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A b s t r a c t

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, YIRAC1, 

YIBEM1 and YIBMH1, 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. MHY1 encodes a C2H2- 

type zinc finger protein, Mhylp, which can bind putative cw-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 YIRAC1 and YIBEM1, in turn, appear to be involved in some aspects of cell
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polarization. YIBMH1 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 YIBMH2 genes is also described 

in this work. Y1SEC31 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 YIBMH2 in the induction of filamentous 

growth in Y. lipolytica remain undetermined.
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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 modem 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 etal., 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 lytic 

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 etal., 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 et 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 e ta l, 1996; Lo e ta l, 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 et al., 1997), nonfilamentous mutant strains 

are less virulent than filamentous wild-type strains (Lo et a l, 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 yeast 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 a l , 1998; Brummer 

et al, 1993; Hogan et a l, 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 

a few 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, 1994c; Odds, 

1988; San-Blas and San-Blas, 1984; Shepherd et a l, 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, A-acetylglucosamine (GlcNAc), 

exogenous cAMP and its precursors, serum of different sources, and microaerophilic 

conditions (Dabrova et al., 1976; Gow, 1994c; band etal., 1975;Niimi etal., 1980; Odds,
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1988; Sabie and Gadd, 1992; Sonnebom et 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 a l, 1998; Buffo et 

al, 1984; Ernst, 2000; Gow, 1994c; 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 3 0% C02 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 3 7°C (Maresca and Kobayashi,

1989).

In S. 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 

tert-amyl alcohol, in both solid and liquid media (Lorenz et a l, 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 et a l, 1996), and is enhanced by the presence 

of ethanol in low-nitrogen media (Lorenz et a l, 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 Gj 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). At the end of the G2 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). At this point, the deposition of cell wail 

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 G2/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 

(Kroneral, 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 ellipsoidal growth, the cytoskeletonbecomes 

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 (Soil et a l, 

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 

a l, 1986). The cytoplasmic space of the mother yeast cell and of the intercalary 

compartments can remain inactive for prolonged periods, possibly arrested in Gx (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 p-glucan, chitin, and 

mannoproteins (Cid et a l, 1995; Klis, 1994; Valentin et a l, 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).

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .



12

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 

e ta l, 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; Kopeckae ta l, 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 a l, 1990). A second group of mannoproteins is composed of hydrolytic enzymes 

located in the cell wall or in the periplasmic space (Cid et a l , 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 P~(l ,6)-glucan (Horisberger
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and Vonlanthen, 1977; Klis, 1994; Kopecka etal.,191 A), p-glucan is the major component 

of the cell wall and is composed primarily of large linear P-(l,3)-glucan polymers, with 

occasional side chains having P-(l,6) linkages. A minor structural component is also 

found in yeast cell walls and consists of a highly branched P-(l ,6)-glucan with occasional 

P-(l,3) linkages and P-(l,6)-linked side chains (Manners et al., 1973a; 1973b).

The third major component of the fungal cell wall, chitin, is a linear homopolymer 

of P-( 1,4)-V-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 a l, 

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
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Figure 1-3. Schematic diagram of the cell wall of S. cerevisiae
Adapted from Georgopapadakou and Tkacz (1995).
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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 |3-(l,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 et 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 CHS1-CHS3 and 

CaCHSl-CaCHS3, respectively), which are under both spatial and temporal control (Cid 

et a l, 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 III 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, (3-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, P-(l ,3)-glucan is produced by 

two synthases composed of two subunits: the first subunit, encoded by the genes FKS1 and 

GSC2 (FKS2), is membrane-bound and contains the catalytic center of the enzyme, 

whereas the second subunit is encoded by RHOl and activates Fkslp and Gsc2p in the 

presence of GTP (Cabib and Kang, 1987; Mazur and Baginsky, 1996). p-(l ,6)-glucan, in 

turn, is produced by other two synthases, whose catalytic subunits are encoded by the 

genes KRE6 and SKN1 (Roemer et al., 1993). As cell wall synthesis proceeds, (3-(l,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 KRE1 (Roemer and 

Bussey, 1995), and p-(l,3)-glucan is cross-linked with p-(l ,6)-glucan and chitin by Gaslp 

and Bgl2p (Popolo et a l, 1997). In C. albicans, the homologs of KRE1, KRE6, SKN1, 

BGL2, and three genes encoding subunits of the P-(l,3)-glucan synthase (CaFKSl, 

CaFKS2 and CaFKS3) have been identified (Boone et al., 1991; Mio etal., 1997a; 1997b).

Cell wall mannoproteins follow the secretory pathway. There, sugar chains are 

attached to the protein moieties by 0-glycosylation or A-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 Gaslp 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 e ta l, 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 p-tubulin, 

two closely related proteins of approximately 55 kDa that in S. cerevisiae are encoded by 

the genes TUB1, TUB2 and TUB3 (Schatz et al., 1986; Thomas et a l, 1985). 

Microtubules also contain y-tubulin, a 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 TUB1, 

TUB2 and TUB4 have been identified (Daly et a l, 1997; Smith et al., 1988).

In fungi, the vast majority of microtubules is organized into bundles that are 

oriented parallel to the long axis ofboth 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 

~55 kDa (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).

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited w ithout perm iss ion .



19

1 .7 .0  Actiu microfilaments

The fungal actin cytoskeleton is composed of actin microfilaments and cortical 

patches. Actin microfilaments are long cables ofF-actin composed of G-actin monomers 

of ~42 kDa that in S. cerevisiae and C. albicans are encoded by the gene ACT1 (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 et a l, 1994; Amberg, 1998; Anderson and Soil, 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 et 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 et 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 a l, 

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 Axl2p in haploid yeast cells, and Bud8p and Bud9p in 

diploid cells (Chant e ta l, 1995; Kang e ta l, 2001; Pruyne and Bretscher, 2000a; Roemer 

et al, 1996a; Taheri et a l, 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 et a l, 2001). During early Gj 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 a l, 1999; Zheng et a l, 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 et a l , 1990). The GTPase activity 

of Cdc42p is necessary for signaling to the actin cytoskeleton and is positively regulated 

by the GEFs, Cdc24p, Zdslp and Zds2p, and negatively regulated by the GAPs, Bem3p, 

Rgalp and Rga2p (Bi and Pringle, 1996; Stevenson et a l , 1995; Zheng et a l , 1995; Ziman 

et a l, 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 Cla4p 

(Cvrckova et a l, 1995; Eby et a l, 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 a l, 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 a l, 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 etal., 1997; 

Kohno et al., 1996; Pruyne and Bretscher, 2000a; Sheu et 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 et al., 1998; Sheu et al., 1998). Bud6p is an 

actin-interacting protein (Amberg et al, 1997), whereas Bnilp binds profilin (Pfylp), a 

protein that stimulates actin polymerization (Imamura et al., 1997; Mockrin and Korn, 

1980), Teflp/Tef2p, a translation elongation factor that plays a role in the formation of 

actin bundles (Umikawa et al., 1998), and activated Rho GTPases, such as Cdc42p, 

Rholp, Rho3p and Rho4p (Kohno et 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 Cla4p 

and Ste20p (Pruyne and Bretscher, 2000a).

During the G /S transition, Cdc28p forms a complex with the Gt cyclins Clnlpand 

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 et al., 1999). At G2/M, however, the mitotic cyclins Clblp and 

Clb2p replace the Gt cyclins in the Cdc28p-cyclin complex to promote the phosphorylation 

of Cla4p and the subsequent formation of the Cdc42p-Cla4p complex (Benton et al., 1997; 

Lew and Reed, 1993; Tjandra et al., 1998) (Fig. 1-4C).

The molecular mechanisms by which the Cdc42p-Cla4p complex regulates polarity
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switches are not completely clear, but the observation that Ste20p binds directly to Bemlp, 

whereas Cla4p does not, suggests that the Cdc42p-Ste20p complex has a higher affinity 

for apical scaffolds than does Cdc42p-Cla4p (Leeuw et 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 Niml -related kinases Gin4p, Hsl 1 p 

and Kcc4p (McMillan et 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 G2/M results in higher concentrations of 

Cdc42p-Cla4p (McMillan et a l, 1999). Furthermore, Hsl7p is thought to compete with 

Cdc42p for binding to Ste20p, thus providing additional Cdc42p for association with 

Cla4p to promote cytoskeleton disorganization during isotropic growth (Fujita et 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 a l, 1997).

During S. cerevisiae pseudohyphal growth, the mitogen-activated protein kinase 

(MAPK) Ksslp both cooperates with Swelp to inactivate the Cdc28p-Clblp and Cdc28p- 

Clb2p complexes, and stimulates the production of Clnlp via the transcription factor 

Teclp (Section 1.8.1). Asa result, the Cdc42p-Ste20p complex remains active for longer 

periods of time, the G2 phase is extended, and the cells become elongated due to a delay 

in the apical-isotropic switch (Ahn et a l, 1999; Edgington et a l, 1999; Madhani et a l,
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1999) (Fig. 1-5).

1.7.5 Cytokinesis and septation in S. cerevisiae

Prior to bud emergence, the Cdc42p-Cla4p complex mediates the formation of 

a 10-nm ring at the site of growth. This ring is composed of the septins Cdc3p, CdclOp, 

Cdc lip , Cdc 12p and Shs 1 p, and remains immobilized as a collar of filaments surrounding 

the mother-bud neck throughout bud growth (Cvrckova et a l, 1995; Holly and Blumer,

1999) (Fig. 1-4D). At the moment of cytokinesis and cell separation, these proteins play 

a role 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 et 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 et a l, 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 a l, 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

In S. 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 a l, 1999; Leberer et a l, 1997a; Mosch et a l, 1996). The activated protein kinase 

Ste20p then activates a MAP kinase cascade formed by Stel Ip, Ste7p and Ksslp (Cook 

et al., 1996; Liu etal., 1993; Madhani et a l, 1997).

In its unphosphorylated state, Ksslp interacts with the transcription factor Stel2p 

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 Ste 12p from its down-regulators 

(Cook et al., 1996; Bardwell et al., 1998). Released Stel 2p 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 Stel 2p and Teclp, respectively (Madhani and 

Fink, 1997). Recently, it has been shown that mutations in the karyopherin Kap 12 lp result 

in mislocalization of Stel2p and subsequent defects in the dimorphic transition (Leslie et 

a l, 2002).

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

kinase pathway (Madhani and Fink, 1997; Madhani et al., 1999; Rupp et a l, 1999). These
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include FLO 11, a. gene encoding a GPI-anchored flocculin that is necessary for cell-cell 

adhesion after cytokinesis (Lo and Dranginis, 1998), TEC1 itself, and PGU1, 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 CLN1 is activated by the MAP kinase signaling cascade (Ahn et al., 1999; 

Madhani et a l, 1999), whereas CLB2 expression seems to be regulated by this pathway 

via the putative cell-cycle transcriptional regulators Fkhlp 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 Stel Ip activity (Wu et al, 1999), whereas the 14-3-3 proteins 

Bmhlp and Bmh2p are known to associate with Ste20p and are required for FRE-driven 

gene expression (Roberts et a l, 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 a l, 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 c AMP-dependent protein kinases Tpklp, Tpk2p and Tpk3p through repression of their 

regulatory subunit, Bcylp (Robertson and Fink, 1998; Pan and Heitman, 1999). During 

pseudohyphal growth, Tpk2p interacts with Sfllp, a transcriptional repressor of FLO 11
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whose absence stimulates pseudohyphal growth (Robertson and Fink, 1998), and 

positively regulates the transcription factor Flo8p, which in turn regulates FLO 11 

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 et a l, 1987; Pan and Heitman, 1999; Rupp et 

a l , 1999). Intracellular cAMP concentrations and pseudohyphal growth are also regulated 

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

1.8.3 Upstream signals

In S. cerevisiae, pseudohyphal growth is activated by nitrogen limitation, poor 

carbon sources, and possibly by some stress conditions (Gancedo, 2001; Gimeno et al, 

1992; Lambrechts et a l , 1996; Lorenz et a l , 2000a).

Nitrogen starvation is sensed by the ammonium permease Mep2p to produce a 

signal that activates both Ras2p and the heterotrimeric G protein a  subunit Gpa2p 

(Gagiano et a l, 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-speciflc 

phospholipase C, Plclp, for its interaction with Gpa2p through its soluble carboxyl- 

terminal tail (Ansari et a l, 1999; Lorenz et a l, 2000b). Activated Gpa2p stimulates 

cAMP production by Cyrlp and, consequently, induces pseudohyphal growth via the 

cAMP-dependent pathway (Kiibler et a l, 1997; Nakafuku et a l, 1988) (Fig. 1-7).

The glutamine tRNACUG molecule has also been proposed to play a role in signaling
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nitrogen starvation and inducing pseudohyphal growth, possibly through the cAMP- 

dependent pathway (Murray et al., 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 Gx 

cyclins O n Ip and Cln2p (Kishi and Yamao, 1998; Loeb etal., 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 a l, 1998; Palecek et al.,

2000) (Fig. 1-7).

1.8.4 Other genes regulating pseudohyphal growth in S. 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, ASH1, GLN3, MKS1, MSN1, PHD1, SWI5, 

SOK2 and URE2 (Edskes et al, 1999; Gagiano et a l, 1999a; 1999b; Gimeno and Fink, 

1994; Matsuura and Anraku, 1993; Pan and Heitman, 2000). MKS1 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, Mkslp has 

been suggested to be a negative regulator of gene transcription downstream of the c AMP- 

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 oiF LO ll, whereas Swi5p mediates pseudohyphal 

growth through transcriptional activation of FLO 11 via the GAT A 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 Cts 1 p and the endoglucanase Egt2p (Pan and Heitman, 2000). 

Finally, Ace2p is a putative transcription factor that positively regulates the production of 

Ctslp (Doolin et a l, 2001), and MSN1 encodes a transcription factor that operates 

downstream of Ras2p and induces FLOl 1 transcription both independently and through 

activation of MSS 11 (Gagiano et al, 1999a; 1999b) (Fig. 1-8).

Furthermore, mutations in the genes R1M1 (RIM101), RIMS, R1M9 and RIM 13 

have been shown to prevent the invasive growth ofhaploid strains, thereby suggesting that 

the RIM pathway is also involved in the regulation of pseudohyphal growth in S. 

cerevisiae (Li and Mitchell, 1999; Treton et a l, 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 et a l, 2001). The protein kinases Torlp and Tor2p are believed to act 

as regulators of translational initiation and progression through Gj (Barbet et a l , 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 Gj via the the small 

GTPase, Rholp, and protein kinase C (Pkclp) (Gustin et a l , 1998; Helliwell et a l , 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 Tor2p contribute to maintaining the association of the phosphorylated transcription 

factor GlnBp with its cytoplasmic anchor Ure2p. Under nitrogen limiting conditions, 

however, Gln3p is dephosphorylated by Sit4p, thus promoting its prompt accumulation in 

the nucleus (Beck and Hall, 1999; Cutler et 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; Gomer et 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 FLOl 1 (Palecek et a l , 2000) and by microarray hybridization experiments 

to identify MAP kinase-regulated genes (Madhani et a l, 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 

Ras2p play a dual role, activating both pathways (Gagiano et al., 1999b; Klibler et a l, 

1997; Lorenz and Heitman, 1998b; Mosch et a l, 1999). Second, cAMP inhibits the 

expression ofFRE-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 a l, 1999). Fourth, these 

two pathways converge with the Sok2p-mediated pathway to regulate the large, complex 

promoter of the FLO 11 gene (Lo and Dranginis, 1998; Pan and Heitman, 1999; Rupp et 

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 et al, 2001).

Also, some components of the MAP kinase cascade are shared with other 

regulatory pathways. For example, pheromones activate the Ste20p-Ste 11 p-Ste7p cascade, 

and high osmolarity induces activation of Stellp (Posas et 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 a l, 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. cerevisiae is involved in the regulation 

of dimorphism in C. albicans. Components of this cascade include CaRaslp, CaCdc42p, 

CaBmhlp, Hst7p (homolog of &Ste7p), the MAP kinase Ceklp, and the PAKs CaCia4p
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and Cst20p (homolog of &Ste20p) (Cognetti et al., 2002; Csank et al., 1998; Feng et al., 

1999; Leberer et al, 1996, 1997b; Ushinsky et a l, 2002). The C. albicans homolog of 

Stel lp has not yet been identified.

As in S. cerevisiae, this cascade appears to activate the transcription factor Cphlp 

(homolog of ScStel2p), and possibly also CaTeclp (Liu et a l, 1994; Schweizer et a l,

2000). An additional component of this signaling pathway is Cpplp, a putative MAP 

kinase phosphatase that suppresses hyphal formation through its probable substrate, Ceklp 

(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 et 

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 et a l, 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 a l, 2001; Stoldt et a l, 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).

1.93 Other signaling pathways

The existence of additional regulatory pathways (other than the MAP kinase-Cph 1 p 

cascade and the Efg 1 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). CaTUPl 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 CuRfglp, 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 e ta l, 2001) (Fig. 1-10).

Other transcription factors involved in the regulation of hyphal morphogenesis in 

C. albicans include Czflp, CaTeclp and CaRimlOlp (Brown et ah, 1999; Davis et al, 

2000; Schweizer et a l, 2000). Czflp is a novel transcription factor that, like Efglp, 

promotes hyphal growth in response to physical/microaerophilic conditions (Brown et a l ,

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 Stel2p) (Liu, 2001; Schweizer et 

al, 2000). CaRimlOlp, 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 PHR1, PRA1 and RIM101 itself (Davis et al., 2000). CaPralp is 

a putative vesicular transport protein (Yang et a l, 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 CaRimlOlp (Davis 

etal., 2001) (Fig. 1-10).

The growing number of proteins believed to regulate hyphal morphogenesis in C. 

albicans through alternative pathways also includes Cph2p, Crk 1 p and Rbfl p (Chen et al., 

2000; Ishii et a l, 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 c AMP-dependent pathway cannot be completely 

ruled out (Lane eta l, 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 Stel2p 

or Phdlp, indicating that it may also be a downstream effector of the C. albicans c AMP- 

dependent pathway (Chen et 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 e ta l, 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, Intip, Rbtlp and Rbt4p (Braun et a l, 2000; 

Gale etal., 1998; Staab et a l, 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 S. cerevisiae.

1.10.1 The general stress response pathway

General stress response in S. cerevisiae is mediated by Msn2p and Msn4p, 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 (Gomer 

et a l, 1998; Martinez-Pastor et a l, 1996; Treger et al, 1998).

Nuclear localization of Msn2p and Msn4p, and consequently the transcription of 

genes containing STREs, is negatively regulated by the cAMP-dependent pathway (Gomer 

et a l, 1998), likely through the induction of nuclear export of Msn2p and Msn4p by 

Msn5p, a known modulator of the activity of these factors (Estmch, 2000; Gomer et a l, 

2002).

There is ample genetic evidence supporting a negative role for Msn2p and Msn4p 

in the induction of pseudohyphal growth in S. cerevisiae. For example, overexpression of 

MSN5 restores filamentation to cells lacking MEP1 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 et a l , 1998; Kraakman et al., 1999), and 

deletion of MSN2 and MSN4 restores cell polarity and pseudohyphal growth to strains 

lacking RAS2 (Ho and Bretscher, 2001; Stanhill et a l, 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 et a l, 1994; Brewster et a l, 1993).

Hyperosmolarity is detected by two transmembrane osmosensors, Sholp and 

Slnlp, which activate the same MAP kinase, Hoglp (Maeda et a l, 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 Ssklp and Ypdlp coupled to the MAPKKKs, 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 Msn4p (Estruch, 2000). In agreement 

with these observations, mutant strains lacking HOG1 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 hogl strains (O’Rourke and Herskowitz, 1998). 

Accordingly, it has been hypothesized that, since Sholp activates Stel lp 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 ex

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 Schuller, 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 YAP1 restores pseudohyphal growth to 

strains lacking RAS2 (Stanhill et a l, 1999), and it has been postulated that some gene(s) 

activated by the transcription factors Msn2p, Msn4p and Yaplp 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 Schizosaccharomycespombe (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 MATE, and both mating frequencies and sporulation 

rates of natural isolates have been found to be extremely low (Bassel et a l, 1971; 

Casaregola et a l, 2000; Kurischko et a l, 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 a l, 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 pm x 5 pm, pseudohyphal cells may reach 5 pm x 11 pm, and 

mycelium consists of septate hyphae 3 to 5 pm in width and up to several millimeters in 

length. Mycelial filaments are divided in segments of 50 to 70 pm, 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 a l, 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 a l, 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 a l, 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 a l, 1998; Ogrydziak et a l, 1982), the lysine catabolic pathway 

(Beckerich et a l, 1984), peroxisome biogenesis (Nuttley et a l, 1993; Titorenko et a l,

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 oflipases. 

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 

a l, 1984). No correlation between filamentous growth and the production of lipase has 

been found at this time (Novotny et a l, 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 Stofamkova, 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 ofhyphae 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 a l, 2000; Perez-Campo and Dominguez, 2001).

1.113 Physiological 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, Ywplp, has been identified (Ramon et al., 1996).

An increase in both the polyamine cell pools and ornithine decarboxylase (ODC) 

activity during the yeast-to-hypha transition (Guevara-Olvera et a l, 1993), as well as 

differences in the DNA methylation patterns of these two forms (Reyna-Lopez et a l , 

1997), have also been described.

1.11,4 Genes involved 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 a l, 2000), functional complementation of mutants unable to undergo the 

yeast-to-hypha transition (Torres-Guzman and Dominguez, 1997), and transposon-tagged 

insertional mutagenesis (Richard et a l, 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 a l , 2002; Lopez et a l , 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 YIRIM9, YIRIM13, YIR1M20 and YIRIM101 

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 Encodes a putative actin-interacting protein; Scfiud6p is
a component of the apical scaffold and is required for cell 
polarization; disruption results in severe morphological 
defects and inability to form hyphae

YICDC25 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

Amberg et a l, 1997; 
Richard et a t,  2001; 
Sheuef a/., 1998

Colombo et a l, 1998; 
Mttsch et a l,  1996; 
Richard et al., 2001

YICLA4 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

YIGPI7 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

GPR1 Encodes a protein of unknown biochemical function,
which appears to be a regulator of the glyoxylate pathway; 
tram-dominant GPR/mutants are unable to form hyphae 
and show enlarged mitochondria, reduced ER, and large 
vacuoles

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

Benachour et a l, 1999; 
Ni and Snyder, 2001; 
Richard et a l, 2001

Tzschoppe et a l,  1999

HOY1 Encodes a putative transcription factor; null mutants are
unable to form hyphae

Torres-Guzman and 
Dominguez, 1997

YIMED4 Encodes a putative transcription factor; ScMed4p is
involved in chromatin organization and is a component 
of the RNA polymerase II complex; disruption results 
in reduced hyphal growth

Gonzalez-Lopez et a l, 
2002; Lorch et a l,  2000
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YINUP85

YIOPT1

YIPEX2

YIPEX5

YIPEX6

YIPEX8

YIPEX9

YIPEX16

YIPHD1

YIPPH21

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 
(OFT) 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; null 
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; iffcPhdlp is related 
to transcriptional regulators of fungal development, 
including Aspergillus nidulans StuAp and Neurospora crassa 
Asm-lpl; ScPhdlp regulates pseudohyphal growth partly 
via transcriptional activation of FLO IP, overexpression of 
YIPHD1 in Ylras2A mutant cells restores only pseudohyphal 
growth; null mutants are unable to form hyphae

Encodes a putative protein phosphatase; &Pph21p is 
involved in organization of the actin cytoskeieton, cell 
cycle control, and cell wall synthesis; null mutants are 
unable to form hyphae and pseudohyphae but retain the 
ability to invade agar

Gonzalez-Lopez et a l, 
2002; Goldstein et a l ,  
1996

Gonzalez-Lopez et a l, 
2002; Hauser et al., 
2000

Eitzen et a l, 1996; 
Titorenko et a l, 1997

Szilard et a l, 1995; 
Titorenko e ta l,  1997

Nuttley et a l, 1994; 
Titorenko e ta l,  1997

Smith etal., 1997; 
Titorenko et a l, 1997

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

Eitzen et a l, 1997; 
Titorenko et al., 1997

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

Lin and Arndt, 1995; 
Richard et a l, 2001
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YIRAS2 Encodes a small GTPase; <5'cRas2p and CuRaslp are
important regulators of filamentous growth, acting upstream 
of both the MAP kinase and the c AMP-dependent pathways; 
null mutants are unable to form hyphae and pseudohyphae

YISEC14 Encodes a phosphatidylinositol/phosphatidylcholine transfer
protein (PI/PC-TP); J7Secl4p is associated with the Golgi 
apparatus; null mutant strains are unable to form hyphae

YISIN3 Encodes a putative transcription factor; ScSin3p is
involved in transcriptional repression through localized 
histone deacetylation; null mutant strains are unable to 
form hyphae

YISNF5 Encodes a putative transcription factor; ScSnf5p is a
transcriptional regulator that affects expression of a 
broad spectrum of genes; null mutants are unable to 
form hyphae

YISRP54 Encodes a putative component of the secretory signal
recognition particle; null mutants are unable to form 
hyphae

YISSY5 Encodes a putative secondary active membrane transporter;
ScSsy5p is involved in extracellular amino acid sensing; 
disruption results in reduced hyphal growth

YITUP1 Encodes a putative transcription factor; like in C. albicans,
disruption results in constitutive hyphal growth

Feng et a l, 1999; 
MOsch etal., 1996; 
Richard et a l, 2001

Lopez et a l, 1994

Gonzalez-Lopez et al, 
2002; Pazin and 
Kadonaga, 1997

Laurent et a l , 1990 
Richard et a l, 2001

Lee and Ogrydziak, 
1997; Titorenko et a l, 
1997

Forsberg and Ljungdahl, 
2001; Gonzalez-Lopez 
et a l, 2002

Braun and Johnson, 
2000; Dominguez et a l, 
2000

YIVPS28 Encodes a protein of unknown biochemical function;
ScVps28p appears to be involved in vacuole organization 
and biogenesis; disruption results in reduced hyphal growth

Gonzalez-Lopez et a l, 
2002; Rieder et a l, 
1996

XPR6 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.

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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2.1 Materials

2.1.1 Chemicals and reagents

1 -methyl-3 -nitro-1 -nitrosoguanidine Sigma
2-mercaptoethanol BDH
2,5 -diphenyloxazole (PPO) Sigma
4-[2-hydroxyethyl] -1 -piperazineethanesulphonic acid (HEPES) Roche 
4,6-diamidino-2-phenylindole (DAPI) Sigma
5 -bromo-4-chloro-3 -indolyl-p -D-galactoside (X-gal) Vector Biosystems
acetone Fisher
acrylamide Invitrogen
acrylamide solution, ExplorER J.T. Baker
acrylamide solution, Long Ranger J.T. Baker
agar Difco
agarose, electrophoresis grade Invitrogen
albumin, bovine serum (BSA) Roche
ammonium phosphate, monobasic (NH4H2P04) Sigma
ammonium persulfate [(NH4)2S20 8] BDH
ammonium sulfate [(NH4)2SQ4] BDH
ampicillin Sigma
antipain Roche
aprotinin Roche
benzamidine hydrochloride Sigma
Bio-Rad protein assay dye reagent Bio-Rad
boric acid Caledon
bromophenol blue BDH
cDNA Spin Columns Amersham
citric acid Sigma
complete supplement mixture (CSM) BIO 101
complete supplement mixture minus leucine (CSM-leu) BIO 101
Coomassie Brilliant Blue R-250 ICN
D-(+)-glucose Sigma
diethyl pyrocarbonate (DEPC) Sigma
dimethyl formamide (DMF) ICN
dimethyl sulphoxide (DMSO) Caledon
dithiothreitol (DTT) ICN
ethanol Commercial Alcohols
ethylenediaminetetraacetic acid (EDTA) Sigma
Fluorescent Brightener 28 Sigma
formamide BDH
formaldehyde, 37% (v/v) BDH
glycerol BDH
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histidine Sigma
hydrochloric acid Fisher
hydrogen peroxide solution, 30% (w/v) Sigma
isopropanol Fisher
isopropyl P -D-thiogalactopyranoside (IPTG) Vector Biosystems
leucine Sigma
leupeptin Roche
Z-glutamic acid, monopotassium salt Sigma
lithium acetate Sigma
lysine Sigma
maltose BDH
magnesium acetate BDH
magnesium chloride BDH
methanol Fisher
jV-acetylglucosamine Sigma
N,N’-methylene bisacrylamide Invitrogen
V-propyl gallate Calbiochem
Njtfjsf yv ’-tetramethylethylenediamine (TEMED) Invitrogen
Oregon Green 488 phalloidin Molecular Probes
Pefabloc SC Roche
pepstatin A Sigma
peptone Difco
phenol, buffer-saturated Invitrogen
phenylmethylsulphonylfluoride (PMSF) Roche
poly(dl-dC) • poly(dl-dC) Amersham
poly I-lysine (1 mg/mL) Sigma
Ponceau S Sigma
potassium chloride BDH
potassium phosphate, monobasic (KH2P04) Merck
potassium phosphate, dibasic (K2HP04) Merck
RNasin Promega
salmon sperm DNA, sonicated Sigma
Sephadex G50 A m ersham
sodium acetate BDH
sodium chloride Merck
sodium citrate BDH
sodium dodecyl sulfate (SDS) Sigma
sodium hydroxide BDH
sodium phosphate, dibasic (NajHPCh) BDH
sorbitol BDH
tris[hydroxymethyl]aminomethane (Tris) Roche
Triton X-100 S igm a
tryptone 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, Pramega
T4 DNA ligase NEB
T4 DNA polymerase NEB
T4 polynucleotide kinase NEB
Taq DNA polymerase Invitrogen

2.1.2.2 Other enzymes

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

2.13 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 HI Gold Cloning Kit Stratagene

2.1.5 Radiochemicals and detection kits

a-[32P]dATP, Redivue (3,000 Ci/mmol, 10 pCi/pL) 
Z-[35SJmethionine (1,175 Ci/mmol, 10 pCi/pL)
ECL Detection Kit for Immunoblotting
ECL Direct Nucleic Acid Labelling and Detection System
Hybond-N+ (nitrocellulose)
Trans-Blot Transfer Medium (nitrocellulose )
X-ray film (BioMaxMR, X-Gmat AR and X-Omat XK-1)

Amersham
Amersham
Amersham
Amersham
Amersham
Bio-Rad
Kodak

2.1.6 Antibodies

mouse monoclonal anti-HA (12CA5) BAbCo
anti-mouse IgG (from goat), rhodamine (TRIT C)-conjugated Sigma

2.1.7 Plasmid vectors

2.1.7.1 E. coli vectors

pBluescript SKH (+) 
pGEM-5Zf 
pGEM-7Zf 
pGEM-T

Stratagene
Promega
Promega
Promega

2.1.7.2 E. coli/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

The oligonucleotides used in this study were synthesized on an Oligo 1OOOM DNA 

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

Table 2-1 Oligonucleotides

Name Sequence Application

STRE-Sense 5'-gatcTGACCCC7TGTTGTGCTGACCCC7TGTTGTG-3' Mhylp, DNA-
binding assays

STRE-Anti 5'-gatcCACAACAAGGGGTCAGCACAACA/4GGGGTC Mhylp, DNA-
AG-3’ binding assays

STREMut-Sense 5'-gatcTGACCCG4TGTTGTGCTGACCCC4TGTTGTG-3’ Mhylp, DNA-
binding assays

STREMut-Anti S’-gatcCACAACATGGGGTCAGCACAACATGGGGTC Mhylp, DNA-
AG-3' binding assays

MHYl-ApaF 5’-CGCCCAGCATATGCGTACGCATCCTCGGGCCCAG Tagging of Mhylp
AGGTAGAGCGCC-3'

MHYl-ApaR 5'-CCAATGCATCTAGACTGGACATACGTGAATCTAC Tagging ofM hylp
ACTGCCAAACCAG-3'

HA-ApaF 5-TTAGGGCCCCGCTAGCCATGTACCCATACGACGT HA-tagging of Mhylp
CCCAGACTAC-3'

HA-ApaR S'-TTAGGGCCCTCTTCTATTCACCCTTACCCATGGCA HA-tagging ofMhylp
GCGTAGTCT-3'

GFP-ApaF 5’-TTAGGGCCCTGAGTAAAGGAGAAGAACTTTTCAC GFP-tagging ofM hylp
TGGAG-3' and Tffiemlp

GFP-ApaR S'-TTAGGGCCCTTATTTGTATAGTTCATCCATGCCA GFP-tagging of Mhylp
TGTGT-3' and Tffiemlp

RAC 1-KOI 5-CTCTCCTGATCTGCATCTGATCTG-3' Confirmation of
disruption o f Y1RAC1

RAC1-K02 5'-TAGCTGAAGACTCAATCTGGAGGG-3' Confirmation of
disruption o f YIRAC1

T3 5-CCAAGCTCGAAATTAACCCTCACTAA -3' Amplification from
cDNA library
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T7

CDC42U

CDC42M

RAC1-PR1

RAC1-PR2

RAC1-NT1

RAC1-NT2

RAC1-SE1

RAC1-SE2

RAC1-EH1

RAC1-EH2

RAC1-HB1

RAC1-HB2

RAC1-BS1

RAC1-BS2

BEM1TAG-5F

BEM1TAG-5R

5 '-GTAAT ACG ACT C ACT AT AGGGCG A AT-3' Amplification from 
cDNA lib

5'-CCTAGCCCGTGCACAGACCCTCAA-3'

5-TCCGAGTGTGTAGGGCTCGTCTCC-3'

5'-TTAGGGCCCAATCTAAGATAGACACACGCTCAC
CACCCA-3'

S'-CTGGTCGACCATTTTGGAACCGGTAGCGAGAGT
GGATGTAGG-3'

5-ATGGTCGACCAGAGTATAAAATGTGTCGTCACT
GGCGACGGG-3'

5-GGCCCGCGGTATCCCAAAGTCCGAGGTTTATCG
GTTTGT-3*

5'- ACTAGTGAGTCGATGGGCAACAAACCACAG-3'

5’-AGAATTCAGAGAGCTTAGTGCACGGCTGGCT
TG-3'

5'-TGAATTCTTGTTGTGCTGAGTTTGTCTTTTTTTCA
TCAA-3'

5'-AAAGCTTGTGGTTTGGGTGGTGAGCGTGTGTCTA
TC-3'

S’-CAAGCTTTCTTTTGCACACCACCCCACGACCGAA
AC-3'

5'-CAGATCTTGTAGTGAGTGACGCAAAAACTGAGA
CCG-3'

5’-AAGATCTGCACAAGTCTCAATCAAGACACTCGC
AAG-3’

S'-GGTCGACCATTTTGGAACCGGTAGCGAGAGTGG
ATGTA-3'

5-GCGGTACCTCGTCAACGCAGAGCTGGAGGACGG
CTC-3'

Amplification of 
YICDC42 from 
genomic DNA library

Amplification of 
YICDC42 from 
genomic DNA library

Mutation o f STREs 
in the YIRAC1 promoter

Mutation of STREs 
in the Y1RAC1 promoter

Mutation of STREs 
in the YIRAC1 promoter

Mutation of STREs 
in the YlRACl promoter

Mutation of STREs
in the YlRACl promoter

Mutation of STREs 
in the YlRACl promoter

Mutation of STREs 
in the YlRACl promoter

Mutation of STREs 
in the YlRACl promoter

Mutation of STREs 
in the YlRACl promoter

Mutation of STREs 
in the YlRACl promoter

Mutation of STREs 
in the YlRACl promoter

Mutation of STREs 
in the YlRACl promoter

Tagging o f HBemlp

5'-CCGGGCCCGACTAGCGTACAAAACTAGCTTGTTC
TTTCCGTAC-3'

Tagging of F/Bemlp
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BEM1TAG-3F

BEM1TAG-3R

BEM1F

BEM1R

BMH1F

BMH1R

BMH2F

BMH2R

HIS1F

H1S1R

pINA445-PrC

5'-CCGGGCCCGGTAAGAGTGGCCTTTGGGAGTGCTG
GAGTCAAAT-3'

Tagging of FZBemlp

5-CGGATCCAATCTCTCGGGCTCATGCATTAATCATG Tagging of Tffiemlp 
CA-3'

5-GTGGACACAGAGGTCATTC-3’

5'-CTGGACCTCTCGTTGTAGC-3'

5'-GGTCAACTACATGAAGGA.CG-3'

5-AATGACGGTAGAGTCTCGG-3'

5'-CGTTACGAAGACATGGTGG-3'

5-CAATGTCAGCAATGGCATCG-3'

5'-TCAAGTTTGTCGGAGGCTC-3'

5-CCAGAATGTCACTAGCACC-3'

5'-AGCCACTATCGACTACGCGATCATGG-3'

pINA445-PrD 5’-TGATGCCGGCCACGATGCGTCCGGCG-3'

BMH2U

BMH2D

5-CGAC ATTCTCAACGTGCTTGAG AAGC-3'

5’-GCTTCTCAAGCACGTTGAGAATGTCG-3'

5’BMH2F 5'-CCTGAGCAGATTCTGGACCCTCTAAG-3'

5rBMH2R 5-ACGGG AGAT AAACCGC ATGCGGC AT-3'

3’BMH2F 5’-ATGCCGCATGCGGTTTATCTCCCGT-3 ’

3'BMH2R 5’-CCGGATCCAGTCCTGAATCAGTCCTGCCAAG-3’

Sena-quantitative RT-PCR

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR

Amplification of YIBMH2 
from genomic DNA library

Amplification of Y1BMH2 
from genomic DNA library

Amplification of YIBMH2 
from genomic DNA library

Amplification of Y1BMH2 
fromgenomic DNA library

Amplification of YIBMH2 
from genomic DNA library

Amplification of YIBMH2 
from genomic DNA library

Amplification of YIBMH2 
fromgenomic DNA library

Amplification of YIBMH2 
from genomic DNA library
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2.1.9 Standard buffers and solutions

The compositions of some commonly used buffered solutions are detailed in Table

2 - 2 .

Table 2-2 Buffered solutions

Solution Composition Reference

20 x Borate buffer 0.4 M boric acid, 4 mM EDTA, pH 8.3 Ausubel etal., 1989

Breakage buffer 2% (v/v) Triton X-100, 1% SDS, 100 mM NaCl, 10 mM 
Tris-HCl, pH 8.0,1 mM EDTA

Ausubel et a l, 
1989

5 x KGB 0.5 M potassium glutamate, 125 mM Tris-acetate, pH 7.6, 
50 mM magnesium acetate, 250 pg BSA/mL, 2.5 mM 
2-mercaptoethanol

Hanish and 
McClelland, 1988

LTE buffer 100 mM lithium acetate, 10 mM Tris-HCl, pH 7.5, 
1 mM EDTA

Ausubel et a l, 
1989

1 x PBS 137 mM NaCl, 2.7 mM KC1, 8 mM Na2HPG4, 
1.5 mM K2HP04, pH 7.3

Pringle et a l, 1991

RNA buffer 0.5 MNaCl, 0.2 M Tris-HCl, pH 7.5, 0.01 M EDTA Ausubel et a l, 1989

SM buffer lOOmMNaCl, 8 mM MgS04, 50 mM Tris-HCl, pH 7.5, 
0.01% gelatin

Ausubel et al., 1989

20 x SSC 3 M NaCl, 0.3 M sodium citrate, pH 7.0 Maniatis et al., 1982

10 x STE 1M NaCl, 200 mM Tris-HCl, pH 7.5, 100 mM EDTA Ausubel et a l, 1989

IQxTBE 0.89 M Tris-borate, 0.89 M boric acid, 0.02 M EDTA Maniatis et a l, 1982

TBST 20 mM Tris-HCl, pH 7.5, 150mM NaCl, 0.05% (w/v) 
Tween 20

Huynh et a l, 1988

TE 10 mM Tris-HCl (pH 7.0-8.0, as needed), 1 mM EDTA Maniatis et al., 1982
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2.2 Microbiological techniques

2.2.1 Bacterial strains and culture conditions

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 E. coli Strains

Strain Genotype Source

DH5a F <|>80d/acZAM15 A(/acZYA-argF)U169 deoKrecAl endAl 
hsdRl7(rK , mK+)phoA supE44 X thi-l gyrA96 relAl

Invitrogen

XL 1-Blue MRF’ A(mcrA)l$3 A{mcrCE-hsdSMK-mrr) 173 endAl supE44 thi-l 
recAl gyrA96 reiAl /ac[F’ proAB  /adqZAM15 TnlO(Tef)]

Stratagene

Table 2-4 Bacterial Culture Media

Medium Composition Reference

LBa-b 1% tryptone, 0.5% yeast extract, 1% NaCl Maniatis etal., 1982

NZYC 1% NZ amine, 0.5% yeast extract, 0.5% NaCl, 8 mM MgS04 Maniatis et a l, 1982

SOC 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KC1, 
10 mM MgCl2, 10 mM MgS04, 0.36 % glucose

Maniatis et al., 1982

a Ampicillin (100 pg/mL) or tetracycline (15 pg/mL) was added for plasmid selection when necessary. 
b For solid media, agar was added to 1.5%. 
c 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 F. lipolytica Strains

Strain Genotype

E122* MATA, ura3-302, leu2-270, lys8-ll

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

E122//22301-3 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-ll/+, +/hisl

CHY545 MATA, ura3-302, leu2-270, ly s8 -ll,f ill

CHY1220 MATA, ura3-302, leu2-270, Iys8-11,fil2

CHY33169 MATA, ura3-302, leu2-270, Iys8-ll,fil3

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

mhylK09 MATA, ura3-302, leu2-270, lys8-ll, mhyl::URA3

mhylK09-B4 MATB, ura3-302, leu2-270, hisl, mhyl::URA3

E122//mhylK09-B4 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-ll/+ , +/hisl, 

+/mhyl::URA3

22301-3//mhylKO9 MATA/MATB, ura3-302/ura3-302, leu2-270/Ieu2-270, +/lys8-ll, hisl/+, 

+/mhyl::URA3

mhylK09//mhylK09-B4 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-ll/+, +/hisl, 

mhyh: URA3/mhyl:: URA3

raclKO30 MATA, ura3-302, leu2-270, lys8-ll, racl::URA3

raclKO30-B36 MATB, ura3-302, leu2-270, hisl, rad::URA3

E122//raclK030-B3 6 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-ll/+ , +/hisl, 

+/racl::URA3

22301-3//raclK030 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, + /lys8 -ll, hisl/+, 

+/racl::URA3

r a d  K 030//rad KO30-B3 6 MATA/MATB, ura3-302/ura3-302, leu2-270/leu2-270, lys8-ll/+ , +fhisl, 

ra d :: URA3/rad:: URA3

bemlK0157 MATA, ura3-302, leu2-270, lys8-ll, beml::URA3

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

Medium Composition8 Reference

CSMb 0.17% YNB without amino acids and ammonium sulfate, 
0.5% NH4H2P04, 0.15% KH2P 04, 1.5% sodium citrate

Barth and Weber, 1986

PSM 0.5% yeast extract, 0.5% (NH4)2S 04, 0.2% KH2PG4, 
2% glucose

Gaillardin et a l,  1973

YEPD 1% yeast extract, 2% peptone, 2% glucose Rose era/., 1988

YM 0.3% yeast extract, 0.5% peptone, 0.3% malt extract Gaillardin et al., 1973

YNAC 0.67% YNB without amino acids, 2% sodium acetate Brade, 1992

YNBDC 0.67% YNB without amino acids, 2% glucose Rose et a l, 1988

YNBGlcd 1.34% YNB without amino acids, 1 % glucose Guevara-Olvera et al, 1993

YNBGlcNAcd 1.34% YNB without amino acids, 1% A-acetylglucosamine, 
50 mM citric acid, pH 6.0

Guevara-Olvera et a l, 1993

8 For solid media, agar was added to 2%.
b Sodium citrate was added after adjusting the pH to 6.5 and autoclaving.
0 Supplemented with leucine, uracil, lysine and histidine, each at 50 pg/mL, as required. 
d Supplemented with 2 x complete supplement mixture or 2 x complete supplement mixture minus leucine, 
as required.

2.2.3 Mating and sporulation of F. 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. lipolytica

Mycelial growth was induced as described by Guevara-Olvera et 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 OD600 

(optical density at a wavelength of 600 nm) of 1.0-1.5. Cells were harvested by 

centrifugation at 2,000 x g5 used to inoculate 50 mL ofYNBGlc medium (Table 2-6), and 

incubated for 12 h at 28°C (initial and final OD600 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 OD600 of 0.20-0.25 into 200 mL of YNBGlcNAc (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 F. 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 OD600 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 mL ofYNB 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.
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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 OD600 of approximately 1.0 was reached. Cells were then 

diluted into fresh YEPD medium to an O D ^ 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 OD600 of 

approximately 1.0. Cells were subsequently diluted to an OD600 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 OD600 of approximately 1.0 was reached. Hydrogen
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peroxide was added to a filial 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 E l 22 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 into microorganisms

2.3.1 Chemical transformation of E. coli

Plasmid DNA was generally amplified in Subcloning Efficiency, chemically 

competent E. coli DH5ot cells (Invitrogen), as recommended by the manufacturer. 

Accordingly, 1 to 2 pL of a ligation reaction (Section 2.5.10) or 0.5 to 1.0 pL (0.25-0.5 pg) 

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.

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



72

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 OD600 (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 pL 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 cm), and submitted to an electrical pulse of 

395 V (amplified to -2.4 kV) at a capacitance of 2 pF and a resistance of 4 kO 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 F. 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 OD^g 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 pL of cells was mixed with 

1 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 pF 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 Nucleic acid isolation from microorganisms

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 ah, 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 I (50 mM glucose, 25 mM Tris-HCl, 

pH 8.0, 10 mM EDTA) and mixed with 200 pL of Solution II (0.2 M NaOH, 1% SDS). 

After a 5 min incubation on ice, 150 pL of Solution III (3 M potassium acetate, pH 4.8-5.5) 

was added, and incubation on ice was continued for another 10 min. The precipitate was 

then pelleted by a 10 min microcentrifiigation 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 g5 washed once with 1 mL of 70% (v/v) ethanol, and dried in a rotary vacuum 

desiccator. The dried pellet was dissolved in 50 pL 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 et 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, ceils were resuspended in 200 pL of 

Breakage Buffer (Table 2-2), transferred to a microfuge tube, and glass beads (425-600 

pm) (Sigma) were added until they reached the meniscus. Following the addition of 200 

pL of phenol/chloroform/isoamyl alcohol (25:24:1), the mixture was vortexed for 3 min 

at 4°C to disrupt the cells. 200 pL 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 F. lipolytica

For isolation 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 pL of TE 

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

Total RNA was isolated from Y lipolytica cells by the method of Ausubel et 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 pL 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.
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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 pg of Y lipolytica genomic DNA), 

25 pmol of each primer, 50 pM of each dNTP (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 ofDNA 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.

2.53 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 

(CEP) 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 pL 

reaction contained 10-20 pg of DNA, 3 pL of 10 x PNK buffer (700 mM Tris-HCl, pH 

7.6, 100 mM MgCl2, 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 I. A typical 25 pL reaction contained 2-3 pg of DNA, 5 U of 

enzyme, and 25 pM of each dNTP. The reaction was performed at 30°C for 15 mim 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 pM of each dNTP. 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/chloroform extraction

Modifying enzymes and contaminating proteins were removed from nucleic acid- 

containing solutions by extraction with phenol/chloroform as described by Ausubel et 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/isoamyl 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 et 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 i n  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 pL) 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/pL. 

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, 

except 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 lOpmol of each oligonucleotide, 10 pL of 5 x annealing buffer (250 mM Tris- 

HCl, pH 8.0, 50 mM MgCl2) 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 et 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 o r  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 Southern 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-HCl, 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 (X = 254 nm)/cm2 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 blot 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 

yeast RNA (Section 2.4.4), 18% (v/v) formamide, 18% (v/v) formaldehyde, and 2 x borate 

buffer (Table 2-2) in 20 pL were incubated at 65°C for 5 min to denature RNA and 

immediately cooled on ice. Following the addition of 4 pL of 6 * 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)/cm2 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 Wang et al, (1989), with some modifications. Prior to amplification, 4 pg of total RNA
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was digested in a 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 pL of 25 mM EDTA 

followed by incubation at 65°C for 10 min.

For reverse transcription, 7 pL of the previous reaction (approximately 1 pg of 

RNA) was mixed with 1 pL (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 II reverse transcriptase (Invitrogen) in 

a 20 pL reaction containing 10 mM DTT, 500 pM 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 MgCl2, 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 pL polymerase chain reactions containing 

10 pmol of primers/pL, 1 x Invitrogen PCR buffer, and 0.1 U Taq DNA polymerase 

(Invitrogen)/pL 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 MgCl2, 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 * 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 KQ, 10% 

(w/v) glycerol) containing protease inhibitors (1 pg/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 

transferred 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 etal. (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-HCl, 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: AGV -methylene-bis-acrylamide), 60 

mM Tris-HCl, 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 ’-methylene-bis- 

acrylamide), 370 mM Tris-HCl, 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-HCl, pH 8.8, 0.4 M glycine, 0.1% SDS) at 50-200 V using a Bio-Rad Mini 

Protean II 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 T-[35S]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 DMSO. Gels were then incubated for 3 h in 

DMSO-PPO (22.2% 2,5-diphenyloxazole in DMSO), 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/translation

In vitro synthesis of proteins was carried out in 25 pL reactions containing 0.5 pg
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of plasmid DNA as template and the TnT T7-coupled reticulocyte lysate system (Promega) 

as recommended by the manufacturer. Parallel reactions containing 10 pCi of L- 

[35S]methionine (1175 Ci/mol, 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-32P]dATP (3000 

Ci/mmol, 10 pCi/pL), 0.5 mM each ofdCTP, dGTP and dTTP, 1 pL (5 U) ofthe Klenow 

fragment of E. coli DNA polymerase I, water to a final volume of 25 pL, 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 et 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 pL by the addition 

of 75 pL 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 NaCl, 0.4 mM MgCl2, 0.1 mM EDTA, 7% (v/v) glycerol, 4 pg BSA, 4 pg salmon 

sperm DNA, and 4 pg poly (dI-dC)»poly (dl-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 106 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,

Reproduced with permission o fthe copyright owner. Further reproduction prohibited without permission.



except that 60 pg of yeast whole cell lysate (Section 2.7.1) was used.

91

2.9 Microscopy

2.9.1 Immunofluorescence microscopy

Indirect immunofluorescence microscopy of yeast cells was carried out as 

described by Pringle et 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 

pg 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 X-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 hat 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 fluorochrome-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 bya 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 pL ofPBS. Staining of actin was then carried out by 

the addition of Oregon Green 488 phalloidin (Molecular Probes) to a concentration of 1.3 

pM, 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 software 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)

F or 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. lipofytica cDNA library

Poly A+ RNA was isolated from Y. lipofytica 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 III Gold 

cloning kit (Stratagene), and amplified in E. coli XL 1-Blue MRF’ cells (Stratagene) 

following the instructions of the manufacturer.
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2.11 Isolation and sequencing of Y. lipofytica genes

2.11.1 Isolation and sequencing of MHY1, YIRAC1, YIBEM1 and YIBMH1

The Y. lipofytica genes MHY1, YIRAC1, YIBEM1 and YIBMH1 were isolated by 

functional complementation of mutant strains (Section 2.2.7) using a Y lipofytica genomic 

DNA library contained in the replicative E. coli shuttle vector, pINA445 (Nuttley et 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- 

5Zf(+)(Promega), pGEM-7Zf(+) (Promega), or pBluescript II SK(+) (Stratagene) for 

dideoxynucleotide sequencing of both strands (Section 2.6.1).

2.11.2 Isolation and sequencing of YISEC31

The Y lipofytica gene YISEC31 was isolated by its ability to enhance filamentous 

growth upon introduction into Y lipofytica E l22 cells (Table 2-5). Plasmid DNA from 

a Y lipofytica genomic DNA library (Nuttley et a l, 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 E. 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- 

7Zf(+) (Promega) for dideoxynucleotide sequencing of both strands (Section 2.6.1).

2.11.3 Isolation and sequencing of YICDC42 and YIBMH2

The Y. lipofytica genes YICDC42 and YIBMH2 were amplified by PCR (Section 

2.5.1) using both a Y. lipofytica DNA genomic library contained in the replicative E. coli 

shuttle vector, pINA445 (Nuttley et a l, 1993), and a Y. lipofytica 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 pMHYl

To construct the Ylipofytica plasmid pMHYl, a 3.5-kbp BglU-HindSB. fragment 

capable of complementing the mutant strain CHY545 (Table 2-5, Section 2.11.1) and 

including the entire Y. lipofytica MHY1 gene was cloned into the BamWHindlll sites of 

pINA445.
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2.12.2 pRACl

Plasmid pRACl 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. lipofytica RAC1 gene into the Clal/Smal sites of pINA445.

2.12.3 pSECSl

To obtain the Y.lipofytica plasmid pSEC31, a 6.2-kbp BamHl-Sphl fragment 

capable of enhancing filamentous growth when introduced into the wild-type strain El 22 

(Table 2-5, Section 2.11.2) and comprising the entire Y lipofytica SEC31 gene was cloned 

into the BamHl-Sphl sites of pINA445.

2.12.4 pBEMl

Plasmid pBEMl was obtained by cloning a 4.7-kbp BamHl-BamHl fragment 

capable of restoring filamentous growth to Y.lipofytica CHY33169 cells (Table 2-5, 

Section 2.11.1) and containing the entire Y. lipofytica BEM1 gene into the BamHl site of 

pINA445.

2.12.5 pBMHl

The Y. lipofytica plasmid pBMHl was obtained by cloning a 5.0-kbp BamHl- 

BamHl fragment capable of restoring filamentous growth into the CHY3350 strain (Table 

2-5, Section 2.11.1) and including the entire Y lipofytica BMH1 gene into the BamHl site 

of pINA445.
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2.12.6 pBMH2

To obtain the Y. lipofytica plasmid pBMH2, a 3.7-kbp BamHl-BamHl fragment 

containing the entire Y. lipofytica BMH2 gene was amplified by high-fidelity PCR using 

a Y. lipofytica genomic DNA library as template (Section 2.11.3) and then cloned into the 

BamHl site of p!NA445.

2.13 Construction of null mutant strains of Y. lipofytica

2.13.1 Integrative disruption of MHY1

The 0.8-kbp Ncol-Ndel fragment of pMHYl (Section 2.12.1) was replaced by a 

1.6-kbp Ncol-Ndel fragment containing the Y. lipofytica JJRA3 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 MHY1 gene, respectively. This linear 

fragment was used to transform the wild-type Y. lipofytica strain E122 (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 YIRAC1

To dirsrupt the Y. lipofytica RAC1 gene, the 1.0-kbp Apal-Ndel fragment of 

pRAC 1 (Section 2.12.2) was initially replaced b y a l. 6-kbp Apal-Ndel fragment containing 

the Y. lipofytica URA3 gene. Subsequently, this construct was digested with the restriction 

enzymes Dral mAXhal to liberate a 2.4-kbp fragment containing the entire URA3 gene 

flanked by 0.5-kbp and 0.3-kbp ofthe 5' and 3' regions ofthe YIRAC1 gene, respectively.
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This linear fragment was used to transform the wild-type Y. lipofytica strain E l 2 2 (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 YIBEM1

A 2.7-kbp fragment of pBEMl (Section 2.12.4), corresponding to nucleotides -3  

to +2700 of YIBEM1, was replaced by a 1.6-kbp fragment containing the Y. lipofytica 

URA3 gene. This construct was digested with the restriction enzymes BamHl and Clal to 

liberate a 3.2-kbp fragment containing the entire YIURA3 gene flanked by 0.6-kbp and 1.0- 

kbp ofthe 5' and 3' regions of YIBEM1, respectively, and this linear fragment was used to 

transform the wild-type Y. lipofytica strain E l22 (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 THVfhylp

An Apal site was introduced before the stop codon of the MHY1 gene by 

replacement of the 0.8-kbp Ndel-Xbal fragment of pMHY 1 (Section 2.12.1) with a 0.8-kbp 

Ndel-Xbal fragment obtained by PCR (Section 2.5.1) using the oligonucleotides MHY1- 

ApaF and MHYl-ApaR (Table 2-1), generating the plasmid pMHYl-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 pMHYl-Apal to obtain the plasmid pMHYl-HA encoding a Mhylp tagged at its 

carboxyl terminus with two repeats of the HA epitope (Mhylp-HA). The integrity of the 

final construct was confirmed by DNA sequencing (Section 2.6.1), and pMHYl-HA was 

used to transform the mutant strain mhylK09 (Table 2-5) to leucine prototrophy (Section 

2.3.3).

2.14.2 GFP-tagging of TZMhylp

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 

pMHYl-Apal (Section 2.14.1) to obtain the plasmid pMHYl-GFP, encoding FZMhylp 

tagged at its carboxyl terminus with GFP (TZMhylp-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 mhylK09 (Table 2-5) to leucine prototrophy (Section 2.3.3).

2.14.3 GFP-tagging of HBemlp

An Apal site was introduced before the stop codon of the YIBEM1 gene by 

replacement of the 2.2-kbp Kpnl-Bamill fragment of pBEMl (Section 2.12.4) with a 2.2- 

kbp Kpnl-Bamill 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-BamHl fragment obtained by PCR using the 

oligonucleotides BEM1 TAG-3F and BEM1 TAG-3R (Table 2-1). A fragment with Apal 

termini encoding GFP was then ligated into the newly introduced Apal site of pBEMl to 

obtain the plasmid pBEMl-GFP, carrying TTBemlp tagged at its carboxyl terminus with 

GFP (TZBemlp-GFP). The integrity of the final construct was confirmed by DNA 

sequencing (Section 2.6.1), and pBEMl-GFP was used to transform the mutant strain 

bemlK0157 (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 a l, 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 et al., 1996) via the network service 

(http://dot.imgen.bcm.tmc.edu:9331 /multi-align/multi-align.html) of the Human Genome 

Sequencing Center ofthe Baylor College of Medicine (Houston, TX, USA).
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Ch a pt e r  3

I s o l a t i o n  a n d  C h a r a c t e r i z a t i o n  o f  MHYl, a  G e n e  C o d in g  

f o r  a  Z in c  F in g e r  P r o t e in  T h a t  P r o m o te s  

D im o rp h ic  T r a n s it io n  in  Y. lipofytica

A version of this chapter has previously been published as “MHY1 Encodes a C2H2-type Zinc Finger Protein 

That Promotes Dimorphic Transition in the Yeast Yarrowia lipofytica” (Cleofe A.R. Hurtado and Richard 

A. Rachubinski. J. Bacterial., 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 MHY1 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. MHY1 encodes a C2H2-type zinc finger protein, Mhylp, which can bind 

putative cfr-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 MHY1 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 ah, 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 
mhylK09 transformed with plasmid pMHYl; (E and F) MHY1 disruptant strains 
mhylK09 and mhylK09-B4; (G) MHY1//MHY1 diploid strain E122//22301-3; (H and I) 
MHYl//mhyl diploid strains 22301-3//mhylKO9 and E122//mhylK09-B4; (J)
mhyl//mhyl diploid strain mhylK09//mhylK09-B4; (K) mhyliimhyl diploid strain 
mhylK09//mhylK09-B4 carrying plasmid pMHY 1. The colonies were photographed at 
x 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 %/II- 

HindM 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 MHY1 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 MHY1 gene. Initial analysis 

has shown that transcription of the MHY1 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 MHY1 gene results in 

impaired ability to induce hyphal growth.
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-75 CCA&ACCCGGATTAGCCAATTTCGCCAAAACCATCCCAATCGAAAAACAAAAAGTCATAG 
l->  mRNR

-15  TACATTATCGCCAAAATGGACCTCGAATTGGAAATTCCCGTCTTGCATTCCATGGACTCG
M D L E L E I  P V L H S M D S  15

46 CACCACCAGGTGGTGGACTCCCACAGACTGGCACAGCAACAGTTCCAGTACCAGCAGATC
B H Q V V D S H R X . A Q Q Q F Q Y Q Q X  35 

106 CACATGCTGCAGCAGACGCTGTCACAGCAGTACCCCCACACCCCATCCACCACACCCCCC
H M L Q Q T L S Q Q Y P H T P S T T P P  55 

166 ATTTACATGCTGTCGCCTGCGGAC1ACGAGAAGGACGCCGTTTCCATCTCACCGGTAATG
I Y M L S P A D Y E K D A V S I  S P V M 75

226 CTGTGGCCCCCCTCGGCCCACTCCCAGGCCTCTTACCATTACGAGATGCCCTCCGTTATC
A W P P S A H S Q A S Y H Y E M P S V I  95 

286 TCGCCATCTCCTTCXCCCACTAGATCCrTCTGTAATCCGAGAGAGCTGGAGGTTCAGGAC
S P S P S P T R S F C N P R E 1 E V Q D  115 

346 GAGCTCGAGCAGCTTGAACAGCAGCCCGCCGCTCTCTCCGTCGAACATCTGTTTGACATI
E L E Q L E Q Q P A A L S V E H L F D I  135 

406 GAGAACTCATCGATCGAGTATGCACACGACGAGCTGCATGACACCTCTTCGTGCTCOGAC
E N S S I E Y A H D E L H D T S S C S D  155 

466 TCGCAGTCGAGCTTTTCCCCTCAGCAGTCCCCTGCCTCCCCGGCCTCCACTTACTCGCCT
S Q S  S F S P Q Q S P A S P A S  T Y S P 175

526 CTCGAGGACGAGTMCTCAACTTGGCTGGATCCGAGTIGAAGAGCGAGCCCAGCGCGGAC
L E D E F L N L A G S E  L K S E  P S A D  195

586 GACGAGAAGGATGATGTGGACACGGAGCTTCCCCAGCAGCCCGAGATCATCATCCCTGTG
D E K D D V D  T E L P Q Q P E I  I  I  P V 215

646 TCGTGCCGAGGCCGAAAGCCGTCCATCGACGACTCCAAAAAGACTTTTGTCTGCACCCAC
S C R G R K P  S I D D S  I K K I F V C T H  235 

706 IGCCAGCGTCGGTTCCGGCGCCAGGAGCATCTCAAGCGACATTTCCGATCCCTACACACT
C Q R R F R R Q E H L K R H F R S 1 . H T  255 

766 CGAGAGAAGCCTTTCAACTGCGACACGTGCGGCAAGAAGTTTTCTCGGTCGGACAATCTC
R E K P F N C D  X - g-  " G K K F S f t ' S b t t ' t  275 

826 GCCCAGCAXAIGCGXACGCAXCC TCGGGACTAGAGG TAGAGCGCCTTC TAGTCTCCGCTC
A Q H M R I  H | P R D -      285

886 CATTTTTTTATTGTAACCAGTTAATAGAGAGTTTTT GAATGAATGTTTTAATTTAATGTC 
946 TGCTTTGAGAGTGTCTATTCCTTGTATTCCGTCCTAAGTATGTCGCCTTGTTCTCAGTAA 

1006 ACCAAATCTACGT^gCCATACCTGACATCGGCACGATCCCTTCAGATCGACATGCCAAA 
1066 AXXeCGGAXAAGGACXXICTGATXGCGXGACAGAGTTTCGAAXCTGGCXGXGGATCGGCG 
1126 CAGCIGGGGAAACGACIIXIAGXIAXACGCAACACACGGCACXGIXGGXGACGAGTGGXI 
1186 AACC

ScY erl30cp 386
ScMsnZp 644
ScMsn4p 570
yjMhylp 228

SKQF(^E^RRFKRQEHLK^HyRSI4»lCEKPFT5HWKlIFSRSDNLN0HyKTg 440 
EKPFf^«liqPKSFKRSEHLK îyRS^SNEKPF7ydHl!(±IKKFSRSDNLSq'HixKTjH| 698 
NKPFltefe^KAFI^SEHXjatoRSl^TERPF^CaiEk^KKFSRSDNLSQaLK® 624 
KKTF^TH0QRKE’RRQEHI<KBi^RSLffirREKPE,KQ3XGGICKFSRSDKIAQg4RlHi 282 

* * * * . .  * * ****** ** * * ** * * ********* ** **

Figure 3-2. Characteristics of the MHY1 gene and its encoded protein, Mhylp. (A)
Nucleotide sequence of the MHY1 gene and deduced amino acid sequence of Mhylp. 
Putative transcription termination signals are doubly underlined. The transcriptional start 
site of the MHY1 gene is indicated. The segment ofMhylp containing the two C2H2-type 
zinc-finger motifs is boxed. (B) Amino acid sequence alignment of the two zinc finger 
domains ofMhylp and of those of S. cerevisiae Msn2p, Msn4p and Yerl30cp. 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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-1 6 3 5 iGATCXGCCG GGGAGTGAGA CTGGACCTCC AGCTACACAC TGCTAGATAC GATGGCTCTT -1 5 7 6

-1 5 7 5 CAGTCICATC TGGTACACTG ACCTAACTCT TGGCAGTTAA ATTGTTTGAG ATAGT TCAAT -1 5 1 6

-1 5 1 5 TGAACATGTT GGACTGGAAA AATA&AACAC AAAGCCACGC AAA GAAAAAAAAA -1 4 5 6
, S B S i

-1 4 5 5 A&AAAAGGGA AA&AAG&ACC ACACTTGTTT TGATTGCAGA GTAATTTCTA CTCGTGCAGT -1 3 9 6
SPRE

-1 3 9 5 AGGCCCTTTC CCTCTCTCTC TCTCTCCCTC AGTCCAGGAG CTAAGCTAAT TTCCAGTTCC -1 3 3 6

-1 3 3 5 TAGATCGAGA GCTTATTTTG CGGGGCCAAT CTAAGGACAC GACATGTACT CGTAGATGCA -1 2 7 6
H IT 2

-1 2 7 5 AGAGCCATGT TAACCACCGG CGCTGCTTGT TCGTACCTAC GTATATCAAA CAGGGGATTG -1 2 1 6
H TT2

-1 2 1 5 GCATAAAGCX GTAGGATAAA AGTTGTGTGG AGCTACCCAC AGGTGGAGTC TATAGGGGGA -1 1 5 6

-1 1 5 5 GCGGGGAACC TACATGGGGG TCGTACGTCT ATACCAACAG ATGCCCATAC AGGCCCACCT -1 0 9 6
P a n G

1 © <0 AGTTGAATAA TATAATCGTG TGCTGCGGTA CACTGGTGCC AAGCCCACAA AATAATCTCA -1 0 3 6
SPR E

-1 0 3 5 GATAATTTTC CAAAGCAGAC GCGCAGCCCA AATATTATTA TGTCGTCGAA AAAGGAAGTC -9 7 6

-9 7 5 GGTTTTGAGT CTTGGGAGTG GCAGCCGAAT TAGATTGGTA CAGTAGAGCC GAGTCCGGGG -9 1 6
SPR E STRF. STRE

-9 1 5 AGTGGCAGGT GTCAGCGAAA GCTCAAAGGA CGAGAGGGGA CCCCTGAGCA GACGGGCGGC -8 5 6

-8 5 5 TAGGTCTCGA CAGATGAGGT GCGCTTCTCT CGTCTGGGTA ACCCTGTCAG GACGTCCAGA -7 9 6

-7 9 5 CACTCTTGCC AGCTTGCACC ACCTCCCTTC GTGGTTTATG ACGAAACACG CTTAGCTAAA -7 3 6
. J U S . SspT SPRE SPR E

-7 3 5 GTTCTAAAGG CTAATATTAC GAACTCTGTG AAAAGGCGAA AAACCACA&A AGGGACGTGT -6 7 6
SPR E

-6 7 5 GGTGTTGAAA AGGTGAAAAA GAGAAAACGA AAAGTCTGGC CGAAGTC&AT GGTGCCAAAC -6 1 6
HXT2

-6 1 5 CCAGAGAAAA CTCTATCCAA ACTCTGTCCA AACTCTGTTG CTCATGTCTG TCTCACTATC -5 5 6

-5 5 5 AGTCGTAAAC GTAAGCGGGT GTTACGGTTA GCACAGCTTC ATGGGACAAG TACAAAAGCA -4 9 6
M1T2

-4 9 5 CCACATATCC CTCTCTCCAG CTTTTTTTTC TGGTAGGCAA AAACTATCTT GGGGTCCGAC -4 3 6
STRF.

-4 3 5 CAGCTTCCTC ACCCTCACCC TCACACTCAC CAGCACTCCC CCCTTCAACC GCTCCACCAA -3 7 6

-3 7 5 CTACCCTTTC TAACCACGCT CTTTTACTAA ACACACACAT CTCTGGCTGC GCCAAAAAGT -3 1 6
SPRE SPRE

-3 1 5 GTCCACTCTT CCCTCCACTC TTATTCCTTT CCAGTCACTC CTTTGCCTGT TATTTTTGTT -2 5 6
STRE GCN4 ST

-2 5 5 GATACCCCTT CGAGTCATTC AACATCTTTC CCAACCACTT CTTTCAACCG TCCCACACCC -1 9 6

-1 9 5 CTACCACGCT TTCCCCACGA CCACCACAAC TTGTCACCAC TAACTTTGGC CCATTCATTA -1 3 6

-1 3 5 AACTCTTGTC ggcc6THH■HpTTCTTT GTGTGTCGCA TCGCATCTAA TCAGGAAAAC -7 6

-7 5 CCAAACCCGG ATTAGCCAAT TTCGCCAAAA CCATCCCAAT CGAAAAACAA AAAGTCATAG -1 6
m R N A

-1 5 TACATXATCG CCAAAATGGA CCTCGAATTG GAAATTCCCG TCTTGCATTC CATGGACTCG 45
M D L E L E X P V L H S M D S

Figure 3-3. Upstream regulatory region of the MHY1 gene. A putative TATA box is 
boxed. The transcriptional start site of the MHY1 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 C2H2-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 a l, 1997; Stathopoulos and Cyert, 1997), and Drosophila melanogaster Sp 1, 

which is required for the development of the antennal, intercalary and mandibular 

segments of the head (Wimmer et a l, 1993). Moreover, the region in Mhylp 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 49-65, 89-102, and 149-188 ofMhylp.

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 

C2H2-type zinc fingers of Mhylp displayed the same arrangement and main structural 

features as those found in the stress-responsive transcription factors Msn2p and Msn4p, 

and in the putative protein encoded by the ORF YER130C (Fig. 3-2B). Predictions based 

on computer-assisted molecular modeling of Msn2p and Msn4p (Martinez-Pastor et 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 Msn4p, 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 YIRAC1 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 (TGGGG) (Fig. 3-4, lane 7), thereby demonstrating the specificity of the interaction 

ofMhylp and the putative STREs.

Gel retardation experiments performed with whole extracts from El 22 and 

mhylK09 cells (Section 3.4 and Table 2-5) grown in YNBGlc or YNBGlcNAc 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 MHY1 or of wild-type cells incubated in medium containing 

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

3.4 Disruption of the MHY1 gene does not affect viability and mating of Y. lipolytica

The 0.8-kbp Ncol-Ndel fragment of pMHY 1 was replaced bya 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 YIURA3 gene flanked by 1.3
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Programmed lysate 
Wild-type probe (STRE)

Mutant probe (STREMut)

-  + + +  +  +  +
+  + + +  +  +  -
-  -  -  -  -  -  +

(■II il

0 10 50 100 500Competitor 
(fold excess)

STRE : 5’-gatCACAACAAGGGGTCAGCACAACAAGGGGTCAaatc-3* 
STREMut: 5’-gatCACAACA7GGGGTCAGCACAACA7GGGGTCAgatc-3’

Figure 3-4. Mhylp 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 YIRAC1 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 7GGGG) in the two 
putative STREs of the wild-type probe. Lane 1, wild-type probe incubated with 
unprogrammed lysate. Lane 2, wild-type probe incubated with in vitro translated Mhylp. 
Lanes 3-6, wild-type probe incubated with in vitro translated Mhylp and 10- 50-, 100-, and 
500-fold molar excesses of unlabeled wild-type oligonucleotide, respectively. Lane 7, 
mutant probe incubated with in vitro translated Mhylp. The arrow indicates the 
MHYlp/DNA complex.
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Strain

Carbon source Glucose 
GfcNAc 

Wild-type probe 
Mutant probe

E122 mhy1KQ9

-  +  - -  - -  +

-  -  +  +  +  +  -  +  +
+  + +  +  +  -  +  +  -

Competitor 
(fold excess)

0 SO 500

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 E122 and 
mutant strain mhylK09 incubated at 28°C for 10 h in YNBGlc (yeast growth) or 
YNBGlcNAc (induction of filamentous growth) were incubated with 32P-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 E l22 cells grown in YNBGlc. Lanes 3-6, 
protein from E122 cells grown in YNBGlcNAc. Lane 7, protein from mhylK09  cells 
grown in YNBGlc. Lanes 8-9, protein from mhylK09 cells grown in YNBGlcNAc. 
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 MHY1 gene, respectively. This linear 

fragment was used to transform the wild-type Y. lipolytica strain E l22 (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, mhylK09 (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 mhylK09 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 FiT and Ura+ phenotypes. MHYWmhyl (Fig. 3-1, panels H and I) and 

mhylHmhyl (Fig. 3-1, panel J) diploid strains were readily obtained by mating any 

combination of the mutant haploid strains mhylK09 and mhylKO-B4, and the wild-type 

strains E l22 and 22301-3, indicating that no defect in mating ability was associated with 

the loss of MHY1.

3.5 Filamentation is affected by gene dosage of MHY1

Since transformation of mhyl mutant strains with the pINA445-based
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Hpa\Ssp\Ssp\

2.5-kbp
Afcoi Nde I Hpa\

- 0.8-kbp -

Hpa\ SsplSsfA Ncoi

b ^ U R A S  H
Nco\ Mfel

«---------1.6-kbp---------- >

I
<i Afcfei Hpal

URA3 H — I

• 3.3-kbp

B
/

MHY1 probe 

YIURA3 probe

2.5-kbp

3.3-kbp

2.0-kbp

Figure 3-6. Integrative disruption of the MHY1 gene. (A) Diagram illustrating the 
targeted gene replacement strategy for the MHY1 gene. The ORFs and directionality of 
the MHY1 and YIURA3 genes are indicated by the wide arrows. (B) Southern blot analysis 
of jypal-digested genomic DNA from Y. lipolytica wild-type strain E l 22 and mutant strain 
mhylK09, confirming the replacement of the MHY1 gene segment by the YIURA3- 
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 et al., 1993), resulted in an enhanced filamentous phenotype (Fig. 

3-1, panel D), crossings of the mutant strains mhylK09 and mhylK09-B4 were performed 

with the wild-type strains El 22 and 22301-3 to determine the effects of gene dosage on 

the filamentous growth of diploid strains. Diploid strains containing a single copy of 

MHY1 (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 

pMHYl resulted in an enhanced filamentous phenotype (Fig. 3-1, panel K). Colonies 

formed by MHYl//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 MHY1 gene is increased during dimorphic transition

The yeast-to-hypha transition in exponentially growing E l22 cells was induced by 

a 15-min carbon source starvation period at 4°C, followed by transfer to YNBGlcNAc 

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 a l , 1993). Northern blot 

analysis (Fig. 3-7) carried out with total RNA extracted from cells harvested following 3 

and lOhof incubation showed that MHY1 mRNA levels dramatically increased during the
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Time (h)

GlcNAc

Time (h) 0 3 10

GlcNAc IP

Glucose

&

Figure 3-7. MHY1 mRNA levels are increased during the dimorphic transition.
Total RNA was isolated from Y lipolytica 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 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 at t = 0, 3 andlO h is shown.
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dimorphic transition, but remained essentially constant during the first hours of incubation 

in YNBGlcNAc or YNBGlc. A smaller increase in the levels of MHY1 mRNA 

(approximately 2-fold) was observed after 10 h of incubation in YNBGlc (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 ofMhylp is consistent with its 

probable function as a transcription factor, indirect in situ immunofluorescence of a 

carboxyl-terminal HA-tagged version of Mhylp was carried out in cells cultivated in 

YNBGlcNAc. Mhylp-HA was undetectable in the nuclei of cells growing as the yeast 

form (Fig. 3-8 A), but was readily detected in the nuclei of cells undergoing dimorphic 

transition (Fig. 3-8B, C, and D). Strikingly, Mhylp-HA was found to be concentrated in 

actively growing hyphal cells. Thus, while Mhylp-HA was detected in the nuclei of cells 

emitting germ tubes (Fig. 3-8B), once the transition step was completed, Mhylp-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 mhylK09 mutant cells and fluorescence microscopy revealed that 

the Mhylp-GFP fusion protein was dispersed throughout the cell in the El 22 and 

mhylK09 strains (Fig. 3-9).
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Bright Field DAPI TRITC

Figure 3-8. Nuclear localization ofMhylp during filamentous growth of Y. lipolytica.
Indirect immunofluorescence ofHA-tagged Mhylp 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 pm.
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       .

Figure 3-9. Localization of GFP-tagged Mhylp in yeast mhylK09  (A) and hyphal 
E l22 (B) cells. (Left panels) GFP-tagged Mhylp visualized by fluorescence microscopy. 
(Right panels) DAPI staining of nuclei. Bars, 5 pm.
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3.8 Transcription of MHY1 during the stress response

To investigate possible links between the dimorphic transition program and the 

stress response in Y. lipolytica via MHY1, northern blotting of total RNA prepared from 

E l22 cells exposed to several stress conditions was carried out with a MHY1 fragment as 

a probe (Fig. 3-10). Surprisingly, MHY1 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 H20 2). In contrast, transcription of MHY1 remained essentially constant even 

after 2 h o f exposure to thermal stress at 35°C. Interestingly, the viability of El 22 cells 

and mhylK09 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, MHY1, 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 ofMhylp suggest that it may function 

as a transcription factor. The most striking of these is the presence near its carboxyl 

terminus of two C2H2-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 Msn4p, 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 NaCI

Oxidative Shock
0.8 mM HzO2

Figure 3-10. MHY1 mRNA levels during the stress response. Total RNA was isolated 
from E l22 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 MHY1 gene (0.8-kbp Ncol-Ndel fragment, see Fig. 4). Equal loading ofRNA was 
ensured by ethidium bromide staining (data not shown).

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



1 2 0

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 HOY1 (6 copies) and 

ICL1 (5 copies). HOY1 has been shown to be directly involved in the yeast-to-hypha 

transition (Torres-Guzman and Dominguez, 1997), while ICL1 encodes one of the two 

main enzymes of the glyoxylate pathway, a strongly regulated anaplerotic cycle that in Y. 

lipolytica is under control of GPR1, a gene also implicated in the dimorphic transition 

(Tzschoppe et al., 1999).

MHY1 expression is dramatically increased during the yeast-to-hypha transition. 

Surprisingly, MHY1 mRNA levels were significantly decreased under conditions that 

otherwise would activate Msn2p/Msn4p-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 jV-acetylglucosamine to achieve full 

induction of mycelial growth (Guevara-Olvera et al., 1993). Our results are in agreement 

with this hypothesis.

How might Mhylp function in the yeast-to-hypha transition? One model is that 

under conditions promoting the dimorphic transition, Mhylp 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 Mhylp being equally distributed to the nuclei of both 

mother and daughter cells. Mhylp 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, Mhylp contains three potential PEST sequences, which have been implicated 

in rapid protein degradation and are often found in regulatory nuclear factors with specific 

and transient functions during cell growth (Chevaillier, 1993).
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C h a p t e r  4

I s o l a t io n  o f  YIRAC1 a n d  D e m o n s t r a t io n  o f  it s  I n v o l v e m e n t  

in  t h e  D im o r p h ic  T r a n s it i o n  o f  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 lipolytica" (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. YlRACl, 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. YlRACl is not an 

essential gene, and its deletion does not affect mating ability nor impair actin polarization 

in Y. lipolytica. However, strains lacking functional YlRACl 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 

YlRACl 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 YlRACl are still able to grow as the 

pseudohyphal form and to invade agar, thus pointing to a function for YlRACl downstream 

of MHY1, a previously isolated gene that encodes a C2H2-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 raclA strains,
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Figure 4-1. Colony morphology of various Y. lipolytica strains. (A) Wild-type strain 
E122; (B) mutant strain CHY1220; (C) RAC1 disruptant strain raclKO30; (D) MHY1 
disruptant strain mhylK09; (E) strain CHY1220 transformed with plasmid pRACl; (F) 
strain raclKOSO transformed with plasmid pRAC 1; (G) strain mhylK09 transformed with 
plasmid pRACl; (H) strain CHY1220 transformed with plasmid pMHYl; (I) strain 
raclKO30 transformed with plasmid pMHYl; (J) wild-type strain 22301-3; (K) RAC1 
disruptant strain raclKO30-B36; (L) RAC1//RAC1 diploid strain E122//22301-3; (M and 
N) RACl//racl diploid strains 22301-3//raclKO30 and El22//raclK030-B36; (O) 
racl//racl diploid strain raclK030//raclK030-B36. Colonies were photographed at x 100 
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 YlRACl gene

The YlRACl gene was isolated from a 7. lipolytica genomic DNA library contained 

in the replicative E. coli shuttle vector pINA445 (Nuttley et a l, 1993) by its ability to 

restore hyphal growth to CHY1220 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 o f576 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 a l, 1984), respectively. As in the Y. lipolytica genes SEC 14 

(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 et a l, 1984) 

or its abbreviated form CTAAC (Fig. 4-2).

No obvious TATA box or CT/CA-rich region, which is believed to play a role in

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



126

-7 9 0  CGGCGAC1AGTGAGTCGATGGGC^C3«UTCCACAGGCCTGTCAACACAATCTATATGCTC 

-7 3 0  CACACCCCCATCTCTCCTGATCTGCATCTGATCTGAAAAGTACTGCCGTTGTCACTOGCA
-S 7 0  CTTGGGAGACmTCTGTAGAACAJ^CTGCGftAC&AACGGCGGACAaGCAAGCTGTGGCT

- 6 1 0  GGTC»CACTGGGGCGACTCTTCTCTTTTACTCAOCTAACCRACGTGCATACAGCCCCAGT

- 5 5 0  AGGCGAAICTTGCCMATaSGGACCTTGTGTACAAATACTACGATCACCCCeACCGGAXCT

-4 9 0  GCCCJTCGGGAMAOTTTATCTCTTGTCTTCACAGTCaHyMaACCCTTTCAAGCCAGCCGT 
STREX

-430 GCUTCTAAGCTCTCTGACCTCTTCTTGTGCTGAGTOTGXCCTTTTTTCATCAAATCTTTC^
- 3 7 0  CTTGGGACTTmGCKCCC&ATCTAAG&IAGACACACGCTCACCACCCAA&CCACACCCCT

-3 1 0  TCTTCTGCACACOffiCCCACGACCSAAACACAATATCACAGAACGGCAAAACATACTGTG
mKNA

-2 5 0  ACGTmACATACCGGACG^TACCAAGGACTCTmCAGGCTCTCACTCTTCATCTCCTCC

-190 ACTAC^CAAGTCGCGCTC^CTCTGAAmCTCXrGCTCATTACACQGTCTGAGTTTTTGeGT

-1 3 0  C^CTCACmCAACCTCTGCACAACTCTCAATeAAGAeACTCGCAAGAGACCCTTGACTCT

-7 0  CTAGOSACTCKrCCACACAGACTCGTmCACAAGCACGTCCCTACATCCACTCTCGCTAC

- 1 0  CGGTTCCAfeAATGCAGAGTAT&AAATGTGTCGTCACTGGOGACGGGTAAGTGATCGTGAT
M Q S  I K C V V T G D G  12

51  GCCATGRAGGTCATGGTTCAATTGACCTGACTTCTCGGCGATATGACGGOGGTCGTTTAG

111  GCGAAft.CCT.TGGCCATCGTG'mTTTGCTCCACGGGCGGCTTGACAGCX^.CGCAa.TACACC

1 7 1  GCTTGrCCCACCCTCCCGCCACCCTACTAACACAGTGCCGTCGGTAAAACTTGCATGCTA
A V G K T C M L  20 

231 ATCTCATACACCACAAACGCCTTCKCAGGAGAGmCATCCCCACCGlSXaaEiXffiPTGACG
I S X T T N A F P G E X I P T V  36

2 9 1  CCCTCA.TTGATGCGCTCCACCTCTCCTATCTAACTCAGCTTCGftGAAGTaGTnTGr.CRAT
F D N T S A N  43 

351  GTCATGGTGGAZAaCAAACCGATAAACCTCGGACTTTGGQITACCGOGGGCCAGGAAGAT
V M V D N K P I N L G L W D T A G Q E D  63 

411  TACGACCGGCTGCQGCCACTGTGATACCCCCAGBCCGGCGTGTTTCTTATCTQCTTCTCG
T D R L R P L S T P Q T G V F L I C  F S  83

471  CTCGTGTCGCCCCCGTCGTTCGAGAACGTCAAAQCTAAGTGGCACCCCGftAATCTCGCAC
L V S  P P  S F E N V K A K W H P E  X S H  103

531 CACGCCCOCAATACGCCCATCATOCTCGTCQGCACCaAGCTCGaCCTGCCTAACGACAGT
H A P N T P I I L V G T K L D L R N D S 1 2 3  

591 GAGACTCTGGCGCGGCTCGCTGAAAAGCGACAAGCCCCCATCACATATGCAGJU1GGCGCC
E T L A R L A E K R Q A P I T T A E  G A  1 4 3

651  AAGTGTGCTCGGGftCATTGGCGCCGTCRAATACTTTGAGTGCTCGGCATTGAOCCAAAAG
K C A R D  I G A V K T F E C S A L T Q K  163

711 GGACTCAAAACAGTGTTTGAOGAGGCCATTCACGCGGTGCTGTC3GSCCTCCCCAGCCCAAG
G L K T V F D E A I H A V L S P P Q P K  1 83  

7 71  AAAAAGAAGAASAACTGTGTGATTCTCTAAAGTQGTTGTACTACGCGaCAAACAAACCCA
1 C K K K N C V I L -  192

8 3 1  CTGCTCCOCAGGACTCAACCCACGTGaCGCTCGAATCTGQCGGGGTCCAACTTCCCTCCA 
8 9 1  GATTGAGTCTTCAGCTATGGOCCAAGACTTAAAaCGCTCZ^iCAAACACCACTTGTTTT 
9 5 1  ATTGGCGGTCTTTCTCGGCTTCTTTGOCAGATCCCGCCAATGACAGCTATGACTTGGTCC 

1 0 1 1  TCCACTAAAAASGAACTCGCEAQCTTAGGACTCCACTCATTAGTTAA'gfGATGTCiTTTGC  
1 07 1  ATTTG

Figure 4-2. Nucleotide sequence of the YlRACl gene and deduced amino acid 
sequence of FZRaclp. The transcriptional start site of the YlRACl 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 e ta l, 1994; Xuan et al, 1990), is seen 

in the putative promoter of YIRA C l . However, analysis of cDNA showed that transcription 

of the YIRAC1 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 YIRAC1 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, JTRaclp, 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 fTRac 1 p with the sequences of Rac proteins from different sources 

suggests that its closest homologue is human Racl (Fig. 4-3). In addition, TTRaclp has a 

relatively high pi (8.47), which is an attribute that distinguishes Rac proteins from Rho and 

Ras proteins (whose pis are in the range of 5.0 to 6.5) (Delmer et a l, 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 FTRac lp at positions conserved 

among GTP-binding proteins (Chen et al., 1993; Dever et a l, 1987; Johnson and Pringle, 

1990; Mirbod et a l , 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 a l, 1989), and membrane association prior to biological activity (CVIL, 

residues 189 to 192) (Hancock et a l, 1989;Ziman et a l, 1993)(Fig. 4-3).Notably,
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Y lR a c l MQSIKCVVTGDGAVGKTCMLISYTTNAFPGEYIPTVFDNYSANVMVDNKP 50
H sR a c l MQAIKCVWGDGAVGKTCLLISY’TTNAFPGEYIPTVFDNYSANVMVDGKP 50
H sR ac2 MQAJKCVWGDGAVGKTCLLISYTTNAFPGEYIPTVFDNYSANVMVDSKP 50
H sR ac3 MQAIKCVWGDGA.VGKTCLLISYTTNAPPGEYIP'IVFDNYSANVMVDGKP 50
M cR acl MQAIKCVWGDGAVGKTCLLISYTTNAFPGEYIPTVFDNYSANVMVDGKP 50
M nRac2 MQAIKCVWGDGAVGKTCLLISYTTNAFPGEYIPTVFDNYSANVMVDSKP 5 0
I te R a c l  MQAIKCVWGDGAVGKTCLLISYTTNAFPGEYIPTVFDNYSANVMVDAKP 50
DfflRac2 MQAIKCVWGDGAVGKTCLLISYTTNAFPGEYIPrVFDNYSANVMVDAKP 50
C e R ac l MQAIKCVWGDGAVGKTCLLISYTTNAFPGEYIPTVFDNYSANVMVDGRP 50
CeR ac2 MQAIKCVWGDGAVGKTCLLLSYTTNAFPGEYILTVFDTYSTNVMVDGRP 5 0

X lR a c  MQAIKCVVVGDGAVGKTeLLISYTTNAFPGEYIPTVFDNYSANVMVDGKP 50
A * . * * * * * . * * * * * * * * * . * . * * * * * * * * * * * *  * * * * . ♦ * . * ♦ * * * . . *  5 0

Y lR a c l  INLGLWD TAGQEDYDRLRPLSY PQTGVFU: CFSLVSPPS FENVKAKWHPE 100
H s R a c l  VNLGLMDTAGQEDYDRUIPLSYPQTDVFLICFSLVSPASFENVRAKWYPE 10 0
K sR ac2 VNLGLWDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASYENVRAKWFPE 100
H sR ac3 VNLGLWDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAKHYPE 10 0
M aR acl VNLGLRDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAKHYPE 10 0
MtaRac2 VNLGLWDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASYENVRAKWFPE 10 0
Q n R acl rHLGLHDTAGQEDYDRXiRPLSYPQTDVFLICFSLVKPASFENVRAKPTYPE 10 0
Q aR ac2 INLGLWD TAGQEDYDRLRPLSYPQTDVFLICFSLVNPASFENVFAKWFPE 10 0
C e R ac l INLGLWD TAGQEDYDRLRPLSYPQTDVFLVCFALNNPASFENVRAKWYPE 10 0
C eR ac2 INLSMDTAGQDDYDQFRHLSFPQTDVFLVCFALNNPASFENVRAKWYPE 100
Cf Ra c l  VNLGLWDTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAKWYPE 100
X lR a c  VNLGOTOTAGQEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAK^YPE 100

. * * . * * * ★ * * * . * ★ * . . * . * * , * * * . * * * . * * . *  .  * * * . * * *  * *

Y lR a c l  ISHHAPNTPIILVGTKLDLRNDSE TLARLAEKRQAPITYAEGAKCARDIG 150
H sR a c l VRHHCPNTPXILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG 150
H sR ac2 VRHHCPSTPIILVGTKLDLRDDKDTIEKLKEKKLAPITYPQGLA1AKEID 15 0
H sR ac3 VPHHCPHTPILLVGTKLDLRDDKDTIERLRDKKLAPITYPQGLAMAREIG 150
M nR acl VRHHCPNTPIILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG 15 0
M aRac2 VRHHCPSTPI1LVGTKLDLRDDKDTIEKLKEKKLAPITYPQGLALAKDID 150
E teR acl VRHHCPSTPIILVGTKLDLRDDKNTIEKLRDKKLAPITYPQGLAMAKEIG 150
rtHRa.cZ VRHHCPSVPI ILVGTKLDLRDDKQTIEKUSDKKLTPITTPQGLAMAKEIA 15 0
C e R a c l VSHHCFNTPIILVGTK&DLREDRDTVERLRERRLQPVSQTQGYVMAKEIK 15 0
C eR ac2 VSHHCPNTPIILVGTKADLREDRDTIERLRERRLQFVSHTQGYVMAKEIK 15 0
C fR a c l  VRHHCPNTPI ILVGTKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG 15 0
X lR a c  VRHHCPNTPIILVGTKLDIRDDKDTIEKLKEKKLTPITYPQGLAMAKEIG 150

. . * *  *  . * * . * * * * ★  * * * . * . . * . . . *  . . .  * . .  * . . *

Y lR a c l  AVKYFECSALTQRGLKTVFDEAIHAVLSPPQP KKKKKNCVIL 19 2
H sR a c l AVKYLECSALTQRGLKTVFDEAIRAVLCPPFV------- KKRKRKCLLL 19 1  (7 9 .5 8 % )
H sR ac2  SVKYXECSALTQRGLKTVFDEAIRAVLCPQPT--------RQQKRACSLL 1 9 2  (7 6 .0 4 % )
H sR ac3  SVKYLECSALTQRGLKTVFDEAIRAVLCPPPV--------KKPGKKCTVF 1 9 2  (7 8 .1 3 % )
M nR acl AVKYLECSALT^GLKTVFDRAIRAVLCPPPV--------KKRKRKCLLL 1 9 2  (7 9 .1 7 % )
MnRac2 SVKYLECSALTQRGLKTVFDEAIRAVLCPQPT--------RQQKRPCSLL 1 9 2  (7 6 .5 6 % )
DfflRacl AVKYLECSALTQKGLKTVFDEAIRSVLCFVLQ------- PKSKRKCALL 19 2  (7 7 .6 0 % )
Q aR ac2 AVKYLECSALTQKGLKTVFDEAIRSVLCPWR------- GPKRHKCALL 1 9 2  (7 5 .5 2 % )
C e R a c l AVKYLECSALTQRGLKQVFDEAIRAVVTPPQ--------- RAKKSKCTVL 19 1  (7 4 .8 7 % )
C eR ac2 AVKYLECSALTQIGLKQVFDEAIRTGLTPPQTPQTRAKKSNCTVL 1 9 5  (6 9 .2 7 % )
C fR a c l  AVKYLECSALTQRGUCIVFDEAIRAVLCPPPV------- KKRKRKCLLL 1 9 2  (7 9 .1 7 % )
X lR a c  AVKYLECSALTQRGLKTVFDEAIRAVLCPPPV------- KKRKRKCLLL 1 9 2  (7 8 .6 5 % )

. * * * . * * * * * * *  * * *  * * * * * *  *  *

Figure 4-3. Amino acid sequence alignment ofRaclp of Y. lipolytica (KRaclp) and Rac 
proteins from Homo sapiens (HsRac 1, HsRacl and HsRac3), Mus musculus (MmRac 1 and 
MnRac2), Drosophila melanogaster (DmRacl and DmRac2), Caenorhabditis elegans 
(CeRacl and CeRacl), Canisfamiliaris (CjRacY), andXenopus laevis (XlRac). GenBank 
accession numbers: M29870 (HsRacl), CAB45265 (HsRacl), AAC51667 (7fcRac3), 
CAA40545 (MnRacl), Q05144 (MnRac2), AAA62870 (DmRacl), P48554 (DmRac2), 
AAA28141 (CeRacl), AAB40386 (CeRacl), P15154 (CeRacl) and AAD50299 (XlRac).

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



1 2 9

7/Rac 1 p also contains the conserved motif TKXD (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 et a l, 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; Mosch et a l, 1996; Ushinsky et a l, 

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 et a l, 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 YIRAC1 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 ofboth introns are identical to the consensus motif GTGAGTPu found in other

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



1 3 0

-2 4 3  CC^GCTCGABAT25^CCCTC»CTAAAGGGAACAAAAGCTGGAGCTCGCGCGCCTGCAGG

-1 8 3  TCGACACTAGTGGATCCAAAGAATTCGGCACGAGTGTCGACAGCACAACTCACCACCTCA

-123 CATATCACaCTCC&CACATACACS.CCCACaCAACa.C&CCCSuC&TTCTCACACTCTCaCGC
-  63 CCCCACCACGCTCCTTGAACAAGCTCCCGCCCTAGCCCGTGCACAGACCCTCAAAAAGAT

- 3  AA&ATGCAGACCATftAAATGTGTTGTTGTCGGCGATGGTGCCGTCGGAAAGGTGAGTATA
M Q T I K C V V V G D G A V G K  16

58 AAGACAAAACGCCAATTATCAAGGTTCTCGTCTGCCGCCaCGATCACGATGTCGTTCTGG

118 ACGATGGATTAATGGCCCTGGAGAGCTCCTACTAACGCAGACTTGTCTCCTCATCTCATA
T C L  L  I  3  Y 23 

178 CACAACAAACAAGTTCCCCTCTGAATACGTTCCCACCGTTTTTGACAACT&TGCCGTGAC
T T N K F P S E Y V P T V F D N Y A V T  43

V M 45

I G D E P Y T L G L  55 
358 GTTCGACACCGCCGGTCAGGAGGATTACGACCGACTGCGACCTCTTTGTTACCCTCAGAC

F D T A G Q E D Y D R L R P L C Y P Q T  75 
418 CGATGTTTTCCTCGTCTGCTTTTCCGTCACCTCTCCCGCCTCCTTTGAGAACGTCAAGGA

D V L L V C F 8 V T 8 P A S F E N V K E  95 
478 GA&GTGGTTCCCTGAGGTCCACCACCACTGCCCCGGCGTGCC'rTGCCTCATTGTTGGTAC

K H F P E V H H H C P G V P C L I V G T  115 
538 CCAGGTTGATCCGCGAAGTGACAGGATGATTCTTGACAAGCTTTCCCGACACAAGCTGCG

Q V D P R S D R M I L D K L S R H K L R 1 3 5  
598 ACCCATGACCACTGAGCAAGGCYACCAGCYCGCCCGAGAACTCGGTGCCGYCAAGYACGT

P M T T E Q G Y Q L A R E L G A V K Y V 1 5 5  
658 CGAGTGTTCTGCCCTTACTCAGAAGGGTCTCAAGGACGTTTTCGACGAGGCCATCGTGGC

E C S A X . T Q K G L K D V F D E A X V A 1 7 5  
718 AGCTCTTGAGCCTCCAGTGGTCAAGAAGAACAAAAAGTGCATTGTGCTCTAGTTTTTGCA

A L E P P V V K K K K K C I V L -  191
778 TGCTAATGGGTTAACACAACGAAAAATGAATCAAAGCAAGAAAAAAATGTTTC

Figure 4-4. Nucleotide sequence of the YICDC42 gene and deduced amino acid 
sequence of F7Cdc42p. Consensus sequences for intron splicing are underlined.
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Y. lipolytica genes (Lopez et al, 1994; Strick et a l, 1992), and a 3'-splice acceptor CAG 

sequence is found two nucleotides downstream of the consensus TACTAAC box (Teem 

etal., 1984) (Fig. 4-4).

The deduced protein of YICDC42, J7Cdc42p, is 191 amino acids long and has a 

predicted molecular weight of 21,336 Da (Fig. 4-4) and an estimated pi of 6.09, which is 

characteristic of Cdc42 proteins (Delmer et a l, 1995). In addition, TZCdc42p 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 T?Cdc42p with 

Cdc42 proteins form a number of different organisms suggests that its closest relative is 

Schizosaccharomyces pombe Cdc42 (Fig. 4-5). Importantly, TZCdc42p 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 YIRAC1 gene disrupted are viable and unaffected in mating 

ability

A 1.0-kbp Apal-Ndel fragment of YIRAC1 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 S' and 3' regions of the YIRAC1 gene, respectively. 

This linear fragment was used to transform the wild-type Y lipolytica strain E l22 to uracil 

prototrophy.
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Y lc d o 4 2  i^IKCTWGDGAVGKTCkLISYTTNKFPSEYVPTVFBNYAVTVMIOTEP 50
S pC dc42 MPTIKCWVGDGAVGKTCLLISYTTNKFPSDYVPTVFDHY&VTVMIGDEP 50
SoC do42 MQTIJCCVWGDGAVGKTCLLISYTTNQFPADYVPTVFDNYAVTVMIOTEP 50
C aC dc42 MQTIKCVWGDGAVGKTCLX. ISYYTSKFPABYVPTVFDNYAVTVMI GDEP 50
Cecdc42 M KCVVVGDGAVGKTCLX.ISyEINKFPSEYVPTVFDKYAWVMIGGEP 47
M»Cdc42 MQTIKCWVGDGAVGKTCLLISyTTNKFPSETVPTVFDNTCAVTVMIGGEP 50
HsCdo42 M2TIKCVWGDGAVOCTCLLI SYTTNKFPSEYVPTVEDNYAVrVMIGGEP 50

*  * * * * * * * * * * * * * * * * * * * * *  * *  * * * * * * * * * * * * * * * * * *

r lC d c 4 2  YTLGLFDTAGQEDYDRLRPLCYPQTDVFLVCFSVTS PASFENVKEKWFPE 100
S p C d a lZ  YTLGLFDTAGQEDYDRlKPX.SYPQroVFLVCFSVTSPASFEHVKEKWFPE 100
S o c d c 4 2  YTLGLFDTAGQEDYDRLRPLSYPSTDVFIiVCFSVISPPSFENVKEKWFPE 100
C acd c4 2  FTLGLFDTAGOEDYDRlRPLSYPSTDVFI.VCFSV:i:SPASFENVKEKWFPE 100
CaC dc42 YTLGIOTTAGQEDYDRLRPLSYPQ'HIVFLVCFSVVAPASFENVREKWVPE 97
MoCdc42 YTLGLFDTAGQEDYDRLRPLSYPQTDVFLVCFSVVSPSSFENVKEKWVPE 100
H sC dc42 YTOGLFDTjySQEDYDRLRPLSYPQroVFX.VCFSWSPSSFEHVKEKWVPE 100

. * * * * * * * * * * * * * * * * * * * . * *  * * * * * * * * * *  *  * * * * *  * * *  * *

Y2Cda42 VHHHCPGVPCLXVtSTQVDPRSDRMlLDKLSBHKLKPMMEQGYQLARELG 150
Sp cd c42  VHHHCPGyPCLIVGTQIDLKDDPSVQQKLftRQHQHPLTHEQGERIARELG 150
ScC dc42 VEHHCPGVPCLWGTQIDLRDDKVTIEKIjQRQRLRPIVSEQGSRLARELK 150
GsCdc42 VHHHCPGVPII IVGTQTDLBHDDVILQRlHRQKLSPITQEQGEKLftKELR 1 5 0
CaCdc42 ISHHCSKTPFLtVGTQVDLRDDPaCLEKXAKHKQKPVSroVGEKLAKELK 147
MtaCdc42 ITHHCPKTPFLLVGTQIDLRDDPSTIEKLAKNKQKPITPETAEKLARDMC 150
H scdo42 ITHHCPKTPFIXVGTQIDLRDDPSTIEKLAKNKQKPITPETAEKLARDLK 150

* * * *  *  * . *

YlCdc42
sRcdc42
6cC dc42
CSCdo42
CeCdo42

AVKYVECSAItTQKGLKDVFOEAIV&AIiEPFWKKNK-KCIVXt 191  
AVKYVECSALTQKGLKNVFDEAIVAALDPPVPHKKKSKCLVL 19 2  (66.39% ) 
AVKYVKCSALTQRGLKNVFDEArVAALEPPVIKKSK-KCAXL 191 <84.29%) 
AVKYVECSALTQRGLKT'/EDEAIVRAIiEPFVIKKSK-KCTIL 1 9 1  (83.77% ) 
AVKYVECSALTQKGLKNVFDEAILAALDPPQQEKKK-KCNIL 188 (78.19% ) 
AVKYVECSALTQRGLKNVFDEAILAALEPPETQPKR-KCCIF 191 (76.96% ) 
AVKYVECSALTQKGLKNVFDEAILAAIaEPPEPKKSR-RCVIiL 19 1  (78.53% ) 
* * * * * * * * * * * * ,  • * *  * * * * * *  * * •  * *  *

Figure 4-5. Amino acid sequence alignment of Cdc42p of Y. lipolytica (J7Cdc42p) and 
its homologs in S. pombe (SJpCdc42p), S. cerevisiae (ScCdc42p), C. albicans (CaCdc42p), 
C. elegans (CeCdc42p), M. musculus (MwCdc42p) and H. sapiens (HsCdcAlp). GenBank 
accession numbers: AAAI6472 (SpCdc42), P19073 (ScCdc42), 014426 (CaCdc42), 
Q05062 (CeCdc42), AAB40051 (MwCdc42), andNP_001782 (i*Cdc42).
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O f303 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 YIRAC1 gene correctly replaced by the YIURA3 gene (Fig. 4-6), 

and one of them, raclKOSO (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 YIRAC1 gene had any effect on the mating ability of Y. lipolytica. 

Crossing of the A mating type strain raclKOSO (raclA) 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 YIRAC1 in these strains. To determine whether the lack 

of effect on mating by disruption of the YIRAC1 gene was confined to A mating type cells, 

a B mating type strain, raclKO30-B36 (Table 2-5 and Fig. 4-1, panel K), with its YIRAC1 

gene deleted, was obtained by sporulation of the diploid strain 22301-3//mclKO30 (Table 

2-5 and Fig. 4-1, panel M) and selection ofhaploids for their inability to form hyphal cells. 

The racl::URA3 genotype of the raclKO30-B36 strain was confirmed by cosegregation 

of the Ura+ and FiT phenotypes, and this strain was found to be able to mate to both wild- 

type E l22 and raclKO30 strains (Fig. 4-1, panels N and O), demonstrating that YIRAC1 

is not essential for mating. One copy of the YIRAC1 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).
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Figure 4-6. Integrative disruption of the YIRAC1 gene. (A) Diagram illustrating the 
replacement o fa l .0-kbp Apal-Ndel fragment of YIRAC1 byal .6-kbp Apal-Ndel fragment 
containing the Y lipolytica URA3 gene. (B) Southern blot analysis of Spel-Hpal-dxges\e& 
genomic DNA, and PCR analysis of total genomic DNA, from wild-type strain E l 22 and 
strain raclKO30, confirming the correct replacement of the YIRAC1 gene with the 
17ML43-containing linear molecule in strain raclKO30. Primers Racl-KOl and Racl- 
K02 (Table 2-1) are indicated by black arrows in panel A.
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4.6 Disruption of the YVRAC1 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 YIRAC1 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 racl 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 raclA cultures (Fig. 4-7, bottom panels). Germ tubes arising from 

pseudohyphal cells were sometimes seen in the wild-type strain (Fig. 4-7, bottom right 

panel, inset). Interestingly, invasive pseudohyphal growth was found to be substantially 

induced in the raclA 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 

mhylA cells incubated under either condition (Fig. 4-8).
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raclA WT
Figure 4-7. Disruption of YIRAC1 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 600mn [OD600] = 1). Middle 
panels, late exponential growth phase (O D ^ = 4). Bottom panels and inset, stationary 
phase (OD600 = 10). WT, wild-type strain E l22. raclA, strain raclKO30. Bars, 5 pm.
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unwashed washed

WT

raclA

mhylA

WT

raclA

mhylA

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 E l 22. raclA, 
strain raclKO30. mhylA, strain mhylK09.
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As described for a number of fungi (Adams and Pringle, 1984; Akashi et al., 1994; 

Alfa and Hyams, 1990; Heath, 1987; Kwon et a l, 1991; Marks and Hyams, 1985; 

Roberson, 1992; Yokoyama et 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, 

raclA mutant 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 YIRAC1 gene is increased during the yeast-to-hypha 

transition

The dimorphic switch was induced in exponentially growing Y. lipolytica E l 22 

cells by a 15-min carbon source starvation period at 4°C, followed by transfer to pre

warmed (28°C) YNBGlcNAc medium. Under these conditions, more than 80% of the cell 

population gave rise to germ tubes after lOh of incubation, while cells transferred to fresh 

YNBGlc 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 YNBGlcNAc showed that 

YIRAC1 mRNA levels increased steadily during the yeast-to-hypha transition, but they 

remained virtually constant during the incubation in YNBGlc (Fig. 4-10).
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Figure 4-9. Actin localization during different stages of development of wild-type 
and raclA cells. Actin was detected by staining cells with Oregon Green 488 phalloidin 
followed by fluorescence microscopy. (A to G) Wild-type strain E l22. (H and I) raclA 
strain raclKOSO. (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 pm.
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Time (h) 0 1 3 10

GlcNAc

Glucose

Figure 4-10. YIRAC1 mRNA levels are increased during the dimorphic transition.
Total RNA was isolated from E l22 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 YIRAC1 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 YIRAC1 gene are not necessary for the induction of hyphal 

growth

The inability ofpRACl to induce dimorphic transition in mhylA 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 in vifro-synthesized Mhylp (Chapter 3); and the finding that raclA 

mutant cells can form pseudohyphae while mhylA 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 YIRAC1.

In order to investigate the role of these putative STRE sequences in the induction 

of hyphal growth, mutagenesis of these elements in pRACl was performed. Three-base 

substitutions were introduced in the putative STREs found in the promoter region of the 

YIRAC1 gene (CCCCT toATTCT in STRE1; CCCCT to AGCTT in STRE2; and CCCCT 

to GA TCT in STRE3 ) (Fig. 4-2) by PCR using the oligonucleotides SE1 and SE2, EH 1 and 

EH2, HB1 and HB2, and BS1 and BS2 (Table 2-1). The four PCR products (369-bp SpeI- 

EcoRI, 100-bp EcoEl-Hindlll, 197-bp HindM-Bgill, and 122-bp BglH-SalI) were then 

ligated to the 396-bp SaB-SacTL fragment obtained by PCR using the oligonucleotides NT 1 

and NT2 (Table 2-1), and the resulting fragment (~1.2-kbp Spel-SacU) was used to replace 

its equivalent in the plasmid pRAC 1.

No defect was observed in the ability to induce dimorphic transition upon 

introduction of the plasmid pRACl-Mut (which contains mutations in all three STREs) 

into strain raclKOSO, suggesting that these elements are not necessary for the induction
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of hyphal growth via YIRAC1.

4.9 Genomic DNA analysis of RAC genes in Y. lipolytica

As most organisms have multiple Rac and Rho homologues, genomic DNA from 

the El 22 strain was digested with various combinations of restriction endonucleases and 

analyzed by Southern blotting under low-stringency conditions with a labeled 240-bp 

Sadl-Ndel fragment of the YIRAC1 gene, to look for evidence of other RAC genes in Y. 

lipolytica. A complex pattern ofbands was observed, suggestive of the presence of several 

JL4C-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 

RAC1 gene, which encodes the first fungal Rac homolog to be identified, and provides 

evidence that its protein product, HRaclp, plays an important role in the regulation of 

hyphal growth in Y. lipolytica.

YIRAC1 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 YIRAC1, 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 

raclA mutants and the inability of these strains to grow as the hyphal form suggest that 

YIRAC1 functions in some aspect of the polarization of cell growth.
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Figure 4-11. Southern blot analysis of E122 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 SacR-Ndel-lshelod fragment from 
YIRAC1 (boxed), as described in Materials and Methods (Section 2.6.4).
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Here it is also shown that while deletion of MHY1 completely 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 YIRAC1 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 A. 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 YIRAC1 affects only hyphal 

growth while disruption of MHY1 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 MHY1 acts upstream of YlRACl 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 YlRACl 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 YlRACl gene or compensation 

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

The isolation and initial characterization of the Y1CDC42 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 a l, 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 RAS2 and activating 

pseudohyphal growth of diploid cells and invasive growth ofhaploid cells in response to 

nitrogen starvation via STE20 (Leberer et al., 1997;Moscheta/., 1996; Peter e ta l, 1996). 

The involvement of YICDC42 in the induction of filamentous growth in Y. lipolytica 

remains to be elucidated.
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C h a p t e r  5

I s o l a t i o n  a n d  C h a r a c t e r i z a t i o n  o f  YlBEMl, a  G e n e  

R e q u i r e d  f o r  C e l l  P o l a r i z a t i o n  a n d  

D i f f e r e n t i a t i o n  in  E  lipolytica

A version of this chapter has been accepted for publication in the journal Eukaryotic Cell as “Isolation and 

Characterization of YlBEMl, 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 YlBEMl, 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 YlBEMl 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 

YlBEMl in the regulation of cell polarity and morphogenesis in this fungus. This role is 

further supported by the localization of TTBemlp, 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 TTBemlp 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 TTBemlp in cell polarity in Y. lipolytica is suggested by the partial induction of 

hyphal growth when the genes MHY1, YlRACl and YISEC31 are present in multiple copies 

in beml null mutant cells.

5.2 Isolation and characterization of the YlBEMl 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-IB), an attribute that was stably maintained through multiple generations.

The YlBEMl 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 El 2 2 cells. (B) Smooth phenotype of a colony of CHY33169 cells. 
(C) Smooth phenotype of a colony of bemlK0157 cells obtained by integrative disruption 
of the YlBEMl gene. (D) Enhanced filamentous phenotype of a colony of bemlK0157 
cells transformed with the plasmid pBEMl. Colonies were photographed at xlOO 
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 et a l, 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-ID). Restriction enzyme analysis revealed that 

all complementing plasmids shared a 4.7-kbp BamHL-BamHl fragment capable of restoring 

filamentous growth to CHY33169. Sequencing of this fragment revealed an ORF of2577 

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 a l, 1994; Strick et a l, 1992; Teem et 

al , 1984) (Fig. 5-2). Analysis of cDNA showed that transcription of the YlBEMl 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 YlBEMl, TZBemlp, 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 TZBemlp suggests that its closest homologs are S. pombe Scd2p 

(SjpScd2p)andS'. cerevisiae Bemlp (ScBemlp) (Fig. 5-3). Notably, the regions of highest 

homology amongst the three proteins are segments corresponding to the src homology 

region 3 (SH3; residues 34-95 and 178-239 of TZBemlp) and the PhoX and Beml (PB1; 

residues 340-639 of TZBemlp) domains of those proteins (Fig. 5-3). In addition, three
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" 6 3  CTAAGGTTTCAAASGCAA&GTQCAaACACAGTTTCACaTArCCGTCGTCCCTACCGTTam
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TAGGAAGGTGCTGTGGCGTGAGTGSAGACCCCATGCTGTCACAG&GSAAACATGAACGGA
AATGGAGAAAGAGCAATGGIGG&CATGQGAACAGTCAGAACTGGAGAT'EACGTTGGTATT

TCACAGKyTGATTGCCATGTCCAtrcATAAGCAACTA&ACCGGGCGCTAGTC&GGGGCATG
S&CCSTS7ai,TCAr3C(5<5ACCCM»TTCaGTGTT<aaCTACSCaATC&TT<3ACCASft.a!AGAA

TATGACTCTTHACATCCPNfTCACCACAGACTTGGTGTTGOTATGGGCTTG'm'TTTACG
l̂ TQ&ĈCA&GAAGCCGGCTGCTGT'EAGCTCCrGACGCACGGCCCCTCSSTrCCSTAraL
CEftAeTCAGGGA&TCCGCCGCTCTCTCAAAGGCGAGAAGACCACGTCGTCTGGCTCGGCC

G 1 R R S 5 K G E K T T S S G S A
JUVCTCGCTQSTCA£3CGACAARAACCCGCTCCACACGA&CCCCCCGAAAATGGTGATTCGA

GCACTTIFACGACTACGAGCCACAASGACCC3GCGAGCTCTCATTTTGCAAGGGCGACTTT 
7 D X B 9 Q G B > G B l a 3 B ' C R G D F  

TTCCRCGTGATTTCCAACGAACAGGACTCGGAGTGGYTTGAGGCTTTCAACCCGCTGCGC 
V I S W B Q D S E W F B A F N P L R  

AACGTGCCiAGGCATSGTGCCCGTSCC'rraCTTTSAGGTTCTCGGCAAGAASGAGGGTATC

AGTCAGAflCAAGCATGCTCAGCACTCACCTCAACATGCTCTtSGCCAATGGGCrEAGACGTT
Q S K H A Q H S P Q H V L A H G L D V  140  

TCACAGTCCATGCAGAACCTCAGTTTAGGGGGCGC&ICTGGCTCCGGAGGCCACACCAGA
Q S M Q N L S L G G A S G S G G H T R  160  

GAACCCTCCATGGCGGGCGCATCCGACCGATCGTCGCAC3GGCAAGASCACCCCCACTCTG
S M A G A S D R S S Q G K S T P T L  180  

CACGGCGTGGTGCTCTACGACTTCCAAGCCGAGCOGCCCGACGAGCTGCAAGCRTCCAAG 
H G V V 1 Y D F Q A E R P D 5 L Q A S K  2 0 0  

CJGCGATAACATCATCATTCAGGCCCAATCCAATCACGAGTGGTTTOTTGCCAAGCCCGTT
M l  I  X Q A Q S N H E W F V A K P V  2 2 0  

GGCCGAC’TGGGAGGCCCCGGTeTGATCCCTGCCTCGTT’EATCGAGATCAGAGACATAGTG
L G G P G L I P A S P 1 E I R D I V  2 4 0  

ACAGSAAAGGCGGTTGTCGACGTGGAGTCTGCCTOACGGGCTTCTGGCTTGCCCAAGGTG
K A V V D V E S A L R A S G L P K V 2 6 0  

GAASAGTGGAAAAGGATGGGAGCAGACTACAAGGGGrTCCASCATTGCTCTTQGCAATTTT

D K P  I. T  H P  K

:CGAAGRACGAAAGGCGCTGCACAGATCG
120

28 0
C^CGACCCCCAGCAACACTCGCAGCAGCAaGCTGTGCAGCArGCTCTGGSTGGWlAGCAG

D D P 2 Q H S Q Q Q A 1 . Q H A L R G Q Q 3 0 0
ACTCTGCAGGAACACCAGGTTCAACAGGAACACCAGACTCTGCAAGAAAGACAATCTCTS

Q E H Q V Q Q E H Q T L Q E R Q S L 3 2 0  
CAGQAACAGCAGGCTCTCCGGGAACAQCAGaCTCTCCGGSA&AA'TTACSCTGCCCCTGCC 

Q E C Q A L R E Q Q A L R E N V A A P A  3 4 0  
AGTSGA.CCK̂TCGTTOTASCGGCGTCCGTCGAGTClPmGCATrACACTCGGGTCGA'EAC

3 6 0
TGGTACCTCGTCAACGCAGAGCTGGAGGACGGCTCC&'TGCGGCGATTGTGCCGAIACTAC

L V H A E L E D G S M R R L C R Y 1 3 8 0  
CAGGACTTCTACGTAXTCCAAATCAACCtrGCTGGGGGTGTTCGAAGAGGCTGCTGGTCAC 

Q D I ’ Y V B ’ Q I N L I j G V F E E A A G H  400  
AATGATCAGCCTCGTCTGCTXCCTTTCATGCCCOGaCCTCTTACCTACGTTAACGACTCC

Q P R L L P F M P G P L T Y V H D S  420 
ATCTCCAl’GCAGCSACGTCACAACCTTGACGAGTACGTCCGCAAGCTCATGGCTCTTCCC

M Q R R H N L D E Y V R K L M A L P 4 4 0
GCTIATATTTCACSGTCTGTGAXCATGCASGAGCTOTTrGCTCTCCGCCCTGGTGATG'rG

X S R  5  V  I  M <J *  I . F  A  L R  P  ® D V 460  
GCGGCCGCCGGTCCCACCGACGACCTTCCACAGCCTCTGACGCCGGAGACCGAGTCGTTT

A Q P T D D L P G P L T P E T B 3 F  480  
GACOCCGCTCAGGCCGAGGCOCSGGCAAAGGGCATTCATCCCAAATCTCTGGGGCCGACT 

D A A Q A E A R A K a i H P K S L G P T  5 0 0  
AATGTGTCTTCCAOCAGCQTAAaCTATTCtSGAAQGCACCGAjGGAGTCTCGGCCTGTfSAaC

52 0
ACTGCATCtSGGITCTCATGGOTCCTCCTGAACCCACCGGACTCCCCQGCGGCGGACACCAG

Q 540
COAA3?GACCTCTGTGTCCACGGTGOGTCCCACQCCCaATAACCCC(3CCGTCAATACGCCG

T S V S T V G P F P D H P A V M T P  5 6 0  
CAGTCGTCATCrAACTCGSTCAAGGTGAAG(5TTTTCTAa?CAGGACGATCTGATTGCf5ATT 

Q S S S W S V K V K V F Y Q D D L I A X 5 8 Q  
CGAGTACCCTCGGACATCGATTACGCTACTCTACACGACCGGTTGTGTGAGCGA'raACGG

P S D I D Y A T L H D R L C E R L R 6 0 0  
GTCGAGACGCTGAGTC1ACTGTACAAGGCAGAT3RCGGTAGCCGGOT13GTTDATCAJ3CAAC

T L S L L Y E A D D G S R V V I S N 6 2 0  
^TGAGGATCKJGGCGCTGCAGTGTACGGAAAGAACAAGCTAGTTTTGTACGCTAGTTAA 

D E D L G A A V Y  G R K K I t V L Y  A S  -  6 3 9
GAOTGGCCTTTGGGAGTGCTGGAGTCAAATTTCGCGTTTCTGGCTGTTCAAAGCGGGCTT:

TTATGCATTGAGCGTCGCGCGTCTTGCACCCA&CCCGTTTGAAAACTTGAACCACCACCA
GGAGGTOCGTCCGR&GACGAXGTSQGCAXTGTGTAFTTSRGGVGTASGAXAXAXTTTS&A
GGCTGTGTTATGATTTGAGSGATCGGGGGACCGTACGGGTAGCTATATGTCTTACAGTGG

Figure 5-2. Nucleotide sequence of the YlBEMl gene and deduced amino acid 
sequence of TZBemlp. The transcriptional start site of the YlBEMl 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 ofBemlp of Y. lipolytica (HBemlp) and its 
homologs from S. pombe (<S^Scd2p) and S. cerevisiae (ScBemlp). 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=zF=:Y = W ;K = R = H; 
D = E = Q = N; and S = T = Q = N. GenBank accession numbers: AAA50557 (S/?Scd2p) 
and CAA45320 (ScBemlp).
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putative PEST regions, which are commonly found in rapidly degraded proteins 

(Chevailiier, 1993; Rechsteiner and Rogers, 1996), are predicted at residues 98-113, 

457-487, and 496-516 of ITBemlp.

5.3 Transcription of the YIBEM1 gene is increased during the yeast-to-hypha 

transition

The dimorphic transition was induced in exponentially growing E l22 cells by a 15- 

min carbon source starvation period at 4°C, followed by transfer to YNBGlcNAc 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 YIBEM1 mRNA was at levels 

undetectable by this approach. To circumvent this limitation, semiquantitative RT-PCR 

experiments were performed using YIHIS1, 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 YIBEM1 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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Figure 5-4. Transcription of the YIHIS1 gene during the dimorphic transition. Total 
RNA was isolated from E l 22 cells incubated at 28°C in YNBGlcNAc (induction ofhyphal 
growth) or YNBGlc (control culture, growth as the yeast form) for the times indicated and 
subjected to Northern blot analysis. 10 pg ofRNA from each time point was separated on 
a formaldehyde agarose gel and transferred to nitrocellulose. Blots were hybridized with 
a probe specific for the Y1HIS1 gene. Equal loading of RNA was ensured by ethidium 
bromide staining.
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Figure 5-5. Transcription of the YIBEM1 gene is increased during the dimorphic 
transition. Total RNA was isolated from E l22 cells incubated at 28°C in YNBGlcNAc 
(induction of hyphal growth) or YNBGlc (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. YIBEM1 mRNA expression was normalized to YIHIS1 
mRNA.
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5.4 F/Bemlp is concentrated at sites of growth and at the mother-bad neck in cells 

of F. lipolytica

To determine the subcellular localization of F/Bemlp, a plasmid expressing 

F/Bemlp fused at its carboxyl terminus to the green fluorescent protein (GFP) was 

introduced into the Y lipolytica strain bemlK0157. After incubation of these cells for 24 

h in YNBGlc liquid medium at 28°C, the F/Bemlp-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. 5-6 A, 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 pBEMl, corresponding to nucleotides -3 to +2700 of 

YIBEM1, was replaced bya 1.6-kbp fragment containing the Y. lipolytica URA3 gene (Fig. 

5-7A). This construct was digested with BamYH and CM 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 YIBEM1, respectively, and this linear fragment was used to transform the wild-type Y. 

lipolytica strain E122 (Table 2-5 and Fig. 5-1 A) to uracil prototrophy. Of 199 Ura+ 

transformants obtained, five showed a fully smooth phenotype after 3 days on YEPD-agar. 

One of these five, bemlK0157 (Table 2-5 and Fig. 5-1C), was selected for further studies
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Figure 5-6. Localization of GFP-tagged HBemlp in yeast (A and B), pseudohyphal 
(C) and hyphal (D) bemlKOl57cells carrying plasmid pBEMl-GFP. Arrows indicate 
sites at which the HBemlp-GFP chimera concentrates. Bars, 5 pm.
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following Southern blot analysis confirming the correct replacement of the YIBEM1 gene 

by YIURA3 (Fig. 5-7B).

Because the products of the S. pombe scd2 and S. cerevisiae BEM1 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. bemlA cells grown in liquid media were indeed unable to form hyphae 

or pseudohyphae, even after prolonged periods of incubation (Fig. 5-8). Remarkably, 

bemlA 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 YIBEM1 gene on actin 

localization in Y. lipolytica were investigated. As previously described (Chapter 4), actin- 

rich zones were observed at the apices ofhyphal, 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 YIBEM1 gene. (A) Diagram illustrating the 
targeted gene replacement strategy for the YIBEM1 gene. The ORFs and directionality of 
the YIBEM1 and YIURA3 genes are indicated by the arrows. (B) Southern blot analysis of 
Zta/wHI-digested genomic DNA from Y. lipolytica wild-type strain E l 22 and mutant strain 
bemlK0157, confirming the replacement of the YIBEM1 gene segment by the YIURA3- 
containing linear molecule.
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WT b e m i A

Figure 5-8. Disruption of the YIBEM1 gene affects cell morphology and impairs 
hyphal and pseudohyphal growth of Y. lipolytica in YEPD liquid medium. Top
panels, exponential growth phase (optical density at 600 nm [OD600] = 1). Bottom panels, 
stationary phase (OD600 = 10). WT, wild-type strain E l22. bemlA, strain bemlK0157. 
Bars, 5 pm.
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Bright Field DAPI
*  „

bemlA

Figure 5-9. Y. lipolytica beml null mutants exhibit binucleation. Bright field images 
of cells and DAPI staining of nuclei of cells from the wild-type strain E l 22 {WT, upper 
panels) and mutant strain beml KOI 57 {beml A, bottom panels), grown in YEPD liquid 
medium for 12 h at 28°C. Arrows indicate binucleate cells. Bars, 5 pm.
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(Fig. 5-10, panels G to I). Furthermore, in contrast to what is observed in wild-type cells 

(Fig. 5-10E), beml A 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 beml 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 beml A cells. In addition, bud scars of beml A cells 

were considerably larger than those of wild-type cells, and the random selection ofbudding 

sites appears to be prevalent in beml A 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 YIBEM1 gene had an effect on the mating 

ability of Y. lipolytica. No diploid strains were obtained upon crossing strain beml KOI 57 

with the isogenic wild-type strain 22301-3 (Table 2-5), thus concluding that YIBEM1 is 

essential for mating in Y. lipolytica.

5.8 Isolation and characterization of the YISEC31 gene

The YISEC31 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 bemlA cells. Actin was stained with Oregon Green 488 phalloidin and 
detected by fluorescence microscopy. (A to F) Wild-type strain E l 22. (G to I) beml A 
strain bemlK0157. (A to C) Wild-type yeast cells; (D and E) wild-type pseudohyphal 
cells; (F) wild-type hyphal cells; (G to I) yeast-like bemlA cells. Arrows indicate actin- 
rich zones in E l 22 and beml KOI 57 cells. Bars, 5 pm.
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WT b em lA

Figure 5-11. Disruption of the YIBEM1 gene affects the budding pattern and chitin 
deposition in Y. lipolytica. Chitin was stained with Fluorescent Brightener 28 and 
detected by fluorescence microscopy. WT, wild-type strain El 22. beml A, strain 
beml KOI 57.
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ability to enhance filamentous growth upon introduction into Y. lipolytica E l 22 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 BamEl-Sphl 

fragment capable of enhancing hyphal growth upon introduction into the wild-type E l22 

strain. Sequencing of this fragment revealed that the largest ORF, the YISEC31 gene, 

contained 3615 bp coding for a 1204-amino acid protein, 17Sec31p, with a predicted 

molecular weight of 126,997 Da (Fig. 5-13).

Analysis of the predicted amino acid sequence of T?Sec31p suggests that its closest 

homologs are Sec3 Ip from S', cerevisiae (ScSec31p) and S. pombe (S/?Sec3 Ip) (31.3% and 

27.6% identity, respectively) (Fig. 5-14), two WD-proteins that are essential components 

of the COPD coat and are required for transport vesicle budding from the endoplasmic 

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

5.9 Overexpression of METY1, YIRAC1 or YISEC31 partially restores hyphal growth 

to beml null mutants of Y. lipolytica

To gain some initial insight into the interactions among YIBEM1, YIRAC1, 

YISEC31 and MHY1, autonomously replicating plasmids carrying these genes (pBEMl, 

pRACl, pSEC31, and pMHYl, respectively) were introduced into the null mutants 

bemlK0157, raclKOSO and mhylK09 (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 E l22. (A) Filamentous phenotype of a colony of wild-type E l22 cells. (B) 
Enhanced filamentous phenotype of a colony of E l 22 cells transformed with the plasmid 
pSEC31. Colonies were photographed at x 100 magnification after 3 days of incubation 
at 28°C on YNA-agar plates.

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



166

-636  AGTTGTTGABOTCTATA&TGTTSIUSGSTCBAXCAAAIAITTrQGACftGTTGGTTATCCTO 
-376  GftCCTOTAGCaTTCflfl6 TTAgCmyfCT,ggBa<rai^aawa.ita»(i'P&ry^«aa«&-iyMl^ T ^  
-S 1 6  GSWOBkSCTTftGATCACftCTTCTCMUPEAWAiFAIAffATRraffASASATSATCAKSftAKC 
-4 5 6  ACOTectraM^paKaAOCMTSOTJUvoocaTcia^AS&ccctaakftTecaiAMCfcCfc 
-3 9 6  X^CTCSaCKaU^gTTaftJGTaTGCCTlKCTTlWJIATCAAAaftCCairaftATTfcaVCTASC 
-3 3 6  TACiWJCAQCTOCACJCAirCTCAGTCTCTaftASTOTftAAAflGAAChCGrCCUiCTJUlCTOOG 
-2 7 6  AACTGCAACIACCAGTGGWJGTAlJrGGGCEAAATAACCGCCACTAAftCAGOCTTtaAGAGG 
-216  TGCtahA^T'tACAA'TrOASftCCtSiATAflAAACftCrSAIAAA.CAAC&ArGCCarrtJTGATTsa

170S

1765

1625

1385

1945

2005

GCTOCTCTTGOTeACCCTGTTCJlMIACSiCTTAOSQGtSlAOCTCACTTrOSGaASCTGQCT

AAfflaaCTGftCC*Aa3ftCAATGra3CTCCrriACACrrGCCC3UOTCTCCS3CTCTGAAQa>l3

145 OAlQ0QhXCXrrCC(»O(»AXrrCC(3TCT7»CaUU»CCSCC9roTCIAXCTCTOaX»ZACa 
D R S S E O F R L T K P A V S I S A D T  

205 CS7TTCCACSAVCTCQTCTOGC>kCAACfcCC(343C3tflQCA£3«3CCTaATCt3TOS<3&aCCMn?

S S a S L E V K B A D H I K D S a T  
325 TCTt^C&AtXaftGCftCTCGgCKXXTEAK aAGftCCCTOCaftTTCgftCCCCCftCAACCCCACC

S G P I K I L Q P B S ?385 AatusTQOTTTCTaygioocfcocaaaeeggftflMCTrTOTOTagcaCTTercGaacccxaftA
1  S  T D A 6  D I  E S X,

505 TTGAACAAGMCftCCMftAACMWCTCOCCAOCrCMfCGTCCRATQffiCAIGACGfcCCTiTC

683 CCT<3TCATQCTCATC^CK3GACCTCAM&ACGCAAATC22ACCCGAGGGTGrfi3C?0CAAGGC

745 CRCTCCAAGGffirATCTTGTCTGPCGACTGGTOC
H S K G I L S V D S C Q L D P  

805 TGTOgtftftBSMAftOOaAACCggGCTgTCn&ftCCCSaftCftCOCACQftflTOTCTCgGgaftO

865 TACG<»aGT(XSKACaA3TQG&CCTTCAAaRCTAAGCIGAA2afACGRACCCCCS3*TCTO 
T G A A Q N W T F K T K 1 H E R 2 P D I ,  

923 TTTGCTACCGCOTCOTTCaAGGGCAASftTTOTCATTCSlGACTCTGCAQG&CaTGAAiaQft
I Q T L Q D V N

935 QGaGftOGCTCCTGCCCfcgGMGQCQMgTTTJCCAAftACCTCGGCftCOCftgrCOCftgGCC

D R L X. D E K A 3 D

S  L D D 8 L K D

1049 AAGATTTC0CTCAA3CA£!GCCCCCTCM'GaCT3CAGCGACCC3Ti3TCCAACTCSTTT3GA 
K X S L K Q A P S W L O H P V S H S f f a  

1105  TSCX3QAOSAAAGA3‘T<JI<aCTi3TCACAACCACC3AGS<X3lAfiR3TACTffiPACAA3TTSGA P G G K I V T V T t t P D O S S r V Q

346

366

1223 ACCTaKtCMrTTaACeAOSXCAAQaecaCCaAOR3QAASGXTCTCGAGeCTClX3U3CMU3 

1285 C

1345 GAaGAlGACTCTOAAGAnSTTTTCAOGAAaATGtCTCCTTCCtJGTOCCTTCTGTCTAaAS 
E D D S B D V P S K M S P S G A F 8 1 . B  

1405 TCmW3AOCCXaiTCAATCAGGCCATC3VrGAACGGGAA=CTCTCIAGTGCCGtrrOATCTO 
S S D P I H Q A I  1 H S H 1 S T A V D X .  

1465 TCraCTTAAflGftgC&CCflgCTTCTGGACGO-'I'TXat.I'I.TgGCTtaiuaAAaSCCrggGfelOCC

1325 HTCAAaACCAAQGTTCAiaAGaCATACYlTaCTAAGCAGACCTCCAaGACTGCXCaACTT 
V K T K V Q K A T F A K Q T S S T A R L  

1565 CTCAACOCTGTCaAeAGCAACAaCCTTflAmA.aJfCajrX'UAlSACaCTAATGTCAftOafJ'

1645 TgoAAaaAAATTCTogcTCCTgEAttaciBcraACgQcsffluaCTcagpTTaGcgaigraecT 
W K S I X , A l £ . T S X © G A Q R O D X , A

2125

2185

2245

2305

2365

2425

2485

2545

2605

2665

2723

2785

2845

2909

2965 (

3025  C

3085

314S

3205

3265

3325

3385

3445

350S

TCTGCCTACOOAAASCCTTCTTAT GOGAST SCTACCeCCCAGOCSS CTSCTSACACGCCT 

ACCOOT̂rOOSaiGGriCCATaiMOCrCCTGCTOTGCXnSJCCeCCQCTGCTCCTOClA 
GC09=T<3CTCCCCCAO3C3U3TaCT0C36Cl>©CaCCSnCm32CCTaCC2VASAAaaOI‘AC

A P Q P P A P V T G F A P A A Q 3 P G A  808 
CCCCAGCAAAAGACACACA&CCCCTAGAACCCC&CTCCTCSliGftCIAMfGCTTATGCTCCT 

P Q Q H T B H P 3 H P T P Q T H A T A P  828 
CAGG®XAACGCCTACAOTQCTGGTGCCGAaCfe<iAACaCCT,ACSaAAaGTCTACTCCX>3GC 

Q G H A T S A A P Q Q M T X e R S T P G  848 
GGAGGTCCTGTTCGAhCCACAGCTCCTCGTCACaAG&CTGCTGGCTACAATGATCTGCCT 

G G 8 7 R T ¥ & P S S C T A G X I I D X . P  B68 
GCAGGTTCTOTCCCICCCCCTAAllAMSTGfifiCTCCEAGCCCGGGTCT^ATCTCQTCTOCC

TCTGTaAA2lCBtftOTCACCTCTCCCCalfgTGCC7ABCGgRG<3ygrAAfcC«CC-CAlrG<3CTrC
CCTATTOGAIKITGCACSXTCTCCTTATQGA(3CCC3U3GCT<3CGlEACG<3ij3CTCQACCCCCT

P I S G A P S P 3 G A Q A A T G A R P P
aT«XTOOCCW33TOTGTCCTCCCCCIOCTAACCCCTACGCTCCTGGCe3iGTCaCCTSCT

ACTGOTGGCTTGACTtgZAQCTCCTGCTCCTCftg aCAGQTOGASOCTACACTQCTOCTCCT 
T a O F T G A P A P H A G G G T T A P P  1048 

CCTGCTCAfflJTTGCrCCTCCTCCCGCTOGrCCTCCTCGAAACAGCGTGGCT'CCTCCCCCC 
P A Q V A P P P A G P P R H S V A F P P  1068

5 7GAZAGTTAATaAATaCiM3AWTAGAATGGTGXGTaGa7GTAGAT<»0K%GACATGTCaA 
3 AGACAQACJGTTCJATtAACACCGTAACGtSffGAACTCTTaAOTCOAGCfflrTCAXGAaATQA 
> AraSTCCCQTCMIAICAJrrCCrTTCTl&GTTAS'ASrTTAfiftACTGCftAGACSUWATGTAGTA 
3 TCTTGTAOTACAAGTACAEACTGAACAOTATATATAflARSSGrACTCTCOTTATCCCCsGT

Figure 5-13. Nucleotide sequence of the YISEC31 gene and deduced amino acid 
sequence of F/Sec31p. 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

rZSecSlp
£cS®>e3Xp Ss2?®e3Ip SZ5 p̂SecSlp COS'

iOS©c31p
S e S « c 3 ip
soSec31ts

V 2 S e o 3 ip  5X2 
® cB ee31p 10 S 
SfcSacSXp 115

ylSecSlp 553 
Scr£®c31p SSI 
SpSeaSXp SS9

rUSseSlp 113 
f tc S o e S ip  741  
SpS& cSlp 7  28 B = a m

rxs®c31p 357 § SsSscSlj) 166 «  
SJpSscSXp 150 1

ScSssSnp ®01 fgsg 
*fcsS8®c31jc 734  BEEJQ ■ 2

r 2 S a c 3 1 p  218  |  
SaS© e31p S ScBeGTip 1

riSaeSlj?
ecSs«;21p
SpSacaip i i l B H B R t f l H B M

XZSttaXtp 832 -----t P f "  aWAt$ra&ft*BP?

s s  . v ; S 2 ^ d @ B H s i

rXSeoSlp
ScSec31p
S®S.*eSlp t l  S S a ^ s s a r

YZS©c31p S3S G$ja 
»©Soc3ip 3431 Sfi?£ 
Sp3ac3l3i 559 p a ?

JT2Se«31p
.asSsaSlp
3j^a31p 13 1 S  S 'SK.S& /5T#
jriK®o31p
ScB&aSZp
SpSesSXjs

436 ----------------

45 S ||si^CS3^SKS^242S-r-------------- I srLS*o3i5> 10 
ScSwoKLp
Sp8®c21p 10'

jf is a ra sK K M a ii n  > ^
I'iSeoSlp
S»S«c31p
ejSaeSlp

523 - J rXSacSlp 1004 §g— 
SeSseSXp ilS l S7VSH
fs&B’uz&ip m s  2$~

r2S«a31p 
SeSecSlp 
SpSao31?

539 saaggiM M

ss: s. ’ -------------- ■ 1 ri3&c3lp 1251 « |  
SffSes31P 1221 fjfcl 
£5P8*e31p 1273 -T ^ w w iyw w ig

Figure 5-14. Amino acid sequence alignment of Sec3lp of Y. lipolytica (J7Sec3 lp) and 
its homologs from S. cerevisiae (ScSecSlp) 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=r L - M  = F = Y = W; 
K = R = H;D = E = Q = N; and S = T = Q = N. GenBank accession numbers: S58782 
(&Sec31p) and CAA17835 (SpSec31p).

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



168

After 3 days of incubation on YNA-agar plates at 28°C, overexpression of MHY1, 

YIRAC1 and YISEC31 appeared to partially suppress the morphological defects of the 

YIBEM1 gene disruption (Fig. 5-15, panels A to E). Notably, MHY1 was the strongest 

inducer of filamentous growth in the beml A background (Fig. 5-15C), and YIRAC1 was 

a stronger inducer of filamentation than YISEC31 (Fig. 5-15, compare panel D to E). In 

addition, overexpression of MHY1 or YlRACl in beml 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 raclA cells 

(Fig. 5-15, panels F and G), but to a much lesser degree than when YlRACl was 

overexpressed in the bemlA background (Fig. 5-15, panels B and D; compare panels D and 

G). No apparent effect was observed when YIBEM1 was overexpressed in mhylA cells 

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

5.10 Discussion

This chapter describes the isolation of the Y. lipolytica BEM1 gene and the initial 

characterization of its protein product, TTBemlp. TZBemlp 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, F7Bemlp 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 autonomously replicating plasmids carrying the 
MHY1, YlRACl, YISEC31 and YIBEM1 genes. (A) Wild-type strain E l22; (B) mutant 
strain beml KOI 5 7; (C) strain beml KOI 5 7 transformed with plasmid pMHYl; (D) strain 
beml KOI 57 transformed with plasmid pRACl; (E) strain beml KOI 57 transformed with 
plasmid pSEC31; (F) mutant strain raclKO30; (G) strain raclKOSO transformed with 
plasmid pBEMl; (H) mutant strain mhylK09; (I) strain mhylK09 transformed with 
plasmid pBEMl. Colonies and cells were photographed after 3 days of incubation at 28°C 
on YNA-agar plates. Colony magnification, xlOO. Bars, 5 pm.
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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 BEM1 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. lipolytica 

beml null mutants show obvious defects in bud site selection. These characteristics clearly 

point to a role for TTBemlp 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, TTBemlp is 

concentrated at the growing tips of yeast, hyphal and pseudohyphal cells. However, it is 

remarkable that while TTBem 1 p levels are increased at the bud tip during early bud growth, 

TTBemlp 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 TTBemlp, 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 YIBEM1 are significantly increased during 

the yeast-to-hypha transition and TTBemlp appears to be abundant during the entire cell 

cycle in actively growing hyphal and pseudohyphal cells. It is also noteworthy that 

although Y. lipolytica beml 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 a l, 1997; Sherwood et 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 TTBemlp to 

promote hyphal growth. In the absence of TTBemlp, 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 MHY1 partially suppresses 

the morphological defects of Y. lipolytica beml null mutants, whereas YIBEM1 has no 

apparent effect when overexpressed in cells lacking functional MHY1. More remarkably, 

overexpression of YlRACl in beml A cells was able to induce greater hyphal growth than 

overexpression of YIBEM1 in cells lacking functional YlRACl. These observations, 

coupled with the observations that overexpression of MHY1 does not suppress the 

morphological defects of racl A cells (Chapter 4) and beml A and raclA 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 YlRACl and YIBEM1, and 

YlRACl is a stronger regulator ofhyphal growth than YIBEM1. 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 F/Bemlp would support hyphal 

growth when either MHY1 or YlRACl is overexpressed in bemlA cells, but the lack of 

functional F/Bemlp would result in increased branching. Conversely, an increased 

production of F/Bemlp would result in partial induction of hyphal growth in ra d  A cells 

due to a partial increase in cell polarity, whereas in the absence of functional Mhylp this 

increase would be insufficient to induce any filamentation.

In closing, the observation that YISEC31 partially restores hyphal growth when 

overexpressed in beml A cells further supports the hypothesis that polarity proteins other 

than F/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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C h a p t e r  6

I s o l a t io n  a n d  C h a r a c t e r i z a t i o n  o f  YlBMHl a n d  YIBMH2, 

T w o  G e n e s  E n c o d i n g  14-3-3 P r o t e i n s  o f  F. lipolytica

A version of this chapter has been submitted to the journal Microbiology as “YlBMHl 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 

YIBMH1, a gene encoding a 14-3-3 protein and whose transcription levels are increased 

during the yeast-to-hypha transition. Remarkably, overexpression of YIBMH1 was able 

to enhance pseudohyphae formation in a strain lacking functional YlRACl but caused no 

visible effects in mhylA and beml A cells, thus suggesting that YIBMH1 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, 

HBmh2p, that contains a 19-amino acid insertion absent in all other members of this 

family. Differently from YIBMH1, the transcription levels of YIBMH2 do not show any 

apparent variation during the induction of hyphal growth, and its overexpression has no 

effect on cells lacking functional MHY1, YlRACl, or YIBEM1. Taken together, these 

observations suggest that, in spite of their high conservation, TTBmh 1 p and T®mh2p have 

different cellular functions.

6.2 Isolation of the Y. lipolytica CHY3350 mutant strain

The Y. lipolytica mutant strain CHY3350 (Fig. 6-IB) was isolated after chemical 

mutagenesis of Y. lipolytica E l 22 cells (Fig. 6-1 A) 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 E l 22 cells. (B) Smooth phenotype of a colony of CHY3350 cells. (C) 
Rough phenotype of a colony of CHY3350 cells transformed with the plasmid pBMHl. 
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 et a l, 1993). Subsequent analysis 

showed that this attribute was lost at a rate of 3-5 x 10'2 per generation and that the smooth 

phenotype was not due to mutations in the YIBMH1 gene.

6.3 Isolation and characterization of the YIBMH1 gene

The YIBMH1 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 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, pBMHl, 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 BamHl-BamEl 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 a l, 1994; Strick e ta l, 1992; Teem et al., 1984) is found three 

nucleotides downstream of the 3' internal consensus TACTAAC sequence.

The upstream regulatory region of the YIBMH1 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 e ta l, 1994; Xuan et a l, 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 YIBMH1, HBmhlp, is 276 amino acids in length 

(Fig. 6-2), has a predicted molecular mass of 31,166 Da, and a typical acidic pi of 4.91 (Fu 

et a l, 2000). Analysis of the predicted amino acid sequence revealed that FTBmhlp 

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 KBmhlp.

6.4 Isolation and characterization of the YIBMH2 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 FTBmhlp. Indeed, a comprehensive 

database screening revealed the existence of a partial sequence (GenBank accession 

number: AL413320) encoding a potential 14-3-3 protein different from KBmhlp. Based 

on this sequence, a 3.7-kbp BamHl-BamHl fragment was isolated by high fidelity PCR 

using a Y. lipolytica genomic DNA library as template. Sequencing of this fragment 

(YIBMH2) 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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- 4 8 8  AGGAICXCCCCmCGXACXXGXACCAIACCCCAIGGAGACACCAAXGGXCXXTCACGCAC 
- 4 2 8  ACTGTCGXGTGCTGXATCGCAGAATCGGGTGTCCAACCAAATGCCGTTACCCCCACGXCA 
- 3 6 8  CAGCCGATAGACAGAIACACCAXCAAXACCAGCAGGXTGXAXCAXGCGGXXGGCXGAAGG 
- 3 0 8  XAAGCXGAXXGGXCXAAAAACXGTAGCXGTCCXAATICAACGAGCGCXAXIXGGGGCCAA 
- 2 4 8  CCAeCXCGGCCAAGCGGCCXXXAAXCXGCGXGCCCCAGAGGCGXCXCATGAGGCXCXGGC 
-1 8 8  CGCCACXGXAGGAGIGIXXCICXGXGCGCACACGCAGXXXXGAGXXXGGGCGACXXXCCC 
- 1 2 8  TTTTTCCCAATTGCGTACACACACAGCTCCGAGCTAAGCGCTGTCCTTGAACCTTCTCCC 

- 6 8  XCXIXXCCCXCIXXXXCXCXXCCCCXXCCCCXCCXCCACAXXAAGGCCAAAXCCXGAATX 
[-► mRNA

- 2 4  GCACCAACTAGXACAACGAeAAeAAXGXCXXCXGAGGXAAAXAXXGAGCGAXXGCCACGG
M S S 3  4

37 CAAACCACGACXGGAAACCACCAAAXCCAXCXCIGCGAXGCGCCAXCXGCCCXCGXGGCC 
97 XCXXXXCXCCCGCIXCAACXCCCCAAACACACCACACGXCXGIGACAXXGCXGCGCCCCX 

157  CACACGCGACAAATCGAAGGTCAATCTCGCCCAATCGCACATCCATCACACAICCAAGGT 
217 CXCCGCCGXCAXCCAXXCXCCAGGXGCCCXXXAAXXCCCCXCXCGCCGCCACCXGCCACG 
2 7 7  CXGXIXXXXGCAXGXGCCXCCCXAXXCXGCCCAGXIXIGGGCXGICGXGXXCAXXGCGTX 
337  XGXGXXXGCAXAXGXGXGCCCCAXGXGXXXXGCCACGACAXCACAACCGCAGAACCGCAA 
3 9 7  ACGGAXGAIGCGGAXGAXGXGAXGGAXXGAXICAAXXGCGAXGGCCGXXXGCAACCAGCA 
457 XXGXGIGGXGGGIXXAXXCCCCCACACCGAGXAGCXACGAAGAXGACXAGAXGAXGAXGA 
517 XGGXGXGXGACGACGACXGCAACAACCCAGCGAGAAAAGAAGCGGXCACGACGAGCCGAX 
577  GAGAAACGCAGAIGAXAACGXXXXGGXGAXGAAICCAICAXAXAXCGXGXGAGXACACCC 
637 CXCAXCAACACAGAXACXAACCAXXAGAGAGAAACCAAGACCXXCCXXGCCCGGCXCXGX

R E I K T F L A R L C  15
697 GAGCAGGCXGACCGAXACGACGAGAXGGXCAACXACAXGAAGGACGXCGCXAAGXCCGGX

E Q A D R Y D E M V N Y M K D V A K S G  35
757  GAGGAGCIXACXGXCGACGAGCGAAAXCXGCXXXCCGTCGCXXACAAGAACGIXAXCGGC

E E L X V D E R N L L S V A X K N V I G  55
817 GCXCGACGAGCCAGCXGGAGAGXCAXXXXCCCCAXAGAGCAGAAGGAGGAGGCCAAGGGX

A R R A S W R V I F P I E Q K E B A K G  75
877 GCCACCCACCAXCXCGAGCXXCXCAAGACCXACAGAGCCAAGAXXGAGGCAGAGCXCGAA

A X H H L E L L K X Y R A K I E A E L E  95
937 GACAICXGCAGCGAIGXXCXXGAXAXCCXCACCAACCACCXCCXCCCCAAGGCCGAGAAC

D I C S D V L D X L X N H L L P K A E H  115
997 GCCGAGXCXAAGGXCXXCXACIACAAGAIGAAGGGXGACXACCAICGAXACCXXGCCGAG

A E S K V F Y Y K M K G D Y H R Y L A E  135
10 5 7  XXCACCXCCGGCGAGAAGCGAAAAGAGGCXGCCACXGCCGCXCACGAGXCAIACAAGAGC

F X S G E K R K E A A X A A H E S Y K S  155
1117  GCCACXGAIGXXGCCCAGACXGAGCICAGCXCAACXCACCCCAICCGACXIGGXCICGCX

A X D V A Q T E L S S X H P I R L G L A  175
1177 CICAACXICXCCGTCXXCXACXACGAGAXXCXCAACICGCCAGACCGXGCXIGCCACCTX

L N F S V F Y Y E I L N S P D R A C H L  195
1237  GCCAAGCAGGCIXICGAXGAIGCCAXCGCIGAGCXCGACACXCXCXCCGAGGAGICXXTC

A K Q A F D D A I A E L D X L S E E S F  215
1 2 9 7  CGAGACXCXACCGXCAXIAXGCAGCXXCIGCGAGACAACCIGACCCXCXGGAAGAACGAC

R D S T V I M Q X L R D N L T L W K N D  235
1357  CXCGAAGAGICICXGCAAGCCCAGCAGICXGAGGAGACCCCXGCCACCGAXGCXGCCGCX

L E E S X i Q A Q Q S E E X F A X D A A A  255
1417 GCXXCCACCGAGGCXGCXGCCCCCAAGGAGGAGGCCAAGCCCGCXGCXGAGGAGCCCAAG

A S I B A A A P K E E A K P A A E E P K  275
1477 GAGXAGAGXAGXGCXXXAAXXXXXAXGXAAAAACAAXXAAGAGXGXGAXGGAAAGGXXCG

E -  276
1537  XAXAGCXAXAAXGAGGCXCCCXCACAACACAXGCXXGCAAAAGAAXXCGXGXAXGXCGTA 
1597  XXGXAXXXXGAGGXGXXXXAAXCAAAXGAXGAGXCAXACXGGXGAAACAAAAAGACAXGA 
1657 AGCCXCAAACGXAGXGXX

Figure 6-2. Nucleotide sequence of the YIBMH1 gene and deduced amino acid 
sequence of FZBmhlp. The transcriptional start site of the YIBMH1 gene is indicated. 
The consensus sequences for intron splicing are underlined.
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-4 9 6  TCCAACAAATTTCCTXCAA&ACATATCATAAACTCTAACAAATTTA&ACAAA&CCTACCC 
-4 3 6  XAAACXCXAGCAAATCTCCAACAAAACCIACCCTAAACXCAAACAACCCXCCCAACXAAT 
-3 7 6  TCCCCACAAAATTCTCCAAAATCTGAACTAACAAfiATCCCACACATGATCCTAGCTAACC 
-3 1 6  CACCCA&CCATCACCCAATAAAAaATCAGACCAAACAAATACATTCCTCTAACCCTCAAA 
-2 5 6  CAICAXCTCCGAACCCAAACCCTAGCCCAACCCIAGCCAAGCACTCCCCAAACCCCCACA 
-1 9 6  ATAAAACTAICCCCCACGGXAXCGCAAAAXCXXAAXCAGXXACCCGGAAXAXGCACAAXG 
-1 3  6 AAGXCAXAXACCCXAACCCCGAAATACCCCXXXCGGACCGGAACGXAGCAXCA&ACCTAC 

-7 6  TTCTTACCTGCCAACACCGCTGC&TAATATCCCACCTCACTTACTATCAAACACACAC&A 
[-* mRNA

-1 6  AACCAAACTTGAAAAAa.GTGAGTATTTGAAAGCGGGCCTCGGAGAAATTGGACACATTlG

45 XGXCCAAGACAXGCTCXCIGTGGACTTATXCGGXGGGGGAGGICACGXACCCXXGGXGGG 
105 CGGCGXGCGGAXXGTGXCGXTXACACGGTCCGCGXCXXAGXGIXCCGCCCCCAACAGCGC 
165 GXCXXXIXGIAGXGGAACACAAAAAGGXGXGCACAGACACAAGTGACAIAAGGAGCGIGG 
225 GCGGGICGGGAGAXGGAGGTGGAAGXGGAAGIGATGACCCAATGACCXGIXGIGGXXGCG 
285 XXACCGTXGXTGXXGGCAIXGXXGGCXGTCGCXXCCXXGXCGXGXCXCXGITXCTGXGXA 
345 ACXCCGXCCXGXGGTIGTTAAXGCCGCAXGCGGXXXAXCXCCCGXXGXCAXGXGXTXGIG 
405 XXGGGGCAAXGXXCTGTXGCAATGXGCGAGGXTGGGACGCCXAGGGXCAXGIGCXGCCGX 
465 GGCCCACGXCGXGACAXXXGTCGXGCGGXGGCAGTGGCGXGAIGGGCAAXAXIGACAGAX 
525 GGATGTGftACTTGTATCATTGGGACCATATTACCGTGGTAGTAXATCGGCTAGACGAAXT 
585 GXTCCGXXXCXAXAXCGCCAXGCCCXXGXCCCGGGXXTXGXXIACACCACCACXXGAAGC 
645 XCXGXCXCCACGAGAXXGGGXACAXGXXGAAXXGCGACAAXGXGCAXCIGTIXTCGXXCT 
705 GXXXCGIXCIGGAXG&AXAXAXGCGCXXGAAXCGAXGCGXAXCCATGTXCIGCTGXXACC 
765 AXXGAGCGCAAGCCCGACCCCACGXACXAXXCCGXXCGXACX&ACCGAGXGACGCGAGAA

M X R 4
825 GAGAACAXCXACCXGGCXCGXCXXXCCGAGGAGGCCGGCCGXXACGAAGACAXGGXGGAG

D N I Y L A R L S E Q A G R Y E D M V E  24
885 TACAXGAAGGAGAXXGCCACCGGCGACCAGGAGCTGTCXGXGGAGGAGCGAAACCXGCIC

Y M K E I A I G D Q E L S V E E R N L I .  44
945 XCCGXGGCAXACAAGAACGXGATIGGCGCXCACCGAGCAXGGXGGCGAGXGGXCAGCAGC

S V A Y K N V I G A H R A W W R V V S S  64
1005 XGCGAGCAGAAGGAGGAGCAAAAGGGCAAGGAGACCAAGAXCAXCGACGACIXCCGICAG

C E Q K E E Q K G K E X K I I D D F R Q  84
1065 AAGAXXGAGGCCGGTCXGCAGGACAXXIGCCACGACAXXCXCAACGXGCXXGAGAAGCAC

K I E A G L Q D I C H D I L N V L E K H  104
1125 CXGAXCCCCAAGCXCGAG&AGCCCTCGGCCGAGGCCACXGAGGCXGCXGCCAAGGAXGGC

L I  P K L E K P S A E A X E A A A K D G  124
1185 GCCGACCCCAGCGAGCXGXCCGAGTCCAXCGXCXXCXACIACAAGAXGAAGGGXGACIAC

A D P S E L S E S I V F Y Y K M K G D Y  144
1245 XACCGAXACCXGGCCGAGXXCACCACCGACGACAAGCGAAAGGAGGCXGCCGAGAAGXCG

Y R Y L A E F X X D D K R K E A A E K S  164
1305 CXGCAGGCCXACCAGXXIGCXICCGACGAGGCCACCTCCAAGCXGCCCCCCACCCACCAC

L Q A Y Q F A S D E A I S K L P P I H H  184
1365 AXXCGGCIGGGXCXGGCXCICAACXICXCCGXCTTCTAIIACGAGAXXCXCAACXCGCCC

I R L G L A 1 N F S V F Y Y E I L N S P  204
1425 GAGCGAGCCXGCCAGCXGGCCAAGCAGGCXXXCGACGAIGCCAXXGCTGACAXXGACXCC

E R A C Q L A K Q A F D D A X A D X D S  224
1485 AXCACCGAGGAGCGAAGCAAGGACXAXGCXCXGAXCAXGCAGCXGCXGCGAGAXAACCXC

I T E E R S K D Y A L I M Q L 1 R D K L  244
1545 ACGXXGIGGACCAACAAXGACG&GCCCGAGCAGGCGXAAGXGAACAXGCAAGXGAACAXG

I L W I N N D E P E Q A -  256
1605 CAAGXGAACAIGAGCGCXGCAAAXGIGAATAXGGCGGCGCAAGCGCAGICXGXGAXAXCG 
1665 AGAXCGAGCAAXCGGXGCXGGGAACAAGXGXAXAGXGAAGIAXIAGAXXXXXGAACTGGG 
1725 XGXAACGCCAGCACXCXACGGXAAAGXACAGXACAAXACAGXAXGXACCGGXACAGXACX

Figure 6-3. Nucleotide sequence of the YIBMH2 gene and deduced amino acid 
sequence of HBmh2p. The transcriptional start site of the YIBMH2 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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YlBmhlp -MSSERETKTFLARLCEQADRYDEMVNYMKDVAKSGEELTVDERNLLSVjAYKNVIGARRA 59
YlBmh2p  MTREDNXYLARlSEQAGRZEDMVEIMKEIATGDQELSVEERNLLSVAyKNVIGftBRA 57
T X Fttlp   MGHEDAVYLAKLAEQA3RYEEMVEKMKIVASEDRDLTVEERNBLSVAYKNVIGAKRA 57
Y rFtt2p -MATERESKTFLARLCEQAERYDEMVTYMKEVAQLGGEI.SVDERKLLSVAYKNWGTRRA 59 
CaBmhlp -MPASREDSVYLAKLAEQAERYEEMVENMKAVASSGQELSVEERNLLSVAYKNVIGARRA 59 
SpRad24p MSTTSREDAVYLAKLAEQAERYEQSVENMKSVASTDQEI.TVEERNLLSVAYKNVIGARRA 60 
SpRad25p -MSNSRENSVY1AKLAEQAERYEEMVENMKKVACSMDKI.SVEERNLLSVAYKNIIGARRA 59 
ScBmhlp -MSTSREDSVYLAKLAEQAERYEEMVENMKTVASSGOELSVEERNLI.SVAYKNVIGARRA 59 
ScBmh2p -MSQTRED SVYLAKLAEQ&ERYEEMVENMKAVAS SGQEL SVEERNLLS VAYKKVX G&RRA 59 

. . . . * . . . * * .  . ★* . ★ , . , . >* <* >***********< _ * < t **

YlBmhlp SWRVIFPIEQKEEAKG-ATHHLELLKTYRAKXEAELEDICSDVLDXLTNHL1PKAEN 115
YlBmh2p WWRWSSCEQKEEQKG--KE-TKIIDDFRQKIEAGLQDICHDILNVLEKHLIPKLEKPSA 114
Y xF ttlp  SWRIVTSIEQKEESKG-NSSQVALIKEYRQKIEAELAKICDDILEVLDQHLIPSAKS 113
TxFtt2p SWRIISSIEQKEESKG-SDKHVRTIKEYRSKIELELEKVCEBVLNVLDTSLIPNA&T 115
CaBmhlp SMRXVSSIEQKEEAKG-NESQVaLIRDYRAKXEAELSKICEDILSVLSDHLITSAQT 115
SpRad24p SWRIVSSIEQKEESKG-NTAQVELIKEYRQKIEQELDTICQDILTVLEKHLIPNAAS 116
SpRad25p SWRIISSIEQKEESRG-NTRQAALIKEYRKKIEDELSDICHDVLSVLEKHLIPAATT 115
ScBmhlp SWRIVSSIEQKEESKEKSEHQVELICSYRSKIETELTKISDDILSVLBSKLIPSATT 116
SCBmh2p SWRXVSSXEQKEESKEKSEHQVELIRSYRSKIETELTKXSDDILSVLDSHLIPSATT 116

. * *  * * * * * . . .   *  * * *  . *

YlBmhlp  AESKVFYYKMKGDYHRYLAEFTSGEKRKEAATAAHESYKSATDV 159
YXBmh2p EATEAAAKDGADPSELSESIVFYYKMKGDYYRYLAEFTTDDKRKEAAEKSLQAYQFASDE 174
T xF ttlp   GESKVFYHKMKGDYHRYXAEFAXGDRRKDSADKSXJ3AYKAATEV 157
TxFtt2p ---------------------------- GE SKVFYHKMKGDYHRYLAEFASGEKRKVAATAAHEAYKHATDV 159
CaBmhlp ---------------------------- GE SKVFY YKMKGD YBRYLAEFAIAVFRKEAADL SLEAYKAASDV 159
SpRad24p  AESKVFYYKMKGDYYRYLAEFAVGEKRQHSADQSLEGYKAASEI 160
SpRad25p  GESKVFYYKMKGDYYRYLAEFTVGEVCKEAADSSLEAYKAASDI 159
ScBmhlp  GESRVFTCYKMRGDYHRYIAEFSSGDAREKATNASLEAYKXASEI 160
ScBmh2p ---------------------------- GECKVFY YKMKGD YHRYIAEFSSGDAREKATNSSLEAYKTASEI 160

*  le i t i t  h 'k 'k -k i t 'k  it i t  i t-k it  i t  it it

YlBmhlp AQTELSSTHPIRiGLALNFSVFYYEILNSPDRACHLAKQAFDDAIAELDTLSEESFRDST 219  
YlBmh2p ATSKLPPTHHIRLGIALNFSVFYYEILNSPERACQLAKQAFDDAIADIDSITEERSKDYA 234 
T zF ttlp  AQTELPPTHPIRX.GLAIUFSVFXYEILNAPDQACHLAKQAFDDAIAELDTLSEESYKDST 217 
Y rFtt2p AQTELTPTHPIRBGLALNFSVFYYEILNSPDRACHLAKQAFDDAXAELDSLSEESYRBST 219  
CaBmhlp AVTELPPTHPIRLGLALNFSVFYYEIBNSPDRACHLAKQAFDDAVADLETLSEDSYKDST 219  
SpRad24p ATAELAPTHPIRIGLALNFSVFYYEXBNSPDRACYIAKQAFDEAISEXDSLSEESYKDFY 220 
SpRad25p AVAELPPTDPMRLGLABNFSVFYYEILDSPESACHLAKQVFDEAISELDSLSEESYKDST 219  
ScBmhlp ATTELPPTHPIKLGrALNFSVFYYEXQNSPDKACHLRKQAFDDAIAELDTLSEESYKDST 220  
SCBmh2p ATTEI1PPTHPIRLFLALNFSVFYYEIQNSPDKACHLAKQAFDDAXAELDTI.SEESXKDST 220

. * . . * . * * * * * * * * * * * * * * ******* *

YlBmhlp VIMQLLRDNLTLWKNDUEESLQAQQSEETPATDAAAASTEAAAPKEEAKPAAEEPKE 276
YlBmh2p LIMQLLRDNLTLWTNNDEPEQA-------------------------------------------------------------- 256  (58.2%)
E rF ttlp  LIMQLLKDNLTLWTSSEAETSAGQVEAPPKEDTPAEAAAPAEEPKAE----------------  264 (67.1%)
TxFtt2p LXMQLLRDNLTLWT3 SDSGEAEQAGEAKKDEGEAAKPAEEEPKAEEPAPEATS  272  (72.1%)
CaBmhlp LIM2LLRDNLTLWTDLSEAPAATEEQQQSSQAPAAQ-P—TEG-KADQE  264  (66.3%)
SpRad24p LIMQLLRDNLTLWTSDAEYSAAAAGGtJTEGAQENAPSNAPEGEAEPKADA-----------  270 (64.8%)
SpRad25p HMQLLRDNLTLWTSDAEYNQSAKEEAPAAAAASENEHPEPKESTTDTVKA---------  270  (63.3%)
ScBmhlp LIMQLLRDNLTLWTSDMSESGQAEDQQQQQQHQQQQ------------PPAAAEGEAPK------ 267 (65.5%)
Scfimh2p LIMQLLRDNLTLWTSDISESGQEDQQQQQQQQQQQQQQQQQAPAEQTQGEPTK  273  (62.2%)

Figure 6-4. Amino acid sequence alignment of Bmhlp and Bmh2p of Y. lipolytica 
(FTBmhlp and FZBmh2p) and 14-3-3 proteins from T. reesei (7rFttlp and 7>Ftt2p), C. 
albicans (CaBmhlp), S. pombe (iS£?Rad24p and S^?Rad25p), and S. cerevisiae (ScBmhlp 
and ScBmh2p). Percentages refer to the percent identity of a given protein to KBmhlp. 
GenBank accession numbers: CAC20377 (TrFttlp), CAC20378 (TrFtt2p), AAB96910 
(CaBmhlp), CAA55795 (S/?Rad24p), CAA55796 (SpRad25p), CAA46959 (ScBmhlp), 
and CAA59275 (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 

YIBMH2 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; Stricken al, 1992; Teem et al., 1984).

The deduced protein product of YIBMH2, TZBmh2p, is 256 amino acids in length 

(Fig. 6-3), has a predicted molecular mass of29,435 Da, and a typical acidic pi of 4.79 (Fu 

et al, 2000). Analysis of the predicted amino acid sequence of T7Bmh2p 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 toFttlp from the filamentous fungus Schizophyllum 

commune (64.5% identity). Interestingly, T7Bmh2p contains a 19-amino acid insertion 

(PSAEATEAAAKDGADPSEL, residues 112 -130) (Fig. 6-4) encompassing a putative 

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

6.5 YIBMH2 is unable to restore hyphal growth to the Y. lipolytica CHY3350 mutant 

strain

Because no smooth Abmhl colonies could be obtained after transformation of Y 

lipolytica E l22 cells with a disruption cassette containing the YIURA3 gene flanked by 

sequences from the YIBMH1 gene, the YIBMH2 gene was investigated as to its possible
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role in the induction of hyphal growth in Y. lipolytica and to determine if its ability to 

induce hyphae could hinder the selection of bmhl null mutants by means of their colony 

morphology. Accordingly, a 3.7-kbp BamHl-BamHl fragment containing the entire 

YIBMH2 gene was cloned into the BamYH 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 pBMH2 into CHY3350 mutant cells.

6.6 Transcription of YIBMH1 and YIBMH2 during the dimorphic transition

The yeast-to-hypha transition was induced in exponentially growing El 22 cells by 

a 15-min carbon source starvation at 4°C, followed by transfer to prewarmed YNBGlcNAc 

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 (YNBGlc) 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 YIBMH1 mRNA was at levels 

undetectable by this procedure. However, semiquantitative RT-PCR carried out with 

YIHIS1 as an endogenous internal standard revealed that transcription of the YIBMH1 gene 

increases during the formation of germ tubes (approximately 2-fold), while there is no 

apparent variation in the transcription levels of YIBMH2 (Fig. 6-5).
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GlcNAc
Time (h) 0 3 10

YIHIS1

YIHIS1

Glucose
0 3 10

Figure 6-5. Transcription of the YIBMH1 and YIBMH2 genes during the dimorphic 
transition. Total RNA was isolated from E l22 cells incubated at 28°C in YNBGlcNAc 
(induction of hyphal growth) or YNBGlc (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. YIBMH1 and YIBMH2 mRNA expression was 
normalized to YIHIS1 mRNA.
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6.7 Overexpression of YIBMH1 enhances pseudohyphal growth in ra d  null mutants 

of Y. lipolytica

To gain additional information regarding the involvement of YIBMH1 and YIBMH2 

in filamentous growth in Y. lipolytica, the effects of introducing the multicopy plasmids 

pBMHl and pBMH2 into the null mutant strains mhylK09, raclKOSO and bemlK0157 

(Table 2-5) were analyzed.

Following 3 days of incubation on YNA-agar plates at 28°C, overexpression of the 

YIBMH1 gene induced the formation of peripheral extensions in raclKOSO 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 YIBMH1 

overexpression in ra d  A cells (Fig. 6-7, panels H and I), and that no morphological 

alteration was induced by the overexpression of YIBMH2 in these cells (Fig. 6-7, panels 

H and J). No effect on either colony morphology or cell morphology was observed when 

either YIBMH1 or YIBMH2 was overexpressed in the mhylA or bemlA 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 BMH1 and BMH2 and 

shows that YIBMH1 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 F. lipolytica strains transformed with 
autonomously replicating plasmids carrying the YIBMH1 and YIBMH2 genes. (A)
Wild-type strain E l22', (B) mutant strain bemlK0157; (C) strain bemlKOlS 7 transformed 
with plasmid pBMHl; (D) strain bemlKO!57 transformed with plasmid pBMH2; (E) 
mutant strain mhylK09; (F) strain mhylK09 transformed with plasmid pBMHl; (G) 
strain mhylK09 transformed with plasmid pBMH2; (H) mutant strain raclKO30; (I) strain 
raclKO30 transformed with plasmid pBMHl; (J) strain raclKO30 transformed with 
plasmid pBMH2. Colonies were photographed after 3 days of incubation at 28°C on 
YNA-agar plates. Colony magnification, x 100.
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Figure 6-7. Cell morphology of Y. lipolytica strains transformed with autonomously 
replicating plasmids carrying the YIBMH1 and YIBMH2 genes. (A) Wild-type strain 
E l22; (B) mutant strain bemlKO!57; (C) strain bemlKO!57 transformed with plasmid 
pBMHl; (D) strain bemlKO!57 transformed with plasmid pBMH2; (E) mutant strain 
mhylK09; (F) strain mhylK09 transformed with plasmid pBMHl; (G) strain mhylK09 
transformed with plasmid pBMH2; (H) mutant strain raclKO30; (I) strain raclKOSO 
transformed with plasmid pBMHl; (J) strain raclKOSO transformed with plasmid 
pBMH2. 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 YIBMH1 

(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 YlRACl (Chapter 4), YIBEM1 (Chapter 5), 

and other Y. lipolytica genes (Lopez et a l, 1994; Smith et al, 2000; Strick et a l, 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 et a l, 1984) is still required in Y. lipolytica.

In this chapter it is also shown that, in Y lipolytica, the expression levels of 

YIBMH1 are increased during the yeast-to-hypha transition, whereas no variation is 

observed in the transcription of YIBMH2 during this event. Although no data on the 

variation of the expression levels of ScBMHl or ScBMH2 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 a l, 1997). 

Similarly, disruption of one of the wild-type alleles of the C. albicans essential gene 

CaBMHl results in a significant reduction of filamentation (Cognetti et a l , 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 YlRACl,
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overexpression of YIBMH1 is able to induce hyphal growth in CHY3350 mutant cells. On 

the other hand, the absence of variation in the transcription levels of YIBMH2, its inability 

to induce hyphal or pseudohyphal growth when overexpressed in the CHY3350, mhylK09, 

raclKOSO, and bemlK0157 mutant strains, and the presence of a 19-amino acid insertion 

that contains a potential iV-myristoylation site in HBmh2p, suggest that YIBMH2 may have 

functions different from those of YIBMH1 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 et al., 1994). Nevertheless, a role for YIBMH2 

in the regulation of filamentous growth cannot be completely ruled out at this time.

Disruption of the genes YIBMH1 and YIBMH2 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 TZBmhlp and T7Bmh2p exist 

in Y. lipolytica. It is interesting to note that disruption of one allele of YIBMH1 in the Y 

lipolytica E122H22301-3 diploid strain results in a drastic reduction of sporulation, and 

a similar effect has been described in S. cerevisiae, where diploid strains lacking both 

ScBMHl and ScBMH2 are unable to sporulate (Roberts et al., 1997).

In conclusion, the results presented in this chapter demonstrate that YIBMH1 is 

involved in the regulation of both hyphal and pseudohyphal growth in Y. lipolytica, while 

the participation of YIBMH2 or other as yet unidentified genes encoding 14-3-3 proteins 

in these events remains unclear.
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7.1 MHY1 and the regulation of hyphal growth in Y. lipolytica

7.1.1 MHY1, stress response and dimorphism in F. 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 et a l, 1993; Martinez-Pastor et a l, 1996; Ruis and Schuller, 

1995; Schuller et a l, 1994; Treger et a l, 1998). In this study, it is shown that, like S. 

cerevisiae Msn2p and Msn4p, 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 MHY1 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 lipolytica. This is in 

evident contrast to the situation in S. cerevisiae, where MSN2 and MSN4 appear to be 

constitutively transcribed (DeRisi et a l, 1997), and their protein products, Msn2p and 

Msn4p, 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 (Gomer et 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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(El278b) is non-responsive to stress because this pathway is overactive (Stanhill et al,

1999). Thus, based on these observations, and on the reeent report that osmotic and 

oxidative stresses inhibit GlcNAc-indueed hyphal growth in Y. lipolytica (Kim et al.,

2000), it is tempting to speculate that Mhylp 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 Mhylp cannot be ruled out. In this model, Mhylp 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 

Stel2p, which is a terminal component of two different signaling cascades. In this 

organism, Ste 12p 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 ofthe multistress response machinery 

present in S. cerevisiae. In agreement with this hypothesis, transcription of MHY1 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 a l, 1993).
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The detection of weak specific AGGGG-binding activity in cell extracts from 

mhylA 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 et a l, 1996), and it 

is therefore possible that Yer 13 Ocp regulates pseudohyphal growth in S. cerevisiae through 

mechanisms similar to those ofMhylp 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 PHD1, two important 

regulators of pseudohyphal growth in S. cerevisiae (Gimeno and Fink, 1994; Liu et a l, 

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 mhylA cells, will be fundamental to a better understanding of 

the links between stress response and filamentous growth in dimorphic organisms, two

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



1 9 5

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

(Banuett, 1995; Bruatto etal, 1993; Maresca and Kobayashi, 1989; Odds, 1988; Shepherd, 

1988).

7.1.2 Regulation of MHY1 and its protein product, Mhylp

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 pentanucleotide AGGGG (Fig. 3-3 and Table 7-1).

Analysis of the upstream region of MHY1 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, 

MHY1 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 Promoter
of the MHY1 Gene

Binding Site2 Organism Function Reference

abaA (CaTeclp, 
ScTeclp)

A. nidulans Mediates a genetic switch 
controlling development

Boylan et a l,  1987; Bttrglin, 
1991; Schweizer et al., 2000

StuA (CaEfglp,
ScPhdlp)

A. nidulans Mediates regulation o f
developmental complexity

Dutton etal., 1997; Gimeno 
and Fink, 1994; Stoldt et a l, 
1997
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PacC (CaRimlOlp, A. nidulans 
ScRimlOlp)

Mediates regulation of gene Davis et al, 2000; Li and
expression by ambient pH Mitchell, 1997; Tilbum et 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
activation by multiple stress 
conditions

Kobayashi and McEntee,
1993

SPRE S. cerevisiae Putative activator of stationary Wang et a l, 1997 
phase-expressed genes

a 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 Msn4p, 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 

Htibner, 1996) and the finding that the 62-kDa fusion protein Mhylp-GFP accumulates in 

the cytosol and is unable to induce hyphal growth (Section 3.7 and Fig. 3-9), suggest that 

Mhylp 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 ofMhylp suggests that this putative 

transcription factor has a strong potential to interact with other proteins. Thus, in addition 

to the C2H2-type zinc finger at its carboxyl terminus, a remarkable feature ofMhylp is its
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high content of glutamine, serine, proline, and acidic amino acid residues at its am in o 

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 (Ferre-D’Amare et al, 1993; Frankel and Kim, 1991; 

Hoey et al, 1993; McEwan et a l, 1996; Pascal and Tjian, 1991; Remade et a l, 1997; 

Xiao and Jeang, 1998). It will be interesting to identify proteins that interact with Mhylp 

and to determine how they modulate Mhylp function in the regulation of morphogenesis 

in Y lipolytica.

7.1.3 The function of MHY1 in filamentous growth

A hypothesis suggested for the function of MHY1 in the induction of the dimorphic 

transition of Y. lipolytica is that high levels of active Mhylp 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 YlRACl and YICDC42 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 TZRaclp 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: RAC1 from the 

ectomycorrhiza-forming fungus Suillus bovinus (Gorfer et al., 2001) and RH05 from S.
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cerevisiae (Roumanie et a l, 2001). Interestingly, 5,cRho5p 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 et al., 2001). The cellular roles ofboth &Rho5p 

and iSMlaclp 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 et al., 2000; Symons, 1996; van Aelst and 

D’Souza-Schorey, 1997; Zohn et a l, 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 et al, 

1999; Lin et a l, 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 et a l, 1996). The localization of TZRaclp in Y. 

lipolytica has so far remained elusive. Although an epitope-tagged TZRaclp could be 

detected at the growing tip of filamentous Y. lipolytica cells, this fusion protein was unable 

to induce hyphal growth in raclA 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 TZRaclp 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 a l, 1997; Ushinsky et a l, 2002), YICDC42 is essential 

for proper polarized growth in yeast and hyphal Y. lipolytica cells, and if transcription 

levels of YICDC42 are also altered during the yeast-to-hypha transition in this organism. 

In addition, it will be interesting to investigate if the mutations cdc42ouv, cdc42Ql6L and 

cdc42mnA have the same morphological effects in Y. lipolytica as they do in S. cerevisiae 

(Johnson, 1999; Ziman et a l , 1993), and if they are suppressed by raclA, bemlA, mhylA 

and/or cla4A, a gene recently shown to regulate filamentous growth in Y. lipolytica (Szabo, 

2001).

The results presented herein also suggest that YlRACl 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 YlRACl, YICDC42 and YIRAS2, a gene recently shown to be 

essential for both hyphal and pseudohyphal growth of Y. lipolytica (Richard et a l, 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 ofRas 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 (Bam et a l, 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 drag targets for Ras-mediated 

malignancies (Joneson and Bar-Sagi, 1999; Symons, 1995; Welch, 1993; Zohn et al., 

1998).

7.3 YIBEM1 and polarization of cell growth in Y. lipolytica

In S. cerevisiae and S. pombe, the homologs of ITBemlp (ScBemlp 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 a l, 1996; Butty et al., 1998; Chang et a l, 1994; 1999; Chant, 1999; Drees et 

al, 2001; Ito et a l, 2001; Leew et al., 1995; Lyons et al., 1996; Matsui et al., 1996; 

Moskow et al., 2000; Park et a l , 1997; Peterson e ta l, 1994; Zheng e ta l, 1995). During 

vegetative growth of S. cerevisiae, cortical markers left by previous cell divisions result 

in recruitment and local activation of the ScRsrlp GTPase (Michelitch and Chant, 1996), 

which is subsequently linked to &Cdc42p via a SbBem 1 p-mediated interaction with the 

guanine-nucleotide-exchange factor, S'cCdc24p (Chant, 1999; Park et al., 1999; Zheng et
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ah, 1995). In addition, ScBemlp interacts with actin and S'cSte20p (Leew et ah, 1995), 

suggesting that ScBemlp acts to concentrate active &Cdc42p 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 S'cSte20p (Section 1.8.1) (Bose et ah, 2001; 

Lorenz et ah, 2000a; Moskow et ah, 2000). Deletion of S. cerevisiae BEM1 and S. pombe 

scd2 is viable, but the mutants display severe morphological defects and are unable to mate 

(Chang et ah, 1994; Chenevert et ah, 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 ah, 2000a).

In this work it is shown that, like its homologs in S. cerevisiae and S. pombe, 

YIBEM1 plays an important role in the establishment of cell polarity in Y lipolytica 

(Chapter 5). In addition, the expression levels of YIBEM1 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 beml 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 HBemlp-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 S'cBemlp or S/?Scd2p to this time. This 

observation suggests that, in contrast to what is observed for S. cerevisiae and S. pombe, 

FTBem 1 p may play a role 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 

eial., 1993), and this may have some effect on the localization of the chimeric TZBemlp- 

GFP, our finding that bemlA 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 ITBemlp in cytokinesis/septum 

formation. The isolation of genes encoding septins of Y lipolytica will be essential to 

determining the possible interactions of HBemlp with these proteins and to elucidating 

the mechanisms of cytokinesis and septum formation in this organism. In addition, co- 

immunoprecipitation experiments with TTBemlp 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 ITBmhlp is involved in the 

regulation of the dimorphic transition in Y. lipolytica and suggest that F®mh2p may not 

be involved in this event. Although the exact role of YIBMH1 and YIBMH2 in the 

induction of filamentous growth remains to be elucidated, analysis of their predicted amino 

acid sequences revealed that F/Bmh 1 p and T7Bmh2p are closely related to the S. cerevisiae 

14-3-3 proteins ScBmhlp 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, BMH1 and BMH2 are required for 

Ras/MAPK signaling during pseudohyphal development (Roberts et a l, 1997). More 

precisely, SbBmhlp and ScBmh2p act downstream of 5cRas2p and ScCdc42p, binding 

directly to <ScSte20p and promoting cell elongation through activation of the transcription 

factors ScSte 12p and ScT eclp via the MAP kinases ScSte llp,5cSte7p and Ksslp (Roberts 

et a l, 1997). It 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 &Bmh2p suggest that the role of fTBmhlp 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 et a l, 2001a; 2001b). Moreover, SbBmhlp and flcBmh2p have been 

implicated in vesicular transport (Gelperin et a l, 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; Gomer et a l, 1998; 2002).

Remarkably, overexpression of YIBMH1 was observed to enhance pseudohyphal 

growth in Y. lipolytica cells lacking YIRAC1, while producing no visible effect in mhylA 

and beml A cells (Section 6.7 and Fig. 6-7). This suggests that, in the absence of functional 

ITRaclp and, consequently, of the activation of effectors required for hyphal growth, 

increasing amounts of JTBmhlp 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.



2 0 5

formation of pseudohyphae in the raclA 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 fTBmhlp and/or 77Bmh2p. It will also be important to determine whether TZBmhlp 

interacts with Mhylp and to investigate if the cAMP/PKA pathway is involved in this 

interaction.

7.5 YISEC31 and hyphal growth in Y. lipolytica

In this work, the YISEC31 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 exact role of TZSec3 lpinthe yeast-to-hypha transition of 7. lipolytica 

remains undetermined, a pivotal role for this protein in this process is supported by recent 

evidence showing that, in Plasmodium falciparum, Sec3 lp 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 al., 1994; Titorenko et 

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 F/Sec3 Ip 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 MHY1, YIBEM1, YIRAC1, YIBMH1 or YISEC31 in 

mhylA, raclA and bemlA 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 MHY1, YIRAC1, YIBEM1, 
YIBMH1 or YISEC31 in Various Y. lipolytica Strains

Strain

Plasmid / Phenotype

no plasmid pMHYl pRACl pBEMl pBMHl pSEC31

E122 Y, PH, H Y, PH, H+ Y, PH, H Y, PH, H Y, PH, H Y, PH, H+

mhylK09 Y Y, PH, H+ Y Y Y Y

raclKO30 Y, PH Y, PH Y, PH, H Y, PH, H Y, PH+ Y, PH+

beml KOI 57 Y, PEP Y, PH, Hb 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. 
b Highly branched.
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