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Many mechanistic theories of aging argue that a progressive failure of somatic maintenance, the use
of energy and resources to prevent and repair damage to the cell, underpins aging. To sustain somatic
maintenance, an organismmust acquire dozens of essential nutrients from the diet; this includes essential
amino acids (EAAs), which are physiologically limiting for many animals. In Drosophila, adulthood dep-
rivation of each individual EAA yields vastly different lifespan trajectories, and adulthood deprivation of
one EAA, phenylalanine (Phe), has no associated lifespan cost; this is despite each EAA being strictly
required for growth and reproduction. Moreover, survival under any EAA deprivation depends entirely
on the conserved amino acid sensor general control nonderepressible 2 (GCN2), a component of the inte-
grated stress response (ISR), suggesting that a novel ISR-mediated mechanism sustains lifelong somatic
maintenance during EAA deprivation. Here we investigated this mechanism, finding that flies chronically
deprived of dietary Phe continue to incorporate Phe into new proteins and that challenging flies to
increase the somatic requirement for Phe shortens lifespan under Phe deprivation. Furthermore, we show
that autophagy is required for full lifespan under Phe deprivation and that activation of the ISR can par-
tially rescue the shortened lifespan of GCN2-nulls under Phe deprivation. We therefore propose a mecha-
nism by which GCN2, via the ISR, activates autophagy during EAA deprivation, breaking down a larvally
acquired store of EAAs to support somatic maintenance. These data refine our understanding of the strat-
egies by which flies sustain lifelong somatic maintenance, which determines length of life in response to
changes in the nutritional environment.

Introduction

Aging is defined as the progressive loss of physiological func-
tion over time that leads to death1; almost all mechanistic theories
of aging attribute this loss of physiological function to more dam-
age being inflicted upon the cell than is repaired2–6. This is
thought to be an issue of metabolic resource management, where
nutrients are either consumed at insufficient levels to support
somatic maintenance or are in adequate supply but are prioritized
for consumption by other processes (e.g., reproduction), which
makes them unavailable to support long life7.

There is a middle ground at which point nutritional resources
are prioritized for somatic maintenance; reducing levels of food
intake to ~20%–50% of the amount eaten by choice is beneficial
for lifespan8. This moderate dietary restriction (DR) extends life-
span across taxa, from yeast to primates9–13. Since DR levels of
food intake also compromise reproduction14–16, it has been
assumed that moderate DR extends lifespan by re-prioritizing
resources away from reproduction and toward life-preserving

somatic maintenance7,17. While a great deal of research has been
devoted to the molecular switches that control resource realloca-
tion18,19, little is known about which processes comprise somatic
maintenance. One strategy to understand how DR extends life-
span is to define the nutritional requirements for sustained life
and then characterize the set of somatic processes which are
fueled by these nutrients (i.e., somatic maintenance).

Lifespan extension by DR in Drosophila melanogaster and mice
can be achieved by reducing the abundance of protein, relative to
other macronutrients and micronutrients, in the diet20–23. Within
an organism, protein causes physiological changes in part via
intracellular signaling that is triggered by the abundance of the
constituent amino acids (AAs)24, and as such, considerable effort
has been directed to understanding how individual AAs interact
with AA sensors to alter lifespan25,26. In contrast to the lifespan
extension observed under partial AA restriction, it was recently
shown that complete removal of each essential AA (EAA) from
the diet of adult Drosophila elicits vastly different reductions in
lifespan27.
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Specifically, removal of the EAA methionine (Met) reduces the
lifespan to approximately 25% of fully fed flies, while removing
the EAA threonine (Thr) yields a lifespan approximately 50% that
of fully fed flies. Most strikingly, removal of the EAA phenylala-
nine (Phe) has no significant impact on lifespan compared to a
diet with a full complement of AAs. This variation is surprising
because each of these EAAs is strictly required in the diet of
Drosophila for growth and reproduction28,29, suggesting that
somatic maintenance processes have different requirements for
each individual EAA compared to processes involved in growth
and reproduction.

This variation in survival response to each EAA deprivation is
entirely dependent on general control nonderepressible 2
(GCN2)27, an intracellular AA sensor which is conserved from yeast
to mammals30. GCN2 acts during periods of AA deprivation to
repress global translation, slowing growth and preserving AAs,
while also activating a specific subset of genes involved in the inte-
grated stress response (ISR)31–36. GCN2-null flies show a normal
lifespan on a complete diet but have equally short lifespans when
any one EAA is removed from the diet27. Thus, GCN2 serves to pro-
tect flies against individual EAA deprivation, but the extent of this
protection varies in an AA-specific manner.

Here, we utilize this EAA/GCN2 interaction to interrogate the
somatic maintenance processes that sustain adult lifespan in
Drosophila melanogaster. In particular, we use proteomics, dietary
AA manipulations, and transgenic interventions to investigate how
flies survive without dietary Phe. These data reveal a likely process
by which flies store protein during development for later use in
somatic maintenance. Future work to characterize this storage and
its uses is likely to be important for uncovering the causes of aging.

Methods
Fly husbandry

An outbred, white-eyed Dahomey strain of Drosophila mela-
nogaster (wDah) was used for all experiments unless otherwise
specified. The GCN2-null flies used were obtained as a gift from
Dr. Sebastian Grönke (Max Planck Institute for Biology of Ageing).
The S1106-GeneSwitch driver line60 was obtained as a gift from
Prof. Linda Partridge (University College London). The UAS-Atg1-
RNAi line61 was obtained as a gift from Dr. Donna Denton (Univer-
sity of South Australia). Knockdown of Atg1 by this line has
been verified as highly effective by Denton et al.61 (see their fig.
S7), where a near ten-fold reduction in Atg1 expression was mea-
sured in the midgut by quantitative polymerase chain reaction.
All flies were reared at a controlled population density using eggs
laid by age-matched mothers, as described by Linford et al.37, and
developed to adulthood on a standard sugar–yeast (SY) medium,
as describedbyBass et al.38.Newly emergedadultflieswere allowed
to mate for two days on the SY medium to standardize the mating
status of all flies, then 48-hour-old adult female flies were sorted
under light CO2 anesthesia (<30 min) and placed onto their respec-
tive experimental diet. During both rearing and experimental stages,
flies were kept in a controlled environment of 25 °C, 70% humidity,
and a 12-hour light/dark cycle. wDah stocks were maintained at
25 °C, 70% humidity, and a 12-hour light/dark cycle, while GCN2-
null, S1106-GeneSwitch, and UAS-Atg1-RNAi stocks were main-
tained at 18 °C, 60% humidity, and a 12-hour light/dark cycle.

Diets
Flies were developed to adulthood on a standard SYmedium as

described by Bass et al.38. Chemically defined synthetic (holidic)

diets were prepared as described by Piper et al.39,40, following the
exome-matched FLYAA formula. Where antibiotics were used, an
antibiotic mix was prepared as described by Consuegra et al.29,
consisting of kanamycin (50 μg/mL), ampicillin (50 μg/mL),
tetracycline (10 μg/mL), and erythromycin (5 μg/mL). Stock
solutions of each antibiotic were made in either MilliQ water
(ampicillin and kanamycin) or ethanol (erythromycin and tetra-
cycline) based on their solubility, such that adding 1 mL stock to
1 L holidic media resulted in the above final concentrations.
Immediately before dispensing the media, each antibiotic solu-
tion was added with a micropipette under constant stirring
to promote even mixing. A separate length of tubing was used
to dispense the food containing antibiotics, ensuring no antibiot-
ics were inadvertently introduced to the antibiotic-free media.
Where rapamycinwas used, 30 μL absolute EtOH (Sigma-Aldrich)
containing 1000 μM rapamycin (Sigma-Aldrich) was pipetted on
top of 3 mL of holidic food for a final rapamycin concentration of
10 μM.We added 30 μL of EtOH to the control vials. The food was
then left at room temperature for 24 hours to allow the drug to
disperse into the food before use. Where the S1106-GeneSwitch
driver was used, 30 uL of absolute EtOH (Sigma-Aldrich) contain-
ing 1.67 mM RU486 (Sigma-Aldrich) was pipetted on top of 2 mL
of holidic food for a final RU486 concentration of 25 μM. Control
vials received 30 μL of EtOH. The food was then left at room tem-
perature for 24 hours to allow the drug to disperse into the food
before use.

Proteomics
Adult female flies were starved of Phe for 40 days, then the

lysine in the food was completely replaced by a heavy isotope
of lysine in which all six carbons are 13C (Silantes). After 4, 9,
and 19 days of exposure to the label, 10 flies per condition were
sampled and snap-frozen in liquid nitrogen. Proteinwas extracted
from the samples using sodium deoxycholate solubilization,
essentially as described previously41. Using a Dionex UltiMate
3000 RSLCnano system equipped with a Dionex UltiMate 3000
RS autosampler, an Acclaim PepMap RSLC analytical column
(75 μm × 50 cm, nanoViper, C18, 2 μm, 100Å; Thermo Scientific),
and an Acclaim PepMap 100 trap column (100 μm × 2 cm,
nanoViper, C18, 5 μm, 100Å; Thermo Scientific), the tryptic
peptides were separated by increasing concentrations of 80%
acetonitrile/0.1% formic acid at a flow of 250 nl/min for 158min
and analyzed with an Orbitrap Fusion mass spectrometer
(ThermoFisher Scientific). The instrument was operated in data-
dependent acquisition mode to automatically switch between
full-scan MS and MS/MS acquisition. Each survey full scan
(m/z 375–1575) was acquired with a resolution of 120,000 (at
m/z 200) in the Orbitrap after accumulating ions with a normal-
ized automatic gain control (AGC) target of 1e6 and a maximum
injection time of 54 ms. The 12 most intense multiply charged
ions (z≥ 2) were sequentially isolated and fragmented in the col-
lision cell by higher-energy collisional dissociation with a resolu-
tion of 30,000, an AGC target of 2e5, and a maximum injection
time of 54 ms. Dynamic exclusion was set to 15 sec.

The raw data files were analyzed with the MaxQuant software
suite v1.6.2.1042 and its implemented Andromeda search engine43

to obtain protein identifications using a Uniprot Drosophila data-
base downloaded in September 2018. Carbamidomethylation of
cysteine residueswas selected as afixedmodification, while oxida-
tion of Met and acetylation of protein N-termini were set as varia-
ble modifications. Up to three missed cleavages were permitted;
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the multiplicity was set to two considering Lys6 as a heavy labels;
and a false discovery rate of 1% was allowed for both protein and
peptide identification. The proteomics data were further analyzed
with Perseus v1.6.2.344.

Functional profile analysis
The list of these labeled (newly synthesized) proteins was

imported to R Studio45, and the “enrichKEGG” and “dotplot”
functions of the “clusterProfiler” package46 were used for func-
tional profile analysis and visualization, respectively. To create
the distribution of the mean Phe content of the proteins,
10,000 groups of 100 random proteins were sampled from both
the list of 1,749 heavy lysine-labeled proteins and from the fly
exome (obtained from FlyBase47), and the mean Phe content of
each group of 100 proteins was plotted.

Lifespan experiments
After being raised and allowed to mate on SY food, 48-hour-old

adult female flies were sorted under light CO2 anesthesia
(<30 min) and placed onto the various diets at a density of 10
females per vial. From this day, the protocol of Linford et al.37

was followed, with flies transferred to fresh food every 2 days
and any deaths or censors recorded using the dLife software37.
Constantly providing fresh food decreased the likelihood of larvae
hatching and digging in the food, which can cause adult flies to
drown. Flies that drowned or escaped during food changes were
censored at that time point.

Statistical analyses
Functional profile analysis

Overrepresentation of proteins from specific gene ontology cat-
egories was determined using the “enrichKEGG” function of the
“clusterProfiler” package46, using a strict adjusted p-value cutoff
of 0.05. Significant values identified groups of proteins that were
overrepresented in the protein set as compared to their represen-
tation in the Drosophila genome sourced from the Kyoto
Encyclopedia of Genes and Genomes48 (KEGG, organism code =
“dme,” accessed 2 September 2021).

Lifespan data
Raw data generated by the dLife software37 was analyzed in R

Studio45 using the Cox Proportional-Hazards Model (“coxph”)
function of the “Survival” package49 to find significant differences
between genotypes and diets. The analysis of variance (“Anova”)
function of the “car” package50 was used to assess genotype by diet
interactions, and the “contrast” and “emmeans” functions from the
“emmeans” package51 were used for post hoc pairwise compari-
sons (Lenth, 2021).

Results
Phe is unlikely to be provided by commensal
bacteria

Recentwork has found that Phe can be removed from the diet of
adult Drosophila melanogasterwithout imposing any cost on their
lifespan27. This is surprising because Phe is classified as an EAA
and is strictly required for development and reproduction27,29.

One explanation for this is that adult flies obtain Phe from
a source other than their diet, such as their gut microbiota.
Indeed, dietary depletion of single EAAs can be partially
rescued by commensal bacteria supplementation during

preadulthood—effects that are abolished by treatment with an
antibiotic mixture comprising kanamycin, ampicillin, tetracy-
cline, and erythromycin29. We therefore treated our adult flies
with the same antibioticmixture to investigate whether their abil-
ity to survive without Phe is similarly compromised (Fig. 1A).
Antibiotic addition to the diets of adult flies had no effect on life-
span (p= 0.19, ANOVA) whether or not the food contained Phe
(p= 0.19) (Fig. 1B), indicating that commensal or food-borne
microbes are unlikely to be supplying Phe to the flies for sus-
taining lifespan.

Phe-deprived adult Drosophila readily incorporates
Phe into new proteins

An alternative explanation for why adult flies can survive in the
absence of a Phe supply is that they don’t require it; the proteins
they express to sustain adult lifespan may require little to no Phe.
The fly exome codes for 201 proteins without any Phe, and the
remaining proteins contain a Phe content between 0.07% and
20.7%, with an average of 3.7% (FlyBase, 2023).

To investigate the nature of the expressed proteome, we main-
tained adult Drosophila on Phe-free food for 40 days (late middle
age), at which point we replaced dietary lysine with a heavy
isotope of lysine while maintaining a Phe-free diet. After 4, 9, and
19 days on the lysine-labeled, Phe-free food, we assessed the
proteome via mass spectrometry (Fig. 2A) to identify newly syn-
thesized proteins as judged by the incorporation of heavy lysine.
We identified a total of 1,749 proteins containing the heavy lysine

Figure 1. Antibiotic addition has no effect on lifespan under phenyl-
alanine (Phe) deprivation. To investigate how flies survive when
deprived of dietary Phe, we explored whether Phe could be provided by
bacteria living in the food media; commensal bacteria have been shown
to support Drosophila development when essential amino acids (EAAs)
are absent. (A)We added an antibiotic mix to the adult food media, which
is known to remove these bacteria. (B)Wild-type lifespan was not affected
by antibiotic addition (p= 0.19, ANOVA), nor was there any interaction
between antibiotic addition and diet (p= 0.19). These data indicate that
it is unlikely that Phe-deprived flies receive Phe from commensal bacteria.
Blue lines represent flies fed a full complement of amino acids (AAs), and
red lines represent flies fed a diet missing Phe. Solid lines represent a diet
with no antibiotics, and dotted lines represent a diet with antibiotics
added.
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label at all time points (Table S1). Surprisingly, rather than being
low in Phe, these proteins had a significantly higher Phe content
than randomly selected, similarly sized groups of proteins en-
coded by the fly exome (p< 0.001, t-test) (Fig. 2B). Thus, despite
being deprived of Phe for more than half of their adult lifespan,
the flies continue to express a Phe-enriched proteome, suggesting
that flies possess a reservoir of Phe that remains accessible for
later-life protein synthesis.

As this set of proteins continues to be expressed even after
extended EAA deprivation, we reasoned that this set of proteins
may be particularly important for sustaining life. Functional
enrichment analysis of the heavy lysine-containing proteins
revealed functional overrepresentation of central carbon metabo-
lism (in particular, metabolism of fatty acids as well as sugars

through glycolysis, the pentose phosphate pathway, the tricar-
boxylic acid (TCA) cycle, and oxidative phosphorylation), AA
metabolism, and proteostasis (including various AA metabolic
pathways, protein breakdown via the proteasome, protein synthe-
sis due to ribosome expression, and protein processing via the ER)
(p< 0.05) (Fig. 2C). In addition to these core cellular functions,
proteins related to the removal of xenobiotic (foreign) and endog-
enous metabolic toxins were also overrepresented, comprising
>14% of all proteins detected. It is therefore possible that during
Phe deprivation, flies selectively sustain the expression of pro-
teins with functions related to core metabolic pathways as well
as functions related to detoxification capacity, and these
represent the core set of proteins required to sustain life and pro-
tect against molecular damage accumulation.

Figure 2. Phe-starved flies continue to synthesize Phe-rich proteins. To determine whether Phe-starved flies continue to use Phe for protein syn-
thesis. (A)We starved female adultDrosophila of Phe for 40 days before labeling and detecting newly synthesized proteins bymass spectrometry. (B) The
1749 proteins found to be newly synthesized after 40 days of Phe deprivation were richer in Phe than randomly sampled proteins from the exome (p<
0.001, t-test). (C) We performed functional enrichment analysis on the list of 1749 proteins. The size of each dot represents the proportion of the total
protein set which belongs to each respective gene ontology category. The color of the dot represents the probability of achieving the observed proportions
by randomly sampling the proteome for the same-sized sets of proteins. Proteins related to central carbon metabolism, AA metabolism, and translation
were found to be overrepresented, as were detoxification proteins, which made up >14% of all proteins identified in Phe-deprived flies.
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Phe deprivation does not protect against Thr
deprivation

If chronic Phe deprivation acts as a specific trigger to activate
lifespan-preserving processes, perhaps Phe deprivation can pro-
tect fly lifespan against simultaneous deprivation of another
EAA that would normally shorten lifespan. To test this, we com-
bined dietary Phe deprivation with dietary Thr deprivation,
where Thr deprivation alone shortens lifespan of about 50% of
fully fed controls27. However, rather than ameliorating the cost
to lifespan imposed by Thr deprivation, concurrent deprivation
of Phe with Thr slightly worsened this cost and reduced lifespan
(p= 0.002, Tukey’s HSD) (Fig. 3A).

One explanation for this failure of Phe deprivation to rescue Thr
deprivation is that sustained life under dietary EAA deprivation
requires access to internally stored EAAs, and lifespan will be lim-
ited if these EAAs are not stored or cannot be accessed in sufficient
amounts. In this case, the flies’ pool of stored Thr is relatively
small compared to the amount required to sustain life, whereas
the pool of stored Phe is sufficiently large to sustain protein syn-
thesis for a full lifespan (as supported by our proteomics data).
Thus, combinations of EAA restrictions may limit lifespan to

a level that can only be sustained to the extent supported by
the most limiting EAA.

Increasing the requirement for Phe reduces lifespan
under Phe deprivation

If each individual EAA deprivation limits lifespan according to
an intrinsic relationship between its level accessible from stores
and the specific requirement for that EAA to support life, it should
be possible to shorten the lifespan of Phe-deprived flies by accel-
erating the depletion of their Phe reservoir. In Drosophila, the
non-EAA tyrosine (Tyr) is synthesized fromPhe via an irreversible
reaction catalyzed by Phe hydroxylase52. Thus, maintaining flies
on food lacking both Phe and Tyr may shorten lifespan because
Phe will be depleted more rapidly to meet the need for both
Phe and its catabolite Tyr. By contrast, depriving flies of either
Phe or Tyr alone should not impose a cost to lifespan because
sufficient stores of Phe exist to meet the need for each one
individually.

Consistent with our storage hypothesis, removing Phe or Tyr
alone resulted in lifespans that were no different from fully fed
controls (p> 0.170, Tukey’s HSD), whereas deprivingflies of both
Phe and Tyr resulted in a 25% reduction in lifespan when com-
pared to flies fed all AAs (p< 0.001) (Fig. 3B). Together, these
data indicate thatwhile Phe is usually stored in sufficient amounts
to sustain lifelong somatic maintenance, this storage can become
limiting when somatic maintenance requirements for Phe are
increased. This further supports our hypothesis that lifespan
under each EAA deprivation is determined by a balance between
the amount of EAA stored and the amount required for somatic
maintenance.

Alternative activation of nutritional stress signaling
partially restores the lifespan of GCN2-null flies
under Phe deprivation

Recent data has shown that the ability of flies to maintain a full
lifespan without dietary Phe requires the presence of the AA sen-
sor and signaling kinase GCN227. When GCN2-null flies are fully
fed, they are equally as long-lived as fully fed controls, but when
deprived of dietary Phe, their lifespan drops to about 30%ofwild-
type flies maintained with or without Phe (p< 0.001 for all com-
parisons of Phe-deprived GCN2-nulls versus controls, Tukey’s
HSD) (Fig. 4A). When activated by AA deprivation, GCN2 ini-
tiates the ISR, which involves repression of general translation
as well as coordinating enhanced expression of a subset of genes
involved in protecting the flies against nutrient stress31,33–36.
GCN2-null flies may therefore be protected against Phe depriva-
tion by alternative activation of the ISR.

Recent work has shown that Tyr deprivation can activate the
ISR independently of GCN253, meaning that Tyr deprivation
should protect GCN2-null flies against Phe deprivation by restor-
ing activation of the ISR. In line with this prediction, GCN2-null
flies deprived of both Phe and Tyr lived 33% longer than GCN2-
nulls deprived of Phe alone (p= 0.017) (Fig. 4B). While this is a
significant enhancement of lifespan, it is far from a complete
restoration. This may occur if Tyr deprivation only partially
activates the ISR or because Tyr deprivation can only provide a
limited benefit for lifespan; our previous data with wild-type flies
show that its absence becomes deleterious later in life when Phe is
also missing from the diet (Fig. 3B).

The mild protective effect of Tyr depletion for GCN2-nulls
may be caused by activation of the ISR to break down AA stores

Figure 3. Lifespan is limited by the insufficient supply of individual
EAAs relative to demand. Given that Phe deprivation is the only EAA
deprivationwith no lifespan cost, we askedwhether Phe deprivation could
protect against other EAA deprivations. (A) We deprived adult female
Drosophila of both Phe and another EAA threonine (Thr). Wild-type flies
deprived of both Phe and Thr were shorter lived than those deprived of
only Thr (p= 0.002, Tukey’s HSD), indicating that Phe deprivation cannot
protect against Thr limitation. To test whether increasing the physiologi-
cal demand for Phe can limit lifespan. (B) We deprived adult female
Drosophila of both Phe and Tyr, which are synthesized from Phe. Wild-
type flies simultaneously deprived of Phe and Tyr were indeed shorter-
lived than flies fed all AAs (p< 0.001) or deprived of Phe (p< 0.001) or
Tyr (p< 0.001) alone. These data suggest that lifespan is limited by the
insufficient supply of individual EAAs relative to their somatic mainte-
nance demand.
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for the synthesis of new proteins and/or by sparing the flies from
investing in the proteome by generally suppressing translation.
Both of these effects can also be achieved by inhibiting the AA
sensor and growth activator mTORC154–59. We therefore added
the mTOR inhibitor rapamycin to the food of the flies to see if
mTORC1 suppression would rescue the lifespan of GCN2-nulls
on food without Phe. Rapamycin addition extended the lifespan
of GCN2-nulls on Phe-free food by 21% (p< 0.001, Tukey’s HSD)
and, to the extent that we measured it, had no effect on the life-
span of wild-type flies when fed diets with all AAs or lacking Phe,
nor did it affect the lifespan ofGCN2-nulls fed all AAs (p> 0.12 in
all comparisons) (Fig. 4C).

Autophagy knockdown reduces lifespan under Phe
deprivation

If retrieval of AAs from protein stores is a key element of these
lifespan effects, then activation of autophagy may be required for
flies to survive EAA deprivation. To test this, we knocked down
the autophagy protein ATG1 specifically in the fly fat body and
gut60,61, which are major metabolic tissues and are known to be
important reservoirs for nutrients62,63. Atg1 knockdown signifi-
cantly shortened lifespan of flies on foodwithout Phe (p< 0.001),
but not to the same extent as caused by the loss of GCN2
(p< 0.001) (Fig. 4D). By contrast, Atg1 RNAi flies were substan-
tially longer-livedwhenmaintained on a complete diet and, to the

Figure 4. General control nonderepressible 2 (GCN2)-mediated autophagymay release stored EAAs under EAA deprivation. (A) StarvingGCN2-
null flies of Phe shortens lifespan in comparison to GCN2-null flies fed all AAs and wild-type flies fed all AAs or no Phe (p< 0.001 in all comparisons).
(B) To test whether lifespan of GCN2-null flies under Phe deprivation can be rescued by integrated stress response (ISR) activation, we deprived flies of
both Phe and Tyr and measured lifespan. Deprivation of Tyr partially rescued GCN2-null lifespan from the cost of Phe deprivation (p= 0.017). (C) The
ISR can also be activated via pharmacological inhibition ofmTOR. The addition of themTOR inhibitor rapamycin to the food partially rescuesGCN2-null
lifespan under Phe deprivation (p< 0.001). (D) ISR activation ultimately results in an upregulation of autophagy. To test whether autophagy is required
for survival under Phe deprivation,we expressed Atg1RNAi in the fat body and gut and then deprived theflies of Phe. Atg1 RNAiflies deprived of Phe had
a reduced lifespan compared to those fed all AAs (p< 0.001). (E) These lifespan data suggest that under EAA deprivation, GCN2may activate autophagy
to release stored EAAs and thus sustain lifelong somatic maintenance. Our proposed model for this mechanism combines many individually well-
characterized signaling events from studies in an array of model systems to form a pathway that connects AA deprivation to autophagy and encompasses
the two major AA sensors (GCN2 and mTOR). Gray ovals represent proteins involved in the signaling pathway. Each protein interaction is accompanied
by a reference in square brackets for a study in which the interaction has been observed, and these interactions are expanded upon in Table S2.
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extent of our experiment, were no different from fully fed GCN2-
null flies (p= 0.39).

Together, our data point to flies possessing a developmentally
acquired store of EAAs, which they access during dietary EAA
deprivation by activation of the ISR to trigger autophagy. The
EAAs liberated by this process are then utilized for the synthesis
of proteins required for lifelong somatic maintenance.

Discussion

To sustain life, an organism must employ a specific set of proc-
esses required for physiological function and ongoing somatic
maintenance. Sustaining these processes requires resources that
are originally sourced from the diet. Because these resources
are generally thought to be limiting, the way in which they are
differentially allocated between fitness traits lies at the heart of
explaining the constraints under which aging has evolved17,64–66.
In seeking mechanistic explanations for aging, many studies have
focused on defining the nutritional elements that limit organismal
fitness; nitrogen limitation, which for flies takes the form of limi-
tation for an EAA, has recently become a central focus of these
studies20–22. Here, our data, alongside those of Srivastava et al.27,
indicate how limiting amounts of dietary AAs determine adult
Drosophila lifespan. Overall, our data are consistent with a model
in which flies store AAs during development, which they can later
access to protect themselves while they find a better food source
to support reproduction.We propose that the ability to sustain life
under each EAA deprivation could be a read out of the extent to
which an EAA is stored relative to the degree to which it is
required for somatic maintenance.

These data shed light on the mechanism used by flies to protect
themselves during the period of time between experiencing an
EAA/total protein deficit and finding a proteinaceous food source.
Deprivation of any AA is thought to result in a buildup of un-
charged tRNA molecules, which directly bind to and activate
GCN231,32,67,68. Given that GCN2-null flies quickly succumb to
any EAA deprivation, GCN2 may be responsible for providing
access to stored EAAs for sustained somatic maintenance during
EAA deprivation. Our data indicate that this breakdown occurs
via autophagy, the process of degrading and recycling cellular com-
ponents, which is themost prominent route for bulkAA recycling69.

Evidence from a variety of sources and study systems indicates
thatGCN2activation can lead to autophagy induction viamTORC1
inhibition and, therefore, the breakdown of stored protein (Fig. 4E
and Table S2). Under this mechanism, GCN2 activation enhances
the translation of selected transcripts, including that of the tran-
scription factor ATF431,33–36. While there is currently no evidence
that GCN2 or ATF4 can activate autophagy directly, evidence from
murine cell culture indicates that ATF4 upregulates REDD1, which
encodes a kinase known to suppress the AA sensor complex
mTORC170,71, in turn activating autophagy54–59. This is consistent
with our data in which Phe deprivation activates GCN2, which
indirectly induces autophagy to liberate stored EAAs for ongoing
survival and somatic maintenance.

Given the proposed role of GCN2 in freeing stored EAAs to
support lifespan under EAAdeprivation, the variability in lifespan
response to each EAA deprivation can be explained by the differ-
ence between the amount of that EAA that is stored and the
amount that is required for somatic maintenance. In our study,
we focused on Phe deprivation since, unlike adulthood depriva-
tion of any one of the other EAAs, omitting Phe from the adult diet

has no effect on wild-type fly lifespan27. This indicates that Phe is
atypical among the EAAs in that it is stored in excess of its require-
ment for lifelong somatic maintenance. By contrast, dietary Thr
deprivation shortens lifespan considerably, and dietary Met dep-
rivation shortens it to an even greater extent27. By our model, the
stored amounts of these EAAs fall far short of the levels required
for flies to sustain lifelong somatic maintenance.

One of the proteins found in our proteomics data to be continu-
ously synthesized in flies despite suffering from chronic Phe dep-
rivation is larval serum protein 2 (LSP2), which is strongly induced
during late larval development and is particularly rich in Phe72.
It therefore represents a candidate protein to store larvally
acquired Phe that can be used to fuel ongoing somatic mainte-
nance. Knockdown of Lsp2 in developing flies should reduce this
store and therefore reduce lifespan under adult Phe deprivation.

Our proteomics data can also reveal the nature of the processes
that underpin somatic maintenance. We found an overrepresen-
tation of proteins involved in central carbon metabolism, proteo-
stasis, and cellular detoxification. These proteins may represent
the baseline requirement for keeping flies alive. If it is indeed true
that fueling cellular detoxification is required to keep cellular
damage in check to sustain life6, knockdown of cap-n-collar
(cnc) (the Drosophila homolog of the xenobiotic response tran-
scription factor Nrf2) should reduce activity of the cellular detoxi-
fication processes and shorten lifespan under Phe deprivation.
Such a response has been observed in C. elegans, where loss of
the Nrf2 ortholog skn-1 shortens lifespan and skn-1 overexpres-
sion increases lifespan73,74.

Conclusions

In this study, by investigating the relationship between EAAdep-
rivation, GCN2, and lifespan, we identify EAA storage and retrieval
as a likely key regulator of adult Drosophila lifespan. We point to a
new approach for identifying the resources and molecular proc-
esses that are required to sustain life. Future studies that identify
and characterize these processes are likely to enhance our under-
standing of the mechanisms that modulate aging.
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