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not for acid-dependent expression of AXP2 (22). A null allele
of YlRIM101 does not affect growth at acid or alkaline pH but
does block mating and sporulation (22). Similarly, the S. cerevisiae homolog, RIM101, was identified as a positive regulator
of IME1, which is required for sporulation (43). Rim101p, like
PacC, is activated by proteolysis, and this activation is dependent upon RIM8, -9, and -13, with RIM9 encoding a homolog
of palI (10, 24). In addition to sporulation, RIM101 also controls invasive growth of haploids and the ability to grow at
alkaline pH (15, 24). More recently, partial sequences of the C.
albicans homologs of pacC and palA were identified, and homozygous null alleles of these genes compromised filamentous
growth on Spider medium (49). It is not known whether these
homologs affect pH-dependent gene expression in C. albicans.
In this work, we report the isolation and characterization of
the full-length homolog of pacC, which we have designated
PRR2 (for pH response regulator). As with other members of
this gene family, the protein sequence is highly conserved
within the zinc finger domain but shows limited conservation
outside this domain. Deletion mutants exhibited defective hyphal development on a number of media but retained the
ability to form germ tubes under all but one condition tested.
The mutation did not affect growth at either acidic or alkaline
pH. Furthermore, the deletion mutants were defective in their
expression of both acid- and alkaline-expressed genes. Expression of PRR2 was itself pH dependent and also controlled the
alkaline repression of PRR1, the homolog of palF, in an apparent regulatory feedback loop. The results parallel those
seen with A. nidulans, suggesting that the pH response pathway
is conserved between these two fungi.

Candida albicans is a dimorphic fungus that can cause lifethreatening infections in immunocompromised patients. The
dimorphic conversion between yeast and hyphal morphologies
is thought to be critical for pathogenesis, as mutations that
block the transition to either form attenuate virulence (5, 26).
The signal(s) that stimulates morphological transition is still
not clear, but it is known that external pH and temperature
have influential roles, at least in vitro (7, 33). One of the
responses of C. albicans to changes in ambient pH is an altered
pattern of gene expression. pH-dependent expression has been
demonstrated for the genes PHR1, PHR2, and PRA1 (31, 39,
41) and for some of the secretory aspartyl proteinase genes (20,
48). Moreover, this genetic response to external pH is essential
to pathogenesis, as indicated by the niche-conditional attenuation of PHR1 and PHR2 mutants (9).
The pathway controlling pH-responsive gene expression has
been most extensively dissected for the ascomycete Aspergillus
nidulans (8, 12). Central to the pH response is the pH-dependent activation of the zinc finger transcription factor encoded
by pacC (46). PacC is synthesized in an inactive form, which is
activated at alkaline pH by proteolytic removal of the carboxy
terminus (29, 34). Proteolysis is dependent upon six genes,
palA, -B, -C, -F, -H, and -I (46). The activated form of PacC
induces the expression of alkaline-expressed genes and represses acid-expressed genes (46). This pathway controls diverse characteristics, including conidiation, pigmentation, nitrogen source utilization, penicillin synthesis, and growth at
alkaline pH (2, 8, 12, 46).
This regulatory pathway is apparently conserved, as various
elements have been identified in other fungi. Homologs of
PacC have been identified in Yarrowia lipolytica and Saccharomyces cerevisiae. The Y. lipolytica homolog, YlRIM101, is activated by carboxy-terminal truncation and is required for alkaline-dependent expression of the XPR2-encoded protease but

MATERIALS AND METHODS
Strains and growth conditions. The strains used are listed in Table 1. They
were routinely cultured on YPD (2% glucose, 1% yeast extract, 2% Bacto
Peptone) or YNB (2% glucose, 0.67% Difco yeast nitrogen base) at 30°C. The
effects of acid or alkaline growth conditions were tested with medium 199
containing Earle’s salts and glutamine but lacking sodium bicarbonate (GibcoBRL) and containing 150 mM HEPES adjusted to either pH 4.0 or 7.5. Spider
medium (25) and the medium of Lee et al. (23) were prepared as described
previously. Serum-containing medium was prepared with 10% calf serum
(Difco). Media were solidified with 2% agar and supplemented with uridine (25
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The ability to respond to ambient pH is critical to the growth and virulence of the fungal pathogen Candida
albicans. This response entails the differential expression of several genes affecting morphogenesis. To investigate the mechanism of pH-dependent gene expression, the C. albicans homolog of pacC, designated PRR2 (for
pH response regulator), was identified and cloned. pacC encodes a zinc finger-containing transcription factor
that mediates pH-dependent gene expression in Aspergillus nidulans. Mutants lacking PRR2 can no longer
induce the expression of alkaline-expressed genes or repress acid-expressed genes at alkaline pH. Although the
mutation did not affect growth of the cells at acid or alkaline pH, the mutants exhibited medium-conditional
defects in filamentation. PRR2 was itself expressed in a pH-conditional manner, and its induction at alkaline
pH was controlled by PRR1. PRR1 is homologous to palF, a regulator of pacC. Thus, PRR2 expression is
controlled by a pH-dependent feedback loop. The results demonstrate that the pH response pathway of
Aspergillus is conserved and that this pathway has been adapted to control dimorphism in C. albicans.
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TABLE 1. C. albicans strains used in this work
Strain

SC5314
CAI4
CAI12
CAR1
CAR14
CAR2
CAR26
CAR3
CAPM3

Parent

CAI4
CAR1
CAR14
CAR2
CAR26

Genotype

Source

Clinical isolate
⌬ura3::imm434/⌬ura3::imm434
⌬ura3::imm434/URA3
⌬prr2::hisG-URA3-hisG/PRR2 ⌬ura3::imm434/⌬ura3::imm434
⌬prr2::hisG/PRR2 ⌬ura3::imm434/⌬ura3::imm434
⌬prr2::hisG/⌬prr2::hisG-URA3-hisG ⌬ura3::imm434/⌬ura3::imm434
⌬prr2::hisG/⌬prr2::hisG ⌬ura3::imm434/⌬ura3::imm434
PRR2-pUC18-URA3-⌬prr2::hisG/⌬prr2::hisG ⌬ura3::imm434/⌬ura3::imm434
⌬prr1::hisG-URA3-hisG/⌬prrl::hisG ⌬ura3::imm434/⌬ura3::imm434

work
work
work
work
work

of PHR2, a 2,549-bp BanII-BanII fragment of PRR1 from pAP2 (36), or the
1.9-kb SalI fragment of ACT1. All probes were labeled by random priming with
[␣-32P]dCTP and Ready-to-Go DNA labeling beads (Amersham Pharmacia Biotech). Hybridization was quantitated by phosphorimaging with a model 445SI
PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.) and ImageQuant software) and normalized to ACT1. Northern data were reproducible with at least
two independent RNA samples.

RESULTS
Isolation and identification of the pacC homolog. In previous
studies it was demonstrated that the C. albicans homolog of the
A. nidulans palF gene was required for pH-dependent gene
expression. Assuming that the pH response pathway is conserved between A. nidulans and C. albicans, then the pacC
ortholog should also be required for pH-dependent control of
gene expression. To test this hypothesis, the C. albicans homolog of pacC was isolated.
A genomic clone of the gene was isolated by hybridization
with a PCR-generated fragment complementary to the region
of the gene encoding the zinc fingers. This region was identified by a BLASTN search of the genomic database available on
the Stanford DNA Sequencing and Technology Center website
(42a). A BamHI-BamHI fragment was identified and subcloned in pUC18, generating plasmid pARA1. The nucleotide
sequence of a 3,086-bp region centered around the zinc finger
region was determined. Analysis of the sequence identified a
1,986-bp open reading frame encoding a putative protein of
661 amino acids with a pI of 6.58 and a theoretical molecular
mass of 74.73 kDa. The open reading frame was tentatively
designated PRR2 (for pH response regulator) in recognition of
its potential role in controlling the pH response.
A BLASTP comparison with the GenBank database (35)
revealed that the encoded protein had homology with PacC of
A. nidulans, Aspergillus niger, and Penicillum chrysogenum (27,
44, 46), YlRim101p of Y. lipolytica (22), and Rim101p of S.
cerevisiae (43). The greatest similarity lay within the zinc finger
domain, which encompassed amino acid residues 208 to 300.
This region was 68% identical between the C. albicans protein
and the PacC and YlRim101p proteins and 60% identical in
comparison with Rim101p of S. cerevisiae (Fig. 1). There are
three putative zinc fingers of the Cys2His2 class within this
domain (Fig. 1). The first finger is the least conserved among
all of the homologs, including the C. albicans protein. Unlike
the second and third fingers, the first finger of PacC does not
contact the DNA, but it appears to stabilize the conformation
of the second finger via an essential hydrophobic interaction
between the Trp residues located in the Cys knuckle of the first
and second zinc fingers (13). These critical Trp residues are
conserved in the C. albicans protein as in the other homologs.
Site-specific mutagenesis of A. nidulans demonstrated the importance of the histidine in the second finger and the glutamine and lysine residues in the third finger for DNA binding
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g/ml) as needed. Urd⫺ auxotrophs were selected on medium containing 5⬘fluoro-orotic acid (5⬘-FOA) as described previously (4, 14). Germ tube induction
was assessed at 37°C following inoculation of stationary-phase cells into prewarmed medium at a density of 6 ⫻ 106 cells/ml. Filamentation on agar-solidified
media was assessed by spotting 106 cells in 5 l onto the plates and incubating at
37°C. Invasive growth was examined after washing the agar plates with sterile
water to remove surface growth (18).
Identification, isolation, and sequence analysis of PRR2. Sequence data for
Candida albicans was obtained from the Stanford DNA Sequencing and Technology Center website (42a). A BLASTN (1) search of the C. albicans genome
sequence database identified two sequences homologous with the sequence encoding the zinc finger region of PacC. A 182-bp fragment encoding this zinc
finger region was amplified from genomic DNA by PCR, and the amplification
product was used as a probe for hybridization screening of a GEM-12 genomic
library (3). A 10-kb BamHI insert containing the full-length gene was isolated
and subcloned into pUC18 to generate plasmid pARA1.
The nucleotide sequence of the relevant region was determined by cycle
sequencing with AmpliTaq DNA polymerase (Perkin-Elmer), the ABI Prism
Ready Reaction Kit (Perkin-Elmer), and custom-made oligonucleotide primers.
The sequence data was assembled with Lasergene (DNASTAR Inc.) and analyzed with DNA Strider (28). Homology searches were conducted by using the
BLAST algorithm (1). Sequence alignments were performed by using LALIGN
(35).
Construction of mutant strains. To construct a PRR2 null mutant, the 3-kb
BamHI-NarI fragment from pARA1 was subcloned into the like sites of pUC18.
The resulting plasmid, pARA2, was digested with PstI and MscI to remove 1,270
bp encompassing codons 71 to 495 of the PRR2 open reading frame. This region
was replaced with a PstI-BglII fragment from plasmid pMB7 (14), which contains
the hisG-URA3-hisG cassette. The BglII end was made flush with Klenow DNA
polymerase prior to ligation with the blunt-ended MscI-cut site. This plasmid,
pARA3, was digested with HindIII and SspBI, releasing the cassette with 407 bp
of PRR2 on the 5⬘ end and 722 bp on the 3⬘ end. Approximately 7 g of plasmid
DNA was used in a lithium acetate-mediated transformation of C. albicans CAI4
(16). Sequential disruptions of both PRR2 alleles were achieved essentially as
previously described (14).
A reconstituted strain was constructed by integration of plasmid pARA4 into
the null mutant. This plasmid was constructed by cloning a SacI-SalI fragment,
containing URA3 derived from plasmid pSMS44 (39), into the SacI and SmaI
sites of pARA2. The SalI end was made flush with Klenow DNA polymerase
prior to ligation. The resulting plasmid, pARA4, was linearized at the HindIII
site located 196 bp upstream of the PRR2 coding region and used to transform
strain CAR26. The occurrence of the desired integration event in each of the
strains was verified by Southern blot analysis. Southern blot analysis was conducted as previously described (31) except that the blots were hybridized in 1⫻
phosphate buffer (0.5 M sodium phosphate [pH 7.2], 5% sodium dodecyl sulfate,
10 mM EDTA) and washed in 0.1⫻ phosphate buffer.
Northern blot analyses. To prepare RNA, a stationary-phase culture grown at
25°C in YPD was used to inoculate 300 ml of medium 199, adjusted to pH 4.0 or
pH 7.5, to a density of 6 ⫻ 106 cells/ml. The culture was incubated at 25°C for 2 h
in an orbital shaker set at 200 rpm. The cells were recovered by centrifugation at
4,000 ⫻ g for 10 min and washed in sterile distilled water. The RNA was
extracted as described previously (37) except that after washing, the pellet was
resuspended in 1.5 ml of LETS buffer (0.1 M LiCl, 10 mM EDTA, 10 mM
Tris-HCl [pH 7.4], and 0.2% sodium dodecyl sulfate and mixed with 6 g of sterile
acid-washed 0.45-mm-diameter glass beads (Sigma) and 2 ml of phenol (pH 4.3).
The concentration of RNA was determined by measuring the absorbance at 260
nm.
Ten micrograms of RNA was fractionated on a 1.2% agarose gel containing
2.2 M formaldehyde in MOPS (morpholinepropanesulfonic acid) buffer. Electrophoresis was carried out essentially as described previously (6) except that
2.2% formaldehyde was included in the running buffer. Blotting and hybridization were conducted as described for the Southern analysis.
Blots were hybridized with one of the following probes: a 942-bp BglII-PstI
fragment encompassing the 5⬘ end of PRR2, a 1,063-bp AatII-NdeI fragment
from within the open reading frame of PHR1, a 1,257-bp BamHI-NheI fragment
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and sequence recognition (13). These critical residues are also
conserved in Prr2p. The extensive conservation in this region
suggests that the C. albicans protein recognizes the same or a
similar DNA binding motif as does PacC.
Little similarity was evident outside the zinc finger domain
(Fig. 1). Several potential nuclear localization signals were
identified by using PSORT II (32), consistent with the protein’s
putative role in transcription. These included a bipartite signal,
KKHSKTHAEDHPKKLKK, starting at position 290 and two
T-antigen-type signals, PKKLKKA, and RKRR, at positions
301 and 361, respectively (19, 38). As noted previously for the
other homologs, the candidal protein contained multiple
S/TPXX motifs in the amino terminus and contained an acidic
carboxy terminus (22, 45).
Subsequent to this sequence determination, the entire sequence became available on the Stanford DNA Sequencing
and Technology Center website (42a) as Contig4-3014. These
two sequences were identical, and the open reading frame was
designated RIM101.
PRR2 is required for pH-dependent gene expression. pacC
of A. nidulans is required to both induce alkaline-expressed
genes and repress acid-expressed genes (46). This control is
dependent upon the pal genes, and concurrent work demonstrated that the palF homolog of C. albicans is similarly required for the pH-dependent response (36). Thus, if Prr2p is
functionally analogous to PacC, then deletion of PRR2 should
alter pH-dependent gene expression.

A prr2 null mutant was constructed by replacing a 1,270-bp
region from the PRR2 coding region with a hisG-URA3-hisG
cassette, as illustrated in Fig. 2. A HindIII-SspBI fragment
consisting of the cassette flanked by portions of PRR2 was used
to transform strain CAI4 to Urd⫹. A representative transformant was designed CAR1. Loss of URA3 by intrachromosomal
recombination between the hisG repeats was selected for on
5⬘-FOA. The resulting strain, CAR14, was transformed with
the disrupting cassette to replace the remaining allele. The prr2
null mutant strain was called CAR2. An Urd⫺ derivative of
CAR2 was isolated by 5⬘-FOA selection and designated
CAR26.
A Southern blot of BglII-digested genomic DNA from the
representative isolates was hybridized with a BglII-PstI fragment of PRR2 (Fig. 2). The parental strain exhibited one hybridization band of approximately 3.8 kb. The first transformant was heterozygous and exhibited one band of 3.8 kb
corresponding to the wild-type allele and another band of 6.4
kb corresponding to the replaced allele. The predicted size of
the disrupted allele following intrachromosomal recombination was 3.7 kb. Since this fragment was not readily resolved
from the native 3.8-kb fragment, a parallel blot was hybridized
with hisG DNA to specifically detect the disrupted allele (Fig.
2). The hybridization pattern of the null mutant showed one
band of 3.7 kb corresponding to the prr2::hisG allele and another of 6.4 kb representing the new disrupted allele containing the URA3 cassette. Selection on 5⬘-FOA resulted in loss of
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FIG. 1. Amino acid sequence alignment of Prr2p from C. albicans and PacC from A. nidulans. Identical residues are boxed.
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the 6.4-kb band and the presence of a single 3.7-kb band that
hybridized with both PRR2 and hisG (Fig. 2). A wild-type allele
was reintroduced into CAR26 by targeted integration of plasmid pARA4 to generate strain CAR3. The predicted structure
of the targeted locus was verified by Southern blot analysis
(data not shown).
The effect of the mutations on acid- and alkaline-expressed
genes was examined by Northern blot analysis. The control
strain CAI12 exhibited the expected pattern of PHR1 expression, i.e., high levels at pH 7.5 and undetectable expression at
pH 4.0 (Fig. 3) (39). This alkaline-induced expression was
completely abolished in the prr2 null mutant, as no PHR1
transcript was detected at either pH (Fig. 3). Mutants containing a single allele of PRR2 maintained the pH-dependent
expression pattern but showed a reproducible reduction in
the level of induction, suggestive of a gene dosage effect
(Fig. 3).
The mutations also affected acid-induced gene expression.
Normally, the expression of both PHR2 and PRR1 is greatly
enhanced at acidic pH (Fig. 3) (31, 36). Deletion of PRR2
resulted in constitutive expression of both genes, indicating
that the mutations prevented repression of their expression at
alkaline pH. The presence of a single functional allele resulted

7527

in an intermediate phenotype for PHR2 gene expression, which
was partially derepressed at pH 7.5 (Fig. 3). Whether PRR1
expression was partially affected in the heterozygote was not
clear. These results demonstrate that PRR2 is a component of
the pH response pathway of C. albicans and that, like pacC, it
is required for induction of alkaline-expressed genes and the
repression of acid-expressed genes.
Effect of PRR2 mutations on growth and morphological development. Mutants lacking PRR1 exhibited medium-conditional defects in their ability to form germ tubes and hyphae
(31, 36). In addition, a previous report demonstrated that a
partial deletion of HRM101/PRR2 compromised the ability of
the cells to filament on Spider media (49). To determine if a
more extensive deletion had similar effects and to further characterize the extent of the developmental defects, the morphological development of the mutants was examined under a
number of conditions.
Filamentation ability was examined on agar-solidified medium. Cells were grown to stationary phase in YPD at 25°C and
spotted on various media. On medium 199 buffered at pH 7.5,
the control strain exhibited extensive filamentation with numerous hyphae extending laterally from the colony dome (Fig.
4). These hyphae were completely absent from the null mutant
and noticeably reduced in the heterozygous mutants (Fig. 4).
The phenotypes were similar on 10% serum plates (Fig. 4). On
Spider medium (Fig. 4) and the medium of Lee et al. (23) (data
not shown), the filamentation of the null mutant was greatly
attenuated but not eliminated. Despite the absence of peripheral hyphae when the null mutant was grown on medium 199
and 10% serum, the cells were not similarly invasive on these
two media. No invasive growth was detected on 10% serum,
but invasive growth comparable to that of the control strain
was evident on medium 199 (data not shown).
Medium-conditional effects were also evident in germ tube
induction. The null mutant was comparable to the control
strain in germ tube formation in 10% serum or the medium of
Lee et al. (23). However, in liquid medium 199, the cells failed
to develop germ tubes but formed chains of yeast cells (data
not shown).
The viability of prr2 mutants showed that PRR2 is not essential, and the growth rate of the mutant was similar to that of
the wild type. Growth rates were determined under a number

FIG. 3. Effect of PRR2 mutations on pH-dependent gene expression. Total
RNAs were isolated from the indicated strains cultured at either pH 4.0 or 7.5
and examined by Northern blot analysis. The gene sources of the hybridizing
DNA probes are indicated on the left.
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FIG. 2. Design and construction of PRR2 mutants. (A) Restriction maps of
the locus as cloned in plasmid pARA1 and subcloned in pARA2, as well as the
region deleted and replaced with the hisG-URA3-hisG cassette. The open reading frame of PRR2 is indicated in black. The region used as a hybridization probe
is overlined. (B and C) Southern blots of genomic DNA digested with BglII
(boldface in panel A) were hybridized with either PRR2 (B) or hisG (C) probes.
Lanes 1 through 5, DNAs isolated from strains CAI12, CAR1, CAR14, CAR2,
and CAR26 respectively.
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of culture conditions, including medium 199 at pH 7.5 or 4.0,
YPD at 25°C, or 2⫻ YPD at 37°C. The doubling time of the
mutant was essentially identical to that of strain CAI12 under
all of these conditions (data not shown).
All of the phenotypes associated with the null mutant were
lost upon reintroduction of the wild-type gene and were reproducible with a set of independently constructed mutants. Thus,
PRR2 is required for proper hyphal development. Development is fully PRR2 dependent under some conditions but only
partially dependent under others.
Expression of PRR2 is pH dependent and requires PRR1.
Both pacC and its homolog in Y. lipolytica exhibit pH-dependent changes in expression level (22, 46). In A. nidulans this
expression pattern is dependent upon palF (46). Therefore,
expression of PRR2 was examined to determine if this expression pattern was conserved in C. albicans.
In Northern blot analysis the PRR2 probe hybridized with
a 2.3-kb transcript, which is consistent with the predicted
open reading frame. The level of this transcript was about
threefold higher under alkaline growth conditions than under acidic growth conditions (Fig. 5). This expression pattern was unaffected by the temperature of incubation or
morphology of the cells (data not shown). Thus, PRR2 is an
alkaline-expressed gene. To test if the pH-dependent expression of PRR2 was dependent upon expression of PRR1,
the palF homolog of C. albicans, Northern blot analysis was
conducted with RNA from CAPM3, a prr1 null mutant (36).
Alkaline induction of PRR2 was not evident in the prr1 mutant,
instead, a pattern of low-level constitutive expression was observed (Fig. 5). Thus, expression of PRR2 responds to ambient
pH, and PRR1 is a component of the pathway to which it
responds.

DISCUSSION
The two major conclusions drawn from this work are that
PRR2 defines an additional component of the pH response
pathway and that this pathway plays a significant role in morphological development. In terms of pH-dependent gene expression, the phenotype of the prr2 null mutant was identical to
that of an A. nidulans pacC null mutant (46). In the absence of
PRR2, alkaline-expressed genes were no longer induced at
alkaline pH and acid-expressed genes were no longer repressed. The same phenotype was observed in PRR1 mutants,
which lack the C. albicans homolog of palF (36). This suggests
that PRR2 and PRR1 are components of the same pH response

FIG. 5. Effect of culture pH and PRR1 mutation on PRR2 expression. Cells
of either the control strain CAI12 or the PRR1 null mutant CAPM3 were
cultured at either pH 4.0 or 7.5. Total RNA was isolated and examined by
Northern blot analysis. The blot was hybridized with either PRR2 or ACT1 DNA.
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FIG. 4. Effect of PRR2 mutations on filamentation. The indicated strains were spotted on the indicated media and incubated at 37°C in medium 199 (pH 7.5) for
5 days, in 10% serum for 3 days, and in Spider medium for 6 days.
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one consensus site, respectively, but these do not appear to be
required for repression at alkaline pH (36a). That acid repression is indirect is further suggested by the inability of ylrim101
null mutants to relieve alkaline repression of the acid-expressed AXP gene despite the presence of three consensus
binding sites upstream of the open reading frame.
Expression of PRR2, that of like pacC and YlRIM101, was
induced at alkaline ambient pH (22, 46). Induction was dependent upon PRR1, the C. albicans homolog of palF. This parallels the regulation seen in A. nidulans and Y. lipolytica where
PacC/YlRim101p induction is also dependent upon pal functions (22, 46). This pal dependence is an important regulatory
feature, assuming that PRR2, like pacC and YlRIM101, is autoregulatory and induces its own expression. In the absence of
feedback control, self-induction would lead to an upward spiral
in expression, which would likely be detrimental. However,
PRR1 expression is simultaneously repressed, providing a balancing mechanism that dampens activation of Prr2p and prevents the runaway expression of PRR2. It is not known if
expression of palF responds to ambient pH in a pacC-dependent manner, but this seems likely given the parallels between
pH-dependent regulation in C. albicans and A. nidulans. A
different control mechanism appears to operate in S. cerevisiae,
since expression of RIM101 is not pH responsive and stability
of the protein is controlled by CPL1, the homolog of the A.
nidulans palB gene (15).
An ultimate consequence of PRR2 function is the control of
dimorphism. The effects of PRR2 mutations on morphological
development were identical to those seen in PRR1 mutants
(36). Medium-conditional defects in filamentation, invasion,
and germ tube formation were observed. The null mutant
exhibited no filamentation or invasiveness on serum-containing medium, whereas filamentation, but not invasiveness, was
absent on medium 199. Conversely, germ tube formation was
normal on serum but compromised on medium 199. A partial
defect in filamentation on the medium of Lee et al. (23) and on
Spider medium was evident, as previously reported (49). An
intermediate phenotype was also observed with mutants lacking one copy of PRR2. This apparent gene dosage effect was
also evident in the level of induction or repression of pHdependent gene expression. Dosage effects have been reported
for other genes involved in the morphological development of
C. albicans (21, 42). Understanding how PRR2 is integrated
into the control of dimorphism will provide significant insights
into the biology of C. albicans.
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pathway as demonstrated for corresponding genes in A. nidulans. Interestingly, a slightly different response is observed in Y.
lipolytica, where deletion of YlRIM101 abrogates alkaline induction of gene expression but does not affect the repression of
an acid-expressed gene, AXP (22). Thus, despite the conserved
role of these homologs in the pH response, there are likely to
be species-specific differences.
These differences are also evident for other phenotypes.
Neither the prr2 null mutant nor a ylrim101 null mutant exhibit
pH-dependent growth defects (22). However, the A. nidulans
pacC mutant is unable to grow at alkaline pH (8). Similarly, an
S. cerevisiae CPL1 mutant, lacking the palB homolog, exhibits
impaired growth at alkaline pH, and normal growth is restored
by an activated allele of RIM101 (15). The downstream targets
of the PacC family transcription factors also differ between
species. A clear example of this is PHR1 and PHR2. Although
expression of these genes responds to ambient pH via PRR2,
that of their counterparts in Aspergillus and S. cerevisiae, GEL1
and GAS1, respectively, does not (30, 47).
The regulation of pH-dependent gene expression requires
conversion of PacC from an inactive to an active form by
proteolytic cleavage (29, 34). Cleavage occurs approximately
85 to 87 residues downstream of the zinc finger domain and
removes about 425 C-terminal amino acids (29). Proteolysis
does not depend upon specific sequences at the cleavage site
but rather is determined by upstream sequences (29). Similarly, Rim101p of S. cerevisiae is activated upon cleavage of the
C terminus, but a much smaller region of approximately 70
amino acids is removed (24). Nonetheless, this suggests that
proteolytic activation is a common feature of this family of
proteins and that Prr2p is likely to be activated in an analogous
manner. Because of the limited sequence homology in the
C-terminal regions of the PacC homologs and the absence of a
sequence-specific proteolytic site, it is not possible to predict
whether and where Prr2p might be cleaved.
The greatest degree of conservation between PacC and the
other family members, including Prr2p, lies within the zinc
finger domain. This high degree of conservation, particularly of
known critical residues, suggests that Prr2p likely recognizes
the same DNA binding site. The DNA motif recognized by
PacC has been well characterized and contains the core consensus 5⬘-GCCAAG-3⬘ (11, 13, 46). A thymine preceding the
core is optimal for binding, and substitution of G for A at the
fifth position is compatible with PacC binding, albeit with a
much reduced affinity (13). Multiple consensus sites lie upstream of ipnA, encoding the alkaline-expressed isopenicillin N
synthetase of A. nidulans, and binding of activated PacC to
these sites appears to be directly responsible for alkaline-induced transcription (13, 46). Indirect evidence suggests that
the same model applies to alkaline-induced transcription in Y.
lipolytica. Several copies of the consensus PacC binding site are
located upstream of the alkaline-induced genes XPR2 and
YlRIM101, suggesting that YlRim101p directly activates their
transcription. The situation is less clear for C. albicans. Two
copies of the PacC recognition site are found upstream of each
of the alkaline-induced genes PHR1, PRA1, and PRR2. However, these sites are not required for pH-dependent expression
of PHR1 (37a).
PacC not only is required for alkaline-induced gene expression but also mediates the repression of acid-expressed genes
(46). This is probably indirect, perhaps through pacM (40).
This is suggested first by the fact that a PacC binding site
upstream of several acid-expressed genes is absent or present
in only one copy and second by the ability of mutations in pacM
to suppress pacCc mutations (40). PHR2 and PRR1, acid-expressed genes of C. albicans, contain two consensus sites and
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