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Abstract

Eif2ak4, a susceptibility gene for type 2 diabetes, encodes GCN2, a molecule activated by
amino acid deficiency. Mutations or deletions in GCN2 in pancreatic -cells increase
mTORCI activity by decreasing Sestrin2 expression in a TSC2-independent manner. In this
study, we searched for molecules downstream of GCN2 that suppress mTORCI activity in a
TSC2-dependent manner. To do so, we used a pull-down assay to identify molecules that
competitively inhibit the binding of the T1462 phosphorylation site of TSC2 to 14-3-3. L-
asparaginase was identified. Although L-asparaginase is frequently used as an anticancer drug
for acute lymphoblastic leukemia, little is known about endogenous L-asparaginase. L-
Asparaginase, which is expressed downstream of GCN2, was found to bind 14-3-3 and
thereby to inhibit its binding to the T1462 phosphorylation site of TSC2 and contribute to
TSC2 activation and mTORCI inactivation upon TSC2 dephosphorylation. Further
investigation of the regulation of mTORCI activity in pancreatic B-cells by L-asparaginase
should help to elucidate the mechanism of diabetes and insulin secretion failure during

anticancer drug use.
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Introduction

In recent years, the number of patients with type 2 diabetes has increased dramatically
worldwide, becoming a major problem due to the associated increase in cardiovascular
complications and cancer risk. The primary pathophysiological factors of type 2 diabetes are
insulin resistance and insulin insufficiency. Insufficient insulin secretion has been shown to
be important, particularly in East Asians. Using various animal models, we previously
reported that decreased pancreatic -cell mass plays an important role in the development of
type 2 diabetes [1-3]. Decreased expression of the non-coding RNA Kcnqlotl—which is
expressed in the gene region of Kcngl, one of the candidate genes for type 2 diabetes
mellitus—has also been shown to cause decreased pancreatic B-cell mass and impaired
glucose tolerance, but only when the mutation is inherited from the father [4].

We also reported the mechanism by which the eukaryotic translation initiation factor 2a
kinase 4 (Eif2ak4) gene—which was reported to be a susceptibility gene for type 2 diabetes
in 2009 [5]—causes the development of type 2 diabetes: the Eif2ak4 gene encodes general
control nonderepressible 2 (GCN2), which is activated by amino acid deficiency in the cell
[6]. In systemic GCN2-deficient mice, pancreatic 3-cell mass was found to be decreased by a
high-fat diet (HFD), although the phenotype was not affected by normal diet feeding. Similar
results were observed in mice lacking pancreatic B-cell-specific GCN2 [7]. GCN2 in
pancreatic islets is not activated by a normal diet but is activated by a HFD. This was thought
to be due to decreased intracellular amino acid concentrations in pancreatic f-cells because
insulin synthesis in pancreatic -cells is enhanced by a HFD [8].

The decreased pancreatic -cell volume in HFD-fed GCN2-deficient mice may be due to

GCN2 deficiency in pancreatic -cells, which induces constitutive mechanistic target of

Abbreviations: PCR, polymerase chain reaction; SEM, standard error of the man; siRNA, small interfering RNA



rapamycin complex 1 (mTORCT1) activation. We previously reported that mice with
constitutive mTORCI1 activation in pancreatic B-cells show increased insulin secretory
capacity and increased pancreatic -cell volume at a young age but decreased pancreatic 3-
cell volume and insulin secretory failure at an old age [9]. In addition, we demonstrated that
this is due to decreased insulin signaling and impaired autophagy by negative feedback in
pancreatic B-cells [10, 11]. Decreased insulin signaling has also been observed in islets of
HFD-fed GCN2-deficient mice, along with increased mTORCI1 activity [7]. In a recent
report, we found that GCN2 in pancreatic -cells suppresses mTORCI activity in a tuberous
sclerosis complex 2 (TSC2)-independent manner via enhanced Sestrin2 expression during a
high-fat diet [7]. In other words, in islets of HFD-fed GCN2-deficient mice, mTORCI is
activated because GATOR2, which suppresses mMTORCI1, is repressed by decreased Sestrin2
expression [12].

Although we have elucidated the GCN2-mediated TSC2-independent regulation of mTORC1
by Sestrin2 in pancreatic -cells upon a high-fat diet, the existence of a TSC2-dependent
mTORCI regulatory mechanism in the absence of GCN2 should also be investigated. We
believe that TSC2 plays a particularly important role in pancreatic -cells. We previously
reported that pancreatic B-cell-specific TSC2-deficient mice exhibit a marked phenotype [9]
characterized by hypoglycemia and hyperinsulinemia at young ages but progressive
hyperglycemia and hypoinsulinemia at old ages, suggesting that a mechanism to maintain
TSC2 inactivation in the regulation of mMTORCI1 activity may be very important. In the
present study, we investigated how GCN2 deficiency regulates mTORCI activity via TSC2-

dependent pathways in pancreatic B-cells during a high-fat diet challenge.

Materials and Methods

Mice



Eif2ak4 generalized knockout mice (Accession No. CDB0538K) were generated as
previously described (http://www?2.clst.riken.jp/arg/Methods.html) [7]. Primers (forward and
reverse, respectively) for genotyping generalized Eif2ak4 null mice were P1 (5'-
GTGGGTATGT GCACATGTGG ATAC-3") and P2 (5'-CTTCCCTTTC CACTCCCAAA
ATG-3') for the wild-type allele and P3 (5'-CGCCTTCTTG ACGAGTTCTT CTG-3") and P2
for the targeted allele, which yielded 453-bp and 665-bp products, respectively.

The mice were maintained on a 12-h light/12-h dark cycle. Normal chow diet and HFD were
obtained from CLEA Japan and Oriental Bio, respectively, and the mice were fed the
respective diet from weaning. All experiments were performed with male mice. The study
followed the ARRIVE guidelines and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and was approved by the Animal Ethics Committee of Kobe

University Graduate School of Medicine.

Cell culture and treatment
INS-1 cells were kindly provided by Professor Kazuya Yamagata (Kumamoto University,
Japan) and maintained in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal

bovine serum.

Isolation of pancreatic islets
Pancreatic islets were isolated by collagenase digestion (Collagenase P; Roche) and

Histopaque (Sigma-Aldrich) density gradient centrifugation as previously described [3, 4, 7].

Transfection with small interfering RNA
INS-1 cells were transfected with small interfering RNAs (siRNAs) targeting GCN2, ATF4,

and Sestrin2 (SMARTpool; Dharmacon) as previously described [3].



Preparation of 14-3-3f expression vector

14-3-38 cDNA was synthesized using Prime Star Max Premix (TakaRa) with MING6 total
RNA as template. 14-3-33 cDNA synthesis primers were as follows: forward, 5'-
TAGGATCCAC ATGGGCTGCA GCTATGAAG-3', and reverse, 5'-TAGGATCCTT
AGTTCTCTCC CTCTCCAG-3'". After insertion into the BamHI site of pBlueScript, the 14-
3-38 cDNA was inserted into the multiple cloning site of pFN21A HaloTag CMV Flexi

Vector (Promega).

Immunoblot analysis

Lysates of isolated islets or INS-1 cells were prepared as previously described [11]. The
lysates were probed with antibodies against the following proteins: phospho-TSC2 (Thr!462)
(#29718), TSC2 (#4308S), phospho-S6 kinase (Thr*?) (#92068S), S6 kinase (#22178S),
phospho-S6 (Ser?*¥236) (#2211S), S6 (#22178S), phospho-4EBP1 (Thr?”4%) (#9459S), 4EBP1
(#94525) (all from Cell Signaling Technology), and B-actin (#A5316-100UL) (Sigma-
Aldrich). Band intensity on immunoblots was quantitated with the use of Multi Gauge

software (Fujifilm).

Mass spectrometry analysis

Samples were separated by SDS-PAGE and stained with silver nitrate. Next, the target
protein band was excised from a sample lane, followed by in-gel digestion with 10 pg/ml
sequencing grade modified trypsin (Promega) overnight at 37°C [13]. The digested peptides
were eluted with 0.1% formic acid and were subjected to LC-MS/MS analysis, which was
performed on a LCMS-IT-TOF (Shimadzu) interfaced with a nano reverse-phase liquid

chromatography system (Shimadzu). LC separation was performed using a Pico Frit Beta



Basic C18 column (New Objective) at 300 nl/min. Peptides were eluted using gradients of
5%—40% acetonitrile in 0.1% formic acid and sprayed directly into the mass spectrometer.
The heated capillary temperature and electrospray voltage were set at 200°C and 2.5 kV,
respectively. MS/MS data were acquired in the data-dependent mode by LCMS solution
software (Shimadzu) and were converted to a single text file (containing the observed
precursor peptide m/z, the fragment ion m/z, and intensity values) by Mascot Distiller (Matrix
Science). The file was analyzed using Mascot (Matrix Science) MS/MS Ion Search to search
for and assign the obtained peptides using the SwissProt database. The search parameters
were set as follows: database, SwissProt 2014 09; taxonomy, all or Rattus norvegicus;
enzyme, trypsin (one missed cleavage allowed); variable modifications, carbamidomethyl
(C), oxidation (M), and propionamide (C); peptide tolerance, £0.05 Da; and MS/MS
tolerance, £0.05 Da. For protein identification, the criteria were as follows: (1) Mascot scores
above the statistically significant threshold (P < 0.05), and (2) at least one top-ranked unique

peptide matching the identified protein.

Reverse transcription and real-time polymerase chain reaction analysis

Total RNA was isolated from mouse islets or INS-1 cells with the use of an RNeasy kit
(Qiagen). Real-time polymerase chain reaction (PCR) analysis was performed with SYBR
Green reagent (Promega) and an ABI 7900 sequencer (Life Technologies) as previously
described [4]. The abundance of target mRNAs was normalized to that of cyclophilin mRNA

as the invariant control.

Statistical analysis
Quantitative data are presented as means = standard error of the mean (SEM), and differences

between means were assessed with Student’s #-test (two-tailed). A P value < 0.05 was



considered statistically significant.

Results

TSC2 is inactivated by phosphorylation of T1462 in the islets of HF D-fed GCN2-deficient
mice

We recently reported that mTORCI1 activity was enhanced in the islets of HFD-fed GCN2-
deficient mice [7]. Confirmation of TSC2 phosphorylation (T1462) in these islets revealed
increased phosphorylation compared with HFD-fed wild-type mice (Fig. 1A). Further
examination of downstream molecules to confirm mTORCI activity revealed enhanced
phosphorylation of ribosomal protein S6 kinase 1 (S6K1), S6, and elF4E binding protein 1
(4EBP1) (Fig. 1B, C, D) [7], suggesting that GCN2 deficiency induces TSC2 inactivation and
that there is a mechanism of mTORCI activity enhancement via the TSC2 pathway other
than the downregulation of Sestrin2 expression.

[Insert Fig. 1 near here.]

14-3-3 regulates mTORC1 activation via maintenance of TSC2 (T1462) phosphorylation in
pancreatic f-cells

TSC2 is phosphorylated by Akt downstream of the phosphatidylinositol-3 kinase (PI3K)
pathway. Meanwhile, a 14-3-3-mediated mechanism for maintaining phosphorylation has
been reported [14]. 14-3-3 contributes to signal transduction by binding to phosphorylation
sites, and it has also been shown to bind to the T1462 phosphorylation site of TSC2 to
stabilize its phosphorylation. T1462 phosphorylation of TSC2 inactivates TSC2, which in
turn activates mTORC1. However, experiments using mouse embryo fibroblasts revealed that
T1462 dephosphorylation of TSC2 was induced when the binding rate of TSC2 to 14-3-3

decreases because of increased REDDI1 (regulated in development and DNA damage



response 1) expression and enhanced binding to 14-3-3 under hypoxic conditions [15].
Because REDD1 expression is regulated by activating transcription factor 4 (ATF4)
downstream of protein kinase R-like endoplasmic reticulum kinase (PERK), which is
encoded by the EIF2ak3 gene [16], we hypothesized that its expression could also be induced
by GCN2 activation. Therefore, we initially predicted that reduced expression of REDDI in
islets of HFD-fed GCN2-deficient mice would maintain the binding of 14-3-3 protein to the
TSC2 phosphorylation site, thereby inducing increased mTORCI1 activity through TSC2
inactivation. However, no difference in REDD1 expression was observed in islets of HFD-fed
GCN2-deficient mice or in a GCN2-knockdown rat pancreatic B-cell line compared with the
control group [7]. Therefore, we hypothesized that, in addition to REDDI1, there is another
molecule whose expression is regulated downstream of GCN2 and that this molecule
regulates mMTORCI1 activity in pancreatic B-cells by competing with TSC2 in the binding of
14-3-3 (Fig. 2A). To test this hypothesis, we generated a 14-3-3 expression vector, and INS-1
cells, a rat pancreatic B-cell line, were used to examine the effect of 14-3-3 expression on
TSC2 phosphorylation. The results showed that TSC2 phosphorylation was maintained in
INS-1 cells overexpressing 14-3-3 protein, indicating that 14-3-3 contributes to the
maintenance of TSC2 phosphorylation (Fig. 2B).

[Insert Fig. 2 near here.]

L-Asparaginase is regulated downstream of GCN2 and binds to 14-3-3

To further identify the particular molecule expressed downstream of GCN2 signaling, we
performed experiments in INS-1 cells under three different conditions: “normal condition,”
“amino acid—deficient condition,” and “GCN2-deficient condition under amino acid
deficiency” (Fig. 2C). Then, the molecules binding to 14-3-3 only under amino acid

deficiency, in which GCN?2 is activated, were comprehensively analyzed by proteome



analysis (Table 1). Five molecules were identified that bind in the GCN2-activated condition
but not in the GCN2-deficient condition: ATP-binding cassette subfamily C member 5
(ABCCS), RecQ-like helicase 5 (RECQLS), L-asparaginase, heat shock protein 90 3
(HSP90P), and signal induced proliferation associated 1 like 2 (SIPA1L2). Because the
expression of these molecules is thought to be induced under GCN2 activity, we first
performed gene expression analysis in the pancreatic B-cell line under the amino acid—
deficient condition (in which GCN2 is activated). The results revealed increased expression
of L-asparaginase and ABCCS5 (Fig. 3A). We previously found that GCN2 was
phosphorylated (i.e., activated) upon glucose stimulation of a pancreatic B-cell line [7]. Here,
when INS-1 cells were glucose-stimulated, only L-asparaginase was found to be upregulated
(Fig. 3B). Subsequently, in vivo analysis was performed using wild-type mice. Gene
expression analysis using isolated islets from HFD-loaded and normal diet—fed mice, in
which GCN2 in islets is activated, showed increased expression of L-asparaginase and
SIPA1L2 (Fig. 3C). In contrast, gene expression analysis in islets of HFD-fed GCN2-
deficient mice showed that only L-asparaginase was significantly downregulated (Fig. 3D).
These results suggest that L-asparaginase is the binding molecule for 14-3-3, whose
expression is regulated downstream of GCN2.

[Insert Fig. 3 and Table 1 near here.]

Endogenous L-asparaginase expression is regulated by GCN2-ATF4 signaling in
pancreatic f-cells

Next, to compare the expression of endogenous L-asparaginase in different tissues of
individual mice, the expression levels of L-asparaginase in the brain, liver, kidney,
myocardium, spleen, and islets of wild-type mice fed a normal diet were measured by

quantitative real-time PCR. The results showed that L-asparaginase expression was highest in



the myocardium, followed by pancreatic islets (Fig. 3E). Subsequent comparison of glucose-
stimulated GCN2-knockdown INS-1 cells with controls showed that L-asparaginase
expression was significantly decreased in GCN2-knockdown cells compared with controls
(Fig. 3F). Furthermore, when INS-1 cells with siRNA knockdown of ATF4—whose
expression is regulated downstream of GCN2—were used, L-asparaginase expression was
also significantly decreased (Fig. 3G). These results suggest that L-asparaginase is
endogenously expressed in the body and that its expression is regulated downstream of

GCN2-ATF4 signaling in pancreatic B-cells.

Decreased L-asparaginase expression causes mTORCI activation in pancreatic fi-cells

To further confirm that L-asparaginase actually affects mMTORCI1 activity, we performed L-
asparaginase knockdown in INS-1 cells, using L-asparaginase siRNA. L-Asparaginase-
knockdown INS-1 cells were established, in which L-asparaginase expression was reduced to
about 30% (Fig. 4A). We evaluated mTORCI1 activity in this group of cells. The results
showed elevated phosphorylation of S6K1, S6, and 4EBP1, which are downstream of
mTORCI, confirming that mTORCI activity was increased (Fig. 4B, C, and D).

These results suggest that in pancreatic -cells with deficient or persistently inactive GCN2,
L-asparaginase expression is also reduced with decreased ATF4 expression, resulting in lower
binding of 14-3-3 to L-asparaginase. This further suggests that the T1462 phosphorylation of
TSC2 and 14-3-3 binding are increased. Finally, we postulate a mechanism of mTORCI1
activation by suppression of TSC2 (Fig. 4E).

[Insert Fig. 4 near here.]

Discussion

Under diabetic conditions, pancreatic B-cells are dysfunctional and decrease in number,



further aggravating glucose intolerance. Numerous mechanisms have been reported to cause
this “pancreatic B-cell failure,” including endoplasmic reticulum stress, oxidative stress, and
autophagy disorders [17-19]. Stress-exposed pancreatic B-cells lead to decreased pancreatic
B-cell volume through decreased proliferative capacity and increased apoptosis. mTOR, a
serine-threonine kinase, is activated by growth factors such as insulin and nutrients such as
amino acids to form complexes such as mMTORC1 and mTORC2 [20]. mTOR is a molecule
that regulates proliferation and growth in various cells, and its function in pancreatic -cells
is very important. We previously generated mice specifically lacking TSC2, a molecule that
inhibits mTOR, in pancreatic B-cells (BTSC2 7). We reported that BTSC2 ™~ mice exhibit
increased pancreatic B-cell volume, hyperinsulinemia, and hypoglycemia at young ages, but
markedly decreased pancreatic -cell volume, hypoinsulinemia, and hyperglycemia at old
ages [9]. Constitutive activation of mMTORC1 has been found to lead to decreased
proliferation and increased apoptosis of pancreatic B-cells. Yuan et al. reported that mTORC1
activity is increased in islets of type 2 diabetic patients [21], suggesting that it may be the
cause of the pancreatic B-cell failure in diabetic conditions.

Recently, we discovered that mutations in the Eif2ak4 gene, one of the susceptibility genes
for type 2 diabetes, enhance mTORCI activity in pancreatic B-cells [7]. We reported that the
loss of GCN2 in pancreatic B-cells increases mTORC1 activity by downregulating the
expression of Sestrin2, which has the function of suppressing mTORCI1. This mechanism is
regulated by a TSC2-independent pathway. However, here, we found that the T1462
phosphorylation site of TSC2 is phosphorylated in islets of HFD-fed GCN2-deficient mice,
suggesting that both TSC2-independent and -dependent pathways exist for mTORCI1
activation by GCN2 deficiency. In this study, we examined the TSC2-dependent pathway.
REDDI is a molecule whose expression is regulated by ATF4 downstream of PERK, an

elF2a kinase [16], and binds to 14-3-3 in mouse embryo fibroblasts under hypoxic



conditions. It was previously reported that this competitively inhibits the binding of the TSC2
T1462 phosphorylation site to 14-3-3, thereby suppressing mTORCI activity via inhibition of
TSC2 inactivation [15]. We hypothesized that a similar phenomenon may occur downstream
of GCN2 because REDDI1 expression is also regulated by ATF4. However, in our study,
GCN2 loss did not alter REDDI1 expression. Therefore, we hypothesized that a molecule
other than REDDI is regulated downstream of GCN2 and that this molecule competitively
inhibits the binding of TSC2 to 14-3-3. We searched for molecules downstream of GCN2 that
bind to 14-3-3 by proteome analysis and found five molecules: ABCCS5, SIPA1L2, RECQLS,
HSP90B, and L-asparaginase.

ABCCS is a gene encoding a protein called multidrug resistance-associated protein 5
(MRP5), which has been reported to function as a transporter in the brain and placenta [22].
SIPA1L2 is a member of neuronal RapGAPs and regulates Rap activity [23]. RECQLS is an
important molecule in DNA replication that contributes to genome stabilization [24]. These
three molecules have not been shown to play roles in pancreatic B-cells and have not been
found to be associated with diabetic pathophysiology or mTORCI1 activity.

However, HSP90P acts as a chaperone that stabilizes unfolding proteins and that has been
used as a target molecule for anticancer drugs [25]. It has also been reported that HSP90
protein levels in the serum of type 1 diabetic patients are increased, suggesting its possible
application as a novel biomarker for the development of type 1 diabetes [26].

In this study, L-asparaginase, which has been used as an anticancer drug for acute
lymphocytic leukemia, was identified as a molecule that binds to 14-3-3 downstream of
GCN2. L-Asparaginase is an enzyme that hydrolyzes asparagine to aspartate and exerts its
antitumor effect by depleting intracellular asparagine [27, 28]. It has also been recently
shown that L-asparaginase suppresses mTORCI activity by decreasing asparagine levels in

HelLa cells [29]. That is, L-asparaginase may suppress mMTORC1 through a TSC2-dependent



pathway via binding to 14-3-3 and a TSC2-independent pathway via decreased asparagine
concentration.

The role of L-asparaginase in vivo has not been fully analyzed beyond its antitumor effect,
but it is expected to exert various functions via regulation of mMTORCI1 activity. Further
functional analysis of L-asparaginase in pancreatic B-cells and in glucose metabolism is

expected to elucidate its relationship with the pathogenesis of diabetes mellitus.
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Figure legends

Figure 1. Phosphorylation of TSC2 (T1462) and mTORC1 signaling in islets of GCN2-
deficient mice.

Quantitative data and representative blots from immunoblot analysis of phosphorylated
(T1462) and total TSC2 (A) and mTORCI signaling (B, C, and D) in islets of HFD-fed wild-
type mice (GCN2"") or HFD-fed GCN2-deficient mice (GCN2 7). Data are presented as

means = SEM of four independent populations from each group. *P < 0.05, **P <0.01.

Figure 2. Search for molecules binding to 14-3-3 downstream of GCN2 signal.

(A) Hypothesis concerning the mTORCI regulatory mechanism in pancreatic B-cells from
GCN2-deficient mice and mechanism of the pull-down assay by HaloTag. (B) Quantitative
data and representative blots in immunoblot analysis of phosphorylated (T1462) and total
TSC2 using INS-1 cells in different situations, as described below. (C) Pull-down assay of
molecules binding to 14-3-3 protein using INS-1 cells in three different situations. NC,
normal condition; AD, amino acid—deficient condition; GDAD, GCN2-deficient condition

with amino acid deficiency.

Figure 3. Quantification of candidate molecules for binding to 14-3-3 in cells and islets.
Quantitative real-time PCR analysis of each of the molecules shown in INS-1 cells under
amino acid deprivation (A), in glucose-stimulated INS-1 cells (B), in islets of HFD-fed wild-
type mice (C), and in islets of HFD-fed GCN2-deficient mice (D). Quantitative real-time
PCR analysis of L-asparaginase mRNA expression in various organs (E), GCN2-knockdown
INS-1 cells (GCN2-KD) (F), and ATF4-knockdown INS-1 cells (ATF4-KD) (G) or INS-1
cells transfected with scrambled siRNA (Control). Data are presented as means £ SEM of

four independent populations from each group. *P < 0.05, **P < 0.01.



Figure 4. Analysis of mTORCI1 activity in L-asparaginase-knockdown INS-1 cells.

(A) Quantitative real-time PCR analysis of L-asparaginase mRNA expression in L-
asparaginase-knockdown INS-1 cells (Asparaginase-KD) or INS-1 cells transfected with
scrambled siRNA (Control). Quantitative data and representative blots in immunoblot
analysis of mTORCI1 signaling (B, C, and D) in L-asparaginase-knockdown INS-1 cells
(Asparaginase-KD) or INS-1 cells transfected with scrambled siRNA (Control). (E) A model
for the regulation of mMTORCI1 activity by GCN2-mediated TSC2-dependent and -
independent pathways in pancreatic islets. Data are presented as means + SEM of four

independent populations from each group. *P < 0.05, **P < 0.01.



Table 1. Molecules binding to 14-3-3 in INS-1 cells detected by pull-down assay under normal, amino acid—deficient, and GCN2-

deficient conditions under amino acid deficiency.

Normal condition

Sample # SPROT ID Protein name
1 1 MYH7 RAT Myosin-7
3 H4 RAT Histone H4
5 PNMAI1 RAT Paraneoplastic antigen Mal homolog
2 1 MYH7 RAT Myosin-7
4 PSMDI1 RAT 26S proteasome non-ATPase regulatory subunit 1
3 1 MYH7 RAT Myosin-7
3 MYH4 RAT Myosin-4
4 1 PSMDI1 RAT 26S proteasome non-ATPase regulatory subunit 1
2 MYPC RAT Myosin-binding protein C, cardiac-type
5 1 CLH1 RAT Clathrin heavy chain 1
2 PNMAI1 RAT Paraneoplastic antigen Mal homolog
6 1 PSMDI1 RAT 26S proteasome non-ATPase regulatory subunit 1
7 no significant hit
8 1 PSMDI1 RAT 26S proteasome non-ATPase regulatory subunit 1
9 no significant hit
10 1 PSMD1 RAT 26S proteasome non-ATPase regulatory subunit 1
2 GRMS8 RAT Metabotropic glutamate receptor 8
3 PNMAI1 RAT Paraneoplastic antigen Mal homolog
11 no significant hit
12 1 ATPA RAT ATP synthase subunit alpha, mitochondrial
2 PHRF1 RAT PHD and RING finger domain-containing protein 1
3 TBB2A RAT Tubulin beta-2A chain
4 TTL RAT Tubulin--tyrosine ligase
13 1 TBAIA RAT Tubulin alpha-1A chain
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EF1A1_RAT
PSMDI RAT
PSMD1_RAT
G3P_RAT
1433E_RAT
PSMDI RAT

PSMD1_RAT
PSMDI RAT
H2A1 RAT
PSMDI RAT
H4 RAT
PSMD1 RAT
PSMD1 RAT

Elongation factor 1-alpha 1

26S proteasome non-ATPase regulatory subunit 1
26S proteasome non-ATPase regulatory subunit 1
Glyceraldehyde-3-phosphate dehydrogenase
14-3-3 protein epsilon

26S proteasome non-ATPase regulatory subunit 1
no significant hit

no significant hit

26S proteasome non-ATPase regulatory subunit 1
26S proteasome non-ATPase regulatory subunit 1
Histone H2A type 1

26S proteasome non-ATPase regulatory subunit 1
Histone H4

26S proteasome non-ATPase regulatory subunit 1
26S proteasome non-ATPase regulatory subunit 1

SPROT ID, Swiss-Prot ID; MW, Molecular Weight

Amino acid-deficient condition

Sample # SPROT ID Protein name
1 1 MYH6 RAT Myosin-6

2 MYH7 RAT Myosin-7

4 PSMDI1 RAT 26S proteasome non-ATPase regulatory subunit 1
2 1 MYH7 RAT Myosin-7

4 PSMDI1 RAT 26S proteasome non-ATPase regulatory subunit 1
3 1 MYH7 RAT Myosin-7

3 PSMDI1_RAT 26S proteasome non-ATPase regulatory subunit 1
4 1 PSMD1 RAT 268 proteasome non-ATPase regulatory subunit 1
5 1 ASPG RAT N(4)-(Beta-N-acetylglucosaminyl)-L-asparaginase
6 1 PSMDI1 RAT 268 proteasome non-ATPase regulatory subunit 1
7 no significant hit
8 1 H14 RAT Histone H1.4
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RXFP1 RAT
H14 RAT
ATPA RAT
PSMDI_RAT

PNMA1 RAT
1433E_RAT
PHRF1_RAT
PSMDI1 RAT

IMA6 RAT
H31 RAT
PHRF1 RAT
H2B1A_RAT
H2AZ RAT
PHRF1_RAT
H2B1A RAT
MRP5_RAT
H4 RAT
PSMD1_RAT
PNMAI RAT

Heat shock protein HSP 90-beta
268 proteasome non-ATPase regulatory subunit 1

Signal-induced proliferation-associated 1-like protein 2

268 proteasome non-ATPase regulatory subunit 1
26S proteasome non-ATPase regulatory subunit 1
ELMO domain-containing protein 3
ATP-dependent DNA helicase Q5

268 proteasome non-ATPase regulatory subunit 1
Paraneoplastic antigen Mal homolog

268 proteasome non-ATPase regulatory subunit 1
Tubulin alpha-1A chain

Relaxin receptor 1

Histone H1.4

ATP synthase subunit alpha, mitochondrial

26S proteasome non-ATPase regulatory subunit 1
no significant hit

Paraneoplastic antigen Mal homolog

14-3-3 protein epsilon

PHD and RING finger domain-containing protein 1
268 proteasome non-ATPase regulatory subunit 1
no significant hit

Importin subunit alpha-6

Histone H3.1

PHD and RING finger domain-containing protein 1
Histone H2B type 1-A

Histone H2A.Z

PHD and RING finger domain-containing protein 1
Histone H2B type 1-A

Multidrug resistance-associated protein 5

Histone H4

26S proteasome non-ATPase regulatory subunit 1
Paraneoplastic antigen Mal homolog




24 1 ASPG RAT N(4)-(Beta-N-acetylglucosaminyl)-L-asparaginase
2 PHRF1 RAT PHD and RING finger domain-containing protein 1
3 PSMDI1 RAT 268S proteasome non-ATPase regulatory subunit 1

SPROT ID, Swiss-Prot ID; MW, Molecular Weight

GCN2-deficient condition under amino acid deficiency

Sample # SPROT ID Protein name
1 1 MYH7 RAT Myosin-7
2 MYH6 RAT Myosin-6
4 MAPI1B_RAT Microtubule-associated protein 1B
2 1 MYH7 RAT Myosin-7
2 MYH6 RAT Myosin-6
3 1 MYH6 RAT Myosin-6
4 IMA6 RAT Importin subunit alpha-6
5 CANI10 RAT Calpain-10
4 no significant hit
5 1 CLH1 RAT Clathrin heavy chain 1
2 ELMD3 RAT ELMO domain-containing protein 3
6 no significant hit
7 1 ELMD3 RAT ELMO domain-containing protein 3
8 1 HS90B RAT Heat shock protein HSP 90-beta
2 H14 RAT Histone H1.4
3 CENPW_RAT Centromere protein W
9 1 HSP7C_RAT Heat shock cognate 71 kDa protein
2 GRP78 RAT 78 kDa glucose-regulated protein
10 no significant hit
11 no significant hit
12 no significant hit
13 1 H14 RAT Histone H1.4
2 ATPA RAT ATP synthase subunit alpha, mitochondrial
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TBAIA_RAT
ATPB RAT

EF1A1_RAT

G3P_RAT
H14 RAT
1433E_RAT
TPM1 RAT
PHRF1_RAT
RXFP1 RAT
1433Z_RAT
UBP1_RAT

RS25 RAT
H31 RAT
H2BI1A RAT
PCNP_RAT
BSCL2 RAT
H2AZ_RAT
NCBP2 RAT
PHRF1 RAT
C56D2_RAT
CENPW_RAT
H4 RAT
IMA6 RAT

Tubulin beta-2A chain

Tubulin alpha-1A chain

ATP synthase subunit beta, mitochondrial
Elongation factor 1-alpha 1

no significant hit

Glyceraldehyde-3-phosphate dehydrogenase
Histone H1.4

14-3-3 protein epsilon

Tropomyosin alpha-1 chain

PHD and RING finger domain-containing protein 1
Relaxin receptor 1

14-3-3 protein zeta/delta

Ubiquitin carboxyl-terminal hydrolase 1

no significant hit

40S ribosomal protein S25

Histone H3.1

Histone H2B type 1-A

PEST proteolytic signal-containing nuclear protein
Seipin

Histone H2A.Z

Nuclear cap-binding protein subunit 2

PHD and RING finger domain-containing protein 1
Cytochrome b561 domain-containing protein 2
Centromere protein W

Histone H4

Importin subunit alpha-6

SPROT ID, Swiss-Prot ID; MW, Molecular Weight
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