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The Saccharomyces cerevisiae zinc finger protein Rim101p is activated by cleavage of its C-terminal region,
which resembles PEST regions that confer susceptibility to proteolysis. Here we report that Rim20p, a member
of the broadly conserved PalA/AIP1/Alix family, is required for Rim101p cleavage. Two-hybrid and coimmu-
noprecipitation assays indicate that Rim20p binds to Rim101p, and a two-hybrid assay shows that the Rim101p
PEST-like region is sufficient for Rim20p binding. Rim101p-Rim20p interaction is conserved in Candida
albicans, supporting the idea that interaction is functionally significant. Analysis of Rim20p mutant proteins
indicates that some of its broadly conserved regions are required for processing of Rim101p and for stability
of Rim20p itself but are not required for interaction with Rim101p. A recent genome-wide two-hybrid study (T.
Ito, T. Chiba, R. Ozawa, M. Yoshida, M. Hattori, and Y. Sakaki, Proc. Natl. Acad. Sci. USA 98:4569–4574, 2000)
indicates that Rim20p interacts with Snf7p and that Snf7p interacts with Rim13p, a cysteine protease required
for Rim101p proteolysis. We suggest that Rim20p may serve as part of a scaffold that places Rim101p and
Rim13p in close proximity.

Intracellular proteolytic systems can either inactivate or ac-
tivate target proteins. Inactivation generally occurs through
degradation of a polypeptide; activation generally occurs
through site-specific cleavage (11, 39, 49). Proteolysis sub-
strates are diverse, and proteolytic systems have pivotal roles in
cell cycle progression, developmental pathways, stress re-
sponses, and apoptosis.

There are two major classes of cytoplasmic proteolysis sys-
tems in eukaryotes, the proteasome and cysteine proteases.
The proteasome is a large multiprotein complex (2, 4). Protein
substrates are often targeted for degradation or site-specific
cleavage by ubiquitination, which occurs through binding of an
E3 enzyme (ubiquitin-protein ligase) to the substrate (12).
Cells express many different E3 proteins, permitting recogni-
tion of a variety of substrate proteins. Cysteine proteases in-
clude the calpains (30, 33) and caspases (44). These proteases
can promote either extensive degradation or site-specific cleav-
age of their substrates (33, 39, 41, 42). It is not clear how
cysteine proteases recognize their substrates in general, but in
vitro experiments indicate that �-calpain may bind directly to
the substrate I�B (41).

Several protein motifs can channel a substrate into a pro-
teolytic system (2). Among these is the PEST sequence, a
segment rich in proline, aspartate, glutamate, serine, and thre-
onine (36). The PEST regions of several proteins confer sus-
ceptibility to ubiquitination and proteasomal degradation (13,
38, 53). However, the I�B C-terminal PEST sequence pro-
motes its degradation by �-calpain in vitro (41). Therefore,
PEST sequences may serve as recognition motifs for both pro-
teasome and cysteine protease systems.

A C-terminal PEST-like region plays a central role in the ac-
tivity of Saccharomyces cerevisiae transcription factor Rim101p.
Newly synthesized full-length Rim101p is inactive; proteolytic
removal of the C-terminal �100-residue PEST-like region
yields active Rim101p, a positive regulator of invasive growth
and sporulation (23). The Rim101p C-terminal region lacks
proline residues, distinguishing it from true PEST sequences
(36). Rim101p is homologous to the Aspergillus nidulans pH
response regulator PacC, which undergoes a cleavage reaction
that removes �420 C-terminal residues (28). The cleavage
requirements for PacC are well defined genetically and include
PalB, a cysteine protease (6), and PalA, a protein of uncertain
biochemical function (31). This cleavage pathway is conserved,
because Rim101p cleavage depends on the PalB homolog
Rim13p/Cpl1p (22) and, as we report here, the PalA homolog
Rim20p.

Among PacC/Rim101p cleavage pathway members, PalA/
Rim20p is very broadly conserved; homologs have been found
in every sequenced metazoan genome, including at least two in
Homo sapiens. Prior studies suggest that metazoan PalA/
Rim20p family members may govern cysteine protease activity;
the mouse homolog AIP1/Alix interacts with ALG-2 (29, 48),
a putative cysteine protease regulatory subunit (24) that is
required for apoptosis (20, 47). (We note that the name AIP1
also refers to an unrelated gene product that interacts with the
actin cytoskeleton [14, 37].) Our findings here argue that
Rim20p has a fairly direct role in the Rim101p cleavage reac-
tion and yield testable predictions for extrapolation to other
PalA/Rim20p homologs. Our findings support a model for
Rim101p cleavage that is distinct from a recent proposal for
PacC cleavage (10); this distinction highlights differences in the
respective cleavage reactions that we reconcile in the Discussion.

MATERIALS AND METHODS

Strains and media. S. cerevisiae strains were derived from the SK-1 back-
ground (18) except for the two-hybrid strains Y187 and Y190 (8). The epitope-
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tagged RIM101-HA2 allele has been described (23). The rim101�::His3MX6,
rim20�::His3MX6, and bro1�::His3MX6 mutations remove each entire open
reading frame (ORF) and were introduced by PCR product-directed gene dis-
ruption, using plasmid pFA6a-His3MX6 (25) as the His3MX6 template. PCR
with outside primers confirmed genotypes; primer sequences are available by
request. Strain construction involved standard methods, including mating, mei-
otic crosses, and transformations (17). For the experiments in Fig. 1 and 5A to
C, all strains are derived from WXY169 (MAT� RIM101-HA2 ura3 leu2 trp1 his3
lys2 gal80::LEU2 rme1�5::LEU2 ho::LYS2). For the experiments in Fig. 2, all
strains are derived from KB395 (MATa ura3 leu2 trp1 his3 lys2 gal80::LEU2
ho::LYS2). In this report, we use the prefix Ca for Candida albicans genes and
gene products to distinguish them from their S. cerevisiae homologs. Medium
composition followed standard recipes (17).

Growth assays. Wild-type strain KB395 and otherwise isogenic strains
WXY265 (rim101�::His3MX6) and WXY263 (rim20�::His3MX6) were grown in
YPD to approximately the same cell density. Each culture was diluted 1:5, 1:25,
1:125, 1:625, and 1:3,125 with fresh YPD medium, and 3 �l of each of the
dilutions was spotted onto a YPD plate, a YPD plate buffered with 100 mM
HEPES at pH 9.0, or YPD plates supplemented with 50 �g of hygromycin B per
ml, 0.4 M NaCl, or 20 mM LiCl. The plates were incubated at 30°C for 1 to 4 days
before the growth was scored.

GBD and GAD fusion plasmids. To generate fusions of the Gal4p DNA-
binding domain (GBD) to Rim101p (residues 1 to 628, 99 to 628, 297 to 628, 400
to 628, 501 to 628, 547 to 628, 1 to 546, 99 to 546, and 297 to 546) or CaRim101p
(residues 408 to 604), an NcoI site was engineered in forward primers (pRIM101-
F/300F/900F/1200F/1500F/1650F and pCaRIM101 to 1200F), and a BamHI site
in reverse primers (pRIM101-R2/1600R and pCaRIM101-R). (Primer sequences
are available by request.) The ATG within the NcoI site is in frame with the
coding sequences. Genomic DNA from S. cerevisiae strain AMP108 (MAT� ura3
leu2 trp1 lys2 ho::LYS2) or C. albicans strain BWP17 (ura3/ura3 his1/his1 arg4/
arg4 [3]) was used as the PCR template. PCR products were first cloned into
pGEM-Easy vectors (Promega). Inserts released by NcoI-BamHI double diges-
tions were moved into NcoI-BamHI-digested vector pAS1-CYH2. Gal4p activa-
tion domain (GAD)-Rim101p fusions were generated by a similar strategy.

To generate fusions of GAD to Rim20p (residues 1 to 661 and 353 to 661) or
CaRim20p (404 to 613), an NcoI site was engineered in forward primers
(pRIM20-F/1050F and pCaRIM20–1200F) and a BamHI site was engineered in
reverse primers (pRIM20-R and pCaRIM20-R). PCR products were first cloned
into pGEM-Easy vectors (Promega). Inserts released by NcoI-BamHI double
digestions were moved into NcoI-BamHI-digested vector pACTII. GBD-Rim20p
fusions were generated by a similar strategy.

Construction of RIM20 substitution mutants and V5 epitope-tagged RIM20.
RIM20 alleles with different point mutations were created by PCR-directed
sequence alterations. To create rim20–177, first-round PCR products were gen-
erated with S. cerevisiae strain AMP108 genomic DNA as the template and
oligonucleotide pRIM20-F3 paired with pRIM20-AQAQE-R and pRIM20-
AQAQE-F paired with pRIM20-R. Two PCR products were purified and used
as the template in the second-round PCR with oligonucleotide pRIM20-F3
paired with pRIM20-R. The resulting 2.1-kb DNA fragment was purified and
cloned into vector pGEM-Easy to generate plasmid pWX73. Plasmids pWX74,
-75, -76, -77, and -78, which carry the other five RIM20 mutant alleles, were
created by the same strategy. The nucleotide sequence of each entire ORF was
verified by direct determination. Inserts released from plasmids pWX73 to -78 by
NcoI-BamHI double digestions were moved into NcoI-BamHI-digested vector
pACTII to create plasmids pWX121 to -126.

To construct the plasmid that expresses V5 epitope-tagged RIM20 from its
native promoter, RIM20 gene 5�-flanking sequence (�1000 to �60) and 3�-
flanking sequence (from 60 bp upstream of the stop codon to 1 kb downstream
of the stop codon) were first cloned into vector pRS314 to create plasmid
pWX179. pWX179 was then linearized by BamHI and purified. PCR products
generated with plasmid pWX60 (pGEM-RIM20) as the template and oligonu-
cleotide pRIM20-F3 paired with pRIM20-R were cotransformed with linearized
pWX179 into yeast strain WXY219 for in vivo recombination in order to gen-
erate plasmid pWX192 (pRS314-RIM20). pWX192 was linearized by SacI and
purified. PCR products generated with pYES2/GS (Invitrogen) as the template
and oligonucleotide pRIM20C-V5-F paired with pRS314-V5-R2 were cotrans-
formed with linearized pWX192 into yeast strain WXY219 for in vivo recombi-
nation in order to generate plasmid pWX272 (pRS314-RIM20-V5). The plasmids
carrying mutant RIM20 alleles, pWX273 to -278, were created by the same
strategy.

In vitro transcription template. A PCR product including RIM101 codons 297
to 628, amplified from genomic DNA of strain AMP108, was cloned into vector
pGEM-Easy. The T7 promoter on the vector was used to direct in vitro tran-

scription, and the ATG contained within the SphI site on the vector served as the
start codon.

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 plates of SC medium lacking Trp and Leu
(SC�Trp�Leu plates). For assays, 24-h cultures in SC�Trp�Leu were diluted
1:25 into SC�Trp�Leu medium and harvested after three doublings. 	-Galac-
tosidase assays were conducted on permeabilized cells as previously described
(45).

Western blot assays. Cells from 10 ml of mid-log-phase culture in YPD were
pelleted, resuspended in 100 �l of 3
 Laemmli buffer, and boiled for 5 min.
After centrifugation, 5 to 20 �l of the supernatants was fractionated on a sodium
dodecyl sulfate (SDS)–9% polyacrylamide gel and transferred to nitrocellulose.
For hemagglutinin (HA) epitope detection, the filter was probed with anti-HA
monoclonal antibody 12CA5 (Babco; 10�4 dilution) and goat anti-mouse immu-
noglobulin G (IgG) conjugated to peroxidase (Boehringer; 10�4 dilution) and
developed with enhanced chemiluminescence (ECL) detection reagents (Amer-
sham). For V5 epitope detection, the filter was probed with anti-V5-horseradish
peroxidase antibody (Invitrogen; 1:5,000 dilution in TBST [Tris-buffered saline
plus Tween]) and developed with ECL detection reagents (Amersham). The
control protein Rpd3p was detected as described previously (21).

In vitro binding assays. 35S-labeled Rim101p(297–628) and the luciferase
control were produced using the TnT Quick Coupled transcription/translation
kit (Promega), following the manufacturer’s instructions. Whole-cell extracts
were prepared (27) from mid-log-phase SC�Leu cultures of strain Y187 carrying
GAD or GAD-Rim20p plasmids. For assays, 100 �l of extract (10 �g of total
protein/�l), 5 �l of in vitro translation mix containing Rim101p(297–628), 5 �l of
in vitro translation mix containing the luciferase control, 100 �l of bovine serum
albumin (New England Biolabs; 10 �g/�l), and 100 �l of extraction buffer (50
mM Tris-Cl [pH 7.4], 100 mM NaCl, 50 mM KCl, 2 mM EDTA, 5% glycerol,
0.1% 	-mercaptoethanol, plus 0.1 mg of phenylmethylsulfonyl fluoride and 1 �g
each of leupeptin, aprotinin, and pepstatin per ml) were mixed in a 1.5-ml tube.
Then 3 �l of anti-HA monoclonal antibody 12CA5 (Babco) or H2O was added
to the experimental and control tubes, respectively. After 10 min at room tem-
perature, 100 �l of a 50% protein A-Sepharose bead suspension (Sigma) was
added to each tube. Tubes were incubated at 4°C for 45 min. The beads were
washed three times in extraction buffer and boiled for 5 min in 3
 Laemmli
buffer. After centrifugation, supernatants were fractionated on an SDS–9% poly-
acrylamide gel and transferred to nitrocellulose. The filter was first exposed to a
phosphor screen (Molecular Dynamics) for 36 h to detect 35S-labeled
Rim101p(297–628) and luciferase and then probed with anti-HA monoclonal
antibody to detect GAD and GAD-Rim20p.

RESULTS

Identification of S. cerevisiae RIM20. The S. cerevisiae genes
YOR275C (henceforth RIM20) and BRO1 (32) are homologs
of A. nidulans PalA. To determine whether their gene products
are required for Rim101p processing, we examined the elec-
trophoretic mobility of epitope-tagged Rim101-HA2p in
rim20� and bro1� null mutants (Fig. 1). Rim101-HA2p was

FIG. 1. 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 masses of Rim101-HA2p forms, indicated along the right margin
(in kilodaltons), were estimated by comparison with size standards.
The strains included WXY169 (RIM101-HA2; lane 1), WXY220
(rim101�; lane 2), WXY185 (RIM101-HA2 rim13�; lane 3), WXY219
(RIM101-HA2 rim20�; lane 4), and WXY225 (RIM101-HA2 bro1�;
lane 5).
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detected primarily as a 90-kDa processed form in a wild-type
control extract (lane 1) and as a 98-kDa unprocessed form in
a rim13� control extract (lane 3). The anti-HA reaction was
specific for Rim101-HA2p, because no 90- or 98-kDa protein
was detected in a rim101� extract (lane 2). We found only the
98-kDa form in a rim20� extract (lane 4), and failure to pro-
duce 90-kDa processed Rim101-HA2p cosegregated with an
independently constructed rim20� mutation in two meiotic
tetrads (data not shown). The bro1� mutation did not affect
Rim101-HA2p processing (Fig. 1, lane 5). These results indi-
cate that Rim20p is required for Rim101p proteolytic process-
ing.

Mutations that block Rim101p processing cause the same set
of phenotypes as rim101� mutations (22, 23). Thus, we ex-
pected that rim20� and rim101� mutants should have similar
phenotypes. We found that both mutations caused sensitivity
to NaCl, LiCl, and hygromycin B and caused weak growth in
medium titrated to pH 9 (Fig. 2). Also, the rim20� mutation
caused weak sporulation and invasive growth (data not shown),
as does a rim101� mutation (23). These observations are con-
sistent with the finding that Rim20p is required for Rim101p
processing.

Interaction of Rim20p and Rim101p. To gain mechanistic
insight into the role of Rim20p in Rim101p processing, we
used two-hybrid assays to determine whether Rim101p and
Rim20p interact with each other. We created plasmids that
express GAD and GBD fusions to full-length Rim20p and
Rim101p. Expression of a gal1-lacZ reporter in strains carrying

pairs of fusions was then used as a measure of interaction in
two-hybrid assays. These assays revealed detectable Rim20p-
Rim20p interaction (data not shown) and Rim101p-Rim20p
interaction.

In assays of GAD-Rim20p with GBD-Rim101p derivatives
(Fig. 3), we observed interaction with the Rim101p segments 1
to 628, 99 to 628, 297 to 628, and 400 to 628 and slightly weaker
interaction with Rim101p segments 501 to 628 and 547 to 628.
No interaction was detected with Rim101p segments 1 to 546,
99 to 546, and 297 to 546 or with the GBD domain alone.
Largely similar results were obtained with two-hybrid assays of
GBD-Rim20p with GAD-Rim101p derivatives (Fig. 3), but
these assays revealed interaction between Rim20p and two
nonoverlapping segments of Rim101p. N-terminal segments 1
to 546, 99 to 546, and 297 to 546 were capable of weak inter-
action, and the C-terminal region 547 to 628 was capable of
moderate interaction. GAD-Rim101p derivatives were detect-
able through Western analysis, whereas GBD-Rim101p deriv-
atives were not (data not shown). Therefore, we have greater
confidence in the results obtained with GAD-Rim101p deriv-
atives. Together, these results indicate that Rim20p interacts
with two regions of Rim101p and that the Rim101p C-terminal
PEST-like region is sufficient for Rim20p interaction.

An in vitro binding assay provided biochemical confirmation
of Rim101p-Rim20p interaction. Here we measured binding of
an in vitro-synthesized Rim101p C-terminal segment (residues
297 to 628) to GAD-Rim20p in yeast crude extracts.
Rim101p(297–628) and a control protein, firefly luciferase,

FIG. 2. Comparison of rim20� and rim101� mutant phenotypes.
Yeast strains were grown to saturation in YPD, and then growth of
serially diluted culture samples was compared on YPD (control), YPD
containing hygromycin B (HgB), NaCl, or LiCl, or YPD titrated to pH
9. Cell density of the inoculum decreases from right to left in each row.
Strains were KB395 (top row; wild type) and its otherwise isogenic
derivatives WXY265 (middle row; rim101�) and WXY263 (bottom
row; rim20�).

FIG. 3. Two-hybrid assays of Rim101p-Rim20p interaction. Ex-
pression of a gal1-lacZ reporter gene (	-galactosidase activity in Miller
units) was measured in strains expressing either GBD-Rim101p deriv-
atives along with GAD-Rim20p or GAD-Rim101p derivatives along
with GBD-Rim20p. Features of Rim101p diagrammed include three
zinc fingers (dark stripes) and a C-terminal PEST-like region (hatched
box). The GBD/GAD-Rim101p fusions included the residues indi-
cated in parentheses; the bottom entry is a vector control. 	-Galacto-
sidase activity is the mean for three independent transformants, and
the range of values was less than 20% of the mean value for each pair
of fusions. All GBD-Rim101p and GAD-Rim101p derivatives yielded
�1 U of activity when coexpressed with GAD or GBD (lacking
Rim20p sequences).
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were synthesized and 35S labeled through in vitro transcription
and translation reactions (Fig. 4, lane 1). Aliquots of the re-
action were incubated with extracts of yeast expressing GAD-
Rim20p or GAD alone to permit binding; the GAD segment
includes an HA epitope tag. Then, monoclonal anti-HA anti-
body was added, immune complexes were bound to protein
A-Sepharose and pelleted, and both supernatant and pellet
proteins were visualized after SDS-polyacrylamide gel electro-
phoresis (PAGE) (Fig. 4, lanes 5 to 8 and 9 to 12, respectively).
Rim101p(297–628) was recovered along with GAD-Rim20p
(lane 9). Interaction was specific, because luciferase was not
recovered in anti-HA immune complexes containing GAD-
Rim20p. Also, Rim101p(297–628) was not recovered from im-
mune complexes containing GAD in place of GAD-Rim20p
(lane 11) or in pellets that lacked anti-HA antibody (lanes 10
and 12). These results verify that Rim20p interacts with the
C-terminal region of Rim101p.

If Rim101p-Rim20p interaction has functional significance,

then it should be conserved in other species. We used C.
albicans CaRim101p and CaRim20p to test this prediction.
CaRIM101 and CaRIM20 were identified recently through ho-
mology searches (3, 35, 51), and genetic studies indicate that
CaRim20p acts upstream of CaRim101p in a signal transduc-
tion pathway (3). CaRIM101 and CaRIM20 have two and five
CUG codons, respectively, which are subject to nonstandard
translation in C. albicans (40). To minimize mistranslation in
the S. cerevisiae two-hybrid host, we used GBD-CaRim101p
and GAD-CaRim20p fusions that included only C-terminal
segments, with zero and two CUG codons, respectively (Table
1). Two-hybrid assays revealed that the CaRim101p C-terminal
region interacts with the CaRim20p C-terminal region (Table
1). In parallel studies with S. cerevisiae protein segments, we
determined that Rim101p also interacts with the Rim20p C-
terminal region (Table 1). Therefore, Rim101p-Rim20p inter-
action is conserved in two fungi. This finding argues that
Rim101p-Rim20p interaction has functional significance.

Role of conserved Rim20p regions in Rim101p processing.
Rim20p is a member of a broadly conserved protein family.
Some family members presumably have the same function as
Rim20p, such as A. nidulans PalA and C. albicans Rim20p,
which act in the respective organisms’ PacC/Rim101p process-
ing pathway. Other family members may have distinct func-
tions, such as S. cerevisiae Bro1p and mammalian Alix. We
carried out a mutational analysis of conserved Rim20p resi-
dues to establish a basis for structural comparison. Clusters of
two or three highly conserved residues were replaced with
alanine residues (Table 2), and accumulation and function of
the six resulting mutant Rim20p derivatives were assessed (Fig.
5).

Accumulation of wild-type and mutant derivatives was com-
pared through use of RIM20-V5, which specifies Rim20p with
a C-terminal V5 epitope (43). DNA sequences specifying the
epitope and a CYC1 transcriptional terminator were intro-
duced at the 3� end of the RIM20 coding region on a low-copy-
number plasmid that also includes RIM20 promoter sequences.
Rim20-V5p was identified on an anti-V5 immunoblot as an
�85-kDa protein (Fig. 5A, lane 1) present only in strains
carrying the RIM20-V5 plasmid (data not shown). Mutant de-
rivatives Rim20-V5–189p, Rim20-V5–292p, Rim20-V5–296p,
and Rim20-V5–422p accumulated at levels comparable to that
of wild-type Rim20-V5p (Fig. 5A, lanes 3 to 6 compared to
lane 1), but Rim20-V5–177p and Rim20-V5–623p were not
detectable (lanes 2 and 7). All of the samples had comparable

FIG. 4. Binding of the Rim101p C-terminal region to GAD-
Rim20p. Radiolabeled Rim101p C-terminal region (residues 297 to
628) and firefly luciferase were synthesized in vitro and added to
extracts of yeast strain Y187 containing GAD-Rim20p (lanes 1, 2, 5, 6,
9, and 10) or GAD (lanes 3, 4, 7, 8, 11, and 12). The mixtures were
incubated with (�, odd lanes) or without (�, even lanes) anti-HA IgG,
and immune complexes were collected with protein A-Sepharose. Af-
ter SDS-PAGE, Rim101p and luciferase were visualized with a Phos-
phorImager (upper panel) and GAD-Rim20p was visualized by West-
ern analysis (lower panel). The samples include the complete binding
mixtures (lanes 1 to 4; 1/20 of total reaction), the supernatants after
removal of protein A-Sepharose (lanes 5 to 8; 1/20 of total reaction),
and the protein A-Sepharose pellets (lanes 9 to 12; 1/2 of entire
reaction). We note that GAD-Rim20p is recovered in two forms that
are resolved by electrophoresis (lane 1 compared to lane 3). We be-
lieve that the smaller form is an artifactual in vitro cleavage product.

TABLE 1. Conservation of two-hybrid interaction between Rim101p and Rim20p C-terminal regionsa

Rim20p/Rim101p
source GAD fusion GBD fusion 	-Galactosidase

activity

C. albicans CaRim20p (404-613) CaRim101p (408-604) 34.6
CaRim20p (404-613) Vector �1
Vector CaRim101p (408-604) �1

S. cerevisiae Rim20p (353-661) Rim101p (1-628) 160
Rim20p (353-661) Vector �1
Vector Rim101p (1-628) �1

a RIM20 and RIM101 ORF segments from the species indicated were cloned into GAD and GBD fusion vectors and transformed into the two-hybrid host Y187 

Y190. Numbers in parentheses indicate the ORF segments, in codon numbers, that were fused to GAD or GBD. Vector refers to plasmids with no insert. Transformants
were grown in selective medium, and interaction was measured through activation of gal1-lacZ expression. 	-Galactosidase activity, in Miller units (17), is the average
for three independent transformants. The range of values was less than 20% of the mean value for each pair of fusions.
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amounts of extract protein, as verified by probing for control
protein Rpd3p (Fig. 5C). We found similar relative accumula-
tion levels of each overexpressed GAD-Rim20p derivative
(Fig. 5D). Therefore, the substitutions in Rim20-V5–189p,
Rim20-V5–292p, Rim20-V5–296p, and Rim20-V5–422p do
not cause obvious defects in stability.

Functional activity of each Rim20-V5p derivative was deter-
mined through assessment of Rim101-HA2p processing in

rim20� RIM101-HA2 strains carrying each RIM20-V5 plasmid
(Fig. 5B). The wild-type RIM20-V5 allele was functional, as
indicated by the presence of the 90-kDa Rim101-HA2p form
(Fig. 5B, lane 1). Mutants RIM20-V5–177, -292, and -623 were
nonfunctional (lanes 2, 4, and 7); mutants RIM20-V5–189,
-296, and -422 were functional (lanes 3, 5, and 6). We infer that
the V5 epitope does not alter mutant protein activity substan-
tially, because we obtained comparable results with Rim20p
derivatives lacking the V5 epitope tag (data not shown). There-
fore, among mutant proteins that are expressed, only Rim20-
V5–292p has a severe defect in activity.

A defect in Rim20p functional activity may reflect a defect in
interaction with Rim101p. We used two-hybrid assays of GBD-
Rim101p and each GAD-Rim20p derivative to measure this
interaction (Fig. 5E). GAD-Rim20–177p and GAD-Rim20–
623p had apparent interaction defects, as expected from their
accumulation defects (Fig. 5D, lanes 2 and 7). All other GAD-
Rim20p derivatives were fully capable of interaction with
Rim101p (Fig. 5E). Therefore, this set of highly conserved
Rim20p residues, as represented by the stable mutant deriva-
tives, is not required for Rim101p-Rim20p interaction. In ad-
dition, we conclude that the functional defect of Rim20-V5–
292p does not arise from an inability to interact with Rim101p.

DISCUSSION

Rim20p represents a family of eukaryotic proteins whose
molecular functions are largely unknown. Its closest homologs
include PalA and C. albicans Rim20p, which act in conserved
PacC-Rim101p processing pathways, and here we confirmed
the requirement for Rim20p in S. cerevisiae Rim101p process-
ing. Our analysis indicates that Rim20p interacts with the
Rim101p C-terminal PEST-like region in both S. cerevisiae and
C. albicans. The conservation of this interaction argues that it
is functionally important, and the interaction between a pro-
cessing pathway member and the cleavage target suggests that
Rim20p has a relatively direct role in the processing reaction,
rather than an indirect role in the pH-sensing signal transduc-
tion pathway.

All S. cerevisiae homologs of PacC processing pathway pro-
teins are required for Rim101p processing (5, 22, 46; W. Xu
and A. P. Mitchell, unpublished results), so the mechanisms of
Rim101p and PacC processing are almost certainly similar.
However, our results underscore a key difference between the
processing reactions. Rim101p is activated by cleavage adja-
cent to the PEST-like region (near residue 530), whereas PacC
is activated by cleavage far from the PEST-like region (near
residue 253). Truncation mutations that remove only the
PEST-like region of Rim101p or PacC yield activated proteins
that can function independently of Rim20p/PalA and the pro-
tease Rim13p/PalB, but these truncations have very different
molecular consequences. The Rim101p truncation product ac-
cumulates at the approximate size of the primary translation
product, whereas PacC truncation products are cleaved, inde-
pendently of PalA and PalB, to remove an additional �320-
residue C-terminal segment. Thus, in wild-type strains, PacC
cleavage may occur in two steps: an initial cleavage removes
the �100-residue PEST-like region, and a second cleavage
removes a further �320-residue C-terminal segment. The first
cleavage would be analogous to Rim101p cleavage and depen-

FIG. 5. Functional analysis of Rim20p mutant derivatives. Strain
WXY219 (rim20�::His3MX6 RIM101-HA2) was transformed with
plasmids specifying Rim20-V5p, Rim20-V5–177p, Rim20-V5–189p,
Rim20-V5–292p, Rim20-V5–296p, Rim20-V5–422p, or Rim20-V5–
623p (samples 1 to 7, respectively). Extracts of transformants were
used for Western analysis with anti-V5 (panel A), anti-HA (panel B),
or anti-Rpd3p (panel C). Strain Y187 was transformed with plasmids
specifying wild-type GAD-Rim20p and each respective mutant deriv-
ative. Extracts were used for Western analysis with anti-HA (panel D),
and strains were used for two-hybrid interaction assays with GBD-
Rim101p (panel E). In panel E, the y-axis shows the 	-galactosidase
activity (in Miller units).

TABLE 2. Amino acid substitutions in conserved regions of
Rim20pa

Rim20p region
Mutant protein

Designation Accumulation Function

176-AQAQE-180 Rim20-177p � (�)
189-DKHKD-193 Rim20-189p � �
289-AQRDN-293 Rim20-292p � �
293-NEFIY-297 Rim20-296p � �
420-LNEEA-424 Rim20-422p � �
621-TAFYE-625 Rim20-623p � (�)

a These amino acid regions are conserved among S. cerevisiae Rim20p and
homologs C. albicans Rim20p, A. nidulans PalA, S. cerevisiae Bro1p, Drosophila
melanogaster CG12896, Caenorhabditis elegans Ynk1, Xenopus laevis Xp95, and
Mus musculus Alix-AIP1. Residues printed in boldface are identical in at least six
proteins of the group. The residues indicated by underlining were replaced with
alanine to create mutant proteins. Accumulation of each mutant protein is
summarized from the data in Fig. 5. The function of each mutant protein is
summarized from the Rim101p processing assays in Fig. 5. (�), absence of
detectable function for mutant proteins with accumulation defects.
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dent on PalA and PalB; the second cleavage would be depen-
dent on the first cleavage but otherwise independent of PalA
and PalB. This model explains why Rim101p and PacC both
have C-terminal PEST-like regions and have homologous pro-
cessing pathways yet exist as quite different mature products.

This model also reconciles the differences in sequence re-
quirements for proteolytic activation of Rim101p and PacC.
For Rim101p, the finding that Rim20p binds to the PEST-like
region suggests that this region has a vital role in the proteo-
lytic activation of Rim101p. However, for PacC, deletion de-
rivatives that lack its PEST-like region undergo proteolytic
cleavage, and an internal PacC region is required for PacC
cleavage (10, 28). According to our model, the internal PacC
region directs cleavage by gene products distinct from the
conserved Pal-Rim gene products; the PacC PEST-like region
directs cleavage by PalA, PalB, and other conserved Pal-Rim
gene products.

How do our findings reflect on the functions of more distant
Rim20p homologs? Sequence identity between Rim20p and
mouse Alix is 26%, which points to significant common struc-
tural features. We found that alanine substitutions in two con-
served regions cause protein accumulation defects, as expected
if the mutant proteins were misfolded (50). A simple interpre-
tation is that these two regions are critical for proper folding of
Rim20p. Also, alanine substitutions for the highly conserved
residues D292 and N293 abolished Rim20p function but did
not affect its accumulation or interaction with Rim101p. This
region may be required for a second critical interaction (such
as with Snf7p, as discussed below), a conformational or oligo-
meric change, or a possible catalytic activity.

Our most surprising observation is that alanine substitutions
in three highly conserved regions have no detectable effect on
Rim20p function. These regions may make redundant contacts
with other molecules, so that the defects are overcome by
compensatory interactions elsewhere in Rim20p. These obser-
vations may guide the types of mutations and analyses used to
characterize Rim20p homologs. Finally, we note that the
Rim20p C-terminal half is sufficient for Rim101p interaction.
The C-terminal half of Rim20p is less conserved than the
N-terminal half, with 23 and 30% identity to Alix, respectively,
for example. This observation raises the interesting possibility
that the diversity of C-terminal sequences among Rim20p ho-
mologs reflects the diversity of possible protease substrates
that they recognize.

Two general models for Rim20p function can account for
our observations. One model is that Rim20p promotes inter-
action between Rim101p and the Rim13p protease. Rim20p
may act as a scaffold that binds to both Rim101p and Rim13p,
or it may act as a targeting subunit that directs Rim101p to the
subcellular location of Rim13p. A second model is that
Rim20p acts as a chaperone that ensures that the Rim101p
cleavage site is exposed to solvent and thus accessible to
Rim13p. These models are not mutually exclusive, in that
Rim20p may have several roles in the cleavage reaction.

The genome-wide two-hybrid analysis of Ito et al. (16) lends
support to the first model. Ito et al. detected interactions
between Rim13p and Snf7p and between Snf7p and Yor275Cp,
the gene product shown here to be Rim20p. A simple inter-
pretation is that the Rim20p-Snf7p complex provides a scaffold
that holds Rim13p and the Rim101p PEST-like region in close

proximity, promoting Rim101p cleavage and activation (Fig.
6). In principle, the need for a scaffold might be bypassed by
overexpression of Rim13p, so that mass action would promote
Rim101p-Rim13p interaction. However, two different RIM13
overexpression plasmids fail to promote Rim101p processing
in a rim20� mutant, though they do complement a rim13�
mutant (W. Xu and A. P. Mitchell, unpublished results). Thus,
it is possible that Rim20p has a more complex role than simply
to promote interaction of protease and target. We note that
the scaffold Ste5p is thought to act both to tether mitogen-
activated protein kinase cascade components and to promote
signal transmission through dimerization and membrane local-
ization (9, 15, 26, 34, 52). Like Ste5p, Rim20p may have roles
in both scaffolding and signaling.

The finding that Rim20p is an Snf7p-interacting protein that
promotes Rim101p cleavage has an interesting implication for
recognition of the external signal, alkaline pH, that stimulates
Rim101p cleavage (23). Snf7p is an endosome-associated pro-
tein that acts in the Vps4p complex to promote fusion of the
late endosome with the vacuole (1, 19). This endosome in-
cludes surface receptors, so it is possible that a surface receptor
governing Rim101p processing is active only after its endocy-
tosis, as may be the case for dynamin-dependent receptors of
higher eukaryotes (7). A second possibility is that the acidifi-
cation of endocytosed fluid is used by the Rim101p processing
pathway as a measure of external pH. Clearly, it will be vital to
determine whether Rim101p processing depends on Snf7p and
on endosome-vacuole fusion as a first test of these models.
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