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Abstract. Pepl12p is a yeast syntaxin located primarily
in late endosomes. Using mutagenesis of a green fluo-
rescent protein chimera we have identified a sorting sig-
nal FSDSPEF, which is required for transport of
Pepl2p from the exocytic pathway to late endosomes,
from which it can, when overexpressed, reach the vacu-
ole. When this signal is mutated, Pep12p instead passes
to early endosomes, a step that is determined by its
transmembrane domain. Surprisingly, Pep12p is then
specifically retained in early endosomes and does not
go on to late endosomes.

By testing appropriate chimeras in mutant strains, we
found that FSDSPEF-dependent sorting was abolished
in strains lacking Ggalp and Gga2p, Golgi-associated

coat proteins with homology to gamma adaptin. In the
ggal gga2 double mutant endogenous Pepl2p cofrac-
tionated with the early endosome marker Tlglp, and re-
cycling of Snclp through early endosomes was defec-
tive. Pep12p sorting was also defective in cells lacking
the clathrin heavy or light chain. We suggest that spe-
cific and direct delivery of proteins to early and late en-
dosomes is required to maintain the functional hetero-
geneity of the endocytic pathway and that the GGA
proteins, probably in association with clathrin, help cre-
ate vesicles destined for late endosomes.
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Introduction

The organization of the secretory pathway requires that
membrane proteins are targeted to particular organelles.
This process involves the selective incorporation of pro-
teins into transport vesicles, and the specific fusion of
these vesicles with their target organelle. A growing num-
ber of transport pathways within the cell are being
defined, and many proteins carry multiple signals that de-
termine their passage along these. The steady state distri-
bution of any given protein is thus dictated by the particu-
lar combination of sorting signals that it bears.

Of particular importance is the sorting of those proteins
that are involved in the transport process itself. Fusion of
vesicles with their targets is mediated by soluble N-ethyl-
maleimide-sensitive fusion protein attachment protein re-
ceptors (SNARESs),! which are cytoplasmically oriented
membrane proteins with the potential to form coiled-coil
structures (Sollner et al., 1993; Rothman, 1994). SNAREs
anchored in vesicles and target organelles form specific
four-helix bundles, causing close apposition and eventual
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fusion of the membranes (Sutton et al., 1998; Weber et al.,
1998). Each fusion event involves a member of a particular
family of SNAREs termed the syntaxins. Yeast contains
eight syntaxins with six distinct distributions: in the ER
(Ufelp), early Golgi (Sed5p), late Golgi/early endosomes
(Tlglp, Tlg2p), plasma membrane (Ssolp, Sso2p), late en-
dosomes (Pep12p), and vacuole (Vam3p) (for reviews, see
Nichols and Pelham, 1998; Pelham, 1999). Since syntaxins,
like other membrane proteins, are initially inserted into
the ER, this implies distinct sorting signals capable of di-
recting them to each of these locations.

In this study, we have considered the delivery of the syn-
taxin Pep12p to endosomes. Two functionally distinct en-
dosomal compartments can be distinguished, which we re-
fer to as early and late endosomes. Early endosomes are
the site from which some endocytosed proteins (such as
the SNARE Snclp) are retrieved to the Golgi (Lewis et
al., 2000). Late Golgi proteins such as Kex2p and the
SNARESs (Tlglp and Tlg2p) are also thought to recycle
through this compartment, which makes it difficult to dis-
tinguish from late Golgi cisternae. Late endosomes are
easier to identify—they contain Pepl2p and also show a
characteristic coalescence into a large perivacuolar struc-
ture termed the prevacuolar compartment (PVC) in class
E vps mutants (reviewed by Conibear and Stevens, 1998).
In wild-type cells, late endosomes appear to mature into
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multivesicular bodies that then fuse with the vacuole
(Odorizzi et al., 1998a), and this constitutes the main
mechanism by which proteins reach the vacuole.

A quite different route is followed by a subset of vacuolar
proteins, including alkaline phosphatase and the syntaxin
Vam3p. These are transported directly from the Golgi to
the vacuole, bypassing the PVC/late endosome completely.
Access to this pathway requires a specific cytoplasmic signal
and the AP-3 coat protein (reviewed by Odorizzi et al.,
1998b). Unlike the related adaptors AP-1 and AP-2, AP-3
does not appear to require clathrin for its function.

In contrast, the coat proteins responsible for transport
from Golgi to endosomes have proven hard to identify.
AP-1 and AP-2 are not required, at least for those proteins
whose transport has been studied (Huang et al., 1999).
Furthermore, the role of clathrin itself is unclear. Shifting
a temperature-sensitive clathrin heavy chain mutant to the
nonpermissive temperature does cause a transient missort-
ing of the vacuolar protease carboxypeptidase Y (CPY) to
the cell surface, but after a brief period this defect disap-
pears, implying that clathrin is not essential for Golgi-
endosome traffic (Seeger and Payne, 1992a). Cells that
lack clathrin altogether grow poorly but are viable and do
not missort CPY.

We show here that transport of Pepl2p to late endo-
somes requires a sorting signal in its NH,-terminal do-
main, and that this signal is capable of diverting proteins
directly from the exocytic pathway. Additional signals are
also present: the transmembrane domain (TMD) serves to
impede exocytosis, and the COOH-terminal region con-
tains an endocytic signal. However, without the NH,-ter-
minal signal, Pep12p accumulates in early endosome/late
Golgi structures, rather than late endosomes. Thus, there
are distinct mechanisms for transport from the Golgi to
early endosomes and to late endosomes.

The pathway defined by Pep12p is saturable and does
not require the AP-1, AP-2, or AP-3 proteins. It is, how-
ever, defective in clathrin null mutants. It is also com-
pletely dependent on the presence of Ggalp or Gga2p, ho-

Tablel. Yeast Srains

mologues of the GGA proteins originally identified in
mammalian cells (Boman et al., 2000; Dell’ Angelica et al.,
2000; Hirst et al., 2000; Poussu et al., 2000; Takatsu et al.,
2000). These proteins show homology to the ear domain of
gamma adaptin and are recruited to late Golgi membranes
by the action of the GTPase ARF-1, but they are not asso-
ciated with the majority of clathrin-coated vesicles. Our
data indicates that they mediate transport from the Golgi
to late endosomes. The phenotypes of gga null mutants
suggest that this specific pathway is necessary to segregate
the functions of early and late endosomes.

Materials and Methods

Yeast Strains

Yeast strains used in this study are listed in Table I. Gene disruptions
were performed by replacing the entire open reading frame with the spec-
ified selectable markers using PCR primers containing 50-60 bases of
identity to the flanking sequences.

Plasmids

Constructs used in this study were based on the pRS series of vectors
(Sikorski and Hieter, 1989), and were centromeric except where indicated.
All proteins were expressed using the TPII promoter, except for the
Pep12p derivatives in Figs. 3 and 4 C (below), which used the PEPI2 pro-
moter. The Pepl2-Ssol chimera (replacing Pepl12 K262-1.288 with Ssol
R257-R290) was cloned downstream of the TPII promoter (Wooding and
Pelham, 1998) and mut2 green fluorescent protein (GFP) variant (Cormack
et al., 1996) in the pRS416 vector. To identify mutations that sort this re-
porter to the cell surface, the PEPI2 sequence was randomly mutagenized
using error-prone PCR (Cadwell and Joyce, 1992) using primers flanking
this region by 200 bp. The product was cotransformed with the linearized
TPI-GFP expression vector into the RH1597 strain (end4-1) and colonies
screened for mutants missorting GFP to the cell surface. Residues R19-Q27
of Pep12 were specifically mutated by amplifying this sequence using oligo-
nucleotides synthesized to introduce semirandom mutations in the 27-
nucleotide region. At each position, 5% of the synthetic base precursor was
replaced with one or more of the other three bases. Truncation of the Pep12
carboxy terminus (immediately upstream of the Pepl2-Ssol fusion) was
performed using primers linking residues S2-144 (2—44 construct) and S2—
A192 (PNTS) of Pep12p to the Ssolp carboxy-terminal R257-R290. PNTP
was made by replacing the Ssol sequences in PNTS with the Pep12p car-

Strain Genotype

SEY6210* MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9

RH1597* MATaura3 leu2 his4 barl enA4-1

JHY 0058 MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 pepl2::HIS3L

SEY 4-1l MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 vpsa-1

MBY 0011 MATaaAe2-1 trpl-1 canl1-100 leu2-3,-112 his3-11,15 ura3-52 aAe3-A853 stel8::HI SbspL
BHY 152l MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 vpss::HIS3

A458 MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 vpsa5: : HI SbsplL

FRY 0278 MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 apl 2::HI SbspL

FRY 026° MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 apl 1::HI S5spL

FRY 0248 MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 apm3::HI SbspL

JHY 0168 MATaura3-52 his3-A200 leu2-3, -112 trp1-A901 suc2-A9 tigl:: TRP1

MBY 0041 MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 ggal::HISbsplL gga2:: TRP1
vpsl! MATaura3-52 leu2-3,-112 his3-A200 trp1-A901 lys2-801 suc2-A9 vpsl::HIS3

Y 04572 * MATahis3-Al leu2-A0 met15-A0 ura3-A0 chcl::kanMX4

Y 04797** MATahis3-A1 leu2-A0 met15-A0 ura3-A0 clcl::kanMX4

*Provided by S. Emr, University of California, San Diego, CA.

*Provided by H. Riezman, Biozentrum of the University of Basel.

SProvided by Pelham lab.

IProvided by M. Seaman, University of Cambridge, Cambridge, UK.

IThis study.

**Provided by Euroscarf (the European S cerevisiae archive for functional analysis).

The Journal of Cell Biology, Volume 151, 2000

588



boxy-terminal K262-1L.288, thus generating an internal deletion of residues
193-261 of Pep12p. To test for complementation of the Apep12 phenotype,
the TPII promoter and GFP cassette from wild type and the NM09-NM40
Pep12-Ssol fusions were replaced with the PEPI2 promoter (820 bp imme-
diately upstream of the Pep12p open reading frame).

The S2-A192 region of Pep12p was also fused to the amino terminus of
a TPII-driven Ste18-Ssol chimera containing the C106S and C107S muta-
tions to disrupt the CaaX-directed isoprenylation (Finegold et al., 1990)
and the R257-R290 transmembrane domain of Ssolp. Versions of these
proteins were also made with GFP at the amino terminus. As a reporter
for Stel8p activity at the plasma membrane, the FUSI promoter (450 bp
upstream of the open reading frame) was cloned upstream of a B-galac-
tosidase reporter in the 2-pm vector pRS424.

Plasmids expressing the GFP-tagged forms of Snclp (Sncl, Sncl end™
and Sncl-Ufel8 end™) have been described previously (Lewis et al.,
2000). The GNS construct (see Fig. 7) was obtained by replacing the Nyv1
transmembrane domain with that of Sncl under the control of the TPI1
promoter with an amino-terminal GFP fusion (Reggiori et al., 2000).

Fluorescence Analysis

Yeast were grown to early-log phase and examined using an MRC-600
confocal microscope (Bio-Rad Laboratories). Images were smoothed and
the contrast adjusted using Photoshop (Adobe Systems Inc.). To stain the
endocytic pathway, cells were pelleted and resuspended in medium con-
taining 20 pM FM4-64 (Molecular Probes). After a 15-min incubation at
room temperature, cells were pelleted, washed once with water, and resus-
pended in either water (immediate visualization) or media for examining
later time points.

B-Galactosidase Assay of FUS1 Expression

Transformants of the MBYO0O01 strain carrying the stel/8 deletion were
grown to early log phase, pelleted, and resuspended in fresh medium con-
taining 2 WM a-factor (Sigma-Aldrich). A 5 ml culture was grown for 4 h
at 30°C and the level of B-galactosidase from the FUSI-driven reporter
was determined using an adaptation of a previously described procedure
(Ausubel et al., 1995). Cells were pelleted, washed in Z-buffer (60 mM
Na,HPO,, 40 mM NaH,PO,, 10 mM KCl, 1 mM MgSO,, 50 mM B-mer-
captoethanol, pH 7.0), and resuspended in 5 ml of the same. A volume of
0.8 ml of cells (or a 10-fold dilution) was lysed using 50 pl of chloroform
and 25 pl of 0.1% SDS and brought to 30°C before adding 0.16 ml of a 4
mg/ml O-nitrophenyl B-p-galactopyranoside (Sigma-Aldrich) in Z-buffer.
The B-galactosidase units were determined using the following formula: U =
1,000 X [(OD 420) — (1.75 X OD 550)]/[(¢, min) X (vol, ml) X OD 600].

Subcellular Fractionation

Fractionation studies were carried out as described by Becherer et al.
(1996). Cells were grown in 500 ml SD medium to midlogarithmic phase
(OD 600 of 0.8-1.0), harvested, and resuspended in 50 ml 200-mM Tris-
HCI, pH 8.0, 1 mM EDTA, and 1% B-mercaptoethanol. After incubation
at 30°C for 10 min, cells were harvested, resuspended in 50 ml synthetic me-
dium containing 1.2 M sorbitol supplemented with 0.15 mg/ml zymolyase-
20T (ICN Biomedicals), incubated at 30°C for 30 min and washed in 1.2 M
sorbitol. Spheroplasts were lysed in 4-6 ml ice-cold hypo-osmotic buffer
(50 mM KPO,, pH 7.5, 200 mM sorbitol, 1 mM EDTA) containing freshly
added Complete protease inhibitors (Boehringer) and 1 mM PMSF using
10-15 strokes in a Dounce homogenizer. The cell lysate was centrifuged se-
quentially at 500 g (5 min) and 13,000 g (15 min) and 2 ml of the superna-
tant was loaded on top of a 22-60% sucrose step gradient as described by
Holthuis et al. (1998a,b). After centrifugation in an SW40Ti rotor (Beck-
man Coulter) at 170,000 g for 17-18 h, 0.78-ml fractions were collected
from the top and used for SDS-PAGE and Western blot analysis. The gra-
dient shown in Fig. 8 C (below) was prepared with 1 ml 60%, 1.5 ml each of
50, 45, 40, 37, and 34%, 1 ml 27%, and 1 ml 22% sucrose.

Immunoblotting

The carboxypeptidase Y secretion assay was performed as previously de-
scribed (Roberts et al., 1991) by replica-plating freshly grown spots onto
nitrocellulose for overnight growth. For Western blot analysis, all anti-
body incubations were carried out as in Holthuis et al. (1998a) using rab-
bit polyclonal antibodies against Pep12p, Vam3p, Tlglp, Ssolp, and CPY
(Nichols et al., 1997; Holthuis et al., 1998a,b), and GFP (a gift from Derek
McCusker, MRC Cambridge). After incubation with peroxidase-conju-
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gated secondary antibodies (Bio-Rad Laboratories), detection was per-
formed using enhanced chemiluminescence (ECL kit; Amersham Phar-
macia Biotech) and bands acquired from the fractionation experiments
were quantified using National Institutes of Health Image software.

Results

Multiple Sorting Signals on Pep12p

To allow easy monitoring of the distribution of Pep12p, we
tagged it at the amino terminus with GFP and expressed it
from the strong TPII promoter; the protein remained
functional and was expressed at levels approximately five-
to eightfold higher than normal (data not shown). Because
lower levels of GFP were hard to image satisfactorily, all
the GFP-tagged proteins described in this paper were ex-
pressed from this promoter.

By immunofluorescence, endogenous Pepl2p typically
appears as scattered or perivacuolar dots (Lewis et al.,
2000). However, a substantial fraction of the GFP-tagged
protein reached the outer vacuolar membrane, identified
by staining with the tracer dye FM4-64 (Vida and Emr,
1995), presumably because it failed to be retrieved from
endosomes before they fused with the vacuole (Fig. 1 A).
This appeared to be due to saturation of the retrieval
mechanism rather than the GFP tag itself, since endoge-
nous Pepl2p was also found in the vacuole under these
conditions (data not shown). Though a consequence of
overexpression, the exaggerated vacuolar staining is con-
venient: it provides a readily identifiable pattern that is
clearly distinct from early endosomes and Golgi cisternae.

As expected, GFP-Pep12p travels to the vacuole via late
endosomes, rather than by the AP-3 pathway. In apm3
cells, which lack an AP-3 subunit, this pathway is blocked,
but GFP-Pep12p still reached vacuoles (data not shown;
Reggiori et al., 2000). Conversely GFP-Pep12p was found
in the abnormal late endosome structures that accumulate
in the class E mutant vps4 (see Fig. 4 B).

The fate of membrane proteins leaving the late Golgi is
strongly influenced by the nature of their transmembrane
domains (Rayner and Pelham, 1997; Lewis et al., 2000).
However, replacing the TMD of Pep12p with that of the
plasma membrane syntaxin Ssolp did not result in its ac-
cumulation on the surface (Rayner and Pelham, 1997). We
found that this was true even in an end4 mutant, in which
endocytosis is blocked (Fig. 1 B; Wesp et al., 1997), imply-
ing that Pepl2p contains a cytoplasmic signal for direct
transport from Golgi to endosomes.

To identity this signal, we performed random PCR mu-
tagenesis of the Pep12-Ssol chimera, transformed the mu-
tagenized plasmids into an end4 strain, and screened indi-
vidual transformants by fluorescence microscopy. This
protocol should have eliminated any TMD-dependent di-
version from the exocytic pathway, and also prevented en-
docytosis. Hence, mutants lacking a direct Golgi-endo-
some transport signal should be found on the cell surface.
A number of such mutants were obtained (see Fig. 1 B for
examples). The corresponding plasmids were recovered
and their phenotypes checked by retransformation.

When expressed in wild type rather than end4 cells, al-
most all the mutant proteins were internalized, implying
that Pep12p contains a signal for endocytosis. However, in
one case (M48), some plasma membrane fluorescence was

589



B Pep12-Ssot

end4

wild

type

GFP
Pep12-Sso1

Pepi2p

[ W ssotTMD

Figure 1. Mutations that affect tar-
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retained (Fig. 1 B). Analysis of mutant/wild-type chimeras
revealed that the inefficient endocytosis of this protein was
due to changes in the COOH-terminal coiled coil domain,
but we did not characterize the endocytic signal in detail.

A Signal for Transport from Golgi to Endosome

In contrast to the endocytic signal, the mutations responsible
for initial transport to the cell surface could be traced in each
case to the NH, terminus (residues 2-102). Fig. 1 C lists the
amino acid changes in typical mutants that demonstrated a
strong missorting phenotype. One (M19) contained only a
single change, F26S, and we noticed that all of them had a
mutation that lay between residues 20 and 26 (Fig. 1 C, bar).
The crystal structure of syntaxin 1A, to which Pep12p is
related, shows that it has an NH,-terminal domain consist-
ing of a three-helix bundle. This can interact reversibly
with the COOH-terminal helix that, when not bound in
this way, interacts with other SNARESs (Misura et al., 2000;
Sutton et al., 1998). Residues 20-26 of Pepl2p are pre-
dicted to be adjacent to the first helix of the NH,-terminal
domain, revealed by a set of heptad repeats of hydropho-
bic residues (Fig. 1 C, dots); much of the corresponding re-
gion of syntaxin 1A is unstructured. Using synthetic oligo-
nucleotides of mixed sequence, we introduced random
mutations into this region of the Pepl2-Ssol chimera,
screened them for their sorting phenotype in end4 cells
(Fig. 2 A), and sequenced 11 mutants that were strongly
missorted together with four that were sorted normally
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(Fig. 2 B). Taken together, the results show that the se-
quence FSDSPEF is important for sorting. Mutations af-
fecting each of these residues appeared to cause missort-
ing, though the D could be changed to E without effect and
some substitutions of the serine residues were tolerated.
For brevity, we refer to this as the FSD motif.

It proved difficult to determine whether this sequence
was sufficient for sorting, because deletion mutants that
did not have the NH,-terminal three-helix structure intact
showed poor sorting, either alone or when fused to a het-
erologous protein. We also found that some of the original
PCR mutants that showed a weak missorting phenotype
had mutations in the helical region of Pepl2p but not in
the FSDSPEF sequence, which again suggests that the
structural context of this motif is important for sorting.
However, insertion of residues 2-44 of Pepl2p between
GFP and the Ssolp TMD did result in efficient transport
to the vacuole, even in end4 cells (Fig. 2 C). That this was a
specific effect was shown by substituting the equivalent
portions of two of the original mutants, M18 and M83. In
each case, substantially more of the protein reached the
plasma membrane (Fig. 2 C), implying disruption of the
sorting signal. The residual vacuolar fluorescence even
with the mutant peptides suggests that the construct is
sorted by a second mechanism as well, perhaps being rec-
ognized by the cell as “unfolded.”

Pepl2p must interact with other proteins to function,
and it might be that the FSD motif is required for one of
these functional interactions and only indirectly for sort-
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ing. We therefore tested the point mutants for Pepl2p
function. For these experiments, we used the normal
PEPI2 promoter and omitted the GFP tag. Null alleles of
pepl2 show temperature-sensitive growth, a phenotype
that could be rescued by the Pepl2-Ssol chimera, and
roughly equally well by the various point mutants (Fig. 3
A). Pepl2p is also required for sorting of CPY to the vacu-
ole (Becherer et al., 1996), and secretion of pro-CPY by
the null mutant can be detected by growing cells in contact
with nitrocellulose, and then probing this with anti-CPY
antibodies. As shown in Fig. 3 B, the point mutants all re-
stored CPY sorting. This suggests that the mutant proteins
not only retain their biochemical functions, but also can
still reach endosomes, albeit largely by endocytosis rather
than by direct transport from the Golgi.

Since most of the mutants had similar phenotypes, we se-
lected NM37 as an example for further analysis. This carries
a single change in the first residue of the FSD motif, F20L.

Figure 3. Missorted mutants retain function. (A) Serial 10-fold
dilutions of wild-type, Apepl2, and the Apepl2 strain expressing
untagged versions of Pep12-Ssol or mutant derivatives (see Fig.
2) from the PEPI2 promoter were grown at 25° or 37°C. (B)
CPY secreted by patches of the same cells was detected by anti-
body staining.
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Figure 4. The F20L mutation al-
lows Pepl2p to accumulate in
early endosomes. (A) Wild-type
cells expressing GFP-tagged
Pepl12-Ssol (F20L) were incu-
bated with FM4-64 for 15 min,
chased for 5 or 45 min as indi-
cated, and imaged. FM4-64 la-
bels the dots containing the
GFP-labeled protein at early
times, and then passes to
the vacuole. (B) GFP-labeled
Pep12p (F20L) with its own
TMD is punctate in wild-type,
end4, and vps4 cells, whereas un-
mutated Pepl2p is in vacuoles
or, in vps4, the PVC. The vps4
cells were incubated with FM4-
64 and chased for 5 min to reveal
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Pep12p Lacking the NH,-Terminal Targeting Signal
Accumulates in Early Endosomal/Late Golgi Structures

Examination of the GFP-tagged mutants in wild-type cells,
where endocytosis could occur, revealed that they accu-
mulated in small punctate structures rather than the vacu-
ole (Fig. 2 A). Analysis of the F20L mutant showed that
these could be labeled rapidly by the endocytic tracer dye
FM4-64, indicating that they were functional endosomes
(Fig. 4 A). Evidently, the absence of the FSD signal caused
the Pep12-Ssol chimera to accumulate in an earlier endo-
somal compartment.

Restoration of the normal Pep12p TMD to the mutants
prevented their passage to the cell surface, as judged by
expression in end4 cells (Fig. 4 B). This is consistent with
previous work indicating that short TMDs prevent exocy-
tosis (Lewis et al., 2000; Rayner and Pelham, 1997). In-
stead, the mutant Pepl2p was again found in punctate
structures (Fig. 4 B). Its failure to reach the vacuole sug-
gested that these were not late endosomes, and to verify
this we expressed the F20L version of GFP-Pep12p in a
vps4 mutant. In these cells, late endosomes form into a
large perivacuolar structure termed the prevacuolar com-
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cells expressing untagged wild-
type, Pep12p, or the F20L mu-
tant at normal levels (from the
PEPI2 promoter) were fraction-
ated on sucrose density gradi-
ents. Fractions were assayed
for Pepl2p, Vam3p (vacuolar
marker), and Tlglp (early endo-
somal marker) by immunoblot-
ting. The Pepl2p blots are
shown beneath the graphs.

Fraction number

partment, or PVC (Babst et al., 1997). Wild-type GFP-
Pepl2p accumulates in the PVC, which can be labeled
with FM4-64 (Fig. 4 B). However, at early times FM4-64
can also be seen in dispersed dots corresponding to early
endosomes (Fig. 4 B). The F20L mutant was found in
these dispersed, FM4-64-labeled structures. Thus, whether
delivered from the Golgi or from the plasma membrane,
the mutant Pepl2p accumulates in a compartment with
the properties of an early endosome, rather than the late
endosomal compartment (and thence the vacuole) to
which Pep12p is normally delivered. In practice, early en-
dosomes are very difficult to distinguish from the yeast
equivalent of the TGN, and membrane proteins appear to
cycle between the two (Lewis et al., 2000). Pep12p evi-
dently possesses features that keep it in this late Golgi/
early endosomal cycle when it fails to take its normal route
to late endosomes.

To confirm this result, we examined the effect of the
F20L mutation on the subcellular distribution of Pep12p
itself, expressed at normal levels without a GFP tag. Mu-
tant and wild-type proteins were expressed from the
PEPI2 promoter in the absence of the endogenous gene
and intracellular membranes separated on a sucrose den-
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sity gradient. As shown previously (Becherer et al., 1996;
Holthuis et al., 1998a) and in Fig. 4 C, the bulk of the wild-
type Pepl2p was found in fractions of intermediate den-
sity, separated from a vacuolar marker (Vam3p). How-
ever, a smaller peak was also observed in more dense
sucrose, coincident with the presumptive early endosome
marker Tlglp (Becherer et al., 1996; Holthuis et al.,
1998a,b; Lewis et al., 2000). Strikingly, the F20L mutant
form of Pep12p was largely restricted to this region of the
gradient, cofractionating very closely with Tlglp (Fig. 4
C). Thus, the FSD signal is required under normal condi-
tions to direct Pep12p to late endosomes.

Transport of GFP-Pep12p out of early endosomes be-
came possible even without the FSD signal when the
COOH-terminal coiled-coil domain (residues 193-261)
was deleted. This construct, named PNTP (Pep12p NH,
terminus with Pep12p TMD), comprised the GFP-tagged
NH,-terminal domain joined directly to the TMD. With
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Pep12p (2-192 Pep12p (2-192]
GrEp Pepi12p ( }Ssoi GFp Pepi2p ( }8901

PNTS(F20L)
in end4

PNT(F20L)-Ste18S

Step
Figure 5. Properties of the NH,-terminal domain
of Pep12p. (A) GFP-tagged PNTP and the F20L
mutant version both reach vacuoles in wild-type
cells. PNTS, the equivalent construct with the
Ssol TMD, goes to vacuoles in wild-type and
end4 cells, whereas the F20L mutant goes to the
plasma membrane. (B) GFP-labeled derivatives
of Stel8p (as diagrammed) were expressed in a
Astel8 strain and imaged. Equivalent constructs
without GFP, or no construct (—), were ex-
pressed in Astel8 cells carrying a FUSI-lacZ re-
porter and the cells assayed for B-galactosidase
activity. Note the log scale of the graph.

the FSD signal, it was transported efficiently to vacuoles.
When the FSD motif was mutated (F20L), it again reached
vacuoles, though fluorescent dots were also visible (Fig. 5
A). This protein can therefore be transported to the vacu-
ole by a pathway that is independent of the FSD signal.
Evidently, removal of the COOH-terminal region disrupts
an early endosome/late Golgi retention signal and allows
the protein to travel by a default pathway through early
and late endosomes.

Specific Assays for FSD-dependent Sorting

To make analysis of the FSD-dependent sorting pathway
simpler, we designed a similar chimera bearing the Ssolp
TMD instead of the Pep12p TMD (PNTS, Fig. 5 A). Since
this construct lacks the coiled-coil domain that interacts
with other SNAREs (Sutton et al., 1998), it is a nonfunc-
tional reporter rather than an active SNARE. With an in-
tact FSD motif, it was transported directly to the vacuole,
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Figure 6. Sorting of the NH,-terminal domain of Pep12p in vari-
ous strains. GFP-tagged PNTS (see Fig. 5) was expressed in the
indicated mutants, and in wild-type cells (wt) that coexpressed
from a multicopy vector non-GFP-tagged versions (competitor)
of either PNTS itself or the F20L mutant version.

as expected. However, when the FSD motif was mutated,
PNTS accumulated on the cell surface (Fig. 5 A). This oc-
curred in both end4 and wild-type cells, indicating that re-
moval of the COOH-terminal coiled-coil domain had
abolished endocytosis, in agreement with our earlier find-
ing that point mutations in this region also block endocy-
tosis. Hence, fusion of residues 2-192 of Pepl12p to the
Ssolp TMD yields a protein whose destination is deter-
mined almost entirely by the FSD motif: without FSD, it
travels to the plasma membrane and stays there; with
FSD, it is diverted from the Golgi to late endosomes and
the vacuole, where it accumulates. These destinations are
easy to distinguish.

For a more quantitative estimate of the effects of the
FSD signal, we made use of the fact that the transcrip-
tional response of cells to alpha factor depends on the
presence of Stel8p on the plasma membrane. Stel8p, the
gamma subunit of a trimeric G protein, normally has a
lipid membrane anchor but retains function when this is
replaced by the Ssolp TMD. Its presence on the plasma
membrane can then be assayed by the ability of cells to in-
duce a FUSI-lacZ reporter gene when exposed to alpha
factor (Pryciak and Huntress, 1998). Thus, if it can be di-
verted to the vacuole, this transcriptional response should
be significantly reduced.

We expressed four different constructs in a stel8 null
strain carrying the FUSI-LacZ reporter; these lacked
GFP, but we also made GFP-tagged versions to allow their
locations to be assessed (Fig. 5 B). Stel8p itself was local-
ized mostly to the plasma membrane and supported a
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strong alpha factor response. Addition of the Ssolp TMD
reduced activity threefold, but the protein remained
largely on the plasma membrane. Further addition of the
NH,-terminal domain of Pep12p reduced B-galactosidase
activity by 94%, and rerouted the protein to the vacuole.
Finally, introduction of the F20L mutation into this con-
struct increased activity some 11-fold, to 70% of that ob-
tained without the Pep12p domain at all, and also restored
plasma membrane fluorescence (Fig. 5 B). We conclude
that the NH,-terminal domain of Pep12p can efficiently
redirect another protein from the exocytic pathway to the
endocytic one, and that the F20L mutation virtually abol-
ishes this sorting function.

The FSD Pathway Requires Clathrin and the
GGA Proteins

We used the PNTS construct to further characterize FSD-
dependent sorting. First, we established that it is saturable,
consistent with recognition by a specific protein. Thus, co-
expression from a multicopy vector of a version of PNTS
that lacked GFP caused significant mistargeting of the
GFP version to the plasma membrane (Fig. 6). This effect
was abolished by introducing the F20L mutation into the
competitor construct.

We then tested a variety of mutants for their effects on
this Golgi-endosome transport pathway. Delivery of PNTS
to the vacuole was blocked by vps4, confirming that like
Pep12p itself it travels via late endosomes (Fig. 6). Re-
moval of endogenous Pep12p resulted in the accumulation
of PNTS in a hazy pattern presumably corresponding to
transport vesicles that are unable to fuse with their endoso-
mal target. Removal of Vps45p, which is required for the
function of both Pep12p and the early endosome/late Golgi
SNARE TIg2p (Nichols et al., 1998; Abeliovich et al.,
1999), had a similar effect. In each case, very little PNTS
reached the plasma membrane, indicating that the initial
diversion from the exocytic pathway could still occur.

We tested known coat proteins that might be responsi-
ble for this sorting. Vps5p, a component of the retromer
coat that retrieves proteins from late endosomes (Seaman
et al., 1998), was not required (note that vacuoles are frag-
mented in vps5 cells; Fig. 6). Similarly, transport was unaf-
fected by mutations in the adaptors AP-1, AP-2, or AP-3.
However, in cells lacking either clathrin heavy chain or the
light chain, there was substantial missorting of PNTS to
the plasma membrane (Fig. 7). A proportion of the pro-
tein was found inside the cells in membranes of uncertain
identity, some of which appeared vacuolar, but, signifi-
cantly, we could detect no difference between cell popula-
tions expressing PNTS or the F20L mutant version. This
suggests that clathrin is required for the FSD motif to
function as a sorting signal.

An effect was also seen in cells lacking Vpslp, a dynamin
homologue previously implicated in Golgi-endosome trans-
port (Nothwehr et al., 1995); dynamin in animal cells is
thought to catalyze the pinching off of clathrin-coated vesi-
cles (McNiven et al., 2000). Significant amounts of PNTS
reached the cell surface in a vpsI mutant, but comparison of
PNTS with the F20L version showed that some recognition
of the sorting signal was occurring in these cells: there was
substantially more vacuolar and punctate fluorescence with
the wild-type version than with the mutant (Fig. 7).
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Recently, the GGA proteins, which have homology to
the ear domain of the clathrin-associated protein gamma
adaptin, have also been implicated in protein traffic from
the Golgi (Boman et al., 2000; Dell’Angelica et al., 2000;
Hirst et al., 2000). In yeast, removal of the two GGA ho-
mologues affects sorting of CPY, but has only modest ef-
fects on growth (Dell’Angelica et al., 2000; Hirst et al.,
2000). Single gga mutations have little effect, suggesting
that they perform similar functions, though codon bias
suggests that Gga2p is expressed at higher levels than
Ggalp. Strikingly, a ggal gga2 double deletion mutant
completely abolished FSD-dependent sorting of PNTS, al-
though, as in the clathrin mutants, some of the protein did
reach the vacuole in an FSD-independent manner (Fig. 7).
The single ggal mutant had no effect, and gga2 only a par-
tial one (data not shown). These results suggest that the
Gga proteins, perhaps in collaboration with clathrin, help
to sort PNTS into vesicles that bud from the Golgi. Since
loss of the GGAs is much less deleterious to growth than
loss of clathrin, it may be that their function is limited to
this one step.

An alternative explanation could be that the effects of
proteins such as clathrin, Vpslp, and the GGAs are indi-
rect, and result from a severe disruption of Golgi or endo-
some function. As one test of this, we expressed PNTS and
its FSD-disrupted counterpart in cells lacking Tlglp, which
is required for normal early endosome function (Holthuis et
al., 1998a,b). Though the vacuoles in these cells were frag-
mented, FSD-dependent sorting could still occur (Fig. 7).
We also expressed a marker of the AP-3 pathway, which
does not require clathrin (Seeger and Payne, 1992a). This
marker, GNS, is a GFP-tagged version of the vacuolar
SNARE Nyvlp bearing a TMD derived from the plasma
membrane SNARE Snclp (to disrupt a sorting signal found
in the Nyvlp TMD; Lewis et al., 2000). It normally travels
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Figure 7. Missorting of PNTS by
clathrin and gga mutants. GFP-
tagged PNTS or the F20L mu-
tant version were expressed in
the indicated mutants. A marker
for the AP-3 pathway to the vac-
uole, GNS (structure as dia-
grammed) was also expressed in
the indicated mutants.

directly from Golgi to vacuole, but when the AP-3 pathway
is disrupted by mutation of apm3, it can reach the plasma
membrane (Fig. 7; Reggiori et al., 2000). We found delivery
of GNS to the vacuole to be unaffected by deletion of vpsI,
or of ggal and gga2 (Fig. 7). It also remained internal in
chel cells, though vacuolar membranes appeared highly
fragmented in this strain (Fig. 7). These mutations do not
therefore compromise all sorting events in the Golgi.

To confirm the lack of FSD-dependent sorting in ggal/2
cells, we performed sucrose gradient fractionation of cells
expressing GFP-tagged PNTS, with or without the FSD
signal (Fig. 8 A). With wild-type cells, a substantial propor-
tion of PNTS cofractionated at low density with the vacu-
olar marker Vam3p, while the FSD mutant form was
mostly in high density fractions corresponding to plasma
membrane (which is poorly separated from early endo-
somes in these gradients; Holthuis et al., 1998b). In con-
trast, the ggal/2 mutant cells gave very similar profiles with
PNTS and its mutated variant, with most of the protein be-
ing in the plasma membrane region. We did not obtain a
clear vacuolar peak from Achcl! cells, and thus were unable
to compare the fractions of PNTS and PNTS(F20L) which
reached “vacuoles” in this strain (data not shown).

We also used sucrose gradient fractionation to examine
the location of endogenous Pepl12p in these mutants. In
wild-type cells, the bulk of Pep12p can readily be separated
from the early endosome marker Tlglp. However, in both
ggal/2 and chcl mutants, Pep12p and Tlglp cofractionated
at high density, consistent with the rerouting of Pep12p to
early endosomes (Fig. 8 B). This effect was strikingly similar
to the mistargeting of Pep12p in normal cells when the FSD
motif was mutated (Fig. 4 C). Higher resolution of the
membranes in the ggal/2 mutant was obtained by adjusting
the density profile of the gradient (Fig. 8 C). Under these
conditions, Tlglp could easily be separated from a plasma
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membrane marker (Ssolp), but still overlapped extensively
with Pep12p, though slight differences in the profiles sug-
gest some segregation of Tlglp and Pep12p.

As a further test of the gga null phenotype, we also ex-
amined the distribution of GFP-Pepl2p in these cells
(Fig. 9 A). Unlike in wild-type cells, GFP-Pep12p did not
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Figure 8. Subcellular fractionation of PNTS and
Pep12p in mutants. (A) Wild-type and ggal/2 mu-
tant cells expressing GFP-tagged PNTS or its
F20L mutant variant were fractionated on sucrose
gradients as in Fig. 4 C and the expressed proteins
detected by immunoblotting. The peak positions
of markers for the vacuole (Vam3p) and plasma
membrane (Ssolp) are indicated at the top. (B)
Extracts of wild-type, ggal/2, and chcl cells were
fractionated as in A and analyzed by immuno-
blotting for endogenous Pep12p and Tlglp. (C)
The ggal/2 cells were fractionated on a gradient
of higher density (see Materials and Methods) to
resolve the early endosome region, and the distri-
butions of Tlglp, Pep12p, and Ssolp were mea-
sured by immunoblotting. The Ssolp profile has
been scaled by a factor of 0.6 for clarity.

reach the vacuoles (revealed by FM4-64 staining), but ac-
cumulated in punctate structures very similar to those
seen with the F20L mutant in wild-type cells (Fig. 4 B).
Some of the structures were perivacuolar, suggestive of
late endosomes. However, delivery of GFP-Pepl2p to
these was completely independent of the FSD motif (Fig.
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Figure 9. Sorting properties of the gga 1/2 mutant. (A) Distribu-
tion of GFP-tagged Pep12p and the F20L mutant in ggal/2 cells.
Cells were double labeled with FM4-64 (chased for 30 min) to re-
veal vacuoles. (B) GFP-tagged versions of Snclp, a double point
mutant Snclp that is endocytosis-defective (end ) and a deriva-
tive of this bearing a modified Ufelp TMD that targets it from
the Golgi to the vacuole (ufel8; Lewis et al., 2000) were ex-
pressed in wild-type and ggal/2 double mutant cells.

9 A). All the data are thus consistent with an essential
role for the GGA proteins, as well as clathrin, in FSD-
dependent sorting.

Sorting of Other Proteins in gga Mutants

Our findings suggest that the observed phenotypes of gga
mutants may arise from a primary defect in the targeting
of Pep12p and perhaps other late endosomal components.
Erroneous delivery of these components to the early en-
dosome might well disrupt the normal function of this
compartment.

To test this, we examined the distribution of deriva-
tives of GFP-Snclp whose trafficking we have previously
characterized (Lewis et al., 2000). Snclp is an exocytic
v-SNARE that normally cycles from the plasma mem-
brane through early endosomes to the Golgi and back to
the surface; in the steady state, it can be observed both on
the plasma membrane and in internal structures (Lewis et
al., 2000; Fig. 9 B). In the ggal/2 mutant, however, it was
completely internal, indicating that cycling through early
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endosomes and the Golgi is affected in these cells. An en-
docytosis-defective version of Snclp (Lewis et al., 2000)
still accumulated on the plasma membrane, confirming
that the gga defect is postendocytic (Fig. 9 B). The small
amount of mutant Snclp visible in internal structures in
ggal/2 cells likely reflects a low level of residual endocyto-
sis, coupled with inefficient recycling.

Finally, we have shown that addition of a TMD derived
from the ER SNARE Ufelp to the endocytosis-defective
Snclp causes it to pass directly from Golgi to endosomes,
enter the internal vesicles of multivesicular bodies, and be
delivered to the interior of the vacuole (Lewis et al., 2000).
This process was not blocked in the gga null cells (Fig. 9
B), confirming that transport through endosomes is still
possible in these cells.

Discussion

A Signal-mediated Pathway to Late Endosomes

We have shown that Pep12p contains a signal, the FSD
motif, that directs its transport to late endosomes. This sig-
nal can divert a protein from the exocytic pathway, and
thus must be recognized within this pathway.

The initial sorting event is dependent on the presence of
at least one of the GGA proteins, together with the clathrin
heavy and light chains—without these, no effect of the FSD
motif can be detected. Although it is conceivable that this
effect is indirect, resulting from perturbation of the secre-
tory pathway in some general way, this seems unlikely. All
our assays were done with viable yeast strains, which must
by definition have a functional exocytic pathway; more-
over, sorting of proteins to the vacuole via the AP-3 path-
way was unaffected in these mutants, and sorting of CPY is
also quite efficient in clathrin and gga null cells (Seeger and
Payne, 1992a; Dell’ Angelica et al., 2000; Hirst et al., 2000).
Furthermore, FSD sorting was not prevented by a number
of other mutations that have very substantial effects on the
endosomal system, including vpsI, vps45, pepl2, and tigl
(Conibear and Stevens, 1998; Lewis et al., 2000).

The simplest interpretation of our data is that the GGA
proteins, which have homology to the clathrin-binding ear
domain of the Golgi-localized gamma adaptin, interact
with clathrin to form a coat that selectively incorporates
Pep12p into vesicles. Previous studies have shown that in
mammalian cells the GGA proteins are found on Golgi
membranes, are recruited there by ADP-ribosylation fac-
tor, and perturb traffic through the TGN when overex-
pressed (Boman et al., 2000; Dell’Angelica et al., 2000;
Hirst et al., 2000; Poussu et al., 2000; Takatsu et al., 2000).
However, overexpressed GGA proteins did not colocal-
ize precisely with the AP-1 adaptor and endogenous
ones were not found in isolated clathrin-coated vesicles
(Dell’ Angelica et al., 2000; Hirst et al., 2000). It is possible,
therefore, that they form a distinct coat that does not in-
clude the conventional AP-1 subunits and that may not
readily survive biochemical isolation. Elucidation of the
role of clathrin by genetics is complicated by its pleiotropic
effects on cells, but direct studies of GGA-clathrin interac-
tions could address this issue.

The requirement for the GGA proteins suggests that
these might bind directly to the FSD motif, but we have
been unable to detect this either by coprecipitation or by
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two-hybrid analysis. Hence, an additional protein may be
required for this recognition. We are currently undertak-
ing genetic screens based on the Pepl2-Stel8 chimeras
that link FSD-dependent sorting to activation of the pher-
omone response pathway. These have the potential to
identify new components of the sorting machinery as well
as more specific mutations in known ones.

Two Different Ways from the Golgi to Late Endosomes

A striking finding was that disruption of the FSD motif re-
sulted in the accumulation of Pep12p in early endosomes,
which are distinguishable from late endosomes by their in-
sensitivity to the effects of vps4 and by their distinct den-
sity on sucrose gradients. In fact, a portion of wild-type
Pep12p can also be observed to fractionate with the early
endosome marker Tlglp, and also to colocalize with it by
immuno-EM (Lewis et al., 2000). We had previously as-
sumed that this represented material on its way to late en-
dosomes, but this may not be the case. Rather, it seems
that Pepl12p, like its closest relative, Tlg2p, has features
that cause it to be retained in the early endosome/late
Golgi region, whether it is delivered by endocytosis (when
it bears the Ssolp TMD) or directly from the Golgi (with
its own TMD). Since all known membrane proteins of
early endosomes are retained by cycling through the
Golgi, this is presumably also the case for Pepl2p. Re-
cently, we have obtained point mutants (in Pep12p deriva-
tives that lack FSD) that fail to be retained in early endo-
somes, supporting the idea that this is a specific process
(our unpublished observations).

The retention of Pep12p in early endosomes allows a dis-
tinction to be made between the two different Golgi-endo-
some transport mechanisms (Fig. 10). As we have previ-
ously shown, for a membrane protein exiting the Golgi, the
choice between exocytosis and delivery to endosomes is
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strongly influenced by the nature of its TMD, short TMDs
in general favoring endosomes (Rayner and Pelham, 1997;
Lewis et al., 2000). In the absence of the FSD signal, the
Pepl12p TMD performs this function. However, it evi-
dently directs the protein to early rather than late endo-
somes (Fig. 10, route 1), from which recycling presumably
occurs (route 2). In contrast, FSD-dependent sorting
avoids retention in early endosomes. We favor the view
that this involves a pathway directly from Golgi to late en-
dosomes (route 3). We cannot, however, exclude other
possibilities: the FSD signal may allow sorting from early
to late endosomes as well as from Golgi to late endosomes,
or even take proteins sequentially from the Golgi to early
endosomes and thence to late endosomes.

An extreme possibility might be that the FSD signal acts
only in early endosomes, but this does not fit with the
Golgi/TGN location of the mammalian GGA proteins and
is implausible for other reasons. It would require that all
the FSD-responsive constructs, including those with the
Ssolp TMD, be exocytosed via early endosomes. But the
Ssolp TMD does not direct proteins there, and in yeast
even the exocytic SNARE Snclp appears unable to pass
directly from early endosomes to the cell surface (Lewis et
al., 2000). Hence, it would be necessary to postulate addi-
tional signals and routes for which there is no evidence.
Rather, the data strongly suggests that the initial sorting of
FSD-containing proteins occurs in the Golgi, on the nor-
mal exocytic pathway.

Though Pep12p spills into the vacuole when it is overex-
pressed, it normally does not and thus must be retrieved
before the maturing endosome fuses with the vacuole.
Possibly, it follows the retromer-dependent pathway back
to the Golgi, which is followed by other proteins that cycle
through late endosomes (Fig. 10, route 4; Seaman et al.,
1998). In agreement with this, some colocalization of
Pep12p with the Golgi marker Sed5p can be observed by
immuno-EM (H. Riezman, personal communication). In
addition, we have shown that should Pepl2p ever reach
the plasma membrane, it will contain a signal for endocy-
tosis. Thus, the localization of Pepl2p is a complex dy-
namic process, involving as many as five separate signals.

If the GGA proteins and clathrin mediate a direct route
from Golgi to late endosomes, what coat is responsible for
the route via early endosomes? The most obvious candi-
date is again clathrin, since temperature-sensitive clathrin
mutants missort Kex2p to the plasma membrane rather
than to early endosomes (Seeger and Payne, 1992b). This
activity of clathrin appears to be aided by the AP-1 com-
plex (Stepp et al., 1995). However, even in a clathrin null
mutant, a protein bearing the Pep12p TMD was not ob-
served on the cell surface (our unpublished observations).
The explanation for this may be that other coat compo-
nents substitute for clathrin (Stepp et al., 1995), but the ap-
parent tolerance of this pathway to mutation may in part
reflect the nature of the sorting event. The late Golgi in
yeast consists of networks of tubules containing swollen
nodules, which apparently fragment to yield exocytic vesi-
cles corresponding to the nodules and, presumably, small
vesicles that fuse with or become early endosomes (Morin-
Ganet et al., 2000). Exocytic vesicles are very rich in ste-
rols (Zinser et al., 1993), and the morphological differenti-
ation of the tubular networks may correspond to the seg-
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regation of membrane domains into sterol-rich nodules
and relatively sterol-poor tubules. Proteins with short
TMDs may simply be excluded from the nodules because
they are incompatible with a sterol-rich bilayer (Bretscher
and Munro, 1993), and thus require no specific coat pro-
tein interaction to be sorted. Nevertheless, segregation
may normally be enhanced and regulated by a clathrin
coat. Taking all the evidence into account, we suggest that
there are two routes from Golgi to endosomes involving
clathrin, and that the GGA proteins are specific to the late
endosomal pathway.

Multiple Pathways Maintain Functionally
Distinct Endosomes

Given that proteins that lack specific retention/retrieval
signals pass naturally from early to late endosomes, why
should the cell need to have a specific mechanism to trans-
port proteins from Golgi to late endosomes? An answer is
suggested by the properties of the ggal gga? double mu-
tant. These cells are still capable of reasonably efficient
sorting of the vacuolar protease CPY, although it reaches
the vacuole slowly (Dell’ Angelica et al., 2000; Hirst et al.,
2000). They can also deliver at least one protein (Snclp
with an altered TMD) to the interior of the vacuole, imply-
ing that they can form multivesicular bodies. In contrast to
these late endosomal functions, the cells do not efficiently
recycle endocytosed wild-type Snclp, a symptom of defec-
tive early endosome function (Holthuis et al., 1998a; Lewis
et al., 2000). A likely explanation is that when the GGA
pathway is disrupted, proteins that normally take this
route are redirected to early endosomes and interfere with
their function. For example, we have previously noted that
in cells that lack all endosomal syntaxins (Vam3p, Pep12p,
Tlglp, and Tlg2p), and hence endocytic structures, the
vacuolar [H*]ATPase and Kex2p accumulate in vesicles of
different densities, suggesting that they leave the Golgi by
different routes (Holthuis et al., 1998b). If the vacuolar
ATPase normally uses the GGA pathway and is rerouted
to early endosomes in the gga mutant, it could substan-
tially alter their properties.

Fig. 10 summarizes our current view of the endosome—
Golgi relationships in yeast, based on this and previous
work. We envisage three functionally distinct stations on
the endocytic pathway, early endosomes, late endosomes,
and vacuoles, each served by a direct transport route from
the Golgi. The thick arrows represent the paths taken by
membrane proteins that lack cytoplasmic signals, these
may consist largely of maturation or direct fusion events
that do not have an absolute requirement for coat pro-
teins. The remaining routes require specific signals and
coats. The apparent complexity is, we suggest, the price
that has to be paid to maintain compartments of discrete
identity in a constantly flowing membrane system.
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