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Candida albicans binds and utilizes human complement
inhibitors, such as C4b-binding protein (C4BP), Factor H, and
FHL-1 for immune evasion. Here, we identify Candida pH-reg-
ulated antigen 1 (Pra1) as the first fungal C4BP-binding protein.
Recombinant Pra1 binds C4BP, as shown by ELISA and isother-
mal titration calorimetry, and the Pra1-C4BP interaction is
ionic in nature. The Pra1 binding domains within C4BP were
localized to the complement control protein domain 4 (CCP4),
CCP7, and CCP8. C4BP bound to Pra1 maintains complement-
inhibitory activity. C4BP and Factor H bind simultaneously to
Candida Pra1 and do not compete for binding at physiological
levels. A Pra1-overexpressing C. albicans strain, which had
about 2-fold Pra1 levels at the surface acquired also about 2-fold
C4BP to the surface, comparedwith thewild type strainCAI4. A
Pra1 knock-out strain showed �22% reduced C4BP binding.
C4BP captured by C. albicans from human serum inhibits C4b
andC3b surface deposition and alsomaintains cofactor activity.
In summary, Candida Pra1 represents the first fungal C4BP-
binding surface protein. Pra1, via binding to C4BP, mediates
human complement control, thereby favoring the immune and
complement evasion of C. albicans.

Candida albicans is a dimorphic human pathogenic fungus,
which causes superficial as well as systemic infections most
frequently in patients undergoing immunosuppressive therapy
or long term catheterization (1). Despite currently applied anti-
fungal therapies, both mortality and morbidity mediated by

C. albicans are still unacceptably high (2–4). Therefore, new
prophylactic and therapeutic strategies are needed to prevent
fungal spreading and tissue damage. The identification of novel
yeast virulence factors that contribute to pathogenicity is nec-
essary for approaching new strategies to fight and interferewith
Candida infections. In this study, we aimed to identify surface
proteins that are central for C. albicans innate immune escape.

The human complement system forms the first defense line
of innate immunity. Upon infection, microbes are immediately
attacked by this highly efficient human immune system (5, 6).
Complement can be activated via three major pathways. The
classical pathway (CP)2 is mainly induced by antibodies bound
to target structures or by C-reactive protein, and the lectin
pathway (LP) is activated by binding of mannose-binding lectin
or ficolins to mannan-containing structures on surfaces (7–9).
The alternative pathway is initiated spontaneously and contin-
uously by randomly generated C3b, and activated C3b can bind
directly to any surface and initiate an amplification loop of the
alternative pathway (10, 11).
Progression of the complement cascade is controlled by fluid

phase inhibitors, which are distributed in plasma and body
fluid, or surface-bound inhibitors. These inhibitors include
C4BP, a 570-kDa plasma glycoprotein, which is the major fluid
phase CP and LP inhibitor (12), as well as Factor H and FHL-1
(Factor H-like protein 1), which are themajor fluid phase alter-
native pathway inhibitors (13–17). The CP/LP inhibitor C4BP
is formed by one �-chain and seven identical �-chains, all of
which are composed of complement control protein (CCP)
domains. The �-chain consists of eight CCPs, and the �-chain
consists of three CCPs (18, 19). C4BP regulates complement by
binding to C4b via theN terminus of each�-chain (20), thereby
making C4b susceptible to degradation by the plasma serine
protease Factor I and by accelerating the decay of the CP/LP
C3-convertase C4bC2b (21, 22). C4BP also inhibits the activity
of the alternative pathway C3-convertase in a fluid phase and
acts as a cofactor in Factor I-mediated cleavage of C3b (23).
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Microbial pathogens mimic human surfaces; acquire com-
plement inhibitors, including C4BP, Factor H, and FHL-1, to
their surface; and utilize the attached human regulators for
complement evasion (6). These kinds of microbial pathogens
include fungi, like C. albicans and Aspergillus fumigatus (24–
27); Gram-positive bacteria, such as Streptococcus pyogenes
(28–31) and Streptococcus pneumoniae (32–34); and Gram-
negative bacteria like Borrelia burgdorferii (35, 36),Haemophi-
lus influenzae (37–39) and Neisseria gonorrhoeae (40, 41).
Pra1 (pH-regulated antigen 1) ofC. albicans is a glycosylated

fungal protein composed of 299 amino acids. Pra1 is located on
the fungal surface and is also released by both yeast and hyphae
of C. albicans into the culture supernatant (25, 42–44). As a
surface protein, Pra1 binds human plasma proteins Factor H,
FHL-1, and plasminogen. Released to a supernatant, soluble
Pra1 binds back to the fungal surface (25) and also binds to
human phagocytes via the integrin CR3 receptor (43).
Herewe identifyCandidaPra1 as the first fungal C4BP-bind-

ing protein. Via binding toC4BP, Pra1 controls the classical and
lectin pathway complement attack, such as C3b and C4b sur-
face deposition, as well as C4b cleavage, thereby favoring
C. albicans infection.

EXPERIMENTAL PROCEDURES

C. albicans Strains and Growth Conditions—TheC. albicans
wild type strains SC5314 (45), CAI4 (46), andRM1000 aswell as
a Pra1-overexpressing strain3 and a Pra1 knock-outC. albicans
strain (47) were cultivated in YPD medium (2% (w/v) glucose,
2% (w/v) peptone, 1% (w/v) yeast extract) at 30 °C. Yeast cells
were collected by centrifugation and counted with a hemocy-
tometer (Fein-Optik, Bad Blankenburg, Germany).
Antibodies, Proteins, and Serum—Polyclonal Pra1 antiserum

was raised in rabbits by immunization with purified recombi-
nant Pra1 (25). A polyclonal goat C4 (Calbiochem) antiserum
was used for detection of C4b degradation products and C4b
deposited on the fungal surface. A polyclonal goat C3 (Comp-
Tech) antiserumwas used to determineC3b surface deposition.
Alexa Fluor�-647-labeled goat anti-rabbit, Alexa Fluor�-488-
labeled goat anti-rabbit, and Alexa Fluor�-647-labeled rabbit
anti-goat sera (Molecular Probes) were used as the secondary
antisera for flow cytometry and confocal microscopy. Horse-
radish peroxidase (HRP)-conjugated rabbit anti-goat andHRP-
conjugated rabbit anti-mouse as well as HRP-conjugated swine
anti-rabbit sera were obtained from Dako. Monoclonal anti-
body (mAb) 104 and mAb 67, which recognize CCP1 or CCP4
of C4BP, respectively, recombinant C4BP, and its deletion con-
structs lacking one CCP each time were generated as described
(48). Pra1 was expressed in Pichia pastoris strains (25). Native,
plasma-purified C4BP, Factor H, Factor I, and C4b were
obtained fromCompTech. Gelatin was purchased fromMerck,
and BSA was from Sigma. Normal human serum (NHS) was
collected from five healthy individuals, pooled, and stored at
�80 °C until use. Factor B-depleted serum was bought from
Calbiochem.
Binding Assays—Pra1 or native, plasma-purified C4BP, col-

lagen type I (Calbiochem), and collagen type III and type IV (BD

Biosciences) (0.5 �g/well in carbonate-bicarbonate buffer)
were immobilized onto microtiter plates (MaxiSorb, Nunc) at
4 °C overnight. After washing, nonspecific binding sites were
blocked with gelatin (0.2% in Dulbecco’s phosphate-buffered
saline (DPBS)) for 2 h at room temperature. After washing,
full-length recombinant C4BP, various C4BP deletion con-
structs lacking one CCP domain at a time (�CCP1, �CCP2,
�CCP3, �CCP4, �CCP5, �CCP6, �CCP7, and �CCP8), or
Pra1 was added (1�g/well in 100�l of DPBS) and incubated for
1.5 h at room temperature. Wells were washed with DPBS-T
buffer (DPBS containing 0.05% Tween 20), and specific anti-
body (anti-C4BP or anti-Pra1) was added for 1 h at room tem-
perature. After washing with DPBS-T, HRP-conjugated sec-
ondary antisera were added to the wells and incubated for 1 h at
room temperature. After the addition of substrate o-phe-
nylenediamine dihydrochloride (Dako), the interaction was
stopped by 2 M H2SO4. Absorbance signals were measured at
492 nm in a microtiter plate reader (SpektraMax 190, Molecu-
lar Devices). To further prove Pra1-C4BP interaction, isother-
mal titration calorimetry (ITC200, GE Healthcare) was per-
formed. C4BP purified from human plasma and recombinant
Pra1were both dialyzed in the same buffer, DPBS. C4BP (300�l
with a concentration of 15 �M (i.e. 2.6 mg)) was loaded into the
sample cells, and Pra1 (60 �l at a concentration of 352 �M (1.3
mg))was loaded into the syringe. The interactionwas assayed at
25 °C, using a reference power of 5 �Cal/s under low feedback
mode. A total of 17 initial injections were performed. The vol-
ume of the first injectionwas 0.3�l, and that of the following 16
injections was 2.4 �l. After the whole interaction, the data were
analyzed with a MicroCal LLC ITC200 isothermal titration
calorimeter.
Competition Assays—Pra1 (0.5 �g/well) was immobilized

onto microtiter plates (MaxiSorb, Nunc) overnight at 4 °C.
After washing, nonspecific binding sites were blocked with
0.2% gelatin for 2 h at room temperature. After washing, Factor
H (2.5 �g/ml) and C4BP (Factor H/C4BP ratios of 1:0, 1:1, 1:2,
1:5, 1:10, and 1:20) or C4BP (10 �g/ml) and heparin (C4BP/
heparin ratios of 1:0, 1:1, 1:2, 1:4, and 1:8) or C4BP (10 �g/ml)
andC4b (C4BP/C4b ratios of 1:0, 1:1, 1:2, 1:4, and 1:8) diluted in
DPBS with the indicatedmass ratios were added and incubated
for 1.5 h. After washing, bound Factor H or C4BP was detected
by polyclonal goat Factor H antiserum or monoclonal mouse
C4BP (mAb67) antibody, followed byHRP-conjugated second-
ary antisera.
Cofactor Assay—Cofactor activity of C4BP bound to Pra1 in

the solid phase was assayed as described (24). Briefly, different
amounts of Pra1 were immobilized onto the surface of amicro-
titer plate (MaxiSorb, Nunc) overnight at 4 °C. After blocking,
C4BP dissolved in DPBS (0.4 �g/well) was added. Following
extensive washing with DPBS, C4b (0.4 �g/well) together with
Factor I (0.8�g/well) was applied in DPBS and incubated for 30
min at 37 °C. To show the cofactor activity of C. albicans
recruited C4BP, C. albicans yeast cells (wild type SC5314,
RM1000, and the corresponding Pra1 knock-out mutant) (1 �
106/well) were coated onto the ELISA plate in PRMI1640
medium overnight at 37 °C. After blocking with blocking buffer
I (purified casein with NaCl and Tween 20, pH, 7.2) (Appli-
chem) for 2 h at room temperature, complement-active, Factor3 S. Rupp, manuscript in preparation.
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H-depleted human serum (�Factor H-HS) diluted in DPBS,
supplemented with EDTA (10 mM), was added to C. albicans
for 1 h at 37 °C (49). Following washing, C4b (5�g/ml) together
with Factor I (0.5 �g/ml) were added, and the reaction was
incubated for 30 min at 37 °C. The supernatant was treated
under reducing buffer, separated by SDS-PAGE, and trans-
ferred to a PDVFmembrane (Roth), andC4b degradation prod-
ucts were visualized by polyclonal goat C4 antiserum, followed
by a secondary HRP-conjugated rabbit anti-goat serum.
Flow Cytometry and Laser-scanning Microscopy—To com-

pare the Pra1 surface expression level on different C. albicans
strains, wild type strains CAI4 and SC5314 and a Pra1 overex-
pression strain were cultivated in YPD medium overnight at
30 °C. Cells were washed and incubated with polyclonal Pra1
antiserum (1:200) for 30 min on ice, followed by an Alexa
Fluor�-647-labeled goat anti-rabbit serum as a secondary anti-
serum for another 30 min on ice. After washing, fluorescence
signal was measured by flow cytometry (LSR II, BD Biosci-
ences). For C4BP binding toC. albicans, wild type (CAI4) and a
Pra1-overexpressing C. albicans strain were incubated with
EDTA-NHS (1:3 dilution of NHS in DPBS, supplemented with
10 mM EDTA) for 1 h at room temperature, and then C. albi-
cans cell pellets were washed with DPBS containing 1% BSA
and incubated with polyclonal rabbit C4BP antiserum for 30
min on ice, followed by Alexa Fluor�-488-labeled goat anti-
rabbit serum as a secondary antiserum for 30 min on ice. After
washing, the nuclei of C. albicans were stained by 4�,6-di-
amidino-2-phenylindole (DAPI; 10 �g/ml) for 15 min at room
temperature. Then the samples were washed and examined
either by flow cytometry or by laser-scanningmicroscopy (LSM
510, Carl Zeiss). To compare binding of human complement
inhibitors C4BP and Factor H as well as plasminogen to a Pra1
knock-out mutant and a corresponding wild type C. albicans
strain RM1000, both strains were cultivated in YPD medium.
After washing, the cell pellets were incubated with NHS-EDTA
(30%NHS inDPBS, supplementedwith 10mMEDTA) for 1 h at
room temperature. After washing, binding of C4BP, Factor H,
and plasminogen to both strains was analyzed by flow cytom-
etry using polyclonal rabbit C4BP, polyclonal goat Factor H,
or polyclonal goat plasminogen antisera, followed by Alexa
Fluor�-647-labeled goat anti-rabbit or rabbit anti-goat sera.
C4b and C3b Surface Deposition—C. albicans yeast cells

(SC5314), RM1000, and the Pra1 knock-out C. albicans strain,
as well as CAI4 and a Pra1-overexpressing strain were culti-
vated overnight in YPD medium. Then cells were washed in
DPBS and coated onto an ELISA plate in RPMI1640 medium
overnight at 37 °C (1 � 106/well). Wells were blocked using
milk powder (4%) supplemented with BSA (1%) and Tween 20
(0.05%) in DPBS for 2 h at 37 °C. After washing with DPBS,
different amounts of heat-inactivated normal human serum
(Hi-NHS) diluted in DPBS were added toC. albicans. Themix-
tures were incubated for 40 min at 37 °C (24). After washing,
complement-active, Factor B-depleted human serum (�Factor
B-HS) (7.5%) diluted in GVB�� buffer (CompTech) or buffer
alone was added to C. albicans. Following further incubation
for 1 h at 37 °C and washing with DPBS, supplemented with
Tween 20 (0.05%), C4b and C3b surface deposition was fol-
lowed by staining with polyclonal goat C4 (1:5000) or goat C3

(1:5000) antiserum and by horseradish peroxidase-conjugated
rabbit anti-goat sera as secondary antisera.

RESULTS

Candida Pra1 Binds C4BP—In order to identify additional
ligands for Pra1, we asked whether Pra1, which has collagen-
like sequences (50), binds to human collagen type I, type III, or
type IV or to the human complement inhibitor C4BP. Pra1 did
not bind to any of the three collagens tested but bound to
immobilized C4BP, as demonstrated by ELISA (Fig. 1A). In
addition, the Pra1-C4BP interaction was confirmed in a reverse
setting by ELISA. Recombinant C4BP bound to immobilized
Pra1 in a dose-dependent manner (Fig. 1B). Thus, Candida
Pra1 is a C4BP-binding protein.
Candida Pra1 Binds C4BP as Revealed by ITC—Plasma-pu-

rified C4BP and recombinant Pra1 were prepared and dialyzed
in the same buffer, DPBS. C4BP with a concentration of 15 �M

was loaded into the sample cells, and Pra1 at a concentration of
352�Mwas applied in the syringe. The interactionwas followed
at 25 °C, with a reference power of 5 �cal/s under low feedback
mode. A total of 17 sequential cycles of injection were applied
over a period of 60 min. After 17 sequential injections, the pro-
file was close to saturation (Fig. 2). In order to confirm that
binding was almost saturated, additional Pra1 was added to the
syringe, and injections were continued at the same setting.
The next five injections did not change the profile significantly.
The release of the power is stable (Fig. 2, right inset panels), thus
confirming that saturation was almost obtained after the first
17 injections. After interaction, the data were analyzed by a
MicroCal ITC200. Pra1-C4BP interaction is an exothermic

FIGURE 1. Candida Pra1 binds C4BP. A, binding of Candida Pra1 to immobi-
lized C4BP and collagen type I, type III, and type IV was assayed by ELISA. Pra1
was detected with a specific rabbit Pra1 antiserum, followed by secondary
HRP-conjugated anti-rabbit serum. Pra1 binds to C4BP but not to collagens.
B, C4BP binds to immobilized Pra1 in a dose-dependent manner. Pra1 was
immobilized onto a microtiter plate, increasing amounts of recombinant
C4BP were added, and bound C4BP was detected by mAb 67, followed by
secondary HRP-conjugated rabbit anti-mouse serum. The data shown repre-
sent the mean values � S.D. (error bars) of three separate experiments.
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reaction with an affinity (Ka) of 1.90E5 � 3.04E4 M�1. The ITC
experiment also confirmed multiple interaction sites for Pra1
sites within C4BP (n � 2.5 � 0.07 sites) (Fig. 2).
Effect of NaCl on C4BP Binding to Candida Pra1—To char-

acterize the nature of the Pra1-C4BP interaction, the effect of
NaCl on binding of plasma-purified or recombinant C4BP to
immobilized Pra1 was assayed. Native, plasma-derived C4BP
bound to Pra1 at NaCl concentrations of 0–100 mM. NaCl at a
physiological concentration of 150 mM reduced C4BP binding
to Pra1 by 69.7%, compared with 0 mM NaCl. The inhibitory
effect by NaCl was even stronger at higher concentrations (Fig.
3, black bars). Moreover, recombinant C4BP bound to Pra1
with lower intensity compared with plasma-purified C4BP.
Binding was increased at 50 mM NaCl and again decreased at
higher salt concentrations (Fig. 3, hatched bars). Thus, Pra1-
C4BP interaction is ionic in nature, and the binding intensity is
influenced by the salt concentration.
Competition of C4BP and Factor H for Binding to Candida

Pra1—Pra1 binds C4BP and also Factor H (25). Therefore, we
asked if C4BP and Factor H bind simultaneously to Candida
Pra1 and if these two human inhibitors bind to overlapping or

to separate siteswithin the Pra1molecule. To this end, Pra1was
coated onto microtiter plates, a constant amount of Factor H
together with increasing concentrations of C4BP were added,
and boundC4BP and FactorHwere detectedwith specific anti-
bodies. Using a constant amount of Factor H (2.5�g/ml), C4BP
binding was increased upon increasing concentrations of C4BP
(Fig. 4, black bars). Factor H binding remained constant when
C4BP levels were less than 5 �g/ml (Fig. 4, hatched bars 1–3).
FactorHbinding slightly decreased using a concentration of 7.5
�g/ml C4BP (5 times the Factor H amount) and was further
reduced by less than 50% at a C4BP concentration of 50 �g/ml
(20 times the Factor H concentration). The latter ratios exceed
the physiological level of the two inhibitors in human plasma,
where the concentration of C4BP is about 50% of that of Factor
H. These results show that C4BP and Factor H bind simultane-
ously to Candida Pra1 protein and suggest that the two human
inhibitors bind to distinct sites.
Localization of Pra1 Binding Domains within C4BP—To

localize Pra1 binding domains within C4BP, binding of recom-

FIGURE 3. NaCl affects Pra1 binding to C4BP. Pra1 was immobilized. The
effect of different concentrations of NaCl on binding of either plasma puri-
fied- (black bars) or recombinant C4BP (hatched bars) to Pra1 was assayed.
Bound C4BP was detected with mAb 67. Pra1-C4BP interaction is ionic in
nature. Data shown represent the mean values � S.D. (error bars) of three
separate experiments.

FIGURE 4. Independent binding of the human complement inhibitors
C4BP and Factor H to C. albicans Pra1. Pra1 was immobilized, and a con-
stant amount of Factor H (2.5 �g/ml) together with increasing concentrations
of C4BP used at different mass ratios (1:0, 1:1, 1:2, 1:5, 1:10, and 1:20) were
added. Bound Factor H (hatched bars) was detected with polyclonal goat Fac-
tor H antiserum, and bound C4BP (black bars) was detected with mouse C4BP
antibody (mAb 67). Data shown represent the mean values � S.D. (error bars)
of three separate experiments.

FIGURE 2. Candida Pra1 binds C4BP as shown by ITC. Plasma purified C4BP
and recombinant Pra1 were prepared and dialyzed in the same buffer DPBS.
C4BP (300 �l with a concentration of 15 �M, 2.6 mg) was loaded into the
sample cell, and Pra1 (60 �l at 353 �M, 1.3 mg) was applied into the syringe.
The interaction was assayed at 25 °C, with a reference power of 5 �cal/s under
low feedback mode. A total of 17 sequential injections were performed; the
first injection was 0.3 �l, and the following 16 injection were 2.4 �l. After the
interaction, the data were analyzed by a MicroCal ITC200. After 17 injections,
the reaction appeared close to saturation. However to confirm that the reac-
tion had reached saturation, additional Pra1 was applied in the syringe, and
five subsequent infections were performed (inset panels on the right). During
each injection, the heat of release is stable, representing background signals
based on the ligand-buffer interaction. These inset panels further show the
saturation of Pra1-C4BP interaction.
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binant C4BP and its deletion mutants to immobilized Pra1 was
determined. Full-length C4BP, as well as C4BP deletion
mutants �CCP1, �CCP2, �CCP3, �CCP5, and �CCP6 bound
to Pra1 with similar intensities, whereas binding of constructs
�CCP4, �CCP7, and �CCP8 to Pra1 was reduced (Fig. 5A).
These results show that C4BP contacts Pra1 via three domains
(i.e. CCP4, CCP7, and CCP8) (Fig. 5B, domains labeled in
black).
Initially, when binding of C4BP deletion mutants to intact

yeast cells was analyzed, CCP1 and CCP2 were identified as the
major contact domains (24) (Fig. 5B, domains marked in gray).
CCPs1–3 also interact with heparin and C4b. To confirm that
domains CCP1 to CCP3 are not relevant for Pra1-C4BP inter-
action, Pra1 was immobilized, and C4BP was added together
with increasing amounts of heparin or C4b. C4BP binding to
Pra1was affected neither by heparin (Fig. 5C, black bars) nor by
C4b (Fig. 5C, hatched bars). Thus, C4BP-Pra1 interaction is
independent of domains CCP1 to CCP3.
C4BP Bound to Pra1 Displays Complement-inhibitory

Activity—To analyze whether C4BP bound to Pra1 is function-
ally active, Pra1 was immobilized at different concentrations,
andC4BPwas added. After intensivewashing, purifiedC4b and
Factor I were added. Following further incubation, superna-
tants were collected, separated by SDS-PAGE, and transferred
to amembrane, andC4b aswell as C4b cleavage fragmentswere
identified by Western blotting. C4BP bound to Pra1 showed
cofactor activity, as indicated by the appearance of a 20-kDa

�3-fragment of C4b (Fig. 6A, lanes 1–3). No cleavage products
were observed when Pra1 was absent (Fig. 6A, lane 4) or when
C4BP or Factor I was absent (Fig. 6C, lanes 1 and 2). C4BP,
together with Factor I and C4b, was used as a positive control

FIGURE 5. Localization of the binding domains within C4BP. A, localization of Pra1 binding domains within C4BP. Pra1 was immobilized, and binding of
recombinant C4BP and C4BP deletion mutants lacking one single CCP domain each time was detected with the monoclonal C4BP antibody (mAb 67 for �CCP1,
�CCP2, �CCP3, �CCP5, �CCP6, �CCP7, and �CCP8 or mAb 104 for �CCP4). B, spider-like conformation of the native C4BP protein. The native C4BP protein is
composed of seven �-chains and one �-chain. Each �-chain is composed of eight CCP elements, and the �-chain is composed of three. The CCPs of the �-chain
that mediate contact with Candida Pra1 are highlighted in black. C, effect of heparin and C4b on C4BP binding to Pra1. Pra1 was immobilized, and C4BP (10
�g/ml) together with increasing concentrations of heparin (C4BP/heparin ratio of 1:0, 1:1, 1:2, 1:4, and 1:8) (black bars) or C4b (C4BP/C4b ratio of 1:0, 1:1, 1:2, 1:4,
and 1:8) (hatched bars) were added, and bound C4BP was detected with mAb 67. Data shown represent the mean values � S.D. (error bars) of three separate
experiments.

FIGURE 6. C4BP bound to Pra1 displays cofactor activity. A, Pra1 was
immobilized at a concentration of 0.5 (lane 1), 1.0 (lane 2), or 2.0 �g (lane 3),
and C4BP was added. After blocking and intensive washing, purified Factor I
and C4b were added. Following incubation, the reaction mixture was sepa-
rated by SDS-PAGE and transferred to a membrane, and C4b as well as C4b
cleavage fragments were identified by Western blotting using polyclonal
goat C4 antiserum. Cofactor activity of C4BP bound to Pra1 is indicated by the
appearance of the 20-kDa �3-fragment (A, lanes 1–3). No cleavage products
were identified when Pra1 was absent (A, lane 4). C4BP incubated with Factor
I and C4b was used as a positive control to identify C4b cleavage fragments
(B). No cleavage occurred in the absence of C4BP or Factor I (C, lanes 2 and 3)
or C4b alone (C, lane 1). A representative result is shown of three independent
experiments.
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(Fig. 6B). Thus, C4BP bound to Pra1 maintains the cofactor
activity for Factor I-mediated cleavage of C4b.
Pra1 Overexpression Increases C4BP Binding to C. albicans

Surface—To verify whether surface-expressed Pra1 is relevant
for C4BP acquisition to intact yeast cells, binding of C4BP to a
Pra1-overexpressing C. albicans strain was studied. This strain
has about 2-fold levels of Pra1 at the surface, comparedwith the
wild type strain CAI4 (Fig. 7A). Upon incubation in NHS-
EDTA, C4BP binding to the Pra1-overexpressing strain was
also about 2-fold as compared with the wild type strain (MFI;
549 versus 269) (Fig. 7B). This enhanced bindingwas confirmed
by confocal microscopy. Following incubation in NHS-EDTA,
C4BP-specific fluorescence was stronger for the Pra1-overex-
pressing strain as compared with the wild type strain (Fig. 7C).
Thus, surface-expressed Pra1 mediates C. albicans to acquire
the human classical pathway inhibitor C4BP from NHS,
thereby evading the classical pathway complement activation.
Binding of C4BP, Factor H, and Plasminogen from NHS to a

Pra1 Knock-out Strain—To further prove that surface-ex-
pressed Pra1mediatesC. albicans in acquiring the complement
inhibitors as well as plasminogen from NHS for complement
evasion and tissue invasion, binding of C4BP, Factor H, and
plasminogen to a Pra1 knock-out strain and to the correspond-
ing wild type C. albicans strain RM1000 was analyzed by flow
cytometry. Both strains were incubated in NHS-EDTA. After
washing, bound C4BP, Factor H, and plasminogen were ana-
lyzed by specific antisera. C4BP, Factor H, and plasminogen

binding to the Pra1 knock-out mutant were reduced by �22, 9,
and 30%, respectively (Fig. 8, black bars), compared with the
wild type C. albicans strain (Fig. 8, hatched bars). Thus, native
surface expressed Pra1 binds C4BP, Factor H, and plasmino-

FIGURE 7. Binding of C4BP to a Pra1-overexpressing C. albicans strain. A, Pra1 expression levels on different C. albicans strains. The C. albicans wild type
CAI4 (dotted black curve) and a Pra1-overexpressing strain (black curve) were incubated with polyclonal Pra1 antiserum, followed by an Alexa Fluor�-647-
labeled goat anti-rabbit serum. Preimmune serum (gray curve) was used as a negative control. The fluorescence signal was recorded by flow cytometry. Shown
is one representative experiment of three separate assays. B, C4BP derived from NHS binds strongly to the Pra1-overexpressing strain, as compared with the
wild type strain CAI4 shown. Both C. albicans strains were incubated in NHS-EDTA. After washing, bound C4BP was detected by flow cytometry using polyclonal
rabbit C4BP antiserum, followed by an Alexa Fluor�-488-labeled goat anti-rabbit serum. The data represent the mean values � S.D. (error bars) of three separate
experiments. C, binding of C4BP to both Pra1-overexpressing and wild type strains was confirmed by laser-scanning microscopy. Again, the Pra1-overexpress-
ing (top) and wild type (bottom) strains were incubated with NHS-EDTA. After washing, the cells were incubated with polyclonal rabbit C4BP antiserum,
followed by an Alexa Fluor�-488-labeled goat anti-rabbit serum. Nuclei were stained with DAPI (10 �g/ml) and examined by confocal microscopy. The figures
show one representative experiment of three performed.

FIGURE 8. Binding of C4BP, Factor H, and plasminogen to a Pra1 knock-
out C. albicans strain. Both Pra1 knock-out and the corresponding wild type
C. albicans strain RM1000 were incubated with NHS-EDTA. After washing,
bound C4BP, Factor H, or plasminogen was identified with polyclonal rabbit
C4BP, polyclonal goat Factor H, or polyclonal goat plasminogen antiserum,
respectively, followed by Alexa Fluor�-647-labeled goat anti-rabbit or rabbit
anti-goat serum. Binding of C4BP, Factor H, and plasminogen to the Pra1
knock-out strain (black bars) was reduced by about 22, 9, and 30%, respec-
tively, compared with the wild type strain (hatched bars). The data shown
represent the mean values � S.D. (error bars) of three separate experiments.
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gen, thereby mediating complement evasion and degradation
of extracellular matrices. However, additional C4BP, Factor H,
and plasminogen-binding fungal proteins exist at the surface of
C. albicans, explaining the partial inhibition.
Function of C. albicans-recruited C4BP from Human Serum—

To show that C4BP recruited to the surface of C. albicans by
Pra1 has complement-inhibitory activity, the effect of recruited
C4BP onC3b/C4b surface deposition was analyzed.C. albicans
strain SC5314was treatedwith different amounts ofHi-NHS to
allow acquisition of C4BP to the surface. Then the cells were
incubated in complement-active �Factor B-HS. After washing,
surface-deposited C4b as well as C3b were detected with poly-
clonal goat C4 or C3 antiserum. Surface-attached C4BP inhib-
ited C4b and also C3b deposition at the fungal surface in a
dose-dependent manner. This effect was observed upon com-
plement activation of the classical and the lectin pathway by
using�Factor B-HS. This effect is different from that described
previously for the alternative pathway via Factor H acquisition.
The effect was dose-dependent; the more C4BP that was
recruited, the stronger the inhibitory effects on C4b and C3b
deposition. When 80% heat-inactive human serum was used,

recruited C4BP inhibited C4b andC3b surface deposition by 78
and 68%, respectively (Fig. 9A).
In order to compare the effect of recruited C4BP by different

C. albicans strains onC4b surface depositions, RM1000 and the
Pra1 knock-out C. albicans strain as well as CAI4 and Pra1
overexpression strains were treated with 30% Hi-NHS to
acquireC4BPonto the surface. Then the cells were incubated in
�Factor B-HS. After washing, C4b surface deposition was
detected by polyclonal C4 antiserum. C4BP inhibited C4b sur-
face deposition by about 26% on wild type RM1000 strain and
by about 9% on the Pra1 knock-out strain. Moreover, C4b sur-
face depositionwasmore efficiently inhibited on the Pra1-over-
expressing strain, as compared with that on the wild type strain
CAI4 (Fig. 9B).

In addition, cofactor activity of C. albicans recruited C4BP
was assayed. C. albicans yeast cells (wild type RM1000 and the
corresponding Pra1 knock-out mutant and also the laboratory
reference strain SC5314) (1 � 106/well) were coated onto the
ELISA plate in PRMI1640 medium overnight at 37 °C. After
blocking, complement-active �Factor H-HS diluted in DPBS
and supplemented with EDTA (10 mM) was added to the yeast

FIGURE 9. Function of C. albicans-recruited C4BP from normal human serum. A and B, C. albicans-recruited C4BP blocks C4b and C3b surface deposition.
C. albicans yeast cells (SC5314) were cultivated overnight in YPD medium at 30 °C, washed by DPBS, and immobilized onto an ELISA plate in RPMI1640 medium
overnight at 37 °C (1 � 106/well). Wells were blocked using milk powder (4%), supplemented with BSA (1%) and Tween 20 (0.05%) in DPBS for 2 h at 37 °C. After
washing with DPBS, different amounts of Hi-NHS diluted in DPBS were added to the wells. The mixture was incubated for 40 min at 37 °C. After washing,
�Factor B-HS (7.5%) (Calbiochem) diluted in GVB�� buffer or buffer alone (background control) was added to C. albicans. The mixture was further incubated
for 1 h at 37 °C. Following washing with DPBS plus Tween 20 (0.05%), C4b and C3b surface deposition were determined using polyclonal goat anti-C4 (1:5000)
or goat anti-C3 (1:5000) serum, followed by horseradish peroxidase conjugated-rabbit anti-goat serum as a secondary antiserum (1:2000). Surface-attached
C4BP inhibited C4b and C3b deposition onto the fungal surface in a dose-dependent manner (A). When 30% Hi-NHS was used to incubate with different
C. albicans strains, C4b surface deposition was inhibited on wild type RM1000 strain by about 26%. The inhibitory effect on the knock-out strain was about 9%
and thus lower. Moreover, C4b surface deposition was more efficiently inhibited on the Pra1-overexpressing strain as compared with the wild type strain (CAI4)
(B). Data represent the mean values � S.D. (error bars) of three separate experiments. C, cofactor activity of C. albicans recruited C4BP from human serum.
C. albicans yeast cells (wild type RM1000 and the corresponding Pra1 knock-out mutant and the laboratory reference strain SC5314) (1 � 106/well) were coated
onto the ELISA plate in PRMI1640 medium overnight at 37 °C. After blocking with blocking buffer I for 2 h at room temperature, �Factor H-HS diluted in DPBS,
supplemented with EDTA (10 mM), was added to C. albicans for 1 h at 37 °C. After washing, C4b (5 �g/ml) together with Factor I (0.5 �g/ml) were added. After
incubation for 30 min at 37 °C, the supernatant was separated by SDS-PAGE under reducing conditions and transferred onto the membrane. The C4b cleavage
fragments were detected by Western blotting using polyclonal goat C4 antiserum (1:1000). C4BP bound to C. albicans displays cofactor activity, indicated as
the appearance of the 20-kDa cleavage product (boxed, lanes 1 and 2, for the C. albicans wild type strain RM1000, lanes 3 and 4 for the corresponding Pra1
knock-out mutant, and lanes 5–7 for the reference strain SC5314). Lane 8 shows the C4b protein alone. The data show a representative result of three separate
experiments.
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cells for 1 h at 37 °C. Followingwashing, C4b (5�g/ml) together
with Factor I (0.5�g/ml) was added and incubated for 30min at
37 °C. Then the supernatant was separated by SDS-PAGE
under reducing conditions and transferred onto themembrane.
TheC4b cleavage fragments were detected byWestern blotting
using polyclonal goat C4 antiserum (1:1000) (Calbiochem).
C4BP bound to C. albicans displayed cofactor activity, as indi-
cated by the appearance of the 20-kDa cleavage product (Fig.
9C). For the C. albicanswild type strain RM1000, which bound
more C4BP than the corresponding Pra1 knock-out strain, the
intensity of the 20 kDa band was more pronounced (Fig. 9C,
boxed, lanes 2 and 4). When using the wild type strain SC5314,
the intensity of the 20 kDa band correlates with the amount of
�Factor H-HS that was added (Fig. 9C, boxed, lanes 5–7).

DISCUSSION

In the current study, we identify Candida Pra1 as the first
fungal C4BP-binding protein, localize the Pra1 binding
domains within C4BP, and show that bound C4BP maintains
complement-inhibitory activity, such asC4b cleavage, aswell as
C3b and C4b surface deposition. Thus, Pra1, by acquiring
human complement inhibitorC4BP toC. albicans surface, con-
trols the classical pathway of complement and favors fungal
infection. The identification of this additional novel function
makes the fungal virulence factor Candida Pra1 an attractive
candidate for immune intervention.
C4BP acquisition is a general immune evasion strategy and is

used by many pathogens. Pra1 is the first fungal C4BP-binding
protein identified from C. albicans. Candida Pra1 binds both
plasma-purified and recombinant C4BP (Fig. 1,A and B). Pra1-
C4BP interaction is an exothermic reaction and has an affinity
(Ka) of 1.90E5 � 3.04E4 M�1 as determined by ITC (Fig. 2).
Pra1-C4BP interaction is ionic in nature and is affected byNaCl
(Fig. 3). This type of interaction is similar to the Pra1-Factor H
interaction (25) but different from that of the streptococcal M
protein-C4BP interaction, which is hydrophobic in nature (30).
C4BP binds Candida Pra1 via domains CCP4, CCP7, and
CCP8. Thus, C4BP attached to Candida Pra1 still has the com-
plement interaction domains (i.e.CCP1 toCCP3) are accessible
and expose the functional regions to the outside (20, 23). ITC
data identify multiple binding sites (n � 2.5 � 0.07) within
C4BP for Pra1. ELISAs with various purified recombinant dele-
tion constructs of the � chain of C4BP revealed three separated
interaction sites, which were located to CCP4, CCP7, and
CCP8. Thus, the difference between the ELISA and the ITC
data indicates that some binding sites are hidden and not acces-
sible for Pra1 in the intactC4BPprotein. C4BP-Pra1 interaction
shows a rather similar attachment to other microbial proteins.
The ubiquitous surface proteins A1 (Usp A1) and Usp A2 of
Moraxella catarrhalis bind C4BP via domains CCP2 and CCP7
(51), and outer membrane protein A (OmpA) of Escherichia
coli K1 and Haemophilus influenzae (38) binds C4BP via
domains CCP3 and CCP8 (52). In contrast, streptococcal M
protein (30) and N. gonorrhoeae porins (53) bind to C4BP via
the N-terminal CCP1. Filamentous hemagglutinin of Borde-
tella pertussis (54) binds to C4BP via CCP1 and CCP2. Simi-
larly, both yeast and hyphae forms of intact C. albicans bind to
C4BPmainly via CCP1 andCCP2 (24). This difference between

C4BP binding to Pra1 and to intact C. albicans cells indicates
the existence of an additional C4BP ligand(s) at the surface of
C. albicans.
Candida Pra1 binds both C4BP and Factor H. The acquired

human inhibitors have a functional relevance. At physiological
levels, both C4BP and Factor H bind at the same time to Pra1,
and Factor H binding is not affected upon increasing C4BP
levels. However, at non-physiological C4BP levels, Factor H
binding was only mildly affected by C4BP binding. This weak
inhibitory effect of C4BP is explained by steric effects due to the
large size of the C4BP protein of 550 kDa. Thus, C4BP and
Factor H bind simultaneously to Candida Pra1, and the two
human inhibitors bind to distinct sites within theCandida Pra1
protein at the physiological conditions.
The Pra1-overexpressing C. albicans strain binds C4BP

more efficiently (about 2-fold) as compared with wild type
strain CAI4 (Fig. 7). Furthermore, a Pra1 knock-out mutant
shows reduced (�22%) but not a complete lack ofC4BPbinding
(Fig. 8). These results show that Pra1 at the yeast surface binds
C4BP and also suggest the existence of additional C4BP-bind-
ing proteins at the C. albicans surface. C. albicans utilizes sur-
face Pra1 to acquire human complement inhibitor C4BP.
Bound C4BP maintains complement-inhibitory activity and
acts as a cofactor for Factor I-mediated cleavage of C4b (Figs. 6
and 9). This C4b inactivation will inhibit formation of the clas-
sical pathwayC3 convertase (C4bC2b) at the fungal surface and
consequently blocks further progression of the complement
cascade, generation of proinflammatory products, and C4b
and C3b surface opsonization (Fig. 9). The lower number of
C4b/C3b on the fungal surface reduces adhesion to and uptake
of the C. albicans by human macrophages (supplemental Fig.
S2). There is a clear correlation between the number of depos-
ited C4b/C3b molecules on the fungal surface and better adhe-
sion and phagocytosis.
At present, the domain structure of Candida Pra1 is not

known. So far, a collagen-like motive was identified in the Pra1
sequence, which may be involved in the anchoring, attaching,
and colonization of C. albicans onto the extracellular matrices
(50). However, the binding sites for the various human comple-
ment inhibitors have not been mapped in this fungal protein.
Candida Pra1 is an effective fungal virulence factor that is

present on the surface of the pathogen and that is also secreted.
Pra1 displays multiple biological roles at these different loca-
tions. As a yeast surface protein, Pra1 binds several human
complement inhibitors, including the classical pathway inhibi-
tor C4BP and the alternative pathway regulators Factor H and
FHL-1, as well as plasminogen. The Pra1-bound human regu-
lators are functionally active, inhibit complement activation at
the fungal surface, and degrade extracellular matrix compo-
nents (25). As a secreted protein, Pra1 complexes C3 in solu-
tion, blocks cleavage of C3 by a C3 convertase, and thus inhibits
further complement activation and immune effector functions
(55). In addition, secreted Pra1 enhances Factor H-mediated
complement control in the fluid phase (25). This effect on
cofactor activity is specific for the alternative pathway but is not
observed for the classical pathway (supplemental Fig. S1). In
addition, secreted Pra1 can bind back to the surface of C. albi-
cans, which can replenish surface function of Pra1. Secreted
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Pra1 binds to human CR3-expressing cells like neutrophils and
monocytes. The addition of Pra1 to co-cultures of C. albicans
and human neutrophils blocks CR3-mediated uptake of the
pathogen and enhances fungal survival (43, 56). Thus, by bind-
ing to the integrin receptor CR3, Pra1 may act as a decoy to
block CR3 signaling or CR3-mediated fungal uptake.
In summary, Candida Pra1 harbors multiple functions to

control human immune responses and provides an example of
the multiple and complex immune escape reactions that are all
mediated by one single fungal virulence factor. A detailed
understanding of these multiple roles of Pra1 could also allow
the creation of new strategies to interfere with and fight against
C. albicans infection.
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7. Mihlan, M., Stippa, S., Józsi, M., and Zipfel, P. F. (2009) Cell Death Differ.

16, 1630–1640
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1333–1346
20. Blom, A. M., Kask, L., and Dahlbäck, B. (2001) J. Biol. Chem. 276,

27136–27144
21. Blom, A.M., Zadura, A. F., Villoutreix, B. O., andDahlbäck, B. (2000)Mol.
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