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ABSTRACT

Most fungal species have the ability to alternate between a unicellular yeast form
and a filamentous form (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. To date, only a few species have
been systematically investigated with an aim to understanding the molecular aspects of
dimorphism. Studies have concentrated mainly on Candida albicans, the most common
human fungal pathogen, and Saccharomyces cerevisiae, the most extensively studied
fungus at the genetic, biochemical and physiological levels. In order to overcome some
of the difficulties and shortcomings presented by these organisms, we have chosen to study
dimorphic transition in Yarrowia lipolytica, because it can reproduce sexually, is amenable
to genetic and molecular biological analysis, and its response to the induction of mycelial
growth is highly reproducible.

This thesis describes the isolation and initial characterization of MHY1, YIRACI,
YIBEMI and YIBMHI, four genes involved in the induction of hyphal growth in Y.
lipolytica. These genes were isolated by their ability to restore hyphal growth to mutant
Y. lipolytica strains obtained by chemical mutagenesis. We found that the transcript levels
of these genes are increased during the yeast-to-hypha transition. MHY! encodes a C,H,-
type zinc finger protein, Mhy1p, which can bind putative cis-acting DNA stress response
elements and appears to be concentrated in the nuclei of actively growing cells found at
the hyphal tip, suggesting that Mhylp may act as a transcription factor. The protein

products of YIRAC! and YIBEMI, in turn, appear to be involved in some aspects of cell
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polarization. Y/BMHI encodes a member of the 14-3-3 family of proteins whose exact
function in the induction of filamentous growth is still unknown.

The identification of the YICDC42, YISEC31 and YIBMH?2 genes is also described
inthis work. YISEC31 encodes a putative component of COPII secretory vesicles and was
isolated by its ability to enhance hyphal growth when overexpressed in wild-type Y.
lipolytica cells. The roles of YICDC42 and YIBMH? in the induction of filamentous

growth in Y. lipolytica remain undetermined.
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CHAPTER 1

INTRODUCTION
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1.1 Medical importance of fungi

Fungal disease is an important medical problem of increasing concern, and the
prediction is that both the frequency of life-threatening infections and the number of
potentially invasive species will continue to grow in the coming years. As most fungal
pathogens are opportunistic and the vast majority of fungal infections are not life-
threatening, their medical importance is primarily related to the rising number of
immunocompromised individuals affected by diseases such as AIDS and diabetes, cancer
chemotherapy, immunosuppressive therapy for organ transplants, and the use of broad-
spectrum antibiotics and glucocorticosteroids. Other factors contributing to this scenario
include modern aggressive medical procedures, such as the implantation of prosthetic
devices, extensive surgery, parenteral nutrition, and dialysis (Beck-Sague and Jarvis, 1993;
Georgopapadakou and Tkacz, 1995; Pfaller ef al., 1998a; 1998b).

Although the effectiveness of the host immune system is a critical determinant in
the onset and progress of fungal diseases, the virulence of the microorganism plays a
significant role in this process. Virulence factors are extremely diverse, and they are
generally defined as those features that allow an etiological agent to recognize and invade
host tissues, evade specific aspects of the host defense, and proliferate in the host
organism. Thus, they include attributes as different as the production of surface adhesion
factors, ability to respond to physical contact (thigmotropism), secretion of toxins and Iytic
enzymes (such as proteases and hydrolases), antigenic variability, ability to grow at 37°C
and physiological pH, and morphological variability (Calderone, 1993; Cutler, 1991;

Hogan et al., 1996; Mitchell, 1998; Odds, 1994).
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1.2 Fungal dimorphism and pathogenicity

Although most of the 70,000 fungal species identified thus far (O’Donnell ef al.,
1994) are polymorphic (i.e., exhibit a variety of shapes and forms), the term “dimorphism”
is used in a broad sense to define the ability that fungi possess to alternate their pattern of
growth between a spherical or ellipsoidal form and a filamentous form in response to
environmental cues. Filamentous growth, in turn, may occur in several degrees, and
ranges from a state where the cells are elongated, but still ellipsoidal, and remain attached
to each other after division (pseudohyphal growth), to a condition where the cells that form
the filaments are highly elongated, cylindrical, and partially separated by perpendicular
septa (hyphal growth).

Fungal dimorphism has been a subject of great interest because it is a feature
common to most fungal pathogens that contributes to several aspects of their virulence
(Banuett, 1995; Hogan et al., 1996; Lo et al., 1997; Mitchell, 1998; Odds, 1988; San-Blas
and San-Blas, 1984; Shepherd, 1988). For example, in Candida albicans, the most
common human fungal pathogen, filamentous cells exhibit increased invasiveness and
adhere more easily to epithelial and endothelial tissues than do spherical blastospores
(Cutler, 1991; Kimura and Pearsall, 1980; Lo e al., 1997), nonfilamentous mutant strains
are less virulent than filamentous wild-type strains (Lo ef al., 1997), and yeast cells
ingested by macrophages produce filaments to lyse them and escape from within (Cutler,
1991; Odds, 1988). In a similar way, haploid veast cells of Ustilago maydis are not
pathogenic, whereas the dikaryotic hyphal form can infect plants (Banuett, 1995). In other

pathogenic species, such as Blastomyces dermatitidis, Coccidioides immitis, Cryptococcus
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neoformans, Histoplasma capsulatum, and Paracoccidioides brasiliensis, however, the
yeast form is required for survival and propagation in infected organisms, whereas
filamentous cells are rarely observed in infected tissues (Alspaugh et al., 1998; Brummer
et al., 1993; Hogan ef al., 1996, Maresca and Kobayashi, 1989). Thus, although it is
intuitively assumed that filamentous cells are better suited to penetrate host tissues, and
yeast cells are more suited for dissemination of the fungus in the host organism (Odds,
1988), it appears that the existence of different morphologies may in fact contribute to
pathogenesis through the expression of specific sets of virulence factors during the various

stages of the infection process.

1.3 Fungal model systems for the study of dimorphism

As the most extensively studied fungus at the genetic, biochemical, and
physiological levels, Saccharomyces cerevisiae is a natural model system for the
investigation of fungal dimorphism. Accordingly, most of the current knowledge on the
molecular mechanisms governing filamentous growth is based on studies performed in this
species, and important analogies have been demonstrated in other fungi.

However, regardless of the implications of fungal dimorphism for pathogenesis and
its great potential as a simple experimental model of eukaryotic cell differentiation, only
afew fungal species have been systematically investigated with regard to the physiological
and molecular events that regulate this phenomenon. These include C. albicans, H.
capsulatum, B. dermatitidis, P. brasiliensis, C. neoformans, C. immitis, U. maydis,

Sporothrix schenkii, Wangiella dermatitidis, and several Mucor species. Studies in these
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organisms have revealed that the dimorphic transition is a multifactorial process, that the
morphological responses to individual environments are usually not homogeneous (mixed
morphologies are extremely common in fungal cultures), and that different species may
respond in opposite ways to the same signals. Together, these observations serve to
illustrate the complexity of the interactions of a fungus with its environment and to support
the assertion that further studies in a larger number of systems are necessary to achieve a
better understanding of this phenomenon.

Due to the substantial differences frequently observed among various fungal
species, particular emphasis will be given in this introduction to the ascomycetous yeasts
C. albicans, because of its medical importance, and S. cerevisiae, because of its industrial

applications and the availability of a large number of tools for its study.

1.4 Environmental factors that regulate fungal dimorphism

The complexity of the mechanisms that regulate fungal dimorphism is best
illustrated for C. albicans, for which an enormous diversity of environmental factors that
influence yeast and hyphal growth have been described (Ernst, 2000; Gow, 1994¢; Odds,
1988; San-Blas and San-Blas, 1984; Shepherd ef al., 1985). In this organism, hyphal
development is generally favoured by high temperatures (37-40°C), pH around neutrality,
and relatively poor culture media (although some reports exist indicating that none of these
factors is essential), but it is also induced by proline, N-acetylglucosamine (GlcNAc),
exogenous cAMP and its precursors, serum of different sources, and microaerophilic

conditions (Dabrova et al., 1976; Gow, 1994¢; Land et al., 1975; Niimi ef al., 1980; Odds,
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1988; Sabie and Gadd, 1992; Sonneborn ef al., 1999). Yeast growth, in turn, has been
described to be favoured by low temperatures, pH below 6.5, enriched media, high glucose
concentrations, presence of easily utilizable nitrogen sources (such as ammonium salts),
high cell density, high osmolarity, and calmodulin inhibitors (Alex et al., 1998; Buffo ef
al., 1984; Ernst, 2000; Gow, 1994¢; Sabie and Gadd, 1989). This situation is in clear
contrast to other dimorphic fungal systems, in which a single environmental parameter is
critical for dimorphism, and medium composition appears to be irrelevant. Thus, for
example, anaerobic atmospheres containing at least 30% CO, are essential for yeast growth
in Mucor rouxii (San-Blas and San-Blas, 1984), and temperature is a critical factor for
morphogenesis in H. capsulatum, P. brasiliensis and S. schenkii, in which, contrary to
what is observed in C. albicans, mycelial development occurs at 22-25°C, and yeast
growth is induced by increasing incubation temperatures to 37°C (Maresca and Kobayashi,
1989).

In §. cerevisiae, filamentous growth of haploid cells can be observed only after
long periods of incubation on rich solid medium (Roberts and Fink, 1994), but it is
strongly induced by fusel alcohols, such as 1-butanol, isobutanol, isoamyl alcohol, and
terf-amyl alcohol, in both solid and liquid media (Lorenz ef al., 2000a). Pseudohyphal
growth, in turn, is easily induced in diploid cells by nitrogen limitation (Gimeno et
al.1992; Kron et al., 1994), fusel alcohols (Lorenz et al., 2000a), and poorly used carbon
sources, such as amylopectin (Lambrechts ef al., 1996), and is enhanced by the presence

of ethanol in low-nitrogen media (Lorenz et al., 2000a).
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1.5 Cell biological aspects of morphogenesis in ascomycetous yeasts
In general, the major processes of cell growth in yeast, hyphal and pseudohyphal
cells are similar, and cell shape is ultimately determined by the relative extent and timing

of localized cell wall synthesis through the cell cycle.

1.5.1 Yeast growth

In ellipsoidal yeast cells, growth is initially directed to a small region of the cell
surface, which then enlarges to form a bud. This process starts with the selection of the
site of growth, which in haploid cells of S. cerevisiae corresponds to a position adjacent
to the previous mother-daughter cell junction, while in diploid S. cerevisiae yeast cells and
in C. albicans blastospores may be located at the same position or at the opposite cell pole
(Chaffin, 1984; Chant and Pringle, 1991). Subsequently, several proteins are relocated to
the potential budding site, and cytoskeletal elements become polarized towards that site
(Chant and Pringle, 1991). New cell surface material is then continuously delivered to the
budding site through the secretory apparatus (Schekman, 1985), and the bud first appears
at the end of the G, phase, after the landmark Start in the cell cycle (Byers, 1981). Growth
remains polarized to the bud tip through the S phase, when DNA replication takes place
in the mother cell (Lew and Reed, 1993). Atthe end of the G, phase, the nucleus migrates
to the budding neck of the emerging daughter cell, the nuclear envelope, with one of the
duplicated spindle pole bodies (SPB) preceding, extends into the growing bud cell, and
mitosis occurs at the budding neck (Byers, 1981). Atthis point, the deposition of cell wall

material has gradually become more diffuse over the surface of the emerging bud (Lew and
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Reed, 1993) and, after mitosis, the two daughter nuclei migrate to the centers of the
respective cells, and the cell growth machinery is directed to the mother-bud neck for the
formation of a septum (Lew and Reed, 1993). The fluctuation of polarity between a first
phase of polarized growth at the distal end, a second phase of more diffuse growth, and a
third phase of polarized growth at the proximal end gives the bud its characteristic
ellipsoidal shape. After cytokinesis, the daughter cell undergoes a new phase of isotropic
growth in G, before reaching the critical size for progression to S phase at Start (Fig. 1-

1A).

1.5.2 Pseudohyphal growth

The cellular events that lead to pseudohyphal growth are essentially identical to
those observed in yeast growth. During this type of growth, however, more elongated
ellipsoidal cells are produced as a consequence of a significant extension of the G,/M
phase, which results in longer periods of increased cell polarization and a drastic reduction
of the period of isotropic deposition of new cell material at the surface of the daughter cell

(Kron et al., 1994) (Fig. 1-1B).

1.5.3 Hyphal growth

In C. albicans, hyphal formation starts with the random selection of a site of
growth (Chaffin, 1984). Subsequently, as in éllipsoidal growth, the cytoskeleton becomes
polarized, and new cell surface material is continuously delivered to this site. This state

of polarization, however, remains constant, and a small tubular structure soon becomes
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apparent. The germ tube then continues to grow apically, the parent nucleus migrates to
the parent-hypha junction as it does in blastospores, and the nucleus divides (Soll et al.,
1978). After mitosis, the cytoplasm from the parent yeast cell migrates into the growing
germ tube, leaving behind a vacuolated mother cell with a single nucleus, and a
perpendicular septum is formed in the vicinity of the mother-daughter junction (Gow and
Gooday, 1984). Polarized growth and nuclear division then continue in the apical cell, and
a new perpendicular septum is formed between the two daughter nuclei as the cytoplasm
from the hyphal parent cell migrates to the apical cell, leaving behind an extensively
vacuolated cell. Thus, only the apical cell remains metabolically active, and a series of
extensively vacuolated, uninucleate cells are left behind (Gow and Gooday, 1984; Gow et
al., 1986). The cytoplasmic space of the mother yeast cell and of the intercalary
compartments can remain inactive for prolonged periods, possibly arrested in G, (Gow,
1994a), and is regenerated at the expense of the vacuolar space prior to the formation of
a second germ tube, a hyphal branch, or a lateral blastospore (Gow and Gooday, 1984)

(Fig. 1-2).

1.6. The cell wall and morphogenesis in ascomycetous yeasts

The cell wall is the major determinant of overall shape in fungi and the primary
interface between the fungus and its environment. It accounts for up to 30% of the dry
weight of S. cerevisiae yeast cells and is primarily composed of B-glucan, chitin, and
mannoproteins (Cid ef al., 1995; Klis, 1994; Valentin er al., 1987). The first two

components are unique and essential to fungi, and consequently have attracted much
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Figure 1-2. Hyphal growth and vacuolation in C. albicans
Adapted from Gow (1994c¢).
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attention because of their potential as targets for antifungal agents (Georgopapadakou and
Tkacz, 1995). Similarly, a group of mannoprotein adhesins has been suggested as
virulence factors (Calderone, 1993), and an integrin-like protein, Intlp, has been shown
to play an important role in adhesion, morphogenesis and virulence in C. albicans (Gale

et al., 1998).

1.6.1 Cell wall structure

Under the electron microscope, the fungal cell wall appears as a bilayered structure
consisting of a fibrillar outer layer and an amorphous inner layer (Horisberger and
Vonlanthen, 1977; Klis, 1994; Kopecka et al.,1974).

The fibrillar external layer is rich in mannoproteins, large molecules containing
about 95% carbohydrate (mainly mannose) covalently complexed with proteins, is very
sensitive to proteolytic attack, and can be removed without affecting cell shape
(Horisberger and Vonlanthen, 1977). Most mannoproteins are integral components of the
cell wall (structural mannoproteins) and are responsible for the surface properties of the
fungal cell, such as hydrophobicity, flocculence, and pathogenicity, as well as for the
permeability of the cell wall to macromolecules (de Nobel and Barnett, 1991; Tokunaga
et al., 1990). A second group of mannoproteins is composed of hydrolytic enzymes
located in the cell wall or in the periplasmic space (Cid et al., 1995).

The inner layer of the fungal cell wall is responsible for its mechanical strength and
exhibits an inner fibrillar zone, close to the membrane and rich in proteins, and a more

amorphous outer zone, facing the mannan-rich area and rich in B-(1,6)-glucan (Horisberger
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and Vonlanthen, 1977; Klis, 1994; Kopeckaet al.,1974). p-glucan is the major component
of the cell wall and is composed primarily of large linear $-(1,3)-glucan polymers, with
occasional side chains having B-(1,6) linkages. A minor structural component is also
found in yeast cell walls and consists of a highly branched B-(1,6)-glucan with occasional
B-(1,3) linkages and PB-(1,6)-linked side chains (Manners ef al., 1973a; 1973b).

The third major component of the fungal cell wall, chitin, is a linear homopolymer
of B-(1,4)-N-acetylglucosamine. It accounts for less than 1% of the dry weight of yeast
cells, where it is primarily localized in the septal region and bud scars of mother cells but
can also be detected within the inner part of the glucan-rich portion of the lateral walls
{(Roncero et al., 1988). In hyphal cells of C. albicans, however, the chitin content is two-
to three-fold higher than in blastospores, whereas only small quantitative differences are
observed in the glucan and mannoprotein components of the cell wall (Shepherd et al.,
1985; Sullivan et al., 1983).

A schematic diagram of the S. cerevisiae cell wall is presented in Figure 1-3.

1.6.2 Cell wall synthesis

The molecular mechanisms of cell wall synthesis are identical in ellipsoidal and
hyphal cells, but there are significant quantitative differences in the enzymatic activities
and modes of surface expansion between these forms. For example, in S. cerevisiae yeast
cells and C. albicans blastospores, apical growth accounts for 70% of surface expansion
during the first two-thirds of bud development, and general surface growth occurs

throughout the last third of the budding cycle. In C. albicans hyphal cells, in turn, apical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

o

G— Surface mannoproteins

5

. G p-{1,6)-Gl
-~ —7 L Sy B~{1,6)-Glucan

"’ ' ‘ G B-{1,3)-Glucan

’ : s Entrapped mannoprotein
<t Chitin
- \
O<——— Periplasmic protein

e GPl-anchored protein

integral membrane
< protein

02
g

Figure 1-3. Schematic diagram of the cell wall of 8. cerevisiae
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growth is continuous, and less than 10% of growth corresponds to general surface
expansion (Odds, 1988). In addition, both chitin synthase and B-(1,3)-glucan synthase
activities are much greater in hyphae than in C. albicans blastospores (Frost et al., 1994;
Ram et al., 1983).

Biosynthesis of cell wall components occurs in the cytosol, the plasma membrane,
and the cell wall. The structural polymers are initially synthesized in the cytosol and
plasma membrane as plastic microfibrils, but they are gradually cross-linked, thickened
and rigidified in the cell wall itself to create the rigid lateral fungal wall, as they are
displaced laterally by the insertion of new material (Gooday, 1994; Gow, 1994a; Wessels,
1986).

Chitin is synthesized on the cytosolic surface of the plasma membrane, extruded
to the cell surface, and crystallized outside the cell through the extensive formation of
hydrogen bonds. In yeast cells, chitin is intensely synthesized at two points: before
budding, when a ring is formed at the site of bud emergence, and at the end of mitosis,
when a primary chitin septum is placed within the chitin ring on the side of the mother cell
(Cabib ef al., 1974). In hyphal cells, chitin synthesis occurs continuously at the growing
tip and is a major factor in cell morphogenesis (Odds, 1988). There are three chitin
synthases in S. cerevisiae and C. albicans (encoded by the genes CHSI-CHS3 and
CaCHS1-CaCHS3, respectively), which are under both spatial and temporal control (Cid
et al., 1995; Georgopapadakou and Tkacz, 1995; Stratford, 1994). In S. cerevisiae, for
example, chitin synthase I has a role in repair during cell separation, chitin synthase II is

involved in the synthesis of the primary septum disk, and chitin synthase II1 is responsible
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for the synthesis of the chitin ring at the bud base and at the lateral walls of yeast cells and
spores (Stratford, 1994).

Like chitin, P-glucan is vectorially synthesized at the cell membrane by
transmembrane synthases that recruit sugar precursors from the cytosol and deposit
polymerized chains at the sites of growth. In S. cerevisiae, $-(1,3)-glucan is produced by
two synthases composed of two subunits: the first subunit, encoded by the genes FKS7 and
GSC2 (FKS2), is membrane-bound and contains the catalytic center of the enzyme,
whereas the second subunit is encoded by RHO! and activates Fkslp and Gsc2p in the
presence of GTP (Cabib and Kang, 1987; Mazur and Baginsky, 1996). B-(1,6)-glucan, in
turn, is produced by other two synthases, whose catalytic subunits are encoded by the
‘genes KREG6 and SKNI (Roemer et al., 1993). As cell wall synthesis proceeds, $-(1,6)-
glucan is matured at the subapical region of the wall, distal to the growing tip, through the
addition of side chains in a reaction catalyzed by the protein product of KREI (Roemer and
Bussey, 1995), and B-(1,3)-glucan is cross-linked with $-(1,6)-glucan and chitin by Gaslp
and Bgl2p (Popolo ef al., 1997). In C. albicans, the homologs of KREI, KREG6, SKN1,
BGL2, and three genes encoding subunits of the B-(1,3)-glucan synthase (CaFKS]I,
CaFKS2and CaFKS3)have been identified (Boone eral., 1991; Mio et al., 1997a; 1997b).

Cell wall mannoproteins follow the secretory pathway. There, sugar chains are
attached to the protein moieties by O-glycosylation or N-glycosylation, or through the
addition of a glycosylphosphoinositol (GPI) anchor at their carboxyl-terminal end (Cid et
al., 1995; de Sampaio et al., 1999). More than 30 mannosyl transferases have been shown

to be involved in the glycosylation of cell wall mannoproteins in S. cerevisiae (Cid et al.,
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1995; Herscovics and Orlean, 1993). Upon their arrival at the periplasmic space or the
glucan matrix, the resulting molecules are cross-linked to the cell wall through a series of
reactions that in S. cerevisiae are mediated by Gas1p and Bgl2p (Popolo and Vai, 1999),
whereas in C. albicans these events involve Phrlp and Phr2p, two GPI-anchored cell
surface proteins that are required for cell morphogenesis and virulence in this organism

(Fonzi, 1999).

1.7 Polarization of cell growth in ascomycetous yeasts
1.7.1 The cytoskeleton

The cytoskeleton has a major role in the process of cell polarization and tip growth.
It is a complex structure composed primarily of microtubules and actin microfilaments,
and comprises more than 60 proteins that are collectively responsible for the movement
of organelles and the localization of exocytic vesicles to the cell apex during cell growth

(Gow, 1994b; Harold, 1990; Heath, 1994; Madden et al., 1992).

1.7.1.1 Microtubules

Microtubules are helical structures composed of 13 protofilaments laterally
connected to form a cylinder. Each protofilament consists of dimers of a- and B-tubulin,
two closely related proteins of approximately 55 kDa that in S. cerevisiae are encoded by
the genes TUBI, TUBZ2 and TUB3 (Schatz et al., 1986; Thomas er al., 1985).
Microtubules also contain y-tubulin, 2 component of the microtubule-organizing centers

(MTOCs), that in S. cerevisiae is encoded by the TUB4 gene and appears to be involved
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in microtubule nucleation (Marschall et al., 1996). The C. albicans homologs of TUBI,
TUBZ2 and TUB4 have been identified (Daly et al., 1997; Smith e al., 1988).

In fungi, the vast majority of microtubules is organized into bundles that are
oriented parallel to the long axis of both hyphal and yeast cells, performing their functions
through their interactions with a large number of proteins that are collectively known as
microtubule-associated proteins (MAPs) (Heath, 1994). Organizational MAPs regulate
the polymerization, spatial organization and stability of microtubules, whereas functional
MAPs are involved primarily in organelle motility, mitotic spindle formation, chromosome
separation, nuclear migration and nuclear distribution (Hackney, 1996; Heath, 1994). The
best known functional MAPs are mechanochemical translocators that glide along
microtubules to move vesicles and cellular organelles throughout the cell, and belong to
two superfamilies: dyneins and kinesins. Dyneins are molecular motors that show a
preference for movement towards the minus-end of microtubules and are composed of two
identical chains of 500 kDa, three intermediate chains of 70 kDa, and four light chains of
~55kDa(Vallee, 1991). Kinesins, in turn, have members that move in opposite directions
and consist of a motor domain of approximately 350 amino acids, with binding sites for
ATP and microtubules, and a globular tail that determines functional specificity
(Goldstein, 1991). The involvement of microtubules in fungal morphogenesis is
controversial, but it is clear that they play an important role in the transport of some
organelles to the daughter cell and in nuclear positioning along hyphae (Gow, 1994c;

Yamashita and May, 1998).
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1.7.1.2 Actin microfilaments

The fungal actin cytoskeleton is composed of actin microfilaments and cortical
patches. Actin microfilaments are long cables of F-actin composed of G-actin monomers
of ~42 kDa that in S. cerevisiae and C. albicans are encoded by the gene ACT] (Losberger
and Ernst, 1989; Novick and Botstein, 1984), whereas the cortical patches are discrete
cytoskeletal bodies composed of more than 30 proteins that, like the actin cables, reside
at the cell cortex in a polarized distribution that correlates with directed growth (Adams
and Pringle, 1984; Amberg, 1998; Chant and Pringle, 1995; Lew and Reed, 1995; Pruyne
and Bretscher, 2000b).

There is abundant evidence that actin plays a vital role in the polarization of cell
growth and morphogenesis. For example, it has been shown that actin granules cluster at
the site of initial cell evagination in both yeast and hyphal cells, remain primarily located
at the apex in hyphae, but gradually become distributed throughout the budding outgrowths
(Akashi ef al., 1994; Amberg, 1998; Anderson and Soll, 1986). During apical growth,
more than 40 cytoskeletal and regulatory proteins accumulate at the site of growth, forming
a tight actin cap that overlaps a cluster of cortical patches, and actin cables from
throughout the cell converge on this area (Chant and Pringle, 1995; Lew and Reed, 1995;
Pruyne and Bretscher, 2000b). During isotropic bud growth, cap components and cortical
patches redistribute over the surface of the bud, and actin cables extend from the mother
cell into a network in the bud. After nuclear division, all three structures reorient to the
mother-bud junction (Pruyne and Bretscher, 2000b).

The fungal actin cytoskeleton guides cell surface expansion by directing the
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delivery of internal membranes and other factors to the sites of growth, using a transport
system that is based on the interaction of actin cables with myosin (Bretscher ez al., 1994;
Finger and Novick, 1998). In S. cerevisiae, polarized growth at the cell surface depends
upon delivery of secretory vesicles along actin cables by Myo2p, a motor protein that
forms 400-kDa dimers that interact with secretory vesicles through their carboxyl-terminal
tails and possess two globular head domains that interact with F-actin to produce ATP-
powered mutual sliding (Heath, 1994; Pruyne ef al., 1998; Pruyne and Bretscher, 2000b).

The actin cytoskeleton has also been shown to play an important role in fungal
septation and cytokinesis, through the formation of a contractile ring composed of many
cytoskeletal proteins, including actin and myosin, at the division plane (Tolliday et al.,

2001; Yamashita and May, 1998).

1.7.2 Selection of sites of polarized growth in S. cerevisiae

In S. cerevisiae, the establishment of cell polarity is guided by pre-existing cortical
proteins, which include Bud3p and Ax12p in haploid yeast cells, and Bud8p and Bud9p in
diploid cells (Chant et al., 1995; Kang ef al., 2001; Pruyne and Bretscher, 2000a; Roemer
et al., 1996a; Taheri et al., 2000). These cellular landmarks, which are remnants of
previous budding events, are thought to recruit Bud5p, a GDP/GTP exchange factor (GEF)
that, along with the GTPase-activating protein (GAP) Bud2p, regulates the activity of the
small GTPase, Rsrlp (Park et al., 1993; Kang ef al., 2001). During early G, phase,
activated Rsrlp binds to the molecular scaffold protein Bemlp and the GEF Cdc24p,

thereby triggering the recruitment and activation of the small GTPase, Cdc42p, and
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defining the site of bud emergence (Park et al., 1999; Zheng et al., 1995).

Cdc42p is the key element in the polarization of the actin cytoskeleton. In its
absence, cortical patches and actin cables are still formed, but they are completely
disorganized, and cells are unable to form buds (Adams er al., 1990). The GTPase activity
of Cdc42p is necessary for signaling to the actin cytoskeleton and is positively regulated
by the GEFs, Cdc24p, Zds1p and Zds2p, and negatively regulated by the GAPs, Bem3p,
Rgalp and Rga2p (Biand Pringle, 1996; Stevenson ef al., 1995; Zheng et al., 1995; Ziman
et al., 1991). In its active GTP-bound state, Cdc42p signals to the actin cytoskeleton
through its several effectors, including the p21-activated kinases (PAKs) Ste20p and Cladp
(Cvrckova et al., 1995; Eby et al., 1998) (Fig. 1-4B). These PAKs in turn mediate
cytoskeletal organization through the phosphorylation of Myo3p and Myo5p, two myosins
that are normally found at cortical patches (Geli and Riezman, 1996; Wu et al., 1997).
Two other proteins, Giclp and Gic2p, have been found to bind GTP-Cdc42p, but the
mechanisms by which they mediate cytoskeletal polarization are still unknown (Brown et

al., 1997; Chen et al., 1997) (Fig. 1-4A).

1.7.3 Maintenance of cell polarity in S. cerevisiae

During early vegetative bud growth and pseudohyphal growth, the Cdc42p-Cdc24p
complex dissociates from Rsrlp and the bud-site selection scaffold but continues to guide
cytoskeletal polarity through its interaction with a protein complex known as the
polarisome (Pruyne and Bretscher, 2000a). This apical scaffold, which comprises Bnilp,

Bud6p, Pea2p, Spa2p and Sphlp, shows a cap-like distribution in the growing bud and is
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thought to link RhoGTPase signaling to actin filament assembly (Evangelista er al., 1997,
Kohno et al., 1996; Pruyne and Bretscher, 2000a; Sheu ef al., 1998) (Fig. 1-4B). Pea2p,
Spa2p and Sphlp appear to provide a docking site for Bud6p and Bnilp (Amberg et al.,
1997; Pruyne and Bretscher, 2000a; Roemer ef al., 1998; Sheu ef al., 1998). Bud6p is an
actin-interacting protein (Amberg ef al., 1997), whereas Bnilp binds profilin (Pfylp), a
protein that stimulates actin polymerization (Imamura ef al., 1997; Mockrin and Korn,
1980), Teflp/Tef2p, a translation elongation factor that plays a role in the formation of
actin bundles (Umikawa er al., 1998), and activated Rho GTPases, such as Cdc42p,

Rholp, Rho3p and Rhodp (Kohno er al., 1996; Evangelista et al., 1997).

1.7.4 Apical-isotropic switch in S. cerevisiae

Polarity changes reflect variations in the distribution of activated Cdc42p, which
is regulated by the cyclin-dependent protein kinase (CDK) Cdc28p and the PAKs Cladp
and Ste20p (Pruyne and Bretscher, 2000a).

During the G,/S transition, Cdc28p forms a complex with the G, cyclins Clnlp and
Cln2p, promoting cytoskeleton polarization and early apical bud growth through the
phosphorylation of Ste20p and subsequent formation of the Cdc42p-Ste20p complex (Lew
and Reed, 1993; Oda ef al., 1999). At G,/M, however, the mitotic cyclins Clblp and
Clb2preplace the G, cyclins in the Cdc28p-cyclin complex to promote the phosphorylation
of Cladp and the subsequent formation of the Cdc42p-Cladp complex (Benton et al., 1997,
Lew and Reed, 1993; Tjandra ef al., 1998) (Fig. 1-4C).

The molecular mechanisms by which the Cdc42p-Cladp complex regulates polarity
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switches are not completely clear, but the observation that Ste20p binds directly to Bem1p,
whereas Cladp does not, suggests that the Cdc42p-Ste20p complex has a higher affinity
for apical scaffolds than does Cdc42p-Cladp (Leeuw ef al., 1995; 1998; Pruyne and
Bretscher, 2000a). In addition, the Cdc42p-Cla4p complex appears to promote the apical-
isotropic switch through the activation of Hsl7p via the Nim1-related kinases Gindp, Hsl1p
and Kccdp (McMillan ef al., 1999; Pruyne and Bretscher, 2000a). Hsl7p is a protein of
unknown function that facilitates the phosphorylation of Swelp by the protein kinase
Hsllp, thus promoting recognition of Swelp by the ubiquitination complex and its
subsequent degradation. Swelp, in turn, is a protein tyrosine kinase that inhibits Cdc28p
and, consequently, degradation of Swelp at G/M results in higher concentrations of
Cdc42p-Cladp (McMillan et al., 1999). Furthermore, Hsli7p is thought to compete with
Cdc42p for binding to Ste20p, thus providing additional Cdc42p for association with
Cladp to promote cytoskeleton disorganization during isotropic growth (Fujita er al.,
1998). Finally, a Rho guanine-nucleotide-dissociation factor, Rdilp, has been found to
bind GDP-Cdc42p in the cytosol, and a potential a role in the redistribution of Cdc42p
during the changes of polarity states has been proposed (Koch et al., 1997).

During S. cerevisiae pseudohyphal growth, the mitogen-activated protein kinase
(MAPK) Kss1p both cooperates with Swel p to inactivate the Cdc28p-Clb1p and Cdc28p-
Clb2p complexes, and stimulates the production of Clnlp via the transcription factor
Teclp (Section 1.8.1). As aresult, the Cde42p-Ste20p complex remains active for longer
periods of time, the G, phase is extended, and the cells become elongated due to a delay

in the apical-isotropic switch (Ahn er al., 1999; Edgington ef ai., 1999; Madhani e al.,
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1999) (Fig. 1-5).

1.7.5 Cytokinesis and septation in S. cerevisiae

Prior to bud emergence, the Cdc42p-Cladp complex mediates the formation of
a 10-nm ring at the site of growth. This ring is composed of the septins Cdc3p, Cdc10p,
Cdcl1p, Cdcl2p and Shslp, and remains immobilized as a collar of filaments surrounding
the mother-bud neck throughout bud growth (Cvrckova et al., 1995; Holly and Blumer,
1999) (Fig. 1-4D). At the moment of cytokinesis and cell separation, these proteins play
arole in the repolarization of the cortical patches and actin cables towards the mother-bud
neck, function as anchors for plasma membrane enzymes that synthesize a chitin ring
around this neck (De Marini ef al., 1997; Longtine et al., 1996), and form a template for
a contractile double ring which contains F-actin, the myosin Myolp, and other proteins
that promote cytokinesis (Field ef al., 1999). After cytokinesis, this double ring is split,
and the old septin complex serves as a landmark for the establishment of a new budding

site (Roemer et al., 1996b).

1.8 Signal transduction pathways regulating dimorphism in S. cerevisiae
Pseudohyphal growth in S. cerevisiae requires the cooperation of two different

signaling pathways: a MAP kinase cascade and a cAMP-dependent pathway.

1.8.1 The MAP kinase cascade

InS. cerevisiae, most signals that activate pseudohyphal growth appear to converge
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in the activation of the small GTPase, Ras2p (Kron and Gow, 1995; Madhani and Fink,
1998).

For activation of the MAP kinase pathway (Fig. 1-5), Ras2p promotes activation
of Cdc24p through a still unknown mechanism, resulting in displacement of the
negative regulator Hsl7p and consequent formation of the Cdc42p-Ste20p complex (Fujita
et al., 1999; Leberer et al., 1997a; Mosch ef al., 1996). The activated protein kinase
Ste20p then activates a MAP kinase cascade formed by Stel 1p, Ste7p and Kss1p (Cook
ef al., 1996; Liu et al., 1993; Madhani ef al., 1997).

In its unphosphorylated state, Kss1p interacts with the transcription factor Stel12p
and potentiates transcriptional repression by its interaction with the negative regulators
Diglp and Dig2p. After its phosphorylation by Ste7p, Ksslp is able to phosphorylate
Stel2p, Diglp and Dig2p, thus promoting dissociation of Ste12p from its down-regulators
(Cook et al., 1996; Bardwell er al., 1998). Released Stel2p is then able to cooperate with
another transcription factor, Teclp, thereby mediating transcriptional activation of genes
containing regulatory elements known as FREs (Filamentation Response Elements).
These elements consist of two adjacent sites, which contain the sequences TGAAACA and
CATTCT/C and are cooperatively bound by Ste12p and Teclp, respectively (Madhani and
Fink, 1997). Recently, it has been shown that mutations in the karyopherin Kap121p result
in mislocalization of Ste12p and subsequent defects in the dimorphic transition (Leslie ef
al., 2002).

Recent studies have also identified dozens of genes that are regulated by the MAP

kinase pathway (Madhani and Fink, 1997; Madhani er al., 1999; Rupp et al., 1999). These
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include FLOI!1, a gene encoding a GPI-anchored flocculin that is necessary for cell-cell
adhesion after cytokinesis (Lo and Dranginis, 1998), TEC! itself, and PGUI, a gene
encoding a secreted polygalacturonase that is believed to play a role in the invasion of
plant tissues by S. cerevisiae (Madhani et al., 1999). In addition, it is known that
transcription of CLNI is activated by the MAP kinase signaling cascade (Ahn eral., 1999;
Madhani et al., 1999), whereas CLB2 expression seems to be regulated by this pathway
via the putative cell-cycle transcriptional regulators Fkh1p and Fkh2p (Hollenhorst et al.,
2000).

Other proteins involved in the regulation of the MAP kinase cascade include
Ste50p, Bmhlp, Bmh2p, and possibly Spa2p. Ste50p is a protein of unknown function
that appears to modulate Stel1p activity (Wu ef al., 1999), whereas the 14-3-3 proteins
Bmh1p and Bmh2p are known to associate with Ste20p and are required for FRE-driven
gene expression (Roberts ef al., 1997). Spa2p, in turn, has been shown to interact with
many of the components of the MAP kinase cascade, and it is consequently thought to

function as a scaffold during filamentous growth (Roemer et al., 1998).

1.8.2 The cAMP-dependent pathway

Following its activation by nutrient signals (Section 1.8.4), Ras2p interacts with
the adenylate cyclase Cyrlp, thereby stimulating the production of cAMP and activating
the cAMP-dependent protein kinases Tpk1p, Tpk2p and Tpk3p through repression of their
regulatory subunit, Bcy1lp (Robertson and Fink, 1998; Pan and Heitman, 1999). During

pseudohyphal growth, Tpk2p interacts with Sfllp, a transcriptional repressor of FLOI1
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whose absence stimulates pseudohyphal growth (Robertson and Fink, 1998), and
positively regulates the transcription factor Flo8p, which in turn regulates FLOII
expression (Pan and Heitman, 1999). Tpklp and Tpk3p, in turn, appear to repress
pseudohyphal growth, possibly by a feedback loop that down-regulates cAMP
accumulation (Mbonyi et al., 1990; Nikawa ef al., 1987; Pan and Heitman, 1999; Rupp et
al., 1999). Intracellular cAMP concentrations and pseudohyphal growth are also regulated

by the phosphodiesterases Pdelp and Pde2p (Ma et al., 1999) (Fig. 1-6).

1.8.3 Upstream signals

In §. cerevisiae, pseudohyphal growth is activated by nitrogen limitation, poor
carbon sources, and possibly by some stress conditions (Gancedo, 2001; Gimeno ef al.,
1992; Lambrechts et al., 1996; Lorenz et al., 2000a).

Nitrogen starvation is sensed by the ammonium permease Mep2p to produce a
signal that activates both Ras2p and the heterotrimeric G protein o subunit Gpa2p
(Gagiano et al., 1999b; Lorenz and Heitman, 1998b). Gpa2p is also activated by the G
protein-coupled receptor Gprlp, an integral membrane protein that has been shown to
sense both sugar and nitrogen levels and which requires the phosphatidylinositol-specific
phospholipase C, Plclp, for its interaction with Gpa2p through its soluble carboxyl-
terminal tail (Ansari ef al., 1999; Lorenz et al., 2000b). Activated Gpa2p stimulates
cAMP production by Cyrlp and, consequently, induces pseudohyphal growth via the
cAMP-dependent pathway (Kiibler er al., 1997; Nakafuku et al., 1988) (Fig. 1-7).

The glutamine tRNA,; molecule has also been proposed to play arole in signaling
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nitrogen starvation and inducing pseudohyphal growth, possibly through the cAMP-
dependent pathway (Murray et a/., 1998). In addition, both glucose and amino acid levels
are also sensed by a still unknown mechanism to induce dimorphism through Grrlp, a
complex assembly protein that is required for ubiquitin-mediated degradation of the G,
cyclins Clnlp and Cln2p (Kishi and Yamao, 1998; Loeb e al., 1999). Furthermore,
intracellular acidification may also play a role in the induction of pseudohyphal growth
through inhibition of Iralp and Ira2p, two GAPs that regulate Ras2p activity in
conjunction with the GEFs Cdc25p and Sdc25p (Colombo et al., 1998; Palecek ef al.,

2000) (Fig. 1-7).

1.8.4 Other genes regulating pseudohyphal growth in 8. cerevisiae

Several other genes that regulate pseudohyphal growth in S. cerevisiae have been
identified and do not appear to be components of the MAP kinase cascade or the cAMP-
dependent pathway. These include ACE2, ASHI, GLN3, MKSI1, MSNI1, PHDI, SWI5,
SOK?2 and URE?2 (Edskes ef al., 1999; Gagiano ef al., 1999a; 1999b; Gimeno and Fink,
1994; Matsuura and Anraku, 1993; Pan and Heitman, 2000). MKS] encodes a protein of
unknown function that represses Ure2p, a negative regulator of nitrogen catabolism that
inhibits the transcriptional activator Gln3p (Edskes et al., 1999). In addition, Mks1p has
been suggested to be a negative regulator of gene transcription downstream of the cAMP-
dependent pathway (Matsuura and Anraku, 1993). SOK2, in turn, encodes a transcription
factor that negatively regulates pseudohyphal growth through repression of the genes

encoding the transcription factors Ashlp, Phdlp and Swi5p, independently of the MAP
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kinase and cAMP/PKA pathways (Chandarlapaty and Errede, 1998). In the absence of
Sok2p, Phdlp induces transcription of FLOII, whereas Swi5Sp mediates pseudohyphal
growth through transcriptional activation of FLO11 via the GATA family transcription
factor Ashlp. When SWI5 is deleted, however, pseudohyphal growth occurs due to an
increase in mother-daughter cell adhesion, which is caused by repression of the genes
encoding the endochitinase Cts1p and the endoglucanase Egt2p (Pan and Heitman, 2000).
Finally, Ace2p is a putative transcription factor that positively regulates the production of
Ctslp (Doolin et al., 2001), and MSN! encodes a transcription factor that operates
downstream of Ras2p and induces FL(1 ] transcription both independently and through
activation of MSS1/ (Gagiano et al., 1999a; 1999b) (Fig. 1-8).

Furthermore, mutations in the genes RIMI (RIMI101), RIMS, RIM9 and RIMI3
have been shown to prevent the invasive growth of haploid strains, thereby suggesting that
the RIM pathway is also involved in the regulation of pseudohyphal growth in S.
cerevisiae (1i and Mitchell, 1999; Treton er al., 2000).

More recently, it has been demonstrated that the TOR signaling cascade controls
filamentous growth in S. cerevisiae independent of the MAP kinase, cAMP, and Sok2p
pathways (Cutler ef al., 2001). The protein kinases Torlp and Tor2p are believed to act
as regulators of translational initiation and progression through G, (Barbet et al., 1996; Di
Como and Arndt, 1996), and Tor2p has been shown to promote both organization of the
actin cytoskeleton and activation of cell wall synthesis genes during G, via the the small
GTPase, Rholp, and protein kinase C (Pkclp) (Gustin et al., 1998; Helliwell ez al., 1998).

The exact mechanisms by which the TOR pathway regulates dimorphism are still unclear,
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but it has been shown that, in the presence of rich nitrogen sources, Torlp and Tor2p
inhibit the phosphatase Sit4p through its regulatory subunit Tap42p, and thereby Torlp
and TorZp contribute to maintaining the association of the phosphorylated transcription
factor GIn3p with its cytoplasmic anchor Ure2p. Under nitrogen limiting conditions,
however, GIn3p is dephosphorylated by Sit4p, thus promoting its prompt accumulation in
the nucleus (Beck and Hall, 1999; Cutler er al., 2001) (Fig. 1-8). Interestingly, TOR
has also been demonstrated to promote Tap42p-independent association of the
transcription factors Msn2p and Msn4p (Section 1.10.1) with the cytoplasmic anchor
Bmh2p in the absence of carbon source starvation (Beck and Hall, 1999; Gorner ef al.,
2002) (Fig. 1-8).

Dozens of other genes potentially involved in the regulation of pseudohyphal
growth in S. cerevisiae have recently been identified through a genetic screening of
repressors of FLO11 (Palecek et al., 2000) and by microarray hybridization experiments

to identify MAP kinase-regulated genes (Madhani ef al., 1999).

1.8.5 Cross-talk between signaling pathways

There is much evidence of interaction between the MAP kinase and cAMP-
dependent signaling pathways in the regulation of pseudohyphal growth. First, Mep2p and
RasZp play a dual role, activating both pathways (Gagiano et al., 1999b; Kiibler ef al.,
1997; Lorenz and Heitman, 1998b; Mdosch ef al., 1999). Second, cAMP inhibits the
expression of FRE-driven reporter genes (Lorenz and Heitman, 1997), and high levels of

cAMP or protein kinase A (PKA) activity enhance filamentous growth (Pan and Heitman,
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1999). Third, Stel2p has several putative PKA phosphorylation sites, and it has been
observed that signaling by the MAP kinase cascade can be induced by PKA at a level
downstream of Ste20p (Lorenz and Heitman, 1998a; Mosch et al., 1999). Fourth, these
two pathways converge with the Sok2p-mediated pathway to regulate the large, complex
promoter of the FLOI1 gene (Lo and Dranginis, 1998; Pan and Heitman, 1999; Rupp ef
al., 1999) (Fig. 1-9). Finally, it has recently been shown that the protein kinase Yaklp
regulates pseudohyphal growth through modulation of both the Ras-dependent MAP
kinase and cAMP/PKA pathways, but the exact mechanisms by which Yaklp affects
Ras2p-regulated signal transduction remain unclear (Zhang er al., 2001).

Also, some components of the MAP kinase cascade are shared with other
regulatory pathways. For example, pheromones activate the Ste20p-Stel1p-Ste7p cascade,
and high osmolarity induces activation of Stellp (Posas er al., 1998). However,
inappropriate cross-talk between these pathways seems to be prevented by formation of
specific protein complexes that eventually activate MAP kinases of different affinities.
Thus, Ksslp is responsible for pseudohyphal growth, the pheromone response activates

Fus3p, and Hoglp responds to osmotic stress (Posas et al., 1998).

1.9 Signal transduction pathways regulating dimorphism in C. albicans
1.9.1 The MAP kinase cascade

A MAP kinase cascade similar to that of S. cerevisige is involved in the regulation
of dimorphism in C. albicans. Components of this cascade include CaRas1p, CaCdc42p,

CaBmhlp, Hst7p (homolog of ScSte7p), the MAP kinase Cek1p, and the PAKs CaCladp
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and Cst20p (homolog of ScSte20p) (Cognetti et al., 2002; Csank e al., 1998; Feng et al.,
1999; Leberer et al., 1996, 1997b; Ushinsky ef al., 2002). The C. albicans homolog of
Stel1p has not yet been identified.

Asin S. cerevisiae, this cascade appears to activate the transcription factor Cphlp
(homolog of ScStel2p), and possibly also CaTeclp (Liu ef al., 1994; Schweizer et al.,
2000). An additional component of this signaling pathway is Cpplp, a putative MAP
kinase phosphatase that suppresses hyphal formation through its probable substrate, Cek1p

(Schroppel et al., 2000) (Fig. 1-10).

1.9.2 The cAMP-dependent pathway

The cAMP-dependent pathway also plays a crucial role in the induction of
filamentous growth in C. albicans. In this organism, there are only two PKA catalytic
subunits, CaTpklp and CaTpk2p. However, unlike the three S. cerevisiae PKA isoforms,
both C. albicans catalytic subunits are positive regulators of hyphal growth, and they
appear to play specific roles under different environmental conditions (Bockmuhl et al.,
2001). The activity of CaTpklp and CaTpk2p appears to be induced by an increase in the
cytoplasmic concentration of cAMP, which in turn is regulated by the adenylate cyclase
CaCyrlp and the Cyrlp-associated protein Caplp (Bahn and Sundstrom, 2001; Mallet ef
al., 2000). A gene encoding the putative regulatory subunit of PKA, CaBcylp, has been
identified through genome sequencing of C. albicans (Whiteway, 2000).

Like ScRas2p, CaRaslp is an important regulator of filamentous growth in C.

albicans and is believed to act upstream of the cAMP-dependent pathway, mediating the
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filamentous response to starvation, serum and GlcNAc (Feng ef al., 1999). In addition,
genes encoding the C. albicans homologs of Gpa2p and Gprlp have also been identified,
but it is not yet known whether they are involved in the activation of the cAMP pathway
(Liu, 2001).

Several targets for the cAMP-dependent pathway potentially exist. These include
the transcription factor Efglp, a bHLH protein similar to Phdlp and Sok2p of S
cerevisiae, which plays an important role in the regulation of hyphal morphogenesis in C.
albicans (Leng et al., 2001; Stoldt et al., 1997) (Fig. 1-10). Efglp has a potential
phosphorylation site for PKA, the mutation of which affects hyphal growth, suggesting
that Efglp is a central downstream component of the cAMP-dependent pathway

(Bockmuhl and Ernst, 2001).

1.9.3 Other signaling pathways

The existence of additional regulatory pathways (other than the MAP kinase-Cphlp
cascade and the Efgl p-transmitted cAMP pathway) is suggested by the fact that cphl/cphl
efgl/efgl tupl/tupl triple mutants of C. albicans are still able to undergo environmentally
induced hyphal growth (Braun and Johnson, 2000). CaTUPI encodes a putative
transcription factor that is believed to repress genes required for the induction of hyphal
growth in C. albicans (Braun and Johnson, 1997). CaTuplp itself seems to represent a
third regulatory pathway and requires the formation of complexes with other transcription
factors, such as CaMiglp, CaNrglp and CaRfglp, in order to be targeted to specific

subsets of genes involved in the regulation of metabolism, stress response and
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morphogenesis in C. albicans (Khalaf and Zitomer, 2001; Murad et al., 2001) (Fig. 1-10).

Other transcription factors involved in the regulation of hyphal morphogenesis in
C. albicans include Czflp, CaTeclp and CaRim101p (Brown ef al., 1999; Davis ef al.,
2000; Schweizer ef al., 2000). Czflp is a novel transcription factor that, like Efglp,
promotes hyphal growth in response to physical/microaerophilic conditions (Brown et al.,
1999), whereas CaTeclp is a member of the TEA/ATTS family of transcription factors
that regulates hyphal morphogenesis in C. albicans, likely downstream of Efglp and
independently of Cphlp (the homolog of S. cerevisiae Ste12p) (Liu, 2001; Schweizer ef
al., 2000). CaRim101p, in turn, is a zinc finger protein whose production depends on
CaRim8p and CaRim20p to induce hyphal growth in response to alkaline conditions. This
transcription factor regulates morphogenesis in C. albicans through the induction of
several genes, including PHRI, PRAI and RIMI10] itself (Davis et al., 2000). CaPralpis
a putative vesicular transport protein (Yang et al., 1998), whereas Phrlp is required for
proper cross-linking of cell wall glucans (Section 1.6.2) (Fonzi, 1999). Interestingly,
PHR2, the gene encoding the other Phr protein identified in C. albicans, appears to be
activated by a different pH-response pathway, that is independent of CaRim101p (Davis
et al., 2001) (Fig. 1-10).

The growing number of proteins believed to regulate hyphal morphogenesis in C.
albicans through alternative pathways also includes Cph2p, Crk1p and Rbfip (Cheneral.,
2000; Ishii et al., 1997; Lane et al., 2001). Cph2p, a bHLH transcription factor that
induces hyphal growth partly through regulatory elements found upstream of CaTeclp,

appears to function independently of the Cphlp-mediated MAP kinase pathway and the
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Efglp-transmitted cAMP pathway (Lane et al., 2001). However, Cph2p contains several
potential phosphorylation sites for casein kinase II, protein kinase C, and PKA, and a
partial role for Cph2p downstream of the cAMP-dependent pathway cannot be completely
ruled out (Lane et al., 2001). Crklp (Cdc2-related protein kinase), in turn, has been found
to induce filamentation in C. albicans through a route independent of Cphlp and Efglp.
However, when expressed in S. cerevisiae, Crklp activity requires Flo8p, but not Stel12p
or Phd1p, indicating that it may also be a downstream effector of the C. albicans cAMP-
dependent pathway (Chen ez al., 2000). Finally, Rbflp is another putative transcription
factor that seems to function as a repressor of hyphal growth, but not of pseudohyphal

growth (Ishii ef al., 1997; Ernst 2000) (Fig. 1-10).

1.9.4 Other genes involved in filamentous growth in C. albicans

As in S. cerevisiae, dozens of other genes involved in the regulation of hyphal
morphogenesis in C. albicans have been identified through genetic screens, differential
display, and microarray hybridization experiments. The products of these genes include
important virulence factors such as Hwplp, Intlp, Rbtlp and Rbtdp (Braun ez al., 2000;

Gale er al., 1998; Staab er al., 1999).

1.10 Stress response and dimorphism in S. cerevisiae
It has been observed that nitrogen starvation, thermal stress, osmotic stress, and
compounds that affect the lipid bilayer organization of the cell membrane are able to

induce pseudohyphal growth in S. cerevisiae, likely through the coordinated action of the
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MAP kinase cascade and the cAMP-dependent pathway (Zaragoza and Gancedo, 2000).

Although the molecular mechanisms by which these stress conditions induce
pseudohyphal growth are not yet clear, it is known that most stress response pathways
share several components with the signal transduction pathways that regulate dimorphism

in 8. cerevisiae.

1.10.1 The general stress response pathway

General stress response in S. cerevisiae is mediated by Msn2p and Msndp, two
transcription factors that are known to bind to sequences containing the pentanucleotide
CCCCT or AGGGG (termed Stress Response Elements or STREs) in the upstream
regulatory regions of genes, thereby inducing the expression of genes involved in the
response to adverse environmental conditions, such as nutrient starvation, thermal stress,
high osmolarity, oxidative stress, low pH, or the presence of ethanol or sorbitol (Gémer
et al., 1998; Martinez-Pastor et al., 1996; Treger et al., 1998).

Nuclear localization of Msn2p and Msndp, and consequently the transcription of
genes containing STREs, is negatively regulated by the cAMP-dependent pathway (Gorner
et al., 1998), likely through the induction of nuclear export of Msn2p and Msndp by
Msn5p, a known modulator of the activity of these factors (Estruch, 2000; Gorner et al.,
2002).

There is ample genetic evidence supporting a negative role for Msn2p and Msndp
in the induction of pseudohyphal growth in S. cerevisiae. For example, overexpression of

MSNS restores filamentation to cells lacking MEP] and MEP2 (Lorenz and Heitman,
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1998a), mutants defective in Gprlp and/or Gpa2p (Section 1.8.3) show increased
expression of STRE-controlled genes (Colombo ef al., 1998; Kraakman ef al., 1999), and
deletion of MSN2 and MSN4 restores cell polarity and pseudohyphal growth to strains

lacking RAS2 (Ho and Bretscher, 2001; Stanhill er al., 1999) (Fig. 1-11).

1.10.2 The high osmolarity glycerol (HOG) response pathway

When S. cerevisiae cells are exposed to high osmolarity environments, a MAP
kinase pathway is activated to produce and accumulate glycerol and thus counteract cell
dehydration and protect cellular structures (Albertyn ef al., 1994; Brewster ef al., 1993).

Hyperosmolarity is detected by two transmembrane osmosensors, Sholp and
Slnlp, which activate the same MAP kinase, Hoglp (Maeda et al, 1994; 1995). To
activate Hoglp, Sholp transmits a signal to the MAPKK, Pbs2p, via the MAPKKK,
Stellp (Posas and Saito, 1997), whereas Slnlp uses a two-component phosphorelay
system consisting of Ssk1p and Ypdlp coupled to the MAPKKKSs, Ssk2p and Ssk22p, to
activate Pbs2p (Posas and Saito, 1998) (Fig. 1-11).

Hoglp has been demonstrated to have some inhibitory effect on the Stel2p-
mediated MAP kinase signaling pathway (Madhani and Fink, 1997), and phosphorylated
Hoglp is believed to induce a high osmolarity response through activation of the
transcription factors Hotlp, Msnlp, Msn2p and Msndp (Estruch, 2000). In agreement
with these obsewations, mutant strains lacking HOGI have been shown to be consistently

more filamentous than wild-type strains (Madhani and Fink, 1997). Interesting, however,
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is the fact that the osmosensor Sholp is required for normal pseudohyphal growth, as well
as for the hyperfilamentous phenotype of hog! strains (O’Rourke and Herskowitz, 1998).
Accordingly, it has been hypothesized that, since Sholp activates Stel 1p in response to
osmotic stress, this transmembrane protein may act as a detector of osmolarity signals that

induce morphogenesis through the MAP kinase cascade (Gancedo, 2001) (Fig. 1-11).

1.10.3 Oxidative stress response

Several transcription factors have been shown to be involved in the regulation of
gene expression under oxidative stress conditions (Estruch, 2000). The best characterized
of them is Yaplp, a b-ZIP protein that activates the transcription of a subset of genes
encoding defenses against reactive oxygen species (ROS) through its interaction with cis-
acting AP-1 response elements (ARE; TGACTCA) (Estruch, 2000; Harshman et al.,
1988). In addition, Yaplp has been demonstrated to be required for transcriptional
activation of STRE-containing genes and, consequently, is believed to function upstream
of Msn2p and Msn4p (Gounalaki and Thireos, 1994; Ruis and Schiiller, 1995) (Fig. 1-11).

A potential role for Yaplp in the repression of filamentous growth in S. cerevisiae
is suggested by the observation that deletion of YAP!I restores pseudohyphal growth to
strains lacking RAS2 (Stanhill ef al., 1999), and it has been postulated that some gene(s)
activated by the transcription factors Msn2p, Msn4p and Yap1p may have a negative effect

on the induction of the dimorphic transition in S. cerevisiae (Gancedo, 2001).
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1.11 Y. lipolytica as a model organism for the study of fungal dimorphism
1.11.1 General characteristics of Y. lipolytica

The ascomycetous yeast Y. lipolytica is a nonpathogenic, strictly aerobic organism
with a genome that, at an estimated size of 21-22 megabases, is almost twice those of S.
cerevisiae and Schizosaccharomyces pombe (Casaregola et al., 2000). Y. lipolytica is
heterothallic, and virtually all natural isolates are haploid, thereby suggesting that the
haploid state is the most stable (Barth and Gaillardin, 1996). The mating types are
determined by the genes MATA and MATB, and both mating frequencies and sporulation
rates of natural isolates have been found to be extremely low (Bassel et al., 1971;
Casaregola et al., 2000; Kurischko er al., 1992). These defects, however, have been
partially alleviated by inbreeding programs, and a transformation system was developed
in the 1980s, thus making this organism more amenable to genetic and molecular
biological analyses (Barth and Weber, 1984, 1986; Davidow et al., 1985).

Y. lipolytica is a dimorphic fungus that is able to alternate between a unicellular
yeast form and distinct filamentous forms (hyphae and pseudohyphae). Yeast cells
measure approximately 3 um x 5 um, pseudohyphal cells may reach 5 pm x 11 um, and
mycelium consists of septate hyphae 3 to 5 um in width and up to several millimeters in
length. Mycelial filaments are divided in segments of 50 to 70 um, each containing a
single nucleus (van der Walt and von Arx, 1980). A central pore is normally found in the
hyphal septa, with endoplasmic reticulum extending through it from one cell to the next
(Kreger-van Rij and Veenhuis, 1973). Interestingly, budding in Y. lipolytica follows a

bipolar pattern, as opposed to the axial pattern of C. albicans diploid cells and S.
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cerevisiae haploid cells, and germ tube emission occurs on the pole opposite that of the
previous bud scar (Herrero et al., 1999).

Y. lipolytica has been of interest since the 1940s due to its many potential uses in
biotechnology. This organism secretes large amounts of several enzymes, such as lipases
and proteases (Ogrydziak and Schraf, 1982; Peters and Nelson, 1948; Tobe et al., 1976;
Yamada and Ogrydziak, 1983), and has the ability to utilize hydrocarbons as a substrate
for the production of single-cell protein and metabolites such as citric acid, isocitric acid,
2-ketoglutaric acid, and y-decalactone (peach flavor) (Bassel et al., 1971; Gaillardin and
Heslot, 1988). More recently, Y. lipolytica has also received attention because of its
potential use as an expression system for heterologous proteins (Buckholz and Gleeson,
1991), and it has been used as a model system to study the secretion of extracellular
enzymes (Beckerich et al., 1998; Ogrydziak er al., 1982), the lysine catabolic pathway
(Beckerich er al., 1984), peroxisome biogenesis (Nuttley et al., 1993; Titorenko et al.,

2000), and fungal dimorphism (Barth and Gaillardin, 1996).

1.11.2 Environmental factors that regulate dimorphism in Y. lipolytica

Early studies on dimorphism in Y. lipolytica were done to determine the nutritional
factors that could induce mycelial development during the industrial production of lipases.
These studies revealed that mycelial growth was inhibited by a deficiency of magnesium
sulfate and ferric chloride or by the addition of cysteine and reduced glutathione (Ota et
al., 1984). No correlation between filamentous growth and the production of lipase has

been found at this time (Novotny ef al., 1994).
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The yeast-to-hypha transition in Y. lipolytica is normally induced in minimal
medium containing GlcNAc as the sole carbon source (Rodriguez and Dominguez, 1984),
but this procedure has been observed to be strain-dependent (Barth and Gaillardin, 1996).
Recently, it has been shown that both horse and bovine calf serum are stronger inducers
of filamentous growth than GlcNAc (Dominguez et al., 2000; Kim et al., 2000). This is
not entirely surprising, since Y. lipolytica can normally be found in dairy products (van der
Walt and von Arx, 1980). Interestingly, serum-specific mutants, which form hyphae in
GlcNAc-containing medium but not in serum medium, have been isolated, suggesting that
these inducers may promote hyphal growth through different regulatory pathways (Kim
et al., 2000).

Bovine serum albumin has also been demonstrated to be able to induce the yeast-
to-hypha transition, although to a lesser extent than serum or GlcNAc, and it was
suggested that nitrogen starvation is not an inducer of dimorphism in Y. lipolytica (Perez-
Campo and Dominguez, 2001). Accordingly, it has recently been shown that, in contrast
to S. cerevisiae, filament formation is inhibited by nitrogen starvation in Y. lipolytica, and
the presence of organic sources of nitrogen is critical for the yeast-to-hypha transition in
this organism (Szabo, 1999; Szabo and Stofanikova, 2002).

The role of pH and temperature in the induction of filamentous growth of Y.
lipolytica has also been controversial. Thus, while some authors argue that pH does not
play a relevant role in the morphogenetic switch (Perez-Campo and Dominguez, 2001),
others have observed that pH control is sufficient to induce filamentous growth in minimal

medium containing glucose as the sole carbon source, and that this induction is more
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effective in citrate-buffered medium than it is in medium buffered with phosphate
(Novotny et al., 1994). However, more recent studies suggest that, in Y. lipolytica, pH
indirectly affects the formation of hyphae by modulating the availability and/or utilization
of transportable sources of nitrogen (Szabo and Stofanikova, 2002). In a similar way,
Perez-Campo and Dominguez (2001) argue that Y. lipolytica does not require any change
in temperature for the induction of hyphal growth, but Guevara-Olvera et al. (1993)
reported that the yeast-to-hypha transition can be enhanced by submitting cells to a heat
shock during inoculation in medium containing GlcNAc as the sole carbon source.
Inhibitors of mitochondrial respiration have also been described to suppress
strongly the development of hyphae (Szabo, 1999), and both osmotic and oxidative
stresses were demonstrated to inhibit hyphal growth induced by GlcNAc, but not by serum

(Kim et al., 2000; Perez-Campo and Dominguez, 2001).

1.11.3 Physiolegical and structural changes during morphogenesis in Y. lipolytica
Although no ultrastructural differences have been found between the cell walls of
hyphal and yeast cells of Y. lipolytica, chemical analyses have demonstrated that there are
significant differences in their chitin and protein contents. Thus, yeast cell walls appear
to contain 7% of aminosugars and 15% of protein, whereas hyphal cell walls are
composed approximately of 14% of aminosugars and 6% of protein (Vega and
Dominguez, 1986). Remarkably, Y. lipolytica yeast cells appear to have high chitin
content (6-8%, as compared to less than 1% in S. cerevisiae) (Vega and Dominguez,

1986). The qualitative protein content of the cell wall also seems to vary between both
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forms (Dominguez et al., 2000; Vega and Dominguez, 1986), and a cell wall protein
specific to the mycelial form, Ywp!p, has been identified (Ramon ef al., 1996).

An increase in both the polyamine cell pools and ornithine decarboxylase (ODC)
activity during the yeast-to-hypha transition (Guevara-Olvera ef al., 1993), as well as
differences in the DNA methylation patterns of these two forms (Reyna-Lopez ef al.,

1997), have also been described.

1.11.4 Genes invelved in the regulation of morphogenesis of Y. lipolytica

In order to identify genes involved in the regulation of the dimorphic transition of
Y. lipolytica, three approaches have been adopted: PCR amplification of conserved regions
of genes whose homologs are known to regulate morphogenesis in other fungal species
(Dominguez et al., 2000), functional complementation of mutants unable to undergo the
yeast-to-hypha transition (Torres-Guzman and Dominguez, 1997), and transposon-tagged
insertional mutagenesis (Richard ef al., 2001). In addition, phenotypic analysis of
mutations in genes whose products are involved in peroxisome biogenesis, and in the
synthesis and/or secretion of extracellular proteases, has revealed that several of these
genes are also involved in the regulation of hyphal growth in Y. lipolytica (Enderlin and
Ogrydziak, 1994; Gonzalez-Lopez et al., 2002; Lopez et al., 1994; Titorenko et al., 1997).
Table 1-1 lists the genes involved in the regulation of morphogenesis of Y. lipolytica
identified to date and the key features of their protein products.

Interestingly, the Y. lipolytica genes YIRIMY9, YIRIM13, YIRIM20 and YIRIMI01

have been shown not to be required for hyphal formation, indicating that, in contrast to the
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situation in C. albicans and S. cerevisiae, the Rim pathway is not essential for the

dimorphic transition in Y. lipolytica (Gonzalez-Lopez et al., 2002; Treton et al., 2000).

In a similar way, the Y. lipolytica homolog of STE7 has been demonstrated to be required

for mating but not for hyphal growth (Dominguez et al., 2000).

Table 1-1 Y. lipolytica Genes Involved in the Regulation of the Dimorphic Transition

Gene

Features

Reference

YIBUD6

YICDC25

YICLA4

Yigriz

GPRI

HOYI

YIMED4

Encodes a putative actin-interacting protein; ScBudép is
a component of the apical scaffold and is required for cell
polarization; disruption results in severe morphological
defects and inability to form hyphae

Encodes a putative GEF; ScCdc25p is a GEF for ScRas2p,
which is a critical regulator of pseudohyphal growth; null
mutants are unable to form hyphae

Encodes a putative PAK whose homologs in S. cerevisiae
and C. albicans are known regulators of cell polarity and
morphogenesis; null mutants are unable to form hyphae

Encodes a protein of unknown biochemical function,
which may be involved in the addition of GPI anchors to
cell surface proteins; ScGpi7p is associated with either
the ER, the vacuole, or the plasma membrane, but not
with the Golgi; ScGpi7p is thought to play a role in bud
site selection; null mutants are unable to form hyphae

Encodes a protein of unknown biochemical function,
which appears to be a regulator of the glyoxylate pathway;
trans-dominant GPR Imutants are unable 1o form hyphae
and show enlarged mitochondria, reduced ER, and large
vacuoles

Encodes a putative transcription factor; null mutants are
unable to form hyphae

Encodes a putative transcription factor; ScMeddp is
mvolved in chromatin organization and is a component
of the RNA polymerase Il complex; disruption results
in reduced hyphal growth

Amberg ef al., 1997,
Richard ef al., 2001;
Sheu et al., 1998

Colombo ef al., 1998;
Mbsch ef al., 1996,
Richard et al., 2001

Leberer et al., 1997b;
Pruyne and Bretscher,
2000a; Szabo, 2001

Benachour et al., 1999;

Ni and Snyder, 2001;
Richard et al., 2001

Tzschoppe ef al., 1999

Torres-Guzman and
Dominguez, 1997

Gonzalez-Lopez ef al.,
2002; Lorch et af., 2000
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YIOPT1

YIPEX2

YIPEX5

YIPEX6

YIPEXS

YIPEXY

YIPEX16

YIPEDI

YIPPH2I

Encodes a putative nucleoporin; ScNup85p is involved
in nuclear export of mRNA,; disruption results in reduced
hyphal growth

Encodes a putative member of the oligopeptide transporter
(OPT) family of secondary active membrane transporters;
ScOptlp is involved in extracellular amino acid sensing;
disruption results in reduced hyphal growth

Encodes an integral membrane protein of peroxisomes;
disruption affects the export of plasma membrane and cell
wall-associated proteins specific for the hyphal form; nuil
mutants are unable to form hyphae

Encodes the peroxisomal targeting signal-1 (PTS1)
import receptor; cytosolic and/or peroxisome-associated,
disruption affects the export of plasma membrane and cell
wall-associated proteins specific for the hyphal form; null
mutants are unable to form hyphae

Encodes a cytosolic and peripheral peroxisomal membrane
protein; belongs to the AAA family of ATPases; disruption
affects the export of plasma membrane and cell wall-
associated proteins specific for the hyphal form; null
mutants are unable to form hyphae

Encodes a peripheral peroxisomal membrane protein; part
of the import docking complex of peroxisomes; null mutants
are unable to form hyphae

Encodes a peroxisomal integral membrane protein; null
mutants are unable to form hyphae

Encodes a peripheral peroxisomal membrane protein;
involved in peroxisome proliferation; null mutants are
unable to form hyphae

Encodes a putative transcription factor; ScPhdlp is related

to transcriptional regulators of fungal development,
including Aspergillus nidulans StuAp and Neurospora crassa
Asm-1pl; ScPhdlp regulates pseudohyphal growth partly

via transcriptional activation of FLO! I; overexpression of
YIPHD! in Yiras2A mutant cells restores only pseudohyphal
growth; null mutants are unable to form hyphae

Encodes a putative protein phosphatase; ScPph21p is
involved in organization of the actin cytoskeleton, cell
cycle control, and cell wall synthesis; null mutants are
unable to form hyphae and pseudohyphae but retain the
ability to invade agar

53

Gonzalez-Lopez et al.,
2002; Goldstein et al.,
1996

Gonzalez-Lopez et al.,
2002; Hauser ef al.,
2000

Eitzen ef al., 1996;
Titorenko et al., 1997

Szilard et al., 1995;
Titorenko er al., 1997

Nuttley ef al., 1994;
Titorenko et al., 1997

Smith et al., 1997,
Titorenko ef al., 1997

Eitzen et al., 1995;
Titorenko et al., 1997

Eitzen et of., 1997,
Titorenko et al., 1997

Gimeno and Fink, 1994;
Pan and Heitman, 2000;
Richard er al., 2001

Lin and Arndt, 1995;
Richard et af., 2001
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YIRAS2

YISECI4

YISIN3

YISNF5

YISRP54

YISSYS

YITUPI

YivpPS28

XPR6

Encodes a small GTPase; ScRas2p and CaRaslp are
important regulators of filamentous growth, acting upstream
of both the MAP kinase and the cAMP-dependent pathways;
null mutants are unable to form hyphae and pseudohyphae

Encodes a phosphatidylinositol/phosphatidylcholine transfer
protein (PI/PC-TP); YiSecl4p is associated with the Golgi
apparatus; null mutant strains are unable to form hyphae

Encodes a putative transcription factor; ScSin3p is
invelved in transcriptional repression through localized
histone deacetylation; null mutant strains are unable to
form hyphae

Encodes a putative transcription factor; ScSnfSpis a
transcriptional regulator that affects expression of a

broad spectrum of genes; null mutants are unable to

form hyphae

Encodes a putative component of the secretory signal
recognition particle; null mutants are unable to form
hyphae

Encodes a putative secondary active membrane transporter;
ScSsy5p is involved in extracellular amino acid sensing;
disruption results in reduced hyphal growth

Encodes a putative transcription factor; like in C. albicans,
disruption results in constitutive hyphal growth

Encodes a protein of unknown biochemical function;
ScVps28p appears to be involved in vacuole organization
and biogenesis; disruption results in reduced hyphal growth

Encodes a dibasic processing endoprotease with significant
homology to S. cerevisiae Kex2p; null mutant strains form
large cell aggregates and are unable to undergo the dimorphic
transition.
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Feng et al., 1999;
Midsch ef al., 1996;
Richard er al., 2001

Lopez et al., 1994

Gonzalez-Lopez ef al.,
2002; Pazin and
Kadonaga, 1997

Laurent et al., 1990
Richard ez al., 2001

Lee and Ogrydziak,
1997; Titorenko ef al.,
1997

Forsberg and I jungdahl,
2001; Gonzalez-Lopez
et al., 2002

Braun and Johnson,
2000; Dominguez et al.,
2000

Gonzalez-Lopez ef al.,
2002; Rieder et al.,
1996

Enderlin and Ogrydziak,
1994; Szabo, 1999

1.12 Purpose of this work

Despite the development of specific molecular and genetic tools for C. albicans in

the last few years, a better understanding of the yeast-to-hypha transition in this organism

has largely been hampered by its diploid nature and its lack of a known sexual cycle. To
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circumvent these difficulties, S. cerevisiae has been used as a model of dimorphic
transition, and results with this yeast have been extrapolated to other organisms,
particularly C. albicans. Although significant advances in our understanding of the
dimorphic transition have been made using S. cerevisiae, the inability of this yeast to form
true hyphae, and the hypothesis that true hyphal formation and pseudohyphal growth occur
at least in part by separate pathways, limit this approach. In the last few years, Y. lipolytica
has received increasing attention as an alternative model system for the study of the
dimorphic transition because it can reproduce sexually, it is amenable to genetic and
molecular biological analyses, it can alternate between a unicellular yeast form and distinct
filamentous forms (hyphae and pseudohyphae), and its response to the induction of
mycelial growth is highly reproducible. The purpose of this work was to identify and
characterize genes involved in the regulation of the yeast-to-hypha transition of Y.
lipolytica, thereby contributing to an understanding of the mechanisms by which
environmental conditions induce changes in the pattern of cell growth, a phenomenon with
strong implications for the development of virulence by fungal pathogens and for the

elucidation of the molecular mechanisms controlling differentiation in higher eukaryotes.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials
2.1.1 Chemicals and reagents

1-methyl-3-nitro-1-nitrosoguanidine
2-mercaptoethanol

2,5-diphenyloxazole (PPO)
4-[2-hydroxyethyl]-1-piperazineethanesulphonic acid (HEPES)
4,6-diamidino-2-phenylindole (DAPI)
5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal)
acetone

acrylamide

acrylamide solution, ExplorER

acrylamide solution, Long Ranger

agar

agarose, electrophoresis grade

albumin, bovine serum (BSA)

ammonium phosphate, monobasic (NH,H,PO,)
ammonium persulfate [(NH,),S,0,]
ammonium sulfate [(NH,),SO,]

ampicillin

antipain

aprotinin

benzamidine hydrochloride

Bio-Rad protein assay dye reagent

boric acid

bromophenol blue

cDNA Spin Columns

citric acid

complete supplement mixture (CSM)

complete supplement mixture minus leucine (CSM-leu)
Coomassie Brilliant Blue R-250

D-(+)-glucose

diethyl pyrocarbonate (DEPC)

dimethyl formamide (DMF)

dimethyl sulphoxide (DMSO)

dithiothreitol (DTT)

ethanol

ethylenediaminetetraacetic acid (EDTA)
Fluorescent Brightener 28

formamide

formaldehyde, 37% (v/v)

glycerol
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Sigma
BDH
Sigma
Roche
Sigma
Vector Biosystems
Fisher
Invitrogen
J.T. Baker
J.T. Baker
Difco
Invitrogen
Roche
Sigma
BDH
BDH
Sigma
Roche
Roche
Sigma
Bio-Rad
Caledon
BDH
Amersham
Sigma
BIO 101
BIO 101
ICN
Sigma
Sigma
ICN
Caledon
ICN
Commercial Alcohols
Sigma
Sigma
BDH
BDH
BDH
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histidine

hydrochloric acid

hydrogen peroxide solution, 30% (w/v)
isopropanol

isopropyl B-D-thiogalactopyranoside (IPTG)
leucine

leupeptin

L-glutamic acid, monopotassium salt
lithium acetate

lysine

maltose

magnesium acetate

magnesium chloride

methanol

N-acetylglucosamine

N,N’-methylene bisacrylamide
N-propyl gallate

N,N,N’,N -tetramethylethylenediamine (TEMED)
Oregon Green 488 phalloidin

Pefabloc SC

pepstatin A

peptone

phenol, buffer-saturated
phenylmethylsulphonylfluoride (PMSF)
poly(di-dC) - poly(dI-dC)

poly L-lysine (1 mg/mL)

Ponceau S

potassium chloride

potassium phosphate, monobasic (KH,PO,)
potassium phosphate, dibasic (K,HPO,)
RNasin

salmon sperm DNA, sonicated
Sephadex G50

sodium acetate

sodium chloride

sodium citrate

sodium dodecyl sulfate (SDS)

sodium hydroxide

sodium phosphate, dibasic (Na,HPO,)
sorbitol
trisfhydroxymethylJaminomethane (Tris)
Triton X-100

tryptone
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Sigma
Fisher
Sigma
Fisher
Vector Biosystems
Sigma
Roche
Sigma
Sigma
Sigma
BDH

BDH

BDH
Fisher
Sigma
Invitrogen
Calbiochem
Invitrogen
Molecular Probes
Roche
Sigma
Difco
Invitrogen
Roche
Amersham
Sigma
Sigma
BDH
Merck
Merck
Promega
Sigma
Amersham
BDH
Merck
BDH
Sigma
BDH
BDH
BDH
Roche
Sigma
Difco
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Tween 20 (polyoxyethylenesorbitan monolaureate) Sigma
Tween 40 (polyoxyethylenesorbitan monopalmitate) Sigma
uracil Sigma
urea ICN
xylene cyanol Sigma
yeast extract Difco
yeast nitrogen base without amino acids (YNB) Difco

yeast nitrogen base without amino acids and ammonium sulfate  Difco

2.1.2 Enzymes

2.1.2.1 DNA modifying enzymes

calf intestinal alkaline phosphatase (CIP) NEB

Klenow fragment of DNA polymerase I, Escherichia coli NEB

restriction endonucleases NEB, Roche, Promega
T4 DNA ligase NEB

T4 DNA polymerase NEB

T4 polynucleotide kinase NEB

Tag DNA polymerase Invitrogen

2.1.2.2 Other enzymes

RNaseA, bovine pancreas Sigma
SUPERSCRIPT II RNase H™ reverse transcriptase Invitrogen
Zymolyase 100T ICN

2.1.3 Molecular size standards

1 kb DNA ladder NEB
100 bp DNA ladder NEB
prestained protein marker, broad range (6-175 kDa) NEB

2.1.4 Multicomponent systems

BigDye Terminator Cycle Sequencing Ready Reaction Kit ABI
Expand High Fidelity PCR System Roche
Oligotex mRNA Midi Kit Qiagen
pGEM-T Vector System Promega
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QIAprep MiniPrep Kit Qiagen
QIAquick Gel Extraction Kit Qiagen
Ready-To-Go PCR Beads Amersham
Sequenase Version 1.0 /2.0 DNA Sequencing Kit USB

TNT T7-Coupled Reticulocyte Lysate System Promega
ZAP Express cDNA Synthesis Kit Stratagene
ZAP Express cDNA Gigapack I Gold Cloning Kit Stratagene

2.1.5 Radiochemicals and detection kits

a-[**P]dATP, Redivue (3,000 Ci/mmol, 10 pCi/uL) Amersham
L-[’Shmethionine (1,175 Ci/mmol, 10 uCi/uL) Amersham
ECL Detection Kit for Immunoblotting Amersham
ECL Direct Nucleic Acid Labelling and Detection System Amersham
Hybond-N+ (nitrocellulose) Amersham
Trans-Blot Transfer Medium (nitrocellulose ) Bio-Rad
X-ray film (BioMaxMR, X-Omat AR and X-Omat XK-1) Kodak

2.1.6 Antibodies

mouse monoclonal anti-HA (12CAS5) BAbCo
anti-mouse 1gG (from goat), rhodamine (TRITC)-conjugated Sigma
2.1.7 Plasmid vectors

2.1.7.1 E. coli vectors

pBluescript SKII (+) Stratagene
pGEM-5Zf Promega
pGEM-7Zf Promega
pGEM-T Promega

2.1.7.2 E. colil Y. lipolytica shuttle vectors

pINA445 Dr. Claude Gaillardin, Institut National Agronomique Paris-Grignon,
Thiverval-Grignon, France (ARS68, LEU2)
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2.1.8 Oligonucleotides
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The oligonucleotides used in this study were synthesized on an Oligo 1000M DNA

Synthesizer (Beckman) and are described in Table 2-1.

Table 2-1 Oligonucleotides

Name Sequence Application
STRE-Sense 5-gatc TGACCCCTTGTTGTGCTGACCCCTIGTTGTG-3' . Mhylp, DNA-
binding assays
STRE-Anti 5-gatcCACAACAAGGGGTCAGCACAACAAGGGGTC Mhylp, DNA-
AG-3' binding assays
STREMut-Sense 5'-gatcTGACCCCATGTTGTGCTGACCCCATGTTGTG-3' Mhylp, DNA-

STREMut-Anti

MHY 1-ApaF

MHY 1-ApaR

HA-ApaF

HA-ApaR

GFP-ApaF

GFP-ApaR

RACI-KO1

RACI-KO2

T3

5'-gatcCACAACATGGGGTCAGCACAACATGGGGTC
AG-3'

5-CGCCCAGCATATGCGTACGCATCCTCGGGCCCAG
AGGTAGAGCGCC-3

S-CCAATGCATCTAGACTGGACATACGTGAATCTAC
ACTGCCAAACCAG-3'

S-TTAGGGCCCCGCTAGCCATGTACCCATACGACGT
CCCAGACTAC-3

SSTTAGGGCCCTCTTCTATTCACCCTTACCCATGGCA
GCGTAGTCT-3'

S"TTAGGGCCCTGAGTAAAGGAGAAGAACTTTTCAC
TGGAG-3'

S-TTAGGGCCCTTATTTGTATAGTTCATCCATGCCA
TGTGT-3
S-CTCTCCTGATCTGCATCTGATCTG-3'

5-TAGCTGAAGACTCAATCTGGAGGG-3'

5-CCAAGCTCGAAATTAACCCTCACTAA -3

binding assays

Mhyip, DNA-
binding assays

Tagging of Mhylp

Tagging of Mhylp

HA-tagging of Mhylp

HA-tagging of Mhylp

GFP-tagging of Mhylp

and Y/Bemlp

GFP-tagging of Mhylp
and Y/Bemlp

Confirmation of
disruption of YIRAC!

Confirmation of
disruption of YIRAC!

Amplification from
c¢DNA library
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CDC4z2U

CDCA2M

RAC1I-PR1

RACI-PR2

RACI-NTI

RACI-NT2

RAC1-SE1

RAC1-SE2

RAC1-EHI

RACI-EH2

RAC1-HB!

RAC1-HB2

RACI-BSI

RACI-BS2

S-GTAATACGACTCACTATAGGGCGAAT-3

S-CCTAGCCCGTGCACAGACCCTCAA-3"

S-TCCGAGTGTGTAGGGCTCGTCTCC-3

S“TTAGGGCCCAATCTAAGATAGACACACGCTCAC
CACCCA-3'

S-CTGGICGACCATTTTGGAACCGGTAGCGAGAGT
GGATGTAGG-3'

S-ATGGTCGACCAGAGTATAAAATGTGTCGTCACT
GGCGACGGG-3'

S-GGCCCOGCGGTATCCCAAAGTCCGAGGTTTATCG
GTITGT-3

5'- ACTAGTGAGTCGATGGGCAACAAACCACAG-3'
5-AGAATTCAGAGAGCTTAGTGCACGGCTGGCT
TG-3'

SSTGAATTCTTGTTGTGCTGAGTTTGTCTTTTITTTCA
TCAA-3'

S-AAAGCTTIGTGGTTTGGGTGGTGAGCGTGTGTCTA
TC-3'

S-CAAGCTTTCTTTTGCACACCACCCCACGACCGAA
AC-3'

5-CAGATCTTGTAGTGAGTGACGCAAAAACTGAGA
CCG-3'

S-AAGATCTGCACAAGTCTCAATCAAGACACTCGC
AAG-3'

S-GGTCGACCATTTTGGAACCGGTAGCGAGAGTGG
ATGTA-3

BEMITAG-5F 5-GCGGTACCTCGTCAACGCAGAGCTGGAGGACGG

CTC-3

BEMITAG-5R 5-CCGGGCCCGACTAGCGTACAAAACTAGCTTGTTC

TTTCCGTAC-3
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Amplification from
c¢DNA library

Amplification of
YICDC42 from
genomic DNA library

Amplification of
YICDC42 from
genomic DNA library

Mutation of STREs
in the YIRACI promoter

Mutation of STREs
in the YIRAC1 promoter

Mutation of STREs
in the YIRAC! promoter

Mutation of STREs
in the YIRAC1 promoter

Mutation of STRESs
in the YIRAC|I promoter

Mutation of STREs
in the YIRACT promoter

Mutation of STREs
in the YIRAC promoter

Mutation of STREs
in the YIRACI promoter

Mutation of STREs
in the ¥IRAC1 promoter

Mutation of STREs
in the YIRAC promoter

Mutation of STREs
in the YIRACI promoter

Mutation of STREs
in the YIRAC] promoter

Tagging of YiBemlp

Tagging of ¥Y/Bemlip

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BEMITAG-3F

BEMITAG-3R

BEMIF
BEMIR
BMHIF
BMHIR
BMHZF
BMHZR
HIS1F
HISIR

PINA445-PrC

pINA445-PrD

BMH2U

BMH2D

SBMH2F

SBMHZR

3IBMH2F

3'BMH2R

S'-CCGGGCCCGGTAAGAGTGGCCTTTGGGAGTGCTG
GAGTCAAAT-3'

S-CGGATCCAATCTCTCGGGCTCATGCATTAATCATG
CA-3'

5-GTGGACACAGAGGTCATTC-3
5-CTGGACCTCTCGTTGTAGC-3'
5-GGTCAACTACATGAAGGACG-3'
5-AATGACGGTAGAGTCTCGG-3'
5-CGTTACGAAGACATGGTGG-3'
S-CAATGTCAGCAATGGCATCG-3'
S-TCAAGTTTGTCGGAGGCTC-3'
S-CCAGAATGTCACTAGCACC-3

5-AGCCACTATCGACTACGCGATCATGG -3

5“TGATGCCGGCCACGATGCGTCCGGCG-3'

5“CGACATTCICAACGTGCTTGAGAAGC-3'

5-GCTTCTCAAGCACGTTGAGAATGTCG-3'

S-CCTGAGCAGATTCTGGACCCTCTAAG-3

5-ACGGGAGATAAACCGCATGCGGCAT-3'

S-ATGCCGCATGCGGTTTATCTCCCGT-3'

S-CCGOGATCCAGTCCTGAATCAGTCCTGCCAAG-3'
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Tagging of Y/Bemlp

Tagging of YIBemlp

Semi-quantitative RT-PCR
Semi-quantitative RT-PCR
Semi-quarttitative RT-PCR
Semi-quantitative RT-PCR
Semi-quantitative RT-PCR
Semi-quantitative RT-PCR
Semi-quantitative RT-PCR
Semi~quantitative RT-PCR.

Amplification of YIBMH?2
from genomic DNA library

Amplification of YIBMH2
from genomic DNA library

Amplification of YIBMH?2
from genomic DNA library

Amplification of YIBMH?2
from genomic DNA library

Amplification of YIBMH2
from genomic DNA bibrary

Amplification of YIBMH?2
from genomic DNA library

Amplification of YIBMH?2
from genomic DNA library

Amplification of YIBMH2
from genomic DNA library
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2.1.9 Standard buffers and solutions
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The compositions of some commonly used buffered solutions are detailed in Table

Table 2-2 Buffered solutions

Solution Composition Reference

20 < Boratebuffer 0.4 M boric acid, 4 mM EDTA, pH 8.3 Ausubel e al., 1989

Breakage buffer 2% (v/v) Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Ausubel et al.,
Tris-HCL, pH 8.0, 1 mM EDTA 1989

5 xKGB 0.5 M potassium glutamate, 125 mM Tris-acetate, pH 7.6, Hanish and
50 mM magnesium acetate, 250 pg BSA/mL, 2.5 mM McClelland, 1988
2-mercaptoethanol

LTE buffer 100 mM lithium acetate, 10 mM Tris-HCI, pH 7.5, Ausubel er al.,
1 mM EDTA 1989

1 xPBS 137 mM NaCl, 2.7 mM KCIl, 8 mM Na,HPO,, Pringle et al., 1991
1.5 mM K,HPO,, pH 7.3

RNA buffer 0.5MNaCl, 0.2 M Tris-HCl, pH 7.5, 0.01 M EDTA Ausubel ef al., 1989

SM buffer 100 mM NaCl, 8 mM MgSO,, 50 mM Tris-HCL pH 7.5, Ausubel e al., 1989
0.01% gelatin

20 xS8C 3M NaCl, 0.3 M sodium citrate, pH 7.0 Maniatis ef al., 1982

10xSTE 1 M NaCl, 200 mM Tris-HC), pH 7.5, 100 mM EDTA Ausubel er al., 1989

10 < TBE 0.89 M Tris-borate, 0.89 M boric acid, 0.02 M EDTA Maniatis ef al., 1982

TBST 20 mM Tris-HCI, pH 7.5, 150mM NaCl, 0.05% (w/v) Huynh ef al., 1988
Tween 20

TE 10 mM Tris-HC1(pH 7.0-8.0, as needed), 1 mM EDTA Maniatis ef of., 1982
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2.2 Microbiological techniques

2.2.1 Bacterial strains and culture conditions

65

The E. coli strains and culture media used in this study are described in Tables 2-3

and 2-4, respectively. Bacteria were grown at 37°C, unless otherwise indicated.

Table 2-3 FE. coli Strains

Strain Genotype Source

DH5a F $80d/acZAMI1S A(lacZY A-argFYU169 deoR recAl endAl Invitrogen
hsdR17(ry , my) phoA supE44 X thi-1 gyrA96 relAl

XL1-Blue MRF’  A(mcrA)183 A(mcrCB-AsdSMR-mrr)173 endAl supE44 thi-1 Stratagene
recAl gyrA96 relAl lac[F’ proAB lacl%ZAM15 Tnl((Tet')]

Table 2-4 Bacterial Culture Media

Medium Composition Reference

LB*® 1% tryptone, 0.5% yeast extract, 1% NaCl Maniatis et af., 1982

NZY® 1% NZ amine, 0.5% yeast extract, 0.5% NaCl, 8 mM MgSQO,  Maniatis er al., 1982

SOC 2% tryptone, 0.5% yeast extract, 10 mM Na(l, 2.5 mM KCl, Maniatis ef al., 1982

160 mM MgCl,, 10 mM MgS8O,, 0.36 % glucose

* Ampicillin (100 pg/mL) or tetracycline (15 pg/mL) was added for plasmid selection when necessary.
® For solid media, agar was added to 1.5%.
° For top agar, agarose was added to 0.7%.
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2.2.2 Y. lipolytica strains and culture conditions

The Y. lipolytica strains and culture media used in this study are described in

Tables 2-5 and 2-6, respectively. Yeasts were grown at 30°C, unless otherwise indicated.

Table 2-5 Y. lipolytica Strains

Strain - Genotype

E122° MATA, ura3-302, len2-270, lys8-11

22301-3¢ MATB, ura3-302, leu2-270, hisl

E122//22301-3 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-11/+, +/his]
CHY545 MATA, ura3-302, leu2-270, lys8-11, fill

CHYI1220 MATA, ura3-302, leu2-270, lys8-11, fil2

CHY33i169 MATA, ura3-302, len2-270, lys8-11, fil3

CHY3350 MATA, ura3-302, leu2-270, Iys8-11, fil4

mhylKO9 MATA, ura3-302, leu2-270, lys8-11, mhyl::URA3

mhyl1KO9-B4 MATB, ura3-302, leu2-270, hisl, mhy!l::URA3

E122//mhyl KO9-B4 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-11/+, +/hisl,

22301-3//mhyl KO9

mhy1KO9/mhyl1KO9-B4

raclKO30

raciKO30-B36

E122//racl KO30-B36

22301-3/frac1KO30

raclKO30//racl KO30-B36

bemiKQI157

+/mhyl::URA3

MATA/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/mhyl::URA3

MATA, ura3-302, leu2-270, lys8-11, racl::URA3

MATB, ura3-302, leu2-270, hisl, racl::URA3

MATA/MATB, wra3-302/ura3-302, leu2-270/1eu2-270, lys8-11/+, +/his |,
+/racl::URA3

MATA/MATB, wra3-302/ura3-302, leu2-270/leu2-270, +/ lys8-11, hisl/+,
+/racl::URA3

MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-11/+, +/hisli,
raci::URA3/racl::URA3

MATA, wra3-302, leu2-270, lys8-11, beml::URA3

2 Dr. Claude Gaillardin, Institut National Agronomique Paris-Grignon, Thiverval-Grignon, France
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Table 2-6 Culture Media for Y. lipolytica

Mediuom Composition® Reference

CSmP 0.17% YNB without amino acids and ammonium sulfate, Barth and Weber, 1986
0.5% NH,H,PO,, 0.15% KH,PO,, 1.5% sodium citrate

PSM 0.5% yeast extract, 0.5% (NH,),S0,, 0.2% KH,PO,, Gaillardin et af., 1973

2% glucose
YEPD 1% yeast extract, 2% peptone, 2% glucose Rose et al., 1988
YM 0.3% yeast extract, 0.5% peptone, 0.3% malt extract Gaillardin ef al., 1973
YNA® 0.67% YNB without amino acids, 2% sodium acetate Brade, 1992
YNBD® 0.67% YNB without amino acids, 2% glucose Rose et al., 1988
YNBGIc¢? 1.34% YNB without amino acids, 1% glucose Guevara-Olvera et al., 1993

YNBGIcNAc? 1.34% YNB withoutamino acids, 1% N-acetylglucosamine, — Guevara-Olvera ef al., 1993
50 mM citric acid, pH 6.0

® For solid media, agar was added to 2%.

® Sodium citrate was added after adjusting the pH to 6.5 and autoclaving,.

¢ Supplemented with leucine, uracil, lysine and histidine, each at 50 pg/mL, as required.

4 Supplemented with 2 x complete supplement mixture or 2 x complete supplement mixture minus leucine,
as required.

2.2.3 Mating and sporulation of Y. lipolytica

Yeast strains were mated and sporulated as described by Barth and Gaillardin
(1996). For mating, haploid strains of opposite mating types were grown overnight on
YEPD agar at 30°C, mixed on PSM agar (Table 2-6), incubated for 24 h at 30°C,
transferred to YM agar (Table 2-6), and incubated for another 4 days at 30°C. Diploids
were then selected by transferring portions of this growth onto YNA agar supplemented

with the required amino acids and an additional incubation at 30°C until single colonies
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were obtained.

For sporulation, diploid strains were grown on YNA agar for 3 days at 30°C,
transferred to CSM agar (Table 2-6), and incubated for 4 to 7 days at room temperature.
A loop of cells was transferred to a culture tube containing a suspension of 5 mg of
Zymolyase 100T in 5 mL of 50 mM sodium citrate buffer, pH 5.0, and incubated for 4 h
at 30°C with gentle agitation. Serial dilutions were prepared, spread on YEPD plates, and
incubated at 30°C for 2 to 3 days. Isolated colonies were selected by their appearance, and
their auxotrophic characteristics were determined after transfer to YNA agar plates (Table
2-6) supplemented with different combinations of amino acids (leucine, uracil, lysine and
histidine). Mating types were determined by the ability of strains to mate with A- or B-

mating type haploid strains.

2.2.4 Mycelial induction of Y. lipoiytica

Mycelial growth was induced as described by Guevara-Olvera ef al. (1993). A
loop of cells was inoculated into 10 mL of YEPD (Table 2-6) or YNBD medium (Table
2-6) containing 1% YEPD, and incubated at 28°C until the culture had reached an ODy,
(optical density at a wavelength of 600 nm) of 1.0-1.5. Cells were harvested by
centrifugation at 2,000 x g, used to inoculate 50 mL of YNBGI¢c medium (Table 2-6), and
incubated for 12 h at 28°C (initial and final ODy,, of approximately 0.1 and 1.5,
respectively). Cells were harvested by centrifugation as before, washed with sterile
distilled water, kept on ice for 15 min in YNB medium without a carbon source, and

inoculated at an ODgy, of 0.20-0.25 into 200 mL of YNBGIcNAc (Table 2-6) (for
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induction of the yeast-to-hypha transition) or YNBGlc medium (for growth as the yeast
form) prewarmed to 28°C. The induction of mycelial growth was then allowed to proceed

at 28°C in a rotary shaker operating at 100 r.p.m.

2.2.5 Assessment of invasive growth of Y. lipolytica
Cells were incubated for 5 days at 28°C on YNBD or YNA agar (Table 2-6), and
plates were washed with running water to remove cells from the agar surface. Photographs

were taken with a Polaroid FCR-10 camera system(Fotodyne) before and after washes.

2.2.6 Measurement of sensitivity to stress in Y. lipolytica
Sensitivity to stress was measured in Y. lipolytica essentially as described by

Martinez-Pastor et al. (1996).

2.2.6.1 Carbon source starvation

Cells from a single colony were inoculated into 10 mL of YEPD medium (Table
2-6), incubated overnight at 28°C, added to 40 mL of fresh YEPD medium, and incubated
in a rotary shaker at 28°C until the culture had reached an ODyy, of approximately 1.0.
Cells were harvested by centrifugation at 2,000 x g for 5 min, washed twice with sterile
distilled water, resuspended in 3 mlL of YNB medium without a carbon source (Table 2-6),
and incubated at 28°C for 5 h. Samples were taken after 1, 3 and 5 h, diluted in YEPD,

inoculated in duplicate onto YEPD agar plates, and incubated at 30°C for 2 days.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

2.2.6.2 Thermotolerance

Cells were inoculated into 10 mL of YEPD medium (Table 2-6), incubated
overnight at 28°C, added to 40 mL of fresh YEPD medium, and allowed to grow in a
rotary shaker at 28°C until an ODy,, of approximately 1.0 was reached. Cells were then
diluted into fresh YEPD medium to an ODy, of approximately 0.15, and 1 mL aliquots
were transferred to haemolysis tubes prewarmed to 35°C. Samples were taken every 30
min during incubation at 35°C with occasional mixing, diluted in YEPD, spread in

duplicate onto YEPD agar plates, and incubated at 30°C for 2 days.

2.2.6.1 Osmotic stress

10 mL of YEPD medium (Table 2-6) was inoculated with a single colony,
incubated overnight at 28°C, and added to 40 mL of fresh YEPD medium. Cells were
allowed to grow in a rotary shaker at 28°C until the culture had reached an ODyy, of
approximately 1.0. Cells were subsequently diluted to an ODyg, of approximately 0.25 in
YEPD medium containing NaCl at a final concentration of 0.4 M, and incubated in a
rotary shaker at 28°C for 2 h. Samples were taken every 30 min, diluted in YEPD,

inoculated in duplicate onto YEPD agar plates, and incubated at 30°C for 2 days.

2.2.6.1 Oxidative stress
Cells from a single colony were inoculated into 10 mL of YEPD medium (Table
2-6), incubated overnight at 28°C, added to 40 mL of fresh YEPD medium, and incubated

in a rotary shaker at 28°C until an OD, of approximately 1.0 was reached. Hydrogen
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peroxide was added to a final concentration of 0.8 mM, and the cells were maintained at
28°C for a further 2 h. Samples were taken every 30 min, diluted in YEPD, spread in

duplicate onto YEPD agar plates, and incubated at 30°C for 2 days.

2.2.7 Chemical mutagenesis of Y. lipolytica

Mutagenesis of Y. lipolytica E122 cells with 1-methyl-3-nitro-1-nitrosoguanidine
(MNNG) was performed by Rachel K. Szilard using the method of Gleeson and Sudbery
(1988). Mutant strains were selected by their inability to form wild-type rough-surfaced

colonies after 3 days of incubation at 28°C on YEPD agar plates.

2.3 Introduction of DNA inte microorganisms
2.3.1 Chemical transformation of £, coli

Plasmid DNA was generally amplified in Subcloning Efficiency, chemically
competent E. coli DHS5a cells (Invitrogen), as recommended by the manufacturer.
Accordingly, 1 to 2 uL of a ligation reaction (Section 2.5.10) or 0.5 to 1.0 pL (0.25-0.5 ug)
of plasmid DNA was added to 25 pL of cells, incubated on ice for 30 min, submitted to
a 20 sec heat shock at 37°C, and returned to ice for 2 min. One mL of LB medium (Table
2.4) was then added, and the cells were incubated in a rotary shaker for 45 to 60 min at
37°C, spread onto LB-ampicillin plates (Table 2-4), and incubated overnight at 37°C.
When necessary, 50 pL. of 2% X-gal in DMF and 30 pL of 100 mM IPTG were added to

agar plates to allow for blue/white selection of colonies carrying recombinant plasmids.
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2.3.2 Electroporation of E. coli

For high efficiency transformation, E. coli DH5a cells were prepared as
recommended by Bio-Rad. Briefly, 5 mL of LB medium was inoculated with a bacterial
colony, incubated overnight at 37°C, added to 500 mL of fresh LB medium, and cells were
grown at 37°C until the culture reached an OD, (optical density at a wavelength of 600
nm) of 0.5. Cells were then harvested by centrifugation at 4,000 x g for 15 min at 4°C,
washed twice with 500 mL of ice-cold water, once with 10 mL of ice-cold 10% (v/v)
glycerol, and resuspended in 1.5 mL of 10% (v/v) glycerol. Cells were either used
immediately, or frozen as 50 uL aliquots by immersion in a dry ice/ethanol bath and stored
at —80°C. For transformation, 25 pL of cells was mixed with 1 to 2 pL of a plasmid-
containing solution, placed between the bosses of an ice-cold Biometra
microelectroporation chamber (width ~0.15 ¢m), and submitted to an electrical pulse of
395 V (amplified to ~2.4 kV) at a capacitance of 2 uF and a resistance of 4 kQ using a
Biometra Cell-Porator connected to a Biometra Voltage Booster. Cells were then
immediately transferred to a culture tube containing 1 mL of SOC medium (Table 2-4),
incubated in a rotary shaker at 37°C for 45 to 60 min, and plated as described in Section

2.3.1.

2.3.3 Electroporation of Y. lipolytica
For transformation of Y. lipolytica, electrocompetent cells were prepared as
recommended by Ausubel et al. (1989). A 10 mL overnight culture of yeast cells in YEPD

medium (Table 2-6) was added to 50 mL of fresh YEPD and incubated in a rotary shaker
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at 30°C until an ODy, of approximately 1.0 was reached. Cells were then harvested by
centrifugation at 2,000 x g, resuspended in 50 mL of LTE solution (Table 2-2), and
incubated for 30 min at room temperature with gentle agitation. DTT was added to a final
concentration of 20 mM, and the incubation was continued for a further 15 min. Cells
were harvested by centrifugation at 2,000 x g, washed once with 50 mL each of room-
temperature water, ice-cold water, and ice-cold 1 M sorbitol, and finally resuspended in
approximately 300 pL of 1 M sorbitol. For transformation, 20 ul of cells was mixed with
I to 2 pL of DNA, placed between the bosses of an ice-cold Biometra
microelectroporation chamber (width ~0.15 cm), and submitted to an electrical pulse of
250 V (amplified to ~1.6 kV) at a capacitance of 2 uF and a resistance of 4 kQ using a
Biometra Cell-Porator connected to a Biometra Voltage Booster. Cells were immediately
mixed with 100 pL of ice-cold 1 M sorbitol, plated onto YNA agar supplemented with

appropriate amino acids (Table 2-6), and incubated at 30°C for 3 to 6 days.

2.4 Nugcleic acid isolation from microerganisms
2.4.1 Plasmid DNA isolation from E. coli

Isolated bacterial colonies were inoculated into 3 mL of LB-ampicillin medium
(Table 2-4), and incubated overnight at 37°C. Plasmid DNA was isolated by either the
alkaline lysis method (Maniatis et af., 1982) or with the use of the QIAprep Miniprep Kit
(Qiagen).

For the alkaline lysis method, cells collected by microcentrifugation at 16,000 x
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g for 2 min were resuspended in 100 pL of Solution 1 (50 mM glucose, 25 mM Tris-HC],
pH 8.0, 10 mM EDTA) and mixed with 200 pL of Solution II (0.2 M NaOH, 1% SDS).
After a 5 minincubation onice, 150 pL of Solution III (3 M potassium acetate, pH 4.8-5.5)
was added, and incubation on ice was continued for another10 min. The precipitate was
then pelleted by a 10 min microcentrifugation at 16,000 x g at 4°C, and the supernatant
was transferred to a new microcentrifuge tube and submitted to consecutive extractions
with equal volumes of phenol/chloroform/isoamyl alcohol (25:24:1) and
chloroform/isoamyl alcohol (24:1). The nucleic acid in the aqueous phase was precipitated
by the addition of two volumes of absolute ethanol and microcentrifugation for 10 min at
16,000 x g, washed once with 1 mL of 70% (v/v) ethanol, and dried in a rotary vacuum
desiccator. The dried pellet was dissolved in 50 uL of TE, pH 8.0 (Table 2-2) containing
20 pg RNaseA/mL.

Plasmid DNA isolation with the QIAprep Miniprep Kit involves a modified
alkaline lysis procedure to disrupt the cells, followed by purification of the DNA on a
silica-gel membrane in a high-salt environment, and was carried out as recommended by

the manufacturer.

2.4.2 Plasmid DNA isolation from Y. lipolytica
Yeast plasmid DNA was isolated by the method of Ausubel e al (1989).
Accordingly, cells were inoculated into 10 mL of selective YNA medium (Table 2-6),

incubated for 2 days at 30°C, harvested by centrifugation for 5 min at 2,000 x g, and
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washed twice with sterile water. Subsequently, cells were resuspended in 200 pL of
Breakage Buffer (Table 2-2), transferred to a microfuge tube, and glass beads (425-600
um) (Sigma) were added until they reached the meniscus. Following the addition of 200
uL. of phenol/chloroform/isoamyl alcohol (25:24:1), the mixture was vortexed for 3 min
at 4°C to disrupt the cells. 200 puL of TE buffer, pH 8.0, (Table 2-2) was then added, and
the organic and aqueous phases were separated by centrifugation at 16,000 x g for 5 min
at 4°C. The aqueous phase was extracted twice against an equal volume of
phenol/chloroform/ isoamyl alcohol (25:24:1) and once against chloroform/isoamyl
alcohol (24:1). Nucleic acid was precipitated by the addition of 2.5 volumes of absolute
ethanol and centrifugation at 16,000 x g for 30 min at 4°C. The pellet was washed once
with 1 mL of 70% (v/v) ethanol, dried in a rotary vacuum desiccator, and dissolved in 20
pL of water. The material thus obtained was subsequently introduced into E. coli DH5a
cells by electroporation (Section 2.3.2), and the amplified plasmid DNA was isolated as

described in Section 2.4.1.

2.4.3 Chromosomal DNA isolation from Y. lipolytica

Forisolation of yeast genomic DNA, the same procedure as for yeast plasmid DNA
isolation (Section 2.4.2) was followed, except that yeast cells were grown overnight in
YEPD medium, precipitated nucleic acids were collected by centrifugation at room
temperature for 5 min, and the final nucleic acid pellet was dissolved in 100 puL of TE

buffer, pH 8.0, (Table 2-2) containing 20 pg RNaseA/mL.
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2.4.4 Teotal RNA isolation from Y. lipolytica

Total RNA was isolated from Y. lipolytica cells by the method of Ausubel ef al.
(1989). Cells were harvested by centrifugation for 5 min at 2,000 x g, washed twice with
50 mL of sterile water, transferred to a microcentrifuge tube, washed once with 1 mL of
ice-cold RNA buffer (Table 2-2), and resuspended in 300 uL. of RNA buffer. Glass beads
(425-600 pm) (Sigma) were added until they reached the meniscus, 300 pL of
phenol/chloroform/isoamyl alcohol (25:24:1; equilibrated with RNA buffer) was added,
and the mixture was vortexed for 2 min at 4°C to disrupt the cells. Following a 1 min
centrifugation at room temperature, the top 200-250 pl. were collected and extracted
against an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) until the aqueous
phase was nearly limpid. Residual phenol was then extracted with chloroform/isoamyl
alcohol (24:1), and RNA was precipitated by the addition of 3 volumes of ice-cold
absolute ethanol, followed by incubation at —20°C for 30 to 60 min and centrifugation at
16,000 x g for 2 min at 4°C. The RNA pellet was resuspended in 1 mL of 70% (v/v)
ethanol, incubated on ice for 10 min, collected by centrifugation at 16,000 x g for 2 min
at room temperature, dried in a rotary vacuum desiccator, and dissolved in 50 pL of

DEPC-treated water.

2.4.5 Isolation of Poly A" mRNA from Y. lipolytica

Poly A" mRNA was purified from total RNA (isolated as described in Section

2.4.4) using the Oligotex mRNA Midi Kit (Qiagen) as recommended by the manufacturer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

This method consists primarily in the hybridization of the polyadenylated tails of mRNA
molecules to oligo-dT sequences that are coupled to a solid phase matrix, and a subsequent
reduction of the concentration of salt to destabilize the dT:A hybrids, thus releasing the

poly A" mRNA.

2.5 Standard DNA manipulations
Unless otherwise noted, reactions were carried out in 1.5 mL microcentrifuge
tubes. Microcentrifugation was performed in an Eppendorf microcentrifuge at 16,000 x

g, and all procedures were performed essentially as described by Ausubel et al. (1989).

2.5.1 Polymerase chain reaction

The polymerase chain reaction (PCR) was used to amplify specific DNA sequences
or to introduce modifications in the amplified DNA sequence. Primer design, reaction
components and cycling conditions were performed as established for standard procedures
(Innis and Gelfand, 1990; Saiki, 1990). Typically, a reaction contained 0.1 to 1.0 pg of
template DNA (100-200 ng of plasmid DNA or 0.5-1.0 ug of Y. lipolytica genomic DNA),
25 pmol of each primer, 50 uM of each ANTP (dATP, dCTP, dGTP and dTTP), and 5 U
of Taq DNA polymerase in 50 pL of the supplied reaction buffer. Reactions were carried
out in 0.6 mL microcentrifuge tubes in a Robocycler 40 with a Hot Top attachment
(Stratagene). Alternatively, Ready-to-Go PCR beads (Amersham-Pharmacia) were used
as recommended by the manufacturer.

For high-fidelity amplification of DNA fragments, the Expand High Fidelity PCR
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System (Roche) was used according to the instructions of the manufacturer.

2.5.2 Restriction endonuclease digestion
In general, 1 to 2 pg of plasmid DNA or 10 pg of genomic DNA was subjected to

restriction endonuclease digestion following the recommendations of the enzyme’s

manufacturer.

2.5.3 Dephosphorylation of 5' ends
In order to prevent self-ligation of plasmid vectors, phosphate groups were
removed from the 5'-ends of DNA by treatment with calf intestinal alkaline phosphatase

(CIP) according to the manufacturer’s instructions.

2.5.4 Phosphorylation of 5' ends

Phosphorylation of the 5'-termini of DNA molecules was occasionally carried out
to enable their ligation to other DNA fragments or to plasmid vectors. A typical 30 ul
reaction contained 10-20 pg of DNA, 3 uL of 10 x PNK buffer (700 mM Tris-HCI, pH
7.6, 100 mM MgCl,, 50 mM DTT), 1 mM ATP, and 10 U of T4 polynucleotide kinase.
The reaction was performed at 37°C for 1 h and terminated by heating at 65°C for 20 to 30

min.

2.5.5 Creation of blunt-ended DNA fragments

DNA fragments with 5' overhangs were made blunt using the Klenow fragment of
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E. coli DNA polymerase 1. A typical 25 pL reaction contained 2-3 pg of DNA, 5 U of
enzyme, and 25 pM of each ANTP. The reaction was performed at 30°C for 15 min and
terminated by immediately subjecting it to agarose gel electrophoresis (Section 2.5.8).
To make blunt 3' overhangs, 25 pL reactions contained 2-3 pg of DNA, 10 U of
T4 DNA polymerase, and 25 uM of each ANTP. The reactions were allowed to proceed

at 11°C for 20 min and terminated by phenol/chloroform extraction (Section 2.5.6) or by

heating at 75°C for 15 min.

2.5.6 Phenol/chloreform extraction

Modifying enzymes and contaminating proteins were removed from nucleic acid-
containing solutions by extraction with phenol/chloroform as described by Ausubel ef al.
(1989). In general, DNA solutions were brought to 200 pL by the addition of water, an
equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added, and the sample
was vortexed vigorously for 10 sec. Subsequently, the sample was subjected to
microcentrifugation at 16,000 x g for 2 min at room temperature, and the aqueous phase
was transferred to a new microcentrifuge tube. This procedure was then repeated with an
equal volume of chloroform/iscamyl alcohol (24:1), and DNA was concentrated by

precipitation with ethanol, as described in Section 2.5.7.

2.5.7 Ethanol precipitation of DNA

Typically, 0.1 volume of 3 M sodium acetate, pH 5.2, and 2.5 volumes of absolute
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ethanol at ~20°C were added to a DNA-containing solution, and the sample was gently
mixed by inversion and incubated at —20°C for 30 to 60 min. Precipitated DNA was
collected by centrifugation at 16,000 x g for 20 min at 4°C, rinsed with 1 mL of 70%
ethanol, dried in a rotary vacuum desiccator, and dissolved in an appropriate amount of

buffer or water, as required.

2.5.8 Agarose gel electrophoresis of DNA fragments

Following PCR (Section 2.5.1) or treatment with modifying enzymes (Section
2.5.2), 0.2 volume of 6 x DNA sample dye (40% sucrose, 0.25% bromophenol blue,
0.25% xylene cyanol) (Maniatis ef al., 1982) was added to the reaction mixture, and DNA
fragments were separated by electrophoresis in agarose gels (1% or 2% agarose, as
required) in 1 x TBE containing 0.5 pg of ethidium bromide/mL. Gels were submitted to
electrophoresis at 10 V/cm in 1 x TBE containing 0.5 pg of ethidium bromide/mL, and
DNA fragments were subsequently visualized on an ultraviolet transilluminator

(Photodyne, Model 3-3006).

2.5.9 Purification of DNA fragments

Gel fragments containing DNA of interest were excised with a razor blade, and
DNA was purified using the QIAquick Gel Extraction Kit (Qiagen), as recommended by
the manufacturer. This method consists in the dissolution of the agarose gel in the
presence of chaotropic salts, followed by adsorption and purification of DNA on a silica-

gel membrane at pH <7.5, and elution of DNA with a small volume (30-50 uL) of 10 mM
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Tris-HCL, pH 8.5.

2.5.10 Ligation of DNA fragments

DNA fragments obtained by restriction enzyme digestion (Section 2.5.2) were
purified as described in Sections 2.5.8 and 2.5.9 and ligated to plasmid vectors using 1 U
of T4 DNA ligase in the buffer supplied by the manufacturer. Ligation reactions were
performed in a total volume of 10 pL, and the molar ratio of plasmid to insert was
generally between 1:3 and 1:5, with a maximum total DNA concentration of 25 ng/uL.
Following a 4 to 12 h incubation at 4°C, ligation products were transformed into
chemically competent E. coli cells (Section 2.3.1) for amplification.

DNA fragments obtained by PCR (Section 2.5.1) were processed in a similar way,
éxcept that these products were cloned using the pGEM-T Vector System (Promega)

according to the manufacturer’s instructions.

2.5.11 Annealing of oligonucleotides

Complementary single-stranded oligonucleotides were annealed in reactions
containing 10 pmol of each oligonucleotide, 10 pL of 5 x annealing buffer (250 mM Tris-
HCIl, pH 8.0, 50 mM MgCl,) and water to a final volume of 50 pl.. Reactions were
incubated for 4 min at 90°C in a heating block and subsequently allowed to cool gradually

to room temperature.
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2.6 DNA and RNA analysis

2.6.1 DNA sequencing
2.6.1.1 Sequenase Kits

Sequenase DNA Sequencing Kits (Versions 1.0 and 2.0) (USB) were used
according to the instructions of the manufacturer, except that 2 pmol of primer were
employed. These kits are based on the method of Sanger er al. (1977), and involve
radioactive labeling of DNA using a genetic variant of the bacteriophage T7 DNA
polymerase lacking 3'5' exonuclease activity. Reaction products were separated on 5%
ExplorER (J.T. Baker) or 5% Long Ranger (J.T. Baker) denaturing acrylamide gels in 0.6
x TBE or 1 x TBE buffer (Table 2-2), respectively. Gels were dried at 80°C for 45 min

and exposed to BioMax or X-Omat AR film at room temperature for signal detection.

2.6.1.2 Automated sequencing

Dideoxynucleotide sequencing using fluorescently labeled DNA was performed
using the BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied
Biosystems) as recommended by the manufacturer. This procedure is also based on the
method of Sanger et al. (1977) and consists in the random incorporation of fluorescent
dideoxy terminators during the elongation of DNA sequences with a modified version of
Taq DNA polymerase. Reaction products were separated by capillary electrophoresis, and
fluorescence was detected and recorded by an ABI 310 Genetic Analizer (PE Applied

Biosystems).
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2.6.2 Seouthern blot analysis

DNA was transferred to nitrocellulose membranes by the method of Ausubel et al.
(1989), with a few modifications. Approximately 10 pg of yeast genomic DNA (Section
2.4.3) was digested overnight with the appropriate restriction enzyme(s), and fragments
were separated by agarose gel electrophoresis (Section 2.5.8). DNA was subsequently
nicked by placing the gel on an ultraviolet transilluminator (Photodyne, Model 3-3006) for
5 min, denatured in 1.5 M NaCl, 0.5 M NaOH for 30 min, and neutralized in 3 M NaCl,
1.5 M Tris-HCI, pH 8.0, for 30 min. DNA was transferred overnight to nitrocellulose by
capillary action in 5 x SSC (Table 2-2) and cross-linked to the nitrocellulose by exposure
to 120,000 pJ of ultraviolet light (A = 254 nm)/cm* of membrane with a UV Stratalinker
1800 apparatus (Stratagene). Immobilized DNA was used as a target for hybridization as

described in Section 2.6.4.

2.6.3 Northern blet analysis

RNA was prepared and transferred to nitrocellulose by the method of Ausubel et
al. (1989), with some modifications. Samples containing approximately 10 pg of total
veast RNA (Section 2.4.4), 18% (v/v) formamide, 18% (v/v) formaldehyde, and 2 x borate
buffer (Table 2-2) in 20 ul. were incubated at 65°C for 5 min to denature RNA and
immediately cooled on ice. Following the addition of 4 uL of 6 x DNA sample dye
(Section 2.5.8), RNA was separated by gel electrophoresis in 1 x borate buffer (Table 2-2)

containing 3.3% (v/v) formaldehyde as denaturant, stained for 15 min in 0.5 pg of
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ethidium bromide/ml, visualized on an ultraviolet transilluminator (Photodyne, Model 3-
3006), and washed for 30 min in water. RNA was then partially hydrolyzed by incubation
in 0.05 N NaOH for 20 min, and following rinsing of the gel with water and equilibrating
the gel in 20 x SSC for 45 min, the RNA was transferred overnight to nitrocellulose by
capillary action in 20 x SSC. RNA was cross-linked to nitrocellulose by exposure to
120,000 pJ of ultraviolet light (A = 254 nm)/cm? of membrane with a UV Stratalinker 1800

apparatus (Stratagene) and used as a target for hybridization as described in Section 2.6.4.

2.6.4 Labeling of DNA probes and hybridization

In order to identify or quantify specific DNA or RNA molecules immobilized on
nitrocellulose membranes by Southern or northern blotting (Sections 2.6.2 and 2.6.3),
DNA probes were labeled and hybridized using the Enhanced Chemiluminescence (ECL)
Direct Nucleic Acid Labeling and Detection System (Amersham/Pharmacia) according to
the instructions of the manufacturer. This method consists primarily in the direct labeling
of DNA with horseradish peroxidase, followed by hybridization of the labeled probe with
immobilized DNA or RNA, and eventual detection (on an X-ray film) of the blue light

produced by a sequence of reactions that results finally in the oxidation of luminol.

2.6.5 Semi-quantitative RT-PCR analysis
The relative amounts of low-abundance mRNA molecules were determined
through the sequencial use of reverse transcriptase and the PCR (RT-PCR) as described

by Wangef al. (1989), with some modifications. Prior to amplification, 4 ug oftotal RNA
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was digested ina 20 pL reaction with RNase-free DNase I (Invitrogen) for 15 min at room
temperature, and the enzyme was inactivated by the addition of 0.8 uL of 25 mM EDTA
followed by incubation at 65°C for 10 min.

For reversé transcription, 7 pL of the previous reaction (approximately 1 pg of
RNA) was mixed with 1 uL. (400-450 ng/pL) of random hexamers (Invitrogen) and 4 pL
of water, heated at 70°C for 10 min, and immediately chilled on ice. The sample was then
submitted to reverse transcription with SuperScript I reverse transcriptase (Invitrogen) in
a 20 pL reaction containing 10 mM DTT, 500 uM dNTPs, 1 U RNasin/pL (Promega), and
1 x First Strand Buffer (supplied by the enzyme’s manufacturer). The reaction was
conducted in 0.6 mL microcentrifuge tubes in a Robocycler 40 with a Hot Top attachment
(Stratagene) for 10 min at 25°C, 30 min at 42°C, 15 min at 99°C, and storage at 4°C. A
negative control without reverse transcriptase was included in all experiments, to assure
that the digestion by DNase had been total.

The material thus obtained was brought to 40 pL by the addition of cDNA dilution
mix (30 mM MgCl,, 3 mM dNTPs, 1 x Invitrogen PCR buffer), and several tubes
containing 20 pL of ¢cDNA at different concentrations in ¢cDNA dilution mix were
prepared from this sample. Subsequently, 50 uL polymerase chain reactions containing
10 pmol of primers/pl, 1 x Invitrogen PCR buffer, and 0.1 U Tag DNA polymerase
(Invitrogen)/uL were performed for 5 cycles of 60 sec at 96°C, 60 sec at 52°C, and 60 sec
at 72°C in a Robocycler 40 with a Hot Top attachment (Stratagene). Finally, a second

round of PCR was carried out for 30 cycles after the addition of 50 pL of a mixture
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containing 10 pmol of endogenous internal standard primers/pL, 10 mM MgCl,, 1 x
Invitrogen PCR buffer and 0.1 U Taq DNA polymerase (Invitrogen)/pL.

Aliquots from each reaction were submitted to electrophoresis on 2% agarose gels
(Section 2.5.8). Results were documented with the VersaDoc Imaging System (Bio-Rad)
and analyzed with the quantitation software Quantity One (Bio-Rad). This information
was used to establish a linear correlation between the amount of cDNA used and the level
of product obtained, and the expression levels of the analyzed genes were determined

using the data provided by the reactions in which amplification was exponential.

2.7 Analysis of proteins
2.7.1 Preparation of yeast whole cell lysates

Yeast lysates were prepared by disruption with glass beads, as adapted from
Needleman and Tzagoloff (1975). Cells were harvested by centrifugation at 2,000 x g for
5 min, washed three times with water, and resuspended in an equal volume of ice-cold
Disruption Buffer (20 mM Tris-HCL, pH 7.5, 0.1 mM EDTA, pH 7.5, 10 mM KCl, 10%
(w/v) glycerol) containing protease inhibitors (1 ug/ml each of leupeptin, antipain,
pepstatin and aprotinin, 0.5 mM benzamidine hydrochloride, 0.5 mg Pefabloc SC/mL).
Glass beads (425-600 pm) (Sigma) were added until they reached the meniscus of the
suspension, and cells were disrupted by vortexing for 5 min at 4°C. The mixture was
submitted to centrifugation at 16,000 x g for 2 min at 4°C, and the supernatant was

transterred to a new tube. The crude lysate thus obtained was clarified by centrifugation
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at 16,000 x g for 20 min at 4°C, and the protein concentration was determined as described

in Section 2.7.2.

2.7.2 Determination of protein concentration

The protein concentration of a sample was determined by the method of Bradford
(1976). An aliquot of the protein sample was brought to a volume of 100 pL with water,
mixed with 1 mL of Bio-Rad Protein Dye, and incubated at room temperature for 10 min.
The absorbance of the sample was measured at 595 nm using a Beckman DU640
spectrophotometer, and protein concentration was determined by comparing the
absorbance of the sample to the absorbance values of BSA protein standards of known

concentrations (10, 20, 50, 100, 150, 200 and 250 pg/mL).

2.7.3 Electrophoretic separation of proteins

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as described by Ausubel ez al. (1989). Protein samples were
mixed with concentrated sample buffer (to a final concentration of 2% SDS, 10% sucrose,
10 mM DTT, 0.001% bromophenol blue, 62.5 mM Tris-HCI, pH 6.8), denatured by
boiling for 5 min, and separated by electrophoresis on discontinuous slab gels. Stacking
gels consisted of 3% acrylamide (30:0.8 acrylamide:N,N ~methylene-bis-acrylamide), 60
mM Tris-HCI, pH 6.8, 0.1% SDS, 0.1% (v/v) TEMED, and 0.1% ammonium persulfate.
Resolving gels consisted of 10% acrylamide (30:0.8 acrylamide:N,N -methylene-bis-

acrylamide), 370 mM Tris-HCIL, pH 8.8, 0.1% SDS, 0.1 % (v/v) TEMED, and 0.042%
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ammonium persulfate. Eletrophoresis was conducted in SDS-PAGE running buffer (50
mM Tris-HCI, pH 8.8, 0.4 M glycine, 0.1% SDS) at 50-200 V using a Bio-Rad Mini

Protean Il vertical gel system.

2.7.4 Detection of proteins

2.7.4.1 Staining of SDS-polyacrylamide gels with Coomassie Brilliant Blue
Proteins were visualized by staining gels with 0.1% Coomassie Brilliant Blue R-

250 in 10% (v/v) acetic acid, 35% (v/v) methanol for 1 h with gentle agitation. Unbound

dye was removed by multiple washes in 10% (v/v) acetic acid, 35% (v/v) methanol.

Stained gels were dried for 1 h at 80°C on a Bio-Rad gel dryer Model 583.

2.7.4.2 Fluorography

Proteins labeled with L-[*’S]methionine were processed for fluorography as
described by Bonner and Laskey (1974). After electrophoresis, gels were submitted to
staining with Coomassie Blue, as described in Section 2.7.3.1, and subsequently
dehydrated by two washes of 30 min in DMSQO. Gels were then incubated for 3 h in
DMSO-PPO (22.2% 2,5-diphenyloxazole in DMSQ), rehydrated by two washes in water

for 20 min, dried at 60°C for 2 h, and exposed to X-Omat AR film (Kodak).

2.8 Electrophoretic Mobility Shift Analysis (EMSA)

2.8.1 Coupled transcription/transiation

In vitro synthesis of proteins was carried out in 25 pl. reactions containing 0.5 pg
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of plasmid DNA astemplate and the TNT T7-coupled reticulocyte lysate system (Promega)
as recommended by the manufacturer. Parallel reactions containing 10 pCi of L-

[**SImethionine (1175 Ci/mo}, 10 mCi/mL) were also done for assessment of the

translation products.

2.8.2 Radioactive labeling of DNA probes

Twenty pmols of double-stranded oligonucleotides obtained as described in Section
2.5.11 were mixed with 5 pL of 5 x KGB buffer (Table 2-2), 10 pL of [a-**P]dATP (3000
Ci/mmol, 10 pCi/pL), 0.5 mM each of dCTP, dGTP and dTTP, 1 uL (5 U) of the Klenow
fragment of £. coli DNA polymerase I, water to a final volume of 25 uL, and incubated
for 30 min at room temperature.

Radiolabeled DNA probes were purified from unincorporated radionucleotides by
centrifugation through Sephadex G50, as described by Maniatis er al. (1982).
Accordingly, a 1 mL syringe (BDH) was plugged with silanized glass wool (Sigma), filled
with Sephadex G50 prepared in TE buffer, pH 8.0, placed into a 15 mL Falcon tube
containing a microcentrifuge tube at the bottom, and subjected to centrifugation at 180 x
g for 4 min. Excess buffer was discarded, additional Sephadex G50 was added, and the
centrifugation step was repeated. The column was then washed twice with 100 pL of TE
buffer, pH 8.0, and the microcentrifuge tube at the bottom of the Falcon tube was replaced
with a fresh tube. The radiolabeling reaction was then brought to 100 plL by the addition

of 75 uL of TE buffer, pH 8.0, added to the top of the Sephadex column, and submitted
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to centrifugation at 180 x g for 4 min. The radiolabeled DNA probe was then collected
from the microcentrifuge tube, and radionucleotide incorporation was measured by liquid

scintillation counting in an LKB RackBeta 1209 scintillation counter.

2.8.3 Binding reactions with in vitro translated proteins

Binding was performed in 15 pL reactions containing 6 mM Hepes, pH 7.9, 120
mM Na(Cl, 0.4 mM MgCl,, 0.1 mM EDTA, 7% (v/v) glycerol, 4 ug BSA, 4 pg salmon
sperm DNA, and 4 pug poly (dI-dC)epoly (dI-dC) nonspecific competitor DNA. Water and
unprogrammed lysate were added as appropriate to maintain constant total reaction volume
and lysate concentration. In vitro translated protein (2 pL of a synthesis reaction) was
incubated with unlabeled competitor at room temperature for 5 min, 1 x 10° cpm of
radiolabeled probe (Section 2.8.2) was then added, and the reaction was continued for an
additional 15 min at 25°C. Binding reactions were terminated by the addition of 1 to 2 pg
of loading gel (30% (v/v) glycerol, 0.5% xylene cyanol, 0.5% bromophenol blue), and the
reactions were then submitted to electrophoresis 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, 1 mM EDTA as running buffer. Gels were dried at 60°C for 2 h, and submitted

to autoradiography on X-Omat AR film (Kodak) .

2.8.4 Binding reactions with yeast extracts

For EMSA using yeast extracts, the procedure in Section 2.8.3 was followed,
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except that 60 pg of yeast whole cell lysate (Section 2.7.1) was used.

2.9 Microscopy
2.9.1 Immunofluorescence microscopy

Indirect immunofluorescence microscopy of yeast cells was carried out as
described by Pringle ef al. (1991). Cells were fixed by the addition of formaldehyde
directly to the culture medium to a concentration of 3.7%, followed by a 45 min incubation
at room temperature. Cells were then collected by centrifugation at 2,000 x g for 5 min,
washed with solution B (1.2 M sorbitol, 100 mM potassium phosphate, pH 7.5),
resuspended to a concentration of approximately 100 pg/mL in solution B containing 20
ug Zymolyase 100T /mL and 28 mM 2-mercaptoethanol, and incubated for 30 min at 30°C
with gentle rotation. Spheroplasts thus obtained were spotted onto glass slides precoated
with poly L-lysine, washed several times with solution B until individual spheroplasts were
visibly separated, and allowed to dry at room temperature. Spheroplasts were
permeabilized by immersion in -20°C methanol for 6 min and —-20°C acetone for 30 sec,
and were allowed to dry in air. Slides were subsequently placed into a dark humid box,
and the spheroplasts were covered with 100 pL of blocking solution (1% skim milk in
TBST (Table 2-2)) and incubated for 1 h at room temperature. Next, the spheroplasts were
incubated for 1 h with the primary antibody diluted in blocking solution, washed ten times
with 50 pL of blocking solution, and incubated with rhodamine-conjugated secondary

antibody as for the primary antibody. Lastly, the spheroplasts were washed ten times with
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blocking solution, three times with TBST, and covered with 10 pL of mounting medium
(4% n-propyl gallate, 75% (w/v) glycerol in PBS buffer (Table 2-2)). Coverslips were
placed over the slides, and the edges were sealed with nail polish. Cells were viewed on
an Olympus BX50 microscope equipped for fluorescence, and images were recorded with
a SPOT Camera digital imaging system (Model SP400, Diagnostic Instruments) and

analysed with SPOT software 1.2.1 (Diagnostic Instruments).

2.9.2 Staining of yeast actin with fluerochrome-conjugated phalloidin

Staining of yeast actin was performed as described by Adams and Pringle (1991).
Cells were fixed by the addition of formaldehyde directly to the culture medium to a
concentration of 3.7%, followed by a 1 h incubation at room temperature. Cells were then
collected by centrifugation at 2,000 x g for 5 min, washed three times with PBS buffer
(Table 2-2), and resuspended in 100 pul. of PBS. Staining of actin was then carried out by
the addition of Oregon Green 488 phalloidin (Molecular Probes) to a concentration of 1.3
uM, and incubation of the cells for 1 h in the dark. Cells were washed five times with
PBS, resuspended in a drop of mounting medium, and viewed on an Olympus BX50
microscope equipped for fluorescence. Images were recorded with a SPOT Camera digital

imaging system and analysed with the SPOT sofiware 1.2.1.

2.9.3 Staining of yeast bud scars and other cell wall chitin with calcofluor

Staining of yeast chitin was carried out as described by Pringle (1991). Cells were

fixed as described in Section 2.9.2, collected by centrifugation at 2,000 x g for 5 min,
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washed once with water, and resuspended in 0.1 mg Fluorescent Brightener 28
(Sigma)/mL. After a 5 min incubation at room temperature, cells were washed five times
with water, mounted on slides, and observed on an Olympus BX50 microscope equipped
for fluorescence. Images were recorded with a SPOT Camera digital imaging system and

analysed with the SPOT software 1.2.1.

2.9.4 Staining of yeast nuclei with 4,6-diamidino-2-phenylindole (DAPI)

For visualization of yeast nuclei, 4,6-diamidino-2-phenylindole (DAPI) was added
to either the cell suspension or to the mounting medium (Section 2.9.1) at a final
concentration of 1 pg/mL. Cells were viewed using UV excitatory illumination on an
Olympus BX50 microscope equipped for fluorescence. Images were recorded with a

SPOT Camera digital imaging system and analysed with the SPOT software 1.2.1.

2.10 Construction of a Y. lipolytica cDNA library

Poly A" RNA was isolated from Y. lipolytica cells as described in Section 2.4.5 and
used for cDNA synthesis using the ZAP Express cDNA synthesis kit (Stratagene) as
recommended by the manufacturer. The cDNA thus obtained (4 pg) was subsequently
ligated into the ZAP Express vector (Stratagene), packaged with the Gigapack I Gold
cloning kit (Stratagene), and amplified in £. coli XL1-Blue MRF’ cells (Stratagene)

following the instructions of the manufacturer.
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2.11 Isolation and sequencing of Y. lipolytica genes
2.11.1 Isolation and sequencing of MHYI, YIRACI, YIBEMI and YIBMH I

The Y. lipolytica genes MHYI, YIRACI1, YIBEMI and YIBMHI were isolated by
functional complementation of mutant strains (Section 2.2.7) using a Y. lipolytica genomic
DNA library contained in the replicative E. coli shuttle vector, pINA445 (Nuttley ef al.,
1993). Plasmid DNA was introduced into yeast cells by electroporation (Section 2.3.3),
and Leu" transformants were screened on YNA-agar plates (Table 2-6) for their ability to
give rise to rough-surfaced colonies on YEPD agar plates (Table 2-6) after 3 days of
incubation at 30°C. Complementing plasmids were recovered as described in Section
2.4.2, transformed into E. coli for amplification (Section 2.3.2), and the smallest fragments
capable of restoring hyphal growth were determined. Restriction fragments prepared from
the genomic inserts of these constructs were subcloned into the vectors pGEM-
5Z{(+)(Promega), pGEM-7Zf(+) (Promega), or pBluescript I SK(+) (Stratagene) for

dideoxynucleotide sequencing of both strands (Section 2.6.1).

2.11.2 Isolation and sequencing of YISEC3/

The Y. lipolytica gene YISEC31 was isolated by its ability to enhance filamentous
growth upon introduction into Y. lipolytica E122 cells (Table 2-5). Plasmid DNA from
a Y. lipolytica genomic DNA library (Nuttley et al., 1993) was introduced into yeast cells
as described in Section 2.3.3, and Leu" colonies were screened on YNA-agar plates (Table

2-6) for their enhanced rough aspect after 3 days of incubation on YEPD agar plates (Table
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2-6) at 30°C. Plasmid DNA from one of these transformants was recovered as described
in Section 2.4.2, transformed into £. coli for amplification (Section 2.3.2), and the smallest
fragment capable of enhancing hyphal growth was determined. Restriction fragments
prepared from the genomic insert of this construct were subcloned into the vector pGEM-

TZf(+) (Promega) for dideoxynucleotide sequencing of both strands (Section 2.6.1).

2.11.3 Isolation and sequencing of YICDC42 and YIBMH?2

The Y. lipolytica genes YICDC42 and YIBMH?2 were amplified by PCR (Section
2.5.1) using both a Y. lipolytica DNA genomic library contained in the replicative E. coli
shuttle vector, pINA445 (Nuttley er al, 1993), and a Y. lipolytica ¢cDNA library
constructed in the ZAP Express vector (Section 2.10) as templates. Oligonucleotides
(Table 2-1) used in PCR were based on partial sequences obtained from GenBank

(National Center for Biotechnology Information, Bethesda, MD, USA).

2.12 Plasmid constructs
2.12.1 pMHY1

To construct the Y./ipolytica plasmid pMHY 1, a 3.5-kbp Bg/lI-Hindlll fragment
capable of complementing the mutant strain CHY545 (Table 2-5, Section 2.11.1) and
including the entire Y. lipolytica MHY1 gene was cloned into the BamHI/HindIll sites of

pINA445.
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2.12.2 pRACI

Plasmid pRAC1 was obtained by cloning a 2.2-kbp Clal-Stul fragment capable of
complementing the mutant strain CHY1220 (Table 2-5, Section 2.11.1) and containing the

entire Y. lipolytica RACI gene into the Clal/Smal sites of pINA445.

2.12.3 pSEC31

To obtain the Y.lipolytica plasmid pSEC31, a 6.2-kbp BamHI-Sphl fragment
capable of enhancing filamentous growth when introduced into the wild-type strain £122
(Table 2-5, Section 2.11.2) and comprising the entire Y. lipolytica SEC31 gene was cloned

into the BamHI-Sphl sites of pINA445.

2.12.4 pBEM1

Plasmid pBEM1 was obtained by cloning a 4.7-kbp BamHI-BamHI fragment
capable of restoring filamentous growth to Y.ipolytica CHY33169 cells (Table 2-5,
Section 2.11.1) and containing the entire Y. lipolytica BEMI gene into the BamHI site of

pINA445,

2.12.5 pBMH]1

The Y. lipolytica plasmid pBMHI1 was obtained by cloning a 5.0-kbp BamH-
BamHI fragment capable of restoring filamentous growth into the CHY3350 strain (Table
2-5, Section 2.11.1) and including the entire Y. lipolytica BMH1 gene into the BamHI site

of pINA445.
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2.12.6 pBMH2

To obtain the Y. lipolytica plasmid pBMH2, a 3.7-kbp BamHI-BamHI fragment
containing the entire Y. lipolytica BMH? gene was amplified by high-fidelity PCR using
a Y. lipolytica genomic DNA library as template (Section 2.11.3) and then cloned into the

BamH1 site of pINA445.

2.13 Construction of null mutant strains of Y. lipolytica
2.13.1 Integrative disruption of MHYI

The 0.8-kbp Ncol-Ndel fragment of pMHY1 (Section 2.12.1) 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-kbp and 0.4-kbp of the 5' and 3' regions of the MHY I gene, respectively. This linear
fragment was used to transform the wild-type Y. lipolytica strain £122 (Table 2-5) to uracil
prototrophy. Ura" transformants that displayed a smooth phenotype were further

characterized by Southern blot analysis (Section 2.6.2).

2.13.2 Integrative disruption of YIRACI

To dirsrupt the Y. lipolytica RACI gene, the 1.0-kbp Apal-Ndel fragment of
pRACI (Section 2.12.2) was initially replaced by a 1.6-kbp Apal-Ndel fragment containing
the Y. lipolytica URA3 gene. Subsequently, this construct was digested with the restriction
enzymes Dral and Xbal to liberate a 2.4-kbp fragment containing the entire URA3 gene

flanked by 0.5-kbp and 0.3-kbp of the 5' and 3' regions of the YIRAC! gene, respectively.
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This linear fragment was used to transform the wild-type Y. lipolytica strain £122 (Table
2-5) to uracil prototrophy. Ura" strains that were unable to form rough-surfaced colonies

were further characterized by Southern blot and PCR analyses (Sections 2.5.1 and 2.6.2).

2.13.3 Integrative disruption of YIBEM]I

A 2.7-kbp fragment of pBEM1 (Section 2.12.4), corresponding to nucleotides -3
to +2700 of YIBEMI, was replaced by a 1.6-kbp fragment containing the Y. lipolytica
URA3 gene. This construct was digested with the restriction enzymes BamHI and Clal to
liberate a 3.2-kbp fragment containing the entire Y/JURA3 gene flanked by 0.6-kbp and 1.0-
kbp of the 5' and 3' regions of YIBEMI, respectively, and this linear fragment was used to
transform the wild-type Y. lipolytica strain E122 (Table 2-5) to uracil prototrophy. Ura"
strains of smooth phenotype were further characterized by Southern blot analysis (Section

2.6.2).

2.14 Epitope tagging of proteins
2.14.1 HA-tagging of YiMhylp

An Apal site was introduced before the stop codon of the MHY! gene by
replacement of the 0.8-kbp Ndel-Xbal fragment of pMHY 1 (Section 2.12.1) witha 0.8-kbp
Ndel-Xbal fragment obtained by PCR (Section 2.5.1) using the oligonucleotides MHY1-
ApaF and MHY1-ApaR (Table 2-1), generating the plasmid pMHY1-Apal. A fragment

with Apal termini, encoding the peptide PLAMYPYDVPDYAAMYPYDVPDYAAM

GKGE, which contains two repeats of the influenza virus hemagglutinin (HA) epitope
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(underlined residues) (Kolodziej and Young, 1991), was generated by PCR using the
oligonucleotides HA-ApaF and HA-ApaR (Table 2-1), and ligated into the unique Apal
site of pMHY 1-Apal to obtain the plasmid pMHY 1-HA encoding a Mhylp tagged at its
carboxyl terminus with two repeats of the HA epitope (Mhy1p-HA). The integrity of the
final construct was confirmed by DNA sequencing (Section 2.6.1), and pMHY 1-HA was
used to transform the mutant strain mhyl KO9 (Table 2-5) to leucine prototrophy (Section

2.3.3).

2.14.2 GFP-tagging of Y/IMhylp

A fragment with Apal termini encoding the green fluorescent protein (GFP) from
the jellyfish Aequorea victoria was generated by PCR (Section 2.5.1) using the
oligonucleotides GFP-ApaF and GFP-ApaR (Table 2-1) and ligated into the Apal site of
pMHY1-Apal (Section 2.14.1) to obtain the plasmid pMHY 1-GFP, encoding YIMhylp
tagged at its carboxyl terminus with GFP (Y/Mhylp-GFP). The integrity of the final
construct was confirmed by DNA sequencing (Section 2.6.1), and pMHY 1-GFP was used

to transform the mutant strain mhy 1 KO9 (Table 2-5) to leucine prototrophy (Section 2.3.3).

2.14.3 GFP-tagging of Y/Bemlp

An Apal site was introduced before the stop codon of the YIBEMI gene by
replacement of the 2.2-kbp Kprl-BamHI fragment of pPBEM1 (Section 2.12.4) with a 2.2-
kbp Kpnl-BamHI fragment obtained by ligation of a 0.8-kbp Kpnl-Apal fragment amplified

by PCR (Section 2.5.1) using the oligonucleotides BEM1TAG-5F and BEM1TAG-5R
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(Table 2-1) and a 1.4-kbp Apal-BamHI fragment obtained by PCR using the
oligonucleotides BEM1TAG-3F and BEM1TAG-3R (Table 2-1). A fragment with Apal
termini encoding GFP was then ligated into the newly introduced Apal site of pPBEM1 to
obtain the plasmid pBEM1-GFP, carrying ¥/Bem1p tagged at its carboxyl terminus with
GFP (YiBemlp-GFP). The integrity of the final construct was confirmed by DNA
sequencing (Section 2.6.1), and pPBEM1-GFP was used to transform the mutant strain

bemlKQOI157 (Table 2-5) to leucine prototrophy (Section 2.3.3).

2.15 Computer-aided analyses of DNA and protein sequences

DNA sequences were analysed using the Clone Manager software, version 3.11
(Scientific and Educational Software). Protein sequences were analysed and compared to
other sequences with the PC-GENE software package (IntelliGenetics), or using the
BLAST algorithms (Altschul et al, 1990, 1997) via the network service
(http://www.ncbi.nlm.nih.gov) of the National Center for Biotechnology Information
(Bethesda, MD, USA). Protein sequences were aligned using the ClustalW 1.8 algorithm
of the BCM Search Launcher (Smith er al, 1996) via the network service
(http://dot.imgen.bem.tmc.edu:933 1/multi-align/multi-align.html) of the Human Genome

Sequencing Center of the Baylor College of Medicine (Houston, TX, USA).
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CHAPTER 3

ISOLATION AND CHARACTERIZATION OF MHYI1, A GENE CODING
FOR A ZINC FINGER PROTEIN THAT PROMOTES

DIMORPHIC TRANSITION IN Y. lipolytica

A version of this chapter has previously been published as “MHY I Encodes a C,H,-type Zinc Finger Protein
That Promotes Dimorphic Transition in the Yeast Yarrowia lipolytica” (Cleofe A R. Hurtado and Richard

A. Rachubinski. J. Bacteriol., May 1999, Vol. 181, No. 10, p. 3051-3057). Reproduced with permission.
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3.1 Overview

A genetic screen was carried out to isolate mutants of the dimorphic yeast Y.
lipolytica that fail to undergo the yeast-to-hypha transition. The Y. lipolytica mutant strain
CHY545 was selected by its inability to form rough-surfaced colonies when grown on agar
plates, and the gene MHY] was subsequently isolated by its ability to restore hyphal
growth when introduced into CHY545 cells. Deletion of MHY1 is viable and has no effect
on mating, but does result in a complete inability of cells to form both hyphae and
pseudohyphae. MHYI encodes a C,H,-type zinc finger protein, Mhy1p, 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, and
transcription of MHY1 is dramatically increased during the yeast-to-hypha transition in Y.

lipolytica.

3.2 Isolation and characterization of the MHYI gene

The Y. lipolytica mutant strain CHY545 (Table 2-5) was initially isolated by its
inability to form wild-type rough-surfaced colonies on YEPD-agar plates after 3 days of
incubation at 28°C. Further analysis revealed that strain CHY545 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 (Fig. 3-1, panel C).

The MHY1 gene was isolated from a Y. lipolytica genomic DNA library contained

in the replicative E. coli shuttle vector pINA445 (Nuttley et al., 1993) by its ability to
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Figure 3-1. Colony morphology of various Y. lipolytica strains. (A and B) Wild-type
strains E122 and 22301-3; (C) original mutant strain CHY545; (D) disruptant strain
mhylKO9 transformed with plasmid pMHY1; (E and F) MHY! disruptant strains
mhylKO9 and mhyl KO9-B4; (G) MHY1//MHY 1 diploid strain E122//22301-3; (H and I)
MHY1//mhyl diploid strains 22301-3/mhylKO9 and EI122/mhylKO9-B4, )
mhyl//mhyl diploid strain mhyl KO9/mhyl KO9-B4; (K) mhyl//imhyl diploid strain
mhylKO9//mhyl KO9-B4 carrying plasmid pMHY 1. The colonies were photographed at
%100 magnification after 3 days of incubation at 28°C on YNA agar plates.
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restore filamentous growth to CHY545 cells. Of approximately 40,000 transformants
screened, 4 showed an enhanced filamentous phenotype (Fig. 3-1, panel D). Restriction
enzyme analysis demonstrated that all complementing plasmids shared a 3.5-kbp Bg/ll-
Hindlll fragment capable of inducing hyphal growth upon introduction into the CHY545
strain. Sequencing of this fragment revealed that the largest open reading frame (ORF),
the MHYI gene, contained 855 bp coding for a 285-amino acid protein, Mhylp, with a
predicted molecular weight of 32,636 Da (Fig. 3-2A).

A putative TATA box, TATAATA, is found between nucleotides -119 and - 113
from the A nucleotide of the potential initiating codon of the MHYI gene. Initial analysis
has shown that transcription of the MHY! gene preferentially starts at position - 74 from
the A nucleotide of the first ATG codon, within a CCAAA sequence, a common structural
feature of Y. lipolytica genes (Barth and Gaillardin, 1996). 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 (Barth and Gaillardin, 1996).
The upstream regulatory region of the MHY1 gene contains consensus sequences for the
binding of several transcription factors implicated in the regulation of fungal development
and in the response of cells to specific environmental conditions, including multiple copies
of the putative STRE, AGGGG (Kobayashi and McEntee, 1993), and multiple copies of
a putative stationary phase response element (SPRE), AAAGG, commonly found upstream
of stationary phase-responsive genes (Wang et al., 1997) (Fig. 3-3). Interestingly, removal
of the fragment upstream of the Sspl site at position ~722 of the MMHY] gene results in

impaired ability to induce hyphal growth.
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Figure 3-2. Characteristics of the MHY1 gene and its encoded protein, Mhylp. (A)
Nucleotide sequence of the MHYI gene and deduced amino acid sequence of Mhylp.
Putative transcription termination signals are doubly underlined. The transcriptional start
site of the MHY1 gene is indicated. The segment of Mhy1p containing the two C,H,-type
zinc-finger motifs is boxed. (B) Amino acid sequence alignment of the two zinc finger
domains of Mhy1p and of those of S. cerevisiae Msn2p, Msndp and Yer130cp. Identical
(stars) and conserved (dots) amino acids are indicated. Cys and His residues capable of
binding zinc ions are boxed. The STRE sequence 5'-AGGGG-3' and the amino acids that

bind it are indicated.
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Figure 3-3. Upstream regulatory region of the MHYI gene. A putative TATA box is
boxed. The transcriptional start site of the MHY] gene is indicated by an arrow. Putative
consensus sequences for the binding of transcription factors implicated in the regulation
of fungal development and in the response to specific environmental conditions are
indicated.
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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. 3-2A and 3-2B). Similar structural elements are found in
transcription factors like the S. cerevisiae calcineurin-responsive zinc finger protein, Crzlp
(Matheos et al., 1997; Stathopoulos and Cyert, 1997), and Drosophila melanogaster Spl,
which is required for the development of the antennal, intercalary and mandibular
segments of the head (Wimmer et al., 1993). Moreover, the region in Mhy1p connecting
these motifs (amino acids 46 to 175) is considerably rich in serine/proline (33%) and acidic
residues (28%), a structural composition that has been implicated in protein-protein
interactions (Frankel and Kim, 1991). Three putative PEST regions, commonly found in
rapidly degraded proteins (Chevaillier, 1993; Rechsteiner and Rogers, 1996), are predicted

at residues 49-635, 89-102, and 149~ 188 of Mhylp.

3.3 Mhylp binds in vitro to putative STRE elements

A search using 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 Msndp,
and in the putative protein encoded by the ORF YER130C (Fig. 3-2B). Predictions based
on computer-assisted molecular modeling of Msn2p and Msndp (Martinez-Pastor ef al.,

1996), combined with the presence of residues in Mhylp (Arg242, His245, Arg248,
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Arg271,and Asn273)identical to those shown to be responsible for specific DNA-binding
by Msn2p and Msndp, suggested that Mhylp could also recognize and bind the AGGGG
pentanucleotide of putative STREs. Specific binding of Mhylp to the AGGGG
pentanucleotide was demonstrated by EMSA. In vitro synthesized Mhylp bound to a
radiolabeled double-stranded probe derived from the upstream region of the YIRAC! gene
(Fig. 3-4, lane 2), whose transcription is increased during the dimorphic transition in Y.
lipolytica and which contains three copies of the AGGGG pentanucleotide (Chapter 4).
This binding was efficiently competed by increasing amounts of unlabeled probe (Fig. 3-4,
lanes 3 to 6). Mhylp failed to bind to a probe containing mutations in the two AGGGG
motifs (7GGGG) (Fig. 3-4, lane 7), thereby demonstrating the specificity of the interaction
of Mhylp and the putative STREs.

Gel retardation experiments performed with whole extracts from EI22 and
mhylKO9 cells (Section 3.4 and Table 2-5) grown in YNBGlc or YNBGIcNAc medium
showed that there was considerable AGGGG-binding activity in lysates of cells grown
under conditions that induce mycelial growth, but little of this activity in lysates of mutant
cells lacking functional MHY! or of wild-type cells incubated in medium containing

glucose as the sole carbon source (Fig. 3-5).

3.4 Disruption of the MHYI gene does not affect viability and mating of Y. lipolytica
The 0.8-kbp Ncol-Ndel fragment of pMHY 1 was replaced by a 1.6-kbp Ncol-Ndel
fragment containing the Y. lipolytica URA3 gene (Fig. 3-6A). This construct was digested

with Hpal to liberate a 3.3-kbp fragment containing the entire YJURA3 gene flanked by 1.3
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Programmed lysate -
Wild-type probe (STRE) = S
Mutant probe (STREMut) - = = m = o= &

Competitor 0 10 50 100 500
(fold excess)

STRE : §-gatCACAACAAGGGGTCAGCACAACAAGGGGTCAgatc-3’
STREMut : 5’-gatCACAACATGGGGTCAGCACAACATGGGGTCAgatc-3’

Figure 3-4. Mhy1p binds specifically in vitro to the putative STRE pentanucleotide
AGGGG. Mhylp was translated in vitro, incubated with a radiolabeled probe derived
from the upstream region of the YIRAC!I 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 7TGGGG) 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 irn vitro translated Mhylp.
Lanes 3-6, wild-type probe incubated with in vitro translated Mhy1p 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. The arrow indicates the
MHY 1p/DNA complex.
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Figure 3-5. Specific binding of Y. lipolytica proteins to oligonucleotides containing
putative STREs. Whole cell extracts (60 pg of protein) of wild-type strain £/22 and
mutant strain mhylKO9 incubated at 28°C for 10 h in YNBGIc (yeast growth) or
YNBGIcNAc (induction of filamentous growth) were incubated with **P-labeled wild-type
(STRE) and mutant (STREMut) probes (Table 2-1) and submitted to gel electrophoresis.
Lane 1, no protein added. Lane 2, protein from £122 cells grown in YNBGlc. Lanes 3-6,
protein from E122 cells grown in YNBGIcNAc. Lane 7, protein from mhylKO9 cells
grown in YNBGIc. Lanes 8-9, protein from mhylKO9 cells grown in YNBGIcNAc.
Lanes 2, 7 and 8, wild-type probe incubated with yeast whole cell lysate. Lanes 3-5, wild-
type probe incubated with yeast whole cell lysate and 50- and 500-fold molar excesses of
unlabeled wild-type oligonucleotide, respectively. Lanes 6 and 9, mutant probe incubated
with yeast whole cell lysate. Arrows indicate specific protein/DNA complexes.
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kbp and 0.4 kbp of the 5' and 3' regions of the MHY] gene, respectively. This linear
fragment was used to transform the wild-type Y. lipolytica strain E122 (Table 2-5) 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, mhyIKO9 (Fig. 3-1 and
Table 2-5), was confirmed by Southern blot analysis to have had its MHY1 gene correctly
replaced by the YIURA3 gene (Fig. 3-6B).

Mating is a phenomenon that involves dramatic changes in cell morphology in
response to environmental conditions and has been found to be intimately connected to
dimorphism (Madhani and Fink, 1998). We therefore investigated whether disruption of
the MHY1 gene had any effect on the mating ability of Y. lipolytica. The B mating type
strain mhylK09-B4 (Table 2-5), with its MHY1 gene deleted, was obtained by crossing
strain mhyl KO9 with the isogenic wild-type strain 22301-3 (Table 2-5), 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
cosegregation of the Fil” and Ura" phenotypes. MHY1//mhyl (Fig. 3-1, panels Hand I) and
mhyl//mhyl (Fig. 3-1, panel J) diploid strains were readily obtained by mating any
combination of the mutant haploid strains mhy ! KO9 and mhyl KO-B4, and the wild-type
strains £122 and 22301-3, indicating that no defect in mating ability was associated with

the loss of MHY].

3.5 Filamentation is affected by gene dosage of MHYI

Since transformation of mhy!/ mutant strains with the pINA445-based
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Figure 3-6. Integrative disruption of the MHYI gene. (A) Diagram illustrating the
targeted gene replacement strategy for the MHYI gene. The ORFs and directionality of
the MHY1 and YIURA3 genes are indicated by the wide arrows. (B) Southern blot analysis
of Hpal-digested genomic DNA from Y. lipolytica wild-type strain £/ 22 and mutant strain
mhylKO9, confirming the replacement of the MHYI gene segment by the Y/URA3-
containing linear molecule.
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autonomously replicating plasmid pMHY 1, which is believed to be present in two to five
copies per cell (Fournier ef al., 1993), resulted in an enhanced filamentous phenotype (Fig.
3-1, panel D), crossings of the mutant strains mhy ! KO9 and mhy 1 KO9-B4 were performed
with the wild-type strains E122 and 2230!-3 to determine the effects of gene dosage on
the filamentous growth of diploid strains. Diploid strains containing a single copy of
MHYI (Fig. 3-1, panels H and I) gave rise to colonies with significantly reduced
filamentation compared to wild-type haploid strains (Fig. 3-1, panels A and B), while
transformation of an mhyl/mhyl diploid strain (Fig. 3-1, panel J) with the plasmid
pMHY1 resulted in an enhanced filamentous phenotype (Fig. 3-1, panel K). Colonies
formed by MHY1//mhyl diploid strains (Fig. 3-1, panels H and I) showed a substantial
increase in the proportion of yeast-like cells when compared to colonies of the

MHY1/MHY1 strain (Fig. 3-1, panel G).

3.6 Transcription of the MHYI gene is increased during dimorphic transition

The yeast-to-hypha transition in exponentially growing F122 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. 3-7, upper panels). In contrast, cells transferred to fresh
glucose-containing (YNBGlc) medium grew almost exclusively as the budding form (Fig.
3-7, bottom panels), as previously described (Guevara-Olvera et al., 1993). Northern blot
analysis (Fig. 3-7) carried out with total RNA extracted from cells harvested following 3

and 10 h ofincubation showed that MHY1 mRNA levels dramatically increased during the
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Figure 3-7. MHYI mRNA levels are increased during the dimorphic transition.
Total RNA was isolated from Y. lipolytica E122 cells incubated at 28°C in YNBGIcNAc
(induction of filamentous growth) or YNBGIc (control culture, yeast-like cells) for the
times indicated and subjected to northern blot analysis. 10 pg of RNA from each time
point was separated on a formaldehyde agarose gel and transferred to nitrocellulose. Blots
were hybridized with a probe specific for the MHY1 gene (0.8-kbp Ncol-Ndel fragment,
see Fig. 4). Equal loading of RNA was ensured by ethidium bromide staining (data not
shown). Cell morphology att=0, 3 and10 h is shown.
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dimorphic transition, but remained essentially constant during the first hours of incubation
in YNBGIcNAc or YNBGle. A smaller increase in the levels of MHYI mRNA
(approximately 2-fold) was observed after 10 h of incubation in YNBGlIc (Fig. 3-7),

probably due to the few germ tubes (less than 1%) present.

3.7 Mhylp is localized to the nucleus during the dimorphic transition and is
concentrated in actively growing hyphal cells

To determine whether the subcellular localization of Mhylp is consistent with its
probable function as a transcription factor, indirect in sifu immunofluorescence of a
carboxyl-terminal HA-tagged version of Mhylp was carried out in cells cultivated in
YNBGIcNAc. Mhylp-HA was undetectable in the nuclei of cells growing as the yeast
form (Fig. 3-8A), but was readily detected in the nuclei of cells undergoing dimorphic
transition (Fig. 3-8B, C, and D). Strikingly, Mhy1p-HA was found to be concentrated in
actively growing hyphal cells. Thus, while Mhy1p-HA was detected in the nuclei of cells
emitting germ tubes (Fig. 3-8B), once the transition step was completed, Mhy1p-HA was
concentrated in the filamentous cells located at the growing hyphal tip, with no, or a barely
detectable, signal being detected in the other cells of the filamentous chain (Fig. 3-8C and
D).

Interestingly, a carboxyl-terminal GFP-tagged version of Mhylp was unable to
induce hyphal growth in mAy 1 KO9 mutant cells and fluorescence microscopy revealed that
the Mhylp-GFP fusion protein was dispersed throughout the cell in the E/22 and

mhylKO9 strains (Fig. 3-9).
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Figure 3-8. Nuclear localization of Mhy1p during filamentous growth of ¥. lipolyfica.
Indirect immunofluorescence of HA-tagged Mhy1p was carried out on yeast-like cells (A)
and at different stages of filamentation (B, C and D), as described in Materials and
Methods (Section 2.9.1). (Left panels) cells visualized by bright field microscopy.
(Middle panels) DAPI staining of nuclei. (Right panels) rhodamine (TRITC) staining
observed with an anti-HA monoclonal antibody. Bars, 5 yum.
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GFP DAPI

Figure 3-9. Localization of GFP-tagged Mhylp in yeast mhyl KO9 (A) and hyphal
E122 (B) cells. (Left panels) GFP-tagged Mhy1p visualized by fluorescence microscopy.
(Right panels) DAPI staining of nuclei. Bars, 5 um.
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3.8 Transcription of MHY] during the stress response

To investigate possible links between the dimorphic transition program and the
stress response in Y. lipolytica via MHY 1, northern blotting of total RNA prepared from
E122 cells exposed to several stress conditions was carried out with a MHY ] fragment as
a probe (Fig. 3-10). Surprisingly, MHYI mRNA levels were found to decrease to barely
detectable levels after 2 h of exposure 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,0,). In contrast, transcription of MHY remained essentially constant even
after 2 h of exposure to thermal stress at 35°C. Interestingly, the viability of E122 cells
and mhyl KO9Y cells was essentially the same for both strains following exposure to a

particular type of stress.

3.9 Discussion

This chapter describes the identification of a novel gene, MHYI, and the initial
characterization of its product, Mhylp, involved in the yeast-to-hypha transition of the
dimorphic yeast Y. lipolytica. Although the exact role of Mhylp in the dimorphic
transition remains undetermined, several features of Mhy1p suggest 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, MSN4 and the ORF of
unknown function, YER130C. Like Msn2p and Msndp, Mhylp specifically recognizes,

and binds to, sequences containing the AGGGG pentanucleotide, strongly suggestive
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Carbon Source
Starvation

Heat Shock
35°C

Osmotic Shock
0.4 M NaCl

Oxidative Shock
0.8 mM H,0,

Figure 3-10. MHYI mRNA levels during the stress response. Total RNA was isolated
from E122 cells exposed to several stress conditions. For carbon source starvation,
cultures were sampled at 0, 1 and 5 h (lanes 1, 2 and 3, respectively). For heat shock,
osmotic and oxidative stresses, cultures were sampled at 0, 30 and 120 min (lanes 1, 2 and
3, respectively). 10 pg of RNA from each time point was separated on a formaldehyde
agarose gel and transferred to nitrocellulose. Blots were hybridized with a probe specific
for the MHY 1 gene (0.8-kbp Ncol-Ndel fragment, see Fig. 4). Equal loading of RNA was
ensured by ethidium bromide staining (data not shown).
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of a role for Mhylp in the transcriptional regulation of genes containing this sequence in
their promoter regions.

Database analysis revealed that most promoters of Y. lipolytica genes contain
AGGGG sequences, but they are particularly abundant in the genes HOYI (6 copies) and
ICLI (5 copies). HOYI has been shown to be directly involved in the yeast-to-hypha
transition (Torres-Guzman and Dominguez, 1997), while ICLI encodes one of the two
main enzymes of the glyoxylate pathway, a strongly regulated anaplerotic cycle that in Y.
lipolytica is under control of GPR], a gene also implicated in the dimorphic transition
(Tzschoppe et al., 1999).

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/Msndp-mediated expression of stress-responsive genes
in S. cerevisiae, i.e. carbon-source starvation, 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 (Guevara-Olvera et al., 1993). Our results are in agreement
with this hypothesis.

How might Mhy!p function in the yeast-to-hypha transition? One model is that
under conditions promoting the dimorphic transition, Mhy1p would translocate from the
cytosol to the nucleus. There, Mhylp would act as a transcription factor controlling the
expression of genes whose products are necessary both to redirect cell growth towards

filamentation and to maintain this pattern. Once a cell had achieved its maximum
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extension, it would divide, with Mhy1p being equally distributed to the nuclei of both
mother and daughter cells. Mhy1p would then be rapidly degraded in the mother cell, but
would continue to promote filamentous growth at the growing tip of the daughter cell.
Interestingly, Mhy1p contains three potential PEST sequences, which have been implicated
inrapid protein degradation and are often found in regulatory nuclear factors with specific

and transient functions during cell growth (Chevaillier, 1993).
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CHAPTER 4

ISOLATION OF YIRACI AND DEMONSTRATION OF ITS INVOLVEMENT

IN THE DIMORPHIC TRANSITION OF Y. lipolytica

A version of this chapter has previously been published as “A Rac Homolog Is Required for Induction of
Hyphal Growth in the Dimorphic Yeast Yarrowia lipolyvtica” (Cleofe A.R. Hurtado, Jean-Marie Beckerich,
Claude Gaillardin and Richard A. Rachubinski. J. Bacteriol., May 2000, Vol. 182, No. 9, p. 2376-2386).

Reproduced with permission.
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4.1 Overview

The Y. lipolytica mutant strain CHY1220 was selected by its inability to undergo
the yeast-to-hypha transition, and the YIRAC1 gene was subsequently isolated by its ability
to restore hyphal growth when introduced into CHY1220 cells. YIRACI, a gene encoding
a 192-amino acid protein, is essential for hyphal growth in the dimorphic yeast Y.
lipolytica and characterizes the first Rac homolog described in fungi. YIRAC] is not an
essential gene, and its deletion does not affect mating ability nor impair actin polarization
in Y. lipolytica. However, strains lacking functional Y/IRAC! display alterations in cell
morphology, thus suggesting that its function may be related to some aspects of the
polarization of cell growth. Northern blot hybridization revealed that transcription of
YIRAC increases steadily during the yeast-to-hypha transition, and Southern blot analysis
of genomic DNA suggests the presence of several related superfamily members in Y.
lipolytica. Interestingly, strains lacking functional YIRAC] are still able to grow as the
pseudohyphal form and to invade agar, thus pointing to a function for YIRACI downstream
of MHY1I, apreviously isolated gene that encodes a C,H,-type zinc finger protein with the
ability to bind putative STREs (pentanucleotide CCCCT or AGGGG), and whose activity

is essential for both hyphal and pseudohyphal growth in Y. lipolytica (Chapter 3).

4.2 Isolation of the Y. lipolytica mutant strain CHY1220
The Y. lipolytica mutant strain CHY1220 (Fig. 4-1, panel B) was initially isolated
by its inability to form wild-type rough-surfaced colonies on YEPD-agar plates after 3 days

of incubation at 28°C (Fig. 4-1, panel A). Further analysis revealed that, like rac ! Astrains,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

Figure 4-1. Colony morphology of various Y. lipolytica strains. (A) Wild-type strain
E122; (B) mutant strain CHY1220; (C) RAC] disruptant strain raclKO30; (D) MHY1
disruptant strain mhy!KO9; (E) strain CHY1220 transformed with plasmid pRACI; (F)
strain racl KO30 transformed with plasmid pRAC1; (G) strain mhyl KO9 transformed with
plasmid pRAC1; (H) strain CHY1220 transformed with plasmid pMHY1; (I) strain
racl KO30 transformed with plasmid pMHY1; (J) wild-type strain 22301-3; (K) RACI
disruptant strain racl KO30-B36; (L) RAC1//RACI diploid strain £122//22301-3; (M and
N) RACI1//racl diploid strains 22301-3//raclKO30 and EI122//raclK030-B36; (O)
racl//racl diploid strain racI KO30//rac1 KO30-B36. Colonies were photographed at x100
magnification after 3 days of incubation at 28°C on YNA agar plates.
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CHY1220 was able to form colonies having a small number of peripheral extensions after
prolonged periods of incubation on both rich and minimal medium and that these
extensions consisted of chains of elongated cells following a pseudohyphal pattern (Fig.

4-1, panels B, C, K, and O).

4.3 Isolation and characterization of the YIRACI gene

The YIRAC1 gene was isolated from a Y. lipolytica genomic DNA library contained
in the replicative E. coli shuttle vector pINA445 (Nuttley ef al., 1993) by its ability to
restore hyphal growth to CHYI1220 cells. Of approximately 70,000 transformants
screened, 5 showed a restored filamentous phenotype (Fig. 4-1, panel E). Restriction
enzyme analysis demonstrated that all complementing plasmids shared a 2.2-kbp Spel-Clal
fragment capable of inducing hyphal growth in CHY1220 cells. Sequencing of this
fragment revealed an ORF of 576 bp interrupted by two introns, which are found at codons
12 and 36 (nucleotides +36 to +205 and +278 to +328 from the A residue of the potential
initiating codon, respectively). The putative 5'-splice donor sequences of both introns
(GTAAGTPu) diverge at the third and fourth positions from the GTGAGTPu and
GTATGT consensus motifs found in Y. lipolytica (Lopez et al., 1994; Strick et al., 1992)
and S. cerevisiae (Teem et al., 1984), respectively. As in the Y. lipolytica genes SEC14
(Lopez et al., 1994) and PYK1 (Strick et al., 1992), a 3'-splice acceptor CAG sequence is
found one nucleotide downstream of the consensus TACTAAC box (Teem ef al., 1984)
or its abbreviated form CTAAC (Fig. 4-2).

No obvious TATA box or CT/CA-rich region, which is believed to play arole in
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~790 CGGCGACTAGTGAGCTCGATGGGCAACAAACCACAGGCCTGICARCACAATCTATATGCTC
~-730 CACACCCCCATCTCTCCTGATCTGCATCTGATCTGAARAGTACTGCCCTTGTCACTCGCA
~670 CTTGGGAGACTATCCGTAGARCAAGGOCGCGAACAAACGGECGCACAACGCRAGCTGTEGCT
~610 GGTCACACTGGCGCCCACTCTTICTITTTTACTCACCTARCCAACGTGCATACAGCCCCAGT
-550 AGGCGAAATTGCCATATCCGGACCCTGICTACAAATACTACGATCACCCCCACCGGATCT
-480 GCCCACGGGAATAITTEAT%ECTTGTCGTCACAGTCAAA@LACCX:T’ITCAAGCCAGCCGT
~430 GCACTAA&TCTCTGACCCCTTCTTGTGCTGAGTTTGTCTTTT‘I‘TTQTQAAATCﬂs."%‘%'%g
-370 CTTGGCACTTTAGGGCCCAATCTAAGATAGACACACGCTCACCACCCARRACCACACCCCT
=310 TCTTTTGCACACCACCCCACGACCGAAACACAATATCACACAACGGCAAAACATACTETC
~250 ACGT'I‘AA@TACCGGACGAAMQ\A&%%TCT‘IECAGGCTCTC‘AC‘ICTTCATCTCCTCC
-190 ACTAOCCAAGTCg%cg.‘mC'I'GTGAAmCTCCGCICATTMACGGTCICAGTTTTT@GT
~130 CACTCACTACAACCCCTGCACAAGTCTCAATCAAGACACTCGCAAGAGACCCTTGACTCT

~70 CTAGCGACCCATCCACACAGACTCGTTACACAAGCACGTCCCTACATCCACTCTCGCTAC

-10 CGGTTCCRAAAATGCAGAGTATAARATCTGTCCTCACTCCOCACCCETAAGTCATCGTGAT
M Q 8 I KR C V VvV T 6 D G 12

51 GCCATGAAGGTCATGCTTCAATTGACCCGACCTGTCGECCATATGACCGCCCTCGTTTAG

111 GCGARACGATGGCCATCGTGTATTTGCTCCACGEGCCECTICACACCCACGCAATACACC

171 GCTTGTCCCACCCTCCCCCCACCCIACTAACACAGTCCCCTCGGTARAACTTGCATGCTA
A VvV G K T C M L 20

231 ATCTCATACACCACAAACGCCTTCCCACGAGAGTACATCCCCACCGTRTAAGTATTGACG
I 8 ¥ T T ¥ A F P G E Y I P T V 36

291 CCCTCATTGATGCCCTCCACCTCTCCTATCTAACTCAGCTTCGRACARCTACTCTGCCAAT
F DN ¥ 8 A N 43

351 GTCATCCTGGATAACAAACCGATAAACCTCGGACTTIGGCATACCGCGGGCCAGGAAGAT
vV M vV D N K P I N L €L WD T AGTGQE D 63

411 TACGACCGECTGCOECCACTGTCATACCCCCAGACCGECGTGTTTCTTATCTGCTTCTCG
¥ D R L R PUL S ¥ P Q T G V F L I C F 8 83

471 CTCCIGTCCCCCCCGTCETTCGAGAACGTCARAGCTAAGTCGCACCCCGAAATC TCGCAC
L v 8 P P 8 F E N V KA KWHPZE I S H 103

5§31 CACGCCCCCAATACGCCCATCATCCTCGTCCGCACCAAGCTCGACCTEGCGCTARCCACAGT
H A P N T P I I L V G T K L P L RN D 8§ 123

591 GAGACTCTIGGCGCGGCTCGCTICAAAAGCGACAAGCCCCCATCACATATGCACAAGGCECC
E T I. A R L A BE KR QA AUP I T Y A E G A 143

651 AAGTGTGCTCGEGACATTCGCGCCGTCARATACTT TGAGTGCTCGEGCATTGACCCAAAAG
K C A RD I G A V KY F EC S A L T Q K 163

711 CGACTCARAACAGTGTTIGACCACGCCATTCACGCGETGCTGTCGCCTCCCCAGCCCAAG
G L K T VvV F D EATIHATYVILS P P Q P K 183

771 ARARRGAACARGARCTGTCTGATTCTCTAAAGCTCCTTCTACTACCCGACRRAACAARCCCA
K K K K N C V I L -~ 192

831 CTGCTCCCCAGGAGTCAACCCACCTGACGCTCCAATCTGGCGEGETCCAACTTCCCTCCA
891 GATTGAGTCTTICAGCTATGGCCCAAGACT TAAAACGCTCEAGACARACACCACTTGTTTT
951 ATTGCCEGTCITTCTCGECTICTTTGCCAGATCCCGCCAATGACAGCTATGACTTGETCC

1011 TCCACTARARACGAACTCGCIAGCTIAGGACTCCACTCATIAGTTAATIGATGTGITIGCE
1071 AZTIG

Figure 4-2. Nucleotide sequence of the YIRACI gene and deduced amine acid
sequence of Y/Raclp. The transcriptional start site of the YIRACI gene is indicated by
an arrow. Putative STREs are indicated. Consensus sequences for intron splicing are
underlined. Putative transcription termination signals are doubly underlined.
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transcriptional regulation in Y. lipolytica (Nuttley et al., 1994; Xuan et al., 1990), is seen
in the putative promoter of YIRACI. However, analysis of cDNA showed that transeription
of the YIRACI gene preferentially starts at position -286 relative to the A nucleotide of
the first ATG codon and that polyadenylation occurs following the G nucleotide at position
+1075. Other features of YIRACI include the presence of conserved A nucleotides at
positions -1 and -3 relative to the A nucleotide of the initiating ATG and three putative
STREs (pentanucleotide CCCCT) (Kobayashi and McEntee, 1993) in its upstream region
(Fig. 4-2).

The deduced protein product of YIRAC1, YIRaclp,is 192 amino acids in length and
has a predicted molecular weight of 21,173 Da (Fig. 4-2). Comparison of the predicted
amino acid sequence of Y/Rac1p with the sequences of Rac proteins from different sources
suggests that its closest homologue is human Racl (Fig. 4-3). In addition, Y/Raclp has a
relatively high pI (8.47), which is an attribute that distinguishes Rac proteins from Rho and
Ras proteins (whose pls are in the range of 5.0 to 6.5) (Delmer er al., 1995).

Consensus elements GXXXXGK (GDGAVGK, residues 10 to 16) and DXXG
(DTAG, residues 57 to 60) (Fig. 4-3), which are involved in interactions with the
phosphate portion of the GTP molecule, are found in Y/Raclp at positions conserved
among GTP-binding proteins (Chen et al., 1993; Dever ef al., 1987; Johnson and Pringle,
1990; Mirbod ef al., 1997). Conserved motifs are also present at the regions implicated in
interaction with the GTPase-activating protein (GAP) (TVFDNY, residues 35 to 40)
(Sekine et al., 1989), and membrane association prior to biological activity (CVIL,

residues 189 to 192) (Hancock er al., 1989; Ziman et al., 1993) (Fig. 4-3). Notably,
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YIRacl MOSIKCVVTGDGAVEKTCMLISY TTNAFPGEY I PTVFDNY SANVMVDNKD 50
HsRacl MOATRCVVVEDGAVEKICLLISY TTNAFPGEY IPTVFDRY SARVMVDGKP 50
HsRac2 MOATKCVVVGDGAVGKTCLLISY TTHAFPGEY IPTVFDNY SANVMVDSKP 50
HsRac3  MOAIKCVVVGDGAVGKTCLLISYTTNAFPGEYIPTVFDNYSANVMVDGKP 50
MuRacl MOAIKCYVVGDGAVEKTCLLISY TTNAFPGEY IPTVFDNY SANVMVDGKE 50
MpRac2  MQAIKCVVVGDGAVGKTICLLISY TYNAFPGEY IPTVFDNY SANVMVDSKP 50
DzRacl MOAIRCVVVGDGAVEKTCLLISY TTNAFFPGEY I PTVFDNY SANVMVDAKP 50
ImRac2 MOAIRCVVVGDGAVGKTCLLISY TTNAFPGEY I PTVFDNYSANVMVDAKE 50
CeRacl MRATKCVVVGDGAVGKTCLLISY T'INAFPGEY I PTVFDNYSANVMVDGRP 50
CeRac2 MOATKCVVVGDGAVEKTCLLLEY TTNAFPGEY ILTVFD TY STNVMVDGRP 50
CfRacl MQATKCVVVGDGEAVGKTCLLISY TTNAFPGEY I PTVFDRY SANVMVDGKP 50
XlRac MOATKCVVVGDEAVGKTCLLISY TINAFPGEY TPTVFDNY SANVMVIIGKE 50

hk fhhrd REAEERARL b Shdkbdhkdhhd wduk Ak kakek 50

YIRacl INLGLWDTAGQEDYDRLRPLSY POTGVFLICFSLVSPPSFENVKAKWHPE 100
HsRacl VNLGLRD TAGQEDYDRLRPLSYPOTDVFLICFSLVSPASFENVRAKWYPE 100
HsRacZ VNLGLWDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASYENVRAKWFPE 100
HsRac3  VNLGLWDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAKWYPE 100
MaRacl VHLGLRDTAGQEDYDRLRPLSYPOTDOVFLICFSLVSPASFENVRAKWYPE 100
MmRacZ  VNLGLWDTAGQEDYDRLRPLEYPQTDVFLICFSLVSPASYENVRAKWFPE 100
DmRacl INLGLWDTAGQEDYDRLRPLSYPQTIDVFLICFSLVNPASFENVRAKWYPE 100
DmRac2 INLGLWDTAGQEDYDRLRPLSYPOIDVFLICFSLVNPASFENVRAKREFPE 100
CeRacl INLGLRD TAGQEDYDRLRPLSTPQTDVFLVCFALNNPASFENVRAKWYPE 100
CeRac2 INLSLEDTAGODDYDQFRELSFPOTDVFLVCFALNNPASFENVRARKWYFE 100
CfRacl VNLGLWDTAGQEDYDRLRPIEYPQTOVFLICFSLVSPASFENVRAKWYPE 100

Xlrac VNLGLADTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAKWYPE 100
LRk kRhkkh hhk |k dk kwh kdE_kk &k E_FAk Adk %

YIRacl ISHHAPNTPIILVGTKLDLRNDSE TLARLAEKROAPITYAEGAKCARDIG 150
HsRacl VAHHCPNTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPOGLAMAKEIG 150
HsRac2  VRHHCPSTPIILVGIKLDLRDDKDTIEKLKEKKLAPITYPQGLALAKEID 150
HsRac3  VRHECPHTPILLVGTKLDLRDDKDTIERLRDKKLAPITYPQGLAMAREIG 150
MpRacl VRHHCPNTPI ILVGTKLDLRDDKDTIERLKEKKLTPITYPQGLAMAKEIG 150
MmRacZ  VRHHCPSTPIILVGTKLOLRODKDTIEKLKEKKLARPITYPQGLALAKDID 150
DoRacl VRHHECPSTPI TLVGTKLDLRDDKNTIEKLRDKKLAPITYPQGLAMAKEIG 150
DmRac2  VRHHCPSVPIILVGTKLDLRDDKQTIEKLKDKKLTPITYPQGLAMAKEIA 150
CeRacl VSHECPNTPIILVGTKADLREDRDIVERLRERRLOPVSQTQGYVMAKEIK 150
CeRac2 VSHHCPNTPIILVGTKADLREDRDTIERLRERRLQPVSHTQGYVMAKEIK 150
CfRacl  VRHHCPNTPIILVGIKLDLRDDKDTIEKLKERKLTPITYPQGLAMAKEIG 150
X1Rac VRHHCPNTPIILVGTKLDLRUDKDTIEKLKEKKLTPITYPOGLAMAKEIG 150
Lok ok bk kdkkk kkd %, kv K * %, %

YiRacl AVKYFECSALTOKGLKIVFRDEATHAVLEPPOP——-KKRKKNCVIL 182

HsRacl AVKYLECSALTORGLKTVFDEAIRAVLCPPPV~~~-KKRKRKCLLL 191 (79.58%)
HsRac2 SVKYLECSALTQRGLRKIVFDEATRAVLCPQPT~~-ROOKRACSLL, 192 (76.04%)
HsRac3 SVKYLECSALTQRGLKTVFDEAIRAVLCPPPY - ~-~KKPGKKCIVF 192 (78.13%)
MnRacl AVKYLECSALTORGLKTVEDRAIRAVLOPPPV -~ -KKRKRKCLLL 192 (79.17%)
MnRac2 SVKYLECSALTORGLEKTVFDEAIRAVLCPOPT-~-ROOKRPCSLL 192 (76.56%)
DmRacl  AVRYLECSALTQKGLKIVFDEAIRSVLCPVIQ--~PKSKRKCALL 192 (77.60%)
DmRac2  AVKYLECSALTQKGLKTVFDEAIRSVLCPVVR---GPKRHKCALL 192 (75.52%)
CeRacl AVKYLECSALTORGLKQVFDEAIRAVVTPPQ-~~~RAKKSKCTVL 191 (74.87%)
CeRac2  AVKYLECSALTQIGLKQVFDEATRTGLTPPQTPOTRAKKSNCTVL 195 (69.27%)
CfRacl AVEYLECSALTORGLKIVFDEATRAVLCPPPV-—-KKRKRKCLLI, 192 (79.17%)
XIRac AVRYLECSALTORGLKTVFDEAIRAVLCPPPV--—~KKRRRKCLLL. 192 (78.65%)

LEEk wdkkkkkE kdk khhdkE ok *

Figure 4-3. Amino acid sequence alignment of Raclp of Y. lipolytica (YIRac1p) and Rac
proteins from Homo sapiens (HsRacl, HsRac2 and HsRac3), Mus musculus (MmRacl and
MmRac2), Drosophila melanogaster (DmRacl and DmRac2), Caenorhabditis elegans
(CeRacl and CeRac?), Canis familiaris (CfRacl), and Xenopus laevis (XIRac). GenBank
accession numbers: M29870 (HsRacl), CAB45265 (HsRac2), AAC51667 (HsRac3),
CAA40545 (MmRacl), Q05144 (MmRac2), AAA62870 (DmRacl), P48554 (DmRac2),
AAA28141 (CeRacl), AAB40386 (CeRac2), P15154 (CfRacl) and AADS0299 (X/Rac).
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YIRac1p also contains the conserved motif TK XD (TKLD, residues 115 to 118), which is
responsible for nucleotide specificity in Rac proteins and is involved in the determination
of the unusually high intrinsic rate of GTP hydrolysis that distinguishes Rac from other

Rho family members (Delmer er al., 1995).

4.4 Isolation and characterization of the YICDC42 gene

Since no RAC gene had previously been reported for fungi and since the CDC42
gene, which encodes a protein that belongs to the Rac subfamily of Rho GTPases (Garcia-
Ranea and Valencia, 1998), is involved in the regulation of filamentous growth in S.
cerevisiae and C. albicans (Mirbod et al., 1997, Mésch et al., 1996; Ushinsky ez al.,
2002), the CDC42 gene of Y. lipolytica (YICDC42) was isolated to provide further
evidence that the first fungal RAC gene had been identified.

The sequence of a partial YICDC42 clone, previously obtained by probing a Y.
lipolytica genomic DNA library with an oligonucleotide derived from a highly conserved
sequence in the Rab family of proteins (Pertuiset ef al., 1995), was combined with the
sequence of a YICDC42 cDNA obtained by PCR of a Y. lipolytica cDNA library with
oligonucleotides T3, T7, CDC42U and CDC42M (Table 2-1) to obtain the sequence of the
YICDC42 gene. The YICDC42 gene contains an ORF of 573 bp, which is interrupted by
two introns, as is the Y/RAC! gene (Fig 4-4). The introns are found between codons 16
and 17 and at codon 45 (nucleotides +49 to +157 and +244 to +327 relative to the A
nucleotide of the potential initiating codon, respectively). The putative 5'-splice donor

sequences of both introns are identical to the consensus motif GTGAGTPu found in other

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130

~243 CCAAGCTCGAAATTAACCCTCACTAAAGGGAACRABAGCTGGAGCTCECGCCGCCTGCAGG
-183 TCGACACTAGTGCATCCAAAGAATTCGGCACCAGTCTCGACAGCACAACTCACCACCTCA
~123 CATATCACACTCCACACATACACACCCACACAACACACCCACATTCTCACACTCTCACGEC

~63 CCCCACCACGCTCCTTGARCRAGCTCCCGCCCTAGCCCGTGCACAGACCCTCRARAAGAT

-3 ARRATGCAGACCATAARATGTGTTGTIGTCGCCGATCCTGCCGTCGGAAAGGTGAGTATR
M Q T I K C V VvV V.6 D G A V G K 16
58 ARGACRAAACGCCAATTATCAAGGTTCTCGTCTGCCGCCACGATCACGATETCCTTCTGE

118 ACGATGGATTAATGGCCCTIGGAGAGCTCCTACTAACGCAGACTTGTCTCCTCATCTCATA
T ¢ L L I 8 ¥ 23

178 CACAACAAACAAGTTCCCCTCTGAATACGTTCCCACCGTTTTTGACAACTATGCCGTGAC
T T N K F P 8 BE Y VvV P T V F D N Y & V T 43

238 TGICATGTGAGTATAACCCGTCECATTCTGCAAGRAAACCAAGCCCCCCCCCCCCCCCCCC
vV M 45

298 CCAAGCAACGAATCGAGATACTAACCCCAGGATTGGAGACGAGCCCTACACACTCGGACT
I 6 b E P ¥ T L G L 55

358 GTTCGACACCGCCGETCAGGAGGATTACGACCGACTGCGACCTCTTTGTTACCCTCAGAC
F b T A G Q E D Y DRUILRUPIULTUGCTY P Q T 175

418 CGATGTTTTCCTCGTICTGCTTTTCCGTCACCTCTCCCGCCTCCTTTGAGAACGTCAAGGR
DV L L V C F 8 V T S P A 8 F E NV K E 95

478 GRAAGTGGITCCCTGAGGTCCACCACCACTGCCCCGGLETGCCTPGCCTCATTGTTEGETAC
K W F P E V HH HEHECUP G WV P CL I VvV & T 115

538 CCAGGTTGATCCGCGAAGTGACAGGATGATTCTTGACAAGCTTTCCCGACACAAGCTGCG
Q VD P R 8 D R M I LD KL S R HK L R 135

598 ACCCATGACCACTGAGCAAGCCTACCAGCTCGCCCGAGAACTCEGTGCCGTCAAGTACGT
P M T TE Q G ¥ @ L A RETULGA AUV K Y V 155

658 CGAGTGITCTGCCCTTACTCAGAAGGGTCTCARAGGACGTTTTCGACGAGGCCATCGTGGC
E C 8 A L T Q K 6 L KD V F D E A I V & 175

718 AGCTCTIGAGCCTCCAGTGGTCAAGAAGAACARAAAGTCCATTGTGCTCTAGTTTTTGCA
A L E P P V V K KNI KIKUZGCTI VUL =~ 191

778 TGCTAATGGGTTAACACAACGAAAAATGAATCAAAGCAAGAAAAARATGTTTC

Figure 4-4. Nucleotide sequence of the YICDC42 gene and deduced amino acid
sequence of Y/Cdc42p. Consensus sequences for intron splicing are underlined.
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Y. lipolytica genes (Lopez et al., 1994; Strick et al., 1992), and a 3'-splice acceptor CAG
sequence is found two nucleotides downstream of the consensus TACTAAC box (Teem
et al., 1984) (Fig. 4-4).

The deduced protein of YICDC42, YICdc42p, is 191 amino acids long and has a
predicted molecular weight of 21,336 Da (Fig. 4-4) and an estimated pl of 6.09, which is
characteristic of Cdc42 proteins (Delmer ef al., 1995). In addition, YICdc42p contains all
motifs required for the biological function of small GTPases of the Rho family
(GDGAVGK, residues 10 to 16; TVFDNY, residues 35 to 40; DTAG, residues 57 to 60;
and CIVL, residues 188 to 191) (Fig. 4-4 and Fig. 4-5). Comparison of Y/Cdc42p with
Cdc42 proteins form a number of different organisms suggests that its closest relative is
Schizosaccharomyces pombe Cdc42 (Fig. 4-5). Importantly, ¥ICdc42p contains the
signature sequence of Cdc42 proteins, the motif TQXD (TQVD, residues 115 to 118)

(Johnson, 1999), in the region responsible for nucleotide specificity.

4.5 Strains with the YIRACI gene disrupted are viable and unaffected in mating
ability

A 1.0-kbp Apal-Ndel fragment of YIRAC1I was replaced by a 1.6-kbp Apal-Ndel
fragment containing the Y. lipolytica URA3 gene (Fig. 4-6A). This construct was digested
with Dral and Xbal to liberate a 2.4-kbp fragment containing the entire YIURA3 gene
flanked by 0.5 kbp and 0.3 kbp of the 5' and 3' regions of the YIRAC1 gene, respectively.
This linear fragment was used to transform the wild-type Y. lipolytica strain £122 to uracil

prototrophy.
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Yicded2 MQTIRCYVVGDGAVGKTCLLISYTTNKFPSEYVPTVFDNYAVIVMIGDEP 50
SpCdedz  MPTIKCVVVGDGAVGKTCLLISYTINKFPSDYVPTVEFDNYAVIVMIGDEP S0
ScCded2 MOTLRCVVVGDGAVGKTCLLISYTINQFPADYVPTVFDNYAVTVMIGDEP 50
CaCded2  MOTIRCVVVGDGAVGKTCLLISYTTSKFPADYVPTVFDNYAVIVMIGDEP 50
CeCded2 M~~~KCVVVGDGAVGRTCLLISYTTNEFPSEYVPTVFDNYAVTIVMIGGEP 47
MpCdcd2 MQTIKCVVVGDGAVGKTCLLISYTTNRFPSEYVPTVFDNYAVIVMIGGEP 50

HsCded2  MOTIRCVVVGDGAVGRTCLLISYTTNKFPSEYVPTVFDNYAVIVMIGGEP 50
* Ly T L T L I I T LT T T

YiCded2  YTLGLFDTAGQEDYDRLRPLCYPQTDVFLVCFSVTSPASFENVRKEKWFPE 100
Speded2 YTLGLFDTAGQEDYDRLRPLSYPQTDVFLVCFSVTSPASFENVKERWFPE 100
Sotdedz  YTLGLFDTAGQEDYDRIRPLSYPSTDVFLVCFSVISPPSFENVKERWFPE 100
CaCde42  FTLGLFDTAGQEDYDRLRPLSYPSTDVFLVCFSVISPASFENVKERWEPE 100
CaCdedz  YTLGLFDTAGQEDYDRLRPLSYPOTDVFLVCFSVVAPASFENVREKWVEPE 97
MnCded2  YTLGLFDTAGQEDYDRIRPLSYPQOTDVFLVCESVVSPSSFENVKEKWVPE 100

HsCded2  YILGLFDTAGQEDYDRLRPLSYPQTIDVFLVCHFSVVSPSSFENVKEKWVEE 100
JRkkkkdhkkdekddohhkddr ki hkdkdkhkddk Kk ddkkk hkk dk

YICded2 VHHECPGVPCLIVGTQVDPRSDRMILDKLSREKLRPMITEQGYQLARELG 150
8pCde42 VHHHCPGVECLIVGTQIDLRDDPSVQOKLARQEQHPLTHEQGERLARELG 150
ScCded2  VEHHCPGVECLVVGTQIDLRDDRVIIERLORORLRPITSEQGSRLARELK 150
CaCde42  VEHECPGVPIIIVGTQTDLRNDDVILORLHRQRLSPITOEQGEKLAKELR 150
CaCdcd2  ISHHCSKTPFLLVGTQVDLRDDPGMLEKLARNKOKPVSTDVGEKLARKELK 147
MoCded2  ITHHCPRTPFLLVGTQIDLRDDPSTIEKLAKNKOKPITPETARKLARDLK 150

HsCdod2 ITBHCMPFLLVGTQIDLRDDPSTIEKLAKNKQKPITPZTAEKIARDLK 150
L okdR k| kkdkd ok kK . JEE

riCdc42  AVKYVECSALTORGLEKDVFDEAIVAALEPPVVRRNRK-BCIVL 191

SpCded2z  AVRYVECSALTORGLENVFDEATIVAALDPPVPHKRKSKCLVL 192 (B6.39%)
ScCded2  AVKYVECSALTQRGLENVFDEAIVAALEPPVIKKSK-KCAIL 191 (84.29%)
CaCdedz  AVKYVECSALTORGLKTVEDEAIVAALEPPVIKKSK~RCTIL 191 (83.77%)
CeCdcd2  AVRKYVECSALTQRGLKNVFDEAILAALDPPQOERKK-KCNIL 188 (78.19%)
MuCdedz  AVKYVECSALTORGLENVFDEAILAALEPPETQPKR-KCCIF 191 (76.36%)

HsCde42  AVRYVECSALTQKGLRNVFDEAILAALEPPEPKKSR-RCVLL 191 (78.53%)
hhkhdkkhkhkdh ddk Nhhkhd Akk £k |k

Figure 4-5. Amino acid sequence alignment of Cdc42p of Y. lipolytica (YICdc42p) and
its homologs in S. pombe (SpCdcd2p), S. cerevisiae (ScCdcd2p), C. albicans (CaCdc42p),
C. elegans (CeCdc42p), M. musculus (MmCdc42p) and H. sapiens (HsCdc42p). GenBank
accession numbers: AAA16472 (SpCdc42), P19073 (ScCdc42), 014426 (CaCdc42),
Q05062 (CeCdc42), AAB40051 (MmCdc42), and NP_001782 (HsCdc42).
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Of 303 Ura' transformants obtained, 3 showed a smooth phenotype after 3 days on
YEPD agar plates. Two of these transformants were confirmed by Southern blot analysis
and PCR to have had the YIRACI gene correctly replaced by the YIURA3 gene (Fig. 4-6),
and one of them, rac/KO30 (Table 2-5 and Fig. 4-1, panel C), was selected for further
analysis.

Because mating has been found to be intimately connected to dimorphism and, like
dimorphism, is a phenomenon that involves dramatic changes in cell morphology in
response to environmental conditions (Madhani and Fink, 1998), we investigated whether
disruption of the YIRACI gene had any effect on the mating ability of Y. lipolytica.
Crossing of the A mating type strain rac!/ KO30 (racl A) with the B mating type wild-type
strain 22301-3 was readily attained (Fig. 4-1, panel M), indicating that no mating defect
was associated with disruption of YIRAC/ in these strains. To determine whether the lack
of effect on mating by disruption of the YIR4C'] gene was confined to A mating type cells,
a B mating type strain, racI KO30-B36 (Table 2-5 and Fig. 4-1, panel K), with its YIRACI
gene deleted, was obtained by sporulation of the diploid strain 22301-3//rac1 KO30 (Table
2-5 and Fig. 4-1, panel M) and selection of haploids for their inability to form hyphal cells.
The racl::URA3 genotype of the racl KO30-B36 strain was confirmed by cosegregation
of the Ura® and Fil™ phenotypes, and this strain was found to be able to mate to both wild-
type E122 and racl KO30 strains (Fig. 4-1, panels N and O), demonstrating that YIRACI
is not essential for mating. One copy of the YIRACI gene was sufficient to support
dimorphic transition in diploid strains of Y. lipolytica, although a slight reduction in the

proportion of hyphal cells could be observed in these strains (Fig. 4-1, panels M and N).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



134

1.7-kbp

DraiSpel  Apat m’v"e‘ Xbal
-
L. 02

®O2
R S N AT
e 1.0-kbp -—.—.a\
Apal Spe Ndsl

1.6-kbp

DralSpel Apal Spei l Ndel s,
W < URAT_]
HoY oz

2.3-kbp

Figure 4-6. Integrative disruption of the ¥IRACI gene. (A) Diagram illustrating the
replacement of a 1.0-kbp Apal-Ndel fragment of YIRAC1 by a 1.6-kbp Apal-Ndel fragment
containing the Y. lipolytica URA3 gene. (B) Southern blot analysis of Spel-Hpal-digested
genomic DNA, and PCR analysis of total genomic DNA, from wild-type strain £122 and
strain racIKO30, confirming the correct replacement of the Y/RAC] gene with the
YIURA3-containing linear molecule in strain rac/ KO30. Primers Rac1-KO1 and Racl-
KO2 (Table 2-1) are indicated by black arrows in panel A.
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4.6 Disruption of the YIRACI gene affects cell morphology but does not impair actin
polarization or cell invasiveness

Since the organization of the actin cytoskeleton is directly involved in the
determination of cell shape and because Rac proteins play a fundamental role in this
process (Hall, 1994, 1998; Ridley, 1995; Tapon and Hall, 1997), disruption of YIRACI was
anticipated to result in morphological defects in Y. lipolytica cells. Indeed, exponentially
growing racl A mutant cells were found to be round in shape, clearly contrasting with the
typically ovoid cells observed for wild-type strains (Fig. 4-7, top panels). Continued
incubation in rich medium yielded wild-type cultures composed of yeast cells,
pseudohyphae, and a few germ tubes, while rac/A cultures contained only a small
proportion of pseudohyphal cells and no germ tubes (Fig. 4-7, middle panels). In general,
pseudohyphal racl A cells were found to be shorter than their wild-type counterparts (Fig.
4-7, middle panels). As stationary phase was reached, hyphal growth became predominant
in wild-type cultures, while only a limited number of chains composed of pseudohyphal
cells were seen in the racA4 cultures (Fig. 4-7, bottom panels). Germ tubes arising from
pseudohyphal cells were sometimes seeh in the wild-type strain (Fig. 4-7, bottom right
panel, inset). Interestingly, invasive pseudohyphal growth was found to be substantially
induced in the racl A strain by incubation on minimal medium containing glucose as the
sole carbon source (YNBD agar), whereas this effect was not observed in raclA cells
grown on minimal medium containing acetate as the sole carbon source (YNA agar) or in

mhyl A cells incubated under either condition (Fig. 4-8).
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Figure 4-7. Disruption of YIRACI affects cell morphology and impairs hyphal
growth, but not pseudohyphal growth, in Y. lipolytica. Strains were grown in YEPD.
Top panels, exponential growth phase (optical density at 600nm [OD,,,] = 1). Middle
panels, late exponential growth phase (OD,, = 4). Bottom panels and inset, stationary
phase (ODgy, = 10). WT, wild-type strain E/122. racl A, strain rac]KO30. Bars, 5 pm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



137

unwashed washed

o .

.

.

i

ractA )

Glucose

mhy1A

wr

L /;;,,;//////////////

Acetate
5
©
-y
S

Figure 4-8. Invasive filamentous growth by different Y. lipolytica strains. Following
5 days of incubation at 28°C on minimal agar medium containing glucose or acetate as the
sole carbon source, plates were washed with running water to remove cells from the agar
surface. Pictures were taken before and after washes. WT, wild-type strain E122. racl A4,
strain racl KO30. mhyl A, strain mhylKO9.
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As described for a number of fungi (Adams and Pringle, 1984; Akashi ef al., 1994;
Alfa and Hyams, 1990; Heath, 1987; Kwon et al., 1991; Marks and Hyams, 19853;
Roberson, 1992; Yokoyama ez al., 1990), actin rich zones at the sites of growth (apices of
germ tubes, hyphae, pseudohyphae and yeast cells), combined with a background of
diffuse actin staining with punctate actin patches, were observed for wild-type cells of Y.
lipolytica (Fig. 4-9, panels A to G). Interestingly, despite alterations in cell morphology,
racl Amutant cells appeared to retain the ability to concentrate actin granules at the apices

of pseudohyphal cells and emerging buds (Fig. 4-9, panels H and I).

4.7 Transcription of the YIRACI gene is increased during the yeast-to-hypha
transition

The dimorphic switch was induced in exponentially growing Y. lipolytica E122
cells by a 15-min carbon source starvation period at 4°C, followed by transfer to pre-
warmed (28°C) YNBGIcNAc medium. Under these conditions, more than 80% of'the cell
population gave rise to germ tubes after 10 h of incubation, while cells transferred to fresh
YNBGIc medium grew almost exclusively as the budding form, as described previously
(Guevara-Olvera et al., 1993). Northern blot analysis performed with total RNA extracted
from cells harvested after 0, 1, 3 and 10 h of incubation in YNBGIcNAc¢ showed that
YIRACI mRNA levels increased steadily during the yeast-to-hypha transition, but they

remained virtually constant during the incubation in YNBGIc¢ (Fig. 4-10).
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Figure 4-9. Actin localization during different stages of development of wild-type
and racl A cells. Actin was detected by staining cells with Oregon Green 488 phalloidin
followed by fluorescence microscopy. (A to G) Wild-type strain E122. (H and I) raclA
strainrac/ KO30. (A and H) Yeast-like cells; (B, G, and I) pseudohyphal growth; (C) early
germ tube formation; (D) late germ tube formation; (E and F) hyphal growth. Bars, 5 um.
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Figure 4-10. YIRACI mRNA levels are increased during the dimorphic transition.
Total RNA was isolated from E122 cells incubated at 28°C in YNBGlcNAc (induction of
filamentous growth) or YNBGlc (control culture, yeast-like cells) for the times indicated
and subjected to Northern blot analysis. 10 pg of RNA from each time point was
separated on a formaldehyde agarose gel and transferred to nitrocellulose. Blots were
hybridized with a probe specific for the ¥IRACI gene (1.0-kbp Apal-Ndel fragment [see
Fig. 4-6]). Equal loading of RNA was ensured by ethidium bromide staining.
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4.8 Putative STREs in the YIRACI gene are not necessary for the induction of hyphal
growth

The inability of pRACI to induce dimorphic transition in mhyl A cells (Fig. 4-1,
panels D and G); the presence of three copies of the pentanucleotide STRE sequence
CCCCT in the promoter region of YIRAC1 (Fig. 4-2), one of which had been shown to be
specifically bound by irn vitro-synthesized Mhy1p (Chapter 3); and the finding that racl 4
mutant cells can form pseudohyphae while mhy I A mutants are unable to grow as either the
hyphal or pseudohyphal form (Fig. 4-7 and Fig. 4-8) suggested that Mhylp might act to
promote hyphal growth through these regulatory elements via YIRACI.

In order to investigate the role of these putative STRE sequences in the induction
of hyphal growth, mutagenesis of these elements in pRAC1 was performed. Three-base
substitutions were introduced in the putative STREs found in the promoter region of the
YIRAC]I gene (CCCCT to ATTCT in STREL; CCCCT to AGCTT in STRE2; and CCCCT
to GATCT in STRE3) (Fig. 4-2) by PCR using the oligonucleotides SE1 and SE2, EH1 and
EHZ2, HB1 and HB2, and BS1 and BS2 (Table 2-1). The four PCR products (369-bp Spel-
EcoRl, 100-bp EcoRI-Hindlll, 197-bp Hindlll-Bgill, and 122-bp Bgill-Sall) were then
ligated to the 396-bp Sall-Sacll fragment obtained by PCR using the oligonucleotides NT1
and NT2 (Table 2-1), and the resulting fragment (~1.2-kbp Spel-Sacll) was used to replace
its equivalent in the plasmid pRACI.

No defect was observed in the ability to induce dimorphic transition upon
introduction of the plasmid pRAC1-Mut (which contains mutations in all three STREs)

into strain rac! KO30, suggesting that these elements are not necessary for the induction
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of hyphal growth via YIRACI.

4.9 Genomic DNA analysis of RAC genes in Y. lipolytica

As most organisms have multiple Rac and Rho homologues, genomic DNA from
the E122 strain was digested with various combinations of restriction endonucleases and
analyzed by Southern blotting under low-stringency conditions with a labeled 240-bp
Sacll-Ndel fragment of the YIRACI gene, to look for evidence of other RAC genes in Y.
lipolytica. A complex pattern of bands was observed, suggestive of the presence of several

RAC-related superfamily members in this yeast species (Fig. 4-11).

4.10 Discussion

This chapter describes the isolation and initial characterization of the Y. lipolytica
RACI gene, which encodes the first fungal Rac homolog to be identified, and provides
evidence that its protein product, Y/Raclp, plays an important role in the regulation of
hyphal growth in Y. lipolytica.

YIRAC] is not an essential gene, and its deletion does not abolish the ability of cells
to polarize actin at the site of growth. These findings might be explained by the presence
of other genes in Y. lipolytica that are closely related to YIRACI, as suggested by the
complex banding pattern revealed by Southern analysis of Y. lipolytica genomic DNA
under conditions of low stringency. Nevertheless, alterations in the cell morphology of
racl A mutants and the inability of these strains to grow as the hyphal form suggest that

YIRACI functions in some aspect of the polarization of cell growth.
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Figure 4-11. Southern blot analysis of £722 genomic DNA. 10 pg of DNA per lane
was digested with the indicated restriction enzymes, separated by electrophoresis,

transferred to nitrocllulose, and probed with a 240-bp Sacll-Ndel-labeled fragment from
YIRACI (boxed), as described in Materials and Methods (Section 2.6.4).
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Here it is also shown that while deletion of MHY1completely abolishes the ability
of Y. lipolytica to grow as both the hyphal and pseudohyphal forms on solid minimal
medium containing either glucose or acetate as the sole cabon source, strains lacking a
functional YIRACI gene are still able to form pseudohyphae and invade agar on glucose-
based minimal medium, suggesting, as has been suggested for C. albicans (Lo et al.,
1997), that these two morphologies in Y. lipolytica are controlled, at least in part, by two
parallel signaling pathways, each with a different and additive input, or that they represent
a sequence of events in a single pathway of filamentous growth requiring a quantitatively
stronger regulatory input to produce hyphae rather than pseudohyphae. Likewise, the
analysis of a Ras homologue in 4. nidulans has suggested a scenario in which several
thresholds of Ras concentration exist, each of which allows development to proceed to a
certain point, producing the proper cell type while inhibiting further development (Som
and Kolaparthi, 1994). The observations that disruption of YIRAC] affects only hyphal
growth while disruption of MHY 1 blocks both hyphal and pseudohyphal growth, and that
pseudohyphal cells can give rise to hyphae (Fig. 4-7, bottom right panel, inset) support
such a scenario and suggest that MHYI acts upstream of YIRAC! in the filamentous
pathway(s).

It is important to point out that regardless of the fact that mutagenesis of all three
STREs in the promoter of YIRAC1 did not affect its ability to induce hyphal growth in Y.
lipolytica, a role for these elements in the induction of dimorphism cannot be ruled out.
The activity of other unidentified regulatory elements in the YIRAC/ gene or compensation

for the loss of transcriptional induction of YIRAC! by the activation of other related
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GTPases may explain this negative result.

The isolation and initial characterization of the YICDC42 gene are also described
in this chapter. In C. albicans, a transient increase in the CaCDC42 mRNA levels was
observed during the switch to hyphal growth (Mirbod et al., 1997), and the CaCDC42
gene is essential for proper polarized growth in both yeast and hyphal cells (Ushinsky et
al., 2002). Although no variation in the abundance of Cdc42p has been observed during
the cell cycle of S. cerevisiae (Ziman et al., 1993), CDC42 has been shown to be a potent
regulator of filamentous growth in this yeast, acting downstream of R4S2 and activating
pseudohyphal growth of diploid cells and invasive growth of haploid cells in response to
nitrogen starvation via STE20 (Leberer et al., 1997; Mosch et al., 1996; Peter et al., 1996).
The involvement of YICDC42 in the induction of filamentous growth in Y. lipolytica

remains to be elucidated.
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CHAPTER 5

ISOLATION AND CHARACTERIZATION OF YIBEMI, A GENE
REQUIRED FOR CELL POLARIZATION AND

DIFFERENTIATION IN Y. lipolytica

A version of this chapter has been accepted for publication in the journal Eukaryotic Cell as “Isolation and
Characterization of YIBEM]I, a Gene Required for Cell Polarization and Differentiation in the Dimorphic

Yeast Yarrowia lipolytica” (Cleofe A.R. Hurtado and Richard A. Rachubinski).
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5.1 Overview

This chapter describes the isolation and characterization of YIBEMI, a gene
encoding a protein of 639 amino acids that is essential for the yeast-to-hypha transition in
the yeast Y. lipolytica and whose transcription is significantly increased during this event.
Deletion of YIBEM] is viable but results in substantial alterations in cell morphology,
disorganization of the actin cytoskeleton, delocalization of cortical actin and chitin
deposition, multinucleation, and loss of mating ability, thus pointing to a major role for
YIBEM]I in the regulation of cell polarity and morphogenesis in this fungus. This role is
further supported by the localization of Y/Bem1p, which, like cortical actin, appears to be
particularly abundant at sites of growth of yeast, hyphal and pseudohyphal cells. In
addition, the potential involvement of ¥/Bemlp in septum formation and/or cytokinesis
is suggested by the concentration of a GFP-tagged version of this protein at the mother-bud
neck during the last stages of cell division. Moreover, the involvement of proteins other
than Y/Bemlp in cell polarity in Y. lipolytica is suggested by the partial induction of
hyphal growth when the genes MHY I, YIRACI and YISEC3 ] are present in multiple copies

in bem] null mutant cells.

5.2 Isolation and characterization of the YIBEMI gene

The Y. lipolytica mutant strain CHY33169 was initially isolated by its inability to
form wild-type rough-surfaced colonies on YEPD-agar plates after 3 days of incubation
at 28°C (Fig. 5-1B), an attribute that was stably maintained through multiple generations.

The YIBEMI gene was isolated from a Y. lipolytica genomic DNA library
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Figure 5-1. Colony morphology of Y. lipolytica strains. (A) Filamentous phenotype of
a colony of wild-type E122 cells. (B) Smooth phenotype of a colony of CHY33169 cells.
(C) Smooth phenotype of a colony of bem 1 KO157 cells obtained by integrative disruption
of the YIBEMI gene. (D) Enhanced filamentous phenotype of a colony of bemIKO157
cells transformed with the plasmid pPBEM1. Colonies were photographed at %100
magnification after 3 days of incubation at 28°C on YNA-agar plates.
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contained in the replicative E. coli shuttle vector pINA445 (Nuttley ef al., 1993) by its
ability to induce the formation of rough-surfaced colonies when introduced into
CHY33169 cells. Of approximately 7,000 transformants screened, 3 showed a moderately
enhanced filamentous phenotype (Fig. 5-1D). Restriction enzyme analysis revealed that
all complementing plasmids shared a 4.7-kbp BamHI-BamHI fragment capable of restoring
filamentous growth to CHY33169. Sequencing of this fragment revealed an ORF of 2577
bp interrupted by one intron, which is found between codons 3 and 4 (nucleotides +10 to
+666 from the A residue of the potential initiating codon). The putative 5'-splice donor
(GTGAGTPu) and 3'-splice acceptor (TACTAACNCAG) sequences are identical to the
motifs found in other Y. lipolytica genes (Lopez et al., 1994; Strick et al., 1992; Teem et
al., 1984) (Fig. 5-2). Analysis of cDNA showed that transcription of the YIBEM]I gene
preferentially starts at position -3 from the A nucleotide of the potential initiating codon
and that polyadenylation occurs following the guanosine at position +2829. A putative
TATA box, TTATATAAA, is found between nucleotides -259 and -267 from the A
nucleotide of the first ATG codon (Fig. 5-2).

The deduced protein product of YIBEMI, YIBemlp, is 639 amino acids in length
and has a predicted molecular mass of 69,970 Da (Fig. 5-2). Analysis of the predicted
amino acid sequence of Y/Bemlp suggests that its closest homologs are S. pombe Scd2p
(SpScd2p)and S. cerevisiae Bem1p (ScBem1p) (Fig. 5-3). Notably, the regions of highest
homology amongst the three proteins are segments corresponding to the sr7¢ homology
region 3 (SH3; residues 34-95 and 178-239 of Y/Bem1p) and the PhoX and Bem1 (PB1;

residues 340639 of Y/Bemlp) domains of those proteins (Fig. 5-3). In addition, three
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Figure 5-2. Nucleotide sequence of the YIBEMI gene and deduced amino acid
sequence of YIBem1p. The transcriptional start site of the YIBEMI gene is indicated. The
putative TATA box and consensus sequences for intron splicing are underlined.
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Figure 5-3. Amino acid sequence alignment of Bem1p of Y. lipolytica (YBem1p) and its
homologs from S. pombe (SpScd2p) and S. cerevisiae (ScBem1p). Amino acid sequences
were aligned with the use of the ClustalW program (EMBL, Heidelberg, Germany).
Identical residues (black) and similar residues (stippled) in at least two of the proteins are
shaded. Similarity rules: G=A=S; V=1=L=M;I=L=M=F=Y=W;K=R=H;
D=E=Q=N;and S =T=Q=N. GenBank accession numbers: AAA50557 (SpScd2p)

and CAA45320 (ScBem1p).
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putative PEST regions, which are commonly found in rapidly degraded proteins
{Chevaillier, 1993; Rechsteiner and Rogers, 1996), are predicted at residues 98-113,

457-487, and 496-516 of YIBemlp.

5.3 Transcription of the YIBEMI gene is increased during the yeast-to-hypha
transition

The dimorphic transition was induced in exponentially growing E122 cellsbya 15-
min carbon source starvation period at 4°C, followed by transfer to YNBGIcNAc¢ medium,
as previously described (Guevara-Olvera et al., 1993). Under these conditions, more than
80% of the cells produced germ tubes after 10 h of incubation at 28°C, while cells
transferred to fresh glucose-containing (YNBGlc) medium grew almost exclusively as the
yeast form. Northern blot experiments carried out with total RNA extracted from cells
harvested following 3 and 10 h of incubation showed that Y/BEMI mRNA was at levels
undetectable by this approach. To circumvent this limitation, semiquantitative RT-PCR
experiments were performed using YIHISI, a gene whose expression is maintained
constant during the yeast-to-hypha transition (Fig. 5-4), as an endogenous internal
standard. RT-PCR analysis showed that the transcription of the YIBEMI gene is
significantly augmented during dimorphic transition (4- to 5-fold), while only slightly

increased during growth as the yeast form (Fig. 5-5).
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Glucose

Time (h)

Figure 5-4. Transcription of the YIHIS1 gene during the dimorphic transition. Total
RNA was isolated from E122 cells incubated at 28°C in YNBGIcNAc (induction of hyphal
growth) or YNBGlc (control culture, growth as the yeast form) for the times indicated and
subjected to Northern blot analysis. 10 ug of RNA from each time point was separated on
a formaldehyde agarose gel and transferred to nitrocellulose. Blots were hybridized with

a probe specific for the YIHISI gene. Equal loading of RNA was ensured by ethidium
bromide staining.
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Figure 5-5. Transcription of the YIBEMI gene is increased during the dimorphic
transition. Total RNA was isolated from E122 cells incubated at 28°C in YNBGIcNAc
(induction of hyphal growth) or YNBGIc (control culture, growth as the yeast form) for
the times indicated and subjected to semiquantitative RT-PCR analysis. The 600-bp and
400-bp RT-PCR products were resolved by electrophoresis on 2% agarose and visualized
by staining with ethidium bromide. Y/BEMI mRNA expression was normalized to Y/HIS
mRNA.
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5.4 YiBemlp is concentrated at sites of growth and at the mother-bud neck in cells
of Y. lipolytica

To determine the subcellular localization of ¥/Bemlp, a plasmid expressing
YIBemlp fused at its carboxyl terminus to the green fluorescent protein (GFP) was
introduced into the Y. lipolytica strain beml KOI157. After incubation of these cells for 24
hin YNBGlIc liquid medium at 28°C, the Y/Bem1p-GFP chimera was found to be localized
in as yet unidentified vesicular structures dispersed throughout the cytosol, and particularly
concentrated at sites of growth of yeast, hyphal and pseudohyphal cells (Fig. 5-6A, C and
D). Interestingly, the chimeric protein was also found to be concentrated at the mother-

bud neck in yeast cells in the late stages of cell division (Fig. 5-6B).

5.5 Disruption of the YIBEM1 gene is viable but severely affects cell morphology of
Y. lipolytica

A 2.7-kbp fragment of pBEMI, corresponding to nucleotides -3 to +2700 of
YIBEM]I, was replaced by a 1.6-kbp fragment containing the Y. lipolytica URA3 gene (Fig.
5-7A). This construct was digested with BamHI and Clal to liberate a 3.2-kbp fragment
containing the entire YIURA3 gene flanked by 0.6-kbp and 1.0-kbp of the 5' and 3' regions
of YIBEMI, respectively, and this linear fragment was used to transform the wild-type Y.
lipolytica strain E£122 (Table 2-5 and Fig. 5-1A) to uracil prototrophy. Of 199 Ura’
transformants obtained, five showed a fully smooth phenotype after 3 days on YEPD-agar.

One of these five, bem1KO157 (Table 2-5 and Fig. 5-1C), was selected for further studies
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Figure 5-6. Localization of GFP-tagged Y/Bemlp in yeast (A and B), pseudohyphal
(C) and hyphal (D) bemIKO157 cells carrying plasmid pBEM1-GFP. Arrows indicate
sites at which the Y/Bem1p-GFP chimera concentrates. Bars, 5 um.
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following Southern blot analysis confirming the correct replacement of the YIBEM] gene
by YIURA3 (Fig. 5-7B).

Because the products of the S. pombe scd2 and S. cerevisiae BEMI genes are
required for cell polarization and morphogenesis (Chang et al., 1994; Fukui and
Yamamoto, 1988), deletion of YIBEM1 was expected to result in morphological defects
in Y. lipolytica. bemiA cells grown in liquid media were indeed unable to form hyphae
or pseudohyphae, even after prolonged periods of incubation (Fig. 5-8). Remarkably,
bemiA cells were found to be spherical and considerably larger than their wild-type
counterparts (Fig. 5-8). Furthermore, 30-40% of the cells were binucleate (Fig. 5-9).
However, when cells were incubated on solid media, these defects were less severe, and

a few pseudohyphal cells could be observed (Fig. 5-15B).

5.6 Disruption of the YIBEM1 gene affects the localization of actin and chitin
Since the organization of the actin cytoskeleton is involved directly in the
definition of cell morphology, and as Bemlp is believed to be an actin cytoskeleton-
associated protein that provides a cell surface scaffold for the localized concentration of
signaling kinases in S. cerevisiae, the effects of disruption of the YIBEMI gene on actin
localization in Y. lipolytica were investigated. As previously described (Chapter 4), actin-
rich zones were observed at the apices of hyphal, pseudohyphal and yeast forms of wild-
type cells, combined with a background of diffuse staining and punctate actin patches (Fig.
5-10, panels A to F). In the bemlA mutant strain, however, actin-rich zones were

randomly distributed, and most of the actin was dispersed throughout the periphery of cells
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Figure 5-7. Integrative disruption of the YIBEMI gene. (A) Diagram illustrating the
targeted gene replacement strategy for the YIBEMI gene. The ORFs and directionality of
the YIBEM]I and YIURA3 genes are indicated by the arrows. (B) Southern blot analysis of
BamHI-digested genomic DNA from Y. lipolytica wild-type strain £122 and mutant strain
bemIKOI157, confirming the replacement of the YIBEM] gene segment by the YIURA 3-
containing linear molecule.
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Figure 5-8. Disruption of the YIBEM1I gene affects cell morphology and impairs
hyphal and pseudohyphal growth of Y. lipolytica in YEPD liguid medium. Top
panels, exponential growth phase (optical density at 600 nm [ODg,} = 1). Bottom panels,
stationary phase (ODgy, = 10). WT, wild-type strain E122. beml A, strain bemIKO157.
Bars, 5 pm.
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Figure 5-9. Y. lipolytica bemI null mutants exhibit binucleation. Bright field images
of cells and DAPI staining of nuclei of cells from the wild-type strain E122 (WT, upper
panels) and mutant strain bemIKQO157 (beml A, bottom panels), grown in YEPD liquid
medium for 12 h at 28°C. Arrows indicate binucleate cells. Bars, 5 um.
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(Fié. 5-10, panels G to I). Furthermore, in contrast to what is observed in wild-type cells
(Fig. 5-10E), bemIA cells appear to be unable to form organized actin cytoskeletal
structures when cultivated in liquid media (Fig. 5-10, panels G to I).

In a similar way, deposition of cell wall material was affected in the bem] A strain.
While chitin was concentrated primarily at the bud scars and septa of wild-type cells, it
was found over the entire surface of bem A4 cells. In addition, bud scars of bemI A cells
were considerably larger than those of wild-type cells, and the random selection of budding
sites appears to be prevalent in bemlA cells, whereas budding in wild-type cells is

preferentially bipolar, with the rare occurrence of lateral budding events (Fig. 5-11).

5.7 beml null mutants of Y. lipolytica are unable to mate

Because mating is a phenomenon that involves an extensive reorganization of the
actin cytoskeleton and is closely connected to dimorphism in fungi (Madhani and Fink,
1998), we investigated whether disruption of the YIBEM] gene had an effect on the mating
ability of Y. lipolytica. No diploid strains were obtained upon crossing strain bemKO157
with the isogenic wild-type strain 22301-3 (Table 2-5), thus concluding that Y/BEM] is

essential for mating in Y. lipolytica.
5.8 Isolation and characterization of the YISEC3] gene

The YISEC3] gene was isolated from a Y. lipolytica genomic DNA library

contained in the replicative E. coli shuttle vector pINA445 (Nuttley et al., 1993) by its
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Figure 5-10. Distribution and organization of actin at different developmental stages
of wild-type and bemI A cells. Actin was stained with Oregon Green 488 phalloidin and
detected by fluorescence microscopy. (A to F) Wild-type strain £122. (G to I) bemi A
strain bem1KO157. (A to C) Wild-type yeast cells; (D and E) wild-type pseudohyphal
cells; (F) wild-type hyphal cells; (G to I) yeast-like bem 14 cells. Arrows indicate actin-
rich zones in E/22 and bemIKQO157 cells. Bars, 5 pm.
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wr bem1A

Figure 5-11. Disruption of the YIBEM gene affects the budding pattern and chitin
deposition in Y. lipolytica. Chitin was stained with Fluorescent Brightener 28 and

detected by fluorescence microscopy. W7, wild-type strain E122. bemlA, strain
bemiKOI157.
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ability to enhance filamentous growth upon introduction into Y. lipolytica E122 cells
(Table 2-5, Fig. 5-12A). Of approximately 3,000 transformants screened, one showed an
enhanced filamentous phenotype (Fig. 5-12B). Restriction enzyme analysis of the plasmid
recovered from this transformant demonstrated that it contained a 6.2-kbp BamHI-Sphl
fragment capable of enhancing hyphal growth upon introduction into the wild-type E122
strain. Sequencing of this fragment revealed that the largest ORF, the YISEC3/ gene,
contained 3615 bp coding for a 1204-amino acid protein, ¥Y7Sec31p, with a predicted
molecular weight of 126,997 Da (Fig. 5-13).

Analysis of the predicted amino acid sequence of Y/Sec31p suggests that its closest
homologs are Sec31p from S. cerevisiae (ScSec31p)and S. pombe (SpSec31p) (31.3% and
27.6% identity, respectively) (Fig. 5-14), two WD-proteins that are essential components
of the COPII coat and are required for transport vesicle budding from the endoplasmic

reticulum (Salama et al., 1997; Tang et al., 2000).

5.9 Overexpression of MHY1, YIRACI or YISEC31 partially restores hyphal growth
to beml null mutants of Y. lipolytica

To gain some initial insight into the interactions among YIBEMI, YIRACI,
YISEC31 and MHY1, autonomously replicating plasmids carrying these genes (pBEM]1,
pRACI, pSEC31, and pMHY1, respectively) were introduced into the null mutants
bem1KO157, raclKO30 and mhylKO9 (Table 2-5). These plasmids were based on the
shuttle vector pINA445, which is believed to be present in two to five copies per cell

(Fournier et al., 1993).
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Figure 5-12. Overexpression of YISEC31 enhances filamentous growth in the wild-
type strain E122. (A) Filamentous phenotype of a colony of wild-type E122 cells. (B)
Enhanced filamentous phenotype of a colony of £122 cells transformed with the plasmid

pSEC31. Colonies were photographed at x100 magnification after 3 days of incubation
at 28°C on YNA-agar plates.
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Figure 5-13. Nucleotide sequence of the YISEC3I gene and deduced amino acid
sequence of YISec31p. Putative TATA boxes are underlined. Putative transcription
termination signals are doubly underlined.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



167

rIgeelip TEERRLY

EeBecdip Satecdin

spfecily Gpdeaily

¥18peBlp RS - R, y2sendlp

SoBac3ly 80—~ A Sefipedly

SpBecdln i X ST T EpSeaZip

¥1%ecdlp % ¥ISec¥lp TA3 B e v ke e F"Fkﬁ#’ w%
sodiacdlp | Sefecdle AL BLANBLEX Y TR R VR R @
apnecaly T 720 e S ot ot e R e e
Yifecdip EiSendip

Scfacily - FodecHElpy  BH

FpSecsiy fphecEly

riSecdlp ¥28ecEip

Sebecdlp 2 BeBaadip

spRecily SpSeciip

riSeclip ¥igwadly 082 PEISaALE’ PRV AR TP ERY
sefecly I eadip DL A

Sciipcdip )
BpRectlp 903 W

EPE IR e
spfecilpy Vﬁ“ﬁm» 3

vi18ec3ly ¥iSerilp
SeBecle Aol
spBecllp 3 #SecTin
ridediip ¥I6eciip
Golacdlip ScBouilp 1042 ¥
apBacile Sypdesiip 1L
¥i8eedly rEheasily 1058 ¥
Fetec?lp HeSeaSip JIVE

spfecip LT3

rifeadipm
SeBeedlp
epfiocily

AR ¥iTeoElp 1684 T
M@uzag Scfec@lp 1161
GERLTY,  SySec¥ip 1116 -

rifeciip CZimudip 1051 7
SeBecB3lp Sr@ecilp 121
Sac3l

epSerdip 1172

Figure 5-14. Amino acid sequence alignment of Sec31p of Y. lipolytica (YISec31p) and
its homologs from S. cerevisiae (ScSec31p) and S. pombe (SpSec31p). Amino acid
sequences were aligned with the use of the ClustalW program (EMBL, Heidelberg,
Germany). Identical residues (black) and similar residues (stippled) in at least two of the
proteins are shaded. Similarity rules: G=A=S; V=I=L=M;I=L=M=F=Y=W,
K=R=H;D=E=Q=N;and S =T = Q =N. GenBank accession numbers: S58782
(ScSec31p) and CAA17835 (SpSec31p).
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After 3 days of incubation on YNA-agar plates at 28°C, overexpression of MHY1,
YIRACI and YISEC31 appeared to partially suppress the morphological defects of the
YIBEM]1 gene disruption (Fig. 5-15, panels A to E). Notably, MHYI was the strongest
inducer of filamentous growth in the bem] A background (Fig. 5-15C), and YIRACI was
a stronger inducer of filamentation than YISEC317 (Fig. 5-15, compare panel D to E). In
addition, overexpression of MHY! or YIRAC1 in bemi A cells resulted in hyphae with a
higher degree of branching than those of the wild-type strain (Fig. 5-15, compare panels
C and D to panel A)

Interestingly, YIBEM1 induced hyphal growth when overexpressed in racl A cells
(Fig. 5-15, panels F and G), but to a much lesser degree than when YIRACI was
overexpressed in the bem ] Abackground (Fig. 5-15, panels B and D; compare panels D and
G). No apparent effect was observed when YIBEMI was overexpressed in mhyl A cells

(Fig. 5-15, panels H and I).

5.10 Discussion

This chapter describes the isolation of the Y. lipolytica BEMI gene and the initial
characterization of its protein product, Y/Bem1p. ¥/Bem1p shares a number of structural
features with Bemlp from S. cerevisiae and Scd2p from S. pombe, is involved in the
regulation of cell polarization, and is necessary for the yeast-to-hypha transition in the
dimorphic yeast Y. lipolytica. Like its two closest homologs, Y/Bemlp contains two

potential SH3 domains at its amino terminus and a potential PB1 domain at its carboxyl
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Figure 5-15. Colony (upper panels) and cell (bottom panels) morphology of Y.
lipolytica strains transformed with autenomously replicating plasmids carrying the
MHYI, YIRACI, YISEC31 and YIBEM1 genes. (A) Wild-type strain £122; (B) mutant
strain bem1KO157; (C) strain bem 1 KQO157 transformed with plasmid pMHY1; (D) strain
bem1KO157 transformed with plasmid pRACT1; (E) strain bem! KO157 transformed with
plasmid pSEC31; (F) mutant strain racl/K030; (G) strain racl KO30 transformed with
plasmid pBEM1; (H) mutant strain mhyl KO9; (I) strain mhylKO9 transformed with
plasmid pPBEM1. Colonies and cells were photographed after 3 days of incubation at 28°C
on YNA-agar plates. Colony magnification, x100. Bars, 5 um.
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terminus. These domains are involved in the assembly of protein complexes via binding
to proline-rich peptides (Morton and Campbell, 1994) and tyrosine kinase-mediated signal
transduction (Ito et al., 2001; Lock et al., 1998), respectively.

The Y. lipolytica BEMI gene is not essential and its deletion results in a phenotype
similar to that observed in S. cerevisiae beml and S. pombe scd2 null mutants, i.e.
disorganized actin cytoskeleton, delocalized cortical actin and chitin deposition,
multinucleation, round cell morphology, and inability to mate. In addition, Y. lipolyfica
bemI null mutants show obvious defects in bud site selection. These characteristics clearly
point to a role for ¥/Bem1p in cell cycle control and the establishment of cell polarity in
Y. lipolytica. The latter role is further supported by the fact that, like actin, ¥/Bem1p is
concentrated at the growing tips of yeast, hyphal and pseudohyphal cells. However, it is
remarkable that while Y/Bem1p levels are increased at the bud tip during early bud growth,
YIBemlp appears to be concentrated at the mother-bud neck during the last stages of
budding. Thus, although no role in cytokinesis or septum formation has been proposed for
the homologs of ¥/Bem1p, this hypothesis is compatible with the concept that localized
deposition of cell wall material is required at the mother-bud neck during these events.

Interestingly, the expression levels of YIBEM] are significantly increased during
the yeast-to-hypha transition and Y/Bem1p appears to be abundant during the entire cell
cycle in actively growing hyphal and pseudohyphal cells. It is also noteworthy that
although Y. lipolytica bem I null mutant cells are unable to form hyphae in both liquid and
solid media, their ability to form pseudohyphae is partially restored upon cultivation on

agar plates. The causes of this behavior are unknown, but it has been demonstrated that
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filamentous growth in fungi is intimately linked to thigmotropism (directional growth
response to physical contact) (Perera et al., 1997; Sherwood ef al., 1992), and it is
generally proposed that pseudohyphae represent an intermediate state of cell polarization
between yeast and hyphal growth (Brown and Gow, 1999). Thus, one may hypothesize
that other polarity proteins exist in Y. lipolytica that act in conjunction with ¥/Bem1p to
promote hyphal growth. In the absence of Y/Bem1p, these other factors would still be able
to support pseudohyphal growth in response to thigmotropic stimuli, but this response
would be insufficient to increase polarization to a level at which hyphal formation is
possible.

In this chapter it is also shown that overexpression of MHY! partially suppresses
the morphological defects of Y. lipolytica bem! null mutants, whereas Y/BEM] has no
apparent effect when overexpressed in cells lacking functional AMHY1. More remarkably,
overexpression of YIRAC! in bemI A cells was able to induce greater hyphal growth than
overexpression of YIBEM] in cells lacking functional YIRACI. These observations,
coupled with the observations that overexpression of MHY! does not suppress the
morphological defects of rac! A cells (Chapter 4) and bem A and racl A cells are still able
to form pseudohyphae on solid medium, while MHY1 is essential for both hyphal and
pseudohyphal growth, suggest that MHY1 acts upstream of YIRACI and YIBEMI, and
YIRAC1 is a stronger regulator of hyphal growth than YIBEMI. Moreover, our results give
further support to the proposition that these two morphologies in Y. lipolytica are
controlled by at least two parallel signaling pathways, each with a different and additive

input, and that filamentous growth comprises a sequence of events that requires a
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quantitatively stronger regulatory input to produce hyphae rather than pseudohyphae.
Thus, increased production of polarity factors other than Y/Bem1p would support hyphal
growth when either MHY1 or YIRACI is overexpressed in beml A cells, but the lack of
functional ¥/Bemlp would result in increased branching. Conversely, an increased
production of ¥/Bem1p would result in partial induction of hyphal growth in racl 4 cells
due to a partial increase in cell polarity, whereas in the absence of functional Mhy1p this
increase would be insufficient to induce any filamentation.

In closing, the observation that YISEC3] partially restores hyphal growth when
overexpressed in beml A cells further supports the hypothesis that polarity proteins other
than Y/Bemlp exist in Y. lipolytica and suggests that the secretory apparatus is a limiting

factor in the transport of these proteins during filamentous growth.
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CHAPTER 6

ISOLATION AND CHARACTERIZATION OF YIBMH]I AND YIBMH?2,

TWO GENES ENCODING 14-3-3 PROTEINS OF Y. lipolytica

A version of this chapter has been submitted to the journal Microbiology as “YIBMH]I encodes a 14-3-3
protein that promotes filamentous growth in the dimorphic yeast Yarrowia lipolytica” (Cleofe A .R. Hurtado

and Richard A. Rachubinski).
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6.1 Overview

In order to identify genes that are involved in the regulation of the yeast-to-hypha
transition, morphological mutants that were unable to form hyphal cells were isolated after
chemical mutagenesis of the dimorphic yeast Y. lipolytica. Screening of a Y. lipolytica
genomic DNA library for genes able to complement this defect led to the isolation of
YIBMH]I, a gene encoding a 14-3-3 protein and whose transcription levels are increased
during the yeast-to-hypha transition. Remarkably, overexpression of YIBA/H] was able
to enhance pseudohyphae formation in a strain lacking functional YIRAC! but caused no
visible effects in mhyl A and bem A cells, thus suggesting that YIBMH] is involved in the
regulation of both hyphal and pseudohyphal growth in this organism. This chapter also
describes the identification of YIBMH2, a gene encoding a second 14-3-3 protein,
YIBmh?2p, that contains a 19-amino acid insertion absent in all other members of this
family. Differently from Y/IBMH], the transcription levels of YIBMH?2 do not show any
apparent variation during the induction of hyphal growth, and its overexpression has no
effect on cells lacking functional MHY1, YIRACI, or YIBEMI. Taken together, these
observations suggest that, in spite of their high conservation, Y/Bmhlp and Y/Bmh2p have

different cellular functions.

6.2 Isolation of the Y. lipolytica CHY3350 mutant strain
The Y. lipolytica mutant strain CHY3350 (Fig. 6-1B) was isolated after chemical
mutagenesis of Y. lipolytica EI22 cells (Fig. 6-1A) with 1-methyl-3-nitro-1-

nitrosoguanidine by its inability to form wild-type rough-surfaced colonies on YEPD-agar
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Figure 6-1. Colony morphology of Y. lipolytica strains. (A) Rough phenotype of a
colony of wild-type £122 cells. (B) Smooth phenotype of a colony of CHY3350 cells. (C)
Rough phenotype of a colony of CHY3350 cells transformed with the plasmid pPBMH]1.
Colonies were photographed at x 100 magnification after 3 days of incubation at 28°C on
YNA-agar plates.
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plates after 3 days of incubation at 28°C (Nuttley ef al., 1993). Subsequent analysis
showed that this attribute was lost at a rate of 3-5 x 10 per generation and that the smooth

phenotype was not due to mutations in the Y/BMH] gene.

6.3 Isolation and characterization of the YIBMHI gene

The YIBMHI gene was isolated from a Y. lipolytica genomic DNA library
contained in the replicative E. coli shuttle vector pINA445 (Nuttley ef al., 1993) by its
ability to restore hyphal growth upon introduction into CHY3350 cells. Of approximately
12,000 transformants screened, 12 showed a wild-type filamentous phenotype, but only
one contained a plasmid, pPBMH1, capable of inducing the formation of rough-surfaced
colonies upon reintroduction into CHY3350 cells (Fig. 6-1C). Restriction enzyme analysis
revealed that this plasmid contained a 5.0-kbp BamHI-BamHI fragment capable of
restoring filamentous growth to the CHY3350 strain. Sequencing of both strands of this
fragment revealed an ORF of 1482 bp interrupted by one intron located between codons
4 and 5 (nucleotides +13 to +663 from the A residue of the potential initiating codon).
Interestingly, the A nucleotide at the fifth position of the putative 5™-splice donor sequence
(GTAAATPu) diverges from the G nucleotide normally found in eukaryotic genes
(Newman, 1998), and an unusual 3' intronic end (TAG, as opposed to the consensus
sequence CAG) (Lopez et al., 1994; Strick et al., 1992; Teem et al., 1984) is found three
nucleotides downstream of the 3' internal consensus TACTAAC sequence.

The upstream regulatory region of the YIBMH]I gene lacks a putative TATA box

but contains a CT/CA-rich region, which is thought to play a role in transcriptional
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regulation in Y. lipolytica (Nuttley et al., 1994; Xuan et al., 1990) (Fig. 6-2). Analysis of
cDNA showed that transcription of the YIBMH1 gene preferentially begins at position -23
from the A nucleotide of the initiating codon and that polyadenylation occurs following
the A nucleotide at position +1524.

The deduced protein product of YIBMHI, ¥IBmhlp, is 276 amino acids in length
(Fig. 6-2), has a predicted molecular mass 0f 31,166 Da, and a typical acidic pl 0f4.91 (Fu
et al., 2000). Analysis of the predicted amino acid sequence revealed that Y/Bmhlp
belongs to the 14-3-3 family of proteins and that it is most closely related to Ftt2p from the
filamentous fungus Trichoderma reesei (72.1% identity, Fig. 6-4). Additionally, a putative
PEST region, which is commonly found in rapidly degraded proteins (Chevaillier, 1993;

Rechsteiner and Rogers, 1996), is predicted at residues 234-263 of Y/Bmhlp.

6.4 Isolation and characterization of the YIBMH?2 gene

Numerous unsuccessful attempts to disrupt YIBMH1 suggested that this gene may
be essential or that other 14-3-3 proteins might exist in Y. lipolytica that would be able to
support hyphal growth in the absence of functional Y/Bmhlp. Indeed, a comprehensive
database screening revealed the existence of a partial sequence (GenBank accession
number: ALL413320) encoding a potential 14-3-3 protein different from Y/Bmhlp. Based
on this sequence, a 3.7-kbp BamHI-BamHI fragment was isolated by high fidelity PCR
using a Y. lipolytica genomic DNA library as template. Sequencing of this fragment
(YIBMH?2) revealed an ORF of 1583 bp, interrupted by one intron within codon 1

(nucleotides +1 to +813 from the A residue of the potential initiating codon) and flanked
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~-488 AGCATCTCCCCTACGTACTTGTACCATACCCCATGCAGACACCAATGETCTTTCACGCAC
-428 ACTGTCGCTGTGCTGTATCGCAGAATCCECCTGTCCAACCAAATGCCGTTACCCCCACGTCA
-368 CAGCCGATAGACAGATACACCATCAATACCAGCAGGTTCTATCATGCGCTTGCCTGAAGG
~308 TAAGCTGATTGGTCTAAAAACTGTAGCTGTCCTAATTCAACGAGCCGCTATTTCCGGCCAA
-248 CCACCTCGGCCAAGCGGCCTTTAATCTECGTGCCCCAGAGGCGTCTCATGAGGCTCTGGC
~-188 CGCCACTGTAGGAGTCTTTCTCTGTGCCGCACACGCAGTTTTGAGTTTGGEGCGACTTTCCC
-128 TTTTTCCCAATTGCGTACACACACAGCTCCGAGCTAAGCGCTGTCCTTGAACCTTCTCCC

~68 TCITTTCCCTCTTTTTCTCTITCCCCTTCCCCTCCTCCACATTARCGCCCARATCCTGAATT

MRNA
-24 GE‘ACCAACTAGTACAACGACAACAA‘I‘GTCTTCTGAGGTAAATATTGAGCGA‘I‘TGCCACGG
M 8 S8 B 4
37 CAAACCACGACTGGAAACCACCAAATCCATCTCTIGCGATCCGCCATCTECCCTCCTGGCT
$7 TCTTTTCTCCCGCTTCAACTCCCCAAACACACCACACGTCTGTGACATTGCTGCGCCCCT
157 CACACGCGACARATCGAAGGTCAATCTCGCCCAATCGCACATCCATCACACATCCAAGET
217 CTCCGCCGTCATCCATTCTCCAGGTGCCCTTTAATTCCCCTCTCGCCGCCACCTGCCACGE
277 CIGTTTTITGCATGTGCCTCCCTATTCTGCCCAGTTTTGEGEGCTGTCCTGTTCATTGCETT
337 TGIGTTTGCATATGTGIGCCCCATGIGTTTTGCCACGACATCACAACCGCAGAACCGCAA
397 ACGGATGATGCGGATGATGTGATGGATTGATTCAATTGCGATGGCCCTTTGCAACCAGCA
457 TTGTGTGGTGGCTTTATTCCCCCACACCGAGCTAGCTACGAAGATGACTAGATGATGATGA
517 TGGTGTGTGACGACGACTGCAACAACCCAGCGAGAAAAGAAGCGGTCACGACGAGCCGAT
577 GAGAAACGCAGATGATAACGTTTTGGTCATGAATCCATCATATATCGIGTGAGTACACCC
637 CTCATCAACACAGATACTAACCATTAGAGAGAAACCAAGACCTTCCTTGCCCGGCTCTGT
R E T KT F L A R L C 15
697 GAGCAGGCTGACCGATACGACGAGATCGTCAACTACATGAACCGACGTCGCTAAGTCCGGT
E Q ADURYDEMUYVYNUYMIEKUDV A K S 6 35
757 GAGGAGCTTACTGTCGACGAGCGAAATCTGCTTICCGTCGCTTACAAGAACGTTATCGGC
E E L T V D ERNILIL S8 V A Y K N V I G 55
817 GCTCGACGAGCCAGCTGGAGAGTCATTTTCCCCATAGAGCAGAAGGAGGAGGCCAAGGGT
A R R A S WRVYV I F P IEQZEKTETEAIKG 75
877 GCCACCCACCATCTICGAGCTTCTCAAGACCTACAGAGCCAAGATTGAGGCAGAGCTCGERA
A T H H L E L L K T Y RAKTIU EHDZ-ATETUL BE 95
937 GACATCTGCAGCGATGTTCTTGATATCCTCACCAACCACCTCCTCCCCAAGGCCGAGAAC
D I ¢ 8 DV L DI LTDNUBHULIULUPI XA ATEN 115
997 GCCGAGTCTAAGCTCTTCTACTACAAGATGAAGCGTCACTACCATCGATACCTTGCCGAG
A BE 8§ K V F ¥ ¥ X M K 6 D Y HR Y L A E 135
1057 TTCACCTCCGGCGAGAAGCGAAAAGAGGCTGCCACTGCCGCTCACGAGTCATACAAGAGC
F T s 6 E K R K E A ATA AA AU HRE 8 ¥ K s 155
1117 GCCACTGATGTTGCCCAGACTGAGCTCAGCTCAACTCACCCCATCCGACTTGCTCTCGCT
A T D V A Q TEIL 8 8 THUPIURILGTIL A 175
1177 CTCAACTTICTCCGTCTTCTACTACGAGATTCTCAACTCGCCAGACCGTGCTTGCCACCTT
L N F 8 V F Y ¥ BE I L N 8 P D R ACH L 185
1237 GCCAAGCAGGCTTTCGATGATGCCATCGCTGAGCTCGACACTCTCTCCGAGGAGTCTTTIC
A K Q A PP DDATIAZEULDTUL S E E S8 F 215
1297 CGAGACTCTACCGTCATTATGCAGCTTCTGCGAGACAACCTGACCCTCTGGAAGAACGAC
R D 8§ T V I M@ L L RDNILTITILWZEKND 235
1357 CTCGAAGAGTCTCTGCAAGCCCAGCAGTCTGAGGAGACCCCTGCCACCGATGCTGCCGCT
L E E 8 L Q A2 Q @ 8 EE T P AT TTUD A A A 25
1417 GCTITCCACCGAGECTGCTGCCCCCAAGEGAGCGAGCGCCAAGCCCGCTGCTGAGGAGCCCAAG
A § T E A A A P KEEAIZ KUPARATEZE P K 275
1477 GAGTAGAGTAGTGCTTTAATTTTTATGTAAAAACAATTAAGAGCTCTGATGGAAAGGTTICG
E - 276
1537 TATAGCTATAATGAGGCTCCCTCACAACACATGCTTGCARAAGAATTCGTGTATGTCGTA
1597 TTGTATTTTGAGGTGCTTTTAATCAAATGATGAGTCATACTGCGTGAAACAAAAAGACATGA
1657 AGCCTCAAACGTAGTGTIT

Figure 6-2. Nucleotide sequence of the YIBMHI gene and deduced amino acid
sequence of ¥/Bmhlp. The transcriptional start site of the YIBMHI gene is indicated.
The consensus sequences for intron splicing are underlined.
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~496 TCCAACAAATTTCCTTCAAAACATATCATAAACTCTAACAAATTTAAACAABRACCTACCC
~436 TAAACTCTAGCAAATCTCCAACAAAACCTACCCTAAACTCAAACAACCCTCCCAACTAAT
-376 TCCCCACAAARATTCTCCAARATCTGAARCTAACAAAATCCCACACATGATCCTAGCTAACC
-316 CACCCAACCATCACCCAATAAAAAATCAGACCAAACAAATACATTCCTCTAACCCTCARA
~256 CATCATCTCCGAACCCAAACCCTAGCCCAACCCTAGCCAAGCACTCCCCAAACCCCCACA
-1%6 ATAABACTATCCCCCACGGTATCGCAARATCTTAATCAGTTACCCGGAATATGCACRATG
~136 AAGTCATATACCCTAACCCCGAAATACCCCTTTCGGACCGGAACGTAGCATCAAACCTAC

=76 TTCTTACCTGCCAACACCGCTGCATAATATCCCACCTCACTTACTATCAAACACACACAA

I+ mRNA
~16 AACCAAACTTGAAAAAAGTGAGCTATTTGAAACCCGCCGTCCGAGAAATTGGACACATTIC

45 TGTCCAAGACATGCTCTICTGTIGGACTTATTCCCTGGCCEAGCTCACGTACCCTTGCTEGE
105 CGGCETCCGGATTGIGTCGTTTACACGGTCCGCETCTTAGTGTTCCGCCCCCAACAGCEC
165 GICTTTTTGTAGTGGAACACAABRAAGGTCTGCACAGACACAAGTGACATAAGGAGCGTGE
225 GCGGCTCCGGAGATGCAGCTGGAAGTGCAAGTGATGACCCAATGACCTGTTGCTGGTTCCG
285 TTACCGTITGITGTTGGCATTGTTGGCTGTCECCTTCCTICTCGTGTCTICTETTTCTCTGTA
345 ACTCCGICCTIGIGGTTCITAATGCCGCATGCGGTTTATCTCCCCTTGTCATCTCTTTGTG
405 TTGGGGCAATGTTCTGTTGCAATGTGCCGAGCTTCCGACCCCTAGGGTCATCTGCTGCCET
465 GGCCCACGTCGTGACATTTCTCGCTGCGCTGEGCAGTGGCCGTCATGGGCAATATTCACAGAT
525 GGATGTGAACTTGTATCATTGGGACCATATTACCCTGECTAGTATATCCGCTAGACGAATT
585 GTTCCGTTTCTATATCGCCATGCCCTTGTCCCGGGTTTTGTTTACACCACCACTTGARGC
645 TCTGTCTCCACGAGATTGGGTACATGTTGAATTGCGACARTGTGCATCTGTTTTCGTTCT
705 GTTTCCTTICTGGATGAATATATGCGCTTGAATCGATGCGTATCCATGTTCTGCTGTTACT
765 ATTGAGCGCAAGCCCGACCCCACGTACTATTCCGTTCGTACTAACCCAGTGACGCGAGAA
M T R 4
825 GACAACATCTACCTGGCTCGTCTTTCCGAGCAGGCCGGCCGTTACGARGACATGGTGGAG
D N I YL A RILSEQA AGUZRYEUDMVUVE 24
885 TACATGAAGGAGATTEGCCACCGGCGACCAGGAGCTGETCTGTGGAGGAGCGAAACCTGCTC
¥ M K E I A T € D Q E L 8 V E E RNIL L 44
945 TCCETGGCATACAAGAACGTGATTGGCGCTCACCGAGCATGGTGGCGAGTGGTCAGCAGC
S V. a ¥ K NV I ¢ A HRAWWRV V 8 8§ 64
1005 TGCGAGCAGAAGGAGGAGCAAAAGGGCAAGGAGACCAAGATCATCGACGACTTCCGTCAG
C E QO K E E Q K G K E T K I I bDUVPFRQ 84
1065 AAGATTGAGGCCGGTCTGCAGGACATTTGCCACGACATTCTCAACGTGCTTGAGAAGCAC
K I B A ¢ L Q DI CUHUDIILNJVILEKE 104
1125 CTGATCCCCAAGCTCGAGRAGCCCTCCGCCGAGGCCACTCAGGCTGCTGCCAAGGATGGTC
L I P KL B R P 8 A E A T BE A A A K D G 124
1185 GCCGACCCCAGCGAGCTGCTCCGAGTCCATCGTCTTCTACTACAAGATCGAAGGGTGACTAC
A D P 8 E L 8 E 8 I V F Y ¥ KM K G D Y 144
1245 TACCGATACCTGGCCGAGTTCACCACCCACGACAAGCGAAAGGAGGCTGCCGAGAAGTCE
¥ R Y L A B F TTDDI KURIEKEW AW ATEK 8§ 164
1305 CTGCAGGCCTACCAGTTTGCTTCCGACGAGGCCACCTCCAAGCTGCCCCCCACCCACCAC
L QA Y Q F A S DEA AT S8 XK L P P T H B 184
1365 ATTCGGCTGGECTCTEGGCTCTCAACTTICTCCETCTTCTATTACGAGATTCTCAACTCGCCC
I R L G LA LDNUPF SV F Y Y E I LN S P 204
1425 GAGCGAGCCTGCCAGCTGGCCAAGCAGGCTTTCCACGATGCCATTGCTGACATTGACTCC
E R A CQUL A KOQAUV FDUDATIOBADTITD S 224
1485 ATCACCGAGGAGCGAAGCAAGGACTATGCTCTGATCATGCAGCTGCTGCGAGATAACCTC
I T E E R 8 KD ¥ A L I M @ L L R D N L 244
1545 ACGTTGTGGACCAACAATGACGAGCCCGAGCAGGCGTAAGTGRAACATGCAAGTGAACATG
T L W T N NDE P E Q A -~ 256
1605 CAAGTGAACATGAGCGCTGCABATGTGAATATGCCCGGCGCAAGCGCAGTCTGTGATATCG
1665 AGATCGAGCAATCGETGCTGGGAACAACTGTATAGTGAAGTATTAGATTTTTGAACTGGG
1725 TGTAACGCCAGCACTCTACGGCTAAAGTACAGTACAATACAGTATGTACCGGTACAGTACT

Figure 6-3. Nucleotide sequence of the YIBMH2 gene and deduced amine acid
sequence of Y/Bmh2p. The transcriptional start site of the YIBMH?2 gene is indicated. The
putative consensus sequences for intron splicing and the 19-amino acid insertion are
underlined. The putative TATA box is double underlined.
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Y1Bmhlp ~MSSERETKTFLARLCEQADRYDEMVNYMKDVAKSGEELTVDERNLLSVAYKNVIGARRA 59
Y1Bmh2p ~=-MTREDNIYLARLSEQAGRYEDMVEYMKETIATGDOELSVEERNLLSVAYRNVIGAHRA 57
TrEttlp -~~MGHEDAVYLAKLAEQAERYEEMVENMRKIVASEDRDLTVEERNLLSVAYKNVIGARRA 57
TrFEt2p -“MATERESKIFLARLCEQAERYDEMVTYMKEVAQLGCGELSVDERNLLSVAYKNVVGTRRA 59
CaBmhlp -MPASREDSVYLAKLAEQAERYEEMVENMKAVASSGOELSVEERNLLSVAYKNVIGARRA 59
SpRad24p MSTTSREDAVYLAKLAEQAERYEGMVENMKSVASTDQELTVEERNLLSVAYKNVIGARRA 60
SpRad25p -MSNSRENSVYLAKLAEQAERYEEMVENMKKVACSNDKLSVEERNLLSVAYRKNIIGARRA 59
ScBrhlp -MSTSREDSVYLAKLAEQAERYEEMVENMKTVASSGOELSVEERNLLSVAYRNVIGARRA 58

ScBmh2p ~MSQTREDSVYLARKLAEQARRYEEMVENMRKAVASSCGOELSVEERNLLSVAYKNVIGARRA 59
e el T, Rk kkk kdk kk Ak R d ok khkhhhhhhhdh & dk
Y1Bmhlp SWRVIFPIEQRKEEAKG-ATHHLELLKTYRAKIEAELEDICSDVLDILTNHLLPKAEN-—~ 115
Y1Bwmh2p WWRVVS SCEQKEEQKG—-KE-TKI IDDFROKIEAGLODICHDILNVLEKHELIPKLEKPSA 114
TzFttlp SWRIVISIEQKEESKG-NSSQVALIKEYRQKIEAELAKICDDILEVIDQHLIPSAKS—~ 113
TrFtt2p SWRIISSIEQKEESKG~SDKEVATIKEYRSKIELELEKVCEDVINVLDTSLIPNAAT——~~ 115
CaBmhlp SWRIVSSIEQKEEAKG~NESQVALIRDYRAKIEARELSKICEDILSVLSDHELITSAQT~~~ 115
SpRad24p SWRIVSSIEQREESKG-NTAQVELIREYROKIEQELDTICQDILTVLEKHLIPNAAS—- 116
SpRad25p SWRIISSIEQKEESRG-NTRQAALIKEYRKKIEDELSDICHDVLSVLEKHLIPAATT--- 115
ScBmhlp SWRIVSSIEQKEESKEKSEHQVELICSYRSKIERTELTKISDDILSVLDSHLIPSATT—~ 116
ScBmh2p SWRIVSSIEQREESKEKSEHQVELIRSYRSKIETELTKISDDILSVLDSHLIPSATY—~ 116

-** ..... *****-.- = s u av e e * *** o* -...*.*--*. -*--
YIBmhlp  ~=me—m—e————— AESKVFYYRMKGDYHRYLARFTSGEKRKEAATAAHESYKSATDV 159
YiBwh2p EATEAAAKDGADPSELSESIVFYYKMKGDYYRYLAEFTTDDKRKEAAEKSLOAYQFASDE 174
TrFttlp  ~—-m——mmmmmmeeee GESKVFYHKMKGDYHRYLAEFATGDRRKDSADKSLEAYKAATEV 157
TIFLE2Dp  —— e m——m e GESKVFYHRMKGDYHRYLAEFASGERRKVAATAAREAYRNATDV 159
CaBOhlp = ~=~m—mm—m e GESKVFYYRKMKGDYHRYLAEFATAVFRKEAADLSLEAYRAASDY 159
SpRad24p ~m=mm——memm—emee AESKVFYYKMKGDY YRYLAEFAVGEKRQHSADQSLEGYKAASET 160
SPRAA25P ~=mmmeme e GESKVFYYRMKGDYYRYLAEFTVGEVCKEAADSSLEAYKAASDI 159
ScBmhlp  ~meesmmm——— e GESKVFYYKMKGDYHRYLAEFSSCDAREKATNASLEAYKTASEL 160
SeBmh2p  memmmemmems e GECKVFYYRMKGDYHRYLAEFSSCGDAREKATNSSLEAYKTASET 160
Lk ek hddhkkk dhkdhkk *, &

Y1Bwhlp AQTELSSTHPIRLGLALNFSVEFYYEILNSPDRACHLAKQAFDDATAELDTLSEESFRDST 219
Y1Bnh2p ATSKLPPTHHIRLGLALNEFSVFYYEILNSPERACQLAKQAFDDATIADIDSITEERSKDYA 234
TzEFttlp AQTELPPTHPIRLGLALNFSVEFYYEILNAPDQACHLAKQAFDDATAELDTLSEESYKDST 217
TrFtt2p AQTELTPTHPIRLCLALNFSVFYYEILNSPDRACHLAKQAFDDATAELDSLSEESYRDST 219
CaBmhlp AVIELPPTHPIRLGLALNFSVFYYEILNSPDRACHLAKQAFDDAVADLETLSEDSYKDST 219
SpRad24p ATAELAPTHPIRLGLALNFSVFYYEILNSPDRACYLARQAFDEAISELDSLSEESYKDFT 220
SpRad25p AVARLPPTDPMRLGLALNFSVFYYEILDSPESACHLAKQVFDEAISELDSLSEESYKDST 219
ScBuhlp ATTELPPTHPTRLGLALNFSVFYYEIQNSPDKACBLRKQAFDDATAELDTLSEESYKDST 220

ScBmh2p ATTELPPTHPIRLFLAILNEFSVFYYEIQNSPDKACHLAKQAFDDATAELDTLSEESYKDST 220
* .k ok kk kdkdkkdkdkhkdk  _d _dkk k kk kk_* * *

Y1Bmhlp VIMOLLRDNLTLWKNDLEESLOAQOSEETPATDAAAASTEAAAPKEEAKPAAEEPKE 276

Y1Bah2p  LIMOLLRDNLTLWTNNDEPEQR = = m o o ot oo oot e oo o o o e 256 (58.2%)
TrPttlp LIMOLLRDNLILWTSSEAETSAGQVEAPPKEDTPAEAAAPAREPKAE -~~~ ~~==mm 264 (67.1%)
TIFtt2p  LIMOLLRDNLILWISSDSGEAEQAGEAKKDEGEAAKPAEEEPKAEEPAPEATS-—-- 272 (72.1%)
CaBuhlp  LIMOLLRONLTLWIDLSEAPAATEEQQOSSQAPARQ-~—==~ P--TEG-RADQE—-- 264 (66.3%)
SpRad24p LIMQLLRDNLTLWISDAEYSAAAAGGNTEGAQENAPSNAPEGEAEPKADA~~~=m~= 270 (64.8%)
SpRad25p LIMOLLRDNLTLWISDAEYNQSAKEEAPAAAAASENEHPEPKESTTDTVRA-———-— 270 (63.3%)
ScBmhlp  LIMQLLRDNLTLWISDMSESGQAEDQQQOQOHQQOQ~——=—— PPAAAEGEAPK~~-~ 267 (65.5%)

ScBoh2p LIMOLLRDNLTLWIT SDISESCQEDQOQQOOO0OO0O0O0OOAPAEQTOCEPTK -~~~ 273 (62.2%)
JkkdkkhkkkkEE . . .

Figure 6-4. Amino acid sequence alignment of Bmhlp and Bmh2p of Y. lipolytica
(YIBmhlp and Y/Bmh2p) and 14-3-3 proteins from 7. reesei (T¥Fttlp and TrFit2p), C.
albicans (CaBmhlp), S. pombe (SpRad24p and SpRad25p), and S. cerevisiae (ScBmhlp
and ScBmh2p). Percentages refer to the percent identity of a given protein to ¥/Bmhlp.
GenBank accession numbers: CAC20377 (TrFttlp), CAC20378 (TrFtt2p), AAB96910
(CaBmhlp), CAAS55795 (SpRad24p), CAA55796 (SpRad25p), CAA46959 (ScBmhlp),
and CAAS9275 (ScBmh2p).
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by 1.8 kbp and 340 bp of sequence upstream and downstream, respectively (Fig. 6-3). A
potential TATA box, TAATAT, is found at nucleotides - 52 to -47 from the A nucleotide
of the first ATG codon (Fig. 6-3). Analysis of cDNA revealed that transcription of the
YIBMH? gene preferentially starts at position - 14 from the A nucleotide of the initiating
codon and that polyadenylation occurs following the A nucleotide at position +1719. The
putative 5'-splice donor and 3'-splice acceptor sequences of YIBMH2 (GTGAGTPu and
TACTAACNCAG, respectively) are identical to the motifs found in most Y. lipolytica
genes (Lopez et al., 1994; Strick et al., 1992; Teem ef al., 1984).

The deduced protein product of YIBMH2, YIBmh2p, is 256 amino acids in length
(Fig. 6-3), has a predicted molecular mass 0f 29,435 Da, and a typical acidic pI 0f4.79 (Fu
et al., 2000). Analysis of the predicted amino acid sequence of Y/Bmh2p showed that it
also belongs to the 14-3-3 family of proteins, does not contain any predicted PEST
sequence, and is most closely related to Fit1p from the filamentous fungus Schizophyllum
commune (64.5% identity). Interestingly, Y/Bmh2p contains a 19-amino acid insertion
(PSAEATEAAAKDGADPSEL, residues 112 ~130) (Fig. 6-4) encompassing a putative

N-myristoylation site not found in other known 14-3-3 proteins.

6.5 YIBMH?2 is unable to restore hyphal growth to the Y. lipolytica CHY3350 mutant
strain

Because no smooth A4bmh! colonies could be obtained after transformation of Y.
lipolytica E122 cells with a disruption cassette containing the Y/JURA3 gene flanked by

sequences from the YIBMH] gene, the YIBMH?2 gene was investigated as to its possible
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role in the induction of hyphal growth in Y. lipolyfica and to determine if its ability to
induce hyphae could hinder the selection of bmh! null mutants by means of their colony
morphology. Accordingly, a 3.7-kbp BamHI-BamHI fragment containing the entire
YIBMH?2 gene was cloned into the BamHI site of the shuttle vector pINA445 to obtain
plasmid pBMH2, and the ability of this plasmid to induce hyphal growth in Y. lipolytica
was evaluated. Interestingly, no effect on hyphal formation was observed upon

introduction of pBMH?2 into CHY3350 mutant cells.

6.6 Transcription of YIBMH] and YIBMH?2 during the dimorphic transition

The yeast-to-hypha transition was induced in exponentially growing E122 cells by
a 15-min carbon source starvation at 4°C, followed by transfer to prewarmed YNBGIcNAc
medium and incubation at 28°C (Guevara-Olvera et al., 1993). Under these conditions,
more than 80% of the cells produced germ tubes after 10 h of incubation, whereas cells
transferred to fresh glucose-containing (YNBGIc) medium grew almost exclusively as the
yeast form. Northern blot experiments performed with total RNA extracted from cells
harvested at 3 h and 10 h of incubation showed that YIBMHI mRNA was at levels
undetectable by this procedure. However, semiquantitative RT-PCR carried out with
YIHISI as an endogenous internal standard revealed that transcription of the YIBMH] gene
increases during the formation of germ tubes (approximately 2-fold), while there is no

apparent variation in the transcription levels of YIBMH?2 (Fig. 6-5).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



184

GlcNAc Glucose
Time (h) 0 3 10 [} 3 10

YiBMH1T

YiHist

YiBMH2 |

YIHIS1

Figure 6-5. Transcription of the YIBMH1 and YIBMH? genes during the dimorphic
transition. Total RNA was isolated from E722 cells incubated at 28°C in YNBGIcNAc
(induction of hyphal growth) or YNBGiIc (control culture, growth as the yeast form) for
the times indicated and subjected to semiquantitative RT-PCR analysis. The 600-bp and
400-bp RT-PCR products were resolved by electrophoresis on 2% agarose and visualized
by staining with ethidium bromide. Y/BMHI and YIBMH2 mRNA expression was
normalized to YIHISI mRNA.
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6.7 Overexpression of YIBMH 1 enhances pseudohyphal growth in rac/ null mutants
of Y. lipolytica

To gain additional information regarding the involvement of YIBMH1 and YIBMH?2
in filamentous growth in Y. lipolytica, the effects of introducing the multicopy plasmids
pBMH]1 and pBMH?2 into the null mutant strains mhyl K09, rac1KO30 and bemiKO157
(Table 2-5) were analyzed.

Following 3 days of incubation on YNA-agar plates at 28°C, overexpression of the
YIBMH] gene induced the formation of peripheral extensions in racl K30 colonies (Fig.
6-6, panels H and I), whereas no effect was observed when YIBMH2 was overexpressed
in the same strain (Fig. 6-6, panels H and J). Further analysis revealed that these
extensions were produced by the enhancement of pseudohyphal growth by YIBMHI
overexpression in raciA4 cells (Fig. 6-7, panels H and I), and that no morphological
alteration was induced by the overexpression of YIBMH?2 in these cells (Fig. 6-7, panels
H and J). No effect on either colony morphology or cell morphology was observed when
either YIBMHI or YIBMH?2 was overexpressed in the mhyl A or bem1 A background (Fig.

6-6 and Fig. 6-7, panels B to G).

6.8 Discussion

This chapter describes the isolation of the Y. lipolytica genes BMHI and BMH2 and
shows that YIBMH] is involved in the regulation of filamentous growth in this organism.
These genes encode two different 14-3-3 proteins showing 58.2% identity, and their

primary transcripts are interrupted by one intron near their 5'-ends. Interestingly, the A
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Figure 6-6. Colony morphology of Y. lipolytica strains transformed with
autonomously replicating plasmids carrying the YIBMHI and YIBMH?2 genes. (A)
Wild-type strain £122; (B) mutant strain bem1KQO157; (C) strain bem1KO15 7 transformed
with plasmid pPBMH]1; (D) strain bem!KQO157 transformed with plasmid pBMH2; (E)
mutant strain mhyl KO9; (F) strain mhylKO9 transformed with plasmid pBMH1; (G)
strain mhyl KO9 transformed with plasmid pBMH2; (H) mutant strain rac/ K030, (I) strain
racl KO30 transformed with plasmid pBMH]1; (J) strain raclKO30 transformed with
plasmid pPBMH2. Colonies were photographed after 3 days of incubation at 28°C on
YNA-agar plates. Colony magnification, x100.
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Figure 6-7. Cell morphology of Y. lipolytica strains transformed with autonomously
replicating plasmids carrying the YIBMH1 and YIBMH?2 genes. (A) Wild-type strain
E122; (B) mutant strain bemiKO157; (C) strain bemiKO157 transformed with plasmid
pBMHI1; (D) strain bem!KQI157 transformed with plasmid pPBMH2; (E) mutant strain
mhy1KO9; (F) strain mhyl KO9 transformed with plasmid pBMH1; (G) strain mhyl KO9
transformed with plasmid pBMH2; (H) mutant strain rac/KO30; (I) strain raclKO30
transformed with plasmid pBMHI1; (J) strain rac/KO30 transformed with plasmid
pBMH?2. Cells were photographed after 3 days of incubation at 28°C on YNA-agar plates.

Bars, 5 pm.
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nucleotide at the fifth position of the putative 5'-splice donor sequence of YIBMH]I
(GTAAATPu) diverges from the G nucleotide normally found in Y. lipolytica genes, and
an unusual 3' intronic end (TAG, as opposed to the consensus sequence CAG) is found
three nucleotides downstream of the consensus sequence TACTAAC. These features,
when compared to those previously found in YIRACI (Chapter 4), YIBEMI (Chapter 5),
and other Y. lipolytica genes (Lopez et al., 1994; Smith et al., 2000; Strick et al., 1992),
suggest that a higher degree of variation in the splice and branch sites is tolerated in Y.
lipolytica than in S. cerevisiae. Thus, as in higher eukaryotes (Newman, 1998), only the
GT and AG dinucleotides at the intron termini are invariant, but an abbreviated version of
the S. cerevisiae consensus branchpoint sequence (CTAAC, as opposed to TACTAAC)
(Kaufer and Potashkin, 2000; Teem ef al., 1984) is still required in Y. lipolytica.

In this chapter it is also shown that, in Y. lipolytica, the expression levels of
YIBMHI are increased during the yeast-to-hypha transition, whereas no variation is
observed in the transcription of Y/IBMH?2 during this event. Although no data on the
variation of the expression levels of ScBMH1 or ScBMH?2 during the dimorphic transition
in S. cerevisiae are currently available, it is known that overexpression of these genes
stimulates cell elongation and agar invasion in this organism (Roberts et al., 1997).
Similarly, disruption of one of the wild-type alleles of the C. albicans essential gene
CaBMH] results in a significant reduction of filamentation (Cognetti et al., 2002), thus
suggesting the existence of a positive correlation between protein abundance and
filamentous growth. This hypothesis is further supported by our observation that, in

addition to enhanced pseudohyphae formation in cells lacking functional YIRACI,
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overexpression of YIBMH] is able to induce hyphal growth in CHY3350 mutant cells. On
the other hand, the absence of variation in the transcription levels of YIBMH?2, its inability
to induce hyphal or pseudohyphal growth when overexpressed in the CHY3350, mhyl KO9,
racl K030, and bem I KO157 mutant strains, and the presence of a 19-amino acid insertion
that contains a potential N-myristoylation site in Y/Bmh2p, suggest that Y/BMH?2 may have
functions different from those of YIBMH] and thus not be involved in the regulation of
filamentous growth in Y. lipolytica. This is not entirely surprising, because it has been
observed that in S. pombe, for instance, disruption of the rad24 gene results in serious
morphological defects, while the absence of rad25, which encodes the other 14-3-3 protein
of fission yeast, has little or no effect (Ford ez al., 1994). Nevertheless, a role for YIBMH?2
in the regulation of filamentous growth cannot be completely ruled out at this time.

Disruption of the genes YIBMH] and YIBMH? has so far remained elusive. The
reasons for this are unknown, but one may speculate that either both genes are essential
or other 14-3-3 proteins that perform the same functions as ¥/Bmh1p and Y/Bmh2p exist
in Y. lipolytica. It is interesting to note that disruption of one allele of YIBMH]I in the Y.
lipolytica E122//22301-3 diploid strain results in a drastic reduction of sporulation, and
a similar effect has been described in S. cerevisiae, where diploid strains lacking both
ScBMHI and ScBMH? are unable to sporulate (Roberts et al., 1997).

In conclusion, the results presented in this chapter demonstrate that YIBMH]I is
involved in the regulation of both hyphal and pseudohyphal growth in Y. lipolytica, while
the participation of YIBMH?2 or other as yet unidentified genes encoding 14-3-3 proteins

in these events remains unclear.
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CHAPTER 7

GENERAL DISCUSSION AND FUTURE PERSPECTIVES
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7.1 MHYI and the regulation of hyphal growth in Y. lipolytica
7.1.1 MHYI, stress response and dimorphism in Y. lipolytica

Msn2p and Msn4p are transcriptional activators of the multistress response in S.
cerevisiae. They act via cis-acting DNA STREs and are able to mediate transcription
induced by a broad range of environmental and physiological conditions, thereby enabling
cells to develop tolerance to different forms of stress (cross protection) (Kobayashi and
McEntee, 1993; Marchler ef al., 1993; Martinez-Pastor ef al., 1996; Ruis and Schiiller,
1995; Schiiller et al., 1994; Treger ef al., 1998). In this study, it is shown that, like S.
cerevisiae Msn2p and Msndp, Y. lipolytica Mhylp specifically recognizes and binds to
sequences containing the AGGGG pentanucleotide, strongly suggesting a role in the
transcriptional regulation of genes containing this sequence in their promoter regions. In
addition, the transcriptional levels of MHY I are shown to be dramatically increased during
the yeast-to-hypha transition in this organism.

Remarkably, transcription of MHY1 appears to be significantly reduced during
carbon-source starvation, osmotic shock and oxidative stress in Y. flipolytica. This is in
evident contrast to the situation in S. cerevisiae, where MSN2 and MSN4 appear to be
constitutively transcribed (DeRisi et al., 1997), and their protein products, Msn2p and
Msndp, are activated by their translocation from the cytosol to the nucleus in response to
stress conditions such as heat shock, carbon-source starvation, osmotic stress, and the
presence of ethanol or sorbate (Gorer ef al., 1998). Moreover, it has been shown that the
Ras2/cAMP-dependent pathway induces invasive growth in S. cerevisiae by suppressing

the cellular stress response, and that the strain normally used in dimorphism studies
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(£1278b) is non-responsive to stress because this pathway is overactive (Stanhill ef al.,
1999). Thus, based on these observations, and on the recent report that osmotic and
oxidative stresses inhibit GlcNAc-induced hyphal growth in Y. lipolytica (Kim et al.,
2000), it is tempting to speculate that Mhy1p may function as a transcriptional repressor
of stress-responsive genes, thereby inducing hyphal growth in this organism.

However, because putative STREs are also found in the promoter of MHY1 and of
other genes required for the induction of filamentous growth in Y. lipolytica, the possibility
of a dual role for Mhy1p cannot be ruled out. In this model, Mhy1p would play a role in
the repression of the general stress response and in the induction of filamentous growth,
and the specificity of its function would be determined by its interactions with other
proteins. An example of this situation is provided by the S. cerevisiae transcription factor
Ste12p, which is a terminal component of two different signaling cascades. In this
organism, Ste12p forms homodimers to bind to pheromone response elements (PREs) and
promote mating, whereas it cooperates with Teclp to bind to FREs and promote
filamentous and invasive growth (Madhani and Fink, 1997).

Another possibility is that filamentation in Y. lipolytica constitutes a specialized
form of response to particular conditions of environmental stress, and that this mechanism
developed while preserving some of the components of the multistress response machinery
present in S. cerevisiae. In agreement with this hypothesis, transcription of MHY! was
unaffected by thermal stress (Fig. 3-10), and it has been suggested that heat shock acts
synergistically with GlcNAc to fully induce hyphal growth in Y. lipolytica (Guevara-

Olvera et al., 1993).
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The detection of weak specific AGGGG-binding activity in cell extracts from
mhyl A cells grown in GlcNAc-containing medium (Fig. 3-5, white arrow) suggests that,
like in S. cerevisiae, several proteins with the ability to bind putative STREs may exist in
Y. lipolytica. Interestingly, no function has so far been attributed to the S. cerevisiae ORF
YER130C. The predicted protein product of this ORF is believed to be also able to bind
these transcriptional regulatory elements (Fig. 3-2) (Martinez-Pastor ef al., 1996), and it
is therefore possible that Yer130cp regulates pseudohyphal growth in S. cerevisiae through
mechanisms similar to those of Mhylp in Y. lipolytica. Remarkably, it has been observed
that nitrogen starvation, thermal stress, osmotic shock, and the addition of compounds that
affect the lipid bilayer organization of the cell membrane are able to induce pseudohyphal
growth in S. cerevisiae, likely through the coordinated action of the MAP kinase cascade
and the cAMP-dependent pathway (Zaragoza and Gancedo, 2000). Furthermore, several
putative STREs are found in the promoter regions of STE12 and PHDI, two important
regulators of pseudohyphal growth in S. cerevisiae (Gimeno and Fink, 1994; Liu ef al.,
1993).

It is important to point out that the study of stress response in Y. lipolytica is still
early, and no stress-responsive genes have been isolated to date from this organism.
Consequently, future experiments aimed at the isolation of these genes, the functional
characterization of the Y. lipolytica STREs and the elucidation of the conditions they
regulate, as well as the determination of the nature of the weak AGGGG-binding activity
observed for Y. lipolytica mhy A cells, will be fundamental to a better understanding of

the links between stress response and filamentous growth in dimorphic organisms, two
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phenomena with large implications for the development of virulence by fungal pathogens
(Banuett, 1995; Bruatto et al., 1993; Maresca and Kobayashi, 1989; Odds, 1988; Shepherd,

1988).

7.1.2 Regulation of MHYI and its protein product, Mhylp

The upstream regulatory region of the MHY ! gene contains consensus sequences
for the binding of several transcription factors implicated in the regulation of fungal
development and in the response of cells to specific environmental conditions, including
multiple copies of the pentanucleotide AGGGG (Fig. 3-3 and Table 7-1).

Analysis of the upstream region of MHY suggests a rather complex pattern of
regulation of expression, involving feedback regulatory loops with possible connections
to nitrogen starvation and stationary phase maintenance. It will be interesting to
investigate whether these putative regulatory elements are functional and to search for
proteins that can recognize these sequences. If these regulatory elements do function,
MHYI may represent a point of integration of several signaling pathways that control

morphogenesis in Y. lipolytica.

Table 7-1 Potential Binding Sites for Transcription Factors in the Prometer

of the MHYI Gene
Binding Site? Organism Function Reference
abaA (CaTeclp, A. nidulans Mediates a genetic switch Boylan ef al., 1987; Biirglin,
ScTeclp) controlling development 1991; Schweizer et al., 2000
StuA (CaEfglp, A. nidulans Mediates regulation of Dutton et al., 1997; Gimeno
ScPhdlp) developmental complexity and Fink, 1994; Stoldt ez al.,

1997
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PacC (CaRim101p, A4 nidulans Mediates regulation of gene Davis et al., 2000; Li and
ScRimi0ip) expression by ambient pH Mitchell, 1997; Tilburn ef al.,
1995
NIT2 N. crassa Mediates synergistic gene Fu and Marzluf, 1990

activation during conditions
of nitrogen limitation

GCN4 S. cerevisiae ~ Mediates general amino acid Arndt and Fink, 1986
control (response to starvation)

STRE S. cerevisiae  Mediates transcriptional Kobayashi and McEntee,
activation by multiple stress 1993
conditions

SPRE S. cerevisiae  Putative activator of stationary Wang et al., 1997

phase-expressed genes

*The S. cerevisiae and C. albicans homologs of the transcription factors known to bind these sites are shown
in parentheses.

Two remarkable differences between Mhylp and the S. cerevisiae transcription
factors Msn2p and Msn4p are its size (approximately 32 kDa, as compared to 78 and 70
kDa for Msn2p and Msndp, respectively) and its lack of a putative nuclear localization
signal (NLS). These characteristics, combined with the demonstration that proteins
smaller than 45 kDa do not need an active nuclear protein import machinery (Jans and
Hiibner, 1996) and the finding that the 62-kDa fusion protein Mhy1p-GFP accumulates in
the cytosol and is unable to induce hyphal growth (Section 3.7 and Fig. 3-9), suggest that
Mhy1p freely diffuses into and out of the nucleus and that protein-protein interactions are
essential for its subcellular localization.

Interestingly, analysis of the primary structure of Mhy1p suggests that this putative
transcription factor has a strong potential to interact with other proteins. Thus, in addition

to the C,H,-type zinc finger at its carboxyl terminus, a remarkable feature of Mhylp is its
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high content of glutamine, serine, proline, and acidic amino acid residues at its amino
terminus (Fig. 3-2). This pattern is commonly found in the activation domains of
eukaryotic transcription factors, and regions containing these residues have been
implicated in the formation of homo- and heteromultimers, as well as in interactions with
the basal transcriptional machinery (Ferré-D’ Amaré et al., 1993; Frankel and Kim, 1991;
Hoey et al., 1993; McEwan et al., 1996; Pascal and Tjian, 1991; Remacle ef al., 1997,
Xiao and Jeang, 1998). It will be interesting to identify proteins that interact with Mhy1p
and to determine how they modulate Mhy1p function in the regulation of morphogenesis

in Y. lipolytica.

7.1.3 The function of MHY]I in filamentous growth

A hypothesis suggested for the function of MHY 1 in the induction of the dimorphic
transition of Y. lipolytica is that high levels of active Mhy1p would be essential for both
the repression of stress-responsive genes and the induction of genes whose products are
necessary for the redirection of cell growth to a filamentous mode and the maintenance of
this pattern. Under conditions that favor growth as the yeast form, Mhylp would be
constitutively synthesized at a basal level, and the protein would be retained in the cytosol
by an anchor protein. However, under environmental conditions that promote filamentous
growth, transcription factors acting through the various regulatory elements found in the
promoter of MHY1 would contribute to an increase of its levels of expression, and optimal
intracellular concentrations would be achieved through a positive feedback loop via

AGGGG sequences present in its upstream regulatory region. Concomitantly, Mhylp
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would be released from its cytoplasmic anchor, leading to its translocation into the nucleus
and, consequently, to the inactivation of genes involved in the multistress response and to
the induction of genes necessary for filamentous growth. Once the germ tube had achieved
its maximum extension, the nucleus would divide, and Mhylp would be equally
distributed between the two nuclei. Mhylp would then continue to promote filamentous
growth at the growing tip, but it would be rapidly degraded in the mother cell through a

process mediated by its PEST domains.

7.2 YIRACI and YICD(C42 in the regulation of hyphal growth in Y. lipolytica

Cdc42/Rac proteins have been implicated in the control of a diverse and extensive
set of cellular processes (Zohn et al, 1998), including, notably, the regulation of assembly
and organization of the actin cytoskeleton (Hall, 1994; 1998; Nobes and Hall, 1995;
Ridley, 1994; 1995; Symons, 1995; Tapon and Hall, 1997; van Aelst and D’Souza-
Schorey, 1997). As a consequence, changes in actin organization or in gene expression
mediated by Cdc42/Rac are believed to play a pivotal role in the control of cell shape, cell
attachment, cell motility and invasion, cell-cell interaction, and cell proliferation and
differentiation (Zohn et al., 1998).

In this work, the isolation and initial characterization of the first fungal Rac
homolog are described, and evidence is provided indicating that Y/Raclp plays an
important role in the regulation of hyphal growth in Y. lipolytica. At this time, only two
other genes encoding fungal Rac homologs have been identified: RAC! from the

ectomycorrhiza-forming fungus Suillus bovinus (Gorfer et al., 2001) and RHOS from S.
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cerevisiae (Roumanie et al., 2001). Interestingly, ScRho5p is at 331 amino acids
considerably larger than all known Rac proteins, and its deletion has no detectable effects
on cell growth or morphology (Roumanie ef al., 2001). The cellular roles of both ScRho5p
and ShRaclp remain to be determined.

Rac GTPases are known to act, in conjunction with Cdc42, Ras and Rho GTPases,
in rather complex cascades that integrate the signals received from a variety of surface
receptors to a network of pathways with multiple overlaps, feedback loops, and uni- and
bidirectional signals in higher eukaryotes (Scita ef al., 2000; Symons, 1996; van Aelst and
D’Souza-Schorey, 1997; Zohn ef al., 1998). In plants, Rac homologs are thought to be
involved in the regulation of growth of the pollen tube, a process that shares several
characteristics with filamentous growth in fungi. Pollen tube elongation is based on a
process known as tip growth, where polarized secretion is restricted to the apex, and cell
membrane and cell wall material are delivered exclusively to this location (Kost ef al.,
1999; Lin et al., 1996; Steer and Steer, 1989; Taylor and Hepler, 1997). Significantly,
plant Rac homologs have been shown to be localized to the plasma membrane of the
pollen tube in the region of the tip (Lin ef al., 1996). The localization of Y/Raclp in Y.
lipolytica has so far remained elusive. Although an epitope-tagged ¥YIRaclp could be
detected at the growing tip of filamentous Y. lipolytica cells, this fusion protein was unable
to induce hyphal growth in rac/ A cells, making it impossible to ascertain whether the
distribution of the tagged protein was truly representative of that of the natural protein.
The availability of antibodies specific for Y/Rac1p will be extremely useful in addressing

this question.
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This work also describes the identification of the CDC42 homolog of Y. lipolytica
(Section 4.4). There is accumulating evidence that the Cdc42p GTPase plays an important
role in the regulation of several aspects of the generation and/or maintenance of cell
polarity in many, if not all, eukaryotic cells (Johnson, 1999). Future work will elucidate
if, like in C. albicans (Mirbod et al., 1997; Ushinsky et al., 2002), YICDC42 is essential
for proper polarized growth in yeast and hyphal Y. lipolytica cells, and if transcription
levels of YICD(C42 are also altered during the yeast-to-hypha transition in this organism.
In addition, it will be interesting to investigate if the mutations cdc42°'?Y, cdc429¥% and
cdc42°'"*" have the same morphological effects in Y. lipolytica as they do in S. cerevisiae

(Johnson, 1999; Ziman ef al., 1993), and if they are suppressed by racl A4, bemi A, mhyl A

and/or cla4 4, a gene recently shown to regulate filamentous growthin Y. lipolytica (Szabo,
2001).

The results presented herein also suggest that YIRAC1 controls some aspects of cell
polarization and demonstrate that its function is essential for hyphal, but not for
pseudohyphal, growth (Chapter 4). Accordingly, it will be interesting to investigate the
genetic interactions among YIRAC1, YICDC42 and YIRAS?2, a gene recently shown to be
essential for both hyphal and pseudohyphal growth of Y. lipolytica (Richard ef al., 2001).
These studies, combined with the isolation of genes encoding other Rho-like GTPases of
Y. lipolytica, will be fundamental for an understanding of the mechanisms by which
environmental conditions induce changes in the growth pattern of this organism and for
the elucidation of the sequence of events regulated by Ras2p, Cdc42p, Raclp, and other

small GTPases in Y. lipolytica.
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It should be pointed out that, as one of the mechanisms of Ras transformation relies
on the signaling cascades controlled by Rac and Rho GTPases and evolutionary trees
locate Y. lipolytica on an isolated branch clearly separated from S. pombe on one hand and
from the bulk of other ascomycetous yeasts on the other (Barn ef al., 1991; Barth and
Gaillardin, 1996; Okuma et al., 1993), Y. lipolytica may represent a more suitable model
for the understanding of complex morphogenesis events in mammalian cells, with
important repercussions for the search for potential drug targets for Ras-mediated
malignancies (Joneson and Bar-Sagi, 1999; Symons, 1995; Welch, 1993; Zohn ef al.,

1998).

7.3 YIBEMI and pelarization of cell growth in Y. lipolytica

In §. cerevisiae and S. pombe, the homologs of Y/Bem1p (ScBem1p and Scd2p,
respectively) are known to interact with several proteins involved in the activation of the
small GTPase, Cdc42p, and are»assumed to function as scaffolds for proteins involved in
the development of cell polarity, pheromone signaling and cytoskeletal organization
(Bender et al., 1996; Butty et al., 1998; Chang ef al., 1994; 1999; Chant, 1999; Drees et
al., 2001; Ito et al., 2001; Leew ef al., 1995; Lyons et al., 1996; Matsui et al., 1996;
Moskow et al., 2000; Park et al., 1997; Peterson et al., 1994; Zheng et al., 1995). During
vegetative growth of S. cerevisiae, cortical markers left by previous cell divisions result
in recruitment and local activation of the ScRsr1p GTPase (Michelitch and Chant, 1996),
which is subsequently linked to ScCdc42p via a ScBem1p-mediated interaction with the

guanine-nucleotide-exchange factor, ScCdc24p (Chant, 1999; Park et al., 1999, Zheng et
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al., 1995). In addition, ScBem1p interacts with actin and ScSte20p (Leew et al., 1995),
suggesting that ScBem1p acts to concentrate active ScCdc42p at a specific site of the cell
membrane, thus promoting both the local activation of the MAP kinase cascade and
reorganization of the actin cytoskeleton by ScSte20p (Section 1.8.1) (Bose ef al., 2001;
Lorenz et al., 2000a; Moskow et al., 2000). Deletion of S. cerevisiae BEMI and S, pombe
scd?2 is viable, but the mutants display severe morphological defects and are unable to mate
(Chang et al., 1994; Chenevert et al., 1992; Fukui and Yamamoto, 1988). Furthermore,
S. cerevisiae beml null mutants are defective in butanol-induced cell elongation and
filamentous growth, diploid pseudohyphal growth and haploid invasive growth (Lorenz
et al., 2000a).

In this work it is shown that, like its homologs in S. cerevisiae and S. pombe,
YIBEMI plays an important role in the establishment of cell polarity in Y. lipolytica
(Chapter 5). In addition, the expression levels of YIBEM] are significantly increased
during the dimorphic transition, and its deletion results in complete abolishment of the
ability of cells to form hyphae. However, cells of bem I null mutants are still able to form
pseudohyphae on solid media, suggesting that other polarity proteins are involved in the
onset of filamentous growth in Y. lipolytica (Section 5.5).

Remarkably, the fusion protein Y/Bem1p-GFP was found to concentrate at the
mother-bud neck during cytokinesis/septum formation (Section 5.4 and Fig. 5-6) and no
role in this process has been reported for ScBemlp or SpScd2p to this time. This
observation suggests that, in contrast to what is observed for S. cerevisiae and S. pombe,

YIBem1p may play arole in the reorientation of the actin cytoskeleton towards the mother-
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bud neck during cytokinesis/septum formation and, subsequently, in the localized
deposition of cell wall material at this location (Section 1.7.5). In addition, although
pINA445-based plasmids are believed to be present in two to five copies per cell (Fournier
et al., 1993), and this may have some effect on the localization of the chimeric Y/Bem1p-
GFP, our finding that bem 1 A cells are binucleate, significantly larger than wild-type cells,
and sometimes exhibit aberrant morphologies in which new buds are seen to emerge from
daughter cells before formation of a septum at the mother-daughter neck (Section 5.5 and
Fig. 5-8, inset), gives further support to a potential role for ¥/Bem1p in cytokinesis/septum
formation. The isolation of genes encoding septins of Y. lipolytica will be essential to
determining the possible interactions of ¥Y/Bem1p with these proteins and to elucidating
the mechanisms of cytokinesis and septum formation in this organism. In addition, co-
immunoprecipitation experiments with ¥/Bemlp will be extremely useful for the
identification of other proteins involved in the dimorphic transition of Y. lipolytica and

septum formation in this organism.

7.4 14-3-3 proteins and the regulation of filamentous growth in Y. lipolytica

The results presented herein demonstrate that ¥Y/Bmhlp is involved in the
regulation of the dimorphic transition in Y. /ipolytica and suggest that Y/Bmh2p may not
be involved in this event. Although the exact role of YIBMHI and YIBMH2 in the
induction of filamentous growth remains to be elucidated, analysis of their predicted amino
acid sequences revealed that Y/Bmhlp and Y/Bmh2p are closely related to the S. cerevisiae

14-3-3 proteins ScBmh1p and ScBmh2p, and thus may have similar functions to these two
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proteins in Y. lipolytica (Fig. 6-4). In S. cerevisiae, BMHI and BMH? are required for
Ras/MAPK signaling during pseudohyphal development (Roberts ef al., 1997). More
precisely, ScBmhlp and ScBmh2p act downstream of ScRas2p and ScCdc42p, binding
directly to ScSte20p and promoting cell elongation through activation of the transcription
factors ScStel2p and ScTeclp viathe MAP kinases ScStel 1p, ScSte7p and Kss1p (Roberts
et al., 1997). 1t is noteworthy to mention, however, that 14-3-3 proteins from different
species do not appear to have identical functions, and several other features of ScBmhlp
and ScBmh2p suggest that the role of Y/Bmhlp in the regulation of filamentous growth
may not be restricted to Ras/MAPK signaling. Thus, 14-3-3 proteins are known to bind
to a wide variety of cellular proteins (more than 100 have been described so far), and it is
currently believed that they function as direct regulators of enzyme activity and as
localization anchors, adapters or scaffolds for numerous cellular processes (Fu et al., 2000;
van Hemert ef al., 2001a; 2001b). Moreover, ScBmhlp and ScBmh2p have been
implicated in vesicular transport (Gelperin ef al., 1995), and the TOR and cAMP/PKA
pathways have been found to negatively control Msn2p and Msn4p nuclear localization
through the anchor protein ScBmh2p (Beck and Hall, 1999; Gorner ef al., 1998; 2002).
Remarkably, overexpression of YIBMH1 was observed to enhance pseudohyphal
growth in Y. lipolytica cells lacking YIRAC 1, while producing no visible effect in mhyl A
and bem Acells (Section 6.7 and Fig. 6-7). This suggests that, in the absence of functional
YIRaclp and, consequently, of the activation of effectors required for hyphal growth,
increasing amounts of Y/Bmhlp would amplify the output of the remaining signaling

pathways (perhaps the Ras/MAP kinase pathway among them) and, hence, increase the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



205
formation of pseudohyphae in the racl A strain.

To further define the roles of the 14-3-3 proteins in the regulation of filamentous
growth in Y. lipolytica, future experiments should be designed to isolate genes encoding
other components of the 14-3-3 protein family, as well as to identify proteins that interact
with Y/Bmhlpand/or ¥IBmh2p. It will also be important to determine whether Y/Bmhlp
interacts with Mhylp and to investigate if the cAMP/PKA pathway is involved in this

interaction.

7.5 YISEC3I and hyphal growth in Y. lipolytica

Inthis work, the YISEC3 ] gene was isolated by its ability to enhance hyphal growth
when overexpressed in wild-type Y. lipolytica cells, thus validating this procedure as a
distinct approach to the isolation of genes involved in the regulation of the dimorphic
transition in this organism. In addition to allowing for the identification of essential genes
involved in the induction of the yeast-to-hypha transition, this method appears to be less
time-consuming, because it obviates the need for microscopical analysis of individual
colonies after transformation.

Although the exactrole of YISec3 1p in the yeast-to-hypha transition of Y. lipolytica
remains undetermined, a pivotal role for this protein in this process is supported by recent
evidence showing that, in Plasmodium falciparum, Sec3 1p is attached to the cytoskeleton
(Adisa et al., 2001) and by previous reports of the involvement of several components of
the secretory pathway in the regulation of hyphal growth (Lopez et a/., 1994; Titorenko ef

al., 1997). In addition, vectorial secretion in yeast is known to involve the delivery of
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secretory vesicles along polarized actin cables (Pruyne and Bretscher, 2000b), and it is
generally proposed that increased transport of cell wall material to the growing tip is
required for hyphal formation in fungi (Gow, 1994b).

The generation of antibodies to Y/Sec3 1p will be crucial to investigating both the
distribution of COPII vesicles and the dynamics of polarized secretion during the induction

and maintenance of hyphal growth in Y. lipolytica.

7.6 Concluding remarks

During this work, we have uncovered several important regulators of
morphogenesis in Y. lipolytica. Our results suggest that, as in C. albicans, hyphal and
pseudohyphal growth are controlled by at least two parallel signaling pathways in Y.
lipolytica, each with a different and additive input, and that filamentous growth comprises
a sequence of events that requires a quantitatively stronger regulatory input to produce
hyphae rather than pseudohyphae. However, the complexity of the morphological effects
induced by the overexpression of MHYI1, YIBEMI, YIRACI, YIBMHI or YISEC31 in
mhyl A, raclA and bemliA cells (Table 7-2) indicates that further studies aimed at the
identification of other molecular players will be necessary to determine the hierarchy of
these regulators in the onset of the dimorphic transition in Y. lipolytica.

In closing, the data presented herein extend earlier reports that present Y. lipolytica
as a suitable alternative model for the study of fungal dimorphism and give additional
support to the idea that studies in different organismal systems are required to achieve a

complete understanding of the molecular mechanisms that regulate morphogenesis in
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fungi. Moreover, our results suggest that Y. lipolytica has tremendous potential as a model

system for the study of the molecular aspects of stress response and differentiation, two

cellular processes with strong implications for the etiology of cancer.

Table 7-2 Morphological Effects of Overexpression of MHYI, YIRACI, YIBEMI,
YIBMH]I or YISEC3I in Various Y. lipolytica Strains

Plasmid / Phenotype
Strain no plasmid pMHY]I pRACI pBEM1 pBMH1 pSEC31
E122 Y,PH, H Y,PH,H" Y,PH,H Y,PH, H Y,PH, H Y,PH, H'
mhy1KO9 Y Y,.PHH Y Y Y Y
raclKO30 Y,PH Y, PH Y,PH, H Y, PH, H Y, PHY Y, PH'
bemlK0O157 Y,PH* Y,PH,H* Y,PH.H Y,PH, H Y, PH Y,PH,H

Y = yeast growth.

PH = pseudohyphal growth.

PH" = enhanced pseudohyphal growth.
H =hyphal growth.

H" = enhanced hyphal growth.

* On solid media only.

® Highly branched.
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