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Abstract

The secreted Candida albicans aspartic proteinase (SAP) is presumed to be one of the pu-
tative Candida virulence factors, while serum proteinase inhibitors depend on host defense
mechanisms. We examined the interaction between SAP and serum proteinase inhibitors,
such as Cl-inhibitor, a2 plasmin inhibitor, and antithrombin I. SAP progressively inacti-
vated plasmin inhibitory activity of Cl-inhibitor and a2 plasmin inhibitor. It also inactivated
thrombin inhibitory activity of antithrombin IIl. On sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, these host proteinase inhibitors were progressively degraded by SAP during
prolonged incubation.

These results suggest that SAP induces an imbalance of complements, coagulation and fib-
rinolytic systems through the degradation and inactivation of these host proteinase inhibitors,

and that SAP may play an important role in the development of Candida albicans infections.

Introduction

Candida albicans is a common pathogenic fungus in severely immunocompromised hosts [1-3]. Many
studies have reported that secreted Candida albicans aspartic proteinase (SAP) has many biological func-
tions, and is a possible virulence factor in Candida albicans infection through its action on host proteins
[4-7]. SAP appears to be secreted in the local site and/or released into the circulation and deep organs.
Candida albicans is able to adjust environmental pH to an acidic milieu for its growth by obtaining nutri-
ents through digestion by SAP [8]. SAP is known to have broad substrate specificity, degrading keratin [9],
collagen [10], immunoglobulins [11], albumin [12], laminn [12], fibronectin [12] and intestinal mucin [13]. We
also reported that SAP degrades cystatin A [14] and the precursor form of endothelin 1 (big endothelin-1)
[15], which are contained in human epidermis. On the other hand, serum proteinase inhibitors participate
in regulating cascade systems, such as complement, coagulation and fibrinolytic mechanisms. They play
important roles in modulating the activity of the proteinase cascade systems involved in these mecha-
nisms [16]. Cl-inhibitor (Cl-inh) is the main inhibitor of Clr, Cls, kallikrein and factor XIla. a2-plasmin
inhibitor (a2-PI) inactivates plasmin, kallikrein, factor Xa and thrombin. AT-II is an inhibitor of the
coagulation system such as thrombin, factor IXa and factor Xa. The imbalance of complements, blood co-

agulation and fibrinolytic systems in infection may be important for the prognosis of the infected patients,
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because the imbalance of these systems may result in disseminate intravascular coagulation (DIC), organ
failure and/or sepsis [17]. Hesselvik et al. [18] and Phillipe et al. [19] reported that decreased AT-II and
protein C were seen in patients with infectous diseases and sepsis. In 1975, Kaminishi et al. [20] also re-
ported that two serum proteinase inhibitors, al-proteinase inhibitor and @-2 macroglobulin, are degraded
by SAP. However, no studies on the relationship between SAP and other serum proteinase inhibitors have
been reported. Therefore, we examined the interaction between SAP and three main serum proteinase
inhibitors, Cl-inh, a2-PT and AT-III.

Materials and Methods

1. Proteinases and proteinase inhibitor

Plasmin (0.03 casein unit/ml), a gift from Dr. H. Sumi, was dissolved in distilled water. Thrombin
(0.2 NIH unit/ml) was obtained from Green Cross Co., LTD, Osaka, Japan and was dissolved in distilled
water. Cl-inh, AT-II and a2-PI were obtained from Sigma Chemical Co.,St. Louis, MO, USA, and
they were diluted in distilled water. Synthetic substrates were obtained from Kabi Vitrum AB, Sweden.
H-D-valyl-leucyl-lysyl-p-nitroanilide was used for plasmin activity. H-D-phenylalanyl-pipeconyl-arginine-
p-nitroanilide was used for thrombin activity. The concentration of proteins was determined by the method
of Lowry et al. [21] with bovine serum albumin as a standard.
2. Secreted Candida albicans aspartic protinase

Secretion of SAP was incubated by Candida albicans TFO 1060 in yeast cabon base containing bovine
serum albumin as reported previously [14, 15]. SAP actitvity was assayed with 1.25% (w/v) bovine
hemoglobin as the substrate by modifying the method of Anson [22]. SAP was purified from media
according to the method of Tsushima et al. [14, 15] by DE-52 ion exchange chromatography. The purity
of the enzyme was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
3. Plasmin inhibitory activity of a2-Pl or Cl-inh

Twentyfive ul of 2-PI (24pg/ml) or Cl-inh (20pg/ml) was incubated with 25ul of 10 mM sodium acetate
buffer, pH 4.5 or SAP (0.01ug) in 10 mM sodium acetate buffer, pH 4.5 for various time intervals. The
SAP activity was then inhibited by the addition of 5ul of 25 mM Tris HCI buffer, pH 8.0. The mixture was
incubated with 25ul of plasmin (0.0025 casein unit/ml) for 10 min. Then, 25l of 3 mM of H-D-valyl-leucyl-
lysyl-p-nitroanilide was added and the change in absorbance at 405 nm after 30 min was assayed. The
results were expressed as the residual inhibitory activity compared to the initial inhibitor as percentages.
4. Thrombin inhibitory activity of AT-IlI

Twentyfive ul of AT-II (176ug/ml) was incubated for various time intervals with 2ul of 10 mM sodium
acetate buffer at pH 4.5 or SAP (0.03ug). Then 5ul of 25 mM Tris HCI buffer at pH 8.0 containing 7.5
mM EDTA and heparin (3,000 units/ml) was added. After 25ul of thrombin (1 unit/ml) was added for
10 min, the residual thrombin activity was measured using synthetic substrate (2mM H-D-phenylalanyl-
pipeconyl-arginine-p-nitroanilide). The results were expressed as the residual inhibitory activity compared
to the initial inhibitor as percentages.
5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Serum proteinase inhibitors (25ug) were incubated with buffer (0.01 M sodium acetate buffer, pH 4.5)
or with SAP in a final volume of 50ul. The reaction was stopped at various time intervals by adding
of 50ul sample buffer (2% SDS, 5% 2 mercaptoethanol, 10% glycerol) at 100°C for 2 min. Ten ul of the
treated sample was applied in each well. SDS-PAGE was performed as described by Laemmli [23] on 5-20%
gradient gels. After electrophoresis, the gel was stained with Coomasie brilliant blue R-250. Molecular

weight markers were obtained from Pharmacia Fine Chemicals, Uppsala, Sweden.
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Results and Discussion

SAP isoenzymes are encoded by ten different genes [24]. In this study, we used an enzyme as a SAP
which was already purified from the Candida albicans strain IFO-1060 [14, 15]. The purified SAP was
homogeneous after SDS-PAGE, and only one protein band of molecular mass 42 kDa with Coomasie bril-
liant blue stain was observed. The enzyme in this study may be SAP 2, because the dominant proteinases
secreted from yeast forms of most strains are SAP 2 [25].

The ability of a2-PI and Cl-inh to inhibit the amidolytic activity on plasmin progressively decreased
by incubation with purified SAP (Fig. 1). No loss of plasmin inhibitory activity was detected when the
inhibitors were incubated without SAP (Fig. 1). The activity of AT-II to inhibit the amidolytic activity
of thrombin also progressively decreased by incubation with SAP (Fig. 2). In these experiments (Fig. 1,
2), inhibitory activities after 60 min incubation had decreased to 80-100% in the presence of SAP, whereas

no loss of activities in the controls was observed.
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Fig. 1 Inactivation of @2-Pl and Cl-inh by SAP
a2-PI (filled) and Cl-inh (open) were incubated with buffer (l, OJ) or SAP (e , o ) for various time intervals,
respectively. Then these inhibitors were incubated with plasmin for 10 min followed by the additon of synthetic
substrate, and the changes in absorbance at 405 nm were assayed by spectrophotometry.
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Fig. 2 Inactivation of AT-Ill by SAP
AT-Ill was incubated with buffer (O0) or SAP (o ) for various time intervals. Then SAP was incubated by the
addition of 25 mM Tris-HCI buffer, pH 8.0, containing 7.5 mM EDTA and heparin. The mixture was incubated
with thrombin for 10 min, and the residual thrombin activity measured by the addition of synthetic substrate at
405 nm.
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Proteolytic degradation patterns of proteinase inhibitors were evaluated by SDS-PAGE. Electrophoretic
analysis indicated that intact MW 105 kD Cl-inh was rapidly converted to several lower molecular mass
identifiable fragments (MW; 14-96 kDa) by incubation with SAP (Fig. 3). After 60 min incubation with
SAP,the intact Cl-inh band (MW; 105 kDa) almost disappeared and low molecular mass fragments ap-
peared. It was assumed that the loss of inhibitory activity of C1l-inh was correlated with the disappearance
of the 105 kDa intact inhibitor. As shown in Fig. 4, SAP cleaved a2-PI into three identifiable fragments
(MW; 56,000, 40,000 and 11,000). However, AT-TIl was easily cleaved into various low molecular mass
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Fig. 3 Electrophoretic analysis of the effect of SAP on the Cl-inh
Intact Cl-inh (35ug) was incubated with SAP (0.2ug) at 37°C for 0, 5, 10, 20 and 30 min in lanes, 2, 3, 4, 5 and
6, respecively. Lane 1 shows standard marker proteins. Lane 7 shows intact C1-inh incubated for 30 min without
SAP. The kDa lane was shown in position of molecular mass markers as kDa.
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Fig. 4 Electrophoretic analysis of the effect of SAP on a2-PI
Intact a2-Pl (42ug) was incubated with SAP (0.3ug) at 37°C for 0, 10, 30 and 60 min, as shown in lanes, 2, 3,
4 and 5, respectively. Lane 1 shows standard marker proteins. Lane 6 reveales intact a2-Pl incubated for 60 min
without SAP. The kDa lane was shown in position of molecular mass as kDa.
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Fig. 5 Electrophoretic analysis of the effect of SAP on AT-III
Lane 1 shows standard marker proteins. Lanes 2 through 7 are 28ug of intact AT-lIl incubated with 0.2ug of SAP
at 37°C for 0, 5, 10, 20, 30 and 60 min, respectively. The kDa lane was shown in position of molecular mass as
kDa.

fragments by SAP randomly (Fig. 5).

Serum proteinase inhibitors such as Cl-inh, @2-PI and AT-III are involved in critical regulation of comple-
ment systems, clotting systems and plasma kallikrein system [16]. They have important functions against
host defense mechanisms. Fallon et al. [7] reported that SAP plays an essential role in progression of
disseminated Candida albicans infection. Ruchel [26] reported that a patient with Candida septicemia
exihibited acronecrosis. He speculated that acronecrosis occured with activation of the coagulatoin system
due to factor X activation by SAP. Kaminishi et al. [27] also reported that clotting factors (XII, X, pro-
thrombin) were converted to active forms by SAP. We showed here for the first time that SAP is a potent
inhibitor of Cl1-inh, a2-PI and AT-III by proteolytic degradation, which are involved in complements, coag-
ulation and fibrinolytic systems. Degradation patterns of these proteinase inhibitors by SAP were differed
from, and broader than, those reported for other proteinases [28-32]. SAP showed broad degradation frag-
ments against these serum proteinase inhibitors. These intact serum proteinase inhibitors were degraded
into smaller modified inactive fragments. In these Candida albicans infectious lesions, SAP may alter their
microenvironment by relative deficiencies of C1l-inh, a2-PI and AT-III, then it may degrade and inactivate
these serum proteinase inhibitors. In the absence of these inhibitors, the activated serine proteinases of
the coagulation, fibrinolysis, and kallikrein-kinin pathways will be unopposed, thereby potentiating the
local and/or systemic infectious reaction. SAP may reduce host defense functions and aggravate infectious
diseases in immunocompromised hosts. Additional data concerning these proteinase inhibitors in patients

with Candida infection are needed to confirm our results.

References

1. Ahearn DG: Medically important yeasts. Ann Rev Microbiol 32:59-68, 1978.

2. Uchigasaki S, Iwasawa U, Baba S, Sugiki H: Disseminated candidiasis in a patient with metastatic carcinoma.
FEurop J Dermatol 5:333-334, 1995.

3. Sweet SP, Cookson S, Challacombe SJ: Candida albicans isolates from HIV-infected and AIDS patients exhibit



64

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hirofumi Tsushima and Hiroko Mine

enhanced adherence epithelial cells. J Med Microbiology 43:452-457, 1995.

Macdonald F, Odds FC: Virulence for mice of a proteinase secreting strain of Candida albicans and a proteinase-
deficient mutant. J Gen Microbiology 129:431-438, 1983.

Kwon-Chung KJ, Lehman D, Good C, Magee PT: Genetic evidence for role of extracelluar proteinase in
virulence of Candida albicans. Infect Immun 49:571-575, 1985.

Ghannoum M, Elteen KA: Correlative relationship between proteinase production, adherence and pathogenic-
ity of various strains of Candida albicans. J Med Vet Mycol 24:407-413, 1986.

Fallon K, Bausch K, Noonan J, Huguenel E, Tamburini P: Role of aspartic proteases in disseminated Candida
albicans infection in mice. Infect Immun 65:551-556, 1997.

Matsuda K: Infuluence of nitrogen source, pH of media, and Candida albicans producing proteinase (CAPP)
on the growth of Candida albicans. Jap J Med Mycol 27:100-106, 1986.

Hattori M, Yoshiura K, Negi M, Ogawa H: Keratinolytic proteinase produced by Candida albicans. Sabouraudia
22:175-183, 1981.

Kaminishi H, Hagihara Y, Hayashi S, Cho T: Isolation and characteristics of collagenolytic enzyme produced
by Candida albicans. Infect Immun 53:315-318, 1986.

Ruchel R: Cleavage of immunoglobulins by pathogenic yeasts of the genus Candida. Microbiol Sci 3:316-319,
1986.

Ray T, Payne CD: Degradation of basement membrane matrix proteins laminin, fibronectin and type IV
collagen by Candida acid proteinase. J Invest Dermatol 96:606A, 1991.

Colina AR, Aumont F, Deslauriers N, Belhumeur P, Derepentigny L: Evidence for degradation of gastroin-
testinal mucin by Candida albicans secretory aspartyl proteinase. Infect Immun 64:4514-4519, 1996.
Tsushima H, Mine H, Kawakami Y, Hyohdoh F, Ueki A: Candida albicans aspartic proteinase cleaves and
inactivates human epidermal cysteine proteinase inhibitor, cystatin A. Microbiology 140:167-171, 1994.
Tsushima H, Mine H: Cleaves of human big endothelin-1 by Candida albicans asparrtic proteinase. FEMS
Immunol Med Microbiol 11:69-72, 1995.

Carrel RW, Boswell DR: Serpins: the superfamily of plasma serine proteinase inhibitors, In Proteinase In-
hibitors (vol 12), edited by Barrett AJ, Salvesen G, Amsterdam, Elsevier Science Publisher, 1986, pp 403—420.
Nuijens JH, Fereberg-Belmer AJM, Huijbregts CCM, Schreuder WO, Felt-Bersma RJF, Abink JJ, Thijs LG,
Hack CE: Proteolytic inactivation of plasma C1 inhibitor in sepsis. J Clin Invest 84:443-450, 1989.

Hesselvik JF, Malm J, Dahlback B, Blomback M: Protein C, and protein S and C4b-binding protein in severe
infection and septic shock. Thromb Haemostas 65:126—-129, 1981.

Philippe J, Offner F, Declerck PJ, Leroux-Roels G, Vogerlaers D, Baels G, Collen D: Fibrinolysis and coagu-
lation in patients with infectious disease and sepsis. Thromb Haemostas 65:291-295, 1991.

Kaminishi H, Miyaguchi H, Tamaki T, Suenaga N, Hisamatsu M, Mihashi I, Matsumoto H, Maeda H, Hagihara
Y: Degradation of humoral host defense by Candida albicans proteinase. Infect Immun 63:984-988, 1995.
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ: Protein measurement with the Folin phenol reagent. J Biol
Chem 193:263-275, 1951.

Anson ML: The estimation of pepsin, trypsin, papain, and cathepsin with hemoglobin. J Gen Phys 22: 79-85,
1938.

Laemmli UK: Cleavage of structural proteins during the assembly of the head of bacteiophage T4. Nature
277:680-685, 1970.

Hube B, Naglik J: Candida albicans proteinases: resolving the mystery of a gene family. Microbiology 147:1997—
2005, 2001.

Miyazaki SH, Agabian N: Three distinct aspartyl proteinases in Candida albicans. J Bacteriol 175:6126-6133,
1993.



26.

27.

28.

29.

30.

31.

32.

Candida albicans Aspartic Proteinase Cleaves Serum Proteinase Inhibitors 65

Ruchel R: On the role of proteinases from Candida albicans in the pathogenesis of acronecrosis. Zent Bakt Hyg
Abt Obrig A 255:524-536, 1983.

Kaminishi H, Cho H, Sakima T, Hagihara Y, Iwata A, Kawasaki K, Ito T, Fujii T: Activation of plasma
clotting factors by Candida albicans proteinase. Jap J Oral Biol 35:221-226, 1993. (in Japanese)

Collen D: Identification and some properties of a new fast-reacting plasmin inhibitor in human plasma. Fur J
Biochem 69:209-216, 1976.

Mori M, Aoki N: Isolation and characterization of a-2 plasmin inhibitor from human plasma. A novel proteinase
inhibitor which inhibit activator-induced clotlysis. J Biol Chem 251:5956-5965, 1976.

Brower MS, Harpel PC: Proteolytic cleavage and inactivation of a2 plasmin inhibitor and C1 inactivator by
human polymorphonuclear leukocyte elastase. J Biol Chem 257:9849-9854, 1982.

Catanese J, Kress LF: Enzymatic inactivation of human plasma C1l-inhibitor and and a1 antichymotrypsin by
Pseudomonas aeruginosa proteinase and elastase. Biocim Biophys Acta 789:37—43, 1984.

Jochum M, Lander S, Heimburger N, Fritz H: Effect of human ganulocytic elastase on isolated human
antithrombin-II. Hoppe Seyler’s Zeit Physiol Chem 362:103-112,1981.



