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The ESCRT-L, -II, and -III protein complexes function to create multivesicular bodies (MVBs) for sorting of proteins
destined for the lysosome or vacuole. Prior studies with Saccharomyces cerevisiae have shown that the ESCRT-III protein
Snf7p interacts with the MVB pathway protein Brolp as well as its homolog Rim20p. Rim20p has no role in MVB
formation, but functions in the Rim101p pH-response pathway; Rim20p interacts with transcription factor Rim101p and
is required for the activation of Rim101p by C-terminal proteolytic cleavage. We report here that ESCRT-III proteins Snf7p
and Vps20p as well as all ESCRT-I and -II proteins are required for Rim101p proteolytic activation in S. cerevisiae.
Mutational analysis indicates that the Rim20p N-terminal region interacts with Snf7p, and an insertion in the Rim20p
“Brol domain” abolishes this interaction, as determined with two-hybrid assays. Disruption of the MVB pathway through
mutations affecting non-ESCRT proteins does not impair Rim101p processing. The relationship between the MVB
pathway and Rim101p pathway is conserved in Candida albicans, because mutations in four ESCRT subunit genes abolish
alkaline pH-induced filamentation, a phenotype previously seen for rim101 and rim20 mutants. The defect is suppressed
by expression of C-terminally truncated Rim101-405p, as expected for mutations that block Rim101p proteolytic activation.
These results indicate that the ESCRT complexes govern a specific signal transduction pathway and suggest that the MVB

pathway may provide a signal that regulates pH-responsive transcription.

INTRODUCTION

The endosomal trafficking pathway plays a pivotal role in
the interaction of cells with their environment (Conner and
Schmid, 2003). It provides a means to take up extracellular
fluid and particles, permitting acquisition of nutrients and
entry of pathogens. It is crucial for down-regulation of sur-
face receptors by conveying them to the lysosome or vacuole
for degradation (Katzmann et al., 2002; Raiborg et al., 2003).
Defects in endosomal trafficking thus have profound effects
on signal transduction and cell growth control.

Many components of the endosomal trafficking machinery
are well conserved among eukaryotes, including the sub-
units of three multiprotein complexes called ESCRT-I, -II,
and -IIT (Lemmon and Traub, 2000; Katzmann ef al., 2002;
Raiborg et al., 2003). The ESCRT subunits are among a large
group of gene products called “class E” vacuolar protein
sorting (VPS) gene products in the yeast Saccharomyces cer-
evisige (Bryant and Stevens, 1998; Katzmann et al., 2002).
Mutations in these genes cause accumulation of an aberrant
endosome called a class E compartment. Class E VPS gene
products direct formation of and trafficking through mul-
tivesicular bodies (MVBs). MVBs form through invagination
of the limiting endosomal membrane, permitting lumenal
sequestration of membrane proteins that may be degraded
upon fusion of the endosome with the lysosome or vacuole.
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Much of the same MVB formation machinery is also used in
lysosome/vacuole biogenesis for trafficking of biosynthetic
cargoes from the Golgi body (Bryant and Stevens, 1998;
Katzmann et al., 2002). This machinery is also exploited by
HIV and other viruses to produce capsids through mem-
brane budding, a reaction that is topologically equivalent to
endosomal membrane invagination (Raiborg et al., 2003).
Therefore, the MVB formation machinery is used for diverse
purposes.

Several recent observations indicate that the yeast MVB
formation machinery may be used in sensing or responding
to the pH of the surrounding medium. First, the MVB traf-
ficking protein Brolp (Nikko et al., 2003; Odorizzi et al., 2003)
is a homolog of the pH-response regulators PalA (Penalva
and Arst, 2002) of Aspergillus nidulans and Rim20p (Davis et
al., 2000; Xu and Mitchell, 2001) of the yeasts S. cerevisiae and
Candida albicans. Rim20p acts in the Rim101p pathway,
which is described below. Second, several protein interac-
tion studies have indicated that Rim20p interacts with
ESCRT-III subunit Snf7p /Vps32p and with Vpsdp, an AAA-
ATPase required for ESCRT-III dissociation and recycling
(Tto et al., 2001; Vincent et al., 2003; Bowers et al., 2004). The
interaction with Snf7p homologues is a conserved property
of Brolp family members, as revealed by studies of A. nidu-
lans PalA and human AIP1/Alix (Strack et al., 2003; Vincent
et al., 2003; von Schwedler et al., 2003; Peck et al., 2004).
Third, Snf7p/Vps32p also interacts with Rim13p, another
component of the Rim101p pathway (Ito et al., 2001). Fourth,
large-scale functional profiling studies indicate that many
MVB-defective mutants, like Rim101p pathway-defective
mutants, grow poorly at alkaline pH (Giaever et al., 2002).
Several MVB-defective mutants are also sensitive to LiCl
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and NaCl, as are Riml0lp pathway-defective mutants
(Lamb et al., 2001; Giaever ef al., 2002; Bowers ef al., 2004).
Finally, the MVB pathway gene VPS28 is required for ex-
pression of the alkaline pH-induced XPR2 gene of the yeast
Yarrowia lipolytica (Gonzalez-Lopez et al., 2002). These obser-
vations suggest that the Rim101p pH-response pathway and
the MVB formation machinery may have a close functional
relationship.

Yeast Rim101p is a zinc finger protein that functions as a
transcriptional repressor (Lamb and Mitchell, 2003).
Rim101p is translated as a functionally inactive protein that
requires proteolytic removal of the C-terminal region to
yield the active Rim101p repressor (Li and Mitchell, 1997;
Lamb and Mitchell, 2003). A number of gene products are
required for proteolytic activation of Rim101p, including a
cysteine protease, Rim13p/Cpllp, a C-terminal region bind-
ing protein, Rim20p, putative membrane proteins, Rim9p
and Rim21p, and a soluble protein, Rim8p (Penalva and
Arst, 2002; Davis, 2003). Proteolytic activation of Rim101p is
more efficient during growth in alkaline medium than in
acidic medium (Li and Mitchell, 1997), and it is required for
expression of several alkaline pH-induced genes (Lamb et
al., 2001; Serrano et al., 2002). The mechanism of Rim101p
cleavage is not known in detail, but we have proposed that
Rim20p and Snf7p form a scaffold that brings protease
Rim13p and substrate Rim101p in close proximity (Xu and
Mitchell, 2001).

In this study, we set out to determine the functional
relationship of Rim20p and Snf7p. Our findings indicate that
there is a close relationship between many ESCRT subunits
and Rim101p proteolytic activation and suggest that the
conserved Brol domain of Rim20p and Brolp family mem-
bers is the region of interaction with Snf7p. Our genetic
analysis of C. albicans MVB pathway mutants argues that the
relationship between ESCRT components and Rim101p
cleavage is conserved in this fungal pathogen. The interac-
tion between Snf7p and Rim20p, along with the properties
of MVB pathway mutants that do not affect the ESCRT
complex directly, suggest that the regulation of Rim101p
processing by ESCRT subunits is functionally distinct from
their role in plasma membrane protein turnover.

MATERIALS AND METHODS

Strains and Media

S. cerevisiae strains were derived from the SK-1 background (Kane and Roth,
1974) except for the two-hybrid strains Y187 and Y190 (Durfee et al., 1993). The
epitope-tagged RIM101-HA2 allele has been described (Li and Mitchell, 1997).
The rim101A::His3MXG6, rim8A::His3MX6, rim9A::His3MX6, rim13A::His3MX6,
rim20A::His3MX6, rim21A::His3MX6, snf7A:His3MX6, and brolA::His3MX6
mutations remove each entire open reading frame (ORF) and were introduced by
PCR product-directed gene disruption, using plasmid pFA6a-His3MX6 (Longtine et
al, 1998) as the His3MX6 template. The uvps27A:kanMX4, vps28A:kanMX4,
vps37A:kanMX4, vps23A:kanMX4, vps36A:kanMX4, vps25A:kanMX4, snf8A:kanMX4,
snf7A:kanMX4, vps20A:kanMX4, vps24A:kanMX4, vps2A:kanMX4, vpsdA:kanMX4,
brolA:kanMX4, vps60A:kanMX4, and doa4A:kanMX4 mutations remove each entire
ORF and were introduced by PCR product-directed gene disruption, using genomic
DNA from respective yeast deletion clones from Invitrogen (Carlsbad, CA) as the
template. PCR with outside primers confirmed genotypes; primer sequences are
available by request. S. cerevisiae strain construction involved standard methods
including mating, meiotic crosses, and transformations (Kaiser ef al., 1994).

For experiments in Figures 1B and 3, all strains are derived from WXY169
(MATa RIM101-HA2 wura3 leu2 trpl his3 lys2 gal80:LEU2 rmelA5:LEU2
ho::LYS2). For experiments in Figure 2, all strains are derived from WXY22
(MATa RIM101-HA2 rim20A::URA3 ura3 leu2 trpl his3 lys2 gal80:LEU2
rmelA5::LEU2 ho:LYS2). For growth assays in Tables 1 and 2, all strains are
derived from WXY263 (MATa rim20A::HIS3MX6 ura3 leu2 trpl his3 lys2
gal80::LEU2 ho::LYS2).

All C. albicans strains were derived from strain BWP17 (genotype:
ura3A:Nimm434/ura3A:Nimm434  his1:hisG/his1:hisG - arg4:hisG/arg4:hisG) through
standard transformation methods (Wilson et al., 1999). To create C. albicans
insertion mutants, we cloned PCR products corresponding to each gene in vector
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pGEM-T-Easy (Promega, Madison, WI) and subjected them to in vitro transpo-
son mutagenesis with Tn7-UAUI donor plasmid pAED98 (Davis et al., 2002).
Insertions near the middle of each ORF were identified by restriction analysis.
These insertions were used to create heterozygous C. albicans mutants through
Arg+ selection, which were then subjected to Arg+ Ura+ selection to isolate
mitotic recombinants (Enloe et al., 2000). Genotypes were verified by PCR as
described (Davis et al., 2002). For each mutation, three independent homozygotes
(each from an independent transformant) were analyzed. Suppression studies
were conducted with plasmids pDDB61 (RIM101) and pDDB71 (RIM101-405) as
described (Davis et al., 2000). The specific genes cloned for insertional disruption
included BRO1 (ORF19.1670), VPS28 (ORF19.212), VPS24 (ORF19.2031), VPS23
(ORF19.2343), VPS36 (ORF19.8414), VPS2 (ORF19.945), and SNF7 (ORF19.6040).
Because the BRO1 OREF is large, we cloned only the 5’ 1398 base pairs of the
coding region for insertional mutagenesis and used an insertion in the middle of
this segment to create mutant strains.

Media composition followed standard recipes (Kaiser et al., 1994; Davis et
al., 2002).

Plasmid Construction

Construction of pWX272 (pRS314-RIM20-V5) was previously described (Xu
and Mitchell, 2001). The pWX272 plasmid was subject to transposon insertion
mutagenesis using New England Biolabs GPS-LS system (Beverly, MA),
following the manufacturer’s instructions. The resulting plasmids were di-
gested with the restriction enzyme Prmiel to remove the transposon and then
religated to generate plasmids with a 15-base pair insertion within the RIM20
coding region. These plasmids were sequenced through the entire RIM20
coding region to determine the insertion sites and to confirm that there were
no secondary mutations. The plasmids were then named pWX272-ixxx, where
the “xxx” indicates the position of the first altered amino acid (or stop codon)
caused by the insertion. A total of 40 different 15-base pair insertion mutants
of RIM20 were generated and listed in Tables 1 and 2.

The construction of pWX14 (GBD-Rim101p fusion) and pWX36 (GAD-
Rim20p fusion) was previously described (Xu and Mitchell, 2001). To generate
fusions of Gal4p DNA-binding domain (GBD) to Snf7p, an Ncol site was
engineered in forward primers (pSNF7-F: 5'-atggccatggaggccatgtggtcat-
cactttttgg-3'), and a BamHI site in reverse primers (pSNF7-R: 5'-tatggatcct-
caaagccccatttetgettg-3"). The “ATG” within the Ncol site is in-frame with the
coding sequences. Genomic DNA from S. cerevisiae strain AMP108 (genotype:
MATa ura3 leu2 trpl lys2 ho::LYS2) was used as a PCR template. PCR products
were first cloned into pGEM-t-Easy vectors (Promega). Inserts released by
Ncol-BamHI double digestions were moved into Ncol-BamHI-digested vector
pAS1-CYH2. The nucleotide sequence of each entire ORF was verified by
sequencing.

To generate fusions of Gal4p activation domain (GAD) to the collection of
mutant Rim20p derivatives, an Ncol site was engineered in forward primers
(pRIM20-F3: 5'-gctctagatgcecatggacatgagtgaactgettge-3'), and a BamHI site in
reverse primers (pRIM20-R: 5'-tgcaggatccaagcttatcattggtcttcaaatgte-3'). The
“ATG” within the Ncol site is in-frame with the coding sequences. Plasmid
DNA of pWX272-ixxx was used as PCR template. PCR products were first
cloned into pGEM-t-Easy vectors (Promega). Inserts released by Ncol-BamHI
double digestions were moved into Ncol-BamHI-digested pWX36, replacing
the wild-type allele. The nucleotide sequence of each entire ORF was verified
by sequencing. This collection of plasmids was named in the same manner as
their respective PCR templates; pWX36-ixxx, where the “xxx” indicates the
first altered amino acid (or stop codon) caused by the insertion (i.e., same as
their respective PCR templates).

Growth Assays

Wild-type strain KB395 (MATa ura3 leu2 trpl his3 lys2 gal80:LEU2 ho::LYS2)
and otherwise isogenic strains WXY263 (rim20A::His3MX6) transformed with
various plasmids (pWX272, pWX272-TI-01-41, pRS314) were grown in liquid
SC-Trp media to approximately the same cell density. Each culture was
diluted 1:5, 1:25, 1:125, 1:625 with H,O. Three microliters of each of the
dilutions was spotted onto an unsupplemented YPD plate, or YPD plates
supplemented with 0.4 M NaCl, or 20 mM LiCl. The plates were incubated at
30°C for 1-4 d before the growth was scored.

Two-hybrid Interaction Assays

Strain Y190, carrying various GBD fusion plasmids, was mated with strain
Y187, carrying various GAD fusion plasmids, and diploids were selected on
SC-Trp-Leu plates. The diploids were transferred to SC-Trp-Leu plates con-
taining 100 mg/1 X-gal, and let grow for 48 h at 30°C to visualize the
expression from a GALI-lacZ reporter. For quantitative assays, 24-h cultures
in SC-Trp-Leu were diluted 1/25 into fresh SC-Trp-Leu medium and har-
vested after three doublings. B-galactosidase assays were conducted on per-
meabilized cells as previously described (Xu and Mitchell, 2001).

Western Blot Assays

Cells from 10-ml midlog phase culture in YPD were pelleted, resuspended in
100 ul 3X Laemmli buffer, and boiled for 5 min. After centrifugation, 5-20 ul
of the supernatants was fractionated on a 9% SDS-polyacrylamide gel and

5529



W. Xu et al.

Table 1. RIM20 structure-function study: nonsense insertion mutants

Expression® Function (complementation)® Two-hybrid interaction®

Insertion Rim101p Growth on Growth on

sited Rim20-V5p GAD-Rim20p processing 0.4M NaCl 20 mM LiCl Rim101p Snf7p
46 - + - - - - -
60 - + - - - - -
82 - + - - - - -
116 - weak - - - - -
126 - + - - - - -
203 - weak - - - - -
318 - + - - - - +
350 - + - - - - +
388 - + - - - - +
398 - + - - - - -
413 - weak - - - - +
422 - + - - - - +
503 - weak - - - - +
504 - weak - - - - +
508 - + - - - - +
600 - + - - - - +
601 - + - - - - +
WT + + + + + + +
Vector - - - - - - -

2 Expression from two sets of RIM20 constructs was confirmed by anti-V5 (for Rim20-V5p) or anti-HA (for GAD-Rim20p) Western blots. +,
wild-type level expression; —, no detectable expression; weak, weaker than the wild-type level expression.

® The functional assays tested whether plasmids carrying various rim20 mutants (pWX272-ixxx) can complement the rim20 deletion in the
genome. +, wild-type level of functionality (comparable to pWX272, the wild-type control in row WT); —, no complementation (comparable

to the vector control, in row Vector).

¢ The two-hybrid assays were carried out as describe in Materials and Methods. +, wild-type level of interaction;

—, no interaction; weak,

weaker than wild type, but significant above background levels of interaction. All negative controls (interaction with an empty vector) were

done in parallel, and none turned blue in 48 h (unpublished data).

4 The residue number given in the table indicates the position of the first altered amino acid (or stop codon) caused by the insertion.

transferred to nitrocellulose. For HA epitope detection, the filter was probed
with anti-HA-peroxidase mAb (3F10, Roche, Diagnostics, Indianapolis, IN;
10~* dilution in TBST), and was developed with ECL detection reagents
(Amersham, Piscataway. NJ). For V5 epitope detection, the filter was probed
with anti-V5-HRP antibody (Invitrogen, 1:5000 dilution in TBST) and was
developed with ECL detection reagents (Amersham).

RESULTS

Requirement for Snf7p in Rim101p Processing

Interaction between Snf7p and Rim20p has been detected
through two-hybrid analysis with nutritional gene reporters
(Tto et al., 2001; Bowers et al., 2004). We confirmed this
interaction using a lacZ reporter system to test interaction in
cells carrying GAD-RIM20 and GBD-SNF7 test plasmids.
Cells carrying both plasmids expressed the lacZ reporter at
high levels; cells carrying plasmids lacking either insert did
not (Figure 1A). These results confirm that Snf7p and
Rim20p are capable of interaction.

Rim20p is required for proteolytic activation of the tran-
scription factor Rim101p, directing removal of a C-terminal
~8-kDa Rim101p segment. Thus, epitope-tagged Rim101-
HAUp is detectable in wild-type cells as both 98-kDa (unproc-
essed) and 90-kDa (processed) forms, but in rim20 mutant
cells as only a 98-kDa form (Xu and Mitchell, 2001; Figure
1B, lanes 1 and 2). In a snf7 mutant, only a 98-kDa form of
Rim101-HAp was detectable (Figure 1B, lane 3). We con-
clude that Snf7p is required for Rim101p processing.

Structural Analysis of Rim20p

Rim20p interacts with both Snf7p and Rim101p, which have
in common a highly acidic C-terminal region. This region of
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Rim101p is sufficient to interact with Rim20p (Xu and Mitch-
ell, 2001). To determine whether Snf7p and Rim101p interact
with the same region of Rim20p, we used two-hybrid anal-
ysis to identify the region of Rim20p that interacts with
Snf7p. The subject of our analysis was a panel of 15-nucle-
otide RIM20 insertion alleles, some yielding C-terminally
truncated products (nonsense insertions; Table 1) and others
yielding products with insertions of 5 amino acids (in-frame
insertions; Table 2).

We first used Western analysis to determine the expres-
sion levels of each product in two genetic contexts. First,
each allele was generated in a RIM20-V5 low copy-number
plasmid, in which a V5 epitope is specified at the 3" end of
the RIM20 ORF. Expression of RIM20-V5 is directed by the
RIM20 promoter region. The nonsense insertion products
were not detectable (Table 1), as expected. Most of the
in-frame insertion products were detectable at levels com-
parable to the control wild-type Rim20-V5p (Table 2). The
exceptions were the three most C-terminal in-frame inser-
tion products (following codons 622, 634, and 636), which
accumulated at substantially lower levels than wild-type
Rim20-V5p. We found previously that a site-directed muta-
tion in this region (codons 623-624) also impaired Rim20-
V5p accumulation (Xu and Mitchell, 2001). Second, each
allele was transferred to a high copy-number GAD-RIM20
plasmid, in which an HA epitope is specified at the 5" end
of the RIM20 segment. Expression of GAD-RIM20 is di-
rected at high levels by a modified ADH1 promoter. All of
the nonsense insertion products were detectable, though
five truncations displayed reduced accumulation (Table
1). Accumulation of the in-frame insertion GAD-RIM20
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Table 2. RIM20 structure-function study: in-frame insertion mutants

Expression® Function (complementation)® Two-hybrid interaction®

Growth on
20 mM LiCl

Growth on
0.4 M NaCl

Insertion
sited Rim20-V5p

Rim101p

GAD-Rim20p processing Rim101p Snf7p

L+ ++++ 1 +++++
L+ ++++ 1 +++++
I+ ++++ 1 +++++
S S S S I SR S A

weak

e e A e e A e kS
B I e T T T S S S S R

I+ + 0+ 1+
P+ 1+ 1+
L+ + 0+ 1+
I+ +++ 1+

622 weak

;3
T e e e e R e b A

weak
weak
636 weak weak weak
WT + + +
Vector - - - - - - -

+
N
N
N

2 Expression from two sets of RIM20 constructs was confirmed by anti-V5 (for Rim20-V5p) or anti-HA (for GAD-Rim20p) Western blots. +,
wild-type level expression; —, no detectable expression; weak, weaker than the wild-type level expression.

® The functional assays tested whether plasmids carrying various rim20 mutants (pWX272-ixxx) can complement the rim20 deletion in the
genome. +, wild-type level of functionality (comparable to pWX272, the wild-type control in row WT); —, no complementation (comparable
to the vector control, in row Vector).

¢ The two-hybrid assays were carried out as describe in Materials and Methods. +, wild-type level of interaction; —, no interaction; weak,
weaker than wild type, but significant above background levels of interaction. All negative controls (interaction with an empty vector) were

done in parallel, and none turned blue in 48 h (unpublished data).

4 The residue number given in the table indicates the position of the first altered amino acid (or stop codon) caused by the insertion.

products was similar to that of the corresponding
RIM20-V5 products (Table 2). These results help to guide
the interpretation of assays of mutant product interaction
and function below.

The GAD-RIM20 insertions were used to map the Snf7p-
interaction region in two-hybrid assays. Ten of 11 nonsense
insertions that produced at least the 318 N-terminal residues

Figure 1. (A) Two-hybrid assays of Snf7p-
Rim20p interaction. Strain Y190, carrying

of Rim20p were capable of Snf7p interaction (Table 1). Non-
sense insertions producing 203 or fewer N-terminal residues
of Rim20p failed to interact with Snf7p (Table 1). Among
in-frame insertions, we found one allele that disrupted
Rim20p-Snf7p interaction without affecting GAD-Rim20p
accumulation (Table 2). This insertion (designated RIM20-
i70) lies between codons 70 and 71, affecting a region called

GBD-fusion

pWX287 (GBD-Snf7p fusion) or pAS2-1 (GBD-
vector), was mated with strain Y187, carrying
pWX36 (GAD-Rim20p fusion) or pACT2
(GAD-vector), two-hybrid reporter GALI-lacZ
expression was visualized on X-gal plates. (B)
Processing of epitope-tagged Rim101-HA2p in
wild-type and mutant strains. Extracts from
yeast strains grown in YPD medium were ana-
lyzed on an anti-HA Western blot to visualize
Rim101-HA2p. The masses of Rim101-HA2p
forms, indicated along the right margin, were
estimated by comparison with size standards.
The strains included WXY169 (RIM101-HA2),
WXY219 (RIM101-HA2 rim20A), and WXY306
(RIM101-HA2 snf7A).

SNF7

GAD-fusion
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Processing of epitope-tagged Rim101-HA2p in strain WXY219 (RIM101-HA2 rim20A) carrying a complementing wild-type RIM20

plasmid pWX272 (lane wt), pRS314 (vector control, lane v), or various rim20 insertion mutant plasmids. The RIM20 insertion mutations
include those causing premature nonsense mutations (A; mutants described in Table 1) or 5 codon in-frame insertions (B; mutants described

in Table 2).

the Brol domain (Odorizzi et al., 2003) that is well conserved
among Rim20p and Brolp homologues. These results indi-
cate that the N-terminal 318 residues of Rim20p are sufficient
for interaction with Snf7p and that the region near residue
70 is required for interaction with Snf7p.

Similar assays were used to map the Rim101p-interacting
region of Rim20p. The nonsense insertion mutants showed
no detectable interaction with Rim101p (Table 1). Four in-
frame insertion mutants that yielded stable products were
impaired in interaction with Rim101p as well (Table 2). One
was the RIM20-i70 insertion that also caused a Snf7p inter-
action defect. A second insertion, RIM20-i312, caused weak
though detectable Rim101p interaction. Two additional in-
sertions, RIM20-i362 and RIM20-i464, yielded no detectable
Rim101p interaction. We have shown previously that the
Rim20p C-terminal segment, comprising residues 353-661,
is sufficient for interaction with Rim101p in two-hybrid as-
says (Xu and Mitchell, 2001). The properties of RIM20-i362
and RIM20-i464 as well as the nonsense insertion mutants
are consistent with the idea that this Rim20p C-terminal
segment has a major role in Rim20p-Rim101p interaction.

Functional Analysis of Rim20p Mutant Derivatives

To assess the functional significance of Rim20p interactions,
we examined Rim101-HAp processing in strains expressing
each Rim20p insertion mutant derivative. These mutants
were expressed from low copy-number RIM20-V5 plasmids
in strains with a chromosomal rim20A allele. The nonsense
insertion mutants were all defective in Rim101-HAp pro-
cessing (Table 1 and Figure 2A). This result is consistent
with the fact that these mutants were all defective in inter-
action with Rim101p. Among in-frame insertion mutants,
nine alleles caused Rim101p processing defects. Three de-
fective alleles, RIM20-i622, -i634, and -i636, caused reduced
Rim20p accumulation. Three defective alleles, RIM20-i312,
-1362, and -i464, were associated with reduced Rim20p-
Rim101p interaction. One defective allele, RIM20-i70, was
associated with reduced Rim20p-Rim101p and Rim20p-
Snf7p interaction. Finally, the two defective alleles RIM20-
i137 and -i556 were not measurably impaired in protein-
protein interactions or Rim20p accumulation. As an
independent assay for Rim20p function, we assayed the
ability of each mutant RIM20 allele to promote growth in the
presence of 0.4 M NaCl or 20 mM LiCl. Growth on these
media requires expression of the efflux pump gene ENAI
(Garciadeblas et al., 1993), which in turn depends on
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Rim101p activity (Lamb et al., 2001; Lamb and Mitchell,
2003). We found that defects in Rim101p processing corre-
lated with poor growth on NaCl and LiCl media for all
RIM20 mutants. Therefore, all Rim20p insertions that impair
Rim20p-Rim101p interaction as well as the one mutation
that impairs both Rim20p-Rim101p and Rim20p-Snf7p inter-
action lead to defects in Rim101p processing and in Rim101p
functional activity. These results support the model that
interaction between Rim101p and Rim20p is required for
Rim101p processing (Xu and Mitchell, 2001). They are con-
sistent with the model that Rim20p-Snf7p interaction is also
required for Rim101p processing, but the dual Rim20-i70p
interaction defects do not permit a stronger conclusion.

Relationship of Multivesicular Body Formation and
Rim101p Processing

Snf7p is a component of the ESCRT-III complex, which
associates transiently with vesicles to promote invagination
of the limiting membrane (Babst et al. 2002a). ESCRT-III
complex formation and vesicle association depends on the
ESCRT-I and -II protein complexes (Babst et al. 2002b; Katz-
mann et al., 2002). To determine whether all ESCRT compo-
nents are required for Rim101p processing, we examined
mutants in each ESCRT component for presence of the pro-
cessed form of epitope-tagged Rim101-HAp (Figure 3).
Rim101p processing was dependent on ESCRT-III subunits
Snf7p and Vps20p, but independent of Vps2p and Vps24p.
Rim101p processing was also dependent on ESCRT-II sub-
units Snf8p(Vps22p), Vps25p, and Vps36p, and on ESCRT-I
subunits Vps23p, Vps28p, and Vps37p. Therefore, the majority
of ESCRT subunits are required for Rim101p processing.

One explanation for ESCRT-dependence of Rim101p pro-
cessing is that ESCRT function may be required for stable
accumulation of Snf7p. However, examination of V5
epitope-tagged Snf7p levels by Western analysis showed
that most ESCRT-defective mutations had no effect on Snf7p
accumulation (unpublished data). The one exception was
that three independently constructed vps28A mutants all
showed reduced Snf7p levels. Expression of GALI-SNF7
from a multicopy vector did not restore Rim101p processing
in one vps28A mutant tested (unpublished data). These re-
sults indicate that ESCRT deficiencies do not block Rim101p
processing simply as a result of reduced Snf7p levels.

Several additional class E VPS gene products are required
along with ESCRT subunits for MVB function. We found
that Rim101p processing was independent of all such gene
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Figure 3. Processing of epitope-tagged Rim101-HA2p in wild-type and mutant strains. Extracts from yeast strains grown in YPD medium
were analyzed on an anti-HA Western blot to visualize Rim101-HA2p. The strains included the wild-type WXY169 (lane wt), and mutants
derived from WXY169 by deletion of the entire ORF of each respective gene as labeled. ESCRT-L, -1II, and -III complex subunits are designated

-I, -II, and -III, respectively.

products tested (Figure 3), including Vps27p, Vps4p, Doadp,
Vps60p, and (as previously reported; Xu and Mitchell, 2001)
Brolp. The dependence of Rim101p processing on class E
VPS gene products thus distinguishes the majority of ESCRT
subunits from non-ESCRT proteins.

The relationship between the MVB pathway and Rim101p
processing may be evolutionarily conserved. To gain insight
into this possibility, we turned to the fungal pathogen C.
albicans. Prior studies have shown that C. albicans has a
Rim101p-processing pathway (Porta ef al., 1999; Ramon et
al., 1999; Davis et al., 2000; Davis, 2003; Li ef al., 2004).
Mutants defective in Rim101p processing or activity are
defective in alkaline pH-induced hyphal formation, which
may be assayed through examination of colony perimeters
for hyphae on pH 8 plates, as illustrated by wild-type and
rim101/rim101 strains (Figure 4, A and B). We used this assay
to test C. albicans mutants homozygous for insertions in
several class E VPS genes. As expected from the S. cerevisiae
studies, we observed that C. albicans Vps23p, Vps28p,
Vps36p, and Snf7p are required for alkaline pH-induced
filamentation, and that Vps2p, Vps24p, and Brolp are not
(Figure 4, C-J). Many C. albicans mutations are known to
alter filamentation responses (Liu, 2001), including muta-
tions affecting vesicle trafficking (Bruckmann et al., 2000;
Palmer et al., 2003). We used the genetic criterion of sup-
pression to determine whether the class E mutants described
here are defective in filamentation because of a Rim101p-
processing defect. We showed previously that alkaline pH-
induced filamentation is restored to Rim101p-processing de-
fective mutants by introduction of a RIM101-405 allele,
which specifies a C-terminally truncated product, but not by
introduction of a wild-type RIM101 allele (Davis et al., 2000).
We observed that alkaline pH-induced filamentation was
restored to mutants defective in Vps23p, Vps28p, Vps36p,
and Snf7p by RIM101-405, but not by RIM101 (Figure 4,
K-S). These results support the idea that the relationship
between the MVB pathway and Rim101p processing is con-
served in both S. cerevisine and C. albicans.

DISCUSSION

Function of MVB Pathway Components in Rim101p
Processing

The MVB pathway is known to interface with signal trans-
duction pathways through receptor sequestration and pro-
teolytic turnover; mutations that block receptor sorting into
MYVBs prolong signaling (Bilodeau et al., 2002; Katzmann ef
al., 2002). This paradigm might be extended to the Rim101p
pathway with the proposal that a plasma membrane recep
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tor functions as a negative regulator of the Rim101p path-
way and that the MVB pathway promotes its turnover by
conveying it to the vacuole. In this model, Snf7p has an
indirect role in Rim101p processing.

This model is consistent with the finding that most ESCRT-
defective mutants are defective in Rim101p processing, be-
cause these mutants would be defective in turnover of the
hypothetical receptor. However, our observations with other
MVB pathway mutants limit the plausibility of the model.
For example, Vps27p is not required for Rim101p process-
ing. Vps27p binds to peptidyl-ubiquitin, which targets mem-
brane proteins for the MVB pathway, and to endosomal
membrane phosphatidylinositol 3-phosphate (Bilodeau et
al., 2002; Shih et al., 2002; Katzmann et al., 2003). Thus, it
serves as an anchor to recruit ESCRT-I to the endosomal
membrane and initiate MVB formation (Katzmann ef al.,
2003). Defects in Vps27p cause accumulation of both surface
proteins and biosynthetic proteins from the Golgi in a class
E compartment (Piper et al., 1995; Gong and Chang, 2001). A
hypothetical receptor that inhibited Rim101p processing
would have to reach the vacuole for degradation indepen-
dently of Vps27p function, unlike all other known MVB
cargo proteins. In addition, the deubiquitinating enzyme
Doa4p (Amerik et al., 2000) is required for rapid degradation
of membrane proteins Pmal-10p (Gong and Chang, 2001),
Ste3p (Chen and Davis, 2002), and Ste6p (Losko et al., 2001);
the hypothetical receptor would have to be degraded
through an independent mechanism. Finally, Vps2p,
Vps24p, and Vpsdp are not required for Rim101p process-
ing. Vpsdp is required for release of ESCRT-III from the
vesicle surface and for MVB formation; Vps2p and Vps24p
recruit Vpsdp to the endosomal surface (Katzmann et al.,
2002), probably in conjunction with Vps20p (Yeo et al., 2003).
Vpsdp is required for degradation of membrane protein
Ste6p (Kranz et al., 2001); Vps24p is required for degradation
of membrane protein Smflp (Paidhungat and Garrett, 1998).
The ability of the hypothetical receptor to reach the vacuole
for degradation independently of Vps27p, Doa4p, Vps2p,
Vps24p, and Vps4p would be unprecedented, particularly if
its degradation depends on the ESCRT complexes.

A second model is that Rim20p must interact with Snf7p
to direct Rim101p cleavage. In this model, Snf7p has a direct
role in Rim101p processing that is not exerted through its
role in endocytic vesicle metabolism. We are not aware of
precedents for this model among MVB pathway proteins,
but it accounts for our observations and is consistent with
many known properties of MVB pathway proteins.

Snf7p and Vps20p, the two ESCRT-III subunits that are
required for Rim101p processing, form a subcomplex of
ESCRT-III (Babst et al. 2002a). This subcomplex can associate
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Figure 4. Filamentation of C. albicans wild-type and mutant strains. Colonies grown for 3 d at 37°C on M199 pH 8 plates were photographed.
Similar results were obtained with three independently isolated insertion mutants for each gene. His— reference strain DAY286 (A) was
compared with His— mutant strains carrying insertions in RIM101 (B) and other genes as indicated (C-J). His+ derivatives of each mutant
were created with integrated HIS1:RIM101 plasmids (K-N) or integrated HIS1:RIM101-405 plasmids (P-S). The RIM101-405 allele expresses
a truncated Rim101p derivative that permits alkaline pH-induced filamentation in the absence of upstream processing pathway components

(Davis et al., 2000).
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with class E compartments independently of the other
ESCRT-III subunits, Vps2p and Vps24p. The finding that
Snf7p and Vps20p are required for Rim101p processing,
whereas Vps2p and Vps24p are not, is consistent with the
characterization of ESCRT-III subcomplexes in MVB forma-
tion.

Our findings are consistent with current proposals for the
relationship of ESCRT-I and -II to the Snf7p-Vps20p sub-
complex. One proposal is that ESCRT-I and -II act in succes-
sion to promote formation of the Snf7p-Vps20p subcomplex
and its transient association with the endosomal surface
(Babst ef al. 2002b; Katzmann et al., 2002). This idea is based
on the isolation of separable ESCRT complexes, the finding
that mutations in ESCRT-II subunits disrupt colocalization
of Snf7p and Vps20p, and the finding that mutations in
ESCRT-I subunits prevent association of ESCRT-II with the
endosomal surface. According to this view, all ESCRT-I and
-II subunit mutations should prevent Rim101p processing
by preventing Snf7p-Vps20p subcomplex assembly. A sec-
ond proposal is that ESCRT-I and -II subunits interact with
Snf7p and Vps20p to form a “core ESCRT complex” (Bowers
et al., 2004). This idea is based on the detection of multiple
inter-ESCRT two-hybrid interactions and shared ion sensi-
tivities of mutants defective in ESCRT-I, -II, Snf7p, or
Vps20p. According to this view, a single multi-protein core
ESCRT complex may interact with Rim20p to promote
Rim101p processing.

It is possible that association of Snf7p-Vps20p with the
endosomal membrane is required for Rim101p processing.
In support of the idea, we note that vps2A and vps4A muta-
tions result in endosomal association of almost all of the
Snf7p pool as well as the bulk of the Vps20p pool (Babst et
al. 2002a). The fact that these mutations do not impair
Rim101p processing suggests that endosome-associated
Snf7p-Vps20p is competent to direct processing. This view
fits with the general idea that Snf7p-Vps20p serves as a
platform for recruitment of multiple proteins (Babst et al.
2002a; Bowers et al., 2004), including Vps2p-Vps24p,
Rim20p, Brolp, and Doa4p. On the other hand, Vps27p
binds to ESCRT-I subunit Vps23p (Bilodeau et al., 2003;
Bowers ef al., 2004) and is required to recruit ESCRT-I to the
endosome membrane (Katzmann et al., 2003). Thus a vps27A
mutation should abolish association of Snf7p-Vps20p with
the endosomal membrane, yet this mutation does not impair
Rim101p processing. This observation may indicate that
nonendosomal Snf7p-Vps20p is competent to direct
Rim101p processing. A second possibility comes from the
suggestion of Katzmann et al. (2003) that HIV Gag may
mimic Vps27p to recruit ESCRT-I to a novel membrane site;
perhaps a Rim101p pathway-specific protein substitutes for
Vps27p for specialized ESCRT-I recruitment.

Relationship between Rim20p and Brolp

Rim20p and Brolp are homologues, but the functional sig-
nificance of that homology has been elusive. Brolp functions
in the MVB pathway and not in the Rim101p pathway;
Rim20p functions in the Rim101p pathway and not in the
MVB pathway (Xu and Mitchell, 2001; Nikko et al., 2003;
Odorizzi et al., 2003; Bowers et al., 2004). No synthetic rim20
brol double mutant phenotype has been detected (Xu and
Mitchell, 2001; Odorizzi et al., 2003; Bowers et al., 2004). We
found that the N-terminal region of Rim20p is sufficient to
interact with Snf7p, and the RIM20-i70 mutation in this
region disrupts Rim20p-Snf7p interaction. The RIM20-i70
mutation inserts residues in the middle of the conserved
Brol domain (Odorizzi et al., 2003), lying between the con-
served sequences KFP and EFTW. Thus we suggest that the
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Brol domain is the region of interaction between Rim20p-
Brolp family members and Snf7p family members. A recent
report shows that the N-terminal half of human AIP1, which
includes the Brol domain, is sufficient for interaction with
human Snf7p (Peck et al., 2004), in keeping with this model.

The RIM20-i70 mutation also blocks Rim20p-Rim101p in-
teraction. This defect is unexpected because the C-terminal
region of Rim20p—far from the Brol domain—is sufficient
for efficient interaction with Rim10lp (Xu and Mitchell,
2001). The defect does not appear to be a trivial consequence
of Rim20-i70p instability based on Western analysis. One
simple explanation is that full-length Rim20p cannot interact
with Rim101p unless the Brol domain is first bound to
Snf7p, so that a Snf7p binding defect would cause a Rim101p
binding defect. This model predicts that Rim20p-Rim101p
interaction will be impaired in a snf7 mutant background.
However, we have observed that Rim20p-Rim101p interac-
tion is equivalent in SNF7 and snf7 hosts (unpublished re-
sults). A second explanation is that the Brol domain of
Rim20p binds independently to Snf7p and Rim101lp. In
keeping with this model, we note that Brolp-Rim101p two-
hybrid interaction is detectable, though weak (Xu and
Mitchell, unpublished results), as expected if a region con-
served in Brolp and Rim20p is capable of Rim101p binding.

The interaction between Rim20p and Vps4p reported by
Bowers et al. (2004) and Ito et al. (2001) remains enigmatic.
We found here that Vps4p is not required for Rim101p
processing, although it is possible that Rim20p-Vps4p inter-
action influences the rate of Rim101p processing. Rim20p-
Vps4p interaction may also provide a means for Rim20p to
influence Vps4p activity. Whether either of these speculative
possibilities is true remains to be determined.

The MVB Pathway, Rim101p Function, and pH Sensing

We have shown that ESCRT subunits are required for
Rim101p processing in S. cerevisiae, and we have provided
genetic support for this conclusion in C. albicans. These
observations suggest that there may be a regulatory relation-
ship between the MVB pathway and the Rim101p pathway
(Figure 5). One may imagine a scenario in which increases in
ESCRT activity favor both flux through the MVB pathway
and the rate of Rim101p processing. A second scenario is
that increased flux through the MVB pathway sequesters the
ESCRT machinery and blocks Rim101p processing. We do
not have direct evidence in favor of either idea, but we note
that Rim101p is a transcriptional repressor of PRB1 (Lamb
and Mitchell, 2003), which specifies a major vacuolar endo-
peptidase (Moehle et al., 1987). We expect Prblp to be re-
quired for degradation of MVB pathway cargo, and thus
that flux through the MVB pathway might lift repression of
PRB1 by blocking Rim101p processing.

The Rim101p pathway is required for alkaline pH re-
sponses in S. cerevisiae, C. albicans, and Y. lipolytica (Lambert
et al., 1997; Porta et al., 1999; Ramon et al., 1999; Davis et al.,
2000; Lamb et al., 2001; Gonzalez-Lopez et al., 2002; Serrano
et al., 2002; Davis, 2003), as expected from the pioneering
work on the homologous PacC pathway of A. nidulans by
Penalva, Arst, and coworkers (Penalva and Arst, 2002). The
fact that there is a connection between the Rim101p and
MVB pathways raises the interesting possibility that external
pH, a signal that regulates Rim101p processing in vivo (Li
and Mitchell, 1997; Li et al., 2004), influences MVB pathway
activity as well. Formation of MVB-like liposomes in vitro is
dependent on a pH gradient across the liposome membrane
(Matsuo et al., 2004), so it seems possible that MVB forma-
tion in vivo is a pH-sensitive process. A speculative possi-
bility is that MVB pathway activity may function in place of
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Figure 5. Relationship between the Rim101p and MVB pathways. The ESCRT-I, ESCRT-II, and Snf7p-Vps20p complexes are required for
both MVB formation and Rim101p activation. Homologous proteins Brolp and Rim20p interact with Snf7p and function in the MVB and
Rim101p pathways, respectively. The MVB pathway delivers cargo proteins to the vacuole that include membrane proteins destined for
degradation and proteases. Rim101p represses diverse genes including PRB1, which specifies a major vacuolar endopeptidase. Changes in
overall ESCRT activity may modulate Rim101p and MVB pathway activity in parallel. In addition, the two pathways may compete for

limiting ESCRT activity.

a specific surface receptor as a regulator of Rim101p pro-
cessing.
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