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Bsd2 binds the ubiquitin ligase Rsp5 and mediates
the ubiquitination of transmembrane proteins
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Membrane proteins destined for the vacuolar or lysosomal
lumen are typically ubiquitinated, the ubiquitin serving as
a targeting signal for the multivesicular body pathway.
The RING-domain ubiquitin ligase Tull is an integral
membrane protein that modifies the yeast vacuolar en-
zyme carboxypeptidase S (Cpsl), the polyphosphatase
Ppnl/PhmS5 and other proteins containing exposed hydro-
philic residues within their transmembrane domains
(TMDs). Here we show that Bsd2 provides an alternative
ubiquitination mechanism for Cpsl, Phm5 and other pro-
teins. Bsd2 is a three-TMD protein with a PPXY motif that
binds the HECT domain ubiquitin ligase Rsp5. It can thus
act as a specific adaptor linking Rsp5 to its substrates. Like
Tull, the Bsd2 system recognises polar TMDs. Bsd2 also
controls the vacuolar targeting of a manganese transporter
and a mutant plasma membrane ATPase, and together
with the ER retrieval receptor Rerl, it protects cells from
stress. We suggest that Bsd2 has a wide role in the quality
control of membrane proteins. Bsd2 is the yeast homolo-
gue of human NEDD4 binding protein N4AWBP5, which
may therefore have similar functions.

The EMBO Journal (2004) 23, 1279-1288. doi:10.1038/
sj.embo0j.7600137; Published online 26 February 2004
Subject Categories: membranes & transport; proteins
Keywords: Bsd2; multivesicular bodies; Rsp5;
transmembrane domain; ubiquitin ligase

Introduction

Eukaryotic cells have several ways of destroying membrane
proteins that are defective or no longer needed. Within the
endoplasmic reticulum (ER), misfolded or unassembled pro-
teins can be recognised by specialised machinery that ubi-
quitinates them, extracts them from the membrane and
delivers them to the proteasome for degradation (for recent
reviews see Ellgaard and Helenius, 2003; Jarosch et al, 2003;
Trombetta and Parodi, 2003). Proteins that exit the ER can in
some cases be retrieved by receptors, but the major destruc-
tion pathway involves their delivery to endosomes. Such
proteins enter the internal membranes of multivesicular
bodies (MVBs), which are formed by invagination of the
endosomal membrane. After retrieval of component proteins
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from their surface membranes, MVBs fuse with lysosomes or,
in yeast, the vacuole. The internal vesicles are thus delivered
to the lumen of these organelles where they are digested by
hydrolytic enzymes (Futter et al, 1996; Odorizzi et al, 1998;
Katzmann et al, 2002).

Recent work has shown that many membrane proteins are
marked for delivery into MVBs by ubiquitination of their
cytoplasmic domains (Katzmann et al, 2001; Reggiori and
Pelham, 2001; Urbanowski and Piper, 2001; reviewed by
Hicke and Dunn, 2003). Modification by a single ubiquitin
is sufficient, at least with some proteins, for diversion from
the Golgi to endosomes (Reggiori and Pelham, 2002), a step
mediated by the GGA clathrin-binding proteins (Black and
Pelham, 2000), which can directly bind ubiquitin (Shiba et al,
2004). Monoubiquitination is also sufficient for internalisa-
tion from the plasma membrane (Shih et al, 2000), as well as
for sorting by the MVB machinery (Katzmann et al, 2001;
Reggiori and Pelham, 2001). MVB targeting is used not only
for the removal of abnormal proteins but also for the selective
downregulation of pheromone receptors and of small mole-
cule transporters from the plasma membrane or directly from
the biosynthetic pathway (Kolling and Hollenberg, 1994;
Hein et al, 1995; Hicke and Riezman, 1996; Beck et al,
1999; Gitan and Eide, 2000). In addition, certain vacuolar
enzymes, notably carboxypeptidase S (Cpsl) and the poly-
phosphatase Ppnl/Phm5, are synthesised as precursors
containing a transmembrane domain (TMD) and a short N-
terminal cytoplasmic extension that becomes ubiquitinated,
directing the proteins to the MVB pathway (Katzmann et al,
2001; Reggiori and Pelham, 2001). The ubiquitin tag is in turn
recognised on endosomes by proteins that mediate MVB
formation (Katzmann et al, 2001, 2003; Bilodeau et al, 2002).

Clearly, the selective targeting of proteins to MVBs requires
their precise recognition by the ubiquitination machinery.
Ubiquitination involves the ATP-dependent activation of a
family of ubiquitin conjugating enzymes (E2) by a ubiquitin
activating enzyme (E1), which transfers ubiquitin to a cy-
steine residue on the E2 protein. Substrate recognition is
achieved by one of a series of ubiquitin protein ligases
(E3), of which two main families have been studied. One
family is characterised by the presence of a RING domain,
which binds an E2 protein and is thought simply to bring it
into proximity with the substrate, allowing direct transfer of
ubiquitin to available lysines. Substrate recognition is
achieved by other domains of the E3 proteins (for a review
see Hershko and Ciechanover, 1998). The second family
comprises the HECT domain proteins, which transiently
accept ubiquitin from an E2 and transfer it to substrate. The
HECT ligase Rsp5, and its mammalian relative Nedd4, has
been implicated in several steps in endocytosis (Hicke and
Dunn, 2003). In particular, yeast Rsp5 has been shown to be
responsible for the modification and hence sorting to MVBs
of several cell surface transporters (Hein et al, 1995; Galan
et al, 1996; Hicke, 1999; Gitan and Eide, 2000). Rsp5 has
other functions as well, and is essential for growth. It
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Figure 1 Bsd2 contributes to the sorting of proteins into MVBs. GFP-tagged proteins were expressed in the indicated strains and examined by
confocal microscopy. Representative examples of the GFP fluorescence and the corresponding interference contrast images are shown.

contains three WW domains, which recognise short amino-
acid motifs typically containing the sequence PPXY (Sudol,
1996; Harty et al, 2000). Interactions between these domains
and either substrates or other molecules such as Bull and
Bul2 are thought to be important in controlling Rsp5 function
(Yashiroda et al, 1996; Helliwell et al, 2001; Soetens et al,
2001).

Previously we have shown that the introduction of polar
residues into otherwise hydrophobic TMDs results in ubiqui-
tin-mediated sorting of the corresponding membrane proteins
to MVBs (Reggiori et al, 2000; Reggiori and Pelham, 2002).
We suggested that this represents a quality control mechan-
ism to ensure the destruction of proteins that are misfolded
within the lipid bilayer, since properly folded proteins do not
usually expose polar residues to lipid. Using a derivative of
the endosomal SNARE protein Pepl2 with a glutamic acid
residue inserted into its TMD, we identified a RING domain
ubiquitin ligase, Tull, which is required for sorting of this
substrate into MVBs (Reggiori and Pelham, 2002). Tull is
itself a membrane protein with seven TMDs, and thus has the
potential to recognise the aberrant TMD directly and mediate
ubiquitination of lysines on the unaltered cytoplasmic do-
main of Pep12. Surprisingly, we also found a requirement for
Tull for the efficient sorting of Cpsl and Phm5 to MVBs, and
suggested that these proteins, which have relatively polar
TMDs, follow the MVB pathway because they mimic mal-
folded proteins. However, although removal of Tull reduced
ubiquitination of Cpsl it did not abolish it, raising the
possibility that other ubiquitin ligases also contribute to the
recognition of this protein (Reggiori and Pelham, 2002).

Here we show that an evolutionarily conserved three-TMD
protein, Bsd2, is also implicated in the sorting of Cpsl and
PhmS5. Bsd2 was previously found to control the vacuolar
targeting of a metal ion transporter (Liu et al, 1997; Liu and
Culotta, 1999b). We show that it binds the WW domains in
Rsp5 via a PPXY motif, and that this motif is required for the
efficient ubiquitination and sorting of Cpsl and PhmS5. Like
Tull, Bsd2 modifies proteins with polar TMDs, although with
different specificity. Our data confirm that the TMDs of Cpsl
and PhmS5 can direct them into the MVB pathway, and show
that recognition of these can be achieved by at least two
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distinct mechanisms. Furthermore, Bsd2, together with the ER
retrieval receptor Rerl, helps to protect cells against the toxic
effects of the arginine analogue canavanine, or high tempera-
ture. We suggest that Bsd2 contributes generally to the
recognition and removal of misfolded membrane proteins,
as well as sorting specific substrates to the MVB pathway.

Results

Bsd2 is required for the efficient sorting of Cps1

and Phm5

To investigate the possible contribution of Bsd2 to MVB
sorting, we compared bsd2, tull, bsd2 tull double mutants
and wild-type cells for their ability to sort proteins to the
vacuolar lumen. The markers were green fluorescent protein
(GFP)-tagged versions of Cpsl, Phm5 and Pep3D, a derivative
of Pepl2 with a glutamate residue at position 3 of the TMD,
which we have previously characterised as a Tull substrate. If
not ubiquitinated, all three of these proteins reach the va-
cuole but are found on the outer vacuolar membrane
(Reggiori and Pelham, 2002). Thus, the extent of their mod-
ification can be deduced by the relative amounts of GFP
visualised within and around the vacuole.

As shown in Figure 1, MVB sorting of Pep3D was greatly
reduced in tull mutant cells, but largely unaffected in the
bsd2 mutant. In contrast, Phm5 and Cpsl were strongly
affected in bsd2 cells, and showed a more variable depen-
dence on tull, depending on growth conditions (see
Methods). The bsd2 tull double mutant showed the strongest
effect with these proteins, very little GFP fluorescence being
visible in the vacuole lumen. Nevertheless, a ubiquitin-Phm5
conjugate (Ub-Phm5) was still sorted correctly in bsd2 and
bsd2 tull cells (Figure 1), indicating that Bsd2 is not required
for the MVB sorting machinery to function, but rather inhibits
the efficient ubiquitination of substrates. This suggests that
Bsd2 and Tull both contribute to the modification of Phm5
and Cpsl.

Bsd2 contains a cytoplasmic PPTY motif
Bsd2 is a three-TMD protein with a relatively long N-terminal

domain containing the sequence PPTY (Figure 2A). An
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Figure 2 Orientation and fate of Bsd2. (A) Predicted structure of
Bsd2, with the position of the PPTY motif indicated. The protein
is 321 residues long. (B) Immunoblotting with anti-GFP of an N-
terminal GFP fusion protein expressed from its own promoter in
bsd2A cells that were wild type for protease activity (WT), and in a
strain deficient in vacuolar proteases (pep4A). (C) Membranes from
cells expressing Bsd2 tagged with GFP at the N terminus (GFP-Bsd2)
or the C terminus (Bsd2-GFP) were digested with protease K with or
without 1% Triton X-100 as indicated, and the fragments were
detected by immunoblotting. Numbers indicate the apparent sizes
of the proteins relative to globular protein markers. Note that Bsd2
and its fragments appear larger than they really are. The asterisk
indicates a prominent proteolytic fragment with an apparent size of
51 kDa.

N-terminal GFP fusion, expressed from the BSD2 promoter,
showed very weak fluorescence within the vacuole (data not
shown; see also below). To confirm this localisation, we
compared the fate of the protein in a wild-type strain and
in one deficient in vacuolar proteases. Immunoblotting
showed that most of the protein was cleaved in the wild-
type strain to yield free GFP, which is relatively protease-
resistant, and that this cleavage was dependent on vacuolar
proteases (Figure 2B). Thus, Bsd2 evidently reaches the
vacuole.

To determine the orientation of Bsd2 within membranes,
we performed protease protection assays on membranes from
cells expressing the protein from the relatively strong TPI
promoter. This allowed us to focus on the full-length mole-
cules that have not yet reached the vacuole. When the GFP
tag was on the N terminus, it was readily removed by
proteinase K even in the absence of detergent, indicating a
cytoplasmic location (Figure 2C). In contrast, a C-terminal
GFP tag was much more resistant to protease, and yielded a
fragment intermediate in size between free GFP and the intact
fusion protein. We observed that the fusion protein migrated
with an apparent molecular weight larger than expected
(approximately 79 kDa instead of 63 kDa), a property that
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Figure 3 Binding of the Bsd2 N terminus to the WW domains of
RspS. A Coomassie-stained gel is shown. E. coli lysates (left lanes)
containing either the PPTY or PPTA versions of the Bsd2 N terminus
fused to protein A (Bsd2-PtA) were incubated with beads containing
GST alone or fused to one of the three WW domains of Rsp5. After
extensive washing, the GST fusions and bound proteins were eluted
with SDS sample buffer and subjected to gel electrophoresis.

was also apparent when the N-terminal domain was ex-
pressed as a fusion protein in Escherichia coli (data not
shown). Taking this into account, the mobility of the major
protected fragment was consistent with loss of most of the N-
terminal domain. Detergent treatment resulted in complete
protease sensitivity. These data thus indicate that the N
terminus of Bsd2, containing the PPTY motif, is cytoplasmic
and the C terminus luminal, as depicted in Figure 2A.

The Bsd2 PPTY motif binds to the WW domains of Rsp5
A number of PPXY motifs have been identified as ligands for
one or more of the WW domains of Rsp5 or its mammalian
homologues. An obvious possibility was therefore that Bsd2
recruits the ubiquitin ligase Rsp5 to Cpsl and PhmS5, using
the PPTY sequence. As a direct test of this possible interac-
tion between Bsd2 and Rsp5, we expressed in bacteria each of
the WW domains of Rsp5 fused to glutathione-S-transferase
(GST), and the N-terminal cytoplasmic domain of Bsd2 fused
to protein A. The GST-WW chimeras were bound to beads
and incubated with bacterial extracts containing the Bsd2
fusion protein. As shown in Figure 3, the Bsd2 fragment
bound specifically to each of the WW domains, the highest
yield being obtained with WW2. This binding largely resisted
washing with 1.5 M KCI. Mutation of the Bsd2 PPTY sequence
to PPTA abolished binding to WW1 and WW3, and greatly
reduced binding to WW2. Thus, Bsd2 does indeed have the
ability to recruit Rsp5, binding in particular to its WW2
domain.

Bsd?2 is required for efficient ubiquitination of Phm5

Our data suggest strongly that Bsd2 mediates ubiquitination
of Phm5. To facilitate detection of this, we first reduced the
size of GFP-PhmS by deleting the luminal domain. As dis-
cussed below, this did not affect MVB sorting of the construct.
Immunoisolation of the truncated GFP chimera and blotting
with antiubiquitin antibodies showed that modified forms
could readily be detected in wild-type cells (Figure 4A). As
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Figure 4 Bsd2 affects ubiquitination of Phm5. (A) A GFP-tagged
variant of Phm5 lacking the luminal domain was immunoprecipi-
tated from the indicated strains, a strain not expressing the GFP-
tagged protein serving as a control. Ubiquitinated species were then
identified by immunoblotting with anti-ubiquitin. Asterisks indicate
the two major ubiquitinated species. These species could also be
detected, although inefficiently, by blotting with anti-GFP (not
shown). Samples of the total cell lysates were run in parallel and
immunoblotted to show the equivalent amounts of intact GFP-
Phm5 chimera in each sample. (B) As (A) except that tull bsd2
double mutant cells contained either an empty vector plasmid (—),
or plasmids expressing untagged wild-type (PPTY) or point mutant
(PPTA) Bsd2 from its own promoter. Samples of the immunopreci-
pitates were also blotted with anti-GFP to show that they contained
equivalent amounts of GFP-Phm5.

ubiquitin is absent from cargo molecules inside MVBs (Dupre
and Haguenauer-Tsapis, 2001; Katzmann et al, 2001), this
assay detects ubiquitinated molecules in transit to MVBs. In
agreement with this, more ubiquitinated protein could be
detected in pepl2 cells, in which delivery to endosomes is
blocked, and in vps27 cells, in which MVB formation cannot
occur (Figure 4A).

Using this assay, we found that ubiquitination of the GFP
chimera was reduced by about 40-50% in tulI cells, and by
60-80% in bsd2 cells (Figure 4A). It was reduced still further
in the bsd2 tull double mutant, in agreement with the
fluorescence localisation data. However, even in the double
mutant, 10-20% of the wild-type ubiquitination level could
still be observed, suggesting the existence of additional
ubiquitination mechanisms, independent of both Tull and
Bsd2.

Ubiquitination of the Phm5 construct by Bsd2 depended on
the PPTY motif: in a bsd2 tull double mutant, ubiquitination
could be restored by expression of wild-type levels of un-
tagged Bsd2, but not by comparable expression of the PPTA
mutant (Figure 4B). Furthermore, the PPTA mutant was
unable to mediate the entry of GFP-Cpsl into vacuoles by
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Figure 5 Effects of the PPTY motif on sorting of Cps1 and Bsd2. (A)
Complementation of a bsd2 null mutant by expression of untagged
wild-type (PPTY) Bsd2 restores sorting of Cpsl into vacuoles,
whereas the point mutant (PPTA) does not. (B) Expression of
GFP-Bsd2 with wild-type (PPTY) or mutant (PPTA) sequences in
the indicated strains. Note that entry into vacuoles requires either
the PPTY sequence or Tull. (C) HA-tagged Bsd2 containing the
normal (Y) or mutated (A) PPTY motif was immunoprecipitated
from wild-type or tull bsd2 cells and probed with antiubiquitin; the
blot was then re-probed with anti-HA. The arrowhead indicates
the position of full-length HA-Bsd2 (apparent size 54 kDa), and the
asterisks indicate ubiquitinated forms. Control cells (—) expressed
no HA-tagged protein. (D) A chimera consisting of the N-terminal
cytoplasmic domain of Bsd2 fused to GFP-Cpsl is sorted into
vacuoles in a tull bsd2 double mutant.

the MVB pathway (Figure 5A). These results, together with
parallel studies showing that WW domains 2 and 3 of Rsp5
are required for ubiquitination of Cpsl (Katzmann et al,
2004), provide strong evidence that Bsd2 mediates the ubi-
quitination of Cps1l and Phm5 by recruiting Rsp5.

Bsd2 is ubiquitinated and enters MVBs

The fact that GFP on the N terminus of Bsd2, initially
cytoplasmic, is subsequently removed by vacuolar proteases
(Figure 2B) indicates that GFP-Bsd2 must itself be a substrate
for the MVB pathway. As Bsd2 can mediate ubiquitination of
other substrates, an obvious possibility is that it also facil-
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Figure 6 Sorting depends on TMDs. (A) GFP-PhmS5 constructs in which the entire luminal domain was deleted were expressed in the indicated
strains. The constructs had either the normal Phm5 TMD or the Ssol TMD as indicated. The sequences of these, and the Cps1 and Sec12 TMDs
for comparison, are shown. (B) GFP-Pep12 constructs in which the Pep12 TMD had been replaced with that from Cps1 or Sec12 were expressed
in the indicated strains. Note that Pep12 itself is never found inside vacuoles, and thus entry of these constructs is dictated entirely by their

TMDs. Arrows indicate nuclear envelope and peripheral ER.

itates its own modification by Rsp5. When GFP-Bsd2 was
expressed from the strong TPI promoter in bsd2 cells, internal
vacuolar fluorescence was readily visible (Figure S5SB).
Surprisingly, the same was true for the PPTA mutant, even
though it should not be capable of recruiting Rsp5. However,
in a tull bsd2 double mutant a significant amount of the
PPTA form of Bsd2 was on the vacuolar membrane
(Figure 5B), implying that it is a substrate for Tull. Tull is
evidently not needed for sorting of the active PPTY form of
Bsd2, since this entered the vacuole efficiently in tull cells.

To confirm ubiquitination of Bsd2, HA epitope-tagged
versions of the wild-type and PPTA mutant were immuno-
precipitated and probed with antiubiquitin antibodies
(Figure 5C). Forms of Bsd2 with sizes corresponding to
addition of one, two or possibly three ubiquitins could be
detected. They were less prominent with the PPTA mutant
and, as predicted from the GFP data were further reduced
when the tull gene was mutated. Thus Bsd2 not only
mediates its own ubiquitination and MVB sorting via
the PPTY motif but also has features that are recognised by
Tull.

That the N-terminal cytoplasmic domain of Bsd2 is indeed
sufficient for MVB targeting was shown by fusing it to GFP-
Cpsl. The resultant chimera entered vacuoles efficiently in
the bsd2 tull double mutant (Figure 5D). Indeed, its sorting
was more efficient than that of Cpsl in wild-type cells,
suggesting that cis-ubiquitination is more reliable than
trans-ubiquitination.

©2004 European Molecular Biology Organization

Bsd2-dependent ubiquitination depends on TMD
sequences

We have previously demonstrated that Tull can modify Pep12
derivatives whose only deviation from wild-type sequence is
within the TMD (Reggiori and Pelham, 2002). However, Bsd2
was not required for sorting of Pep3D, and it has been
reported that ubiquitination is specified by a short sequence
in the cytoplasmic domain of Cpsl (Katzmann et al, 2001).
We therefore investigated further the features required for
Bsd2-dependent ubiquitination and sorting. As mentioned
above, removal of the entire luminal domain of Phm5 did
not affect its ubiquitination (Figure 4), nor its Bsd2- and Tull-
dependent entry into vacuoles, as assayed by fluorescence
(Figure 6A). Hence, features recognised by the Bsd2 system
must lie in the cytoplasmic and/or TMDs of Phm5.

Fusion of the Phm5 cytoplasmic domain to the TMD of the
plasma membrane SNARE Ssol resulted in transport of much
of the chimera to the plasma membrane, but some reached
the vacuolar membrane (Figure 6A). The essentially complete
absence of GFP from the vacuole lumen indicates that this
construct can pass through the Golgi and endosomes without
being modified by either Tull or Bsd2, and hence that TMD
sequences are important for recognition by either of these. It
also shows that the cytoplasmic domain of Phm5 is not a
sufficient signal for modification.

As an alternative approach, we examined derivatives of
Pepl2 in which only the TMD had been altered. Pep12 itself
contains no signals for ubiquitination and does not enter
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MVBs, and thus provides a neutral test molecule (Reggiori
et al, 2000; Reggiori and Pelham, 2002). Introduction of the
Cpsl TMD induced MVB sorting, and this was reduced in
both tull and bsd2 mutants (Figure 6B). Thus the Cps1 TMD
is a sufficient signal not only for Tull-mediated but also for
Bsd2-mediated ubiquitination.

In addition to MVB targeting, the Cps1 TMD also caused a
small amount of the Pepl2 to be retained in the nuclear
envelope and peripheral ER. When MVB sorting was reduced,
especially in the tull bsd2 double mutant, there was a
corresponding increase in the amount of ER fluorescence
(arrows in Figure 6B). Thus ER retention and MVB targeting
seem to be alternative and competing fates for polar TMDs.

A more extreme example of this was provided by the
strongly polar Sec12 TMD. This is a well-characterised target
for a receptor, Rerl, which mediates its retrieval from the
Golgi to the ER (Sato et al, 1997; Sato et al, 2001). Despite
this, Pep12 with the Sec12 TMD mostly escapes the ER and
instead is targeted to the MVB pathway (Figure 6B; Reggiori
et al, 2000). As shown in Figure 6B, mutation of bsd2 almost
completely inhibited transport of the Pep12-Sec12 chimera to
vacuoles. Instead, it accumulated in the ER, indicating that in
wild-type cells Bsd2 effectively competes with Rerl to force a
different fate on the Secl12 TMD. Strikingly, with this con-
struct MVB targeting was mediated entirely by Bsd2: a tull
mutation had no discernable effect either alone or in combi-
nation with bsd2.

We conclude from these experiments that Tull and Bsd2
both respond to polar TMDs, and have distinct but over-
lapping specificities. In particular, while both influence the
fate of Phm5 and Cpsl, Tull can efficiently sort Pep3D in the
absence of Bsd2 (Figure 1), and likewise Bsd2 can sort Pep12-
Secl2 in the absence of Tull (Figure 6B). These distinct
specificities show that Tull and Bsd2 act independently,
rather than in concert or sequentially. The simplest interpre-
tation is that they each directly recognise the TMDs of their
substrates. Tull binds the ubiquitin-conjugating enzyme
Ubc4 (Reggiori et al, 2000; Reggiori and Pelham, 2002),
whereas Bsd2 binds Rsp5, which is also thought to receive
ubiquitin from Ubc4 (Gitan and Eide, 2000). In each case, the
net result is the transfer of ubiquitin from Ubc4 to cytoplas-
mic lysines on the substrate. Thus marked, the substrate then
enters the MVB pathway.

The PPTY motif is required for Bsd2 to regulate a metal
ion transporter

Bsd2 has previously been shown to be required for down-
regulation of the metal ion transporter Smfl. In the presence
of heavy metals, Smfl is transported to the vacuole and
degraded. The consequent loss of activity protects cells
from heavy-metal poisoning. This downregulation depends
on Bsd2, and as a result bsd2 mutants grow very poorly on
plates containing cadmium (Figure 7A; Liu et al, 1997). The
mechanism of Smfl sorting has not previously been de-
scribed, but it is thought to be triggered by a metal-induced
conformational change in the transmembrane portion of the
molecule (Liu and Culotta, 1999a). We found that the growth
of bsd2 cells on cadmium could be restored by expression of
wild-type or GFP-tagged Bsd2, but not by the PPTA mutant
(Figure 7A). This suggests that Bsd2 controls Smfl by med-
iating Rsp5-dependent ubiquitination of the metal-bound
state.
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Figure 7 Stress sensitivity of bsd2 mutants. (A) Serial dilutions of
cells were grown on plates containing 25 pM cadmium chloride. The
bsd2A cells contained either an empty vector plasmid (—), or one
expressing untagged wild-type Bsd2 or the PPTA mutant
(Bsd2PPTA) from the BSD2 promoter, or a plasmid expressing
GFP-Bsd2. (B) Serial dilutions of strains with the indicated geno-
types were grown on plates lacking arginine and containing
0.75 pg/ml canavanine. Note that growth strongly depends on the
number of cells plated, since uptake of canavanine by the cells
depletes it from the plate. All strains were plated at the same
densities. (C) Cells were grown on plates containing 0.5 pg/ml
canavanine, or on normal plates that were incubated either at 30
or 42°C.

A general role for Bsd2

Although Bsd2 has specific roles in the sorting of Smfl and of
vacuolar enzymes, its ability to recognise relatively polar
TMDs suggests that it may contribute more generally to the
recognition of misfolded membrane proteins. To explore this
possibility, we exposed bsd2 cells to the arginine analogue
canavanine. Figure 7B shows that at a critical concentration
of canavanine, bsd2 cells grew poorly. In contrast, tull cells
were relatively unaffected by these treatments. Interestingly,
a vps27 mutant, in which the MVB pathway cannot operate
efficiently, showed the same sensitivity to canavanine as the
bsd2 mutant (Figure 7B). This suggests that the MVB path-
way plays a significant role in the disposal of misfolded
proteins, and that Bsd2 is responsible for targeting at least
some of them to this pathway.

There are two principal means for a cell to dispose of
aberrant membrane proteins. They can be retained in and
degraded from the ER, or they can be delivered to the
vacuole. Rerl and Bsd2 appear to recognise similar sub-
strates, and contribute to ER and vacuolar sorting, respec-
tively. Thus, removal of both might be expected to have a
particularly strong additive effect. In agreement with this, we
found that bsd2 rerl cells were completely unable to grow on
levels of canavanine that the bsd2 single mutant could easily
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tolerate (Figure 7C). In contrast, there was no interaction
between rerl and tull. This is consistent with previous
findings that Tull substrates tend to be retained in the ER
in an Rerl-independent manner (Reggiori et al, 2000; Reggiori
and Pelham, 2002).

Although the transporter responsible for canavanine up-
take, Canl, is expressed constitutively in growing cells, it is
difficult to exclude completely the possibility that changes to
its trafficking contribute to canavanine sensitivity. To avoid
this, we instead stressed cells by growth at high temperature.
As shown in Figure 7C, the results were very similar to those
obtained with canavanine. The bsd2 single mutant was
slightly temperature-sensitive, and the bsd2 rerl double
mutant could not grow at all at 42°C, although it was
perfectly viable under normal conditions. We conclude that
Bsd2 is involved not only in specific functions but also more
generally in the quality control of membrane proteins. The
results also demonstrate that Rerl can contribute to the
protection of cells from damaged proteins.

Discussion

In this paper, we have established that Bsd2 contributes to the
ubiquitination and sorting of membrane proteins into the
MVB pathway. It does so in a manner that depends on
features of the substrate within the membrane bilayer, and
the data are most consistent with direct interaction of Bsd2
with substrate TMDs. Bsd2 possesses a PPTY motif that binds
to the WW domains of the ubiquitin ligase Rsp5, and forma-
tion of a substrate-Bsd2-Rsp5 complex can readily explain
how the substrate becomes ubiquitinated on cytoplasmic
lysines.

We have previously reported that a distinct transmem-
brane ubiquitin ligase, Tull, is required for the MVB sorting
of Cps1 and Phm5. Under many growth conditions, it appears
that both Tull and Bsd2 contribute to the effective sorting of
these substrates. However, they appear to act independently
and although both recognise polar TMDs they show different
specificities, with Tull preferentially recognising the Pep3D
construct and Bsd2 the Sec12 TMD. With Cps1 in particular,
Bsd2 seemed to make more of a contribution than Tull.
However, the strongest and most reproducible effects were
always seen with the bsd2 tull double mutant.

In parallel with this study, others have found that certain
rsp5 mutants are defective in Cpsl sorting (Katzmann et al,
2004). In particular, the second and third WW domains of
Rsp5 are required for ubiquitination of Cpsl, in excellent
agreement with the predictions of our work. Interestingly,
removal of the putative lipid-binding C2 domain of Rsp5 also
affects Cps1 modification. It is possible that recruitment of
Rsp5 by Bsd2 involves not only the WW domain/PPTY
interaction but also C2 domain/lipid interactions, which
could help to restrict recruitment to specific membranes.
Some residual ubiquitination of a Phm5 construct could be
observed even in the bsd2 tull double mutant, suggesting
that there may be additional mechanisms for recruiting Rsp5,
or other ubiquitin ligases that can substitute. It may be that
proteins such as Phm5 and Cps1 have evolved ubiquitination
sites that are particularly good substrates, thus aiding their
modification and sorting.

Our findings suggest that Bsd2 is one of the several
receptors that are able to detect misfolded membrane pro-
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teins because they expose to the lipid bilayer polar residues
that are normally buried. Such proteins may be ubiquitinated
and transported to vacuoles (Reggiori et al, 2000; Reggiori
and Pelham, 2002), or returned to the ER for refolding or
degradation (Sato et al, 2003), and we have shown that with
some substrates there is competition between these fates. As
with MVB sorting, TMD-dependent ER retention appears to
be mediated by multiple receptors, Rerl being responsible for
some but not all substrates (Rayner and Pelham, 1997; Sato
et al, 1997). Bsd2 and Rer1 appear to have similar specificities
and, when both are absent cells become sensitive to protein-
damaging stresses, such as incorporation of the amino-acid
analogue canavanine or growth at high temperature. This
suggests that they represent two protective systems: mis-
folded proteins are retrieved to the ER, but if this fails a
second defence is for them to be tagged with ubiquitin for
destruction in the vacuole. Vacuolar enzymes such as Cpsl
and PhmS5 have evidently evolved to escape the first of these
quality controls, but use the second to reach their destination.

A role for Bsd2, and by inference Rsp5, in the disposal of
damaged proteins in the vacuole is consistent with other
observations, including the stress sensitivities of an rspS
allele (Hoshikawa et al, 2003) and of many vps mutants
that lack a functional MVB pathway. Most strikingly, mutants
lacking Bsd2 were isolated multiple times in a screen for
suppression of a temperature-sensitive allele of the plasma
membrane ATPase Pmal (Luo and Chang, 1997). The mutant
protein is transported to the vacuole, but in bsd2 cells it is
stabilised, suggesting that Bsd2 is required to recognise the
aberrant ATPase and target it for destruction.

Bsd2 also has a more subtle sorting function. It is required
for movement of the manganese transporter Smfl from a
punctate distribution, probably corresponding to Golgi and
early endosomes, into vacuoles (Liu and Culotta, 1999b).
This protects cells against heavy-metal poisoning, and such
protection requires the PPXY motif of Bsd2. Thus it is very
likely that, as with other transporters, vacuolar targeting of
Smfl involves Rsp5-mediated ubiquitination. Interestingly,
mutational studies indicate that degradation of Smfl is
abolished when its transport activity is blocked by a mutation
within one of the TMDs, and it has been suggested that Bsd2
recognises a conformation of Smfl induced by binding of
the transported ions (Liu and Culotta, 1999a). As we have
shown, Bsd2 has exactly the properties needed to recognise a
conformational change within or close to the membrane,
ubiquitinate Smfl, and thus target it to the vacuole.
Moreover, transporters and channels are quite often regulated
by their substrates and it is possible that this mechanism,
which exploits the conformational changes inherent in the
transport process, is used more generally.

An additional property of Bsd2 is that it mediates its own
ubiquitination and thus is efficiently targeted to the MVB
pathway. It is also a substrate for Tull, perhaps because its
role in recognising polar TMDs requires it to have polar TMDs
itself. The resultant rapid turnover may help to maintain
Bsd2 protein at a low and constant concentration, as befits
a reagent that is potentially able to mark even a transiently
unfolded protein for destruction. An added advantage may be
that even if a Bsd2 molecule were to become tightly entangled
with an unfolded protein that lacks convenient lysine resi-
dues, ubiquitination of Bsd2 itself would ensure destruction
of the complex. This does not, however, appear to be the
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major mechanism by which Bsd2 acts, at least with the
naturally occurring single TMDs that we have used—we
have not so far been able to detect stable complexes with
substrates by crosslinking or coimmunoprecipitation.

If Bsd2, like its substrates, is synthesised in the ER and
travels to the vacuole, where does it actually act? It has been
shown that Cpsl does not become ubiquitinated in a sec?
mutant, which restricts both enzyme and substrate to the ER
and possibly early Golgi membranes (Katzmann et al, 2001).
On the other hand, the apparent competition between Rerl
and Bsd2 for some substrates suggests that Bsd2 normally
acts at a point that is still accessible to Rer1, probably no later
than an early Golgi compartment. It makes sense for Bsd2 to
be inactive in the ER, since proteins are still folding in this
environment and indiscriminate ubiquitination of folding
intermediates would be counterproductive. We therefore
favour the idea that Rsp5 does not associate with Bsd2 in
the ER, either because binding requires additional membrane
features that the ER lacks, or because of some more elaborate
control mechanism. Taken together, the data suggests that
Bsd2 exerts its quality control in the Golgi, and perhaps also
in endosomes. We have found no evidence that it can reach
the plasma membrane.

Quality control of TMDs is likely to be a universal require-
ment, although it may be performed by different proteins in
different organisms. Tull homologues are restricted to fungi,
plants and protozoa. In contrast, proteins related to Bsd2 are
present in many higher eukaryotes, including at least two
distinct variants in humans, named N4WBP5 and N4WBP5A.
Both are found in the Golgi, and contain PPXY motifs that
bind to the WW domains of the Rsp5 homologue, Nedd4
(Harvey et al, 2002; Cristillo et al, 2003). Furthermore,
ubiquitination of NAWBPS has been detected. Although as
yet no substrates have been described, it seems plausible that
these proteins perform functions in mammalian cells similar
to those of Bsd2 in yeast. There is good evidence that in
mammalian cells, as in yeast, some mutant or partially
assembled membrane proteins escape from the ER but are
detected as abnormal and are ultimately routed to lysosomes
(Trombetta and Parodi, 2003). These include proteins bearing
mutations within a TMD (Zaliauskiene et al, 2000; Wilson
et al, 2001; Fayadat and Kopito, 2003). It will be interesting to
see whether the Bsd2 homologues play a role in such quality
control, or perhaps in more specific types of membrane
protein downregulation.

Materials and methods

Yeast strains and plasmids

The strains used in this study were derivatives of B4742 from the
EUROSCAREF consortium, containing complete deletions of bsd2 or
tull. The bsd2 tull double mutant was made by replacement of the
complete TULI reading frame with Schizosaccharomyces pombe
HISS in the bsd2 mutant. The protease deficient strain used in
Figure 2 was pep4 prbl prcl cpsl ura3 leu2 (Heinemeyer et al,
1991). URA3 centromere plasmids (derived from pRS416) expres-
sing GFP-tagged derivatives of Pep12 with the 3D TMD mutation, or
the TMD of Ssol, Cpsl or Secl2 have been described previously
(Reggiori et al, 2000), as have GFP-tagged Cpsl, Phm5 and the
ubiquitin-Phm5 chimera (Reggiori and Pelham, 2001). Plasmids
expressing BSD2 were based on Ycplaclll (Gietz and Sugino, 1988)
containing the BSD2 reading frame under the control of its own
promoter. The Y140A mutation in BSD2 was introduced by PCR.
Sacl and BamHI sites were introduced just after the ATG for
insertion of N-terminal GFP, HA and protein A tags. In some
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constructs, the BSD2 promoter was changed for the TPII promoter.
The Bsd2-GFP-Cpsl chimera was generated by fusion of the N-
terminus (residue 1-175) of Bsd2 up to the first TMD to the N
terminus of GFP-Cps1 in pRS416. Deletion of the luminal domain of
GFP-Phm5 (PhmSAlum) was achieved by PCR, leaving three
residues after the TMD. The resultant construct was expressed
from the TPI promoter in a pRS416 derivative. To express the Phm5
cytosolic domain fused to the SSO TMD, a HindIIl site was
introduced upstream of the Phm5 TMD by PCR, allowing fusion
to the Ssol TMD present as a HindIII-BamHI fragment in plasmid
GSSSO (Lewis et al, 2000).

Binding of Bsd2 to WW domains of Rsp5

For expression in E. coli, the N-terminal domain of Bsd2 (residues
1-169, with or without the Y140A mutation) was cloned into
pET30a containing a protein A tag at the C terminus. The WW
domains of RSP5 were cloned into pGEX6 (WW1, residues 221-273;
WW2, residues 324-372; WW3 residues 382-428). E. coli-produced
GST fusion proteins were bound to glutathione-Sepharose beads,
washed in binding buffer (20 mM Tris-HCI, pH 8.0, 150 mM KCl,
S5mM MgCl,, 1mM DTT, 1mM PMSF, 0.05% Triton X-100) and
incubated for 2 h with E. coli cytosol prepared from cells expressing
the N terminus of Bsd2, lysed in binding buffer. Beads were
subsequently spun down and washed extensively with binding
buffer and once with binding buffer containing 1.5M KCI. Proteins
were eluted from beads with sample buffer and analysed by SDS
polyacrylamide gel electrophoresis.

Immunoprecipitation and detection of ubiquitinated proteins
Spheroplasts from 50 OD units of cells (grown to an ODggo of 0.5-
1.0) were resuspended in 1.8 ml of lysis buffer: 20 mM Tris-HCl, pH
7.4, 100mM KCl, 1% Triton X-100, 2mM EDTA, 10 mM N-ethyl
maleimide, 1 mM PMSF and protease inhibitor cocktail (Roche; one
tablet per 25ml of buffer). Lysis was aided by passing the lysate
through a fine needle 3-4 times. The lysate was centrifuged for
10min at 13000g. The supernatant (1.4ml) was transferred to a
1.5ml Eppendorf tube and 20 pl of anti-GFP (Santa Cruz Biotech.)
or anti-HA (Sigma) monoclonal antibodies coupled to agarose
beads were added. After incubation for 2 h at 4°C, the beads were
washed twice with 1 ml of lysis buffer and eluted with 40l of
sample buffer without mercaptoethanol for 10 min at 50°C. The
eluate was analysed by SDS-PAGE and immunoblotting. After
blocking with 0.05% Tween 20 and 5% dried skimmed milk in
phosphate-buffered saline (PBS), the ubiquitinated proteins were
detected with antiubiquitin antibody coupled to HRP (Santa Cruz
Biotech), diluted 1:500. Antibody incubation was carried out in
0.05% Tween 20 in PBS with 1% bovine serum albumin instead of
milk, which allowed for a slight increase in sensitivity. One-tenth of
the eluate was run separately and detected using anti-GFP antibody
1/2000 (Roche) to determine the total Phm5Alum input.

Protease protection assay

Spheroplasted yeast cells were resuspended in lysis buffer (20 mM
Tris, pH 7.4, 100 mM KCl, 2 mM EDTA, 1 mM DTT, 1 mM PMSF and
protease inhibitor cocktail as for immunoprecipitation) and further
lysed with a dounce homogeniser. The homogenate was centrifuged
at 4°C for Smin at 300g. The supernatant was centrifuged at
13500 g for 10 min. Pelleted membranes (approx. 50 ug of protein)
were incubated with proteinase K (1 mg/ml final concentration), in
the presence or absence of 1% Triton X-100, for 30 min at 37°C in a
final volume of 50 pl. The reaction was stopped by addition of one
volume of 30% (wt/vol) trichloroacetic acid and left for 10 min on
ice. Precipitated proteins were collected by centrifugation and
resuspended in sample buffer for SDS-PAGE.

Microscopy

Cells were grown to early log phase and imaged in water with a
BioRad Radiance confocal microscope, using a single slow scan.
We observed some variation between experiments in the efficiency
with which some constructs entered vacuoles, as mentioned in
the Results. In general, cultures that were denser or later in the
logarithmic phase tended to show more of the marker proteins
within vacuoles. As a result of this variation, all critical
comparisons were made between cultures grown in parallel on a
single day.
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