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The extracellular acid protease of Candida tropicalis was purified from the supernatant fraction of culture medium containing bovine serum albumin

as nitrogen source and the NH,-terminal amino acid (aa) sequence of the protein was determined. The gene for the acid protease (ACP) was-isolated

using a pool of synthetic oligonucleotides as a probe and a.segment of the deduced aa sequence was found to be in agreement with the NH,-terminal

aa sequence of the protein. The deduced aa sequence of ACP is similar to the aa sequence of proteases of the pepsin family. The nucleotide sequence

of the 5’ portion of this gene revealed a coding sequence for a 60 residue propeptide containing two Lys-Arg amino acid pairs that have been

identified as sites for peptidase processing of several exported peptides and proteins. The final Lys—Arg site occurs at the junction with the mature
extracellular form of the acid protease.

Candida tropicalis; Protease; DNA sequence; Secretion C. tropicalis acid protease (EC 3. 4. 23. 6.)

1. INTRODUCTION

Three opportunistic species of the genus Candida, C.
albicans, C. tropicalis and C. parapsilosis secrete an
acid protease (ACP) when protein is the sole nitrogen
source in the growth medium [1]. The proteases of the
three species possess common and species-specific an-
tigenic sites [2]. For C. albicans and C. tropicalis,
secretory proteolytic activity is considered to be a major
factor of virulence [2—6]. Although C. parapsilosis syn-
thesizes large amounts of ACP in vitro, as do C.
albicans and C. tropicalis, it appears to be weakly
virulent in vitro [5] and in vivo [7]. Consistent with this
observation it has been shown that the extracellular
ACP of C. albicans and C. tropicalis, but not ACP of
C. parapsilosis, is expressed during phagocytosis by
murine peritoneal macrophages [2,6]. C. albicans and
C. tropicalis are medically more important as oppor-
tunistic organisms causing infections in immunocom-
promised patients. In particular, in patients with
leukemia, the most commonly found infecting Candida
species is C. tropicalis [8,9]. n

We are interested in the isolation and characterisa-
tion of the Candida acid protease genes in order to
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elucidate the molecular basis of their regulation and to
determine their function in virulence by making
directed mutants by gene disruption. Here we report the
isolation and the nucleotide sequence of the C
tropicalis ACP gene (ACP).

2. MATERIALS AND METHODS

2.1, Strains and growth conditions

C. tropicalis ATCC 750 was used and propagated on Sabouraud
agar plates. For enzyme production, the strains were grown in a liquid
medium containing 0.2% bovine serum albumin (BSA) and 1.17%
yeast carbon base (YCB; Difco). The medium was adjusted to pH 4.0
with HCI. Flasks containing 500 ml medium were inoculated with ap-
proximately 107 cells and incubated for 4 days at 30°C on an orbital
shaker at 200 rpm.

2.2. Enzyme purification

The supernatant of a 500 ml culture was separated from yeast cells
by centrifugation at 5000 X g. Sufficient ammonium sulphate was
dissolved at room temperature in the supernatant to give a 65%
saturated solution. The precipitated proteins were collected by cen-
trifugation and resuspended in distilled water at 1: 100 of the original
volume. Insoluble material was removed by centrifugation at 5600 x
g for 5§ min and the supernatant was dialyzed against 15 mM Na-
citrate (pH 5.6), for 2 h. Subsequently, the protease in the dialyzate
was adsorbed to a 2 ml volume column of cellex E cellulose (Biorad)
equilibrated with 15 mM Na-citrate (pH 5.6). After washing the col-
umn with the same buffer, the enzyme was eluted with 80 mM Na-
citrate, pH 5.6, and fractions with enzymatic activity were retained
and pooled. )

Enzymatic aclivity was assayed using as a substrate 0.1% BSA in
50 mM Na-acetate (pH 3.6) in a total volume of 1 ml. After precipita-
tion of undigested substrate by trichloroacetic acid (4% final concen-
tration) and centrifugation, soluble peptides remaining in the super-
natant were measured by the Lowry procedure [10]. For practical pur-
poses, one unit of enzyme activity was defined as that producing an
increase in absorbance (Arngm) of 0.001/7min,
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Protein concentrations were measured by the method of Lowry [10]
with BSA as a protein standard.

Proteins extracts were analyzed by SDS-PAGE according to Laem-
mli [11]).using a 12% polyacrylamide gel. Gels were either stained with
Coomassie brilliant blue R-250 or were stained for glycoproteins with
the periodic acid-Schiff reagent (PAS) [12].

2.3. Effect of proteinase inhibitors

Theinhibitors were all obtained from Sigma (St. Louis, MO, USA).
Concentrated stock solutions of the inhibitors were added to 0.5 ml
of enzyme solution to give the following final concentrations: EDTA
(2 mM), iodoacetamide (2 mM), dithiothreitol (DTT; 2 mM),
phenylmethylsulphonyl fluoride (PMSF; 2 mM), soybean trypsin in-
hibitor (SBTI; 200 4g/ml) and pepstatin (1 zg/ml). After incubation
of the enzyme—inhibitor mixtures for 20 min at 30°C, followed by the
addition of 0.5 ml of 0.2% BSA, assays were performed as described
above. Stock solutions of EDTA, iodoacetamide, DTT and SBT!
were prepared in water. Pepstatin and PMSF were dissolved in
ethanol and isopropanol, respectively.

2.4. Amino acid sequencing

The ACP was first separated on Tricine-SDS-PAGE [13] and then
transferred onto PVDF-Immobilon membranes (Millipore). After
staining with Coomassie blue, the protein band was cut out and
analysed by a gas phase sequenator 470A (Applied Biosystems) with
on-line PTH-derivative analyser 120A.

2.5. C. tropicalis ACP gene cloning

E. coli P2392: hsdR514 (rk—, mk+) supE44, supF58, lacY!,
galk2, galT22, metB1, trpR5S, (P2) was used to grow bacteriophage
ADASHII (Stratagene, La Jolla, CA). Plasmid standard transforma-
tions were performed in E. coli DHS (supE44, hsdR17, recA1, endAl,
gyrA96, thil, relA1). Approximately 50000 bacteriophage ADASHII
plaques of a previously constructed C. zropicalis genomic library [14)]
were immobilized on nylon membranes (Gene Screen Plus, Dupont).
These filters were probed with a pool of 33mer oligonucleotides cor-
responding to the codons of the determined ACP N-terminal se-
quence in a solution containing 5§ X SSC, 1% SDS and § X Denhardt’s
at 37°C for 24 h, The oligonucleotides were labelled with [y-**PJATP
(Amersham) using polynucleotide kinase (Boehringer). The mem-
branes were exposed to X-ray film after successive washes at 40°C,
50°C and 55°C in 5 x SSC and 19 SDS. Bacteriophages showing
positive signals after these washes were purified and their DNA was
isolated in small scale preparations by high-speed centrifugation [15).
Agarose gel electrophoresis of bacteriophage ADASHII DNA sub-
jected to enzyme restriction and Southern blotting were performed ac-
cording to standard protocols [15].

2.6. DNA subcloning and sequencing

The plasmid pMTL 21 [16) was used for subcloning DNA
fragments. For sequencing, plasniid DNA was isolated and purified
according to Maniatis [15]. After denaturation (0.2 N NaOH and
2 mM EDTA), neutralisation and precipitation, DNA was annealed
with the reverse primer (Biofinex, Praroman, Switzerland), SK primer
(USB, Cleveland, USA), or synthetic designed oligonucleotide-
primers (Microsynth, Windisch, Switzerland). Following annealing,
the sequence was determined with [**SJdATP (Amersham) using a se-
quenase version 2.0 sequencing kit (USB, Cleveland, USA) according
to the recommendations and protocols of the supplier.

3. RESULTS

3.1. Isolation and partial characterization of ACP

In a typical experiment, a total of 23600 U of pro-
teolytic activity was produced in one liter of BSA
medium after 4 days of growth at 30°C. The C.
tropicalis ACP was purified as described in section 2
with a yield of 43%. The purified enzyme showed a
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single protein band in SDS-PAGE gel stained with
Coomassie blue (Fig. 1, track 1) with an estimated
molecular mass of 40 kDa. This band also stained with
PAS reagent indicating that the enzyme was a glycopro-
tein. The specific activity of the purified protein was
5000 U/mg. The enzyme was the major protein secreted
by the yeast as shown by the protein profile of the 65%
saturated ammonium sulphate precipitate of the culture
supernatant (Fig. 1, track 2).

The protease activity of the purified enzyme was
totally inhibited by pepstatin whereas it was not af-
fected by any of the other enzyme inhibitors tested here.
The effects of the various protease inhibitors suggested
that the C. tropicalis ACP, like those of C. albicans and
C. parapsilosis [2], belonged to the pepsin family (EC
3.4.23.6).

3.2. Cloning and DNA sequence of the putative
C. tropicalis ACP gene

The initial 28 amino acid residues of the N-terminus
of the protein were determined to be Ser-Asp-Val-Pro-
Thr-Thr-Leu-lle-Asn-Glu-Gly-Pro-Ser-Tyr-Ala-Ala-
Asp-lle-Val-Val-Gly-Ser-Asn-Gln-Gln-Lys-Gin-Thr.

A pool of 33mer oligonucleotides was designed to
detect ACP in the C. tropicalis genomic library. The
design was based on the N-terminal aa sequence of the
protein and on the codon usage of three other se-
quenced genes of the same C. tropicalis strain
[14,17,18] using the most probable codons for the N-
terminal residues 2—12 with the least degeneracy. The
following mixture of oligonucleotides was synthesized:

21.5 —»
144 —»

Fig. 1. Electrophoresis of C. tropicalis ACP preparations (12% SDS-
PAGE). (1) One ug purified enzyme sample, (2) Proteins precipitated
from the culture medium by 65% saturated ammonium sulphate, The
gels were stained with Coomassie brilliant blue R-250. M, molecular
mass markers (phosphorylase B, 97.4 kDa; bovine serum albumin,
66.2 kDa; ovalbumin, 42,7 kDa; bovine carbonlc anhydrase,
31,0 kDa; soybean trypsin inhibitor, 21.5 kDa; lysozyme, 14.4 kDa).
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Fig. 2. Restriction map of the 4.0 kb EcoRlI fragment obtained from the positive bacteriophages. The ACP ORF is represexited by the filled region.
An arrow indicates the position of hybridization of the oligonucleotide probe. Both strands have been sequenced between the HindIll and EcoRI
sites (A, Accl; B, Bglll; D, Dral; E, EcoRl; H, Hindlll; Ha, Haelll; K, Kpnl; P, Pvull; X, Xhol).

GAT GTT cCA ACEACE TTS ATT AAL GAA GGT CcA.

The screening of the C. tropicalis ADASHII genomic
library led to the identification of two clones which
hybridized with the designed oligonucleotide probe.
Restriction enzyme digestion of purified DNA revealed
that the two. clones carried similar but not identical

=456 AAGCTTTATCTTGAGTATATTCGTACATTAAACATTTCTCCACGC -412
~411 TCCAAATTGATGGTGCTGTGCCTTACCAGATTTTITTITATCATTT -367
~366 AGAATGCAGATCTCCTGTATTTGAAATTCTTTGGATTTTTTTCAA -322
-321 CAANACGGATTATATAATTAACGTTCATHTATAMMNIGTTAAATA -277
=276 ATCTGAGTTTTAGTTTATGCTTTCATTGTTTTTCTTTTTGACGAT -232
-231 AAGCTAACCTTGATATCAAAACTAGAACCACAATTATTCAAGTAT -187
-186 TGCCCATAGAAATGAACGGCTCCACTTTTTTGTTIGTTATIGTAGA ~142
~141 TGGAGGACTAGGAGGTGACGGAATTAATGAAAAAGGAAGTCAAAG =97
~96 TAAAGTANTATAARTACCCATGTCCCAATCATATTTCAAGGTTGG ~52
=51 ATTTGGTTCTAATTTITATTCCATTATTAACTACTATTACTATCA - -7
1 10
~6 CAAAAAATGGCTAGCCATTTTCTTATTCACTAAAMCGITITTATT 39
M & T I FLFTTZ KN NUVTFI
{ | {20
40 -GCTCTTGCTTITGCTTTGTTTGCTCAAGGTCTTACTATCCCAGAT 84
AL AFALFAQGLTTIPOD
30 40

85 GGTATTGAGAAAAGAACCGACAAGGTTGTTTCTTTGGATITTACT 129
6 T EXRTDZKJVUVsSLDTFT

50
130 GTTATTAGAAAACCGTTCAATGCCACTGCTCATAGGCTCATTCAA 174
vV I R K P FP NAA T A H L I Q

60
175 AAGAGAMAGTGATGTGCCAACTACATTGATCAATGAGGGTCCATCA 219
K R'Ss DV P T T UL I NEGP S
80
220 TATGCTGCTGATATTGTTGTTGGTTCCAACCAACAAAAGCAAACT 264
Y A A D I V V.6 5 N Q QO K 9 T
90 100
265 GTTGTCATTGACACCGGTTCTTCTGATTTGTGGCTIGTTGATACC 309
VVIDTGSSDILWV|VDT
110
310 GATGCCGAGTGCCAAGTTACTTACTCTGGACAAACCAACAATTTT 354
DA E C Q V T Y 5 6 Q T N N F
120 130
355 TGCAAACAAGAAGGAACCTTTGATCCATCTTCTTCTAGTTCTGCT 399
C K Q E GG T F D P S S 8§ S § A
140
400 CAAAACTTGAACCAAGATTTCTCCATTGAGTATGGAGACTTGACT 444
Q N L N Q D F s I EY G D UL T
150 160
445 TCGTCTCAAGGTAGTTIITTACAAAGACACCGTTGGTTTTGGAGGT 489
S 8§ Q 6 5 F ¥ KD TV G F G G

yeast sequences. A 4 kb EcoRI fragment present in
both clones was recognized by the designed probe (data
not shown). This fragment, of which a restriction map
is shown in Fig. 2, was subcloned in pMTL 21,
generating the plasmid pMTL 2]1-E4. The ‘sequence
hybridizing with the oligonucleotides could be localised
on a stretch of 1400 bp between a HindIll and a Haelll

170
490 ATTTCTATTAAGAATCAACAATTTGCTGATGTCACTACAACTTCT 534
S I K N Q Q F A D VvV T T T 8
180 190
535 GTTGATCAAGGTATCATGGGGATTGGTTTCACTGCTGTAGAAGCT 579
¥ D Q G I M G I 6 F T A V E A
200
580 GGATACAATCTGTATAGCAATGTGCCAGTTACTTTGAAGAAACAA 624
G Y N L ¥ 8 NV P V T L K K Q
210 220
625 GGTATCATCAACAAGAATGCCTATTCTTGTGACTTGAACTCTGAA 669
G I I N K N A Y 8 ¢ DL N S E
230
670 GATGCTTCTACTGGTAAGATCATCTTTGGCGGTGTTGATAATGCC 714
S T 6 K I I F G G v D N A
240
715 AAATATACcGGGACTTTGACTGCTTTACCTGTGACTTCATCAGTT 759
K Yy ? ¢ L T A L P VvV T 5 5V
260
760 GAATTAAGAGTTCATTTGGGTTCCATTAATTTITGACGGAACAAGC 804
E L RV HL 6 8 I N F D G T 8
270 280
805 GTTTCTACCAACGCTGATGTTGTTITCGGACTCTGGTACCACAATT 849
vV 8T N A D CV VL D §$§G T T 1
250

850 ACATACTTTTCGCAAAGTACTGCTGACAAGTTTGCTAGAATTGTC 894
1€? Y F $ Q 8§ T A D K F A R I V
00 310
895 GOGGCCACTTGGGATAGCAGAAACGAAATTTACCGTTTGCCTTCA 939
G A T W D S RN ETI Y RL P 8
320
940 TGTGACCTTTCTGGTGACGCAGTTGTCAACTTTGATCAAGGTGTT 984
¢ DL S5 G D vV VvV N F D Q G V
330

985 AAAATTACTGTTCcCCTTTCCGAATTGATTCTTAAAGACAGTGAC 1029
K I TV P L 8 E L I L KD 8 D

350
1030 AGCTCAATTTGCTATTTTGGAATTTCCAGAAATGATGCTAAC TT 1074
s I Y F G I S R N D A NI

360 370 .
1075 TTGGGAGATAATTTCTTAAGAAGAGCTTATATTGTGTATGATTTG 1119
L. 6 DN F L RRAMY IV Y DL
380
1120 GACGATAAGACCATTTCCTTGGCTCAAGTCAAGTACACTTCTTCT 1164
D D KT I 8 L A Q V|IK Y T 8§ 8§
390
1165 TCAGACATCTCGGCTTTGTAGAAAGTATAATTGAATTTATTCGGT 1209
S DI S AL -

1210 ATATTTAGTTTATCTTGAGTCGTTCTCTAATTCTTCACTTITGACA 1254
1255 TTTTTCCCGAATATGTATTGAAGTATGAAAGTAATATAGATATAT 1299
1300 ACACGGTTCGTTTGATATTGTCATTATAGACATCCATCTAAAGGA 1344

1345 ATTC

Fig. 3. Nucleotide sequence of the C. tropicalis ACP. The deduced aa sequence is shown below the nucleotide sequence, The N-terminal aa

sequence of the mature enzyme begins at residue 61 and is preceded by a vertical bar and a horizontal arrow. The 28 aa sequence from N-terminus

of the protein deduced by aa sequencing is uriderlined. The two KEX2-like peptidase processing sites found in the propeptide aa sequence are dotted

and putative cleavage sites within the signal sequence for secretion are indicated by an arrow. A possible N-linked glycosylation site in the

propeptide is marked by a filled triangle and the three domains showing strong homology with proteins member of the pepsin family are delimited
with brackets. Possible TATA sequences upstream of the large ORF are boxed.
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'site. The entire fragment together with an additional
400 bp between the Haelll and EcoRI sites were se-

quenced.

3.3. Sequence analysis :

One long open reading frame (ORF) of 1182 bp
coding for a protein of 394 aa was found, starting
457 bp downstream the HindlIll site. The sequence of
this long ORF and its 5'- and 3'-flanking regions along
with the corresponding aa sequence is shown in Fig. 3.
The N-terminal aa sequence of the mature ACP ob-
tained by Edman amino acid sequencing is preceded by
a polypeptide of 60 aa and, in addition, by a pair of
Lys—Arg residues just upstream of the N-terminal aa of
the mature form of ACP. Precursors of hormones in
mammalian systems [19], a~factor in S. cerevisige [20]
and secreted alkaline protease in Yarrowia lipolytica
[21] are known to be processed by peptide cleavage im-
mediately after pairs of basic residues. The membrane
bound proteinase ysc F encoded by the gene KEX2 in 8.
cerevisiae is specific for cleaving peptides after the
‘Lys—Arg or Arg—Arg tandem sequences [20,22]. A
similar endopeptidase is likely therefore to be present in
C. tropicalis. Another potential peptidase processing
site Lys—Arg pair is found in position 32-33 in the
precursor propeptide upstream of the N-terminus of the
mature protein. :

Inspection of the N-terminal amino acid sequence
beginning from the Met-1 residue suggested the ex-
istence of a signal peptide in the protease precursor
polypeptide. This signal peptide begins with an
hydrophobic core of 7 aa and, 6-10 aa downstream,
contains 3 putative signal peptidase cleavage sites in ac-
cordance with the -3-1 van Heijne’s rule [23]. They are
indicated by an arrow on Fig. 3. In summary, the struc-
ture of the leader propeptide sequence upstream of the
mature form of the C. tropicalis ACP appeared to be
similar to that of the secretory alkaline protease of Y.
lipolytica [21].

The protein molecuie generated by cleavage at the
KEX2-like cleavage site has a calculated molecular mass
of 35.7 kDa which is 4 kDa less than the size estimated
from the electrophoretic mobility on SDS-PAGE. The
difference may be explained by the fact that the mature
ACP is a glycoprotein. Indeed, it is known that the
molecular masses of glycoproteins are overestimated on
SDS-PAGE [24]. The C. tropicalis ACP was shown to
be a mannose protein [2], but glycosylation sites on the
mature protein have not been investigated. The only
putative N-glycosylation site present in the ORF was
found in the propeptide sequence, so that the mature
protein must contain O-glycosylated residues and not
N-glycosylated ones.

3.4, The 5'- and 3'-flanking regions of the putative
ACP gene
» The §' region of most eukaryotic genes including
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those of yeast shows the presence of the model sequence
TATAZAK involved in mRNA transcription start-site
selection [25]. In the upstream region three such se-
quences occur at —-391, —292 and -88 constituting
possible TATA boxes. A well-conserved purine residue
at —3 observed in the proximity of ATG start codon of
most yeast genes is also present in ACP [26]. No
transcription  termination  consensus  sequence
T AAATAAé [27] is found at the 3'-flanking region of
the ORF as it was found for other genes of C. tropicalis
[14,17,18].

3.5. Similarity with proteins of the pepsin family

The deduced amino acid sequence of the putative C.
tropicalis ACP translation product was compared with
sequences in the FASTP Protein Identification Pro-.
gram [28]. A relevant degree of similarity was observed
with proteases of the pepsin family. High scores were
obtained with an acid protease from Saccharomycopsis
Sfibuligera [291, Rhizopus aspartic proteases [30,31], the
human pepsinogen A precursor [32], the protease A and
the barrier protein from Saccharomyces cerevisiae

ace IVVGESNQQKQTVVIDTGSSDLWYVY 78-100
BARL L Q* TV¥*DTQRS*+DYWYV 49+ 71
PEPI I egvw QK V *DTGSSDLWYV 78-100
PER4 Iv+g>+ QY ¢*VweYDTGSSYLWV 95-117
RBEP LA B K ¢+ *DTGSSEDLWS 68- 70
PP v J * * eDTGS*DLWV 19- a1
HPA I %@+ Q¢ TVVe*DTGRSS*LWV 80- 102
ACP VVLDSGTTIT 275-284

BARL VVLDSGTT*T 2084-293

PERPI

*LDSGTT > 279-208

PEP4 ¢t pEGT N 291-300
REEP *LD*GTT > 242-251
PP . D*GTT* 210-219
HPA LR IR I I 274-283
ACE ILGDNFPFLRAERAYIVYDODLDOKTISLAQVY 359-394
BARL ¢*LGD FL**AY*Ve*DLD®** I SLAQ®™" 370395
PEPI ILGD*FLR*AY* YDeD o v+ rAQ 363-388
pERL T¢3GD*FLR* Y TYDL T e L. 319404
RPER I*QU YL YV . * . * A v 328-350 -
PP 1*GD PL*Y**yYy*VeD D LR B Y 297-322
HPA ILGD FeR* * vV ep AL + e LA v 162-387

Fig. 4. Domains of homology between the deduced aa sequence of C.
rropicalis. ACP and other protease members of the pepsin family,
Only identical amino- acids are writtenn by the one letter code.
Conservative changes are marked by a star and aspartic acid residues
of the reactive site of pepsin-like proteases areindicated by an arrow,
(BARL, S. cerevisiae barrier protein {34]; PEPI1, Saccharomycopsis
Jibuligera ACP (29]; PEP4, §, cerevisiae proteinase A [33); RPEP,
Rhizopus chinensis ACP [30); PP, penicitiopepsin {36} HPA, human
pepsinogen A [32)).
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[33,34]. In particular, upon alignment of the ACP with
these pepsin-like proteases three conserved regions were
observed (Fig. 4). Two of these regions contain the two
reactive aspartic acid residues of the active site of the
pepsin-like proteases [34].

4. DISCUSSION

This is the first report of a Candida gene coding for
ACP. It has been suggested that extracellular acid pro-
teases of Candida species are involved in the
pathogenicity of these orpanisms. Now that the C.
tropicalis ACP is available, such a hypothesis can be
tested by a genetic approach. We intend to disrupt this
gene in C. tropicalis and to examine the pathogenicity
of ACP-deficient C. tropicalis mutants in vivo. Fur-
thermore, experiments are also planned to examine the
maturation of the protein and the control of transcrip-
tion of this gene at the molecular level.

An aspartyl protease gene has also been identified in
C. albicans through hybridisation with the vacuolar S.
cerevisiae protease A PrA (=PEP4) probe [35]. We
isolated the ACP from a strain of C. albicans (no. 74 in
our collection) using the same protocol as that describ-
ed here for the C. tropicalis enzyme. The 10 aa residues
of the N-terminus of the C. albicans enzyme were deter-
mined to be Glu-Ala-Val-Pro-Val-Thr-Leu-Ile-Asn-
Glu. This sequence differed by 3 aa from the
homologous sequence in C. tropicalis ACP, and was
not found in the reported aa sequence of the C. albicans
protease gene, We conclude that the gene previously
isolated does not code for the C. albicans ACP.
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