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A Ragulator-BORC interaction controls lysosome
positioning in response to amino acid availability

Jing Pu, Tal Keren-Kaplan, and Juan S. Bonifacino

Cell Biology and Neurobiology Branch, Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, MD

Lysosomes play key roles in the cellular response to amino acid availability. Depletion of amino acids from the me-
dium turns off a signaling pathway involving the Ragulator complex and the Rag guanosine triphosphatases
(GTPases), causing release of the inactive mammalian target of rapamycin complex 1 (mTORC1) serine/threonine
kinase from the lysosomal membrane. Decreased phosphorylation of mTORC1 substrates inhibits protein synthesis
while activating autophagy. Amino acid depletion also causes clustering of lysosomes in the juxtanuclear area of the
cell, but the mechanisms responsib|e for this phenomenon are poor|y understood. Herein we show that ngu|ctor
directly interacts with BLOC-1-related complex (BORC), a multi-subunit complex previously found to promote lyso-
some dispersal through coupling to the small GTPase Arl8 and the kinesins KIF1B and KIF5B. Interaction with Ragu-
lator exerts a negative regulatory effect on BORC that is independent of mTORC1 activity. Amino acid depletion
strengthens this interaction, explaining the redistribution of lysosomes to the juxtanuclear area. These findings thus
demonstrate that amino acid availability controls lysosome positioning through Ragulator-dependent, but mTORC1-

independent, modulation of BORC.

Introduction

Eukaryotic cells are exquisitely sensitive to the availability of
nutrients in their environment. Cells respond to the abundance
or scarcity of specific nutrients by modulating signaling path-
ways that control transcription, translation, degradation, growth,
proliferation, metabolism, and other fundamental biological
processes (Efeyan et al., 2015). The sensitivity to amino acid
availability is particularly strong, owing to the essential roles
of amino acids as precursors for proteins, lipids, and carbohy-
drates. When amino acids are abundant, cells turn on anabolic
pathways such as protein synthesis, while simultaneously turn-
ing off catabolic pathways such as autophagy. Conversely, when
amino acids are scarce, cells shut down protein synthesis and
activate autophagy, thereby freeing up amino acids for mainte-
nance of vital cellular processes. Lysosomes play a prominent
role in the response to amino acid availability (Lim and Zoncu,
2016). Amino acids such as arginine and glutamine are sensed
by the multispanning lysosomal amino acid transporter/receptor
(“transceptor”) SLC38A9 (Jung et al., 2015; Rebsamen et al.,
2015; Wang et al., 2015). This protein interacts with Ragulator,
a complex of five subunits named LAMTOR1-5 that is anchored
to the cytosolic face of lysosomes via myristoyl and palmitoyl
groups on LAMTORI (also known as pl18; Teis et al., 2002;
Sancak et al., 2010). Ragulator acts as a guanine nucleotide ex-
change factor for the small GTPases RagA and RagB, which
are part of heterodimeric complexes with RagC and RagD (Bar-

Peled et al., 2012). Nucleotide exchange activates RagA/B,
enabling recruitment of the mammalian target of rapamycin
complex 1 (mTORC1) to the lysosomal membrane (Sancak
et al., 2010; Bar-Peled et al., 2012). mTORC]1 comprises five
subunits: the serine/threonine kinase mTOR and the accessory
proteins RAPTOR, PRAS40, DEPTOR, and mLST8. Another
small GTPase named Rheb functions downstream of growth
factor signaling to activate the kinase activity of mTORCI1
at the lysosomal membrane (Inoki et al., 2003). Lysosome-
associated, activated mTORC1 then promotes protein synthesis
by phosphorylation of the translation regulators S6K and 4E-
BP1 (Burnett et al., 1998), while simultaneously inhibiting auto-
phagy by phosphorylation of ULK1 (Chan et al., 2007). Amino
acid starvation blocks this pathway, leading to the dissociation
of mTORC1 from the lysosomal membrane, with consequent
inhibition of protein synthesis and activation of autophagy.

In addition to the effects on protein synthesis and auto-
phagy, amino acid starvation induces clustering of lysosomes
in the perinuclear area of the cells (Korolchuk et al., 2011;
Jung et al., 2015; Starling et al., 2016). This phenomenon is
thought to enable sequestration of mTORC1 away from growth
factor signaling in the vicinity of the plasma membrane, con-
tributing to mTORCT1 inactivation and autophagy enhancement
(Korolchuk et al., 2011). In addition, clustering of lysosomes
and autophagosomes in the perinuclear area may facilitate
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encounter of lysosomes with autophagosomes, promoting fu-
sion of these organelles and maintenance of autophagic flux
(Korolchuk et al., 2011). The mechanism by which amino acid
starvation causes perinuclear clustering of lysosomes, how-
ever, is poorly understood.

Lysosomes are capable of moving bidirectionally be-
tween the perinuclear and peripheral areas of the cytoplasm
along microtubule tracks (Matteoni and Kreis, 1987; Pu et al.,
2016; Bonifacino and Neefjes, 2017). Microtubule motors of
the dynein and kinesin families are responsible for driving ret-
rograde and anterograde transport of lysosomes, respectively
(Hollenbeck and Swanson, 1990; Harada et al., 1998). Coupling
of lysosomes to dynein depends on the small GTPase Rab7, the
Rab7 effector RILP, and the dynein activator dynactin (Canta-
lupo et al., 2001; Jordens et al., 2001). On the other hand, the
multi-subunit BLOC-1-related complex (BORC) and another
small GTPase, ArlS8, link lysosomes to the kinesin-1 KIF5 and
kinesin-3 KIF1 proteins (Dumont et al., 2010; Rosa-Ferreira
and Munro, 2011; Pu et al., 2015; Guardia et al., 2016; Farias et
al., 2017). BORC comprises eight subunits named BLOS1 (also
known as BORCS1 and BLOC1S1), BLOS2 (BORCS2 and
BLOCI1S2), snapin (BORCS3), KXD1 (BORCS4), myrlysin
(LOH12CR1 and BORCSS), lyspersin (C170rf59 and BOR
CS6), diaskedin (C10orf32 and BORCS7), and MEF2BNB
(BORCSS; Pu et al., 2015). BORC is attached to the cytosolic
side of the lysosomal membrane in part through an N-terminal
myristoyl group in myrlysin and functions to recruit Arl8 from
the cytosol to the lysosomal surface (Pu et al., 2015; Guardia et
al., 2016). Interference with these opposing mechanisms results
in lysosome clustering at the peripheral or perinuclear areas of
the cell, respectively.

Juxtanuclear clustering of lysosomes in response to amino
acid and serum withdrawal has been shown to depend on teth-
ering of lysosomes to the Golgi complex by formation of a fol-
liculin-RILP-Rab4 complex (Starling et al., 2016). A similar
clustering upon serum removal was also shown to depend on
activation of a PI(3,5)P,-TRPML1-ALG-2-dynein complex (Li
et al., 2016). We hypothesized that inhibition of kinesin-depen-
dent transport toward the cell periphery could additionally or al-
ternatively contribute to lysosome clustering in nutrient-starved
cells. A clue to such a mechanism was provided by our original
affinity purification and mass spectrometry (MS) analyses that
led to the discovery of BORC (Pu et al., 2015). Using BLOS2
as bait, we observed coisolation of not only the other seven sub-
units of BORC, but also the five subunits of Ragulator (Pu et al.,
2015). Conversely, in studies by other groups, affinity purifica-
tion with Ragulator subunits resulted in the coisolation of one
or more BORC subunits (Jung et al., 2015; Schweitzer et al.,
2015). The significance of the BORC—-Ragulator copurification,
however, was not examined in those studies.

Here we demonstrate that BORC interacts with Ragu-
lator through direct binding of lyspersin to LAMTOR?2. This
binding involves the predicted domain of unknown function
2365 (DUF2365) in lyspersin and a hydrophobic site on LAM
TOR2. We show that DUF2365 comprises two conserved el-
ements (CEs): an N-terminal element (CE1) that mediates
interaction with LAMTOR?2 and a C-terminal element (CE2)
that mediates assembly into BORC. Genetic knockout (KO)
and knockdown (KD) experiments reveal an epistatic rela-
tionship in which Ragulator opposes the function of BORC
to promote lysosome dispersal. These interactions are key to
changes in lysosome positioning that occur during amino acid

starvation. Indeed, silencing of BORC or Ragulator shifts the
distribution of lysosomes toward the perinuclear or peripheral
regions of the cell, respectively, in both cases making lysosome
positioning unresponsive to amino acid starvation. Moreover,
amino acid starvation enhances the interaction of BORC with
Ragulator. Remarkably, the negative regulation of BORC by
Ragulator is independent of mTORCI activity. These findings
thus demonstrate that amino acid availability controls lyso-
some positioning through Ragulator-dependent, but mTORCI1-
independent, modulation of BORC.

BORC and BLOC-1 are structurally related multi-subunit com-
plexes composed of three shared subunits (BLOS1, BLOS2,
and snapin) and five complex-specific subunits (Starcevic and
Dell’ Angelica, 2004; Pu et al., 2015). Despite their structural
similarities, BORC regulates lysosome positioning and mo-
tility (Pu et al., 2015; Guardia et al., 2016), whereas BLOC-1
participates in the biogenesis of lysosome-related organelles
(Falcén-Pérez et al., 2002; Moriyama and Bonifacino, 2002).
Previous tandem affinity purification (TAP) and MS anal-
yses in HeLa cells aimed at identifying proteins that interact
with human BLOS2 showed that this protein coisolated with
all the other subunits of BORC and BLOC-1 (Pu et al., 2015;
Fig. 1 A). Additionally, we noticed the coisolation of the five
subunits of the Ragulator complex, LAMTORI1-5, albeit with
lower total peptide count (Pu et al., 2015; Fig. 1 A). To assess
whether the copurification of Ragulator was caused by inter-
action with BORC, BLOC-1, or both, we performed further
TAP-MS experiments using the BORC-specific subunit lysper-
sin in H4 cells and BLOC1-specific subunit pallidin in HeLa
cells as baits. We found that the five Ragulator subunits copu-
rified with lyspersin but not pallidin (Fig. 1 A and Tables S1,
S2, and S3). These differential interactions were confirmed by
immunoprecipitation-immunoblotting experiments in which
tagged forms of BLOS2, lyspersin, and myrlysin, but not pal-
lidin, coprecipitated with endogenous LAMTOR4 (Fig. 1 B).
Reciprocally, tagged LAMTORI coprecipitated with endoge-
nous myrlysin (Fig. 1 B). Yeast two-hybrid (Y2H) analyses for
pairwise interactions between all BORC and Ragulator subunits
revealed strong binding of lyspersin to LAMTOR?2 and weaker
binding of BLOS1 to LAMTORI1 (Fig. 1 C). From these exper-
iments, we concluded that BORC, but not BLOC-1, interacts
with Ragulator, mainly through binding of lyspersin to LAM
TOR2. Immunofluorescence microscopy of WT HeLa cells
transiently expressing GFP-lyspersin showed colocalization
of this protein with LAMTOR4 and the lysosomal membrane
protein LAMP1 (Fig. 1 D), consistent with BORC-Ragulator
interactions occurring on lysosomes.

The 357-aa human lyspersin is the largest of the BORC subunits
(Pu et al., 2015). It has an N-terminal unstructured region and
a C-terminal structured DUF2365 (Fig. 2, A and B). Secondary
structure and phylogenetic conservation analyses indicate that
DUF2365 comprises two elements: a short CE1 having -sheet
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Figure 1. BORC interacts with Ragulator on lysosomes. (A) Proteins that interact with BLOS2 (subunit of both BORC and BLOC-1), lyspersin (subunit of
BORC), and pallidin (subunit of BLOC-1) tagged with One-STrEP-FLAG (OSF) or FLAG-One-STrEP (FOS) were identified by TAP-MS. Two independent
analyses were performed for OSF-BLOS2 and OSF-lyspersin. Total peptide numbers of the coisolated proteins are shown. (B) OSF- or FOS-tagged BLOS2,
lyspersin, pallidin, or LAMTOR1 were expressed by stable transfection in WT Hela cells, and FOS+tagged myrlysin was expressed by stable transfection in
myrlysin-KO Hela cells. Cells were extracted with detergent-containing buffer and subjected to pull-down with Strep-Tactin beads followed by SDS-PAGE.
Endogenous myrlysin and LAMTOR4, and the FLAG epitope, were detected by immunoblotting (IB). The positions of molecular mass markers (in kilodal-
tons) are indicated on the left. (C) Y2H analysis was performed by cotransforming yeast with plasmids encoding BORC subunits fused to the Gal4 binding
domain (BD; top) and Ragulator subunits fused to the Gal4 activation domain (AD; left). In this and subsequent Y2H experiments, yeast transformants were
grown on —His (top) or +His (bottom) plates. SVA0 T antigen and p53 were used as controls. (D) GFP-lyspersin was transiently expressed by transfection
in WT Hela cells, and lysosomes were visualized by immunostaining with antibodies to endogenous LAMP1 and LAMTORA4. Bar, 5 pm. Magnifications of
the boxed area are shown in the bottom row. Bar, 11 pm.

Ragulator is a negative regulator of BORC
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and a-helix structure and a longer CE2 structured as one or
two a-helices (Fig. 2, A and B). The lengths of the N-terminal
unstructured region and the intervening segment between CE1
and CE2 vary among lyspersin orthologues from different ani-
mal species (Fig. 2 B).

To identify the regions of human lyspersin that interact
with BORC and Ragulator, we expressed different truncation
mutants of GFP-lyspersin in lyspersin-KO HeLa cells and ex-
amined their ability to coprecipitate the endogenous myrlysin
subunit of BORC and the LAMTOR1 and LAMTOR4 subunits
of Ragulator. We observed that both BORC and Ragulator sub-
units coprecipitated with the C-terminal segment comprising
DUF2365 (residues 190-357), but not the N-terminal unstruc-
tured segment (1-189; Fig. 2 C). Interestingly, mutation of the
phylogenetically conserved L221 residue in CE1 (Fig. 2 B;
Fig. S1) did not affect coprecipitation of myrlysin but com-
pletely abrogated coprecipitation of LAMTORI and LAM
TOR4 (Fig. 2 C). In contrast, combined mutation of the con-
served L349 and L352 residues in CE2 (Fig. 2 B; Fig. S1)
abolished coprecipitation of myrlysin, but not LAMTORI
and LAMTORA4 (Fig. 2 C).

To further dissect the determinants of lyspersin interaction
with BORC and Ragulator subunits, we performed Y2H analy-
ses. We observed that lyspersin interacted with itself, as well as
with snapin, BLOS1, BLOS2, and KXD1, via the 256-357 seg-
ment corresponding to CE2 (Fig. 2 D). In contrast, interaction
with LAMTOR?2 involved the 190-255 segment encompassing
CEl (Fig. 2 E). In line with these results, combined mutation of
the conserved L349 and L352 in CE2 specifically reduced inter-
action of lyspersin with itself and KXD1, whereas single muta-
tions of F216 or L221 in CE1 specifically prevented interaction
with LAMTOR?2 (Fig. 2 E). Collectively, the results of the co-
precipitation and Y2H analyses demonstrated that lyspersin as-
sembles into the BORC complex via interaction of the DUF2365
CE2 region with lyspersin itself and with KXD1, whereas the
DUF2365 CEl region mediates interaction with LAMTOR?2.

Next, we sought to identify structural determinants in
LAMTOR?2 that are involved in the interaction with lyspersin.
The crystal structure of a LAMTOR2-LAMTOR3 (also known
as p14/MP1) subcomplex shows that each subunit consists of a
single roadblock/longin domain (Kurzbauer et al., 2004; Lunin
et al., 2004; Fig. 2 F). Analysis of surface hydrophobicity po-
tential predicted the presence of a hydrophobic patch on a face
of LAMTOR? distal to LAMTOR3 (Fig. 2 F). Y2H analyses
showed that single or double substitutions of several hydropho-
bic residues at this site (L7, L11, V19, L24, L32, V86, L89,
V112, and L115) by alanine abolished interaction with lysper-
sin but not LAMTOR3 (Fig. 2 G). Conservative substitution of
some of these residues by other hydrophobic residues decreased
but did not abolish binding to lyspersin, and substitution of hy-
drophilic residues in this region by alanine either had no effect
(Q9, Q109, and Q113) or partially decreased binding (N88;
Fig. 2 G). These results indicated that the hydrophobic site
on LAMTOR?2 likely mediates interaction with the DUF2365
CEl1 region of lyspersin.

In WT HeLa cells, lysosomes are distributed throughout
the cytoplasm, as observed by labeling for transgenic Arl8b-
mCherry and endogenous LAMTOR4 (Fig. 3 A). In contrast,

in lyspersin-KO cells, Arl8b-mCherry exhibited a more diffuse,
cytosolic distribution, and lysosomes stained for LAMTOR4
were clustered in the perinuclear area (Fig. 3 B). This pheno-
type was similar to that previously described for myrlysin-KO
(Pu et al., 2015) and diaskedin-KO cells (Guardia et al., 2016)
and reflected the role of BORC in recruitment of Arl8 to lyso-
somes and lysosome movement toward the cell periphery. This
experiment also demonstrated that Ragulator does not require
BORC for association with lysosomes (Fig. 3 B). To assess
the functional importance of the interactions of lyspersin with
Ragulator and BORC, we rescued lyspersin-KO cells with WT
and mutant GFP-lyspersin constructs. Full-length GFP-lysper-
sin expressed in lyspersin-KO cells localized to lysosomes and
promoted Arl8b-mCherry recruitment and lysosome dispersal
(Fig. 3 C). In contrast, GFP-lyspersin-1-189, corresponding
to the N-terminal unstructured region that cannot interact with
Ragulator and BORC (Fig. 2), did not associate with lysosomes
or rescue Arl8b-mCherry recruitment and lysosome dispersal
(Fig. 3 D). The effects of GFP-lyspersin-190-357, comprising
the entire DUF2365 domain (Fig. 2), were indistinguishable
from those of full-length lyspersin (Fig. 3 E), indicating that
this is the functional part of the protein. Mutation of the CE1
L221 residue in GFP-lyspersin-190-357, involved in interaction
with LAMTOR? (Fig. 2), prevented the ability of this construct
to be recruited to lysosomes but still rescued Arl8b-mCherry
recruitment and lysosome dispersal (Fig. 3 F). Finally, com-
bined mutation of CE2 residues L.349 and 1352 in GFP-lysper-
sin-190-357, involved in assembly into BORC (Fig. 2), resulted
in a construct that partially rescued Arl8b-mCherry recruitment
to lysosomes but did not rescue lysosome dispersal (Fig. 3 G).
We concluded that interaction of lyspersin with Ragulator is
required for recruitment of transgenic lyspersin to lysosomes,
but not for Arl8b-mCherry recruitment and lysosome dispersal.
In contrast, assembly of lyspersin into BORC is required for
Arl8b-mCherry recruitment and lysosome dispersal, but not for
recruitment of transgenic lyspersin to lysosomes.

If the interaction of lyspersin with Ragulator is not required for
Arl8b recruitment and lysosome dispersal, what is the function
of this interaction? Because Ragulator is involved in activa-
tion of mMTORCT at the lysosomal membrane, we examined the
effect of knocking out BORC subunits on mTORC1 activity.
We observed that KO of the lyspersin, myrlysin, diaskedin, or
MEF2BNB subunits of BORC had no effect on mTORCI1 ac-
tivity, as determined by immunoblotting for the phosphorylated
forms of the S6K, 4EBP, and ULK1 substrates (Fig. 4 A). This
experiment demonstrated that BORC, and therefore lysosome
positioning, did not affect basal mMTORCI activity under the
conditions of our experiments. We next addressed the converse
possibility that Ragulator modulated the function of BORC in
lysosome dispersal. We found that LAMTOR1 KD did not af-
fect the levels of endogenous BORC subunits or their associa-
tion with membranes (Fig. 4 B). However, immunofluorescence
microscopy showed that LAMTORI1 KD did prevent associa-
tion of transgenic myc-lyspersin with lysosomes (Fig. 4, C and
D). The latter result agreed with the cytosolic localization of
the GFP-lyspersin-190-357-L221A mutant (Fig. 3 F), which is
unable to interact with Ragulator (Fig. 2). The apparent discrep-
ancy in the requirement of Ragulator for lysosome recruitment
of transgenic lyspersin (Fig. 3 Fand Fig. 4 D) but notendogenous
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of the domain organization of lyspersin in different species. DUF2365 comprises two predicted folded segments designated CE1 and CE2. Key residues
in CE1 and CE2 and amino acid numbers in the human protein are indicated. H. sapiens, Homo sapiens; X. tropicalis, Xenopus tropicalis; D. rerio, Danio
rerio; C. elegans, Caenorhabditis elegans; D. melanogaster, Drosophila melanogaster. (C) GFP or GFP+tagged fulllength, truncated, or mutated lyspersin
(Lysp) were expressed by transfection into lyspersin-KO Hela cells. Cells were exiracted in detergent and subjected to immunoprecipitation with GFP-Trap
beads. Endogenous myrlysin, LAMTOR1, LAMTORA4, and transgenic GFP were defected by immunoblotting (IB). The positions of molecular mass markers
(in kilodaltons) are indicated. Arrows indicate the undegraded GFP-fusion proteins. (D and E) Y2H analysis of the interaction of lyspersin constructs fused
to Gal4-BD (left) and BORC or Ragulator subunits fused to Gal4-AD (top). “, lyspersin. (F) Structural models generated with UCSF chimera (Pettersen et al.,
2004) showing a potential lyspersin-binding site on the reported structure of LAMTOR2-LAMTORS3 (PDB code: 1VET [Kurzbauer et al., 2004)). (Left) Ribbon
diagram showing amino acid residues at the potential binding site. (Right) Hydrophobicity surface representation highlights the hydrophobicity of the
potential binding site (red patch at the top). Blue for the hydrophilic, to white, and to red for the hydrophobic residues. (G) Y2H analysis of the interaction
of lyspersin or LAMTORS fused to Gal4-BD (left) and LAMTOR2 or LAMTOR2 mutants fused to Gal4-AD (top).

Ragulator is a negative regulator of BORC « Fu et al.
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Figure 3. The DUF2365 domain mediates lyspersin recruitment to lysosomes via CE1 and Arl8b recruitment to lysosomes and lysosome dispersal via
CE2. (A-G) The full-length or mutant GFP-lyspersin constructs indicated in the figure (see Fig. 2 B for scheme) were transiently expressed together with
Arl8b-mCherry by transfection into lyspersin-KO Hela cells. Fixed cells were immunostained with antibodies to GFP, mCherry, and LAMTOR4. WT (A) or
lyspersin-KO (B) Hela cells expressing Arl8b-mCherry were analyzed similarly as controls. Bar, 10 pm. Arrows point to lysosomes accumulated at periph-
eral sites. Pearson’s coefficients for the colocalization of GFP-lyspersin variants with Arl8b-mCherry are indicated in the merge images. Graphs on the right
represent the distribution of lysosomes relative to the MTOC, normalized to the longest distance between the MTOC and the cell periphery. Values are
the mean = SD from 20 cells per condition. Note that overexpression of Arl8b-mCherry causes lysosomes to be more dispersed than in untransfected cells

(Rosa-Ferreira and Munro, 2011; Pu et al., 2015).

BORC (Fig. 4 B) can be explained by the fact that Ragulator
is more abundant than BORC (~600,000 vs. ~100,000 copies
per cell, respectively; Itzhak et al., 2016), and overexpressed
lyspersin can therefore bind to Ragulator independently of the
other BORC subunits. Importantly, LAMTOR1 KD shifted the

distribution of lysosomes toward the cell periphery (Fig. 4,
compare E and F), the opposite of lyspersin KO (Fig. 4 G).
LAMTOR?2 KO had a similar effect (Fig. S2). In contrast, LAM
TOR1 KD did not cause lysosome dispersal in lyspersin-KO
cells (Fig. 4 H), with the cells exhibiting the same perinuclear
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Figure 4. Ragulator inhibits BORC-mediated lysosome dispersal. (A) WT, lyspersin-KO, myrlysin-KO, diaskedin-KO, or MEF2BNB-KO Hela cells cultured
in regular medium were analyzed by SDS-PAGE and immunoblotting (IB) for phosphorylation (p) of the mTORC1 substrates S6K, 4E-BP1, and ULK1.
(B) WT Hela cells were transfected with nontargeting (control) and LAMTOR1 siRNAs and disrupted without detergent. Cytosolic and membrane fractions
were separated by centrifugation of PNS for 1 h at 100,000 g and analyzed by SDS-PAGE and IB for the proteins indicated in the figure. In A and B,
the positions of molecular mass markers (in kilodaltons) are indicated on the left. (C-H) shRNA- or siRNA-mediated KD was performed in WT Hela or
lyspersin-KO cells, as indicated in the figure. Nontargeting shRNA or siRNA were used as controls. The distribution of lysosomes and the expression and
localization of Ragulator were visualized by immunostaining with antibodies to LAMP1 and LAMTOR4, respectively. Myc-lyspersin was detected by immu-
nostaining for the myc epitope. Bar, 10 pm. (I} Lysosome distribution was quantified in the cells indicated in the figure (n = 13 cells from three independent
experiments) using Imaris software. The distance between lysosomes and the MTOC was normalized to the longest distance between the cell periphery
and the MTOC. Values are the mean + SD. LAMTOR1 KD versus control KD, *, P < 0.05; **, P < 0.01; ***, P < 0.001; lyspersin KO or LAMTOR1 KD
versus lyspersin KO, ###, P < 0.001 (Student's # test).

clustering of lysosomes as lyspersin-KO cells. Quantification
of the cytoplasmic distribution of lysosomes confirmed these

results (Fig. 4 ). These observations are consistent with Ragu- In general, only a fraction of the lysosomal population is mo-
lator functioning upstream of BORC to inhibit lysosome move- tile, and the rest is stationary (Jongsma et al., 2016). Live-cell
ment toward the cell periphery. imaging of lysosomes loaded for 6 h with dextran—Alexa Fluor

Ragulator is a negative regulator of BORC
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555 and chased overnight (Fig. 5 A and Videos 1, 2, and 3)
showed that in WT HeLa cells, the percentage of moving lyso-
somes was 52.4 + 6.1% (Fig. 5 B). Of these, 47.7 + 3.9% and
52.3 + 3.9% moved in anterograde and retrograde directions,
respectively (Fig. 5 B). LAMTORI1 KD increased the overall
percentage of moving lysosomes to 76.2 + 4.4% (Fig. 5 B),
with anterograde lysosomes increasing to 57.0 + 4.1% and
retrograde lysosomes decreasing to 43.0 + 4.1% (Fig. 5 B). In
contrast, lyspersin KO decreased the percentage of lysosomes
that underwent long-range movement to 5.5 + 0.4%, with 44.2
+ 5.5% and 55.8 = 5.5% of these moving in anterograde and
retrograde directions, respectively (Fig. 5 B). The velocities of
movement of anterograde and retrograde lysosomes were not
significantly altered by LAMTOR1 KD or lyspersin KO (all
in the range of 0.39-0.43 um/s). These experiments are con-
sistent with Ragulator acting to decrease the number, but not
the velocity, of moving lysosomes. Together with the findings
described in the previous sections, these experiments indicated
that Ragulator inhibits the function of BORC in promoting
lysosome movement toward the cell periphery.

Next, we tested whether the ability of Ragulator to control ly-
sosome positioning was dependent on its role as an mTORCI1
regulator. We observed that KD of either LAMTORI1 or
RAPTOR (the key scaffold of the mTORC1 complex) in-
hibited mTORC1 activity (Fig. 6 A) and dissociated mTOR
from lysosomes (Fig. 6 B). However, whereas LAMTORI1

Lyspsiisi KO Figure 5. Ragulator KD increases antero-

grade lysosome fransport. (A) Control-KD,
LAMTOR1KD, or lyspersinKO cells were
allowed to internalize dextran-Alexa Fluor
555 for 6 h at 37°C, chased overnight, and
analyzed by live-cell imaging. Images are the
first frames from Videos 1, 2, and 3. Bottom
panels are magnified views of the boxed
areas. Anterograde and retrograde trajecto-
ries are represented by red and green lines,
respectively. Bars, 5 pm. (B) Long-range lyso-
some movement was fracked and quantified
with Image] from control-KD, LAMTOR1KD, or
lyspersin-KO cells (five cells from five indepen-
dent experiments). Values are the mean + SD.
*, P < 0.05; n.s., not significant (Student's t
test); #, P < 0.05; #, P < 0.01 (ANOVA). In
addition to changes in lysosome positioning
and mofility, we noticed that LAMTOR1T KD
increased the number of lysosomes, probably
because of enhanced lysosome biogenesis
induced by mTORC1 inactivation and conse-
quent TFEB activation and nuclear transloca-
tion (Settembre et al., 2012).

KD shifted lysosomes toward the cell periphery (Fig. 4 F and
Fig. 6, B and C), RAPTOR KD had no effect on lysosome
distribution (Fig. 6, B and C). We also tested the effects of sev-
eral mTORCI] inhibitors, including PP242, rapamycin, KU-
0063794, and Torinl. We found that these compounds were
effective at inhibiting mTORC1 (Fig. 6 D), but did not affect
lysosome positioning (Fig. 6, E and F). From these experi-
ments, we concluded that lysosome positioning is dependent
on Ragulator but not mTORC1. Ragulator is therefore likely
to exert its negative regulatory effect on lysosome dispersal
positioning directly through its interaction with BORC.

Next, we addressed the question of whether the physical
and functional interactions of BORC with Ragulator were
involved in the regulation of lysosome positioning during
nutrient starvation. In agreement with previous studies
(Korolchuk et al., 2011; Jung et al., 2015; Starling et al.,
2016), we observed that incubation of WT HeLa cells in
amino acid—free medium or amino acid— and serum-free me-
dium (HBSS), caused juxtanuclear clustering of lysosomes,
as detected by staining of fixed cells for endogenous LAMP1
and LAMTOR4 (Fig. 7 A). In contrast, in lyspersin-KO cells,
lysosomes were already clustered in the juxtanuclear region
before nutrient starvation and remained clustered after re-
moval of the nutrients (Fig. 7 A). In LAMTOR1 KD cells,
lysosomes were more disperse than in WT cells in nutri-
ent-replete conditions, and this dispersal was only modestly
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Figure 6. Ragulator regulates lysosome positioning independently of mTORC1. (A) Hela cells stably transfected with nontargeting (control), LAMTORT, or
RAPTOR shRNAs and cultured in regular medium were analyzed by SDS-PAGE and immunoblotting for phosphorylation (p) of the mTORC1 substrate S6K
and levels of LAMTOR1, LAMTOR2, and RAPTOR. The positions of molecular mass markers (in kilodaltons) are indicated on the left. (B) mTOR localization
and lysosome distribution in the cells in A was visualized by immunostaining with antibodies to mTOR and LAMP1. Bar, 10 pm. (C) Lysosome distribution
in the cells in B (15 cells from three independent experiments for each cell line) was quantified by measuring lysosome-to-MTOC distance using Imaris
software and shown as box-and-whisker plots. The ends of whiskers represent the minima and maxima of the data. ****, P < 0.0001; n.s., not significant
(ANOVA). (D) Hela cells were treated with the mTOR inhibitors PP242 (200 nM), rapamycin (2 pM), KU-0063794 (1 pM), or Torin1 (200 nM) or with
DMSO (control), for different times at 37°C, and phosphorylation of the indicated mTORC1 substrates was analyzed by SDS-PAGE and immunoblotting.
The positions of molecular mass markers (in kilodaltons) are indicated on the left. (E) Hela cells were treated with mTOR inhibitors for 2 h at 37°C as in
D and immunostained for LAMP1. Bar, 10 pm. (F) Quantification of lysosome distribution from 20 cells in three independent experiments such as that in E
using Imaris. Data are shown as box-and-whisker plots with minimum and maximum range. n.s., not significant (ANOVA).

reversed after 60 min of nutrient starvation (Fig. 7 A). Similar To determine whether the BORC—Ragulator interaction
observations were made by live-cell imaging of WT, lysper- was affected by nutrient starvation, we expressed myrlysin-
sin-KO, and LAMTOR1-KD cells, in which changes in the GFP in myrlysin-KO HeLa cells and analyzed the coprecipi-
distribution of lysosomes loaded with dextran—Alexa Fluor tation of this protein with endogenous LAMTOR?2 at different
555 during amino acid depletion could be visualized in the times after withdrawal of amino acids or amino acids and
same cell (Fig. 7 B). Therefore, both BORC and Ragulator serum (Fig. 7 C). We found that both starvation regimens in-
are required for changes in lysosome positioning observed creased the coprecipitation of myrlysin-GFP with LAMTOR?2
during nutrient starvation. (Fig. 7 C). Additional experiments showed that amino acid

Ragulator is a negative regulator of BORC
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Figure 7. BORC-Ragulator interactions control lysosome positioning during nutrient starvation. (A) WT Hela cells transfected with control shRNA or
LAMTOR1 shRNA and lyspersin-KO cells were incubated in medium without amino acids, or without amino acids and serum (HBSS), for the indicated times.
Cells were immunostained with antibodies to LAMTOR4 and LAMP1. Bar, 10 pm. (B) Cells as in A were allowed to internalize dextran-Alexa Fluor 555
for 6 h at 37°C and chased overnight. Cells were placed in amino acid-depleted medium and imaged live. Each row shows images of the same cell at
different times of amino acid starvation. Bar, 10 pm. The distance between lysosomes and the MTOC in controlKD (15 cells from four independent exper-
iments), LAMTOR1-KD (18 cells from four independent experiments), and lyspersin-KO cells (15 cells from three independent experiments) was quantified
using Imaris, and the mean + SD at each time point was normalized to the mean distance at time 0. ****, P < 0.0001; n.s., not significant (ANOVA).
(C) Myrlysin-KO Hela cells stably expressing myrlysin-GFP were incubated in medium lacking amino acids or amino acids and serum. Cells were then sub-
jected to immunoprecipitation (IP) with GFP-Trap beads, followed by immunoblotting (IB) with antibodies to LAMTOR2 and GFP. The positions of molecular
mass markers (in kilodaltons) are indicated on the left. Bar graphs show the ratios of LAMTOR2 to myrlysin-GFP quantified by densitometry. Values are the
mean = SD from three independent experiments. *, P < 0.05; **, P < 0.01 (ANOVA).
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starvation did not significantly alter Arl8b-GFP coprecipitation
with myrlysin-FOS or Arl8b association with lysosomes (Fig.
S3). Collectively, these observations demonstrated that nutrient
starvation enhances the interaction of Ragulator with BORC
without affecting the recruitment of Arl8b to lysosomes.

Finally, we examined whether the SLC38A9 amino acid
transceptor, previously shown to regulate the ability of Ragu-
lator and the Rag GTPases to recruit mTORCI to the lyso-
somal membrane (Jung et al., 2015; Rebsamen et al., 2015;
Wang et al., 2015), was also required for Ragulator-BORC-
dependent regulation of lysosome positioning. Indeed, we ob-
served that coprecipitation of LAMTOR?2 with myrlysin-GFP
was already elevated in amino acid-replete SLC38A9-KD
cells to levels similar to those in amino acid—depleted con-
trol cells, and these levels did not change upon removal of
amino acids from the medium (Fig. 8 A). Moreover, lyso-
somes exhibited more juxtanuclear clustering in SLC38A9-KD
cells relative to control cells in amino acid-replete medium
(Fig. 8 B), albeit to a lesser extent than in amino acid—depleted
medium. These observations are consistent with SLC38A9
functioning upstream of Ragulator and BORC in the regulation
of lysosome positioning.

Microtubule

The generic kinesin shown in the scheme represents
either KIF1B or KIF5B in complex with the corre-
sponding adaptors (Guardia et al., 2016).

The results presented here indicate that Ragulator directly in-
teracts with BORC, through their respective LAMTOR?2 and
lyspersin subunits, to negatively regulate the function of BORC
in movement of lysosomes toward the peripheral cytoplasm.
Amino acid starvation strengthens this interaction, resulting in
an enhanced negative effect of Ragulator on BORC. This mech-
anism provides an explanation for the juxtanuclear clustering
of lysosomes induced by nutrient depletion. Also importantly,
this effect of Ragulator on BORC is independent of mMTORC1
signaling, supporting the notion that Ragulator plays addi-
tional roles in nutrient signaling that are distinct from its well-
established role in mTORC1 regulation.

The interaction of BORC with Ragulator was initially detected
by affinity purification/MS (Fig. 1 A) and coimmunoprecipita-
tion (Fig. 1 B). Subsequent Y2H analyses revealed a strong in-
teraction of lyspersin with LAMTOR?2 and weak interaction of
BLOS1 with LAMTORI (Fig. 1 C). The interaction with LAM

Ragulator is a negative regulator of BORC
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TOR2 was mediated by DUF2365 at the C terminus of lysper-
sin, which previously had been only predicted by bioinformatic
analyses. We found that lyspersin DUF2365 binds LAMTOR?2
via its CEl subdomain and BORC via its CE2 subdomain
(Fig. 2). The latter interaction is essential for the function of
BORC in Arl8 recruitment to lysosomes and movement of ly-
sosomes toward the cell periphery (Fig. 3). Previous structural
analyses predicted a potential site of protein—protein interac-
tions at the side of LAMTOR2 opposite to that involved in
LAMTOR3 binding (Kurzbauer et al., 2004; Lunin et al., 2004).
Our mutational and Y2H analyses now show that hydrophobic
residues on this site are required for interaction with lyspersin
(Fig. 2, F and G). From these findings, we infer that CEl is a
ligand for the hydrophobic patch on LAMTOR?2, although de-
finitive demonstration of this interaction will require additional
biochemical and structural analyses.

The direct interaction of BORC with Ragulator raised the ques-
tion of who regulates whom. KO or KD of either complex did
not affect the association of the other complex with lysosomes
(Fig. 2 B and Fig. 4, B and G). Moreover, KO of several BORC
subunits did not alter the basal levels of mTORCI1 (Fig. 4 A).
Schweitzer et al. (2015) showed that overexpression of
C170rf59 (lyspersin) inhibited mTORCI activity by disruption
of the interaction of Ragulator with the Rag GTPases. However,
BORC is approximately sixfold less abundant than Ragulator
(Itzhak et al., 2016), so it is unlikely that the effects of lyspersin
overexpression occur under physiological conditions. Thus, at
endogenous levels, BORC does not appear to influence Ragula-
tor function. Instead, our findings show that Ragulator regulates
BORC. Indeed, Ragulator-KD cells (Figs. 4 F, 5 A, and 6 B) or
Ragulator-KO cells (Fig. S2; Teis et al., 2002) exhibit greater
dispersal of lysosomes and a higher percentage of motile ly-
sosomes, particularly in the anterograde direction (Fig. 5 B).
Importantly, the ability of Ragulator KD to scatter lysosomes is
largely dependent on the presence of BORC (Fig. 4 H). These
observations indicate that Ragulator functions upstream of
BORC to inhibit lysosome dispersal. This function of Ragula-
tor likely contributes to changes in lysosome positioning that
occur in response to nutrient availability. Indeed, both Ragula-
tor and BORC are required for these changes (Fig. 7, A and B),
and the Ragulator-BORC interaction is enhanced by depletion
of amino acids or amino acids and serum combined (Fig. 7 C).
These findings are consistent with a mechanism in which nu-
trient depletion causes a change in Ragulator that enhances its
negative regulatory interaction with BORC.

Despite the direct interaction of Ragulator with BORC, it
was still possible that Ragulator could exert additional effects
through its role as an mTORC1 activator. However, we found
that inhibition of mTORCI1 by either KD of its RAPTOR
subunit (Fig. 6, A—C) or incubation with pharmacologic in-
hibitors (Fig. 6, D-F) had no effect on lysosome positioning,
in agreement with previous observations by Korolchuk et al.
(2011). Therefore, the regulation of BORC by Ragulator is in-
dependent of mTORCT1 activity. Sensing of amino acid levels
through Ragulator thus causes separate effects on lysosome
positioning via direct interaction with BORC (this study) and

on mTORCI signaling via activation of RagA/B (Bar-Peled et
al., 2012). These findings add to the notion that Ragulator has
functions besides regulating mTORCI. In fact, the LAMTOR?2
and LAMTOR3 subunits of Ragulator were first recognized as a
scaffold complex for the signal transducing kinases MEK1 and
ERKI (Teis et al., 2002). In addition, Ragulator and the Rags
were shown to regulate lysosomal activity in zebrafish microg-
lia independently of mMTORCI1 (Shen et al., 2016).

The scheme in Fig. 8 C depicts a hypothetical model for the
role of Ragulator and BORC in the regulation of lysosome posi-
tioning. We propose that amino acid levels sensed by SLC38A9
control a switch of Ragulator between two functional states.
Under amino acid-replete conditions, Ragulator frees BORC
to promote coupling of lysosomes to kinesins 1 and 3 for an-
terograde movement toward the cell periphery, while at the
same time activating RagA/B for recruitment and activation
of mTORCI at the lysosomal membrane. Under amino acid-
depleted conditions, on the other hand, Ragulator adopts an
alternative state that directly inhibits BORC, uncoupling lyso-
somes from the kinesins while concomitantly ceasing its acti-
vation of RagA/B and mTORCI. This “yin-yang” mechanism
of Ragulator function thus coordinates lysosome dispersal with
mTORCI activation and juxtanuclear clustering of lysosomes
with mTORCT1 inactivation.

The mechanistic events that follow the direct inhibition
of BORC by Ragulator remain to be elucidated. Inhibition of
BORC does not seem to prevent its interaction with Arl8 or the
recruitment of Arl8 to lysosomes (Fig. S3). It is thus possible
that Ragulator interferes with the interaction of both BORC and
Arl8 with downstream components of the lysosome dispersal
machinery. It is also unclear how the effects of nutrient star-
vation on anterograde transport of lysosomes mediated by the
Ragulator-BORC-Arl8-kinesin axis relate to effects on retro-
grade transport mediated by dynein-dynactin and their regula-
tors (Li et al., 2016; Starling et al., 2016). Lysosome positioning
is also controlled by tethering to the perinuclear endoplasmic
reticulum via the ubiquitin ligase RNF26 (Jongsma et al., 2016).
Future studies will have to address how all of these processes
are coordinated to control spatial-temporal changes in lysosome
positioning in response to nutrient availability.

Plasmids and antibodies
Plasmids and antibodies used in this study are listed in Tables
1 and 2, respectively.

Cell culture, transfection, and RNAi

HeLa, H4, and HEK293T cells were cultured in DMEM supple-
mented with 10% FBS and 25 mM Hepes. MycoZap Plus-CL
(Lonza) was used to prevent mycoplasma contamination. Plasmids
were transfected using Lipofectamine 2000 (Thermo Fisher Sci-
entific). Cells were analyzed 48-72 h after transfection. siRNA
was transfected twice with Oligofectamine (Thermo Fisher Sci-
entific) at 24 and 72 h and analyzed 5-6 d after seeding. Alterna-
tively, siRNA was delivered into cells by electroporation using
Amaxa Nucleofector (Lonza) twice at 24 and 72 h and analyzed
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Table 1. Plasmids used in this study Table 2. Antibodies used in this study
Vector and insert Tag Remarks Antigen Source Catalog number
pEGFP-C2 Actin BD Biosciences 612656
Full-length, truncated, and N-EGFP This study mCherry Thermo Fisher Scientific M11217
mutated human lyspersin p-4E-BP1 (Thr37/46)  Cell Signaling Technology 2855
(C170rf59) 4E-BP1 Cell Signaling Technology 9452
PDONA3T FLAG epitope Sigma-Aldrich F1804
Human myrlysin N-OSF; CFOS  Puetal, 2015 GFP Thermo Fisher Scientific A11122
Human BLOS2 N-OSF Puetal, 2015 GFP-HRP Miltenyi Biotec 130.091-833
Human lyspersin N-OSF; CFOS Puetal., 2015 LAMP1 Developmental Studies H4A3
Human pallidin N-OSF This study Hybridoma Bank
Human LAMTOR1 CFOS This study LAMTOR1 Cell Signaling Technology 8975
pCl-neo LAMTOR2 Cell Signaling Technology 8145
Human lyspersin N-3myc This study LAMTOR4 Cell Signaling Technology 13140
p-mCherry-N1 Myc epitope Santa Cruz Biotechnology sc-40
Human Arl8b C-mCherry This study Myc-HRP Santa Cruz Biotechnology sc-40 HRP
pLKO.5-puro Myrlysin (LOHT12CR1)  Abgent AP5806b
Nontargeting shRNA Sigma-Aldrich RAPTOR Cell Signaling Technology 2280
(SHC216) p-S6K (Thr389) Cell Signaling Technology 9234
Human LAMTOR1 shRNA Sigma-Aldrich (SHC S6K Cell Signaling Technology 2708
LNG-NM_017907, Snapi s fic Svst 148 002
TRCN0000282725) napimn ynapliic Systems
pLKO.1 ULK1 Cell Signaling Technology 8054
Human RAPTOR shRNA Addgene (1858) p-UKI ge:: ?gno:!ng Tec:no:ogy ;42(3)2
pSpCas9(BB)-2A-GFP (PX458) mTOR © | agnaind Tech'“’l"gy o8
Sequence from human EGFP, FLAG Addgene (48138) p-mTOR Cell Signaling Technology 5336
LAMTOR2
pQCXIP
Human SLC38A9 N-EGFP This study
pGBT9 by immunoprecipitation 5 d after seeding. Lentivirus-based shRNA
Human lyspersin This study plasmids (Sigma-Aldrich) were cotransfected with lentivirus-
Human snapin This study packaging plasmids into HEK293T cells. Medium was collected 48
Human MEFZI?NB Thfs study and 72 h after transfection, centrifuged for 3 min at 1,000 g to re-
Human myrlysin This study move debris, aliquoted, and kept at —80°C for further use. HeLa cells
Human BLOS1 This study . . .
H BLOS? Thic srud were infected with virus, and stably transduced cells were selected
uman 's stuy with 2 ug/ml puromycin. Selected cells were reseeded and allowed
Human KXD1 This study - . ..
) . ) to form single clones. After 12 d, KD was tested by immunostaining
Human diaskedin This study . . . L . ..
GADT7 or immunoblotting using antibodies to the target proteins. A simi-
P . . lar protocol was used to generate stably transduced cells expressing
Human lyspersin This study . . . .
H ) . GFP-SLC38A09 using retrovirus. Nontargeting siRNA was from Eu-
uman snapin This study ¢ .
Human MEF2BNB This study rofins. Smart-pool siRNA targeting LAMTOR1 (L-020916-02) and
Human myrlysin This study SLC38A9 (L-007337-02) was purchased from GE Healthcare.
Human BLOS1 This study
Human BLOS2 This study TAP-MS
Human KXD1 This study TAP-MS was performed as previously described (Pu et al., 2015).
Human diaskedin This study In brief, HeLa or H4 cells stably expressing proteins tagged with N-
Human LAMTOR1 This study terminal OSF or C-terminal FOS were extracted with 1% Triton
Human LAMTOR2 and mutants This study X-100, 50 mM Tris-HCI, pH 7.4, 300 mM NaCl, and 5 mM EDTA,
Human LAMTOR3 This study supplemented with proteinase inhibitor cocktail (Roche). After clear-
Human LAMTOR4 This study ing by centrifugation for 15 min at 17,000 g, proteins were sequen-
Human LAMTORS This study tially purified on Strep-Tactin (IBA) and FLAG antibody—coated beads
pGBT9 (Sigma-Aldrich). Beads were washed with 0.2% Triton X-100, 50 mM
Human lyspersin 190255 This study Tris-HCI, pH 7.4, 300 mM NaCl, and 5 mM EDTA, and bound proteins
Human lyspersin 256-357 This study were eluted with 2.5 mM desthiobiotin and 150 ng/ml of 3x FLAG
Human lyspersin 190-357 This study peptide (Sigma-Aldrich), respectively. Proteins were precipitated with
Human lyspersin 190-end F216A This study 10% TCA, washed with acetone, air-dried, and analyzed by liquid
Human lyspersin 190-end L221A This study chromatography (LC)/MS at the Taplin MS facility (Harvard Medical
H”EZ%?’T;;S;’E 190-end This study School, Boston, MA). The results of MS analysis for OSF-BLOS?2 are
! ) . shown in Table S1 from Pu et al. (2015), and those for OSF-lyspersin,
Human lyspersin 256-357 This study | in-FOS. and OSF-Pallidi h in in Tables S1. S2. and
Human lyspersin 209357 This study yspersin-FOS, an -Pallidin are shown in in Tables S1, S2, an

S3 of the current study.
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Y2H analysis

Complementary DNAs encoding full-length, truncated, or mutated
BORC subunits or Ragulator subunits were cloned in-frame into the
Gal4-binding domain (BD) plasmid pGBT9 or the Gal4-activation
domain (AD) plasmid pGADT7. EZ kit (MP Biomedicals) was used
to transform AH109 yeast reporter strain with pGBT9 and pGADT7
constructs. Medium lacking leucine and tryptophan (+His) was used
to select double transformants, and medium lacking leucine, trypto-
phan, and histidine (—His) was used for monitoring the interaction
of the fusion proteins.

Immunoprecipitation

Cells were washed twice with ice-cold PBS and extracted with lysis
buffer containing proteinase inhibitor cocktail. After clearing by cen-
trifugation at 20,000 g at 4°C for 15 min, cell lysates were incubated
with GFP-Trap beads (ChromoTek) for 1 h at 4°C. Bound proteins
were washed twice with lysis buffer and once with PBS, eluted with
2x SDS sample buffer, heated at 95°C for 2 min, and subjected to SDS-
PAGE and immunoblotting.

Cell fractionation

Cells were washed twice with ice-cold PBS, scraped into 0.25 mM su-
crose and 20 mM Tris, pH 7.4, supplemented with proteinase inhibitor
cocktail and disrupted by passage through a 25G needle 30 times. Post-
nuclear supernatant (PNS) was obtained by centrifugation at 1,000 g at
4°C for 2 min and further fractionated by centrifugation at 100,000 g at
4°C for 1 h to separate cytosol and membranes. PBS containing 2% SDS
was used to dissolve the membrane fraction. After adding SDS sample
buffer and heating at 95°C for 2 min, proteins in PNS, cytosol, and total
membranes were analyzed by SDS-PAGE and immunoblotting.

CRISPR/Cas9 KO

We ablated the LAMTOR?2 gene using the CRISPR/Cas9 system (Cong
et al., 2013). In brief, two 20-bp targeting sequences (5'-GGGCGG
CGCGCGGCTCCCTG-3' and 5'-GCTGCTTCCCGTAGTCCCGT-3")
were synthesized (Eurofins) and introduced separately into the px458
plasmid (Addgene). HeLa cells were cotransfected with both plasmids
together with pQCXIP plasmid. Transformants were selected with 2
pg/ml puromycin for 48 h and kept in regular culture medium for an-
other 12 d to allow single colony formation. Genomic DNA was ex-
tracted from individual colonies, and cleavage of the target sequence
was tested by PCR using a pair of primers (5'-CCTCATCGCACAGAA
TTGTG-3" and 5-ATCTTCCGGAGATCCTGTCC-3"), which pro-
duced a smaller band in KO cells relative to WT cells. The KO was
confirmed by Sanger sequencing and immunoblotting. A similar proto-
col was used to knock out the gene encoding lyspersin using the target-
ing sequence 5'-GGAGGAGGAAGACAACGACG-3" and SLC38A9
using 5'-GGCTCAAACTGGATATTCATAGG-3’, as reported before
(Wang et al., 2015). Other HeLa-KO cells were generated similarly as
described previously (Pu et al., 2015; Guardia et al., 2016; Jia et al.,
2017). The targeting sequences are as follows: myrlysin, 5'-GCTCAA
CAGCATGCTGCCCG-3" and 5'-AGCAGATCCAGAAAGTGAAC-
3’; diaskedin, 5'-CCAGAGTCTCAAGCGCGGTT-3" and 5'-TCTCCC
GGCCTGATAGTCCG-3’; and MEF2BNB, 5'-TTTCCCGGTTCG
CTCGGCCG-3’ and 5'-CTTTAATTACCGGTCCCCCC-3'.

Nutrient starvation

Complete nutrient starvation was performed by washing the cells once
and then incubating for 15 min to 2 h at 37°C in HBSS containing 3 g/
liter NaHCO; and 25 mM Hepes. Amino acid starvation was performed
in HBSS containing 3 g/liter NaHCO; and 25 mM Hepes supplemented
with 10% dialyzed FBS (Thermo Fisher Scientific) and 4.5 g/liter glucose.

Live-cell imaging

Cells were incubated in complete medium containing 100 mg/ml dex-
tran—Alexa Fluor 555 (Thermo Fisher Scientific) for 6 h, reseeded onto
fibronectin-coated Lab-Tek chambers (Thermo Fisher Scientific), and
chased overnight. Live-cell imaging was performed in complete or
amino acid—depleted medium using a Zeiss LSM780 confocal micro-
scope equipped with a Plan-Apochromat 63x/1.4 oil immersion objec-
tive, a spectral detector system (two PMTs, GaAsp 32x array, and a
transmission PMT), and an environmental chamber set at 37°C and 5%
CO, and using Definite Focus. Images were acquired by using soft-
ware ZEN 2012 (Zeiss) and processed by ImageJ (National Institutes
of Health) including brightness adjustment, channel merging, manual
tracking, and conversion of images to movies. The software Imaris
(Bitplane) was used to measure the distance from the lysosome to the
microtubule-organizing center (MTOC).

Statistical methods

Statistical significance was determined by comparing multiple datasets
with different numbers of trials using one-way ANOVA or two data-
sets using Student’s ¢ test with unequal variance. Probability values and
number of trials are given in the figure captions and legends where
appropriate. All graphs show the mean + SD.

Online supplemental material

Fig. S1 shows conserved structural elements of the lyspersin DUF2365;
Fig. S2 shows how LAMTOR?2 KO redistributes lysosomes toward the
cell periphery; and Fig. S3 shows the association of Arl8b with lyso-
somes during amino acid depletion. Tables S1, S2, and S3 show MS
data from affinity purifications using OSF-lyspersin, lyspersin-FOS,
and OSF-pallidin as bait. Videos show lysosome movement in control
(Video 1), LAMTORI1-KD (Video 2), and lyspersin-KO (Video 3) cells.
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