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The signaling pathways triggered by adherence of Candida albicans to the host cells or extracellular matrix are
poorly understood. We provide here evidence in C. albicans yeasts of a p105 focal adhesion kinase (Fak)-like protein
(that we termed CaFak), antigenically related to the vertebrate p125Fak, and its involvement in integrin-like-
mediated fungus adhesion to vitronectin (VN) and EA.hy 926 human endothelial cell line. Biochemical analysis with
different anti-chicken Fak antibodies identified CaFak as a 105-kDa protein and immunofluorescence and cytofluo-
rimetric analysis on permeabilized cells specifically stain C. albicans yeasts; moreover, confocal microscopy evi-
dences CaFak as a cytosolic protein that colocalizes on the membrane with the integrin-like VN receptors upon yeast
adhesion to VN. The protein tyrosine kinase (PTK) inhibitors genistein and herbimycin A strongly inhibited C.
albicans yeast adhesion to VN and EA.hy 926 endothelial cells. Moreover, engagement of �v�3 and �v�5 integrin-
like on C. albicans either by specific monoclonal antibodies or upon adhesion to VN or EA.hy 926 endothelial cells
stimulates CaFak tyrosine phosphorylation that is blocked by PTK inhibitor. A role for CaFak in C. albicans yeast
adhesion was also supported by the failure of VN to stimulate its tyrosine phosphorylation in a C. albicans mutant
showing normal levels of CaFak and VNR-like integrins but displaying reduced adhesiveness to VN and EA.hy 926
endothelial cells. Our results suggest that C. albicans Fak-like protein is involved in the control of yeast cell adhesion
to VN and endothelial cells.

Candida albicans is the most prevalent opportunistic fungal
pathogen in humans that causes various forms of candidiasis
ranging from superficial mucosal infections to life-threatening
systemic diseases, all of which have an increased incidence in
immunocompromised patients (34). The adherence of C. albi-
cans to host cells such as endothelial and epithelial cells and to
extracellular matrix (ECM) components is considered a crucial
event in the pathogenesis of candidiasis (6, 12). Multiple ad-
hesins, such as mannoproteins, lectin-like receptors, carbohy-
drates and integrin-like molecules, can mediate C. albicans-
host cell adhesion (6, 12, 23, 24).

Integrins are a large family of highly conserved heterodimers
composed of noncovalently linked � and � subunits that me-
diate cell-matrix and cell-cell interactions in embryogenesis,
hemostasis, wound healing, tumor and microorganism inva-
sion, immune response, and inflammation (25, 38). These re-
ceptors mediate the tight adhesion of cells to the ECM at sites
referred to as focal adhesions. Within focal adhesions, the
cytoplasmic domains of the integrin heterodimers provide a
site to which cytoskeletal proteins are tethered. In addition to
their structural roles, several findings indicate that integrins
also play a role in cellular signaling (11, 15, 19). Engagement of

integrins with their cognate ligands or with specific antibodies
(Abs) induces a number of signaling events within the cell,
including changes of pH and intracellular Ca2� concentration,
stimulation of tyrosine phosphorylation of a number of cellular
proteins, and induction of gene expression. Since the integrins
contain short cytoplasmic domains that exhibit no enzymatic
activity, these cellular signals must be elicited through inter-
mediary signaling proteins, namely, protein tyrosine kinases
(PTKs). The cytosolic PTKs implicated in integrin-mediated
signaling include members of Fak, Src, and Zap70/Syk families
(11, 15).

The Fak family consists of two evolutionarily conserved
PTKs localized in the focal adhesions, namely, p125Fak and
Pyk-2 (8, 36, 43). The cDNA encoding p125Fak has been
isolated from different species and shows a high level of ho-
mology that reaches 95% identity at the amino acid level. A
number of studies have shown that Fak functions as part of a
cytoskeletal-associated network of signaling proteins, including
p130Cas, Shc, and Grb-2, which act in combination to trans-
duce integrin-generated signals to mitogen-activated protein
kinase (MAPK) cascades (44). Tyrosine phosphorylation of
the Fak family is regulated by different stimuli which include
adhesive events, in that several components of the ECM, such
as fibronectin (FN), vitronectin (VN), laminin, and collagen
IV, or clustering of �1, �3, �5, and �7 integrins trigger
p125Fak tyrosine phosphorylation (5, 15, 29).

Accumulating evidence also indicate that Fak tyrosine phos-
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phorylation is important for cell migration. Indeed, experi-
ments employing Fak null cells, Fak overexpression, or domi-
nant-negative Fak constructs have established the requirement
for Fak in integrin-stimulated cell migration (20, 26, 35).
Moreover, expression of the protein tyrosine phosphatase
PTEN leads to Fak dephosphorylation and the inhibition of
cell motility (47).

We have recently reported in C. albicans yeasts the presence
of �v�3 and �v�5 integrin-like VN receptors (VNRs) that
mediate specific adhesion to VN, and the involvement of VN
in yeast adhesion to human endothelial cell line (45). More-
over, the existence in C. albicans and in less-pathogenic Can-
dida species of surface proteins antigenically, structurally, and
functionally related to the �5�1 integrin FN receptor has been
previously demonstrated (39, 40). There is also evidence that
C. albicans expresses an INT1 gene encoding a surface protein,
InT1p, structurally related to �M and �X subunits of the �2
integrin (18).

The study of signal transduction pathways in virulent fungi is
especially important in view of their putative implications in
the regulation of pathogenicity. In this regard, a crucial role in
the control of Candida adherence, hyphal development, and
virulence has been shown for Ras-related GTPase (53), homo-
logues of serine-threonine p21-associated kinase (PAK) (29)
and MAPK cascade components (16, 32), phosphoinositide-3
kinase (PI-3K) (4), and for CaHK1 histidine kinase (7).

However, although a number of phosphate-containing pro-
teins have been shown in the C. albicans cell wall (9), and
stimulation of tyrosine phosphorylation of several substrates
was described in Candida yeast cells adherent to epithelial cells
(2), the role of PTKs and tyrosine phosphorylation in the
regulation of C. albicans adherence to ECM and to host cells
has been poorly elucidated.

The present study sought to determine whether a putative
vertebrate p125Fak homologue that we termed CaFak is ex-
pressed in C. albicans yeast cells and whether cross-linking of
the �v�3 and �v�5 integrin-like receptors or adhesion to VN
or a human endothelial cell line can regulate its tyrosine phos-
phorylation.

MATERIALS AND METHODS

Yeast strains and culture conditions. A C. albicans clinical isolate and an
echinocandin-resistant agerminative strain originally derived from a chemically
mutagenized culture of C. albicans 3153 (10, 13) were kindly provided by A.
Cassone (Istituto Superiore di Sanità, Rome, Italy) and used throughout this
study.

Yeasts were cultured into Sabouraud dextrose agar (SDA; Becton Dickinson
Microbiology Systems, Cockeysville, Md.), frozen at �80°C in small volumes in
Sabouraud dextrose broth containing glycerol 5%, and subcultured monthly in
SDA. For assays, a loopful of yeast cells was removed from the agar slant, washed
twice with cold phosphate-buffered saline (PBS) by centrifugation at 3,000 rpm,
and grown to mid-exponential phase at 24°C in Sabouraud dextrose broth.
Growth curves were determined spectrophotometrically by measurement of the
optical density at 420 nm and a simultaneous count.

Human EA.hy 926 endothelial cell line culture. The human EA.hy 926 endo-
thelial cell line (33) was maintained in Dulbecco modified Eagle medium (Gibco-
BRL/Life Technologies, Milan, Italy) supplemented with 10% heat-inactivated
fetal calf serum (BioWhittaker Europe, Vewiers, Belgium), 2% hypoxanthine-
aminopterin-thymidine, 2 mM HEPES, 2 mM L-glutamine, 100 IU of penicillin/
ml, and 100 mg of streptomycin/ml. Third- or fourth-passage cells were utilized
for adhesion assay.

Abs, adhesive proteins, and reagents. The following mouse monoclonal Abs
(MAbs) were used: anti-NH2 terminus of chicken Fak (immunoglobulin G [IgG];

anti-Fak NH2) was provided by Guido Tarone, University of Turin, Turin, Italy
(14); anti-central domain (residues 354 to 533) of chicken Fak (clone 77, IgG1)
was purchased from Transduction Laboratories, Lexington, Ky.; anti-human
�v�3 (clone LM609, IgG1) and anti-human �v�5 (clone P1F6, IgG1; Chemicon
International, Inc., Temecula, Calif.); anti-human VN (clone VIT-2, IgG1; Sigma
Chemical Co., St. Louis, Mo.); and anti-phosphotyrosine (pTyr) (clone 4G10,
IgG2b; Upstate Biotechnology). A MAb to a cell surface glucomannoprotein
(GMP) constituent of C. albicans (clone GF2, IgG1) was kindly provided by A.
Cassone (48), and anti-rat CD5 (clone OX-19, IgG1) was obtained from Phar-
mingen, Palo Alto, Calif.

The following rabbit polyclonal Abs were used: antiserum directed to the
COOH domain of chicken Fak (anti-Fak COOH), antiserum directed against an
intracytoplasmic domain of the human �3 integrin, and antiserum directed to the
COOH domain of the human �v integrin (kindly provided by Guido Tarone),
antiserum to a COOH-terminal sequence of the human �5 integrin (Bioline
Diagnostic, Turin, Italy), and anti-human VN Ab (Gibco-BRL).

Normal rabbit serum from Cappel-Organon Teknika or affinity-purified rabbit
anti-mouse IgG (RAM; Zymed Laboratories, Inc., San Francisco, Calif.) was
used as a negative control in immunoprecipitation studies. Horseradish peroxi-
dase-conjugated sheep anti-mouse IgG (Amersham Pharmacia Biotech, Upp-
sala, Sweden) was used in immunoblotting. Purified fluorescein isothiocyanate
(FITC)-conjugated goat F(ab�)2 fragments of anti-mouse (GAM) and anti-rabbit
(GAR) IgG were purchased from Cappel-Organon Teknika, Turnhout, Belgium,
and Dako, Copenhagen, Denmark, respectively; purified Texas Red-conjugated
F(ab�)2 GAM was purchased from Molecular Probes, Inc., Eugene, Oreg.

Human VN was purchased from Gibco-BRL/Life Technologies. Bovine serum
albumin (BSA) and poly-L-lysine were purchased from Sigma, and fibrinogen
(Fb) was obtained from Calbiochem-Novabiochem, La Jolla, Calif.

The PTK inhibitors herbimycin A and genistein were purchased from Sigma
and Calbiochem-Novabiochem, respectively.

Immunofluorescence and flow cytometry. C. albicans yeast cells were perme-
abilized, and immunofluorescence and flow cytometric analysis were performed
with the anti-Fak COOH rabbit antiserum or the following MAbs: anti-Fak NH2

or anti-Fak clone 77. Normal rabbit serum, isotype-matched (IgG1) anti-rat CD5
or anti-GMP (GF2) mouse MAb were used as negative controls.

Briefly, 106 C. albicans yeast cells/ml suspended in PBS at 1% of saponin from
Quillaja Bark (Sigma) and 1% ethanol (EtOH; Baker, B.V. Deventer, Holland)
were incubated at 37°C, stirred for 30 min, and then washed twice with cold PBS
plus 0.1% saponin (45). Aliquots of 106 C. albicans yeast cells were incubated
with 50 �l of the first Ab properly diluted (1:25) for 30 min at 4°C and then
washed twice with 2 ml of cold PBS without calcium and magnesium (Euroclone,
Ltd.). Cells were then incubated with 20 �l of the FITC-GAM or -GAR sec-
ondary Ab (1:20) for 30 min at 4°C, washed twice with 2 ml of cold PBS, and
resuspended in 0.5 ml of PBS.

The expression of �v�3 and �v�5 integrin-like VNRs on the clinical isolate of
C. albicans or the mutagenized C. albicans 3153 yeast cells was evaluated by using
anti-�v�3 and anti-�v�5 MAbs as previously described (45).

The yeast phase was verified microscopically and was not less than 97%.
The cell populations were analyzed for the percentage of positively stained

cells, determined over 10,000 events on a FACScan cytofluorimeter (Becton
Dickinson, Mountain View, Calif.). Fluorescence intensity is expressed in arbi-
trary units on a logarithmic scale.

Confocal scanning microscopy. A total of 2 � 106 cells of C. albicans grown as
described above were pelleted by centrifugation at 3,000 rpm, spread on slides,
fixed at 50°C, and dried at room temperature (RT) with 60% EtOH solution and
absolute EtOH (3) for 2 and 3 min, respectively. Thereafter, yeasts were incu-
bated for 15 min at 37°C, with 20 �g of proteinase K (Boehringer Mannheim,
Mannheim, Germany)/ml, washed in PBS, and covered for 3 min with absolute
EtOH. Then, 1% BSA in PBS-Tween 20 was added for 30 min, and cells were
incubated for 1 h at RT with 100 �l of the following Abs: anti-Fak (clone 77),
anti-Fak NH2, anti-GMP (GF2), or anti-rat CD5 (OX-19) MAb, rabbit anti-Fak
COOH polyclonal Ab (1:50), or normal rabbit serum. After incubation, cells
were washed three times for 10 min each time and three times for 5 min each
time with the same buffer. Finally, yeasts were incubated with 100 �l of FITC-
GAR or -GAM (1:100) for 30 min at RT, washed as described above, and then
covered with glycerol. Candida permeabilization was checked by pretreating
yeast cells with 0.5 mg of propidium iodide (Sigma)/ml for 2 min at RT. In some
experiments, 7 � 105 C. albicans yeast cells were allowed to adhere for 30 min at
37°C and 5% CO2 to chamber slides coated with 10 �g of VN/ml. Unattached
cells were removed by extensive washing with warm PBS, and adherent C.
albicans yeast cells were fixed, permeabilized, and stained with anti-Fak NH2,
MAb, or anti-Fak COOH rabbit polyclonal Ab as described above. Moreover, C.
albicans yeast cells adherent to VN were fixed and permeabilized as described
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above and then stained for 1 h at 4°C with 100 �l of anti-Fak NH2 MAb and 100
�l of rabbit anti-�v, anti-�3, or anti-�5 integrin antiserum. Samples were then
washed three times for 5 min each time with the same buffer and incubated with
100 �l of Texas Red-GAM (1:100) and FITC-GAR (1:60) for 1 h at 4°C, washed
three times, and mounted as described above.

All samples were analyzed by using a Bio-Rad MRC600 confocal laser-scan-
ning microscope attached to a Nikon (Diaphot-TMD) inverted microscope with
an 60� NA, 1.4 oil immersion lens with an argon-krypton laser operating at an
excitation wavelength of 494 nm and with an emission filter of 520 nm. Pairs of
images were collected simultaneously in the green channel for confocal image
and in the transmission detector for a phase-contrast image at least twice. For
colocalization studies, fluorochromes were excited with the 600 line of the argon-
krypton laser and imaged by using a 488- or 588-nm bandpass filter. Serial optical
sections 1 �m thick were taken for each cell; only one central optical section is
shown. Data were acquired and processed by using Comos Bio-Rad software.
Intensities were streched to fill the 256 step of the gray scale. The fluorescent
image was superimposed in a suitable pseudocolor upon the transmission image
with a software command “merge.”

Cell stimulation. A total of 108 C. albicans yeast cells diluted in PBS were
stimulated with anti-�v�3, anti-�v�5, or anti-GMP (GF2) MAb (1 �g/5 � 106

cells) for different times (0, 10, 30, and 60 min) at 37°C or allowed to adhere to
VN-, BSA-, Fb-, and poly-L-lysine (10 �g/ml)-coated surfaces.

Binding experiments were performed with C. albicans yeast cells and parafor-
maldehyde-prefixed EA.hy 926 endothelial cells (yeast/EA.hy 926 cell ratio �
100:1) as previously reported (21). Briefly, EA.hy 926 cells starved for 2 h at 37°C
and 5% CO2 in phosphate-free RPMI 1640 medium were pelleted and treated
with PBS–1% paraformaldehyde for 30 min at RT in a shaker. EA.hy 926 cells
were then washed three times in PBS–1% BSA and resuspended in Dulbecco
modified Eagle medium.

In some experiments C. albicans yeast cells cultured in YPD medium (1%
yeast extract, 2% Bacto Peptone, 2% dextrose; Difco Laboratories, Detroit,
Mich.) were pretreated with 10 �M herbimycin A or vehicle (dimethyl sulfoxide
[DMSO]) at the same dose for 16 h at RT and then allowed to adhere to VN at
10 �g/ml or paraformaldehyde-prefixed EA.hy 926 confluent cell monolayers.

Immunoprecipitation and Western blotting. C. albicans yeast cells grown in
SDA as described above described were washed three times in PBS and then
resuspended in 0.4 ml of radioimmunoprecipitation assay buffer (0.15 M NaCl,
1% Nonidet P-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 0.05
M Tris, 4 mM phenylmethylsulfonyl fluoride, 2 mg of aprotinin/ml, 0.1 mM
Na3VO4) to which an equal volume of 500-�m nitric acid-washed glass beads
(Sigma) was added. Cell suspensions were then vortexed for 2 min and left for 1
min on ice, and the procedure was repeated 8 to 10 times. Lysates were centri-
fuged at 14,000 � g for 10 min at 4°C and immunoprecipitated. Briefly, lysates
were precleared for 1 h at 4°C with 150 �l of 20% suspension of protein
A-Sepharose CL-4B (Pharmacia, Uppsala, Sweden). Precleared lysates were
then combined with protein A-Sepharose CL-4B preconjugated with rabbit poly-
clonal anti-Fak COOH, or normal rabbit serum or RAM used as negative
control, and incubated overnight at 4°C. Immunocomplexes were then washed
seven times with washing buffer (10 mM Tris; 30 mM NaCl; 1 mM EDTA; 0.03%
NaN3; 0.25% Nonidet P-40; 0.1% SDS; 0.1% deoxycholate; 0.1% BSA, pH 7.4)
and three times with the same buffer without BSA. Bound proteins were released
by boiling them in reducing buffer and then centrifuged at 14,000 � g for 2 min.
Samples were analyzed by SDS-polyacrylamide gel electrophoresis on 7.0%
polyacrylamide gels and then electrotransferred overnight onto polyvinylidene
difluoride membranes (Immobilon-P; Millipore) at 4°C and 20 V with a Trans-
Blot Electrophoretic Transfer Cell (Bio-Rad). The membrane was then incu-
bated with a blocking solution (5% BSA–0.05% Tween 20 in PBS) for 60 min at
RT and washed four times with washing buffer. Thereafter, the membrane was
incubated for 2 h at RT with one of the following mouse MAbs: anti-Fak NH2,
anti-Fak (clone 77), or irrelevant anti-rat CD5 at a 1:500 dilution in PBS-Tween.

The membrane was washed three times for 10 min each time and three times
for 5 min each time with PBS-Tween at RT and then incubated for 1 h with
horseradish peroxidase-conjugated sheep anti-mouse IgG at a 1:10,000 dilution
(Amersham Life Sciences). The immunoreactivity was detected by using an
enhanced chemiluminescence kit (Amersham Life Sciences) according to the
manufacturer’s instructions.

Adhesion assay to ECM proteins or to EA.hy 926 human endothelial cell line.
Stock preparations of human VN were diluted in PBS (pH 7.4) at a concentra-
tion of 1 �g/ml. Protein solution (100 �l) was distributed in 96-well tissue culture
flat-bottom plates (Costar, Cambridge, Mass.). After overnight incubation at
4°C, coated plates were washed three times with cold PBS to remove nonimmo-
bilized protein.

Then, 3 � 104 human EA.hy 926 endothelial cells were grown to confluence

for 24 h at 37°C in 5% CO2 in collagen-coated 96-well tissue culture flat-bottom
microtiter plates (Costar).

C. albicans yeasts were labeled with [3H]glucose (NET- 807; D-[6-3H]glucose
specific activity of 1.29 TBq/mmol, 37 MBq, 35.0 Ci/mmol; Amersham Life
Sciences). Briefly, yeast cells (108) were labeled with [3H]glucose (20 mCi) in 1
ml of PBS for 3 h at RT. After labeling, microorganisms were washed twice in
cold PBS and resuspended at 5 � 106/ml in PBS.

C. albicans yeast cells were pretreated with different doses of genistein (10, 50,
100, or 200 �M) or vehicle (DMSO) for 1 h at 37°C in PBS or of herbimycin A
(1, 5, 10, or 50 �M) or vehicle (DMSO) in YPD medium for 16 h at RT and then
radiolabeled as described above. Finally, untreated, genistein-treated, herbimy-
cin A-treated, or vehicle-treated C. albicans yeast cells were allowed to adhere to
VN or EA.hy 926 confluent cell monolayers for 30 min or 1 h at 37°C in 5% CO2,
respectively.

Adhesion was also verified microscopically; the yeast phase was maintained
throughout the adhesion assay, and agglutination was not observed. Unattached
cells were removed by extensive washing with warm PBS, and yeast cells adhered
to VN or EA.hy 926 endothelial cells were harvested by adding twice 100 �l of
bleach for 10 min at RT with a cell scraper. Bound counts per minute (cpm), as
well as cpm from nonadherent cells plus washes, were quantitated in a �-scin-
tillation counter. Quadruplicate wells were assayed for each sample.

To rule out the contribution of C. albicans binding to plastic in the adhesion
to VN, assays were always performed in the presence of a dose of anti-VN MAb
(VIT-2) or a rabbit anti-VN antiserum, which maximally inhibited cell binding to
VN, while it did not substantially affect cell binding to the plastic surface, as
previously described (45). Cell adhesion was calculated as follows: [adherent cells
(in cpm)/total cells (in cpm)] � 100, where the total cpm indicates the sum of
nonadherent cells, washes, and adherent cell cpm. This value routinely exceeded
95% of total cell counts. Specific binding to VN was calculated as the difference
between the total percent adhesion and the percent adhesion not inhibited by
anti-VN Ab (nonspecific adhesion).

Statistical analysis. Statistical analysis by Student’s t test was performed by the
STATPAC Computerized Program, and a P value of 	0.01 was used as the
significance criterion.

RESULTS

C. albicans yeast cell adhesion to VN or the EA.hy 926 hu-
man endothelial cell line requires PTK activation. PTK acti-
vation plays a central role in the regulation of adhesive inter-
actions of eukaryotic cells to host cells and ECM components
(11, 15). Thus, to analyze whether tyrosine kinase activity is a
requisite for C. albicans yeast cell adhesion to VN or a human
endothelial cell line, yeast cells were pretreated with tyrosine
kinase inhibitors, such as genistein and herbimycin A (1, 49), at
concentrations that do not affect yeast cell viability.

As shown in Fig. 1, both genistein and herbimycin A mark-
edly inhibit yeast cell adhesion to VN and the EA.hy 926
endothelial cell line in a dose-dependent manner, indicating
that tyrosine kinase activation is a crucial signaling event re-
quired for C. albicans adhesive interactions with VN and the
human endothelial cell line.

Expression of a protein antigenically related to the verte-
brate p125Fak by C. albicans yeast cells. Among the PTKs
involved in the regulation of cellular adhesion, the prominent
role of p125Fak is well established (8, 36, 43). We therefore
analyzed whether C. albicans, which expresses several homo-
logues of mammalian signaling machinery, including Ras-re-
lated GTPase, MAPK, PAK, and PI-3K (4, 32, 53), could also
express a molecule antigenically related to p125Fak.

Immunoprecipitation and Western blotting analysis of C.
albicans yeast cell lysates with the rabbit anti-Fak COOH poly-
clonal Ab reveals a protein of 105 kDa and a doublet migrating
at 52 to 55 kDa. The higher band at 105 kDa (CAFak) approx-
imates the molecular mass of human Fak (116 kDa) (15) and
migrates slightly faster than the Fak protein immunoprecipi-
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tated from the human endothelial cell line used as positive
control (Fig. 2A). The identity of the lower bands present in
both C. albicans and EA.hy 926 cell immunoprecipitates is
currently unknown but likely corresponds to the p125Fak trun-
cated isoform consisting of the COOH-terminal noncatalytic
domain, p41/43FRNK (Fak-related nonkinase) (15) or to Fak
proteolytic fragments (44).

We further evaluated the expression of CaFak in permeabil-
ized C. albicans yeast cells by immunofluorescence and flow
cytometry with two different MAbs or a rabbit polyclonal Ab
directed against chicken Fak.

As shown in Fig. 2B, both the anti-Fak NH2 MAb and the
anti-Fak antiserum positively stained (74 and 67.%, respec-
tively) C. albicans yeast cells. Similar results were obtained by
using the other anti-Fak MAb (data not shown), whereas no
significant reactivity was observed with an irrelevant isotype-
matched MAb or normal rabbit serum used as negative con-
trols.

Finally, confocal microscopy on permeabilized C. albicans
yeast cells with the anti-Fak NH2 MAb indicated that CaFak
protein is mainly distributed in the cytosol (Fig. 2C). Similar
results were obtained with the anti-Fak (clone 77) MAb or the
rabbit anti-Fak antiserum (data not shown), whereas no sig-
nificant reactivity was observed with an irrelevant isotype-
matched MAb or normal rabbit serum used as negative con-
trols.

Altogether, these results indicate that C. albicans in the yeast
phase expresses a p105Fak-like protein, CaFak, showing an
antigenic similarity with the vertebrate p125Fak PTK.

CaFak and integrin-like receptors colocalization is induced
in C. albicans yeast cell upon adhesion to VN. Fak is a cyto-
plasmic protein kinase that in multicellular organisms localizes
to focal adhesions upon cell interaction with ECM proteins.
Moreover, in adherent cells also integrins localize into the
focal contacts, where they codistribute with cytoskeleton pro-

teins including vinculin, �-actinin, paxillin, tensin, and signal-
ing molecules such as p125Fak (15).

Thus, to support the hypothesis that in C. albicans CaFak
may play a role in the intracellular signaling pathways initiated
by integrin-like receptors, we evaluated the localization of
CaFak and integrin-like receptors in C. albicans yeast cells
upon adhesion to VN.

Confocal microscopy analysis on permeabilized adherent C.
albicans yeast cells with a rabbit anti-Fak COOH antiserum or
the anti-Fak NH2 MAb (data not shown) indicated that, upon
adherence of C. albicans yeast cells to VN, CaFak translocates
from the cytosol to the membrane and localizes to the focal
contacts (Fig. 3). Moreover, we found that upon C. albicans
adhesion to VN, CaFak colocalizes with �v, �3, and �5 inte-
grin-like receptors (Fig. 3). No significant reactivity was ob-
served with an irrelevant isotype-matched mouse MAb or nor-
mal rabbit serum used as negative controls (data not shown).

Tyrosine kinase activation is required for stimulation of
CaFak tyrosine phosphorylation upon engagement of �v�3
and �v�5 integrin-like VNRs on C. albicans. A large number of
studies indicate that p125Fak is tyrosine phosphorylated in
adherent cells, and its tyrosine phosphorylation status in-
creases upon engagement of integrins with their cognate li-
gands or with specific Abs (5, 8, 22, 29, 36, 42).

We have previously demonstrated that C. albicans yeast cells
express �v�3 and �v�5 integrin-like VNRs that mediate their
adhesion to VN (45).

We therefore tested whether ligation of �v�3 and �v�5
integrin-like VNRs on C. albicans yeast cells by the natural
ligand VN or specific MAb results in CaFak tyrosine phosphor-
ylation. C. albicans yeast cells were left untreated or were
treated for different times with anti-�v�3, anti-�v�5 MAb, or
with anti-GMP MAb used as control. Lysates from stimulated
or unstimulated cells were immunoprecipitated with a rabbit
anti-Fak COOH polyclonal Ab and blotted with an anti-pTyr

FIG. 1. Effect of the PTK inhibitors genistein and herbimycin A on C. albicans yeast cell adhesion to VN and EA.hy 926 human endothelial
cell line. Adhesion of [3H]glucose-labeled C. albicans to VN (1 �g/ml) (F) and EA.hy 926 cells (E) evaluated in the absence (control medium)
or presence of different doses of genistein (A), herbimycin A (B), or vehicle (DMSO) (data not shown) at 30 min after incubation at 37°C. Results
are the mean percent specific inhibition 
 the standard deviation (three separate experiments). The mean percent cell yeast adhesions to VN and
EA.hy 926 cells were 48 
 1 and 63 
 2, respectively. Since no differences were observed between adhesion in the presence of control medium
and vehicle, only data in the presence of medium are shown for sake of simplicity.
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or anti-Fak NH2 MAb (Fig. 4). Ab-mediated cross-linking of
�v�3- or �v�5-like integrins on C. albicans yeasts stimulates
CaFak tyrosine phosphorylation that is already evident at 10
min, is maximal at 30 min, and declines at 60 min after stim-
ulation. A basal phosphorylation of this protein was evident in
yeast cells, although the levels varied from experiment to ex-
periment. No consistent changes in the tyrosine phosphoryla-
tion status of CaFak were observed when C. albicans yeast cells
were treated with a control MAb. All immunoprecipitates con-
tained comparable levels of CaFak protein, as evaluated by
Western blot analysis. Immunoprecipitates of C. albicans yeast
cell lysates with anti-GMP MAb (clone GF2) or an irrelevant
rabbit polyclonal Ab, when blotted with anti-pTyr MAb, did
not reveal any band (data not shown), indicating that the anti-
phosphotyrosine MAb employed in our study specifically re-
acts with tyrosine-phosphorylated proteins also in Candida.

We then tested whether adhesion to VN could also result in
CaFak tyrosine phosphorylation. C. albicans yeast cells were
allowed to adhere for different times on VN-, Fb-, BSA-, or
poly-L-lysine-precoated surfaces, and cell lysates were immu-
noprecipitated and blotted as described above (Fig. 5). C.
albicans yeast cell adhesion to VN results in a marked stimu-
lation of CaFak tyrosine phosphorylation with kinetics similar
to those induced by Ab-mediated cross-linking of �v�3- or
�v�5-like integrins (Fig. 5A). Conversely, no changes in the
basal level of CaFak tyrosine phosphorylation were observed
upon adhesion to Fb, BSA, or poly-L-lysine (Fig. 5B). All
immunoprecipitates contained comparable levels of CaFak
protein as evaluated by Western blot analysis. Moreover, pre-
treatment of C. albicans with the tyrosine kinase inhibitor,
herbimycin A, completely inhibited the increased CaFak tyro-
sine phosphorylation stimulated by yeast cell adhesion to VN.

Collectively, these results indicate that CaFak on C.albicans
yeast cells is constitutively tyrosine phosphorylated and that its
phosphorylation is markedly enhanced upon ligation of �v�3
and �v�5 integrin-like VNRs by specific Abs or the natural
ligand VN.

Tyrosine kinase activation is required for stimulation of
CaFak tyrosine phosphorylation upon adhesion of C. albicans
yeast cells to the EA.hy 926 human endothelial cell line. In
order to investigate the involvement of CaFak tyrosine phos-
phorylation in C. albicans yeast cell adhesion to the EA.hy 926
endothelial cell line, yeast cells were stimulated with prefixed
endothelial cells for different times at 37°C. Cell lysates were
then immunoprecipitated with a rabbit anti-Fak COOH poly-
clonal Ab and blotted with anti-pTyr or anti-Fak NH2 MAb

(Fig. 6). Interaction of C. albicans yeast cells with EA.hy 926
endothelial cells stimulates CaFak tyrosine phosphorylation
that is already evident 10 min after binding, reaches maximal
levels at 30 min, and declines at 60 min. In addition, pretreat-
ment of C. albicans yeast cells with herbimycin A downmodu-
lates CaFak tyrosine phosphorylation induced by C. albicans
interaction with the endothelial cell line.

CaFak tyrosine phosphorylation is not stimulated in a mu-
tant strain of C. albicans that shows a reduced adhesiveness to
VN and to the EA.hy 926 human endothelial cell line. In an
attempt to better understand the significance of CaFak ty-
rosine phosphorylation in C. albicans adherence and possibly
pathogenicity, we investigated the expression and function of
this protein in a mutant strain of this fungus, C. albicans 3135,
selected primarily for its resistance to echinocandin and show-
ing an inability to form germ tubes, low secretion of protein-
ases, and virulence potential in systemic infection (10, 13).

We initially tested the expression of integrin-like VNRs and
CaFak in this C. albicans mutant strain, as well as its ability to
adhere to VN or the EA.hy 926 endothelial cell line (Fig. 7).

As shown in Fig. 7A, the C. albicans mutant strain expresses
comparable levels of �v�3 and �v�5 integrin-like VNRs and
CaFak proteins with respect to the C. albicans clinical isolate,
as evaluated by immunofluorescence and fluorescence-acti-
vated cell sorting (FACS) analysis. However, the mutant C.
albicans strain exhibits a defective adhesiveness to VN or to
the endothelial cell line at any time point tested compared to
the C. albicans clinical isolate (Fig. 7B).

We then examined whether interaction of mutagenized C.
albicans yeast cells with VN was capable of stimulating CaFak
tyrosine phosphorylation. Yeast cells were allowed to adhere
for different times at 37°C on VN-coated plates. Yeast cell
lysates were then immunoprecipitated as described above (Fig.
8). Unlike the clinical isolate of C. albicans, adhesion of the
mutant strain to VN resulted in a time-dependent tyrosine
dephosphorylation of CAFak. All immunoprecipitates con-
tained comparable levels of CaFak protein as assessed by
Western blot analysis.

These results suggest a role for CaFak in the control of C.
albicans yeast cell adhesion.

DISCUSSION

The pathogenesis of infection by C. albicans, the most fre-
quently isolated fungal pathogen in humans, involves adhesion
to epithelial and endothelial cells and to ECM proteins (6, 12,

FIG. 2. C. albicans yeast cells express a protein antigenically related to p125Fak. (A) C. albicans yeast (lane 4) and human endothelial EA.hy 926
(lane 3) cell lysates immunoprecipitated with a rabbit anti-Fak COOH polyclonal Ab and immunoblotted with a mouse anti-Fak NH2 MAb. Lanes
2 and 1 represent normal rabbit serum immunoprecipitates from C. albicans and EA.hy 926 cells used as negative control, respectively. Sizes are
indicated in kilodaltons. The results shown are representative of one of three separate experiments. (B) Immunofluorescence and FACS analysis
on permeabilized C. albicans yeast cells with mouse anti-Fak NH2 MAb or rabbit anti-Fak COOH polyclonal Ab as primary Ab; an irrelevant
isotype-matched anti-rat CD5 MAb or normal rabbit serum was used as control Ab. FITC-conjugated GAM or GAR were used as the second-step
Ab. The dotted area represents positive stain. The results are representative of one of three separate experiments. (C) Confocal laser-scanning
microscopy analysis on permeabilized C. albicans yeast cells with anti-Fak NH2 MAb as primary Ab and FITC-GAM as a second-step Ab. Panels:
1, 4, and 7, C. albicans yeast cells on a bright field; panel 2, C. albicans yeast cells pretreated with propidium iodide and acquired as confocal image;
panel 3, merge of bright field and confocal image; panel 5, C. albicans yeast cells incubated with an isotype-matched irrelevant (anti-rat CD5) MAb
and FITC-GAM; panel 6, merge of images in panels 4 and 5; panel 8, C. albicans yeast cells incubated with a mouse anti-Fak NH2 MAb and
FITC-GAM; panel 9, merge of images in panels 8 and 9. The results are representative of one of three separate experiments. Bar, 1 �m.
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FIG. 3. CaFak and integrin-like receptors colocalize into the focal adhesions in C. albicans yeast cells adherent to VN. Confocal laser-scanning
microscopy analysis on permeabilized C. albicans yeast cells with anti-Fak COOH, anti-�v, anti-�3, or anti-�5 integrin rabbit antiserum or anti-Fak
NH2 mouse MAb as the primary Ab and FITC-GAR and Texas Red-GAM as second-step Abs. Panels: 3 and 5, C. albicans yeast cells on a bright
field; 1 and 2, C. albicans yeast cells incubated with Texas Red-GAM or FITC-GAR, respectively; 4, C. albicans yeast cells stained with anti-Fak
COOH and FITC-GAR; 6, merge of images in panels 4 and 5; 7, 10, and 13, C. albicans yeast cells stained with anti-Fak NH2 MAb and Texas
Red-GAM; C. albicans yeast cells stained with anti-�v (panel 8), anti-�3 (panel 11), or anti-�5 integrin (panel 14) Ab and FITC-GAR, respectively;
9, 12, and 15, merge of images in panels 7 and 8, 10 and 11, and 13 and 14, respectively. The results are representative of one of three separate
experiments. White arrows indicate CaFak localization at focal adhesion sites. Bar, 1 �m.
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23); however, the signaling events triggered by Candida adher-
ence to host cell components are only partially understood.

We provide here the first evidence on the presence in C.
albicans yeast cells of a p105Fak-like protein, which we termed
CaFak, that is antigenically related to the vertebrate focal
adhesion kinase p125Fak and on its involvement in the control

of integrin-like mediated fungus adhesion to VN and to a
human endothelial cell line.

CaFak has been identified by biochemical analysis with a
number of different Abs directed against chicken Fak, as a
protein of 105 kDa showing a faster electrophoretic mobility
compared to p125Fak immunoprecipitated from lysates of
EA.hy 926 human endothelial cell line. Immunofluorescence
and cytofluorimetric analysis on permeabilized C. albicans
yeast cells indicate that Abs that recognize p125Fak, specifi-
cally stain the majority (ca. 70%) of C. albicans yeast cells. In
addition, confocal laser scanning microscopy analysis demon-
strates that CaFak has a cytosolic distribution.

The presence in C. albicans of a Fak-like protein is not
surprising in that Fak PTK is evolutionarily conserved and its
expression is not restricted to mammalian cells. cDNAs encod-
ing p125Fak have been isolated from human (52), rodent (22),
chicken (42), Xenopus (54), and Drosophila (17),and analysis of
their sequences shows a high level of homology between the
different species.

Tyrosine phosphorylation of cellular proteins is a primary
response to integrin stimulation and a role for PTKs belonging
to the Fak family in the control of cellular adhesion and mi-
gration in vertebrates has been widely documented (8, 11, 15,
19, 36, 43). Moreover, it has been recently reported in Enta-
moeba histolytica, a protozoan expressing �1 and �2 integrin-
like receptors (46, 51), that the adhesion of trophozoites to
collagen I induces increased tyrosine phosphorylation of a 110-
kDa ppFak-like protein (37). Similarly, in Hartmanella vermi-
formis, a basally tyrosine phosphorylated pp125Fak-like pro-
tein homologue to mammalian p125Fak that undergoes
dephosphorylation upon protozoan attachment and invasion of
Legionella pneumophila, has been reported (50).

Nothing is known about the involvement of similar PTK in
fungus cell adhesion, although phosphotyrosine proteins of
fungal origin were identified in �-mercaptoethanol extracts of
C. albicans upon adhesion to human buccal epithelial cells (2).

Our study provides evidence that the Fak-like protein mi-
grating at 105 kDa is likely involved in the control of integrin-
like VNR-mediated C. albicans yeast cell adhesion to VN and
EA.hy 926 endothelial cell line.We demonstrated by using the
PTK inhibitors genistein and herbimycin A that tyrosine kinase
activation is a primary event required for C. albicans yeast cell
adhesion to VN and to the endothelial cell line. Moreover,
confocal microscopy analysis on C. albicans yeast cells adher-
ent to VN demonstrates that CaFak redistributes from the
cytosol to focal adhesion sites and colocalizes with �v, �3, and
�5 integrin-like receptors. Our results also show that engage-
ment of �v�3 and �v�5 integrin-like VNRs on C. albicans
yeast cells mediated either by specific MAbs or the natural
ligand VN stimulates the phosphorylation on tyrosine residues
of CaFak, which is basally tyrosine phosphorylated with levels
varying from experiment to experiment. Finally, pretreatment
of C. albicans with herbimycin A completely nullified Candida
adhesion-dependent stimulation of CaFak tyrosine phospho-
rylation.These results strongly resemble previous evidence in
mammalian cells where cell adhesion to VN or clustering of
�v�3 and �v�5 integrins trigger p125 Fak tyrosine phosphor-
ylation (31, 55). Our findings also demonstrate that adhesion
of C. albicans yeast cells to the EA.hy 926 human endothelial
cell line specifically increases tyrosine phosphorylation of

FIG. 4. Engagement of �v�3 and �v�5 integrin-like VNRs on C.
albicans yeast cells stimulates CaFak tyrosine phosphorylation. C. al-
bicans yeast cells were left untreated (time zero) or stimulated for the
indicated times at 37°C with mouse anti-�v�3 (LM609) (A), anti-�v�5
(P1F6) (B), or anti-GMP (GF2) control MAb (C). Cell lysates were
immunoprecipitated with an anti-Fak COOH rabbit polyclonal Ab.
The resulting protein complexes were resolved by SDS–7% polyacryl-
amide gel electrophoresis, transferred to polyvinylidene difluoride
membrane, and immunoblotted with anti-pTyr (4G10) (top panel) or
anti-Fak NH2 MAb (bottom panel). Lanes 1, 3, 5, and 7 represent
normal rabbit serum immunoprecipitates used as negative control. The
results shown are representative of one of three separate experiments.
As evaluated by densitometric analysis, upon �v�3 stimulation, a 0.7-
fold increase of CaFak tyrosine phosphorylation was observed at 10
min, a 5-fold increase was observed at 30 min, a 0.5-fold increase was
observed at 60 min and upon �v�5 stimulation, a 1.2-fold increase of
CaFak tyrosine phosphorylation was observed at 10 min, a 5-fold
increase was observed at 30 min, and a 0.3-fold increase was observed
at 60 min.
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CaFak, which is completely blocked by herbimycin A pretreat-
ment.

Vascular endothelium plays an important role during the
initiation of hematogenous dissemination because blood-borne
Candida microorganisms adhere to endothelial basement
membrane and/or subendothelial ECM components and pen-
etrate into the endothelial cell lining of the vasculature to gain
access to tissue parenchyma (28, 56). We have reported that
VN is an important adhesion molecule recognized by C. albi-
cans on the human EA.hy 926 endothelial cell line (45) and
that adhesion of C. albicans on germ tube phase to the EA.hy
926 endothelial cells is markedly blocked by anti-�3 integrin
subunit MAb, RGD-containing peptides, and heparin (41).

A role of CaFak in C. albicans yeast adhesion is also sup-
ported by the failure of VN to stimulate CaFak tyrosine phos-

phorylation in a mutant strain of C. albicans which shows
normal levels of CaFak and VNR-like integrins and reduced
adhesiveness to VN and human endothelial cell line, defective
germ tube transition, and lower pathogenicity (13). Moreover,
our data indicate that adhesion of C. albicans mutant strain to
VN results in dephosphorylation of CaFak, suggesting that this
adhesive event could activate tyrosine phosphatases.

These findings also suggest that CaFak may be implicated in
the control of Candida adherence, hyphal transition, and fun-
gus pathogenicity, and in this regard we have preliminary re-
sults showing increased CaFak tyrosine phosphorylation dur-
ing C. albicans yeast-mycelial transition (G. Santoni et al.,
unpublished observations).

Our evidence is in accordance with recent reports demon-
strating that a number of signaling events are involved in trig-

FIG. 5. Tyrosine kinase activation is required for stimulation of CaFak tyrosine phosphorylation upon adhesion of C. albicans yeast cells to VN.
(A) C. albicans yeast cells preincubated or not with herbimycin A (10 �g/ml) for 16 h at RT in YPD medium were left untreated or were allowed
to adhere to VN for the indicated times at 37°C. Cell lysates were analyzed as indicated in Fig. 4. Lane � represents RAM immunoprecipitates
used as a negative control. The results shown are representative of one of three separate experiments. As evaluated by densitometric analysis, VN
stimulates a twofold increase of CaFak tyrosine phosphorylation at 10 min and a fourfold increase at 30 min. (B) C. albicans yeast cells were left
untreated (time zero) or allowed to adhere to Fb, BSA, or poly-L-lysine (10 �g/ml) for the indicated times at 37°C. Cell lysates were analyzed as
described above. The results shown are representative of one of three separate experiments.

FIG. 6. Tyrosine kinase activation is required for stimulation of CaFak tyrosine phosphorylation upon adhesion of C. albicans yeast cells to the
EA.hy 926 human endothelial cell line. C. albicans yeast cells pretreated or not pretreated with herbimycin A (10 �g/ml) for 16 at RT in YPD
medium were allowed to bind to paraformaldehyde-prefixed EA.hy 926 human endothelial cell line (CA/EC) for the indicated times at 37°C. Cell
lysates were analyzed as indicated in Fig. 4. Lane � represents RAM immunoprecipitates used as a negative control. Lanes CA and EC represent
anti-Fak immunoprecipitates from C. albicans and prefixed EA.hy 926 cell lysates, respectively. The results shown are representative of one of three
separate experiments. As evaluated by densitometric analysis, binding of C. albicans to EA.hy 926 cells stimulates a 2.5-fold increase of CaFak
tyrosine phosphorylation at 10 min and a 4-fold increase at 30 min.
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gering the transition from the budding yeast to a more invasive
filamentous form. Thus, disruption or mutations of C. albicans
genes encoding Ras-related GTPase (CaRSR1), components
of MAPK (HOG1, HST7, and MKC1) and PAK (CaCLA4 and

CST20) families, or histidine kinase (CaHK1) result in a defect
of hyphal formation, reduced adhesion to human endothelial
cells, and impaired systemic dissemination (4, 16, 27, 30, 32,
53). Similarly, homologous deletion of C. albicans PI-3K gene

FIG. 7. Reduced adhesiveness of yeast cells from C. albicans 3153 mutant strain to VN and EA.hy 926 human endothelial cell line. (A) C.
albicans clinical isolate (■ ) or 3153 mutant (o) yeast cells were stained with anti-Fak COOH polyclonal Ab or anti-Fak NH2 MAb after
permeabilization, and unpermeabilized cells were stained with anti-�v�3 (LM609) or anti-�v�5 (P1F6) MAb and evaluated by FACS analysis.
Irrelevant isotype-matched anti-rat CD5 MAb or normal rabbit serum was used as control Ab. FITC-GAM or FITC-GAR was used as secondary
Ab. (B) Adhesion of [3H]glucose-labeled C. albicans clinical isolate (E) or 3153 mutant (F) yeast cells to VN (1 �g/ml) or human EA.hy 926
endothelial cell line was tested at different times (15, 30, and 60 min and 15, 30, 60, and 90 min, respectively) at 37°C. The results are the mean
percent cell adhesion 
 the standard deviation of three separate experiments. ❋ , P 	 0.01.
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(CaVPS34) generates a mutant strain that exhibits a delayed
yeast-to-hyphae transition and a strongly decreased ability to
adhere to mouse fibroblasts (4).

Overall, these results indicate that CaFak, the Fak-like pro-
tein expressed in C. albicans yeast cells, may be involved in the
regulation of Candida adhesiveness to VN and endothelial
cells. Our results with the agerminative mutant of C. albicans
that exhibits reduced adhesiveness and low virulence in sys-
temic infection also suggest that CaFak tyrosine phosphoryla-
tion signals could be involved in the regulation of hyphal tran-
sition and, consequently, in the control of invasiveness and
pathogenicity of C. albicans yeasts.

Strategies aimed at reducing Fak-like tyrosine phosphoryla-
tion by interfering with integrin-like mediated yeast cell adhe-
sion to host components may be an attractive target for the
development of antifungal therapies.
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