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The oxidation state of the cytoplasmic glutathione redox
system does not correlate with replicative lifespan in yeast

Robert A KnieR' and Matthias P Mayer

What is cause and what is consequence of aging and whether reactive oxygen species (ROS) contribute to this phenomenon is
debated since more than 50 years. Notwithstanding, little is known about the cellular buffer and redox systems in aging
Saccharomyces cerevisiae, which is a model for aging stem cells. Using genetically encoded fluorescent sensors, we measured pH,
H,0, levels and the glutathione redox potential compartment-specific in the cytosol of living, replicatively aging yeast cells,
growing under fermenting and respiratory conditions until the end of their lifespan. We found that the pH decreases under both
conditions at later stages of the replicative lifespan. H,0O, levels increase in fermenting cells in the post-replicative stage, but
increase continuously with age in respiring cells. The glutathione redox couple becomes also more oxidizing in respiring cells but
surprisingly more reducing under fermenting conditions. In strains deleted for the gene encoding glutathione reductase Glr1, such
a reduction of the glutathione redox couple with age is not observed. We demonstrate that in vivo Glr1 is activated at lower pH
explaining the reduced glutathione potential. The deletion of glr7 dramatically increases the glutathione redox potential especially
under respiratory conditions but does not reduce lifespan. Our data demonstrate that pH and the glutathione redox couple is
linked through GIr1 and that yeast cells can cope with a high glutathione redox potential without impact on longevity. Our data

further suggest that a breakdown of cellular energy metabolism marks the end of replicative lifespan in yeast.
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INTRODUCTION

Aging is one of the fundamental processes of life, observed not
only in multicellular organisms but also in unicellular eukaryotes
and even in bacteria." Despite many years of research, the cause
and consequence of this process is still heavily debated.
Saccharomyces cerevisiae has long been used as model organism
for aging owing to short generation times and genetic
tractability.>™ Two types of aging are distinguished in yeast,
chronological aging and replicative aging.> Chronological aging is
the survival of a (stationary) culture under nutrient-limiting
conditions, which is believed to be a model for aging of post-
replicative, non-dividing cells in multicellular organisms. Replica-
tive aging is defined as the number of divisions an individual cell
can accomplish before it enters a senescent, post-replicative state,
modeling the aging of proliferating cells and possibly stem cells.

Different factors may contribute to replicative aging, including
the production of reactive oxygen species (ROS), accumulation of
aggregated or carbonylated proteins in the mother cell, telomere
shortening, loss of heterochromatin, loss of mitochondrial fitness,
deregulation in protein levels and subunit stoichiometries,
metabolic dysfunctions and pH homeostasis.®™ ">

The production of ROS has been studied extensively,'® and
there is indirect evidence that oxidation products accumulate with
age.'%>'6 However, it is not clear how old cells adjust their redox
systems to increasing oxidative challenges. All cells use the
glutathione disulfide/glutathione (GSSG/2GSH) redox system to
maintain a reducing environment in the cytosol, nucleus and the
mitochondrial matrix. How the glutathione potential changes in
old cells has not been addressed reliably in a compartment-
specific manner in living cells.

The pH also seems to change when cells age. It was shown
previously that the pH in the vacuole and close to the plasma
membrane increases early during replicative aging and that
measures aimed to counteract such an increase have an impact on
longevity."?

Here, we determined the changes in cytosolic pH, the relative
levels of H,O, and the glutathione redox potential during
replicative aging under fermentative and respiratory conditions.
There are different approaches to study replicative aging in yeast.
Traditionally, manual dissection by micromanipulation is used to
follow a small number of individual cells throughout their lifespan.
Although, still being the gold standard to determine the lifespan
of a strain, number, duration of divisions and cell morphology are
the only readout of this assay. In a liquid culture, however, it is
much more difficult to selectively observe the fraction of old cells
during logarithmic growth, as common lab strains have an
average median lifespan of 20-35 divisions and daughter cells
readily rejuvenate, outgrowing the old fraction. In recent years,
microfluidic chambers that trap mother cells and drain away their
daughters opened the field also to fluorescence microscopy.'”
To also study proteomics and other physiological parameters, the
cells were labeled with biotin and subsequently enriched using
paramagnetic beads.'®'®'® By elaborated genetic engineering, a
system called the ‘mother enrichment program’ was generated
where the division of daughter cells was selectively suppressed,
enhancing the yield of the fraction of old cells.*° However, sorting
by paramagnetic beads cannot distinguish between living and
dead cells and enrichment may cause stress to the cells and
impact the observed parameters. In addition, there may also be
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Figure 1. The cytosolic pH decreases in aging yeast cells. (a) Images of logarithmic WX cells (left), which are labeled and then initially sorted to
result mostly cells without budscars; WX cells after the 24 h of growth; and cells at a final stage of aging (see also Supplementary Figures S1
and S2). Budscars colored with solophenylflavin. Scale bars, 2 pm. (b) Budscar distribution of aging WX yeast cells at successive FACS
(fluorescence-activated cell sorting) enrichment steps at the indicated time points. For every time point, the budscars of 56 to 395 (average
130) single cells were counted. (c) Representative aging curve of WX grown under fermenting conditions. Budscars were counted and
averaged for every time point. (d) Cellular distribution of pHluorin, roGFP2-Orp1 and roGFP2-Grx1. Wide-field fluorescence image in maximal
projection. Scale bar, 2 pm. Z-stacks of confocal images are provided as Supplementary Figures S3, S4, S6-S9. (e) Average cytosolic pH of WX
cells logarithmically growing on fermentable (2% glucose, SC) and non-fermentable (3% glycerol, 2% ethanol, SG) as indicated. (wt SC, n=27;
wt SG, n=31; Error bars represent the standard deviation). (f and g) Development of the population-averaged pH of aging cells grown under
fermentative (f, SC-medium with 2% glucose) or respiratory (g, SG-medium with 3% glycerol and 2% ethanol) conditions. The young cells
(blue) are the rejuvenated offspring of the old population (red) within the same culture and used as internal control. Standard error of the
mean is smaller than the symbols. Numbers below the red symbols indicate the average number of budscars at each time point. Asterisks
above the symbols indicate the probability for the statistical significance of the difference between old cells and their rejuvenated offspring
within the same culture using Dunn’s multiple comparison test (****P < 0.0001). (h) Difference of the population-averaged pH of aging cells
and their rejuvenated offspring grown under fermentative (green, SC: 2% glucose) or respiratory conditions (black, SG: 3% glycerol and 2%
ethanol) plotted versus the average number of budscars of the old cells. (i) Comparison of budscars of aging fermenting (green) and respiring
(black) cells. To clarify the trend, the data were fitted by a Gompertz function (plateau of the fit 23.7 +0.08 (SC) and 27.1 +0.12 (SG)). The data
of several independent aging experiments are shown. The error bars indicate the standard error of the mean (n=56-395). The dotted lines
indicate the maximum of the Gompertz function. Inset, average of the maximal budscar average measured in different experiments of WX
cells grown in SC (green, n=28) or SG (black, n=2) medium. The error bars indicate standard deviation (P=0.0008; Student’s t-test).
(j) Replicative competence of aged fermenting (green) and respiring (black) cells at different replicative age (colony-forming units were
calculated from the sort of 384 single cells from each time point on YPD-agar plates). The data of 10 (fermentation) and two (respiration)
independent aging experiments are shown. (k) Replicative lifespan analysis using the dissecting assay. Two independent assays are shown for
cells growing on 2% glucose (Glc)- or 3% glycerol/2% ethanol-containing plates (Gly/EtOH). The difference is highly significant (log-rank
Mantel-Cox test P < 0.0001; Gehan-Breslow-Wilcoxon test P < 0.0001).
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contaminating daughter cells, which have to be excluded by other
observations.

To accurately measure the conditions in the cytosol, we used
GFP-based sensor proteins for pH (ratiometric pHluorin),?' H,0,
(roGFP2-Orp1)?? and glutathione redox potential (roGFP2-Grx1).%
We found that the pH decreases late in life and that this is most
likely a consequence of decreasing ATP concentrations in the cell.
H,0, levels increase with age in both fermenting and respiring
cells, albeit at different stages of aging. Although the GSSG/2GSH
redox system becomes more oxidizing rather early in aging
cells grown under respiratory conditions, the GSSG/2GSH redox
couple, unexpectedly, becomes more reducing in fermenting cells.
Furthermore, we demonstrate that the oxidation level of the
GSSG/2GSH redox couple has no impact on replicative longevity in
liquid culture.

RESULTS

To follow a large number of cells during the aging process and
to avoid potential artifacts of current enrichment protocols
for aged cells, we established a flow cytometry-based approach
to selectively measure young and old cells in parallel from
logarithmic growing cultures directly within the growth medium.
Briefly, we used a fluorescent dye cross-linked to the yeast cell wall
to distinguish the population of old mother cells from their
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unlabeled offspring. By using flow cytometry and sorting,
we could both measure and retrieve old and young cells and
follow them over their replicative lifespan.

Commonly used laboratory strains, e.g., S288c and derivatives,
including the mother enrichment and the BY strains exhibit
population heterogeneity due to sporadic loss of mitochondrial
DNA (petite or p° phenotype), which leads to respiration
deficiency.>*2° For this reason, very few aging studies have been
performed under respiratory conditions. For our study, we chose a
modified W303-1A strain, which already shows a lower petite
frequency, and replaced the mutated mitochondrial DNA
polymerase encoding allele (mip1-661A) by the wild-type allele
of £1278b and introduced the ADE2 wild-type gene, further
referred to as WX (Supplementary Figure S1).

The cells were constantly grown in synthetic medium and
enriched by flow cytometry before depletion of nutrients. At each
time point, aliquots were taken for measurements and to
determine the age of the population by budscar counting
(Figure 1a, Supplementary Figures S1 and S2). The budscar
distribution at successive sorts and the population-average of
budscars for one experiment is shown in Figures 1b and c. Of note,
the budscar distribution becomes very wide at late stages of the
aging culture (after 60 h) indicating that some cells stop dividing
early but remain viable for a rather long time, whereas other cells
continue to divide until they reach the end of their lifespan. As we
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Change of H,0, levels and glutathione-reducing potential in aging yeast cells. (a and b) Development of the population-averaged

H,0, production (measured as % probe oxidation of the roGFP2-Orp1 reporter) in aging fermenting (a) and respiring (b) cells. Red, old cells;
blue, rejuvenated offspring in the same culture. Standard error of the mean is smaller than the symbols. Asterisks below or above the symbols
indicate the probability for the statistical significance of the difference between the old cells and their rejuvenated offspring within the same
culture using Dunn’s multiple comparison test (****P < 0.0001). The inset shows the difference A %OxD between the old and young cells from
two independent experiments plotted against the age in average number of budscars within the population. (c and d) Redox potential of the
GSSG/2GSH redox couple in terms of roGFP2-Grx1 probe oxidation in aging fermenting (c) and respiring (d) cells. Red, old cells; blue,
rejuvenated offspring in the same culture. Standard error of the mean is smaller than the symbols. Asterisks below the symbols indicate the
probability for the statistical significance of the difference between the old cells and their rejuvenated offspring within the same culture using
Dunn’s multiple comparison test (****P < 0.0001). The inset shows the difference A %OxD between the old and young cells from two
independent experiments plotted against the age in average number of budscars within the population.
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only evaluated viable cells as judged by GFP fluorescence, which is
lost as soon as plasma membrane integrity is compromised, and
propidium iodide staining, which is excluded by viable cells, the
average number of budscars sometime even decreased by the last
day of the experiments, because cells with the highest number of
budscars already died, whereas cells that arrested growth earlier
are still alive.

Cytosolic pH decreases in old yeast cells
The cytosolic pH of logarithmically growing young and old cells
was determined under fermentative and respiratory conditions
using genetically encoded ratiometric pHluorin, which was
expressed in the cytosol (Figure 1d, Supplementary Figures S3
and S4). The average cytosolic pH under fermentative and
respiratory conditions was 7.65+0.08 and 7.36 +0.08 (Figure 1e;
see Supplementary Discussion). A consistent acidification of the
cytosol was observed during the aging process, whereas the
rejuvenated offspring all retained a high pH (Figures 1f and g;
Supplementary Figure S5). When plotting the difference of pH
between the old and young cells versus the number of budscars
(Figure Th), it becomes apparent that most changes occur when
the average number of budscars does not increase anymore,
indicating that the change in pH most likely happens in post-
replicative cells. Interestingly, the respiring cells have an about
0.3 units more acidic pH during logarithmic growth than the
fermenting cells, but pH also decreased with age.

While measuring the pH-reporter, we noticed that cells growing
under respiratory conditions became older and were more vital

over their entire lifespan (Figures 1i and j). This observation was
validated using a standard dissecting aging assay (Figure 1k). This
result is surprising, assuming that respiration comes with an
elevated production of ROS.

Growth medium impacts on the GSSG/2GSH redox couple during
aging

To see whether cytosolic peroxide levels differ between the
growth conditions, we used the H,O,-sensitive redox-sensor
roGFP2-Orp1 (Figure 1d, Supplementary Figures S6 and S7). The
fermenting cells started to show an increased probe oxidation
only at later stages of their lifetime (Figure 2a), whereas probe
oxidation increased linearly in respiring cells up to 20 divisions on
average and then stayed constant until the end of the replicative
lifespan (Figure 2b). The differences observed were highly
statistically significant (P < 0.0001).

As the cytosolic glutathione system provides a reducing milieu,
we anticipated that the increased H,0, levels would also affect
the GSSG/2GSH redox couple during the aging process. We
therefore measured the cytosolic glutathione redox potential
using the roGFP2-Grx1 probe (Figure 1d, Supplementary Figures
S8 and S9). The respiring cells indeed became more oxidizing
during the aging process paralleling the H,0, increase (Figure 2d)
but, unexpectedly, the probe indicated more-reducing conditions
in aged fermenting cells (Figure 2c) that prevailed even in cells at
the end of their lifespan, which exhibited increased H,0, levels.
These differences were highly statistically significant (P < 0.0001).
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Figure 3.  Aglr1 cells have a highly oxidized cytosol but no reduced lifespan under fermentative growth conditions. (a) Glutathione potential in
aging WZ-Aglr1 cells growing under fermentative conditions; red, old cells; blue, rejuvenated young cells in the same culture. Standard error
of the mean is smaller than the symbols. Asterisks above the symbols indicate the probability for the statistical significance of the difference
between old cells and their rejuvenated offspring within the same culture using Dunn’s multiple comparison test (****P < 0.0001). The inset
shows the steady-state probe oxidation for wild-type (n=44) and Aglr1 (n=7) cells. Error bars are the standard error of the mean of
n independent cultures. (b) Glutathione potential in aging WX-Aglr1 cells growing under respiratory conditions. (Error bars and asterisks
as in a). (c) Difference A %0xD of old and young WX-Aglr1 cells growing under fermenting (green) or respiratory (turquois) conditions plotted
versus the average number of budscars of the populations. (d) Comparison of the population-averaged number of budscars of wild-type
(SC: gray triangles, SG: black inverted triangles) and Aglr (SC: magenta circles; SG: purple squares) cells, enriched from the flow-cytometric
aging assay. A Gompertz function was fit to the data to visualize the trend. The data for wild-type cells are the same as in Figure 1i shown for
comparison. (e) Replicative competence of aged wild-type and Aglr1 cells grown under fermenting (SC) and respiring (SG) conditions at
different replicative age. Colony-forming units were calculated from the sort of 384 single viable cells (as judged by GFP fluorescence) from
each time point on YPD-agar plates. The data of 10 (wild type, SC), two (wild type, SG), two (Aglr1, SC) and two (Aglr1, SG) independent aging
experiments are shown. The data for wild-type cells are the same as in Figure 1j shown for comparison. (f) Classical lifespan determination of
WX wild-type (gray and black) and Aglr1 (magenta and purple) by micromanipulation on 2% glucose (Glc)- or 3% glycerol- and 2% ethanol
(GlyEtOH)-containing plates. For wt (Glc: median=23; n=71; GIlyEtOH: median=30.5; n=92; same data as in Figure 1k shown for
comparison). For Aglr1 (Glc: median =22; n=72; GlyEtOH: median = 24; n=94). Data from two independent experiments each shown in one
survival curve for clarity.

npj Aging and Mechanisms of Disease (2016) 16028 Published in partnership with the Japanese Society of Anti-Aging Medicine



WX as a derivative of W303 contains the hypomorphic ybp1-1
allele.?” Ybp1 (Yap1 binding protein 1) is one of the components
that are important for H,O, activation of the transcription factor
Yapl, the main regulator of the peroxide stress response.?®
Although in strains with non-functional Ybp1, Yap1 is activated in
a Ybpl-independent way,”® we wondered whether the ybp1-1
allele is responsible for the reducing phenotype despite increased
H,0, levels in aged cells. However, a more-reducing glutathione
potential in old cells as compared with the young cells was also
observed when the mutant ybp1-1 allele of WX was replaced by
the wild-type allele (Supplementary Figure S10A) and in a strain
with different genetic background (Supplementary Figures S10B
and S11).

GIr1 causes the decreased glutathione potential in fermenting
cells

There are three ways of shifting the GSSG/2GSH equilibrium to a
more-reducing state: removal of oxidized GSSG from the cytosol,
reduction of GSSG to GSH and de novo synthesis of GSH. The low
affinity transporter Ycfl sequesters GSSG to the vacuole.
Therefore, we deleted ycf1 in WX and determined the oxidation
state of the GSSG/2GSH redox couple during aging. However,
the ycf1 deletion had no influence on the age-associated more-
reducing glutathione potential (Supplementary Figure S10C).
Regeneration of GSH in S. cerevisiae is mediated by glutathione
reductase GIr1, which is the major glutathione reductase in yeast
and the most effective protein to maintain the cytosolic redox
state.3%3" Although the thioredoxins Trx1 and Trx2 have been
shown to be able to reduce GSSG to 2GSH, they only correspond
to about 2% of the GSSG-dependent NADPH oxidizing activity in
yeast.>? Indeed, the Aglr1 strain in contrast to the Aycf1 strain
exhibited a high glutathione redox potential in the cytosol*®
(Supplementary Figure S10D). During replicative aging, the
decrease in glutathione potential in fermenting Aglr1 cells was
diminished (Figure 3a), demonstrating that Glr1 is responsible for
the more-reducing glutathione potential in aging cells. This
observation also suggests that de novo synthesis of GSH does
not contribute to a large extent to the more-reducing glutathione
potential in old fermenting cells as such a mechanism should also
work in Aglr1 cells. In contrast, under respiratory conditions, the
early increase in glutathione potential persisted (Figures 3b and c).
Taken together, it can be concluded that the cytosolic GSSG/
2GSH redox system becomes more reduced in a Glr1-dependent
manner when cells age under fermentative growth conditions.

Lifespan is not impaired in Aglr1 cells

As Glr1 is also responsible for GSSG reduction in mitochondria and
peroxisomes, highly oxidizing conditions prevail throughout
Aglr1 cells. Considering these highly oxidizing conditions and
referring to the free-radical theory of aging* it would be
expected that the lifespan of Aglr1 cells is affected. We therefore
determined the lifespan by classical micro-dissection and by
budscar counting of the enriched fractions from the flow
cytometry-based aging assay. We also determined the fraction
of cells that were able to form colonies during aging. With either
method, we did not detect any remarkable differences in lifespan
or replicative potential between wild-type and Aglr1 cells grown
under fermentative conditions (Figures 3d-f). Surprisingly, when
grown under respiratory conditions, Aglr1 cells did not reach the
same median lifespan as wild-type cells in the dissecting assay but
in liquid culture they became as old as wild-type cells and retained
the ability to form colonies like wild type. Thus, the oxidation level
of the GSSG/2GSH redox system does not limit replicative lifespan
in yeast—at least in unstressed cells in liquid culture.

In contrast, Aglr1 cells are more sensitive to H,0, stress. We
treated wild-type WX, WZ-YBP1, WX Aglr1 and WX overexpressing
glr1 for 15min with different concentrations of H,0, before
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washing the cells and spotting dilutions onto YPD plates
(Supplementary Figure S12). The wild-type WX shows no loss in
plating efficiency up to 8 mmol/l H,O,, whereas the Aglr1 cells
were already compromised between 1 and 2 mmol/l H,O,. The
WZX-YBP1 cells were as resistant as wild-type cells and the
glr1-overexpressing cells were about 2-fold more resistant.

Taken together, these data clearly show that although GIr1 is
important for dealing with an acute H,0, shock, it has no direct
impact on longevity in yeast.

The GSSG/2GSH redox system is more potent in aged cells

We next asked whether the GSSG/2GSH redox couple of
fermenting old cells would respond differently when challenged
with severe acute peroxide stress. We measured the response of
the glutathione system after treatment with high but sublethal
concentrations of H,0,. Young wild-type cells responded to
peroxide with an oxidation followed by a fast adaptation phase,
reducing the oxidation level of the GSSG/2GSH redox couple to
pre-shock levels, though the H,0, concentration remains constant
in our highly dilute cultures throughout the measurements
(Supplementary Figure S13). Surprisingly, aged wild-type cells
not only started with a more-reducing cytosol but also lacked
the initial oxidation peak and equilibrated to a final average
oxidation level similar to young cells (Figure 4a; Supplementary
Figure S14A).

The fast adaptation of the GSSG/2GSH redox system seems to
be accomplished by the action of GlIr1, as knockout cells are
severely defective in this adaptation (Figure 4b, Supplementary
Figure $14B).3°

Increased Glr1 levels do not lead to a more-reducing cytosol
As deletion of glr1 leads to a strong glutathione oxidation,
we reasoned that the more-reducing cytosol observed in old
fermenting cells might be caused by increased Glr1 levels. To test
this hypothesis, we attempted to phenocopy the aging phenotype
by overexpressing Glr1 in young cells. Surprisingly, overexpression
did not lead to a more-reducing glutathione buffer, though the
plasmid could completely rescue the knockout phenotype (Figure 4c).
Unexpectedly, when glr1-overexpressing cells were challenged
with peroxide, the initial oxidation peak was barely detectable,
but instead the reduction phase was much more prominent
and even led to hyper-reduction of the glutathione reporter
(Figures 4d and e) despite the fact that the cells showed similar
kinetics in the peroxide reporter as compared with the wild-type
cells (Figures 4f and g).

GIr1 activity is pH dependent

From previous measurements, we noticed that addition of
2 mmol/l H,0, impacts the cytosolic pH of fermenting but much
less respiring yeast cells. This difference in sensitivity of respiring
cells as compared with fermenting cells is observed over a wide
range of H,0, concentrations (Supplementary Figures S12B and
S15). Interestingly, the pH changed with similar initial kinetics as
the adaptation of the GSSG/2GSH redox system. We therefore
hypothesized that the activity of Glr1 might be regulated by pH.
To test this hypothesis, we artificially altered the cytosolic pH of
the cells using the protonophor 2,4-dinitrophenol (DNP) while
measuring the glutathione oxidation levels. Because of similar
spectral properties, ratiometric pHluorin and roGFPs cannot be
measured within the same cell. As a compromise, we co-cultured
two yeast strains containing either the pHluorin reporter or the
roGFP2-Grx1 probe. By differentially tagging the two strains, we
could determine both the pH and the oxidation status of the
GSSG/2GSH redox system within the same culture. As the cells
were growing in synthetic complete medium (SC) with a pH of 3.9,
addition of DNP leads to an acidification of the cytosol.
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Figure 4.

Aged yeast cells buffer an H,0, shock more quickly than young cells through a Glr1-dependent pathway. (@) Response kinetics of

glutathione potential after addition of 2 mmol/l H,O, to aging wild-type cells growing under fermentative conditions at the indicated time
points. Moving average over 25 cells (raw data are shown in Supplementary Figure S4A). (b) Same kinetics as in a for WZ-Aglr1 but with
0.5 mmol/l H,0,. Moving average over 25 cells (raw data are shown in Supplementary Figure S4B). (c) Steady-state oxidation of the GSSG/
2GSH redox couple in wild-type and Aglr1 strains and upon glr1 overexpression. GSSG/2GSH redox couple measured as % oxidation of the
roGFP2-Grx1 probe in fermenting cells. Ectopic expression of glr1 can complement the knockout, but does not lead to a more reduced
glutathione potential in wild-type cells (wt, n=1; wt+GlIr1, n=4; Aglr1, n=2; Aglr1+GlIr1, n=4. Error bars are the s.d.). (d and e) Glutathione
potential of fermenting young wild-type (d) and glr1-overexpressing (e) cells in response to 2 mmol/l H,O,. The dashed green line indicates
steady-state oxidation. (f and g) roGFP2-Orp1 probe oxidation in fermenting young wild-type (f) and glr1-overexpressing (g) cells in response

to 2 mmol/l H,0,.

Concomitant with acidification of the cytosol (Figure 5a) the
glutathione potential became strongly reducing (Figure 5b).
This cannot be a direct effect of pH on the electrochemical
redox potential of the glutathione system. According to the
Nernst equation, the potential of the glutathione system as a
two-electron/two-proton reaction is affected in the same direction
as the redox potential of roGFP, which like all 2-cysteine to cystine
transitions is also a two-electron/two-proton reaction. With the
roGFP2-Grx1 probe, we measure the ability of the GSSG/2GSH
redox couple to regulate the 2-cysteine/cystine equilibrium of
cytoplasmic proteins.

We next gradually changed the pH by adding different amounts
of DNP to wild-type, Aglr1- and Glrl-overexpressing cells
(Figure 5c¢). Our data clearly show that Glr1 is responsible for the
glutathione reduction in a pH-dependent manner, demonstrating
that the GIr1 activity is pH regulated and Glr1 is more active at
lower pH with a broad optimum between pH 6 and pH 7.
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Effect of growth conditions on maintaining the cytosolic pH

We noticed that the oxidation state of the GSSG/2GSH redox
couple of respiring cells, which have already a lower pH at steady
state (Figures 5d and e), was not influenced much by further
acidification but became more oxidizing by pH upshifting using
Tris base (Figure 5d). Plotting the pH against the concentration of
DNP (positive values) or the amount of added Tris revealed a
striking difference between the fermenting and respiring cells
(Figure 5f).

Maintenance of the cytosolic pH in yeast cells is mainly
mediated by the vacuolar V-ATPase and the essential plasma
membrane proton pump Pma1.3>3¢ These transporters are driven
by the hydrolysis of ATP. When glucose is available, yeast
cells produce ATP mainly by glycolysis. When growing on
non-fermentable carbon sources, oxidative phosphorylation in
the mitochondria is the predominant source of ATP through the
proton gradient-driven F,F;-complex. DNP uncouples not only the

Published in partnership with the Japanese Society of Anti-Aging Medicine



GSSG/2GSH buffer does not limit yeast longevity
RA KnieB and MP Mayer

npj

a 9 - pHflourin/fermentation b 100 - 0GFP2-Grx1/fermentation
80 -
Q 604 °
X .
O
=X
6 ..I A ¥ T T T 1
0 100 200 300 400 500
time [s]
¢ roGFP2-Grx1/fermentation d roGFP2-Grx1/respiration
100 5 | 100 | s
|
80 : 80
|
Q 60 R Q 60
x X
o ! o)
R 40 : R 40
1
20 | 20 - wt
—— 4girt —0— 4gir
0 ! =@ Agirt 0 | —o— Agir
45 50 55 60 65 70 75 80 45 50 55 60 65 7.0 75 80
pH (cytosol) pH (cytosol)
e f
8.0 T W wt I I |
B o 8098 ! gre ol
75 3 & —o— Aglr Agirt
7.8 1 - » =8 Aglr1 Aglr1
7.0 3 |
7.6 1 6.5 !
& 5 6.0 |
a |
7.4 55 3 |
|
72 5091 1 A
4594 :
70 i 40 = T T T T T T
2 3 0 20 40 60 80 100
i & DNP [uM]
S
& ™

Figure 5. The activity of GIr1 is pH dependent in vivo. (a and b) Change of cytosolic pH (a) and GSSG/2GSH redox couple oxidation (b) in
response to addition of 25 pmol/lI DNP (2,4-dinitrophenol) in wild-type yeast growing in synthetic medium with glucose. Both pHIluorin and
roGFP2-Grx1 were measured within the same culture but in different cells, one marked with TagBFP. (c and d) Gradually lowering the cytosolic
pH of a fermenting (c) and respiring (d) yeast culture by different concentrations of DNP (0-100 pmol/l). The relative oxidation of the cytosolic
GSSG/2GSH redox couple of differentially tagged co-cultured wild-type (green), Aglr1 (magenta) and glr1-overexpressing (1glr1, blue) cells
was determined simultaneously 30 min after DNP addition. The gray area is outside the unambiguous range of the pHIluorin reporter and pH
measurements in this area are imprecise. The open circles in d indicate a pH upshift by the addition of Tris base. Standard error of the mean is
smaller then the symbols. (e) Cytosolic pH of wild-type WX and Aglr1 strains under fermenting (2% glucose) and respiring (3% glycerol+2%
ethanol) conditions (data for wild-type WX cells are the same as shown in Figure 1g and shown for comparison); wt glucose, n=27; wt
glycerol, n=31, Aglr1 glucose, n=13; Aglr1 glycerol, n=13. Error bars are the s.d. (f) Gradual uncoupling of cells by DNP titration. The
cytosolic pH, measured 30 min after DNP addition, for fermenting cells (blue colors) and respiring cells (red colors) is shown. The pH upshift
was achieved by increasing amounts of Tris base as indicated by the arrow. Shown are three independent experiments.

cytosol with the medium but also the mitochondrial matrix. between cells that maintain their cytosolic pH and cells that are
Therefore, respiring cells are much stronger affected by the unable to maintain their pH at exactly this range (Supplementary
addition of protonophors than fermenting cells. The ATP Figure S15). Contrarily, the pH of respiring cells is much less
production of fermenting cells does not depend on a membrane affected by H,0, in this range.
potential and they are still able to generate enough ATP through Taken together, our data provide strong evidence that the
glycolysis to power their proton pumps in the presence of DNP. cellular pH reports on ATP availability.

For mammalian cells, it was shown that addition of H,O,
depletes the ATP levels by inhibiting the glycolytic pathway.?”3®
For yeast, it was reported that H,O, treatment depletes adenine DISCUSSION
nucleotide levels with a sharp transition between 0.6 and 1 mmol/I In this study, we established a flow cytometry-based assay for
H,0,.3° Using the pHluorin reporter, we detected a transition following replicative aging in S. cerevisiae (see Supplementary
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Model for age-dependent changes in pH, H,O, levels and glutathione potential. (a) In young fermenting cells, glycolysis runs at an

optimal rate and ATP levels are sufficiently high to power the plasma membrane proton pump Pma1l, which is able to maintain a high
cytosolic pH. GIr1 operates at suboptimal rates keeping the GSSG/2GSH redox couple in a slightly oxidized steady state. In old cells, ATP levels
are reduced possibly due to the impairment of glycolysis by elevated H,O, levels and/or other age-associated factors. The proton pumps (like
Pma1) work at limiting rates and cannot maintain the high cytosolic pH anymore. GIr1 is activated by the lower pH and works at its maximal
rate, leading to a more-reducing glutathione potential. Top panels indicate idealized curves for the changes in pH, H,O, (roGFP2-Orp1) and
glutathione potential (roGFP2-Grx1). (b) In young respiring cells, ATP is produced by oxidative phosphorylation (OxPhos). The respiring cells
already have a lower cytosolic pH in which GIr1 shows its highest activity, leading to a more-reducing steady-state glutathione potential as
compared with the fermenting cells. In old respiring cells, mitochondrial energy production may be less efficient, which possibly leads to
generation of more ROS including H,O,. This constitutive burden may also affect the steady state of the GSSG/2GSH redox system and leads
to a more -oxidizing glutathione potential. Top panels indicate idealized curves for the changes in pH, H,0, (roGFP2-Orp1) and oxidation state

of the GSSG/2GSH redox couple (roGFP2-Grx1).

Discussion) and gained four novel insights into replicative
aging. (1) The pH decreases at the end of the replicative lifespan
in cells growing under fermentative and respiratory conditions.
(2) Despite a general increase in H,O, levels in aged cells, the
glutathione potential becomes more reducing with progressing
age in a GIr1 and pH-dependent manner in fermenting but not
respiring cells. (3) GIr1 activity is pH dependent in vivo. (4) A high
cytosolic glutathione redox potential does not shorten lifespan in
yeast grown under fermentative conditions.

Our pH measurements appear to be in conflict with recently
published work'? (see Supplementary Discussion). Contradictory
to our data, these authors report a slightly increasing pH in aging
cells growing under fermentative conditions and propose that
this increase is caused by an accumulation of Pmal in the
plasma membrane. Interestingly, Henderson et al.'? observed an
increased pH already after three divisions with no significant
further increase in the observed time frame and no analysis was
given for cells beyond half of the median lifespan of their strain.
In contrast, we see the most dramatic changes at a time when
cells reach their median lifespan and stationary cells accumulate.
Therefore, our work rather describes the situation of cells at the
end of their lifespan.
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Why is pH decreasing in aging cells? Respiring cells have a lower
cytosolic pH than fermenting cells and it could be that at late
stages of their life yeast switches to respiration instead of
fermentation. However, the decrease in pH observed during
respiration is only 0.3 pH units while we observed an age-related
decrease of 0.6-0.8. In addition, we also observed an age-related
decrease in pH in the respiring cells.

As the cytosolic pH in yeast is maintained by the
ATP-dependent plasma membrane and vacuolar proton pumps
Pma1 and V-ATPase, there are three possible explanations: either
the ATPases become defective or reduced in numbers during
aging or ATP supply is limiting. Our DNP titration experiment
strongly suggests that cytosolic pH is tightly coupled to ATP levels
in the cell (Figure 5f). Thus, impairment of glycolysis, the main
source for ATP in fermenting cells, could also be responsible for
the decreasing pH. Glucose starvation has been shown to lead to a
reduction of cytosolic pH.*® However, in our system glucose never
becomes limiting as is demonstrated by the young cells of the
same culture, which do not show any decrease in cytosolic pH.
Glycolysis is known to be inhibited by peroxides.?”*® However, in
fermenting cells, pH started to decrease after around 15 divisions
while H,0, levels only increased at the very end of the lifespan at
around 25 divisions, excluding the H,O, increase that we
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measured as cause of the decreasing pH. Other age-related
processes may affect glycolysis and make it less efficient.

In contrast, inhibition of glycolysis could not be the reason for
the decreasing pH in cells grown under respiratory conditions
on ethanol and glycerol. Consistently, H,O, had little effect
on cytosolic pH in cells grown on ethanol (Supplementary
Figure S15B). There are several possible explanations for the
decreasing pH in respiring cells. It was reported that mitochondrial
functions break down in aging cells owing to an overload with
neutral amino acids caused by an impaired vacuolar storage
function."" Although this was only measured for fermenting cells,
it might also apply to respiring cells. In addition, defective and
aggregate-associated mitochondria might be retained in mother
cells, as has been reported for fermenting cells.”*" All these
changes would also cause a decline of ATP in respiratory growing
cells. Our data suggest that a breakdown of cellular energy
metabolism marks the end of replicative lifespan in yeast.

What are the consequences of the decreased pH? Depending
on the individual pK, values of the amino-acid side chains,
protonation can influence the surface charge of a protein and
therefore also affects protein folding® (see also Supplementary
Discussion). Another consequence of the decreased pH is the
increased activity of Glr1 in fermenting cells as we deduced from
our data, consistent with previous biochemical experiments,*?
leading to a decreased cytosolic GSSG/2GSH redox state. Of note,
GIr1 uses NADPH to reduce GSSG to 2GSH. The GSSG-2GSH
transition is a two-electron/two-proton reaction, whereas the
NADPH-NADP™ transition is a two-electron/one-proton reaction
and thus, according to the Nernst equation, less affected by pH
than the GSSG/2GSH redox couple.*® The consequence is that the
difference in electrochemical redox potential between the two
redox couples increases with decreasing pH, promoting the
reduction of GSSG.

The changes of pH, GSSG/2GSH redox state and H,0, levels in
fermenting cells occur between 40 and 50h of logarithmic
growth. At the same time, the budscar distribution becomes wider
and the increase of the mean of budscars slows down
significantly, indicating that more and more cells cease to divide
(Figures 1b, i and j). This suggests that the increasing H,0, level,
the decreasing pH and the GlIrl-mediated more-reducing
glutathione potential are a consequence not a cause of
senescence.

We also found that old fermenting cells seem to cope better
with an acute H,O, challenge than young cells (Figure 4a),
suggesting a higher buffering capacity against oxidative stress.
These findings are consistent with an earlier report that the
transcription factor Yap1, which becomes oxidized by peroxides
and subsequently translocates to the nucleus to induce the
appropriate stress response, migrates in old cells upon peroxide
stress twofold slower to the nucleus than in young cells.** The
more-reducing GSSG/2GSH redox couple and the more-active Glr1
could buffer incoming peroxides and thus slow down Yap1
oxidation.

In contrast, an increase in cytosolic glutathione redox potential
is observed in cells aging under respiratory conditions, despite the
fact that their pH, which is already lower in young cells as
compared with fermenting cells, further decreases with age.
We conclude that GIr1 is already at its activity optimum in
young respiring cells, which was demonstrated experimentally
(Figure 5d; see Supplementary Discussion). Parallel to the increase
of glutathione redox potential, the H,O, level rises. Electron
leakage from the mitochondrial respiratory complexes is con-
sidered to be a source of ROS,** which are rapidly interconvert to
subspecies like "OH and H,0,.%® This would imply that the number
or the metabolic activity of mitochondria correlate with the H,0,
level. As the cells age, they increase in size, suggesting that their
total content of mitochondria increases as well. When cells cease
to increase in size and presumably enter the stationary phase,
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their mitochondrial content should not increase further and thus it
is expected that H,0, level also stay constant as observed in our
experiments. Whether the endoplasmic reticulum resident NADPH
oxidase Yno1l, which is stabilized by signaling events from
dysfunctional mitochondria and seems to be a major source for
ROS in yeast,47 has a role in the H,0, accumulation observed by
us, is unclear. However, it would be expected that dysfunctional
mitochondria accumulate at later stages of replicative life and thus
stabilization of Yno1 and its ROS production should increase in
parallel, which was not observed by us.

Taken together, our data are consistent with the following
hypothetical scenario for age-related changes in pH and
glutathione-reducing potential. In young fermenting cells, glyco-
lysis sustains a high concentration of cytosolic ATP, allowing Pma1
to maintain the high cytosolic pH. GIr1 reduces GSSG to 2GSH at
intermediate activity (Figure 6a). In old/post-replicative cells, the
glycolysis rate declines owing to diverse aging factors. This leads
to limiting ATP concentrations and reduced Pmal activity,
resulting in a lower cytosolic pH, an increased Glr1 activity and
consequently a lower glutathione potential. Respiring cells have
already a lower pH and thus GIr1 is at its maximal activity. The
glutathione redox potential in young respiring cells is more
reducing than in young fermenting cells. As respiring cells age,
they increase in size and presumably also their mitochondrial
content and therefore the capacity for oxidative phosphorylation.
Aging processes may promote mitochondrial dysfunction and
electron leakage and consequently decreasing availability of ATP
(Figure 6b). This results in a gradual decrease of the pH but not in
a more-reducing glutathione potential. Instead, the glutathione
system becomes, already at an early stage of aging, more
oxidizing, possibly due to continuous ROS production by the
mitochondria or endoplasmic reticulum resident NADPH oxidase
Yno1* consistent with increasing H,O, levels measured with the
roGFP2-Orp1 sensor.

Despite the fact that H,O, levels increase and glutathione
potential becomes more oxidizing in respiring cells, they have a
significantly longer lifespan, divide more often and remain longer
proliferation competent (Figures 1i-k). Similarly, Aglr1 cells, which
have a much more oxidizing GSSG/2GSH redox potential, do not
live shorter than wild-type yeast cells when grown in liquid culture
and under fermentative conditions on plates (Figures 3d-f). Under
respiratory conditions on plates, Aglr1 cells still get older than
under fermentative conditions, despite the fact that probe
oxidation is even higher (>70%), but not as old as wild-type
cells. These differences may be explained with the sensitivity of
Aglr1 cells to acute oxidative stress (Supplementary Figure S5).
Growth on plates or the dissecting process may involve more
oxidative stress than growth and sorting in liquid culture, resulting
in a shorter lifespan of Aglr1 cells on plates. Although the
thioredoxin system might still maintain a suitably reduced
cytosol,*® cells missing GIrl are much more sensitive to acute
oxidative stress than wild-type cells (Supplementary Figure S12A),
and it seems reasonable to assume that in such cells any ROS that
emerges from metabolic processes is more likely to escape the
redox buffers than in wild-type cells. Whether Aglr1 cells
accumulate more oxidative damage, needs to be addressed in
future studies. Notwithstanding, our observations clearly demon-
strate that the oxidation state of the GSSG/2GSH redox system at
least up to 60% OxD in fermenting cells and up to 75% in respiring
cells does not correlate with lifespan in yeast.

MATERIALS AND METHODS

Aging assay

A yeast culture was grown logarithmically for at least seven doublings at
25 °C. The cells were then collected by centrifugation and washed twice

with phosphate-buffered saline, resuspended in 200 mmol/l NaHCOs (pH
8.4) and labeled for 15 min with Alexa633-NHS (Life Technologies,
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Darmstadt, Germany) at a final concentration of 2 umol/I. Labeling reaction
was quenched by washing the cells with Tris/HCl (500 mmol/l, pH 8.4).
About 4-8 x 10° single cells of small size (unbudded) were sorted by FACS
(fluorescence-activated cell sorting) with highest purity and inoculated into
100 ml medium. Before reaching an ODgqo of 0.4 aliquots were taken for
measurements. The remaining cells were collected by centrifugation at 4 °
C and quantitatively resuspended in about 3 ml of supernatant. The culture
was then shortly sonicated to separate cell aggregates. Enrichment was
performed with the Aria Il cell sorter (BD, Heidelberg, Germany; filter
configuration EX4o7 nm/EMs02 nm-520 nmi EXags nm/EMs15 nm-s45 nm/ EX633 nm/
Emgso nm-670 nm), Selecting for Alexa-positive cells with reporter expression
(and for propidium iodide negative cells, when this staining was used). The
recovered old cells were then inoculated into fresh medium and cultured
for the next round. A few cells from the single-cell gate were sorted
separately and were either stained with Solophenylflavin (Bruno Ludewig
GmbH, Emsbiiren, Germany)49 for budscar analysis or sorted on YPD-Agar-
plates to determine the replicative competence. The data for the budscars
were fitted with a Gompertz function:

Buds(age) = a - exp[b - exp(c - age)]

Measurements and data processing
Aliquots of the aged/logarithmic culture were shortly sonicated and
directly measured with a Canto Il (BD; filter configuration: EXsos nm/
EMs0 nm-s535 nmv EXagg nm/EMs15 nm-s45 nm  and EXe33 nm/EMe50 nm-670 nmi
see Supplementary Methods). For all the measurements, a single-cell gate
was defined using the FSC-W and SSC-W parameters. Only cells with
reporter expression were considered. The data were analyzed either by the
Diva (BD) or FlowJo software (FlowJo LLC, Ashland, OR, USA) and then
exported to Microsoft Excel or Prism (GraphPad, La Jolla, CA, USA) for
further calculations. Autofluorescence was determined in independent
experiments and subtracted from all the data.

For kinetic measurements, H,0, was added and cultures immediately
transferred to the analyzer, resulting in a delay of approximately 10s
between H,0, addition and the first events counted.
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