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Many fungal pH responses depend upon conserved Rim101p/PacC transcription factors, which are activated
by C-terminal proteolytic processing. The means by which environmental pH is sensed by this pathway are not
known. Here, we report a screen of the Saccharomyces cerevisiae viable deletion mutant library that has yielded
a new gene required for processed Rim101p accumulation, DFG16. An S. cerevisiae dfgl6A mutant expresses
Rim101p-repressed genes at elevated levels. In addition, Candida albicans dfgl6A/dfgl6A mutants are defective
in alkaline pH-induced filamentation, and their defect is suppressed by expression of truncated Rim101-405p.
Thus, Dfgl6p is a functionally conserved Rim101p pathway member. Many proteins required for processed
Rim101p accumulation are members of the ESCRT complex, which functions in the formation of multivesicu-
lar bodies (MVBs). Staining with the dye FM4-64 indicates that the S. cerevisiae dfg16A mutant does not have
an MVB defect. We find that two transcripts, PRY] and ASNI1, respond to mutations that affect both the
Rim101p and MVB pathways but not to mutations that affect only one pathway. The S. cerevisiae dfgl6A
mutation does not affect PRYI and ASNI expression, thus confirming that Dfgl6p function is restricted to the
Rim101p pathway. Dfgl6p is homologous to Aspergillus nidulans PalH, a component of the well-characterized
PacC processing pathway. We verify that the previously recognized PalH homolog, Rim21p, also functions in
the S. cerevisiae Rim101p pathway. Dfgl6p is predicted to have seven membrane-spanning segments and a long

hydrophilic C-terminal region, as expected if Dfgl6p were a G-protein-coupled receptor.

The recognition of environmental cues and presentation of
an appropriate response are central to the survival of micro-
organisms. The range of possible responses is broad and may
affect metabolic activities, organelle biogenesis, cell division, or
differentiation. For pathogens, environmental response path-
ways are typically critical for virulence. Our interests are in
how diverse responses are coordinated and how coordination
mechanisms may have evolved.

For the yeast Saccharomyces cerevisiae, the environmental
pH affects growth as well as differentiation to permit invasive
growth or meiotic sporulation. Among gene products that are
required for adaptation to alkaline pH, haploid invasive
growth, and sporulation is the zinc finger transcription factor
Rim101p (19, 22, 31, 32). Microarray analysis and chromatin
immunoprecipitation studies (18) have shown that S. cerevisiae
Rim101p functions as a repressor through the target site TG
CCAAG. Among its key repression targets are two transcrip-
tion factor genes, SMPI and NRGI. Epistasis tests indicate
that Smplp mediates effects of Rim101p on invasive growth
and sporulation, whereas Nrglp mediates effects on adaptation
to alkaline pH and ion tolerance (18).

Rim101p homologs include Candida albicans Rim101p, Yar-
rowia lipolytica Rim101p, and the very well-studied Aspergillus
nidulans PacC (reviewed in reference 25). Functional analysis
indicates that Rim101p/PacC family proteins play a key role
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in pH-dependent responses in these organisms. Full-length
Rim101p/PacC family members are biologically inactive and
are activated by proteolytic removal of the C-terminal region.
The N-terminal cleavage product, containing the zinc finger re-
gion, is an active repressor in the case of S. cerevisiae Rim101p.
More complex cleavage patterns are seen with A. nidulans
PacC (reviewed in reference 25) and C. albicans Rim101p (21),
and these proteins may function as activators as well as repres-
sors (2, 25, 26).

Genetic screens in A. nidulans, S. cerevisiae, and Y. lipolytica
have identified conserved gene products that are required for
Rim101p/PacC processing, including Rim13p/PalB, a cysteine
protease that presumably cleaves Rim101p/PacC; Rim20p/
PalA, a protein that binds to the Rim101p/PacC C-terminal
region; Rim8p/PalF, a protein with similarity to arrestins; and
Rim9p/Pall and Rim21p/PalH, two proteins with multiple pre-
dicted membrane-spanning segments (reviewed in reference
25). Homologs of these processing proteins are specified by
many fungal genomes. Therefore, the Rim101p/PacC process-
ing pathway and its overall biological role may be broadly
conserved among fungi.

Recent findings in S. cerevisiae and C. albicans indicate that
subunits of the ESCRT complex are also required for Rim101p
processing (17, 37). The ESCRT complex is well-known for its
role in eukaryotic vesicle trafficking: it is required for forma-
tion of multivesicular bodies (MVBs), a specialized class of
vesicle that delivers cargo proteins to the vacuole or lysosome
(reviewed in reference 16). These MVB cargo proteins include
plasma membrane receptors that have been removed through
endocytosis and are destined for vacuolar/lysosomal degrada-
tion. Other MVB cargo proteins are biosynthetic precursors of
resident vacuolar/lysosomal hydrolases. The ESCRT complex
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is required to promote invagination of the limiting vesicular
membrane to create an MVB. Eight ESCRT subunits (Snf7p/
Vps32p, Vps20p, Snf8p/Vps22p, Vps25p, Vps36p, Vps23p,
Vps28p, and Vps37p), which form what has been called the
core ESCRT complex (3), function in both MVB formation
and Rim101p processing (17, 37). Other proteins required for
MVB formation and trafficking, including Vps27p, Vps2p,
Vps24p, Vpsdp, Brolp, Doadp, and Vps60p, are not required
for Rim101p processing (17, 37). Two-hybrid studies (13) and
functional analysis (36, 37) have led to the model that the core
ESCRT subunits may bridge the interaction between the pro-
tease Rim13p and the substrate complex Rim20p-Rim101p
(37).

Here, we report the characterization of a new gene that is
required for Rim101p processing in S. cerevisiae. Its role is
conserved, as evidenced by analysis of its C. albicans homolog.
Our findings provide new insight into the Rim101p/PacC path-
way and its relationship to ESCRT subunit function.

MATERIALS AND METHODS

Strains and media. The haploid S. cerevisiae deletion strain libraries derived
from the parental strain, BY4741 (MATa his3A1 leu2AO met15A0 ura3A0) and
BY4742 (MATa his3A1 leu2A0 lys2A0 ura3A0), were purchased from Invitrogen
(Carlsbad, CA). Strain YKB167 was derived from the RIM10I-HA2 epitope-
tagged strain WXY169 (36). The dfgl6A::kanMX4 mutation was introduced by
PCR product-directed gene disruption using genomic DNA from the dfgl/6A::
kanMX4 yeast deletion clone (Invitrogen) as a template along with the primers
TTC TTT TGT TGT TTC GGG GTG (forward) and TGC CAG AAG GAT
TTG GAA CA (reverse).

All C. albicans strains were derived from strain BWP17 (ura3A:Nimm434/
ura3A:Nimm434 his1::hisG/his1::hisG arg4::hisG/arg4::hisG) through standard
transformation methods (35). The dfgl6A::URA3/dfgl 6A::ARG4 strain, KBC033,
was generated by PCR product-directed gene disruption using the primers AGA
TCG AAA CAC TTG ATT TTA ATT TAT ATC GGG TTT TGT TAG GAC
AGC AGA TCG AAA AAG TAA TAA TAC CAA CTATTT CTT TCC CAG
TCA CGA CGT T (forward) and AAG CTA TAC AAA TAA TTC TAT ACT
TTG CTT CAG GAC CTA TAA TGA TGA AAG TTG TTT ACA TTT CTA
TTGA AAG AAT GGA GTG GAA TTG TGA GCG GAT A (reverse). The
genotypes of three independent homozygotes (each derived from an indepen-
dent heterozygote) were verified by PCR using the primer pair ATT TTC TTG
TTC GCA CGA CC (forward) and CAA AGC ACT CTG ATT GGT GAA
(reverse). The deletion removed the entire DFG16 open reading frame.

Medium composition followed standard recipes (5, 14).

Transformations. Yeast deletion library strains were transformed in 96-well
microtiter plates using a lithium acetate transformation method modified from a
method described previously by Gietz and Woods (10). Strains were grown
overnight in 200 pl of yeast-peptone-dextrose (YPD) medium at 30°C before
harvesting cells by centrifugation at 1,500 X g. Cells were washed once in 200 pl
sterile water and twice in 200 pl 0.1 M lithium acetate and then suspended in
25 pl 0.1 M lithium acetate. A 120-pl volume of 50% polyethylene glycol was
mixed into each well, followed by 55 pl transformation mix (50 wg boiled salmon
sperm DNA, 330 mM lithium acetate, and 300 to 500 ng transforming DNA)
before incubation overnight at 30°C. Cells were pelleted by centrifugation at
1,500 X g and resuspended in 10 pl water. Transformations were spotted onto
selective plates (24 per plate) and grown at 30°C for 2 to 4 days. Once colonies
had appeared, they were replica plated onto new selective plates and grown for
1 day at 30°C before B-galactosidase assays were performed.

For electroporations, S. cerevisiae strains were grown overnight at 30°C with
shaking. Cells were harvested by centrifugation at 15,000 X g for 10 s and washed
twice with cold 1 M sorbitol containing 20 mM HEPES before being resuspended
in the same solution with a volume equal to the packed cell volume. If the
transforming DNA contained any salts, it was ethanol precipitated before ap-
proximately 1 g was mixed with 40 ul of yeast cells and placed into electropo-
ration cuvettes that had been chilled on ice. Electroporation was carried out at
1.6 V, 200 A&, and 25 wF using a Bio-Rad Genepulser. Cells were immediately
resuspended in 0.2 ml cold 1 M sorbitol and plated on selective medium.

Electroporation of Escherichia coli was carried out at 2.5 V, 200 &, and 25 wF.
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Cells were immediately resuspended in 0.9 ml LB medium and grown for 1 h at
37°C with shaking before plating.

Plasmids. The Rim101p repression reporter plasmid pAED39 has been de-
scribed previously (18). The URA3-V5-RIMI0I fusion gene, used to detect
Rim101p processing activity, was inserted into a CEN-LEU2 vector, pRS315,
creating plasmid pKJB011. The fusion gene includes native RIM101 5’ sequences
to drive expression of an epitope-tagged URA3-V5 coding region fused in frame
to RIM10I codons 501 to 628 and native 3’ sequences. The construction and
characterization of this fusion gene will be reported elsewhere (W. Xu and A. P.
Mitchell, unpublished results).

Complementation studies in C. albicans were carried out using plasmid
pKJB024. This plasmid was created by amplifying DFG16 from BWP17 genomic
DNA by PCR using the primers TGT GGA AAG CAA ACA CTG TG (forward)
and CAA AGC ACT CTG ATT GGT GAA (reverse). After cloning into
pGem-T Easy (Promega, Madison, WI), an NgoMIV-SaplI fragment was re-
leased for in vivo recombination in S. cerevisiae with NotI-cut pDDB78 (30).
Suppression studies were carried out using plasmids pDDB61 (RIM101) and
pDDB71 (RIM101-405) as described previously (4).

B-Galactosidase assays. A 0.45-pm 85-mm nitrocellulose membrane (Milli-
pore Corporation, Bedford, MA) was placed on a selective plate and a YPD
plate for replica plating of each plate of transformations before incubation
overnight at 30°C. Membranes were removed from the plates and placed at
—80°C for 1 h to permeabilize the cells. Disks of 3M filter paper (Whatman)
were soaked in 3 ml Z buffer (60 mM Na,HPO, [anhydrous], 60 mM NaH,PO,,
10 mM KCI, 1 mM MgSO,) containing 35 pl 5-bromo-4-chloro-3-indolyl-B-p-
galactoside (50 pg pl™! stock solution in dimethylformamide), and the mem-
branes were placed on top. Membranes were incubated for 1 h at 30°C. The
reaction was stopped by removing the membranes from the filter paper, and
results were scored immediately.

Immunoblots. Cells were grown overnight in selective medium at 30°C and
used to inoculate YPD at an optical density at 600 nm (ODy) of 0.25. After two
doublings, cells were pelleted, resuspended at an ODg of 50 in 3X Laemmli
buffer, vortexed with glass beads, and boiled for 5 min. After centrifugation, 20
to 60 wl of the supernatant was fractionated on a 9% sodium dodecyl sulfate-
polyacrylamide gel and transferred to nitrocellulose. For V5 epitope detection,
the filter was probed with anti-V5-horseradish peroxidase antibody (Invitrogen)
(1:5,000 dilution in phosphate-buffered saline-Tween). For hemagglutinin (HA)
epitope detection, the filter was probed with anti-HA-peroxidase antibody (3F10;
Roche Diagnostics, Indianapolis, IN) (1:10,000 dilution in phosphate-buffered
saline-Tween). Peroxidase activity was visualized using ECL detection reagents
(Amersham, Piscataway, NJ).

Transcript analysis. For analysis of transcription after an alkaline shift, strains
were inoculated in YPD medium at an ODyg of 0.05 and grown to an ODy, of
0.25. Cells were collected and resuspended in YPD medium containing 0.1 mM
HEPES (pH 8). After the wild-type strain had doubled (approximately 4 h), all
strains were harvested and snap frozen in a dry ice/ethanol bath. Isolation of
RNA was carried out using a hot-phenol method (29).

Microarrays and Northern blotting were performed as previously described
(18). Analysis was performed using the Affymetrix Microarray Suite, version 5,
analysis program. Data were manipulated with Microsoft Excel worksheet func-
tions.

Northern probes were generated by PCR using BY4741 genomic DNA as a
template with the following oligonucleotide pairs: for PRY1, TGC AAG GCG
TAG TTT ATG TCG (forward) and CGG GGT CGT AAC TAC AGA TGA
(reverse); for ASN1, GAC ACT ATC ACT GCA TTC CCA (forward) and ATT
TCA TCG GAA CCT TCA CC (reverse); for ENOI, CCA AGC AAC TGC
TTA TCA ACA (forward) and GAA CTG GCA AAA CGT ATG GA (reverse).
The NRGI and SMP1 oligonucleotides have been described elsewhere previously
(18). ImageQuant software, version 1.2 (Molecular Dynamics), was used for
quantification of Northern blots.

Membrane staining. Staining with N-(3-triethylammoniumpropyl)-4-(p-dieth-
ylaminophenyl-hexatrienyl)-pyridinium dibromide (FM4-64; Molecular Probes)
followed the procedure previously described by Amerik et al. (1), with slight
modifications. Cells were grown for two doublings to mid-log phase in 10 ml
YPD medium at 30°C and then harvested and resuspended in 166 pl YPD to
which 0.4 pl 16 mM FM4-64 in dimethyl sulfoxide was added. The tubes were
wrapped in foil and incubated at 30°C for 20 min on a shaker. The cells were
harvested, washed once with 200 ul YPD medium, resuspended in 200 pl YPD
medium, and incubated at 30°C for 60 min on a shaker. Membrane staining was
visualized immediately after the second incubation by fluorescence microscopy
with a Nikon Eclipse E800 microscope equipped with a Plan Apo 100X/1.4
objective. Images were preserved with Improvision software.
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TABLE 1. Results of CYCIp,.c-lacZ reporter screen

Description

Transcriptional repressor, response to pH, sporulation, meiosis

Regulator of IME2, RIM101 pathway member

Regulator of IME2, RIM101 pathway member, probably a transmembrane protein
Cysteine-type endopeptidase involved in Rim101p processing

Regulator of IME2, RIM101 pathway member, scaffold protein that interacts with

Rim20p and Snf7p

Regulator of IME2, RIM101 pathway member, probably a transmembrane protein
Vacuolar protein sorting, ESCRT-I

Vacuolar protein sorting, ESCRT-I

Vacuolar protein sorting, ESCRT-I

Vacuolar protein sorting, ESCRT-II

Vacuolar protein sorting, ESCRT-II

Vacuolar protein sorting, ESCRT-II

Vacuolar protein sorting, ESCRT-III

Vacuolar protein sorting, ESCRT-III

General repressor of transcription (with Ssn6p); mediates glucose repression

AuTophaGy-related vacuolar protein involved in processing/maturation
RNA binding, spliceosome assembly

Citrate synthase

Casein kinase II alpha subunit

Beta (38-kDa) subunit of protein kinase CK2

Defective in flocculant growth

Digs into agar

Integral membrane Ca*"-ATPase

GTPase activity, translation initiation factor activity

Glycogen phosphorylase

F-box protein component of the SCF ubiquitin-ligase complex

Protein associates with INO80 chromatin remodeling complex under low-salt

conditions

Similar to catalytic subunit of bovine type 2A protein phosphatase

Ornithine decarboxylase

S-Adenosylmethionine decarboxylase

Putrescine aminopropyltransferase

Subunit of the SAGA and SAGA-like transcriptional regulatory complexes

Negative regulation of transcription from Polll promoter

General repressor of transcription (with Cyc8p); also acts as part of a transcriptional

coactivator complex that recruits the SWI/SNF and SAGA complexes to promoters

Subunit (30 kDa) of TFIID, TFIIF, and SWI/SNF complexes

Thiamine biosynthetic bifunctional enzyme

Ubiquitin-protein ligase

Vacuolar membrane protein that interacts with Atgl3p, required for cytoplasm-to-

vacuole targeting (Cvt) pathway

Name Alias ORF*
RIM101 RIM1 YHLO027W
RIMS PAL3 YGLO045W
RIMY YMRO063W
RIM13 CPLI YMR154C
RIM20 YOR275C
RIM21 PAL2 YNL294C
STP22 VPS23 YCLO008C
VPS28 VPT28 YPLO65W
SRN2 SRN10, VPS37 YLR119W
VPS36 VAC3, VPL11, GRDI2 YLR417W
VPS25 VPT25 YJR102C
SNF8 VPSs22 YPL002C
VPS20 YMRO077C
SNF7 DIDI, VPS32 YLRO25W
TUPI AARI, AER2, AMM1, CRT4, CYCY9, YCRO084C

FLKI1, ROX4, SFL2, UMR7
ATG21 MAIT YPL100W
BRRI YPRO57TW
CITI CS1, LYS6 YNROO1C
CKA2 YORO061W
CKB1 YGLO19W
DFGI6 ECMA41, ZRG11 YORO030W
DIA2 YORO08OW
DRS?2 FUN38, SWA3 YAL026C
FUNI2 YALO35W
GPHI YPR160W
GRRI1 CATS80, COT2, SSU2 YJR090C
1ES6 YEL044W
SIT4 LGN4 YDL047TW
SPE1 ORDI, SPEI0 YKL184W
SPE2 YOL052C
SPE3 YPRO69C
SPT3 YDR392W
SRBS GIG1, NUT6, SSN5 YCRO81W
SSN6 CRTS, CYCS YBR112C
TAF14 SWP29, TAF30, TFG3, ANCI YPL129W
THI6 YPL214C
UBRI1 PTRI YGR184C
VACS YEB3 YELO13W
YGRI22W YGR122W
YPRI116W YPR116W

Unknown
Uncharacterized

“ ORF, open reading frame.

RESULTS

Screen for Rim101p repression and processing defects. To
identify new genes that may function in the Rim101p pathway,
we screened the S. cerevisiae haploid deletion strain library
with a Rim101p-repressible reporter plasmid. The plasmid con-
tains four PacC sites inserted between the upstream activation
sequence and TATA regions of a CYCI-lacZ fusion (18). This
CYCl,,.c-lacZ reporter gene is expressed at much lower levels
in wild-type cells, which contain processed Rim101p, than in a
rimI0IA strain, which lacks Rim101p, or in a rimI3A strain,
which contains only unprocessed Rim101p (18). We used re-
porter plasmid expression as an indication that a strain is
defective in Rim101p-dependent repression.

The 4,828 MATa deletion library strains were transformed
with the reporter plasmid, and 84% of the strains yielded
transformants. There were 40 strains that showed higher re-
porter expression than the parent strain (Table 1) after several
assays. These strains included all six deletion mutants lacking

previously known Rim101p pathway genes and all eight dele-
tion mutants lacking core ESCRT subunits. The group also
included the deletion mutant lacking the corepressor Tuplp, as
expected (18). The remaining 25 strains had deletions of genes
not associated previously with the Rim101p pathway.

We used a URA3-V5-RIM101 fusion gene to determine wheth-
er any repression-defective deletion strains may be defective in
Rim101p processing. This fusion gene consists of an epitope-
tagged URA3-V5 gene fused in frame to RIM101 codons 501 to
628, which specify the Rim101p C-terminal segment, and is
expressed from the RIMI01 5’ region. Immunoblots showed
that the wild-type strain contained both processed and unproc-
essed forms of Ura3-V5-Rim101p (Fig. 1A, lane 2), whereas a
control im20A strain contained only the unprocessed form
(lane 1). A control rimI0IA strain contained the processed
form of the protein (lane 3), thus indicating that Rim101p
repression activity is not required for Rim101p processing.

Among the deletion strains, accumulation of Ura3-V5-
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FIG. 1. Processing of Ura3-V5-Rim101p and Rim101-HA2p. (A,
B) Protein extracts from MATa deletion library S. cerevisiae strains
containing a URA3-V5-RIM101 plasmid were analyzed on an anti-V5
immunoblot to visualize the unprocessed and processed forms of the
protein. Protein amounts loaded were approximately equal, as deter-
mined by Ponceau-S staining, with the exception of panel A, lanes 10,
12, 15, 17, and 19, and panel B, lanes 1, 4, and 6. These lanes were
intentionally loaded with two or three times as much protein, as indi-
cated above the lane, in order to detect the epitope. (C) Protein
extracts from yeast strains WXY169 (RIM101-HA2 DFGI16) and
YKB167 (RIM101-HA2 dfgl6A) were analyzed on an anti-HA immu-
noblot to visualize the processing of the epitope-tagged Rim101p,
expressed from the native RIM101 locus.

Rim101p forms fell into three categories (Fig. 1). In the first
category, both unprocessed and processed forms were appar-
ent. This group included drs2A, cka2A, dia2A, thi6A, atg21A,
vac8A, ubrlA, ypr116wA, citlA, funl2A, ckbIA, tuplA, grrlA,
ssnb6A, spelA, spe2A, and spe3A deletion strains. These genes
may be required for processed Rim101p repression activity or
DNA binding ability. In the second category, overall levels
of Ura3-V5-Rim101p were low. This group included tafl14A,
spt3A, ygri22wA, gphlA, brrl A, srbSA, sit4A, and ies6A deletion
strains. The low protein level may represent decreased tran-
scription, translation, protein stability, or, perhaps, plasmid
stability. The final category comprised strains that accumulated
only unprocessed Ura3-V5-Rim101p. The dfgl/6A strain clearly
had this property (Fig. 1A, lane 6). The ygri22wA and gphlA
strains might fit into this category as well (Fig. 1A, lanes 15 and
17), but their low levels of Ura3-V5-Rim101p made it difficult
to distinguish processed Ura3-V5-Rim101p from a faint back-
ground band. These results indicate that Dfgl6p may be re-
quired for Rim101p processing.

We used two approaches to confirm that the dfgl6A deletion

DFG16 AND pH RESPONSE IN S. CEREVISIAE AND C. ALBICANS 893

and not a secondary mutation causes a defect in processed
Rim101p accumulation. First, the Ura3-V5-Rim101p plasmid
was transformed into an independently constructed dfgl6A
strain from the MA T« deletion library. The transformant also
accumulated only unprocessed Ura3-V5-Rim101p (data not
shown). This result argues that the dfg/6A mutation is the
cause of the defect. Second, we introduced a dfg/6A mutation
into a strain expressing functional epitope-tagged Rim101-
HAZ2p and analyzed processing on an immunoblot (Fig. 1C).
The DFGI16 parent strain expressed primarily processed
Rim101-HA2p of ~90 kDa, whereas the dfg/6A mutant ex-
pressed only unprocessed Rim101-HA2p of ~98 kDa. There-
fore, the dfgl6A mutation does not simply affect the Ura3-V5-
Rim101p fusion protein, it affects native Rim101p as well. We
conclude that Dfgl6p is required for accumulation of pro-
cessed Rim101p.

Requirement for Dfgl6p in Rim101p pathway function. If
Dfgl6p is required for processed Rim101p accumulation, then
dfgl6A and rim101A mutants should have similar phenotypes.
One promising indication is that Dfgl6p, like Rim101p, is
known to be required for haploid invasive growth (24). In
order to investigate Dfgl6p function in control of Rim101p-
responsive genes, we performed microarray analysis on the
dfgl6A mutant in parallel with the isogenic wild-type and
rim101A strains. In addition, we included rim2IA and snf7A
deletion strains. Rim21p has several similarities to Dfgl6p (see
Discussion) and has been implicated in the Rim101p/PacC
pathways in A. nidulans and Y. lipolytica (11, 25). However, it
has not been characterized in S. cerevisiae. Snf7p is of interest
as an ESCRT subunit that functions in both the Rim101p
processing pathway and the MVB pathway (17, 37), a point
that is elaborated upon below. Because the Rim101p pathway
is responsible for adaptation to alkaline conditions in yeast,
this analysis was carried out on RNA that had been isolated
from yeast grown in standard YPD medium (pH 6.6) and then
shifted to alkaline YPD medium (pH 8) for approximately 4 h.
(The entire data set is available in the supplemental material.)
We found that 14 of 16 genes that had been up-regulated in
rim101A mutants in the SK-1 and YCI11 strain backgrounds
(18) were up-regulated in the riml0IA strain analyzed here.
These 14 genes include all genes known to be repressed di-
rectly by Rim101p: YJR0O61W, YOR389W, YPL277C, RIMS,
PRBI, NRG1, and SMPI (18). However, we did not detect
increased expression in the rim101A strain of CTSI, which we
had previously detected only in SK-1 strains, or YPLOSSW. We
also found that 11 of 17 genes that had been down-regulated in
the previously studied rim101A mutants were down-regulated
in the riml10IA strain analyzed here. The weaker correspon-
dence among down-regulated genes may reflect the fact that
they are regulated by Rim101p indirectly.

If Dfgl6p is required for Rim101p processing, then we ex-
pect that the genes whose expression is altered by a rimI01A
mutation will be similarly altered by a dfg/6A mutation. We
focused on the 25 genes discussed above that respond to a
rimI101A mutation in all . cerevisiae strain backgrounds exam-
ined thus far. A plot of their expression ratios (Fig. 2A) shows
that the majority of transcripts responded similarly to the
dfgl6A and riml0IA mutations (Pearson coefficient, 0.987).
The results with rim2IA and snf7A strains showed a similar
correlation with the rimI0IA strain (Pearson coefficients of
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FIG. 2. Comparison of gene expression changes in the rimI0IA
strain to dfgl6A, rim21A, and snf7A strains. Microarray signals were
expressed as log, ratios of each S. cerevisiae mutant strain compared to
the wild-type strain (see Fig. S1 in the supplemental material), and all
25 Rim101p-responsive transcripts (18) that differed by at least twofold
in the comparison of rimI0IA to the wild type reported here were
selected. The log, expression ratio in each comparison of mutant and
wild type is plotted on the ordinate, and the log, expression ratio in the
comparison of rimI0IA and the wild type is plotted on the abscissa.
Mutants include the dfgl6A strain (A), the rim2IA strain (B), and the
snf7A strain (C).

0.979 and 0.970, respectively [Fig. 2B and C]). NRGI and
SMP1 are the two repression targets whose function in
Rim101p-dependent responses has been demonstrated (18),
and we verified their increased expression in each of the mu-
tants through Northern analysis (Fig. 3, lanes 1 to 5 and 11
to 15). These results indicate that Dfgl6p, like Rim21p and
Snf7p, is required for Rim101p-dependent effects on expres-
sion of native S. cerevisiae genes.

Relationship of Dfglép and Rim21p to the MVB pathway.
The fact that many gene products are required for both the
MVB and Rim101p pathways raises the question of whether
Dfgl6p and Rim21p may be required for MVB pathway func-
tion. We addressed this question through comparison of live-
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cell staining with the lipophilic dye FM4-64. This dye stains the
vacuole of wild-type cells vividly but accumulates in prevacu-
olar class E compartments in MVB pathway mutants (16, 34).
Control wild-type and rimI0QIA strains displayed vacuolar
staining, as indicated by comparison of Nomarski images (Fig.
4A and C), in which the vacuole appears as a large indentation
in the middle of the cell, and FM4-64 fluorescence images (Fig.
4B and D), in which the periphery of the indentation is fluo-
rescent. The known MVB-defective snf7A mutant showed pro-
nounced accumulation of FM4-64 in compartments surround-
ing the vacuole and little vacuolar staining (Fig. 4E and F). The
dfgl6A and rim21A mutants showed clear vacuolar staining
patterns (Fig. 4G to J) very similar to those of the wild-type
and rimI0IA strains. These results argue that Dfgl6p and
Rim21p are not required for MVB pathway function.

We sought to develop an independent criterion that might
be diagnostic of MVB pathway defects. Hughes et al. have
shown that large-scale mutant gene expression profiles are
useful indicators of functional relationships among genes, even
if the genes in question are not transcription factors themselves
(12). Therefore, we turned to our microarray results to identify
transcripts that respond to the snf7A mutation and not the
rim101A mutation, with the rationale that these transcripts
might be solely responsive to MVB pathway defects. We found
103 up-regulated transcripts and 222 down-regulated tran-
scripts with these properties. We focused on two genes, PRY]
and ASNI, whose signal intensities indicated that they would
be detectable by Northern analysis. PRY7 was expressed at
fourfold-higher levels in the snf7A mutant than in the wild type
(Fig. 5A, lanes 1 and 5, and B). Also, ASN1 was expressed at
3.5-fold-lower levels in the snf7A mutant than in the wild type
(Fig. 5A, lanes 11 and 15, and B). A rim101A mutation had
little effect on expression of these genes (Fig. 5A, lanes 2 and
12, and B). These results argue that PRY7 and ASN! respond
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FIG. 3. Northern blot analysis of Rim101p-repressed genes. Wild-
type and mutant S. cerevisiae strains, as indicated above each lane,
were grown in YPD medium and then shifted to YPD medium, pH 8,
for approximately 4 h before RNA was isolated. Each lane contained
20 pg total RNA; lanes 1 to 10 and 11 to 20 show two different
Northern blots prepared in parallel. The blots were probed for NRG1
or SMP1, as indicated on the left of each panel, and then stripped and
probed for the loading control, ENOI.
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FIG. 4. Staining of vacuolar and prevacuolar compartments with FM4-64. Wild-type (WT) and mutant S. cerevisiae strains (A to J) and C.
albicans strains (K to P), as indicated to the left of the micrographs, were stained with FM4-64. Cells were visualized with visible Nomarski optics
(A, G, E, G, I, K, M, and O). FM4-64 fluorescence was visualized for the same fields (B, D, F, H, J, L, N, and P). All images are shown at the

same magnification.

to Snf7p through a mechanism that is not solely dependent
upon Rim101p function.

To determine the relationship of the Snf7p-responsive genes
to the MVB pathway, we examined the effects of four MVB
pathway-defective mutations (Fig. 5). The vps20A and vps25A
mutants expressed PRYI and ASNI at levels similar to that of
the snf7A mutant. Vps20p and Vps25p are ESCRT subunits
that function in both the MVB and Rim101p pathways (37). In
contrast, vtalA and vps4A mutants expressed PRYI and ASNI
similarly to the wild type. Vps4p functions only in the MVB
pathway and not in the Rim101lp pathway (17, 37). Vtalp
functions in the MVB pathway (28, 39) and has not been tested
for a role in the Rim101p pathway. However, we found that the
vtal A mutant failed to derepress NRGI and SMPI (Fig. 3,
lanes 6, 7, 16, and 17) and failed to express CYCI,,,.c-lacZ in
our initial screen, thus indicating that Vtalp is not required for
Rim101p function. These results indicate that PRY7 and ASNI
respond to mutations that cause combined defects in the MVB
and Rim101p pathways.

We used Northern analysis to determine whether Dfgl6p

and Rim21p govern PRY1 and ASNI expression (Fig. 5). Tran-
script levels of PRY1 and ASNI were unaffected in dfg/6A and
rim2IA strains. These observations indicate that Dfglép and
Rim?21p are functionally distinguishable from the ESCRT sub-
units that function in both the MVB and Rim101p pathways.
These findings support the conclusion that Dfgl6p and
Rim21p are not required for both Rim101p and MVB pathway
function.

Conservation of Dfglé6p function in C. albicans. The C. al-
bicans ORF19.881 (IPF9013) gene product is that organism’s
closest homolog of S. cerevisiae Dfgl6p. (We refer to the C. al-
bicans gene here as DFG16 based on the results below.) To
determine whether this protein is required for C. albicans
Rim101p pathway function, we examined the phenotype of
C. albicans dfgl6A/dfgl6A deletion strains. In alkaline media,
C. albicans produces hyphae, and this response depends upon
Rim101p (4, 27). As expected, the wild-type reference strain
displayed filamentous growth around the periphery of colonies
on pH 8 plates, and a rimI01A/rim101A mutant did not (Fig.
6A and D). We observed that a dfgl6A/dfgl6A mutant failed to
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FIG. 5. Northern blot analysis of Snf7p-responsive genes. (A)
Wild-type and mutant S. cerevisiae strains, as indicated above each
lane, were grown in YPD medium and then shifted to YPD medium,
pH 8, for approximately 4 h before RNA was isolated. Each lane con-
tained 20 pg of total RNA; lanes 1 to 10 and 11 to 20 show two
different Northern blots prepared in parallel. The blots were probed
for PRY!1 or ASNI, as indicated on the left of each panel, and then
stripped and probed for the loading control, ENOI. (B) Probe inten-
sities relative to the wild type were normalized for loading against the
ENOLI signal for the Northern blots in panel A.

yield filamentous growth, and this ability was restored by an
ectopic copy of the wild-type DFG16 gene (Fig. 6B and C).
Similar results were obtained with two additional dfgl6A/
dfgl6A deletion strains that had been constructed indepen-
dently (data not shown). Therefore, C. albicans DFG16 is re-
quired for filamentation in this alkaline medium.

If the requirement for DFGI6 in filamentation reflects a
Rim101p pathway defect, then filamentation should be re-
stored by introduction of the RIM101-405 allele. This allele
specifies a C-terminally truncated product that suppresses fila-
mentation defects of all tested Rim101p pathway mutants (4,
17, 37). We found that a copy of RIM101-405 restored filamen-
tation to the dfgl6A/dfg16A mutant, much as it did to a control
rim101A/rim101A mutant (Fig. 6H and E). The suppression
was not simply a result of increased overall RIM101 gene dos-
age, because a copy of wild-type RIMI10I had no effect on
dfgl6A/dfgl6A filamentation (Fig. 6I). These two results were
verified with the two independent dfgl6A/dfgl6A deletion
strains (data not shown). Function of the wild-type RIM101!
copy was verified by its ability to complement the rim101A/
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rimI0IA mutant (Fig. 6F). These results support the conclu-
sion that Dfgl6p functions in the C. albicans Rim101p path-
way.

To assess whether C. albicans Dfgl6p may function in the
MYVB pathway, we again compared live-cell FM4-64 staining.
The control wild-type C. albicans strain showed vacuolar stain-
ing (Fig. 4K and L). A control snf7/snf7 strain showed little
vacuolar staining (Fig. 4M and N). These findings are in keep-
ing with the extensive analysis by Kullas et al. (17). The dfgl6A/
dfgl6A strain showed clear vacuolar staining (Fig. 40 and P).
These results argue that Dfgl6p is not required for MVB path-
way function in C. albicans.

DISCUSSION

We describe here a new S. cerevisiae Rim101p pathway gene,
DFG16, and show that its function is conserved in C. albicans.
It is one of three predicted membrane proteins that function in
the Rim101p pathway and, as such, is a candidate for an en-
vironmental sensor that promotes Rim101p processing. Recent
findings indicate that the Rim101p and MVB pathways inter-
sect, and FM4-64 staining indicates that Dfgl16p does not func-
tion in the MVB pathway. We have borrowed the “compen-
dium” strategy of Hughes et al. (12) on a small scale to develop
a new criterion for genes at the Rim101p-MVB pathway inter-
section. These findings are of interest in providing new insight
into MVB pathway function. They also invite speculation
about the evolutionary pressures that co-opted the complex
ESCRT machinery to participate in what might otherwise have
been a simple protease-substrate reaction.

Rim101p pathway gene identification. Our screen employed
a CYCl ,,.c-lacZ reporter that is a direct assay for Rim101p
function (18). The screen might have been simplified by using
functional profiling results (9) to select the subset of strains
that are sensitive to both NaCl and alkaline pH (7, 19). Un-
fortunately, rimI0IA mutations have a mild effect on these
phenotypes in the S288c genetic background that is the plat-
form for the deletion collection. Our screen of 84% of the
deletion library led to the clear identification of one new gene
that is required for processed Rim101p accumulation, DFG16.
It also implicated two genes, YGRI22W and GPH]I, that may
have a more complex relationship to Rim101p, perhaps affect-
ing both processing and expression. Finally, it has provided
numerous candidate genes that may govern RIM101 gene ex-
pression and Rim101p repression activity. These are areas that
have received little attention. The overall results of the screen
are preliminary, but promising signs of veracity are the cases in
which known functionally related genes yielded similar mutant
phenotypes. Examples include CKA2-CKBI1, TUPI-SSN6, and
SPE1-SPE2-SPE3. In addition, the spelA, spe2A, and spe3A
repression defects were reversed by supplementation of their
spermidine auxotrophy (unpublished results). Thus, we expect
that the results will be sufficiently reliable to make them useful.

Dfgl6p function. We focused here on DFG16 because the
mutant’s defects in haploid invasive growth (24) and processed
Rim101p accumulation resemble other Rim101p pathway mu-
tant defects. These observations, combined with microarray
and Northern analysis for S. cerevisiae, and with mutant and
suppressor analysis in C. albicans, indicate clearly that Dfgl6p
functions in the Rim101p pathway.
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wild type dfg16A/A + vector
E F
rim101A/A + vector rim101A/A + pRIM101-405 nm101A/A + pRIM101
G H
dfg16A/A + vector dfg16A/A + pRIM1071-405 dfg16A/A + pRIM101

FIG. 6. Filamentation of C. albicans wild-type and mutant strains. Colonies were grown on M199 (pH 8) plates for 3 days at 37°C. The wild-type
C. albicans reference strain DAY185 (A) was compared to C. albicans strains with mutations rim101/rim101A (D) and dfgl6A/dfgl6A (B) and to
a dfgl6A/dfgl6A strain that had been complemented through integration of HISI-DFG16 plasmid pKJB026 at the HIS! locus (C). Both mutant
C. albicans strains were transformed with plasmids pRIM101-405 (E, H) and pRIM101 (F, I) integrated into the RIM101 locus and empty vector
controls (D, G). All strains in this comparison were prototrophic. All images are shown at the same magnification.

Dfgl6p has some noteworthy features that frame a simple
hypothesis for its mechanistic function. The Dfgl6p sequences
of S. cerevisiae and C. albicans are predicted by EMBOSS
and SPLIT programs to have seven membrane-spanning seg-
ments and a long hydrophilic C-terminal region (see http://db
.yeastgenome.org/cgi-bin/protein/protein?sgdid = S000005556
and http://split.pmfst.hr/split/). The EMBOSS prediction for
S. cerevisiae Dfgl6p includes a signal sequence as well. Either
predicted architecture is shared with G-protein-coupled recep-
tors (GPCRs), leading to the hypothesis that Dfgl6p may func-
tion as such a receptor. Dfgl6p does not fall into a recognized
GPCR subclass (15), so this model is quite speculative at pres-
ent. However, it makes two simple, testable predictions. First,
Rim8p (25, 31), which has homology to GPCR-interacting
proteins of the B-arrestin family (20), may interact with Dfgl6p
to govern its localization or activity. Second, there may be a G
protein that relays a Dfgl6p-dependent signal. Therefore, while
our findings do not establish a mechanistic role for Dfgl6p,
they provide a new framework to guide further investigation.

Rim21p may have seven transmembrane segments as well
(25), though EMBOSS and SPLIT analysis programs predict
that it has only six such segments. Nonetheless, the fact that
Dfgl6p and Rim21p are predicted membrane proteins sug-

gests that they may function together, perhaps alongside the
third predicted membrane protein, Rim9p. The closest A. ni-
dulans homolog of Rim21p is PalH (£ value, 8.0e-96; 68.3%
aligned), as has long been appreciated (11). Interestingly, the
closest A. nidulans homolog of Dfgl6p is also PalH (E value,
2.0e-88; 59.1% aligned). Our results here confirm that Rim21p
is an S. cerevisine Rim101p pathway component, so the homol-
ogy of both Rim21p and Dfgl6p to PalH seems to be mean-
ingful. Whether either S. cerevisiae protein, or perhaps both
together, carries out a function equivalent to that of A. nidu-
lans PalH is an interesting question. Given that there are
homodimeric GPCRs (23), it seems possible that het-
erodimeric GPCRs may exist as well. One thought is that
Dfgl6p and Rim21p function as a heterodimeric receptor.
Functional interaction of MVB and Rim101p pathways. It
has seemed likely that the core ESCRT subunits that govern
both MVB and Rim101p pathways may have additional unique
functions (3, 28). For example, Bowers et al. (3) showed that
almost all of the core ESCRT mutants are hypersensitive to
LiCl and CaCl,. Sensitivity to LiCl is shared with Rim101p
pathway mutants (18), but neither Rim101p pathway mutants
nor other MVB pathway mutants are hypersensitive to CaCl,.
In addition, Shiflett et al. (28) showed that almost all core
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ESCRT mutants are resistant to the cell wall inhibitor cal-
cofluor white, unlike other MVB pathway mutants. Our finding
that PRY1 is up-regulated and that ASN/ is down-regulated in
three core ESCRT mutants, but not in rim10IA or vps4A mu-
tants, strengthens the case for a unique role of core ESCRT
subunits. Four conditions, nitrogen depletion, amino acid star-
vation, stationary phase, and postdiauxic growth, cause an in-
crease in PRY] expression and a decrease in ASNI expression
in wild-type strains (6, 8). A simple inference is that the core
ESCRT mutants respond to nitrogen or carbon limitation after
a shift to pH 8, the conditions under which we examined gene
expression. Indeed, the core ESCRT subunits Snf7p and Snf8p
were first characterized genetically for their role in SUC2 de-
repression in response to glucose limitation (33, 38), an inde-
pendent indication that they may affect a carbon-sensing path-
way. We suggest two simple models to explain this unique role.
One model is that the core ESCRT subunits function in a third
pathway in addition to the MVB and Rim101p pathways; glu-
cose- or nitrogen-sensing pathways are good candidates. This
model is intriguing because it implies that the core ESCRT
complex coordinates diverse cellular responses. A second
model is that the MVB and Rim101p pathways have a redun-
dant function, perhaps in nutrient limitation responses. Thus,
defects in either pathway alone do not affect PRY7 and ASNI
expression because the other pathway provides a compensating
function. However, a defect in both pathways, as is caused by
core ESCRT subunit mutations, eliminates the compensating
functions and causes altered PRY7 and ASN1 expression. This
model is satisfying because it provides an explanation for the
sharing of eight gene products by the two pathways: the pos-
tulated redundant function may be necessary in response to a
particular level of ESCRT activity or MVB pathway flux. Thus,
evolution may have favored a fungal progenitor that aug-
mented a core ESCRT-dependent starvation response through
its coordination with a Rim101p-dependent response.
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