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Summary

The processes that control aging remain poorly understood. We

have exploited mutants in the nematode, Caenorhabditis ele-

gans, that compromise mitochondrial function and scavenging of

reactive oxygen species (ROS) to understand their relation to

lifespan. We discovered unanticipated roles and interactions of

the mitochondrial superoxide dismutases (mtSODs): SOD-2 and

SOD-3. Both SODs localize to mitochondrial supercomplex I:III:IV.

Loss of SOD-2 specifically (i) decreases the activities of complexes

I and II, complexes III and IV remain normal; (ii) increases the

lifespan of animals with a complex I defect, but not the lifespan

of animals with a complex II defect, and kills an animal with a

complex III defect; (iii) induces a presumed pro-inflammatory

response.Knockdownofamolecule thatmaybeapro-inflammatory

mediator very markedly extends lifespan and health of certain

mitochondrial mutants. The relationship between the electron

transport chain, ROS, and lifespan is complex, and defects in

mitochondrial function have specific interactions with ROS

scavenging mechanisms. We conclude that mtSODs are embed-

ded within the supercomplex I:III:IV and stabilize or locally

protect it from reactive oxygen species (ROS) damage. The results

call for a change in the usual paradigm for the interaction of

electron transport chain function, ROS release, scavenging, and

compensatory responses.
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Abbreviations

HNE 4-hydroxynonenal

IGA in-gel activity

mtSOD mitochondrial superoxide dismutase

ETC electron transport chain

MRC mitochondrial respiratory chain

Introduction

In 1956, Denham Harman first proposed that the accumulation of

oxidative damage from reactive oxygen species (ROS), by-products of

normal metabolism, is responsible for aging (Harman, 1956). Multiple

studies have brought this theory into question (Yang et al., 2007;

Doonan et al., 2008; Gems & Doonan, 2009; Yang & Hekimi, 2010a,b),

such that the roles of ROS in aging are not yet fully resolved. The main site

of production of ROS in the cell is the electron transport chain (ETC)

within the mitochondrial inner membrane (Koopman et al., 2010).

Studies in the model organism Caenorhabditis elegans have tested the

role of oxidative damage in the process of aging by chemical manipu-

lation of ROS levels (paraquat or juglone), or manipulation of ROS

production by inhibiting electron transport (Senoo-Matsuda et al., 2001;

Hartwig et al., 2009; Heidler et al., 2010). More recently, the power of

this organism as a genetic model has been applied to alter the expression

of components of the ETC (Ishii et al., 1998; Kayser et al., 2004a,b; Yang

& Hekimi, 2010b) or of scavengers of ROS (Yang et al., 2007; Doonan

et al., 2008; Van Raamsdonk & Hekimi, 2009; Cabreiro et al., 2011). In

particular, scavengers both within the mitochondrion (e.g.,mitochondrial

superoxide dismutase (mtSOD) and glutathione reductase) and within the

cytosol (e.g., cytoplasmic SOD and catalase) have been studied in detail

(Sampayo et al., 2003; McElwee et al., 2004; Yang et al., 2007; Doonan

et al., 2008).

Defects in the ETC are linked to ROS generation, can decrease

respiration rates, alter oxidative damage to cells, delay development, and

impair fertility (Ishii et al., 1998; Grad & Lemire, 2004; Kayser et al.,

2004a). Initial theories linked the amount of oxidative damage and

lifespan in several mitochondrial mutants. For example, several short-

lived mutants (e.g., gas-1, a complex I mutant; mev-1, a complex II

mutant) have increased oxidative damage to mitochondrial proteins

(Hartman et al., 2001; Yang et al., 2009), while the long-lived mutant

clk-1 (clk-1 codes for an enzyme required for ubiquinone synthesis)

displays significantly less oxidative damage to mitochondrial proteins

than wild type (Yang et al., 2009).

If ROS play a major role in aging, one would expect that defects in ROS

scavenging should adversely affect lifespan. C. elegans has five different

genes that encode different superoxide dismutases (sod-1-5), which

catalyse the enzymatic conversion of the toxic superoxide molecule to the

less reactive species, hydrogen peroxide (Van Raamsdonk & Hekimi,

2009). sod-1 encodes the major cytosolic superoxide dismutase (SOD),

while sod-2 encodes the primary SOD found in the mitochondrion (Yang

et al., 2007). Expression of sod-1 or sod-2 was increased in C. elegans

under conditions that increased lifespan (Honda et al., 2008).

Keaney et al. (2004) showed that when C. elegans was exposed to

superoxide generators, the addition of superoxide dismutase mimetics

lengthened lifespans, though not back to normal. Under normal
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conditions, these mimetics did not affect lifespans. However, the role

of ROS in aging is disputed (Doonan et al., 2008; Gems & Doonan,

2009; Van Raamsdonk & Hekimi, 2009; Cabreiro et al., 2011). Hekimi

reported that a deletion of sod-2 lengthened lifespan and that clk-1;

sod-2 lived longer than the long-lived clk-1, despite increased oxidative

damage in mitochondrial protein (Yang et al., 2007). In fact, Van

Raamsdonk eliminated all of the superoxide dismutases in C. elegans

without shortening lifespan (Van Raamsdonk & Hekimi, 2012). The

overall conclusion was that superoxide dismutase had little relevance

to normal lifespan in C. elegans (Yang et al., 2007; Doonan et al.,

2008; Gems & Doonan, 2009; Van Raamsdonk & Hekimi, 2009,

2012).

Several authors have attempted to clarify the role of SODs in

determining lifespan by the use of other longevity mutants. The well-

studied and long-lived mutant daf-2 initiates a longevity pathway

involving the insulin/IGF-I signaling pathway that ultimately causes

nuclear localization of DAF-16, a FOXO transcription factor. The

activation of daf-16 increased the expression of sod-3, an mtSOD

normally expressed in very low levels in wild-type worms (Honda

et al., 2008). However, elimination of both mitochondrial sod-2 and

sod-3 failed to suppress the long lifespan of daf-2 (Honda & Honda,

2002; Yang et al., 2007). These studies suggested that the upregu-

lation of sod-3 (and presumably decreased superoxide damage to

mitochondria) did not significantly contribute to the long lifespan of

daf-2. However, others have shown that superoxide levels may be

decreased by non-SOD mechanisms involving the activation of the

insulin/IGF-I signaling pathway, implying that superoxide may still play

a role in aging in daf-2 (Yanase & Ishii, 2008; Yazaki et al., 2011).

The protein product of gst-10 scavenges the toxic ROS-generated

product, 4-hydroxynonenal (HNE) (Cohn et al., 1996); its overexpres-

sion extends the lifespan of N2, while the gst-10 null reduces lifespan

(Ayyadevara et al., 2005, 2007), in support of a role for ROS damage

in aging.

In the majority of studies that implicate ROS damage or mitochondrial

function in the animal’s phenotype, these parameters are generally

inferred and seldom measured. Difficulties intrinsic to measuring ROS

production/damage or mitochondrial function have limited the rigorous

interpretation of data. Currently, the data concerning ROS and aging are

complicated, even in a simple animal model. In this study, our goal was

to determine the relationship between mitochondrial function, oxidative

damage, and lifespan in C. elegans by studying the effect of mtSOD

mutants on the ETC, as well as determining the effect of eliminating

mtSOD activity in mitochondrial mutants. To date, there have been few

reports of the effects of the mitochondrial sods on mitochondrial

function (Melov et al., 1999), their role in minimizing ROS damage to

the mitochondrial machinery, or their relative importance, if any, in the

face of mitochondrial dysfunction. Our results show that the mitochon-

drial SODs are bound to components of the ETC and that effects of loss

of mtSODs can counteract each other, thereby complicating earlier

simple interpretations of the roles of mtSODs in health and aging.

Results

Specific extension of lifespan by sod-2 and sod-3

As previously reported, gas-1(fc21) (a complex I mutant) and mev-1(kn1)

(a complex II mutant) are short-lived in comparison with wild type (N2)

(Fig. 1) (Ishii et al., 1998; Kayser et al., 2004a). sod-2(gk257) had a

normal lifespan in agreement with Gems and colleagues (Keaney et al.,

2004; Doonan et al., 2008). However, the loss of sod-2 in three mutant

backgrounds that share common mitochondrial phenotypes, including

sensitivity to oxidative stress, had very different results. sod-2;gas-1 lived

longer than both gas-1(fc21) and the wild type, N2. sod-2;mev-1 was

short-lived and not different from mev-1 (Fig. 1). sod-2;isp-1 (isp-1 is a

complex III mutant) was a synthetic lethal.

In agreement with previous studies (Doonan et al., 2008; Van

Raamsdonk & Hekimi, 2009), the lifespan of sod-3 was not different

from N2 (Fig. S1). However, the mutation sod-3 differed from sod-2 in its

interactions with gas-1, mev-1, and isp-1. The lifespan of gas-1sod-3

was not different than that of gas-1. mev-1;sod-3 had a significantly

shorter lifespan than did mev-1 (Fig. S1). The lifespan of isp-1; sod-3 was

significantly longer than either N2, isp-1, or sod-3 alone (Fig. S1). sod-2;

sod-3 had a lifespan similar to N2 as previously reported (Van

Raamsdonk & Hekimi, 2009) (Data not shown).

Effects of sod-2 and sod-3 on reproductive capacity and

postembryonic development

We measured times of postembryonic development (Fig. 2A) and rates

of egg-laying (Fig. 2B) in all mutants as measures of health. Compared

Fig. 1 Lifespans, effects of sod-2. Lifespan

studies started on day 0 defined as the

day of hatching. Lifespans of wild type

(N2), gas-1, mev-1, sod-2, sod-2;mev-1,

and sod-2;gas-1. sod-2;gas-1 lives longer

than N2 (median lifespans, N2

19.2 � 0.5 days, sod-2, 18.1 � 0.8 days,

gas-1, 11.4 � 0.4 days, sod-2;gas-1,

24.2 � 0.9 days).
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with N2, postembryonic times (from egg to adult) of sod-2, gas-1, and

mev-1 were increased and fecundities were decreased. However,

lengths of the reproductive periods (from adult to sterile) were

decreased in sod-2 and mev-1, but increased in gas-1 (Fig. 2A). sod-

2 did not alter the times of postembryonic development of gas-1 and

mev-1 but did decrease their reproductive capacities (Fig. 2B). sod-3

did not affect the development or fecundity of gas-1, mev-1, or isp-1

(data not shown).

Effects of sod-2 and sod-3 on respiration and electron

transport chain function

Compared with N2, the complex I-dependent state 3 oxidative

phosphorylation capacity was significantly decreased in sod-2 but not

in sod-3 animals (Fig. 3A,B). No additional effect on respiration was seen

in sod-2;sod-3 compared with sod-2. Complex I respiratory capacity was

less in sod-2;gas-1 than in either single mutation alone (Fig. 3A).

Complex II-dependent respiration was unchanged in the sod mutants

(3B). Respiration in other mitochondrial mutants was as previously

described (Ishii et al., 1998; Kayser et al., 2001). State 4 respirations

were identical to N2 in all mutants (data not shown). Because of the

specific decreased complex I-dependent respiratory capacity of sod-2,

we next examined specific enzymatic activities of the electron transport

chain.

The respiratory chain mutants had ETC enzymatic rates as previously

described (Fig. 3C–E) (Ishii et al., 1998; Kayser et al., 2001, 2004a;

Senoo-Matsuda et al., 2001). Compared with N2, sod-2 significantly

reduced complex I-related activities; the change in complex II rate did not

reach significance (P = 0.01) (Fig. 3C–E). NADH ferricyanide reductase

(NFR), which measures activity through the very proximal part of

complex I and is taken as a measure of the amount of the complex

(Suthammarak et al., 2010), was decreased in sod-2. Complex I activity,

which measures flow of electrons through the entire complex,

was decreased to a greater extent in sod-2 than was NFR (Fig. 3C,D).

Similar to gas-1, sod-2;gas-1 exhibited decreased activities of complex I

(Fig. 3C,D) and I-III (not shown). sod-2;mev-1 exhibited decreased

complex I and complex II functions (Fig. 3C,E). Complex II function of

sod-2;mev-1 was not significantly different than that of mev-1 (Fig. 3E).

sod-3 showed no differences from N2 in complex I or II activities (data

not shown). Complex III and IV activities of all the mutants remained

normal (data not shown).

Changes in the formation of mitochondrial supercomplexes

As sod-2 exhibited complex I respiratory dysfunction (Fig. 3A), we

determined whether the formation of mitochondrial I:III:IV supercom-

plexes was affected in sod-2(0) animals. BNGs revealed a 28% decrease

in the formation of supercomplexes I:III and I:III:IVn in sod-2(0)

mitochondria by complex I in-gel activity (CI-IGA) (Fig. 4A,B). The

amount of complex I in the supercomplexes was decreased in all other

mutants exceptmev-1 as also determined by CI-IGA (Fig. 4B). sod-2;gas-1

had less complex I-containing supercomplexes than either sod-2 or gas-1

(30% of that in gas-1 and 10% of that in sod-2). The loss of complex I in

sod-2 was further shown by a decrease in the complex I protein NDUFS2

in the supercomplexes (Fig. 4C). sod-3 BNGs were normal (Fig. 5E).

We then studied the location of SOD-2 by BNG analysis. Western

blots of BNGs indicated that SOD-2 co-localized with the I:III:IV

supercomplex (Fig. 4D). We have confirmed this finding in BNGs from

mouse mitochondria as well (data not shown). The residual binding of

anti-SOD-2 in the sod-2 mutant was much decreased in the sod-2;sod-3

mutant, indicating that there was cross-specificity between SOD-2 and

SOD-3 for this antibody (Fig. S2). In addition, the results show that

SOD-3 is also localized to the I:III:IV supercomplex.

HNE damage in mitochondrial protein and total worm protein

The loss of sod-2 increased HNE damage to mitochondrial protein in gas-

1 and mev-1, but not total worm protein (Fig. 5A–D). The extent of

oxidative damage to supercomplex protein was assessed by normalizing

HNE staining to total Coomassie staining. BNGs of mitochondria showed

an increase in HNE staining in the sod-2;sod-3 double mutant compared

with either mutant alone or N2 (Fig. 5E). In those mutants containing

complex I mutations (gas-1 or nuo-6), HNE staining more than doubled

compared with N2 (quantification shown in Fig. 5F) in Western blots of

native gels (Fig. S3).

The response of antioxidant defense mechanisms

Our earlier studies comparing gene expression of gas-1 and mev-1

showed that sod-3, hsp-6 (involved in the mitochondrial unfolded

protein response; mtUPR), and glutathione-S-transferase-14 (gst-14)

were significantly increased in gas-1, but not inmev-1 (Falk et al., 2008).

(A)

(B)

Fig. 2 Developmental Traits. (A) Postembryonic Times. Rates of postembryonic

development of the animals were determined from synchronized cultures

beginning at day 0 as eggs. Adult animals were scored until cessation of egg

laying. Adult sterile refers to the time from first day of adulthood to ceasing to lay

eggs. At least 100 eggs were followed in each experiment and repeated three

independent times. (B) Egg Laying. Fecundity of the animals was measured by the

number of eggs lain per worm per day. Day 0 was the day that parental animals

were eggs. Data are represented as mean � SEM from three independent worm

cultures (totaling 20–30 adult animals for each strain).
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Others have shown that the mtUPR plays an important role in

determining lifespan (Durieux et al., 2011; Baker et al., 2012). However,

changes in the mtUPR did not explain the effects of sod-2(0) on gas-1

and mev-1 (Figs S4, S5). To further understand the role of antioxidant

defense mechanisms in the lifespans of mitochondrial mutants, we

studied the expression of genes encoding antioxidant proteins by real-

time PCR (Table 1). Expression of sod-1, a cytoplasmic superoxide

dismutase, remained unchanged in all mutants in comparison with wild

type. gas-1 and mev-1 did not alter the expression of sod-2 compared

with wild type. Expression of sod-3 and gst-14was increased in all strains

except those containing mev-1. The highest levels of both were found in

sod-2;gas-1. We also found that a triglyceride lipase (K04A8.5)

(providing a potential alternate substrate source in a complex I mutant)

was upregulated in gas-1 and sod-2;gas-1 (2.9(� 1.3) and 7.06(� 1.8)

fold compared with N2). As both sod-3 and K04A8.5 are known to be

downstream from daf-16 (the FOXO transcription factor in the daf-2

pathway), we hypothesized that the lifespan extension in sod-2;gas-1

might be daf-16 dependent. As reported earlier by Kondo et al. (2005),

we found that DAF-16 was localized to the nucleus in gas-1 and mev-1

(not shown). However, we found that exposure of gas-1 or sod-2;gas-1

to daf-16 RNAi extended lifespan [mean lifespan gas-1:10 days vs.

19 days (grown on daf-16 RNAi); sod-2;gas-1: 17 days vs. 24 days

(grown on daf-16 RNAi)]. Thus, the extended lifespan of sod-2;gas-1 is

not daf-16 dependent.

If increased expression of sod-3 or gst-14 causes the prolonged

lifespan of sod-2;gas-1, then interfering with their expression should

shorten the lifespan of sod-2;gas-1. We found that the triple mutant

sod-2;gas-1sod-3 was lethal, consistent with this hypothesis. In contrast,

and contrary to this hypothesis, RNAi knockdown of gst-14 in sod-2;

gas-1 animals more than doubled their lifespan on the same food source

(HT115) (Fig. 6). Development of those animals is accelerated compared

with sod-2;gas-1 animals grown in the absence of gst-14 RNAi (data not

shown). We obtained similar results for the effect of gst-14 RNAi on

gas-1 animals (prolonged lifespan) (Fig. 6). In both cases, the lifespan

curves were biphasic, in that a subset of animals died very early in life

(app. day 9), while others were long-lived. Exposure to gst-14 RNAi did

not prolong the lifespan ofmev-1 (Fig. 6), nor the wild-type N2 (data not

shown).

Discussion

We expected that combining the loss of SOD-2 with mitochondrial

mutants known to increase oxidative stress (Kayser et al., 2004a; Kondo

et al., 2005; Yang & Hekimi, 2010a) would be detrimental to lifespan.

Loss of SOD-2 did in fact slow development and decrease fecundity

compared with N2 and significantly worsened those phenotypes when

coupled with gas-1 and mev-1. Surprisingly though, loss of SOD-2

specifically increased the lifespan of gas-1, but not that of mev-1. We

could not attribute the lengthened lifespan of sod-2;gas-1 to any

improvement in respiratory function of gas-1 or change in levels of ROS

damage. In fact, no single component of mitochondrial physiology that

we studied correlates simply with lifespan (Fig. 7). However, loss of

sod-2 directly decreased mitochondrial respiration, supercomplex for-

mation, and ETC function. Therefore, the scavenging functions of the

Fig. 3 Oxidative Phosphorylation Studies. (A) Complex I. State 3 rates of oxidative phosphorylation of wild type, gas-1, mev-1, sod-2, sod-3, sod-2;sod-3, sod-2;gas-1, and

sod-2;mev-1 using malate as a substrate. gas-1, sod-2, sod-2;gas-1, and sod-2;mev-1 each have decreased complex I-dependent respiratory capacities. (B) Complex II. State

3 complex II-dependent rates using succinate as a substrate. No change in complex II-dependent rates was noted in sod-2 or sod-3. (C–E) Electron transport chain function.

Respiratory chain enzymatic activities of wild type, gas-1,mev-1, sod-2, sod-3, sod-2;sod-3, sod-2;gas-1, and sod-2;mev-1. Enzymatic activity of: (C) CI (D) NFR and (E) CII are

shown. Complex I rates were decreased in sod-2 and sod-2 containing double mutants. CIII and CIV rates were normal in all mutants and are not shown. Data in all panels

are represented as mean � SEM from three to eight independent worm cultures. * indicates statistical significance as P < 0.05 in comparison with wild type (with a

Bonferroni correction for n = 8 resulting in P < 0.00625 for significance as described in Statistical analysis).
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mtSODs must be considered in conjunction with their effects on

respiration itself. Others have previously reported decreases in complex

I- and II-dependent function in SOD-2-deficient mice (Melov et al., 1999;

Van Remmen et al., 2001). This dependence of complex I function on

SOD-2 extends to C. elegans as well, and as such implies an ancient

conserved dependence of the ETC on this ROS scavenger.

The surprising presence of SOD-2 in I:III:IV supercomplexes (Fig. 4D)

indicates that SOD-2 plays a pivotal role in local scavenging of superoxide

at the site of its production. However, the lack of a large increase in ROS

damage to supercomplexes in a sod-2 animal may indicate that SOD-3 is

also capable of performing this function, especially when the amount of

supercomplex I:III:IV is reduced. This possibility is strengthened by two

observations: 1) ROS damage to the supercomplexes is relatively increased

if both SOD-2 and SOD-3 are absent; and 2) in an animal that is sensitive to

oxidative stress (gas-1), loss of both mtSODs is lethal. Our findings are

consistent with the hypothesis that the mtSODs, which are associated

with the I:III:IV supercomplex, protect components of the supercomplex

from ROS damage; their loss is accompanied by damage to specific

proteins in the mitochondrial ETC (Fig. 5E,F).

A dependence of the amount of supercomplex I:III:IV on SOD-2 in

supercomplexes has not been previously noted. Maranzana et al. (2013)

did report that the stability of the I:III:IV supercomplex was linked to

superoxide production in bovine heart mitochondria. In contrast to our

results, they found increased ROS when I:III:IV deteriorated. However,

they measured ROS production from an intact complex I that had been

acutely dissociated from the supercomplex with detergent. We mea-

sured accumulated ROS damage generated in vivo from animals that had

lifelong complex I dysfunction due to the loss of SOD-2. These animals

also upregulated the expression of inducible mtSOD in worms, sod-3.

Lifelong decreased mitochondrial respiration, with increased SOD-3,

partially accounts for the lack of increased ROS damage in gas-1 and

sod-2;gas-1. We further postulate that the loss of SOD-2 (in sod-2;gas-1)

locally increases ROS damage to the key components of the ETC causing

a dissolution of supercomplex I:III:IV, which, in a negative feedback loop,

decreases complex I-dependent respiration and limits superoxide pro-

duction from complex I. However, as complex I function is decreased in

sod-2 mitochondria out of proportion to the amount of ROS damage, it

is also possible that the mtSODs may directly serve as stabilizing factors

in the I:III:IV supercomplex.

The loss of sod-2 did not result in global cellular ROS damage to

proteins (Fig. 5A–D), nor in a large increase in ROS damage to

mitochondrial proteins. This is perhaps not surprising because loss of

superoxide dismutase, by itself, will not increase ROS production nor

decrease the ultimate conversion of ROS to nonharmful molecules. The

increases in HNE staining seen in total mitochondrial proteins in sod-2;

gas-1 and sod-2;mev-1 (Fig. 5A) are in proteins not maintained in MRC

complexes in native gels (Fig. 5F). These proteins may be soluble matrix

proteins, which normally dissociate from the MRC complexes under

conditions used for BNGs, or damaged proteins that are eliminated from

the MRC complexes. We favor the third possibility, although further

study is necessary to confirm the model.

We also found that sod-3 expression was significantly upregulated in

sod-2 animals (Table 1), in contrast to Back et al. (2010). However, their

study did find a 1.5-fold increase in sod-3 expression that did not reach

statistical significance. Our nematodes were grown on OP50, not K12 as

in the Back study. It is possible that the decreased bacterial lawn of the

uracil-requiring bacteria (OP50) introduced an extra level of stress,

resulting in more upregulation of sod-3.

How does sod-2 extend the lifespans of gas-1 and clk-1 (Yang et al.,

2007), but not mev-1 or isp-1? Both gas-1 and clk-1 have decreased

complex I function as well as increased ROS production (Hartman et al.,

2001; Kayser et al., 2001, 2004a,b; Yang et al., 2009). The extended

lifespans of sod-2;gas-1 and sod-2;clk-1 (Yang et al., 2007) likely result

from decreased metabolism coupled with an increase in the expression

of sod-3 (and perhaps other ROS scavengers). The slowing of complex I-

dependent respiration can be viewed as a negative feedback mechanism

to limit the production of ROS from the I:III:IV supercomplex in the face

of defective superoxide scavenging. In addition, it appears that sod-2

function is necessary for the upregulation of complex II activity normally

seen in gas-1. It is unclear why this is so, but this change may further

decrease the metabolic rate in sod-2;gas-1 and also limit the production

of superoxide. Although enzymatic activity of complex II is decreased in

sod-2;mev-1, overall integrated function of the mitochondrion, as

reflected in mitochondrial respiratory capacity, is not affected.

Loss of sod-3, which is upregulated in gas-1, does not change the

lifespan of gas-1, yet it increases the lifespan of isp-1 and decreases the

lifespan of mev-1. We do see a small increase in complex I activity

staining in BNGs of sod-3 animals; perhaps, this partially compensates

for the loss of complex III in isp-1 (Suthammarak et al., 2010) and can

extend its lifespan. If so, one might presume that this same phenomenon

would operate inmev-1, yet loss of sod-3 inmev-1 decreases its lifespan.

Studies are now being undertaken to characterize the interaction of

sod-3 with supercomplex I:III:IV formation.

The role of gst-14 as a response to complex I defects is also not clear.

Several forms of GST proteins are known to scavenge HNE-damage

(A) (B)

(C) (D)

Fig. 4 Supercomplex formation. Digitonin-based blue native gels (BNGs) from

frozen mitochondrial pellets of N2 and the mutants as indicated. (A) Coomassie

staining of BNGs. Identification of supercomplex I:III (I:III), supercomplex I:III:IV

(I:III:IV), dimeric complex V (V2), monomeric complex V (V), dimeric complex III (III2),

unbound form of the F1 part of complex V (F1 of ATPase), and dimeric complex IV

(IV2) are inferred from previously published proteomic data and molecular weights

(Suthammarak et al., 2009). (B) Complex I in-gel activity (CI-IGA) staining from the

same samples as in A in a parallel gel. (C) A Western blot of a BNG probed with

anti-NDUFS2, a complex I subunit. NDUFS2 is the mammalian homologue of GAS-1.

This blot confirms the decrease in the amount of complex I in supercomplexes of

gas-1 and sod-2. (D) Western blot from BNGs of mitochondrial mutants probed

with anti-SOD-2. Note that SOD-2 is localized to the I:III:IV supercomplex. All gels

were repeated three independent times. Figures are representative gels or blots.
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proteins. The HSP-6 family of proteins [also upregulated in gas-1 (Falk

et al., 2008)] has been shown to modify GST proteins to cause

mitochondrial targeting (Raza, 2011). We anticipated, given the

tremendous upregulation of this molecule in sod-2;gas-1, that gst-14

overexpression was linked to the extension of lifespan of sod-2;gas-1

compared with gas-1. However, reduction in gst-14 expression length-

ened the lifespan of both gas-1 and sod-2;gas-1. The protein GST-14 is

most homologous to the mammalian pro-inflammatory protein, hemat-

opoetic prostaglandin D2 synthase (HPGDS) (Kanaoka & Urade, 2003;

Mohri et al., 2009). Given this homology, we hypothesize that GST-14

actually is responsible for an inflammatory response in nematodes,

rather than ROS scavenging, and are testing this possibility. It should be

noted that there are several other gst genes in C. elegans that code for

homologues of HPGDS; it is not known whether gst-14 is unique in its

role in governing lifespan. Regardless of the specificity of gst-14, the

lifespan of mitochondrial mutants is governed by an interaction of

metabolic rate, ROS damage, and an inflammatory response.

There are some differences in the lifespans in our laboratory

compared with reports of others. First, we consistently find little to no

increase in the lifespan of isp-1 compared with N2. This may result

partially from our reluctance to remove worms from our lifespan

measurements that contain one internal hatched offspring (a ‘bagged’

worm) in adults exhibiting almost no mobility on the prior day (10–15%

(A) (B) (E)

(C) (D) (F)

Fig. 5 Oxidative damage to proteins. Western blots of (A) mitochondrial protein and (B) total worm protein probed with anti-HNE antibody. Adenine nucleotide

translocase (ANT) and actin were used as loading controls as shown. (C, D) Quantification of HNE-modified protein from (A) and (B) (C and D, respectively). Legend for

strains applies to both (C) and (D). Histogram fill patterns for strains are the same as for Figs 3 and 5F. Data shown in arbitrary units are normalized to wild-type (N2) levels as

mean � SEM from three independent samples. * indicates different than amount in N2, P < 0.05 in comparison with wild type (with a Bonferroni correction for n = 6

resulting in P < 0.0083 for significance as described in Statistical analysis). # indicates the amount of staining in sod-2;gas-1 and sod-2;mev-1 is similarly increased

compared with gas-1 and mev-1, respectively. (E) BNG and Western blot from BNGs of sod mutants (probed with anti-HNE). (F) Ratios of HNE oxidative damage to

Coomassie staining in a sister BNG normalized to N2 (taken as unity) in multiple mitochondrial mutants. The BNG and Western blot are shown in Fig. S4, Supporting

Information. The values are the averages from three gels. Strains containing complex I mutations (gas-1 and nuo-6) show the most increase in relative HNE staining. sod-2;

sod-3 also showed a significant increase in HNE staining, compared with N2. Each gel was repeated at least three times. * indicates statistical significance as P < 0.05 in

comparison with wild type (with a Bonferroni correction for n = 9 resulting in P < 0.0056 for significance as described in Statistical analysis).

Table 1 Relative quantification of mRNA level of antioxidant genes. Levels of

expression of 4 antioxidant genes (sod-1, sod-2, sod-3, and gst-14) in the mutants

were normalized to that of the wild type

Strains\

Genes sod-1 sod-2 sod-3 gst-14

N2 1 � 0.1 1 � 0.2 1 � 0.1 1 � 0.3

gas-1 1.4 � 0.3 0.8 � 0.2 7.8 � 1.3* 70.9 � 1.2*

mev-1 0.9 � 0.2 0.8 � 0.1 3.5 � 0.8* 0.04 � 0.02*

sod-2 0.9 � 0.1 0 5.4 � 0.8* 19.7 � 1.8*

sod-2;gas-1 1.4 � 0.2 0 36.2 � 2.1* 305.9 � 124.1*

sod-2;mev-1 1.4 � 0.0 0 6.8 � 0.7* 2.3 � 1.7

Data are represented as mean � SEM from 3 to 6 day 1 adult cultures.

*Indicated statistical significance as P < 0.05 in comparison with wild type (with a

Bonferroni correction for n = 5 resulting in P < 0.01 for significance as described

in Statistical analysis).
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of the adults in our studies). In our opinion, these animals represent dead

adults that have retained one hatched egg. However, this does not fully

explain the differences between our results and those of others. Second,

Van Raamsdonk reported a decrease in lifespan for the sod-2;isp-1

double mutant (Van Raamsdonk & Hekimi, 2009). We were unable to

obtain viable sod-2;isp-1 offspring and so report this as a lethal. We do

not know the cause for our differences in isp-1-related results, although

we suspect feeding differences may play a role. Finally, the finding that

loss of DAF-16 increases the lifespan on gas-1 is extremely surprising. We

suspect either that gst-14 expression is DAF-16 dependent or that the

metabolic changes dependent on DAF-16 (Robida-Stubbs et al., 2012)

interact with gas-1.

The effects of sod-2 and sod-3mutants on the viability and lifespan of

gas-1, mev-1, and isp-1 support the findings of others that there is not a

simple correlation between mitochondrial respiration, superoxide scav-

enging, ROS damage, and lifespan (Yang et al., 2007, 2009; Doonan

et al., 2008; Gems & Doonan, 2009; Van Raamsdonk & Hekimi, 2009,

2012) (Fig. 7). Clearly the notion that loss of mtSODs simply increases

ROS levels and damage is too simplistic. Superoxide dismutase does not

actually remove potentially damaging ROS; rather it only speeds up the

conversion from one form (superoxide) to another (hydrogen peroxide).

In summary, we have found specific interactions between mitochon-

drial mutants and the mitochondrial superoxide dismutases. It is clear

that losses of mitochondrial SODs have unanticipated effects on lifespan

and mitochondrial function. As they are associated with mitochondrial

supercomplexes, they may regulate electron transport or supercomplex

stability in a negative feedback loop and protect specific proteins within

the ETC from ROS damage. Paradoxically, loss of sod-2 may actually

serve as a control point that limits maximal ROS production and keeps

the levels of ROS damage relatively constant as found by Yang (Yang &

Hekimi, 2010a). Our data would indicate that this decrease is mediated

by dissolution of supercomplexes, which are stabilized by the mtSODs,

Fig. 6 Compensatory responses of sod-2.

Effects of gst-14 RNAi on lifespans of

mitochondrial mutants. gst-14 RNAi caused

a significant increase in the lifespan of gas-

1 (mean lifespan 15.7 days with RNAi vs.

10.1 days without RNAi) and sod-2;gas-1

(mean lifespan 28.4 days with RNAi vs.

13.4 days without RNAi).

(A) (C)

(B) (D)

(E)

(F)

(G)

(H)

Fig. 7 Comparison of multiple aspects of mitochondrial physiology with lifespan in mitochondrial mutants. Correlation of several different aspects of mitochondrial

physiology with lifespan of six strains of C. elegans. Lifespan values are from Fig. 1; Respiration and ETC values are from Fig. 3; HNE staining values are from Fig. 5;

Mitochondrial UPR fluorescence is from Fig. S4. Symbols for the strains are the same as in Fig. 1. The symbol for N2 is enlarged in all graphs for comparison with other

strains. (A) Complex I-dependent oxygen consumption. (B) Complex II-dependent oxygen consumption. (C) Complex I ETC activity. (D) Complex II ETC activity.

(E) 4-hydroxynonenal (HNE) antibody staining of total worm protein. (F) HNE antibody staining of total mitochondrial protein. (G) HNE staining of complexes from blue native

gels (BNGs). (H) Mitochondrial UPR-dependent fluorescence as measured by HSP-6::GFP expression normalized to that of N2 expressed in arbitrary units. No significant

correlation was found with any measurement when compared with lifespan.
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which in turn decreases mitochondrial respiration. Evolution would likely

favor the linkage of presence of an ROS scavenger to the physical entity

which generates the ROS.

Experimental procedures

C. elegans strains and culture

Worms were maintained on NGM agar plates seeded with OP50 bacteria

at 20 °C. Strains obtained from the Caenorhabditis Genetics Center

include N2 Bristol (wild type), gas-1(fc21), mev-1(kn1), isp-1(qm150),

sod-2(gk257), sod-3(tm760), and SJ4100 (zcIs13[hsp-6p::GFP]). SJ4100

was kindly shared by Matt Kaeberlein (UW) and Andrew Dillin (UCSF).

Double mutants were generated by standard methods when visible

phenotypes were available. Cross-progeny were identified by PCR if

there were no visible phenotypes. All double mutants were sequenced to

confirm genotype and outcrossed a minimum of 4 times.

Lifespan analysis

SAll lifespan assays were conducted at 20 °C on fresh OP50 NGM

plates or HT115 plates in RNAi studies. Synchronized cultures of

C. elegans were generated by seeding gravid young adults on plates to

lay eggs for 4 h on day 0. Individual plates were maintained with a

maximum of 25 worms per plate. Worms were transferred to new

plates every 2 days to avoid counting offspring of the original cohort.

Worms that were not active were gently prodded by a platinum worm

pick; if worms did not move when prodded 3X, they were scored as

dead. Nematodes that died abnormally (bagging, trapped on the side of

the petri dish) were excluded from counting as previously described

(Kayser et al., 2004a). A minimum of 100 animals were followed for

each lifespan experiment, and each lifespan study was repeated at least

three times.

Egg laying and hatching

Synchronous young adult worms were allowed to lay eggs for 4 h on

day 0. On day one, five L1 or L2 worms were transferred to fresh plates.

Once these animals began to lay eggs, they were transferred daily until

they no longer laid any eggs. The number of days until the first eggs

were laid, the total number of eggs laid, and the number that hatched

were determined on each plate. All cultures were maintained at 20 °C.

Oxidative phosphorylation and electron transport chain (ETC)

assays

Mitochondria were isolated as previously outlined (Kayser et al., 2001,

2004b). Mitochondrial respiratory capacity was measured as previously

described using freshly prepared mitochondria (Kayser et al., 2001,

2004b). The mitochondrial samples that were isolated for oxidative

phosphorylation assays were also used as fresh samples for the ETC

assays. ETC assays were carried out using techniques previously

described (Hoppel et al., 1998). All ETC assays were carried out on

fresh mitochondrial samples that were kept on ice and repeated on three

independent isolates.

Blue native gels (BNGs) and in-gel activity (IGA)

Blue native gels were performed as previously described (Suthammarak

et al., 2009). Western blots and in-gel activities (IGA) of BNGs were

carried out as described by Suthammarak (Suthammarak et al., 2010).

All gels were repeated on three independent samples.

Western blots

For Western blots of SDS-PAGE gels and native gels, mitochondria were

isolated as described previously (Suthammarak et al., 2009, 2010). Fifty

microgram of mitochondrial protein from each strain was loaded onto a

12% SDS-PAGE gel. The gel was run and transferred as previously

described (Suthammarak et al., 2009, 2010). Blots were probed with a

primary antibody to either 4-hydroxy-2-nonenal (HNE) fluorophore

(Calbiochem, San Diego, CA), NDUFS2 (Santa Cruz Biotechnology,

Dallas, TX), or SOD-2 (Santa Cruz Biotechnology, Dallas, TX). The

membranes were washed as previously described and incubated with

horseradish peroxidase-conjugated secondary antibody (Yang et al.,

2009) (Santa Cruz Biotechnology, Dallas, TX). Blots were incubated with

SuperSignal� West Pico chemiluminescence substrate. Adenosine nucle-

oside transporter (ANT) antibody (Mitosciences, Eugene OR) was used as

a loading control.

Statistical analysis

Analysis of variance was used to analyze groups of data for significant

differences. Unpaired Student’s t-test was then employed to calculate

statistical significance of specific pairs if a difference was noted with

analysis of variance. Significance was defined as P < 0.05 with a

Bonferroni correction for the number of strains evaluated with each test

(generally eight strains resulting in a P < 0.05/8 = 0.00625). Error bars in

the figures represent mean � SD for each experiment.
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