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Candida albicans is an opportunistic fungal pathogen of humans. The cell wall of the organism defines the
interface between the pathogen and host tissues and is likely to play an essential and pivotal role in the
host-pathogen interaction. The components of the cell wall critical to this interaction are undefined. Immu-
noscreening of a lambda expression library with sera raised against mycelial cell walls of C. albicans was used
to identify genes encoding cell surface proteins. One of the positive clones represented a candidal gene that was
differentially expressed in response to changes in the pH of the culture medium. Maximal expression occurred
at neutral pH, with no expression detected below pH 6.0. On the basis of the expression pattern, the corres-
ponding gene was designated PRA1, for pH-regulated antigen. The protein predicted from the nucleotide se-
quence was 299 amino acids long with motifs characteristic of secreted glycoproteins. The predicted surface
localization and N glycosylation of the protein were directly demonstrated by cell fractionation and immuno-
blot analysis. Deletion of the gene imparted a temperature-dependent defect in hypha formation, indicating a
role in morphogenesis. The PRA1 protein was homologous to surface antigens of Aspergillus spp. which react
with serum from aspergillosis patients, suggesting that the PRA1 protein may have a role in the host-parasite
interaction during candidal infection.

Candida albicans is a dimorphic fungus of increasing medical
importance. It commonly causes superficial infections of skin
and mucosae but in immunocompromised patients can pene-
trate tissues and cause life-threatening systemic infections. The
factors responsible for its pathogenesis are still not well un-
derstood, but several attributes related to the cell wall have
been thought to contribute to C. albicans virulence (7, 12, 35).

The cell wall of C. albicans forms the interface between
pathogen and host and thus is likely to play an essential and
pivotal role in the host-parasite interaction. Besides its primary
protective role in shielding the cell against external harm, the
wall is involved in other functions, such as maintenance of cell
shape, and consequently in the dimorphic process. Different
studies have also shown the essential role that morphology-
specific cell wall components, mainly mannoproteins, play in
the adherence of the fungus to different host components (9,
21, 25, 45) and as inducers or modulators of the host immu-
nogenic response (10, 43). Hydrolytic activities associated with
the cell surface and external environment have also been im-
plicated in tissue invasion and colonization (13, 23, 26, 30).

Both the molecular architecture and the functional compo-
nents of the C. albicans cell wall vary between yeast and hyphal
forms of the organism, as revealed by biochemical, immuno-
logical, and cytological studies. Molecular genetic approaches
have identified several genes encoding hypha-specific cell sur-
face proteins that may contribute to differences in cell wall
structure or function (2, 22, 42). The aim of our work was to

identify additional genes encoding cell wall proteins that might
contribute to morphology-specific differences. The isolation of
a number of morphology-specific cDNA clones by immuno-
screening of a lambda expression library was reported previ-
ously (41). In this paper, we report the characterization of one
of these clones that encodes a mannoprotein present on the
cell surface of C. albicans. It shows extensive sequence conser-
vation with antigens from other fungal species and is differen-
tially expressed in response to changes in pH.

MATERIALS AND METHODS

Microorganisms and growth conditions. The C. albicans strains used in this
study are listed in Table 1. Cells were routinely grown in YPD (2% glucose, 1%
yeast extract, 2% Bacto Peptone [Difco, Detroit, Mich.]) with shaking at the
selected temperature. For specific experiments, cells were also cultured in me-
dium 199 containing Earle’s salts and glutamine but lacking sodium bicarbonate
(GIBCO-BRL), modified Lee’s medium (29) containing 0.5 g of proline per liter
but lacking other amino acids, or SD minimal medium (2% glucose, 0.67% yeast
nitrogen base without amino acids [Difco]). The medium 199 was buffered with
150 mM HEPES. Media were supplemented with uridine (25 mg/ml) as needed,
and Urd2 auxotrophs were selected on medium containing 5-fluoro-orotic acid
as described previously (5).

For germ tube induction, cells were precultured in modified Lee’s medium as
described previously (14) or in SD medium containing N-acetylglucosamine (2.5
mM). Alternatively, blastoconidia were inoculated in YPD and shaken at 180
rpm at 25°C until the culture had reached the late logarithmic-early stationary
growth phase. Hyphae were formed after transfer of the cells to modified Lee’s
medium (pH 6.8), SD medium containing N-acetylglucosamine (2.5 mM), or
medium 199 (pH 6.8) and incubation at 37 or 42°C.

Protoplasts were obtained and regenerated as previously described (31).
Saccharomyces cerevisiae W303-1B was grown in YPD at 28°C, and Escherichia

coli XL1Blue (Stratagene, La Jolla, Calif.) was used for most transformations.
Isolation of the PRA1 gene. Positive cDNA clones were isolated by immuno-

screening of a lambda expression library with rabbit polyclonal antiserum raised
against cell walls of mycelial cells as previously described (41). The 1.0-kb cDNA
insert in one of the positive clones, 8M, was amplified by PCR using commercial
lambda primers and employed for hybridization-screening of a l GEM-12
genomic library (4). Positive plaques were characterized by restriction endonu-
clease mapping and Southern blot hybridization. A 4.3-kb SacI genomic DNA
fragment containing the full-length gene was isolated from one genomic clone,
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11-1, and subcloned in both orientations in pBSK1 (Stratagene) to generate
plasmids pMBW2 and pMBW3.

DNA sequence analysis. Portions of the genomic insert in plasmids pMBW2
and pMBW3 were subcloned into either pUC18 or pBSK1 cloning vector. The
nucleotide sequence was determined by the dideoxy-chain termination method
using T7 polymerase and either universal sequencing primers or custom-synthe-
sized oligonucleotide primers. Reaction products were analyzed on a model
370A sequencer (Applied Biosystems).

Sequence analyses were carried out with the software system PC/Gene, release
6.85 (IntelliGenetics, Inc., Geneva, Switzerland), and the PSORT program (33)
from the National Institute for Basic Biology (Okazaki, Japan). Homology
searches were conducted with the BLAST (1) and BLOCKS (19) algorithms.
Multiple-sequence alignments were performed with MACAW (40) and
CLUSTAL W (20).

Southern and Northern blot analysis. Southern and Northern blot hybridiza-
tions were performed as previously described (38). C. albicans genomic DNA was
prepared by the method of Scherer and Stevens (39). RNA was prepared by the
method of Langford and Gallwitz (28). Transcript sizes were determined by
comparison with rRNA species and the C. albicans actin gene mRNA identified
in control hybridizations.

Pulsed-field gel electrophoresis. Preparation of chromosomal DNA and
pulsed-field gel electrophoresis were carried out as previously described (34).
Hybridization of chromosomal DNA was done after blotting of the DNA onto a
nylon membrane. The 8M cDNA was used as a hybridization probe.

Strain constructions. To construct a PRA1 null mutant, plasmid pMBW3 was
digested with NdeI-BstII to delete 0.6 kb from the PRA1 open reading frame and
blunt-end ligated with a BglII-SalI fragment from plasmid pMB7 (15) containing
the hisG-URA-hisG cassette. The resulting plasmid, pMBW8, was digested with
SacI, releasing a PRA1 gene deletion-disruption fragment. Approximately 15 mg
of this DNA was used to transform the Urd2 strain CAI4 by the method of Gietz
et al. (17). Transformed cells were selected as Urd1, and a representative clone
was designated CAMB1. Spontaneous Urd2 derivatives of CAMB1 were se-
lected on medium containing 5-fluoro-orotic acid (5). One of the Urd2 deriva-
tives which had undergone intrachromosomal recombination, CAMB11, was
used for targeted disruption of the second allele of PRA1. Preliminary analysis of
these transformants was conducted by PCR amplification using primers from
PRA1 (59-CCGATTGATCTGTCGTGTAATGC-39 and 59-GGCCCCTGATCA
GAGCCACT-39) and URA3 (59-CAATGGCACTACAGCAACTTTCAAC-39).
The PRA1 primers can amplify only wild-type alleles, since the first primer lies
within the deleted region. Loss of this amplification product was indicative of the
double deletion. Amplification with the URA3 primer and the second PRA1
primer served as a positive control. A representative null mutant, CAMB43, was
chosen, and spontaneous Urd2 segregants were selected by resistance to
5-fluoro-orotic acid. One of these Urd2 null mutants was designated CAMB435.
In each strain, the structure of the PRA1 locus was established by Southern blot
analysis.

Strain CAMB9, a Urd1 Pra11 derivative of CAMB435, was generated by
transformation of CAMB435 with plasmid pMBW9. Plasmid pMBW9 was con-
structed by ligation of a 2.1-kb XbaI-EcoRV fragment containing the URA3 gene
into the SpeI-SmaI sites of plasmid pMBW3. pMBW9 was digested with BamHI
to target integration to the PRA1 locus and used to transform strain CAMB435
to Urd1. The site of integration and structure of the locus were verified by
Southern blot analysis.

Overexpression of PRA1. S. cerevisiae ADH-PRA1, a mutant with constitutive
expression of PRA1, was obtained by transformation of S. cerevisiae W303-1B
with plasmid pADH-PRA1. To construct plasmid pADH-PRA1, the PRA1 cod-
ing region was PCR amplified with primers designed to introduce a BglII site at
position 21 with respect to the first nucleotide of the coding region and an XhoI
site at the 39 end. The primer sequences were 59-CAGAGATCTATGAATTA
TTTATTGTTTTGT-39 and 59-CAGCTCGAGGTCTACAAGCGATTTTGC-
39. The PCR product was digested with BglII and XhoI and ligated with the
12.1-kb BglII-XhoI fragment of plasmid YPB1-ADHpL (2) to generate pADH-
PRA1. This plasmid was used to transform S. cerevisiae W303-1B, and constitu-
tive expression of PRA1 in Urd1 isolates was verified by Northern blot analysis.

Preparation of cell walls and isolation of membrane fractions from C. albicans.
Subcellular fractions were obtained as previously described (31). Briefly, blasto-
conidia and mycelial cells were collected by centrifugation at 3,000 3 g for 10
min, washed twice with chilled distilled water, suspended in a small volume of
0.001 M phenylmethylsulfonyl fluoride in 0.01 M Tris-HCl buffer (pH 7.2), and
broken by being shaken with glass beads. The procedure resulted in nearly
complete cell breakage. The cell walls were sedimented (1,200 3 g for 10 min)
to remove membranous and cytoplasmic proteins, washed in chilled 0.001 M
phenylmethylsulfonyl fluoride, and treated with boiling 2% (wt/vol) sodium do-
decyl sulfate (SDS) to extract non-covalently bound proteins. The extracted cell
walls were digested with Zymolyase, a b-1,3-glucanase, as previously described
(31).

The crude supernatant remaining after removal of the cell walls was further
fractionated by centrifugation at 40,000 3 g for 40 min to obtain a pelleted mixed
membrane preparation and a supernatant cytosol fraction.

Endoglycosidase H treatment. Deglycosylation with endoglycosidase H was
carried out as previously described (37).

PAGE and Western blotting techniques. Proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) as described previously (27) in
10% (wt/vol) acrylamide gels loaded with 20 mg of protein. After transfer to
nitrocellulose, proteins were immunodetected with either monospecific Pra1p
antibodies (41), polyclonal antibodies against mycelial cell walls (41), or poly-
clonal antibodies raised against Aspergillus nidulans antigen AspNDI (kindly
provided by F. Leal from University of Salamanca [8]). Detection was carried out
with an ECL kit (Amersham) according to the manufacturer’s instructions.

Fluorescence microscopy. The distribution of cell wall polysaccharides in C. al-
bicans CAI4 and CAMB435 was analyzed by using commercially available fluo-
rescence isothiocyanate-coupled lectins from Canavalia ensiformis (concanavalin
A-fluorescein isothiocyanate [ConA-FITC]) to detect mannan and from Triticum
vulgaris (wheat germ agglutinin [WGA]-FITC) to localize chitin. For ConA-
FITC staining, cells were suspended in 20 mM Tris-HCl (pH 7.0)–0.15 M NaCl–1
mM each CaCl2, MnCl2, and MgCl2–0.5 mg of lectin conjugate per ml. For
staining with WGA-FITC, cells were suspended in 20 mM Tris-HCl (pH 7.0)
containing 1 mg of lectin per ml. In both cases, the cells were incubated in the
dark for 30 min at room temperature, rinsed thoroughly with 20 mM Tris-HCl

FIG. 1. Separation of chromosomes of C. albicans ATCC 26555 (lanes 1),
SGY243 (lanes 2), 996 (lanes 3), and FC18 (lanes 4). The gel was stained with
ethidium bromide (A) and blotted onto nylon and hybridized with PRA1 (B). C.
albicans chromosomal designations (on the right) are those proposed by Wickes
et al. (48).

TABLE 1. Strains of C. albicans used

Strain Genotype Reference
or source

SC5314 Wild type 18
CAI4 Dura3::imm434/Dura3::imm434 15
CAMB1 Dpra1::hisG-URA3-hisG/PRA1 Dura3::imm434/

Dura3::imm434
This work

CAMB11 Dpra1::hisG/PRA1 Dura3::imm434/Dura3::
imm434

This work

CAMB43 Dpra1::hisG/Dpra1::hisG-URA3-hisG Dura3::
imm434/Dura3::imm434

This work

CAMB435 Dpra1::hisG/Dpra1::hisG Dura3::imm434/Dura3::
imm434

This work

CAMB9 Dpra1::hisG/PRA1-pUC18-URA3-Dpra1 Dura3::
imm434/Dura3::imm434

This work

SGY243 ade2/ade2 Dura3::ADE2/Dura3::ADE2 24
26555 Wild type ATCCa

FC18 Wild type 48
699 Wild type D. Poulain

a ATCC, American Type Culture Collection.
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(pH 7.0), and observed with a Zeiss Photomicroscope III equipped for epifluo-
rescence.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper has been submitted to GenBank under accession no.
U84261.

RESULTS AND DISCUSSION

Isolation and sequence analysis of the PRA1 gene. In a
previous study, 18 cDNA clones which reacted with mycelium-
specific antiserum raised against purified cell walls were iso-
lated (41). Ten of those clones were related on the basis of
cross-hybridization in Southern blots, and a representative of
this group, 8M, was chosen for further analysis. The insert
from the 8M cDNA was amplified by PCR and sequenced. It
was found to contain an open reading frame of 897 bp starting
9 bp downstream from the adapters used in the construction of
the library. On the basis of its expression pattern and relation-
ship with other fungal proteins, the corresponding gene was
designated PRA1 for pH-regulated antigen (see below).

To isolate a corresponding genomic clone, a C. albicans
lambda library was screened and two independent clones,
lambda 2-1 and lambda 11-1, were isolated. They contained a
common 4.3-kb SacI fragment that hybridized with the cDNA
clone. The genomic fragment was colinear with the genome as
determined by restriction endonuclease mapping and ap-
peared to represent a single locus. The only discrepancy be-

tween the cloned fragment and the genome was the location of
a ClaI recognition site which proved to be a polymorphism in
one allele (data not shown).

Karyotypic analysis also indicated that the cloned fragment
represented a single locus on chromosome 4 (Fig. 1). A single

FIG. 2. Nucleotide sequence and deduced amino acid sequence of PRA1. A putative TATA sequence (boxed), the translation start site (boxed by a broken line),
four potential N-glycosylation sites (circled with thick lines), noncanonical CTG codons (circled with thin lines), the predicted signal cleavage site (arrow), and the
serine-rich regions (underlined) are indicated.

FIG. 3. Northern blot analysis of the effects of temperature and pH on PRA1
expression. Strain SC5314 was inoculated in the medium of Lee et al. (29) or
medium 199 adjusted to the indicated pH and incubated for 3 h at 37 or 25°C.
The results of hybridization with the 8M cDNA insert (top panel) and of hy-
bridization with actin DNA (bottom panel) are shown. The electrophoretic
position of 18s rRNA is indicated on the right.
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chromosomal band hybridized with a PRA1 probe in three of
the four strains tested. Only in strain ATCC 26555 did a second
chromosomal band hybridize. This band lay between chromo-
somes 2 and 3 and was not apparent in the other strains.
Interestingly, the signal intensity of this atypical band was
approximately half that of chromosome 4, suggestive of partial
aneuploidy in this strain.

Approximately 1.6 kb of the SacI fragment from clone
lambda 11-1 was sequenced in the region complementary to
the cDNA. We identified a single, uninterrupted open reading
frame identical in sequence to the cDNA (Fig. 2). The pre-
dicted protein was 299 amino acids in length and contained a

putative signal sequence with a potential signal peptidase
cleavage site between residues 15 and 16 (47). Cleavage at this
site would result in a mature protein with a calculated molec-
ular mass of 31.4 kDa. Also present were four potential N-
glycosylation sites and a serine-rich region of potential O gly-
cosylation, a motif often found in cell wall mannoproteins of
S. cerevisiae and Yarrowia lipolytica (36, 46). No transmem-
brane domains, glycosylphosphatidylinositol attachment sites,
or other motifs were evident.

Regulation of PRA1 expression. The 8M cDNA was isolated
from an expression library on the basis of its reactivity with
hypha-specific antiserum. This suggested that PRA1 was dif-

FIG. 4. Alignment of the amino acid sequences of Pra1p and related proteins. Identical residues present in at least five of the eight sequences (boxes), residues
conserved specifically between Pra1p and the Aspergillus sp. antigens (lines above the sequences), and the zinc-binding motif conserved in metalloproteinases (thick bar)
are shown. AspndI, A. nidulans antigen (6); AspfII, A. fumigatus antigen (3); ScAOB249, S. cerevisiae open reading frame; AspNPII, neutral protease of A. oryzae (46,
47); Pnclysin, penicillinolysin of Penicillium citricum (30); Afumep20, metalloproteinase from A. fumigatus (35); Aflmep20 metalloproteinase from Aspergillus flavus
(35).
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ferentially expressed in relation to either cell morphology or
the culture conditions used to induce hypha formation. Differ-
ential expression of PRA1 was evidenced by Northern blot
analysis. A single, 1.1-kb transcript was detected in RNA ex-
tracted from cells grown in the medium of Lee et al. (29)
adjusted to pH 6.8, but not pH 4.5, irrespective of temperature
and cell morphology (Fig. 3). A similar pattern was observed
with medium 199. PRA1 mRNA was not detected in cells
cultured at pH 4.0 or 5.0 but was readily detected in cells
cultured at pH 6.0. Maximal expression occurred around pH
7.0 (Fig. 3). Ambient pH was not the sole factor influencing
expression. Temporal analysis demonstrated that PRA1 mRNA
was not detectable for the first 3 h following inoculation into
medium at the permissive pH, despite extensive cell growth,
and expression was not detected in YPD medium buffered at
pH 7.0 (data not shown). The delayed expression in some
media and lack of expression in rich medium indicated that pH
is not the sole determinant of expression.

Sequence comparisons. As a first step in elucidating the
function of PRA1, sequence comparisons were performed to
potentially identify homologous proteins with known activity.
A BLAST search of the GenBank and EMBL databases found
two homologs previously identified as immunodominant anti-

gens in aspergillosis. These were the AspFII protein of As-
pergillus fumigatus (3) and the AspNDI protein of A. nidulans
(8), which were 41.6 and 46.9% identical, respectively, to Pra1p
(Fig. 4). Homology extended along their entire lengths and
included conserved secretory signal sequences, four consensus
N-glycosylation sites, and seven cysteine residues. A serine-rich
region was present in AspFII and Pra1p but not in AspNDI. In
this context, it should be noted that approximately 55% of the
immunopositive cDNA clones we isolated were PRA1, suggest-
ing that the C. albicans protein is also highly immunogenic. If
it is similarly immunodominant in candidiasis patients, then it
may have potential as a diagnostic antigen.

Unfortunately, the function of these Aspergillus proteins is
unknown, as with a related S. cerevisae protein, ScAOB249,
defined by an open reading frame on the left arm of chromo-
some XV (16). However, there was a clear, though weaker,
relationship with the deuterolysin family of zinc metallopro-
teinases (Fig. 4). Sequence alignments showed the conserved
positioning of critical cysteine residues involved in disulfide
bond formation and tertiary structure of deuterolysins (44) and
a conserved zinc-binding domain, suggesting a possible proteo-
lytic role for Pra1p.

Another potentially interesting functional clue was provided
by a recent GenBank submission of a partial cDNA sequence
for a putative fibrinogen-binding protein of C. albicans (11).
This sequence is virtually identical to that of PRA1 except for
amino acid substitutions at positions 1, 18, 83, and 97 of the
predicted protein and two silent base substitutions at the DNA
level.

Construction of a PRA1 null mutant. To further define the
cellular function of PRA1, a null mutant was constructed to
search for informative phenotypes. The experimental design
of the deletion-disruption is depicted in Fig. 5A. All 10 of
the first-round transformants we examined were heterozy-
gous for the PRA1 deletion, as shown for a representative
isolate, CAMB1 (Fig. 5B). CAMB11, a Urd2 segregant of
CAMB1 resulting from intrachromosomal excision of the
URA3 marker, was transformed with the same deletion-disrup-
tion cassette to mutate the remaining wild-type allele. All 18
transformants examined by Southern blot analysis had under-
gone replacement of the previously disrupted allele. Conse-
quently, a more extensive screening was performed with a
PCR-based assay. Fifty-two additional transformants were
screened, and two of them appeared be homozygous for the
deletion. This was confirmed by Southern blot analysis, and
one of these isolates, CAMB43, was used to select a Urd2

segregant, strain CAMB435 (Fig. 5B).
Phenotypic analysis of Dpra1 strains. Successful recovery of

the homozygous null mutant indicated that PRA1 was not
essential. The specific growth rates of the parental strain,
CAI4, and the null mutant, CAMB345, in SD medium at 37
and 42°C were similar, and the growth yields in stationary-
phase cultures at 37 and 42°C were also similar (data not
shown). Germ tube formation by the mutant was not affected
in either rate or frequency when induced at 37°C in SD me-
dium containing N-acetylglucosamine (data not shown). At
42°C, the parental strain formed germ tubes, but shorter ones
than at 37°C (Fig. 6c and d). The null mutant, CAMB435, how-
ever, was unable to form germ tubes. Only a few cells formed
pseudohyphae, and most cells were enlarged and spherical
(Fig. 6e and f).

The cell wall of the mutant was not grossly altered in man-
noprotein distribution, as demonstrated by staining with
ConA-FITC (data not shown). However, chitin distribution
was altered. At 37°C, the WGA-FITC staining patterns of
CAMB435 and CAI4 were similar, with fluorescence concen-

FIG. 5. Disruption of the PRA1 locus. (A) Restriction map of the 4.3-kb SacI
genomic fragment containing the PRA1 gene (pMBW3) and the deletion-dis-
ruption construct (pMBW8). (B) Southern blot analysis of SacI-digested DNA
from the parental strain CAI4, the Dpra1 heterozygote CAMB and its Urd2

segregant, CAMB11, and the Dpra1/Dpra1 null mutant CAMB43 and its Urd2

segregant, CAMB435. The blot was probed with the SacI fragment containing
PRA1. The lengths and structures of the hybridizing fragments are shown on the
left. S, SacI.
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trated in the septal region (Fig. 6a and b). At 42°C, the paren-
tal strain was unaltered, but in the mutant, fluorescence was
randomly distributed throughout the cells (Fig. 6c to f).

To verify that the aberrant phenotypes of CAMB435 were
due to the loss of PRA1 and not due to a random second-site
mutation, a wild-type PRA1 allele was introduced into the null
mutant. One such revertant, CAMB9, was incubated at 42°C
and examined for morphological aberrations. The morphology
of this strain was identical to that of CAI4, indicating that the
phenotype of the null mutant was due specifically to the loss of
PRA1 (data not shown).

Cell localization of PRA1. Two pieces of indirect evidence
suggested that PRA1 might encode a cell wall protein. Isolation
of the gene was achieved by screening a mycelial library with an
antiserum raised against cell wall material, and the putative
protein contained motifs indicative of cell surface proteins. To
provide direct evidence for the localization of Pra1p, cell frac-
tionation studies were performed. Hyphal cells were separated
into cytosolic, membrane, and cell wall fractions. The wall
fraction was further separated into SDS-extractable and b-glu-
canase-extractable materials. Western blot analysis of those

FIG. 6. Chitin distribution in CAI4 and CAMB435 after 6-h induction in SD medium with N-acetylglucosamine. The cells were labelled with WGA-FITC as
described in Materials and Methods. Phase-contrast (a, c, and e) and fluorescence (b, d, and f) micrographs of CAMB435 at 37°C (a and b), CAI4 at 42°C (c and d),
and CAMB435 at 42°C (e and f) are shown.

FIG. 7. Localization of Pra1p. A Western blot of mycelial fractions of strain
ATCC 26555 was reacted with monospecific polyclonal antibodies against Pra1p.
Lanes: 1, Zymolyase-solubilized cell wall fraction; 2, spent medium from proto-
plasts after 3 h of regeneration; 3, wall material solubilized with SDS; and 4, a
mixed membrane preparation. Molecular masses (in kilodaltons) are indicated
on the right.
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fractions (Fig. 7) demonstrated a single protein of approxi-
mately 60 kDa which was reactive with monospecific antibodies
against Pra1p. This protein was detected only in the SDS ex-
tract of cell walls. It was not detectable in any of the other cell
fractions or in the supernatant of regenerating protoplasts.
Since it was separated from the cell wall by SDS extraction,
Pra1p does not appear to be covalently linked to the wall.

Native Pra1p was difficult to detect, reflecting either a low
level of expression or low avidity of the antibody. To facilitate
analysis of the protein, the gene was overexpressed in S. cer-
evisae by using plasmid pADH-PRA1. Yeast cells carrying this
plasmid contained a readily detectable amount of Pra1p (Fig.
8). The protein was expressed as a series of bands of 50 to 60
kDa, the largest being similar in size to the native protein in C.
albicans. As with C. albicans, the protein was present in the
SDS extract of cell walls. However, unlike in C. albicans, the
protein was also found in the culture supernatant. This sug-
gests again the noncovalent association of the protein with the
cell wall; however, it may also be an aberrant consequence of
overexpression. The same set of proteins was also detected by
use of antiserum against the AspNDI protein (8), substantiat-
ing the relationship between these proteins (Fig. 8).

Both native Pra1p and the heterologously expressed protein
were much larger than the predicted 31 kDa. One explanation
of this discrepancy is that the protein is highly glycosylated,
consonant with the presence of several N-glycosylation con-
sensus sites and a serine-rich region. The presence of N-linked
carbohydrate chains was indicated by the effect of endoglyco-
sidase H. Treatment with this enzyme decreased the size of
Pra1p by about 15 kDa, indicating that at least 25% of the
molecule consisted of N-linked oligosaccharides (Fig. 8). The
endoglycosidase H-treated protein was still reactive with
ConA, indicating the presence of either O-linked mannooligo-
saccharides or additional N-linked carbohydrate that was not
susceptible to endoglycosidase H treatment. Nonetheless, the
structure and localization of Pra1p were consistent with the
sequence-based predictions and indicated that Pra1p is a cell
surface glycoprotein.

In conclusion, we have identified a gene encoding a secre-

tory protein localized to the wall of C. albicans that plays at
least a limited role in morphogenesis. The role of Pra1p in this
process is unclear but may be related to its potential proteolytic
activity. The pH dependence of PRA1 expression is of interest,
since pH has a major influence on C. albicans morphology in
vitro (6) and two other genes required for morphogenesis,
PHR1 and PHR2, are also pH regulated (32, 38). The morpho-
logical defect associated with loss of PRA1 reinforces the
significance of pH in candidal morphogenesis and provides
additional evidence that the pH effect is mediated through
differential gene expression. The temperature dependence of
the null mutant phenotype is also of interest in that tempera-
ture-sensitive defects in candidal hypha formation have not
been previously described, and this suggests a new and useful
screen for identifying morphological functions in this organ-
ism.
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