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In Saccharomyces cerevisiae, the addition of glucose to cells growing on galactose induces internalization of
the galactose transporter Gal2p and its subsequent proteolysis in the vacuole. Here we report that the essential
step in Gal2p down-regulation is its ubiquitination through the Ubclp-Ubc4p-Ubc5p triad of ubiquitin-
conjugating enzymes and Npil/RspSp ubiquitin-protein ligase. Moreover, Gal2p appears to be stabilized in
mutant cells defective in the ubiquitin-hydrolase Npi2p/Doad4p, and the mutant phenotype can be reversed by
overexpression of ubiquitin. An analysis of the fate of Gal2p in cells overexpressing wild-type ubiquitin as well
as its variants incompetent to form polyubiquitin chains showed that monoubiquitination of Gal2p is sufficient
to signal internalization of the protein into the endocytic pathway.

The covalent linkage of ubiquitin to a variety of eukaryotic
proteins targets them for degradation. This process involves
sequential transfer of the ubiquitin moiety to specific lysine
residues of substrate proteins via an E1-E2-E3 enzyme (ubig-
uitin-activating enzyme, ubiquitin-conjugating enzyme, and
ubiquitin-protein ligase) thioester cascade and culminates in
formation of an isopeptide bond between the C-terminal gly-
cine of ubiquitin and the e-amino group of lysine(s) on the
substrate protein. Specificity in substrate recognition resides
largely at the level of E3's, and an additional degree of com-
binatorial specificity probably results from specific E2-E3 in-
teractions. Attachment of ubiquitin to substrate proteins has
distinct mechanistic roles in two completely different intracel-
lular proteolytic pathways. Ubiquitination of short-lived cyto-
solic and nuclear proteins, as well as proteins that undergo
endoplasmic reticulum-associated degradation, marks them
for hydrolysis by the multicatalytic, multisubunit protease, the
26S proteasome (15, 18, 20, 37, 38). For most of the 26S
proteasome substrates, the attachment of a polyubiquitin chain
in which at least four ubiquitin molecules must be linked by
amide bonds between Lys48 of ubiquitin molecules and the
C-terminal carboxyl group of the next following ubiquitin fa-
cilitates their binding to the proteasome (15, 20, 37, 54). Ubig-
uitination of many plasma membrane receptors and nutrient
transporters, however, signals their internalization into the en-
docytic pathway and subsequent proteolysis in the vacuole (5,
16, 43). For all short-lived plasma membrane proteins exam-
ined to date, a single ubiquitin moiety or a very short ubiquitin
chain appears to suffice to trigger their endocytotic uptake.
These plasma membrane proteins are often internalized con-
stitutively. Modulation of the rate of their internalization, in-
duced by a change in nutrient availability, usually from less
desirable nitrogen or carbon sources or starvation conditions
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to preferred sources or rich medium, by binding of their own
substrates, or by cell stress, plays the primary role in control-
ling nutrient uptake (21). Because the ubiquitin itself is a
long-lived protein in the yeast Saccharomyces cerevisiae, it must
be removed from the substrate conjugates before or during
substrate degradation. It appears that both major intracellular
degradation pathways (e.g., proteasomal and vacuolar) share
the requirement for protein deubiquitination by the deubiq-
uitinating enzyme Npi2/Doa4 (1, 36, 51).

The GAL2-encoded galactose transporter Gal2p belongs to
the family of conditionally short-lived plasma membrane pro-
teins, which are inducible by their own substrates (34, 39, 52).
Its activity undergoes tight regulation according to the carbon
source in the culture medium, so that its activity is maximal in
cells growing on galactose as the sole carbon source. Upon
addition of glucose or any other easily fermentable carbon
source, however, GAL2 transcription is repressed by multiple
mechanisms, and presynthesized Gal2p transporter is inacti-
vated by a process referred to as glucose or catabolite inacti-
vation (6, 7, 22, 32). The overall effect of these glucose-regu-
lated processes is thought to speed up the cell transition from
utilization of galactose to the fermentation of the preferred
sugar glucose. Previously, we (22) and Chiang et al. (6) have
shown that during glucose-induced inactivation, a relatively
rapid and irreversible loss of both Gal2p transport activity and
Gal2p amount occurs due to its internalization by endocytosis
from the plasma membrane. Once internalized, the protein is
targeted to the vacuole, where it is degraded by vacuolar pro-
teases with no assistance of the 26S proteasome. Moreover,
our previous finding of Gal2p-ubiquitin conjugates under the
conditions resulting in Gal2p proteolysis suggested the possible
role of ubiquitin in this process (22).

Here we show that ubiquitin actually plays a primary role in
the Gal2p proteolysis. Our results indicate that the ubiquitin-
conjugating enzymes Ubclp, Ubcdp, and UbcSp, as well as the
ubiquitin-protein ligase Npil/Rsp5p, are required for Gal2p
degradation. Consistent with this view, we find that loss of the
free intracellular pool of ubiquitin due to a gene mutation of
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NPI2/DOA4 severely impairs glucose-induced Gal2p proteoly-
sis and that this defect can be suppressed by the overexpression
of ubiquitin. We also find that overexpression of mutant ubig-
uitins carrying Lys-to-Arg mutations that prevent the forma-
tion of various kinds of ubiquitin chains in the npi2/doa4 mu-
tant restores Gal2p proteolysis to nearly the wild-type level.
Taken together, the data suggest that monoubiquitination of
Gal2p through the enzymes Ubclp, Ubc4p, Ubc5p, and Npil/
Rsp5Sp of the ubiquitination machinery is sufficient to signal
Gal2p for effective internalization by endocytosis and subse-
quent proteolysis in the vacuole.

MATERIALS AND METHODS

Yeast strains and growth conditions. The S. cerevisiae strains used were 23344c
(MATo ura3) and its isogenic derivatives 27088a (MATa ura3 npil) and 270716
(MATo ura3 trpl npi2). The ubc mutant strains used in this study are congenic to
wild-type strain YWO1 (MAT« lys2-801 leu2-3,2-112 ura3-52 his3-200 trpI1-1I)
(am) (ubcl, ubc4, ubc5, and ubc4,5) or W303-1B (MAT« ade2-1 leu2-3,112
his3-11,15 trpl-1 ura3-1) (ubc6,7 and ubc8), YWO9 (ubcl::URA3), YWO13
(ubc4::HIS3), YWO17 (ubc5::LEU2), YWO23 (ubc4::HIS3 ubc5::LEU2), CPQ
(ubc6::LEU2, ubc7::LEU2), and YTS2 (ubc8::kanMX). The yeast cell cultures
were grown in either rich medium (1% yeast extract, 2% Bacto peptone) or
minimal SD medium (0.67% Difco nitrogen base without amino acids), supple-
mented with 2% glucose or 2% galactose plus 0.02% glucose and auxotrophic
requirements. Solid media were supplemented with 2% Bacto agar. Where
indicated, 100 nM CuSO, was added to induce expression of genes under the
CUPI promoter. The cells were grown aerobically at 30°C on a rotary shaker, and
their growth was monitored according to the optical density at 600 nm (ODjg).
For Western analyses and measurements of transport activity, the yeast strains
were grown to an ODy, of 0.5 to 1.0. To induce inactivation, cells were harvested
by centrifugation (2,500 rpm, 4 min [Jovan BR4]), washed, and resuspended in
0.17% yeast nitrogen base without ammonium and amino acids plus 2% glucose
to an ODg of 3. The samples were taken at the times indicated below over a 4-
to 6-h period, and for each sample, galactose transport activity was determined
and total cell extracts were prepared for Western analysis.

Plasmids and DNA manipulations. The plasmid YEp96 is a 2um S. cerevisiae-
based shuttle vector that contains a synthetic ubiquitin gene under the control of
the copper-inducible CUPI promoter (9). Plasmids encoding mutant ubiquitin
variants, in which Lys29 (UbK29R) (9), Lys48 (UbK48R) (19), Lys63 (UbK63R)
(9), and all seven lysines (Lys6, -11, -27, -29, -33, -48, and -63; Ub-noLys) (53)
have been replaced by arginine, are also derivatives of YEp96. Overexpression of
CUPI-containing DNA was induced with 100 pM CuSO, for at least 3 h. pS25
is a 2um S. cerevisiae-Escherichia coli vector that carries the GAL2 gene under
the control of its own promoter (23). Yeast transformation was performed by the
lithium acetate procedure (23) or by electroporation. E. coli DH5a was used for
propagation and isolation of plasmids as described previously (3).

Western blotting analysis. For cell lysis, 1 ml of the cell suspension (ODg, of
3) was incubated for 10 min with 150 pl of freshly prepared 1.85 M NaOH and
7.5% B-mercaptoethanol. Proteins were precipitated for 10 min on ice by addi-
tion of 150 pl of 50% trichloroacetic acid, and the precipitates were collected by
centrifugation for 10 min at 13,000 X g. The pellet was quickly rinsed with 1 M
Tris base and resuspended in 120 to 150 pl of 50 mM Tris-HCI buffer (pH 6.8)
containing 8 M urea, 5% sodium dodecyl sulfate (SDS), 0.1 mM EDTA, and
1.5% dithiothreitol. No addition of a protease inhibitor was required. The sam-
ples were incubated for 15 min at 37°C and centrifuged for 20 min at 13,000 X
g. Equal amounts of protein in supernatants were loaded onto each lane of a
standard 10% acrylamide gel, subjected to SDS-polyacrylamide gel electrophore-
sis, and electroblotted on polyvinylidene difluoride (PVDF) filters (Amersham).
The filters were blocked with 5% nonfat milk in Tris-buffered saline (TBS-T
buffer; 50 mM Tris-HCI [pH 7.4], 150 mM NacCl, 0.1% Tween 20) by shaking for
2 h at room temperature (or overnight at 4°C) and were further treated either
with a polyclonal anti-Gal2p antibody (22) or with antiserum directed against the
first 20 N-terminal residues of Gal2p conjugated to ovalbumin (a gift of A.
Kruckeberg, E. C. Slater Insituut, Amsterdam, The Netherlands) (diluted 1:500
and 1:750 in TBS-T containing 1% nonfat milk, respectively) for 1 h. After being
washed five times in TBS-T, the PVDF sheets were incubated with the secondary
goat anti-rabbit antibody (Medac, Hamburg, Germany) coupled to peroxidase,
which was diluted 1:5,000 in TBS-T buffer for 1 h. The membranes were washed
several times with TBS-T, and the peroxidase activity was detected with the ECL
enhanced chemiluminescence system (Amersham). The relative intensities of the
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Gal2p bands at each time point were quantified by scanning densitometry on the
ECL-Hyperfilms. Quantification was performed in the range in which the signal
intensity was found to be proportional to the protein concentration.

Transport assays. Gal2p transport activity was examined by using brief incu-
bations of the yeast cell suspensions with 3 mM tritiated galactose at 30°C
essentially as described previously (22).

Lucifer yellow carbohydrazide assays. Endocytosis of lucifer yellow was per-
formed essentially as described by Dulic et al. (8). Briefly, yeast cells were grown
in minimal SD medium with 2% galactose and appropriate supplements to an
ODg of 0.8 to 1.0, harvested by centrifugation, concentrated to an ODg of
about 20 in fresh growth medium, and incubated for 1 h in the dark in the
presence of 6 to 8 mg of lucifer yellow carbohydrazide (Sigma) per ml. Then the
cells were harvested by low-speed centrifugation, washed three times in 1 ml of
ice-cold buffer (50 mM sodium phosphate, 20 mM sodium azide, 20 mM sodium
fluoride [pH 7.0]), and finally resuspended in the same buffer. Luciferase yellow
was visualized by fluorescence microscopy with fluorescein isothiocyanate optics.

RESULTS

The enzymes Ubclp, Ubc4p, Ubc5p, and Npilp/Rsp5p of the
ubiquitin system are responsible for efficient internalization
and degradation of the Gal2p transporter. Our previous find-
ing of Gal2p ubiquitination in response to glucose added to
cells growing on galactose, followed by its endocytosis and
vacuolar proteolysis (22), pointed to the possibility of activity
of the components of the ubiquitin system in these processes.
If this is true, then mutations that inactivate the relevant com-
ponents of the ubiquitination machinery should inhibit Gal2p
endocytosis and degradation. Therefore, we measured Gal2p
turnover by using the standard inactivation assay with yeast
strains having deletions in various UBC genes as well as in the
mutated NPI1/RSP5 gene.

In §. cerevisiae, 11 E2 ubiquitin-conjugating enzymes (Ubcs)
and two Ubc-like proteins have been identified, and at least for
some of them, specific physiological functions have been un-
covered (20). The UBC1, UBC4, and UBCS5 genes encode a
functionally overlapping group of ubiquitin-conjugating en-
zymes that together are required for multiple cell functions,
including ubiquitination and/or endocytosis of several yeast
plasma membrane proteins (13, 17, 25, 33, 41). Our immuno-
blot analysis for monitoring the fate of Gal2p indicated a
half-life of about 1 h for the Gal2p transporter in wild-type
cells (22) (Fig. 1A) and showed that its degradation in re-
sponse to glucose is somewhat inhibited in ubcl and partially
inhibited in ubc4 and ubc5 single mutants. Degradation is
strongly impaired in ubc4 ubc5 double mutant cells. Analysis of
the data shows that deletions of the UBC1, UBC4, and UBC5
genes lead to 1.5- to 2-fold, 4-fold, and 2- to 3-fold increases in
the half-life of Gal2p, respectively, while the half-life of Gal2p
was increased up to 10-fold compared to that of the wild type
in the ubc4 ubc5 double mutant. When measurement of Gal2p-
mediated transport activity was used as an indirect assay of
protein internalization, similar results were obtained under the
same inactivation conditions (data not shown). In similar ex-
periments, we also examined Gal2p internalization and prote-
olysis in other ubc deletion mutant strains. Consistent with
their specific roles in endoplasmic reticulum-associated protein
degradation in the case of Ubc6p and/or Ubc7p (38, 47), and
Ubc8p, which is specifically involved in proteolysis of fructose-
1,6-bisphosphatase (44), neither Gal2p internalization nor deg-
radation was affected in mutant cells lacking the corresponding
UBC genes (data not shown). The data presented above are
thus in accordance with the view that the Ubclp, Ubcdp, and
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FIG. 1. Ubiquitination of Gal2p transporter in response to glucose
requires the Ubclp, Ubcdp, and Ubc5p ubiquitin-conjugating en-
zymes. Wild-type (wt) and ubcl, ubc4, ubc5, and ubc4/5 mutant cells
were grown to the exponential phase in SD galactose medium. The
cells were harvested and resuspended in inactivation medium as de-
scribed in Materials and Methods. At the indicated times, total cell
extracts were prepared and the proteins were subjected to Western
analysis with Gal2p-specific antibodies. The experiments were re-
peated at least twice with similar results.

Ubc5p enzymes play an overlapping role in ubiquitination and
subsequent endocytosis of Gal2p. However, the ubc4 ubc5 dou-
ble mutant grows much more slowly than its isogenic wild-type
strain. Therefore, an alternative explanation for disturbed
Gal2p degradation could be that growth defects observed in
the ubc4 ubc5 double mutant are, in fact, a consequence of a
general retardation of endocytosis. To test this possibility, we
examined bulk endocytosis in all of the ubc mutants described
above by using the fluid-phase (bulk) endocytosis marker lu-
cifer yellow carbohydrazide. No defects in accumulation of this
dye in the ubc mutants were observed (results not shown).
We also tested the role of Npilp/Rsp5p, one of the known or
putative E3’s that belong to the Hect domain family of ubiqg-
uitin-protein ligases (20, 43, 55) in Gal2p degradation. Because
npil/rsp5 null mutations are lethal for cells, we used cells car-
rying a promoter mutation that expresses less than 10% of the
wild-type protein level of Npil/RspSp (49). Both internaliza-
tion and proteolysis of Gal2p (Fig. 2) are substantially reduced
in the mutant cells. Our results are thus consistent with previ-
ous data that had revealed a requirement of Npilp/RspSp for
ubiquitination and/or endocytosis of all yeast plasma mem-

wt npil/rsp5

0 90 180270 0 90 180 270 (min)

FIG. 2. Effect of reduced expression of Npil/Rsp5 ubiquitin-pro-
tein ligase on glucose-induced down-regulation of Gal2p. Analysis of
Gal2p in wild-type (wt) and in npil/rsp5 mutant cells was done as
described in the legend to Fig. 1.
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FIG. 3. Stabilization of galactose transporter Gal2p in npi2/doa4
cells is reversed by overexpression of wild-type ubiquitin. Wild-type
(wt) and npi2/doa4 cells, either untransformed (Fig. 3A) or trans-
formed with plasmid YEp96 (B), encoding wild-type ubiquitin, were
grown as described in the legend to Fig. 1. Cells were collected 4 h later
after addition of CuSO, (0.1 mM) and resuspended in inactivation
medium, and protein extracts were prepared at the times indicated.
Gal2p was detected by Western immunoblotting.

brane proteins with which this aspect has been studied (4,
12-14, 26, 29, 33).

A defective Npi2/Doa4 deubiquitinating enzyme abolishes
degradation of the Gal2p transporter. To further confirm the
involvement of ubiquitin in glucose-induced proteolysis of the
Gal2p transporter, we examined its turnover in an npi2/doa4
mutant, which is also defective in ubiquitination. NPI2/DOA4
(34) encodes one of 17 known deubiquitination enzymes
(Dubs) that are in principle able to generate free ubiquitin
from ubiquitin-protein conjugates (20, 57). The absence of
functional Npi2p/Doa4p in npi2/doa4 mutant cells makes them
defective in proteolysis of several plasma membrane proteins
marked with ubiquitin (11, 29, 31, 33, 50, 53), probably as a
result of their defect in replenishing ubiquitin into the free
intracellular ubiquitin pool. To assess whether Npi2p/Doa4p is
also involved in Gal2p proteolysis, we compared both the
steady-state levels of Gal2p and its galactose transport activity
in wild-type and npi2/doa4 cells. As shown in Fig. 3A, the
Gal2p degradation is strongly impaired in the mutant cells
compared to that of the wild-type strain. Similarly, we found
that inactivation of Gal2p-mediated galactose transport in re-
sponse to glucose is reduced to a comparable extent in the
mutant (data not shown).

A number of intracellular defects observed in the npi2/doa4
mutant cells, including strongly impaired proteolysis of some
plasma membrane proteins, can be overcome at least partially
by restoration of normal intracellular ubiquitin levels (11, 30,
50, 53). Based on this knowledge, we overexpressed ubiquitin
in wild-type and npi2/doa4 cells transformed with a multicopy
plasmid bearing the ubiquitin gene under the control of the
copper-inducible CUP!I promoter. Figure 3B shows that over-
expression of ubiquitin does not affect Gal2p turnover in wild-
type cells, while when overexpressed in npi2/doa4 mutant cells,
the defect in Gal2p turnover is nearly fully restored.

Monoubiquitination of the Gal2p transporter suffices for
initiating its internalization. Our previous analysis of the
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FIG. 4. Mutant ubiquitins restore normal glucose-induced Gal2p
turnover in npi2/doa4 cells. npi2/doa4 cells transformed with plasmids
encoding wild-type ubiquitin (Ub), Ub29R, Ub48R, Ub63R, and Ub-
no-Lys were grown in SD galactose medium as described in the legend
to Fig. 1 and then induced for 3 h with CuSO, (0.1 mM). The cells were
collected and resuspended in inactivation medium, and protein ex-
tracts were prepared at the times indicated. Gal2p was detected by
Western immunoblotting.

Gal2p ubiquitination pattern had revealed a complex set of
Gal2p-ubiquitin conjugates formed transiently in the cells
growing on galactose in response to glucose addition (22).
However, whether this modification corresponds to the forma-
tion of polyubiquitin chains on Gal2p or an attachment of
single ubiquitin moieties on its multiple lysine residues re-
mained unresolved. To distinguish between these alternatives,
both steady-state levels and internalization of the Gal2p were
examined in npi2/doa4 mutant cells overexpressing wild-type
ubiquitin or mutant ubiquitins (bearing a single Lys-to-Arg
mutation in Lys29, -48, and -63, respectively, which prevents
the formation of polyubiquitin chains in vivo in yeast) (2, 10,
24, 48). Overexpression of all ubiquitin molecules carrying
Lys-to-Arg mutations restored proteolysis in npi2/doa4 mutant
cells (Fig. 4) as well as Gal2p internalization (data not shown)
to an extent identical to that observed upon overexpression of
wild-type ubiquitin (Fig. 3). These results suggest that polyu-
biquitin chains formed via Lys29, Lys48, and Lys63 are not
required for Gal2p internalization and degradation. However,
ubiquitin carries four other lysine residues in its sequence,
namely Lys6, -11, -27, and -33. To test if Gal2p internalization
and degradation require polyubiquitin chain formation via a
lysine(s) other than Lys29, -48, or -63, we analyzed the fate of
Gal2p in a yeast strain carrying a ubiquitin lacking all its lysine
residues (Ub-noLys). Figure 4 shows that this is not the case
and that Gal2p monoubiquitination is sufficient for degrada-
tion.

DISCUSSION

The results described in this report support our previous
view (22) that ubiquitination of the galactose transporter
Gal2p is a prerequisite for rapid posttranslational regulation of
its activity by glucose-triggered proteolysis. This is based
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mainly on the following observations. First, mutations that
inactivate (ubc mutations) or at least strongly reduce activity
(npil/rsp5 mutation) of some components of the ubiquitin con-
jugation pathway substantially slow down Gal2p degradation.
Thus, we have shown that reduced levels of the Npilp/Rsp5p
E3 ubiquitin-protein ligase correlate well with the dramatic
decrease in the rate of glucose-induced Gal2p endocytosis and
proteolysis (Fig. 2). Npil/Rsp5p appears to be necessary for
the degradation of all yeast plasma membrane transporters for
which it has been studied: e.g., the sugar transporters Malllp,
Mal61p, and Hxt6p/7p; the amino acid transporters Tat2p and
Gaplp and Candida albicans Canlp when expressed in S. cer-
evisiae; the uracil transporter Furdp; and the zinc transporter
Zrtlp (4, 13, 14, 26, 29, 31, 33). Therefore, Npilp/Rsp5p may
be the key player in this posttranslational modification direct-
ing plasma membrane proteins for degradation. We also dem-
onstrated the need for a functionally redundant family of E2's
(ubiquitin-conjugating enzymes), Ubc4p and UbcS5p (and
probably also Ubclp), for Gal2p ubiquitination (Fig. 1) and
endocytosis. In addition, our results show that an ubc4 ubc5
double mutant is even more defective for the Gal2p internal-
ization and proteolysis than the single mutants. This finding is
consistent with the known overlapping functions of Ubc4p and
Ubc5p. However, the functions of the three E2's Ubclp,
Ubcdp, and UbcSp are limited to date to only a subset of
known or supposed Npilp/RspSp targets, including Ste2p and
Ste3p, the receptors for a- and a-factor, a-factor transporter
Ste6p, and Zrtlp and Mal6lp (13, 17, 33, 42). Moreover, for
Mal61p, the E2's described above were implicated in an as yet
unknown posttranslational role in expression of the maltose
transporter rather than its proteolysis (33). The rate of glu-
cose-triggered proteolysis is strongly impaired in an npi2/doa4-
mutated strain (Fig. 3). NPI2/DOA4 encodes a ubiquitin-pro-
tein hydrolase that appears to function in recycling of ubiquitin
from ubiquitinated substrates targeted to the proteasome (35,
36, 51) and, rather surprisingly, from substrates targeted to the
vacuole (1, 51). According to the current model, Npi2/Doadp
functions late in the ubiquitin-proteasome pathway, probably
by releasing ubiquitin from ubiquitin-substrate conjugates as-
sociated with the 26S proteasome (36). Removal of ubiquitin
from ubiquitinated plasma membrane proteins that are en
route to the vacuole occurs at the level of the late endosome or
prevacuolar compartment (1). Consistent with this view is the
restoration of Gal2p degradation in npi2/doa4 mutant cells, in
which ubiquitin was overexpressed (Fig. 3B).

Analysis of the mode of ubiquitination of «- and a-factor
receptors (Ste2p and Ste3p) (17, 42, 53) and some nutrient
transporters (Furdp, Gaplp, Zrtlp, Malllp, and Mal61p) (11,
13, 30, 50) revealed a scenario, according to which one to three
of their target lysines accept one to three ubiquitin moieties,
depending on the protein studied and/or the experimental con-
ditions used. In addition, for Gaplp and Furdp, it has been
shown that they both bear two target lysine residues capable of
accepting up to two or three ubiquitin residues linked via Lys63
(11, 50). To test if the short di- and triubiquitin chains or a
single ubiquitin molecule might be sufficient to direct the in-
ternalization of plasma membrane proteins, truncated Ste2p
and Ste3p lacking all ubiquitination sites were fused in frame
with a ubiquitin monomer (42, 46, 53). Analysis of their fate
strongly suggested that monoubiquitin provides a signal suffi-
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cient to initiate their internalization into the endocytic path-
way. No required contribution from the sequence of the pro-
tein is sufficient to trigger this process.

Although the galactose transporter Gal2p displays a set of a
high-molecular-mass ubiquitin conjugates formed in response
to glucose, it obviously escapes recognition and subsequent
proteolysis by the 26S proteasome (22). To find an explanation
for this apparent paradox, we tested the two alternatives for-
mation of polyubiquitin chains on Gal2p, in which ubiquitin
moieties are not linked through Lys48, and/or modification of
Gal2p by the addition of single ubiquitins on multiple lysine
residues of the protein. To decide between these possibilities,
we examined the fate of Gal2p in npi2/doa4 mutant cells over-
expressing either wild-type or mutant ubiquitins incompetent
to form ubiquitin chains via K29, K48, K63, and all other
lysines, respectively. Overexpression of any of the ubiquitin
mutant forms described above restored proteolysis of the
Gal2p transporter (Fig. 4) as well as its internalization (results
not shown) in npi2/doa4 mutant cells to the same extent as
overexpression of wild-type ubiquitin. Taken together with our
previous data (22), these results suggest that monoubiquitina-
tion, e.g., binding of a single ubiquitin moiety to multiple lysine
residues in Gal2p, is sufficient to signal its efficient internaliza-
tion and proteolysis. There is now increasing evidence that in
response to specific physiological signals, ubiquitination may
also regulate sorting of at least some yeast plasma membrane
proteins from the endosome and/or trans-Golgi network to the
vacuole without passing through the plasma membrane (4, 27,
40). Experiments to investigate whether this sorting mecha-
nism is also operating in case of the Gal2 transporter are under
way.
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