Weak membrane interactions allow Rheb to
activate mTORC1 signaling without major
lysosome enrichment
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ABSTRACT Stable localization of the Rheb GTPase to lysosomes is thought to be required
for activation of mTOR complex 1 (mTORC1) signaling. However, the lysosome targeting
mechanisms for Rheb remain unclear. We therefore investigated the relationship between
Rheb subcellular localization and mTORC1 activation. Surprisingly, we found that Rheb was
undetectable at lysosomes. Nonetheless, functional assays in knockout human cells revealed
that farnesylation of the C-terminal CaaX motif on Rheb was essential for Rheb-dependent
mTORC1 activation. Although farnesylated Rheb exhibited partial endoplasmic reticulum
(ER) localization, constitutively targeting Rheb to ER membranes did not support mTORC1
activation. Further systematic analysis of Rheb lipidation revealed that weak, nonselective,
membrane interactions support Rheb-dependent mTORC1 activation without the need for a
specific lysosome targeting motif. Collectively, these results argue against stable interactions
of Rheb with lysosomes and instead that transient membrane interactions optimally allow
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Rheb to activate mTORC1 signaling.

INTRODUCTION

The mTOR complex 1 (mTORC1) signaling pathway plays a major
role in matching cell growth and metabolism to ongoing changes in
environmental conditions. Multiple signals converge on the surface
of lysosomes to regulate the activity of the Rag and Rheb small
GTPases that recruit and activate mTORC1, respectively. This has
led to a widely accepted two-step model for mTORC1 activation
wherein Rags recruit mTORC1 to lysosomes followed by Rheb-
dependent activation of mTORC1 kinase activity (Supplemental
Figure S1A) (Sancak et al., 2008; Ferguson, 2015; Ben-Sahra and
Manning, 2017; Saxton and Sabatini, 2017). However, even though
farnesylation at its C-terminus has been widely accepted as a means
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of localizing Rheb to lysosomes, there is only limited direct support
for significant enrichment of Rheb on lysosomes (Sancak et al.,
2008, 2010; Menon et al., 2014). Furthermore, as a farnesyl group is
only expected to confer transient membrane interactions without
selectivity for binding to lysosomes over other organelles (Silvius
and I'Heureux, 1994; Silvius et al., 2006), the underlying mechanism
of lysosome targeting is unexplained.

Adding to the confusion concerning the relationship between
Rheb localization and function, it has also recently been proposed
that Rheb instead resides on either the endoplasmic reticulum (ER)
or the Golgi and activates mTORC1 via contact sites between these
organelles and lysosomes (Hao et al., 2018; Walton et al., 2018).
These observations are paralleled by some older studies that also
reported enrichment of overexpressed Rheb at the ER (Buerger
et al., 2006; Hanker et al., 2010). The conflicting messages in these
studies reveal uncertainty about both where Rheb functions within
cells and how Rheb is targeted to its specific site of action.

To address these questions, we systematically investigated the
relationship between Rheb localization and function in human cells.
Surprisingly, our data indicate that Rheb does not require stable
enrichment on a specific organelle. Instead, weak, nonselective,
membrane interactions are sufficient to support mTORC1 activa-
tion. Collectively these data argue against the requirement for a
stable and highly selective membrane interaction mechanism for
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Rheb is not enriched on lysosomes. (A, B) Rheb and LAMP1 (late endosomes/
lysosomes) immunofluorescence in Hela cells that were transfected with control and Rheb
siRNA, respectively. (C) Comparison of Rheb and LAMP1 colocalization in the insets from A
before and after rotating the LAMP1 image by 90° to estimate the extent to which colocalization
occurs by chance. (D) Quantification of the Pearson’s R value when comparing Rheb vs. LAMP1
in the original and rotated configurations as described in C (n = 3 biological replicates, 15
images quantified per replicate, t test). (E, F) Representative immunofluorescence images of
anti-HA and anti-LAMP1 staining in genome edited 2xHA-Rheb Hela cells and control HelLa
cells, respectively. Scale bars, 10 pm.

lysosomes, we propose that transient mem-
brane interactions are sufficient to satisfy
the need to bring Rheb into proximity with
mTORC1 that has been recruited to lyso-
somes via Rag-dependent mechanisms.

RESULTS AND DISCUSSION

Rheb is not enriched on the surface of
lysosomes

In contrast to the previously reported local-
ization of Rheb to LAMP1-positive lyso-
somes in Hela cells (Menon et al., 2014),
we found that Rheb showed no major
enrichment on such organelles (Figure 1A),
even though we used the same combina-
tion of antibody for Rheb detection and
Rheb small interfering RNA (siRNA) for veri-
fying signal specificity (Figure 1B). This dif-
ference in conclusions arises mainly from
improved resolution of individual lysosomes
which allowed for a more stringent evalua-
tion of colocalization. As Rheb is broadly
found throughout cells, some Rheb inevita-
bly overlaps with the LAMP1 signal. How-
ever, our analysis of the colocalization
between Rheb and LAMP1 revealed that
the degree of overlap between these two
proteins was no greater than chance (Figure
1, C and D). As a control for the efficacy of
the Rheb siRNA, immunoblotting experi-
ments confirmed Rheb depletion following
Rheb siRNA transfection and demonstrated
that mTORC1 signaling was suppressed in
these cells (Supplemental Figure S1, B-D).

To generate an alternative tool for de-
tecting the endogenous Rheb protein, we
used CRISPR-Cas? gene editing to insert a
2xHA epitope tag immediately downstream
of the start codon in the endogenous Rheb
locus in Hela cells (Supplemental Figure ST,
E and F). However, the anti-HA immunofluo-
rescence still did not show enrichment on
lysosomes in these cells (Figure 1, E and F).
Thus, two independent detection methods
were successful in the specific immunofluo-
rescent detection of the Rheb protein
without generating a signal that exhibited
any distinct lysosome enrichment.

As mTOR and many mTORC1 regulatory
proteins exhibit dynamic changes in their
levels at lysosomes in response to acute
changes in amino acid availability (Supple-
mental Figure S1A; Saxton and Sabatini,
2017), we next examined the effect of amino
acid starvation and refeeding on Rheb local-
ization. In contrast to mTOR, which showed
enhanced recruitment to LAMP1-positive
late endosomes and lysosomes in response
to the refeeding of starved cells with amino

optimal Rheb function. Our new data are not completely inconsis- acids (Figure 2, A and B, and Supplemental Figure S2, A and B),
tent with the widely accepted role for Rheb in activating mTORC1 double labeling for mTOR and Rheb revealed that Rheb localization
at lysosomes. However, instead of stable residence of Rheb at  was not responsive to amino acid feeding and failed to coenrich
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Regulated recruitment of mTOR to lysosomes is not accompanied by significant
colocalization with Rheb. (A, B) Immunofluorescence analysis of mTOR and LAMP1 localization in
starved and amino acid refed cells, respectively. (C, D) Immunofluorescence analysis of mTOR
and Rheb localization in starved and amino acid refed cells, respectively. (E) Quantification of the
colocalization observed in experiments related to A-D (n = 3 biological replicates, 15 images
quantified per replicate, one-way analysis of variance (ANOVA) with a Sidak’s multiple
comparisons test). (F) Immunoblot analysis of phospho-S6K and Sé6K levels in starved and amino
acid refed cells. Scale bars, 10 pm.

lysosomes and are surprising given the ex-
pectation that mTORC1 gets recruited to
lysosomes in order to be activated by Rheb.

Live-cell imaging reveals enrichment of
GFP-Rheb at the ER

Preserving Rheb on lysosomes could re-
quire specialized fixation, permeabilization,
and/or antibody incubation conditions.
Furthermore, our immunofluorescence ex-
periments could have missed detecting a
subpopulation of Rheb at lysosomes due to
epitope masking by interacting proteins. To
circumvent such issues, we next examined
the localization of GFP-tagged Rheb ex-
pressed at moderate levels in live Hela cells
and observed a combination of cytosolic
and ER-like localization patterns (Figure
3A). Rheb localization was further investi-
gated in COS-7 cells as they contain a well-
defined peripheral ER network that is highly
suitable for live-cell imaging studies (Figure
3B) (Rowland et al., 2014). In addition to co-
localizing extensively with mRFP-Secé61 (an
ER protein), there was also a diffuse pool of
Rheb in the cytosol (Figure 3C). In contrast,
GFP-Rheb and LAMP1-mCherry (lysosome
marker) had distinct, nonoverlapping, pat-
terns of subcellular distribution. Interest-
ingly, even though Rheb was not enriched
on lysosomes, lysosomes were frequently
adjacent to Rheb-positive ER tubules
(Figure 3D; Supplemental Movie S1).

Knockout (KO) cells reveal redundant
functions for Rheb and RhebL1
To further investigate the relationship be-
tween Rheb subcellular localization and
function, we next generated Rheb KO Hela
cells to use as a platform for measuring the
ability of Rheb targeted to distinct subcellu-
lar locations to rescue mTORC1 signaling
defects. However, these Rheb KO cells main-
tained normal basal and serum-stimulated
levels of mTORC1 signaling (Supplemental
Figure S2C). This result indicated that Rheb
is not absolutely essential for mTORC1 sig-
naling and/or that cells can compensate for
its long-term absence. Consistent with the
possibility of Rheb-independent mecha-
nisms for mTORC1 activation, Rheb KO
mouse fibroblasts were previously reported
to exhibit reduced, but not eliminated, phos-
phorylation of mTORC1 targets (Goorden
et al., 2011; Groenewoud et al., 2013).

We next considered a potential role for
the Rheb-like 1 (RheblL1, also known as
Rheb?2) protein as a way for cells to activate

with lysosomal mTOR puncta (Figure 2, C-E). Nonetheless, we still ~ mTORC1 signaling in the absence of Rheb. Few studies have fo-
observed that mTORC1 signaling was activated in response to this ~ cused on the RhebL1 protein. However, in addition to sharing se-
amino acid refeeding protocol (Figure 2F). These results show a  quence similarity with Rheb, RhebL1 overexpression was previously
dramatic difference in the ability of mTOR and Rheb to localize to  shown to stimulate mTORC1 signaling (Tee et al, 2005). We
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FIGURE 3: GFP-Rheb localizes to the ER and cytosol. (A, B) Spinning disk confocal live-cell
imaging of GFP-Rheb in Hela cells and COS-7 cells, respectively. (C) GFP-Rheb and mRFP-
Sec61B (ER marker) localization in COS-7 cells. (D) GFP-Rheb and LAMP1-mCherry (late
endosomes and lysosomes) localization in COS-7 cells. Scale bars, 10 pm.

therefore used CRISPR-Cas9 genome editing to mutate both the
Rheb and RhebL1 genes in Hela cells. After isolating clonal popula-
tions, we sought to identify cells harboring indels corresponding to
frameshift mutations at the Cas9 target sites in both genes. The clos-
est we came to achieving this goal was a cell line that contained one
copy of Rheb with an in-frame 6-base-pair deletion and frameshift
mutations in the remaining Rheb and RhebL1 alleles (Supplemental
Figure S2D, henceforth referred to as Rhebfdited cells). The absence
of lines with frameshift mutations in all copies of both Rheb and
RhebL1 likely reflects an essential role for Rheb/RhebL1 in support-
ing cell growth. Surprisingly, although Rheb protein levels were un-
detectable in the Rhebfdited cells, basal levels of mTORC1 signaling
were near normal (Figure 4, A and B). To test the possibility that
traces of mutant Rheb protein containing the in frame mutation
were responsible for the persistent mTORC1 signaling in the
RhebEdited cells, we further treated them with Rheb siRNA. This re-
sulted in near complete suppression of basal mMTORC1 signaling as
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assessed by measuring the phosphorylation
state of multiple downstream targets (Figure
4, A and B; Supplemental Figure S2, E and
F). In light of these observations, we will
subsequently refer to the Rhebfited cells
that have been treated with Rheb siRNA as
RhebPerleted, Although mTORC1 activity was
lost in RhebPerleted cells, mTOR still localized
to lysosomes in these cells (Supplemental
Figure S2G). These results are consistent
with the established model wherein
mTORC1 localization to lysosomes is Rag-
dependent. These results furthermore indi-
cate that Rheb and RhebL1 have redundant
functions that are essential for activation of
mTORC1 signaling and provide an explana-
tion for the previous reports of persistent
mTORC1 signaling in Rheb KO mouse em-
bryonic fibroblasts (Goorden et al., 2011;
Groenewoud et al., 2013).

Rheb C-terminal farnesylation is
essential for mTORC1 signaling and
Rheb localization to the ER

Having established that mTORC1 signaling
is eliminated in the RhebPerleted cells, we next
used this new model system to investigate
the subcellular targeting mechanisms that
support Rheb function. mTORC1 signaling
(S6K-T389 phosphorylation) was restored
following expression of either GFP-Rheb or
GFP-RhebL1 in RhebPerleted cells (Figure 4, C
and D). Similar to GFP-Rheb, GFP-Rhebl1
exhibited an ER-like localization pattern
(Figure 4, E and G; Supplemental Figure S3,
A and B). Both Rheb and RhebL1 contain a
C-terminal CaaX motif (cysteine followed by
two aliphatic amino acids and X in the final
position) wherein the cysteine is farnesylated
(Clark et al., 1997). A Rheb mutant that
lacked the CaaX motif was unable to rescue
mTORC1 activity in RhebPePleted cells (Figure
4, C and D) and exhibited a diffuse subcel-
lular distribution (Figure 4F). These results
indicate that Rheb cannot efficiently activate
mTORC1 signaling from the cytosol and that farnesylation-depen-
dent membrane interactions are essential for its function.

Following the cytosolic farnesylation reaction, Rheb is further
processed at the ER by Ras converting enzyme (RCE1) and isopren-
ylcysteine carboxymethyltransferase (ICMT) (Takahashi et al., 2005).
This raised the possibility that the ER-localized pool of Rheb corre-
sponds to newly synthesized Rheb protein that is undergoing these
posttranslational modifications. However, treatment of cells with
cycloheximide to block new protein synthesis and allow any recently
synthesized Rheb to complete its posttranslational processing did
not reduce Rheb abundance at the ER or result in the appearance of
a lysosomal localization pattern (Supplemental Figure S4).

Constitutive ER localization of Rheb does not support
mTORC1 signaling

The prominent membrane contact sites between ER and lysosomes
suggested that ER-localized Rheb might reach across such regions
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FIGURE 4: Development of RhebPerleted cells as a tool for testing relationships between Rheb localization and function.
(A) Immunoblot analysis of Rheb levels and phosphorylation status of mMTORC1 substrates (S6K, ULK1, and 4EBP1) in
Control, Rheb siRNA-treated, RhebEdited (Rheb hypomorph+RhebL1 KO), and RhebPerleted (Rheb hypomorph+RhebL1
KO-+Rheb siRNA) Hela cells. (B) Quantification of phospho-S6K levels under the indicated conditions where phospho-S6K
levels were divided by S6K and normalized to Control (**P < 0.01; ****P < 0.0001; ANOVA with Dunnett’s multiple
comparisons test, n = 4). (C) Immunoblot analysis of phospho-S6K levels in RhebPePleted cells transfected with the
indicated plasmids. (D) Quantification of phospho-S6K levels from C. The phospho-S6K levels were divided by S6K and
GFP values to control for loading and transfection efficiency. Values were normalized to GFP-Rheb. Statistics were
calculated in comparison to the GFP transfection (****P < 0.0001; ANOVA with Dunnett’s multiple comparisons
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of proximity to activate mTORC1 that has been recruited to lyso-
somes via interactions with the Rags. Indeed, such a model was
proposed in another recent study (Walton et al., 2018). To test this
model, we generated a chimeric protein composed of GFP-
Rheb?@X fused to the transmembrane domain of cytochrome B5
(Figure 4H), a well-established ER targeting signal (Honsho et al.,
1998). This chimeric protein localized to the ER (Figure 4l) but did
not stimulate mTORC1 activity in RhebPerleted cells (Figure 4, J and
K) even though we still observed frequent contact between ER and
lysosomes in cells expressing GFP-Rheb-ER (Figure 4L).

Rheb C-terminal farnesylation supports mTORC1 signaling
without any requirement for additional targeting motifs in
the surrounding hypervariable region

As C-terminal farnesylation is essential for the function of Rheb, we
next focused on dissecting the role played by Rheb farnesylation
and the possibility of additional regulation conferred by adjacent
sequences in the Rheb C-terminal hypervariable region. We
focused in particular on the last 15 amino acids of Rheb as this
region was previously reported to act as a lysosome targeting
signal (Sancak et al., 2010) and might thus contain an additional
determinant that cooperates with farnesylation to target Rheb to
lysosomes. As both Rheb and Rhebl1 are capable of supporting
mTORC1 activation (Figure 4), we compared their C-terminal
sequences for additional determinants that might help to target
them to a common subcellular site of action but did not detect any
obvious similarity beyond the C-terminal CaaX motifs (Figure 5A).
In contrast to Rheb and RhebL1 whose ER and cytosolic localiza-
tion are seemingly at odds with their ability to activate mTORC1
on lysosomes, other members of the Ras superfamily such as H-
Ras localize robustly to their major site of action at the plasma
membrane (Hancock et al., 1990; Choy et al., 1999). The plasma
membrane localization of H-Ras depends on C-terminal farnesyl-
ation accompanied by two additional cysteine residues within the
adjacent hypervariable region that are palmitoylated (Figure 5A)
(Hancock et al., 1990; Choy et al., 1999).

To investigate the role of the CaaX motif and its flanking se-
quences in determining the subcellular localization and function of
Rheb, we generated a chimera wherein the Rheb C-terminus was
replaced with the last 20 amino acids from H-Ras (Figure 5, A and
E). This Rheb-H-Ras chimeric protein localized predominantly to
the plasma membrane (Figure 5, B and C) and was less effective
than full-length Rheb at activating mTORC1 signaling (Figure 5, F
and G). Although the predominant localization of H-Ras to the
plasma membrane is seemingly at odds with the ability of the
Rheb-H-Ras chimera to moderately activate mTORC1 signaling,
the H-Ras C-terminus is known to undergo cycles of depalmi-
toylation that allow it to transiently visit intracellular membranes
(Rocks et al., 2005). To test the idea that farnesylation alone is the
key determinant of Rheb localization and function, we generated a
mutant Rheb-H-Ras chimera that lacks the palmitoylated cysteines
in the hypervariable region (Figure 5A). This protein was no longer

enriched at the plasma membrane and had a similar localization
pattern to the wild-type (WT) Rheb (Figure 5, B and D). It also
promoted mTORC1 activity just as well as the WT GFP-Rheb
(Figure 5, E and F). As Rheb, RhebL1 and the palmitoylation-
deficient H-Ras C-terminal regions lack sequence similarity
beyond their CaaX motifs (Figure 5A), these results indicate that
farnesylation, independent from any other major determinants
within the Rheb C-terminus region, is both necessary and sufficient
for the ability of Rheb to interact with membranes and support
mTORC1 signaling.

N-terminal myristoylation can substitute for Rheb C-terminal
farnesylation

Our results challenge expectations that Rheb stably resides at
lysosomes via a specific targeting signal that resides within its C-
terminus. To further test this conclusion, we sought an alternative
method for dynamically targeting Rheb to membranes. For this pur-
pose, we generated a Rheb mutant that lacks the C-terminal CaaX
motif and therefore cannot be farnesylated but instead contains a
myristoylation signal at its N-terminus (Figure 5H). This strategy was
based on the following logic: 1) myristoylation, like farnesylation,
supports only transient membrane interactions; 2) N-terminal
myristoylation was previously shown to be an effective substitute for
C-terminal farnesylation in H-Ras (Cadwallader et al., 1994); and
3) recent phylogenetic analysis identified Rheb genes in some
species that lack C-terminal farnesylation but are predicted to be
myristoylated at their N-termini (Zahonova et al., 2018). Interest-
ingly, although a Rheb mutant that is neither farnesylated nor my-
risotylated failed to promote mTORC1 signaling in RhebPerleted cells,
myristoylated Rheb stimulated S6K phosphorylation (Figure 5, | and
J). The functionality of myristoylated Rheb indicates that a weak,
nonselective membrane interaction is the minimal targeting signal
that is required for Rheb to function. This observation also argues
against the possibility that farnesylation is essential for other aspects
of Rheb function such as its ability to activate mTORC1. This inter-
pretation is further corroborated by in vitro experiments that ruled
out an essential requirement for Rheb farnesylation in mTORC1
activation (Sato et al., 2009). Consistent with a model wherein Rheb
C-terminal farnesylation only supports transient membrane interac-
tions, subcellular fractionation revealed that Rheb was predominantly
found in the cytosolic fraction and only minimally present in the
membrane fraction (Figure 5K).

Dynamic redistribution of Rheb between membranes is regu-
lated by its interaction with PDES (Ismail et al., 2011; Kovacevic
et al., 2018). The binding of farmesylated proteins to PDES can be
blocked by drugs such as deltarasin that compete for binding to the
hydrophobic cavity of PDES (Zimmermann et al., 2013). Consistent
with previous reports (Zimmermann et al., 2013; Papke et al., 2016),
we observed that mTORC1 signaling was suppressed in deltarasin-
treated cells (Figure 5L). Although this could reflect effects on mul-
tiple farnesylated proteins beyond Rheb, this result is nonetheless
consistent with a role for dynamic, PDE§-dependent, redistribution

test; n = 3). (E-G) Live-cell images of GFP-Rheb, GFP-Rheb"“??X, and GFP-RhebL1 in a COS-7 cells, respectively.

(H) Schematic of GFP-Rheb-ER chimera that contains N-terminal GFP, Rheb2¢2X and the transmembrane domain of
cytochrome b5 (TMD). (I) Live-cell imaging of GFP-Rheb-ER localization. The leftmost image displays a low magnification
view of GFP-Rheb-ER in a COS-7 cell. The three subsequent panels show higher magnifications of GFP-Rheb-ER and
mRFP-Sec61B from the inset region. (J) Immunoblot analysis of phospho-S6K signaling in RhebPerleted cells transfected
with the indicated plasmids. (K) Quantification of phospho-SéK levels in I. The phospho-S6K levels were divided by S6K
and GFP values to control for loading and transfection. Values were normalized to GFP-Rheb. Statistics were calculated in
comparison to GFP (****P < 0.0001; ANOVA with Dunnett’s multiple comparisons test; n = 3). (L) Image showing the
spatial relationship between GFP-Rheb-ER on ER tubules and LAMP1-positive lysosomes. Scale bars, 10 pm.
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FIGURE 5: Weak membrane interactions are optimal for Rheb-dependent mTORC1 activation. (A) Alignment of the
hypervariable regions of Rheb, RhebL1, and H-Ras proteins with CaaX motifs highlighted in bold and palmitoylated
cysteines in green. These cysteines were mutated to alanines (red) in the GFP-Rheb-HRas“>A mutant. (B-D) Live-cell
images of GFP-Rheb, GFP-Rheb-HRas, and GFP-Rheb-HRas“>* in COS-7 cells, respectively. Scale bars, 10 um.

(E) Schematic of GFP-Rheb-H-Ras chimera that contains N-terminal GFP, Rheb®HR, and the HVR of H-Ras.

(F) Immunoblot analysis of phospho-S6K levels in RhebPerleted cells transfected with the indicated plasmids.

(G) Quantification of phospho-S6K levels from F. Phospho-S6K levels were divided by S6K and GFP values to control
for loading and transfection (***P < 0.001; ****P < 0.0001; ANOVA with Tukey's multiple comparisons test; n=5).

(H) Schematic of myr-Rheb chimera that contains Rheb®¢?>X and a myristoylation consensus sequence. (I) Immunoblot
analysis of phospho-S6K levels in RhebPerleted cells transfected with the indicated plasmids. (J) Quantification of
phospho-S6K levels from I. Phospho-S6K levels were divided by S6K and Rheb values to control for loading and
transfection (****P < 0.0001; unpaired t test). (K) Immunoblot analysis of proteins identified in membrane and cytosolic

fractions of Hela cells. (L) Immunoblot analysis of phospho-S6K levels in HeLa cells treated with DMSO vehicle and
5 pM deltarasin for the times indicated.
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of Rheb between subcellular membranes in supporting mTORC1
signaling.

Implications of weak Rheb membrane interactions for
mTORC1 signaling

The minimal membrane targeting affinity and specificity of Rheb
and RhebL1 contrasts with other members of the Ras superfamily
that exhibit robust targeting to the membranes where they recruit
their downstream effectors. However, Rheb and RhebL1 are distinct
from other members of the Ras family in at least two important ways.
First, Rheb and RhebL1 are not required for mTOR recruitment to
the surface of lysosomes (Supplemental Figure S2G). mTORC1
localization to lysosomes is instead dependent on interactions be-
tween the Raptor subunit of MTORC1 and the Rag GTPases (Sancak
etal., 2010). Second, recent structures of Rheb-mTORC1 complexes
revealed that Rheb stimulates mTORC1 catalytic activity by binding
to mTOR and inducing a conformational change that rearranges the
mTOR kinase domain (Yang et al., 2017). Once this activation takes
place, mTORC1 phosphorylates diverse substrates that reside
throughout the cell (Ben-Sahra and Manning, 2017; Gonzalez and
Hall, 2017; Saxton and Sabatini, 2017). Thus, the modest membrane
affinity that is provided by Rheb farnesylation may represent an op-
timal solution for reducing dimensionality to facilitate interactions
with lysosome-localized mTORC1 while also allowing the activated
Rheb-mTORC1 complex to subsequently leave the lysosome to
phosphorylate downstream targets that reside elsewhere in the cell.

Evidence in favor of dynamic interactions between Rheb
and endo-lysosomal membranes as the key determinant
mTORC1 activation
A predominantly ER and cytosolic steady-state localization of the
Rheb protein challenges the idea that Rheb stably resides on lyso-
somes while waiting for the opportunity to activate mTORC1. None-
theless, there are several arguments in support of a function of Rheb
at lysosomes that could be mediated by transient interactions. First,
considerable evidence indicates that Rag-dependent recruitment of
mTORC1 to lysosomes is a prerequisite for mTORC1 activation and
that such activation also depends on Rheb (Sancak et al., 2008,
2010; Bar-Peled et al., 2012, 2013; Betz and Hall, 2013; Petit et al.,
2013; Tsun et al., 2013; Lim and Zoncu, 2016; Wolfson et al., 2017).
Second, TSC, the Rheb GAP, is found at lysosomes, particularly in
nutrient-starved cells (Demetriades et al., 2014; Menon et al., 2014;
Carroll et al., 2016; Demetriades et al., 2016). Third, constitutively
targeting TSC to lysosomes suppresses mTORC1 signaling (Menon
et al., 2014). Fourth, although the Rheb protein in most commonly
studied model organisms is targeted to membranes via farnesylation
of a C-terminal CaaX motif, a recent phylogenetic analysis of Rheb
protein sequences revealed that Rheb homologues in some species
lack lipidation and are instead predicted to interact with membranes
via an N-terminal FYVE domain (Zahonova et al., 2018). In others, the
C-terminal CaaX motif is accompanied by an N-terminal PX domain
(Zahonova et al., 2018). Although these bioinformatic predictions
remain to be experimentally validated, PX and FYVE domains com-
monly recruit proteins to endosomal membranes via their ability to
bind to phosphatidylinositol-3-phosphate (PI3P) with modest affinity
(Burd and Emr, 1998; Gaullier et al., 1998). This evolutionary selec-
tion for Rheb targeting mechanisms that involve noncovalent inter-
actions with endosomal lipids is consistent with a evolutionarily con-
served function for Rheb in the endolysosomal pathway.

As an alternative to the possibility that Rheb dynamically visits the
surface of lysosomes in order to activate mTORC1, it was recently
reported that Rheb instead resides on the Golgi and activates
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mTORC1 via contact sites between the Golgi and the lysosomes
(Hao et al., 2018). However, this study relied on assessing the ability
of heavily overexpressed, Golgi-targeted Rheb to hyperactivate
mTORCH1 signaling in cells that also expressed endogenous WT Rheb
and RhebL1. Furthermore, the Golgi-targeting strategy was based on
engineering an artificial interaction between Rheb and Rab1a.
Although this resulted in significant localization of Rheb to the Golgi
and Rheb-dependent activation of mTORC1 signaling, Rab1a is a
prenylated protein that cycles on and off of Golgi membranes
(Smeland et al., 1994). Given our results with the predominantly
plasma membrane-localized Rheb-H-Ras chimera (Figure 4) as well as
our observations that only very low levels of Rheb are required for
mTORC1 activation (Figure 3), caution must be applied with inter-
preting how the steady-state localization of an overexpressed Rheb-
Rab chimeric protein that undergoes dynamic cycling on and off
membranes relates to the actual site of MTORC1 activation.

Potential implications of Rheb localization to the ER

It was recently proposed that moving lysosomes toward the cell pe-
riphery suppresses mTORC1 activity by limiting their proximity with
ER-localized Rheb (Walton et al., 2018). Although this idea is intrigu-
ing, we observed that even peripheral lysosomes still maintain con-
tact with Rheb-positive ER tubules (Figure 3; Supplemental Movie
S1). Furthermore, the inability of constitutively ER-localized Rheb to
activate mTORC1 in spite of maintained ER-lysosome contact sites
argues against a model wherein ER-localized Rheb activates
mTORC1 by reaching across such contact sites (Figure 3). Although
the presence of Rheb on the ER is suggestive of specific targeting
mechanisms and functions, it has long been known that fusion to a
farnesylated CaaX motif is sufficient to target proteins such as GFP
to the ER (Choy et al., 1999). Therefore, Rheb localization to the ER
appears to simply reflect the default localization for a farnesylated
protein that lacks other strong subcellular localization signals.
Finally, although we have focused on the relationship between Rheb
membrane-targeting mechanisms and mTORC1 activation, it is also
possible that the dynamic interactions of Rheb with the ER and
other intracellular membranes might also be relevant for encounters
with other effectors. Indeed, Rheb has been proposed to interact
with and regulate several additional proteins in a GTP-dependent
manner (Yee and Worley, 1997; Neuman and Henske, 2011; Sato
etal., 2015).

Conclusions

Considerable evidence indicates that lysosomes are a major intra-
cellular site where nutrient and growth factor signals are integrated
in order to match mTORC1 signaling to ongoing environmental
changes. Rheb-dependent activation of mTORC1 kinase activity is a
central component of this model that has been accompanied by the
idea that Rheb constitutively resides on the surface of lysosomes
due to a selective targeting signal at its C-terminus. Nonetheless,
our new observations argue against the presence of a large steady-
state pool of Rheb at lysosomes. Nor did our results support the
existence of a selective lysosome-targeting signal within the C-
terminus of Rheb. Instead, we propose that transient, farnesylation-
dependent, membrane interactions have been selected by evolu-
tion as optimal for the Rheb-mediated activation of mTORC1 at
lysosomes. By overturning widely held beliefs concerning stable
residence of Rheb at lysosomes, our new findings will guide future
studies that focus on understanding how dynamic Rheb membrane
interactions are coordinated with the Rag-dependent localization of
mTORCT1 to lysosomes to activate mTORC1 signaling in health and
disease.
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MATERIALS AND METHODS

Cell culture and transfection

Hela M cells and COS-7 cells (both provided by P. De Camilli, Yale
University, New Haven, CT) were grown in high-glucose DMEM with
L-glutamine, 10% fetal bovine serum, and 1% penicillin/streptomy-
cin supplement (ThermoFisher Scientific, Waltham, MA, and
Corning, Corning, NY). To starve cells of amino acids, cells were in-
cubated in amino acid-free RPMI media (US Biologicals, Swamp-
scott, MA) for 2 h. Cells were refed with RPMI containing 1x MEM
amino acid supplement (Invitrogen) for 20 min. To starve cells of
growth factors, cells were incubated in serum-free DMEM over-
night. Such cells were then refed for 30 min with complete media to
measure the acute response to serum exposure.

To perform plasmid transfections, 500 ng of plasmid DNA, 1.5 pl
of Fugene 6 transfection reagent (Promega, Madison, WI), and
100 pl of OptiMEM (ThermoFisher Scientific) were added to
80,000 cells per well in a six-well dish. For siRNA transfections, 5 pl
of RNAIMAX (ThermoFisher Scientific), 500 pl of OptiMEM, and 5 pl
of 20 uM siRNA stock were added to a subconfluent dish of
cells (80,000 cells per well in a six-well dish). Cells were incubated
for 48 h posttransfection prior to experiments. Control siRNA
(5"-CGUUAAUCGCGUAUAAUACGCGUAT-3") was purchased from
Integrated DNA Technologies (IDT, Coralville, IA) and a previously
described Rheb siRNA (Menon et al., 2014) was purchased from Cell
Signaling Technology (#14267; CST, Danvers, MA). Drugs utilized in
this study: deltarasin (Cayman Chemical, Ann Arbor, MI, #9001536)
and cycloheximide (Millipore Sigma, Burlington, MA, #239765).

Plasmids

pRK5 plasmid encoding HA-GST human Rheb was acquired from D.
Sabatini (Massachusetts Institute of Technology, Cambridge, MA) via
Addgene (Plasmid #14951; Sancak et al., 2007). Full-length Rheb was
PCR amplified from this vector and cloned into Smal-digested
PEGFP-C1 by Gibson Assembly (New England Biolabs, lpswich, MA).
The Q5 Site-Directed Mutagenesis Kit (New England Biolabs) was
used to generate GFP-Rheb?“**X, GFP-Rheb-HRas, and GFP-Rheb-
HRas " plasmids. To generate GFP-Rheb-ER, a cDNA (IDT, Coralville,
IA) containing a fragment of cytochrome b5 (region from amino acids
95-134 (Itakura and Mizushima, 2010) with myc tag and glycosylation
site (Honsho et al., 1998) was cloned into GFP-Rheb?CA*X (linearized
at the C Terminus via PCR) by Gibson Assembly. Full-length RhebL1
cDNA was synthesized (IDT) and cloned into Smal-digested pEG-
FPC1 by Gibson Assembly. The following plasmids were kind gifts:
LAMP1-mCherry from J. Lippincott-Schwartz (Janelia Research
Campus, Ashburn, VA) and mRFP-Sec61B from T. Rapoport (Harvard
University, Cambridge, MA). Oligonucleotide primers and cDNA se-
quences used to generate these plasmids are listed in Supplemental
Table S1. Our newly generated Rheb and RhebL1 plasmids will be
made available via the Addgene plasmid repository.

Small guide RNAs (gRNAs) were designed using the CRISPR
design tool (crispr.mit.edu) or selected from predesigned gRNA
sequences (Sanjana et al., 2014). The gRNA-encoding DNA oligo-
nucleotides (IDT) sequences were annealed and ligated into Bbs1-
digested pX459 V2.0 plasmid that was provided by F. Zhang (Mas-
sachusetts Institute of Technology, Cambridge, MA) via Addgene
(#62988; Ran et al., 2013) and transformed into Stabl3-competent
Escherichia coli cells. The gRNA sequences are listed in Supple-
mental Table S2.

Immunoblotting
Cells were lysed in Tris-buffered saline + 1% Triton X-100 (TBST) with
protease and phosphatase inhibitor cocktails (Roche Diagnostics,
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Florham Park, NJ). To remove insoluble materials, lysates were cen-
trifuged for 6 min at 14,000 rpm. Lysate protein concentrations were
measured via Bradford assay prior to denaturation with Laemmli
buffer and 5 min at 95°C. Immunoblotting was performed with
4-15% gradient Mini-PROTEAN TGX precast polyacrylamide gels
and nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes
were blocked with 5% milk in TBS with 0.1% Tween 20 (TBST) buffer
and then incubated with antibodies in 5% milk or bovine serum
albumin (BSA) in TBST. Antibodies used in this study are summa-
rized in the Supplemental Table S4. Horseradish peroxidase signal
detection was performed using chemiluminescent detection re-
agents (ThermoFisher Scientific) and the Versadoc imaging station
(Bio-Rad). ImageJ (National Institutes of Health [NIH]) was used to
analyze the results and measure band intensities.

Cell fractionation

To perform cell fractionation, 2 million Hela cells were plated in
10-cm dishes. Cells were rinsed, scraped into chilled phosphate-
buffered saline (PBS), and spun at 1000 rpm for 10 min. PBS was
aspirated and cells were resuspended in homogenization buffer
(5 mM Tris-HCI, 250 mM sucrose, 1 mM egtazic acid, pH 7.4) with
protease and phosphatase inhibitor cocktails. Cells were homoge-
nized using a ball-bearing cell cracker (20 passages at 10 um clear-
ance; Isobiotec, Germany). Lysates were centrifuged at 1000 x g
for 10 min to remove unlysed cells. Supernatant was spun at
100,000 x g for 1 h to pellet membrane. Supernatant containing
cytosolic proteins and the resuspended membrane pellet were
analyzed via immunoblotting.

Immunofluorescence and microscopy

Cells were grown on 12-mm No. 1 glass coverslips (Carolina Biologi-
cal Supply) and fixed with 4% paraformaldehyde (PFA; Electron
Microscopy Sciences, Hatfield, PA) in 0.1 M sodium phosphate
buffer (pH 7.2) for 30 min. To best preserve cell structure, this was
achieved by adding 1 vol of 8% PFA dropwise to cells growing on
coverslips in growth medium. Coverslips were washed in PBS before
permeabilization in PBS + 0.2% Triton X-100 for 10 min. Coverslips
were blocked for 30 min in blocking buffer (5% NDS/PBS/0.2%
Triton X-100). Cells were incubated in primary antibody overnight at
4°C in blocking buffer. Cells were subsequently washed 3x with
0.2% Triton X-100 and incubated in secondary antibody in blocking
buffer for 30 min at room temperature. Cells were washed 3x with
0.2% Triton X-100 before slides were prepared with Prolong Gold
Mounting media (Invitrogen, Carlsbad, CA). Antibodies used in this
study are summarized in Supplemental Table S4.

For live-cell imaging, cells were grown on glass-bottom dishes
(MatTek, Ashland, MA) prior to imaging. Subconfluent dishes were
imaged via spinning disk confocal microscopy at room temperature
in a buffer that contained 136 mM NaCl, 2.5 mM KCI, 2 mM CaCl,,
1.3 mM MgCl,, 10 mM HEPES, 0.2% glucose, 0.2% BSA, pH 7.4
(Brown et al., 2000). Dextran Alexa Fluor 647 (Invitrogen, #22914)
was applied overnight and washed out 1 h before imaging. Our
microscope consisted of the UltraVIEW VOX system (PerkinElmer,
Waltham, MA) including the Ti-R Eclipse, Nikon inverted micro-
scope (equipped with a 60x CFI Plan Apo VC, NA 1.4, oil immer-
sion), a spinning disk confocal scan head (CSU-X1, Yokogawa), and
Volocity (PerkinElmer) software. Images were acquired without bin-
ning with a 14-bit (1000 x 1000) EMCCD (Hamamatsu Photonics)
and processed with ImageJ. Colocalization analysis was performed
with the Fiji Coloc 2 plug-in available on GitHub (https://imagej.net/
Coloc_2). To perform this analysis, an 8-bit, 54 x 54 pixel region
of interest was selected (based on the presence of well-resolved
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lysosomes) split into separate channels and the Coloc 2 plug-in was
used to calculate the Pearson’s R value (no threshold). The lysosome
channel was then rotated 90° to the right and the Pearson’s R value
(no threshold) was recalculated. This analysis was performed for
three biological replicates per condition with 15 images analyzed
per replicate.

CRISPR/Cas9 genome editing

Similar to a previously described protocol (Amick et al., 2016), to
generate KO cells, Hela cells were cotransfected with Rheb and
RhebL1 sgRNAs encoded within the pX459 plasmid. On the next
day, puromycin (2 pg/ml) was added and cells were selected for 2 d.
Surviving cells were plated at single-cell density and allowed to
recover. Putative KO colonies were initially identified via immuno-
blotting and subsequently confirmed by sequencing of the genomic
loci. To obtain genomic DNA sequence for the target site in the
Rheb gene, DNA was extracted (QuickExtract DNA extraction
solution; Epicentre Biotechnologies), the region of interest was
amplified by PCR (primers summarized in Supplemental Table S3),
and PCR products were cloned into the pCR-Blunt TOPO vector
(Zero Blunt TOPO PCR cloning kit; ThermoFisher Scientific) and
transformed into XL-1 Blue Supercompetent Cells (Agilent Tech-
nologies, Santa Clara, CA). Plasmid DNA was isolated from multiple
colonies and sequenced.

To insert a 2xHA epitope tag at the endogenous Rheb locus, we
utilized a CRISPR/Cas9 genome-editing strategy as previously de-
scribed (Petit et al., 2013; Leonetti et al., 2016; Richardson et al.,
2016; Amick et al., 2018). The CRISPR RNA (crRNA), tracrRNA, and
single-stranded DNA (ssDNA) oligo were resuspended in nuclease-
free duplex buffer (IDT) to 100 pM. To form the RNA duplex, the
crRNA and tracrRNA were added at a 1:1 ratio and heated for 5 min
at 95°C and then cooled to room temperature. The RNA duplex
(150 pmol), Cas? (150 pmol), and OptiMem were mixed in a sterile
tube and incubated for 10 min at room temperature to form RNP
complex. Hela cells (750,000 cells) were electroporated (Cell Line
Kit V, electroporation program QO01; Lonza, Basel, Switzerland) with
10 pl RNP complex crRNA and ssDNA repair template (IDT Ultramer
format). Sequences are provided in Supplemental Table S2. Clonal
cell lines were generated and validated using Western blotting and
immunofluorescence.

Statistical analysis

Data were analyzed using Prism (Graphpad software), and tests are
denoted in the figure legends. All error bars represent SD. Data
distribution was assumed to be normal, but this was not formally
tested.
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