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ABSTRACT

Rspbp, ubiquitin-protein ligase, an enzyme of the ubiquitination pathway, contains three WW domains
that mediate protein-protein interactions. To determine if these domains adapt Rspbp to a subset of
substrates involved in numerous cellular processes, we generated mutations in individual or combinations
of the WW domains. The rsp5-wl, rsp5-w2, and rsp5-w3 mutant alleles complement RSP5 deletions at 30°.
Thus, individual WW domains are not essential. Each rsp5-w mutation caused temperature-sensitive growth.
Among variants with mutations in multiple WW domains, only rsp5-wlw2 complemented the deletion.
Thus, the WW3 domain is sufficient for Rsp5p essential functions. To determine whether rsp5-w mutations
affect endocytosis, fluid phase and uracil permease (Fur4p) endocytosis was examined. The WW3 domain
is important for both processes. WW2 appears not to be important for fluid phase endocytosis whereas
it is important for Fur4p endocytosis. In contrast, the WW1 domain affects fluid phase endocytosis, but
it does not appear to function in Fur4p endocytosis. Thus, various WW domains play different roles in
the endocytosis of these two substrates. Rsp5p is located in the cytoplasm in a punctate pattern that does

not change during the cell cycle. Altering WW domains does not change the location of Rsp5p.

SP5P is an ubiquitin-protein ligase, an E3 enzyme
of the ubiquitination pathway essential for cell
growth (HEIN ef al. 1995; HUIBREGTSE et al. 1995). It is
a member of the family of NEDD4-like proteins that
share a common modular structure: they contain C2,
WW, and hect domains (HARVEY and Kumar 1999).
The C2 domain, located at the N terminus, interacts
with Ca’", lipids, and proteins (NALEFSKI and FALKE
1996). Two to four WW domains that are involved in
protein-protein interactions follow the C2 domain
(CHEN and SupoL 1995). Rsp5p has three WW domains.
The ubiquitin-protein ligase catalytic hect domain,
shared by many other ubiquitin ligases, is located at the
C terminus (HUIBREGTSE et al. 1995).

WW domains are characterized by two highly con-
served tryptophan (W) residues and a proline (P) resi-
due in a stretch of 38-40 amino acids. They interact
with polyproline-rich sequences through a small hy-
drophobic pocket formed by three anti-parallel B-sheets
(Macias et al. 1996; RANGANATHAN et al. 1997). WW
domains can be subdivided into three groups. Group I
WW domains interact with core sequence PPXY (CHEN
and Supor 1995), group II WW domains interact with
stretches of prolines interrupted by leucine (PPLP;
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CHAN el al. 1996; BEDFORD et al. 1997; ERMEKOVA ef al.
1997), and group III WW domains interact with polypro-
line-rich regions containing glycines and methionines
(PGM motif; BEDFORD et al. 1998). Binding of ligands
by group I and II WW domains is abolished by the
substitution of the second conserved W to phenylala-
nine (F) or P to alanine (A; CHEN et al. 1997; ERMEKOVA
et al. 1997). Recently, phosphoserine/phosphothreo-
nine (pT/pS)-containing proteins and peptides have
been shown to interact with particular WW domains,
including those in NEDD4 (Lu et al. 1999). This binding
was phosphorylation dependent and required the sec-
ond W of the WW domain (LU et al. 1999).
NEDD-like proteins are implicated in many diverse
cellular functions (HARVEY and Kumar 1999). Muta-
tions of RSP5 affect transcription (cited in HUIBREGTSE
etal. 1995), perhaps via modification of the large subunit
of RNA polymerase II (HUIBREGTSE et al. 1997). Rsp5p
influences the turnover of at least three plasma mem-
brane proteins, the general amino acid permease (HEIN
et al. 1995), the uracil permease (GALAN et al. 1996), and
the maltose transporter (LUCERO and LAGuNAs 1997).
Ubiquitination of these proteins is a signal for their
internalization, endocytosis, and degradation in the vac-
uole. Rspbp is also involved in glucose regulation of
plasma membrane H*-ATPase (DE LA FUENTE et al.
1997). Furthermore, Rsp5p has been proposed to play
a role in minichromosome maintenance (YASHIRODA el
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al. 1996) and mitochondrial inheritance and morphol-
ogy (Fisk and YArrE 1999).

We identified rsp5/mdpl in a search for mutations
that affect mitochondrial/cytoplasmic distribution of
Modbp-I, a tRNA modification enzyme (ZOLADEK et al.
1995). We also showed that some alleles cause a defect
in fluid phase endocytosis (ZOLADEK el al. 1997). Sup-
pressor analysis revealed that mutations of PMAI, the
gene encoding a plasma membrane H*-ATPase, are
able to suppress growth defects caused by Rspb5p hect
domain mutations, but do not suppress the Modbp-I
distribution defect. Subsequently, KAMINSKA ef al.
(2000) showed that rsp5/mdp1 mutants are pH, paromo-
mycin, and hygromycin B sensitive.

To account for the role of Rspbp in diverse cellular
processes we proposed that the individual WW domains
in Rspbp interact with different proteins and direct it to
multiple targets (ZOLADEK et al. 1997). This hypothesis
predicts that alterations of individual WW domains will
affect a subset of the processes affected by hect domain
mutations. To test this hypothesis we created mutations
in each of the WW domains of Rsp5p and scored the
mutant alleles for their ability to complement pH sensi-
tivity, temperature sensitivity, paromomycin challenge,
and endocytosis. As the hypothesis predicts, individual
WW domain mutations clearly affect these phenotypes
differentially.

MATERIALS AND METHODS

Strains and growth conditions: The Saccharomyces cerevisiae
strains T8-1D MATo SUPI1 ade2-1 mod5-1 ura3-1 lys2-1 leu2-3,
112 his4-519, MB105-6A MATa SUPII ade2-1 mod5-1 wra3-1
lys2-1 leu2-3,112 trp5 met4 (ZOLADEK et al. 1995), TZ23 rsp5-13
(ZOLADEK et al. 1997), isogenic to T8-1D, and TZ19 rsp5-9, a
derivative of MB105-6A, were used. Protease-deficient strain
BJ2168 (JoNEs 1991) was used for cell fractionations. Other
yeast strains were derived as described in the text.

YPD, YPG, YPDG, SC, and sporulation media were prepared
and genetic manipulations were performed as described by
SHERMAN (1991). b5-Fluoroorotic acid (5-FOA)-containing
plates were prepared according to BOEKE et al. (1987). YPD
plates buffered to pH 6.5 or 5.2 with 0.2 M sodium acetate
and acetic acid were prepared as described by KAMINSKA et
al. (2000). Antibiotic sensitivity was determined on YPD plates
containing 1 mg/ml paromomycin or 0.2 mg/ml geneticin.
Growth of strains on various plates was compared by a drop
test (KAMINSKA et al. 2000).

Plasmids, epitope tagging, and site-directed mutagenesis:
The EcoRI-Sphl 4.9-kb fragment of RB1 (ZOrADEK et al. 1997)
was transferred into YCplac33 (URA3; GIETZ and SUGINO
1988) to generate YCp-RSP5. This plasmid complements the
temperature-sensitive (ts) phenotype of rsp5/mdpl. The
tagged version of RSP5 (HA-RSP5) was constructed by inserting
the Nofl fragment from pBF30 (TYERs et al. 1992), which
encodes a triple-hemagglutinin (HA) epitope, into a Nod site
introduced by PCR (HEMSLEY et al. 1989). The Nod site was
located after the ATG initiation codon of the RSP5 open
reading frame (ORF) in the Sal-Psd fragment of RSP5. The
Sall-Pst fragment of YCp-RSP5 was replaced by a fragment
containing an HA tag to generate YCpHA-RSP5. YCpHA-RSP5

fully complements rsp5/ mdpl mutations. All subsequent con-
structs employed the tagged HA-RSP5 gene.

Mutations in BamHI-BamHI and Kpnl-Kpnl fragments of
RB1 cloned in pUC19 were introduced by reverse PCR (Hewm-
SLEY el al. 1989) using gene-specific primers containing muta-
tions to make a new Dral or BsaHI site or destroy the BamHI.
All altered DNAs were fully sequenced. The altered DNAs were
inserted into YCpHA-RSP5 to replace wild-type sequences.
Versions of RSP5 containing mutations in multiple WW do-
mains were obtained by replacing appropriate wild-type frag-
ments with mutant fragments using Psil and Agel restriction
sites. The EcoRI-Sphl fragments of plasmids containing RSP5
or the mutant genes rsp5-wl, rsp5-w2, and rsp5-w3 were also
cloned in YCplacl11 (LEUZ2; GieTz and SuGIiNo 1988).

A chromosomal deletion of RSP5 was made in the diploid
strain T108 a/a SUP11 mod5-1 ade2-1 wra3 leu2-3, 112 lys2-1
his4-519 obtained by mating T8-1D and a derivative from a
cross of T8-1D and MB105-6A. The EcoRI-Sphl 4.9-kb fragment
of RB1 was cloned into pUC19. The Sall-Munl fragment of
RSP5 containing part of the promoter and most of the ORF
was replaced by the 1.5-kb Sall-EcoRI fragment of kanMX4
from pFA6a-kanMX4 (WacH et al. 1994), after filling in the
ends using polymerase, to generate pBG61. A linear 5-kb frag-
ment of pBG61 was isolated by digestion with EcoRI and Kpnl.
This fragment was transformed into T108 and transformants
resistant to geneticin were selected. Deletion of one chromo-
somal copy of RSP5 was confirmed by PCR in BG1. We ob-
tained two viable and two lethal spores from heterozygous
diploid BG1 tetrads. Thus RSP5 is an essential gene. As ex-
pected no kan® haploid progeny germinated. Viable Arsp5::kan
[YCpHA-RSP5] haploids were obtained by sporulation of the
BGI1 diploid harboring YCpHA-RSP5. The strain BG1-1C was
used in further studies.

The mutant rsp5-9allele was amplified by PCR from genomic
DNA. The gene was cloned in pUCI19 and sequenced. The
presence of the rsp5-9 mutation was confirmed in three inde-
pendent clones. The Agel-Munl fragment containing the rsp5-9
mutation was substituted for the same fragment in YCpHA-
RSP5 to obtain YCpHA-rsp5-9.

Endocytosis assays: Fluid phase endocytosis was monitored
employing Lucifer yellow (LY) as a marker (DuLIcC et al. 1991).
Cells were grown at 30° and incubated with LY at 30° for 30
min or 1 hr and 30 min. A Nikon Microphot-SA fluorescence
microscope was used to observe LY accumulation in the vacu-
ole and vacuolar morphology was viewed by differential inter-
ference contrast (DIC) optics.

Uracil uptake was measured in exponentially growing cells
expressing Furdp, a uracil permease, from p195gF containing
a GALI0-FUR4 fusion (VOLLAND et al. 1994) at various times
after cycloheximide addition. One milliliter of yeast culture
was incubated with 5 pm [*Cluracil (Amersham, Little Chal-
font, UK) for 20 sec at 30° and then filtered through Whatman
GF/C filters, washed twice with ice-cold water, and the radioac-
tivity was measured. At the same time, samples were harvested
to analyze Fur4p abundance by Western blotting (see below).

Immunofluorescence: For immunofluorescence cells were
grown on glucose selective medium and processed (Bocurta
et al. 1994). The HA-Rsp5p was localized by indirect immuno-
fluorescence using the 16B12 monoclonal anti-HA antibody
(Babco) and Cy3-conjugated secondary anti-mouse antibody
(Jackson ImmunoResearch Laboratories). Mdm1p was local-
ized using rabbit anti-Mdm1p antibody (McCONNEL and YAFFE
1992) and anti-rabbit FITC-conjugated secondary antibody.
Cells were viewed by fluorescence microscopy using a Micro-
phot-SA (Nikon, Tokyo, Japan). Images were collected using
a Photometrix CH350A camera.

Cell fractionation, protein extraction, and immunoblot anal-
ysis: Cellular extracts to study Fur4p degradation or Rspbp



WW Domains of Rsp5p and Endocytosis 93

stability were prepared by alkaline lysis (VOLLAND et al. 1994).
Cellular extracts for nuclear fractionation were prepared from
spheroplasts by homogenization. Control organellar and cyto-
solic fractions were obtained by centrifugation at 300,000 X g
for 20 min and the nuclear fraction was separated on a Ficoll
step gradientaccording to DoVE et al. (1998). Cellular fraction-
ation was also performed by differential centrifugation. BJ2168
cells expressing YCpHA-RSP5 or vector alone were grown,
washed, and treated essentially as described by HorrmaN and
CHIANG (1996). Spheroplasts were homogenized and lysate
was centrifuged at 300 X g for 15 min to remove unbroken
cells. The 300 X g supernatant was fractionated by centri-
fugation at 13,000 X g for 15 min to obtain a pellet (P13K)
and supernatant. The 13,000 X g supernatant was spun at
100,000 X gfor 2 hr to obtain a pellet and supernatant. The
100,000 X gsupernatant was spun again at 200,000 X gfor 2
hr to yield the pellet and supernatant. Crude mitochondrial
fractions were obtained using a published procedure (GLICK
and Pon 1995). Fractions were analyzed by Western blotting.

To test the nature of interaction of Rspbp with cellular
structures, the 13,000 X g pellet (P13K) was suspended in
0.1 m Tris-HCI, 0.15 NaCl, 5 mm EDTA, pH 7.5, and equal
portions were treated with buffer alone, 0.1 M Na,CO;, pH
11, 2 M urea, or 1% Triton X-100 for 1 hr in ice. Samples
were then separated by centrifugation at 13,000 X g for 15
min. Each resulting pellet was suspended in the same volume
as the original supernatant and the samples were analyzed by
Western blotting.

Proteins were resolved by SDS-PAGE or on polyacrylamide
SDS-Tricine gels (for Fur4p detection). Mouse monoclonal
antibodies 16B12 anti-HA (Babco) and 32D6 for nuclear pore
protein Nsplp (ToLERICO et al. 1999) and rabbit polyclonal
antibodies specific for a-enolase (from M. J. Holland), 60-kD
subunit of V-ATPase, VMAI gene product (Molecular Probes,
Eugene, OR), Mdhlp (from G. Schatz), and uracil permease
(VoLLAND et al. 1994) were used according to the suppliers’
instructions. Primary antibodies were detected with horserad-
ish-peroxidase-conjugated goat anti-mouse or anti-rabbit sec-
ondary antibodies followed by enhanced chemiluminescence
(Amersham).

RESULTS

Individual WW domains contribute to Rsp5p func-
tion, but are not essential: All previously characterized
rsp5/ mdpl mutants have amino acid substitutions in the
hect domain (ZOrADEK et al. 1997). We report here that
rsp5-9/ mdpl-9 has a mutation in codon 418, causing a
replacement of proline (P) to serine (S) in the WW3
domain, and refer to it as rsp5-9 throughout. We com-
pared the growth of the rsp5-9 mutant to the rsp5-13
mutant (previously mdpI-13), which has an amino acid
substitution G(707)D in the hect domain of Rsp5p
(ZorADEK et al. 1997). Both failed to grow at 37° and
were sensitive to paromomycin and to pH 5.2 (not
shown). Therefore, mutations of a WW domain can
influence Rsp5p function.

To analyze systematically the function of each WW
domain of Rspbp, alterations were introduced in WW
domains individually and in combinations. Mutations
were designed to abolish the interaction of Rsp5p WW
domains with other proteins by altering two conserved
amino acids. In each WW domain the conserved W was

Dral
wwl ACC ACT TGG AAA CGT CCA ACG
T T w K R P T
oe *
TTT GCA
F A
BsaHl, ABamH1
ww2 ACC ACT TGG GTG GAT CCA AGG
T T w \"% D P R
(1] L ) [ ] L ]
TTT GAC GCC
F D A
BsaHI
ww3 ACG ACC TGG GAT GAC CCA AGA
T T w D D P R
(1] L] L J
TTC GCC
F A
ww3* ACG ACC TGG GAT GAC CCA AGA
T T W D D P R
L]
TCA
S

FiGure 1.—Mutations in RSP5 WW domains. The upper
line is the nucleotide sequence of the wild-type RSP5 WW
domains. The lower line is the deduced amino acid sequence.
The positions of nucleotide changes in rsp5-wl (wwl), rsp5-
w2 (ww2), rsp5-w3 (ww3), and rsp5-9 (ww3*) are indicated (@).
The nucleotides and amino acid substitutions are shown below
the wild-type sequence. New restriction sites for Dral, BsaH]I,
and the position of the destroyed BamHI site are indicated
above the wild-type sequence.

changed to F and the nearby P was changed to A (Figure
1). W and P of WW domains in other proteins are
important for ligand (PPXY or PPLP motif) interactions
(CHEN et al. 1997; ERMEKOVA et al. 1997).

Variants of RSP5, rsp5-wl, rsp5-w2, and rsp5-w3, rsp5-
wlw2, rspS-wlw3, rspS-w2w3, and rspS-wlw2w3, were
transformed into a ts rsp5-13-containing strain. Trans-
formants were tested for growth at various temperatures
and on media with varying pH and in the presence
of paromomycin. YCpHA-rsp5-wl complemented the ts
phenotype, paromomycin sensitivity, and, partially, the
pH sensitivity of the hect domain mutant rsp5-13. YC-
pHA-rsp5>-w2 was less effective and YCpHA-rsp5-w3 did
not complement these phenotypes (Figure 2A). The
double rsp5-wlw2 mutant complemented the ts pheno-
type of rsp5-13similarly to rsp5-w2and the other multiple
mutants tested did not (Figure 2B). The rsp5-9mutation
was complemented by rsp5-w mutations very similarly as
rsp5-13: rsp5-wl was most effective, rsp5-w2 was partially
effective, and rsp5-w3 did not complement ts phenotype
(data not shown). The growth of transformants was also
similar to growth of the respective strains expressing
rsp5-won the deletion rsp5::kan background (see below),
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Ficure 2.—Complementation of rsp5-13 by rsp5-w muta-
tions. (A) The growth of transformants of TZ23 expressing
RSP5 (wt), rsp5-wl (wwl), rsp5-w2 (ww2), or rsp5-w3 (ww3)
from a single-copy plasmid or vector alone (-) on YPD at
temperatures indicated and on YPD buffered to pH 6.5 or
5.2 or containing paromomycin at 30° after 2 or 4 days of
incubation. (B) The growth of transformants of TZ23 express-
ing RSP5 (wt), rsp5-wlw2 (wwl+2), rsp5-wlw3 (wwl+3), rsp5-
w2w3 (ww2+3), or rspi-wlw2w3 (wwl+2+3) from a single-
copy plasmid or vector alone (-) on YPD at temperatures
indicated.

indicating lack of intragenic complementation among
rspS5-w, rsp5-9, and rsp5-13. These results indicate that
mutations in WW1 and WW2, like mutations in WW3,
alter Rspbp function.

To assess the contribution of individual WW domains
to the essential in vivo functions of RSP5 we tested the
ability of the rsp5-w mutants to complement rsp5 dele-
tions by substituting mutant alleles for the wild-type
allele in Arsp5::kan haploids using a standard plasmid
shuffle protocol. All double transformants were able
to lose the plasmid bearing wild-type RSP5. Therefore,
individual WW domains of Rspbp are not essential. The
isogenic strains Arsp5::kan expressing plasmid-encoded
wild-type or mutant rsp5 alleles were tested for growth in
various conditions. All strains bearing rsp5-w mutations
were temperature and pH sensitive and the effect was
the most severe for rsp5-w3 (Figure 3). Similar effects
were seen when genomic RSP5 copy was replaced by
rsp5-w3 in different genetic background (our unpub-
lished data). All mutant strains grew similarly on glyc-
erol-containing medium at the permissive temperature,
but slower than wild type, and the mitochondrial distri-

Z z 2 2 2
z 3 g 2 E z z 2
YPD 37

YPG 37

pH 5.2

FIGure 3.—The rsp5-w mutants show growth defects and
are sensitive to low pH. The growth of BG1-1C strain express-
ing RSP5 (wt), rsp5-wl (wwl), rsp5-w2 (ww2), or rsp5-w3 (Ww3)
from single-copy plasmid on YPD and YPG at temperatures
indicated and on YPD containing paromomycin or buffered
to pH 6.5 or 5.2 at 30°.

bution appeared the same in all mutants as assessed
by 4',6-diamidino-2-phenylindole (DAPI) staining (data
not shown). Sensitivity to paromomycin was similar to
wild type for all mutants (Figure 3, rsp5-9 not shown).
This result was surprising since the original rsp5-9 mu-
tant was paromomycin sensitive and rsp5-w2 and rsp5-
w3 alleles did not complement paromomycin sensitivity
in rsp5-13 (see Figure 2). We do not have an explanation
for this contradiction at this time but it could be related
to plasmid copy number.

The rsp5-w and rsp5-9 mutant strains expressed wild-
type levels of mutant Rsp5p at 30° (Figure 4, rsp5-9 not
shown). However, less Rspbp was present in rsp5-w2 and
rsp3-w3 when cells were incubated at 37° for 2 hr (Figure
4). This effect was most pronounced for Rsp5p-w3. Thus,
it is likely that the mutant proteins are either less stable
or poorly expressed at the nonpermissive temperature.
Lower levels of Rspbp could account for the ts pheno-
type of the respective strains, but not for the pH sensitiv-
ity observed at the permissive temperature of 30°.

The growth characteristics of strains with mutant WW
domains of Rspbp indicated that individual domains do
not play an essential function. However, they contribute
differently to the nonessential functions of Rspbp. WW3
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is the most important for growth at elevated tempera-
tures and growth on media of low pH.

The only WW3 domain is sufficient for Rsp5p essen-
tial functions in vivoe: Since the results showed that indi-
vidual WW domains of Rsp5p are not essential, we asked
if any single WW domain can perform all essential Rsp5p
functions and if this ubiquitin ligase requires the func-
tion of any WW domain. To address these questions rsp5
alleles were generated with all possible combinations of
two mutant WW and three mutant WW domains. A
diploid BG1 strain heterozygous for a deletion of RSP5
transformed with rspS-wlw2, rsp5-wlw3, rsp5-w2w3, or
rspS5-wlw2w3 alleles yielded only four viable spores from
tetrads derived from YCpHA-rspb-wlw2-transformed
cells. Only two spores were viable in tetrads from cells
transformed with the other alleles (not shown). The
rspS-wlw2 mutant has growth characteristics similar to
the rsp5-w2 mutant when isogenic strains obtained were
compared (not shown, compare Figure 2, A and B).
These results show that this protein ligase requires at
least one WW domain to carry out all essential functions
and that the WW3 domain is sufficient for the essential
functions, but the WW1 and WW2 domains are not.
These results also indicate that the various domains may
have separate functions.

Differential effects of individual WW domain mutants
on fluid phase endocytosis and internalization of uracil
permease: Mutations of RSP5 affect many cellular proc-
esses and, based on growth studies, individual WW do-
mains contribute differently to Rsp5p functions. To de-
termine whether the rsp5-w mutations, like the hect
domain mutations, affect endocytosis, fluid phase and
uracil permease endocytosis were examined. To assay
for fluid phase endocytosis, yeast cells were incubated
with the fluorescent dye LY at 30° for 30 min or 1 hr
and 30 min and observed by fluorescence microscopy.
Wild-type strains accumulate LY in yeast vacuoles (Fig-
ure 5). Strains with rsp5-wl, rsp5-w2, or rsp5-9 mutations
accumulate LY in vacuoles to wild-type levels after 1 hr
and 30 min of incubation (Figure 5). In contrast, the
rsp5-w3 mutation caused defects in LY endocytosis be-
cause no fluorescent dye was observed in vacuoles in
these experiments. This block in fluid phase endocytosis
was similar to that observed for rsp5/mdpl mutations
located in the hect domain (ZOLADEK ef al. 1997; KAMIK-
skaA et al. 2000). However, rsp5-wl and rsp5-9 accumu-
lated less dye in vacuoles than the wild-type strain at 30

37 30 37

wwl+2

FIGURE 4.—Rsp5p-w2, Rsp5p-w3, and
Rspbp-wlw2 are unstable at 37°. Rspbp
+ = = = abundance in cells of BG1-1C expressing
RSP5 (wt), rsp5-wl (wwl), rsp5-w2 (ww2),
rspS5-w3 (ww3), and rspS-wlw2 (wwl+2)
from single-copy plasmid at 30° and after
a 2-hr shift to 37°. Actin serves as a pro-
tein-loading control.

min (Figure 5), indicating that they are also defective
in fluid phase endocytosis. The differences in efficiency
of fluid phase endocytosis in rsp5-w3and rsp5-9indicates
that the single P-to-S substitution in the WW3 domain
only partially destroys its function. The WW2 domain
appears unimportant, whereas WW1 has some role and
WW3 is important for fluid phase endocytosis. These
results indicate that individual WW domains have differ-
ent roles in this process.

Ubiquitination by Rsp5p influences the turnover of
several plasma membrane transporters, including the
uracil permease Furdp (GaLaN e al. 1996). The first
step of endocytosis, internalization, and the final step
after endocytosis, degradation, were examined by fol-
lowing Furdp in rsp5-w and rsp5-9 strains transformed

30min

F1GUre 5.—WWI1 and WW3 domains are important for fluid
phase endocytosis. Lucifer yellow endocytosis assay was per-
formed on BG1-1C expressing RSP5 (wt), rsp5-wl (wwl), rsp5-
w2 (ww2), rsp5-w3 (ww3), or rsp5-9 (ww3*) from single-copy
plasmids. Cells were incubated 30 min or 1 hr and 30 min
with LY, washed, and viewed for epifluorescence and by DIC
microscopy to observe vacuoles.
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FIGURE 6.—WW2 and WW3 domains are important for
Fur4p endocytosis. BG1-1C bearing plasmid YCpHA-RSP5 (@,
wt), YCpHA-rsp5-wl (M, wwl), YCpHA-rsp5-w2 (A, ww2), YC-
pHA-rsp-w3 (@, ww3), or YCpHA-rsp5-9 (O, ww3*) and plas-
mid pl95gF were grown at 24° with galactose as a carbon
source. Cycloheximide (100 pg/ml) was added to the me-
dium. (A and C) Uracil uptake at times indicated after addition
of cycloheximide. (B and D) Western blot of protein extracts
prepared at times indicated and analyzed for Fur4p. Represen-
tative results of three independent experiments are shown.

with pl95gF expressing FUR4 from the GALIO pro-
moter. [*C]Uracil uptake measures plasma membrane
Fur4p activity while Fur4p degradation was assayed by
Western blotting. Both were measured after cyclohexi-
mide stress. Mutants rspS-wl, rspS5-w2, and rsp5-w3
showed 1.4-, 2.5- and 6-fold (of ¢,9) delay compared to
wild type in the decrease of uracil uptake after cyclohexi-
mide treatment, respectively (Figure 6A), indicating de-
fects in Fur4p internalization. Mutant rsp5-9 showed a
delay in internalization of Fur4p similar to rsp5-w2 and
less pronounced than rsp5-w3 (Figure 6C), again re-
flecting the fact that the WW3 domain is not completely
defective in this mutant. The slower internalization rate
led to a decrease in the rate of Fur4p degradation in
rspS-w2, rsp5-w3, and rsp5-9 strains (Figure 6, B and D).
We do not observe a decrease in the rate of Furdp
degradation in rsp5-wl relative to the wild type, but such

Cy3 DAPI

vector

HA-Rsp5p

FIGURE 7.—Immunolocalization of Rsp5p. Wild-type cells
(T8-1D) expressing plasmid-encoded HA-Rsp5p were pro-
cessed for immunofluorescence with anti-HA monoclonal an-
tibody and Cy3-conjugated goat anti-mouse secondary anti-
body and stained with DAPI to detect mitochondrial and
nuclear DNA. The same strain with vector only was used as a
control.

a defect could be difficult to detect as the defect in
Fur4p internalization is only 1.4-fold. The results from
studies of Fur4p endocytosis do not completely parallel
the results of fluid phase endocytosis tests. The WW1
domain plays a role in fluid phase endocytosis, but has
minimal effect upon Fur4p internalization and no ap-
parent effect upon Fur4p degradation. In contrast, the
WW?2 domain is important for Fur4p internalization and
degradation, but it is not important for fluid phase
endocytosis. The WW3 domain is important for both
fluid phase and transporter endocytosis. These results
underscore the generality that individual WW domains
contribute differently to Rspbp functions.

Cellular location of Rspb5p: The cellular location of
Rsp5p was studied by indirect immunofluorescence mi-
croscopy of a HA-tagged Rspbp. Rspbp was found in the
cytoplasm associated with punctate structures similar in
appearance to cortical actin patches, but more abun-
dant in number and smaller in size. The pattern of
location did not change during the cell cycle nor was
it polarized in dividing cells. Rspbp was not present in
the nucleus (Figure 7). Mutant Rspbp proteins were
located similarly to wild-type Rspbp at permissive tem-
perature (23°) or after exposure to nonpermissive con-
ditions (2 hr at 37°), indicating that WW domains do
not play a major role in Rsp5p cellular distribution.

Mutations in RSP5 were recently found as suppressors
of mdm1 (Fisk and YAFFE 1999). Mdm1p forms interme-
diate filaments and is involved in proper mitochondrial
morphology and inheritance. Some rsp5 mutants have
mitochondrial phenotypes similar to mdmI. Like Rspbp,
Mdmlp is located in the cytoplasm in punctate struc-
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F1GURE 8.—Rspbp is located in organellar fractions but not
in the nucleus. Westen blot of cellular fractions of wild type
(T8-1D) expressing the HA-RSP5 or vector only. Total, total
extract; G, cytoplasmic fraction; O, membrane and organellar
fraction; N, nuclear fraction. Nsplp, V-ATPase and a-enolase
are controls for nuclear, vacuolar, and cytosolic proteins, re-
spectively.

tures (McCoNNEL and YArre 1992). However, when
Rsp5p and Mdmlp were localized in the same cells by
double indirect immunofluorescence, they did not co-
localize. Moreover, the location of Mdmlp did not
change in rsp5-w mutants at 23° or after a shift for 2 hr
to 37° (not shown).

We did cell fractionations to attempt to confirm and de-
fine more precisely the cellular location of Rspbp. Cell
lysates were prepared from cells bearing YCpHA-RSP5
or vector alone and organellar and cytosolic fractions
were obtained following centrifugation at 300,000 X g
for 20 min. Aliquots of the lysates were also separated
to obtain a nuclear fraction (see MATERIALS AND METH-
ops). The distribution of Rsp5p was examined by immu-
noblotting with anti-HA antibody. The results indicate
that Rspbp is either organelle associated or associated
with large protein complexes that cofractionate with
organelles. Rspbp does not appear to be nuclear since
the amount of Rspbp found in the nuclear fraction
was comparable to the amount of V-ATPase, a known
vacuolar and vesicular membrane protein (Figure 8).
These results are consistent with the nuclear exclusion
of Rspbp observed by immunofluorescence.

Cellular extracts were also fractionated by differential
centrifugation as described by HorFrman and CHIANG
(1996). Rspbp was enriched in the 13K pellet, con-
taining endoplasmic reticulum, mitochondria, and
other organelles, and in the 100K pellet, containing
plasma membrane (notshown). Mitochondrial fraction-
ation experiments showed that Rspbp was not enriched
in the mitochondrial fraction as compared to the con-

13K
Na;,,C 0] 3
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urea
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total
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HA-Rsp5p

V-ATPase pr—

FIGURE 9.—Rspbp might be a peripheral membrane pro-
tein. Western blot of membrane 13K fraction incubated in
0.1 M Na,COs, 1% Triton X-100, 2 M urea, or buffer alone for
1 hr in ice. The samples were separated into supernatants (S)
and pellets (P) by centrifugation. V-ATPase is a control.

trol Mdhlp, which was enriched severalfold (not
shown). Thus, it seems from microscopy and fraction-
ation studies that Rsp5p might be in multiple locations.
Association of Rspbp with the putative organellar struc-
tures appeared to be rather loose since incubation of
the 13K pellet fraction with buffer alone solubilized a
portion of Rsp5p. Rsp5p was more efficiently released
by treatment of the pellet fraction with 1% Triton X-100
or 0.1 m Na,COs. Treatment with 2 M urea caused almost
complete dissociation of Rspbp (Figure 9).

DISCUSSION

We studied the effect of individual WW domain muta-
tions on Rspbp function to evaluate the hypothesis that
they serve as protein modules that recognize different
substrates destined for ubiquitination. In support of this
hypothesis, we found that individual domains contrib-
ute differently to Rsp5p functions. No single Rsp5p WW
domain is necessary for its essential functions. The re-
sults indicate that WW domains can partially substitute
for one another or that they have partially overlapping
function(s). Substitution and/or overlapping function
is not complete, however, since only WW3 can support
all the essential functions of Rspbp in the absence of
the other WW domains. The data indicate that WW3 is
the most important Rsp5p WW domain. WW3 contrib-
utes to Rspbp function in growth of cells at elevated
temperature, growth on low-pH media, and fluid phase
and Fur4p endocytosis. WW1 and WW2 are necessary
for growth of cells on low-pH media, but WW2 does not
appear to be involved in fluid phase endocytosis and
WWI1 does not appear to be involved in the turnover
of Fur4p (Table 1).

Although our results indicate that the individual WW
domains of Rsp5p are not essential, others have reached
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TABLE 1
The summary of endocytosis results

Fluid phase Fur4p-dependent Fur4p

Mutant endocytosis uracil uptake turnover
wt ++ ++ ++
rspS-wl +/— + ++
rspS5-w2 ++ +/— +/—
rsp5-w3 - - -
rsp5-9 +/— +/— +/—

the opposite conclusion. WANG et al. (1999) reported
that WW2 and WW3 each are needed for Rspbp essential
functions. However, their study investigated comple-
mentation of a ts rsp5-1 allele. Here, we show that lack
of growth at 37° is independent of Rsp5p essential func-
tions. At 37° Rsp5p mutant proteins are unstable or
poorly synthesized and this could have led to the lack
of complementation they observed.

Endocytosis in yeast is a multistep process. Solutes,
ligand-bound receptors, and unneeded plasma mem-
brane transporters are internalized via endocytic vesi-
cles. Formation of endocytic vesicles requires coat pro-
teins, certain lipids, and proper functioning of the actin
cytoskeleton. That, in turn, depends on actin and many
proteins involved in actin cytoskeleton organization.
Clathrin and nonclathrin coats mediate plasma mem-
brane vesiculation. Clathrin-coated vesicles only par-
tially contribute to the internalization of the a- and
a-factor receptors (TAN el al. 1993) and the maltose
transporter (Mal61p; PENALVER e al. 1999). Clathrin is
not required for Fur4p internalization (GAGNY et al.
2000). Endocytic vesicles are subsequently transported
to early and late endosomes. Finally, the cargo is deliv-
ered to the vacuole, where proteins are degraded (for
review see KAISER ¢f al. 1997; GELI and RiEzMaN 1998).
Internalization and degradation of permeases such as
Furdp, Gaplp, Mal61p, Gal2p, and Tat2p require Rsp5p-
dependent ubiquitination and ubiquitination precedes
internalization (GALAN et al. 1996; Hicke 1997; HORAK
and Worr 1997; Lucero and LAGUNAS 1997; SPRINGAEL
and ANDRE 1998; BEcK et al. 1999; for review see ROTIN
et al. 2000). Fluid phase endocytosis also depends on
Rspbp (ZOEADEK el al. 1997) even though the cargo is
not ubiquitinated. The defect in fluid phase endocytosis
underscores a role for Rspbp in some step(s) of endocy-
tosis that is in addition to tagging plasma membrane
proteins for internalization. Involvement of Rspbp in
an internalization step, in addition to protein-cargo
(Gaplp) ubiquitination, was also documented recently
when SPRINGAEL et al. (1999) showed that Rspbp lacking
the C2 domain is competent for Gaplp ubiquitination
but not for its internalization.

Our experiments to study the role of Rspbp WW do-
mains in fluid phase endocytosis measured the final step

of this path, LY accumulation in vacuoles. Therefore,
this method cannot discriminate between defects in spe-
cific steps of this endocytic pathway. Similarly, an analy-
sis of plasma membrane transporter endocytosis that
measures the abundance of Fur4p focuses on the end
point of a multistep endocytic process that directs this
protein to the vacuole for degradation. The results show
that only the WW3 domain of Rspbp is important for
both fluid phase endocytosis and Fur4p degradation.
The effect of WW3 domain mutations on Fur4p is very
strong, nearly completely abolishing Fur4p degrada-
tion, similar to the effect previously observed for vacuo-
lar-protease-defective pep4 mutants (GALAN et al. 1996)
and for Fur4p missing the PEST sequence necessary for
Fur4p ubiquitination (MARCHAL et al. 1998).

The role of WW2 in endocytosis is different from the
role of WW3. The effect of the mutation in the WW2
domain on Fur4p degradation is partial. It has no effect
on fluid phase endocytosis. If there is only a single path
to the vacuole following internalization (Figure 10) then
the effect of WW2 upon Fur4p must be at one of the
steps that precedes internalization, such as Fur4p ubi-
quitination or Fur4p sorting (selection) to the budding
vesicle. The WWI1 domain does not appear to be in-
volved in Fur4p degradation, but it does have some role
in fluid phase endocytosis. This discrepancy is not clear
at the present time, but it may reflect the limitation of
the assay or it may indicate that endocytic routes of
Fur4p and LY do not completely overlap.

Studies of Fur4p-dependent uracil uptake test the
internalization of a plasma membrane protein and the
processes that precede internalization. WW1 seems rela-
tively unimportant for Fur4p internalization. WW2 and
WWS3 are important in this internalization step and may
also influence ubiquitination of Fur4p or Fur4p sorting
to the budding vesicle. Studies of Fur4p ubiquitination
in rsp5-w mutants would clarify that point. Preliminary
data indicate that there are multiple higher molecular
weight, presumably ubiquitinated, Fur4p species in ex-
tracts from rsp5-wl and rsp5-w2, but not rsp5-w3 cells.
Taken together, our results lead to the model in which
we speculate that WW2 and WW3 domains are involved
in the processes that precede internalization (Fur4p
ubiquitination and sorting) and that WW3, and possibly
WWI, are involved in internalization of budding vesicles
(Figure 10).

Rspbp clearly must ubiquitinate substrates that play
a role in sorting of transporter proteins to budding
vesicles and/or the internalization step of endocytosis.
These substrates may be part of the endocytic machin-
ery, including proteins involved in actin cytoskeleton
organization. There is a growing list of such proteins
in yeast (for review see GELI and RiezMAN 1998). A
role for Rspbp WWI1 and WWS3 in actin cytoskeleton
dynamics is supported by our studies with latrunculin A,
the drug that affects actin cytoskeleton polymerization
(AYSCOUGH et al. 1997). rsp5-wl and rsp5-w3 strains are
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more resistant to latrunculin A (our unpublished re-
sults). This indicates that the actin cytoskeleton is more
stable in these mutants and may not function properly.
The dynamic action of the actin cytoskeleton is neces-
sary for the budding of all endocytic vesicles.

Very recently, protein ligands that may potentially
interact with each Rsp5p WW domain were identified by
searching the yeast database using consensus sequences
obtained from screening and analyzing phage display
combinatorial peptide libraries (CHANG et al. 2000).
Rvs167p, a protein involved in endocytosis and actin
cytoskeleton organization (MUNN et al. 1995; LEE et al.
1998), was identified as a potential interacting partner
for the WW2 domain. Arcl5p, the component of the
ARP complex that promotes actin nucleation and cross-
links actin filaments (for review see MACHESKY and
GouLp 1999), was identified as a potential ligand for
the WW2 or WW3 domains. These findings fit our results
and predictions and validate rsp5-w mutant analysis as
a tool to study Rspbp involvement in various cellular
processes in vivo. These mutants will be very useful in
experiments to determine if new potential ligands for
interaction actually do interact in yeast cells.

Rspbp appears to be located in multiple sites in the
cell. It was surprising that we could not detect Rspbp
in the nucleus since the large subunit of RNA polymer-
ase II has been documented to be a substrate of Rsp5p
(HUIBREGTSE ¢l al. 1997; WANG et al. 1999). Many trans-
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<+
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internalization ~ WW3 WW domains of Rspbp in
of the vesicle wwl Fur4p and fluid phase endo-
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porters and receptors that are substrates for Rspbp-
mediated ubiquitination are located at the plasma mem-
brane. One of them, plasma membrane tryptophan per-
mease Tat2p, is internalized upon nutrient limitation
and is transported through the endocytic pathway to
the vacuole for degradation. At the same time, internal
Tat2p is diverted from the late secretory pathway to the
vacuolar pathway (Beck et al. 1999). The N-terminal
lysines of Tat2p and ubiquitination are required for the
degradation of this internal pool of Tat2p (BEck et al.
1999). The role of Rspbp in this latter process has not
been tested. However, the pool of Rspbp associated with
internal membranes could play a role in directing Tat2p
(and possibly other transporters) from the Golgi to the
vacuole.

Our results indicate that individual WW domains
adapt Rspbp to functions in fluid phase and Fur4p endo-
cytosis, as well as the low pH stress response. The results
of others document the role of individual WW domains
in Rpblp recognition that affect transcription (WANG
et al. 1999; CHANG et al. 2000). More work is clearly
needed to learn how individual WW Rsp5p domains
influence the ubiquitination of other plasma membrane
transporters and to elucidate their roles in mitochon-
drial functions and cytoskeletal organization.
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