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Protein ubiquitylation is essential for many events linked to
intracellular protein trafficking. Despite the significance of this
process, the molecular mechanisms that govern the regulation
of ubiquitylation remain largely unknown. Plasma membrane
transporters are subjected to tightly regulated endocytosis, and
ubiquitylation is a key signal at several stages of the endocytic
pathway. The yeast monocarboxylate transporter Jenl displays
glucose-regulated endocytosis. We show here that casein kinase
1-dependent phosphorylation and HECT-ubiquitin ligase Rsp5-
dependent ubiquitylation are required for Jenl endocytosis.
Ubiquitylation and endocytosis of Jen1 are induced within min-
utes in response to glucose addition. Jenl is modified at the cell
surface by oligo-ubiquitylation with ubiquitin-Lys®® linked
chain(s), and ]enl-Lys338 is one of the target residues. Ubiquitin-
Lys®3-linked chain(s) are also required directly or indirectly to
sort Jenl into multivesicular bodies. Jen1 is one of the few exam-
ples for which ubiquitin-Lys®*-linked chain(s) was shown to be
required for correct trafficking at two stages of endocytosis:
endocytic internalization and sorting at multivesicular bodies.

Ubiquitylation is one of the most prevalent protein post-
translational modifications in eukaryotes. In addition to its role
in promoting proteasomal degradation of target proteins, ubiq-
uitylation has been shown to regulate multiple processes,
including DNA repair, signaling, and intracellular trafficking.
Ubiquitylation serves as a key signal mediating the internaliza-
tion of plasma membrane receptors and transporters, followed
by their intracellular transport and subsequent recycling or
lysosomal/vacuolar degradation (1, 2). In Saccharomyces cer-
evisiae, transporters usually display both constitutive and accel-
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erated endocytosis regulated by factors such as excess sub-
strate, changes in nutrient availability, and stress conditions.
Ubiquitylation of these cell surface proteins acts as a signal trig-
gering their internalization (1). A single essential E3* ubiquitin
ligase, Rsp5, has been implicated in the internalization of most,
if not all, endocytosed proteins (3). Rsp5 is the unique member
in S. cerevisiae of the HECT (homologous to EGAP COOH ter-
minus)-ubiquitin ligases of the Nedd4/Rsp5 family (4). In a few
cases, Rsp5-dependent cell surface ubiquitylation was shown to
involve PY-containing adapters that bind to Rsp5 (5-7). Rsp5-
mediated ubiquitylation is also required for sorting into mul-
tivesicular bodies (MVBs) of endosomal membrane proteins
that come from either the plasma membrane (through endocy-
tosis) or the Golgi (through vacuolar protein sorting (VPS)
pathway) (8). Although much progress has been made in eluci-
dating the mechanistic basis of various steps in protein traffick-
ing, the precise requirement for a specific type and length of Ub
chains at various stages of the endocytic pathway remains to be
addressed.

The ubiquitin profile needed for proper internalization has
been established for some yeast membrane proteins (1). The
a-factor receptor Ste2 was described as undergoing mono-
ubiquitylation on several lysines (multimonoubiquitylation).
The a-factor receptor, Ste3p; the general transporter of amino
acids, Gapl; the zinc transporter, Ztrl; and the uracil trans-
porter, Fur4, have been shown to be modified by short chains of
two to three ubiquitins, each attached to one, two, or more
target lysine residues (oligo-ubiquitylation). Among them, Fur4
and Gapl were the only transporters demonstrated to undergo
plasma membrane oligo-ubiquitylation with ubiquitin residues
linked via ubiquitin-Lys®® (9, 10). In addition, the two sid-
erophore transporters Arnl and Sitl were also shown to
undergo Lys®*-linked cell surface ubiquitylation (11, 12).
Whether these four transporters are representative of a larger
class of plasma membrane substrates remains to be deter-
mined. Little is known about the type of ubiquitylation involved
and/or required for sorting to MVBs. Some MVB cargoes
appear to undergo monoubiquitylation (8), whereas Sna3, an
MYVB cargo of unknown function, undergoes Lys®*-linked ubiq-
uitylation (13). Lys®*-linked ubiquitin chains were also recently

“The abbreviations used are: E3, ubiquitin-protein isopeptide ligase; MVB,
multivesicular body; GFP, green fluorescent protein; NTA, nitrilotriacetic
acid; VPS, vacuolar protein sorting; Ub, ubiquitin; HA, hemagglutinin;
Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]lglycine.
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TABLE 1
Strains and plasmids used in this study
Genotype Reference/Source
Strain
W303-1AjenlA MATa ura3-52 trpl-1 leu2-3-112 his3-11 ade2-1 canl-100 jenl:KanMX4 Ref. 17
BLC 493 MATa his4 leu2 ura3 arl-1 end3-1 JEN1-GFP-KanMX4 Ref. 23
27061b MATaura3 trpl Ref. 27
MOB52 MATa ura3 trpl end3:KanMX4 Ref. 42
27064b MATa ura3 trpl npil Ref. 27
SP1 MATa ura3 trpl JENI-6His-3HA-loxP-KanMX4-loxP This study
SP2 MATa ura3 trpl npil JEN1-6His-3HA-loxP-KanMX4-loxP This study
SP5 MATa his3 leu2 ura3-52 JEN1-6His-3HA-loxP-KanMX4-loxP This study
SPe6 MATa his3 leu2 ura3-52 Ayckl yck2-1ts JEN1-6His-3HA-loxP-KanMX4-loxP This study
SpP7 MATa ura3-52 trpl-1 leu2-3-112 his3-11 ade2-1 canl-100 JEN1-6His-3HA-loxP-KanMX4-loxP This study
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf
BY4741end3A MATa his3A1 leu2A0 met1SAO ura3A0 end3::KanMX4 Euroscarf
BY4741npil MATa his3A1 leu2A0 met1SAO ura3A0 npil R. H.-T. laboratory
SUB280 MATa lys2-801 leu2-3 112 ura3-52 his3-A200 trp1-1 ubil-A1::TRPI ubi2-A2:ura3 ubi3-Aub-2 Ref. 40
ubi4-A2::LEU2 (pUB39 Ub, LYS2) (pUB100, HIS3)
SUB413 MATa lys2-801 leu2-3,112 ura3-52 his3-A200 trp1-1(am) ubil-Al1::TRP1 ubi2-A2::ura3 ubi3-AUb-2, Ref. 40
ubi4-A2::LEU2 (pUB39 UbK63R, LYS2) (pUB100, HIS3)
Plasmid

pSP2 CEN, URA3, pJEN1-JENI-GFP This study
pSP3 CEN, URA3, pJEN1-JEN-K9R-GFP This study
pSP4 CEN, URA3 pJENI-JEN-K338R-GFP This study
pJEN-GFP-6HIS CEN, URA3, pGAL-JEN1-GFP-6 XHIS This study

reported to be required, directly or indirectly, for MVB sorting
of the siderophore transporter, Sitl, when trafficking through
the VPS pathway in the absence of its external substrate (11). In
agreement with the possibility that additional membrane-
bound proteins might undergo Lys®*-linked ubiquitylation, a
proteomic study aiming to uncover ubiquitylated yeast proteins
showed that Lys®®*-ubiquitin chains are far more abundant than
previously thought (14).

The transport of monocarboxylates, such as lactate and pyru-
vate, as well as ketone bodies across the plasma membrane is
essential for the metabolism of cells of various organisms. A
family of monocarboxylate transporters has been reported that
includes mainly mammalian members (15). In S. cerevisiae, two
monocarboxylate-proton symporters have been described,
Jenl and Ady2 (16, 17). These transporters exhibit differences
in their mechanisms of regulation and specificity. Jenl is a lac-
tate-pyruvate-acetate-propionate transporter induced in lactic
or pyruvic acid-grown cells (18). Ady2, which accepts acetate,
propionate, or formate, is present in cells grown in non-fer-
mentable carbon sources (19). Jen1 has unique regulatory char-
acteristics and has been extensively studied. It was the first sec-
ondary porter of S. cerevisiae characterized by heterologous
expression in Pichia pastoris at both the cell and the membrane
vesicle levels (20). The addition of glucose to lactic acid-grown
cells very rapidly triggers loss of Jen1 activity and repression of
JEN1 gene expression (21, 22). Newly synthesized Jenl-GFP
fusion protein is sorted to the plasma membrane in an active
and stable form, and loss of Jen1-GFP activity upon glucose
addition is the result of its endocytosis followed by vacuolar
degradation (23). Data from large scale analyses based on mass
spectrometry approaches led to the detection of two sites of
ubiquitylation for Jenl, one located in the N terminus of the
protein and the second in the central loop (14), and several sites
of phosphorylation in the N terminus, central loop, and C termi-
nus of the protein (14, 24). In the present study, we aimed at further
characterizing the internalization step of endocytosis of the trans-
porter Jenl and the potential role of the phosphorylation and ubiqg-
uitylation events required for its correct endocytic trafficking.
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EXPERIMENTAL PROCEDURES

Media and Growth Conditions—Complex medium with 1%
yeast extract and 1% peptone (YP medium) or a synthetic min-
imal medium with 0.67% yeast nitrogen base (Difco), supple-
mented with amino acids to meet auxotrophic requirements
(YNB medium), was used for submerged culture at 30 °C. Car-
bon sources were either 2% glucose, 2% raffinose, 2% galactose,
or lactic acid (0.5%, pH 5.0). Cells were always harvested during
exponential growth phase. Glucose (2%)-containing medium
was used for growth of cells encoding JENI from its own pro-
moter under repression conditions. For derepression condi-
tions, glucose-grown cells were collected by centrifugation,
washed twice in ice-cold deionized water, and grown in fresh
medium with lactic acid (0.5%, pH 5.0). Raffinose-containing
medium was used for growth of cells encoding JENI from the
GAL promoter, under non-induction conditions. For induction
conditions, 2% galactose was added to raffinose-grown cells.

Strains and Plasmid Constructions—The S. cerevisiae strains
used in this study are listed in Table 1. Yeast cells were trans-
formed as described in Ref. 25. The JEN1 gene was C-terminally
tagged on the chromosome with a His, tag and three consecu-
tive hemagglutinin (HA) epitope tags by integration of a
KanMX4 PCR product obtained from plasmid pU6H-3HA, fol-
lowing the strategy described in Ref. 26. The PCR product was
used to transform strains 27064b and LRB346, containing dele-
tions or mutations for RSP5/NPI1 (27) and YCK1 YCK2 (28),
respectively, strains 27061b and LBR351, the corresponding
wild-types, and strain W303-1A (29). With the transformants
obtained, a colony PCR was performed to confirm correct inte-
gration. In this way, we constructed strains SP1, SP2, SP5, SP6,
and SP7, harboring JEN1-3HA in the chromosome. For con-
struction of the pJEN1-JENI-GFP fusion expression plasmid, 1
kb of the promoter region immediately upstream of JENI
(excluding the start codon) was amplified with a primer intro-
ducing homology with the plasmid p416-GPD (30) and another
with 56 bp homologous to the 5’ part of the JENI coding
sequence. Plasmid p416-GPD-JENI (20), containing the JENI
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coding sequence, under the control of the GPD promoter, was
digested with the enzymes Sacl and BamHI, removing the pro-
moter. The linearized plasmid was co-transformed with the
JEN1 promoter PCR product described above into the S. cerevi-
siae W303-1A jenIA mutant strain. The resulting plasmid
pSP1, obtained by gap repair, expresses the JENI gene under
control of the native promoter. Correct clones were identified
by colony PCR. In a similar fashion, plasmid pSP2 was obtained
by gap repair between EcoRI-linearized pSP1 and a PCR prod-
uct containing the GFP open reading frame. The PCR product
was obtained from the vector pFA6a-GFP-S65T-kanMX6 (31)
using primers introducing regions of homology to the 3’ of
JENI and the CYCI terminator of p416-GPD. Correct clones
were identified by colony PCR. The pSP2 plasmid expresses a
C-terminal Jen1-GFP fusion protein under the control of the
native JENI promoter. Mutations that substitute JENI lysine
codons for arginine were introduced in the plasmid pSP2, using
site-directed mutagenesis as described (32). The resulting plas-
mids pSP3 to -5 express the resulting mutant alleles of JEN1
(Table 1). All of the mutations were confirmed by DNA
sequencing. For construction of the JENI-GFP-6HIS fusion
expression plasmid, a PCR product containing the GFP coding
sequence fused in the 3’-end with a 6HIS coding sequence, was
digested with BamHI and Xhol and cloned into the plasmid
p416-GAL (33) digested with the same enzymes; this resulted in
the plasmid p416-GFP-6HIS. The JENI coding sequence,
excluding the stop codon, was amplified by PCR and digested
with BamHI and EcoRI. The fragment obtained was cloned into
p416-GFP-6HIS digested with the same enzymes, resulting in
plasmid p/JEN1-GFP-6HIS.

Transport Assays— Transport assays, using labeled [U-'*C]lac-
tic acid (sodium salt; Amersham Biosciences) (4000 dpm/
nmol), at pH 5.0, were carried out as described (23).

Fluorescence Microscopy—Cells grown to exponential growth
phase in YNB medium were concentrated by a factor of 10 by
centrifugation. The cells were viewed immediately, without fixa-
tion, under a fluorescence microscope (type BY61; Olympus,
Tokyo, Japan), and images were captured with a digital camera.

Cell Extracts and Immunoblotting—Total protein extracts
were prepared by the NaOH-TCA lysis technique (34). Lysates
were prepared from cells harvested by centrifugation at 4 °C in
the presence of 10 mMm sodium azide. The cells were washed
once and resuspended in cold lysis buffer (50 mm Tris-HCI, pH
7.4, 150 mMm NaCl plus a mixture of EDTA-free protease inhib-
itors: Complete from Roche Applied Science and 25 mu freshly
prepared N-ethylmaleimide to prevent artifactual deubiquity-
lation). They were then disrupted in a “One Shot” Cell Dis-
rupter (Constant Systems LDT, Daventry, UK) at a maximum
pressure of 2.7 kilobars. The disrupted cells were centrifuged
twice (3000 X g for 3 min at 4 °C) to remove unbroken cells.
Proteins from either total extracts or lysates were resuspended
in sample buffer, heated at 37 °C, and resolved by SDS-PAGE in
10% acrylamide gels using Tricine buffer and transferred to
nitrocellulose membranes. The membranes were probed with
monoclonal antibodies anti-HA (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), anti-GFP antiserum (Roche Applied Sci-
ence), anti-phosphoglycerol kinase (Molecular Probes), or
anti-Ub (clone P4D1)-HRP conjugate (Santa Cruz Biotechnol-
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ogy). Horseradish peroxidase-conjugated anti-mouse immu-
noglobulin G was used as the secondary antibody (Sigma) and
was detected by enhanced chemiluminescence.

His-tagged Jenl-GFP Purification—Hiss-tagged Jenl-GFP
purification experiments were performed essentially as previ-
ously described (35), except that Ni*>*-NTA resin was used in
batch rather than in column. 6-7 X 102 cells were harvested,
and lysate was prepared. The lysate was subjected to centrifu-
gation at 13,000 X g for 30 min to generate the supernatant and
pellet fractions. The pellet was resuspended in 300 wl of buffer
A (lysis buffer supplemented with 5 mm imidazole, 0.1% SDS,
and 1% Triton X-100). The suspension was incubated on ice for
30 min and then diluted by adding 300 wl of buffer B (lysis buffer
supplemented with 5 mm imidazole and 1% Triton X-100) and
centrifuged for 10 min at 13,000 X g to remove the remaining
insoluble material. The supernatant was added to 200 ul of
Ni*>"-NTA Superflow resin (Qiagen Inc., Hilden, Germany)
and incubated with mixing for 1 h at 4°C. The unbound
fraction was collected, and the resin was washed three times
with 200 ul of buffer B. Jen1-GFP-6His was eluted three times
with 200 ul of elution buffer (50 mm Tris-HCI, pH 7.4, 150 mMm
NaCl, 200 mm imidazole). Aliquots of different fractions were
prepared for Western blot analysis.

RESULTS

The Casein Kinase I Activity Is Required for Jenl Turnover—
The ubiquitylation and internalization of the Fur4 and Ste2
membrane proteins depend on their prior phosphorylation at
several Ser residues, directly or indirectly by the casein kinase 1
isoforms Yck1/Yck2 (36 -38). The potential state of phospho-
rylation of Jen1-HA on extracts of whole cells grown on lactic
acid was initially tested (Fig. 1A). The electrophoretic pattern of
Jen1-HA displayed several bands with different mobilities on an
immunoblot. Treatment with alkaline phosphatase increased
the electrophoretic mobility of the slower running bands, sug-
gesting that Jenl-HA is constitutively phosphorylated. A
mutant strain lacking the YCKI gene and carrying a tempera-
ture-sensitive allele of the YCK2 gene, yck2-2 (hereafter
referred to as yck-ts), was used to investigate the potential role
of Yck activity in controlling Jen1-HA phosphorylation and
internalization. The transporter activity was followed after glu-
cose addition to lactic acid-induced wild-type and yck-ts cells,
grown at 24 °C and shifted to 37 °C, for 30 min (Fig. 1B). The
addition of glucose caused a sharp decrease in lactic acid uptake
in wild-type cells incubated at 37 °C with an approximate half-
life time of 25 min. The decrease in lactic acid uptake was less
severe in yck-ts cells shifted to the restrictive temperature
(approximate half-life time of 60 min). The relative protec-
tion against loss of transport activity indicated that the
defect in Yck activity stabilized the transporter at the plasma
membrane. Extracts from cells withdrawn at various times
after glucose addition were analyzed by immunoblotting
(Fig. 1C). Significant protection against degradation was
observed in yck-ts cells; therefore, the glucose-induced inter-
nalization and subsequent degradation of the transporter are
dependent on Jenl phosphorylation, which directly or indi-
rectly requires Yck kinase activity.
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FIGURE 2. Endocytosis of Jen1-HA in rsp5/npi1 mutant cells. Parental SP1
(WT) and SP2 (rsp5/npiT) cells harboring chromosomally encoded Jen1-HA
were induced for 4 h in lactic acid before glucose addition. A, lactic acid
uptake was measured at the times indicated after the addition of glucose
(2%). The results are percentages of initial activities. [], wild-type; A, rsp5/npi
cells. B, protein extracts were prepared at the same time points and analyzed
by Western immunoblotting with an anti-HA antibody. The blots were rep-
robed with an anti-phosphoglycerol kinase (PGK) antibody to provide loading
controls.

The Ubiquitin Ligase Rsp5 Is Required for Jenl Turnover—
The ubiquitin ligase Rsp5 is involved in the internalization step
of endocytosis of numerous transporters (3). Since Rsp5 is
essential for cell viability, we investigated its potential role on
the turnover of Jen1 in a hypomorphic allele of rsp5, npil (39).
The fully viable rsp5/npil mutant strain displays low levels of
RSP5 expression, allowing production of less than one-tenth
the amount of Rsp5 present in wild-type cells (35, 39). Jenl
transport activity (Fig. 2A4) and stability (Fig. 2B) were followed
after a pulse of glucose to lactic acid-induced cells. In wild-type
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FIGURE 1. Endocytosis of Jen1-HA at restrictive temperature in Casein Kinase | (yck-ts) mutant cells.
A, protein extracts from SP7 cells harboring chromosomally encoded Jen1-HA and induced for the production
of Jen1-HA in lactic acid for 4 h were incubated at 37 °Cfor 1 h in the presence (+) or absence (—) of 50 units of
calf intestinal phosphatase (CIP). The samples were then separated by SDS-PAGE and analyzed for Jen1-HA by
Western immunoblotting with an anti-HA antibody. The sizes of molecular weight markers are indicated.
B, parental SP5 (YCK) and SP6 (yck) cells harboring chromosomally encoded Jen1-HA were induced for the
production of Jen1-HA in lacticacid for 3.5 h at permissive temperature (23 °C), followed by 30 min at restrictive
temperature (37 °C). Lactic acid uptake was measured at the times indicated after the addition of glucose (2%).
Results are percentages of initial activities. [, wild type; A, yck cells. C, protein extracts were prepared at the
same time points and analyzed for Jen1-HA by Western immunoblotting with an anti-HA antibody. Blots were
reprobed with an anti-phosphoglycerol kinase (PGK) antibody to provide loading controls.
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cells, both Jen1 activity and the Jenl
immunodetection signal decreased
rapidly, reflecting internalization
and subsequent vacuolar degrada-
tion of the transporter. In contrast,
Jenl activity and the Jenl signal
were greatly stabilized in rsp5/npil
cells (relative protection against loss
of transport activity, 3-fold). Thus,
the protection against degradation
of Jenl in rsp5/npil cells is mainly
due to stabilization of Jen1 at the cell
surface.

Cell Surface Rsp5-dependent
Oligo-ubiquitylation of Jenl—The
involvement of Rsp5 in destabilizing
Jenl suggested that ubiquitylation
of the transporter is required for
transporter degradation. Parental
rsp5/npil together with end3A cells
impaired in the internalization step
of endocytosis were transformed
with plasmid pJEN1-GFP-6HIS,
induced in galactose for the produc-
tion of Jenl-GFP-6His, and then
treated with glucose to trigger endo-
cytosis of the protein. First, the
localization of the protein was fol-
lowed by fluorescence microscopy
before and after the addition of glu-
cose for 30 min (Fig. 3A). Fluores-
cence was detected both at the plasma membrane and in the
vacuolar lumen in WT cells before the addition of glucose. In
contrast, Jen1-GFP-6His only stained the plasma membrane of
end3A cells, and the vacuolar signal was hardly detectable. This
suggests that constitutive endocytosis rather than direct, pre-
mature sorting of Jen1-GFP to the VPS pathway might be the
cause of the vacuolar staining in WT cells. Jen1-GFP-6HIS
stained essentially the plasma membrane of rsp5/npil cells, and
the vacuolar fluorescent signal was less bright when compared
with WT cells, suggesting that some constitutive endocytosis
may occur in these mutant cells. The fluorescent signal stained
the vacuolar lumen of parental cells 30 min after glucose addi-
tion, whereas fluorescence was only detectable at the cell sur-
face of rsp5/npil and end3A cells.

We used the end3A mutant strain to uncover possible ubiq-
uitylation of Jen1 triggered by glucose addition. WT and end3A
cells expressing pJEN1-GFP-6HIS were induced in galactose
and then treated with glucose to trigger endocytosis of the pro-
tein. Fig. 3B shows immunoblots of cell extracts revealed with
anti-GFP antibody. Two to three more slowly migrating bands
of immunoreactive material were observed above the main
Jenl-GFP signal of end3A cell extracts. These bands were
hardly visible at time O of the experiment (i.e. before glucose
addition). This ladder of bands was far less clear in WT cells, in
which internalization was not blocked. An immunoblot of
end3A cell extracts in which chromosomally encoded Jenl-
GFP was induced in lactic acid and treated with glucose to
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FIGURE 3. Ubiquitylation of Jen1-GFP-6His in end3A and rsp5/npi1
mutant cells. Parental 27061b (WT), rsp5/npil, and end3A cells were trans-
formed with pJENT-GFP-6HIS. The cells were induced for the production of
Jen1-GFP-6His in galactose for 2 h (30 °C). A, microscopy images of Jen1-GFP-
6His in living cells before and after the addition of 2% glucose for 30 min.
B, protein extracts from induced parental and end3A cells were prepared
before and at the indicated times after the addition of 2% glucose and were
then analyzed by Western immunoblotting with an anti-GFP antibody.
C, lysates of cells incubated for 10 min with glucose were fractionated, as
described under “Experimental Procedures.” All experiments were con-
ducted in identical conditions of growth and cell fractionation. Solubilized
membranes were incubated with Ni**-NTA beads. The bound fraction corre-
sponding to Hisg-tagged ubiquitylated proteins were eluted by buffer con-
taining 200 mm imidazole. Aliquots of solubilized membranes and bound
fractions were resolved by electrophoresis and analyzed by Western immu-
noblotting (WB) with anti-GFP and anti-Ub antibodies. Note that this particu-
lar anti-Ub antibody hardly recognizes mono- and diubiquitins. S, solubilized
membrane fractions; B, purified Hisg-tagged proteins. The sizes of molecular
weight markers are indicated.

induce endocytosis was also performed (Fig. S1). Immunoreac-
tive material displayed the same profile with two to three more
slowly migrating bands above the main Jen1-GFP signal. Hence,
the post-translational modifications of Jen1 were identical with
or without an additional His, tag and with different levels of
expression. Strikingly, in both experiments, Jen1 modifications
occurred within minutes after the glucose addition.

A biochemical characterization of the Jen1-GFP-6His more
slowly migrating species was attempted. Aliquots of W'T, rsp5/
npil, and end3A cells were withdrawn 10 min after glucose
addition (i.e. under conditions where a high proportion of Jen1-
GFP was still present at the plasma membrane), and the corre-
sponding protein extracts were subjected to cell fractionation
(Fig. 3C). Membrane-enriched fractions were solubilized and
incubated with Ni>*-NTA beads. Aliquots from the solubilized
pellet together with corresponding aliquots of bound material
were resolved by electrophoresis and subjected to Western
blotting to identify the immunoreactive transporter. Jen1-GFP-
6His was specifically retained on nickel beads, as visible with
anti-GFP antibodies. The slower migrating bands were
detected with anti-ubiquitin antibodies in WT cells, indicating
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that they correspond to Jen1-GFP-6His conjugated with ubiq-
uitin. The slowly migrating bands detected with anti-ubiquitin
antibodies were far less abundant in the Ni*"-NTA-retained
fractions of rsp5/npil cells, showing that Rsp5 is involved in
ubiquitylation of the transporter. The slowly migrating bands
detected with anti-ubiquitin antibodies were also present in the
Ni?*-NTA-retained fractions of end3A cells, showing that
ubiquitylation of the transporter occurs at the plasma mem-
brane. These experiments indicate that the Jenl1 transporter is a
target for ubiquitylation by Rsp5 at the cell surface. The profile
of ubiquitin conjugates corresponding to Jen1-GEFP purified on
nickel beads appeared more like a smear (Fig. 3C), suggesting
that Jenl ubiquitylation may correspond to the conjugation of
more ubiquitin species than the two to three Ub bands visual-
ized directly on cell extracts (Fig. 3B).

Lys to Arg Substitution at Lys**® Extends the Half-life of Jenl—
The hydrophilic parts of Jen1 harbor numerous lysines that could
be potential targets for ubiquitylation of the protein. We focused
our analysis on Lys® and Lys**®, which were identified by a pro-
teomic approach, as target sites for ubiquitylation (14). Lys® is
located in the N-terminal hydrophilic part of the transporter,
whereas Lys®*® is located in its third predicted cytoplasmic loop.
To define whether ubiquitylation of these two lysines plays arole in
Jenl endocytosis, they were replaced by conservative but non-
ubiquitylatable arginine residues. The corresponding variant pro-
teins were tested for their cellular trafficking and stability (Fig. 4).
Ectopic Jen1-GFP and the corresponding Lys to Arg variants were
expressed under the JENI promoter. The variant transporters
were expressed in lactic acid-induced cells, and endocytosis was
triggered by glucose addition. At time 0, fluorescence was mainly
detected at the plasma membrane, in all types of cells, showing that
all of the variant proteins were correctly targeted to the plasma
membrane (Fig. 4C). Following a pulse of glucose, plasma mem-
brane fluorescence corresponding to wild-type Jen1-GFP disap-
peared progressively, and intracellular dots were detected. These
dots, heterogeneous in size, might correspond to early and late
endosomes. Some staining of the vacuole was also observed. After
60 min, the fluorescence was only detected in the vacuolar lumen.
Trafficking of the protein from the cell surface to the vacuole
appeared more efficient for the K9R variant, since staining was
exclusively detected in the vacuole 20 min after glucose addition.
In contrast, the K338R variant still stained the plasma membrane
80 min after glucose addition.

To follow more quantitatively the fate of the Lys to Arg vari-
ants relative to wild-type Jen1-GFP, their stability was tested at
the plasma membrane by monitoring Jenl transport activity
after the addition of glucose to lactic acid-induced cells. Glu-
cose treatment caused a drop in lactic acid uptake in wild-type
cells, with a half-life time of roughly 70 min (Fig. 44). Trans-
porter immunoreactivity declined in parallel to the drop in
transporter activity (Fig. 4B). The same drop in transport activ-
ity was observed with the K9R variant transporter. However,
the amount of K9R variant immunoreactive species appeared to
decline more rapidly than the amount of the wild-type species,
confirming the fluorescent observations. In contrast, the
decrease in transport activity was far less severe in cells produc-
ing the K338R variant, with a half-life time higher than 120 min.
In agreement, the K338R variant transporter was more slowly
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degraded than the wild-type protein. The relative protection
(2-fold) against loss of transport activity (Fig. 44) and the rela-
tive stabilization of the K338R variant protein at the plasma
membrane (Fig. 4, B and C) suggested that Lys*®*® is a major
target site for ubiquitylation of Jen1 at the cell surface. In con-
trast, the absence of stabilization observed when Lys® was sub-
stituted for Arg (Fig. 44) is unexpected and may argue against
Lys® being a target for ubiquitylation at the plasma membrane.
However, it may be possible that other Lys residue(s) of Jenl
may be ubiquitylated in place of Lys” when the latter is mutated.
Surprisingly, the internalized K9R variant is more quickly tar-
geted to the vacuole for degradation than the WT protein (Fig.
4, B and C). It might indicate that, for unknown reasons, Jen1-
KK9R-GFP is a more efficient substrate for sorting of the protein
into the MVB than Jen1-GFP or is unable to undergo putative
recycling from endosomes to the plasma membrane.

We monitored the ubiquitylation status of the Jen1-GFP vari-
ants produced in end3A cells after ubiquitylation was triggered by
glucose addition. Immunoblots of all of the corresponding lysates
displayed a similar ladder of ubiquitin-permease conjugates with
three minor bands with slower mobilities than the main trans-
porter signal (data not shown). This result most probably suggests
that Jen1 may be ubiquitylated on more than one lysine and is in
agreement with the partial stabilization observed at the cell surface
for the K338R variant.
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FIGURE 4. Effect of Lys to Arg mutations on the stability of Jen1-GFP.\W303-1A jen1A cells transformed with
either pSP2 (JENT-GFP), pSP3 (JEN1-K9R-GFP), or pSP4 (JEN1-K338R-GFP) were induced for the production of
Jen1-GFP in lactic acid for 4 h at 30 °C. A, acid lactic uptake was measured at the times indicated after the
addition of 2% glucose. The results are percentages of initial activities. B, Jen1-GFP; V, Jen1-K9R-GFP; A,
Jen1-K338R-GFP; B, protein extracts collected at the same time points were analyzed by Western immunoblot-
ting with an anti-GFP antibody. The blots were reprobed with an anti-phosphoglycerol kinase (PGK) antibody
to provide loading controls. C, microscopy images of Jen1-GFP in living cells at the time points indicated after

which is the favorite lysine involved
in the formation of chains used for
proteasome degradation (40, 41).
Jen1-GFP was correctly internalized
and sorted to the vacuolar lumen
over time, after glucose addition to
galactose-induced SUB280 cells
producing wild-type ubiquitin (Fig.
5A). Jen1-GFP was also internalized
and sorted to the vacuolar lumen in
cells producing K6R, K11R, K27R,
K29R, and K33R variants of ubiq-
uitin (data not shown). In contrast, Jen1-GFP was stabilized at
the plasma membrane after glucose addition to SUB413 cells,
producing the Ub-K63R variant. An immunoblot of cell
extracts prepared at different times after glucose addition con-
firmed that Jenl-GFP was protected from degradation in
SUB413 cells (Fig. 5B). We therefore examined the ubiquityla-
tion pattern of Jen1-GFP. Lysates from SUB280 and SUB413
cells producing Jen1-GFP-6His were subjected to cell fraction-
ation just after glucose addition (i.e. under conditions where a
high proportion of Jen1-GFP was still present at the plasma
membrane). Solubilized membrane-bound Jen1-GFP-6His was
retained on Ni*"-NTA beads, as visualized with an anti-GFP
antibody (Fig. 5C). In wild-type cells, up to four bands of higher
molecular weight than the main unmodified Jen1-GEP species
were visible. In SUB413 cells, almost all of these species could
also be detected, with high enrichment of a species that proba-
bly corresponds to monoubiquitylated Jen1-GFP.

We then analyzed the localization and ubiquitin status of
Jen1-GFP expressed under its own promoter during endocyto-
sis in SUB280 and SUB413 (Fig. 5D). Jen1-GFP was stabilized at
the plasma membrane after glucose addition to SUB413 cells.
Immunoreactive material in SUB413 cell lysates also displayed
high enrichment of a species that probably corresponds to
monoubiquitylated Jen1-GFP.
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FIGURE 5. Ubiquitylation and stability of Jen1-GFP in SUB280 and SUB413
cells. SUB280 and SUB413 cells producing WT or Ub-K63R ubiquitin, respectively,
were transformed with pJENT-GFP-6HIS. Cells were induced for the production of
Jen1-GFP-6His in galactose for 2 h at 30 °C. A, microscopy images of Jen1-GFP-
6His in living cells at the time points indicated after the addition of 2% glucose.
B, protein extracts collected at the indicated times were analyzed by Western
immunoblotting with an anti-GFP antibody. C, lysates of 5-min glucose-incu-
bated cells were fractionated, as described under “Experimental Procedures.” All
experiments were conducted in identical conditions of growth and cell fraction-
ation. Solubilized membranes were incubated with Ni**-NTA beads. The bound
fraction corresponding to His,-tagged ubiquitylated proteins was eluted by 200
mm imidazole-containing buffer. Aliquots of solubilized membranes and bound
fractions were resolved by electrophoresis and analyzed by Western immuno-
blotting with an anti-GFP antibody. S, solubilized membrane fractions; B, purified
Hisg-tagged proteins. D, SUB280 and SUB413 cells were transformed with pSP2
(JENT-GFP). Cells were induced for the production of Jen1-GFP in lacticacid for4 h
at 30 °C before the addition of glucose for 5 min. Left, microscopy images of
Jen1-GFP in living cells at the time points indicated after the addition of 2% glu-
cose. Right, protein lysates collected at the indicated times were analyzed by
Western immunoblotting with an anti-GFP antibody. The sizes of molecular
weight markers are indicated.

0 5

These observations could suggest that Jen1-GFP carries one
main target lysine and that it is modified by a Lys®*-linked ubiq-
uitin chain. These results are in agreement with the fact that
partial stabilization of Jen1-K338R was observed, and they also
show that Jen1-GFP is probably modified on several target
lysines that could be monoubiquitylated in SUB413 cells.
Importantly, endocytosis was not entirely blocked in SUB413
cells, and some Jen1-GFP also stained the vacuolar rim even at
time 0. This is the typical localization observed for membrane
proteins coming from the Golgi apparatus, when MVB sorting
is inhibited as a result of either defective ubiquitylation before
or at the MVB (11, 42) or defective MVB sorting machinery (i.e.
in vps class E mutants) (43). The deficiency in vacuolar delivery

19234 JOURNAL OF BIOLOGICAL CHEMISTRY

of Jen1-GFP in SUB413 cells could result either from impaired
ubiquitylation of Jen1 itself or from a deficiency in MVB sorting
machineries. Whatever the case, this indicates that formation
of Ub-Lys®*-linked chains plays an important role for MVB
sorting of Jen1-GFP.

DISCUSSION

In the present report, we provide critical data demonstrating
rapid glucose-triggered ubiquitylation and subsequent endocy-
tosis of Jenl and the involvement of casein kinase 1 in this
process. We also demonstrate that the HECT-ubiquitin ligase
Rsp5 modifies Jenl at the cell surface by oligo-ubiquitylation.
Additionally, Jen1-Lys**® was identified as one of the targets for
ubiquitylation, confirming the data obtained by a proteomic
approach. Results concerning the other potential target, Jenl-
Lys®, are more enigmatic. Finally, our data suggest that Lys®?
linked ubiquitin chains are required for Jenl endocytic inter-
nalization and directly or indirectly for Jen1 sorting at the MVB.

Most plasma membrane receptors and transporters display
regulated ubiquitylation and internalization in yeast. For
instance, Gapl, Fur4, Tat2, and Ctrl ubiquitylation and inter-
nalization are triggered by ammonium, high uracil, high tryp-
tophan, and high copper concentration, respectively (44, 45).
The presence of Jen1 at the cell surface is tightly controlled by
glucose. Jenl is one of the few documented examples in which
ubiquitylation and endocytosis of a transporter are induced
within minutes, as a response to a metabolic change. It is tempt-
ing to hypothesize that phosphorylation events may play a role
in these processes. It was previously shown that yeast casein
kinase 1 phosphorylation of Ste2 (triggered by its ligand, a-fac-
tor) and of Fur4 drive their subsequent ubiquitylation and
internalization (36 —38). We show here that phosphorylation of
Jen1 is also required prior to its internalization. The yeast casein
kinase 1 isoforms, Yck1/Yck2, two plasma membrane anchored
proteins (46), are involved in this process.

Rsp5-mediated ubiquitylation and subsequent internaliza-
tion appears to be a general feature of the vast majority of
plasma membrane proteins in yeast. Ubiquitin-dependent
endocytosis also occurs in mammalian cells, mediated both by
Nedd4/Nedd4-like ligases and by RING finger ligases (1, 2).
This has raised questions concerning substrate recognition and
mode of ubiquitylation. All members of the Nedd4 family,
including Rsp5, display three to four WW modules that interact
with PY motifs. But no Rsp5 plasma membrane endocytic sub-
strates carry such PY motifs. However, Bull and Bul2, two PY-
containing proteins, regulate endocytosis of a subset of plasma
membrane transporters (7, 45, 47). Very recently, PY-contain-
ing arrestin-like proteins were also shown to play the role of
Rsp5-substrate adaptors at the cell surface (5, 6). Whether glu-
cose-triggering phosphorylation of Jen1 may result in a confor-
mational change rendering certain Lys residues directly acces-
sible for ubiquitylation or whether such a conformational
change may trigger the interaction of Rsp5 with Jenl via an
arrestin-like adaptor that remains to be discovered still needs to
be further investigated.

Jenl harbors numerous cytoplasmic lysines. We and others
previously suggested that Lys residues lying in (D/E)XK(S/T)
motifs are probably primary targets for ubiquitylation of plasma
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membrane proteins, at least in yeast (1, 48). A proteomic
approach identified two ubiquitylation targets for Jenl, Lys®
and Lys®*® (14). These two lysine-surrounding sequences are
DEK’IS and DAVK>*¥AN. We demonstrate here that at least
Jen1-Lys®®*® must be a target for ubiquitylation at the plasma
membrane, even if the sequence surrounding Lys®**® does not
exactly fit the established consensus. In contrast, the sequence
around Lys” does fit, but the results obtained for the K9R vari-
ant protein were unexpected. The rapid destabilization of the
internalized Jen1-K9R variant could not be easily explained.
One possibility is that the amount of Jenl observed at the
plasma membrane could result from its endocytosis, fol-
lowed by its recycling to the cell surface, since plasma mem-
brane redistribution of endosomal targeted transporters was
described in the case of the vps class E mutants (49, 50) and
corresponds to the physiological fate of some transporters in
WT cells (51). In that case, the instability of the internalized
K9R variant, upon glucose addition, would be due to an
unexpected increase in internalization into MVBs or to a
defect in recycling. This would allow its rapid clearance from
the plasma membrane into the vacuole for degradation that
could mask a potential stabilization at the plasma membrane
linked to the absence of the Lys® ubquitylation site. This
hypothesis raises new questions that will constitute the basis
of future investigations.

Little is known so far about the ubiquitylation features asso-
ciated with the internalization step of endocytosis. Ubiquityla-
tion of yeast plasma membrane proteins, when defined, occurs
via conjugation of ubiquitin monomers (multimonoubiquityla-
tion) or of short chains of ubiquitin (oligo-ubiquitylation) (1).
Fur4 and Gap1 transporters are modified by Lys®*-linked oligo-
ubiquitylation for efficient endocytosis (9, 10). It was recently
shown that the siderophore transporters Arnl and Sit1 are also
modified with Ub-Lys®*-linked ubiquitin chains at the plasma
membrane (11, 12). The same holds true in mammalian cells,
where a number of plasma membrane transporters and recep-
tors were shown to undergo modification by Lys®3-linked ubiq-
uitin chains, a process carried out by Nedd4 in the case of the
dopamine DAT transporter (2). Our data indicate that
Ub-Lys®® is also essential for internalization of Jenl and that
Jenl is most probably modified by oligo-ubiquitylation. But
whether Jen1 is modified at the cell surface by Ub-Lys®3-linked
ubiquitin chains remains to be further documented. However,
this modification is likely to occur given both our data and the
recent report that Rsp5 preferentially assembles this type of
ubiquitin chains in vitro and in vivo (52, 53).

Far less is known about the type of ubiquitylation associated
with and required for MVB sorting. Ubiquitin fused in frame to
lysineless MVB cargoes trafficking through the VPS pathway is
sufficient for correct MVB sorting of these cargoes (35, 54, 55).
However, Sna3 is modified with a unique and long Ub-Lys®3-
linked ubiquitin chain (13). These proteins are all substrates of
Rsp5 at the Golgi/MVB level (13, 35, 54, 55). The precise iden-
tification of the ubiquitylation status of other proteins at the
level of MVB is still poorly documented. Nevertheless, it was
reported that the Sit1 transporter diverted from the Golgi to the
VPS pathway for premature degradation in the absence of its
substrate displays deficient MVB sorting in cells unable to form
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Ub-Lys®*-linked ubiquitin chains (11). Similarly, Jenl coming
from the plasma membrane was recovered at the vacuolar rim
instead of the vacuolar lumen of cells producing Ub-K63R as
sole source of ubiquitin. This implies that Lys®>-linked ubiq-
uitin chains are needed directly (ubiquitylation of the cargo) or
indirectly (ubiquitylation of the MVB sorting machinery) or
both, for proper Jenl sorting at the MVB. A requirement for
this type of ubiquitin chains at M VB fits neatly with the knowl-
edge that the mammalian deubiquitylating enzyme AMSH,
which specifically disassembles Ub-Lys®® chains, associates
with Vps class E proteins (56, 57) and the observation that the
ubiquitin binding domain of the Vps class E protein Hrs/Vps27
displays specific or increased affinity for Lys®*-linked ubiquitin
chains (58). If the requirement for MVB sorting depends on
direct modification of cargo by Ub-Lys®*-linked chains, it
would imply that transporters undergo a step of deubiquityla-
tion (allowing potential recycling to the cell surface), followed
by appropriate Rsp5-dependent reubiquitylation for proper
entry of endocytic cargoes into the MVB. Whether such a proc-
ess exists is currently speculative. Further studies on trans-
porter trafficking, including Jenl, will certainly clarify this
hypothesis.
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Note in Proof—While this manuscript was in revision, it was reported
that MVB sorting of Gapl and CPSI also depends on Lys®*-linked
ubiquitin (Lauwers, E., Jacob, C., and André, B. (2009) J. Cell Biol.
185, 493-502).
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