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Mechanistic target of rapamycin complex1(mTORC1) regulates cell growth and
metabolism in response to multiple nutrients, including the essential amino acid

leucine'. Recent work in cultured mammalian cells established the Sestrins as
leucine-binding proteins that inhibitmTORC1 signalling during leucine deprivation®?,
but their rolein the organismal response to dietary leucine remains elusive. Here we
find that Sestrin-null flies (Sesn™") fail to inhibit mTORC1 or activate autophagy after
acute leucine starvation and have impaired development and a shortened lifespan on
alow-leucine diet. Knock-in flies expressing a leucine-binding-deficient Sestrin
mutant (Sesn***f) have reduced, leucine-insensitive mTORC1 activity. Notably, we find
that flies can discriminate between food with or without leucine, and preferentially
feed and lay progeny on leucine-containing food. This preference depends on Sestrin
and its capacity to bind leucine. Leucine regulates mTORCI activity in glial cells, and
knockdown of Sesn in these cells reduces the ability of flies to detect leucine-free food.
Thus, nutrient sensing by mTORCl is necessary for flies not only to adapt to, but also
to detect, adiet deficientin an essential nutrient.

The protein kinase mTORC1 regulates growth and metabolism in
response to diverse signals, including growth factors and nutrients
such as amino acids'. Amino acids activate mTORC1 by promoting its
translocation to the lysosomal surface, where its essential activator
Rheb resides*¢.The heterodimeric Rag GTPases, which are under the
control of several multi-component protein complexes, including
GATOR1 and GATOR2 (ref.”), regulate the lysosomal localization of
mTORCI (refs. *°). GATOR1is a GTPase-activating protein for RagA and
RagB and is necessary for amino acid deprivation to inhibit mTORC1
signalling®’. By contrast, GATOR2is required for amino acids to activate
mTORCl1and directly interacts with several of the amino acid sensors so
far discovered, indicating that it acts as a nutrient-sensing hub despite
its still unknown biochemical function’.

Amongthe proteogenic aminoacids, leucineis the best-established
activator of mTORCI (refs.'° ). Work in cultured mammalian cells
has shown that leucine controls mTORC1 by regulating the interac-
tion of GATOR2 with the Sestrin family of proteins®**%, which are
repressors of mMTORC1 signalling'®"”. Human Sestrinl and Sestrin2
bind leucine at affinities consistent with the leucine concentration
needed to activate mTORCI1 and are required for leucine deprivation
toinhibit mTORC1 signalling®. Moreover, a Sestrin2 mutant that does
not bind leucine fails to dissociate from GATOR2 in the presence of
leucine, and in cells expressing this mutant, mTORC1 activity remains
low even when the cells are cultured in leucine-replete conditions>.
Despite the evidence that Sestrin is a leucine sensor for the mTORC1
pathway in cultured mammalian cells, the roles of Sestrin-mediated

leucine sensingin the physiology of anintact organism remain largely
unexplored.

Although much of the work on leucine sensing has been in mam-
malian systems, Sestrin and the core nutrient-sensing machinery,
including the Rag GTPases, GATOR1 and GATOR2, are conserved in
mostinvertebrates, including the fly Drosophila melanogaster'®. Unlike
in mammals, flies express only one gene for Sestrin (Sesn)', greatly
facilitating the in vivo study of leucine sensing by mTORC1. Here we
show that Sestrinandits leucine-binding pocket are required for leucine
toregulate mTORCl activity in fly tissues in vivo and for flies to detect
and adapt to leucine-deficient diets.

Fly mTORCl1 senses leucinein vivo through Sestrin

Inan equilibriumbinding assay, Drosophila Sestrinbound leucine with
adissociation constant (K,) of about 100 uM (Fig.1a), an affinity several
fold lower than those of human Sestrinl and Sestrin-2 (K, values of about
15-20 pM)>. Thisreduced affinity is probably the result of a difference
between the leucine-binding pockets of human and fly Sestrin. Struc-
tural studies show thatin human Sestrin2 atryptophan (W444) forms
the floor of the pocket, but in the fly protein, the analogous residue is
aleucine (L431), a smaller residue that when introduced into human
Sestrin2 (W444L) is sufficient toreduceits leucine-binding capacity by
several fold”. The low leucine affinity of fly Sestrin is consistent with the
observation that fly haemolymph has substantially higher amino acid
concentrations than human plasma’®*, a difference probably reflected
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Fig.1|DrosophilaSestrinbinds GATOR2 and regulates mTORClinvivoin
responsetodietaryleucine.a, Datafromanequilibriumbinding assay
showing that purified Flag-Sestrin bound leucine, K; =100 pM. The values are
themean +s.d. of three technical replicates from arepresentative experiment.
b, The L431E alteration blocks leucine binding by Drosophila Sestrin. HA-tagged
wild-type Sestrinand Sestrin(L431E) were prepared from HEK293T cells
expressing the appropriate cDNAs. The binding assays were performed asin a.
Thevaluesarethe mean +s.d. of threetechnical replicates fromarepresentative
experiment. The Pvalues were determined using an unpaired t-test with Welch
correction, and the Holm-Sidak multiple comparison method. ¢, Leucine
starvationenhances the Sestrin-GATOR2 interaction. Flag-immunoprecipitates
(IPs) were prepared from S2R+ cells stably expressing Flag-tagged und
(negative control) or WDR59 (a GATOR2 component) and starved or not of
leucine. Immunoprecipitates and lysates were analysed by immunoblotting for
theindicated proteins. Addition to theimmunoprecipitates of 1 mMleucine,

intracellularly. Like the analogous mutant of human Sestrin2 (W444E),
fly Sestrin(L431E) does not bind leucine (Fig. 1b).

To examine whether leucine regulates the interaction of fly Sestrin
with GATOR2, we stably expressed in Drosophila S2R+ cells aFlag-tagged
control protein (und, the Drosophila orthologue of mammalian metap2,
methionyl aminopeptidase) or WDRS59, one of the five core compo-
nents of the GATOR2 complex. Sestrin co-immunoprecipitated with
GATOR2, but not und, and removal of leucine from the cell medium
strongly enhanced the interaction. The addition of leucine, but not
isoleucine, valine or methionine, to the immunoprecipitates was suf-
ficient to release Sestrin from GATOR2 (Fig. 1c). Thus, like the human
protein, fly Sestrin binds to GATOR2 in a fashion that is specifically
disrupted by leucine.

Toextend our workinvivo, we generated flies that ectopically express
MYC-tagged WDR24, another core component of GATOR2 ({pp>myc-
WDR24flies), inthe fatbody, and are either wild type at the Sesn locus
or have aknock-inmutation causing the L431E substitution that renders
Sestrin unable to bind leucine (Sesn'*%). For a period of 4.5 h, we fed
thirdinstar larvae achemically defined diet (see Methods and Extended
Data Tables 1-4 for details) containing all proteogenic amino acids
(aminoacidreplete) or the same diet lacking just leucine (leucine free)
orvaline (valine free). Regardless of genotype, larvae eating the leucine-
orvaline-free diets had reduced levels of leucine or valine, respectively
(Extended DataFig.1a,b). Inlysates prepared fromisolated fat bodies,
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butnot other amino acids, disrupted the Sestrin-GATOR2 interaction.

d, Dietary leucine regulatesinvivo the interaction of Sestrin with GATOR2
depending ontheleucine-bindingsite of Sestrin. Immunoprecipitates were
prepared from lysates of fat bodies from wild-type (OreR) or Sesn'** larvae
expressing the MYC-tagged control protein GFP or the MYC-tagged GATOR2
component WDR24 in the fat body (lpp-gal4). Animals were fed the indicated
diets for 4.5 hbefore sample collection. Amino acid replete: chemically defined
diet containing allamino acids; leucine free or valine free: chemically defined
dietlackingleucine or valine, respectively. e, Sestrinbinding to leucine
regulates mTORCl1signallingin vivo. Shown are immunoblots of Sestrin,
S6Kand phospho-S6Kin fatbodies prepared asind fromlarvae with the
indicated genotypes. Npri2and Mio encode core components of the GATOR1
and GATOR2 complexes, respectively. The dietary composition and feeding
periodwereasind. Thedataarerepresentative of three (a,b) or two (c-e)
independent experiments with similar results.

endogenous Sestrin co-immunoprecipitated with GATOR2, but not a
control protein (GFP-MYC), and deprivation of leucine, but not valine,
strongly boosted the interaction. In contrast, Sestrin(L431E) bound
equally well to GATOR2 under all dietary conditions, consistent with
the mutant being leucine insensitive (Fig. 1d). In cultured cells and in
fat bodies, we observed that Sestrin has multiple isoforms (Fig. 1c,d),
probably the result of differential splicing™®.

Inwild-typelarvae, feeding of the diet free inleucine, but not valine,
inhibited mTORClinthe fat body, as assessed by the phosphorylation
of S6K, a canonical nTORC1 substrate. The loss of Sestrin (Sesn”") did
not impact mTORCI activity in larvae eating the amino-acid-replete
diet, but completely prevented the inhibition of mMTORC1 normally
caused by leucine deprivation (Fig. 1e). Sestrin was also required for
the leucine-free diet to activate autophagy, a process suppressed by
mTORCI, as monitored by the formation of mCherry-Atg8a-positive
puncta (Extended Data Fig. 1c). In Sesn“**larvae, nTORCl activity was
low relative to that in wild-type larvae and also unaffected by leucine
deprivation, indicating that the leucine-binding mutant of Sestrin acts
as anon-repressible inhibitor of mTORCI (Fig. 1e). Notably, mTORC1
signalling was inhibitedin Sesn™ larvae deprived of all food to a similar
extentasinwild-typelarvae (Extended DataFig.1d), whichis consistent
with workin cultured mammalian cells showing that Sestrin has aspe-
cificrolein transmitting leucine availability to mTORCI (refs. >*). Last,
inlarvaelacking acomponent of GATOR1 (Npri2”") or GATOR2 (Mio™"),
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Fig.2|Drosophilarequire Sestrin toadapt to alow-leucinediet. a,b, Loss of
Sestrinreduces survival during development after leucine starvation. The bar
chartsshow survival (%) of larvae raised for 10 days on achemically defined diet
containing10% of the leucinein the control diet. The Pvalues were determined
using atwo-proportion z-test (two-sided). The bars show the percentage of
survivinglarvaeineachgenotypeand the errorbarsrepresent the 95% Wald
confidenceinterval.c,Sestrinis required for larval growth on alow-leucine diet.
Shown are age-synchronized animals of the indicated genotypes raised for

9 daysoneitheranamino-acid-replete dietorareduced (10%)-leucine diet.

the absence of dietary leucine did not impact mTORC1 activity and it
remained as hyperactive or suppressed, respectively, aswhenthelarvae
were fed the amino-acid-replete diet (Fig. 1e). Consistent withmTORC1
promoting Sesn transcription as part of afeedback loop'®?°, Npri2”7~ and
Mio™ flies had increased and decreased Sestrin levels, respectively
(Fig. 1e). Collectively, these results show that dietary leucine modu-
lates mTORC1 in vivo and that this regulation requires Sestrin and its
leucine-binding pocket as well as the GATOR1 and GATOR2 complexes.

Sestrin mediates adaption to low-leucine diets

We reasoned that Sestrin-mediated suppression of mTORCI helps
animals adapt to and thus survive a diet low in leucine. We first tried
to test this idea by feeding larvae food lacking leucine, but all larvae,
independently of genotype, died within 2-3 days of starting the diet,
consistent with leucine being an essential amino acid required for larval
growth. When given food containing one-tenth of the normal leucine
content, about 40% of wild-type larvae survived over aperiod of 16 days
(Fig.2a,b).In contrast, only about10% of Sesn™" larvae did so (Fig. 2b).
Moreover, the surviving larvae grew to a much smaller size than their
wild-type counterparts (Fig. 2c), adefect rescued by the expression of

Time elapsed (days)

Scalebar,1 mm.d-i, Loss of Sestrin reduces survival of adult flies after leucine
starvation. Sesn” animals show reduced lifespan when fed a diet lacking leucine
(0% leucine). Shown are survival curves of age-synchronized adult male (&) and
female (?) animals of the indicated genotypes fed the indicated diets. Inc, wild
type (W) n=157; Sesn” n=217;ind, wild type (w"*) n=221; Sesn” n=225;ine,
wild type (w"") n=206; Sesn”n=203;inf, wild type (") n=205; Sesn” n=226;
ing, wildtype (W) n=222;Sesn” n=230;in h, wild type (w'%) n=221; Sesn™"
n=228.Seestatisticsin Supplementary Dataland Methods. Thedataina-iare
representative of threeindependent experiments with similar results.

wild-type Sestrin from the ubiquitous Tubulin-Gal4, Tubulin-Gal80*
promoter (Fig. 2c). When fed the standard laboratory diet, Sesn” and
wild-typelarvae developed indistinguishably (Extended Data Fig. 2a).

Consistent with previous work showing that adult flies can live
for weeks on a diet lacking any amino acid source?, our observa-
tions showed that wild-type flies also survived for many weeks on a
leucine-free diet (Fig. 2e,h, Extended Data Fig. 2¢,f and Supplemen-
tary Datal). Aswithlarvae, adultflies also required Sestrin to adapt to
leucine scarcity, as Sesn”” male and female animals had greatly short-
ened lifespans on the leucine-free, but not amino-acid-replete, diet
(Fig.2d,e,g,hand Supplementary Data1). On the other hand, Sesn™ flies
had slightly shorter lifespans than wild-type counterparts only when
eating the valine-free food (Fig. 2f,i and Supplementary Data1), adiet
onwhichtheactivity of processes controlled by mTORCI, such as pro-
tein synthesis and autophagy, would be expected to impact survival.
When the Sesn** flies were fed the same chemically defined diets,
they survived similarly to the wild-type flies (Extended Data Fig. 2b-g
and Supplementary Data1). Consistent with the chronic suppression
of mTORCI1 signalling, Sesn***** larvae reared on the standard labora-
tory diet developed more slowly than wild-type ones (Extended Data
Fig.2h).
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We monitored mTORCI1 activity in whole-fly lysates of female and
maleadultfliesthat had been fasted overnight and then refed for 90 min
with the chemically defined diets used above. The loss of Sestrin pre-
vented the inhibition of mMTORCI caused by the leucine-free diet in
male and female flies (Extended Data Fig. 3a,b).

We further focused on oogenesis, a physiological trait that is known
to be regulated by diet?. Moreover, diet is known to regulate ovarian
function through the GATOR1-GATOR2 complexes***, and Mio, the
gene for one of the components of GATOR2, was so named because
mutations in it result in a missing oocyte phenotype?. We found that
mTORCl1 activity was strongly increased in the ovaries of Sesn™ flies
eating the standard laboratory diet, and asinlarval fatbodies (Fig.1e),
itwas suppressed in the ovaries of Sesn*** flies (Extended Data Fig. 3c).

When fed the amino-acid-replete or valine-free diet, Sesn”" and
wild-type flies had ovaries of similar sizes, but the loss of Sestrin greatly
reduced ovarian size in flies under conditions of acute leucine depri-
vation (Extended Data Fig. 3d,e), again pointing to a specific role for
Sestrinin adapting to leucine scarcity. The ovaries of the Sesn*“** flies
were equally small on all of the diets (Extended Data Fig. 3d,e), con-
sistent with a role for mTORC1 in the control of gonad development.
Sesn***flies also had reduced fecundity as they laid fewer eggs than
wild-type flies (Extended Data Fig. 3f). Eggs from wild-type, Sesn"**
and Sesn™ flies had comparable hatching rates, suggesting that Sestrin
does not impact fertility (Extended Data Fig. 3g). Collectively, these
data reveal that in larvae and adult flies Sestrin promotes survival on
alow-leucine diet and has a particularly important role in controlling
ovarian size and function.

Sestrinregulates feeding behaviour

Having established that Sestrin is important for flies to adapt to and
survive ondietslowinleucine, we examined whether flies also require
Sestrinto detectand thus avoid food thatis poorinleucine. Todo so, we
developed anassay to test whether adult flies prefer eating leucine-rich
over leucine-poor food. The experimental set-up consisted of 15 female
and 5 male flies in a bottle containing 2 apple pieces, the first painted
with a solution of one or more amino acids and the second with an
appropriate control (Fig. 3a). Each also contained a trace amount of a
unique DNA oligonucleotide, which served asabarcode for measuring
the food consumption, anapproach previously described” and that we
validated (Extended DataFig.4a-cand Methods). We chose apple as the
base food becauseitis carbohydraterich and protein poor?, allowing
ustoset up food choices that have different amino acid compositions
but the same content of sugars. Apples are reported to contain very
little leucine and valine® .

We found that wild-type female flies prefer to eat apples coated with
leucinerather than water. This preference emerges after the flies have
been eating the food forabout 6 handincreasesto 5-6-fold by 24 h, the
time point we used in subsequent experiments (Fig. 3b). The preference
forleucineis concentration dependent (Extended DataFig.4d) and not
everyamino acidelicits a preference, asflies do not distinguish between
apples coated with valine or water (Extended Data Fig. 4e). Given a
choice between equal amounts of leucine and valine, flies still prefer
leucine, suggesting that the leucine preference is not simply the result
ofanitrogenimbalance (Extended DataFig. 4e). Moreover, the leucine
preference requires differential mMTORCI1 activity, as when flies were
fed the mTORClinhibitor rapamycin, they no longer showed a prefer-
ence (Fig. 3¢). Rapamycin treatment also lowered the total amount
of food consumed by the flies (Extended Data Fig. 4f), consistent
with previous reports®>®,

Remarkably, neither Sesn™ nor Sesn*** female flies—both of which
have leucine-insensitive mTORC1 signalling—had a preference for leu-
cineasthey ate similaramounts of leucine-rich and leucine-poor foods
(Fig. 3d,e and Extended Data Fig. 4g). However, the two Sesn mutants
probably differ inthe totalamount of food each ate. The amount of food
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(leucine-rich or leucine-poor) that Sesn” female flies ate was similar
to the amount of leucine-rich food consumed by wild-type (w") flies
(Extended Data Fig. 4h). The opposite was true for Sesn'* female
flies. These flies ate an amount of food (leucine-rich or leucine-poor)
similar to theamount of leucine-poor food consumed by the wild-type
(OreR) flies (Extended Data Fig. 4i). That Sesn**** files, which have low
mTORCl1 signalling, eat less food than wild-type controlsis consistent
with rapamycin causing a reduction in food consumption (Extended
Data Fig. 4f). Whole-body re-expression in the Sesn™” female flies of
Sestrin driven by Tub>Gal4 partially restored the leucine preference
of the animals (Extended Data Fig. 4j).

We also examined whether flies can distinguish between foods with
amore subtle difference in amino acid composition: an apple coated
with the 20 proteogenic amino acids versus just 19 of them (that is,
lacking only leucine). Indeed, this was the case and this preference
was also absent in the Sesn™” and Sesn*** flies (Fig. 3f). Valine again
served as a control: when removed from the 20-amino-acid cocktail,
neither wild-type nor Sesn mutant flies showed preference for the
valine-containing food (Extended Data Fig. 4k).

To obtain temporal control of Sestrin suppression, we generated
a conditional knockdown system using a short hairpin RNA (shRNA)
targeting Sesn. Ubiquitous expression of the shRNA reduced Sestrin
proteinlevels (Fig. 3g), and as expected, the preference of the flies for
the leucine-containing food (Fig. 3h). Using a temperature-sensitive
shRNA driver, we suppressed Sestrin specifically during adulthood
(Fig. 3i,j). This too reduced their leucine preference (Fig. 3k), indicat-
ingthatthe acuteloss of Sestrininadult fliesis sufficient toimpact the
leucine preference. Notably, the temperature shift to 29 °Cincreased
Sestrinlevels (Fig. 3j), consistent with previous work showing that mul-
tiple stresses induceits transcription”?*. Thus, female flies can readily
detect food lacking leucine evenifit contains sugars and other amino
acids. This ability requires Sestrin and its capacity to bind leucine.

To further analyse the physiological relevance of leucine sensing
through the Sestrin-mTORCl1 axis, we tested theimpact of bothleucine
and Sestrin on the choice between low- and high-protein diets: apple
coated with alow or high amount of yeast extract, which is acomplex
type of food and the major protein source for laboratory-raised flies.
Wild-type flies had a strong preference for the apple with a higher
protein content. The addition of leucine to the protein-poor food
reduced the preference of wild-type female flies for the protein-rich
food, but only minimally impacted the preference of the Sesn***
mutants (Extended Data Fig. 5a). Sesn”” mutants showed a similar
trend (Extended Data Fig. 5b), but it was not statistically significant.
Together, these datasuggest that flies use leucine sensing through the
Sestrin-mTORCI1 axis as a proxy for the food protein content.

Sestrinregulates egg-laying behaviour

We found that female flies prefer to lay eggs on the leucine-coated
apples. To explore this further, we put 15 female and 5 male flies in the
assay bottle and 24 h later counted the number of eggs on each piece
of apple (Extended Data Fig. 6a). In an initial test, we found that flies
laid many more eggs on an apple piece painted with a yeast suspension
instead of water, consistent with yeast being a food rich in nutrients
and the olfactory cues that attract flies®® (Extended Data Fig. 6b).

Wild-type flies that had been deprived of protein overnight deposited
5-6-fold more eggs on an apple piece coated with the 20 proteogenic
amino acids instead of water (Extended Data Fig. 6c,d,f). Flies had a
similar, albeit smaller (threefold), preference for leucine-coated apples,
and this preference was more profound when the flies had been starved
for protein. Importantly, flies did not distinguish between apple pieces
painted with the same substance (Extended Data Fig. 6d,f).

We found that Sesn** mutant flies lacked a strong preference for
laying eggs on the apple coated with leucine and had a reduced pref-
erence for the apple with the 20 amino acids (Extended Data Fig. 6e),
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Fig. 3 |Flies prefer to eatleucine-containing foodinafashion thatdepends
onthe capacity of Sestrin tobindleucine. a, Aschematic of the two-choice
food preference assay (see Methods for details). AA, amino acids. b, Wild-type
female animals develop a preference for leucine over the course of several hours.
The datashow the fold difference inrelative food intake for the leucine-coated
compared towater-coated apples. n > 11 per time point.c, Rapamycin prevents
flies from developing a preference for the leucine-coated apple.n > 5 per
condition. d-f, Sesn'*** and Sesn”" animals fail to develop a preference for the
leucine-containing apple.Ind,e, n>4 per condition;inf,n> 6 per condition.

g, Immunoblotting for Sestrin following knockdown of Sesninadultflies.
Aktserves asaloading control. h, Ubiquitous knockdown of Sesnreduces the
preference of adult female flies for leucine. The datashow the fold differencein
foodintake for the leucine-coated apple relative to the water-coated apple.
n=5percondition.i, Theapproach used to achieve temporal control of Sesn

although the total number of eggs Sesn**f mutant flies laid was about
25% reduced compared to that for the wild-type flies (Extended Data
Fig. 3f). This altered egg-laying behaviour was also observed in the
Sesn™ flies, which laid asimilar number of eggs to the wild-type animals
(Extended Data Fig. 6g). Furthermore, the wild-type flies mildly pre-
ferred to depositeggs onanapple piece painted with the 20 proteogenic
amino acids instead of 19 (that is, lacking leucine), amuch more com-
plex choice, and this ability was reduced in the Sesn***flies (Extended
Data Fig. 6h). When facing the same complex choice, Sesn™" flies did
not show a statistically significant different behaviour compared to
the wild-type flies (Extended Data Fig. 6h), which might reflect the
subtleness and noise of this complex choice set-up. Consistent with

knockdowninj,k.j, Sesnimmunoblot showing Gal80“-mediated depletion of
Sestrininadult, but not developing, animals. Extracts were prepared from flies
raised attheindicated temperatures. S6K serves asaloading control. Note that
heatshockinduces Sestrin proteinlevelsin control flies. k, Knockdown of Sesn
duringadulthood issufficient to decrease the preference of female flies for
leucine-containing apples.n>13 per condition. a,i, Created with BioRender.
com.Inb-f h kthevaluesare mean +s.d. of biological replicates froma
representative experiment. Each experiment was repeated three (d-k) or two
(b,c) times with similar results. Statistical analyses were carried out using
one-way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparisons test (b), two-way ANOVA followed by Sidak's multiple comparisons
test (c-e), one-way ANOVA followed by Sidak's multiple comparisons test (f) and
two-tailed unpaired t-test (h k).

theleucine preference we observed in the food choice assay, we found
that female flies also laid fewer eggs on food lacking leucine, and this
capacity requires the intact leucine-binding pocket of Sestrin. This
finding might reflect an active choice for egg deposition or the amount
of time that flies spend on each apple owing to their preference for
eating leucine-containing food.

Glial Sestrin regulates leucine preference

To determine in which tissue(s) Sestrin is required for flies to distin-
guish between food with or without leucine, we suppressed Sestrin
with the Sesn shRNA under the control of a variety of cell-type-specific

Nature | Vol 608 | 4 August 2022 | 213


https://BioRender.com
https://BioRender.com

Article

a b Wild-type ¢ Amino-acid-replete diet
41 P =0.2705
* attP40 ShRNA — « Sesn shRNA — mTORC1 activity reporter Pan-glial marker (TF, nucleus)
P =0.7842 ° 4MBOX-GFP Repo
P =0.8604 —

34 P =0.2240 o . H

. . P=0.7844
.
° P=0.8799 P=0.5748
P =0.0188 —

.
—
2P =00326— P=01082 p_0.1961 o .
— — —

e P=00277
—

Normalized preference (leucine versus water)

Leucine-free diet

mTORC1 activity reporter
4MBOX-GFP

Pan-glial marker (TF, nucleus)
Repo

-

0_
T T T T T T T T T T T
da Repo Elav Mef2 dde Tdc2 VGAT promE esg Myo1A Lpp Pros
(whole body)  (glia) (pan  (muscle) (dop: top: (glutamin- (gut) (qut) (fatbody)  (gut)
neurons) ergic + cholin-  inergic ergic
ergic neurons) neurons)  neurons)
Gald driver d 0.4 4 P =0.1850 e Wild type
al4 driver lines = - .
° Pi‘0002 . ® Sestrin null
= . X
(] Amino-acid-replete diet Leucine-free diet © ] ® Sestrin(L431E)
)
> 0.3+
mTORC1 Pan-glial marker mTORC1 activity ~ Pan-glial marker *VE)
activity reporter (TF, nucleus) reporter (TF, nucleus) 8 .
4MBOX-GFP Repo Merge 4MBOX-GFP Repo Merge &
L Q
o) 4 e
g 02 P =0.9078
? -
Wild- = '17
type 3 . %
0 c
? a 014
o
[0
0 T T T T T T
Amino-acid-replete diet: + - + - + -
Sestrin- Leucine-free diet: - + -+ -+
null
? e
Glia - — — — » Neural NN )
i circuits Behaviours
| Food preference
Food —_ .
X Leu Reward , Sensory [Egg-laying preference
Sestrin Sestrin—LymTORC1 ircuit ircuit
(L431E) circui circuit  Others

Fig.4|Sestrin-regulated mTORCl1signallinginglial cells controls the
preference of flies for leucine-containing food. a, Agenetic screenidentifies a
rolefor Sesninglial cells in mediating the leucine preference. Sesn RNA-mediated
interference was performedinvarious tissues with the indicated Gal4 lines.
Knockdown of Sesnin glial cells (Repo-Gal4) and ubiquitously (da-Gal4), but
notinothertissues, reduces the preference for the leucine-coated versus
water-coated apple. For each Gal4 line, the dataare normalized to the leucine
preference of control flies. See non-normalized datain Extended Data Fig. 7a.
n>5per condition.b,c, Confocal projection of brains of adult female flies of the
indicated genotypes expressing4MBOX-GFP, areporter for the MITF
transcription factor (TF) thatis negatively regulated by mTORCI1. Animals were
fedtheindicated diets for1day and brains were stained for GFP and Repo.

Gal4 drivers. Notably, Sesn knockdown specifically in glial cells
(repo-Gal4) was sufficient to reduce the preference of flies for the
leucine-containing food to a similar extent as when it was expressed
ubiquitously (da-Gal4; Fig. 4a). In contrast, Sesn knockdown in many
other tissues, including the fat body and muscle, did not impact the
leucine preference. It is important to note that the intrinsic capacity
of each Gal4 driver line to distinguish between food with or without
leucine varied considerably (Extended DataFig. 7a), probably owing to
their different genetic backgrounds. Thus, although we are confident
that the preference of flies for leucine-containing food requires Sestrin
in glial cells, we are cautious in ruling out contributions from other
tissues, particularly those examined with driver lines with intrinsi-
cally lower leucine preferences, such as the pan (elav-Gal4) and dopa-
minergic and cholinergic (ddc-Gal4) neuronal lines (Extended Data
Fig.7a).
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Theimagesinb,cwere taken with10x and 40x objectives, respectively.Scale
bars, 50 um (b) and 10 pm (c). d, Inwild-type flies, but not Sesn*** or Sesn™" flies,
leucine starvationincreases the number of GFP-positive peri-oesophageal glial
cells. Each point represents the ratio of the number of GFP- to Repo-positive cells
inthe oesophageal areaof one fly brain.n >3 per condition. e, Proposed role of
the Sestrin-mTORCI pathway inregulating the preference of flies for leucine-
containing food.Ina,d, the values are mean + s.d. of biological replicates froma
representative experiment. The dataarerepresentative of threeindependent
experiments with similar results. Statistical analysis was performed using
two-tailed unpaired -test (a), and two-way ANOVA followed by Sidak's multiple
comparisonstest (d).

Consistent with animportant role for glial Sestrin in regulating the
leucine preference, expression of wild-type Sestrinjustinglial cellsin
Sestrin-null flies partially rescued the defect in detecting leucine-poor
food (Extended Data Fig. 7b). In wild-type flies, expression in the glial
cellsof either wild-type Sestrin or Sestrin(L431E) decreased the leucine
preference, consistent with theinhibition of mMTORCI1 caused by Sestrin
overexpression (Extended DataFig. 7b).Indeed, overexpression under
the control of repo-Gal4 of TSC1 and TSC2—well-established inhibi-
tors of mTORC1signalling—was also sufficient to decrease the leucine
preference (Extended Data Fig. 7¢).

Analyses of a single-cell RNA-sequencing dataset indicated that
Sestrin is expressed in most glial subtypes® (Extended Data Fig. 7d).
Expression of the Sesn shRNA under the control of Gal4 driver lines
that target subtypes of glial cells revealed that none caused as strong
asuppression of the leucine preference as with the pan-glial driver



repo-Gal4 (Extended DataFig. 7e), although Wrapper-Gal4-driven Sesn
knockdown led to a partial reduction of the leucine preference. Thus,
multiple glial subtypes probably participate in mediating the leucine
preference.

Giventheimportance of glial Sestrinin mediating the leucine prefer-
ence, we examined mTORClsignallinginglial cellsin the brains of adult
female flies. To do so, we used a line expressing a GFP-based reporter
for the MITF transcription factor*’, whichis the Drosophila orthologue
of mammalian TFEB (ref. *). mTORC1 suppresses MITF so that after
mTORClinhibition, MITF activity increases* and drives GFP expression.
Inwild-type flies, starvation for total protein activated, as indicated
by elevated GFP expression, MITF in Repo-positive glial cells, particu-
larly in those surrounding the oesophagus (Extended Data Fig. 7f).
Remarkably, starvation for just leucine also increased the number of
peri-oesophageal GFP-positive glial cells (Fig. 4b~d and Extended Data
Fig.8a,b).Incontrast, inSesn™ flies, leucine starvation did notincrease
the number of peri-oesophageal GFP-positive glial cells, which were few
innumber irrespective of the diet (Fig.4c,d and Extended DataFig. 8a,b).
In Sesn'** flies, there were many peri-oesophageal GFP-positive glial
cells, and, like in Sesn™ flies, leucine starvation did not increase their
numbers (Fig. 4c,d and Extended Data Fig. 8a,b). Notably, quantifica-
tion of GFP-positive cells in the mushroom body and optic lobe areas
showed that, unlike in peri-oesophageal glial cells, the mTORCl1 activity
inthese cells did not significantly respond to acute dietary treatments
(Extended Data Fig. 8b-e). Thus, dietary leucine regulates mTORC1
signalling in a subset of glial cells in a fashion that depends on Sestrin
and its capacity tobind leucine, and this regulation correlates with the
ability of flies to distinguish between food thatis rich or poorinleucine.

Discussion

We show that D. melanogaster requires Sestrin to regulate mTORC1
signalling in response to dietary leucine, survive a leucine-poor diet,
and control leucine-sensitive physiological measures such as food
choice and ovarian size. Flies with a point mutation that eliminates
the leucine-binding capacity of Sestrin(L431E) have suppressed,
leucine-insensitive mTORCI signalling. Moreover, whereas wild-type
flies can live on leucine-free diets for weeks, flies lacking Sestrin die
much faster.Inall, our results establish Sestrin as a physiologically rele-
vantleucine sensor invivo. Recently, Lu et al. reported complementary
findings of an amino acid-sensing role of Sestrin upstream of mMTORC1
in the control of Drosophila development, fecundity and longevity*.

We find that Sestrin and its leucine-binding pocket are required for
the preference of adult female flies for consuming, as well as laying eggs
on, leucine-rich instead of leucine-poor food even when it contains
sugars and other amino acids. To our knowledge, the ability of flies to
choosefood thatis richinleucine over food thatlacks leucine but still
retains acomplex set of other nutrients has not been previously docu-
mented, although such behaviour has been reported in mice*’. When
givenastarker choice than we provided—a pure sugar, such as sucrose
orglucose, versus anindividual amino acid—flies prefer to eat a variety
of essential amino acids in sex- and developmental stage-dependent
fashions***,

There hasbeenalong-standinginterest inunderstanding the mecha-
nisms that enable animals, including flies and rodents***, to prefer
dietsrichin protein. A variety of mechanisms in flies have been impli-
cated, including amino acid transporters*, taste receptors*>*34°, GCN2
(ref.*°), serotonin® and dopamine signalling®**, sex peptide receptor*?,
microbiome®, and mTOR and SéK (refs. ***). How these mechanisms
coordinate together to impact organismal protein detection in the
diet remains unclear.

Our work raises several questions for future study. One such question
concernswhether thereis crosstalk between the food preference behav-
iour controlled by glial cells and acute changes in ovarian size caused
by nutritional stress. Another questionis whether female flies actively

choose to lay more eggs on the leucine-containing food because it
has the nutrients needed for larval growth, or whether the apparent
preference simply reflects the amount of time they spend on it owing
to their dietary preference. As it takes flies many hours to distinguish
between leucine-containing and leucine-free food (Fig. 3b), it seems
unlikely that the alterations in Sestrin eliminate the preference for
leucine by substantially interfering with the capacity of flies to taste leu-
cine.Rather, we favour theideathatleucine, through Sestrin-mTORCI,
turns on aneuronal reward circuit that drives food consumption (see
potential modelin Fig.4e). Previous work has identified a set of dopa-
minergic neurons that controls protein hunger®, and it will be interest-
ing to examine whether Sestrin-mediated leucine-sensitive mTORC1
signalling can impact these cells. In this regard, it is intriguing that
the preference for leucine requires the expression of Sestrinin glia as
there is increasing evidence that glial cells can be key intermediates
between an environmental signal and its modulation of a neuronal
circuit®™ ¥, Last, it will be interesting to investigate why mTORCl activity
in a set of peri-oesophageal glial cells is particularly sensitive to
Sestrin-dependent regulation by dietary leucine.
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Methods

Materials

Reagents were obtained from the following sources: HRP-labelled
anti-rabbit secondary antibody and the antibodies against Drosophila
phospho-70 S6 kinase (Thr398) (number 9209), phospho-ERK (num-
ber9101), ERK (number 4695), Akt (number 9272), MYC (number 2278)
and the Flag (number 2368) epitope from Cell Signaling Technology;
anti-GFP antibody from Aves Labs (GFP-1020); 8D12 anti-Repo antibody
from Developmental Studies Hybridoma Bank; Alexa 488-, 568- and
647-conjugated secondary antibodies and Complete Protease Cocktail
from Roche; Schneider’s medium and inactivated fetal bovine serum
from Invitrogen; amino-acid-free Schneider’s medium from US Biologi-
cals; [*H]leucine from American Radiolabeled Chemicals; leucine from
Sigma (L8912); rapamycin from LC Laboratories (number R-5000); and
Reliance One-Step Multiplex RT-qPCR Supermix from Bio-Rad. Fresh
apples (Gala) were from Star Market. The dSé6K antibody was a gift
from Mary Stewart (North Dakota State University) and the Drosophila
Sestrin antibody was a gift fromJun Hee Lee (University of Michigan).

Methods
Tissue culture. Drosophila S2R+cells were cultured in Schneider’s me-
diumwith10%inactivated fetal bovine serumat 25 °Cand 5% CO,. The
S2R+ cellline was obtained from the Drosophila RNAi Screening Center/
Transgenic RNAi Project Functional Genomics Resources and Dros-
ophilaResearch & Screening Center-Biomedical Technology Research
Resource at Harvard Medical School. It has been molecularly validated
by DNA and RNA sequencing (see Table 2 of arecent authentication®®).
Suspension FreeStyle 293F cells were obtained from Thermo Fisher
and cultured in FreeStyle 293 expression medium (Thermo Fisher
(12338018)), supplemented with 100 IU mI™ penicillinand 100 pg ml™
streptomycin, atashaking speed of 125 r.p.m. at 37 °C and 8% CO,, 80%
humidity. No mycoplasma contamination was detected using PCR.

Lysis of cells, tissues and flies, and immunoprecipitations. Cells
were rinsed with cold phosphate-buffered saline (PBS) and lysed in
lysis buffer (1% Triton, 10 mM [-glycerol phosphate, 10 mM pyroph-
osphate,40 mM HEPES pH 7.4, 2.5 mM MgCl,and 1tablet of EDTA-free
protease inhibitor (Roche) (per 25 mlbuffer)). Cell lysates were cleared
by centrifugation in a microcentrifuge (15,000 r.p.m. for 10 min at
4°C). Cell lysate samples were prepared by the addition of 5x sample
buffer (0.242 M Tris, 10% SDS, 25% glycerol, 0.5 M dithiothreitol and
bromophenolblue), resolved by 8-12% SDS-polyacrylamide gel elec-
trophoresis (PAGE), and analysed by immunoblotting.

Dissected tissues and whole flies were crushed physically usingabead
beater in 1% Triton lysis buffer (same as above). The resulting lysates
were cleared by centrifugation in a microcentrifuge (15,000 r.p.m.
for 10 min at 4 °C) and analysed as above. For anti-Flag immunopre-
cipitations, the anti-Flag M2 affinity gel (Sigma number A2220) was
washed with lysis buffer three times and then resuspended to a ratio
of50:50 affinity gel to lysis buffer. A25 pl volume of awell-mixed slurry
was added to cleared lysates and incubated at 4 °C in a shaker for
90-120 min. For anti-MYC immunoprecipitations, magnetic anti-MYC
beads (Pierce) were washed three times with lysis buffer. A30 plvolume
of resuspended beads in lysis buffer was added to cleared lysates and
incubated at4 °Cinashaker for 90-120 min.Immunoprecipitates were
washed three times; once with lysis buffer and twice with lysis buffer
with 500 mM NaCl. Immunoprecipitated proteins were denatured by
addition of 50 pl of SDS-containing sample buffer (0.121 M Tris, 5%
SDS, 12.5% glycerol, 0.25 M dithiothreitol and bromophenol blue) and
heated inboiling water for 5 min. Denatured samples were resolved by
8-12% SDS-PAGE, and analysed by immunoblotting.

Leucine-binding assay and K, calculation. For radiolabelled
leucine-binding assays using Flag-tagged Drosophila Sestrin,

suspension HEK293F cells were seeded at 2.5 million cells ml™, and
transfected with the pRK5-Flag-Sestrin cDNA using polyethylenimine.
At 72 hafter transfection, cellswere rinsed oncein cold PBSand lysedin
1% Triton lysis buffer (1% Triton, 40 mM Hepes pH 7.4, 2.5 mM MgCl, and
1tablet of EDTA-free protease inhibitor (Roche) per 25 ml buffer). Fol-
lowing an anti-Flagimmunoprecipitation, the beads were washed four
times with lysis buffer containing 500 mM NaCl and then incubated for
1honiceincytosolicbuffer (0.1% Triton,40 mMHEPES pH 7.4,10 mM
NaCl, 150 mM KCl, 2.5 mM MgCl,) with the indicated amount of [*H]
leucine and unlabelled leucine. After 1 h, the beads were aspirated dry
and rapidly washed four times with binding wash buffer (0.1% Triton,
40 mM HEPES pH 7.4,300 mM NacCl, 2.5 mM MgCl,). The beads were
aspirated dry again and resuspended in 80 pl of cytosolic buffer. Each
sample was mixed well, and then 15 pl aliquots were separately quanti-
fied using a TriCarb scintillation counter (Perkin EImer). This process
was repeated in pairs for each sample, to ensure similar incubation
and wash times for all samples analysed across different experiments.

The affinity for leucine of Drosophila Flag-Sestrin was determined
by first normalizing the bound [*H]-labelled leucine concentrations
across three separate binding assays performed with varying amounts
of cold leucine. These values were plotted and fitted to a hyperbolic
equation (Cheng-Prusoff equation) to estimate the half-maximum
inhibitory concentration (ICs,) value. The K, value was derived from
the IC,, value using the equation:

Ky or K;=1Cso/(1+ ([*H]leucine)/Ky).

In vitro GATOR2-Sestrin dissociation assay. Drosophila S2 cells stably
expressing Flag-tagged Drosophila WDRS59 were leucine-starved for
1horkeptinfullmediumwerelysed and subjected to anti-Flagimmu-
noprecipitationsas described above. The GATOR2-Sestrin complexes
immobilized on the Flag beads were washed twice in lysis buffer with
250 mM NacCl, and then incubated for 25 min in 0.3 ml of cytosolic
buffer (0.1% Triton, 40 mM HEPES pH 7.4,10 mM NacCl, 150 mM KCl,
2.5 mM MgCl,) with the indicated concentrations of leucine or other
aminoacidsinthe cold. Thebeads were then washed three timesinthe
cytosolic buffer. The Flag-tagged WDR59 and the amount of Sestrin
that remained bound to the beads were assayed by SDS-PAGE and
immunoblotting.

Liquid chromatography-mass spectrometry-based metabolomics
and quantification of metabolite abundances. Liquid chromatog-
raphy-mass spectrometry (LC-MS)-based metabolomics was per-
formed and data were analysed as previously described***° using
500 nMisotope-labelled internal standards. Briefly, an 80% methanol
extraction buffer with 500 nM isotope-labelled internal standards
was used for whole-fly metabolite extraction. Samples were dried by
vacuum centrifugation, and stored at—80 °C until analysed. On the day
ofanalysis, samples were resuspended in 100 pl of LC-MS-grade water,
and insoluble material was cleared by centrifugation at 15,000 r.p.m.
The supernatant was then analysed as previously described by LC-MS
(refs. 3¢9),

Fly stocks and maintenance. All flies were reared at 25 °C and 60%
humidity with a12 h on/off light cycle on standard laboratory food
(12.7 g I deactivated yeast, 7.3 g "' soy flour, 53.5 g I cornmeal, 0.4%
agar, 4.2 g 1™ malt, 5.6% corn syrup, 0.3% propionic acid, 1% Tegosept
in ethanol). The following stocks were used: nprl (ref. %), Mio® (ref. ),
Sesn® (ref.'®), L pp-gal4 (gift from . Eaton and P. Léopold); promE-Gal4
(ref. ®Y), yw,hs-Flp; mCherry-Atg8a; Act>CD2>GAL4, UAS-nIsGFP/
TM6B (gift from Eric Baehrecke), hs-Flp; act>CD2>Gal4, UAS-nlsGFP
(ref. ®?), and w; UAS-sfGFPY°"“-3xMyc (ref. ®*). Elav-Gal4 (number 458),
Repo-Gal4 (number 7415), Mef2-Gal4 (number 27390), ddc-gal4 (num-
ber7010), Tdc2-Gal4 (number 9313), vGAT-Gal4 (number 58980), attP40
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(number36304), attP2 (number 36303) and Sesn RNAi (number 64027)
were obtained from the Bloomington Drosophila Stock Center. da-Gal4,
esg-Gal4, MyolA-Gal4, Pros-Gal4 were constructed (stocks from the
laboratory of N.P.).

UAS-Sesn, UAS-Sesn**, UAS-Myc-WDR24 were constructed using
the Gateway system. cDNAs were cloned into entry plasmids used for
the LR clonase reaction (Invitrogen, 11791-020), with the destination
vector pWALIUM10-roe (ref. **) or equivalent (Frederik Wirtz-Peitz,
unpublished data). The plasmids were then microinjected intoembryos
for ¢31-mediated recombination at attP2 or attP40 landing sites, as
perstandard procedures to create transgenic flies. attP40, attP2, w™*
and OreR were used as controls.

For Fig. 2c, the larvae of genotype w; Sesn™"; tubulin-Gal4, tubulin-
Gal80%/UAS-Sesn were raised at amildly permissive temperature (25 °C)
to express relatively physiological levels of UAS-Sesn in Sestrin-null
larvae.

Sesn'*® knock-in flies were generated with CRISPR-Cas9 technol-
ogy to achieve dinucleotide replacement at the endogenous locus. A
single-stranded oligonucleotide donor was used, containing the codon
change (CTG>GAG) flanked by 20-base-pair homology arms (sequence:
5’-ACCAAGGACTACGATAGTGTGGAGGTCGAGCTGCAGGACAGTGA-3).
A single single-guide RNA with a cutting site abutting the nucleotide
replacement locus (sequence forward/reverse: 5-GTCGCAAGGACTAC
GATAGTGTGC-3’/5-AAACGCACACTATCGTAGTCCTTG-3") was cloned
into the pCFD3 expression vector as in a previous report®.
pCFD3-sgRNA and single-stranded oligonucleotide donor were
injected into nos-Cas9 embryos, and emerging adults were crossed
to Sco/Cyo. Progenies were screened by sequencing heterozygous
animals (5-10 animals per founder cross) (PCR/sequencing primers:
forward primer, 5-CGACGACTACGACTATGGCGAA-3’; reverse primer,
5-GCATGTGTGGGTATGTGTGTGGT-3’). Individual stocks were estab-
lished, and backcrossed nine times onto a control OreR background
(using the same PCR and sequencing primers as above for genotyping).

Synthetic fly food formulation and preparation. Drosophila diet for-
mulations were derived from previous recipes®®®” with the following
modifications: the type of agar (Micropropagation Agar-Type II; Cais-
son Laboratories number A037); the final percentage of Agar (1%); the
amountof sucrose (25 g per litre of food); and the amino acids that were
added to stock solutions before or after autoclaving®® whose order is
described below. The amino acid composition of the diet including
the concentrations of leucine, isoleucine and valine were based on the
exome-matched (thatis, the concentrations used for agivenamino acid
correspond with the prevalence of exons for thatamino acid in the Dros-
ophilagenome) and Drosophila diet formulation developedinaprevious
study® that was found to be optimal for growth and fecundity without
compromising lifespan. The rationale for which amino acids were part
of the autoclaving process was based on solubility considerations®®.

The complete procedure, formula and stock solutions for food
production are as follows: prepare mixture 1 (Extended Data Tables1,
3 and 4); stir using stir bar; autoclave mixture 1 for 15 min; prepare
mixture 2 (Extended Data Tables 2-4) and set aside; remove mixture 1
fromthe autoclave, combine it with mixture 2 and stir, making sure to
mix well; quickly pipette the food into Drosophila vials (5-10 ml food
per vial); allow the food to solidify/cool for roughly an hour, and then
cover the vials (either with cotton plugs or with plasticwrap) and store
food at 4 °C. The food is good for about 3 weeks at 4 °C (it will shrink
and pull away from the sides of the vials owing to evaporation). (Note,
after autoclaving, mixture1containing agar canstart solidifying (both
before and after the two mixtures are combined, but combining the
two mixtures will cause food to cool down and solidify fast). Quickly
combine and pour the food while the autoclaved mixture is still hot
to avoid this. Adding water to the autoclave tray and keeping mixture
linthis hot water until ready to combine and pour helps prevent pre-
mature solidification.)

The catalogue numbers for the reagents not listed in Extended Data
Tables1-4 are asfollows: sucrose (Sigma, S7903), agar (Caisson, A037),
propionicacid (Sigma, P5561). Stocks can be stored at 4 °C for several
months unless otherwise specified.

Generation of clones expressing the Sesn shRNA. Clones were gen-
erated by crossing yw,hs-flp; mCherry-Atg8a; Act>CD2>GAL4, UAS-
nlsGFP/TM6B with the indicated UAS lines. Progeny of the relevant
genotype wasreared at 25 °C and spontaneous clones were generated
inthe fatbody owing to the leakiness of the heat-shock flipase (hs-flp).

Food preference assay. Determination of relative food consump-
tion from two different food sources using unique DNA oligomers
was performed as previously reported”. The sequences were as
follows: DNA oligomer 1, 5-ACCTACACGCTGCGCAACCGAGTCAT
GCCAATATAAGCAGATTAGCATTACTTTGAGCAACGTATCGGCGATCAG
TTCGCCAGCAGTTGTAATGAGCCCC-3’; forward quantitative PCR
(qPCR) primer 1, 5-GCAACCGAGTCATGCCAATA-3’; reverse qPCR
primer1,5-TTACAACTGCTGGCGAACTG-3’; DNA oligomer 2,5-GGGCA
GCAGGATAACTCGAATGTCTTAGTGCTAGAGGCTTGGGGCGTGTAAGT
GTATCGAAGAAGTTCGTGTTAAACGCTTTGGAATGACTGTAATGTAG-3;
forward qPCR primer 2, 5-CAGCAGGATAACTCGAATGTCTTA-3’;
reverse qPCR primer 2, 5-CAGTCATTCCAAAGCGTTTAACA-3’;
genomic CypI forward qPCR primer, 5~ ACCAACCACAACGGCACTG-3;
genomic Cypl reverse qPCR primer, 5-TGCTTCAGCTCGAAGT
TCTCATC-3'.The DNA oligomers and their corresponding qPCR primers
were purchased from Integrated DNA Technologies with
4 nmol per tube and diluted in nuclease-free water to final stocks with
aDNA concentration of 3.5 pg pl™.

For the assay, the surface of fresh Gala apples was sprayed and
cleaned using 70% ethanol. Fresh Gala apple pieces (about 1g) con-
taining both a piece of peel and pulp were cut on a clean field using a
knife (both the knife and the field were precleaned by 70% ethanol).
Two apple pieces with similar shape and weight were placed in the
opposite corners of a 6 0z (177 ml; 57 length x 57 width x 103 height
(inmm)) clean Drosophila bottle. Solutions of 100 pl in volume that
contained one DNA oligomer (final concentration 3.5 ng pl™) and sub-
stances (that is, sterile water, amino acid solutions and so on) were
placed evenly on top of the apple pieces and allowed to soak in for
1.5-2 h. Age-synchronized adult flies (15 female and 5 male animals)
were flipped into these assay bottles and allowed to feed ad libitum
ontheapples for the indicated times in the time course experiments
(Fig.3band Extended DataFig.4g) and for 24 hin the other food pref-
erence experiments.

CO,-anaesthetized flies were collected using a tweezer. From each
bottle, two tubes of female flies were collected with five flies per tube.
Five flies were homogenized for each qPCR sample. Homogenization
was performed using a beads beater in the cold after adding 250 pl of
squishing buffer (10 mM Tris-HCI pH 8.2,1mM EDTA,1 mM NaCl) and
0.5 pl of 20 mg ml™ proteinase K (Thermo Fisher number AM2546).
Thewhole-fly lysates were digested at 37 °C for 30-40 min after homog-
enization followed by proteinase K inactivation at 95 °C for 5 min.
Thesamples were centrifuged for 10 minat15,000 r.p.m. at room tem-
perature and 2 pl of the supernatant was loaded in each gPCRreaction
ina96-well qPCR plate. We used the SYBR green qPCR master mix from
Bio-Rad and a CFX96 Touch Real-Time PCR Detection System with a
melting temperature of 60 °C and 40 cycles per run.

Genomic CypI qPCR Ct values were used to control for extraction
efficiency. For every batch of samples, anaverage of Cyp1 qPCR Ct values
was taken and all samples beyond +0.5 Ct away from the average were
discarded. Standard curves for DNA oligomers1and 2 were generated,
and the amount of DNA oligomer from each tube of flies was calculated
by fitting their Ct values to the standard curves. The preference index
was generated by dividing the calculated amount of DNA oligomer 1
by that of DNA oligomer 2.



Toremove external oligomer that may stick to the outside of the flies,
we used a four-step protocol described previously?: a 10-min wash
with10% Contrex AP Powdered labware detergent (catalogue number
5204, Decon Laboratories); a 5-min wash in double-distilled H,0; a
2-minwashin30%bleach; and a5-minwashin double-distilled H,0. All
washes were performedina1,500 pl microfuge tube with continuous
rocking at room temperature.

For Fig. 3c and Extended Data Fig. 4f, we fed the flies with food con-
taining either 25 pM rapamycin or 25 uM ethanol for 2 days before
either protein starvation overnight or not (including 25 pM Rapamycin
or25 pMethanol). Then for the final choice assay, 25 pM of rapamycin
or 25 uM ethanol was added to both apple pieces in the container.

Immunofluorescence assays. Fat bodies from aged larvae (96 h
after egg laying) were dissected in PBS at room temperature, fixed
for 25-30 min in 4% formaldehyde, washed twice for 10 min in PBS
0.3% Triton (PBST), blocked for 30 min (PBST, 5% BSA, 2% FBS, 0.02%
NaN,), incubated with primary antibodies in the blocking buffer
overnight, and washed four times for 15 min. Secondary antibodies
diluted1:500in PBST were added for 1 h and tissues were washed four
times before mounting in Vectashield (Vector Laboratories) contain-
ing 4’,6-diamidino-2-phenylindole (DAPI). Brains from 5-10-day-old
adult female flies were dissected and processed asina previous study®.

Images for Fig. 2c and Extended Data Fig. 3d were acquired on a Zeiss
Axio Zoomv16.Images for Fig. 4b,c and Extended Data Figs. 1c, 7fand
8b,cwere acquired onaZeiss AxioVert200M microscope witha 63x or
40x oil-immersion objective or a10x objective and a Yokogawa CSU-
22 spinning-disc confocal head with a Borealis modification (Spectral
Applied Research/Andor) and a Hamamatsu ORCA-ER CCD camera.
The MetaMorph software package (Molecular Devices) was used to
control the hardware and image acquisition. The excitation lasers used
to capture the images were 405 nm, 488 nm and 561 nm. Images for
Extended DataFig. 6b,c were acquired onaniPhone XR camerathrough
abinocular microscope.

Egg-laying preference assay. The set-up for the egg-laying prefer-
ence assay wasidentical to that for the food preference assay. Instead
of collecting female flies for qPCR analyses, the two apple pieces were
removed from the bottle and examined under abinocular microscope.
The number of eggs on each apple piece was determined.

Ovary size quantification. Ovaries were dissected in PBS and
bright-field images were acquired using a Zeiss Axio Zoom v16 scope.
The size of the ovaries was quantified using the average area of indi-
vidual ovaries on Image].

Developmental timing. Three-day-old crosses were used for 3-4-h
periods of egg collection on standard laboratory food. Newly hatched
L1larvae were collected 24 h later for synchronized growth using the
indicated diets at a density of 30 animals per vial. The time to develop
was monitored by counting the number of animals that underwent pu-
pariation, every 2 hinfed conditions, or once/twice adayinstarved con-
ditions. The time at which half the animals had undergone pupariation
isreported. For larvadevelopmental timing experiments, 10%-leucine
chemically defined diet was used because complete leucine starvation
quickly caused lethality before any size comparison across genotypes
could be efficiently and meaningfully performed.

Lifespan experiments. To generate age-synchronized adult flies, larvae
were raised onlaboratory food at low density, transferred to fresh food
after emerging as adults and allowed to mate for 48 h. Animals were
anaesthetized with low levels of CO, and sorted at a density of 25 flies
per vial. Each condition examined used 8-10 vials of flies. Flies were
transferred tofreshvials three times per week at which point deaths were
alsoscored. Foradult flies, leucine-free diet or valine-free diet was used.

Statistical analyses. For non-survival experiments, two-tailed un-
paired t-tests, multiple ¢-tests, one-way or two-way ANOVA analyses
followed my post hoc tests were used for comparison between two
groups in GraphPad Prism (GraphPad Software v9). All comparisons
were two-sided unless specified otherwise. All analysed Pvalues are
indicated for each comparison made within all figure panels. Pvalues
of less than 0.05 were considered to indicate statistical significance.

For survival comparisons in Fig. 2a,b, two-proportion z-tests were
performed. Pupariation percentage (Extended Data Fig. 2a,h) data
were compared using permutation tests, in which the test statistic
was the difference in mean pupariation times of the two genotypes.
The distribution of the test statistic under the null hypothesis was
estimated by simulating 100 million rearrangements of the data. Per-
mutation tests were performed in R (scriptavailablein Supplementary
Data2).Results for all statistical analyses were summarized in source
data files corresponding to each figure.

Analysis of survival data. All data were complete and uncensored.
Kaplan-Meier estimates of the survival function were plotted and used
tocompute median survival times. Log-rank tests were used to compare
survival distributions, and univariate Cox proportional hazard analysis
(withties handled by Efron approximation) was used tocompute hazard
ratios between Sestrin-mutant versus wild-type flies withinindividual
dietary conditions. To examine the interaction between genotype
and diet (specifically using the alternative hypothesis that the lifes-
pan defect of Sestrin-mutant versus wild-type flies is exacerbated on
aleucine-free comparedtoavaline-free diet), one-tailed Wald tests were
conducted ontheinteraction coefficients generated by two-factor Cox
proportional hazard models withinteraction terms (with ties handled
by Efron approximation). All statistical analyses on survival datawere
performedinR (script available in Supplementary Data 3).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The data that support the findings of this study are available from
the corresponding authors and the Whitehead Institute (sabadmin@
wi.mit.edu) upon reasonable request. Source data are provided with
this paper.
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Extended DataFig.1|Validation of chemically-defined diets and loss of
Sestrin phenotypesinlarval fatbodies. a, b, Drosophilalarvae eating
chemically-defined diets lacking individual amino acids have reduced levels of
the missing amino acid. Relative levels of leucine (a) and valine (b) measured by
LC-MS/MSinwhole larval extracts of Wild-type (OreR) or Sesn*** larvae fed the
indicated diet for 4.5 h. Values are mean + SD of biological replicates froma
representative experiment.n=4independentbiological samples. Two
samples fromwild type (OreR) leucine-free and valine-free, respectively, failed
toyield decent peaks for leucinelevels, thus discarded. Multiple unpaired t

tests, Holm-Sidak multiple comparison method. ¢, Sesn knockdown prevents
autophagy induction uponleucine deprivation. Fatbody cells in mid-third
instar larvae expressing mCherry-Atg8awere fed theindicated diets for 4.5 h.
The Sesn RNAiwas expressed in clones of cells (GFP, outlined) witha FLP-out
system’®. Scale bar, 10 pm. d, Loss of Sestrin does not affect the inhibition of
mTORCI1 caused by the deprivation of all food. Immunoblot analyses of
phospho-S6K and S6K in adult female flies in the fed state or starved of all food
for1day.
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Extended DataFig. 2| The Sesn'**" mutation does not affect adult fly
lifespan onthe chemically defined diets but does mildly delay larvae
development, while loss of Sestrin does not affect larvae development.
a,Loss of Sestrin does not the affect development of larvafeedingona
complete diet. Time to pupariation for w® and Sesn”" larvae fed the standard
yeast-based diet. b-g, Survival curves for animals of the indicated sex and
genotypes fed theindicated chemically-defined diets. (a) nWT(OreR)=235;
n(Sesn“**)=238; (b) n\WT(OreR)=233; n(Sesn***)=237; (c) nWT(OreR)=242;

n(Sesn**t)=248; (d) nWT(OreR)=242; n(Sesn'*t)=240; (e) nWT(OreR)=229;
n(Sesn'**)=243; (f) n\WT(OreR)=245; n(Sesn"***)=245. See statistics in
Supplementary Dataland methods. h. Sesn'** larvae raised on a standard
yeast-based diet are developmentally delayed. Data are representative of three
independent experiments with similar results. Statistical analysis was
performed using a permutation test on the difference of the mean pupariation
times of the two genotypes (a, h).
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Extended DataFig. 3 |Sestrin-mediated mTORC1signalinginovaries.
a,b,Sestrinmediates leucine-sensing by mTORC1in adult animals. Immunoblot
analyses of whole adult animals of the indicated sex and genotype following
overnightstarvationand1.5 h of refeeding with the indicated diets. ¢, In flies
feedingastandard diet and lacking Sestrin or expressing the leucine-binding
deficient Sestrin mutant (L431E), mTORCl activityisincreased or decreased,
respectively. Lysates were prepared fromisolated ovaries from animals of the
indicated genotypes and fed astandard yeast-based diet. d, e, Loss of Sestrin
accelerates thereductioninovary size caused by leucine starvation.

(d) Ovariansizeinfemales of theindicated genotypes fed theindicated diets
for 24 h.Results are quantifiedin (). Scale bar, 500 pm. f, g, Sesn'** flies have

reduced fecundity but not fertility. (f) Number of eggs laid over a period of 60 h
by females of the indicated genotypes maintained on the standard yeast-based
diet. (g) Hatching rate of eggs laid in the same conditions asin (f). (e, f, g) Values
aremean +SD of biological replicates fromarepresentative experiment.

(e) n= 6 (Wild type w"®)), 8 (Sesn™"), 7 (Sesn***t amino acid-replete diet),
5(Sesn'*fleucine-free diet), and 6 (Sesn*** valine-free diet). (f)n=5.(g) n=4.
Dataarerepresentative of threeindependent experiments with similar results.
Statistical analysis was performed using two-way ANOVA followed by Tukey’s
multiple comparisonstest (e), and one-way ANOVA (f, g) followed by Dunnett’s
multiple comparisonstest.
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Extended DataFig. 4 |See next page for caption.
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Extended DataFig. 4 |Sestrin mediates the preference forleucine-
containingfood and influences total food intake. a-c, Characterization of
themethodsusedinthe food two-choice assay. (a) Measurement of the weight
oftheapple pieces used in the assay. n = 8. (b) Background qPCR signal
determination for each oligonucleotide barcode used in assay. n = 6 for each
condition. (c) The qPCR signals used to determine the leucine preference of the
wild-type flies come primarily from internal DNA oligonucleotides instead of
external ones that might contaminate the outside of the body of female flies.
qPCR foroligonucleotide barcodesinaleucine versus water choice assay
before and after washing animals as previously described”. n =4 for both pre
and post wash conditions. d, Preference of the flies for apple pieces painted
withtheindicatedleucine concentrations. Animals were givena choice
between leucine- or water-coated apples. Indicated leucine concentrations
(5mM,15mM, 30 mM, and 70 mM) were the solution concentrations used to
coatapples. The final concentration on the food should be -10 times more
diluted.n(S5mM) =7,n(15mMand 30 mM) = 6, n (70 mM) =5. e, Adult female
flies do not have a preference for valine- versus water-painted apple pieces.
Wild-type (OreR) animals were given indicated food choices and the preference
fold-difference was shown. n (leucine vs water) = 8, n (valine vs water) =10,

n (leucinevsvaline) = 7. f, Rapamycin treatment reduces fly food consumption.

Vehicle or Rapamycin pre-treated animals were given a choice between leucine-

or water-coated apples. For the Rapamycin group during the choice assay,
animals were fed on apples painted with Rapamycinin additionto either
leucine or water. Data show the normalized values of food consumption.

n=5forbothconditions. g, Sesn“** animals do not have a preference for valine-

over water-painted apples. Animals were given a choice between valine- or
water-coated apples and food preference was measured at the indicated time
points. Datashow the fold-difference inrelative food intake for the valine-
coated apple compared to the water-coated apple.n =10 (2 hrs), 12 (4 hrs),

12 (6 hrs), 9 (9 hrs),and 9 (24 hrs). h,i, Sesn**** animals have decreased food
intake regardless of the leucine content of the food (h), and Sesn”" animals have
increased foodintake regardless of the leucine content of the food (i). n = 4 for
all conditions. j, Whole-body re-expression of wild-type Sestrin driven by
Tub>Gal4 is sufficient to partially restore the preference for leucine-containing
food of Sesn” adult female flies. Animals with indicated genotypes were given
thechoicebetweenleucine- or water- coated apples. Data show the preference
of fold-difference.n (attP2) =10, n (Sestrin WT) = 6. k, Adult female flies do not
develop apreference for valine-containing apple regardless of their genotype.
Animalswithindicated genotypeswere given the choice between leucine- or
water-coated apples. Datashow the preference of fold-difference. n (Wild type
OreR, Sesn**, Sesn™") =10, n (Wild type w'*¥) =12. Values are mean + SD of
biological replicates fromarepresentative experiment. Dataarerepresentative
ofthreeindependent experiments with similar results. Statistical analysis was
performed using two-tailed unpaired ttest (c, f, j), one-way ANOVA followed by
Dunnett’s multiple comparisons test (d, g), one-way ANOVA followed by Tukey’s
multiple comparisonstest (e), two-way ANOVA followed by Tukey’s multiple
comparisonstest (h, i), and one-way ANOVA followed by Sidak's multiple
comparisonstest (k).
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Extended DataFig. 5|Leucine-sensing via the Sestrin-mTORCI1 axis
contributes tothe detection of the protein contentoffood. a, Wild-type
(OreR)flies prefer food containing a high amount of yeast extract and this
preferenceisreduced by the addition of leucine to food containing alow
amountofyeastextract. Sesn“***flies have areduced preference for the food
containing a high amount of the yeast extract and the addition of leucine has
minimalimpactonthe preference. How the food preference index was
calculatedis described in the methods. n (Wild type OreR, no leucine)=5,

n (Wild type OreR, with leucine)=7, n (Sesn****, no leucine)=6, n (Sesn'*'f, with
leucine)=9.b, Asin (a) achoice experiment for wild type w™* and Sesn™ flies.
n (Wild type w"*, no leucine)=9, n (Wild type w"*, no leucine)=8,n (Sesn™",
noleucine)=9, n(Sesn™", withleucine)=12. Values are mean = SD of biological
replicatesfromarepresentative experiment. Data arerepresentative of three
independent experiments with similar results. Statistical analysis was
performed using two-tailed unpaired t test, Holm-Sidak method.
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Extended DataFig. 6 | Flies prefer tolay eggs onleucine-containing food in
afashionthatrequires theleucine-binding capacity of Sestrin. a, Schematic
ofthesetup usedintheegg-laying preference assay. Twoidentical apple pieces
were painted with solutions containing different substances and placed on
oppositesidesof acontainer. Animals were allowed to feed ad libitum over the
course of the assay and the number of eggs deposited on each apple was
counted after 24 h.b, ¢, Wild-type flies prefer to lay eggs on yeast- or amino

- +
acid-painted apples over water-painted apples. Scale bars, 1 mm. d-h, Sesn‘**
and Sesn”" animals do not prefer to lay eggs on the leucine-containing apple.
(a) created with BioRender.com. Values are mean + SD of three biological
replicates from arepresentative experiment. Data are representative of two
independent experiments with similar results. Statistical analysis was
performed using one-way ANOVA followed by Tukey’s multiple comparisons
test (d-g), and Sidak's multiple comparisons test (h).
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|Sestrin-regulated mTORC1signaling in glial cells
controls the preference of flies for leucine-containing food. a, Same data as
inFigure 4aexceptthat the values were not normalized to the values from the
flies expressing the control shRNA from each of the indicated drivers.

n=>5(da, pros attP40 shRNA; da Sesn shRNA), 8 (repo, tdc2 attP40 shRNA; vGAT
SesnshRNA),12 (repo, esg Sesn shRNA), 15 (Elav attP40 shRNA), 16 (Elav, Mef2,
ddc SesnshRNA), 22 (Mef2 attP40 shRNA; MyolA Sesn shRNA), 10 (ddc, Lpp
attP40 shRNA; tdc2, promE Sesn shRNA), 11 (vGAT attP40 shRNA; Lpp Sesn
ShRNA), 9 (promE attP40 shRNA; pros Sesn shRNA), 13 (esg attP40 shRNA),

24 (MyolA attP40 shRNA).Each pointrepresents the ratio of the amount of two
oligonucleotide barcodes per 5flies. b, Expression of wild-type Sestrin under
repo-Gal4 driverin Sesn” fliesis sufficient to partially rescue the leucine
preference phenotype. n (repo-attP40 in wild type w'™$) =4, n (other conditions)
=8.¢, Overexpression of TSC1+TSC2 in glial cells using repo-Gal4; Tub-Gal80ts
reduces the preference of flies for leucine-containing food. n (attP40) =16,
n(TSC1+2)=19.d, The Sesn mRNA (red) is expressed in all classified subtypes of
glial cells asindicated by co-expression of a panglial marker, Repo (green).
Thesingle cell RNAsequencing datasetis froma previous study®. e, The knock-
down of Sestrin using a pan glial cell driver (repo-Gal4) reduces the leucine

preference of flies much more significantly thanaknockdown using drivers for
glial subtypes. The knockdown of Sestrin in cortex glial cells using the wrapper-
Gal4 driver line significantly decreased the leucine preference of flies.n=8
(repo, 9.GMR50A12, 15.R85G0I-Gal4 attP40 shRNA; 9.GMR50A12, 15.R85G01-
Gal4 SesnshRNA),12 (1.GMR60F04, 2.GMR53B07,3.GMR55B03, 4.GMR56F03,
5.GMRS86EO1, 6.GMR53H12,10.Alrm-Gal4 attP40 shRNA; repo, 2.GMR53B07,
3.GMRS55B03,4.GMR56F03, 5.GMR86E01, 10.Alrm-Gal4, 14.R75H03-Gal4 Sesn
ShRNA),10 (7.GMR35E04 attP40 shRNA, 1. GMR60F04 Sesn shRNA), 11 (8.
GMR77A03, 11.Wrapper-Gal4, 14.R75H03-Gal4 attP40 shRNA; 6.GMR53H12,
11.Wrapper-Gal4 Sesn shRNA), 28 (12.Eaatl-Gal4 39915, 13.Mdr65-Gal4 attP40
ShRNA), 9(7.GMR35E04, 8.GMR77A03 Sesn shRNA), 24 (12.EaatI-Gal4 39915 Sesn
ShRNA), 18 (13.Mdr65-Gal4 Sesn shRNA). f, Confocal projection of wild-type
female brains expressing 4MBOX-GFP fed the standard yeast-based food or
starved of protein for 24 h. Scale bar, 10 pm. Values are mean + SD of biological
replicates fromarepresentative experiment. Data are representative of two
independent experiments with similar results. Statistical analysis was
performed using two-tailed unpairedttest(a, ¢, e),and two-way ANOVA
followed by Dunnett’s multiple comparisons test (b).
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Extended DataFig. 8| Dietary leucine regulates mTORC1signaling in glial
cellsinthe peri-esophageal areainafashion that depends onSestrinand
its capacity tobindleucine. a, Schematic of the areasimaged and quantified
for the ratio of GFP-positive cells to Repo-positive cells. The red rectangle
representszonel, the orangerectangle representszone 2, and the purple
rectanglerepresentszone 3.b, Representative confocalimages of zone1and
zone 2brainareas fromwild-type, Sesn”", and Sesn*** female flies fed with an
aminoacid-replete or leucine-free diet. Scale bar, 25 pm. Note:images are
reprocessed duringrevision fromthe same batch of samplesas Figure 4c for
the purpose of showingall zones1,2,and 3 clearly. The exact fly brainsin the
representative images and stacks might vary from Figure 4c, despite they are

allfrom the same batch of samples. ¢, Representative confocal images of zone 3
brainareas of wild-type, Sesn™", and Sesn*** female flies fed an amino acid-
replete or leucine-free diet. Scale bar,10 pm. Note:images are from the same
brains shownin (b). (a) created with BioRender.com. d, e, Quantification of the
GFP-positive to Repo-positive ratioinzone1(d) and zone 3 (e). n =3 individual
brainswithindicated dietary treatment and genotype for each condition.
Valuesare mean+SD of biological replicates from arepresentative experiment.
Dataarerepresentative of threeindependent experiments with similar results.
Statistical analysis was performed using two-way ANOVA followed by Sidak's
multiple comparisons test.



Extended Data Table 1| Chemically defined food “Part1” mixture

Part 1 (AUTOCLAVE 15 minutes)

Category Ingredient Amount of stock per liter

Gelling Agent Agar-Type Il 10g
Sugar Sucrose 25¢
CaCl2*6h20 1mL

CuS04*5h20 1mL

Metal lons FeS04*7h20 1mL
MgSO4 (anhydrous) 1mL

MnClI2*4h20 1mL

ZnS04*7h20 1mL

Cholesterol Cholesterol 15 mL
Tyrosine 0.93¢g

Histidine 50 mL

Isoleucine 50 mL

Amino Acids Methionine 50 mL
Phenylalanine 50 mL

Threonine 50 mL

Valine 50 mL

Water Water (milliQ) 158 mL
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Extended Data Table 2 | Chemically defined food “Part 2" mixture

Part 2
Category Ingredient Amount I(;[L?tock per
Base Buffer 100 ml
Arginine 10 mL
Cysteine 10 mL
Glutamate 10 mL
Glycine 10 mL
Lysine 10 mL
Proline 10 mL
Amino Acids Serine 10 mL
Alanine 50 mL
Asparagine 50 mL
Aspartate 50 mL
Glutamine 50 mL
Leucine 50 mL
Tryptophan 50 mL
Vitamin Solution see Part 1 21 mL
Folic Acid Folic Acid 1mL
Othggngfnts see Part 1 8 mL
Propionic acid 6 mL
Preservatives methyl 4-
hydroxyb):anzoate 15 mL




Extended Data Table 3 | Amino acid stock solutions

Amino Acids Catalog Number g/50mL Suspend in:
L-Alanine Sigma, A7469 1.1 H20
L-Asparagine Amresco, 94341 1.03 H20
. . Alfa Aesar,
L-Aspartic Acid A13520 1.17 0.5N NaOH
L-Glutamine Amresco, 0374 1.12 H20
L-Histidine Amresco, 1B1164 0.65 H20
L-Isoleucine Amresco, E803 1.12 H20
L-Leucine Sigma, L8912 2.03 0.2N HCI
L-Methionine Amresco, E801 0.6 H20
L-Phenylalanine Sigma, P5482 1.01 H20
L-Threonine Sigma, T8441 1.11 H20
L-Tryptophan Amresco, E800 0.32 H20
L-Valine Amresco, 1B1102 1.2 H20
L-Arginine HCI Amresco, 0877 8.16 H20
L-Cysteine Sigma, 30089 1.71 1N HCI
. . Alfa Aesar,
L-Glutamic acid A12919 7.59 H20
. Alfa Aesar,
L-Glycine A13816 3.84 H20
L-Lysine HCI Amresco, 0437 6.83 H20
L-Proline Sigma, P5607 4.89 H20
L-Serine Sigma, S4311 6.89 H20
L-Tyrosine Sigma, T8566 “add Tyr N/A
powder
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Extended Data Table 4 | Other stock solutions

Vitamin solution Catalog Number g/50mL | Suspend in:
Biotin Sigma, B4501 0.001 H20
Ca pantothenate Sigma, 21210 0.039 H20
Nicotinic acid Sigma, N4126 0.03 H20
Pyridoxine HCI Sigma, P9755 0.006 H20
Riboflavin Sigma, R4500 0.003 H20
Thiamine (aneurin) Sigma, T4625 0.005 H20
Folic acid solution Catalog Number g/50mL | Suspend in:
Folic acid Sigma F8758 0.025 0.004N NaOH
Other Nutrients solution Catalog Number g/50mL | Suspend in:
. . MP Biomedical
Choline chloride 1846%dgca S 0.3125 H20
Inosine Sigma, 14125 0.4065 H20
Myo-Inositol Sigma, 17508 0.0315 H20
Uridine Sigma, U3003 0.375 H20
Methyl 4-Is1x:il:t¢i>;(xbenzoate Catalog Number | g/50mL | Suspend in:
Methyl 4-hydroxybenzoate Sigma, H3647 5 95% EtOH
50mL
Buffer Catalog Number stock
Glacial Acetic Acid Millipore, AX0074 1.5mL
KH2PO4 JT Baker, 3246 159
NaHCO3 Sigma, S8875 05¢g
Up to
Water SC?mL
Metal lons Catalog Number g/50mL | Suspend in:
CaCl2*6h20 Sigma, 21108 12.5 H20
CuS04*5h20 Sigma, C7631 0.125 H20
FeSO4*7h20 Sigma, F7002 1.25 Hzgésé‘)’re -
MgSO4 (anhydrous) Sigma, M7506 12.5 H20
MnCl2*4h20 Sigma, M3634 0.05 H20
ZnS04*7h20 Sigma, Z0251 1.25 H20
Cholesterol solution Catalog Number g/50mL | Suspend in:
Cholesterol Sigma, C8253 1 EtOH
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection MetaMorph 7 (for all confocal images), iPhone XR (for eggs on apple pictures), CFX Maestro Software for Bio-Rad CFX Real-Time PCR Systems,
Xcalibur 4.0
Data analysis GraphPad Prism v8.0, XCalibur v4.0, (Fiji Is Just) ImageJ v2.1.0/1.53c, Microsoft Excel 16.40

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Extended Data Fig. 10d: the single cell RNAseq dataset analyzed is Aerts_Fly_AdultBrain_Filtered_57k, which is available here: scope.aerslab.org. All codes required
to run the CPH and permutation statistical analyses are provided as source data.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We chose a minimal sample size of n=3 for quantitative measurements based on the standards of the field. For food preference experiments
performed on adult flies, we anticipated higher variance due to the nature of animal behavior. Therefore, we chose to include more samples
per condition. Same reason goes for the ovarian size measurement as well as the lifespan measurement.
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Data exclusions  No data were excluded other than the lifespan measurement and DNA oligonucleotide-based food preference assay. For the lifespan
measurement, if we observe more than 5 flies were stuck in the food (20% of total flies in this tube), this tube of flies would be discarded due
to the impossibility to interpret the survival curve. For the food preference assay, we stated clearly in the Methods that to control for the
extraction efficiency, if the gPCR Ct number for a sample's genomic locus control is more than 0.5 away from the average (which means the
DNA extraction efficiency is not passing the quality control for this particular sample), this sample would be discarded.

Replication Key findings were reproducible in this work and we have encountered no problems in reproducibility. All experiments were repeated at least
twice independently.

Randomization  For lifespan measurement, different tubes of flies were placed on tube racks randomly to rule out the potential effects from the location/air
flow/light.
For food preference assay, we processed all flies from the same batch at the same time but randomized orders of assay bottle set-up and
sample collection for different genotypes as well as the location of assay bottles in bottle racks to rule out effects of location/air flow/light.
For the metabolomics experiment, we randomized the sample order in LC/MS run to prevent the potential systematic bias.
For the rest of the experiments, samples were handled at the same time, internally controlled and processed independently. Thus
randomization was not necessary.

Blinding Blinding was performed wherever possible during sample preparation and analysis. We especially blinded the gPCR sample run and analysis

for food preference experiments due to the big sample size. The quantification of ovarian size and fly brain imaging was also performed in a
blinded manner.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines @ D Flow cytometry
Palaeontology and archaeology E D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used HRP-labeled anti-rabbit secondary antibody and the antibodies against Drosophila Phospho-70 S6 Kinase (Thr398) (#9209), Akt
(#9272), p44/42 MAPK (Erk1/2) (#4695), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (#9101). myc (#2278), and the FLAG
(#2368) epitope from Cell Signaling Technology (CST); Anti-Green Fluorescent protein (GFP) antibody from Aves Labs (GFP-1020);
8D12 Anti-Repo antibody from Developmental Studies Hybridoma Bank (DSHB); Alexa 488, 568, and 647-conjugated secondary
antibodies are from Invitrogen. The dS6K antibody was a gift from Mary Stewart (North Dakota State University) and the Drosophila
Sestrin antibody one from Jun Hee Lee (University of Michigan).

Validation All used commercially available antibodies have validations from the corresponding company's website.
The dS6K antibody has been validated in numerous previously published studies (for example: Bar-Peled et al. Science. 2013). And
Drosophila Sestrin antibody was validated in J.H.Lee et al. Science. 2010.




Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) S2R+ cells were originally from Dr. Schneider and have been passaging in Perrimon lab and DRSC at Harvard Medical School
for decades. HEK-293F cells were from ThermoFisher (R79007).

Authentication S2R+ cells were authenticated via DNA and RNA sequencing. And the authentication work has been cited in the methods
section.
Mycoplasma contamination HEK293F cells were tested negative for mycoplasma by PCR.

Commonly misidentified lines  None.
(See ICLAC register)
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