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Medically important yeasts of the genus Candida secrete aspartic proteinases (Saps), which are of particular
interest as virulence factors. Like Candida albicans, Candida tropicalis secretes in vitro one dominant Sap
(Saptlp) in a medium containing bovine serum albumin (BSA) as the sole source of nitrogen. Using the gene
SAPTI as a probe and under low-stringency hybridization conditions, three new closely related gene sequences,
SAPT?2 to SAPT4, encoding secreted proteinases were cloned from a C. tropicalis \EMBL3 genomic library. All
bands identified by Southern blotting of EcoRI-digested C. tropicalis genomic DNA with SAPTI could be
assigned to a specific SAP gene. Therefore, the SAPT gene family of C. tropicalis is likely to contain only four
members. Interestingly, the SAPT2 and SAPT3 gene products, Sapt2p and Sapt3p, which have not yet been
detected in C. tropicalis cultures in vitro, were produced as active recombinant enzymes with the methylotrophic
yeast Pichia pastoris as an expression system. As expected, reverse transcriptase PCR experiments revealed a
strong SAPTI signal with RNA extracted from cells grown in BSA medium. However, a weak signal was
obtained with all other SAPT genes under several conditions tested, showing that these SAPT genes could be
expressed at a basic level. Together, these experiments suggest that the gene products Sapt2p, Sapt3p, and

Saptdp could be produced under conditions yet to be described in vitro or during infection.

During the past two decades, Candida infections have in-
creased in number and severity (33). In immunocompromised
patients, Candida species have the potential to invade all host
organs and cause severe systemic infections. Although Candida
albicans is the organism most often associated with serious
fungal infections, other Candida species have emerged as clin-
ically important pathogens of these opportunistic infections
(19, 31). The asexual diploid yeast C. tropicalis is the second
most pathogenic of the Candida species (18, 19, 31). Unlike C.
albicans, which is a normal commensal on human mucous
membranes, the detection of C. tropicalis is more often asso-
ciated with the development of deep fungal infections (10, 13).

To assist invasion of host tissues, many pathogenic microbes
posses constitutive and inducible hydrolytic enzymes that de-
stroy, alter, or damage membrane integrity, leading to dysfunc-
tion or disruption of host structures. Pathogenic species of
Candida produce a large variety of secreted hydrolases, and
among various potential virulence factors proposed, the se-
creted aspartic proteinases (Sap) have been intensively inves-
tigated. It is now well established that the ability of C. albicans
to adhere to mucosae in the oral and vaginal tracts, to invade
in deep organs, and to resist phagocytic cells apparently re-
quires the use of several different proteinases suitable to each
particular condition during the infection (3, 4, 6, 24, 25). Eight
genes (SAPI to SAPS) encoding true Saps and two others
(SAP9 and SAP10) encoding putative GPI-anchored protein-
ases have been cloned from C. albicans to date (12, 15; A. Felk,
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W. Schaefer, and B. Hube, SAPI0 GenBank accession no.
AF146440).

Like C. albicans, Candida tropicalis secretes in vitro Sap
activity in a medium containing bovine serum albumin (BSA)
as the sole source of nitrogen. One Sap, called Saptlp, was
purified from culture supernatant, biochemically character-
ized, and crystallized (26, 28). However, previous data sug-
gested the existence of a SAPT gene family in the genome of C.
tropicalis (16). The presence of aspartic proteinases secreted by
C. tropicalis has also been demonstrated on the surface of
fungal elements penetrating tissues during disseminated infec-
tion and evading macrophages after phagocytosis of yeast cells
(1, 2, 22). It has become apparent that the use of different
members of a gene family by microorganisms is linked to the
process of pathogenesis (3, 4, 11, 16). In the present work, we
have further characterized the C. tropicalis gene family in order
to elucidate the molecular basis of the virulence of this patho-
genic yeast.

(This work was done by C. Zaugg in partial fulfillment of the
requirements for a Ph.D. degree from the University of Lau-
sanne, Lausanne, Switzerland.)

MATERIALS AND METHODS

Strains and plasmids. C. tropicalis ATCC 750, DSM 4959, and four clinical
isolates (CHUV 740.00, GO 25896, GO 26110, and GO 28861) from deep-seated
candidiasis of different patients at the University Hospital in Lausanne (Swit-
zerland) and Goéttingen (Germany) were used. All strains were identified by the
use of Chromagar plates, on which they developed a dark blue color, and by
sugar fermentation with the API system galleries, where the identification was
certified at 99%.

E. coli LE392 was used for the propagation of the bacteriophage A\EMBL3
(Promega). All plasmid subcloning experiments were performed in Escherichia
coli DH5a with plasmid pMTL21 (5). Pichia pastoris GS115 and the expression
vector pKJ113 (3) were used to express recombinant Sapt enzymes.
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Growth media. All C. tropicalis strains were maintained on YPD (1% yeast
extract, 2% peptone, 2% dextrose, 1.5% agar) agar plates. Solid and liquid BSA
media were used to promote Saptlp expression (28). Yeast was also grown in
modified Lee’s medium containing 5% (vol/vol) fetal calf serum (17).

C. tropicalis genomic library and gene cloning. A genomic DNA library was
prepared with DNA of C. tropicalis ATCC 750. The isolated DNA was partially
digested with Sau3A, and DNA fragments ranging from 12 to 20 kb were isolated
from low-melting-point agarose (Bio-Rad); these fragments were inserted into
bacteriophage AEMBL3 cloning system (Promega).

Recombinant plaques (2 X 10*) of the genomic library were immobilized
on GeneScreen nylon membranes (Dupont). The filters were hybridized with a
32p_labelled C. tropicalis SAPTI probe under low-stringency conditions (16). The
probe was obtained by PCR amplification of SAPTI by using oligonucleotides 1
and 2 (Table 1) and plasmid pMTL21-E4 (28) as the targeted DNA. All positive
plaques were purified and the associated bacteriophage DNAs were isolated as
described by Grossberger (9). Hybridizing fragments from NEMBL3 bacterio-
phages were subcloned into pMTL21 by standard procedures (23). Microsynth
(Balgach, Switzerland) performed the sequencing of the SAPT genes.

Expression of recombinant aspartic proteinases. Expression plasmids were
constructed by cloning a PCR product of the C. tropicalis SAPT genes in the
multiple cloning site of the Escherichia coli-P. pastoris shuttle vector pKJ113.
PCR was performed according to standard conditions with homologous primers
derived from DNA sequences of the different SAPT genes (Table 1).

For cloning into pKJ113, the PCR products were purified by using a PCR
purification kit (Roche Diagnostic) and digested by restriction enzymes for which
a site was previously designed at the 5’ extremity of the primers (Table 1).
P. pastoris GS115 was transformed by electroporation with 10 ug of plasmid
DNA linearized by Smal. Transformants selected on histidine-deficient medium
were screened for insertion of the construct at the AOXI site on minimal
methanol plates. The transformants unable to grow on media containing only
methanol as a carbon source were assumed to contain the construct at the correct
yeast genomic location by integration events in the AOXI locus displacing the
AOXI coding region. They were grown to near saturation (optical density of 20
at 600 nm) at 30°C in 10 ml of glycerol-based yeast medium. Cells were harvested
and resuspended in 2 ml of the same medium with 0.5% (vol/vol) methanol
instead of glycerol and incubated for 2 days. Subsequently, the supernatant was
harvested and tested for protein production on sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) gels. Recombinant Saptp enzymes
were produced in large quantities from 400 ml of cell culture supernatant. The
volume was reduced to 20 ml by ultrafiltration with the Amicon 8050 system
(Millipore). Salts and low-molecular-weight solutes were removed by passing
through Sephadex G-75 column (Pharmacia) with 10 mM sodium citrate buffer
(pH 6.5). The recombinant proteinases recovered from active fractions were
finally concentrated by ultrafiltration with the Centricon 30 system (Amicon).

Protein extract analysis. Protein concentrations were measured by the method
of Bradford (4a). Protein extracts were analyzed by SDS-PAGE with a separa-
tion gel of 12% polyacrylamide. Gels were stained with Coomassie brilliant blue
R-250 (Bio-Rad). N-Glycosidase F digestion and N-terminal sequencing analyses
were performed as previously described (8).

Proteolytic assays. The proteolytic activity of Sap isoenzymes was measured
with 0.02% resorufin-labeled casein as a substrate at different pH values (2.0 to
7.0) in 50 mM sodium citrate buffer in a total volume of 0.5 ml. After incubation
at 37°C, the undigested substrate was precipitated by trichloroacetic acid (4%
final concentration) and separated from the supernatant by centrifugation. The
absorbance of the supernatant was measured in the alkaline range at 574 nm
after addition of 30 pl of 4 N NaOH. For practical purposes, 1 U of Sap activity
was defined as that producing an absorbance of 0.001 per min in a proteolytic
assay at an optimum pH of activity.

Standard PCR. PCRs were performed by using a Perkin-Elmer DNA Thermal
Cycler. Two hundred nanograms of genomic DNA or 10 ng of plasmidic DNA in
5 pl of 10 mM Tris-HCI (pH 8.0), 10 pl of each of the sense and antisense
oligonucleotides at a concentration of 42 mM, and 8 pl of deoxynucleotide mix
(containing 10 mM of each deoxynucleoside triphosphate [dNTP]) were dis-
solved in 100 pl of PCR buffer (10 mM Tris-HCI [pH 8.3], 50 mM KCI, 1.5 mM
MgCl,). To each reaction mixture, 2.5 U of Ampli7ag DNA polymerase (Perkin-
Elmer) was added. The reaction mixtures were incubated for 5 min at 94°C;
subjected to 25 cycles of 0.5 min at 94°C, 0.5 min at 55°C, and 0.5 min at 72°C;
and finally incubated for 10 min at 72°C.

RT-PCR. Total RNA was isolated and purified from C. tropicalis by using the
yeast I protocol of a Qiagen RNeasy Mini kit. Yeast cells (5 X 107) were lysed
with 250 U of lyticase for 20 min in Y1 buffer (1 M sorbitol, 0.1 M EDTA [pH
7.4]) and then by vortexing with 0.6 g of calcinated glass beads for 1 min. Reverse
transcriptase PCR (RT-PCR) was performed with a Qiagen OneStep RT-PCR
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kit. Briefly, 1 pg of total RNA, 10 pl of supplied 5X OneStep RT-PCR buffer
(12.5 mM MgCl, [pH 8.7]), 2 pl of deoxynucleotide mix (containing 10 mM each
dNTP), 5 pl of sense and antisense primers at a concentration of 6 uM, and 2 pl
of OneStep RT-PCR enzyme mix were mixed on ice and subsequently incubated
at 50°C for 30 min and 95°C for 15 min. The reaction mixtures were subjected to
35 cycles of 0.5 min at 94°C, 0.5 min at 55°C, and 1 min at 72°C and finally were
incubated for 10 min at 72°C. The PCR products were visualized on a 0.8%
agarose gel.

RESULTS

C. tropicalis-secreted proteolytic activity. The proteolytic ac-
tivities of six C. tropicalis strains were tested on BSA agar
plates and in BSA liquid medium after 72 h of growth at 30°C.
Except for the DSM 4959 strain, all strains examined exhibited
similar proteolytic activities. SDS-PAGE of total protein ex-
tract from culture supernatant of all proteolytically active
strains revealed only one protein with a molecular mass of
about 44 kDa (Fig. 1, lane 1). This protein corresponded to
Saptlp, which has been previously characterized.

The DSM 4959 strain did not grow on solid or in liquid BSA
medium. No proteolytic activity was detected, and SDS-PAGE
analysis revealed that the BSA in liquid medium remained
intact (data not shown). However, a SAPT! gene of C. tropi-
calis DSM 4959 could be amplified by PCR with SAPTI-spe-
cific primers (Table 1) and DSM 4959 DNA as a template.
Sequencing of the PCR product revealed 100% identity with
the previously published sequence of SAPTI cloned from the
type strain of C. tropicalis ATCC 750 (28). These results sug-
gest that the lack of proteolytic activity in the DSM 4959 strain
cannot be attributed to mutations in the SAPT! coding region.

Cloning of three new members of the C. tropicalis SAPT gene
family. A screening of a C. tropicalis \EMBL3 genomic library
was performed with the whole SAPTI1 gene as a probe and
under low-stringency conditions of hybridization. Among 2 X
10* individual recombinant bacteriophage plaques, corre-
sponding to 20 yeast genome equivalents, all hybridizing clones
(100 in total) were purified. The DNA obtained from these
clones was restricted with EcoRI, gel electrophoresed, blotted
onto membranes, and hybridized with the selecting SAPTI
probe. Five groups of clones containing 8.8-, 5.0-, 4.4-, 4.0-, and
3.8-kb EcoRI fragments (Fig. 2) were retained and further
analyzed. The 4.0-kb EcoRI fragment corresponded to the
SAPTI fragment previously isolated and partially sequenced
(28). The signal intensity of the 8.8-kb fragment was as strong
as that of the 4.0-kb fragment (Fig. 2). PCR of bacteriophage
DNA with SAPTI primers amplified a fragment the sequence
of which was 100% identical to SAPTI. C. tropicalis DNA was
subsequently digested by other enzymes and analyzed by
Southern blotting with the SAPTI probe under high-stringency
conditions. Only one band of 4.2 kb and one band of 9.0 kb
were revealed with DNA digested with Bg/II and HindIll,
respectively (data not shown). These results suggested that the
two SAPT]I alleles were on two different EcoRI fragments. The
three other EcoRI fragments were subcloned into pMTL21,
generating the plasmids pCT2, pCT3, and pCT4, for which the
map of the inserts is shown in Fig. 3.

The nucleotide sequence of areas hybridizing with the
SAPTI probe and flanking regions in plasmids pCT2, pCT3,
and pCT4 revealed three long open reading frames (ORFs) of
1,245, 1,167, and 1,182 bp, respectively. The amino acid se-
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FIG. 1. Protein profile of native Saptlp obtained from a culture of
C. tropicalis ATCC 750 in BSA medium (lanes 1 and 2) and recombi-
nant Saptlp (lanes 3 and 4), Sapt2p (lanes 5 and 6), and Sapt3p (lanes
7 and 8) produced in P. pastoris. The gel was stained with Coomassie
brilliant blue R-250. Lanes 2, 4, 6, and 8 show proteins deglycosylated
after N-glycosidase F treatment. Molecular mass markers (M) are
shown in the leftmost lane.

quence deduced from these genes showed significant similari-
ties to that of the other aspartic proteinases, in particular
within the regions that contained the two reactive aspartic acid
residues. Four cysteine residues were also conserved (Fig. 4).
The cysteine residues in homologous positions form disulfide
bridges in all aspartic proteinases (27). The deduced amino
acid sequences suggested the existence, like in Saptlp and in
the C. albicans Saps, of both a signal peptide with putative
signal peptidase cleavage sites and a prosequence with one or
two KR sequences (16). These tandems of basic amino acids
are known to be proteolytic processing sites by the proconver-
tase Kex2p (32). The genes corresponding to the 5.0-, 4.4-, and
3.8-kb EcoRI fragments were called SAPT2, SAPT3, and
SAPTH, respectively. The Sapt2p, Sapt3p, and Sap4p polypep-
tide chains generated by cleavage at the Kex2p-like cleavage
site have calculated molecular masses of 36, 37, and 37 kDa,
respectively (Table 2).

Southern blotting of EcoRI-digested DNA hybridized at low
stringency with the SAPTI probe revealed five bands for all C.
tropicalis strains tested, including DSM 4959. These bands cor-
responded to the DNA fragments harboring SAPT2, SAPT3,

9.4 — SAPT1

6.7— SAPT3
SAPT2

43— SAPT1
SAPT4

23—

20—

FIG. 2. Southern blots of EcoRI digestions of C. tropicalis ATCC
750 DNA (lanes 1 and 7), pMTL21-E4 (lane 3), pCT2 (lane 4), pCT3
(lane 5), pCT4 (lane 2), and \EMBL3 phage DNA containing the
second allele of SAPTI (lane 6) were hybridized to the SAPTI gene
used as a probe. The molecular size markers (kilobases) are indicated
to the left.
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FIG. 3. Restriction maps of inserts of the plasmids containing SAPTI, SAPT2, SAPT3, and SAPT4. The SAPT ORFs are represented by solid
arrows. The domains of the catalytic sites of the enzymes are indicated by solid triangles. The GenBank accession numbers of the sequenced
regions of pMTL21-E4 (29), pCT2, pCT3, and pCT4 (represented by a dashed line) are X61438, AF115320, AF115321, and AF115322,
respectively. A, Asp718; Ac, Accl; Ba, BamHI; Bg, Bglll; E, EcoRI; H, Hindlll; N, Ncol; P, PstI; Sp, Sphl; X, Xhol; Xb, Xbal.

and SAPT4 and the two alleles of SAPT! (Fig. 2). The same
band pattern was observed with six C. tropicalis strains isolated
from different patients (data not shown). Therefore, four
members are likely to constitute the C. tropicalis SAPT gene
family.

Properties of recombinant Sapt2p and Sapt3p (Table 2).
Sapt2p and Sapt3p, which have never been detected in C.
tropicalis culture supernatants, were produced by P. pastoris as
active proteinases. The yields of recombinant Sapt2p and
Sapt3p were 3.7 and 3 U ml ™, corresponding to about 2.5 and
5 wg of protein ml™*, respectively. No recombinant SAPT4
translation product was obtained from P. pastoris transfor-
mants. As a control, Saptlp was recovered in P. pastoris culture
supernatant as an active proteinase with a yield of 15 U ml~!
corresponding to 50 pg of protein ml~'. However, two bands
were detected by SDS-PAGE (Fig. 1, lane 3). The recombinant
Saptlp product with the lowest electrophoretic mobility comi-
grated with Saptlp produced from C. tropicalis (Fig. 1, lane 1).
The N-terminal sequences of both proteins were identical and
determined to be SDVPTTLKN. Western blotting analysis
showed that the Saptlp product with higher electrophoretic
mobility cross-reacted with anti-Saptlp antibodies and was
likely a degradation product.

Sapt2p showed a single protein band in an SDS-PAGE gel
with an estimated molecular mass of 49 kDa (Fig. 1, lane
5). The Sapt2p N-terminal sequence was determined to be
DDYKSVELY, which corresponded to amino acids 61 to 70 of

the translation product, just after a Kex2p processing site, KR.
Two bands were observed on SDS-PAGE for recombinant
Sapt3p (Fig. 1, lane 7). The N-terminal sequences of the 55-
and 48-kDa products were determined to be RVVLNAG and
GFYRTQDLI, respectively. These sequences corresponded to
amino acids 19 to 25 and 75 to 83 of the SAPT3 translation
product, after a signal peptidase processing site and after the
Kex2p processing site KR, respectively. Our results suggest
that Sapt3p was secreted by P. pastoris as a mix of proprotein
and mature protein. Both recombinant Sapt2p and Sapt3p
were glycosylated as demonstrated by reduction of the molec-
ular mass after N-glycosidase F treatment (Fig. 1, lanes 5 to 8).

Sapt2p and Sapt3p, like Saptlp, were shown to be inhibited
by the classical aspartic proteinase inhibitor pepstatin A. The
pH-dependent enzymatic activities of the recombinant Saps
were determined in citrate buffer between pH 2.0 and 7.0.
Sapt2p and Sapt3p had a pH optimum at 5.0, whereas both
native and recombinant Saptlp were optimally active at pH 3.5.

SAPT gene expression in C. tropicalis. Total RNA was iso-
lated and purified from C. tropicalis at different times of cul-
ture at 30°C in YPD medium, BSA medium, and in modified
Lee’s medium containing 5% fetal calf serum. A strong SAPT!
signal was obtained from culture in BSA medium with 35 cycles
of PCR, while only faint SAPT2, SAPT3, and SAPT4 signals
comparable to that of SAPTI under noninduced conditions
(YPD medium) were detected (Fig. 5). Interestingly, a faint
SAPTI was also detected with RNA isolated from C. tropicalis
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FIG. 4. Comparison of deduced amino acid sequences of the secreted

aspartic proteinases Saptlp to Sapt4p from C. tropicalis. ¥, aspartic acid

residues corresponding to those found in the active site of the pepsin family; %, conserved cysteine residues involved in disulfide bridge formation
in the three-dimensional structure of aspartic proteinases. The putative signal peptidase cleavage site is indicated by a vertical arrowhead. An arrow
delimits the N-terminal positions of the mature secreted proteinases just after a KR sequence known to be a proteolytic processing site. The
alignment was performed with the PileUp algorithm implemented in the GCG package of the Genetics Computer Group, University of Wisconsin,

Madison, and reformatted with Boxshade 3.2.

DSM 4959 grown under inducing and noninducing conditions.
Only faint signals of each SAPT were also obtained with RNA
extracted from cells grown in modified Lee’s medium contain-
ing 5% fetal calf serum at different times of culture (data not
shown). As a control in all experiments, RT-PCR performed in
the absence of RT still showed no SAPT signals after 35 cycles
of PCR. These negative results ascertained the absence of
genomic DNA in the PCR.

DISCUSSION

A total of four SAPT genes have now been cloned from C.
tropicalis. All bands identified by Southern blotting of EcoRI-

digested genomic DNA and low-stringency hybridization with
SAPTI could be assigned to a specific SAPT gene. Therefore,
the likelihood of finding additional SAPT genes in the C. tropi-
calis genome is rather low. A dendrogram deduced from the
alignments of Saptlp to Sapt4p together with C. albicans
Saplp to Sapl0p is shown in Fig. 6. Saptlp to Sapt4p form
distinct branches and are not clustered in subgroups like Saplp
to Sap3p and Sap4p to Sap6p from C. albicans (15, 16). The
percentage of similarity between two members of the Saptp
protein family does not exceed 63% (Table 3). However,
Saptlp and Saptdp appeared to be clustered with C. albicans
Sap8p and Saplp to Sap3p, respectively. SAPTI and SAPS in
one side and SAPT4 and SAPI-3 in another side could be the
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TABLE 2. Characteristics of C. tropicalis-secreted aspartic proteinases

Characteristic

Result for aspartic proteinase

Saptlp Sapt2p Sapt3p Saptdp
Preproprotein length (amino acids) 394 415 389 394
Mature domain of the protein (amino acids) 334 341 338 342
Putative KR processing site (amino acid positions) 32-33, 59-60 38-39, 73-74 50-51 51-52
Theoretical molecular mass of the polypeptide domain of the mature domain (kDa)* 35.8 36.5 37.1 37.4
Apparent molecular mass determined by SDS-PAGE (kDa) 44 49 48/55° ND¢
Apparent molecular mass after N-glycosidase treatment by SDS-PAGE (kDa) 44 40 44/50° ND
No. of putative glycosylation sites 0 4 2 5
Calculated pI* 4.23 4.09 4.95 5.69
Optimum pH of activity experimentally determined 35 5.0 5.0 ND

“ The theoretical molecular mass of the mature domain and the pI were calculated with the program Compute pI/Mw tool (http://www.expasy.ch/ch2d/pi_tool.html).

® Mature form and proprotein.

¢ND, not done. (No recombinant SAPT4 translation product was obtained from P. pastoris transformants.)

descendants of two different SAP genes in a species from which
C. albicans and C. tropicalis split before further specialization.

So far, only Saptlp produced in BSA medium has been
shown to be produced by C. tropicalis. One strain, DSM 4959,
did not secrete detectable acid proteolytic activity. However,
no difference was found between the regions coding for Saptlp
from strains ATCC 750 and DSM 4959. RT-PCR revealed that
SAPTI from strain DSM 4959 is expressed at a basic level in
rich medium as well as in BSA medium in which SAPTI of
other strains is induced. Therefore, the lack of secreted pro-
teolytic activity of DSM 4959 strain appears to be due to a
defect in induction of SAPTI and not to any mutation or
deletion in this gene.

Several pieces of evidence suggest that the other SAPT
genes are expressed under conditions that remain to be dis-
covered in vitro or during infection, as described below.

(i) SAPT2 and SAPT3 gene products could be obtained from
P. pastoris. They are highly active secreted aspartic proteases
completely inhibited by pepstatin A.

(ii) It can be assumed that the weak signals obtained by
RT-PCR reflect a residual level of expression. A control for
the absence of genomic DNA involved an additional PCR in
the absence of RT with selected RNA samples. No amplifica-
tion product was detected in these control reactions. Likewise,

Strain ATCC DSM ATCC ATCC ATCC

750 4959 750 750 750

PCR product SAPT1 SAPT2 SAPT3 SAPT4
RT L TE TR T S R S S
Medium YYBBYYBB YYBBYYBBYYBB

FIG. 5. RT-PCR performed with RNA extracted from cells grown
for 24 h in YPD (Y) and BSA (B) media. For each reaction, a control
without the reverse transcription step (RT —) was done. The sizes of
the SAPT1, SAPT2, SAPT3, and SAPT4 PCR products are 1,005, 762,
1,118, and 1,130 bp, respectively. The primers used are described in
Table 1.

no signal was detected when 100 ng of wild-type C. tropicalis
DNA was added to RNA of mutants before DNase treatment.

(iii) Immunoblot analysis performed with sera of mice in-
fected with C. tropicalis SAPT1 disruptants still revealed anti-
bodies reacting with Saptlp. This observation suggested that
other isoenzymes were produced during infection with C. tropi-
calis (29).

(iv) It is likely that the SAPT genes expressed by C. tropicalis
inside and outside the macrophages are different from SAPTI.

Sapplp

Sapp2p

Sap8p

Saptlp

Sapdp

Sapbp

Sap5p

Saplp

- Sap2p

Sap3p

Saptdp

Sapt2p

Sapt3p

Sapl0p

Sap7p

Sap9p

FIG. 6. Dendrogram of the SAP gene family in Candida species.
The branch lengths are proportional to the similarity between amino
acid sequences. The dendrogram was created by the PileUp program
implemented in the GCG package of the Genetics Computer Group,
University of Wisconsin, Madison.
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TABLE 3. Pairwise comparisons of putative Sap isoenzymes from
C. tropicalis to which were added C. albicans
Sap2p, Sap6p, and Sap8p

% Similarity or identity”

Isoenzyme
Saptlp Sapt2p Sapt3p Saptdp Sap2p  Sap6p  Sap8p

Saptlp 61 50 63 67 56 73
Sapt2p 49 42 60 58 58 61
Sapt3p 38 31 48 55 52 56
Sapt4p 55 48 35 67 63 60
Sap2p 63 53 46 60 67 66
Sap6p 50 50 46 53 60 58
Sap8p 69 54 48 55 61 52

“ The percent similarity (top right-hand corner) and percent identity (bottom
left-hand corner) values were obtained with the program Gap implemented in
the GCG package of the Genetics Computer Group, University of Wisconsin,
Madison.

Indeed, after ingestion of yeast cells by phagocytic cells, Sap
antigens have been shown to be expressed by C. albicans and C.
tropicalis, but not by C. parapsilosis (1, 20). However, under in
vitro conditions, when serum albumin is the major nitrogen
source in the growth medium, C. parapsilosis also produces
large amounts of one dominant Sap (e.g., Sapplp, like C. al-
bicans and C. tropicalis, which produce Sap2p and Saptlp,
respectively (7, 14, 16, 20, 21, 28). Furthermore, the genes
encoding these three isoenzymes are coordinately regulated
(30). We have demonstrated in C. albicans that genes other
than SAP2 (i.e., SAP4, SAP5, and SAP6) were induced after
engulfment of yeast cells by macrophages (3). Therefore, it is
likely that another gene different from SAPTI is expressed in
macrophages after phagocytosis of the yeast cells. Experiments
are under way to identify what Sap or Saps among Saptlp to
Sapt4p are secreted under similar conditions by C. tropicalis.

The relevance of putative virulence attributes of pathogenic
Candida species can be based on comparisons with nonpatho-
genic yeasts, like Saccharomyces cerevisiae and other less
pathogenic species. For instance, many genes of C. albicans
shown to be involved in virulence, especially those organized in
large gene families (11, 16), have no homologous counterpart
in the closely related yeast S. cerevisiae. Expansions of genes to
form a gene family could reflect selection during evolution to
allow organisms a better adaptation to different conditions of
their environment. The use of several specific proteinases suit-
able to each particular condition during the infection could
allow C. tropicalis, like C. albicans, to adhere to mucosae, resist
phagocytic cells, and invade deep organs.
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