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The -Arrestin-Like Protein Rim8 Is Hyperphosphorylated and
Complexes with Rim21 and Rim101 To Promote Adaptation to

Neutral-Alkaline pH

Jonathan Gomez-Raja and Dana A. Davis

Department of Microbiology, University of Minnesota, Minneapolis, Minnesota, USA

[B-Arrestin proteins are critical for G-protein-coupled receptor desensitization and turnover. However, [B-arrestins have recently
been shown to play direct roles in nonheterotrimeric G-protein signal transduction. The Candida albicans (3-arrestin-like pro-
tein Rim8 is required for activation of the Rim101 pH-sensing pathway and for pathogenesis. We have found that C. albicans
Rim8 is posttranslationally modified by phosphorylation and specific phosphorylation states are associated with activation of
the pH-sensing pathway. Rim8 associated with both the receptor Rim21 and the transcription factor Rim101, suggesting that
Rim8 bridges the signaling and activation steps of the pathway. Finally, upon activation of the Rim101 transcription factor, C.
albicans Rim8 was transcriptionally repressed and Rim8 protein levels were rapidly reduced. Our studies suggest that Rim8 is
taken up into multivesicular bodies and degraded within the vacuole. In total, our results reveal a novel mechanism for tightly
regulating the activity of a signal transduction pathway. Although the role of 3-arrestin proteins in mammalian signal transduc-
tion pathways has been demonstrated, relatively little is known about how (3-arrestins contribute to signal transduction. Our

analyses provide some insights into potential roles.

Seven—transmembrane-spanning-domain (7TM) receptors re-
spond to a plethora of environmental conditions and are ubiq-
uitous in the eukarya. In mammalian systems, ligand binding to
7TM receptors can promote activation of associated heterotri-
meric G proteins, which transduce the environmental signal to a
wide range of kinases and transcription factors. Ligand binding
can also promote 7TM receptor phosphorylation via a G-protein-
coupled receptor kinase (GRK), which promotes interaction with
a B-arrestin protein and receptor internalization (8, 36). B-Arres-
tin-dependent 7TM receptor internalization was initially thought
to function in desensitization by sequestering the receptor within
endocytic vesicles away from additional ligands or by promoting
the trafficking of the receptor to the vacuole for degradation.
However, recent studies have demonstrated that B-arrestins also
mediate G-protein-independent signaling from 7TM receptors
(38).

While primarily studied in mammalian systems, B-arrestin-
like proteins, also referred to as a-arrestins (2), have been identi-
fied in fungal systems. Saccharomyces cerevisiae encodes 10 B-ar-
restin-like proteins (Artl to Art8, Art10, and Rim8). Artl to Art6
and Art8 function in the endocytic uptake of specific transporter
proteins (21, 33, 39); Rim8 functions in an environmental pH-
sensing signal transduction pathway conserved throughout the
fungi (14). Rim8, PalF in Aspergillus nidulans, interacts with the
7TM receptor Rim21/PalH (23, 24). Rim21/PalH is not known to
associate with a heterotrimeric G protein but instead transmits
extracellular information through the Rim8/PalF -arrestin-like
protein to promote activation of the Rim101/PacC transcription
factor (23, 24, 32, 41).

From studies in S. cerevisiae and A. nidulans, the following
model for Rim8/PalF in signaling has been developed. Neutral-
alkaline pH is sensed by Rim21/PalH and Dfg16, another putative
receptor located at the cell surface that is required for pH sensing
(7). Upon receptor activation, the B-arrestin-like protein Rim8/
PalF is ubiquitinated by the NEDD4 homolog Rsp5 (23, 24) and
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interacts with the endosomal sorting complex required for trans-
port I (ESCRT-I) complex protein Vps23 (23). The ESCRT-I
complex recruits the ESCRT-II complex, which recruits the
ESCRT-IIIa Vps20-Snf7 heterodimer (4, 5, 27). Snf7 can then in-
teract with Rim20/PalA, a scaffolding protein that interacts with
the C-terminal inhibitory domain of Rim101/PacC, and Rim13/
PalB, a protease that is predicted to proteolytically cleave the in-
hibitory C-terminal domain of Rim101/PacC (26, 28, 31, 57, 58).
Proteolytically processed Rim101/PacC translocates into the nu-
cleus and promotes changes in gene expression, promoting adap-
tation to neutral-alkaline environments.

We and others have identified homologs of the Rim101 path-
way in Candida albicans, including Rim21, Dfgl6, Rim8, Rim20,
Rim13, and Rim101, and have shown that Rim101 activation in C.
albicans requires the ESCRT pathway (7, 13, 28, 31, 42, 43, 53, 56,
58). C. albicans is a natural isolate of the human oral-pharyngeal,
gastrointestinal, and urogenital tracks and primarily colonizes
these mucosal surfaces as a commensal. However, in susceptible
hosts, C. albicans can overgrow to cause mucosal infections as well
as enter the bloodstream to cause systemic infections, which have
an attributable mortality of 30 to 50% (15). As in other fungi, the
C. albicans Rim101 pathway governs adaptation to neutral-alka-
line environmental pH and is also required for pathogenesis in
both mucosal and systemic models of infection (11, 12, 40, 50,
56, 61).

Although Rim8/PalF promotes Rim101 activation in S. cerevi-
siae, A. nidulans, and C. albicans, there are significant differences
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in Rim8 activity among these model organisms. For example, in S.
cerevisiae Rim8 ubiquitination is pH independent; in A. nidulans
PalF ubiquitination is pH dependent (23, 24). It is also unclear
how the signaling complex affects the ESCRT machinery in order
to promote Rim101 processing only at neutral-alkaline pH in any
system. Here, we demonstrate that in C. albicans Rim8 is phos-
phorylated in response to neutral-alkaline pH and that this mod-
ification is correlated with Rim101 activation. Further, we find
that Rim21, Rim8, and Rim101 coimmunoprecipitate, suggesting
that Rim8 may directly bridge the receptor and transcription fac-
tor. Finally, our studies suggest that Rim8 represents a key step in
negative feedback, allowing C. albicans cells to exhibit fine control
of arrestin-dependent signaling.

MATERIALS AND METHODS

Media and growth conditions. C. albicans strains were routinely grown at
30°Cin YPD broth (2% Bacto peptone, 1% yeast extract, 2% dextrose). C.
albicans transformants were selected on synthetic medium (0.67% yeast
nitrogen base plus ammonium sulfate and without amino acids with 2%
dextrose and supplemented with a dropout mix containing amino and
nucleic acids except those necessary for the selection) (1).

Strains and plasmids. All strains used in this study are listed in Table
1. The Rim8-hemagglutinin (HA) C-terminally tagged strains were gen-
erated by transformation with either the HA-URA3 and HA-HISI cas-
settes amplified in a PCR with primers 5" Rim8-HA c-term and either 3’
Rim8-HA c-term URA or RIM8R2 (Table 2) and plasmid pMG1874 or
pMG1921 as the template (18). Rim8-Myc C-terminally tagged strains
were generated by transformation with the Rim8-Myc-HISI cassette am-
plified with primers RIM8FMyc and RIM8R2 and the plasmid pMG2093
as the template (18). Rim8-green fluorescent protein (GFP) C-terminally
tagged strains were generated by transformation with the Rim8-GFP-
HISI cassette amplified in a PCR with primers RIM8F1 and RIM8R2 and
the plasmid pGFP-HIS1 (17). Correct integrations were identified via the
PCR using primer seq4 rim8 in combination with primer 3" HA detect,
3'myc detect, or GFP 3'detect.

Rim101-V5-tagged strains were generated by transformation of Nrul-
digested pDDB322 as described previously (31).

Rim21-HA C-terminally tagged strains were generated by transforma-
tion of the HA-URA3 cassette amplified in a PCR with primers
RIM21FHA and RIM21R1 and pMG1874 as the template (18). Correct
integration was determined via the PCR using primers RIM21+1397 and
3'HA detect.

The mck1A/ARIMS-HA strain (JAD032) was generated as follows.
BWP17 was transformed with the mck1::ARG4 cassette, which was ampli-
fied in a PCR using the MCK1 5DR and MCK1 3DR (Table 2) primers and
the pRS-ArgASpe template (53), to generate the heterozygous mutant
DAY399. DAY399 was then transformed with the mckI::URA3-dpl200
cassette, which was amplified in a PCR using the MCK1 5DR and MCK1
3DR primers and the pDDB57 template (52), to generate the homozygous
mutant DAY406. Correct integration was demonstrated by the PCR using
primers MCK1 5detect and MCK1 3detect, which flank the site of inte-
gration. RIM8-HA was introduced into DAY406 as described above to
generate JAD032.

Protein preparation and Western blot analyses. Overnight cultures
were diluted 200-fold into fresh medium 199 (M199) buffered with 150
mM HEPES at the appropriate pH and grown at 30°C as indicated. Cell
pellets were resuspended in ice-cold radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris, pH 8, 150 mM NaCl, 1% NP-40, 3 mM
EDTA, 0.5% deoxycholate, 0.1% SDS) containing 1 wg/ml leupeptin, 2
pg/ml aprotinin, 1 wg/ml pepstatin, 0.1 mM phenylmethylsulfonyl fluo-
ride, and 10 mM dithiothreitol (DTT) and lysed by vortexing with acid-
washed glass beads for 1 h at 4°C. Lysates were cleared by centrifugations
at 4°C to remove cell debris, and the protein concentration was deter-
mined spectrophotometrically (19).
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For Western blot assays, ~0.7 mg of total protein was resuspended in
2X SDS gel-loading buffer (100 mM Tris-Cl, pH 6.8, 200 mM DTT, 4%
SDS, 0.1% bromophenol blue, 20% glycerol), boiled at 95°C for 3 min,
and run in either 6 or 8% SDS-polyacrylamide gels. Gels were transferred
to a nitrocellulose membrane and blocked in 6% nonfat milk in TBS-T (50
mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20). Membranes were
incubated with a 1:1,000 dilution of anti-HA (F-7 probe; Santa Cruz), a
1:5,000 dilution of anti-V5 or anti-Myc (Invitrogen), or a 1:15,000 dilu-
tion of antitubulin in 6% nonfat milk in TBS-T. Membranes were washed
three times in TBS-T and then exposed to a 1:5,000 dilution of antimouse-
horseradish peroxidase antibody (GE Healthcare) in 6% nonfat milk in
TBS-T or a 1:10,000 dilution of antirat-horseradish peroxidase antibody
(to detect antitubulin) in 6% nonfat milk in TBS-T. Membranes were
washed three times in TBS-T incubated with enhanced chemilumines-
cence reagent (GE Healthcare) and exposed to film.

Immunoprecipitation of HA-tagged proteins. Twenty microliters of
anti-HA agarose beads (Sigma) was added to 0.8 ml of crude extracts (~12
mg of total protein), and the mixture was incubated overnight at 4°C.
Beads were washed three times with TBS-T, and proteins were eluted by
resuspension in 50 pl of 2X SDS gel-loading buffer and incubation at
95°C for 5 min.

Phosphatase assay. HA-tagged proteins were immunoprecipitated,
suspended in TBS, and incubated with and without calf intestine alkaline
phosphatase (NEB) and with or without 50 mM EDTA. Reaction mix-
tures with beads were incubated at 37°C for 30 min. SDS gel-loading
buffer (2X) was added, and the samples were boiled at 95°C for 5 min. The
entire product was loaded in a 6% SDS-polyacrylamide gel to be analyzed
by Western blotting.

RNA analyses. Total RNA was extracted as described previously (13).
Total RNA was further purified using an RNA purification kit (Qiagen).
For reverse transcription-PCR (RT-PCR), RNA was treated with DNase I
(Promega) and the RNA concentration was determined spectrophoto-
metrically. Five micrograms of total RNA was reverse transcribed to
cDNA using SuperScript IT (Invitrogen) and random primers (Promega).
Two microliters of cDNA was used as the template with either RIMS-
specific primers (RTRIM8-F and RTRIM8-R) or ACTI-specific primers
(ACT1-Fand ACT1-R) as the loading control. PCR parameters were 94°C
for 2 min, followed by 30 cycles, each consisting of 94°C for 30 s, 53°C for
30 s, and 72°C for 1 min.

Microscopy. GFP-tagged Rim8 strains were grown overnight at 30°C
to saturation in YPD. Cells were diluted 1/100 into fresh M199 at pH 4 and
30°C for 2 to 3 h. Cells were then shifted to 2 ml of fresh M199 at pH 4 or
pH 8 containing 2.5 wl of 16 mM lipophilic dye FM4-64 (Invitrogen) and
incubated at 30°C for 30 min. Cells were washed with phosphate-buffered
saline, pH 4 or pH 7.2, and analyzed by fluorescence microscopy. Pictures
were taken using a Zeiss Axio camera using either a GFP-specific or a
rhodamine filter set.

RESULTS

Rim8 is posttranslationally modified. Rim8/PalF is posttransla-
tionally modified in both A. nidulans and S. cerevisiae (23, 24).
Thus, we asked if Rim8 is also posttranslationally modified in C.
albicans. To address this question, we constructed a RIM8-HA/
rim8A RIMI10I-V5 strain. The RIM8-HA/rim8A strain did not
have the growth or filamentation defects associated with loss of
Rim8, demonstrating that the Rim8-HA fusion was functional
(data not shown). Using this strain background, we analyzed
Rim8 expression across a range of pHs (Fig. 1A). At the most
acidic pHs, pH 4 to 5.5, two distinct bands of Rim8-HA of ~82
and 87 kDa were observed. However, at pH 6 to 7, a higher-mo-
lecular-mass band of ~95 kDa was observed. We also noted a
dramatic loss of Rim8-HA signal with increasing pH, as Rim8-HA
levels were reduced beginning at pH 5.5 and were undetectable at
pH 7.5 and 8 compared to Rim101-V5 levels. Thus, Rim8 is post-
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TABLE 1 Strains used in this study

Rim8 Modification and Degradation

Strain Genotype Source or reference

JADOO01 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim8::ARG4/RIM8-HA::URA3 This study

JAD002 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG RIM8-HA::HIS1/RIMS8 dfg16::ARG4/dfgl16::URA3 This study

JAD003 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim21:ARG4/rim21:: URA3-dpl200 This study
RIMS8-HA::HISI1/RIM8

JAD004 his1::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim20::ARG4/rim20:: URA3-dpl200 This study
RIMS-HA::HIS1/RIMS

JADO005 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim13::ARG4/rim13::URA3-dpl200 This study
RIMS-HA::HIS1/RIMS8

JAD006 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim101::ARG4/rim101::URA3 This study
RIMS8-HA::HISI1/RIM8

JADO007 his1::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG snf::ARG4/snf7::URA3-dpl200 This study
RIMS-HA::HIS1/RIMS

JAD008 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG vps4::ARG4/vps4::dpl200 This study
rim8::ARG4/RIMS-HA::URA3

JAD009 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG doa4::ARG4/doa4::dpl200 This study
rim8::ARG4/RIMS-HA::URA3

JADO10 his1::hisG/his1:hisG argd::hisG/arg4::hisG ura3::hisG/ura3::hisG brol::ARG4/bro1::dpl200 This study
rim8::ARG4/RIMS-HA::URA3

JADO11 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim8::ARG4/RIM8-HA::URA3 This study
HIS1::RIM101-V5::his1::hisG/RIM101

JADO12 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim20:ARG4/rim20::dpl200 RIM8/RIMS-HA:: This study
URA3 HISI::RIM101-V5::his1::hisG/RIM101

JADO13 hisl::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim21:ARG4/rim21::dpl200 RIM8/RIMS-HA:: This study
URA3 HISI:RIM101-V5:his1::hisG/RIM101

JADO14 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim13::ARG4/rim13::dpl200 RIM8/RIMS-HA:: This study
URA3 HIS1::RIM101-V5::hisI::hisG/RIM101

JADO15 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG vps4::ARG4/vps4::dpl200 RIM8/RIM8-HA::URA3 This study
HISI::RIM101-V5::his1::hisG/RIM101

JADO17 his1::hisG/his1:hisG arg4::hisG/argd::hisG ura3::hisG/ura3::hisG rim21:ARG4/RIM21-HA::URA3 This study
RIMS-Myc::HIS1

JADO021 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim21:ARG4/RIM21-HA::URA3 This study

JADO023 his1::hisG/his1:hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG vps20::ARG4/vps20::URA3-dpl200 This study
RIMS-HA::HIS1/RIMS

JADO025 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG vps27::ARG4/vps27::URA3-dpl200 This study
RIMS8-HA::HIS1/RIMS8

JAD026 hisI::hisG/his1::hisG arg4::hisG/argd::hisG ura3::hisG/ura3::hisG vps28::ARG4/vps28::URA3-dpl200 This study
RIMS8-HA::HISI1/RIM8

JADO027 his1::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG vps36:ARG4/vps36::URA3-dpl200 This study
RIMS-HA::HIS1/RIMS

JADO028 his1::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG mvb12::ARG4/mvb12::URA3-dpl200 This study
RIMS8-HA::HIS1/RIMS8

JAD029 hisI::hisG/his1::hisG arg4::hisG/argd::hisG ura3::hisG/ura3::hisG vps22::ARG4/vps22::URA3-dpl200 This study
RIMS8-HA::HIS1/RIM8

JADO030 his1::hisG/his1:hisG argd::hisG/argd::hisG ura3::hisG/ura3::hisG hsel::ARG4/hsel::URA3-dpl200 This study
RIMS-HA::HIS1/RIMS

JADO31 his1::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG rim21:ARG4/RIM21 RIM8-Myc::HIS1/RIM8 This study

JADO032 his1::hisG/his1:hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG mck1::ARG4/mck1::URA3-dpl200 This study
RIMS-HA::HIS1/RIMS

JAD034 his1::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG mkcl::hisG/mkcl::hisG RIM8-HA::HIS1/RIM8 This study

JADO081 his1::hisG/his1:hisG argd::hisG/argd::hisG ura3::hisG/ura3::hisG rim8::ARG4/RIMS8-GFP-HIS1 This study

JADO083 hisI::hisG/his1::hisG arg4::hisG/arg4::hisG ura3::hisG/ura3::hisG vps4::ARG4/vps4::dpl200 RIM8/RIM8-GFP-HIS1 This study

DAY1145 ura3:Nimm434/ura3:Nimm434 arg4::hisG/arg4::hisG his1::hisG/his1::hisG rim101::ARG4/rim101::dpl200 55

rim101-281::URA3::pDDB479::RIM101/RIM101

translationally modified in response to environmental pH in C.
albicans.

The Rim101 transcription factor is proteolytically activated
with increasing pH (31). Thus, we next asked whether Rim101
processing was correlated with Rim8-HA modification (Fig. 1A).
As reported previously, Rim101-V5 was found in multiple forms
(31). The full-length 85-kDa (FL) and 65-kDa processed (P1)
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forms were observed regardless of pH, although the levels of each
varied depending on pH. Beginning at pH 6.0, two active forms
(Act) of 72 and 74 kDa were observed. Thus, Rim101-V5 process-
ing to the active 72- and 74-kDa forms occurs concomitantly with
the modification and loss of Rim8-HA.

These initial analyses used samples that were grown for 4 h,
which we reasoned represents steady state for Rim8-HA expres-
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TABLE 2 Primers used in the study

Primer name Sequence

3’ HA detect CGCATAGTCAGGAACATCGTATGGGTA
3’ Rim8-HA c-term
URA TTG

3'myc detect TAAATCTTCTTCAGAAATTAATTTTTGTTC

5" Rim8-HA c-term

MCKI1 5DR
MCK1 3DR
MCKI1 5detect TCAAACCTACAAGAGATACG
MCKI1 3detect ATTGATTTCTAGTGTCATGG

TAATTTATATGTGTGTGTTTGTGTGTATATTTTAATTTTTTATATAATATGTAATGTTTATCTAGAAGGACCACCTTTGA

TTGAACGTCAACAATGACCGTTTGATAGTTCCCCAGGATAATAACTCGAATTCAGAGACGCGGATCCCCGGGTTAATTAA
AAACTAATTTGGTTTTTTTTTTTTGCCGAGTCCTGTTAATAAACTACTACCCTAGCAATGTTTCCCAGTCACGACGTT
GTAGGTAGGTAGGTCAAGTAGTTTGGGTCTTAAAACTAACTACCTTTTTTTTAATTATGGGAATTGTGAGCGGATA

ACT1-F AGAATTGATTTGGCTGGTAGAGAC

ACT1-R AGAAGATGGAGCCAAAGCAGTAAT

GFP 3'detect CCTTCAAACTTGACTTCAGC

RIM21+1397 CAATAGCACAGCTCGTACCG

RIM21F1 CAACCACAGACGAAGAAATGTTTATGTATACTCCAGAAAAGAAGTTATATTAGATGTATCTAGTGATGAAGGTGGTGGT
TCTAAAGGTGAAGAATTATT

RIM21FHA CAACCACAGACGAAGAAATGTTTATGTATACTCCAGAAAAGAAGTTATATTAGATGTATCTAGTGATGAACGGATCCC
CGGGTTAATTAA

RIM21R1 TCCAGGGTATGAAGAAACGTGTCTTGAAATAGCCAAAAGGGGTCATGAACATATTCAAGAATAATGAGATGTTCTAG
AAGGACCACCTTTGATTG

RIM8F1 GCCAAATTACTTGAACGTCAACAATGACCGTTTGATAGTTCCCCAGGATAATAACTCGAATTCAGAGACGGGTGGTG
GTTCTAAAGGTGAAGAATTATT

RIM8FMyc TTGAACGTCAACAATGACCGTTTGATAGTTCCCCAGGATAATAACTCGAATTCAGAGACGCGGATCCCCGGGTTAATTAA

RIM8R2 CAACTTTATTTAGCTCAGAATCAATAATTTATATGTGTGTGTTTGTGTGTATATTTTAATTTTTTATATAATGAATTC
CGGAATATTTATGAGAAAC

RTRIMS-F GGGGTGTCCGTTAGTTTCATTCC

RTRIMS-R CAGCGGCACAACATTTTCGTAAG

seq4 rim8 GCAGCTATAGGAAACTCGTCG

PHRI1-F CCGCGGGCTCAGTTTCT

PHRI1-R GATTTGCCACACCATTCATACAT

A

kSH 4 45 5 55 6 65 7 75 8

110

} Act Rim101-v5
- P1

B
Time (hrs) 0 05 1

}rim8-HA

Modified
'] Rim8-HA

: f_g}mm&m

s

o

FIG 1 Rim8 modification is correlated with Rim101 activation. (A) Rim8 levels
are reduced concomitantly with processing of Rim101. The full-length (FL) and
processed forms, both active (Act) and constitutive (P1), are indicated. The
Rim101-V5 Rim8-HA fusion strain JADO11 was grown in M199 buffered at var-
ious pHs for 4 h. Total protein was extracted, separated by SDS-PAGE, probed
with anti-HA, and stripped and probed with anti-V5. (B) Rim8 levels are rapidly
reduced upon shift to alkaline conditions. The Rim8-HA strain JAD001 was grown
in M199 at pH 4 for 4 h and shifted to either fresh M199 at pH 4 or M199 at pH 8.
Cells were harvested every 30 min, total protein was purified, and Rim8-HA ex-
pression was determined by Western blot analysis with anti-HA.
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sion. To determine how quickly Rim8-HA modification occurs,
we grew Rim8-HA-expressing cells in M199, pH 4, to logarithmic
phase, shifted them to fresh M199 at pH 4 and pH 8, and moni-
tored Rim8-HA expression over time (Fig. 1B). In fresh pH 4
medium, a broad band of ~82 to 87 kDa was observed at all time
points. In fresh pH 8 medium, by 30 min most of the Rim8-HA
signal was found in at least 4 discrete bands of slower mobility
between 95 and 105 kDa. However, we did note that some residual
82- and 87-kDa Rim8-HA protein remained after 30 min incuba-
tion. Furthermore, we observed that the Rim8-HA signal was
drastically reduced within 30 min after the shift to pH 8 medium.
At 1 and 1.5 h after the shift to M199 at pH 8, only the 95- to
105-kDa forms of Rim8-HA were apparent, although at even
more reduced levels, and by 1.5 h after the shift to pH 8 medium,
Rim8-HA was virtually undetectable. These results clearly dem-
onstrate that Rim8 is rapidly modified and its expression is re-
duced in response to neutral-alkaline pH.

Rim8/PalF is posttranslationally modified by ubiquitination
and phosphorylation in A. nidulans and S. cerevisiae (23, 24), and
we predicted that the 95- to 105-kDa forms of Rim8-HA were due
to ubiquitination. However, we could not detect ubiquitin-mod-
ified Rim8-HA in immunoprecipitates using a variety of antiubiq-
uitin antibodies, although we readily detected other ubiquitinated
proteins in the extracts (data not shown). Thus, we tested whether
C. albicans Rim8 is phosphorylated. Rim8-HA-expressing cells
were grown in M199 at pH 4 and shifted to fresh M199 at pH 4 and
pH 8 for 30 min, and Rim8-HA was immunoprecipitated from
crude extracts and incubated with or without phosphatase or with
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FIG 2 Rim8 is modified by phosphorylation. Rim8-HA-containing cells were
grown in M199 at pH 4 for 4 h and then shifted to fresh M199 at either pH 4 or
pH 8 for 30 min. Cells were harvested, total protein was purified, and
Rim8-HA was immunoprecipitated. Immunoprecipitated Rim8-HA was un-
treated, treated with phosphatase (PPase), or treated with phosphatase and
inhibitor for 30 min prior to Western blot analysis.

phosphatase plus a phosphatase inhibitor (Fig. 2). Cells grown in
pH 4 medium showed Rim8-HA primarily in 2 distinct bands of
82 kDa and 87 kDa. However, only the 82-kDa band was apparent
following phosphatase treatment, and both the 82-kDa and 87-
kDa forms were present when EDTA was included as a phospha-
tase inhibitor. These results suggest that the 87-kDa form of Rim8
results from phosphorylation of the 82-kDa form. Cells grown in
pH 8 medium showed Rim8-HA in several discrete bands ranging
from 95 to 105 kDa. However, only the 82-kDa band was observed
following phosphatase treatment and the 95- to 105-kDa bands
were present if EDTA was included in the reaction mixtures. These
results demonstrate that Rim8 is hyperphosphorylated in re-
sponse to neutral-alkaline pH. Furthermore, these data suggest
that all observed modifications of C. albicans Rim8 can be ex-
plained by phosphorylation.

Requirements for Rim8 phosphorylation. To determine the
contribution of the Rim101 pathway for Rim8 phosphorylation,
Rim8-HA was introduced into the Rim101 pathway mutants and
Rim8-HA was monitored by Western blotting. After a 30-min
shift to fresh pH 4 medium, wild-type cells showed the 82- to
87-kDa forms of Rim8-HA (Fig. 3A, lane 1). Similar results were
observed in the Rim101 pathway mutants (Fig. 3A, lanes 3, 5,7, 9,
and 11), suggesting that this Rim8-HA phosphorylation is inde-
pendent of the Rim101 pathway.

After a 30-min shift to fresh pH 8 medium, wild-type cells
showed the 95- to 105-kDa forms of Rim8-HA (Fig. 3A, lane 2).
However, the rim21A/A, dfgl6A/A, rim13A/A, and rim20A/A
mutants showed the 82- to 87-kDa forms of Rim8-HA and lacked
the 95- to 105-kDa forms observed in wild-type cells grown at pH
8 (Fig. 3A, lanes 4, 6, 8, and 10). The rim101A/A mutant behaved
similarly to the other Rim101 pathway mutants, although some
faint higher-molecular-mass bands of ~90 kDa could be detected
(Fig. 3A, lane 12). Similar bands could also be observed in wild-
type cells at pH 4 when the gel was overexposed (Fig. 3A, lane 1)
and may represent a transient secondary modification that occurs
prior to degradation (see below). Regardless, these results demon-
strate that wild-type levels of Rim8 modification to the 95- to
105-kDa forms require both the signaling and processing compo-
nents of the Rim101 pathway.

Rim101 activation requires the ESCRT-I, ESCRT-II, and ES-
CRT-IIIa components of the ESCRT pathway (28, 55, 56, 58).
Thus, we asked if ESCRT components are required for Rim8 mod-
ification. To address this question, Rim8-HA was introduced into
ESCRT pathway mutants (56). At pH 4, Rim8-HA modification in
the ESCRT mutants was similar to that in wild-type cells (Fig. 3B).
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FIG 3 Genetic requirements for Rim8 modification. Cells expressing
Rim8-HA were grown in M199 at pH 4 for 4 h and shifted to fresh M199 at pH
4 and pH 8 for 30 min, and total was protein extracted. Protein was separated
by SDS-PAGE and probed with anti-HA, followed by antitubulin as a loading
control. (A) Rim8-HA was introduced into Rim101 pathway mutants to gen-
erate strains JAD0O1 (wild type [WT]), JAD002 (dfgl6A/A), JADOO3 (rim21A/
A), JAD004 (rim20A/A), JAD0O5 (rim13A/A), and JADOO06 (rim101A/A). (B)
Rim8-HA was introduced into ESCRT pathway mutants to generate strains
JADOO1 (wild type), JAD025 (vps27A/A), JADO30 (hselA/A), JAD028
(mvb12A/A), JAD026 (vps28A/A), JAD027 (vps36A/A), JAD029 (vps22A/A),
JADO023 (vps20A/A), JADOO7 (snf7A/A), JAD008 (vps4A/A), JADO10 (bro1A/
A), and JADO009 (doa4A/A).

However, at pH 8, Rim8-HA modification was not modified to the
95- to 105-kDa forms in mutants lacking Vps28, Vps36, Vps22,
Vps20, or Snf7 (Fig. 3B, lanes 10, 12, 14, 16, and 18). The ESCRT-0
components Hsel and Vps27 as well as the ESCRT-DS compo-
nents Brol and Doa4 were not required for wild-type-like
Rim8-HA modification at pH 8 (Fig. 3B, lanes 4, 6, 22, and 24).
Finally, the ESCRT-I mutant lacking Mvb12 had the 95- to 105-
kDa bands at pH 8, but residual 82- to 87-kDa bands were still
apparent, unlike the bands observed in the wild-type or the ES-
CRT-0 mutant background (Fig. 3B, lane 8). These results are in
agreement with our previous studies that suggested that Mvb12 is not
an essential member of the ESCRT-I complex for Rim101 signaling
(56). These results demonstrate that ESCRT proteins required for
Rim101 processing are also required for Rim8 phosphorylation.

Two kinases, SIt2 and Mck1, have reported genetic interactions
with Rim8 in S. cerevisiae (45, 47). To determine if these kinases
affect Rim8 phosphorylation, Rim8-HA was introduced into the
mkclA/A (the homolog of ScSIt2) and mckIA/A mutant back-
grounds. Although MCK1 is reported to be an essential gene by the
Candida Genomic Database, we were able to generate homozy-
gous null strains using conventional disruption techniques (53).
In both mkclA/A and mck1A/A mutant backgrounds, Rim8-HA
was modified similarly to wild type at pH 4 and pH 8 (Fig. 4).
These results suggest that additional proteins phosphorylate
Rim3, although it is possible that Mkc1 and Mck1 are redundant
for Rim8 phosphorylation.

Rim8 bridges the signaling and processing complexes. 3-Ar-
restin proteins interact with plasma membrane receptors; Rim8/
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FIG 4 Wild-type (JAD001), mkcIA/A (JAD034), and mck1A/A (JAD032)
strains expressing Rim8-HA were grown in M199 at pH 4 or M199 at pH 8, and
total protein was extracted and separated by SDS-PAGE. Rim8-HA was de-
tected using anti-HA.

-

PalF interacts with the pH sensor Rim21/PalH in S. cerevisiae and
A. nidulans (23,24). To determine if this paradigm holds true in C.
albicans, we constructed a strain coexpressing functional
Rim21-HA and Rim8-Myc fusions. Our analysis of Rim21-HA
expression showed that Rim21-HA ran at ~59 kDa at pH 4 (Fig.
5A,lane 1) and at ~59 kDa and ~62 kDa at pH 8 (Fig. 5A, lane 4).
We also noted that there was no apparent reduction in Rim21
intensity at pH 8 compared to pH 4, suggesting that Rim21 levels
are not limiting for Rim101 signaling.

Since Rim21-HA migrated as two distinct bands at pH 8, we
asked whether this was due to phosphorylation, as observed for
Rim8. In extracts from cells grown at pH 4, Rim21-HA migrated at
59 kDa regardless of whether phosphatase was present (Fig. 5A,
lanes 1 to 3). However, in extracts from cells grown at pH 8, ad-
dition of phosphatase abolished the presence of the 62-kDa band,
which was restored when EDTA was included as a phosphatase
inhibitor. These results demonstrate that Rim21 is phosphory-
lated in a pH-dependent manner correlated with activation of the
Rim101 pathway.

To determine if Rim21-HA and Rim8-Myc interact, whole-
cell extracts from cells grown at pH 4 or pH 8 were immuno-
precipitated using anti-HA, separated by SDS-polyacrylamide
gel electrophoresis (PAGE), and probed with anti-Myc and
with anti-HA. Rim8-Myc protein was detected in Rim21-HA
immunoprecipitates at both pH 4 and pH 8 (Fig. 5B, left lanes)

but not from extracts lacking Rim21-HA (Fig. 5B, right lanes).
We noted that Rim8-Myc was modified and that its levels were
reduced at pH 8, and these findings are in agreement with our
analyses demonstrating that Rim8 is rapidly modified and its
levels are reduced at pH 8.

Since Rim8 modification is correlated with Rim101 processing
(Fig. 1), we considered the possibility that Rim8 may be in com-
plexes with Rim101. Thus, we conducted immunoprecipitations
using cell extracts from a Rim8-HA Rim101-V5 strain grown at
pH 4 or pH 8 (Fig. 5C, lanes 3 to 10). In cells grown at pH 4, no
Rim101-V5 was detected in Rim8-HA immunoprecipitates, al-
though Rim101-V5 was detected in the flowthrough (Fig. 5C, lane
3). In cells grown at pH 8, the 95- to 105-kDa forms of Rim8-HA
were immunoprecipitated, and we detected the P1 form of
Rim101-V5 and a faint signal of full-length Rim101-V5 (Fig. 5C,
lane 4). No Rim101-V5 was detected from HA immunoprecipi-
tates in the absence of Rim8-HA (Fig. 5C, lanes 1 and 2). These
results suggest that Rim8 is in a complex that also contains
Rim101.

To determine the genetic requirements for the Rim8-Rim101
interaction, we introduced Rim8-HA and Rim101-V5 into the
rim21A/A, rim20A/A, and rim13A/A backgrounds and repeated
the immunoprecipitations (Fig. 5C, lanes 5 to 10). In the absence
of either the pH sensor Rim21 or the Rim101-recruiting protein
Rim20, the 82- to 87-kDa forms of Rim8-HA were immunopre-
cipitated. No Rim101-V5 was coimmunoprecipitated, although
Rim101-V5 was detected in the flowthrough. In the absence of the
processing enzyme Rim13, low levels of full-length Rim101-V5
were detected in the immunoprecipitates. The Rim8-HA
Rim101-V5 interaction in the rim13A/A mutant seems to be in-
complete, as most of the Rim101-V5 is still found in the flow-
through. On the basis of these results, the pH sensor and Rim101-
recruiting proteins, but not the processing enzyme, are required
for Rim8-Rim101 interactions. Furthermore, these results indi-
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FIG 5 Rim8 interactions with Rim101 pathway members. (A) Rim21-HA was 1mmunoprec1pitated from JADO21 cells grown in M199 at pH 4 and pH 8.
Immunoprecipitated Rim21-HA was untreated, treated with phosphatase, or treated with phosphatase and inhibitor for 30 min prior to Western blot analysis.
(B) Rim21-HA Rim8-Myc-expressing cells (JAD017) and Rim8-Myc-expressing cells (JAD031) were grown in M199 at pH 4 or pH 8, and total protein was
extracted. Rim21-HA was immunoprecipitated with anti-HA beads and separated by SDS-PAGE. Blots were first probed with anti-Myc and then anti-HA. (C)

Wild-type (JADO11) and rim21A/A (JADO13), rim20A/A (JADO12), rim13A/A (

JADO014), and vps4A/A (JAD015) mutants expressing Rim8-HA and Rim101-V5

were grown and Rim8-HA protein was immunoprecipitated as for panel B. Blots were probed with anti-V5, stripped, and probed with anti-HA. (D) Wild-type
(JADO16) and vps4A/A (JADO019) strains expressing Rim21-HA and Rim101-V5 were grown and Rim21-HA protein was immunoprecipitated using anti-HA.

Blots were probed with anti-V5, stripped, and probed with anti-HA.
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FIG 6 Rim8 localization in wild-type and vps4A/A cells. Rim8-GFP fusions
were generated in a wild-type (JADO081) and vps4A/A (JAD083) background.
Cells were grown in M199 at pH 4 or pH 8 and GFP and stained with FM4-64.
Cells were analyzed and photographed by fluorescence microscopy.

cate that Rim8 modification to the 95- to 105-kDa forms is not
absolutely essential for interactions with Rim101.

Since Rim8 coimmunoprecipitates with Rim21 and Rim101
(Fig. 5B and C), we asked whether Rim21 and Rim101 interact. To
address this question, we constructed a Rim21-HA Rim101-V5
strain and determined whether Rim101-V5 coimmunoprecipi-
tates with Rim21-HA (Fig. 5D). At pH 8, when the Rim101 path-
way is active, the P1 form of Rim101 was pulled down with
Rim21-HA. In overexposed images, we also detected faint coim-
munoprecipitation of the P1 form of Rim101 from pH 4-grown
cells as well as full-length Rim101 at pH 4 and pH 8. These results
support the idea that Rim21, Rim8, and Rim101 can be found
within the same complex.

Vps4 limits Rim101 signaling. Vps4, an AAA-ATPase, is re-
quired to form multivesicular bodies (MVBs) and disassemble
ESCRT-III (6). In the absence of Vps4, ESCRT-III is stably local-
ized at the endosomal membrane and vacuolar fusion is impaired.
We and others have found that the vps4A/A mutant constitutively
processes Rim101 (22, 56), suggesting that the stable association
of ESCRT-III and specifically that of Snf7 with the endosomal
membrane allows the Rim101-processing machinery to associate
and process Rim101 in a pH-independent manner.

Thus, we predicted that Rim8-HA would be constitutively
modified to the 95- to 105-kDa forms in the vps4A/A background.
However, we found that while the vps4A/A mutant formed 82- to
90-kDa forms of Rim8-HA, it lacked the 95- to 105-kDa forms of
Rim8-HA under pH 8 inducing conditions (Fig. 3B, lanes 19 and
20). At steady state, we could detect some Rim8-HA in the 95- to
105-kDa range, although the majority of Rim8-HA was still in the
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nm101A/A  rim21A/A  dfg16A/A
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82- to 90-kDa range (data not shown). Thus, cells lacking Vps4 do
not promote wild-type-like modification of Rim8.

Since Vps4 affects Rim8-HA modification and constitutively
processes Rim101, we asked how loss of Vps4 affects the associa-
tion of Rim101 with Rim8 and Rim21. Immunoprecipitation of
Rim8-HA in the vps4A/A mutant background did pull down
Rim101-V5 (Fig. 5C, lanes 11 and 12). We found that in the ab-
sence of Vps4, the full-length, P1, and active forms of Rim101-V5
were coimmunoprecipitated with Rim8-HA regardless of pH.
Similarly, Rim101-V5 coimmunoprecipitated with Rim21-HA re-
gardless of pH, although only the full-length and P1 forms of
Rim101-V5 were observed (Fig. 5D). These results demonstrate
that in the absence of Vps4, Rim101 can associate with Rim21 and
Rim8 independently of extracellular pH, suggesting an explana-
tion for pH-independent Rim101 processing.

Rim8 appears to be degraded in the vacuole. Rim8 immuno-
precipitates with Rim21 and is modified in an ESCRT-dependent
manner. Thus, we asked where Rim8 is localized. A functional
Rim8-GFP C-terminal fusion was constructed, and localization
was determined at pH 4 and pH 8 by fluorescence microscopy
(Fig. 6). In acidic medium, Rim8-GFP was associated with the
plasma membrane (Fig. 6, arrowheads), similar to results de-
scribed for S. cerevisiae (23). However, we also noted that the
lumen of the vacuole, identified with the lipophilic dye FM4-64
(49), had a robust signal. GFP is resistant to vacuolar proteases
(39), suggesting that Rim8-GFP can be localized within the vacu-
ole. In alkaline medium, we found little plasma membrane-asso-
ciated localization and observed only vacuole-associated fluores-
cence. These results suggest that plasma membrane-localized
Rim8-GFP may be transported to the vacuole.

Since the Rim8 signal is reduced at neutral-alkaline pH (Fig. 1)
and appears to be localized to the vacuole, we considered the pos-
sibility that Rim8 may be degraded within the vacuole following
activation of the Rim101 pathway. If true, Rim8-GFP localization
to the vacuole should be Vps4 dependent. To address this idea, we
introduced RIMS-GFP into the vps4A/A mutant background. In
vps4A/A cells grown at either pH 4 or pH 8, Rim8-GFP was not
observed within the vacuole but was colocalized with FM4-64 in
class E-like structures around the presumptive vacuole (Fig. 6,
arrows).

Rim8 is transcriptionally repressed. RIM8 encodes a 3-arres-
tin-like protein required for Rim101 activation at neutral-alkaline
pH. However, RIMS transcription is repressed at alkaline pH in a
Rim101-dependent manner (9, 42). This led us to hypothesize
that Rim8 is a target for negative-feedback regulation. To identify
the genetic requirements for RIMS repression, we analyzed RIMS8
transcription at pH 4 and pH 8 by RT-PCR (Fig. 7). RIM8 mRNA
levels were reduced by ~40% at pH 8 compared to pH 4 in wild-
type cells, no RIM8 product was observed at either pH in the

nm101A/A
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FIG 7 RIMS transcription is repressed by activated Rim101. RT-PCR on total RNA purified from wild-type (DAY1), rim8A/A (DAY61), rim101A/A (DAY5),
rim21A/A (JADO003), dfgl6A/A (KBCO33), rim20A/A (DAY23), rim13A/A (DAY349), snf7A/A (DAY534), vps4A/A (DAY537), and rim10IA/A RIM101-281
(DAY1145) cells grown at pH 4 and pH 8. Controls lacking reverse transcriptase were performed, with no bands observed (data not shown). RT-PCR for ACT1
was included as a normalization control.
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FIG 8 Model of Rim8 modification and degradation. Under acidic conditions, Rim8 (8) is hypophosphorylated but can associate with Rim21 at the plasma
membrane. Rim8 appears to be taken up via endocytosis and transported to the vacuole in a Rim21-dependent fashion. ESCRT-I (I), -II (II), and -IIla
components Vps20 (20) and Snf7 (7) associate with the endosome and promote MVB formation. The MVB then fuses with the vacuole. Under these conditions,
Rim20 (20) does not associate with Snf7 and Rim101 (101) processing does not occur. Under neutral-alkaline conditions, hypophosphorylated Rim8 presumably
associates with phosphorylated Rim21 and is taken up by endocytosis. ESCRT-I, -1I, and -IIIa are recruited and Rim8 is phosphorylated to the intermediate 87-
to 95-kDa forms. Via a currently unknown mechanism, Rim20 and Rim13 (13) can then associate with Snf7 to promote Rim101 processing. Rim8 is hyper-

phosphorylated, which may promote MVB formation and allow vacuolar fusion.

rim8A/A mutant, and RIMS8 was expressed similarly at either pH
and at levels similar to those for wild-type cells at pH 4 in the
rim101A/A mutant (Fig. 7, 1anes 1 to 6). These results are in agree-
ment with previous studies and establish the veracity of the RT-
PCR approach.

We next determined if other Rim101 pathway members were
required for RIMS repression. Indeed, the rim21A/A, dfgl6A/A,
rim20A/A, and rim13A/A mutants expressed RIM8 similarly to
the 7im10IA/A mutant (Fig. 7, lanes 7 to 14), demonstrating that
RIMS repression requires Rim101 activation. We also found that
the snf7A/A mutant failed to repress RIM8 (Fig. 7, lanes 15 and
16), as expected, since this mutant does not activate Rim101 (28,
55). However, we found that the vps4A/A mutant also failed to
repress RIM8 (Fig. 7,1anes 17 and 18), which was unexpected since
this mutant constitutively activates Rim101 (Fig. 5C) (56). Al-
though the vps4A/A mutant constitutively activates Rim101, the
levels of processed active Rim101 are reduced compared to those
for wild-type cells (55). Thus, we considered either that the level of
active Rim101 may not be sufficient to promote RIMS repression
or that processed Rim101 is necessary but not sufficient to pro-
mote RIMS repression. To test the latter possibility, we analyzed
RIMS repression in a strain expressing only the constitutively ac-
tive RIM101-281 allele (55), which bypasses the signaling and pro-
cessing requirements of the Rim101 pathway. In the rimI0IA/A
RIM101-281 background, RIMS, but not ACT1, transcription was
greatly reduced at both pH 4 and pH 8 (Fig. 7, lanes 19 and 20).
These results suggest that processed Rim101 is sufficient to pro-
mote RIM8 repression and suggest that there is insufficient active
Rim101 generated in the vps4A/A mutant to promote repression.

DISCUSSION

B-Arrestin proteins function in receptor desensitization but also
play a direct role in signal transduction. In fungi, the B-arrestin-
like protein Rim8/PalF is essential for regulation of the Rim101
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transcription factor in response to environmental pH (3, 13, 42,
48). Much like the B-arrestin proteins in mammalian systems, C.
albicans Rim8 interacts with a receptor, Rim21, which senses en-
vironmental pH. Our studies further demonstrate that Rim8 can
be found within complexes containing the transcription factor
Rim101, which itself can be found in complexes containing
Rim21. These results suggest that B-arrestin proteins can link a
receptor with its cognate transcription factor. We also found that
like some other B-arrestin-like proteins, Rim8 is posttranslation-
ally modified by phosphorylation (34, 35). However, C. albicans
Rim8 can be found in multiple phosphorylation states, which are
linked with Rim101 activation. Finally, our results suggest a novel
signal transduction regulation. When the Rim101 pathway is ac-
tivated, the cytosolic Rim8 protein is delivered to the vacuole and
degraded. Based on the similarities between fungal and mamma-
lian B-arrestin-dependent signal transduction, we propose that
lysosomal degradation may play an important role in B-arrestin
regulation in mammalian systems as well. These analyses shed
important insights into the evolving paradigm of the linkage be-
tween endocytosis and signal transduction pathways in eukaryotic
cells.

Model for Rim8 phosphorylation and activity. Based on our
analyses, we propose the following framework to consider Rim8
modification, localization, and function (Fig. 8). Rim8 was found
in several phosphorylation states: a hypophosphorylation state
(82- to 87-kDa forms), an intermediate phosphorylation state
(87- to 95-kDa forms), and a hyperphosphorylated state (95- to
105-kDa forms). The hypophosphorylation state is observed at
acidic pH, when Rim101 is not processed, and is thus considered
inactive. The fact that Rim8 appears within the vacuole at pH 4
suggests that Rim8 is constitutively trafficked to the vacuole.

The intermediate and hyperphosphorylation states are ob-
served at neutral-alkaline pH when Rim101 processing is defective
or intact, respectively. This suggests that Rim8 hyperphosphory-
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lation is directly linked to Rim101 processing. However, the
vps4A/A mutant, which constitutively processes Rim101, does not
promote Rim8 hyperphosphorylation. Thus, we are considering a
model where hyperphosphorylation is a secondary modification
occurring concomitantly with or after Rim101 processing that is
linked to uptake into MVBs (Fig. 8). In mammalian systems, {3,-
adrenergic receptor stimulation promotes 3-arrestin 1 association
and clathrin-dependent endocytosis. Following receptor internal-
ization, (-arrestin 1 can be phosphorylated by extracellular sig-
nal-regulated kinases, which inhibits B-arrestin 1 function (35).
Thus, the hyperphosphorylated forms of Rim8 may be additional
modifications that similarly inhibit Rim8 function or promote
uptake of Rim8 into MVBs and transport to the vacuole. Although
Rim8 does not appear to be localized to the vacuole in S. cerevisiae
(23), a two-step modification system that differentiates internal-
ization and vacuolar targeting has been demonstrated for yeast
a-arrestin-dependent receptors, although this system uses ubiq-
uitin instead of phosphorylation (16, 30).

The hypothesis that Rim8 is taken up into MVBs also explains
a previously unresolved observation. In C. albicans, Rim101 is
processed to the small P1 form in a pH-independent manner (Fig.
1A) (31), although no function has been associated with this form
of Rim101. In other fungi, Rim101/PacC processing does not oc-
cur at the more acidic pHs (29, 32, 41). Since Rim8 appears to be
trafficked to the vacuole of cells grown at acidic pH, we propose
that Rim101 may weakly associate with Rim8 on endosomes in the
absence of an activating signal. Under these conditions, Rim101 is
not processed but is taken up into MVBs with Rim8 and trans-
ported to the vacuole. In this model, the P1 form of Rim101 rep-
resents a partially stable degradation product. In S. cerevisiae,
where no Rim101 processing is observed at acidic pH, Rim8 does
not appear to be trafficked to the vacuole (23). It will be necessary
to analyze Rim8/PalF localization in other fungal species to deter-
mineif vacuolarlocalization and degradation were lost in S. cerevi-
siae or gained in C. albicans.

Rim8 modification: phosphorylation versus ubiquitination.
In the related ascomycetes S. cerevisiae and A. nidulans, Rim8/PalF
is posttranslationally modified by ubiquitination. In A. nidulans,
this modification is linked to environmental pH and is required
for PacC activation, but in S. cerevisiae it is not (23-25). We were
not able to detect Rim8 ubiquitination in C. albicans but instead
found robust phosphorylation (Fig. 2). A. nidulans PalF is also
known to be phosphorylated in a pH-dependent manner (24),
although the role that PalF phosphorylation plays in PacC activa-
tion has not been explored. Based on our findings, we suggest that
the PalF phosphorylation observed in A. nidulans may also be
critical for PacC pathway signaling.

The fact that we did not detect Rim8 ubiquitination in C. albi-
cans suggests either that C. albicans Rim8 is not ubiquitinated or
that Rim8 is ubiquitinated at levels too low to be detected using
our assays. In S. cerevisiae, Rim8 ubiquitination occurs at residue
K521 (23), which is located 12 residues C terminal to a PXY do-
main predicted to be critical for interacting with the WW domain
of the Rps5 E3 ubiquitin ligase (20, 51). K521 is also located 13
residues N terminal to the SXP domain that interacts with the
UEV domain of Vps23 (23). In C. albicans Rim8, the cognate
lysine, K538, is similarly located 13 residues N terminal to an SXP
domain. However, 12 residues N terminal to K538 is not a PXY
motifbut a divergent PXF sequence. This supports the idea that C.
albicans Rim8 may not be ubiquitinated. However, a PXY domain
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is located 20 residues N terminal to K538, and there is not an
absolute spacing requirement for Rsp5 function (44). It is note-
worthy that C. albicans Rim8 has 64 potential phosphorylation
sites (41 Ser, 5 Thr, and 12 Tyr), whereas S. cerevisiae has 42 po-
tential phosphorylation sites (26 Ser, 7 Thr, and 9 Tyr). Of these
sites, 28 and 15 have a high confidence (>0.950 from NetPhos
software, version 2.0) of being phosphorylated in C. albicans and
S. cerevisiae, respectively. Thus, C. albicans Rim8 has a greater
potential to be phosphorylated than S. cerevisiae Rim8. Regardless,
these analyses demonstrate several fruitful directions to elucidate
the nature and role of specific Rim8 modifications.

Why does Rim8/PalF posttranslational modification vary be-
tween C. albicans, S. cerevisiae, and A. nidulans? While there is
currently no definitive answer to this question, we suggest that
environmental pH stresses found within the mammalian host
may provide one explanation. C. albicans is a commensal of the
oral and gastrointestinal tract. Thus, a C. albicans cell residing
within the slightly alkaline oral cavity may find itself within a
markedly acidic environment by the simple act of swallowing.
Thus, it is possible that unique host environments colonized by C.
albicans may require a more rapid and/or finely controlled re-
sponse to extracellular pH.

Rim8 as a point of negative-feedback regulation. Upon
Rim101 pathway activation, Rim8 levels are rapidly reduced. We
believe that our results best support a model where Rim8 levels are
reduced in large part because Rim8 is taken up into MVBs and
trafficked to the vacuole. We propose that reduction in Rim8 lev-
els serves to negatively regulate the Rim101 pathway.

Upon exposure to neutral-alkaline pH, Rim101 is proteolyti-
cally processed to the active form, which promotes gene expres-
sion changes associated with growth at these environmental pHs.
Active Rim101 promotes its own induction, leading to a positive-
feedback loop (13, 43). This leads to the following questions: how
is the positive-feedback loop limited, and what happens when cells
are then exposed to acidic pH environments?

We propose that both questions are answered by the degrada-
tion of Rim8. Not only does active Rim101 induce its own expres-
sion, but it also represses RIMS8 transcription ~40% (Fig. 7) (9,
42). This reduces the message available to express new Rim8 pro-
tein. As Rim8 levels are reduced, less signaling from Rim21 can be
transmitted. This serves to delay processing of newly translated
Rim101, thus limiting the positive-feedback loop. If the environ-
mental pH drops, Rim21 is no longer stimulated and newly trans-
lated Rim8 is not modified, leading to a rapid inhibition in con-
tinued Rim101 processing.

Activation of the Rim101 transcription factor by proteolysis of
the inhibitory C-terminal domain has been compared to the acti-
vation of mammalian NFkB by the proteolysis of the inhibitory
protein IFkB. Our work allows an extension of this comparison, as
B-arrestin proteins can interact with IFkB and stabilize NFkB-
IFkB (37, 54). This B-arrestin-NFkB—IF«B interaction inhibits
activation of the transcription factor, which is the converse of our
system, in which Rim8 promotes Rim101 activation. Regardless,
the paradigm of arrestin-dependent regulation of a transcription
factor is conserved and, we suggest, may be a more common
mechanism for signal transduction than has previously been ap-
preciated. Furthermore, the paradigm that we envision for Rim8
trafficking from the plasma membrane to the endosomal mem-
brane and then within MVBs has also been suggested in higher
eukaryotes. Glycogen synthase kinase 3, a cytoplasmic regulator of
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the Wnt signaling receptor frizzled, is also internalized into MVBs
(46). Not surprisingly, like Rim101 activation, Wnt signaling re-
quires endocytosis (10, 59, 60). Again, these results suggest that
the intimate connection between the signal transduction and en-
docytic pathways is a conserved phenomenon throughout the eu-
karya.
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