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Abstract

The endomembrane system consists of the secretory and endocytic pathways, which communicate
by transport to and from the frans-Golgi network (TGN). In mammalian cells, the endocytic
pathway includes early, late, and recycling endosomes. In budding yeast, different types of
endosomes have been described, but the organization of the endocytic pathway has been unclear.
We performed a spatial and temporal analysis of yeast endosomal markers and endocytic cargoes.
Our results indicate that the yeast TGN also serves as an early and recycling endosome. In
addition, as previously described, yeast contains a late or prevacuolar endosome (PVE). Endocytic
cargoes localize to the TGN shortly after internalization, and manipulations that perturb export
from the TGN can slow the passage of endocytic cargoes to the PVE. Yeast apparently lacks a
distinct early endosome. Thus, yeast has a simple endocytic pathway that may reflect the ancestral
organization of the endomembrane system.

eTOC Blurb

Although mammalian endocytic pathway has early, late, and recycling endosomes, the
Saccharomyces cerevisiae system is unresolved. Day et al. show that yeast only has two endosome
types: the trans-Golgi network, functioning as both early and recycling endosome, and the long-
lived prevacuolar endosome, possibly reflecting ancestral organization of the endomembrane
system.

Introduction

Organelles of the endomembrane system are linked by branched and often bidirectional
trafficking routes. One major set of trafficking routes is the endocytic pathway. Endocytic
compartments carry out sorting, recycling, and degradative functions (Maxfield and
McGraw, 2004; Scott et al., 2014). The second major set of trafficking routes is the secretory
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pathway. Proteins exported from the ER transit the Golgi apparatus to the TGN, where they
are sorted for delivery to the plasma membrane, to endosomes, or directly to lysosomes/
vacuoles (Gadila and Kim, 2016; Guo et al., 2014). Cargo molecules travel either by being
incorporated into transport vesicles or by remaining within a compartment as it matures.
Each endomembrane compartment is distinguished by a unique group of molecular markers
that include Rab GTPases, cargo adaptors, vesicle coats, vesicle tethers, fusogenic SNARE
proteins, and specific lipids (Cai et al., 2007; Zerial and McBride, 2001).

In mammalian cells, endocytosed material appears first in an early endosome, also known as
a sorting endosome (Maxfield and McGraw, 2004). Some components are then recycled to
the plasma membrane via recycling endosomes, also known as the endosomal recycling
compartment. The remainder of an early endosome matures into a late endosome, also
known as a multivesicular body (MVB), which delivers its contents to a lysosome for
degradation (Huotari and Helenius, 2011; Rink et al., 2005). Maturation of mammalian
endosomes is driven by Rab conversion, in which the early endosome marker Rab5 is
replaced by the late endosome marker Rab7 (Scott et al., 2014).

Mammalian endosomes exchange material with the TGN, which is the main site of
communication between the secretory and endocytic pathways (De Matteis and Luini,
2008). The TGN is often in close proximity to recycling endosomes (Misaki et al., 2007),
and exchange between these compartments is bidirectional: some toxins and receptors reach
the TGN via recycling endosomes (Lin et al., 2004; Matsudaira et al., 2015), while some
secretory proteins travel from the TGN to recycling endosomes en route to the cell surface
(Ang et al., 2004; Lock and Stow, 2005; Thuenauer et al., 2014). Similarly, exchange
between the TGN and late endosomes is bidirectional: receptors carrying lysosomal
hydrolases move from the TGN to late endosomes, and the empty receptors return to the
TGN (Braulke and Bonifacino, 2009; Kornfeld and Mellman, 1989).

The budding yeast Saccharomyces cerevisiae is useful for studying endocytic vesicle
formation (Goode et al., 2015), but yeast endosomes are incompletely characterized.
Researchers have assumed that yeast contains early endosomes like those in mammalian
cells, as well as late endosomes that deliver material to the lysosome-like vacuole (Pelham,
2002; Piper et al., 1995). Support for this view came from biochemical and imaging data
indicating that endocytosed material destined for the vacuole passes through two distinct
types of endosomes (Hicke et al., 1997; Prescianotto-Baschong and Riezman, 1998; Singer-
Kruger et al., 1993). Moreover, some endocytosed components can be recycled, suggesting
that yeast has a compartment analogous to a recycling endosome (Lewis et al., 2000;
MacDonald and Piper, 2017; Wiederkehr et al., 2000). The best characterized type of yeast
endosome is the prevacuolar compartment, which resembles a late endosome and is often
next to the vacuole (Adell et al., 2017; Hicke et al., 1997; Prescianotto-Baschong and
Riezman, 1998). We will refer to this compartment as the prevacuolar endosome (PVE). The
putative early and recycling endosomes in yeast are less well described.

A yeast early endosome could be defined functionally as the compartment in which material
appears shortly after endocytosis. Yeast endocytosis is often tracked by labeling the plasma
membrane with the dye FM 4-64, which is internalized to punctate structures that have been
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designated early endosomes (Huckaba et al., 2004; Vida and Emr, 1995). However, those
results must be interpreted with caution because FM 4-64 is seen in the TGN following
internalization (Lewis et al., 2000). We have shown that FM 4-64-labeled structures
previously assumed to be early endosomes were actually identical to the TGN (Bhave et al.,
2014).

A yeast early endosome could be defined molecularly by the presence of specific marker
proteins. For example, the SNARE Tlg1 localizes to structures that were described as early
endosomes based on the presence of internalized tracers (Lewis et al., 2000; Prescianotto-
Baschong and Riezman, 2002). Yet Tlgl colocalizes at least partially with TGN markers
(Lewis et al., 2000; McDonold and Fromme, 2014; Valdivia et al., 2002). Similarly, the
processing protease Kex2 had been assumed to cycle between endosomes and the TGN, but
our recent work revealed that Kex2 actually cycles from older to younger versions of the
maturing TGN (Papanikou et al., 2015). Thus, an early endosome marker that does not also
label the TGN has been elusive. Many yeast researchers acknowledge this ambiguity by
referring to the “TGN/early endosome.” Despite this nomenclature, the prevailing notion has
been that yeast contains a distinct early endosome, which presumably matures into a PVE
while exchanging material with the TGN (Arlt et al., 2015; Becuwe and Léon, 2014; Spang,
2015).

An additional question is whether yeast has recycling endosomes. A fraction of the
internalized FM 4-64 recycles to the plasma membrane (Wiederkehr et al., 2000), and the
SNARE Sncl cycles through an intracellular compartment (Lewis et al., 2000). The
Ypt31/32 GTPase pair and its effector Rcyl have been implicated in recycling of Sncl
(Chen et al., 2005), but again, these proteins colocalize to a significant degree with TGN/
early endosome markers (Chen et al., 2005; Jedd et al., 1997). Thus, there has been no
compelling evidence for a distinct recycling endosome in yeast.

We propose that the yeast TGN also serves as an early and recycling endosome. This simple
model explains many observations from the prior literature, and it is supported by the results
described below. The implication is that budding yeast has a remarkably streamlined
endomembrane system.

S. cerevisiae has two types of endosomes

The starting assumption was that S. cerevisiae might contain early endosomes or recycling
endosomes or both. To identify molecules that would label such compartments, we
examined multiple protein and lipid species. Because candidate early and recycling
endosome markers might localize at least partially to the TGN and/or PVE, we compared the
localization of each candidate marker to two reference markers. The reference marker for the
TGN was Sec7, a guanine nucleotide exchange factor (GEF) for Arfl (Casanova, 2007;
Losev et al., 2006). The reference marker for the PVE was Vps8, a subunit of the CORVET
tethering complex (Arlt et al., 2015). Each candidate endosome marker was tagged with
GFP and visualized together with either Sec7-mCherry or Vps8-mCherry. Tagging was done
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by gene replacement except in the case of Rcyl, Sncl, and Ypt52, which were expressed as
GFP-tagged second copies.

We captured two-color images by confocal microscopy and measured the percent of the
punctate candidate marker signal that overlapped with each reference marker. Initial controls
were proteins that should localize to the TGN. Arfl is recruited to the TGN by Sec7, and the
two proteins showed strong colocalization (Figure S1). (Some Arfl is also expected to be
present at the early Golgi (Peyroche et al., 2001), but that pool of tagged Arfl was relatively
small.) Pik1 is a phosphatidylinositol 4-kinase that generates P1(4)P at the TGN (Hama et
al., 1999; Walch-Solimena and Novick, 1999), and Pik1 as well as a GFP-tagged PH domain
that binds P1(4)P colocalized strongly with the TGN reference marker (Figure S1) (Daboussi
etal., 2012; Levine and Munro, 2001). Similarly, clathrin as well as the AP-1 and Gga
clathrin adaptors are present at the TGN (Daboussi et al., 2012; Dell’ Angelica et al., 2000;
Myers and Payne, 2013), and the clathrin heavy chain Chcl and the AP-1 subunit Apl2 and
Ggaz2 all colocalized with the TGN reference marker (Figure S1). With our assay, typical
colocalization values for proteins presumed to be at the same compartment were in the range
of 60-85%.

Candidates for markers of yeast early endosomes include the SNAREs Tlg1 and Tlg2. Tlgl
was reported to colocalize with labeled endocytic tracers (Prescianotto-Baschong and
Riezman, 2002), and functional and microscopy studies implicated Tlg2 in endocytosis
(Abeliovich et al., 1998; Séron et al., 1998). Yet both Tlgl and Tlg2 showed substantial
colocalization with the TGN reference marker (Figures 1 and S1).

Other markers could potentially label either early endosomes or the PVE or both.
Mammalian early endosomes are defined by the presence of Rab5 (Zerial and McBride,
2001), and growing yeast cells express the Rab5 homologs Vps21 and Ypt52 (Nickerson et
al., 2012; Singer-Krtiger et al., 1994). However, we found that Vps21 and Ypt52 colocalized
almost perfectly with the PVE reference marker (Figures 1 and S1). We also examined (a)
Hsel, a subunit of the ESCRT-0 complex that initiates the formation of intraluminal vesicles
in an MVB (Bilodeau et al., 2002; Henne et al., 2011); (b) Vps17, a subunit of the retromer
complex that mediates retrograde traffic from endosomes to the TGN (Burd and Cullen,
2014; Seaman et al., 1998); (c) Snx4, a sorting nexin involved in a second endosome-to-
TGN trafficking pathway (Hettema et al., 2003; Shi et al., 2011); and (d) the
phosphoinositide PI(3)P, which was labeled using the FYVE domain of the mammalian
early endosome marker EEA1 (Burd and Emr, 1998). Although mammalian versions of
these markers are found at varying stages of the endosomal maturation pathway, Hsel,
Vpsl7, and PI(3)P showed greater than 70% colocalization with the PVE reference marker
(Figures 1 and S1). The overlap between Snx4 and the PVE reference marker Vps8 was
somewhat lower because of a slight difference in shape between the two fluorescence
patterns, perhaps due to the presence of Snx4 on endosomal tubules (Ma et al., 2017).
Vps16, which is present in the CORVET complex with Vps8 and also in the HOPS tethering
complex that acts at the vacuole (Angers and Merz, 2009; Peplowska et al., 2007), was
found on the vacuolar membrane and in puncta that colocalized entirely with the PVE
reference marker (Figure S1). An earlier paper presented evidence for slight differences in
the timing of appearance of various markers at the PVE (Arlt et al., 2015), but our data do
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not support this interpretation. Instead, markers that would label either an early or a late
endosome in mammalian cells all label the PVE in yeast.

Next, we examined markers that could potentially label a recycling endosome. The Rab
GTPase Ypt31 is a yeast homolog of mammalian Rab11, which localizes to recycling
endosomes (Benli et al., 1996). But Ypt31 and its close relative Ypt32 have been identified
as key regulators of exit from the TGN (Jedd et al., 1997), and in agreement with previous
work, we observed Ypt31 primarily at the TGN (Figure 1) (Kim et al., 2016; McDonold and
Fromme, 2014). An effector of Ypt31/32 is the F-box protein Rcy1, which functions in
endocytic recycling (Chen et al., 2005; Wiederkehr et al., 2000), and we found that
overexpressed Rcy1l colocalized with the TGN reference marker (Figure S1). Other potential
recycling endosome markers are proteins that cycle between the plasma membrane and
endocytic compartments. One such protein is the chitin synthase Chs3, which localizes to
the plasma membrane or to intracellular compartments in a cell cycle-dependent manner
(Santos and Snyder, 1997; Ziman et al., 1996). We found that intracellular Chs3 colocalized
with the TGN reference marker (Figure 1), in agreement with previous reports (Zanolari et
al., 2011). Another recycling protein is the SNARE Sncl, which is found at both the plasma
membrane and endocytic compartments (Gurunathan et al., 2000; Lewis et al., 2000). With
overexpressed Sncl, weak Sncl signals could sometimes be detected at the PVE
(arrowheads in Figure S1A), presumably because Sncl cycles between the TGN and the
PVE (Maet al., 2017), but the brighter intracellular puncta corresponded to the TGN (Figure
S1). Similarly, the Sncl L96V mutant accumulates in intracellular puncta that were
proposed to be recycling endosomes (Lewis et al., 2000), but this Snc1 mutant colocalized
with Sec7 at the TGN (Figure S1). We infer that the yeast TGN mediates endocytic
recycling.

In sum, for every candidate early or recycling endosome marker that we examined, the
majority of the signal colocalized with the reference marker for either the TGN or the PVE.
The only exceptions were AP-3 adaptor subunits, which were found near the TGN (see
below), and Vps10, a vacuolar hydrolase receptor that cycles between the TGN and PVE and
localizes about equally to both compartments (Figure S1C) (Cooper and Stevens, 1996;
Papanikou et al., 2015). For yeast, neither we nor others have identified markers that might
uniquely label early or recycling endosomes.

Proteins vary in their spatiotemporal patterns of association with the TGN

In many cases, a candidate endosome marker did not completely colocalize with the TGN or
PVE reference marker, raising the possibility that some components have a second
localization to distinct early or recycling endosomes. But alternative explanations can be
envisioned. For example, with the TGN, incomplete colocalization could reflect the
dynamics of maturing Golgi compartments—if the arrival and departure of a candidate
marker are not synchronized with the arrival and departure of the TGN reference marker, the
maturing TGN will sometimes label with only one or the other marker instead of both
(Figure 2A). We have documented this effect for Kex2, which arrives and departs slightly
before Sec7 during Golgi maturation (Papanikou et al., 2015). Thus, a full analysis of the
relationship between two TGN markers requires live cell imaging.
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This issue is illustrated by Tlg1l. In static images, only ~50% of the Tlg1 signal overlaps
with the Sec7 signal (Figure 1), and some structures label with Tlg1 but not with Sec7
(arrow in Figure 1A). Such structures were thought to represent early endosomes (Lewis et
al., 2000; Xu et al., 2017). We revisited this question by comparing the dynamics of Tlgl
and Sec7 in 4D confocal movies. Tlg1 is not abundant, so we tagged it with HaloTag and
labeled the fusion protein with the bright and photostable far-red ligand JFg46 (Grimm et al.,
2015) in cells expressing Sec7-GFP. Tlgl consistently arrived at the TGN ~10-20 s before
Sec7 and departed ~20-30 s before Sec7 (Figure 2B and Movie S1A). In a 5-min movie, a
total of 32 structures that labeled with Tlg1 but not Sec7 could be followed unambiguously
for at least 10 s, and each structure could be traced forward to a time point when it also
contained Sec7 (Movie S2A).

The same type of analysis was performed with AP-1. Video microscopy showed previously
that AP-1 is found at the TGN, where its levels peak after those of Sec7 (Daboussi et al.,
2012). A somewhat different picture came from functional studies, which implicated AP-1
in the retrograde traffic of TGN proteins, leading to the idea that AP-1 acts at an endosome
to recycle proteins to the TGN (Liu et al., 2008; Spang, 2015; Valdivia et al., 2002). In our
static images, the AP-1 subunit Apl2 colocalized with Sec7 ~60% of the time (Figure S1),
and some Apl2-labeled structures lacked Sec7 (arrow in Figure S1A). In movies of cells
labeled with Apl2-GFP and Sec7-mCherry, Apl2 consistently arrived at the TGN ~20-40 s
after Sec7 and departed ~10-15 s after Sec7 (Figure 2C and Movie S1B). In a 5-min movie,
a total of 27 structures that labeled with Apl2 but not Sec7 could be followed
unambiguously for at least 10 s, and each structure could be traced back to a time point
when it also contained Sec7 (Movie S2B). The implication is that both Tlgl and AP-1 are
found exclusively at the TGN, where TIg1l arrives earlier than the TGN reference marker
Sec7 while AP-1 persists somewhat longer than Sec7.

A different and unique result was seen with the AP-3 adaptor, which helps to transport
certain proteins directly from the TGN to the vacuole (Cowles et al., 1997; Llinares et al.,
2015) and may also play a role in yeast endocytic trafficking (Toshima et al., 2014). We
examined AP-3 localization using the Apl5 and Apl6 subunits. As a control, those two
subunits colocalized completely with each other (Figure 2D). The AP-3 subunits were often
in close proximity to Sec7-labeled TGN compartments (Figure 2D) (Angers and Merz,
2009). However, true colocalization with Sec7 was much lower for the AP-3 subunits than
for most TGN markers. To clarify the relationship between AP-3 and the TGN, we made 4D
confocal movies. AP-3 proved to be highly dynamic, with the movies showing many labeled
structures that changed rapidly (Movie S3A). We simplified the analysis by deleting ARF1
to generate fewer, larger TGN cisternae that exhibited nearly normal maturation dynamics
(Bhave et al., 2014). In arfiA cells, most of the AP-3 remained close to TGN compartments,
and preceded Sec7 in its arrival and departure times (Figure 2E and Movie S3B). In ARF1
wild-type cells, even though AP-3 could not be easily tracked for the lifetime of a TGN
compartment, the same physical and temporal relationships between AP-3 and Sec7 were
apparent (Movie S3A). These results indicate that AP-3 associates with the maturing TGN.

The AP-3-containing structures are unusual because they are distinct from the nearby Sec7-
labeled compartments in both location and shape (Figure 2D,E and Movie S3). One
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possibility is that AP-3 defines a TGN domain that lacks Sec7. To test this idea, we
internalized FM 4-64 under conditions that label the TGN (Bhave et al., 2014), with the
assumption that this bulk membrane dye should partition into all connected membrane
domains. Internalized FM 4-64 colocalized very well with Sec7, but poorly with AP-3
(Figure 2F). These results suggest that AP-3 marks either a non-membranous structure that
is attached to the TGN, or a membranous compartment that is near the TGN but not always
connected to it by a phospholipid bilayer. In either case, AP-3 can be placed in the category
of TGN-associated markers.

The PVE is a long-lived compartment

If yeast cells lack early endosomes, where does the PVE come from? Our results argue
against the existence of a mammalian-type endosomal maturation pathway in yeast. To gain
insight into the origin and fate of PVE compartments, we performed 4D confocal
microscopy of cells expressing Vps8-GFP. Most of the PVE compartments could be
followed for the entire duration of a 15-min movie (Figure 3B and Movie S4). PVE
compartments did not disappear, as might have been expected if they fused with vacuoles.
For comparison, the same cells expressed Sec7-mCherry to label the TGN. The TGN
structures showed the behavior previously described for this maturing compartment (Losev
et al., 2006; Matsuura-Tokita et al., 2006), with the Sec7-mCherry signal persisting for ~70—
90 s (Figure 3A and Movie S4). We also examined cells in which the PVE was labeled with
both Vps8-mCherry and a second PVE marker, either GFP-FYVE or GFP-Vps21 (Movie
S5). Those markers colocalized extensively with VVps8 and remained on Vps8-labeled PVE
structures continuously. The implication is that PVE compartments are long-lived.

PVE compartments occasionally undergo fusion and fission (Arlt et al., 2015; Chi et al.,
2014). These phenomena cause stepwise increases and decreases in the intensity of the
Vps8-GFP signal, as illustrated by the blue trace in Figure 3B. Although some of the
apparent fusion and fission events seen by fluorescence microscopy might reflect reversible
clustering of PVE compartments (Adell et al., 2017), most PVE compartments in wild-type
cells are not clustered (Nickerson et al., 2012), suggesting that we mainly observed true
fusion and fission. The rates of fusion and fission were similar, with an average of 4.8 fusion
events and 4.6 fission events per cell over the course of a 15-min movie (Figure 3C). Thus, a
plausible mechanism for maintaining the number of PVE compartments per cell is a balance
between fusion and fission.

The TGN is an early destination for bulk endocytosis

Because FM 4-64 is seen in the yeast TGN soon after endocytosis (Figure 2F) (Bhave et al.,
2014), our working hypothesis was that the yeast TGN serves as an early endosome. This
hypothesis predicted that internalized FM 4-64 should appear first in the TGN and then in
the PVE. As a test, we generated a wave of labeled endocytic traffic by applying a 30 s pulse
of FM 4-64, followed by a chase with SCAS, which quenched dye that had not been
internalized (Bhave et al., 2014). The cells expressed Sec7-CFP and Vps8-YFP so that FM
4-64 could be visualized simultaneously with TGN and PVE compartments. FM 4-64 labels
both the recycling and degradative branches of the endocytic pathway, with a portion of the
dye molecules returning to the cell surface while the remainder ultimately reach the vacuole
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(Vida and Emr, 1995; Wiederkehr et al., 2000). To visualize the compartments involved, we
captured static images at periodic intervals during the chase period, and then counted the
number of TGN and PVE structures that contained detectable levels of FM 4-64 at each time
point. FM 4-64 labeling of the TGN peaked at around 3 min after internalization (Figure
4A,B). Loss of FM 4-64 from the TGN was gradual despite the rapid turnover of this
compartment, presumably because dye-containing membrane recycled from older to
younger TGN cisternae. FM 4-64 labeling of the PVE peaked at around 10 min after
internalization, then gradually decreased as the dye began to appear in the vacuolar
membrane (Figure 4A,B). These kinetics fit with the idea that after endocytosis, the TGN is
the first destination of bulk membrane, followed by the PVE and vacuole.

To test whether endocytic traffic necessarily passes through the TGN, we used a pik1-83
mutant strain, which expresses a thermosensitive version of the Pik1 kinase that generates
P1(4)P at the TGN (Audhya et al., 2000; Hendricks et al., 1999). Reduction of P1(4)P levels
compromises export from the TGN (Walch-Solimena and Novick, 1999). In pikZ-83 cells at
the permissive temperature of 22°C, traff ic of internalized FM 4-64 to the TGN, PVE, and
vacuole were essentially normal (Figure 4C,D). By contrast, in pikZ-83 cells at the
nonpermissive temperature of 37°C, FM 4-64 rapidly reached the TGN and then persisted
there, probably due to a combination of reduced transport to the PVE and slowed recycling
to the plasma membrane (Figure 4C,D). An isogenic wild-type P/KZ strain showed no defect
in FM 4-64 traffic at 37°C (Figure S2). These results match earlier reports (Audhya et al.,
2000; Walch-Solimena and Novick, 1999), except that the TGN is now identified as the site
of FM 4-64 accumulation in pikZ mutant cells. Thus, most or all of the internalized
membrane labeled by FM 4-64 evidently passes through the TGN.

The TGN is an early destination for signal-dependent endocytosis

Although FM 4-64 is useful for tracking initial steps of endocytosis, the internalized dye
travels to multiple destinations. A simpler route is followed by the mating pheromone a-
factor, which binds to the Ste2 receptor at the cell surface and then travels unidirectionally to
the vacuole for degradation (Arlt et al., 2015; Toshima et al., 2006). The signal for
endocytosis and vacuolar degradation is ubiquitination of Ste2 (Hicke and Riezman, 1996).
To visualize this signal-dependent endocytic traffic, we incubated Cy5-labeled a-factor with
yeast cells on ice for 2 h, then shifted the cells to room temperature to trigger a wave of
internalization (Arlt et al., 2015; Toshima et al., 2006). The long preincubation on ice
dramatically accelerated internalization of a.-factor (Figure 5A), presumably because it
generated endocytic vesicle intermediates that were poised for immediate endocytosis.
Internalized a-factor accumulated in the PVE (Figure 5B,C) as previously reported (Arlt et
al., 2015). However, at the earliest time points, dim but clearly visible a-factor signals were
also detected in TGN compartments (Figure 5B,C). By 5 min after the temperature shift, the
internalized a-factor had chased entirely to the PVE, where it remained until gradually
appearing in the vacuole beginning at ~18 min (Figure 5B,C). The early appearance of a-
factor in the TGN is consistent with the possibility that Ste2-bound a-factor travels first to
the TGN after endocytosis.
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According to this hypothesis, after reaching the TGN, Ste2-bound a.-factor is rapidly sorted
into carriers and transported to the PVE. A candidate for such a sorting system at the TGN is
the Gga adaptors, which recognize proteins destined for the PVE (Costaguta et al., 2001;
Scott et al., 2004). We tested whether deletion of the GGAZ and GGAZ genes would slow
export of internalized a-factor from the TGN. Indeed, in a ggalA ggaZA strain, internalized
a-factor remained visible in a subset of the TGN compartments for tens of minutes (Figure
5D,E). Turnover of TGN compartments labeled by Sec7-GFP occurred with similar kinetics
in ggall ggaZA cells as in wild-type cells (data not shown) (Daboussi et al., 2012),
suggesting that a-factor was retained by recycling within the maturing TGN. Compared to
wild-type cells, the ggalA ggaZA cells showed somewhat reduced accumulation of a.-factor
in the PVE and negligible appearance of a-factor in the vacuole (Figure 5D,E). The time to
reach half-maximum labeling of the PVE with a-factor was less than 1 min in wild-type
cells versus nearly 4 min in ggaIA gga2A cells (Figure 5C,E). Loss of the Gga adaptors
likely has multiple effects—e.g., intraluminal vesicle formation at the PVE may be
compromised, thereby blocking delivery to the vacuole (Deng et al., 2009; Lauwers et al.,
2009). With this caveat, the results support the interpretation that Ste2-bound a-factor
travels first to the TGN and then exits to the PVE in a process that involves the Gga
adaptors.

Another yeast plasma membrane protein that undergoes signal-dependent endocytosis is the
methionine permease Mupl (Menant et al., 2006). Upon addition of methionine to the
media, Mup1 is ubiquitinated and internalized, then delivered to the vacuole for degradation
(Lin et al., 2008). At 5 min after methionine addition to wild-type cells, internalized Mupl
was seen in the PVE (Figure S3A), where it remained visible for at least 20 min (Figure
S3A,C) (Prosser et al., 2010). Very little Mupl was detected in the TGN, with only an
occasional TGN compartment having a detectable signal after methionine addition (Figure
S3C). In a ggalA ggalA strain, at 3-5 min after methionine addition, internalized Mupl was
almost never visible in the PVE, but was sometimes visible in TGN compartments (Figure
S3B). Although the percentage of ggalA ggaZA cells displaying internalized Mupl was low
at those early time points, the kinetic data were consistent with initial appearance in the
TGN followed by delivery to the PVE (Figure S3C). Mup1l remained visible in the TGN of
ggalA ggaZA cells for at least 20 min while also progressively appearing in the PVE (Figure
S3B,C). We postulate that like Ste2-bound a-factor, Mupl passed rapidly through the TGN
in a Gga-dependent manner. However, sequential appearance in the TGN and PVE was
harder to detect for Mupl than for a-factor because internalization of Mupl was less well
synchronized.

In a separate attempt to trap internalized a-factor at the TGN, we deleted the SNARE Pepl2
to accumulate endocytic intermediates upstream of the PVE (Gerrard et al., 2000).
Compared to wild-type cells, pep12A cells exhibited more heterogeneity in the structures
that labeled with a-factor, but we were able to measure colocalization with the TGN and
PVE markers. In pep12A cells, internalized a-factor appeared at the TGN within a few
minutes and persisted there, while appearance at the PVE was strongly delayed (Figure
5F,G). The combined results with a-factor and Mupl provide evidence that signal-
dependent endocytic traffic in yeast involves passage through the TGN en route to the PVE.

Dev Cell. Author manuscript; available in PMC 2019 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Day et al. Page 10

Yeast endocytic vesicles fuse with the TGN

The simplest interpretation of our data is that endocytic vesicles are targeted directly to the
TGN and not to the PVE. To test this hypothesis directly, we imaged endocytic vesicles
containing FM 4-64 (Huckaba et al., 2004) in cells that also expressed a GFP-tagged marker
for the PVE or TGN. For the PVE, the marker was Vps8-GFP. For the TGN, the choice of
marker was trickier because we found that internalized FM 4-64 appeared in TGN structures
~10 s earlier than Sec7 (Figure S4A and Movie S6). Thus, if Sec7-GFP were used to label
the TGN, an endocytic vesicle might fuse with a TGN compartment that was not yet labeled.
We therefore used Kex2-GFP, which arrives at the TGN 5-20 s earlier than Sec7 (Papanikou
et al., 2015). Another challenge was to limit the number of endocytic vesicles containing FM
4-64 so that individual vesicles could be tracked. A typical yeast cell has ~30 endocytic
structures that persist for ~30 s (Carlsson et al., 2002; Lu and Drubin, 2017), so
approximately one endocytic vesicle forms per second. Using a custom flow chamber
(Barrero et al., 2016), we exposed yeast cells to a 5 s pulse of FM 4-64 followed by a chase
with SCAS to quench external dye, thereby generating about five labeled endocytic vesicles
per cell. A control experiment (Figure S4B) confirmed that FM 4-64 failed to be internalized
in cells pretreated with latrunculin A, an actin polymerization inhibitor that blocks
endocytosis (Weinberg and Drubin, 2012). The fate of the endocytic vesicles was then
followed by 4D confocal microscopy.

Endocytic vesicles containing FM 4-64 were frequently seen to approach and merge with
TGN compartments marked with Kex2-GFP. The FM 4-64 and GFP signals could then be
tracked together for multiple movie frames and often persisted for about a minute after the
merge event, suggesting that the compartments that received endocytic vesicles were at an
early stage of TGN maturation (Movie S7A). Figures 6 and S4C show representative fusions
of endocytic vesicles with TGN compartments. In movies of 33 cells, we observed merge
events for 66% of the FM 4-64 puncta (145 out of 219) within 2 min of internalization.
Although structures containing FM 4-64 occasionally approached PVE compartments
(Movie S7B and Figure S4D), in movies of 37 cells, we observed no merge events with the
PVE for the 175 FM 4-64 puncta that could be tracked. These results confirm that the first
destination in the yeast endocytic pathway is the TGN.

Discussion

Early endosomes are well characterized in mammalian cells (Figure 7A) and have long been
thought to exist in yeast (Hicke et al., 1997; Pelham, 2002; Singer-Krlger et al., 1993; Séron
et al., 1998), yet we present evidence that S. cerevisiae lacks distinct early endosomes. This
point is illustrated most compellingly by 4D movies of FM 4-64-labeled endocytic vesicles
fusing with the TGN. Previous studies have shown that both FM 4-64 and a-factor are
internalized at actin patches into vesicles marked with the actin-binding protein Abp1,
suggesting that these cargoes are transported in the same type of endocytic vesicles
(Huckaba et al., 2004; Toshima et al., 2006; Weinberg and Drubin, 2012). Thus, the yeast
TGN evidently functions as the first destination for both bulk endocytosis and signal-
dependent endocytosis, in a pathway that has no parallel in mammalian cells.
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Why has the role of the TGN in yeast endocytic traffic previously been obscure? Three
factors have contributed. First, yeast researchers studying the secretory and endocytic
pathways have assumed that they were looking at different organelles. For example, an
elegant study visualized the fusion of endocytic vesicles with “endosomal sorting
compartments”, which had been labeled by incubating cells with FM 4-64 and then imaging
7 min later (Huckaba et al., 2004). We find that at 7 min after FM 4-64 internalization, most
of the labeled puncta are TGN compartments, suggesting that those authors were seeing
fusion of endocytic vesicles with the TGN. Another example came from our analysis of
effects of the arf1A mutation, which reportedly caused enlargement of Golgi cisternae and
also of endocytic compartments labeled with FM 4-64 (Gaynor et al., 1998). It turned out
that those endocytic compartments were identical to the TGN (Bhave et al., 2014). Thus,
when endocytic markers were examined but TGN markers were not, the yeast TGN was
described as an endosome.

A second factor that has obscured the role of the TGN in yeast endocytic traffic is that unlike
FM 4-64, proteins with endocytic signals can apparently pass quickly through the TGN. We
obtained evidence for this phenomenon with Ste2-bound a-factor. That cargo follows a
ubiquitination-dependent route through endosomes to the vacuole, and it had not previously
been detected at the TGN (Arlt et al., 2015; Toshima et al., 2014). We now document that a
transient pool of a-factor can be seen at the TGN. Definitive proof that this transient pool
reflects obligatory passage of a-factor through the TGN would require a complete and
reversible block of TGN export. Unfortunately, no such protocol is currently available. For
example, while a pikZ mutation increases the persistence of FM 4-64 in the TGN, this
mutation has no visible effect on a-factor trafficking (unpublished data), likely because Pik1
exerts its Pl 4-kinase activity at the TGN after the Gga adaptors have already transported
proteins to the PVE (Costaguta et al., 2001; Scott et al., 2004). On the other hand, when we
delete the Gga adaptors, a substantial and persistent pool of Ste2-bound a-factor is seen at
the TGN, presumably because passage to the PVE is slowed. Deletion of the SNARE Pep12
prevents fusion of transport carriers with the PVE and traps a-factor at the TGN even more
strongly, presumably because the pep12A mutation disrupts recycling between the PVE and
TGN, thereby depleting components needed to export a-factor from the TGN. Another yeast
protein that undergoes signal-dependent endocytosis is the methionine permease Mupl
(Menant et al., 2006). Although the analysis is more challenging than for Ste2-bound a.-
factor, we find that deletion of the Gga adaptors increases the levels of internalized Mup1 at
the TGN. Similarly, the monocarboxylate transporter Jenl reportedly passed through the
TGN on its way to the vacuole, and Jenl accumulated in the TGN in a strain lacking the Gga
adaptors (Becuwe and Léon, 2014). That study concluded that Jenl is internalized to a
maturing early endosome and then travels to the TGN and back to the PVE, but a simpler
interpretation is that Jenl is internalized directly to the TGN before reaching the PVE. The
available data suggest that the initial destination for various types of yeast endocytic cargo is
the TGN.

A third factor that has obscured the role of the TGN in yeast endocytic traffic is subtler. In
static images, TGN proteins often colocalize only partially with one another, leading to the
idea that some proteins have a dual localization to the TGN and early endosomes. But the
TGN is a maturing compartment (Losev et al., 2006; Matsuura-Tokita et al., 2006), so a
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given TGN structure will possess different markers over time (Papanikou et al., 2015). Here
we document this phenomenon with the SNARE Tlg1 and the AP-1 clathrin adaptor, which
had been implicated in recycling from endosomes but actually seem to reside exclusively at
the TGN, where TIgl arrives and departs before Sec7 while AP-1 arrives and departs after
Sec7. We conclude that when characterizing a component of the TGN, a full localization
analysis requires kinetic data from live cell microscopy.

In addition to early endosomes, mammalian cells contain recycling endosomes (Figure 7A),
so we asked whether yeast cells contain distinct recycling endosomes. Possible markers for
recycling endosomes in yeast include (a) the Ypt31/32 GTPases, which are homologs of the
mammalian recycling endosome marker Rab11 (Chen et al., 2005), (b) wild-type and some
mutant versions of the SNARE Sncl, which cycles between the plasma membrane and
intracellular compartments (Lewis et al., 2000), and (c) Rcyl, a Ypt31/32 effector
implicated in Sncl recycling (Chen et al., 2005; Wiederkehr et al., 2000). We find that
Ypt31, Sncl, and Reyl all localize to the TGN. Another possible marker is the chitin
synthase Chs3, which cycles between the plasma membrane and intracellular “chitosomes”
(Bartnicki-Garcia, 2006; Flores Martinez and Schwencke, 1988; Ziman et al., 1996).
However, we see Chs3 at the TGN, and others have also concluded that chitosomes are
identical to the TGN (Spang, 2015; Zanolari et al., 2011). Finally, bulk membrane recycling
in the yeast endocytic pathway was previously observed using FM 4-64 (Wiederkehr et al.,
2000), and our localization data suggest that this recycling step occurs at the TGN. The
combined results imply that the yeast TGN is an endocytic recycling compartment. Thus, we
can depict yeast as having a minimal endomembrane system, with the TGN playing a central
role as a sorting station for both secretory and endocytic cargoes (Figure 7B).

This model raises a question about the biogenesis of PVE compartments. In mammalian
cells, early endosomes mature into late endosomes, which fuse with lysosomes to deliver
their contents (Bright et al., 2005; Luzio et al., 2007). By contrast, we find that PVE
compartments persist for a long time and perhaps indefinitely. The only dynamic behaviors
that we have observed for PVE compartments are fission and homotypic fusion. It therefore
seems likely that the PVE proliferates by fission, which is presumably slightly more frequent
than homotypic fusion over the course of an average cell cycle.

Our perspective on the yeast endocytic pathway sheds light on earlier observations. For
example, inactivation of the TGN-localized Pik1 was reported to inhibit transport of
internalized FM 4-64 to the vacuole (Audhya et al., 2000; Walch-Solimena and Novick,
1999), and deletion of the TGN-localized Gga adaptors was reported to inhibit transport of
internalized plasma membrane proteins to the vacuole (Becuwe and Léon, 2014; Scott et al.,
2004). Those effects could be indirect, but now that we have identified the TGN as the first
station in the yeast endocytic pathway, a more likely interpretation is that PI1(4)P and the Gga
adaptors have direct roles in the traffic of internalized material from the TGN. Additionally,
yeast endocytic vesicles have been reported to move along actin tracks (Huckaba et al.,
2004; Toshima et al., 2006), and yeast TGN compartments are associated with the actin
cytoskeleton (Arai et al., 2008; Rossanese et al., 2001), providing a mechanism for efficient
delivery of endocytic vesicles to the TGN. Finally, even though yeast has homologs of
proteins implicated in the maturation of mammalian endosomes (Huotari and Helenius,
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2011; Nordmann et al., 2010), yeast endosomes have not been seen to mature (Arlt et al.,
2015), a result that can now be understood by viewing the PVE as a stable compartment.

The absence of a distinct early endosome in yeast has implications for understanding the
role of AP-1. When AP-1 was first identified in mammalian cells, it was assumed to act in
the forward traffic of proteins from the TGN to endosomes (Hinners and Tooze, 2003), but
then the Gga adaptors were shown to mediate TGN-to-endosome traffic (Black and Pelham,
2000; Dell’Angelica et al., 2000). Meanwhile, yeast AP-1 was implicated in retrograde
traffic (Liu et al., 2008; Spang, 2015; Valdivia et al., 2002), a function that is probably
conserved in mammalian cells (Bonifacino, 2014; Hinners and Tooze, 2003; Matsudaira et
al., 2015). Yeast AP-1 is important for maintaining the TGN localization of proteins such as
Chs3 and Tlgl (Spang, 2015; Valdivia et al., 2002). The favored hypothesis has been that
AP-1 mediates recycling of TGN proteins from early endosomes to the TGN. Alternatively,
it has been noted that AP-1 could mediate recycling from maturing TGN compartments (Liu
et al., 2008; Valdivia et al., 2002), and our recent work favors this interpretation (Papanikou
et al., 2015). Now we present evidence that yeast AP-1 resides exclusively at the TGN,
strongly suggesting that AP-1 mediates intra-Golgi recycling. This idea can explain why the
TGN has different types of clathrin adaptors: Gga adaptors for transport to the late
endosome/PVE, and AP-1 for retrieval from older to younger TGN cisternae (Papanikou et
al., 2015).

The AP-3 adaptor is more mysterious. AP-3 functions, perhaps independently of clathrin, to
deliver certain proteins from the yeast TGN directly to the vacuole (Cowles et al., 1997,
Llinares et al., 2015) or from the mammalian early or recycling endosome directly to the
lysosome (Peden et al., 2004; Zlatic et al., 2013). Yeast AP-3 has also been implicated in
endocytosis (Toshima et al., 2014), an observation possibly related to our finding that
endocytic traffic passes through the TGN. Surprisingly, we find that the physical association
of yeast AP-3 with the TGN is less tight than for most TGN markers. The majority of yeast
AP-3 apparently resides not on the TGN surface, but rather in unidentified structures that are
somehow tethered to the TGN. The nature of this structure merits further investigation.
However, we suspect that the results will not alter our view of the TGN as the nexus of the
yeast secretory and endocytic pathways.

The discussion so far has emphasized differences between the endomembrane systems of
yeast and mammals, but there are also fundamental similarities. It is useful to highlight the
relationships of the yeast TGN and PVE compartments to the different types of mammalian
endosomes (Figure 7).

We propose that the yeast TGN combines properties of the mammalian TGN and recycling
endosomes. Interestingly, in mammalian cells, the TGN and recycling endosome are closely
related—the recycling endosome is often near the TGN, and the two compartments share
molecular markers such as Sec7 family proteins, P1(4)P, and AP-1 (Grant and Donaldson,
2009; Matsudaira et al., 2015). Moreover, some secretory cargoes pass through the
mammalian recycling endosome, which can therefore be considered a post-TGN
compartment of the secretory pathway (Ang et al., 2004; Lock and Stow, 2005; Thuenauer et
al., 2014). It seems that yeast assigns secretory and endocytic recycling functions to the
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TGN, whereas mammalian cells partially segregate those functions between the TGN and
recycling endosomes. The yeast TGN is capable of sorting material to either the plasma
membrane or the PVE, and this capability is harnessed by both the secretory and endocytic
pathways, making the TGN the central sorting station in the cell.

We further propose that the yeast PVE combines properties of the mammalian early and late
endosomes. In agreement with earlier reports (Arlt et al., 2015; Ma et al., 2017), yeast
components that might have been expected to mark separate endosome populations actually
colocalize extensively at the PVE. For example, even though Rab5 is a marker for
mammalian early endosomes, we see the yeast Rab5 homologs Vps21 and Ypt52 at the
PVE. The mammalian late endosome is marked by Rab7, but in yeast, the homologous Y pt7
protein is found on the vacuole (Cabrera et al., 2009). Those results are hard to reconcile
with an endosomal maturation pathway of the type that operates in mammalian cells
(Huotari and Helenius, 2011; Rink et al., 2005). According to that paradigm, the PVE should
be a transient structure that forms by maturation and ultimately merges with the vacuole.
Instead, our 4D microscopy data indicate that PVE compartments are long-lived and
maintain a stable composition. We speculate that PVE compartments undergo “kiss-and-
run” events with the vacuole, thereby delivering intraluminal vesicles to the vacuole for
degradation. This idea seems reasonable given that mammalian late endosomes can undergo
“kiss-and-run” events with lysosomes (Bright et al., 2005). In this scenario, compared to
yeast, mammalian cells do two things differently: they deliver endocytic vesicles to
dedicated early endosomes instead of the TGN, and they continually regenerate endosomes
through maturation and turnover.

In yeast, a prior analysis of vacuolar protein sorting (vps) mutants suggested that some
secretory proteins pass through endosomes en route to the cell surface (Harsay and
Schekman, 2002). However, it seems unlikely that a secretory protein would travel to the
PVE and then to the plasma membrane. The earlier results might have been due to indirect
effects of the vps mutants. According to this view, normal vacuolar protein sorting is needed
for the TGN to segregate cargo proteins into different types of secretory vesicles. Further
insight will require a better understanding of sorting mechanisms at the TGN (Kienzle and
von Blume, 2014).

The yeast endocytic pathway shows a striking similarity to that of plant cells, in which the
TGN is also the first destination of endocytic traffic (Dettmer et al., 2006; Viotti et al.,
2010). Based on this comparison, it is possible that the ancestral endomembrane system
resembled that of yeast. The membrane traffic circuit shown in Figure 7B is sufficient to
carry out the basic functions of the secretory and endocytic pathways, namely, sorting of
biosynthetic and endocytic cargoes to either the plasma membrane or the endosome/
lysosome/vacuole. According to this hypothesis, mammalian cell evolution increased the
complexity of the endocytic pathway through two innovations. First, the endocytic recycling
functions of the TGN were transferred to the recycling endosome, which is a derivative of
the TGN. Second, endocytic vesicles were redirected from the TGN to endosomes, and the
ancestral functions of a stable endosome were divided between early and late endosomes
that turn over through maturation. Theoretical studies suggested that such maturation
pathways evolve readily (Mani and Thattai, 2016). Alternatively, both plants and budding
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yeast may have independently lost features of the endomembrane system that were present
in the eukaryotic ancestor. For instance, the early endosome-specific Rab4 was lost during
the evolution of budding yeasts and plants (Field et al., 2007). A broader functional analysis
of different eukaryotes should help to distinguish between conserved and organism-specific
aspects of the endocytic pathway.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Benjamin S. Glick (bsglick@uchicago.edu).

Experimental Model and Subject Details

Yeast strains were derived from the haploid S. cerevisiae strain JK9-3da, with genotype
leu2-3,112 ura3-52 rmel trp1 his4 HML a (Heitman et al., 1991). Yeast cells were grown in
rich glucose medium (YPD), or in nonfluorescent minimal glucose dropout medium (NSD)
(Bevis et al., 2002) in baffled flasks at room temperature.

The ARFI1and GGAZ genes were deleted by amplifying a kanMX cassette from pFAG6-
kanMX4 using primers with flanking regions corresponding to 40-42 bp upstream and
downstream of the ARF1and GGAZ ORFs (Wach et al., 1994). Yeast were transformed with
the amplified fragment and selected for resistance to G418 (U.S. Biological, Salem, MA).
The GGAIand PEP12genes were deleted by amplifying a hygromycin resistance cassette
from pFA6-hphMX4 using primers with flanking regions corresponding to the 39-41 bp
upstream and downstream of the GGAZand PEP12 ORFs (Goldstein and McCusker, 1999).
Yeast were transformed with the amplified fragment and selected for resistance to
hygromycin B (Corning Life Sciences, Corning, NY).

Isogenic strains containing either the temperature-sensitive pikZ-83 or wild-type P/K1 allele
were provided by Jeremy Thorner, and the ade2-101 allele was reverted to wild-type by
transformation with a fragment corresponding to ADEZ2. GFP tags used for various
constructs were 1x, 3x, or 6x msGFP (Fitzgerald and Glick, 2014) and iGFP, a variant of
SGFP (Losev et al., 2006) with the L221K mutation and the msGFP termini. Six tandem
copies of an mCherry variant called mCherry2B, which has modified N- and C-termini, was
used as a C-terminal tag for Sec7, Vps8, and Apl5. Sec7 was tagged with six tandem copies
of msCFP, which was generated by Ivy Fitzgerald from SCFP3A (Kremers et al., 2006) by
introducing S30R, Y39N, N105T, Y145F, 1171V, L231H, and the msGFP N- and C- termini.
Vps8 was tagged with six tandem copies of iYFP, which is iGFP with T65G, V68L, S72A,
T203Y. Tlg1 was N-terminally tagged with HaloTag (Promega, Madison, WI) using a yeast
codon-optimized gene (GenScript, Piscataway, NJ). The iGFP-Ypt52 construct was
expressed from its own promoter as an integrating second copy at the 7/PZ locus. Rcyl and
the PH domain of Osh1 were N-terminally tagged with iGFP, and the fusion genes
subcloned between the 7P/1 promoter and CYCI terminator were integrated at the 7RPI
locus. pRS406-GFP-SNC1 was provided by Nava Segev, and was modified by site-directed
mutagenesis to generate pRS406-GFP-SNC1(L96V) (Chen et al., 2011; Lewis et al., 2000).
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pRS424-GFP-FYVE(EEA1L) was provided by Chris Burd (Burd and Emr, 1998). All
proteins other than Ypt52, Rcyl, Sncl, Osh1(PH), and FYVE(EEAL) were tagged by gene
replacement using the pop-in/pop-out method to obtain expression at endogenous levels
(Rossanese et al., 1999; Rothstein, 1991). Tagged constructs were confirmed as functional
whenever possible, based on normal growth for essential genes as well as comparisons with
previously reported fluorescence patterns and organelle dynamics. Plasmids generated in this
study will be available from Addgene.

Method Details

Fluorescence microscopy—~For fluorescence imaging, yeast cultures were grown in
NSD, with amino acid dropouts when necessary, and imaged at room temperature. Static
images were collected of live cells attached to a concanavalin A-coated coverglass-bottom
dish containing NSD medium (Losev et al., 2006) on an SP5 or SP8 microscope (Leica,
Buffalo Grove, IL) or an LSM 880 microscope (Zeiss, Thornwood, NY) equipped with a 1.4
NA/63x oil objective, using a 40-60 nm pixel size and a 0.25-0.30 um Z-step interval and
20-30 optical sections. For quantifying FM 4-64FX (Life Technologies, Carlsbad, CA)
localization in fixed pik1-83and isogenic P/K1 cells, a-factor localization in pep12A cells,
and Mup1 localization in live cells, the cells were compressed under a coverslip and center
slices were collected by widefield microscopy on an Axioplan 2 epifluorescence microscope
(Zeiss) equipped with a 1.4 NA/100x oil objective and a digital camera (Hamamatsu,
Skokie, IL). For quantifying a-factor localization in WT and ggaIA ggaZA cells, fixed cells
were compressed under a coverslip and imaged on an LSM 880 microscope using a 50 nm
pixel size and 0.30 pm Z-step interval and ~10 optical sections. 4D confocal movies were
collected on a Leica SP5 or SP8 microscope using an 80 nm pixel size and a 0.25-0.30 ym
Z-step interval and 20-30 optical sections, with a Z-stack collected every 0.5-2.0 s.

Static images were converted to 16-bit and average projected, then range-adjusted to the
minimum and maximum pixel values in ImageJ (http://rsbweb.nih.gov/ij/). To process
movies, a Gaussian blur with radius 0.75 pixels was applied in ImageJ to fluorescence
channels (Day et al., 2016), which were then deconvolved with Huygens Essential
(Scientific Volume Imaging, Hilversum, The Netherlands) using the CMLE (Classical
Maximum Likelihood Estimation) algorithm (Day et al., 2017), and then corrected for
bleaching using an ImageJ plugin (cmci.embl.de/downloads/bleach_corrector). Movies were
converted to hyperstacks and average projected, then range-adjusted to maximize contrast in
ImageJ. Custom ImageJ plugins (Papanikou et al., 2015) were used to generate montages of
time series, select individual structures and remove background structures, convert edited
montages to hyperstacks, and measure fluorescence intensities.

HaloTag labeling—To visualize HaloTag-Tlgl, 5 UM JFg46 ligand, provided by Luke
Lavis (Grimm et al., 2015), was added to cells from a 5 mM stock in DMSO. Cells were
incubated with shaking at room temperature for 30 min, washed twice and resuspended in
NSD, then adhered to a concanavalin A-coated coverglass-bottom dish. Movies were
captured immediately on a Leica SP5.
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FM 4-64 labeling—For the FM 4-64 time course analysis, and for comparing the
localization of internalized FM 4-64 with that of AP-3, live cells were adhered to a
concanavalin A-coated coverglass-bottom dish containing NSD, then 0.8 uM FM 4-64 (Life
Technologies) was added from a 1 mM stock in DMSO. After 30 s, 2.4 uM SCAS (4-
sulfonato calix[8]arene, sodium salt; Biotium, Hayward, CA) was added from a 1 mM
aqueous stock solution to quench extracellular dye. The cells were then imaged at the times
indicated.

For pik1-83and isogenic P/K1 cells, cultures were grown at 22°C, then split and either kept
at 22°C or shifted to 37°C for 15 min b efore treatment with 0.8 pM FM 4-64FX for 30 s,
followed by 2.4 uM SCAS. Cultures were kept at 22°C or 37°C and samples were fixed at
intervals between 1 and 30 min after addition of FM 4-64FX by combining equal volumes of
yeast culture with ice-cold fixative (100 mM potassium phosphate at pH 6.5, 2 mM MgCl,,
8% formaldehyde, 0.5% glutaraldehyde) while vortexing. Cells were fixed on ice for 1 hour,
then washed twice with ice-cold PBS at pH 7.5 and imaged.

For the latrunculin A control experiment, cells were either left untreated or incubated with
200 pM latrunculin A for 10 min at 22°C. Then 5 pM FM 4-64FX was added, followed after
5sby 15 pM SCAS. Then 10 s later cells were fixed as described above, and imaged on a
Leica SP5.

For tracking endocytic vesicles, cells were adhered to a concanavalin A-coated coverslip and
placed in a flow chamber filled with NSD (Barrero et al., 2016). Fresh NSD containing 5 uM
FM 4-64 was flowed in for a 5 s pulse, followed directly by a chase with NSD containing 15
UM SCAS. Movies were then captured immediately on a Leica SP8.

a-factor labeling—Cultures were placed on ice for 15 min, then mixed with 2 pM Cy5-a-
factor (ordered from Sigma-Aldrich as a custom peptide with Cy5 conjugated to the lysine
side chain) from a 1 mM stock in 0.1 M sodium acetate, pH 5.2. After 2 h on ice, cells were
washed in ice-cold NSD, then resuspended in room temperature NSD to initiate a-factor
internalization. Samples were fixed on ice as described above at intervals up to 40 min, then
washed with PBS and imaged.

Mup1 endocytosis assay—Cells grown in NSD lacking methionine (NSD-Met) were
adhered to a concanavalin A-coated coverglass-bottom dish containing NSD-Met, then 20
ug/ml of methionine was added. Cells were imaged at intervals between 3 and 20 min
(Prosser et al., 2010) either on a confocal microscope, or on a widefield microscope for
quantification.

Quantification and Statistical Analysis

Quantifying colocalization—For colocalization analysis, the fraction of the green
candidate marker punctate signal that overlapped with the red reference marker punctate
signal was quantified in ImageJ as follows (Levi et al., 2010; Papanikou et al., 2015).
Fluorescence channels from average projected images were converted to grayscale, noise
was removed using the Smooth function, and images were inverted to generate black signal
on a white background. Binary masks were created using the DynamicThreshold 1d plugin
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(www.gcsca.net/IJ/Dynamic.html) by taking the mean thresholded image with a mask size
of 15-25 and a constant C value of 10-20 in order to detect punctate signal over varying
background levels. The mask for the green channel was then subtracted from an inversion of
its original grayscale image to result in an image of only the punctate green signal. The mask
of the red signal was then subtracted from the image of the punctate green signal to create an
image of the punctate green signal that overlapped with red signal. The mean values of the
resulting image and the punctate green signal image were calculated using the Measure
function, then the first was divided by the second to calculate the percentage overlap out of
total punctate green signal. A modified version of this procedure was used to quantify the
number of Sec7 or Vps8 structures that had detectable FM 4-64, a.-factor, or Mupl signal.
Masks were created as described above for each of the three fluorescence channels. As an
example, the FM 4-64 mask image was subtracted from the inverted Sec7 mask image to
generate a binary image of the overlapping puncta. The number of FM 4-64 and Sec7
overlapping puncta that lacked Vps8 signal and were at least 40 nm? was counted using the
Analyze Particles function in ImageJ, then divided by the total number of Sec7 puncta that
lacked Vps8 signal, yielding the percentage of unambiguous Sec7 structures positive for FM
4-64. A similar method was used to count unambiguous Sec7 structures positive for a-factor
or Mup1l as well as unambiguous Vps8 structures positive for FM 4-64, a-factor, and Mupl.
Vacuole signal was calculated as the percentage of cells with FM 4-64 or a-factor visible in
vacuolar structures. Vacuolar identity was confirmed using the vacuolar membrane marker
Vphl-GFP. Internalized FM 4-64 or Cy5-a-factor localized to the membrane or interior,
respectively, of Vphl-GFP-labeled vacuoles at 15-40 min after internalization (data not
shown). Each colocalization value reported is the mean + SEM for at least the number of
cells listed in the figure legend.

Data and Software Availability

DNA sequences—DNA constructs were designed using SnapGene software (GSL
Biotech, Chicago, IL). For the constructs used in this study, Supplementary File S1 contains
annotated sequence files that can be opened with SnapGene Viewer (www.snapgene.com/
products/snapgene_viewer).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
The budding yeast Saccharomyces cerevisiae lacks a distinct early endosome
The yeast trans-Golgi network is the first destination for endocytic traffic
The yeast trans-Golgi network also acts as a recycling endosome

The yeast prevacuolar endosome is a non-maturing stable compartment
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Figure 1. Candidate Yeast Endosomal Markers Localize to the TGN or PVE
(A) Colocalization analysis of candidate markers. Proteins were tagged with GFP and

compared to reference markers by projection of confocal image stacks. Sec7-mCherry and
Vps8-mCherry marked the TGN and PVE, respectively. Representative images are shown.
Arrows indicate an example of Tlgl-labeled structures that did not label with the TGN
reference marker. Scale bar is 2 pm.

(B) Quantification of the colocalization data. Colocalization for each pair in (A) was
measured as the percentage of the GFP signal that overlapped with a mask created from the
mCherry signal (Levi et al., 2010; Papanikou et al., 2015). Average colocalization was
calculated using at least 48 cells per strain. Error bars indicate SEM. Background
colocalization values for the TGN and PVE, taken from Papanikou et al. (2015), were
calculated as the percentage of each reference marker signal that overlapped by chance with
the other reference marker.

See also Figure S1.
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Figure 2. TGN Markers Label Maturing Compartments
(A) Simulated fluorescence traces for two temporally offset markers of a maturing Golgi

compartment. The red marker arrives and departs before the green marker. Depending on the
time when a static image is captured, the compartment may appear red, or yellow (red plus
green), or only green.

(B) Kinetic tracking of the SNARE Tlg1, which marks the TGN but arrives and departs
before Sec7. Cells expressing Sec7-GFP and HaloTag-Tlg1 labeled with JFg4¢ ligand were
imaged by 4D confocal microscopy for 5 min, and the image stacks were average projected.
Representative frames from Movie S1A are shown. In the top half of each frame, the entire
projection is visible. In the bottom half, the images were edited to show only a single TGN
compartment. Two representative TGN compartments were analyzed. The plots show the
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time-dependent fluorescence intensities for those two TGN compartments. Scale bar is 2
pm.

(C) Kinetic tracking of the AP-1 adaptor, which marks the TGN but arrives and departs after
Sec7. Cells expressing Sec7-mCherry and the GFP-tagged Apl2 subunit of AP-1 were
imaged and analyzed as in (B). Representative frames from Movie S1B are shown. Scale bar
is 2 ym.

(D) Localization of AP-3 subunits. The Apl5 and Apl6 subunits of AP-3 colocalize perfectly
with each other, but colocalize only partially with the TGN reference marker Sec7. Confocal
image stacks were average projected. Scale bar is 2 pm.

(E) Kinetic tracking of the AP-3 adaptor. AP-3 is associated with the TGN but has a
spatiotemporal pattern distinct from that of Sec7. arfIA mutant cells expressing Sec7-
mCherry and Apl5-GFP were imaged and analyzed as in (B). Representative frames from
Movie S3B are shown. Scale bar is 2 ym.

(F) Poor labeling of AP-3 structures with internalized FM 4-64. Cells expressing Sec7-GFP
or Apl6-GFP were incubated with FM 4-64 at 22°C for 30 s, and then external FM 4-64 was
quenched with SCAS and the dye was chased for 4 min to label the TGN. Confocal image
stacks were average projected. Scale bar is 2 um.

See also Movie S1, Movie S2, and Movie S3.
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Figure 3. The PVE Is a Persistent Compartment
(A) Fluorescence traces for three representative TGN compartments labeled with Sec7-

mCherry. In Movie S4, cells expressing Sec7-mCherry and Vps8-GFP were imaged by 4D
confocal microscopy for 15 min. Three TGN compartments labeled with Sec7-mCherry
were tracked for as long as the fluorescence signals were visible. Shown are average
projected images of Sec7 structure #1 at 4 s intervals.

(B) Fluorescence traces for three representative PVE compartments labeled with VVps8-GFP.
Those compartments were tracked for the duration of Movie S4. Shown are average-
projected images of Vps8 structure #1 at 40 s intervals.
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(C) Fission and fusion of PVE structures. For cells expressing Vps8-GFP, five 15-min 4D
confocal movies were analyzed to count the number of PVE fission and homotypic fusion
events. Bars indicate the average number of events per cell with SEM.

See also Movie S4 and Movie S5.
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Figure 4. The TGN Is an Early Destination for Internalized FM 4-64
(A) Labeling of endocytic compartments with internalized FM 4-64. Wild-type (“WT?”) cells

expressing Sec7-CFP and Vps8-YFP were incubated at 22°C with FM 4-64 for 30 s
followed by SCAS. Confocal image stacks were collected at intervals up to 30 min after FM
4-64 addition. Representative average projections are shown for the 3 min and 10 min time
points. Arrows indicate colocalization between Sec7-CFP and FM 4-64, and arrowheads
indicate colocalization between Vps8-YFP and FM 4-64. Scale bar is 2 pm.

(B) Quantification of the data from (A). Localization of FM 4-64 in wild-type cells was
quantified as the percentage of Sec7-labeled TGN structures, Vps8-labeled PVE structures,
and vacuolar structures that showed detectable FM 4-64 signal. Mean + SEM is shown for at
least 32 cells for each time point.

(C) Labeling of endocytic compartments with internalized FM 4-64 in a pik1 mutant strain.
pik1-83 cells expressing Sec7-CFP and VVps8-YFP were grown at 22°C, then half of the
culture was shifted to 37°C for 15 min. Both halves of the culture were incubated with FM
4-64 for 30 s followed by SCAS. Confocal image stacks were collected at intervals up to 30
min after FM 4-64 addition. Representative average projections are shown for the 3 min and
20 min time points. Arrows and arrowheads indicate colocalization as in (A). Scale bar is 2
pm.

(D) Quantification of the data from (C). The analysis was performed as in (B) except that
widefield images were examined. Mean = SEM is shown for at least 35 cells for each time
point.

See also Figure S2.
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Figure 5. The TGN Is an Early Destination for Internalized a.-Factor
(A) Internalization of Cy5-conjugated p-factor under different incubation conditions. Cells

were either incubated with p-factor at 22°C and then fixed, or preincubated wit h g-factor on
ice for 5 min or 2 h and then transferred to 22°C and fixed. Two representative average
projections of confocal image stacks are shown for time points of 0, 1, 3, and 5 min at 22°C.
With the concentrati on of labeled p-factor used here, saturation of p-factor receptors at the
cell surface should have been almost immediate (Bajaj et al., 2004), so the faster
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internalization seen after 2 h on ice was presumably due to accumulation of an endocytic
vesicle intermediate. Scale bar is 2 um.

(B) Labeling of endocytic compartments with internalized p-factor. Cells expressing Sec7-
CFP and Vps8-YFP were incubated with Cy5-conjugated B-factor for 2 h on ice, then
transferred to 22°C media and fixed at interva Is from 1 to 40 min after the temperature shift.
Confocal image stacks were captured. Representative average projections are shown for the
1 min and 5 min time points. Arrows indicate colocalization between Sec7-CFP and
fluorescent B-factor, and arrowheads indicate colocalization between Vps8-YFP and
fluorescent B-factor. Scale bar is 2 pm.

(C) Quantification of the data from (B). Localization of p-factor was quantified as the
percentage of Sec7-labeled TGN structures, Vps8-labeled PVE structures, and vacuolar
structures that showed detectable fluorescent p-factor signal. Mean £ SEM is shown for at
least 20 cells for each time point.

(D) Labeling of endocytic compartments with internalized a-factor in a ggalA ggaZA
mutant strain. ggaIA ggaZA cells expressing Sec7-CFP and Vps8-YFP were incubated with
fluorescent a-factor and imaged as in (B). Representative average projections are shown for
the 5 and 25 min time points. Arrows and arrowheads indicate colocalization as in (B). Scale
bar is 2 pm.

(E) Quantification of the data from (D). The analysis was performed as in (C). Mean = SEM
is shown for at least 20 cells for each time point.

(F) Labeling of endocytic compartments with internalized a-factor in a pepZ2A mutant
strain. pep12A cells expressing Sec7-CFP and Vps8-YFP were incubated with fluorescent
a-factor and imaged as in (B). Representative average projections are shown for the 5 and
25 min time points. Arrows and arrowheads indicate colocalization as in (B). Scale bar is 2
um.

(G) Quantification of the data from (F). The analysis was performed as in (C), except that no
vacuolar localization was detected. Mean + SEM is shown for at least 90 cells for each time
point.

See also Figure S3.
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Figure 6. Yeast Endocytic Vesicles Fuse with the TGN
A5 s pulse of FM 4-64 followed by SCAS were applied in a flow chamber to cells

expressing Kex2-GFP. The cells were then imaged by 4D confocal microscopy, and the
image stacks were average projected. Selected frames show a cell from Movie S7A, either
unedited in the upper panels, or edited in the lower panels to focus on a single endocytic
vesicle merging with a TGN compartment. Time is calculated from the start of the FM 4-64
pulse. Scale bar is 1 pm.

See also Figure S4, Movie S6, and Movie S7.
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Figure 7. Comparison of the Mammalian and Yeast Endocytic Pathways
(A) In mammalian cells, endocytic material is delivered to early endosomes, which mature

into late endosomes that subsequently fuse with lysosomes. Early endosomes also send
material to recycling endosomes for return to the cell surface. Recycling endosomes are
related to the TGN with regard to localization and membrane traffic machinery. Late and
recycling endosomes communicate with the TGN through bidirectional traffic.

(B) In yeast, endocytic material is delivered to maturing TGN compartments. Internalized
material is then either recycled to the cell surface, or delivered to stable PVE compartments
that are postulated to undergo “kiss-and-run” events with the vacuole. Some components
recycle from the PVE to the TGN. The yeast TGN can be viewed as combining properties of
the mammalian TGN and recycling endosomes, and the yeast PVE can be viewed as
combining properties of the mammalian early and late endosomes.
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