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Summary

Although environmental stress likely plays a significant role in
promoting aging, the relationship remains poorly understood. To
characterize this interaction in a more comprehensive manner,
we examined the stress response profiles for 46 long-lived yeast
mutant strains across four different stress conditions (oxidative,
ER, DNA damage, and thermal), grouping genes based on their
associated stress response profiles. Unexpectedly, cells lacking
the mitochondrial AAA protease gene AFG3 clustered strongly
with long-lived strains lacking cytosolic ribosomal proteins of the
large subunit. Similar to these ribosomal protein mutants, afg34
cells show reduced cytoplasmic mRNA translation, enhanced
resistance to tunicamycin that is independent of the ER unfolded
protein response, and Sir2-independent but Gcn4-dependent
lifespan extension. These data demonstrate an unexpected link
between a mitochondrial protease, cytoplasmic mRNA transla-
tion, and aging.
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Introduction

Defining the molecular mechanisms of aging is one of the most
challenging problems in modern biology. Hundreds of lifespan-extending
mutations have been discovered in yeast, nematodes, and fruit flies, and a
handful of conserved longevity pathways have been identified (Fontana
et al., 2010; Kenyon, 2010; Sutphin et al., 2012). For the vast majority of
these genes, however, the pathways in which they act, and the
mechanisms by which they modulate aging, remain poorly understood.
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One feature that has been observed to correlate with longevity, both
across species and among individuals of the same species, is altered
resistance to different forms of stress. In general, long-lived mutants
across a variety of species tend to be stress resistant; however, there is
specificity depending on the type(s) of stress applied and the longevity
pathway(s) under study. For example, cell lines derived from long-lived
species show enhanced resistance to several forms of stress, but also
show enhanced sensitivity to other forms of stress (Harper et al., 2007,
2011; Salmon et al., 2008). In yeast, nematodes, and fruit flies, many
long-lived mutants are resistant to oxidative and thermal stress. For
example, in yeast, long-lived cells deleted for the S6 kinase homolog
SCH9 or the mammalian target of rapamycin homolog TOR17, upregulate
stress-responsive transcription factors, and also show enhanced stress
resistance (Fabrizio et al., 2001; Powers et al., 2006). To date, however,
no comprehensive analysis of the relationship between stress resistance
and longevity has been performed in any system.

The budding yeast Saccharomyces cerevisiae provides an ideal model
for exploring the relationship between stress resistance and longevity.
The availability of collections containing individual single-gene deletions
for a majority of yeast genes has allowed for genome-scale studies of
sensitivity and resistance for multiple forms of environmental stress
(Thorpe et al., 2004; Postma et al., 2009). Replicative lifespan (RLS) in
yeast is defined as the number of daughter cells produced by a mother
cell before cessation of cell division (Mortimer & Johnston, 1959). Several
types of molecular damage are asymmetrically inherited by the mother
cell and are proposed to limit RLS, including nuclear ribosomal DNA
circles, cytoplasmic protein aggregates, and damaged mitochondria
(Steinkraus et al., 2008; Kaeberlein, 2010). Over the past several years,
we have been screening strains derived from the yeast open reading
frame (ORF) deletion collection to identify single-gene deletions that
increase RLS (Kaeberlein & Kennedy, 2005). This has resulted in the
identification of several dozen long-lived mutants chosen for study here.

One well-studied longevity pathway in yeast consists of long-lived
mutants with reduced nutrient signaling and impaired mRNA translation.
TOR1 and SCH9 are nutrient-responsive kinases that regulate ribosome
biogenesisand mRNA translation in response to nutrient availability (Longo
& Fabrizio, 2012). Under conditions of nutrient restriction, such as dietary
restriction, reduced signaling through Tor1 and Sch9 along with other
factors, coordinate a reduction in mRNA translation, an increase in
autophagy, and a metabolic shift from fermentation to respiration
(Kennedy et al., 2007). Deletion of either TORT or SCH9 is sufficient to
increase RLS, and subjecting these mutants to dietary restriction fails to
further increase life-span (Kaeberlein et al., 2005b). The particular impor-
tanceof mRNA translation in thispathwaywassuggested by the finding that
deletion of multiple ribosomal protein genesisalso sufficient toincrease RLS
(Steffen et al., 2008). With one exception (Chiocchetti et al., 2007),
lifespanextensionfromribosomal protein gene deletionsinyeastappearsto
be specific for large ribosomal subunit (60S) genes that resultin a deficiency
of mature large ribosomal subunits (Steffen et al., 2008). Like tor74 or
sch94 cells, RLS extension in mutants deficient for large ribosomal subunits
is nonadditive with dietary restriction and independent of the Sir2 protein
deacetylase (Steffenet al., 2008; Delaney et al., 2011b). Although general
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mRNA translation is impaired, it is thought that RLS extension in these
mutants results primarily from increased translation of the Gen4 transcrip-
tion factor under conditions where large ribosomal subunits are limiting
(Steffen et al., 2008). Thisincrease in Gen4 translation has been attributed
to the presence of inhibitory upstream open-reading frames in the Gcnd
mRNA 5’ untranslated region, and Gend is required for lifespan extensionin
several of the long-lived ribosomal large subunit gene deletion mutants
(Steffen et al., 2008).

In this study, we have performed a systematic analysis of the stress
response profiles for 46 long-lived deletion strains across four different
stress conditions. The growth properties of each strain were assessed
under conditions designed to induce ER stress (tunicamycin), oxidative
stress (paraquat), DNA damage stress [methyl methanesulfonate (MMS)],
or thermal stress (heat shock). Although long-lived mutants were often
resistant to one or more stressors, relative to the parental wild-type strain
(BY4742), none of the stressors elicited a similar response across the
entire panel of long-lived strains. Analysis of the stress response profiles
using cluster algorithms grouped long-lived strains into distinct classes.
One such class included several large subunit ribosomal protein deletion
strains that showed resistance to growth inhibition by tunicamycin and
paraquat, as well as resistance to heat shock. Also included in this class
was a strain lacking the gene coding for the mitochondrial m-AAA
protease Afg3 (also referred to as Yta10). Afg3 is known to play an
important role in regulating electron transport chain complexes and is
also required for maturation of the mitochondrial ribosomal protein
Mrpl32 (Arlt et al., 1998; Nolden et al., 2005)

In this study, deletion of AFG3 was found to cause a profound
reduction in cytoplasmic mRNA translation and an increase in resistance
to tunicamycin that was independent of the ER unfolded protein
response transcription factor Hac1. Similar to deletion of RPL20B,
lifespan extension from deletion of AFG3 is independent of both Hac1
and Sir2, but requires Gcn4. These observations demonstrate an
important new role for the mitochondrial protease Afg3 in modulating
cytoplasmic mRNA translation and ER stress resistance, and suggest that
Afg3 modulates longevity in yeast by a mechanism similar to cytoplasmic
ribosomal large subunit proteins.

Results

Quantitative determination of stress-induced growth rate
changes among long-lived mutants

To quantitatively assess the stress response profiles of long-lived yeast
deletion strains, we utilized a Bioscreen C MBR machine to determine
doubling time in the presence or absence of a stressor for 46 long-lived
mutants. The Bioscreen C MBR is a combined shaker, incubator, and
plate reader that has been shown to provide high-quality growth rate
determinations for yeast cells maintained under a variety of conditions
(Murakami et al., 2008; Burtner et al., 2009a,b, 2011, Murakami &
Kaeberlein, 2009; Kruegel et al., 2011). As many long-lived deletion
strains have doubling times that differ from the wild-type control
(Delaney et al., 2011a), we normalized growth rate changes induced by
stress (GRCs) by normalizing to the growth rate under untreated
conditions using the following equation:

GRCS:¥*1OO,

u

where D; is the doubling time of the strain in rich growth medium (YPD)
in the presence of the stressor and D, is the doubling time of the strain in
the same medium in the absence of the stressor. Using this method, we
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determined the growth inhibition stress responses for each of 46 long-
lived mutants as well as wild-type and control sensitive strains to three
different chemical stress conditions: ER stress induced by tunicamycin,
oxidative stress induced by paraquat, and DNA damage stress induced by
MMS (Tables S1-S3). It should be noted that each of these chemicals
may induce additional forms of stress in addition to those described
above. Resistance to thermal stress was also assessed as the percent of
cells that maintained viability following a heat shock (Table S4).

Quantitative determination of tunicamycin-induced growth
rate changes among long-lived mutants

Growth inhibition in response to ER stress was determined by monitoring
outgrowth kinetics in the presence of 1 ug mL™" tunicamycin, an
inhibitor of N-linked protein glycosylation that causes an accumulation of
proteins in the ER and induces the ER unfolded protein response. This
concentration of tunicamycin was sufficient to increase the doubling
time of wild-type BY4742 cells by nearly 200% (Fig. 1a; Table S1). To
validate the method, we included as a control cells lacking HACT, which
encodes a transcription factor required for induction of many proteins
involved in the ER unfolded protein response (Travers et al., 2000). As
expected, hac14 cells showed extreme growth inhibition by 1 pg mL™"
tunicamycin, such that not even a single doubling in cell density was
observed over 24 h (Fig. 1a; Table S1).

Of the 46 long-lived mutants tested, 22 had a lower GRCs than wild-
type (WT) BY4742 cells in the presence of tunicamycin, four showed
greater growth inhibition (higher GRC;), and 20 had no significant
change from WT (P < 0.05 in each case, Fig. 1a; Table S1). Notably, all
ten long-lived large ribosomal protein deletion strains had significantly
lower GRCs than WT. Three additional mutants with known defects in
large ribosomal subunit biogenesis or function (reiTA, rpp2bA, and
dbp3A) showed a similar resistance to tunicamycin growth inhibition,
whereas mutations in the signaling kinases that regulate mRNA
translation (tor74 and sch94) did not.

Afg3 encodes a component of a mitochondrial inner-membrane AAA
protease that functions to maintain proteostasis in the mitochondria and
promote proper assembly of electron transport chain complexes (Guelin
et al., 1994; Arlt et al., 1996, 1998). Interestingly, long-lived afg3A cells
showed reduced growth inhibition in the presence of tunicamycin that
was comparable with the large subunit ribosomal protein deletion
mutants, such as rp/20bA (Fig. 1b-d). This resistance to growth inhibition
is particularly evident at higher concentrations of tunicamycin, such as
2.5 ug mL™", where the doubling time of afg3A (156 min) and rp/20bA
(185 min) was faster than that of WT cells (284 min), despite both
mutants being slow growing in unstressed conditions. The absence of
respiratory growth in afg3A cells is evident from the flat growth curve
after glucose has been consumed. The Bioscreen C MBR machine provides
a linear estimate of cell density from approximately OD 0.1 to 1.0, so
anything above this range is an underestimate of the cell density. Across
the entire panel of 46 long-lived mutants, there was no significant
correlation between tunicamycin growth rate changes and RLS (Fig. 1e).

Quantitative determination of paraquat-induced growth rate
changes among long-lived mutants

The effect of oxidative stress on growth inhibition was determined by
culturing cells in the presence of the superoxide-generating chemical
paraquat. Addition of 5-mm paraquat was sufficient to increase the
doubling time of wild-type cells by 69% (Fig. 2a; Table S2). As controls,
we examined growth inhibition for three strains previously annotated as
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sensitive to oxidative stress: cttiA, ctalA, and sod14 (Cohen et al.,
1985; Slekar et al., 1996). CTT1 and CTAT encode cytosolic and
peroxisomal catalase enzymes necessary for detoxification of hydrogen
peroxide, respectively, whereas SODT encodes the cytosolic superoxide
dismutase that is primarily responsible for converting superoxide to
hydrogen peroxide. Cells deleted for SOD1 are significantly shorter lived
than BY4742 wild-type cells, whereas cells lacking either CTT7 or CTA1
have a RLS that does not differ significantly from wild-type in this
background (Fig. S2).

Among the 46 long-lived strains examined, eight were significantly
more growth inhibited by paraquat, relative to the wild-type control,
whereas 21 were less inhibited (P < 0.05 in each case, Fig. 2a; Table S2).
The remaining 17 long-lived mutants showed changes in doubling time
(GRC;, values) that did not differ significantly from that of wild-type cells.
As was observed for tunicamycin, afg34 and rp/l20b4 cells were
significantly less growth inhibited by paraquat compared with WT

long-lived mutant.

(Fig. 2b—d). No significant correlation was observed between the effect
of paraquat on growth and magnitude of lifespan extension across the
43 long-lived strains (Fig. 2e).

Quantitative determination of MMS-induced growth rate
changes among long-lived mutants

The DNA alkylating agent MMS was utilized to assay for the effect of
DNA damage stress on growth inhibition. At 0.01%, MMS increased the
doubling time of WT cells by 66% (Fig. 3a; Table S3). As a control, we
included rad524 cells defective for homologous recombination (Herz-
berg et al, 2006). The same concentration of MMS increased the
doubling time of rad52A by 506%.

Of the 46 long-lived mutants, 15 showed a significant reduction in
growth inhibition compared with WT, whereas six had a higher GRC,
(P < 0.05 in each case, Fig. 3a; Table S3). The long-lived fobTA strain
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showed less growth inhibition by MMS (Fig. 3a), perhaps related to the
enhanced genomic stability of this strain at the ribosomal DNA. Once
again, afg3A and rp/l20bA showed a similar response to MMS, although in
this case both strains trended toward enhanced growth inhibition rather
than reduced growth inhibition, relative to WT (Fig. 3b-d). As with
tunicamycin and paraquat, no significant correlation between growth
inhibition in the presence of MMS and longevity was observed (Fig. 3e).

Quantitative determination of heat shock stress profiles
among long-lived mutants

Resistance to thermal stress was assessed by quantifying viability
following a 10 min transient 55°C heat shock. After thermal stress,
15.8% of wild-type control cells from an overnight culture retained
viability. Within the set of 46 long-lived mutants, 23 had a higher survival
than wild-type whereas only four showed increased death (P < 0.05,
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Fig. S1a; Table S4). No significant difference in survival was detected for
19 long-lived mutants. As expected, the control sensitive mutants, heat
shock response factor, double mutant msn2A msn4A, and ER stress
response factor deletion hacTA, were sensitive to heat shock.

As with growth inhibition from tunicamycin, many long-lived
ribosomal protein deletion mutants showed resistance to heat shock,
relative to WT. Also, once again, afg34 cells showed a response similar
to ribosomal protein deletion mutants, such as rp/20b4 (Fig. S1b);
however, no significant correlation between heat shock resistance and
RLS was detected across all 46 long-lived strains (Fig. S1¢).

Stress response profiling places afg3A cells into the mRNA
translation longevity pathway

We next asked whether the stress response profiles of long-lived
mutants could be informative regarding potential mechanisms of
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lifespan extension. To assess this, we applied the Array Track clustering
algorithm to the stress response profiles for each strain subjected to the
four stress inducers (Fig. 4). We utilized the ‘complete linkage analysis’
option to maximize distances between clusters to identify distinct
pathways. Although the power of this approach is likely to be limited be
the relatively small number of conditions examined, we noted that many
of the mutants with known defects in mRNA translation clustered
together (Cluster I). These included several strains lacking ribosomal
proteins of the large subunit or rRNA processing factors (dbp34 and
rei1A) that were characterized by significantly reduced growth inhibition
from paraquat, tunicamycin, and heat shock. Cells lacking AFG3 were
also contained in this Cluster.

The remaining genes could be classified into three additional
clusters (II-IV). Unlike Cluster |, the functional and mechanistic

'

long-lived mutant.

relationships among the grouped genes were less clear. Cluster Il
differed from Cluster | primarily in the response to paraquat, with
strains in this group showing stronger growth inhibition than wild-type
following oxidative stress. Cluster Il contained the recently character-
ized ubr2A mutant, which extends lifespan by upregulation of
proteasome gene expression and activity (Kruegel et al., 2011), as
well as mtc4A, spt4A, and elp4A. Cluster Il comprises mutants largely
unaffected (less growth rate changes) by paraquat but growth
inhibited by tunicamycin. This cluster contains the tor7A strain, as
well as translation initiation factor deletion strains, tifTA and tif2A. The
remaining Group IV is more likely an unspecific group rather than a
bona fide cluster, as it contains a variety of mutants that generally
showed similar growth inhibition as WT across the different stress
conditions.
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Deletion of AFG3 promotes resistance to tunicamycin by a
HAC1-independent mechanism

Based on the significant resistance to growth inhibition from tunicamycin
observed for afg34 cells in liquid culture, we asked whether this
phenotype could be recapitulated using traditional spot assays on solid
agar medium. Cells deleted for AFG3 were also found to be resistant to
tunicamycin in agar plates, although rp/20bA cells appeared to be even
more resistant (Fig. 5a and c). We reasoned that resistance to tunicamycin
in afg34 cells could be caused by constitutive induction of the ER unfolded
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protein response. To test this possibility we deleted HACT, which is
required for induction of the ER unfolded protein response, in afg34 cells.
Interestingly, afg34 haclA double mutants still showed enhanced
resistance to tunicamycin, relative to hac74 cells, demonstrating that
loss of AFG3 promotes resistance to ER stress by a mechanism that is at
least partially independent of the canonical unfolded protein response.
Consistent with these observations, lifespan extension from deletion of
AFG3 did not require HACT (Fig. 5b). These results are similar to our
recent studies of cytoplasmic ribosomal protein deletions, where deletion
of RPL20B showed a similar HAC 1-independent resistance to tunicamycin
(as in Fig. 5¢) and lifespan extension (Steffen et al., 2012).

Deletion of AFG3 reduces cytoplasmic translation and
extends RLS by a Gen4-dependent mechanism

On the basis of the stress response studies described above, we speculated
that deletion of AFG3 might extend lifespan by a similar mechanism to
that of cells deficient for ribosomal large subunits. We have previously
shown that lifespan-extending mutations resulting in large subunit
deficiency, such as rpl20b4, decrease overall mRNA translation as
measured by polysome analysis (Steffen et al., 2008). Similar to rp/20bA
cells, afg34 cells showed a significant decrease in mMRNAs with 2 or more
ribosomes bound, consistent with a dramatic decrease in overall
cytoplasmic mRNA translation (Fig. 6a and b). In contrast, however, no
significant change in the relative abundance of free large ribosomal
subunits (or small subunits) was detected. This suggests that, while overall
mMRNA translation is reduced, the mechanism of translation inhibition in
afg34 cells does not involve specific depletion of large ribosomal subunits.

Cold sensitive growth is associated with defects in cytoplasmic mRNA
translation, as well as some mitochondrial proteases (Francis & Thorsness,
2011). We therefore examined the effect of reduced temperature on afg34
and rpl20bA cells. Interestingly, neither mutant significantly extended RLS
at 15°C. We were also unable to detect enhanced resistance to tunicamycin
at 15°C (Fig. S5). These data further support the model that AFG3 and
RPL20B influence stress resistance and RLS by similar mechanisms.

We have previously shown that lifespan extension from deletion of
RPL20B or other large ribosomal subunit genes occurs by a mechanism
that is independent of both the Sir2 protein deacetylase and the fork
blocking protein Fob1, but involves activation of the Gcné transcription
factor (Steffen et al., 2008; Delaney et al., 2011b). To assess whether
AFG3 is modulating aging by a similar mechanism, we determined the
RLS of afg3A fob1A double mutant cells, afg34 sir2A fobl4 triple
mutant cells, and afg34 gcn44 double mutant cells. As is the case for
cells lacking large ribosomal protein subunits (Delaney et al., 2011b),
deletion of AFG3 further extends the RLS of cells lacking both SIR2 and
FOB1 (Fig. 6¢ and d), but fails to extend RLS of dietary restricted cells
(Fig. 6e) or in cells lacking GCN4 (Fig. 6f). In addition, we observed an
increase in Gend protein levels in the afg3A mutant via flow cytometric
analysis of a Gen4-GFP strain (Fig. 6g). Combining deletion of AFG3 with
deletion of RPL20B also fails to result in an additive increase in RLS
(Fig. 6h). Along with the stress response, temperature response, and
polysome data, these longevity epistasis data support the model that
deletion of the mitochondrial protease gene AFG3 unexpectedly reduces
cytoplasmic mRNA translation and increases lifespan by a mechanism
similar to deletion of large subunit ribosomal protein genes.

Discussion

The relationship between stress resistance and longevity is complex. A
systematic analysis of stress response for 43 long-lived yeast deletion
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strains across 4 different stress conditions revealed that a majority of
mutants show altered response to one or more types of stress. More
often than not, the change in stress response was toward enhanced
resistance and decreased growth inhibition, although there were many
observed cases of increased sensitivity or growth inhibition in the long-
lived mutants, and no significant correlation between absolute RLS and
altered stress resistance was detected for any of the stress conditions
tested. Despite the complexity of the data, this analysis allowed for
successful classification of long-lived mutants by their stress response
profiles. In particular, the striking similarly in stress response of afg34
cells with ribosomal protein gene deletions led us to uncover a previously
unsuspected role for this mitochondrial protease in cytoplasmic mRNA
translation, ER stress resistance, and Gcn4-dependent longevity control.
Thus, successful classification of Afg3 represents proof-of-principle that
this type of stress response profiling approach can be used to predict the
longevity pathway for unknown factors, as well as uncover novel cellular
functions.

It should be noted that our method for quantitatively assessing
growth inhibition in responses to paraquat, tunicamycin, and MMS
differs from traditional methods such as spot assays or plating for
colony-forming units. Unlike these traditional methods, which identify
changes in sensitivity of about 2-fold, we were able to reproducibly
quantify changes in doubling time of <10% using this method (Tables S1
-S3). Two possible interpretations can explain a difference in growth rate
in these assays. One is simply that a different percentage of cells are
dying and cannot give rise to the next generation, thereby influencing
the doubling time of the population as a whole. This interpretation is
supported by the fact that all of our sensitive mutant controls displayed
longer doubling times. Another possibility is that the drug is inducing a

0.25 pg mL™! Tunicamycin 2 pg mL™! Tunicamycin

30 40 50 60

Age (cell divisions)

Fig. 5 Hacl-independent resistance to
tunicamycin in afg3A and rp/l20b4 cells.
(A) Average doubling times for wild-type
BY4742, afg34, hac14, and afg34 hacl4
strains at the indicated concentrations of
tunicamycin. Note how afg3A hac1A
double mutant cells can grow, albeit very
slowly, at 0.25 pg mL~" tunicamycin,
whereas hacTA cells cannot, indicating
Hac1-independent tunicamycin resistance.
(B) Replicative lifespan curves of the
indicated strains. Parentheses denote mean
lifespan. afg3A does not require Hac1 for
lifespan extension. (C) Spot assays of the
indicated strains across tunicamycin
concentrations. Spots were diluted 1:10.
Panels were grown for 3 days at 30°C.

2. 0% shep g

slowed cell cycle and that while most cells are indeed viable, the
population doubling time increases due to more cells reaching a damage
level that activates a cellular response or checkpoint. Either case is
physiologically relevant. It is possible that differing stress response
profiles, and the resulting clusters, would be obtained if alternative
methods that directly measure cell death rather than growth inhibition
were used. In the case of tunicamycin, however, we observed similar
resistance in both growth inhibition assays and less sensitive spot assays
for rpl20bA and afg34.

The finding that loss of Afg3 results in reduced cytoplasmic mRNA
translation and enhanced resistance to tunicamycin was unexpected, as
prior studies have indicated purely mitochondrial functions for Afg3 in
yeast, as well as its orthologs in mammals (Juhola et al., 2000; Andreou
& Tavernarakis, 2010). Although it is possible that Afg3 may also
function in the cytoplasm to modulate mRNA translation, we know of no
evidence to support this model. Instead, we speculate that the
mitochondrial function of Afg3 indirectly promotes cytoplasmic mRNA
translation, perhaps by ensuring appropriate regulation of mitochondrial
mRNA translation. In support of this idea, it has been shown that
cleavage of the mitochondrial ribosomal protein Mrpl32 by Afg3 is
required for assembly of ribosome particles in the mitochondria (Nolden
et al., 2005). It may be that failure to properly assemble mitochondrial
ribosomes or other mitochondria complexes induces a signal from the
mitochondria to the cytoplasm to inhibit cytoplasmic mRNA translation.
Further support for this idea is provided by the observation that mrp/324
cells are also slow-growing and long-lived (Fig. S4). Such a response may
be important for preventing an imbalance between nuclear encoded
mitochondrial proteins and mitochondrially encoded proteins under
conditions where mitochondrial translation is impaired. Interestingly,
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Fig. 6 Deletion of AFG3 reduces cytoplasmic translation and extends life-span by a Sir2-independent, Gend-dependent mechanism. (A) Representative polysome profiles of

log-phase wild-type BY4742 yeast and afg3A mutant yeast grown in YPD at 30°C.

Deletion of AFG3 causes a shift of ribosomes from highly translated mRNA to unbound

forms. Curves are normalized by the minima between 80S-free subunits and 2R disomes. (B) Quantitation of peak areas from triplicate polysomes. *P < 0.05, ns = not
significant, error bars are SEM. (C-F, H) Replicative lifespan curves of the indicated strains. Parentheses denote mean lifespan. afg3A requires Gen4 for lifespan extension, but

does not require Sir2 or Fob1. afg3A is not additive with rp/20bA nor DR (0.05%
tagged Gcn4d-GFP strains.

several other mitochondrial ribosomal protein deletion strains have been
found to have normal or reduced RLS (Kaeberlein et al., 2005b;
Managbanag et al.,, 2008), indicating that there is at least some
specificity with respect to reduced mitochondrial translation and RLS.
A possible alternative explanation of our data is that the inability to
carry out mitochondrial respiration directly causes a deficit in mRNA
translation due to depletion of ATP needed to synthesize ribosomes and
new proteins. We do not favor this model, however, because not all
respiratory-deficient mutants show growth defects or RLS extension
similar to afg34 cells (Fig. S3). Also, deletion of AFG3 results in slow
growth and respiratory deficiency in the W303AR strain background, but
fails to extend RLS in this strain (Fig. S4d). This is consistent with our prior
data that DR also fails to extend RLS in this strain background (Kaeberlein
et al., 2006). A second alternative explanation is the possibility that loss
of AFG3 induces yeast cells to lose their mitochondrial DNA (become

© 2012 The Authors

glucose) for lifespan extension. (G) Flow cytometric analysis of log-phase genomically

rho®), which can reduce growth rate and has previously been shown to
extend RLS in some strain backgrounds (Kirchman et al, 1999).
However, rho® mutants in the BY background do not have an extended
RLS (Kaeberlein et al., 2005a) (Fig. S4b), but afg34 rho® cells are still
long-lived (Fig. S4b). Furthermore, we crossed our long-lived afg34
haploid to a rho® haploid of the opposite mating type and observed that
the resulting diploid is able to carry out mitochondrial respiration as
evidenced by growth on the nonfermentable carbon source glycerol (Fig.
S4c). Thus, cells lacking AFG3 are long-lived independent of the status of
their mitochondrial DNA.

One prior study reported resistance to oxidative stress and RLS
extension in cells lacking the mitochondrial ribosomal protein Afo1
(Heeren et al., 2009). It is tempting to speculate that the mechanism of
RLS extension and stress resistance is similar between deletion of AFG3
and AFOT. Unlike the case for afg34 cells, however, afo14 cells were
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reported to have a normal growth rate (and presumably normal mRNA
translation). Further studies will be needed to establish the precise
relationship between Afo1 and Afg3 with respect to longevity, stress
resistance, and cytoplasmic mRNA translation.

In addition to RLS, a second type of aging (referred to as chrono-
logical aging) is studied in yeast by culturing the cells into stationary
phase and monitoring viability over time. Many chronologically long-
lived mutants are resistant to multiple forms of stress; however, unlike
RLS, the vast majority of respiratory-deficient mutants have reduced
chronological lifespan, likely as a result of an inability to properly enter
stationary phase. Consistent with this, afg3A cells also have reduced
chronological lifespan (Burtner et al., 2011).

The Hacl-independent tunicamycin resistance displayed by afg34
cells can likely be attributed to the profound reduction in cytoplasmic
mRNA translation, as rp/20bA cells showed an even more pronounced
tunicamycin resistance. The mechanism accounting for this phenotype in
rpl20b4 and afg34 cells is not known, but may simply reflect reduced
flux of proteins through the ER (Steffen et al., 2012). As tunicamycin
induces ER stress by inhibiting glycosylation of ER proteins, it may be that
simply reducing translation of proteins destined for the ER partially
alleviates this stress. Such a model would also explain why the enhanced
resistance to tunicamycin does not fully require Hacl and the ER
unfolded protein response. As noted above, however, we cannot rule
out the possibility that tunicamycin is inhibiting growth by affecting
cellular processes other than ER stress and that reduced mRNA
translation is interacting with these additional processes to alleviate
the growth-inhibitory effects of tunicamycin.

It is of particular interest that the extension of RLS in afg34 cells
requires Gend4, similar to ribosomal large subunit deletion mutants such
as rpl20bA. While deletion of either AFG3 or RPL20B results in a similar
reduction in overall mRNA translation, the polysome profile of afg34
cells does not show the profound depletion of 60S ribosomal subunits
seen in long-lived ribosomal protein gene deletion strains (Steffen et al.,
2008). Instead, the polysome profile of afg34 cells more resembles the
general decrease in translation without an imbalance of free 40S and
60S subunits seen in sch94 cells; however, in the case of SCH9 deletion
the RLS extension is only partially dependent on Gcn4 (Steffen et al.,
2008). The situation is made more complex by the observation that
reduced mRNA translation is not always sufficient to extend RLS; for
example, small ribosomal subunit protein gene deletions or treatment
with the translation inhibitor cycloheximide do not extend RLS (Steffen
et al., 2008). This may suggest that loss of AFG3 extends lifespan via a
reduction in mRNA translation that mimics the Gcn4-dependent
component of RLS extension in sch94 cells, but not the Gcn4-
independent component.

This study demonstrates the utility of stress response profiling as a
method for classifying longevity mutants in yeast. The observation that
loss of the highly conserved m-AAA protease Afg3 phenocopies the
longevity extension, enhanced tunicamycin resistance, and mRNA
translation deficit of ribosomal protein deletion mutants suggests a
previously unknown mechanism for regulating these processes in
response to a mitochondrial signal. This is of particular interest in light
of recent work in Caenorhabditis elegans showing that mitochondrial
defects can modulate cytoplasmic translation through phosphorylation
of elF2a, although in that system the mitochondrial signal appears to be
growth promoting rather than growth inhibitory (Baker et al., 2012). It
will be of interest to further define the detailed mechanisms linking Afg3
function and cytoplasmic mRNA translation, as well as the specificity of
translation inhibition in afg34 mother cells, which allows for enhanced
longevity. These future studies are likely to provide key insights into the

complex nature by which cells sense and respond to mitochondrial
stress, and how such responses impact longevity and health.

Experimental procedures

Yeast strains

Yeast strains were derived from the MATo ORF deletion collection and
are isogenic to the parental BY4742 strain, with the following
exceptions. The SIR20X strain is a tandem two-copy SIR2 strain with a
URA3 marker generated by integration of a second copy of SIR2 in
BY4742 as previously described (Kaeberlein et al., 1999). With concern
for spontaneous suppressors, all ribosomal gene deletions were gener-
ated by sporulation from the heterozygous diploid deletion collection
and are isogenic to the MATo ORF deletion collection. The afg3A and
mrpl32A mutants were remade through homologous recombination of a
URA3 marker at the endogenous locus and then backcrossed to BY4741
and sporulated. The sir2A fob1A afg3A mutant was generated by
homologous recombination of URA3 into a previously described (Kae-
berlein et al., 2004) sir2A fob1A strain. The afg3A gcn4A and afg3A
hacTA strains were made from standard sporulation and tetrad
dissection procedures from the remade afg3A strain and deletion
collection strains. The rp/l20bA haciA strain was a gift from K. Steffen,
and was made similarly from an rpl20bA::HIS3 marked strain. Full
genotypes are included in the strain list in Table S5.

Growth rate and viability analysis

Cultures were typically grown at 30°C overnight in a 96-well plate in
YPD and then 2.5 pL of the overnight culture was inoculated into
147.5 uL of culture media (YPD + diluent or YPD + drug) in 100-well
Bioscreen plates. Unless otherwise indicated, paraquat was used at a
5 mm concentration, tunicamycin at a 1 ug mL~' concentration, and
MMS at a 0.01% concentration.

Yeast growth rates were analyzed in the ODg4z0.550 range in the
Bioscreen C MBR machine (Growth Curves USA) as previously described
using the Yeast Outgrowth Data Analyzer (YODA) (Olsen et al., 2010).
The Bioscreen C MBR machine provides a linear estimate of cell density
from approximately OD 0.1 to 1.0, so anything above this range is an
underestimate of the cell density. Reported doubling times in 30°C YPD
are taken from interval readings from the ODg4,0.580 0.2-0.5 range of
maximum growth rate. Inhibition of growth in response to stress was
calculated as described above using the formula:

Ds — Dy

u

GRCs = * 100,
where Dy is the doubling time of the strain in YPD in the presence of the
stressor and Dy, is the doubling time of the strain in the same medium in
the absence of the stressor.

Heat shock survival experiments were performed with 10 min of 55°
C incubation of overnight cultures grown in 96-well plates and then
placed into the Bioscreen analyzer and survival integrals calculated using
YODA. Although the Bioscreen C MBR machine only measures culture
density, we have shown in the past that growth curves can quantitatively
assay for cell viability. We utilized the chronological aging features of
YODA to calculate the viability of cultures that had undergone heat
shock, which we have previously verified as an equally quantitative
measure of viability as counts of colony-forming units. Cell death is not
significant during outgrowth, as cells show full viability after the growth
phase ends, as assayed at 24 h of incubation (Fig. S6).

© 2012 The Authors
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Statistical significance was determined by applying a two-tailed
student t-test of GRCs in YPD+drug media compared with wild-type in
YPD + drug media. Error bars are standard error of the mean (SEM). A
minimum of four biological replicate cultures were examined for each
condition. Trend lines comparing change in RLS with stress phenotypes
utilized Excel’s Analysis ToolPak add-in using the P value generated in the
ToolPak’s regression analysis.

Cluster analysis

Clustering was performed using the Array Track clustering algorithms.
Complete linkage analysis using Euclidean distances was used in the
settings. Vectors are shown in Supplemental Tables S1-54 as the log,(Vs)
value, where the percent difference between the long-lived mutant and
wild-type was calculated (Vs = (GRCy BY4742-GRCs mutant)/(GRC;
BY4742)) and then log, was taken of this value to mimic microarray
style data. Heat maps are shown by taking the minimum values and
assigning them the brightest green color and the maximum values as the
brightest red color, and black represents a log,(Vs) = 0.

Replicative lifespan analysis

Yeast RLS assays were performed as previously described (Kaeberlein
et al., 2004; Steffen et al.,, 2009). In short, virgin daughter cells were
isolated from each strain and then allowed to grow into mother cells
while their corresponding daughters were microdissected and counted
until the mother cell could no longer divide. YEP agar plates (1% yeast
extract, 2% bacto-peptone, 2% agar) containing 2% glucose were
utilized and strains were grown at 30°C. Statistical significance was
determined using the Wilcoxon Rank-Sum test. Dietary restriction was
accomplished by reducing the glucose present in the medium from 2%
t0 0.05%.

Flow cytometry

Flow cytometry was performed on a BD Biosciences Influx Cell Sorter. For
GFP experiments, cells were grown overnight with dilute streaks on YPD or
YEP + 0.05% glucose plates to maintain log-phase growth across
different conditions. Cells were directly taken from the plates and
resuspended in iced 50 mm Na Citrate. GFP intensity values were
calculated as mean raw GFP intensity subtracted by GFP auto fluorescence
of isogenic cells grown under identical conditions. All values were also
normalized to relative cell size, as measured by forward scatter. GFP-fold
changes (Fig. 6g) were normalized to normal 2% glucose growth
conditions of WT (but GCN4-GFP tagged) cells as an intensity of ‘1"
Values were compared by student’s t-test for statistical analysis. FCS
Express was used for flow cytometry data analysis. For cell viability (Fig. S6),
SYTOX®™ Green (57020; Invitrogen, Grand Island, NY, USA) was utilized at
a2 pwmfinal concentration after washing the cells and resuspending cells in
50 mwm Na Citrate.

Polysome analysis

Polysome analysis was carried out as described previously (MacKay et al.,
2004; Steffen et al., 2008). Briefly, 125 mL of log-phase (0.4-0.6 OD, as
close to 0.5 OD as possible) yeast were quickly cooled by addition of
60 mL frozen YPD-containing 133 ug mL~' cycloheximide to halt
translation immediately and prevent ribosomes from dissociating from
RNA. Yeast were spun down and then lysed by glass beads and protein-
containing fractions were isolated. Twenty OD,gq units were used for

© 2012 The Authors
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each polysome run by adding the lysate to 7-47% sucrose gradients.
Gradients were spun for 2 h at 39 k rpm in a Beckmann ultracentrifuge.
The resulting gradients were then fractionated and the Ayssq read,
resulting in the polysome graphs in Fig. 6a.
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