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We isolated and sequenced a clone for Candida albicans enolase from a C. albicans cDNA library by using
molecular genetic techniques. The 1.4-kbp cDNA encoded one long open reading frame of 440 amino acids
which was 87 and 75% similar to predicted enolases of Saccharomyces cerevisiae and enolases from other
organisms, respectively. The cDNA included the entire coding region and predicted a protein of molecular
weight 47,178. The codon usage was highly biased and similar to that found for the highly expressed EF-la
proteins of C. albicans. Northern (RNA) blot analysis showed that the enolase cDNA hybridized to an abundant
C. albicans mRNA of 1.5 kb present in both yeast and hyphal growth forms. The polypeptide product of the
cloned cDNA, which was purified as a recombinant protein fused to glutathione S-transferase, had enolase
enzymatic activity and inhibited radicimmunoprecipitation of a single C. albicans protein of molecular weight
47,000. Analysis of the predicted C. albicans enolase showed strong conservation in regions of « helices, B
sheets, and B turns, as determined by comparison with the crystal structure of apo-enolase A of S. cerevisiae.
The lack of cysteine residues and a two-amino-acid insertion in the main domain differentiated C. albicans
enolase from S. cerevisiae enolase. Inmunofluorescence of whole C. albicans cells by using a mouse antiserum
generated against the purified fusion protein showed that enolase is not located on the surface of C. albicans.
Recombinant C. albicans enolase will be useful in understanding the pathogenesis and host immune response
in disseminated candidiasis, since enolase is an inmunodominant antigen which circulates during disseminated

infections.

Enolase (2-phospho-D-glycerate hydrolyase; EC 4.2.11) is
a central component of the glycolytic pathway, catalyzing
the dehydration of 2-phosphoglycerate to create phospho-
enolpyruvate. In addition, enolase catalyzes the reverse
reaction during gluconeogenesis. Enolases from a variety of
sources, including bacteria, yeasts, drosophila, amphibians,
birds, plants, and humans, have been studied and found to
be highly conserved (56). In addition to its well-known
glycolytic function, enolase comprises an eye lens crystallin
in avian species (60) and may function as a toxin in bacteria
(2). The existence of tissue-specific forms of enolase in
mammalian species and rodents suggests that enolase may
have other specialized functions in these animals (26). In
Saccharomyces cerevisiae, enolase and other glycolytic
enzymes are the most abundant proteins in the cell (18, 29).

Enolase from S. cerevisiae is the most studied of all
enolases with respect both to biochemical and biophysical
characteristics and to genetic regulation. The apoenzyme
has been crystallized, and the structure has been determined
at 2.25-A (0.225-nm) resolution (50). The regulation of eno-
lase enzyme levels in S. cerevisiae is largely the result of
transcriptional control. Enolase is encoded by two genes
(ENOI1 and ENO2) whose transcription is mediated by
multifunctional transcriptional modulators which bind to
short sequences of DNA in the 5’ regions of these genes and
to similar sequences in other genes (5, 8). In addition,
gene-specific regulation occurs. The enzyme encoded by
ENOLI is increased during stationary phase (20), whereas
enolase encoded by ENO?2 is increased when glucose is
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present in the growth media (33). Given the close evolution-
ary relationship between S. cerevisiae and the pathogenic
yeast Candida albicans, it is likely that C. albicans enolase
is an abundant protein whose expression is controlled by
transcriptional modulators which control multiple genes.
Unlike S. cerevisiae, C. albicans grows in both filamentous
and yeast forms in its natural environment in animal hosts
(34). Understanding the mechanism of growth transition is of
interest because of the importance of the filamentous form in
adhesion and invasion of host tissue. Interestingly, the
conversion to the filamentous form is associated with growth
phase and carbon source (34). Given that in vitro, growth
stage and carbon source influence both morphogenesis in C.
albicans and enolase gene expression in S. cerevisiae, it is
possible that factors which control expression of enolase in
C. albicans are also involved in regulating the yeast-to-
hypha conversion.

C. albicans is an opportunistic fungal pathogen that is
found colonizing mucosal surfaces of normal individuals
(34). When host defenses are impaired, the natural invasive
potential of the filamentous growth form leads to overgrowth
and infection. Hematogenously disseminated infections fre-
quently complicate medical management of leukemia, organ
transplantation, and other conditions, leading to high mor-
tality rates, prolonged hospitalization, and expense (59). A
decrease in T-cell immunity, such as occurs with AIDS, is
associated with oral, esophageal, and other mucosal infec-
tions (34).

Despite their potential importance in chemotherapy,
growth control, pathogenesis, and host response, very little
information is available on the glycolytic enzymes of C.
albicans. None of their genes have been cloned. We have
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cloned and sequenced a cDNA for C. albicans enolase which
includes the entire coding region, as judged from comparison
with enolase genes from other organisms. Comparison of the
predicted C. albicans enolase to the sequence of crystallized
S. cerevisiae enolase showed extensive homology in regions
of secondary structure, illustrating the similarity in architec-
ture of the two enolases. mRNA hybridizing with the cloned
DNA was found in the hyphal form as well as in the yeast
form of C. albicans. The high degree of codon bias and the
strong hybridization signal in Northern (RNA) blot analysis
indicated that C. albicans enolase is a highly expressed gene.
In addition, the protein product of the cloned cDNA has
been purified as a recombinant protein fused to glutathione
S-transferase (GST) and has been shown to have enolase

enzymatic activity.

MATERIALS AND METHODS

Reagents. Restriction endonucleases, DNA polymerase,
T4 DNA ligase, rabbit muscle lactate dehydrogenase,
and rabbit muscle pyruvate kinase were purchased from
Boehringer Mannheim Biochemicals, Indianapolis, Ind. Re-
striction enzymes were purchased from Bethesda Research
Laboratories (BRL), Gaithersburg, Md. Sequenase and se-
quencing reagents were purchased from U.S. Biochemical,
Cleveland, Ohio. [***I]protein A, [>*S]methionine, [a->?P]
dATP, and [a-3P]dGTP were purchased from Dupont,
Wilmington, Del. Random hexamers for random primer
labeling and the pGEX vector were from Pharmacia, Piscat-
away, N.J. Nitrocellulose was purchased from Schleicher &
Schuell, Inc., Keene, N.H. Immobilon was purchased from
Millipore, Corp., Bedford, Mass. Enolase from S. cerevi-
siae, NADH, ADP glutathione, and glutathione-conjugated
agarose beads were purchased from Sigma Corp., St. Louis,
Mo. The Qiagen reagents were purchased from Qiagen, Inc.,
Studio City, Calif., the BCA protein assay kit was purchased
from Pierce Chemical Co., Rockford, Ill., Western immuno-
blotting reagents were purchased from Zymed Corp., San
Francisco, Calif., and the Directigen; , ; assay was pur-
chased from Fisher Scientific, Pittsburgh, Pa. Protein mo-
lecular weight standards were from Promega Corp., Madi-
son, Wis., and BRL. DNA and RNA standards were from
BRL. Geneclean was from Bio 101, Inc., La Jolla, Calif.
Tissue culture medium 199 was from GIBCO, Grand Island,
N.Y. Ribi adjuvant was from Ribi Inc., Hamilton, Mont.

Fungal and bacterial strains. C. albicans 441B and SC5314
are clinical isolates which have been previously described
(22, 53). Escherichia coli XL-1 Blue was purchased from
Stratagene, and E. coli NM22 was purchased from Interna-
tional Biotechnologies, Inc., New Haven, Conn. E. coli
DHS5a was used as a host strain for pGEX and has been
described previously (47).

Antiserum. Polyvalent antiserum to C. albicans was ob-
tained from rabbits immunized with formalin-killed hyphal
forms of C. albicans 441B (53). Anti-E. coli activities were
removed by adsorption with an E. coli-\ ZAP crude extract
as detailed in the Stratagene manual. Polyvalent antiserum
to the recombinant fusion protein was produced by intraperi-
toneal injection of mice with 0.1 mg of recombinant fusion
protein combined with the Ribi adjuvant system as an initial
dose followed by two subsequent injections at 10 and 17
days. Animals were sacrificed 5 days following the final
injection of fusion protein. Serum samples from five mice
were pooled for inmunoblotting. Serum samples from three
unimmunized animals were pooled and used as a control.

Construction of a ¢cDNA library. C. albicans SC5314 in
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early hyphal growth was used as a source of mRNA for
library construction. Organisms were first grown to station-
ary phase in 1% yeast extract-2% Bacto Peptone-2% dex-
trose (YEPD) at 30°C for 48 h and then washed twice with
0.15 M NaCl containing 0.01 M phosphate, pH 7.4 (phos-
phate-buffered saline). Hyphal growth was then induced by
placing stationary-phase yeast cells (6.8 x 10° organisms per
ml) into medium 199 without serum, adjusted to pH 7.0.
After incubating for 1.5 h at 37°C, over 95% of the cells had
germ tubes of average length of one yeast cell diameter.
Polyadenylated mRNA from the 1-h hyphal cultures was
prepared by standard protocols (37, 52).

First- and second-strand cDNA synthesis carried out with
this template mRNA (10 pg), cloning of the cDNA into the
EcoRI sites of the expression vector A ZAP (47), and
production of primary and amplified libraries were per-
formed by Stratagene, La Jolla, Calif. The C. albicans
cDNA library contained 2.4 x 10° clones, 95% of which
were recombinants, resulting in a final cloning efficiency of
2.4 x 10° clones per mg of mRNA. This is within the
expected efficiency for yeast cDNA library production (14).

Screening of the cDNA library. Production of plaques
containing recombinant C. albicans proteins and immuno-
screening were done according to procedures in the Strata-
gene manual. Filters were treated with antiserum (1:100
dilution) to C. albicans and then with [**IJprotein A (0.05
wCi/ml). This initial screening of the cDNA library resulted
in the identification of eight plaques which reacted with the
antiserum. The plaques from the initial screening were
purified by plating at low density and rescreening with
antiserum until all plaques were positive.

Analysis of recombinant clones. Lambda DNA was pre-
pared from liquid lysates as described in the Qiagen manual.
The lambda DNA was then tested for the presence of cDNA
inserts by restriction enzyme digests as instructed by the
manufacturer. Molecular weights were determined by using
HindIlI-digested lambda DNA to generate a standard curve.

Production and purification of fusion protein. An Xbal-
Xhol cDNA fragment containing the 1.4-kbp cDNA insert
was first cloned into pIBI sequencing vectors (see below). A
cDNA fragment for subcloning into pGEX-1 was created by
digestion of p24eno with Xhol, creation of blunt ends with
DNA polymerase, and digestion with BamHI prior to clon-
ing into the polylinker region of BamHI- and Smal-digested
pGEX-1 (48). Linearized pGEX-1 and the 1.4-kbp cDNA
insert were purified by agarose gel electrophoresis and
processing with Geneclean. .

Plasmid DNA from ampicillin-resistant transformants of
E. coli DH5a was analyzed by restriction digestion to
identify strains with plasmids containing inserts of the ap-
propriate size. Induction and purification of fusion proteins
were performed as described by others (47, 55). GST was
prepared from control strains transformed with pGEX-1
alone. Proteins were electrophoresed on sodium dodecyl
sulfate (SDS)-10% polyacrylamide gels (23). Gels were
stained with Coomassie blue, and the molecular weight of
the fusion protein was determined from its relative mobility
compared with the relative mobilities of purchased protein
standards. The logarithms of the molecular weights of the
purchased standards were plotted versus relative mobilities.
Exponential least-squares curve fits (r = 0.98) were gener-
ated by using Kaleidograph (Synergy Software, Reading,
Pa.). The standard error of the estimates was 1,070 molecu-
lar weight.

Immunoblotting. (i) With rabbit antiserum. Immunoblot-
ting was done by standard techniques (17). Anti-C. albicans
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antiserum or normal rabbit serum was used at a 1:150
dilution in blocking solution (50 mM Tris-HCI [pH 7.4]-200
mM NaCl-0.1% Tween 20 [TBST] containing 1% skim milk).
Rabbit immunoglobulin G (IgG) bound to the blotted pro-
teins was detected by using a kit purchased from Zymed that
consisted of a biotinylated, affinity-purified goat anti-rabbit
IgG and an alkaline phosphatase-conjugated streptavidin
detection system. Proteins were visualized by staining du-
plicate membranes for 10 min with amido black (40).

(ii) With mouse antiserum. A C. albicans crude extract and
S. cerevisiae enolase were electrophoresed along with the
fusion protein and GST. A crude extract of C. albicans
SC5314 was prepared by inoculating YPD (30 ml) with a
fresh colony and growing the cells overnight at 30°C with
shaking at 250 rpm. One milliliter of the overnight culture
was used to inoculate 100 ml of YPD, and the culture was
grown until early log phase was reached (60 Klett units).
Cells were pelleted at 4,000 X g and washed two times in
0.01 M Tris-HCI (pH 7.0), and the final pellet was resus-
pended in 1.0 ml of 0.01 M Tris-HCl (pH 7.0) prior to
freezing at —70°C overnight. Phenylmethylsulfonyl fluoride
(8 pl of a 0.1 M solution in ethanol) and 2.5 g of acid-washed
glass beads were added to the thawed pellet, which was then
vortexed with glass beads (0.45-pm diameter) in cycles of
30-s pulses followed by 1 min on ice. Eight cycles were
performed prior to addition of additional glass beads (2 g);
then five more cycles of vortexing and ice incubation were
performed. Microscopic analysis showed that the majority of
cells were lysed. The broken cells were removed by centrif-
ugation for 10 min at 4,000 x g in the cold; the supernatant
was aspirated and stored at —20°C prior to electrophoresis.
Protein concentration was estimated by using the BCA Kkit,
with bovine serum albumin as a standard. Electrophoresis
and blotting were performed as described above except that
polyvinylidene difluoride membranes were blocked with 2%
skim milk, the primary antibody was immune mouse serum
or normal mouse serum (1:200 dilution), and the second
antibody consisted of biotinylated rabbit anti-mouse IgG,
IgA, and IgM (heavy chain plus light chain).

Enolase enzyme assay. Enolase enzymatic activity was
determined in the coupled assay described by Maitra and
Lobo (29), with slight modifications. The reaction mix con-
sisted of 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, 2 mM
EDTA, 2 mM NADH, 1.0 mM ADP, 10 U of lactate
dehydrogenase (EC 1.1.1.27), 10 U of pyruvate kinase (EC
2.7.1.40), and various amounts of S. cerevisiae enolase (EC
4.2.1.11), fusion protein, or GST. One unit of enolase
activity was defined as the conversion of 1 mmol of NADH
to NAD per min, based on an extinction coefficient for
NADH of 6.22 mM~! cm™! at 30°C. The reaction mixture
without added substrate gave no measurable change in
optical density.

Radioimmnnogrecipitation. In vivo radiolabeling of C.
albicans with [**S]methionine and radioimmunoprecipita-
tions were performed as previously described (54, 55), using
Zymolyase digests of the hyphal growth form. To determine
whether the fusion protein inhibited the reaction of the
anti-C. albicans antiserum with a radiolabeled protein, the
fusion protein (5 pg) was added to the antigen-antibody
mixture. GST (5 pg) was used in control reactions. Molec-
ular weights were determined as described above.

Immunofluorescence. Indirect immunofluorescence was
performed on whole, formalin-killed hyphal cells as previ-
ously described (53). Mouse anti-fusion protein antiserum
and normal mouse serum (negative control) were used at
dilutions of 1:10 and 1:100. Affinity-purified fluorescein
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isothiocyanate-conjugated rabbit anti-mouse immunoglobu-
lin (1:20 dilution) was used as the second antibody. As a
positive control, organisms were stained with the polyvalent
rabbit anti-C. albicans antiserum (1:100 dilution) with fluo-
rescein isothiocyanate-conjugated goat anti-rabbit IgG as the
second antibody.

Northern blot analysis. Procedures for growing organisms
in yeast or hyphal form in modified Lee’s medium and
extraction of RNA, electrophoresis, blotting, and hybridiza-
tion conditions have been previously described (52). Nitro-
cellulose blots were probed with 106 cpm of the purified,
radiolabeled Xbal-Xhol 1.4-kbp cloned cDNA or with the
radiolabeled C. albicans actin gene (a generous gift of S.
Riggsby) labeled by the random primer method (10, 11). The
molecular weight of the RNA hybridizing to the 1.4-kbp
cDNA probe was determined on the basis of a standard
curve, using BRL RNA molecular weight standards. Expo-
nential least-squares curve fits (» = 0.99) were generated by
using Kaleidograph (Synergy Software). The intensities of
the autoradiographic bands were measured with an LKB
Ultrascan XL enhanced laser densitometer and GelScan XL
2.1.

Sequencing. The purified 1.4-kbp Xbal-Xhol cDNA and
260-bp Xbal-Sall cDNA fragments (see Fig. 2) were sub-
cloned in both orientations into the sequencing vectors
pIBI24 and pIBI25 to produce plasmids p24eno and p25eno.
The complete sequences of both strands were determined by
using the dideoxy-chain termination method on purified
single-stranded DNA. When required, oligonucleotide
probes were prepared in an automated Milligen Cyclone Plus
synthesizer and used to continue sequencing. Sequence
analysis was carried out by using the DNA Inspector IIE
program (Textco, Boston, Mass.) and Software version 7.0
from the Genetics Computer Group at the University of
Wisconsin (9). Sequences of enolase proteins from various
organisms were found in the SwissProt data base, release
17.0.

Disseminated candidiasis assay. The Directigen, ,_; test for
disseminated candidiasis was carried out according to the
directions of the manufacturer. The fusion protein and GST
were diluted (0.2 to 20 nM) in buffer containing 0.01 M
Tris-HCI (pH 8.0), 5 mM EDTA, and 1% skim milk prior to
assay.

Nucleotide sequence accession number. The GenBank ac-
cession number for the cDNA sequence reported here is
M93712.

RESULTS

Immunoselection of recombinant cDNAs of C. albicans.
Eight plaques that produced immune reactions among the 8
x 10* screened were isolated. Restriction enzyme digestion
analysis of DNA from the positive plaques suggested that
they all contained identical 1.4-kbp inserts (not shown). One
clone, AC1.d, was chosen for further analysis. A restriction
map of the recombinant clone AC1.d is shown in Fig. 1.

Immunoblot analysis of the recombinant fusion protein. The
1.4-kbp cDNA Xbal-Xhol insert was subcloned into the
pGEX expression vector (48) to produce a polypeptide
consisting of the protein product of the cDNA insert fused to
the carboxy-terminal end of GST. E. coli sonic extracts were
prepared from the transformants, and fusion proteins were
purified on glutathione-containing agarose beads.

A fusion protein of molecular weight 68,400 was purified
from E. coli strains which had been transformed with the
recombinant pGEX plasmid. Western blot analysis showed
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FIG. 1. Endonuclease restriction map of AC1.d. The positions of
restriction sites and orientation of the insert relative to lacZ are
shown. ——, AZAP DNA; wssmm, C. albicans cDNA.

that as little as 0.01 pg of fusion protein reacted strongly with
the anti-C. albicans antiserum used to screen the cDNA
library, whereas 10 times as much GST was barely stained
(Fig. 2B, lanes 5 to 7). Neither protein reacted with normal
rabbit control serum (not shown).

Northern analysis. Northern transfers of total RNA from
C. albicans growing in either yeast or hyphal form showed
one distinct band when probed with the purified 1.4-kbp
cDNA (Fig. 3A). The molecular size of this species was 1.5
kb. Given that the 1.4-kbp cDNA included approximately
100 bp outside the enolase coding region, the size of the
mRNA from Northern blot analysis suggested that enolase
mRNA contains approximately 200 nucleotides of nontrans-
lated sequences.

To control for equivalent loading and transfer of RNA in
Northern blotting, a duplicate blot was probed with the C.
albicans actin gene (Fig. 3B). Yeast and hyphal growth
phases contained roughly equivalent levels of C. albicans
actin mRNA (Fig. 3B). The levels of mRNA hybridizing to
the 1.4-kbp cDNA probe were at least fivefold higher than
levels of actin mRNA in all four cultures, indicating that the
cloned cDNA represents a highly expressed C. albicans
mRNA. The higher levels of 1.5-kb mRNA than of actin
mRNA were not a consequence of using duplicate blots,
since a similar ratio was found when a single blot was probed
first with the actin gene, stripped, and reprobed with the

FIG. 2. Western blot analysis of the purified fusion protein. GST
and the fusion protein (FP) were purified from E. coli sonic extracts
on glutathione-agarose beads, electrophoresed on an SDS-10%
polyacrylamide gel, and transferred electrophoretically to an Immo-
bilon membrane prior to staining with the polyvalent antiserum to C.
albicans (lanes 4 to 7) or with amido black to stain proteins (lanes 1
to 3). The proteins were loaded on the gel as follows: prestained
molecular weight markers from BRL (lanes 1 and 4), 1 pg of GST
(lanes 3 and 7), 0.1 pg of fusion protein (lanes 2 and 5), and 0.01 p.g
of fusion protein (lane 6). Sizes are indicated in kilodaltons.
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FIG. 3. Northern blot analysis of C. albicans RNA. Total RNA
(20 pg per lane) prepared from C. albicans yeast (grown at 37°C, pH
4.5 [lane 1}, 30°C, pH 4.5 (lane 2), or 30°C, pH 6.5 [lane 4]) or hyphal
(grown at 37°C, pH 6.5 [lane 3]) forms was electrophoresed in a
formaldehyde-containing 1.2% agarose gel before being transferred
to nitrocellulose. Duplicate lanes of each RNA sample were run on
the same gel. One blot (A) was probed with the 1.4-kbp cDNA,
while the duplicate blot (B) was probed with the C. albicans actin
gene. Molecular weights were determined by using RNA standards
of 9.49, 7.46, 4.4, 2.37, 1.35, and 0.24 kb to generate a standard
curve.

1.4-kb cDNA (not shown). Both yeast and hyphal growth
phases contained mRNA which hybridized to the 1.4-kb
cDNA, although the relative levels of enolase mRNA in
yeast and hyphae varied depending on the media used and
the growth stage of the yeasts used to initiate hypha forma-
tion (not shown).

DNA sequence. The 1.4-kbp Xbal-Xhol and the 266-bp
Xbal-Sall fragments (Fig. 1) were subcloned into the single-
stranded sequencing vectors pIBI24 and pIBI25 to allow
sequencing of both strands. One long open reading frame of
1,320 bp, beginning with a methionine codon and ending with
a stop codon, was found (Fig. 4). Alignment of the sequence
with the S. cerevisiae enolase sequences strongly suggested
that the indicated methionine is the initial amino acid in the
protein (Fig. 5). The reading frame predicted a protein of
molecular weight 47,178 with an isoelectric point 5.6 con-
sisting of 440 amino acids. The sequence also contained 10
nucleotides 5’ of the initial methionine and 106 nucleotides of
3’ flanking sequences (not shown). The sum of the base pairs
for coding plus flanking sequences is in agreement with the
size of the purified cDNA (1.4 kbp).

Computer searches of data bases of known proteins re-
vealed that the amino acid sequence had a high degree of
identity (76 to 78% identical amino acids) and 87% similarity
(when matching conserved amino acids) to the predicted
enolase proteins of the ENOI and ENO2 genes of S. cere-
visiae (Table 1). Comparison of the predicted C. albicans
enolase protein with enolases from other organisms (16)
showed lesser degrees of similarity (Table 1). The C. albi-
cans predicted protein sequence includes 148 of the 151
amino acids reported to be conserved in enolases from
several organisms (56). However, one (Thr-332) of the three
amino acids (Val-178, Asp-219, and Thr-332) in C. albicans
enolase that differed from the other enolases is also threo-
nine at the corresponding residue in the recently published
sequence of maize enolase (24).

To optimize alignment of the C. albicans sequence with
the S. cerevisiae ENO1 sequence, it was necessary to
introduce one gap after Ala-314 of the S. cerevisiae ENO1
sequence (Fig. 5). If the N-terminal methionine is cleaved as
in S. cerevisiae enolase (7), C. albicans enolase would be
predicted to have one additional amino acid at its N terminus
relative to S. cerevisiae enolase. An interesting feature of the
predicted C. albicans enolase was the absence of cysteine
residues, in comparison with the single cysteine of S. cere-
visiae enolase following the active site aspartate residue at
position 248. Like S. cerevisiae enolase, C. albicans enolase
was seen to have a two-amino-acid insertion (Lys at posi-
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4. DNA sequence and predicted amino acid sequence of the C. albicans enolase cDNA.
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GGT
Gly

TCA
Ser

GGT
Gly

TAC
Tyr

. TTT

Phe

TCC
Ser

Glu

ARC
Asn

AAC
Asn

CAA
Gln

TCC
Ser

120
GCC
Ala

40

Lys

270

Lys
90

GTT
Val

420
AAT
Asn
140

GCT
Ala

570
GAA
Glu
190

GGT
Gly

720

Lys
240

Lys

870
GAA
Glu
290

GTT
vVal

1020

Lys
340

GAT
Asp

1170
TTG
Leu
390

CAA
Gln

1320
TTG
Leu
440

GCC
Ala

ATT
Ile

TCT
Ser

GCcC
Ala

TTA
Leu

GTT
val

vVal

GGT
Gly

TAC
Tyr

GGT
Gly

Lys

TCT
Ser

Ser

ATC
Ile

TAA
Ter

GGT
Gly

ACT
Thr

GTT
val

GAT
Asp

TTG
Leu

Lys

GCT
Ala

TAC
Tyr

GCT
Ala

Lys

CCa
Pro

CCA
Pro

GAC
Asp

GCC
Ala

GTT
val

TT6
Leu

Asn

GGT
Gly

GCC
Ala

GAA
Glu

GCT
Ala

Lys

TTC
Phe

CAC
His

CcCa
Pro

GTT
Val

GAA
Glu

ATT
Ile

Lys

GCT
Ala

GCT
Ala

GGT
Gly

AGA
Arg
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CCa
Pro

GTC
Val

AAT
Asn

TTC
Phe

GCT
Ala

GGT
Gly

CAA
Gln

Asn

GAT
Asp

GGT
Gly

TCC
Ser

GTT
vVal

ATC
Ile

AAT
Asn

GCT
Ala

TTA

ATC
Ile

60
ACC
Thr

20

CAC
His

210

val
70

TTG

360

Ala
120

Lys

510

Glu
170

T76
Leu

660
ATC
Ile
220

ATT
Ile

810
GAC
Asp
270

TCT
Ser

960
CAA
Gln
320

GCT
Ala

1110
GGT
Gly
370

AGA
Arg

1260
GAA
Glu
420

GTT
val

GAA
Glu

Asn

TTC
Phe

TTT
Phe

Lys

Lys

GCC
Ala

CCa
Pro

ATT
Ile

ATT
Ile

TTG
Leu

TGG
Trp

TCT
Ser

GAA
Glu

GAA
Glu

GCT
Ala

GAC

GCT
Ala

GTT
Val

ATG
Met

TCT
Ser

ACT
Thr

ATG
Met

TCT
Ser

GAA
Glu

GTC
Val

TTG
Leu

GGT
Gly

GGT
Gly

GAA
Glu

GTT
val

TTG
Leu

ATC
Ile

TTG
Leu

GCC
Ala

TTG
Leu

ATT
Ile

TTG
Leu

CCA
Pro

GAT
Asp

Lys

GAT
Asp

GGT
Gly

TT6
Leu

GTC
val

CAA
Gln

TTA
Leu

GAT
Asp

GAA
Glu

ATT
Ile

GAC
Asp

GCT
Ala

[ofe? .
Pro

GCC
Ala

ACC
Thr

Lys

GTT
Val

TGG
Trp

CCA
Pro

GAT
Asp

ARG
Lys

ATG
Met

ATC
Ile

GGT
Gly
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TTC
Phe

150
TTG
50

GCC
Ala

300
GGT
Gly
100

GCT
Ala

450
GTT
val
150

CCA
Pro
600

Lys
200

Glu

750
Ala
250

" TTG
Leu
900
Phe
300

GAT

1050
GTT
val
350

GTT
val

1200
Lys
400

TCT
Ser
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TABLE 1. Percent amino acid similarity and identity between
C. albicans enolase and enolases from other organisms®

% Similarity to % Identity to

Organism Reference Gene C. albicans C. albicans
enolase enolase
S. cerevisiae 19 ENO1 87.59 78.16
ENO2 86.90 76.32
Frog 46 ENO 78.27 64.50
Drosophila 1 ENO 79.02 67.13
Duck 60 ENOa 79.20 66.35
Human 13 ENOa 78.45 65.10
6, 39 ENOB 77.62 65.03
32,36,56 ENOvy 78.37 65.58
Rat 43 ENOa 77.51 65.34
35 ENOB 76.45 63.63
42, 44 ENOvy 78.14 65.58
Mouse 21 ENOa 76.81 64.87
21 ENOvy 78.19 65.66
Chicken 41 ENOB 76.22 62.47
E. coli® 58 ENO 74.59 63.11

1. Candida
2. enol COAVS-YYor Semeeoncnn —ee - M
3. eno2 ®OAVS-VY-- S-cememen oen EL--E-- v --------- - -M
4. enol cryst bbbbbb bbbbtt bb bbbbbbbtt bbbbbbb
5. Can CF 2S b bb

51
1. Candida RDGDKSKWLG KGVLKAVANV NDIIAPALIK AKIDVVDQAK IDEFLLSLDG
2. enol  eecenand M- ----H--K-- --V-ou-FV- -N---K--KA V-D--I----
3. eno2 =ef-ccccM- -<-MN--N-- -NV--A-FV- -NL--K--KA V-D--==-ev
4. enol cryst tt tt aaaaaaa aaaa aaaa aa tt aca aaanaaaaa
S. Can CF 25 n a a n @@ a a aaaa b

101
1. Candida TPNKSKLGAN AILGVSLAAA NAAAAAQGIP LYKHIANISN AKKGKFVLPV
2. enol Accemccen cmcmcnnen S R-=--EKNV- ----L-DL-K S-TSPY---~
3. eno2 “Aeecmcece cocenn M--- R----EKNV- =-Q-L-DL-K S-TSPY----
4, enol cryst tt ttaa b
S. Can CF 25 t aa aa b bb

151 .
1. Candida PFQNVLNGGS HAGGALAFQE FMIAPTGVST FSEALRIGSE VYHNLKSLTK
2. enol = eelesceees cemcmeoles coecene AK- ~A-=-ececce ccccaceane
3. eno2 --I. ----------------------- AK- -A--M- --------------
4. enol cryst bbbbb b bbbb tt
5. Can CF 2§ b a

201 *
1. Candida KKYGQSAGNV GDEGGVAPDI KTPKEALDLI MDAIDKAGYK GKVGIAMDVA
2. enol “Re=A-e-cc ccccccccN- Q-AE-~---- V---KA--HD ---K-GL-C-
3. eno2 -R--A--coc -cocc-ooN- Q-AE------ Ve--KA--HD ---K-GL-C-
4. enol cryst aa tt tt
S. Can CF 25 a tt a aa t naaa

251 *
1. Candida SSEFYKDGKY DLDFKNPESD PSKWLSGPQI. ADLYEQLISE YPIVSIEDPF
2. enol eceefocome ceccccoNes KeoeoTeomen coaclS-MKR =co-eemac-n
3. eno2 ccecFecenc cmccccanae K----T-VE- --u—HS-MKR ----------
4. enol cryst tt aaaa aaaaaaaaaa bbbbb
5. Can CF 2§ aa aaa

301 L1 *
1. Candida AEDDNDAWVH FFERVGDKIQ IVGDDLTVTN PTRIKTAIEK KMNALLLKV
2. enol ~-=--E--5- --KTAeeG-- --A -K--A
3. eno2 eececf--8- --KTA®@G-- --A--ccecue cAccAmevee ---D------
4. enol cryst tt aaaaaa aaaa b bbbb tt aaaaaaaaa bbbb
5. Can CF 25 a a aa t t a

351 M
1. Candida NQIGTLTESI QAANDSYAAG WGVMVSHRSG ETEDTFIADL SVGLRSGQIK
2. enol 0 ee---- S-=-= K-~ Q-Fece wcceocmccn meccccnccn VooeoTeoooo
3. en02 0 eemee- Se-- K--Q—-F--N -------------------- V----T--"
4. enol cryst aaaaa aaaaaaaaa bbbb aaaaa aaaa bbb
5. Can CF 2S5 a a t t a

401 o o
1. Candida TGAPARSERL AKLNQILRIE EELGSEAIYA GKDFQKASQL
2. enol eeeececcec co-ecloece -o--DN-VF- -EN-HHGDK-
3. eno2 m--ce---e- —eceel-es- ==c-DK-V-- -EN-HHGDK-
4, enol cryst b acaa aaaaaaaaaa aaa ttbbbb tt tt tt
S. Can CF 25 a aaaa t aaa

FIG. 5. Amino acid alignment of C. albicans enolase with S.
cerevisiae enolases (predicted from ENOI and ENO2). Dashes
indicate residues identical to those of the C. albicans predicted
enolase. Line 4 shows the location of the a helices and B sheets seen
from the crystal structure of S. cerevisiae enolase A (25), the protein
product of ENOI. Line 5 is a Chou-Fasman analysis of secondary
structure of C. albicans enolase residues which differ from the
corresponding S. cerevisiae residues and are in regions of crystal-
determined secondary structure. Asterisks indicate residues which
are important for catalysis, and open circles indicate residues
involved in subunit interactions. Abbreviations: a, o helix; b, B
strand; t, turn; n, no secondary structure by Chou-Fasman analysis.

tions 142 and 143) relative to vertebrate enolases, although
the corresponding residues in S. cerevisiae enolase were Lys
and Thr.

A partial C. albicans cDNA clone with similarity to S.
cerevisiae has been reported by Franklyn et al. (12). Their

@ Percent similarities and identities were calculated by Genetics Computer
Group software on the basis of algorithms written by Gribskov and Burgess
(16).

% Data based on a fragment of the enolase gene encoding 123 amino acids.

sequence corresponds to amino acids 95 to 251 of our
sequence, or about one-third of the protein, and differs at
positions 209, 210, and 251 in our sequence. At those
positions, our sequence is identical to that reported for both
S. cerevisiae enolase proteins (Fig. 5).

The codon usage of the C. albicans genes was highly
biased and was almost identical to the codon bias found for
the two EF-1la genes of C. albicans (Table 2) (52). There
were no differences in codon usage between enolase and
EF-1a genes in the most frequently used codons. However,
minor differences were that the enolase gene utilized codons
for amino acids Gly, Ile, Pro, Ser, and Tyr which were not
used in the EF-la genes. In contrast, one codon for Thr,
ACA, was used by the EF-la genes but not by enolase
genes. The high degree of codon bias for C. albicans enolase
is consistent with its being a highly expressed protein,
utilizing the isoacceptor tRNAs which are in greatest abun-
dance in C. albicans.

Assay of the fusion protein for enclase enzymatic activity.
The high degree of homology of the cloned cDNA with
enolase genes from other organisms suggested that the
purified 68,400-molecular-weight fusion protein might have
enolase enzyme activity. The fusion protein as well as
purchased enolase from S. cerevisiae, but not GST, had
enolase enzyme activity (Table 3). In addition, the rate of the
reaction doubled with doubling of the fusion protein concen-
tration. The specific enolase activities for the fusion protein
and GST were 49.7 + 3.7 and 0.7 U/mg, respectively.

Radioimmunoprecipitation. To determine whether the fu-
sion protein cross-reacted with a C. albicans protein, the
ability of the fusion protein to compete with components of
a radiolabeled Zymolyase digest of hyphal cells for binding
to anti-C. albicans antibodies was tested. The precipitation
of a single C. albicans protein was completely inhibited by
the fusion protein (Fig. 6A, lane 2) but not by GST (lane 1).
The molecular weight of the inhibited protein was estimated
to be 47,000 on the basis of its mobility relative to those of
molecular weight standards. The apparent comigration of
this protein with the 42,700-molecular-weight markers re-
flects the anomalous slow migration of the 42,700- and
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TABLE 2. Comparison of frequencies of codon usage of EF-la and enolase genes from C. albicans

: No. of times used in: : No. of times used in: Amino No. of times used in:
A:::go Codon A:;go Codon acid Codon
TEFl TEF2 ENO TEF1 TEF2 ENO TEF1 TEF2 ENO
Ala GCT 28 28 33 Gly GGT 43 43 37 Pro CCT 0 0 1
GCC 5 5 19 Gac 0 0 2 CCcC 0 0 0
GCA 0 0 0 GGA 0 0 0 CCA 24 24 16
GCG 0 0 0 aaa 0 0 0 CCca 0 0 0
Arg CGT 0 0 0 His CAT 2 2 1 Ser TCT 10 9 16
CGC 0 0 0 CAC 9 9 6 TCC 9 10 12
CGA 0 0 0 TCA 0 0 4
Ccaa 0 0 0 Ile ATT 20 19 17 TCG 0 0 0
AGA 16 16 12 ATC 12 13 12 AGT 0 0 0
AGG 0 0 0 ATA 0 0 2 AGC 0 0 0
Asn AAT 5 S 6 Leu TTA 3 3 7 Thr ACT 17 17 13
AAC 12 12 12 TTG 18 18 31 ACC 16 16 6
CTT 0 0 0 ACA 1 1 0
Asp GAT 12 12 15 CTC 0 0 0 ACG 0 0 0
GAC 13 13 17 CTA 0 0 0
CTG 0 0 0 Trp TGG 6 6 5
Cys TGT 8 8 0
TGC 0 0 0 Lys AAA 30 30 23 Tyr TAT 0 0 1
AAG 22 22 14 TAC 9 9 12
Gln CAA 9 9 14
CAG 0 0 0 Met ATG 9 9 5 Val GTT 29 29 19
GTC 16 16 10
Glu GAA 30 30 25 Phe TTT 1 1 3 GTA 0 0 0
GAG 0 0 0 TTC 14 14 12 GTG 0 0 0

40,000-molecular-weight markers relative to migration of the
other proteins in the standard curve (Fig. 6B). Similar results
were seen with use of extracts from yeast forms and with
two different strains of C. albicans (not shown).
Immunofluorescence. To determine whether C. albicans
enolase was present on the surface, immunofluorescence of
whole, formalin-killed hyphal cells was performed, using
antiserum prepared in mice immunized with the fusion
protein. As expected, the mouse antiserum contained anti-
bodies to the fusion protein, schistosomal GST, and pur-
chased S. cerevisiae enolase (Fig. 7B). Importantly, the
mouse antiserum identified a protein, most likely C. albicans
enolase, from a crude extract of C. albicans migrating
slightly faster than S. cerevisiae enolase (Fig. 7B). The
antiserum apparently did not detect C. albicans GST, since
no proteins in the appropriate size range were recognized by
the mouse antiserum. Most of the proteins in the crude
extract of C. albicans did not react with the mouse antise-

TABLE 3. Measurement of enolase enzyme activity” of the
C. albicans GST fusion protein

Protein ATL(®)  onybmed to NADmin
C. alibcans
GST fusion protein 0.072 4.44
0.145 8.69
0.29 16.0
0.58 31.4
GST 0.60 0.40
S. cerevisiae enolase 0.25 28.55
0.5 55.75
1.0 103

“ Enolase activity was measured via a coupled assay in the presence of
excess pyruvate kinase and lactate dehydrogenase. The conversion of NADH
to NAD was measured by monitoring the decrease in Aj4, upon addition of
2-phosphoglycerate to the reaction mix.

rum; however, weak blotting was observed with two pro-
teins of higher molecular weight. The protein which migrated
close to the 68-kDa molecular size marker was found to be
related to GST by its reaction with antiserum to GST (not
shown). The other protein probably represents an aggregate
of enolase or a protein cross-reactive with enolase. Normal
mouse serum reacted weakly with the fusion protein, possi-
bly because of previous exposure to fungal enolases (Fig.
7C). The mouse antiserum to the fusion protein did not stain
whole organisms in the immunofluorescence assay, indicat-
ing that C. albicans enolase is not surface located. Organ-
isms stained with the positive control rabbit anti-C. albicans
polyvalent antiserum fluoresced brightly.

Reactivity of the fusion protein in a commercial assay for
disseminated candidiasis. A recently developed test specific
for disseminated candidiasis is based on a monoclonal anti-
body to a 48,000-molecular-weight C. albicans antigen cross-
reactive with enolase from S. cerevisiae (30). To determine
whether the cloned C. albicans 1.4-kbp cDNA encoded the
same antigen, the recombinant fusion protein was tested in
this assay. The purified fusion protein was positive at a
concentration of only 0.8 nM, which compared favorably
with the reported sensitivity of 2 nM (57). In contrast, GST
at a concentration of 20 nM was negative. These results
indicated that the recombinant enolase produced in vitro in
this work was immunologically related to the antigen circu-
lating in the serum of patients with disseminated candidiasis.

DISCUSSION

The identity of the cloned gene that we isolated as the C.
albicans enolase gene was established in several ways. The
DNA sequence was shown to have a high degree of similar-
ity to enolase genes from other organisms. The predicted
protein of 440 amino acids is within the size range reported
for other enolases, i.e., 433 amino acids for the mammalian
enzymes (56), 436 amino acids for the S. cerevisiae enzymes
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FIG. 6. Inhibition by the fusion protein of immunoprecipitation of a C. albicans antigen. (A) Radiolabeled Zymolyase digests of C.
albicans (3 x 10° cpm) were mixed with anti-C. albicans antiserum (2 pl) and either fusion protein (lane 2), GST (lane 3), or no added proteins
(lane 1). Immune complexes were purified by using formalin-killed staphylococci, eluted by boiling in 1x SDS sample buffer, and
electrophoresed on an SDS-10% polyacrylamide gel. The fusion protein inhibited one radiolabeled C. albicans protein with an estimated
molecular weight of 47,100 + 1,070. Molecular weights are indicated in thousands. (B) Standard curve used to generate molecular weights.

Std., standard; mw, molecular weight.

(33), and 444 and 446 amino acids for tomato and maize
enolases, respectively (24, 56). As for most other genes of C.
albicans, including the EF-1q, tubulin, and actin genes (27,
49, 52), the C. albicans enolase gene has more similarity to
the corresponding genes of S. cerevisiae than to those of
other organisms used in comparison. An exception to this
generalization is the C. albicans calmodulin gene (45).
Additional data establishing the identity of the cDNA
clone as encoding C. albicans enolase was provided by the
demonstration of enolase enzymatic activity of a recombi-
nant fusion protein produced from a clone of the 1.4-kbp
cDNA fused to the C terminus of GST. Conversion of
substrate to product was linear with time (not shown) and
fusion protein concentration. It can be estimated that the
GST portion of the fusion protein inhibited C. albicans
enolase activity only by about 28%, given the knowledge
that the fusion protein is only 62% enolase and assuming, on

A. B. C.
amido black immune mouse normal mouse
M 1 2 3 4 M 1 2 3 4 M 1 2 3 4
97 — .

68—w

29 — [ ‘ o

i

FIG. 7. Immunoblot analysis of C. albicans and S. cerevisiae
enolases, using antiserum to the fusion protein. C. albicans crude
extract (4 pg; lanes 1), S. cerevisiae enolase (0.05 pg; lanes 2),
fusion protein (0.05 pg; lanes 3), or GST (0.05 pg; lanes 4) was
electrophoresed on an SDS-10% polyacrylamide gel, transferred to
polyvinylidene difluoride membranes, and stained with amido black
(A), mouse antiserum to the fusion protein (1:200 dilution) (B), or
normal mouse serum (C). Lanes M contained BRL prestained
molecular weight standards of 97.4, 68, 43, and 29 kDa (indicated on
the left).

the basis of sequence conservation between the two pre-
dicted proteins, that enolases of C. albicans and S. cerevi-
siae have comparable specific activities.

Evidence that the clone that we isolated encoded C.
albicans enolase and not an enolase from some other organ-
ism was provided by the strong hybridization signal under
conditions of high stringency in Northern blot analysis
between C. albicans RNA and a radiolabeled probe from the
cloned cDNA. In addition, there were no differences in
codon usage between enolase cDNA and EF-1a genes in the
most frequently used codons (52) (Table 2), suggesting that
both enolase cDNA and EF-la genes are from the same
organism, C. albicans. Minor differences seen were the use
in enolase cDNA of codons for amino acids Gly, Ile, Pro,
Ser, and Tyr which are not used in the EF-1la genes. Also,
one codon for Thr, ACA, was used by the EF-la genes but
not by the enolase gene. The high degree of codon bias for C.
albicans enolase is consistent with its being a highly ex-
pressed protein, utilizing the isoacceptor tRNAs which are
in greatest abundance in C. albicans.

C. albicans enolase cDNA showed a remarkable similarity
in codon bias to enolase genes of S. cerevisiae, as is the case
for EF-1a genes from the two fungi. However, one differ-
ence between the two fungi was found with lysine codons.
Whereas S. cerevisiae is heavily biased to encode lysine
predominantly with AAG (19), C. albicans uses both AAA
and AAG, with a slight preference for AAA.

An analysis of the predicted C. albicans enolase showed
strong conservation in regions of a helices, B sheets, and
turns, as determined by the crystal structure of apo-enolase
A of S. cerevisiae (25, 26, 50) (Fig. 5). Excluding the 16
divergent amino acids at the C terminus, we found 80%
identical amino acids between the two sequences in regions
of B structure and 74% identity in regions of a helices. A
Chou-Fasman analysis of the secondary structure of the
predicted C. albicans enolase showed that most of the amino
acids which differed from S. cerevisiae enolase in regions of
a helices and B sheets were compatible with the secondary
structure seen in the crystal (Fig. 5, line 5). On the basis of
this analysis, 98% of the C. albicans amino acids in regions
of crystal-determined B sheet were compatible with B sheets
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and 87% of the C. albicans amino acids in regions of
crystal-determined a helices were compatible with a helices.

The architecture of C. albicans enolase is directly compa-
rable with that of S. cerevisiae enolase, as judged from the
high similarity in regions of secondary structure of the two
~ proteins. X-ray crystallographic analysis of S. cerevisiae
apo-enolase A reveals a small N-terminal domain of a-plus-g
structure, beginning with a three-stranded antiparallel mean-
der and four helices, followed by a main catalytic domain
consisting of an eightfold B-plus-a barrel similar to that of
the triose phosphate isomerase model (TIM barrel) (3) but
with BBaa (B + o) rather than the usual (B + o) topology
(26, 50). Multiple hydrophobic interactions occur between
the two domains, contributing to the compact globular
structure for the molecule (50). The high conservation in C.
albicans enolase in regions of B sheet (98%) reflects the
functional role of these residues. The strands of B structure
in the C-terminal main domain are situated in the center of
the domain, with catalysis occurring at the carboxy end of
the B barrel, whereas B strands in the N-terminal domain
provide a framework for subunit interaction of the enolase
dimer. The lesser conservation in regions of a helix (87%)
reflects their noncatalytic, structural role surrounding the
inner B strands of the main domain. The internal helices
(helices G and H) are highly conserved in C. albicans
enolase (residues 386 to 394 and 407 to 423). In addition to
the conservation in secondary structure, amino acids pre-
dicted to participate in catalysis were present in the pre-
dicted C. albicans enolase. Also, loop regions (residues 38 to
49, 206 to 218, and 251 to 274) constituting minidomains
which are postulated to guide the substrate to the active site,
as well as those participating in ionic bonds, and a classic
bulge (Asn-154 to Asn-157) (26, 50) were conserved in C.
albicans enolase.

Some minor differences between S. cerevisiae enolase and
the predicted C. albicans amino acid sequence which might
cause subtle differences in overall structure were observed.
At positions 134 to 138, Chou-Fasman analysis predicted
structure rather than o helix in C. albicans enolase. A
Chou-Fasman analysis of the corresponding S. cerevisiae
sequence in this location correctly predicted a helix, consis-
tent with the crystal structure (not shown). Residues 134 to
138 are in the region joining the N-terminal domain to the
C-terminal domain, where secondary structure differences
could lead to different packing of the N- and C-terminal
domains in the two fungal enolases. Three other minor
differences between C. albicans and S. cerevisiae enolases
were seen. First, although the active site residue Asp-248
was conserved in C. albicans enolase, the surrounding
amino acids (243 to 249) were predicted to be in a-helical
rather than B-strand conformation as found in the crystal
structure. Given the conserved structural features related to
catalysis in enzymes with B-plus-a barrel structures (3), it
seems most likely that Chou-Fasman analysis incorrectly
predicted the secondary structure in this location. Second,
the amino acid insertions (Gly-316 and Asp-317) relative to
the S. cerevisiae sequence occurred between the C-terminal
end of a-helix D and the N-terminal (noncatalytic) end of the
inner barrel and thus would not be predicted to have a
sizable functional or structural effect. Third, the absence of
a cysteine residue corresponding to the single cysteine
residue in S. cerevisiae enolase adjacent to active-site resi-
due Asp-248 probably does not adversely affect function,
since vertebrate and plant enolases, like C. albicans enolase,
have a valine (residue 249) at this position (56).

The apparent molecular weight (68,400) of the fusion
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protein is small compared with the molecular weight of
47,178 calculated from the DNA sequence and the molecular
weight of GST (48). The reasons for this are unclear but
could include anomalous migration on SDS-polyacrylamide
gel electrophoresis or proteolytic processing of the fusion
protein by E. coli. Restriction endonuclease analysis of the
recombinant pGEX plasmid showed that the low molecular
weight of the fusion protein was not caused by deletion of a
portion of the DNA during cloning (not shown). The ability
to purify the fusion protein on glutathione-conjugated agar-
ose beads indicated that GST is present on the fusion
protein. The fact that the fusion protein specifically inhibited
radioimmunoprecipitation of a C. albicans protein of molec-
ular weight 47,000 in immunoprecipitations using radiola-
beled cell wall digests and the anti-C. albicans antiserum,
along with an immunoblot showing that antiserum to the
fusion protein bound to a protein of similar size in a crude
extract of C. albicans, confirmed that the molecular weight
of C. albicans enolase predicted by the cDNA sequence is
correct.

Most organisms which have been studied have multiple
genes for enolase (Table 1). Mammalians have three genes
encoding isozymes of enolase with different tissue specific-
ities which may interact with different macromolecules (25).
S. cerevisiae has two differentially regulated, nontandem
genes for enolase which encode polypeptides differing in 20
of 436 amino acids and which migrate as a doublet on
SDS-polyacrylamide gels (19, 33). The reason only one
polypeptide is seen in the immunoblot of S. cerevisiae
enolase in Fig. 7B is that enolase B is lost during purification
(4). The number of genes for enolase in C. albicans is
unknown; however, our immunoblot and immunoprecipita-
tion results suggest that C. albicans has only one enolase
polypeptide. These results agree with those of Mason et al.
showing that antibody to S. cerevisiae enolase precipitates a
single polypeptide from in vitro translation products of C.
albicans (30). The plants maize and Arabidopsis sp. have
only one gene for enolase; however, tomato has multiple
enolase genes (24, 56).

We have shown, in agreement with others (45), that levels
of actin mRNA do not vary between yeast and hyphal
growth, using our conditions to generate yeast and hyphae.
These results disagree with a recent report by Paranjape and
Datta that actin mRNA levels increase during morphogen-
esis (38). Our conditions differed from theirs in that we used
(i) yeast cells in balanced growth, rather than stationary-
phase yeast cells, as an inoculum and (ii) the same temper-
ature and media for growth of yeast and hyphal forms. The
increase in actin mRNA reported by Paranjape and Datta
was probably caused by a resumption in growth from sta-
tionary phase, since stationary-phase organisms do not have
easily measured levels of actin mRNA (not shown). The
differences in yeast and hyphal actin mRNA levels that they
reported could have been a result of the different tempera-
tures or media used to grow yeast and hyphal forms and not
a true difference in production of actin mRNA between
growth forms.

The data presented in this report strongly support the
belief that a major 47,000-molecular-weight antigen which
circulates in patients and is highly immunogenic is enolase.
However, data from other laboratories suggest that there
may be more than one C. albicans antigen of similar size.
Using polyclonal rabbit antiserum to a fungal extract, Mat-
thews and Burnie cloned a partial cDNA whose sequence
predicted a protein with high homology to a portion of the S.
cerevisiae gene for HSP90 (31). A recombinant fusion pro-
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tein encoded by this clone bound antibodies which reacted in
immunoblots with C. albicans proteins of molecular weights
47,000 and 92,000, supporting their hypothesis that a 47,000-
molecular-weight component is a breakdown product of a
larger heat shock protein.

Evidence is accumulating that C. albicans enolase may be
important as a marker of disseminated C. albicans infec-
tions. Buckley and coworkers found antigenic cross-reactiv-
ity between S. cerevisiae enolase and a C. albicans major
48,000-molecular-weight antigen which circulates and is
highly immunogenic in patients with disseminated candidia-
sis (30, 51). However, no data on the sequence or enzyme
activity of the antigen have been published. The reaction of
the fusion protein with the monoclonal antibody used to
measure the antigen confirms that enolase is a major circu-
lating antigen in patients with disseminated candidiasis.

Given the usefulness of C. albicans enolase as a marker
for disseminated candidiasis, the enzyme’s location within
the fungal cell and its ability to stimulate host immune
responses are of interest. The lack of reactivity of whole
cells with antiserum to the fusion protein in immunofluores-
cence, along with the inability to detect enolase enzymatic
activity by using whole cells, indicates that enolase is not
present on the surface of C. albicans. In contrast to surface
polymannose epitopes, which stimulate antibody responses
during colonization, production of antienolase antibodies
apparently occurs only during infection (51). Perhaps large
numbers of fungi or damaged fungi are needed before
enolase is released from fungal cells in quantities large
enough to mount an immune response. We detected enolase
protein by immunoblotting and enolase enzymatic activity in
yeast and hyphal whole cell extracts prepared by breaking
cells with glass beads (not shown). The presence of enolase
in the Zymolyase cell wall digests, as shown in the radioim-
munoprecipitation experiment, could have been the result of
cell lysis or the presence of enolase within the cell wall.
However, there are examples of surface locations and non-
glycolytic functions for glycolytic enzymes in other organ-
isms. Glyceraldehyde 3-phosphate dehydrogenase has been
found on the surface of schistosomes, where it has been
postulated to be associated with resistance to infection (15),
and on streptococci (28). In fungal infections, the abundant
immunostimulatory glycolytic enzymes are markers of infec-
tion which will be valuable diagnostically and may be
important pathogenically.

ACKNOWLEDGMENTS

We thank Dave McClure and Paul F. Cook for assistance with the
enzyme assay for enolase.

This research was supported by National Institute of Dental
Research grant DE10144 and by institutional grants from TCOM.

REFERENCES

1. Bishop, J. G., and V. G. Corces. 1990. The nucleotide sequence
of a Drosophila melanogaster enolase gene. Nucleic Acids Res.
18:191-191.

2. Bisseret, F., G. Keith, B. Rihn, I. Amiri, B. Werneburg, R.
Girrardet, O. Baldacini, G. Green, V. K. Nguyes, and H.
Monteil. 1989. Clostridium difficile toxin B: characterization
and sequence of three peptides. J. Chromatogr. 490:91-100.

3. Branden, C., and J. Tooze. 1991. Introduction to protein chem-
istry. Garland Publishing, Inc., New York.

4. Brewer, J. M. 1981. Yeast enolase: mechanism of activation by
metal ions. Crit. Rev. Biochem. 11:209-254.

5. Brindle, P. K., J. P. Holland, C. E. Willett, M. A. Innis, and
M. J. Holland. 1990. Multiple factors bind the upstream activa-
tion sites of the yeast enolase genes ENO1 and ENO2: ABF1

10.

11.

12.

13.

14.
15.

16.

17.
18.

19.

21.

22.

27.

J. BACTERIOL.

protein, like repressor activator protein RAP1, binds cis-acting
sequences which modulate repression or activation of transcrip-
tion. Mol. Cell. Biol. 10:4872-4885.

. Cali, L., S. Feo, D. Oliva, and A. Giallongo. 1990. Nucleotide

sequence of a cDNA encoding the human muscle-specific eno-
lase (Mse). Nucleic Acids Res. 18:1893-1893.

. Chin, C. Q. C., J. M. Brewer, and F. Wold. 1981. The amino

acid sequence of yeast enolase. J. Biol. Chem. 256:1377-1384.

. Cohen, R., T. Yokoi, J. P. Holland, A. E. Pepper, and M. J.

Holland. 1987. Transcription of the constitutively expressed
yeast enolase gene ENOL1 is mediated by positive and negative
cis-acting regulatory sequences. Mol. Cell. Biol. 7:2753-2761.

. Devereux, J., P. Haeberli, and O. Smithies. 1984. A comprehen-

sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

Feinberg, A. P., and B. Vogelstein. 1983. A technique for
radiolabeling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 132:6-13.

Feinberg, A. P., and B. Vogelstein. 1984. Addendum: a tech-
nique for radiolabeling DNA restriction endonuclease fragments
to high specific activity. Anal. Biochem. 37:266-267.

, K. M., J. R. Warmington, A. K. Ott, and R. B.
Ashman. 1990. An immunodominant antigen of Candida albi-
cans shows homology to the enzyme enolase. Immunol. Cell
Biol. 68:173-178.

Giallongo, A., S. Feo, R. Moore, C. M. Croce, and L. C. Showe.
1986. Molecular cloning and nucleotide sequence of a full-length
cDNA for human alpha enolase. Proc. Natl. Acad. Sci. USA
83:6741-6745.

Glover, D. M. 1985. DNA cloning, a practical approach, vol. 1,
p- 70. IRL Press Ltd., Oxford.

Goudot-Crozel, V., D. Caillol, M. Djabali, and A. J. Dessein.
1989. The major parasite surface antigen associated with human
resistance to schistosomiasis is a 37-kD glyceraldehyde-3P-
dehydrogenase. J. Exp. Med. 170:2065-2080.

Gribskov, M., and R. R. Burgess. 1986. Sigma factors from E.
coli, B. subtilis, phage SP01, and phage T4 are homologous
proteins. Nucleic Acids Res. 14:6745-6763.

Harlow, E., and D. Lane. 1988. Antibodies, a laboratory man-
ual. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.
Holland, M. J., and J. P. Holland. 1978. Isolation and identifi-
cation of yeast messenger ribonucleic acids coding for enolase,
glyceraldehyde-3-phosphate dehydrogenase, and phosphoglyc-
erate kinase. Biochemistry 17:4900-4907.

Holland, M. J., J. P. Holland, G. P. Thill, and K. A. Jackson.
1981. The primary structures of two yeast enolase genes:
homology between the 5’ noncoding flanking regions of yeast
enolase and glyceraldehyde-3-phosphate dehydrogenase genes.
J. Biol. Chem. 256:1385-1395.

. lida, H., and I. Yahara. 1985. Yeast heat-shock protein of M,

48,000 is an isoprotein of enolase. Nature (London) 315:688-
690.

Kaghad, M., X. Dument, P. Chalon, J. M. Lelias, N. Lamande,
M. Lucas, M. Lazar, and D. Caput. 1990. Nucleotide sequences
of cDNAs alpha and gamma enolase mRNAs from mouse brain.
Nucleic Acids Res. 18:3638-3638.

Kurtz, M. B., M. W. Cortelyou, and D. R. Kirsch. 1986.
Integrative transformation of Candida albicans, using a cloned
Candida ADE?2 gene. Mol. Cell. Biol. 6:142-149.

. Laemmli, U. K. 1970. Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

. Lal, S. K., S. Johnson, T. Conway, and P. M. Kelley. 1991.

Characterization of a maize cDNA that complements an eno-
lase-deficient mutant of Escherichia coli. Plant Mol. Biol. 16:
787-795.

. Lebioda, L., and B. Stec. 1991. Mapping of isozymic dlﬁerences

in enolase. Int. J. Biol. Macromol. 13:97-100.

. Lebioda, L., B. Stec, and J. M. Brewer. 1989. The structure of

yeast enolase at 2.25-A resolution: an 8-fold B + a-barrel with a
novel BBaa (Ba)6 topology. J. Biol. Chem. 264:3685-3693.

Losberger, C., and J. F. Ernst. 1989. Sequence of the Candida
albicans gene encoding actin. Nucleic Acids Res. 17:9488-9488.



VoL. 174, 1992

28.
29.
30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

41.

42.

43.

Lottenberg, R., C. C. Broder, M. B. Streiff, and M. D. P. Boyle.
1991. Abstr. Annu. Meet. Am. Soc. Microbiol. 1991, B30, p. 30.
Maitra, P. K., and Z. Lobo. 1971. A kinetic study of glycolytic
enzyme synthesis in yeast. J. Biol. Chem. 246:475-488.
Mason, A. B., M. E. Brandt, and H. R. Buckley. 1989. Enolase
activity associated with a C. albicans cytoplasmic antigen.
Yeast 5:5231-S240.

Matthews, R., and J. Burnie. 1989. Cloning of a DNA sequence
encoding a major fragment of the 47 kilodalton stress protein
homologue of Candida albicans. FEMS Microbiol. Lett. 60:25—
30.

Mcaleese, S. M., B. Dunbar, J. Fothergill, L. Hinks, and I. N. M.
Day. 1988. Complete amino acid sequence of the neurone-
specific gamma isozyme of enolase (nse) from human brain and
comparison with the non-neuronal alpha form (nne). Eur. J.
Biochem. 178:413-417.

McAlister, L., and M. J. Holland. 1982. Targeted deletion of a
yeast enolase structural gene: identification and isolation of
yeast enolase isozymes. J. Biol. Chem. 257:7181-7188.

Odds, F. C. 1988. Candida and candidosis, 2nd ed. Balliere
Tindall, London.

Ohshima, Y., H. Mitsui, Y. Takayama, E. Kushiya, K.
Sakimura, and Y. Takahashi. 1989. cDNA cloning and nucleo-
tide sequence of rat muscle-specific enolase (beta beta enolase).
FEBS Lett. 242:425-430.

Oliva, D., G. Barba, G. Barbieri, A. Giallongo, and S. Feo. 1989.
Cloning, expression and sequence homologies of cDNA for
human gamma enolase. Gene 79:355-360.

Ono, M., M. D. Cole, A. T. White, and R. C. C. Huang. 1980.
Sequence organization of cloned intracisternal A-particle genes.
Cell 21:465-473.

Paranjape, V., and A. Datta. 1991. Overexpression of the actin
gene is associated with the morphogenesis of Candida albicans.
Biochem. Biophys. Res. Commun. 179:423-427.

Peshavaria, M., L. J. Hinks, and I. N. M. Day. 1989. Structure
of human muscle (beta) enolase mRNA and protein deduced
from a genomic clone. Nucleic Acids Res. 17:8862-8862.

. Pluskal, M. G., M. B. Przekop, M. R. Kavonian, C. Vekoli, and

D. A. Hicks. 1986. Immobilon PVDF transfer membrane: a new
membrane substrate for western blotting of proteins. BioTech-
niques 4:272-283.

Russell, G. A., B. Dunbar, and L. A. Fothergill-Gilmore. 1986.
The complete amino acid sequence of chicken skeletal-muscle
enolase. Biochem. J. 236:115-126.

Sakimura, K., E. Kushiya, M. Obinata, S. Odani, and Y.
Takahashi. 1985. Molecular cloning and the nucleotide sequence
of cDNA for neuron-specific enolase messenger RNA of rat
brain. Proc. Natl. Acad. Sci. USA 82:7453-7457.

Sakimura, K., E. Kushiya, M. Obinata, and Y. Takahashi. 1985.
Molecular cloning and the nucleotide sequence of cDNA to
mRNA for non-neuronal enolase (alpha alpha enolase) of rat
brain and liver. Nucleic Acids Res. 13:4365-4378.

. Sakimura, K., E. Kushiya, Y. Takahashi, and Y. Suzuki. 1987.

The structure and expression of neuron-specific enolase gene.
Gene 60:103-113.

45.

47.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

C. ALBICANS ENOLASE 6799

Saporito, S. M., and P. S. Sypherd. 1991. The isolation and
characterization of a calmodulin-encoding gene (CMD1) from
the dimorphic fungus Candida albicans. Gene 106:43-49.

. Segil, N., A. Shrutkowski, M. B. Dworkin, and E. Dworkin-

Rastl. 1988. Enolase isoenzymes in adult and developing Xeno-
pus laevis and characterization of a cloned enolase sequence.
Biochem. J. 251:31-39.

Short, J. M., J. M. Fernandez, J. A. Sorge, and W. D. Huse.
1988. A ZAP: a bacteriophage A\ expression vector with in vivo
excision properties. Nucleic Acids Res. 16:7583-7600.

. Smith, D. B., and K. S. Johnson. 1988. Single-step purification of

polypeptides expressed in Escherichia coli as fusions with
glutathione S-transferase. Gene 67:37—40.

Smith, H. A., H. S. Allaudeen, M. H. Whitman, Y. Koltin, and
J. A. Gorman. 1988. Isolation and characterization of a B-tubu-
lin gene from Candida albicans. Gene 63:53-63.

Stec, B., and L. Lebioda. 1990. Refined structure of yeast
apo-enolase at 2.25 A resolution. J. Mol. Biol. 211:235-248.
Strockbine, N. A., M. T. Largen, S. M. Zweibel, and H. R.
Buckley. 1984. Identification and molecular weight characteri-
zation of antigens from Candida albicans that are recognized by
human sera. Infect. Immun. 43:715-721.

Sundstrom, P., D. Smith, and P. S. Sypherd. 1990. Sequence
analysis and expression of the two genes for elongation factor
la from the dimorphic yeast Candida albicans. J. Bacteriol.
172:2036-2045.

Sundstrom, P. M., and G. E. Kenny. 1984. Characterization of
antigens specific to the surface of germ tubes of Candida
albicans by immunofluorescence. Infect. Immun. 43:350-855.
Sundstrom, P. M., and G. E. Kenny. 1985. Enzymatic release of
germ tube-specific antigens from cell walls of Candida albicans.
Infect. Immun. 49:609-614.

Sundstrom, P. M., E. J. Nichols, and G. E. Kenny. 1987.
Antigenic differences between mannoproteins of germ tubes and
blastospores of Candida albicans. Infect. Immun. 55:616-620.
Van Der Straeten, D., R. A. Rodrigues-Pousada, H. M. Good-
man, and M. V. Montagu. 1991. Plant enolase: gene structure,
expression, and evolution. Plant Cell 3:719-735.

Walsh, T. J., J. W. Hathorn, J. D. Sobel, W. G. Merz, V.
Sanchez, 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.

Weng, M., C. A. Makaroff, and H. Zalkin. 1986. Nucleotide
sequence of Escherichia coli pyrg encoding ctp synthetase. J.
Biol. Chem. 261:5568-5574.

Wey, S. B., M. Mori, M. A. Pfaller, R. F. Woolson, and R. P.
Wenzel. 1988. Hospital-acquired candidemia: the attributable
mortality and excess length of stay. Arch. Intern. Med. 148:
2642-2645.

. Wistow, G. J., T. Lietman, L. A. Williams, S. O. Stapel, W. W.

De Jong, J. Horwitz, and J. Piatigorsky. 1988. Tau-crystallin/
alpha-enolase: one gene encodes both an enzyme and a lens
structural protein. J. Cell Biol. 107:2729-2736.



