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Few mating-regulated genes have been characterized in Candida albicans. C. albicans FIGI (CaFIGI) is a
fungus-specific and mating-induced gene encoding a putative 4-transmembrane domain protein that shares
sequence similarities with members of the claudin superfamily. In Saccharomyces cerevisiae, Figl is required for
shmoo fusion and is upregulated in response to mating pheromones. Expression of CaFIGI was also strongly
activated in the presence of cells of the opposite mating type. CaFigl-green fluorescent protein (GFP) was
visible only during the mating response, when it localized predominantly to the plasma membrane and
perinuclear zone in mating projections and daughter cells. At the plasma membrane, CaFigl-GFP was
visualized as discontinuous zones, but the distribution of perinuclear CaFigl-GFP was homogeneous. Exposure
to pheromone induced a 5-fold increase in Ca>* uptake in mating-competent opaque cells. Uptake was reduced
substantially in the figl A null mutant. CaFigl is therefore involved in Ca>”* influx and localizes to membranes

that are destined to undergo fusion during mating.

Candida albicans is part of the normal microflora in the
gastrointestinal tract and is also a clinically important oppor-
tunistic pathogen in humans. A parasexual mating pathway in
this obligately diploid fungus has been investigated intensively
over the last 10 years, and the studies have shown similarities
to and distinct differences from the orthologous mating process
in Saccharomyces cerevisiae. C. albicans mating may occur on
or within the human body and has been shown to occur either
through heterothallic or homothallic interactions (2, 16, 23, 28,
35, 36). Transcriptome studies showed that the mating re-
sponse involved the upregulation of a specific set of genes via
the transcription factor Cphl, which also regulates virulence
factor expression and promotes filamentous growth. This sug-
gests that the mating response in C. albicans may directly
influence host-pathogen interactions as well as creating novel
recombinant genotypes via genetic recombination (7, 55). Al-
though the activity of pheromone-regulated transcription fac-
tors has been described, the function of their effectors has
received less attention.

Unlike the case for mating in the haploid yeast S. cerevisiae,
diploid C. albicans cells must first become homozygous at the
mating-type locus (MTL), which promotes the switch from
white yeast-shaped cells to mating-competent, bean-shaped
opaque cells (22, 33, 36). The mechanism that leads to
homozygosity in vivo is not well understood, but the genotype
can be generated in vitro either by deletion of the MTLa or
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MTLo genes or by plating cells on L-sorbose, which causes loss
of one copy of chromosome 5 bearing the MTL (24, 35). In
vitro, MTL-homozygous cells arise predominantly by the loss of
one chromosome 5 homolog, followed by duplication of the
retained homolog (51). MTL-homozygous cells switch to the
opaque form at high frequency to produce mating-competent,
pheromone-secreting mating partners that form shmoo mating
projections (34). In the process of shmoo formation, phero-
mone-dependent chemotropism can occur in a biofilm which
stabilizes chemotropic gradients, hence, facilitating the di-
rected growth of mating projections toward each other (16).
Chemotropism is followed by fusion and the formation of a
tetraploid daughter cell (6).

In S. cerevisiae, calcium influx is essential for cell survival and
efficient fusion of gametes during the mating process (17). In
C. albicans, directional growth responses depend on the influx
of calcium ions through calcium channels in the plasma mem-
brane (10, 12). Two calcium uptake systems in S. cerevisiae
have been described, and homologous systems in C. albicans
have been identified (12, 37, 38). The high-affinity calcium
uptake system (HACS), comprising the Mid1-Cch1 complex, is
activated in low-Ca®*" medium and in response to alkaline,
cold, iron, and endoplasmic reticulum (ER) stress (8, 40, 48).
A third protein, Figl (mating factor-induced gene 1), was iden-
tified as a component of the low-affinity calcium uptake system
(LACS) that was activated during growth in rich medium (37).
In C. albicans, deletion of calcium channel gene CCHI or
MIDI reduced Ca?" uptake during vegetative growth, but de-
letion of FIGI had no measurable effect on calcium ion trans-
port in yeast or hyphal cells (12). However, Cafig/A null mu-
tants had altered hyphal tropic responses, suggesting that
CaFIG1 was expressed at low levels during vegetative growth
(12). FIG1 expression was upregulated in both S. cerevisiae and
C. albicans in response to mating pheromone (34, 38). In S.
cerevisiae, FIG1 expression increased 5- to 7-fold in response to
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TABLE 1. Strains used in this study

EukaryoT. CELL

Strain Genotype MTL Reference(s)
CAI4 ura3A irol A::imm434/ura3A irol A:imm434 a/a 19, 20
NGY152 CAI4/CIp10, as CAI4, RPS1/rpsi::pCIp10 aja 11
NGY372 As CAIL4, figl A::dpl200/fig] A::dpl200/RPS1/rps1::pCIp10 aja 12
NGY493 As CAl4, FIG1/FIGI-GFP aja This study
NGY494 As CAl4, FIG1/FIGI-GFP a/a This study
NGY495 As CAl4, FIG1/FIGI-GFP oo This study
NGY496 As CAI4, RPS1/rpsI::placpoly6-Pr;s; a/o This study
NGY497 As CAl4, RPS1/rpsl::placpoly6-Pr,; a/a This study
NGY498 As CAI4, RPS1/rpsI::placpoly6-Pr;s; a/a This study
NGY499 CAI4 —/a This study
NGYS500 CAI4 a/— This study
NGYS501 As CAl4, fig] A:dpl200/fig] A::dpl200/RPS1/rps1::pClp10 —/a This study
NGY502 As CAI4 fig] A::dpl200/figA::dpl200/RPS1/rps1::pClp10 a/— This study
NGY576 As CAl4, fig]l A::dpl200/FIG1-GFP (A)* aja This study
NGY577 As CAl4, fig] Ar:dpl200/FIG1-GFP (B)* aja This study

¢ Independent transformant.

mating pheromone and S. cerevisiae Figl-green fluorescent
protein (ScFigl-GFP) was distributed homogeneously in the
plasma membrane of shmoos and to occasional reticular or
punctate intracellular foci (38). Deletion of ScFIG1 resulted in
incomplete fusion between the tips of mating shmoos, which
was thought to be due to the loss of a calcium-dependent
membrane repair mechanism (1, 38). Transcription profiling in
C. albicans suggested that Figl function could be likewise pre-
dominantly associated with the mating process because white/
opaque switching and exposure to mating pheromone caused a
significant increase in FIGI gene expression (34).

There is no clear Figl homologue outside the fungal king-
dom (17, 54), but the protein sequence contains characteristics
found in the large mammalian PMP22/EMP/MP20/claudin su-
perfamily (NCBI accession number pfam00822), the members
of which selectively limit or promote paracellular ion flux
across epithelial tight junctions and regulate the expression of
proteins at the cell surface (44, 49). Sequence characteristics
include four putative transmembrane domains and a conserved
claudin motif [GPPGxC(n)C, where @ is a hydrophobic amino
acid and n is any number] in the large first extracellular loop
(29, 45). Claudin-like proteins in fungi include Sur7 in C.
albicans and Dnil in Schizosaccharomyces pombe. Sur7 is an
eisosome protein involved in plasma membrane organization
and cell wall growth (4). In S. pombe, Dnil-GFP localized to
sites of apposition between mating cells, and its deletion
caused fusion defects which appeared to be due to membrane
mislocalization (15). These two claudin-like proteins in fungi
therefore appear to be involved in membrane dynamics.

In C. albicans, Figl has been associated with tip reorienta-
tion in response to environmental cues. Chemotropism of mat-
ing projections in response to pheromone and thigmotropism
of vegetative hyphae require directionally regulated polarized
growth (12, 17). The molecular processes involved in tip guid-
ance are not well understood but appear to involve Ca** up-
take (9). Both polarized growth morphologies are Cphl de-
pendent, and gene deletion and transcription studies indicate
that Figl activity could be involved in Ca*" influx and in tropic
tip guidance (12, 14, 34). However, the role of Figl in shmoo
orientation and in mating for C. albicans has not been defined.
Therefore, in this study, we investigated the role of Figl during

mating by studying calcium uptake, gene expression, and pro-
tein localization during the C. albicans mating process.

MATERIALS AND METHODS

Strains, culture conditions, and general genetic manipulation. The C. albicans
strains used in this study are listed in Table 1. White and opaque cells were
maintained on YPD agar (2% [wt/vol] peptone, 2% [wt/vol] glucose, 1% [wt/vol]
yeast extract, 2% [wt/vol] agar) (Oxoid) at 30°C and 25°C, respectively. SD
medium (0.67% [wt/vol] yeast nitrogen base [YNB] without amino acids [BD],
2% [wt/vol] glucose, 0.067% [wt/vol] complete supplement mix minus uracil
[CMS-uracil; Qbiogene, Cambridge, United Kingdom]) or SD medium supple-
mented with 1 mg/ml 5-fluoroorotic acid (Melford) and 25 pg/ml uridine (Sigma)
was used for selecting uridine prototrophs or auxotrophs, respectively. Strains
with homozygosity (a/a or a/a) or hemizygosity (a/— or o/—) at the MTL locus
were derived by L-sorbose selection (24) or by deletion mutagenesis (52), respec-
tively. For monosomic chromosome 5 selection, colonies were grown on SD
medium supplemented with 2% (wt/vol) L-sorbose instead of glucose. The pres-
ence of MTLa and/or MTLo was verified by colony PCR using primers mtla5,
mtla3, mtla5, and mtla3, listed in Table 2 (35). Deletion of the whole MTL was
based on previously used methods using the nourseothricin resistance gene,
CaSATI, as a selectable marker (52). Opaque cells were obtained from red
sectors picked from colonies grown on YPD plates supplemented with 5 pg/ml
phloxine B (cyanosine; Sigma) (5). Extensor PCR with proofreading activity
(Thermo Scientific) was used for amplification of cassettes used for transforma-
tion.

Construction of FIG1-LacZ reporter. The genomic region between the stop
codon of orf19.137, upstream of FIG1, and the FIGI start codon (315 bp) was
amplified using primers FIG1plac-F and FIG1plac-R, containing restriction sites
PstI and Xhol, respectively. The amplicon was poly(A)-tailed, purified, and
ligated into plasmid pGEM-T Easy to generate plasmid pGEMT-P,;;;. The
pGEMT-P,;; fragment containing the FIGI promoter was excised by digestion
with Pstl and Xhol and ligated upstream of the promoterless Streptococcus
thermophilus lacZ gene in plasmid placpoly6 (39) to generate plasmid placpoly6-
Py, Correct ligation and orientation of the FIGI promoter was confirmed by
PCR using primers FIGlplac-F and Clp10-GS. The placpoly6-P;;; plasmid
possesses the URA3 gene for selection in C. albicans. Stul-digested placpoly6-
P, was targeted to the RPST site in CAI4 (19). Transformants were analyzed
by PCR using primers FIGl1plac-F and Clp10-GS to verify genomic localization
and Southern analysis to screen out transformants with multiple insertions.

Construction of FIGI-GFP fusions. Construction of the Figl-GFP fusion pro-
tein was carried out using a PCR-based method described previously (19). In the
CAl4 (FIGI/FIGI) or figlA/JFIG1 (heterozygous) background, the stop codon of
one of the FIG1 alleles was replaced by the cassette containing GFP and the
prototrophic marker URA3 amplified from plasmid pGFP-URA3 by using long
primers FIG1-GFP-F and FIG1-GFP-R. The fusion construct of FIGI-GFP was
confirmed by PCR using primers CAI4-FIG1-F and xFG-f/F-R and by Southern
blotting. Transcription of GFP was verified by reverse transcription-PCR (RT-
PCR) using primers Megl7-F and Megl6-2-R (30).
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TABLE 2. Oligonucleotide primers used in this study

Primer (reference)

Sequence (5'-3")*

FIGI-GFP-F ....cccccovvviviiiiiinne TTTAAGTGCTTGTTTATCATGGTGGATGGAAATTAGAATGAGTAAATTGAATGGAAAATCACT
GCAACACCAACAACAACCACTGGTGGATACAAAAATTGGTGGTGGTTCTAAAGGTGAAGA
ATTATT

FIG1-GFP-R.....cccooviniiiiiiciinee CTACATTGTTTATGAGTTGTTGATTTATTGACTTGTGTTGTTATGTCAGTAGAAGACTATAAAC

GGTTTTTATTGTATTTTTTTGGCAGAAATTTGTACATCTAGAAGGACCACCTTTGATTG

CAI4-FIGI-F... ATTATCCTTTGTTATTGTGTC

Megl7-F (30)
Megl6-R (30)
FIG1-plac-F
FIG1-plac-R..
mtla5 (35)..
mtla3 (35)..
mtla5 (35)
mtla3 (35).
Clp10-GS...

..GGTTGAATTAGATGGTGATG
..CATACCATGGGTAATACCAG

..GTACATTCCTACTCCTGTTCG

..AAATTCTAACAAGACCATGTG

..CGCATCTGCAGACCATTTTTAGCTACCATTGC
..GGCTAGCTCGAGATACAATGGTGAATTTCAATGG
..TTGAAGCGTGAGAGGCAGGAG

TGTAAACATCCTCAATTGTACCC

¢ Underlining indicates region of homology with genomic DNA flanking the 3’ end of the FIGI gene.

Thigmotropism assay. Thigmotropism assays were carried out as previously
described to determine whether the GFP-Figl allele was functional (12). Briefly,
yeast cells were adhered to poly-L-lysine-coated quartz slides featuring ridges of
0.79 wm = 40 nm and a pitch of 25 um (Kelvin Nanotechnology, Glasgow,
United Kingdom). Slides were incubated in 20 ml prewarmed 20% (vol/vol)
newborn calf serum-2% (wt/vol) glucose at 37°C for 6 h. The number of hyphae
reorienting on contact with a ridge was expressed as the percentage of the total
observed interactions. A minimum of 100 interactions was observed per strain in
each experiment, and results were reported as means *+ standard errors from a
minimum of 3 independent experiments.

Synthesis of a-factor peptide. The a-pheromone 13-mer peptide GFRLTNF
GYFEPG (7) was synthesized by Open Biosystems. Freeze-dried powder was
dissolved in dimethyl sulfoxide (DMSO) (Sigma) to 100 mg/ml as master stock
solution and further diluted 10-fold in sterile water to make working stock
solutions.

LacZ reporter of FIGI promoter activity. Stationary-phase cells carrying the
FIG1p-LacZ construct were cross-streaked on SD agar by using replica plating.
Plates were incubated for 48 h at room temperature. Cells were lysed by flooding
the plate with 15 ml chloroform and incubating at room temperature for 5 min.
Excess chloroform was poured off, and the plate was air dried in a flow hood for
10 min. Low-melting-point 1% agarose in 0.1 M sodium phosphate buffer con-
taining 250 pg/ml X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)
was poured at an approximate temperature of 45°C. Plates were sealed and
incubated at 30°C overnight. For quantitative measurement of enzyme activity, a
single opaque colony was inoculated into 10 ml YPD and incubated at 23°C for
48 h to reach stationary phase. The white/opaque ratio of the culture was verified
by light microscopy. Opaque cells were subcultured into 100 ml fresh YPD at an
optical density at 600 nm (ODy,) of 0.5 and incubated at 23°C for 5 h prior to
the addition of pheromone. For positive controls, opaque cell suspensions were
mixed at a 1:1 ratio in YPD without pheromone. After a further 12 h of incu-
bation at 23°C, the ODy, was recorded and 10-ml samples were centrifuged and
pellets stored at —20°C. For analysis, cell pellets were resuspended in 1 ml z
buffer (60 mM Na,HPO,, 40 mM NaH,PO,, 10 mM KCI, 1 mM MgSO,, 50 mM
B-mercaptoethanol) in Eppendorf tubes. Chloroform (50 wl), SDS (0.1%), and
samples were shaken vigorously for 5 min to lyse cells. Samples were prewarmed
at 37°C, and then 200 pl of 4 mg/ml prewarmed ONPG (o-nitrophenyl-B-p-
galactopyranoside) was added. After 2 h, 0.8 ml of the reaction mixture was
removed and mixed with 0.4 ml 1 M Na,CO; to stop the reaction. The cell debris
was pelleted by centrifugation. The supernatant was removed and the optical
density was read at a wavelength of 420 nm. Calculations of B-galactosidase
(Bgal) activities were based on the method of Munro et al. (39).

Imaging of mating by fluorescence microscopy. Both a and « opaque cells
were grown in modified Lee’s medium (MLM) (5a) to stationary phase. Samples
of 0.5 ml of each mating type were mixed at a 1:1 ratio in 50 pl phosphate-
buffered saline (PBS) (Oxoid), dropped onto YPD agar, and incubated at 25°C
for 48 h. A sample of the mating mixture was washed once with PBS, centrifuged,
and resuspended in 100 pl PBS. Nuclei and cell wall chitin were visualized using
DAPI (4',6-diamidino-2-phenylindole) (Roche Diagnostics GmbH) at 200 pg/ml
in DMSO and 100 pg/ml calcofluor white (CFW) (Sigma), respectively. The
styryl dye FM4-64 (Invitrogen) was used at 1 pwg/ml for vacuole staining (46). For

DAPI and CFW staining, samples were first incubated in CFW and then DAPI
at room temperature for 45 min each and finally washed once with PBS. For
FM4-64 and CFW costaining, cells were resuspended in 100 pl modified Lee’s
medium before FM4-64 was added and incubated at room temperature with
agitation for 45 min. Cells were then washed once with modified Lee’s medium
and stained with CFW as described above. For microscopy, 5 pl of cell suspen-
sion was spotted onto a glass slide and covered with a coverslip, and the edges
were sealed with a 1:1:1 mix of molten petrolatum, paraffin, and lanolin. Images
were captured using a Delta Vision RT Deconvolution imaging system and
processed using the Imaris Softworx suite version 1.3 (46).

Calcium uptake measurements. Opaque cells were grown in 5 ml modified
Lee’s medium at 25°C for 48 h until they reached stationary phase. The white/
opaque ratio was determined by light microscopy, and cultures of >99% opaque
cells were used for further analysis. Cells were washed twice in sterile H,O and
resuspended in 5 ml modified Lee’s medium at 3 X 107 cells/ml. Ca®" uptake was
determined in mating mixtures, in which a and « cells were used at a 1:1 ratio and
a density of 3 X 107 cells/ml or in MTLa cells after the addition of a-pheromone
to a final concentration of 10 wg/ml. Trace **Ca®* (PerkinElmer) was added to
cultures at time zero. The ODy of the cell culture and uptake of *Ca®* were
determined at 12 h for mating cells or 3 h for a-pheromone-induced cells.
Culture samples were filtered through glass microfiber paper disks (25-mm
diameter) (Whatman, Kent, United Kingdom) by using a Millipore filtration
unit. Filters were washed with 25 ml buffer containing 5 mM Ca?* and dried at
80°C for 45 min. **Ca" activity was measured by liquid scintillation counting.

Bioinformatic analysis. Candidate protein transmembrane topology was ana-
lyzed using Phobius. NetNGlyc was used for prediction of N-glycosylation sites.
FIG1I orthologues were aligned using ClustalW from the European Bioinformat-
ics Institute (EBI).

RESULTS

Orthologous Figl structure and conserved motifs. Re-
searchers have identified Figl orthologues in the sequenced
genomes from the Ascomycota group but not in those from the
basidiomycetes, Ustilago maydis, or zygomycete Rhizopus
oryzae (42). Sequence alignment using ClustalW showed that
all orthologues contained 4 potential transmembrane (TM)
domains, with two conserved motifs in the predicted extracel-
lular loop region between TM1 and TM2 (Fig. 1A and B). The
glycine-cysteine motif was conserved in all species, with the
exception of Debaromyces hansenii, and located at the C ter-
minus of TM1. The second domain, GPPGxC(n)C, is a fea-
ture of the claudin superfamily. With the exception of the
Pezizomycotina subgroup that consisted of 3 Aspergillus species,
all species contained 1 to 4 potential N-glycosylation sites in
the TM1-TM2 intervening region. Within the claudin super-
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EukaryoT. CELL

A ( TMA )

C.albicans ——————————MNLPLKFTIVFTIIIQFITAALL-—————-SFLLLESID TS SN VSNV YLLS YKFNQSSPLYDYLSTSSNSSITTTT TTMNIS TR IDELS
S.cerevisiae ——-MVAISMIUFFTKRMPRIFALAFNLISIFLL-——————-IFLLI[e®NPSH-—QSTFLVKYKFDDNSPFYTIIEKSYEK-——-—-——-SNTTLGLEEVI
K.lactis ——MFLPFTLF YKLGKRIPRVLVLITSFISVFLL——————-VFLLV[E®VIVD O--S STYLVKYQFNDKSPLYPV ISNQF 55 ————-———QEYTDGLENWVQ
C.glabrata ——-MITLSALFF IAKRMPRMIVLLLTFINIFLL— TS PSH--INTYLSRFTFASDSTLYPMIKQSF TH—— ——NAKTTGFENVV
A.gossypii ——-MIFGPIVLFLVKRTPRLFALTFNATATILLA— —VFVLLESTNSQ0--Q3TFLSRLOQFN AQSPLYTVIEKSLHE—— ——RTHNTTGFEQLR
D.R, ii MIFFLIKKLMKFFLLVLLFITVFLL- —SFLLISTD TAGTYSSVYLTKLE H\IQSD LYSNVQAAYKG—— ——SNISTKLAEMT
P.stipitis ————————MIFAIVKLISRCYSLVLLFITGFLL- —~GFLLI[C®SDPTSSFSNVYLSKFEFNKTSDLYSNVRALAYKS —— —--THNSSTELAEMS
Y.1lipolytica ——-—-——-MFCAGVISKLPRFFILVFLVINIFLA— TNKS ASFSNVYLVEYSYNQDSVFFDAIKSSFKQ-———————-SNATDLAYLK
S . pomb MLFLHSVVQGTGTLC TLAAWILLA— oSSTT-———————————— SKFQLFSLATI VAQ
A.terreus MANAFMSGLARF IPMIGYHHVLMIITAVATIILL — SSSSPQIPSIFLISHMY YERYNPVFNLACWDPGVVT—————-ATANIVGGAEME
A.nidulans -MPRFAGGFARF ITMWGYHHVLMIITAIIIILL-——————-SLLL. SSSSPOQMPTIFLISMYYERYDP IFDLACWDPGVVT—————ATANIVGGAQLE
A.fumigatus MALRIGAGLA. PLLLAC®SSSSPOIPDIFL ISLY YERYNPVF DKACWDPGUVVT—————-ATANIVGGAEME

conserved motif TM2

C.albicans B SSSSKD IST ———————————— TYTGLDSFPKFS-ISMLSG---———====—==—=——-DLDLVQLAQSFS-NICHPRILLATIILTLIG
S.cerevisiae 8 IDNIPSQYSSYNNMT TF SIS I YARKILSSVPLYRDLE IQLSNI A---S5 5SS K- TQSSVVLN ILKLAQL TSVNVIHP YWLMATVILTILM
K.lactis eT(@ TN IPSNYDR--ISSSKSS FINRKKVDDMD IFDDLTIKIFSFK---NSNSTEESESSNLN ILELAHQNSDELVHP YLLMVVTIFTILL
C.glabrata 8 T DKVP RV YN MD —— IS T4 YSGKTIENES IVSD ITLQLFNVPKSS QS SNTT TS TPVTLNLLEL AQI TAAKVVHPHLLIATVAFTVLE
A.gossypii 8, SNLP AAYPG———————GPV(®FGRKNITGTPLYDALDLRVFNIP-—-AA AN --SSSHTD LN ILGL AHAAAAD IDHPYIFMISIILAILY
D.hansenii  LSVgYLEV®VD-IDKSLO®T-——————————~ SFNDLDS ISDYTGISIIPT-TK----—-—-———-NGTDQLNLVTLAKTFR-KVCYSNVLL AATVLTLLS
P.stipitis -SFSTLNTLANVSGISIIPTSTK-—— -STQPQLDLVGLAKVFS-NICHPHILMTVIILVLVHM
Y.1lipolytica -RAILTALEDMFPSLS ITQSGTN--—————————=3SALGLIQL ATQFTGD IVHP SLPVWTLVLDVLV
S.pombe —=PQF TGCPGLTS ISLT: DVRSKFL INEVHPUMIVFSFCVCGVS
A.terreus  VRVETFEI®VOPEGGAYI®N-———————————— SNATALAEIVTVDQD PLNL INVASTFKDAVVFPYLLITIAVILAFFC
A.nidulans VRVETFEI®VOPDGGSVI@N————————————=-] NNATALAEILTLDQD PLNLVUVASTFKDAVVFPYLITIIAIILAFIC
A.fumigatus VRUGTFEIOVOPAGGAYI@N-—————————————— SNATALAEIVTVDQD PLNL INVASTFKDAVVFPYLLIVAVILAFLC
B

N O

SN—C

FIG. 1. Predicted structure and conserved motifs in fungal orthologues of Figl. (A) The amino acid sequences of the extracellular regions of
Figl orthologues from 12 sequenced Ascomycota fungal species were aligned using ClustalW. Areas with a gray background indicate putative
hydrophobic transmembrane domains predicted using Phobius. Highly conserved amino acid residues are highlighted with a black background and
constitute a conserved Gly-Cys motif and a second conserved motif that is characteristic of the claudin superfamily. Putative N-glycosylation sites,
predicted by NetNGlyc, are underlined, and the modified asparagine residues are shown in red. K. lactis, Kluyveromyces lactis; C. glabrata, Candida
glabrata; A. gossypii, Ashbya gossypii; P. stipitis, Pichia stipitis; Y. lipolytica, Yarrowia lipolytica; A. terreus, Aspergillus terreus; A. nidulans, Aspergillus
nidulans; A. fumigatus, Aspergillus fumigatus. %, identical; :, conserved substitution; -, semiconserved. (B) The predicted structure of the Figl
protein family suggests that there are four transmembrane domains giving rise to two extracellular loops. The conserved Gly-Cys, N-glycosylation,

and claudin motifs are contained within loop 1.

family, the positioning of N-glycosylation sites between TM1
and TM2 is a characteristic of the EMP (epithelial membrane
protein) subgroup (44).

FIG1 deletion reduces calcium uptake under mating condi-
tions. To determine whether Figl is involved in Ca®" uptake
during mating in C. albicans, mating-competent a or o (MTL-
homozygous) fig/A deletion mutants were generated from a
parent MTLa/a strain, NGY372 (12). Homozygous fig/A a
(NGY502) and fig/A o (NGY501) strains underwent normal
white/opaque switching (data not shown). The accumulation of
%Ca”" in a 1:1 mixed population of opaque mating-competent
control strains, CAI4 a (NGY500) and CAI4 o (NGY499),
increased 5-fold over a 12-h period, indicating that Ca*>" up-
take occurs during mating in C. albicans (Fig. 2A). A similar
increase was observed when the CAI4 a strain was exposed to
a-pheromone (Fig. 2B). Deletion of FIGI did not affect Ca**
accumulation in unstimulated cells, but reduced levels of up-
take occurred in fig/ null mutants in mating populations and in
figl MTLa cells that were treated with a-pheromone.

FIG1 expression is activated by a-pheromone and mating.
Activation of the FIGI promoter was assayed using strains bear-
ing the FIGI promoter inserted upstream of the LACZ reporter
gene. Opaque-phase MTLa and MTLa control strains carrying
the FIGIp-LacZ reporter construct (FIGIp-LacZ a and FIGIp-
LacZ o strains) were cross-streaked on solid YPD agar and in-
cubated at room temperature for 48 h. Whole-plate images were
photographed following cell lysis and overlay of X-Gal. Blue pig-
ment was visible only where streaks of cells of opposite mating
types carrying the FIGIp-LacZ reporter intersected, indicating
that FIG1 expression was activated when mixed populations of
MTLa and MTL« occurred together but not in populations with
homogeneous mating types (Fig. 3A). As predicted, fainter blue
pigment was observed at the intersection of Figlp-LacZ-carrying
strains of either mating type with cells carrying no reporter.
Shmoo formation and cell fusion were observed in all cell samples
picked from the cross-streaked intersections and viewed by light
microscopy (Fig. 3B), indicating that the FIGI promoter was
activated in cells of both mating types.
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FIG. 2. The effect of FIGI deletion on calcium uptake under mating conditions. (A) Uptake of **Ca®" in mating populations of the control
strain or the fig/ A mutant was determined by mixing mating-competent a and « opaque cells at a ratio of 1:1. (B) Uptake of **Ca®" in cultures
of mating-competent CAI4/CIp10 a (NGYS500) cells or figIA a (NGY502) cells, with and without the addition of 10 pg/ml a-pheromone, was
determined. Means and standard deviations (error bars) were from two independent experiments. Asterisks denote a significant difference from
the value obtained for the control strain under same treatment. Number signs indicate a significant difference from the value for the relevant

untreated control strain (P < 0.05 [two-tailed Student’s ¢ test]).

Opaque-phase MTLa and MTLa control strains carrying the
FIGIp-LacZ reporter construct (FIGIp-LacZ a and FIGIp-
LacZ o strains) were mixed in a 1:1 ratio in liquid MLM and
incubated at 25°C for 12 h. Colorimetric analysis showed that
exposure to cells of opposite mating types induced a 16-fold
increase in FIG1 expression compared to that of populations
of a single mating type (Fig. 3C). Opaque, mating-competent
FIGIp-LacZ a cells grown in liquid YPD medium were ex-
posed to increasing concentrations of synthetic 13-mer a-pher-
omone for a period of 12 h. a-Pheromone at a concentration of
0.1 pg/ml failed to induce a detectable increase of FIG! pro-
moter activity over that observed in unstimulated cells, but
activity increased in a dose-dependent manner on exposure to
10-fold increases in the a-pheromone concentration (Fig. 3C).
From this, the concentration of pheromone produced by the
mixture of mating cells in 12-h cultures was estimated to be
around 5 pg/ml.

Dynamics of Figl-GFP expression. To visualize Figl-GFP
expression and localization in single cells during shmoo for-
mation and mating, an enhanced GFP cassette containing the
URA3 auxotrophic marker was fused to the C terminus of the
Figl protein in the FIGI/FIGI and figI A/FIGI genetic back-
grounds. FIG1-GFP was therefore under the transcriptional
control of the native FIGI promoter (21). To test whether the
Figl-GFP fusion was functional, strains harboring a single
GFP-tagged allele of FIGI were assayed for their ability to
reorient their growing tips on contact with ridges in the sub-
strate. In previous studies, the fig/A/fig/A null mutant was
significantly defective in this thigmotropic response (12). The
two figIA/FIGI-GFP independent transformants (NGY576
and NGY577) exhibited thigmotropic responses that were not
significantly different from those of the control strain, unlike

the null mutant, which was defective in thigmotropism (Fig.
4A). This suggests that FIGI-GFP was functional. The same
result was observed for the FIG1/FIGI-GFP (NGY493) strain.
This strain was used to generate mating-competent FIGI-GFP
a (NGY494) and FIGI-GFP o (NGY495) strains by selection
on L-sorbose, followed by PCR screening for the two mating
type alleles. Opaque cells were picked and restreaked from
sectored white cell colonies grown in the presence of phloxine
B. FIGI-GFP a cells were exposed to 50 pg/ml a-pheromone
for a period of 12 h, and images were captured using time-lapse
fluorescence microscopy. Figl-GFP was detectable at the site
of shmoo formation 40 to 60 min after the addition of a-pher-
omone, as the emerging shmoo tip itself became visible (Fig.
4B). Figl-GFP localized primarily to the shmoo apices. Figl-
GFP associated with the entire shmoo structure during the
early stages but became tip biased in more elongated cells after
4 h of pheromone exposure (Fig. 4C). The same Figl-GFP
distribution was observed in populations of mating cells on
YPD agar (Fig. 5A).

Contrasting distribution patterns of Figl-GFP in the shmoo
plasma membrane and the nuclear periphery. Figl-GFP was
visualized by fluorescence microscopy in shmoos produced in
populations of MTLa and MTL« cells mixed at a ratio of 1:1
(Fig. 5A). By using deconvolution microscopy, we observed
Figl-GFP as discontinuous zones at the periphery of the
shmoo and in continuous intracellular structures within the
shmoo, the body of the mother cell, and the newly formed
daughter cell (Fig. 5A). In order to identify the intracellular
structures associated with Figl-GFP, mating cells were stained
with DAPI (for nuclei), FM4-64 (for vacuoles), and CFW (for
walls). The discontinuous microdomains of Figl-GFP were
immediately adjacent to the CFW-stained cell wall, suggesting
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FIG. 3. Figl promoter activation in response to pheromone and cells of the opposite mating type. (A) MTLo and MTLa cells of the control
strain were cross-streaked on YPD agar with MTLa and MTLa cells carrying the FIGIp-LacZ reporter. After 48 h of incubation at 25°C,
B-galactosidase activity was determined by the appearance of blue pigment, indicating transcription of LacZ driven by the activated FIG1
promoter. (B) The morphology of cells taken from the four cross-streaked intersections was viewed by light microscopy. Arrows indicate mating
events. Scale bars = 10 pm. (C) FIGIp-LacZ a cells were mixed with FIG1p-LacZ o (NGY498) cells in YPD medium at a 1:1 ratio and incubated
at 25°C. FIGIp-LacZ a (NGY497) cells were treated with a-pheromone at increasing concentrations (0.1, 1.0, and 10 wg/ml). Promoter activity
was measured in triplicate in a colorimetric 3-galactosidase activity assay in 3 independent experiments. Asterisks indicate significant differences
(P < 0.05; two-tailed Student’s ¢ test) compared to the value for the untreated sample. Error bars represent standard deviations.

that Figl-GFP localized to the plasma membrane (Fig. 5B). In
contrast, the continuous zones of Figl-GFP surrounded the
nuclear regions, suggesting that it localized to the proximal ER
or the nuclear periphery (Fig. 5C and 6). Perinuclear Figl-
GFP persisted during nuclear migration and fusion and was
still present at the nuclear periphery in the newly formed
daughter cell (Fig. SA, panels 4 and 5). Elongated DAPI-
stained structures that were not associated with Figl-GFP
were observed in the shmoo, possibly representing the local-
ization of mitochondrial DNA (Fig. 6C and F). Figl-GFP was
not detectable in the FM4-64-stained endosomal and vacuolar
membranes (Fig. 6). This suggests that Figl-GFP was not tar-
geted to the vacuole for degradation at a significant rate in
shmooing cells.

DISCUSSION

Figl as a member of the claudin superfamily. Figl is a
member of a fungus-specific family of proteins that contains
sequence characteristics found in the large mammalian
PMP22/EMP/MP20/claudin (pfam00822). Claudins combine
as dynamic multimeric complexes at the cell membrane. It is
thought that their basic function lies in cell-cell adhesion. Clau-

dins are also found in the epithelia of invertebrates, which lack
tight junctions, where they are thought to perform a signaling
function (50). The family includes regulators of solute move-
ment through epithelial tight junctions, scaffolding proteins for
the assembly of adhesion and receptor complexes, and <y sub-
units for the membrane delivery of the large o subunit of
voltage-dependent calcium channels (reviewed by Van Itallie
and Anderson [45]). In mammalian epithelia, claudins form
ion-selective intercellular pores, but there is no evidence that
they directly admit ions across the plasma membrane into the
cell. Although Figl is involved in Ca®* uptake, its lack of
homology to any known ion influx channel suggests that its role
may be as an indirect facilitator of Ca** influx.

We generated a series of mutant strains that were of the
MTLa or MTL«a mating type in order to study Figl activity
under conditions in which the gene was predicted to be highly
expressed. Specifically, the aim was to determine whether
FIGI is involved in Ca** uptake in C. albicans and to under-
stand more about its role during polarized growth and mating.

Figl1-GFP localizes to shmoo apices during mating. In a time
course study, expression of Figl-GFP, controlled by the native
CaFIGI promoter, was easily detectable by fluorescence mi-
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FIG. 4. Temporal expression and localization of Figl-GFP during shmoo formation and extension. (A) Cells expressing a single copy of
FIGI1-GFP show normal contact-sensing responses to a ridged substrate (error bars represent standard errors of the means [z = 3]). Asterisk
indicates a significant difference compared to the control strain (P < 0.01; Dunnett’s ¢ test). (B) Bean-shaped mating-competent FIGI-GFP a cells
in modified Lee’s medium were treated with 50 pg/ml a-pheromone, and image capture commenced immediately for a period of 100 min. (C) Cells
were treated at 0 h (time zero) with 50 wg/ml a-pheromone. Image capture started at 4 h and continued until 13 h. Scale bars = 5 pm.

croscopy on exposure of a cells to a-pheromone. Figl-GFP was
observed at the site of mating projection formation, approxi-
mately 50 min after exposure to mating pheromone. Figl-GFP
was visible at the cell periphery and in reticular structures
throughout the cell but localized predominantly within the
mating projection. The reticular distribution in C. albicans
contrasted with the pattern observed using a ScFigl::Bgal fu-
sion protein during shmoo formation in S. cerevisiae, where
Figl appeared as punctate spots at the cell periphery (17). By
use of deconvolution microscopy of C. albicans cells, we found
the distribution of Figl-GFP at the cell membrane to be dis-
continuous, which suggested that it may be present in microdo-
mains. CFW staining showed that Figl-GFP appeared in flat-
tened zones in apposition with the cell wall. The intracellular
reticular structures carrying Figl-GFP localized within bright,
perinuclear regions that persisted throughout shmoo forma-
tion and cell-cell fusion and in nuclei of the newly formed
daughter cell. It is possible that the perinuclear localization of
Figl-GFP resulted from its biosynthesis in the ER. However,
many other mating-induced genes, such as FUSI and PRM1,
whose expression is induced in other fungi during mating, do
not accumulate in the ER or the nuclear periphery (18, 41).
Furthermore, Figl-GFP was not visualized in the FM4-64-
stained vacuolar membrane during shmoo elongation. Low

levels of expression of ScFigl::Bgal were visible in the perinu-
clear zone in S. cerevisiae cells prior to treatment with mating
pheromone, supporting the possibility that Figl may have a
second nuclear function (17). It has been reported that in
mammalian cells, perinuclear Ca®>* release affects nuclear
Ca®" much more strongly than distal Ca*>" influx and a sus-
tained rise in nuclear [Ca®"] is required for calcineurin-NFAT
(the CaCRZ]I product homologue) and cyclic AMP response
binding element (CREB) signaling (13, 27, 31, 43). Figl may
also have a general role in limiting membrane damage or
promoting membrane fusion of the nuclear envelope and at
the plasma membrane, both of which undergo fusion during
mating.

Mating-dependent Figl expression and Ca>* uptake in C.
albicans. Ca*>* uptake increased approximately 5-fold in mix-
tures of opaque MTLa or MTL« cells, and in MTLa cells
treated with a-pheromone (10 pg/ml), an 8- to 10-fold increase
in Ca®* uptake compared to that of untreated controls was
observed. Together, these results demonstrate that exposure to
mating pheromone in C. albicans mating-competent cells
causes a significant increase in the intracellular [Ca**], as seen
in S. cerevisiae (38). Deletion of FIGI in C. albicans reduced
Ca®" uptake to 50% of the control level, confirming that Figl
is involved in Ca®" influx but implying that mating also in-
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FIG. 5. Figl-GFP localization in shmoos and fused -cells.
(A) FIGI-GFP a (NGY494) and FIGI-GFP o (NGY495) cells were
mixed at a ratio of 1:1, spotted on 2% YPD agar, and incubated for
48 h at 25°C. Cells were taken from the plate and viewed by fluo-
rescence microscopy. Figl-GFP was observed in shmoos (panels 1
and 2), a zygote (panel 3), and daughter cells (panels 4 and 5). Cell
wall chitin was stained with 100 pg/ml CFW. Figl-GFP (green)
localized in microdomains adjacent to the CFW-chitin wall layer
(blue; arrows) (B) and more homogeneously adjacent to DAPI-
stained perinuclear regions (enlarged image) (C). DIC, differential
interference contrast. Scale bars = 5 pm.
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volves Figl-independent Ca?* uptake. The Figl-LacZ reporter
construct was activated in both MTL mating types, demon-
strating that this pathway forms part of a general mating re-
sponse and is not MTL specific. In addition, the level of activity
of the Fig-LacZ reporter construct increased in a pheromone
dose-dependent manner. Taken together, these results suggest
a positive correlation between pheromone concentration, Figl
expression, and Ca”* uptake. Mid1-Cch1, the HACS complex,
may therefore also contribute to Ca®" uptake during mating in
C. albicans. HACS expression is influenced by the calcineurin-
CRZ1 Ca*"-dependent signaling pathway in C. albicans, but its
expression is not thought to be highly regulated (26). We have
not been able to visualize Cch1-GFP or Mid1-GFP in C. albi-
cans, but in S. cerevisiae, Mid1-GFP was visualized at the
plasma membrane and in an ER-like zone around the nucleus
in nonmating conditions and did not relocalize to the shmoo
on treatment with mating pheromone (25, 32, 53). The highly
enriched and spatially distinct domains of Figl-GFP at the
shmoo plasma membrane suggest that the functions of the two
Ca®" uptake systems differ during mating and that Figl might
be involved in the generation of Ca®* signals at specific sites.
It has been reported that both chelation of extracellular Ca**
and deletion of FIGI dramatically reduced mating efficiency of
C. albicans (3). Our finding that Figl is involved in 50% of the
Ca®* uptake during mating confirms its importance in the
mating process.

Mating-independent Figl expression. We previously identi-
fied Figl as a protein required for the normal thigmotropic
response by C. albicans, where FIGI deletion significantly re-
duced the ability of hyphal tips to reorient on contact with
ridges in the underlying substrate; this role of Figl is in con-
trast to its mating-dependent functions (12). All hyphal tro-
pisms we have studied to date have been shown to be depen-
dent on Ca?" influx, but deletion of FIGI did not affect Ca>*
uptake during vegetative growth. Although FIGI mRNA was
detected under all growth conditions tested, including in kid-
ney tissue isolated from infected mice, a Figl-GFP construct in
yeasts or hyphae could not be visualized. This suggests that
Figl is present at very low levels during vegetative growth but

FM4-64+GFP+DAPI

FIG. 6. Figl in shmooing cells from mating mixtures of FIGI-GFP a and FIGI-GFP « cells stained with DAPI (200 wg/ml) and FM4-64 (1

pg/ml). Scale bars = 5 pm.
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that even basal level expression of Figl influences hyphal
growth and orientation.

It is possible that the function and activity of Figl depend on
its colocalization with other effectors. Two lines of evidence in
S. cerevisiae suggest that ScFigl has Ca®"-related and Ca**-
unrelated functions. First, output from the aequorin/Ca*" re-
porter peaked during mating, while Figl-Myc levels remained
high, which suggested that Figl was still required in the plasma
membrane after mating-induced Ca®* uptake was complete
(38). Second, mating-induced rapid cell death was found to be
dependent on Figl but independent of its Ca®* uptake activity
(54). The involvement of other effectors in Figl function is
suggested by the observation that membrane localization of
Figl was necessary but not sufficient for LACS activity (38). In
C. albicans, Figl-GFP localization appeared to be perinuclear
and at the plasma membrane. Both membranes are sites of
membrane perturbation and fusion during mating. Figl was
proposed to be necessary in S. cerevisiae for limiting the zone
of membrane fusion during mating (38). FIG! deletion in S.
cerevisiae resulted in defective cell fusion during mating, with
undissolved wall material at the fusion site, which was rescued
by the addition of extracellular Ca®". Such fusion defects were
not observed in fig/ null mutants of C. albicans, but Figl could
nevertheless function to stabilize membranes in response to
perturbation during polarized growth, possibly by limiting
membrane expansion during critical stages in morphological
change. Two observations provide evidence for this. First,
FIG1 deletion resulted in hypha formation on solid SD me-
dium, while the control strain grew as yeast (12). This suggests
that Figl may be a negative regulator of polarized growth in
certain conditions. Second, FIGI deletion decreases the like-
lihood that hyphae will reorient the growth axis on contact with
a small obstacle (12). Thus, although Figl is undoubtedly up-
regulated as part of the mating signaling pathway, its role may
well be more generally related to membrane stability during
morphological transitions, whether internally or externally in-
duced. Figl therefore participates in the polarized growth of
both mating projections and vegetative fungal hyphae, presum-
ably by regulating calcium ion uptake at sites of polarized tip
growth. FIG1 expression represents a convenient marker for
the mating process, but low levels of Figl in nonmating cells
also influence the physiology of growth and development of C.
albicans.
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