











FIG 3 Sorting of mCherryANSmf1p in metal-depleted medium following the
addition of CdCl,. (A) mCherry fluorescence and differential interference
contrast microscopy images of wild-type and single BUL gene deletion strains
expressing mCherryANSmflp following growth on metal-depleted media
(—metal) and 2 h after the addition of 25 M CdCl,. The arrowheads indicate
plasma membrane localization. (B) (Top) Immunoblots against Tap-tagged
ANSmf1p in total protein extracts from wild-type and bulIA (A1) and bul2A
(A2) strains. (Bottom) Ponceaus staining was used as a loading control.

though a reduced vacuolar signal was observed in strains that lack
BUL3 (Fig. 3A). Following the addition of cadmium, no mCherry-
ANSmflp was observed at the plasma membrane in a bul2A
strain, in contrast to a wild-type, bullA, bul3A, or bullA bul2A
bul3A strain, where plasma membrane localization of mCherry
was still identifiable (Fig. 3A). This enhanced sorting of ANSmflp
in a bul2A strain is also reflected in immunoblots of extracts from
yeast strains expressing a TAP-tagged ANSmf1p (Fig. 3B). When
grown on metal-depleted medium, a single band corresponding
to TAP-ANSmf1p was observed in a wild-type and a bulIA yeast;
in contrast, only highly modified TAP-tagged ANSmf1p, likely to
be ubiquitinated forms, was observed in a bul2A strain (Fig. 2B).
Addition of a large excess of either manganese or cadmium results
in the disappearance of TAP-ANSmf1p in the bul2A strain and the
accumulation of modified forms of the protein in a wild-type
strain but no change in the bullA strain.
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FIG 4 Sorting of GFPGaplp 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 GFPGaplp following
growth in medium with proline as the sole nitrogen source.

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 Gaplp in nitrogen-poor medium. The
ubiquitin-mediated endocytosis of Gap1p in response to nitrogen
has been shown previously to require Rsp5p, Bullp, and Bul2p
(10). In contrast to previously published results, we observed very
little plasma membrane localization of GFP-Gaplp 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 Gaplp (10). In our hands, only deletion of BULI caused a
significant change in the localization of GFP-Gaplp, 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-Gaplp localization
from that observed in wild-type yeast.

The ubiquitin-mediated endocytosis of the arginine trans-
porter Canlp in the presence of excess arginine has been shown
previously to involve Rsp5p and the arrestin-like protein Artlp
(20). Since we had observed differential sensitivity of BUL gene
deletions to the arginine analog canvanine (Fig. 2B), we also in-
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FIG 5 Sorting of GFPCanlp 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 GFPCanlp. 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.

vestigated the localization of GFP-Canlp. 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-Canlp observed at the cell periphery (Fig.
5). In all strains investigated, including the bul2A strain, a signif-
icant GFP signal was observed in the yeast vacuole, suggesting that
sorting of Canlp via the MVB pathway was unimpaired.

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

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 Smflp, where Bullp and Bul2p have opposite
roles in controlling ubiquitin-mediated sorting. Our results sug-
gest that while Bullp is required for Smfl endocytosis, through
recruitment and subsequent ubiquitination by Rsp5p, Bul2p in-
hibits this process. Similarly, Bullp and Bul2p appear to antago-
nize each other with respect to the ubiquitin-mediated sorting of
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the arginine transporter Canlp. However, in this case, Bul2p ap-
pears to enhance Canlp sorting while Bullp has the opposite
function. Further complexity in the roles of the Bul proteins is
seen in the sorting of the permease Gaplp, which requires only
Bullp with no apparent role for either Bul2p or Bul3p, contradict-
ing previous studies (10). Itis possible that these differences reflect
the use of a different yeast strain or, more likely, are based on the
incorrect assumption of Bullp 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 Smflp, Canlp, and Gaplp from the Golgi apparatus/endo-
some. However, given our observations and those of others (31)
with Smflp and Gaplp, 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 Bullp 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 Bullp 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 NHE] 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 Bullp 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 Bullp 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 Gaplp have suggested
that Bullp 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

Eukaryotic Cell

1sanb Aq 0z0z ‘T 1890100 uo /610 wse 29//:dny wody papeojumod


http://ec.asm.org
http://ec.asm.org/

observed no effect of Bullp on the ability of Rsp5p to form polyu-
biquitin chains in vitro (Novoselova and Sullivan, unpublished).
More recently, it has been suggested that Bullp and Bul2p are
distantly related arrestin-like adaptor proteins that recruit Rsp5p
to substrates (25). However, our observation that Bullp 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, Bullp
would allow the efficient recruitment of adaptors, such as Art2p
and Art8p, to facilitate ubiquitin-mediated endocytosis of Smflp,
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 Bullp 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 Smflp (33). In our
experiments, Bul2p also binds preferentially to WW3, which may
explain why in its absence Smflp 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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