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 2 

Redox signalling is an important modulator of diverse biological pathways and processes, and 22 

operates through specific post-translational modification of redox-sensitive thiols on cysteine 23 

residues 1-4. Critically, redox signalling is distinct from irreversible oxidative damage and 24 

functions as a reversible ‘redox switch’ to regulate target proteins. H2O2 acts as the major 25 

effector of redox signalling, both directly and through intracellular thiol redox relays 5,6. 26 

Dysregulation of redox homeostasis has long been implicated in the pathophysiology of many 27 

age-related diseases, as well as in the ageing process itself, however the underlying 28 

mechanisms remain largely unclear 7,8. To study redox signalling by H2O2 in vivo and explore 29 

its involvement in metabolic health and longevity, we used the fruit fly Drosophila as a model 30 

organism, with its tractable lifespan and strong evolutionary conservation with mammals 9. 31 

Here we report that inducing an endogenous redox-shift, by manipulating levels of the H2O2-32 

degrading enzyme catalase, improves health and robustly extends lifespan in flies, 33 

independently of oxidative stress resistance and dietary restriction. We find that the catalase 34 

redox-shifted flies are acutely sensitive to starvation stress, which relies on autophagy as a 35 

vital survival mechanism. Importantly, we show that autophagy is essential for the lifespan 36 

extension of the catalase flies. Furthermore, using redox-inactive knock-in mutants of Atg4a, 37 

a major effector of autophagy, we show that the lifespan extension in response to catalase 38 

requires a key redox-regulatory cysteine residue, Cys102 in Atg4a. These findings 39 

demonstrate that redox regulation of autophagy can extend lifespan, confirming the 40 

importance of redox signalling in ageing and as a potential pro-longevity target. 41 

 42 

To explore the role of endogenous redox signalling in vivo, we used the UAS/GAL4 43 

expression system to up-regulate catalase in wild-type (WT) flies. Global up-regulation of catalase 44 

under control of the daughterless promoter (da-GAL4>UAS-cat) extended the median and 45 

maximum lifespan of female flies (typically by ~10-15%; Fig. 1a). Importantly, for these 46 

experiments we used the white Dahomey (wDah) background, which is a long-lived and outbred WT, 47 

hence we are extending healthy lifespan and not rescuing a short-lived defect. Catalase was over-48 

expressed ~5-fold at the mRNA level in whole flies (Fig. S1a). Lifespan was not extended in males 49 

(Fig. 1a), despite similar catalase over-expression (Fig. S1a), however interventions modulating 50 

nutrient-sensing in Drosophila often show gender-specific effects on survival in females, that are 51 

absent or marginal in males 10. 52 

 The da-GAL4>UAS-cat flies were mildly delayed in eclosing, without affecting the 53 

proportion of larvae surviving to adulthood (Fig. S1b). To exclude developmental effects, we 54 

showed that the lifespan extension could be fully recapitulated using the inducible GeneSwitch 55 

system, with over-expression from d2 of adulthood onwards (da-GS>UAS-cat ±RU; Figs. 1b, S1a). 56 
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Varying the dose of the inducer drug RU (50-400 µM) still did not extend lifespan in males and 57 

had only marginal effects on lifespan extension in females (Fig. S1c), suggesting that the catalase 58 

benefits are at maximum potential. Over-expressing catalase under the control of an alternative 59 

ubiquitous driver (actin5c-GAL4>UAS-cat) also extended lifespan (Fig. S1d). Furthermore, 60 

catalase-mediated lifespan extension was independent of Wolbachia status (Figs. S1e,f), which can 61 

influence fly longevity and physiology 11,12. In addition to lifespan extension, the catalase females 62 

also exhibited increased healthspan 13, as inferred from their enhanced climbing ability with age 63 

(Fig. 1c). To explore effects on age-specific mortality, trajectories derived from the survival curves 64 

revealed a shift in the intercept, but not the slope (Fig. 1d), indicating that catalase over-expression 65 

decreased the overall risk of death, rather than slowing its rate of increase with age 14. Therefore, 66 

the catalase over-expressing flies were healthier for longer. 67 

Using the inducible GeneSwitch system showed that induction of catalase from middle-age 68 

(d28 and d42) or old-age (d56) was sufficient to extend lifespan (Figs. 1e, S1g), although not to the 69 

full extent from induction at d2. By d56, the –RU control flies had already started dying, yet 70 

switching to +RU treatment even at this late stage still enhanced survival. This implies that for full 71 

benefits the redox shift needs to occur early in life, yet late-onset still offers protection. The level 72 

of catalase over-expression induced by RU was equivalent at all ages, as were the levels of 73 

endogenous catalase in the controls, eliminating any contribution from changes in RU consumption 74 

or endogenous catalase expression with age (Fig. S1h). We conclude that ubiquitous up-regulation 75 

of catalase improves healthspan and extends lifespan in female WT flies. Interestingly, tissue-76 

specific catalase up-regulation using a range of drivers (e.g. tubule, gut, fat body, neuronal; Figs. 77 

S1i-m), did not recapitulate the strong lifespan extension obtained by the ubiquitous drivers, 78 

suggesting that catalase is either acting in an untested tissue (or combination of tissues), or 79 

alternatively is required at a more global organismal level.  80 

The catalase over-expressors were exceptionally resistant to multiple modes of oxidative 81 

stress - by exogenous H2O2 (Fig. 1f), the redox cycler paraquat both upon feeding (Fig. 1g) and 82 

injection (Fig. 1h), as well as hyperoxia (Figs. 1i, S1n). However, this enhanced oxidative stress 83 

resistance is unlikely to explain the lifespan extension in females, because catalase over-expression 84 

protected males to a similar extent against oxidative stress without increasing longevity. 85 

To explore the mechanism underlying the catalase-mediated lifespan extension, we 86 

examined its relationship to dietary restriction (DR), which is a robust and evolutionary conserved 87 

nutritional intervention known to have health and longevity benefits 15. We measured the lifespan 88 

response of catalase over-expressor females to DR by varying the yeast content (i.e. protein source) 89 

in the food, while maintaining the sugar content constant 16. This generated a typical tent-shaped 90 

response (Fig. 2a), with lifespan decreased at very low yeast levels (0.1x), highest under restricted 91 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted October 2, 2019. ; https://doi.org/10.1101/790378doi: bioRxiv preprint 

https://doi.org/10.1101/790378


 4 

conditions (0.5x), then gradually shortened towards more fully-fed conditions (1.5x). The lifespan 92 

of the catalase flies was enhanced relative to controls at all yeast levels (Fig. 2a), while fecundity 93 

increased with yeast content throughout the 0.1-1.5x range for both the control and catalase females 94 

(Fig. S2a). Therefore, the catalase over-expressor females exhibit a normal DR response, and the 95 

lifespan extension upon catalase up-regulation is not mediated by the activation of DR pathways. 96 

While the DR experiment revealed improved survival compared to control at a range of 97 

yeast concentrations (Fig. 2a), including extremely poor nutritional conditions (0.1x-yeast; Fig. 2b), 98 

we unexpectedly observed that the catalase over-expressing females, but not males, were acutely 99 

sensitive to complete starvation (Fig. 2c). There was no difference in triacylglyceride (TAG) levels 100 

at d7 (t=0 in Fig. 2d) and during a starvation time course (Fig. 2d). Similarly, the levels of glycogen 101 

storage and mobilisation were the same in control and over-expressor females (Fig. 2e). Therefore, 102 

the starvation sensitivity of the catalase flies was not due to differences in metabolic energy reserves 103 

or their mobilisation. 104 

Autophagy is a known longevity assurance process, involved in the response to nutritional 105 

challenges such as starvation 17-22. Furthermore, there is evidence for redox-regulation of 106 

autophagy 23. Therefore, we next explored the involvement of autophagy in the differential 107 

starvation response and longevity of the catalase flies. To monitor autophagy status in vivo directly, 108 

we quantified the levels of Atg8 (LC3 in mammals), a major autophagosome marker. The levels of 109 

both the de-lipidated (Atg8-I) and lipidated (Atg8-II) forms were strongly elevated in the catalase 110 

over-expressors (Fig. 2f), indicating that autophagy is induced. Indeed, levels of autophagy are 111 

physiologically fine-tuned, with both autophagy inhibition and excessive activation shown to 112 

induce starvation sensitivity in vivo 24,25. Furthermore, similarly to the starvation stress, the catalase 113 

flies were also sensitive to treatment with the autophagy inhibitor chloroquine (Fig. 2g), confirming 114 

that autophagy is affected. 115 

To test the involvement of autophagy in the longevity of the catalase flies, we down-116 

regulated autophagy by RNAi of Atg5 (Figs. S2b). Atg5 knock-down enhanced sensitivity to 117 

starvation (Fig. S2c) 24, but did not affect the lifespan of control females under fed conditions (da-118 

GS>UAS-Atg5RNAi ±RU; Fig. 2h). Importantly, the lifespan extension by catalase over-119 

expression was abolished in an Atg5-RNAi background (da-GS>UAS-Atg5RNAi+UAS-cat ±RU; 120 

Fig. 2i). Therefore, autophagy is required for the enhanced longevity by catalase up-regulation. 121 

Redox regulation of autophagy has been described for Atg4 in the context of starvation-122 

induced ROS production in vitro 26. Atg4 is the only cysteine peptidase amongst the autophagy 123 

components, and is essential for autophagosome biogenesis 23. Atg4 regulates autophagy by 124 

processing Atg8 at two critical stages: 1) the initial cleavage of Atg8, mediated by the redox-125 

insensitive catalytic cysteine of Atg4, therefore this first step promoting Atg8 lipidation is redox-126 
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independent; and 2) the subsequent redox-dependent de-lipidation of Atg8, which is selectively 127 

inactivated upon oxidation of an adjacent redox-regulatory cysteine in Atg4. Therefore, under 128 

oxidising conditions, lipidated Atg8 accumulates due to the redox-mediated suppression of de-129 

conjugation by Atg4, thereby enhancing autophagosome biogenesis and promoting Atg4-mediated 130 

autophagy (Fig. 3a). 131 

We recently showed that fasting for 24 h is associated with a strong oxidising shift of bulk 132 

cysteine residues in Drosophila in vivo 27. We therefore hypothesised that the starvation sensitivity 133 

of the da-GAL4>UAS-cat females may be attributed to such thiol redox changes. To explore the 134 

effects of catalase up-regulation on global thiol redox state, we applied the same redox proteomic 135 

technique, OxICAT 27, to the catalase over-expressing females. In OxICAT, samples undergo 136 

differential labelling of cysteine residues according to redox status, followed by trypsin proteolysis 137 

and enrichment for cysteine-containing peptides, and finally detection by tandem mass 138 

spectrometry. This allows both the identification of redox-responsive cysteine residues, as well as 139 

determination of their redox state. The bulk redox state of cysteines in control flies does not change 140 

with age, with the majority remaining at ~10-15% oxidised 27. In contrast, the catalase over-141 

expressors displayed an oxidising shift in cysteine redox state relative to controls with increasing 142 

age (Figs. 3b-d, S3a-d, Table S2). This finding is counter-intuitive, since we are up-regulating an 143 

antioxidant enzyme. Therefore, we tested the hypothesis that by quenching H2O2, catalase over-144 

expression blocks H2O2 redox signals that up-regulate other antioxidant systems and redox couples. 145 

The Keap1/Nrf2 signalling pathway is an appealing candidate for this process, as it is an oxidative 146 

stress response pathway that enhances the expression of a range of redox processes and is known 147 

to be redox-regulated in Drosophila 28. To assess this pathway, we used a transgenic reporter for 148 

Keap1/Nrf2 activity (gstD-GFP). This pathway was up-regulated with age in controls, but not in 149 

the long-lived catalase flies (Fig. S3e), suggesting that catalase over-expression prevented the 150 

induction of Keap1/Nrf2 signalling with age and thus the induction of a range of redox processes. 151 

Altogether, we have shown that catalase flies undergo an unexpected global oxidising thiol redox 152 

shift with age. This oxidation is consistent with the enhancement of autophagy via redox-regulation 153 

of Atg4. 154 

The protein sequence of Atg4 is evolutionarily conserved, with both the catalytic cysteine 155 

(Cys98 in Drosophila Atg4a) and the adjacent redox-regulatory cysteine (Cys102 in Drosophila 156 

Atg4a) present in flies and mammals (Figs. 4a, S4a). To dissect the physiological role of Atg4 redox 157 

regulation in vivo, we generated a transgenic knock-in fly line by CRISPR, where the regulatory 158 

cysteine in endogenous Atg4a was replaced by a redox-inactive serine residue (C102S mutant). 159 

Basal levels of autophagy were not affected under control conditions (Fig. 4b, UAS-cat/+, Atg4a-160 

C102S), whereas autophagy induction by catalase over-expression was fully abolished (Fig. 4b, da-161 
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GAL4>UAS-cat, Atg4a-C102S). Therefore, this redox-regulatory cysteine in Atg4 is required for 162 

autophagy induction by redox signalling in vivo, as previously reported in vitro 26. 163 

To interrogate the role of Atg4a Cys102 in mediating the longevity of the catalase flies, we 164 

performed survival assays with the Atg4a-WT CRISPR control line, and reproduced the catalase 165 

lifespan extension in this background (Fig. 4c). The Atg4a-C102S point mutation did not affect 166 

survival of control flies, confirming that this knock-in alone is not deleterious (Fig. 4d). Critically, 167 

in contrast to the Atg4a-WT control, the lifespan extension upon catalase up-regulation was fully 168 

abolished in the Atg4a-C102S mutant background (Fig. 4d). Therefore, redox-regulation of 169 

autophagy via Atg4a-Cys102 mediates the longevity upon catalase over-expression. Enhancing 170 

autophagy is an evolutionarily conserved intervention associated with health and survival benefits, 171 

and here we demonstrate that selective redox-mediated up-regulation of autophagy can extend 172 

lifespan. 173 

Many attempts have been made to extend lifespan in model organisms by enhancing their 174 

antioxidant capacity, notably through the over-expression of antioxidant enzymes, including 175 

catalase 29-32. These trials have been largely unsuccessful, casting doubt on the causative role of 176 

ROS and oxidative damage in ageing 33. Therefore, our finding that catalase over-expression 177 

extends lifespan was at first surprising. The original study over-expressing catalase in Drosophila 178 

found no effect on lifespan and only modest resistance to oxidative stress by H2O2 29. However, the 179 

study used an extra chromosomal copy under its endogenous promoter, resulting in far lower over-180 

expression of catalase (~1.75-fold at the mRNA level and ~1.5-fold increased enzyme activity). 181 

The degree of catalase over-expression is therefore likely to be important for the lifespan extension. 182 

Furthermore, the earlier study used only males, while our findings show a robust effect specifically 183 

in females. The results of the two studies are therefore not discordant with one another. 184 

Our redox proteomic analysis has revealed that the catalase flies undergo a thiol oxidising 185 

shift in bulk cysteine redox state. Interestingly, this pattern is similar to our earlier observations in 186 

WT flies under starvation stress 27. Nutrient deprivation can directly affect redox homeostasis by 187 

depleting the provision of important reducing equivalents, such as NADPH and glutathione, 188 

mediating an intracellular oxidising shift 34. Therefore, we suggest that the catalase flies undergo a 189 

thiol oxidising shift that is perceived as an internal state of starvation, which triggers the induction 190 

of autophagy as a protective response (Fig. 4e). Autophagy plays a fundamental role in healthy 191 

physiology, such as cellular differentiation, tissue remodelling, and mitochondrial homeostasis, as 192 

well as in the response to stress and the clearance of cellular damage 22. Consequently, enhanced 193 

autophagy is a common denominator of many evolutionary conserved interventions that extend 194 

lifespan 21,22, both genetically, such as down-regulation of insulin signalling 35, and 195 

pharmacologically, for instance rapamycin treatment 36. Furthermore, direct up-regulation of 196 
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autophagy has been shown to exert health benefits and extend lifespan in a range of model 197 

organisms including worms, flies and mice 37-39. Several components of the autophagy pathway are 198 

known to be redox regulated, including Atg3 and Atg7 40, as well as the focus of our study Atg4 26. 199 

Overall, we have shown that shifting the in vivo redox state of Drosophila through over-expression 200 

of catalase extends lifespan and healthspan in females through redox regulation of autophagy via a 201 

key redox-regulatory cysteine in Atg4a. Our findings further emphasise the importance of fine-202 

tuning autophagy in health and disease, and demonstrate how manipulation of redox signalling in 203 

vivo can ameliorate the effects of ageing. Furthermore, our data are consistent with a growing view 204 

in the ageing field that many effects of ROS on longevity are likely to be through alterations in 205 

redox signalling rather than through lessening of oxidative damage 7,8. 206 

 207 

Methods 208 

Fly strains and husbandry. The white Dahomey (wDah) strain of Drosophila melanogaster was 209 

used as the WT background. The Dahomey stock was collected in 1970 in Dahomey (presently the 210 

Republic of Benin), and maintained since then as large population cages, ensuring outbreeding and 211 

overlapping generations. The wDah stock was derived by incorporation of the w1118 mutation into 212 

the outbred Dahomey background by back-crossing. Flies were either negative (wDah) or positive 213 

(wDah+) for the bacterial cytoplasmic endosymbiont Wolbachia, with infection status confirmed by 214 

PCR using published primers against wsp 11. The wDah stock was originally achieved by tetracycline 215 

treatment of wDah+ 11. All transgenic lines were back-crossed into the appropriate wDah background 216 

for at least 6-10 generations. See the Supplementary Information for details of all fly strains. 217 

Experimental flies were incubated at 25ºC on a 12 h light:12 h dark cycle with 65% humidity. 218 

 219 

Fly food. Flies were raised on standard sugar-yeast-agar medium (SYA) consisting of: 5% w/v 220 

sucrose (granulated sugar, Tate & Lyle), 10% w/v yeast (#903312, MP Biomedicals), 1.5% w/v 221 

agar (A7002, Sigma), supplemented with nipagin (Sigma H5501; 30 mL/L of 10% w/v nipagin in 222 

95% EtOH) and propionic acid (Sigma P1386; 0.3% v/v) as mould inhibitors, added once the food 223 

had cooled down to ~60ºC 16. Expression via the inducible GeneSwitch system was achieved by 224 

addition of the drug RU (RU486/mifepristone; M8048, Sigma) to standard SYA once cooled down 225 

to ~60ºC, typically at 200 µM from a 0.1 M stock in EtOH. For dietary restriction (DR) 226 

experiments, the yeast content was varied to give 1% (0.1x), 5% (0.5x), 7.5% (0.75x), 10% (1x = 227 

SYA) or 15% (1.5 SYA) w/v yeast 41. 228 

 229 

Experimental flies. For all experiments, eggs were collected over a defined period (<24 h) to 230 

ensure a synchronous population and reared at constant density in 200 mL bottles with SYA 41. 231 
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Eclosing adults of a defined age were kept as a mixed population for ~48 h to allow mating, then 232 

separated into males and females under mild CO2 anaesthesia, and maintained as separate sexes 233 

from then on. 234 

 235 

Lifespan & stress assays. Lifespan assays were set up as above, typically with n~10-15 flies per 236 

vial and a total of n~100-250 flies per condition. Flies were transferred to fresh food without gassing 237 

every ~2-3 days, with deaths and censors recorded. Stress assays were performed on d7 flies 238 

(typically n>100 per condition in groups of ~15-20 flies per vial), with deaths scored regularly 239 

following initiation of treatment. See Table S1 for full survival assay information. For H2O2 240 

resistance, flies were transferred onto medium containing 5% v/v H2O2 (Sigma H1009), 5% w/v 241 

sucrose, 1.5% w/v agar. For paraquat stress, flies were either transferred onto standard SYA food 242 

supplemented with 20 mM paraquat (Sigma 856177), or injected with 75 nL of 1 mg/mL paraquat 243 

in Ringers buffer (3 mM CaCl2, 182 mM KCl, 46 mM NaCl, 10 mM Tris base, pH 7.2 HCl) and 244 

maintained on standard SYA 42. Starvation stress was assayed by transferring flies to 1.5% w/v agar 245 

medium, which lacks nutrients but allows hydration. Chloroquine (10 mM, Sigma C6628) was 246 

prepared in 5% w/v sugar, 1.5% w/v agar. Hyperoxia was performed by incubating flies on standard 247 

SYA vials in a glove box chamber set at 90% O2 using a ProOx controller (BioSpherix). The 248 

majority of lifespans (Figs. 1a-b, 2b,h-i, 4c-d, S1d-f, S2c) and stress assays (Figs. 1f-g, 2c,g) were 249 

repeated at least twice as independent biological experiments, except Figs. 1h-i and S1c,g,i-m, 250 

which were performed once. 251 

 252 

Development time. Eggs were collected from flies in cages onto grape juice agar plates over a 253 

defined time window (~4 h). After ~24 h, the resulting L1 larvae were picked onto SYA food at a 254 

density of 50 per vial (n=500 total per genotype), and the time to adult eclosion was monitored. 255 

 256 

Climbing assay. Climbing ability (negative geotaxis) was assayed essentially as described 43. 257 

Briefly, groups of 15 flies were transferred to a sawn-open 25 mL serological pipette (35 cm long, 258 

1.5 cm diameter), with the base sealed by parafilm. The flies were tapped down within the column 259 

and observed during 45 s, after which their location was recorded. The column was separated into 260 

three sections: top 10 cm, middle, bottom 3 cm. Each cohort was evaluated 3 times, using 5 groups 261 

per genotype. The climbing performance index was calculated as: 1/2 (ntotal + ntop – nbottom/ntotal). 262 

 263 

Metabolic and molecular assays. Flies for molecular experiments were rapidly transferred to pre-264 

chilled microtubes via a small plastic funnel and snap frozen in liquid nitrogen, then stored at – 80°C 265 

until required. Flies were always frozen at approximately the same time of day to minimise any 266 
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circadian variation. For some assays, frozen flies were separated into body segments using forceful 267 

manual impact 44. 268 

 269 

Western blotting. Frozen fly samples were homogenised directly into 2X Laemmli loading buffer 270 

(Bio-Rad) supplemented with 5% v/v β-mercaptoethanol (Sigma) using a pellet pestle and motor 271 

(usually 5/10 females into 100/200 µL) and separated by standard SDS-PAGE. The following 272 

primary antibodies were used at the indicated dilutions: anti-actin (AbCam Ab1801; 1:1,000), anti-273 

Atg8 (a generous gift from K. Köhler 45; 1:1,000), anti-catalase (Sigma C0979; 1:10,000), anti-GFP 274 

(Cell Signaling #2955; 1:1,000). Blots were developed using standard ECL, followed by analysis 275 

with FIJI (ImageJ) software. 276 

 277 

Energy storage assays. Whole body triacylglyceride (TAG) and glycogen levels were measured 278 

in d7 females (n=5 flies per sample, n=6-8 replicates per genotype) under control (fed) conditions 279 

and in response to starvation. For the TAG assay, flies were homogenised in 0.05% v/v Tween-20 280 

and assayed using the Triglyceride Infinity Reagent (Thermo-Scientific TR22421) in a 96-well 281 

plate measuring absorbance at 540 nm. For the glycogen assay, flies were homogenised in saturated 282 

sodium sulphate, then the subsequent pellet was resuspended in anthrone reagent (Sigma 319899) 283 

and assayed in a 96-well plate measuring absorbance at 620 nm 46. 284 

 285 

OxICAT. To measure the redox state of protein cysteine residues, we performed redox proteomics 286 

using OxICAT, with protein isolation, cysteine-residue labelling, peptide preparation and LC-287 

MS/MS analysis performed exactly as described previously 27. See the Supplementary Information 288 

for further details. 289 

 290 

Statistical analysis. Lifespan and stress assays were plotted as cumulative survival curves, and 291 

statistical analysis was performed by Log-Rank test. Other data were analysed by Student’s t-test 292 

or ANOVA as appropriate in GraphPad Prism 8. 293 

 294 
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Figure legends 407 

Fig. 1 | Ubiquitous catalase over-expression extends lifespan in flies, independently of 408 

oxidative stress resistance. a, Constitutive, ubiquitous catalase over-expression (da-GAL4>UAS-409 

cat) extended the survival of female flies in a wDah (white Dahomey) WT background relative to the 410 

UAS-cat/+ (p=5.7x10-7) and da-GAL4/+ (p=3.3x10-6) controls. The control lines were not 411 

significantly different from each other (p=0.7504). No effect was observed in males (p>0.05 for all 412 

comparisons). Lifespans were performed with n=200 flies per condition. b, Inducible catalase over-413 

expression from early adulthood (d2) using the GeneSwitch system extended the lifespan of female 414 

flies (da-GS>UAS-cat ±RU, p=1.1x10-16). RU had no effect on the da-GS/+ control line 415 

(p=0.7161). Lifespans were performed with n=225-300 flies per condition. Inset: catalase over-416 

expression assessed by Western blotting in whole d9 females (=d7 of RU induction), with actin as 417 

a loading control. c, Healthspan, inferred from climbing performance, was improved in catalase 418 

over-expressing females. Climbing was assayed on da-GS>UAS-cat females ±RU to control for 419 

effects of eye colour on this behaviour. Data are presented as box-and-whisker plots (min/max error 420 

bars) of n=5 replicates per condition, each with n=15 flies per sample, analysed by unpaired 421 

Student’s t-test. d, Mortality trajectories of the da-GS>UAS-cat ±RU survival curves from (b), 422 

fitted with a linear regression trendline (dotted line). e, Late onset over-expression of catalase using 423 

the inducible GeneSwitch system from either middle-age (d28 and d42) and old-age (d56) extended 424 

the lifespan of female flies (p=7.2x10-8, p=1.0x10-7 and p=1.4x10-3, respectively against the –RU 425 

control). Lifespans were performed with n=270 flies per condition, and were plotted from point of 426 

RU induction relative to the remaining –RU control flies at that age (see Fig. S1g for the original 427 

survival data). f, Catalase over-expressing flies were strongly resistant to exogenous H2O2 stress 428 

relative to controls (da-GAL4>UAS-cat v. UAS-cat/+; p=5.0x10-61 females, p=3.2x10-33 males). 429 

H2O2 treatment (5% v/v in sucrose/agar medium) was initiated at d7, with n=105 males (n=75 for 430 

da-GS>UAS-cat) and n=120 females per condition. g, Catalase over-expressing flies were resistant 431 

to chronic dietary paraquat stress relative to control flies (da-GAL4>UAS-cat v. UAS-cat/+; 432 

p=6.93x10-31 females, p=7.99x10-16 males). Paraquat treatment (20 mM in SYA food) was initiated 433 

at d7, with n=100 flies per condition. h, Catalase over-expressing flies (da-GAL4>UAS-cat) were 434 

resistant to acute paraquat stress relative to controls (UAS-cat/+). d7 females were injected with 435 

75 nL of 1 mg/mL paraquat in Ringers buffer (+PQ, n=150 flies) or mock injected with buffer alone 436 

(–PQ, n=120 flies). i, Catalase over-expressing flies were resistant to environmental hyperoxia 437 

stress relative to controls (da-GAL4>UAS-cat v. UAS-cat/+; p=1.7x10-8 females, p=8.1x10-3 438 

males). Incubation at 90% O2 was initiated at d7, with n=120 flies per condition (except n=90 for 439 

UAS-cat/+ females). All survival assays (a,b,e,f,g,i) were analysed by Log-Rank test (see Table S1 440 

for full n numbers and p values). n/s, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001.  441 
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Fig. 2 | Catalase lifespan extension requires autophagy. a, Catalase over-expressor (da-442 

GAL4>UAS-cat) and control (UAS-cat/+) females displayed a normal response to dietary 443 

restriction (DR). Median lifespan is plotted against the yeast content of the diet, with 1x 444 

corresponding to standard SYA food. Data are the means ±range of 2 independent lifespan 445 

experiments, each set up with n=150-160 flies per genotype, analysed by two-way ANOVA 446 

(Fisher’s LSD). b, Survival curve on 0.1x-fold yeast from (a). The catalase over-expressor females 447 

(da-GAL4>UAS-cat) were longer-lived than controls (UAS-cat/+) under low yeast nutritional 448 

conditions (p=3.6x10-10, n=160 flies per genotype). c, Catalase over-expressor females (da-449 

GAL4>UAS-cat) were sensitive to starvation stress relative to UAS-cat/+ and da-GAL4/+ controls 450 

(p=5.6x10-5 and p=7.6x10-7, respectively). No difference was observed in males (p>0.05 for all 451 

comparisons). Assays were performed at d7 with n=120 flies per condition (except n=80 for UAS-452 

cat/+ females). d-e, Triacylglyceride (TAG, d) and glycogen (e) levels in whole females assayed at 453 

d7 (t=0) and depletion in response to starvation treatment. Data are presented as box-and-whisker 454 

plots (min/max error bars) of n=4-6 replicates per genotype, each with n=5 females per sample, 455 

analysed by unpaired Student’s t-test (p>0.05). f, Catalase over-expressor females (da-456 

GAL4>UAS-cat) displayed enhanced autophagy induction compared to UAS-cat/+ controls at d7, 457 

assessed by Western blotting against Atg8, normalised to actin. Data are means ±SD of n=6 458 

biological replicates, each with n=10 abdomens per sample, analysed by paired Student’s t-test 459 

(*, p<0.05). Right, typical bands probed against Atg8 with actin as a loading control (see Fig. S4b 460 

for the full blot). g, Catalase over-expressor females (da-GAL4>UAS-cat) were sensitive to 461 

treatment with the autophagy inhibitor chloroquine (10 mM in sucrose/agar medium) relative to 462 

UAS-cat/+ and da-GAL4/+ controls (p=2.6x10-5 and p=3.5x10-9, respectively). Assays were 463 

performed at d7 with n=160 flies per condition. h, Global Atg5 knock-down did not decrease 464 

lifespan in a WT background under control conditions (da-GS>UAS-Atg5RNAi ±RU; p=0.4177). 465 

Lifespan assays were performed on n=225-240 females. i, Lifespan extension upon catalase over-466 

expression (da-GS>UAS-cat ±RU; p=7.2x10-15) was abolished in an autophagy-deficient 467 

background (da-GS>UAS-cat+UAS-Atg5RNAi ±RU; p=0.1701). Survival assays (b,c,g,h,i) were 468 

analysed by Log-Rank test (see Table S1 for full n numbers and p values). n/s, p>0.05; *, p<0.05; 469 

***, p<0.001. 470 

 471 

Fig. 3 | Catalase flies undergo an oxidising shift in global thiol redox state. a, Scheme showing 472 

the dual function of Atg4 in autophagy: 1) initial redox-independent cleavage of Atg8, to expose a 473 

C-terminal glycine residue enabling lipidation by PE (phosphatidyl-ethanolamine) via the E1-like 474 

enzyme Atg7 and the E2-like enzyme Atg3. The conjugated Atg8-PE is involved in autophagosome 475 

elongation/closure; 2) redox-dependent de-lipidation of Atg8-PE, allowing interaction and fusion 476 
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of the autophagosome with the endosomal-lysosomal compartments, and recycling of cleaved 477 

Atg8. Oxidation of a redox-regulatory cysteine selectively inactivates the Atg8-PE de-conjugation 478 

activity of Atg4, promoting autophagosome biogenesis and therefore enhancing Atg4-mediated 479 

autophagy. b, Redox proteomic (OxICAT) analysis of d7, d28 and d56 catalase over-expressing 480 

females (da-GAL4>UAS-cat) compared to control (UAS-cat/+). Distribution of total cysteine 481 

residue oxidation levels, plotted as the proportion of the total number of peptides containing unique 482 

cysteine residues in each 5% quantile of percentage oxidation. Data are means ±SEM of n=5 483 

biological replicates. c-d, Oxidation state of cysteine residues present, comparing control versus 484 

catalase over-expressor females at d7 (c) and d56 (d). Data points above the diagonal dotted line 485 

(slope=1) indicate cysteine residues more oxidised upon catalase up-regulation, with red symbols 486 

designating significance (p<0.05), assessed by unpaired two-tailed Student’s t-test. 487 

 488 

Fig. 4 | Redox regulation of autophagy via Atg4a Cys102 extends lifespan. a, Multiple sequence 489 

alignment of the Atg4a protein from Drosophila with the mouse and human orthologues, showing 490 

the catalytic cysteine residue (Cys98 in Drosophila) and the redox-regulatory cysteine (Cys102 in 491 

Drosophila). See Fig. S4a for the full sequence. b, Autophagy levels assessed by Western blotting 492 

against Atg8. The induction of autophagy in response to catalase over-expression was maintained 493 

in Atg4a-WT flies, but abolished in the Atg4a-C102S mutant background. See Fig. S4b for the full 494 

blots. Quantification of Atg8 levels by densitometry, normalised to actin as a loading control. Data 495 

are means ±range of n=2 biological replicates, analysed by two-way ANOVA (Fisher LSD). c-d, 496 

Catalase over-expression extended lifespan in the Atg4a-WT control (c), but not in the redox-497 

insensitive Atg4a-C102S knock-in background (d). Survival assays (c,d) were analysed by Log-498 

Rank test (see Table S1 for full n numbers and p values). n/s, p>0.05; ***, p<0.001. e, Scheme 499 

illustrating the mechanism underlying the lifespan extension upon redox regulation of autophagy. 500 
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