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KAT7-mediated CANX (calnexin) crotonylation regulates leucine-stimulated MTORC1
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ABSTRACT

Amino acids play crucial roles in the MTOR (mechanistic target of rapamycin kinase) complex 1
(MTORC1) pathway. However, the underlying mechanisms are not fully understood. Here, we estab-
lish a cell-free system to mimic the activation of MTORC1, by which we identify CANX (calnexin) as an
essential regulator for leucine-stimulated MTORC1 pathway. CANX translocates to lysosomes after
leucine deprivation, and its loss of function renders either the MTORC1 activity or the lysosomal
translocation of MTOR insensitive to leucine deprivation. We further find that CANX binds to LAMP2
(lysosomal associated membrane protein 2), and LAMP2 is required for leucine deprivation-induced
CANX interaction with the Ragulator to inhibit Ragulator activity toward RRAG GTPases. Moreover,
leucine deprivation promotes the lysine (K) 525 crotonylation of CANX, which is another essential
condition for the lysosomal translocation of CANX. Finally, we find that KAT7 (lysine acetyltransfer-
ase 7) mediates the K525 crotonylation of CANX. Loss of KAT7 renders the MTORC1 insensitivity to
leucine deprivation. Our findings provide new insights for the regulatory mechanism of the leucine-
stimulated MTORC1 pathway.
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Introduction . .
RPS6KBI1, as a kinase, phosphorylates and activates several

The homeostasis of a cell needs the degradation and subse-
quently new synthesis of proteins. One of the most important
cellular signaling pathways that fine-tunes protein homeosta-
sis is mediated by MTOR (mechanistic target of rapamycin
kinase), an atypical serine/threonine kinase involved in var-
ious biological processes mainly by phosphorylating key med-
iators in different pathways [1,2]. When complexed with
AKT1S1/PRAS40 (AKT substrate 1), MLST8/GPL (MTOR
associated protein, LST8 homolog), DEPTOR (DEP domain
containing MTOR interacting protein), and RPTOR/Raptor
(regulatory associated protein of MTOR complex 1) into the
MTOR complex 1 (MTORC1) [3], the MTOR protein inte-
grates signals by coordinating nutrients (such as amino acids,
especially leucine) input with biosynthetic output, including
promoting mRNA translation to facilitate synthesis of pro-
teins [4,5]. The MTORCI promotes protein synthesis largely
through independently phosphorylating two key protein
synthesis-controlling substrates, RPS6KB1/p70S6 kinase 1
(ribosomal protein S6 kinase B1) and EIF4EBP1 (eukaryotic
translation initiation factor 4E binding protein 1) [6,7].

proteins that promote mRNA translation, including EIF4B
(eukaryotic translation initiation factor 4B) [7,8], while
EIF4EBP1 inhibits translation by preventing the assembly of
the eukaryotic translation initiation factor 4 F complex, which
controls the elongation of translation process [7]. For the
activation of MTORC1 by amino acids, MTORC1 needs to
translocate to the lysosome surface, where MTORCI directly
or indirectly binds to several regulatory proteins for its activa-
tion [9]. Once activated on the lysosome surface, MTOR
functions as kinase to phosphorylate its substrates. All the
core components of MTORCI are crucial for MTOR function.
Among them, RPTOR promotes the recruitment of substrates
to the MTORCI for their phosphorylation, and is necessary
for the lysosomal localization of MTORCI1 by acting as the
direct binding site for the RRAG GTPase obligate heterodi-
mers (RRAGA-RRAGB with RRAGC-RRAGD) [10], which
bind to the LAMTOR (late endosomal/lysosomal adaptor,
MAPK and MTOR activator) complex (also known as the
Ragulator complex; composed of LAMTORI to LAMTORS)
that are located on the lysosome surface [9,11]. In addition,
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a number of crucial regulatory proteins or protein complexes,
such as GATOR1 (composed of DEPDC5 [DEP domain con-
taining 5, GATORI subcomplex subunit], NPRL2 [NPR2 like,
GATORI complex subunit], and NPRL3), GATOR2 (com-
posed of SEC13 [SEC13 homolog, nuclear pore and COPII
coat complex component], SEHIL [SEH1 like nucleoporin],
MIOS [meiosis regulator for oocyte development], WDR59
[WD repeat domain 59], and WDR24), SLC7A5 (solute car-
rier family 7 member 5), and KICSTOR (composed of KPTN
[kaptin, actin binding protein], ITFG2 [integrin alpha FG-
GAP repeat containing protein 2], SZT2 [SZT2 subunit of
KICSTOR complex], and KICS2 [KICSTOR subunit 2]), and
TSC2 (TSC complex subunit 2), have been continuously
found to have the requirement to be located onto the lyso-
some surface for the activation of MTORC1 [6].

Post-translational modifications (PTMs) play fundamental
roles in almost all physiological and pathological processes.
The MTORCI pathway is regulated by several mechanisms
including interacting proteins, subcellular localization, and/or
PTMs. Phosphorylation and acetylation events have been
shown to be involved in the MTORCI1 regulation.
Phosphorylation modifications at numerous sites of MTOR,
such as Ser2159, Thr2164, Ser2448, and Ser2481, have crucial
regulatory roles in MTORC1 kinase activity [7"].
Meanwhile, RPTOR phosphorylation modifications mediated
by multiple upstream kinases, such as AMP-activated protein
kinase (AMPK) [15], DAPK2 (death associated protein
kinase 2) [16], and ULK1 (unc-51 like autophagy activating
kinase 1) [17], regulate MTORCI activity via different
mechanisms. In addition, the acetyltransferase EP300 (E1A
binding protein p300)-mediated Lys1097 acetylation of
RPTOR induced by leucine-derived metabolite acetyl-CoA
has been shown to regulate the MTORCI activity in certain
cell types [18]. The acetylation of TSC2 may be also associated
with MTORCI regulation [19]. Due to dramatic development
of integrated and mass spectrometry-based proteomic tech-
nologies, many new types of PTMs, such as lysine propionyla-
tion, butyrylation, and crotonylation, have been continuously
identified over the past years [20]. Many newly identified
PTMs were identified as acylation modifications in lysine
residues of histones, which connects the acylation with epige-
netic regulation of gene expression. However, less is known
about the functions of these PTMs beyond regulating gene
expression via modifying the histones.

In vitro reconstitution of biological processes,
a fundamental complementation for the living cell investi-
gation, has been applied as a crucial strategy to refine
molecular models of biological processes. This strategy
allows to mimic and manipulate biological processes
directly by removing physical barriers [21]. In addition,
in vitro reconstitution usually involves components in cer-
tain cellular space, thus well suitable for investigating the
biological organization arose in specific compartment [22].
For instance, by in vitro reconstitution of biological process
in cytosol, undesirable genetic regulations will be elimi-
nated due to the removal of genomic DNA [23].
Moreover, by simplifying the complicated environment of

cells, researchers may get new insights, such as identifying
new members, for certain biological pathways. Previously,
we have in vitro reconstituted the leucine-mediated macro-
autophagy/autophagy process, and found that the
MTORCI-ATG14 (autophagy related 14) pathway played
a central role in this process, which was also validated by
in vivo assays [24]. Based on the well-established strategy,
in the current study, we established another cell-free sys-
tem, which can mimic the activation of MTORC1 by mon-
itoring the lysosomal translocation of a readout protein
RPTOR. Moreover, based on the established system, we
identified an essential regulator CANX (calnexin) for leu-
cine-stimulated protein synthetic MTORC1 pathway. Our
study uncovered a previously unknown mechanism for
regulation of MTORCI activity.

Results

In vitro reconstitution of leucine-stimulated MTORC1
activation

Leucine stimulates MTORCI activity by promoting MTORC1
translocation to the lysosome (Figure 1A; Fig. S1A). RPTOR/
Raptor is a specific component of MTORCI1, and MTORCI1
binds to the RRAG GTPases via RPTOR in nutrient replete
condition (Figure 1A). In addition, a previous study has used
MYC-RPTOR or highly purified FLAG-RPTOR as indicators
in in vitro cell-free systems that recapitulate the amino acid-
induced translocation of MTORCI to the lysosomal RRAG
GTPases [25]. Based on this practice, we first aimed to con-
duct in vitro assays using RPTOR-lysosome association as
readout to mimic the leucine-stimulated activation of
MTORCI. For this purpose, we first purified the recombinant
full-length hemagglutinin (HA)-RPTOR protein from
HEK293T (human embryonic kidney-293 T) cells
(Figure 1B; Fig. S1B). To prepare the lysosome or cytosol
fractions, we cultured HEK293T cells with fresh complete or
amino acid-free media, and fractionated the crude lysosome
fraction (CLF) as CLF(+) and CLF(-), and the cytosol fraction
as S100(+) and S100(-), respectively. The CLF(+), CLE(-),
S100(+) and S100(-) were confirmed purified with other mar-
kers of cellular compartments (Figure 1C). In addition, the
key regulators for MTORCI lysosomal translocation, includ-
ing RRAGA, RRAGC, and LAMTORI, were all enriched in
both the CLF(+) and CLF(-) (Figure 1D). These results con-
firmed that the fractions CLF and S100 could serve as lyso-
some and cytosol fractions for the subsequent in vitro assays.

Next we tested whether cytosolic factors can affect
RPTOR-lysosome association in in vitro cell-free systems.
We incubated S100(+) or S100(-) with recombinant HA-
RPTOR, CLF(+) or CLF(-), with or without leucine supple-
mentation. After centrifugation, the lysosome-containing pel-
let fractions were immunoblotted with antibodies against HA
and lysosome marker LAMP2 (lysosomal associated mem-
brane protein 2). The incubation of HA-RPTOR, CLF(+),
and S100(-) was not bioactive (Fig. S1C). However, CLF(-)
blocked the association of RPTOR and lysosomes (Figure 1E,
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Figure 1. In vitro reconstitution of leucine-stimulated MTORCT activity. (A) A schematic of the leucine-stimulated MTORC1 activation. (B) Purity test of recombinant
HA-RPTOR purified from HEK293T cells. (C) Purity test for the purified lysosomal and cytosol fractions. HEK293T cells were cultured with fresh complete or amino acid-
free media for 1 h to respectively fractionate the lysosome fraction as CLF(+) (left) and CLF(-) (right), while the supernatant from centrifugation at 100,000 x g (S100)
were considered as cytosol fractions. ER, endoplasmic reticulum. (D) The immunoblotting test of the key MTORC1 regulators including RRAGA, RRAGC, LAMTOR?1 for
the CLF and S100 fractions. (E) The establishment of cell-free system for the leucine-stimulated MTORCT activity. S100(+) or S100(-) was incubated with recombinant
HA-RPTOR, CLF(+) or CLF(-), with or without leucine at 37°C for 30 min. After centrifugation, the pellet fractions were immunoblotted with antibodies against HA and

LAMP2.

lane 4 compared with lane 1), suggesting amino acids-starved
lysosomes inhibited the translocation of MTORCI to lyso-
somes. In addition, the inhibitory activity by CLF(-) can not
be attenuated by amino acids-starved cytosol fraction S100(-)
(Figure 1E, lane 5 compared with lanes 2 and 4). Interestingly,
leucine supplementation significantly attenuated the inhibi-
tion of association of RPTOR and lysosomes by CLF(-) and
§100(-) by promoting the binding of RPTOR to the RRAG
GTPases (Figure 1E, lane 6 compared with lane 5; Fig. S1D).
Together, these results demonstrate that the reconstituted
cell-free system containing CLF(-), S100(-), and HA-RPTOR
were bioactive in vitro, and the system can be regulated by
leucine.

Identification of CANX as an essential regulator for
leucine-stimulated MTORC1 pathway

In order to identify new players in the leucine-stimulated
MTORCI1 pathway, we incubated the S100(-), CLF(-), HA-
RPTOR, and with (group +Leu) or without (group
Control) leucine supplementation to get a final volume
of 100 pL for each sample for the MTORCI1 system.
After gently and sufficiently mixed, 5 samples were pooled
into one sample for either Control or +Leu to reduce the
individual error [26], and the pooled samples were cen-
trifuged to collect the supernatant and pellet fractions.
The supernatant and pellet fractions of Control and

195

200



205

210

215

220

2802 (&) G.YANETAL

+Leu were labeled with different iTRAQ (isobaric tags for
relative and absolute quantification) reagents, mixed, and
analyzed by LC-MS/MS (liquid chromatography-tandem
mass spectrometry) (Fig. S2A). By this comparative pro-
teomics-based strategy, a total of 41 proteins had differ-
ential abundances between Control supernatant fraction
(S1) and +Leu supernatant fraction (S2), including 30
proteins that had higher abundances while 11 proteins
that had lower abundances in S2 compared with S1
(Figure 2A; Table S1). In addition, 534 proteins had
differential abundances between Control pellet fraction
(P1) and +Leu pellet fraction (P2), including 279 proteins
that had higher abundances while 255 proteins that had
lower abundances in P2 compared with P1 (Figure 2A;
Table S2). Notably, 13 proteins, including the leucine
sensor SESN2 (sestrin 2), had higher abundances in S2
compared with S1, while had lower abundances in P2

compared with P1 (Figure 2A; Table S3). The
A Gene Protein P2/P1 S2/81
SESN2 sestrin 2 0.42* 1.22
ERH ERH mRNA splicing and mitosis factor ~ 0.60* 1.29*
CFH  complement factor H 0.65* 1.40*
APOA1 apolipoprotein A1 0.71* 1.66*
FGA fibrinogen alpha chain 0.72* 1.34*
CANX calnexin 0.76* 1.25*
F2 coagulation factor Il, thrombin 0.81* 1.22*
UBE2G2 ubiquitin conjugating enzyme E2 G2 0.82* 1.32*
ANO6 anoctamin 6 1.20 0.81*
TIPIN  TIMELESS interacting protein 1.24 0.81*
EIF2AK3 eukaryotic translation initiation factor 2 1.25 0.66
alpha kinase 3
LPGAT1 lysophosphatidylglycerol 1.28 0.76*
acyltransferase 1
PIGK  phosphatidylinositol glycan anchor 1.39* 0.69
biosynthesis class K
B C

S1 82

cavox [
i

CANX:
Loading control

F &g
28 o,
P1 P2 82
8 x
Le
E CANX
o .
o .

differentially abundant proteins from the system were
mainly localized to cytosol (Fig. S2B). Among all the
differentially abundant proteins, CANX (calnexin) was
less abundant in the lysosome pellet fractions while more
abundant in the cytosol S100 fractions after leucine sup-
plementation from our comparative proteomic analysis;
meanwhile, previous study has implicated that CANX is
a regulator for the autophagy pathway [27], which is one
of the main downstream biological processes controlled by
MTORCL1 [6]. These raise a possibility that CANX is
a potential MTORCI regulator. To test this hypothesis,
we first tested the abundance of CANX in the fractions
of S1, S2, P1, and P2 from the cell-free system by immu-
noblotting assays (Figure 2B), and confirmed that CANX
had higher abundance in S2 compared with S1, while had
lower abundance in P2 compared with P1 (Figure 2C),
which was in line with the proteomics data. In addition,
using another well-established immunoprecipitation (IP)-
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Figure 2. Identification of potential regulators from the leucine-stimulated MTORC1 cell-free system by comparative proteomics strategy. (A) From the MS dataset,

the 13 proteins with fold change > 1.20 in P2/P1 (or S2/S1) and < 0.83 in 52/S1 (or P2/P1), with P-value < 0.05 in at least one group overlapped in S2/S1_Up and P2/

P1_Down were listed in the table. (B) Immunoblotting of CANX (calnexin) in S1, P1, S2, P2 from the cell-free system. ACTB/B-Actin and LAMP2 were used as loading
controls for supernatant and CLF, respectively. (C) Quantification of CANX:ACTB and CANX:LAMP2 in fractions as described in (A). Data are mean * s.d. (n = 3

biological replicates). *P < 0.05, **P < 0.01 (Student’s t-test). (D) Wild-type (WT) or ATG5 knockout (KO) HEK293T cells transfected with 3x HA-tagged TMEM192
plasmids were treated as indicated, and subjected to an immunoprecipitation-based lysosome capture process. The WCL and immunoprecipitated lysosome fractions

(IPed LF) were immunoblotted for the level of the indicated proteins. Quantifications were performed with 3 replicates. *nonspecific band. (E) Leucine deprivation

promoted CANX colocalization with LAMP2 in HEK293T cells. HEK293T cells were cultured with fresh complete or leucine-deprived media for 1 h, immunostained
with antibodies against CANX (red) and LAMP2 (green), and observed with a laser scanning confocal microscope. Scale bar: 10 um. (F) Quantification of the

colocalization between CANX and LAMP2 using Pearson’s Correlation Coefficient. Quantification was carried out on 40 cells. Data are mean + s.d., ****P< 0.0001

(Student’s t-test).
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based lysosome capture method [28,29], we proved that
leucine deprivation increased lysosome-associated abun-
dance of SESN2 and CANX, but not the other ER markers
PDI (protein disulfide isomerase) and CALR (calreticulin),
in either wild-type (WT) or autophagy-deficient HEK293T
cells, suggesting that 1) leucine deprivation specifically
induced the lysosomal translocation of CANX but not
other well-known ER markers; 2) the lysosomal transloca-
tion of CANX under leucine deprivation was autophagy-
independent (Figure 2D). Moreover, in vivo immunostain-
ing assays suggest that CANX colocalized with lysosomal
membrane marker LAMP2 in HEK293T cells after leucine
deprivation (Figure 2E and 2F).

We next investigated whether CANX is involved in
leucine-stimulated MTORCI1 activity. We generated
a CANX knockout (KO) HEK293T cell line by the
CRISPR (clustered regularly interspaced short palindromic
repeats)-Cas9 (CRISPR-associated protein 9) technology
(Figure 3A) and confirmed the KO of CANX (Figure 3B;
Fig. S3A and S3B). Compared to WT cells, CANX KO
cells displayed MTORCI1 activity insensitive to leucine
deprivation, as indicated by phosphorylation of
RPS6KB1, EIF4EBP1, ULKI1, the common substrates of
MTORCL1 (Figure 3C and 3D). Meanwhile, the relative
abundance of autophagy indicator MAPI1LC3B (microtu-
bule associated protein 1 light chain 3 beta)-II [30] and
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the main autophagic substrate SQSTM1/p62 (Figure 3C
and 3D), or the fluorescent dot number of endogenic
MAPILC3B (Figure 3E and 3F) were insensitive to leucine
deprivation in CANX KO cells, suggesting that autophagy
activity was also insensitive to leucine deprivation in
CANX KO cells. However, the MTORC1 activity was still
sensitive to serum starvation in CANX KO cells (Fig. S3C
and S3D). Interestingly, in CANX KO cells, MTORCI1
activity was insensitive to the deprivation of leucine or
arginine, but not of lysine, suggesting that CANX is prob-
ably involved in other amino acids (but not all)-stimulated
MTORCI activation (Fig. S3E).

CANX regulates leucine-stimulated MTORC1 activity
upstream of the RRAG GTPases

To investigate the relationship between the RRAG GTPases
and CANX for MTORCI regulation. We generated the
RRAGA RRAGB double-KO (DKO) and CANX RRAGA
RRAGB triple-KO (TKO) cell lines (Fig. S4A). In both
RRAGA RRAGB DKO and CANX RRAGA RRAGB TKO
cells, MTORCI1 has low activity, and was insensitive to leucine
deprivation (Figure 4A-4D). Meanwhile, autophagy activity
was higher in both DKO and TKO cells than in CANX KO
cells (Fig. S4B and $4C). In addition, introduction of the
dominant-negative  RRAG mutants (RRAGB™*N and
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Figure 3. CANX is essential for the leucine-stimulated MTORC1 activity. (A) The strategy for the CRISPR/Cas9-mediated CANX KO using two pairs of single-guide RNAs
(sgRNA1 and sgRNA2). (B) Validation of the KO of CANX by gel electrophoresis following the genomic PCR of specific CANX fragments, expected PCR products were
1591 bp for WT cells while ~584 bp for CANX KO cells. (C) The MTORC1 and autophagy activities were insensitive to leucine deprivation in CANX KO cells. WT or CANX
KO HEK293T cells were cultured with fresh complete or leucine-deprived media for 1 h, cell lysates were immunoblotted for the level and phosphorylation
abundance of the indicated proteins. (D) Quantification of the relative level and phosphorylation abundance of each protein. Data are mean + s.d. (n = 3 biological
replicates). **P < 0.01; ***P < 0.001; n.s., not significant (Student’s t-test). Note that all blots in the leucine deprivation group were normalized with their
corresponding leucine supplementation group. (E) Cells were treated as (C), immunostained with antibody against MAP1LC3B, and visualized with confocal
microscopy. Scale bar: 10 pm. (F) Quantification of MAP1LC3B dots in each immunostained cell as described in (E). Data are mean =+ s.d. (n = 4 biological replicates).

***p < 0.001; n.s., not significant (Student’s t-test).
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Figure 4. CANX regulates the leucine-stimulated lysosomal translocation of MTOR upstream of the RRAG GTPases. (A) WT, CANX KO, RRAGA RRAGB double-KO (DKO),
and CANX RRAGA RRAGB triple-KO (TKO) HEK293T cells were cultured with fresh complete or leucine-deprived media for 1 h, the cell lysates were immunoblotted for
the level and phosphorylation abundance of the indicated proteins. (B-D) Quantification of the relative phosphorylation abundance of RPS6KB1 (B), EIF4EBP1 (C), and
ULK1 (D). Data are mean = s.d. (n = 3 biological replicates). *P < 0.05; **P < 0.01; n.s., not significant (Student'’s t-test). (E) WT or CANX KO cell transfected with FLAG-
tagged RPS6KB1 and different MYC-tagged plasmids were treated as indicated, and immunoprecipitated with FLAG beads. The whole cell lysates (WCLs) and
immunoprecipitates (IPs) were immunoblotted for the indicated proteins. Note that for the detection of p-RPS6KB1 signal, 10 times diluted WCLs were used. (F) WT,
CANX KO, RRAGA RRAGB DKO, and CANX RRAGA RRAGB TKO HEK293T cells were cultured with fresh complete or leucine-deprived media for 1 h, immunostained with
antibodies against MTOR (red) and LAMP2 (green), and co-stained with DAPI (blue) for DNA content. Scale bar: 10 um. Quantification of the colocalization between
MTOR and LAMP2 using Pearson’s Correlation Coefficient were showed in Fig. S4D.

RRAGC?"%") strongly inhibited MTORCI activity in either
WT or CANX KO cells (Figure 4E). Moreover, in CANX KO
cells, MTOR was constitutively localized on the lysosome in
both normal and leucine deprivation conditions, while in
RRAGA RRAGB DKO and CANX RRAGA RRAGB TKO
cells, MTORC1 was barely localized to the lysosome in both
normal and leucine deprivation conditions (Figure 4F; Fig.
$4D). Together, these results indicate that the CANX acts
upstream of the RRAG GTPases to regulate leucine-
stimulated MTORCI activity.

LAMP2 binds to CANX after leucine deprivation and
regulates leucine-stimulated MTORC1 activity

Next, we aimed to explore if there was protein located onto
the lysosomal membranes to act as a binding partner for
CANX after leucine deprivation. By combining IP with MS
analysis, we found that under leucine deprivation, both
LAMP1 and LAMP2 were co-precipitated with CANX
(Figure 5A; Table S4). However, it seems that the binding
of LAMP1 to CANX was not leucine-sensitive, which was
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Figure 5. LAMP2 binds to CANX to regulate its lysosomal translocation after leucine deprivation. (A) FLAG immunoprecipitation (IP) combined with mass
spectrometry (MS) analyses identified LAMP2 and KAT7 in the immunoprecititates from FLAG-tagged CANX after leucine deprivation (-Leu), but not leucine replete
(+Leu) condition. The FLAG-tagged METAP2 is a negative control for the IP and MS assays. (B) Endogenous LAMP2 co-immunoprecipitated with exogenously
expressed CANX after leucine deprivation. HEK293T cells were transfected with FLAG-tagged plasmids, treated as indicated, and immunoprecipitated with FLAG
beads. The whole cell lysates (WCLs) and immunoprecipitates (IPs) were immunoblotted for the indicated proteins. (C) Endogenous CANX and LAMP2 interacted with
each other after leucine deprivation. Cells were treated as indicated, and immunoprecipitated with the corresponding antibodies for the indicated proteins. The WCLs
and IPs were immunoblotted for the indicated proteins. The isotype controls for antibodies CANX (rabbit monoclone) and LAMP2 (mouse monoclone) were rabbit
IgG(R) and mouse IgG(M), respectively. s.e., short exposure, l.e., long exposure. Note that since the band position of CALR is very close to the IgG heavy chain, we are
not confident if CALR is present in CANX IPs. (D) The cytosol part of CANX is sufficient for binding to LAMP2 after leucine deprivation. HEK293T cells transfected with
plasmids expressing different FLAG-tagged fragments of CANX were cultured with leucine-deprived media for 1 h, and immunoprecipitated with FLAG beads. The
whole cell lysates (WCLs) and immunoprecipitates (IPs) were immunoblotted for the indicated proteins. (E) The MTORC1 activity was insensitive to leucine
deprivation in LAMP2 KO cells, but not in LAMP1 KO cells. WT, LAMP1 KO, LAMP2 KO, or LAMP1 LAMP2 DKO HEK293T cells were cultured with fresh complete or
leucine-deprived media for 1 h, cell lysates were immunoblotted for the level and phosphorylation abundance of the indicated proteins. (F) The CANX translocation
to lysosomes induced by leucine deprivation was disrupted in LAMP2 KO cells. WT and LAMP2 KO cells transfected with EGFP-TMEM192 (another lysosome marker)
were cultured with fresh complete or leucine-deprived media for 1 h, and immunostained with CANX (red) and LAMP2 (blue) antibodies. Scale bar: 10 um.
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supported by the observation that LAMPI co-precipitated
with CANX in either leucine replete or deprived condition
(Figure 5A and 5B). While both exogenous and endogenous
CANX precipitated endogenous LAMP2 only after leucine
deprivation (Figure 5B and 5C). In addition, we found that
the cytosol fragment of CANX was sufficient to mediate the
binding of CANX to LAMP2 after leucine deprivation
(Figure 5D). Most importantly, like in CANX KO cells, in
LAMP2 KO or LAMP1 LAMP2 DKO, but not in LAMPI KO
HEK293T cells, MTORC1 activity was insensitive to leucine
deprivation (Figure 5E; Fig. S5A). Meanwhile, in LAMP2 KO
cells, the lysosomal translocation of MTOR was insensitive to
leucine deprivation (Fig. S5B and S5C), and CANX did not
colocalize with another lysosome marker TMEM192 (trans-
membrane protein 192) [29] under leucine deprivation
(Figure 5F; Fig. S5D). These results suggest that LAMP2
acts as a binding partner of CANX on lysosomes after leucine
deprivation and is essential for lysosomal translocation of
CANX to regulate leucine-stimulated MTORCI activity.

K525 crotonylation of CANX is essential for
leucine-stimulated MTORC1 activity

PTMs often change the conformation and subcellular locali-
zation of proteins. Interestingly, recently we found that leu-
cine deprivation significantly promoted the global lysine (K)
crotonylation modification, but not K acetylation, ubiquitina-
tion, or succinylation, of proteome in mouse primary hepato-
cyte cell line AMLI12 (unpublished data). Via a K
crotonylation proteomics analysis (raw data are available in
ProteomeXchange Consortium with data set identifier
PXD018118), we found that the crotonylation modification
of CANX at K90 and K526 might be upregulated after leucine
deprivation in AML12 cells (Figure 6A-6C). Further IP ana-
lysis using Pan-K crotonylation (Kcr) antibody validated that
the crotonylation of CANX was increased under leucine
deprivation condition in AMLI2 cells (Figure 6D). Also, leu-
cine deprivation significantly decreased the MTORC1 activity
in AML12 cells (Fig. S6A and S6B). This drives us to explore
if CANX crotonylation is involved in the regulation of leu-
cine-stimulated MTORCI in HEK293T cells. Indeed, in
HEK293T cells, leucine deprivation increased the abundance
of crotonylation of CANX, which was verified by endogenous
IP assays using antibodies against Pan-Kcr or CANX
(Figure 6D and 6E), as well as exogenous FLAG IP for FLAG-
tagged CANX (Figure 6F). Interestingly, although both argi-
nine and leucine regulated MTORCI1 through CANX (Fig.
S3E), arginine deprivation did not obviously change the
CANX Kcr abundance (Fig. S6C). Importantly, mutant of
K525R (lysine to arginine at residue 525) and K89R+K525R,
but not K89R alone or WT CANX, still rendered MTORC1
activity insensitive to leucine deprivation in CANX KO
HEK293T cells (Figure 6G; Fig. S6D), suggesting that the
K525 site, but not K89, of CANX is crucial for leucine-
stimulated MTORCI activity. In addition, CANX mutant
K525R was hindered to translocate to the lysosome after
leucine deprivation (Fig. S6D-S6E). Importantly, the K525R
mutant displayed no differential crotonylation abundance
after leucine deprivation, but WT CANX did (Figure 6H),

suggesting that the K525 is the crotonylation site affected by
leucine deprivation. In addition, CANX mutant K525R did
not bind to LAMP2 after leucine deprivation (Figure 6H).
Together, these results demonstrate that the K525 crotonyla-
tion of CANX is essential for leucine-stimulated MTORC1
activity.

KAT7 mediates the K525 crotonylation of CANX to
regulate the leucine-stimulated MTORC1 activity

We next questioned which enzyme(s) mediates the croto-
nylation of CANX under leucine deprivation. Given that
currently all known crotonylation-mediated enzymes (e.g.,
EP300, CREBBP [CREB binding protein], KAT2B [lysine
acetyltransferase 2B], KAT8) belong to acetyltransferase
(Fig. S7A) ['"”’], we scanned the CANX IP MS data
with “acetyltransferase”. We found that a lysine acetyltrans-
ferase, KAT7, co-precipitated with CANX under leucine
deprivation, but not leucine replete condition (Figure 5A;
Table S4). Indeed, FLAG-tagged CANX precipitated endo-
genous KAT7, but not KATS, after leucine deprivation
(Figure 7A). Endogenous IP confirmed that CANX and
KAT7 (but not KAT8) precipitated with each other under
leucine deprivation condition (Figure 7B). Mutant of
K525R did not precipitate KAT7 in CANX KO cells, but
WT CANX did, suggesting that KAT7 directly binds to the
K525 of CANX (Figure 7C). More importantly, an in vitro
crotonylation assay by incubating purified GST (glutathione
S-transferase)-KAT7 with WT GST-CANX or GST-CANX
K525R mutant confirmed that KAT7 directly crotonylated
WT CANX, but not CANX K525R mutant (Figure 7D). In
KAT7 KO cells (Fig. $7B), CANX did not bind to LAMP2
after leucine deprivation, but in LAMP2 KO cells, CANX
still precipitated KAT7 (Figure 7E), suggesting that KAT?
binds to CANX upstream of LAMP2 after leucine depriva-
tion. In addition, in KAT7 KO cells, MTORCI activity was
also insensitive to leucine deprivation (Figure 7F; Fig.
§7C). While the MTOR translocation to the lysosome was
also insensitive to leucine deprivation (Figure 7G and 7H).
Moreover, leucine deprivation-induced CANX translocation
to the lysosome was disrupted in KAT7 KO cells (Fig. S7D
and S7E). The KAT7 abundance was higher in nucleus than
in cytoplasm but was not differential in nuclear or cyto-
plasmic compartments between leucine replete and
deprived conditions in both HEK293T (Figure 71 and 7])
and AMLI12 cells (Fig. S7F and S7G), suggesting that KAT7
unlikely translocated from nucleus to cytoplasm after leu-
cine deprivation. Taken together, the above results suggest
that KAT7 directly binds to and crotonylates CANX at its
K525 site after leucine deprivation, which controls the
CANX translocation to lysosomes and regulates MTORC1
activity.

CANX regulates Ragulator and RRAG GTPases interaction
through LAMP2

Next we aimed to determine whether the leucine-sensitive
CANX-LAMP2 complex was associated with any known
MTORCI1  regulatory  mechanism. By  combining
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Figure 6. The K525 crotonylation of CANX is essential for leucine-stimulated MTORC1 activity. (A) The crotonylation levels of sites lysine (K) 90 and K526 of CANX were
upregulated after leucine deprivation in AML12 cells. Original MS data to generate this result are from ProteomeXchange Consortium (dataset identifier: PXD018118). (B and C)
The MS/MS spectra of K90 (B) and K526 (C) crotonylation of CANX derived from liquid chromatography (LC)-MS/MS analysis. Original MS data to generate these results are from
ProteomeXchange Consortium (dataset identifier: PXD018118). (D) CANX crotonylation was increased after leucine deprivation in both AML12 and HEK293T cells. AML12 and
HEK293T cells were cultured with leucine-deprived media for 0, 1, or 2 h, and immunoprecipitated with a pan-Kcr antibody against crotonylated-lysine proteins. The WCLs and
IPs were immunoblotted with indicated antibodies. (E) HEK293T cells were cultured with leucine-deprived media for 0, 1, or 2 h, and immunoprecipitated with antibody against
CANX. The WCLs and IPs were immunoblotted with indicated antibodies. (F) The crotonylation of exogenously expressed CANX was increased after leucine deprivation. HEK293T
cells were transfected with FLAG-tagged plasmids, treated as indicated, and immunoprecipitated with FLAG beads. The WCLs and IPs were immunoblotted with indicated
antibodies. (G) The knockin of CANX mutant K525R or K89R+K525R did not rescue the MTORC1 sensitivity to leucine deprivation in CANX KO HEK293T cells, while the knockin of
WT or K89R mutant did. CANX KO cells with knockin of indicated WT or mutant plasmids were cultured with fresh complete or leucine-deprived media for 1 h, cell lysates were
immunoblotted for the level and phosphorylation abundance of the indicated proteins. Note that the residues K90 and K526 of CANX in mouse were corresponding to K89 and
K525 of CANX in human. (H) Leucine deprivation induced crotonylation of CANX at K525, and CANX mutant K525R did not bind to LAMP2 under leucine deprivation. CANX KO
HEK293T cells were transfected with indicated FLAG-tagged plasmids, cultured with fresh complete or leucine-deprived media for 1 h, and immunoprecipitated with FLAG
beads. The WCLs and IPs were immunoblotted for the indicated proteins. Data (D-F, H) are representative of two independent experiments.
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Figure 7. KAT7 mediates the K525 crotonylation of CANX after leucine deprivation. (A) Endogenous KAT7, but not KAT8, co-immunoprecipitated with exogenously
expressed CANX after leucine deprivation. HEK293T cells were transfected with FLAG-tagged plasmids, treated as indicated, and immunoprecipitated with FLAG
beads. The WCLs and IPs were immunoblotted for the indicated proteins. (B) Endogenous KAT7 (but not KAT8) and CANX interacted with each other after leucine
deprivation. Cells were treated as indicated, and immunoprecipitated with the corresponding antibodies. The WCLs and IPs were immunoblotted for the indicated
proteins. (C) KAT7 interacted with CANX at K525 of CANX under leucine deprivation. CANX KO HEK293T cells were transfected with indicated FLAG-tagged plasmids,
cultured with fresh complete or leucine-deprived media for 1 h, and immunoprecipitated with FLAG beads. The WCLs and IPs were immunoblotted for the indicated
proteins. (D) In vitro crotonylation assays using purified GST-CANX WT or GST-CANX K525R, and GST-KAT7. (E) KAT7 interacted with CANX upstream of LAMP2 after
leucine deprivation. WT, KAT7 KO, or LAMP2 KO cells transfected with FLAG-tagged CANX were cultured with fresh complete or leucine-deprived media for 1 h, and
immunoprecipitated with FLAG beads. The WCLs and IPs were immunoblotted for the indicated proteins. (F) MTORC1 and autophagy activities were insensitive to
leucine deprivation in KAT7 KO cells. WT or KAT7 KO HEK293T cells were cultured with fresh complete or leucine-deprived media for 1 h, cell lysates were
immunoblotted for the level and phosphorylation abundance of the indicated proteins. (G) The lysosomal translocation of MTOR was insensitive to leucine
deprivation in KAT7 KO cells. WT and KAT7 KO cells were cultured with fresh complete or leucine-deprived media for 1 h, immunostained with MTOR (red) and LAMP2
(green) antibodies, and co-stained with DAPI (blue) for DNA content. Scale bar: 10 pm. (H) Quantification of the colocalization between MTOR and LAMP2 using
Pearson’s Correlation Coefficient. Quantification was carried out on 40 cells. Data are mean + s.d. ****P < 0.0001; n.s., not significant (Student’s t-test). (I) HEK293T
cells cultured with fresh complete or leucine-deprived media were fractionated into nuclear and cytoplasmic fractions, which were immunoblotted for the indicated
proteins. LMNA and GAPDH were used as indicators for nuclear and cytoplasmic fractions, respectively. Quantification of the relative abundance of KAT7 from three
biological replicates was shown in the bottom, n.s., not significant (Student’s t-test). (J) HEK293T cells cultured with fresh complete or leucine-deprived media were
immunostained with antibody against KAT7, and visualized with confocal microscopy. Scale bar: 10 um. Data (A-E) are representative of two independent
experiments.

crosslinking with IP strategy, we found that leucine depri- interaction of CANX with the v-ATPase-Ragulator com-
vation promoted CANX interaction with the v-ATPase and plex, which was indicated by the dramatically decreased
Ragulator components ATP6V1B2 and LAMTORI, but not interaction of CANX with v-ATPase and Ragulator in
other known regulators including SESN2, LARS, GATOR2 LAMP2 KO cells (Figure 8B). More importantly, CANX
(indicated by MIOS), GATOR1 (indicated by NPRL3), and loss disrupted the leucine deprivation-induced interaction
RRAG GTPases (indicated by RRAGA) (Figure 8A). of Ragulator (LAMTORI1) with RRAG GTPases (RRAGA),
LAMP2 was required for the leucine deprivation-induced but had no effect on the interaction of GATOR1 (NPRL2)
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Figure 8. CANX interacts with v-ATPase/Ragulator in a leucine-sensitive manner and the interaction requires LAMP2. (A) HEK293T cells were transfected with FLAG-

tagged plasmids, treated as indicated, and crosslinked with DSP before subjected

to immunoprecipitation with FLAG beads. The WCLs and IPs were immunoblotted

for the indicated proteins. (B) WT or LAMP2 KO HEK293T cells were transfected with FLAG-tagged plasmids, treated as indicated, and crosslinked with DSP before
subjected to immunoprecipitation with FLAG beads. The WCLs and IPs were immunoblotted for the indicated proteins. (C and D) WT or CANX KO HEK293T cells were

transfected with FLAG-tagged plasmids, treated as indicated, and crosslinked with

DSP before subjected to immunoprecipitation with FLAG beads. The WCLs and IPs

were immunoblotted for the indicated proteins. (E) WT or CANX KO HEK293T cells were transfected with MYC-tagged WT or mutated RRAGA plasmids, treated as
indicated, and pull-down was performed with y-Amino-hexyl-GTP agarose beads. The WCLs and pull-down products were immunoblotted for the indicated proteins.
(F) Schematic depiction of this study. Leucine deprivation promotes KAT7-mediated crotonylation of CANX at K525. The crotonylated CANX translocates to the
lysosome surface, where CANX binds to LAMP2, and inhibits the Ragulator activity toward RRAGA, thus resulting the decreased lysosomal translocation of MTOR.

Data (A-E) are representative of two independent experiments.

with RRAG GTPases (Figure 8C and 8D). CANX loss did
not affect the complex stability of Ragulator (Figure 8C).
While in CANX KO cells, RRAGA-GTP level was increased
even under leucine deprived condition (Figure 8E). These
results suggest that CANX likely regulates MTORCI activ-
ity through disturbing the GEF activity of Ragulator toward
RRAGA.

Discussion

In addition to acting as building blocks for protein synthesis,
some amino acids also play multifunction in a number of
biological processes. Branched-chain amino acids, especially
leucine, have been characterized as functional amino acids
that improve malnutrition by regulating the MTORCI and
autophagy pathways [24]. For MTORCI1 pathway, there are
some sensors, including LARS [34] and recently identified
SESN2 [35], signal the intracellular leucine level to
MTORC1 and regulate the activity of MTORCI, which

needs MTORCI itself to be recruited to the lysosome surface.
Given that a series of regulators for the amino acids (leucine)-
stimulated MTORCI pathway have been identified continu-
ously, whether there are more is an important question going
forward. A proteomics scale screening is a helpful approach to
provide us the reference for identification of unknown regu-
lators. In the present study, we for the first time combined the
in vitro reconstitution with comparative proteomics technol-
ogy to screen potential regulators in the leucine-stimulated
MTORCI1 pathway. Our results demonstrate that leucine
deprivation promotes the KAT7-mediated K525 crotonylation
of CANX, which translocates to the lysosome surface to bind
to LAMP2 and regulate the interaction of the v-ATPase-
Ragulator complex with RRAG GTPases, and inhibits the
lysosomal translocation of MTOR, thus resulting the
decreased MTORCI activity (Figure 8F).

CANX is a highly abundant transmembrane protein that is
located in the ER (endoplasmic reticulum) membrane [36].
Previous study has implicated that CANX is involved in
autophagy regulation [27], although the mechanism has not

455

460

465

470



475

480

485

490

495

500

505

510

515

520

525

530

2810 (&) G.YANET AL

been fully elucidated. Recently, by using a combination of
immunocapture of lysosomes with proteomics strategy,
a study has showed that CANX exists in the lysosomal pro-
teome [28]. In the present study, proteomics data together
with immunoblotting assays indicated that amino acids (leu-
cine) deprivation promoted the abundance of CANX con-
nected with the lysosome. In addition, by using another well-
established immunoprecipitation-based lysosome capture
method, we also proved that leucine deprivation specifically
induced the lysosomal translocation of CANX, but not the
other ER markers PDI and CALR, in an autophagy-
independent manner. We also proved that CANX, at least in
part, colocalized with lysosome markers LAMP2 and
TMEM192. Moreover, CANX directly bound to lysosomal
marker LAMP?2 through its cytosol part after leucine depriva-
tion. These findings suggest that CANX indeed translocated
to lysosomes after leucine deprivation. Moreover, further
functional assays showed that CANX loss-of-function signifi-
cantly rendered MTORCI signaling insensitive to leucine
deprivation, indicating that CANX is an essential regulator
for the leucine-stimulated MTORCI1 pathway. Interestingly,
a previous study has found that CANX colocalized with
MTOR [37], suggesting that 1) MTORC1 was activated on
the ER, or 2) ER-located CANX was present in other sub-
cellular region(s) where MTORCI1 was activated. Since many
later studies have elucidated that MTORCI1 is mainly activated
on the lysosome by directly binding to the RRAG GTPases
and RHEB GTPase, we could infer that the second one is
more likely to happen. Given that the cytosol part of ER
lumen-resident CANX plays crucial roles in some intracellular
signaling pathways by binding to specific partner [38], we
reasoned that it is likely that under leucine-deprived condi-
tion, the cytosolic fragment of the ER lumen-resident CANX
might be recruited to lysosomes to regulate the lysosomal
translocation of MTOR. Importantly, the interaction of
CANX and LAMP2 suggests that the crosstalk of ER and
lysosome, which has been observed visually [39], might play
crucial roles in regulating some signaling pathways including
the MTORCI pathway. In support of this notion, two recent
studies have proved that ER-lysosome contacts played funda-
mental roles in glucose and cholesterol sensing, which are
mediated by ER-located calcium protein TRPV (transient
receptor potential channel subfamily V) and VAPA (VAMP
associated protein A)-VAPB, respectively [40,41].

Another interesting finding is that KAT7-mediated cro-
tonylation of CANX is involved in the regulation of leu-
cine-stimulated MTORCI activity. After identified in 2011
[42], lysine crotonylation modifications were largely inves-
tigated on nuclear histones [31,42,43], suggesting its cru-
cial roles in epigenetic regulation of gene expression.
However, two recent global profiling study reported that
a large amount (35.7% and 40%, respectively) of crotony-
lated proteins were located in cytoplasm [32,44], high-
lighting the potential roles of crotonylation modification
in regulating various cellular processes besides epigenetic
regulation. Our study, for the first time, connects the non-
histone protein crotonylation modification with regulation
of one of the most important cellular metabolic pathways-
MTORC1. We showed that the K525 crotonylation of

CANX was essential for leucine-stimulated MTORCI
activity. The subcellular locations of proteins are often
changed by PTMs, such as phosphorylation [45,46], and
acetylation [47], we found that the CANX mutant K525R
did not bind to LAMP2 after leucine deprivation, suggest-
ing that K525 crotonylation status controls the subcellular
translocation of CANX. Since the activation of MTORCI1
involves lysosomal translocation of MTORCI itself as well
as a series of regulators, while the roles of PTMs in these
translocation events have been less explored. Our study
thus provides new insights into the regulation of
MTORCI1 by PTMs, especially the newly identified ones
such as propionylation, succinylation, and crotonylation
[20]. Typically, PTMs are mediated by the associated
enzymes, suggesting that many enzymes are likely to play
roles in the processes that are regulated by their sub-
strates. In the current study, we identified KAT7 as
a responsible enzyme for the K525 crotonylation of
CANX. The KAT7-mediated CANX K525 crotonylation
was significantly upregulated under leucine deprivation,
which is probably caused by two reasons: 1) leucine depri-
vation might upregulate the abundance of crotonyl-CoA,
the substrate for protein crotonylation, and/or 2) leucine
deprivation might alter the activity of KAT7. Generally,
the cellular crotonyl-CoA is derived from the crotonate or
breakdown of long-chain fatty acids via p-oxidation [20].
Interestingly, despite the mechanism currently unknown,
we have found that leucine deprivation activates fatty acid
B-oxidation pathway in hepatocytes [48]. Thus, it is pos-
sible that leucine deprivation upregulates intracellular cro-
tonyl-CoA by activating the fatty acid P-oxidation. In
addition, consistent with previous report [49], we found
that KAT?7 existed in both nucleus and cytoplasm. Unlike
EP300, which was found to translocate from nucleus to
cytoplasm after re-stimulated with leucine [18], we did not
find any differential abundance of KAT7 in nuclear or
cytoplasmic fractions of both AML12 and HEK293T cells
after leucine deprivation, combined with the evidence that
CANX only exists in cytoplasmic fractions, these results
suggest that the KAT7-mediated crotonylation of CANX
was likely independently happened in cytoplasm, which
does not involve the translocation of KAT7 between
nucleus and cytoplasm.

In summary, we identify CANX as an essential regulator
for leucine-stimulated MTORCI activity. Upon leucine
deprivation, CANX is crotonylated by KAT7 and subse-
quently translocates to the lysosome and binds to LAMP2,
which is required for CANX interaction with v-ATPase/
Ragulator complex. The interaction of CANX with
Ragulator regulates the binding of Ragulator to RRAG
GTPases, inhibits Ragulator GEF activity toward RRAGA,
resulting the decreased RRAGA-GTP level, finally impaired
lysosomal translocation and activity of MTORCI1. Although
the detailed mechanism by which CANX altered the
Ragulator GEF activity is still needed to be addressed in
future explorations, our study provides a novel mechanism
by which leucine regulates MTORCI activity and may help
identify potential pharmacological targets to deal with
MTORCI1-associated diseases.
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Materials and methods
Antibodies and regents

Antibodies against ACTB/P-Actin (4967), RRAGA (4357),
ATGS5 (8540), RPTOR/Raptor (2280), PDI (3501), CALR/cal-
reticulin (12,238), RPS6KB1/S6K1 p-T389 (9234), EIF4EBP1
p-S65 (9451), ULK1 (8054), ULK1 p-S757 (14,202), RPS6
p-S235/236 (4858), AKT1 p-S473 (4060), MIOS (13,557),
LAMTOR?2/p14 (8145), LAMTOR3/MAPKSP1 (8168), FLAG
(14,793, for WB and immunostaining), CANX (2679, for IP
and immunostaining), MTOR (2983, for immunostaining),
rabbit isotype control (2729), and HRP-labeled anti-mouse
secondary antibody (7076) were from Cell Signaling
Technology; antibodies against FLAG (F3165), NPRL3
(HPAO11741), MAPILC3B (L7543), MYC (M4439), HRP-
labeled anti-rabbit secondary antibody (A9169) were from
Sigma; antibodies against LAMP1 (sc-20,011), LAMP2 (sc-
18,822, for WB, IP and immunostaining), LMNA (sc-
56,137), GOLGA1 (sc-59,820), AKT1 (sc-5298), RPS6 (sc-
74,459), HA (sc-7392) were from Santa Cruz Biotechnology;
antibodies against RRAGC (26,989-1-AP), VDACI (55,259-
1-AP), EIF4EBP1 (60,246-1-Ig), GAPDH (60,004-1-Ig), KAT7
(13,751-1-AP), KAT8 (13,842-1-AP), SQSTM1/p62 (18,420-
1-AP), SESN2 (10,795-1-AP), ATP6V1B2 (15,097-1-AP),
LARS1 (21,146-1-AP), LAMTORS5/HBXIP (14,492-1-AP),
MAPILC3B (14,600-1-AP, for immunostaining) were from
ProteinTech; antibodies against LAMTOR1/p18 (A11619),
RPS6KB1 (A2190), CANX (A0803), mouse isotype control
(ACO011) were from ABclonal Technology; the antibody
against lysine crotonylation (Pan-Kcr, PTM-502) were from
PTM Biolabs; goat anti-mouse I1gG (H + L) Alexa Fluor 350
(A21049), Alexa Fluor 488 (A11029), and goat anti-rabbit IgG
(H + L) Alexa Fluor 488 (A11034), Alexa Fluor 594 (A11037)
were from ThermoFisher Scientific. Anti-HA Agarose
(A2095) and Anti-FLAG M2 affinity gel (A2220) were from
Sigma; Anti-HA magnetic beads (88,837) were from
ThermoFisher Scientific; Immobilized y-Amino-hexyl-GTP
beads (AC-117) were from Jena Bioscience; Protein A/G
PLUS-Agarose  (sc-2003) was from Santa  Cruz
Biotechnology. RPMI 1640 without amino acids (R8999-
04A), or without glutamine and leucine (R8999-03) were
from US Biologicals, RPMI 1640 without leucine, arginine,
lysine was purchased from Sigma (R1780). Fetal bovine serum
(FBS, 10,099) and Dulbecco’s modified Eagle’s medium
(DMEM, C11995) were from Gibco. Arginine, glutamine,
lysine, and leucine were purchased from Sigma. Dialyzed
FBS (dFBS, 04-011-1) was from Biological Industries. All
the restricted enzymes were from Takara except the
Bbsl was from New England Biolabs.

Cell lines and culture

Human embryonic kidney 293 T (HEK293T) cells were pro-
vided by Jingjing Tong (Wuhan University, China), the ATG5
knockout HEK293T cell line was a kind gift from Prof. Jun
Cui (Sun Yat-sen University, China), and the mouse primary
hepatocyte cell line AMLI12 [50] was a kind gift from Prof. Rui
Zhou (Wuhan University, China). All cell lines were validated
to be free of mycoplasma contamination. All cells were
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cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C under 5% CO,.

Amino acid-deprived media

To generate media without all amino acids, RPMI 1640 with-
out amino acids was supplemented with 10% dFBS. To gen-
erate leucine or glutamine-deprived media, RPMI 1640
without leucine and glutamine was supplemented with 0.3 g/
L glutamine or 0.05 g/L leucine (with the same concentration
in full RPMI 1640 media), and 10% dFBS. To generate argi-
nine or lysine-deprived media, RPMI 1640 without leucine,
arginine, and lysine was supplemented with leucine (0.05 g/L)
and lysine (0.04 g/L), or leucine (0.05 g/L) and arginine (0.2 g/
L), with 10% dFBS. The control complete media for amino
acid starvation assays was complete RPMI 1640 (US
Biologicals, R8999) supplemented with 10% dFBS.

Preparation of lysosome and cytosol fractions for
cell-free assays

HEK293T cells with 80 ~ 90% confluence were cultured in
fresh complete or amino acid-deprived media for 1 h at 37°C
under 5% CO,. Then all cells (~6x10% cells) were harvested,
collected by centrifugation (1,000 x g for 10 min at 4°C). After
washed with ice-cold PBS (Hyclone, SH30256.01) twice, the
suspension was centrifuged (1,000 x g for 5 min at 4°C) and
the cell pellets were induced with a commercial lysosome
isolation kit (Sigma, LYSISO1) to get the lysosome fraction
(CLF) from the complete (CLF(+)) or amino acid-deprived
(CLF(-)) media-cultured HEK293T cells following the manu-
facturer’s protocol. Briefly, cells were resuspended in extrac-
tion buffer, and broken with a Dounce homogenizer (25
strokes). The homogenates were centrifuged at 2,000 x g for
10 min at 4°C, while the supernatants were collected and
centrifuged at 20,000 x g for 20 min at 4°C. The resulting
pellets were diluted with a 19% Optiprep Density Gradient
Media Solution (supplied in the kit), the fractions were col-
lected and centrifuged at 100,000 x g for 8 h at 4°C. The
obtained fractions were incubated with 8 mM CaCl, for
15 min, and centrifuged at 5,000 x g for 15 min at 4°C. The
resulting supernatants containing purified lysosomes were
divided into 20 pl aliquots and tested for purity of lysosomes
before applied for further assays. To prepare cytosol S100
fractions, HEK293T cells were grown to 80 ~ 90% confluence,
the media was changed into fresh complete or amino acid-
deprived media. After incubation for 1 h at 37°C under 5%
CO,, all cells were harvested, collected by centrifugation
(1,000 x g for 10 min at 4°C). The cell pellets were washed
twice with ice-cold PBS and resuspended in 5 volume of ice-
cold fractionation buffer (50 mM KCl, 90 mM K-gluconate
[Sango Biotech, A507810], 1 mM EGTA [Sango Biotech,
A600077], 5 mM MgCl,, 50 mM sucrose [Sango Biotech,
A610498], 20 mM HEPES [Sigma, H3375] pH 7.4, supple-
mented with 2.5 mM ATP [Sango Biotech, A600311], 5 mM
glucose [Sango Biotech, A501991] and protease inhibitors
[Roche, 04693159001]). After incubation on ice for 30 min,
the cells were then broken by passing 15 times through a G22
needle. After centrifugation for 10 min, the supernatants were
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further centrifuged at 100,000 x g for 45 min at 4°C in an
ultracentrifuge. The resulting supernatants (5100) from fresh
complete (S100(+)) or amino acid-deprived (S100(-)) media-
cultured cells were divided into 50 pl aliquots and stored at
—80°C until used for the in vitro cell-free assays.

Recombinant protein purification for cell-free assays

To purify the recombinant HA-RPTOR protein, HEK293T
cells were transfected with the recombinant plasmid for
24 h. After transfection, cells were harvested, washed once
with ice-cold PBS, and lysed for 15 min on ice in lysis buffer
(50 mM Tris-HCIL, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100 [Santa Cruz Biotechnology, sc-29112A], pro-
tease inhibitor mixture), and centrifuged for 10 min at
14,000 x g at 4°C. The supernatants were added to 50%
slurry of anti-HA agaroses that were pre-washed with lysis
buffer 3 times. After 3 h incubation with gentle rotation at
4°C, the beads were centrifuged and washed with lysis buffer
containing 500 mM NaCl 5 times. The beads were then
incubated with 100 pg/mL HA peptide (Sigma, 12149) for
1 h at 4°C with gentle rotation. The resulting elutes were
tested for purity with Coomassie Brilliant Blue and immu-
noblotting before used for the in vitro cell-free assays.

Cell-free assays

The prepared CLF (20 pl aliquots) was incubated with 0.1 pg
purified HA-RPTOR, 50 pl S100 aliquots, and fractionation
buffer (50 mM KCl, 90 mM K-gluconate, 1 mM EGTA, 5 mM
MgCl,, 50 mM sucrose, 20 mM HEPES, pH 7.4, supplemented
with 25 mM ATP, 5 mM glucose and protease inhibitors),
250 uM GTP [Sigma, G8877], 100 uM GDP [Sigma, G7127] in
a final volume of 100 pl at 37°C for each sample. After incuba-
tion for 30 min, the reaction tubes were transferred on ice to
terminate the reaction, and subsequently centrifuged (17,800 x g,
4°C, 15 min) to separate the lysosome-enriched fractions from
soluble proteins. The pellets were immunoblotted with anti-HA
antibody to detect the binding of RPTOR and CLF, LAMP2 was
used as loading control for RPTOR-lysosome association assays.

ITRAQ analysis

The amino acid-deprived CLF (CLF(-)) was incubated with
HA-RPTOR, amino acid-deprived S100(-) and fractionation
buffer, with (+Leu) or without (Control) 10 mM leucine
supplementation. Each sample was in a final volume of
100 ul. After incubation for 30 min at 37°C, the reaction
tubes were transferred on ice to terminate the reaction, and
then centrifuged (17,800 x g) at 4°C. The resulting super-
natants and pellets were applied to proteomics analysis.
Prepared samples were freeze-dried and dissolved with L3
dissolution buffer and cold acetone containing 10 mM DTT
for 2 h. After centrifugation (15,871 x g) for 20 min at 15°C,
the precipitates were collected and mixed with 800 pl cold
acetone containing 10 mM DTT for 1 h at 56°C to break the
disulfide bonds of proteins. After another centrifugation
(15,871 x g) for 20 min at 15°C, the precipitates were col-
lected and dried. For each sample, ~ 100 pg protein was

dissolved with dissolution buffer in a final volume of 500 ul,
and then diluted with 500 pl 50 mM NH,HCO;. After being
reduced and alkylated, the samples were digested by adding
2 pg trypsin for incubation overnight at 37°C. After incuba-
tion, equal volume of 0.1% FA was added for acidizing and
the peptides were passed through a Strata-X C18 pillar for
three times, washed with 0.1% FA plus 5% ACN twice, and
eluted with 1 ml 0.1% FA plus 80% ACN. The eluted peptides
were dried with a vacuum concentration meter, and re-
dissolved in 20 pl 0.5 M TEAB for labeling. Samples were
labeled with the iTRAQ reagents (AB Sciex U.K. Limited)
below: supernatant in Control (S1), 113; pellet in Control
(P1), 114; supernatant in +Leu (S2), 115; pellet in +Leu
(P2), 116.

All of the labeled samples were mixed with equal
amounts, and then fractionated using a high-performance
liquid chromatography (HPLC) system (Durashell C18 5 be
100 A; 250 mm x 4.6 mm) (Thermo DINOEX Ultimate 3000
BioRS). A total of 20 fractions were collected in the end. LC-
MS/MS analysis was performed as previously described [51].
For protein identification, the original MS/MS file data were
searched against the Homo sapiens Uniprot database with
the corresponding parameters for iTRAQ. Only proteins
with at least one unique peptide and unused value more
than 1.3 were considered for further analysis. Proteins with
unique peptide > 1, fold change > 1.20 or < 0.83 and P-value
< 0.05 were considered as differentially abundant. The MS
proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repo-
sitory [52] with the data set identifier PXD007811. Gene
Ontology (GO) analysis was performed using Blast2GO
program.

Nuclear and cytoplasmic fractionation

Cells with 80% confluence were treated as indicated, and the
nuclear and cytoplasmic fractionation was performed with
a commercial nuclear and cytoplasmic extraction kit
(ThermoFisher Scientific, 78,835) following the manufacturer’s
protocols.

Protein extraction and immunoblotting assays

Equal amounts of prepared protein samples were separated in
sodium dodecyl sulfonate (SDS)-polyacrylamide gels, trans-
ferred onto polyvinylidene fluoride (PDVF) membranes, and
blocked with 5% fat-free milk or bovine serum albumin (BSA
[Roche, 738,328], for phosphorylation test of proteins) at
room temperature for 1 h. Membranes were incubated at
4°C overnight with primary antibodies against indicated
(phosphorylated) proteins. After incubation, the membranes
were incubated with HRP-linked anti-rabbit or anti-mouse
secondary antibody for 1 h at room temperature, developed
with enhanced chemiluminescence method, and visualized by
Kodak films. The images were quantified using Image]
software.
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DNA constructs, mutagenesis, and transfection

The pRK5-HA-RPTOR (8513; deposited by David Sabatini
group) and pRK5-FLAG-SZT2 (87,034; deposited by David
Sabatini group) recombinant plasmids were obtained from
Addgene. The plasmids PX459M and EZ-Guide were pro-
vided by Huabin He. To generate CANX-MYC fusion plas-
mid, cDNA encoding human CANX was cloned into
pcDNA4/TO/MYC-His B plasmid. The pRK5-CANX-FLAG
fusion plasmid was generated by inserting the CANX-
encoding cDNA into the sites EcoR I and Not I of the pRK5-
FLAG-SZT2 plasmid, the primers used for amplification were:
forward,
TCGGTTCTATCGATTGAATTCATGGAAGGGAAGTGG-

TTGCTGT; reverse:
ATCCTTACTTACTTAGCGGCCGCTCACTTGTCATCGT-

CATCCTTGTAGTCACCACCACCACCCTCTCTTCGTGG-
CTTTCTGTTTC. The EGFP-TMEM192 plasmid was
generated by inserting human TMEMI192-encoding cDNA
into the sites Hind III and BamH I of the EGFP-MAPILC3B
plasmid. All mutant plasmids (pRK5-CANX-FLAG K89R,
K525R, and K89R+K525R were constructed based on the
pRK5-CANX-FLAG  plasmid, and pRK5-MYC-RRAG
GTPases mutants) were generated using a commercial Fast
MultiSite Mutagenesis System (TransGen Biotech, FM201).
For transfection assays, cells with 80% confluence were trans-
fected with indicated plasmids using the Lipo6000 (C0526) or
Lipo8000  (C0533) transfection reagents (Beyotime
Biotechnology). Six h later, cells were passed and cultured
for another 36 h before treatments.

Immunofluorescence and confocal microscopy

Cells or transfected cells were planted in plates with poly-p-
lysine-coated coverslips, cultured for 18 h and treated as
indicated. After the treatments, cells grown on coverslips
were rinsed with PBS once, and fixed with 4% paraformalde-
hyde solution at room temperature for 20 min. After washed
with PBS for three times, cells were permeabilized with 0.2%
Triton X-100 (in PBS) at room temperature for 20 min.
Coverslips were washed three times with PBS, then cells
were blocked with 5% BSA (in PBS) for 2 h at room tempera-
ture followed by incubation with primary antibodies (in BSA
solution) (LAMP2, 1:300; MTOR, 1:400; MAPILC3B,
ProteinTech, 1:1000; CANX, 1:400) for 2 h at room tempera-
ture. Cells were rinsed with PBS 4 times, and incubated with
secondary antibodies (diluted 1:1000 in BSA solution) for 1 h
at room temperature in the dark. The coverslips were then
rinsed with PBS 5 times, took out, fixed onto slides with
mounting media, and observed with laser scanning confocal
microscope (Zeiss LSM 800 META UV/Vis). Quantifications
were performed using Image]J software (version 1.51s) coupled
with Colocalization_Finder plugin.

Generation of gene knockout cell lines

To generate RRAGA, RRAGB, KAT7, and LAMPI knockout
cell lines, oligonucleotides encoding the guide RNAs (sgRNA)
targeting the indicated gene loci were cloned into a modified
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PX459 (PX459M) vector containing coupled Cas9. To gener-
ate CANX and LAMP2 knockout cell lines, two pairs of
sgRNAs were cloned into the PX459M vector. The oligonu-
cleotides used were:

sgGFP: Sense, caccgAGCACTGCACGCCGTAGGTC,

Antisense, aaacGACCTACGGCGTGCAGTGCTc;

sgCANX: Sense 1, caccGGGCCCGTTGCAGCGAACGC,

Antisense 1, aaacGCGTTCGCTGCAACGGGCCC;

Sense 2, caccgTACTACTAGGGGTACCTAGT,

Antisense 2, aaacACTAGGTACCCCTAGTAGTAg;

sgRRAGA: Sense, caccGGAGTGTTCCACGTCAATGG,

Antisense, aaacCCATTGACGTGGAACACTCG;

sgRRAGB: Sense, caccGCCAGAGACACACGTCGCCT,

Antisense, aaacAGGCGACGTGTGTCTCTGGC;

sgLAMPI: Sense, caccgCCGGCCGCCTCGCGCCATGG,

Antisense, aaacCCATGGCGCGAGGCGGCCGGe.

sgLAMP?2: Sense 1, caccgAGCTGTGCGGTCTTATGCAT,

Antisense 1, aaacATGCATAAGACCGCACAGCTg;

Sense 2, caccgCTTGGTAAAATTCGCAATCC,

Antisense 2, aaacGGATTGCGAATTTTACCAAGg;

sgKAT7: Sense, caccgAGCCGCCGGCAATGCCGCGA,

Antisense, aaacTCGCGGCATTGCCGGCGGCTec.

Then the constructs were transfected or co-transfected into
HEK293T cells. Thirty-six h later, the cells were passed and
cultured in fresh media containing 2 pg/mL puromycin for
selection of 2 weeks. After selection, the mono-clones were
cultured, and verified for on-targets by genomic DNA sequen-
cing following genomic PCR. The genomic PCR primers used
were: CANX-forward, ctgtatctctctgeectgacac, CANX-reverse,
ctataatcccagcaccatcagtac;  RRAGA-forward,  gcgtatctcce-
gagccgttge, RRAGA-reverse, ctcaggtcttcctctcgetcttta; RRAGB-
forward, tgtaattctgtcacctaaaggatgt, RRAGB-reverse,
caaaaagttggacaagggcaat; LAMPI-forward, tggtaacgccgctgtcte-
taa, LAMPI-reverse, ctgagaccacagacgtccct; LAMP2-forward,
atgtcaccagtctgagccatga, LAMP2-reverse, atggggtcagtgggagggt-
tat; KAT7-forward, gttccaccactggagtcactttct, KAT7-reverse,
attcgggccacccaatcgag.

After confirmed the knockout of indicated proteins, cells
were treated, and lysed for subsequent immunoblotting
assays, or treated for confocal assays.

Immunoprecipitation, and mass spectrometric analysis

Cells were treated as indicated, lysed for 30 min at 4°C in IP
lysis buffer (1% Triton X-100, 40 mM HEPES, pH 7.4, 10 mM
B-glycerol phosphate [Sigma, G5422], 10 mM pyrophosphate
[Sigma, S6422], 2.5 mM MgCl,, supplemented with EDTA-
free protease inhibitor cocktails, PhosStop [Sigma,
04906845001], and deacetylase inhibitor cocktails [Beyotime
Biotechnology, P1113]), and centrifuged for 10 min at 14,000
x g at 4°C. The supernatants were added to 50% slurry of
FLAG-M2 beads that were pre-washed with IP lysis buffer 3
times. After 2 h incubation with gentle rotation at 4°C, the
beads were centrifuged and washed with IP lysis buffer con-
taining 500 mM NaCl 4 times. Immunoprecipitates were
denatured by adding 1x protein loading buffer followed by
boiling for 6 min at 95°C before immunoblotting tests. For the
IP assays in Figure 8, before cell lysis, cells were washed with
PBS and incubated with 2 mM DSP crosslinker
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(ThermoFisher Scientific, 22,585) for 15 min at room tem-
perature, and washed with PBS and 20 mM Tris. For in vitro
IP assays, the purified HA-RPTOR, crude lysosome fraction
(CLF(-)), and S100(-) were mixed with or without leucine and
incubated at 37°C for 30 min. The reaction tubes were trans-
ferred on ice to terminate the reaction, and subsequently
centrifuged (17,800 x g, 4°C, 15 min) to separate the lyso-
some-enriched fractions from soluble proteins. The pellets
were lysed in IP lysis buffer and incubated with antibodies
against RRAGA at 4°C overnight. After being washed 3 times,
immunoprecipitates were denatured by adding 1x protein
loading buffer followed by boiling for 6 min at 95°C before
immunoblotting tests. For MS analysis, 3 x 175 cm? flasks of
HEK293T cells for each group transfected with corresponding
FLAG-tagged plasmids were treated as indicated, lysed for
30 min at 4°C in IP lysis buffer, and incubated with FLAG-
M2 beads, the beads were centrifuged and washed with IP
lysis buffer containing 500 mM NaCl 4 times. The beads were
further subjected into low pH elute buffer (0.1 M glycine, pH
2.0) and rotated for 5 min at room temperature, and neutra-
lized with neutralization buffer (1 M Tris, pH 8.0). The eluted
immunoprecipitates were analyzed by LC-MS/MS. Briefly, the
immunoprecipitates were precipitated with TCA, washed with
acetone, and dried. The dried fractions were dissolved in
buffer (8 M urea, 100 mM Tris, pH 8.0), incubated in
10 mM DTT, followed by incubation in IAA. The proteins
were digested with trypsin, desalted with a Sep-Pak C18
column and vacuum-dried. The MS analysis was performed
with TripleTOF 5600 + .

GTP-binding assays

Cells were treated, and lysed with lysis buffer containing
1% Triton X-100 dissolved in PBS supplemented with
EDTA-free protease inhibitor cocktails. Cell lysates were
centrifuged for 10 min at 14,000 x g at 4°C. The super-
natants were added to 50% slurry of y-amino-hexyl-GTP
beads that were pre-washed with lysis buffer 3 times. After
2 h incubation with gentle rotation at 4°C, the beads were
centrifuged and washed with lysis buffer 3 times and with
PBS once. The beads were denatured by adding 1x protein
loading buffer followed by boiling for 10 min at 70°C
before immunoblotting tests.

Immunoprecipition-based lysosome fractionation

The immunoprecipition-based lysosome fractionation was
performed as previously described with minor modifications
[28,29]. Briefly, WT or ATG5 KO HEK293T cells overexpres-
sing Tmem192-3x HA was treated as indicated. Cells were
harvested, 2.5% cells were kept to extract total proteins as
whole cell lysate (WCL), while the other fractions were homo-
genized in ice-cold PBS supplemented with protease inhibitor
cocktail, and cleared homogenates were incubated with anti-
HA magnetic beads. After wash steps, lysosomal proteins were
extracted by incubating the beads with lysis buffer.

In vitro crotonylation assay

Recombinant GST-KAT7, GST-CANX WT, and GST-CANX
K525R were expressed in bacteria and purified. Briefly,
pPGEX4T-1-based plasmids were transformed into Rosetta
bacteria, and monoclones were grown in LB supplemented
with ampicillin at 37°C to an attenuance of nearly 0.6 at
600 nm followed by induction of 0.3 mM IPTG for 12 h at
28°C. The cells were washed with ice-cold PBS twice and
resuspended in PBS supplemented with 0.2 mg/mL
Lysozyme and 1 mM PMSEF, followed by pressure broken
and centrifugation. The clear lysates were incubated with
Glutathine Sephagrose 4B (GE Healthcare) for 2 h at 4°C
with gently rotation. The sepharoses were washed with PBS
5 times, and incubated with elute buffer (20 mM glutathione,
50 mM Tris-HCI, pH 8.0) for 2 h at 4°C. The resulting elutes
were added with 20% glycerol and aliquots at —80°C before
used. For in vitro crotonylation assay, 1 ug GST-CANX WT
or GST-CANX K525R were incubated with 0.1 ug GST-KAT7
in reaction buffer (50 mM Tris pH 8.0, 10% glycerol, 150 mM
NaCl and 1 mM DTT) at 37°C for 2 h with or without 100 uM
crotonyl-CoA (Sigma, 28,007). The reactions were terminated
by adding SDS sample buffer and heated to 95°C before
analyzed by SDS-PAGE.

Statistical analysis

All quantification of immunoblots was done with Image]
software, all quantification of colocalization in immunostain-
ing assays was performed with Coloc2 plugin of Image] (Fiji)
software. All statistical analysis was done using the GraphPad
Prism software (version 6.0c, Graphpad Software Inc., La
Jolla, CA, USA). Statistical significance was calculated by two-
tailed Student’s t-test. Differences were considered statistically
significant at P < 0.05.
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