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Ubiquitin (Ub) is a sorting signal that targets integral mem-
brane proteins to the interior of the vacuole/lysosome by
directing them into lumenal vesicles of multivesicular bodies
(MVBs). The Vps27-Hsel complex, which is homologous to
the Hrs-STAM complex in mammalian cells, serves as a Ub-
sorting receptor at the surface of early endosomes. We have
found that Hsel interacts with Doal/Ufd3. Doal is known to
interact with Cdc48/p97 and Ub and is required for maintain-
ing Ub levels. We find that the Hsel Src homology 3 domain
binds directly to the central PFU domain of Doal. Mutations
in Doal that block Hsel binding but not Ub binding do not
alter Ub levels but do result in the missorting of the MVB
cargo GFP-Cpsl. Loss of Doal also causes a synthetic growth
defect when combined with loss of Vps27. Unlike the loss of
Doal alone, the doalA vps27A double mutant phenotype is
not suppressed by Ub overexpression, demonstrating that the
effect is not due to indirect consequence of lowered Ub levels.
Loss of Doal results in a defect in the accumulation of
GFP-Ub within yeast vacuoles, implying that there is a reduc-
tion in the flux of ubiquitinated membrane proteins through
the MVB pathway. This defect was also reflected by an inabil-
ity to properly sort Vph1-GFP-Ub, a modified subunit of the
multiprotein vacuolar ATPase complex, which carries an in-
frame fusion of Ub as an MVB sorting signal. These results
reveal novel roles for Doal in helping to process ubiquiti-
nated membrane proteins for sorting into MVBs.

One of the key sorting steps in sending integral membrane
proteins to the lysosome for degradation is their incorporation
into vesicles that form from the limiting membrane of early
endosomes and bud into the lumen. This budding process
results in the formation of a multivesicular body or multivesicu-
lar endosome that fuses to lysosomes to deliver its intralumenal
vesicles and membrane cargo proteins to the hydrolytic lysoso-
mal lumen (1).
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Integral membrane proteins gain access into the MVB sort-
ing pathway by becoming attached to ubiquitin (Ub).® Ub
attachment serves as a sorting signal at the plasma membrane
for internalization, at the endosome for incorporation into
intralumenal vesicles that comprise MVBs, and at the trans-
Golgi network, from where proteins are sorted into vesicles that
are delivered to the forming MVB (1, 2). The processing and
sorting of Ub cargo at the endosome is in part fulfilled by a set of
proteins originally identified in yeast as class E Vps (vacuolar
protein sorting) proteins. This set includes 18 proteins whose
loss impairs lumenal vesicle formation and protein sorting and
results in the accumulation of aberrantly large late endoso-
mal (class E compartment) structures adjacent to the yeast
vacuole (lysosome). The majority of the yeast class E proteins
have clear functional homologs in mammalian cells and
associate in distinct complexes, including ESCRT I, II, III, a
Vps4d AAA ATPase complex, and the Vps27-Hsel (has symp-
toms of class E) complex, whose mammalian ortholog is the
Hrs-STAM complex (1, 2).

Several class E Vps protein components, including Vps27,
Vps23 (ESCRT-I), and Vps36 (ESCRT-II), can noncovalently
bind Ub via discrete functional domains and are thus believed
to have a role in the recognition of Ub cargo. The Vps27-Hsel
complex largely localizes to endosomes via its association with
phosphatidylinositiol 3-phosphate, clathrin, and ESCRT-I
(3—6). Current models suggest that after Ub cargo is captured by
the Vps27-Hsel complex, it passes through a series of steps that
concentrate cargo within areas that will undergo vesicle formation
(1, 2). At a late point in the sorting process, Ub is removed from
cargo by the deubiquitinating enzyme Ubp4 (ubiquitin peptidase
4)/Doa4 (degradation of MATa2) before incorporation into
intralumenal vesicles of the MVB (7). Loss of DOA4 depletes cel-
lular Ub levels, which causes a number of cellular defects, includ-
ingloss of efficient MVB sorting of a number of integral membrane
proteins (8 —11). However, despite the wealth of structural data
that describe the architecture of these protein complexes and how
they interact, little is known about the exact sorting steps they
perform or how they are regulated.

The Vps27-Hsel/Hrs-STAM complex has emerged as at
least one important focal point for regulation. In mammalian
cells, the Hrs-STAM complex interacts with numerous effec-
tors of protein trafficking and is the target of receptor-tyrosine

3 The abbreviations used are: Ub, ubiquitin; MVB, multivesicular body; GFP,
green fluorescent protein; DIC, differential interference contrast; SH3, Src
homology 3; SD, synthetic dextrose; AAA, ATPases associated with various
cellular activities; PIPES, 1,4-piperazinediethanesulfonic acid; GST, gluta-
thione S-transferase.
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TABLE 1
Yeast strains used in this study
Strain Genotype Reference/Source

SF838-9D MATa leu2-3,112 ura3-52 his4-519 ade6 pep4-3 Ref. 69

BY4742 MATa his3 leu2 lys2 ura3 Ref. 70

PLY2498 MATa hselA:Kan” his3, leu2, lys2, ura3 Yeast Gene Deletion Project
PLY3705 MATa otulA:Kan” his3, leu2, lys2, ura3 Yeast Gene Deletion Project
PLY3706 MATa ufd2A::Kan” his3, leu2, lys2, ura3 Yeast Gene Deletion Project
PLY3704 MATa ubp6A::Kan” his3, leu2, lys2, ura3 Yeast Gene Deletion Project
PLY2490 MATa vps23A:Kan” his3, leu2, lys2, ura3 Yeast Gene Deletion Project
PLY3709 MATa doalA::HIS3 his3, leu2, lys2, ura3 This study
PLY3462 MATa doalA:Kan™ his3, leu2, lys2, ura3 This study

PLY 3694 MATa doalA:Kanr vps27A:LEU2 leu?2 lys2, ura3 This study
PLY2498 MATa hselA:URAS3 his3, leu2, lys2, ura3 Ref. 20

PLY3175 MATa vps27A:Kanr leu2 lys2, ura3 Ref. 20

PLY 3556 MATa doalA::HIS3 vps27A::URA3 leu?2 lys2, ura3 This study
PLY3700 MATa vps270:LEU2 ubp6A::Kan" his3, leu2, lys2, ura3 This study
PLY3699 MATa vps27AM:LEU2 otulA:Kan” his3, leu2, lys2, ura3 This study
PLY3702 MATa vps27AM:LEU2 ufd2A::Kan" his3, leu2, lys2, ura3 This study
PLY3707 MATa doalA:HIS3 ufd2A::Kan'" his3, leu2, lys2, ura3 This study
PLY3711 MATa vps27AM:LEU2 doalA:HIS3 ufd2A::Kan'" his3, leu2, lys2, ura3 This study

kinases, which can modulate their own down-regulation by
tyrosine-phosphorylating Hrs (12—-18). This complex also asso-
ciates with deubiquitinating enzymes and Ub-ligases, and
recent studies in yeast suggest that this association serves to
regulate the ubiquitination status of membrane protein cargo
to either reverse or reinforce cargo trafficking along the MVB
pathway (19, 20).

To understand more about how MVB sorting is controlled,
we searched for protein machinery that interacts with the
Vps27-Hsel complex and found Ufd3 (ubiquitin fusion degra-
dation 3)/Doal. Doal was first found in genetic screens for
mutants defective in degrading model proteasome substrates
(21-23). Loss of Doal causes many phenotypes in yeast, includ-
ing sensitivity to DNA-damaging agents, cycloheximide, caf-
feine, cadmium, canavanine, growth at high temperature, and
volatile anesthetics (24 —31). Other analysis has shown that loss
of Doal dramatically decreases Ub levels (21). Many of the phe-
notypes of doalA mutants can be suppressed by overexpressing
Ub, suggesting that many of the noted doalA defects are solely
an indirect consequence of lowered Ub levels (21, 26, 28, 31). It
is not presently clear how Ub is depleted in the absence of Doal;
however, inhibiting delivery and degradation of ubiquitinated
proteins to the proteasome suppresses doalA growth defects,
suggesting that more Ub may be degraded by the proteasome in
the absence of Doal (24, 28, 31).

The N-terminal region of Doal contains a seven-bladed
WD40 repeat B-propeller, which in general is thought to medi-
ate protein-protein interactions (32). Doal also has two other
regions dubbed the PFU and PUL domains, based on their
shared sequence homology with Doal orthologs throughout
eukaryota (27, 33). The central PFU domain of Doal mediates
interaction with Ub, whereas the C-terminal PUL domain
mediates interaction with Cdc48 (cell division cycle 48), an
AAA ATPase belonging to a family of ATPases associated with
various cellular activities (27, 28). Cdc48 (and its mammalian
ortholog p97) forms a hexameric ring that acts as a molecular
chaperone for a variety of ubiquitinated proteins (34-36).
Cdc48 is organized into an N-terminal portion, followed by two
AAA ATPase domains. Recent biochemical studies confirm
that Cdc48 probably works as a “segregase” that can dissociate
aggregates of ubiquitinated proteins, which would help convey
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them to the proteasome for degradation (37). Cdc48/p97 asso-
ciates with a variety of “adaptor” proteins that help program it
for various functions. Adaptor proteins, such as the UBX family
of proteins, bind to the N-terminal portion of Cdc48 (36),
whereas Doal, the Ub E3/E4 ligase Ufd2, and peptide:N-gly-
canase associate with the C terminus (28, 35, 38). Although the
role for some of these Cdc48/adpator complexes is known, little
is known about the specific functions executed by a Doal-
Cdc48 complex.

Our analysis indicates that Doal plays a role in sorting Ub
cargo into MVBs. Part of this activity is directed specifically by
association with the Vps27-Hsel complex, and this association
is required for the efficient sorting of particular MVB sub-
strates. However, Doal also appears to serve a more general
role to help capture and process Ub cargo for concentration at
endosomal subdomains and eventual incorporation into MVB
lumenal vesicles.

EXPERIMENTAL PROCEDURES

Materials, Yeast Strains, and Plasmids—Synthetic dextrose
(SD) medium was made using yeast nitrogen base containing
ammonia and 2% glucose. Yeast nitrogen base was purchased
from RPI Research Products International Corp. Amino acid
supplements were purchased from Bio 101, Inc. (La Jolla, CA).
Glutathione-agarose beads were purchased from GE Health-
care. Zymolyase 100T was purchased from Seikagaku Corp.
(East Falmouth, MA). Protease inhibitor mixture (Complete™™")
was purchased from Roche Applied Science. Endocytic tracer
dye FM4-64 was purchased from Molecular Probes, Inc.
(Eugene, OR). The pCR2.1, pYES2.1, and pET151 TOPO clon-
ing kits were purchased from Invitrogen. Anti-Ub mono-
clonal antibody P4D1 was purchased from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Monoclonal anti-CPY
10A5-B5 was a kind gift from Tom Stevens (University of
Oregon). Anti-HA antibody was purchased from Covance
Research Products, Inc. (Berkeley, CA); anti-V5 was from
Invitrogen; anti-GFP antibody was from Clontech; and
horseradish peroxidase-linked secondary antibodies were
from Amersham Biosciences.

Saccharomyces cerevisiae strains used in this study are listed
in Table 1. The parental strain was BY4742 (MATa his3A1
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leu2A0 lys2A0 ura3A0). Gene disruptions were performed by
replacing the entire open reading frame with the indicated
selectable marker. For disruptions using the Kan" marker, the
disruption cassette was amplified from the genomic DNA of the
relevant strain from the yeast gene deletion project (39). For
disruptions using the L/RA3 or HIS3 marker, a disruption cas-
sette was made by amplifying the UURA3 or His5 gene from
Kluyveromyces lactis using loxP-flanked cassettes (40) with oli-
gonucleotides containing 50 bp of flanking DNA homologous
to the insertion site.

The Doal-V5 expression plasmids used for SH3 binding
experiments were made by PCR and subcloning into the
pYES2.1-TOPO vector. This vector inserts a V5 and Hisg
epitope tag on the C-terminal end of the open reading frame
and drives expression via the GALI promoter. To make the
doa1*'"*! open reading frame, an overlapping PCR strategy
was used to replace residues 434 —436 and 438 —440 with ala-
nines. The doa1?***! open reading frame was made similarly
but deleting residues 434 —443. The Doal-APP open reading
frame was made by replacing the P3*’PLKLP motif with
A3?ALKLA. For bacterial expression of Doal residues 1-433
and 1-445, Doal fragments were expressed from pYES2.1
expression plasmids in BL21(DE3) bacteria (Invitrogen) due to
an upstream T7 promoter capable of driving T7 RNA polymer-
ase-dependent transcription of downstream open reading
frames. For expression of isolated PFU domains, PCR frag-
ments encoding the region from residue 301 (which defines the
end of the N-terminal B-propeller region) to residue 465 were
amplified from wild type DOAI and the doal®'"™*’ and
doal*?*! alleles and expressed from pET151 (Invitrogen),
which imparted an N-terminal V5 epitope tag (Invitrogen). For
functional studies in yeast, wild type V5 epitope-tagged DOA 1
as well as V5 epitope-tagged doal**** and doal*****! open
reading frames were cloned into low copy centromere-based
plasmids (pRS316). The open reading frames were flanked on
the 5’-end by 402 bp of the endogenous DOA1 5'-untranslated
region and on the 3'-end with 846 bp of the PHO8 3'-untrans-
lated region. The 2w U/BI4 gene was recovered in this study in a
search for multicopy suppressors of doalA mutants using a
high copy plasmid library housed in YEp351 and containing
genomic DNA isolated from the SEY6210 parental strain. The
Ste3-mCherry expression plasmid was made by replacing GFP
from p865 encoding Ste3-GFP (41) with mCherry (42). Switch-
ing nutritional markers between plasmids was done by using
yeast recombination by co-transforming the targeted plasmid
with PCR fragments encoding the desired nutritional marker
gene, which contained 40 bp of sequence complementary to the
insertion site. Table 2 lists the source of other plasmids used in
this study.

Glutathione-Agarose Affinity Chromatography—GST-fusion
proteins were isolated from bacteria using glutathione-Sepha-
rose beads as previously described (43). For binding studies, 250
pg of each isolated GST fusion protein was bound to 50 ul of
glutathione-Sepharose in phosphate-buffered saline by rota-
tion for 30 min at 25 °C. Bound GST or GST fusion proteins
were then pelleted and washed three times with phosphate-
buffered saline. Cell lysate was added to each protein-bead
complex and incubated for 2 h at 4 °C. Unbound proteins were
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removed from beads using four washes of IC buffer (100 mm
KAc, 50 mm KCI, 200 mum sorbitol, 20 mm PIPES, pH 6.8), and
the bound bead fraction was analyzed by SDS-PAGE and
immunoblotting. Yeast lysates were prepared from sphero-
plasts as previously described (3). Proteins from bacterial
lysates for binding studies were prepared as previously
described (3).

Fluorescence Microscopy—Cells containing GFP-expressing
plasmids were grown in SD medium to midlog phase. Live cells
were viewed using an Olympus BX-60 microscope equipped
with fluorescein isothiocyanate filters and Nomarski/differen-
tial interference contrast (DIC) optics. Images were captured
with a Hammamatsu ORCA CCD camera, as previously
described (44). GFP-Cpsl (carboxypeptidase 1) was visualized
in cells resuspended in 0.2% NaN3, 100 mm Tris, pH 8.0.

Growth Assays—Yeast were first grown in SD medium over-
night and serially (1:5) diluted and plated onto an SD plate con-
taining a full complement of nutrients. Plates were grown for
2-3 days at various temperatures.

Western Blotting—Cellular extracts for immunoblotting
were made as described (45). Briefly, cells were pelleted, resus-
pended in 0.1 M NaOH, and incubated for 5 min. Cells were
repelleted and resuspended in 5% SDS, 8 M urea, 10% glycerol,
50 mM Tris, pH 6.8, with or without the addition of 2% 3-mer-
captoethanol. Immunoblots were visualized with horseradish
peroxidase-conjugated secondary antibodies and chemilumi-
nescence reagents (Pierce) either indirectly with exposure to
film or by capturing luminescent images with a Fluorochem
IS-8000 (Alpha Innotech, San Leandro, CA).

RESULTS

Doal Binds Hsel and Is Required for Sorting MVB
Substrates—Previous large scale two-hybrid screens identified
Doal as potentially interacting with the SH3 domain of Hsel
(46). To confirm this interaction, we produced a C-terminally
V5 epitope-tagged Doal in yeast and subjected the correspond-
ing lysates to GST pull-down experiments using the SH3
domain of Hsel. Fig. 14 shows that the Doal specifically bound
the Hsel SH3 domain. However, Doal did not bind the SH3
domain of Pex13. Furthermore, binding of Doal was dramati-
cally reduced when a critical tryptophan residue within the pre-
dicted hydrophobic binding surface of the Hsel SH3 domain
was altered to alanine.

We next asked whether Doal could localize to endosomes.
To image Doal, we fused GFP to its C terminus. The strategy
was used previously in a genome-wide effort to C-terminally
GFP-tag all yeast open reading frames systematically (47). We
first verified that the DOA 1-GFP-tagged strain from this collec-
tion, in which the only copy of Doal is fused to GFP, was able to
grow like wild type cells at 37 °C, indicating that the Doal-GFP
was functional (data not shown). We then drove expression of
Doal-GFP from the moderately strong PRCI promoter, which
normally drives the expression of vacuolar carboxypeptidase Y.
In wild type cells, Doal-GFP was localized diffusely to the
cytosol, was excluded from the vacuoles, and was slightly con-
centrated in the nucleus, consistent with previous observations
(47). We then localized Doal-GFP in mutants lacking Vps4, a
class E Vps protein whose loss results in the accumulation of
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TABLE 2
Plasmids used in this study
Plasmid Description Reference/Source
pGO45 PpRS426 carrying GFP-CPS1 Ref. 71
pPL1867 LEU2 conversion of pGO45 This study
pPL3267 HA-Ub-GFP-CPS1 in pRS316 Ref. 20
pPL3453 HA-Ub-GFP-CPS1 in pRS315 This study
pPL1124 PpRS316 containing dominant negative VPS4 Ref. 20
pGEX-6P-1 GST expression vector GenBank™ accession
number U78872
pPL2710 GST-Hsel-SH3 Ref. 20
pPL2831 GST-Pex13-SH3 Ref. 20
pPL3164 GST-Hsel-SH3*. GST-Hsel-SH3 plasmid containing in which the codons encoding W254A and W255A Ref. 20
mutations.
pPL1978 GST-Vps27 C terminus Ref. 3
pPL833 JLU34 STE3-GFP Ref. 41
pPL3607 STE3-mCherry. Derived from pPL833. This study
pGFP-Ub GFP-Ub expressed from the PRC1 promoter in pRS426. D. Katzmann Mayo
Clinic (Rochester, MN)
pPL3601 LEU2 marker convert of pGFP-Ub. This study
pPL3155 YEp351 carrying UBI4. This study
pPL3327 DOA1-GFP downstream of PRCI promoter and upstream of the PHO8 3’-UT in pRS316. This study
pPL2794 GALI driving full-length DOA1 tagged C-terminally with V5 and His, tag in 2 plasmid pYES2.1. This study
pPL3270 GALI driving truncated DOA1I (residues 1-300) tagged C-terminally with V5 and His, tag in 2 plasmid pYES2.1.  This study
pPL3273 GALI driving truncated DOA1I (residues 1-470) tagged C-terminally with V5 and His, tag in 2 plasmid pYES2.1.  This study
pPL3359 GALI driving truncated DOAI (residues 1-414) tagged C-terminally with V5 and His, tag in 2u plasmid pYES2.1.  This study
pPL3363 GALI driving truncated DOA1I (residues 1-433) tagged C-terminally with V5 and His, tag in 2 plasmid pYES2.1.  This study
pPL3341 GALI driving truncated DOAI (residues 1-445) tagged C-terminally with V5 and His, tag in 2 plasmid pYES2.1.  This study
pPL3323 GALI driving a fragment of DOAI (residues 301-470) tagged C-terminally with V5 and His tag in 2 plasmid This study
pYES2.1.
pPL3300 GALI driving DOA tagged C-terminally with V5 and His, tag in 2u plasmid pYES2.1 Contains mutations This study
P*°PLKP — A*°ALKA.
pPL3367 GALI driving DOA1I tagged C-terminally with V5 and His tag in 2 plasmid pYES2.1 Contains mutations This study
F**ILKNTN — A***AAKAAA to make doa 147",
pPL3371 GALI driving DOA1 tagged C-terminally with V5 and His, tag in 2u plasmid pYES2.1 Contains deletion of This study
residues 433-445 to make doa 142",
pPL2967 Expression plasmid for PFU domain from wild type DOA 1. Residues 301-466 with N-terminal V5 epitope tagin  This study
pET151.
pPL3604 Expression plasmid for PFU domain from Doal'"*¢!, Fragment derived from pPL3367 (F***ILKNTN — This study
A®*AAKAAA) residues 301-466 with N-terminal V5 epitope tag in pET151.
pPL3603 Expression plasmid for PFU domain from Doal*?"**!, PFU domain from pPL3371 (deletion of residues 433—445)  This study
with N-terminal V5 epitope tag in pET151.
pPL3498 DOA1-V5 expressed from DOAI promoter in pRS316. This study
pPL3499 Doal!Hse! (F4LKNTN — A***AAKAAA) expressed from DOAI promoter in pRS316. This study
pPL3501 Doal®?s¢! (deletion of residues 433—445) expressed from DOA I promoter in pRS316. This study
pUG72 Plasmid containing gene disruption cassettes with L/[RA3 (K. lactis) as selection marker. Ref. 40
pUG27 Plasmid containing gene disruption cassettes with his5" (S. pombe) as selection marker. Ref. 40
pPL2161 HA-tagged HSEI in pRS315 Ref. 3
pPL1124 VPS4 dominant negative in pRS426 Ref. 20
pGEX-6P-1 GST expression vector GenBank ™ accession
number U78872
pPL1556 VPHI-GFP-Ub in pRS316 Ref. 41
pYES2.1 High copy (2p) URA3-containing GALI expression plasmid. Invitrogen
pET151 T7 promoter-based bacterial expression vector. Invitrogen

aberrantly large endosomes (class E compartments), which can
trap a variety of proteins that transiently associate with endosomes
(48, 49). Here we saw colocalization of Doal-GFP within mem-
brane patches adjacent to the vacuole that also accumulated the
endocytic tracer dye FM4-64 (Fig. 1B). These data indicated that
Doal-GFP was capable of localizing to endosomes.

We also tested whether loss of DOAI caused defects in MVB
sorting. For this, we used two MVB marker proteins. The first was
GFP-tagged Cpsl, a vacuolar protease that gains access to the vac-
uole lumen via the MVB pathway (50). GFP-Cpsl1 isa Type l mem-
brane protein containing GFP fused to its cytosolic N terminus.
Cpsl is ubiquitinated by Rsp5 and Tull and is then sorted by the
class E Vps machinery into the vacuole lumen (51, 52). The second
cargo was Ub-GFP-Cpsl, in which GFP-Cpsl is translationally
fused to Ub (20). This cargo behaves similarly to GFP-Cps1, except
that it does not require Rsp5-dependent ubiquitination to undergo
MVB sorting, since it contains its Ub sorting motif constitutively
(51). Fig. 1C shows that although wild type cells efficiently sorted
GFP-Cpsl into the vacuole lumen, doalA cells did not and accu-
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mulated GFP-Cps1 on the limiting membrane of the vacuole. In
contrast, Ub-GFP-Cps1, which does not require ubiquitination to
undergo Ub-dependent MVB sorting, was sorted correctly to the
vacuolar lumen in doalA cells.

These results indicated that Doal might indeed provide a
function with regard to MVB sorting, presumably by promoting
the processing and ubiquitination of cargo proteins like GFP-
Cpsl. The major caveat to this interpretation is that doalA
mutants have lowered levels of Ub, which occurs through an
unknown mechanism (21). Lower Ub levels could indirectly
affect a number of processes. Therefore, we went on to further
characterize the specificity of these effects and examine the
functional relevance of the Hsel-Doal interaction.

Doal Contains a Novel Binding Motif for the Hsel SH3
Domain—Previous studies indicated that the SH3 domain of
Hsel was the relevant portion of Hsel that could interact with
Doal (46). Our previous studies showed that this domain is
critical for Hsel functions but also mediates interactions with
other proteins, including Ubp7 and the Rsp5-Ubp2-Rupl-
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FIGURE 1. Association of Doa1 with the MVB sorting machinery. A, lysate from yeast expressing V5 epitope-
tagged Doal was passed over beads bound with GST only () or GST fused to the SH3 domain of Hse1 (Hse1
SH3), a mutant form of the SH3 domain (Hse7 SH3*), or the SH3 domain from Pex13 (Pex13 SH3). Also shown are
the GST fusion proteins used in this analysis. B, Doa1-GFP (expressed from pPL3327) was localized in wild type
cells (WT), vps4A cells, and vps27A cells. Cells were counterlabeled with the endocytic tracer dye FM4-64.
C, GFP-Cps1 was correctly localized to the vacuole lumen in wild type cells but not doa’A mutant cells, the
latter of which showed accumulation of GFP-Cps1 at the limiting membrane of the vacuole. The lower panel
shows sorting of Ub-GFP-Cps1 to the vacuole lumen in doa A cells. Also shown are corresponding DIC images.

Hual complex (20). Thus, phenotypic analysis of Hsel lacking
its SH3 domain would not specifically ablate the Hsel-Doal
interaction. Therefore, we undertook a series of mapping
experiments to find the motif within Doal that mediates its
interaction with the Hsel SH3 domain. Fig. 24 shows a set of
Doal deletion and substitution mutants subjected to GST pull-
down experiments using GST alone or GST fused to the SH3
domain of Hsel. As a further control, we also used GST fused to
the SH3 domain of Hsel in which the predicted SH3 ligand
interaction surface was mutated (20, 53). We found that full-
length Doal and Doal lacking its C-terminal 270 residues
(Doal 1-445) also specifically bound the Hsel SH3 domain.
Since SH3 domains typically bind to proline-containing motifs,
we next mutated the proline residues in the P3*°P**°LKP3*?
motif, which conforms to a canonical polyproline SH3 ligand.
Surprisingly, loss of these prolines had no effect on the interac-
tion of Doal with the Hsel SH3 domain. Further truncation of
Doal 1-433 abolished association with the Hsel SH3 domain.
We then inspected this region (residues 433—445) for residues
that were conserved among other yeast species and found
the motif F*®**IXKNTXG*" and either deleted it entirely to
make the doal®*™*’ mutant protein or replaced it with
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AB*AAKAAAG™ to make the
doal*""*! mutant. Both of these
mutations in the context of full-
length Doal were no longer able to
interact with the Hsel SH3 domain.

Since our mapping analysis was
performed by expressing Doal
mutants in yeast, we then per-
formed experiments to show that
the interaction with the Hsel SH3
domain was direct and independent
of other yeast proteins. We were
unable to produce full-length Doal
in bacteria; however, we were able
to produce Doal truncation
mutants encompassing residues
1-433 and 1-445. Consistent with
the above mapping experiments, we
found that bacterially produced
recombinant Doal 1-445 was able
to interact with the Hsel SH3
domain, whereas the Doal 1-433
(lacking the F®*IXKNTXG motif)
was unable to interact.

The novel SH3 ligand that we
found lies within central PFU
domain of Doal. Previous experi-
ments have shown that this domain
is required for binding Ub (27, 28).
These conclusions were based on
deletion analysis showing that both
N-terminal and C-terminal frag-
ments of Doal could bind to Ub,
provided they contain the central
PFU domain. However, these stud-
ies did not show that the PFU
domain itself was sufficient for Ub binding. The PFU domain is
not homologous to any other described domain, and the struc-
tural basis for how the PFU contributes to Ub binding is
unknown. Importantly, Mullally et al. (27) found that when two
conserved phenylalanine residues in the PFU domain were
altered to alanine, both Ub binding and known Doal-depend-
ent functions were abolished. These residues were Phe**® and
Phe*®*, the latter of which was altered in both of our Doal4"*¢!
mutants. Therefore, we wanted to determine if the mutations
that abolished SH3 binding had an effect on Ub binding. Fig. 2D
shows that bacterially produced V5 epitope-tagged PFU
domain alone was able to bind to GST-Ub, demonstrating that
this domain is sufficient for Ub binding. Furthermore, the PFU
domain from the doa1**"**/ mutant was able to bind GST-Ub
to the same level. In contrast, the PFU domain from the
doal*?*! mutant lacking residues 434—443 did not bind
GST-Ub. Thus, we have been able to separate the motifs within
the PFU Doal required for Ub binding and for binding the Hsel
SH3 domain.

To confirm the interaction of Doal with Hsel, we exploited
our previous observation that previously showed that Hsel
associates with the C-terminal residues (positions 353—622) of

GFP-Cps1  GFP-Cpsf

Ub-GFP-Cps1
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FIGURE 2. Defining the interaction between Hse1 and Doal. A, the indicated V5 epitope-tagged fragments
of Doa1 were expressed in yeast under the control of the GALT promoter, and the corresponding lysates were
passed over glutathione-agarose beads bound with GST alone () GST fused to the SH3 domain of Hse1 (Hse1
SH3), or a mutant form of the SH3 domain (Hsel SH3*). Also shown are full-length Doa1 proteins with the
following mutations: Doal*'"s¢" (A***AAKAAA; pPL3367), Doal*?"*¢! (deletion of residues 434-445;
pPL3371), and Doal-APP (A*°ALKA; pPL3300). The lower panels show the same analysis of indicated V5
epitope-tagged fragments of Doa1 produced in bacteria. B, schematic of Doal showing the N-terminal B-pro-
peller region encoded by seven WD40 repeats, the central PFU domain that contains the SH3-binding motif,
and the C-terminal PUL domain that interacts with Cdc48. C, protein sequence of residues 426 —445 of Doal.
Conserved residues are shown in boldface type. The alanine substitutions of the Doa1*'"¢* mutant (gray) and
the deleted region of the Doa142"*¢" mutant are shown. D, the V5 epitope-tagged PFU domain derived from
wild type (WT) Doaf1, the Doa14'"*¢", and the Doa1*2"¢" mutants were produced in bacteria using pPL2967,
pPL3604, and pPL3603, respectively. Lysates were passed over beads bound to GST alone (g) or Ub-GST (Ub).
Beads were washed and immunoblotted together with a 1% equivalent of input lysate. Chemiluminescence
images were collected directly using a digital camera. E, yeast lysates expressing V5 epitope-tagged wild type
Doal (pPL2794) or the Doa142"*¢" mutant (pPL3371) were passed over beads bound with GST alone (g) or GST
fused to the C terminus of Vps27. Samples were immunoblotted with a 5% equivalent of input lysate.

anti-Ub antibodies and examining
the level of Ub conjugates. Consist-
ent with previous studies, loss of
Doal significantly reduced the level
of Ub (21, 27, 31). Using our partic-
ular lysis protocol, we found very lit-
tle unconjugated Ub overall, making
the comparison of Ub conjugates
more informative for assessing the
overall level of Ub. Ub levels were
restored with the V5-tagged DOA1
as well as the V5 epitope-tagged
doal*""*¢! and doal1*****! alleles.
These data showed that association
of Doal with the Hsel SH3 domain
was not important for maintaining
Ub levels. Furthermore, they sug-
gested that loss of Ub binding by the
PFU domain of Doal also did not
significantly alter cellular Ub levels.

We then examined the effect the
doal**! alleles had on sorting
GFP-Cpsl. Fig. 3B shows that
although cells expressing the wild
type V5 epitope-tagged Doal sorted
GFP-Cpsl into the vacuole nor-
mally, cells expressing either of the
doa 12" alleles were defective and
accumulated GFP-Cps1 on the lim-
iting membrane of the vacuole.
Thus, the persistence of MVB sort-
ing defects in the doal®"*’ cells
despite the normal complement of
cellular Ub indicated that the Hsel-
Doal interaction fulfilled a specific
function.

To further confirm that the
doal1*™! alleles could fulfill other
Doal functions, we tested them for
their ability to complement the tem-
perature-sensitive growth defect of
doalA mutants. Fig. 44 shows that
doalA cells grow poorly at elevated

Vps27 (3). Therefore, we used GST alone and GST fused to the
Vps27 C terminus to see if Doal expressed in yeast lysates could
indeed associate with a Vps27-Hsel complex. Fig. 2E shows
that although Doal could specifically associate with GST-
Vps27, the mutant Doal*?"*¢! protein could not.

MVB Sorting Defects Caused by Loss of Doal-Hsel
Association—We next functionally characterized the
Doal®*%¢! and Doal**"**! mutants. Wild type V5 epitope-
tagged DOAI as well as the doal*?***! and doal*""***' alleles
were cloned into low copy centromere-based plasmids under
the control of the DOA 1 promoter and transformed into doalA
mutants. Fig. 34 shows that the expression level of the three
proteins was comparable, indicating that the overall integrity of
the proteins was intact. We next examined Ub levels within
these transformants by immunoblotting cell extracts with
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temperature (37 °C), consistent with previous studies. Normal
growth was restored by overexpressing Ub using a 2u multi-
copy plasmid carrying the L/BI4 gene, which encodes a tandem
fusion of 5 Ubs. Furthermore, normal growth was also restored
by the V5 epitope-tagged wild type DOAI as well as both
doa %! alleles. Thus, these data show that we were able to
genetically uncouple the role of Doal on Ub levels and gener-
alized stress intolerance from its effect on MVB sorting, which
supports the idea that Doal may be directly involved in some
aspect of MVB sorting.

DOA1 Interacts Genetically with VPS27—Although the
above experiments indicated that Doal performed a specific
role by its association with Hsel, we also wondered whether
Doal might fulfill a more general role in the processing and/or
sorting of Ub cargo at the MVB. Indeed, although we observed
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FIGURE 3. Functional analysis of Doal mutants. A, mutant DoalA cells were transformed with low copy
plasmids expressing wild type (WT) V5 epitope-tagged Doa1, Doa1*'"*¢', Doa142"*¢" mutants, or vector alone
(pPL3498, pPL3499, pPL3501, and pRS316, respectively). Cell lysates were immunoblotted for Doa1 with anti-
V5. These cell lysates in addition to lysates from wild type cells were immunoblotted with anti-Ub antibodies to
visualize Ub conjugates. Lysates were also immunoblotted for CPY as a loading control. B, localization of
GFP-Cps1 in wild type cells and in doalA mutant cells transformed with low copy plasmids expressing V5

epitope-tagged Doa1l, Doa14'¢!, or Doa142"se’,

Doal-GFP localization to class E compartment endosomes in
vps4A mutants, we also observed some localization to endo-
somes in vps27A mutants (Fig. 1B). Our previous studies
showed that Hsel associates with class E compartment endo-
somes by virtue of its association with Vps27 (54). Thus, the fact
that Doal-GFP could still associate with endosomes in the
absence of Vps27-Hsel on endosomes implied that Doal can
use other means to associate with endosomes and thus perform
functions independent of its association with Hsel.

Further genetic analysis revealed that loss of Vps27 in doalA
cells caused a severe growth phenotype (Fig. 4A4). This was con-
sistent with the idea that Doal function helped protect cells
from the potentially toxic effects that cells might otherwise
endure when MVB formation and degradation of integral
membrane proteins in the vacuole is compromised. Impor-
tantly, this synthetic effect was not suppressed by overexpress-
ing Ub, suggesting that the synthetic effect reflected a direct
contribution of Doal function and not an indirect effect of
depleted Ub levels compromising the health of vps27A
mutants. As expected, transforming the doalA vps27A double
mutant strain with either wild type V5 epitope-tagged DOA1 or
the two doa1*"***! alleles restored growth at high temperatures,
indicating that even under these more stringent conditions,
these mutant alleles largely complemented the functions of
DOAI related to stress tolerance. Furthermore, they demon-
strated that the synthetic effect we observe between doalA and
vps27A reflects a function outside of the interaction between
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DOA1I and HSEI. We also found
that the loss of Vps23, another class
E Vps protein that is part of the
ESCRT-I complex, as well as expres-
sion of dominant negative VPS4
caused a similar synthetic growth
defect in combination with loss of
Doal (Fig. 4B).

Loss of Doal Alters the Flux of
Cellular Ubiquitin—The specific
synthetic interaction between
doalA and class E vps mutants that
fail to sort proteins into the MVB
prompted us to examine other
aspects for how Doal could contrib-
ute to the process of lysosomal deg-
radation. Our previous experiments
focused on a subset of MVB marker
proteins, such as GFP-Cps1, which
represent an idealized model MVB
substrate, which accesses in the
MVB pathway as part of its normal
mechanism for delivering itself to
the vacuole lumen, where it func-
tions (50). Likewise, other MVB
marker proteins that are widely
used, such as the transporters Gap1,
Fur4, and Ste6, as well as the G-pro-
tein-coupled receptors Ste3 and
Ste2 become rapidly ubiquitinated
as part of their natural strategy for
down-regulation (55). Moreover, none of these proteins is
thought to access the MVB degradative pathway, because they
are misfolded or damaged, as would be the case for a proportion
of a wide variety of cell surface proteins that might undergo a
small but steady rate of vacuolar degradation. Thus, to get a
better indication on the flux of Ub cargo in general, we exam-
ined the localization of GFP-tagged Ub, which has been used in
other systems to monitor the use and distribution of cellular Ub
(56, 57). The GFP-Ub construct we used contained GFP fused
to the N terminus of wild type Ub replete with its normal C-ter-
minal diglycine tail required for covalent modification of pro-
teins. Production of GFP-Ub was via the moderately strong
PRC1 promoter, which was housed on a low copy centomere-
based plasmid. Fig. 5B shows that expression of GFP-Ub com-
pletely suppressed the temperature-sensitive growth defect of
doalA cells, demonstrating that GFP-Ub can functionally sub-
stitute for Ub to at least some degree.

We then examined the distribution of GFP-Ub in wild type
and mutant cells. Fig. 54 shows that in wild type cells, GFP-Ub
was localized diffusely to the cytosol but could also be found
accumulated within the vacuole. These data are consistent with
previous studies that showed that although the bulk of Ub is
thought to be removed from cargo before its irreversible sorting
into the MVB interior, some of it persists and is ultimately
delivered to the vacuole interior (7, 8, 54, 58, 59). The significant
level of GFP-UDb in the vacuoles of wild type cells implies that
the MVB pathway may play an important role in regulating the
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with similar analysis in mammalian
cells, where depletion or disruption
of Class E Vps protein function
blocks lysosomal degradation of
ubiquitinated membrane proteins
and leads to the accumulation of
ubiquitinated proteins on endo-
somes (60). Together, these data
demonstrated that the GFP-Ub
fusion protein reflected the
expected distribution of Ub well and
supported its use to monitor Ub dis-
tribution. A major difference was
found when we examined the distri-
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FIGURE 4. Complementation of doa1A mutants with doa71*"*¢" alleles. A, the indicated yeast strains were
transformed with low copy vector plasmid, low copy plasmids expressing the wild type (WT) and the indicated
doal alleles, or a high copy plasmid expressing Ub (2uUb; pPL3155). Serial dilutions of cells were plated onto
minimal medium plate and grown at the indicated temperature for 2-3 days. The genotype of the yeast is
indicated on the left, and plasmids expressing Ub, DOAT alleles, or vector alone are indicated on the right. B, the
synthetic growth defect of the doa’A mutation was assessed in combination with vps23A mutations or in the
presence of a plasmid expressing a dominant-negative VPS4%" allele (pPL1124).

overall Ub levels within cells. Previous studies on the deubiq-
uitinating enzyme Doa4 have supported a role for this enzyme
in the latter stages of sorting Ub cargo into MVB vesicles by
removing Ub from MVB cargo (8, 58, 59). Using GFP-Ub, we
found direct data supporting this model, since doa4A mutants
showed a massive accumulation of GFP-Ub within the yeast
vacuole with concomitant depletion of Ub in the cytosol. We
next examined the distribution of GFP-Ub in vps27A cells,
which accumulate large endosomes as well as cargo that would
otherwise be delivered to the vacuolar lumen. In these mutants
we found that the large “class E compartment” endosomes,
marked by the endocytic tracer dye FM4-64, also accumulated
high levels of GFP-Ub. These data indicated that in vps27A
mutants, Ub cargo becomes highly concentrated within endo-
somes and remains ubiquitinated. These results are consistent
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bution of GFP-Ub in doalA cells.
Here we found that GFP-Ub was
excluded from the vacuole, indicat-
ing that the bulk of Ub cargo that
would otherwise be delivered to the
vacuole was blocked by the absence
of Doal. Importantly, these experi-
ments were done where GFP-Ub
was exogenously expressed under
conditions that suppress the tem-
perature-sensitive growth defect of
doalA cells and thus probably do
not reflect the nonspecific effect of
Ub depletion. The effect of doalA
on Ub was not, however, observed
in cells expressing the doal®"***!
protein, which is unable to associate
with Hsel. This is consistent with
the idea that the global effects of
Doal with regard to the overall dis-
tribution and flux of GFP-Ub into
the vacuole reflect a function inde-
pendent of its association with
Hsel.

Effects of Doal Are Independent of
Ufd2 and Otul—Although Doal
has been implicated in Ub-depend-
ent processes, specific functions for
Doal have been difficult to deter-
mine. Recent studies have implicated various functions for
Doal genetically with Cdc48 and its associated co-factors Otul
and Ufd2 (28). For instance, overexpression of Otul suppresses
the growth defects of doa1A mutants, as does deletion of Ufd2.
Otul is a Ub-specific cysteine protease, which is a member of
the ovarian tumor family of deubiquitinating enzymes (61).
Although the precise mechanism for how its overexpression
suppresses doalA growth defects are unknown, the most plau-
sible explanation is that it can complex with Cdc48 to deubiq-
uitinate substrates targeted to the proteasome, and increased
levels of Otul would program more Cdc48 complexes for this
purpose and decrease the flux of ubiquitinated substrates to
the proteasome. Ufd2 is a “E4” Ub ligase that preferentially
extends polyubiquitin chains (62). Overexpression of Ufd2
enhances proteasomal degradation, supporting the idea that
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FIGURE 5. Visualization of Ub distribution. A, wild type cells (WT) along with
the indicated mutant strains were transformed with low copy plasmid
expressing GFP-Ub (pGFP-Ub) and imaged. Cells were co-labeled with the
endocytic tracer dye FM4-64. Shown are the green channel (GFP-Ub), red
channel (FM4-64), DIC image, and a merge of the fluorescence signals. Also
shown are doa’A mutant yeast transformed with the doa12"*¢" allele. B, wild
type and doalA mutant cells were transformed with vector only or the
GFP-Ub expression plasmid. Serial dilutions of cells were plated and grown at
37 °Cfor 2 days.

loss of Doal leads to more Cdc48 complexes programmed with
Ufd2, which would increase flux through the proteasome,
whereas loss of Ufd2 would decrease flux through the protea-
some (28). Thus, the suppression observed by Otul overexpres-
sion or loss of Ufd2 can be explained by a general inhibition of
proteasomal degradation. Under some circumstances, particu-
larly in ubp6 mutants, proteasomes can rapidly degrade much
of the cellular Ub, and inhibiting flux to the proteasome in
doalA mutants would probably restore Ub levels and viability
at high temperature (63). Consistent with this idea are the
observations that mutations that compromise proteasome cat-
alytic activity or Cdc48 activity also suppress the growth defect
of doalA mutants (24, 27).

To determine whether these alternate interactions of Doal
affected the phenotypes we observed, we analyzed the effect of
deleting UFD2 and OTUI (ovarian tumor family 1). Fig. 64
confirmed that deletion of L/FD2 suppresses the temperature-
sensitive phenotype of doalA mutants. However, ufd2A muta-
tions were unable to suppress the growth defect of doalA
vps27A double mutants. These data are consistent with the idea
that the synthetic effect of doalA and vps27A goes beyond sim-
ply the effect of lower Ub levels, since altering Ub levels directly
(by overexpressing UBI4) or indirectly (by inhibiting degrada-
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tion of Ufd2-dependent substrates) does not suppress the
growth defect. Similarly, deletion of OTU1 did not have a syn-
thetic effect on vps27A mutants. We also examined deletion of
UBP6, which encodes a proteasome-associated deubiquitinase
whose absence accelerates the degradation of Ub by the protea-
some (63). Despite the adverse effects on Ub pools that deletion
of UBP6 causes, we found no synthetic effect when ubp6A was
combined with a vps27A mutation. Fig. 6B shows that the dis-
tribution of GFP-Ub remained relatively unperturbed in
ubp6A, otulA, and ufd2A mutants. All of these cells showed
both cytosolic and intravacuolar GFP-Ub, in contrast to doalA
cells, which excluded GFP-UDb from the vacuole. The exclusion
of GFP-UDb from the vacuole of doalA was also seen in doalA
ufd2A cells, showing that UFD2 loss did not suppress this
defect. Interestingly, ufd2A mutants occasionally showed
clumps of ubiquitinated proteins, which may represent aggre-
gates of ubiquitinated cytosolic and/or membrane proteins.
However, we did not pursue this observation further.

Doal Helps Ubiquitinated Cargo Proteins Concentrate on
Endosomes—We next investigated how loss of Doal was toxic
to vps27A mutants. Loss of Vps27, like the loss of some other
class E Vps proteins, blocks delivery of ubiquitinated mem-
brane proteins to the vacuole interior and blocks the formation
of the endosomal intralumenal vesicles themselves. Despite this
profound block in degrading membrane proteins, vps27A cells
are remarkably healthy, and their viability does not significantly
suffer from the accumulation of damaged proteins that would
otherwise be degraded in the vacuole. Fig. 54 showed that
vps27A mutants accumulate ubiquitinated proteins in large
endosomal class E compartments, which previous studies have
found also concentrate proteins destined for vacuolar degrada-
tion. Fig. 7 confirmed this by showing that the same compart-
ments that accumulate GFP-UDb in vps27A mutants also accu-
mulate Ste3 tagged with the Cherry red fluorescent protein. In
stark contrast, we found that loss of DOA I dramatically blocked
the ability of ubiquitinated proteins to be concentrated in an
enlarged endosomal compartment. Instead, only small puncta
accumulated GFP-Ub, which showed some but not extensive
co-distribution with endocytic markers. Likewise, Ste3-Cherry
did not accumulate within large perivacuolar structures and
was instead found at the cell surface as well as numerous small
puncta, which probably corresponded to endosomes. Collec-
tively, these data indicate that in the absence of Vps27 function,
where ubiquitinated proteins are blocked from delivery to
internal lumenal vesicles, they are still collected and consoli-
dated on endosomal structures. Furthermore, they indicate a
specific role for Doal in fostering this accumulation and imply
that loss of such consolidation may be toxic.

Certain Ubiquitinated Membrane Proteins Are Defective for
MVB Sorting in Doal Mutants—If Doal were somehow
required for processing ubiquitinated membrane proteins so
that they were capable of moving into intralumenal vesicles,
one might expect that specific types of proteins might be
affected. These proteins might include damaged or denatured
proteins prone to aggregation or bulky multisubunit complexes
that need disassembly before sorting. We also searched for par-
ticular proteins that could also show such a dependence on
Doal. For this, we examined a GFP-tagged form of Vph1, which
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FIGURE 6. Specificity of doa1A defects. A, cells with the indicated mutations were serially diluted and plated onto
minimal media and grown at the indicated temperature. B, the indicated mutants were transformed with the low
copy GFP-Ub-expressing plasmid. Transformants were co-labeled with the endocytic tracer dye FM4-64 and
imaged. WT, wild type.

is a 100-kDa integral membrane
protein of the larger vacuolar
ATPase H" pump complex. Vphl
associates with other membrane
proteins that comprise a V,, sector
of the pump, which in turn associ-
ates with a large soluble multisub-
unit V; sector (64). Although GFP-
tagged Vph1 localizes exclusively to
the limiting membrane of the yeast
vacuole, our previous studies have
shown that translational fusion of
Ub to the C terminus converts this
protein into an MVB cargo, which
localizes to the vacuolar lumen in
wild type cells (41). Thus, this pro-
tein gains access to the MVB path-
way by virtue of its in-frame C-ter-
minal Ub and is not dependent on
cellular ubiquitination for its sort-
ing. Fig. 7C shows that unlike wild
type cells, doalA cells were highly
defective in properly sorting Vphl-
GEFP-Ub to the vacuole interior and
instead accumulated on the limiting
membrane in doalA cells. Upon
examining 50 cells, we found that
only 4% of wild type cells showed
detectable rim fluorescence on the
surface of the vacuole. In contrast,
94% of the doalA cells showed rim
fluorescence. These data indicate
that although Vph1-GFP-Ub carries
its own Ub sorting signal, it is ineffi-
ciently recognized or processed in
doalA mutants so that it fails to be
delivered to the vacuole lumen.

DISCUSSION

Doal is a Ub-binding Cdc48
adaptor that has been implicated in
a number of biological responses to
a variety of cellular stresses. Many
phenotypes have been found for
doalA mutants, but most of these
phenotypes probably stem from an
indirect effect of lowered Ub levels
in the cell (21). The defects we
observe with regard to proper MVB
sorting of ubiquitinated cargo are
independent of lower Ub levels and
indicate a more direct role for Doal
in controlling some aspect(s) of the
MVB sorting process. As such, we
envisage two roles for Doal: one
that is served by physical connec-
tion with the Hsel-Vps27 Ub-sort-
ing receptor and another more gen-
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FIGURE 7. Mislocalization of MVB cargo upon loss of Doal. A, localization
of GFP-Ub in vps27A cells and vps27A doa1A double mutant cells. Cells were
counterlabeled with FM4-64. Shown also are the merged fluorescence
images and DICimage. B, localization of GFP-Ub (pPL3601) in vps27A cellsand
vps27A doalA double mutant cells. Cells were also expressing mCherry-
tagged Ste3 (pPL3607). Shown also are the merged fluorescence images and
DIC image. C, localization of Vph1-GFP-Ub (pPL1556) in wild type (WT) and
doalA mutant cells.

eral role independent of this association that helps to process
Ub cargo so that it can be concentrated on endosomes and
efficiently delivered to the ESCRT sorting machinery for incor-
poration into lumenal vesicles of the forming MVB.

An Hsel-dependent role for Doal is mediated by its direct
association with the SH3 domain of Hsel. The SH3 ligand we
discovered in Doal did not conform to a canonical proline-rich
motif (65) but instead a novel motif that contained bulky hydro-
phobic residues that probably mediate interaction with the SH3
domain surface. This region is conserved in not only other yeast
orthologs of Doal but also the mammalian Doal ortholog,
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PLAP. Previously, we have shown that the Hsel SH3 domain
also interacts with Ubp7, a deubiquitination enzyme, and Hual,
a component of complex containing the Ub ligase Rsp5 (20).
These studies indicated that both deubiquitination and Ub liga-
tion activities associate with Hsel help determine the sorting
efficiency of cargo proteins, such as GFP-Cpsl, which requires
ubiquitination to access the MVB sorting pathway. Further-
more, when association of Hsel to Rsp5 is severed, MVB sort-
ing of GFP-Cpsl is defective, whereas sorting is restored when
Ub is fused in frame to the N terminus of GFP-Cpsl. Likewise,
we find that mutants of Doal lacking their ability to bind Hsel
have a similar defect in sorting GFP-Cpsl1 but no defect in sort-
ing the Ub-GFP-Cpsl reporter protein. Thus, the function of
the Doal-Hsel interaction is consistent with a role for Doal in
helping potentiate the ubiquitination status of GFP-Cpsl
rather than affecting the general ability of the Ub-sorting
ESCRT apparatus to deliver cargo to the endosomal intralume-
nal vesicles. These data further show that since binding of Doal,
Hual, and Ubp7 to the Hsel SH3 domain is sensitive to the
same mutations in the SH3 ligand binding site, all of these activ-
ities may compete at some level, implying that there may be a
mechanism that regulates access to the Hsel-Vps27 complex
by these factors.

Previous studies indicated that the central PFU domain of
Doal is required for efficient binding to Ub. Rumpfand Jentsch
(28) showed that strong Ub binding was contained within resi-
dues 1-494 of Doal, whereas Mullally et al. (27) showed Ub
binding with the N-terminal 450 residues as well as a C-termi-
nal fragment encompassing residues 354—715. Combining
these overlapping fragments suggests that the central PFU
domain defined by residues 354 —450 is required for Ub bind-
ing. In particular, Mullally ez al. (27) altered Phe**® and Phe***
and showed loss of Ub binding by Doal. We show here that a
bacterially expressed PFU domain is indeed sufficient for Ub
binding. Since Ub binding is a common feature among many
Cdc48-associated proteins, it would be predicted to be a key
functional feature of Doal. However, our data are unclear as to
what function Ub binding by the PFU domain itself confers.
The SH3 ligand we identified also lies within the PFU domain
and contains the one of the residues, Phe*?*, that Mullally et al.
(27) identified as important for Ub binding. We find that
although the isolated PFU domain of the Doal****** mutant
retained its ability to bind Ub, the PFU domain from the
Doal*?"s¢! mutant did not. However, both Doal mutants were
able to complement the growth defect of doalA mutants, in
contrast to the F426A/F434A mutant previously analyzed. We
do not, however, conclude that Ub binding by Doal is dispen-
sable for its function, since we have found other regions within
Doal that are also sufficient for Ub binding.* Thus, as Mullally
et al. (27) cautioned in their study, the F426A/F434A mutation
used may have abrogated other features of the protein.

A broader function of Doal at the MVB, outside of its asso-
ciation with Hsel, was first indicated by our observation that
doalA cells show a severe synthetic growth defect when com-
bined with loss of VPS27. We also found that the general flux of

#N. Pashkova, S. Winistorfer, L. Gakhar, J. Ren, S. Ramaswamy, and R. Piper,
manuscript in preparation.
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Ub into the vacuole was defective in doalA cells as was the
MVB sorting Vph1-GFP-Ub, a component of the multisubunit
V-ATPase complex, which we modified by translationally fus-
ing Ub onto the C terminus. Importantly, all of these defects
were largely independent of the nonspecific effect of lowered
Ub levels that result from Doal loss. For instance, the synthetic
growth defect of doalA vps27A mutants was not suppressed by
Ub overexpression or loss of Ufd2, which competes with Doal
for Cdc48 binding and may accelerate proteasomal degradation
and Ub loss (28). Likewise, the block in GFP-Ub accumulation
in the vacuole was performed under conditions where the
GFP-Ub suppresses the Ub-dependent temperature-sensitive
growth defect of doalA mutants.

One model we favor is that Doal is somehow required to help
process a range of Ub cargo so that it can be efficiently recog-
nized by the downstream ESCRT machinery and packaged into
intralumenal vesicles. This processing would involve coopera-
tion with the Cdc48 ATPase, which could help tease apart ubiq-
uitinated membrane proteins as they are delivered to the endo-
some. Such activity would not be required for some proteins,
such as Ub-GFP-Cps1 or Ste3-GFP, which are reporters based
on proteins that access the MVB pathway as part of their natu-
ral biological program for down-regulation (55). Instead, we
speculate that Doal-Cdc48 would be required by larger protein
complexes as well as damaged or aggregated proteins that are
rendered nonfunctional or potentially toxic. Such processing
would help make such cargo more accessible to the sorting
machinery and help cargo concentrate on endosomal subdo-
mains that mediate formation of lumenal vesicles. A further
observation consistent with this model is that Doal was
required for Ub cargo to accumulate in large endosomal struc-
tures in vps27A mutants. The doalA vps27A mutants showed a
dramatic dispersal of Ub cargo throughout the cell. Indeed, the
inability to consolidate Ub cargo on endosomal subdomains
may explain the severe growth defect we observe in doalA
vps27A mutants. This effect would be analogous to the toxic
effects of aggresomes and other protein aggregates observed in
mammalian cells, which accumulate if proteasomal degrada-
tion is compromised. Normally, these proteins are localized to
the microtubule organizing center by the action of Cdc48 and
HDACS6 (66, 67). HDAC6 also binds ubiquitinated proteins and
mediates their transport via microtubule motors to the cell cen-
ter, where they are concentrated (68). Blocking the ability of
HDACS to consolidate these damaged proteins increases their
toxicity perhaps by allowing their aberrant functions to com-
promise a host of other cellular functions.
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