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In many fungi, transcriptional responses to alkaline pH are mediated by conserved signal transduction
machinery. In the homologous system in Saccharomyces cerevisiae, the zinc-finger transcription factor Rim101
is activated under alkaline conditions to regulate transcription of target genes. The activation of Rim101 is
exerted through proteolytic processing of its C-terminal inhibitory domain. Regulated processing of Rim101
requires several proteins, including the calpain-like protease Rim13/Cpl1, a putative protease scaffold Rim20,
putative transmembrane proteins Rim9, and Rim21/Pal2, and Rim8/Pal3 of unknown biochemical function. To
identify new regulatory components and thereby determine the order of action among the components in the
pathway, we screened for suppressors of rim9� and rim21� mutations. Three identified suppressors—did4/
vps2, vps24, and vps4—all belonged to “class E” vps mutants, which are commonly defective in multivesicular
body sorting. These mutations suppress rim8, rim9, and rim21 but not rim13 or rim20, indicating that Rim8,
Rim9, and Rim21 act upstream of Rim13 and Rim20 in the pathway. Disruption of DID4, VPS24, or VPS4, by
itself, uncouples pH sensing from Rim101 processing, leading to constitutive Rim101 activation. Based on
extensive epistasis analysis between pathway-activating and -inactivating mutations, a model for architecture
and regulation of the Rim101 pathway is proposed.

Microorganisms must regulate gene expression to cope with
changes in environmental pH. In many fungi, transcriptional
responses to alkaline pH are mediated by conserved signal
transduction machinery (59). Extensive studies conducted on
the prototypical pathway of Aspergillus nidulans have led to
many of our current insights into the molecular machinery of
homologous pathways (3, 59). In the A. nidulans pathway, the
zinc-finger transcription factor PacC, is activated at alkaline
pH to directly regulate transcription of pH-responsive genes
(17, 72). Activation of PacC is exerted through proteolytic
processing and removal of its C-terminal inhibitory domain at
alkaline pH (21, 50, 55). The processing of PacC requires
several proteins called the Pal proteins, whose deficiency
causes acidity-mimicking phenotypes (2, 17, 19, 20, 48, 53, 54,
55). A set of dominant mutants of pacC that encode C-termi-
nally truncated proteins mimicking the processed form behave
as constitutively active mutants (pacCC) and cause alkalinity-
mimicking phenotypes (17, 55, 72). Because the acidity-mim-
icking phenotypes of any of the pal mutants are suppressed by
pacCC, the Pal proteins are concluded to constitute a pathway
that regulates processing of PacC in response to alkaline pH
(2, 17). However, the absence of other alkalinity-mimicking
mutants has hindered similar genetic analyses meant to deter-
mine the order of action among the Pal proteins in the
pathway.

In Saccharomyces cerevisiae, the homologous pathway regu-
lates proteolytic processing of Rim101, which is the ortholog of
PacC (59). Rim101 was originally identified as a positive reg-
ulator for meiotic gene expression (also referred to as Rim1
[68, 69]) and was subsequently shown to be responsible for
alkaline pH-responsive gene expression and thereby for adap-
tation to alkaline conditions (25, 40, 41, 65). Rim101 also is
activated by C-terminal proteolytic processing that is stimu-
lated at alkaline pH (44). Several proteins homologous to the
Pal proteins in A. nidulans are required for this processing,
including the calpain-like protease Rim13/Cpl1, a putative pro-
tease scaffold Rim20, putative transmembrane proteins Rim9
and Rim21/Pal2, and Rim8/Pal3, a protein of unknown bio-
chemical function (25, 41, 44, 73, 79). Defective mutants in any
of these Rim proteins show sensitivity to alkaline conditions, as
well as LiCl-containing medium. The latter phenotype is
caused by reduced expression of ENA1, encoding the cation
extrusion pump, whose efficient expression is dependent on
Rim101 processing (41). Recently, Rim101 was shown to func-
tion as a transcriptional repressor that negatively regulates
expression of several target genes, including NRG1 and SMP1;
the product of the former is in turn required for repression of
ENA1 (40). Like A. nidulans PacCC, C-terminally truncated
mutants of Rim101 that mimic the processed form, such as
Rim101�C531, also behave as constitutively active forms and
negate the requirement for Rim13 activity or activity of any
of the other Rim proteins needed for Rim101 processing (25,
44; E. Futai and T. Maeda, unpublished data). Therefore,
molecular machinery homologous to what operates in A. nidu-
lans appears to regulate Rim101 processing in S. cerevisiae
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(hereafter referred to as the “Rim101 pathway”). The mecha-
nism by which the pathway executes regulated processing of
Rim101, however, is not known, for the primary structures of
the constituent components, with the exception of the calpain-
like protease Rim13, whose proteolytic activity is essential for
the pathway (25), provide little insight into their biochemical
functions. Further, phenotypes of mutants defective in these
components are indistinguishable from one another. The order
of action among the Rim proteins in the pathway has also been
difficult to determine, as is the case for the A. nidulans path-
way. Homologous pathways are widely conserved among other
fungal species, including Yarrowia lipolytica (27, 42, 73) and
Candida albicans (18, 43, 61, 62).

Recently, machinery for vacuolar protein sorting was impli-
cated in activation of the Rim101 pathway. Vacuolar sorting is
mediated by the concerted action of a set of proteins collec-
tively called vacuolar protein sorting (VPS) gene products (31).
Among proteins destined for the vacuole, a membrane-bound
precursor of carboxypeptidase S (CPS), as well as endocytosed
cell surface receptors and transporters destined for vacuolar
degradation, are recognized at the endosome and are sorted
into multivesicular bodies (MVBs), endosomal structures
formed by the invagination and budding of the limiting mem-
brane into the lumen of the compartment (34). After fusion of
the MVB with the vacuole, the lumenal vesicles with their
cargo proteins are exposed to vacuolar hydrolases for degra-
dation. Sorting of these cargo proteins and formation of the
MVB require a group of VPS gene products categorized as
“class E,” which include all components of three protein com-
plexes called ESCRTs (for endosomal sorting complex re-
quired for transport): ESCRT-I, -II, and -III. Null mutations in
any of the “class E” VPS genes commonly result in defective
MVB sorting and accumulation of a malformed endosomal
structure called the “class E” compartment. As a signal for
MVB sorting, many cargo proteins, such as the precursor of
CPS and cell surface receptors, are ubiquitinated within cyto-
plasmically exposed domains. Among the “class E” Vps pro-
teins, the Stp22/Vps23 subunit of the ESCRT-I complex (com-
posed of Stp22, Vps28, and Srn2/Vps37) and Vps27 bind to
ubiquitin and thus select ubiquitinated cargo proteins for
transport (7, 29, 33, 45, 60, 63, 67). Vps27 also binds the
endosomally enriched lipid species phosphatidylinositol 3-
phosphate and thereby initiates MVB sorting on the endoso-
mal membrane (15, 35). ESCRT-I is then recruited for MVB
sorting through direct interaction with Vps27 and binds to
ubiquitinated cargo proteins (35). ESCRT-I then recruits
ESCRT-II (composed of Snf8/Vps22, Vps25, and Vps36) onto
the endosomal membrane, which in turn initiates assembly and
recruitment of ESCRT-III onto the endosomal membrane (6,
47, 82). ESCRT-III is composed of the soluble coiled-coil-
containing proteins Did4/Vps2, Vps20, Vps24, and Snf7/
Vps32, which are recruited from the cytoplasm to the endoso-
mal membrane, where they oligomerize into the complex (1, 5,
9, 37, 74). ESCRT-III contains two functionally distinct sub-
complexes (5). The Vps20-Snf7 subcomplex binds to the en-
dosomal membrane, in part through the myristoyl group of
Vps20 (5). The Did4-Vps24 subcomplex binds to the Vps20-
Snf7 subcomplex and thereby serves to recruit additional co-
factors to the site of protein sorting, such as Vps4, which is an
AAA-type ATPase catalyzing dissociation and disassembly of

all three ESCRT complexes from the endosomal membrane
after sorting is complete, and Doa4, which catalyzes the de-
ubiquitination of cargo proteins to recycle ubiquitin (1, 5, 8,
56). The ESCRT complexes are thus proposed to perform a
coordinated cascade of reactions that direct selection and sort-
ing of MVB cargo proteins destined for delivery to the lumen
of the vacuole.

A possible link between the Rim101 pathway and MVB
sorting was suggested by several observations. For example, in
a study of alkaline adaptation in Y. lipolytica, vps28, together
with rim homolog mutants, was identified as a mutant in which
induction of pH-responsive reporter genes was eliminated, al-
though Rim101 processing in vps28 cells was not examined
(27). In addition, a genome-wide protein interaction analysis
suggested that Rim20 interacts with Snf7, and Snf7 in turn
interacts with Rim13 (30, 79). Recently, Xu et al. reported that
Rim101 processing is deficient in stp22�, vps28�, srn2�, snf8�,
vps25�, vps36�, snf7�, and vps20� mutants but proficient in
other “class E” vps mutants (80). Also in C. albicans, snf7�
mutants are defective in Rim101 processing and show pheno-
types attributed by the defect (39).

Here we screened for suppressors of two mutations, rim9�
and rim21�, that cause deficiency in putative membrane-asso-
ciated components of the Rim101 pathway. The three identi-
fied suppressors were all found to belong to “class E” vps
mutations. These mutations cause constitutive activation of the
Rim101 pathway by themselves. Based on extensive epistasis
analysis between these pathway-activating mutations and path-
way-inactivating rim and vps mutations, a model for the archi-
tecture of the Rim101 pathway and its regulation is proposed.

MATERIALS AND METHODS

Molecular genetic methods. Standard Escherichia coli and yeast manipulations
were performed as described previously (4). E. coli strain XL10-Gold (Strat-
agene, San Diego, CA) was used for plasmid propagation.

Yeast media. Yeast extract-peptone-dextrose (YPD), synthetic dextrose (SD),
synthetic complete (SC) dropout, and sporulation media were prepared as de-
scribed previously (16). SD was supplemented with appropriate auxotrophic
requirements. SD and SC were buffered where noted in Results with 50 mM
morpholinepropanesulfonic acid and 50 mM morpholineethanesulfonic acid and
adjusted to pH 3.5 or 4 with HCl or to pH 5.5, pH 7, or pH 7.5 with NaOH. In
order to clone the corresponding genes for the suppressors, SD was supple-
mented with 7.5 �M erythrosin B (12).

Yeast strains. Yeast strains are listed in Table 1. All strains used were derived
in the S288C background (14, 77) except for those used for screening (38).
RIM101 in CH1305 and RIM9 or RIM21 in CH1462 were disrupted by replace-
ment with a kanMX6 cassette amplified by PCR as described previously (46) to
generate FI1, FI3, and FI5, respectively. FI10-2d and FI10-5a were constructed
by crossing FI1 with FI3. FI11-3c and FI11-13b were constructed by crossing FI1
with FI5.

FM81, FM91, FM201, and FM301 were constructed by replacing RIM8, RIM9,
RIM20, and RIM21 of TM141 with a HIS3 cassette amplified by PCR as de-
scribed previously (14). DID4 in FM81, FM91, FM201, FM301, and MTM100
was disrupted by replacement with kanMX6 amplified by PCR. The resultant
double disruptant strains were backcrossed with TM225 to generate VB181-3a,
VB191-11c, VB121-5d, VB131-1a, VB151-5d, and VB101-6b. VPS24 in TM141,
FM81, FM91, FM201, FM301, and MTM100 was disrupted by replacement with
kanMX6 amplified by PCR. The resultant double disruptant strains were back-
crossed with TM225 to generate VX101-10a, VX181-6a, VX191-6d, VX121-2c,
VX131-5a, and VX151-1c. VPS4 in TM225 was disrupted by replacement with
kanMX6 amplified by PCR to generate FT11. FT101, FT181, FT191, FT121,
FT131, and FT151 were constructed by crossing TM141, FM81, FM91, FM201,
FM301, and MTM100 with FT11. SNF7, VPS20, and VPS24 in TM225 were
disrupted by replacement with His3MX6 amplified by PCR to generate SG11,
VT11, and VX401, respectively. SG101-9b, VB271-26c, and VX271-13d were
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TABLE 1. Yeast strains

Strain Genotype Source or reference

CH1305 MATa ade2 ade3 leu2 ura3 lys2 38
CH1462 MAT� ade2 ade3 leu2 ura3 his3 38
FI1 Same as CH1305 except rim101::kanMX6 This study
FI3 Same as CH1462 except rim9::kanMX6 This study
FI5 Same as CH1462 except rim21::kanMX6 This study
FI10-2d Same as CH1305 except rim101::kanMX6 rim9::kanMX6 This study
FI10-5a Same as CH1462 except rim101::kanMX6 rim9::kanMX6 This study
FI11-3c Same as CH1305 except rim101::kanMX6 rim21::kanMX6 This study
FI11-13b Same as CH1462 except rim101::kanMX6 rim21::kanMX6 This study
A6 Same as FI10-5a except did4-H1 This study
A108-9a Same as FI10-5a except vps24-H1 This study
TM141 MATa ura3-52 leu2�1 trp1�63 his3�200 Lab stock (77)
TM225 MAT� ura3-52 leu2�1 his3�200 lys2�202 FY838 (77)
MTM100 MATa ura3-52 leu2�1 trp1�63 rim13::URA3 25
FM81 Same as TM141 except rim8::HIS3 This study
FM91 Same as TM141 except rim9::HIS3 This study
FM201 Same as TM141 except rim20::HIS3 This study
FM301 Same as TM141 except rim21::HIS3 This study
VB101-6b Same as TM141 except did4::kanMX6 This study
VB181-3a Same as TM141 except rim8::HIS3 did4::kanMX6 This study
VB191-11c Same as TM141 except rim9::HIS3 did4::kanMX6 This study
VB121-5d Same as TM141 except rim20::HIS3 did4::kanMX6 This study
VB131-1a Same as TM141 except rim21::HIS3 did4::kanMX6 This study
VB151-5d Same as TM141 except rim13::URA3 did4::kanMX6 This study
VB271-26c Same as TM141 except snf7::His3MX6 did4::kanMX6 This study
VB321-1a Same as TM141 except vps20::His3MX6 did4::kanMX6 This study
VX101-10a Same as TM141 except vps24::kanMX6 This study
VX181-6a Same as TM141 except rim8::HIS3 vps24::kanMX6 This study
VX191-6d Same as TM141 except rim9::HIS3 vps24::kanMX6 This study
VX121-2c Same as TM141 except rim20::HIS3 vps24::kanMX6 This study
VX131-5a Same as TM141 except rim21::HIS3 vps24::kanMX6 This study
VX151-1c Same as TM141 except rim13::URA3 vps24::kanMX6 This study
VX271-13d Same as TM141 except snf7::His3MX6 vps24::kanMX6 This study
VX321-4d Same as TM141 except vps20::His3MX6 vps24::kanMX6 This study
FT11 Same as TM225 except vps4::kanMX6 This study
FT101 Same as TM141 except vps4::kanMX6 This study
FT181 Same as TM141 except rim8::HIS3 vps4::kanMX6 This study
FT191 Same as TM141 except rim9::HIS3 vps4::kanMX6 This study
FT121 Same as TM141 except rim20::HIS3 vps4::kanMX6 This study
FT131 Same as TM141 except rim21::HIS3 vps4::kanMX6 This study
FT151 Same as TM141 except rim13::URA3 vps4::kanMX6 This study
SG11 Same as TM225 except snf7::His3MX6 This study
SG101-9b Same as TM141 except snf7::His3MX6 This study
VT11 Same as TM225 except vps20::His3MX6 This study
VT101-6d Same as TM141 except vps20::His3MX6 This study
VX401 Same as TM225 except vps24::His3MX6 This study
BY4741 MATa ura3�0 leu2�0 his3�1 met15�0 Open Biosystems (14)
3416 Same as BY4741 except stp22::kanMX4 Open Biosystems (78)
2763 Same as BY4741 except vps28::kanMX4 Open Biosystems (78)
2826 Same as BY4741 except snf8::kanMX4 Open Biosystems (78)
2580 Same as BY4741 except vps25::kanMX4 Open Biosystems (78)
5325 Same as BY4741 except vps36::kanMX4 Open Biosystems (78)
VV7-2c MATa ura3 leu2 his3 met15�0 vps24::His3MX6 This study
VV3-3c MATa ura3 leu2 his3 met15�0 stp22::kanMX4 This study
VV3-9b MATa ura3 leu2 his3 met15�0 stp22::kanMX4 vps24::His3MX6 This study
VV7-10d MATa ura3 leu2 his3 met15�0 vps28::kanMX4 This study
VV7-7b MATa ura3 leu2 his3 met15�0 vps28::kanMX4 vps24::His3MX6 This study
VV11-14a MATa ura3 leu2 his3 met15�0 snf8::kanMX4 This study
VV11-3a MATa ura3 leu2 his3 met15�0 snf8::kanMX4 vps24::His3MX6 This study
VV15-9c MATa ura3 leu2 his3 met15�0 vps25::kanMX4 This study
VV15-4b MATa ura3 leu2 his3 met15�0 vps25::kanMX4 vps24::His3MX6 This study
VV19-10a MATa ura3 leu2 his3 met15�0 vps36::kanMX4 This study
VV19-16d MATa ura3 leu2 his3 met15�0 vps36::kanMX4 vps24::His3MX6 This study
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constructed by crossing VB101-6b and VX101-10a with SG11. VT101-6d,
VB321-1a, and VX321-4d were constructed by crossing VB101-6b and VX101-
10a with VT11. All gene disruptions constructed with kanMX6 or His3MX6
cassettes were confirmed by Southern analyses.

The stp22� (strain 3416), vps28� (strain 2763), snf8� (strain 2826), vps25�
(strain 2580), vps36� (strain 5325), and parental (strain BY4741) strains were
obtained from Open Biosystems (Huntsville, AL) (14, 78). The authenticity of
each disruptant was confirmed as follows. These mutant strains exhibited tem-
perature-sensitive growth and LiCl-sensitive phenotypes (data not shown). Plas-
mids containing the corresponding wild-type alleles were cloned and found to
complement both phenotypes of the respective disruptants (data not shown).
These results indicate that in each of above strains, the correct gene had been
disrupted.

VV3-3c, VV3-9b, VV15-9c, VV15-4b, VV7-2c, VV7-10d, VV7-7b, VV11-14a,
VV11-3a, VV19-10a, and VV19-16d were constructed by crossing strains 3416,
2580, 2763, 2826, and 5325 with VX401.

Plasmids. pRIM101-2, an RIM101 plasmid with a NotI site introduced up-
stream of the first codon, has been described (25). Oligonucleotides encoding
three tandem copies of the hemagglutinin (3� HA) epitope were inserted into
the NotI site. The resultant 3HA-RIM101 fragment (2.1 kb, BamHI-EcoRI) and
an ADE3 fragment (3.7 kb, BamHI-NheI) were inserted into the BamHI-EcoRI
sites and the XbaI site of the pRS415 polylinker, respectively, to construct pFI1.

pAS416 was obtained from a YCp50 yeast genomic library as a plasmid
rescuing the slow-growth phenotype of a did4 mutant (A6). Formation of larger
and whiter colonies on SD plates containing erythrosin B was used as rescue
criteria. pAS416 was found to harbor a 3.8-kb insert containing DID4. A 2.5-kb
HindIII fragment containing DID4 and a portion of vector sequence was sub-
cloned into the HindIII site of YCp50 to generate pAS4163.

pAS31 was obtained from the YCp50 yeast genomic library as a plasmid
rescuing the slow-growth of a vps24 mutant (A108-9a), as described for DID4.
The plasmid was found to harbor a 5.1-kb insert containing VPS24. A 1.7-kb ClaI
fragment containing VPS24 was subcloned into the ClaI site of YCp50 to gen-
erate pAS311.

A 1.1-kb HindIII fragment containing URA3 was inserted in pRS415 with
modified multiple cloning sites to obtain pTB554. Immediately upstream of the
initiation codon of URA3 on pTB554, a 1.0-kb PCR product upstream of
YPL277C containing its promoter was inserted by homologous recombination to
construct pAT003.

Screening for suppressors. FI10-2d, FI10-5a, FI11-3c, and FI11-13b trans-
formed with pFI1 were mutagenized with ethyl methanesulfonate as described
previously (16) (viability 30 to 40%), diluted, plated on YPD plates containing
0.16 or 0.21 M LiCl, and incubated for a week. Nonsectoring “red-only” colonies
were selected and retested for the phenotype by streaking onto YPD plates
containing 0.21 M LiCl. Candidate clones were retested on the same plates after
incubation on YPD plates for 1 day to promote plasmid loss. To exclude mutants
that restored LiCl tolerance due to activating mutations in pFI1 plasmid-borne
RIM101, the plasmid was cured from each mutant and, after retransformation
with pFI1, mutants were retested on the same plates. Finally, by Western blotting
with an anti-HA antibody, mutants harboring processed HA-Rim101 were
selected.

Detection of HA epitope-tagged Rim101. Cells transformed with pFI1 were
precultured in SD, inoculated in YPD at an optical density at 600 nm (OD600) of
ca. 0.4, and incubated for 4 h. Cells were collected, washed with 1 mM phenyl-
methylsulfonyl fluoride (this extra washing step is only for the experiments in
Fig. 2A, 3A, and 4A), suspended in Laemmli sample buffer, and boiled for 5 min.
Samples were then cooled on ice and vortexed with glass beads for 30 s eight
times with 30-s intervals on ice. Cell lysates corresponding to OD of 0.5 were
boiled for 1 min and subjected to Western blotting with the anti-HA mono-
clonal antibody 12CA5 and IRDye-conjugated anti-mouse antibody (Rock-
land, Gilbertsville, PA). To detect actin for a loading control, the anti-actin
monoclonal antibody C4 (ICN, Aurora, OH) was used as a primary antibody.
Signals were detected by using the infrared imaging system Odyssey (LI-
COR, Lincoln, NE) according to the manufacturer’s instructions. For the
experiments in Fig. 2A, cells were precultured to late log phase (OD � 0.6 to
1) in SD at pH 5.5, inoculated in each buffered SD medium at an OD of 1, and
harvested after 30 min. Sample preparation and Western blotting were per-
formed as described above.

RESULTS

Screening for suppressors of rim9� or rim21�. To identify
new regulatory components in the Rim101 pathway and thus

determine the order of action among the components in the
pathway, we conducted a screen for mutations that suppressed
the phenotypes of disruption alleles of RIM9 and RIM21. Rim9
and Rim21 are putative membrane proteins and thus are more
likely to function upstream in the pathway (44, 73). Our initial
attempts to isolate suppressors of rim9� and rim21� were,
however, impeded by bypass suppressors. The screen for sup-
pressors selected mutants whose growth in the presence of
LiCl was restored, although none of the isolated mutants re-
stored Rim101 processing (data not shown). It is likely that in
these mutants LiCl tolerance was acquired through other
mechanisms that also activate ENA1 expression. To isolate
Rim101 pathway-specific suppressors that restored LiCl toler-
ance through restoration of Rim101 processing, the original
screen was redesigned.

For clarity, only the screen for rim9� suppressors is de-
scribed. Parental strains were constructed by disrupting both
RIM9 and RIM101 in a pair of ade2 ade3 host strains and then
transforming them with the screening plasmid pFI1, harboring
HA-epitope-tagged RIM101 and ADE3, to facilitate a colony
color assay (38). The parental strains had the overall genotype
of rim9� and were therefore sensitive to LiCl. Suppressors
were then sought that restored wild-type tolerance to LiCl
from these parental strains. Among the mutants expected to be
isolated, uninteresting bypass suppressors that restored LiCl
tolerance independently of Rim101 processing would not re-
quire the pFI1 plasmid for the suppression and thus were
expected to form white colonies or red colonies with many
white sectors on plates containing LiCl. In contrast, the sought-
after Rim101 pathway-specific suppressors would require pFI1
for the suppression and therefore were expected to form non-
sectoring red colonies on plates containing LiCl. In addition,
the intended pathway-specific suppressors were expected to
permit formation of white or sectoring colonies on plates that
did not contain LiCl because pFI1 would not then be required.
This feature was used to exclude mutants that retained pFI1
for reasons other than a dependence on Rim101 for LiCl
tolerance. Suppressors that restored LiCl tolerance due to
activating mutations in pFI1-encoded Rim101, such as trunca-
tion of the C terminus, were then excluded by retesting the
LiCl tolerance of candidate mutants after once curing the
screening plasmids from them and then reintroducing genuine
pFI1 by transformation. Finally, restoration of Rim101 pro-
cessing was examined by Western analysis. Similar screening
was also performed for suppressors of rim21�.

Parental strains were mutagenized with ethyl methanesulfo-
nate treatment to a survival rate of 30 to 40%. Nineteen mu-
tants were obtained that harbored rim9� suppressors restoring
both LiCl tolerance and Rim101 processing among a total of
5.6 � 106 clones (Fig. 1A and B). All of the mutations were
found to be recessive and were classified into two complemen-
tation groups: A and B consisting of 12 and 7 representatives,
respectively. Mutants in both complementation groups com-
monly exhibited slow growth on SD plates and formed colonies
that stained darker red than parental strains on SD plates
containing the red vital dye, erythrosin B, which accumulates in
dead cells (data not shown). Plasmids that restored growth on
SD plates, and that also restored defective Rim101 processing
were isolated from a wild-type genomic library constructed in
YCp50. Subcloning of the isolated plasmids identified DID4/
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VPS2 (1) and VPS24 (9) as the genes corresponding to group
A and B mutants, respectively (Fig. 1B). Phenotypes of the
double mutants constructed using rim9�, and did4� or vps24�
confirmed the conclusions (see below).

In the same manner, 10 mutants were obtained that har-
bored rim21� suppressors among a total of 1.5 � 107 clones.
One mutation was found to be dominant, and the other nine
were found to be recessive (data not shown). Analysis of the
dominant mutation will be reported elsewhere. The recessive
mutations obtained were classified into three complementation
groups: C, D, and E, consisting of five, three, and one repre-
sentative, respectively. As the mutants harboring the rim9�
suppressors, these mutants also exhibited slow growth on SD
plates and formed colonies that stained darker red on SD
plates containing erythrosin B. Transformation of representa-
tive mutants of these groups with plasmids harboring either of
DID4 or VPS24 revealed that the phenotypes of group C and
E mutants were rescued by VPS24 and DID4, respectively
(data not shown). Cloning of the gene that rescued group D
mutants identified VPS4 (8). To summarize, these results iden-
tified VPS24, VPS4, and DID4 as the genes corresponding to
group C, D, and E mutants, respectively. Phenotypes of double
mutants constructed using rim21� and vps24�, vps4�, or did4�
confirmed our conclusions (see below).

did4�, vps24�, and vps4� mutations constitutively activate
the Rim101 pathway. To analyze the functions of Did4, Vps24,
and Vps4 in the Rim101 pathway, DID4, VPS24, and VPS4
disruptants were constructed in the S288C isogenic back-
ground, and processing of HA-Rim101 was monitored by
Western blotting. When wild-type cells were transferred to an
acidic condition (pH 3.5), HA-Rim101 was mostly unprocessed
(Fig. 2A, lane 2). On the other hand, when cells were trans-
ferred to an alkaline condition (pH 7.5), most HA-Rim101 was
processed (Fig. 2A, lane 4). The degree of HA-Rim101 pro-
cessing is between those of two conditions at pH 5.5 (Fig. 2A,
lane 3). The accumulation of processed Rim101 under alkaline
conditions and unprocessed form under acidic conditions are
in good agreement with previous observations (44).

In did4� mutants transferred to any condition of pH 3.5, 5.5,
or 7.5, most HA-Rim101 was processed (Fig. 2A, lanes 5 to 7)
as in wild-type cells at pH 7.5 (Fig. 2A, lane 4). This was also
the case in vps24� mutants (Fig. 2A, lanes 8 to 10). These
results indicate that in did4� and vps24� mutants, HA-Rim101
processing occurs constitutively in a medium pH-independent
manner and that both did4� and vps24� mutations constitu-
tively activate the Rim101 pathway. Also in vps4� mutants,
HA-Rim101 processing was constitutive irrespective of me-
dium pH (Fig. 2A, lanes 11 to 13), although the degree of
processing was less pronounced than in did4� and vps24�
mutants. These results indicate that in vps4� mutants, HA-
Rim101 processing occurs constitutively at a low level in a
medium pH-independent manner and that a vps4� mutation
moderately activates the Rim101 pathway.

Constitutive activation of the Rim101 pathway in did4�,
vps24�, and vps4� mutants was confirmed by using a Rim101-
responsive transcriptional reporter. Lamb and Mitchell iden-
tified several target genes for direct repression by Rim101,
among which, YPL277C was most significantly upregulated by
deficiency of the Rim101 pathway (40). Therefore, a reporter
plasmid was constructed by connecting the promoter segment

FIG. 1. Screening for rim9� suppressors. (A) LiCl sensitivity caused by
rim9� is suppressed by did4 and vps24. The rim101� strain (FI1) transformed
with pFI1, a low-copy-number plasmid carrying HA-RIM101 and ADE3,
formed red-only, nonsectoring colonies, whereas the same strain carrying
pRS415 (vector) failed to grow on an LiCl-containing plate. The red-only,
nonsectoring colony morphology indicated that LiCl tolerance was plasmid
dependent. The parental strain for the screening, rim101� rim9� (FI10-5a)
transformed with pFI1, failed to grow on LiCl-containing medium. Isolated
LiCl-tolerant suppressor strains, rim101� rim9� did4-H1 (A6) and rim101�
rim9� vps24-H1 (A108-9a), both transformed with pFI1, formed red-only,
nonsectoring colonies on a plate containing LiCl because their LiCl tolerance
was plasmid dependent. They formed white or sectoring colonies on a plate
that did not contain LiCl because pFI1 was not then required. Cells were
streaked on YPD and on YPD containing 0.21 M LiCl plates and incubated
at 30°C for 11 days. (B) Defective Rim101 processing caused by rim9� is
suppressed by did4 and vps24. The strains used in panel A were transformed
with pRS415 (vector1) or pFI1, in combination with the empty YCp50 vector
(vector2), pAS4163, a low-copy-number plasmid carrying DID4, or pAS311,
a low-copy-number plasmid carrying VPS24, as indicated. Transformants
were precultured in SD to logarithmic phase and then transferred to YPD.
After a 3-h incubation, cells were collected, and cell lysates were prepared.
Processed and unprocessed forms of HA-Rim101 (indicated) were detected
by Western blotting with an anti-HA antibody.
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FIG. 2. did4�, vps24�, and vps4� mutations activate the Rim101 pathway constitutively. (A) Constitutive and pH-independent processing of
Rim101 is observed in did4�, vps24�, and vps4� mutants. HA-Rim101 was expressed from pFI1 in wild-type (TM141), did4� (VB101-6b), vps24�
(VX101-10a), vps4� (FT101), and rim9� (FM91) strains. Cells were grown to logarithmic phase in SD buffered at pH 5.5 and then transferred to
SD buffered at pH 3.5, 5.5, or 7.5 for 30 min. Cell lysates were prepared, and processed and unprocessed forms of HA-Rim101 (indicated) were
detected as described in the legend to Fig. 1. Actin Western blotting was used as a loading control. (B) Constitutive and pH-independent repression
of the Rim101-repressible YPL277C promoter is observed in did4�, vps24�, and vps4� mutants. The PYPL277C-URA3 reporter plasmid pAT003
(PYPL-URA3) or pRS415 (vec) was introduced in the strains used in panel A. The transformants were streaked on SC-LU and SC-L plates adjusted
to indicated pH and then incubated at 30°C for 3 days.
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of YPL277C to immediately upstream of the initiation codon
of URA3. When the reporter plasmid was introduced into
wild-type cells, cells did grow on media lacking uracil at pH 4,
where processing of Rim101 was kept impeded, but not at
pH 7, where processing of Rim101 was stimulated (Fig. 2B).
Cell grew poorly at pH 5.5 (Fig. 2B). Furthermore, when in-
troduced into rim9� cells, in which processing of Rim101 did
not occur irrespective of pH conditions, cells did grow on
media lacking uracil at any of the three pH levels (Fig. 2B).
These observations indicate that the reporter is effective in
monitoring activity of Rim101. When the reporter plasmid was
introduced into did4�, vps24�, and vps4� mutants, cells did
not grow on media lacking uracil at any of the pH conditions
examined (Fig. 2B). This result again shows that Rim101 is
kept active irrespective of pH conditions in these three
mutants.

Epistasis relationship between rim mutations and did4,
vps24, or vps4. We then examined whether did4�, vps24�, or
vps4� were able to suppress rim8�, rim9�, rim20�, rim21�, or

rim13�. rim8�, rim9�, rim20�, rim21�, and rim13� mutants
were defective in HA-Rim101 processing (Fig. 3A, lanes 3, 5,
7, 9, and 11) and sensitive to LiCl (Fig. 3B) as described
previously. The double mutants rim8� did4�, rim9� did4�, and
rim21� did4� were capable of HA-Rim101 processing
(Fig. 3A, upper panel, lanes 4, 6, and 10) and tolerant of LiCl
(Fig. 3B). These observations indicate that rim8�, rim9�, and
rim21� were suppressed by did4�. In contrast, the double
mutants rim20� did4� and rim13� did4� were defective in
HA-Rim101 processing (Fig. 3A, upper panel, lanes 8 and 12)
and sensitive to LiCl (Fig. 3B, upper panel), indicating that
rim20� and rim13� were not suppressed by did4�. This was
also the case for the double mutants with vps24� (Fig. 3A,
middle panel, lanes 4, 6, 8, 10, and 12, and Fig. 3B, middle
panel) and vps4� (Fig. 3A, lower panel, lanes 4, 6, 8, 10 and 12,
and Fig. 3B, lower panel). These observations indicate that
rim8�, rim9�, and rim21� were suppressed but that rim20�
and rim13� were not suppressed by vps24� or vps4�, although
vps4 mutations were not isolated in our screen for suppressors

FIG. 3. did4�, vps24�, and vps4� mutations suppress rim8�, rim9�, and rim21� but not rim20� or rim13�. (A) did4�, vps24�, and vps4�
mutations suppress defective Rim101 processing of rim8�, rim9�, and rim21� mutants but not that of rim20� and rim13� mutants. HA-tagged
Rim101 was expressed from pFI1 in wild-type (TM141), rim8� (FM81), rim9� (FM91), rim20� (FM201), rim21� (FM301), and rim13� (MTM100)
strains and their did4� (top panel), vps24� (middle panel), and vps4� (bottom panel) derivatives: did4� (VB101-6b), rim8� did4� (VB181-3a),
rim9� did4� (VB191-11c), rim20� did4� (VB121-5d), rim21� did4� (VB131-1a), rim13� did4� (VB151-5d), vps24� (VX101-10a), rim8� vps24�
(VX181-6a), rim9� vps24� (VX191-6d), rim20� vps24� (VX121-2c), rim21� vps24� (VX131-5a), rim13� vps24� (VX151-1c), vps4� (FT101),
rim8� vps4� (FT181), rim9� vps4� (FT191), rim20� vps4� (FT121), rim21� vps4� (FT131), and rim13� vps4� (FT151) strains. Processed and
unprocessed forms of HA-Rim101 (indicated) were detected as described in the legend to Fig. 1. Actin Western blotting was used as a loading
control. �, intact; �, deleted. (B) did4�, vps24�, and vps4� mutations suppress the LiCl sensitivity of rim8�, rim9�, and rim21� mutants but do
not suppress that of the rim20� or rim13� mutant. The strains used in panel A were streaked on YPD and YPD containing 0.32 M LiCl plates
and incubated at 30°C for 5 (lower panel) or 6 (upper and middle panels) days.
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of rim9�. The observations that rim20 and rim13 were epistatic
to did4, vps24, and vps4, whereas did4, vps24, and vps4 were
epistatic to rim8, rim9, and rim21 provide the genetic evidence
that Rim8, Rim9, and Rim21 function upstream of Rim20 and
Rim13 in the Rim101 pathway.

Relative to the double mutants rim8� did4�, rim9� did4�,
rim21� did4�, rim8� vps24�, rim9� vps24�, and rim21�
vps24�, HA-Rim101 processing was more pronounced in
did4� and vps24� mutants (Fig. 3A, upper and middle panels,
lanes 2, 4, 6, and 10). These results indicate that even in did4�
and vps24� mutants, Rim8, Rim9, and Rim21 still function to
facilitate Rim101 processing (see Discussion).

Epistasis relationship between the Rim101 pathway-inacti-
vating ESCRT mutations and did4 or vps24. Recently, it is
reported that ESCRT-I components Stp22, Vps28, and Srn2,
ESCRT-II components Snf8, Vps25, and Vps36, and ESCRT-
III components Snf7 and Vps20 are required for Rim101 pro-
cessing, just as are Rim8, Rim9, Rim13, Rim20, and Rim21
(80). Our own independent analysis had reached conclusions

largely consistent with these results, with the sole exception of
Srn2, which was dispensable for HA-Rim101 processing and
LiCl tolerance in our analysis (see Discussion). We then ex-
amined whether did4� or vps24� was able to suppress pheno-
types of mutants defective in these ESCRT components with
respect to HA-Rim101 processing and LiCl tolerance.

stp22�, vps28�, snf8�, vps25�, vps36�, snf7�, and vps20�
mutants were commonly defective in HA-Rim101 processing
(Fig. 4A, lanes 3, 5, 7, 9, and 11, and Fig. 4C, lanes 4 and 7) and
sensitive to LiCl (Fig. 4B and 4D) as described above. In
contrast, stp22� vps24� and vps28� vps24� double mutants
were capable of HA-Rim101 processing (Fig. 4A, lanes 4 and
6) and tolerant of LiCl (Fig. 4B). Similarly, an snf8� vps24�
double mutant was moderately proficient in HA-Rim101 pro-
cessing (Fig. 4A, lane 8) and somewhat tolerant of LiCl
(Fig. 4B). vps25� vps24�, vps36� vps24�, snf7� vps24�, and
vps20� vps24� double mutants were, however, defective in
HA-Rim101 processing (Fig. 4A, lanes 10 and 12, and Fig. 4D,
lanes 6 and 9) and sensitive to LiCl (Fig. 4B and 4D). snf7�

FIG. 3—Continued.
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FIG. 4. Epistasis tests between the Rim101 pathway-inactivating ESCRT mutations and did4 or vps24. (A) Defective Rim101 processing of
stp22� and vps28� mutants is suppressed by vps24�, that of an snf8� mutant is suppressed moderately, and that of vps25� and vps36� mutants
is not suppressed by vps24�. HA-tagged Rim101 was expressed from pFI1 in wild-type (BY4741), stp22� (VV3-3c), vps28� (VV7-10d), snf8�
(VV11-14a), vps25� (VV15-9c), and vps36� (VV19-10a) strains and their vps24� derivatives: vps24� (VV7-2c), stp22� vps24� (VV3-9b), vps28�
vps24� (VV7-7b), snf8� vps24� (VV11-3a), vps25� vps24� (VV15-4b), and vps36� vps24� (VV19-16d) strains. Processed and unprocessed forms
of HA-Rim101 (indicated) were detected as described in the legend to Fig. 1. (B) The LiCl sensitivity of stp22� and vps28� mutants is suppressed
by vps24�, that of an snf8� mutant is suppressed moderately, and that of vps25� and vps36� mutants is not suppressed by vps24�. The strains used
in panel A were streaked on YPD and YPD containing 0.32 M LiCl plates and incubated at 30°C for 6 days. (C) Defective Rim101 processing of
snf7� and vps20� mutants is not suppressed by did4� or vps24�. HA-tagged Rim101 was expressed from pFI1 in wild-type (TM141), snf7�
(SG101-9b), and vps20� (VT101-6d) strains and their did4� and vps24� derivatives: did4� (VB101-6b), vps24� (VX101-10a), snf7� did4�(VB271-
26c), snf7� vps24� (VX271-13d), vps20� did4� (VB321-1a), and vps20� vps24� (VX321-4d), rim8� (FM81), rim9� (FM91), rim20� (FM201),
rim21� (FM301), and rim13� (MTM100) strains. Processed and unprocessed forms of HA-Rim101 (indicated) were detected as described in the
legend to Fig. 1. (D) The LiCl sensitivity of snf7� and vps20� mutants is not suppressed by did4� or vps24�. The indicated strains used in panel
C were streaked on YPD and YPD containing 0.32 M LiCl plates and incubated at 30°C for 5 days.
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did4� and vps20� did4� double mutants were also defective in
HA-Rim101 processing (Fig. 4C, lanes 5 and 8) and sensitive
to LiCl (Fig. 4D).

These results can be summarized as follows. Both defective
Rim101 processing and LiCl sensitivity caused by ESCRT-I
mutations stp22� and vps28� were suppressed by vps24�,
those caused by ESCRT-II mutation snf8� were moderately
suppressed, and those caused by ESCRT-II mutations vps25�
and vps36� and ESCRT-III mutations snf7� and vps20� were
not suppressed by vps24�.

DISCUSSION

New mutants that exhibit constitutive activation of the
Rim101 pathway. As of this writing, the only pathway-activat-
ing mutants that have been reported in the Rim101 pathway
harbor dominant alleles of RIM101 encoding proteins with
C-terminal truncations that mimic proteolytic processing (44).
In the current study, we identified did4, vps24, and vps4 as
pathway-activating mutants of the Rim101 pathway that are
alkaline-mimicking. In our experimental system, most of the
HA-Rim101 pool in wild-type cells remained unprocessed un-
der acidic conditions (pH 3.5). The extent of processing in-
creased as medium pH rose, and under alkaline conditions (pH
7.5) most of the HA-Rim101 pool was processed. In did4 or
vps24 mutants, constitutive proteolytic processing of Rim101
was observed that occurs irrespective of medium pH. The
extent of the processing was comparable to that induced in
wild-type cells under alkaline conditions. In addition, did4 and
vps24 mutations were found to suppress defective Rim101 pro-
cessing in rim8, rim9, and rim21 mutants. Similarly, in vps4
mutants, Rim101 processing was observed even under condi-
tions of acidic pH, although the extent of processing was less
than in did4 or vps24 mutants. Consistent with this, rim8, rim9,
and rim21 were also modestly suppressed by vps4.

Order of action among the Rim proteins and the ESCRT
components. Identification of did4, vps24, and vps4 as Rim101
pathway-activating mutants enabled us to perform a new set of
epistasis tests that showed that Rim8, Rim9, and Rim21 func-
tion upstream of both Rim20 and Rim13 in the pathway. This
conclusion is consistent with the report that Rim20 directly
interacts with Rim101 (79) and also with a long-standing con-
jecture that calpain-like Rim13 is the protease directly cata-
lyzing Rim101 processing. The three components placed
upstream of Rim13 and Rim20, namely, putative membrane
proteins Rim9 and Rim21, as well as Rim8, may constitute the
pH-sensing machinery of the pathway (see below).

In contrast to the two pathway-activating mutants, did4 and
vps24, most other mutants defective in ESCRT components,
i.e., stp22, vps28, snf8, vps25, vps36, snf7, and vps20, show im-
paired Rim101 processing, as well as LiCl sensitivity, with the
only exception being srn2 (see below). In this respect, these
mutants share the phenotypes with rim8, rim9, rim20, rim21,
and rim13 mutants. Therefore, epistasis tests similar to those
conducted for the rim mutations were performed for these
ESCRT mutations. Both defective Rim101 processing and
LiCl sensitivity of stp22 and vps28 were suppressed by vps24,
those of snf8 were moderately suppressed, and those of
vps25, vps36, snf7, and vps20 were not suppressed at all by
vps24. These observations suggest that components of ESCRT-

II, especially Vps25 and Vps36, and components of ESCRT-
III, Snf7 and Vps20, play more important roles than those of
ESCRT-I with respect to Rim101 processing. This is in line
with previous genetic evidence indicating that ESCRT-II acts
downstream of, and plays a more fundamental role than,
ESCRT-I in MVB sorting (6).

Xu et al. reported that Rim101 processing is also deficient in
an srn2� mutant (80). In contrast, an srn2� mutant was capa-
ble of Rim101 processing and tolerant of LiCl in our analysis,
which was the only exception among mutants defective in
ESCRT components (data not shown). Bowers et al. also re-
ported that srn2 mutants are tolerant of LiCl (13), but Eguez et
al. reported that these mutants were sensitive (22). The reason
for the discrepancy is currently unclear but may reflect some-
what milder phenotypes of srn2 mutants relative to other mu-
tants in ESCRT components, as observed in a higher restric-
tive temperature for growth, for example (data not shown).

Possible explanation for previously reported phenotypic dif-
ferences among mutants defective in different ESCRT compo-
nents. The disparity in Rim101 processing explains the differ-
ence in LiCl sensitivity among mutants defective in different
ESCRT components. Full expression of ENA1, whose product
is responsible for Li� efflux, requires processing of Rim101,
and the fact hence is consistent with the observation that did4
and vps24 mutants are tolerant of LiCl and mutants defective
in other ESCRT components sensitive (28, 40, 41). The dis-
parity in Rim101 processing may also explain several previ-
ously unaddressed qualitative phenotypic differences among
different ESCRT mutants. CPS, a selective cargo of MVB
sorting, is reported to display different processing patterns in
different ESCRT mutants (5). In snf7� and vps20� mutants,
CPS was processed by the hydrolytic enzymes accumulated in
the “class E” compartment, although in a slightly different
pattern than occurs in wild-type cells. In contrast, CPS pro-
cessing was impeded in did4�, vps24�, and vps4� mutants. The
deficiency in CPS processing in did4�, vps24�, and vps4� mu-
tants has been interpreted as a result of CPS being protected
from proteolysis by sequestration or concentration in a com-
partment with a specific role for the Snf7-Vps20 subcomplex
(5). Here we propose a different explanation. Lamb and Mitch-
ell identified PRB1, which encodes a major vacuolar protease
that catalyzes CPS processing, as a target gene for repression
by Rim101 (40). Therefore, in did4�, vps24�, and vps4� mu-
tants, proteolytic activity of Prb1p is likely low due to tran-
scriptional repression by Rim101, and thus the low Prb1 activ-
ity will in turn result in deficient CPS processing. The
previously reported differences in the sensitivity to Ca2�,
Mn2�, and calcofluor white among mutants in different
ESCRT components may also be attributed to the disparity in
Rim101 processing (22, 66).

Mechanism for constitutive proteolytic processing of Rim101
in did4, vps24, and vps4 mutants. Although all of the “class E”
vps mutants share the same defective MVB sorting phenotype,
only did4, vps24, and vps4 mutants exhibit the constitutive
proteolytic processing of Rim101. In contrast, the other mu-
tants in ESCRT components, except for srn2, exhibit defective
Rim101 processing. Furthermore, all non-ESCRT “class E”
vps mutants except for vps4 are normal in Rim101 processing.
This difference in Rim101 processing among the “class E” vps
mutants indicates that defective MVB sorting itself does not
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cause constitutive Rim101 processing. Then, what is the mech-
anism that underlies constitutive Rim101 processing?

According to the seminal studies on the ESCRT complexes
by Emr and coworkers, did4, vps24, and vps4 mutants com-
monly accumulate the Vps20-Snf7 subcomplex of ESCRT-III
on the endosomal membrane (5, 8, 9). This accumulation is not
observed in other mutants in ESCRT components (5). In con-
trast, Emr and coworkers have shown that many other mutants
in ESCRT components are defective in formation and endo-
somal membrane loading of ESCRT-III. Our results reveal a
consistent correlation between the reported membrane load-
ing of Vps20-Snf7 and Rim101 processing. First, not only de-
fects in Vps20 or Snf7 itself but also defects in ESCRT-I or
ESCRT-II have been shown to prevent loading of Vps20-Snf7
onto the endosomal membrane (6). Concomitantly, mutants in
ESCRT-I or ESCRT-II components are defective in Rim101
processing, with the sole exception of srn2 (see above). Second,
in a vps4 background, ESCRT-II is required but ESCRT-I is
not required for loading of Vps20-Snf7 on the endosomal
membrane (6). This again is in good agreement with the results
of our epistasis tests that show that defective Rim101 process-
ing of the ESCRT-I mutants stp22 and vps28 is suppressed by
vps24 but that of ESCRT-II mutants vps25 and vps36 is not. An
exceptional component of ESCRT-II in this respect is Snf8, in
that defective Rim101 processing in a snf8 mutant is partially
suppressed by vps24. Because possible accumulation of Vps20-
Snf7 on the endosomal membrane in snf8 did4, snf8 vps24, or
snf8 vps4 double mutants has not been examined, this point
requires further study.

In light of these observations, we propose that either forma-
tion or the endosomal membrane loading of the Vps20-Snf7
subcomplex activates proteolytic processing of Rim101. On the
other hand, it has already been suggested that a complex of
Rim20-Snf7-Rim13 is responsible for catalyzing proteolytic
processing of Rim101 (79). Extending this model, we then
propose the following mechanism for constitutive proteolytic
processing of Rim101 in did4, vps24, and vps4 mutants (Fig. 5).
In these mutants, the Vps20-Snf7 subcomplex of ESCRT-III
accumulates on the endosomal membrane. To this subcom-

plex, Rim20 and Rim13 are recruited to form a higher-order
complex consisting of Rim20-(Vps20-Snf7)-Rim13 through an
interaction between Rim20 and Snf7 and between Snf7 and
Rim13. The formation of this complex, we propose, promotes
proteolytic processing of Rim101 by recruiting Rim101
through interaction with Rim20 and thereby presenting it to
activated Rim13. To test this model, localization of compo-
nents of the Rim101 pathway and the ESCRT complexes need
to be determined at different pH values or in various mutants
of ESCRT components.

vps4 mutants exhibit constitutive processing of Rim101, al-
though the extent of processing seems moderate relative to
what was observed in did4 and vps24 mutants. This may be
explained as follows. In vps4 mutants, the Did4-Vps24 subcom-
plex is loaded onto the Vps20-Snf7 subcomplex on the endo-
somal membrane (5, 9) and potentially competes with Rim20
and/or Rim13 for binding to Vps20-Snf7. In contrast, in did4
and vps24 mutants Did4-Vps24 does not exist, and thus Vps20-
Snf7 is fully available for binding to Rim20 and/or Rim13.

Mechanism for alkaline-responsive proteolytic processing
of Rim101. By extending the above discussion on constitutive
processing of Rim101 in did4�, vps24�, and vps4� mutants to
the alkaline pH-responsive processing of Rim101 in wild-type
cells, we propose that a similar mechanism operates in both
processes. In this model, a complex of Rim20-(Vps20-Snf7)-
Rim13 forms under conditions of alkaline pH in a Rim8-,
Rim9-, and Rim21-dependent manner (Fig. 5). The concrete
mechanism by which Rim8, Rim9, and Rim21 promote forma-
tion of the Rim20-(Vps20-Snf7)-Rim13 complex remains to be
determined, although it is clear that formation of the complex
also requires both ESCRT-I and ESCRT-II. Even in did4 or
vps24 mutants, Rim8, Rim9, and Rim21 still play some role in
facilitating Rim101 processing, because defective Rim101 pro-
cessing in rim8, rim9, and rim21 mutants is not fully restored,
even when suppressed by did4 or vps24: in did4 cells for exam-
ple, the extent of Rim101 processing is more pronounced than
in rim8 did4 cells. One speculative possibility is that, by mim-
icking cargo proteins for MVB sorting, either Rim9 or Rim21
recruits ESCRT-I onto the endosomal membrane, thereby
promoting formation of the Rim20-(Vps20-Snf7)-Rim13 com-
plex under alkaline conditions. If the recruitment of ESCRT-I
depends on ubiquitination of Rim9 or Rim21, as is the case
for known cargo proteins, the ubiquitination should occur
in an alkaline pH-dependent manner. This point remains
to be determined. Stimulation-dependent ubiquitination and
endosomal sorting are common modes of desensitization of
membrane receptors/sensors (34), and this model proposes a
variant of this common mechanism that makes use of recruit-
ment of ESCRT complexes not for downregulation, but for
signaling itself.

Physiological significance of the link between the Rim101
pathway and MVB sorting. We have shown a close relationship
between the Rim101 pathway and MVB sorting. What is the
physiological significance of this link? MVB sorting requires a
pH gradient across the endosomal membrane. In fact, efficient
sorting of vacuolar proteins is impaired under alkaline condi-
tions (36). In addition, mutational or pharmacological inacti-
vation of the vacuolar H�-ATPase, which disrupt acidification
of the vacuolar, and perhaps the endosomal, compartment also
causes defective vacuolar protein sorting (10, 36, 52, 64, 75, 81).

FIG. 5. Model for activation of Rim101 proteolytic processing by
components of the Rim101 pathway; ESCRT-I, -II, and -III compo-
nents; and Vps4 upon exposure to alkaline pH. See Discussion for a
detailed explanation of this model.
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The defects in MVB sorting under these conditions may arise
from impaired formation of MVB. Consistent with this, Mat-
suo et al. reported that formation of MVB-like liposomes in an
in vitro system required a pH gradient across the liposome
membrane that reproduced the in vivo lumenal acidic pH of
the endosome (49). If impairment in MVB formation under
alkaline conditions blocks the process of MVB sorting after the
step of ESCRT-III loading, as in did4, vps24, or vps4 mutants,
formation of the active Rim20-(Vps20-Snf7)-Rim13 complex
would be promoted under these conditions. This implies that
failure to maintain a pH gradient across the endosomal mem-
brane under alkaline conditions can be coupled with activation
of the Rim101 pathway. This will ensure, in theory at least, the
appropriate response of the Rim101 pathway to raises in en-
vironmental pH.

Finally, it should be noted that all of the components of the
aforementioned protease complex have one or more mamma-
lian homologs. Rim13 is the only calpain homolog in yeast,
whereas humans have 14 genes for calpains, including PalBH/
calpain 7, which is most similar to Rim13 (23, 24, 26, 70). The
human homologs of Rim20, Snf7, and Vps20 are Alix/AIP1,
CHMP4/hSnf7, and hVps20, respectively (32, 51, 58, 76). The
existence of these homologs suggests that a similar mechanism
might operate in mammalian cells. The possibility of calpain
functioning at the membranes is also implied by the present
study. Indeed, recent studies have shown that conventional
calpains localize and function at the endoplasmic reticulum
and the lysosome (11, 57, 71). Elucidation of the mechanism
that regulates activation of the Rim101 pathway should shed
further light on the biology of calpains in general.
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