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We have isolated an acid proteinase-related gene,
ACPR, from Candida albicans using a partial clone
(Ganesan, K., Banerjee, A., and Datta, A. (1991) Infect.
Immun. 59, 2972-2977) as a probe. Sequencing of the full-
length gene revealed an open reading frame that can
encode a protein of 699 amino acids. The deduced NH,-
terminal amino acid sequence did not correspond with
that determined from the purified secretory acid pro-
teinase; however, the encoded protein is antigenically
related to secretory acid proteinase and has a putative
active site for acid proteinase. Interestingly, the amino
acid sequence of the NH,-terminal 215 residues of Acprp
is highly similar to the DNA binding domain of Stel2p of
Saccharomyces cerevisiae. Gel retardation experiments
showed that this region of Acprp, like Stel2p, could bind
to S. cerevisiae pheromone response elements, suggest-
ing that Acprp has a function similar to Stel2p. Chi-
meric constructs composed of S. cerevisiae STEI12 and C.
albicans ACPR genes complemented the mating defect
of S. cerevisiae a or a stel2 mutants. Our results suggest
the presence of a signal transduction system in C. albi-
cans similar to that of S. cerevisiae mating pathway.

Among the clinically important Candida species, Candida
albicans is the most pathogenic. It is an opportunistic pathogen
that causes candidiasis in human beings and other warm
blooded animals. It occurs naturally as a diploid and lacks a
sexual phase in its life cycle. When grown in a medium con-
taining bovine serum albumin or other proteins as a sole nitro-
gen source, C. albicans and some other Candida species secrete
acid proteinases (Banerjee et al., 1991; Ruchel, 1981; Staib,
1965, 1969). The ability to secrete acid proteinases has been
correlated to the pathogenicity of C. albicans (McDonald and
Odds, 1983).

We have previously isolated a partial clone from a A gtll
genomic expression library using affinity-purified proteinase
antibodies. The partial clone was shown to be specific for var-
ious strains of C. albicans; Candida tropicalis and Candida
parapsilosis were shown to have related genes (Ganesan et al.,
1991). We report here the isolation and characterization of the
full-length gene. The deduced NH,-terminal amino acid se-
quence of the encoded protein did not correspond with that
determined from purified seeretory acid proteinase. This indi-
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cated that this gene encoded a cross-reacting protein product,
and therefore, we refer to this as acid proteinase-related pro-
tein (Acprp).! The primary sequence revealed a tripeptide se-
quence (Asp-Thr-Gly), which is characteristic of active sites of
acid proteinases. Surprisingly, the NH,-terminal 200-amino
acid region of Acprp was very similar to the corresponding
region of Stel12p of Saccharomyces cerevisiae. Stel2p is a DNA
binding protein involved in S. cerevisiae mating. It binds to a
heptamer sequence TGAAACA, referred to as pheromone re-
sponse element (PRE), which is present in multiple copies in
the regulatory regions of the genes that respond to pheromones
(Dolan et al., 1989; Errede and Ammerer, 1989). We have dem-
onstrated the ability of Acprp to bind PRE in vitro. Domain
swap experiments suggest that ACPR gene can complement
the mating defect of ste12 mutants of S. cerevisiae strains. The
results indicate the existence of a signal transduction system in
C. albicans analogous to that of S. cerevisiae mating pathway.

EXPERIMENTAL PROCEDURES

Strains, Growth Conditions, and Materials—Bacterial strains used
in this study were Escherichia coli DH5a and LE392. E. coli cells were
grown at 37 °C in LB medium (2.5% Luria broth base). Where appro-
priate, ampicillin was added at 50 pg/ml. Solid media were supple-
mented with 2% Bacto agar. Yeast strains used in this study are: C.
albicans SC5314, S. cerevisiae EG123 (MAT a trpl leu2 ura3 hisd),
SF167-5a (MAT a ste12::LEU2 trpl ura3 his4), DC14 (MAT a hisl),
and DC17 (MATa hisl). Yeast strains were usually grown in YPD me-
dium (2% Bacto peptone, 1% Bacto yeast extract, 2% glucose) or in
0.67% yeast nitrogen base without amino acids (Difco) plus appropriate
supplements for selective growth. Solid media were supplemented with
2% Bacto agar for YPD plates and 1.5% agarose for selective plates. Cell
density was monitored in liquid cultures by measuring optical density
at 595 nm. Restriction endonucleases and DNA-modifying enzymes
were obtained from New England Biolabs, Boehringer Mannheim,
Pharmacia Biotech. Inc., Promega, and U.S. Biochemical Corp.
[a-3?P1dATP was from BARC, India (specific activity, 3000 Ci/mmol). All
other reagents were of the highest purity grade commercially available.

Construction of Library and Isolation of Genomic Clones—Genomic
DNA from C. albicans strain SC5314 was isolated (Holm et al., 1986)
and partially digested with several dilutions of Sau3AI at 37 °C for 1 h.
The DNA fragments were fractionated on a 10—40% continuous sucrose
density gradient, and fractions in the range of 8-23 kb were pooled. One
pg of this pooled DNA sample was ligated with dephosphorylated
EMBL3 BamHI arms (Promega) and packaged in vitro (Promega). Re-
combinant phages were amplified in E. coli strain LE392 resulting in
100,000 plaques corresponding to 45—-50 genome equivalents of C. albi-
cans. A 1.3-kb partial genomic clone, which was isolated by immuno-
screening using affinity-purified anti-proteinase antibodies (Ganesan et
al., 1991), was used to screen 2 x 10* phages of the primary library. The
1.3-kb probe was labeled by random priming (Feinberg and Vogelstein,

! The abbreviations used are: Acprp, product of ACPR gene; ACPR,
acid proteinase related gene; Stel2p, product of STE12 gene; PRE,
pheromone response element; kb, kilobase(s); ScStel2p, S. cerevisiae
Stel2 protein; Stekl, K. lactis Stel2 protein; PCR, polymerase chain
reaction; MBP, maltose-binding protein; HY1, hybrid-1; HY2, hybrid-2;
bp, base pair(s).
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GAATTCATTCTACAAATCAAGAGAGAGARAGACATTGGCTAATTGGTTCTCTTTAACATTCCATTACCATAGT TTTCAGT TATATACACTACCCCTTGTATTCAATCATCTATTTATCTT 120

GGTTTCCCN-\CAATATAGT’i‘TAATATCGT(’}TATTC}\CAT(;’CCCMGAGC;\AACATTCTT'i‘TTTTT}\AATi‘TGCATACCN‘ATAGTTCTTG"ITGTTATTTC(‘}GTTMAATT}.\TTGAAATTAA 240
TCTAGAATCI.\TCAAATTCTAACMCAACT}.\CATAATI-\CC).\GAAGAAAACC‘;CAAGAGAAT’;‘TATAGTTGTI'\TCMTTTAG}'\TTTGGATTT}.\CAAT TTTAT‘i‘ATTCTTCAA'i‘TCTCGATTTC 360
CTCGTGA}\G'.I‘TTTTTGTTTi‘AGTTGTTTT’i‘GTTTTTGTTi‘TTGTTTCCC(EATTGACACG;\AMAGTTTT’CCATAAAAAAAGAGMACAT&TCCTAGAAC(EAACTAAACA'i‘TCTTGCTTTA 480
CATTATCTTéATTTTAATT'i‘GTTGGT GTT&TTGTAAATCATAAGTTTAAI.\TMTTGGGT'i‘GTTTGCTTT’i‘AAACTTTTAATACATCAAA}'\CGATATAAN.\CTGT TTC GA}'\ATCACC GATT 600
TCATATTTT’i‘TCTTTACAAéTTTCATATA&’TTTATMCTF.U\AGAAAGAA(.;GTTGGMGA';CTAACAAATi‘TTTTTGTTC(‘ZCCGTTAACC (’;AAACACACA’;‘ACATATAC Ti‘CTGTCCACAC 720
ACACACTAC&ACAMTTTT'i’GAGCTGAT’I‘mGG&TTTTAGAAT’i‘TTCCGATTT(.BTTTTGGTCT’i‘AGTTTTAGTi‘TGACAATCAAAAAAGAATTI‘KCAAAACATC(.;AACAACCTTC 840
GACCTTCCC(}CCACAL TCG' 1 CCTCCCTCT! L:L TTGCCT L,b.;\GTACACTTC}'\CACCTCAGA';?CTCATTAAC;\TAACGTCCT}.\TATTGCQN;.‘CN\TT TTA’I"i‘ACGACAAAT':CCAATAATTAG 960
GGCTATTTTéACACTTTGA}.\TTACAATTT'I.‘ATACCAGTG’i‘CGCATTATT;\CTATTTCCA&‘TTTCAACAA}.\UAr'u T A ACG TT%CTATCMTCATTACCAACCi‘GACCAACAGA 1080

GTATCCATTACTTCTTAGTTAAATATATTTCTTTTCACTTTTTICACTTTTTTCATTTTTCAATTGTTGTGCCCCCCCCCTCGTTGCGGATCAAATAATATAACTGCCTAATACACTCTT 1200

TCGCCATGTCAATTACTAAAACATACAATGGTGATCCTACATCACTTGTACCAACTCAACTGGTARAAGAATCATTAAGACTAATTGRAGATTTAARATTCT TTTTAGCCACTGCTCCAG 1320

I T KT YNGDU®PTSLV?PTOQLV KESTILARILTITETDTILIEKT FZ F¥UILATAPA 39
CAAATTGGCAAGAGAATCAAGTGATTCGAAGATACTATT TAAACCACGATGAAGGT TTTGTCAGT TGTGT TTATTGGAATAACT TATATTTTATCACTGGTACCGATATTGTCCGTTGTA 1440
N WQENSQVIRRYYLNHDESGTFV VS CVYWNNILYT FITGTTZ DTIVRTCI 79
TTGTTTATAAATTTGAACATTTTGGAAGGAAAATAATTGATCGGAAAAAGT TTGAAGAAGGTATT TTCTCCGATTTAAGAAAT TTGARATGT GGCGCCGATGCAATTTTGGAACCTCCTC 1560
VY KF EHTFGRIE KTITIUDRIEKIEKT FETESGTIVFSDLRNILIEKTCGADA ATILIULTET?PTZPR 113
GITCAGAGTTTTTAGAATTCTTATTTAAAAATTCTTGTTTGAGARCACAAARGAAACARAAAGTGTTTTTTTGGTTTARTGTTCCTCATGATAAGT TAATGGCAGATGCCTTGGAACGAG 1680
8 EFL EVFULFKNUSCILRTOQIKI KOQZ KV F FWFNUV?PHUDI KT LM MADA ATLTERD 159
ATTTGAA}\A}\GGAAAAA}\TGGGTCAAAGACCAACI»\ACAATGGCCCATCGAGAACCAGCATTATCATTCCATTACGACGA(’.‘:TCTTCCAGTTTATAC}\CTCAATTGGGTAAACACAT GGAAA 1800
L K X E XK MGOQRU©PTTMAHARET PALST FHYUDESSSULYTOEQULGIEKHMET 199
CACAGARGAGGATCAACGACGCAGCCACAAGCTCTACTTCTAATACTGCTACCACCTTGACCGACACCGGTGTATCCTCAGGATTGAATARTACCACTTCTGGTGGCGGCAGTGATAGTG 1820
Q KR I NDAATS ST SS§NTATTILTDTGEV §S G6GLNNTTSGGG S D S A 239
CAACCTCCACACACAACAACAATGAGGCATCGACCAAACCAAGTAATGGCAGTGAAAAATCGTCACCGGAGTACACTACARCTGCCCGCGGTAGAGATGAGT TTGGATTCCTTARTGARG 2040
T s T HMNNNEA ASTIEKU?PS NG SEIKS S pPEYTTTA ARG RUDETFUGTFTLNE A 279
CCACACCAAGTCAATACAAAGCCAATTCAGATTATGAAGACGAT TTCCCATTGGATTATATCAATCAGACCACTCAARATTCTGRAGATTATATTACTTTGGATGCARATTATCAGGCAG 2180
T P S QY KANSDYEDVDTF?PLDYINQTTIGQNUSEU DTYTITTULDANYQAG 319
GAAGTTATGCAAATATGATCGAAGACAATTACGATTCATTTTTGGATGCAACACTATTTATACCTCCAAGTCTTGGCGTACCTACAGGTACAGCTGCGACTGCAACAACATCARACCAAG 2280
S Y ANMTIETDNYDST F¥F¥ILDATULTFTIU®PZPSLGV PTGTAATA ATTSNQV 359
TTGCCTTCAACGACGAATACTTGATTGAACAAGCCCARCCAATARGAACTCCACTACCCCCAATATCATCATCAACAATATCCGGATTGTTACAACCAARATCAGCTGCTAAATTCTTTT 2400
A FNDEJYTULTIEGQAOQPTIURTU®PLU®PUPTISSSTISGULIL QP KSAA ATIKTFTF S 399
CACTACAGAGTGCTAATGGT! AGARTTTTTCCCTGCTTATCAAAATGACCCATCTACTGCTAATGCCGGGTTTGTGCCGCCAATTTCAGCARAATATGCAACTCAATTTGCTACTC 2520
L QS ANGGEU®ETFT FPAYQND®PSTANASGTFVPUPISAIKTYA- AT GQFATR 439

GACRAGTCGCCACCCCARCCTATATAAAGGCAATACCACARACTGGTGCTGCTGCTGCCACTGGTAATGGTGGTCAACCACAACAATATTATGACCAGGCAACTGGTAATGCTTTTTACC 2640
Q VvVAT®PTYTIIKAIUZPQTG GAAHDBMNMATSGNSGSGQ?PQYYDOQATGNA ATFYP 479

CAGCAGAAATACCGGTGCTGTACAATGTTGTCCATCCTGAAAGTGAATATTGGACCAATAATTCTGGTGCAGTTGC TACTACTGCTGCTGCCGCTGCTCCAATGTATGACGC TTC TGGGT 2760
A E I PV LI YNVVH?PESZSEZYWTNNSGAVATTA AARARAMAPMYDA ASGF 519

TTCCTATACCTATTAARCCAATCATATATGGTARTGAATGAACACGAAATGGTACCTTATCAATACATGAAT TCCAATGGTGC TATGATTGGCATGAT TCCACCTCACCAACAACAACAGC 2880
P 1 P I NQSYMV MUNEUHEMVYVZ?P?PYQYMNSNGAMTIGMTITZ®PZ®PHIQQOQOQQ 559

AACAACAACAACAAATTGCCATGGGATATCARAGCATGTTGAGRCARCAACAACAACRACAGCAGCAGCAGCAGCARCAACARCCTTCTTCTACARTGACTARAAAGAAAARAGCAAATCC 3000
Q 0 Q QI AMGY QS MILRQQQQQQQ2QQ Q0 QQQ P s s TMTEKIKIEKI KOQTIH 599

ATTCGTTCAATAATAACAAGAGT TTATCATCTAAAGGCGGTGGCATTACCAAGARATCACACGATAATAATAATCATAGTARAGT TAAAACTCTGTACGGATCAT TAARTGATGTTGTGA 3120
S FNNNZEKSIL S S K GG G I TZ KK S HDNNNUMHSI KV XTULYGS L NUDV VN 639

ATTCCAAAGTCACCAAAGTGATCAATAAAGAAGAAGTARARCAGTCACAAACATAGATGAATAGATACAGAGAGAAAGAGAAAGAAAGAAARPAACTAAGTARATGGGATTCARATAAAT 3240
S XK VT KV INIKEEUVKOQSQETIXMNIRYRET KT ETZ KTET RIE KT KTLSEKWBWDS N KF 679

TTATTTTGTTTGICGTTATCTATGCATTATGT TTATGGACTTGTTTTATTATGATTTATTTTTARAGGAATATATACTTGGTTTGATTAATTCATTATTACTTCATACCCTTTATTATTT 3360
1 L FVVIYALTGCLM®WTCTFTIMMTIZYF * 699

TTTTTTGGGCCTTTTCTTCCTTTTTTTCTTCCATCGTCGTCGTCTTTTTTTTTCATTTTCATT TCTTTGGACAAGATCATTAGATTAGATTTTCATTATTTTCAATGCATGTGTTATATT 3480
TTTGGTATTTTTAGTCATT T TAGTATGGTTTATTTTTCATTTTTTCCTCTTTCAATATCGATGGT TGTTACT TTTTACTAGAGGGAACATACAGTTTATTTATTTATGCCTTATAGGTCT 3600
TCTTTTTTITAATTTCTATTCCGITATTTACTATGCTAATGT TGCTTGTCTTTTAAGGATTTCARTTTTATATTATCAACAATTTTTAAATTACTCTTAGTATTCTATCTTTATTGAATG 3720

AACACATTCATGATATACAGTATATAAARCTT 3752

B 200bp

DNA binding domain

1 Polyglutamine region
O PRE consensus sequence

DTG Potential acid proteinase active site

Fic. 1. A, nucleotide and deduced amino acid sequence of the ACPR gene. Sequence of the coding strand is ’showr_l with nucleptide and amino acid
coordinates indicated on the right. Potential TATA box and CCAAT box sites are indicated. The predicted amino gcld sequence is shown in standard
single-letter code starting with a translation initiation codon at nucleotide position 1206 bp and'extiendmg‘ till a termination codon at 3302 bp
(indicated by a star). Within the coding region the potential active site for acid proteinases is indicated in boldface print. The amino acid X
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1984), and hybridization was performed under conditions of high strin-
gency according to standard protocols (Sambrook et al., 1989). EcoRI
and Kpnl inserts of two overlapping clones were subcloned in both
orientations into pTZ18U plasmid (U. 8. Biochemical Corp.).

DNA Sequence Analysis and Interpretation—The subclones in
pTZ18U were trimmed to smaller sizes by unidirectional exonuclease
111 deletions (Henikoff, 1987). DNA sequencing of the overlapping de-
letion subclones was performed by the dideoxy chain termination
method (Sanger et al., 1977) on double-stranded DNA, using a Seque-
nase 2.0 kit (U. S. Biochemical Corp.) and M13 universal and reverse
sequencing primers. Computer-assisted sequence analyses and com-
parisons were done using programs of the PC/Gene sequence analysis
package (Intelligenetics).

Expression of Acprp in E. coli—The complete coding sequence (Acprp-
(1-699)) and the NH,-terminal DNA binding domain (Acprp-(1-230))
were amplified by PCR (Saiki et al., 1988) and cloned into maltose
binding protein (MBP) fusion expression vector, pMAL-c (Guan et al.,
1987), using the Stul and Stul/Xbel sites, respectively. PCR reactions
were carried out using primers 1 and 2 for the complete coding region
and primers 1 and 3 for the DNA binding domain (primer 1, 5' CCTAT-
GTCAATTACTAAAACATAC 3'; primer 2, 5 CTAATCTAATGATCTT-
GTCCA 3'; and primer 3, 5 GCTCTAGAAGTAGAGCTTGTG 3'). The
Xbal site (underlined) in primer 3 was used for directional cloning. PCR
reactions were done with Tag DNA polymerase under conditions rec-
ommended by the manufacturer (Perkin-Elmer Corp.), and amplifica-
tion was carried out for 30 cycles (1 min at 94 °C, 1 min at 50 °C, and 1
min at 72 °C). The recombinant constructs were amplified in E. coli
strain DH5a. All cloning procedures were carried out as described
(Sambrook et al., 1989).

For expression of Acprp-(1-699) and Acprp-(1-230) as fusion pro-
teins, recombinant E. coli DH5« cells were grown at 37 °C to an Agy, of
0.5. The expression was induced with 0.4 mm isopropyl-1-thio-B-p-ga-
lactopyronoside for 2 h, Cells were harvested and resuspended in lysis
buffer (10 mu sodium phosphate, pH 7.0, 30 mm sodium chloride, 0.25%
Tween 20, 10 mm EDTA, 10 mm EGTA, 10 mm 8-mercaptoethanol). The
suspension was frozen and thawed three times, sonicated for 2 min
(30-s bursts with chilling on ice) to reduce viscosity, and centrifuged at
9,000 x g for 20 min to remove the debris. The clarified supernatant was
used as an extract in mobility shift assays.

For Western blot analysis, cell pellet from 0.5 ml of induced culture
was resuspended in 50 ul of 1 x SDS-polyacrylamide gel electrophoresis
sample buffer; 15 pl of sample was loaded onto a 10% discontinuous
SDS-polyacrylamide gel, and after electrophoresis, proteins were blot-
ted onto nitrocellulose membrane by electrotransfer. The membranes
were probed with affinity-purified secretory acid proteinase antibodies
as described (Ganesan et al., 1991).

Electrophoretic Mobility Shift Assays—The probes used for electro-
phoretic mobility shift assays were the transcriptional control elements
of Tyl and STE2 (Errede and Ammerer, 1989). End-labeled double-
stranded probes were prepared according to standard protocols (Sam-
brook et al., 1989) and purified from unincorporated nucleotides by
passing through a spun column. In the protein-DNA binding reactions,
20 pg protein from E. coli extract (described above) was incubated for 15
min at room temperature in a 20-pl reaction mixture containing 20 mm
Tris-Cl, pH 8.0, 40 mu sodium chloride, 4 mm magnesium chloride, 1 mm
dithiothreitol, 5% glycerol, 0.5 ng of poly(dI-dC), and 0.5 ng of ¥P-
labeled probe DNA. Samples were electrophoresed at room temperature
on a 5% polyacrylamide gel using 0.5 x TBE (89 mm Tris, 89 mm borate,
2.4 mm EDTA) as the buffer. Gels were dried and autoradiographed. For
competition experiments the conditions were exactly as above, except
that specific and nonspecific competitor DNA (pUC19) as included in
the mixture (in the amounts detailed in the figure legends) prior to
addition of the protein. Protein concentration in the extract was meas-
ured using the Bio-Rad assay reagent with bovine y-globulin as the
standard.

Construction of Hybrid Genes—Recombinant PCR (Higuchi et al.,
1988) was used to generate hybrid genes wherein either the DNA bind-
ing domain or the entire coding region beyond 21 amino acid residues of
STE12 was replaced with the corresponding region from ACPR. The
primers used for primary PCR were: SF1, 5 GAAGATATCCCTAA-
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CAAAGCGGAA 3'; SR2, 5 CTTAATGATTCTTCAACTTCGCCC 3
PF3, 5 GTTGAAGAATCATTAAGACTAATTG 3'; PR4, 5 AAAAA-
GATAATGCTGGTTCTCGAT 3'; SF5, 5 ACCAGCATTATCTITT-
TCATATGATTC 3'; and SR8, 5' ATTGTTTAATATTAAATTCTGGCCCG
3'. The 5’ seventeen nucleotides of SR2 and PF3, PR4, and SF5 are
complementary. The STEI2 fragments were amplified from plasmid
pSY?2 and the ACPR fragments from the genomic DNA of C. albicans
strain SC5314. The fragments amplified were a 3.02-kb fragment of the
entire STE12 gene using SF1 and SR6, a 986-bp fragment of the STE12
promoter up to the 34th amino acid using SF1 and SR2, a 1.5-kb frag-
ment of the carboxyl-terminal 493 amino acids using SF5 and SR6, a
483-bp fragment of the DNA binding domain of ACPR from amino acid
21 to 182, and the entire ACPR gene (described earlier). Primary PCR
reactions (100 nl) were done for 25 cycles comprising 94 °C for 1 min,
45 °C for 2 min, and 72 °C for 2 min for the first five cycles; the anneal-
ing temperature was increased to 50 °C for the subsequent 20 cycles.
The 3.02-kb fragment was blunt ended with Klenow polymerase and
cloned into the Smal site of pBluescript II KS (Strategene) to give the
STE12-pBSKS construct. The other products were gel purified using a
Gene clean II kit (Bio 101, Inc.), and 30-ng templates were combined
with primers for secondary PCR as follows: 986- and 483-bp fragments
and primers SF1 and PR4 to give product 1, and 483-bp and 1.5-kb
fragments and primers PF3 and SR6 to give product 2. Secondary PCR
reactions (50 ul) were performed for 30 cycles under the same conditions
as primary PCR but for the annealing temperature, which was 35 °C for
the initial 5 cycles and 40 °C for the final 25 cycles.

The secondary PCR product 1 was digested with AflII/EcoRI (to give
a 757-bp fragment) and combined with product 2 digested with EcoRl/
Ncol (994-bp fragment). The STE12-pBSKS construct was digested
with AfIII/Ncol, and the vector backbone with a part of the STE12-
pBSKS construct was gel purified. The three products (STE12-pBSKS
Neol/Afill, AfIIVEcoRI, EcoRI/Ncol) were ligated and transformed into
E. coli strain DH5a. The recombinant construct, HY1 (for hybrid-1),
contained the DNA binding domain of ACPR gene in the STEI2 gene.
For the construction of hybrid-2 (HY2), the HY1 construct was digested
with BstB/BamHI, and the backbone was gel-purified. A 1.96-kb BstBl/
BamHI fragment was obtained from the PCR-amplified ACPR gene.
The fragments were ligated and transformed into E. coli strain DH5a.
The fidelity of the PCR reactions and continuity of the reading frames
were confirmed by sequencing.

The hybrid genes HY 1, HY2, and STE12 were then cloned as HindIIl/
Spel fragments into the HindIIl/Xbal sites of YEplac 195 and YCplac33
plasmids to allow the expression of the genes in high and low copy
number plasmids (Geitz and Sugino, 1988). The constructs were ampli-
fied in E. coli DH5a. The constructs were transformed into S. cerevisiae
ste]12 mutants, SF167-5a and SF167-1c, by the lithium acetate proce-
dure (Dunn et al., 1984).

Mating Assays—Qualitative mating assays were performed by patch
assays using a modified drop-overlay method {Spencer and Spencer,
1988). Cells were grown in SD medium with appropriate amino acid
supplements to 107 cells/ml. After short centrifugation, the pellet from
1 ml of cell culture was resuspended in SD medium (100 ul). 10° cells
were mixed with an equal number of cells of the tester strains (DC14 for
o mating and DC17 for a mating), spotted on SD plates, and incubated
until diploid colonies appeared.

Quantitative mating assays were performed as described (Sprague,
1991). Briefly, cultures of the transformants and the tester strains were
grown to 107 cells in SD medium with appropriate supplements. 107
cells of the appropriate tester strain were mixed with 2 x 10° cells of the
transformants. The cells were collected on a 0.45-um filter and incu-
bated on a YPD plate for 5 h at 30 °C. The cells from each of these filters
were resuspended in 1 ml of SD medium. Several dilutions were plated
in duplicate on SD-minimal plates to determine the number of diploids
and on SD plates containing appropriate supplements to determine the
total number of cells. The mating efficiency is the number of cells that
mated divided by the total number of cells of the transformant in
the mating reaction. The values are the mean of two independent
experiments.

corresponds to the translation of stop codon TAG as a sense codon. Five short sequences homologous to the pheromone response elements (one copy
of a consensus PRE and four sequences that contain 6/7 matches of the consensus) in the presumed promoter region are underlined or overlined.
B, schematic representation of the ACPR gene. The boxed region represents the coding region, and the thin lines represent the 5'- and 3‘-noncoding
regions. The arrow indicates the direction of transcription. The stippled area represents the DNA binding domain of the encoded protein. The
potential active site for acid proteinases (Asp-Thr-Gly) is marked. Two stretches of polyglutamine are also shown. Circles in the upstream region

represent the sequences similar to pheromone response elements.
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Acpr] PTQLVKESLRLIEDLXFFLATA 37
St.lgp HKVQITNSRTBIILKVDANNENDBVSKATPG!VIESLRLIGDLKFFLATA 50
Steklp HAGEA‘"‘ TEDI LKFFLATR 44
..... PRI Froobis
Acpr TRRYY BGFVSCVYWNNLYFITGTDIVRCIVYKFRHEG 87
Stelgp 4 IIRRYYLNSG( PWNNLYY ITCTD LVKCCLYRMQKFG 100
Steklp pe -mnuY\'!NTDIVRCQYRHQ 924
oERSNRA ANRERE, L ANEERE mERAR REARANE .
Acprp RKIIDRKKPREGIFSDLRNLKCGADAILEPPRSEFLEFLFKNSCLRTQKK 137
stel2p BG I FSDLRNLKCG IDATLEQPKSEFLSFLFRNMCLKTQKX 150
Steklp MIWEGXPSDLRNLKWIDATLEKPKSDMLYKNHCLKTQKK 144
..... ERRRARARERAR AR ROR Rk, TR
Acpr| KVFFWFNVPHOKLMADALEROLKKEKMGORPTTMAHREPALSPHYDESS 187
P Q!
Stﬁlgp qKVl’MSVLHDI.LFADALEROLKRESLNQPSTTKPVNBPM.SISYDSSS 200
steklp gK FADALE 194
LI bbbt shr ittt - s i
Acpr] =--SLYTQ! INDAA' 235
St‘lgp DKPLYDQLLQHLDSRRPSS--TTKSDNSPPX.L!SBNYKDNELVTVTNQPL 248
Steklp DVSLYDQT' STVGAQDY OK( DT 244
R, e, PR
Acptg LNEA 279
Stel2p LGVGL INDFIPQKLIIBPNTLBLNGLTBE 288
steklp PlSNVVBDKVQIVDWCYGLPHS!SNN‘IVPQQLIVPQSDLERNKLTNB 294
Acp! tg ------- T psovmsnmb?mvmmnsxou-rmmqmsy 321
stel2p @ —-——=- KNTAKGRDERDFPLDYFPVSVEY ————mm=—wmmm——me 317
Steklp !D!LIADLK?SDXLTSNQBDDDPPLDYPPVEIEYSQ.\'SHDSSLHHASQGA 344
Acpr ANHIBDNYDSPLDATL!XPPsLGVPTGTAATATTSNQVAPNDBYLIEQAQ 3In
St&lgp PTEENAFDPFPPQAFTPAARSHPISYDNVNERDSMPVNSLLNRYPYQL 365
Steklp KHPSWY!DHDGWPKYPISAGXYEDP!PRBW St aes
Acprp PIRTPLPPI TISGLLQPK-=-=SAAKFPSL P 'S 418
Stel2p SVAPTFP Y L SDPTSYMKYDEPVM 41s
Steklp ASK P 'NREYY SKSREGKKHGKSGRQHGP————~ 427
FEIE N .o
Acp! Zg TANRGFVPPISAKYATQFATRQVATPTY IKAIPOTGAAAATGNGGQPQOY 468
stelzp DFUESRPNENCTNAKSHNSGQOTKQHQLY SNRFQQSYPNGMVPGY YPKMP 465
Steklp --DDGRRDYDN!NVGSSPSBNQNPNBBLDRTENNQDADDNRSPDIYS——F 473
. .
Acprp DASG 518
Stel2p XNPKGGDPLLDQA!’YGADDP‘!PPPBGCDNNHL‘{PQTATS PPQAMQP 515
Steklp NP‘(HFCNHLAVDPSLNHG 523
#PIPINQSYMVMNEHEMVPYQYMNSNGAMIGNIPPHQQOOOOQQOTAMGY 568
Stnlgp APTYVGRPYTPNYRSTPGSANF--PYMOSSNSMOWNTAVSPYSSRAPSTT 563
Steklp VNPWDP?YGQH‘HSHDVAHDW--SPQEVWPSNYRSTPKAAYFHHRSPY §71
- - PO
ACP‘E QSMLROQOOO00000000PS STMTXKKKOQT! SSKGGGITKKS 618
Stel2p ARNYPPSTFYSQNINQYPRRRT P (v} ISKPL 613
Steklp GRNPPPPSAHNPYYTPYHRRQPSSATRRYFS ------------------- 602
YGSL VNSKVTXVINKEEVKQSQT 668
gﬁfffp HIK INL ¥ I TPDSNTLVVQ 663
steklp ——---—we—eu] I VSKPSHKAPKKV 641
. P
Acpr; KKL ILFVVIYALCLWTCFIMIYF €99
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Fic. 2. A, the NH,-terminal sequence of Acprp is homologous with
that of S. cerevisiae Stel2p and K. lactis Stel2p (Steklp). The deduced
amino acid sequences were aligned using the CLUSTAL multiple se-
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RESULTS

Isolation of ACPR Gene—We have previously isolated a
1.3-kb genomic clone from a A gt1l genomic expression library
using affinity-purified proteinase antibodies (Ganesan et al.,
1991). Using this 1.3-kb DNA as probe we have screened a
genomic library of C. albicans strain SC5314 in the phage
EMBL3 and identified 11 positive clones from 2 x 10* phage
isolates of the primary library. Restriction mapping of the
clones showed that they could be classified into overlapping
clones. Unidirectional nested deletion subclones covering the
gene and its flanking regions were sequenced on both the
strands. The complete nucleotide sequence of ACPR gene is
shown in Fig. 1. The 3452-nucleotide-long sequence has a
single large open reading frame beginning with an ATG at
nucleotide 1206 and terminating with a TAA codon at nucle-
otide 3303. Within the open reading frame at amino acid posi-
tion 655 is a TAG codon; the TAG codon is reported to be a sense
codon in C. albicans (Santos et al., 1990). The open reading
frame could encode a protein containing 699 amino acid resi-
dues with an estimated molecular mass of 77 kDa. In the pre-
sumed promoter region, sequences with consensus to the TATA
and CCAAT boxes are indicated. Since the encoded protein is
antigenically related to acid proteinase, we refer to it as acid
proteinase-related (ACPR) gene.

ACPR Gene Product Has a Modular Structure—The gene
product, Acprp, showed several interesting features. Amino
acid residues from 220 to 222 are Asp-Thr-Gly, which match
with the consensus sequence (Asp-Thr/Ser-Gly) of active sites
of acid proteinases (Blundell et al., 1990). However, no other
homology with sequences of acid proteinase in the data bases
was demonstrable. Viral acid proteinases exist as homodimers
in which one active site is present on each polypeptide (Blun-
dell et al., 1990). Close to the carboxyl terminus of Acprp, there
are two stretches of polyglutamine. Such regions have been
characterized as important for transcriptional activation in
various factors including AP-2 (Williams and Tjian, 1991),
Oct-2 (Clerc et al., 1988; Muller et al., 1988; Scheidereit et al.,
1988), and Spl (Courey and Tjian, 1988).

The amino acid sequence of Acprp was compared with the
sequences in the Swiss-Prot sequence data base, using the
FASTA program (Pearson and Lipman, 1988). The NH,-termi-
nal 200 amino acid residues showed similarity with the corre-
sponding regions of Stel2p of S. cerevisiade (ScStel2) and
Kluyveromyces lactis (Steklp) (Yuan et al., 1993). StelZp is a
DNA binding protein involved in the mating. Amino acid resi-
dues 40-204 of ScStel2p represent the minimal region suffi-
cient for DNA binding. In this region Acprp shares 73% identity
with Steklp and 71% identity with ScSte12p. No other region of
significant homology was found. Fig. 2A shows an alignment of
amino acid sequences of Acprp, ScStel2p, and SteKlp. Despite
the lack of substantial similarity beyond the DNA binding do-
main, the plot of charge distribution shows similar profiles
(Fig. 2B). The region encompassing amino acid residues 200—
458 of Acprp is highly acidic (net charge of —~14) and rich in Ser,
Thr, and Tyr residues (28%) as well as Pro (7%). Charged clus-
ters are a common feature among nuclear transcription factors
(Brendel and Karlin, 1989). Prosite (Bairoch, 1992) detected

quence alignment program of the PC/Gene sequence analysis package.
Gaps were introduced for optimal alignment. Identical residues are
indicated by a star and similar residues by a dot. B, comparison of
charge distribution profiles of Acprp (top panel), Stel2p (middle panel),
and Steklp (bottom panel). The plot was prepared using the Genepro
version 5.0 sequence analysis package. The analysis of net charge is
shown with a window of 10 residues. The following amino acids are
assumed to be charged: Asp and Glu are -1.0, Lys and Arg are +1.0, His
is +0.5.
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Fic. 3. ACPR encodes a protein antigenically related to secre-
tory acid proteinase. ACPR-encoded products were expressed in E.
coli strain DH5«. Lysates were prepared from cells harboring: 1,
pMAL-c plasmid; 2, MBP-Acprp-(1-230); and 3, MBP-Acprp-(1-699), as
described under “Experimental Procedures,” and resolved by discon-
tinuous SDS, 10% polyacrylomide gel electrophoresis. The gel stained
with Coomassie Brilliant Blue R-250 is shown in panel A. The arrow-
heads indicate that position of MBP (lane 1) or MBP-Acprp fusion
proteins (lanes 2 and 3). The same samples run parallel were also
analyzed by Western blot (B) using affinity-purified anti-proteinase
antibodies. The positions and size (in kDa) of molecular mass markers
are also shown.

eight potential phosphorylation sites in this region. These fea-
tures suggest that Acprp could be a DNA binding protein.

ACPR Can Bind Pheromone Response Elements in Vitro—
Since C. albicans lacks a sexual cycle, it was of interest to in-
vestigate the role of ACPR in light of its homology to S. cerevisiae
STE12 gene. To study the functions of the different regions of
Acprp, the nucleotide sequence corresponding to either the NH,-
terminal 230 amino acid residues or the entire coding region of
ACPR gene was amplified by PCR and cloned into pMAL-c ex-
pression vector (see “Experimental Procedures”). The sizes of
the induced MBP fusion proteins were confirmed on immuno-
blots using anti-MBP antibodies (data not shown) and affinity-
purified proteinase antibodies (Fig. 3). The MBP-Acprp (1-699
amino acid residues) fusion protein showed several immunore-
lated bands (Fig. 3B, lane 3), which could be degradation prod-
ucts. The MBP-Acprp-(1-230) did not show any reactivity to
proteinase antibodies (Fig. 3B, lane 2) indicating that the an-
tigenic epitopes are in the COOH-terminal two-thirds of Acprp.
Proteinase activity could not be detected in E. coli extracts ex-
pressing the fusion proteins (data not shown). In another set of
experiments, the Acprp-(1-230) and Acprp-(1-699) were ex-
pressed in E. coli by cloning into pET3c vector (Studier et al.,
1990) to assay for proteinase activity. But the overexpressed
products were insoluble and could not be assayed. Recently, an
adenovirus proteinase was shown to require DNA and a peptide
as cofactors for its activity (Mangel et al., 1993). It is possible
that Acprp also requires DNA and other cofactors to function as
a proteinase. These aspects can be studied if the E. coli-ex-
pressed Acprp is solubilized and purified.

The DNA binding activities of MBP-Acprp-(1-230) to the
transcriptional control elements of Tyl (Fig. 4A) and the
a-pheromone receptor gene STE2 (Fig. 4B), which contain the
PREs, were checked by gel mobility shift assays (Errede and
Ammerer, 1989). The specificity of the retarded complexes (in-
dicated by arrowheads) was established by competition with
homologous unlabeled probe (Tyl or STE2 UAS) and pUC19
DNA as a nonspecific competitor. In control experiments, yeast
extracts from a wild type S. cerevisiae strain (EG123) overex-
pressing Stel2p and an stel2 mutant strain (SF167-5a) were
used (data not shown). These in vitro data imply that the NH,-
terminal 230 amino acids of Acprp can recognize and bind PRE
elements like Stel2p of S. cerevisiae.

ACPR Can Complement STE12 in S. cerevisiae—The fact
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Fic. 4. DNA binding activities of the Acprp expressed in E. coli.
The DNA binding activity of the MBP-Acprp-(1-230) fusion protein was
determined by electrophoretic mobility shift assays. E. coli extracts
were from cells expressing Acprp-(1-230) as a fusion with MBP and
those expressing MBP only (V). Probe DNA in the binding reactions was
either 0.5 ng of end-labeled 7y1 (A) or STE2 (B). Ty1, STE2, or pUC19
DNA were added as competitors at the indicated (0-100-fold) molar
excess. P indicates a reaction that did not receive any extract. DNA-
protein complexes were resolved by gel electrophoresis as described
under “Experimental Procedures.” Arrowheads indicate the complex
formed.

that Acprp can bind to sequences that are targets for Stel2p
suggested that Acprp may complement the mating defect of an
ste12 mutant. To see if sequence homology could translate into
functional complementation, domain swap experiments were
done with chimeric gene constructs between STE12 and ACPR.
In the hybrid-1 construct (HY1), the DNA binding domain of
STE12 (amino acid residues 34-194) was replaced by the ho-
mologous region of ACPR (amino acid residues 21-182). In the
hybrid-2 construct (HY2), the ACPR coding region (amino acid
residues 21-699) was cloned after the 33rd amino acid residue
of STE12 gene. Both constructs were expressed from the
STE12 promoter. In addition, the STEI2 gene was expressed
from its own promoter. All of these constructs were carried
either on a high copy number (2-nm) plasmid or a low copy
number (centromere-containing) plasmid and transformed into
aor a S. cerevisiae strains having ste12 mutation. The ability of
each of these constructs to restore mating was used to study the
function of ACPR. Mating was assessed by qualitative and
quantitative assays (Fig. 5). As expected from sequence homol-
ogy, HY1 expression could correct the mating defect in the a
cells. In fact, the mating efficiency was 3-fold higher than that
conferred by the wild type Stel2p present in a high copy plas-
mid in the a cells. The « cells showed reduced mating efficiency
when HY1 was expressed from a high or low copy plasmid. In
contrast, the mating efficiency of HY2 construct was 25% of S.
cerevisiae STE12 on a high copy plasmid and 6.5% on a low
copy plasmid in the a cells. In the a cells, compared with
STE12, HY2 showed 100-fold reduced mating efficiency on low
copy plasmids and 75-fold reduced mating on high copy plas-
mids. These results suggest that the ACPR gene of C. albicans
can complement the STE12 gene of S. cerevisiae and function in
the mating pathway. However, the activation domain of ACPR
functions poorly, particularly in the « cells.
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a stel2A o stel2 A
Construct Plasmid Patch Mating Patch Mating
assay efficiency assay efficiency
YEp - <1.5x10"7 (-) - <2.3x10°7 (-)
No insert Vector
YCp . <4.1x1076  (-) - <1.6x1076  (-)
YEp 7.2x1072  (100%) 3.7x10"1  (100%)
STE12
YCp ':‘-:‘c‘; 7.0x10"1  (100%) 8.5x10"1 (100%)
R
YEp 2.1x10"1  (290%) 2.6x10"1 (70%)
HY1
YCp 7.5x10"1  (107%) 5.2x10"1  (61%)
YEp 1.8x1072 (25%) - 2.5x10"4  (0.07%)
HY2
YCp 4.6x1072 (6.6%) - 4.8x10"4 (0.06%)

Fic. 5. Function of the chimeric Stel2-Acpr transcription factors in S. cerevisiae. The ability of the chimeric constructs in high (YEp)
or low (YCp) copy number plasmids to complement the mating defect of ste12 mutant was assessed in a stel2 or « stel2 S. cerevisiae strain. A
schematic of the chimeric constructs is shown. The open box indicates the S. cerevisiae STE12 coding region, the filled box represents the ACPR
coding region, and the shaded box indicates the STE12 promoter. Mating assays were performed by qualitative tests (patch assay), and the mating
efficiency was determined by the quantitative method. The mating efficiency of constructs calculated as a percentage of the wild type STE12 is

indicated in parentheses.

DISCUSSION

We describe here the cloning and initial characterization of a
transcription factor from the pathogenic yeast C. albicans that
can support mating in S. cerevisiae. C. albicans is an imperfect
fungus and is not known to have any haploid phase in its life
cycle. ACPR was identified by reaction of the encoded protein
with secretory acid proteinase antibodies. The antigenic
epitopes are localized in the carboxyl-terminal two-thirds of
Acprp. This product has a modular structure comprising a DNA
binding domain followed by a negatively charged region, which
also has a potential active site for acid proteinase and a domain
rich in glutamine residues. The NH,-terminal 230-amino acid
region was expressed as a fusion protein with MBP in E. coli.
This fusion protein was used to show that Acprp, like Stel2p,
can bind the pheromone response elements present in the up-
stream control regions of pheromone-responsive genes (7yI and
STE2). In addition, chimeric constructs of STE12-ACPR, when
transformed into stel2 mutants, restored the mating defect.
The ability to complement ste72 mutation has been assayed on
high and low copy plasmids in either the a cells or the « cells.
The data indicate that the ACPR gene can restore the mating
defect of S. cerevisiae a stel2 mutant better than an « stel12
mutant. A similar cell-type bias and poor complementation of
mating defect in S. cerevisiae « cells by K. lactis STE12 gene
have been demonstrated (Yuan et al., 1993). This bias has been
attributed to the inability of the carboxyl-terminal sequences

involved in transcriptional activation and induction to interact
with a1 protein (Yuan et al., 1993). Since the carboxyl-terminal
sequences of Acprp are significantly different from those of S.
cerevisiae Stel2p, a similar defect is likely to cause poor
complementation in « cells.

The sequence similarity of a number of genes of C. albicans
and S. cerevisiae suggests that the two organisms are evolu-
tionary related (Boone et al., 1991; Sadhu et al., 1992; Scherer
and Magee, 1990). It is possible that the elements of mating
response pathway exist in C. albicans. Using a dominant neg-
ative selection scheme, four C. albicans genes have been iso-
lated that interfere with the mating response pathway in S.
cerevisiae (Whiteway et al., 1992). These genes have not been
shown to complement the counterparts in S. cerevisiae mating
pathway. A G-protein a-subunit, which complements the mat-
ing defect and has homology with the S. cerevisiae G-protein
a-subunit, has been reported (Sadhu et al., 1992). Using the
DNA binding domain of ACPR as a probe, we have identified
distinct bands on Southern blots of various strains of C. albi-
cans and several other Candida species.? This suggests that
genes related to ACPR are present in several Candida species
including C. albicans, and it is unlikely that they do not have
any biological role. We have similarly identified a putative
STE7 homologue in C. albicans strain SC5314.? These results

2 K. Malathi, K. Ganesan, and A. Datta, unpublished results.



Ste12-like Transcription Factor from C. albicans

and the fact that the proteins involved in the first step (G-
protein a-subunit) and the final step (STE12-like) of the mat-
ing signal transduction pathway exist in C. albicans
strengthen the possibility that a sexual phase may exist in C.
albicans. It is conceivable that in C. albicans the mating effi-
ciency is low and has gone undetected.

Under some conditions, S. cerevisiae diploids show a filamen-
tous growth (Gimeno et al., 1992). Recently, STE12 has been
shown to be required for filamentous growth besides its role in
pheromone-mediated signal transduction (Liu et al., 1993). Di-
morphism of C. albicans is known to play a significant role in
pathogenesis (Datta et al., 1989; Odds, 1988). Due to its struc-
tural and functional similarity with Stel2p, it is likely that
Acprp plays a role in the developmental switch between yeast
and mycelial forms of C. albicans. We are currently in the
process of constructing mutants defective in the ACPR gene
through directed gene disruption (Kelly et al., 1987). These
mutants will be used to study the role of this gene in morpho-
genesis and pathogenesis.
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