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Summary

Integrity of mitochondrial functionality is a key deter-

minant of longevity in several organisms. In particular,

reduced mitochondrial ROS (mtROS) production leading

to decreased mtDNA damage is believed to be a crucial

aspect of longevity. The generation of low mtROS was

thought to be due to low mitochondrial oxygen consump-

tion. However, recent studies have shown that higher

mitochondrial oxygen consumption could still result in

low mtROS and contribute to longevity. This increased

mitochondrial efficiency (i.e. low mtROS generated

despite high oxygen consumption) was explained as a

result of mitochondrial biogenesis, which provides more

entry points for the electrons to the electron transport

chain (ETC), thereby resulting in low mtROS production.

In this study, we provide evidence for the existence of an

alternative pathway to explain the observed higher mito-

chondrial efficiency in the long-lived mrg19 mutant of

Saccharomyces cerevisiae. Although we observe similar

amounts of mitochondria in mrg19 and wild-type (wt)

yeast, we find that mrg19 mitochondria have higher

expression of ETC components per mitochondria in com-

parison with the wt. These findings demonstrate that

more efficient mitochondria because of increased ETC per

mitochondria can also produce less mtROS. Taken

together, our findings provide evidence for an alternative

explanation for the involvement of higher mitochondrial

activity in prolonging lifespan. We anticipate that similar

mechanisms might also exist in eukaryotes including

human.
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Introduction

Over the past decades, aging has become an important area of

research because of increase in age-associated diseases and

elderly population in developed countries (Weinert & Timiras,

2003). It is difficult to define aging as it is a multifactorial physio-

logical process, although it is generally marked as the progres-

sive loss of function with the advancement of age (Kirkwood &

Austad, 2000). The accumulation of nuclear and mitochondrial

DNA (mtDNA) damage (i.e. genomic instability) is the character-

istic feature of aging (McMurray & Gottschling, 2004). If geno-

mic damage persists, it results in altered or impaired function of

particular genes because of accumulation of mutated or non-

functional proteins. According to the free radical theory of aging

(Harman, 1956), it is believed that reactive oxygen species (ROS)

causes oxidative damage to macromolecules such as DNA and

promotes aging.

There are several sites of ROS production in a cell. For

instance, Boveris et al. (1972) have showed that the microsomes

are the major site of physiological ROS production followed by

peroxisome and mitochondria in rat liver cells. The integrity of

mtDNA is an important aspect for the aging process. For

instance, it has been shown that the oxidative damage of

mtDNA is several folds higher in comparison with nuclear DNA

in aged mice (Richter et al., 1988; Barja & Herrero, 2000). The

proposed reason for increased mtDNA damage is the physical

proximity of mtDNA to the site of ROS production and a lower

DNA repair and protective systems compared with nuclear DNA

(Barja & Herrero, 2000). Therefore, higher ROS production from

mitochondria causes increased mtDNA damage and leads to

mitochondrial dysfunction. Further, mitochondrial dysfunction

has been linked to ROS generation (Choksi et al., 2007) and

premature aging in mice (Trifunovic et al., 2004; Trifunovic &

Larsson, 2008). In the view of the emerging role of mitochon-

drial ROS in aging, the free radical theory of aging has been

modified to the mitochondrial theory of aging (Harman, 1972).

Many studies suggest that caloric restriction (CR) reduces ROS

production, oxidative damage to DNA and maintains the geno-

mic stability of cells (Sohal et al., 1994; Lopez-Torres et al.,

2002; Sanz et al., 2005). Caloric restriction has been a well-

studied external manipulation that has been shown to increase

the lifespan of a wide range of organisms from unicellular yeast

to multicellular eukaryotes. The wide spectrum of organisms in

which CR counters aging also points to its possibly conserved
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mechanism of action. Caloric restriction not only prolongs life-

span but also delays the onset of the age-associated disorders

such as diabetes, cardiovascular and neurodegenerative diseases

(Masoro, 2000). Because of its wide applicability, an improved

understanding of the molecular mechanisms of CR is desirable.

To understand the molecular mechanisms of CR-mediated lon-

gevity, several genetic mutants have been developed in yeast

(S. cerevisiae). For instance, deletion of genes such as TOR1,

SCH9, MRG19 has been reported to increase the lifespan of

yeast strain (Lin et al., 2002; Kaeberlein et al., 2005b; Kharade

et al., 2005; Bonawitz et al., 2007; Lavoie & Whiteway, 2008).

The lifespan of yeast is defined in two ways, replicative and chro-

nological lifespan (Bitterman et al., 2003). Replicative lifespan

is defined as the number of divisions a mother cell undergoes

before senescence. Chronological lifespan is measured in terms

of the duration of time that yeast cells remain viable upon

reaching the nondividing stationary phase.

As mitochondria have been established as a crucial site of ROS

production and have been linked to aging, this organelle has

become the focus of study for CR and genetic mutant mediated

longevity in a wide range of organisms (Pamplona & Barja,

2007). Several evidences suggest that low ROS production

might be one of the major reasons for longevity in model organ-

ism (Ramsey et al., 2000; Barja, 2004). This low mitochondrial

ROS production could be explained by two mechanisms: (i) low

metabolic rate and (ii) increased mitochondrial biogenes which

provide more entry point for electrons and reduces electron

stalling at the electron transport chain (ETC). Initially, it was

shown that CR reduces the ROS as a result of lower metabolic

rate in mice (Sohal & Weindruch, 1996). Other studies in

Caenorhabditis elegans (Hansen et al., 2005) and mice

(Bevilacqua et al., 2005) also support that low respiration rate is

responsible for low ROS production and longevity. On the con-

trary, several studies have shown that CR increases lifespan of

yeast by increasing the respiration rate (i.e. higher consumption

of oxygen) rather than a decreased respiration rate (Lin et al.,

2002; Agarwal et al., 2005; Bishop & Guarente, 2007a). Caloric

restriction (Barros et al., 2004) and genetic mutants such as

deletion of TOR1 (Bonawitz et al., 2007) in yeast also produces

low ROS with higher mitochondrial respiration. The same obser-

vation (low ROS and higher respiration rate) have also been

made in multicellular eukaryotes such as C. elegans (Bishop &

Guarente, 2007b) and mice (Nisoli et al., 2005). The low ROS

production despite higher respiration rate has been recently

explained because of a higher mitochondrial biogenesis

(Guarente, 2008). Taken together, while it is clear that low ROS

generation is linked to longevity in several model organisms

(Sohal & Weindruch, 1996; Barja, 2004), the link between ROS

generation and mitochondrial functionality is still not fully

resolved.

Furthermore, contradictory reports for the involvement of

mitochondria in longevity exist in the literature. For instance, it

has been shown that CR can increase lifespan in respiratory defi-

cient (nonfunctional mitochondria) yeast (Kaeberlein et al.,

2005a). Similarly, systematic RNAi screening in C. elegans has

shown that impaired mitochondrial function is associated with

longer lifespan (Lee et al., 2003). On the contrary, several other

reports suggest that disruption of ETC chain and use of ETC

inhibitors minimize the lifespan of yeast (Barros et al., 2004;

Bonawitz et al., 2006). These observations further raise the

question on the mitochondrial involvement in longevity.

From our laboratory, it has been shown that deletion of

MRG19 increases both chronological and replicative lifespan of

yeast (Kharade et al., 2005). Mrg19p has been reported to be a

putative transcription factor responsible for the utilization of

carbon and nitrogen sources (Das & Bhat, 2005; Khanday et al.,

2002). However, recent studies (Lin et al., 2008); (Nikko et al.,

2008) have shown that Mrg19 (aka Csr2) has been reported to

function as an adaptor for the Rsp5p E3 ubiquitin ligase.

Deletion of MRG19 was also reported to increase cell density at

stationary phase and oxygen consumption at the cellular level

(Kabir et al., 2000; Kharade et al., 2005). The underlying mech-

anism of longevity in mrg19 is not known so far. In this report,

we have addressed the mitochondrial functionality of mrg19

in relation to its wild-type (wt) counterpart. We demonstrate

that deletion of MRG19 results in higher mitochondrial effi-

ciency and this is because of increased expression of ETC per

mitochondria rather than mitochondrial biogenesis.

Results

In all experiments, succinate is used to activate isolated mito-

chondria until otherwise stated. The P-values have been calcu-

lated using student paired t-test available in Microsoft Excel.

Equal content of mitochondria in the mrg19 and wt

strain

Fluorescence-activated cell sorting (FACS) experiment has been

carried out to quantify the mitochondrial content in mrg19 and

wt strains. The plasmid mitochondrial green fluorescent protein

(mtGFP) was transformed in mrg19 and wt w303 cells to com-

pare mitochondrial content in both strains. The transformant

was checked through fluorescence microscopy. Minor differ-

ences were observed in the morphology of the mitochondria in

mrg19 and wt cells (Fig. 1A,B phase contrast microscopy;

Fig. 1C,D fluorescence microscopy). Furthermore, flow cyto-

metry analysis was done for 100 000 events to measure the

content of mitochondria per cell. The data (Fig. 1E) showed that

there is no difference in the intensity of fluorescence. The aver-

age intensity of fluorescence was 134.39 and 126.1 for mrg19

and wt cells, respectively. The difference was not significant and

indicates that the mitochondrial content is same for the mrg19

and wt cells. To further confirm that the amount of mitochon-

dria is similar in both the strains, mtDNA (a biomarker for mito-

chondrial biogenesis) was isolated and quantified from equal

total protein concentration of wt and mrg19 strains as des-

cribed in methods. The result showed no change 1.01 ± 0.05

(P-value = 0.4) in wt and mrg19 mtDNA (Fig. 1F). Both FACS

analysis and mtDNA estimation results together suggest that
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there is no difference in mitochondrial content of wt and mrg19

cells. Moreover, mtDNA estimation suggests that equal protein

in wt and mrg19 strains are correlated to similar mitochondrial

content. Hence, equal protein is used as a metric for equal mito-

chondria for further experiments.

Higher oxygen consumption in mrg19 mitochondria

Oxygen consumption is an established metric to probe mito-

chondrial activity. Hence, the rate of oxygen consumption was

measured in freshly isolated mitochondria of mrg19 and wt cells

as described in Materials and methods. The result (Fig. 2A)

showed that mitochondria of mrg19 and wt consume

3.99 ± 0.11 and 1.27 ± 0.45 nmol of oxygen ⁄ min ⁄ mg of pro-

tein, respectively. This shows that mrg19 mitochondria consume

3–4 times (P-value < 4 · 10)3) more oxygen than the wt.

Less ROS production in mrg19 mitochondria

Total ROS produced by isolated mitochondria upon activation

with substrates was evaluated by measuring H2O2 generation.

As H2O2 is the most stable form of ROS which is also membrane

diffusible, detection using Amplex Red dye has become a conve-

nient and well accepted method for ROS measurement in iso-

lated mitochondria (Chalmers & Nicholls, 2003; Barros et al.,

2004; Votyakova & Reynolds, 2004). Amplex Red reacts with

H2O2 in the presence of horseradish peroxidase (HRP) enzyme

and is oxidized into the fluorescence compound resorufin.

Therefore, fluorescence intensity of resorufin is directly propor-

tional to H2O2. As complex I and complex III are the major site of

the ROS production in mitochondria, H2O2 production was mea-

sured with succinate (substrate for succinate dehydrogenase

complex II) and NADH (substrate for NADH dehydrogenase,

complex I). Our results show that mrg19 mitochondria produce

approximately twofold less H2O2 (P-value = 0.009) than wt

(Fig. 2B) when succinate (substrate of complex II) is used to

activate mitochondria and approximately 1.5-fold less H2O2

(P-value = 0.002) than wt cells (Fig. 2C) when NADH (substrate

of complex I) is used to activate mitochondria. Altogether, these

results suggest that mitochondria of mrg19 produce less ROS

despite consuming more oxygen.

Equal membrane potential of mrg19 and wt

mitochondria

The mitochondrial membrane potential is a vital aspect of respir-

ing mitochondria and has also been linked to mitochondrial

function. It is known that mitochondrial membrane potential

can affect ROS and ATP generation therefore mitochondrial

membrane potential was also measured. This was measured by

using JC-1 dye, the aggregation of which depends upon the

membrane potential. Figure 2D shows that there is no differ-

ence in the ratio of fluorescence intensity at 595 and 535 nm

for mitochondria of both strains. This implies that there is no

difference in the membrane potential of both strains.

Higher ATP generation in mrg19 mitochondria

The efficiency of ETC can also be evaluated by measuring the

ATP generation in isolated mitochondria. In the same way, mea-

surement of cellular ATP content tells about the physiological

state (respiratory or fermentation) of the cell. ATP generation

was estimated in isolated mitochondria of mrg19 and wt cells.

Figure 2E shows that 249 ± 9.6 and 220 ± 7.0 ng ATP ⁄ mg

protein (P-value = 0.003) was generated by mrg19 and wt

mitochondria, respectively. The cellular content of ATP was also

measured by using cell lysate of 108 cells. Cell lysate was
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Fig. 1 No difference in mitochondrial content between mrg19 and the wild-

type cells. (A, B) show the bright field image of wt and mrg19 cells

corresponding to fluorescence microscopy images. (C, D) show the

fluorescence microscopy images of wt and mrg19 cells at 100· magnification

in emersion oil after transformation of mtGFP plasmid. (E) Histogram of flow

cytometry data for mtGFP transformed wt and mrg19 cells. 100 000 events

were measured for both wt and mrg19 cells. (F) shows the bar graph of

densitometric analysis for three independent estimate of wt (white bar) and

mrg19 (grey bar) mtDNA where wt were given the value of one and density of

corresponding band in mrg19 was measured in relation to the wt band.

The difference between the density of both bands were found insignificant

(P-value = 0.4). Inset of figure shows the representative gel of wt and

mrg19 mtDNA.
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prepared by an enzymatic method and was used immediately to

measure cellular content of ATP in mrg19 and wt cells. It was

found that the cellular content of ATP is significantly higher

(mrg19: 26.7 ± 2.8 ng ATP ⁄ 108 cells; wt: 20.7 ± 2.1 ng

ATP ⁄ 108 cells; P-value = 0.01) in mrg19 than wt cells (Fig. 2F).

These results altogether provide evidence for a higher mitochon-

drial efficiency in mrg19 cells than wt cells.

Higher expression of mitochondrial complex proteins

Two-dimensional Blue Native Page (2D BNPAGE) is used to

separate membrane proteins and has been well established to

separate mitochondrial ETC proteins (Schagger & Pfeiffer,

2000; Lascaris et al., 2003). 2D BNPAGE was performed as

described in Materials and methods to find differences in

expression of proteins of the ETC. The images of the gels

(Fig. 3A,B) showed visible differences between the proteins of

complex V and complex II. Further quantitation of protein

spots was performed using PDQuest software version 7.1

(Bio-Rad Laboratories India Pvt. Ltd., Gurgaon, India) as per

the manufacturer’s manual. The quantitation data also suggest

higher expression of most of the proteins in mrg19 than wt

counterpart (Supporting information).

Saccharomyces cerevisiae has separate external and internal

NADH dehydrogenases instead of complex-I, as found in mam-

malian mitochondria. The external NADH dehydrogenase

consists of Nde1 (62 kDa) and Nde2 (61 kDa), while the internal

NADH dehydrogenase consists of the single protein Ndi1

(56 kDa). These three proteins could not be identified in 2D

BNPAGE because of their small molecular weight with respect to

other complexes; Hence, the activity assay (see Materials and

methods) was performed separately for these proteins (Fig. 3D).

It was found that expression of the Nde2 and Ndi1 proteins was

5.8 ± 0.16 (p-value = 0.02) and 2.5 ± 0.28 (p-value = 0.03)

fold higher in mrg19 than in the wt cells, respectively (Support-

ing information). However, there is no change in the expression

of Nde1. Quantitation of protein band upon performing the

in-gel activity assay was done using Quantity-one software

(BioRad). Results of 2D BNPAGE and in-gel activity assay of

NADH dehydrogenases suggest higher amounts of ETC proteins

in the mrg19 mitochondria.

Higher gene expression of mitochondrial ETC

Quantitative real time PCR was also performed for relative quan-

titation of ETC genes in wt and mrg19 condition. Two genes

from each complex was randomly selected and analyzed for

their expression. Table 1 shows significant higher expression of

ETC genes in mrg19 than wt. Results of 2D BNPAGE, in-gel

activity assay of NADH dehydrogenases and qRTPCR data

strongly suggest the presence of higher amounts of ETC

proteins in mrg19 mitochondria than the wt.
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Fig. 2 Deletion of MRG19 increases mitochondrial efficiency. Values shown here are the average of three independent experiments and error bars refer to the

standard error of the mean. White and grey bars represent wt and mrg19 mitochondria, respectively. (A) Oxygen consumption assay; mitochondria of mrg19

and wt are energized using succinate. The result is measured in nmol oxygen consumed ⁄ min ⁄ mg protein for mrg19 and wt mitochondria. (B, C) H2O2

measurement; total H2O2 produced by mitochondria was measured using amplex red dye when succinate and NADH were used as substrate, respectively. The

results are shown as fluorescence change ⁄ mg protein ⁄ 20 min. (D) Membrane potential of mrg19 and wt mitochondria was measured by using JC-1 dye. The

ratio of fluorescence at 595 and 535 corresponds to membrane potential. (E) ATP measurement; amount of ATP produced by isolated mitochondria is measured

and the result is presented as ng ATP ⁄ mg protein. (F) Total ATP content of the cell was measured and the result is represented as ng ATP ⁄ 108 cells.
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Status of antioxidant enzymes

To compare the status of antioxidant enzymes in mrg19 and

wt, qRTPCR was performed for SOD2, CTA1, GPX2 genes. The

expression of SOD2, CTA1, GPX2 were found 2.03 ± 0.16

(P-value = 0.001), 1.77 ± 0.27 (P-value = 0.025) and 1.32 ±

0.01 (P-value = 1.8 · 10)5), respectively (Fig. 4B). In-gel activity

assay was also performed for Sod2 as described in Materials and

methods section. It was found that the activity of Sod2 was

1.61 ± 0.07 (P-value = 5.4 · 10)4) fold higher in mrg19 than

wt mitochondria (Fig. 4C,D). All together these results suggest

higher antioxidant activity in the mrg19 mitochondria when

compared with the wt.

Discussion

Low mitochondrial ROS production as a result of mitochondrial

biogenesis seems to be important for longevity in model organ-

ism ranging from yeast to mammals. For instance, over-expres-

sion of HAP4 (transcriptional activator and global regulator of

ETC genes) has been found to increase respiration and mito-

chondrial biogenesis in yeast (Lascaris et al., 2003). Further-

more, mitochondrial biogenesis in mice (Nisoli et al., 2005),

human cell lines (Lopez-Lluch et al., 2006) and human muscle

(Civitarese et al., 2007) have also been reported in calorie

restriction condition. To investigate whether mitochondrial bio-

genesis in mrg19 is responsible for the longevity, we checked

the content of mitochondria present per cell in both the wt and

mrg19 strains. Surprisingly, flow cytometry analysis and mtDNA

estimation showed comparable numbers of mitochondria in

both the condition (Fig. 1E,F) suggesting that miochondrial bio-

genesis is not the reason for the previously reported longevity of

mrg19.

We have previously observed (Kharade et al., 2005) that

mrg19 cells consume more oxygen than wt cells. To investigate

whether this is caused by increased mitochondrial activity, oxy-

gen consumption by isolated mitochondria of mrg19 and its wt

counterpart was measured. The results showed that mrg19

mitochondria consume almost 3–4 times more oxygen (Fig. 2A).

Increased oxygen consumption could be used either for ATP

generation or lead to increased mtROS production or both. To

evaluate the fate of higher oxygen consumption in mrg19 mito-

chondria, mtROS production was checked and it was found that

mtROS production in mrg19 mitochondria was low (Fig. 2B,C).

Higher oxygen consumption and less mtROS production suggest

that the mitochondria of mrg19 may work more efficiently. As

membrane potential has been linked to mtROS production (Kor-

shunov et al., 1997; Nicholls, 2004), we investigated if the

higher efficiency of mrg19 mitochondria is caused by a differ-

ence in the membrane potential. Measurement of mitochondrial

membrane potential surprisingly revealed no difference

between the mrg19 and wt mitochondria (Fig. 2D). Therefore,

our observation that mtROS production is low suggests that the

increased oxygen consumption is more likely to be used in ATP

generation in mrg19 mitochondria. As hypothesized, the ATP

measurement in isolated mitochondria (Fig. 2E) showed higher

ATP generation in mrg19. Altogether, these results point to an

important conclusion that deletion of MRG19 results in higher

metabolic rate and higher efficiency of mitochondria in mrg19

than wt. These results therefore suggest that higher metabolic

rate and higher mitochondrial efficiency, which in turn is likely

to cause less oxidative damage, contributes to previously

observed longevity of mrg19.

Table 1 Table for qRTPCR data. The first column shows the complex name,

second column shows gene name, third column shows the fold change for

gene expression in mrg19 in comparison with wt, fourth column shows

standard error of the mean and the fifth column shows statistical significance

Complexes Genes

Fold change

in mrg19 SEM P-value

Complex I NDE2 5.44 ±1.40 1.7 · 10)2

NDI1 5.12 ±0.33 1.25 · 10)4

Complex II SDH1 2.85 ±0.20 4.5 · 10)4

SDH4 3.20 ±0.68 1.5 · 10)2

Complex III CYT1 3.47 ±1.07 4.1 · 10)2

QCR8 2.25 ±0.59 5.1 · 10)2

Complex IV COX4 3.77 ±0.32 5.4 · 10)4

COX5A 2.16 ±0.33 1.2 · 10)2

Complex V ATP4 2.12 ±0.63 7.5 · 10)2

ATP1 1.46 ±0.20 4.0 · 10)2

(A) (B)

(C) (D)

Fig. 3 Higher amounts of mitochondrial complex proteins in mrg19

mitochondria. (A, B) represent 2D BNPAGE for mitochondrial membrane

protein of wt and mrg19 mitochondria, respectively. (C) Gaussian master

image that contains the spots of both the gels as generated by the PD Quest

software during image analysis. The inset shows an example of spot

quantitation. (D) In-gel assay for Nde1, Nde2 and Ndi1 protein; 100 lg of

mitochondrial membrane protein was loaded for wt and mrg19

mitochondria. Lane 1 and lane 2 show the activity bands of Nde1, Nde2 and

Ndi1 of wt and mrg19, respectively.
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The observed higher oxygen consumption and low mtROS

generation in mrg19 cells could be due to one of the two

possibilities: (i) increased mitochondrial biogenesis, thereby

providing higher ETC proteins in the cell to consume the

oxygen efficiently or (ii) similar mitochondrial content but with

more ETC components per mitochondria, thereby increasing

the total amounts of ETC proteins. As there was no difference

in the mitochondrial number in mrg19 and wt strains, we

investigated the second possibility, i.e. increased ETC per mito-

chondria. Our qRTPCR results (Table.1) showed higher expres-

sion of ETC transcript in mrg19 mitochondria. The result of

‘2D BNPAGE’ also showed a higher expression of ETC proteins

in mrg19 mitochondria when compared with the wt mito-

chondria (Fig. 3A–C). In the same way, complex-I (NADH dehy-

drogenase) activity assay also showed a higher activity for

Nde2 and Ndi1 proteins in mrg19 mitochondria (Fig. 3D). All

these results indicate that mrg19 cells maintain the same

number of mitochondria and that the increased mitochondrial

efficiency can be explained due to an increase in the amount

of ETC per mitochondria. This might explain the observed

higher oxygen consumption, ATP synthesis and low ROS pro-

duction despite identical mitochondrial potential in mrg19 and

wt cells. In this context, it is interesting to note that Bonawitz

et al. (2007) have shown that deletion of TOR1 in yeast causes

higher mitochondrial oxygen consumption and low ROS pro-

duction. The authors have shown that higher expression of

ETC components might be a reason for their observed low

ROS production and increased oxygen consumption. More-

over, a recent study from same group (Pan & Shadel, 2009)

has demonstrated higher number of ETC complexes per

mitochondria in TOR1 null mutant rather than more mitochon-

dria ⁄ cell. Above two studies from same group together sug-

gest that, similar to mrg19 cells, higher oxygen consumption

and low ROS production in TOR1 null mutant is also achieved

by higher ETC per mitochondria.

In our previous study (Kharade et al., 2005), we have shown

that cellular ROS is higher in mrg19 cells when compared with

wt cells. This raises an important question which is why cellular

ROS is higher in mrg19 cells? A trivial explanation could be that

the ROS defense mechanism is compromised in mrg19, which

may lead to higher ROS production at cellular level. However, in

our previous study, we have shown that the in-gel activity of

both cellular and mitochondrial antioxidant enzymes such as

superoxide dismutases [Sod1 (cytoplasmic) and Sod2 (mitochon-

drial)], catalases [Ctt1 (cytoplasmic) and Cta1 (mitochondrial)]

and glutathione peroxidases [Gpx1 (cytoplasmic) and Gpx2

(mitochondrial and cytoplasmic)] were significantly increased in

mrg19 cells in comparison with the wt. Thus, it is unlikely that

the increased cellular ROS might be due to compromised ROS

defense mechanism. Thus, the alternative explanation for higher

cellular ROS generation could be generation of cellular ROS from

organelles other than mitochondria in mrg19 cells. Indeed, per-

oxisomes and microsomes have been shown to be potential sites

of ROS generation other than mitochondria in a cell (Boveris

et al., 1972).

Our observation of increased cellular ROS (Kharade et al.,

2005) and low mitochondrial ROS (present study) also raises

another fundamental question which is how such opposing

behavior contribute to longevity? We believe that high cellular

ROS increases the longevity according to the hormesis theory.

Hormesis theory suggests that high ROS at the cellular level

acts as mild stressor for the cells, which results in higher

expression of cytosolic and mitochondrial antioxidant systems

[as shown in the previous study, Kharade et al., 2005]. We

have reconfirmed the expression of mitochondrial antioxidant

enzymes in the current study. Consistently, we find a higher

expression of antioxidant enzymes SOD2, GPX2, CTA1 tran-

script (Fig. 4B) and higher in-gel activity of Sod2 (Fig. 4C,D)

suggesting that higher cellular ROS does indeed leads to

increase antioxidant activity. In the current study, we have also

Wt mrg19

Genes
Fold

change P-value

SOD2 2.03 ± 0.16 0.001

CTA1 1.77 ± 0.27 0.025

GPX2 1.32 ± 0.01 0.000

0

1

2

A
rb

itr
ar

y 
un

it

P-value = 5.4 x 10–4

NADP+
H2O

O2
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O2
.–

O2

SOD

H2O2

H2O

GSH

GSSH

GPX

NADPH
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(A) (B)

(C) (D) Fig. 4 Higher expression of mitochondrial

antioxidant enzymes. (A) Schematic diagram of

how antioxidant enzymes scavenge ROS. (B)

qRTPCR data for antioxidant enzymes present in

mitochondria. (C) In-gel activity of Sod2 enzyme.

(D) Bar graph for the quantitation of band intensity

of Sod2. Densitometric analysis was performed for

three independent assay by using Quantity-one

software from Bio-Rad. Intensity of mrg19 (grey

bar) was normalized with respect to bands of the

wt (white bar) as per the software manual.
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shown that mitochondrial ETC works more efficiently and pro-

duce less ROS in mrg19 when compared with the wt. Thus,

the higher mitochondrial antioxidant activity as explained by

the hormesis theory in combination with higher ETC efficiency

could minimize the mtDNA damage and may lead to longevity.

We therefore propose that higher mitochondrial efficiency and

hormesis work together to increase the lifespan of mrg19

cells.

According to the mitochondrial theory of aging, it was

initially believed that low metabolic rate is responsible for

longevity. However, in a recent review, an alternative possibility

was discussed wherein longevity is achieved by increased

mitochondrial activity coupled with low mtROS production

(Guarente, 2008). The possible explanation provided for the

observed low mtROS despite the higher metabolic rate was

increased mitochondrial biogenesis. This increased number of

mitochondria provides more entry points for electrons and

reduces the electron stalling at the ETC. Our results follow a

similar pattern of low ROS despite high metabolic rate.

However, a crucial difference in our case is that more electron

entry points are provided as a result of an increase in the number

of ETC per mitochondria rather than mitochondrial biogenesis

(Fig. 5). Such a pathway is also economical to the cell as up-

regulation of the ETC subunits will cost much less energy than

channelizing resources to create new mitochondria. Thus, our

data provides evidence for the existence of an alternative

explanation as to how higher mitochondrial efficiency could

result in longevity in yeast.

In a recent study, Powers et al. (2006) have determined

the chronological lifespan of 4800 single-gene mutants in

yeast and have ranked the mutants according to their sur-

vival scores. The authors showed a significant enrichment for

mitochondrial gene mutants in the shortest lived strains. This

observation provides another independent evidence for the

requirement of functional mitochondria for longevity. In this

context, we believe that our study provides a conceptual

framework to systematically investigate the mitochondrial

functionality in other long lived genetic mutants to dissect

the molecular mechanism behind mitochondrial function-

ality and longevity. We also anticipate that the mechanism

proposed here may exist in higher eukaryotes including

humans.

Materials and methods

Strains and growth condition

In all the experiments CCFY100 (W303-1a Mat A ade2-1 ura3-1

trp1-289 leu2-3, 112 his3-11, 15 can1-100 HMRDE::TRP1

rDNA::ADE2, CAN1 VR TEL::URA3) and its MRG19 deleted

counterpart mrg19 (W303-1a Mat A ade2-1 ura3-1 trp1-289

leu2-3, 112 his3-11, 15 can1-100 HMRDE::TRP1 rDNA::ADE2,

CAN1 VR TEL::URA3 mrg19::LEU2) of S. cerevisiae was used.

For the FACS experiments, we used W303-1A (Mat A ade2-1

ura3-1 trp1-289 leu2-3, 112 his3-11, 15 can1-100) and its

MRG19 deleted counterpart mrg19 (Mat A ade2-1 ura3-1

trp1-289 leu2-3, 112 his3-11, 15 can1-100 MRG19::HIS3) of

S. cerevisiae. Cells were grown aerobically at 200 rpm at

30 �C in YPD (yeast extract 1%, peptone 2% and dextrose

2%). In all experiments, cells were harvested at 0.7–1.0

OD600.

Fluorescence microscopy and flow cytometry to

determine mitochondrial content

To determine if deletion of MRG19 had any effect on the

mitochondrial content in yeast cells, W303 and MRG19

deleted W303 strain cells were transformed with the

pVT100U-mtGFP plasmid. This plasmid contains a mitochon-

drial presequence, a short linker and the GFP coding region.

The mitochondrial presequence is first 69 amino acids of

subunit 9 of the F0 ATPase of Neurospora crassa (Su9) which

is a well characterized mitochondrial matrix targeting

sequence. It encoded GFP that targeted specifically to mito-

chondria (Westermann & Neupert, 2000). The transformed

cells were grown overnight in drop out media (for maintain-

ing the selection pressure for the GFP plasmid), i.e. in YC-ura

with 2% dextrose. Cells were harvested and vortexed for

making single cell suspension before visualizing them under

the fluorescence microscope to confirm the transformation

and flow cytometry analysis.

The fluorescence microscopy images and corresponding

phase contrast images of mtGFP transformed wt and mrg19

cells were captured using Nikon epifluorescence microscope

at 100· magnification in emersion oil. The flow cytometry

data were acquired using FACScaliburTM flow cytometer (BD

Biosciences, San Jose, CA, USA). The GFP was excited by an

Low metabolic activity
(Sohal & Weindruch,1996)

Increased
amounts of ETC
(Pan & Shadel, 2009
and Present study)

Longevity in yeast

Mitochondria

High metabolic
activity

Mitochondrial
biogenesis

(Guarente, 2008)

Low ROS Low ROS

Less oxidative
damage

Fig. 5 The pathways describing how mitochondrial activity is linked to

longevity in yeast. Dashed arrows represent the findings from this study. In

this study, higher O2 consumption, less ROS production and more ATP

synthesis is not caused by increased mitochondrial content. Instead, it is likely

to be due to an increased ETC per mitochondria.

MRG19 deletion affects mitochondrial ROS production, N. Mittal et al.

ª 2009 The Authors
Journal compilation ª Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland 2009

7



argon laser and fluorescence was detected using a

530 ⁄ 30 nm bandpass filter in the FL1 channel. The Cell

Quest software (BD Biosciences) was used for data acquisi-

tion and data on scatter parameters and histograms were

acquired in log mode. Hundred thousand events were evalu-

ated for each sample and the median peak channel obtained

from the histograms of each standard was used to analyze

their fluorescence intensity.

Isolation of mitochondria

Mitochondria were isolated according to protocol described in

(Meisinger et al., 2000) with following modification. Lyticase

was used instead of zymolyase for converting cells into spherop-

lasts. Protein concentration was determined by modified Brad-

ford (1976) method. Freshly isolated mitochondria were used in

each experiment.

mtDNA isolation

Mitochondria were first isolated and protein concentration was

quantified as described above then 1 mg mitochondrial protein

of both wt and mrg19 strains were used to isolate mtDNA

according to method described in Defontaine et al. (1991). The

mtDNA was then quantified according to Nisoli et al. (2005). In

brief, equal volumes of mtDNA were run on 0.8% agarose gel.

Gels were scanned using Bio-Rad GS 800 densitometer and

quantified by Bio-Rad Quantity One (version 4.4) software as

described in the software manual.

Oxygen consumption

The O2 consumption assay was performed with isolated yeast

mitochondria at 30 �C as described in Barros et al. (2004).

Mitochondria were incubated in respiration buffer (0.6 M

sorbitol, 20 mM Tris-HCl, 0.5 mM EDTA) in the presence of

5 mM succinate. O2 consumption was measured by using

oxygraph (Hansatech Instruments, Norfolk, England) with a

computer-interfaced Clark electrode operating in air tight

chamber with continuous stirring.

Hydrogen peroxide measurement

H2O2 was measured in isolated mitochondrial suspension in

SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS pH

7.2) in the presence and absence of the substrate as described in

Barros et al., 2003, except that 5 mM succinate and 10 lM

NADH were used as a substrate. In brief, the rate of oxidation of

50lM Amplex Red to highly fluorescent product resorufin in the

presence of 1.0 U ⁄ mL HRP was measured for 20 min at 30 �C
by using Perkin Elmer LS 50B fluorescence spectrophotometer

with continuous stirring. The instrument was operating at

excitation and emission wavelength of 563 and 587 nm, respec-

tively. The rate of oxidation of Amplex Red, in the absence of

mitochondria from reaction mixture, was negligible.

Membrane potential measurement

Mitochondrial membrane potential was measured by using JC-1

dye as described in Reers et al. (Reers et al., 1995) with some

minor modifications. In brief, 250 lg of crude mitochondria

were activated by incubating with 5 mM succinate, SEM buffer

(250 mM sucrose, 1 mM EDTA, 10 mM MOPS pH 7.2) and 5 lg

of JC-1 dye for 15 min. The reaction mixture was centrifuged at

12, 000 rpm for 15 min at 4 �C to wash out unincorporated

dye. The mitochondria were then resuspended into 500 lL of

SEM buffer. The amount of monomers and aggregate of JC-1

dye was measured by using Perkin Elmer LS 50B fluorescence

spectrophotometer with continuous stirring. The instrument

was operated at excitation wavelength of 490 nm and the

emitted light was measured at 535 and 595 nm for monomers

and aggregated forms of JC-1 dye, respectively.

ATP measurement

The total ATP content of cells was measured by using adenosine

5¢-triphosphate (ATP) bioluminescent somatic cell assay kit from

Sigma-Aldrich chemicals Pvt. Ltd., Bangalore, India. 108 cells

were converted into spheroplasts by treating with lyticase

enzyme. Spheroplasts were homogenized at 4 �C to prepare cell

lysate. This cell lysate was used immediately to determine ATP

content as per the manufacturer’s protocol. In vitro mitochon-

drial ATP synthesis was also measured by a bioluminescent

assay. In brief, 250 lg of crude mitochondria was energized by

incubating with 5 mM succinate, 2 ng ADP and respiration buf-

fer (0.6 M sorbitol, 25 mM potassium phosphate buffer

pH = 7.0, 1 mM EDTA, 1 mM MgCl2) for 15 min at 37 �C. ATP

generated was measured by using ATP bioluminescent somatic

cell assay kit (Sigma) as indicated in the manufacturer’s protocol.

Bioluminescent intensity was converted into ng ATP amount by

preparing standard ATP curve.

2D BNPAGE

Two dimentional Blue native electrophoresis was performed

using the method described in Brookes et al. (2002). Briefly,

mitochondrial proteins were extracted by using 10% w ⁄ v
n-dodecyl-b-D-maltoside. A 5–12% gradient gel with 4%

stacker was used for the first dimension of the Blue Native Page.

One hundred micrograms of membrane proteins was loaded for

wt and mrg19. The lane of separated protein was then cut and

slid on to 12% SDS PAGE for separation of the subunits in the

complexes on second dimension. The gel was stained with silver

staining method and scanned by using Bio-Rad GS 800 densi-

tometer. The spots were analyzed with PDQuest software of

Bio-Rad according to the software manual.

Nde1, Nde2 and Ndi1 in-gel activity

The mitochondrial membrane was prepared according to

Brookes et al., 2002. Membrane proteins were separated by
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CN-PAGE with some modification and in-gel activity was per-

formed. In brief, 15% gel was used to separate the proteins

along with 4% stacking gel. The anode buffer comprised of im-

midazole (25 mM) pH 7.0. The cathode buffer comprised tricine

(50 mM) and immidazole (7.5 mM). The gel, buffers and electro-

phoresis apparatus were chilled at 4 �C before samples (100 lg

protein for mrg19 and wt strain each) were loaded. Electropho-

resis was run at 40 V, 4 �C for overnight till the dye front

reached almost the end of the gel. NADH dehydrogenase activ-

ity was analyzed by incubating the gel for 1 h in a solution con-

taining Tris 100 mM (pH 7.4), glycine 768 mM (pH 7.4), nitroblue

tetrazolium 0.04% w ⁄ v, NADH 0.1 mM. Furthermore, the gel

was incubated in 50% methanol and 10% acetic acid for

15 min to fix the color of NADH dehydrogenase reacting bands

and then preserved in 10% acetic acid (Molnar et al., 2004).

Gels were scanned using Bio-Rad GS 800 densitometer and

quantified by Bio-Rad Quantity One version 4.4 software, as

described by Agarwal et al. (2005).

Quantitative real time PCR

Fifty micrograms of total RNA, isolated from the wt and mrg19

strains using hot-phenol method, was reverse transcribed to

cDNA according to method described in Vyas et al. (2005).

Primers were designed using online Primer3 software (Rozen &

Skaletsky, 2000). Triplicate PCR reactions were carried out for

genes of interest with the intercalating dye SybrGreen. Each

sample (25 lL) contained 12.5 ll SYBR� Premix Ex TaqTM

(Perfect Real Time) mix (Takara Bio. Inc., Shiga, Japan), 0.2 lM

each primer, 8.2 ng cDNA. PCR cycles were programmed on

Smart Cycler� (Cepheid, Sunnyvale, CA, USA). The data of

qRTPCR was analyzed by comparative CT method (Schmittgen &

Livak, 2008). URA3 gene was used as a reference gene for

analysis.

SOD2 in-gel activity

Isolated mitochondria of wt and mrg19 were used for Sod2

activity. One hundred and fifty micrograms of wt and mrg19

mitochondrial proteins were separated on 12% denaturating

polyacrylamide gel with 5% stacking gel. Electrophoresis

was performed at 60 V at 4 �C till the dye front reached

almost the end of the gel. Sod2 gel activity was performed

according to Kharade et al. (2005). Gels were scanned using

Bio-Rad GS 800 densitometer and quantified by Bio-Rad

Quantity One version 4.4 software according to the software

manual.
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Supporting Information

Additional supporting information may be found in the online

version of this article:

Fig. S1 Bar graph for the quantitation of band intensity of Nde1,

Nde2 and Ndi1. Densitometric analysis was performed by using

Quantity-one software from Bio-Rad. Bands of the wt were

given the value of one and density of corresponding band in

mrg19 was measured in relation to the wt band.

Fig. S2 Densitometric analysis of 2D BNPAGE for subunits of wt

and mrg19 mitochondrial respiratory complexes. PD Quest

provides an identifier for every spot on the gel. The red circles on

the gel show the location and identity of the spots.

Table S1 Table for densitometric quantity of spots present in

both wt and mrg19 gels. The first column shows the complex

name, second column shows identifier of spot, third and fourth

column show normalized quantity of spot density and fifth

column shows ratio of quantity of mrg19 spot to wt spot. The

complexes have been identified in accordance to Lascaris et al.

(2003).
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