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A lgt11 cDNA library from Candida albicans ATCC 26555 was screened by using pooled sera from two pa-
tients with systemic candidiasis and five neutropenic patients with high levels of anti-C. albicans immunoglob-
ulin M antibodies. Seven clones were isolated from 60,000 recombinant phages. The most reactive one con-
tained a 0.9-kb cDNA encoding a polypeptide immunoreactive only with sera from patients with systemic
candidiasis. The whole gene was isolated from a genomic library by using the cDNA as a probe. The nucleotide
sequence of the coding region showed homology (78 to 79%) to the Saccharomyces cerevisiae TDH1 to TDH3
genes coding for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and their amino acid sequences showed
76% identity; thus, this gene has been named C. albicans TDH1. A rabbit polyclonal antiserum against
the purified cytosolic C. albicans GAPDH (polyclonal antibody [PAb] anti-CA-GAPDH) was used to identify the
GAPDH in the b-mercaptoethanol extracts containing cell wall moieties. Indirect immunofluorescence dem-
onstrated the presence of GAPDH at the C. albicans cell surface, particularly on the blastoconidia. Semiquan-
titative flow cytometry analysis showed the sensitivity of this GAPDH form to trypsin and its resistance to be
removed with 2 M NaCl or 2% sodium dodecyl sulfate. The decrease in fluorescence in the presence of soluble
GAPDH indicates the specificity of the labelling. In addition, a dose-dependent GAPDH enzymatic activity was
detected in intact blastoconidia and germ tube cells. This activity was reduced by pretreatment of the cells with
trypsin, formaldehyde, and PAb anti-CA-GAPDH. These observations indicate that an immunogenic, enzy-
matically active cell wall-associated form of the glycolytic enzyme GAPDH is found at the cell surface of C.
albicans cells.

Candida albicans is one of the most frequently encountered
etiologic agents that cause opportunistic infections such as
so-called candidiasis, a disease whose systemic manifestation
could prove fatal and whose incidence is increasing as a result
of an expanding immunocompromised population (5, 37, 39).

The diagnosis of invasive candidiasis is usually difficult to
establish by clinical criteria; therefore, culture techniques and
serodiagnostic tests for antigen and antibody detection have
been employed as a laboratory aid to diagnosis. Blood cultures
for Candida species generally exhibit low sensitivity (39), and
the tests for determination of marker antigens need further
fine-tuning to improve their sensitivity and specificity so that
they will be valuable in guiding clinical treatment decisions (38,
43, 44). Likewise, standard immunological tests to detect anti-
Candida antibodies usually have low specificity and/or sensitiv-
ity, since they mainly recognize antibodies against Candida cell
wall mannan, which are ubiquitous in human sera (26, 54, 58);
furthermore, the crude preparations of candidal antigens can-
not be standardized enough to allow good test reproducibility
among laboratories (26). Despite the considerable heteroge-
neity of the humoral responses to antigens of C. albicans in
humans, several cytosolic antigens have been identified. These
include enolase (55), a 47-kDa fragment of a 90-kDa heat
shock protein (hsp90) (34, 36), a 75-kDa heat shock protein,
and a non-heat shock protein 96-kDa antigen (11), and some

other glycolytic enzymes such as pyruvate kinase and alcohol
dehydrogenase (52). Interestingly, some cytosolic proteins, such
as enolase, members of the hsp70 family, and phosphoglycer-
ate kinase, have been described to be bona fide components of
C. albicans cell walls (2, 3, 31). Although some of these moi-
eties have been used as potential marker antigens for antibody
detection in invasive candidiasis (20, 26, 33, 35, 58), a simple,
reliable, and easy-to-perform serological assay for the diagno-
sis of systemic Candida infections has not yet been developed.

In the present study, we have screened a C. albicans cDNA
library for sequences that encode immunogenic proteins by
using pooled sera from patients with a high level of anti-C.
albicans antibodies in order to identify antigens potentially
useful for diagnosis of candidiasis or that may play a role in
infection. By this approach, a cDNA clone coding for another
enzyme of the glycolytic pathway, the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), was obtained. The whole
gene has been isolated, and the enzyme has been found to be
present and enzymatically active in the cell wall as well as in the
cytoplasm.

MATERIALS AND METHODS

Strains used and culture conditions. C. albicans ATCC 26555 was employed
in this study. It was maintained by subculturing on 1.5% Bacto Agar slopes of
Sabouraud dextrose medium. Cells were propagated as blastoconidia at 28°C in
a minimal medium supplemented with amino acids as described by Lee et al.
(29), harvested, and stored at 4°C for 72 to 96 h (starvation period) as reported
previously (7). Starved blastoconidia were inoculated (200 mg [dry weight] of
cells per ml) in fresh Lee medium at 28°C to obtain cultures of blastoconidia or
at 37°C for the formation of blastoconidia bearing germ tubes (7). Escherichia
coli Y1090 was used for immunoscreening of the cDNA library, and the plas-
midic genomic library was in E. coli JM109; both strains were cultured and
manipulated according to the method described by Sambrook et al. (45).
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Screening of cDNA and genomic libraries. A l cDNA library constructed from
C. albicans mycelial cells (48) was immunoscreened with pooled sera from seven
individuals (two patients with systemic candidiasis and five neutropenic patients)
with high levels of anti-C. albicans immunoglobulin M (IgM) and IgG antibodies
following previously described procedures (45, 48). About 60,000 PFU were
plated in petri dishes, and the dishes were incubated for 3 h at 42°C for induction
of the phage lytic cycle; thereafter, a Hybond-N filter (Amersham) saturated with
10 mM isopropyl-b-D-thiogalactoside was layered onto the plates to induce
production of the b-galactosidase–protein fusion, and the plates were incubated
overnight at 37°C. Filters were immunodetected with pooled sera (diluted 1:100)
as previously described (1, 7). Peroxidase-labelled goat anti-human IgMs (diluted
1:2,000) were used as indicator antibody.

The cDNA from the positively selected clone was isolated with the l forward
and reverse universal primers to amplify recombinant phage DNA by standard
polymerase chain reaction protocols (24) and subcloned into pGEM-T (Pro-
mega) following the manufacturer’s instructions; this cDNA fragment was used
as a probe to screen a genomic library constructed from C. albicans WO-1
chromosomal DNA in pEMBL Ye23 (4), according to standard procedures (45).
Labelling of cDNA probes and hybridizations were performed by the digoxigenin
labelling and detection kits from Boehringer Mannheim.

Southern and Northern blots and sequencing. Preparation of plasmidic DNAs
from bacterial strains and chromosomal DNA from C. albicans ATCC 26555,
digestion with restriction endonucleases, agarose gel electrophoresis, and trans-
fer to Hybond-N filters (Amersham) were carried out according to the method
described by Sambrook et al. (45). Labelling of cDNA probes and hybridization
conditions were performed as mentioned above. Total RNAs from C. albicans
yeast and germ tube cells (after 3 h of germ tube induction) were obtained as
described by Denis et al. (12). RNA gel electrophoresis and transfer to Hy-
bond-N filters (Amersham) were carried out by previously described methods
(45). For hybridization and chemiluminiscence detection, the Boehringer Lumi-
gen PPD kit was used.

Sequencing of cDNA and genomic DNA fragments was completed with uni-
versal forward and reverse primers as well as synthetic oligonucleotides (Phar-
macia Biotech.) deduced from the sequence. Both DNA strands were sequenced.
Sequencing reactions were performed with the Taq Dye Dideoxy Terminator
Sequencing kit (Applied Biosystems), and the nucleotide sequences were deter-
mined with an Applied Biosystems automated DNA sequencer (model 373A).
Nucleotide and amino acid sequences were analyzed by the FASTA program and
the BLAST network service.

Preparation of cell extracts. Protein and glycoprotein components of the walls
were released from intact cells by treatment with b-mercaptoethanol (bME) as
previously described (6, 8, 9). The bME-extracted cells were treated with a
b-(1,3)-glucanase complex (Zymolyase 20T) to obtain protoplasts, which were
lysed, and the supernatant (cytosolic extract) was recovered following centrifu-
gation as previously described (8, 9). The total sugar and protein contents were
determined by the methods described by Dubois et al. (13) and Lowry et al. (32),
respectively.

Generation of PAbs. The cytosolic extract (1 mg of protein) from blasto-
conidial cells was subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on linear slab gels (12.5% acrylamide) with a 6%
acrylamide stacking gel, basically according to the procedure previously de-
scribed (28), and the protein species were transferred to nitrocellulose paper (7,
8). A small section of the paper was revealed by immunoblotting with a mono-
clonal antibody (MAb) to the GAPDH from chicken (MAb anti-CH-GAPDH).
The immunodetected protein was solubilized from the paper and used to immu-
nize female New Zealand White rabbits as previously described (9). Levels of
anti-GAPDH antibodies in sera were determined by an enzyme-linked immu-
nosorbent assay (ELISA) with GAPDH from Saccharomyces cerevisiae (Sigma)
and cytosolic extracts of C. albicans as test antigens.

Western blotting. Proteins were separated by SDS-PAGE as already described
(7, 28) and electrophoretically transferred to polyvinylidene difluoride mem-
branes (Millipore). Immunodetection with the MAb anti-CH-GAPDH (diluted
1:1,000) was performed following procedures already described (7, 9); peroxi-
dase-conjugated goat anti-mouse Igs (diluted 1:2,000) was used as a second
antibody, and labelled proteins were detected with the enhanced chemilumines-
cence detection system (Amersham) according to the manufacturer’s guidelines.
When the PAb raised against C. albicans GAPDH was used (final dilution of
1:1,000), peroxidase-labelled goat anti-rabbit Igs (diluted 1:1,500) was used as
the indicator antibody, and the reactive bands were developed with hydrogen
peroxide and 4-chloro-1-naphthol as the chromogenic reagent. The GAPDHs
from S. cerevisiae and from chicken muscle (Sigma) were used as control pro-
teins.

Indirect immunofluorescence (IIF). Fungal cells (blastoconidia and germi-
nated blastoconidia) collected from exponentially growing cultures were washed
twice with 10 mM phosphate buffer (pH 7.4)–150 mM NaCl (phosphate-buffered
saline [PBS]) and resuspended (106 cells per ml) in PAb anti-CA-GAPDH
diluted 1:10 in PBS. After 1 h at room temperature with gentle shaking, the cells
were washed four times with PBS and resuspended in fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit Igs (1:10 dilution) in PBS, and the suspen-
sions were incubated under the same conditions. Finally, the cells were washed
again, resuspended in 100 ml of PBS, and examined (wet mountings) for epiflu-
orescence (UV filter no. 487702; excitation line, 365/366 nm) (7). Control ex-

periments were performed by omitting incubation of cells with the PAb anti-
CA-GAPDH.

Flow cytometry analysis. Immunofluorescence assaying with the PAb anti-CA-
GAPDH was performed by the procedure described above. Blastoconidia were
subsequently fixed in 1% paraformaldehyde solution in PBS and analyzed by flow
cytometry. Flow cytometry analyses were performed on an EPICS Elite Cell
Sorter (Coulter Electronics, Inc., Hialeah, Fla.) as previously described (42).
Duplicate samples were processed in the absence of PAb anti-CA-GAPDH as
negative controls.

In some experiments, cells were incubated with different amounts of trypsin
for 30 min at 37°C (proteolytic treatment was stopped by three washes with PBS
containing 3% [wt/vol] bovine serum albumin) and assayed by IIF and flow
cytometry. In other instances, cells were treated with 1% bME in sterile glass-
distilled water for 1 h at 37°C, prior to being analyzed by IIF and flow cytometry.
When indicated, IIF reactions were determined in the presence of increasing
concentrations of GAPDH from S. cerevisiae (Sigma).

Determination of GAPDH and other enzyme activities. The assay for GAPDH
activity was carried out according to the method originally described by Ferdi-
nand (14), with minor modifications. An assay for intact whole cells was devel-
oped to determine whether the GAPDH on the surface of C. albicans cells
functions as an active enzyme. Duplicate samples of different amounts of expo-
nentially growing cells were incubated with and without glyceraldehyde-3-phos-
phate (G-3P) (7 ml of a solution containing 49 mg of substrate per ml; Sigma) in
the presence of NAD (100 ml of a 10 mM solution; Boehringer-Mannheim) in
assay buffer (40 mM triethanolamine, 50 mM Na2HPO4, 5 mM EDTA, 0.1 mM
dithiothreitol [pH 8.6]) to a final volume of 1 ml. After incubation of the reaction
mixtures at room temperature, cells were removed by centrifugation and the
supernatants were analyzed for the presence of NADH by recording the absor-
bance at 340 nm with a Shimadzu UV-160 spectrophotometer. Activity was
expressed as the concentration (micromolar) of NADH generated during the
assay. Enzymatic activities on trypsinized (as described above) blastoconidia, on
cells prefixed with 1% (vol/vol) formaldehyde (15 min at room temperature), and
on cells preincubated with PAb anti-CA-GAPDH (1 h at 37°C) were also deter-
mined. In some experiments, yeast cells from exponentially growing cultures
were preincubated either (i) with a cytosolic C. albicans extract or (ii) with a
solution of GAPDH from S. cerevisiae prior to activity determination.

The amounts of carboxypeptidase Y and a-mannosidase in intact whole cells
were determined basically according to the procedures described by Schwencke
et al. (46) and van der Wilden et al. (53), respectively.

Nucleotide sequence accession number. The accession number to the Gen-
Bank/EMBL databases of the nucleotide and predicted amino acid sequences of
the C. albicans TDH1 gene described in this paper is U72203.

RESULTS AND DISCUSSION

Isolation of cDNA clones encoding immunogenic polypep-
tides. Since the most useful markers in patients with first-time
C. albicans sepsis are IgM antibodies to blastoconidial antigens
(20), we used a pool of sera prepared from two patients with
proved C. albicans sepsis (evidenced by positive blood cul-
tures) and five neutropenic patients (with high levels of anti-C.
albicans IgG and IgM antibodies) to screen a cDNA library,
looking for polypeptides reacting with IgM antibodies. Immu-
noscreening of the cDNA library with the pooled sera resulted
in the isolation of seven clearly positive clones after three
successive rounds of screening. The cDNA insert of the stron-
gest immunoreactive clone was amplified by PCR, resulting in
a 0.9-kb fragment which was subcloned into pGEM-T. With
this cDNA as a probe, it was found that the other three positive
clones initially isolated were homologous to the selected one.
The reactivities of this clone against the individual serum sam-
ples of the pool were analyzed. Lysis plaques of this clone
obtained under conditions of induction of the fusion protein
were strongly recognized by two individual serum samples and
three serum samples gave a weak reaction, whereas two serum
samples did not react at all (not shown). Interestingly, the two
serum samples immunoreactive against the polypeptide en-
coded by the selected cDNA clone were those from the pa-
tients with recognized systemic candidiasis (positive blood cul-
ture). Although a larger patient population must be tested, this
preliminary result suggests a correlation between the existence
of systemic C. albicans infection and the presence of IgM
antibodies against the polypeptide encoded by the cDNA
clone.
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Characterization of cloned cDNA. Southern blot analysis of
C. albicans genomic DNA probed with the 0.9-kb cDNA frag-
ment revealed, for all five cutting enzymes used, one single
hybridizing band (Fig. 1A), although with HindIII, the only
enzyme that cuts within the probe, a small DNA fragment (0.2
kb) was not detected. The high-stringency conditions used sug-
gest that one copy of the gene homologous to the cDNA probe
is present in the C. albicans genome, although additional genes
displaying partial sequence homology with the probe may also
encode GAPDH proteins. Northern blot analysis with the
same probe revealed the presence of one relatively abundant
mRNA species of about 1 kb present both in yeast and germ
tube cells (Fig. 1B). Sequencing of this cDNA was performed,
and comparison of the nucleotide sequence with the EMBL/
GenBank database sequences showed significant homology
(about 78%) to the S. cerevisiae TDH1 to -3 genes coding for
GAPDH (21–23). The cDNA sequence (884 bp) contains the
39 end of the gene and an open reading frame showing high
identity (76%) to the yeast GAPDH but lacks the 59 end of the
coding region.

The identification of glycolytic enzymes as immunogens dur-
ing candidiasis is well documented. Enolase is known to be an
abundant immunodominant antigen in C. albicans infection
(55). Antibodies to candidal pyruvate kinase and alcohol de-
hydrogenase in sera from patients suffering from superficial
candidiasis have also been reported (52). In addition, IgE
antibodies present in sera from allergic patients are reactive
with alcohol dehydrogenase (49) and with enolase, phospho-
glycerate kinase, and aldolase (25). Therefore, our data extend
the above list of immunogenic glycolytic enzymes to GAPDH.
The fact that four of the seven isolated clones were homolo-
gous indicates that GAPDH is a major antigen in C. albicans,
although it should be noted that highly expressed genes are
also highly abundant in the cDNA libraries and, thus, that their
cloning is statistically favored.

Cloning of the C. albicans gene coding for GAPDH. The
screening of a genomic library with the cDNA as a probe
resulted in the isolation of five positive clones. Restriction and
Southern blot analysis demonstrate that all five clones were
identical (not shown); thus, only one single clone was obtained.

This clone contains a 6.5-kb fragment of the C. albicans ge-
nome which contains the whole gene homologous to the cDNA
probe. This gene was sequenced, and it was found to contain a
coding sequence of 993 nucleotides coding for a 331-amino-
acid polypeptide. The coding region shows significant homol-
ogy (78 to 79%) with the S. cerevisiae TDH1-3 genes and also
with the chicken GAPDH gene (67%) (50). Comparison of the
amino acid sequences indicates a high degree of identity to the
S. cerevisiae (76%) and the chicken (67%) proteins. Thus, we
have cloned a C. albicans gene coding for GAPDH, which was
designated C. albicans TDH1 (where TDH is triose phosphate
dehydrogenase).

Reactivities of MAb anti-CH-GAPDH and PAb anti-CA-
GAPDH with the protein encoded by the cDNA clone and with
C. albicans extracts. To confirm that the cloned cDNA encodes
the C. albicans GAPDH, we investigated whether the fusion
protein produced by the phage recombinant clone was recog-
nized by the MAb anti-GAPDH from chicken. The results
showed that this MAb recognized the fusion protein present in
the plaque from the recombinant phage containing the cloned
cDNA, since no immunoreactivity was detected in a control
plaque from a phage lacking the cDNA insert (Fig. 2A). Af-
terward, we performed an immunoblot analysis with this MAb
to further confirm that it recognizes the GAPDH from C.
albicans (Fig. 2B). The MAb reacted with the control protein
(GAPDH from chicken) (Fig. 2B, lane 1) and immunodetected
a major band with the same apparent molecular weight as that
of the control protein (33 kDa) in the cytosolic extracts from
blastoconidia (Fig. 2B, lane 4) and germinated blastoconidia
(Fig. 2B, lane 5). These results confirmed that the cloned
cDNA codes for the C. albicans GAPDH.

Because the GAPDH enzyme has been described to be
present on the surface of cells of several microbial species
(15–17, 40) and two other glycolytic enzymes from C. albicans
(enolase and 3-phosphoglycerate kinase) have been detected
in the cell wall (2, 3), we searched for the presence of a cell
wall-associated form of GAPDH in bME extracts obtained
from intact C. albicans cells, since it is well established that
such extracts contain bona fide cell surface molecules without

FIG. 1. (A) Southern blot analysis of chromosomal DNA obtained from C.
albicans ATCC 26555. Each lane contains 10 mg of DNA digested with SalI (lane
1), HindIII (lane 2), BamHI (lane 3), EcoRI (lane 4), or PstI (lane 5). The 0.9-kb
cDNA clone selected by the immunoreactivity of the encoded fusion protein
against the pooled sera was used as a probe. Molecular size markers are indi-
cated. (B) Northern blot analysis. Total RNAs were obtained from yeast cells
(lane 1) and germinated blastoconidia (lane 2) after 3 h of germ tube induction
of C. albicans ATCC 26555, 10 mg of RNA was loaded onto each well, and the
0.9-kb cDNA fragment selected by the immunoscreening of the cDNA library
with the pooled sera was used as a probe.

FIG. 2. Immunoblot analysis with the MAb anti-CH-GAPDH (A and B) and
with the PAb anti-CA-GAPDH (C and D). (A and C) Reactivities of the anti-
bodies with the fusion protein present in the plaques produced by the selected l
recombinant cDNA clone (lane 1) or with plaques from a lgt11 clone lacking a
cDNA insert used as a negative control (lane 2). (B and D) Western immunoblot
analysis of bME extracts (lanes 2 and 3; samples applied to each well contained
600 mg of material, expressed as total sugar content) and cytosolic extracts (lanes
4 and 5; 50 mg of protein per well) from blastoconidia (lanes 2 and 4) and
germinated blastoconidia (lanes 3 and 5). Lanes 1, control GAPDH proteins
from chicken (0.01 mg [B]) and from S. cerevisiae (2 mg [D]). Migration of
proteins used as molecular mass standards (101, 83, 50.6, 35.5, 29.1, and 20.9 kDa
[from top to bottom]) is shown.
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significant intracellular contamination (2, 8, 30, 31). Among
the numerous proteins which are removed from the cell wall by
bME extraction of intact cells (6, 8, 9), the MAb anti-CH-
GAPDH detected a major protein species of 33 kDa in cell
wall extracts from both blastoconidia and germinated blasto-
conidia (Fig. 2B, lanes 2 and 3), which indicates that GAPDH
is also associated with the C. albicans cell wall.

PAbs generated against cytosolic GAPDH from blasto-
conidial cells were used to investigate the immunoreactivity of
the fusion protein produced by the cDNA clone. PAb anti-CA-
GAPDH reacted against this fusion protein (Fig. 2C) as pre-
viously described for the MAb anti-CH-GAPDH (Fig. 2A).

Afterward, we performed a Western blot analysis with different
extracts from C. albicans cells. The PAb preparation recog-
nized a major protein species of 33 kDa present in cytosolic
extracts from both blastoconidia and germinated blastoconidia
(Fig. 2D, lanes 4 and 5) and also in bME extracts from blas-
toconidia (Fig. 2D, lane 2) and germ tubes (Fig. 2D, lane 3),
thus indicating the presence of GAPDH both in the cytosol
and the cell wall. The PAb anti-CH-GAPDH also recognized
the GAPDH from S. cerevisiae that was used as a control (Fig.
2D, lane 1). The specificity of the reaction was further sup-
ported by the fact that the presence of soluble GAPDH from
S. cerevisiae (assayed at a concentration of 1 mg/ml) in the PAb

FIG. 3. Surface localization of GAPDH by IIF with PAb anti-CA-GAPDH. Blastoconidia (A and B) and germinated blastoconidia (C to F) were incubated with
the PAb anti-CA-GAPDH and FITC-conjugated goat anti-rabbit Ig as described in Materials and Methods. (A, C, and E) Phase-contrast microscopy; (B, D, and F)
UV illumination (fluorescence). Note the fluorescence at the blastoconidial surface (B). The germ tube surface visualized by phase-contrast microscopy (C and E
[arrows]) exhibited a weak fluorescence (D and F [arrows]). Bar, 10mm.
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preparation used to develop the Western blot inhibited immu-
nodetection of the 33-kDa protein (not shown).

Immunodetection of GAPDH on the surface of C. albicans
cells. PAb anti-CA-GAPDH was used in an IIF assay to assess
the presence of the protein on the surface of intact cells (Fig.
3). The strong fluorescence observed in most of the blasto-
conidial cells indicated that the GAPDH is exposed on their
surfaces (Fig. 3B). When the IIF assay was performed with
germinated yeast cells (Fig. 3D and F), most of the mother
blastoconidia from which germ tubes originate were again
strongly labelled, whereas the hyphal filaments showed only a
faint fluorescence (Fig. 3D and F [arrows]). The reactivity
appeared to depend on the previous interaction of the specific
antibody (PAb anti-CA-GAPDH) with cells, since fluores-
cence was not observed when the cells were reacted with the
second FITC-labelled marker antibody alone.

To confirm the surface location of the protein, blastoconidia
subjected to different treatments were analyzed by IIF and flow
cytometry (Fig. 4). Trypsin treatment of intact cells resulted in

a marked reduction (65%) in their reactivities to PAb anti-
CA-GAPDH (Fig. 4A, assays 2 and 3). The inability to remove
the GAPDH protein from the cell surface after treatment with
2 M NaCl or 2% (wt/vol) SDS (Fig. 4B) indicates that the
protein is tightly bound to the cell wall and is not weakly
associated with this structure as a contaminant intracellular
species that may rebind to the cell surface after being released
by lysed or dying cells. Finally, treatment with bME also re-
duced the fluorescence intensity (65% inhibition) (Fig. 4A,
assay 4), which is in accordance with the presence of the pro-
tein in the bME extract (Fig. 2B and D, lane 2). Binding of
PAb anti-CA-GAPDH to cells was found to be specific as the
fluorescence intensity decreased (40, 88, and 89% of inhibi-
tion) when the IIF assays were performed in the presence of
different concentrations (0.1, 0.5, and 1 mg/ml, respectively) of
soluble GAPDH from S. cerevisiae (Fig. 4A, assays 5 to 7).

Cell wall-associated forms have been described for two other
candidal glycolytic enzymes; enolase has been found in the
culture supernatant and in the inner layers of the cell wall but

FIG. 4. Flow cytometry analysis with PAb anti-CA-GAPDH. The assay determines the extents of reactivity of PAb anti-CA-GAPDH to the yeast cell surface
exposed protein before (A and B, assays 2) and after trypsin (A, assay 3), bME (A, assay 4), 2 M NaCl (B, assay 3), and 2% SDS (B, assay 4) treatments. IIF assaying
was also performed in the presence of 0.1, 0.5, and 1 mg of GAPDH from S. cerevisiae per ml (A, assays 5 to 7). Control assays were performed in the absence of PAb
anti-CA-GAPDH (A and B, assays 1). x axis, log of fluorescence intensity (LIGFL); y axis, number of fluorescent cells.
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is not exposed at the cell surface (3, 51), and phosphoglycerate
kinase has been detected at the cell surface of C. albicans cells
and has also been detected to extend through the cell wall (2).

GAPDH activity in intact cells. To determine whether the
surface GAPDH protein was active, enzymatic studies were
carried out with intact cells. In the first set of experiments,
activities in intact whole blastoconidia and germinated blasto-
conidia were determined during their growth either at 28 or
37°C, respectively, after starvation (see Materials and Meth-
ods). The results (Fig. 5) revealed a dose-dependent GAPDH
activity catalyzed by both growth forms, yeasts and hyphae,
which increased proportionally to cell growth. The intact cells
did not catalyze the formation of NADH in the absence of the
substrate (G-3P). The enzymatic activity was significantly de-
creased when trypsinized or formaldehyde-treated blasto-
conidia were used in the reaction mixture (Table 1). The en-
zymatic activity of intact blastoconidia was also found to be
partially (by roughly 30%) but specifically inhibited by the PAb
anti-CA-GAPDH (Table 1).

Although the results reported above indicate that active
GAPDH is an autochthonous cell surface protein, we further
investigated the possibility that rebinding to intact C. albicans
cells of cytosolic enzyme released following cell lysis occurs.
Incubation of C. albicans cells with cytosolic extracts and sol-
uble GAPDH protein prior to determination of activity (see
Materials and Methods) did not result in any increase in the
amount of NADH generated during the assay. During the
assay, yeast cells (3 3 108) from an exponentially growing
culture were resuspended in 0.1 ml of PBS buffer containing
0.1 mg of protein of a C. albicans cytosolic extract and 0.1 mg
of GAPDH from S. cerevisiae, and the suspensions incubated
at room temperature for 30 min. After incubation, the cells
were pelleted and washed, and GAPDH activities were deter-
mined. In this assay, the results (expressed as mean concen-
trations [micromolar] of NADH generated in the assay mix-
tures from triplicate determinations 6 standard deviations)
were as follows: control, 260 6 4; yeast cells plus cytosolic
extract, 265 6 6; yeast cells plus GAPDH, 257 6 13; cytosolic
extract, 311 6 10; and GAPDH, 560 6 18. For cytosolic extract

and GAPDH values, activity was determined for samples con-
taining 10 mg of total protein. These results indicate that cy-
tosolic GAPDH does not stick to the surface of intact cells.

Determination of other intracellular activities, such as car-
boxypeptidase Y and a-mannosidase associated with the yeast
tonoplast and with vacuolar content, respectively (18, 46, 53,
56), was used to check cell lysis. Both activities were not de-
tected when they were assayed in whole cells after overnight
incubation of the assay mixtures, whereas significant levels of
activity were detected in cell extracts (obtained by ballistic
disruption of cells) used as positive controls (not shown), thus
indicating the absence of lysed cells in the assay mixtures.

Quantification of the percentage of GAPDH present in the
cell wall is difficult to assess, since the measurement of intra-
cellular enzyme requires the preparation of cell extracts,
whereas that of the cell wall GAPDH is determined in intact
cells, and, in addition, it is not known whether the latter retains
the same level of activity as the cytosolic counterpart. How-
ever, from the activity data, we estimated that the cell wall-
bound GAPDH roughly represents 20 to 35% of the total
GAPDH protein present in yeast cells; this percentage de-
creases (5 to 15%) when quantitation is made from Western
blots. Yet this value is most likely underestimated, because
processing of bME extracts prior to immunoblotting may cause
partial loss of protein. The presence of GAPDH in the cell wall
and the absence of a conventional N-terminal signal sequence
suggest the involvement of a nonclassical secretory pathway in
the targeting of this protein, as described for a number of
prokaryotic, fungal, and higher eukaryotic proteins (27).
Whether the cell surface GAPDH activity is the product of the
C. albicans TDH1 gene or is encoded by a different TDH gene
remains to be determined.

On the other hand, although the mRNA levels appear to be
higher in mycelial cells, IIF assaying indicates that yeast cells
are more strongly labelled, suggesting either that there is less
GAPDH protein in hyphal cell walls or that it is topologically
less accessible to the probe; this second possibility is supported
by the fact that enzymatic activities in both yeast and germ tube
C. albicans cells are similar. A different topological location of
the protein in the cell wall may account for the lack of corre-
lation between IIF and GAPDH activity, and it is in accor-
dance with the contention that changes in the cell wall orga-
nization occur during the morphogenetic transition (10, 19,
47); taking into account that GAPDH is a surface antigen, as

FIG. 5. GAPDH activity in intact cells. Enzyme activity was measured by
determining the conversion of NAD to NADH in the presence (continuous line)
or absence (dotted line) of G-3P. Activity is expressed as the concentration
(micromolar) of NADH in the supernatants after incubation of the assay mix-
ture. Activity was determined in whole cells that were incubated after the star-
vation period (see Materials and Methods) at 28°C to obtain yeast morphology
(■) and at 37°C to induce germ tube formation (F); cells (2.5 ml of culture) were
collected periodically as indicated, and the time of the enzymatic reaction was 5
min.

TABLE 1. Effect of trypsin, formaldehyde, and PAb
anti-CA-GAPDH on GAPDH activity in

C. albicans yeast cells

Treatmenta Activity
(mM)b

Inhibition
(%)c

None (control) 265 6 7 0
1Trypsin 52 6 8 80
1Formaldehyde 83 6 9 69

None (control) 303 6 3 0
1PAb (1:50 dilution) 221 6 20 27
1PAb (1:10 dilution) 214 6 3 30

a Yeast cells (3 3 108) from exponentially growing cultures were collected and
treated as indicated (see Materials and Methods for further details) prior to
determination of enzymatic activities.

b Expressed as the concentration of NADH generated in the assay mixture; the
time of the enzymatic reaction was 5 min, and the results shown are the mean
values of triplicate determinations with standard deviations.

c Percentage of inhibition with reference to the respective control values.
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described here, these changes may help hyphal cells to evade
the host immune system.

GAPDH has also been associated with a surface location
and different functions in microbial species. First, the enzyme
has been reported as a major surface protein on group A
streptococci (Streptococcus pyogenes), where it is enzymatically
active, binds various mammalian proteins such as lysozyme,
fibronectin, actin, myosin, and plasmin (40, 57), and also acts
as an ADP-ribosylating enzyme (41). Second, in Kluyveromyces
marxianus, the same enzyme protein has been identified as a
constitutive protein of cell wall putatively involved in the in-
teractions between cells leading to flocculation (15, 16). Third,
Goudot-Crozel et al. (17) presented evidence for an active
GAPDH on the surface of Schistosoma mansoni cells associ-
ated with human resistance to schistosomiasis, proposing that
GAPDH may be a putative vaccine against human schistoso-
miasis. These observations raise the question of whether
GAPDH in C. albicans may also have other nonglycolytic func-
tions associated with noncytosolic forms of the enzyme.

In summary, we have shown that the GAPDH of C. albicans
is another immunogenic glycolytic enzyme; although a larger
patient population must be tested, the preliminary results pre-
sented here indicate that IgM antibodies against GAPDH may
represent a specific marker of fungal invasiveness. Besides its
cytoplasmic localization, this protein is also an integral protein
of the cell wall exposed at the cell surface, where it is enzy-
matically active, although its role in the cell wall has not yet
been determined.
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tı́nez, and D. Gozalbo. 1996. Cloning and characterization of a cDNA coding
for Candida albicans polyubiquitin. J. Med. Vet. Mycol. 34:315–322.

49. Shen, H. D., K. B. Choo, H. H. Lee, J. C. Hsieh, W. L. Lin, W. R. Lee, and
S. H. Han. 1991. The 40-kilodalton allergen of Candida albicans is an alcohol
dehydrogenase: molecular cloning and immunological analysis using mono-
clonal antibodies. Clin. Exp. Allergy 21:675–681.

50. Stone, E. M., K. N. Rothblum, M. C. Alevy, T. M. Kuo, and R. J. Schwartz.

1985. Complete nucleotide sequence of the chicken glyceraldehyde-3-phos-
phate dehydrogenase gene. Proc. Natl. Acad. Sci. USA 82:1628–1632.

51. Sundstrom, P. M., and G. R. Aliaga. 1994. A subset of proteins found in
culture supernatants of Candida albicans includes the abundant, immuno-
dominant, glycolytic enzyme enolase. J. Infect. Dis. 169:452–456.

52. Swoboda, R. K., G. Bertram, H. Hollander, D. Greenspan, J. S. Greenspan,
N. A. R. Gow, G. W. Gooday, and A. J. P. Brown. 1993. Glycolytic enzymes
of Candida albicans are nonubiquitous immunogens during candidiasis. In-
fect. Immun. 61:4263–4271.

53. Van der Wilden, W., P. Matile, M. Schellenberg, J. Meyer, and A. Wiemken.
1973. Vacuolar membranes: isolation from yeast cells. Z. Naturforsch. 28c:
416–421.

54. van Deventer, A. J. M., H. J. A. van Vliet, L. Voogd, W. C. J. Hop, and
W. H. F. Goessens. 1993. Increased specificity of antibody detection in
surgical patients with invasive candidiasis with cytoplasmic antigens depleted
of mannan residues. J. Clin. Microbiol. 31:994–997.

55. Walsh, T. J., J. W. Hathorn, J. D. Sobel, W. G. Merz, V. Sánchez, S. M.
Maret, H. R. Buckley, M. A. Pfaller, R. Schaufele, C. Sliva, E. Navarro, J.
Lecciones, P. Chandrasekar, J. Lee, and P. A. Pizzo. 1991. Detection of
circulating Candida enolase by immunoassay in patients with cancer and
invasive candidiasis. N. Engl. J. Med. 324:1026–1031.

56. Wiemken, A., M. Schellenberg, and K. Urech. 1979. Vacuoles: the sole
compartments of digestive enzymes in yeast (Saccharomyces cerevisiae)?
Arch. Microbiol. 123:23–25.

57. Winram, S. B., and R. Lottenberg. 1996. The plasmin-binding protein Plr of
group A streptococci is identified as glyceraldehyde-3-phosphate dehydro-
genase. Microbiology (United Kingdom) 142:2311–2320.
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