Molecular Biology of the Cell
Vol. 19, 2379-2388, June 2008

Earlp and Ssh4p Are New Adaptors of the Ubiquitin
Ligase Rsp5p for Cargo Ubiquitylation and Sorting at
Multivesicular Bodies

Sébastien Léon, Zoi Erpapazoglou, and Rosine Haguenauer-Tsapis

Institut Jacques Monod, Unité Mixte de Recherche 7592 Centre National de la Recherche Scientifique,
Universités Paris 6 et 7, 75251 Paris, France

Submitted January 23, 2008; Revised March 12, 2008; Accepted March 18, 2008
Monitoring Editor: Sandra Lemmon

The ubiquitylation of membrane proteins destined for the vacuole/lysosome is essential for their recognition by the
endosomal sorting machinery and their internalization into vesicles of multivesicular bodies (MVBs). In yeast, this
process requires Rsp5p, an essential ubiquitin ligase of the Nedd4 family. We describe here two redundant proteins,
Earlp and Ssh4p, required for the vacuolar targeting of several cargoes originating from the Golgi or the plasma
membrane. Earlp is an endosomal protein that interacts with Rsp5p through its PPxY motifs, and it is required for the
ubiquitylation of selected cargoes before their MVB sorting. In-frame fusion of cargo to ubiquitin overcomes the need for
Earlp/Ssh4p, confirming a role for these proteins in cargo ubiquitylation. Interestingly, Earlp is itself ubiquitylated by
Rsp5p and targeted to the vacuole. Finally, Earlp overexpression leads to Rsp5p accumulation at endosomes, interfering
with some of its functions in trafficking. Therefore, Earlp/Ssh4p recruit Rsp5p and assist it in its function at MVBs by

directing the ubiquitylation of specific cargoes.

INTRODUCTION

Ubiquitylation is a reversible posttranslational modification
that affects protein stability, activity, interactions, or loca-
tion. This reaction must therefore be tightly regulated, and
its specificity must be ensured.

The conjugation of ubiquitin to a substrate is catalyzed by
a series of enzyme activities (E1, E2, and E3; Kerscher et al.,
2006). Ubiquitin-protein ligases, or E3, are in charge of in-
teracting with the substrate; consequently, they control the
specificity of the ubiquitylation reaction.

Really interesting new gene (RING) domain-containing
E3s mediate the E2/substrate interaction, whereas homolo-
gous to E6-AP C-terminus (HECT) domain-containing E3s
act through an E3-Ub intermediate (Pickart and Eddins,
2004). HECT E3s therefore interact with the substrate and
perform the transfer of ubiquitin. The Nedd4 family of
HECT E3s illustrates the way in which these proteins cope
with this particular requirement (Ingham et al., 2004). Nedd
proteins contain a HECT domain responsible for ubiquitin
transfer, a lipid interaction domain (C2 domain) and pro-
tein—protein interaction modules (WW domains) that bind
to proline-rich motifs (such as PPxY motifs; Sudol, 1996),
initially identified as involved in substrate recognition (Rotin et
al., 2000).

Rspb5p is the only Nedd4-like protein in budding yeast
where it is essential for viability. It has been clearly demon-
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strated to play a key role in the intracellular trafficking of
proteins. Indeed, Rsp5p is essential for the endocytic inter-
nalization of most plasma membrane proteins (Haguenauer-
Tsapis and André, 2004), and for the sorting of lysosome/
vacuole-targeted proteins originating from the Golgi into the
internal vesicles of late endosomes/multivesicular bodies
(MVBs) (Dunn et al., 2004; Katzmann et al., 2004; Morvan
et al., 2004)—a key step in the vacuolar protein sorting (VPS)
pathway. Surprisingly, among the proteins trafficking in an
Rsp5p-dependent manner, only a very limited number bear
a PPxY motif, raising questions about their recognition by
Rsp5p. Rsp5p has been reported to use “accessory proteins,”
which may act as cofactors (Bullp/Bul2p) or as specificity
factors for substrate recognition (reviewed in Shearwin-
Whyatt et al., 2006). For example, the PPxY motif-containing
membrane proteins Bsd2p and Trelp/Tre2p interact with
Rsp5p and are involved in the ubiquitylation and vacuolar
targeting of the manganese transporter Smflp (Hettema
et al., 2004; Stimpson ef al., 2006).

However, this limited number of adaptor proteins cannot
fully account for the specificity of the trafficking of the large
number of proteins passing through the endosomal/vacuo-
lar pathway, and there are many cargoes for which the
cognate adaptor protein still remains to be identified. In this
report, we describe new Rsp5p adaptors involved in MVB
sorting of selected cargoes.

MATERIALS AND METHODS

Plasmid Constructs

The plasmids used in this study are described in Supplemental Table 1.
Primer sequences are available upon request. We constructed pSL1 for the
C-terminal tagging of proteins, at the locus, with the red fluorescent protein
variant mCherry (Shaner et al., 2004). The sequence encoding mCherry was
amplified by polymerase chain reaction (PCR) from pRSETB-mCherry (kindly
provided by Dr. Roger Tsien, University of California, San Diego, La Jolla,
CA) and inserted into pYM35 (Janke et al., 2004) in place of DsRedI at
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BamHI/BssHII sites. Genes were tagged with this plasmid by using the S2/S3
primers as described previously (Janke et al., 2004). The pg,r;:EARI-GFP
fusion was amplified from ySL083 genomic DNA (see below; Supplemental
Table 2), inserted into pCRII-ZeroBlunt (pSL3; Invitrogen, Carlsbad, CA), and
subcloned into pRS425 at Spel/Pstl sites (pSL8). The ppar;:EARI-HA fusion
was amplified from ySL054 genomic DNA, inserted into pCRII-ZeroBlunt
(pSL17) and subcloned into pRS425 at Spel/Pstl sites (pSL18). Site-directed
mutagenesis was performed on pSL17 to mutate each PPxY motif in AAXY
(pSL23 and pSL24, respectively) before insertion into pRS425 (pSL25 and
pSL26, respectively). Sequences encoding Bsd2p, Smflp, and Rsp5p were
amplified by PCR from genomic DNA and inserted downstream from the
GFP coding sequence into p416-p 4p;-GFP (Mumberg et al., 1994) (Bsd2p and
Smflp: pSL30 and pSL31, respectively) or p415-p ,py-GFP (Mumberg et al.,
1994) (Rsp5p: pSL19). The sequence encoding GFP-Rsp5p was digested from
PpSL19 (Spel/Sall) and subcloned (Spel/Xhol) into pRS415-pcyc; (Mumberg
et al., 1994) to give pSL29. Site-directed mutagenesis was performed on pSL29
to delete the C2 domain (residues 1-103), giving pSL37. pSL21 was con-
structed for the overexpression of proteins tagged at their C terminus with
mCherry: mCherry was PCR amplified from pRSETB-mCherry and cloned at
Clal/Xhol sites into pRS415-pspp (Mumberg et al., 1994) downstream from
the polylinker. The sequence encoding Earlp was then inserted upstream
from the mCherry coding sequence in pSL21, at Xmal/Clal sites (generating
pSL22). Site-directed mutagenesis of Earlp-mCherry was carried out with
pSL22 to mutate each PPxY motif in AAXY (pSL34 and pSL35, respectively).

Yeast Strains and Growth Conditions

Strains are described in Supplemental Table 2, and they are derivatives of the
BY4741/2 genetic background. Yeast was transformed by the standard lith-
ium acetate/polyethylene glycol procedure. Cells were grown in yeast ex-
tract/peptone/glucose (YPD) rich medium, or in synthetic complete (SC)
medium (yeast nitrogen base, supplemented with 2%, wt/vol, glucose and
Complete synthetic medium; Difco, Detroit, MI) lacking the appropriate
nutrient for plasmid selection, as required. Cells were harvested during the
early exponential growth phase (Ao = 0.2-0.8).

For galactose induction, cells were precultured in SC glucose medium, and
then they were cultured overnight in SC containing 2% raffinose (wt/vol) and
0.02% (wt/vol) glucose to initiate growth. Galactose was then added to a final
concentration of 2% (wt/vol) for the indicated time. Chase was started by
adding glucose to a final concentration of 2% (wt/vol) and incubating for the
indicated time.

Fluorescence Microscopy and N-[3-
triethylammoniumpropyl]-
4-[p-diethylaminophenylhexatrienyl] Pyridinium
Dibromide (FM 4-64) Labeling

Cells were mounted in medium and observed with an Olympus BY61 fluo-
rescence microscope. Pictures were taken with a Spot 4.05 charge-coupled
device camera. Green fluorescent protein (GFP)-tagged proteins were visual-
ized using a Chroma GFP II filter (excitation wavelength 440—470 nm), and
mCherry-tagged proteins and FM 4-64 were visualized using an HcRed I
filter (excitation wavelength 525-575 nm).

For FM 4-64 labeling, 1 ml of culture was concentrated into 100 ul, placed
on ice, and incubated in the presence of 20 uM FM 4-64 (Invitrogen) for 15
min. Cells were then washed twice with 1 ml of cold medium, resuspended
in 1 ml of medium (t0), and incubated for the indicated times at room
temperature.

Crude Extracts, Immunoprecipitations, and Antibodies

For crude extracts, 0.5-2 OD units of cells were harvested and resuspended in
900 pl of cold water, treated with 50 ul of 2 M NaOH for 10 min on ice,
precipitated with 50 ul of 50% trichloroacetic acid, and resuspended in 50-200
ul of sample buffer containing one fifth volume of Tris-base (1 M). The
resulting extract was then denatured by heating at 37°C for 10 min.
Sitlp-GFP was immunoprecipitated in denaturing conditions (Figure 3B)
from cells grown in the absence of its substrate, as follows. For the Sit1p-GFP
galactose induction, cells were cultured as described above and induced by
addition of galactose for 45 min. Sit1p-GFP synthesis was stopped by adding
2% glucose (15 min). Cells (40 OD units) were then harvested and washed
with cold TNE buffer (100 mM Tris-HCI, pH 7.5, 150 mM NaCl, and 5 mM
EDTA). The following steps were carried out at 4°C unless otherwise indi-
cated. Cells were resuspended in lysis buffer (TNE supplemented with a
protease inhibitor cocktail [Complete, EDTA-free mixture; Roche Diagnostics,
Mannheim, Germany] and 5 mM N-ethylmaleimide [Sigma, Paris, France])
and broken with glass beads. Cell debris and unbroken cells were removed by
centrifugation at 3000 X ¢ for 3 min. Proteins were precipitated from the
lysate by adding trichloroacetic acid (10% final concentration). The pellet was
resuspended in 60 ul of Laemmli sample buffer without B-mercaptoethanol,
and the sample was incubated at 37°C for 15 min. We added 600 ul of TNET
buffer (TNE supplemented with 1% Triton X-100) to the sample, which was
then centrifuged for 30 min at 13,000 X g to eliminate unsolubilized proteins.
The supernatant was then incubated with a monoclonal anti-GFP antibody
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(clones 7.1 and 13.1; Roche Diagnostics) for 1 h at 4°C. Prewashed protein
G-Sepharose beads (GammaBind-Sepharose; GE Healthcare, Chalfont St.
Giles, United Kingdom) were added to the sample and incubated overnight.
Beads were collected by centrifugation at 2500 X g for 1 min and washed with
TNET buffer. The immune complex was eluted by adding SDS sample buffer
containing 2% B-mercaptoethanol and incubating at 37°C for 15 min. Immu-
noprecipitated Sitlp-GFP and its ubiquitin conjugates were detected by im-
munoblotting with a monoclonal anti-ubiquitin antibody coupled to horse-
radish peroxidase (clone P4D1; Santa Cruz Biotechnology, Santa Cruz, CA),
and Sitlp-GFP was detected with rabbit polyclonal anti-GFP (generated by
our laboratory). We compensated for the smaller amount of full-length Sit1p-
GFP in the wild-type strain (due to vacuolar degradation) compared with the
mutants, by loading twice as much sample in the corresponding lane.

Coimmunoprecipitations were carried out using 20-30 OD units of cells. Cells
were resuspended in immunoprecipitation (IP) lysis buffer (50 mM HEPES-KOH,
pH 7.5, 025 M NaCl, 0.1% NP-40, 10% glycerol, 1 mM EDTA, and protease
inhibitor cocktail) at a concentration of 1 OD unit/10 ul, and then they were
disrupted with glass beads at 4°C for 10 min. Cell debris and unbroken cells
were removed by a centrifugation for 5 min at 3000 X g, and the supernatant
(“Input”) was incubated with GammaBind-Sepharose beads (previously in-
cubated with a monoclonal anti-hemagglutinin (HA) antibody (clone 12CAS5;
Santa Cruz Biotechnology) for 1 h at 4°C. The unbound fraction was elimi-
nated by a 10-s centrifugation in a mini-centrifuge; beads were then washed
three times for 10 min with 1 ml of IP lysis buffer before elution of the
immunoprecipitate with SDS sample buffer (1uL/initial OD).

For immunoblotting, we used monoclonal antibodies raised against GFP
(clones 7.1 and 13.1; Roche Diagnostics), 3-phosphoglycerate kinase (PGK)
(clone 22CS; Invitrogen), and HA (clone 12CA5; Santa Cruz Biotechnology)
and polyclonal antibodies against Nedd4 (BD Biosciences, San Jose, CA) and
DsRed (Clontech, Mountain View, CA).

His6-Ubiquitin Protein Conjugates Purification

For the purification of ubiquitylated proteins, cells were transformed with a
plasmid encoding a copper-inducible His6-tagged ubiquitin (Yep352-His-Ub,
kindly provided by Dr. C. Gwizdek, Institut Jacques Monod, Paris, France).
Cells (100 OD units) were grown overnight in the presence of 100 uM
Cu(SO,),, harvested, and disrupted with glass beads in a buffer containing 6
M guanidium. The extract was incubated with nickel-nitrilotriacetic acid
(Ni-NTA) Sepharose beads (QIAGEN, Hilden, Germany), which were then
collected and washed several times with a buffer containing 8 M urea. Bound
proteins were eluted in SDS sample buffer by heating for 5 min at 37°C.
Importantly, ubiquitylated species of Earlp were best visualized on commer-
cial precast gels [10% NuPAGE gels with 3-(N-morpholino)propanesulfonic
acid (MOPS) buffer; Invitrogen].

Other Methods

Uracil permease activity was measured as described previously (Volland
et al., 1994) after adding cycloheximide (100 wg/ml, final concentration) at
37°C to induce endocytosis.

Dephosphorylation was carried out on crude extracts prepared as described
above, and proteins were resuspended in SDS sample buffer. Samples were
diluted 1:10 with phosphatase buffer and incubated for 15 min at 37°C with or
without calf intestinal alkaline phosphatase, as recommended by the supplier
(Roche Diagnostics). Proteins were then precipitated with 10% trichloroacetic
acid, resuspended in a 2X sample buffer, and analyzed by immunoblotting.
Importantly, the phosphorylation of Earlp was difficult to detect on commer-
cial precast gels (10% NuPAGE gels with MOPS buffer; Invitrogen).

RESULTS

Earlp Interacts with Rsp5p In Vivo

Many proteins interacting with yeast WW domains have
been identified by proteomics (Hesselberth et al., 2006). The
protein encoded by the previously uncharacterized open
reading frame YMRI171C was of particular interest to us
because of its endosomal localization, as described in a
large-scale study (Huh et al., 2003). The product of the
YMR171C gene interacted with the Rsp5p WW3 domain and
contains two PPxY motifs. For reasons elaborated through-
out this report, we named this gene endosomal adaptor of
Rsp5p (EARI).

We confirmed this interaction in vivo by coimmunopre-
cipitation, using a functional version of Earlp tagged with
an HA epitope at its C terminus. Indeed, Rsp5p coimmuno-
precipitated with Earlp-HA (Figure 1A). Using mutant ver-
sions of Earlp, in which the PPxY motifs were mutated into
AAXY, we observed that this interaction depended on the
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Figure 1. Earlp interacts with Rsp5p, and it is homologous to
Ssh4p. (A) Immunoprecipitation of Earlp-3HA (wild-type or PPxY
mutants) expressed in wild-type cells by using an anti-HA antibody.
Input fractions (INP), unbound material (UNB), and IPs were im-
munoblotted with the indicated antibodies. (B) Schematic primary
structure of Earlp and Ssh4p. TMD, transmembrane domain; B30.2/
SPRY, B30.2/SPRY domain; PY, PPxY motifs.

integrity of the PPxY motifs (Figure 1A). This observation is
consistent with the existence of an interaction with Rsp5p
WW domain(s), as suggested in a previous study (Hessel-
berth et al., 2006).

Earlp and Sshdp Are Redundant Proteins That Are
Essential for MVB Sorting of Several VPS Cargoes
We investigated the possible role of EARI in protein traf-
ficking, by studying the subcellular distribution of several
model cargoes whose trafficking depends on Rsp5p in the

Endosomal Adaptors of Rsp5p for MVB Sorting

ear1A deletion strain. However, no defects were observed
(data not shown). In a search for homologous genes within
the Saccharomyces cerevisiae genome, we identified the gene
SSH4 (YKL124W) as a homologue of EAR1 (Figures 1B and
Supplemental Figure S1). Earlp and Ssh4p share 43% simi-
larity (25% identity), and they have a similar architecture,
with one predicted transmembrane domain toward the N
terminus and a central B30.2 exon/splA and ryanodine re-
ceptor domain (B30.2/SPRY: Vernet et al., 1993; Ponting et
al., 1997), usually involved in protein interactions (see Woo
et al., 2006, and references therein). Both these proteins also
have two PPxY motifs, which are known to mediate inter-
actions with WW domains such as those of Rsp5p (Sudol,
1996). The function of SSH4 is unknown, but its overexpres-
sion confers resistance to the immunosuppressant lefluno-
mide (Fujimura, 1998) and suppresses shr3A defects, in
which the exit of most plasma membrane amino acid trans-
porters from the endoplasmic reticulum (ER) is compro-
mised (Kota ef al., 2007). The data suggested a role for Ssh4p
in protein trafficking, although the ssh4A had no obvious
trafficking defects (Kota et al., 2007; our unpublished data).

We then hypothesized that Earlp and Ssh4p might be
functionally redundant. We tested this hypothesis by gener-
ating the ear1A ssh4A double mutant, which was viable and
showed no growth defects, and studying possible traffick-
ing-related phenotypes. Because Earlp interacts with Rsp5p
(Figure 1A; Hesselberth et al., 2006, Gupta et al., 2007), we
focused on cargoes with Rsp5p-dependent trafficking, start-
ing with cargoes following the VPS pathway.

Traditional markers of this pathway include a GFP-tagged
version of the vacuolar enzyme Phm5p (polyphosphatase)
(Reggiori and Pelham, 2001). As shown in Figure 2A, GFP-
Phm5p was targeted to the vacuolar lumen in the wild-type
strain, but it was mislocalized to the vacuolar membrane in
the earl1A ssh4A strain (Figure 2A). This demonstrates the
existence of a defect in sorting into internal vesicles of
MVBs, leading to cargo accumulation at the endosomal
membrane and, after fusion with the vacuole, at the vacuolar
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Figure 2. Earlp and Ssh4p are required for MVB sorting of specific VPS cargoes. (A) Localization of cargo GFP-fusion proteins in wild-type
and ear1A ssh4A cells. Bar, 5 um. (B) Crude extracts were prepared from wild-type and ear1A ssh4A cells expressing GFP-Gapl1p, after 120 min
of galactose induction and the indicated times of chase. Samples were immunoblotted with anti-GFP or anti-PGK (loading control) antibodies.
Arrowhead, GFP-Gaplp; asterisk, GFP-containing degradation product. (C) Localization of GFP-Smflp in the indicated strains. Bar, 5 um.
(D) Crude extracts were prepared from the indicated strains expressing GFP-Smflp and immunoblotted with the indicated antibodies.

Arrowhead, GFP-Smflp; asterisk, GFP-containing degradation product.
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membrane. A similar phenotype is observed in rsp5 mutants
(Dunn et al., 2004; Katzmann et al., 2004; Morvan et al., 2004).

In defined physiological conditions, several plasma mem-
brane transporters are constitutively targeted from the Golgi
to the vacuole for degradation, by following the VPS path-
way. These transporters include the general amino acid
permease Gaplp, when synthesized in the presence of am-
monium (De Craene et al., 2001), and the iron/siderophore
transporter Sitlp, when synthesized in the absence of its
substrate (Froissard et al., 2007). GFP-tagged versions of
these transporters were produced under the control of a
galactose-inducible promoter in conditions triggering the
vacuolar targeting of these proteins. For both transporters, a
pulse/chase-type protocol was used in which expression
was induced (addition of galactose) and then repressed (ad-
dition of glucose), making it possible to follow the trafficking
of newly synthesized transporters over time. Like GFP-
Phm5p, Gaplp-GFP and Sitlp-GFP accumulated at the vac-
uolar membrane in the ear1A ssh4A double mutant, whereas
they were delivered to the vacuolar lumen in wild-type cells
(Figure 2A and Supplemental Figure S2A and S2B). It should
be noted that deletion of EARI or SSH4 alone had no effect
on the vacuolar targeting of these transporters (see Figure
S2B for Sitlp-GFP; data not shown).

The targeting of GFP-fusion proteins to the vacuolar lu-
men leads to their degradation by vacuolar proteases. How-
ever, degradation of the tightly folded GFP moiety is usually
delayed, leading to the transient accumulation of GFP-con-
taining proteolytic fragments of ~30 kDa, and a sustained
luminal vacuolar fluorescence. We used the presence of
these fragments as a readout for the vacuolar targeting and
degradation of GFP fusion proteins. In wild-type cells, a
clear down-regulation of Gaplp-GFP over time was ob-
served, coinciding with the appearance of GFP-containing
proteolytic fragments (Figure 2B). These results contrast
sharply with those obtained for the ear1A ssh4A strain, in
which Gaplp-GFP degraded more slowly, and little prote-
olysis was observed, consistent with the fluorescence mi-
croscopy data.

Finally, we checked the localization of the manganese
transporter Smflp, which is also targeted to the vacuole for
degradation under metal-replete conditions. The sorting of
Smflp in the VPS pathway requires the PPxY motif-contain-
ing proteins Bsd2p and Trelp/Tre2p, which act as adaptors
for the ubiquitylation of Smflp by Rsp5p (Liu and Culotta,
1999; Stimpson et al., 2006; Sullivan et al., 2007). Strikingly, at
steady state, GFP-Smf1p reached the vacuolar lumen equally
efficiently in the ear1A ssh4A and the wild-type strains (Fig-
ure 2C), whereas in the bsd2A mutant, some of the GFP-
Smflp was targeted to the plasma membrane, as reported
previously (Liu and Culotta, 1999; Stimpson et al., 2006).
Consistent with previous reports, Rsp5p was also found to
be essential for the proper sorting of GFP-Smflp, because
this protein was exclusively targeted to the plasma mem-
brane in a hypomorphic rsp5 mutant (Figure 2C). These data
were confirmed by assessments of GFP-Smflp degradation
in these strains. GFP-Smflp was found to be degraded to
similar extents in wild-type and ear1A ssh4A cells, whereas it
was partially stabilized in the bsd2A mutant, and completely
stable in the rsp5 mutant (Figure 2D). Finally, the ear1A ssh4A
strain was insensitive to cadmium (Supplemental Figure S3),
which is an indirect measurement of Smflp activity at the
plasma membrane, whereas rsp5 or bsd2A mutants dis-
played enhanced sensitivity, as described previously (Liu
et al., 1997; Liu and Culotta, 1999; Stimpson et al., 2006). In
conclusion, although the vacuolar targeting of Smflp re-
quires Rsp5p, it does not depend on Earlp/Ssh4p.
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Altogether, we conclude that Earlp/Ssh4p are involved in
the MVB sorting of several, but not all, MVB cargoes, sug-
gesting that they confer some level of specificity of Rsp5p
toward the substrate.

Earlp/Sshdp Are Involved in Cargo Ubiquitylation at Late
Endosomes

MVB sorting defects like those described above may be due
to cargo ubiquitylation defects, because similar phenotypes
have been described in rsp5 mutants (Dunn et al., 2004;
Katzmann et al., 2004; Morvan et al., 2004).

We investigated whether the trafficking defects displayed
by the ear1A ssh4A mutant were linked to cargo ubiquityla-
tion, by investigating the subcellular distribution of a chi-
meric construct, Ub-GFP-Phm5p, in which ubiquitin was
fused in frame to GFP-Phmb5p, therefore mimicking its con-
stitutive ubiquitylation (Reggiori and Pelham, 2001). Ub-
GFP-Phm5p was targeted to the lumen of the vacuole in the
ear1A ssh4A double mutant (Figure 3A). Because the linear
fusion of ubiquitin to GFP-Phm5p overcomes the need for
Earlp/Ssh4p, we conclude that the mistargeting initially
observed in the earl1A ssh4A mutant was probably due to an
ubiquitylation defect of the cargo in this strain.

For confirmation of this finding, we investigated the ubiqg-
uitylation status of another cargo, Sitlp-GFP, in the earlA

A. WT
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Ub-GFP
-Phm5p
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Ssh4A
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55, o
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454
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Figure 3. Earlp/Ssh4p are involved in cargo ubiquitylation at
MVBs. (A) Subcellular localization of Ub-GFP-Phm5p wild-type and
ear1A ssh4A cells. Bar, 5 um. (B) Lysates of wild-type, earl1A ssh4A,
and rsp5 cells expressing Sitlp-GFP were subjected to immunopre-
cipitation in denaturing conditions with a monoclonal GFP anti-
body, and then they were immunoblotted with a polyclonal
anti-GFP or a monoclonal anti-ubiquitin antibody. Arrowhead,
Sitlp-GFP; asterisk, GFP-containing degradation products. (C) Sub-
cellular localization of the PPxY-motif containing proteins Sna3p-
GFP and GFP-Bsd2p in wild-type and ear1A ssh4A cells. Bar, 5 um.
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ssh4A mutant. Sitlp-GFP expression was induced by adding
galactose to the medium, and the vacuolar targeting of
newly synthesized transporter molecules was followed over
time by fluorescence microscopy. After 45 min of synthesis,
when most of the fluorescent signal was detected in endo-
somes and before it completely reached the vacuole, synthe-
sis was stopped by adding glucose and incubating for 15
min. The cells were then disrupted and Sit1p-GFP was im-
munoprecipitated in denaturing conditions using a GFP an-
tibody. Immunoblotting of the immunoprecipitate with anti-
ubiquitin antibodies revealed that not only was Sitlp-GFP
ubiquitylated in wild-type cells but also that this ubiquity-
lation was strongly affected in the ear1A ssh4A double mu-
tant, as in the rsp5 mutant (Figure 3B). We therefore con-
clude that Earlp/Ss4hp are required for the ubiquitylation
of Sitlp during its trafficking to the vacuole in the VPS
pathway.

Other cargoes showing Rsp5p-dependent ubiquitylation
and vacuolar targeting include PPxY motif-containing mem-
brane proteins, such as Sna3p or Bsd2p, which interact with
and are ubiquitylated by Rsp5p (Hettema et al., 2004;
Stawiecka-Mirota et al., 2007; Sullivan et al., 2007). An inves-
tigation of Sna3p-GFP trafficking in the ear1A ssh4A mutant
revealed that neither its localization, nor its ubiquitylation
were affected (Figure 3C and Supplemental Figure S4). Sim-
ilarly to Sna3p-GFP, GFP-Bsd2p trafficking did not depend
on Earlp/Sshdp (Figure 3C).

Our results demonstrate that ubiquitylated cargoes (either
fused to ubiquitin, or directly ubiquitylated by Rsp5p) are
targeted to the vacuole independently of Earlp/Ssh4p. Fur-
thermore, the absence of Earlp/Ssh4p affected the MVB
sorting and ubiquitylation of Sitlp-GFP. This suggests that
Earlp/Ssh4p play an essential role in the MVB sorting of
specific cargoes by affecting their ubiquitylation status.

Earlp/Sshdp Are Required for MVB Sorting of the Plasma
Membrane Protein Furdp after Its Endocytosis

Rspbp is required for endocytosis (Dupré et al., 2004). We
therefore investigated the possible involvement of Earlp/
Ssh4p in the endocytosis of a model cargo, the uracil trans-
porter Furdp, which displays Rsp5p-dependent ubiquityla-
tion and internalization (Galan et al., 1996).

We followed the trafficking of newly synthesized Fur4p-
GFP by using a pulse/chase-type protocol, as described
above. Furdp-GFP synthesis was induced by adding galac-
tose, and after 1-h induction, when it had reached the
plasma membrane, the induction was stopped by adding
glucose, and endocytosis was triggered.

We first investigated the kinetics of Fur4p-GFP internal-
ization in the ear1A ssh4A mutant by measuring the decrease
in uracil transport activity over time during its endocytosis.
No difference in Fur4p internalization rate was detected
between the wild-type and the ear1A ssh4A strain (Supple-
mental Figure S5A). Consistent with this result, the double
mutant was not sensitive to 5-fluorouracil, a toxic uracil
analogue that is transported by Fur4p (Supplemental Fig-
ure S5B). Earlp/Ssh4p are therefore not required for
Fur4p internalization. The ear1A ssh4A strain displayed no
general defect in endocytosis, as shown by the internal-
ization of the fluorescent lipophilic dye FM 4-64 (Supple-
mental Figure S5C).

We studied Fur4p-GFP trafficking in more detail by fluo-
rescence microscopy, by using the same pulse/chase-type
protocol. Again, Fur4p-GFP was internalized at a similar
rate in the ear1A ssh4A double mutant and in the wild type.
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Figure 4. Earlp/Ssh4p are required for MVB sorting of the endo-
cytic cargo Furdp. Furdp-GFP expression was induced in wild-type
and ear1A ssh4A cells, and chased before triggering its endocytosis
by addition of cycloheximide. (A) Intracellular localization of
Furdp-GFP at the indicated time after endocytosis. Arrowheads
indicate vacuolar membrane labeling. Bar, 5 um. (B) Crude extracts
were prepared from cells treated as described in A, and then they
were immunoblotted with an anti-GFP or an anti-PGK antibody.
For an unknown reason, the amount of Fur4p-GFP synthesized in
the double-mutant was lower than in the wild type.

However, at later times, Fur4p-GFP accumulated in large,
juxtavacuolar structures in the ear1A ssh4A mutant, eventu-
ally reaching the vacuolar membrane, whereas most of the
Fur4p-GFP was targeted to the vacuolar lumen in wild-type
cells (Figure 4A). This defect in MVB trafficking was con-
firmed by following the degradation of the protein over time
after the triggering of endocytosis (Figure 4B). In wild-type
cells, newly synthesized Fur4p-GFP was almost totally de-
graded within 90 min. This situation contrasts sharply with
that in the earIA ssh4A mutant, in which little Fur4p-GFP
degradation was observed over time.

These findings indicate that Earlp/Ssh4p are involved in
Fur4p-GFP endocytosis, at the level of its sorting into MVB
vesicles. Earlp/Ssh4p are therefore required not only for the
MVB sorting of VPS cargoes but also for that of proteins
originating from the plasma membrane by endocytosis.
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Figure 5. Earlp is an endosomal protein that
is ubiquitylated and targeted to the vacuole.
(A) Colocalization of Earlp-GFP with endo-
somal markers (Hselp-mCherry, top and
middle; or Vps27p-mCherry, bottom). Earlp-
GFP expression was driven by its own pro-
moter, either at the endogenous locus (top) or
on a multicopy plasmid (middle and bottom).
Bar, 5 um. (B) Localization of Earlp-GFP
(multicopy plasmid) in the indicated strains.
Bar, 5 um. (C) Extracts from the indicated
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without His6-tagged ubiquitin, in denatur-
ing conditions. These extracts (INP) were
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incubated with Ni-NTA Sepharose beads,
and His6-tagged (ubiquitylated) proteins
retained on the beads were then eluted with

a-DsRed

SDS sample buffer (El.). Empty arrow head, size of ubiquitin-conjugated Earlp-HA; solid arrowheads, size of His6-ubiquitin-conjugated

Earlp-HA.

Earlp Is an Endosomal Protein Ubiquitylated by Rsp5p
and Targeted to the Vacuole

Based on these results, we hypothesized that Earlp may act
by assisting Rsp5p in its endosomal functions. Interestingly,
Earlp was described as an endosomal protein in one large-
scale study (Huh et al., 2003).

Indeed, a functional version of Earlp tagged with GFP at
its C terminus (inserted at its endogenous locus) was local-
ized to punctate structures and the vacuolar lumen (Figure
5A). These fluorescent structures colocalized with endo-
somes, as defined by the endosomal markers Hsel-mCherry,
Vps27-mCherry, or FM 4-64 (Supplemental Figures 5A and
S6A), whereas little or no colocalization was observed with
the late-Golgi marker Sec7-mCherry (Supplemental Figure
S6B). Mild overexpression of Ear1p-GFP had no major effect
on this localization (Figure 5A).

The detection of fluorescence in the vacuolar lumen of
cells expressing Earlp-GFP suggested that Earlp might itself
be targeted to the vacuole. In the ESCRT mutant vps4A (class
E of vps mutants, affected in MVB sorting), Earlp-GFP was
detected in enlarged endosomes apposed to the vacuole
(class E compartment)— confirming the endosomal localiza-
tion of Earlp-GFP—and it was absent from the vacuolar
lumen (Figure 5B). In the rsp5 mutant, Earlp-GFP was de-
tected as punctate staining around the vacuole and at the
vacuolar membrane (Figure 5B).

Earlp-GFP migrated at an apparent molecular mass of 90
kDa (Figure 5C) on SDS-polyacrylamide gel electrophoresis,
the band looking diffuse in some cases due to phosphoryla-
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tion events (Supplemental Figure S7). GFP-containing pro-
teolytic fragments were also detected at a molecular mass of
~30 kDa, consistent with the degradation of the fusion
protein in the vacuole, as demonstrated by the absence of
this band in the vacuolar protease mutant pep4A (Figure 5C).
In agreement with these observations, no degradation of
Earlp-GFP was observed in the vps4A mutant, and this
degradation was weaker in the rsp5 mutant than in wild
type. However, Earlp was targeted to the vacuole indepen-
dently of the Rsp5p adaptor Bsd2p (Supplemental Figure
S8), unlike the PPxY-containing adaptor protein Trelp
(Stimpson et al., 2006).

Because Earlp-GFP was found to be targeted to the vac-
uolar lumen in an Rsp5p- and ESCRT-dependent manner,
we investigated whether Earlp was ubiquitylated in vivo.
Immunoblotting of crude extracts of cells expressing Earlp-
mCherry with an anti-DsRed antibody revealed the presence
of a higher-molecular-weight band, distinct from the phos-
phorylation event described above (Supplemental Figure S7)
and whose size was in good agreement with the conjugation
to ubiquitin (Figure 5D; also see also Supplemental Figure
S10). The apparent molecular weight of this top band in-
creased when the cells coexpressed a hexahistine-tagged
ubiquitin, indicating that this band represented a ubiquity-
lated form of Earlp (Figure 5, D and F). Overexpression of
His,-tagged ubiquitin also led to an increase in the overall
amount of ubiquitylated Earlp, and a fraction of Earlp
occurred in these conditions as multimono- or polyubiqui-
tylated (Figure 5, D and F). Interestingly, ubiquitin-modified
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forms of Earlp were less abundant in the hypomorphic rsp5
mutant (Figure 5D), and their presence depended on the
integrity of the first PPxY motif, whereas mutation of the
second PPxY had only little, if any, effect (Figure 5E).

Because the ubiquitylation of a PPxY-containing protein
was reported previously to occur on its epitope tag (GFP:
Stawiecka-Mirota et al., 2007), we further investigated the
ubiquitylation of Earlp tagged with the 3HA epitope, which
is devoid of lysine residues. Denatured extracts of cells
coexpressing Earlp-3HA and His-tagged ubiquitin were
prepared, and we carried out a nickel-based purification of
histidine-tagged (ubiquitylated) proteins from these ex-
tracts. Indeed, higher-molecular-weight species of Earlp-
3HA were retained on the beads, whose presence was de-
pendent on the expression of Hiss-ubiquitin (Figure 5F).
Altogether, these data suggest that Earlp is ubiquitylated in
vivo in an Rsp5p-dependent manner.

Earlp Overexpression Affects Rsp5p Localization and Its
Function toward Other Cargoes

Given the phenotypes reported for Ssh4p overexpression
(Kota et al., 2007), we overexpressed Earlp-mCherry in wild-
type cells to investigate whether this also led to pleiotropic
trafficking defects. Earlp-mCherry was mostly found in the
vacuolar lumen, suggesting that the endosomal fraction rep-
resents a minor part of the overall pool of Earlp-mCherry at
this level of expression. Earlp-mCherry overexpression had
no effect on sorting of the Earlp-dependent cargo Sit1p-GFP
(Figure 6A). However, these cells were clearly sensitive to
cadmium, indicating a defect in Smflp trafficking (Figure
6B). Thus, Earlp overexpression had no effect on sorting of
cargoes it is in charge of delivering to the vacuole, but may
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45’

Figure 6. Earlp overexpression affects Rsp5p c

Sit1p-GFP  Ear1p-mCh

Chase ||
15
--. o
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have an effect in trans on cargoes, such as Smflp, that require
other adaptors.

The overexpression of Earlp—and probably that of Ssh4p
as well—may affect the cellular Rsp5p pool by attenuating
its availability toward other adaptors. We therefore studied
the localization of a functional GFP-Rsp5p fusion protein in
wild-type cells and upon Earlp-mCherry overexpression.
GFP-Rsp5p expression was driven by the constitutive, weak
promoter pCYCI to a level that was comparable to that of
endogenous Rsp5p (Supplemental Figure S10). In wild-type
cells, GFP-Rsp5p was detected in the cytoplasm, at the
plasma membrane, and in punctate structures previously
identified as endosomes (Wang et al., 2001; Dunn et al., 2004;
Katzmann et al., 2004). Strikingly, strong Earlp-mCherry
overexpression promoted a drastic mislocalization of
GFP-Rsp5p, which was found to accumulate mostly in
intracellular structures thought to be endosomes due to
the presence of Earlp-mCherry (Figure 6C; see also Sup-
plemental Figure S9 for additional pictures). The vacuolar
lumen and vacuolar membrane were also stained, proba-
bly because the ectopic accumulation of Rsp5p at endo-
somes eventually led to its aberrant sorting to the vacuole.
However, this had no significant effect on Rsp5p steady-
state levels in the cells (Supplemental Figure S10). Al-
though Rsp5p depends on the C2 domain for its plasma
membrane and endosomal localization in wild-type cells
(Figure 6C; Dunn and Hicke, 2001; Wang et al., 2001; Dunn
et al., 2004), its recruitment at endosomes in Earlp-over-
expressing cells did not depend on the C2 domain (Figure
6C), suggesting that endosomal recruitment through lipid
binding was not a prerequisite for the interaction with
Earlp when it is overexpressed.

WT rsp5
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localization and function toward an Earlp-inde-

pendent cargo. (A) Subcellular localization of GFP
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after induction and the indicated time of chase.

Bar, 5 um. (B) Wild-type cells, rsp5 mutant cells,

and wild-type cells overexpressing Earlp-mCherry

(WT or PPxY mutants) were serially diluted and GFP-
spotted on SC solid medium supplemented or ~ RspSp
not with cadmium, and grown for 3 d at 30°C. (C)
Localization of GFP-Rsp5p and GFP-Rsp5p(AC2)

was addressed in wild-type cells or in cells over-
expressing Earlp-mCherry. Arrowheads indicate

plasma membrane labeling. The asterisk denotes

a cell in which Earlp-mCherry is not expressed, GFP-
leading to a wild-type localization of GFP-Rsp5p. Rsp5p
For additional pictures, see Supplemental Figure (AC2)
S9. Bar, 5 um.
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Interestingly, mutation of either of the PPxY motifs in
Earlp-mCherry abolished the cadmium sensitivity that was
conferred by overexpression of the wild-type protein (Figure
6B). Therefore, the cadmium sensitivity conferred by Earlp
overexpression requires interaction of Earlp with Rsp5p.

Altogether, these data demonstrate that Earlp is able to
recruit Rsp5p at endosomes. The overexpression of Earlp
leads to an increased localization of Rsp5p at endosomes,
and it may interfere with the function of other adaptors,
leading to defects in the sorting of the corresponding car-
goes.

DISCUSSION

In this report, we identified Earlp and Ssh4p as new players
in the ubiquitylation of specific cargoes by Rsp5p at mul-
tivesicular bodies. Although this modification is essential for
MVB sorting, its regulation is poorly documented. So far,
two adaptors were documented in yeast (Bsd2p and Trelp/
Tre2p), which are responsible for the sorting of a few car-
goes via the recognition of polar transmembrane domains
(Hettema et al., 2004; Stimpson et al., 2006; Sullivan et al.,
2007).

Instead, the cargoes whose sorting depends on Earlp/
Sshdp vary greatly in their structure (1-14 transmembrane
domains) and nature. The mechanism for cargo selection by
Earlp/Ssh4p is not yet defined, but they clearly act as spec-
ificity factors because they are essential for the sorting of
certain cargoes. Earlp/Ssh4p may simply interact with car-
goes and recruit Rsp5p in their vicinity. The protein inter-
action domain in Earlp/Ssh4p (B30.2/SPRY) may be in-
volved in cargo recognition, either directly or by combination
with other adaptors, perhaps leading to a higher selectivity.
This is the case for Smflp trafficking, where “primary”
(Bsd2p) and “secondary” (Trelp/Tre2p) adaptors act in con-
cert. Alternatively, Earlp/Ssh4p could recruit and concen-
trate Rsp5p at specific endosomal domains, within which
certain cargoes are concentrated and from which others are
evicted. Further studies are required to elucidate the molec-
ular mechanisms underlying Earlp/Ssh4p function in more
detail.

Other regulators, such as the cytosolic PY-containing pro-
teins Bullp/Bul2p, have also been implicated in the Rsp5p-
dependent sorting of several cargoes. Bullp/Bul2p interact
with Rsp5p (Yashiroda et al., 1996, 1998), and they are in-
volved in the sorting of Gaplp at Golgi/endosomes (Helli-
well ef al., 2001). These proteins might regulate Rsp5p activ-
ity at endosomes by controlling the length of the ubiquitin
chain on the substrate (Helliwell et al., 2001). Bullp/Bul2p
are also required for the correct ubiquitylation and endoso-
mal sorting of the tryptophan permease Tat2p (Umebayashi
and Nakano, 2003) and the plasma membrane ATPase mu-
tant Pmal-7 (Pizzirusso and Chang, 2004), and for the ubiq-
uitylation and endocytosis of several transporters (Gaplp,
Tat2p, copper transporter Ctrlp: Soetens et al., 2001; Abe and
lida, 2003; Liu et al., 2007). Although Bullp/Bul2p bind
Rsp5p, whether they recruit Rsp5p at specific subcellular
locations and whether they interact with cargoes has not
been investigated. It therefore remains unclear whether
Bullp/Bul2p contribute to the specificity of Rsp5p activity,
or simply act as “regulators” of its activity.

The role of Rsp5p in the MVB sorting of several VPS
cargoes is well documented, but it remained unclear
whether it played a similar role on endocytic cargoes. Be-
cause Rsp5p is required for early stages of endocytosis (in-
ternalization), the identification of endosomal adaptors of
Rspb5p provided the first opportunity to investigate the in-
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volvement of Rsp5p later in the endocytic pathway. We
showed that Earlp/Ssh4p were not required for Fur4p in-
ternalization, but they were essential for its vacuolar target-
ing. Thus, the ubiquitylation of Fur4p at the plasma mem-
brane seems to be insufficient for full vacuolar delivery.
Instead, an additional ubiquitylation step, mediated by
Rspb5p/Earlp/Ssh4p, is probably required for MVB sorting.
Whether this is preceded by cargo deubiquitylation or not is
unknown, but a growing body of evidence suggests that
ubiquitylation in the endocytic pathway is a dynamic pro-
cess (reviewed in Clague and Urbé, 2006). Although this was
not the primary focus of this work, and it may be experi-
mentally challenging to prove, we provide a unique tool for
its assessment.

Earlp contains canonical PPxY motifs mediating the in-
teraction with the WW domains of Rsp5p, which were nec-
essary for recruitment of Rsp5p at endosomes when Earlp
was overexpressed. This relocalization did not depend on
the C2 domain of Rsp5p, which is known to be important for
endosomal localization of this protein through interaction
with phosphoinositides (Dunn ef al., 2004). A combination of
several determinants, including protein-lipid and protein—
protein interactions, must therefore be involved in determin-
ing Rspbp localization.

Ssh4p has been identified as a multicopy suppressor of the
shr3A mutation (Kota et al., 2007). In this mutant, devoid of
the ER membrane chaperone Shr3p, many transporters ag-
gregate in the ER and are not secreted (Ljungdahl et al.,
1992). The subsequent decrease in the amount of amino acid
transporters at the plasma membrane prevents the efficient
uptake of amino acids. It has been proposed that overex-
pression of Ssh4p rescues shr3A mutant through an indirect
effect on endosomal/vacuolar sorting (Kota ef al., 2007).
Because Earlp overexpression caused Rspbp-related traf-
ficking defects, Ssh4p overexpression might have a similar
effect on Rsp5p function, leading to stabilization of the small
fraction of amino acid transporters present at the plasma
membrane and compensating for the secretion defect of the
shr3A mutant. This might be due to an impairment in endo-
cytosis and/or MVB sorting followed by recycling (Bugni-
court et al., 2004; Rubio-Texeira and Kaiser, 2006). Overex-
pression of the adaptor Bsd2p confers resistance to the
anticancer drug adriamycin, and this may also be due to
indirect effects on Rsp5p function (Takahashi et al., 2005).

In addition to acting as an adaptor, Earlp is itself ubiqui-
tylated by Rsp5p and targeted to the vacuole in the VPS
pathway. However, this ubiquitylation is mostly observed
after overexpression of both Earlp and His-tagged ubig-
uitin, and it is likely that only a small fraction of Earlp is
ubiquitylated at steady state. Earlp ubiquitylation was
strictly dependent on the first PPxY motif, whereas mutation
of the second PPxY motif did not abolish Earlp ubiquityla-
tion in vivo. This suggests that this mutant still interacts
weakly with Rsp5p, although this interaction is too weak for
detection by coimmunoprecipitation and it does not confer
cadmium sensitivity upon overexpression. During the course
of this work, another large-scale study showed Earlp to be
an excellent target for ubiquitylation by Rsp5p in vitro
(Gupta et al., 2007), confirming our findings. Indeed, PPxY-
containing proteins are often substrates of Rsp5p, as de-
scribed previously (Bsd2p, Trelp/Tre2p, Sna3p; also see
Gupta et al., 2007). As in other ubiquitin conjugation sys-
tems, such as cullin-based ligases, specificity factors are
often targeted for degradation (Willems et al., 2004). How-
ever, it remains unclear whether this is an essential part of
their function.
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A key question concerns the targeting of specific cargoes
by Nedd4-like proteins in higher eukaryotes. Apart from
several ion channels and receptors which contain PPxY mo-
tifs, many cargoes devoid of PPxY motifs still depend on
Nedd4-like enzymes for their internalization and lysosomal
sorting (Staub and Rotin, 2006). A well documented example
is that of the insulin-like growth factor I receptor, which is
ubiquitylated at the plasma membrane by Nedd4, through
association with the adaptor Grb10 (Vecchione et al., 2003;
Monami et al., 2008). Other candidate adaptor proteins have
been identified in mammals, based on their interaction with
Nedd4 proteins (Jolliffe et al., 2000; Murillas et al., 2002).
Some are ubiquitylated, and they are found at Golgi/endo-
somes, where they may recruit Nedd4 enzymes (Harvey et
al., 2002; Konstas et al., 2002; Cristillo et al., 2003; Xu et al.,
2003; Shearwin-Whyatt et al., 2004), although their target
substrates are largely unknown. Interestingly, the Nedd4
protein AIP4/Itch, essential for lysosomal sorting of the
chemokine receptor CXCR4 (Marchese et al., 2003), uses the
endosomal protein arrestin-2 as an adaptor for this function
(Bhandari ef al., 2007). The general mechanisms by which
Nedd4 proteins are recruited at endosomes, and possibly the
mechanism underlying cargo selection, is likely to be con-
served in all eukaryotes.
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