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A 65-kDa mannoprotein (CaMp65) has long been studied as a major, immunodominant antigen of the
human opportunistic pathogen Candida albicans. An expression library of C. albicans was screened with serum
from mice immunized with ScMp65 (ScW10), a Saccharomyces cerevisiae recombinant protein of about 48 kDa.
This serum recognized the CaMp65 from a cell wall extract of C. albicans. After cloning and sequencing of the
relevant C. albicans cDNA, an open reading frame encoding a protein of 379 amino acids was identified. Its
deduced amino acid sequence showed regions of identity with all previously characterized tryptic fragments of
CaMp65, as well as with the corresponding regions of ScMp65. A prepeptide of 32 amino acids with signal
peptidase and Kex2 cleavage sites as well as a high number of potential O-glycosylation sites but no N-
glycosylation sites or GPI anchor were observed in sequence studies of CaMp65. A putative adhesin RGD se-
quence was also present in the C-terminal region of the molecule. This triplet was absent in the ScMp65. The
relevant gene (designated CaMP65) was localized to chromosome R of C. albicans as determined by pulse-field
gel electrophoresis. Northern blot analysis demonstrated that gene transcription was heat inducible and
associated with germ-tube formation by the fungus. A recombinant, His6-tagged protein (rCaMp65) was
expressed in Escherichia coli under an inducible promoter. After purification by nickel-chelate affinity chro-
matography, the recombinant product was detected as a 47-kDa protein band in immunoblots with the
anti-ScMp65 serum, as well as with CaMp65-specific monoclonal antibodies. Both ScMp65 and CaMp65 were
assayed for antigenic stimulation in cultures of peripheral blood mononuclear cells (PBMC) from 10 un-
selected human donors. While ScMp65 was substantially nonstimulatory, both rCaMp65 and the native
CaMp65 were equally able to induce lymphoproliferation of the PBMC from all the donors. In addition, a
number of CD41 T-cell clones were generated using a C. albicans mannoprotein fraction as an antigenic
stimulant. Several of these clones specifically responded to both the native and the recombinant C. albicans
Mp65 but not to ScMp65. Thus, the recombinant Mp65 of C. albicans retains antigenicity and, as such, could
be a valid, standardized reagent for serodiagnostic and immunological studies.

Despite the recognized importance of cell-mediated immu-
nity (CMI) in the protective response against the human op-
portunistic fungus Candida albicans (33, 34), few antigenic
targets of this response have so far been characterized. They
include heat shock proteins, enolase, and a number of as-yet-
uncharacterized mannoproteins, some with adhesive function
(1–3, 6, 7, 9, 11, 15–18, 26, 36). The identification of these
antigens and an understanding of the mechanisms whereby
they elicit and regulate CMI is an obvious prerequisite for
generation of molecules with potential immunoprophylactic or
immunotherapeutic activity, or even for use as immunodiag-
nostic reagents.

We have studied a 65-kDa mannoprotein (here designated
CaMp65) of C. albicans, structural and secreted, component of
the fungus. It is particularly observed in extracellular fractions
of hyphal cells (4, 10, 20, 37–39). Our major interest in this
mannoprotein resides in its recognition by peripheral blood T
cells of practically all healthy subjects tested (9, 10, 38, 39). In
experimental models of disseminated murine candidiasis, ani-
mals vaccinated with a low-virulence Candida strain generated
a strong and protective CMI which was promptly revealed by

CaMp65 stimulation of splenocytes in vitro, as well as by a
delayed-type hypersensitivity response to this antigen in vivo
(10, 27). Moreover, a moderate yet significant level of protec-
tion was conferred upon mice by immunization with a manno-
protein fraction containing CaMp65 as a major antigenic,
CMI-inductive component (27–28). This protection was clearly
enhanced by the concomitant administration of interleukin-12
(IL-12) as an adjuvant (10).

Because of these interesting and potentially useful proper-
ties, we have recently addressed the biochemical characteriza-
tion of CaMp65. A strong homology at the protein level was
found between this protein and the glucanase or transglycosi-
dase family of cell wall proteins of Saccharomyces cerevisiae (8,
20, 21). Interestingly, the least similarity between CaMp65 and
the yeast proteins was found in the most antigenic peptides of
the N-terminus regions of CaMp65 (21). The availability of the
amino acid sequences of several tryptic and chymotryptic frag-
ments of CaMp65 and the established sequence homology
with S. cerevisiae cell wall proteins have allowed us to clone
the relevant genes of both C. albicans and S. cerevisiae and
to express them in Escherichia coli. Here we characterize the
cloned products and show that the recombinant protein of C.
albicans induces in vitro an intense CMI response by periph-
eral blood mononuclear cells (PBMC) of healthy subjects and
derived CD41 T-cell clones, with a magnitude comparable to
that previously shown by the native antigen (10, 20, 37). These
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data indicate that CaMp65 provides a suitable reagent for
studies of Candida-specific CMI generation and its role in the
anti-Candida defense.

MATERIALS AND METHODS

Microrganisms, growth conditions, and mannoprotein extract. C. albicans
strain BP (3, 4) was used throughout this study. It was grown in YPD (2%
glucose, 1% yeast extract, 2% Bacto Peptone; Difco, Detroit, Mich.), Winge
(0.3% yeast extract, 0.2% glucose; Difco), or modified Lee (4, 31) media, as
specified in single experiments. E. coli XL1-Blue cells [endA1 hsdR17 supE44 thi1
recA1 gyrA96 relA1 Dlac (F9 probAB lacIqZDM15, Tn10) and M15 (Nals Strs

Rifs Dlac2 ara2 gal2 mtl F9 recA1 uvr1)(pUHA1)] were used as host strains
for recombinant plasmids, while E. coli HL1-Blue MRF9 (DmcrA183 DmcrCB-
hsdSMR-mrr173 endA1 supE44 thi1 recA1 gyrA96 relA1 Dlac [F9 proAB
lacIqZDM15 Tn10]) and SORL (e142 mrcA DmcrCB-hsdSMR-mrr171 sbsC recB
recJ umuC::Tn5 uvrC endA1 Dsu thi1 gyr96 relA1 Dlac [F9 proAB lacIqZDM15])
cells were the host strains for bacteriophage lZAPII. E. coli cells were usually
grown in L broth (1% tryptone, 0.5% yeast extract, 0.5 NaCl; pH 7.0), Luria-
Bertani (LB) plates (1% tryptone, 0.5% yeast extract, 0.5 NaCl, 1.5% agar; pH
7.0) or top agarose (1% tryptone, 0.8% NaCl, 0.6% agarose; Boehringer, Mann-
heim, Germany) supplemented when necessary with ampicillin (100 mg/ml),
kanamycin (50 mg/ml), or tetracycline (12.5 mg/ml) (Boehringer).

The mannoprotein fraction MPF2 was obtained by ethanol precipitation fol-
lowed by gel filtration of a crude extract of autoclaved cells, as reported else-
where (37).

Oligonucleotides and PCR. Ca33, Ca34, Ca64, and Ca65 oligonucleotides were
purchased from Pharmacia. Their sequence and specificity are shown in Table 1.
PCR reactions with S. cerevisiae or C. albicans purified DNA were performed as
previously described (26) by using primer pairs Ca33-Ca34 and Ca64-Ca65,
respectively. Briefly, the reactions were carried out on a Gene AMP PCR System
9600 Apparatus (Perkin-Elmer/Cetus Corp., Norwalk, Conn.) in a volume of 100

ml containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl2, 200 mM
concentrations of each deoxynucleotide, 50 pmol of each primer, 1 U of Taq
polymerase (Perkin-Elmer), and 100 ng of genomic DNA template. The PCRs
were done in three steps of 60 s at 94°C, 60 s at 60°C, and 120 s at 72°C (25
cycles).

Generation of a mouse antiserum against recombinant S. cerevisiae MP65.
PCR amplification of S. cerevisiae genomic DNA was accomplished by using the
Ca33 and Ca34 primers (Table 1). The PCR product, after digestion with BamHI
and HindIII, was cloned into the BamHI/HindIII polylinker sites of the expres-
sion vector pDS56/RBSII6xhis/E2 to give pRLV126 (26, 32), which was used to
transform E. coli M15 carrying the lack repressor-producing pUHA1 plasmid
(22). To obtain a recombinant His6-ScMp65 protein, induction was performed in
LB medium containing kanamycin and ampicillin, by adding isopropyl-b-D-thio-
galactopyranoside (IPTG; Boehringer) at a final concentration of 1 mM to a
culture with an optical density at 600 nm (OD600) of 0.6, followed by an addi-
tional 5-h incubation at 37°C. The recombinant His6-ScMp65 protein was puri-
fied as previously described (26, 35). A hyperimmune murine serum against the
purified ScMp65 was obtained by immunizing CD2F1 mice (18 to 21 g) with four
intraperitoneal injections at weekly intervals of 10 mg of the recombinant product
in complete (the first two) and incomplete (the last two) Freund adjuvant. The
serum obtained had a titer of .1,280, as determined by an assay (performed as
described in reference 3) with 1 mg of the recombinant protein used as coating
antigen.

cDNA synthesis. Poly(A)1 RNA was isolated from total RNA of C. albicans
(grown as hyphae for 24 h in Lee medium [4]) by an Invitrogen Micro-Fast Track
mRNA Isolation Kit (Leek, The Netherlands) (26), according to the manufac-
turer’s instructions. Reverse transcription was performed using the Stratagene
ZAP-cDNA synthesis kit (La Jolla, Calif.) as described by the manufacturer.

C. albicans ZAPII cDNA library. Purified cDNA of C. albicans (see above) was
ligated with dephosphorylated EcoRI-XhoI lZAPII vector arms and incubated
with in vitro packaging extracts (Stratagene), according to the manufacturer’s
instructions. Recombinant phage particles were amplified by preparing plate
lysates with E. coli strain XL1-Blue MRF9, yielding 3.5 3 105 plaques. The
amplified library (initial density, 40,000 plaques/13-cm plate) was screened with
a murine antiserum generated against ScMP65 recombinant protein (see above).

Cloning and sequencing of CaMP65 gene. CaMP65 was subcloned from the
lZAPII recombinant phage library into pBluescript by infecting E. coli SORL
cells (Stratagene) as described by the manufacturer. Double-stranded dideoxy se-
quencing of recombinant plasmids was performed with the Sequenase Kit (USB,
Cleveland, Ohio) using primers flanking the polylinker region of the vector and
various internal CaMP65 primers. The cDNA sequence was compared to se-
quences in the Saccharomyces Genome Database (Stanford University) by using
the BLAST search. The EMBL database accession no. was AJ010064.

Southern blot analysis. Genomic DNA of C. albicans was restricted and
hybridized with the full-length CaMP65 probe essentially as previously described
(19, 26, 32). Briefly, the DNA was digested with the restriction endonucleases
EcoRI, BamHI, HindIII, BglII, and PstI (Boehringer), separated by agarose gel
electrophoresis, and transferred onto nitrocellulose transblot membranes (Bio-
Rad, Hercules, Calif.). The blotted material was hybridized with 32P-labeled
randomly primed (Boehringer) CaMP65 full-length cDNA insert. Hybridization
and initial washing steps were carried out as described previously (26). Filters

FIG. 1. (a) Expression, purification, and immunoblots of the recombinant ScMp65 protein. Cells of E. coli M15 (pUHA1 and pRLV126) either noninduced (lane
1) or IPTG induced (lane 2) were extracted and subjected to SDS-PAGE, together with the recombinant ScMp65 (nickel-nitrilotriacetic acid [Ni-NTA] affinity
chromatography purified) (lane 3). The gels were stained with Coomassie blue. Lane 4 shows the molecular mass standards (in kilodaltons). (b) Immunoblots of ScMp65
(lane 5) or of a cell wall extract of C. albicans (lane 6) with a mouse antiserum raised against the purified ScMp65. A total of 1 mg of the purified protein or 10 mg
of cell wall extract was run, electrotransferred to nitrocellulose membranes, and immunoblotted with the anti-ScMp65 serum (dilution, 1:800). The reaction was
developed with alkaline phosphatase-conjugated anti-mouse (1:5,000) immunoglobulin G. The arrows to the right side of lane 6 point to the apparent molecular mass
of the ScMp65 in lane 5 and its correspondent of the natural Mp65 of C. albicans in lane 6.

TABLE 1. Sequence and localization of Ca oligonucleotides used
for molecular cloning of CaMP65 and Scw10

Oligonu-
cleotide Sequencea Gene Positionsb

Ca33 CCCGGATCCATGCGTTTTTCAAATTTCC Scw10 1–19
Ca34 CCCAAGCTTAATCACTTGATAGAATACC Scw10 1168–1150
Ca64 AACGGATCCATGTTATTCAAGTCTTTC CaMP65 1–18
Ca65 GGGCTGCAGGTGCTTAGTTAGAGTAA CaMP65 1144–1128

a The underlined sequences are flanking noncomplementary regions contain-
ing the restriction site (in boldface) used to clone the gene in the expression
vector.

b For both primers, position 1 is the first base of the start codon and position
1168 and 1140 are the third base of the stop codons of S. cerevisiae Scw10 and C.
albicans MP65, respectively.
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were exposed on 3M (St. Paul, Minn.) XDA Plus film, with 3M Trimax screens,
at 80°C.

Northern blot analysis of CaMP65 transcription. Total RNA from C. albicans
cells grown under the conditions specified later in the text was isolated by the
proteinase K method as previously described (26, 32). Approximately 5 mg of
RNA per lane was run on denaturing 1.5% formaldehyde-agarose gel, transblot-
ted to nitrocellulose filters, and hybridized with randomly prime labeled full-
length CaMP65 or Act1 (25, 26) probes. Hybridization and washing were done as
described elsewhere (26), with the final stringent washing step carried out in
0.1% SSC (1 3 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1% sodium
dodecyl sulfate (SDS) at 70°C for 30 min.

Generation of a mouse antiserum against the purified recombinant CaMP65.
CaMP65 was generated by PCR amplification of the C. albicans genomic DNA
using the Ca64 and Ca65 primers (Table 1). The PCR product, after digestion
with BamHI and PstI, was cloned into BamHI/PstI sites of the expression vector
pDS56/RBSII6xhis/E2 to give pRLV130. Expression and purification of the
recombinant CaMp65 (rCaMp65), as well as generation of a mouse antiserum
against the purified C. albicans protein, were performed as described above for
rScMP65.

Chromosome separation and hybridization. The general procedure described
by Vollrath and Davis (40), as summarized in previous reports (13, 26), was used
to prepare DNA samples for pulsed-field electrophoresis and karyotype deter-
mination by contour-clamped homogenous electrophoresis field (CHEF) analy-
sis. The electrophoretic analysis was performed with CHEF-DRII apparatus
(Bio-Rad). Each gel (14.5 by 20.5 cm; 1-cm thick; 1% agarose) containing the
agarose inserts of DNA was immersed in running buffer (50 mM Tris-HCl, 50
mM boric acid, 1.5 mM EDTA; pH 8.2) and run for 54 h at 150 V and 14°C with
90- to 325-s switches and a rotation angle of 120°. Gels were stained with
ethidium bromide (0.5 mg/ml; 30 min), destained, and photographed under UV
light. Hybridization was performed as described for Southern blot analysis,
except that the labeled 59 CaMP65 fragment of about 700 bp obtained by
digestion of the pRLV213 with BamHI and HindIII endonucleases was used as
a probe.

Immunoblotting. Recombinant proteins from IPTG-induced and noninduced
M15 (pUHA1 and pRLV130) or M15 (pUHA1 and pRLV126) cells, their
purified counterparts, and cell wall extracts or secretory antigenic mannoprotein
(SAM) from hyphal cells of C. albicans (4; see also below) were resuspended in
sample buffer, at approximately 1 mg of protein/ml, boiled for 10 min, and
subjected to 5 to 15% gradient-polyacrylamide gel eletrophoresis (PAGE). The
electrophoresed materials were blotted onto nitrocellulose filters in a buffer
containing 25 mM Tris, 192 mM glycine, 0.1% SDS, and 20% methanol. Filters
were incubated with antibodies as described in specific experiments. In all cases,
nonspecific binding of antibodies to nitrocellulose was prevented by blocking the
filters with 1% bovine serum albumin in phosphate-buffered saline (PBS) for 2 h

at room temperature (5). After an extensive washing with PBS, bound antibodies
were detected by alkaline phosphatase-conjugated second antibodies, as de-
scribed in specific experiments.

Whole-cell extracts of C. albicans grown at 22°C in Lee medium and after a
shift to 37°C for 3 h were obtained by cell breakage with 0.1-mm glass beads and
adsorption of mannan on a concanavalin A resin as described elsewhere (9, 26).

FIG. 2. Alignment of the predicted amino acid sequences of CaMp65 (upper) and Scw10 (lower). Since the two proteins had different lengths, it was necessary to
introduce gaps (dashes) for sequence alignment. The amino acid is given in the single-letter code and the symbols (p, . , :) denote the identity or decreasing order of
similarity between the corresponding pairs of amino acids. The arrows point to the experimentally determined N-terminal sequence of the two mature proteins (8, 20).

FIG. 3. Southern blot analysis of genomic DNA of C. albicans digested with
the indicated enzymes and hybridized with the CaMp65 full-length probe. For
technical details, see Materials and Methods.
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A secreted mannoprotein-rich preparation of hyphal cells of C. albicans was
obtained as described by Bromuro et al. (4).

Lymphocyte proliferation assay. The procedure previously described by Aus-
iello et al. (1, 2) and by Torosantucci et al. (37–39) was used. Briefly, PBMC
obtained from heparinated, venous, peripheral blood samples of healthy adult
blood donors were washed twice and resuspended in RPMI medium (GIBCO)
supplemented with 5% pooled AB serum and antibiotics (penicillin, 100 IU/ml;
streptomycin, 0.1 mg/ml; GIBCO), hereafter referred to as complete medium.
PBMC proliferation was measured by incubating 2 3 105 PBMC cells/well in 0.2
ml of complete medium in 96 flat-bottom microwell trays (3072 Falcon; Becton
Dickinson) in triplicate in the presence of the relevant stimulants. The plates
were incubated at 37°C in 5% CO2 and harvested after 7 days. Then, 0.5 mCi of
[methyl-3H]thymidine (Amersham; specific activity, 2.5 Ci/mmol) was added to
the culture 18 h before cell harvesting, and DNA synthesis was evaluated by
measuring [3H]thymidine incorporation (3). The magnitude of lymphoprolifera-
tion was estimated by reference to the PBMC culture incubated in the absence
of the antigen by calculation of the stimulation index (SI). Donors were arbi-
trarily classified as high, moderate, and low responders to the Candida antigen
(MP65) if their SI, at an antigen concentration of 1 mg/ml, was .100, between 10
and 50, and ,10, respectively. In addition, the high responders to the Candida
recombinant mannoprotein were characterized by an appreciable lymphoprolif-
erative response at as low a dose of antigen as 10 ng/ml. All reagents were of
standard immunological laboratory grade and did not contain lipopolysaccha-

ride, as verified by Limulus amebocyte assay. No lymphocyte culture or clone
(see below) proliferated in the absence of mitogen or antigen.

Human CaMp65-reactive T-lymphocyte clones. PBMC from a Candida anti-
gen high responder were cultured in complete medium in the presence of a
previously characterized mannoprotein fraction (MPF2) (9, 10, 27). After 5 days,
10 U of rIL-2 per well was added to the cultures. After 4 additional days, cells
were cloned by limiting dilution at 3, 1, and 0.3 cells per well, as previously
described (30). After 10 to 15 days, growing cultures were expanded and finally
tested for MPF2 specificity in a proliferation assay using irradiated autologous
PBMC as antigen-presenting cells (APC) with or without antigen at 10 mg/ml.
MPF2-specific clones were expanded and maintained in culture with 25- to
30-day cycles of restimulation with phytohemagglutinin (PHA) and irradiated
PBMC. Their phenotype was determined by fluorescence-activated cell sorting
cytometry as previously described (30).

RESULTS

Molecular cloning, karyotype assignment, and expression of
C. albicans Mp65 gene. The amino acid sequences of tryptic
and chymotryptic fragments of native CaMp65 were highly
homologous to the deduced Scw10 and Scw4 proteins encoded
by the S. cerevisiae open reading frames (ORFs), designated
YMR305C and YGR279, respectively (Saccharomyces cerevisiae
Genome Database) (8). On this basis, the YMR305C ORF was
cloned by PCR using the Ca33 and Ca34 oligonucleotide prim-
ers containing the initiation and stop codons of the gene (Table
1). Molecular analysis of the amplified product (1,168 bp)
confirmed the sequence of YMR305C DNA of S. cerevisiae.
This fragment was cloned into an inducible E. coli expression
vector to produce a recombinant His6-tagged protein (desig-
nated rScMp65). A mouse serum raised against this recombi-
nant product was able to recognize, besides the immunogen
itself, the native MP65 of C. albicans in a cell wall extract of the
fungus (Fig. 1). The antiserum against rScMp65 was therefore
used to screen a lZAPII expression library of C. albicans, as
described in Materials and Methods. Six independent clones
were isolated and purified. Molecular analysis of these clones
displayed sequence identity. The clone (clone CaRLV213,
1,415 bp) containing both start and top codons of an ORF of
1,140 bp (designated CaMP65) was selected for further studies.
By using the BLAST search, the nucleotide sequence of this
clone was found to be 98 and 96% identical to contigs 5-2183
and 5-2970, respectively, of the Stanford Candida Genome
Database.

The amino acid sequence of the deduced CaMp65 showed
regions identical or similar to all previously characterized tryp-

FIG. 4. Chromosome mapping of the CaMP65 locus. Chromosome-sized
bands of C. albicans DNA were separated by CHEF analysis as described in
Materials and Methods. (a) CHEF karyotype of C. albicans strain BP (lane 2) or
of a fresh clinical isolate (SA-247, laboratory code) (lane 3). Lane 1, S. cerevisiae
chromosomal bands. (b) Autradiographs of the blots probed with 59 700-bp
fragment of CaMP65 cDNA under high-stringency conditions. For details, see
Materials and Methods.

FIG. 5. CaMP65 gene expression in C. albicans cells grown for different time intervals at 37°C in Lee medium (a) or following a 30-min temperature shift from 22
to 42°C in YPD medium (b). The nitrocellulose filter containing the blotted RNA was hybridized under high-stringency conditions with the full-length CaMP65 probe
or with the Act1 gene, as indicated. For further details, see Materials and Methods.
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tic fragments of the native MP65 protein (21) and, of course,
with the corresponding regions of the Scw10 protein (Fig. 2).
Both contain a prepeptide (32 and 29 amino acids [aa] in C.
albicans and S. cerevisiae, respectively) with a signal sequence
(aa 17 in CaMp65 and aa 21 in Scw10), as well as a Kex2
peptidase site (KR) where the protein is cleaved for secretion.
Both proteins are also characterized by a high number of
potential O-glycosylation sites, in particular a long serine-rich
stretch corresponding to aa 96 to 120 in CaMp65. One poten-
tial N-glycosylation site (aa 279) was present in the Scw10 but
not in CaMp65, thus confirming the sequence analysis of tryp-
sin and chymotrypsin digests of the native mannoprotein (21).
No GPI anchor sequence was present in CaMp65, which con-
tained an RGD site (aa 323 to 325) which was absent in the
Scw10 protein.

Southern blotting of C. albicans chromosomal DNA di-
gested with various restriction endonucleases and hybridized
with the full-length CaMP65 cDNA insert, under high-strin-
gency conditions, is shown in Fig. 3. The presence of two bands
in the HindIII lane would appear to be justified by the presence
of two sites (nucleotides 701 and 725 in the codifying se-
quence) for this endonuclease in CaMP65. With CHEF anal-
ysis, the ethidium bromide-stained chromosome-sized bands of
C. albicans (strain BP and those of a recent clinical isolate,
SA-247) showed a different pattern, mostly in the area encom-
passing the chromosomal bands lower than 2.5 Mb (Fig. 4a).
Nonetheless, in both strains, the molecular probing in South-
ern blots with the CaMP65 cDNA gave a hybridization signal
on the 3.8-Mb R1 chromosome-sized band (Fig. 4b). Northern
blotting of mRNA from yeast cells incubated at 37°C in Lee
medium (Fig. 5a) demonstrated induction of CaMP65 gene
transcription, with a maximum after 2 h of incubation corre-
sponding to full germ tube formation. Moreover, as shown in
Fig. 5b, transcription was higher at 42°C than at 22°C when the
cells were grown, under yeast form, in YPD medium for 30
min.

Generation of recombinant CaMp65 protein. pRLV130-
transformed E. coli cells were cultured in antibiotic LB broth,
and total cell protein extracts, under induced or uninduced
conditions, were subjected to SDS-PAGE, Coomassie blue stain-
ing, and Western blotting with various antibodies. As shown in
Fig. 6a, a novel, prominent protein was detected in the extract
of induced E. coli, as revealed by Coomassie blue staining.
Figure 6b shows the positive reaction of this recombinant pro-
tein (with an apparent molecular mass of ca. 47 kDa) and of
the MP65-rich secretion from the hyphal cells, but not of the
ScMP65, with the anti-MP65 monoclonal antibody 4C8. As
expected from previous data (20), most of the reactivity of the
monoclonal antibody 4C8 with the mycelial secretion was de-
tected in a molecular mass region roughly corresponding to 65
kDa, i.e., the native glycosylated Mp65 of C. albicans (Fig. 6b).
The recombinant product was also reactive with another mono-
clonal antibody (7H8) raised against the native CaMp65 and
was also recognized by the antiserum raised against the puri-
fied recombinant ScMp65 (data not shown).

Antigenicity of the recombinant CaMp65. The recombinant
CaMp65 and ScMp65, together with the native Mp65 of C.
albicans and control antigen, were tested for reactivity with
PBMC from healthy human subjects. Table 2 shows the lym-
phoproliferation data from three blood donors with different
degrees of responsiveness to the antigenic stimulation out of
the 10 examined with similar results. The recombinant protein
of C. albicans was roughly as effective, at equal doses, as the
native protein of the fungus. In particular, no subject tested
was unresponsive to the recombinant, as well as to the native
candidal protein, and the two antigens induced comparable
responses in high (donor 1)-, intermediate (donor 2)-, and low
(donor 3)-responder subjects (Table 2). Remarkably, in the

FIG. 6. Expression, purification, and immunoblot of the rCaMp65 protein.
(a) Cells of E. coli M15 (pUHA1 and pRLV130) either noninduced (lane 1) or
induced with IPTG (lane 2) were extracted and subjected to SDS-PAGE. The
same was done with the His6-Mp65 (rCaMp65), Ni-NTA affinity chromatogra-
phy-purified polypeptide (lane 3). The gels were stained with Coomassie blue.
(b) Immunoblot of the secretory mannoprotein material (SAM; see also refer-
ence 4) from hyphal cells of C. albicans (lane 1), purified rScMP65 (lane 2), and
purified rCaMP65 (lane 3). Each purified polypeptide (1 mg) or SAM (20 mg)
was electrophoresed, electrotransferred to nitrocellulose membranes, and im-
munoblotted with the anti-CaMp65 monoclonal antibody 4C8 (dilution, 1:2,500).
The reaction was developed by phosphatase-conjugated anti-mouse (1:7,500)
immunoglobulin G. Lane 4 shows the molecular mass standards. The arrow in
panel a points to the IPTG-induced rCaMP65.

TABLE 2. PBMC proliferation induced by natural Mp65 of
C. albicans and recombinant proteins of

C. albicans and S. cerevisiae

Antigenic or
mitogenic
stimulant

Concn
(mg/ml)

PBMC proliferationa

(mean cpm 6 SD)

Donor 1
(high responder)

Donor 2
(intermediate

responder)

Donor 3
(low responder)

None 1,000 6 600 300 6 70 1,400 6 600

PHA 3 35,600 6 1,700 7,400 6 3,400 26,400 6 3,800

SAMb 1 116,100 6 10,900 23,600 6 1,400 41,400 6 16,000
0.1 45,600 6 26,200 15,000 6 3,300 8,200 6 1,000

Mp65 (native)c 1 123,300 6 400 13,500 6 800 12,400 6 2,800
0.1 103,400 6 5,900 7,900 6 800 3,300 6 2,400
0.01 9,100 6 4,700 800 6 300 1,800 6 900

CaMp65d 1 108,600 6 6,600 28,500 6 3,300 9,700 6 4,900
0.1 51,300 6 5,100 24,300 6 2,000 3,900 6 2,400
0.01 5,500 6 660 900 6 100 1,100 6 200

ScMp65d 1 7,600 6 4,300 8,500 6 5,800 2,500 6 900
0.1 4,900 6 4,700 3,000 6 1,400 600 6 300
0.01 1,200 6 400 500 6 200

a Evaluated as [3H]thymidine incorporation and expressed as counts per
minute. The PBMC donors were arbitrarily classified as high, moderate, and low
responders as described in Materials and Methods.

b SAM is the secretory mannoproteic material from hyphal cells (see reference
4), with concentration expressed as polysaccharide.

c Affinity chromatography purified (20, 21), with concentration expressed as
protein.

d Recombinant proteins produced in E. coli and purified by Ni-NTA affinity
chromatography.
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high-responder donors, low doses of rCaMp65 (10 ng/ml) were
still effective at inducing lymphoproliferation. The recombi-
nant protein of S. cerevisiae was minimally effective in stimu-
lating cell proliferation even in the high-grade responder
shown in Table 2 (see also below).

Generation of CaMP65-specific human T-cell clones. Forty-
five T-cell clones were generated from a high-responder sub-
ject to a mannoprotein fraction (MPF2) of C. albicans. All of
them were of the CD41 T-cell phenotype. Several of these
clones were specific for CaMp65. Figure 7 shows the prolifera-
tion of four representative clones following activation with dif-
ferent stimuli in the presence of irradiated autologous PBMC.
All of the clones proliferated when stimulated with MPF2 and
showed a remarkable increase in the [3H]thymidine incorpo-
ration following stimulation with CaMp65. The proliferation in
the presence of rCaMp65 was of the same order of magnitude
as that obtained with the native mannoprotein. With both the
native and the recombinant Candida antigens, the values of
[3H]thymidine incorporation were similar to those of PHA-
stimulated clones. Importantly, none of the CaMp65-reactive
clones responded to the recombinant ScMp65.

DISCUSSION

In this study, data on molecular cloning, expression, and
characterization of recombinant Mp65, a protein which has
long been identified as a major target of CMI response against
the human opportunistic fungus C. albicans (10, 20, 21, 37–39),
have been presented. Instrumental to this (and as an immu-
nogenicity control), a recombinant protein of S. cerevisiae
(rScmp65), corresponding to the Scw10 protein previously
characterized by Cappellaro et al. (8), was also generated. A
serum against this protein was raised in mice and used to
screen a C. albicans library for homologous genes.

Besides sequence homology with previously characterized
proteolytic fragments of natural Mp65 (21), the recombinant
product of C. albicans (but not that of S. cerevisiae) reacted in
Western blots with two monoclonal antibodies raised against
the purified natural product, demonstrating that, as previously
suggested (21), these antibodies recognize a peptide rather

than a saccharide epitope of C. albicans protein. Moreover, a
mouse serum from animals immunized with the S. cerevisiae
recombinant product specifically reacted in immunoblots with
the natural C. albicans Mp65. Altogether, these data leave little
doubt that the recombinant product fully corresponds to a
nonglycosylated antigenically functional form of C. albicans
mannoprotein (see also below).

Previous biochemical characterization of the native CaMp65
indicated a substantial glycosylation of this protein, occurring
as acid-labile O side chains with numerous serine and threo-
nine residues, which together accounted for about 20% of the
whole amino acid composition (20, 21). The deduced amino
acid sequence of CaMP65 cDNA, as well as the determination
of the molecular mass of the recombinant product, indicates a
molecular mass of about 45 kDa; thus, glycosylation of the
natural product would account for about one-third of its mass.
Previous findings indirectly suggested that most of the glyco-
sylation occurs at a long protein stretch where repeated serine-
threonine sequence blocks were present (21). This was con-
firmed here by deducing the amino acid sequence of the cloned
gene, a sequence which also confirmed the lowest homology
between the two proteins in the immunodominant N-terminal
region of CaMp65 (see also below). In contrast to the homol-
ogous protein of S. cerevisiae (8), no potential N-glycosylation
site was present in the Mp65 deduced amino acid sequence.
This confirms the previous determination (21) of the amino
acid sequence of tryptic and chymotryptic fragments of the
natural Mp65, inclusive of the region containing the potential
N-glycosylation triplet of S. cerevisiae (NYS; aa 279). It is also
in keeping with the resistance of natural Mp65 to digestion
with endo-N and -F glycosidases (20, 38). Overall, the natural
C. albicans Mp65 appear to be only O glycosylated, as in some
other fungal mannoproteins (23). The presence of a prepep-
tide with a signal sequence for processing in the endoplasmic
reticulum, as well as with the KR doublet of a Kex-like pepti-
dase before the amino terminus start, clearly confirms the
nature of a secretory mannoprotein which was already inferred
from functional studies (3, 4).

Another interesting and perhaps functionally relevant dif-
ference between CaMp65 and Scw10-Scw4 proteins (8) is the

FIG. 7. Proliferation of four representative human T-cell clones specific for MPF2. Each clone was incubated with autologous irradiated PBMC as APC alone or
in the presence of PHA, MPF2, native CaMp65, recombinant CaMp65, or recombinant ScMp65. After 2 days of culture, clones were incubated with [3H]thymidine and
harvested 18 h later. Results are expressed as the mean counts per minute of triplicates.
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presence of a RGD site in the C. albicans mannoprotein. This
site has repeatedly been shown to characterize some integrin-
like proteins of C. albicans, including a complement-like re-
ceptor of the fungus. In this context, RGD-containing mole-
cules have been implicated in the increased adherence of
hyphal cells of C. albicans to plastic and animal cells (6). One
of these adhesins was previously characterized as a 60- to
65-kDa protein but its sequence was not determined (7). The
data would suggest a role of “secretory adhesin” for CaMp65,
and we are currently working on determining the functional
features of this mannoprotein.

CaMp65 and the closest homologous Scw10 probably belong
to a family of enzymes of glucan metabolism (glucanases or
transglycosidases) (8). Since both rCaMp65 and rScMp65 have
been here expressed under denaturing conditions, they could
not be tested for their possible enzymatic activity. However, a
number of observations suggest that these kinds of proteins are
indeed involved in cell wall metabolism. The natural Mp65
could be preferentially purified from the hyphal secretory ma-
terials under tunicamycin inhibition of glycosylation (21), and
much more immunogenic Mp65-containing, secretory manno-
protein material was obtained from hypha- than from yeast-
growing cells (4, 37). The higher CaMP65 gene transcription at
37 to 42°C than at 22 to 28°C is more in keeping with the
conditions favoring mycelial rather than yeast cell growth of C.
albicans (31). However, more specific and quantitative expres-
sion studies are required before drawing a definitive conclu-
sion regarding this.

rCaMp65 has been shown here to be highly antigenic and
immunogenic. As with the natural mannoprotein, it was able to
stimulate in vitro proliferation of lymphocytes from all of the
normal subjects tested so far. Also, the magnitude of the pro-
liferative response was comparable to that recorded in the
same subjects under stimulation with the natural product.
Moreover, the recombinant product was as efficient as the
native mannoprotein in stimulating specific T-cell clones, indi-
cating that the recombinant protein gains access to the endo-
cytic compartment of the APC and that it is processed to
generate the same peptides generated by the processing of
the natural protein. Interestingly, the recombinant product
of S. cerevisiae was much less effective at inducing, if not totally
unable to induce, PBMC lymphoproliferation. Despite an
overall rather large homology between the two proteins, there
are several peptide regions of CaMp65 where this homology is
rather low. Strong proliferation-inducing peptide fragments of
the native CaMp65 were among those showing the least simi-
larity with the corresponding peptide sequences of S. cerevisiae
homologs Scw10 and Scw4 (21). These highly antigenic MP65
epitopes were found in the N-terminus region of CaMp65,
suggesting that, as happens for other O-linked, saccharide-rich
cell wall proteins of C. albicans (11), the N-terminal region of
the mannoprotein is the one more likely to be exposed on the
cell surface or accessible to immunocompetent cells. This idea
is clearly in line both with the immunodominance of the mol-
ecule and with its potential adhesive role. In agreement with
the data obtained with PBMC proliferation, none of the
CaMp65-specific clones was stimulated by ScMp65. These data
confirm that the immunogenic epitopes of CaMp65 are en-
riched with those regions of the protein sharing the least ho-
mology with the S. cerevisiae mannoprotein.

Thus, this C. albicans putative glucanase protein seems to
have acquired rather unique antigenic properties among mem-
bers of this family of cell wall proteins, in keeping with its cell
wall expression, and human commensalism of the fungus. In-
terestingly, this marked immunogenicity seems to be preferen-
tially addressed to the cell-mediated arm of host immune re-

sponse, since normal human sera, which are usually rich in
anti-Candida antibodies (31), show rather low reactivity with
the natural or the recombinant Mp65 protein (unpublished
data).

Several data have long suggested that peptide epitopes of
the highly immunogenic mannoproteins of C. albicans were
those inducing and revealing CMI (9, 10, 16, 17, 29, 38). The
high frequency of responses by PBMC and T-cell clones to the
whole recombinant protein detected in normal, healthy sub-
jects further supports the above assumption. This is not to say,
however, that the presumably numerous O-saccharide chains
present on the natural Mp65 of C. albicans do not participate
in CMI recognition, either enhancing or downmodulating the
response. Recent evidence points to this possibility (14), as
well as to the capacity of selected lymphocyte populations with
gamma or delta T-cell receptors to start an adaptive cellular
response against lipidated or nonlipidated polysaccharides. A
comparison of the stimulating capacity of suitably designed
synthetic peptides with the corresponding natural ones may
help to distinguish between the two events. The generation of
human T-cell clones against the recombinant protein will help
to obtain further insight into the mechanisms of CaMp65 rec-
ognition and processing. The provision of a highly immuno-
genic, recombinant product of a common recall antigen may
prove useful for all studies addressing the state of immune
response to Candida and its modulation during disease (e.g., in
AIDS or other immunodeficiencies), which greatly predispose
to infection by this fungus (24, 34). In contrast to the natural
Mp65, the recombinant product can be obtained in large quan-
tities and can be standardized for purity, potency, and overall
quality.
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