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The yeast-to-hypha morphological transition (dimorphism) is typical of many pathogenic fungi. Dimorphism
has been attributed to changes in temperature and nutritional status and is believed to constitute a mechanism
of response to adverse conditions. We have isolated and characterized a gene, MHY1, whose transcription is
dramatically increased during the yeast-to-hypha transition in Yarrowia lipolytica. Deletion of MHYI is viable
and has no effect on mating, but it does result in a complete inability of cells to undergo mycelial growth. MHY1
encodes a C,H,-type zinc finger protein, Mhylp, which can bind putative cis-acting DNA stress response
elements, suggesting that Mhylp may act as a transcription factor. Interestingly, Mhylp tagged with a
hemagglutinin epitope was concentrated in the nuclei of actively growing cells found at the hyphal tip.

Several fungal species can undergo a yeast-to-hypha transi-
tion (dimorphism). Fungal dimorphism has received increasing
attention because of its implication in pathogenesis and its
potential as a simple experimental model of eukaryotic cell
differentiation (2, 25, 32, 35). To date, only a few species have
been systematically investigated with the aim of understanding
the molecular aspects of dimorphism. Studies have concen-
trated on Candida albicans, the most common human fungal
pathogen, and Saccharomyces cerevisiae, the most extensively
studied fungus at the genetic, biochemical, and physiological
levels.

Despite the development of specific molecular and genetic
tools in the last few years (5, 6, 10, 16, 18, 33, 36), a better
understanding of the yeast-to-hypha transition in C. albicans
has largely been hampered by the diploid nature of this micro-
organism and its lack of a known sexual cycle (27, 41). S.
cerevisiae has been used as a model of dimorphic transition,
and results with this yeast have been extrapolated to other
microorganisms, particularly C. albicans. Although significant
advances in our understanding of dimorphic transition have
been made by using S. cerevisiae, the inability of this yeast to
form true hyphae, and the suggestion that true hyphal forma-
tion and pseudohyphal growth may occur by means of separate
pathways (20), limit this approach. In order to overcome some
of these difficulties and shortcomings, other fungal species
have been proposed as alternative systems for the study of
dimorphism. We have chosen to study dimorphic transition in
Yarrowia lipolytica because it can reproduce sexually (42), it is
amenable to genetic (26) and molecular biological (8, 24) anal-
yses, and its response to the induction of mycelial growth is
highly reproducible (14, 30).

Here we report the isolation of the gene MHY1 encoding a
protein, Mhylp, involved in the yeast-to-hypha transition in Y.
lipolytica. Mhylp shows strong homology in its zinc finger do-
main to the S. cerevisiae stress response factors Msn2p and
Msn4p. Like these factors, Mhylp is able to bind to putative
stress response elements (STREs), cis-acting DNA sequences
identified upstream of a number of genes conferring tolerance
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to a variety of stresses (cross-protection) (15, 21, 39), suggest-
ing that Mhylp may act as a transcription factor.

MATERIALS AND METHODS

Yeast strains and microbial techniques. The Y. lipolytica strains used in this
study are listed in Table 1. The mhyl-1 mutant strain was isolated after chemical
mutagenesis of Y. lipolytica E122 cells with 1-methyl-3-nitro-1-nitrosoguanidine,
as previously described (24). The medium components were as follows: YEPD,
1% yeast extract, 2% peptone, and 2% glucose; YNA, 0.67% yeast nitrogen base
without amino acids and 2% sodium acetate; YNBGIc, 1.34% yeast nitrogen base
without amino acids and 1% glucose; and YNBGIcNAc, 1.34% yeast nitrogen
base without amino acids, 1% N-acetylglucosamine, and 50 mM citric acid (pH
6.0). YNA was supplemented with uracil, leucine, lysine, and histidine, each at 50
pg/ml, as required. YNBGIc and YNBGIcNAc were supplemented with 2X
complete supplement mixture (Bio101, Vista, Calif.) or 2X complete supplement
mixture minus leucine, as required. Media, growth conditions, and procedures
for mating, sporulation, and transformation of Y. lipolytica have been described
elsewhere (4, 24).

DNA manipulation and growth of Escherichia coli were performed as previ-
ously described (1).

Mycelial induction. Mycelial growth was induced as described previously (14).
Cells were grown in YNBGIc for 12 h, harvested by centrifugation at room
temperature, washed with sterile distilled water, kept at 4°C for 15 min in YNB
medium without a carbon source, and inoculated at a final density of 10’/ml in
YNBGIcNAc (for induction of the yeast-to-hypha transition) or YNBGlc me-
dium (for growth as the yeast form).

Cloning, characterization, and disruption of the MHY1 gene. The MHY1 gene
was isolated from a Y. lipolytica genomic DNA library contained in the replicative
E. coli shuttle vector pINA445 (24) by functional complementation of the mhyl-1
mutation. Plasmids were introduced into yeast cells by electroporation, and Leu™
transformants were screened on YNA agar plates for their ability to give rise to
rough colonies.

Complementing plasmids were recovered by transformation of E. coli, and the
smallest fragment capable of restoring hyphal growth was determined. Restric-
tion fragments prepared from the genomic insert of one of these constructs
(pPMHY1) were subcloned into the vectors pPGEM-7Zf(+) (Promega, Madison,
Wis.) or pBluescript II SK(+) (Stratagene, La Jolla, Calif.) for dideoxynucle-
otide sequencing of both strands. The deduced polypeptide sequence, Mhylp,
was compared to other known protein sequences by using the BLAST Network
Service of the National Center for Biotechnology Information (Bethesda, Md.).

To disrupt the MHY1 gene, a 0.8-kbp Ncol-Ndel fragment of pMHY1 con-
taining the entire MHY! gene was replaced by a 1.6-kbp Ncol-Ndel fragment
containing the Y. lipolytica URA3 gene. This construct was digested with Hpal to
liberate a 3.3-kbp fragment containing the entire URA3 gene flanked by 1.3 and
0.4 kbp of the 5’ and 3’ regions of the MHYI gene, respectively. This linear
fragment was used to transform the wild-type Y. lipolytica strain E122 to uracil
prototrophy. Of 246 Ura* transformants obtained, 2 showed a fully smooth
phenotype after 3 days on YEPD agar plates. One of these transformants,
mhylK09 (Table 1), was confirmed by Southern blot analysis to have had its
MHY1 gene correctly replaced by the URA3 gene.

Nucleic acid manipulation. Genomic DNA, plasmid DNA, and total RNA
were prepared from Y. lipolytica, as described previously (1). Southern and
Northern blot analyses were carried out with DNA probes prepared with the
ECL direct nucleic acid labeling and detection system (Amersham Life Sciences,
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TABLE 1. Y. lipolytica strains used in this study

Strain®

Genotype

mhylK09-B4.....
E122//22301-3
E122//mhy1K09-B4
22301-3//mhy1K09.....
mhy1K09//mhy1K09-B4

. MATA ura3-302 leu2-270 lys8-11
.MATB ura3-302 leu2-270 hisl
.. MATA ura3-302 leu2-270 lys8-11 mhyl-1
. MATA ura3-302 leu2-270 lys8-11 mhyl ::URA3
.. MATB ura3-302 leu2-270 hisl mhyl ::URA3
.. MATA/MATB ura3-302/ura3-302 leu2-270/leu2-270 lys8-11/+ hisl/+
MATAI/MATB ura3-302/ura3-302 leu2-270/leu2-270 lys8-11/+ hisl/+ mhyl ::URA3/+
.MATA/MATB ura3-302/ura3-302 leu2-270/leu2-270 lys8-11/+ hisl/+ mhyl ::URA3/+
.MATAI/MATB ura3-302/ura3-302 leu2-270/leu2-270 lys8-11/+ his1/+ mhyl ::URA3/mhyl :: URA3

¢ Strains E122 and 22301-3 were from C. Gaillardin, Thiverval-Grignon, France. All other strains were from this study.

Oakville, Ontario). Electrophoresis conditions and transfer to nitrocellulose
membranes were as described previously (1). Hybridization, stringency of
washes, and signal generation and detection were performed as recommended by
the manufacturer.

Transcription-translation in vitro. Coupled transcription-translation in vitro
was carried out with the TNT T7-coupled reticulocyte lysate system (Promega).
A 1.8-kbp Eael-Xbal fragment containing the full-length MHY! coding region
was cloned under control of the T7 RNA polymerase promoter in pGEM-
7Zf(+) to generate plasmid pG7-MHY 1. Synthesis in vitro of Mhylp was as-
sessed by incorporation of L-[>*S]methionine, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and fluorography.

Electrophoretic mobility shift analysis (EMSA). A synthetic double-stranded
oligonucleotide containing two tandem copies of the sequence located at nucle-
otides —419 to —399 from the A nucleotide of the initiator methionine codon of
the Y. lipolytica CDC42 gene (forward strand, 5'-gatcTGACCCCTTGTTGTGC
TGACCCCTTGTTGTG; reverse strand, 5'-gatcCACAACAAGGGGTCAGCA
CAACAAGGGGTCAG [putative STREs are underlined; the nucleotides des-
ignated in lowercase were added to provide cohesive Bg/II-BamHI ends]) and the
same oligonucleotide containing single-base mutations (bold italics) in the pu-
tative STREs (underlined) (forward strand, 5'-gatcTGACCCCATGTTGTGCT
GACCCCATGTTGTG; reverse strand, 5'-gatcCACAACATGGGGTCAGCAC
AACATGGGGTCAG) were end labeled with [a-*?P]dATP and the Klenow
fragment of DNA polymerase I. The same unlabeled oligonucleotides were used
as specific competitors. Binding was performed in 15-pl (2 pl for Mhylp trans-
lated in vitro in reticulocyte lysate) reaction mixtures containing 6 mM HEPES
(pH 7.9), 120 mM NaCl, 0.4 mM MgCl,, 0.1 mM EDTA, 7% (vol/vol) glycerol,
4 pg of bovine serum albumin, 4 pg of salmon sperm DNA, and 4 pg of
poly(dI-dC) - poly(dI-dC). Protein was incubated with unlabeled competitor at
room temperature for 5 min. Radiolabeled probe was then added, and the
reaction was continued for an additional 15 min at 25°C. Electrophoresis was
carried out at 4°C on prerun 3.5% polyacrylamide gels (30:1 acrylamide/N,N'-
methylene bisacrylamide weight ratio) in 22 mM Tris, 22 mM boric acid, and 1
mM EDTA as a running buffer. The gels were dried and subjected to autora-
diography.

Stress treatment of cells. Fresh cultures of Y. lipolytica E122 were transferred
to YEPD medium, incubated at 28°C until exponential growth was reached
(optical density at 600 nm, 1.0), and exposed to several stress conditions, as
indicated. For carbon source starvation, the cells were washed with sterile dis-
tilled water, resuspended in YNB medium without glucose, and incubated at
28°C for 5 h; for heat shock, the cells were transferred to YEPD medium
prewarmed to 35°C, followed by incubation at 35°C for 2 h; for osmotic shock,
NaCl was added to the YEPD medium to a final concentration of 0.4 M, and the
cells were maintained at 28°C for a further 2 h; for oxidative shock, hydrogen
peroxide was added to the YEPD medium to a final concentration of 0.8 mM,
and the cells were maintained at 28°C for a further 2 h.

Epitope tagging of Mhylp. An Apal site was introduced before the stop codon
of the MHY1 gene by replacement of the 0.8-kbp Ndel-Xbal fragment of pMHY1
with a 0.8-kbp Ndel-Xbal fragment obtained by PCR with the oligonucleotides
5'-CGCCCAGCATATGCGTACGCATCCTCGGGCCCAGAGGTAGAGC
GCC and 5'-CCAATGCATCTAGACTGGACATACGTGAATCTACACTGC
CAAACCAG (the Apal site is italicized, the Ndel site is underlined, and the
Xbal site is doubly underlined), generating the plasmid pMHY1-Apal. A frag-
ment with Apal termini, encoding the peptidle PLAMYPYDVPDYAA
MYPYDVPDYAAMGKGE, which contains two repeats of the influenza virus
hemagglutinin (HA) epitope (underlined residues) (17), was generated by PCR
with the oligonucleotides 5'-TTAGGGCCCCGCTAGCCATGTACCCATACG
ACGTCCCAGACTAC and 5'-TTAGGGCCCTCTTCTATTCACCCTTACCC
ATGGCAGCGTAGTCT (the Apal sites are italicized) and ligated into the
unique Apal site of pMHY1-Apal to obtain the plasmid pMHY1-HA encoding
a Mhylp tagged at its carboxyl terminus with two repeats of the HA epitope
(Mhylp-HA). The integrity of the final construct was confirmed by sequencing,
and pMHY1-HA was found to fully reproduce the phenotype produced by
pMHY1 upon introduction into strain mhyl-1.

Indirect immunofluorescence microscopy. Indirect immunofluorescence mi-
croscopy was performed as previously described (28). Mhylp-HA was detected
with monoclonal antibody 12CA5 (Berkeley Antibody Co., Richmond, Calif.),
which recognizes a 9-amino-acid epitope of the influenza virus HA protein, and
rhodamine (tetramethyl rhodamine isothiocyanate)-conjugated goat anti-mouse
immunoglobulin antibodies (Sigma Chemical Co., St. Louis, Mo.). Nuclei were
stained by the addition of 4,6-diamidino-2-phenylindole (DAPI) to the mounting
medium at a final concentration of 1 wg/ml. Images were scanned with SPOT
software 1.2.1 (Diagnostic Instruments, Inc., Sterling Heights, Mich.), processed
in Photoshop 4.0.1 (Adobe Systems Inc., San Jose, Calif.), and printed on a
DS8650 PS color printer (Eastman Kodak Co., Rochester, N.Y.).

Nucleotide sequence accession number. The sequence data reported here are
available from EMBL, GenBank, and DDBJ under accession no. AF124404.

RESULTS

Isolation and characterization of the MHYI gene. The Y.
lipolytica mutant strain mhyl-1 (Fig. 1C) was initially isolated
by its inability to form wild-type rough-surfaced colonies (Fig.

FIG. 1. Colony morphology of various Y. lipolytica strains. (A and B) Wild-
type strains E722 and 22301-3; (C) original mutant strain mhyl-1; (D) strain
mhylK09 transformed with plasmid pMHY1; (E and F) MHY1 disruptant strains
mhyIK09 and mhylK09-B4; (G) MHY1/MHY1 diploid strain E122//22301-3; (H
and I) MHY1/mhyl diploid strains 22301-3/mhy1K09 and E122//mhy1K09-B4; (J)
mhyl/mhyl diploid strain mhylK09//mhy1K09-B4; (K) mhyl/mhyl diploid strain
mhylK09//mhylK09-B4 carrying plasmid pMHY1. The colonies were photo-
graphed at X100 magnification after 3 days of incubation at 28°C on YNA agar
plates.
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1A and B) after 3 days of incubation at 28°C. Further analysis
revealed that the mhyl-1 strain was able to grow only in the
budding form on both rich and minimal media and that this
attribute was stably maintained through multiple generations.

The MHYI gene was isolated from a Y. lipolytica genomic
DNA library contained in the replicative E. coli shuttle vector
pINA445 (24) by its ability to restore filamentous growth to
mhyl-1 cells. Of approximately 40,000 transformants screened,
4 showed an enhanced filamentous phenotype (Fig. 1D). Re-
striction enzyme analysis demonstrated that all complementing
plasmids shared a 3.5-kbp Bg/lI-HindIII fragment capable of
complementing the mhyI-1 mutation. Sequencing of this frag-
ment revealed that the largest open reading frame, the MHY1
gene, contained 855 bp coding for a 285-amino-acid protein,
Mhylp, with a predicted molecular mass of 32,636 Da (Fig.
2A).

A putative TATA box, TATAATA, is found between nucle-
otides —119 and —113 from the A nucleotide of the potential
initiating codon of the MHY! gene. Initial analysis has shown
that transcription of the MHYI gene preferentially starts at
position —74 from the A nucleotide of the first ATG codon
(data not shown) within a CCAAA sequence, a common struc-
tural feature of Y. lipolytica genes (3). A nucleotides are also
observed at positions —1 and —3 from the A nucleotide of the
first ATG, a feature often observed in genes that are highly
expressed in Y. lipolytica (3). The upstream regulatory region
of the MHY1 gene contains consensus sequences for the bind-
ing of several transcription factors implicated in the regulation
of fungal development and in the response of cells of S. cer-
evisiae to specific environmental conditions, including multiple
copies of the putative STRE, AGGGG (15), and multiple
copies of a putative stationary-phase response element,
AAAGG, commonly found upstream of stationary-phase-re-
sponsive genes (40).

Mhylp contains a glutamine-rich tract (52% of all residues
between amino acids 27 and 45) at its amino terminus and two
putative C,H,-type zinc finger motifs at its carboxyl terminus
(Fig. 2A and B). Similar structural elements are found in
transcription factors like the S. cerevisiae calcineurin-respon-
sive zinc finger protein, Crzlp (23, 37), and Drosophila mela-
nogaster Spl, which is required for the development of the
antennal, intercalary, and mandibular segments of the head
(43). Moreover, the region in Mhylp connecting these motifs
(amino acids 46 to 175) is very rich in serine and proline (33%)
and acidic residues (28%), a structural composition that has
been implicated in protein-protein interactions (12). Three
putative PEST regions, commonly found in rapidly degraded
proteins (7, 29), are predicted at residues 49 to 65, 89 to 102,
and 149 to 188 of Mhylp.

Mhylp binds in vitro to putative STRE elements. A search
with the BLAST Network Service of the National Center for
Biotechnology Information identified a number of S. cerevisiae
transcription factors with homology to Mhylp within the zinc
finger motifs. Further analysis revealed that the two C,H,-type
zinc fingers of Mhylp displayed the same arrangement and
main structural features as those found in the stress-responsive
transcription factors Msn2p and Msn4p and in the putative
protein encoded by the open reading frame Yer130cp (Fig.
2B). Predictions based on computer-assisted molecular mod-
eling of Msn2p and Msn4p (22), combined with the presence of
residues in Mhylp (Arg242, His245, Arg248, Arg271, and
Asn273) identical to those shown to be responsible for specific
DNA binding by Msn2p and Msndp (Fig. 2B), suggested that
Mhylp could also recognize and bind the AGGGG pen-
tanucleotide of putative STREs. Specific binding of Mhylp to
the AGGGG pentanucleotide was demonstrated by EMSA. In
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vitro-synthesized Mhylp bound to a radiolabeled double-
stranded probe containing two tandemly repeated copies of
one of the three AGGGG pentanucleotide sequences found in
the upstream region of the CDC42 gene (Fig. 3, lane 2), whose
transcription is increased during the dimorphic transition in Y.
lipolytica (14a). This binding was efficiently competed by in-
creasing amounts of unlabeled probe (Fig. 3, lanes 3 to 6).
Mhylp failed to bind to a probe containing mutations (italic) in
the two AGGGG motifs (TGGGG) (Fig. 3, lane 7), thereby
demonstrating the specificity of the interaction of Mhylp and
the putative STREs.

Disruption of the MHYI gene does not affect mating of Y.
lipolytica. Mating is a phenomenon that involves dramatic
changes in cell morphology in response to environmental con-
ditions, and it has been found to be intimately connected to
dimorphism (19). We therefore investigated whether disrup-
tion of the MHYI gene had any effect on the mating ability of
Y. lipolytica. The B mating type strain, mhylK09-B4 (Table 1),
with its MHYI gene deleted, was obtained by crossing strain
mhylK09 with the isogenic wild-type strain 22301-3, followed
by sporulation of the resultant diploid and selection for the
inability to undergo dimorphic transition. The mhyl:: URA3
genotype of the mhylK09-B4 strain was confirmed by cosegre-
gation of the Fil~ and Ura™ phenotypes in random spore
analysis (data not shown). MHY1/mhyl (Fig. 1H and I) and
mhyl/mhyl (Fig. 1J) diploid strains were readily obtained by
mating any combination of the mutant haploid strains
mhylK09 and mhylK0-B4 and the wild-type strains E722 and
22301-3, indicating that no defect in mating ability was associ-
ated with the loss of MHY1.

Filamentation is affected by gene dosage of MHYI1. Since
transformation of mhyl mutant strains with the pINA445-
based autonomously replicating plasmid pMHY 1, which is be-
lieved to be present in two to five copies per cell (11), resulted
in an enhanced filamentous phenotype (Fig. 1D), crossings of
the mutant strains mhyl K09 and mhylK09-B4 were performed
with the wild-type strains £722 and 22301-3 to determine the
effects of gene dosage on the filamentous growth of diploid
strains. Diploid strains containing a single copy of MHYI (Fig.
1H and I) gave rise to colonies with significantly reduced fila-
mentation compared to that of wild-type haploid strains (Fig.
1A and B), while transformation of an mhyl/mhyl diploid
strain (Fig. 1J) with the plasmid pMHY]1 resulted in an en-
hanced filamentous phenotype (Fig. 1K). Colonies formed by
MHY1/mhyl diploid strains (Fig. 1H and I) showed a substan-
tial increase in the proportion of yeast-like cells compared to
colonies of the MHY1/MHY1 strain (Fig. 1G).

Transcription of the MHY1 gene is increased during dimor-
phic transition. The yeast-to-hypha transition in exponentially
growing E722 cells was induced by a 15-min carbon source
starvation period at 4°C, followed by transfer to YNBGIcNAc
medium. Under these conditions, more than 90% of cells gave
rise to germ tubes after 10 h of incubation at 28°C (Fig. 4A). In
contrast, cells transferred to fresh glucose-containing (YNB-
Glc) medium grew almost exclusively as the budding form (Fig.
4A), as previously described (14). Northern blot analysis car-
ried out with total RNA extracted from cells harvested follow-
ing 3 and 10 h of incubation showed that MHYI mRNA levels
dramatically increased during the dimorphic transition but re-
mained essentially constant during the first hours of incubation
in YNBGIcNAc or YNBGIc (Fig. 4A). A smaller increase in
the levels of MHYI mRNA (approximately twofold) was ob-
served after 10 h of incubation in YNBGIc (Fig. 4A), probably
due to the small number of germ tubes (less than 1%) present.

Mhylp is localized to the nucleus during the dimorphic
transition and is concentrated in actively growing hyphal cells.
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FIG. 2. Characteristics of the MHY1 gene and its encoded protein, Mhylp. (A) Nucleotide sequence of the MHY1 gene and deduced amino acid sequence of Mhylp.
A putative TATA box is underlined. Putative transcription termination signals are doubly underlined. The transcriptional start site of the MHY! gene is indicated by
the arrow. SPRE, putative stationary-phase response elements. The segment of Mhylp containing the two C,H,-type zinc finger motifs is boxed. (B) Amino acid
sequence alignment of the two zinc finger domains of Mhylp and of S. cerevisiae Msn2p, Msndp, and Yer130cp. Identical (asterisks) and conserved (dots) amino acids
are indicated. Cys and His residues capable of binding zinc ions are boxed. The STRE sequence 5'-AGGGG and the amino acids that bind it are indicated.

To determine whether the subcellular localization of Mhylp is
consistent with its potential function as a transcription factor,
indirect in situ immunofluorescence of a carboxyl-terminal
HA-tagged version of Mhy1p was carried out in cells cultivated
in YNBGIcNAc. Mhylp-HA was undetectable in the nuclei of
cells growing as the yeast form (Fig. SA) but was readily de-

tected in the nuclei of cells undergoing dimorphic transition
(Fig. 5B to D). Strikingly, Mhylp-HA was found to be concen-
trated in actively growing hyphal cells. Thus, while Mhylp-HA
was detected in the nuclei of cells emitting germ tubes (Fig.
5B), once the transition step was completed, Mhylp-HA was
concentrated in the filamentous cells located at the growing
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FIG. 3. Mhylp binds specifically in vitro to the putative STRE pentanucle-
otide AGGGG. Mhylp was translated in vitro, incubated with a radiolabeled
probe which is derived from the upstream region of the CDC42 gene and which
contains two copies of the AGGGG pentanucleotide, and analyzed by EMSA.
The specificity of the DNA-protein interaction was determined by competition
analysis with unlabeled probe and by EMSA with a mutant probe containing
single-base mutations (AGGGG to TGGGG) in the two putative STREs of the
wild-type probe. Lane 1, wild-type probe incubated with unprogrammed lysate.
Lane 2, wild-type probe incubated with in vitro-translated Mhylp. Lanes 3 to 6,
wild-type probe incubated with in vitro-translated Mhylp and 10-, 50-, 100-, and
500-fold molar excesses of unlabeled wild-type oligonucleotide, respectively.
Lane 7, mutant probe incubated with in vitro-translated Mhylp.

hyphal tip (98% of nuclei labeled; n = 150 cells), with no, or a
barely detectable, signal being detected in the other cells of the
filamentous chain (14% of nuclei labeled; n = 250 cells) (Fig.
5C and D).

Transcription of MHY1 during the stress response. To in-
vestigate possible links between the dimorphic transition pro-
gram and the stress response in Y. lipolytica via MHY1, North-
ern blotting of total RNA prepared from E722 cells exposed to

Time (h) 0 3 10
N-Acetylglucosamine ““
Glucose ;““
Carbon Source
Starvation
Heat Shock

35°C

Osmotic Shock
0.4 M NaCl

Oxidative Shock
0.8 MM H,0,

FIG. 4. Levels of MHY] mRNA during the dimorphic transition (A) and
under stress conditions (B). Total RNA was isolated from E722 cells that were
incubated at 28°C in YNBGIcNAc (for induction of filamentous growth) or
YNBGlc (for control culture, yeast-like cells) for the times indicated (A) or that
were exposed to several stress conditions (B). For carbon source starvation,
cultures were sampled at 0, 1, and 5 h (lanes 1, 2, and 3, respectively). For heat
shock and osmotic and oxidative stresses, cultures were sampled at 0, 30, and 120
min (lanes 1, 2, and 3, respectively). RNA (10 png) from each time point was
separated on a formaldehyde agarose gel, transferred to nitrocellulose, and
subjected to Northern blot analysis. The blots were hybridized with a probe
specific for the MHY1 gene. Equal loading of RNA was ensured by ethidium
bromide staining (data not shown). In panel A, cell morphologies at ¢t = 0, 3, and
10 h are shown.
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several stress conditions was carried out with a MHY] fragment
as a probe (Fig. 4B). Surprisingly, MHY1 mRNA levels were
found to decrease to barely detectable levels after 2 h of ex-
posure to osmotic stress (0.4 M NaCl) and were undetectable
after 1 h of carbon source starvation or 2 h of exposure to
oxidative stress (0.8 mM H,O,). In contrast, transcription of
MHYI remained essentially constant even after 2 h of exposure
to thermal stress at 35°C. Interestingly, the viability of E722
cells and mhylK09 cells was essentially the same for both
strains following exposure to a particular type of stress (data
not shown).

DISCUSSION

Here we report the identification of a novel gene, MHY1,
and initial characterization of its product, Mhy1p, involved in
the yeast-to-hypha transition of the dimorphic yeast Y. lipoly-
tica. Although the exact role of Mhylp in the dimorphic tran-
sition remains undetermined, several features of Mhylp sug-
gest that it may function as a transcription factor. The most
striking of these is the presence near its carboxyl terminus of
two C,H,-type zinc fingers, which are strongly homologous to
zinc fingers found in the proteins encoded by the S. cerevisiae
genes MSN2 and MSN4 and the open reading frame of un-
known function, YER130C. Msn2p and Msn4p are transcrip-
tional activators of the multistress response in S. cerevisiae.
They act via upstream STREs, which have the consensus core
sequence AGGGG (or CCCCT) and which are able to mediate
transcription induced by a broad range of environmental and
physiological conditions, thereby enabling cells to develop tol-
erance to different forms of stress (cross-protection) (15, 21,
22, 31, 34, 39). Msn2p and Msn4p have been found to be
constitutively synthesized during growth on glucose (9), and
they are activated by their translocation from the cytosol into
the nucleus in response to stress conditions, such as heat shock,
carbon source starvation, osmotic stress, and the presence of
ethanol or sorbate (13). Interestingly, conditions promoting
the yeast-to-hypha transition led to a redistribution of Mhylp
from the cytosol, followed by its concentration in the nuclei of
cells undergoing dimorphic transition.

Like Msn2p and Msn4p, Mhylp specifically recognizes, and
binds to, sequences containing the AGGGG pentanucleotide,
strongly suggestive of a role for Mhylp in the transcriptional
regulation of genes containing this sequence in their promoter
regions. Database analysis has revealed that most promoters of
Y. lipolytica genes contain AGGGG sequences, but they are
particularly abundant in the genes HOY]I (six copies) and ICL1
(five copies). HOYI has been shown to be directly involved in
the yeast-to-hypha transition (38), while /CLI encodes one of
the two main enzymes of the glyoxylate pathway, a strongly
regulated anaplerotic cycle that in Y. lipolytica is under the
control of GPRI, a gene also implicated in the dimorphic
transition (3). We are currently conducting experiments aimed
at determining whether Mhylp is a transcription factor and, if
it is, whether it modulates gene expression through its inter-
action with STRE:s.

MHY1 expression is dramatically increased during the yeast-
to-hypha transition. Surprisingly, MHYI mRNA levels were
significantly decreased under conditions that otherwise would
activate Msn2p- and Msn4p-mediated expression of stress-re-
sponsive genes in S. cerevisiae, i.e., carbon source starvation
and osmotic and oxidative shock. However, transcription of
MHY1 was unaffected by thermal stress. It has been suggested
that heat shock, and not starvation, may act synergistically with
N-acetylglucosamine to achieve full induction of mycelial
growth (14). Our results are in agreement with this hypothesis.
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Bright Field
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FIG. 5. Nuclear localization of Mhylp during filamentous growth of Y. lipolytica. Indirect immunofluorescence of HA-tagged Mhylp was carried out on yeast-like
cells (A) and at different stages of filamentation (early germ tube formation [B], late germ tube formation [C], and hyphal growth [D]) as described in Materials and
Methods. Left panels, cells visualized by bright-field microscopy; middle panels, DAPI staining of nuclei; right panels, rhodamine (tetramethyl rhodamine isothiocya-

nate) staining observed with an anti-HA monoclonal antibody. Bars = 5 um.

Overall, analysis of the upstream region of MHY1 suggests a
rather complex regulation of expression, involving feedback
regulatory loops with possible connections to nitrogen starva-
tion and stationary-phase maintenance. We are currently in-
vestigating whether these putative regulatory elements are
functional and searching for proteins that can recognize these
sequences.

In closing, it is important to point out that the study of stress
response in Y. lipolytica is still incipient. Isolation of stress-
responsive genes, and knowledge of the conditions they regu-
late, will be important for determining possible links between
stress response and filamentous growth in dimorphic yeasts,

two phenomena with large implications for the development of
virulence by fungal pathogens.
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