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SUMMARY

Amino acids are known regulators of cellular sig-
naling and physiology, but how they are sensed intra-
cellularly is not fully understood. Herein, we report
that each aminoacyl-tRNA synthetase (ARS) senses
its cognate amino acid sufficiency through catalyzing
the formation of lysine aminoacylation (K-AA) on its
specific substrate proteins. At physiologic levels,
amino acids promote ARSs bound to their substrates
and formK-AAs on the 3-amine of lysines in their sub-
strates by producing reactive aminoacyl adenylates.
The K-AA marks can be removed by deacetylases,
such as SIRT1 and SIRT3, employing the same
mechanism as that involved in deacetylation. These
dynamically regulated K-AAs transduce signals of
their respective amino acids. Reversible leucylation
on ras-related GTP-binding protein A/B regulates
activity of the mammalian target of rapamycin com-
plex 1. Glutaminylation on apoptosis signal-regu-
lating kinase 1 suppresses apoptosis. We discov-
ered non-canonical functions of ARSs and revealed
systematic and functional amino acid sensing and
signal transduction networks.

INTRODUCTION

The threemajor nutrients utilized by cells are glucose, fatty acids,

and amino acids, and are sensed through distinct mechanisms.

The intake, storage, mobilization, and breakdown of glucose and
fatty acids are mediated by various sensors (Chantranupong

et al., 2015; Efeyan et al., 2015). For example, the extracellular

glucose levels and their cross-plasma membrane transportation

are sensed and mediated by the glucose transporters (Thorens

andMueckler, 2010), while the fatty acids are sensed by acyl-co-

enzyme A (CoA)-binding proteins that monitor the intracellular

trafficking and utilization of long-chain fatty acids (Faergeman

et al., 2007). As for amino acids, the general control non-dere-

pressible 2 (GCN2) protein indirectly senses the abundance of

intracellular amino acids by binding tightly to uncharged tRNA

molecules and preventing the initiation of translation by inacti-

vating eukaryotic translation initiation factor 2a (Berlanga et al.,

1999; Dong et al., 2000). The mammalian target of rapamycin

complex 1 (mTORC1) is known to respond to several amino

acids in the lysosome membrane (Zoncu et al., 2011). Amino

acid transporters are also proposed to be extracellular

amino acid sensors (Rebsamen et al., 2015; Taylor, 2014;

Wang et al., 2015). However, the chemical bases of these pro-

posed amino acid sensing and transmitting molecules are yet

to be defined. Sestrin2 and CASTOR1, GATOR2-interacting pro-

teins, which bind leucine and arginine, respectively, at physio-

logical concentrations and activate mTORC1 by disrupting the

Sestrin2- or CASTOR1-GATOR2 interactions (Chantranupong

et al., 2016;Wolfson et al., 2016), represent the very few reported

amino acid sensors whose sensing and transmitting mecha-

nisms are adequately defined. Significant data gaps exist with

respect to understanding whether systematic amino acid

sensing and regulating mechanisms exist, given the numerous

known regulatory functions of amino acids.

To be considered as a bona fide amino acid sensor, the protein

must directly and specifically bind to an amino acid. Aminoacyl-

tRNA synthetases (ARSs) are a family of enzymes capable of

binding and discriminating among amino acids and catalyzing
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Figure 1. Aminoacylations Present and Regulated in Cells

The names and structures of CobB- or SIRT3-releasedmetabolites from the liver cancer proteome (n = 3) are presented. Metabolites that were released by either

CobB or SIRT3 aremarked by ‘‘O’’ andmetabolites that were not released by them aremarked by ‘‘X.’’ The carboxyl groups in all structures aremarked in red. See

also Figure S1.
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Figure 2. Substantial K-AAs Are Widespread in Cells

(A) The synthetic lysine modified peptides listed in Figures S1F and S1G and their corresponding unmodified peptides were each mixed and treated with re-

combinant CobB. Themodified peptide library was also treated with CobBH147A. The released amino acids were derivatized and analyzed by GC followed byMS.

GC peaks corresponding to each amino acid (confirmed by MS/MS) were marked. See also Figures S1F and S1G.

(legend continued on next page)
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aminoacylation reactions to link each specific amino acid to its

cognate tRNA, and thus fulfill this requirement as true amino

acid sensors. Remarkably, some ARSs and their corresponding

amino acids regulate the same functions other than protein syn-

thesis. For example, both leucine and leucyl-tRNA synthetase

(LARS) activate mTORC1 (Blomstrand et al., 2006; Han et al.,

2012; Yoon et al., 2016). Glutamine and glutamine-bound gluta-

minyl-tRNA synthetase (QARS) both suppress apoptosis by in-

hibiting the pro-apoptotic enzyme apoptosis signal-regulating

kinase 1 (ASK1) (Hattori et al., 2009; Ko et al., 2001). Moreover,

the binding of amino acids to their corresponding ARSs is

required for signal transmission by the latter (Guo and Schimmel,

2013; Han et al., 2012; Ko et al., 2001). These facts support the

concept that amino acids are sensed by ARSs.

Metabolite-derived, amide-bonded post-translational modifi-

cations (PTMs) are regulated by the levels of respective metab-

olites, raising the possibility that these PTMs sense metabolites.

Lysine (Gilreath et al., 2011; Yanagisawa et al., 2010) and methi-

onine (Hountondji et al., 2000) are also among the amide-bonded

modifiers of lysine. Notably, these two lysine aminoacylations

are catalyzed by their corresponding ARSs, suggesting again

the possibility that ARSs, which are capable of producing reac-

tive aminoacyl-adenylates (aminoacyl-AMPs), high-energy ami-

noacyl-phosphate bonds containing compounds that are known

to modify the 3-amine groups of lysines (Moellering and Cravatt,

2013; Weinert et al., 2013), may catalyze lysine aminoacylation

(K-AA) formation.

RESULTS

Identification of Lysine Aminoacylations in Cells
We employed recombinant Salmonella deacetylase CobB (Fig-

ure S1A), a documented multi-specific amidase (Colak et al.,

2013), to cleave lysinemodifications that arepresent in the human

liver cancer proteome, in which the non-covalently bonded me-

tabolites were removed through repeated washing with 90%

acetone before CobB treatments (Figure S1B). As oximation

treatment of CobB cleaved modifiers, assumed to be O-acyl-

ADP-ribose (Blander and Guarente, 2004), by methoxyamine

hydrochloride resulted in free acids (Figures S1C and S1D), the

modifiers were directly annotated by their derivatizedm/z values

following mass spectrometry (MS) analysis.

Positively identified metabolites, which had an at least 2-fold

increase in abundance in CobB-treated relative to that of un-

treated proteome, were validated by comparing both the reten-

tion time of gas chromatography (GC) and spectra of MS with

those of standard metabolites (Figure S1E). In experiments con-

ducted in triplicate, 49 metabolites, including known amide-

bonded modifiers of lysine such as propionic acid, succinate,

pentanoic acid, and hexadecanoic acid (Chen et al., 2007;

Kato, 2014; Zhang et al., 2011), were positively identified

(Figure 1).
(B) Changes in the relative amino acid levels (folds, normalized to the untreated pr

cytosolic, nuclear, and mitochondrial fractions of HEK293T cells are shown.

(C) Numbers of proteins, peptides, and sites for each K-AA identified in the human

since they were indistinguishable in the survey.

(D) Levels of leucylation of K142 of RagA and/or K203 of RagB were determined

(E) Levels of glutaminylation of K688 of ASK1 were determined (n = 3, mean ± S
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K-AAs Are Widespread in Cells and Respond to Amino
Acid Levels
All 20 amino acids were released from the liver cancer proteome

by CobB (Figure 1). To validate that amino acids are potential

lysine modifiers, we synthesized peptide libraries that were

either devoid of or contained all 20 standard amino acids amide

bonded to 3-amine of lysines in the peptides (Figures S1F and

S2A) and tested the ability of CobB to cleave these lysine amino-

acylations from these peptides. CobB lacks peptidase activity,

since it failed to release any amino acid from the unmodified pep-

tide library (Figure 2A). Moreover, wild-type CobB, but not inac-

tivated CobBH147A (Holden et al., 2004), cleaved amino acids

from the modified peptides (Figure 2A). Furthermore, CobB

released all 20 standard amino acids from the metabolite-free

proteome of isolated nuclear, cytosolic, and mitochondrial frac-

tions of HEK293T cells in an NAD+-dependent manner (Fig-

ure 2B). These results confirmed that CobB released K-AAs

from liver cancer proteome. Lastly, in three independent exper-

iments, searching for K-AAs in a tryptic peptide library of human

liver cancer identified large numbers of proteins, whose func-

tions covered almost all aspects of cell physiology, as substrates

of K-AAs (Figure 2C; Table S1), and confirmed that K-AAs are

widespread in human cells.

We quantified K-AA levels on identified leucylated and gluta-

minylated lysines (Table S1) and found that increasing leucine

increased cellular leucylation levels of lysine 142 (K142) of Ras-

related guanosine triphosphate (GTP)-binding protein A (RagA)

or lysine 203 (K203) of Ras-related GTP-binding protein B

(RagB), given they share the same sequence, from 10.5% to

35.6% in HEK293T cells (Figure 2D), and that increasing gluta-

mine elevated the glutaminylation level of lysine 688 (K688) of

apoptosis signal-regulating kinase 1 (ASK1) (Table S1) from

around 12.5% to 27.6% in HEK293T cells (Figure 2E). These re-

sults confirmed that K-AAs are dynamically regulated by amino

acid levels.

ARSs Are Aminoacyl Transferases
ARSs catalyze the formation of reactive aminoacyl-phosphate

bond-containing aminoacyl-AMPs, which may form K-AAs (Fig-

ure 3A). LARS resulted in an adduct, which produced the same

tandem MS (MS/MS) spectrum of a synthetic K142 leucylated-

containing RagA peptide, between synthetic K142 RagA in an

amino acid-, ATP-, and ARS-dependent manner (Figure 3B).

All purified cytoplasmic ARSs were found to add molecular

weights equal to their respective aminoacylations to the syn-

thetic N terminus-protected, substrate-derived peptides (Fig-

ures S1F, S1G, and S2A). Moreover, all 17 isolated functional

mitochondrial ARS2s also added molecular weights identical

to K-AAs in their corresponding synthetic mitochondrial sub-

strate-derived peptides (Figure S2B), except that the formation

of arginylation, glutaminylation, and glutamylation required

the presence of their corresponding tRNAs to activate their
oteome) because of CobB treatment (n = 3, mean ± SD) of the proteome of the

liver cancer proteome are summarized. KLeu and KIle were summarized together

(n = 3, mean ± SD) upon leucine supplementation (0.4 mM).

D) under low (1 mM) and high (8 mM) glutamine.
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Figure 3. ARSs Catalyze K-AA Formation

(A) Proposed mechanisms for the ARS-catalyzed generation of K-AAs. Reactive carboxyl phosphate bond is circled.

(B) Representative results of ARSs catalyze K-AAs formation. Synthetic K142-containing RagA peptide (RagA K142) was leucylated by LARS in vitro. The

formation of KLeu142 was detected by MS (left). The MS/MS spectrum of the leucylated product (right upper) was compared with that of a synthetic leucylated

K142 peptide (right lower). See also Figures S2A and S2B.

(C) ARSs were overexpressed in HEK293T cells. Amide-bonded amino acids in the proteome of the cytosolic fraction of ARS-expressing cells and control cells

were cleaved by CobB, as analyzed by MS (n = 3, means). ARS-expressing/control ratios were indicated by intensities of red color. See also Figures S2C

and S2D.

(D) Synthetic N-acetylated peptide containing all 20 proteogenic amino acids (Ac-HDRFACGQEKLMNSYTIWPV, upper) and the same peptide with lysine

switched to alanine (lower) were each tested for their abilities to be modified by QRS, LARS, and YARS.

(E) Purified LARS, leucine-binding-deficient LARSF50A/Y52A, and tRNALeu charging-defective LARSK716A/K719A were tested for their abilities to catalyze KLeu

formation in the synthetic K142 peptide.

(legend continued on next page)
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corresponding ARSs (Kern and Lapointe, 1981; Nazario and

Evans, 1974; Ravel et al., 1965) (Figures S2A and S2B). Further-

more, in HEK293T cells the overexpression of ARSs and ARS2s

(Figure S2C) resulted in increased levels of corresponding K-AAs

in the cytosol (Figure 3C) andmitochondria (Figure S2D), respec-

tively, whereas the knockdown of ARSs decreased the levels of

the corresponding K-AAs in HEK293T cells (Figure S2E), con-

firming that ARSs are specific aminoacyl transferases func-

tioning in cells. It is worth noting that few ARSs showed the ability

to increase the K-AA levels of other amino acids (Figures 3C and

S2D), consistent with previous reports that some ARSs also

recognize other amino acids and may function as multi-specific

aminoacyl transferases.

Notably, LARS, QARS, and tyrosyl-tRNA synthetase (YARS)

only added corresponding amino acids on a synthetic peptide

composed of all 20 standard amino acids, but not on the

peptide with the same sequence but with lysine converted to

alanine (Figure 3D), showing that ARSs catalyze modifications

on lysine residues. Moreover, aminoacyl-AMP formation-defec-

tive LARSF50A/Y52A (Han et al., 2012) (Figure 3E), ATP-binding-

defective QARSK496A (Kodera et al., 2015) (Figure 3F), and

inclusion of pyrophosphate to the reaction to inhibit leucyl-

AMP production (Airas and Cramer, 1986) (Figure 3G) all failed

to form K-AAs in synthetics peptides. However, tRNA

charging-defective but leucyl-AMP-producing LARSK716A/K719A

(Han et al., 2012) retained its ability to form leucylation (Fig-

ure 3E). These results collectively confirmed that ARSs exhibit

their lysine aminoacyl transferase activity depending on their

ability to produce aminoacyl-AMP.

Leucine and Glutamine Promote LARS-Substrate and
QARS-Substrate Interactions and Substantial Substrate
Aminoacylations
The KM of leucine for LARS to leucylate RagA in vitro was

289.12 mM (Figure 4A) and the KM of glutamine for QARS to glu-

taminylate ASK1 was 1,986.66 mM (Figure 4B); both were around

the cellular levels of these two amino acids, showing that leucy-

lation and glutaminylation are both capable of sensing intracel-

lular leucine and glutamine, respectively. Moreover, both K142

of RagA and K688 of ASK1 were aminoacylated rapidly when

leucine and glutamine, respectively, were at high levels (Figures

4A and 4B), showing that K-AAs are efficient amino acid level

readouts. Furthermore, LARS, but not LARSF50A/Y52A, increased

leucylation levels on K142 of RagA from 8.5% to 51.3% and

K307 of RagA from 4.2% to 14.1% in a leucine-dependent

manner (Figure 4C). QARS, but not QARSK496A, glutamine-

dependently increased glutaminylation levels on lysines 657,

688, and 878 of ASK1 from 3.1% to 8.3%, from 11.0% to

43.4%, and from 2.2% to 6.8%, respectively (Figure 4D). These

results showed that K-AAs modify a substantial percentage of

specific lysines in their substrates and may regulate the proper-

ties of their substrates.

Importantly, we found that the presence of ARS protein in the

aminoacylation reactions was required for aminoacylation reac-
(F) Purified QARS and ATP-binding-deficient QARSK496A were tested for their abi

peptide (K688 peptide). The tRNAGln was included in the reaction mix to activate

(G) The formation of KLeu142 in the synthetic K142 peptide, catalyzed by LARS, wa

final concentration).
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tions. A solution pre-incubated with leucine, LARS, and ATP to

generate leucyl-AMP followed by removal of LARS with centrifu-

gal filter leucylated neither intact RagA (Figure 4E), probing by a

homemade K142 site-specific leucylation antibody (Figure S3A),

nor K142 peptide of RagA (Figure 4G).Moreover, the presence of

QARS in the reaction mix was also required for QARS to glutami-

nylate either K688 in intact ASK1 protein (Figure 4F), detected by

a homemade K688 glutaminyl-lysine antibody (Figure S3B), or

K688 peptide of ASK1 (Figure 4G). These results showed that

ARS-produced aminoacyl-AMPs, unlike that of acetyl-phos-

phate, diffuse into solution and modify lysines non-specifically

(Weinert et al., 2013), and selectively modify substrate proteins

that physically interact with ARSs. Confirming this notion, the

presence of GTP-bound RagDQ121L in the reaction mix to in-

crease LARS-RagA interaction caused higher leucylation of

RagAK142 than those of wild-type RagD and guanosine diphos-

phate (GDP)-bound RagDS77L, with both having weaker ability

to bind LARS (Han et al., 2012), whereas the presence of LARS

non-interacting RagC did not affect leucylation of RagAK142 (Fig-

ure S3C). Moreover, simultaneous overexpression of LARS and

RagA in HEK293T cells increased the leucylation level of RagA

via probing by a homemade pan-leucylation antibody (LeuK)

(Figures S3D and S3E); however, switching N969 and K970 of

LARS to alanine (LARSN969A/K970A) to disrupt the LARS-Rag

GTPase interaction (Han et al., 2012) impaired the ability of

LARS to leucylate RagA (Figure 4H). Moreover, at around

0.4 mM, the leucine level that activates mTORC1 cells (Yoshida

et al., 2015), leucine induces half-maximum LARS-RagA interac-

tion and half-maximum K142 leucylation in RagA (Figure 4I).

Similarly, at around 2 mM, the glutamine level that suppresses

apoptosis in cells (Ko et al., 2001), glutamine induces half-

maximum QARS-ASK1 interaction and half-maximum K688 glu-

taminylation in ASK1 (Figure 4J). These findings are consistent

with previous reports that leucine enhances LARS-GTPase inter-

action (Han et al., 2012) and glutamine enhances QARS-ASK1

interaction both in cells and in vitro (Ko et al., 2001), and provides

mechanistic explanations for how these amino acids are sensed

by ARSs.

K-AAs Are Removed by Deacetylases
To identify possible human deaminoacylases, we screened

deaminoacylase activities of NAD+-dependent sirtuins, namely

SIRT1–SIRT7 (Balakin et al., 2007; Du et al., 2011), in synthetic

aminoacylated peptides (Figures S1F and S1G). Among them,

SIRT1 was found to have deaminoacylase activity for eight types

of K-AAs in synthetic peptides, including RagA K142 leucylation,

but not K688 glutaminylation (Figures 5A and S2F). SIRT3, which

functions in both the cytosol as a 399-amino-acid deacetylase

(44 kDa, long form) and the mitochondria as a 257-amino-acid

deacetylase (amino acids 143–399, 28 kDa, short form) (Law

et al., 2009), showed deaminoacylase activity toward all syn-

thetic K-AAs tested (Figures 5B and S2F). The deaminoacylase

activity of SIRT3 extended to K-AAs in liver cancer proteome

(Figure 1) and purified intact proteins from HEK293T cells.
lity to catalyze K-Gln formation in the synthetic ASK1-derived K688-containing

the reaction.

s tested in the absence and presence of inorganic pyrophosphate (PPi, 10 mM
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Figure 4. ARSs Selectively Recruit and Efficiently Modify Substrates

(A and B) The kinetic parameters of LARS toward leucine employing intact RagA, toward RagA-K142 (A), and QARS toward glutamine employing intact ASK1,

toward ASK1-K688 (B) were determined (n = 3, mean ± SD). The catalytic efficiencies (kcat/KM, s
�1M�1) were calculated.

(C and D) Recombinant RagA (C) and ASK1 (D) were subject to leucylation and glutaminylation by LARS andQARS, respectively, in vitro (n = 3,mean ± SD). A total

of 1 mM leucine was present in the leucylation reactions and 8 mM glutamine was present in the glutaminylation reactions. The sites of modifications and the

levels of modifications of each site were determined.

(E and F) RagA (E) and ASK1 (F) were incubated, respectively, with LARS- and QARS-pre-incubated solution alone and with corresponding ARSs added back to

the pre-incubated solution. The leucylation on K142 of RagA and the glutaminylation on K688 of ASK1 were detected. RagD was co-expressed with RagA and

LARS to facilitate the formation of RagA-LARS-RagD complex. See also Figure S3.

(legend continued on next page)
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SIRT3 effectively decreased K142 leucylation in RagA and K688

glutaminylation in ASK1, with an estimated catalytic efficiency

(kcat/KM) to remove K142 leucylation in RagA at 7.76 3 106 (Fig-

ures 5C and 5D). Moreover, the LARS-catalyzed RagA K142 leu-

cylation was dose-dependently decreased by SIRT3 (Figure 5E),

indicating that the level of RagA K142 leucylation is dynamically

regulated by LARS and SIRT3.

To understand the structural basis of how SIRT3 exerts

multiple deaminoacylase activities toward K-AAs, we deter-

mined the crystal structure of the catalytic domain of SIRT3

(designated SIRT3) in complex with a leucylated peptide

(638TRSGKLeuVMRRLLR649) derived from human acetyl-CoA

synthetase 2 (AceCS2) (Figures 5F and S4). The overall SIRT3

structure is similar to the previously reported structure of

SIRT3 in complex with an acetylated AceCS2 peptide (residues

638–649) (PDB: 3GLR) (Jin et al., 2009), with a root-mean-square

deviation of 1.49 Å for 253 aligned Ca atoms (Figures S4E–S4G).

The SIRT3 structure is composed of a typical Rossmann fold,

a well-known NAD+-binding module, and a small domain

containing a four-helical bundle and a zinc-binding motif. The

AceCS2-KLeu peptide adopts an extended T-shaped conforma-

tion and packs against a shallow groove on the surface of the

SIRT3 enzyme (Figure 5G). The interaction between the

AceCS2-KLeu peptide and SIRT3 is primarily mediated by

main-chain hydrogen bonds formed between residues G641

and V643 of the AceCS2-KLeu peptide and residues G295,

Q296, and L298 of SIRT3. Therefore, the primary sequence of

the substrate does not appear to be critical for catalysis. More-

over, KLeu642 is not specifically recognized, and the hydropho-

bic pocket is sufficiently large to accommodate groups larger

than KLeu642 (Figure 5H), which is evident from the crystal struc-

ture of SIRT3-AceCS2-Kac-ADPR (PDB: 3GLT) (Jin et al., 2009).

Notably, similar substrate-binding sites are also found in other

known human sirtuin structures, providing possible explanations

for the multi-specificity of SIRT1 to K-AAs. Together, the struc-

tural analyses supported our observations that SIRT1 and

SIRT3 are multi-specific deaminoacylases.

Lending further support that deacetylases could be deaminoa-

cylases, nuclear magnetic resonance (NMR) assays detected

the generation of 20-O-leucyl-ADP-ribose (Figure 5I), the genera-

tion of NAM, but decrease of NAD+ (Figure 5J) during the deleu-

cylation of synthetic leucylated K142 peptide by SIRT3 in vitro.

Moreover, NAM dose-dependently inhibited the deaminoacy-

lase activity of SIRT3 (Figure 5K), while deacetylation-defective

SIRT3H248A (Jin et al., 2009) failed to catalyze deleucylation

(Figure 5L).

Reversible Leucylation Regulates mTORC1 Activity
We found that either leucine supplementation or LARS overex-

pression increased the global leucylation levels in HEK293T cells

(Figures 6A and 6B). Notably, leucine supplementation to the cul-
(G) The leucylation on K142 RagA peptide and the glutaminylation on K688 ASK

incubated solution alone and with corresponding ARSs added back to the pre-in

(H) RagA/RagD were co-expressed with LARS or LARSN969A/K970A. The leucylatio

(I) Overexpressed LARS, RagA, and RagDwere purified fromHEK293T cells. The L

amount of these proteins were incubated in vitro in the presence of indicated lev

(J) Overexpressed QARS and ASK1 were purified from HEK293T cells. The QARS

amounts of these proteins were incubated in vitro in the presence of indicated le
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ture media increased global leucylation (Figure 6C) and K142 of

RagA leucylation (Figure 6D) within 15 min. The quick response

of leucylation to leucine treatment and the coincident response

time between leucylation and mTORC1 activation (Yoshida

et al., 2015) suggest that leucylation is a possible underlying

mechanism in the activation of mTORC1. This hypothesis is

further supported by the overexpression of LARS, but not that

of a leucylation-defective LARSF50A/Y52A, inducing leucylation

and activating mTORC1, as determined by the phosphorylation

of S6K (p-S6K) and 4EBP1 (p-4EBP1) (Figure 6E). Moreover,

the leucine analog leucinol (Han et al., 2012) inhibited LARS-

induced leucylation and decreased LARS-induced mTORC1

activation in HEK293T cells (Figure 6F), and knocking down

LARS in HEK293T cells largely abrogated themTORC1 response

to leucine supplementation (Figure 6G). Furthermore, reintro-

duced wild-type, but not leucylation-defective LARSF50A/Y52A,

restored mTORC1 response to leucine supplementation in

LARS knockdown HEK293T cells (Figure 6H). These results

collectively confirmed that LARS senses intracellular leucine

and regulates mTORC1 through regulating RagA leucylation.

Given that K142 is the most dynamically leucylated lysine in

RagA (Figures 2D and 4C), and the K142 of RagA is close to

the GTP-binding region of RagA (Figure S5A) and is reported

to be important for mTORC1 regulation (Deng et al., 2015), the

molecular mechanism underlying KLeu142 of RagA-mediated

mTORC1 regulation was studied. The leucylation on K142 was

confirmed. The synthetic leucylated RagA peptide produced

an MS/MS spectrum identical to that of the liver cancer prote-

ome, and by means of a synthetic unleucylated peptide pro-

duced anMS/MS spectrum differing from the above two spectra

by a leucine modification (Figure S6A). Moreover, the synthetic

leucylated RagA peptide eluted from the high-performance

liquid chromatography column at the same time as that of the

peptide from the proteome (Figure S6A). Furthermore, since

K142 peptide of RagA is equivalent to the K203 peptide of

RagB, we further observed that the leucylation levels of both

RagA and RagB were elevated by methyl-leucine supplementa-

tion, which increases intracellular leucine levels (Zoncu et al.,

2011), to the culture media of HEK293T cells (Figure 6I). The

GTP loading of Rag A was increased from 33.4% to 78.0%

upon leucine supplementation, resembling an effect of substitut-

ing K142 to leucine to mimic the effects of constitutive leucyla-

tion, which has GTP loading of about 80% and is not responsive

to leucine supplementation. Conversely, the substitution of K142

with non-amide bond modifiable and positive charge-retaining

arginine decreased their GTP loading to about 35% and abro-

gated RagA’s response to leucine supplementation (Figure 6J).

Similar effects were observed for RagB when its K203 was

switched to leucine and arginine, respectively (Figure S6B).

These results demonstrate that the leucylation on K142 of

RagA and K203 of RagB may serve as key leucylation sites to
1 peptide were detected by MS after the peptides were incubated with pre-

cubated solution.

n levels of affinity-purified RagA were detected.

ARS-RagA interaction and K142 of RagA leucylation were detected after equal

els of leucine.

-ASK1 interaction and K688 of ASK1 glutaminylation were detected after equal

vels of glutamine.
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activate mTORC1. Seeking further confirmation of this conclu-

sion, we found that RagAK142L had weaker interactions with

Ragulator and GATOR1, known GEF and GAP of RagA, respec-

tively (Bar-Peled et al., 2012; Wolfson et al., 2017), whereas

RagAK142R had much stronger interactions with Ragulator and

GATOR1 (Figure S6C). Moreover, RagAK142L had lower,

whereas RagAK142R had higher GTPase activity in the presence

of GATOR1 and Ragulator (Figure S6D). These results indicated

that leucylation could also alter GTP loading of RagA through

altering its interactions with Ragulator and GATOR1 and

changing GTPase activity of RagA. We further tested the ability

of RagA and RagAK142L and RagAK142R, which bound more

tightly and weakly, respectively, than that of RagA with raptor

(Figure 6K) in RagA knockdown HEK293T cells, in regulating

S6 kinase (S6K) and 4E-binding protein 1 (4-EBP1). While

reintroduced RagA elevated the phosphorylation levels of S6K

and 4-EBP1 dependent on leucine, reintroduced RagAK142L

constitutively elevated the phosphorylation levels of S6K

and 4-EBP1 while rendering them less sensitive to methyl-

leucine supplementation (Figure 6L); conversely, reintroduced

RagAK142R failed to activate mTORC1 and had no effect on

restoring mTORC1 responsiveness to methyl-leucine treatment

(Figure 6M).

Furthermore, deleucylase SIRT3 knockdown by shRNA

increased RagA KLeu142, global leucylation, p-S6K, and

p-4EBP1 levels (Figure 6N), whereas the overexpression of

SIRT3, but not that of a catalytic dead SIRT3H248A, decreased

RagA KLeu142, global leucylation, p-S6K, and p-4EBP1 levels

in HEK293T cells (Figure 6O). Moreover, the livers of Sirt3

knockout 129/C57BL/6 mice (Sirt3�/�) exhibited higher RagA

KLeu142 and S6K and 4EBP1 phosphorylation levels than those

found in the wild-type mice (Figure 6P). Furthermore, SIRT3

localized to the lysosome, the site at which mTORC1 activation

occurs and LARS is targeted (Zoncu et al., 2011) in a leucine star-

vation-enhanced manner (Figure 6Q). Lastly, deleucylation

active SIRT1 overexpression-decreased p-S6K and p-4EBP1

levels in HEK293T cells were reversed by LARS overexpression

(Figure 6R). These results were consistent with documented ob-

servations that Sirt3 ablation activates mTOR in mice (Sundare-

san et al., 2009) and SIRT1 negatively regulatesmTORC1 (Ghosh
Figure 5. Deacetylases Remove K-AAs

(A) Representative results of SIRT1-catalyzed de-K-AA reactions. The ability of SIR

kinase 2)-derived KAla246-containing peptide (upper) and deglutamylate the s

peptide (lower) were determined. See also Figure S2F.

(B) Representative results of SIRT3-catalyzed de-K-AA reactions. The ability of pu

peptide was determined in vitro.

(C) Purified RagA and ASK1 from NAM-treated HEK293T cells were subject to de

were detected in the absence or presence of SIRT3 together with NAD+.

(D) Deleucylation kinetic parameters of SIRT3 toward KLeu142 of RagA were dete

(E) The KLeu142 levels of RagA were determined for purified RagA that was incub

(F) The overall structure of SIRT3 in complexwith leucylated lysine peptide (638TRS

is colored yellow and KLeu is shown as stick representation. See also Figure S4.

(G) The complex structure revealed that the AceCS2-KLeu peptide adopts an exten

of SIRT3.

(H) Close-up view of the complex structure revealed that the side chain of KLeu in

(I) The production of 20-O-leucyl-ADP-ribose (red signals and arrows) in the dele

(J) The addition of SIRT3 into the deleucylation mix led to a decrease in NAD+ si

by NMR.

(K) The deleucylation activity of SIRT3 against the synthetic KLeu142 peptide was

(L) The deleucylation ability of deacetylation-catalytic dead SIRT3H248A toward th
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et al., 2010; Wang et al., 2011), and in line with leucylation being

reversed by SIRT1 and SIRT3 (Figure S2F).

Lastly, knockout of GCN2 in HEK293T cells did not affect the

ability LARS overexpression to activate mTORC1 (Figure S6E),

excluding the possibility that LARS overexpression-induced

mTORC1 activation was due to inactivation of GCN2, a reported

upstream inhibitor of mTORTC1 (Ye et al., 2015), through

reducing uncharged tRNALeu.

ASK1 Glutaminylation Inhibits Apoptosis
The K688 of the extracellular apoptotic signal sensor ASK1 is

located at the ATP-binding site of ASK1 (Figure S5B) and is glu-

taminylated (Figure S6A; Table S1), indicating possible roles for

glutaminylation in the regulation of apoptosis. QARS interacts

with ASK1 (Figure 7A), consistent with ASK1 being a potential

glutaminylation substrate of QARS (Figure 4F). Incubation of pu-

rified QARS with ASK1 augmented K688 glutaminylation and

inactivated its kinase activity, detected by radiometric assays,

toward its substrate myelin basic protein (MBP) in a glutamine-

and QARS-dependent manner (Figure 7B), showing that kinase

activity of ASK1 is under regulation by QARS activity. Moreover,

QARS glutamine-dependently inactivates wild-type ASK1, but

not a glutaminylation memetic lysine 688 to glutamine switch

mutant ASK1 (K688Q) that had diminished kinase activity or a

non-glutaminylation memetic lysine 688 to arginine switch

mutant ASK1 (K688R) that retained kinase activity (Figure 7C).

These results showed that glutaminylation on K688 negatively

regulates kinase activity of ASK1, a notion further substantiated

by the fact that supplementation of glutamine (Figure 7D) or

methyl-glutamine (Figure 7E) decreased the kinase activity of

ASK1. K688R showed similar potency while K688Q exhibited a

much weaker potency for decreasing the phosphorylation levels

of JNK and p38, which serve as apoptotic readouts (Zarubin and

Han, 2005), when compared with the wild-type ASK1, when both

were overexpressed at similar levels in HeLa cells. Moreover,

methyl-glutamine also exerted stronger apoptosis-protective ef-

fects in cells overexpressing ASK1 than in cells overexpressing

either K688Q or K688R (Figure 7E).

Under glutamine-limiting (1 mM) conditions, the overexpres-

sion of QARS, but not that of the glutaminylation-defective
T1 to dealanylate the synthetic TSSK2 (testis-specific serine/threonine-protein

ynthetic CDKL5 (cyclin-dependent kinase-like 5)-derived KGlu825-containing

rified long- and short-form SIRT3 to deleucylate the synthetic KLeu142 of RagA

modification by SIRT3 in vitro. The KLeu142 in RagA and KGln688 levels in ASK1

rmined (n = 3, mean ± SD).

ated with LARS alone or LARS with different levels of SIRT3.

GKLeuVMRRLLR649) derived from human acetyl-CoA synthetase 2. The peptide

ded T-shaped conformation and packs against a shallow groove on the surface

serts into a deep and hydrophobic pocket.

ucylation reaction mediated by SIRT3 was monitored by NMR analysis.

gnals (marked as 1) and increase in NAM signals (marked as 2), as monitored

tested in the presence of various concentrations of NAM.

e KLeu142 peptide was determined.
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QARSK496A, increased endogenous K688 glutaminylation but in-

hibited apoptosis induced by FAS antibody in HeLa cells (Fig-

ure 7F). Conversely, QARS knockdown partially abrogated the

ability of glutamine to increase K688 glutaminylation and sup-

press apoptosis induced by FAS antibody in HeLa cells (Fig-

ure 7G). These results suggest that glutamine suppresses

apoptosis, at least partly, through QARS-mediated glutaminyla-

tion. Supporting this notion, overexpression of SIRT3, which de-

glutaminylates K688 of ASK1 (Figure 5C), partially abrogated the

ability of glutamine to suppress apoptosis in HeLa cells (Fig-

ure 7H). Conversely, ablation of deglutaminylase Sirt3 in mouse

hepatocytes decreased their apoptosis rate and made them

more resistant to further cell death induced by FAS antibody (Fig-

ure 7I). Taken together, these results are in line with previous

reports that SIRT3 acts as a pro-apoptotic factor (Allison andMil-

ner, 2007; Kim et al., 2010), and confirms that glutamine- and

QARS-promoted glutaminylation is responsible, at least partly,

for the anti-apoptotic effects of glutamine and QARS.

DISCUSSION

In addition to their canonical tRNA charging activity, we pro-

vided evidence from in vitro biochemical and cellular biological

assays to show that ARSs have additional aminoacyl trans-

ferase activities, which are capable of sensing sufficiency of

specific amino acids and transmitting amino acid signals to

regulate cellular physiologies. The sporadically reported amino-

acyl transferase activities of prokaryotic ARSs, such as lysyl-

tRNA synthetase of Escherichia coli and methionyl-tRNA

synthetase of Bacillus stearothermophilus (Gilreath et al.,

2011; Hountondji et al., 2000; Yanagisawa et al., 2010), are

part of non-canonical activities of ARSs from bacteria to human.

The chemical basis of aminoacyl transferase activities of ARSs

is that ARSs produce aminoacyl-AMP, which contains a reactive

bond that is capable of modifying 3-amine of lysine in proteins
Figure 6. Leucylation of RagA and/or RagB Activates mTORC1

(A) The global leucylation levels of HEK293T cells cultured in leucine-free RPMI

blotting (WB). Protein levels in each sample were normalized by Coomassie brilli

(B) The global leucylation levels of LARS-overexpressing HEK293T cells were co

(C and D) Time-dependent leucylation levels of global proteins (C) and K142 of R

(E and F) The global leucylation levels, and p-S6K and p-4EBP1 levels of HEK293T

overexpressing HEK293T cells (E), and LARS-overexpressing HEK293T cells cul

(G) The responses of p-S6K and p-4EBP1 levels to leucine HEK293T cells and L

(H) The responses of p-S6K, p-4EBP1, and p-S6 levels to leucine supplementa

HEK293T-expressing LARS, and HEK293T-expressing LARSF50A/Y52A.

(I) The K142 leucylation levels of RagA andK203 leucylation levels of RagBwere de

without methyl-leucine supplementation of the culture media. KLeu142 antibody

proteins are flanked by the same amino acids.

(J) HEK293T cells transfected with RagA protein and its mutants were labeled

RagAK142L, and RagAK142R from either non-treated or leucine-treated HEK293T c

matography. See also Figure S6B.

(K) The binding of RagA, RagA K142L, and RagA K142R to Raptor was compare

(L and M) The responses of p-S6K and p-4EBP1 levels to methyl-leucine supple

wild-type RagA or RagAK142L (L), and in HEK293T cells expressing similar levels

(N and O) The KLeu142, p-S6K, and p-4EBP1 levels were compared between HEK

HEK293T cells expressing either SIRT3 or inactive SIRT3H248A (O).

(P) The KLeu142, p-S6K, and p-4EBP1 levels of the livers of Sirt3 knockout 129/C

(Q) HEK293T cells were lysed and the lysosomal fraction (Lyso) was isolated. L

marker. The amounts of SIRT3 and LARS were detected in lysosome fractions w

SIRT3 in the cytosol were detected as control.

(R) The p-S6K and p-4EBP1 levels in HEK293T cells, SIRT1-overexpressing HEK2
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(Moellering and Cravatt, 2013; Weinert et al., 2013). Formation

of K-AAs by ARSs enables proteins without amino acid-binding

sites to be regulated by amino acids, providing additional ave-

nues to understand different amino acids convey distinct signals

to cells. These findings provided a whole new formal basis for

addressing previous confounding observations such as the

tRNA synthetases having potential roles in the nucleus, given

that protein synthesis ostensibly occurs in the cytoplasm (Guo

and Schimmel, 2013).

Two requirements need to be met to form K-AAs in proteins: a

given ARS picks up its cognate amino acid and this ARS inter-

acts with its substrates. While ARSs are designed in nature to

specifically bind their respective cognate amino acids, the bind-

ing of ARSs to their substrate proteins, at least for LARS and

QARS we studied, is dependent on amino acid levels. This

resolved the potential competition between activities of tRNA

charging and aminoacylation of ARS. It only requires subphysio-

logic levels of amino acids to saturate tRNA charging activity of

ARSs to ensure that cells have their essential protein synthesis

function. The formation of K-AAs, however, only happens when

levels of amino acids reach around their physiological levels.

Therefore, K-AAs can specifically sense sufficiency of amino

acids and transduce the signal of amino acids. It is worth noting

that in vitro assays revealed that some ARSs, such as YARS,

have weaker ability to form K-AAs than their ability to form

charged tRNAs. The KM and kcat for YARS-catalyzed in vitro

tyrosylation reaction on a synthetic topoisomerase (DNA) IIb

(TOP2B)-derived peptide were 0.2887 mM and 0.0102 s�1,

respectively (Figure S6F). Although the KM of tyrosine is similar

for YARS to form tyrosylation and for tRNATyr charging

(0.3 mM), the kcat for tyrosylation reaction is significantly lower

than that of tRNATyr charging reaction, which was reported as

1.49 s�1 (Jia et al., 2003). This difference reminds us that trans-

mitting amino acid signals through K-AAs may differ in efficiency

among amino acids and substrates.
1640 supplemented with various levels of leucine were detected by western

ant blue (CBB) staining (hereafter for global modification detection).

mpared with those of HEK293T cells.

agA (D) were determined.

cells were compared with those of LARS (wild-type [WT])- and LARSF50A/Y52A-

tured in DMEM supplemented with the indicated level of leucinol (F).

ARS knockdown HEK293T cells were compared.

tion were compared among LARS knockdown HEK293T, LARS knockdown

tected in RagA andRagB overexpressed fromHEK293T cells culturedwith and

was employed for detecting KLeu203, as the leucylated lysines of these two

with 50 mCi/mL orthophosphate for 8 hr. The bound GTP and GDP in RagA,

ells were eluted and analyzed by polyethyleneimine cellulose thin-layer chro-

d when Raptor was co-expressed with each of them in HEK293T cells.

mentation were compared in HEK293T cells expressing similar levels of either

of either wild-type RagA or RagAK142R (M).

293T and SIRT3 knockdown HEK293T cells (N), and among HEK293T cells and

57BL/6 mice and their isogenic wild-type mice were detected.

ysosome-associated membrane protein 2 (LAMP2) was used as a lysosome

ith and without methyl-leucine supplementation of the culture media. Levels of

93T cells, and SIRT1- and LARS-overexpressing HEK293T cells were detected.
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Figure 7. Glutaminylation Suppresses Apoptosis by Inactivating ASK1

(A) Myc-tagged QARS was co-overexpressed with ASK1-FLAG in HEK293T cells. Interaction between QARS and ASK1 was assayed by co-immunoprecipi-

tation (IP).

(B and C) In vitro glutamine- and tRNAGln-dependent ASK1 kinase activities toward MBP and the in vitro glutaminylation of ASK1 K688 were assayed when

purified ASK1 was incubated in the presence or absence of QARS and tRNAGln (B), and when purified ASK1 was incubated with wild-type, K688Q, and K688R

ASK1, respectively (C).

(D and E) The P-JNK and P-P38 levels of HeLa cells and ASK1-, ASK1K688Q-, and ASK1K688R-overexpressing HeLa cells were determined at low (1 mM) and high

(8 mM) concentrations of glutamine (D) or at low (1 mM) and high (8 mM) concentrations of methyl-glutamine supplementation (E). The apoptosis rates were

measured for methyl-glutamine supplementation. Representative western blot and apoptosis rates (n = 3, means ± SD) are shown.

(F) The effects of overexpression of QARS or QARSK496A on the endogenous K688 glutaminylation and apoptosis rate were examined in FAS antibody-treated

HeLa cells, respectively (n = 3, means ± SD).

(G) The effects of glutamine on the endogenous K688 glutaminylation and apoptosis rates of HeLa cells andQARS knockdownHeLa cells were detected following

FAS treatment (n = 3, means ± SD).

(legend continued on next page)
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The significance of requirement for interactions between ARSs

and their substrates for amino acid signal transduction is echoed

by the finding that eukaryotic ARSs acquired interacting

domains during evolution that endowed them with functional

diversity (Jia et al., 2008; Rho et al., 1999) and ARSs mutation-

associated diseases are often due tomutations in interacting do-

mains (Kim et al., 2011). Moreover, amino acids such as leucine

and arginine are sensed by ARSs and by other machinery func-

tioning in different pathways (Chantranupong et al., 2016; Wolf-

son et al., 2016), reflecting the fact that a given amino acid can

exert its regulations through different sensors.

The involvement of sirtuins, such as SIRT1 and SIRT3, in

deaminoacylation processes not only makes K-AAs reversibly

regulated, but also connects K-AAs to energy metabolism in

cells because SIRT levels are regulated by cellular nutrient sta-

tus (Hirschey et al., 2011) and the activities of sirtuins are

dependent on the levels of NAD+, an energy status indicator.

Moreover, sirtuins are involved in removal of multiple metabo-

lite-derived lysine PTMs (Du et al., 2011). These facts suggest

that while the traditional view is that phosphate, ubiquitin,

and other molecules are the major modifications, it is becoming

increasingly clear that metabolite-derived modifications also

should merit concern. Many metabolites, including all amino

acids, modify the 3-amines of lysines, indicating that lysine res-

idues in proteins function as ‘‘antennae’’ for metabolic signaling

processes. It is worth noting that in cells, one metabolite can be

sensed by multiple sensors. We previously found that metabo-

lites such as ketoglutarate are sensed by multiple proteins such

as PHD2 (prolyl hydroxylase domain-containing protein 2), TET

(ten-eleven translocation), and histone demethylases (Xu et al.,

2011; Zhao et al., 2009). LARS and previously identified Ses-

trin2 both sense leucine and regulate mTORC1. This ensures

that signals of a metabolite/amino acid can be precisely sensed

for different pathways, since different sensors have distinct af-

finities to the metabolite/amino acid and subcellular localiza-

tions. In summary, the addition of amino acids into the growing

body of lysine modifiers not only expanded the functions of

ARSs and deacetylases, but also may expand our knowledge

of the enormous regulatory space encompassed by all of the

protein targets modified by the total set of 20 standard

amino acids.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

RagA Cell Signaling Technology Cat#4357S; RRID: AB_10545136

RagD Cell Signaling Technology Cat#4470S; RRID: AB_1950380

RagC Cell Signaling Technology Cat#5466S; RRID: AB_10692651

SIRT3 Cell Signaling Technology Cat#5490S; RRID: AB_10828246

GCN2 Cell Signaling Technology Cat#3302S; RRID: AB_10694800

phospho-T389,S6K Cell Signaling Technology Cat#9234S; RRID: AB_2269803

S6K Cell Signaling Technology Cat#9202S; RRID: AB_331676

phospho-T37/46 4EBP1 Cell Signaling Technology Cat#2855S; RRID: AB_560835

4EBP1 Cell Signaling Technology Cat#9452S; RRID: AB_331692

phospho-S240/244 S6 Cell Signaling Technology Cat#5364S; RRID: AB_10694233

S6 Cell Signaling Technology Cat#2217S; RRID: AB_331355

LAMP2 Cell Signaling Technology Cat#49067S

phospho-T183/Y185 JNK Cell Signaling Technology Cat#4668S; RRID: AB_823588

JNK Cell Signaling Technology Cat#9252S; RRID: AB_2250373

phospho-T180/Y182 P38 Cell Signaling Technology Cat#9211S; RRID: AB_331641

P38 Cell Signaling Technology Cat#9212S; RRID: AB_330713

ASK1 Cell Signaling Technology Cat#8662S; RRID: AB_11220434

MBP Cell Signaling Technology Cat#78896S

p18 Cell Signaling Technology Cat#8975S; RRID: AB_10860252

DEPDC5 Omnimabs Cat#OM276949

NPRL2 Santa Cruz Cat#Sc-376986

Flag Abmart Cat#M20008; RRID: AB_2713960

HA Abmart Cat#M20003

Myc Abmart Cat#M20002

LARS Abcam Cat#ab31534; RRID: AB_776011

QARS Abcam Cat#ab103675; RRID: AB_10862316

FAS Merck Millipore Cat#05-201; RRID: AB_309653

Actin GenScript Cat#A00702-100

anti-mouse secondary antibodies GenScript Cat#A00160; RRID: AB_1968937

anti-rabbit secondary antibodies GenScript Cat#A00098; RRID: AB_1968815

pan-leucyllyisne (LeuK) antibody This Study N/A

K142Leu RagA This Study N/A

K688Gln ASK1 This Study N/A

Chemicals, Peptides, and Recombinant Proteins

Penicillin-Streptomycin Invitrogen Cat#15070063

Leucine-free RPMI 1640 USBiological Life Science Cat#R8999-03

DMEM, no glutamine Gibco Cat#11960044

methoxyamine hydrochloride Sigma Cat#226904

N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide Sigma Cat#394882

sequencing grade modified trypsin Promega Cat#V5111

TFA Sigma Cat#302031

synthetic aminoacylated peptides GL Biochem N/A

protein-A Sepharose bead Merck Millipore Cat#16-156

EDC Thermo Cat#77149

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

NHS Thermo Cat#24500

NAM Sigma Cat#72340

Critical Commercial Assays
32P-phosphate, 5mCi, Disodium Phosphate in 1mL Water PerkinElmer Cat#NEX011

[gamma-32P] ATP PerkinElmer Cat#BLU002

FITC Annexin V Apoptosis Detection Kit I BD Pharmingen Cat#556547

Deposited Data

Atomic coordinate of the SIRT3-Leu-AceCS2 complex This Study PDB: 5YTK

Raw data This Study https://doi.org/10.17632/g9njsrf5wr.1

Experimental Models: Cell Lines

Human: HeLa ATCC ATCC Number:CCL-2

HEK293T ATCC ATCC Number:CRL-11268

Oligonucleotides

36 siRNA Oligonucleotides This Study Table S2

Recombinant DNA

37 Recombinant DNAs This Study Table S3

Software and Algorithms

Prism 5 GraphPad www.graphpad.com

PyMOL Schrodinger http://www.pymol.org/

ImageQuant TL GE http://imagequanttl.updatestar.com/

MaxQuant Matthias Mann http://www.coxdocs.org/doku.php?id=

maxquant:start
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Shi-Min Zhao (zhaosm@

fudan.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
HEK293T (human embryonic kidney cell lines, female) and HeLa (human cervix cancer cell lines, female) cells were cultured in either

normal Dulbecco’s Modified Eagle’s Medium (DMEM) (HyClone) supplemented with 10% newborn bovine serum (NCS) (Biochrom.),

100 units/ml penicillin (Invitrogen) and 100mg/ml streptomycin (Invitrogen) or conditioned medium made from DMEM base (Sigma-

Aldrich) as specified. Cell transfection was performed using PEI or calcium phosphate methods. Deacetylase inhibitor treatments

were carried out by adding NAM (5mM, final concentration) to the culture medium 5 hours before harvesting. Leucine starvation

inmTOR activity detection was achieved by resining cells with leucine-free RPMI 1640 (USBIOLOGICOL LIFE SCIENCE) twice before

incubating cells in leucine-free RPMI 1640 for 60 min, followed by stimulation with 1mM leucine for 5–60 min. The low glutamine

was achieved by culturing cells in DMEM with 1 mM glutamine (Gibco) for 1 hour and the high glutamine was achieved by culturing

cells in DMEM with 8 mM glutamine (Gibco) for 1 hour. Primary hepatocytes were isolated from starved 8-week-old adult male

C57BL/129 mice (25-30g). The cells were plated in M199 medium supplemented with 100U/ml penicillin, 100mg/ml streptomycin,

10% foetal bovine serum, 500nM dexamethasone (dex; Sangon Biotech), 10nM insulin (Actrapid, Novo Nordisk), at a density of

2.5 3 105 cells/well on 6-well plates or 1 3 105 cells/24-well plates.

Mouse Lines
All animal procedures were in accordance with the animal care committee at Fudan University. The global germ-line Sirt3 knockout

(Sirt3-KO) mice (C57BL/129 background) were generated as previous described and their genotyping were confirmed by PCR

(Lombard et al., 2007). Briefly, Sirt3-KO mice were generated by employing Cre-LoxP recombination technology. A 5.8-kb genomic

DNA fragment containing exon 1-3 was inserted flanking the pGK-Neo cassette of the pGEM7 vector. A 3-kb genomic DNA fragment

containing exon4 was inserted on the opposite side of the pGK-Neo cassette. The Sirt3-KO mice genotyping were confirmed by

PCR with primers: 5’-CTTCTGCGGCTCTATACACAG-3’, 5’-TGCAACAAGGCTTTATCTTCC-3’ and 5’-TACTGAATATCAGTGG

GAACG-3’.
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Clinical Samples
Three human liver cancer tissues (sample #1: male, 63 years old, left lobe, BCLC stage B; sample #2: male, 52 years old, right lobe,

BCLC stage A1; sample #3: female, 53 years old, right lobe, BCLC stage A2) were obtained from Shanghai Cancer Center, Fudan

University with the signed consent from the patients and approval of the ethics committee of Fudan University.

METHOD DETAILS

Preparation of Free Metabolites-Free Proteome
Human liver cancer tissues were homogenized before lysed in pre-chilled PBS buffer (NaCl 1.37 mM, KCl 27 mM, Na2HPO4 100mM,

KH2PO4 18 mM, pH7.4). Homogenized or cultured cells were lysed by sonication (20,000-40,000 Hz) in PBS buffer. The debris of

samples was removed by centrifugation (x 1,000g) and the proteins in the supernatant were precipitated with 85% (final concentra-

tion) by adding pre-chilled acetone. The proteomewere obtained by centrifugation (x 1,000g) and the noncovalent boundmetabolites

were removed by repeatedly (3x) resuspension and centrifugation (x 1,000g) cold 85% acetone. The prepared free metabolites-free

proteome were dried in air before they were subject to further manipulation.

CobB Treatment to Release Lysine Modifiers
The proteome of either human liver cancer tissue or fractions of HEK293T cells was incubated with recombinant CobB that was over-

expressed and purified from E. Coli BL21 (DE3) pLysS at protein:protein ratio of 100:1 in a 600 ml reaction solution contained 50 mM

HEPES (pH 7.5), 6 mM MgCl2, 1 mM DTT, 1 mM NAD+ and 1 mM PMSF. The reaction was allowed to continue at 37�C for 4 hours

before it is stopped by 4x volume ice-cold methanol. The released modifiers were analyzed by GC-MS and the metabolites were

identified by comparing MS/MS spectra against NIST chemical database employing Angilent Enhanced Chem Station.

Detection of Metabolites
Metabolites were oximated by methoxyamine hydrochloride (239 mM) in pyridine at 70�C for 60-90min, followed by derivatization at

30�C for 30-60 minutes with 20 ml N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide dissolved in 80 ml pyridine. Filtrated sample

(2 ml) was resolvedwith Agilent 19091S-433HP-5MS (29.8m x 250 mmx 0.25 mm) and analyzed by Agilent 6890-5973GC-MS system.

The retention time and area of GC were used to detect and quantitate metabolites in combination with MS/MS spectra.

NMR Analysis
All the one-dimensional 1H NMR spectra were acquired at 298 K on a Bruker AdvanceⅢ 600 MHz NMR spectrometer (600.13 MHz

for proton frequency) equipped with an inverse cryogenic probe (Bruker Biospin, Germany) using the first increment of the gradient

selected NOESY pulse sequence (NOESYGPPR1D: recyle delay-G1-900-T1-900-tm-G2-900-acquisition). 64 transients were

collected into 32 k data points with a spectral width of 20 ppm for each sample.

Proteomic Analysis
Proteomic analysis was carried out as following: proteome of liver cancer were digested with sequencing grade modified trypsin

(Promega) overnight at the protease/protein ratio in 1:50. The resulted peptide mixture was acidified with TFA to pH O3 and resolved

by nano-LC and analyzed by on-line electrospray tandem mass spectrometry. Raw MS files were analyzed by MaxQuant version

1.4.1.2. MS/MS spectra were searched by the Andromeda search engine against the SwissProt-human database (Released

2014-04-10).

Protein Digestion
Protein concentration in the crude protein extract was estimated by Bradford reagent (Bio-Rad). About 10 mg of protein extract was

dissolved and denatured in 6 M urea and 2 M thiourea, reduced with 1 mM DTT for 45 min. at room temperature, and carbamido-

methylated with 5 mM iodoacetamide for 45 min. at room temperature in the dark. Alkylated proteins were digested first with endo-

peptidase Lys-C (Waco) for 3 h, after which the solution was diluted four times with deionized water, and then further digested with

sequencing grade modified trypsin (Promega) overnight. The protease/protein ratio was in both cases 1:50. The resulting peptide

mixture was acidified with TFA to pH =3.

Liquid Chromatography-Mass Spectrometry
The peptideswere suspendedwith 25ml solvent A (A: water with 0.1% formic acid; B: ACNwith 0.1% formic acid), separated by nano-

LC and analyzed by on-line electrospray tandem mass spectrometry. The experiments were performed on a nano

Acquity UPLC system (Waters Corporation, Milford, USA) connected to a LTQ Orbitrap XL (for liver proteome analysis) or Q Ex-

active hybrid quadrupole-Orbitrap mass spectrometer (for K142Leu of RagA and K688Gln of ASK1 peptides analysis) (Thermo Fisher

Scientific, San Jose, CA, USA) equipped with an online nano-electrospray ion source. Each sample was loaded onto the Thermo

Scientific Acclaim PepMap C18 column (100 mm x 2cm, 3 mm particle size), with a flow of 10 ml/min for 3 min and subsequently

separated on the analytical column (Acclaim PepMap C18, 75 mm x 15cm) with a linear gradient, from 5% B to 45% B in 75 min.

The column was re-equilibrated at initial conditions for 15 min. The column flow rate was maintained at 300nL/min and column

temperature was maintained at 40�C. The electrospray voltage of 1.8 kV versus the inlet of the mass spectrometer was used.
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LTQ Orbitrap XL mass spectrometer was operated in the data-dependent mode to switch automatically between MS and MS/MS

acquisition. Survey full-scan MS spectra with one microscan (m/z 400-1800) was acquired in the Obitrap with a mass resolution

of 60,000 at m/z 400, followed by MS/MS of the eight most-intense peptide ions in the LTQ analyzer. The automatic gain control

(AGC) was set to 1000,000 ions, with maximum accumulation times of 500 ms. The minimum MS signal for triggering MS/MS

was set to 500 and single charge state was rejected. Dynamic exclusion was used with two microscans and 90 s exclusion duration.

For MS/MS, precursor ions were activated using 35% normalized collision energy at the default activation q of 0.25 and an activation

time of 30 ms. For MS/MS, we used an isolation window of 3 m/z and automatic gain control (AGC) was set to 20 000 ions, with

maximum accumulation times of 120 ms. Q Exactive mass spectrometer was operated in the data-dependent mode to switch auto-

matically between MS and MS/MS acquisition. Survey full-scan MS spectra (m/z 350-1600) were acquired with a mass resolution

of 70K, followed by ten sequential high energy collisional dissociation (HCD) MS/MS scans with a resolution of 17.5K. In all cases,

one microscan was recorded using dynamic exclusion of 30 seconds. MS/MS fixed first mass was set at 100.

Data Processing, Validation and Analysis
Raw MS files were analyzed by MaxQuant version 1.4.1.2. MS/MS spectra were searched by the Andromeda search engine against

the SwissProt-human database (Release 2014-04-10) containing forward and reverse sequences (total of 40492 entries including

forward and reverse sequences). Additionally, the database included 248 common contaminants. In the main Andromeda search

precursor mass and fragment mass had an initial mass tolerance of 5 ppm and 0.05 Da for Q Exactive, 5ppm and 0.5 Da for LTQ

Orbitrap XL, respectively. The search included variable modifications of methionine oxidation. Minimal peptide length was set to

seven amino acids and a maximum of four miscleavages was allowed. The false discovery rate (FDR) was set to 0.01 for peptide

and protein identifications, all scores of peptides were above 40. In the case of identified peptides that are all shared between

two proteins, these are combined and reported as one protein group.

Peptides Quantitation and Kinetic Analysis
Quantitation of peptides or aminoacylated peptides for stoichiometric analysis and kinetic assayswas achieved by digesting proteins

into tryptic peptides, following by peptide counting or measuring the ratio of areas of LC peaks corresponding to modified and un-

modified peptides that matches m/z values of these peptides.

The Orbitrap Fusion mass spectrometer was used to analyze tryptic peptides generated from the target proteins. The LC-MS was

operated in the data-dependent mode to switch automatically between MS and MS/MS acquisition. Survey full-scan MS spectra

(m/z 350-1600) were acquired in Orbitrap with a mass resolution of 60, 000 at m/z 200. The AGC taget was set to 300, 000, and

the maximum injection time was 50ms. MS/MS acquisition was performed in Orbitrap with 3 s cycle time, the resolution was

15, 000 at m/z 200. The intensity threshold was 50,000, and the maximum injection time was 200 ms. The AGC target was set to

200,000, and the isolation window was 2 m/z. Ions with charge states 2+, 3+, and 4+ were sequentially fragmented by higher energy

collisional dissociation (HCD) with a normalized collision energy (NCE) of 30%, fixed first mass was set at 120. In all cases, one micro

scan was recorded using dynamic exclusion of 30 seconds. The overexpressed proteins from HEK293T cells and treated HEK293T

cells were affinity purified and digested with trypsin. The aminoacylated tryptic peptides were analyzed by MS/MS sequencing.

For quantification of targeted aminoacylated peptides, a published method (Schulze and Usadel, 2010) was employed. Briefly, a

ratio of aminoacylated peptide signal (the total ion counts (TIC) of aminoacylated form) to the total peptide signal (TIC of aminoacy-

lated form + TIC of non-aminoacylated form) were calculated according to the following equation: TICK-AA/(TICK-AA+TICnon-K-

AA) = Ratio of K-AA (RK-AA).

The kinetic parameters of LARS, QARS and YRAS toward their substrates were determined by measuring the formation of amino-

acylations in intact proteins or peptides, respectively. Kcats and Kms of leucine, glutamine and tyrosine were obtained by varying

amino acids levels when their protein or peptide substrates were fixed at indicated levels. Kcats and Kms of proteins and peptides

were obtained by varying protein or peptide levels when their corresponding amino acids levels were fixed at indicated levels.

The quantitation of KLeu142 in RagA was achieved by measuring peptide abundance that corresponding to DLIFKLeuER and DLIFK.

The quantitation of KGln688 in ASK1 was achieved by measuring peptide abundance that corresponding to VVLGKGlnGTYGIVYAGR

and GTYGIVYAGR. The Kcats and Kms of LARS and QARS toward peptides were determined by measuring the velocities of produc-

ing modified peptides. To determine Kcats and Kms of SIRT3 toward RagA, in vitro leucylated RagA was employed as substrate. The

velocities of DLIFKLeuER decreasing were determined. Purified recombinant SIRT3 (0.05 mM final Concentration) was incubated in a

300 ml reaction mix contained 50 mM HEPES (pH 7.5), 1 mM DTT 6 mMMgCl2 and 1.0 mM NAD+. The reactions were stopped with

100 mM HCl and 160 mM acetic acid during linear phases of reactions. All Kcats and Kms were deduced from Michaelis-Menten

equation.

Preparation of ARSs and ARS2s
All ARSs and ARS2s were cloned into pcDNA3.1b-C-Flag with a tag at C-terminus of the ARSs and ARS2s genes. Each ARSs or

ARS2s was expressed in HEK293T cells and affinity purified by commercial available Flag-tagged beads. The Flag-peptide eluted

ARSs or ARS2s were used for in vitro aminoacylation and other analysis.
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In Vitro Aminoacylation
In vitro aminoacylation reactions were carried out in a 30ml reaction mix contains 50 mM HEPES (pH 7.5), 25 mM KCl, 2 mM

MgCl2,5 mM amino acid, 4 mM ATP, 10 nM ARS,0.05 mg/ml synthetic substrate peptide. The final pH of the each reaction

mix was adjusted to 7.5 before adding ARSs or ARS2s. The reaction was allowed continue for 3 hours at 37�C. The peptide was de-

salted by passing through a C18 ZipTip (Millipore) and subject to analyzation by a MALDI-TOF/TOF mass spectrometer

(SCIEX-5800).

In Vitro De-aminoacylation
In vitro de-aminoacrylation reactions were carried out in a 30 ml reaction mix contains 50 mM HEPES (pH 7.5), 6 mM MgCl2, 1 mM

DTT, 1 mM NAD+, 0.05 mg/ml synthetic aminoacylated peptide,1 mg/ml SIRT1, SIRT3 or CobB and 1 mM PMSF. The reaction was

allowed continue for 4 hours at 37�C. The peptide was desalted by passing through aC18 ZipTip (Millipore) and subject to analyzation

by a MALDI-TOF/TOF mass spectrometer (SCIEX-5800).

X-Ray Structural Study
Purified SIRT3 were mixed with AceCS2-KLeu in 1:5 stoichiometry before crystallization and reached a final concentration of

10mg/mL. The native data were collected at SSRF (Shanghai Synchrotron Radiation Facility in China) beamline BL19U. Data

were indexed, integrated and scaled using program HKL3000.

The ORF of human SIRT3 (118-399) was sub-cloned into derived pET vector, which places expression under the control of the T7

promoter. The plasmid was transformed into E.coli BL21 (DE3) for protein expression. The transformant was grown at 37�C to an

OD600 of 0.8, and then induced by adding 0.1 mM isopropyl-b-D-thiogalactopyranoside and cultured for 16 h at 15�C. The cells

were harvested and lysed. The supernatant was applied onto Ni-NTA columns followed by on-column digestion using Ulp1 enzyme

at 4�C for 5hr. Protein was further purified by an anion exchange and a gel filtration chromatography. The protein was concentrated to

�30mg/mL for the biochemical analyses and crystallization. A Leucine-modified lysine (designated AceCS2-KLeu) peptide

(638TRSGKLeuVMRRLLR649) derived from human Acetyl-CoA Synthetase 2 was synthsized. The KLeu represents residue lysine-

leucine 642, in which side-chain amino nitrogen forms an isopeptide bondwith themain-chain carboxylic carbon of a Leucinemoiety.

Purified SIRT3 were mixed with AceCS2-KLeu in 1:5 stoichiometry before crystallization and reached a final concentration of

10mg/mL. The crystals of SIRT3-AceCS2-KLeu were obtained using the hanging-drop, vapour-diffusion method by mixing 1mL

complex solution with 1mL reservoir solution containing 0.1 M MES monohydrate (pH 6.2) and 8% PEG 20,000 at 18�C. The native

data were collected at SSRF (Shanghai Synchrotron Radiation Facility in China) beamline BL19U. Data were indexed, integrated

and scaled using programHKL3000 (Minor et al., 2006). Phase were determined bymolecular replacement implemented via program

PHASER (McCoy, 2007) in CCP4 package (Winn et al., 2011), using the published structure of SIRT3 in complex with AceCS2-KAc

peptide (PDB: 3GLR) (Jin et al., 2009) as a search model. The model was further manually built with COOT (Emsley et al., 2010) and

refined using PHENIX (Adams et al., 2010). The AceCS2-KLeu peptide was built with J Ligand (Lebedev et al., 2012) and merged with

SIRT3 structure using COOT. The quality of final model was checkedwith the PROCHECK program (Laskowski et al., 1993). All struc-

ture figures were generated using PyMOL (Schrodinger LLC, 2010).

In Vivo RagA/B GTPase Assay
A reported method was adopted (Han et al., 2012). Briefly, HEK293T cells were washed with phosphate-free DMEM and incubated

with 1 ml of phosphate-free DMEM for 1 hour, followed by incubating with 50 mCi of 32P-phosphate/ml for 8 hours. The labeled cells

were lysed with pre-chilled lysis buffer (0.5% NP-40, 50 mM Tris [pH 7.5], 100 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol [DTT],

1 mM phenylmethylsulfonyl fluoride) for 30 minutes on ice. The lysates were then centrifuged at 12,000 g for 15 minutes at 4�C.
The supernatant (160 ml) was transferred to a fresh tube, and 16 ml of NaCl (500 mM) was added to inhibit GAP activity. Flag-

RagA/B was then immunoprecipitated with anti-Flag antibody and protein-A Sepharose bead for 1 hour at 4�C. The beads were

washed with wash buffer 1 (50 mM Tris [pH 8.0], 500 mM NaCl, 5 mM MgCl2 , 1 mM DTT, 0.5% Triton X-100) three times at 4�C
and then washed with wash buffer 2 (50 mM Tris [pH 8.0], 100 mM NaCl, 5 mM MgCl2 , 1 mM DTT, 0.1% Triton X-100) three times

at 4 �C. The Flag-RagA/B-bound nucleotides were eluted with 20 ml of elution buffer (2 mM EDTA, 0.2% sodium dodecyl sulfate,

1mMGDP, 1mMGTP) at 68 �C for 10minutes. The eluted nucleotides were applied onto polyethyleneimine cellulose plates (SIGMA)

and developed in 0.75 M KH2PO4 [pH 3.4] solution. GTP and GDPwere visualized and quantified by a phosphoimager (Typhoon FLA

9500, GE).

In Vitro GTPase Assay
In vitro GTPase assay were carried out in a 200ml reaction mix contains 25mM Tris-HCl (Ph 7.5), 5 mM MgCl2, 5 mM KCl, 125 mM

NaCl, 1 mM GTP and 0.1% bovine serum albumin with a GTPase assay kit (Innova Biosciences, 602-0120) following the mannufac-

ture’s guidance.

ASK1 Kinase Assay
Immunoprecipitated ASK1 was washed three times with wash buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM EGTA, 2 mM

dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100) and two times with a reaction buffer (20 mM Tris-HCl [pH7.5],

20 mMMgCl2). The reaction was carried out in the reaction buffer in the presence of 0.5 mCi of [g-32P] ATP for 10 min at 30 �C using
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myelin basic protein (MBP) (40 mg/ml) (Sigma) as an exogenous substrate (Saitoh et al., 1998). The samples were resolved by

SDS-polyacrylamide gel electrophoresis and the phosphorylatedMBPwas quantified by a phosphoimager (Typhoon FLA 9500, GE).

Preparation of Antibodies
The pan-leucyllyisne (LeuK) antibody was prepared by using chemically aminoacylated BSA as antigen employing the reported

chemical modification approach (Moellering and Cravatt, 2013). Briefly, the lysine leucylation reactions were carried out at room tem-

perature in a 2 ml reaction mix (MES base, pH 7.5) that contains 3.4mg/ml leucine, 35 mg/ml EDC (Thermo) and 40 mg/ ml NHS

(Thermo). BSA solution was added to a final concentration of 1 mg/ml. The resulted leucylated BSA was confirmed for modification

before subjecting to immunize rabbits. For K142Leu and K688Gln site-specific antibodies, synthetic aminoacylated peptides corre-

sponding to K142 of RagA and K688 of ASK1 were conjugated to OVA as antigen before subjecting to immunize rabbits. All anti-

bodies were made in AbMart Shanghai.

Apoptosis Assay
FITC Annexin V Apoptosis Detection Kit I (BD Pharmingen) was used following the manufacture’s guidance. HeLa cells were washed

twice with cold PBS and then were suspended in 1X Binding Buffer at a concentration of 1 x 106 cells/ml. Transfer 100 ml of the

solution (1 x 105 cells) to a 5 ml culture tube. Add 5 ml of FITC Annexin V and 5 ml PI. Gently vortex the cells and incubate for

15 min at RT (25�C) in the dark. After adding 400 ml of 1X Binding Buffer to each tube, apoptosis was analyzed by flow cytometry

(BD, C6) within 1 hour.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless specified, results are expressed as means ± SD. Comparisons between groups were made by unpaired 2-tailed Student’s

t test. Differences were considered statistically significant if P was less than 0.05.

DATA AND SOFTWARE AVAILABILITY

The atomic coordinate of the SIRT3-Leu-AceCS2 complex has been deposited in the Protein Data Bank under PDB: 5YTK. Raw data

have been deposited to Mendeley Data and are available at https://doi.org/10.17632/g9njsrf5wr.1.
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