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The opportunistic pathogenic yeast Candida albicans exhibits growth phase-dependent changes in cell
surface hydrophobicity, which has been correlated with adhesion to host tissues. Cell wall proteins that might
contribute to the cell surface hydrophobicity phenotype were released by limited glucanase digestion. These
proteins were initially characterized by their rates of retention during hydrophobic interaction chromatogra-
phy-high-performance liquid chromatography and used as immunogens for monoclonal antibody production.
The present work describes the cloning and functional analysis of a C. albicans gene encoding a 38-kDa protein
recognized by the monoclonal antibody 6C5-H4CA. The 6C5-H4CA antigen was resolved by two-dimensional
electrophoresis, and a partial protein sequence was determined by mass spectrometry analysis of tryptic
fragments. The obtained peptides were used to identify the gene sequence from the unannotated C. albicans
DNA database. The antibody epitope was provisionally mapped by peptide display panning, and a peptide
sequence matching the epitope was identified in the gene sequence. The gene sequence encodes a novel open
reading frame (ORF) of unknown function that is highly similar to several other C. albicans ORFs and to a
single Saccharomyces cerevisiae ORF. Knockout of the gene resulted in a decrease in measurable cell surface
hydrophobicity and in adhesion of C. albicans to fibronectin. The results suggest that the 38-kDa protein is a

hydrophobic surface protein that meditates binding to host target proteins.

Cell surface hydrophobicity (CSH) has a central role in the
pathogenesis of the opportunistic fungal pathogen Candida
albicans. Hydrophobic cells, compared to hydrophilic cells, ex-
hibit greater adherence to epithelial and endothelial cells and
extracellular matrix proteins, appear to be more resistant to
killing by phagocytes, and are more virulent in mice (2, 12, 16,
26, 28). C. albicans is unique among Candida species in that
CSH status varies in response to different environmental con-
ditions and growth phases (17). Within the laboratory setting,
populations of C. albicans cells can be switched between the
hydrophobic and hydrophilic phenotypes by simply changing
the growth temperature. The degree of outer chain mannosy-
lation of cell wall proteins may play a key role in regulating the
switch between the two phenotypes (25), but the factors that
actually confer the hydrophobic phenotype are unclear.

Previous work has identified several specific surface antigens
that appear to contribute to CSH and affect cell attachment to
host targets (10, 11, 24, 25, 26). Identification of proteins that
might contribute to the CSH phenotype has been accom-
plished by partial cell wall digestion to release minimally co-
valently linked proteins and proteins that are noncovalently
trapped within the wall matrix. Extracts containing candidate
proteins were then separated by high-performance liquid chro-
matography-hydrophobic interaction chromatography to ob-
tain fractions enriched in proteins with a greater hydrophobic
character (10, 11). These fractions have been used as immu-
nogens for monoclonal and polyclonal serum generation (10,
26). Using these antibodies, we have identified several proteins
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that contribute to CSH and affect cell adherence to host targets
in static and flow binding assays (12, 26). However, all of the
evidence to date indicating the role of CSH in adhesion and
pathogenesis has been equivocal, because it is possible that
factors determining CSH might not have a direct effect in these
assays. It is important, therefore, to further characterize the
molecular nature of the genes and proteins that are responsi-
ble for CSH.

One candidate surface antigen is a 38-kDa protein recog-
nized by the monoclonal antibody (MAb) 6C5-H4CA. Indirect
immunofluorescence on unpermeabilized cells using MAb
6C5-H4CA shows weak surface localization, with a stronger
signal on the more hydrophobic pseudohyphae and germ tubes
(unpublished observation). Both the MAb (10, 12, 26) and
peptides derived from the putative antibody epitope (unpub-
lished observation) are effective in partially blocking cell bind-
ing in static assays and homotypic and heterotypic attachment
in shear adhesion assays. These results suggest that the 38-kDa
protein may have a role in hydrophobic cell attachment. West-
ern blot analysis of other pathogenic yeast species suggested
that although the MAb 6C5-H4CA antigen could be weakly
detected in some of the other species, the strongest signal by
far was seen in C. albicans cells (reference 26 and unpublished
results). Previous characterization of the MAb 6C5-H4CA an-
tigen shed little light on the molecular identity of the protein.
The 38-kDa antigen recognized by polyclonal sera raised
against hydrophobic proteins is poorly glycosylated, if at all,
and its hydrophobic nature is supported by the observation
that the antigen spontaneously autoaggregates upon concen-
tration and dialysis (9, 11). The lack of detectable glycosylation
suggests that the antigen is not covalently attached to the cell
wall but may instead be immobilized in the meshwork of the
wall. The present work was begun in order to precisely char-
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acterize the epitope of the antibody, to identify the gene en-
coding the antigen, and to address more rigorously the role of
surface hydrophobic molecules in pathogenesis and in confer-
ring surface hydrophobicity on C. albicans.

MATERIALS AND METHODS

Media and strains. C. albicans strain LGH1095 cells (15) were grown in YNB
medium (0.65% yeast nitrogen base [Difco] plus 2% glucose) at either 23 or
37°C. C. albicans uridine-auxotrophic strain CAI4 cells (the kind gift of William
Fonzi, Georgetown University) were used for transformations and were grown in
either YPD medium (1% Difco yeast extract, 2% Difco Bacto Peptone, 2%
glucose) or YNB medium. Saccharomyces cerevisiae strain YPH250 (MATa
ura3-52 lys2-801 ade2-101 trpIAl his3-A200 leu2-Al; American Type Culture
Collection) was grown on YPD medium or on synthetic complete (SC) medium
(14).

Yeast transformation was carried out by the lithium acetate method according
to the modified protocol described by Wilson (29). Escherichia coli strains were
grown on Luria-Bertani medium plus appropriate antibiotics at 37°C.

Random peptide panning. The MAb 6C5-H4CA was used to pan a random
peptide display library (Flitrx Random Peptide Display Library; Invitrogen,
Carlsbad, Calif.) according to the manufacturer’s instructions. The library con-
sists of random 12-amino-acid segments presented as a loop on plasmid-borne
thioredoxin-flagellin fusion proteins, which are incorporated into flagella on the
surface of recombinant E. coli (23). Library pools were adsorbed to antibody-
coated enzyme-linked immunosorbent assay plates to bind immunoreactive
clones, which were then gently eluted and amplified by brief growth in medium.
Amplified cultures were then used for subsequent rounds of panning as before.
After five rounds of panning, cultures were plated on Luria-Bertani medium plus
ampicillin to single-colony density and individual colonies were tested for MAb
6C5-H4CA immunoreactivity by Western blotting of whole-cell lysates. Plasmid
DNA from immunoreactive clones was purified and sequenced. Cassettes con-
taining the random peptides were PCR amplified using primers flanking the
thioredoxin subunit for subsequent in-frame cloning into a glutathione S-trans-
ferase (GST) vector for bacterial expression.

Protein purification and mass spectrometry. Protein was extracted from C.
albicans strain LGH1095 cells grown in YNB medium at 23°C by rapidly freezing
cell pellets in liquid nitrogen and then mechanically breaking the frozen cell
pellets with an electric coffee grinder (electric coffee mill, model 203B; Krups,
Peoria, Ill.), the basin of which had been cooled by grinding dry ice (27). The
method was chosen since it releases a significantly larger amount of the antigen
than the limited lyticase digest procedure used to characterize the antigen pre-
viously (11). Insoluble material from broken cells was removed by centrifugation
for 15 min at 5,000 X g. Soluble material released from broken cells was initially
precipitated by addition of ammonium sulfate to 50% saturation, and the pellet
was dissolved in 0.05 M NaPO,, pH 7.2. This material was loaded onto a
hydrophobic interaction chromatography column (Butyl Sepharose; Pharmacia)
equilibrated with 1.7 M ammonium sulfate-50 mM NaPO,. Fractions were
eluted with a step gradient (0.68 M ammonium sulfate-50 mM NaPO,; 0.34 M
ammonium sulfate-50 mM NaPO,; 50 mM NaPO, alone) of decreasing ammo-
nium sulfate concentrations (9, 10). Fractions with significant MAb 6C5-H4CA
immunoreactivity were subsequently pooled and concentrated using an Ultrafree
Biomax 5 centrifuge concentrator (Millipore, Bedford, Mass.). Concentrated
material was analyzed by two-dimensional electrophoretic separation using first
dimension isoelectric focusing (ampholyte mixture of 1.5% pH 3 to 10 Biolytes,
0.5% pH 4 to 6 Biolytes, 0.5% pH 5 to 8 Biolytes; Bio-Rad, Hercules, Calif.) and
a second dimension 12.5% denaturing acrylamide gel. Coomassie-stained gels
were aligned with Western blottings of duplicate gels to identify protein spots
reactive with the antibody. Spots were excised from the gel and treated with
trypsin in the gel slice. Tryptic fragments extracted from the polyacrylamide were
analyzed by liquid chromatography-ion trap mass spectrometry to determine
molecular masses of individual peptides and to identify peptide ion spectra
(University of Virginia Biomedical Research Facility). Peptide masses obtained
from this analysis were used to search the unannotated C. albicans DNA data-
base (http://www-sequence.stanford.edu/group/candida) for potential open read-
ing frames encoding proteins with these peptides, using the Seaquest algorithm
(30). Peptides yielding sequence interpretable spectra were used to search the
same database with the Genetics Computer Group (GCG; Madison, Wis.) mod-
ule TFASTA.

Cloning of CSH1. The putative CSHI gene sequence was used to design PCR
primers flanking the open reading frame for subsequent amplification using
strain LGH1095 genomic DNA as a template. The obtained PCR product was
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then sequenced to verify identity and was cloned in frame into the GST fusion
vector pGEX-KG (13). E. coli transformants carrying the GST-CSH1p fusion
plasmid were analyzed by Western blot analysis for MAb 6C5-H4CA reactivity.

GST fusion protein purification. Large amounts of GST fusion proteins
(FliTrx random peptide sequences cloned into the vector pGEX-KG) were
purified from E. coli lysates following induction of fusion protein expression in
exponential-phase cultures with 0.1 mM isopropyl-B-p-thiogalactopyranoside
(IPTG). Lysates were made by suspending bacterial pellets in B-PER bacterial
protein extraction reagent (Pierce) and were clarified by centrifugation. GST
fusion proteins were purified by batch adsorption to glutathione-agarose (Sigma)
and elution with 5 mM reduced glutathione. GST fusions to whole CSH1p
formed insoluble inclusion bodies under standard E. coli growth conditions and
were therefore partially purified as inclusion bodies using B-PER reagent ac-
cording to the manufacturer’s instructions.

Knockout generation. C. albicans knockout of the CSHI gene was generated
using the PCR-based adaptation (29) of the sequential URA-Blaster technique
(7). PCR primers were designed to amplify the mini-URA cassette in plasmid
pDDB57, tailed with an additional 65 nucleotides of sequence flanking the open
reading frame of the gene to be knocked out (forward primer, CAACTACAA
ATAACTACAACTTAACTTTAACTAAAAAAAAAAACAGGTCAATCGA
TAAATCAAGATTTTCCCAGTCACGACGTT; reverse primer, TTTTGTAA
TTCATATCTAGACCTAATAAAGATAAACGATTAGCAAAGCTAAACT
ACATAACAAACTGTGGAATTGTGAGCGGATA). The presence of PCR
product was verified by gel electrophoresis of an aliquot of the reaction mixture,
and 10 pg of PCR product was used to transform strain CAI4 cells by following
the protocol described by Wilson (29). URA™ transformants were grown on
uridine-deficient medium (YNB), and proper genomic insertion of the trans-
forming cassette was determined by a PCR-based analysis of transformant col-
onies by using a combination of primer pairs internal to the wild-type locus and
to the URA cassette. Heterozygous transformants were reverted to the ura™
phenotype by counterselection on medium containing 5-fluororotic acid and
were retransformed as described above with fresh PCR product to knock out the
second allele of the gene. Presumptive homozygous knockouts were verified by
PCR analysis and by Western blotting.

Knockout phenotypic characterization. A knockout clone was assessed for the
following properties: (i) relative cell surface hydrophobicity when grown at 23 or
37°C, (ii) population doubling time, (iii) efficiency of germination (yeast-to-
hypha transition), and (iv) adhesion to fibronectin.

(i) Cell surface hydrophobicity. CSH of C. albicans strains was measured by
the hydrophobic microsphere-binding assay as described previously (28). In brief,
stationary-phase cells were washed in double-distilled water and counted and
were then mixed with a suspension of latex beads. After a brief incubation at
room temperature, cells were counted microscopically and assessed as either
hydrophobic (three or more beads bound per cell) or hydrophilic (fewer than
three beads per cell).

(ii) Doubling time determination. Exponential-phase doubling times of C.
albicans strains grown in YPD medium at 37°C were measured by dilution of
overnight cultures of strains into fresh medium and counting of cell sphere units
as opposed to cell clumps at time intervals. The population doubling time was
calculated between time points where the culture demonstrated exponential
growth kinetics.

(iii) Induction of germination. Overnight cultures of CAI4 or cshl/cshl strains
grown in YPD medium at 37°C were used as an inoculum into prewarmed (37°C)
RPMI 1640 medium (Sigma) at a cell density of 2 X 10° cells/ml. Samples were
removed at 30-min intervals and examined microscopically. Duplicate samples of
100 cells were counted and assessed for cell morphology and scored as normal,
pseudohyphal (constricted at hyphal neck with nonparallel walls), or germ tube
(no constriction at neck with parallel walls). Percent germination was calculated
as the number of pseudohyphae or germ tubes per 100 cells. Culture inocula
demonstrated greater than 97% normal morphology initially. Fifty percent cul-
ture germination was determined by plotting the percentage of germinated cells
for each time point over 3 h and interpolating the time needed for 50% of the
culture to show a change in morphology.

(iv) Adhesion to fibronectin. The cell adhesion assay was carried out as de-
scribed previously (26, 28). A total of 200 washed cells from stationary-phase
cultures of hydrophobic and hydrophilic cells were added and allowed to bind to
fibronectin-coated 48-well tissue culture plates. Nonadherent cells were gently
washed away, and the wells of the plate were overlaid with 45°C corn meal agar
medium and allowed to solidify. Plates were incubated overnight to allow the
adherent cells to form colonies during overnight incubation. Relative adhesion
was expressed as the percent decrease in adhesion with the knockout in com-
parison to adhesion with the parent strain. This was calculated by normalizing
colonies in quadruplicate wells for each cell growth condition to the number of
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A Clonel-8 GETQCV[EIA.SID
Clonel3  IEARVEIDWSLD
Clonel2 EGIGVEVEVVLE
Clone26  GRNLEVDRALDT
Clonell  RSMLELDVILEG
Clone29 IGFV[ERD.DIDAE
Clone3? VRL[EID.QIDGRP
Clone54 SDRLEVGTEPLR
Clone4dd RVIELAHELEGVW
Clone5-4-1  SFEVD.PIDENSG
Cloned RVDVGSEDAPSR
Clone43 DVEVGAE[DALFS
Cloned-3-3 EIDLKLEPGTRV
Clone3s ELD.AIDRPGIVV
Clones5? EID.SFE[LYLRER
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FIG. 1. Putative epitope of MAb 6C5-H4CA antigen. (A) The
conceptual translation of the DNA sequence encoding random pep-
tides was aligned using the GCG module PILEUP, and the putative
epitope of the antigen was determined. (B) Immunoreactivity of sol-
uble GST fusion proteins was tested on glutathione-agarose-purified
material by Western blotting. Lane A, an arbitrarily chosen clone from
the fifth round of panning that did not react with MAb 6C5-H4CA;
lanes B, C, and D, immunopositive clones 1-8, 4-3-3, and 5-4-1 from
panel A, respectively.

colonies on a plate that received no washing (total colonies) and then calculating
the percent change in adhesion between the parent strain and the knockout
strain: 100 X (mean number of knockout colonies — mean number of parent
colonies)/number of parent colonies. The significance of changes in adhesion for
different cell types was determined by using a paired two sample for means ¢ test.

Expression in S. cerevisiae. The PCR product containing the CSHI open
reading frame was cloned into the vector pUNI10 (21) and was recombined in
vitro using Cre recombinase with the S. cerevisiae shuttle vector p1223 (21). The
recombination event places the cloned open reading frame under the control of
the GAL promoter contained in p1223. The recombinant plasmid was trans-
formed into strain YPH and selected on SC-ura medium. Expression of the C.
albicans CSHI gene was induced in cultures grown in the presence of 2%
galactose and was repressed in cultures grown in the presence of 2% glucose.
Cell lysates of yeasts for Western blotting were generated by vortexing cell pellets
from 5-ml liquid cultures with glass beads for 30 s and boiling the broken cells
with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer.

RESULTS

Epitope sequence determination. The putative epitope of
MAD 6C5-H4CA was determined by panning a random pep-
tide display library. Conceptual translations of DNA sequences
corresponding to the random peptides were aligned using the
GCG module PILEUP, and a consensus peptide sequence was
identified (Fig. 1A). To further verify that MAb 6C5-H4CA
recognizes positive clones, thioredoxin peptide loops were sub-
cloned by PCR into the GST fusion vector pPGEX-KG (13) for
fusion protein purification. Three candidate purified GST fu-
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sion proteins chosen from our pilot screening were strongly
recognized by the antibody (Fig. 1B), whereas a randomly
chosen clone was nonreactive towards the antibody.

CSH1 gene identification. To identify and clone the gene
encoding the protein recognized by MAb 6C5-H4CA, the an-
tigen was isolated to apparent homogeneity by two-dimen-
sional gel electrophoresis (Fig. 2B) followed by mass spectrom-
etry. Comparison of mass spectrometry-derived masses of
tryptic fragments with the predicted masses of peptides iden-
tified from the unannotated C. albicans DNA database (http:
/www-sequence.stanford.edu/group/candida) indicated a sin-
gle open reading frame capable of generating the tryptic frag-
ments observed (Fig. 2A), which we herein designated the
CSHI gene. The putative open reading frame encodes a pro-
tein with a molecular mass of 38 kDa and with an isoelectric
point of approximately 6.0 in accordance with the observed
characteristics of the protein isolated from yeast cell walls. A
GST fusion protein containing the identified open reading
frame was constructed, and this construct strongly reacted with
6C5-H4CA. Furthermore, a six-amino-acid sequence closely
resembling the consensus epitope identified in Fig. 1 was seen
in the putative genomic sequence. Hydrophilicity was calcu-
lated according to the algorithm described by Kyte and
Doolittle (20) using the GCG module PEPTIDESTRUCTURE
with a window of either four or seven residues. In either anal-
ysis, no extensive hydrophobic segments were seen.

Comparing CSH1 and other microbial gene products. A
comparison of the CSH1 sequence with the nonredundant
protein database in GenBank indicated that the protein closely
resembles a number of microbial gene products. A dendro-
gram indicating pairwise comparisons between the similar gene
products was constructed (Fig. 3). The unannotated C. albicans
DNA database contains at least six other paralogs that closely
resemble the CSHI gene product. It is unknown how many of
these represent truly distinct gene products which are func-
tionally expressed, unexpressed, or redundant gene duplica-
tions or different alleles of homologous loci on sister chromo-
somes of the obligate diploid C. albicans. Percent similarity
between gene products varies from greater than 65% within an
organism to between 30 and 40% between organisms. All of
the gene products had approximately the same molecular
mass. None of the other C. albicans gene products had an
amino acid sequence that appeared to closely match the MAb
6C5-H4CA consensus epitope of EIDPID to allow recognition,
though the panned epitope consensus sequence is not rigid.
However, definitive analysis of the immunoreactivity of C. al-
bicans paralogs towards MAb 6C5-H4CA awaits the cloning
and in vitro expression of their gene products. The families of
similar C. albicans gene sequences resemble a family of puta-
tive aryl alcohol dehydrogenase (AAD) gene sequences from
S. cerevisiae (6), with a single divergent sequence (YPLO88w)
sharing the greatest degree of similarity to the C. albicans
sequences. An additional sequence of unknown function from
E. coli (GenBank accession no. P77735) also shares significant
sequence similarity with the C. albicans sequences.

Generation and phenotypic analysis of a CSHI knockout. A
homozygous knockout strain was generated in cells of strain
CAI4 by using an adaptation of the commonly used URA-
Blaster technique (7), and a basic phenotypic analysis of the
knockout with respect to strain CAI4 was undertaken. One
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attgaaggatagttccaaatttcatcattaaaaacaactacaaataactacaacttaactttaactaaaaaaaaaaac
aggtcaatcgataaatcaagaatggtcaccagattaggtaaatctggtttgaaggtcaacactgttgctgtcggtact
M v T R L G K S G L KV NT V A V G T
atgagattgggatccagttggagaggttttaatggtgacatcgacgagtgtttgaaaattttgaaattttgttatgac
M R L G S S WR G F N G D T D E C L K I L K E C Y D
aacgggttccgtactttcgatactgctgatacttactcaaatggtaaatctgaagagttgttgggtttattcatcaag
N G F R T F D T A D T Y S N G K S FEE L L G L F I K
aaatacaatattccacgtgaacgaattgtcattttaaccaaatgctacttctcagtcaaagacgacgcagaagacagt
K Y N T P R E R I _V I L. T K C Y F S V K D D A E D S
tcacttgaaattgatccaattgactatatgaacggtaaaggattgagcagaaagcatatcttagccgcagctgaagct
S L [E I D P I B Y M NG K G L S R KUH I L A A A E A
tccgttaaacgtttgggaacatatattgatgtgttgcaaattcatcgtttagaccatgaagtcacatatgaagaggtt
s VvV K R L _¢6 T Y I D VvV I Q T H R L D H E V T Y E E V
atgcgttctttaaatgatgttgttgaacaaggattggcaagatacattggtgcctcatctatgaaaacatgggaattt
M R S L N DV V E O G L A R Y I G A S S M KT W E F
gttgagttgcaaaatgttgctaaagcaaatggttggcaccaattcatctccatgcaaagtcactattctttattgtac
vV E L O N VvV A K A N G W H OQ F I S M Q S H Y S L L Y
cgtgaggacgagagagaattgaatgactattgtaagaagaatggtattggattaatcccttggtctccaaacggtggt
R E D EREULND Y C K KNG I G VL I P W S P N G G
ggtgttttgtgtcgtccattcgactctgaaaaaactaagcagttcttagacaacaagcaatggtcaagtttatttgga
G v L ¢C R P F D S E KT K Q F L DNI KOQ W S S L F G
ttagaaaatgtcagagacgcagataagattatcgtcgatagagttgaagagttgagtgttaaatacaatgcatctatg
L E NV R D A D K I I V D R V E E L S V K Y N A S M
atgcaagtttcattggcatggtgtattgctaaaggtgtgattccaattgccggtgtctccaaatttgagcaagctgaa
M Q Vs L A W C I A K g V I P I A G V S K F E O A E
gaattggttggtattttcaaagtcaacttaactgaagatgatatcaaatatcttgaagagccatatcacgccaaagac
E L VvV 6 I F K V N L T E D D I K Y L E E P Y H A K D
ttggcaagagttgctgcttaagtttgttatgtagtttagctttgctaatcgtttatctttattaggtctagatatgaa
L A R V A A
ttacaaaatacatgtgtatcttgccattttatatacaaataagatttatcttggcttaagaactatattgagctcgag
gtttaatgaccaaaaaaactaagtgattcataaggaaaggaacaccagaaatttacaaataattatgtagtttgtata

FIG. 2. (A) Purification scheme for MAb 6C5-H4CA antigen isolation. Soluble material released from mechanically broken C. albicans cells
was separated by two-dimensional PAGE separation. Coomassie-stained gels were aligned with Western blottings of duplicate gels to identify
protein spots reactive with the antibody. The blot was stained with colloidal gold to label protein and was subsequently used for antibody detection.
The arrow indicates the protein spot that was recovered for mass spectrometric sequence determination. Molecular masses (in kilodaltons) are
shown on the left. The pH gradient of the first dimension is shown on the top. (B) Mass spectrometric analysis of MAb 6C5-H4CA antigen. The
DNA sequence of a C. albicans gene product identified by mass spectrometric analysis of the MAb 6C5-H4CA antigen is presented here, with
single-letter amino acid symbols of the translated open reading frame underneath. Tryptic fragments identified by mass spectrometry are
underlined, and a sequence matching that of the antibody epitope (Fig. 1) is boxed.

knockout strain which lacks a 38-kDa band on Western blot- reactivity in the knockout strain also suggests that any ex-
tings of cell lysates was generated (Fig. 4, lane 5), further pressed paralog gene products are unable to be recognized by
supporting the contention that the cloned gene sequence en- the antibody. Heterologous expression of the CSHI gene in S.

codes the MAb 6C5-H4CA antigen. The absence of immuno- cerevisiae results in the acquisition of an antigen-reactive band
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TABLE 1. Summary of phenotypic characterization of a CSHI
knockout strain

50% culture
germination (min)

Doubling time
Strain (min)

CSH (mean * SD)*

(mean + SD)* (mean = SD)? 23°C 37°C
CAl4 68 £ 0.2 90 = 2.1 96.6 =29 52.8+203
cshlfcshl 79 £0.0 86 = 5.7 263*+132 73x46

“ Doubling time represents estimates (in minutes) of the generation time of
duplicate exponentially growing liquid cultures.

> Percent culture germination was observed at timed intervals, and the time
where 50% of the cells in a given sample microscopically demonstrated
pseudohyphal or germ tube morphology was extrapolated from the time course.

¢ Relative CSH of individual cells from cultures at a given temperature is
presented as the percentage of cells in a sample showing the hydrophobic phe-
notype. CSH measurements represent samples counted in triplicate in each
experiment, and each experiment was repeated at least six times.

of the correct molecular weight on Western blottings of cell
lysates (Fig. 4, lane 7). The knockout strain showed no signif-
icant detriment in growth rate or in germination but did show
a reproducible decrease in CSH relative to that of the parent
strain at 23 and 37°C (Table 1). The knockout strain, when
grown at 23°C, also demonstrated statistically significantly de-
creased levels of adhesion to fibronectin in a static adhesion
assay (Table 2). The knockout strain, when grown at 37°C, also
showed a decreased measure of adhesion to fibronectin; how-
ever, this decrease was judged as being not significant during
statistical analysis.

DISCUSSION

The cell wall is the primary mediator of interactions between
the fungal cell and host substrates. To date, many workers have

lesidyes M__IEP
AAD3 363 40.1 6.8
AAD15 153 157 65
AAD4 329 37.0 68
AAD14 376 420 6.7
AAD10 288 326 9.6
YFLO57c 152 16.6 9.1
AAD6 212 239 74

orf6.4311 344 391 63
orf6.425 344 393 54
CSH1 337 383 58
orf6.2130 308 35.0 59
orf6.1012 354 401 7.1
orf6.3671 343 38.9 75
orf6.7206 349 397 7.3
YPLO88W 342 364 5.1
p77735 324 364 5.1

FIG. 3. The CSHI gene product defines a family of related gene
products in C. albicans and S. cerevisiae. The C. albicans sequences are
referred to by open reading frame designations assigned to them in
assembly 6 of the C. albicans database (http://www-sequence.stanford
.edu/group/candida). The gene that we refer to as the CSHI gene is
designated orf6.4130 in the database. The CSHI gene closely resem-
bles six other C. albicans open reading frames, as well as a single S.
cerevisiae gene (YPLO88w). The S. cerevisiae gene and the C. albicans
genes share similarity with a family of putative AADs from S. cerevisiae
(AAD genes; YFL057c), as well as a single gene of unknown function
from E. coli (p77735). Data are as follows: residues, number of amino
acids; M, calculated molecular mass; IFP, calculated isoelectric point
of each open reading frame.
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FIG. 4. Analysis of CSH1 expression in C. albicans and S. cerevisiae
strains. Whole-cell lysates were prepared by glass bead breakage, fol-
lowed by boiling in SDS-PAGE sample buffer plus 2-mercaptoethanol.
Samples were loaded onto and run on 12% PAGE gels and were
subsequently transferred to nitrocellulose for testing for MAb 6C5-
H4CA reactivity by Western blotting. Lane 1, C. albicans strain CAl4;
lanes 2, 3, and 4, CAl4-derivative CSH1/cshl single knockouts; lane 5,
CAl4-derivative cshl/cshl double knockout; lane 6, S. cerevisiae cells
expressing CSHI grown in glucose (expression repressed); lane 7, S.
cerevisiae cells expressing CSHI grown in galactose (expression in-
duced); lane 8, C. albicans strain LGH1095. Molecular masses (in
kilodaltons) are shown on the left.

described individual gene products that affect fungal cell ad-
herence and virulence in both in vitro and in vivo analyses (for
review, see reference 5). The majority of these gene products
have been identified by virtue of their binding to specific host
proteins, such as extracellular matrix components, in in vitro
assays. Further characterization has, in many cases, led to the
cloning and knockout of individual C. albicans gene products,
which typically supports the role of a given gene in adhesion.
The number of gene products reported to have significant roles
in adhesion and virulence of C. albicans, however, would seem
to argue that the effects are too strain specific or assay depen-
dent to have such a significant role. It is likely that in vivo
adhesion of fungi is a pleiotropic phenomenon, due to the
combined effect of a number of gene products showing cell
surface localization.

Cell surface hydrophobicity is proposed to be a general and
possibly specific mechanism whereby fungal cells attach to host
tissues and the fidelity of attachment is maintained. One pos-
sibility is that exposed hydrophobic proteins directly bind to

TABLE 2. Percent decrease in adhesion of a cshl/cshl strain
relative to CAI4

Temp of % Decrease”

H b
Well coating incubation (mean *+ SD) P value
Fibronectin 23°C =724 =125 <0.01
Fibronectin 37°C —59.1 =265 >0.1

“ Percent decrease was calculated as described in Materials and Methods, plus
a standard deviation measurement representing the calculated standard devia-
tion for the mean adherent cells of the knockout strain at a given temperature
divided by the mean percent adherent cells for the parent strain.

> The P value denoting the statistical significance of the difference between
mean adhesion of parent strain in comparison to the knockout was calculated
with a paired ¢ test.
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extracellular matrix proteins. Alternatively, CSH may mediate
attachment by facilitating and maintaining specific receptor-
ligand interactions. Significantly, published reports describing
putative virulence and adhesion factors in C. albicans used cells
grown under conditions that promote hydrophobic cell growth
(3,4, 8, 19). A particular virulence determinant is either absent
or reduced when cells are hydrophilic. This consistency sug-
gests that hydrophobicity may be a key ancillary factor in
potentiating virulence. To date, a variety of yeast cell wall
antigens have been described as possessing some degree of
hydrophobic character, typically by virtue of their retention by
hydrophobic interaction chromatography (1, 18, 22, 24, 26).
Further analysis of these gene products in adhesion and viru-
lence and their relative contribution to the CSH phenotype for
the most part awaits the functional description of genetic
knockout and overexpression studies in comparison with other
known mediators of adhesion.

The present work describes the cloning and initial functional
analysis of a novel C. albicans gene product that has been
implicated in cell adhesion. The gene encoding the MADb 6C5-
HACA antigen of C. albicans is one member of a family of
related gene products of unknown function. All members of
the family are proteins with masses of approximately 35 to 40
kDa and show extensive sequence similarity. It is possible that
several of these genes may have allelic differences with the
same gene in the parent strain. The primary protein sequence
of the CSHI gene offers few clues as to its cellular function;
however, the gene family does show significant homology to a
family of putative AADs in S. cerevisiae. The panel of AAD
genes has individually and combinatorially been knocked out
as part of the sequential functional analysis of the S. cerevisiae
genome (6). Surprisingly, loss of function of all of the AAD
genes resulted in no obvious phenotypic differences from wild-
type strains, complicating easy interpretation of possible func-
tions for the gene family. The CSHI gene product also shares
similar levels of homology with the cytoplasmically localized B
subunit of vertebrate voltage-gated potassium channels and
more broadly to the oxido-reductase protein superfamily. No
corresponding « subunit for the potassium channel sharing
similar levels of homology can be identified in the C. albicans
or S. cerevisiae genome.

When analyzed by computer modeling methods, the CSHI
gene product does not demonstrate any particular exposed
hydrophobic characteristic when using analysis windows set at
standard values. These methods do not predict the surface
accessibility of short stretches of hydrophobic residues (e.g.,
two or three residues) and their contribution to the overall
hydrophobic behavior of the whole protein. The CSH1p pro-
tein does behave as a hydrophobic protein when analyzed by
hydrophobic interaction chromatography. The in vivo contri-
bution of the CSH1p protein to the hydrophobic cellular phe-
notype could be either direct if its hydrophobic character is
significant or indirect through interactions with other hydro-
phobicity-conferring gene products. Further biochemical anal-
ysis of purified CSH1p and genetic supplementation in heter-
ologous strains and in C. albicans knockouts would shed some
light on the authentic role of CSH1p in affecting cell surface
hydrophobicity.

The primary gene sequence suggests that the mature protein
is localized to the cytoplasm as opposed to within the cell wall,
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as the open reading frame lacks a signal sequence directing
insertion into the secretory pathway. The observation that a
significantly greater quantity of CSH1p is released by mechan-
ical breakage of cells in comparison to limited glucanase di-
gestion (data not shown) indirectly supports this localization.
However, there is a growing body of literature detailing the
partial surface expression of a wide variety of proteins that
would be predicted to show cytoplasmic localization on the
basis of sequence analysis (reviewed in reference 5). In the case
of CSH1p, several pieces of evidence support the presence of
the protein in the wall. First, readily detectable levels of the
protein are released from cells by limited lyticase digestion that
maintains cell integrity (10, 26). Second, indirect immunoflu-
orescence on intact cells demonstrates at least partial surface
localization (unpublished observations). Third, the MAb 6C5-
HA4CA is effective in blocking adhesion of yeast cells both to
extracellular matrix-coated plastic and to epithelial cells (ref-
erences 12 and 26 and unpublished observations). Finally,
at least some portion of CSHl1p is accessible to membrane-
impermeant protein biotinylation reagents, and labeled CSH1p
can be precipitated from cell lysates by immobilized avidin and
recognized on Western blottings (unpublished observations.)

In light of the ambiguous physiologic role of CSH1p that is
indicated by loss of function of putative S. cerevisiae paralogs
and the predicted cytoplasmic expression of the C. albicans
gene product, elimination of the C. albicans gene was antici-
pated to have minimal effects. Knockout of the CSHT gene was
undertaken ultimately to address the potential contribution of
the antigen in mediating fungal cell adhesion to tissue. It was
anticipated that the redundancy of the CSHI gene family iden-
tified in the C. albicans DNA database might lead to an ap-
parent lack of an obviously different phenotype in cshl/cshi
knockouts relative to those of parent strains. On the other
hand, the reproducible effect of the MAb on blocking adhesion
argued that loss of CSH1 gene expression might have a signif-
icant phenotypic effect. Loss of function of the gene product
does have little effect on the overall cell growth rate and via-
bility and does not block the yeast-to-hypha transition that is
important in C. albicans species determination. However,
knockout of the gene does have a significant and reproducible
effect in lowering the number of and relative degree of hydro-
phobic cells under conditions that promote cell surface hydro-
phobicity.

Given the large number of fungal cell adhesion molecules
reported to date, what distinguishes the CSH1 gene is its ability
to affect a broad population phenomenon, namely cell surface
hydrophobicity. Involvement of the CSH status of a given fun-
gal cell in attachment and virulence is presently circumstantial
and potentially a secondary effect. However, it is apparent that
the correlation between hydrophobicity and virulence is signif-
icant, and as found here, a specific CSH gene product can be
implicated in cell adherence. The identification of the molec-
ular mechanism of cell surface hydrophobicity and the ability
to knock out specific gene products allow us to further address
the role of these gene products in fungal cell attachment.
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