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ABSTRACT OF THE DISSERTATION

Novel Metabolites that Modulate Aging and Aging-related symptoms

by

Xudong Fu
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2017

Professor Jing Huang, Chair

Aging is intimately related to health and disease. The incidence of major fatal pathological
conditions, including cancer, is strongly associated with aging. The finding that aging is
malleable by genetic or pharmacological perturbations has offered enormous hope for
transforming our understanding and treatment of aging and age-related diseases. Yet few valid
longevity drugs have been developed or translated for treating age-related diseases as target

identification and a mechanistic understanding of their activity is largely missing.

Metabolism plays a pivotal role in aging. Metabolic interventions, such as dietary restriction,
significantly modulate aging and aging-related symptoms. Recently, emerging evidences has

shown that metabolites can directly modulate aging as well. Studies of these endogenous



“elixirs” provide insights on the biological regulatory networks acted upon by the metabolites as

well as potential therapeutic interventions for aging and aging-related symptoms.

Our lab aims to discover novel longevity metabolites and explore their applications in aging-
related symptoms. Here we present several novel longevity metabolites, which are a-
ketoglutarate (a-KG), 2-hydroxyglutarate (2-HG), and a-ketobutyrate (a-KB). By combining
target identification, epistasis, metabolomics, and bioenergetics analyses, we successfully
uncover the molecular mechanisms of the longevity effects of these compounds. Specifically,
we, for the first time, showed that a-KG and 2-HG extend lifespan of C. elegans by inhibiting
ATP synthase and TOR, while a-KB delays aging through interruption of pyruvate oxidation and
activation of AMPK. Interestingly, we discover an unexpected growth inhibitory effects of a-KG
and 2-HG on tumor cells through targeting ATP synthase, and find that a-KG may confer
beneficial effects for tumor treatment. In brief, our results identify novel potent longevity
compounds and reveal their underlying mechanisms. More importantly, our work suggests a
potential translational application of longevity metabolites in aging-related symptoms and

provides novel directions for metabolic therapy.
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CHAPTER 1

Introduction

Long considered an inevitable process of living, aging is characterized as the
progressive decline in physiological integrity. The hallmarks of aging include genome instability,
loss of proteostasis, dysregulation of metabolism, and mitochondrial malfunction®. Aging is
intimately linked to health. According to the WHO report, the occurrence of major fatal
pathological conditions, including cancer, diabetes, and neuronal degeneration, is strongly
associated with aging?. Therefore, aging research is important to not only reveal molecular basis

of aging, but also provide insights on interventions for aging-related symptoms.

Aging studies exploit the short lifespan of animal models, such as Caenorhabditis
elegans (C. elegans) and Drosophila. Similar to other biological processes, aging is tightly
controlled by intrinsic signaling, transcription factors, and metabolism?®. Highly conserved
pathways, including the insulin/insulin like growth factor (IGF1) pathway, the target of rapamycin
(TOR), and AMP kinase (AMPK) pathways, have been identified as crucial aging mediators®*.
These and most other aging-related pathways are involved in nutrition sensing or stress
response, and are intimately connected to metabolism. Modulation of these pathways can shift
the organisms from a growth and proliferative state to a self-maintenance status, protecting the

organisms from environmental stresses, and increasing their lifespan.

Metabolism plays a vital role in aging. In 1993, Cynthia Kenyon et al. identified the first

metabolic aging-modulatory pathway, the Insulin/IGF-1 pathway?®. This finding sparked, an



intense interest in aging, and subsequently led to the identification of an increasing number of
aging-related metabolic pathways. Additionally, many reports have shown that endogenous
small molecules can also modulate aging via metabolism and/or signaling. For instance, the
TOR pathway is a sensor for macronutrients, and several studies have shown that metabolites
can modulate aging through direct or indirect regulation of TOR®?®. Studies focusing on
metabolites and aging have provided novel insights of aging mechanisms, and have open a new
avenue for aging interventions. With the ongoing studies of metabolism and aging, additional

endogenous regulators of longevity will be discovered.

TOR and dietary restriction (DR)

TOR is a pivotal nutrition sensor that is directly regulated by cellular energy status,
amino acid levels, mitogens, and the insulin/IGF-1 pathway®. Downregulation of TOR signaling
changes the organism from growth promotion into a self-maintenance state through inhibition of
protein translation and activation autophagy. In C. elegans, TOR signaling modulates lifespan in
a manner dependent on the transcription factor PHA-4/FOXA. More specifically, PHA-4/FOXA
is activated upon inhibition of TOR, and this activation induces autophagy and extends
lifespan?®. Interestingly, TOR itself can also negatively regulate autophagy through ULK-1
phosphorylation!. On the other hand, the TOR signaling activate protein synthesis through
phosphorylation of S6K and 4E-BP1. In worms, flies, and mice, the anti-aging effect of TOR

pathway inhibition requires S6K or 4E-BP131214,

Dietary restriction (DR) regulates lifespan across many diverse species, spanning from
yeast to primates?®. Although multiple pathways contribute to the DR-induced lifespan
extension, TOR is the most validated signaling pathway involved in dietary restriction-mediated
longevity. Indeed, chronic shortage of food regulates aging through TOR inhibition in C.
elegans, Drosophila, and mice®. Pharmacological inhibition of TOR is an accepted strategy for
disease therapy as well as for aging intervention. Inhibition of TOR by rapamycin can extend

2



lifespan in mice’. Metabolites, such as branch chain amino acids and A7-dafachronic acid,
which regulate TOR signaling, modulate lifespan as well®!¢. These results support the inhibition

of TOR is a potential strategy for aging intervention.

Mitochondria

Mitochondria are the crucial organelle for energy metabolism. It is therefore intuitive to
assume that mitochondria biogenesis would be beneficial for longevity. Indeed, mitochondrial
function decreases with age!’ and increases of mitochondria biogenesis and respiration are
associated with lifespan extension®°,

Interestingly, mild interruption of the mitochondrial electron transport chain (ETC),
has also been shown to extend lifespan in yeast, worms, flies, and mice?>-?2, However, the
detailed mechanism of mitochondrial interruption induced lifespan is not fully understood.

One proposed model for mitochondrial interruption induced lifespan extension involves is
reactive oxygen species(ROS) and hormesis. Hormesis refers to an adaptive induction of
responsive and repair mechanisms in an organism upon mild exposure to toxins or stresses?. It
has been reported that mild oxidative stress, induced by perturbations on electron transport
chain, can extend the lifespan of C. elegans?.

Recently, the mitochondrial unfolded protein response (UPR™) has also been proposed
to play a crucial role in the extension of lifespan by ETC inhibition?>2¢. The UPR™ is a stress
response machinery which responds to mitochondrial proteostasis imbalance?’. A stoichiometric
imbalance between the levels of nuclear-encoded and mitochondrial-encoded mitochondrial
proteins activates the UPR™ >, The UPR™ has been shown to be activated by RNAi knockdown
of certain ETC genes, but whether the UPR™ serves as a unifying mechanism for the lifespan
extension by ETC interruption, especially by pharmacological inhibition of the ETC, is
debatable®26:28,

Insulin/IGF-1 pathway




The Insulin/IGF-1 pathway is highly conserved across metazoans and serves as a
central pathway to regulate glycaemia. Insulin/IGF-1 receptors transduce the signaling from
insulin/IGF-1 to downstream kinases, including phosphatidylinositol 3-kinase (PI3K) and AKT,
and prevent the transcription factor FOXO/DAF-16 from being translocated to nucleus, thereby
inhibiting the transcription of target genes?®. The Insulin/IGF-1 pathway was the very first
metabolic pathway to be g reported as an aging mediator. Specific daf-2 (the homologue of
insulin and IGF-1 receptor in C. elegans) mutations were found to double the lifespan of C.
elegans®. Consistently, activation of the Insulin/IGF-1 pathway inhibitor, PTEN/DAF-18, extends
the lifespan of C. elegans®. Downregulation of the Insulin/IGF-1 pathway leads to the induction
of FOXO/DAF-16, which activates the transcription of stress-response genes such as catalases,
glutathione S-transferases, as well as genes encoding chaperones, apolipoproteins, and
lipases*. The activation of these “maintenance genes” contributes to the anti-aging effects
arising from the inhibition of Insulin/IGF-1 signaling. Other than FOXO/DAF-16, the transcription
factor heat-shock factor-1 (HSF-1) and Nrf2/SKN-1 (an Nrf-like xenobiotic-response factor) are
also involved in the Insulin/IGF-1-mediated longevity. HSF-1 and SKN-1 can each activate the
transcription of heat-stress response machineries and oxidative-stress responsive machineries
respectively®:32, protecting the organism from stress-induced damage, and extending its

lifespan.

Glucose is the primary energy source for multiple organisms. In yeast, glucose
deprivation may confer benefits on lifespan®. Similarly, in C. elegans and in humans, high
glucose accelerates aging and jeopardizes health. High glycemic index (Gl) food may cause
diabetes, obesity, and cardiovascular diseases potentially through activation of the insulin/IGF-1
pathway?*. Lee and colleagues have reported that glucose treatment shortens the lifespan of C.
elegans by activating insulin pathway?®. This report is theoretically consistent with the studies

on high Gl food. It is therefore plausible that a diet with low GI food can confer beneficial effects



on human health. It is also likely that the effects may be modified by genetics, depending on

both the individual’s genotype and epigenetics.

AMPK

AMPK is a nutrient sensor that tis regulated by the endogenous AMP/ATP ratio. It serves
as a switch for catabolism and anabolism through its regulation of multiple cellular
proteins/pathways including TOR, ULK1, and ACC1%¢. It has been shown that in C. elegans,
AAK-2 (homologue of AMPK in C. elegans) overexpression is sufficient to extend lifespan. AAK-
2/AMPK also serves as an upstream regulator of DAF-16%". Metformin, a well-known AMPK
activator, has been reported to extend lifespan in mice®. Consistently, Weimer and colleagues
reported that an endogenous glycolysis inhibitor, glucosamine, can extend the lifespan of C.
elegans in an AMPK- and ROS-dependent manner®. In addition, this study found that
Nrf2/SKN-1 is a downstream mediator of AMPK. Humans can tolerate high dose of
glucosamine. In fact, glucosamine has been widely used as a health supplement. Together

these raise the possibility of utilizing glucosamine as a potential aging intervention in humans.

Current evidence clearly indicates that specific metabolites can serve as aging regulator.
However, research in this area is exceptional challenging, and there is likely much more to
discover regarding metabolic regulation of aging. First, metabolites are endogenous small
molecules that typically interact with multiple targets, and many of these interactions remain to
be discovered. Identification of the protein-metabolite interaction networks of these longevity
metabolites is a crucial yet difficult undertaking that will be necessary to uncover the vast
molecular mechanisms by which they are able to affect longevity. Secondly, metabolites are
easily transformed to other small molecules through enzymatic reactions, making it imperative
to validate whether the longevity effects are directly induced by a given metabolites itself or via
a secondary metabolic effect. Finally, the biological significance of these anti-aging metabolites
needs to be considered as the functions of metabolites have been shaped by evolution. It is

5



possible that the longevity effects of metabolites represent an unappreciated endogenous
machinery that defends against aging-promoting factors to help maintain the long-term health of

the organism.

In this dissertation, | present the identification of several novel longevity metabolites,
including alpha-ketoglutarate (a-KG)®, 2-hydroxyglutartae (2-HG)*°, and alpha-ketobutyrate (a-
KB). We used a label-free drug-target identification strategy*! to identify the functional targets of
these anti-aging metabolites. We further combined metabolomics, epistasis, and bioenergetics
analyses to validate these targets and determine the anti-aging molecular mechanisms of each
compound. Finally, we explored the roles that these anti-aging compounds play in aging-related
symptoms, including cancer and neurodegeneration, and present the potential application of

longevity metabolites for the prevention and treatment of aging-related symptoms.
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CHAPTER 2

The Metabolite Alpha-Ketoglutarate Extends Lifespan by
Inhibiting ATP Synthase and TOR

(A reprint of “The metabolite a-ketoglutarate extends lifespan by inhibiting ATP synthase and
TOR,” which was previously published in Nature (doi:10.1038/nature13264), is provided here as
Chapter 2)
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Metabolism and ageing are intimately linked. Compared with ad
libitum feeding, dietary restriction consistently extends lifespan and
delays age-related diseases in evolutionarily diverse organisms'~, Sim-
ilar conditions of nutrient limitation and genetic or pharmacological
perturbations of nutrient or energy metabolism also have longevity
benefits’*. Recently, several metabolites have been identified that
modulate ageing™S; however, the molecular mechanisms underlying
this arelargely undefined. Here we show that a-ketoglutarate (u-KG),
a tricarboxylic acid cycle intermediate, extends the lifespan of adult
Caenorhabditis elegans. ATP synthase subunit f§ is identified as a
novel binding protein of 0-KG using a small-molecule target iden-
tification strategy termed drug affinity responsive target stability
(DARTSY . The ATP synthase, also known as complex V of the mito-
chondrial electron transport chain, is the main cellular energy-
generating machinery and is highly conserved throughout evolution®.
Although complete loss of mitochondrial function is detrimental,
partial suppression of the electron transport chain has been shown
to extend C. elegans lifespan'®"’. We show that a-KG inhibits ATP
synthase and, similar to ATP synthase knockdown, inhibition by
0-KG leads to reduced ATP content, decreased oxygen consump-
tion, and increased autophagy in both C. elegans and mammalian
cells. We provide evidence that the lifespan increase by ¢-KG requires
ATP synthase subunit § and is dependent on target of rapamycin
(TOR}) downstream. Endogenous o-KG levels are increased on star-
vation and ¢-KG does not extend the lifespan of dietary-restricted
animals, indicating that a-KG is a key metabolite that mediates lon-
gevity by dietary restriction. Our analyses uncover new molecular
links between a common metabolite, a universal cellular energy gen-
eratorand dietary restriction in the regulation of organismal lifespan,
thus suggesting new strategies for the prevention and treatment of
ageing and age-related diseases.

To gain insight into the regulation of ageing by endogenous small mol-
ecules, we screened normal metabolites and aberrant disease-associated
metabolites for their effects on adult lifespan using the C. elegans model.
We discovered that the tricarboxylic acid (TCA) cycle intermediate
0-KG (but not isocitrate or citrate) delays ageing and extends the life-
span of C. elegans by ~50% (Fig. 1a and Extended Data Fig. 1a). [n the
cell, --KG {or 2-oxoglutarate; Fig. 1b) is produced from isocitrate by oxi-
dative decarboxylation catalysed by isocitrate dehydrogenase (IDII).
%-KG can also be produced anaplerotically from glutamate by oxidative

deamination using glutamate dehydrogenase, and as a product of pyri-
doxal phosphate-dependent transamination reactions in which glutamate
isa common amino donor. ¢-KG extended thelifespan of wild-type N2
worms in a concentration-dependent manner, with 8 mM a-KG pro-
ducing the maximal lifespan extension (Fig. 1¢); 8 mM was the concen-
tration used in all subsequent C. elegans experiments. There is a ~50%
increase in -KG concentration in worms on 8 mM a-KG plates com-
pared with those on vehicle plates (Extended Data Fig. 1b), or ~160 uM
versus ~110 uM assuming homogenous distribution (Methods). a-KG
not only extends lifespan, but also delays age-related phenotypes, such
as the decline in rapid, coordinated body movement (Supplementary
Videos 1 and 2). #-KG supplementation in the adult stage is sufficient
for longevity (Extended Data Fig. 1c).

‘The dilution orkilling of the C. elegans bacterial food source has been
shown to extend worm lifespan', but the lifespan increase by «-KG is
not due to altered bacterial proliferation or metabolism (Fig. 1d, e and
Extended Data Fig. 1d). Animals also did not view 2-KG-treated food as
less favourable (Extended Data Fig. le, f), and there was no significant
change in food intake, pharyngeal pumping, foraging behaviour, body
size or brood size in the presence of %-KG (Extended Data Fig. le-h;
data not shown).

In the cell, a-KG is decarboxylated to succinyl-CoA and CO, by u-KG
dehydrogenase (encoded by ogdh-1), akey control point in the TCA cycle.
Increasing o-KG levels by ogdh-1 RNA interference (RNAi) (Extended
Data Fig. 1b) also extends worm lifespan (Fig. 1f and Supplementary
Notes), consistent with a direct effect of #-KG on longevity indepen-
dent of bacterial food.

To investigate the molecular mechanism(s) of longevity by o-KG,
we took advantage of an unbiased biochemical approach, DARTS'. As
we proposed that key target(s) of 2-KG are likely to be conserved and
ubiquitously expressed, we used a human cell line (Jurkat) that is easy
to culture as the protein source for DARTS (Fig, 2a). Mass spectrometry
identified ATP5B, the B subunit of the catalytic core of the ATP synthase,
among the most abundant and enriched proteins present in the o-KG-
treated sample (Extended Data Table 1); the homologous o subunit ATP5A
was also enriched but to a lesser extent. The interaction between 0-KG and
ATP5B was verified using additional cell lines (Fig. 2b; data not shown), and
corroborated for the C. elegans orthologue ATP-2 (Extended Data Fig. 2a).

a-KG inhibits the activity of complex V, but not complex IV, from
bovine heart mitochondria (Fig. 2c and Extended Data Fig. 2b; datanot
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Figure 1 a-KG extends the adult lifespan of C. elegans. a, o-KG extends the
lifespan of adult worms in the metabolite longevity screen. All metabolites
were given at a concentration of 8 mM. b, Structure of #-KG. ¢, Dose-response
curve of the o-KG effect on longevity. d, e, «-KG extends the lifespan of worms
fed bacteria that have been ampicillin arrested, mean lifespan {days of
adulthood) with vehicle treatment (m,,) = 19.4 (# = 80 animals tested),

shown). This inhibition is also readily detected in live mammalian cells
(Fig. 2d; data not shown) and in live nematodes (Fig. 2e), as evidenced
by reduced A'lP levels. Concomitantly, oxygen consumption rates are
lowered (Fig. 2f, g), similar to with afp-2 knockdown (Extended Data
Fig. 2¢). Specific inhibition of complex V—but not the other electron
transport chain (ETC) complexes—by o-KG is further confirmed by
respiratory control analysis'® (Fig. 2h and Extended Data Fig. 2d-h).
To understand the mechanism of inhibition by a-KG, we studied the
enzyme inhibition kinetics of AT'P synthase. - KG (released from octyl

My xe=25.1 (n=91), P<X0.0001 (log-rank test) (d); or v-irradiation-killed,
Myen = 19.0 (1= 88), g = 230 (n = 46), P-< 0.0001 (log-rank test) {e).
OP50, E. coli OP50 strain. f, o-KG does not further extend the lifespan of ogdh-1
BRNAi worms, g, = 21.2 (11 = 98), m, k; = 21.1 (1= 100), P = 0.65 (log-
rank Lest).

5-KG) decreases both the effective velocity of the enzyme-catalysed
reaction at an infinite concentration of the substrate (V) and the
Michaelis constant (K,,,) of A'I'P synthase, indicative of uncompetitive
inhibition (Fig. 2i and Supplementary Notes).

To determine the significance of ATP-2 to the longevity by u-KG,
we measured thelifespan of atp-2 RN Ai adults given a-KG. As reported
previously’, atp-2 RNAi animals live longer than control RNAi ani-
mals (Fig. 3a). However, their lifespan is not further extended by «-KG
(Fig. 3a), indicating that ATP-2 is required for the longevity benefit of
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Figure 2 ¢-KG binds and inhibits ATP synthase. a, DARTS identifies
ATP5B as an o-KG-binding protein. Red arrowhead, protected band.

b, DARTS confirms o-KG hinding specifically to ATPSB. 1B, immunoblot.
¢, Inhibition of ATP synthase by «-KG (released from octyl o-KG;
Supplementary Notes). This inhibition was reversible (data not shown).

d, e, Reduced ATP levels in actyl a-KG-treated normal human fibroblasts
(¥*P = 0.0016, ****P <2 0.0001; by t-test, two-tailed, two-sample unequal
variance) (d) and o-KG-treated worms (day 2, P = 0.969; day 8, *P=0.012;
hy t-test, two-tailed, lw«rsumpl: um:qw.ll variance) {e). RLU, relative
luminescence units. f, g, Decreased oxygen consumption rate (OCR) in octyl
o-KG-treated cells (*#*P = 0.0004, ****P < 0.0001; by t-test, two-tailed,
two-sample unequal variance) (f) and o-KG-treated worms (P < 0.0001;

by t-test, two-Lailed, two-sample unequal variance) (g). h, 2-KG, released from

octyl %-KG (800 uM), decreases state 3, but not state 40 or 3u (P = 0.997),
respiration in mitochondria isolated from mouse liver. The respiratory control
ratio is decreased in the octyl 0-KG- (3.1 = 0.6) versus vehicle-treated
mitochondria (5.2 = 1.0) (*P = 0.015 by t-test, two-tailed, two-sample
unequal variance). Oligo, oligomycin; FCCP, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone; AA, antimycin A. i, Fadie-Hofstee plot
of steady-state inhibition kinetics of ATP synthase by 4-KG (produced by

in situ hydrolysis of octyl a-KG). [S] is the substrate (ADP) concentration, and
V is the initial velocity of ATP synthesis in the presence of 200 pM octanol
(vehicle control) or octyl #-KG. o-KG {produced from octyl «-KG) decreases
the apparent Vi, (53.9t0 26.7) and K, {25.9 to 15.4), by nonlinear regression
least-squares fit. ¢—i, Results were replicated in two independent experiments.
Mean = standard deviation (s.d.) is plotted in all cases.
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Figure 3 | 0-KG longevity is mediated through ATP synthase and the
dietary restriction/TOR axis. a-g, Effect of o-KG on the lifespan of mutant or
RNAi worms. a, a1p-2 RNAI, #1,g, = 22.8 (1 = 97), my ke = 22.5 (n = 94),

P =10.35; or RNAI control, 1., = 18.6 (n = 94), m, g = 23.4 (n = 91),

P <20.0001. b, daf-2(e1370), my.n = 380 (= 72), my e = 47.6 (n= 69),
P<20.0001. ¢, eat-2(ad1116), 1,9, = 22.8 (n = 59), My xc = 22.9 (n = 40),
P=0.79.d, let-363 RNAi, m, 4, = 25.1 (n = 96), myxc = 25.7 (n = 74),

P =0.95; or gfp RNAI control, #ite, = 20.2 (n = 99), m..xq = 27.7 {n = 81),

%-KG. This requirement is specific because, in contrast, the lifespan of
the even longer-lived insulin/IGF-1 receptor daf-2(e1370) mutant worms®
is further increased by o-KG (Fig, 3b). Remarkably, oligomycin, an inhib-
itor of ATP synthase, also extends the lifespan of adult worms (Extended
Data Fig 3a). Together, the direct binding of ATP-2 by a-KG, the related
cnzymatic inhibition, reduction in A'IP levels and oxygen consump-
tion, lifespan analysis, and other similaritics (sce also Supplementary
Notes, Extended Data Fig. 4) to atp-2 knockdown or oligomycin treat-
ment demonstrate that o-KG probably extends lifespan primarily by
targeting ATP-2.

Thelower ATP content in o-KG-treated animals suggests that increased
longevity by 0-KG may involve a state similar to that induced by dietary
restriction. Consistent with this idea, we found that %e-KG does not extend
the lifespan of eat-2(ad1116) animals (Fig, 3c), which isa model of dietary
restriction with impaired pharyngeal pumping and therefore reduced
food intake'®. The longevity of eat-2 mutants requires TOR (encoded
by the C. elegans orthologue let-363)", an important mediator of the
effects of dietary restriction onlongevity'®. Likewise, a- KG fails to increase
thelifespan of let-363 RN Ai animals (Fig. 3d). The AMP-activated protein
kinase (AMPK) is another conserved major sensor of cellular energy
status”. Both AMPK (C. elegans orthologue aak-2) and the FoxO tran-
scription factor DAF-16 mediate dietary-restriction-induced longevity
in C. elegans fed diluted bacteria™, but neither is required for lifespan
extension in the eat-2 model"**. We found that in aak-2 (Extended Data
Fig. 5a) and daf-16 (Fig. 3e) mutants the longevity effect of a-KG is
smaller than in N2 animals (P << 0.0001}, suggesting that o-KG lon-
gevity partially depends on AMPK and FoxQ; nonetheless, lifespan is
significantly increased by @-KG in aak-2(24.3%, P< 0.0001) and daf-
16(29.5%, P < 0.0001) mutant or RN Ai animals (Fig. 3¢ and Extended
Data Fig. 5a, b; data not shown), indicating an AMPK- and FoxO-
independent effect of o-K( in increasing longevity.

The inability of 9-KG to extend further the lifespan of let-363 RNAi
animals suggests that o-KCr treatment and ‘TOR inactivation extend life-
span either through the same pathway (with -KG acting on or upstream
of TOR), or through independent mechanisms or parallel pathways that
converge on a downstream effector. The first model predicts that the

P<20.0001. e, daf-16(mus6), myen = 134 (n="71), M, ge =174 (n=72),
P<20.0001; 0r N2, m,g, = 13.2 (n = 100), 1y kg = 22.3 (n = 104), P < 0.0001.
f, pha-d4(zu225), m,g, = 14.2 (n = 94), my g = 13.5 (n=109), P = 0.55.

g hif-1(iad), myen, = 20.5 (n = 85), My.xg = 26.0 (n = 71), P<20.0001; or N2,
Hlen, = 21.5 (1= 101), m, xq = 24.6 (n = 102), P-<0.0001. P values were
determined by the log-rank test. Number of independent experiments:

RNAi control (6), atp-2(2), let-363 (3), N2 (5), daf-2 (2), eat-2(2), pha-4 (2),
daf-16 (2), hif-1 (5).

TOR pathway will be less active upon %-KG treatment, whereas if the
latter model were true then 'TOR would be unaffected by o-KG treat-
ment. In support of the first model, we found that TOR pathway activity
is decreased in human cells treated with octyl &-KG (Fig. 4a and Extended
Data Fig. 6a, b). ITowever, %-KG does not interact with TOR directly
(Extended Data Fig. 6d, ¢). Consistent with the involvement of TOR in
a-KG longevity, the FoxA transcription factor PHA-4, which is required
to extend adult lifespan in response to reduced TOR signalling” and for
dietary-restriction-induced longevity in C. elegans™, is likewise required
for a-KG-induced longevity (Fig. 3f). Morcover, autophagy, which is
activated both by TOR inhibition'** and by dietary restriction™, is mark-
edly increased in worms treated with o-KG (or ogdh-1 RNAi) and in
atp-2 RNAianimals (Fig, 4b, ¢, Extended Data Figs 6¢, 7 and Supplemen-
tary Notes), as indicated by the prevalence of green fluorescent protein
GFP:LGG-1 puncta (Methods). Autophagy was also induced in mam-
malian cells treated with octyl a-KG (Extended Data Fig. 6f). Further-
more, o-KG does not result in significantly more autophagy in either
atp-2 RNAi or let-363 RNAi worms (Fig. 4b, ¢). The data provide further
evidence that 2-KG decreases 1 OR pathway activity through the inhibi-
tion of A'T'P synthase. Similarly, autophagy is induced by oligomycin,
and oligomycin does not augment autophagy in let-363 RNAi worms
(Extended Data Fig. 3b, ¢).

%-KGis notonly a metabolite, but also a co-substrate for a large family
of dioxygenases™. The hypoxia inducible factor (HIF-1) is modified
by one of these enzymes, the prolyl 4-hydroxylase (P11D) EGL-9, and
thereafter degraded by the von Hippel-Lindau (VHL) protein®**. u-KG
extends the lifespan of animals with loss-of-function mutations in hif-1,
egl-9and vhl-1 (Fig. 3g and Extended Data Fig. 5¢), suggesting that this
pathway does not play a major part in lifespan extension by 0-KG. TTow-
ever, it is prudent to acknowledge that the formal possibility of other
a-KG-binding targets having an additional role in the extension of life-
span by #-KG cannot be eliminated at this time.

We show that ageing in C. elegans is delayed by o-KG supplementa-
tion in adult animals. ]
synthase, which we idenunea as a airect target o a-Kur, ana LUK, a
major effector of dietary restriction. Identification of new protein targets
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Figure 4 Inhibition of ATP synthase by @-KG causes a conserved decrease
in TOR pathway activily. a, Decreased phosphorylation of mammalian
TOR substrates in U87 cells treated with oclyl o-KG or oligomycin. Similar
results were obtained in HEK-293 cells, normal human fibroblasts and mouse
embryonic {ibroblasts {(data not shown). P, phospho. b, Increased autophagy in
animals treated with 2-KG or RNAi for atp-2 or let-363. Pholographs were

Contral atp

of o-KG illustrates that regulatory networks acted upon by metabolites
are probably more complex than appreciated at present, and that DARTS
is a useful method for discovering new protein targets and regulatory
functions of metabolites. Our findings demonstrate a novel mecha-
nism for extending lifespan that is mediated by the regulation of cel-
lular energy metabolism by a key metabolite. Such moderation of ATP
synthesis by metabolite(s) has probably evolved to ensure energy effi-
ciency by the organism in response to nutrient availability. Wesuggest
that this system may be exploited to confer a dietary-restriction-like
state that favours maintenance over growth, and thereby delays ageing
and prevents age-related diseases. In fact, the TOR pathway is often
hyperactivated in human cancer; inhibition of TOR function by u-KGin
normal human cells suggests an exciting role for - KG as an endogenous
tumour suppressor metabolite. Interestingly, physiological increases in
4-KG levels have been reported in starved yeast and bacteria®, in the
liver of starved pigeons®, and in humans after physical exercise™. The
biochemical basis for this increase of 9-KG is explained by starvation-
based anaplerotic gluconeogenesis, which activates glutamate-linked
transaminases in the liver to provide carbon derived from amino acid
catabolism. Consistent with this idea, o-KG levels are elevated in starved
C. elegans (Fig. 4d). These findings suggest a model in which 4-KGisa
key metabolite mediating lifespan extension by starvation/dietary restric-
tion (Fig. 4e).

Longevity molecules that delay ageing and extend lifespan have long
been a dream of humanity. Endogenous metabolites such as o-KG that
can alter C. elegans lifespan suggest that an internal mechanism may
exist that is accessible to intervention; whether this can translate into
manipulating the ageing process in humans remains to be seen.

METHODS SUMMARY

Lifespan analysis. All lifespan assays were conducted at 20 °C on solid nematode
growth media (NGM) and were replicated in atleast two independent experiments.
P values were determined by the log-rank (Mantel-Cox) test; survival curves were
generaled using GraphPad Prism. Alllifespan data are available in Extended Data
Table 2.

DARTS. Human Jurkat cell lysates were incubated with o KG and digested nsing
Pronase. Proleins protecled [rom proteolysis by 2-KG binding were analysed by liquid
chromalography-landem mass spectromeltry (LC-MS/MS) as described previously’,
and identified by searching against the human Swissprol database {release 57.15)
using Mascol with all peptides meeling a significance threshold of £ << (.05

-2 RNAI

Long, healthy life

let-363 RNAI

taken at X 100 magnification. ¢, GFPzLGG-1 puncta quantified using

Image] (Melhods). Data show resulls of 2-3 independent experiments.

Bars indicale the mean. ¥¥¥¥P < 0.0001; NS, nuLsigmﬁcunl (#-test, two-Luiled,
two-sample unequal variance). d, o-KG levels are increased in starved worms.
P 0.01 {1-test, two-lailed, two-sample unequal variance). Mean & s, is
plotted. e, Model of a-KG-mediated longevity.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unigue to these
sections appear only in the online paper.
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METHODS

Nematode strains and maintenance. C. elegans strains were maintained using stan-
dard methods™. The following strains were used (strain, genotype): Bristol N2, wild
type: DA1116, eat-2(ad1116)1; CB1370, daf-2(eI1370)I1T; CF1038, daf-16(mu86)1;
PDB120, simg-1(cc546is)l; SM190, sing-1(cc5461s)T;pha-4(zu225)V; RB754, aak-
2Aok524)X; ZG31, hif-1(ia4)V; ZG596, hif-1(ia7)V; TT307, egl-9(s2307)V; CB3602,
vhl-1(0k161)X: DA2123, adls2122(lgg 1:GEP + rol-6(su1006)]. They were all obtained
from the Caenorhabditis Genetics Center (CGC).

RNAi in C. elegans. RNAi in C. elegans was accomplished by feeding worms HT115
(DE3) bacteria expressing target-gene double-stranded RNA (dsRNA) from the
pL4440 vector’”. dsRNA production was induced overnight on plates containing
1 mM isopropyl-f-p-thiogalactoside (IPTG). All RN Ai feeding clones were ebtained
from the C. elegans ORF-RNAi Library (Thermo Scientific/Open Biosystems) unless
otherwise stated. The C. elegans TOR (let-363) RNAi clone® was obtained from
Joseph Avruch (MGI/Harvard). Efficient knockdewn was confirmed by western
blotting of the corresponding protein or by QRT-PCR of the mBNA. The primer
sequences used for QRT-PCR are as follows. atp-2 forward: TGACAACATTTTC
CGTTTCACC; atp-2 reverse: AAATAGCCTGGACGGATGTGAT,; let-363 for
ward: GATCCGAGACAAGATGAACGTG,; let 363 reverse: ACAATTTGGAAC
CCAACCAATG; ogdh-1 forward: TGATTTGGACCGAGAATTCCTT; ogdh-1
reverse: GGATCAGACGTTTGAACAGCAC.

‘We validated the RNAi knockdown of both ogdh 1 and atp 2 by quantitative
RT-PCRand also of atp-2 by western blotting. Transcripts of ogdh-I were reduced
by 85%, and transcripts and protein levels of afp-2 were reduced by 52% and 83%,
respectively, in larvae that were cultivated on bacteria that expressed the corre
sponding dsRNAs. In addition, RNAi of atp 2 in this study was associated with
delayed post-embryonic development and larval arrest, consistent with the pheno-
types of aip-2(ua2) animals. Analysis by qRT-PCR indicated a modest but signifi-
cant decrease by 26% in transcripts of let 363 in larvae undergning RNAi; moreover,
molecular markers for autophagy were induced in these animals, and the lifespan
of adults was extended, consistent with partial inaclivation of the kinase.

In lifespan experiments, we used RNAI o inactivate alp-2, ogidh-1 and lef-363 in
mature animals in the presence or absence of exogenous 2 KG. The concentration
of o-KG used in these experiments {8 mM) was empirically determined to be most
benelicial for wild-type animals (Fig. 1c). This approach enabled us to evaluate the
contribution of essential proteins and pathways to the longevity conferred by sup
plementary o KG. Specifically, we were able to substantially but not fully inactivate
alp-2 in adult animals that had completed embryonic and larval development. As
described earlier, supplementation with 8 mM a-KG did not {urther extend (and
in fact, on one occasion, even decreased) the litespan of atp-2 RN Ai animals (Extended
Data Table 2), indicating that atp-2 is required for %-KG to promote longevity. On
the other hand, a complele inaclivatien of aip-2 would be lethal, and thereby mask
the benefit of ATP synthase inhibition by o-KG.

Lifespan analysis. Lifespan assays were conducted at 20°C on solid nematode
growth media {NGM) using standard protocols and were replicated in at least two
independent experiments. C. elegans were synchronized by performing either a timed
egg lay* or an egg preparation (lysing ~ 100 gravid worms in 70 pl M9 buffer*', 25 ul
bleach (10% sodium hypaochlorite solution) and 5 pl 10 N NaOH). Young adult
animals were picked onto NGM assay plates containing 1.5% dimethyl sulfoxide
(DMSO0; Sigma, D8418), 49.5 M 5-fluoro-2"-deoxyuridine™ (FUDR; Sigma, T0503),
and 2-KG (Sigma, K1128) or vehicle control (H,0). FUDR was included to pre-
vent progeny production. Media containing o.-KG were adjusted to pH 6.0 (that s,
the same pIT as the control plates) by the addition of NaOTT. All compounds were
mixed into the NGM media after autoclaving and before solidification of the media.
Assay plates were seeded with OP50 (or a designated RN Ai feeding clone, see later).
Worms were moved to new assay plates every 4 days (to ensure sufficient food was
present at all times and to reduce the risk of mould contamination). To assess the
survival of the worms, the animals were prodded with a platinum wire every 2-3 days,
and those that failed to respond were scored as dead. For analysis concerningmutant
strains, the corresponding parent strain was used as a control in the same experiment.

Tor lifespan experiments involving RNAI, the plates also contained 1 nM IPTG
(Acros, CAS 367-93-1) and 50 pgml ! ampicillin (Fisher, BP1760-25). RNAi was
accomplished by feeding N2 worms HT115(DE3) bacteria expressing target gene
dsRNA from pI.4440 (ref. 32): control RNAi was dene in paralle] for every experi
ment by feeding N2 worms HT115(DE3) bacteria expressing either GFP dsRNA
or empty vector {which gave identical lifespan results)

Lifespan experiments with oligomycin (Cell Signaling, 9996) were performed as
described for o-KG (that is, NGM plates with 1.5% DMS0 and 49.5 pM FUDR; N2
worms; OP50 bacteria).

For lifespan experiments concerning smg 1{cc546ts)ipha 4(zu225) and smg
Hec546ts P>, from egg to 14 stage the straing were grown at 24 °C, which inactivates
the sig-1 temperature-sensitive allele, preventing mRNA surveillance-mediated
degradation of the pha-4(zu225) mRNA, which conlains a premalture stop codon,

and thus produces a truncated but fully functional PITA-4 transcription factor”.
Then at the L4 stage the temperature was shifted to 20°C, which restores smg-1
function and thereby results in the degradation of pha-4(zu225) mRNA. Treat-
ment with o-KG began at the L4 stage.

Alllifespan data are available in Extended Data Table 2, including sample sizes.
The sample size was chosen on the basis of standards done in the field in published
manuscripts. No statistical method was used to predetermine the sample size. Ani
mals were assigned randomly to the experimental groups. Worms that ruptured,
bagged (that is, exhibited internal progeny hatching}, or crawled off the plates were
censored. Lifespan data were analysed using GraphPad Prism; P values were cal-
culated using the log-rank (Mantel-Cox) test.

Statistical analyses. All experiments were repeated at least two times with identical
or similar results. Data represent biological replicates. Appropriate statistical tests
wereused for every figure. Data meet the assumptions of the statistical tests described
for each figure. Mean *+ s.d. is plotted in all figures unless stated otherwise.

Food preference assay. Protocol adapted from Abada et al**. A 10 cm NGM plate
was seeded with two spots of OP30 as shown in Extended Data Fig. 1e. After letting
the OP50 lawns drv over 2 days at room Lemperature, vehicle (I1,O) or #-KG (8 mM)
was added to the top of the lawn and allowed to dry over 2 days at room tempera-
ture. Approximately 50- 100 synchronized adult day 1 worms were placed onto the
centre of the plate and their preference for either bacterial lawn was recorded after
3 al room lemperalure.

Target identification nsing DARTS. For unbiased target identification (Fig. 2a),
human Jurkat cells were lysed using M-PER (Thermo Scientific, 78501) with the
addition of protease inhibitors (Roche, 11836153001) and phosphatase inhibitors™.
TNC buffer (50 mM Tris-HCl pIH 8.0, 50 mM NaCl, 10 mM CaCl,) was added to
the lysate and protein concentration was then determined using the BCA Protein
Assay kit (Pierce, 23227). Cell lysates were incubated with either vehicle (H,O) or
7-KG for L h on ice tollowed by an additional 20 min at room temperature. Diges-
tion was performed using Pronase (Roche, 10165921001) at room temperature for
30 min and stopped nsing excess protease mhibitors with immediate transfer to ice.
The resulting digests were separated by SD$ PAGE and visnalized using SYPRO
Ruby Protein Gel Stain (Invilrogen, $12000}. The band with increased slaining
{rom the o-KG lane (corresponding to polential protein targets that are protected
from proteolysis by the binding of . KG) and the matching area of the control lane
were excised, in ge] trypsin digested, and subj ected to liquid chromatography tandem
mass speclromelry (LC-MS/MS) analysis as described previously™®, Mass spectro-
melry results were searched against the human Swissprot database (release 57.15)
nsing Mascot version 2.3.0, with all peptides meeting a significance threshold of
P<0.05

For target verification by DARTS with western blotting (Fig. 2b), Hela cells
were lysed in M-PER buffer (Thermo Scientific, 78501) with the addition of pro-
tease inhibiters (Roche, 11836153001) and phosphatase inhibitors (50 mM NaF,
10 mM [-glycerophosphate, 5 mM sodium pyrophosphate, 2mM Na; VO, ). Chilled
TNC buffer (50 mM Tris-HCI pH 8.0, 50 mM NaCl, 10 mM CaCl,) was added to
the protein lysate, and protein concentration of the lysate was measured by the
BCA Protein Assay kit (Pierce, 23227). The protein lysate was then incubated with
vehicle control (H,0O) or varving concentrations of 9-KG for 3h al reom lempe-
rature with shaking at 600 r.p.m. in an Eppendorf Thermomixer. Pronase (Roche,
10165921001) digestions were performed for 20 min at room temperature, and
stopped by adding SDS loading buffer and immediately heating at 70 “C for 10min.
Samples were subjected to SDS-PAGE on 41-12% Bis-Tris gradient gel (Invitrogen,
NP0322BOX) and western blotted for ATP synthase subunits ATPSB (Sigma, AV48185),
ATP50 (Abcam, ab91400) and ATPSA (Abeam, ab110273). Binding between o-KG
and PHD 2 (encoded by EGLNT) (Cell Signaling, 4835), for which o KG is a co
substrate™, was confirmed by DARTS. GAPDH ( Ambion, AM4300) was usedasa
negalive control.

For DARTS using C. elegans (Extended Data Fig. 2a), wild type animals of various
ages were grown on NGM/OP50 plates, washed four times with M9 buffer, and
immediately placed in the —80 °C freezer. Animals were lysed in IIEPES bufler
(10 mM HEPES pIH 8.0, 120 mM NaCl, 10% glycerol, 0.5% Triton X-100, 10mM
B-glycerophosphate, 50 mM NaF, 0.2 mM Na;VO,, protease inhibitors (Roche,
11836153001)) using Lysing Matrix C tubes (MP Biemedicals, 6912-100) and the
FastPrep-24 (MP Biomedicals) high-speed bench-top homogenizer in the 4 °C room
(disrupt worms for 20s at6.5mss ', rest on ice for 1 min; repeat twice). Lysed ani-
mals were centrifuged at 14,000 r.p.m. for 10 min at 4 °C to pellet worm debris, and
supernatant was collected for DARTS, Protein concentration was determined by
BCA Prolein Assay kit (Pierce, 23223). A worm lysate concentration of 1.13 pg pl '
was used for the DARTS experiment. All steps were performed on ice or at4°C to
help prevent premature protein degradation. TNC buffer (50 mM Tris HCIpH 8.0,
50 mM NaCl, 10 mM CalCl;) was added to the worm lysates. Worm Iysates were
incubated with vehicle control {H,O) or #-KG for 1 h on ice and then 50 min at
room temperalure. Pronase (Roche, 10165921001) digestions were performed lor
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30 min at room temperature and stopped by adding SDS loading buffer and heat-
ing at 70 °C for 10 min. Samples were then subjected to SDS-PAGE on NuPAGE
Novex 4-12% Bis-Tris gradient gels (Invitrogen, NP0322R0OX), and western blot-
ting was carried out with an antibody against ATP5B (Sigma, AV48185) that also
recognizes ATP-2.

Complex V activity assay. Complex V activity was assayed using the MitoTox
OXPIIOS Complex V Activity Kit (Abcam, ab109907). Vehicle (I1,O) or o-KG was
mixed with the enzyme before the addition of phosphelipids. In experiments using
actyl 2-KG, vehicle (1% DMSO) or octyl n-KG was added with the phosphalipids.
Relative complex V activity was compared to vehicle. Oligomycin (Sigma, 04876)
was used as a positive control for the assay.

Isolation of mitochondria from mouse liver. Animal studies were performed
under approved University of California, Los Angeles animal research protocols.
Mitochendria from 3-month-old C57BL/6 mice were isolated as described™. Briefly,
livers wete extracted, minced at 4 °C in MSHE plus BSA (70 mM sucrose, 210 mM
mannitol, 5mM HEPES, 1 mM EGTA, and 0.5% fatty acid free BSA, pH 7.2), and
rinsed several times to remove blood. All subsequent steps were performed on ice
orat4°C. The tissue was disrupted in ten volumes of MSIIE plus BSA with a glass
Dounce homogenizer (5-6 strokes) and the homogenale was centrifuged at 800g
for 10 min to remave tissue debris and nuclei. The supernatant was decanted through
a cell strainer and centrifuged at 8,000¢ for 10 min. The dark mitochondrial pellet
was resuspended in MSIIE plus BSA and re-centrifuged at 8,000¢ for 10 min. The
final mitechondrial pellets were used for various assays as described later.
Submitochondrial particle ATPase assay. ATP hydrolvsis by ATP synthase was
measured using submitochondrial particles (see rell 41 and references therein).
Mitochondria were isolated from mouse liver as described earlier. The (inal mito-
chondrial pellet was resuspended in buffer A (250 mM sucrose, 10 mM Tris HCI,
1mM ATP, 5mM MgCl and 0.1 mM EGTA, pH 7.4) at 10 pg p,ﬂ_l, subjected to
sonication on ice (Fisher Scientific Model 550 Sonic Dismembrator; medium power,
alternating between 10 s intervals of sonication and resting on ice for a total of 60's
of sonication), and then centrifuged at 18,000g for 10 min at 4 °C. The supernatant
was collected and centrifuged at 100,000¢ for 45 min at 4 °C. The final pellet (sub
mitochendrial particles) was resuspended in buffer B (250 mM sucrose, 10 mM
Tris-HCl and 0.02mM EGTA, pH 7.4).

The SMP ATPase activity was assayed using the Complex V Activity Buffer as

described eatiler. The production of ADP is coupled to the oxidation of NADH Lo
NAD™ through pyruvate kinase and lactate dehydrogenase. The addition of o KG
(up to 10mM) did not affect the activity of pyruvate kinase or lactate dehydrogenase
when external ADP was added. The absorbance decrease of NADH at 340nm
correlates to ATPase aclivily. Submitochondrial particles (2.18 ng pl ") were incu-
bated with vehicle or o KG for 90 min at room temperature before the addition of
activity buffer, and then the absorbance decrease of NADH at 340 nm was mea
sured every 1 min for 1 h. Oligomycin (Cell signaling, 9996) was used as a posilive
control for the assay.
Assay for ATP levels. Normal human diploid fibroblast WI-38 (ATCC, CCL 75)
cells were seeded in 96-well plates at 2 X 10 cells per well. Cells were treated with
either DMSO (vehicle control) or octyl 5-KG at varying concentrations for 2 h in
triplicate. ATP levels were measured using the Cell Titer-Glo luminescent ATP assay
(Promega, G7572); luminescence wasread using Analyst HT (Molecular Devices).
In parallel, identically treated cells were lysed in M-PER (Thermo Scientific, 78501)
Lo obtain protein concentration by BCA Protein Assay kit (Pierce, 23223). ATP
levels were normalized to protein content. Statistical analysis was performed using
GraphPad Prism (unpaired ¢ test).

The assay for ATP levels in C. elegans was carried out as follows. Synchronized
day 1 adult wild type C. clegans were placed on NGM plates containing either
vehicle or 8 mM o KG. On day 2 and 8 of adulthcod, 9 replicates and 4 replicates,
respectively, of about 100 worms were collected [rom #-KG or vehicle control plates,
washed 4 times in M9 buller, and frozen in —80 °C. Animals were lysed using Lysing
Matrix C tubes (MP Biomedicals, 6912 100) and the FastPrep 24 (MP Biomedicals)
high speed bench top hnm()geni?ﬂ (disrupt worms for 20s at 6.5 ms L, reston
ice for 1 min; repeal twice). Lysed animals were centrifuged at 14,000 r.p.m. for
10 min at4°C (o pellet worm debris, and supernatant was saved for ATP quanti-
fication using the Kinase Glo Luminescent Kinase Assay Platform (Promega, V6713)
according to the manufacturer’s instructions. The assay was performed in white
opaque 96-well tissue culture plates {Falcon, 353296), and luminescence was mea-
sured using Analyst HT (Molecular Devices). ATP levels were normalized (o the
number of worms. Statistical analysis was performed nsing Microsoft Excel (¢ test,
two tailed, two sample unequal variance).

Measurement of oxygen consumption rates. Oxygen consumptien rate (OCR)
measurements were made using a Seahorse XF 24 analyser (Seahorse Bioscience)*.
Cells were seeded in Seahorse XF 24 cell culture microplates at 50,000 cells per well
in DMEM media supplemented with 10% FBS and 10 mM glucose, and incubated
al 37 *Cand 5% CO, overnight. Treatment with octyl o-KG or DMSO (vehicle control)

was for 1 h. Cells were washed in unbuffered DMEM medium {pII 7.4, 10 mM
glucose) just before measurement, and maintained in this buffer with indicated
concentrations of octyl o-KG. OCR was measured three times under basal condi-
tions and normalized to protein concentration per well. Statistical analysis was per-
formed using GraphPad Prism.

Measurement of OCR in living C. elegans was carried out as follows. The pro

tocol was adapted from those previously described®*., Wild-type day 1 adult N2
worms were placed on NGM plates containing 8§ mM a-KG or 11,0 (vehicle con-
trol) seeded with OP50 or HT115 E. coli. OCR was assessed on day 2 of adulthood.
On day 2 of adulthood, worms were collected and washed four times with M9 to
rid the samples of bacteria {we further verified that 2-KG does not affect oxygen
consumption of the bacteria—therefore, even if there were any leftover bacteria
after the washes, the changes in OCR observed would still be worm specific), and
then the animals were seeded in quadruplicates in Seahorse XF-24 cell culture
microplates (Seahorse Bioscience, V7-PS) in 200 pl M9 at ~~200 worms per well.
Oxygen consuniption rates were measured seven times under basal conditions and
normalized to the number of worms counted per well. The experiment was repeated
twice. Statistical analysis was performed using Microsoft Excel (¢-test, two-tailed,
two-sample unequal variance).
Measurement of mitochondrial respiratory control ratio. Mitochondrial res-
piratory control ratio (RCR) was analysed using isolated mouse liver mitochondria
(see ref. 15 and references therein). Mitochendria were isolated from mouse liver
as described earlier. The final mitoechondrial pellet was resuspended in 30 pl of
MAS buffer (70 mM sucrose, 220 mM mannitel, 10 mM KH,PQ,, 5 mM MgCL,
2mM HEPES, 1 mM EGTA, and 0.2% fatty acid free BSA, pIT1 7.2).

Isolated mitochondrial respiration was measured by running coupling and elec
tron flow assays as described™. For the coupling assay, 20 pyg of mitochondria in
complete MAS buffer (MAS buffer supplemented with 10 mM succinate and 2 pM
rotenone) were seeded into a XF24 Seahorse plate by centrifugation at 2,000g for
20 minat4 “C. Just before the assay, the mitochondria were supplemented with com-
plete MAS buffer for a total of 500 pl {with 1% DMSO or octyl »-KG),and warmed at
37 “C for 30 min before starting the OCR measurements. Mitochendrial respiration
begins in a coupled state 2; state 3 is initiated by 2mM ADP; state 4o (oligomycin
insensitive, that is, complex V independent) isinduced by 2.5 uM oligomycin; and
state 3u (FCCP-uncoupled maximal respiratory capacity) by 4 y\M FCCP. Finally,
1.5 pgml ™ " antimycin A was injected at the end of the assay. The state 3/slale 40
ratio gives the RCR.

For the electron flowassay, the MAS buffer was supplemented with 10 mM sodium
pyruvate (complex I substrate), 2mM malate (complex IT inhibitor) and 41 pM
FCCP, and the mitochondria are seeded the same way as described for the coupling
assay. After basal readings, the sequential injections were as follows: 2 M rotenone
(complex I inhibiter), 10 mM succinate (complex IT substrate), 4 pM antimycin A
(complex IIT inhibitor) and 10 mM/100 uM ascorbate/tetramethylphenylenedia-
mine (complex IV substrate).

ATP synthase enzyme inhibition kinetics. ATP synthesis enzyme inhibition kinelic
analysis was performed using isolated mitochondria. Mitochondria were isolated
from mouse liver as described earlier. The final mitochondrial pellet was resus
pended in MAS buffer supplemented with 5 mM sodium ascorbate (Sigma, A7631)
and 5mM TMPD (Sigma, T7394).

The reaction was carried outin M AS buffer containi ng 5 mM sodium ascorbate,
5mM TMPD, lucilerase reagent (Roche, 11699695001, octanel or octyl o-KG, var-
iable amounts of ADP (Sigma, A2754), and 3.75 ng pl " mitochondria. ATP syn-
thesis was monitored by the increase in luminescence over time by a luminometer
(Analyst HT, Molecular Devices). ATP synthase independent ATP formation,
derived [rom the oligomycin-insensitive luminescence, was subtracted as back-
ground. The initial velocity of ATP synthesis was calculated (rom the slope of the
first 3 min of the reaction, before the velocity begins to decrease. Enzyme inhibition
kinetics was analysed by nonlinear regression least squares fit using GraphPad
Prism.

Assay for mammalian TOR pathway activity. Mammalian {m)TOR pathway
activity in cells treated with octyl o KG or oligomycin was determined by the levels
of phosphorylation of known mTOR substrates, including S6K (T389), 4E-BP1
(865), AKT (8473) and ULK1 (87575, Specilic anlibodies used: phospho (P)-
S6K T389 (Cell Signaling, 9234), S6K (Cell Signaling, 92025), P 4E BP1 $65 (Cell
Signaling, 94518),4F BP1 (Cell Signaling, 94525), P AKT 5473 (Cell Signaling, 4060S),
AKT (Cell Signaling, 16918}, P-ULK1 $757 {Cell Signaling, 6888), ULK1 (Cell
Signaling, 47735) and GAPDH (Santa Cruz Biotechnology, 25778).

Assay for autophagy, DA2123 animals carrying an integrated GFP:LGG- 1 trans
lational fusion gene™ ™, were used to quantily levels of autophagy. To obtain a syn-
chronized population of DA2123, we performed an egg preparation of gravid adults
(by lysing ~100 gravid worms in 70 ul M9 buffer, 25 pl bleach and 5 pl 10 N NaOH)
and allowed the egps 1o hatch overnight in M9, causing starvation-induced L1
diapause. L1 larvae were deposited onto NGM Lreatment plales containing vehicle,
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8mM ¢ KG or 40 pM oligomycin, and seeded with either E. cali OPS0, HT115(DE3)
with an empty vector,or HT115(DE3)-expressing dsRN As targeting atp 2, let 363 or
ogdh-1 as indicated. When the majority of animals in a given sample first reached

the mid-L3 stage, individual 1.3 larvae were mounted onto microscope slides and
anaesthetized with 1.6 mM levamisole (Sigma, 31742). Nematodes were observed
using an Axiovert 200M Zeiss confocal microscope with a LSM5 Pascal laser, and
images were caplured using the LSM Image Examiner {Zeiss). For each specimen,
GFP:LGG-1 puncta (autophagosomes) in the epidermis, including the lateral seam
cells and [Typ7, were counted in three separale regions of 140.97 pm” using “ana-
lyze particles’ in Image]™. Measurements were made blind to both the genotype
and supplement. Statistical analysis was performed using Microsoft Excel {f-test,
two-tailed, two-sample unequal variance).

The assay for autophagy in mammalian cells was carried out as follows. HEK
293 cells were seeded in 6-well plates at 2.5 X 107 cells per well in DMEM media
supplemented with 10% FBS and 10 mM plucose, and incubated overnight before
treatment with either octanol (vehicle control) or octyl o-KG for 72 h. Cells were
lysed in M-PER buffer with protease and phesphatase inhibitors. Lysales were
subjected to SDS-PAGE ona4-12% Bis-Tris gradient gel with MES running buffer
and weslern blotted for LC3 (Novus, NB100-2220). LC3 is the mammalian homo-
logue of worm LGG-1, and conversion of the seluble LC3-I to the lipidated LC3-1Tis
activated in autophagy, for example, upon starvation™.

Pharyngeal pumping rates of €. elegans treated with 8 mM @-KG. The pha
ryngeal pumping rates of 20 wikd-type N2 worms per condilion were assessed.
Pharyngeal centractions were recorded [or 1 min using a Zeiss M2 BicDiscovery
microscope and an attached Sony NDR-XR500V video camera at 12-fold optical
zoom. The resulling videos were played back at 0.3% speed using MPlayerX and
pharyngeal pumps were counted. Statistical analysis was performed using Micro-
sofl Excel (-test, two-tailed, two-sample unequal variance).

Assay for e-KG levels in C. elegans. Synchronized adult worms were collected
from plates with vehicle (H,O) or § mM o KG, washed three times with M9 buffer,
and [lash [rozen. Worms were lysed in M9 using Lysing Malrix C tubes (MP Bio-
medicals, 6912-100) and the FastPrep-24 (MP Biomedicals) high-speed bench-tlop
homogenizer in the 4 °C room (disrupl worms for 205 al 6.5 ms ', rest on ice for
1 min; repeal three limes). Lysed animals were centrifuged at 14,000 r.p.m. for 10 min
at 1 °C to pellet worm debris, and the supernatant was saved. The protein concen-
tration of the supernatant was determined by the BCA Protein Assay kit (Pierce,
23223); there was no difference in protein level per worm in 5-KG-treated and
vehicle-treated animals (dala net shown). %-KG content was assessed as described
previously™ with modifications. Worm lysates were incubated at 37 °Cin 100mM
KH-PO, (pH 7.2), 10mM NH,CI, 5mM MgCl, and 0.3 mM NADH for 10min.
Glutamate dehydrogenase (Sigma, G2501) was then added toreach a final concen-
tration of 1.83 unitsml . Under these conditions, glutamate dehydrogenase uses
#-KG and NADH to make glutamate. The absorbance decrease was monitored at
340 nm. The intracellular level of o-K(G was determined from the absorbance decrease
in NADH. The approximate melarity of 2-KG present inside the animals was esti-
mated using average protein content (~245 ng per worny, from BCA assay) and
volume (~3nl for adult worms 1.1 mm in length and 60 pm in diameter (htep://
www.wormallas.orgfhermaphrodite/intreduction/Introframeset.html)).

Tor quantitative analysis of o KG in worms using ultra-high-performance liquid
chromatography-electrospray ionization-tandem mass spectrometry (UHPLC-ESI/
MS/MS), synchronized day 1 adult worms were placed on vehicle plates with or
without bacteria for 24 h, and then collected and Ivsed in the same manner as
described earlier. 0-KG analysis by LC/MS/MS was carried ot on an Agilent 1290
Infinity UHPLC system and 6460 Triple Quadrupole mass spectrometer (Agilent
Technologies) using an electrospray ionization (ESI) source with Agilent Jet Stream
technology. Data were acquired with Agilent MassITunter Data Acquisition soft-
ware version B.06.00, and processed for precursor and product ions selection with
MassHunter Qualitative Analysis software version B.06.00 and for calibration and
quantification with MassHunter Quantitative Analysis for QQQ software version
B.06.00.

Tor UHPLC, 3 pl calibration standards and samples were injected onto the
UHPLC system including a G4220A binary pump with a built-in vacuum degasser
and a thermostatted G4226A high performance antosampler. An ACQUITY UPLC
BEIT Amide analytical column (2.1 X 50 mm, 1.7 pm) and a VanGuard BEIT Amide
Pre-column (2.1 X 5mm, 1.7 pm) from Waters Corporation were used at the flow
rate of 0.6 mlmin ™" using 50/50/0.04 acetonitrilefwater/ammenium hydroxide
with 10 mM ammonium acetate as mobile phase A and 95/5/0.04 acetonitrile/
water/ammonium hydrexide with 10 mM ammonium acetate as mobile phase B.
The column was maintained at room temperature. The following gradient was
applied: 0-0.41 min: 100% B isocratic; 0.41-5.30 min: 100-30% B; 5.30-5.35 min:
30-0% B; 5.35-7.35 min: 0% B isecratic; 7.35-7.55 min: 0-100% B; 7.55-9.55 min:
100% B isocratic.

For the MS detection, the EST mass spectra data were recorded on a negative
ionization mode by MRM. MRM transitions of o-KG and its ISTD VC,-0-KG
(Cambridge Isotope Laborateries) were determined using a 1 min 37% B isocratic
UHPLC method through the column at a flow rate of 0.6 ml min ™", The precursor
ion of [M-H|  and the product ion of [M-CO,-H]  were observed to have the
highest signal-to-noise ratios. The precursor and product ions are respectively 145.0
and 100.9for o-KG,and 149.0 and 104.9 for ISTD *C -5 KG. Nitrogen was used as
the drying, sheath and collision gas. All the source and analyser parameters were
oplimized using Agilent MassHunter Source and iFunnel O ptimizer and Oplimizer
software, respectivcly. The source parametersare as follows: drying gas temperature
120°C, drying gas flow 131 min~ %, nebulizer pressure 55 psi, sheath gas tempera
ture 400 °C, sheath gas flow 121 lnirfl, capillary \-'n]tags 2,000 V,and nozzle Vn]l;lge
0V. The analyser parameters are as follows: fragmentor voltage 55 V, collision
energy 2 Vand cell accelerator voltage 1 V. The UIIPLC eluants befere 1 min and
after 5.3 min were diverted to waste.

Membrane-permeable esters of 0-KG. Octyl 2-KG, acommonly used membrane-
permeable ester of 0-KG*, was used to deliver o-KG across lipid membranes in
experiments using cells and mitochondria. Upon hydrolysis by cellular esterases,
oclyl 2-KG yields 2-KG and the by-product octanol. We showed that, whereas
octanol control has no effect (Extended Data Fig. 2¢, f and Extended Data Fig. 6a),
o KGalone can bind and inhibit ATP synthase (Fig. 2a,b and Extended Data Fig. 2a,b;
dala not shown), decrease ATP and OCR (Fig. 2e, g), induce autophagy (Fig. 4b)
and increase C. elegans lifespan (Figs 1, 3, Extended Data Figs 1, 5 and Extended
Dalta Table 2). The exislence and activily of esterases in our milochendrial and cell
culture experiments have been confirmed using calcein AM (C1430, Molecular
Probes), an esterase substrate that fluoresces upon hydrolysis, and also by mass
spectrometry (data not shown). The hydrolysis by esterases explains why distinct
esters of &-KG, such as 1-octyl #-KG, 5-octyl ¢-KG, and dimethyl -KG, have
similar effects 1o -KG (Extended Data Fig. 2g, h and Extended Data Table 2).
Synthesis of octyl 0-KG. Synthesis of 1-octyl 2 KG has been previously described™.
Briefly, 1-octanol (0.95 ml, 6.0 mmeol), DMAP (37 mg, 0.3 mmol) and DCC(0.743 g,
3.6mmol) were added to a solution ol 1-cyclobutene-1-carboxylic acid (0.295g,
3.0mmol) in dry CH;CL, (6.0 ml) at 0 "C. Aller it had been stirred for 1 b, the solu-
tion was allowed to warm to room temperature and stirred for another 8 h. The
precipitate was filtered and washed with ethyl acetate (3 > 100 ml). The combined
organic phases were washed with water and brine, and dried over anhydrous Na,SO.,.
Flash column chromatography on silica gel eluting with 80/1 hexane/ethyl acetate
gave octyl cyclobut-1-enecarboxylate as a clear oil (0.604g, 96%). Toa  78°C
solution of this oil (0.211g, 1.0 mmol) in CH,Cl, (10 ml) was bubbled O,/0, until
the solution turned blue. The residual ozone was discharged by bubbling with O,
and the reaction was warmed to room temperature and stirred for another 1h.
Dimethyl sulphide (Me>S, 0.11ml, 1.5 mmel) was added to the mixture and it was
stirred for another 2 h. The CH,Cl, was removed s vacwo and the crude product
was dissolved in a solution of 2-methyl-2-butene {0.8 ml) in i-BuOH (3.0 ml). To
this was added dropwise a solution containing sodium chlorite (0.147 g, 1.3 mmol)
and sodium dihydrogen phosphate monohydrate (0.179 g, 1.3 mmol) in HyO (1O ml).
The mixture was stirred at roem temperature evernight, and then extracted with
ethyl acetate (3 X 50 ml). The combined organic phases were washed with water
and brine, and dried over anhydrous Na,SO,. Flash column chromatography on
silica gel eluting with 5/1 hexane/ethyl acetate gave octyl v-KG, which became a
pale solid when stored in the refrigerator (0.216 g, 84%).

Synthesis of 5-octyl L-glutamate. L-Glutamic acid {0.147 g, 1.0 mmel) and anhy-
drous sodium sulphate (0.1 g} was disselved in octanol (2.0 ml), and then tetrafluo-
raboric acid-dimethyl ether complex {0.17 ml) was added. The suspended mixture
was stirred at 21 °C overnight. Anhydrons THF (5ml) was added to the mixture
and it was filtered through a thick pad of activated charcoal. Anhydrous triethy
lamine (0.4 ml) was added to the clear filtrate to obtain a milky white slurry. Upon
trituration with ethyl acetate (10 ml), the monoester monoacid precipitated. The
precipitate was collected, washed with additional ethyl acetate (2 X 5 ml), and dried
in vacue to give the desired product, 5-octyl L-glutamate (0.249 g, 96%) as a white
solid. 'H NMR (500 MHz, acetic acid d,): § 4.12 (dd, J = 66, 6.6 Hz, 1H), 4.11
(t, = 6.8 Hz, 2H), 2.64 (m, 2H), 2.26 (m, 2H), 1.64 (m, 2H), 1.30 (m, 10H), 0.89
(L, f = 7.0z, 311). *C NMR (125 Mz, acetic acid-d,): § 175.0, 171.3, 66.3, 55.0
327,30.9,30.11, 30.08, 29.3, 26.7, 26.3, 234, 14.4.

Synthesis of 5-octyl D-glutamate. The synthesis of the opposite enantiomer, that
is, 5-octyl D-plulamale, was carried out by the exact same procedure slarting with
p-glutamic acid. The spectroscopic data was identical to that of the enantiomeric
compound.

Synthesis of 5-octyl 0-KG. 1-Benzyl 5-octyl 2-oxopentanedioate was cbtained as
follows. To a solution of 5-octyl L-glutamate (0.249g) in 11,0 (6.0 ml) and acetic
acid (2.0:ml) cooled to 0 “C was added slowly a selution of aqueous sodium nitrite
(0.207 g, 3.0 mmol in 4 mH,O). The reaction mixture was allowed to warm slowly
to room temperature and was stirred overnight. The mixture was concentrated.
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The resulting residue was disselved in DMT {10 ml) and NaHCO5 (0.42 g, 5.0 mmol)
and benzyl bromide (0.242 ml, 2.0 mmol) were added to the mixture. The mixture
was stirred at 21 "C overnight and then extracted with ethyl acetate (3 X 30 ml). The
combined organic phase was washed with water and brine and dried over anhy-
drous MgSO,. Flash column chromatography onsilica gel eluting with 7/1 hexanes/
ethyl acetate gave the mixed diester 1-benzyl 5-octyl {8)-2-hydroxypentanedioate
as a colourless oil. To this oil, dissolved in dichloromethane (10.0 ml), were added
NaHCO; (0.42 g, 5.0 mmol) and Dess-Martin periodinane (0.509 g, 1.2 mmol), and
the mixture was stirred at room temperature for 1h and then extracted with ethyl
acetate (3 X 30 ml). The combined organic phase was washed with water and brine
and dried over anhydrous Mg80 . Flash column chromatography on silica gel eluting
with 5/1 hexanes/ethyl acetate gave the desired 1-benzyl 5-octyl 2-oxopentanedioate
(0.22 g, 66%) as a white solid. "H NMR (500 MHz, CDCLL): 6 7.38 (m, 5H), 5.27
(s, 20), 405 (t, ] = 6.5 Hz, 21T, 3.14 (1, = 6.5 Hz, 210}, 2.64 (1, J = 6.5 Hz, 2H),
1.59 (m, 2I1), 1.28 (m, 10F1), 0.87 (t.] = 7.0 1z, 3H). *C NMR {125 MITz, CDCI,):
4192.2,171.9,160.1, 134.3, 128.7, 128.6, 128.5, 67.9, 65.0, 34.2, 31.7, 29.07, 29.05,
28.4,27.5,25.7,22.5, 14.0.

5-Octyl 2-KG {5-{octyloxy)-2,5-dioxopentanoic acid) was oblained as follows.
To a solution of 1-benzyl 5-octyl 2-oxopentanedicate (0.12 g, 0.314 mmol) in ethyl
acetate (15 ml) was added 5% Pd/C (80 mg). Over the mixture was passed a stream
of argon and then the argon was replaced with hydrogen gas and the mixture was
stirred vigorously for 15 min. The mixture was [iltered through a thick pad of Celite
1o give the desired product 5-cctyl o-KG (0.088 g, 99%) as while solid. "1 NMR
(500 MHz, CDCL): 6 8.16 (br s, 1H), 4.06 (1, /= 6.5Hz, 2H), 3.18 (t, ] = 6.5Hz,
2H), 2.69 (1, ] = 6.0 Hz, 2H), 1.59 {m, 2H), 1.26 (m, 10H), 0.85 (t. J=7.0Hz, 3H).
BC NMR {125 Mz, CDCl5): 0 193.8, 172.7, 160.5, 65.5, 33.0, 31.7, 29.08, 29.06,
28.4,27.8,25.8,225,14.0.
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Extended Data Figure 1 | Supplementation with ¢-KG extends C. efegans
adult lifespan but does not change the growth rate of bacteria, or food
intake, pharyngeal pumping rate or brood size of the worms. a, Robust
lifespan extension in adult C. efegans by «-KG. 8 mM 0-KG increased the mean
lifespan of N2 by an average of 47.3% in three independent experiments

(P <20.0001 for every experiment, by log-rank test). Experiment 1, mean
lifespan (days of adulthood) with vehicle treatment (riye,) = 18.9 (n = 87
animals tested), #1, xg = 25.8 {1 = 96); experiment 2, m,q, = 17.5 (n = 119),
My kg = 25.4 (n=97); experiment 3, a,g, = 16.3 (n = 100), 1, g = 26.1

(1 = 104). b, Worms supplemented with 8mM ¢-KG and worms with RNAi
knockdown of «-KGDH {encoded by ogdh-1) have increased o-KG levels.
Young adult worms were placed on treatment plates seeded with control
HT115 E. coli or HT115-expressing ogdh-1 dsRNA, and o-KG content was
assayed after 24 h (see Methods). ¢, #-KG treatment beginning at the egg stage
and that beginning in adulthood produced identical lifespan increases. Light
red, treatment with vehicle control throughout larval and adult stages

(m = 15.6, n = 95); dark red, treatment with vehicle during larval stages and
with 8 mM o-KG at adulthood (m = 26.3, 7 = 102), P <2 0.0001 (log-rank test);
orange, treatment with 8 mM «-KG throughout larval and adult stages

(m =263, n=102), P< 0.0001 (log-rank test). d, «-KG does not alter the
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growth rate of the OP50 E. coli, which is the standard laboratory food source for
nematodes. o-KG {8 mM) or vehicle (H,0) was added to standard LB media
and the pH was adjusted to ﬁ.ﬁb)’ the addition of NaOH. Bacterial cells from the
same overnight OP50 culture were added to the LB = «-KG mixture at a 1:40
dilution, and then placed in the 37 °C incubator shaker at 300 r.p.m. The
absorbance at 5951nm was read at 1 h time intervals to generate the growth
curve. e, Schematic representation of food preference assay. f, N2 worms show
no preference between OP50 E. coli food treated with vehicle or 2-KG

(P = 0.85, by t-lest, two-tailed, two-sample unequal variance), nor preference
between identically treated OP30 E. coli. g, Pharyngeal pumping rate of

C. elegans on 8 mM o-KG is not significantly altered (by t-test, two-tailed,
two-sample unequal variance). h, Brood size of C. elegans treated with 8 mM
2-KG. Brood size analysis was conducted at 20 “C. Ten L4 wild-type worms
were each singly placed onto an NGM plate containing vehicle or 8 mM o-KG.
Waorms were transferred one per plate onto a new plate every day, and the eggs
laid were allowed to hatch and develop on the previous plate. Hatchlings
were counted as a vacuum was used to remove them from the plate. Animals on
8mM o-KG showed no significant difference in brood size compared with
animals on vehicle plates (P = 0.223, by t-test, two-tailed, two-sample unequal
variance). Mean = s.d. is plotted in all cases.
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Extended Data Figure 2 a-KG binds to the p subunit of ATP synthase and
inhibits the activity of complex V but not the other ETC complexes.

a, Western blot showing protection of the ATP-2 protein from Pronase
digestion upon o-KG binding in the DARTS assay. The antibody for human
ATP5B (Sigma, AV48183) recognizes the epitope ,,,]MNVIGEPIDERGPIKT
KQFAPIHAEAPEFMEMSVEQEILVTGIKVVDLL 95 that has 90% identity to
the C. elegans ATP-2. The lower molecular weight band near 20kDa is a
proteolytic fragment of the full-length protein corresponding to the domain
directly bound by a-KG. b, 2-KG does not affect complex I'V activity. Complex
IV activity was assayed using the MitoTox OXPHOS Complex [V Activity Kit
(Abcam, ab109906). Relative complex IV activity was compared to vehicle
(H;0) controls. Potassium cyanide (Sigma, 60178) was used as a positive
control for the assay. Complex V activity was assayed using the MitoTox
Complex V OXPHOS Activity Microplate Assay {Abcam, ab109907). ¢, atp-2
RNAi worms have lower oxygen consumption compared to control {gfp in
RINAivector), P << 0.0001 (t-test, two-tailed, two-sample unequal variance) for
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the enlire time series {two independent experiments}; similar to o-KG-treated
worms shown in Fig. 2g. d, &-KG does not affect the electron flow through
the ETC. Oxygen consumption rate (OCR) from isolated mouse liver
mitochondria at basal (pyruvate and malate as complex I substrate and
complex Il inhibitor, respectively, in the presence of FCCP) and in response
to sequential injection of rotenone (Rote; complex I inhibitor), succinate
{Succ; complex IT substrate), antimycin A (AA; complex IIT inhibitor),
ascorbate/tetramethylphenylenediamine (Asc/TMPD; cytochrome ¢ (complex
IV) substrate). No difference in complex I (C 1), complex IT (C IT) or complex
IV (C IV) respiration was observed after 30 min treatment with 800 pM
octyl #-KG, whereas complex V was inhibited (see T'ig. 2h) by the same
treatment (two independent experiments). e, f, No significant difference in
coupling (e) or electron flow (f) was observed with either octanol or DMSO
vehicle control. g, h, Treatment with 1-octyl o-KG or 5-octyl a-KG gave
identical results in coupling (g) or electron tlow (h) assays. Mean = s.d. is
plotted in all cases.
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Extended Data Figure 3 | Treatment with oligomycin extends C. elegans
lifespan and enhances autophagy in a manner dependent on let-363.

a, Oligm‘nydn extends the Iil’esp:m of adult €. alﬁ’guns in a concentration-
dependent manner. Treatment with oligomycin began at the young adult
stage. 40 LM oligomycin increased the mean lifespan of N2 worms by 32.3%
(P <20.0001, by log-rank test); see Extended Data Table 2 for details.

b, Confocal images of GIP:LGG-1 puncta in L3 epidermis of C. elegans
with vehicle, oligomycin (40 pM) or %-KG (8 mM), and number of GFP::
LGG-1-containing puncta quantified using ImageJ. Bars indicate the mean.

Autophagy in C. elegans treated with oligomycin or o-KG is significantly higher
than in vehicle-treated control animals (!*lesl, two-tailed, lwumumplc uncqua]
variance). ¢, There is no significant difference (NS) between control worms
treated with oligomycin and lfet-363 RNAi worms treated with vehicle, nor
between vehicle- and o-KG-treated let-363 RNAi worms, consistent with
independent experiments in Fig. 4b, ¢; also, oligomycin does not augment
autophagy in fet-363 RNAi worms (if anything, there may be a small decrease,
as indicated by an asterisk); by #-test, two-tailed, two-sample unequal variance.
Bars indicate the mean. Photographs were taken at > 100 magnification.
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Extended Data Figure 4 | Analyses of oxidative stress in worms treated
with 6-KG or atp-2 RNAi. a, The afp-2 RNAi worms have higher levels of
2",7"-dichlorofluorescein (DCF) fluorescence than gfp control worms
{P<00.0001, by t-test, two-tailed, two-sample unequal variance).
Supplementation with «-KG also leads to higher DCF fluorescence, in both
HT115- (for RNAi) and OP50-fed worms (P = 0.0007 and P = 0.0012,
respectively). Reactive oxygen species (ROS) levels were measured using 2',
7'-dichlorodihydrofluorescein diacetate (H,DCE-DA). As whole worm lysates
were used, total cellular oxidative stress was measured here. H,DCF-DA
{Molecular Probes, D399) was dissolved in ethanol to a stock concentration
of 1.5 mgml ™", Fresh stock was prepared every time before use. For measuring
ROS in worm lysates, a working concentration of H,DCF-DA at 30 ng ml™!
was hydrolysed by 0.1 M NaOH at room temperature for 30 min to generate
2",7"-dichlorodihydrofluorescein (DCFH) before mixing with whole worm
lysates in a black 96-well plate (Greiner Bio-One). Oxidation of DCFH by ROS
yiclds the highly fluorescent DCE. DCF fluorescence was read at excitation/
emission of 485/530 nm using SpectraMax MS (Molecular Devices). H,O, was

LETTER QN

/3 Vehicle
e KG

gfp RNAI atp-2 RNAI

RNAi
a-KG = + - +

Control atp-2

260
160

used as positive control (data not shown). To prepare the worm lysates,
synchronized young adult animals were cultivated on plates containing vehicle
or 8mM o-KG and OP50 or HT115 E. coli for 1 day, and then collected and
lysed as described in Methods. Mean £ s.d. is plotted. b, There was no
significant change in protein oxidation upon «-KG treatment or atp-2 RNAL
Oxidized protein levels were determined by OxyBlot. Synchronized young
adult N2 animals were placed onto plates containing vehicle or 8 mM 2-KG,
and seeded with OP50 or HT'115 bacteria that expressed control or atp-2
dsRNA. Adult day 2 and day 3 worms were collected and washed four times
with M9 buffer, and then stored at —80 °C for at least 24 h. Laemmli buffer
(Biorad, 161-0737) was added to every sample and animals were lysed by
alternate boil/frecze cycles. Lysed animals were centrifuged at 14,000 r.p.m. for
10 min at 4 °C to pellet worm debris, and supernatant was collected for OxyBlot
analysis. Protein concentration of samples was determined by the 660 nm
Protein Assay ('Thermo Scientific, 1861426) and normalized for all samples.
Carbonylation of proteins in cach sample was detected using the OxyBlot
Protein Oxidation Detection Kit (Millipore, $7150).
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Extended Data Figure 5 | Lifespan extension by ¢-KG in the absence of
aak-2, daf-16, hif-1, vhi-1 or egl-9. a, Lifespans of %-KG-supplemented N2

worms, Mg, = 17.5 (1= 119), my ke = 254 (n =97), P<00.0001; or
aak-2{ok524) mutants, a2, = 13.7 {n = 85), m, xq = 17.1 (n = 83),

P<20.0001. b, N2 worms fed gfp RNAi control, m,q, = 18.5 (= 101),

My kg = 23.1 (n=98), P<<0.0001; or daf-16 RNAI, 1,4, = 14.3 (1 =99),
Myxg = 17.6 (1=99), P<0.0001. ¢, N2 worms, fiy, = 21.5 (n = 101),

My ke = 24.6 (1= 102), P <C0.0001; hif-1(ia7) mutants, A1y, = 19.6 (1= 102),
MyxG = 23.6 (n=101), P <2 0.0001; vhl-i(ck161) mutants, #1,q, = 200

(n=98), m, kg = 249 (n = 100), P<<0.0001; or egl-9(sa307) mutants,

My, = 16.2 (n=97), m, kg = 256 (n=96), P< 0.0001. P values were
determined by the log-rank test. Number of independent experiments: N2 {8),
hif-1(5), vhl-1 (1) and egl-9 (2); see Extended Data Table 2 for details. Two
different kif-I mutant alleles™ have been used: ia4 (shown in Tig. 3g) is a
deletion over several introns and exons; ia7 (shown here) is an early stop codon,
causing a truncated protein. Both alleles have the same effect on lifespan™.
We tested both alleles for o-KG longevity and obtained the same results.
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Extended Data Figure 6 | «-KG decreases TOR pathway activity but does
not directly interact with TOR. a, Phosphorylation of S6K (1389) was
decreased in U87 cells treated with octyl o-KG, but not in cells treated with
octanol control. The same results were obtained using HEK-293 and MEF cells.
b, Phosphorylation of AMPK(T172) is upregulated in WI-38 cells upon
complex V inhibition by #-KG, consistent with decreased A'TP content in
o-KG-treated cells and animals. However, this activation of AMPK appears to
require more severe complex V inhibition than the inactivation of mammalian
TOR, as either oligomycin or a higher concentration of octyl 2-KG was
required for increasing phospho (P)-AMPK whereas concentrations of octyl
0-KG comparable to those that decreased cellular ATP content (Fig. 2d) or
oxygen consumption (Fig. 2f) were also sufficient for decreasing P-S6K. The
same resulls were oblained using U87 cells. Samples were subjected Lo
SDS-PAGE on 4-12% Bis-'Iris gradient gel (Invitrogen, NP0322BOX) and
western blotted with specific antibodies against P-AMPK T172 (Cell Signaling,
25358) and AMPK (Cell Signaling, 2603S). ¢, 0-KG still induces autophagy in
aak-2 RNAi worms; ¥¥P < 0.01 (t-Les, two-Lailed, two-sample unequal
variance). The number of GFP:LGG-1 containing puncta was quantified using
Image]. Bars indicate the mean. d, e, 0-KG does not bind to TOR directly as
determined by DARTS. HEK-293 (d) or Hel.a (e) cells were lysed in M-PER
buffer (Thermo Scientific, 78501) with the addition of protease inhibitors

{Roche, 11836153001) and phosphatase inhibitors (50 mM NaF, 10 mM
B-glycerophosphate, 5mM sodium pyrophosphate, 2mM Na;VO,). Protein
concentration of the lysate was measured by BCA Protein Assay kit (Pierce,
23227). Chilled TNC buffer (50 mM Tris-HCI pH 8.0, 50 mM NaCl, 10 mM
CaCl,) was added to the protein lysate, and the protein lysate was then
incubated with vehicle control (DMSO) or varying concentrations of %-KG for
1h (d) or 3h (e) at room temperature. Pronase (Roche, 10165921001)
digestions were performed for 20 min at room temperature, and stopped by
adding SDS loading bufter and immediately heating at 95 °C for 5 min (d) or
70 °C for 10 min (e). Samples were subjected to SDS-PAGE on 4-12% Bis-T'ris
gradient gel (Invitrogen, NP0322BOX) and western blotted with specific
antibodies against ATP5B (Santa Cruz, sc58618), mammalian TOR (Cell
Signaling, 2972) or GAPDH (Ambion, AM4300). Image] was used Lo quantify
the mammalian TOR/GAPDH and A'I'P5B/GAPDH ratios. Susceplibility of
the mammalian TOR protein to Pronase digestion is unchanged in the presence
of 0-KG, whereas, as expected, Pronase resistance in the presence of %-KG is
increased for A'TP5B, which we identified as a new binding target of a-KG.

f, Increased autophagy in HEK-293 cells treated with octyl «-KG was
confirmed by western blot analysis of MAP1 LC3 (Novus, NB100-2220),
consistent with decreased phosphorylation of the autophagy-initiating kinase
ULKI (Fig, 4a).
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Extended Data Figure 7 | Autophagy is enhanced in C. elegans treated with ~ Bars indicate the mean. ogdh-1 RNAi worms have significantly higher
ogdh-1 RNAi. a, Confocal images of GFP:LGG-1 puncta in the epidermis of — autophagy levels, and o-KG does not significantly augment autophagy in
mid-1.3 stage, control or uga'h—l knockdown €. [Jeg:ms treated with vehicle ngdh—l RNAi worms (z-Lesl, two-tailed, lwu-samplc Luu'quul variance).
or 2-KG (8 mM). b, Number of GFP:LGG-1 puncla quunliﬁcd using Image]. Photc )grupha were laken al X100 mugniﬁcaliun,
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Extended Data Table 1 | Enriched proteins in the a-KG DARTS sample

Protein Symbol Prolein Name Score Control sample a-KG sample Enrichment
Spectra Peptides  Spectra Peptides

ATPSB ATP synthase subunit beta 4088 23 9 121 15 5.3
HSPD1 60 kDa heat shock protein 2352 3 11 138 29 4.5
PKM2 Pyruvate kinase isozymes M1/M2 2203 56 7

LCP1 Plastin-2 1865 14 8 76 13 54
ATP5A1 ATP synthase subunit alpha 1616 4 9 61 12 1.5
SHMT2 Serine hydroxymethyltransferase 1060 7 5 33 10 4.7
HSP90AA1 Heat shock protein HSP 90-alpha 952 29 8 44 8 1.5
EEF2 Elongation factor 2 943 4 2 37 9 9.3
DDX5 Probable ATP-dependent RNA helicase DDX5 652 7 3 33 10 4.7
HSPA8 Heat shock cognate 71 kDa protein 615 4 2 35 10 8.8

Only showing those proteins wilh al lzast 15 speclra in o-KG sample and enriched o leasl 1.5 Told,
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Extended Data Table 2 | Summary of lifespan data

m (mean lifespan, days)

Strain % difference

P-value

n (number of animals)

Vehicle a-KG Vehicle a-KG
N2 18.9 25.8 36.3 <0.0001 87 96
N2 175 254 45.6 < 0.0001 119 97
N2 16.3 26.1 60.2 < 0.0001 100 104
eat-2(ad1116) 228 229 0.5 0.79 59 40
daf-16(mu86) 16.3 18.8 15.1 <0.0001 106 105
eat-2(ad1116) 211 24.0 134 0.23 39 59
daf-2(e1370) 38.0 476 25.1 <0.0001 72 69
N2 18.2 223 69.8 < 0.0001 100 104
daf-16(mu86) 13.4 174 295 <0.0001 71 72
daf-16 RNAi 14.3 176 229 < 0.0001 99 99
N2 16.1 19.1 19.3 0.0003 97 96
daf-2(e1370) 38.3 439 14.6 < 0.0001 109 101
aak-2(0k524) 13.7 1741 243 < 0.0001 85 83
aak-2(0k524) 16.4 175 6.7 < 0.0001 97 97
aak-2 RNAI 16.2 19.9 23.3 <0.0001 93 92
N2 15.6 26.3 68.8 < 0.0001 95 102
N2 15.6 26.3 68.5 < 0.0001 95 102
egl-9(sa307) 16.2 25.6 58.6 <0.0001 97 96
egl-9(sa307) 19.5 27.3 40.3 <0.0001 95 101
N2 14.7 216 46.9 < 0.0001 100 88
N2 14.0 20.7 479 <0.0001 112 114
N2 215 246 14.6 < 0.0001 101 102
hif-1(ia4) 20.5 26.0 26.5 < 0.0001 85 7
hif-1(ia7) 19.6 236 204 <0.0001 102 101
hif-1(ia4) 215 247 14.7 < 0.0001 88 87
N2 16.7 23.4 39.7 <0.0001 104 103
N2 15.8 22.2 40.5 <0.0001 104 94
N2 18.4 246 334 < 0.0001 99 89
vhl-1(ok161) 20.0 25.0 249 < 0.0001 98 100
hif-1(ia7) 12.4 17.3 38.9 <0.0001 97 90
hif-1(ia7) 17.9 237 32.0 <0.0001 58 55
N2 16.8 224 32.7 <0.0001 104 101
N2 15.7 21.6 376 <0.0001 85 99
smg-1(cc546ts) 18.4 238 29.5 <0.0001 110 87
smg-1(cc546ts),pha-4(zu225) 14.2 135 -49 0.5482 94 109
smg-1(cc546ts),pha-4(zu225) 17.6 15.2 -14.0 0.0877 28 34
N2 13.6 20.7 51.8 <0.0001 103 104
smg-1(cc546ts) 16.2 23.0 422 <0.0001 114 121
smg-1(cc546ts),pha-4(zu225) 13.8 15.2 10.2 0.254 45 45
EV RNAI control 18.6 234 26.1 <0.0001 94 91
atp-2 RNAI 2238 225 -13 0.3471 97 94
EV RNAi control 18.8 227 20.6 < 0.0001 97 94
gfp RNAI control 18.5 23.1 253 <0.0001 101 98
ogdh-1 RNAi 21.2 211 -0.7 0.65 98 100
let-363 RNAI 221 236 6.8 0.02 94 95
gfp RNAI control 20.2 27.7 374 <0.0001 99 81
let-363 RNAI 251 257 21 0.9511 96 74
EV RNAi control 228 27.2 216 <0.0001 70 72
let-363 RNAI 274 27.2 -0.8 0.7239 64 80
EV RNAi control 19.7 24.3 23.8 <0.0001 93 84
atp-2 RNAI 25.3 23.4 7.4 < 0.0001 87 63
3 m o 4it n i R
Strain Vehicle—Oligomychn % difference  P-value Vehicle—Oligomyemn [Oligomycin]
N2 25.5 25.2 <0.0001 72 80 uM
N2 20.4 27.0 323 <0.0001 88 82 40 yM
N2 23.1 13.2 0.0005 50 20 uM
N2 22.0 79 0.0106 90 10 M
N m o n
Strain Vehicie Treatment % difference  P-value Vehicie Treatment Treatment
N2 145 16.9 16.8 0.0005 73 71 Octyl a-KG (500 M)
N2 145 17.0 16.8 < 0.0001 73 60 a-KG
N2 14.0 18.8 339 < 0.0001 12 114 Dimethyl a-KG
N2 14.0 20.7 47.8 <0.0001 12 114 a-KG
N2 15.7 21.6 37.6 < 0.0001 85 99 Disodium a-KG
R m S n
Strain Shicle = % difference  P-value VeRicls KG Food source
N2 17.4 21.2 21.6 0.0001 708 55 Live OP50
N2 19.0 23.0 21.0 0.0003 88 46 Dead OP50 (y-irradiated)
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SUPPLEMENTARY NOTES

a-KG dehydrogenase knockdown. Similar to a-KG supplemented animals, animals with RNAI
knockdown of a-KGDH (encoded by ogdh-1) also have increased endogenous levels of a-KG
(Extended Data Fig. 1b). These animals are also long-lived (Fig. 1f). While it is possible that
ogdh-1 knockdown extends lifespan by affecting other unknown pathways, the simplest
interpretation is that the increase in endogenous a-KG levels in these animals is sufficient for
long life. Consistent with this model, lifespan of ogdh-1(RNAI) animals is not increased by a-KG
supplementation. The ogdh-1(RNAI) worms also have higher level of autophagy with larger
number of GFP::LGG-1 puncta compared to empty vector control, which cannot be augmented
by addition of a-KG (Extended Data Fig. 7). While the results together strongly support the idea
that the effect of a-KG in longevity is largely direct and worm autonomous, an important caveat
is that ogdh-1 knockdown may not necessarily give all the same effects as exogenous a-KG
supplementation. For example, we found that whereas a-KG supplemented worms have normal
brood size (Extended Data Fig. 1h) ogdh-1 knockdown animals are sterile.

a-KG + NAD* + CoA — Succinyl CoA + CO2 + NADH

Since a-KGDH catalyzes the above reaction in the TCA cycle, loss of a-KGDH activity would not
only lead to a-KG accumulation but also diminish succinyl CoA and perturb NAD*/NADH, as
well as halt the TCA cycle. Defective a-KGDH function has been associated with severe
neurological dysfunction *.

Physiological regulation of a-KG levels. Although the concentration of a-KG was considered
to be constant in the TCA cycle, we have found that one can in fact increase a-KG
concentration in C. elegans either by supplementation or by knocking down the a-KGDH
enzyme (Extended Data Fig. 1b). An increase in a-KG levels has also been observed in human
HEK293 cells treated with a-keto-B-methyl-n-valeric acid, an inhibitor of a-KGDH 2. Moreover, it
has been documented that a-KG levels are subject to change under physiological conditions.
For example, a-KG accumulates in starved bacteria and yeast cells 3; in E. coli a-KG
accumulates rapidly by up to 10-fold in response to nitrogen starvation 6 and in cyanobacteria
a-KG is a signal of nitrogen status 2. In metazoans the issue is harder to address, due to the
enormous complexity involving multitudes of cell types, organs, and tissues. But there also
appear to be regulations of a-KG levels in response to feeding and starvation. For instance,
starved pigeons have ~50% higher a-KG in the liver °. Recently, it has emerged that physical
exercise can also increase a-KG levels. For example, after acute exercise urine a-KG
concentrations increased by 27% % and serum a-KG concentrations increased by over 50% 1.
We found that a-KG levels are elevated in starved C. elegans (Fig. 4d).
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The biochemical basis for this increase in a-KG upon starvation may be explained; in
gluconeogenesis, an increased rate of deamination of amino acids (to provide carbon) by the
glutamate-linked transaminases in the liver will lead to an increased formation of a-KG.
Consistently, caloric restriction has been shown to increase gluconeogenic and transaminase
enzyme activities in mouse liver 2. Dynamic regulations of a-KG occur in physiological
scenarios and represent an exciting avenue for future studies.

Evolutionary conservation of the ATP synthase. ATP synthase (Complex V) is highly
conserved throughout evolution, although the C. elegans mitochondrial genome lacks the ATP8
gene 3. The sequence of ATP8 differs among animals, plants, and fungi. Functionally, the
ATP8 subunit is not well studied and does not appear to be important for Complex V biology. a-
KG binds to the highly conserved ATP-2 subunit, and elicits its effects (both biochemically and
phenotypically) through ATP-2.

Comparison of ATP-2 inhibition by a-KG and by genetic means. Overall, a-KG appears to
inhibit ATP-2 more mildly than either the knockdown of atp-2 by RNAI or null alleles. For
example, atp-2(RNAI) animals arrest development as larvae, as do atp-2 null mutants #1°, In
contrast, larvae treated with a-KG do not arrest. Further, null mutations in atp-2 are associated
with very slow pharyngeal pumping *°, whereas a-KG treatment is not (Extended Data Fig. 19).
On the other hand, a-KG treatment resembles RNAI of atp-2 on most levels, including a
decrease in ATP content (Fig. 2e, and data not shown), reduction of oxygen consumption (Fig.
2g and Extended Data Fig. 2c), induction of autophagy (Fig. 4b-c), increase in ROS (Extended
Data Fig. 4), and extension of lifespan (Fig. 3a). Although a-KG supplementation and atp-2
RNAI are associated with many similar phenotypes, the differences noted above likely reflect
variable thresholds for responses to decreased ATP synthase activity in specific cells, biological
processes, or developmental events. In fact, work by Tsang and Lemire postulated that low
ATP-2 levels are sufficient to support many basic cellular and organismal processes, whereas
higher levels of ATP-2 are required for energy-intensive processes such as development and
reproduction . The longevity benefit derived from mild inhibition of ATP-2 by a-KG offers hope
for the future development of anti-aging therapies that are safe and effective.

Mode of inhibition of ATP synthase by a-KG. a-KG acts as an uncompetitive inhibitor of ATP
synthase, decreasing both the effective Vimax and Kn, of the enzyme (Fig. 2i). As expected of an
uncompetitive mechanism, inhibition of ATP synthase by a-KG works better at higher substrate
concentrations. This mechanism may serve to safeguard that ATP production would not be
inhibited inappropriately. An uncompetitive inhibitory mechanism means that the inhibitor binds
to the enzyme-substrate complex, but not to the free enzyme, resulting in an inactive enzyme-
substrate-inhibitor complex. Thus, a-KG binds only after ATP synthase has formed a complex
with its substrate; that is, the binding site of a-KG is created after, but away from, substrate
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binding. Consistently, using DARTS, we have mapped the binding site of a-KG in ATP synthase
by mass spectrometry identification of protected peptides. The single most highly protected
peptide, indicative of the putative a-KG binding site, is a 24-amino acid sequence corresponding
to residues 433-456 of ATP5B. The peptide count for this region was 33 in a-KG treated
samples, but undetectable in vehicle treated samples. This site is distinct from the Walker A
motif for substrate (nucleotide) binding 4, or the Walker B motif important for Mg?* binding and
catalysis %17, However, the site is exceptionally well conserved. For example, a comparison of
human, bovine, and C. elegans orthologues shows that this region is 100% identical among the
mitochondrial enzymes, and nearly identical to the sequences in Arabidopsis chloroplasts and
E. coli (the latter having 4 non-identical, but similar, residues). Therefore, a-KG binding could be
an important property of ATP5B that has evolved to regulate energy homeostasis by this
endogenous metabolite. A precise understanding of the detailed mechanism of a-KG inhibition
of ATP synthase will only be obtained when structural information is available.

Would known chemical inhibitors of the ETC have the similar lifespan extending effect as
a-KG? Among the known chemical inhibitors of the ETC, only antimycin A 8, an inhibitor of
Complex IlI, and oxaloacetate °, which is a potent inhibitor of Complex Il, have been reported in
the context of lifespan studies; both were shown to extend C. elegans lifespan. A well-known,
potent inhibitor of Complex V (ATP synthase) is oligomycin, which binds to the Fo subunit and
blocks proton transport. Like a-KG, oligomycin also extends the lifespan of adult C. elegans
(Extended Data Fig. 3a).

Involvement of daf-16/FOXO and aak-2/AMPK in a-KG longevity. Genetically, daf-16/FOXO
(Fig. 3e, and Extended Data Fig. 5b) and aak-2/AMPK (Extended Data Fig. 5a) are not essential
for lifespan extension by a-KG. However, in aak-2 and daf-16 mutant worms the longevity effect
of a-KG appears to be smaller than in N2 (Extended Data Fig. 5a, and Fig. 3e), suggesting that

AMPK and FOXO partially contribute to the longevity conferred by a-KG.

This is in contrast to OAA, which was found to require aak-2/AMPK and daf-16/FOXO for its
longevity effect 19, suggesting that the mechanisms behind the lifespan extension by the two
TCA cycle intermediates are distinct. Our finding is consistent with the fact that the loss of
function of aak-2 suppresses the lifespan of the long-lived daf-2 mutant 2°, since a-KG also
increases longevity of daf-2 worms (Fig. 3b).

aak-2 encodes the catalytic (a) subunit of AMP-activated protein kinase (AMPK), the cellular
sensor of low energy levels 2*. AMPK and TOR are two major regulators of cellular energy
homeostasis. AMPK is activated by increased AMP:ATP ratios, e.g., in glucose deprivation and
other metabolic stresses 2!, whereas TOR is inactivated upon amino acid limitation and other
nutrient stresses 223 and by decreased ATP 24 There is also emerging evidence for complex
crosstalk between the two pathways 2°2 and with FOXO and SIRT1 29,
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Activation of AMPK leads to enhanced energy production, decreased energy expenditure, and
redirection of cellular proper (e.g., through the induction of autophagy). However, the
requirements for AMPK vary under different starvation stresses. For example, in mammalian
cells AMPK is required for autophagy induction under glucose starvation but not amino acid
starvation 3. In C. elegans, AMPK/aak-2 has been shown to mediate dietary restriction (DR) in
C. elegans fed diluted bacteria but not DR in the eat-2 model 20:2%:32:33,

Consistent with decreased ATP content in a-KG treated cells and animals, P-AMPK is
upregulated upon Complex V inhibition by a-KG (Extended Data Fig. 6b). However, this
activation of AMPK appears to require more severe Complex V inhibition than the inactivation of
mTORC1, as either oligomycin or 400 uM of octyl a-KG was required for increased P-AMPK
whereas 200 uM of octyl a-KG was sufficient for decreased P-S6K (Extended Data Fig. 6b).
Interestingly, P-Akt was also only mildly decreased by octyl a-KG treatment but was strongly
diminished by oligomycin treatment (Fig. 4a). These differential effects by a-KG may explain
why aak-2/AMPK is not essential for a-KG to extend lifespan even though the extent of life
extension by a-KG may be smaller in the mutants. Consistent with the lifespan effects, we also
found that a-KG treatment induced the formation of additional GFP::LGG-1 puncta in aak-
2(RNAI) worms (**P < 0.01) (Extended Data Fig. 6c).

What is the role of reactive oxygen species (ROS) in lifespan extension by a-KG? The
relationship between ROS and lifespan regulation is not well understood. Increased levels of
ROS are thought to activate stress responses that protect the organism and ultimately enhance
longevity. However, ROS per se does not correlate with lifespan. For example, increased ROS
is found in both short-lived (e.g., mev-1, gas-1, and sdhb-1) 3 and long-lived (e.g., sod-2)
mutants. The ROS levels in ATP synthase mutants or knockdowns are not well characterized.
However, It has been reported that atp-3(RNAI) animals show a very slight, if any, increase in
the level of protein oxidization levels (which occurs as a result of damage from ROS) as
assessed by Oxyblot *. We also observed a slight increase in the abundance of oxidized
proteins in animals treated with a-KG by Oxyblot (Extended Data Fig. 4b). Likewise, when ROS
levels were measured by DCF fluorescence, both a-KG treated and atp-2(RNAI) adults
exhibited increased ROS levels (Extended Data Fig. 4a). Together, our data suggest that ROS
levels are increased in both a-KG treated and atp-2(RNAI) animals, further substantiating the
model that a-KG inhibits ATP-2 in vivo. However, we consider this increase in ROS levels
unlikely to play a major role in the lifespan extension conferred by a-KG for the following
reasons.

First, as described above, increased ROS does not necessarily dictate a longer lifespan.
Second, it has previously been shown that supplementation of long-lived eat-2 mutant animals
with the prooxidant paraquat further extends their lifespan 3¢, whereas a-KG does not further
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extend the lifespan of eat-2 mutants (Fig. 3c). Third, ROS has been shown to activate the TOR
pathway 3738, whereas a-KG has the opposite effect—inhibiting TOR and activating autophagy
(Fig. 4b-c). Lastly, it has been postulated that the increased ROS in mitochondrial ETC mutants
promotes longevity by increasing the activity of hypoxia-inducible factor 1 (HIF-1) *°, whereas a-
KG longevity does not require HIF-1 (Fig. 3g, and Extended Data Fig. 5c).
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CHAPTER 3

2-Hydroxyglutarate Inhibits ATP Synthase and mTOR

Signaling

(A reprint of “2-Hydroxyglutarate Inhibits ATP Synthase and mTOR Signaling,” which was

previously published in Cell Metabolism (2015; 22: 508-515), is provided here as Chapter 3)
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SUMMARY

We discovered recently that the central metab-
olite a-ketoglutarate (a-KG) extends the lifespan of
C. elegans through inhibition of ATP synthase and
TCR signaling. Here we find, unexpectedly, that
(M-2-hydroxyglutarate ((R)-2HG), an oncometabolite
that interferes with various «-KG-mediated pro-
cesses, similarly extends worm lifespan. (R)-2HG
accumulates in human cancers carrying neomorphic
mutations in the isocitrate dehydrogenase {IDH) 1
and 2 genes. We show that, like «-KG, both (R}-2HG
and (S)-2HG kind and inhibit ATP synthase and inhibit
mTOR signaling. These effects are mirrored in IDH1
mutant cells, suggesting a growth-suppressive func-
tion of (R)-2HG. Consistently, inhibition of ATP syn-
thase by 2-HG or «-KG in glioblastoma cells is suffi-
cient for growth arrest and tumor cell Killing under
conditions of glucose limitation, e.g., when ketone
bedies (instead of glucose) are supplied for energy.
These findings inform therapeutic strategies and
open avenues for investigating the roles of 2-HG and
metabolites in biclogy and disease.

INTRODUCTION

Aberrant metabolism, long symbolic of inherited metabolic dis-
eases, is now recognized as a hallmark of many other patho-
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genic conditions, including cancer {Warburg, 1956; Vander Hei-
den et al., 2009). Recently, we discovered that the common
metabolite «-ketoglutarate (x-KG) increases the lifespan of
adult C. elegans by inhibiting the highly conserved ATP syn-
thase and the TOR pathway, mimicking dietary restriction in
longevity (Chin et al., 2014). Furthermare, the observation that
5-KG inhibits mTOR function in normal human cells implies a
rele for z-KG as an endogenous tumor suppresser metabolite
(Chin et al., 2014). Known for its role in central carbon meta-
bolism as a tricarboxylic acid (TCA) cycle intermediate, o-KG
is universal to all cellular life. #-KG also serves as a co-sub-
strate for a large family of dioxygenases with functions in
cellular processes such as hypoxic response and epigenetic
regulation. The identification of =-KG as a regulator of ATP syn-
thase reveals a new mechanism for longevity regulation through
metabolite signaling and suggests that there likely exist other
metabolites that play signaling roles in aging. Particularly, me-
tabolites that are similar in structure to o-KG may also modify
lifespan through interactions with ATP synthase, and the life-
span effects of metabolites may correlate with their involve-
ment in human disease.

In the TCA cycle, 2-KG is produced from isocitrate by isoci-
trate dehydrogenase (IDH). Catalytic arginine mutations in
the IDH1 and IDH2 genes found in gliomas and acute
myeloid leukemia (AML) result in neomerphic enzymes that,
instead, convert «-KG to the structurally similar (R)-2-hydroxy-
glutarate ((R)-2HG), which accumulates to exceedingly high
levels in these patients {Dang et al., 2009; Gross et al., 2010;
Ward et al., 2010; Xu et al., 2011). {R)-2HG is now considered
an oncometabolite, impairing epigenetic and hypoxic regula-
tion through its binding to o-KG-dependent dioxygenases {Lu
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et al., 2012; Koivunen et al., 2012). The development of inhib-
itors of mutant IDH that nermalize (R)-2HG levels is an attrac-
tive cancer therapeutic strategy (Wang et al,, 2013; Rohle
et al, 2013). Paradoxically, however, brain cancer patients
with IDH mutations have a longer median overall survival
than patients without mutations (Parsons et al., 2008; Yan
et al., 2009; van den Bent et al., 2010), hinting at additional
complexity in the biclogy of these cancers, {R)-2HG and (S)-
2-hydroxyglutarate ((S)-2HG) have also been found to accumu-
late in tissues of individuals with germline mutations in genes
enceding the corresponding 2-HG dehydrogenases {Kranen-
dijk et al., 2012; Steenweg et al.,, 2010). The resulting 2-HG
aciduria is associated with neurological manifestations whose
molecular mechanisms are unknown (Kranendijk et al., 2010),
We set out to identify additional targets of 2-HG to elucidate
the mechanisms underlying the seemingly disparate 2-HG-
related phenotypes.

RESULTS AND DISCUSSION

2-HG Extends the Lifespan of Adult C. elegans

We have demonstrated that 2-KG promotes longevity through
inhibition of ATP synthase (Chin et al., 2014). Given the structural
similarity between o-KG and 2-HG (Figure 1A) and the asso-
ciation of 2-HG with cancer and neurological dysfunction, we
asked whether 2-HG influences longevity. Surprisingly, both
(R)-2HG and (S)-2HG increase the lifespan of C. efegans (Figures
1B and 1C). Notably, (R)-2HG, (S)-2HG, and «-KG interact
distinctly with the «-KG-dependent dioxygenases (Koivunen
et al., 2012, Tarhonskaya et al., 2014). Therefore, the similar ef-
fect of 2-KG and {R)- and {S)-2-HG on lifespan points to a com-
mon mechanism that is independent of dioxygenases or any
enantiomer-specific 2-HG effects {da Silva et al., 2002; Latini
et al., 2005; Wajne et al., 2002; Chan et al., 2015). Because we
identified the ATP synthase B subunit {ATP5B) as a target of
o-KG{Chinetal., 2014), we asked whether 2-HG acts by a similar
mechanism.

ATP Synthase Is a Molecular Target of 2-HG

To determine whether 2-HG targets ATP5B, we first performed a
drug affinity-responsive target stability {DARTS) analysis {_ome-
nick et al., 2009) using U87 human glioblastoma cells. We found
that both (R)-2HG and (S)-2HG bind to ATPSB (Figure 2A; data
nat shown). Like o-KG, both 2-HG enantiomers inhibit ATP syn-
thase (complex V) {Figures 2B and 2C; Figures S1A-81C). This
inhibition is specific because there is no inhibition by either
enantiomer on ather electron transport chain (ETC) complexes
(Figures S1D-81F} or ADP import into the mitochondria (Fig-
ure S1G). The inhibition of ATP synthase by 2-HG is also readily
detected in live cells. Treatment of U87 cells (wild-type IDH1/2)
with membrane-permeable octyl esters of 2-HG or 5-KG results
in decreased cellular ATP content (Figure S2A) and a decreased
ATP/ADP ratio (Figure 2D; Figure S2B) under mitochondrially
oxidative phosphorylation {OXPHOS) conditions, as with the
ATP synthase inhibitor oligomycin (Figures S2A and S2B). As ex-
pected, both basal and ATP synthase-linked oxygen consump-
tion rates (OCRs) are decreased in 2-HG-treated cells (Figure 2E;
Figures 52C and 52D}, and lifespan increase by 2-HG is depen-
dent on ATP synthase (Figure S2E).

IDH1{R132H) Mutant Cells Have Decreased ATP Content
and Mitochondrial Respiration

At normal cellular concentrations of ~200 uM {Gross et al., 2010),
(R)-2HG is unlikely to cause significant inhibition of ATP syn-
thase. However, in glioma patients with IDH mutations where
(R)-2HG accumulates to 10-100 times of natural levels {Dang
et al., 2009; Gross et al., 2010}, inhibition of ATP synthase would
be possible. To test this idea, we used U87 cells stably ex-
pressing IDH1(R132H), the most common IDH mutation in
glioma (Yan et al., 2009). Similar to octyl (R)-2HG-treated
cells, U87/IDH1(R132H) cells exhibit decreased ATP content
and ATP/ADF ratio (Figure 3A) and CCR {Figure 3B) compared
with isogenic IDH1(WT)-expressing U87 cells. Importantly, the
decrease in respiration in IDH1{R132H) cells is attributable
to ATP synthase (complex V) inhibition. Although there is a
clear difference in basal respiration rates in U87/IDH1{WT)
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(A) DARTS identifies ATP5B as a 2-HG binding protein. UB7 cell extracts were used. Succinate served as a negative control.

(B) Inhihition of ATP synthase by 2-HG. 2-HG, releasad from octyl 2-HG (600 pM), decreases (p < 0.001) state 3, but not state 40 or 3u, respiration in mitochondria
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(C) Inhibition of submitochondrial particle ATPase by 2-HG acid but not by succinic acid. *p < 0.05, “p < 0.01, **p < 0.001, **p < 0.0001; NS, p > 0.05. Oligo,

oligomycin (32 uM).

(D) Decreased ATP/ADP ratio in UB7 cells treated with actyl 2-HG but not octyl citrate, indicating specificity and excluding any effectinvolving ectanol. *p < 0.05,

"p < 0.001; NS, p > 0.05.

(E} Decreased respiration as indicated by OCR (**p < 0.01) in octyl 2-HG-treated U87 cells In glucose medium. Octanol shows no effect on OCR compared

with DMSQ,

For (A}-{E), results were replicated in at least two independent experiments. Unpaired t test, two-tailed, two-sample unequal variance was used for (B}HE).

Mean 8D is plotted.

versus U87/IDH1{R132H) cells, cligomycin-insensitive respira-
tion, which is independent of complex V, is not significantly
different between IDH1{WT) and IDH1(R132H}) cells (Figure 3C).
Furthermore, complex V knockdown using ATP5B RNAI nor-
malizes the respiration difference between IDH1(R132H) and
IDH1(WT) cells (Figure 3D). Consistently, the difference in ATP
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content of U87/IDH1(WT) and U87/IDH1{R132H) cells is dimin-
ished upon treatment with octyl {R)-2HG (Figure 3E). Similar re-
sults were obtained in HCT 116 IDH1(R132H/+) cells (Figures
S3A and 33B). In addition, the mitochondrial membrane poten-
tialin IDH1 mutant cells is higher than in IDH1 wild-type cells (Fig-
ure 3F; Figure S3C), consistent with the inhibition of complex V
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Figure 3. Inhibition of ATP Synthase in IDH1{R132H) Cells

(A) Decreased ATP levels and ATP/ADP ratio in U87/IDH1(R132H} cells {***"p < 0.0001).

(B) Decreased respiration in U87/IDH1{R132H) cells (*"p = 0.0037).

(C and D) Decreased respiration in U87/IDH1(R132H) cells is complex V-dependent (*p < 0.01, **p < 0.001; NS, p > 0.05).

(E) Decreased ATP content in U87/IDH1(R132H) cells is attributable to (R)-2HG (**““p < 0.0001; NS, p » 0.05).

{F) Increased mitochondrial membrane potential in US7/IDH1(R132H) cells normalized to cell number (***p < 0.0001).

(&) 2-HG accumulation in U87/IDH1(R132H) cells (**p = 0.0003).

(H) Metabolic profile of octyl (R)-2HG-treated U87 cells (™p < 0.001, *p = 0.0435). It is possible that the flux rate changed without affecting the absolute
abundance of the intermediates.

() Model of metabolite signaling through ATP synthase inhibition.

Unpaired t test, two-tailed, two-sample unequal variance was used for (A)-(H). Mean = SD is plotted. Results were replicated in at least two independent
experiments.
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(Johnson et al., 1981). In contrast, inhibition of ETC complex |, Il
or IV causes dissipation of the mitochondrial membrane poten-
tial (Johnson et al.,, 1981}

The intracellular (R)-2HG levels are ~20- to 100-fold higher in
U87 and HCT 116 cells expressing IDH1(R132H}) than in control
cells (Figure 3G; Figure S3D). The elevated (R)-2HG levels are
comparable with those found in cells treated with octyl (R)-
2HG (Figure 3H), and levels reported for IDH1 mutant tumor sam-
ples (Dang et al., 2009; Gross et al., 2010; Reitman et al., 2011).
The detection of similar (R)-2HG levels in tumors as in octyl (R)-
2HG-treated cells suggests that the tumor cells likely experience
reduced ATP synthase and mitochondrial respiration, raising po-
tential prognostic or therapeutic implications (see below),

2-HG Accumulation Does Not Alter the Levels of
Common Metabolites

The metabolite 2-HG is linked to the TCA cycle and related
amino acid metabolic pathways (Figure 3}, To explore potential
metabolic changes upon octyl 2-HG treatment, we measured
metabolite levels in octyl 2-HG-treated cells cultured in 1,2-13C-
glucose-containing medium by liquid chromatography/mass
spectrometry (LC/MS). As expected, 2-HG accumulates 20- to
100-fold more after octyl 2-HG treatment (Figure 3H; Figure S3E).
There is no dramatic change (<2-fold) in TCA cycle metabolites or
related amino acids (Figure 3H; Figure S3E). As expected, the bulk
of the increased 2-HG came from the hydrolysis of exogenously
provided octyl 2-HG, as indicated by the unlabeled M+0 iso-
topomer (Figure S3F; data not shown for octyl (S)-2HG treatment).
There is also no major change {<2-fold) in labeled TCA cycle inter-
mediates and related amino acids (Figure S3G). Similarly, treat-
ment with octyl 2-KG causes an increase in «-KG levels without
other substantial changes in the metabolic profile (Figure S3H}.
The steady-state metabolic profiles cbserved in 2-HG-treated
(or 2-KG-treated) cells support the nation that the bioenergetic
shift results from the direct inhibition of ATP synthase by 2-HG
(or 2-KG) rather than secondary effects (Figure 2l).

IDH1(R132H) Mutant Cells Exhibit Intrinsic Vulnerability
to Glucese Limitation

As the end component of the mitochendrial ETC, ATP synthase is
a major source of cellular energy and the scle site for OXPHOS
(Walker, 2013). When glycolysis is inhibited, for example, under
conditions of glucose insufficiency, cells are forced to rely
on mitochendrial respiration as a source of ATP. The inherent
inhibition of ATP synthase and mitochondrial respiration in mutant
IDH1 cancer cells therefore suggests a potential Achilles heel for
these cancers. Supperting this idea, when cultured in glucose-
free, galactose-containing medium to ensure that respiration is
the primary source of energy, IDH1{R132H) cells exhibit drasti-
cally decreased cell viability (Figure 4A; Figure S4A). These
results indicate a particular sensitivity of IDH1{R132H) mutant
cells to the deprivation of glucose. The mutant cell line is not
sensitive to fetal bovine serum (FBS) deprivation {data not shown),
indicating that its increased vulnerability to glucose starvation is
specific. This vulnerability to glucose starvation is also evident
in UBY cells treated with octyl o-KG or octyl 2-HG (Figures 4B—
4D; Figure S4B) and in ATP5B knockdown cells (Figure 4E).
These findings raise the possibility that cancer cells with the
IDH1(R132H) mutation (and the concomitant ATP synthase/mito-
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chondrial respiration defect) may also be particularly sensitive to
nutrient conditions analogous to glucose limitation.

In complex organisms, glucose limitation can occur as aconse-
quence of ketosis, wherein cells use ketone bodies (instead of
glucose) for energy. Ketosis is naturally induced upon prolonged
starvation {or fasting), during which cells derive energy from fat
reservoirs while sparing protein in muscle and other tissues from
catabolism. Ketosis can also be induced by feeding a low-carbe-
hydrate, high-fat “ketogenic diet,” which has shown benefits
against cancer (Stafford et al., 2010). One reason for this may be
thattumor cells largely depend on glucose for growth and survival.
Because the metabolism of ketone bodies depends entirely on
OXPHOS, one prediction is that inhibiting ATP synthase {or other
ETC compenents) in cancer cells would confer a survival disad-
vantage if ketone bodies were the only source of energy. Because
U87 cells are unable to utilize ketone bodies for energy, we deter-
mined the effect of ketogenic conditions using HCT 116 cells ex-
pressing mutant IDH1. When cultured in glucose-free medium
containing the ketone body (R)-3-hydroxybutyrate, IDH1 mutant
HCT 116 cells showed a profound decrease in viability compared
with the parental cells (Figure 4F), confirming the suspected meta-
bolic weakness of IDH mutant cells. These results further support
our discovery that {R)-2HG accumulation in mutant IDH cancer
cells results in ATP synthase inhibition and also suggest novel
metabolic therapeutic strategies in cancer treatment.

Decreased mTOR Signaling and Cell Growth by 2-HG
Inhibition of ATP synthase leads to decreased TOR signaling in
mammalian cells, worms, and flies {Chin et al., 2014; Sun et al.,
2014). We found that ATP5B knockdown (Figure 4G}, treatment
with octyl esters of 2-HG (Figure 4H), and IDH1(R132H) mutation
(Figure 41) all decrease the phosphorylation of mMTOR complex 1
substrates. This effect occurs initially (4 h) in an AMPK-indepen-
dent manner, with 2-HG decreasing mTOR signaling without
significantly altering AMPK activity. However, prolonged expo-
sure to 2-HG (24 h) also activates AMPK (Figure S4C), consistent
with the idea that mTOR itself may directly sense ATP (Dennis
et al., 2001) in addition to responding to AMP levels through
crosstalk with AMPK (Shaw, 2009; Incki et al., 2012},

TOR is a major regulator of cell growth {Elagosklonny and
Hall, 20C8). Consistent with the decreased TOR signaling, we
observed growth inhibition in ATPSB knockdown cells (Fig-
ure 54D), in cells treated with octyl «#-KG or octyl 2-HG (Figures
S4E-84G), and in IDH1{R132H)-expressing cells {Figures 54H
and S4l). ATPSB RNAi normalizes the growth difference be-
tween IDH1{R132H} and IDH1{WT) cells (Figure S4J). Growth
inhibition by 2-HG (and by «-KG) is also observed in WI-38
normal human diploid fibroblasts, in immortalized non-malig-
nant HEK293 cells, and in other cancer cell lines tested (Figures
S4K-84N). These results suggest that, when present in excess,
2-HG acts as a growth-inhibitory metabolite across cell types.
Further work is warranted to test whether the growth-inhibitory
effect of {R)-2HG underlies the longer median overall survival of
glioma patients with IDH mutations.

SUMMARY

We demonstrate that, similar to «-KG, both enantiomers of
2-HG bind and inhibit ATP synthase and extend the lifespan of
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Figure 4. Inherent Vulnerability, or the Loss of Cell Viability, Characteristic of Cells with ATP5B Knceckdown, 2-HG Accumulation, or IDH

Mutations

(A) UB7/IDH1{R132H) cells have increased vulnerability to glucose starvation (**p < 0.001).
(B-D) Octyl 2-KG- or octyl 2-HG-treated U87 cells exhibit decreased viability upon glucose starvation {***p < 0.0001, ***p < 0.001, *'p < 0.01, "p < 0.05).

(E) ATP5B knockdown inhibits UB7 cell growth (**p = 0.0004).

{F) HCT 118 IDH1{R132H/+) cells exhibit increased vulnerability to glucose-free medium supplemented with (R)-3-hydroxybutyrate (*p < 0.001).
(G-1) U7 cells with ATP5B knockdown or octyl esters of «-KG or 2-HG treatment and HCT 116 IDH1{R132H/+) cells exhibit decreased mTOR complex 1 activity

in glucose-free, galactose-containing medium.

For (A)-(E), cells were cultured in galactose medium. All lanes in (1) are on the same blot. Spaces indicate the positions of unnecessary lanes that were removed
digitally. Octanol has no effect on mTOR activity. Unpaired t test, two-tailed, two-sample unequal variance was used for (Al-(F). Mean + SD is plotted. Results in

(A)=(l) were replicated in at least two independent experiments.

C. efegans. Inhibition of ATP synthase by these related metabo-
lites decreases mitochondrial respiration and mTOR signaling.
Both 2-HG and «-KG exhibit broad growth-inhibitory effects
and reduce cancer cell viability under glucose-restricted condi-
tions. It is now recognized that (R}-2HG, which accumulates in
IDH mutant cancers, facilitates oncogenic transformation. Little
is known, however, about how (R)-2HG modifies the phenotype
of IDH mutant gliomas when the tumors are formed. Our findings
suggest that, in addition to interfering with various «-KG binding
factors with importance in cancer, (R)-2HG also acts, through
inhibition of ATP synthase and mTOR signaling downstream, to

decrease tumar cell growth and viability. The latter property
may contribute to the improved prognosis of IDH mutant glioma
patients. This idea is consistent with emerging findings that the
inhibition of ETC complex | in cancer could be an sffective ther-
apeutic strategy (Wheaton et al., 2014; Birsoy et al., 2014).
Together, these findings highlight a hepeful approach to cancer
prevention and treatment by targeting certain aging pathways
through metabolic modulation.

The effects of excess 2-HG are likely to be context-depen-
dent. Although its growth-inhibitory effects may be beneficial in
cancer, in 2-HG aciduria, the inhibition of ATP synthase and
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the resulting impaired mitochondrial function could contribute to
neurological dysfunction (da Silva et al., 2002; Wajne et al., 2002;
Kélker et al., 2002; Latini et al., 2005). Therefore, the identifica-
tion of ATP synthase as a target of both 2-HG enantiomers
provides a congruent molecular basis for 2-HG-associated
cancer ahd neurclogical disorders. We postulate that altered
mitochondrial energy metabalism may contribute to the inverse
susceptibility to cancer and neurodegenerative diseases (e.g.,
Parkinson’s disease). Finally, our findings raise the possibility
that nutrient and/or metabolic intervention per se, such as diets
that lower the reliance con glucose, and/or approaches that
perturb cellular energy metabolism (e.g., by targeting OXPHOS),
may benefit glioma patients, Such approaches may be particu-
larly valuable forimproving the survival of glioma patients without
IDH mutations, who otherwise have no means to inherently curb
mitochondrial respiration, and for cancer prevention and treat-
ment in general.

EXPERIMENTAL PROCEDURES

Lifespan Analysis

Lifespan experiments were performed as described previously (Chin st al.,
2014). Lifespan assays were conducted at 20°C on solid nematode growth
medium (NGM). L4 or young adult animals were placed onto NGM assay
plates containing D-2-HG (Sigma, catalog no. HB378), L-2-HG (Sigma,
catalog ne. 80790), «-KG (Sigma, catalog no. K1128), or vehicle control
(H-0). Assay plates were seeded with OP50. For RNAI experiments, NGM
assay plates also contained 1 mM isopropyl-B-D-thiogalactoside {IPTG) and
50 pg/ml ampicillin and were seeded with the appropriate RNA feeding clone
{Thermo Scientific/CpenBiosystems). The C. elegans TOR {/et-363) RNAI
clone was obtained from Joseph Avruch (Massachusetts General Hospital/
Harvard). To assess the survival of the worms, the animals were prodded
with a platinum wire every 2-3 days, and those that failed to respond were
scored as dead. Worms that ruptured, bagged, or crawled off the plates
were censored. Lifespan data were analyzed using GraphPad Prism. p Values
were calculated using the log-rank (Mantel-Cox) test unless stated otherwise.

Target Identification Using DARTS
DARTS was performed as described previously (Lomenick et al., 2009).

Measurement of Mitochondrial Respiration

Mitochondrial respiration was analyzed using isolated mitochondria (Brand
and Nichells, 2011). Animal studies were performed under approved University
of California Los Angeles (UGLA) animal research protocols.

Cell Growth and Viability Assays

Cells were seeded in 12-well plates and, after overnight incubation, treated
with the indicated concentrations of each compound. After harvesting, cells
were stained with acridine orange (AQ) and 4',6-diamidino-2-phenylindole
{DAPY). Cell number and viability were measured based on AQ and DAP! fluo-
rescence as measured by NC3000 (ChemoMetec) following the manufac-
turer's instructions.

Metabolic Profile Analysis

Cells were cultured for 24 hr and rinsed with PBS, and medium containing
1,2-"3C-glucose (1 g/l) was added. After 24-hr culture, cells were rinsed with
ice-cold 150 mM NH,AcO (pH 7.3), followed by addition of 400 pl cold meth-
anol and 400 ul cold water. Cells were scraped off and transferred to an
Eppendorf tube, and 10 nmol norvaline as well as 400 pl chleroform were
added to each sample. For the metabolite extraction, samples were vortexed
for 5 min on ice and spun down, and the aqueous layer was transferred into
a glass vial and dried. Metabolites were resuspended in 70% ACN, and a
5-pl sample was loaded onto a Phenomenex Luna 3u NH2 100A (150 x
2.0 mm) column. The chromatographic separation was performed on an
UltiMate 3000RSLC (Thermo Scientific) with mobile phases A (6 mM NH,ACO
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[pH 9.9)) and B (ACN} and a flow rate of 300 pl/ min. The gradient ran from 15%
Ato95% Aover 18 min, 9min isacratic at 95% A, and re-equilibration for 7 min.
Metabolite detection was achieved with a Thermo Scientific Q Exactive mass
spectrometer run in polarity switching mode (+3.0 kV / —2.25 kV). TraceFinder
3.1 (Thermo Scientific) was used to quantify metabolites as the area under the
curve using retention time and accurate mass measurements (<3 ppm). Rela-
tive amounts of metabolites were calculated by summing up all isotopomers of
a given metabolite and normalized to the internal standard and cell number.
Natural oceurring "G was accounted fer as described by Yuan et al. (2008).

Statistical Analyses

All experiments were repeated at least two times with identical or similar re-
sults. Data represent biological replicates. Appropriate statistical tests were
used for every figure. Mean + SD is plotted in all figures. See the Supplemental
Experimental Procedures for details,

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at htto://dx.dol.org/
10.1016/j.cmet.2015.06.009.
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Figure $1, related to Figure 2. 2-HG does not affect the electron flow through the electron
transport chain and does not affect ADP import

(A) Kinetic graphs of oxygen tension for Complex Il coupling assay shown in Figure 2B, indicating
that oxygen is not limiting in the assay.

(B) Octyl citrate (600 pM) has no effect on mitochondrial respiration and serves as a negative
control for octyl 2-HG in Figure 2B; octyl a-KG (Chin et al., 2014) serves as a positive control.

(C) Inhibition of submitochondrial particle ATPase activity by a-KG acid and not by succinic acid
(*P < 0.05, **P < 0.01; NS, P> 0.05; unpaired {-test, two-tailed, two-sample unequal variance).
Oligo, oligomycin (32 pM). Mean = s.d. is plotted.

(D) OCR from isolated mouse liver mitochondria at basal (pyruvate and malate as Complex |
substrates, in presence of FCCP) and in response to sequential injection of rotencne (Rote;
Complex | inhibitor), succinate (Complex Il substrate), antimycin A (AA; complex lll inhibitor),
tetramethylphenylenediamine (TMPD; cytochrome ¢ (Complex V) substrate). No difference in
Complex | (C 1), Complex Il (C 11}, or Complex IV (C IV) respiration is observed after 30 min
treatment with 600 pM of octyl 2-HG, whereas Complex V is inhibited (Figure 2B) by the same
treatment (2 independent experiments). Octanol is used as vehicle.

(E) Kinetic graphs of oxygen tension for the electron flow assay shown in (D), indicating that
oxygen is not limiting in the assay.

(F) 2-HG does not inhibit Complex IV (NS, P > 0.05). NaN3 (5 mM), a known Complex IV inhibitor,
is used as positive control (**P = 0.0037; unpaired t-test, two-tailed, two-sample unequal
variance). Mean + s.d. is plotted.

(G) ADP import was measured in the presence of octanol (vehicle control) or octyl 2-HG (600
uM). Octyl (R)-2HG, P = 0.4237; octyl (S)-2HG, P = 0.1623. CATR (carboxyatractyloside, 10 uM),
a known inhibitor for ADP import, was used as a positive control for the assay (***P = 0.0003). By
unpaired f-test, two-tailed, two-sample unequal variance. Mean + s.d. is plotted in all cases.
(A-G) Results were replicated in at least two independent assays.
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Figure S2, related to Figure 2. 2-HG inhibits cellular respiration and decreases ATP levels
(A) Decreased ATP content in U87 cells treated with octyl 2-HG or octyl a-KG (*P < 0.05, ***P <
0.001), but not with octyl citrate (NS, P > 0.05). Oligomycin (5 uM), a known inhibitor of ATP
synthase, is used as a positive control. Octanol has no effect on ATP content.

(B) Octyl a-KG (800 pM) decreases ATP/ADP ratio. Oligomycin (5 uM) is a positive control. **P <
0.01, **P < 0.001.

(C-D) U87 cells treated with octyl 2-HG have decreased ATP synthase dependent {oligomycin
sensitive) oxygen consumption rate (OCR) (**P < 0.01, **P < 0.001).

By unpaired f-test, two-tailed, two-sample unequal variance.

(E) 2-HG longevity is mediated through ATP synthase and TOR. afp-2 and /e{-363 are the C.
elegans homologs of ATPSB and TOR, respectively. Percent alive at day 19 of adulthood is
plotted. *P < 0.05, by Fisher's exact test, two-tailed.

(A-E) Results were replicated in at least two independent assays. Mean 1 s.d. is plotted in all
cases.
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Figure S3, related to Figure 3. Cellular energetics and metabolic profiles of 2-HG
accumulated cells

(A) HCT 116 IDH1(R132H/+) cells exhibit decreased respiration (**P = 0.0015).

(B) Decreased respiration in HCT 116 IDH1(R132H/+) cells is ATP synthase dependent (*P =
0.01; **P < 0.0001; NS, P=0.0868).

(C) HCT 116 IDH1(R132H/+) cells exhibit increased mitochondrial membrane potential (****P <
0.0001); data were normalized to cell number.

(D) 2-HG levels are ~100 folder higher in HCT 116/IDH1(R132H/+) cells than in parental control
cells (***P < 0.0001).

(E) Metabolic profile of TCA cycle intermediates and related amino acids in octyl (S)-2HG treated
U87 cells (*P < 0.05).

(F) 2-HG isotopomer distribution in cells cultured in medium containing 1,2-'*C-glucose. **P =
0.0039, *P=0.0407; NS, P=0.4399.

(G) Percentage of labeled metabolites in cells cultured in medium containing 1,2-"*C-glucose.
By unpaired t-test, two-tailed, two-sample unequal variance. Mean = s.d. is plotted in all cases.
Oligomycin has been reported to affect the total glucose contribution to citrate (Fendt et al.,
2013). Since oligomycin inhibits the Fq subunit whereas 2-HG (and a-KG) targets the F, subunit,
it is not likely that they will confer completely the same effects. Different levels of ATP synthase
inhibition by a-KG, oligomycin, and genetic alteraticns are also known to elicit similar but non-
identical phenotypes (Chin ef al., 2014).
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(H) Metabolic profile of TCA cycle intermediates and related amino acids in octyl a-KG treated
HEK 293 cells (***P < 0.001, **FP < 0.01).

(A-G) Results were replicated in two independent experiments; (H) results were cbtained from
three biological replicates in one experiment.
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Figure S4, related to Figure 4. Cells with ATP5B knockdown, octyl a-KG or octyl 2-HG
treatment, or IDH mutations exhibit decreased viability and proliferation rate.

(A) HCT 116 IDH1(R132H/+} cells exhibit decreased viability upon glucose starvation. Cells were
cultured in glucose-free, galactose-containing medium.

(B) Octyl citrate treated U87 cells do not exhibit altered viability upon glucose starvation. Cells
were cultured in galactose medium. Octy! citrate and octyl (R)-2HG were each at 800 pM.

(C) mTOR complex | activity is decreased in U87 cells treated with octyl 2-HG through both an
AMPK-independent and AMPK-depenent manner. Cells were cultured in glucose-free, galactose-
containing medium. Phospho-rapter (§792) is not clearly modulated upon octyl 2-HG treatment,
suggesting that raptor phosphorylation may not play a major role in 2-HG mediated mTCR
signaling in U87 cells, consistent with results using oligecmycin treatment.

(DY ATP5B knockdown decreases the growth rate of U87 cells even in glucose-containing
medium.

(E-G) U8Tcells exhibit decreased growth rate upon treatment with octyl a-KG (E), octyl (R)-2HG
(F), or octyl (S)}-2HG (G) in glucose-free medium (galactose medium). In glucose-containing
medium growth rate was also reduced albeit to a lesser extent (not shown).

(H) Compared to U8B7/IDH(WT) cells, U87/IDH1(R132H) cells exhibit decreased growth rate both
in glucose-containing (Glc) and in glucose-free, galactose-contaning (Gal) media.

() HCT 116 IDH1(R132H/+) cells present decreased proliferation both in glucose-containing (Glc)
and in glucose-free, galactose-containing (Gal) media.

(J) Reduced growth in U87/IDH1(R132H) cells is ATP synthase dependent.

(K-N) WI-38, HEK293.Jurkat, A549 cells also exhibit decreased growth rate upen treatment with
octyl 2-HG or octyl a-KG in glucose-containing medium.

=P < (0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; NS, P > 0.05; unpaired #-test, two-tailed, two-
sample unequal variance. Mean + s.d. is plotted in all cases. All growth curve results were
replicated in at least two independent experimens.
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Supplemental Experimental Procedures

Lifespan analysis

Lifespan experiments were performed as previously described (Chin et al., 2014). Lifespan assays were
conducted at 20 °C on solid nematode growth media (NGM) using standard protocols and were replicated
in at least two independent experiments. C. elegans were synchronized by performing either a timed egg
lay (Sutphin and Kaeberlein, 2009) or an egg preparation (lysing ~100 gravid worms in 70 pl M9 buffer
(Brenner, 1974), 25 ul bleach (10% sodium hypochlorite solution) and 5 ul 10 N NaOH). L4 or young
adult animals were picked onto NGM assay plates containing 1.5% dimethyl sulfoxide (DMSO; Sigma,
D8418), 49.5 uM 5-fluoro-2'-deoxyuridine (Sutphin and Kaeberlein, 2009)(FUDR; Sigma, F0503), and D-
2-HG ({Sigma, H8378), L-2-HG (Sigma, 90790), a-KG (Sigma, K1128), or vehicle control (H,O). FUDR
was included to prevent progeny production. All compounds were mixed into the NGM media after
autoclaving and before solidification of the media. Assay plates were seeded with OP50. For RNAi
experiments, NGM assay plates also contained 1 mM isopropyl-b-D-thiogalactoside (IPTG) and 50 pg/mL
ampicillin, and were seeded with the appropriate RNAI feeding clone (Thermo Scientific /
OpenBiosystems). The (. elegans TOR (let-363) RNAI clone was obtained from Joseph Avruch
(MGH/Harvard). Worms were moved to new assay plates every 4 days (to ensure sufficient food was
present at all times and to reduce the rigk of mould contamination). To assess the survival of the worms, the
animals were prodded with a platinum wire every 23 days, and those that failed to respond were scored as
dead. Animals were assigned randomly to the experimental groups. Worms that ruptured, bagged (that is,
exhibited internal progeny hatching), or crawled off the plates were censored. Lifespan data were analysed
using GraphPad Prism; P values were calculated using the log-rank (Mantel-Cox) test unless stated
otherwise.

Target identification using drug affinity responsive target stability (DARTS)

DARTS was performed as described (Lomenick et al., 2009; Lomenick et al., 201 1). Briefly, U87 cells
were lysed in M-PER buffer (Thermo Scientific, 78501) with the addition of protease (Roche,
11836153001} and phosphatase (50 mM NaF, 2 mM Na;VO,) inhibitors. Chilled TNC bufter (50 mM Tris-
HCI pH 8.0, 50 mM NaCl, 10 mM CaCl,) was added to the lysate, and protein concentration of the solution
was measured on an aliquot by the BCA Protein Assay kit (Pierce, 23227). The remaining lysate was then
incubated with vehicle control (H-0) or varying concentrations of 2-HG or a-KG for 0.5 h at room
temperature. The samples were then subjected to Pronase (Roche, 10165921001) digestions (5 min at room
temperature) that were stopped by addition of SDS loading buffer and immediate heating (95 °C, 5 min).
Samples were subjected to SDS-PAGE on 4-12% Bis-Tris gradient gel (Invitrogen, NP0322BOX), and
Western blotting was carried out with antibodies against ATP5B (Sigma, AV48185) or GAPDH (Santa
Cruz, SC25778).

Cell Culture

U87 cells were cultured in glucose-free DMEM (Life technologies, 11966-025) supplemented with 10%
fetal bovine serum (FBS) and 10 mM glucose or 10 mM galactose when indicated. IDHI(R132H) and
IDH1{WT) expressing U87 cells were as reported (Li et al., 2013). U7 cells are unable to utilize ketone
bodies for energy (Maurer et al., 2011; Seyfried et al., 2011}, HCT 116 IDH1(R132H/+) and parental
control cells (Horizon Discovery, HD 104-013) were cultured in RPMI (Life technologies, 11875-093)
supplemented with 10% FBS or DMEM (Life technologies, 11966-025) supplemented with 10% FBS and
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10 mM glucose or 10 mM galactose. Normal human diploid fibroblasts WI-38 (ATCC, CCL-75) were
cultured with EMEM (ATCC, 30-2003) supplemented with 10% FBS. HEK 293, A549, and HeLa cells
were cultured with DMEM (Life technologies, 11966-065) supplemented with 10% FBS. Jurkat cells were
cultured in RPMI supplemented with 10% FBS. All cells were cultured at 37°C and 5% CO?2. Cells were
transfected with indicated siRNA using DharmaFECT 1 Transfection Reagent by following the
manufacturer’s instructions. Knockdown efficiency was confirmed by Western blotting.

Assay for cellular ATP levels

For Figure S2A, U87 cells were seeded in 96-well plates at 2 x 10* cells per well and treated with indicated
compound for 2 h in triplicate. ATP levels were measured using the CellTiter-Glo luminescent ATP assay
(Promega, G7572); luminescence was read using Analyst HT (Molecular Devices). To confirm that the
number of cells was consistent between treatments, cell lysates were further subjected to dsDNA staining
using QuantiFluor dsDNA system (Promega). Statistical analysis was performed using GraphPad Prism
(unpaired #-test).

Determination of ATP/ADP ratio

For Figure 2D and Figure S2B, U87 cells were seeded in 96-well plates at 10" cells/well and treated with
indicated compound for 24 h. ATP/ADP ratios were measured by using EnzyLight ADP/ATP Ratio Assay
Kit (BioAssay Systems); luminescence was read using Synergy Hlm (BioTek). For Figure 3A, ATP and
ADP levels were measured by LC-MS.

Measurement of oxygen consumption rates (OCR) and extracellular acidification rates (ECAR)
OCR and ECAR measurements were made using a Seahorse XF-24 analyzer (Seahorse Bioscience)(Wu et
al., 2007). U87 cells were seeded in Seahorse XF-24 cell culture microplates at 50,000 cells per well in
DMEM supplemented with 10% FBS and either 10 mM glucose or 10 mM galactose, and incubated O/N at
37 °C in 5% COa. Treatment with octyl a-KG, octyl (R)-2HG, octyl ($)-2HG, or DMSO (vehicle control)
was for 1 h, Cells were washed in unbuffered DMEM (pH 7.4, 10 mM glucose) immediately prior to
measurement, and maintained in this buffer with indicated concentrations of compound. OCR or ECAR
were measured 3 times under basal conditions and normalized to protein concentration per well. Statistical
analysis was performed using GraphPad Prism (unpaired {-test, two-tailed, two-sample unequal variance).

Isolation of mitochondria from mouse liver

Animal studies were performed under approved UCLA animal research protocols. Mitochondria from 3-
month-old C57BL/6 mice were isolated as described (Rogers et al., 201 1). Briefly, livers were extracted,
minced at 4 °C in MSHE+BSA (70 mM sucrose, 210 mM mannitol, 5 mM HEPES, 1 mM EGTA, and
0.5% fatty acid free BSA, pH 7.2), and rinsed several times to remove blood. All subsequent steps were
performed on ice or at 4 °C. The tissue was disrupted in 10 volumes of MSHE+BSA with a glass Dounce
homogenizer (5-6 strokes) and the homogenate was centrifuged at 800 x g for 10 min to remove tissue
debris and nuclei. The supernatant was decanted through a cell strainer and centrifuged at 8,000 x g for 10
min. The dark mitochondrial pellet was resuspended in MSHE+BSA and re-centrifuged at 8,000 x g for 10
min. The final mitochondrial pellets were used for various assays as described below.

Measurement of mitochondrial respiration
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Mitochondrial respiration was analyzed using isolated mouse liver mitochondria (see (Brand and Nicholls,
2011) and refs therein). Mitochondria were isolated from mouse liver as described above. The final
mitochondrial pellet was resuspended in 30 pL of MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM
KH2PO4, 5 mM MgCl12, 2 mM HEPES, | mM EGTA, and 0.2% fatty acid free BSA, pH 7.2).

Isolated mitochondrial respiration was measured by running coupling and electron flow assays as described
(Rogers et al., 2011). For the coupling assay, 5 pg of mitochondria in complete MAS buffer (MAS buffer
supplemented with 10 mM succinate and 2 pM rotenone) were seeded into a XF24 Seahorse plate by
centrifugation at 2,000 x g for 20 min at 4 °C. Just before the assay, the mitochondria were supplemented
with complete MAS butfer for a total of 500 pL (with octanol or octyl 2-HG), and warmed at 37 °C for 30
min before starting the oxygen consumption rate measurements. Mitochondrial respiration begins in a
coupled State 2; State 3 is initiated by 2 mM ADP; State 40 (oligomycin-insensitive, that is, complex V
independent) is induced by 2.5 uM oligomyein and State 3u (FCCP-uncoupled maximal respiratory
capacity) by 4 uM FCCP. Finally, 1.5 pg/mL antimycin A was injected at the end of the assay. For the
electron flow assay, the MAS buffer was supplemented with 10 mM sodium pyruvate, 2 mM malate and 4
puM FCCP, and the mitochondria are seeded the same way as described for the coupling assay. After basal
readings, the sequential injections were as follows: 2 pM rotenone (complex I inhibitor), 10 mM succinate
(complex I substrate), 4 pM antimycin A {complex Il inhibitor), and 10 mM/100 pM
ascorbate/tetramethylphenylenediamine (complex [V substrate).

There is no known transporter for 2-HG in the mitochondria; transport of -KG by the ¢-KG/malate shuttle
is rate limiting. If unmodified 2-HG or a-KG were to be used to inhibit ATP synthase, an excessively
longer incubation time — which jeopardizes mitochondrial integrity — would be required to allow intra-
mitochondrial 2-HG and ¢-KG to accumulate. Octyl esters of 2-HG and a-KG allow rapid uptake across
the intact inner mitochondrial membrane, upon which 2-HG or a-KG is produced through in situ hydrolysis
by intramitochondrial esterases.

Submitochondrial particle (SMP) ATPase assay

ATP hydrolysis by ATP synthase was measured using submitochondrial particles (see (Alberts, 1994) and
refs therein). Mitochondria were isolated from mouse liver as described above. The final mitochondrial
pellet was resuspended in buffer A (250 mM sucrose, 10 mM Tris-HCI, T mM ATP, 5 mM MgCl,, and 0.1
mM EGTA, pH 7.4) at 10 ug/uL, subjected to sonication on ice (Fisher Scientific Model 550 Sonic
Dismembrator; medium power, alternating between 10 s intervals of sonication and resting on ice for a total
of 60 s of sonication), and then centrifuged at 18,000 x g for 10 min at 4 °C. The supernatant was collected
and centrifuged at 100,000 x g for 45 min at 4 °C. The final pellet (submitochondrial particles) was
resuspended in buffer B (250 mM sucrose, 10 mM Tris-HCl, and 0.02 mM EGTA, pH 7.4).
Submitochondrial particles were diluted to 2.75 ng/pl in reaction buffer (40 mM Tris pH 7.5, 0.1 mg/mL
BSA., 3 mM MgCl,), and then incubated with either vehicle or drug for 45 min at room temperature. To
start the ATPase reaction, ATP was added to a final concentration of 125 uM. The amount of phosphate
produced after 6 min was determined by the Malachite Green Phosphate Assay Kit (BioAssay POMG-25H)
and was used to calculate ATPase activity. Oligomycin (Cell signaling, 9996) was used as a positive
control for the assay. Unmodified 2-HG and 0-KG were used in the SMP assay since submitochondrial
particles are essentially inside-out mitochondria that allow the otherwise inner mitochondrial membrane
components access to non-membrane permeable molecules (Alberts, 1994),

Complex IV activity assay
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Complex IV activity was assayed using the MitoTox OXPHOS Complex IV Activity Kit (Abcam,
ab109906), according to the manufacturer’s instructions.

Assay for ADP import

Freshly prepared mice liver mitochondria were suspended at 1 pg/pl in medium consisting of 220 mM
mannitol, 70 mM sucrose, 2 mM HEPES, 2.74 uM antimycin A, 5 uM rotenone, 1 mM EGTA, and 10 mM
potassium phosphate buffer, pH 7.4. The mitochondria suspension was incubated with designated drug for
30 min in 37 °C. After incubation, the suspension was transferred to ice for 10 min incubation. Afterwards,
100 uM [*H)ADP (specific radioactivity, 185 kBg/pmol) was added, and the mixture was immediately
vortexed and incubated for 20 s on ice. The reaction was terminated by addition of 10 uM
carboxyatractyloside, and the mixture was centrifuged at 10,000 g for 10 min at 4 °C. After centrifuge, the
supernatant was collected for reading and the pellet was washed twice with the same medium supplemented
with 10 uM carboxyatractyloside. Afier washing, the pellet was lysed by the addition of 0.2 ml of 1% SDS.
The radioactivity of the lysate and supernatant was determined by TRI-CARB 2300 TR liquid scintillation
analyzer. The ADP-ATP translocation rate was determined by the ratio of the pellet versus the sum reading
of the pellet and supernatant.

Assay for mitochondria membrane potential
Mitochondrial membrane potential was determined using the MitoPT TMRM kit (ImmunoChemistry,
#9105). Readings were normalized to cell number.

Assay for mammalian TOR (mTOR) pathway activity

mTOR pathway activity in cells treated with octyl 2-HG or oligomycin was determined by the levels of
phospherylation of known mTOR substrates, including S6K (T389), 4E-BP1 (565), AKT (5473), and
ULK1 (S757) (Pullen and Thomas, 1997; Burnett et al., 1998; Brunn et al., 1997; Choo et al., 2008;
Sengupta et al., 2010; Gingras et al., 2001; Sarbassov et al., 2005; Kim et al., 2011). Specific antibodies
used: phospho (P)-S6K T389 (Cell Signaling, 9234), S6K (Cell Signaling, 9202S), P-4E-BP1 S65 (Cell
Signaling, 94518), 4E-BP1 (Cell Signaling, 94528), P-AKT S473 (Cell Signaling, 4060S), AKT (Cell
Signaling, 46918}, P-ULK1 8757 (Cell Signaling, 6888), ULK1 (Cell Signaling, 47738), P-AMPKa T172
(Cell Signaling, 25358), AMPKa (Cell Signaling, 25328), P-Raptor $792 (Cell Signaling, 2083S), Raptor
(Cell Signaling, 22808}, and GAPDH (Santa Cruz Biotechnology, 25778).

Synthesis of octyl esters of a-KG, 2-HG, and citrate
Synthesis of T-octyl a-KG has recently been published by GD and MEJ (Jung and Deng, 2012), Syntheses
of octyl (8)-2HG and octy! (R)-2HG were carried out as reported (Albert et al,, 1987; Xu et al.,, 2011) with
modifications below.,
Synthesis of 1-Octyl (S) 2-hydroxypentanedioate (Octyl ($)-211G)
Benzyl alcohol
NH,  HBF,Me,0, Na;S0, NH,
Hooc™~"cooH

BnOOC” ™" “COOH
L-Glutamic acid

(SH-2-Amino-5-(benzyloxy)-5-oxopentanoic acid: L-Glutamic acid (2.0 g. 13.6 mmol) and anhydrous
sodium sulfate (2.0 g) was dissolved in benzyl alcohol (25 mL), and then tetrafluoroboric acid diethyl ether
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complex (3.7 mL, 27.2 mmol) was added. The suspended mixture was stirred at 21 °C overnight.
Anhydrous THF (75 mL) was added to the mixture and it was filtered through a thick pad of activated
charcoal. Anhydrous triethylamine (4.1 mL) was added to the clear filtrate to obtain a milky white slurry.
Upon trituration with ethyl acetate (100 mL), the monoester monoacid precipitated. It was collected,
washed with additional ethyl acetate (2 X 10 mL), and dried in vacuo to give the desired product (S)-2-
amino-3-(benzyloxy)-3-oxopentanoic acid (3.07 g, 95%) as a white solid. "H NMR (500 MHz, Acetic acid-
dy): 3 7.41 — 7.25 (m, 5H), 5.14 (s, 2H), 4.12 (m, 1H), 2.75 — 2.60 (m, 2H), 2.27 (m, 2H). “C NMR (125
MHz, Acetic acid-d,): 8 174.6, 174.4,136.9, 129.5, 129.2, 129.1, 67.7, 55.0, 30.9, 26.3.

NH, 1) NaNO,/HOAC/H,0 oH
BnhOOC COOH Hco, BnOOC c00

1-lodooctane/DMF

(5)-5-Benzyl 1-octyl 2-hydroxypentanedicate: To a solution of ($)-2-amino-3-(benzyloxy)-5-oxopentanoic
acid (1.187 g, 5.0 mmol) in H»O (25 mL) and acetic acid (10 mL) cooled to 0 °C was added slowly a
solution of aqueous sodium nitrite (1.07 g in 15 mL H>0). The reaction mixture was allowed to warm
slowly to room temperature and was stirred overnight. The mixture was concentrated. The resulting residue
was dissolved in DMF (15 mL) and NaHCO; (1.26 g, 15 mmol) and l-iodooctane (1.84 mL, 10 mmol)
were added to the mixture. The mixture was stirred at 21 °C overnight and then extracted with ethyl] acetate
(3 » 50 mL). The combined organic phase was washed with water and brine and dried over anhydrous
MgSO,. Flash column chromatography on silica gel eluting with 7/1 hexanes/ethyl acetate gave the desired
mixed diester (S)-5-benzyl 1-octyl 2-hydroxypentanedioate (0.785 g, 45%) as a colorless oil. "H NMR (500
MHz, CDCls): & 7.37 - 7.28 (m, 5H), 5.12 (s, 2H), 4.26 — 4.19 (m, 1H), 4.16 (t, /= 6.8 Hz, 2H), 3.11 (m,
1H}, 2.61 — 2.46 (m, 2H), 2.26 — 2.14 {m, 1H}, 1.95 (m, 1H), 1.71 — 1.57 (m, 2H), 1.39 — 1.20 (m, 10H),
0.88 (t, J = 6.9 Hz, 3H). "C NMR (125 MHz, CDCls): 8 174.6, 172.8. 135.8, 128.4, 128.1, 128.0, 69.3,
66.2,65.8,31.6,29.6,29.2,29.0 (2C’s), 28.4, 25.6,22.5,13.9.

OH 5% Pd/C OH
: Ho/MeOH :
BnOOC™ ™" coo™ ™" ——— HoocT T c00” N T TN
Octyl (S)-2-HG

1-Octyl (8) 2-hvdroxypentanedioate (octyl (S)-2-hydroxvglutarate; octyl (S)-2HG): To a solution of (S)-5-
benzyl 1-octyl 2-hydroxypentanedioate (0.71 g, 2.0 mmol) in MeOH (50 mL) was added 3% Pd/C (80 mg).
Over the mixture was passed argon and then the argon was replaced with hydrogen and the mixture was
stirred vigorously for 1 h. The mixture was filtered through a thick pad of Celite and the organic phase was
evaporated. The residue was purified via flash column chromatography on silica gel eluting with 25/1
CH:Cl/MeOH to give octyl (S)-2HG (0.495 g, 48%) as a white solid. 'H NMR (500 MHz, CDCls): & 4.23
(dd, /= 8.0, 4.2 Hz, TH), 4.16 (t, J = 6.8 Hz, 211), 2.60 — 2.42 (m, 2H), 2.15 (m, 1H), 1.92 (m, 1H), 1.69 —
1.59 (m. 2H), 1.38 — 1.16 {m, 10H), 0.86 (t, J = 7.0 Hz, 3H). "C NMR (125 MHz, CDCLy): § 178.8, 174.8,
09.3,66.1,31.7,29.4,29.1 (2C’s), 28.9,28.4,25.7, 22.5, 14.0.
Synthesis of 1-Octyl (R} 2-hydroxypentanedioate (Octyl (R)-2HG)
The synthesis of the opposite enantiomer, i.e., Octyl (R)-2HG, was carried out by the exact same procedure
starting with D-glutamic acid. The spectroscopic data was identical to that of the enantiomeric compounds.
Synthesis of 1-octyl citrate ester (Kotick, 1991; Weaver and Gilbert, 1997; Takeuchi et al., 1999)
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1) Paraformaldehyde

OH 190 °C OH
HOOCN/\COOH 2) PCl5, 110 °C HoOC 00" N
COOH 3) 1-Octanol COOH
DMF, 110 °C

4) 1 M NaOH (aq.)
1,4-dioxane/H,0
100 °C

The mixture of citric acid (3.862 g, 0.02 mol) and paraformaldehyde (1.276 g, 0.04 mol) was stirred at
190 °C for 2 h. After cooling down to room temperature, the mixture was purified by flash column
chromatography on silica gel eluting with 10/1 dichloromethane/methanol gave the desired methylene
acetal of citric acid. The diacetic acid product (0.816 g, 4.0 mmol) and phosphorus (V) chloride (0.850 g,
4.0 mmol} were stirred with heating from room temperature to 110 °C in | h and kept at 110 °C until there
was no further emission of hydrogen chloride. After cooling the mixture to room temperature, the
phosphorus oxychloride was evaporated under vacuum. The residue was dissolved in ethyl acetate, the
mixture was filtered, and the organic phase was evaporated. The resulting residue was dissolved in DMF
(3.0 mL) and T-octanol (1.89 mL., 0.012 mol) was added. The mixture was heated to 110 °C for 3 hand
then extracted with ethyl acetate (3 x 50 mL.). The combined organic phase was washed with water and
brine and dried over anhydrous MgSQ,. Flash column chromatography on silica gel eluting with 15/1
dichloromethane/methanol gave the mono-octyl methylene acetal of citric acid ester (0.652 g, 52%) as a
colorless oil. This mono-octyl ester (0.2576 g, 0.814 mmol) was dissolved in 1,4-dioxane (3.0 mL) and
H2O (3.0 mL). An aqueous solution of NaOH (1.0 M, 0.82 mL) was added to the mixture and the
temperature was raised to 100 °C for 2 h. After cooling down the mixture to room temperature, an aqueous
solution of NaOH (0.2 M, 10 mL) was added. The mixture was extracted with ethyl acetate (3 X 10mL)
and the aqueous phase was acidified with 1.0 M aqueous HCI to pH 1. The acidified aqueous layer was
extracted with ethyl acetate (3 X 30 mL), and the combined organic phases were washed with water and
brine and dried over anhydrous MgSO.. Flash column chromatography on silica gel, eluting with 10/1
dichloromethane/methanol, gave the 1-octyl citrate ester as an oil (0.183 g, 74%). 'H NMR (500 MHz,
CDCl5) 8 10.55 (s, 2H), 4.05 (t, ./ = 6.5 Hz, 2H), 2.88 (m, 4H), 1.57 (m, 2H), 1.23 (m, 10H), 0.84 (t, /= 6.2
Hz, 3H). "C NMR (125 MHz, CDCl3) & 177.63, 174.68, 170.08, 72.82, 65.45, 42.81, 42.69, 31.63, 29.03,
29.01, 28.25, 25.66, 22.48, 13.92.
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CHAPTER 4

The metabolite a-ketobutyrate promotes longevity by

perturbing pyruvate oxidation and activating AMPK

Abstract

Aging is a complex process that is directly related to human health and disease. The
extraordinary finding that aging is malleable, as shown in model organisms whose life
and health spans are extended by specific gene mutations, dietary restriction, or
pharmacological perturbations, has offered enormous hope for transforming our
understanding and treatment of aging and age-related diseases 2. Here we show that
an unfamiliar endogenous metabolite, a-ketobutyrate (a-KB), increases the lifespan of
adult Caenorhabditis elegans, and that a-KB supplementation confers robust protection
against an Alzheimer’s disease model in C. elegans. We find that a-KB perturbs
pyruvate oxidation by acting as a competitive alternative substrate of pyruvate
dehydrogenase (PDH), rewiring mitochondrial metabolism and activating AMP-activated
protein kinase (AMPK). Furthermore, the lifespan increase by a-KB requires PDH and
AMPK, which are highly conserved throughout evolution. Our findings suggest that

human aging and related degeneration may be remedied by a-KB or a-KB like drugs.
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Introduction

Metabolism plays an important role in aging and disease. Increasing evidence has shown that
endogenous metabolites, as basic as a-ketoglutarate (a-KG) and nicotinamide adenine
dinucleotide (NAD"), can delay the aging process and increase healthy lifespan®®. Identifying
such longevity metabolites and understanding their mechanisms not only can illuminate the

biological regulation of aging, but also provide new interventions for aging-related diseases.

Alpha-keto acids are important intermediates in metabolic pathways. Familiar examples include
a-KG in the tricarboxylic acid (TCA) cycle, pyruvate as the end product of glycolysis, and branch
chain a-keto acids (including a-ketoisovalerate (KIV), a-ketoisocaproate (KIC) and a-keto-f3-
methylvalerate (KMV) — which are a-keto acid analogues of the branch chain amino acids
valine, leucine and isoleucine, respectively) associated with the metabolic disorder maple syrup
urine disease. We previously discovered that a-KG extends the lifespan of adult C. elegans and
identified the highly conserved ATP synthase as a novel target of a-KG in longevity®. The
unexpected findings suggest that the regulatory networks acted on by metabolites are more
complex than currently appreciated. Here we identify a new longevity-promoting a-keto acid, a-

ketobutyrate (a-KB), and seek to understand the basis of its mechanism in lifespan regulation.

Results and Discussion
a-KB increases the lifespan of adult C. elegans

a-KB (Figure 1A) is a short-chain a-keto acid found in all cells. It is a metabolite in the
catabolism of methionine, threonine, and homocysteine. a-KB is formed by cystathionine
gamma-lyase from cystathionine, which is generated from homocysteine and serine by
cystathionine beta synthase. Transamination of a-KB produces a-aminobutyric acid, a

component of the nonribosomal tripeptide ophthalmic acid first found in calf lens. Unlike
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pyruvate, a-KG, or branched-chain a-keto acids, there is no specific enzyme for a-KB oxidation.
Instead, a-KB can be consumed by the branched-chain a-keto acid dehydrogenase complex
(BCKDC) or the pyruvate dehydrogenase complex (PDC) . Additionally, when respiration is
inhibited, a-KB can serve as an electron acceptor and be converted to (R)-2-hydroxybutyrate (2-
HB) by lactate dehydrogenase (LDH) ’. Although the metabolism of a-KB has been well

characterized, its biological function remains poorly understood.

We discovered that a-KB increases the lifespan of adult C. elegans by up to ~60% (Figure 1B).
a-KB extended the lifespan of wild-type N2 worms in a concentration-dependent manner, with 4
mM a-KB yielding the largest lifespan extension (Figure 1C); 4 mM was the concentration used
in all subsequent C. elegans experiments unless otherwise stated. a-KB not only extends
lifespan, but also delays age-related phenotypes, such as the decline in rapid, coordinated body
movement (video not shown). The dilution of the C. elegans bacterial food source has been
shown to extend worm lifespan &. However, a-KB does not inhibit bacterial proliferation (Figure
S1), and there is no significant change in food intake, foraging behavior, or body size in a-KB

treated animals (data not shown).

a-KB inhibits pyruvate-driven mitochondrial complex | respiration

We previously found that a-KG increases longevity by inhibiting mitochondrial complex V 3.
Given the similarities in structure and lifespan effects of a-KB and a-KG, we first asked whether
a-KB may also affect the electron transport chain (ETC) by measuring mitochondrial respiration
9. Interestingly, we found that when respiration is driven by the complex | substrates pyruvate
and malate, there is a significant decrease in ADP-induced (state 3) and FCCP-induced (state
3u) respiration in isolated mitochondria upon a-KB treatment (Figure 2A-B). However, when

glutamate and malate are used as complex | substrates or when the complex Il substrate

64



succinate is provided, respiration is unaffected by a-KB (Figure 2A-B). These results show the
specificity of a-KB in inhibiting pyruvate-driven complex | respiration, rather than directly

interfering with complex | or other ETC complex activity.

a-KB reduces pyruvate oxidation by acting as a competitive alternative substrate of the

PDC

The rate of pyruvate oxidation in isolated mitochondria is controlled by the mitochondrial
pyruvate carrier (MPC) and PDC . It has been shown that unlike pyruvate, a-KB is able to
cross the mitochondrial inner membrane rapidly as a free acid 1. Given that in our experimental
conditions with the concentration of a-KB (500 uM) being 20-fold lower compared to pyruvate
(10 mM), any effect of a-KB on pyruvate import by MPC should be negligible, and therefore any
inhibitory effect on pyruvate oxidation by a-KB should be attributable to PDC inhibition by a-KB.
To test this idea, we utilized methyl pyruvate, which freely diffuses into the mitochondrion
without requiring transportation by MPC. As shown in Figure 2A-B, a-KB still inhibits pyruvate
oxidation using methyl pyruvate as a respiratory substrate, indicating a direct inhibition of PDC
by a-KB and ruling out any potential inhibitory effect on mitochondrial substrate import as rate
limiting in the respiration inhibition by a-KB. Consistently, a-KB also inhibits respiration when
methyl pyruvate is provided together with glutamate and malate as complex | substrates (Figure
2A-B). These findings further support the model in which a-KB indirectly inhibits complex |
respiration via disruption of pyruvate oxidation. Indeed, using the DARTS (drug affinity
responsive target stability) assay 2, we showed that a-KB directly binds to PDC but not to
mitochondrial complex | (Figures 2C). In concordance, a-KB decreases pyruvate oxidation by
PDC using purified enzyme (Figure 2D), but does not directly inhibit the activity of complex | in

vitro (Figure S2A).
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PDC is a large nuclear-encoded mitochondrial multienzyme complex consisting of pyruvate
dehydrogenase (PDH, E1), dihydrolipoamide S-acetyltransferase (DLAT, E2), and
dihydrolipoamide dehydrogenase (DLD, E3). The E3 subunit of PDC is shared with branch
chain keto acid dehydrogenase complex (BCKDC) and alpha-ketoglutarate dehydrogenase
complex. PDC mainly catalyzes the oxidation of pyruvate to acetyl-CoA and COx, linking
glycolysis and the TCA cycle. The E1 enzyme is a heterotetramer of two alpha and two beta
subunits. E1 alpha 1 subunit encoded by the PDHAL gene contains the E1 active site, and plays
a key role in the function of the PDC. Mutations in PDHAL are associated with pyruvate
dehydrogenase El-alpha deficiency and X-linked Leigh syndrome. Mutations in other PDC
subunits are also disease associated, including pyruvate dehydrogenase deficiency primary
lactic acidosis and maple syrup urine disease in infancy and early childhood. PDC activity is
regulated by product inhibition by NADH, which competes with NAD™ for E3 binding; and by
acetyl CoA, which competes with CoA for E2 binding. Several analogues of pyruvate, including
fluoropyruvate and bromopyruvate, have been reported to inhibit PDC. However, these
molecules also inhibit other pyruvate related enzymes such as pyruvate carboxylase (PC) and
LDH and/or glycolytic enzymes (including GAPDH and hexokinase). No specific small molecule

inhibitor of PDC has been described.

It has been reported that PDC can use a-KB as an alternative substrate 3. We confirmed the
direct binding of a-KB to PDC using DARTS (Figure 2C). To investigate the mechanism by
which a-KB perturbs pyruvate oxidation as an alternative substrate, we performed PDC enzyme
kinetics analysis. In contrast to pyruvate, which exhibits non-Michaelis-Menten kinetics (Hill
coefficient h = 1.48 + 0.096) — similar to the E. coli enzyme as reported * — a-KB shows little
cooperativity (h = 1.05 + 0.084) with similar apparent Knar but decreased Vmax (Figure 2E).

Presence of an excess of a-KB results in decreased pyruvate oxidation by PDC (Figure 2D) and
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loss of cooperativity (Figure 2F). However, inhibition by a-KB is abrogated and rate of pyruvate
oxidation is restored when pyruvate is provided in high concentrations. This is consistent with
the model in which a-KB perturbs pyruvate oxidation as a competitive alternative substrate for

PDC (Figure 2F).

In contrast, a-KB does not detectably inhibit the reduction of pyruvate by LDH (Figure S2B-C)
for which a-KB is also a substrate (Figure S2D). The Knar of LDH for a-KB (3.92 mM) is ~50x
higher than that for pyruvate (0.076 mM) (Figure S2E), supporting that pyruvate exhibits
significantly higher affinity on LDH than a-KB. Additionally, a-KB does not protect PC from
protease digestion in DARTS assay, suggesting that PC does not use a-KB as a substrate in
vivo (Figure S2F). These results indicate that a-KB does not broadly affect all pyruvate-
dependent reactions but only selectively inhibits pyruvate oxidation through PDC. In addition to
PDC, BCKDC is able to oxidize a-KB €. However, a-KB does not alter BCKDC-driven
respiration, as when individual branched-chain alpha-keto acids are offered as a substrate,

mitochondrial respiration is not inhibited by a-KB (Figure S2G).

To assess the functional significance of a-KB on pyruvate oxidation in intact cells, we measured
cellular respiration. a-KB treatment partially but significantly decreases ATP-linked and maximal
respiration, whereas the complex | inhibitor rotenone completely abolishes respiration (Figure
S2H). This partial inhibition by a-KB is expected since a-KB does not directly inhibit complex I,
and only specifically decreases pyruvate oxidation while sparing other NADH-generating

enzymes such as a-KG dehydrogenase.

In eukaryotes, PDH is tightly regulated by pyruvate dehydrogenase kinase (PDK) and pyruvate
dehydrogenase phosphatase, which inactivates and activates the enzyme, respectively °.
Interestingly, phosphorylation of PDH is decreased upon a-KB treatment (Figure S2I), indicating
that more PDH is in its unphosphorylated, active form. This would be expected based on the
negative feedback on PDK as a-KB treatment decreases acetyl-CoA (Figure 3A), which is an
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allosteric activator of PDK. Importantly, this suggests that the inhibition of pyruvate oxidation by
a-KB occurs independently of PDH phosphorylation and supports the mechanism of a-KB as a

competitive alternative substrate of the PDH.

In agreement with the inhibitory effect of a-KB on pyruvate oxidation, we found that a-KB
treatment decrease the respiration of C. elegans as well, similar to the scenario with PDH
knockdown (Figure 2G and Figure S2J). To determine the significance of pyruvate oxidation to
the longevity by a-KB, we measured the lifespan of PDH RNAI adult C. elegans given a-KB.
PDH RNAI animals live longer than control RNAi animals (Figure 2H), and a-KB does not further
extend the lifespan of PDH RNAi worms (Figure 2H), consistent with the longevity effect of a-KB

being dependent on pyruvate oxidation.

a-KB rewires mitochondrial substrate utilization through interruption of pyruvate

oxidation

The mitochondrion is a pivotal organelle for core metabolic pathways, including TCA cycle,
ETC, and lipid metabolism. Various substrates, including pyruvate, glutamine, and lipids, can be
utilized for mitochondrial metabolism. Upon nutrient or pathological stress, such as dietary
restriction or cancer, substrate utilization by the mitochondria can be drastically altered 6. PDC
is the gatekeeper enzyme controlling pyruvate entry into the TCA cycle. Upon disruption of
pyruvate oxidation, cells would be expected to utilize less glucose and increase utilization of
alternative substrates for mitochondrial metabolism. In addition to PDC, MPC also regulates
pyruvate oxidation by controlling substrate import. To confirm the effects of a-KB on pyruvate
oxidation in cells, we performed metabolomics analysis. As would be expected of PDC
inhibition, the abundance of acetyl-CoA and citrate was significantly decreased in a-KB treated

cells (Figure 3A). Furthermore, metabolomics flux analysis using [U-*Cs]glucose shows a
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significant decrease in glucose-derived citrate and other TCA cycle intermediates in a-KB
treated cells (Figure 3B-C), supporting an inhibitory effect of a-KB on the oxidation of glucose-
derived pyruvate. Meanwhile, the abundance of glucose-derived (M3) lactate was not altered by
a-KB treatment, whereas the abundance of glucose-derived (M3) alanine and serine was
significantly increased (Figure S3A). The overall level of alanine also increased significantly
upon a-KB treatment (Figure S3B). This increase in alanine and serine may at least partially
contribute to the increase in a-KG, as the reactions that generate alanine and serine
simultaneously converts glutamate to a-KG (Figure S3B). In contrast, the amount of
leucine/isoleucine and valine was not changed upon a-KB treatment, suggesting that the
oxidation of branch-chain alpha-keto acids is not affected (Figure S3B). Together the data
indicate that a-KB treatment prevents the entry of glucose-derived pyruvate into the TCA cycle
without affecting the conversion of pyruvate into lactate, increases transaminase conversion of
pyruvate to alanine, and increases glucose flux into serine synthesis. This further supports that
a-KB specifically interrupts PDH as an alternative substrate, but not LDH or alanine
transaminase (ALT). By comparison, when pyruvate transportation into the mitochondria is
abolished upon MPC inhibition, both total and glucose-derived alanine decreases (Figure S3A

and S3C)Y, indicating that a-KB induces distinct metabolic states from MPC disruption.

To further confirm that the metabolic alterations upon a-KB treatment are primarily due to
disruption of pyruvate oxidation, we knocked down DLAT, the E2 subunit of PDC, and found
that both the total and glucose-derived citrate was decreased, similar to a-KB treatment (Figures
3D and S3C). Notably, both total and glucose-derived alanine was increased upon DLAT
knockdown (Figure S3D-E), again consistent with a-KB treatment and different from MPC
inhibition. In addition, principle component analysis (PCA) shows that isotopomer distributions
induced by DLAT knockdown are similar to those resulting from a-KB treatment, and the

magnitude of a-KB-induced metabolomics alterations is decreased in DLAT knockdown cells as
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evidenced by isotopomer distribution, glucose-fractional contribution, and relative abundance of
metabolites (Figure 3E and data not shown). In contrast, a-KB-induced metabolic alterations are

unabated in LDHB knockdown cells (Figure S3F and data not shown).

It is well documented that disruption of PDC induces distinct changes in glutamine metabolism
compared to MPC perturbation by using [U-3Cs]glutamine tracer /. [U-*Cs]glutamine can be
converted to M5 citrate through reductive carboxylation or to M4 citrate through oxidation.
Additionally, [U-13Cs]glutamine is oxidized and converted back to pyruvate through the malic
enzyme reaction. The pyruvate derived from [U-13Cs]glutamine can further go through PDC and
generate labeled acetyl-CoA, which then combines with oxaloacetate to form M6 citrate.
Alternatively, the glutamine-derived pyruvate can be converted to M3 lactate or alanine. M6
citrate is the most significantly increased isotopomer of citrate in MPC-knockdown cells,
whereas M5 citrate is the most significantly increased species upon PDC inhibition. Our
metabolomics analysis with [U-3Cs]glutamine supports the hypothesis that PDC is the main
target underlying a-KB’s inhibition of pyruvate oxidation. Both M5 and M6 citrate increased
significantly upon a-KB treatment (Figure 3F). Notably, the increase of M5 citrate is significantly
higher than that of M6 citrate, suggesting that a-KB treatment, like hypoxia associated PDC
inhibition, majorly increases reductive carboxylation in the TCA cycle 8%, On the contrary, M6
citrate is the major increase in UK5099-treated cells (Figure 3F), which is consistent with the
previous report 7. This supports that PDC is the primary target for a-KB in cells. The abundance
of fully labeled succinate, fumarate, a-KG, and malate increased significantly in a-KB-treated
cells (Figure 3G), suggesting TCA cycle anaplerosis from increased glutaminolysis in a-KB
treated cells. Additionally, M3 alanine is increased upon a-KB treatment (Figure S3G), indicating

a higher flux of glutamine oxidation and conversion back to pyruvate through the malic enzyme.

Consistent with glucose and glutamine tracer results, we showed that glutamine contribution to

lipogenic acetyl-CoA pool was significantly increased while the contribution from glucose was
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largely decreased. This further supports that pyruvate oxidation is disrupted by a-KB treatment

(Figure 3H).

Our metabolomics analysis indicates that a-KB treatment causes an increased flux of glutamine
into the TCA cycle. A prediction of this finding is that the decreased pyruvate oxidation by a-KB
would result in an increased reliance on glutamine in a-KB treated cells. Indeed, combined

treatment with a-KB and a glutaminase inhibitor synergistically inhibits cell growth (Figure S3H).

In addition to glycolysis, p-oxidation provides acetyl-CoA to fuel into TCA cycle. To investigate
whether B-oxidation serves as an compensatory pathway for TCA cycle upon disruption of
pyruvate oxidation, we analyzed (-oxidation in a-KB-treated cells by utilizing the [U-
13Cy6]palmitate tracer. a-KB treatment increases B-oxidation flux into the TCA cycle, as
evidenced by the significant increase in M2 citrate as well as increased label incorporation into

other TCA cycle intermediates (Figure 3I-J).

AMPK is required for lifespan increase by a-KB

Since a-KB perturbs pyruvate oxidation and extends lifespan, and AMPK is a major energy
sensor and mediator of longevity 2°, we asked whether the lifespan extension by a-KB is
dependent on AMPK. We found that a-KB does not extend the lifespan of aak-2 mutant worms
(Figure 4A), supporting the involvement of AMPK in a-KB longevity. Lifespan increase by a-KB
also requires daf-16 (Figure 4B), which act downstream of aak-2 in longevity regulation 2%; in
contrast, daf-2, which regulates daf-16 independently of aak-2, is not required for the longevity
effect of a-KB (Figure 4C), further supporting that a-KB extends lifespan in an AMPK-dependent
manner. Since induction of the mitochondrial unfolded protein response (UPR™) has recently
been implicated in the longevity associated with mitochondrial perturbations *222%, we tested

whether the longevity effect of a-KB may involve UPR™. a-KB does not induce the UPR™
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marker HSP60 (Figure S4C), and a-KB extends the lifespan of C. elegans with knockdown of
UBL-5 (Figure 4D), which is required for induction of the UPR™, suggesting that UPR™ is not
required for the longevity effect of a-KB. This is consistent with the idea that UPR™ acts
independently of AMPK in longevity 2. Importantly, phosphorylated AMPK (encoded by the C.
elegans orthologue aak-2) is increased in a-KB treated worms (Figure 4E) as well as in H9C2

cells (Figure 4F), consistent with a-KB acting upstream of AMPK in longevity signaling.

a-KB activates AMPK by disruption of pyruvate oxidation

Pyruvate oxidation is critical for energy metabolism, as it provides substrate (NADH) for ETC
and AMPK is controlled by cellular energy metabolism through an upstream kinase, LKB1.
Therefore, it is plausible that a-KB activates AMPK through inhibition of pyruvate oxidation and
is dependent on LKB1. Indeed, knockdown of PDC subunits DLAT (E2) or PDHB (E1
component subunit beta) each activates AMPK and abolishes further AMPK activation by a-KB
(Figure 4G), whereas AMPK activation by a-KB is normal in LDH or PC knockdown cells (Figure
S4A-B). In addition, a-KB no longer activates AMPK in LKB1-null cells (Figure 4H). Plus, AMPK
is activated in PDH RNAI C. elegans (Figure 4E). Taken together, our results support the model

in which a-KB activates AMPK through inhibition of pyruvate oxidation.

AMPK activation has been reported to be beneficial in various disease models, including
Alzheimer’s disease 4. Therefore, we asked whether a-KB could relieve the proteotoxic stress
in a C. elegans Alzheimer’s disease model wherein amyloid-beta toxicity causes progressive,
age-dependent paralysis 2°. Remarkably, a-KB supplementation delays amyloid-beta induced
paralysis (Figure 4l); importantly, a-KB does not protect AAK-2 knockdown C. elegans in this

model (Figure 4l), consistent with the mechanism involving pyruvate oxidation and subsequent

72



AMPK activation. The results suggest that a-KB induces AMPK activation in C. elegans and

could be exploited for aging-related disease intervention.

SUMMARY

We show that an unfamiliar metabolite, a-KB, extends lifespan of adult C. elegans. This
extension is likely through a direct inhibitory effect of a-KB on pyruvate oxidation and
consequent activation of AMPK. Although it has been suggested that a-KB disturbs pyruvate
oxidation in vitro 326, the physiological and biological significance of this effect on pyruvate
metabolism has not been studied. Our report shows that a-KB treatment increases lifespan
expectancy by acting as a competitive alternative substrate of PDC. The inhibitory effect of a-KB
on pyruvate oxidation is specific, as our results suggest that pyruvate reactions through LDH,
PC, and ALT are not inhibited by a-KB treatment. Through its inhibition of PDH, a-KB treatment
rewires mitochondrial substrate utilization. The entry of glucose-derived pyruvate into TCA cycle
is perturbed upon a-KB treatment while increased glutamine and lipid are utilized by the
mitochondria. Altered mitochondrial substrate utilization is associated with numerous
pathological conditions, including obesity and diabetes 2728, Our finding that a-KB alters
mitochondrial metabolism provides novel direction for the treatment of mitochondrial metabolism

diseases.

Our results indicate that a-KB exhibits a comparable affinity as pyruvate to PDC, and this
suggests the possibility for a-KB to be utilized as a major endogenous PDH substrate.
Moreover, when PDC switches to use a-KB as its major substrate, due to the lower efficacy of
a-KB, the overall activity of PDC is limited, mitochondrial metabolism is rewired, and AMPK is
activated. This points to the possibility that alternative endogenous substrates for pivotal

metabolic enzymes, such as PDC, are able to determine the activity of these enzymes and yield
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profound effects on the endogenous regulatory systems of signaling and aging. In addition, it is
possible that these alternative substrates are employed by the organism under stress, and
further studies on alternative substrates may shed light on novel anti-aging interventions.
Perhaps reminiscent of the dual effects of mitochondrial ETC inhibition in longevity and disease,
although severe PDC deficiency has been linked to neuronal degeneration, cancer, and glucose
intolerance 2°, moderate inhibition of PDC can bestow health benefits without adversely

affecting normal organismal function.

Energy metabolism and AMPK are intimately connected with both aging and health. Metformin,
the plant-derived, most widely used anti-diabetic biguanide whose mechanisms include
inhibition of mitochondrial complex | and activation of AMPK, has been shown to exhibit
beneficial effects against aging and cancer. Our study demonstrates that an endogenous
longevity small molecule can also successfully relieve aging-dependent degenerations through
AMPK activation, supporting the idea that aging-related diseases can be countered by

regulation of longevity pathways.

Figure Legends

Figure 1. a-KB increases the lifespan of adult C. elegans.

(A) Structure of a-KB.

(B) a-KB extends the lifespan of adult worms, mean lifespan (days of adulthood) with vehicle
treatment (mven) = 14.1 (n = 111 animals tested), Maks = 22.4 (n = 66), p < 0.0001 (log-rank

test).

(C) Dose—response curve of the a-KB effect on longevity.
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Figure 2. a-KB perturbs pyruvate oxidation.

(A-B) Isolated mitochondria from mouse liver are offered with different respiratory substrates.
Upon a-KB treatment (500 uM), both state 3 (A) and state 3u (B) respiration is decreased when
pyruvate (Pyr) and methyl pyruvate (Me-pyr) are utilized as substrates (+*p < 0.01, #**p <

0.001). Unpaired t test, two-tailed, two-sample unequal variance is used. Mean = s.d. is plotted.

(C) DARTS identifies PDH as an a-KB-binding protein complex. a-KB does not bind to ETC
complex I; NQO1 and NDUFB8 are subunits of complex I. U87 cell lysates were used. Similar

results were obtained with HEK293 cells (data not shown).

(D) Inhibition of PDC activity by a-KB. Pyruvate (1 mM) is provided as substrate.

(E) Allosteric sigmoidal kinetics of pyruvate and a-KB on PDC, by nonlinear regression least-
squares fit. The Vmax and Knarr values for pyruvate vs. a-KB are 0.004 vs. 0.001 and 54.05 vs.

56.13, respectively.

(F) a-KB acts as a competitive alternative substrate to perturb pyruvate oxidation and decrease

NADH generation. PDC activity is measured based on the synthesis rate of NADH.

(G) Decreased oxygen consumption rate (OCR) in a-KB-treated worms (p < 0.05; by t-test, two-

tailed, two-sample unequal variance) for the entire time.

(H) a-KB cannot extend the lifespan of PDHB-1 knockdown worms. Control, myen = 19.5 (n =
94), mqxg = 21.8 (n = 88), p < 0.0001 (log-rank test); pdhb-1 RNAI, myenh = 22.5 (n = 81), Make =

19.8 (n = 84), p < 0.0001 (log-rank test).
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Figure 3. a-KB treatment alters mitochondrial substrate utilization and activates AMPK.

(A) Relative abundance of citrate of acetyl-CoA.

(B) Citrate mass isotopomer distribution (MID) upon a-KB treatment resulting from culture with

[U-3Cé]glucose (UGIc).
(C) Percentage of fully labeled metabolites derived from [U-13C¢]glucose (UGlIc).
(D) Citrate MID upon DLAT knockdown resulting from culture with [U-**Cg]glucose (UGlIc).

(E) Principle component analysis using isotopomer distribution from UGIc to all measured

metabolites in DLAT-knockdown and a-KB-treated cells.

(F) Citrate mass isotopomer distribution (MID) upon a-KB or UK5099 (10 uM) treatment

resulting from culture with [U-3Cs]glutamine (UGIn).
(G) Percentage of fully labeled metabolites derived from [U-13C5]glutamine (UGIn).

(H) Contribution of UGIn and UGIc to lipogenic AcCoA as determined by isotopomer enrichment

modeling.

(1) Relative abundance of M2 citrate upon a-KB treatment resulting from culture with [U-

13C16]palmitate conjugated to BSA (UPalm).

(J) Percentage of fully labeled metabolites derived from [U-13Ci¢]palmitate conjugated to BSA

(UPalm).

Unpaired t test, two-tailed, two-sample unequal variance was used for (A)-(D) and (F)-(1)
(¥*xxp < 0.0001, ***p < 0.001, *+p < 0.01, *p < 0.05). Mean * SD is plotted. 3.2 mM a-KB was

used in (A)-(D).
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Figure 4. a-KB extends lifespan and ameliorate aging-dependent symptoms through

AMPK and disruption of pyruvate oxidation.

(A) a-KB does not extend (and, in fact, slightly reduces) the lifespan of aak-2(gt33) adult worms,

Myen = 15.9 (N = 120), Maks = 15.1 (n = 138), p = 0.0029 (log-rank test).

(B) a-KB does not extend the lifespan of daf-16(mu86) adult worms, myen= 15.5 (n = 97), Mok =

16.0 (n = 99), p = 0.1482 (log-rank test).

(C) a-KB further extends the lifespan of daf-2(e1370) adult worms, myen = 37.0 (n = 100), Maxe =

47.0 (n = 95), p < 0.0001 (log-rank test).

(D) a-KB extends the lifespan of adult worms with UBL-5 knockdown. Control, myer = 16.0 (n =
67), Mqxe = 18.5 (n =71), p < 0.0001 (log-rank test); ubl-5 RNAIi, myen = 16.2 (N = 68), Mqxp =

18.4 (n = 63), p < 0.0001 (log-rank test).

(E) a-KB treatment or PDHB-1 knockdown increases phosphorylated AMPK in adult C. elegans.

(F) AMPK signaling is activated in a-KB-treated cells. Similar results were obtained in multiple

cell lines, including H9C2 (shown), U87 and HAPL1 cells (not shown).

(G) a-KB treatment does not further activate AMPK in PDC-knockdown H9C2 cells.

(H) a-KB does not activate AMPK in HeLa cells, which are deficient in the upstream kinase

LKB1.

(I) a-KB delays paralysis in the AB1.42 expressing GMC101 worms, but does not reduce amyloid-
beta toxicity in AAK-2 knockdown animals. Control, myen = 2.5 (n = 248), mqxe = 3.5 (n = 150), p
< 0.0001 (log-rank test); aak-2 RNAIi, Myen = 2.6 (n = 281), Mgke = 2.7 (n = 231), p = 0.7106 (log-

rank test).
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Supplemental Figures
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Figure S1, related to Figure 1. a-KB increases the lifespan of adult C. elegans.

a-KB does not alter the growth rate of the OP50 E. coli. OP50 is the standard laboratory food
source for nematodes. a-KB (4 mM) or vehicle (H.O) was added to standard LB media and the
pH was adjusted to 6.6 by the addition of NaOH. Bacterial cells from the same overnight OP50
culture were added to the LB + a-KB mixture at a 1:40 dilution, and then placed in the 37 °C
incubator shaker at 300 r.p.m. The absorbance at 595 nm was read at 1 h time intervals to

generate the growth curve.
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Figure S2, related to Figure 2. a-KB perturbs pyruvate oxidation.

(A) a-KB does not inhibit complex | activity.

(B) a-KB does not decrease LDH activity in converting pyruvate to lactate. Pyruvate (1 mM) is

provided as substrate.

(C) a-KB does not act as a competitive alternative substrate for pyruvate on LDH and does not
decrease NADH consumption rate. LDH activity is measured based on the consumption rate of

NADH.
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(D) DARTS showing a-KB binding to LDH.

(E) Allosteric sigmoidal curves of pyruvate vs. a-KB on LDH, by nonlinear regression least-
squares fit. The Vmax and Knar values for pyruvate vs. a-KB are 0.0036 vs. 0.0027 and 0.076 vs.
3.92, respectively. LDH activity is measured based on the consumption rate of NADH. Mean +

s.d. is plotted.

(F) DARTS showing a-KB does not bind to PC.

(G) Isolated mitochondria from mouse liver are offered with different respiratory substrates.
Upon a-KB, states 3u mitochondrial respiration is not inhibited when 5 mM KIC, 10 mM KIV, or

10 mM KMV is utilized as substrates together with 10 mM malate.

(H) Basal respiration, ATP-linked respiration (oligomycin-insensitive respiration) and maximum
respiration (FCCP-induced respiration) upon a-KB (5 mM) or rotenone (1 pM) treatment;
%P < 0.0001, **p < 0.01, *p < 0.05. Unpaired t test, two-tailed, two-sample unequal variance

was used.

(I) The level of phosphor-PDHAL is decreased upon a-KB treatment in HIC2 cells.

Mean * s.d. is plotted.

(J) pdhb-1 RNAi worms have lower oxygen consumption compared to control, p <0.05 (t-test,
two-tailed, two-sample unequal variance) for the entire time; similar to a-KB-treated worms

shown in Fig. 2G.
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Figure S3, related to Figure 3. a-KB treatment alters mitochondrial substrate utilization

and activates AMPK.

(A) Relative abundance of M3 lactate, alanine, and serine in cells with a-KB or UK5099 (10 uM)

treatment resulting from culture with UGIc.
(B) Relative abundance of lactate, alanine, and serine in cells with a-KB treatment.

(C) Relative abundance of alanine in cells with a-KB or UK5099 (10 uM) treatment resulting

from culture with UGIc.
(D) DLAT-knockdown cells exhibit decreased citrate and increased alanine.

(E) Relative abundance of M3 alanine in DLAT-knockdown cells resulting from culture with

UGlc.

(F) Principle component analysis using isotopomer distribution from UGlIc to all measured

metabolites in LDHB-knockdown and a-KB-treated cells.

(G) Relative abundance of M3 lactate and alanine in cells treated with a-KB resulting from

culture with UGIn.

(H) a-KB synergistically inhibits cell growth with BPTES, a known glutaminase inhibitor *.
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Unpaired t test, two-tailed, two-sample unequal variance was used for (A)-(D) and (F)-(I)

(x+*xxp < 0.0001, *+xp < 0.001, *+p < 0.01, *p < 0.05). Mean * SD is plotted. 3.2 mM a-KB was

used in (A)-(H).
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Figure S4, related to Figure 4. a-KB extends lifespan and ameliorate aging-dependent

symptoms through AMPK and disruption of pyruvate oxidation.

(A) LDHB (lactate dehydrogenase B chain) knockdown does not abolish a-KB activation of

AMPK. HI9C2 cells were used.

(B) PC knockdown does not abolish a-KB activation of AMPK. H9C2 cells were used.

(C) a-KB does not modulate HSP60 or LC3.
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Supplemental Experimental Procedures

Nematode strains

The following strains were used (strain, genotype): Bristol N2, wild type; TG38, aak-2(gt33)X;
DA1116, eat-2(ad1116)ll; CB1370, daf-2(e1370)Ill; CF1038, daf-16(mu86); skn-1(zu67). All

strains were obtained from the Caenorhabditis Genetics Center (CGC).

Lifespan analysis

Lifespan assays were conducted as described 2 at 20 °C on solid nematode growth media

(NGM) using standard protocols and were replicated in at least two independent experiments.

All lifespan data are available in Extended Data Table 1, including sample sizes. The sample
size was chosen on the basis of standards done in the field in published manuscripts. No
statistical method was used to predetermine the sample size. Animals were assigned randomly
to the experimental groups. Worms that ruptured, bagged (that is, exhibited internal progeny
hatching), or crawled off the plates were censored. Lifespan data were analyzed using

GraphPad Prism; P values were calculated using the log-rank (Mantel-Cox) test.

Statistical analyses

All experiments were repeated at least two times with identical or similar results. Data represent
biological replicates. Appropriate statistical tests were used for every figure. Data meet the
assumptions of the statistical tests described for each figure. Mean + s.d. is plotted in all figures

unless stated otherwise.
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Assay for C. elegans paralysis in Alzheimer's disease model

The GMC101 C. elegans strain 2 expresses the full length human amyloid-beta 1-42 protein in
the body wall muscle cells, leading to a fully-penetrant age-progressive paralysis. Worms were
age-synchronized by performing a timed egg lay for 3 h with ~100 gravid adults and the eggs
placed in a 20 °C incubator. Once the eggs had developed to the L4 stage at 42 h post egg lay,
they were picked onto NGM treatment plates containing 49.5 uM 5-fluoro-2’-deoxyuridine
(FUDR, Sigma F0503) to prevent progeny production and either a-KB (2 mM) or vehicle (water)
control. Worms were then shifted to 30°C to induce amyloid-beta aggregation and paralysis.
Worms were assessed for paralysis daily, beginning on the second day of treatment, by the
failure to perform whole body bends and to significantly move forward and backward upon
gentle prodding with a platinum wire. Most paralyzed worms could still move their heads and

part of their body. All worms were transferred to fresh treatment plates on day 4.

Measurement of mitochondrial respiration

Mitochondria were isolated from mouse liver as described 2. The final mitochondrial pellet was
resuspended in 30 yl of MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH2PO., 5 mM

MgCl,, 2 mM HEPES, 1 mM EGTA, and 0.2% fatty acid free BSA, pH 7.2).

Mitochondrial respiration was measured by running coupling and electron flow assays. For the
coupling assay, MAS buffer supplemented with10 mM succinate and 2 uM rotenone, or 10 mM
pyruvate and 2 mM malate (with or without 20 mM methyl pyruvate), or 10 mM glutamate and
10 mM malate (with or without 20 mM methyl pyruvate), or 10 mM methyl pyruvate and 2mM

malate. Mitochondria in complete MAS buffer were seeded into a XF24 Seahorse plate by
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centrifugation at 2,000g for 20 min at 4 °C. Just before the assay, the mitochondria were
supplemented with complete MAS buffer for a total of 500 pl (with Vehicle or a-KB), and warmed
at 37 °C for 30 min before starting the OCR measurements. Mitochondrial respiration begins in
a coupled state 2; state 3 is initiated by 2 mM ADP; state 40 (oligomycin insensitive, that is,
complex V independent) is induced by 2.5 uM oligomycin; and state 3u (FCCP-uncoupled
maximal respiratory capacity) by 4 uM FCCP. Finally, 1.5 pg/mL antimycin A was injected at the

end of the assay.

For the electron flow assay, the MAS buffer was supplemented with 10 mM sodium pyruvate, 2
mM malate and 4 uM FCCP, and the mitochondria are seeded the same way as described for
the coupling assay. After basal readings, the sequential injections were as follows: 2 uM
rotenone (complex | inhibitor), 10 mM succinate (complex Il substrate), 4 uM antimycin A
(complex Il inhibitor), and 10 mM/100 uM ascorbate/tetramethylphenylenediamine (complex IV

substrate).

Measurement of oxygen consumption rates (OCR)

OCR measurements were made using a Seahorse XF-24 analyzer (Seahorse Bioscience).
H9C2 Cells were seeded in Seahorse XF-24 cell culture microplates in DMEM media
supplemented with 10% FBS and 10 mM glucose, and incubated at 37 °C and 5% CO.
overnight. Treatment with designated compounds was for 2 h. Cells were washed in unbuffered
DMEM medium (pH 7.4, 10 mM glucose) just before measurements, and maintained in this
buffer with indicated concentrations of a-KB. OCR was measured three times under basal

conditions and normalized to protein concentration per well.

Measurement of OCR in living C. elegans was carried out as follows. Wild-type day 1 adult N2

worms were placed on NGM plates containing 4 mM a-KB or H20 (vehicle control). OCR was
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assessed on day 2 of adulthood. On day 2 of adulthood, worms were collected and washed four
times with M9 to rid the samples of bacteria, and then the animals were in Seahorse XF-24 cell
culture microplates (Seahorse Bioscience, V7-PS) in 200 yl M9 at ~100 worms per well. Oxygen
consumption rates were measured seven times under basal conditions and normalized to the
number of worms counted per well. The experiment was repeated twice. Statistical analysis was

performed using Microsoft Excel (t-test, two-tailed, two-sample unequal variance).

Complex | (NADH:ubiguinone oxidoreductase) assay

NADH:ubiquinone oxidoreductase activity was measured using MitoTox™ Complex | OXPHOS

Activity Microplate Assay (Abcam, ab109903) according to manufacturer’s instructions.

Pyruvate dehydrogenase (PDH) and lactate dehydrogenase (LDH) enzyme activity assays

The enzyme activities were measured as described *® using purified porcine heart PDH (Sigma,
P7032-25UN) and purified rabbit LDH (Promega, G9071). 10 mM NaF is included to exclude the

effect of enzyme phosphorylation for PDH assay.

Metabolic profile analysis

Cells were cultured for 24 h, rinsed with PBS, and medium containing [U-**Cg]glucose, [U-
13Cs]glutamine, or [U-3Cyg]palmitate added. After 24 h culture, cells were rinsed with ice-cold
150 mM NH4AcO (pH 7.3) followed by addition of 400 pL cold methanol and 400 pL cold water.
Cells were scraped off, transferred to an Eppendorf tube, and 10 nmol norvaline as well as 400

pL chloroform added to each sample. For the metabolite extraction, samples were vortexed for
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5 min on ice, spun down, and the aqueous layer transferred into a glass vial and dried.
Metabolites were resuspended in 70% ACN, and 5 pL sample loaded onto a Phenomenex Luna
3u NH2 100A (150 x 2.0 mm) column. The chromatographic separation was performed on an
UltiMate 3000RSLC (Thermo Scientific) with mobile phases A (5 mM NH4AcO, pH 9.9) and B
(ACN) and a flow rate of 300 puL/ min. The gradient ran from 15% A to 95% A over 18 min, 9 min
isocratic at 95% A, and re-equilibration for 7 min. Metabolite detection was achieved with a
Thermo Scientific Q Exactive mass spectrometer run in polarity switching mode (+3.0 kV / -2.25
kV). TraceFinder 3.1 (Thermo Scientific) was used to quantify metabolites as area under the
curve using retention time and accurate mass measurements (< 3 ppm). Relative amounts of
metabolites were calculated by summing up all isotopomers of a given metabolite and were
normalized to internal standard and cell number. Natural occurring **C was accounted for as

described in (Yuan et al., 2008).

Cell Culture

H9C2 cells were cultured in glucose-free DMEM (Life technologies, 11966-025) supplemented
with 10% fetal bovine serum (FBS) and 10 mM glucose. H9C2 cells were cultured at 37°C and
5% CO2. Cells were transfected with indicated siRNA using DharmaFECT 1 Transfection

Reagent by following the manufacturer’s instructions. Knockdown efficiency was confirmed by

Western blotting.

RNAI in C. elegans

RNAI in C. elegans was accomplished by feeding worms HT115 (DE3) bacteria expressing

target-gene double-stranded RNA (dsRNA) from the pL4440 vector. dsRNA production was

93



induced overnight on plates containing 1 mM isopropyl-b-D-thiogalactoside (IPTG). All RNAI
feeding clones were obtained from the C. elegans ORF-RNAI Library (Thermo Scientific/Open
Biosystems) unless otherwise stated. In lifespan experiments, we used RNAI to inactivate AAK-
2, UBL-5 and PDHB-1 in mature animals in the presence or absence of exogenous a-KB. The
concentration of a-KB used in these experiments (4 mM) was empirically determined to be most

beneficial for wild-type animals (Figure 1C).

Assay for AMPK pathway activity in C. elegans

Wild-type N2 were grown at 20 °C from the L1 stage until L4. L4 worms were transferred onto
NGM plates (55-mm diameter) with vehicle (water), 4mM a-KB, pdhb-1 RANi bacteria. After
one-day treatment, adult worms were washed from three plates using M9 buffer, followed by
centrifuging at 1400 rpm for 1 min. After removing the supernatant, the worms were frozen in ~
25 ul M9 buffer quickly in liquid nitrogen. Then the worm samples were stored at —80 °C. Before
western blotting analysis, worms were thaw on ice and mixed with 2x sample loading buffer (50
mM Tris-Cl, pH 6.8, 2 mM EDTA, 4% glycerol, 4% SDS, bromophenol blue, 1X PIC) and
sonicated at 50 sonics at 40 °C for 3 min and then boiled at 95 °C for 6 min. Cool samples on
ice before load in 4-12% Bis-Tris gel. AMPK pathway activity in C. elegans treated with a-KB or
pdhb-1 knockdown was determined by the levels of phosphorylation of AMPK (T172) 8. Specific

antibodies used: P-AMPKa T172 (Cell Signaling, 2535S), a-Tubulin (Sigma, T6199).

Assay for AMPK and mammalian TOR (mTOR) pathway activity

AMPK and mTOR pathway activity in cells treated with a-KB was determined by the levels of

phosphorylation of AMPK (T172), AAC (S79), and S6K (T389). Specific antibodies used:
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phospho (P)-S6K T389 (Cell Signaling, 9234), S6K (Cell Signaling, 9202S), P-AMPKa T172
(Cell Signaling, 2535S), AMPKa (Cell Signaling, 2532S), P-ACC S79 (Cell Signaling, 3661S),
ACC (Cell Signaling, 3662S), GAPDH (Santa Cruz Biotechnology, 25778), DLAT (Thermofisher,
PA5-29043), DLD (Thermofisher, PA5-27364), P-PDHA (Novus, NB110-93479), LDHA(Cell
Signaling, 2012S), LDHB(Abcam, ab53292), PC(Abcam, ab126707), PKM1/2(Cell Signaling,

3186s), and PDHA (Cell Signaling, 2784S).

Assay for cellular growth

HIC2 cells were seeded in 96-well plates at 2 x 10° cells per well and treated with indicated
compound for 2 day. Cell number was measured using the CellTiter-Glo luminescent ATP assay

(Promega, G7572); luminescence was read using Analyst HT (Molecular Devices).

Assay for NAD*/NADH

NAD*/NADH level is measured by NAD/NADH-Glo™ Assay (Promega, G9071) with adapted

protocol as described 4.

Isotopomer enrichment modeling

Isotopomer enrichment modeling was performed as described”.
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CHAPTER 5

Conclusions

This dissertation has presented several novel endogenous longevity compounds,
including a-ketoglutarate (a-KG)?, 2-hydroxyglutarate (2-HG)?, and a-ketobutyrate (a-KB). To
explore the anti-aging mechanisms of these compounds, we combined analyses of target
identification®, metabolomics, bioenergetics, as well as epistasis using both C. elegans and
mammalian cells. These approaches allowed us to identify and validate the functional targets

and downstream metabolic signaling pathways acted upon by of these compounds.

We first discovered that a-KG is a novel and potent longevity compound. By applying
DARTS (drug affinity response target stability)3, we identified ATP5B, a subunit of the F1
component of ATP synthase, as a novel target for this metabolite. The inhibitory effect of a-KG
on ATP synthase was further validated in purified enzyme activity assays, cells, and C. elegans.
We next found that TOR is a downstream signaling target for the longevity effects of a-KG. It is
likely that a-KG inhibits TOR through ATP synthase inhibition, as TOR signaling is modulated by
energy metabolism and is inhibited upon dietary restriction (DR). Interestingly, we found that the
longevity effect of a-KG overlaps with DR and endogenous a-KG accumulates upon DR in C.
elegans. Consistently, a recent study reported that a-KG accumulates in starved mice*. These
results suggest that a-KG may serve as a bridge signaling to connect DR, TOR, and lifespan

extension.

2-HG is a well-known oncometabolite that becomes accumulated in IDH mutant tumors

and facilitates tumor transformation®. Unexpectedly, we discovered that 2-HG, similar to a-KG,
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extends lifespan in C. elegans via inhibition of 2-HG ATP synthase and TOR. The inhibitory
effect of 2-HG on ATP synthase causes a bioenergetics deficiency in IDH mutant cells and
inhibits cellular growth. Importantly, 2-HG accumulation makes these cells highly sensitive to

glucose deprivation, which may be exploited by metabolic intervention for IDH mutant tumors.

Finally, we present one additional longevity metabolite, a-KB. As a competitive
alternative substrate of pyruvate dehydrogenase, the metabolite a-KB specifically interrupts
complex I-dependent respiration, rewires pyruvate metabolism, activates AMPK signaling, and
extends lifespan in C. elegans. Importantly, we found that a-KB delays the onset of paralysis
induced by proteotoxic stress, indicating that a-KB could potentially be useful as a treatment for
neurodegeneration. This study provides an example of the profound effects that endogenous
alternative substrates for key metabolic enzymes can exert on metabolism and downstream
signaling pathways. There is an abundance of metabolites that can serve as alternative
substrates to various enzymes, and their biological significance has not been fully studied. It will
be interesting to further explore their potential effects in aging and aging-related symptoms, as

well as other physiological processes and diseases.

Our results build upon previous studies indicate that metabolites are not merely
substrates for enzymes but can also serve as pivotal signaling metabolites that regulate various
physiological processes and influence cellular and organismal health. Consistently, there is
increasing evidence showing that metabolites play crucial roles in diseases and aging%2. The
development of metabolomics and target identification techniques has enabled accurate
mechanistic studies on metabolites and revealed unappreciated biological networks acted on by
metabolites. The longevity effects of metabolites are not likely to be fortuitous. Indeed, our
results and results from other groups indicate that a-KG accumulates upon dietary restriction*

and may serve as an endogenous signal for starvation stress. Together these results suggest
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that it is possible to identify novel endogenous pathways to counteract detrimental effects of

aging.

The elderly population has been continually increasing globally, and society desperately
needs new means of tackling the burdens of aging and aging-related diseases®.
Pharmacological perturbation of aging is one of the best strategies for us to improve the life
quality of the older population. However, safety issues have largely impeded the development of
anti-aging compounds. For instance, long-term treatment of rapamycin, a compound with
proven longevity-promoting activity in mice, causes unexpected side effects, including
hyperlipidemia, in patients!®. Moreover, rapamycin’s activity as an immune suppressant could
also be detrimental to older individuals with an already weakened immune system, potentially
making them more susceptible to cancer and infectious diseases. Our studies have uncovered
several prominent candidates for anti-aging drug development. We speculate that these
compounds are safe to be used as supplements as they are endogenous metabolites unlikely to
be toxic at the does necessary for anti-aging activity, and a-KG already has a history of use as a
supplement in humans. Although we have only tested the longevity effects of these compounds
in C. elegans, their pro-longevity activities are likely to also benefit humans as the mechanisms
by which they extend lifespan are conserved in mammals and we have validated their molecular
bioactivities and mechanisms in human cell lines. Notably, our studies indicate that these
longevity compounds may be exploited as intervention for aging-related symptoms. For
instance, we and other groups have shown that a-KG inhibits tumor cell growth, interrupts tumor
angiogenesis in xenograft cancer models?'1'2, and decreases the arterial stiffening which

occurs in aged mice!3,

The goal of aging research is to discover and develop safe and potent compounds as
interventions for aging and aging-related diseases. To fulfill this aim, we and other researchers

will continue to identify novel anti-aging metabolites, explore the effects of longevity compounds
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in aging-related symptoms, as well as test combination effects of these novel longevity

compounds for delaying aging and the prevention and treatment of age-related diseases.
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