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Candida albicans secreted aspartyl proteinases (Sap), products of the SAP genes, which are presumed to act
as virulence factors. In the C. albicuns strain WO-1, the ability to secrete Sapl is regulated with switch
phenotype, another putative virulence factor. Kprl restriction fragment length polymorphisms differentiate
between several distinct SAP1 alleles in laboratory and clinical strains. Both SAPI alleles from strain WO-1
along with their 5'- and 3'-flanking regions were cloned and sequenced, as were both alleles from another
strain, SS. The 5'-flanking regions were remarkably similar in all four of the sequenced alleles over
approximately 1,500 nucleotides. S1 analysis revealed that both alleles of WO-1 are transcribed. Character-
ization of the one allele from strain WO-1 identified a 284-nucleotide insertion flanked by 8-bp direct repeats
that shows homology to the CARE2 repetitive element and that is not present in the other alleles.
Characterization of the SAPI alleles also identified a fourth SAP gene (S4AP4) that includes an extended leader
sequence. SAP4 is positioned upstream, in tandem to SAPI, in all strains tested and may encode another closely

related secreted aspartyl proteinase.

Candida albicans is one of the most common causes of
opportunistic infections among immunocompromised patients.
Factors which may contribute to the conversion of this nor-
mally commensal organism to a more virulent form include a
morphological transformation between yeast and hyphal cells
(6) and the ability of a Candida species to express alternative
colony and cell shapes, a phenomenon which has been referred
to as phenotypic switching (reviewed by Soll [31]). The phe-
notypic switching system of strain WO-1 has been character-
ized in detail (30, 32) and is easily manipulated, making it an
important laboratory tool for examining the relationship be-
tween switch phenotype and the expression of virulence char-
acteristics. In strain WO-1, the cells switch reversibly and at
high frequency between predominantly spherical and smooth
cells and cells which are larger, ovoid, and rough in appear-
ance. Each of these cell types gives rise to a distinct colony
phenotype, white (W) and opaque (O), respectively, on solid
medium. The switch phenotype also affects properties associ-
ated with virulence, such as cell permeability, adhesiveness,
drug susceptibility, and sensitivity to neutrophils and oxidants
(32). The ability to switch between morphologic forms there-
fore seems to be a reflection of more pervasive changes in the
spectrum of proteins expressed by each phenotype, a feature
which is particularly interesting in the context of virulence, as
each distinct cell type may be able to respond differently to the
host.

The secretion of proteolytic enzymes by C. albicans was first
noted by Staib in 1965 (33), and since that time, a C. albicans-
secreted aspartyl proteinase (Sap) activity has been linked with
virulence through indirect observation. It has been reported
that Sap activity is directly proportional to the virulence of
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several different Candida species, the more virulent species,
such as C. albicans, producing more Sap than Candida glabrata,
for example (26). Immunocytological studies have detected
Sap antigens in the tissues of infected patients and animals,
and Sap-deficient mutants of C. albicans are less able to adhere
to host tissues and less virulent in experimental animal models
(6, 8, 13, 15, 24). Sap activities purified from different C.
albicans isolates also cleave a number of appropriate host
substrates in vitro, including keratin, collagen, albumin, hemo-
globin, immunoglobulin A (IgA), and secretory IgA (10, 12, 23,
25, 33). Thus, many possible roles have been proposed for Sap
in virulence, including assisting in adhesion to and invasion of
the host and in interfering directly with host defense mecha-
nisms (4). The ability to express a Sap activity was recently
associated with phenotypic switching in the white-opaque
strain WO-1 (19), providing a possible connection between two
putative virulence factors.

Determining the specific role of Sap in pathogenesis has
been difficult for several reasons. In particular, studies charac-
terizing Sap activity have been inconsistent, reporting differ-
ences in pH optima, inhibition profiles, and substrate specific-
ities (25). These differences suggested that more than a single
type of Sap might exist, a perception which has recently been
confirmed through molecular genetic studies which have iden-
tified several different aspartyl proteinase genes in C. albicans:
SAPI by Hube et al. (11), SAP2 by Wright et al. (36), and SAP3
by White et al. (35). The presence of multiple loci in the C.
albicans genome which encode similar aspartyl proteinases
suggests that reports of the induction of Sap expression by
various substrates and under different growth conditions may
in fact reflect the differential expression of each of these loci or
of alleles within a given locus.

At this time, little is known about the differential expression
of these three Sap proteinases under various conditions.
Wright et al. (36) showed that SAPI and SAP2 transcripts are
produced by strain ATCC 10261 in medium containing yeast
extract and glucose supplemented with bovine serum albumin
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(BSA), although they showed that the SAP2 mRNA was more
abundant. Morrow et al. (19) showed that the SAPI gene is
expressed exclusively in O cells and not in W or hyphal cells of
strain WO-1. In addition, they showed that the SAPI gene is
not expressed in budding or hyphal cells of strain 3153A or in
cells of two clinical isolates. SAPI is expressed in O cells under
a variety of conditions, including growth in defined medium
and serum induction (19). Recently, they showed that tran-
scription of SAPI and a second opaque-specific gene, Op4, is
immediately inhibited by shifting the temperature from 25 to
37°C, a shift which results in the mass conversion of O cells to
W cells (18). This inhibition of SAPI and Op4 transcription can
be reversed by lowering the temperature before the second
semisynchronous cell cycle. Our Western blot (immunoblot)
analysis of culture supernatants and subsequent N-terminal
protein sequencing (35) confirmed that the Sapl protein is O
specific and identified a second O-specific Sap protein, Sap3.
This Western analysis also showed that Sap2 is the predomi-
nant protein expressed in strain 3153A, in strain SS, and in W
cells of strain WO-1. These Western analyses were conducted
in proteinase-inducing medium to maximize the production of
Sap proteinases. The correlation between the SAPI transcrip-
tion results of Morrow et al. (19) and the Western blot results
(35) suggests that the pattern of differential proteinase expres-
sion is not altered by growth in these different media.

Our studies were initiated with the SAPI gene locus, the only
SAP locus which had been identified when these studies began.
We found a correlation between restriction fragment length
polymorphisms (RFLPs) in the SAPI alleles and the O-specific
expression of SAPI. Comparisons of the Southern hybridiza-
tion patterns of WO-1 and two other C. albicans strains
revealed an RFLP pattern (designated 2.6) specific to WO-1
cells. The SAPI alleles and their flanking regions were cloned
from WO-1 and from SS. These four alleles account for the
major RFLP patterns of SAP! in laboratory and most clinical
strains of C. albicans. S1 analysis demonstrated that both
alleles of SAPI are transcribed in O cells. Analysis of the
upstream flanking regions of the 2.6 allele identified a 284-bp
insertion with homology to part of the CARE2 element (14),
bounded by an 8-bp repeat, suggesting that CARE? is indeed a
transposable element. Sequence analysis of the upstream
regions also identified a fourth SAP gene (SAP4) positioned in
tandem with the SAPI gene.

MATERIALS AND METHODS

Strains, media, and plasmids. The C. albicans strains used
were strains 3153a (ATCC 28367) and WO-1 (30), both
generously provided by David Soll (University of Iowa), and
strain SS (3), provided by Remo Morelli (San Francisco State
University). Cultures were maintained at 25°C on YEPD
medium (10 g of yeast extract, 20 g of peptone, and 20 g of
dextrose per liter) and transferred weekly. The WO-1 strain
was maintained separately as both W and O phenotypes on
YEPD plates containing phyloxine B (5 pg/ml). Cultures were
grown in YCB-BSA medium (23.4 g of yeast carbon base, 2 g
of yeast extract, and 4 g of BSA per liter, pH 5.0, filter
sterilized) to induce proteinase transcription. The Escherichia
coli Bluescript plasmid vector (Stratagene Inc., La Jolla, Calif.)
was used to subclone the SAPI alleles and was transformed
into E. coli XL1-Blue for sequencing.

SAPAS probe. The DNA probe used for screening genomic
libraries and for performing Southern analyses was a 655-bp
internal fragment of the SAPI gene, amplified from strain SS
genomic DNA by PCR (27). Oligonucleotide primers derived
from the SAPI sequence published by Hube et al. (11) were
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used to amplify the internal SAPI fragment. These primers
were SM-1 (5'-CAA GCC ATC CCA GTT ACT TTA AA-3')
and SM-2 (5'-CCA GAA TCT AAA AGA ACA TCG ATA
TTA CC-3'). This probe contains both active-site domains and
extends from nucleotide 277 to nucleotide 932 of the sequence
(11). This fragment will be referred to as SAPAS, for SAPI
active-site probe.

Southern blot analysis. Southern analyses of restriction
enzyme-digested genomic DNAs from strains WO-1, SS, and
3153a were performed as described by Sambrook et al. (28).
Restriction enzymes used included EcoRI, BamH]I, and Kpnl
(New England Biolabs, Beverly, Mass.). We also performed
Southern analyses with EcoRI- and Kpnl-digested phage
DNA:s isolated from genomic DNA libraries of strains WO-1
and SS as described below. All Southern blots were probed
with the 32P-labeled SAPAS probe.

Cloning and DNA sequence analysis of the SAPI alleles
from WO-1 and SS. To isolate the alleles corresponding to the
SAPI gene from both the WO-1 and SS strains, we screened
libraries of genomic DNA fragments digested with SaulIIA
from both strains in the A phage vector FIX II (Stratagene
Inc.) and size-selected libraries of genomic DNA fragments
digested with Kpnl and with BamHI from the WO-1 strain in
the plasmid vector pBluescript.

At high stringency, the SAPAS probe hybridizes exclusively
to the SAPI alleles. Hybridization at high stringency (65°C in
3X SSC buffer [20X SSC is 3 M NaCl, 0.3 M sodium citrate,
pH 7.0] with a final wash in 0.1X SSC) and low stringency
(50°Cin 3 X SSC buffer with all washes in 3 X SSC) yielded two
sets of clones. Recombinant DNA was prepared from these
clones. This DNA was digested separately with EcoRI and
Kpnl, Southern blotted, and hybridized with the SAPAS probe.
Representative Kpnl and EcoRI fragments from each group
were transferred to the Bluescript plasmid vector for restric-
tion digest mapping and sequence analysis. The nucleotide
sequence of the four alleles obtained from clones that hybrid-
ized at high stringency was determined by the dideoxy chain
termination method (29) with synthetic oligonucleotide prim-
ers. All other recombinant DNA procedures were carried out
according to previously published protocols (28). Sequence
analysis was performed with programs from the Molecular
Biology Information Resource (Baylor College of Medicine,
Houston, Tex.).

RNA isolation. C. albicans cells were grown in 5 ml of either
YEPD or YCB-BSA and harvested at mid-log phase. Cells
were washed in ice water and suspended in 2.5 ml of RNA lysis
buffer (0.5 M NaCl, 1% sodium dodecyl sulfate [SDS], 0.2 M
Tris-Cl [pH 8], 10 mM EDTA). An equal volume of phenol
and 1.5 volumes of glass beads were added, and the entire
mixture was vortexed at high speed for 2 min. The mixture was
placed on ice for 2 min and again vortexed for 2 min. After
centrifugation at 11,950 X g for 10 min in a Sorvall SS-34 rotor
at 4°C, the aqueous phases were collected and extracted with
phenol. The mixture was again centrifuged (all remaining
centrifugations and manipulations were done at room temper-
ature), and the aqueous phase was extracted with phenol-
chloroform-isoamyl alcohol (25:24:1, vol/vol). After a final
centrifugation for 5 min, the aqueous phase was collected and
extracted a final time with chloroform-isoamyl alcohol (24:1,
vol/vol). The aqueous phase was ethanol precipitated over-
night at —20°C. Determinations of the A,¢, were made to
assess RNA concentration.

S1 nuclease protection analyses. S1 nuclease protection
analyses of allelic expression (1) were performed as described
before (2), using 50 pg of total RNA. The RNA was pelleted
and dried with 50,000 cpm of a 2-kb probe labeled at the 5’ end
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with 32P by using polynucleotide kinase. The probe consisted of
an EcoRI fragment composed of the first 870 bp encoding the
SAPI gene and approximately 1.2 kb of upstream sequence.
This mixture was suspended in 20 pl of S1 hybridization
solution [80% formamide, 0.4 M NaCl, 1.0 mM EDTA, 40 mM
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) buffer, pH
6.4] and hybridized while submerged overnight at 37°C. Then,
300 pl of S1 reaction mix (20 U of S1 nuclease per ml, 20 pg
of denatured salmon sperm DNA per ml, 4.5 mM zinc acetate,
0.280 M NaCl, 30 mM sodium acetate [pH 4.5]) was added,
and the reaction mixture was incubated at 37°C for 30 min. The
reaction was terminated with the addition of 77 pl of S1 stop
mix (50 mM EDTA, 2.5 mM ammonium acetate, 20 pg of E.
coli tRNA), and the mixture was precipitated overnight in 2
volumes of 100% ethanol at —20°C. The reaction mixture was
electrophoresed on a 7% polyacrylamide gel, dried, and auto-
radiographed.

RNA transcripts representing the 2.4 and 2.6 alleles of
WO-1 were synthesized to provide positive controls for the S1
analysis. The pBluescript clones were linearized by digestion
with HindIIL. The linearized clones were used as templates in
a T3 RNA polymerase reaction. The reaction mixture, con-
taining 2.5 pl of 10X transcription buffer (400 mM Tris-Cl [pH
7.9], 60 mM MgCl,, 20 mM spermidine, 100 mM dithiothreitol,
0.5 M NaCl), 1 pg of linearized DNA template, 1 pl of RNasin
(40 Ulliter), 10 U of T3 RNA polymerase, and H,O to a total
volume of 25 pl, was incubated at 37°C for 30 min. Then, 75 pl
of H,0 was added, and the entire mixture was spun through a
P-30 column (Bio-Rad, Richmond, Calif.). The RNA concen-
tration was determined by the A,4,. A total of 5 ng of transcript
was used in the control S1 reactions.

RESULTS

Our interest in proteinase virulence factors in C. albicans
originated from the reported observation that an aspartyl
proteinase was secreted primarily by O cells (and not by W
cells) in vivo at lesional sites in the kidneys, liver, and spleen of
mice experimentally infected with WO-1 cells (21). This is
consistent with the results of Morrow et al. (19), who found
that SAPI is expressed exclusively in O cells in defined and
serum-induced media, and with our results (35) that SAPI and
SAP3 are expressed exclusively in O cells in proteinase-
inducing medium. This suggested that SAPI, then considered
the principal Sap, might be associated either with switch
phenotype or the expression of virulence characteristics in C.
albicans infections. Accordingly, we initiated an analysis of
aspartyl proteinase gene expression in the WO-1 switch phe-
notype and two unrelated strains: SS, originally isolated from a
patient with systemic candidiasis, and 3153a, a strain which
possesses a different phenotypic switching system.

RFLP mapping distinguishes three alleles of S4P1. By using
the amino acid sequence of SAPI reported by Hube et al. (11),
a PCR-derived probe (SAPAS) for the SAPI gene was synthe-
sized as described in Materials and Methods. Southern blots
containing genomic DNA isolated from WO-1, 3153a, and SS
cells and digested with the restriction endonuclease Kpnl
detected two Southern patterns specific to the SAPAS probe
(Fig. 1). The first hybridization pattern, common to both the
SS and 3153a strains, consisted of Kpnl fragments of 2.8, 2.4,
and 0.4 kb; the second pattern was found only in the WO-1
strain and consisted of Kpnl fragments of 2.6, 2.4, and 0.4 kb.
Three distinct SAPI alleles could be identified from this
Southern analysis by the presence or absence of Kpnl sites
(Fig. 2A). For convenience, these three classes of alleles will be
referred to by the sizes of their largest Kpnl fragment as the 2.4
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FIG. 1. RFLP mapping distinguishes three alleles in three labora-
tory strains. Southern analysis of KpnI-digested genomic DNAs from
strains SS, 3153a, and WO-1 hybridized with the 3?P-labeled SAPAS
probe. Genomic DNAs (10 pg) from the three strains were digested
with Kpnl, electrophoresed on a 0.8% agarose gel, and blotted to
nitrocellulose. The blot was hybridized at high stringency. The genomic
DNA used in each lane is indicated above the lane. Numbers to the left
of the panel indicate sizes of the genomic fragments in kilobases.
Phage \ size marker positions are indicated by lines on the right of the
panel. The size of each band (from the top) is 23.1,9.4,6.7,4.3,2.3, 2.0,
or 0.5 kb. The intensity of hybridization of each band is related to the
length of the fragment that hybridizes to the SAPAS probe (see Fig.
2A).

allele from WO-1, SS, and 3153a, the 2.6 allele from WO-1,
and the 2.8 allele from SS and 3153a. The same three alleles
were consistently identified in clinical isolates of C. albicans
(34). In Fig. 1, the differences in hybridization signals between
the alleles are due to the length of the probe, which hybridizes
to each Kpnl fragment (Fig. 2A). Thus, the 2.8-kb Kpnl
fragment hybridizes more intensely in Fig. 1 because the
SAPAS probe hybridizes to a longer region of the 2.8-kb Kpnl
fragment than it does to the 2.6- or 2.4-kb Kpnl fragments. The
allelic pattern for strain WO-1 was the same for DNA isolated
from either W or O cells (34). Further restriction analyses with
HindIll, EcoRI, EcoRV, Bgill, BamHI, Clal, Kpnl, and Xmnl
(34) established that all fragments represent polymorphisms of
the single-copy SAPI gene in C. albicans.

DNA sequence analysis of SAPI alleles and flanking regions.
To understand the molecular signals that might be operating in
the differential transcription of the SAPI gene in each of the
laboratory strains, genomic DNA libraries prepared from
either strain WO-1 or SS were screened with the SAPAS probe
at high stringency. Several clones encoding sequences homol-
ogous to SAPAS were isolated from each strain and charac-
terized in detail. The SAP regions of A clones which corre-
spond to the 2.4 and 2.6 alleles of WO-1 and the 2.4 and 2.8
alleles of SS were sequenced. Tables 1 and 2 summarize the
differences among these four alleles of SAPI. Within the
coding regions of the SAPI alleles (Table 1), there are very few
sequence differences. Of these, only the Tyr-to-Asn change at
position 391 in the 2.6 allele of WO-1 represents a substitution
that alters the nature of the amino acid residue; the remaining
differences result mostly in silent or conservative changes.
Approximately 1,600 bases of the 2.6 allele nucleotide se-
quence upstream of the gene are shown in Fig. 3. Table 2
compares this sequence with that upstream of the remaining
three alleles as well as approximately 140 bases of 3'-flanking
sequence. We have numbered the nucleotides of the SAPI
gene and flanking regions according to conventional standards,
with the A of the initiation AUG numbered 1. For ease of
comparison, we have included the numbers (where available)
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FIG. 2. Restriction maps and summary of major allelic differences.
(A) Schematic drawing of the KpnlI (K) restriction fragments which are
used to identify the three SAPI alleles. The position of the SAPAS
probe relative to these fragments is shown as a bar below the three
allele maps. The 2.6 allele contains an insert located approximately
1,255 nucleotides upstream of the gene. (B) Major insertions and
deletions in the SAPI alleles and a limited restriction map of the
region which includes SAP! and SAP4 (to scale). The bar labeled
(dC)n box shows the position of the series of deoxycytidines, which
vary in number between alleles. DNA secondary structures in the
5'-flanking regions of SAP! include two short inverted repeats (— 1024
to —1044 and —234 to —255) and two large inverted repeats (—13 to
—147 and —1218 to —1590). All inverted repeat pairs are shown by
shaded boxes. B, BamHI; E, EcoRI; K, Kpnl. (C) Schematic outline of
the S1 analysis. Cloned DNA was digested with EcoRI (E in figure at
position 748 in the SAPI gene) and 5’ end labeled with polynucleotide
kinase. Total RNA, which contains SAPI mRNA, was hybridized to
the labeled DNA. After hybridization, the DNA-RNA hybrids were
digested with S1 nuclease, which degrades single-stranded DNA and
RNA, leaving the DNA-RNA hybrid. The resulting end-labeled DNA
fragment (~800 nucleotides [nts] in length), which is detected on
denaturing polyacrylamide gels, represents the distance from the
internal label at the EcoRlI site to the start of transcription (the 5’ end
of the mRNA). Arrowheads on DNA and RNA indicate the 5'-to-3’
direction of the strand. (D) Schematic drawing of an S1 experiment
with mismatches. End-labeled DNA from a clone of the 2.6 allele
contains a T at position 391 (based on positions in Table 1). RNA from
allele 2.4 contains a T at position 391. When hybridized, the DNA-
RNA hybrid contains a mismatch at position 391, since the two T
residues cannot form a base pair. This mismatch is detected by S1,
although at a low frequency. Therefore, most of the DNA-RNA
hybrids are ~800 nucleotides long, as expected. However, a small
proportion will be cleaved at the T-T mismatch by S1 nuclease,
resulting in a labeled fragment of 357 nucleotides. Similar diagrams
can be constructed for DNA from the 2.4 allele hybridized with RNA
from the 2.6 allele and for each of the nucleotide positions in which the
2.4 and 2.6 alleles differ in sequence (see Table 1).
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TABLE 1. Differences between coding regions in alleles from three
- strains of C. albicans

Nucleotide
s g Coding
Position” 31 _WO-1 WOl  $S28 S$S24  change
2.6 allele 2.4 allele allele  allele
21 (147) C C C T C Silent
24 (150) C T T T T Silent
157 (283) A C C A C Ile/Leu
159 (285) C C C T C
210 (336) T T A T T Silent
383 (509) G C C C C Ser/Thr
384 (510) C C C T C
390 (516) T C C C C Silent
391 (517) T A T T T Tyr/Asn
444 (570) T C C T T Silent
480 (606) C T C C C Silent
663 (789) C T T T T Silent
882 (1008) T C C C T Silent
956 (1082) C C T C C Ala/Val
981 (1107) A G G G G Silent

2 Numbering system based on sequence of WO-1 2.6 allele; corresponds to
numbering in Fig. 3. Numbers in parentheses represent the corresponding
nucleotides in the sequence reported by Hube et al. for ATCC 10231 (11).

of these nucleotides as they correspond to the SAPI sequence
as published by Hube et al. (11).

It is remarkable that there are very few significant differ-
ences in the untranscribed 5'- and 3'-flanking regions between
WO-1 and SS. The 3’-flanking regions are essentially identical
over 140 nucleotides. In the 5'-flanking regions, with the
exception of the insertion at positions — 1539 to — 1255 of the
2.6 allele of WO-1, there are no nucleotide changes that are
found uniquely in the WO-1 alleles which might encode
cis-acting regulatory elements for SAPI expression in the
WO-1 and not the SS strain, in which SAPI expression has not
been detected (35). In the putative promoter regions, at
positions —166 to —174, there are a variable number of C
residues, 9 and 11 in the WO-1 2.6 and 2.4 alleles, respectively,
and 23 (CT-21C) and 26 in the SS 2.8 and 2.4 alleles,
respectively. This duplication of a C tract 5’ of the SS alleles is
the only region proximal to the promoter that may be signifi-
cant and of interest for functional testing for its effect upon
transcription.

The 284-bp insert found only in the 2.6 allele of WO-1 is
located 1,255 bp upstream of the start of translation. A
GenBank search with this insert sequence revealed that over a
span of 200 bp, there was 94% homology with a repetitive C.
albicans DNA sequence, CARE2, whose function is unknown
(14). The 284-bp insert upstream of the 2.6 allele is flanked at
both ends by an 8-bp direct repeat of the presumed target
sequence at the site of insertion.

Each of the four 5'-flanking sequences was used to search
the transcription factor data base (9) with the FASTA program
(20); no possible binding sites were identified for known
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TABLE 2. Sequence differences between flanking regions of alleles
from three strains of C. albicans

J. BACTERIOL.

transcription factors over the entire 5'-flanking region. Figure
2B presents a limited restriction map and compilation of the
major differences in the approximately 2.6 kb of sequence

Position* 10231 2.?3121«: zﬁvﬁleﬂe zi;es 2?1621: determined for each of the four alleles and their flanking
5'-Flanking fegons. :
region Transcription of both 2.4 and 2.6 alleles of strain WO-1 in
1562 A IT proteinase-inducing medium. After comparison of the up-
—1553 C G stream sequences of the four different SAPI alleles, the
-1539 to Insert — — — flanking region of the 2.6 allele was the most distinct. We
—1255° therefore asked whether the differences between the 5’'-flank-
—1251 T C C C ing regions of the 2.6 and 2.4 alleles of strain WO-1 might
—1212 T C C T affect the transcription of SAPI in these cells. We took
B }}8; g : 2 2 advantage of several base pair differences in the coding regions
_858 to — i - Deleted of the 2.4 and 2.6 alleles of WO-1 (see Table 1) to use S1
—g875b analysis (diagrammed in Fig. 2C and D) to determine which
—588 A A G A SAPI alleles of strain WO-1 are transcribed for SAPI gene
—489 A G G G expression.
—166 to 9C 11C CT-21C  26C In this experiment, DNA probes representing the 2.6 and 2.4
— 174 alleles of WO-1 were labeled with 32P at an EcoRlI site within
:ﬁ’g a7 G g 2 g X the coding region of th(I: SAP{ gene.(Fig. 2C). These DNA
—23 (104) T c c C c probes extend into the 5'-flanking regions of each allele.‘Each
3'-Flanking probe was hybridized to total RNA from O cells grown in the
region proteinase-inducing medium YCB-BSA. Hybridization of the
1270 (1396) T T T C C probes to synthetic transcripts of the 2.6 and 2.4 alleles of
1272 (1398) T C C C C WO-1 provided controls. The hybridization mixtures were

“ Numbering system is based on sequence of WO-1 2.6 allele and corresponds
to numbering in Fig. 3. Numbers in parentheses represent the corresponding
nucleotides in the sequence reported by Hube et al. for strain 10231 (11). The
sequence of strain 10231 as reported by Hube et al. (11) extends only to position
—-126.

® Dashes represent allelic sequences which do not contain insertions or
deletions.

¢ Values represent poly(C) tracts of the indicated lengths. CT-21C represents
a CT dinucleotide followed by 21 C nucleotides.

-1593
-1493
-1393

S
GAATTCTCATTCGAGTTTTT CTTTTTAGTTTATTTTTTTC CGAATTATATTTTGITIGIA TACACGGAATATTCGTGAGA ATTAGTCCTAGTACACGATA

L L ACGCCS

digested with S1 nuclease under conditions in which only
DNA-RNA hybrids survive. The length of the largest resulting
DNA fragment represents the distance from the 5’ end of the
RNA (the start of transcription) to the internal label (see Fig.
2C). The result is shown in Fig. 4 as the intense band of
approximately 800 nucleotides in lanes 3 and 7. The bands near
the top of the control lanes (lanes 1, 2, 5, and 6) most likely
represent breathing of the DNA-RNA hybrid under S1 condi-
tions and/or nuclease degradation of the control transcripts.
S1 nuclease can also attack and cleave at mismatches in the
RNA-DNA hybrid (see Fig. 2D), although cleavage occurs at a
low frequency. The length of these shorter DNA fragments

ACTAAAAGT CLGAAR C1A

-1293
-1193
-1093
-993
-893
=793
-693
-593
-493
-393
-293
-193
-93

GTACATTTCTTTATGATTAT ACAACTACTTTCCCCAATAT
TGGTGGGTGTTATGAATCAA GTGCTGAGGTGATTTAATTT
TACACTTATTTCAAGTTTAA AAAGAAGTGGGGATTGAAGA
AAGAAGATGGCCCTTAATCG TGAAAGCCACTTTAATTTGA
ATGTGGCTTTCAAAAATAGA AACAGCAATTTTAAACAAAC
TTTCATGATGATAACAATAG AAGGTTTGGAACATTGATGA
ATTCAATGTTACATTGGAAA TCTTTATCTCCATTTTCTGT
TTCGATCACATATAACTACA GATTGTATTTAAGTAACTAC
ACTGTGGACATGATTGAAAT GGAATTATACTGATAAAAAG
CAACAACTATACGGCACCAT GTTATTCAAAAAAACTAACC
AAAAATGGTACACCTCCTTC CCCCCCCCTATAGCTTTTGC
ATATAAATATGGGAGTTGGA TCTATAACTTTATTGAAATA

TGTAAAAACTCTTAAAACGA
GTTGTCAAGTATTGTTACTA
GCATCTAACATTAGTACCCC
GGAATTTGATATTATACTTT
CAAAAGACAACAAGCAACAG
GTTTTCTGTGTATGTCAATA
ACAAAGTACTATTTTTAGTC
TCCATACTTCTCTTGAAGAA
TGTCCTCAAAAGATGGATTA
TGGTTCTTGACACAAACTGA
AGTTATCGCGTTATAACTGG
TGGTTGATGCCATACTCAAA
AATCATATTTAATCCAACAA

AAACCATCAAAAAGAAACAA
TAATTAAAATATGAGCTACA
ATTACTAATATACAACTTTA
TGCCACAATATTCTCAATTA
TATAAGAATCTCGTTGTAGT
AGTACAACTATAATAGCTAA
GTGTATTTTTGCGCGCATTT
CTTGTCGCTAAAAGATTTGA
TCAAATAATGGTAGTTCCTA
ATGAAAGCAATATTCAATAA
GAGGGGAGAATGTAAAATTA
TGGATAATATTCTGATGGAT
TCAATCAATTCACTCTTCCA

GTAATTACACCAATCACCGC
TGAAAGGATTTCTATTGTCT
AATGAAAAAGGAGGTTATTT
TGATTTGGTTACGGAAAATA
TCAATAATTACAATAGAAAA
ATGTTCATTATACTATAATA
TCARATCTTGATTCTGTTGC
TTCAAAGATATACCTTTAAT
TTTTTAGTTTTGGTTTTAGT
TTTCACATCATAACCATTAT
ATCAAATTGTGCTATCTTTT
AATGTTATATCTTGAAAAAC
TTTCTAACAAACAATG

FIG. 3. Sequence of the 5'-flanking region of the WO-1 2.6 allele. The sequence ends at the ATG (in large letters) at the start of the coding
region. The underlined deoxycytidines present at positions —166 to —174 vary in number among the different alleles. The underlined sequence
beginning at positions —857 to —875 is deleted only from the SS 2.4 allele. The 284-bp insert present in only the WO-1 2.6 allele is underlined
and spans positions — 1568 to — 1255. The double lines above the sequence indicate the 8-bp direct repeats (ATATTTTG) which flank the 284-bp
insert. The completed sequences for all four alleles of SAP1 have been deposited in GenBank under accession numbers 112449 through 112452.
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FIG. 4. Both the 2.4 and the 2.6 SAPI alleles of strain WO-1 are
transcribed in RNAs from O cells grown in YCB-BSA. Total RNA was
hybridized with a 3?P-end-labeled DNA 2-kb probe representing either
the 2.4 or the 2.6 allele of WO-1 cells. In control experiments,
transcripts of the two alleles synthesized by using T3 polymerase from
cloned fragments were hybridized with the labeled DNAs. After
incubation with S1 nuclease, the reaction mixtures were electropho-
resed on a 7% polyacrylamide-urea gel; the gel was dried and exposed
to X-ray film. Lanes 1 to 4 contain *’P-labeled DNA from the 2.4
allele. Lanes 5 to 8 contain *2P-labeled DNA from the 2.6 allele. Lanes
1 and 5 were hybridized to unlabeled T3 transcripts representing the
2.4 allele. Lanes 2 and 6 were hybridized to unlabeled T3 transcripts
representing the 2.6 allele. Lanes 3 and 7 were hybridized to total RNA
from O cells grown in YCB-BSA. Lanes 4 and 8 were hybridized to E.
coli tRNA as a control. Lane M represents pBR322 marker DNA
digested with Mspl and labeled with *°P; the sizes of the marker bands
(in base pairs) are listed on the right. Arrows point out the mismatches
at position 357, indicating that both alleles are transcribed in total
RNA from O cells grown in YCB-BSA. The slight size difference
between bands in the total RNA lanes and the control transcript lanes
is due to the different amounts of RNA loaded into each lane (50 pg
of total RNA versus 50 ng of unlabeled control transcript).

(Fig. 4, lanes 3 and 7) represents the distance from the
mismatch to the internal label. From DNA sequence analysis
(Table 1), there are three mismatches between the 2.4 and 2.6
alleles of strain WO-1 upstream of the labeled EcoRI site
(position 748). These include positions 210, 391, and 480,
which are expected to generate labeled fragments of 538, 357,
and 268 nucleotides, respectively, as the labeled EcoRI site is
present at position 748. All three mismatches are present on
one strand of RNA encoded by the other allele, suggesting that
the shortest fragment should be the only fragment observed.
However, S1 nuclease cleaves 1-bp mismatches at very low
frequencies. Therefore, under ideal conditions, bands repre-
senting all three fragments should be present. However, the
sequence surrounding the mismatch and the S1 conditions
influence the recognition of 1-bp mismatches. The expected
538- and 268-nucleotide bands were not observed, even in the
control transcript lanes. However, the 357-nucleotide band was
observed (Fig. 4, arrows, lanes 2 and 5) when the 2.4 allele
DNA probe was hybridized with the 2.6 allele T3 transcript and
when the 2.6 allele DNA probe was hybridized with the 2.4
allele T3 transcript. The presence of bands of the same size in
lanes 3 and 7 of Fig. 4 demonstrates that mRNA from both the
2.4 and 2.6 alleles of WO-1 is present in total RNA, and
therefore, both alleles are transcribed. There is a slight size
difference between the bands seen in the total RNA lanes
(lanes 3 and 7) and the control transcript lanes (lanes 2 and 5).
This difference is a common problem and is due to the
different amounts of RNA loaded into each lane (50 pg of total
RNA versus 50 ng of unlabeled control transcript), which
result in a slight alteration in the mobility of the banding
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pattern. The difference cannot be corrected by running carrier
RNA in the control lanes (34).

Identification and sequencing of the SAP4 gene. During the
subcloning and sequencing of fragments upstream of the SAP!
gene, we identified a fourth SAP gene (see restriction map
[Fig. 2B] and complete sequence [Fig. 5]). A comparison of the
predicted protein product of the SAP4 gene with the other SAP
gene products (Fig. 6A) shows that the mature proteins are
highly conserved in size and in sequence, especially around the
two portions of the active site. The hydrophobic signal se-
quences in the precursor proteins of the four gene products are
also highly conserved (first 20 amino acids). The most diver-
gent region of the four genes is the region 3’ of the signal
sequences and immediately 5 of the start of the mature
proteins; SAP4 has a 24-amino-acid insertion, which includes
two additional Lys-Arg dipeptide residues which may be
involved in processing of this extended precursor.

A phylogenetic tree (Fig. 6B) shows that Sap1 and Sap2 are
the most closely related Sap proteins and that the SAP4 gene
product is the most divergent Sap identified to date. Southern
analysis shows that the SAP4 gene is present upstream of the
SAPI gene in all laboratory and clinical strains tested (34). To
date, Northern (RNA blot) analysis has not detected the
expression of SAP4 in any cell line or switch system under any
of a variety of growth conditions (34).

DISCUSSION

Restriction endonuclease and DNA sequence analysis of the
three C. albicans strains tested here revealed an RFLP pattern
which differentiated among three different allelic forms of
SAPI. The two allelic forms 2.4 and 2.8 differ in a single
nucleotide change which results in the presence or absence of
a Kpnl site within the gene. The third allelic form, 2.6, is the
result of a transposable element insertion 1,255 nucleotides
upstream of the gene.

The observation that WO-1 cells have a unique SAP! allele,
2.6, coupled with the demonstration that SAPI is expressed
only in O cells which contain this allele (19, 35), led us to
explore the possibility that the pattern of Sapl expression in
WO-1 cells might be related specifically to a feature of the 2.6
allele or its flanking regions. While this hypothesis was proven
incorrect, the cloning, sequencing, and comparison of these
four SAPI alleles and their flanking regions from the WO-1
and SS strains of C. albicans have resulted in many interesting
observations.

The regions encoding the SAPI gene alleles and their 5'- and
3’-flanking regions are highly homologous. The Tyr-to-Asn
change at position 391 of the 2.6 allele aside, the structural
gene sequences are essentially identical except for minor
conservative or silent mutations in sequence. The sequence
similarity of all four coding regions of the SAPI alleles
establishes that these are each true alleles of SAPI and not
pseudogenes or other closely related aspartyl proteinases.
Despite the high degree of homology between these alleles, the
DNA sequence information obtained allowed us to design
probes which differentiate SAPI alleles directly by S1 endonu-
clease protection analysis. Using these probes, we were able to
show that both the 2.6 and 2.4 alleles of SAPI are transcribed
in O cells grown in proteinase-inducing medium.

Among the sequences 5’ of the ATG for approximately 200
nucleotides, there are several potential TATAA-like sequence
elements which may serve as promoters (Fig. 3). Nothing is
known about spacing or sequence requirements for functional
TATAA elements in C. albicans. However, in the related yeast
Saccharomyces cerevisiae, TATAA elements in the regulatory
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-137 GGATCCAACAATTTTCTTCAAATGTTTTAATTTTCATTAACAACCAACCATTCATTCATTCAAATAGTCATTCATTCCTTTAATACCGACTATCATTCCC

M F L Q NI L S VL AFATLTULTIUDA AA ATP
-37 TCCTTTATAACTAATCCAAAGTTCAACTCAACCAACAATGTTCTTACAAAATATCTTGAGTGTTCTTGCTTTCGCTTTATTAATTGATGCTGCTCCAGTT

K R S T GPF V TLDV FNV KR SLVDUPIKUDZPTVEVE KR SPULTFL
64 ARAAGATCTACAGGGTTTGTTACCTTAGACTTTAATGTCAAAAGATCCCTTGTTGATCCAAAAGATCCAACTGTCGAAGTTAAAAGATCACCTTTATTTT

DI EPTUETIUPVDDTGIRNDUVG XK RGP VAV KTLDNETITIT
164 TAGATATTGAGCCCACAGAAATTCCCGTCGACGATACTGGTAGAAATGATGTGGGCAAAAGAGGACCTGTTGCAGTTAAATTGGACAATGAAATTATTAC

E————
Y s A DITTI G S NNQ KULSVIVDTGS S DULWUV P D S NAUV
264 TTATTCTGCTGATATTACGATTGGTTCAAATAACCAAAAACTTAGCGTTATTGTTGACACTGGCTCTTCTGACTTGTGGGTTCCAGATTCAAATGCCGTT

C I P K WP GDIRGDU FTCI KNNGS S Y S PAA AJS ST S KNILNTUPTF
364 TGTATTCCAAAATGGCCTGGTGACAGAGGAGACTTCTGTAAGAATAACGGTTCCTATTCTCCAGCTGCTTCTAGCACTTCCAAAAATTTGAATACTCCTT

E I K YADGSVAOQGNILYOQDTVGI GGV S VRDQUL F AN
464 TTGAAATCAAATATGCCGATGGTTCTGTTGCACAAGGTAACTTGTATCAAGATACCGTTGGTATTGGTGGTGT TTCTGTTAGAGATCAATTATTTGCTAA

VRS TS AHIKGTIULGTIGPFQSNEA AT RTUZPYDNTILUPTITTL K
564 CGTTAGGTCTACTAGTGCTCATAAAGGTATTTTAGGTATTGGTTTTCAAAGCAACGAAGCCACCAGGACTCCTTACGACAATCTTCCTATTACTTTGAAA

K Q 6 I I s K NA Y s L F L NS PEA AS S G QI I F G G I D KA AIK Y
664 AAACAAGGCATTATTTCTAAAAATGCTTATTCCCTTTTCCTTAACTCTCCTGAAGCTTCTTCTGGACAAATTATTTTTGGTGGTATTGACAAGGCCAAGT

S G s L VvVvDULU&PITSDURTULSUVGILIRSVNUVMGA QNUVNUVNA
764 ATAGCGGCTCTTTAGTTGATTTGCCAATTACTTCTGATAGAACATTAAGTGTCGGTTTAAGATCTGTCAATGT TATGGGACAAAATGTCAATGTCAACGC

G vV L LD S GTTTIS YV FTZ®PNTIM AR STITI YA AILSGSGT GQVHY D s
864 TGGTGTCCTCTTAGATTCTGGTACTACTATCAGTTATTTCACTCCAAATATTGCTCGTAGCATTATCTATGCCTTAGGTGGTCAAGTGCATTATGATTCT

S G N EAY VADUCI KT SGTVDF QF DR RNILIKTIS VP A S ETF L
964 TCTGGTAATGAAGCTTATGTTGCTGATTGTAAAACTTCAGGTACCGTTGATTTCCAATTCGATAGAAACCTCAAGATTTCCGTTCCTGCTTCGGAATTCC

Y ¢ LYY TNSGEU PYUPI KT CETIW RV VR RESET DUNTITILSGUDNTFMTZBR S
1064 TTTACCAATTATATTACACTAATGGTGAACCTTATCCAAAATGTGAAATTCGTGTTCGTGAAAGTGAAGATAATATTCTTGGTGACAACTTCATGAGATC

A Y I VY DULDUDRIKTISMAQV K YT S QS NI VG I N @
1164 AGCTTACATTGTCTACGATTTGGATGATAGAAAGATCTCCATGGCTCAAGTTAAATACACTTCCCAGTCTAACATTGTTGGTATTAATTAGACGACATTG

1264 GTTTTAGATTAATTGTCGGTTTACTACCTTCCTTCAAAATTGGTTGTTTGCATCTTAATACCATTTATAAATCAAAGGAAGTGCTATATTTTTTTGTCTC
1364 TATTGGGTTTTTTTAGAAATGACAGTTATTGATTAAATATCTATTAGTATGAATATATATATCCATTACATATGCCTAAATCGTGAGTGAACTTTAATGT
1464 AGTAATGATTCGAGAACC

FIG. 5. Sequence of the SAP4 gene and deduced amino acid sequence of the protein. The sequence begins at a BamHI site shown in Fig. 2B.
The putative N terminus of the mature protein, which is highly conserved with the N termini of the other SAP proteins, has a double line above
the sequence. The two sections of the active site of the proteinase have a single line above the sequence. The four Lys-Arg dipeptides in the
precursor peptide are underlined. The entire sequence is 1,618 nucleotides in length. The GenBank accession number is 1.25388.

regions of genes are commonly found anywhere between 40
and 120 bp upstream of the mRNA initiation site. We note two
potential TATAA-like elements at —92 and —71. Intergenic
sequences in the C. albicans genome are A-T rich, and thus
identification of putative promoter sequences requires func-
tional analysis. In the RNA 5’ to the AUG, the SAPI sequence
5'-AAACAAUGUUU-3' has some homology with the consen-
sus S. cerevisiae translation initiator sequence 5'-3ASAAAU
GUCU-3', where Y is C or U. Two small differences, a C for
the A or U at position —3 and a U replacing the C at +5,
should not be enough to cause a major alteration in transla-
tional efficiency, since studies of mutations both 5’ and 3’ to
the AUG of the HIS4 gene in S. cerevisiae showed no more
than a twofold decrease in translation caused by the change in
context (5).

Both the 2.6 and 2.4 alleles are transcribed in WO-1, while
no SAPI expression is found in strain SS (35). Since the
differences between the WO-1 alleles and the SS alleles are
overlapping, we surmise that differences in the upstream
flanking regions are not important in the differential transcrip-
tion of SAPI in these two strains. The only striking difference
in sequence is found at position —166, where each of the
alleles contains a poly(C) tract varying from 9 to 26 nucleotides
in length. Those in the SS strain are over twice as long as those
in WO-1 and represent the only candidate region where any

significant differences in potential cis-acting regulatory se-
quences might exist.

Approximately 1.1 kb of DNA from a different strain of C.
albicans has been sequenced and designated CARE2 (C.
albicans repetitive element). Regions of this sequence appear
to be mobile, as determined from alternating genomic hybrid-
ization patterns of the element in different isolates (14).
Analysis of the DNA sequence upstream of the 2.6 allele
revealed a 284-bp insertion at positions —1539 to —1255. The
center of this 284-bp sequence is highly homologous to a
region of the 1.1 kb of DNA characterized as CARE2. How-
ever, large regions at the ends of the 284-bp sequence have
diverged from the CARE?2 sequence. The 284-bp sequence is
flanked by 8-bp direct repeats. The eight nucleotides of direct
repeats are present at the same position in each of the other
alleles sequenced, indicating that this is a typical duplication of
a target sequence characteristic of transposable elements. A
sequence arrangement of several hundred nucleotides
bounded by short direct repeats is reminiscent of delta inser-
tion elements in S. cerevisiae. The delta elements of S. cerevi-
sige are found at both ends of the TY1 transposons; during
transposition, when a TY1 element is excised by recombina-
tion, a delta element is often left behind, bounded by direct
repeats of the target sequence (22). From these observations,
it would appear that the 284-bp sequence found upstream of
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Precursor Peptides:
sapl MFLKNIFIALAIALLVDASP..AKRSPGFVTLDFDVIK. . ueoeeeosovsosons veeeeoT....PV.NATG.QEG....K.VKR
sap2 - —T—ttTo=—A-==A-==S-V-. ..ttt resssosoocossnses -pkaf--T-..-.---....KTS==
sap3  ~——m—mm—-mm—eee A--T-ttFNN----- A-N----—- eeeecesseessesssesssses—hk.... . ~V--P-GEintnVN-==
sap4 ---Q--LSV--F~---I--A-. .V==~T~-=-~---N-,-rslvdpkdptvevkrsplfldiep-ei..--DD.--......rnDVG==
Mature Proteins:
sapl QAIPVTLNNEHVSYAADITIGSNKQKFNVIVDTGSSDLWVPDASVTCDKPRPGQSADFCKGKGIYTPKSSTTSQNLGSPFYIGYGDGSSS
sap2 --V--=-H--Q-T-—---- V-—=N--L-----=—memm e VN-D-QVTYSD-T-----Q-~T-D-SG-SA-~D-NT--K---~-=-~-
sap3 ~TV--K-I--Q-—=-S——=V-====-LT-VI--=-omc—-—u— SQ-S-QAG.Q--DPN---NE-T-S-S--SS----N---S-E----TT-
sap4 GPVA-K-D--IIT-S-------< N--L§--=———-o—m——u— SNAV-IPKW--DRG----NN-S-S-AA-S--K--NT--E-K-A---VQ
sapl SQOGTLYKDTVGFGGASITKQVFADITKTSIPQGILGIGYKTNEA .AGDYDNVPVTLKNQGVIAKNAYSLY LNSPNAATGQIIFGGVDKAK
sap2 = —————————————- V--KN--L--VDS---D----- Voo .G-S-- ---K D--- -N--
sap3 ———=f{-—==I--—-I---—=Q---V-§--VD--—=—-=-=-- H--.E-N-----c—ocuuu I-S————=————— RQ-TS—-----———- N--
sap4 A--N--Q----I--V-VRD-L--NVRS--AHK------ FQS---tRTP---L-I---K--I-S----=-F----E-S§----=-~ I----
sapl YSGSLIAVPVTSDRELRITLNSLKAVGKNIN,GNIDVLLDSGTTITYLQQDVAQDIIDAFQAELKLDGQGHTFYVTDCQTSGTVDFNFDN
sap2 L- -S-G-VEVS--T--tD-V: -L-DQ--K--NGK-TQ-SN-NS--EV--NL--D-V---SK
sap3 -—-T-=-L----- N----H--TV-VA-QS--.ADV G--DQV-S--NGQETY-AN-NL--LV--NL--S---A--K
sap4d  ----- VDL-I----T-SVG-R-VNVM-Q-V- V-AG--—~=—=—- S-FTPNI-RS--Y-LGGQVHY-SS-NEA--A-=K~====== 0--R
sapl NAKISVPASEFTAPLSYANGQPYPKCQLLLGISDANILGDNFLRSAYLVYDLDDDKISLAQVKYTSASNIAALT
sap2 = —===—————ee A-S-0GDD D FDVN -1 NE-- -=S=-§-—-
sap3 ----YTED--V-DQ----F-T--Y--- -1 NE ---T
sap4 R LYQ-Y-T--E-----EIRVRE-ED------- M-——=I-——=—- R-—-M-———-—- Q---VGIN

SAP1

SAP2 SAP3 SAP4

FIG. 6. Comparison of the deduced protein sequences of the four SAP genes. (A) Alignment of protein sequences. A dash represents a residue
identical to that in the S4PI sequence on the top. A dot indicates a space in the sequence introduced to maximally align the sequences. Lys-Arg
dipeptides are underlined in the sequences of the precursor peptides. The sections of the active site in the mature protein have a line above the
sequence. (B) Phylogenetic tree of the mature portions of the four Sap proteins constructed by using the Feng and Doolittle program (7), based
on the protein sequences. A similar tree is constructed from an alignment of the DNA sequences (34). The lengths of the lines are proportional

to the estimated genetic distances.

the 2.6 allele represents an analogous solo delta-type sequence
in C. albicans. In addition to strain WO-1, three clinical
isolates have been found to contain the 2.6 allele polymor-
phism (34). In one isolate, oligonucleotides from the 284-bp
CARE?2 sequence hybridize with the 2.6-kb Kpnl fragment
from this clinical strain, indicating that a similar insertion
occurs upstream of SAP! in an independent C. albicans isolate
(34). The occurrence of this insertion at the site of these
virulence factors raises the possibility that, like other transpos-
able elements, a CARE2-like element might contribute to the
regulation of expression of SAPI.

Assuming that the alteration in the poly(C) tract at positions
—166 to —174 is not involved in the differential transcription
of SAPI, what then can we surmise about the potential
regulation of SAPI expression in strains WO-1, 3153a, and SS?
Since the 5'- and 3’-flanking regions are essentially identical in

two different C. albicans isolates (WO-1 and SS), one of which
expresses the gene (WO-1 [19, 35]) and the other of which
does not (35), one must conclude that there are different
trans-acting elements provided by WO-1 and SS which interact
with similar cis-acting elements upstream of SAPI. These could
be either transcriptional activators, being expressed only in O
cells, or, conversely, transcriptional repressors expressed in W
cells and in other strains. In addition to the WO switching
system, at least three different switching systems have been
described for C. albicans (31). One interpretation of the SAP!
expression studies (19, 35) is that SS and 3153a cells remained
in a switch phase which was not permissive for SAPI expres-
sion, similar to the W cell phenotype. Presumably, if a pheno-
typic switch could be induced in strains 3153a and SS under
comparable conditions, then the SAP! alleles would be tran-
scribed.
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The tandem linkage of the SAPI and SAP4 genes may be the
result of a tandem duplication of a SAP gene on that chromo-
some. Close inspection of the four protein sequences in Fig. 6A
and the phylogenetic tree (Fig. 6B) shows that SAP4 is the
most divergent of the four proteins, suggesting that SAP4 is not
a recent duplication of SAPI.

Recently, the existence of another SAP gene was inferred
from a hybridization signal to chromosome 3 on a chromosome
blot (16). Signals on chromosomes 6 and R were attributed to
the presence of SAPI and SAP2 on their respective chromo-
somes. The presence of SAP4 linked in tandem with SAPI
raises the possibility that still other SAP genes are linked in
tandem with the already identified SAPI, SAP2, and SAP3
genes. Our preliminary hybridizations and sequencing of
cloned flanking regions have not identified any further SAP
genes. However, at least one more SAP gene remains to be
identified—the gene which encodes a protein containing the
N-terminal sequence GTVQTSLINE which was identified by
Morrison et al. (17).
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