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Abstract

Thiol-based redox reactions are involved in the regulation of a variety of biological functions,
such as protection against oxidative stress, signal transduction and protein folding. Some proteins
involved in redox regulation have been shown to modulate life span in organisms from yeast to
mammals. To assess the role of thiol oxidoreductases in aging on a genome-wide scale, we
analyzed the replicative life span of yeast cells lacking known and candidate thiol oxidoreductases.
The data suggest the role of several pathways in regulation of yeast aging, including thioredoxin
reduction, protein folding and degradation, peroxide reduction, PIP3 signaling, and ATP synthesis.
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Introduction

Many forms of molecular damage are caused by the action of reactive oxygen species (ROS)
that are produced as side products of cellular metabolism or are present in the evironment.
The oxidative stress theory of aging predicts that the loss of antioxidant enzymes results in
the oxidative damage to biomolecules and may result in shorter lifespan (Harman 1956;
Sohal and Weindruch 1996). It has been shown that oxidative damage increases during
replicative aging in yeast and the absence of antioxidant genes causes further accumulation
of this damage (Nestelbacher et al. 2000; Grzelak et al. 2006). There are many antioxidant
enzymes, such as superoxide dismutases, catalases and methionine sulfoxide reductases, that
were shown to affect the replicative life span (RLS) in yeast and other organisms
(Nestelbacher et al. 2000; Fabrizio et al. 2004; Unlu and Koc 2007; Radyuk et al. 2009).
However, there are also contrasting data suggesting that deletion of enzymes involved in
redox control does not influence RLS or even increases it in yeast. For example, increased
expression of Sod1 has no effect on RLS (Kirchman et al., 1999), and overexpression of
Sod2 was shown to shorten RLS (Fabrizio et al., 2004). In a different study, sod14 mutants
had a 90 % reduction in RLS, whereas, sod24 cells showed no difference (Kaeberlein et al.,
2005). Moreover, deletion of certain mitochondrial antioxidant genes had neutral effect on
RLS in yeast (Unlu and Koc 2007). In C. elegans, while deletion of SOD2 extended life
span, deletion of other SODs had no effect (Van Raamsdonk and Hekimi 2009).
Additionally, manipulation of MsrB in Drosophila and yeast did not affect the life span of
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these organisms or affected it only under certain conditions (Koc et al. 2004; Shchedrina et
al. 2009).

Protection against oxidative stress in cells is provided by both enzymatic and non-enzymatic
mechanisms. Most antioxidant proteins that act in defense or repair systems are thiol
oxidoreductases, which utilize cysteine (Cys) thiol groups to directly or indirectly protect the
cells from deleterious effects of ROS (Fomenko and Gladyshev 2003). Many thiol
oxidoreductases are characterized by the presence of CxxC, CxxS, SxxC, CxxT or TxxC
motifs along with a conserved secondary structure surrounding these motifs (Fomenko and
Gladyshev 2002; Fomenko and Gladyshev 2003). Redox-active Cys residues are usually
well conserved during evolution, and in some organisms, the proteins with catalytic redox
Cys evolved into more catalytically efficient selenoproteins, in which selenocysteine is
present in place of Cys (Fomenko et al. 2007). Even though yeast cells have no
selenoproteins, their Cys homologs exert the major antioxidant function in cells. Such thiol
oxidoreductases can be identified by bioinformatics approaches (Fomenko et al. 2007).

Here, we analyzed a set of yeast thiol oxidoreductases, including known and predicted
proteins, and determined the effect of their deletion on the replicative life span of S.
cerevisiae. In our screen, we identified new genes, whose deficiency shortens life span. The
data suggest the role of protein folding and degradation, ATP synthesis, peroxide reduction,
PIP3 signaling and thioredoxin reduction pathways in the regulation of yeast replicative life
span.

Materials and Methods

Yeast strains and growth

WT strains BY4741 and BY4742 (MATa his3 leu2 met15 ura3) and their isogenic deletion
mutants were obtained from the yeast deletion collection set (Invitrogen). Cells were grown
on YPD agar (1 % yeast extract, 2 % peptone, 2 % dextrose and 2 % agar) media. The strain
lacking TRR1 gene was constructed by the single step gene replacement procedure using the
HIS3 gene as the disruption and the selection marker. Transformants were selected on YNB-
His (Yeast nitrogen base) medium containing 1 mM N-acetyl Cys and deletion of TRR1
gene was confirmed by PCR.

Replicative life span analyses

Cells were grown on YPD agar for 2 days prior to life span analysis. For each strain, 25
daughter cells (starter mothers) were collected and lined up by a micromanipulator on agar
plates. New buds (daughters) from these virgin cells were removed and discarded as they
formed. This process continued until cells ceased dividing. Life span was determined as the
total number of daughter cells that each mother cell generated. In the initial screen, we
analyzed the life span of five cells per strain to identify candidate mutants with altered life
spans. Subsequently, 25 cells per each strain affected in the initial screen were analyzed
three times.

Diamide tolerance

Overnight cultures were serially diluted to OD values of 2x1071, 2x1072, 2x1072 600, and
2x1074. 5 pl of each dilution was dropped on YPD plates containing 2.0 mM and 2.5 mM
diamide. After 2 days of incubation, plates were photographed. Experiments were repeated
five times.
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Hydrogen peroxide sensitivity

A halo assay was performed to assess the sensitivity of cells to hydrogen peroxide (Machado
et al. 1997). Briefly, cells were grown in liquid YPD overnight and their ODgg values were
adjusted to 0.2. A 400 pl aliquot from each culture was transferred onto a YPD plate and
dried for 30 min. Then, 5 ul of 8.8 M hydrogen peroxide was administered to the center of
the plate and incubated at 30 °C overnight. Radius of the clear zone in the center of each
plate was measured with a ruler. Assays were performed four times for each strain.

Analysis of the S. cerevisiae environmental stress dataset

Yeast environmental stress microarray dataset was downloaded from Stanford Yeast Stress
web site (http://genome-www.stanford.edu/yeast_stress/) (Gasch et al. 2000). Data for thiol
oxidoreductases and candidate genes were extracted using a Perl script.

Identification of yeast thiol oxidoreductases and candidate proteins

Known and candidate thiol oxidoreductases were identified as described in (Fomenko and
Gladyshev 2002; Fomenko and Gladyshev 2003). Briefly, proteins with potential redox
motifs (CxxC, CxxS, SxxC, CxxT, and TxxC) were extracted using a Perl script.
Conservation of Cys in redox motifs was determined using position-specific iterated BLAST
(PSI BLAST) from NCBI. Nonredundant protein database from NCBI (Sep 2008) was used
in the PSI-BLAST search with the following parameters: expectation value, 0.0001; number
of iterations, 3; and expectation value for multipass model, 0.01. PSI BLAST output was
filtered with Perl script and Cys with more than 75% identity among homologs were further
considered. PSI PRED was used for secondary structure prediction. Proteins that contained a
conserved redox motif in the context of b-C/S/TxxC/S/T-a secondary structure or contained
a helix downstream of the redox motif were manually analyzed for sequence homology to
proteins with known function with PSI-BLAST. Metal-binding proteins were filtered based
on sequence similarity to known metal-binding proteins. In addition, known yeast thiol
oxidoreductases were identified using sequence similarity to known thiol oxidoreductases
using NCBI BLAST standalone program with expectation value — 0.01.

Results and Discussion

Yeast thiol oxidoreductases

Table 1 shows a set of known thiol oxidoreductases in S. cerevisiae that were analyzed in
these study. Interestingly, 27 of these proteins possess a thioredoxin fold. For example, the
yeast proteome includes five peroxiredoxins, three glutathione peroxidases, three
thioredoxins, five disulfide isomerases, and eight glutaredoxin-like proteins (five of those
are monothiol glutaredoxins).

We previously demonstrated that conserved Cxx(C|S|T), (C|S|T)xxC (x is any amino acid)
sequences, when present in the context of a simple secondary structure pattern, can be used
as a predictor of thiol oxidoreductase function. This approach is not limited to specific
structural folds and protein families and allows identification of known thiol
oxidoreductases (Fomenko and Gladyshev 2002; Fomenko and Gladyshev 2003). We
searched the S. cerevisiae protein set with this method and then filtered out metal-
coordinating and structural Cys with PROSITE patterns and profiles, comparison with 3D
structures from PDB and by sequence similarity to proteins known to use Cys for metal
coordination. As a result, most of the known thiol oxidoreductases and 31 additional
proteins with potential redox or redox-regulated Cys were identified (Table 2). Candidate
thiol oxidoreductases are represented by distinct protein families and redox functions of
these proteins require further experimental confirmation.
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Replicative life span analyses of mutants

To determine whether the absence of individual thiol oxidoreductases influences life span of
yeast cells, we performed replicative lifespan (RLS) analyses for 62 mutants shown in Table
1 and Table 2. Three genes shown in Table 1, PDI1, ERV1 and EROL, are essential for
viability and their mutants were not analyzed. Due to a high number of samples, only five
cells from each strain were analyzed in the initial screen, and 15 mutants were identified
whose life span was reduced by 20 % or more. In subsequent analyses 25 cells were
followed for each selected mutant and a shortened life span of 11 mutants was confirmed by
independent assays.

Thioredoxin system components—Thioredoxin and glutaredoxin systems are two
major redox regulatory systems in cells. Deletion of two thioredoxin-dependent peroxidases,
TSAL and PRX1, decreased life span by 33 % and 17 %, respectively (Fig. 1A, Table 3).
Prx1 is a mitochondrial and Tsal a cytoplasmic peroxidase and they both play roles in the
protection against oxidative stress by reducing hydroperoxides (Chae et al. 1994;Pedrajas et
al. 2000). Although both thioredoxin and glutaredoxin systems have many proteins that
enroll in redox homeostasis, functional redundancy is common among individual proteins
and in between these two systems. Thus, it is not surprising that the absence of some of
these genes did not result in obvious aging phenotypes in our screen.

An important protein in the thioredoxin system is thioredoxin reductase encoded by TRR1
gene. Deletion of TRR1 was found to be lethal in the yeast genome deletion project
(Winzeler et al. 1999), however, various groups isolated trrl4 cells and showed that its
absence results in strong phenotypes, such as high sensitivity to oxidants, slow growth rate
and upregulation of oxidative stress response genes (Machado et al. 1997; Carmel-Harel et
al. 2001; Trotter and Grant 2002). We also isolated and analyzed the life span of trrl4 cells
to determine whether it modulates the RLS. As seen in Fig 1.A, deletion of TRR1 gene
caused a 54 % reduction in the RLS which was the most significant effect observed for all
genes examined in this study. Trrl can reduce both cytosolic thioredoxins (Trx1, Trx2) and
its absence leads to accumulation of oxidized forms of these proteins, altering cellular redox
homeostasis. It is not surprising that deletion of neither TRX1 nor TRX2 affected the life
span, probably due to redundancy in their functions. Previous studies showed that while
deletion of either thioredoxin alone had no obvious phenotype, deletion of both
simultaneously caused dramatic effects on DNA synthesis and cell cycle progression
(Muller 1994; Koc et al. 2006).

Protein folding, degradation and processing pathways—Protein oxidation and
aggregation received much attention in the previous aging studies. Misfolding of proteins
and accumulation of protein aggregates was shown to be linked to aging and age-related
pathologies (Carrard et al. 2002). However, the roles of protein disulfide isomerases (PDIs)
in the aging process have not been studied in detail. These enzymes play important roles in
protein folding. Yeast cells have five members of this family, and only Pdil is an essential
protein. In our analyses, deletion of EUG1 and MPD2 genes decreased the life span by 13 %
and 21 %, respectively (Fig. 1A, Table 3). In addition to their protein disulfide isomerase
activities, Mpd2 and Eugl may function as chaperones (Kimura et al. 2005) and
overexpression of MPD2, among all protein disulfide isomerase enzymes, could compensate
for the absence of PDI1 in a CxxC motif-dependent manner (Tachikawa et al. 1997;
Norgaard and Winther 2001). Thus, these two proteins are important components of protein
folding pathways. Previous studies showed that PDI is oxidatively modified in the liver of
aged mice (Rabek et al. 2003), and its activity is decreased during aging (Nuss et al. 2008).
In cells, accumulation of unfolded proteins triggers the unfolded protein response pathway
and the absence of PDI seems to activate this pathway in yeast (Jonikas et al. 2009). Here,
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we showed that absence of two members of the PDI family, Eugl and Mpd2, decreased the
life span of cells probably due to accumulation of unfolded or misfolded proteins.

In addition to PDIs, we analyzed several other proteins implicated in protein folding,
degradation or processing. VPS71 gene product has been shown to participate in vacuolar
protein sorting (Bonangelino et al. 2002) and chromatin remodeling (Wu et al. 2005). Its
deletion led to a 21 % decrease in life span. Vps71 is a nucleosome binding component of
the Swirl complex, which replaces histone variant H2AZ for H2A (Wu et al. 2005). MAP1
gene encodes a methionine aminopeptidase that plays a role in co-translational removal of
N-terminal methionines from nascent polypeptides (Chang et al. 1990). Even though
physiological function of Map1 is not clear, deficiency in this protein decreased the average
life span by 17 % (Fig. 1B).

Assembly of ATP synthase—Cellular ATP generation depends on the correct assembly
of FOF1-ATP synthase, which is made of both nuclear and mitochondria-encoded proteins.
Atp23 is a peptidase for the maturation of FO-subunit Atp6. Apart from its peptidase
activity, Atp23 plays a role in association of Atp6 with Atp9 oligomers in the assembly of
FOF1 ATP synthase (Osman et al. 2007). Deficiency in this protein decreased the life span
of yeast cells by 33 % (Fig. 1B). Cells lacking ATP23 gene were petite, had defective
ATPase activity and showed deficiency in many cytochromes (Zeng et al. 2007). Since the
deletion of ATP23 resulted in pleiotropic effects in mitochondria, it is not surprising that the
absence of this gene also resulted in a shorter RLS.

PIP signaling system—Two of the short-living mutants lacked FIG4 and INP52 genes,
both of which play a role in phosphatidylinositol signaling system. Deletion of FIG4 and
INP52 decreased the average life span by 21 % and 29 %, respectively (Fig. 1B). Products
of both genes contain Sac phosphatase and 5-phosphatase domains and control diverse
cellular functions, such as mating response, endocytosis and exocytosis (Hughes et al.

2000). Fig4 is a phosphatidylinositol 3,5-bisphosphate phosphatase required for efficient
mating, membrane trafficking, and response to osmotic shock (Erdman et al. 1998;Gary et
al. 2002), and Inp52 is a polyphosphatidylinositol phosphatase involved in endocytosis and
hyperosmotic stress (Stolz et al. 1998). Since these genes participate in different pathways, it
is not clear which of their functions limit the life span.

Genes with unknown functions—Absence of YFL042c decreased life span by 13 %
(Fig. 1B). YFL042c encodes a 76 kDa protein of unknown function.

Oxidative stress tolerance of short living mutants—To better understand the
underlying reasons for a short life span of exained mutant cells, we analyzed these mutants
for sensitivity to oxidants, diamide and hydrogen peroxide. Diamide sensitivity of mutants
was investigated by a spotting assay. As seen in Fig. 2, deletion of MAP1, TRR1 and
VPS71genes resulted in the greatest sensitivity to diamide. The other mutants were either not
sensitive or showed marginal sensitivity. To characterize the effect of hydrogen peroxide,
logarithmically growing cells were spread on YPD plates, and a drop of hydrogen peroxide
was administered at the center of the plates. The diameter of the clear zone in which growth
was suppressed was measured for each strain after overnight incubation and results were
summarized in Fig. 3 and Table 4. Surprisingly, most of the mutants were not sensitive to
hydrogen peroxide treatment and they formed halos 3-3.5 centimeters in diameter. Only
trrla cells were very sensitive to hydrogen peroxide and formed 7 centimeter-halos (Fig. 3,
Table 4).

Apart from sensitivity of the mutants to oxidants, we extracted and analyzed data from a
publicly available dataset (Gasch et al. 2000) to asses the expression profiles of these genes
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in response to different redox stressors, including hydrogen peroxide (Fig. 4A), menadione
(Fig. 4B), DTT (Fig. 4C) and diamide (Fig. 4D). In all stress conditions, expression of
PRX1, TRR1 and TSA1 genes was upregulated. In addition, in response to hydrogen
peroxide treatment, YCL042c expression was increased.

Conclusions

In this study, we analyzed the effects of deletion of known and candidate thiol
oxidoreductases on replicative life span of S. cerevisiae. Most functions relevant to redox
homeostasis are conducted by thiol oxidoreductases, and we reasoned that the absence of
these genes may disrupt the redox balance of cells and affect their life span. In addition to 31
known thiol oxidoreductases, we analyzed 31 proteins with potential thiol oxidoreductase
functions. Surprisingly, the RLS screen revealed that only 11 mutants had a shorter life span,
while none of them had a longer RLS. These mutants were deficient in thiol oxidoreductase
components of protein folding and degradation, peroxide reduction, PIP3 signaling,
thioredoxin reduction, and ATP synthesis pathways.

There could be many reasons why the deficiency in most of thiol oxidoreductase genes did
not lead to a change in RLS. First, redundancy in yeast thiol oxidoreductases is very
common. For example, the core of the yeast set of thiol oxidoreductases consists of five
peroxiredoxins, three glutathione peroxidases, three thioredoxins, five protein disulfide
isomerases, and eight glutaredoxin-like proteins. Thus, absence of individual genes could be
compensated by their functional homologs. Analyses of multiple gene mutants, when viable,
for each thiol oxidoreductase family should be performed to assess the role of each family/
pathway in the RLS. Second, many of these oxidoreductases are regulated by transcription
factors Yapl or Skn7 and a compensatory upregulation of other proteins induced by these
transcription factors may help cells to cope with stress conditions more efficiently. Third,
some mutants may have escaped detection in the initial screen. Additionally, deletion of
PDI1, ERV1 and ERO1 is lethal, and we were not able to include these essential genes in our
screen.

In this work, we did not study the mechanisms of life span decrease in oxidoreductase
mutants, and our data do not necessarily exclude the possibility that the shortened life span
of mutants may be an indirect effect of mutation. Thus, the role of these genes and pathways
in yeast aging should be further investigated.
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ROS Reactive oxygen species
RLS Replicative life span

Cys cysteine

Trx thioredoxin

PDI protein disulfide isomerase
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Replicative life span analyses of yeast cells. Life span analyses for indicated known (A) and

candidate (B) thiol oxidoreductase mutants.
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Diamide sensitivity assay. Overnight cultures were diluted to indicated densities and 5 pl of
each cell suspension was spotted on plates containing shown amounts of diamide. Cells
were grown for 3 days and plates were photographed. Experiments were repeated five times

and a represantative picture is shown.
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Figure 3.

Hydrogen peroxide sensitivity assay. Sensitivity of cells to hydrogen peroxide was
determined by a halo assay in which 5 pl of 8.8 M H,0, applied to the center of the YPD
plates which were preinoculated with cells. The diameter of zones in which cell growth was
suppressed was measured. Each strain was tested four times, and the bars show the standart
errors of the mean.
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Figure 4.
Transcriptional expression analyses of oxidoreductases in response to redox stresses. (A)

Regulation of thiol oxidoreductase gene expression by 0.32 mM hydrogen peroxide. B)
Regulation by 1 mM menadione. (C) Regulation by 2.5 mM DTT. (D) Regulation by 1.5
mM diamide.
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Statistical analyses of RLS analyses.

%

: Mean | Standart P
Strain o decrease
RLS | deviation inRLS value

WT 24 7

tsal 4 16 5 33 6x1078
prx1 A 20 5 17 7x1073
eugl 4 21 6 13 1x1073
mpd2 4 19 6 21 4x1074
atp23 4 16 5 33 1x10°8
figd 4 19 6 21 3x1074
inp52 4 17 6 29 3x10°®
mapl 4 20 7 17 9x1073
vps71 4 19 7 21 6x107*
ybro42cA 21 6 13 1x1073
trrl 4 11 4 54 1x10716

Data were derived from pair-matched experiments and compared to wild type cells by a two-tailed t test. n=70 for each strain.
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Table 4

Statistical analysis of hydrogen peroxide halo assay

Strain Diam:taer; dset\a/lir:giatl)rr: ChanZA(; valuz
WT 2.8 0.2

tsal 4 3.2 0.3 14 0.06
prxl 4 3.0 0.2 6 0.32
eugl 4 3.2 0.2 14 | o.01
mpd2 4 2.9 0.3 5 0.56
atp23 4 3.0 0.2 8 0.23
figd 4 3.4 0.5 20 0.07
inp52 4 3.2 0.3 15 0.04
mapl 4 3.1 0.1 9 0.04
vps71 4 3.0 0.3 7] 037
ybro42c 4 3.0 0.2 8 0.20
trrl 4 7.1 0.3 154 0.00

Statistical anaylyses were done for comparisons against wild type cells. Data were compared by a two-tailed t test. n=4 for each strain.
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