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ture degradation of the protein by the proteasome.
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(Bacl(ground: LAMTORS3 is an endosomal MAPK scaffold recently shown also to modulate the mTORC1 pathway.
Results: Association to LAMTOR?2 and recruitment to the endosomal membrane stabilize LAMTORS3 and prevent the prema-

Conclusion: The ubiquitin-proteasome pathway and LAMTOR complex assembly tightly control LAMTOR3 abundance.
Significance: Cells may modulate the dual ERK/mTORCI1 activity of LAMTORS3 by tightly controlling its intracellular protein

N
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LAMTOR3 (MP1) and LAMTOR?2 (p14) form a heterodimer
as part of the larger Ragulator complex that is required for
MAPK and mTORI signaling from late endosomes/lysosomes.
Here, we show that loss of LAMTOR?2 (p14) results in an unsta-
ble cytosolic monomeric pool of LAMTOR3 (MP1). Monomeric
cytoplasmic LAMTOR3 is rapidly degraded in a proteasome-de-
pendent but lysosome-independent manner. Mutational analy-
ses indicated that the turnover of the protein is dependent on
ubiquitination of several lysine residues. Similarly, other Ragu-
lator subunits, LAMTOR1 (p18), LAMTOR4 (c70rf59), and
LAMTOR5 (HBXIP), are degraded as well upon the loss of
LAMTOR?2. Thus the assembly of the Ragulator complex is
monitored by cellular quality control systems, most likely to
prevent aberrant signaling at the convergence of mTOR and
MAPK caused by a defective Ragulator complex.

Scaffold proteins serve as docking platforms that recruit spe-
cific components of signaling cascades into defined subcellular
locations. That in turn determines different signaling outputs
by influencing the subset of effectors that are efficiently acti-
vated. Furthermore, scaffolds exert an isolating function pro-
tecting the module from irrelevant stimuli, and they may also
modulate signaling kinetics by, for instance, recruiting phos-
phatases (1). In addition, increasing levels of the scaffold effect
the signaling cascade in a bell-shaped curve manner, emphasiz-
ing the biphasic character of this regulation (2). Because scaf-
folds influence the biological fate of cells by modulating the
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kinetics of their respective signaling pathways, the function and
the localization of scaffold proteins require tight control.

At present, several ERK scaffold proteins have been identi-
fied: KSR1, LAMTORS, SEF, paxillin, B-arrestin, IQGAP1, and
MORGLI (3, 4). The body of evidence on the function of these
proteins has increased over the last years. The regulation of
KSR1 and its localization are particularly well characterized.
KSR1 degradation depends on Thr-274 phosphorylation that is
mediated by RAS and Ser-392 phosphorylation that is induced
by Cdc25C-associated kinase 1 (C-TAK1) or the nucleoside
diphosphate kinase mitochondrial-23 (Nm23). Only when both
residues on KSR1 are phosphorylated can the protein be
degraded (1). KSR1 proteolysis seems to be regulated by Nm23,
which favors KSR1 interaction with the heat shock protein
HSP90 (5).

LAMTORS3 was initially identified in a two-hybrid screen asa
MEK1 interacting protein. LAMTOR3 was shown to selectively
interact with MEK1/ERK1 but not MEK2/ERK2 and to
favor MAPK activation (6). We have shown previously that
LAMTOR?2, a small protein peripherally associated with the
cytosolic membrane of late endosomes, is required and suffi-
cient to localize LAMTORS3 to the surface of endosomes (7).
The LAMTOR2-LAMTOR3 complex plays a crucial role in
EGF and granulocyte colony-stimulating factor-dependent
ERK1/2 activation and EGFR degradation. In addition,
LAMTOR2 and LAMTOR3 are required in vivo for cellular
proliferation and tissue homeostasis (8, 9). LAMTOR2 and
LAMTORS3 also contribute to the biogenesis of late endosomes/
lysosomes and lysosome-related organelles, like phagosomes
(9, 10). As a consequence, LAMTOR2 deficiency compromises
the activity of neutrophils, B cells, cytotoxic T cells, and mela-
nocytes (9). Recently LAMTOR]I, also known as p27RF-Rho,
was identified as the membrane anchor of the LAMTOR2-
LAMTORS3 complex. This protein is recruited to late endosomal
lipid rafts by N-terminal myristoylation and palmitoylation
(11). Finally, it was shown that the LAMTOR1-LAMTOR?2-
LAMTORS3 complex mediates via the Rag GTPases the activa-

VOLUME 288+NUMBER 25+JUNE 21, 2013



Proteasome and LAMTOR2 Regulate LAMTOR3 Levels

tion of mTORI1 signaling on late endosomes/lysosomal mem-
branes (12), and the complex was renamed Ragulator (12).
Taken together, these data highlight the role of the endosomal
scaffold complex LAMTOR1-LAMTOR2-LAMTOR3 as a con-
vergence point of signaling pathways controlling proliferation
and tissue homeostasis.

Interestingly, we found a close relation between intracellular
levels of LAMTORS3 and those of its heterodimeric partner,
LAMTOR?2. First, the requirement for both LAMTOR3 and
LAMTOR? to be present at equivalent amounts was also evi-
dentin our previous crystallography work (13). Second, we have
shown (16) an equimolar ratio of the endogenous LAMTOR3
and LAMTOR?2 on endosomes by absolute quantification of the
proteins by quantitative mass spectrometry. Third, deletion of
LAMTOR?2 causes reduced LAMTORS3 protein levels in all cel-
lular and animal LAMTOR?2 knock-out models generated (8).
Furthermore, analysis of B cells obtained from patients with a
3’'-UTR mutation on LAMTOR?2 revealed a LAMTOR?2 hypo-
morphic phenotype and consequently reduced LAMTOR3 pro-
tein levels (9). Here, we demonstrate that a loss of LAMTOR?2 causes
a severe decrease in all remaining LAMTOR components,
namely LAMTORI1, LAMTOR3, and the recently identified
LAMTOR4 and LAMTORS5 (14). In particular, we show that
the absence of LAMTOR?2 results in an unstable cytosolic
monomeric pool of LAMTOR3. This monomeric cytoplasmic
LAMTORS is rapidly degraded in a proteasome-dependent but
lysosome-independent manner. Based on these results, we sug-
gest that the assembly of the Ragulator complex is tightly con-
trolled to prevent aberrant signaling from a dysfunctional late
endosomal scaffold complex.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies, and Constructs—Velcade was obtained
from Millennium Pharmaceuticals, and MG132 was from
Sigma. Tissue culture grade reagents and media were pur-
chased from Aplichem or Sigma. Lipofectamine 2000 was
obtained from Invitrogen. Triton X-100 was purchased from
Pierce, and Mowiol medium was from Carl Roth.

Primary antibodies were always used according to the
manufacturer’s instructions. The phospho-ERK1/2, ERK1/2,
MEK1/2, ubiquitin (P4D1), and p27 antibodies were pur-
chased from Cell Signaling. The p21 antibody and the human
and mouse CD107a (LAMP1) were obtained from Pharmin-
gen. The GFP and the His antibodies were purchased from
Clonthec, a-tubulin was from Sigma, and phospho-p38 was
from New England Biolabs. Anti-Xpress antibody was
obtained from Invitrogen, and the HA.11 was from Covance.
For immunofluorescence experiments, the purified HA.11
clone 16B12 was used. The EEA1, MEK1, and caveolin [ anti-
bodies were purchased from Transduction Laboratories.
Anti-LAMTORI and -LAMTOR4 were obtained from Atlas
antibodies, the LAMTORS5 antibody was purchased from
Santa Cruz, and anti-LC3B was from Novus Biologicals. The
anti-LAMTOR2 and anti-LAMTOR3 antibodies were
described previously (7). The transferrin receptor and Myc
antibodies were generated in house: the transferrin receptor
antibody was purified from a homemade hybridoma cell line,
and the Myc antibody was from serum obtained by a rabbit
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immunization with the Myc peptide. The Alexa 488 and
Alexa 568 secondary antibodies were from Molecular Probes.
Rab7 and Rab5 antibodies were supplied by Dr. Angela
Wandiger-Ness (University of New Mexico). XLAMTOR?2,
Myc,LAMTOR3, H,T7LAMTOR3, His,LAMTOR2-
LAMTORS, and His, LAMTOR3SLAMTOR?2 were generated in
our group and previously published (7, 8, 13, 15). The retroviral
constructs MMP-IRES.GFP, MMP-LAMTOR2WT.GFP, and
MMP-LAMTOR2ADb3.GFP were also previously published (9).
The retroviral construct pPEGFPLAMTOR?2 was described else-
where (16). The constructs expressing p21 and p27 under the
T7 promoter were a gift from Dr. Ludger Hengst (Department
of Medical Biochemistry, Biocenter, Innsbruck Medical Uni-
versity). A PCR product introducing BamHI and Sall sites on
murine Myc, LAMTOR3 was amplified. Upon digestion with
the same enzymes, the product was subcloned into the retrovi-
ral transfer vector pLIB-MCS2-iresPURO (17). Point muta-
tions on lysine sites were introduced using the QuikChange
multisite mutagenesis kit from Stratagene and Myc,
LAMTOR3WT pLIB-MCS2-iresPURO as a template. PCR
products inserting Sall and NotI+Stop into Myc,LAMTOR3wt-
iresPURO,  Myc,LAMTOR3NTERM-iresPURO,  Myc,
LAMTOR3MIDDLE-iresPURO, Myc,LAMTOR3CTERM-
iresPURO, and Myc, LAMTOR3KO-iresPURO were amplified.
Upon digestion with the same enzymes, the products were sub-
cloned into Sall and NotI sites of pCMV-HA (Clontech). The remain-
ing constructs were obtained by lysine to arginine mutations using
the QuikChange multisite-directed mutagenesis kit on already
existing clones. We used PCR to generate a LAMTOR3 Gateway
entry clone. A recombination reaction using the Gateway® LR
Clonase™ Enzyme was performed to shuttle LAMTORS to the
destination vector pcDNAS5/FRT/TO/SH/GW (18). All of the
generated constructs were sequence verified.

Cell Culture, Transfection, and Generation of Retrovirus—
Cell lines were kept at 37 °C, in 5% CO, and 98% humidity.
HeLa cells and mouse embryonic fibroblasts (MEF)? for
LAMTOR?2 (8) were grown in high glucose DMEM supple-
mented with 50 IU/ml penicillin, 50 wg/ml streptomycin, and
10% ECS. 293gpg cells (19) were kept in culture in high glucose
DMEM, supplemented with 50 IU/ml penicillin streptomycin
and 10% FCS, 2 mm L-glutamine, 1 pug/ml tetracycline, 2 ug/ml
puromycin, and 0.3 mg/ml G418. Phoenix cells were a kind gift
from Dr. Stephan Geley (Division of Molecular Pathophysiol-
ogy, Biocenter, Innsbruck Medical University). These cells were
cultured in RPMI supplemented with 50 IU/ml penicillin/
streptomycin and 10% FCS. HEK293 Flp-In™ T-Rex™ cells
containing a single FRT site and stably expressing the Tet
repressor were obtained from Invitrogen and cultured in high
glucose DMEM containing 10% (v/v) FBS, 50 IU/ml penicillin,
50 mg/ml streptomycin, 100 ug/ml Zeocin, and 15 ug/ml blas-
ticidin. Transfected HEK293 Flp-In™ T-Rex™ cells were
selected and maintained in high glucose DMEM supplemented
with 10% (v/v) EBS, 50 IU/ml penicillin, 50 mg/ml streptomy-
cin, and 100 pg/ml hygromycin B. The Ts20 cell line derived
from BALB/3T3 was kept at 32 °C, in 5% CO, and 98% humid-

3 The abbreviation used is: MEF, mouse embryonic fibroblast(s).
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ity. The cells were grown in DMEM supplemented with 50
IU/ml penicillin, 50 wg/ml streptomycin, and 10% FCS (20).
The cells were transfected with the different constructs using
Lipofectamine 2000. Amounts of DNA, Lipofectamine, and
transfection medium were in accordance to the manufacturer’s
instructions. 48 h upon transfection, the cells were used for
immunofluorescence or biochemical assays. HEK293 cells were
co-transfected with SH-LAMTOR3 and pOG44 and selected in
high glucose DMEM with 10% FBS, 50 ug/ml penicillin/strep-
tomycin, and 100 pg/ml hygromycin. Following selection, the
cells were tested for inducible bait expression in medium sup-
plemented with different concentrations of tetracycline. The
production of retroviral particles expressing IRES.GFP,
LAMTOR2WT.GFP, and LAMTOR2ADb3.GFP was previously
described (9). Retroviruses expressing murine LAMTOR3 and
LAMTOR3 mutants were generated by co-transfection of
Phoenix cells with the construct of interest and pVSVG. 48 h
after changing the medium, the supernatant containing the
virus was passed through a 0.22-um filter and stored at —80 °C.

Infection of MEF and Generation of Stable Single Cell Clones—
Polybrene was added to the virus (multiplicity of infection of 5)
to a final concentration of 400 ug/ml immediately before infec-
tion. Infected plates were centrifuged at 2000 rpm for 20 min
and then incubated at 37 °C, in 5% CO, and 98% humidity. 48 h
after infection, the cells were used for biochemical studies or
antibiotic selection was started. The puromycin concentration
for selection was titrated from 1 to 10 ug/ml. Selection was
maintained for at least 6 weeks before freezing down the clones.
For the generation of the LAMTOR2™'~ LAMTOR2Ab3.GFP
cell line, infected MEF were FACS-sorted to select for the pres-
ence of GFP. The cells were used on day 12 post-selection for
size exclusion chromatography (96% GFP-positive cells as con-
firmed by FACS).

Preparation of Total Cell Lysates, Cytosol, and Total Mem-
brane Fractions—Total cell lysates were prepared as described
in Ref. 7. Cytosol and total membrane fractions were prepared
by harvesting cells in PBS and homogenizing them in PBS sup-
plemented with 250 mm sucrose, 3 mm imidazole, pH 7.4, 10
png/ml aprotinin, 1 ug/ml pepstatin, 10 ug/ml leupeptin, and 1
mM Pefabloc, 1 mm Na;OV,, 10 mm B-glycerophosphate. Upon
centrifugation, to discard nuclei and unbroken cells, the post
nuclear supernatant was subjected to two runs of 100,000 X g
for 1 h. The cytosolic fraction was transferred to a new tube, and
the membrane pellet was resuspended in PBS, supplemented
with 250 mm sucrose, 3 mm imidazole pH 7.4, 0.35% Triton
X-100. Upon solubilization of the membranes, the samples
were precipitated using trichloroacetic acid and deoxycholate.
The precipitated samples were resuspended in total cell lysate
lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1% Triton
X-100, 10% glycerol, 0.5 mm EDTA, 0.5 mMm EGTA, 5 mm
sodium phosphate, 10 pug/ml aprotinin, 1 ug/ml pepstatin, 10
pg/ml leupeptin, 1 mm Pefabloc, 2 mm Na;OV,, 50 mm NaF,
and 10 mMm B-glycerophosphate) supplemented with Laemmli
sample buffer and boiled (21).

Size Exclusion Chromatography—Cytosol and total cell
lysates were prepared as described above. Samples were run on
an Akta HIPrep1660-Sephacryl-S200HR column previously
equilibrated in PBS supplemented with 250 mMm sucrose, 3 mm
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imidazole, pH 7.4. The obtained 5-ml fractions were precipi-
tated using trichloroacetic acid and deoxycholate. The precip-
itated samples were resuspended in Laemmli sample buffer and
analyzed by immunoblotting. The molecular weight distribu-
tion over the column was determined by comparison with a
calibration run of proteins of known size.

Immunoprecipitation of SH-LAMTOR3—HEK293 cells
expressing SH-LAMTOR3 were lysed in radioimmunoprecipi-
tation assay buffer (50 mm Tris-HCI, pH 8, 250 mm NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mm
EDTA, 50 mm NaF, 1 mm Naz;VO,, 0.5 mm PMSEF, 0.5 mg/ml
pepstatin, 5 mg/ml leupeptin, 1 mm Pefabloc SC, supplemented
with 10 mm N-ethylmaleimide. After sonication on ice, the
samples were centrifuged to remove insoluble material. Lysates
(~60 mg of total protein) were loaded on Biospin columns (Bio-
Rad) containing Strep-Tactin beads (IBA protein TAGnologies)
and gravity-drained. The beads were washed with radioimmu-
noprecipitation assay buffer, and the bound protein was eluted
with freshly prepared 2.5 mm p-biotin in radioimmunoprecipi-
tation assay buffer. TCA-precipitated protein samples were
immunoblotted as described below.

Immunoblots, Statistical, and Semiquantitative Analysis of
Images—Lysates or other protein samples were separated by
SDS-PAGE, transferred on a semidry chamber into PVDF
membranes, and probed with the respective antibodies. West-
ern blot images were acquired using the FluorChem 5500 sys-
tem (Alpha Innotech/Biozym). For the half-life estimation, we
have calibrated the FluorChem 5500 system with increasing
concentrations of recombinant His] LAMTOR2LAMTOR3
and confirmed that the signal intensity detected by the camera
correlated linearly with LAMTOR3 amounts. For Western blot
quantifications, the last exposure frame before signal saturation
was used. The signal intensity detected by the camera was auto-
matically converted into a numeric format. The values were
inserted into an Excel worksheet. For each time point, back-
ground was subtracted, and each intensity value was normal-
ized against tubulin levels. The value 1 was arbitrarily assigned
to the normalized value obtained for each construct at 0 min.
The remaining time point values were given using time point 0
as reference value. Zero arbitrary units correspond to the detec-
tion limit of the FluorChem 5500 system. The mean * S.E. from
three independent experiments was calculated using Excel
functions. Two-tailed Student’s ¢ tests were used for statistical
analyses. The difference was considered significant when p <
0.05.

Immunofluorescence and Image Processing—Immunofluo-
rescence images were obtained as described in Ref. 7. The
samples were observed using an epifluorescence microscope
(Axio Imager.M1; Carl Zeiss Microimaging Inc.). The Axio-
vision Rel 4.8 image examiner software was used for image
acquisition. Confocal image analysis was performed using
the laser-scanning microscope LSM510 Meta Axiovert 200
(Carl Zeiss Microlmaging, Inc.) and a 63X plan-Apochromat
NA 1.4 oil objective. Images were acquired using the LSM
image examiner software (version 3.1.0.117). Independent of
the acquisition strategy, all of the images were converted to
Adobe Photoshop CS3, where brightness, contrast, or tonal
values were adjusted.
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Quantitative RT-PCR—Total RNA was isolated by using
TRIzol™ reagent (Invitrogen). DNA was removed by treat-
ment with DNase I (Fermentas) according to the manufactur-
er’s instructions. RNA was reverse-transcribed using a Revert
Aid first strand ¢cDNA synthesis kit (Fermentas) following
the manufacturer’s instructions. Primers for RT-PCR for
GenBank™ accession number NM019920 were 5’-ccctgagac-
ctggcttectatce-3’ and 5'-gaggcccaggtgtgeatcagaa-3’. Normal-
ization was against GAPDH with 5’-cggagtcaacggatttggtcg-
tat-3° and 5'-agccttctccatggtggtgaagac-3’'.  SYBR-Green-
detected PCR was performed using the DNA Engine Opticon
Continuous Fluorescence Detector (M] Research). Fluores-
cence was detected after each elongation step at an optimal
temperature to obtain specific signal only. For the amplification
the following program was used: denaturation for 2 minat 95 °C
and amplification for 30 s at 95 °C, 30 s at 65 °C (55 °C), and 30 s
at72 °C.Inall programs, 41 cycles were used. The amplification
specificity was determined from the melting curve after each
run. Correct amplicon size and identity were confirmed by gel
analysis and sequencing. Fluorescence intensity was plotted
against cycle number on a logarithmic scale. The samples were
analyzed in triplicate, and three technical replicates were per-
formed. Cycle number, when the fluorescent signal was first
detected, was plotted against the copy number derived from
standard curves. The average data for specific PCR products
were normalized to values of GAPDH and also on the PCR
efficiency using proprietary software from the company
Biozym.

RESULTS

LAMTORS3 Protein Is Stabilized by Associating with
LAMTOR2—Immortalized LAMTOR2™'~MEF are devoid of
LAMTOR2 mRNA and protein. In these cells, the endogenous
protein levels of LAMTORS protein are severely reduced and
sometimes even undetectable (Fig. 14) (8). LAMTOR?2 recruits
LAMTORS to late endosomes, and we have previously reported
that exogenously expressed LAMTOR3 mislocalizes to the
cytoplasm in the absence of LAMTOR2 (8). Interestingly,
despite the severe down-regulation of LAMTOR3 protein lev-
els, the mRNA levels of LAMTOR3 were at least 5-fold
increased in the LAMTOR?2 deficient MEF (Fig. 1B).

We hypothesized that the reduced levels of endogenous
LAMTORS in LAMTOR2 '~ MEF may arise from the lack of
interaction with its partner LAMTOR2 and/or from the mislo-
calization of LAMTOR3 into the wrong subcellular compart-
ment. Moreover, other Ragulator components, such as
LAMTOR 1,4, and 5, were also severely decreased in LAMTOR2 '~
MEF (Fig. 1A). The structure of the LAMTOR2-LAMTOR3
heterodimer shows that both proteins contribute exten-
sively to a larger interaction surface. Hence in absence of
LAMTOR?2, the interacting residues of LAMTOR3 may be
exposed and destabilize LAMTOR3. To directly address
whether the sole presence of LAMTOR2 without proper
endosomal localization would be sufficient to stabilize
LAMTOR3 protein, we have reconstituted LAMTOR2 '~ MEF
with a cytoplasmic mutant of LAMTOR2 (LAMTOR2Ab3) that
no longer localizes to late endosomes but still interacts with
LAMTORS (13). We have therefore used the retrovirus con-
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FIGURE 1. Endogenous LAMTORS3 protein is present in the cytosol of both
LAMTOR2~'~ and LAMTOR2"~MEF, and its mRNA levels are up-regu-
lated in LAMTOR2™/~MEF. A, total cell lysates (TCL) were prepared as
described under “Experimental Procedures.” The samples were separated by
SDS-PAGE and probed with the indicated antibodies. B, LAMTOR3 mRNA in
LAMTOR2"~ and LAMTOR2 ™/~ MEF. Random hexamer primers were used and
normalized to GAPDH levels. The graph represents an average of three inde-
pendent experiments (means = S.E., n = 3).*** p < 0.001. C, cytosol and total
membrane fractions were prepared as described under “Experimental Proce-
dures.” The samples were separated by SDS-PAGE and probed with the indi-
cated antibodies.

struct expressing bicistronically LAMTOR2Ab3 and GFP to
infect a Myc,LAMTOR3LAMTOR2 ™'~ stable clone (Fig. 2). The
selected Myc,LAMTOR3 single cell clones on both LAMTOR2 ™'~
MEF and controls were chosen because they showed very similar
Myc,LAMTORS expression levels, and their overexpression levels
were comparable to those of the endogenous LAMTOR3 protein
(supplemental Fig. S1A). This mild expression of Myc,-tagged
LAMTOR3 was not able to rescue the growth defect of the
LAMTOR2 ™'~ MEF (supplemental Fig. S1B). As a control for the
infection experiment, we used a retroviral construct expressing
GEFP only. Interestingly, LAMTOR2Ab3 expression was sufficient
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FIGURE 2.LAMTORS3 protein is stabilized by associating with LAMTOR2. A,
LAMTOR2Ab3.GFP and IRES.GFP retrovirus were used to infect the
Myc,LAMTOR3LAMTOR2 '~ stable clone. Infected cells were harvested 48 h
afterward. The cell lysates were separated by SDS-PAGE, analyzed by Western
blotting, and probed with the indicated antibodies. B, graph shows the quan-
tification of three independent experiments (means *+ S.D. (M=SD); n = 3).*,
p < 0.05). C, MycsLAMTOR3LAMTOR2™/~ cells were infected with
LAMTOR2Ab3.GFP or LAMTOR2WT.GFP retrovirus. The cells were fixed in
paraformaldehyde, and immunofluorescence analysis was performed as
described under “Experimental Procedures” using anti-Myc antibodies. Bars,
20 pm.

to stabilize Myc,LAMTOR3, whereas GFP expression had no
effect (Fig. 2, A and B). Furthermore, LAMTOR2WT.GFP
restored Myc,LAMTOR3 localization to perinuclear, punctuated
vesicles, whereas LAMTOR2Ab3.GFP did not (Fig. 2C). Taken
together, we concluded that direct protein-protein interac-
tion between LAMTOR2 and LAMTORS plays a major role
in LAMTORS stability.

In the Absence of LAMTOR2, LAMTOR3 Is Predominantly
Found as a Cytosolic Monomeric Protein—We have purified
cytosol and total membranes from LAMTOR2 '~ MEF and
LAMTOR2"~MEF (Fig. 1C). The correct separation of the bulk
of tubulin from the total membrane fraction containing caveo-

18232 JOURNAL OF BIOLOGICAL CHEMISTRY

lin-1 attested to the quality of our separation procedure. In
addition, Rab7, a small GTPase and well established late endo-
somal marker, was enriched in the membrane fraction but was
also present, although to a reduced extent, in the cytosol, con-
sistent with the cytoplasmic recycling of Rab7/GDP (22). In
accordance to previously published data, we found LAMTOR1
on the membrane fraction. Similarly to LAMTORS3, the protein
levels of LAMTORI, 4, and 5 were also reduced in the
LAMTOR2 ™'~ MEF (12, 14, 16). In our experiments, we found
LAMTOR? exclusively present in the total membrane fraction
of LAMTOR2" ~ MEF. Finally, we found endogenous LAMTOR3
predominantly associating with the membrane fraction in the
presence of LAMTOR2. In LAMTOR2 '~ MEF, we observed
no recruitment of LAMTORS to total membranes despite the
presence of LAMTORI in this fraction. In addition, for the first
time we present here evidence of a small pool of LAMTOR3 in
the cytoplasm of LAMTOR?2 deficient cells, despite the pres-
ence of more LAMTOR3 mRNA.

To test whether LAMTOR3 would associate with other pro-
teins in the cytoplasm, we performed size exclusion chroma-
tography (Fig. 3A). In the cytosol of LAMTOR2 '~ MEEF,
LAMTORS elutes in a small molecular weight fraction con-
sistent with the M, of monomeric LAMTOR3. MEK1 and
LAMTORI, both known interactors of LAMTOR3, were
found in high molecular weight complexes in the
LAMTOR2™'~ cytosol (6, 11). In accordance with the previ-
ously published shuttling of p27*'?! between the nucleus and
the cytoplasm, we detected p27*'?! in purified cytosolic frac-
tions (23). p27"'P! was previously reported to interact with
LAMTORI, and we also found both proteins enriched in
high molecular weight fractions (24) (Fig. 3A). Next we com-
pared the size exclusion chromatography profiles obtained
from LAMTOR2 '~ MEF cytosol with those of total cell
lysates of LAMTOR2'~, LAMTOR2"~, LAMTOR2 '~
GFPLAMTOR?2, and LAMTOR2 '~ LAMTOR2Ab3.GFPMEF
(Fig. 3B). The analysis of the total cell lysate of LAMTOR2 ™'~ MEF
showed LAMTORS3 present in low molecular weight fractions.
This result was not surprising because LAMTOR3 in
LAMTOR2-depleted MEF was exclusively cytosolic (Fig. 1B). In
contrast, the analysis of LAMTOR2" " MEF lysates revealed
LAMTORS3 present in high molecular weight fractions. In addi-
tion, the exogenous expression of GFPLAMTOR2 in the
LAMTOR2 '~ MEF was sufficient to restore the presence of
LAMTORS in high molecular weight complexes. Interestingly,
in cells expressing the cytoplasmic LAMTOR2Ab3, LAMTOR3
was partially found in intermediate molecular weight com-
plexes, the same fractions where LAMTOR2ADb3 could be
detected. In these cells, LAMTORS3 can heterodimerize with
LAMTOR2AD3 in the cytoplasm (13) but does not form a func-
tional Ragulator complex on late endosomes. Hence the
LAMTOR2ADb3-LAMTOR3 heterodimer does not interact
with other components such as LAMTORI, which would allow
the formation of a high molecular weight complex on late endo-
somes. Overall, we conclude that in absence of LAMTOR2,
LAMTORS exists as an unstable monomer in the cytoplasm.

The Half-lives of Endogenous LAMTOR3 and Mycg-
LAMTOR3 Are Reduced in the Absence of LAMTOR2—
We have used cycloheximide, an inhibitor of eukaryotic protein
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FIGURE 3. In the absence of LAMTOR2, LAMTORS is predominantly found as a monomeric protein. A, size exclusion chromatography from LAMTOR2~/~MEF
cytosol. Cytosolic fraction was prepared as described under “Experimental Procedures” and run on an Akta HIPrep1660 Sephacryl S200HR column. The

obtained 5-ml fractions were precipitated using trichloroacetic acid and deoxycholate and resuspended in Laemmli sample buffer. The samples were sepa-
rated by SDS-PAGE, analyzed by Western blotting, and probed with the indicated antibodies. B, size exclusion chromatography from LAMTOR2™/~,

LAMTOR2"~, LAMTOR2™/~GFPLAMTOR?2, and LAMTOR2 ™/~ LAMTOR2Ab3.GFP MEF lysates. The same experimental procedure as described in A was performed
with total cell lysates from the mentioned MEF cell lines. Images are representative examples from at least two independent experiments.

synthesis, to estimate the rate of degradation of LAMTOR3, 4 and supplemental Fig. S2). Tubulin, used as a control, had a
because LAMTOR3 is a poor labeling substrate for [**S]me-  half-life of ~48 h (25). Endogenous LAMTOR3 in contrast,
thionine/cysteine labeling (only one cysteine, Cys-73, and seemed to have a much faster turnover with a half-life slightly
Met-1, the latter one is removed co-translationally; see supple-  longer than 3 h in LAMTOR2”~MEF but of only 30 min in
mental Fig. S1C and our unpublished data). LAMTOR2 ™'~ MEF. Similarly, the half-life of overexpressed

We treated LAMTOR2 ™'~ MEF, LAMTOR2" ~MEF, Myc, Myc,LAMTORS3 was significantly decreased in LAMTOR2 '~ MEF
LAMTOR3LAMTOR2™'"MEF, and  Myc,LAMTOR3 when compared with control MEF. Interestingly, the half-life of
LAMTOR2"~MEF with cycloheximide for different times (Fig. overexpressed Myc,LAMTOR3 (approximately 100 min) in
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FIGURE 4. The half-lives of endogenous LAMTOR3 and Myc,LAMTOR3 are
reduced in the absence of LAMTOR2. Cell lysates were separated by SDS-
PAGE, analyzed by Western blotting, and probed with the indicated antibod-
ies. A and B, quantifications of the according Western blot are shown in A and
B representing the averages of three independent experiments (means *
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lysates were separated by SDS-PAGE, analyzed by Western blottin /g and
probed with the indicated antibodies. D, Myc,LAMTOR3LAMTOR2 ™/~ and
Myc,LAMTOR3LAMTOR2”~ stable clones were treated with 50 wg/ml cyclo-
heximide for the corresponding time points.

LAMTOR2"~ was also decreased when compared with endog-
enous LAMTORS3 levels.

Taken together, endogenous LAMTOR3 and Mycg
LAMTORS3 are relatively short-lived proteins, and when not in
aprotein complex with LAMTOR?2 they are rapidly degraded in
the cytoplasm. Hence it seems that protein degradation is
responsible for the reduced LAMTORS3 protein levels seen in
the absence of LAMTOR2.

The Proteasome Mediates the Degradation of Both Endogenous
LAMTOR3 and Myc, LAMTOR3—The cellular quality control
system targets proteins destined for degradation either to the
proteasome or to the lysosome. To test how LAMTOR3 is
degraded, we treated LAMTOR2'~MEF, LAMTOR2"~MEF,
Myc,LAMTOR3LAMTOR2™'"MEF, and Myc,LAMTOR3-
LAMTOR2"~MEF with Velcade, an established proteasomal
inhibitor (Fig. 54). By blocking protein degradation, the accu-
mulation observed at the protein level should reflect de novo
protein synthesis. In Velcade-treated cells, the protein levels of
endogenous LAMTOR3 and Myc,LAMTOR3 were stabilized
in both LAMTOR2 ™'~ MEF and controls (Fig. 5A). In the pres-
ence of cycloheximide alone, LAMTORS3 is quickly degraded
(Figs. 4, C and D, and 5B). However, when LAM TOR2~'~MEF
were first treated with Velcade, LAMTOR3 accumulated, and
subsequent treatment with cycloheximide no longer resulted in
LAMTORS degradation (Fig. 3B). These findings show that a
substantial fraction of LAMTORS is degraded via the pro-
teasome. Velcade treatment is known to induce apoptosis, so
we included p38 activation as a positive control. In addition,
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FIGURE 5. The degradation of endogenous LAMTOR3 and Myc,LAMTOR3
is mediated by the proteasome. A, 80% confluent LAMTOR2/~MEF,
LAMTOR2” "MEF, ~ Myc,LAMTOR3LAMTOR2 /~, and  Myc,LAMTOR3
LAMTOR2"~ stable clones were treated with 50 nm Velcade for the corre-
sponding time points. The cell lysates were separated by SDS-PAGE and
probed with the indicated antibodies. B, Velcade and cycloheximide treat-
ment of Myc,LAMTOR3LAMTOR2 ™~ and Myc,LAMTOR3LAMTOR2"~ stable
clones. 80% confluent cells were pretreated with 50 nm Velcade for 6 h or left
untreated. 50 ug/ml cycloheximide or 50 ug/ml cycloheximide plus 50 nm
Velcade were then added to the cells for the corresponding time points. The
cell lysates were separated by SDS-PAGE, analyzed by Western blotting, and
probed with the indicated antibodies.

we have also confirmed Velcade activity by probing for the
stabilization of a known short-lived protein, p21 (26, 27).
Finally, we have used tubulin as a loading control because the
protein should remain stable for the length of the time
course.

To further address the impact of Velcade treatment on
LAMTORS3 protein, we have treated LAMTOR2 '~ MEF and
control cells with Velcade and performed size exclusion chro-
matography (supplemental Fig. S3). In brief, Velcade treatment
of LAMTOR2 '~ MEF recruited LAMTORS to higher molecu-
lar weight complexes. We speculate that under those condi-
tions LAMTOR3 may be associating with chaperones and/or
with the proteasome-mediated degradation machinery. In con-
trast in LAMTOR2””MEF LAMTOR3 remained in high
molecular complexes independent of Velcade treatment (Fig. 5
and supplemental Fig. S3).

p21 and Rb are two examples of proteins that directly bind
the proteasomal subunit C8 and are degraded in an ubiquitin-
independent manner (28 —31). Interestingly, LAMTORS3 has in
its N terminus a stretch of residues that closely resembles the
domain of p21 required for binding to C8 (29) (supplemental
Fig. S4). To test whether LAMTOR3 could follow the same
degradation route as p21, we have incubated purified recombi-
nant LAMTOR3, or LAMTOR2-LAMTOR3 complexes, with
pure 20S subunits (supplemental Fig. S4). As previously shown,
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in vitro transcribed and translated p21 could be degraded by
20S subunits, whereas p27 was resistant to 20S mediated deg-
radation. LAMTORS3, in all combinations tested, was not
degraded by purified 20S proteasomes (supplemental Fig. S4).

The Degradation of Endogenous LAMTOR3 Is Independent
from Lysosome Function—Next, we addressed whether
lysosomal degradation could also partially contribute to
LAMTORS3 turnover. We treated LAMTOR2 '~MEF and
LAMTORZ2" ~ MEF with E64, a membrane-permeable inhibitor
for lysosomal hydrolases for 7 h (Fig. 6A4). LC3B-1], a key regu-
lator for autophagy, is delivered together with other autopha-
gosomal cargo into the lysosomes. Hence blocking lysosomal
hydrolases stabilizes LC3B-1I. As expected, E64 treatment
resulted in the accumulation of the LC3B-II form, whereas
no accumulation of the cytosolic variant (LC3B-I) was
observed. However, under the conditions tested, E64 treat-
ment showed no effect on endogenous LAMTORS3 levels.
Furthermore, treatment of LAMTOR2” MEF with E64
and chloroquine for 3 h did not result in an increase in
LAMTOR3 levels (supplemental Fig. S5A). The slight

JUNE 21, 2013 - VOLUME 288 +NUMBER 25

increase in LAMTORS3 levels upon treatment with leupeptin
can be explained by the fact that leupeptin also blocks the
trypsin-like proteolytic sites of the proteasome.

In addition, we also performed chloroquine treatment in
combination with EGF stimulation. Whereas chloroquine
treatment for 7 h sustained MAPK activity consistent with a
block in EGFR degradation, LAMTORS3 protein levels were not
increased (supplemental Fig. S5B). For comparison, we treated
LAMTOR2™'~MEF with Velcade for 7 h. In contrast to lyso-
somal inhibition, proteasomal inhibition resulted in accumula-
tion of LAMTORS3 protein (Fig. 6B).

We have shown previously that Myc,LAMTOR3 mislocal-
izes to the cytoplasm in LAMTOR2-depleted MEF (8), dis-
tributing evenly throughout the cytoplasm (Fig. 6C).
Myc,LAMTOR3 mislocalization could be rescued by
expression of a GFPLAMTOR?2 retroviral construct in
LAMTOR2™'~MEF, indicating that Myc,LAMTOR3 was in
principle functional. Overall, it seems very likely that cyto-
plasmic LAMTORS is degraded by the proteasome and not
by the lysosome.
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LAMP1. Confocal images are shown. Bar, 10 um.

The Ubiquitin-mediated Proteasomal Degradation Pathway
Controls LAMTOR3 Degradation—Most proteasomal sub-
strates are first marked for degradation by covalent linkage of
polyubiquitin chains to lysines. To substantiate a direct involve-
ment of the ubiquitin proteasome pathway in LAMTOR3 deg-
radation, we made use of the previously established BALB/3T3
mutant cell line carrying a temperature-sensitive ubiquitin-ac-
tivating E1 enzyme (20). We compared the expression levels of
LAMTORS in cells kept at the permissive temperature or
shifted to the restrictive temperature for 16 h (Fig. 7, A and B).
We have included p27 as a bona fide ubiquitin-proteasomal
substrate. Both LAMTOR3 and p27 expression levels increased
in cells kept at the restrictive temperature, consistent with the
involvement of ubiquitination in LAMTOR3 degradation. Fur-
thermore, we have affinity-purified SH-LAMTOR3 from
HEK293 cells and could show that upon treatment with Vel-
cade or MG132, SH-LAMTOR3 was found in high molecular
weight bands, possibly representing ubiquitinated LAMTOR3.
Furthermore, LAMTOR3-positive bands were also positive for
ubiquitin after immunoblotting with anti-ubiquitin antibody
(Fig. 7C). As a quality control, we confirmed by immunofluo-
rescence analysis that SH-LAMTOR3 co-localized correctly
with endogenous LAMTORI1 on punctuated perinuclear vesi-
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cles (Fig. 7D). In a proteome-wide quantitative survey, Lys-62 of
LAMTORS was found to be ubiquitinated (32). In an attempt
to identify whether this or other lysine residues mediate
LAMTORS proteosomal degradation, we performed tandem
affinity purification of Velcade-treated SH-LAMTOR3 (sup-
plemental Fig. S6). As expected, ubiquitin-positive bands were
enriched in the Velcade-treated sample. We selected five ubiq-
uitin-positive bands and excised the corresponding regions of a
silver-stained SDS-PAGE gel. We could identify by LC-MS/MS
the presence of both LAMTOR3 and ubiquitin in several of the
bands excised. Unfortunately, under the tested experimental
conditions, we were unable to identify the exact ubiquitinated
lysine residues in LAMTORS3.

The Proteasomal Degradation of LAMTOR3 Requires
Ubiquitination—As a second strategy to identify the ubiquiti-
nated lysine residues that contribute to the degradation of
LAMTORS, we have embarked on site-directed mutagenesis.
The lysine residues on LAMTORS3 are clustered in three dis-
tinct regions: four lysines at the N terminus, two at the C ter-
minus and interestingly, another three in the vicinity of the b3*
loop (13) (Fig. 8). We have therefore generated mammalian
expression constructs in which lysines, in each of these areas,
had been mutated into arginine. They were designated
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HA-LAMTOR3Cterm, HA-LAMTOR3Middle, and HA-
LAMTOR3Nterm. We also generated a lysine-less mutant
of LAMTOR3 that we named HA-LAMTOR3KO0. HA-
LAMTOR3WT and the mutants were analyzed by transient
transfection in HeLa cells and tested in a cycloheximide time
course (Fig. 8).

HA-LAMTOR3WT was degraded with a half-life of roughly
3 h. This was consistent with the observations made for endog-
enous LAMTOR3 in LAMTOR2"~MEF. The cycloheximide
treatment of HeLa cells transfected with HA-LAMTOR3
Nterm, HA-LAMTOR3Cterm, and HA-LAMTOR3Middle
showed kinetics of degradation similar to HA-LAMTOR3WT.
Importantly the HA-LAMTOR3KO0 mutant showed a half-life of
more than 5 h.

Analysis of the crystal structure demonstrated that the C and
N termini of LAMTOR3 define two putative binding pockets:

JUNE 21,2013 +VOLUME 288-NUMBER 25

one at the two-helix side of the complex and another at the
four-helix side (13). Both of these hydrophobic pockets have
lysine residues from the C and N termini in their vicinity. We
therefore decided to create an additional mutant with all lysines
in the C and N termini mutated. This mutant, called
HA-LAMTORSCN, still retained the lysines in the middle
region. HeLa cells were transiently transfected with HA-
LAMTORS3CN and tested in a cycloheximide time course.
HA-LAMTOR3CN showed kinetics of degradation slower than
HA-LAMTOR3WT and faster than HA-LAMTOR3KO. Taking
into consideration the results obtained with HA-LAMTOR3
Nterm and HA-LAMTOR3Cterm, in which there was no dif-
ference to HA-LAMTOR3WT, the effect observed with the
HA-LAMTOR3CN mutant indicated that lysines within these
regions might play a prevalent role as ubiquitin acceptors. The
results also showed that the HA-LAMTOR3CN mutant was
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LAMTORT1. Bars, 20 um.

degraded faster than HA-LAMTORS3KO. We assumed that this  consequently on LAMTORS3 function, we have further charac-
was due to a contribution of the lysines in the middle region terized the HA-LAMTOR3KO0 mutant (Fig. 9). Correct interac-
when all remaining lysines were mutated. tion with LAMTOR?2 was accessed by co-immunoprecipita-

To rule out that the systematic mutation of all LAMTOR3 tion. We have overexpressed HA-LAMTOR3WT or HA-
lysines to arginine had an overall effect on protein structureand LAMTORB3KO alone or in combination with XLAMTOR2 in
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HeLa cells (Fig. 94). Immunoprecipitated HA-LAMTOR3KO0
co-immunoprecipitated XLAMTOR2, thereby demonstrating
that both proteins interacted with each other. As a control, the
HA antibody was not able to immunoprecipitate XLAMTOR2
in cells where neither HA-LAMTOR3WT nor HA-
LAMTORSKO had been expressed (Fig. 94, last lane).

Next, we addressed whether HA-LAMTOR3KO was capa-
ble of promoting MAPK activation as demonstrated for wild
type LAMTORS. It should be emphasized that scaffold pro-
teins influence signal propagation in a manner that is
dependent on their intracellular concentration (2). Consis-
tently, overexpression of HA-LAMTOR3WT dampened
MAPK profile upon EGF stimulation (Fig. 9B). Interestingly,
the HA-LAMTOR3KO had a strong negative effect on
MAPK activation. One possible explanation is that
HA-LAMTORS3KO is an effective MAPK scaffold and that
therefore overexpression leads to dampening of MAPK acti-
vation. However, it could also be that the lysine to arginine muta-
tions affect the recruitment of the kinases to LAMTOR3. Under
this scenario, HA-LAMTOR3KO would function as a dominant
negative mutant version of LAMTORS3, thereby dampening
ERK activation.

In addition, we also addressed the subcellular localization of
HA-LAMTOR3KO. The lysine-less mutant correctly co-local-
ized with LAMTOR]I, the anchor protein of the complex, in
organelle like vesicles (Fig. 9C). The same co-localization pat-
tern was observed for HA-LAMTOR3WT. To further address
the functional consequences of a degradation-deficient mutant
of LAMTOR3, we have generated stable cell lines of
HA-LAMTOR3WT in the background of control and
LAMTOR?2 knock-out MEF (Fig. 10A). In addition, we have
generated a stable cell line expressing HA-LAMTOR3KO
in LAMTOR2 '~ MEF. Analysis of total cell Iysates
from LAMTOR2™'~, LAMTOR2™'~"HA-LAMTOR3WT,
LAMTOR2 '"HA-LAMTOR3K0, = LAMTOR2"~,  and
LAMTOR2Y HA-LAMTOR3WT revealed several interesting
results. First of all, expression of HA-LAMTOR3 resulted in
higher levels of the endogenous protein when compared with
the parental cell lines. Second, the expression of
HA-LAMTOR3WT in both LAMTOR2™'~ and LAMTOR2"~
resulted in reduced MAPK activity, whereas expression of
HA-LAMTORB3KOin LAMTOR2™'~ MEF had no effect on ERK
phosphorylation. This surprising observation may indicate that
HA-LAMTOR3KO is not a functional MAPK scaffold. From
endosomes, (overexpression in HeLa cells; Fig. 9), the lysine-
less mutant could compete with the endogenous protein for
binding to other LAMTOR components and therefore nega-
tively affect the scaffolding function of the complex. In contrast,
HA-LAMTORS3KO expression in LAMTOR2 '~ is restricted to
the cytoplasm where LAMTORS3 is mostly found as a mono-
mer. Because the mutant may not be able to recruit the
kinases properly or in the right conformation, MAPK output
remains stable. The expression of HA-LAMTOR3WT in
LAMTOR2 ™'~ is also restricted to the cytoplasm, but in con-
trast to the mutant, HA-LAMTOR3WT may sequester MEK
from other functional MAPK scaffolds, thereby explaining the
reduction in ERK activation. In addition, we treated the stable
cell lines with 200 nm Velcade for 7 h, and interestingly we
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observed that both HA-LAMTOR3WT and HA-LAMTOR3KO
accumulated upon proteasomal inhibition. The lysine-less
mutant may be degraded in a proteasome-dependent but ubig-
uitin-independent manner, or it may happen that under these
nonphysiological conditions, unconventional ubiquitin accep-
tor sites are used. As reported in supplemental Fig. S4, purified
20S proteasome is not able to degrade recombinant
LAMTORS. However, we cannot formally exclude a contribu-
tion of the ubiquitin-independent proteasome pathway toward
endogenous LAMTORS3 degradation, in particular because the
lysine-less mutant reacts to proteasomal inhibition. Because of
this unexpected result, we also confirmed that the expression
levels of HA-LAMTOR3KO in LAMTOR2 ™'~ were stable for
several days (Fig. 10B). In addition, we also addressed
whether expression of HA-LAMTOR3WT or HA-
LAMTORBKO was able to restore the defect in late endosomal
localization observed in the LAMTOR2 ™'~ MEF (Fig. 10C) (8).
In contrast to the perinuclear enrichment observed in control
MEF, all remaining cell lines showed LAMPI1-positive late
endosomes/lysosomes redistributed toward the periphery of
the cell, indicating that neither HA-LAMTOR3WT nor
HA-LAMTOR3KO expression restored late endosomal posi-
tioning in LAMTOR2~'~MEF. Finally, we tested the growth
kinetics of the different cell lines (Fig. 10D). Interestingly the
growth defect of LAMTOR2 ™/~ MEF was partially rescued by
the expression of HA-LAMTOR3KO, whereas the endosomal
mislocalization defect was not. These results indicate that
the increased stability of the lysine-less mutant may allow
cytosolic LAMTOR3 to support cellular proliferation
through yet unclear mechanisms.

DISCUSSION

Here we describe that loss of LAMTOR? results in the mis-
localization of monomeric LAMTORS to the cytoplasm, which
in turn triggers its rapid degradation through the proteasome.
Interestingly, we observed a cytosolic pool of LAMTORS pro-
tein in LAMTOR2-depleted MEF, whereas endosomal
LAMTORS3 was only observed in LAMTOR2"~MEF. Cytosolic
LAMTOR3 was almost exclusively found as a monomer.
Because monomeric LAMTOR3 does not exert its functions
from the cytoplasm, we assume that this pool of LAMTOR3
may be in transit and en route to endosomes or already com-
mitted to degradation.

Previous publications have shown that in vitro, LAMTOR3
promotes the formation of a RAF, MEK, and ERK signaling
module to promote ERK activation and prevent negative feed-
back loops (33, 34). In cells, the situation may be similar but
might be harder to detect because of the transient kiss and
run interaction between LAMTOR3 and MEK/ERK. A
recent report demonstrated that ERK substrate specificity
depends largely on the membrane microdomain where RAS
is activated and on the choice and localization of the scaffold
protein mediating signal propagation (35). The LAMTOR1/
2/3/4/5 (LAMTOR1-LAMTOR2-LAMTOR3-LAMTOR4-
LAMTORS5) complex provides this spatial information
required for MAPK activation on late endosomes. Hence, it
seems reasonable to assume that cells monitor the localiza-
tion of LAMTOR3 and aim to prevent its accumulation in
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FIGURE 10. Expression of HALAMTOR3KO partially rescues LAMTOR2~'~MEF cell growth defect, but it does not restore late endosomal positioning.
A, LAMTOR2~/~HA-LAMTOR3WT, LAMTOR2 “"HA-LAMTOR3WT, and LAMTOR2~/~HA-LAMTOR3KO stable clones were generated as described under “Experi-
mental Procedures.” LAMTOR2™/~, LAMTOR2"~, LAMTOR2~/~HA-LAMTOR3WT, LAMTOR2" ~HA-LAMTOR3WT, and LAMTOR2 '~ HA-LAMTOR3KO0 MEF were
treated with 200 nm Velcade for 7 h. Total cell lysates were separated by SDS-PAGE, analyzed by Western blotting, and probed with the indicated antibodies.
B, LAMTOR2™/~HA-LAMTOR3KO cells were harvested in 4 consecutive days. The lysates were separated by SDS-PAGE, analyzed by Western blotting, and
probed with the indicated antibodies. C, LAMTOR2™/~, LAMTOR2"~, LAMTOR2™'~HA-LAMTOR3WT, and LAMTOR2™’~HA-LAMTOR3KO MEF were fixed in
paraformaldehyde and subjected to indirectimmunofluorescence analysis as described under “Experimental Procedures” using LAMP1 antibody. Epifluores-
cence pictures are shown. Bars, 20 um. D, growth curves of LAMTOR2 ™~ , LAMTOR2"~, and stable clones from LAMTOR2 ™/~ HA-LAMTOR3WT, LAMTOR2 ™~/ ~HA-
LAMTOR3KO, and LAMTOR2” ~HA-LAMTOR3WT MEF. 5 X 10% cells were plated into 10-cm dishes. The cells were counted using a Casy cell counter from Schérfe
system GmbH at the indicated times (hours). The graph represents averages of three independent experiments (means = S.D., n = 3).

the cytoplasm. LAMTOR2 '~ MEF have a cell cycle defect We also demonstrated that endogenous LAMTORS protein

with delayed entry into mitosis (8), endosomal biogenesis
defects (8,9), and compromised MAPK (7) and mTOR activ-
ity (12). Here we show that expression of a LAMTOR3
lysine-less mutant in LAMTOR?2 ablated cells leads to a par-
tial growth rescue of the LAMTOR2 ™'~ MEF but does not
restore the endosomal biogenesis defect. We therefore pro-
pose that through tight proteasome-mediated degradation
and interaction with LAMTOR?2, cells ensure that LAMTOR3
functions are only exerted from late endosomes, where the con-
vergence of different inputs ensures a correct biological
response.
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has a half-life of ~3 h. When LAMTORS3 is unable to associate
with LAMTOR?2 and hence remains in the cytoplasm, the half-
life of LAMTOR3 drops below 50 min. Interestingly, the
LAMTOR3 mRNA levels are higher in LAMTOR2-depleted
MEF when compared with controls, pointing to possible addi-
tional regulatory mechanisms. Either way, the results presented
further strengthen the model that LAMTORS3 protein instabil-
ity is the main cause of reduced LAMTOR3 protein levels
observed in LAMTOR2™'~MEF.

In the particular case of LAMTOR3, we speculate that the
proteasomal turnover might be used as a biological mechanism
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to prevent the accumulation of a mislocalized monomeric cyto-
plasmic pool. Similarly the protein levels of LAMTOR]I, -4, and
-5 were also clearly decreased, emphasizing that the entire
Ragulator complex might be destabilized when a proper com-
plex cannot be form in vivo (e.g., under conditions where
LAMTOR?2, for instance, is missing).

A cytosolic mutant of LAMTOR2 confirmed that het-
erodimer formation was critical for LAMTORS3 stability, and
the cycloheximide time course results indicated that
LAMTORS turnover was faster in the absence of LAMTOR2.
The crystal structure of LAMTOR2-LAMTOR3 suggests the
formation of a very tight complex with a large interaction sur-
face (13, 36). Thus far, there has been no clear demonstration of
the three-dimensional folding of monomeric LAMTOR3 in
solution. However, the folding of LAMTOR?2 in solution is
identical to the conformation found in the heterodimer com-
plex (37). In addition, LAMTOR2 NMR revealed that the pro-
tein is not forming homodimers (37). Furthermore, computa-
tional analysis of structural dynamic fluctuations predicts that
unbound LAMTORS3 differs from its heterodimer conforma-
tion only in the positioning of the b3 loop and on its C- and
N-terminal tails (38). Based on this indirect evidence and on the
high similarity LAMTOR2 and LAMTOR3 present at the struc-
tural level, we presume that cytosolic monomeric LAMTOR3
shows the same overall conformation as it does in the het-
erodimer. However, we could show that monomeric cytosolic
LAMTORS is a potential client for protein quality control.
Cytosolic quality control defines a series of triage decisions
mediated by a dedicated pool of chaperones and E3 ligases that
ultimately direct a polypeptide to either refolding or degrada-
tion (39). Free complex subunits, synthesized in the absence of
cofactors or complementary subunits, may expose hydropho-
bic surfaces causing toxic protein aggregation events that
would therefore favor rapid degradation (40). In the two-helix
side, the absence of LAMTOR2 would expose Phe-49 and
Phe-53 LAMTORS residues normally contributing to the elec-
tropositive channel found in the middle of the complex. More
importantly, the b3 strand of LAMTORS3 has several hydropho-
bic residues that intertwine with residues on LAMTOR?2 b3
strand stabilizing the heterodimer. In the absence of
LAMTOR?2, Leu-63, Leu-65, lle-71, Ile-72, and Cys-73 would
form a relatively big hydrophobic surface on LAMTOR3 facing
the intracellular milieu. In addition, it is well established that
quality control-mediated degradation is mainly performed by
the ubiquitin-proteasome system (41—43). Taken together, we
suggest that monomeric cytosolic LAMTOR3 might be subject
to protein quality control.

To define the degradation pathway mediating LAMTOR3
decay, we have made use of a cell line carrying a temperature-
sensitive E1 ubiquitin-activating enzyme, as well as inhibitors of
both lysosomal and proteasomal degradation. Because of the
intrinsic interdependence of both pathways, we kept the incu-
bation times relatively short. We found that LAMTORS degra-
dation was mainly mediated by the proteasome. In addition, we
could show that upon proteasomal inhibition SH-LAMTOR3
accumulated at higher molecular weight bands, in which ubig-
uitin was also present. Although we failed to pinpoint one spe-
cific lysine residue that was essential for ubiquitination, muta-
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tion of all lysines to arginines resulted in a mutant protein with
increased stability.

One attractive mechanism to regulate LAMTOR3 abun-
dance may be the time/stimulus-dependent association of addi-
tional interacting partners and/or post-translational modifica-
tions on the protein that might favor its ejection from the
LAMTOR?2 complex. Furthermore, because LAMTOR3 is also
regulated on mRNA level, an additional yet unknown regula-
tory mechanism appears to monitor the function of this scaffold
complex. Nevertheless, we have shown here that once segre-
gated to the cytoplasmic fraction, monomeric LAMTOR3
could be ubiquitinated by an unknown cytosolic quality control
E3 ligase and recruited to the proteasome for degradation.
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