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Changes in body temperature can profoundly affect survival. The
dramatic longevity-enhancing effect of cold has long been known in
organisms ranging from invertebrates to mammals, yet the under-
lying mechanisms have only recently begun to be uncovered. In the
nematode Caenorhabditis elegans, this process is regulated by a
thermosensitive membrane TRP channel and the DAF-16/FOXO tran-
scription factor, but in more complex organisms the underpinnings of
cold-induced longevity remain largely mysterious. We report that, in
Drosophila melanogaster, variation in ambient temperature triggers
metabolic changes in protein translation, mitochondrial protein syn-
thesis, and posttranslational regulation of the translation repressor,
4E-BP (eukaryotic translation initiation factor 4E-binding protein). We
show that 4E-BP determines Drosophila lifespan in the context of tem-
perature changes, revealing a genetic mechanism for cold-induced lon-
gevity in this model organism. Our results suggest that the 4E-BP
pathway, chiefly thought of as a nutrient sensor, may represent a
master metabolic switch responding to diverse environmental factors.
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Studies on the biological underpinnings of aging have un-
covered numerous genetic and environmental factors regu-
lating animal lifespan. Longevity-promoting genes include components
of the insulin-like signaling pathway, the histone deacetylase
Sir2, the GTPase Ras, TRP membrane channels, and transcrip-
tion factors, among many others (1, 2). Environmental manipu-
lations extending life include changes in nutrition (often referred
to as caloric or dietary restriction), sexual/reproductive history,
and ambient temperature (3-5).

Of the factors known to impact aging, temperature is arguably
the most promising. Lifespan extension by cold is evolutionarily
conserved—documented in poikilotherms, such as worms and flies,
and homeotherms, including mammals (4, 6—11)—and more robust
than well-studied interventions such as dietary restriction (12, 13).
However, the underlying mechanisms remain incompletely un-
derstood (10, 14, 15). In Caenorhabditis elegans, the effect of cold
on survival involves the thermosensitive membrane channel
TRPA-1 acting upstream of the DAF-16/FOXO transcription fac-
tor (14, 15). This seminal finding countered the notion that lon-
gevity is the passive result of general thermodynamic changes, and
favored instead the view that genetic pathways actively control
lifespan in response to ambient temperature. However, these re-
sults have to date not been extended or replicated in other model
organisms. Explanatory theories for the effect of cold on longevity
include a reduction in reactive oxygen species generated by mito-
chondrial uncoupling proteins, suppression of autoimmune re-
sponse, and changes in neuroendocrine factors (6, 16, 17), but these
views remain largely speculative given the lack of further mecha-
nistic insight into lifespan extension by cold in model organisms.

We report that, in Drosophila, changes in temperature trigger a
metabolic program impacting protein translation, mitochondrial
protein synthesis, and the posttranslational regulation of the
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translation repressor, 4E-BP. Manipulation of 4E-BP levels affects
temperature-induced mortality, shedding light on the genetic un-
derpinnings of this process in Drosophila. Our findings support a
view of the 4E-BP pathway as a master regulator of translation
under stressful conditions (18), with dramatic consequences for
metabolism and organismal longevity.

Results

Metabolic Effects of Temperature. Temperature can affect protein
synthesis (19-22). We tested if changes to ambient temperature
modulate protein translation in Drosophila. Flies were given food
supplemented with **S-labeled methionine and the radioactive
tracer was quantified thereafter in the isolated protein fraction.
The ratio of labeled to unlabeled methionine in the food was
kept constant, so the amount of radiolabel incorporated into
nascent protein depends only on the rate of protein synthesis and
not on feeding rate (23). Lowering temperature from 25 to 18 °C
reduced protein translation by 50% (Fig. 14). The radioactive
tracer was not limiting since only ~15% of the ingested label was
incorporated into nascent protein. Thus, cold inhibits Drosophila
protein translation in vivo.

Significance

Temperature dramatically affects lifespan in both vertebrates and
invertebrates. Recent studies have challenged the notion that
cold promotes longevity solely through thermodynamic effects.
We support this idea by describing a genetic manipulation
influencing the longevity response to temperature in Drosophila.
Low temperatures activate 4E-BP [eukaryotic translation initiation
factor 4E (elF4E)-binding protein], triggering changes in metabo-
lism, protein translation, and lifespan. In conjunction with recent
studies, the findings support the idea that nutrition and tem-
perature affect lifespan via partially overlapping mechanisms and
highlight the 4E-BP/elFAE pathway as a pharmacological target to
treat aging-related pathologies and maximize longevity.
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The eukaryotic translation initiation factor 4E (eIF4E) plays a
crucial role in the assembly of the translation initiation complex.
The eIF4E-binding protein (4E-BP) regulates translation rate by
recruiting eIF4E, thereby blocking translation initiation (24). We
asked if 4E-BP regulates translation in response to cold. De-
letion of 4e-bp (25) stimulated translation rate at both 25 and
18 °C but did not abolish the effect of cold on protein synthesis
(Fig. 1B). The deletion mutant shows no detectable 4e-bp tran-
script or protein and is thus a de facto null (Fig. S1 4 and B).

The synthesis of proteins targeted to mitochondria can be regu-
lated independently from the overall translation of bulk cytoplasmic
protein (23). To assess the translation rate of mitochondria-targeted
proteins, mitochondria were isolated from [**SJmethionine-fed
animals and **S-labeled protein was quantified. Flies exposed to
cold showed a 50% increase in the proportion of newly synthe-
sized protein present in mitochondria (Fig. 1C). Cold also en-
hanced the activity of the mitochondrial protein cytochrome
¢ oxidase (COX) (Fig. 1D), consistent with a previous study (26).
Hence, cold inhibits translation in general, but the synthesis of
proteins destined to the mitochondria is selectively preserved,
resulting in a cellular enrichment of these molecules. Although
cold inhibited feeding (Fig. S1 C and D), the metabolic effects of
cold cannot be explained by a global, indiscriminate inhibition of
protein synthesis due to lower amino acid availability, since the
relative synthesis of mitochondria-tagged proteins was increased.
Rather, our results suggest that lowering ambient temperature
shifts cellular resources toward mitochondrial metabolism.

The binding protein 4E-BP influences mitochondrial activity and
biogenesis in mammalian systems (27, 28). Therefore, we asked if it
mediates the observed effect of cold on mitochondrial metabolism.
Strikingly, the effect of temperature on mitochondrial protein
translation and activity was abolished in the absence of 4E-BP (Fig. 1
E and F). These results demonstrate that 4E-BP regulates mito-
chondrial protein synthesis and function in response to temperature.
To elucidate this process further, we sought to determine if 4E-BP is
regulated by temperature. The activity of 4E-BP is highly depen-
dent on its phosphorylation state; the active hypophosphorylated
form binds to eIF4E and inhibits translation (29). 4E-BP can be
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phosphorylated at multiple sites but phosphorylation of Thr37/
Thr46 by the mammalian target of rapamycin (mTOR) acts as a
priming event required for further phosphorylation (30). Cold expo-
sure increased the proportion of nonphosphorylated protein, largely
at the expense of the primed fraction (Fig. 1 G and H and Fig. S1E).
Changes in absolute levels of nonphosphorylated 4E-BP were not
statistically significant or reproducible across genotypes. Taken col-
lectively, our observations suggest that reduced ambient temperature
induces a physiological state comprising posttranslational modifica-
tion of 4E-BP—resulting in a lower proportion of the phosphorylated
isoform primed for inactivation—and a switch from global protein
translation toward mitochondrial metabolism and efficiency.

4E-BP Modulates the Effect of Temperature on Longevity. Since 4E-
BP mediates some of the metabolic effects of temperature, we
asked if it also modulates the effect on lifespan. As expected, tem-
perature reduction strongly prolonged life (Fig. 24). Interestingly, this
effect was enhanced in the absence of 4E-BP. Cox proportional
hazards analysis confirmed a significant interaction between genotype
and temperature in determining survival, demonstrating that cold
elicited a greater reduction in mortality in the deletion mutant than in
the control (Fig. 2C). To further validate our findings, we down-
regulated 4e-bp by RNAI. Ubiquitous 4e-bp knockdown using the
daughterless-GAL4 promoter reduced 4e-bp transcript levels (Fig.
S24) and also enhanced the effect of cold on survival (Fig. 2 B and C),
although a more dramatic temperature challenge (from 18 to 29 °C)
was required to reveal the phenotype, possibly due to RNAI affecting
4E-BP levels more subtly than the null. Knockown of 4e-bp also
blocked the effect of temperature on mitochondrial activity (Fig. S2B).

We next tested the effect of increased 4E-BP activity on sur-
vival. Overexpression of activated 4E-BP [d4E-BP(LL) (31)]
increased 4e-bp transcript levels (Fig. S2C) and inhibited the
effect of cold on mortality (Fig. 3 4 and C). To rule out possible
confounds from differences in genetic background, we used the
drug-inducible GeneSwitch (GS) system, where experimental and
control animals have the same genotype and gene expression is
switched on by ingestion of the drug, RU486 (32, 33). Expression
of d4E-BP(LL) using the ubiquitous inducible daughterless-GS
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Effect of temperature on protein translation and mitochondrial function. (A and B) Cold inhibits protein translation. Flies kept at the indicated temperature

were fed medium supplemented with [*°>S]methionine and de novo protein synthesis was quantified by measuring radioisotope levels in the isolated protein
fraction relative to total protein content. Canton-S flies were fed labeled food for 1 or 4 d (A), while the 4e-bp deletion mutant (7-) and revertant control (**)
were maintained on labeled food for 1 d (B). (C and D) Cold increases the proportion of mitochondrial protein translation (C) and COX activity (D) in Canton-S flies.
[®>SImethionine incorporation into mitochondria (mito.) was normalized to de novo protein synthesis. (E and F) 4e-bp deletion abolishes the effect of cold on
mitochondrial protein translation (E) and COX activity (F). (G and H) Cold results in a higher proportion of nonphosphorylated 4E-BP (Right, average of two in-
dependent replicates) in Canton-S (G) and 4e—bp"/+ (H) flies. Each of the three blots (Left) are from a single exposure, and protein ladder molecular masses (in
kilodaltons) are shown in G. 4E-BP, 4E-BP nonphosphorylated at Thr46; p-4E-BP, 4E-BP phosphorylated at Thr37 and/or Thr4d6 (see Methods for details). (A-F)
Averages + SEM are shown in arbitrary units; n = number of vials, superimposed on each bar. *P < 0.05; **P < 0.01; ***P < 0.001. Males were used in all studies.
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Fig. 2. 4E-BP loss of function enhances lifespan extension by cold. (A) Survival of 4e-bp null (4e-bp™") and control (4e-bp™™) flies. Mean life extension by cold is
enhanced in the null (Right). n = 554-601 flies. (B) Survival of a 4e-bp hypomorphic allele using RNAi and the ubiquitously expressed daughterless-GAL4/UAS-
Dcr2 driver. Controls are hemizygous for each transgene. n = 156-363 flies. (C) Cox proportional hazards analysis of survival data. The negative coefficient for the
interaction term indicates that the loss of function manipulations gain a greater benefit from cold than their respective controls. Genotype refers to the ex-
perimental cohort, 4e-bp™~ or 4e-bp RNAI/GAL4. Males were used in all studies. ***P < 0.001. Wald y? = 682.9, P < 107® (4e-bp™"); ¥* = 263.5, P < 10~ (RNAI).

driver increased 4e-bp transcript levels (Fig. S2D) and also
countered lifespan extension by cold (Fig. 3 B and C). The effect
of the drug required the presence of both transgenes (34) (Fig.
S2E). Drug-inducible d4E-BP(LL) expression had a stronger
phenotypic effect than the constitutive driver (Fig. 3C), possibly
due to better control of genetic background or differential ex-
pression in specific tissues critical for the lifespan response. Re-
gardless, our findings show that the translation repressor 4E-BP
modulates survival in the context of a temperature change. Over-
expression of 4E-BP inhibited feeding at all temperatures (Fig.
S2F), while 4E-BP down-regulation had a significant effect only at
18 °C, and in opposite directions in the two genetic manipulations
(Fig. S2G), suggesting that the effect of 4E-BP on lifespan is not
explained by changes in feeding behavior.

We next sought to confirm our findings pharmacologically. The
protein kinase mTOR is involved in cell growth and differentiation
and acts as one of the main regulators of 4E-BP function (35).
mTOR mediates the phosphorylation of 4E-BP, shifting it to its
inactive form, which dissociates from eIF4E, releasing the break on
translation initiation (18). The naturally occurring lipophilic com-
pound, rotenone, inhibits mTOR activity, rendering 4E-BP hypo-
phosphorylated, i.e., active (36), an effect we also observed (Fig.
S3A4). One would therefore expect rotenone treatment to have an
effect resembling 4E-BP overexpression (Fig. 3). Indeed, animals
exposed to a nontoxic concentration of rotenone at 25 °C (37)
showed blunted lifespan extension with cold (Fig. 44). Hazard ratio
analysis confirmed that rotenone treatment interacted with tem-
perature to determine survival (Fig. 4C). Importantly, rotenone
supplementation did not affect total food consumption, suggesting
that the drug does not affect food palatability (Fig. S3B).

Since rotenone is also thought to modulate the activity of the
electron transport chain downstream of the 4E-BP pathway—albeit
at higher concentrations (38)—we sought to validate our observa-
tions with an independent compound. The small molecule 4EGI-1
promotes 4E-BP activity, stabilizing the binding of 4E-BP to eIF4E
and inducing the dissociation of the translation initiation complex

(39, 40). The effect of 4EGI-1 treatment on survival was identical to
that of rotenone; 4EGI-1 had no effect at 25 °C but attenuated
lifespan extension by cold (Fig. 4 B and C). The drug 4EGI-1 also
mimicked the effect of cold on COX activity (Fig. S3C). Dietary
4EGI-1 supplementation did not affect food intake (Fig. S3B). Our
cumulative data strongly support the idea that the 4E-BP/eIFAE
pathway modulates longevity in response to ambient temperature.

Cold and Protein Restriction Similarly Impact Mortality Rate. Our
results show that temperature regulates 4E-BP activity and mito-
chondrial efficiency, with 4E-BP in turn modulating survival. Re-
duced protein intake has been associated with similar effects (23,
41), a surprising parallel since temperature and diet are believed to
affect lifespan through different mechanisms (12). The controversy
centers around the effect of these manipulations on mortality rate,
defined as the probability of death at a given time. Mortality rate
increases steadily with age; interventions that counter this trend
can do it in two basic ways: by slowing the rate of increase or by
reversing mortality rate altogether (Fig. 54). Temperature has long
been known to be a powerful decelerator of mortality rate (12, 13,
42) (Fig. 5B). Surprisingly, diet was proposed to act as a mortality
reverser in flies, suggesting that the two manipulations have con-
trasting demographic mechanisms (12). However, these findings
have been called into question, as they may be confounded by
factors other than nutrient intake, such as dehydration stress, an
effect compounded in whole-food dilution paradigms (43). We
tested the effect of hydration on mortality rate with two in-
dependent protocols. Using a whole-food dilution paradigm, we
indeed observed a mortality reversal (Fig. 5C) reminiscent of the
reported effect (12). However, merely providing the animals with
ad libitum water access was sufficient to recapitulate the mortality
reversal (Fig. 5C and Fig. S44), suggesting that the observed
mortality trend is explained by differential hydration between the
two populations rather than nutrient intake. Moreover, when the
experiment was repeated on a dietary paradigm varying protein
intake without affecting hydration, which more closely resembles
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Fig. 3. Overexpression of activated 4E-BP diminishes lifespan extension by cold. (A and B) Survival at three temperatures of animals bearing the ubiquitous
armadillo-GAL4 (A) or the ubiquitous, drug-inducible daughterless-GS GAL4 (B) driver expressing an active form of 4E-BP [d4E-BP(LL)]. GS is activated upon
ingestion of the drug, RU486. Controls are hemizygous for each transgene (A) or fed vehicle instead of RU486 (B). Mean life extension by cold is inhibited with
4e-bp overexpression (Right). n = 100-208 flies (A); 48-98 flies (B). (C) Cox proportional hazards analysis of survival data. The positive coefficient for the
interaction term indicates that 4E-BP activity attenuates the effect of cold. Genotype refers to the experimental cohorts. Males were used in all studies. **P <
0.01; ***P < 0.001. Wald 32 = 135.1, P < 107® (A); y® = 92.4, P < 107° (B).
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Fig. 4. Effect of pharmacological manipulation of 4E-BP/elF4E pathway on lifespan extension by cold. (A and B) Survival at 25 and 18 °C of Canton-S males
fed rotenone (A) or 4EGI-1 (B). Controls were fed vehicle. Mean life extension by cold is inhibited with either drug (Right). n = 93-97 flies (A); 83-97 flies (B).
(C) Cox proportional hazards analysis of survival data. The positive coefficient for the interaction term indicates that both drugs attenuate the effect of cold

on survival. **P < 0.01. Wald y* = 112.4, P < 107® (A); * = 96.7, P < 107° (B).

mammalian models of dietary manipulation (43-46), diet acted as
a clear mortality decelerator, not a reverser (Fig. 5D and Fig. S4 B
and C and Table S1). Our observations contradict the belief that
temperature and nutrition have different demographic effects and
instead reveal that both environmental factors have a similar im-
pact on mortality: they slow the rate of aging without reversing it.

Discussion

In C. elegans, the nutrient-sensing DAF-16/FOXO pathway has been
implicated in lifespan regulation by temperature (15, 47). We report
a genetic mechanism for cold-mediated longevity in Drosophila. The
translational repressor 4E-BP, chiefly thought of as a nutrient sensor,
is posttranslationally modified in response to cold and regulates
mitochondrial metabolism and longevity. Nutrient-sensing pathways
may thus play an evolutionarily conserved role in modulating lifespan
in response to temperature, with 4E-BP acting as a key metabolic
regulator in response to environmental triggers. Such a process would
allow organisms to control metabolic investment to match favorable
environmental conditions and therefore maximize evolutionary fit-
ness. The temperatures used in our study reasonably reflect the range
of natural conditions; even the largest shift used (29-18 °C =11 °C) is
not unlikely to occur during the life of a fly in certain habitats. Thus,
our findings are likely to bear ecological relevance.

Some intergenotype variation was observed in response to 4e-bp
manipulation. Downregulation of 4e-bp by RNAIi impacted mor-
tality at all temperatures, while overexpression and pharmaco-
logical interventions showed temperature specificity, with no
effect on survival in control conditions (25 °C). Similarly, COX
activity was subject to interstrain variability; 4e-bp deletion elicited
a temperature-independent, supraphysiological stimulation of
COX that was not seen with any of the other manipulations.
Regardless, across all trials, 4E-BP function showed a consistent,
cross-genotype effect on the response to cold, both at the bio-
chemical level and for organismal longevity.

The binding protein 4E-BP interacts with the nutrient-sensing
insulin/IGF pathway (48) and has been implicated in lifespan
extension by dietary restriction (23), although some controversy
remains (41, 49). Our results showing that 4E-BP regulates sur-
vival in response to ambient temperature therefore suggest a link
between temperature and nutrition in the context of lifespan de-
termination. 4E-BP may represent a multipronged metabolic
sensor governing metabolism and lifespan in response to multiple
environmental factors. In an accompanying paper, Cintron-Colon
et al. (50) show that the insulin-like growth factor 1 receptor
(IGF-1R) mediates the integration of nutrient and temperature
signaling in the mammalian CNS, adding another intriguing link
between diet and temperature, two factors classically thought of as
unrelated. We also report that temperature and diet have similar
effects on mortality rate. Despite these striking parallels between the
two environmental manipulations, key differences exist. Temper-
ature affects survival more dramatically than dietary manipula-
tions (12, 13). Additionally, we show that 4E-BP activity reduces
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survival under cold, whereas it is commonly linked with life ex-
tension in the context of diet and nutrient sensing (23, 48). This
disparity is puzzling, since both environmental factors trigger
similar 4E-BP-dependent metabolic changes—such as enhanced
mitochondrial function—which are thought to play a causal role in
lifespan regulation (23). Different environmental factors might
shift metabolism toward or past a longevity optimum, perhaps
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Fig. 5. Effect of temperature and diet on mortality rate. (A) Treatments causing
lifespan extension can impact mortality via two mechanisms (12), an attenuation
of its rate of increase (the “deceleration” model, Left) or an acute reduction (the
“reversion” model, Right). Black line, untreated; red line, chronically treated;
green line, acutely treated; dashed line, start of acute treatment. (B) The effect of
temperature on mortality rate is consistent with the deceleration model. A
midlife switch in temperature results in a deceleration of mortality rate increase.
Following the switch, all three experimental groups have significantly different
mortality trajectories (Table S1). n =783 flies, 25 °C; 192, 18 °C; 954 for the switch.
(C) Whole-food dilution maintains a constant carbohydrate:protein ratio and
can impact lifespan in a nutrient-independent manner (43). Under these con-
ditions, an acute switch from concentrated (C) to diluted (D) food induces an
immediate reversion of mortality to that of animals on lifelong diluted me-
dium (Left), as reported previously (12). Water supplementation to the con-
centrated diet has a similar effect (Right). The mortality trajectory of switched
animals is indistinguishable from that of flies on the lifelong treatment (Table
S1). n = 658 flies, C; 482, D; 598, C to D switch; 500, C + H,0; 621, Cto C + H,O
switch. (D) In a paradigm varying carbohydrate:protein ratio, which affects
lifespan in a nutrient-dependent manner (43, 44), an acute switch from HP to
LP diet results in an intermediate trajectory consistent with the deceleration
model and similar in nature to—albeit milder than—the effect of temperature
(B). All postswitch trajectories are significantly different (Table S1). Lifelong LP
results in lower age-specific mortality rate and a midlife switch induces a
subsequent deceleration of mortality increase without a complete and per-
manent reversion. n = 247 flies, HP; 247, LP; 498 for the switch. All animals are
Canton-S males. Dashed lines indicate day of switch to specified treatment
(typically when mortality reached ~25%). See Methods for food compositions.
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explaining how similar molecular mechanisms can be associated
with contrasting effects on lifespan under different conditions.
Although one might expect ambient temperature to play a
negligible role in homeothermic animals, recent evidence com-
pellingly contradicts this notion. Even relatively mild temperature
shifts, well within the range of the manipulations used in our study,
strongly impact human health and disease (51). Temperature
variation is the basis of therapeutic hypothermia, an induced drop
in core body temperature routinely used as part of the therapeutic
approach against heart attack and stroke (52, 53). In the acute
phase of therapeutic hypothermia, a reduction of as little as 1 °Cin
core body temperature can dramatically affect patient prognosis
(54). Although the beneficial effects of therapeutic hypothermia
have been repeatedly documented and its practice is becoming
more widespread, its mechanistic basis is incompletely understood.
One of the processes thought to play an important role is in-
flammation. The inflammatory response is induced in the acute
posttraumatic phase of stroke and other ischemic brain injuries
(55) and underlies much of the pathogenesis seen in these condi-
tions; cooling has a strong antiinflammatory effect (56, 57). Protein
translation, and 4E-BP in particular, is known to regulate the in-
flammatory response (25, 58, 59), and drugs that influence 4E-BP
function can affect the outcome of ischemic events (60, 61). To-
gether with these observations, our finding that temperature regu-
lates 4E-BP function raises the possibility that 4E-BP mediates the
antiinflammatory, beneficial effects of therapeutic hypothermia.
Temperature robustly impacts longevity in both poikilotherms
and homeotherms (4, 6-11). Elucidation of the underlying
mechanisms will greatly contribute to the understanding of aging
and age-related disease across species. The 4E-BP/eIF4E path-
way may also mediate the effects of temperature in mammals,
raising the exciting prospect of pharmacological interventions.

Methods

Fly Strains. Flies were obtained from the Bloomington Drosophila Stock
Center, unless otherwise noted. The 4e-bp~~ null and control (4e-bp™™) flies
are Thor? and Thor'™’, respectively (25). For some studies, daughterless-GAL4
was combined with UAS-Dcr2 for increased RNAI efficiency (62). The 4e-bp
RNAI (#100739 from the Vienna Drosophila RNAi Center) is predicted to have
no off-targets. For overexpression, a transgenic fly line [d4E-BP(LL)’] encoding
an active form of 4E-BP under UAS control was used (31). For constitutive
GAL4 experiments, genotypes were in a heterozygous background of w’’’®
(PO = female) and “Cantonized” w'’"® (PO = male), achieved by outcrossing
parental lines for at least 10 generations.

Fly Husbhandry, Media Preparation, and Lifespan. Fly food was prepared as
described previously (43, 44). The concentrated (C) diet contained 10% yeast
extract and 10% sucrose, while the diluted (D) diet contained 2.5% yeast ex-
tract and 2.5% sucrose, both in 1% agar (all wt/vol). The high protein (HP) diet
contained 5% yeast extract, 5% sucrose, 8.6% cornmeal, and 0.5% agar, while
the low protein (LP) diet differed only in the amount of yeast extract (0.5%).
All diets contained 0.4% (vol/vol) propionic acid and 0.06% (vol/vol) phosphoric
acid. Ad libitum water was supplied as 1% agar (wt/vol), as described previously
(43). For lifespan, behavior, and biochemical studies, flies (2-4 d posteclosion)
were randomly allocated to experimental diets and temperatures at a density
of 25-30 flies per vial or ~100 flies per bottle for demography switch experi-
ments. Flies were transferred to fresh food every 2-3 d. Fly enclosures were
placed randomly in incubators (humidity-controlled with 12/12-h light/dark
cycles) and positions were rotated after each transfer to minimize the effects of
microenvironment. To minimize interexperimental variation, survival data
from independent trials conducted in three different laboratories were pooled
for 4e—bp"‘—nu|| studies. For biochemical and behavioral assays, flies (1012 d
old) were typically harvested or tested after 7 d on the indicated diet and
temperature. HP medium was used in all experiments unless otherwise noted.
For GS studies, food contained 200 pM RU486 (from a 50x stock) or the
equivalent amount of a vehicle control (80% ethanol), prepared as described
previously (63). For drug studies, 50 pL of 10 pM rotenone, 50 uM 4EGI-1, or
vehicle (1% DMSO) were added on top of fly food and allowed to dry.

Food Intake Assays. Food consumption was assessed using radioisotope la-
beling of the medium or the capillary feeder (CAFE) assay, as described
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previously (64). For radiolabeling, [a-32P]dCTP was used with five flies per
vial, unless otherwise noted. For the CAFE assay, two capillaries of liquid
food, identical to the HP diet but without cornmeal or agar, were used with
four flies per chamber.

Protein Translation Analysis. [3>SImethionine incorporation was determined
essentially as described previously (23). Briefly, flies were maintained at the
indicated temperature on medium supplemented with 2.5 pCi [**Smethio-
nine per milliliter of food. For each sample, five flies were homogenized in
100 pL 1% SDS and boiled for 5 min. Homogenates were cleared by centri-
fugation and supernatant was precipitated with 1 mL of 10% TCA. Samples
were iced for 20 min and the supernatant was discarded after centrifugation
at 4 °C. Pellets were washed twice with ice-cold 95% ethanol, air-dried, and
resuspended in 50-100 pL 1% SDS for liquid scintillation and protein assay.
Total protein content was measured using the Thermo Scientific Pierce 660 nm
Protein Assay with lonic Detergent Compatibility Reagent. Only background
scintillation counts were detected in protein isolated from flies fed unlabeled
food and spiked with pure [3*S]methionine before homogenization, confirm-
ing that the protein precipitation procedure eliminated all unincorporated
amino acids. To calculate the fraction of ingested label that was incorporated
into nascent protein, total [>*S]methionine accumulation within fly bodies was
assessed from animals that underwent the feeding procedure.
[3>SImethionine incorporation was also determined from isolated mito-
chondria (65). Briefly, labeled flies (five per sample) were gently crushed in a
Dounce homogenizer [10 strokes with 0.4 mL of MIB buffer: 5 mM Tris,
pH 7.4, 250 mM sucrose, 2 mM EGTA, and 0.3% (wt/vol) BSA]. After passing
the homogenate through a 1-mL syringe packed with gauze, samples were
centrifuged at 4 °C at 9,000 x g for 3 min. Pelleted mitochondria were
washed with MIB and resuspended in 1% SDS for liquid scintillation.

COX Activity. COX activity was measured essentially as described previously
(23). Briefly, groups of 10 flies were homogenized in 400 pL PBST and
centrifuged at 4 °C. Isolated supernatant (50 pL) was added to 950 pL assay
buffer (10 mM Tris-Cl, pH 7.8, 2.5 mM MgCl,, and 10 uM cytochrome C from
a freshly made stock of 0.22 mM cytochrome C reduced with 0.1 M DTT) in a
cuvette and absorbance (550 nm) was monitored on a BioMate 5 spectro-
photometer (Thermo Electron Corporation) for 2-3 min with 10- to 20-s
intervals. Four samples, randomly selected, were processed and monitored
at a time. COX activity was normalized to total protein content.

gqRT-PCR. Total RNA was extracted from whole-fly homogenates (15-30 flies per
sample) using TRIzol (Life Technologies). RT-gPCR was performed using QScript
XLT 1-step RT-gPCR ToughMix (Quanta Biosciences) on a CFX96 Touch Real-
Time PCR Detection system (Bio-Rad) with a commercially designed primer and
probe assay (TagMan Gene Expression Assays, Life Technologies). Alternatively,
first-strand cDNA was synthesized with random nonamer primers before gPCR
using iQ SYBR Green Supermix (Bio-Rad), as described previously (66), and
predefined primer pairs from FlyPrimerBank (67). Relative gene expression was
calculated using the AACt method (68) and normalized to total input RNA.

Western Blotting. Soluble protein (typically 25 pg) from clarified homogenates
(20-30 flies per sample) were run on SDS/PAGE under reducing conditions,
transferred to PVDF membrane, and blocked with 5% BSA in TBST before
blotting with primary antibodies against phospho-4E-BP1 (Thr37/46, 236B4; Cell
Signaling Technology, recognizes phosphorylation of Thr37 and/or Thr46),
nonphospho—4E-BP1 (Thr46, 87D12, Cell Signaling Technology, recognizes
nonphosphorylated Thr46), or g-tubulin (E7, Developmental Studies Hybridoma
Bank, University of lowa). Blots were then incubated with the appropriate HRP-
conjugated secondary antibody, HRP goat anti-rabbit 1gG, or HRP goat anti-
mouse IgG, before detection using ECL Prime (GE Life Sciences). All antibodies
were used at 1:1,000 dilution, except for the p-tubulin antibody (1:4,000).

Statistics. Survival statistics, Kaplan-Meier plots, and Cox proportional haz-
ards analysis (using the robust estimator and temperature as a categorical
variable) were obtained using OASIS (69). Mortality results for demography
switch experiments were calculated from raw survival data and smoothed
using 3-d moving averages. Behavioral and biochemical results were com-
pared by Student’s t test or ANOVA with Tukey—-Kramer post hoc tests.
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