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The Furd4p uracil permease, like most yeast plasma membrane proteins, undergoes ubiquitin-dependent
endocytosis and is then targeted to the vacuole (equivalent to the mammalian lysosome) for degradation. The
cell surface ubiquitination of Fur4p is mediated by the essential Rsp5p ubiquitin ligase. Ubiquitination of
Fur4p occurs on two target lysines, which receive two ubiquitin moieties linked through ubiquitin Lys63, a type
of linkage (termed UbK63) different from that involved in proteasome recognition. We report that pep4 cells
deficient for vacuolar protease activities accumulate vacuolar unubiquitinated Fur4p. In contrast, pep4 cells
lacking the Doa4p ubiquitin isopeptidase accumulate ubiquitin-conjugated Fur4p. These data suggest that
Furdp undergoes Doadp-dependent deubiquitination prior to vacuolar degradation. Compared to pep4 cells,
pep4 doa4 cells have huge amounts of membrane-bound ubiquitin conjugates. This indicates that Doa4p plays
a general role in the deubiquitination of membrane-bound proteins, as suggested by reports describing the
suppression of some doa4 phenotypes in endocytosis and vacuolar protein sorting mutants. Some of the small
ubiquitin-linked peptides that are a hallmark of Doa4 deficiency are not present in rsp5 mutant cells or after
overproduction of a variant ubiquitin modified at Lys 63 (UbK63R). These data suggest that the corresponding
peptides are degradation products of Rsp5p substrates and probably of ubiquitin conjugates carrying UbK63
linkages. Doadp thus appears to be involved in the deubiquitination of endocytosed plasma membrane

proteins, some of them carrying UbK63 linkages.

The covalent modification of proteins by the 76-residue
ubiquitin (Ub) polypeptide is involved in many aspects of cell
function. Ub molecules are transferred to lysine residues of
target proteins via an E1/E2/E3 (Ub-activating enzyme/Ub-
conjugating enzyme/Ub ligase) enzyme cascade. Ubiquitina-
tion is known mainly as a signal targeting substrate proteins for
recognition and degradation by the 26S proteasome (23, 82).
The proteasome preferentially degrades multiubiquitinated
substrates (chains at least four Ub long) in which the carboxy
terminus of one UD is ligated to Lys48 of the previously at-
tached Ub (50). Ub conjugation is also involved in the down-
regulation of membrane receptors, transporters, and channels
(reviewed in references 6, 24, 57, and 67). In Saccharomyces
cerevisiae, this modification serves to trigger the internalization
of most plasma membrane proteins, followed by their degra-
dation in the vacuole (equivalent to the mammalian lysosome)
without involvement of the proteasome (reviewed in refer-
ences 24 and 57). The existence of a receptor that recognizes
Ub as an internalization signal was thus postulated (61). Many
mammalian receptors, and some channels, are also modified by
Ub in response to stimulation. In some cases, this modification
also appears to play a role in internalization followed by lyso-
somal degradation, but some receptors appear to undergo pro-
teasomal degradation, and it is not clear how many features are
shared between the yeast and mammalian systems (6, 67). The
ubiquitination of most yeast plasma membrane proteins seems
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to be mediated by a single Ub ligase, RspSp (57), which be-
longs to the Nedd4 HECT domain superfamily of E3 Ub li-
gases (21). Ubiquitination of two channels in higher eucaryotes
is mediated by Ub ligases of the same family, but it was rec-
ognized for a growing list of receptors that their ubiquitination
is mediated by another Ub ligase, c-Cbl (32, 37, 38, 81). The
Rsp5-dependent ubiquitination of two yeast plasma membrane
transporters leads to the addition of short Ub chains on two
target Lys residues. These chains are two to three residues long
and are linked through Ub Lys63, i.e., different from the type
of Ub chains recognized by the proteasome (17, 66). Several
other yeast plasma membrane proteins also undergo either
primarily monoubiquitination (addition of one Ub molecule to
one or several target lysines) (25, 71) or the addition of several
short (two- to three-residue-long) Ub chains (20, 54), but Ub
linkages involved in the latter cases have not been not re-
ported.

The observation of a Ub-dependent endocytosis raises many
questions. The way in which ubiquitination is involved in the
internalization of membrane proteins remains to be deter-
mined. An important issue that also needs to be addressed is
the fate of the Ub moieties after internalization of plasma
membrane proteins. The ubiquitination of proteins is a versa-
tile covalent protein modification. Ubiquitinated protein sub-
strates of the proteasome undergo deubiquitination prior to
breakdown by the proteasome (50). Since a constant Ub con-
centration is crucial for normal cell function, internalized ubiq-
uitinated plasma membrane proteins are probably deubiquiti-
nated prior their breakdown in the vacuole. Deubiquitination
is catalyzed by processing proteases called deubiquitinating
(DUB) enzymes (84). As a group, these enzymes comprise the
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largest known family in the Ub system. DUBs fall into two
classes, the Ub C-terminal hydrolases and the Ub-specific pro-
cessing proteases (UBPs). The former cleave primarily peptide
bonds in poly-Ub precursor proteins or isopeptide bonds in
small free Ub chains. UBPs, the larger class of DUB, cleave
isopeptide bonds between two Ub residues or between Ub and
another protein. There are 16 potential UBPs encoded by the
S. cerevisiae genome (28), 14 of which were shown to have
ubiquitin-cleaving activity (1). These proteins all have similar
Cys and His domains, which form the catalytic region of the
protein. The roles of UBPs are thought to be diverse but
remain poorly understood in both mammals and yeast. Sur-
prisingly, none of the yeast UBPs is essential for viability (1).
Specific functions have been assigned to very few UBPs (re-
viewed in reference 84), and the specific substrates have been
even more rarely identified. Among the few documented cases,
it has been proposed on the basis of genetic data that the
Drosophila Liquid facets (homolog of the vertebrate epsin) is
the critical substrate of the UBP Fat facets (7). Fam (Fat
facets in the mouse) would deubiquitinate the Ras effector
AF-6 (70) and B-catenin (69). In S. cerevisiae, two UBPs,
Ubpl0p (Dot4p) (33) and Ubp3p (43), regulate silencing, in
latter case by interacting with Sir4p. The yeast Ubpl4p, like
its mammalian homolog IsoT, specifically disassembles un-
anchored Ub chains (3).

One of the first yeast UBPs identified, and probably the most
widely studied, is Ubp4p (Doadp). DOA4 was identified in a
genetic screen for mutants that stabilize an unstable MATa2—
B-galactosidase fusion protein Degl—B-galactosidase (30). In
doa4 mutant cells, many substrates of the Ub proteasome path-
way are stabilized (48, 49) and many plasma membrane pro-
teins are protected against endocytosis (reviewed in reference
57). This is probably due to the depletion of Ub in doa4 cells
(66, 68) (3- to 4-fold reduction for cells in the exponential
growth phase and 10-fold reduction for cells in the stationary
phase). This depletion results from more rapid Ub degradation
(68). Hence, some phenotypes of doa4 cells, such as loss of
viability in the stationary phase, impaired ubiquitination and
degradation of some proteasome substrates, or deficient ubig-
uitination and endocytosis of some plasma membrane proteins,
can be overcome by providing additional Ub. But overproduc-
tion of Ub cannot suppress all doa4 phenotypes. Indeed, doa4A
cells accumulate low-molecular-mass Ub-containing species
that cluster most prominently above free Ub, di-Ub, and tri-Ub
(49) and do not disappear upon Ub overproduction (68).
These small polyubiquitinated peptides are thought to be Ub
remnants resulting from the extensive degradation of ubiqui-
tinated substrates by the proteasome occurring in the absence
of Doadp-dependent deubiquitination (49). This is supported
by the findings that a mutation in one of the proteasome
subunit genes, DOA3, partly suppresses their generation, and
that Doa4p partially copurifies with the proteasome (48). How-
ever, recent studies on Ub homeostasis led to extension of the
potential role of Doadp to other cellular processes. Introduc-
ing a mutation in END3, a gene involved in the internalization
step of endocytosis, reestablished partially normal Ub concen-
trations in doa4A cells and led to the disappearance of the
low-molecular-mass Ub-containing species. These two doa4
phenotypes were even better corrected after deletion of VPS24
or VPS27 (68), two genes required for later steps of endocy-

DEUBIQUITINATION OF YEAST PLASMA MEMBRANE PROTEINS 4483

tosis, namely, late endosome-to-vacuole sorting. The link be-
tween Doa4p and endocytosis was further strengthened by the
observation that a green fluorescent protein (GFP)-tagged ver-
sion of Doadp partially relocated to late endosome/prevacu-
olar compartment in some vps mutants. These overall data
suggested that one important function of Doadp is to recover
Ub from ubiquitinated plasma membrane proteins (2).

This report analyzes the potential involvement of Doadp in
the vacuolar/endocytic pathway by monitoring the fate of a
plasma membrane protein, uracil permease (Fur4p). Furdp has
been shown to undergo basal endocytosis and degradation in
actively growing cells and accelerated endocytosis in various
stress conditions, such as heat shock, nutrient starvation, and
inhibition of protein synthesis (18, 76), or in the presence of
excess substrate (60). Fur4p undergoes cell surface phosphor-
ylation on serine residues (75) in a PEST-like N-terminal se-
quence (42). This posttranslational modification, in turn, trig-
gers Rsp5p-dependent Furdp ubiquitination (18, 42) on two
target lysines (17) lying just before the PEST sequence (41).
These residues accept up to two Ubs, linked through Ub Lys63
(17). Permease ubiquitination is required for subsequent in-
ternalization of the protein, an event that is followed by vac-
uolar targeting and degradation (18, 76). We have monitored
the ubiquitination status of Furdp after the internalization step
of endocytosis. We find that the protein undergoes deubiqui-
tination before its vacuolar degradation. This process is
strongly inhibited in doa4A cells, as evidenced by the massive
accumulation of Furdp-Ub conjugates in doa4A cells deficient
for vacuolar protease activities. More generally, these cells
were found to accumulate membrane-bound Ub conjugates.
These experiments support the idea that Doadp is involved in
the deubiquitination of plasma membrane proteins prior to
their vacuolar degradation. We also report the disappearance
of the accumulation of both Ub-Fur4p conjugates and mem-
brane-bound Ub conjugates as a result of introducing a vps
mutation (vps27A) in cells lacking Doa4p.

MATERIALS AND METHODS

Materials. The enzymes used in DNA manipulations were from Roche Diag-
nostic Life Technology. Monoclonal antibodies against Ub were from Zymed,
and monoclonal antibodies against Pepl12p and Vat2p were from Molecular
Probes. The polyclonal antibody directed against the last 10 residues of Fur4p
was a gift from M. R. Chevallier. The polyclonal antibody against H"-ATPase
was a gift from R. Serrano, and the polyclonal antibody against carboxypeptidase
S (CPS) was a gift from D. Katzman and S. Emr.

Yeast strains and growth conditions. The strains used are listed in Table 1.
Open reading frame replacement cassettes with long flanking homology regions
were used to disrupt the PEP4 and DOA4 genes (77). PCR amplification using
Pwo DNA polymerase (Boehringer Mannheim) from the genomic DNA of strain
‘W3031B/D with the four oligonucleotide primers PEP4-1, PEP4-2, PEP4-3, and
PEP4-4 (Table 2) generated two DNA products corresponding to the PEP4
promoter and terminator, respectively, with 25-bp extensions homologous to the
KanMX4 marker (78) containing the geneticin (G418) resistance gene. In a
second PCR amplification experiment, one strand of each of these molecules
served as a long primer using KanMX4 as the template. The linear fragment was
used to transform W3031B/D, thus generating strain MOB100, which is resistant
to geneticin. Correct integration at the PEP4 locus was confirmed by whole-cell
PCR using PEP4- and KanMX4-specific primers. The same technique was used
to disrupt the DOA4 gene, with the HIS3 marker instead of KanMX4, using
oligonucleotide primers DOA4-1, DOA4-2, DOA4-3, and DOA4-4 (Table 2).
Yeast strains were transformed as described by Gietz et al. (19). Cells were
grown at 30°C in minimal medium containing 0.67% yeast nitrogen base (YNB)
without amino acids (Difco) and supplemented with appropriate nutrients. The
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TABLE 1. S. cerevisiae strains and plasmids used in this study

MoL. CELL. BIOL.

Strain or plasmid

Genotype or description

Reference(s) or source

Strains

W3031B/D MATa ade2-1 ura3-1 his3-11 leu2-3,112 trpl-1 canl-100 72

MOB100 MATo ade2-1 ura3-1 his3-11 leu2-3,112 trpl-1 canl-100 PEP4::KanMX4 Gift from M.-O. Blondel
(isogenic to W3031B/D)

SD20 MATo ade2-1 ura3-1 his3-11 leu2-3,112 trpl-1 canl-100 DOA4::HIS3 (isogenic This study
to W3031B/D)

SD21 MATo ade2-1 ura3-1 his3-11 leu2-3,112 trpl-1 canl-100 PEP4::KanMX4 This study
DOA4::HIS3 (isogenic to W3031B/D)

YMWS82 MATo ade2-101 his3-A200 lys2-801 trpl A63 ura3-52 arp2-1 45

SD22 MATo ade2-101 his3-A200 lys2-801 trpl-A63 ura3-52 arp2-1 DOA4::HIS3 This study
(isogenic to YMW82)

MHY1269 mato his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 vps27A::LEU2 2

SD23 mato his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 vps27A::LEU2 PEP4::KanMX4
(isogenic to MHY1269)

MHY1275 mato his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1 vps27A::LEU2 doa4-Al1::LEU2 2

SD24 mato his3-A200 leu2-3,112 ura3-52 lys2-801trp1-1 vps27A::LEU2 doa4-Al::LEU2 This study
PEP4::KanMX4 (isogenic to MHY1275)

27061b MATa ura3 trpl 66

27064b MATa ura3 trpl npil (isogenic to 27061b) 66

27071b MATa ura3 trpl npi2 (isogenic to 27061b) 66

33276d MATa ura3 trpl npil npi2 gapl (isogenic to 27061b) Gift from J. Decraene

and B. Andre
Plasmids

YEp352fF 2pum URA3 FUR4 18

YEp96 2um TRPI CUP-UB 12, 14

YEpl112 2pum TRP1 CUP-UB-HA 29

YEp96-UbK63R 2um TRPI CUP-UBK63R 4

YEp96-UbK29, 48R 2pum TRP1 CUPI1-UBK29 K48R Gift from J.-M. Galan

pFL38-FUR4-GFP ARS CEN URA3 GALI10-FUR4-GFP This study

YEp96fF 2pm URA3 FUR4-CUPI-UB This study

pUG35 2um URA3 MET35-GFP-tCYCI Gift from J. Hegeman

carbon source was either 2% glucose, or 4% galactose plus 0.05% glucose, as
indicated in the figure legends. Overproduction of Ub from the CUPI promoter
was obtained by growing the cells for 1 h in the presence of 0.1 mM CuSO,,
unless otherwise stated.

Plasmid constructions. Plasmid YEp96 (2um TRPIUB) contains a synthetic
yeast UB gene under the control of the copper-inducible CUPI promoter (12,
14). YEp112 (2um TRP1 HA-UB) is identical to YEp96 except that it encodes a
hemagglutinin (HA)-tagged version of Ub (29). The plasmid encoding a mutant
Ub in which Lys63 is replaced by arginine (UbK63R) was a derivative of YEp96
(4). The plasmid encoding a mutant Ub in which Lys29 and Lys48 were replaced
by arginine was constructed from UbK29R (4) by using a Chameleon double-
stranded site-directed mutagenesis kit. The resulting gene encoding mutant Ub

was sequenced using double-stranded DNA and a Sequenase 2.0 kit (U.S. Bio-
chemicals). The chromosome-encoded uracil permease was produced in very
small amounts, and cells that produced the permease from a strong promoter or
from multicopy plasmids were used for accurate measurements of permease
activity and for immunodetection of the protein. All experiments were per-
formed under conditions of overproduction of Ub, unless otherwise stated, to
facilitate the detection of Ub-Fur4p conjugates and to correct the Ub deficiency
of doa4A cells. The multicopy plasmid YEp96-fF (2um URA3 CUPI-UB FUR4)
was constructed as follows. The CUPI-UB gene (including CYC! terminator) was
amplified by PCR using YEp96 as a template and the oligonucleotides CUP1 and
CUP2 (Table 2). The resulting PCR fragment was digested with BamHI and
cloned at the unique BamHI site of plasmid YEp352fF (2um URA3 FUR4) (18).

TABLE 2. Oligonucleotides used in this study

Sequence”

5'GCGGGTGTCGATGGATTAAGGG3'

W

.5'GGGCAGCAGCATAGAACAATGG3'
.5'GAATCCAGATTATAAGCAAC3’

W

.5'GAAAGTTGCTGTGTCTCAAGAGG3’

W

.5'CGGGATCCCATTACCGACATTTG3'

.5'"GGGGATCCGTCGACCTGCAGCGTACGGGATTAAATACTAGGTCACTAGGC3’
.5'GTCGAAAACGAGCTCGAATTCATCGATCGATTACACGCTTGAAGTTTCAGG3'

.5'GGGGATCCGTCGACCTGCAGCGTACCATAACTTAAGCATGTATC3'
.5’"AACGAGCTCGAATTCATCGATGATAGTTTTATCACCGCGTCTACG3’

.5S’AACAACATTATAAAGGACAAGGGCTGGTTCC3’
.5'CACGAACACGAAAAGACTTTCATTGCGGCCGCTATGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCC3’
.5'GGACAACACCAGTGAATAATTCTTCACCTTTAGACATAGCGGCCGCAATGAAAGTCTTTTCGTGTTCGTG3’
.5'CGGGATCCTTAAAGCCTTCGAGCGTCCCAAAACY’

5'CGGGATCCAAGCTTGCAAATTAAAGCCTTCGAGCG3’

“ Boldface denotes 25-bp extensions.
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FIG. 1. Furdp turnover is dependent on vacuolar proteases. Strains W3031B/D (WT) and MOB100 (pep4A) transformed with YEp96fF (2um
URA3 FUR4 CUP1-UB) were grown at 30°C in YNB with glucose as the carbon source. CuSO, (100 uM) was added for 1 h to induce Ub synthesis
from the CUPI promoter. CHX (100 wg/ml) was added to cells in exponential growth (A4¢,, = 0.8). At the times indicated after addition of CHX,
uracil uptake was measured (A), and total protein extracts (glass beads technique) were prepared and analyzed for uracil permease by Western
immunoblotting (B). Permease (vertical line) appeared as several bands (here mostly two) corresponding to the various phosphorylated states of

uracil permease (75).

The centromeric plasmid pFL38gF (URA3 GAL-FUR4) was constructed as de-
scribed elsewhere (60). We constructed a plasmid, pFL38gF-GFP, which ex-
pressed a GFP variant (S65G, S72A) (10) fused to wild-type permease at its C
terminus to locate uracil permease in living cells. PCR with oligonucleotides
GFP1 and GFP2 (Table 2) was used to generate the Furdp C-terminus coding
sequence from the unique Hpal site and excluding the stop codon. The entire
GFP gene, excluding the initiator ATG, was amplified by PCR with oligonucle-
otides GFP3 and GFP4, resulting in the introduction in the 3’ region of a BamHI
restriction site. A DNA fragment encoding the Fur4 C terminus fused in frame
to GFP was then generated by fusion PCR using GFP1 and GFP4, digested with
Hpal and BamHI, and cloned in pFL38gF that had been cut with the same
enzymes. The constructions were checked at the fusion points by sequencing.

Measurement of uracil uptake. Uracil uptake was measured in exponentially
growing cells as previously described (62). Yeast culture (1 ml) was incubated
with 5 uM [**Cluracil (I C/N) for 20 s at 30°C and then quickly filtered through
Whatman GF/C filters, which were then washed twice with ice-cold water and
counted for radioactivity.

Membrane preparation. Yeast cells (40 A, units) in the exponential growth
phase were harvested by centrifugation in the presence of 10 mM sodium azide,
washed once in distilled water plus 10 mM sodium azide, and used to prepare
membrane-enriched fractions, essentially as previously described (18). Washed
cells were transferred to a conical 1.5-ml Eppendorf tube and suspended in 0.2
ml of lysis buffer (0.1 M Tris-HCI [pH 7.5]-0.15M NaCl-5 mM EDTA plus a
mixture of protease inhibitors [Complete; Roche] and 25 mM freshly prepared
N-ethylmaleimide to prevent artifactual deubiquitination). All subsequent steps
were carried out at 4°C. Chilled glass beads (0.2 ml) were added, and the cells
were lysed by vigorous vortex mixing for three times for 3 min each, separated by
30 s on ice. The homogenate was transferred to a new tube, and the glass beads
were washed three times with 0.2 ml of lysis buffer. The resulting homogenate
was centrifuged at 3,000 rpm for 3 min to remove unbroken cells and debris.
Small aliquots of the total protein extracts were withdrawn for Western blot
analysis (referred as total protein extracts, glass beads technique). The total
protein extract was centrifuged for 45 min at 12,000 rpm. The resulting super-
natant was centrifuged for 1 h at 100,000 X g in a Beckman TLA-100 rotor. Both
the 12,000 X g and 100,000 X g pellets were washed by suspension in 0.4 ml of
lysis buffer plus 5 M urea, incubation at 0°C for 30 min, and sedimentation as
above. The resulting pellets were suspended in 0.4 ml of lysis buffer, and trichlo-
roacetic acid (TCA) was added to 10% to precipitate proteins. This step was
needed to prevent proteolysis by residual endogenous proteases. The precipitates
were neutralized and dissolved in 40 pl of 1 M Tris base plus 80 wl of 2X sample
buffer (100 mM Tris-HCI [pH 6.8], 4 mM EDTA, 4% sodium dodecyl sulfate
[SDS], 20% glycerol, 0.002% bromophenol blue) containing 2% 2-mercaptoetha-
nol and heated at 37°C for 15 min. Aliquots of these final 12,000 X g and
100,000 X g pellets, enriched respectively in plasma membrane, vacuole, and
endoplasmic reticulum and in endosomal markers (plus Golgi cisternae), were
analyzed by Western blotting as described below.

Yeast cell extracts, SDS-polyacrylamide gel electrophoresis, and Western im-
munoblotting. Total protein extracts were prepared as described above or by the

NaOH-TCA lysis technique (76). Proteins were separated by SDS-polyacryl-
amide gel electrophoresis on 12% Tricine gels (59) and transferred to nitrocel-
lulose. The membranes were probed with the various antisera. For anti-Ub
immunoblotting, cell extracts were prepared as described above except that they
were boiled in sample buffer instead of incubated at 37°C. Proteins were then
transferred to Immobilon-P membranes and treated as described elsewhere (66).
Primary antibodies were detected with a horseradish peroxidase-conjugated anti-
rabbit (or anti-mouse) immunoglobulin G secondary antibody (Sigma) detected
by enhanced chemiluminescence (Amersham).

Equilibrium density centrifugation. Cell organelles were fractionated on equi-
librium density gradients essentially as described elsewhere (36, 53). Exponen-
tially growing cultures (40 A, units) were arrested by adding 10 mM sodium
azide, washed once in 10 mM sodium azide, and broken by vigorous shaking with
0.2 ml of glass beads and 0.2 ml of STET (10% [wt/wt] sucrose, 10 mM Tris-HCI
[pH 7.6], 10 mM EDTA, protease inhibitors, and 25 mM N-ethylmaleimide). The
mixture was centrifuged at 3,000 rpm for 3 min, and 0.4-ml aliquots of the cleared
extracts were layered on top of 5-ml 20 to 60% linear sucrose gradients made up
in buffer A (10 mM Tris-HCI [pH 7.6], 10 mM EDTA). Samples were centrifuged
for 18 h at 100,000 X g in an SW50.1 rotor (Beckman). Fractions were collected
from the top of the gradient, and proteins were precipitated by 10% TCA. The
proteins were incubated for 30 min on ice, pelleted by centrifugation, and
suspended in 2X sample buffer (plus 1 M Tris base, as described above). The
proteins in each gradient fraction were analyzed by Western blotting as described
above.

Fluorescence microscopy. Cells were grown to the mid-logarithmic phase in
galactose minimal medium. To monitor GFP fluorescence, 5 X 10° cells were
collected by centrifugation in the presence of 10 mM sodium azide and resus-
pended in 50 pl of Citifluor plus 10 mM sodium azide. Microscopic observations
were done in a Leitz microscope equipped with fluorescent optics. Direct image
acquisitions were made with a charge-coupled device Princeton cooled camera
equipped with the Metaview imaging system.

RESULTS

Fur4p is deubiquitinated prior to vacuolar degradation.
Furdp has been shown to undergo basal endocytosis in actively
growing cells and accelerated endocytosis under various stress
conditions, such as inhibition of protein synthesis. We followed
the fate of Furdp in wild-type (WT) cells after adding cyclo-
heximide (CHX) and in pep4A cells, deficient for the matura-
tion of several vacuolar proteases, to determine whether Furdp
was deubiquitinated prior to vacuolar degradation. Uracil up-
take was measured, and protein extracts were prepared and
analyzed for uracil permease by Western immunoblotting be-
fore and after 2 h of CHX treatment (Fig. 1). We also moni-
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WT pep4A

Furdp-GFP  Nomarski Fur4p-GFP  Nomarski

FIG. 2. Furdp-GFP trafficks from the plasma membrane to the
vacuole lumen in pep4A cells. Strains W3031B/D (WT) and MOB100
(pep4A) cotransformed with pFL38-FUR4-GFP (2um URA3 GALI10-
FUR4) and YEp96 (2pm TRP1 CUP1-UB) were grown at 30°C in YNB
with galactose as the carbon source. CuSO, (100 uM) was added for
1 h. CHX was added to cells in exponential growth. Aliquots were
withdrawn at the times indicated after addition of CHX, washed with
ice-cold azide, and examined by Nomarski optics and for GFP fluo-
rescence.

tored the fate of a version of Furdp tagged at its C terminus
with a brilliant version of GFP (Fig. 2). Fur4p-GFP was de-
tected as punctate staining at the cell periphery in exponen-
tially growing WT cells, as often described for plasma mem-
brane proteins (27, 53). Small dots were also found throughout
the cytoplasm. The plasma membrane signal gradually disap-
peared from cells incubated with CHX; intracellular dots,
probably corresponding to endosomes, formed transiently, and
the GFP signal disappeared after incubation for 2 h with CHX
(Fig. 2). In agreement with these observations, uracil uptake, a
measure of cell surface active permease, dropped to almost
zero after 2 h in CHX, and immunodetectable Fur4p was
degraded (Fig. 1), as was Furdp-GFP (not shown). Growing
pep4A cells had the same permease activity as WT cells but
about threefold more immunodetectable protein, as previously
described (76). This is probably explained by basal permease
endocytosis. Growing pep4A cells indeed displayed vacuolar
fluorescence in addition to small dots and plasma membrane
Fur4p-GFP staining. The PEP4 deletion did not prevent per-
mease internalization, as judged by the disappearance of uracil
uptake and plasma membrane fluorescence after incubation
for 2 h, as for WT cells, but involved strong protection against
permease degradation (Fig. 1). Identical results were obtained
on immunoblots with Furdp or Furdp-GFP (data not shown).
There was massive vacuolar staining at the end of CHX treat-
ment. The fluorescence signal corresponded only to the fusion
protein Furdp-GFP; no fluorescence was observed for cells
expressing Fur4p which was not fused to GFP, and no GFP was
formed by proteolysis of Furdp-GFP, as evidenced by Western
immunoblotting with anti-GFP antibody (data not shown).
Additional experiments were needed to define the ubiquiti-
nation status of the protein before and after CHX treatment,
since Furdp Ub conjugates are not easily detected in total
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FIG. 3. Furdp is deubiquitinated prior vacuolar degradation.
Strains W3031B/D (WT) and MOB100 (pep4A) transformed with
YEp96fF (2um URA3 FUR4 CUPI-UB) were grown and treated with
CHX as described in the legend to Fig. 1. At the times indicated after
the addition of CHX, cells were lysed, cleared of unbroken cells, and
fractionated on equilibrium sucrose density gradients as described in
Materials and Methods. Aliquots of the various fractions were ana-
lyzed by Western immunoblotting for uracil permease, Pmalp (plasma
membrane marker), Pep12p (late endosome marker), Vat2p (vacuolar
marker), and CPS, a vacuolar marker in WT cells and a marker of
internal dense vacuolar vesicles in pep4 cells. All immunoblots were
probed for the various protein markers, giving identical positions of
these markers, except for CPS. Markers are shown in only one case
(pep4 cells, time 120 min [t = 120]). Unubiquitinated Furdp is indi-
cated by an arrow. The Ub-Fur4p conjugates carrying one to four Ubs
are indicated as Ubl to Ub4. The positions of size standards are
indicated on the left. Unprocessed CPS appears in pep4 cells as two
bands, corresponding to two different precursor glycoforms of the
protein, both found at steady state (65). To improve the identification
of the ubiquitinated forms of Furdp still detected in internal fractions
of WT cells after CHX treatment, aliquots of these fractions were
migrated close to aliquots from plasma membrane fractions, time zero
(insert on the right). The apparent shift of Furdp to lighter fractions
after CHX treatment is probably attributable to the peak of Furdp at
time zero being the sum of plasma membrane and internal Fur4p.

protein extracts. We therefore compared the electrophoretic
patterns of Furdp in subcellular fractions of WT and pep4A
cells in the experimental conditions defined above. Glass bead
extracts of cells withdrawn before and after incubation for 2 h
with CHX were fractionated on sucrose density gradients (Fig.
3). In exponentially growing WT cells, the Fur4p that fraction-
ated with the plasma membrane Pmalp (essentially fractions
12 to 14) appeared mostly as a ladder of four distinct bands
with slower mobility than the Furdp main signal (Fig. 3a).
These bands corresponded to Ub-Fur4p conjugates containing
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FIG. 4. Effect of overexpression of WT and mutant Ubs on the
ubiquitination pattern of uracil permease in doa4A cells. SD20
(doa4A) cells cotransformed with YEp352fF (2um URA3 FUR4) and
either YEp96 (2um TRPI CUPI-UB), YEp96-UB-HA, or YEp96-
UBKG63R were grown in YNB plus glucose and induced for 1 h with
CuSO,. Cells were then collected and used to prepare membrane-
enriched fractions (P13) as described in Materials and Methods. Ali-
quots were analyzed for uracil permease by Western immunoblotting.
The various Fur4p forms are as indicated in the legend to Fig. 3.

one to four Ubs (17, 18) (Fig. 4). This plasma membrane Fur4p
appeared mostly enriched in conjugates carrying four Ubs.
Some Furdp also fractionated partly with the endosomal
marker Pep12p. Most of the Furdp in these intracellular frac-
tions was in a nonubiquitinated form, with small amounts of
Furdp containing one Ub and only trace amounts of higher-
molecular-mass Ub-Furdp. These intracellular fractions prob-
ably corresponded to endosomal Furdp, rather than to Furdp
en route to the plasma membrane. First, uracil permease is
delivered rather rapidly (in <20 min) to the plasma membrane
(44), whereas its vacuolar trafficking is far slower. Second, the
same profile was observed on sucrose gradients prepared from
cells expressing Fur4p under the control of the GALI0 pro-
moter and submitted to 20 min of glucose repression to pro-
duce complete plasma membrane delivery of Furdp (D. Urban-
Grimal, unpublished data). These observations suggest that
deubiquitination occurs in the course of the trafficking of
Furdp from the plasma membrane to endosomal compart-
ments. Incubation with CHX for 2 h caused the plasma mem-
brane Furdp to disappear completely, and only trace amounts
of Furdp (nonubiquitinated and probably monoubiquitinated
forms) were still detected in internal fractions (Fig. 3).

Growing pep4A cells contained some plasma membrane
Furdp with the same ubiquitinated pattern as in WT cells, but
most of the Furdp was in intracellular fractions (Fig. 3). Some
of this intracellular Furdp fractionated with the endosomal
marker Pepl2p and not with the membrane-bound vacuolar
marker Vat2p, although most of the Furdp-GFP fluorescence
was in the entire vacuole lumen. The subcellular fractions of
Furdp from pep4A cells incubated for 2 h with CHX shifted
slightly toward lighter fractions that comigrated clearly with
Pep12p, whereas all of the Fur4-GFP was in the vacuole. As for
growing pep4A cells, the major fraction of intracellular Furdp
was unubiquitinated, although some Ub-Furdp conjugates
were still detected.
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Thus, Furdp targeted from the plasma membrane to the
vacuoles in pep4A cells deficient for vacuolar protease activity
was recovered in fractions whose density was clearly distinct
from that containing the vacuolar membrane-bound Vat2p.
Although, to our knowledge, similar fractionation data have
not been reported for endocytosed plasma membrane proteins,
it has been reported that the vacuolar carboxypeptidase CPS
also fractionates with endosomes and Golgi cisternae in pep4
cells, despite being in the vacuole lumen in these cells (46).
This protein is synthesized as a type II integral membrane
protein and targeted via late endosomes to the vacuole, where
it undergoes lumenal PEP4-dependent cleavage from its trans-
membrane anchor. These studies are consistent with the sort-
ing of CPS at a prevacuolar endosome into membrane vesicles
that invaginate and bud into the endosome (multivesicular
bodies [MVBs]) (46), as in mammalian cells (16). One possible
explanation for the membranes from MVBs having a different
density from lysosomal membrane in mammals is their differ-
ent lipid composition (35). The yeast endocytic pathway con-
verges with the Golgi to vacuole trafficking at the late endo-
some-prevacuolar compartment. Hence, the finding that
lumenal vacuolar Furdp fractionates differently from vacuolar
membrane-bound proteins in protease-deficient cells appears
to be congruent with the CPS data, and we did indeed observe
complete cofractionation of intracellular, vacuolar Fur4p and
CPS in pep4 cells (Fig. 3). Like CPS, Furdp is probably located
in pep4A cells in intravacuolar vesicles whose density is distinct
from that of the vacuolar membrane, which were clearly seen
in ultrastructural studies (46).

In addition to these observations on the fractionation of
plasma membrane proteins delivered to the vacuole of pep4A
cells, the above experiments clearly indicate that Furdp, in
ubiquitinated form at the plasma membrane, undergoes de-
ubiquitination leading mostly to unubiquitinated forms upon
arrival at internal compartments and then at the vacuoles.

Doa4p dependence of uracil permease deubiquitination.
We reasoned that preventing vacuolar degradation might
help to decipher the fate of Ub conjugates. We therefore
compared the fate of Furdp in pep4A and pep4A doa4A cells
and, as a control, that in WT and doa4A cells. We used
experimental conditions in which the deficiency of doa4A
cells for free Ub was corrected by overproduction of Ub.
Cells were thus all transformed with a multicopy plasmid
carrying the UB gene under the control of the regulatable
CUPI promoter and induced by incubation for 1 h in the
presence of Cu®* before incubation with CHX. We have
previously observed that Ub overproduction does not mod-
ify the rate of Furdp internalization or degradation or the
overall pattern of Fur4p ubiquitination in WT cells (17, 18).
We also checked that Fur4p deubiquitination was not mod-
ified by Ub overproduction; identical results were obtained
before and after CHX treatment, using sucrose gradients
prepared from pep4A cells overproducing Ub (Fig. 2) or not
(data not shown). All cells displayed identical permease
internalization (Fig. 1A and 5A). PEP4 deletion provided
strong protection against degradation in DOA4 and doa4A
genetic contexts. The ubiquitination status of Furdp in the
various mutants was analyzed by differential centrifugation.
We separated the 13,000 X g membrane pellet (P13), enriched
for plasma membrane, endoplasmic reticulum and vacuole, and
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FIG. 5. Accumulation of Ub-Furdp conjugates in doa4A pep4A cells. W3031B/D (WT), SD20 (doa4A), MOB100 (pep4A), and SD21 (doa4A
pep4A) cells transformed with YEp96fF (2um URA3 FUR4 CUPI-UB) were grown and induced for Ub by CuSO, as described in the legend to
Fig. 1. At the times indicated after addition of CHX, uracil uptake was measured (panel A and Fig. 1A), total protein extracts (glass beads
technique) were withdrawn (panel B and Fig. 1B), and membrane-enriched fractions (P13 and P100) (C) were prepared and analyzed by Western
immunoblotting for uracil permease and Pmalp. The various Fur4p forms are as indicated in the legend to Fig. 3 except for unubiquitinated Fur4p
in panel A, indicated by a dash (the various phosphorylated bands of Furdp are well separated). To obtain better characterization of the forms of
Ub-Furdp accumulated in doa4A pep4A cells, a shorter exposure of the material in P13 is shown (inset).

the 100,000 X g pellet (P100), enriched for membranes of the
Golgi apparatus, endosomes, and transport vesicles. As expected,
the plasma membrane Pmalp was entirely in P13 (Fig. 5C). In
agreement with the observations for sucrose gradients, both un-
ubiquitinated Furdp and mono- to tetraubiquitinated forms,
which fractionate mostly with P13, were present in exponentially
growing WT cells. Only a minor fraction was recovered in P100.
Degradation was complete after 2 h of CHX treatment, whereas
the stable Pmalp remained unchanged (Fig. 5B and C). As pre-
viously reported, doa4A cells overproducing Ub displayed the
same internalization and the same Furdp ubiquitination pattern
as WT cells (17). Furdp ubiquitination was mainly dependent on
plasmid-encoded Ub in these cells: the Ub-Furd4p conjugates
shifted in doa4A cells producing Ub extended by an HA tag (Fig.
4). The residual Furdp in P13 of cells incubated for 2 h with CHX
was mostly unubiquitinated, with some Ub conjugates still detect-
able.

There was a striking difference between pep4A and pep4A

doa4A cells. The PEP4 deletion protected strongly against deg-
radation, and permease was recovered mostly unubiquitinated
from cells incubated with CHX (Fig. 5C). Some higher-molec-
ular-mass Ub-Furdp conjugates (>4 Ubs) were detected in
growing pep4A doa4A cells, in addition to the species usually
observed. Unubiquitinated Furdp was entirely lost from cells
incubated for 2 h with CHX, and Ub-Fur4p conjugates (en-
riched in forms with three to four Ubs) were recovered in P13
and P100 (Fig. 5C). The accumulation of Fur4p-Ub conjugates
was so great that they were clearly detectable far above any
background in total protein extracts both before and after
CHX treatment (Fig. 5B).

It therefore seems that ubiquitinated Fur4p undergoes a
Doadp-dependent deubiquitination step. This processing is
probably a postinternalization event. Whether or not DOA4
was deleted, only Furdp species with three to four Ubs were
found in arp2 (actin-related protein 2) cells deficient for the
internalization step of endocytosis because of an altered actin
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FIG. 6. Uracil permease accumulates as Ub conjugates in arp2 cells
lacking or carrying DOA4. YMWS?2 (arp2) and SD22 (arp2 doa4A)
cells transformed with YEp96fF (2uM URA3 FUR4 CUPI-UB) were
grown at 24°C with glucose as the carbon source, induced for 1 h with
CuSO,, and incubated for 10 min at 37°C. CHX was then added for the
times indicated. Membrane-enriched fractions (P13) were prepared
and analyzed for uracil permease and Pmalp by Western immunoblot-
ting. The positions of size standards are indicated on the left.

cytoskeleton (44) that had been kept for over 1 h at the re-
strictive temperature (Fig. 6).

Accumulation of membrane-bound Ub conjugates in pep4A
cells lacking Doad4p. We compared the patterns of total Ub
conjugates in membrane-enriched fractions from growing
pep4A and pep4A doa4A cells (Fig. 7) to see whether Doadp
had a more general impact on membrane-bound proteins.
Some membrane-bound Ub conjugates were found in pep4A
cells. These conjugates appeared to be rather stable and frac-
tionated almost equally between P13 and P100. In pep4A
doa4A cells, Ub conjugates were clearly more abundant. Serial
dilution of the membrane-bound extracts prepared from pep4A
and pep4A doa4A cells analyzed on the same gel indicated an
about fourfold enrichment of Ub conjugates in the latter cells
(not shown). The pep4A doa4A cells were further enriched in
Ub conjugates after CHX treatment, with conjugates in both
P13 and P100. The conjugates in P100 were more abundant
than those in P13. The newly ubiquitinated proteins would
reach the vacuole in an ubiquitinated state in these CHX-
treated cells and then accumulate as a result of the inhibition
of vacuolar proteases. The characteristic fractionation pattern
of Ub conjugates in these cells could also indicate a delay in
intracellular targeting of these conjugates that would tran-
siently accumulate in some endosomal compartments. What-
ever the precise intracellular location of these membrane-
bound conjugates, it seems that Doadp plays a central role in
the deubiquitination of membrane-bound proteins.

Deleting VPS27 restores the deubiquitination of Fur4p and
other membrane-bound Ub conjugates in cells lacking Doa4p.
When we first detected the involvement of Doadp in the de-
ubiquitination of Furdp, we attempted to identify the step in
the endocytic pathway where deubiquitination occurs. The ba-
sic idea was that any mutation blocking the endocytic pathway
before the place where deubiquitination occurs would prevent
deubiquitination, as observed in arp2 cells (Fig. 6). Surpris-
ingly, we observed that deubiquitination occurs in vps27 cells,
in which Furdp late endosome-to-vacuole traffic was blocked.
Moreover, we also observed deubiquitination in doa4 vps27
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FIG. 7. doa4A pep4A cells accumulate huge amounts of Ub conju-
gates. MOB100 (pep4A) and SD21 (doa4A pep4A) cells transformed
with YEp96fF (2um URA3 FUR4 CUPI-UB) were grown and induced
for Ub with CuSO, as described in the legend to Fig. 1. They were
treated with CHX for the times indicated. Membrane-enriched frac-
tions (P13 and P100) were prepared. Aliquots were analyzed by West-
ern immunoblotting for Ub conjugates, Pmalp, and Pep12p. The po-
sition of size standards are indicated on the left.

cells (data not shown). Americk et al. then reported the isola-
tion of numerous extragenic did (doa4-independent degrada-
tion) suppressors of the doa4-1 allele, all of which correspond
to class E VPS genes, which function in the maturation of the
late endosome into MVBs (2). Our preliminary result seemed
to fit with these genetic data. To determine whether deletion of
VPS27 influences Doadp-dependent deubiquitination of Furdp,
we monitored the fate of Furdp in vps27A pep4A cells and in the
vps27A pep4A doa4A triple mutant. We used the same experi-
mental conditions as we had used to observe Doa4p-dependent
deubiquitination of Furdp; i.e., we compared the pattern of Fur4p
in P13 and P100 before and 2 h after CHX treatment. At time
zero, we observed the usual pattern of ubiquitinated and unubig-
uitinated Furdp (Fig. 8) in both types of cells. The combined
VPS27 and PEP4 deletions inhibited Furdp degradation, as re-
vealed by the remaining Furdp (unubiquitinated) after 2 h of
CHX treatment. Only small amounts of Ub-Furdp conjugates
were still present in the triple mutant, which contrasted with the
accumulation of these conjugates in the pep4A doa4A double
mutant (compare Fig. 5B and 8). Consistent with this observation,
vps27A pep4A doa4A cells did not display any particular accumu-
lation of membrane-bound Ub conjugates (data not shown),
which contrasts with what we found for doa4A pep4A cells.
These data provide evidence that deleting VVPS27 restores
the deubiquitination of Furdp and other membrane-bound Ub
conjugates in cells lacking Doadp. One hypothesis to interpret
these data would be that impairment of the VPS pathway
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FIG. 8. Deletion of VVPS27 restores the deubiquitination of Furdp
in pep4A doa4A cells. Membrane-enriched fractions were prepared
from SD23 (vps27A pep4A) and SD24 (vps27A pep4A doa4A) cells
transformed with YEp96fF (2um URA3 FUR4 CUPI-UB), grown and
induced for Ub and treated as described in the legend to Fig. 1.
Aliquots were analyzed by Western immunoblotting for Furdp, Pmalp,
and Pep12p.

allows another deubiquitinating enzyme(s) to reach endocytic
Doadp targets, as suggested by Amerik et al. to explain the
phenotype of did doa4 mutants (2).

Deficiency in the Ub-ligase RspSp suppresses the accumu-
lation of small Ub-peptides in doa4 cells. Papa and Hoch-
strasser demonstrated long ago that doa4A cells accumulate
small Ub-linked peptides (Ub peptides) (49). They suggested
recently that these peptides could at least in part result from
vacuolar degradation of plasma membrane proteins targeted
to the vacuole without prior Doad4p-dependent deubiquitina-
tion (2, 68). This was partly based on the observation that a
mutation in the END3 gene involved in the internalization step
of endocytosis suppressed the accumulation of these peptides
(68). Since most of the plasma membrane proteins in yeast
undergo Ub-dependent endocytosis, we wondered whether
these peptides would also disappear from cells deficient in
ubiquitination of plasma membrane proteins. Many plasma
membrane proteins now appear to undergo ubiquitination
and/or endocytosis controlled by the Ub ligase RspSp (re-
viewed in reference 57). We thus investigated the occurrence
of the small doa4 Ub peptides in cells deficient for RspSp.
Several rsp5 thermosensitive mutants have been described, but
they did not appear appropriate for this investigation, since the
small doa4 Ub peptides accumulate more specifically during
exponential growth (49). We therefore used npil cells, which
have reduced (<10-fold) amounts of Rsp5p as a result of the
insertion of a Tyl element in the 5’ region of RSP5 gene (22).
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FIG. 9. Suppression of the small Ub-containing peptides of doa4
cells by mutation in NPI1/RSP5 or overexpression of UbK63R. (A)
27061b (WT), 27064b (npil), 27081a (npi2), or 33276d (npil npi2) cells
were grown in YNB plus glucose. Cells were collected in exponential
growth phase and used to prepare total protein extracts (NaOH-TCA
technique). Aliquots were analyzed by Western immunoblotting using
an antibody against Ub. The positions of Ub, di-Ub (Ub2), and tri-Ub
(Ub3) are indicated. Small Ub peptides above di-Ub characteristic of
doa4 cells are indicated (). (B) 27061b (WT) transformed with YEp96
(2 pm TRPI CUPI-UB), and 27081a (npi2) cells transformed with
YEp96, YEp96-UbK29, 48R, or YEp96-UbK63R were grown in YNB
with glucose as the carbon source and induced for 2 h with CuSO,.
Cells were collected and used to prepare protein extracts analyzed as
in panel A.

These cells grow normally but are severely deficient in ubiq-
uitination/endocytosis of a dozen plasma membrane proteins
(reviewed in reference 57). We compared the patterns of Ub
and small Ub conjugates in WT, npil, doa4, and npil doa4 cells
(Fig. 9A). To compare cells of the same genetic background,
we used a specific doa4 allele, npi2. npi2 cells carry a point
mutation in a conserved residue of the DOA4 gene that results
in the same phenotype as a complete DOA4 deletion (66). As
reported previously, the amount of free Ub in npi2 cells was
much lower than that in WT cells (66, 68) but was normal in
npil cells (Fig. 9A). npi2 cells had greater amounts of di-Ub
than did WT (2, 68) or npil cells and the signature consisting
of small peptides that migrated slightly above di-Ub, absent
from both wild-type and npil cells. Such peptides were not
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FIG. 10. Model of the involvement of Doa4p in the Fur4p endocytic pathway. Furdp undergoes RspS-dependent ubiquitination at the plasma
membrane, with the binding of di-Ub to two target lysines. Doa4p-dependent deubiquitination occurs prior to invagination into the late endosome.
The absence of deubiquitination does not prevent the delivery of Ub-Furdp conjugates to the vacuole. They accumulate in pep4A cells or are
degraded by vacuolar proteases in PEP4 cells, giving rise to small Ub-containing peptides. Ub, plain circles.

observed in the npil npi2 double mutant. This suggests that
these peptides are degradation products of RspSp substrates.

Possible involvement of the UbK63 linkage in some of the
small Ub peptides that accumulate in doa4A cells. Two Rsp5p
plasma membrane substrates were described to carry short Ub
chains linked through Ub Lys63 (UbK63 linkage) (17, 66). The
type of Ub linkage in other plasma membrane proteins has not
yet been reported, but other examples of plasma membrane
proteins carrying short Ub chains, two to three residues long,
have been described (20, 54). If the doa4 Ub peptides result
from vacuolar degradation of plasma membrane proteins, then
what is the nature of linkage between Ub residues in these
peptides? Three lysines in Ub are the in vivo acceptors of
additional Ubs, Lys29, Lys48, and Lys63 (4). We investigated
the type of Ub linkages in the small doa4 Ub peptides by
overexpressing in doa4A cells several variant Ubs, in which
these three lysines were mutated to arginine, preventing for-
mation of Ub chains by elongation at each of these points. This
resulted in doa4A cells overexpressing these variant Ubs, in-
corporating them statistically more frequently in Ub conju-
gates, notably in plasma membrane proteins (17, 66). For in-
stance, Ub-Fur4p conjugates exhibited an up-shift in doa4 cells
overproducing Ub extended by an HA tag, and the ubiquiti-
nation pattern in doa4 cells overproducing UbK63R showed
two bands, instead of four, corresponding to the addition of
only one Ub to the two Furdp lysine acceptor sites (reference
17 and Fig. 4). Overexpression of wild-type Ub in doa4A cells
corrected their Ub level, but small Ub-containing species still
accumulated, notably above di-Ub and in the region of tri-Ub.
Overproduction of UbK29 K48R led to disappearance of
bands in the region of tri-Ub, whereas overproduction of
UbKG63R led to the disappearance of some of the small species
above di-Ub and an accumulation of species in the region of
tri-Ub. Hence, it is likely that some of the small peptides that

accumulate in doa4 cells are degradation products of Ub con-
jugates carrying UbK63 linkages, whereas others are degrada-
tion products of Ub conjugates carrying UbK29 or UbK48
linkages.

DISCUSSION

We have determined whether the Ub isopeptidase Doadp is
involved in deubiquitination of yeast plasma membrane pro-
teins by using the yeast plasma membrane transporter Furdp, a
well-characterized substrate of the Ub-dependent endocytic
pathway. We show that this protein undergoes deubiquitina-
tion prior to vacuolar degradation, since the vacuoles of pep4
cells accumulated Fur4p mostly in an unubiquitinated form.
In contrast, doa4 pep4 cells accumulated large amounts of
Ub-Fur4p conjugates, strongly suggesting the involvement of
Doadp in the deubiquitination of this protein. This accumula-
tion was suppressed when VPS27 was deleted, providing bio-
chemical data supporting the hypothesis that impairment of
MBYV formation allows another UBP(s) to reach proteins that
are usually Doadp targets (2). At least some of the small
Ub-containing peptides that accumulated in doa4A cells car-
ried a UbK63-type linkage, a characteristic feature of Ub-
Furdp conjugates, supporting the idea that Doa4p is involved
in the deubiquitination of plasma membrane proteins that dis-
play UbK63-type linkage like Ub-Furdp conjugates.

These data suggest that the events can be summarized in
the following model (Fig. 10). Ub-Fur4p conjugates formed
at the surface of WT cells in an Rsp5p-dependent fashion
undergo Doa4p-dependent deubiquitination before vacuo-
lar targeting. Doa4p is partly relocated in the late endosome
of class E vps cells and thus probably lies partly at the
cytoplasmic surface of late endosomes (2). Hence, deubi-
quitination probably occurs at the level of late endosome,
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releasing Ub into the cytosol prior to vesicle invagination
toward the interior of late endosome, which gives rise to MVBs
(16, 46). Deubiquitinated Furdp is degraded in the vacuole by
vacuolar proteases. Consequently, pep4 cells accumulate mostly
unubiquitinated Furdp. In agreement with our data, the a-factor
receptor, which also undergoes ubiquitin-dependent endocytosis,
accumulates in pep4 cells mainly in an unubiquitinated form,
suggesting postinternalization deubiquitination (55). Ub-Furdp
conjugates are delivered to the vacuole in doa4A pep4A cells,
where they accumulate, as do Ub conjugates presumably derived
from many other plasma membrane proteins. Ub-Furdp conju-
gates are delivered to the interior of late endosomes in doa4A
cells without deubiquitination and are subsequently targeted to
the vacuole. The vacuolar proteases then degrade them to small
peptides. As Ub is rather resistant to proteolysis, small peptides
carrying one to three Ub residues still attached to small pieces of
Furdp accumulate in the vacuoles. The sequestration of Ub in the
vacuoles would ultimately result in its degradation, explaining the
shorter half-life of Ub in doa4A cells (68). In agreement with this
model, which fits with the hypothesis of Swaminathan et al. (68),
Ub is greatly stabilized in doa4A pep4A cells.

The huge accumulation of Ub-Furdp conjugates in doa4A
pep4A cells indicates the involvement of Doa4p in the deubig-
uitination of Fur4p. We cannot definitely conclude from our
data whether Doa4p is directly or indirectly involved in the
cleavage between Ub and Furdp or between Ub residues car-
ried by this transporter. Among the relevant observations is the
fact that the deubiquitination of Furdp seems to be a proces-
sive event, since monoubiquitinated Furdp is still detected in
endosomal fractions after higher-molecular-mass Ub-Furdp
conjugates have disappeared. Hence, at least for some conju-
gates, the cleavage between Ub and Fur4p, catalyzed by Doadp
or by another UBP, probably occurs after cleavage between
two Ubs.

The observation that overexpression of UbK63R led to the
disappearance of some of the small Ub peptides that accumu-
late in doa4A cells suggests that the corresponding peptides
carry UbKG63 linkages and that Doa4p may be directly or indi-
rectly involved in the cleavage of these linkages. Only two
plasma membrane transporters have so far been shown to carry
UbK63-linked short Ub chains. Our data suggest that this is a
more general feature of yeast plasma membrane proteins. For
instance, this is probably the case for the arginine permease
and cadmium transporter, for the reasons detailed below.
doa4A cells are hypersensitive to cadmium and to canavanine,
a toxic compound that enters yeast cells via the arginine per-
mease (68). The hypersensitivity of doa4A cells to these com-
pounds is probably due to defective endocytic down-regulation
of the corresponding two transporters because of Ub deple-
tion. Hypersensitivity to cadmium and canavanine was also
reported in cells carrying a point mutation in the RSP5 gene, in
agreement with the hypothesis of a Ub-dependent endocytosis
of the two transporters (34). In doa4A cells, hypersensitivity to
cadmium and canavanine is shown to be complemented by the
overexpression of Ub and UbK48R, but not of UbK63R (68),
suggesting that UbK63-linked Ub chains must be formed for
efficient endocytosis of cadmium transporter and arginine per-
mease, as for Furdp and Gaplp. UbK63 linkages are involved
in mitochondrial inheritance (15), DNA repair (31, 64, 73), and
modification of ribosomal proteins (63), in addition to their
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role in endocytosis. Whether Doa4p is involved in deubiquiti-
nation of the corresponding targets remains to be determined.

A lack of Doadp in cells overproducing Ub did not seem to
have a dramatic effect on the trafficking of uracil permease
from the plasma membrane to the vacuole. Internalization
occurs at a normal rate (reference 17 and Fig. 5), there is no
accumulation of Ub-Furdp conjugates, and there is only a
small reduction in the rate of degradation. But the slowing of
the postinternalization steps of endocytosis may vary from pro-
tein to protein, since doa4A cells accumulate more Ub conju-
gates than WT cells (not shown), and the Ub conjugates that
accumulate in doa4A pep4A cells have distinct fractionation
characteristics. These conjugates may be proteins en route to
vacuolar degradation, and there may be blockage prior to late
endosome delivery. An overaccumulation of ubiquitinated
plasma membrane proteins prior or at the late endosome
might result in the recycling of endocytosed proteins to the
plasma membrane, as reported for a variety of mutants in
which endosomal transport to the vacuole is blocked (11, 51).
Preliminary data suggest that doa4A cells indeed show limited
recycling under some experimental conditions. Recycling re-
sulting from an absence of deubiquitination might be artifac-
tual, being due to a backup resulting from a downstream block
rather than a normal physiological event. Intuitively, a recy-
cling event in a Ub-dependent endocytic pathway is more likely
to be due to a deubiquitination step. A rare example of deubig-
uitination described in an endocytic pathway is that of the
high-affinity immunoglobulin E receptor (FceRI) (47). Anti-
gen-induced engagement of FceRI results in the immediate
multiubiquitination of FceRI B and <y chains. Disengagement
of the receptors is accompanied by massive, rapid deubiquiti-
nation without any receptor degradation (47); hence, receptors
may be recycled. A recycling pathway was found recently in
yeast by using a lipophilic dye, FM4-64 (83). Recycling in yeast
has been described for a limited number of proteins, including
chitin synthases (9) and the v-SNAREs Snclp and Snc2p (39).
Whether the internalization of chitin synthases and Snc pro-
teins is or not Ub dependent has not been reported. Recycling
was also recently reported for the a-factor receptor (Ste3p)
internalized via a ligand-dependent pathway (8). The constitu-
tive, ligand-independent internalization of Ste3p is Ub depen-
dent (55) and has been extensively characterized (54, 56). Add-
ing the ligand also causes the ubiquitination of a truncated
form of Ste3p, lacking the sequence involved in constitutive
internalization (55). Whether deubiquitination is involved in
the recycling of Ste3p has not been reported. A potential role
for Doa4p in recycling thus remains an open question.

The ubiquitination of uracil permease appears primarily to
be a plasma membrane event. Ub-Furdp conjugates are found
in sucrose gradients in plasma membrane fractions. Conjugates
accumulate in arp2 cells after the inhibition of internalization;
the pool of plasma membrane Ub-Furdp is very stable and
unchanged in cells also lacking DOA4. Ub conjugates of sev-
eral other plasma membrane proteins also accumulate after
inhibition of the internalization step of endocytosis (13, 26, 55).
In addition to this apparent general involvement of ubiquiti-
nation as a signal-triggering internalization, it was also pro-
posed that ubiquitination may occur in internal compartments
in yeast. Ubiquitination may be required for diverting intracel-
lular pools of the tryptophan permease Tat2p, from the Golgi
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complex directly to the vacuole upon nutrient limitation (5).
Deubiquitination might have other regulating roles in such
situations. Both Tat2p and Ste6p, the transporter of the a-fac-
tor, are found at the vacuolar membrane (5) or as a ring
delimiting the vacuole (40) in doa4 cells not complemented
with Ub. Whether this unusual localization results from a lack
of Ub, characteristic of doa4 cells, or a deficiency in Doa4-
dependent deubiquitination remains to be elucidated. One
possibility is that a ubiquitination event is required for the
invagination to the interior of late endosomes. Nedd4, the
human homolog of the Ub ligase Rsp5p, is found both at the
plasma membrane and in endosome-like structures, suggesting
that it may be involved in ubiquitination in internal compart-
ments (52). Rsp5p is also found at these two sites (79).

Ubiquitination-deubiquitination events may also regulate
the trafficking machinery. The ubiquitin ligase c-Cbl is involved in
the multiubiquitination of several tyrosine kinases receptors as-
sociated with their endocytosis and itself undergoes plasma mem-
brane multiubiquitination, followed by rapid deubiquitination be-
fore its return to the cytoplasm (80). Eps15, a protein required for
the correct formation of clathrin-coated vesicles in mammalian
cells (58), undergoes monoubiquitination in response to epi-
dermal growth factor binding to its receptor (74). While the
UBPs involved in deubiquitination of these proteins have not
yet been identified, genetic data suggest that epsin, one of the
partners of Epsl5 (58), is a key target of the Drosophila Fat
facets deubiquitinating enzyme (7).

Thus, this study indicates that the yeast Ub isopeptidase
Doadp is involved in the deubiquitination of endocytosed
plasma membrane proteins. The other UBP(s) able to replace
Doadp in vps class E mutants remains to be identified. Further
investigations are also needed to determine whether Doadp
has other roles in trafficking events associated with the late
steps of the endocytic pathway.
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ADDENDUM IN PROOF

While this paper was in press, Kolling and coworkers re-
ported that the accumulation of the Ste6p tarnsporter at the
vacuolar membrane in doa4A cells results from the decrease in
the Ub pool in these cells (S. Losko, F. Kopp, and R. Kolling,
Mol. Biol. Cell 12:1047-1059, 2001).
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