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The HOPS tethering complex is required to maintain
signaling endosome identity and TORC1 activity

Jiegiong Gao'@®, Raffaele Nicastro?®, Marie-Pierre Péli-Gulli?, Sophie Grziwal, Zilei Chen?, Rainer Kurre*®, Jacob Piehler>*@®, Claudio De Virgilio?’®,

Florian Frohlich®>*@®, and Christian Ungermann>@®

The endomembrane system of eukaryotic cells is essential for cellular homeostasis during growth and proliferation. Previous
work showed that a central regulator of growth, namely the target of rapamycin complex 1 (TORC1), binds both membranes of
vacuoles and signaling endosomes (SEs) that are distinct from multivesicular bodies (MVBs). Interestingly, the endosomal
TORC], which binds membranes in part via the EGO complex, critically defines vacuole integrity. Here, we demonstrate that
SEs form at a branch point of the biosynthetic and endocytic pathways toward the vacuole and depend on MVB biogenesis.
Importantly, function of the HOPS tethering complex is essential to maintain the identity of SEs and proper endosomal and
vacuolar TORC1 activities. In HOPS mutants, the EGO complex redistributed to the Golgi, which resulted in a partial
mislocalization of TORCI. Our study uncovers that SE function requires a functional HOPS complex and MVBs, suggesting a
tight link between trafficking and signaling along the endolysosomal pathway.

Introduction

The endocytic pathway connects the plasma membrane to the
endolysosomal compartment with its early and late endosome
(EE and LE) and the lytic lysosome, where proteins are selec-
tively degraded (Huotari and Helenius, 2011; Langemeyer et al.,
2018). This connection allows a constant adjustment of the
plasma membrane protein and lipid content in response to envi-
ronmental cues or metabolic needs. Consequently, proteins are
continuously surveyed and are selectively removed by endocytosis
if they are bound to a ligand or cargo (Sardana and Emr, 2021).
During endocytosis, internalized proteins are packaged into small
vesicles, which are first delivered to the EE. Here, some proteins
release their cargo and are sorted via the recycling endosome to
the plasma membrane, whereas others are transferred from the
EE to the LE (Huotari and Helenius, 2011). This process requires
both maturation of EE to LE and multiple fusion events among EEs
and LEs (Zeigerer et al., 2012). To allow membrane protein deg-
radation, endosomal sorting complex required for transport
(ESCRT) complexes sort these proteins into intraluminal vesicles
(ILVs; Zhen et al., 2021). Consequently, maturation changes the
tubular EE into a spherical structure with multiple ILVs. Mature
LEs, now also called multivesicular bodies (MVBs), finally fuse
with the lysosome to allow protein degradation for reuse of nu-
trients (Sardana and Emr, 2021; Huotari and Helenius, 2011).

Rab GTPases are crucial regulators of membrane trafficking,
docking, and fusion events (Barr, 2013; Wandinger-Ness and
Zerial, 2014; Hutagalung and Novick, 2011; Goody et al., 2017).
All Rabs can bind to both GTP and GDP. For activation, a guanine
nucleotide exchange factor (GEF) promotes loading of the Rab
with GTP as a prerequisite for its ability to bind to effector
proteins. Inactivation of the Rab requires a GTPase activating
protein, which allows extraction of the Rab-GDP by the chape-
rone GDP dissociation inhibitor. In the endolysosomal system,
Rab5 functions on EEs and interacts with the effector teth-
ering complex class C core vacuole/endosome tethering
(CORVET), among others, to promote EE fusion (Balderhaar
and Ungermann, 2013; Balderhaar et al., 2013). During endo-
some maturation, Rab5 recruits and activates the Monl-Cczl GEF
complex, which in turn activates Rab7 on LEs (Nordmann et al.,
2010; Langemeyer et al., 2020). In yeast, the Rab7-homolog Ypt7
then recruits the heterohexameric homotypic fusion and vac-
uole protein sorting (HOPS) complex (Wurmser et al., 2000;
Brocker et al., 2012; Seals et al., 2000). HOPS has two binding
sites for Ypt7 and bridges LEs and vacuoles to promote the as-
sembly of SNAREs from both organelles, and thus drive fusion
(Wickner and Rizo, 2017; Mima and Wickner, 2009; Baker et al.,
2015; Brocker et al., 2012; van der Beek et al., 2019). Importantly,
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HOPS also supports fusion of autophagosomes and AP-3 vesicles
with the yeast vacuole (Schoppe et al., 2020; Gao et al., 2018; van
der Beek et al., 2019; Cabrera et al., 2010).

Endosomal maturation is accompanied by changes in lipid
composition, most prominently in phosphoinositides. EEs are marked
by phosphatidylinositol-3-phosphate (PI3P), which is generated by
the Vps34 PI-3 kinase complex (Schu et al., 1993), whose activity is
promoted by Rab5 (Tremel et al., 2021). At LEs, PI3P is further
phosphorylated by the only PI3P 5-kinase Fabl (PIKfyve in meta-
zoans; Hasegawa et al., 2017; Ho et al,, 2012). Both lipid kinases
function as part of large complexes and localize to multiple mem-
branes of the endolysosomal system. Proteins can specifically bind to
the phosphorylated inositol head group, often with coinciding bind-
ing to Rab GTPases or other membrane proteins (Balla, 2013). Con-
sequently, changes in Rab composition and PIPs also result in a
change in the general membrane composition of maturing organelles.

The endolysosomal system of yeast seems to be less complex
than the mammalian system (Day et al., 2018). It thus came as a
surprise when signaling endosomes (SEs) were described as a
novel endosomal population distinct from MVBs in yeast
(Hatakeyama and Virgilio, 2019b; Hatakeyama et al., 2019;
Hatakeyama and Virgilio, 2019a). Like vacuoles, these endo-
somes harbor the highly conserved target of rapamycin complex
1 (TORC1) kinase and its regulatory exit from GO (EGO) complex
(Chen et al, 2021; Hatakeyama et al, 2019), named Rag-
Ragulator complex in metazoans (Kanarek et al., 2020). Interest-
ingly, SEs lack the ESCRT-IV ATPase Vps4 required for ILV
formation (Babst et al., 1998) but contain a population of the Fabl
lipid kinase (Chen et al., 2021). We recently showed that Fabl is a
substrate of the TORCI complex and that Fabl phosphorylation
promotes its localization to SEs in addition to its localization to
MVBs and vacuoles (Chen et al., 2021). This suggests that the activity
of TORCI controls Fabl and thus the biogenesis of SEs. However,
the exact link between MVBs and SEs remains unresolved.

One additional marker protein found on SEs is the I-BAR
protein Ivyl (Chen et al., 2021). Ivyl is an effector of Ypt7, binds
PI3P, and can inhibit Fabl (Numrich et al., 2015; Malia et al., 2018;
Lazar et al., 2002). It also dynamically relocalizes from puncta to
vacuoles and vacuolar microdomains in response to nutrient
starvation or cellular stress (Numrich et al., 2015; Zweytick et al.,
2014; Varlakhanova et al., 2018a; Ishii et al., 2019). We showed
before that a fraction of Ivyl colocalizes with the EGO complex
(EGOC) in endosomal dots, which are distinct from MVBs, as they
lack Vps4 (Chen et al., 2021; Hatakeyama et al., 2019). Here, we
focus on the biogenesis of SEs as a novel endosomal population.
Our data reveal that SEs harbor not just a pool of TORCI and the
EGOC, but also the Rab7-like Ypt7 and the Rab5-like Vps21. Im-
portantly, both ESCRTs and HOPS are important to maintain the
identity of SEs. Our data suggest that SEs are dynamic structures
that form at an interface between the endocytic pathway and the
Golgi by continuous fission and fusion processes.

Results

SEs and MVBs are distinct endosomal populations

We previously showed that Ivyl, Fabl, and TORCI localize to the
vacuole and to endosomal dots proximal to the vacuole, which
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we coined SEs (Hatakeyama et al., 2019; Chen et al., 2021). To
understand the dynamics and function of SEs in the context of
the endosomal pathway, we wondered whether we could take
Ivyl as a reference marker of SEs given that the protein, like the
other described and above-mentioned SE marker proteins, lo-
calizes dynamically to endosomes and vacuoles (Malia et al.,
2018; Varlakhanova et al., 2018a; Numrich et al., 2015; Chen
et al., 2021). However, this dynamic localization also applies to
all other marker proteins of SEs and MVBs. We thus reasoned
that the analysis of the relative localization of these markers to
each other should reveal, how SEs form or maintain their
identity.

As a start, we analyzed the localization of Ivyl, marked
C-terminally with a Halo tag, relative to several endosomal
markers and signaling proteins using three-color imaging. As a
marker of the TORCI complex, we selected the catalytic subunit
Torl, which is preferentially found on endosomes (and vacuolar
membranes) if N-terminally tagged with GFP (Hatakeyama
et al., 2019; Chen et al., 2021). As a marker of the EGOC, we
selected its myristoylated subunit Egol. We colocalized these
with endosomal and vacuolar markers: mCherry-tagged Vps4 (a
subunit of ESCRT complex), Vps21 (a Rab5-like protein at en-
dosomes), or Ypt7 (a Rab7-like protein at LEs; Fig. 1, A and B). We
then scored the level of triple colocalization (dark gray), dual
colocalization (red, blue), or no colocalization (light gray; Fig. 1,
Cand D).

Our analysis revealed that Ivyl colocalized well with Torl and
Egol (40-50%, blue fraction and dark gray, columns 1 and 4). A
large fraction of Ivyl/Torl- and Ivyl/Egol-positive structures
were also positive for Vps21 and even more for Ypt7, in the case
of Egol (dark gray, columns 2, 3, 5, and 6). Importantly, Ivyl/
Torl- or Ivyl/Egol-positive structures hardly overlapped with
Vps4 (dark gray part, columns 1 and 3), suggesting that Ivyl
marks a fraction of endosomes that are distinct from MVBs
(Hatakeyama and Virgilio, 2019b; Hatakeyama et al., 2019). We
noticed in addition that a fraction of Torl (28 + 0.5%) and Egol
(10 + 2.6%) also colocalized with Vps4 (red part, columns 1 and
4). For some Torl and Egol dots (20-30%), no colocalization was
found (light gray part of columns). However, we also noticed
that there were more Ivyl dots than Torl or Egol dots. Moreover,
Vps4 dots were clearly more abundant than Ivyl dots (Fig. S1 A).
As Vps4 marks ESCRT IlI-positive LEs and endosomal TORC1
(ET) phosphorylates Vps27 as an ESCRT-0 subunit (Hatakeyama
et al., 2019; Hatakeyama and Virgilio, 2019a, b; Lahiri and
Klionsky, 2019), we decided to focus on the Ivyl-positive endo-
somal population. We reasoned that this is likely an endosomal
pool where signaling via TORC1 occurs, preventing ESCRT
function (Hatakeyama et al., 2019).

We previously established reporter constructs to determine
ET and vacuolar TORCI (VT) activities (Hatakeyama et al., 2019).
They consist of fusion proteins, which target a truncated form of
the TORC1 substrate Sch9 to either endosomes or the vacuole
(Hatakeyama et al., 2019). To confirm whether we could take
Ivyl as an apparent marker of SEs, we colocalized mScarlet-
tagged Ivyl or mCherry-tagged Kogl (a TORCI subunit) with
GFP-tagged ET and VT. More than 50% (52.9 £ 2.8%) of Ivyl and
80% (83.33 + 1.6%) of Kogl colocalized with ET (Fig. 1, E-G).
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Figure 1. Ivyl localizes to SEs. (A and B) Localization of Torl or Egol relative to Ivyl and Vps4, Vps21, or Ypt7. Cells expressing mGFP-tagged Torl or Egol
with Halo-tagged Ivyl and mCherry-tagged Vps4, Vps21, or Ypt7 were grown in synthetic complete medium. The cells were incubated with the Janelia fluor
646 Halo-tag ligand for 1 h and washed eight times before imaging. The cells were analyzed by fluorescence microscopy and are shown as individual slices.
Scale bar, 5 um. Arrows show colocalizing dots. (C) Quantification of Torl or Egol dots colocalizing with Ivy1 and/or Vps4, Vps21, or Ypt7 puncta (from A and
B). Cells (n = 150), Torl dots (n = 100), Egol dots (n = 100), vyl dots (n > 150), Vps4 dots (n = 500), Vps21 dots (n = 500), and Ypt7 dots (n = 100) from three
independent experiments were quantified by Image). (D) Schematic representation showing the observed populations of fluorescent mGFP-Torl and Egol-
mGFP dots in cells. Dark gray dots indicate the fraction of Torl (top) or Egol (bottom) colocalizing with Ivyl and Vps4 (left), Vps21 (middle), or Ypt7 (right)
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puncta. Blue spots indicate the fraction of Torl or Egol colocalizing just with Ivyl. Red dots indicate the fraction of Torl or Egol colocalizing with just Vps4
(left), just Vps21 (middle), or just Ypt7 (right). Light gray dots indicate the fraction of Torl or Egol without any colocalization with the selected markers. (E and
F) Localization of Kogl or vyl relative to VT and ET reporters. Cells expressing mCherry-tagged Kogl or mScarlet-tagged vyl were transformed with ET (FYVE-
GFP-Sch9%-tem) or VT (Sch9t-te™.GFP-Pho8N-te™) reporters. The cells were grown in a synthetic medium and analyzed by fluorescence microscopy and are
shown as individual slices. Scale bar, 5 um. Arrows show colocalizing dots. (G) Quantification of the number of Kogl or Ivy1 dots colocalizing with ET-positive
dots. Cells (n 2 150), Kogl dots (n = 100), vyl dots (n = 150), and ET dots (n = 200) were quantified by ImageJ. Error bars represent SD of three independent

experiments.

In addition, VT colocalized with both proteins, indicating that
Ivyl has two populations that overlap with TORC], SEs, and the
vacuole (Fig. 1, E-G).

To further determine the identity of Ivyl dots, we colocalized
C-terminally mGFP or mCherry-tagged Ivyl with functionally
tagged markers of the endosome or vacuole carrying the other
fluorophore. In particular, we analyzed Vps4, Vps8 (a subunit of
CORVET complex at EEs), Vps21, Ypt7, Egol, Gtr2 (a subunit of
the heterodimeric Rag GTPase module that controls TORC1 at
SEs), Kogl, and Fabl (a PI3P 5-kinase). In agreement with our
previous studies (Chen et al., 2021; Malia et al., 2018; Numrich
et al., 2015), we observed that Ivyl strongly colocalized with
Ypt7, and a fraction of Ivyl colocalized with Vps8, Vps21, Egol,
Gtr2, Kogl, and Fabl (Fig. 2, A-C). As observed before (Fig. 1),
Ivyl localized only very weakly with Vps4 (Fig. 2, Aand C). Ina
reverse quantification, we noticed that Egol, Gtr2, and Kogl
showed increased colocalization with Ivyl and almost no coloc-
alization with Vps4, while Vps21 and Vps8 showed less coloc-
alization with Ivyl (Fig. S1 B). This is because Egol, Gtr2, and
Kogl form fewer dots than Ivyl, whereas Vps21 dots are more
abundant. Thus, we hereafter took Ivyl as a reference marker
protein to study SEs in more detail.

Ivyl- and Vps4-positive endosomes differ in their mobility
relative to the vacuole

To determine the dynamics of Ivyl-positive structures, we took
advantage of lattice light-sheet microscopy (LLSM) to trace Ivyl-
mGFP, which enabled us to follow the molecular events in living
cells with high spatiotemporal resolution and utmost detection
efficiency of lowest signals (Chen et al., 2014). Intriguingly, we
detected two classes of fluorescent signals of Ivyl-mGFP (Fig. 2
E): hyperdynamic Ivyl signals at the vacuolar membrane (class
I) and rather immobile Ivyl dots next to the vacuole (class II;
Fig. 2, D-G; and Video 1). Ivyl signals on the vacuole membrane
were dim but mobile, whereas Ivyl dots were rather bright
(Fig. 2, F and G). To compare the dynamics of Ivyl-positive en-
dosomal compartments and MVBs in the cells, we monitored
Ivyl-mCherry relative to Vps4-HA-mGFP by LLSM and observed
that Ivyl puncta moved much slower than Vps4-positive dots
(Fig. 2 H and Video 2). This suggests that SEs and MVBs differ
not only in some key proteins, but also in their relative mobility
at the vacuole.

SE identity depends on MVB biogenesis

Because SEs also carry endosomal proteins such as the CORVET
subunits Vps8 and Vps21, and also the Rab7-like Ypt7 (Figs. 1 and
2), we wondered whether impaired MVB biogenesis would
affect SE identity. We therefore analyzed the localization of Ivyl-
mGFP in wild-type and vps4A cells. Loss of ESCRT proteins
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results in the accumulation of multilamellar structures, called
the class E compartment, next to the vacuole, where all endo-
somal proteins accumulate (Raymond et al., 1992; Rieder et al.,
1996; Babst et al., 1998; Adell et al., 2017; Russell et al., 2012).
When we analyzed Ivyl in vps4A cells, the protein strongly ac-
cumulated in bright puncta next to the vacuole, and most cells
lost the vacuolar localization of Ivy1 (Fig. 3, A and B; and Videos 3
and 4); however, Ivyl dots were still positive for Vps8, Vps2l,
Ypt7, Egol, Fabl, and Kogl (Fig. 3, A and B; and Fig. S1 C). The
same observation was made upon inactivation of Vps4 in a vps4
temperature-sensitive (ts) strain (Fig. S1 D; Babst et al., 1997).
At permissive temperature (24°C), mCherry-tagged Ivyl and
mNeon-tagged Fabl (one of the proteins we tested for colocali-
zation with Ivyl in vps4A cells) partially colocalized in dots and at
the vacuolar membrane. However, when shifted to the non-
permissive temperature (37°C), Ivyl strongly accumulated as in
the vps4A cells in dots (Fig. S, E and F), which were partially
positive for Fabl and likely correspond to class E compartments
(Adell et al., 2017; Fig. S1, D-F).

To confirm that Ivyl was indeed present on class E com-
partments in vps4 mutant cells, we analyzed the colocalization of
mCherry-tagged Ivyl with GFP-tagged ESCRT substrate car-
boxypeptidase S (Cpsl) in wild-type and vps4A cells. Upon de-
letion of vps4, Ivyl colocalized more strongly with Cpsl, which
accumulated at class E compartments (Fig. S1, G and H). To
further test if SEs remain as distinct endosomes in vps4A cells,
we analyzed the colocalization of mGFP-tagged Torl or Egol with
Halo-tagged Ivyl and mCherry-tagged Cpsl. We observed that
35.85 + 0.9% of the Torl dots and 76.27 + 4.2% of the Egol dots
colocalized with Ivyl and Cpsl (Fig. 3 F, dark gray). There was
almost no colocalization of Torl or Egol with just Ivyl (blue) and
very little with just Cpsl (red), suggesting that SEs were lost at
the expense of the expanded class E compartments of the ESCRT
mutant (Fig. 3, E-G). We thus conclude that the maintenance of
SEs as an endosomal population is directly linked to the bio-
genesis of MVBs.

HOPS function is required to maintain SE number and
endolysosomal trafficking

The biogenesis of the LE depends on multiple fusion events at
EEs and LEs as a prerequisite for MVB formation (Zeigerer et al.,
2012). EE fusion requires the CORVET tethering complex,
whereas the fusion of MVBs with vacuoles depends on HOPS
(van der Beek et al., 2019; Balderhaar and Ungermann, 2013). We
therefore asked whether HOPS or CORVET was required to
maintain the identity of SEs. In a previous study, two
temperature-sensitive alleles for Vpsll were identified that
disable HOPS (vpsli-1) or CORVET (vpsli-3) function, whereas a
vpsi8-1 mutant specifically impairs HOPS (Robinson et al., 1991;
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Figure 2. lvyl-positive structures mark SEs that are distinct from MVBs. (A and B) Localization of Ivy1-positive dots relative to endosomal proteins. Cells
expressing mGFP-tagged vyl and mCherry-tagged Vps4, Vps8, Vps21, and Kogl or expressing mCherry-tagged Ivyl and GFP-tagged Ypt7, Egol, Gtr2, and
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mNeon-tagged Fabl were grown in a synthetic medium. Vacuoles were stained with CMAC. The cells were analyzed by fluorescence microscopy, and individual
slices are shown. Scale bar, 5 um. Arrows show colocalizing dots. (C) Quantification of Ivy1 dots colocalizing with endosomal proteins. Cells (n = 150), lvy1 dots
(n = 150), Vps4 dots (n = 300), Vps8 dots (n = 50), Vps21 dots (n > 200), Ypt7 dots (n = 150), Egol dots (n > 50), Gtr2 dots (n > 50), Kogl dots (n > 50), or Fabl
dots (n = 50) were quantified by Image]. Error bars represent SD of three independent experiments. (D) Ivy1 localization by LLSM after 3D deconvolution (Video
1). Cells expressing mGFP-tagged Ivyl were grown in synthetic medium. Vacuoles were stained with FM4-64 and visualized relative to lvyl-mGFP by Imaris.
Scale bar, 5 um. 200-500 cells were analyzed in each independent experiment. (E) Schematic model showing the location of fluorescent lvyl-mGFP expressed
in yeast cells. The green ring corresponds to Ivy1 localization on the vacuolar membrane (class ), green spots indicate SEs (class Il), and magenta spots are
MVBs. (F) Fluorescence intensity distribution of all tracked spots for Ivyl-mGFP from Video 1. (G) Speed distribution based on trajectory displacements per
time point of all tracks for lvy1-mGFP from Video 1. The data were analyzed as in F. (H) Speed distribution for lvyl-mCherry (SEs) and Vps4-HA-mGFP (MVBs)

from Video 2. The data were analyzed as in F.

Peterson and Emr, 2001). All mutants are functional at the
permissive temperature of 24°C but at 37°C show a protein-
sorting defect toward the vacuole and a partial growth defect
(Peterson and Emr, 2001). We therefore tagged Ivyl with mGFP
in these strains and analyzed its localization relative to FM4-
64-stained vacuoles at permissive (24°C) or restrictive (37°C)
temperature. Both vpsll-1 and vpsl8-1 cells strongly accumulated
Ivyl-mGFP in fourfold more dots proximal to the vacuole at the
restrictive temperature (Fig. 4, A, B, and E), whereas the vpsiI-3
mutant had no effect on Ivyl localization (Fig. 4, C and E). This
indicates that the inactivation of HOPS, but not of CORVET,
affects the number of observed Ivyl-positive structures in the
cell. We previously showed that Ivyl accumulates at SEs in cells
expressing a phosphomimetic Fab1°P allele (Chen et al., 2021).
We thus wondered whether the number of Ivyl dots would
increase in a vpsil-1 fabl®® double mutant. This was indeed ob-
served (Fig. 4, D and E), suggesting that impairment of HOPS
and Fabl both affect the formation of SEs independently.

As the vpsll-1 mutant caused a strong increase in Ivyl-positive
dots, we asked whether we could see general changes in the
endosomal and vacuolar proteome due to HOPS inactivation. We
therefore turned to a recently established method of stable iso-
tope labeling by/with amino acids in cell culture (SILAC)-based
vacuolar proteomics, which allows the identification of all vac-
uolar proteins in comparative analyses (Eising et al., 2019). We
reasoned that mutants impaired in HOPS (vpsll-1) or CORVET
(vpsl1-3) should differ in their vacuolar proteome at the restric-
tive temperature and thus reveal impaired cargo trafficking. We
therefore isolated vacuoles from light labeled wild-type cells and
compared them either to vacuoles from heavy labeled vpsli-1 or
vacuoles from heavy labeled vpsll-3 cells (Fig. 4 F). We plotted
the ratios of vpsli-1 over wild-type on the x axis against the ratios
of vpsll-3 over wild-type on the y axis. This analysis revealed that
all subunits of HOPS and CORVET were affected in both mutants
(light blue dots). The effect of the vpsll-1 mutant appears to be
stronger than that of the vpsll-3 mutant. However, we were able
to identify clear differences regarding the vacuolar proteome of
both analyzed mutants. As expected, the vpsll-1 mutation af-
fected the abundance of EGOC subunits (red dots), cargoes of
the autophagy-related cytoplasm-to-vacuole targeting pathway
(orange dots), and AP-3 cargo proteins (purple dots). In contrast,
the vpsll-3 mutant mostly affected the abundance of proteins
following the endolysosomal pathway, especially plasma mem-
brane proteins (light green dots) and vacuolar hydrolases such
as CPY and Cpsl (dark green dots; Fig. 4 G). Together, these
findings indicate that the CORVET-specific vpsli-3 allele impairs

Gao et al.

Signaling endosome biogenesis

endocytosis, whereas the vpsli-1 allele affects HOPS function,
which is required for all fusion events at LEs and vacuoles
(Wickner and Rizo, 2017; van der Beek et al., 2019; Peterson and
Emr, 2001). Vacuolar proteomics of temperature-sensitive al-
leles can thus recapitulate the affected trafficking defects (Lin
et al., 2008; Cabrera et al., 2013; Markgraf et al., 2009;
Peplowska et al., 2007).

HOPS is required to maintain identities of

endosomal structures

Vacuolar proteomics can reveal the overall changes in protein
abundance on vacuoles and associated compartments yet cannot
resolve how a HOPS mutant affects the relative distribution of
endosomal proteins at SEs, MVBs, and vacuoles. We therefore
colocalized both Vps4 and Ivyl with several endosomal and Golgi
markers relative to the vacuole in vpsll-1 mutant at the per-
missive and restrictive temperatures. For this, we used tagged
constructs with mCherry or mGFP fluorophores that maintain
the functionality of the proteins (Numrich et al., 2015; Adell
et al., 2017).

We initially focused on Ivyl as a protein found at SEs. At the
permissive and restrictive temperatures (24°C and 37°C, re-
spectively), Ivyl dots were still strongly positive for Ypt7 and
also, to a large extent (26.8 + 1.8%, 32.74 + 3.7%), Fabl, the SNARE
Pepl2 (40.75 + 3.2%, 29.67 + 2.4%), the Ypt7 GEF Cczl (33.28 =
2.5%, 22.66 + 4%), and the HOPS subunits Vps39 (43.7 + 3.5%,
41.52 + 2.5%) and Vps4l (41.1 + 1.2%, 36.32 + 1.6%; Fig. 5, A-C; and
Fig. S2, A-C). We also did not detect an increase in Ivyl coloc-
alization with Vps4 or the AP-3 marker Apl5 (Figs. 5 A and S2 A).

This picture changed when we analyzed early endosomal
markers. Both the Rab5-like Vps2l and the CORVET subunit
Vps8 colocalized with Ivyl at the permissive temperature, as in
wild-type (Fig. 5, B and C). However, at the restrictive temper-
ature, Vps8- and Vps2l-positive dots colocalized significantly
less with Ivyl (Fig. 5, B and C). This suggests that loss of HOPS
function results in a change of surface composition of Ivyl-
marked structures, and thus likely in the entire SE pool. Im-
portantly, Ivyl-positive dots were still positive for the endosomal
SNARE Pepl2, Fabl, and Ypt7 but lost the early endosomal
markers Vps21 and Vps8 (Fig. 5 C).

To determine whether HOPS inactivation also changed the
late endosomal identity, we traced the colocalization of Vps4
with the same markers. Vps4 largely colocalized with Vps8 (82.7
+ 2.85%), Vps2l (67.75 + 4.4%), and Pepl2 (73.44 + 5.7%), which
decreased by 10-30% upon HOPS inactivation (Fig. 5 D). Inter-
estingly, Vps4 also colocalized well with the subunit of the
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Fabl were grown in a synthetic medium. Vacuoles were stained with CMAC. The cells were analyzed by fluorescence microscopy and are shown as individual
slices. Scale bar, 5 pm. Arrows show colocalizing dots. (C) 3D track of the mean fluorescence intensity of lvy1-mGFP from Videos 3 and 4. Wild-type or vps4A
cells expressing mGFP-tagged Ivyl were grown in a synthetic medium. Vacuoles were stained with CMAC, and the data were analyzed as in Fig. 2 F.
(D) Quantification related to A and B. Cells (n = 200), vyl dots (n > 200), Vps4 dots (n = 400), Vps21 dots (n = 300), Ypt7 dots (n = 100), Egol dots (n = 50), Kogl
dots (n > 100), or Fabl dots (n > 50) were quantified by Image]. Error bars represent SD of three independent experiments. ns, P > 0.05 (Student’s t test).
(E) Localization of Torl or Egol relative to Ivyl and Cpslin vps4A cells. Cells expressing mGFP-tagged Torl or Egol with HaloTag-lvyl and mCherry-Cpsl were
grown in a synthetic medium. The cells were incubated with the Janelia fluor 646 HaloTag ligand for 1 h and washed eight times before imaging. The cells were
analyzed by fluorescence microscopy and are shown as individual slices. Scale bar, 5 um. Arrows show colocalizing dots. (F) Quantification of Torl or Egol dots
colocalizing with Ivyl and/or Cps1 from E. Cells (n > 200), Torl dots (n > 100), Egol dots (n = 100), lvyl dots (n = 200), and Cpsl dots (n > 200) from three
independent experiments were quantified by Image). (G) Schematic model showing the different populations of mGFP-Torl and Egol-mGFP dots analyzed in F.
Dark gray spots indicate Torl or Egol dots colocalizing with both Ivyl and Cpsl. Blue and red spots indicate Torl or Egol dots colocalizing with just vyl or just

Cpsl, respectively. Light gray spots indicate Torl or Egol dots that show colocalization with neither vyl nor Cpsl.

Ypt7 GEF-subunit, Ccz1 (75.95 + 3%), and to a lesser degree with
Vps39 (24.95 + 2%) and Fabl (25.04 + 2.7%), while only little Ypt7
(10.7 + 1.1%) was found at these structures (Fig. 5 D and Fig. S3,
A-C). At the restrictive temperature, the colocalization of Vps4
with Cczl, Vps4l, or Fabl decreased strongly, suggesting that the
composition of Vps4-positive LEs also changes upon HOPS in-
activation (Fig. S3, B and C).

HOPS and retromer function maintain SE identity

Given that both Ivyl- and Vps4-positive endosomes seem to
require HOPS to maintain their identity, we asked whether Egol
and TORCI would remain at endosomes if HOPS is inactivated.
At the permissive temperature, Egol and Kogl colocalized with
Ivyl as in wild-type (Fig. 6, A and B; and Fig. 2 C). However, at
the restrictive temperature, colocalization between Egol or Kogl
dots and Ivyl was largely lost (Fig. 6, A and B). As Egol reaches
the vacuole surface by the AP-3 pathway, we tested if some Ivyl
or Egol was found also on the Golgi (marked by Sec7) but did not
detect any overlap at the permissive temperature (Fig. 6, C and
D). Surprisingly, at the restrictive temperature, we observed
that Egol now colocalized with the Golgi marker Sec7 (Fig. 6, C
and D). The number of Sec7 dots stayed the same, however,
indicating that HOPS inactivation did not affect Golgi function
per se. For Kogl, we did not detect colocalization with Sec7 and
currently do not know the identity of the remaining dots (Fig. 6,
C and D). These data suggest that loss of HOPS results in an
accumulation of the EGOC at the Golgi, while TORCI is found
elsewhere.

Previous work in mammalian cells showed that retromer
plays a critical role in TORCIl signaling by controlling a
Rab7 GTPase-activating protein and thus Rab7 levels at lyso-
somes (Kvainickas et al., 2019). A possible explanation for the
Golgi localization of Egol is that Egol became a substrate of
retromer, which is found on SEs (Fig. 6, A and B). We thus an-
alyzed the localization of Ivyl relative to Egol in vps35A cells and
observed a loss of both Ivyl and Egol dots at the expense of
vacuolar localization. This suggests that the localization of the
EGO and Tor complexes to SEs requires both retromer and HOPS
function (Fig. 6, E and F).

Because Egol reaches the vacuolar surface via the AP-3
pathway, we further tested whether other AP-3 cargoes also
accumulate at the Golgi if HOPS is inactivated. We therefore
monitored AP-3-dependent trafficking of the artificial cargo
GNS to the vacuole (Reggiori et al,, 2000). This GNS cargo
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consists of the N-terminally tagged cytosolic part of the vacuolar
SNARE Nyvl, a bona fide AP-3 cargo (Wen et al., 2006), linked to
the longer transmembrane domain of Sncl. If the AP-3 pathway
is defective, then GNS is rerouted via the plasma membrane to
the vacuole (Reggiori et al., 2000). We therefore followed GNS
in the vpsll-1 mutant and observed that it localized to the vacuole
at the permissive temperature. At the restrictive temperature,
GNS also stained the plasma membrane, indicating an AP-3
defect (Fig. S2 B). This indicates that the inactivation of HOPS
does not result in a general rerouting of AP-3 cargoes to the Golgi
or its retention. It suggests rather that the localization of the
EGO and TOR complexes to SEs is determined by dynamic fis-
sion and fusion processes that require a functional retromer and
the HOPS complex.

HOPS function is required for TORC1 signaling

As a complete impairment of HOPS function results in the re-
distribution of Egol from SEs and other locations to the Golgi, we
expected an alteration in vacuolar and ET activities. Using our
previously described reporter system to measure VT and ET
activities (Hatakeyama et al., 2019), we independently con-
firmed this expectation. These reporters are found in wild-type
cells at SEs and vacuoles (Fig. 1, E-G). As TORCI activity is
temperature sensitive, we here used temperatures between 24
and 30°C. Under these conditions, the VT reporter arrived suc-
cessfully at the vacuole, whereas the ET reporter colocalized
with Kogl and Egol (Fig. 1, E-G; Fig. 7 A; and Fig. S4, A-E).

We then determined VT and ET activities. Cells containing
the vpsll-1 allele, but not vpsll-3 cells, exhibited a significant re-
duction in VT activity at 24°C that became even more pro-
nounced at 30°C, while the ET activities were even slightly, but
significantly, increased in wpsll-1, but not vpsii-3 cells (Fig. 7, B
and C). As additional readouts, we followed the phosphorylation
of Sch9 and Vps27, which are substrates of VT and ET, respectively
(Hatakeyama et al., 2019). We detected less Sch9 phosphorylation
(assayed by immunoblot analyses using phosphospecific anti-
bodies that target the TORCI residue T737 in Sch9) and more
Vps27 phosphorylation (assayed by a slower electrophoretic
migration in Phos-tag gel analyses) in vpsll-1 but not in vpsli-3
cells (Fig. 7, D and E; Hatakeyama et al., 2019). This shows that
the impairment of HOPS function, in parallel to affecting the
endosomal localization of various proteins, significantly disturbs
the partitioning of TORC1 signaling between endosomes and
vacuolar membranes.
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Figure 4. Ivyl-positive structures accumulate in HOPS mutants. (A-C) Localization of Ivy1 relative to the vacuole. Selected ts strains (vps11-1, vps18-1, and
vps11-3) expressing mGFP-tagged Ivyl were grown at 24°C in a synthetic medium, and then shifted to 24 or 37°C for 1 h. Vacuoles were stained with FM4-64.
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The cells were analyzed by fluorescence microscopy and are shown as individual slices. Scale bar, 5 um. (D) vps11-1 fab1®C cells expressing mGFP-tagged Ivyl
were stained with CMAC and analyzed as before. (E) Quantification of lvy1 dots per cell in the indicated mutant strains grown at 24 and 37°C. Cells (n > 150)
and Ivyl dots (n = 200) were analyzed. Error bars represent SD of three independent experiments. ns, P > 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test).
(F) Design of the experimental procedure to determine vacuolar proteomics. (G) Vacuolar proteomic analysis. Wild-type (wt) and vps11-1 or vps11-3 cells were
grown in light lysine (wild-type cells) or heavy lysine (mutant cells) containing SILAC medium as described in Materials and methods and incubated at 37°C for
1 h. The vacuoles were isolated and analyzed by mass spectrometry. Intensities of identified proteins are plotted in normalized heavy over light SILAC ratios.
Selected vacuolar proteins are marked. CVT, cytoplasm-to-vacuole targeting; PM, plasma membrane.

Because VT primarily defines rapamycin-sensitive growth
through its vacuolar target Sch9 (Urban et al., 2007; Hatakeyama
et al., 2019), these data explain why a moderate reduction in
HOPS function at semipermissive temperatures (in vpsll-I and
vps18-1 cells), but not a reduction in CORVET function (in vpsll-3
cells), resulted in rapamycin-sensitive growth (Fig. 7, B-E).

Notably, in line with its rapamycin-sensitive growth at 30°C
(Fig. 7 F), the vps4A strain also exhibited significantly lower VT,
but not ET, activity (Fig. 7, G and H). As vps4A strains have no
AP-3-sorting defect (Babst et al., 1997), this corroborates our
conclusion above that defective MVB biogenesis has a significant
impact on TORCI signaling. Taken together, HOPS is needed to
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Figure 5. lvyl structures lose EE marker proteins upon HOPS inactivation. (A) Quantification of Ivy1 dots colocalizing with Vps4, Apl5, or Fabl puncta in
vps11-1 mutant cells grown at 24 or 37°C (related to Fig. S2 A). Cells (n = 150), lvy1 dots (n = 200), Vps4 dots (n = 400), Apl5 dots (n = 500), or Fabl dots (n > 50)
were quantified by ImageJ. Error bars represent SD of three independent experiments. ns, P > 0.05 (Student’s t test). (B) Localization of Ivy1 relative to the
endosomal Rabs Vps21 and Ypt7 or the SNARE Pep12. vps1I-1ts cells expressing mGFP-tagged vyl and mCherry-tagged Vps21, Pep12 or expressing mScarlet-
tagged vyl and mGFP-tagged Ypt7 were grown at 24°C in a synthetic medium, and then shifted to 24 or 37°C for 1 h. Vacuoles were stained with CMAC. The
cells were analyzed by fluorescence microscopy, and individual slices are shown. Scale bar, 5 um. Arrows show colocalizing dots. (C) Quantification of lvy1 dots
that colocalize with Vps8, Vps21, Ypt7, or Pep12 puncta (related to Fig. S2 A). Cells (n = 150), lvyl dots (n = 150), Vps8 dots (n = 100), Vps21 dots (n = 300), Ypt7
dots (n = 100), or Pep12 dots (n = 150) were quantified by Image]. Error bars represent SD of three independent experiments. ns, P > 0.05; **, P < 0.01; ***, P <
0.001 (Student’s t test). (D) Quantification of Vps4 dots that colocalize with Vps8, Vps21, Ypt7, or Pep12 puncta (related to Fig. S3 A). Cells (n > 150) and dots of
Vps4 (n = 400), Vps8 (n = 100), Vps21 (n = 300), Ypt7 (n = 100), or Pep12 (n > 150) were quantified by Image]. Error bars represent SD of three independent
experiments. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test).
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grown at 24°C in a synthetic medium and then shifted to 24 or 37°C for 1 h. Vacuoles were stained with CMAC. The cells were analyzed by fluorescence
microscopy, and individual slices are shown. Arrows show colocalizing dots. (B) Quantification of lvy1 dots colocalizing with Vps35, Egol, or Kogl puncta. Cells
(n = 200), lvyl dots (n = 200), Vps35 dots (n = 150), Egol dots (n = 150), or Kogl dots (n = 100) were quantified by Image]. Error bars represent SD of three
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Student’s t test). (C) Localization of Sec7 relative to Ivyl, Egol, or Kogl. vpsil-1 cells
expressing mScarlet-tagged Sec7 and mGFP-tagged Ivyl, Egol, or mGFP-tagged Sec7 and mCherry-tagged Kogl were grown and analyzed as in A. Arrows show
colocalizing dots. (D) Percentage of Sec7 dots colocalizing with Ivy1, Egol, or Kogl puncta. Cells (n = 200) and Ivy1 (n = 200), Sec7 (n = 350), Egol (n = 150), or
Kogl (n = 100) dots were quantified by Image]. Error bars represent SD of three independent experiments. ***, P < 0.001 (Student’s t test). (E) Localization of
Ivy1 relative to Egol in wild-type (wt) and retromer mutant. Wild-type or vps35A mutant expressing mCherry-tagged Ivyl and mGFP-tagged Egol were grown
in a synthetic medium. Vacuoles were stained with CMAC. The cells were analyzed by fluorescence microscopy, and individual slices are shown. Scale bar,
5 um. Arrows show colocalizing dots. (F) Quantification of Ivyl and Egol dots per wild-type or vps354 cell. Cells (n = 200), Ivy1 dots (n = 200), and Egol dots

(n = 200) were quantified. Error bars represent SD of three independent experiments. *, P < 0.05; ***, P < 0.001 (Student’s t test).

maintain proper TORCI activities at SEs and vacuoles, which is
also in agreement with previous genetic analyses (Kingsbury
et al., 2014; Hatakeyama et al.,, 2019; Zurita-Martinez et al.,
2007).

HOPS is required for reformation of Ivyl-positive structures
next to the vacuoles

As HOPS inactivation causes an accumulation of Ivyl-positive
structures owing to a possible fusion defect, we wondered
whether we could observe recovery of Ivyl-positive structures
with vacuoles by shifting vpsll-1 mutant cells back to the per-
missive temperature (Fig. 8 A). To monitor this, we shifted cells
to 37°C to accumulate Ivyl-mGFP dots and then traced Ivyl dots
by LLSM after cells were exposed to the permissive temperature
(Fig. 8 B). Over the first 30 min, we observed that the number of
Ivyl puncta strongly decreased at the expense of one large dot
(Fig. 8 B). At 32 min, this bright dot suddenly disappeared (Fig. 8
C), and Ivyl fluorescence thereafter was equally distributed over
the entire vacuole surface (Fig. 8, B and D; and Videos 5 and 6).
After this event, Ivyl dots then reappeared proximal to the
vacuole, suggesting either reformation of SEs or relocalization of
Ivyl (Fig. 8 E). These data suggest that Ivyl-positive structures
may initially undergo homotypic fusion before fusing with the
vacuole or MVB, and all fusion or reformation events are HOPS
dependent. During this process, they most likely also acquire the
EGO and TORC1 signaling complexes, resulting in the reforma-
tion of SEs.

Endosomal cargo can pass through Ivyl-positive structures

Previous analyses suggested that SEs have a key function in ET
activity to control protein synthesis, macroautophagy, and
ESCRT-mediated microautophagy at the vacuole (Hatakeyama
et al, 2019; Hatakeyama and Virgilio, 2019b; Lahiri and
Klionsky, 2019). However, it has not been resolved how ET
may sense the nutrient status of the cell. We considered the
possibility that SEs are part of the endocytic pathway and may
thus detect the flux of cargo or possibly receptor proteins. To
test if Ivyl-positive SEs are connected to the endocytic pathway,
we monitored the trafficking of Cy5-labeled a-factor via its
pheromone receptor Ste2 from the plasma membrane through
the endocytic pathway to the vacuole (Arlt et al., 2015; Day et al.,
2018). For this, a-factor was added to cells expressing mGFP-
tagged Ivyl, and both signals were recorded by 3D LLSM over
time. Because of the time needed between a-factor addition to
cells and their mounting at the LLSM stage, we observed events
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only at the Ivyl-decorated SEs. We observed a-factor and Ivyl in
the same structure over time, followed by the appearance of
a-factor in the vacuole lumen (Video 7 and Fig. 9, B and C),
suggesting that endosomal cargo can pass through endosomal
structures marked by Ivyl.

Discussion

SEs are a novel endosomal population in yeast, which harbor ET
(Hatakeyama and Virgilio, 2019b; Lahiri and Klionsky, 2019;
Hatakeyama et al., 2019; Chen et al., 2021). Here, we set out to
determine the identity of SEs and their link to the endocytic
pathway using Ivyl as a reference marker. We show that these
SEs are distinct structures with slower mobility than MVBs that
localize close to the vacuole, yet are tightly connected to MVB
biogenesis. If the ESCRT-IV protein Vps4 is lacking or impaired,
Torl, Egol, and Ivyl as proteins on SEs shift largely to class E
compartments as shown for many other endosomal proteins
(Russell et al.,, 2012). Using a HOPS-inactivating vpsil-1 allele
(Peterson and Emr, 2001), we uncover that most of the Ivyl-
positive structures remain endosomal but lose SE-specific sig-
naling markers such as the TORC1 subunit Kogl and Egol, which
is then found at the Golgi (Fig. 6). Once HOPS is reactivated,
these Ivyl-positive structures reform into a punctum next to the
vacuole, suggesting that they are reformed SEs. In agreement
with the signaling function of SEs, HOPS inactivation impairs
VT activity even at semipermissive temperatures and slightly
enhances ET activity (Fig. 7). This is explained by the depletion
of Egol (and hence EGOC; Nicastro et al.,, 2017) at vacuolar
membranes and its clustering at SEs and the Golgi compartment.
Overall, we reveal that SEs form at a branch between endocy-
tosis and MVB biogenesis, thus linking signaling to protein
trafficking (Fig. 9 D).

SEs as an endosomal population have escaped attention in
previous studies. One reason for this could be that SEs harbor
basically all endosomal markers, such as the Rab5-like Vps21,
CORVET, or the SNARE Pepl2. Also, the ESCRT-0 subunit Vps27
is present on SEs (Hatakeyama et al., 2019), and Vps27 has been
taken as a bona fide marker of endosomes in many studies
(Kama et al., 2011; Dobzinski et al., 2015; Kanneganti et al., 2011;
MacDonald et al., 2012; Bilodeau et al., 2003; Katzmann et al.,
2003; Curwin et al., 2009). However, as shown here and before
(Chen et al., 2021), SEs, which we follow using Ivyl as a refer-
ence marker, lack the ESCRT-IV subunit Vps4 and are thus
unable to form ILVs, yet all SE-specific markers accumulate at
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Figure 7. HOPS mutants affect TORC1 activity. (A) Localization of VT relative to the vacuole. Wild-type (wt), vps11-1, and vps11-3 cells were transformed
with the VT (Sch9C-te™.GFP-Pho8N-te™) reporter and grown in a synthetic medium at 24 or 30°C. Vacuoles were stained with FM4-64. The cells were analyzed
by fluorescence microscopy and are shown as individual slices. Scale bar, 5 um. (B) The vps11-1 allele causes changes in both VT and ET activities. Strains with
the indicated genotypes were transformed with ET (FYVE-GFP-Sch9<te™) or VT (Sch9¢tem.GFP-Pho8N-te™™) reporters and grown exponentially at 24 or 30°C
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on SDC + all medium. To measure ET/VT activities (Hatakeyama et al., 2019), proteins were extracted and run on SDS-PAGE, and the phosphorylation levels of
the ET/VT reporters were detected by immunoblotting using phospho-specific anti-Sch9-pThr’3” antibodies. ET/VT input levels were detected with anti-GFP
antibodies. Different exposures are shown to better visualize the effects on ET and VT. (C) Quantifications of the ET/VT assays in A. Significance was de-
termined with a two-tailed Student’s t test (**, P < 0.005; *, P < 0.05). (D) Phosphorylation states of vacuolar Sch9 and endosomal Vps27. Wild-type, vps11-1,
and vps11-3 were grown in synthetic complete medium. Corresponding cells extracts were run on 7.5 and 9% SDS-PAGE and probed with phosphospecific
Thr737 Sch9 and anti-Sch9 antibodies or run on a 6% gel containing 50 pM Mn2*-Phos-tag and probed with anti-Vps27 antibodies. (E) Quantifications of the
Sch9 Thr737 phosphorylation assayed in D. Error bars represent SD of three independent experiments. **, P < 0.01 (Student’s t test). (F) Growth of wild-type,
vpsdA, vps11-1, vps18-1, and vps11-3 on rapamycin-containing plates. The cells were grown in synthetic medium, spotted onto plates containing SDC + all with or
without 2 ng/ml rapamycin, and grown at either 24 or 30°C for 2-5 d. (G) VPS4 deletion affects vacuolar but not ET activity. Wild-type and vps44 cells were
transformed with ET (FYVE-GFP-Sch9%ter™) or VT (Sch9¢-te™-GFP-Pho8N-t™) reporters and grown exponentially at 30°C in a synthetic medium. ET/VT
activities were assessed as in B. (H) Quantifications of the ET/VT assay in G. Significance was determined with a two-tailed Student’s t test (*, P < 0.05). Source
data are available for this figure: SourceData F7.

class E compartments if VPS4 is deleted (Fig. 3). This shows that  effector of the Rab5-like Vps21 may not be the best marker to
the function of the SE as a dynamic endosomal compartment trace endosomes in general and thus follow their fusion with the
requires functional MVBs. Even the CORVET subunit Vps8 asan  vacuole (Day et al., 2018; Casler and Glick, 2020).
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Figure 8. HOPS function is required for SE recovery. (A) Schematic diagram of the method for monitoring SEs fusion with vacuoles (Vac). (B and C) Tracing
of SEs by LLSM during recovery of vps1I-1 mutant cells (from Video 5). vps11-I cells expressing mGFP-tagged Ivyl were grown at 24°C in a synthetic medium,
incubated at 37°C for 1 h, and then tracked and analyzed by LLSM at 24°C. Vacuoles were stained with CMAC. The 3D stacks were cropped by Imaris after
deconvolution, and the different channels were split by Image]. Scale bar, 2 um. Imaris-defined xy, xz, and yz planes of the 32-min time point are shown. The
analyzed dot is indicated in B by white arrows. Ivyl fluorescent intensity was analyzed by vantage time plots in Imaris, and the plot statistic values were
measured by surpass objects with spots (C). (D) 3D view of Ivyl after dots dispersion. The image was extracted from Video 5, and all views are shown.
(E) Quantification of Ivyl dots in Video 6. The numbers of Ivyl dots were counted manually and analyzed by ImageJ. Error bars represent SD of three in-
dependent experiments.
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Figure 9. Plasma membrane-derived cargo can pass through the SEs. (A) Schematic model of a-factor uptake by yeast cells. Green dots refer to SE, green
ring to vacuoles (Vac.), and magenta dots to MVB. (B) Trafficking of a-factor relative to SEs. Selected time points from LLSM image (Video 7) after 3D de-
convolution are shown. Cells expressing mGFP-tagged Ivyl were grown in a synthetic medium, cooled to 4°C to block endocytosis, and treated with fluorescent
a-factor for 15 min at 4°C. After mounting, a-factor was tracked by LLSM at 23°C. Indicated time points refer to the time interval after 5 min when cells were
shifted to 23°C. (C) 3D track mean fluorescence intensities of lvy1l-mGFP and a-factor from Video 7. Respective lvyl and a-factor fluorescence intensities were
analyzed by vantage time plots in Imaris, the plots statistics values measured by surpass objects with spots. The analyzed dots were indicated in B by white
arrows. The experiment was done three times with similar observations. (D) Working model of the SE function in endolysosomal trafficking. Endocytic
transport of a plasma membrane protein (red) bound to cargo (blue) occurs via the EE and MVB toward the vacuole. SEs are shown at the interface between
the EE and the Golgi. Rab5 (5, green) and Rab7 (7, black) indicate membrane identity of each compartment. Vps4 (4, pink) is present on MVBs, Ivyl on SEs and
the vacuole, where the two pools of EGOC (a substrate of the AP-3 pathway) and TORC1 are also observed. A fraction of EGOC and TORC1 also resides on
MVBs. HOPS promotes fusion between these compartments. For details, see text.

We realize that the endosome population in the cell is het-
erogeneous and that various stages of endosome maturation
exist, which creates a challenge to trace SEs. We used mainly
Ivyl as a reference marker, although are aware that not all Ivyl
dots localize to SEs. Ivyl is an IBAR protein with a preference for
negative curvature that binds both PI3P and Ypt7, can inhibit

Gao et al.
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Fabl function, and is found in endosomal dots and on the vac-
uole, similarly to Torl and Egol (Lazar et al., 2002; Numrich
et al., 2015; Malia et al., 2018). Ivyl also relocalizes from dots
to the vacuole in response to changes in amino acids and is found
in vacuolar domains after long starvation (Sullivan et al., 2019;
Varlakhanova et al., 2018b, a; Murley et al., 2017; Toulmay and
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Prinz, 2012; Numrich et al., 2015). We are aware that Ivyl as a
peripheral membrane protein may relocalize from endosomes to
vacuoles without membrane fusion. However, we followed Ivyl
under normal growth conditions and observed clear colocaliza-
tion of Torl or Egol, together with Ivyl and endosomal proteins
such as Vps21, but also Ypt7 (Fig. 1, A-D). Importantly, Ivyl dots
also colocalized well with ET (Fig. 1, F and G). Moreover, Ivyl
structures accumulate if HOPS is impaired, suggesting that they
require HOPS to fuse with MVBs and the vacuole. These data
indicate that Ivyl dots correspond largely to SEs, possibly at
different stages of their maturation (Fig. 1, A-D). In addition to
the more static Ivyl-positive dots (which we here consider SEs),
we observed a rather mobile Ivyl fraction on vacuoles (Fig. 2, F
and G), which was also observed when we reactivated HOPS and
traced the vacuolar pool of Ivyl on the vacuole over time (Fig. 8).
We consider it likely that these mobile dots on vacuoles corre-
spond to individual Ivyl molecules, but not endosomes. In
comparison to Ivyl dots, MVBs (as monitored by Vps4 mobility)
are more mobile (Fig. 2 H), though we do not know the reason
for this difference in mobility presently.

Several studies have used ultrastructural analyses to dissect
the yeast endocytic pathway by following the endocytic uptake
of nanogold particles (Griffith and Reggiori, 2009; Prescianotto-
Baschong and Riezman, 2002). Here, tubular intermediates
appeared, which were interpreted as EEs. As we found colocal-
ization of Ivyl with a-factor as an endocytic cargo, we speculate
that the biogenesis of SEs and TORC1 signaling is linked to nu-
trient transporter shuttling (Fig. 9 D). How such a link between
trafficking and signaling may work is presently unclear. We
favor a model where nutrient transporters themselves either
activate TORCI or bring along signaling molecules. This would
allow TORCI to translate trafficking of nutrient transporters into
the metabolic state of the cell. If TORC1 is then active, it may
phosphorylate several proteins such as the Fabl complex (Chen
et al., 2021), which may stabilize the SE, affecting signaling and
thus growth.

Our data uncover a key role of the HOPS complex in main-
taining SE identities. HOPS is a tethering complex that binds
SNAREs and promotes fusion of Ypt7-positive membranes
(Wickner and Rizo, 2017; Zick and Wickner, 2016; Mima and
Wickner, 2009; Brocker et al., 2012; Liirick et al., 2017; Ho
and Stroupe, 2015). The two vpsll alleles clearly affect HOPS and
CORVET differently (Peterson and Emr, 2001). The vpslI-I allele
affects primarily HOPS and thus fusion events at the vacuole but
still allows CORVET-dependent endocytosis, whereas the vpslI-3
allele blocks the latter process without interfering with fusion at
the vacuole. In agreement, vacuolar proteomics clearly show
that the vpsll-3 mutant strongly blocks endocytosis, whereas the
vpsll-1 analysis shows that both HOPS and the EGOC are lost
from vacuolar fractions at the restrictive temperature (Fig. 4, F
and G). If SEs then harbor both HOPS and Ypt7, why do not they
fuse with the vacuole? We speculate that signaling at the SE may
also block the fusion machinery, by phosphorylation of Vps27
or other proteins (Fig. 7, C and D; Hatakeyama et al., 2019;
Hatakeyama and Virgilio, 2019a). In this case, loss of signaling
may revert this process and promote fusion of SEs with MVBs or
the vacuole. We are currently testing this hypothesis.

Gao et al.

Signaling endosome biogenesis

TR
(: k(J
IV

SEs are possibly also connected to the AP-3 pathway (Nagano
etal,, 2019; Toshima et al., 2014) and thus may exist at a branch
between the biosynthetic sorting pathway to the vacuole and the
endocytic pathway (Fig. 9 D). This would explain why the EGOC,
an identified substrate of the AP-3 pathway (Hatakeyama et al.,
2019), localizes to SEs and vacuoles. This localization may be far
more dynamic than anticipated as Egol (and likely the entire
EGOC) appears at the Golgi if HOPS has been inactivated. Fur-
thermore, Egol and Ivyl dots are reduced in retromer mutant,
suggesting a role of sorting nexins or retromer in retrograde
transport at SEs. Localization of EGOC and TORC1 to SEs may
thus require a balance between the HOPS-dependent fusion and
a retromer-dependent recycling pathway.

In summary, our data reveal that SEs are tightly connected to
the biogenesis of LEs in yeast, are linked to the endocytic
pathway, and may thus receive signal input for ET activity for
their stabilization as an endosomal structure. We uncover a key
role of the HOPS complex in keeping SE identities, suggesting
that fusion regulation may be part of the signaling cascade.
Future studies need to dissect how TORCI or other signaling
complexes promote SE formation, sense endocytic trafficking,
and thus translate this into metabolic adjustments.

Materials and methods

Yeast strains and molecular biology

Strains used in this study are listed in Table S1. Deletions and
tagging of genes in the cells were done by PCR-based homolo-
gous recombination with corresponding primers and templates
(Janke et al., 2004; Puig et al., 1998). Mutations in Fabl were
generated by a CRISPR-Cas9 approach (Generoso et al., 2016).
Vps4-mCherry has an HA-tag as a spacer before the mCherry
tag, which maintains protein functionality (Adell et al., 2017).
Plasmids are listed in Table S2. Primers are listed in Table S3.

Fluorescence microscopy

Yeast cells were grown in a synthetic complete medium (yeast
nitrogen base without amino acids and with ammonium sulfate)
containing 2% glucose to log phase at 30°C. Selective ts strains
were cultured in a synthetic complete medium at 24°C to log
phase and then shifted to 37°C for 1 h. Cells were imaged on a
DeltaVision Elite imaging system based on an inverted micro-
scope with 100x, NA 1.49 objectives, an sCMOS camera (PCO),
and an Insight SSI (TM) illumination system. Stacks of six to
eight images with 0.2-0.35 pm spacing were taken, and images
were deconvolved using SoftWoRx software (Applied Precision).
To analyze the localization of ET or VT relative to the vacuole,
Ivyl, and Kogl, images were captured with an inverted spinning-
disk confocal microscope (Nikon Ti-E; VisiScope CSU-W1) that
was equipped with a Photometrics pco.edge 4.2 sSCMOS camera
and a 100x, NA 1.3 oil-immersion Nikon CFI series objective

(Egg).

Real-time 3D LLSM and image processing

Wild-type cells expressing Ivyl-mGFP were grown in a synthetic
complete medium to log phase, and vacuoles were stained with
FM4-64 or 7-amino-4-chlormethylcumarin (CMAC; Videos 1, 2,
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3, and 4). vpsll-1 ts cells expressing Ivyl-mGFP were grown in
synthetic complete medium at 24°C to a log phase, incubated at
37°C for 1 h, and vacuoles were stained with CMAC. For a-factor
uptake, cells expressing Ivyl-mGFP were grown in synthetic
complete medium to a log phase, incubated on ice for 15 min, and
then 2.5 uM labeled a-factor was added to the cells for additional
15-min incubation on ice.

5 pl of cells were spotted on the top of 5-mm round glass
coverslips (11888372; Thermo Fisher Scientific) coated with
concanavalin A for 5 min at room temperature to make them
adhere. They were then mounted on a sample holder specially
designed for LLSM, which was an exact home-built clone of the
original design by the Eric Betzig group (Chen et al., 2014). The
holder was inserted into a sample bath containing synthetic
complete medium at room temperature (25°C). A two-channel
image stack was acquired in sample scan mode through a fixed
light sheet with a step size of 500 nm, which is equivalent to a
~271-nm slicing with respect to the z-axis considering the
sample scan angle of 32.8°. We used a dithered square lattice
pattern generated by multiple Bessel beams, with inner and
outer numerical apertures of the excitation objective of 0.48 and
0.55, respectively. Each 3D image stack (512 x 320 x 150 voxels)
contained 50-100 cells and was imaged at 30-40 frames. For
time-lapse videos, we recorded protein dynamics with a full 3D
stack every 1 s for a total time of 1 min (60 time points). For vpslI-
1cell recovery assay, we recorded a full 3D stack every 1 min for a
total time of 40 min (40 time points). For a-factor uptake assay,
we recorded a full 3D stack every 30 s for a total time of 15 min
(30 time points). The different channels were sequentially ex-
cited using a 405-nm laser (LBX-405; Oxxius) for CMAC, a 488-
nm laser (2RU-VFL-P-300-488-BIR; MPB Communications) for
GFP (Ivyl or Vps4), and a 560-nm laser (2RU-VFL-P-500-560-
BIR; MPB Communications) for mCherry (Ivyl). Fluorescence
was detected by an sCMOS camera (ORCAFlash 4.0; Hamamatsu)
using a quadband emission filter (446/523/600/677 HC Quad-
band; Semrock), with an exposure time of 13.2 ms for monitoring
protein dynamics in each channel and an exposure time of
23.2 ms for the vpsll-1 cell recovery and a-factor uptake assays.
The final pixel size in the image is 104.5 nm. The raw data were
further processed using an open-source LLSM postprocessing
utility called LLSpy v0.4.9 (https://github.com/tlambert03/
LLSpy) for deskewing, deconvolution, 3D stack rotation, and
rescaling. Deconvolution was performed using experimental
point spread functions and is based on the Richardson-Lucy al-
gorithm using 10 iterations. Finally, image data were analyzed
using spot detection and tracking in Imaris 9.5 (Bitplane). By using
the built-in spot detection routine, single fluorescent signals were
classified as diffraction-limited ellipsoids with a diameter of 250
nm in x and y directions and 600 nm in z direction. These spots
were tracked with the built-in autoregressive motion model using
a maximum single-step displacement of 1.2 pm and a maximum
gap size of O time points. Only trajectories >2.5 s were considered
for further analysis. Mean track intensity and speed box plots
were generated by the Imaris built-in Vantage plot tool. Box plots
show minimum (QO percentile) and maximum (Q4 percentile)
values, the box defines data points within Q1 and Q3 percentiles,
and the line defines the median (Q2 percentile).
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ET/VT assay to determine TORC1 activity

Wild-type, vpsll-1, and vpsll-3 cells were transformed either with
the ET reporter (FYVE-GFP-Sch9¢te™™) harboring plasmid
pRS425-VAC8p-EEAI(human)!2°7-1411_.GFP-SCH97°%-82¢ or the
VT reporter (Sch9¢-ter™.GFP-Pho8N-te'™) harboring plasmid
PpRS426-PRClIp-SCH97%%-824.GFP-PHO8"%3. The cells were grown
at 24 or 30°C in a synthetic complete medium (2% glucose, yeast
nitrogen base, ammonium sulfate, and all amino acids) until
mid-log phase, and 10 ml of cell culture was mixed with TCA ata
final concentration of 6%. After centrifugation, the pellet was
washed with cold acetone and dried in a speed-vac. The pellet
was resuspended in lysis buffer (50 mM Tris-HCI, pH 7.5, 5 mM
EDTA, 6 M urea, and 1% SDS), the amount being proportional to
the ODgg0 of the original cell culture. Proteins were extracted by
agitation in a Precellys machine after the addition of glass beads.
After the addition of 2x Laemmli buffer (350 mM Tris-HCl, pH
6.8, 30% glycerol, 600 mM DTT, 10% SDS, and 0.02% bromo-
phenol blue), the mix was boiled at 98°C for 5 min. The analysis
was carried out by SDS-PAGE using phosphospecific rabbit anti-
Sch9-pThr737 (custom made), goat anti-Sch9 (custom made),
and mouse anti-GFP (11814460001; Roche) antibodies. Band in-
tensities were quantified using Image] software. For Vps27
phosphorylation state analysis, EDTA-free protein extracts were
run on a 6% gel containing 50 uM Mn?*-Phos-tag and probed
with rabbit anti-Vps27 antibodies (custom made).

Vacuole isolation and proteomics

Wild-type and ts mutant cells were grown in 500 ml synthetic
medium with 30 mg/l normal lysine or 30 mg/l heavy lysine
(L-lysine ®C4'°N,; Cambridge Isotope Laboratories) at 23°C and
then incubated at 37°C for 1 h to an ODggo of ~0.8-1.0, re-
spectively. The vacuole isolation assay was performed as described
before (Gao et al., 2018). Isolated vacuoles were precipitated with
20% TCA, incubated on ice for 20 min, and resuspended in ice-cold
acetone twice by sonication. The vacuole precipitate was further
purified using PreOmics IST kit for the final mass spectrometry
measurements.

Reverse-phase chromatography was performed on a Thermo
Ultimate 3000 RSLCnano system connected to a Q Exactive-Plus
mass spectrometer (Thermo Fisher Scientific). Peptides were sepa-
rated and eluted as described previously (Eising et al., 2019). The MS
results were analyzed by MaxQuant (v1.6.14.0, www.maxquant.org/)
as described before (Frohlich et al., 2013), and the plots were per-
formed with the R software package (www.r-project.org/).

Online supplemental material

Fig. S1 shows the relocalization of SE-specific proteins in vps4
mutants and supports Fig. 3. Fig. S2 shows the localization of
endosomal and vacuolar proteins relative to Ivyl in HOPS mu-
tant strains and supports Fig. 5. Fig. S3 shows analysis of pro-
teins on Vps4-positive endosomes in HOPS mutants cells in
support of Figs. 5 and 6. Fig. S4 shows the localization of TORC1
reporters in the vpsll mutant and supports Fig. 7. Videos 1 and
2 show the mobility of Ivyl relative to FM4-64 stained vacuoles
and Vps4 (related to Fig. 2, D and H). Video 3 shows the mobility
of Ivyl relative to CMAC stained vacuolesis (related to Fig. 3 C).
Video 4 shows the Ivyl localization relative to vacuoles in the
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vps4 mutant (related to Fig. 3 C). Videos 5 and 6 show Ivyl lo-
calization in vpslI-I mutants (related to Fig. 8, B and E). Video 7
shows Ivyl localization relative to endocytosed a-factor and is
related to Fig. 9, B and C. Table S1 lists all yeast strains used in
this study. Table S2 lists the plasmids used. Table S3 lists the pri-
mers used. Data S1 shows quantification of Fig. 1, A, B, E, and F, and
correlates to Fig. 1, C and G. Data S2 shows quantification of Fig. 2, A
and B, and correlates to Fig. 2 C. Data S3 shows quantification of
Fig. 3, A, B, and E, and correlates to Fig. 3, D and F. Data S4 shows
quantification of Fig. 4, A-D, and correlates to Fig. 4 F. Data S5
shows quantification of Fig. S2 A, Fig. 5B, and Fig. S3 A, and cor-
relates to Fig. 5, A, C, and D. Data S6 shows quantification of Fig. 6,
A, C, and E, correlates to Fig. 6 B, D, and F. Data S7 shows quanti-
fication of Fig. 7, B, D, and G, and correlates to Fig. 6, C, E, and H.
Data S8 shows quantification of Fig. 8 B and correlates to Fig. 8 E. Data
S9 shows quantification of Fig. 9 B and correlates to Fig. 9 C. Data S10
shows quantification of Fig. 1, A and B; reverse quantification of
Fig. 2, A and B, and Fig. 3, A and B; quantification of Fig. S1, D and G;
and correlates to Fig. S1, A-C, E, F, and H. Data S11 shows quanti-
fication of Fig. S2 B and correlates to Fig. S2 C. Data S12 shows
quantification of Fig. S3 B and correlates to Fig. S3 C.
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Figure S1. Relocalization of SE-specific proteins to class E compartments of vps4 mutant cells. (A) Quantification of lvyl, Torl, Egol, and Vps4 dots per
cell. Cells (n = 200), Ivy1 dots (n = 200), Torl dots (n > 100), Egol dots (n = 100), and Vps4 dots (n = 600) were analyzed. Error bars represent SD of three
independent experiments. (B) Quantification of endosomal protein puncta relative to lvyl (related to Fig. 2 C). Cells (n = 150), Ivy1 dots (n > 150), Vps4 dots (n >
300), Vps8 dots (n = 50), Vps21 dots (n = 200), Ypt7 dots (n = 150), Egol dots (n > 50), Gtr2 dots (n > 50), Kogl dots (n = 50), or Fabl dots (n = 50) were
quantified by Image] and are shown as the percentage of endosomal markers that show Ivyl-positive signals. Error bars represent SD of three independent
experiments. (C) Quantification of endosomal protein puncta colocalizing with vyl in wild-type (wt) and vps4A mutant (related to Fig. 3 D). Cells (n > 200), Ivyl
dots (n = 200), Vps4 dots (n = 400), Vps21 dots (n > 300), Ypt7 dots (n = 100), Egol dots (n = 50), Kogl dots (n = 100), or Fabl dots (n > 50) were quantified by
Image) and are expressed as percentage of endosomal markers that show Ivyl-positive signals. Error bars represent SD of three independent experiments. ns,
P > 0.05; *, P < 0.05; **, P < 0.01 (Student’s t test). (D) Localization of lvyl relative to Fabl in vps4 ts cells. vps4 ts cells expressing mCherry-tagged vyl and
mNeon-tagged Fabl were grown at 24°C in a synthetic medium, and then shifted or not to 37°C for 1 h. Arrows show colocalizing dots. (E) Quantification of
mean fluorescent intensity of lvyl-mGFP from C. Cells (n > 200) and vyl dots (n > 200) were quantified by Image]. Error bars represent SD of three inde-
pendent experiments. ***, P < 0.001 (Student’s t test). (F) Percentage of Ivy1 colocalizing with Fabl puncta (upper panel) and percentage of Fabl puncta
colocalizing with Ivyl (lower panel). Cells (n = 200), Ivyl dots (n = 200), and Fabl dots (n > 50) were quantified by ImageJ. Error bars represent SD of three
independent experiments. ns, P > 0.05 (Student’s t test). (G) Localization of Ivy1 relative to Cpsl. Wild-type and vps4A cells expressing mCherry-tagged Ivyl
and GFP-tagged Cpsl were grown in a synthetic medium and analyzed by fluorescence microscopy. Individual slices are shown. Scale bar, 5 um. Arrows show
colocalizing dots. (H) Quantification of lvy1 colocalizing with Cps1-positive puncta. Cells (n > 150), lvy1 dots (n > 150), and Cps1 dots (n > 50) were quantified by
Image]. Error bars represent SD of three independent experiments. **, P < 0.01 (Student’s t test).
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Figure S2. Analysis of endosomal and vacuolar markers relative to vyl in HOPS mutant cells. (A) Localization of Ivy1 relative to Vps8, Vps4, Apl5, and
Fabl (quantification is shown in Fig. 5, A and C). vps11-1 ts cells expressing mGFP-tagged Ivyl and mCherry-tagged Vps8, Vps4, and Apl5 or mScarlet-tagged
Ivyl and mNeon-tagged Fabl were grown at 24°C in a synthetic medium, and then shifted or not to 37°C for 1 h. Vacuoles were stained with CMAC. The cells
were analyzed by fluorescence microscopy, and individual slices are shown. Arrows show colocalizing dots. (B) Localization of Ivy1 relative to Vps39, Vps4l,
Cczl, and the artificial cargo GNS. vps11-1 cells expressing mScarlet-tagged Ivyl; mNeon-tagged Vps39, Vps4l, or Cczl; or GFP-tagged GNS were grown and
analyzed as in A. Scale bar, 5 um. Arrows show colocalizing dots. (C) Quantification of Ivy1 colocalizing with Vps39, Vps41, and Ccz1 puncta. Cells (n > 200), vyl
dots (n = 250), Vps39 dots (n > 100), Vps41 dots (n > 100), or Ccz1 dots (n > 200) were quantified by Image). Error bars correspond to SD of three independent
experiments. ns, P > 0.05; *, P < 0.05 (Student’s t test).
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Figure S3. Analysis of proteins found on Vps4-positive LEs in HOPS mutant cells. (A) Localization of the MVB marker Vps4 relative to endosomal
proteins. vps11-1 ts cells expressing mGFP-tagged Vps4 and mCherry-tagged Vps8, Vps21, and Pep12 or mCherry-tagged Vps4, and mGFP-tagged Ypt7 were
grown at 24°C in a synthetic medium, and then shifted or not to 37°C for 1 h. Vacuoles were stained with CMAC. The cells were analyzed by fluorescence
microscopy and are shown via individual slices. Scale bar, 5 um. Quantification is shown in Fig. 5 D. Arrows show colocalizing dots. (B) Localization of Vps4
relative to Vps39, Vps4l, Cczl, Fabl, and Apl5. vps11-1 cells expressing mCherry-tagged Vps4 and mNeon-tagged Vps39, Vps41, Cczl, and Fabl or mGFP-tagged
Vps4 and 3xmCherry-tagged Apl5 were grown at 24°C in a synthetic medium, and then shifted or not to 37°C for 1 h. Vacuoles were stained with CMAC. Cells
were analyzed by fluorescence microscopy, and individual slices are shown. Scale bar, 5 um. Arrows show colocalizing dots. (C) Quantification. Cells (n > 150),
Vps4 dots (n = 400), Vps39 dots (n = 100), Vps41 dots (n = 100), Ccz1 dots (n = 200), or Fabl dots (n = 50) were quantified by ImageJ. Error bars represent SD of
three independent experiments. *, P < 0.05; ***, P < 0.001 (Student’s t test).
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Figure S4. Analysis of the localization of TORC1 reporters in the vps11-1 mutant. (A-D) Localization of Kogl and Ivy1 relative to VT and ET reporters.
vps1l-1 cells expressing Kogl-mCherry or lvyl-mScarlet were transformed with VT (Sch9te™-GFP-Pho8N-te™) or ET (FYVE-GFP-Sch9<te™) reporters, grown
exponentially at 24 or 30°C in a synthetic medium, and analyzed by fluorescence microscopy. Individual slices are shown. Scale bar, 5 pm. Arrows show
colocalizing dots. (E) Quantification of Kog1 or Ivy1 colocalizing with ET dots. Cells (n > 150), Kog1 dots (n = 100), vyl dots (n > 150), and ET dots (n > 200) were
quantified by Image]. Error bars represent SD of three independent experiments.

Video 1. Ivyl localization relative to vacuoles by LLSM analysis after 3D deconvolution. Related to Fig. 2 D. Cells expressing mGFP-tagged Ivyl with
FM4-64-stained vacuoles were imaged for 1 min. The video shows 3D renderings (maximum-intensity projection mode in Imaris) of a deconvolved 3D time-
lapse stack (see Materials and methods for details). The video was recorded at 8 frames/s; the original images were taken at 1.2-s time intervals.

Video 2. Ivyl and Vps4 localization by LLSM analysis after 3D deconvolution. Related to Fig. 2 H. Cells expressing mCherry-tagged Ivyl and HA-mGFP-
tagged Vps4 were imaged for 1 min. The video shows 3D renderings (maximum-intensity projection mode in Imaris) of a deconvolved 3D time-lapse stack (see
Materials and methods for details). The video was recorded at 8 frames/s; the original images were taken at 8-s time intervals.

Video 3. vyl localization relative to vacuoles by LLSM analysis after 3D deconvolution. Related to Fig. 3 C. Cells expressing mGFP-tagged vyl with
CMAC-stained vacuoles were imaged for 1 min. The video shows 3D renderings (maximum-intensity projection mode in Imaris) of a deconvolved 3D time-lapse
stack (see Materials and methods for details). The video was recorded at 8 frames/s; the original images were taken at 1.1-s time intervals.
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Video 4. vyl localization relative to vacuoles in vps4A cells by LLSM analysis after 3D deconvolution. Related to Fig. 3 C. vps4A cells expressing mGFP-
tagged Ivyl with CMAC-stained vacuoles were imaged for 1 min. The video shows 3D renderings (maximum-intensity projection mode in Imaris) of a de-
convolved 3D time-lapse stack (see Materials and methods for details). The video was recorded at 8 frames/s; the original images were taken at 1.1-s time
intervals.

Video 5. vyl localization relative to vacuoles in vpsll-1 cells by LLSM analysis after 3D deconvolution. Related to Fig. 8 B. vps11-1 cells expressing
mGFP-tagged Ivyl with CMAC-stained vacuoles were imaged for 40 min. The video shows cropped 3D renderings (maximum-intensity projection mode in
Imaris) from Video 6 of a deconvolved 3D time-lapse stack (see Materials and methods for details). The video was recorded at 10 frames/s; the original images
were taken in 60-s time intervals.

Video 6. lvyl localization in vps11-1 cells by LLSM analysis after 3D deconvolution. Related to Fig. 8 E. vps11-1 cells expressing mGFP-tagged Ivyl were
imaged for 40 min (CMAC staining is not shown). The video shows 3D renderings (maximum-intensity projection mode in Imaris) of a deconvolved 3D time-
lapse stack (see Materials and methods for details). The video was recorded at 10 frames/s; the original images were taken in 60-s time intervals.

Video 7. vyl localization relative to a-factor by LLSM analysis after 3D deconvolution. Related to Fig. 9, B and C. Cells expressing mGFP-tagged Ivyland
treated with fluorescent a-factor were imaged for 12 min. The video shows 3D renderings (maximum-intensity projection mode in Imaris) of a deconvolved 3D
time-lapse stack (see Materials and methods for details). The video was recorded by 8 frames/s, the original images were taken at 30-s time intervals.

Provided online are three tables and 12 datasets. Table S1 lists yeast strains used in this study. Table S2 lists plasmids used in this
study. Table S3 lists primers used. Data S1 shows quantification of Fig. 1, A, B, E, and F, and correlates to Fig. 1, C and G. Data S2
shows quantification of Fig. 2, A and B, and correlates to Fig. 2 C. Data S3 shows quantification of Fig. 3, A, B, and E, and correlates to
Fig. 3, D and F. Data S4 shows quantification of Fig. 4, A-D, and correlates to Fig. 4 F. Data S5 shows quantification of Fig. S2 A,
Fig. 5B, and Fig. S3 A, and correlates to Fig. 5, A, C, and D. Data S6 shows quantification of Fig. 6, A, C, and E, correlates to Fig. 6 B, D,
and F. Data S7 shows quantification of Fig. 7, B, D, and G, and correlates to Fig. 6, C, E, and H. Data S8 shows quantification of Fig. 8 B
and correlates to Fig. 8 E. Data S9 shows quantification of Fig. 9 B and correlates to Fig. 9 C. Data S10 shows quantification of Fig. 1,
A and B; reverse quantification of Fig. 2, A and B, and Fig. 3, A and B; quantification of Fig. S1, D and G; and correlates to Fig. S1, A-C,
E, F, and H. Data S11 shows quantification of Fig. S2 B and correlates to Fig. S2 C. Data S12 shows quantification of Fig. S3 B and
correlates to Fig. S3 C.
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