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FIG. 3. Protein oxidative damage under normal growth conditions of wild type and grx single and double mutants. MATa strains were employed. Cultures of wild
type (CML235) and single and double mutants were grown in YPD liquid medium at 30°C until an optical density at 600 nm of 1 was reached. The crude extracts
obtained were analyzed by Western blotting with anti-DNP antibodies (B). A parallel run stained with Coomassie brilliant blue is shown in panel A. Each lane contained
20 pg of total protein. Asterisks mark the identified transketolase band (see text for details).

demonstrated that the products of GRX3, GRX4, and GRX5
are required for maintaining normal glutaredoxin levels in the
cell, we next studied their role in protection against an exter-
nally induced oxidative stress. The effect of hydrogen peroxide
and menadione (a generator of superoxide radicals) on viabil-
ity was tested when they were applied to exponentially growing
cells. Disruption of GRX3 and GRX4 had only a moderate
effect on sensitivity to menadione and no effect on sensitivity to
hydrogen peroxide, while disruption of GRX5 caused a dra-
matic increase in sensitivity to both oxidants (Fig. 4A). The
grx3 grx5 and grx4 grx5 double mutants were not markedly more
sensitive to menadione and hydrogen peroxide than were grx5
single mutants (Fig. 4B). In fact, survival after long-term treat-
ment was slightly higher in grx3 grx5 mutant cells than in grx5
mutants, although this may be an effect of the lower growth
rate of the double mutant.

Protein damage promoted by adding 20 mM menadione or
5 mM hydrogen peroxide to growing cells was analyzed by
Western blotting (Fig. 4C). In these conditions, the grx3 and
gre4 mutants revealed only a moderate increase in the level of
protein oxidation with respect to wild-type cells, while a heavily
oxidized protein band pattern was exhibited by the grx5 mu-
tant. For comparison, we included the already-described grx2
mutant, which displayed a protein oxidation pattern similar to
those observed in wild-type cells and grx3 and grx4 mutants. In
agreement with the data presented in Table 2, the overall
increase in carbonyl content in mutant cells was not due to a
qualitative difference of oxidation in particular protein bands
but to an increase in oxidative damage in most protein bands
present in all the stressed strains.

Other authors have shown that some yeast mutants hyper-
sensitive to oxidants are also more sensitive to osmotic stress
(23). We therefore tested the sensitivity of grx5 mutant cells to
hypertonic conditions. This mutation increased sensitivity to
high concentrations of KCI more than 10-fold, and the sensi-
tivity was even higher in the double grx3 grx5 mutant (Fig. SA).
To show that this effect was not caused by ion toxicity, we
tested the effect of sorbitol at a concentration of 2 M or higher

on transitory cell division arrest after the osmotic shock. In
these conditions, growth was also more affected in grx5 mutant
cells than in the wild-type strain (Fig. 5B), confirming that the
Grx5 product protects not only against oxidative stress but also
against different types of hyperosmotic stress. On the other
hand, none of the grx3, gre4, or grx5 single mutants was more
sensitive than wild-type cells to heat shock (shift from 25 to
37°C [data not shown)]).

The hypersensitivity of grv5 mutant cells to osmotic stress
could have been caused by the effect of reactive oxygen species
on cell wall architecture. To analyze this possibility, we tested
the sensitivity of wild-type and grx5 mutant cells to a number of
especially toxic agents for cells altered in cell wall structure
(31). gre5 mutant cells did not show increased sensitivity (rel-
ative to wild-type cells) to calcofluor white, SDS, or caffeine
(data not shown), thus eliminating the possibility of explaining
increased osmotic sensitivity as being a direct consequence of
hyperoxidation of cell wall molecules.

Grx2 and Grx5 functions can substitute for each other. Grx2
has been reported to account for most of the glutathione-
dependent oxidoreductase activity of glutaredoxins in yeast
cells and to play an important role in protection against hy-
drogen peroxide, but not against menadione (29). It was pos-
sible to obtain grx2 grx3 and grx2 grx4 mutant strains by stan-
dard genetic crosses from their respective single mutants, and
they had significantly reduced oxidoreductase activity com-
pared with single grx3 or gre4 mutants (see above and Table 2).
However, no double grx2 grx5 mutant could be obtained from
a total of 40 tetrads analyzed. We conclude that this mutant
combination is lethal and therefore that Grx2 activity can func-
tionally substitute, at least in these particular conditions, for
the loss of activity in grx5 mutant cells. Loss of GRX2 caused a
less-than-threefold increase in sensitivity to hydrogen peroxide
stress in cells grown in SD-glucose medium, and this was of the
same order as that in the double grx2 grx3 and grx2 gry4 mutants
(Fig. 6). Differences in sensitivity between wild-type and grx2
mutant cells were even smaller in cultures grown in YPD
medium (data not shown).
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FIG. 4. Sensitivity of S. cerevisiae grx mutants to oxidative agents. MATa strains were employed. (A) Cultures of wild-type (CML235) and single mutant strains
growing exponentially in YPD liquid medium at 30°C were exposed to the indicated agents and concentrations, and viable numbers (relative to time zero values) were
determined at different times. (B) As in panel A, except that lower agent concentrations were used to determine sensitivity of double mutants compared to wild-type
and single mutant strains. (C) Protein oxidative damage in wild type and glutaredoxin mutants under stress conditions. Cultures of wild type and single glutaredoxin
mutants were grown in YPD liquid medium at 30°C, and at an optical density at 600 nm of 1, menadione or hydrogen peroxide was added to the cultures at the final
concentration of 20 or 5 mM, respectively. After 60 min of treatment, the cultures were harvested by centrifugation and crude extracts were obtained. Analyses by
Western blotting with anti-DNP antibodies were conducted as described in Materials and Methods. Each lane contained 10 pg of total protein.
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FIG. 5. Sensitivity of S. cerevisiae grx mutants to hyperosmotic treatments. (A) Exponentially growing wild-type (CML235) and mutant (MATa type) cells in YPD
medium at 30°C were supplemented with 2 M KCI, and cell viability (made relative to parallel untreated cultures) was determined at the indicated times. (B)
Exponentially growing cells in YPD medium were treated with sorbitol at the final concentrations indicated, and incubation was continued under these conditions. Total
cell numbers were measured at subsequent periods. Bars represent the lag periods after sorbitol addition during which cell division remained arrested before cultures

resumed growth.

A triple gre2 grx3 grx4 mutant was subsequently obtained by
standard genetic crosses. Loss of the three genes caused about
the same effect on cell growth rate in rich medium as the loss
of the single GRX5 gene (Table 2), although the multiple
mutant grew more efficiently in minimal medium than did the
gre5 mutant (data not shown). Simultaneous disruption of
GRX2, GRX3, and GRX4 caused a 50% reduction in total
cellular glutaredoxin activity compared to the single grx2 mu-
tant or the double grx2 grx3 and grx2 grx4 mutants. Correspond-
ingly, total protein carbonylation was higher in the triple gr2
grx3 gre4 mutant than in the other single and double mutants
(Table 2), and sensitivity to hydrogen peroxide was higher in
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FIG. 6. Effect of oxidative stress (5 mM hydrogen peroxide for 1 h) on cell
viability of grx mutants (MATa strains) compared to that of wild-type cells (strain
CML235). Cells were grown exponentially at 30°C in SD medium plus glucose,
and after treatments, they were plated on YPD solid medium in order to deter-
mine viability. Bars indicate the percentages of viable cells relative to those in
parallel untreated cultures.

grx2 gre3 grx4 mutant cells than in the single grx2 mutant and of
the same order as that in the grx5 mutant (Fig. 6). We can
conclude that although Grx2 and Grx5 can functionally substi-
tute for each other, loss of Grx5 has more severe effects on cell
physiology than loss of Grx2 alone and that in order to observe
effects comparable to those of the loss of Grx5, it is necessary
to simultaneously eliminate Grx2, Grx3, and Grx4.

Expression of the GRX3-GRX4-GRX5 gene family in re-
sponse to stresses. The transcriptional pattern of GRX3,
GRX4, and GRX5 was measured under several conditions (Fig.
7). Maximum expression for the three genes occurred during
the exponential growth phase. As cells traversed the diauxic
shift, transcript levels progressively decreased to under detect-
able levels in stationary phase. However, the rate of mRNA
disappearance was different for each of the three genes. GRX3
mRNA rapidly became undetectable, while GRX4 expression
was still detectable until the postdiauxic stage (Fig. 7). The
expression of the three genes was not inducible under any of
the three stresses applied (osmotic, oxidative with hydrogen
peroxide or menadione, and heat). In fact, all three types of
stress caused a reduction in the respective mRNA levels. This
was moderate for GRX5 and more intense for the other two
transcripts. We can therefore conclude that the role of the
Grx5 glutaredoxin in protection against oxidative and osmotic
stresses does not depend on transcriptional changes induced by
the respective type of stress.

DISCUSSION

Glutaredoxins are important for maintaining the reducing
status of thiol groups in proteins (1, 9, 45). Together with
thioredoxins, they are members of a superfamily of proteins
that exert their activity through a disulfide exchange reaction
involving one or two cysteine residues at the active site. The
initially characterized members of the glutaredoxin family con-
tained a CXXC active site, with XX being PY in most cases.
Studies of phage T4 (43), pig (55), and E. coli (44) glutaredox-
ins have shown that of the two cysteine residues, only the most
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FIG. 7. Northern blot analyses of GRX3, GRX4, and GRX5 expression. Samples were taken at different stages of the population growth curve in YPD liquid medium
at 30°C (A) or after treatment of mid-exponential-phase cells (at 30°C except for heat shock) with KCI (0.5 M), hydrogen peroxide (0.4 mM), menadione (2 mM), or
heat shock for the indicated times (B). Small nuclear U2 mRNA is shown as the loading control. Numbers under the lanes indicate the mRNA levels for each time
point, relative to the mid-exponential-phase sample. For heat shock analysis, the time zero sample corresponds to exponential cultures at 25°C.

N-terminal is absolutely essential for enzyme activity, while
mutants with mutations in the more C-terminal cysteine retain
part of their GSH oxidoreductase activity (7, 43, 44, 55). Glu-
taredoxin-mediated protein glutathionylation has been ex-
plained in terms of the participation of a single cysteine (43).
Studies involving an E. coli glutaredoxin mutated at the second
cysteine residue indicate that both cysteine residues are re-
quired for reduction of protein disulfides (such as that in ri-
bonucleotide reductase) through a dithiol mechanism, while
the deglutathionylation of protein substrates would employ a
monothiol mechanism (7) that could play an important phys-
iological role at the endoplasmic reticulum for the mainte-
nance of native protein conformation (30). Here we define a
group of three new glutaredoxins (Grx3 to Grx5) in S. cerevi-
siae that structurally differ from the subfamily containing the
CXXC motif at the active site and that constitute a separate
subfamily including members ranging from bacterial to human
glutaredoxins. Members of the latter subfamily contain the
motif CG/AFS/P. The fact that this is the only conserved cys-
teine residue present in the members of this subfamily suggests
that it may be part of the active site of the enzyme. Most
members of this new subfamily also contain one or two basic
amino acid residues separated by a few positions from the
cysteine residue toward the C end. The presence of one or two
basic residues close to the active site is also characteristic of the
first subfamily, and it has been suggested that it might be
needed for the thioltransferase reaction due to the enhance-
ment of the S nucleophilicity of the reactive cysteine (55). This
analogy reinforces the role of the CG/AFS/P motif in the
reactivity of the glutaredoxins of the new subfamily.

The Grx3, Grx4, and Grx5 yeast glutaredoxins display se-
quence differences, though all three are members of the single-
cysteine subfamily. Grx5 lacks part of an N-terminal domain
present in Grx3 and Grx4. Application of the Sequence Space
method (which allows sequence clustering based on amino acid

conservation) has shown the Grx5 sequence to be closer to
plant or mammalian glutaredoxin sequences than to Grx3 or
Grx4. This method also permits us to observe that Grx1l and
Grx2 yeast glutaredoxins are structurally separated from the
Grx3/4/5 group. In the C-terminal region of homology, Grx5
contains the IGGC motif, which is absent in the other four
yeast glutaredoxins but is present in the mammalian members
of the cysteine-pair subfamily. The glycine pair in the above
motif is common to all glutaredoxins of both subfamilies and
might contribute to bringing an aspartic acid residue close to
the active site cleft. The role of this conserved aspartic acid has
been shown to be essential in the case of pig glutaredoxin (43).

Cell growth rate is not affected by single mutations in GRX!
to GRX4 (reference 29 and this work). In contrast, grc5 mutant
cells are constitutively affected in growth pattern (lower growth
rate in rich medium, poor growth in minimal medium, and no
growth in glycerol medium). Simultaneously, the grx5 mutant
has a higher basal protein carbonyl content than the other
single glutaredoxin mutants. Since carbonyl content is em-
ployed as a measure of oxidative protein damage, the above
observations could be interpreted as indicating that the Grx5
glutaredoxin has an important role in protection against oxi-
dative damage of proteins during exponential growth. This
could be correlated with the role of glutaredoxins in the ho-
meostatic maintenance of intracellular thiols, which are nec-
essary for several antioxidant activities in the cell (9, 34). In
E. coli, protein oxidative damage is higher during respiratory
growth conditions (50), and this also appears to be the case in
S. cerevisiae (46), which would explain the inability of grx5 cells
to grow on glycerol when it is the only carbon source. The
correlation cannot be extended, however, to all situations in-
volving respiratory metabolism. Thus, during the postdiauxic
growth stage, GRX5 expression decreases and the viability of
the gre5 mutant is not affected. In this situation, yeast cells
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perhaps employ alternative protection strategies against oxida-
tive damage.

When cells are oxidatively stressed with menadione or hy-
drogen peroxide, the accumulation of protein damage is much
higher in grx5 mutant cells than in wild type or in the other grx
mutant strains. This again correlates with the extreme effect of
these situations on grx5 mutant viability. Therefore, in those
conditions in which an external oxidative stress is applied,
there is a close relationship between the extent of protein
carbonylation and the effect on cell growth, and these data
confirm that Grx5 may be the most important glutaredoxin in
protecting exponentially growing yeast cells against oxidative
protein damage not only under normal growth conditions but
also during induced stress. In carrying out this antioxidant
function, Grx5 does not discriminate between the effects
caused by menadione and those caused by hydrogen peroxide,
in contrast with the protective role that Grx2 performs exclu-
sively against hydrogen peroxide (29).

This relationship between protein carbonylation levels and
growth defects has one exception. Simultaneous lack of Grx2,
Grx3, and Grx4 has a more profound effect on constitutive
protein oxidation than on cell growth. Also, the relationship
cannot be strictly extrapolated to explain the relative contri-
bution of each glutaredoxin species to overall cellular glutare-
doxin activity. Total GSH oxidoreductase activity due to Grx5
alone seems to be similar to that of Grx3 or Grx4 but less than
that of Grx2. However, the rate of growth is affected much
more in grx5 mutant cells. These differential effects of the grx
mutations on growth could be explained by the fact that spe-
cific yeast glutaredoxins could identify individual protein sub-
strates instead of acting as general GSH oxidoreductases.
While inactivation of each GRX3, GRX4, or GRX5 gene causes
a general increase in oxidation levels of cell proteins, in the
case of grx5 mutant cells some individual protein bands (de-
tected by Western blot immunoassay) are more prominently
oxidized. Among these, transketolase, which is not detectable
as an oxidized species in wild-type cells, appears to be partic-
ularly oxidized only in strains carrying the grx5 mutation, even
in a nonstressed situation. The finding that transketolase is
especially susceptible to oxidative stress in yeast cells is rele-
vant considering that it has been shown recently that E. coli
transketolase activity is negatively affected in superoxide dis-
mutase-deficient mutants, as well as in hyperoxia conditions
(5). The presence of carbonyl groups in transketolase and the
inactivation of the enzyme could both be a consequence of the
highly oxidized environment created inside grx5 mutant cells.
Subsequently, since transketolase is involved in the pentose
phosphate pathway, inactivation of this enzyme might lead to a
depletion of NADPH levels, which would account for the low-
ered antioxidant capacity. Furthermore, this situation would
block the possibility of redirecting carbohydrate metabolism to
the regeneration of NADPH at the expense of glycolysis, which
is what happens in wild-type cells a few minutes after hydrogen
peroxide exposure (13). Under such circumstances, cell viabil-
ity would obviously be compromised. Through depletion of
erythrose-4-phosphate (which requires transketolase for its
synthesis), superoxide dismutase deficiency causes auxotrophy
for aromatic amino acids in E. coli (5). We tested whether the
growth deficiency in grx5 mutant cells in minimal medium was
relieved by the addition of aromatic amino acids, but this was
not the case (data not shown). Thus, although transketolase
inactivation may contribute to growth deficiency in this partic-
ular situation, inactivation of other as-yet-uncharacterized pro-
teins must be essential for the phenotype of Grx5-deficient
cells.

Mutations in GRX5 add to the list of oxidation-sensitive
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mutants which are also hypersensitive to osmotic stress (23).
From our studies, the idea of a direct oxidative effect on cell
wall architecture in grx5 mutant cells should be discarded.
Signal transduction pathways responding to hyperoxidative
and hyperosmotic signals are interconnected in yeast. The
pathway interrelationship is exemplified by Skn7, which is a
signal transducer whose activity can be regulated by osmotic
and oxidative stresses (6, 21, 27, 39). For the moment, no
evidence to suggest that GRXS is a target for the pathways
regulated by oxidative or osmotic signals exists, as the expres-
sion of GRX5 is not induced by these stresses. Alternatively,
the susceptibility of shared components of both types of path-
ways to the protein-hyperoxidation situation created in Grx5-
deficient cells would result in sensitivity to oxidative and os-
motic stresses.

The growth and stress sensitivity phenotypes of grx double
mutants, together with the lethality of the grv2 grx5 and g3
grvd grx5 mutations, point to a central role of GrxS in the
regulation of the basal redox state of a number of functionally
important proteins during exponential growth. Although we
have not considered Grx1 glutaredoxin, as it has been shown to
play only a minor role in exponential conditions (29), we have
observed that a multiple grxl grx2 grx3 grx4 mutant is viable
(our unpublished observations). These results could be ex-
plained by the existence of two different protein populations
whose redox status could be separately regulated by the Grx1/2
and the Grx3/4 groups, respectively, while Grx5 would be able
to act on both groups of protein substrates. Alternatively, the
dithiol Grx1 and Grx2 enzymes and the monothiol Grx3, Grx4,
and Grx5 enzymes could perform different thiol oxidoreduc-
tase activities, the first group reducing protein disulfides
through a dithiol mechanism and the second group degluta-
thionylating glutathione-modified proteins through a mono-
thiol mechanism (7, 30). Yeast cells would be unable to survive
in the absence of the monothiol mechanism, but they would
still be viable in the absence of the GSH-related dithiol one. In
any case, Grx5 alone would be sufficient for maintaining the
protein redox state, as it is able to replace the function of other
glutaredoxins, at least when these are absent. This would also
apply for an externally induced oxidative stress. In summary,
Grx5 would act as a housekeeper for the adequate protein
redox state during normal growth and as the agent responsible
for the elimination of externally induced oxidative damage.
Understanding the role of Grx5 and the other glutaredoxins
will give us a better knowledge of how yeast cells protect
themselves against constitutive and induced protein oxidative
damage.
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