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Like other Nedd4 ligases, Saccharomyces cerevisiae E3 Rsp5p utilizes adaptor proteins to interact with some substrates. Previous
studies have indentified Bul1p and Bul2p as adaptor proteins that facilitate the ligase-substrate interaction. Here, we show the
identification of a third member of the Bul family, Bul3p, the product of two adjacent open reading frames separated by a stop
codon that undergoes readthrough translation. Combinatorial analysis of BUL gene deletions reveals that they regulate some,
but not all, of the cellular pathways known to involve Rsp5p. Surprisingly, we find that Bul proteins can act antagonistically to
regulate the same ubiquitin-dependent process, and the nature of this antagonistic activity varies between different substrates.
We further show, using in vitro ubiquitination assays, that the Bul proteins have different specificities for WW domains and that
the two forms of Bul3p interact differently with Rsp5p, potentially leading to alternate functional outcomes. These data intro-
duce a new level of complexity into the regulatory interactions that take place between Rsp5p and its adaptors and substrates and
suggest a more critical role for the Bul family of proteins in controlling adaptor-mediated ubiquitination.

The attachment of ubiquitin to a protein can lead to a wide
variety of outcomes, from proteasome degradation to traffick-

ing in the endocytic system (34). The final fate of the ubiquitinated
protein appears to be determined by the type of modification that
takes place. For example, monoubiquitination and K63-linked
polyubiquitination result in endocytosis from the plasma mem-
brane (30), while polyubiquitination through K48 in ubiquitin
generally leads to degradation via the 26S proteasome (24). Ubiq-
uitination involves the sequential action of E1, E2, and E3 en-
zymes, and it is the E3s (or ubiquitin ligases) that control substrate
specificity and (with particular E2s) the type of ubiquitin modifi-
cation that occurs (6, 27). Accessory proteins, such as deubiquiti-
nating proteins (DUBs) and chain-extending ligases (E4s), have
also been shown to be important in regulating polyubiquitination
(4, 13).

There are two main families of E3s containing either a U-box/
RING (really interesting new gene) or HECT (homologous to the
E6-associated protein C terminus) domain (7, 16). The RING
family members are scaffold proteins that bring together E2 and
the target to facilitate ubiquitination (16), while HECT ligases
transiently accept ubiquitin from E2 before transferring it to the
target protein (7). The Nedd4 (neural precursor cell expressed,
developmentally downregulated 4) family members are ubiquitin
ligases with a conserved domain architecture consisting of a phos-
pholipid-binding C2 domain, 1 to 4 WW domains (which are
protein-protein interaction motifs), and a C-terminal HECT do-
main (29). There are nine members of the Nedd4 family found in
humans, while Saccharomyces cerevisiae contains only one, Rsp5p
(29). Nedd4 ligases are involved in regulating endocytosis of re-
ceptor proteins and transporters at the plasma membrane (9, 10,
11, 20, 25), sorting of proteins to the yeast vacuole (9, 11), pro-
cessing of transcription factors into active forms (14, 28), control-
ling neural development (15), and regulating DNA repair mech-
anisms (3), and members of the Nedd4 family in humans have
been linked with numerous cancers (2).

Generally, the Nedd4 family members interact with targets
through their WW domains, which bind short peptide sequences
called PY motifs (XPXY) (33). Not all Nedd4 family targets con-

tain PY motifs, and in these cases, adaptor proteins are required to
bind both the ligase and the substrate to facilitate ubiquitination
(21). Numerous Rsp5p adaptors have been identified in yeast,
particularly in relation to the sorting of membrane proteins in the
endocytic system (18). Rsp5p adaptors include Bsd2p and Tre1/
2p, which are involved in the trafficking of proteins via the mul-
tivesicular body (MVB) pathway (11, 32); Ear1p and Ssh4p, two
redundant proteins required for the trafficking of numerous car-
gos originating from the Golgi apparatus and plasma membrane
(19); and the nine arrestin-related proteins (Art1p to -9p) re-
quired for ubiquitin-mediated endocytosis (20, 25, 26).

Bul1p and Bul2p (binds ubiquitin ligase) are soluble PY motif-
containing proteins that bind to and regulate Rsp5p (35, 36).
Bul1p and Bul2p have been shown to control the sorting of a
number of proteins, including the amino acid permease Gap1p in
response to nutrient availability (10), the copper-dependent en-
docytosis of the transporter Ctr1p (21), and endocytosis of the
uracil permease Fur4p (25). In addition, Bul1/2p are required for
response to heat and osmotic stress and to DNA damage (3, 35,
36). The roles of Bul1p and Bul2p in the polyubiquitination of
Gap1p lead to the suggestion that they may be ubiquitin chain-
extending E4 enzymes (10). However, the identification of a small
conserved domain and the observation that Bul1p shows some
degree of functional redundancy with the arrestin-like proteins
led Nikko and Pelham (25) to postulate that Bul1/2p are distantly
related arrestin-like adaptor proteins.

Here, we report the exciting identification of a further member
of the Bul family, Bul3p, in S. cerevisiae. Like the other Bul pro-
teins, Bul3p is involved in some, but not all, cellular processes that
require Rsp5p. Surprisingly, on further analysis of the phenotypes
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of BUL null mutants, we found the Bul proteins can antagonisti-
cally regulate the Rsp5p-mediated sorting of the plasma mem-
brane transporter proteins Smf1p and Can1p. In addition, the
phenotypes of the BUL gene deletions suggest complex roles of
Rsp5p and the Bul proteins in some cellular pathways, and we
postulate that, rather than being adaptors, the Bul proteins may
instead allow efficient recruitment and removal of adaptors to
modulate the activity of Rsp5p.

MATERIALS AND METHODS
BUL gene deletions. All the strains used are derivatives of BY4742 (MAT�
his3-�1 leu2-�0 lys2-�0 ura3-�0). Single-gene deletions of BUL1 and
BUL2 were obtained from the Euroscarf gene knockout collection, and a
double deletion was made by mating and sporulation. All BUL3 null mu-
tations were made by replacing the ynr069/ynr068 open reading frames
(ORFs) with the Schizosaccharomyces pombe HIS5 marker. The BUL3 ORF
was amplified from yeast genomic DNA using PCR, the DNA sequence
was obtained (Eurofins, London, United Kingdom), and the protein se-
quence was compared to those of BUL1 and BUL2 using Sequence Anal-
ysis software (Informagen Inc.).

BUL3 complementation and immunoprecipitation. The BUL3 ORF
was inserted into a YCplac33 CEN URA3-derived shuttle vector that adds
an N-terminal hemagglutinin (HA) epitope tag under the control of the
TPI1 promoter. HA-Bul3p was visualized in equalized total protein ex-
tracts from log-phase yeast cultures using immunoblotting with mono-
clonal anti-HA antibodies (Sigma-Aldrich, Dorset, United Kingdom) and
infrared (IR)-dye-conjugated secondary antibodies (Li-Cor Bioscience,
Cambridge, United Kingdom). Immunoprecipitation was performed us-
ing EZview Red Anti-HA affinity resin (Sigma-Aldrich, Dorset, United
Kingdom) according to the manufacturer’s protocol using total extracts
from log-phase cells, followed by simultaneous immunoblotting with
monoclonal anti-HA and polyclonal anti-Nedd4 (Abcam, Cambridge,
United Kingdom) primary and IR-dye-conjugated secondary antibodies.
For complementation studies, site-directed mutagenesis using a
QuikChange protocol (Stratagene, Stockport, United Kingdom) and the
HA-Bul3p construct described above as a template was used to remove the
BUL3 internal stop codon and to produce a Y100A (�PY) construct.

Growth assays. Yeast cultures were grown overnight in yeast extract-
peptone (YEP) agar plus 2% (wt/vol) glucose (YPD), the culture density
was equalized according to the A600, and 10-fold dilutions were spotted
out onto either YPD agar (or YEP agar plus 2% [vol/vol] ethanol) or
synthetic complete agar minus arginine (plus 2% glucose) for canavanine
experiments, with the addition of 25 �M CdCl2, 3 �M phleomycin (Mel-
ford Laboratories, Ipswich, United Kingdom), 1 mM L-azetidine-2-car-
boxylic acid (AZC) (Sigma-Aldrich, Dorset, United Kingdom), or 14 �M
canavanine (Sigma-Aldrich, Dorset, United Kingdom) as required, and
were grown at 30°C or 40°C for 3 days.

Mga2p-processing assay. The full-length S. cerevisiae MGA2 ORF
was cloned from yeast genomic DNA using PCR and inserted into a
YCplac111 CEN LEU2-derived plasmid that adds an N-terminal HA
epitope tag under the control of the TPI1 promoter. HA-Mga2p was vi-
sualized in equalized total protein extracts from log-phase yeast cultures
using immunoblotting with monoclonal anti-HA antibodies as described
above.

Microscopy. Yeast containing mCherry-�NSmf1p was grown on
metal-depleted medium as described previously (33). Similarly, yeast
containing green fluorescent protein (GFP)-Gap1p was grown using 0.1%
(wt/vol) proline as the sole nitrogen source (8) before imaging of log-
phase cells. The CAN1 ORF was cloned from yeast genomic DNA using
PCR and inserted into a YCplac33 CEN URA3-derived shuttle vector con-
taining GFP (11). Yeast cells were grown to log phase in selective medium
lacking arginine, which was added to the growth medium to a final con-
centration of 100 mg/liter 2 h before imaging. Fluorescent and differential
interference contrast imaging of log-phase cells in water were performed
using a Leica SP5 confocal microscope, and digital images were inverted

and the brightness/contrast was altered for clarity using Photoshop CS4
software (Adobe, Mountain View, CA).

Metal depletion assays. Yeast containing TAP2-�NSmf1p (the TAP2
tag is a variant of the standard Tandem Affinity Tag [33] in which the
calmodulin binding domain has been replaced with a 6His region) were
grown in metal-depleted medium as described previously (33). Log-phase
cells were then grown for a further 16 h in either metal-depleted medium
or metal-depleted medium to which 200 �M MnCl2 or 25 �M CdCl2 had
been added. Total protein extracts were subjected to immunoblotting
with peroxidase–anti-peroxidase antibodies (Sigma-Aldrich, Dorset,
United Kingdom) and detection using chemiluminescence reagent (Mil-
lipore, Watford, United Kingdom).

Ubiquitination assays. In vitro ubiquitination assays were performed
as described previously (33) using recombinant GSTRsp5p and altered
versions that had only a single functional WW domain (33). BUL ORFs
were cloned into a pET30a vector (Merck, Nottingham, United King-
dom), and recombinant protein was produced in Escherichia coli strain
BL21-CodonPlus (Stratagene, Stockport, United Kingdom) and purified
using HIS-select resin (Sigma-Aldrich, Dorset, United Kingdom) accord-
ing to the manufacturer’s protocol.

RESULTS
S. cerevisiae has three BUL family genes. A BLAST search of the
yeast genome identified two open reading frames encoding pro-
teins with significant amino acid homology to Bul1p and Bul2p.
Bsc5p (ynr069cp) and ynr068cp show homology to the N and C
termini of Bul1p, respectively. Further examination found that
these open reading frames are adjacent to each other in the ge-
nome and are separated by a stop codon that undergoes bypass
translation at a reported level of �5% (23). The Bsc5p/ynr068cp
protein (which we refer to here as Bul3p) shows significant iden-
tity and similarity to Bul1p and Bul2p (Table 1), including the
presence of a putative PY motif (PPFY100) and a short arrestin-like
motif (25). The Bul3p coding sequence was cloned from yeast
genomic DNA, and the presence of the stop codon was confirmed
through sequencing. Using an HA epitope-tagged Bul3p con-
struct, we observed at least two distinct translation products of
approximately 55 to 60 kDa, likely corresponding to modified
forms of the Bsc5p portion of Bul3p. However, a larger protein
approximately 100 kDa in size was also detected, albeit in much
reduced abundance, corresponding to the bypass translation
product (Fig. 1A). Both the large and small Bul3p proteins could
be coimmunoprecipitated with Rsp5p from yeast cell extracts in a
PY motif-dependent fashion (Fig. 1B).

Bul proteins are not essential for cell viability. Previous stud-
ies have shown that Bul1p and Bul2p bind to and regulate the
activity of the ubiquitin ligase Rsp5p (35, 36). However, unlike
Rsp5p, deletion of Bul1p and/or Bul2p has no effect on the viabil-
ity of yeast cells (36). To determine if the survival of yeast cells in
the absence of Bul1p and Bul2p was due to the activity of Bul3p,
we made a BUL3 null mutation (see Materials and Methods) and

TABLE 1 Percent identity/similarity of the Bul proteinsa

Protein

% Identity/similarity to:

Bul1 Bul2 Bul3

Bul1 51/66 31/50
Bul2 51/66 30/51
Bul3 31/50 30/51
a The table compares the global percent amino acid identity and similarity of Bul1p,
Bul2p, and Bul3p (including the bypass stop codon).
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examined the effect of this deletion in combination with loss of
BUL1 and/or BUL2. Figure 1C shows that deletion of BUL3 has no
effect on the growth of yeast cells at 30°C, either alone or in com-
bination with the loss of BUL1 and/or BUL2. As reported previ-
ously (36), a bul1� mutant shows very restricted growth at 40°C
while bul2� and bul3� mutants show only a slight temperature
sensitivity, which is enhanced when both genes are absent (Fig.
1C). The temperature sensitivity of the bul2� bul3� double mu-
tant could be complemented by overexpression of epitope-tagged
Bul3p only when the PY motif was present (Fig. 1D). We also
observed that overexpression of Bul3p was not able to comple-
ment the extreme temperature sensitivity phenotype of bul1�
(Fig. 1D), and this was also seen in Bul3p constructs that lacked
the internal stop codon (T. V. Novoselova and J. A. Sullivan, un-
published data). Interestingly, overexpression of Bul3p without a
PY motif greatly enhanced the temperature sensitivity of bul2�
(Fig. 1D), suggesting a possible regulatory interaction between
Bul2p and Bul3p proteins independent of Rsp5p. Taken together,
these observations demonstrate that while the Bul family proteins
are not essential for cell viability, Bul3p has a role in combination
with other members of the family in regulating the yeast cell’s
response to heat stress.

Bul PY motifs interact differently with Rsp5p. Since a clear
PY motif-dependent interaction of Bul3p with Rsp5p was ob-
served in yeast, we decided to investigate the roles of the Rsp5p
WW domains in this interaction using in vitro ubiquitination as-
says (Fig. 1E). As expected, recombinant Rsp5p was able to modify
all of the Bul proteins examined, including both forms of Bul3p.

Interestingly, in our assays, the small form of Bul3p (Fig. 1E,
Bul3stop) was much more readily modified than the large form
(Fig. 1E, Bul3ns), as evidenced by the complete loss of the unmod-
ified protein and the appearance of only high-molecular-weight
conjugates. We were also surprised to note that when we used
single-WW-domain mutants of Rsp5p, the Bul protein PY motifs
had different preferences for WW domains. While Bul1p interacts
with equal efficiency with all WW domains, Bul2p has a prefer-
ence for WW3 (reflected in reduced modification when WW1 is
absent). In contrast, the small form of Bul3p preferentially inter-
acts with WW2, while the large form interacts equally well with all
WW domains (Fig. 1E). These results suggest that, in vitro at least,
the Bul proteins interact differently with Rsp5p, which could lead
to different functional outcomes.

The Bul protein family can be functionally antagonistic.
Since a temperature sensitivity phenotype was observed in a bul3�
null mutant we decided to investigate the effects of other chemical
agents previously linked to Rsp5p and Bul1p and/or Bul2p on
yeast growth. Figure 2A and B show the effects on growth when
cadmium, phleomycin, ethanol, and the amino acid analogs
L-azetidine-2-carboxylic acid and canavanine were added to
growth media.

Cadmium toxicity is mediated by the presence of the manga-
nese transporter Smf1p at the yeast plasma membrane. In the
presence of cadmium, Smf1p is ubiquitinated and endocytosed in
a process requiring Rsp5p, preventing heavy metal entry into the
cell and reducing toxicity (11, 22). Deletion of BUL1 makes yeast
growth very sensitive to cadmium, while, surprisingly, loss of

FIG 1 BUL genes are not essential for viability but are important for response to heat stress. (A) HA epitope-tagged Bul3p was expressed in a bul3� null mutant
strain, and the protein was visualized by immunoblotting using anti-HA antibodies. The arrowheads indicate two major translation products of 55 to 60 kDa; the
asterisk indicates a readthrough translation product of �100 kDa. (B) HABul3p was expressed in a bul3� strain, along with a Y100A (HABul3�PY) form, a
variant that lacks the internal stop codon (HABul3ns), and an empty HA vector control. Extracts from log-phase cells (Input) were subjected to immunopre-
cipitation with anti-HA affinity resin (IP �HA) and subjected to immunoblotting with anti-HA and anti-Rsp5 antibodies. (C) Tenfold serial dilution of yeast
strains with the BUL genes deleted alone (�1, �2, and �3), in pairs (�1,2; �1,3; and �2,3), or in combination (�1,2,3) were grown for 3 days at either 30°C or
42°C. WT, wild type. (D) Serial deletions as described for panel C with strains expressing HABul3 or HABul3�PY constructs. (E and F) In vitro ubiquitination
assays using recombinant S-tagged Bul1p and Bul2p and large (Bul3ns) and small (Bul3stop) forms of Bul3p. The reactions were performed with methylated
ubiquitin (Ub) using equal quantities, as determined using immunoblots with anti-Rsp5p antibodies (F), of wild-type Rsp5p and variants that had only a single
functional WW domain remaining (WW3, WW2, and WW1) before being subjected to immunoblotting with anti-S-tag antibodies.
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BUL2 makes yeast hyperresistant to cadmium (Fig. 2A, Cd) an
observation similar to that of a yeast strain lacking SMF1 (No-
voselova and Sullivan, unpublished). In contrast, loss of BUL3 has
no effect on yeast growth in the presence of cadmium (Fig. 2A).

Bul1p has been shown previously to antagonize the Bre5p-
Ubp3p protease complex in regulating response to damaged DNA
(3). As reported previously (3) we observed that deletion of BUL1
increased the resistance of yeast cells to the DNA-damaging agent
phleomycin (Fig. 2A, Phl). However, we also observed that loss of
either BUL2 or BUL3 caused a slight increase in sensitivity to DNA
damage while loss of both together made the yeast cells hypersen-
sitive to phleomycin. Interestingly, when all three Bul proteins
were absent, growth on phleomycin was not dissimilar to that
observed with wild-type yeast, suggesting that increased sensitiv-
ity to phleomycin, caused by the loss of BUL2 and BUL3, has been
compensated for by the lack of BUL1 (Fig. 2A, Phl).

Differing roles for the Bul proteins were again observed when
null mutant strains were grown in the presence of ethanol (Fig. 2A,
EtOH). Excess ethanol causes the activation of stress responses in
yeast, and cell survival requires the Rsp5p-mediated degradation
of misfolded proteins (12). Interestingly, while Bul1p appears to
be required for this process, as concluded from the lack of growth
of the bul1� strain in the presence of ethanol, loss of either BUL2
or BUL3 alone or in combination appears to have no effect on
yeast viability (Fig. 2A). The lack of a role for Bul2p and Bul3p in
ethanol-induced stress survival differs from what is observed with
temperature-induced stress (Fig. 1C) and implies different roles
for the Bul family depending upon the nature of the stress-induc-
ing signal.

To investigate further the phenotypes of BUL family deletions,

we examined the effects of AZC and canavanine on yeast growth.
AZC and canavanine are amino acid analogs of proline and argi-
nine, respectively. In both cases, the respective amino acid trans-
porters for these analogs (Put4p and Can1p) are regulated by
ubiquitin-mediated endocytosis involving Rsp5p (20). Deletion
of BUL1 and, to a lesser extent, BUL2 made yeast cells more sen-
sitive to the proline analog AZC (Fig. 2B, AZC). Deletion of BUL3
had no effect on the ability of yeast to grow in the presence of AZC,
while deletion of BUL1 and BUL2 together prevented almost all
growth. In contrast, only deletion of BUL2 made yeast cells sensi-
tive to the arginine analog canavanine, with slight resistance to
canavanine being observed when BUL1 was deleted (Fig. 2B, Can).
Loss of BUL3 alone had little effect on the growth of yeast cells in
the presence of canavanine; however, the bul1� bul2� bul3�
strain was much more sensitive to canavanine than the bul1�
bul2� strain, suggesting some potential role for BUL3 in regulat-
ing the activity of Can1p.

The Bul family is not involved in all Rsp5p-dependent pro-
cesses. To investigate the extent of the Bul family involvement in
cellular processes controlled by Rsp5p, we examined the effects of
deleting the Bul proteins on the processing of the Mga2p tran-
scription factor. Mga2p and Sgt23p are PY motif-containing tran-
scription factors that are translated as proproteins with an integral
membrane domain causing their retention in the yeast endoplas-
mic reticulum (ER). Following ubiquitination by Rsp5p, these
proteins are partially processed by the 26S proteasome, releasing a
soluble transcription factor (13, 28). To investigate the roles of the
Bul proteins in this ubiquitin-mediated proteolytic-processing
event, we examined the processing of an HA-epitope-tagged
Mga2p construct from its P120 unprocessed form to the smaller
P90 form. As can been seen in Fig. 2C, in wild-type cells, approx-
imately 60% of the HA-Mga2p protein is found in the P90 pro-
cessed form, and deletion of all BUL genes had no significant effect
on the extent to which P120 is processed to P90. Similar results
were obtained with single and double deletions of BUL genes (No-
voselova and Sullivan, unpublished), indicating that not all of the
Rsp5p-dependent processes in the yeast cell require a member of
the Bul family of proteins.

Bul proteins differentially affect sorting of plasma mem-
brane proteins. Since loss of Bul1p made cells hypersensitive to
growth on cadmium while loss of Bul2p made cells hyperresistant,
we decided to investigate the localization of the plasma membrane
transporter Smf1p in BUL family mutants. Two modes of Rsp5p
ubiquitin-mediated sorting of Smf1p have been reported, a stress-
triggered endocytosis event that requires Rsp5p and the arrestin-
like proteins Ecm21p (Art2p) and Csr2p (Art8p) (26) and a metal-
dependent ubiquitin-mediated sorting event that requires Rsp5p
and the adaptor proteins Bsd2p and Tre1/2p (32, 33). To investi-
gate this system further, we examined the localization of
mCherry-tagged �NSmf1p. �NSmf1p has a deletion of the N ter-
minus of Smf1p that prevents stress-induced endocytosis but still
allows ubiquitin-mediated metal-dependent sorting (33). As re-
ported previously (33), growth of yeast cells in metal-depleted
medium caused mCherry-�NSmf1p to accumulate at the plasma
membrane (Fig. 3A), although significant quantities of mCherry-
�NSmf1p are trafficked to the vacuole, reflected in the intense
vacuolar fluorescent signal (caused by the relative resistance of
mCherry to vacuolar proteases). Deletion of the BUL genes alone
or in combination had no effect on the plasma membrane local-
ization of mCherry-�NSmf1p in metal-depleted medium, al-

FIG 2 BUL gene deletions show complex growth phenotypes but are not
required for ubiquitin-mediated processing of Mga2p. (A) Tenfold serial di-
lution of BUL gene deletion strains grown on YPD agar medium, YPD plus 25
�M CdCl2 (Cd) or 3 �M phleomycin (Phl), or YEP plus 2% (vol/vol) ethanol
(EtOH). (B) Tenfold serial dilution of BUL gene deletion strains grown on
YPD agar medium plus 1 mM AZC, synthetic complete medium with no
arginine (SC), or SC minus Arg plus 14 �M canavanine (Can). (C) Immuno-
blot using anti-HA antibodies of HA-Mga2p processing from P120 to P90 in
wild-type and BUL gene deletion (�1,2,3) strains.
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though a reduced vacuolar signal was observed in strains that lack
BUL3 (Fig. 3A). Following the addition of cadmium, no mCherry-
�NSmf1p was observed at the plasma membrane in a bul2�
strain, in contrast to a wild-type, bul1�, bul3�, or bul1� bul2�
bul3� strain, where plasma membrane localization of mCherry
was still identifiable (Fig. 3A). This enhanced sorting of �NSmf1p
in a bul2� strain is also reflected in immunoblots of extracts from
yeast strains expressing a TAP-tagged �NSmf1p (Fig. 3B). When
grown on metal-depleted medium, a single band corresponding
to TAP-�NSmf1p was observed in a wild-type and a bul1� yeast;
in contrast, only highly modified TAP-tagged �NSmf1p, likely to
be ubiquitinated forms, was observed in a bul2� strain (Fig. 2B).
Addition of a large excess of either manganese or cadmium results
in the disappearance of TAP-�NSmf1p in the bul2� strain and the
accumulation of modified forms of the protein in a wild-type
strain but no change in the bul1� strain.

To further examine the roles of the Bul proteins in ubiquitin-
mediated sorting, we also investigated the localization of the gen-
eral amino acid permease Gap1p in nitrogen-poor medium. The
ubiquitin-mediated endocytosis of Gap1p in response to nitrogen
has been shown previously to require Rsp5p, Bul1p, and Bul2p
(10). In contrast to previously published results, we observed very
little plasma membrane localization of GFP-Gap1p in wild-type
yeast cells, with the majority of the GFP being found in the yeast
vacuole and only a small amount of GFP signal seen at the cell
periphery (Fig. 4). This is likely due to our use of the BY4742 yeast
strain rather than S288C, which has altered Gap1p expression and
has been used previously to visualize plasma membrane localiza-
tion of Gap1p (10). In our hands, only deletion of BUL1 caused a
significant change in the localization of GFP-Gap1p, with GFP
being restricted to intracellular puncta and likely to yeast endo-
somes/Golgi network (Fig. 4). Surprisingly, deletion of BUL2 or
BUL3 showed very little difference in GFP-Gap1p localization
from that observed in wild-type yeast.

The ubiquitin-mediated endocytosis of the arginine trans-
porter Can1p in the presence of excess arginine has been shown
previously to involve Rsp5p and the arrestin-like protein Art1p
(20). Since we had observed differential sensitivity of BUL gene
deletions to the arginine analog canvanine (Fig. 2B), we also in-

FIG 3 Sorting of mCherry�NSmf1p in metal-depleted medium following the
addition of CdCl2. (A) mCherry fluorescence and differential interference
contrast microscopy images of wild-type and single BUL gene deletion strains
expressing mCherry�NSmf1p following growth on metal-depleted media
(�metal) and 2 h after the addition of 25 �M CdCl2. The arrowheads indicate
plasma membrane localization. (B) (Top) Immunoblots against Tap-tagged
�NSmf1p in total protein extracts from wild-type and bul1� (�1) and bul2�
(�2) strains. (Bottom) PonceauS staining was used as a loading control.

FIG 4 Sorting of GFPGap1p in nitrogen-poor medium. Shown are GFP flu-
orescence and differential interference contrast microscopy images of wild-
type and single BUL gene deletion strains expressing GFPGap1p following
growth in medium with proline as the sole nitrogen source.
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vestigated the localization of GFP-Can1p. When grown in the ab-
sence of arginine, a clear GFP signal was observed at the cell pe-
riphery in all strains examined (Fig. 5). However, following the
addition of arginine, only in a BUL2 deletion strain were signifi-
cant quantities of GFP-Can1p observed at the cell periphery (Fig.
5). In all strains investigated, including the bul2� strain, a signif-
icant GFP signal was observed in the yeast vacuole, suggesting that
sorting of Can1p via the MVB pathway was unimpaired.

These results show that different members of the Bul family
regulate the sorting of Smf1p, Gap1p, and Can1p, but not the
ubiquitin-mediated processing of Mga2p. Primarily, this regula-
tion appears to involve Bul1p and Bul2p for Smf1p and Gap1p,
although there is some role for Bul3p in the sorting of Can1p.

DISCUSSION

Understanding how E3 ligases like Rsp5p are regulated is critical
to understanding the process of ubiquitination (14, 18, 29). Here,
we report the identification of a new Rsp5p regulatory protein,
Bul3p, which, along with the other members of the Bul family,
regulates some of the cellular processes involving Rsp5p. We also
report the surprising observation that members of the Bul family
can show antagonistic activity toward the same Rsp5p substrate.
This is best seen in the ubiquitin-mediated sorting of the manga-
nese transporter Smf1p, where Bul1p and Bul2p have opposite
roles in controlling ubiquitin-mediated sorting. Our results sug-
gest that while Bul1p is required for Smf1 endocytosis, through
recruitment and subsequent ubiquitination by Rsp5p, Bul2p in-
hibits this process. Similarly, Bul1p and Bul2p appear to antago-
nize each other with respect to the ubiquitin-mediated sorting of

the arginine transporter Can1p. However, in this case, Bul2p ap-
pears to enhance Can1p sorting while Bul1p has the opposite
function. Further complexity in the roles of the Bul proteins is
seen in the sorting of the permease Gap1p, which requires only
Bul1p with no apparent role for either Bul2p or Bul3p, contradict-
ing previous studies (10). It is possible that these differences reflect
the use of a different yeast strain or, more likely, are based on the
incorrect assumption of Bul1p and Bul2p functional redundancy.
However, it is clear that the role of the Bul family in ubiquitin-
mediated sorting of plasma membrane proteins is not universal. It
is not clear at this stage if there is a role for Bul proteins in ubiq-
uitin-mediated endocytosis and/or ubiquitin-mediated diversion
of Smf1p, Can1p, and Gap1p from the Golgi apparatus/endo-
some. However, given our observations and those of others (31)
with Smf1p and Gap1p, roles for Bul proteins in both these pro-
cesses seem possible.

Although we have yet to identify a unique role for Bul3p in
ubiquitin-mediated sorting of plasma membrane proteins, Bul3p
does appear to be particularly important for cell survival following
DNA damage after phleomycin treatment. Previous studies have
shown that Bul1p functions antagonistically to the Bre5p-Ubp3p
ubiquitin protease complex to regulate nonhomologous-end-
joining (NHEJ) DNA repair mechanisms (3). Our results suggest
that like Bre5p/Ubp3p, Bul2p or Bul3p can antagonize Bul1p fol-
lowing DNA damage. A role for Bre5p/Ubp3p in ER-to-Golgi ap-
paratus trafficking has been demonstrated (5), and it has been
shown that Bre5p/Ubp3p modulates the ubiquitin status of TFIID
(1) and RNAPII (17). It is conceivable that the Bul proteins regu-
late Rsp5p activity on a particular target protein and that it is the
ubiquitination status of this protein that is subsequently modu-
lated by Bre5p/Ubp3p to ultimately control NHEJ pathways.

The presence of an internal stop codon in BUL3 that undergoes
readthrough translation is an interesting conundrum. Numerous
BUL-like genes have been identified in other fungal species, but we
have been unable to find a similarly positioned stop codon. The
low sequence identity between Bul proteins in S. cerevisiae and
between Bul proteins in other species makes it difficult to conclu-
sively identify Bul3p through homology searches alone. Indeed, it
seems extremely likely that some Bul3p homologs have been mis-
annotated as either Bul1p or Bul2p. However, a clear Bul3p ho-
molog can be identified in Zygosaccharomyces rouxii, a product of
the ORF ZYRO0G14058g, which shows higher identity/similarity
(36/55%) to S. cerevisiae Bul3p than Bul3p shows to either S.
cerevisiae Bul1p or Bul2p, and in this case, no internal stop codon
is present. The reason for the internal stop codon in S. cerevisiae
Bul3p remains unclear. It may represent a potential method of
regulation and/or indicate that the two Bul3 proteins may have
subtly different activities on some substrate(s) yet to be identified.
Indeed, our experiments suggest that the two forms of Bul3p can
interact with Rsp5p in different ways in vitro, potentially leading
to different functional outcomes. At present, we have been unable
to find a phenotypic difference between strains containing BUL3
with or without a stop codon. However, given the potential num-
ber of Rsp5p substrates in the yeast cell, the ubiquitination of any
one of which may involve Bul3p, this is not too surprising.

One obvious question is, how do the Bul family proteins con-
trol Rsp5p activity? Previous studies with Gap1p have suggested
that Bul1p and Bul2p function as E4 enzymes to extend polyubiq-
uitin chains (10). However, Rsp5p alone is perfectly capable of
attaching long polyubiquitin chains to its targets (33), and we

FIG 5 Sorting of GFPCan1p following growth in excess arginine. Shown are
GFP fluorescence and differential interference contrast microscopy images of
wild-type and single BUL gene deletion strains expressing GFPCan1p. The
images were obtained before (�Arg) and 2 h after (�Arg) the addition of 100
mg/liter arginine to log-phase cells grown in arginine-free synthetic complete
medium. The arrowheads indicate plasma membrane localization.
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observed no effect of Bul1p on the ability of Rsp5p to form polyu-
biquitin chains in vitro (Novoselova and Sullivan, unpublished).
More recently, it has been suggested that Bul1p and Bul2p are
distantly related arrestin-like adaptor proteins that recruit Rsp5p
to substrates (25). However, our observation that Bul1p and
Bul2p antagonize ubiquitin-mediated sorting of some substrates
appears not to agree with a simple role for the Bul family as adap-
tor proteins. An alternate hypothesis, consistent with our obser-
vations, is that the Bul proteins function to regulate the adaptor-
Rsp5p interaction. Given the large number of substrates and
adaptors of Rsp5p, efficient association and disassociation with
Rsp5p are essential for the ligase to function correctly. In an adap-
tor-regulator model, the Bul proteins would function as gatekeep-
ers of the ligase-adaptor interaction, ensuring both efficient bind-
ing and removal of adaptors from the ligase. In this model, Bul1p
would allow the efficient recruitment of adaptors, such as Art2p
and Art8p, to facilitate ubiquitin-mediated endocytosis of Smf1p,
while Bul2p would displace Art2/8p from Rsp5p to allow efficient
“recycling” of the ligase for subsequent interactions. In this case,
the Bul proteins could partially compensate for the absence of a
primary adaptor for a particular substrate by enhancing the inter-
action between a substrate and a lower-affinity adaptor, explain-
ing the apparent functional redundancy of Bul1p and Bul2p with
the Art proteins observed previously (25). One simple mechanis-
tic model to explain this Rsp5p gating activity suggested by our
experiments is that by binding to Rsp5p, the Bul proteins may
alter access to specific WW domains. Blocking access to a partic-
ular WW domain could prevent a productive interaction or alter
the interaction of an Rsp5p/adaptor to a more effective conforma-
tion. Previous work (33) has shown that complex interactions can
take place between adaptors and Rsp5p and that correct position-
ing of an adaptor on Rsp5p is often essential for activity. For ex-
ample, the adaptor protein Bsd2p strongly interacts with the
WW3 domain of Rsp5p, and this interaction is essential for the
metal-dependent ubiquitination and sorting of Smf1p (33). In our
experiments, Bul2p also binds preferentially to WW3, which may
explain why in its absence Smf1p sorting appears to be more effi-
cient.

It is interesting that no Bul homologs can be identified in
higher eukaryotes, even though Nedd4 ligases are present. Of
course, the presence of structural rather than sequence homologs
cannot be ruled out. However, it is striking that higher eukaryotes
tend to have multiple Nedd4 ligases (29), and it is possible that S.
cerevisiae requires an extra level of regulation on Rsp5p provided
by the Bul family that is not needed where multiple, more special-
ized Nedd4 ligases are found.

Understanding how Nedd4 ligases recognize their substrates
and the involvement of adaptor protein substrate recognition is an
interesting and complex problem. The Bul proteins may represent
the answer to a fungus-specific question of how to control the
activity of a single ubiquitin ligase that needs to be differently and
efficiently regulated in multiple cellular locations.
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