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Loss of metabolic homeostasis is a hallmark of aging and is
characterized by dramatic metabolic reprogramming. To analyze
how the fate of labeled methionine is altered during aging, we
applied *C5-Methionine labeling to Drosophila and demonstrated
significant changes in the activity of different branches of the me-
thionine metabolism as flies age. We further tested whether tar-
geted degradation of methionine metabolism components would
"reset” methionine metabolism flux and extend the fly lifespan.
Specifically, we created transgenic flies with inducible expression
of Methioninase, a bacterial enzyme capable of degrading methi-
onine and revealed methionine requirements for normal mainte-
nance of lifespan. We also demonstrated that microbiota-derived
methionine is an alternative and important source in addition to
food-derived methionine. In this genetic model of methionine re-
striction (MetR), we also demonstrate that either whole-body or
tissue-specific Methioninase expression can dramatically extend
Drosophila health- and lifespan and exerts physiological effects
associated with MetR. Interestingly, while previous dietary MetR
extended lifespan in flies only in low amino acid conditions, MetR
from Methioninase expression extends lifespan independently of
amino acid levels in the food. Finally, because impairment of the
methionine metabolism has been previously associated with the
development of Alzheimer's disease, we compared methionine
metabolism reprogramming between aging flies and a Drosophila
model relevant to Alzheimer’s disease, and found that overexpres-
sion of human Tau caused methionine metabolism flux reprogram-
ming similar to the changes found in aged flies. Altogether, our
study highlights Methioninase as a potential agent for health- and
lifespan extension.
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ging is the primary risk factor for many major human pa-

thologies (1). Age-dependent metabolic reprogramming has
been noted in different organisms (2), including worms (3), mice
(4), and humans (5-7). Moreover, we have previously demon-
strated that metabolism in general, and methionine metabolism
in particular, is perturbed during aging in Drosophila (8). In ad-
dition, methionine metabolism is altered in the tissues of several
long-lived species, such as naked mole rats (9), in long-lived mu-
tants, such as flies selected for delayed reproductive senescence
(8, 10), and in long-lived Ames mice (11).

Although alterations in levels of specific metabolites suggest
that the activity of the methionine metabolism pathway is af-
fected, it is difficult to determine if the flux via methionine
metabolism is up- or down-regulated. For example, deficiencies
of enzymes involved in methionine metabolism (MAT, CBS,
GNMT, AHCY) lead to methionine and homocysteine elevation
(hypermethioninemias and hyperhomocysteinemias), and elevated
levels of methionine and homocysteine reflect a disruption of flux
in methionine metabolism (12). Additionally, metabolite changes
do not explain how the flux is reprogrammed between different

PNAS 2021 Vol. 118 No. 40 2110387118

branches of methionine metabolism, as it is possible that the ab-
solute levels of metabolites do not change if metabolites get
processed via different routes.

Impairment of methionine metabolism flux results in the ac-
cumulation of detrimental metabolites belonging to the methionine
cycle, such as S-adenosylhomocysteine (SAH) and homocysteine,
and leads to different pathological manifestations (13). Lifespan
can be extended by up-regulating the clearance of these metabo-
lites via activation of methionine metabolism flux. In fact, methi-
onine restriction (MetR) extends lifespan in yeast, flies, rodents,
and human diploid fibroblasts (14-17) and exerts beneficial effects
on metabolic health and inflammatory responses (18-20). More-
over, lifespan in worms and flies can be extended through ma-
nipulation of different enzymes, either belonging to the methionine
metabolism pathway or those that affect the levels of methionine
metabolism metabolites. Some of these manipulations include the
overexpression of Cbs (21) and Gnmt (22, 23), and the down-
regulation of SamS (24) and AhcyL1/AhcyL2 (8). In addition,
manipulation of methionine metabolism in just one tissue is suffi-
cient for lifespan extension (8, 21, 22).

Restoring age-reprogrammed activity of methionine metabo-
lism can be an attractive option for the extension of health- and
lifespan. However, studies relating to MetR have the following
challenges: 1) MetR does not decrease levels of methionine
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equally across different organs; 2) it is impossible to study tissue-
specific effects of MetR via manipulations of methionine levels
in the food; and 3) the activation of methionine metabolism
enzymes is difficult to achieve due to a lack of small-molecule
activators. To solve these problems, we created transgenic flies
carrying the enzyme Methioninase, which allows for the rapid,
inducible, and tissue-specific degradation of methionine.

L-Methionine a-deamino-y-mercaptomethane-lyase (Methioni-
nase) is a bacterial enzyme that is capable of degrading methionine
to ammonia, o-ketobutyrate, and methanthiol. Because methio-
nine dependency was attributed to various cancers, recombinant
Methioninase (rMetase) has been tested in various cancer models
in vitro and in vivo (25, 26). Methioninase has also entered several
clinical trials in humans (26-28). Based on this, Methioninase may
provide an alternative option to dietary MetR, since it can be
expressed in a tissue-specific manner, and its recombinant form
can be used in humans.

To understand how methionine metabolism is reprogrammed
with age or neurodegeneration, we supplemented flies with a
labeled '*C5-methionine tracer and estimated its fate between
different branches of methionine metabolism. We further cre-
ated transgenic flies with inducible expression of Methioninase
(genetic MetR) and performed metabolomics profiling to dem-
onstrate that the effect was similar to the effects of MetR caused
by the depletion of methionine from fly food (dietary MetR). It
has been previously shown that dietary MetR extends the life-
span in flies only in low amino acid conditions (15). We dem-
onstrate that either whole-body or tissue-specific expression of
Methioninase (genetic MetR) can extend Drosophila lifespan
without lowering levels of amino acids in the food. Altogether,
our studies offer a strategy for restoring age-dependent defects
related to impaired methionine metabolism that has strong po-
tential for lifespan extension and treatment of neurodegenera-
tive diseases in humans.

Results

Age-Dependent Reprogramming of Methionine Metabolism Flux. We
previously demonstrated that steady-state levels of several me-
tabolites in the methionine metabolism pathway are altered with
age in Drosophila (8). In agreement with this, increased levels of
plasma homocysteine (one of the metabolites in the methionine
cycle) have been recognized as a risk factor for a number of
human diseases (29). Although alterations in levels of particular
metabolites may suggest altered pathway activity, increased levels
of a specific metabolite can be attributed to either an increase or
decrease in flux through a metabolic pathway. *C-metabolic flux
analysis is a common approach used to determine cellular meta-
bolic flux (30). It is based on feeding cells/organisms with carbon
isotope-labeled nutrients and measuring the labeling patterns of
intracellular metabolites (31-33). To estimate how age affects the
distribution of methionine via different branches of the methio-
nine metabolism pathway, we implemented a method to feed flies
with stable isotope-labeled methionine. We then coupled the ap-
proach with mass spectrometry analysis to determine the relative
activities of different branches of methionine metabolism. We first
fed young male (1 wk) wild-type OreR flies with 1 mM of labeled
13CS5-methionine tracer in chemically defined food (lacking en-
dogenous methionine) that has been previously used for lifespan
studies related to MetR (15) for different periods of time (3 h,
12 h,2d, 5 d, and 10 d) to optimize the best timing for labeling
(ST Appendix, Fig. S1). Because alterations in food uptake may
significantly affect the interpretation of results, we compared food
uptake in young (1 wk), middle (4 wk), and old (7 wk) age male
flies using two different oligonucleotides and quantitating their
uptake by qPCR, as it has been previously described (34).
Although we did not observe differences between young and
middle age flies, we found dramatic differences in older flies
(Fig. 1 4 and B). Because food consumption and processing are
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dramatically different at this stage, and because flies actively die
at this age, we decided to evaluate differences in the fate of labeled
methionine in young and middle-age flies. We supplemented
young (1 wk) and middle-age (4 wk) male flies with labeled *C5-
methionine for 1, 2, and 5 d and analyzed the distribution of la-
beled methionine to methionine metabolism metabolites by mass
spectrometry (SI Appendix, Fig. S2). Methionine metabolism can
be broken into three parts: the methionine cycle, the trans-
sulfuration pathway, and the salvage cycle (Fig. 1C). Labeled
methionine enters the methionine cycle from chemically defined
food (labeled with 5 carbons, M5). Methionine is first converted to
S-adenosyl-L-methionine (SAM) (M5), and after SAM donates its
methyl group to acceptor molecules, it is converted to SAH (M4).
SAH is further converted to homocysteine, and homocysteine can
be either remethylated to form methionine (M4) to be retained in
the methylation cycle, or it can be irreversibly converted to cysteine
via the transsulfuration pathway and thus withdrawn from the
methylation cycle (Fig. 1C). Methionine (M1) can also be regen-
erated from SAM via the methionine salvage pathway.
Consistent with the observation that there were no differences
in food uptake between 1- and 4-wk-old flies, we did not observe
any differences in the amount of food-derived methionine (MS5)
(Fig. 1D). Interestingly, we found increased levels of SAM (M5)
(Fig. 1E) and SAH (M4) (Fig. 1F), both of which are produced
from food-derived methionine (MS5), potentially indicating a
decreased ability to process SAH via the methionine cycle. Al-
though there was no difference in the levels of MTA (M1), an
intermediate metabolite in the salvage cycle (Fig. 1G), we used
the enrichment ratio (M1/M4+MS5+M1) between methionine
(M1) produced from the salvage pathway and total labeled me-
thionine as an estimate of the activity via the salvage pathway.
The methionine salvage pathway, or 5’-methylthioadenosine (MTA)
cycle, regenerates methionine from SAM and is responsible for
the production of polyamines (35, 36). The proportion of methi-
onine (M1) produced from the salvage pathway increased in
4-wk-old flies (Fig. 1H), potentially reflecting a higher need for
polyamine production. We did not observe a significant difference
in the labeling of cystathionine (M4) between 1- and 4-wk-old flies
(Fig. 1). Interestingly, we observed a greater accumulation of
food-derived methionine (MS5) and its products, SAM (M5) and
SAH (M4), in 7-wk-old flies compared to young flies, as expected
according to the increased food consumption (SI Appendix, Fig.
S2). Similarly, there was an increased level of labeled cys-
tathionine (M4) in 7-wk-old flies (Fig. 1/), suggesting increased
transsulfuration flux in old flies. This may be triggered either by
increased requirements for the degradation of the excess of me-
thionine and the necessity to withdraw methionine from the me-
thionine cycle or by increased requirements for the production of
cysteine-derived antioxidants (glutathione and taurine). In con-
clusion, our data suggest the age-dependent alterations in the
activity of different branches of the methionine metabolism.

Methioninase Is a Genetic Tool for MetR. We hypothesized that
degrading methionine and removing downstream metabolites
ubiquitously or in a tissue-specific manner would “reset” methio-
nine metabolism by removing any inhibitory feedback regulation
from the abnormal accumulation of intermediary metabolites and
can extend lifespan. Although dietary MetR can be used to de-
plete methionine and its downstream metabolites, it causes tissue-
specific effects on the levels of methionine in different organs and
cannot be applied at a tissue-specific level. To create a system for
efficient methionine depletion without altering food composition
and to study tissue-specific effects of MetR, we employed a bac-
terial enzyme, Methioninase, which degrades methionine to am-
monia, a-ketobutyrate, and methanthiol (Fig. 24). We cloned the
Methioninase gene from Pseudomonas putida into the pW10roe
Drosophila expression vector and created transgenic flies. To
confirm the expression of Methioninase in flies, we ubiquitously
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Age-dependent methionine flux reprogramming
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Fig. 1. Age-dependent changes of the fate of labeled methionine. (A and B) Food consumption in 1-, 4-, and 6-wk-old male flies measured by qPCR using two
different oligonucleotides. Twenty biological replicates per age. (C) Scheme of methionine metabolism. Blue color marks the labeled carbons. Relative la-
beling enrichment for methionine (D), SAM (E), SAH (F), and MTA (G) in whole male flies fed with 1 mM of labeled '>C5-methionine tracer in chemically
defined food (lacking endogenous methionine) for 5 d. M0-M12 mark the number of labeled carbons. Labeling enrichment is the proportion of a particular
labeled metabolite form among all measured isoforms. Note that although multiple isoforms of the same metabolite with different numbers of labeled
carbons were measured, many of them are not present in Drosophila cells, and they are not displayed on the graph. Five biological replicates per condition.
Means + SD. Y and M symbols mark young (1 wk) and medium-age (4 wk) male flies *P < 0.05, **P < 0.01, ***P < 0.001. (H) The enrichment ratio
(M1/M4+M5+M1) between methionine (M1) produced from the salvage pathway and total labeled methionine (M4+M5+M1) reflects the activity of the
salvage (MTA cycle) pathway. Means + SD; **P < 0.01. (/) Relative labeling enrichment for cystathionine. Means + SD, ***P < 0.001.
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expressed Methioninase in adults using the tubulin-Gal4,tubulin-
Gal80ts temperature-inducible system (37). Gal80ts is active at
18 °C and represses Gal4, while at 29 °C, Gal80ts is inactivated,
allowing for the Gal4-dependent expression of Methioninase. Flies
were grown at 18 °C and switched to 29 °C after eclosion to induce
expression of Methioninase for 10 d. As a control, we used the
same line that we had injected with the UAS-Methioninase con-
struct to produce transgenic UAS-Methioninase flies. We con-
firmed expression of Methioninase in flies using both immunoblot
analysis (Fig. 2B) and qRT-PCR (Fig. 2C). To test the functional
consequences of Methioninase expression, we performed metab-
olomic profiling of either control flies or flies that expressed
Methioninase for 10 d (SI Appendix, Fig. S3A4). Principal compo-
nent analysis (PCA) of the measured metabolites clearly distin-
guished between control flies and flies expressing Methioninase
(Fig. 2D). We identified 123 metabolites that were significantly
changed in flies expressing Methioninase. Among these metabolites
were multiple metabolites belonging to methionine metabolism:
methionine, SAH, SAM, MTA, methionine sulfoxide, cysteine,
and cystathionine (ST Appendix, Fig. S3A4).

In an effort to understand which metabolic pathways are
among the most significantly changed by Methioninase expres-
sion, we applied metabolite set enrichment analysis (MSEA). As
expected, among the top five most significantly altered metabolic
pathways were methionine metabolism, betaine metabolism,
glycine and serine metabolism, and purine metabolism (Fig. 2E).
Betaine metabolism, glycine and serine metabolism, and purine
metabolism are tightly linked to methionine metabolism. In the
methionine cycle, SAM is used for methylation reactions and
generates SAH, which is further hydrolyzed into homocysteine.
Homocysteine can be remethylated back to methionine using

betaine (betaine metabolism pathway) or 5-methyl-THF as methyl
donors and can thus be retained in the methionine cycle (Fig. 1C).
Glycine and serine (glycine and serine metabolism pathway) serve
as precursors for one-carbon metabolism, which is intimately
linked with purine biosynthesis (purine metabolism pathway) and
serves as an additional source of a methyl group (5-methyl-THF)
for the methionine cycle. Altogether, our results suggest that
Methioninase is an efficient tool for in vivo methionine depletion.

Comparison of Methioninase (Genetic MetR) and Food-Deprived
MetR. Several groups have developed semi- or fully defined fly
diets for testing the effects of specific food components on life-
span. The basal level of methionine significantly varies in these
diets, ranging from 0.34 to 1.65 g/L (38). To compare the effects
of Methioninase expression to MetR caused by methionine
deprivation from fly food, we performed a metabolomics analysis
of flies ubiquitously expressing Methioninase and maintained on
standard laboratory food (same as Fig. 2E) and control flies
maintained either on laboratory food or on chemically defined
food supplemented with a range of concentrations of methionine
(no methionine, 0.15 mM, 1 mM, or 4 mM). Flies maintained on
chemically defined food supplemented with 1 mM of methionine
had methionine pathway metabolite levels similar to those of
control flies maintained on standard laboratory food (Fig. 3
A-E). Increasing the concentration of methionine from 1 mM to
4 mM led to dramatically increased levels of cystathionine, an
intermediary metabolite in the transsulfuration pathway that ir-
reversibly removes methionine from the methionine cycle toward
the production of cysteine (Fig. 3 A-E). Decreasing the con-
centration of methionine from 1 mM to 0.15 mM or no methi-
onine led to a concentration-dependent decrease in methionine,
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SAM, SAH, and MTA, and the effects were very similar to those
observed during the expression of Methioninase (Fig. 3 A-E). In
addition, the expression of Methioninase decreased levels of cys-
tathionine, implying that there was a highly decreased flux of
methionine into the transsulfuration pathway, while complete
depletion of methionine from the food did not affect cystathionine
levels (Fig. 3D). These differences can be explained by the fact
that enzymatic depletion of methionine is much faster and de-
grades both food-derived methionine and methionine derived
from internal protein degradation, whereas upon depletion of
methionine from food, cells still have accumulated methionine in
the body and it only eliminates food-derived methionine.

We next applied MSEA to metabolites that were significantly
changed between flies fed with 1 mM methionine (analogous to
control flies) and those fed with no methionine in the food
(analogous to Methioninase expression). Similar to Methioninase
expression, methionine metabolism and betaine metabolism

were among the most significantly changed metabolic pathways
(Fig. 3F). Among 12 metabolites significantly changed by com-
plete depletion of methionine from food, 10 were in common with
the set of metabolites changed by Methioninase expression
(Fig. 3G). It should be noted that the metabolomes of control flies
maintained on standard laboratory food and control flies main-
tained on chemically defined food were dramatically different
(SI Appendix, Fig. S3 B and C), which could explain the differences
in basal lifespan, developmental timing, and other phenotypic
traits. Altogether, we demonstrated that the genetic model of
MetR that we created is biochemically similar to dietary MetR.

Methionine Requirements for Normal Maintenance of Lifespan. Since
we established a genetic system for efficient methionine degrada-
tion, we further tested how long flies could survive without me-
thionine. Specifically, we compared the lifespans of control flies
and flies that ubiquitously expressed Methioninase at 29 °C.

Comparison of genetic (Methioninase) and dietary (food depletion)

models of MetR
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Fig. 3. Comparison of genetic (Methioninase) and dietary (food depletion) models of MetR. Box plots of relative levels of methionine (4), SAM (B), SAH (C),
Cystathionine (D), MTA (E) in tubulin-Gal4,tubulin-Gal80ts > control flies or flies expressing Methioninase maintained on either standard laboratory food
(marked as Lab food) or on the chemically defined food (CDF) supplemented with a range of concentrations of methionine (no methionine, 0.15 mM, 1 mM,
or 4 mM). Four biological replicates per condition. Means + SD, *P < 0.05, **P < 0.01, ***P < 0.001. (F) MSEA of the metabolites that changed significantly in
tubulin-Gal4,tubulin-Gal80ts > control flies maintained on chemically defined food supplemented with either no methionine or 1 mM methionine. (G)
Overlap of metabolites with more than a twofold change in the two models of methionine deprivation: 1) tubulin-Gal80ts tubulin-Gal4 flies > control flies
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Methioninase expression dramatically decreased lifespan in both
males (mean lifespan for controls, 51 d, and for Methioninase,
20 d; P < 0.0001, log-rank test) and females (mean lifespan for
controls, 52 d, and for Methioninase, 20 d; P < 0.0001, log-rank
test) (Fig. 4 A and B). Because Methioninase almost completely
depleted levels of methionine, SAM, SAH, and MTA (Fig. 3 A-C
and E), we tested whether supplementing the food with different
intermediates from the methionine metabolism pathway could at
least partially rescue the lifespan. We supplemented adult flies
with one or a combination of metabolites belonging to the me-
thionine metabolism in concentrations ranging from 1 to 3 mM.
Interestingly, combinations of SAM, MTA, and cysteine or SAM,
methionine, and cysteine effectively rescued the lifespan of flies
expressing Methioninase (Fig. 4 A and B). In males, a combination
of SAM, methionine, and cysteine (3 mM each) rescued mean
lifespan from 20 d to 37 d, while it did not affect the lifespan of
control flies (both groups had a mean lifespan of 51 d). In females,
the combination of SAM, methionine, and cysteine (3 mM each)
had much weaker effects, rescuing mean lifespan from 20 d to
27 d; it also did not affect the lifespan of control flies (both groups
had a mean lifespan of 52 d). The incomplete rescue of lifespan in
flies exposed to a mix of metabolites may be linked to factors such
as the inefficient spread of metabolites to all the cells in the fly
body or an insufficient amount of methionine for protein syn-
thesis. Although Methioninase products are volatile substances
and it is believed that they are easily excreted upon methionine
degradation, we cannot exclude the possibility that they underlie
different effects associated with Methioninase expression. We also
noticed that although Methioninase expression abruptly decreased

lifespan, a small fraction of flies survived much longer than others.
Because methionine can also be obtained from gastrointestinal
microbes in addition to food, we hypothesized that microbiota-
derived methionine could promote survival under Methioninase
expression. To test this, we treated control and ubiquitously
expressed Methioninase flies with a mix of antibiotics (chloram-
phenicol, kanamycin, and rifamycin). Interestingly, while the an-
tibiotic mix did not suppress the survival of the main group of flies
expressing Methioninase or the survival of control flies, it com-
pletely abrogated the fraction of “super survivors” under Methio-
ninase expression (Fig. 4 C and D).

These data suggest that under certain circumstances, micro-
biota can support survival under severe MetR and potentially
abrogate the effects associated with MetR. We also tested
whether food-derived methionine can interfere with Methioninase
expression and promote fly survival. We used chemically defined
food with a normal amount of methionine (1 mM) or with no
methionine and compared the lifespans of controls and flies
ubiquitously expressing Methioninase. Although Methioninase ex-
pression decreased lifespan more strongly than depletion of me-
thionine from food (potentially due to methionine already present
in fly cells in the food-depleted group, which would be eliminated
in the Methioninase-depleted group), the combination of Methio-
ninase expression and methionine depletion from the food was
associated with no or very moderate lifespan suppression (Fig. 4 E
and F). Altogether, our data demonstrate that the complete de-
pletion of methionine (either enzymatically or via nutrient inter-
vention) significantly suppressed lifespan, but that this effect could
be modified by intestinal microbiota.

Methionine requirements for normal maintenance of lifespan
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Fig. 4. Methionine requirements for normal maintenance of lifespan. Ubiquitous adult-onset expression of Methioninase suppresses lifespan in both male
(A) and female (B) flies, which can be rescued by supplementation with a mixture of 3 mM of methionine, SAM, and cysteine. In males, mean lifespan for
controls 51 d, and for Methioninase 20 d; P < 0.0001, log-rank test. In females, mean lifespan for controls 52 d, and for Methioninase 20 d; P < 0.0001, log-rank
test. Survival of super survivor flies under ubiquitous adult-onset expression of Methioninase can be suppressed by treatment with a mixture of antibiotics in
both male (C) and female (D) flies. Survival of male (E) and female (F) flies with ubiquitous adult-onset expression of control or Methioninase maintained on
chemically defined food with either 1 mM methionine or with no methionine.
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Methioninase Expression Extends Lifespan Independently of Amino
Acid Status. We further tested whether some moderate level of
Methioninase expression could phenocopy MetR, reset age-
dependent changes in methionine metabolism, and extend lifespan.
Because the tubulin-Gal4,tubulin-Gal80ts temperature-inducible
system requires a switch to 29 °C (nonoptimal temperature for

studying lifespan) and does not easily allow for switching between
“on” and “off” states of Methioninase expression, for the next set
of studies we used the GeneSwitch (GS) system. Actin Gene-
Switch (ActinGS) is a ubiquitous inducible Gal4/UAS expression
system (39, 40), whereby the UAS-GeneX or RNAI expression is
driven by Gal4 when flies are fed mifepristone (RU486). We first

Low levels of Methioninase decrease levels of methionine and
extend lifespan
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Fig. 5. Low levels of Methioninase decrease levels of methionine and extend lifespan independently of the amino acid status in the food. Relative levels of
methionine in male (A) and female (B) ActinGS > control or Methioninase flies fed with either EtOH or RU486. (C) Relative levels of methionine sulfoxide in
male ActinGS > control or Methioninase flies fed with either EtOH or RU486. Relative levels of methionine in male (D) and female (E) TubulinGS > control or
Methioninase flies fed with either EtOH or RU486. (F) Survival of female ActinGS > control or Methioninase flies fed with either EtOH or RU486. (G) Climbing
of female ActinGS > control or Methioninase flies fed with either EtOH or RU486. (H) Proportion of smurf females at 50 d of age in female ActinGS > control
or Methioninase flies fed with either EtOH or RU486. **P < 0.01, ***P < 0.001.
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performed a metabolomics analysis of control and Methioninase-
expressing male and female flies crossed to the ActinGS driver
(ActinGS-Gal4/+; control/+ or ActinGS-Gal4/+; UAS-Methioninase/+),
which were fed with solvent or RU486 for 10 d. As a control line,
we used a line that was injected with UAS-Methioninase to produce
transgenic UAS-Methioninase flies and that had the same genetic
background. In male flies, the level of methionine was not signif-
icantly different in ActinGS > control flies fed with solvent or
RU486, while in ActinGS > Methioninase flies, the level of me-
thionine was significantly reduced upon feeding with RU486 (Fig.
5A). It should be noted that the level of methionine in ActinGS >
Methioninase flies fed with solvent was lower than in ActinGS >
control flies fed with solvent, although this difference was not
statistically significant, potentially indicating a leaky expression of
Methioninase in ActinGS > Methioninase flies without addition of
RU486 (Fig. 54). In female flies, the level of methionine was
significantly lower in both ActinGS > Methioninase flies fed with
solvent or RU486, indicating a stronger leaky expression of
Methioninase in female flies (Fig. 5B).

In addition, we compared levels of methionine sulfoxide, the
oxidized form of methionine that indirectly reflects the concen-
tration of methionine. The level of methionine sulfoxide was
significantly reduced in male ActinGS > Methioninase flies fed
with solvent compared with ActinGS > control flies fed with
solvent, further confirming the reduced levels of methionine in
uninduced flies (Fig. 5C). To estimate the level of leaky ex-
pression, we performed qRT-PCR for control and Methioninase
male and female flies crossed to the ActinGS driver, which were
fed with solvent or RU486 for 10 d. Because Methioninase is
absent from control flies, it was undetectable by qRT-PCR in the
controls, but its expression was detected at low levels in female
ActinGS > UAS-Methioninase flies without the addition of RU486.
As expected, the addition of RU486 caused strong expression of
Methioninase in both male and female flies (SI Appendix, Fig. S4 A
and B) that was further confirmed by immunoblotting (SI Ap-
pendix, Fig. S4 C and D).

We further tested whether an alternative ubiquitous tubulin-
GS-Gal4 driver can be used to avoid leaky expression of
Methioninase in noninduced flies. We performed a metabolomics
analysis of control and Methioninase-expressing male and female
flies crossed to the Tubulin-GS driver (Tubulin-GS-Gal4/+;
control/+ or Tubulin-GS-Gal4/+; UAS-Methioninase/+), which
were fed with solvent or RU486 for 10 d. We observed strongly
reduced methionine levels in both male (Fig. 5D) and female
(Fig. 5E) flies fed with solvent, while the addition of RU486
further decreased methionine levels (Fig. 5 D and E). Similarly,
the levels of methionine sulfoxide were also dramatically re-
duced (SI Appendix, Fig. S4 E and F). Because we could not
either confirm or exclude the possibility of leaky Methioninase
expression in male ActinGS-Gal4 flies, we further tested life-
spans of control and Methioninase-expressing female flies crossed
to the ActinGS driver (ActinGS-Gal4/+; control/+ or ActinGS-
Gal4/+; UAS-Methioninase/+). Interestingly, we found that fe-
male flies (Fig. 5F) without RU486 addition had much longer
lifespans than control flies (mean lifespan for controls, 78 d, and
for Methioninase, 100 d, P < 0.0001). In female flies, the lifespan
was not changed after the addition of RU486 (Fig. 5F), which was
consistent with the observation that methionine levels also were
not changed after the addition of RU486 and sex-specific differ-
ences in the response to MetR. In addition to its leakage,
GS drivers may exhibit mosaic patterns of expression. Mosaic
expression precludes degradation of methionine in cells where
ActinGS driver is not expressed, providing an explanation why an
increase in Methioninase expression in ActinGS > Methioninase +
RU female flies does not further decrease the amount of methi-
onine (Methioninase is simply not expressed in all cells). Note that
using the tubulinGal4;tubulinGal80ts system to drive Methioninase
expression completely depletes methionine from flies (Fig. 34).
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It should be noted that we performed our lifespan experiments
on regular laboratory food, which contains a normal amount of
all amino acids. Previously, Lee et al. (15) demonstrated that
MetR extends lifespan in flies only in low amino acid conditions.
Using the genetic model of MetR, we found that the lifespan
effect can be increased on regular food without lowering the
amino acid levels. To characterize how Methioninase expression
affects healthspan, we tested its ability to delay age-dependent
tissue functional decline as measured by maintained climbing
activity (indicative of neuromuscular function), intestine barrier,
and egg laying. Normally, skeletal muscle function declines
during aging in flies (41). However, Methioninase expression
suppressed age-dependent decreases in climbing activity, as de-
termined by negative geotaxis assays (Fig. 5G). Aging is also
characterized by decreased reproductive function, which by itself
can extend lifespan (42). Although methionine levels are known
to regulate egg production (15, 43), we did not observe differ-
ences in egg laying between control and Methioninase-expressing
flies (SI Appendix, Fig. S4G). In addition, we measured the in-
testinal integrity of flies fed with a nonabsorbable blue food dye
(the “Smurf” assay) (44). Strikingly, Methioninase expression
retarded the age-related onset of the Smurf phenotype, suggesting
improved intestinal integrity in old flies (Fig. 5H). In addition, we
compared food uptake between control and Methioninase-
expressing flies and we did not find any differences (SI Appen-
dix, Fig. S4H). Altogether, our data suggest that Methioninase can
be used to manipulate methionine levels, creating a MetR state
and extending Drosophila health- and lifespan without reducing
the levels of other amino acids in fly food.

Tissue-Specific Methioninase Expression Decreases Levels of Methionine
and Extends Lifespan Independently of Amino Acid Status. Manipula-
tions of enzymes that either belong to methionine metabolism
pathways or those that affect the levels of methionine metabolism
metabolites can extend lifespan when manipulated in just one tis-
sue (8, 21, 22). Thus, we tested if Methioninase expression in one
tissue would decrease levels of methionine in that tissue, or if
transport of methionine from other organs would compensate for
the deficiency. To do this, we expressed Methioninase specifically in
pan-neuronal tissues in adult flies using the elav-Gal4,tubulin-
Gal80ts temperature-inducible system. Flies were grown at 18 °C
and switched to 29 °C after eclosion to induce the neuronal-specific
expression of Methioninase for 10 d. Expression of Methioninase
caused a significant reduction of methionine in female fly heads
(Fig. 64). It should be noted that because fly heads contain a mix
of fat, glial, and neuronal cells and Methioninase was expressed
only in neuronal cells, a drop in methionine levels in neuronal
tissues may be even more significant than what we observed in
whole heads. We intentionally used the Gal4 system instead of the
GS-Gal4 system because GS-Gal4 may be mosaic and leaky in
other tissues that would complicate interpretation of the experi-
ment. We further tested whether degrading methionine in one tis-
sue may function as a “sink” and decrease the level of methionine in
another organ. To address this question, we used neuronal-specific
(elav-Gal4,tubulin-Gal80ts) and muscle-specific (Dmef-Gal4,tubulin-
Gal80ts) temperature-inducible systems to express Methioninase in
neuronal- or muscle-specific cells, respectively.

We then compared methionine levels in both male and female
thoraxes (consisting mostly of muscle cells). As expected, muscle-
specific Methioninase expression significantly decreased the levels
of methionine in thoraxes, while neuronal-specific expression of
Methioninase did not affect levels of methionine in thoraxes
(Fig. 6 B and C). This potentially means that tissue-specific ex-
pression of Methioninase does not function as a sink for methi-
onine from other organs. We then tested whether similar to a
whole-body ActinGS system, potentially leaky Methioninase ex-
pression would extend the lifespan using nervous system-specific
(ElavGS or nSybGS) (40, 45), intestine-specific (TIGS-2) (44, 46),

Parkhitko et al.
A genetic model of methionine restriction extends Drosophila health- and lifespan


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110387118/-/DCSupplemental
https://doi.org/10.1073/pnas.2110387118

Downloaded at Shanghai Jiao Tong University on October 11, 2021

Tissue-specific Methioninase expression decreases levels of
methionine and extends lifespan
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Fig. 6. Tissue-specific Methioninase expression decreases levels of methionine and extends lifespan independently of the amino acid status in the food. (A)
Relative levels of methionine in heads of tubulin-Gal80ts, elav-Gal4 > control or Methioninase female flies. Means + SD. Relative levels of methionine in
thoraxes of female (B) and male (C) tubulin-Gal80ts, Dmef-Gal4 > or tubulin-Gal80ts, elav-Gal4 > control or Methioninase flies. (D) Neuronal-specific leaky
expression of Methioninase in ElavGS > Methioninase female flies extends lifespan. (E) Intestine-specific leaky expression of Methioninase in TIGS-2 >
Methioninase male flies extends lifespan. (F) Fat body-specific leaky expression of Methioninase in WB-FB-GS > Methioninase male flies extends lifespan. **P

< 0.01, ***P < 0.001.

or fat body-specific (WB-FB-GS) (45, 47) GS systems. In both
neuronal-specific GS lines ElavGS and nSybGS, potentially leaky
levels of Methioninase expression (without addition of RU486)
extended the lifespan of female flies (ElavGS: mean lifespan for
controls, 49 d, and for Methioninase, 71 d, P < 0.0001; nSybGS:
mean lifespan for controls, 60 d, and for Methioninase, 68 d, P <
0.0001) (Fig. 6D and SI Appendix, Fig. S54) and male flies
(ElavGS: mean lifespan for controls, 66 d, and for Methioninase,
75 d, P < 0.0001; nSybGS: mean lifespan for controls, 66 d, and for
Methioninase, 76 d, P < 0.0001) (SI Appendix, Fig. S5 B and C).

In addition, potentially leaky levels of Methioninase expression
in the intestine and fat body dramatically extended lifespan of
male flies (TIGS-2: mean lifespan for controls, 68 d, and for
Methioninase, 95 d, P < 0.0001; WB-FB-GS: mean lifespan for
controls, 67 d, and for Methioninase, 81 d, P < 0.0001) (Fig. 6 E
and F) but had a very moderate effect (S Appendix, Fig. S5D) or
no effect (SI Appendix, Fig. SSE) in female flies. We note that we
did not test leaky expression in specific organs and the differ-
ences in the extension of lifespan may simply depend on the
levels of leakiness in the GS lines and are not necessarily linked
to sex-specific differences. It is also possible that the extension of
lifespan happens due to leaky expression of Methioninase in
nonspecific tissues.

We further measured whether Methioninase expression in ad-
dition to lifespan extension also extends healthspan. Interestingly,

Parkhitko et al.
A genetic model of methionine restriction extends Drosophila health- and lifespan

we found that intestine-specific Methioninase expression was as-
sociated with a significantly delayed decline in climbing activity
with age (ST Appendix, Fig. S5 F and G) but did not significantly
change the number of flies with the SUMREF phenotype (SI Ap-
pendix, Fig. SSH); while neuronal-specific Methioninase expression
significantly suppressed the number of flies with the SMURF
phenotype (SI Appendix, Fig. S5I), it was not associated with im-
proved climbing (SI Appendix, Fig. S5J and K). It should be noted
that in both GS systems, Methioninase expression was not associ-
ated with decreased egg laying capacity (SI Appendix, Fig. S5 L
and M). In addition, the lifespan extension in TIGS-2 male flies
was not associated with altered food uptake (SI Appendix, Fig.
S5N). Altogether, we demonstrated that expression of Methioni-
nase in a specific tissue can effectively decrease levels of methio-
nine in a targeted tissue without changing the levels of methionine
in other tissues, and that even potentially a very low (leaky) level
of Methioninase expression in different organs can be sufficient to
result in a dramatic extension of health- and lifespan.

Reprogramming of Methionine Metabolism Flux in Aged and
Tau-Expressing Drosophila Heads. Increased levels of plasma homo-
cysteine (one of the metabolites in the methionine metabolism
pathway) have been recognized as a risk factor for dementia and
Alzheimer’s disease (AD) (48, 49). Thus, we wanted to compare
whether the fate of methionine and its distribution via different
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branches of the methionine metabolism pathway is affected with
age in wild-type Drosophila heads (which predominantly consist of
neuronal cells) in a similar way as we observed in whole flies and
whether overexpression of human Tau phenocopies the aging
phenotype in young heads. To address this, we fed either wild-type
OreR flies of different ages (1 wk and 4 wk) or 1-wk-old flies with
neuronal-specific control or Tau overexpression with 1 mM labeled
13C5-methionine tracer using chemically defined food and ana-
lyzed the distribution of labeled methionine to methionine me-
tabolism metabolites in fly heads. Interestingly, expression of
human Tau had a much stronger effect on the reprogramming of
methionine metabolism in fly heads compared to aging in fly
heads. We found that aging only significantly decreased the level of
unlabeled methionine (MO) (SI Appendix, Fig. S6A4), while it did
not affect the enrichment ratio (M1/M4+M5+M1) between me-
thionine (M1) produced from the salvage pathway and total la-
beled methionine (SI Appendix, Fig. S6C), the enrichment ratio
(M4/M4+M5+M1) between methionine (M4) produced from the
methionine cycle and total labeled methionine (S Appendix, Fig.
S6E), as well as the labeling in downstream metabolites: MTA (S1
Appendix, Fig. S6G) and SAH (SI Appendix, Fig. S6I). Accordingly,
with the decreased amount of unlabeled methionine (MO), the
level of its downstream product, unlabeled SAM (MO0), was also
decreased (SI Appendix, Fig. S6K).

In contrast to aging, overexpression of human Tau causes
strong changes in the fate of labeled methionine (Fig. 6B), ratio
of methionine (M1/M4+M5+M1) produced from the salvage
pathway (SI Appendix, Fig. S6D) and via the methionine cycle
(M4/M4+M5+M1) (SI Appendix, Fig. S6F), and labeling of its
downstream metabolites: MTA, SAH, and SAM (SI Appendix,
Fig. S6 H,J and L). Like in the results of our analysis of aging in
whole flies, this suggests that the fate of the labeled methionine
is altered in the heads of flies with an overexpression of human
Tau. It would be interesting to test the effect of neuronal-specific
genetic MetR on the phenotype of flies with Tau overexpression.
However, as AD-relevant phenotypes require very high level of
Tau overexpression and we observe health- and lifespan benefits
only with leaky Methioninase expression, generating such flies is
problematic. Similarly, we cannot combine Methioninase ex-
pression and methionine labeling because Methioninase would
destroy labeled methionine. Moreover, AD is characterized by
extensive reprogramming of metabolism (50) and targeting of
multiple metabolic pathways may be required to prevent neu-
rodegeneration. Altogether, we demonstrated that impairment
of methionine metabolism flux is common between aging and in
Tau-expressing Drosophila heads.

Discussion

By feeding '*C5-Methionine to Drosophila and tracing its fate in
different branches of the methionine metabolism, we were able
to identify impairments of methionine flux associated with aging
and AD. By creating transgenic flies that express Methioninase,
which is capable of degrading methionine, we were able to create
a genetic tool for the efficient depletion of methionine and its
downstream metabolites, thus “resetting” methionine metabo-
lism. Moreover, whole-body or tissue-specific low-level expression
of Methioninase could significantly extend health- and lifespan
irrespective of amino acid levels in the food. Altogether, our study
highlights Methioninase, which has been tested in several clinical
trials, as a potential agent for health- and lifespan extension.

Methionine Metabolism and Aging. MetR extends the lifespan
across different species and exerts beneficial effects on metabolic
health and inflammatory responses (51). To test the effect of
MetR in flies and its interaction with dietary restriction, Lee
et al. (15) compared the lifespans of flies using diets with different
levels of amino acids and different concentrations of methionine.
Restriction of amino acids increased lifespan at any concentration
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of methionine, whereas MetR extended lifespan only in conditions
in which the levels of amino acids were reduced. The caveat of
studying MetR in flies is the necessity of using a chemically de-
fined diet that requires defining the basal (1x) levels of each
component. One of the advantages of using Methioninase to mimic
MetR is that it can be expressed in flies cultured on a standard
sugar/yeast diet. In contrast to Lee et al. (15), we found that low
levels of Methioninase expression in flies cultured on a standard
diet containing normal levels of amino acids extended lifespan.
Moreover, metabolomics analysis of flies with control or Methio-
ninase expression did not reveal a global decrease in amino acids,
while the level of methionine was significantly decreased.

Methionine Is an Essential Amino Acid. Because methionine is an
essential amino acid, one question is how long flies can survive
under complete depletion of methionine. Ubiquitous expression
of Methioninase is an ideal tool for testing this since it is
expressed in all cells where it efficiently degrades methionine.
Metabolomics analysis of whole flies expressing Methioninase
verifies the manipulations cause a complete lack of methionine
and its downstream metabolites, SAM and SAH. However, half
of the flies with depleted methionine can still survive up to 15 d
and a small fraction can survive much longer (super survivors),
which might be explained by the activation of compensatory
mechanisms. We demonstrated that microbiota affects the sur-
vival of flies under MetR. Treatment of flies with a mix of an-
tibiotics known to kill all Drosophila flora did not affect the
survival of wild-type flies or the survival of the main fraction of
flies expressing Methioninase, but treatment with antibiotics did
remove the fraction of super survivors, suggesting that micro-
biota reprogramming can be an important factor interacting with
methionine metabolism and aging. Studies in mice demonstrated
that MetR or methionine supplementation affect the mouse gut
microbiome (52). Moreover, rearing flies with Escherichia coli
mutants for distinct genes relevant to methionine metabolism
alters Drosophila starvation response and longevity (53, 54). We
also tested whether dietary methionine can at least partially com-
pensate for methionine degradation by Methioninase. By com-
bining Methioninase expression and methionine depletion from the
food, we demonstrated that dietary methionine cannot substan-
tially compensate for methionine degradation by Methioninase. It
is possible that protein degradation is also involved in maintaining
methionine levels. In summary, we demonstrated that bacterial
enzymes that are not present in the Drosophila genome can be
useful tools for dissecting the role of specific metabolites, such as
methionine.

Mechanisms of Lifespan Extension. Lifespan extension is often ac-
companied and dependent on target of rapamycin (TOR) inhi-
bition and the activation of autophagy (55, 56). In yeast, MetR is
accompanied by activation of autophagy flux, and the deletion of
autophagy essential genes abolished MetR-induced lifespan ex-
tension (57). Moreover, MetR-induced lifespan extension could
not be further extended by TOR inhibition (57). Similar to yeast,
knockdown of sams-1 failed to extend the lifespan of eat-2 mu-
tant worms (a genetic model for studying dietary restriction) and
exhibited phenotypes reminiscent of dietary restriction, such as
slender worms with reduced brood size and delayed reproduction.
In mammalian cells, it has been shown that SAM (58) and
homocysteine (59) can directly activate mTORCI via its relocali-
zation to the lysosomal surface. Moreover, by regulating the
production of the methyl donor SAM, alterations in methionine
metabolism can affect the function of 30 methyltransferases that
have been previously shown to regulate lifespan (51). The precise
mechanisms of lifespan extension by MetR could be clarified
through experiments that use two independent binary expression
systems—such as UAS/GS-GAL4/RU486 and QUAS/QF/QS—for
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the inducible expression of Methioninase and potential downstream
mediators of lifespan extension.

Methioninase in Human Clinical Trials. Certain cancer cells exhibit
methionine auxotrophy. Thus, MetR represents an intervention
that can extend lifespan with a complementary effect of delaying
tumor growth (60). In addition to suppressing tumor growth and
extending lifespan, MetR in rodents also prevents visceral fat
mass accumulation and from the negative effects of a high-fat
diet (16, 61-63). Based on these results, MetR has also been
tested in a clinical trial of obese adults with metabolic syndrome
(64, 65). Dietary MetR can be compensated by methionine
production through protein degradation, homocysteine reme-
thylation, or by intestinal flora, which may limit the clinical
benefits exerted by MetR. As an alternative method for lowering
methionine levels in humans, the enzyme Methioninase has been
isolated from Clostridium sporogene (66). rtMetase has been used
in a human clinical trial (67). It would be interesting to test
whether rMetase could extend lifespan in rodents and humans as
in flies. However, the extent of MetR should be precisely con-
trolled. As we show in flies and, as previously demonstrated in
mice (68), decreasing the concentration of methionine outside of
the beneficial range results in the switch from MetR to methi-
onine starvation, which is detrimental for lifespan.

Limitations of This Study. We note that because of experimental
constraints there may be some limitations of our study. We com-
pared the lifespans of GS > Control + EtOH vs. GS > Methioninase
+ EtOH flies rather than GS > Methioninase + EtOH vs. GS >
Methioninase + RU flies due to the leakage of the GS system, which
we demonstrated by qRT-PCR, immunoblotting, measuring me-
thionine, and methionine sulfoxide levels, and because MetR ex-
tends lifespan only in the narrow range of the dietary concentration
of methionine, as previously demonstrated both in mice (68) and in
flies (15). Decreasing the concentration of methionine outside of
this range results in the switch from MetR to methionine starvation,
which is detrimental for lifespan. It has been also previously shown
that different GS drivers may exhibit leaky expression both during
development and adult stage (46, 69). While it may be negligible for
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potential problems with comparing GS > Methioninase + EtOH vs.
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