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ABSTRACT Organelles of the endolysosomal system undergo multiple fission and fusion
events to combine sorting of selected proteins to the vacuole with endosomal recycling. This
sorting requires a consecutive remodeling of the organelle surface in the course of endo-
somal maturation. Here we dissect the remodeling and fusion machinery on endosomes
during the process of endocytosis. We traced selected GFP-tagged endosomal proteins rela-
tive to exogenously added fluorescently labeled a-factor on its way from the plasma mem-
brane to the vacuole. Our data reveal that the machinery of endosomal fusion and ESCRT
proteins has similar temporal localization on endosomes, whereas they precede the retromer
cargo recognition complex. Neither deletion of retromer nor the fusion machinery with the
vacuole affects this maturation process, although the kinetics seems to be delayed due to
ESCRT deletion. Of importance, in strains lacking the active Rab7-like Ypt7 or the vacuolar
SNARE fusion machinery, a-factor still proceeds to late endosomes with the same kinetics.
This indicates that endosomal maturation is mainly controlled by the early endosomal fusion
and remodeling machinery but not the downstream Rab Ypt7 or the SNARE machinery. Our
data thus provide important further understanding of endosomal biogenesis in the context
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of cargo sorting.

INTRODUCTION

Organelles in the endomembrane system dynamically associate
with a variety of proteins to mediate membrane fission and fusion
events during protein trafficking. The association of proteins with
their particular target membrane depends on the lipid composition,
phosphorylation of specific phosphoinositides, and other peripheral
and integral membrane proteins. The surface of these organelles is,
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however, not static but undergoes remodeling to function in mem-
brane tubulation or membrane fusion (Huotari and Helenius, 2011).
Within the endocytic pathway, such remodeling processes are
particularly dramatic at the early endosome/late endosome transi-
tion. Early endosomes contain multiple tubular extensions, start to
form intraluminal vesicles (ILVs), and eventually convert into late en-
dosomes during a process termed endosomal maturation.

The machinery of membrane remodeling is closely linked to the
Rab GTPases Rab5 at the early endosome and Rab7 at the late en-
dosome. Rabs are switch-like proteins with C-terminal prenyl an-
chors. In their GDP form, Rabs are kept soluble in the cytosol by
binding to the GDP dissociation inhibitor (GDI). Membrane-bound
guanine nucleotide exchange factors (GEFs) recruit the Rab-GDP
and trigger nucleotide exchange to the active Rab-GTP, which can
then bind to effector proteins such as fusion factors or recycling pro-
tein complexes (Gerondopoulos et al., 2012; Barr, 2013; Blumer
et al., 2013; Cabrera and Ungermann, 2013).

The process of endocytosis is critical for the down-regulation
of plasma membrane proteins, which is generally initiated by
ligand binding or in response to quality control measures.
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Membrane proteins are subsequently packaged into endocytic
vesicles, which fuse with early endosomes in a Rab5-dependent
reaction (Zeigerer et al., 2012). In yeast, this process requires the
homologous Vps21 protein, the tethering protein Vac1, and the
soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) fusion machinery, including the Pep12 syntaxin-
like SNARE (Horazdovsky et al., 1994; Gerrard et al., 2000;
Peterson and Emr, 2001; Cabrera et al., 2013). In addition, Vps21-
GTP interacts with the hexameric class C core vacuole/endosome
tethering (CORVET) complex to promote endosome-endosome
fusion (Peplowska et al., 2007; Balderhaar et al., 2013; Cabrera
et al., 2013). Early endosomes then mature to late endosomes. In
this context, endosomal sorting complexes required for transport
(ESCRT) proteins promote the sorting of membrane proteins into
ILVs (Henne et al., 2011) and thus profit from multiple endosome—
endosome fusion events (Zeigerer et al., 2012), by which addi-
tional surface is generated for this process. Consequently, endo-
somes are converted into more rounded structures. In parallel,
cargo receptors that transport lysosomal hydrolase from the Golgi
to the endosome release their cargo and are collected by the ret-
romer complex. This complex consists of the cargo recognition
complex (CRC), consisting of Vps35-Vps26 and Vps29, and the
dimeric sorting nexin (SNX) complex, Vps5-Vps17 (Seaman, 2012).
It is believed that recruitment and activation of the Rab7-like Ypt7
then triggers the formation of endosomal tubules (Rojas et al.,
2008; Seaman et al., 2009; Balderhaar et al., 2010; Liu et al., 2012).
The recruitment of Ypt7 depends on its GEF complex, Mon1-Ccz1
(Nordmann et al., 2010; Cabrera and Ungermann, 2013; Cabrera
etal., 2014), which functions similarly in higher eukaryotes (Kinchen
and Ravichandran, 2010; Poteryaev et al., 2010; Yousefian et al.,
2013; Cui et al., 2014, Singh et al., 2014). It is likely that activation
of Ypt7 is connected to the amount of Vps21 on early endosomes,
suggesting coordinated turnover from one Rab GTPase to the
subsequent one (del Conte-Zerial et al., 2008; Barr, 2013).

Even though earlier studies analyzed the morphology of endo-
somes during cargo uptake (Prescianotto-Baschong and Riezman,
1998, 2002; Griffith and Reggiori, 2009), the relative function of the
machinery involved in endosomal maturation has not been analyzed
in detail. We therefore set out to correlate the spatiotemporal distri-
bution of this machinery with actively transported cargo. Our colo-
calization data and mutant analyses reveal that endosomal protein
complexes function in similar time windows on endosomes but do
not sense the absence of the final Rab GTPase Ypt7 or the fusion
machinery.

RESULTS

Trafficking of a-factor through the endocytic pathway

To determine the relative localization of proteins involved in endo-
somal tubulation, fission, and fusion relative to incoming and trans-
ported cargo and thus monitor endosomal maturation during this
process, we used the a-factor receptor Ste2 in yeast. This receptor
resides in the plasma membrane and binds o-factor, a small peptide
pheromone that is secreted by yeast cells with mating type o (Jen-
ness et al., 1983; Burkholder and Hartwell, 1985; Blumer et al.,
1988). Binding of the peptide to the receptor triggers its uptake into
endocytic vesicles and subsequent trafficking via endosomes to the
lytic vacuole for degradation (Singer and Riezman, 1990; Schandel
and Jenness, 1994). The ligand was labeled at a central lysine resi-
due with a linker connected to Cy5/DY647 (Figure 1A) to trace the
molecule in the fluorescence microscope without losing its binding
capacity toward the receptor (Toshima et al., 2006; Figure 1A). To
analyze protein localization relative to incoming cargo, we first
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cooled cells to 4°C to block endocytosis, followed by addition of
labeled a-factor. After removal of unbound ligand, cells were resus-
pended in medium at 23°C to allow endocytosis and subsequent
passage through the endocytic pathway (Figure 1B). When cells
were heated to 23°C, the probe was readily taken up and was pres-
ent in intracellular puncta after 5 min. Further incubation then re-
sulted in labeling of the vacuolar lumen, which became first visible
after 15 min (Figure 1C, white arrows). After 40 min, all a-factor was
quantitatively localized to the vacuolar lumen (Figure 1C), in agree-
ment with previous studies (Toshima et al., 2006, 2014). Uptake of
o-factor required expression of the Ste2 receptor (Figure 1D), which
was endocytosed with its bound ligand (Figure 1E), leaving behind
the likely unbound receptor at the plasma membrane (Figure 1E).
Furthermore, we compared uptake of a-factor relative to another
plasma membrane transporter, Mup1, which is endocytosed upon
methionine addition (Menant et al., 2006), and observed colocaliza-
tion of both during passage through the endocytic pathway (Figure
1F, white arrows). The stronger plasma membrane staining of Mup/
is likely due to a continuous uptake of this protein compared with
the rapid uptake of Ste2 when a-factor is bound. Our combined
data indicate that labeled a-factor migrates with the same kinetics
and characteristics as other cargo through the endosomal pathway.

Analysis of the spatiotemporal protein localization during
endosomal transport

To investigate the spatiotemporal membrane localization of proteins
involved in endosomal biogenesis during maturation, we chromoso-
mally tagged one gene at a time with green fluorescent protein
(GFP) and followed colocalization with Cy5-labeled o-factor during
uptake of the probe. To measure colocalization in a quantitative and
unbiased manner, we developed a tool for ImageJ to measure colo-
calization (Figure 2A; for details, see Materials and Methods). To
analyze all endosomes in a cell at a certain time, we took z-stacks of
GFP and Cy5 in 5-min intervals after cells had been heated to 23°C
and then used our tool to determine the number of colocalizing
structures per cell by segmentation of endosomes in each channel.
Structures that showed substantial overlap between the channels
were scored as “colocalized.” Structures that were >800 nm were
removed to exclude vacuolar signals. For each endosomal protein,
we counted on average 120 cells/time point to reduce effects due
to experimental variations.

For our analysis of endosomal maturation, we selected represen-
tative proteins for specific fusion and fission reactions at endosomes.
These included the Rabs Vps21 and Ypt7 and respective GEFs, the
interacting tethering proteins CORVET and Vac1, proteins involved
in lipid signaling, such as the Vps38 subunit of the phosphoinositol-
3-kinase Vps34, a FYVE probe to label phosphoinositide-3-phos-
phate (PI3P) on endosomes, and subunits of the retromer complex,
as well as ESCRT proteins (Figure 2B). Furthermore, we verified that
all of the tagged constructs remained functional by quantitative
measurement of carboxypeptidase Y (CPY) transport to the vacuole.
Any vps mutant results in a block of vacuolar transport and subse-
quent secretion from the cells (Figure 2C).

Our analysis results in three important pieces of information.
First, we monitor the number of endosomes (as marked by the
GFP-tagged protein) over time. Second, we observe the time it
takes for o-factor to reach the vacuole, observed by decreasing
number of o-factor- positive structures at later time points. This
may change in certain mutants or during stages of starvation. Fi-
nally, we can derive the degree of colocalization of a-factor endo-
somes with GFP-tagged proteins over time and thus determine
the likely activity of the tagged protein relative to the monitored
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Dynamics of a-factor trafficking through the endocytic
pathway. (A) Schematic representation of a-factor peptide sequence
including a linker at the central lysine for dye labeling. (B) Model of
o-factor and Ste2 trafficking to analyze the endocytic pathway.

(C) Wild-type cells were grown in synthetic medium supplemented
with amino acids to logarithmic phase, cooled to 4°C to block
endocytosis, treated with fluorescent o-factor, washed, and
resuspended in medium at 23°C to allow uptake of the probe.
Indicated time points refer to the time interval after cells were heated
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cargo. This may allow us to monitor sequential localization of en-
dosomal proteins.

To test our tool in combination with the a-factor uptake assay, we
monitored its colocalization with the endosomal CORVET subunit
Vps8 over time (Figure 2, D-F, and Supplemental Movie S1). Vps8-
GFP is a reproducible endosomal marker and is found in ~5 endo-
somal dots/cell during the entire experiment (Figure 2E). During the
course of the experiment, o-factor accumulated in dot-like struc-
tures already at 5 min, which we counted as endosomes. This
amount decreased over time, in agreement with initial endosomal
fusion and subsequent uptake into the vacuole (Figure 2, D-F).
Figure 2F shows the degree of overlap between Vps8- and o-factor—
positive structures. This graph indicates the peak of colocalization at
15 min, which then steadily decreased as o-factor migrated to the
vacuole. The peak is the results of multiple assays and is therefore a
reliable measure of endosomal localization during cargo transport.

To control specificity of our assay, we monitored a-factor relative
to the Golgi protein Mnn9, which was found in at least 12 dots/cell
but did not colocalize significantly with a-factor, unlike Vps8 (Figure
2, G-l). Furthermore, we did not observe any overlap between the
Golgi marker Sec7, labeled with mCherry, and Vps8-GFP, even over
shorter time periods (Figure 2J).

Early endosomal proteins behave similarly during

cargo uptake

We then began with our analysis of the endosomal pathway by fo-
cusing on putative early endosomal proteins. Vps38 is part of the
phosphoinositide 3-kinase complex. Like Vps8, Vps38 was present
in approximately six endosomes and had maximal colocalization at
15 min with the Cy5-labeled o-factor (Figure 3, A and B). Despite
some experimental variation, similar results were obtained for the
Vac1 tethering protein (Figure 3C), Vps21 (Figure 3D), its GEF Muk
(Figure 3E), the GFP-tagged FYVE domain, which monitors PI3P lev-
els in cells (Figure 3F), and the Rab5 homologue Ypt52 (Figure 3G).
These data indicate that these endosomal proteins reside on similar
endosomal compartments at early stages of endocytic transport.

CORVET mediates fusion of early endosomes

We next asked whether we could dissect the role of early endosomal
proteins and obtain insights into early endosomal fusion processes.
For this, we monitored the formation of a-factor—positive endo-
somes directly after endocytosis. After 1 min of the uptake assay, a-
factor is completely associated with the plasma membrane, followed
by an increase in internal vesicles per cell until 5 min (Figure 4, A and
C) and increased colocalization with Vps8 (Figure 4E). Beyond 5 min,
these structures coalesce into fewer structures, probably due to fu-
sion of endocytic vesicles to endosomes or endosome-endosome

to 23°C. White arrows indicate first appearance of vacuolar Cy5
staining. (D) Uptake of o-factor depends on cell mating type. Cells
were treated as in C and analyzed in the microscope directly after
washing at 4°C. (E) o-Factor and its receptor Ste2 colocalize during
passage through the endocytic pathway. Cells expressing
endogenously tagged Ste2-GFP were treated as in C and analyzed in
the fluorescence microscope. (F) Mup1 and a-Cy5 are transported
through the same endosomes. Cells were grown in synthetic medium
without methionine to accumulate endogenously expressed Mup1-
3xmCherry at the plasma membrane. Cells were then treated as in C
and resuspended in medium containing 1 mM methionine at 23°C to
allow endocytosis and trigger Mup1 uptake. White arrows indicate
Mup1 and 0-Cy5 colocalizing endosomes. BF, bright field; scale bar,
S pm.
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FIGURE 3: Analysis of proteins involved in early endosomal fusion and PI3P generation. (A) a-Factor uptake assay in
cells expressing endogenously tagged Vps38-GFP. Experiment was carried out as described in Figure 1C (see Materials

and Methods). (B) Quantification of uptake assay shown in A. (C-G) Quantification of a-factor uptake assay in cells

expressing GFP-tagged Vac1, Muk1, Vps21, Ypt52, and FYVE domain. Scale bars, 5 pm.

fusion. To test this hypothesis, we asked whether loss of the endo-
somal CORVET complex would affect this early stage. CORVET has
two Rab-specific subunits, Vps3 and Vps8 (Peplowska et al., 2007;
Plemel et al., 2011; Epp and Ungermann, 2013). In vps3A cells, Vps8
is still associated with the remaining four subunits and can thus be

used as an endosomal marker (Markgraf et al., 2009; Ostrowicz et al.,
2010). In vps3A strains, we observed a similar initial increase in o-
factor—positive endosomes as in wild type until 4 min (Figure 4, B
and C). However, unlike in wild type, the number of a-factor—positive
endosomes remained high in vps3A cells (Figure 4C). Moreover,

for analysis of the endocytic pathway, categorized by function. (C) All tagged constructs are functional. Trafficking of
CPY was monitored by analysis of internal CPY content using antibodies against CPY and Tom40 as loading control on
whole-cell extracts. (D) a-Factor uptake assay in cells expressing endogenously tagged VPS8-GFP. Cells were analyzed
as in Figure 1C. (E, F) Quantification of a-Cy5 uptake assay shown in D. Endosome number per cell (E) and colocalization
of endosomes in the Cy5 and GFP channels (F) were quantified using the ImageJ plug-in described in A. Colocalization

represents the fraction of Cy5-labeled o-factor endosomes per cell that are colocalized with the GFP channel or
(colocalized endosomes per cell)/(Cy5-positive endosomes per cell) at the respective time points of the assay.

(G) a-Factor uptake assay was carried out as in D in cells expressing endogenous Mnn9-GFP. (H, 1) Quantification of
uptake assay shown in G as in E and F. (J) Analysis of dynamic colocalization of endosome and Golgi markers. Cells

expressing endogenous Vps8-GFP and Sec7-mCherry were grown as described for the o-uptake assay and analyzed by

time-lapse microscopy in 20-s intervals. Graphs show mean values and SEM. BF, bright field; scale bars, 5 pm.
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dots/cell, in agreement with its dual localiza-
tion on endosomes and the Golgi (Chi et al.,
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Analysis of the first 10 min of the endocytic pathway. (A, B) o-Factor uptake assay in
cells expressing Vps8-GFP in the wild type (A) or vps3A mutant (B). Experiment was carried out
as in Figure 1C, but cells were directly spotted on cover slides for microscopy after washing in
cold medium without incubation at 23°C. The same image section was analyzed for 10 min.
(C-E) Quantification of the experiment in A and B as in Figure 2. Graphs show mean values +

SEM. Scale bars, 5 pm.

even though the number of Vps8-positive endosomes was higher in
vps3A cells (Figure 4D), the colocalization of Vps8-GFP and a-factor
increased over time in wild-type cells but remained low in vps3A
cells (Figure 4E). These data indicate that CORVET is required to
deliver endocytic cargo to Vps8-positive endosomes, probably by
mediating specific fusion reactions.

Analysis of endosomal recycling during maturation

In a next set of experiments, we analyzed proteins involved in endo-
somal membrane recycling relative to o-factor trafficking to the
vacuole. Considering that recycling should follow the initial delivery
of other hydrolases to the endosome, such as CPY, we expected a
delayed overall localization of these proteins relative to early fusion
factors. We thus analyzed Vps35 as a central subunit of the CRC part
of the retromer complex. Unlike the previously analyzed fusion fac-
tors, Vps35 had a clear colocalization peak that was shifted to
20 min (Figure 5, A and B). In contrast, Vps17 as part of the SNX BAR
complex of retromer and Snx41 both peaked at 15 min, indicating
that their function may be required earlier (Figure 5, C and D). We
next analyzed Vps10, which transports cargo such as CPY from the
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affect the overall colocalization pattern, in-
dicating that retromer has no major influ-
ence on processes controlling endosomal
maturation and fusion (Figure 5F).

ESCRT function begins early in the
yeast endocytic pathway

ESCRT proteins function in four distinct
complexes and thus promote formation of

0 9=
12345678 910

ILVs (Henne et al., 2011). To analyze ES-
CRT, we selected one of the few ESCRT
subunits that is not affected in function by
tagging. Vps23, an ESCRT-I subunit, was
monitored relative to o-factor uptake as
before (Figure 6A). To our surprise, al-
though in agreement with data from
metazoan cells (Raiborg et al.,, 2002),
Vps23 colocalized very early with o-factor
and was present in up to 8 endosomal
dots/cell (Figure 6, A and B). Considering
that the number of a-factor-positive dots
decreases over time (Figure 6B), such a function is consistent
with an early role of ESCRT proteins. Another ESCRT protein,
Vfa1, functions in the context of the Vps4 AAA-type ATPase (Arlt
et al., 2011). Vfal showed similar behavior in the assay, with a
peak at 10 min, indicating that Vps4 also acts early in the path-
way (Figure 6C).

To address the role of ESCRTs in endosomal maturation and
endocytic trafficking, we deleted VPS4 from our tester strain
(Figure 6D). In vps4A cells, endosomes collapse into an aggre-
gated structure with lamellae-like morphology, termed the class E
compartment (Babst et al., 1997), which seems to form due to
increased Vps21 activity (Russell et al., 2012). These structures
also accumulate Vps8, which only colocalized with a-factor effi-
ciently at later time points, in strong contrast to the wild-type situ-
ation (Figure 6E). However, the class E compartment was already
stained with a-factor after 5 min of the assay (Figure 6D, white
arrows). We noticed that o-factor localized to the class E compart-
ment even at later time points of the assay (35-40 min), which
might indicate delayed transport through the pathway in this
mutant.

t (min)
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FIGURE 5: Mapping of proteins involved in endosomal recycling. (A) o-Factor uptake assay in cells expressing
endogenous Vps35-GFP. Experiment was carried out as in Figure 1C (see Materials and Methods). (B) Quantification of
assay shown in A as described in Figure 2. (C-F) Quantification of a-factor uptake assay in cells expressing GFP-tagged
Vps17, Snx41, and Vps10 in wild-type cells or Vps8-GFP in vps26A cells. (B—F) Mean values + SEM. Scale bar, 5 pm.

A block in endosome-vacuole fusion does not affect
endosomal maturation

Endosomal maturation concludes with the recruitment of the fusion
machinery and the fusion of endosomes with vacuoles. During this
process, the Rab7-like Ypt7 protein is activated by the Mon1-Ccz1
GEF complex and can interact with both retromer and the homo-
typic fusion and vacuole protein sorting (HOPS) tethering complex
(Balderhaar and Ungermann, 2013). We thus expected that follow-
ing the GEF complex or Ypt7 would be indicative of mature late
endosomes. When we monitored Ccz1-GFP relative to endocytosed
o-factor, we were surprised to observe a very similar localization pat-
tern to that of Vps8, with a peak at 15 min (Figure 7, A and B). How-
ever, its substrate, Ypt7, was hardly found on endosomes and local-
ized predominantly to vacuole membranes, which is also reflected
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by the low colocalization with a-factor over time and the low Ypt7
endosome number per cell (Figure 7C). This suggests that Mon1-
Ccz1 might depend on additional activating factors on endosomes
to recruit and activate Ypt7.

We then asked whether loss of the machinery required for termi-
nal fusion would result in altered trafficking of a-factor through the
endocytic pathway. In the absence of the vacuolar SNARE Vam3,
uptake of fluorescent a-factor appeared normal in the first 20 min,
as reflected by normal decrease of a-factor endosomes/cell (Figure
7, D and E). However, fusion was efficiently blocked, as indicated by
a plateau of 6-7 a-factor endosomes/cell at time points later than
20 min and no o-factor localizing to vacuolar structures even after
40 min of the assay (Figure 7, D and E). When we then analyzed the
progression of endosomal maturation by monitoring colocalization
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(D, E) Cells expressing GFP-tagged Vps8 in vps4A cells were analyzed as in A and B. White arrows indicate class E
compartments at early time points. Graphs show mean values + SEM; scale bars, 5 pm.

with Vps8, we observed a colocalization pattern like that in wild-
type cells (Figure 7E). Similar results were obtained in mutants lack-
ing the GEF subunit Mon1 (Figure 7E). Vacuoles are strongly frag-
mented in the vam3A mutant, which could be detected as
endosomes with our tool. We thus tested whether there is overlap
of vacuoles with o-factor at 40 min of the assay by costaining of
vacuoles using 7-amino-4-chloromethylcoumarin (CMAC) but did
not detect any (Figure 7F). This confirms the block in endosome-
vacuole fusion, in that o-factor localizes to endosomes even at later
time points in this mutant. In sum, our data show that a block in fu-
sion has no effect on upstream maturation events in our assay.
Finally, on the basis of our multiple assays, we compared
the relative amounts of GFP-positive structures marked by the
analyzed proteins, which we interpret as endosomes per cell
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(Figure 8A). Of interest, proteins that we scored as early, such as
the ESCRT-I subunit Vps23, are also present in more structures
(8 endosomes/cell), whereas proteins involved in late endosomal
fusion, such as Ypt7 or Ccz1, are in comparably few structures (~3).
This indicates that the relative function of proteins in the endocytic
pathway approximately correlates with the number of structures
decorated by these proteins.

Although we saw some variation in the colocalization pattern
with endocytosed o-factor, most of the investigated proteins local-
ized in a similar time frame on endosomes (Figure 8B). To this point,
our analysis was based on average colocalization values with a time
interval of 5 min. We wondered whether we might have missed
faster protein localization dynamics on single endosomes. To inves-
tigate this, we tagged the early marker Vps8 and the late marker

Molecular Biology of the Cell
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cells expressing Ccz1-GFP, a subunit of the Ypt7 GEF complex. (B) The experiment in A was quantified as described in
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additional CMAC staining of the vacuolar lumen (see Materials and Methods). Graphs show mean values + SEM. Scale

bars, 5 ym.

Vps35 with GFP or mCherry, respectively, and followed single endo-
somes over time with a 10- to 15-s time interval. On the basis of our
colocalization assay with a-factor, we would predict that Vps8 and
Vps35 would still substantially overlap on similar endosomal struc-
tures (Figure 8B). Following both endosomal markers over time, we
indeed found high colocalization (~50%) between these proteins
(Figure 8, C and D). As a control, we found a similar amount of colo-
calization between Vps38 and Vps35, in agreement with our uptake
assay (Figure 8, B-D). When we followed single endosomes, we
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detected endosomes containing both Vps8 and Vps35 over a time
of >20 min (Figure 8E). This indicates that 1) both proteins can act
simultaneously on the same structures and 2) early and late endo-
somes are not separate entities with separate protein profiles, at
least not at this level of resolution that our analysis can provide. In
addition to these long colocalization events on a single endosome,
we also detected homotypic fusion and fission of endosomes with
both markers and also heterotypic fission events in which Vps35 is
separated from a Vps8-Vps35-positive structure (Figure 8, E and F).
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All of these observations were made on endosomes that were rela-
tively immobile, since they could be traced with a time interval of
10-15 s. However, there was another population of endosomes in-
cluded in our previous bulk analysis, which was much more mobile.
Owing to its mobility, we were not able to follow these single endo-
somes even with a time interval of 2.5 s.

DISCUSSION

Based on the trafficking of an endocytosed ligand through the en-
docytic pathway, our work provides insights into the consecutive
function of early and late factors involved in endosomal remodeling
and fusion. Surprisingly, almost all endosomal factors analyzed colo-
calize with the endocytosed probe within a similar time window
(Figure 8B). The only notable exception is the CRC subcomplex of
retromer, which overall seems to come to the endosome later. Our
data further show that proteins involved in endosomal fusion and
ILV formation such as ESCRTs cannot be separated by our assay.
This is in agreement with earlier findings on ESCRT localization in
mammalian cells (Sachse et al., 2002). It also fits the idea that endo-
somal fusion is required to generate enough membrane for the gen-
eration of intraluminal vesicles. Finally, we demonstrate that im-
paired fusion of endosomes with vacuoles does not block the
kinetics of o-factor through the endocytic pathway. Thus endo-
somal maturation does not necessarily require activation of Ypt7 or
recognition by the terminal vacuole, which agrees with observation
on the Rab7 GEF protein Mon1 and Ccz1 mutants in plants, where
endosomal maturation also seemed unperturbed by the mutation
(Singh et al., 2014). This is surprising, considering that both Mon
and Ccz1 localized similarly to Vps8 relative to endocytosed o-factor,
suggesting that recruitment of Mon1-Ccz1 does not necessarily co-
incide with full GEF activity. Potentially, Mon1-Ccz1 is inhibited in its
activity until endosomes have reached a degree of maturation that
then triggers its activity. Of interest, the Vps35 subunit of retromer is
also a Ypt7 effector. According to our working model, activated
Mon1-Ccz1 would recruit Ypt7, which then promotes recycling be-
fore engaging with the HOPS complex in fusion with the vacuole
(Brocker et al., 2012; Gautreau et al., 2014). How Mon1-Ccz1 activity
is controlled and whether activated Ypt7 might affect the previous
Rab Vps21 are then major questions that need to be addressed to
understand the molecular basis of endosomal maturation. An in-
triguing observation of our analysis is the consecutive recruitment of
retromer subcomplexes to the endosome. The SNX complex colo-
calized earlier with a-factor than with the CRC complex, as moni-
tored by Vps35 (Figure 5). This situation is similar to observations
made in mammalian cells, where the SNX complex localizes to
Rab5-positive endosomes and subsequently recruits the CRC to-
gether with Rab7 (Rojas et al., 2008; van Weering et al., 2012). This
further implies that also yeast retromer can act in separate subcom-
plexes, which would be in line with the CRC being part of several
different recycling complexes (Kama et al., 2007; Strochlic et al.,
2007; Harrison et al., 2014).

The analysis of protein localization relative to incoming labeled
o-factor has been nicely used to dissect early steps in endocytosis
(Toshima et al., 2006). It has also been used to monitor the localiza-
tion of Vps21 relative to cargo, and these data suggested that the
AP-3 pathway also intersects with endocytosis (Toshima et al., 2014).
We would like to note that the analysis of class D mutants such as
vps21A, pep12A, and vacTA generally interfere with the functional-
ity of the endocytic pathway, and trafficking thus causes a very gen-
eral shift in PI3P levels and protein sorting (Cowles et al., 1994;
Becherer et al., 1996; Peterson et al., 1999; Tall et al., 1999; Cabrera
et al., 2013). In agreement, CORVET mutants strongly impaired en-
dosomal number and cargo trafficking (Figure 4), indicating that our
assay is able to reproduce the previous proposal that CORVET acts
in endosomal fusion (Cabrera et al., 2013).

One general challenge in our analysis was the consecutive ac-
tion of endosomal proteins. This was not necessarily expected, as
several complexes, such as CORVET and ESCRTs, are expected to
coincide with function. On the other hand, retromer was separated
at least partially from ESCRT-I and CORVET. However, at the sin-
gle-endosome level, Vps8 and Vps35 were observed together
over long time periods (Figure 8E). We also saw fusion and fission
dynamics on single endosomes, which could not be further inves-
tigated. A next improvement of this analysis will therefore be sin-
gle-endosome tracing, which has been hampered by the high mo-
bility of a subpopulation of endosomes. Single-point analysis has
been successfully used to investigate Golgi maturation and trans-
Golgi function (Losev et al., 2006; Matsuura-Tokita et al., 2006),
trans-Golgi dynamics (Daboussi et al., 2012), and early steps of
endocytosis (Kaksonen et al., 2003; Toshima et al., 2006; Kukulski
et al., 2012). Of note, these processes occur within short (1-5 min)
time periods, whereas endosomal transport, including endosomal
maturation, requires ~15-20 min in yeast. Our data provide a start-
ing point to also extend this analysis to substeps of endosomal
maturation.

In summary, our colocalization analysis of several endosomal
proteins involved in membrane remodeling and fusion highlights
the interconnection between these proteins in endosomal traffick-
ing and the independence of endosomal maturation from Rab7/
Ypt7 activation.

MATERIALS AND METHODS

Yeast strains and plasmids

Genetic manipulation in the yeast Saccharomyces cerevisiae was
carried out by homologous recombination of PCR-amplified cas-
settes as described (Janke et al., 2004). Yeast strains are listed in
Table 1. The mating type of yeast strain SEY6210 was changed to
MATa by insertion of pSC11, followed by looping out of the plasmid
on 5-fluoroorotic acid plates, resulting in strain CUY7840. Plasmid
pCU3475 (pRS406 NOP1pr-GFP-FYVE) was integrated into strain
CUY7840 to express a GFP-FYVE domain from human EEA1 under
control of the weak NOP1 promoter.

FIGURE 8: Model of endosomal maturation in yeast. (A) Data from a-factor uptake assays were used to calculate
average number of endosomes per cell with respect to analyzed endosomal proteins. Graphs show mean values + SD.
(B) Colocalization pattern of analyzed endosomal proteins. All colocalization patterns obtained with the a-factor uptake
assay were normalized, and a threshold was used to show the time points with most colocalization. (C) Localization of
endogenous Vps8-GFP or Vps38-GFP with Vps35 tagged with 3xmCherry. (D) Colocalization in C was analyzed as in
Figure 2A. Graph shows mean values + SEM. (E, F) Tracking of single endosomes in cells expressing Vps8-GFP and
Vps35-3xmCherry. The z-stacks were acquired every 10-15 s over a time period of 40 min, followed by deconvolution,
sum projection, and bleach correction using ImageJ. Endosomes were tracked manually.
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Strain Genotype Reference

SEY6210 MATalpha leu2-3112 ura3-52 his3- Robinson
A200 trp-A901 lys2-801 suc2-A9 et al. (1988)

CUY7840 MATa leu2-3112 ura3-52 his3-A200 This study
trp-A901 lys2-801 suc2-A9

CUY7962 CUY7840, MUP1::3xmCherry-hphNT1  This study

CUY8119 CUY7840, VAC1::GFP-TRP1 This study

CUY8120 CUY7840, YPT7::TRP1-PHO5pr-GFP  This study

CUY8121 CUY7840, VPS35::GFP-TRP1 This study

CUY8123 CUY7840, MNN9::GFP-TRP1 This study

CUY8124 CUY7840, VPS17::GFP-HIS3 This study

CUY8125 CUY7840, SNX41::GFP-TRP1 This study

CUY8127 CUY7840, VPS23::GFP-TRP1 This study

CUY8132 CUY7840, VPS8::GFP-TRP1 This study

CUY8133 CUY7840, VFA1::GFP-TRP1 This study

CUY8134 CUY7840, CCZ1::GFP-HIS3 This study

CUY8511 CUY7840, pRS406 NOP1pr-GFP- This study
FYVE(hEEA1)::URA3

CUY8512 CUY7840, YPT52::URA3-PHO5pr-GFP  This study

CUY8520 CUY7840, VPS10::GFP-TRP1 This study

CUY8657 CUY7840, STE2::GFP-TRP1 This study

CUY8776 CUY7840, VPS21::URA3-PHO5pr-GFP  This study

CUY8811 CUY7840, VPS35::3xmCherry-HIS3 This study
VPS8::GFP-TRP1

CUY8812 CUY7840, VPS35::GFP-hphNT1 This study
VPS8::3xmCherry-HIS3

CUY8813 CUY7840, VPS38::GFP-TRP1 This study

CUY8814 CUY7840, MUK1::GFP-TRP1 This study

CUY8835 CUY7840, VPS35::GFP-hphNT1 This study
vam3A::kanMX6

CUY8837 CUY7840, VPS8::GFP-TRP1 This study
vam3A::kanMX6

CUY8845 CUY7840, VPS8::GFP-TRP1 This study
vps3A::natNT2

CUY9205 CUY7840, SEC7::GFP-TRP1 This study

CUY9210 CUY7840, VPS8::GFP-TRP1 This study
SEC7::mCherry-hphNT1

CUY9337 CUY7840, VPS38::GFP-TRP1 This study
vps3A::hphNT1

CUY9410 CUY7840, VPS38::GFP-TRP1 This study
vam3A::kanMX6

CUY9606 CUY7840, VPS8::GFP-TRP1 This study
vps26A::hphNT1

CUY9639 CUY7840, VPS8::GFP-TRP1 This study
monT1A::LEU2

CUY9655 CUY7840, vps4A:: TRP1 VPS8::GFP- This study
HIS3

CUY9673 CUY7840, SLA1::GFP-TRP1 This study

CUY9778 CUY7840, VPS35::3xmCherry-HIS3 This study

VPS38::GFP-TRP1

TABLE 1: Strains used in this study.
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Fluorescence labeling of a-factor and uptake assays

The o-factor peptide, including a propionyl-G3 linker at the central
lysine residue (LifeTein, Hillsborough, NJ), was labeled with the
Cy5 derivative maleimide-DY647 (Dyomics, Jena, Germany) in
HBS buffer (500 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid/NaOH, 0.1 mM EDTA, pH 8) for 3 h at
room temperature, followed by purification via HPLC on a C18
reversed-phase column and analysis by mass spectrometry.

For uptake assays, cells were grown in synthetic medium sup-
plemented with amino acids and 2% glucose at 30°C for 16-20 h
to logarithmic phase and an ODgqg of 0.6-0.8. The cells were then
washed with cold medium and kept on ice for 15 min, followed by
application of 2.5 pM labeled a-factor for 15 min on ice. The cells
were washed extensively with cold medium and then resuspended
in medium at 23°C, which marked the starting point of the assay.
The cultures were incubated at 23°C on a shaker, and different
aliquots of cells were imaged at the respective time points up to
40 min after heating the cells. To analyze early steps of the endo-
cytic pathway, cells were prepared as described and then directly
applied without resuspension in warm medium to a glass slide at
23°C. To analyze Mup1-GFP and o-factor trafficking simultane-
ously, cells were grown in synthetic medium without methionine as
described. After addition of fluorescent a-factor for 15 min, cells
were washed with cold synthetic medium with 1 mM methionine
and then resuspended in the same medium at 23°C to allow
endocytosis.

Fluorescence microscopy

The vacuolar membrane was stained by adding 30 pM FM4-64 for
30 min, followed by washing and incubation in medium without dye
for 1 h as described (Vida and Emr, 1995). Staining of vacuoles was
done by the addition of 0.1 CMAC for 10 min at 30°C and subse-
quent washing with medium. Cells were imaged on an Olympus
IX-71 inverted microscope equipped with 100x NA 1.49 and 60x NA
1.40 objectives, a sSCMOS camera (PCO, Kelheim, Germany), an In-
sightSSI illumination system, 4’,6-diamidino-2-phenylindole, GFP,
mCherry, and Cys5 filters, and SoftWoRx software (Applied Precision,
Issaquah, WA). We used 4-um z-stacks with 400-nm spacing for
constrained-iterative deconvolution (SoftWoRx) and quantification.

Quantification of colocalization in yeast cells

Quantification of colocalization was performed in ImageJ
(National Institutes of Health, Bethesda, MD) by a self-written
graphical user interface based on ImageJ built-in routines. Briefly,
single cells were segmented from bright-field images, followed
by detection of endosome signals on sum projections of decon-
volved image stacks. After removal of background signals, a
binary image of the endosome signals was obtained by thresh-
olding all pixels within the cell mask with the MaxEntropy thresh-
old (Kapur et al., 1985). Signals smaller than one-third of single-
endosome signals, as well as signals >800 nm, were removed
from the binary mask to remove noisy background signals or large
background signals from the vacuole. Afterward, signal detection
and counting were conducted by calculating local maxima for
each channel within the binary endosome mask (Figure 2). The
output was an image containing the local maxima, which were
then convolved with an endosome kernel (Airy disk of the reporter
channel) to obtain a binary representation of the two channels.
After logical conjunction of both representations, which results in
the overlapping area, the number of colocalizing endosomes was
obtained by counting the number of particles with an area >50%
of the reporter Airy disk.
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