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For the pathogenic yeast Candida albicans, secreted aspartyl proteinase (Sap) activity has been correlated
with virulence. A family consisting of at least eight SAP genes can be drawn upon to produce Sap enzymatic
activity. In this study, the levels of Sap1, Sap2, and Sap3 isoenzymes were monitored under a variety of growth
conditions for several strains, including strain WO-1, which alternates between two switch phenotypes, white
(W) and opaque (O). When cultured under proteinase-inducing conditions, most strains and W cells produce
Sap2, while O cells produce Sap1, Sap2, and Sap3. Both W and O cells of strain WO-1 produce Saps in
enriched and defined media that do not induce Saps from other strains. The specific Sap isoenzyme that is
produced is determined by the cell type, while the level of Sap production is determined by environmental
factors. The levels and temporal regulation of the SAPmRNAs as determined by Northern (RNA) analysis were
consistent with Sap protein levels and with previous results. S1 analysis showed that SAP6 is the predominant
SAP gene transcribed during hyphal induction at neutral pH. These studies define the culture conditions which
control the levels of SAP mRNAs and Sap proteins, and they indicate that both the yeast/hyphal transition and
phenotypic switching can determine which of the Sap isoenzymes is produced.

Candida albicans is a dimorphic yeast which exists as a com-
mensal oral and/or vaginal colonization in most healthy indi-
viduals. Under certain circumstances usually associated with a
compromised host immune system, C. albicans and related
species can become pathogenic, causing oral, vaginal, and/or
systemic candidiasis. While the regulatory processes which
control the transition between nonpathogenic and pathogenic
states have not been elucidated, several factors which contrib-
ute to the development of disease have been identified (2, 16;
also see below).
C. albicans exists in two distinct forms, a spherical budding

yeast form and a long, slender hyphal form (reviewed in ref-
erence 16). Both forms are present in the commensal and
disease states of an infection. In addition to the yeast/hyphal
transition, C. albicans displays phenotypic switching at detect-
able frequencies (1022 to 1025 per cell cycle) between alter-
nate cell types that are manifest as alternate colony morphol-
ogies on agar plates (reviewed in reference 23). At least three
independent switch phenotype systems have been described,
including white/opaque, smooth/star/wrinkled, and petite.
Each strain of C. albicans displays a particular switch pheno-
type system. For strain WO-1, the cells alternate between white
(W) and opaque (O) colony phenotypes which differ with re-
spect to a variety of characteristics, including lipid composi-
tion, drug sensitivity, and cellular morphology. This ability of
C. albicans to switch among several different cell phenotypes
may contribute to the virulence of the strain.
A potential virulence factor of C. albicans that was first

identified by Staib (25, 26) and has been studied by a number

of laboratories over the last 25 years is the secreted aspartyl
proteinase (SAP gene; Sap protein). Sap enzymatic activity is
routinely monitored in culture supernatants from cells grown
in proteinase-inducing media containing bovine serum albu-
min (BSA) at pH 5, although Sap enzymatic activities have also
been detected in culture supernatants from cells grown in
media containing a variety of other substrates (reviewed in
references 3 and 20). In C. albicans strains and other Candida
species, including C. tropicalis, C. parapsilosis, and C. krusei,
levels of Sap enzymatic activity correlate with the degree of
virulence of a given isolate in animal models (21, 22). Sap
antigen has been detected at lesional sites (18), and inhibitors
of Sap enzyme activity reduce the adhesion of C. albicans to
epithelial cells ex vivo (17), suggesting a role for Sap in adhe-
sion or invasion.
Although Sap activity has been widely studied, the reported

biochemical properties of Sap are often conflicting; the molec-
ular weight, pI, inhibitor profile, substrate specificity, and N-
terminal sequence of the protein vary between strains or lab-
oratories (reviewed in references 3 and 20). One explanation
for these discrepancies is suggested by the recent cloning and
sequencing of seven distinct SAP genes (SAP1 [4], SAP2 [30],
SAP3 [29], SAP4 [10], SAP5, SAP6, and SAP7 [11]) and com-
parison of the N-terminal protein sequences, which suggests
the existence of at least one more SAP gene, SAP8 (13). The
seven cloned genes each encode a mature protein which is
highly conserved and a precursor peptide that contains the
most evolutionarily divergent region of the SAP genes.
The steady-state levels of selected SAP mRNAs, which are

controlled by transcription and RNA degradation, have been
studied under certain defined conditions. In standard protein-
ase-inducing medium, selected laboratory strains contain high
levels of SAP2mRNA and low levels of SAP1mRNA (30). For
strain WO-1, O cells contain SAP1 mRNA (referred to as
PEP1 by Morrow and coworkers), while W cells do not (15).
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SAP1 mRNA is rapidly lost when the O cell population con-
verts to W cells as the temperature is raised to 378C (14).
Hube et al. (5) recently showed that SAP2 is the major SAP

mRNA in many strains and that the levels of this mRNA are
not affected by temperature or carbon source and are maximal
during mid-log growth. Their analysis also showed that in O
cells of strain WO-1, SAP1, SAP2, and SAP3 mRNAs are
detected during logarithmic growth, while SAP3 mRNA is also
present in stationary phase. SAP mRNAs were detected tran-
siently during hyphal production at neutral pH; the DNA
probe used in the analysis hybridizes with SAP4, SAP5, and
SAP6. The data of these investigators suggest that peptides
from BSA stimulate SAP2 mRNA levels, while free amino
acids inhibit expression.
While different levels of SAP mRNAs have been detected, a

correlation with Sap protein levels has not been made. We
have previously shown that protein products of three of the
SAP genes (SAP1, SAP2, and SAP3) can be resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (29). In the present study, we determine the major Sap
proteins secreted by laboratory strains under a variety of pro-
teinase-inducing and proteinase-inhibiting conditions, includ-
ing those used by Hube et al. (5). We conclude that the pattern
of Sap isoenzymes in strain WO-1 is unique compared with
those in other strains. While most strains, including W cells
and many clinical isolates, primarily secrete Sap2, the major
proteinases secreted by O cells are Sap1, Sap2, and Sap3.
Northern analysis of total RNA using oligonucleotide probes
specific for the SAP genes shows that RNA and protein levels
are comparable under most conditions, and an mRNA specific
for SAP4, SAP5, or SAP6 is detected during hyphal formation
at neutral pH (consistent with previous results [5]). Finally, by
S1 nuclease analysis, we have determined that SAP6 mRNA is
the major SAP mRNA expressed in hyphae at pH 7.

MATERIALS AND METHODS

Strains. The C. albicans strains used included strains 3153a (ATCC 28367),
WO-1 (28), ATCC 10261, and SS (3). Cultures were maintained at 258C on
YEPD agar plates (10 g of yeast extract, 20 g of peptone, 20 g of dextrose, and
15 g of Bacto Agar per liter) and subcultured weekly or were stored at 2708C in
YEPD containing 10% glycerol. The WO-1 strain was maintained separately as

both W and O phenotypes on YEPD plates containing phloxine B (5 mg/ml). Cell
cultures were inoculated by using a single colony grown on a YEPD agar plate.
Culture medium components were obtained from Fisher, and proteins used as
nitrogen sources were obtained from Sigma.
Culture media. Several different media were tested for their effects on Sap

isoenzymes.
(i) Inducing media. Inducing media (Tables 1 and 2) included the following:

YCB-BSA (1.17% [wt/vol] yeast carbon base, 0.1% yeast extract, 0.2% BSA [pH
5.0]) (29), YNB-BSA (0.17% yeast nitrogen base, 2% glucose, 0.2% BSA [pH
5.0]) (1), 103 YNB-BSA (1.7% yeast nitrogen base, 2% glucose, 0.2% BSA [pH
5.0]), YBD (0.2% yeast extract, 0.2% BSA, 2% glucose) (19), and MMO (mod-
ified MacDonald/Odds [7]) (2% glucose, 0.2% BSA, 0.1% KH2PO4, 0.05%
MgSO4 z 7H2O, 0.53 Basal Eagle Medium Vitamins, 400 ng of nicotinic acid per
ml).
(ii) Inhibitory media. Inhibitory media (Tables 1 and 2) consisted of many of

the inducing media listed above with the addition of NH41 and included the
following: YCB-BSA-NH4 (YCB-BSA [see above] plus 0.1 M NH4 tartrate),
YNB-BSA-NH4 (YNB-BSA plus 0.1 M NH4 tartrate), 103 YNB-BSA-NH4
(103 YNB-BSA plus 0.1 M NH4 tartrate), and YCB-AS (1.17% yeast carbon
base plus 0.5% ammonium sulfate [pH 5.0]).

TABLE 1. Sap2 proteinase productiona

Medium or
mediab

Sap2 proteinase in the following cell lineb at:

258C 378C

10261 3153A SS W Oc 10261 3153A SS W Oc

Inducing media 2 2 2 2 2 2 2 2 2 2
Inhibitory media 2 (2) (2) 2 (2) 2 2 2 (2) 2
Rich media
YEPD 2 2 2 2 (2) 2 2 2 2 2
YEPD/BSA 2 2 2 2 2 2 2 2 2 2
YEPD/Sera 2 2 2 2 (2) 2, H 2, H 2, H 2, H 2, H

Defined media
Lee’s 4.5 2 2 2 2 2 2 2 2 2 2
Lee’s 4.5/BSA 2 2 2 2 2 2 2 2 2 2
Lee’s 6.7 2 2 2 2 2 2, H 2, H 2, H 2, H 2, H
Lee’s 6.7/BSA 2 2 2 2 2 2, H 2, H 2, H 2, H 2, H
RPMI 2 2 2 2 2 2, H 2, H 2, H 2, H 2, H
RPMI/BSA 2 2 2 2 2 2, H 2, H 2, H 2, H 2, H

a 2, Sap2 protein present in culture supernatants; 2, Sap2 not detected; H, hyphae induced during growth of the culture. Parentheses indicate that the protein was
detected but at low levels.
b All media and cell lines are described in Materials and Methods. Results for inducing and inhibitory media are summaries of results obtained with each medium

separately.
c Cultures were inoculated with O cells. These cultures grow at 258C as O cells, and they grow at 378C as W (yeast) cells.

TABLE 2. Sap1 and Sap3 proteinase production at 258Ca

Medium or
mediab

Sap1 and/or Sap3 proteinase pro-
duction by the following cell lineb:

W O

Inducing media 2 1, 3
Inhibitory media 2 1
Rich media
YEPD 2 1, 3
YEPD/BSA (3) 1
YEPD/Sera 2 1, (3)

Defined media
Lee’s 4.5 2 1
Lee’s 4.5/BSA 2 1, (3)
Lee’s 6.7 2 1
Lee’s 6.7/BSA 2 1, (3)
RPMI 2 2
RPMI/BSA 2 2

a 1, Sap1 protein present in culture supernatants; 3, Sap3 protein present in
culture supernatants; 2, neither Sap1 nor Sap3 detected. Parentheses indicate
that the protein was detected but at low concentrations.
b All media and cell lines are described in Materials and Methods. Results for

inducing and inhibitory media are summaries of results obtained with each
medium separately.
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(iii) Enriched media. Enriched media (Tables 1 and 2) included the following:
YEPD (1% yeast extract, 2% peptone, 2% dextrose), YEPD/BSA (1% yeast
extract, 2% peptone, 2% dextrose, 0.2% BSA), and YEPD/Sera (1% yeast
extract, 2% peptone, 2% dextrose, 0.2% bovine serum).
(iv) Defined media. Defined media (Tables 1 and 2) included the following:

Lee’s 4.5 and Lee’s 6.7 (modified Lee’s medium at pH 4.5 or 6.7 as described
previously [6]), Lee’s 4.5/BSA and Lee’s 6.7/BSA (Lee’s medium at pH 4.5 or 6.7
plus 0.2% BSA), RPMI (RPMI 1640 with 2 g of glucose per liter, 0.3 g of
L-glutamine per liter, and 2.0 g of NaCO3 per liter), and RPMI/BSA (RPMI,
0.2% BSA).
Cultures were usually grown in these media for 48 h to late stationary phase.

The cells were pelleted (12,0003 g, 10 min) in a microcentrifuge, and the culture
supernatants were stored at 2208C.
SDS-PAGE and Western immunoblot analysis. Western analyses were per-

formed as previously described with 8% polyacrylamide gels (29:1 acrylamide/
bisacrylamide ratio [29]) under denaturing conditions. In all Western blots, the
membranes were treated with periodate to remove carbohydrate epitopes that
cause high backgrounds (see reference 29 for details).
Northern analysis. C. albicans cells were grown in either YEPD or YCB-BSA,

monitored spectrophotometrically at 600 nm, and harvested at defined optical
densities. RNAs were prepared at optical densities of 1 (6 to 7 h after inocula-
tion; mid-log phase), 3 (8.5 to 11 h; mid-late log phase), 9 (11.5 to 16 h; late log
phase), and 20 (14.5 to 22 h; stationary phase), depending on the growth of each
cell type. Total RNA was prepared as previously described (10). Northern anal-
yses were performed with 10 mg of total RNA as described previously (8). Four
specific oligonucleotides were designed on the basis of the sequence of the
precursor portion of the cloned gene. Because of the high degree of similarity
among SAP4, SAP5, and SAP6, an oligonucleotide could not be designed to
recognize each of the genes, and so an oligonucleotide that recognizes all three
was designed. An oligonucleotide specific for the actin gene sequence was de-
signed to monitor mRNA levels. All five oligonucleotides were used for Northern
blot hybridization, and their sequences are as follows: SAP1 specific, 59 CCAG
TAGCATTAACAGGAGTTTTAATGACA 39; SAP2 specific, 59 TGACCATT
AGTAACTGGGAATGCTTTAGGA 39; SAP3 specific, 59 TTGATTTCACCT
TGGGGACCAGTAACATTT 39; SAP4 to SAP6 specific, 59 TTTAACTTCGA
CAGTTGGATCTTTTGGATC 39; and actin specific, 59 GGAGTTGAAAGT
GGTTTGGTCAATACCAGCAGCTTCCAAACCTAAATCAG 39. The oligo-
nucleotides were labeled with polynucleotide kinase and [g-32P]ATP (12). Blots
were prehybridized, hybridized, and washed at 558C in 33 SSC (13 SSC is 0.15
M NaCl plus 0.015 M sodium citrate)–0.1% SDS as described previously (8).
S1 analysis. S1 analysis was performed as described previously (10). Gene-

specific probes from BglII fragments of the coding regions were prepared by
labeling with polynucleotide kinase and [g-32P]ATP. The fragments include the
following: for SAP4, a 760-bp fragment from position 205 to position 964 of the
coding region (10); for SAP5, a 682-bp fragment from position 416 to position
1097 of the coding region (11); and for SAP6, a 665-bp fragment from position
389 to position 1053 of the coding region (11). For controls, the three DNA
fragments were cloned into pBluescript SK2 (Stratagene). In vitro transcription
with T3 or T7 polymerase produced RNA transcripts that were used to demon-
strate that the three probes do not cross-react under the experimental conditions.

RESULTS

Saps and cell growth. As we showed previously, Sap1, Sap2,
and Sap3 are resolved by 10% SDS–PAGE and detected by
immunoblotting with a rabbit polyclonal antiserum (29). We
then used N-terminal protein sequencing to identify the three
protein bands as Sap isoenzymes and to demonstrate that
comigrating bands from three different strains (3153A, SS, and
WO-1) each represented a single Sap isoenzyme (Sap2) (29).
We have improved the resolution by using 8% SDS–PAGE
(Fig. 1) and have used these gel conditions to determine the
major Sap isoenzymes that are secreted under a variety of
growth conditions.
We have previously shown that Sap isoenzymes are pro-

duced beginning in mid-log phase and that Sap isoenzyme
levels increase in the late log and stationary phases of cell
growth (29). This pattern of Sap production is seen for W cells
and O cells of strain WO-1 and for strains SS and 3153A. We
have also reported that the levels of Sap isoenzymes persist in
the media without significant degradation for up to 5 days. To
ensure that each cell line was grown to stationary phase and
that Sap isoenzyme levels were maximal, Sap isoenzyme levels
were assayed routinely at 48 h.
Tables 1 and 2 tabulate the Sap isoenzymes secreted in

culture supernatants of cells of laboratory strains 10261,

3153A, and SS and the W and O switch phenotypes of strain
WO-1 grown under a variety of conditions. Each cell line
(referring to strain or switch phenotype) was grown at both 25
and 378C. O cells grown at 258C remain O cells for the 48 h of
incubation, while O cells grown at 378C convert to W cells
within 2 to 4 h (14, 24). The Sap isoenzymes produced by
cultures grown at 378C after inoculation with O cells (Tables 1
and 2) are the same as the Sap isoenzymes produced by W
cells, demonstrating that the Sap protein pattern changes with
the conversion of O cells to W cells, consistent with the results
of previous Northern analyses (14, 24).
Cell morphology of each cell line was assessed microscopi-

cally at 24 and 48 h during the growth of the cultures. At 258C,
most cell lines grow as yeast cells, with the exception of the O
cells, which retain their distinctive large, oblong shape. At
378C, cell lines, including those inoculated with O cells, grow as
yeast cells, and hyphae are induced under the expected condi-
tions, including Lee’s medium at pH 6.7 and media containing
serum (Table 1).
Sap2 isoenzyme. Sap2 is produced by all cell lines at both

temperatures in proteinase-inducing media of various formu-
lations (Table 1; see Materials and Methods). In addition,
Sap2 is produced in over 40 clinical isolates from human im-
munodeficiency virus-infected patients when grown in protein-
ase-inducing medium (YCB-BSA) (27). Low levels of Sap3 are
occasionally detected in culture supernatants from some of
these isolates (see below).
Previous reports have suggested that the presence of NH4

1

reduces Sap activity (1), potentially affecting the level of Sap
protein or its enzymatic activity. We tested for inhibition of
Sap levels by adding ammonium tartrate or ammonium sulfate
to the proteinase-inducing media (producing the media desig-
nated as inhibitory media in the tables). NH4

1 reduces Sap2
levels at 378C in most cell lines and has a limited effect on Sap2
levels at 258C (Table 1).

FIG. 1. Improved resolution of Sap isoenzymes. Culture supernatants from
W and O cells of strain WO-1 and from strains 3153A and SS were electropho-
resed by 8% SDS–PAGE (see Materials and Methods). After electrophoresis,
the gel was blotted to nitrocellulose and probed with a polyclonal rabbit anti-
serum directed against Sap. Three bands with different apparent molecular
weights were observed, and these have been identified as SAP1, SAP2, and SAP3
by N-terminal sequencing (29).
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While Sap enzymatic activity has rarely been detected in
enriched growth media such as YEPD, the Sap2 isoenzyme is
produced under these conditions (Table 1), although the level
of Sap2 depends on the cell line used. Levels of Sap2 in en-
riched media are reduced when cells are grown at 378C, and
they can be increased by the addition of BSA or serum for
some cell lines.
Sap enzymatic activity in defined media (i.e., Lee’s medium)

has been studied by Morrow and coworkers (15), who showed
that Sap enzymatic activity and SAP1 mRNAs are found al-
most exclusively in O cells (see below). However, SDS-PAGE
showed that Sap2 is produced in W cells in defined Lee’s media
after the addition of serum (Table 1) at either pH 4.5 or pH
6.7. The Sap2 isoenzyme is not produced in the defined me-
dium RPMI from any cell line tested (see below).
Sap1 and Sap3 isoenzymes. Levels of Sap1 and Sap3 were

monitored at 25 and 378C for all cell types but were detected
only in W and O cells grown at 258C (Table 2) (27). Sap1 is
produced by O cells under all growth conditions tested with the
exception of the defined medium RPMI; its levels are not
affected by NH4

1 or the presence of BSA or serum. Sap3 is
also produced by O cells, although low levels of Sap3 can occur
in other cell lines (see below). Sap3 is eliminated by the addi-
tion of NH4

1 to the culture, is induced in Lee’s medium by the
addition of BSA, and is reduced in enriched media by the
addition of BSA or serum.
Effects of medium, pH, and substrate. Saps were not de-

tected in any cell line grown in the defined medium RPMI
1640, while Saps were detected in O cells grown in the defined
modified Lee’s medium. When O cells were grown in 1:1 mix-
tures of RPMI medium and Lee’s medium (which induces
Sap1), Saps were not detected, while controls (1:1 mixtures of
Lee’s medium and water) produced Sap1, suggesting that a
component of RPMI medium inhibits Sap1 production. RPMI-
1640 medium (Gibco-BRL) contains 41 components, including
six inorganic salts, 20 amino acids, 11 vitamins, D-glucose, glu-
tathione, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), and phenol red. Modified Lee’s medium contains 20
components, including nine inorganic salts, nine amino acids,
D-glucose, and D-biotin. Differences between the two media, in
which RPMI contains a component that is not present in Lee’s
medium or in which the component is present at a higher
concentration in RPMI medium, include five inorganic salts, 14
amino acids, 10 vitamins, glutathione, HEPES, and phenol red.
Each of these 32 components was tested separately and in
various combinations (modified Eagle’s medium vitamin solu-
tion [Gibco-BRL], Casamino Acids, and inorganic salt mix-
tures) for its inhibition of Sap expression in Lee’s medium.
Components of RPMI medium were added to a base of Lee’s
medium either alone or in limited combination, and all failed
to inhibit Sap1 production, whereas the addition of complete
RPMI medium always inhibited Sap1 production (27), suggest-
ing that a complex combination of RPMI medium components
inhibits Sap production.
While Sap activity is known to have a pH optimum between

4 and 5 and SAP2 mRNA levels have been shown to be max-
imal at pH 4.0 (5), pH regulation of Sap isoenzyme levels has
not been investigated. Proteinase-inducing medium was buff-
ered with sodium citrate (100 mM) at five incremental pH
values between 3 and 7. The final pH after growth of the
cultures to stationary phase ranged from 3.25 to 5.8. The pat-
tern of Sap isoenzymes in W cells (Sap2) and O cells (Sap1,
Sap2, and Sap3) was not affected by the pH of the growth
medium (Fig. 2), although the levels of the Sap isoenzymes
were affected by pH. As seen in Fig. 2, levels of Sap3 were
highest at low pH (pH 3.2 [lane 1]), levels of Sap1 remained

elevated at higher pH (i.e., pH 5.6 [lane 4] and pH 5.9 [lane 5]),
and levels of Sap2 in both W and O cells were greatest at pH
4.1 (lane 2 for both W and O cells), although all three Sap
isoenzymes were detected at every pH. This suggests that the
levels of the three Sap isoenzymes are controlled by the pH of
the medium. The optimum expression of Sap2 at pH 4 is
consistent with the SAP2 mRNA levels (5), although the de-
tection of Sap isoenzymes in every sample may reflect a dif-
ference in timing of mRNA expression at different pHs that
was not detected by Northern analyses.
While Sap enzymatic activity degrades a variety of sub-

strates, Sap isoenzymes have been monitored only in protein-
ase-inducing medium containing BSA as a substrate (12, 13,
29). Cell lines, including W and O cells and strains 3153A and
SS, were grown in proteinase-inducing medium containing
other proteins as nitrogen sources, including bovine serum,
casein, and hemoglobin. In addition, two dye-linked proteins,
azocasein and azokeratin, were tested. No change in Sap isoen-
zyme pattern was observed when cell lines were grown in these
media compared with the pattern observed when they were
grown in media containing BSA (27). Azocasein, BSA (filtered
or autoclaved), bovine serum, and casein all induced equiva-
lent amounts of Sap. Azokeratin did not induce significant
amounts of Sap compared with a protein-minus control. Sur-
prisingly, hemoglobin induced Sap at 258C but did not induce
it at 378C.
SAP RNA levels. Differences in Sap protein levels may be

due to differences in transcription, RNA processing, protein
translation, protein stability, or secretion. Northern analyses
were performed (Fig. 3) to determine if Sap protein levels are
strictly correlated with SAP mRNA levels. Total RNA from
cell lines 3153A, SS, W, and O prepared at several points in the
growth of the culture in proteinase-inducing medium was blot-
ted to nitrocellulose and probed with four oligonucleotides
that are directed at the precursor regions of the SAP genes. As
this part of the gene is the most divergent, these oligonucleo-
tides are specific for SAP1, SAP2, and SAP3 genes. Because of
the high degree of homology among SAP4, SAP5, and SAP6,
the SAP4-6 oligonucleotide recognizes all three sequences.
The Northern analyses (Fig. 3) were consistent with the

Western blot analyses (Tables 1 and 2) and suggest that the
SAP genes are regulated at the RNA level. SAP2 mRNA was
detected in all cell lines, while SAP1 and SAP3 mRNAs were
detected in O cells and SAP3mRNA was detected at low levels
in cell lines other than O cells (see lane 3 for each cell line in
Fig. 3). No hybridization signal was observed when these

FIG. 2. Western analysis of culture supernatants at different pHs. W cells (W
panel) and O cells (O panel) were grown in YCB-BSA buffered with 100 mM
sodium citrate for 48 h. The final pHs of the buffered cultures for W cells were
as follows: lane 1, 3.28; lane 2, 4.19; lane 3, 4.83; lane 4, 5.48; and lane 5, 5.68.
Those for O cells were as follows: lane 1, 3.24; lane 2, 4.13; lane 3, 4.77; lane 4,
5.59; and lane 5, 5.86. Samples of the culture supernatants were analyzed by
Western blot analysis (see Materials and Methods). This exposure of the data
was chosen to detect the presence of all three Sap isoenzymes in the O cells (lane
5).
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Northern blots were hybridized with the SAP4-6 oligonucleo-
tide (27), suggesting that SAP4, SAP5, and SAP6 mRNAs are
not present under these conditions. The results shown in Fig. 3
demonstrate that Sap isoenzyme levels are reflected in the
amount of mRNA for each SAP gene. These results cannot
distinguish between differential transcription, pre-mRNA pro-
cessing, and mRNA decay as the factor(s) that controls steady-
state mRNA levels.
The Northern analyses further show that SAP gene expres-

sion occurs relatively late in the growth of the culture, since the
SAP2 mRNA peaks in very late log phase (lane 3 for each cell
line in Fig. 3) and the mRNAs for SAP1 and SAP3 peak in
stationary phase (lane 4 for each cell line). The delayed ex-
pression of the SAP genes during growth is most probably due
to the presence of small amounts of yeast extract in the culture
medium (added as a vitamin supplement) which serve as a
nitrogen source in the initial growth of the culture. Northern
analysis shows that cultures grown in proteinase-inducing me-
dium without yeast extract express the SAP genes earlier in the
growth of the culture (27), as has been described previously
(5).
SAP mRNAs during hypha formation. Hube et al. detected

an mRNA that hybridizes with a probe for SAP4, SAP5, and
SAP6 during hyphal cell production stimulated by serum at
neutral pH (5). We extended these results by showing that
under such conditions, the laboratory strain SS and a clinical
isolate both produce mRNA which hybridizes with the SAP4-6
oligonucleotide, while W and O cells do not produce such an
mRNA (28), suggesting expression differences between W and
O cells of strain WO-1 and yeast cells of other strains. North-
ern analysis of total RNA from a clinical isolate prepared at 2
and 5 h after hypha production in three different media (Fig. 4)
showed that the mRNA recognized by the SAP4-6 oligonucle-
otide is produced within the first 2 h after hyphal induction and
that its levels are reduced by 5 h postinduction. We were able
to detect transcripts during hypha formation in a defined me-
dium (Lee’s medium at pH 6.7); such transcripts have not been
previously reported (5). mRNAs that hybridize to oligonucle-

otides specific for SAP1, SAP2, and SAP3 were not detected
under these conditions (27).
Culture supernatants from cells induced to form hyphae at

neutral pH were sampled at 2 and 5 h and after overnight
growth (the same cultures from which the total RNA was
prepared [see above]). Western blot analysis of these superna-
tants probed with the polyclonal antisera did not detect any
Sap protein. This may be due to the transient, low-level ex-
pression of SAPs under these conditions or to the possibility
that the antiserum does not recognize Sap4, Sap5, or Sap6.
SAP4, SAP5, and SAP6 expression. To determine which of

the SAP genes was expressed during hypha formation at neu-
tral pH, DNA probes from the coding regions of SAP4, SAP5,
and SAP6 were end labeled, hybridized with total RNA of a
clinical isolate prepared from the cells 2 h after hyphal induc-
tion, and digested with S1 nuclease, which does not digest
labeled DNA fragments if they are hybridized with RNA. The
results of the S1 analysis, shown in Fig. 5, indicate that the
major SAP gene transcript during hyphal induction at neutral
pH is SAP6, while a lower level of SAP5 mRNA was detected.
SAP4 mRNA was not detected in several experiments.

DISCUSSION

Sap isoenzymes. The complex pattern of Sap enzymatic ac-
tivity in C. albicans has been partially explained by the identi-
fication of the SAP multigene family. Northern analyses by
several laboratories (5, 10, 15, 30; also our present results [see
above]) have detected mRNA levels for specific SAP genes
under a limited set of conditions, which most probably reflect
differential transcription of the SAP genes but which may also
be affected by RNA processing or control during pre-RNA
processing. We have performed a comprehensive survey of Sap
protein isoenzyme levels under a wide variety of conditions
(Tables 1 and 2). Under standard conditions, RNA and protein

FIG. 3. Northern analysis of SAPmRNA levels. Total RNA fromW cells and
O cells of strain WO-1 and from strains 3153A and SS was prepared at several
time points during the growth of the culture, and samples were taken at optical
densities of 1 (mid-log phase; lanes 1), 3 (mid-late log phase; lanes 2), 9 (late log
phase; lanes 3), and 20 (stationary phase; lanes 4). Identical blots were probed
with oligonucleotides specific for SAP1, SAP2, SAP3, SAP4 to SAP6, and actin.
Blots were hybridized and washed at 408C in 33 SSC–0.1% SDS. Panels for
SAP1, SAP2, and SAP3 are shown. The SAP4-6 oligonucleotide did not hybridize
with any RNA species in these blots. The actin oligonucleotide hybridized evenly
across the entire blot, demonstrating that equal amounts of total RNA were
loaded in each lane (27). The smears below the bands for each SAP mRNA may
be the result of increased mRNA degradation as the cells reached stationary
phase. The shadow bands above the SAP signals, especially in the SAP2 panel,
represent trapping of SAP mRNA in the rRNA bands of total RNA.

FIG. 4. Transient SAP mRNA levels in hyphal cells at neutral pH. An over-
night culture of clinical isolate 92-4053 was washed in sterile water and sus-
pended at an optical density of 0.75 in three different media: 10% serum, pH 7
(lane 1); 10% serum in Lee’s medium, pH 6.7 (lane 2); and 100% Lee’s medium,
pH 6.7 (lane 3). Total RNA was prepared at 2 and 5 h after hyphal induction, by
which time most cells had formed hyphae and germ tubes (precursors to hyphae).
The Northern blot was hybridized with the SAP4-6 oligonucleotide and washed
at 408C in 33 SSC–0.1% SDS. Faint hybridization at the top of the blot repre-
sents genomic DNA remaining in the total RNA preparations.
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levels are comparable, suggesting that posttranscriptional reg-
ulatory mechanisms do not substantially regulate Sap levels.
Western blot analysis, which does not depend on enzymatic

activity, was used in this study to rapidly screen for Sap isoen-
zymes in culture supernatants representing a large number of
growth conditions and several strains and cell types (Tables 1
and 2). Stationary-phase culture supernatants were tested,
since they contain all Saps accumulated during growth. Deg-
radation of Saps in culture supernatants is not a major problem
in these analyses, as we have monitored Sap isoenzyme levels
for up to 5 days without a change in either the pattern or the
level of Sap isoenzymes (27).
The antiserum that was used in much of this analysis is a

polyclonal rabbit serum prepared against Sap2. As described
previously (29), this antiserum reacts with Sap1, Sap2, and
Sap3 (Fig. 1), which is not surprising given the high levels of
homology among the SAP genes (11). The antibody does not
detect Sap isoenzymes produced during hyphal growth at neu-
tral pH. Similarly, two other polyclonal antibodies easily rec-
ognized Sap1, Sap2, and Sap3 in control culture supernatants
but did not detect any proteins in hyphal culture supernatants.
The levels of SAPmRNA detected during hypha formation are
low and transient (Fig. 4) compared with the levels of SAP1,
SAP2, and SAP3 mRNA in yeast cells (Fig. 3), and this may
explain our inability to detect hypha-specific Saps by Western
analysis. At this time, the protein products of SAP4, SAP5,
SAP6, and SAP7 have not been detected under any conditions.
Saps and cell type. Different isoenzymes are produced by

yeast cells and by hyphae and by cells exhibiting different
switch phenotypes, suggesting that cell type controls the pat-
tern of Sap isoenzyme expression. Yeast cells of laboratory
strains and clinical isolates produce Sap2 (Table 1) and low
levels of Sap3, which can be detected by Western analysis (27)
or Northern analysis of total RNA (Fig. 4). Hyphal cells at
neutral pH contain SAP6 mRNA and lower levels of SAP5
mRNA, as detected by Northern analysis of total RNA. In the
W/O switch system, W cells produce Sap2 (Table 2) and O cells
produce Sap1, Sap2, and Sap3, although the level of each of
the Saps in O-cell supernatants depends on the growth condi-
tions.

Saps and environmental control. The highest levels of Sap
are found under proteinase-inducing conditions. In general,
rich media and defined media do not induce Saps, although W
and O cells continue to produce Saps in these growth media
(Tables 1 and 2). The defined medium RPMI inhibits Sap
production in O cells, although we have been unable to deter-
mine the combination of components in RPMI which causes
this inhibition. Other growth conditions were tested for effects
on Sap levels. The pH of the medium does not effect the
pattern of expression but does have an effect on the levels of
Sap isoenzymes, with high levels of Sap3 occurring at low pH
(pH 3.2), higher levels of Sap1 occurring at higher pH (pH
5.5), and maximal levels of Sap2 occurring at intermediate pH
(pH 4.1). The major effect of temperature was the conversion
of O cells to W cells at 378C. The presence of NH4

1 reduced
or eliminated the levels of Sap under proteinase-inducing con-
ditions, with a more pronounced effect at 378C. We have also
shown that high concentrations of NH4

1 inhibit the enzymatic
activity of Saps (27).
Our Western analysis results (see Tables 1 and 2) are not

completely consistent with previous Northern analysis results
(5) with regard to the time of maximal Sap production during
culture growth and the inhibition by amino acids and pH.
These discrepancies are most likely the result of the methods
used in each investigation. The level of mRNA detected by
Northern analysis is dependent on the growth stage of the
culture at the time the RNA is prepared (Fig. 3), while the
amount of Sap protein detected by Western analysis represents
the accumulation of Sap isoenzymes during 48 h of growth.
Small differences in the constituents of the media may alter the
timing of gene expression as well as the overall levels of Sap
expression. Thus, mRNA levels monitored at one specific time
point in the growth of the culture may or may not reflect final
Sap protein levels.
Sap enzymatic activity and protein levels. Despite the iden-

tification of the SAP gene family and the characterization of
SAP mRNAs and Sap isoenzymes, there remain clear discrep-
ancies between enzymatic activities and the Sap protein levels
for specific growth conditions. The best example is that of W
and O cells, for which Morrow and coworkers monitored the
Sap enzymatic activity levels and levels of SAP1 mRNA (15).
In their studies, high levels of Sap enzymatic activity correlated
with high levels of SAP1 mRNA in O cells, while in W cells
(grown in defined medium or serum) and in two clinical iso-
lates, low levels of Sap enzymatic activity were detected but
were not associated with SAP1mRNA. The Western blot anal-
ysis whose results are shown in Fig. 1 and Tables 1 and 2
confirms that Sap1 is secreted by O cells, identifies Sap2 as the
major Sap isoenzyme secreted by W cells, and identifies Sap3
as a major component of O-cell culture supernatants. The
levels of total Sap protein, as determined by Western blot
analysis, are roughly equivalent in W and O cells (Fig. 1) (29),
in contrast to the large differences in Sap enzymatic activity
described by Morrow et al. (15).
To reconcile the discrepancy between the Sap protein levels

in YCB-BSA media (as determined by Coomassie stains and
Western blots [28, 29]) and Sap activity in defined medium and
serum (as determined by enzymatic assay [15]), we monitored
the levels of Sap activity in culture supernatants of cell lines
grown in YCB-BSA by the azocasein assay (15). The results
were consistent with those of Morrow et al. (15). However,
repeated assays of culture supernatants demonstrated that the
assay is extremely sensitive to the pH of the culture medium,
and the standard curve for the assay has a narrow linear range
because of enzyme inhibition by the product of the reaction
(9). The assay is most likely sensitive to the pH of the culture

FIG. 5. S1 nuclease analysis of SAP mRNA levels during hypha formation.
DNA probes were prepared from within the coding regions of SAP4, SAP5, and
SAP6 (labeled in the figure). Each probe was labeled, denatured, and hybridized
overnight in the presence of total RNA from a clinical isolate prepared at 2 h
after hyphal induction (H) or in the presence of carrier tRNA (t). After hybrid-
ization and S1 nuclease treatment, the samples were electrophoresed through a
denaturing 7% polyacrylamide gel and the gel was exposed to X-ray film for
autoradiography. The probes for SAP5 and SAP6 were approximately the same
size, as can be seen in the figure. The probe for SAP4 was slightly larger and was
not detected in these analyses.
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supernatant because extremes of pH irreversibly inactivate Sap
activity. These findings suggest that caution must be employed
in interpreting the proteinase activity assays based on the cur-
rently used conditions and that important Sap isoenzymes may
be overlooked because of low enzymatic activity in these arti-
ficial assays.
SAP mRNA levels. Northern blot analysis (Fig. 4) detected

mRNAs which hybridize with SAP4, SAP5, and SAP6 between
2 and 5 h after hyphal induction at neutral pH, confirming the
results of Hube et al. (5) and extending those results by show-
ing that at least one clinical isolate expresses these mRNAs in
a defined medium. This suggests that pH and hypha produc-
tion alone are sufficient, and that other components of serum
are not necessary, for the expression of these SAP mRNAs.
Of the three most similar SAP genes (SAP4, SAP5, and

SAP6), expression of SAP6 is the highest during hyphal induc-
tion at neutral pH, as determined by S1 nuclease analysis (Fig.
5). The SAP5 mRNA is present at lower levels, while the SAP4
mRNA is not detected. These signals are not due to contam-
inating levels of genomic DNA in the total RNA, which would
result in equal signals for the three probes. In addition, DNA-
DNA hybrids are not formed under these conditions (27). The
SAP5 signal shown in Fig. 5 is not the result of cross hybrid-
ization of the SAP5 probe with SAP6 RNA, as determined by
control experiments with in vitro RNA transcripts of cloned
SAP gene fragments.
These studies catalogue several factors, including cell type

and environmental cues, that result in the selective production
of Sap isoenzymes in C. albicans. These data suggest that Sap
enzymatic activities are predominantly regulated by differential
transcription of the SAP gene family. Future characterization
of the regulatory regions in the SAP promoters during differ-
ential expression will help to determine how Sap activity is
controlled in Candida virulence and disease.
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