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Mitochondrial dysfunction causes numerous human diseases and is widely believed to be involved in aging.
However, mechanisms through which compromised mitochondrial gene expression elicits the reported variety
of cellular defects remain unclear. The amino-terminal domain (ATD) of yeast mitochondrial RNA polymerase
is required to couple transcription to translation during expression of mitochondrial DNA-encoded oxidative
phosphorylation subunits. Here we report that several ATD mutants exhibit reduced chronological life span.
The most severe of these (harboring the rpo41-R129D mutation) displays imbalanced mitochondrial transla-
tion, conditional inactivation of respiration, elevated production of reactive oxygen species (ROS), and in-
creased oxidative stress. Reduction of ROS, via overexpression of superoxide dismutase (SODI or SOD2
product), not only greatly extends the life span of this mutant but also increases its ability to respire. Another
ATD mutant with similarly reduced respiration (rpo41-D1524/D1544) accumulates only intermediate levels of
ROS and has a less severe life span defect that is not rescued by SOD. Altogether, our results provide
compelling evidence for the “vicious cycle” of mitochondrial ROS production and lead us to propose that the
amount of ROS generated depends on the precise nature of the mitochondrial gene expression defect and

initiates a downward spiral of oxidative stress only if a critical threshold is crossed.

Mitochondria play an essential role in a wide variety of
cellular processes, including ATP production, anabolic and
catabolic metabolism, signal transduction, and apoptosis. Mi-
tochondria also contain their own DNA (mtDNA), which en-
codes a small but essential subset of the oxidative phosphory-
lation (OXPHOS) machinery responsible for the production of
ATP, the remaining subunits of which are encoded by nuclear
DNA (26). The nuclear and mitochondrial genomes must
therefore coordinate their actions to ensure proper mitochon-
drial function, and inherited mitochondrial diseases can be
the result of mutations in either genome (7, 24, 36). Addi-
tionally, mitochondrial dysfunction has long been implicated
in age-related pathology and has been linked to a number of
increasingly prevalent diseases, including Parkinson’s dis-
ease, Alzheimer’s disease, and diabetes (36). It is therefore
clear that an understanding of mitochondrial function and
dysfunction is essential to improve human health and possibly
to ameliorate aging.

One cost incurred by the use of oxygen for respiration is the
production of reactive oxygen species (ROS) such as superox-
ide, hydrogen peroxide, and hydroxyl radicals. The “mitochon-
drial theory” of aging posits that ROS produced as by-products
of respiration are responsible for cumulative cellular damage
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and death (20). This theory explains a great number of obser-
vations, such as the accumulation with age of mtDNA muta-
tions and deletions, correlating with declines in respiratory
capacity and the appearance of morphologically altered and
dysfunctional mitochondria (28). However, studies of aging are
often correlative and therefore abrogate the separation of
cause and effect (2). Notable exceptions include two recent
reports of mice with a mitochondrial mutator phenotype, con-
taining a knock-in version of a proofreading-deficient allele of
mtDNA polymerase. These animals show accelerated accumu-
lation of mtDNA mutations and remarkably exhibit overt signs
of premature aging (16, 33).

An often-cited corollary to the mitochondrial theory of aging
is the “vicious cycle” of ROS production and oxidative damage
(3). Briefly, it is thought that an inevitable production of low
levels of ROS during oxidative metabolism damages mtDNA
and/or mitochondrial proteins. This damage is thought to re-
sult in faulty oxidative phosphorylation, leading to still more
ROS and perpetuation of the cycle. However, like the mito-
chondrial theory of aging itself, the existence of the vicious
cycle has remained a point of controversy (2). Furthermore,
despite the common misconception that high levels of respira-
tion will necessarily generate more ROS and decrease life
span, the precise relationships among respiration rate, ROS
production, and life span are still far from clear (31). Mito-
chondrial respiration is indeed responsible for generating the
majority of endogenous ROS in many cell types (5, 12, 20), but
increased respiration has been associated with either enhanced
or reduced rates of ROS production (4). Additionally, exten-
sion of life span has been attributed to both increases and
decreases in respiration (2, 18, 30). Various respiration inhib-
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itors lead to differential effects on the production of ROS,
depending on their site and mode of action (17), and it has
even been reported that mild uncoupling of electron trans-
port and ATP synthesis is correlated with longer life span in
mice (31).

The budding yeast Saccharomyces cerevisiae, which has long
served as a model system for understanding mitochondrial
gene expression, function, and biogenesis (25, 35), has recently
been used to investigate conserved aspects of both chronolog-
ical and replicative life span (8, 14). Chronological life span is
defined as the ability of a nondividing cell to remain viable over
time and is measured in yeast by assaying for viability in sta-
tionary phase (8). As for metazoans, there exists a substantial
body of work on yeast tying ROS and mitochondrial integrity
to the determination of life span (1, 14). Two critical factors in
the detoxification of ROS in yeast are the superoxide dismu-
tases (SODs): Sodlp, which localizes to the cytoplasm and the
mitochondrial intermembrane space (32), and Sod2p, a mito-
chondrial matrix protein. Both SOD genes are transcription-
ally activated by the partially redundant, stress-responsive tran-
scription factors Msn2p and Msn4p (9).

In S. cerevisiae, expression of the mitochondrial genome is
initiated with transcription by a dedicated mitochondrial RNA
(mtRNA) polymerase encoded by the nuclear RPO41 gene
(11). Transcription is functionally coupled to translation at
the inner mitochondrial membrane via an association of the
amino-terminal domain (ATD) of mtRNA polymerase with
the coupling factors Nam1p and Slslp (6, 22, 24). Though the
ATD is dispensable for transcription initiation (38), we previ-
ously reported that mutations in this domain generally abolish
interaction with Namlp (22), resulting in a global reduction
of mitochondrial translation and hence misassembly of the
OXPHOS complexes (23). However, one such mutant (rpo41-
RI29D, strain GS129) exhibits a phenotype distinct from that
of other ATD mutants studied. This mutant has the most
severe glycerol growth phenotype (22), uniquely retains the
ability to interact with Namlp (22), and has relatively robust
mitochondrial translation (reported as “data not shown” in
reference 23). Yet, like other ATD mutants, the steady-state
levels of the intron-containing mtDNA-encoded COXI and
COB messages are decreased (22), indicative of a defect in
translation, which is required in yeast mitochondria for splicing
of introns present in these two mRNAs and hence their sta-
bility. The transcript and the glycerol growth defects of GS129
are both partially rescued by the overexpression of Slslp (6).
Altogether, these observations indicate that GS129 has a
unique defect in OXPHOS complex assembly due to altered
mitochondrial translation.

Given their variable phenotypes (due to mutations that af-
fect the same process), the ATD mutants presented a unique
opportunity to uncover mechanisms that underlie the diverse
cellular consequences that arise when expression of the
mtDNA-encoded subunits of the OXPHOS complexes are per-
turbed in different ways. Here we describe novel insights into
the biological relevance of coupling mitochondrial transcrip-
tion to translation with regard to respiration, ROS production,
oxidative stress, and life span gained through a comprehensive
analysis of our ATD mutant collection.
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MATERIALS AND METHODS

Yeast strains, plasmids, and media used. All yeast strains used in this work are
derivatives of DBY2006 (MATo his3-A200 leu2-3,112 ura3-52 trpl-Al ade2-1).
The construction of GS122, GS129, and GS130 has been described previously
(22). GS141 is a namIA strain with Namlp functions complemented by the
NAM]I gene on a plasmid and has been described previously (6). The namlA
strain that is partially rescued by a plasmid-borne SLS gene was constructed by
transforming strain GS140 with pRS314-SLS1 and performing plasmid shuffle as
described previously (6). Standard yeast media (yeast extract-peptone-dextrose
[YPD], yeast extract-peptone-glycerol [YPG], or synthetic dextrose [SD]) con-
taining the necessary nutrient supplements were prepared as described previ-
ously (27).

For the SOD overexpression studies, the SODI and SOD2 genes were cloned
into the yeast/Escherichia coli shuttle vector pRS316 (29) under the control of
their endogenous promoters. The SODI locus was cloned by PCR using primers
that annealed 533 bp upstream of the ATG and 534 bp downstream of the stop
codon. SOD?2 was similarly cloned using primers that annealed 591 bp upstream
of the ATG to 571 bp downstream of the stop codon. Xhol and Xbal sites were
added to the 5’ and 3’ ends of the PCR primers, and these sites were used to
clone the PCR products into pRS316.

The plasmid pAC48, a derivative of pAC45 (2, URA3) (10, 15) from which
the EcoRI fragment containing the GALI promoter has been excised, was used
to make the RTG3 and MSN4 green fluorescent protein fusion constructs. PCR
products were generated using the primers that annealed 519 bp and 674 bp
upstream of the ATG for RTG3 and MSN4, respectively. The downstream
primers annealed at the 3’ end of the RTG3 and MSN4 open reading frames,
excluding the stop codons, and contained Xhol sites to facilitate cloning. An
EcoRlI site was added to the 5" end of the RTG3 upstream PCR primer, and an
Xmal site (with compatible overhangs to EcoRI) was added to the 5’ end of the
MSN4 PCR primer.

Mitochondrial translation assays. Determination of mitochondrial translation
was performed exactly as described previously (23).

Chronological life span. Starter cultures (5 ml) were inoculated from plates
and grown overnight in a roller drum at 30°C in SD medium supplemented with
the appropriate amino acids. These cultures were then used to inoculate 50 ml of
fresh SD medium in 125-ml flasks to an optical density at 600 nm (ODy) of 0.1.
Cultures were grown with shaking (200 rpm) at 30°C. After 24 h, these cultures
had reached stationary phase, and in all experiments described this time point is
designated day 1 stationary phase. Under these conditions, the titers of cultures
varied slightly from strain to strain, but the ODj, was always approximately 2.5,
which corresponds to ~5 X 107 cells/ml. Viability was determined over the
course of the experiment using either trypan blue staining or quantitative plating
experiments or by comparing serial dilutions of the strains. For trypan blue
staining, 100 pl of the culture was combined with 100 pl of 0.4% trypan blue
solution (Mediatech) and incubated at 30°C for 5 min. The ratio of viable to
inviable cells was determined by counting cells using a hemocytometer. Quanti-
tative plating experiments were carried out by making several different dilutions
in rich medium (YPD) and spreading these onto YPD plates. Plates that had
approximately 500 colonies were counted, and the viable cell number was cal-
culated. For the spotting assay, 10-fold serial dilutions were made in YPD and 10
wl was spotted by hand onto each YPD plate.

Determination of petite formation. Starter cultures (5 ml) were grown in YPG
overnight at 30°C in a roller drum to select for respiration-competent cells. Fresh
SD cultures (50 ml) in flasks were then inoculated in 125-ml flasks from these
starter cultures to an ODyg, of 0.001. The number of petites was then determined
immediately after inoculation, after 24 h, and after 5 days. Petite frequency was
determined by plating onto selective SD medium and counting colonies. Due to
a mutation in the ADE?2 gene, our strain backgrounds form red colonies on YPD
and SD media when they are respiratory competent and form white colonies
when they are petite (25).

Hydrogen peroxide sensitivity. Starter cultures (5 ml) were inoculated from
plates and grown in a roller drum overnight at 30°C in SD medium supplemented
with the appropriate amino acids. These cultures were then diluted into 5 ml of
SD medium to an ODyy of 0.1. Cultures were grown for an additional 24 h, and
then aliquots were removed to serve as untreated controls. H,O, was then added
to a concentration of 25 mM. Cultures were incubated with H,O, for the
specified amount of time and assayed for viability as described above.

Flow cytometry. Samples (100 wl) were taken from the indicated cultures, and
the cells were pelleted in a microcentrifuge. After removal of the media, the cell
pellets were resuspended in phosphate-buffered saline (PBS) (100 wl) containing
50 uM dihydroethidium (DHE; Molecular Probes) and incubated at 30°C for 10
min. Cells were then pelleted again and resuspended in PBS (100 wl) without
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dye. Flow cytometry was carried out on a Becton-Dickinson FACSCalibur model
flow cytometer. The DHE fluorescence indicated is the direct output of the FL3
(red fluorescence-detecting) channel without compensation. A total of 25,000
cells were analyzed for each curve.

Fluorescence microscopy. For green fluorescent protein fluorescence, cells in
day 1 stationary phase were pelleted and resuspended in PBS and viewed with a
Leica Microstar IV microscope using a standard fluorescein isothiocyanate filter.
DHE staining was performed exactly the same for microscopy as described above
for flow cytometry, and cells were viewed using a standard rhodamine filter. In
both cases, photographs were taken at X100 magnification with a Yashica 108
camera using Kodak Elite Chrome ASA 400 slide film. The resulting slides were
scanned and are reported without manipulation, aside from cropping.

Oxygen consumption assays. The rate of oxygen consumption was monitored
using a standard potentiometric Clark-type electrode (model 5300A; YSI Bio-
analytical Products). Five milliliters of culture at the indicated time points was
transferred to an airtight chamber maintained at 30°C, and oxygen content was
monitored for at least 6 min. To ensure the oxygen consumption observed
was due to mitochondrial activity, sodium azide was routinely added to the
cultures (final concentration, 0.05% [wt/vol]) and compared to the rate observed
without azide.

RESULTS

Defective mitochondrial gene expression in the rpo41-R129D
mutant strain GS129 results in imbalanced mitochondrial trans-
lation and reduced chronological life span. We previously re-
ported that mutations in the ATD of mtRNA polymerase
(Rpo41p) disrupt the coupling of mitochondrial transcription
and translation, leading to aberrant assembly of mitochondrial
OXPHOS complexes (6, 22, 23). As discussed in the introduc-
tion, one ATD mutation (rpo41-R129D) stood out in our initial
studies, in that it has the most severe glycerol (YPG) growth
phenotype, presumably due to a unique defect in mitochon-
drial translation. We undertook a more detailed analysis of this
mutant in order to gain a better understanding of how defec-
tive mitochondrial gene expression impacts cellular function.

When cultured on YPG agar plates, GS129 forms colonies
that are not only smaller than those of the wild type but also
are highly heterogeneous in size (Fig. 1A), suggesting the in-
fluence of a stochastic process on the growth of this mutant. Its
doubling time in liquid YPG medium is also greatly protracted
(data not shown). The growth of GS129 in fermentable glucose
(SD) media was usually indistinguishable from that of the
isogenic wild-type strain. However, we observed that when
glucose cultures of GS129 were inoculated from plates that had
been left at 4°C for extended periods of time (>30 days), their
growth in liquid culture consistently lagged behind wild-type
cultures that had been treated identically (Fig. 1B). Surpris-
ingly, growth curves conducted on these cultures clearly
showed that the doubling times of the wild-type and mutant
strains were indistinguishable. In fact, equations describing
these curves are nearly identical, except for the y intercepts,
indicating a different number of viable cells were used to in-
oculate the cultures (Fig. 1B). We reasoned that one possible
explanation for this observation is that GS129 is defective in its
ability to maintain viability under non-growth conditions (i.e.,
has a decreased chronological life span). To measure the chro-
nological life span of GS129, the number of viable cells in
stationary-phase cultures of the wild-type and GS129 strains
was determined over the course of several days using either
trypan blue staining or by plating onto rich medium and count-
ing colonies (Fig. 1C and D). Compared to its isogenic wild-
type strain (GS122), the GS129 mutant displayed a drastically
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reduced (>1,000-fold) ability to maintain viability in stationary
phase and therefore a shortened chronological life span (8).

Given that all other mtRNA polymerase ATD mutant
strains have been shown to globally affect mitochondrial trans-
lation to various degrees (23), we next examined the mitochon-
drial translation profile of GS129. The GS129 mutant exhibited
robust translation, but the relative synthesis rates of certain
components were altered (Fig. 1E). Specifically, translation of
Cox1p and Cobp (and, perhaps to a lesser extent, Cox3p) were
reduced, and Atp6 and Atp8p were elevated. We conclude
that, unlike other ATD mutants, which have globally reduced
translation (23), GS129 has efficient yet imbalanced translation
of mtDNA-encoded OXPHOS subunits due to the rpo4l-
RI29D point mutation.

GS129 exhibits a conditional and reversible inactivation of
respiration in stationary phase. Given that GS129 exhibits a
viability defect in stationary phase (reduced chronological life
span; Fig. 1C and D), we next measured the ability of this
mutant to respire under these conditions. The rate of mito-
chondrial oxygen consumption of the wild type and GS129 in
stationary phase in either glucose- or glycerol-containing me-
dium was measured. Cells were grown to saturation (5 X 107 to
6 X 107 cells/ml), and oxygen consumption was measured on
both the first and second days of stationary phase (see Mate-
rials and Methods). In both media, the wild-type strain de-
creased oxygen consumption from day 1 to day 2 (Fig. 2A),
consistent with the decrease in metabolic rate known to occur
as cells enter stationary phase (13). In contrast, we found that
GS129 displayed a progressive inactivation of respiration in
stationary phase when grown in glucose (SD) medium (Fig.
2A). This mutant exhibited a significantly lower rate of oxygen
consumption than the wild-type strain at day 1 that dropped
still lower on day 2 (Fig. 2A), and it became undetectable by
day 3 (data not shown). Surprisingly, the opposite is true of
oxygen consumption of the GS129 mutant when grown in glyc-
erol (YPG) medium. Here, oxygen consumption is sustained
and actually increases from day 1 to day 2, under conditions
where the wild-type strain downregulates respiration (Fig. 2B).

We considered the possibility that the decrease in respira-
tion observed in GS129 could be attributed to an increased
percentage of petite cells (i.e., cells unable to respire as a result
of mutation of nuclear DNA or mutation or loss of mtDNA)
(25). We therefore measured the fraction of petites in station-
ary phase under the same conditions used in the longevity
assays (petite cell formation [+ standard deviation] at day 1
stationary-phase wild-type and GS129 cultures was 1.64% =
0.995% and 6.20% = 2.04%, respectively). At day 1 of station-
ary phase, the GS129 strain exhibited an approximately four-
fold increase in petite formation compared to the control wild-
type strain (GS122), with approximately 6% of the cells being
petite. The relative frequencies of petites in these strains at
later points in stationary phase remained similar (data not
shown). While these data are consistent with slightly elevated
damage and mutation to mitochondrial and/or nuclear DNA in
GS129, they fail to support the conclusion that the dramatic
loss of viability (Fig. 1C and D) and respiration (Fig. 2A) in
this mutant is due to petite formation.

The GS129 mutant is sensitive to oxidative stress and con-
tains higher levels of intracellular ROS. Mitochondria are the
main source of cellular ROS, which can damage cellular com-



VoL. 26, 2006 MITOCHONDRIAL GENE EXPRESSION AND ROS LIMIT LIFE SPAN 4821

0.8+ day 1
l.l
/’I’
- —wT y=0.243,0258
0.1 L _Gsi2g y=0.138,07%55
0.0 T T T T T T 1
a 1 2 3 4 5 ] 7
hours
WT GS129
100-4 — Varip
3’3 10 — Cox1p
% 1 T Cox2p
=
2 014 ™~ Cobp
3
w
0.01 ——WT -
Cox3p
GS129
0.001- == N Atp6p
0.0001 T T . T T
0 2 4 6 8 10
days
— Atp8p
> Atp9p

FIG. 1. The mitochondrial RNA polymerase mutant GS129 exhibits a growth defect on the nonfermentable carbon source glycerol and
decreased chronological life span. (A) Colonies of wild-type (WT) and rpo41-R129D (GS129) strains after 48 h of growth on glycerol (YPG) agar
plates are shown. Samples were spotted from day 1 stationary-phase glucose (SD) cultures (see Materials and Methods). Shown are a 1,000-fold
dilution of the wild type and a 100-fold dilution of the GS129 mutant at X40 magnification. (B) Cultures of the GS129 mutant inoculated from
colonies on glucose (SD) agar plates older than ~30 days exhibited a reproducible lag when grown in liquid glucose (SD) medium. The ODyy, of
these cultures (y axis) was monitored over time (in hours; x axis) as a measure of growth. The inset equations represent a best-fit line for the curves,
where the exponent is inversely proportional to the doubling time. (C) Viability curves of wild-type and GS129 mutant stationary-phase cultures.
Viability was determined by trypan blue staining to day 4 and by quantitative plating thereafter (see Materials and Methods). The percentage of
survival as a function of days in stationary phase is plotted on a log scale. (D) Relative viability of wild-type and GS129 cultures as determined by
plating serial 10-fold dilutions of day 1 and day 10 stationary-phase glucose (SD) cultures onto rich medium (YPD). (E) Mitochondrial translation
profiles of wild-type (WT) and GS129 strains. Mitochondrial translation products were specifically labeled by inhibiting cytoplasmic translation,
incubating cells with [**S]methionine, and analyzing the products by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiog-
raphy. All eight protein products (indicated on the right on the figure) encoded by the Saccharomyces cerevisiae mitochondrial genome are
represented.
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FIG. 2. GS129 exhibits conditional inactivation of respiration in
stationary phase. (A) Oxygen consumption of day 1 and day 2 station-
ary-phase glucose (SD) cultures of wild type (WT) and GS129. All
values were normalized to the ODy, of the culture used, and the mean
oxygen consumption/ODg, unit of the wild-type strain was arbitrarily
given a value of 1. Each bar represents the average of three indepen-
dent experiments, with the standard deviations of the three measure-
ments shown. (B) The experiment was the same as that described for
panel A but was carried out in glycerol (YPG) medium.

ponents and are thought to promote aging (5, 20, 34). Also,
yeast cells upregulate stress resistance genes when transferred
from a fermentable to a nonfermentable carbon source (9). We
hypothesized that the YPG growth phenotype and accelerated
aging of GS129 is due to increased sensitivity to oxidative
stress. We therefore tested the sensitivity of the wild-type and
GS129 mutant strains to H,O,. Indeed, the GS129 mutant
exhibits heightened sensitivity to this oxidizing agent compared
to the wild-type strain, with approximately 0.1% of the survival
of wild type after 150 min of exposure to 25 mM H,O0, (Fig. 3A
and B).

We next measured intracellular ROS levels by flow cytom-
etry using the ROS-sensitive probe dihydroethidium (DHE)
(Fig. 3C). DHE is normally cell permeant and nonfluorescent,
but upon oxidation it becomes impermeant and fluorescent. At
day 1 of stationary phase (Fig. 3C, top panels), wild-type cells
exhibited relatively low levels of fluorescence, with only 31.6%
of cells staining above the background range (~10"). In con-
trast, GS129 cells contained higher overall levels of fluores-
cence, and 64.2% of cells showed levels of DHE fluorescence
above background. By day 2, the profiles of these two strains
had diverged even more (Fig. 3C, bottom panels). At this
point, the wild-type strain showed two distinct populations of
cells, one staining brightly (and therefore containing more
ROS, approximately 50.5% of the total population) with the
rest of the population staining at background levels. At the
same time point, GS129 showed the great majority of cells
(89.3%) within the former, brightly staining population. These
observations were not due to differences in cell size or
autofluorescence of dead cells, as the forward and side-scatter
profiles of these cultures were similar (Fig. 3C and data not
shown). We also qualitatively confirmed these results using
fluorescence microscopy (Fig. 3D). In fact, not only did GS129
cells show an overall greater level of fluorescence but also the
pattern of staining within cells was substantially different be-
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tween this mutant and the wild-type strain. Wild-type cells
exhibited staining almost exclusively distributed among intra-
cellular puncta, which are most likely mitochondria. However,
GS129 showed a high degree of fluorescence throughout the
cell, similar to the pattern of fluorescence exhibited by wild-
type cells treated with H,O, (Fig. 3D).

Overexpression of SOD or Msn4p reduces ROS and rescues
the chronological life span of GS129. Hypothesizing that ROS
are actually causative in the decreased chronological life span
of GS129, we tested whether introduction of additional exog-
enous copies of either of the genes encoding superoxide dis-
mutases (SODI or SOD2) would restore normal life span to
this mutant. Both SODI and SOD2 were inserted into low-
copy-number plasmids under the control of their endogenous
promoters. We found that transformation of GS129 with either
of these plasmids significantly increased life span compared to
transformation with a control vector (Fig. 4A). It should be
pointed out here that the experiments shown in Fig. 4A are the
result of quantitative plating assays, which especially in the
case of GS129 give considerably different results than trypan
blue staining (as reported in Fig. 1C). Specifically, we often
find that the number of viable cells at a given time point in
GS129 is much higher than the number of CFU. The most
likely explanation for this observation is that there are large
numbers of cells which are alive but have accumulated suffi-
cient damage as to render them unable to divide (consistent
with the vast majority of GS129 cells at day 2 staining brightly
with DHE in Fig. 3D).

In addition, SODI and SOD?2 also substantially ameliorated
the glycerol growth defect of GS129, with SOD2 providing
better rescue than SOD! (Fig. 4B and data not shown). How-
ever, addition of SODI or SOD2 plasmids neither noticeably
affected the growth of the wild-type strain on YPG medium
nor increased the number of viable cells in stationary phase at
the time points we examined (Fig. 4A). Also, overexpression of
both SODI and SOD2 substantially decreased intracellular
ROS as measured by flow cytometry (Fig. 4C) and restored a
wild-type punctate staining pattern to GS129 cells stained with
DHE (Fig. 4D and data not shown). Finally, we were able to
decrease ROS (Fig. 5A) and increase life span (Fig. 5B) in
GS129 by overexpressing Msn4p, a transcriptional activator of
both SODs and other stress response genes (9).

Reduction of ROS via SOD or Msndp overexpression re-
stores respiration of GS129 in stationary phase. We examined
whether reducing ROS had any effect on respiration in GS129.
The same plasmids described above to overexpress SODI,
SOD2, and MSN4 were tested for their ability to restore res-
piration in stationary-phase SD cultures. Overexpression of
SOD1 or SOD2, which extended the life span of GS129 (Fig.
4A), also substantially increased stationary-phase oxygen con-
sumption (Fig. 6A). Again, it was SOD2 that provided the
better rescue of this phenotype. Notably, SOD overexpression
had the opposite result on oxygen consumption in the wild-
type strain, with both SODI and SOD?2 significantly decreasing
oxygen consumption (Fig. 6A). As with ROS and life span,
overexpression of MSN4, like SOD overexpression, increased
oxygen consumption in the mutant strain (Fig. 6B). Remark-
ably, MSN4 restored respiration to virtually wild-type levels
(Fig. 6B).
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FIG. 3. GS129 displays heightened susceptibility to oxidative stress and aberrant accumulation and localization of ROS. (A) Serial 10-fold
dilutions of wild-type (WT) and GS129 day 1 stationary-phase glucose (SD) cultures plated onto rich medium following 150 min of treatment with
25 mM hydrogen peroxide are shown. The left panel shows untreated cultures (—H,0,), and the right panel shows H,O,-treated cultures (+H,0,).
(B) Viability curves of the wild type and GS129 following treatment with 25 mM hydrogen peroxide for the time indicated is shown. Percentage
survival was determined by plating on rich glucose medium (YPD) and counting colonies and is plotted on a log scale on the y axis. (C) Flow
cytometric analysis of endogenous ROS in wild-type (WT) and GS129 cultures stained with 50 uM DHE after 1 day (top panels) or 2 days (bottom
panels) in stationary phase. The x axis on each panel is a linear scale of forward scatter (roughly indicative of cell size), and the y axis is a log scale
of the intensity of DHE fluorescence. Any fluorescence below 10" is indistinguishable from background and is marked with a horizontal line across
each graph. The percentage of cells above this line is indicated in the upper right corner of each panel. (D) Fluorescence-microscopic examination
of wild-type (top panels) and GS129 cells (bottom panels) stained with 50 uM DHE at day 1 of stationary phase (left panels) or after treatment

with 50 mM H,O, (right panels).

Other mtRNA polymerase ATD mutants exhibit reduced
respiration but intermediate ROS and life span phenotypes
that are not rescued by SOD. We sought to determine whether
the phenotype of the GS129 mutant is specific to this particular
point mutation or is shared with other ATD mutants. First, we
found that several of the ATD point mutants we have charac-
terized previously (6, 22, 23) indeed have a chronological life
span defect, including two deletion mutants, rpo4/A2 and
rpo41A3, and one double-point mutant, rpo41-N152A/Y154A
(strain GS130). The life spans of these strains, represented
here by the GS130 mutant, were virtually indistinguishable
from each other (data not shown) and significantly less severe

than that of GS129 (Fig. 7A). In examining the phenotypes of
the GS130 mutant in more detail, we determined that, as was the
case with life span, this mutant exhibited decreased respiration
(Fig. 7B), hydrogen peroxide sensitivity (Fig. 7C), and ROS (Fig.
7D) phenotypes intermediate between those of wild-type and
GS129 strains. In addition its petite induction rate (1.89% =+
1.45%) was essentially the same as the wild-type strain. However,
we found that neither the respiration nor the life span phenotype
of GS130 was improved upon overexpression of either SOD gene
or MSN4 (Fig. 7A and B and data not shown) and that overex-
pression of SOD did not reduce DHE fluorescence (Fig. 7E) or
improve growth on glycerol medium (data not shown).
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FIG. 5. Overexpression of the stress-responsive transcription factor
MSN4 extends life span and decreases ROS in GS129. (A) Flow cyto-
metric analysis of stationary-phase wild type (WT) and GS129 con-
taining either empty vector or a high-copy plasmid containing MSN4.
Samples were taken at day 2 of stationary phase and are reported as
described in the legend to Fig. 3. (B) Viability (at day 5 of stationary
phase) of the strains described for panel A, determined by plating
10-fold serial dilutions onto rich medium (YPD).

DISCUSSION

Defective mitochondrial gene expression can result from either
mtDNA mutations or nuclear mutations that impact mtDNA
expression or replication. The biological consequences of these
defects are highly variable, as illustrated by the complex clinical
presentation of mitochondrial disease symptoms in patients. For
example, mtDNA mutations in two different tRNA genes can
cause drastically different phenotypes and diseases, despite both
mutations ultimately decreasing translation of all mtDNA-en-
coded proteins (7). In fact, the same mtDNA mutation can gen-
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erate dramatically diverse phenotypes in different patients or even
different tissues within the same patient (7). The implication of
these observations is that subtle defects in mitochondrial gene
expression can differentially impact respiration and in turn lead to
a variety of deleterious downstream cellular consequences. To
address this issue experimentally, we analyzed in detail two
mtRNA polymerase ATD mutants previously shown to be defec-
tive in coupling mitochondrial transcription to translation. One of
the strains, GS129, has relatively efficient but imbalanced trans-
lation (Fig. 1E), whereas the other strain, GS130, exhibits a global
reduction in mitochondrial translation that is representative of
the majority of ATD mutants (23). Together, these two mutants
represent strains with distinct perturbations in mitochondrial
gene expression that differentially affect assembly of the
OXPHOS system via disruption of the same process. While
these two mutants have several phenotypes in common (e.g.,
decreased respiration and increased ROS production in sta-
tionary phase; Fig. 2, 3, and 7), they have extremely different
chronological life span defects and responses to overexpression
of superoxide dismutase (SODI or SOD2; Fig. 1, 4, 5, and 7).
From this study we draw two primary conclusions. The first
is that defective mitochondrial gene expression (specifically,
defective coupling of transcription to translation) leads to in-
creased ROS production and inhibition of respiration in sta-
tionary phase, ultimately limiting chronological life span. The
second is that ROS themselves can lead to the complete inac-
tivation of the respiratory chain and a dramatic loss of viability,
but only if produced above a certain threshold level. Alto-
gether, our results support the hypothesized “vicious cycle” of
mitochondrial ROS production that, once initiated, is thought
to lead to the progressive mitochondrial and cellular dysfunc-
tion seen in a number of human diseases and aging. The
rationale for these conclusions is discussed in detail below.
In our initial characterizations of the ATD of mtRNA poly-
merase, we examined several point mutations and deletions in
this domain. Most of these mutations cause a global reduction
in mitochondrial translation due to an inability to properly
couple transcription to translation during mitochondrial gene
expression (22, 23). One mutation, rpo4I-RI29D (strain
GS129), stood out in these analyses in that it has the most
pronounced glycerol growth phenotype (22, 23) (Fig. 1A). Ex-
periments aimed at better understanding this unique ATD
mutant were the starting point for this study. We found that
GS129 has a severe chronological life span defect (Fig. 1C and
D), imbalanced mitochondrial translation (Fig. 1E), severely
decreased respiration in stationary-phase glucose (SD) cul-
tures (Fig. 2A), increased ROS production (Fig. 3C and D),
and enhanced sensitivity to oxidative stress (Fig. 3A and B).
These results clearly establish that disruption of mitochondrial
gene expression can limit life span and strongly suggest mito-

number of CFU for each strain at day 1 of stationary phase was given a value of 1, and the fraction of CFU remaining (y axis) over time (x axis)
is shown. (B) Glycerol (YPG) growth of the vector control and SOD2-overexpressing strains listed in panel A. (C) Flow cytometric measurement
of ROS in GS129 with empty vector or overexpressing SOD2 at day 2 of stationary phase. The fluorescent dye DHE was used as described in the
legend to Fig. 3. GS129 plus empty vector is shown as the light gray curve, while GS129 overexpressing SOD?2 is dark gray. For comparison, the
profile of wild-type cells treated identically is overlaid as the boldface black line. (D) Fluorescence-microscopic analysis of GS129 cells containing
either empty vector (left panel) or overexpressing SOD2 (right panel) at day 1 of stationary phase stained with 50 uM DHE.
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FIG. 6. Reducing ROS in the GS129 mutant restores stationary-phase respiration. (A) Oxygen consumption of wild-type (WT) and GS129
cultures containing an empty vector or a plasmid carrying either SODI or SOD2 at day 1 of stationary phase. Results are plotted as described in
the legend to Fig. 2; all measurements were performed in triplicate and were normalized for differences in OD, with the wild type set to 1.
(B) Oxygen consumption of day 2 stationary-phase glucose (SD) cultures of wild-type and GS129 strains containing either an empty vector

(+vector) or a plasmid that overexpresses MSN4.

chondrial ROS are responsible for progressive cellular dys-
function (Fig. 8).

We ruled out the possibility that the stationary-phase respi-
ration defect of GS129 was caused solely by an increased rate
of petite mutant formation. Under the conditions in which our
life span assays were carried out, the GS129 mutant has a
slightly higher rate of petite formation than the wild type
(~6% in GS129 versus ~1.6% in the wild type at day 1 sta-
tionary phase), consistent with increased levels of oxidative
stress and potentially greater damage to mtDNA. However,
the dramatic decrease in respiration and viability of GS129 in
stationary phase (Fig. 1C, D, and 2A) cannot be attributed to
such a minimal relative increase in the percentage of petites.

We also point out that the growth rate of the wild-type and
GS129 mutant strains are indistinguishable in the SD media
used for this assay, and the maximum titers attained by both
strains are nearly identical (data not shown), thus discounting
the possibility that the differences in respiration observed are
due to one strain reaching stationary phase before the other.
Importantly, the GS129 mutant is capable of supporting a high
level of respiration in stationary phase in glycerol (YPG) me-
dium (Fig. 2B). Though direct comparisons of the wild type
and GS129 are more difficult to make in this case (due to
differences in growth rates of the two strains in YPG), it can be
conservatively concluded that the GS129 mutant mtRNA poly-
merase can carry out significant gene expression that can sup-
port high levels of respiration under at least some conditions.
GS129 must therefore be considered a conditional mutant with
respect to respiration (i.e., oxygen consumption).

We sought to confirm our hypothesis that the life span de-
fect in GS129 is a direct consequence of its increased ROS
production. Therefore, we increased antioxidant defenses in
this strain by overexpressing SODI, SOD2, or the stress-re-
sponse transcription factor gene MSN4 (Fig. 4 and 5). As
predicted, decreasing ROS in GS129 stationary-phase cells by
overexpression of SODI, SOD2, or MSN4 each greatly ex-
tended the life span of this mutant (Fig. 4A and 5B). Also, the

glycerol growth phenotype of GS129 was greatly ameliorated
by SOD overexpression (Fig. 4B), consistent with the interpre-
tation that the heterogeneous colony size and presence of
apparently abortive colonies in this mutant (Fig. 1A and 4B)
are due to stochastic ROS production and damage. However,
perhaps unexpectedly, we found with either SOD or MSN4
overexpression that the inactivation of respiration normally
exhibited by GS129 in stationary phase was also reversed (Fig.
6). These observations lead us to the inevitable conclusion that
ROS are actually causative in the cessation of respiration in
GS129. That is, the respiration block in GS129 cannot be due
to a complete lack of expression of an essential OXPHOS
component, as reduction of ROS could hardly be imagined to
complement this type of defect. Rather, we interpret these
data as indicating that, under the nutrient-limited conditions of
stationary phase, ROS generated as the result of a partially
blocked and aberrant respiration in GS129 overwhelm antiox-
idant defenses and inactivate the remaining functional com-
plexes, ultimately resulting in death (Fig. 8). Under this sce-
nario, overexpression of antioxidant defenses protects these
complexes and prevents the complete inhibition of respiration.

The fact that overexpression of SODI and SOD?2 both rescue
the life span and respiration defects of GS129 is worthy of
discussion. The almost complete rescue by SOD2 (a mitochon-
drial matrix enzyme) strongly suggests that superoxide produc-
tion or accumulation in the mitochondrial matrix is the major
contributor to the observed phenotypes. However, the partial
rescue by SODI suggests that ROS outside the mitochondrial
matrix are also important. Sod1p has been shown to localize to
the mitochondrial intermembrane space as well as the cyto-
plasm, and the loss of Sodlp has been shown to compromise
mitochondrial matrix proteins (21, 32, 37). Also, it was recently
suggested that mitochondrial superoxide may react with nitric
oxide to produce peroxynitrite, a membrane-permeable mole-
cule (19). Therefore, it is possible that superoxide and/or per-
oxynitrite produced on the outer face of the inner membrane
crosses into the matrix, where it can damage OXPHOS com-
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FIG. 7. GS130 exhibits a less severe chronological life span defect than GS129 and is not rescued by overexpression of SOD. (A) Viability of
the GS130 mutant plus either empty vector or plasmids that overexpress SODI or SOD2, determined as described in the legend to Fig. 4A. The
wild-type (WT) and GS129 curves from Fig. 4A (which were carried out in parallel) are shown as dotted lines for comparison. (B) Stationary-phase
oxygen consumption of the GS130 strains depicted in panel A. The wild-type result from Fig. 6A is shown for comparison and is given the arbitrary
value of 1. (C) Serial 10-fold dilutions of a stationary-phase GS130 culture before (—H,0,) and after (+H,0O,) treatment with 25 mM H,O, for
2.5 h. (D) DHE fluorescence at day 2 of stationary phase of wild type (dark gray line), GS129 (light gray shading), and GS130 (black line). The
median and mean fluorescence values, in relative fluorescence units, were the following: wild-type, 44.1 and 78.7; GS130, 59.3 and 89.3; GS129,
99.6 and 125. (E) DHE fluorescence at day 2 of stationary phase of GS130 containing either empty vector (light gray shading) or a plasmid
carrying SOD2 (bold gray line), as described in the legend to Fig. 4C. For comparison, the profile of wild-type cells treated identically is

overlaid as the thin black line.

ponents and contribute to the vicious cycle. Also, it is probable
that some of the deleterious effects of mitochondria-derived
ROS in GS129 are occurring in the cytoplasm or the nucleus,
and both Sodlp and Sod2p are capable of detoxifying these
ROS before reaching their sites of action. Indeed, this is con-
sistent with the diffuse localization of DHE fluorescence ex-
hibited by GS129 (Fig. 3D) and the restoration of punctate
staining by SOD2 overexpression (Fig. 4D).

Having characterized the GS129 mutant in detail, we next
compared this revealing mutant to other mtRNA polymerase
ATD mutants with similar yet distinct perturbations of mito-
chondrial gene expression. First, we found that three other
ATD mutations (rpo41A2, rpo41A3, and rpo41-N152A/Y154A4)

also result in reduced chronological life span. The life span
defects in these strains were virtually identical to one another
(unpublished observations), and rpo41-N152A4/Y154A (strain
GS130) was characterized in greater detail as a representative
of the group (Fig. 7). While GS130 has a considerable life span
defect (e.g., ~5- to 10-fold loss of viability at day 4), it has
a substantially longer life span than GS129, which exhibits
a >100-fold loss in viability at the same time point (Fig. 7A).
GS130 is also sensitive to hydrogen peroxide (Fig. 7C), has
increased ROS levels (Fig. 7D), and carries out substantially
decreased respiration in stationary phase (Fig. 7B). Yet, like its
life span defect, these phenotypes are less severe than those
observed in GS129 (Fig. 2A, 3A, and 7A and D). However, the
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FIG. 8. Model depicting how different defects in mitochondrial
gene expression differentially affect yeast life span. Depicted is a sce-
nario in which certain types of mitochondrial gene expression defects
(e.g., loss of coupling between transcription and translation in this
study) result in the imbalanced production/activity of the respiratory
chain that initiates increased mitochondrial ROS production (shown at
the top of the diagram). Subsequently, the magnitude of the life span
reduction depends on the precise nature of the mitochondrial gene
expression defect. In the case of the GS130 mutant (rightward branch
point), the amount of ROS production is combatted effectively by the
normal antioxidant defenses. Nonetheless, the persistent increase in
steady-state levels of ROS or decrease in respiration from the under-
lying mitochondrial gene expression defect causes an intermediate life
span decrease. In contrast, in certain circumstances (e.g., GS129 mu-
tant; leftward branch point), the specific manner in which the respira-
tory chain is disrupted results in enhanced ROS production that dam-
ages the OXPHOS complexes and leads to more ROS production (i.e.,
the vicious cycle of mitochondrial ROS production). Engagement of
the vicious cycle overwhelms the antioxidant defenses (irreversibly
tipping the balance), leading to a severe life span defect from chronic
oxidative stress.

magnitude of the GS130 respiration defect is arguably on
the same order as that observed in GS129 (compare Fig. 2A
and 7B).

Perhaps the most noteworthy difference between GS129 and
GS130 is the inability of SODI or SOD2 overexpression to
rescue the life span (Fig. 7A) and respiration (Fig. 7B) phe-
notypes of GS130. Our interpretation of these results is that
the specific block in respiration in GS130 generates more ROS
than the isogenic wild-type strain but never in quantities suf-
ficient to overwhelm antioxidant defenses and initiate the vi-
cious cycle (Fig. 8). Therefore, ROS are not causative in either
the inactivation of respiration in this mutant or its life span
defect. Rather, it is likely that the decrease in the life span of
GS130 is due solely to its inability to produce sufficient quan-
tities of OXPHOS components and thus maintain normal
amounts of respiration in stationary phase (Fig. 7B). This in-
terpretation is consistent with our results showing that further
decreases in respiration in GS130 (via SOD overexpression)
shorten its life span (Fig. 7).

Interestingly, GS130 actually carries out lower levels of mi-
tochondrial translation than GS129 (23) (Fig. 1E) and, unlike
GS129, its mitochondrial RNA polymerase no longer interacts
with the translation-coupling factor Namlp (22). Based on
these differences, it is tempting to speculate that globally re-
duced translation (in GS130 and the other ATD mutants [23])
represents a less severe defect with regard to ROS production
and life span than efficient but imbalanced translation (Fig. 1E,
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GS129). This interpretation is also consistent with the obser-
vation that a Cox1-specific imbalance in mitochondrial trans-
lation (in a naml null strain that is partially rescued by over-
expression of SLSI [23]) also leads to a stationary-phase
respiration defect and dramatically decreased life span (see
Fig. S1 in the supplemental material). This implies that per-
turbations in mitochondrial gene expression (due to mtDNA
or nuclear mutations) that cause specific types of imbalanced
production or assembly of OXPHOS components lead to ex-
treme cellular dysfunction via a vicious cycle of oxidative stress
(Fig. 8). It is tempting to speculate further that the reduced
mitochondrial translation of electron transport components of
the OXPHOS system, in combination with increased transla-
tion of ATP synthase components (i.e., the translation defect
observed in GS129 [Fig. 1E]), represents an unusually delete-
rious imbalance that greatly increases ROS production and
aging.

In summary, this study has revealed novel insights into the
mechanisms by which defective mitochondrial gene expression
contributes to cellular dysfunction and aging. We provide
strong evidence that improper assembly of the OXPHOS sys-
tem (due to loss of coupling of transcription and translation
during mitochondrial gene expression) leads to increased ROS
production and substantial but conditional decline in respira-
tion. However, the loss of cell viability (and the magnitude of
the longevity defect, at least in yeast) resulting from such
perturbations depends on the level of mitochondrial ROS pro-
duction and whether a critical ROS threshold level is reached
(Fig. 8). Such a scenario may help explain the variable pheno-
typic expression (i.e., clinical presentation) of mtDNA muta-
tions in human disease and aging, in that even subtle differ-
ences in mitochondrial gene expression can lead to grossly
different outcomes depending on the precise nature of the
defect. Finally, our results suggest a novel role for SOD in
regulating respiration by maintaining proper ROS homeosta-
sis. Increased SOD activity can either increase or decrease
respiration depending on genetic background and environ-
mental conditions (Fig. 6A and 7B), implying that ROS may
play a role in regulating respiration more complex than simply
mediating damage to cellular components. Understanding the
dynamic interplay between mitochondrial gene expression, res-
piration, and ROS in human disease and aging remains fertile
ground for future investigation.
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