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Abstract The ALSL (agglutinin-like sequence) gene of
Candida albicans encodes aprotein similar to alpha-agglu-
tinin, a cell-surface adhesion glycoprotein of Saccharo-
myces cerevisiae (Hoyer et al. 1995). A central domain of
atandemly repeated 108-bp sequenceisfound in the ALSL
coding region. Thistandem-repeat motif hybridizesto mul-
tiple C. albicans genomic DNA fragments, indicating the
possibility of other ALS1-like genesin C. albicans (Hoyer
et a. 1995). To determine if these fragments constitute a
gene family, tandem-repeat-hybridizing genomic frag-
ments were isolated from afosmid library by PCR screen-
ing using primers based on the consensus tandem-repeat se-
guence of ALSL (Hoyer et al. 1995). One group of fosmids,
designated ALS3, encodes a gene with 81% identity to
ALSL. Theseguencesof ALS1 and ALS3 are most conserved
in the tandem-repeat domain and intheregion 5' of the tan-
dem repeats. Northern-blot analysis using unique probes
from the 3' end of each gene demonstrated that ALSL ex-
pression varies, depending on which C. albicans strain is
examined, and that ALS3 ishyphal-specific. Both genesare
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foundinavariety of C. albicansand C. stellatoidea strains
examined. The predicted Alslp and Als3p exhibit features
suggesting that both are cell-surface glycoproteins. South-
ern blots probed with conserved sequences from the region
5 of the tandem repeats suggest that other ALS-like se-
guences are present in the C. albicans genome and that the
ALS family may be larger than originally estimated.
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Introduction

The ALSL (agglutinin-like sequence) gene of Candida
albicans was isolated from a screen intended to identify
genes transcribed in hyphal forms, but not in yeast forms
(Hoyer et al. 1995). Further experiments indicated that
ALSL isnot ahyphal-specific gene, but istranscribed inre-
sponseto growth-medium components (Hoyer et al. 1995).
ALS1 encodes a protein with similarities to a pha-aggl uti-
nin, a cell-surface adhesion glycoprotein of Saccharo-
mycescerevisiaethat facilitatescell-cell contact during the
mating of haploid yeast (Hauser and Tanner 1989; Lipke
et al. 1989). Since, at thistime, C. albicans has not been
observed to undergo meiosis (Odds 1988), it is question-
able whether Alslp plays a directly analogous role. Se-
quence features of Alslp suggest it isacell-surface glyco-
protein. A cell-surfacelocalization, along with similarities
to alpha-agglutinin, indicate that Alslp might have an ad-
hesive function, with adhesion to host cells being the most
attractive possibility. Adhesion of an AL S-like geneto ex-
tracellular matrix proteins and buccal epithelial cells was
recently demonstrated lending support to this hypothesis
(Gaur and Klotz 1997). Because Candida cells that are
more adhesive tend to be more pathogenic (Calderone and
Braun 1991), itispossiblethat Alslp may contributeto the
pathogenesis of C. albicans. The long-term goal of our
work isto define thefunction of Alsproteinsand their con-
tribution to C. albicans pathogenesis.
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ALS1 is composed of three domains: a central region
consisting of variable numbers of copies of atandemly re-
peated 108-bp motif, sequences 5' of this region, and se-
guences 3' of the tandem repeats (Hoyer et al. 1995). The
tandem-repeat sequences hybridize with multiple C. albi-
cans genomic fragments suggesting the possibility of more
ALSI-like genesinthe C. albicansgenome. Threeto seven
tandem-repeat-hybridizing fragments are detected, de-
pending on which C. albicans strain is examined (Hoyer
et al. 1995). The goal of the present study was to isolate
these fragments and determine whether they encode ALS1-
like genes. This knowledge is essential to formulate the
best strategy for testing protein function and its contribu-
tion to C. albicans pathogenesis. Such studies are often
conducted by creating a null mutant for the gene in ques-
tion and evaluating its phenotype. Because of the diploid
nature of C. albicans, the creation of null mutantsis more
difficult than in systems with facile genetics such as
S. cerevisiae (Scherer and Magee 1990). While advance-
ments in technology have greatly facilitated these experi-
ments (Fonzi and Irwin 1993), the study of gene families
is still difficult because of the number of genes that must
be disrupted to create a null mutant and because of exten-
sive sequence similarities which complicate the targeting
of individual genes. These problems have been encoun-
tered previously inthe study of the SAP genefamily, which
encodes secreted aspartyl proteinases (Hube et a. 1997;
Sanglard et al. 1997).

In the study reported here, fosmid clones encoding the
tandem repeat motif were isolated from a fosmid library
by a polymerase-chain-reaction (PCR)-based screening
method. Fosmids isolated using this procedure were
grouped by the appearance of their PCR products. Sub-
cloning and DNA sequencing of afosmid from the ALS3
group revealed a gene with 81% overall identity to ALSL.
Similarities between ALS1 and ALS3 are most striking in
the tandem repeat domain and sequences 5' of that region.
Unique probes for ALSL and ALS3 demonstrated that both
genes are found in a variety of C. albicans and Candida
stellatoidea strains and that genes in the ALS family are
dispersed in the C. albicans genome. Northern-blot anal -
ysisindicated that ALS genes are differentially regulated
and that ALS3 is hyphal-specific. Additional Southern
analysis suggested that the AL S family islarger than orig-
inally estimated.

Materials and methods

Media and strains. All standard growth conditions and strains were
described previously (Hoyer et al. 1995). Two sources of C. albicans
strain B311 were used in this study: one, from the SmithKline Bee-
cham culture collection (designated SB B311 in this manuscript),
and the other from the American Type Culture Collection (designat-
ed B311, ATCC B311, or ATCC 32354). Coding regions for ALS1
and ALS3 are identical in these strains, but polymorphisms which
alter restriction sites exist in sequences near the coding regions
(Hoyer, unpublished observation). Candida claussenii and Candida
langeronii are synonymous with C. albicans (Wickes et a. 1992).
ATCC 11006 and ATCC 36232 are strains of C. stellatoidea.

Library construction and screening. The fosmid library used in this
work was a gift from Michael Strathmann. This library consists of
40-50-kb partial Sau3Al fragments of genomic DNA from C. albi-
cans strain 1161 (Goshorn and Scherer 1989) ligated into a fosmid
vector (Kim et al. 1992). Individual clones are seeded in microtiter
wells; each clone is uniquely identified by plate, row, and column
number. The fosmid library was screened using a PCR protocol. Li-
brary clones were pooled by row from each plate; these row pools
were grown overnight in LB +Cml medium (per liter: 10 g tryptone,
5 g yeast extract, 5 g sodium chloride, with 20 pg/ml chlorampheni-
col). DNA was extracted from each pool using an alkaline-lysis pro-
tocol (Birnboim and Doly 1979). Each pool was screened by PCR us-
ing primers synthesized based on the consensus tandem repeat se-
guence of ALS1 (Hoyer et al. 1995). The primerswere5 TTATCAG-
AGAGCCACCAAACC 3 (forward) and 5 GACCAATATTCAG-
TAGTAGTGACAGT 3 (reverse). For each primer, 70% of the nu-
cleotides matched the consensus sequence exactly. Each PCR reac-
tion consisted of 1 uM of each primer, 0.2 mM of eachdNTPR, 1.5 mM
MgCl,, 1xPerkin Elmer PCR reaction buffer, 2.5 units of Perkin El-
mer Taq DNA polymerase, and 10 ng of purified fosmid DNA from
each row pool. Thirty five cycles of PCR were performed using the
following cycling parameters: 94°C denaturation for 30 s, 55°C an-
nealing for 30 s, and 72°C extension for 90 s. A final extension cy-
cleof 7 minat 72°C completed the PCR run. PCR products were sep-
arated on a 2.5% agarose gel and visualized by ethidium-bromide
staining. To identify which well in the positive row pools contained
the PCR-positive fosmid, cellsfrom individual wells of each positive
row pool were grown overnight in LB +Cml medium and screened by
PCR as described above. Positive fosmids were considered to poten-
tially encode AL S genes. Fosmids encoding ALS1 were identified by
PCR using primers based on sequencesin the Xbal-Hindl 1 fragment
known to be specific for ALSL (Hoyer et al. 1995). Forward primer
5" CTAGTGAACCAACAAATACCAG 3 and reverse primer 5
ACATCAGTACCAGAAGAAACAG 3 were used in PCR reactions
as described above. Each reaction included 10 ng of purified fosmid
DNA. Thirty cycles of PCR were run with the following parameters:
94°C denaturation for 30 s, 53°C annealing for 30 s, and 72°C ex-
tension for 30 s. A final extension cycle of 7 min at 72°C completed
the PCR run. Since fosmids encoding uncharacterized ALS genes
were sought, fosmids from which the 325-bp ALSI-specific product
was amplified were eliminated from further studies.

Southern blots. Genomic Southern blots were performed as previ-
ously described (Hoyer et al. 1995) using the DIG Nonradioactive
Nucleic Acid Labeling and Detection System (Boehringer Mann-
heim). Nylon membranes hybridized with several probesin succes-
sion were stripped by incubationin 0.2 N NaOH, 0.1% SDSat 65°C
for 1 h. Blots were equilibrated in 2xSSC (300 mM NaCl, 30 mM
sodium citrate, pH 7.0) prior to hybridization with another DIG-la-
beled probe. Several probes in this study were derived from ALSL
(Hoyer et al. 1995). These included an 875-bp Xbal-Hindlll frag-
ment (nucl eotides 26113486 of the coding region) used asan ALSL-
specific probe, an 870-bp tandem-repeat-specific Kpnl fragment
from pLH21, and a 391-bp Kpnl-Hpal fragment from the region of
ALS1 5' of the tandem repeats (nucleotides 464—855 of the coding
region). An ALS3-specific probe was synthesized from sequences
3' of thetandem repeat domain by PCR amplification using the prim-
ers 5 ATGACACCATGTCAAGTTCAGA 3 (forward) and 5' CA-
CACCAAATTGGAGGTGATT 3 (reverse). PCR reactions were as
described above and included 10 ng of genomic DNA from C. albi-
cans strain 1177 as template. Thirty five cycles of 94°C denatura-
tion for 30 s, 56°C annealing for 30 s, and 72°C extension for 90 s
amplified a 1017-bp fragment. This fragment was digested with
Hincll to yield a 758-bp probe fragment specific for ALS3.

Northern blots. Total RNA for Northern blots was isolated using a
phenol extraction procedure (Collart et al. 1993). Twenty five mi-
crograms of total RNA were loaded per lane on 1% formaldehyde
agarose gels as previously described (Hoyer et al. 1995) and trans-
ferred to nylon membranes (Micron Separations Inc.) using standard
protocols (Sambrook et al. 1989). Probes were prepared b%/ random
priming using an Oligolabelling Kit (Pharmacia) and [*?P]-dCTP



(3000 Ci mmol™, Amersham). Hybridizations were performed for
16 h at 65°C under the high-stringency conditions described by
Monod et al. (1994). Blots were washed twice for 15 min each in
2xSSC, 0.1% (w/v) SDS at 65°C and exposed to film. A fragment
of the C. albicans TEF1 gene (Sundstrom et al. 1990) was used as a
positive control as previously described (Hoyer et al. 1995).

Culture of C. albicans cells for Northern analysis. To investigate the
in vitro expression of ALS1 and ALS3, C. albicans cells were grown
in either YPD (per liter: 10 g yeast extract, 20 g peptone, 20 g dex-
trose) or RPMI 1640 medium (catalog number 11875-085, Gibco
BRL). Strains B311, B792, 1177, 3153 A, SC5314, and WO-1 were
included in thisanalysis. A single C. albicans colony from Y PD agar
was grown for approximately 16 h to stationary phasein YPD liquid
at 25°C. Typically, the density of these cultureswas 3-7x108 cells/ml,
with all strains growing as yeast forms except for SC5314 which typ-
ically exhibited 1-5% germ tubes. Cellsfrom stationary phase cultures
were used to inoculate fresh Y PD (25°C) and RPMI 1640 (37°C) cul-
tures at 5x10° cells/ml; cultures were incubated with shaking at
200 rpm for 3 h. RPMI 1640-grown cultures exhibited a mixture of
yeast and germ tube/hyphal forms at the end of thisincubation. Cells
of strain WO-1 were white-phase in the YPD culture and formed hy-
phaeuponinoculationinto RPMI 1640. Total RNA washarvested from
the entire culture and analyzed on Northern blots as described above.
Experiments to demonstrate hyphal-specific expression of ALS3 were
similar to those used in the characterization of C. albicans ECE1
(Birseet al. 1993). C. albicans cellsfrom astationary phase Y PD cul-
ture, grown as described above, were inoculated at 5x10° cells/ml in
10 mM imidazole-HCI (pH 7.0) containing 0.2 mM MnCl,, (Shepherd
et a. 1980). Various inducers of hyphal formation were added to the
imidazole buffer including 2.5 mM N-acetylglucosamine (NAG)
(Shepherd et al. 1980), 4% serum (Shepherd et al. 1980), 2.5 mM L-
proline (Dabrowaand Howard 1981), or 2.5 mM glucose plus2.5 mM
glutamine (Glc-Gln) (Shepherd et al. 1980). Cultures were incubated
at 25°C or 37°C for 3 h and total RNA extracted for Northern analy-
sis. The percentage of cellsforming hyphae was noted in each culture.
Strains 3153 A and SC5314 were used in thisanalysis.

CHEF gels. Agarose plugs for CHEF analysis were prepared using
minor modifications of a previously described method (Gerring
et al. 1991). Modifications included the use of 1.5% low-melting-
point agarose and 2.5 mg/ml of proteinase K. Each plug preparation
used 2x108 cells from an overnight YPD culture. CHEF gels were
run as previously described (Wickes et al. 1991a) on a CHEF-DRIII
apparatus (Bio Rad). Chromosomes were numbered from largest to
smallest with the rDNA-encoding chromosome designated as R
(Wickes et a. 1991b).

DNA sequencing and analysis. DNA sequencing was performed by
the lowa State University DNA Sequence and Synthesis Facility us-
ing Applied Biosystems sequencers. Templates were prepared by al-
kaline lysis and PEG precipitation (Kraft et al. 1988); Taq cycle se-
guencing reactions utilized dye-terminator chemistry (Applied Bio-
systems). The ALS3 DNA sequence was completed by a combina-
tion of sequencing subclones and oligo-walking with custom prim-
ers. Custom primerswere synthesized on an Applied Biosystems 394
DNA synthesizer. DNA sequences were analyzed using the Genet-
ics Computer Group (GCG) programs (Devereux et al. 1984). CUG
codonswere translated as serine instead of leucine (Santosand Tuite
1995; White et al. 1995).

Results

Isolation of ALS genes by PCR screening
of afosmid library

A fosmid library constructed from C. albicans strain 1161
genomic DNA was screened by PCR using primers syn-
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Fig. 1 Representative PCR productsfrom fosmid library screening.
Variability of PCR-product patterns observed during fosmid library
screening was demonstrated by amplification of 10 ng of purified
fosmid or C. albicans 1177 genomic DNA with tandem-repeat-spe-
cific primers. Size markers (in bp) are shown at left. Lane 1 fosmid
16G-3 (ALSL), lane 2 fosmid 17D-5 (ALS3). Products in lanes 3-5
represent alleles of ALS2 and ALSA (Hoyer, Payne and Hecht, sub-
mitted). Lane 6 C. albicans 1177 genomic DNA, lane 7 No-DNA
control

thesized based on the consensus tandem-repeat sequence
derived from ALS1 (Hoyer et al. 1995). Approximately ten
genome equivalents were screened yielding 59 positive
clones. Examination of PCR products on ethidium bro-
mide-stained agarose gels indicated that patterns of
PCR products were variable depending on which fosmid
was examined (Fig. 1). This variability was presumed to
be due to tandem-repeat-based differencesin annealing of
the PCR primers at the 55°C annealing temperature.
PCR primerswere 70% identical to the consensus tandem-
repeat sequencewith someindividual copiesof thetandem
repeat sequence matching the primer sequences more
closely than others (Hoyer et al. 1995).

Fosmids were grouped based on the appearance of their
PCR products since these potentially represented different
ALS genes. Fosmids from which an ALS1-specific prod-
uct could be amplified were identified by PCR with ALSI-
specific primers. Because the goal of this study wasto iso-
late uncharacterized AL Sgenes, all ALSL-positivefosmids
were eliminated from further experiments.

Subcloning and DNA sequencing of ALS3

Fosmid 17D-5 was selected as representative of the ALS3
group. Fosmid 17D-5 DNA was digested with a variety
of restriction enzymes, Southern blotted, and probed with
an 870-bp Kpnl fragment from ALSL that contains only
tandem-repeat sequences (Hoyer et al. 1995). A 3.8-kb
BamHI-Hindlll tandem-repeat-hybridizing fragment of
17D-5 was identified and subcloned into pUC vectors for
DNA sequencing (Yanisch-Perron et al. 1985). DNA se-
guencing from the Hindl 1l site indicated the presence of a
large openreading frame (ORF). The sequence of thisORF
was completed by constructing overlapping subclones
using unigue restriction sites in the region. The resulting
ORF was 3357 bp encoding a 1119 amino-acid protein.
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Fig. 2 Optimal alignment of the predicted Als3p (upper) and Alslp
(lower) amino-acid sequences. This alignment was generated with
default parameters of the GAP program of GCG software (Genetics
Computer Group, Madison, Wis.). Identical amino acids are boxed.
Three asterisks, placed under the lower sequence, mark the begin-
ning and end of thetandem-repeat domain. Plussignsarefound above
(for Als3p) or below (for Alslp) consensus N-glycosylation sites
(Asn-X-Ser/Thr where X isany residue except proline; Bause 1983).
The region corresponding to the ALS3-specific probe extends from
amino acid 828 to 1076; the start and end of thisregion are both over-
scored by pound signs. Amino-acid sequences predicted from the nu-
cleotide sequence of the Kpnl-Hpal probe are underscored by ca-
rats. Nucleotide sequences of ALSL (accession number L25902) and
ALS3 (accession number U87956) aredeposited inthe GenBank data-
base

Thisgenewasnamed ALS3 becauseit wasoriginally inthe
group of fosmids designated ALS3. The translational start
of ALS3 was chosen based on alignment to the ALS1 se-
guence. The selected ATG was preceded by an AT-rich re-
gion and wasthe only putative start site within 50-100 nu-
cleotidesin either direction. Stop codonsarelocated within
50 nucleotides upstream of or downstream from this site
in all other reading frames (data not shown).

Comparison between ALS1 and ALS3
and their predicted amino-acid sequences

The nucleotide sequences of ALSL and ALS3 were 81%
identical; predicted amino-acid sequenceswere 78% iden-
tical and 86% similar. Much of the identity between Alslp
and Als3p sequenceswasfoundinthetandem repeats (87%
identity, 95% similarity) and sequences N-terminal of the
repeats (85% identity, 90% similarity; Fig. 2). In contrast,
sequences C-terminal of thetandem repeatswere only 56%
identical and 67% similar. This disparity between the se-
guences 3' of the tandem-repeat domain was exploited to
design an ALS3-specific probe (Fig. 2). This situation is

..... TTLSQ LV[SLHML . . GSGS TQHSTW QE 1113
SNST TTLSQ SESTNTFIASTYDGSGSHIQHSTW! 1254

similar to that of ALS1 where the gene-specific Xbal-
HindIll fragment is derived from sequences 3' of the tan-
dem-repeat domain (Hoyer et al. 1995).

Alslp and Als3p shared many common sequence fea-
tures. Each protein had hydrophobic N- and C-termini with
the characteristics of asignal sequence (von Heijne 1990)
and a GPI anchor addition site, respectively (Gerber et al.
1992; Coyne et al. 1993). Both predicted amino-acid se-
guences were rich in serine and threonine and encoded
many consensus N-glycosylation sites (Bause 1983); each
of these features was more marked in the tandem-repeat
domain and sequences C-terminal of the tandem-repeats.
Although the number of amino acids N-terminal of thetan-
dem repeat domain was the same in both proteins (433
amino acids), the region C-terminal of the tandem repeats
wasonly 292 amino acidsin Als3p compared to 470 amino
acidsin Alslp. This smaller C-terminal domain predicted
asmaller non-glycosylated proteinsizefor Als3p (120 kDa
versus 133 kDa for Alslp) although the size of any Als
proteinislargely influenced by the number of copies of the
tandem-repeat sequence present (Hoyer et al. 1995). Like
Alslp, sequence features of Als3p suggested it was acell-
surface glycoprotein.

Transcriptional regulation of ALS1 and ALS3

ALS1 wasoriginally isolated from C. albicans strain B311
in a differential hybridization screen intended to isolate
genes transcribed in hyphal cells, but not in yeast forms.
Inthis screen, yeast cellswere grown in Y PD medium and
hyphal formationinduced by placing Y PD-grown cellsinto
RPMI 1640 (Hoyer et al. 1995). Further experiments dem-
onstrated that while ALSL is transcribed only in RPMI
1640-grown cells, expression of ALSLisnot strictly linked
to hyphal formation (Hoyer et al. 1995). Experimentswere
conducted to determinewhether ALS3 expression followed
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Fig. 3 Northern blot to detect ALS1- and ALS3-specific messages
in different C. albicans strains grown in YPD or RPMI 1640. Total
RNA from six C. albicans strains grown in YPD (left half of blot)
or RPMI 1640 (right half of blot) was separated on a formaldehyde-
agarose gel. The resulting blot was probed with the ALS3-specific
fragment (center panel), stripped and re-probed with the Xbal-
Hindl 1l ALSL-specific fragment (top panel) and then with afragment
of TEF1 as a control for equal loading of total RNA (Sundstrom et
al. 1990). Size markers (in kb) are shown at the |eft of each blot

this same pattern. Six C. albicans strainswere used in this
study since previous experiments indicated that ALSL ex-
pression varied depending on which C. albicans strain was
examined (Hoyer, unpublished observations).
ALS1-specific signalswerevariablein size; somestrains
showed two distinct ALS1-hybridizing species (Fig. 3).
The presence of two signals is due to differences in the
sizes of ALS] alleles in these strains (Hoyer et al. 1995).
Size differences between alleles of ALS1 were shown pre-
viously at the DNA level and aredueentirely to differences
in the number of copies of the tandem-repeat element
present in each ALS1 allele (Hoyer et al. 1995). This same
sizevariability wasevidentin ALS3 allelesin certain stains
(Fig. 3). PCR experiments using primers to amplify vari-
ousregions of ALS3in each of these strains confirmed that
the signals observed in the Northern blot are due to differ-
ences in the number of copies of the 108-bp motif in the
tandem-repeat domain (Hoyer, unpublished observations).
The Northern blotsin Fig. 3 reproduced the original re-
sult in strain B311 that was the basis for the isolation of
ALSL (Hoyer et al. 1995); in strain B311, ALS1 was tran-
scribed in RPM1 1640-grown cells, but not in Y PD-grown
cells. Other C. albicans strains showed ALS1-specific sig-
nalsin cells grown under both media conditions, although
signals appeared to be stronger in RPM| 1640-grown cells
(Fig. 3). Inthe case of strain WO-1, ALS1-specific signals
were absent in both YPD- and RPMI 1640-grown cells.
Examination of WO-1 genomic DNA indicated that the
ALSI gene was present in this strain, but sequences imme-
diately upstream of ALSL in other strains were completely
absent from the WO-1 genome (Hoyer and Scherer, unpub-
lished). These observations suggest that ALSL may not be
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Fig. 4 Northern blot to demonstrate hyphal-specific expression
of ALS3. C. albicans strain SC5314 was incubated in 10 mM
imidazole-HCI buffer (pH 7.0) at 25°C or 37°C (lanes 1 and 2)
or in buffer with hyphal-inducing substances added as described
in Materials and methods (lanes 3-10: NAG = N-acetylglu-
cosamine, Glc-Gln = glucose and glutamine). The blot was
probed with the ALS3-specific fragment and then with a frag-
ment derived from C. albicans TEF1 to control for the loading
of RNA (Sundstrom et al. 1990). The percentage of hyphal forms
observed in each culture from which RNA was extracted is
noted below the blots. Size markers (in kb) are shown at the left of
each blot

transcribed in strain WO-1 or may be under the control of
other regulatory mechanisms.

AL S3-specific signals were observed in all lanes from
RPMI 1640-grown cells (Fig. 3), but were absent in al
strains grown in YPD with the exception of a very faint
signal in cells of strain SC5314. Examination of the
Y PD-grown SC5314 cellsindicated that |essthan 5% grew
as hyphal forms while other YPD-grown strains grew
solely as yeast forms. In RPMI 1640 medium, cultures
grew as mixtures of yeast and hyphal forms. This obser-
vation raised the possibility that ALS3 may be transcribed
only in hyphal cells. To explore whether ALS3 expression
was hyphal-specific, cells of C. albicans strain SC5314
were grown under avariety of hyphal-inducing conditions
(Fig. 4). The percentage of hyphal forms in each culture
was recorded. Total RNA extracted from these cells was
analyzed on Northern blots probed with the ALS3-specific
fragment. In each case, ALS3-specific signals were de-
tected only in cultures where hyphal forms were found.
These data support the conclusion that ALS3 transcription
in strain SC5314 was hyphal-specific. Similar resultswere
obtained with strain 3153 A (data not shown).

Chromosomal localization of ALS genes

Southern blots of pulsed-field-electrophoresis-separated
C. albicans chromosomes were performed to determine
whether the ALS gene family was dispersed or clustered
inthe C. albicansgenome (Fig. 5). Thetandem-repeat-spe-
cific probe hybridized to chromosomes 6 and R in strains
with a karyotype similar to reference strains (Chu et al.
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Fig. 5 Chromosomal localization of ALS genes. C. albicans chro-
mosomes were separated by pulsed-field gel electrophoresisand vis-
ualized by ethidium-bromide staining (top center and bottom |eft).
Gels were Southern blotted and probed with the 870-bp Kpnl tan-
dem-repeat-specific fragment (top left), the Xbal-Hindl |1 ALS1-spe-
cific fragment (top right), or the ALS3-specific fragment (bottom
right). Blotsare matched with the ethidium bromide-stained gel from
which they were derived to provide an exact reference to specific
chromosomes

1993). Hybridization to other chromosomes or chromoso-
mal fragments was explained by previously described
translocation eventsin strains for which karyotype analy-
sis has been performed, including B792 (Thrash-Bingham
and Gorman 1992) and WO-1 (Chu et al. 1993); karyotype
analysis has not been performed for strain ATCC 18804.
The Xbal-Hindlll ALS1-specific probe hybridized only to
chromosome 6, or fragments derived from chromosome 6,
while ALS3-specific fragments were only found on chro-
mosome R. Further analysis indicated that ALSL was
found on il fragment “O” while ALS3 was|ocated on the
“S-U” fragment (Chu et al. 1993; data not shown). These
data suggested that the AL S genefamily isdispersed inthe
C. albicans genome.
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Number of genesin the ALS family

Previousstudiesdemonstrated that AL S1-hybridizing frag-
ments are present in genomic DNA from avariety of C. al-
bicans and C. stellatoidea strains (Hoyer et al. 1995). A
similar Southern blot of Bglll-digested genomic DNA in-
dicated that ALS3-hybridizing fragmentswere al so present
inall strainstested (Fig. 6). Probing the same blot with the
tandem-repeat sequences showed that the ALS1- and ALS3-
hybridizing fragments were a subset of those that hybri-
dizewiththetandemrepeats(Fig. 6). Other tandem-repeat-
hybridizing fragments were accounted for by additional
fosmid clonesisolated using the PCR screening technique
(Hoyer, Payne, and Hecht, submitted).

Probing Bgll1-digested genomic DNA with the tandem-
repeat element showed that the number of repeat-hybridiz-
ing fragments was apparently variable across strains
(Hoyer et al. 1995, Fig. 6). Thisvariability raised the pos-
sibility that each C. albicans strain may have a different
complement of ALS genes. However, in strains such as
WO-1, where fewer distinct tandem-repeat-hybridizing
fragments were observed, ALS1- and ALS3-specific frag-
ments comigrated (Fig. 6). Better separation of fragments
greater than 12 kb indicated that there were many tandem-
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Fig. 6 Southern blots of Bglll-digested genomic DNA from ava-
riety of C. albicansand C. stellatoidea species. Thisblot was probed,
in succession, with the Xbal-Hindlll ALS1-specific fragment, the
ALS3-specific fragment, and the 870-bp Kpnl tandem-repeat-specif-
ic probe. The blot was stripped between probing with each of these
fragments. Size markers (in kb) are shown at the left of each blot

repeat-hybridizing fragmentsin thissizerangein avariety
of strains and demonstrated that simple counting of frag-
ments was not sufficient to estimate the number of
ALS genes present in a particular strain (Fig. 7).

Genes in the ALS family were originally defined by
hybridization with the tandem-repeat motif (Hoyer et al.
1995). Comparison of the ALS1 and AL S3 sequences showed

Fig. 7 Southern blots of Bglll-
digested genomic DNA. Bglll
fragments of genomic DNA
from the strains shown were
optimally separated in the size
range above 12 kb by agarose-
gel electrophoresis. The blot
was first probed with the 870-
bp Kpnl tandem-repeat-specific
fragment (left), stripped and
then probed with the 391-bp
Kpnl-Hpal fragment from the
region 5' of the tandem-repeat
domain in ALSL (right). Size
markers (in kb) are shown at
the left of each blot
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that theregion 5' of thetandem-repeat domain was also con-
served (Fig. 2). Inavariety of strains, aKpnl-Hpal fragment
derived from this 5' region of ALSL (Fig. 2) hybridized to
more genomic Bglll fragments than did the tandem-repeat
probe (Fig. 7). Characterization of these fragments will in-
dicate whether they encode additional AL S-like genes.

Discussion

ALS genes are composed of three domains: a central tan-
dem-repeat domain composed of variable numbers of

ATCC 11006
C. claussenii
ATCC 11006

C. claussenii
1177
CAl4
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head-to-tail copies of the 108-bp sequence, sequences 5'
of thisregion, and sequences 3' of the tandem repeats. The
tandem-repeat sequences of ALS3 are very similar to those
of ALSL. This result was expected since ALS3-encoding
clones were selected based on similarity to the ALSL tan-
dem-repeat sequences. Sequences 5' of the tandem-repeat
domain are also highly conserved between the two genes.

Sequences 3' of the tandem-repeat domain in each gene
are less conserved. These sequences were exploited to de-
velop unique probes for each gene. Although the 3' se-
guences are more divergent, they predict proteins with a
similar serine/threonine-rich composition. This amino-
acid composition isalso found in the tandem-repeat region
and is consistent with abundant O-glycosylation of pro-
teins (Jentoft 1990). Many consensus N-glycosylationsites
are found in the tandem-repeats and the domain C-termi-
nal of thetandem-repeatsin Alslp and Als3p (Bause 1983).
These observations suggest that the tandem-repeats and
the domain C-terminal of the tandem-repeats are heavily
N- and O-glycosylated. Abundant glycosylation of these
domainsisin contrast to the sequences N-terminal of the
tandem-repeat domain which are predicted to berelatively
free of glycosylation. The presence of a hydrophobic sig-
nal peptide (von Heijne 1990) and a GPI anchor addition
site (Gerber et al. 1992; Coyne et al. 1993) at the N- and
C-terminal endsof both Alslp and Als3p suggeststhat both
are cell-surface glycoproteins. This combination of fea-
tures (sequence composition, glycosylation pattern, and
hydrophobic termini) is found in other C. albicans and
S. cerevisiae proteins known to be cell-surface glycopro-
teins (summarized by Bailey et al. 1996). Immunohisto-
chemical staining of tissue sections from C. albicans-in-
fected mice using an antiserum raised against N-terminal
sequences of Alslp has confirmed the cell-surface local -
ization of the Als proteins (Hoyer, Clevenger, Payne,
Hecht, Ehrhart and Poulet, submitted).

Experimentsto study theinvitro regulation of the ALS
genes led to several conclusions. First, regulation of ALSL
varies depending on which strain of C. albicansis exam-
ined. Theoriginal differential expression of ALSL between
YPD and RPMI 1640 mediais repeatable in strain B311,
but, in four other strains studied, ALSL is expressed under
both growth conditions. The increased abundance of the
ALSI-specific signal in RPMI-1640-grown cells suggests
that ALS1 expression may be up-regulated under these
growth conditions. In strain WO-1, ALS1 was not ex-
pressed in either growth condition. Sequences upstream
of ALS1 in other strains are completely absent from the
WO-1 genome suggesting that, in this strain, ALS1 may
not be expressed or may be regulated by a different mech-
anism. In addition, some strains produce two different-
sized ALS1-specific messages suggesting that two differ-
ent sizes of Alslp will be produced. Biochemical analysis
of Alslp isin progress to verify this observation. These
dataindicate the potential for significant variability in the
production of Alslp among different C. albicans strains.

Two different-sized ALS3-specific signals were ob-
served on Northern blots of total RNA from C. albicans
strains. Like ALSL, these signals represented differences

in ALS3 allelesand are due entirely to variation in the num-
ber of copies of the tandem-repeat sequence present. The
AL S3-specific signal was only present in cultures with hy-
phal cells. Hyphal-specific expression of ALS3 was con-
firmed by inducing hypha formation with a variety of
growth conditions in strains SC5314 and 3153A. There-
fore, ALS3 can beadded to thelist of hyphal-specific genes
isolated from C. albicans, which includes ECE1 (Birse
et al. 1993), HWP1 (Staab et al. 1996) and HYRL (Bailey
etal. 1996). Fromthesedata, itisclear that ALS1 and ALS3
respond to different regulatory signals. A similar theme of
differential regulation of agene family has been described
for the SAP genes of C. albicans (Hube et al. 1994). The
abovedatasuggest that the profile of Alsproteins produced
by agiven C. albicans strain islikely to be highly variable
and dependent on growth conditions and morphologic
form.

Characterization of ALS3 indicated that other tandem-
repeat-hybridizing genomic fragments encode ALS1-like
genes and define a gene family. Similar studies of other
fosmidsisolated by the PCR screening technique revealed
AL S-like genes; together, these fosmids account for all of
the AL S1-tandem-repeat-hybridizing fragmentsin C. albi-
cans strain 1161 (Hoyer, Payne and Hecht, submitted).
Comparison of the ALS1 and ALS3 sequences indicated
that theregion 5' of thetandem-repeat domainisalsohighly
conserved. In genomic Southern blots, a Kpnl-Hpal frag-
ment derived from this conserved 5' region hybridizes to
the samefragmentsthat hybridizewiththetandem-repeats,
and also to additional genomic fragments. This observa-
tion suggeststhat the AL S gene family may be even larger
than originally estimated. Characterization of these addi-
tional fragments could yield new probes and further ex-
pand the ALS family. Characterization of new fosmid
clonesisolated by direct hybridization with the Kpnl-Hpal
probeisin progress. At thistime, it is difficult to estimate
the total number of genesin the ALS family.

Estimating the size of the ALS family is important in
order to strategize how best to study the effect of Alspro-
teins on C. albicans adhesion and pathogenesis. By com-
parisonto S. cerevisiaeal pha-agglutinin, itishypothesized
that Als proteins have an adhesive function, with adhesion
to host tissues being the most attractive possibility (Lipke
etal. 1989; Hoyer et al. 1995). Thishypothesisissupported
by the work of Gaur and Klotz (1997) who demonstrated
that expression of an AL S-like genein non-adherent S. ce-
revisiae conferred an adherent phenotype to extracellular
matrix proteins and buccal epithelial cells. Since adhesion
has been positively correlated with pathogenicity (re-
viewed by Calderone and Braun 1991), Als proteins could
make a direct contribution to the disease process. Because
of the burgeoning size of the AL Sfamily, constructing true
null alsmutantsin C. albicanswill be difficult. Therefore,
the function of individual Als proteins may be best tested
by heterologous expression of ALS genesin S. cerevisiae,
after considering differences in the genetic code between
the organisms (Santos and Tuite 1995; White et al. 1995).
However, studies to determine the contribution of Als pro-
teins to pathogenesis must still rely on C. albicans con-



structs. The cumulative evidence from these experiments
will further define the nature of the ALS gene family, the
function of the encoded proteins, and the relevance of the
gene family to the adhesion and pathogenesis of C. albi-
cans.
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