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Abstract
Background: Increased circulating tryptophan has been linked to insulin resistance and development of
type 2 diabetes (T2D). Although the indispensable roles of tryptophan in behavioral health and immunity,
which are mediated by its catabolized metabolites, are well documented, whether and how tryptophan
directly affects insulin sensitivity remains largely unknown.

Methods: The correlation of excessive tryptophan and insulin resistance was veri�ed in tryptophan-rich
chow fed mice. The effects of tryptophan and WARS to insulin signaling and glucose uptake were
demonstrated in the HPA-v cells, HepG2 cells and HeLa cells. The tryptophanylation site was screened by
single-site directed mutagenesis of all lysine residues in the b subunit of IR, and veri�ed using an in vitro
tryptophanylation assay. Finally, the detryptophanylation enzyme was identi�ed and its role in insulin
sensitivity was addressed by immunoblotting analysis.

Results: Mice fed with tryptophan-rich chow developed insulin resistance. Tryptophan can
tryptophanylate insulin receptor (IR) and attenuate insulin signaling. Excessive tryptophan promotes
tryptophanyl-tRNA synthetase (WARS) to tryptophanylate lysine 1209 of IR (W-K1209), which induces
insulin resistance by inhibiting the insulin-stimulated phosphorylation of IR, AKT and AS160. SIRT1, but
not other sirtuins, detryptophanylates IRW-K1209 to increase the insulin sensitivity.

Conclusions: Our results unveiled a novel mechanism of how tryptophan was sensed and
tryptophanylated to IR by WARS, thus impaired insulin signaling. Meanwhile, our data indicated that
WARS might be a target for insulin sensitivity control.

Background
Serving as the quick and primary fuel for mammals, the utilization of glucose was regulated upon the
energy status and the availability of alternative fuel sources including amino acids and fatty acids of the
body (1, 2). Under low energy status, the glucose is quickly transported into the cells to generate ATP. On
the other hand, when cells have more than enough energy to ful�ll their metabolic demands, the glucose
uptake of peripheral cells needs to be tuned down, and the excessive glucose will be synthesized to
glycogen and stored in the liver and muscle, or be converted to triacylglycerol in the liver and then be
stored as fat for later use. Insulin, a hormone secreted primarily in the pancreatic beta cells stimulated by
glucose exposure, promotes the uptake of glucose via binding to the insulin receptor (IR) to activate the
downstream molecules, such as PI3K, AKT and AS160 (3, 4). Smooth transduction of insulin signaling
allows the cells to use blood glucose more effectively, while impairments of the insulin cascade build up
a tolerance to insulin and results in future development of type 2 diabetes (T2D) (5, 6).

Excessive caloric intake, either from carbohydrates or alternative nutrients such as proteins and fatty
acids, increases the insulin resistance in healthy people (7, 8) and causes T2D (9, 10). Prolonged high
glucose exposure provokes insulin resistance in different cell types, by decrease the insulin receptor
substrate-1 (IRS-1) level, dephosphorylation of insulin receptor, and inhibition of PI3K/AKT pathway (11,
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12). Fat metabolism is strongly associated with insulin sensitivity and high-fat diet can induce insulin
resistance (13). The increased fatty acids �ux activates JNK, thus drive insulin resistance through direct
inhibition of IRS-1 or negatively regulates the PPARα-FGF21 axis (14, 15). The correlations of excess
proteins or amino acids, which also could be used as energy source, with insulin sensitivity were also
documented. Researches on metabolite pro�les revealed that most of the essential amino acids, such as
three branched amino acids (BCAAs), including leucine, isoleucine and valine, and two aromatic amino
acids (AAAs), that is, phenylalanine and tryptophan were increased in T2D patients (16–18), suggesting
that overtake of proteins also increases the risks of insulin resistance and T2D. Nevertheless, how these
essential amino acids impair insulin cascade remains unclear.

Although it has the lowest circulating concentration among all the primary amino acids in the human
body, tryptophan plays indispensable roles in plethora aspects of physiology. Tryptophan is the precursor
of two important metabolic pathways, serotonin synthesis and kynurenine pathway (KP) (19, 20), and
plays crucial roles in the fundamental physiological processes, such as behavioral health and immunity
(21, 22). Recently, growing evidence indicates that the tryptophan metabolic disorders are closely related
to T2D. Two rate-limiting enzymes that convert tryptophan to kynurenine independently, indoleamine 2,3-
dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), are up-regulated in T2D, and most of the
tryptophan metabolites are increased in the urine and serum of T2D patients (23–25), which may serve
as potential diagnostic markers for T2D. But whether the accumulation of tryptophan and its metabolites
is the cause or consequence of T2D remains to be elucidated. Meanwhile, several metabolites of
tryptophan were noticed to impair insulin sensitivity by inhibiting insulin production, release and
biological activity. For example, kynurenic acid and quinolinic inhibits pro-insulin synthesis (26), and
xanthurenic acid could bind insulin to blunt its activity (27, 28). However, whether and how tryptophan
directly affects insulin sensitively remains to be demonstrated. In the present study, we veri�ed that
tryptophan modi�ed insulin receptor (IR) by tryptophanyl-tRNA synthetase (WARS) to inactivate insulin
signaling; Detryptophanylation of IR speci�cally by SIRT1 counteracts the insulin resistance caused by
WARS and excessive tryptophan. These data revealed a critical role of tryptophan in insulin signaling
transduction, and proposed a novel mechanism of tryptophan-induced insulin resistance and T2D.

Results

Tryptophan-rich chow induces insulin resistance in mice
To elucidate whether elevated tryptophan induces insulin resistance, we fed male C57BL/6J mice with
tryptophan-rich chow (Trp), which containing 1% (10 g/kg) tryptophan for 12 weeks. The food intake and
body-weight were monitored continuously, and there has negligible difference of body weight between the
mice fed with standard chow (SC) and tryptophan-rich chow (Trp) at 12th week (Fig. 1A). Glucose
tolerance and insulin tolerance were reduced in tryptophan-rich chow fed mice, assayed by glucose
tolerance test (GTT) and insulin tolerance test (ITT), respectively (Fig. 1B and 1C), indicating that the
overtake of tryptophan induced insulin resistance in mice. To verify that increased tryptophan impairs
insulin signaling in vivo, the activation of insulin signaling cascade were detected in white adipose from
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mice treated with insulin or not. As shown in Fig. 1D, activation of insulin signaling through increased
phosphorylation levels of IR tyrosine 1150/1151, AKT threonine 308 and AS160 threonine 642 was
observed in inguinal fat from mice fed with standard chow after insulin treatment. However, the
activation of insulin signaling after insulin injection was inhibited in mice fed with tryptophan-rich chow.
These results indicated a negative role of tryptophan in insulin signaling transduce, thus overtake of
tryptophan could induce insulin resistance and may promote T2D onset later in mice.

Tryptophan blocks insulin signaling directly in vitro

To explore the underlying mechanism that how tryptophan impairs insulin signaling, we evaluated the
activation of insulin cascade with tryptophan supplementation in cultured human adipocytes
differentiated from human preadipocytes-visceral (HPA-v) cells, HepG2 liver cells and HeLa cells. Insulin-
stimulated phosphorylation of IR, AKT and AS160 was blunted by lower dose of methyl-tryptophan (Me-
Trp) (Fig. S1A), which can be converted to tryptophan by intracellular esterase, in a dose- and time-
dependent manners (Fig. 2A-2B and Fig. S1B-S1C). Moreover, the insulin-induced dose-dependent IR, AKT
and AS160 phosphorylation were decreased in the presence of additional Me-Trp in adipocytes, HepG2
(Fig. 2C and Fig. S1D) and HeLa cells (data not shown), and consequently, the insulin-stimulated glucose
uptake was also inhibited by Me-Trp supplementation (Fig. 2D).

Tryptamine, an analog of tryptophan (Fig. 2E), competitively abrogated the inhibition effect of Me-Trp and
sustained the phosphorylation levels of IR, AKT and AS160 (Fig. 2F), suggesting that tryptophan might
directly disturb insulin signaling. To further investigate whether inhibition of insulin signaling is directly
regulated by tryptophan, or by its downstream metabolites, we blocked catabolism of tryptophan by
inhibiting IDO or TDO, two key enzymes that convert tryptophan to kynurenine. Effectively desensitized
insulin signaling were observed by LM10 and INCB024360, which inhibited TDO and IDO respectively(29,
30) (Fig. 2G and 2H). Furthermore, kynurenine (KYN) and serotonin (5-HT), two major metabolites of
tryptophan, did not affect the activation of insulin signaling (Fig. 2I-2J and Fig. S1E-S1F), verifying that
tryptophan itself, but not its catabolized metabolites, blocked insulin signaling.

Tryptophan Caused Insulin Insensitivity Is Mediated By Wars
Lysine aminoacylation (K-AA) catalyzed by its corresponding aminoacyl-tRNA synthetase (ARS) is a
newly reported posttranslational modi�cation that sense the amino acid su�ciency to regulate cellular
signaling and physiology (31, 32). To examine whether tryptophan inhibits insulin signaling is mediated
by tryptophanyl-tRNA synthetase (WARS) catalyzed tryptophanylation, the roles of WARS in insulin
signaling activation were investigated by gain- and loss-of function approaches. Overexpression of WARS
in HepG2 cells marginally inhibited the insulin signaling (Fig. 3A), while knockdown of WARS with siRNA
slightly increased insulin induced IR, AKT and AS160 phosphorylation levels (Fig. 3B) without extra
tryptophan supplementation. However, tryptophan caused inhibition of insulin signaling was blunted
when we knockdown WARS in HepG2 cells (Fig. 3C), or in WARS knockout HeLa cells (Fig. S2A),
suggesting that WARS is necessary for the tryptophan induced insulin insensitivity. On the contrary,
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overexpression of WARS exaggerated the impairment of insulin sensitivity (Fig. 3D), which showed a
dose-dependent manner in HeLa cells (Fig. S2B). Collectively, these data indicated that excessive
tryptophan inactivated insulin signaling is implemented through WARS catalyzed tryptophanylation.

Wars Tryptophanylates Lys1209 Of Ir
Bear in mind that WARS catalyzed tryptophanylation to blunt insulin signaling, we then investigated the
substrates of WARS in insulin signaling pathway. Knockout of IR replenished the insulin-stimulated
phosphorylation levels of AKT and AS160, which were blunted by tryptophan supplementation in wild
type HeLa cells (Fig. 4A). Furthermore, the interaction of co-expressed WARS and IRβ was con�rmed by
co-immunoprecipitation (Co-IP) in HEK 293T cells (Fig. 4B), both suggesting that IR could be the
substrate that was directly tryptophanylated by WARS.

To investigate the tryptophanylation sites in IR, all the lysine (K) residues in the β subunit of IR were
single-mutated to tryptophan (W) to mimic tryptophanylation (Fig. S3A), and the effect of each single
mutation to the activation of insulin signaling was determined. Four single lysine to tryptophan
mutations at K1057, K1079, K1192 and K1209 inhibited the insulin-stimulated phosphorylation of IR (Fig.
S3B), which were then mutated again to arginine (R) to mimic non-tryptophanylation. Only the K1209R
mutation resisted the decrease of IR phosphorylation levels with Me-Trp supplementation both in
HEK293T and HepG2 cells (Fig. 4C and Fig. S3C), suggesting that K1029 of IR was the tryptophanylation
site that been catalyzed by WARS. Moreover, overexpression of the non-tryptophanylated mutant K1029R
sustain the activation of insulin signaling even with high dose of tryptophan supplementation in Hela
cells (Fig. 4D), and K1209 tryptophanylated synthetic IR peptide was identi�ed by MS/MS spectra in an in
vitro system with puri�ed WARS (Fig. 4E), further con�rmed that IR could be tryptophanylated by WARS at
K1029 site.

Sequence analysis revealed that K1209 of IR is conserved among species from worm to human (Fig. 5A),
indicating it is critical for the biological functions of IR. To further demonstrate the roles of K1209
tryptophanylated IR (IRW−K1209), we generated the site-speci�c antibodies that recognized W-K1209
containing IR peptide. The proposed antibody speci�cally recognized IRW−K1209 peptide and whole length
IRW−K1209, but not non-modi�ed IR peptide (NC), tyrosinylated IR-K1209 (IRY−K1209) peptide (Fig. 5B), or
K1209 mutated IR (IRK1209W and IRK1209R) which was puri�ed with immunoprecipitation from HeLa cells
(Fig. S3D). Supplement of Me-Trp in the medium increased the K1209 tryptophanylated IR (Fig. 5C).
Although manipulate WARS level in HepG2 cells did not change the level of K1209 tryptophanylated IR in
regular medium (Fig. 5D and 5E), decreased or increased IRW−K1209 were detected when we knockdown
WARS or overexpress WARS in cultured HepG2 cells supplemented with extra tryptophan respectively
(Fig. 5F and 5G). These results con�rmed that WARS is a tryptophanly transferase that substantially
altered the IRW−K1209 level by tryptophan su�ciency.
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Sirt1 Detryptophanylates W-k1209 And Blunts Trp-induced
Insulin Insensitivity
Given that Sirtuins (SIRTs) have bene�cial effects on insulin resistance and have deaminoacylation
activities (33), we wondered whether detryptophanylation of IR is catabolized by SIRTs. Inhibition of
sirtuins with nicotinamide (NAM) elevated IRW−K1209 level in HeLa cells (Fig. 6A), and further desensitized
insulin signaling with tryptophan supplementation in HepG2 cells (Fig. 6B), both indicating that W-K1209
of IR was removed by sirtuins. SIRT1, but not other members of sirtuin family interacted with IR directly
when they were ectopically co-expressed in HeLa cells (Fig. 6C and Fig. S4A). Knockdown or knockout of
SIRT1 elevated IRW−K1209 level and blunted insulin signaling (Fig. 6D, 6F and Fig. S4B), while
overexpression of SIRT1 decreased IRW−K1209 level with Me-Trp supplementation and thus increased the
phosphorylation of IR, AKT and AS160 vice versa (Fig. 6E, 6G and Fig. S4C). Taken together, these data
suggested SIRT1 could improve insulin sensitivity via downregulating the IRW−K1209 levels.

Discussion
Protein and its building blocks, amino acids, are essential nutrients that served both as energy source and
building blocks for the human body. Usually, proteins and amino acids are thought as healthier nutrients
than sugars and fats, since chronically overtake of sugars and/or fats may lead to metabolic problems,
like obesity and type 2 diabetes (T2D) (7, 8). However, accumulating evidence showed that excessive
protein intake has been linked to health problems, such as heart diseases, kidney diseases, insulin
resistance and diabetes (34–36). The abundance of several essential amino acids, which re�ect the
protein uptake since they cannot be synthesized from metabolic intermediates in human, are found
increased in T2D patients (16, 17), indicating that the overtake of protein may cause insulin resistance
and T2D. In the current study, we showed that tryptophan-rich chow increased insulin resistance in mice,
which unveiled that the higher circulating tryptophan observed in T2D patients may not be the
consequence, but the cause of insulin resistance and the onset of T2D. It is worth noting that tryptophan
has the lowest concentration among all the circulating primary amino acids in the human body, which
makes it could be the most sensitive indicator for protein uptake and cellular energy status. Overloaded
tryptophan from protein intake would inhibit insulin signaling to tune down glucose uptake as we
demonstrated here, and on the other hand, excess tryptophan could be used to synthesize serotine (5-HT),
a natural appetite suppressant, to suppress food intake (37, 38). Therefore, our work provides necessary
evidence to identify tryptophan as an indicator for protein su�ciency and a critical modulator to regulate
cellular metabolism. A model addressing how excessive tryptophan impairing insulin signaling via WARS
catalyzed tryptophanylation of insulin receptor is illustrated in Fig. 7.

Insulin is the major hormonal regulator of cellular energy homeostasis, such as glucose metabolism,
through activates the insulin signaling and variety downstream effectors. Meanwhile, proteins and
enzymes in insulin signaling could be modi�ed by post-translational modi�cations (PTMs) to switch their
functions according to the real time cellular energetic status. For example, IRS-1 could be acetylated to
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enhance the insulin signaling (39, 40), and palmitoylation of GLUT4 promotes it translocation to the
plasma membrane, which exaggerate the insulin induced glucose uptake (41, 42). Aminoacylation is a
newly identi�ed PTM which is catalyzed by aminoacyl-tRNA synthetase (ARS) to sense and transduce
signals of their relevant amino acids (31, 32), and herein, we demonstrated that excessive tryptophan
could be sensed by WARS and then be tryptophanylated to IR K1209, a critical site that conserved among
species, thus blunted insulin-stimulated phosphorylation of IR, AKT and AS160. Meanwhile, under
physiological concentration of tryptophan (50–100 µM in regular culture medium) (43), overexpression or
knockdown of WARS did not change the levels of tryptophanylated IR (IRW−K1209) and the insulin
signaling (Fig. 3A and 3B). Combined with the fact that depletion of tryptophan could be sensed by
WARS and thus lead to the activation of p53 pathway to prohibit cell proliferation (44), all suggested that
tryptophan could be an indicator for amino acid su�ciency that sensed by WARS to regulate the cellular
energy homeostasis and physiological response, which worth further investigation.

Moreover, we identi�ed SIRT1, but not other sirtuins, as the speci�c enzyme to remove tryptophanylation
at the K1209 site of IR. SIRT1 is a well-known NAD+-dependent deacetylase, which has positive roles on
glucose homeostasis and insulin sensitivity through its direct or indirect regulation of insulin signaling at
different levels (33). For example, SIRT1 could stimulate glucose dependent insulin secretion, or
attenuates in�ammatory response and decrease the levels of reactive oxygen species to increase the
insulin sensitivity (45–48). Our data is consistent with the documented physiological functions of SIRT1
to sensitize insulin signaling, but unveiled a novel role of SIRT1 to detryptophanylate IRW−K1209 and
abrogate the insulin insensitivity caused by excessive tryptophan.

Conclusions
Collectively, our work demonstrated that excessive tryptophan could be sensed and modi�ed on K1209 of
IR, thus attenuates insulin signaling by WARS. Meanwhile, removal of tryptophanylation speci�cally by
SIRT1 could increase insulin sensitivity. Therefore, the abundance of tryptophan could be an indicator of
protein intake and a critical modulator to regulate cellular metabolism. Thinking of its profound role in
desensitizing insulin signaling, WARS has the potential to be a new therapeutic target to control insulin
resistance.

Methods

Antibodies and Reagents
Antibodies against p-IRTyr1189/1190 (#3024), IR (#3025), p-AKTThe308 (#13038), AKT (#4685), p-
AS160Thr462 (#8881), AS160 (#2670) were purchased from Cell Signaling Technology (Massachusettes,
USA). Antibodies against SIRT1 (#13161-1-AP) and WARS (#16081-1-AP) were purchased from
Proteintech (Rosemont, USA). Antibodies against Flag (#M20008) and HA (#M20003) were purchased
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from Abmart (Berkeley Heights, USA). Antibody against Actin (A00702-100) was purchased from
GenScript (Piscataway, USA).

Insulin (#I9278), methyl-tryptophan (#447439), anti-Flag M2 a�nity Gel (#A2200) were purchased from
Sigma-Aldrich (Darmstadt, Germany). Protein-G-Agarose (#16–266) and Protein-A-Agarose (#16–125)
were purchased from Millipore (Danvers, USA). Kynurenine (#R134932) and 5-HT (#H303833) were
purchased from Aladdin (Shanghai, CHN).

The anti-IRW−K1209 antibody was generated by ABclonal Technology Co., Ltd. Brie�y, synthetic peptides
(PVRWMAPESLKTrpDGVFTTSSDM) were conjugated to keyhole limpet hemocyanin (KLH) as antigen.
Rabbits were immunized by four doses of subcutaneous injection at two weeks interval before the rabbits
were sacri�ced for anti-sera. Antibody was immunoa�nity puri�ed by antigen and tested for speci�city
by dot blot assay.

Mice
Male C57BL/6J mice were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China).
Mice were housed in a speci�c pathogen-free facility under a 12 h light/dark cycle with ad libitum access
to food and water. Mice were randomly divided into control and experimental groups. The control mice
were fed with standard chow (SC) and the experimental group were fed with 1% tryptophan chow (Trp),
which was manufactured from Research Diets (New Brunswick, USA), for 12 weeks.

Mice were fasted for 6 hours, and then were euthanized 15 minutes after intraperitoneal injection of
insulin (0.5 units/kg). The inguinal fats were collected according to standard procedure for western blot
analysis.

Gtt And Itt
Assays were performed using male C57BL/6J mice after 16 weeks of treatments. For GTT analysis, mice
were intraperitoneally injected with glucose (1 g/kg) after 16 h of fasting, and the blood was sampled 0,
15, 30, 60, 90, and 120 min after glucose injection. For ITT analysis, mice were intraperitoneally injected
with 0.5 units/kg of insulin after 6 h of fasting, and the blood was sampled 0, 15, 30, 60, 90, and 120 min
after insulin injection.

Cell Lines
HEK293T cells, HeLa cells, HepG2 cells and Hep3B cells were cultured in Dulbecco’s Modi�ed Eagle’s
Medium (DMEM) (Gibco, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Carlsbad, USA), 100 units/ml penicillin (Invitrogen, Carlsbad, USA) and 100 µg/ml streptomycin
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(Invitrogen, Carlsbad, USA). CHO cells were cultured in Ham’s F12-K medium (Invitrogen) supplemented
with 10% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin.

HPA-v cells were cultured in preadipocyte medium (PAM, #7211, ScienCell Research Laboratories)
supplemented with 5% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin. Two days after
con�uence, cells were switched into differentiation medium containing 5% FBS, 0.5 mM IBMX (Sigma-
Aldrich, #I5879), 5 µg/ml insulin, 1 µM dexamethasone (Sigma-Aldrich, #D4902), for 2 days, and then
replaced with DMEM containing 5% fetal bovine serum, 5 µg/ml Insulin for 2 days. Cells were switched to
DMEM containing 5% FBS and cultured for another 4 days, then be used for experiments.

Cell Treatments
Methyl-tryptophan treatment to cells was achieved by incubating cells in DMEM medium without serum
for 2 hours, followed by incubating in amino acids-free medium (US biological life sciences) for another 1
hour, and then treated with methyl-tryptophan as indicated by experiments respectively, 100 nM insulin
was used to stimulate insulin signaling for 10 minutes before harvest of cells.

Kynurenine (KYN) and 5-HT treatments was performed by incubating cells in DMEM medium without
serum for 2 hrs, followed by incubating in amino acids-free medium for another hour, and then treated
with KYN or 5-HT for 1 hour, 100 nM insulin was used to stimulate insulin signaling for 10 minutes before
harvest of the cells.

IDO and TDO inhibition was carried out by pre-incubating cells with 100 nM INCB024360 or 2.5 µM LM
for 48 hours, then incubating cells in DMEM medium without serum for 2 hours, followed by incubating in
amino acids-free medium for 1 hour. Cells were treated with Me-Trp for another 1 hour, and cells were
harvested after 10 minutes stimulation with 100 nM insulin.

Plasmids Construction And Transfection
Whole length human WARS, IR and SIRT1 were ampli�ed HEK293T cDNA and cloned into Xho I and EcoR
I sites of the pcDNA3.1-Flag/HA vector using CloneExpress MultiS One Step Cloning Kit (Vazyme, #C113-
02, CHN). The mutants were generated by site-directed mutagenesis using the Mut Express MultiS Fast
Mutagenesis Kit (Vazyme, #C215-01, CHN) according to the manufacturer’s instructions. The primers
used as follows:

WARS:
Forward, 5’-AACGGGCCCTCTAGACTCGAGATGCCCAACAGTGAGCCCG-3’

Reverse, 5’-TAGTCCAGTGTGGTGGAATTCCTGAAAGTCGAAGGACAGCTTC C-3’

IRβ:
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Forward, 5’-AACGGGCCCTCTAGACTCGAGATGGCCACCGGGGGCCGG-3’

Reverse, 5’-TAGTCCAGTGTGGTGGAATTCGGAAGGATTGGACCGAGG-3’

SIRT1:
Forward, 5’-AACGGGCCCTCTAGACTCGAGATGGCGGACGAGGCGGCC-3’

Reverse, 5’-TAGTCCAGTGTGGTGGAATTCTGATTTGTTTGATGGATAG-3’

All other primers used in this study were list in Supplementary Table 1.

Small Rna Interference
Synthetic oligos were used for siRNA-mediated silencing of WARS and SIRT1, scramble siRNA was used
as a control. Cells were transfected with siRNA using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s manual. siRNA sequences were as follows: siWARS: 5’-CCAGGAUCCUUACUUUAGAdTdT-
3’;siSIRT1: 5’-GAAGUUGACCUCCUCAUUGUdTdT-3’.

Crispr/cas9 Generation Of Knockout Cells
To generate WARS and IR knock cells, the following guide sequence targeting the human WARS forward:
5′-CACCGAACTGCCCAGCGTGACCAG-3′, reverse: 5′-AAACCTGGTCACGCTGGGCAGTTC-3′, and the human
IR forward: 5′-CACCGG CGGTGGCCGCGCTGCTACT-3′; reverse: 5′-AAACAGTAGCAGCGCGGCCACC GCC-3′
were used, following standard CRISPR/Cas9 gene editing protocols.

Crispr/cas9 Genomic Knock-in Cell Lines
IRK1209R knock-in cell line was generated by using CRISPR/Cas9 mediated-mutagenesis method. Brie�y,
IRK1209R-sgRNA-pX458 and ssODNs were co-transfected into cells using Lipofectamine 3000 (Invitrogen).
48 hours after transfection, FACS selection was performed to sort GFP-positive single cells into 96-well
plates and then allowed them to expand for 2–3 weeks. PCR analysis was carried out to identify cells
with success knock-in, and veri�ed by both Sanger sequencing of genomic DNA and western blotting. The
guide sequence targeting IRK1209 were: Forward, 5’-CACCG CACCGGAGTCCCTGAAGGAT-3’; Reverse, 5’-
AAACATCCTTCAGGG ACTCCG GTGC-3’.

Glucose Uptake
The non-radioactive 2-dexoyglucose uptake was detected using a Glucose Uptake-Glo™ Assay Kit (J1341,
Promega, Madison, USA) according to manufactured instruction. Brie�y, HPA-v cells were seeded on 96-
well plates and differentiated to mature adipocytes, and then serum starved for 2 hours followed by
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amino acids starvation for 1 hour before the assay. Cells were treated with methyl-tryptophan for 40
minutes, and stimulated with 100 nM insulin and incubated with 1 mM 2-DG in PBS for additional 15
minutes at 37°C. Cells were then lysed in stop buffer and neutralized with neutralization buffer. Lysates
were then centrifuged at 15000 g for 15 minutes at 4°C, and the supernatant were incubated with 2DG6P
detection reagent for 1 hour at 25°C, then recorded luminescence with 0.3-1 second integration on a
luminometer (Glomax96, Promega, Madison, USA).

Western Blots
Cultured cells or cells extracted from mice inguinal fats were homogenized with 0.5% NP-40 buffer
containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet P-40, and a mixture of protease
inhibitors (Sigma-Aldrich). After centrifugation at 12,000 rpm at 4°C for 15 minutes, the supernatant was
collected for western blotting according to the standard procedures. Membranes were developed using
ECL-Plus (Thermo Fisher Scienti�c) and visualized using Typhoon FLA 9500 (GE Healthcare, UK).

Immunoprecipitation
Cells were homogenized in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet
P-40, and a mixture of protease inhibitors (Sigma-Aldrich). After centrifugation at 12,000 rpm at 4°C for
15 minutes, the supernatant was incubated with anti-Flag beads at 4°C for 4 hours with rotation. The
binding complexes were washed with 0.5% NP-40 buffer three times and mixed with loading buffer for
SDS-PAGE.

In vitro tryptophanylation assay

The in vitro tryptophanylation reactions were carried out in a 30 µl reaction mix that contained 50 mM
HEPES (pH7.5), 25 mM KCL, 2 mM MgCl2, 5 mM tryptophan, 4 mM ATP, 10 nM WARS, and 0.05 µg/µl
synthetic substrate peptide. The mixture was incubated at 37°C for 2 hours, and the peptide was then
desalted by passing through a C18 ZipTip (Millipore) before subjecting to analysis by a MALDI-TOF/TOF
mass spectrometer (SCIEeX-5800).

Statistics
Statistical analysis was performed using GraphPad Prism 8.0 (GraphPad Software, Inc. San Diego, USA).
A two-tailed Student’s t-test was used to evaluate statistical signi�cance between two groups. Data are
shown as means ± S.E.M. P < 0.05 was considered statistically signi�cant, and the signi�cance was
indicated as: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Abbreviations
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5-HT: Serotonin (5-hydroxytryptamine)

AAAs: Aromatic amino acids

AKT: RAC-alpha serine/threonine-protein kinase

ARS: Aminoacyl-tRNA synthetase

AS160: Akt substrate of 160 KDa

BCAAs: Branched amino acids

GLUT4: Glucose Transporter Type 4

GTT: Glucose tolerance test

HPA-v cell: Human preadipocytes-visceral cell

IDO: Indoleamine 2,3-dioxygenase

IR: Insulin receptor

IRS-1: Insulin receptor substrate-1

ITT: Insulin tolerance test

KP: Kynurenine pathway

KYN: Kynurenine

Me-Trp: Methyl-tryptophan

PI3K: Phosphoinositide 3-kinase

PTMs: Post-translational modi�cations

SC: Standard chow

SIRT1: Sirtuin 1

T2D: Type 2 diabetes

TDO: Tryptophan 2,3-dioxygenase

Trp: Tryptophan

WARS: tryptophanyl-tRNA synthetase
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Figure 1

Tryptophan-rich chow induces insulin resistance in mice

A-C, Male C57BL/6J mice were fed with standard chow (SC) or tryptophan-rich chow (Trp, 10 g/kg), the
body weight (A), glucose tolerance (B) and insulin tolerance (C) were measured after 12 weeks of feeding
(n=5).

D, Impairment of insulin signaling in mice fed with the tryptophan-rich chow. Mice were fasted for 6 hours
and then treated with intraperitoneally injection of insulin (0.5 units/kg). After 15 minutes, mice were
euthanized and tissues were harvested, the phosphorylation of IR, AKT and AS160 in the inguinal fat were
detected by western blot.
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Figure 2

Tryptophan blocks insulin signaling directly in vitro

A-C, Me-Trp treatment impaired insulin signaling. The dose- (A) and time-dependent (B) effects of Me-Trp
on the phosphorylation of IR, AKT and AS160 with insulin-stimulation (100 nM, 10 min), and (C) the
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insulin-induced dose-dependent IR, AKT and AS160 phosphorylation with and without of 0.5 mM Me-Trp
supplementation in cultured human differentiated HPA-v cells were detected by western blot.

D, Me-Trp reduced insulin-stimulated glucose uptake. Glucose uptake by differentiated HPA-v cells treated
with Me-Trp (0, 0.2, 0.4, 0.6, 0.8 mM) for 40 minutes and stimulated with 100 nM insulin for 15 minutes.
Data were represented as Means ± S.E.M, n = 6. *, p<0.05; **, p<0.01; ***, p<0.001.

E-F, Tryptamine abrogated the inhibition of insulin signaling caused by Me-Trp supplementation. (E),
Tryptamine is an analog of tryptophan. (F), HeLa cell were treated with Me-Trp or Tryptamine as
indicated, and the phosphorylation levels of IR, AKT and AS160 after insulin stimulation were detected.

G-H, Inhibition of IDO and TDO did not reactivate the insulin signaling. Cells were treated with 2.5 mM
LM10 (G) or 100 nM INCB024360 (H) for 48 hours, then treated with Me-Trp, and with insulin stimulation
as indicated. The phosphorylation levels of IR, AKT and AS160 were detected by western blot.

I-J, Supplement kynurenine (KYN) or serotonin (5-HT) did not alter the insulin signaling. Differentiated
HPA-v cells were treated with different concentrations of Me-Trp, KYN (I), or 5-HT (J), and with insulin
stimulation. The phosphorylation levels of IR, AKT and AS160 were detected by western blot.
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Figure 3

Tryptophan caused insulin insensitivity is mediated by WARS

A-B, HepG2 cells were transiently transfected with WARS-Flag (A) or siWARS (B), 48 hours after
transfection, the cells were serum starved for 4 hours and stimulated with or without insulin, and the
activation of the insulin signaling were detected.

C-D, HepG2 cells were transiently transfected with siWARS (C) or WARS-Flag (D), 48 hours after
transfection, the cells were serum starved for 4 hours and treated with different levels of Me-Trp for 1
hour, and the activation of the insulin-stimulated signaling cascade were detected by western blot.
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Figure 4

WARS tryptophanylates Lys1209 of IR

A, Me-Trp had negligible effects on insulin signaling in IR-KO HeLa cells. Phosphorylation of AKT and
AS160 was detected in wide type and IR-KO HeLa cells in the presence of Me-Trp supplementation with
insulin stimulation.

B, WARS directly interacted with IRb. Co-IP assay of HEK 293T cells ectopically co-expressed WARS-HA
and IRb-Flag. Cell lysates were subjected to immunoprecipitation with anti-Flag antibodies, and whole cell
lysates and immunoprecipitants were analyzed with anti-HA or anti-Flag antibodies.
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C, K1209 is the tryptophanylation site of IR. K1209 of IR was mutated to arginine (IRK1209R) or tryptophan
(IRK1209W), and was transiently expressed in HepG2 cells. The phosphorylation of IR was detected in the
absence or presence of Me-Trp supplementation with insulin stimulation.

D, K1209R mutation of IR replenished insulin signaling activation. The activation of insulin signaling to
Me-Trp treatment were detected for wide type, IRK1209R knock-in HeLa cells.

E, WARS tryptophanylated IR K1209 peptide. Synthesized IR peptide containing K1209 site was cultured
with or without puri�ed recombinant WARS in an in vitro system, and the formation of tryptophanylated
products (red arrows) was assayed by mass spectrometry.

Figure 5
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WARS senses tryptophan levels and regulates IRW-K1209 levels

A, K1209 of IR is conserved among species. Multiple sequence alignment of amino sequence around
K1209 of IR from Homo sapiens (P06213), Mus musculus (P15208), Rattus norvegicus (P15127), Bos
taurus (Q05688), Canis lupus (A0A8C0SSP2), Xenopus laevis (Q9PVZ4), and Caenorhabditis elegans
(Q968Y9). The conserved K1209 was indicated by red arrow.

B, Site-speci�c antibody that recognized W-K1209 containing IT peptide (a-IRW-K1209). Dot blot analyses
were employed to detected none-modi�ed IR peptide (NC), K1209 tryptophanylated IR peptide (IRW-K1209),
and K1209 tyrosinylated IR peptide (IRY-K1209).

C, Me-Trp increased IRW-K1209 levels. The HepG2 cells were transfected with IR-Flag and treated with Me-
Trp supplementation as indicated. Cell lysates were subjected to immunoprecipitation with anti-Flag
antibodies, and the K1209 troptophanylated IR levels were determined with a-IRW-K1209 antibodies in the
immunoprecipitant.

D-E, HepG2 cells were transiently transfected with IR-Flag and siWARS (D), or WARS-HA (E) as indicated,
and the IRW-K1209 levels were determined using speci�c a- IRW-K1209 antibodies.

F-G, HepG2 cells were transiently transfected with IR-Flag and siWARS (F), or WARS-HA (G), and treated
with 0.5 mM Me-Trp for 1 hour, the IRW-K1209 levels were determined using speci�c a- IRW-K1209 antibodies.
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Figure 6

SIRT1 detryptophanylates W-K1209 and blunts Trp-induced insulin insensitivity

A-B, Sirtuin inhibition elevated IRW-K1209 levels and decreased insulin signaling. (A), IRW-K1209 levels were
detected in HeLa cells transfected with IR-Flag and treated with 5 mM NAM as indicated. (B), HepG2 cells
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treated with NAM and Me-Trp for 1 hour, and stimulated with insulin as indicated. The phosphorylation
levels of IR, AKT and AS160 were detected by western blot.

C, SIRT1 interacted with IR. Co-IP assay of HeLa cells ectopically co-expressed SIRT1-HA and IR-Flag. Cell
lysates were subjected to immunoprecipitation with anti-Flag antibodies, and whole cell lysates and
immunoprecipitants were analyzed with anti-HA or anti-Flag antibodies.

D-E, HepG2 cells were transfected with IR-Flag plus siSIRT1 (D), or plus SIRT1-HA (E), and treated with Me-
Trp or not as indicated, the IRW-K1209 levels were determined using speci�c a- IRW-K1209 antibodies in the
immunoprecipitants pulled down by anti-Flag antibodies.

F-G, HepG2 cells were transfected with IR-Flag plus siSIRT1 (F), or plus SIRT1-HA (G), and after 48 hours,
cells were treated with Me-Trp for 1 hour as indicated. The phosphorylation levels of IR, AKT and AS160
after insulin stimulation were detected by western blot.

Figure 7

Schematic diagram illustrates the molecular mechanism of how excessive tryptophan attenuates insulin
signaling.

Circulating insulin stimulated by glucose exposure can bind to the insulin receptor and activate the
downstream insulin signaling, thus triggers the uptake of glucose under physiological tryptophan level
(low tryptophan, left panel). While with higher tryptophan in the cell, the excessive tryptophan can be
sensed to tryptophanylate insulin receptor by WARS, and desensitizes insulin signaling consequently
(high tryptophan, right panel). 
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