic acid or to a thiyl radical may react
directly with GSH, leading to the formation of a disulfide bond
between the protein thiol and GSH. Irrespective of the mech-
anism of formation, it still remains unclear as to how protein S-
glutathionylation exists as a stable modification in a highly
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reduced glutathione pool such as that typically found in the
mitochondrial matrix, in which Grxs would normally be ex-
pected to efficiently catalyze deglutathionylation reactions.
Of the processes proposed to be regulated by S-glutathio-
nylation in mitochondria, perhaps the most studied is the regu-
lation of metabolism-related proteins, including proteins in
complex I, III, and V, as well as enzymes of the TCA cycle,
including aconitase, 2-oxoglutarate dehydrogenase, and succinyl
coenzyme A synthetase (2, 20, 37, 60). Other notable proposed
S-glutathionylation targets include the IMM uncoupling proteins
UCP2 and UCP3 (78, 79). However, in our opinion, the physi-
ological relevance of these modifications remains to be fully
demonstrated. The majority of work looking at protein S-
glutathionylation has been performed on isolated mitochondria
or mitochondrial membranes (32). In these systems, the evidence
for protein S-glutathionylation is convincing; however, it is
important to be aware that significant glutathione oxidation
likely takes place very rapidly on opening cells. Further, during
isolation, mitochondria will unavoidably be exposed to oxygen
levels that are many times higher than would be expected inside
an intact cell. These results raise the question of whether the S-
glutathionylation of mitochondrial proteins that are observed in
these samples is indicative of the physiological cellular situation.

Glutathione serves an essential role in iron—sulfur
cluster biogenesis in the matrix

Besides its role in redox reactions, GSH plays an important
role in iron homeostasis and iron—sulfur cluster assembly,
and its essential role in yeast viability appears to be directly
linked to this function (71). The mitochondrial matrix con-
tains a single monothiol Grx, Grx5, which plays a role in iron
metabolism by directly interacting with iron—sulfur cluster-
binding proteins (10, 11, 65, 137, 138). Therefore, a GSH-
containing Grx5 complex binds iron—sulfur clusters and helps
to transfer them toward apoproteins. Absence of Grx5 leads
to iron accumulation in the cell and inactivation of enzymes
requiring iron—sulfur clusters for their activity (114). Since
Grx5 is involved in the biogenesis of all mitochondrial iron—
sulfur cluster proteins, it belongs to the core assembly
machinery (10, 65, 114). Moreover, it is hypothesized that
export of a sulfur component from mitochondria that is re-
quired for cytosolic iron—sulfur cluster biogenesis relies on
glutathione. Further findings support the role of glutathione
in iron homeostasis: Both GSH depletion in a Agshl strain
and GSH over-accumulation in HGTI-overexpressing cells
led to an iron starvation-like response. The phenotype in
Agshl cells can be partially rescued by the addition of ferric
iron (71). Deletion of the mitochondrial NADH kinase (Pos5)
that supplies NADPH to efficiently maintain high levels of
reduced glutathione leads to hyperaccumulation of iron in
mitochondria, with phenotypes similar to the yeast Aisa2
mutant, known to be defective in iron—sulfur cluster bio-
genesis and to be auxotrophic for arginine (98). Moreover,
Agshl yeast strains with additionally impaired Trx activity
(Atrrl vs. AgshiAtrrl) required higher external glutathione
levels for survival in contrast to strains with a functional Trx
system (wt vs. Agshl) (71). An interesting effect of GSH
over-accumulation was that it impaired the activity of the
cytosolic iron—sulfur cluster-containing protein Leul but not
the mitochondrial Acol, indicating that the matrix is affected
differently under these conditions (71).
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Glutathione in the Mitochondrial IMS

In contrast to the matrix, the IMS does not appear to contain
any of its own glutathione-related enzymes. Instead, the IMS
harbors small populations of cytosolic redox enzymes, in-
cluding the dithiol glutaredoxins Grx1 and Grx2, a member of
the glutathione peroxidase family Gpx3, a thioredoxin, Trx1,
and a thioredoxin reductase, Trrl (133) (Fig. 9). At present, it
remains unclear as to how these enzymes are imported into the
IMS. Further, it is not known whether these proteins are
equally distributed between the peripheral IMS and the cristae
space or whether they are preferentially localized to either one
of the two IMS subcompartments.

Enzymes control the translation
of Egsy to IMS proteins

The extremely reduced Egsy values determined for the
cytosol/IMS and matrix arguably have only limited meaning
in a physiological context, since the rate constants for the
spontaneous reaction of GSH and GSSG with proteins are

Glutathione in the IMS

: Cytosol

[TM absent in mammals|

Matrix

FIG. 9. Roles of glutathione in the IMS. The role of
glutathione in the IMS has not been extensively investigated.
However, glutathione was shown to regulate the redox state of
Mia40 in a Grx2-mediated reaction. Consequently, glutathione
influences oxidative folding of Mia40-substrate proteins. It
remains unclear as to whether Grx2 also directly reduces
substrates in the IMS as it does in the cytosol where it is
present in large amounts. The IMS also harbors small pools of
several other cytosolic redox enzymes (e.g., Trx, Trr, Gpx) that
may also interact with glutathione in the IMS, but this remains
to be investigated. Grx2, cytoplasmic and mitochondrial glu-
taredoxin; GlIrl, cytosolic and mitochondrial glutathione re-
ductase; Porl, mitochondrial porin of the outer membrane;
Mia40, import and assembly protein of the mitochondrial in-
termembrane space; Gpx3, thiol peroxidase involved in the
response to high hydrogen peroxide levels; Trrl, cytoplasmic
thioredoxin reductase; Trx1, cytoplasmic thioredoxin.
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extremely slow compared with enzyme-catalyzed ones (34,
132). Thus, if changes in Egsy are at all able to affect protein
thiol oxidation and, consequently, protein function, it is likely
that the abundance of enzymes such as Grxs, which are ca-
pable of catalyzing the reaction between glutathione and
proteins, will be extremely important in determining the
impact of glutathione redox changes.

Although the IMS contains a full set of GSH-utilizing
enzymes (68, 133), their effective concentrations and activ-
ities in the compartment remain largely unclear. One ex-
ception is Grx (69): Grx activity can be measured and
compared between different compartments by comparing
measurements obtained with Grx1-roGFP2, roGFP2, and
redox-sensitive yellow fluorescent protein (rxYFP) sensors.
The latter two ‘“‘unfused” sensors rely on endogenous Grx
activity to facilitate the equilibration of their thiol/disulfide
pair with the local glutathione pool. In this respect, they can
be employed to investigate how putative, endogenous, thiol-
containing proteins may be affected by changes in Egsy and
Grx availability. In the cytosol and the matrix, no difference
can be detected in the oxidation state of fused or unfused
sensors, implying that endogenous Grxs are sufficiently
abundant to mediate the equilibration of roGFP2/rxYFP with
the glutathione pool (26, 44, 90, 96, 97). Conversely, in the
IMS, an unfused sensor was found to be more oxidized and to
recover much slower from an oxidative insult compared with
a fused sensor, that is, Grx1-roGFP2 (50, 69). These results
are strongly suggestive of limiting Grx activity in the IMS
compared with the cytosol and the matrix (69). It also rein-
forces the notion that Grxs are essential to mediate the
equilibration of roGFP/rxYFP with the glutathione redox
couple. In the absence of Grxs, this equilibration appears to be
too slow to have any relevance on physiologically meaningful
timescales. Importantly, it seems that Grx-mediated equili-
bration of protein thiols with the glutathione redox couple is
not only restricted to non-physiological proteins such as
roGFPs but also relevant to endogenous mitochondrial pro-
teins as described later.

Oxidative protein folding in the IMS is influenced
by Egsy and glutaredoxin levels

The IMS houses many proteins that contain intramolecular
disulfide bonds, which are introduced after import into the
IMS. To facilitate disulfide bond formation, the IMS pos-
sesses a complete disulfide-generating system consisting of
the oxidoreductase Mia40 and the sulfhydryl oxidase Erv1. It
is responsible for the import and folding of a large set of
substrates, including several respiratory chain subunits.
Conceptually, this pathway closely resembles the analogous
systems in the ER and the bacterial periplasm (1, 18, 28, 29,
63, 113). However, in contrast to the ER and the bacterial
periplasm, which contain relatively oxidized glutathione
pools or very little to no glutathione, protein disulfide bond
formation in the IMS must take place in a highly reduced
glutathione pool. In vitro studies showed that physiological
concentrations of GSH, in the range of 5-10mM, actually
accelerated the oxidation of Mia40 substrates such as Cox19
and Tim10. This effect was ascribed to the reduction of long-
lived reaction intermediates that impede the function of
Mia40. At higher GSH concentrations, this effect was re-
verted and that rate of oxidative folding was decreased.
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However, it is important to note that these experiments were
performed in the absence of any Grx activity (14).

Recent research looking at the effect of glutathione de-
pletion on intact cells also observed an impact on the Mia40
redox state (69). Further, modulation of Grx levels led to
impaired oxidative protein folding kinetics. On over-
expression of IMS-targeted Grxs, oxidative folding and
protein import in the IMS became impaired and the redox
state of Mia40 became more reduced. Presumably, at higher
concentrations, Grxs mediate the equilibration of Mia40
with the glutathione pool, thereby impeding disulfide bond
formation in substrate proteins. Interestingly, deletion of
Grxs also resulted in decreased rates of oxidative protein
folding, perhaps because Grx/GSH is involved in isomeri-
zation of incorrectly formed disulfide bonds. Thus, it seems
that there is an optimal ‘‘Goldilocks” level of endogenous
Grx in the IMS. Any more Grx would lead to equilibration
of the protein folding machinery with the highly reduced
IMS glutathione pool. Any less Grx would, speculatively,
prevent essential disulfide bond isomerization or reduction
of disulfide bonds after acute oxidative stress (Fig. 9).

At present, it remains unclear as to whether any other
pathways are affected by the limiting amounts of Grx in the
IMS. It will be interesting to explore this in future. Likewise,
it will now be interesting to elucidate whether the concen-
tration and activity of other IMS-localized, GSH-utilizing
enzymes are adapted to the special environment of the IMS. In
addition, given the further subcompartmentalization of the
IMS, it might be important as to which of these subcompart-
ments enzyme activity is localized.

Open Questions

There are many open questions remaining surrounding the
regulation and role of glutathione in mitochondria. Here, we
focus on a small selection of questions that we believe will be
particularly exciting to address in the near future.

Interplay of H.O,, thioredoxin,
and glutathione in the matrix

The complex interaction between Prx1, Trx3, Trr2, Grx2,
and GSH in the matrix demonstrates that, in contrast to other
subcellular compartments, there is extensive crosstalk be-
tween these systems. This implies that a change in H,O,, for
example, might readily impact Egsy and/or the redox state of
Trx3. Changes in Egsy may also directly impact the Trx3
redox state. This could be particularly interesting as it was
recently shown that the oxidation of Trx3 is an important
trigger of apoptosis in yeast cells (43). It is, thus, tempting to
speculate that Trx3 serves as a hub to integrate signals from
H,0,, glutathione, and thioredoxin reductase as well as
NADPH levels to initiate cell death under conditions of ex-
treme oxidative stress, for example due to severe malfunction
of the respiratory chain. It will be particularly interesting to
try to better untangle the complex relationships between
these matrix redox systems and dissect their impact on mi-
tochondrial and cellular function. Newly available sensors
for H,O, such as roGFP2-Tsa2ACg, as well as roGFP2-Prx|1
fusions that may allow the direct monitoring of changes in
Prx1 oxidation (91), together with Eggy sensors, might aid us
in making previously unachievable new insights in this area.
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Glutathione turnover in the matrix

Although we now have an understanding of the redox poise
of the mitochondrial matrix glutathione pool, we have little idea
of the concentration of glutathione in the matrix and whether it
is similar to the concentration of cytosolic glutathione or not.
Also completely unclear is the rate of turnover of the matrix
glutathione pool. This will be dependent on many factors of
which we have little or no knowledge, including the rate of
glutathione import and export and the question of whether the
matrix harbors glutathione-degrading enzymes.

Experiments with Eggy sensors suggest that the rate of
glutathione transport into the matrix is very slow and that the
glutathione pool of the matrix is effectively isolated from the
cytosolic and IMS glutathione pools (68). However, it is im-
portant to consider what the Eggy sensors are actually mea-
suring, or more specifically, how Eggsy will be affected by
changes in GSH and GSSG concentration. At the extremely
reduced redox poise of the matrix glutathione pool, large
changes in GSH concentration would only give rise to small
changes in Egsy and, thus, be difficult to reliably detect with
Egsu sensors. Thus, it could be that GSH is readily imported
into the matrix. Resolution of this question will require more
extensive investigation, employing alternative techniques, to
yield a deeper understanding. It is also unclear as to whether
GSH can be exported from the matrix; again, this would be
difficult to discern with Eggy sensors. In contrast, it seems
clear that the IMM is largely impermeable to GSSG (17, 68), as
small changes in GSSG levels would lead to large changes in
Egsn in a glutathione pool with the redox poise found in the
matrix and, thus, be easily measurable with genetically en-
coded sensors. The identification and characterization of the
IMM glutathione transporter/s will certainly help to clarify the
uncertainties surrounding GSH transport across the IMM. A
final factor that could profoundly affect matrix glutathione
homeostasis is the possible existence of a matrix glutathione
degradation pathway. It will be extremely interesting to in-
vestigate whether the putative matrix localization of Dug en-
zymes in yeast reflects the actual situation and if so, to address
the implication of this for matrix glutathione homeostasis.
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Gpx = glutathione peroxidases
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GSSG = oxidized glutathione
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H,0, =hydrogen peroxide
IMM = inner mitochondrial membrane
IMS = intermembrane space
OGC = oxoglutarate carrier
OMM = outer mitochondrial membrane
roGFP = redox-sensitive GFP
ROS =reactive oxygen species
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