
Evidence for the presence of
proteolytically active secreted aspartic
proteinase 1 of Candida parapsilosis
in the cell wall

Zuzana Vinterová, Miloslav Šanda, Jiřı́ Dostál,
Olga Hrušková-Heidingsfeldová, and Iva Pichová*
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Abstract: Pathogenic yeasts of the genus Candida produce secreted aspartic proteinases, which
are known to enhance virulence. We focused on Sapp1p proteinase secreted by Candida

parapsilosis and studied the final stage of its passage through the cell wall and release into the

extracellular environment. We found that Sapp1p displays enzyme activity prior to secretion, and
therefore, it is probably fully folded within the upper layer of the cell wall. The positioning of cell

surface-associated Sapp1p was detected by cell wall protein labeling using biotinylation agents,

extraction of cell wall proteins by b-mercaptoethanol, immunochemical detection, and mass
spectrometry analysis. All lysine residues present in the structure of soluble, purified Sapp1p were

labeled with biotin. In contrast, the accessibility of individual lysines in cell wall-associated Sapp1p

varied with the exception of four lysine residues that were biotinylated in all experiments
performed, suggesting that Sapp1p has a preferred orientation in the cell wall. As the molecular

weight of this partially labeled Sapp1p did not differ among the experiments, we can assume that

the retaining of Sapp1p in the cell wall is not a totally random process and that pathogenic yeasts
might use this cell-associated proteinase activity to enhance degradation of appropriate

substrates.

Keywords: Candida parapsilosis; secreted aspartic proteinases; Sapp1p; cell wall; biotin; proteolytic

activity

Introduction

Candida parapsilosis is one of the most frequently

occurring opportunistic fungal pathogens. In epide-

miological surveys it ranks as the second or third

most common Candida species, depending on the

medical setting and geographical area.1,2 It is a

major cause of nosocomial infections by yeasts, and

high incidence of C. parapsilosis has been reported

in neonatal intensive care units.3,4 C. parapsilosis

infections are often exogenous. The fungus can be

transmitted via contaminated invasive therapeutic

or monitoring equipment. In addition, C. parapsilo-

sis is isolated from the hands of healthy individuals

and healthcare personnel more often than any other

yeast species.5

Factors that enhance the virulence of patho-

genic Candida spp. include efficient adhesion to host

surfaces, morphological diversity, biofilm formation,
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*Correspondence to: Iva Pichová, Institute of Organic Chemistry
and Biochemistry, Academy of Sciences of the Czech Republic,
Flemingovo n. 2, 166 10 Prague 6, Czech Republic.
E-mail: iva.pichova@uochb.cas.cz

2004 PROTEIN SCIENCE 2011 VOL 20:2004—2012 Published by Wiley-Blackwell. VC 2011 The Protein Society



and secretion of hydrolytic enzymes. Secreted aspar-

tic proteinases, together with lipases and phospholi-

pases, facilitate yeast adhesion in the initial stages

of infection, enable penetration of the pathogens into

host tissues, and provide a source of nutrients for

the pathogen by breaking down host molecules.6–8

Pathogenic Candida spp. usually possess a gene

family encoding secreted aspartic proteinases

(SAPs). Historically, C. parapsilosis was considered

to possess three such genes: SAPP1, SAPP2,9 and

SAPP3 (NCBI accession number AF339513).

Recently, a phylogenetic analysis of the published C.

parapsilosis genome10,11 revealed 14 sequences

potentially encoding secreted aspartic proteinases.

However, no further information about the expres-

sion of these genes and proteinases is available.

Only Sapp1p and Sapp2p proteinases have been bio-

chemically characterized.12–14 Production of Sapp1p

is induced in the presence of an exogenous protein

as a sole nitrogen source, as in the case of the Sap2

enzyme from C. albicans. Sapp1p, the main secreted

isoenzyme of C. parapsilosis, has a broad substrate

specificity and higher catalytic activity than Sapp2p,

which has been shown to be secreted constitutively

under all conditions tested but in a concentration at

least one order of magnitude lower.15

The SAP genes of pathogenic Candida spp.

encode pre-pro-enzymes that consist of a leader pep-

tide followed by a pro-peptide and mature protease.

The signal peptide is removed in the rough endo-

plasmic reticulum, and the zymogen is activated

after transport to the Golgi apparatus by Kex2 pro-

teinases or alternative pathways.13,16,17 The mature

proteinases are transported via the secretory path-

way to the cell surface and have to pass the protec-

tive cell wall, which consists of two main layers of

different electron density. The inner layer contains a

network of 1,3-b-glucan, 1,6-b-glucan, and chitin

molecules, and the dense outer layer is enriched

with mannoproteins covalently linked to the nonre-

ducing ends of 1,6-b-glucans via glycosyl phosphati-

dylinositol (GPI) anchors. Additional cell wall pro-

teins (CWPs) are linked to 1,3-b-glucan via a linkage

sensitive to alkali treatment (non-GPI-CWPs or Pir-

CWPs; for review see Chaffin).18. The temporarily

cell wall associated proteins and noncovalently

linked proteins can be released from the yeast cell

wall by ionic detergents or chaotropic agents.19,20 In

addition, the extraction of cell wall fractions with a

reducing agent such as b-mercaptoethanol (bME)

leads to release of a distinct set of proteins, which

might be bound to other cell wall proteins by disul-

fide bridges.21,22

In this study, we show that Sapp1p is temporar-

ily retained in the cell wall prior to secretion into

the extracellular space. While associated with the

cell surface, Sapp1p can cleave substrates that occur

in the surrounding environment, demonstrating the

accessible positioning of the proteinase active site in

the cell wall.

Results

Sapp1p is temporarily associated with the cell
wall and can cleave extracellular substrates

To analyze the presence of the Sapp1p proteinase of

C. parapsilosis in the cell wall and to detect its pro-

teolytic activity, we collected C. parapsilosis cells

grown in the presence of BSA as a sole nitrogen

source, conditions known to induce the expression of

Sapp1p. Washing the cells with water or with PTB

buffer removed remnants of the medium, including

soluble secreted Sapp1p. We detected Sapp1p in the

first wash fractions, and further washing of the cells

did not release detectable amounts of Sapp1p [Fig.

1(A)]. When we used PTB with 0.5% bME, Sapp1p

was found even in the fourth wash [Fig. 1(B)], indi-

cating that a substantial amount of Sapp1p is

retained in the cell wall and that bME treatment

causes its release. Similar results were obtained

when the cells were treated with PTB containing 1%

SDS (data not shown). Sapp1p was not present in

any additional fractions of cell wall protein isolation

(NaOH-fraction, Lyticase mediated fraction, data not

shown).

To obtain a sufficient amount of cell wall-associ-

ated Sapp1p for further experiments, we treated the

yeast cell pellet with extraction buffer containing 1%

bME. SDS-PAGE and Western blot analyses showed

that the molecular weight of the Sapp1p fraction

extracted from the cell wall corresponded to that of

the secreted mature proteinase (Fig. 2). Further-

more, the N-terminal sequence of the cell wall-asso-

ciated proteinase (DSISL-) was the same as that of

fully processed, active Sapp1p. Mass spectrometry

analysis of the immunochemically reactive bands

presented in Figure 2 confirmed that only the band

at a molecular weight of 36 kDa contains Sapp1p.

The band corresponding to a molecular weight of

Figure 1. Western blot detection of Sapp1p associated

with the cell surface of C. parapsilosis. Panel A: fractions

obtained by cell surface washing with PTB buffer; Panel B:

fractions from washing with PTB containing 0.5% bME.

Lane 1, fraction after 10-min incubation; Lanes 2–5,

fractions after repeated washings. Detection was performed

using polyclonal antibodies raised against Sapp1p.
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about 34 kDa and the band at the top of Lane 2,

which contains protein aggregates, are unknown

proteins extracted from the cell wall that nonspecifi-

cally cross react with anti-Sapp1p polyclonal

antibodies.

We also analyzed the bME extraction fractions

for the presence of Sapp2p, another secreted isoen-

zyme of C. parapsilosis, using Western blot and spe-

cific anti-Sapp2p antibodies. We detected only traces

of Sapp2p in the cell wall fractions (data not shown).

This is not surprising, since the concentration of

Sapp2p in medium upon induction is always at least

one order of magnitude lower than that of Sapp1p.15

To examine whether cell wall-associated Sapp1p

can cleave substrates present in the extracellular

space, we incubated thoroughly washed C. parapsi-

losis cells with a fluorescent peptide substrate for 30

minutes. The substrate was readily hydrolyzed, and

its cleavage was sensitive to the presence of pepsta-

tin A, a potent inhibitor of Sapp1p23 (Fig. 3). The

fluorescent substrate that we used for the activity

assay can differentiate between the Sapp1p and

Sapp2p izoenzymes.15 However, no Sapp2p proteo-

lytic activity was detected in the reaction mixture,

which correlates with very low level of Sapp2p in

the cell wall detected by Western blot. To confirm

that the substrate cleavage was mediated by the cell

wall-associated enzyme and not by Sapp1p released

into the reaction mixture during the incubation, we

preincubated the washed cells in the proteinase

activity buffer for 30 min, removed the cells, and

incubated the cell-free solution with the proteinase

substrate for an additional 30 min. The cell-free

reaction mixture did not display any proteolytic

activity. These results demonstrate that cell wall-

associated Sapp1p is proteolytically active even prior

to release and that its conformation enables suffi-

cient substrate cleavage.

Biotinylation of the cell wall reveals exposed
parts of the Sapp1p molecules

The finding that cell surface-associated Sapp1p can

cleave an exogenous substrate indicates that the

proteinase active site is accessible for substrates

prior to the enzyme’s release. We set out to analyze

the positioning of Sapp1p in the cell wall by biotin

labeling, a technique that has been successfully used

for labeling of C. albicans cell wall proteins.24,25 We

used both sulfo-NHS-biotin and sulfo-NHS-LC-bio-

tin, which contains a longer spacer that may facili-

tate access of the reagent to more complex protein

structures.

Sapp1p contains 15 lysine residues and an N-

terminal aspartate that might be labeled with biotin.

To examine whether all of the potential sites in

Sapp1p are accessible to biotinylation, we performed

labeling of the purified secreted proteinase. Incuba-

tion of Sapp1p aliquots with a dilution series of

sulfo-NHS-biotin or sulfo-NHS-LC-biotin resulted in

a stepwise increase in the molecular weight of the

proteinase (Fig. 4). The molecular weight of biotinyl-

ated Sapp1p determined by mass spectrometry anal-

ysis confirmed that 15 molecules of biotin are bound

upon incubation of Sapp1p with stock solutions of

both biotinylation reagents. N-terminal sequencing

of biotinylated Sapp1p showed that the N-terminal

aspartate remained unbiotinylated, indicating that

Figure 2. Profile of proteins isolated from the C.

parapsilosis cell wall with 1% bME. Lane 1, silver-stained

SDS-PAGE; Lane 2, Western blot of cell wall protein

samples detected with polyclonal antibodies raised against

a peptide corresponding to part of the Sapp1p sequence

(anti-Sapp1p/186-199).

Figure 3. Cleavage of the fluorescent substrate

Dabcyl-EHVKLVE-EDANS by cell-associated Sapp1p.

Panel A: cleavage products obtained from incubation of C.

parapsilosis cells with the substrate. Panel B: substrate

cleavage products from incubation of C. parapsilosis cells

in the presence of 1 lM pepstatin A. Arrows indicate the

position of Sapp1p-specific cleavage product. The position

of the cleavage product was verified by in vitro substrate

cleavage with purified Sapp1p.
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all the lysine residues in Sapp1p are accessible for

biotinylation in vitro.

Next, we treated C. parapsilosis cells with sulfo-

NHS-biotin or sulfo-NHS-LC-biotin and extracted

the cell wall proteins using bME as described in

Methods. Western blot analysis indicated that sur-

face-associated Sapp1p was only partially biotinyl-

ated, since its molecular weight was higher than

that of the nonbiotinylated Sapp1p control sample

and lower than that of fully biotinylated proteinase

(Fig. 5). During repeated experiments, this Western

blot pattern did not significantly change, even when

higher amounts of the reagents were used or when

the incubation time was prolonged.

The SDS-PAGE band corresponding to cell wall-

extracted biotinylated Sapp1p was analyzed using

in-gel digestion with trypsin and chymotrypsin and

mass spectrometry (MS). In three repeated biotinyla-

tion experiments, we obtained peptide fragments

containing the N-terminal aspartate and 14 lysine

residues. Only Lys24 was not detected in any of the

extracted peptides. Table I shows a typical set of

analyses of tryptic and chymotryptic digests of par-

tially labeled Sapp1p obtained from the biotinylation

experiment. The final Sapp1p sequence coverage

was 73% (Fig. 6). Despite this high sequence cover-

age, Lys17, Lys90, and Lys149 were identified only

in tryptic peptide fragments as C-terminal amino

acids. MS analysis of proteinase fragments showed

that labeling of most of the lysines was ambiguous.

In separate experiments, we detected lysines 148,

181, 185, 207, 239, and 329 either with or without

the biotin label. In contrast, lysines 49, 68, 152, and

275 were biotinylated in all the MS measurements

performed. Interestingly, all unbiotinylated or unde-

tected lysines were present in the N-terminal do-

main of the molecule (see Fig. 6). These results indi-

cate that Sapp1p molecules have different

orientations when they are retained in the cell wall.

There is, however, a sufficient population of those

molecules whose active sites are accessible to exter-

nal substrates. Proteolytic degradation of proteins or

peptides occurring in the environment surrounding

C. parapsilosis cells can thus proceed prior to the

release of Sapp1p into the extracellular space.

Discussion
Secretion of hydrolytic enzymes, especially aspartic

proteinases, is important for the virulence of patho-

genic Candida species. While secreted proteinases

have been thoroughly studied in C. albicans, the

SAPP gene family of C. parapsilosis has been only

partially described. In this study, we focused on the

C. parapsilosis enzyme Sapp1p, which is induced in

a similar manner as Sap2 of C. albicans but displays

certain enzymological and structural differences.23,26

To study the passage of Sapp1p through the yeast

cell wall during secretion into the extracellular

Figure 5. Western blot analysis of biotinylation of intact C.

parapsilosis cells with sulfo-NHS-biotin (left) or sulfo-NHS-

LC-biotin (right) using polyclonal anti-Sapp1p antibodies.

Lane 1, unbiotinylated Sapp1p; Lanes 2, 5, bME extract

after biotinylation of the intact cells; Lanes 3, 6, material

released from the cell surface during incubation with

biotinylation reagents; Lanes 4, 7, purified, fully biotinylated

Sapp1p.

Figure 4. Western blot analysis of stepwise biotinylation of

purified Sapp1p using a 4-, 8-, 12-, 16-, or 32-fold molar

excess of biotinylation reagent. The blot was probed with

anti-Sapp1p polyclonal antibodies (anti-Sapp1p/186-199).

Panel A: biotinylation performed with sulfo-NHS-biotin;

Panel B: biotinylation performed with sulfo-NHS-LC-biotin.

Sapp1p, purified nonbiotinylated proteinase; b-Sapp1p,

purified fully biotinylated proteinase.

Table I. MS Analysis of Biotinylation of Cell
Surface-Associated Sapp1p

Position of
primary

amine group

B/S

Trypsin
digestion

Chymotrypsin
digestion

Asp1 0/2 n.d.
Lys17 0/2 n.d.
Lys24 n.d. n.d.
Lys49 n.d. 1/1
Lys54 n.d. 0/1
Lys68 n.d. 1/1
Lys90 0/2 n.d.
Lys148 2/4 n.d.
Lys149 0/2 n.d.
Lys152 1/1 n.d.
Lys181 0/2 1/2
Lys185 2/2 1/2
Lys207 0/2 1/2
Lys239 0/2 2/3
Lys275 n.d. 1/1
Lys329 n.d. 1/2

The band containing Sapp1p was cut from a gel and
digested with trypsin or chymotrypsin (see Materials and
Methods for details). B, number of peptide fragments con-
taining bitonylated residue; S, total number of relevant
peptide fragments; n.d., peptide fragment was not detected.
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space, we used biotin labeling of cell wall proteins

followed by mass spectroscopy analysis. Due to the

dynamics of protein secretion and the complexity of

the cell wall, this experimental approach provides a

global picture of the trafficking of a major popula-

tion of Sapp1p molecules, rather than a detailed

description of possible topological variants of the

proteinase on the cell surface.

Labeling of cell surface proteins with a biotiny-

lation reagent has been successfully used for identi-

fication of yeast cell wall proteins.21,24 The recently

solved Sapp1p X-ray structure26 showed that the

active molecule has an open structure and that ly-

sine residues are present in both N- and C-terminal

proteinase domains. Moreover, all 15 lysines are sur-

face-exposed, which makes it possible to efficiently

label Sapp1p with biotin. Indeed, we showed that

Sapp1p can be fully biotinylated in vitro. Successful

labeling of all 15 lysines in purified Sapp1p provided

a sufficient control for further experiments per-

formed with whole C. parapsilosis cells. Biotinyla-

tion of cell wall proteins yielded only partially la-

beled Sapp1p. In repeated experiments, we observed

bands of similar molecular weight for extracted,

modified Sapp1p; however, in-gel digests of these

bands revealed different labeling of the individual

lysines, likely reflecting variations in the positioning

of Sapp1p in the cell wall. Nevertheless, we found

four lysine residues that were biotinylated in all the

experiments performed. The accessibility of the

remaining lysines for biotinylation varied. The unla-

beled lysines might be located in the Sapp1p region

that preferably interacts with other cell wall pro-

teins, and this interaction may hinder the accessibil-

ity of the lysine residues. This indicates that the

position of Sapp1p in the cell wall is not totally ran-

dom and that Sapp1p has a preferred orientation. It

also raises the question of what types of interactions

occur between Sapp1p and cell wall structures

before the release of the proteinase into the extracel-

lular space. Since we succeeded in extracting Sapp1p

using the b-mercaptoethanol extraction method, we

might infer that Sapp1p is retained in the cell wall

by disulfide bridges. However, the Sapp1p crystal

structure showed that the four cysteine residues

present in the structure form two disulfide bridges,

which contribute to the maintenance of the proper

proteinase conformation and thus to the proteolytic

activity. Since the cell wall-associated Sapp1p is pro-

teolytically active, we can assume that the protein-

ase cysteines do not form disulfide bridges with cys-

teines from other cell wall proteins but rather form

two intramolecular S-S bridges. Treatment of the

cell wall with bME therefore likely releases S-S link-

ages in other proteins that contribute to proteinase

capture in the cell wall. Moreover, we succeeded in

Figure 6. Positions of lysine residues in the three-dimensional (Panel A) and primary (B) structures of Sapp1p. The

unbiotinylated lysine residues are indicated in red, the biotinylated lysines in green, and the undetected lysine residue

(Lys24) in black. The sequence regions obtained from the combined in-gel digest of biotinylated Sapp1p are framed in

gray in panel B.
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extracting Sapp1p from the cell wall with 1% SDS,

which can release temporarily associated, noncova-

lently bound cell wall proteins. Sapp1p is likely

bound in the cell wall by interactions with other cell

wall proteins.

In C. albicans, localization of Sap2 in the cell

wall was detected during experimental infection of

model reconstituted human vaginal epithelium27

and also in the vaginas of infected ovariectomized

estrogen-treated rats using immunoelectron micros-

copy with anti-Sap2 antibodies.28 Nevertheless, it

was not clear which conformation Sap2 adopts in

the cell wall, whether it is temporarily retained

there, and if so, whether it is proteolytically active

prior to its release. These questions have not been

addressed for C. albicans or for other pathogenic

Candida species. It has been assumed that Saps hy-

drolyze host proteins after secretion. Our present

work shows that peptides occurring in the environ-

ment surrounding C. parapsilosis cells can be

cleaved by Sapp1p before the enzyme is secreted

into the extracellular environment. This feature may

be common to protein-induced Candida proteinases,

such as Sap2 from C. albicans or Sapt1p from C. tro-

picalis. The ability of yeast cells to retain active Sap

molecules in the cell wall before their secretion into

extracellular space might provide a great benefit for

pathogenic Candida spp., mostly during biofilm for-

mation, but also during adhesion and colonization of

host tissues.

Besides secreted aspartic proteinases, C. albi-

cans possesses two aspartic proteinases that are co-

valently linked to the cell wall and plasma mem-

brane via GPI-anchors (Sap9 and Sap10). These

proteinases are known to perform many cell wall-

related functions, ranging from maintenance of cell

wall integrity to interaction with epithelial cells and

the cleavage of cell surface-associated proteins.29,30

They cleave the substrate at basic or dibasic resi-

dues, in contrast to the pepsin-like secreted protein-

ase Sap2, which prefers the presence of hydrophobic

amino acids around the cleavage site. Secreted pro-

teinases retained in the cell wall can thus increase

the proteolytic activity associated with the surface of

yeast cells. For C. parapsilosis, no typical GPI-spe-

cific sequence has been identified in the available

SAPP genes.11 Cell wall-associated Sapps in C. para-

psilosis might therefore play an important role in

processes in which cell-associated proteolytic activity

of C. parapsilosis is needed.

Materials and Methods

Strains, media, and growth conditions

The Candida parapsilosis strain used for this work

was clinical isolate CP69 obtained from the mycolog-

ical collection of the Faculty of Medicine, Palacky

University, Olomouc, Czech Republic.

Yeast was incubated either in the induction

medium, which consisted of 1.2% yeast carbon base

(YCB) supplemented with 0.2% bovine serum albu-

min (BSA), pH 3.5, or in YPD (1% yeast extract, 2%

peptone, and 2% glucose), which was used as a non-

induction medium. Yeast was cultivated at 30�C.

Cell surface washing
Soluble secreted proteins from the surface of C. par-

apsilosis cells were washed out from the harvested

cells with water or with 50 mM Tris-HCl, pH 7.5,

containing 10 mM NaN3, and 10 mM NaF (pretreat-

ment buffer, PTB).31

Extraction of noncovalently bound

cell wall proteins

Noncovalently bound cell wall proteins were ex-

tracted using a modification of the method described

by Casanova et al.24 Briefly, the yeast cells were

washed once with water and then resuspended in 1/

10 of the original cultivation volume of 10 mM phos-

phate buffer, pH 7.4, with 1% (v/v) b-mercaptoetha-

nol (bME). The cells were incubated with gentle

shaking at 37�C for 30 min. The suspension was

centrifuged (5 min, 5000 g), and the supernatant

was filtered through a 0.22 lm filter, dialyzed

against water for 48 h, and lyophilized.

Isolation of cell wall proteins
The isolation protocol was based on the method

described by Yin et al.32 The yeast cells were har-

vested and washed with water. The cell pellet was

then resuspended in an equal volume of water con-

taining 0.2 mM Pefabloc, and cells were broken by

French press according to the manufacturer’s

instructions. The suspension was centrifuged (5 min,

2000 g), and the supernatant was stored at �20�C.
The sediment containing cell debris was extensively

washed with 1M NaCl and resuspended in SDS/ME

buffer (2% SDS, 0.1 M EDTA, 40 mM b-mercaptoeth-

anol, 50 mM Tris-HCl, pH 7.8). To release the cell

wall proteins, the suspension was heated at 100�C
for 5 min and then centrifuged (5 min, 2000 g). The

sediment was again resuspended in SDS/ME buffer,

and the extraction was repeated. The supernatants

were pooled, dialyzed against water, and lyophilized.

The cell debris remaining after the extraction proce-

dure was washed with water three times, resus-

pended in 30 mM NaOH, and incubated at 4�C over-

night. After centrifugation, the supernatant was

dialyzed against water and lyophilized. The sedi-

ment was washed with water and resuspended in

spheroplasting buffer (0.8 M sorbitol, 50 mM monop-

otassium phosphate, 40 mM b-mercaptoethanol, pH

7.5) supplemented with Lyticase (1 mg/100 mg wet

cell debris). The mixture was incubated for 2 h at

37�C, then centrifuged. The supernatant was dia-

lyzed against water and lyophilized.
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Biotinylation of the cell surface proteins
The biotinylation protocol was based on that of

Casanova et al.24 Yeast was cultivated in induction

medium for a minimum of 48 h. Cells were collected

and washed once with water. The cells were resus-

pended in 1/5 of the original culture volume of 0.1 M

sodium phosphate buffer, pH 8.5. Sulfo-NHS-biotin

or sulfo-NHS-LC-biotin was added to the cell sus-

pension to a final concentration of 2 mg/mL, and the

mixture was incubated for 30 min with gentle shak-

ing at ambient temperature. The incubation was

stopped by addition of 0.1 M glycine. After 5 min,

the cells were centrifuged (5 min, 5000g) and

washed once with 10 mM phosphate buffer, pH 7.4.

Biotinylation of purified Sapp1p

Purified Sapp1p (4 mg/mL) was dialyzed against 0.1

M sodium phosphate buffer, pH 8.5. Stock solutions

of sulfo-NHS-biotin (1 mg/mL) and sulfo-NHS-LC-bi-

otin (10 mg/mL) were prepared in the same phos-

phate buffer. A dilution series was prepared (4�, 8�,

12�, 16�, and 32� molar excess of activated biotin

to purified Sapp1p) and used for stepwise Sapp1p

biotinylation. The stock solutions were used to fully

biotinylate Sapp1p. Mixtures of Sapp1p and acti-

vated biotin were incubated for 30 min at ambient

temperature. The reactions were stopped by addition

of 0.1 M glycine. The solutions were dialyzed against

water and lyophilized if needed.

Western blotting

Proteins separated by SDS-PAGE were transferred

onto a nitrocellulose membrane. For Sapp1p detec-

tion, we used rabbit polyclonal antibodies raised

against mature proteinase or against a unique

sequence segment (residues 186–199 of Sapp1p). For

Sapp2p detection, we used antibodies raised against

a unique sequence (residues 389–404 of Sapp2p).15

The protein bands were visualized using SuperSig-

nal West Femto Maximum Sensitivity Substrate

(Thermo Scientific).

N-terminal sequencing of proteins
Proteins separated by SDS-PAGE were transferred

onto a poly(vinylidene difluoride) (PVDF) membrane

using a semidry transfer protocol. The membrane

was stained with BioSafe Coomassie (Bio-Rad).

Bands of interest were cut out of the membrane, and

the N-terminal protein sequence was determined by

Edman degradation performed on an ABI Procise

sequencer (Applied Biosystems).

Proteinase activity assay

The activity of secreted Sapp1p in cell-free culture

supernatants was examined using a fluorogenic

substrate (Dabcyl-Glu-His-Val-Lys-Leu-Val-Glu-EDANS)

in 0.1 M sodium citrate buffer, pH 3.5, as previously

described.14,15 Analysis of the cleavage products was

performed using an HPLC system equipped with an

Agilent C-18 column and a fluorescence detector set

at an excitation wavelength of 350 nm and an emis-

sion wavelength of 480 nm. A linear methanol gradi-

ent was used for elution.

Controls containing pepstatin A, a specific inhib-

itor of aspartic proteinases, were prepared similarly.

Pepstatin was dissolved in dimethylsulfoxide and

added to reaction mixtures up to a final concentra-

tion of 1 lM.

Detection of cell wall-associated

proteinase activity
The C. parapsilosis cells were harvested by centrifu-

gation (4000 g), washed with water, and resuspended

in 0.1 M sodium citrate buffer, pH 3.5, so that the

final OD550 was �1.5. A 100 lL aliquot of this sus-

pension was added to the reaction mixture, which

contained 200 lL of 0.1 M sodium citrate buffer and

10 lL of stock solution of the fluorogenic substrate

Dabcyl-Glu-His-Val-Lys-Leu-Val-Glu-EDANS. The

stock solution contained 0.5 mg of the substrate per

1 mL of dimethylsulfoxide. The mixture was incu-

bated for 30 min at 37�C. The reaction was stopped

by addition of 60 lL 20% trifluoroacetic acid, and the

mixture was filtered through a 0.22-lm filter. Analy-

sis of cleavage products was performed using HPLC.

To rule out the possibility that the substrate was

cleaved by a proteinase that was fully secreted from

the cells during incubation, the cells resuspended in

sodium citrate buffer were incubated for 30 min at

37�C. Then, this suspension was filtered through a

0.22 lm filter, and the proteinase activity in the fil-

trate was tested as described above.

Mass spectrometry

Proteins were reduced with 25 mM DTT for 1 h at

37�C, and cysteine residues were alkylated using 25

mM iodoacetamide solution for 20 min at room tem-

perature in the dark. Samples were digested with

trypsin for 12 h at 37�C at an estimated protein :

trypsin ratio of 50 : 1 or with chymotrypsin for 12 h

at 25�C in 25 mM bicarbonate buffer at a protein :

chymotrypsin ratio of 25 : 1. Peptides were extracted

from in-gel digests using a gradient of acetonitrile in

1% TFA and 3 � 15 min of sonication on ice. Peptide

mixtures were evaporated using a SpeedVac concen-

trator and dissolved in 0.1% formic acid. The result-

ing peptides were analyzed on an LTQ Orbitrap XL

mass spectrometer (Thermo) coupled to a Rheos

2000 2D capillary chromatography platform (Flux

Instruments). The first-dimension column was a

monolithic PS-DVB (200 lm � 10 mm; Dionex), and

the second dimension column was a PepMap C18 (75

lm � 150 mm � 3 lm, LC Packings). The mass data

were processed with Seques and Bioworks software

(Thermo). The precursor mass of peptides was

2010 PROTEINSCIENCE.ORG Cell Wall-Associated Secreted Proteinase of C. parapsilosis



determined in orbitrap operating in high-resolution

mode (R ¼ 100,000). CID in linear ion trap was used

for fragmentation, and product spectra were col-

lected in orbitrap (R ¼ 15,000). Lysine biotinylation

was searched as a standard variable modification,

and five possible missed cleavages were used for

data processing. For positive identification of

(un)biotinylated lysine residues, we used a 3ppm

mass tolerance of precursor ions and 5ppm tolerance

of fragment ions. These parameters were used for all

measurements of digested samples.
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15. Hrušková-Heidingsfeldová O, Dostál J, Majer, F. Havli-
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