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REGULATION OF FUNGAL GENE EXPRESSION

k of the io

The present invention relates to methods of identifying and isolating genes
which are involved in the regulation of fungal gene expression. The invention also
relates to methods useful for identifying fungal virulence factors. It further relates to
a method of identifying agents which increase or decrease the expression or activity of
a gene that regulates or is required for fungal pathogenesis. The invention also relates
to the use of such agents as fungicides or fungistats.

Fungi are a large and diverse group of organisms with enormous
ifnportance to humans. Pathogenic fungi are a signiﬁcanf cause of human disease,
particularly in the rapidly increasing proportion of the population whose immune
system has been compromised by disease, chemotherapy, or immunosuppressive
drugs. A wide variety of plant-pathogenic fungi (e.g., blights, rusts, molds, smuts,
mildews) cause huge food crop loss and damage to ornamental plants. Plant diseases
are caused by a myriad of invasive fungal pathogens falling into many genera, for
example: soft rot (e.g., Rhizopus), leaf curl (e.g., Taphrina), powdery mildew (e.g.,
Sphaerotheca), leaf spots (e.g., Fulvia), blight (e.g., Alternaria), blast (e.g.,
Magnaporthe), black rot (e.8., Guignardia), scab (e.g., Venturia), wilts (e.g.,
Fusarium), rusts (e.g., Puccinia), smuts (e.g., Ustilago), and cankers (e.g.,
Rhizoctonia). In addition, fungal species are the commercial source of a great many
medicinally useful products, such as antibiotics (e.g., beta-lactam antibiotics such as
penicillin, cephalosporin, and their derivatives), anti-hypercholesterolemic agents
(e.g., lovastatin and compactin), immunosuppressives (e.g., cyclosporin), and
antifungal drugs (e.g., pneumocandin and echinocandin). All of these drugs are
fungal secondary metabolites, small secretéd molecules that fungi utilize against
competitors in their microbial environment, Finally, fungi also produce commercially

important enzymes (e.g., cellulases, proteases, and lipases) as well as other products
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(e.g., citric acid, gibberellic acid, natural pigments, and flavorings).

The specifics by which fungi invade their growth substrate are not
understood in detail. However, two important themes regarding the fungal invasion

process have emerged in recent years. First, important human fungal pathogens, such
as Candida sp., Aspergillus sp., Mucor sp., Rhizopus sp., Fusarium sp, Penicillium—

marneffei, Microsporum sp. and Trichophyton sp. invade through host tissues as

filamentous hyphae. The virulence of Candida (C.) albicans has been shown to be

dependent upon invasion of host tissues; mutations in any of several genes required __

- for invasive growth substantially reduce virulence in a mouse model of systemic

infection. Pathogenesis of the plant fungal pathogen Ustilago (U.) maydis also

requires invasion. Second, there is a correlation between genes that regulate agar

invasion in Saccharomyces (S.) cerevisiae and genes that control invasion in
pathogenic yeaSt. As §. cerevisiae is amenable to genetic studies, it can be utilized to

molecularly dissect the genetics of fungal invasion. o

Homologs of certain S. cerevisiae genes required for invasion also regulate

the production of secondary metabolites and secreted catabolic enzymes in other
fungi. For example, activating mutations in Aspergillus homologs of the S.
cerevisiae INV genes cause increased_prbduction of the secondary metabolite
penicillin and a secreted alkaline phosphatase (Orejas et ai., Genes Dev. 1995, ...
9:1622). ' ) '

In one aspect, the invention features a method for determining whether a

_candidate compound decreases the expressi'on ofa gene operably linked to a fungal

invasin gene promoter. The method generally includes the steps of (a) providing a.- - - -

fungus expressing the gene operably linked to a fungal invasin gene promoter; (b)
contacting the'funguslwith the candidate compound; and (c) detecting or measuring
expression of the gene following contact of the fungus with the candidate compound.

‘In preferred embodiments, the fungus is a wild-type strain (e.g.; Saccharomyces
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cerevisiae, Candida albicans, or Aspergillus nidulans); a mutant strain; or a
transgenic fungus. In other preferred embodiments, the gene used in the method of
the invention is a fungal invasin gene. Exemplary fungal invasin genes include,
without limitation, AFLI, DHHI, INV1, INVS5, INV6, INV7, INV8, INV9, INV10,
INV11,INVI2, INVI13, INV14, INV15, BEM2, CDC25, FLOI-j, IRAL, MCM1, MGAl,
MUCI, PETY, PHD2, PHO23, PTCI, RIM15, SFL1, SRB11, SSD1, STE21, STP22,
SWI4, TPK2, TPK3, RIM1, or YPRI.

In still other preferred embodiments, the gene used in the method of the
invention is a reporter gene. Exemplary reporter genes useful in the methods of the
invention include, without limitation, chloramphenicol transacetylase (CAT), green
fluorescent protein (GFP), B-galactosidase (lacZ), luciferase, URA3, or HIS3.

In preferred embodiments, the fungal invasin gene promoter utilized in the
methods of the invention is derived from the FLOI1, MUCI, STAl, STA2, or STA3
gene promoter. In other preferred embodiments, the fungal invasin gene promoter :
includes a promoter sequence derived from an AFLI, DHHI, INV1, INVS5, INVS, '
INV7, INVS, INV9, INV10, INV11,INV12, INV13, RIM1, INV14,INV15, BEM2,
CDC25, HOG1, IRA1, MCM1, MGAl, PET9, PHD2, PHO23, PTC1, RIM15, SFL1,
SRB11, 8§8D1, STE21, STP22, SWI4, TPK2, TPK3, or YPRI gene promoter.
Preferably, the fungal invasin gene promoter is a fragment or a deletion of the fungal

invasin gene promoter (e.g., a fragment of the FLO1! gene promoter); and, if desired,
the fragment is fused to a basal promoter (e.g., a basal promoter from a PGKI, ADH],
GALI-10, tet-R, MET25, CYC1 or CUPI gene).

| Typically, the expression of the gene (e.g., the endogenous FLOI] or a
recombinant reporter gene expressed under the control of the FLO!1 gene promoter
or fragment thereof) is measured by assaying the RNA or protein levels or both of the
expressed gene. For example, the polypeptide expressed by the fungal invasin gene or
by the reporter gene produces a detectable signal under conditions such that the
compound causes a measurable signal to be produced. Quantitatively determining the

amount of signal produced requires comparing the amount of signal produced to the
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amount of signal detected in the absence of any compound being tested or upon
contacting the cell with any other compound as is-described herein. The comparison
permits the identification of the compound as one which causes a change in the
detectable signal produced by the expressed gene (e.g., at the RNA or protein level)
and thus identifies a compound that is capable of inhibiting fuiigal invasion. A
decrease in the expression of the fungal invasin gene is generally accompanied by an
inhibition of fungal invasion or an inhibition of the developmental switch from yeast
form to pseudohyphal growth orboth.

In related aspects, the invention also features a methiod for determining
whether a candidate compound increases the expression of a gene operably linked to a

fungal invasin gene promoter. The method generally includes the steps of (a) -

- providing a\ﬁmgus expressing the gene operably linked to a fungal invasin gene :
* promoter; (b) contacting the fungus with the candidate compound; and (c) detecting or

measuring expression of the gene following contact of the fungus with the candidate
compound. In preferred embodiments, the method further includes determining
whether the candidate compound increases the producﬁdn of a secondary metabolite
in the fungus.

In another aspect, the invention features a method for determining whether
a candidate compound inhibits fungal invasion. The method generally includes the

steps of (a) contacting a fungus with a candidate compound under conditions suitable

for invasion and (b) measuring or detecting invasion by the fungus following contact

with the candidate compound. In preferred embodiments, the fungus is Candida -
albicans or Saccharomyces cerevisiae. o | '

In another aspect, the invention features a method for determining whether
a candidate compound promotes fungal invasion. The method generally includes the
steps of (a) contacting a fungus with a candidate compound under conditions suitable
for invasion and (b) measuring or detecting invasion by the fungus following contact
with the candidate compound. In preferred embodiments, the fangus is Candida

albicans, Saccharomyces cerevisiae, or Aspergillus nidulans.
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In still another aspect, the invention features a method for identifying a
fungal invasion-promoting gene. The method generally includes the steps of (a)
expressing in a fungus (i) a first gene operably linked to a fungal invasin gene
promoter and (ii) a second candidate gene or a fragment thereof and (b) monitoring
the expression of the first gene, wherein an increase in the ex;;i'ession of the first gene
identifies the second candidate gene as a fungal invasion-promoting gene. In
preferred embodiments, the fungus is a wild-type strain (e.g., Saccharomyces
cerevisiae, Aspergillus nidulans, Penicillium chrysogenum, or Acremonium
chrysogenum); is a mutant strain; or is a transgenic fungﬁs.

Preferably, the first gene includes a fungal invasin gene (e.g., FLOI11 or
MUCI). In yet other preferred embodiments, the first gene includes a fungal invasin
gene derived from AFLI, DHHI, INV1, INV5, INV6, INV7, INVS, INV9, INV10,
INV11,INV12, INVi3, INV14, INV15, BEM2, CDC25, HOGI, IRAI, RIMI, MCMI,
MGA1, PET9, PHD2, PHO23, PTCI1, RIM15, SFL1, SRB11, SSD1, STE21, STP22,
SWI4, TPK2, TPK3, or YPRI gene; or the first gene includes a reporter gene (e.g.,
lacZ, URA3, or HIS3).

In preferred embodiments, the fungal invasin gene promoter is derived
from the FLO11, MUCI, STA1, STA2, or STA3 gene promoter. In other preferred
embodiments, the fungal invasin gene promoter is derived from the AFLI, DHHI,
INV1, RIM1, INVS, INV6, INV7, INVS, INVY, INV10, INV11,INVi2,INVI3, INV14,
INV15, BEM2, CDC25, HOGI, IRAl1, MCM1, MGAI, PET9, PHD2, PHO23, PTC1,
RIM15, SFL1, SRB11, SSD1, STE21, STP22, SWI4, TPK2, TPK3, or YPRI gene
promoter; or is a fragment or a deletion of the above-mentioned fungal invasin gene
promoters. Preferably, the fragment of a fungal invasin gene promoter is fused to a
basal promoter (e.g., a basal promoter of a PGKI, ADHI, GALI-10, tet-R, MET25,
CYCl1, or CUP! gene). . _ :

Preferably, the expression of the gene utilized in the method of the
invention is measured by assaying the protein level of the expressed first gene or by

assaying the RNA level of the expressed first gene.
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In related aspects, the invention also features a method for identifying a
fungal invasion-inhibiting gene. The method generally includes the steps of (a)
expressing in a fungus (i) a first gene operably linked to a fungal invasin gene
prombtei' and (i) a second candidate gene or fragment thereof and (b) monitoring the
expression of the first gene, wherein a decrease in the expressiéh of the first gene -
identifies the second candidate gene as a fungal invasion-inhibiting gene.

In yet another aspect, the invention features a method for increasing -
production of a secondary metabolite in a fungal cell; the méthod generally includes
the step of contacting the fungal cell with a fungal invasion-promoting éompound and
culturing the cells under conditions which promote the increased synthesis ofa .
secondary metabolite. _ |

In another aspect, the invention features a method for increasing
production of a secondary metabolite in a fungal cell. The method generally includes
the step of decreasing the expression of a fungal invasion-inhibiting gene. In
preferred embodiments, the decreased expression of the fungal invasion-inhibiting
gene (e.g., HOGI, BEM2, RIM15, SFL1, IRA1, SSD1, SRB11, SWI4, or TPK3) results
from an inactivation of the fungal invasion-inhibiting gene. In other preferred
embodiments, the increased production of a secondary metabolite results from the:-
expression of a mutated fungal invasion-inhibiting gene.

In still another aspect, the invention features 2 method for increasing -
production of a fungal secondary metabolite. The method generally includes the step
of increasing the expression of a fungal invasion-promoting gene. In preferred
embodiments, the fungal invasion-promoting gene is AFL1, DHHI, INV7, INVS, -
STE21, PET9, MEP2, INV1, INVS5, INV6, INV9, INV10,INV11, INV12, INV13,
INV14, INV15, CDC25, MCM1, MGAl, PHD2, PHO23, PTCI, RIM1, STP22, TPK2,
or YPRI. In other preferred embodiments, the increased expression of the fungal
invasion-promoting gene is achieved by constitutively expressing the fungal invasion-
promoting gene or by overexpressing such a gene. In yet other preferred
embodiments, the fungal invasion-promoting gene is mutated.
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In another aspect, the invention features a method for increasing
production of a fungal secondary metabolite. The method generally includes the step
of expressing a gene or fragment thereof that encodes an activated form of a invasion-
promoting polypeptide. In preferred embodiments, the activated form of the invasion-
promoting polypeptide includes a fusion between the invasion-promoting polypeptide
and a second polypeptide that further enhances the activity of the invasion-promoting
polypeptide. In other preferred embodiments, the gene has a mutation.

In another aspect, the invention features a method for increasing
production of a secondary metabolite in a fungal cell. The method generally includes.
the step of decreasing the activity of a fungal invasion-inhibiting polypeptide. In
preferred embodiments, the fungal invasion—inhibiting polypeptide has a mutation
(e.g., a dominant-inactive polypeptide). In other preferred embodiments, the fungal
invasion-inhibiting polypeptide is Hogl, Bem2, Rim15, Iral, Sfl1, Ssdl, Srb11, Swi4,
or Tpk3. '

In another aspect, the invention features a method for increasing
production of a fungal secondary metabolite. The method generally includes the steps
of increasing the activity of a fungal invasion-promoting polypeptide. In preferred
embodiments, the fungal invasion-promoting polypeptide has a mutation (e.g.,a -
dominant-active polypeptide). In other preferred embodiments, the fungal invasion-
promoting polypeptide is Afll, Dhhl, Invl, InvS, Inv6, Inv9, Inv10, Invll, Invi2,

- Inv13, Invi4, Rim1, Invl5, Cdc25, Inv7, Mcm1, Mgal, Phd2, Pho23, Ptcl, Inv8,

Ste2, Pet9, Mep2, Stp22, Tpk2, or Yprl.

In another aspect, the invention features a method of isolating a fungal
invasin gene. The method generally involves the steps of (a) providing a fungus
expressing a gene operably linked to a fungal invasin gene promoter; (b)
mutagenizing the fungus; (c) measuring expression of the gene, wherein an increase
or decrease in the expression of said gene identifies a mutation in said invasin gene;
and (d) using said mutation as a marker for isolating said invasin gene. In preferred

embodiments, the fungus is a wild-type strain (e.g., Saccharomyces cerevisiae) or is a
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mutant strain. In preferred embodiments, the gene utilized in the method includes a

fungal invasin gene (e.g.; FLOI1, MUCI, AFL1, DHHI, INV1, INVS5, INV6, INV7,

INV8, INV9, INV10, INV11, INV12, INV13, INV14, INV15, BEM2, CDC25, HOGI,

IRAI, MCM1, MGA1, PETY9, PHD2, PHO23, RIM1, PTCI1, RIM15, SFLI, SRB11,

SSD1, STE21, STP22, SWI4, TPK2, TPK3, or YPRI). In other preferred

embodiments, the gene includes a reporter gene (e.g., lacZ, URA3, or HIS3). In still

other preferred, the fungal invasin gene promoter is from FLO11, MUCI, STAI,

STA2, or STA3 gerie'promoter; or is from the AFLI, DHHI, INV1, INV5, INV6, INV7, R
INVS, INV9, INV10, INV11, INV12, INV13, INV14, INV15, BEM2, CDC25, RIMI,

HOGI, IRA1, MCM1, MGAl, PET9, PHD2, PHO23, PTC1, RIM15, SFL1, SRB11,

88D1, STE21, STP22, SWI4, TPK2, TPK3, or YPRI gene promoter. In other preferred

embodiments, the fungal invasin promoter is a fragment or deletion of the above- |
mentioned fungal invasin gene promoters. Preferably, the fragment of a fungal : B '

invasin gene promoter is fused to a basal promoter (e.g., a basal promoter of a PGK1,

ADHI1, GALI-10, tet-R, MET25, CYC! or CUPI gene).

In another aspect, the invention features a-method of using a cell (e.g., a
fungal cell) for identifying a gene which regulates the expression from a Candida
albicans gene promoter. The method generally includes the steps of (a) providing a
cell expressing a reporter gene operably linked to a Candidd albicans gene promoter;
(b) expressing a candidate gene in the cell; and (c) detecting or measuring the
expression of the reporter gene. In preferred embodiments, the fungal cell is
Saccharomyces cerevisiae.

In another aspect, the invention features a method for preparing a
transgenic fungal cell having increased secondary metabolite production. The method
generally includes the steps of (2) introducing a transgene (e.g., a transgene encoding
an invasin gene such AFL1, DHHI,INV7, INV8, STE21, PET9, MEP2, INV1, INV3,
INVG6, INVY, INV10, INV11, RIMI, INV12, INV13, INV14, INV15, CDC25, MCM1,
MGA1, PHD2, PHO23, PTCI1, STP22, TPK2, YPRI or a fragment thereof; which is

positioned for expression in a fungal cell) and (b) selecting a cell that éxpresses the
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transgene. In preferred embodiments, the transgene has a mutation (e.g., a dominant-

. active mutation or a dominant-inactive mutation).

In another aspect, the invention features a method for increasing a.

- secondary metabolite in a fungus. The method generally includes the steps of (a)

culturing the fungus in culture with conditions allowing for secondary metabolite
production; (b) adding to the culture a fungal invasion-promoting compound; and (c)
isolating the metabolite from the culture. In preferred embodimenfs, the fungus has a
mutation. In other preferred embodiments, the fungus is a wild-type strain.

In still another aspect, the invention features a transgenic fungus (e.g., a

 filamentous fungus) which includes a mutation in an invasin gene that inhibits its
_activity. Preferably, the invention features a transgenic filamentous fungus having a
‘mutation in a HOGI1, SWI14, BEM?2, SRB11, SSD1, TPK3, SFL1, or an IRAI gene or
_any combination thereof. Preferably, such mutations inhibit the activity of the

expressed protein (e.g., Hogl, Swi4, Bem2, Srb11, Ssd1, Tpk3, Sfl1, or Iral or any
combination thereof). In other preferred embodiments, the transgenic fungus has

_increase secondary metabolite production (e.g., increased production of antibiotics).

In another aspect, the invention features a substantially pure Inv9
polypeptide. Preferably, the Inv9 polypeptide is at least 55% identical to the amino
acid sequence of Fig. 6B (SEQ ID NO: 6). In preferred embodiments, the Inv9
polypeptide is from a fungus (e.g., a yeast such as Saccharomyces). In other preferred

-embodiments, the Inv9 has invasion promoting activities.

In a related aspect, the invention features an isolated nucleic acid (e.g.,

. DNA) encoding an Inv9 polypeptide. Preferably, such an isolated nucleic acid
. sequence includes the INV9 gene of Fig. 6A (SEQ ID NO: 5) and complements an

INV9 mutation in Saccharomyces cerevisiae.
In another aspect, the invention features a substantially pure Rim1
polypeptide. Preferably, the Rim1 polypeptide is at least 75% identical to the amino

_acid sequence of Fig. 5A (SEQ ID NO: 4) in the zinc-finger domain, and at least 25%

identical throughout the entire length of the polypeptide amino acid sequence. In
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preferred embodiments, the Rim1 polypeptide is from a fungus (e.g., a yeast such as
Saccharomyces). In other preferred embodiments, the Rim1 polypeptide has invasion
promoting activities. - : | |

In a related aspect, the invention features an isolated nucleic acid (eg.,
DNA) encoding a Rim1 polypeptide. Preferabiy; such an isoléited nucleic includes the
RIM1 gene of Fig. 5A (SEQ ID NO: 3) and complements a RIMI mutation in

- Saccharomyces cerevisiae, as is described herein.

In related aspects, the invention further features a cell or a vector (for
example, a fungal expression vector), each of which includes an isolated nucleic acid
moleculé of the invention. In preferred embodiments, the cell is a fungal cell (for

example, S. cerevisiae). -In yet another preferred embodiment, the isolated nucleic-

- acid molecule of the invention is operably linked to a promoter that mediates . -

expression of a polypeptide encoded by the nucleic acid molecule. The invention
further features a cell (for example, a fungal cell) which contains the vector of the
invention. ' | '

In still another aspect, the invention features a transgenic fungus including
any of the above nucleic acid molecules of the invention, wherein the nucleic acid
molecule is expressed in the transgenic fungus:

In related aspects, the invention also features a method of producing an

Inv9 or Rim1 polypeptide. The method involves: (a) providing a cell transformed

- with a nucleic acid molecule of the invention positioned for eicpression in the cell; (b)

culturing the transformed cell under conditions for expressing the nucleic acid

" molecule; and (c) recovering the Inv9 or Rim1 polypeptide. The invention further -

features a recombinant Inv9 or Rim1 polypeptide produced by such expression of an
isolated nucleic acid molecule of the invention, and a substantially pure antibody that

specifically recognizes and binds to each of these polypeptides or a portion thereof,

By “fungal invasion” is meant a process by which a fungus penetrates,
digs, adheres to, or attaches to'a substrate. Invasion of a substrate by a fungus may be
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measured according to standard methods as described herein. |

By “fungal invasin” gene is meant a gene encoding a polypeptide capable -
of promoting or inhibiting the invasion by a fungus into a substrate. This response
may occur at the transcriptional level or it may be enzymatic or structural in nature.
Fungal invasin genes may be identified and isolated from any fungal species, using
any of the sequences disclosed herein in combination with conventional methods
known in the art.

By "polypeptide" is meant any chain of amino acids, regardless of length
or post-translational modification (for example, glycosylation or phosphorylation).

- By a"reporter gene"” is meant a gene whose expression may be assayed;
such genes include, without limitation, genes encoding p-galactosidase, f- .
glucoronidase, B-glucosidase, and invertase, amino acid biosynthetic genes, e.g., the
yeast LEU2, HIS3, LYS2, TRPI genes, nucleic acid biosynthetic genes, e.g., the yeast
URA3 and ADE?2 genes, the mammalian chloramphenicol transacetylase (CAT) gene,
or any surface antigen gene for which specific antibodies are available. A reporter
gene may encode a protein detectable by luminescence or fluorescence, such as green
fluorescent protein (GFP). Reporter genes may encode also any protein that provides
a phenotypic marker, for example, a protein that is necessary for cell growth or
viability, or a toxic protein leading to cell death, or the reporter gene may encode a
protein detectable by a color assay leading to the presence or absence of color. n
Alternatively, a reporter gene may encode a suppressor tRNA, the expression of
which produces a phenotype that can be assayed. A reporter gene according to the
invention includes elements (e.g., all promoter elements) necessary for reporter gene
function. :

By "substantially identical" is meant a polypeptide or nucleic acid
exhibiting at least 25%, preferably 50%, more preferably 80%, and most preferably
90%, or even 95% identity to a reference amino acid sequence (for example, the
amino acid sequence shown in Fig. 5A (SEQ ID NO: 4) or nucleic acid sequence (for

example, the nucleic acid sequences shown in Fig. 5A; SEQ ID NO: 3). For
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polypeptides, the length of comparison sequences will generally be at least 16 amino
acids, preferably at least 20 amino acids, more preferably at least 25 amino acids, and
most preferably 35 amino acids or greater. For nucleic acids, the length of
comparison sequences will genérally be at least 50 nucleotides, preferably at least 60
nucleotides, more preferably at least 75 nucleotides, and most preferably 110
nucleotides or greater. |

Sequence identity is typically measured using sequence analysis software
(for example, Sequence Analysis Software Package of the Genetics Computer Group,
University of Wisconsin Biotechnology Center, 1710 University Avenue, Madison,
WI 53705, BLAST, BEAUTY, or PILEUP/PRETTYBOX programs). Such software
matches identical or similar sequences by assigning degrees of homology to various
substitutions, deletions, and/or other modifications. Conservative substitutions -
typically include substitutions within the following groups: glycine alanine; valine, -
isoleucine, leucine; aspartié acid, giutamic écid, asparagine, glutamine; serine,
threonine; lysine, arginine; and phenylalanine, tyrosine. _

Bya "substantially pure polypeptide" is meant a polypeptide (for example,
an invasin polypeptide such as the Inv9 or Rim1 polypeptide) that has been separated
from comf)onents which naturally accompany it. Tj'picauy, the polypeptide is - -
substantially pure when it'is at least 60%, by weight, free from the proteins and -
naturally-occurring organic molecules with which it is naturally associated.
Preferably, the preparation is at least 75%, more préferably at least 90%, and most -
preferably at least 99%, by weight, an invasin polypeptide. A substantially pure:-
invasin polypeptide may be obtained, for example, by extraction from a natural source
(for example, a fungal cell); by expression of a recombinant nucleic acid encoding an
invasin polypeptide; or by chemically synthesizing the protein. Purity can be
measured by any appropriate method, for example, column chromatography, -
polyacrylamide gel electrophoresis, or by HPLC analysis.

By "derived from" is meant isolated from or baving the sequence of a

naturally-occurring sequence (e.g., 2 cDNA, genomic DNA, synthetic, or combination
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thereof). _ _ .

By "isolated DNA" is meant DNA that is free of the genes which, in the
naturally-occurring genome of the organism from which the DNA of the invention is
derived, flank the gene. The term therefore includes, for example, a recombinant
DNA that is incorporated into a vector; into an autonomously i‘éplicating plasmid or
virus; or into the genomic DNA of a prokaryote or eukaryote; or that exists asa
separate molecule (for example, a cDNA or a genomic or cDNA fragment produced
by PCR or restriction endonuclease digestion) independent of other sequences. It also
includes a recombinant DNA which is part of a hybrid gene encoding additional
polypeptide sequence. - _

By "transgenic fungal cell" is meant a fungal cell into which (or into
ancestor of which) has been introduced, by means of recombinant DNA techniques, a
DNA molecule encoding (as used herein) an invasin polypeptide.

- By "positioned for expression" is meant that the DNA molecule is
positioned adjacent to a DNA sequence which directs transcription and translation of
the sequence (i.e., facilitates the production of, for example, an invasin polypeptide, a
recombinant protein, or an RNA molecule).

| By "promoter sequence” is meant any minimal sequence sufficient to
direct transcription. Included in the invention are promoter elements that are
sufficient to render promoter-dependent gene expression controllable for gene
expression, or elements that are inducible by external signals or agents; such elements
may be located in the 5' or 3' regions of the native gene or engineered into a transgene
construct.

By "operably linked" is meant that a gene and a regulatory sequence(s) are
comnected in such a way as to permit gene expression when the appropriate molecules
(for example, transcriptional activator proteins) are bound to the regulatory
sequence(s). _

By “candidate gene” is meant any piece of DNA which is inserted by

artifice into a cell and expressed in that cell. A candidate gene may include a gene
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which is partly or entirely heterologous (i.e., foreign) to the transgenic organism, or -
may represent a gene homologous to an endogenous gene of the organism.

By "transgene" is mearit .any piece of DNA which is inserted by artifice
into a cell, and becomes part of the genome of the organism which develops from that
cell. Such a transgene may includea gene which is partly or entirely heterologous -
(i.e., foreign) to the transgenic organism, or may represent a gene homologous to an
endogenous gene of the organism.

By "transgenic" is meant any cell which includes a DNA sequence which
is inserted by artifice into a cell and becomes part of the genome of the organism
which develops from that cell. As used herein, the transgenic organisms are generally
transgenic fungal cells. A transgenic fungal cell according to the invention may
contain one or more invasin genes. o '

By “increasing production of a secondary metabolite” is meant a greater
level of production of a secondary metabolite in a transgenic fungus of the invention
than the level of production relative to a control fungus (for example, a non-transgenic
fungus). In preferred emhodi‘mén’ts, the level of secondary metabolite production in a
transgenic fungus of the invention is at least 10% greater (and preferably more than
30% or 50%) than the level in a control fungus. The level of secondary metabolite
production is measured using conventional methods. - '

* By "detectably-labelled" is meant any direct or indirect means for marking
and identifying the presence of a molecule, for example, an oligonucleotide probe or
primer, a gene or fragment thereof, or a cDNA molecule or a fragment thereof.
Methods for detectably-labelling a molecule are well known in the art and include, ©
without limitation, radioactive labelling (for example, with an isotope such as 2P or
33S) and nonradioactive labelling (for example, chemiluminescent labelling, for
example, fluorescein labelling).

By "purified antibody" is meant antibody which is at least 60%, by weight,
free from proteins and naturally-occurring organic molecules with which it is

naturally associated. Preferably, the preparation is at least 75%, more preferably
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90%, and most preferably at least 99%, by weight, antibody, for example, an acquired
resistance polypeptide-specific antibody. A purified invasin antibody (e.g., Inv9 or
Rim1) may be obtained, for example, by affinity chromatography using a
recombinantly-produced acquired resistance polypeptide and standard techniques.

By "specifically binds" is meant an antibody which i'ecognizes and binds
an invasin polypeptide but which does not substantially recognize and bind other
molecules in a sample, for example, a biological sample, which naturally includes an
invasin polypeptide such as Inv9 or Rim1.

By a "mutation" is meant an alteration in sequence, either by site-directed
or random mutagenesis. A mutated form of a protein encompasses point mutations as
well as insertions, deletions, or rearrangements. A mutant is an organism containing a
mutation

The invention provides long awaited advantages over a wide variety of
standard screening methods used for distinguishing and evaluating the efficacy of a
compound in regulation of gene expression in fungal pathogens. For example, the
methods allow for the identification, by genetic selection in a high throughput format,
of peptides and compounds that specifically activate or inhibit fungal invasion. These
methods also allow the mode of action for such agents to be rapidly delineated. .
Moreover, these methods are amenable to an iterative compound modification and
retesting process to allow for the evolution of more effective compounds from initial
hits and leads.

.Compounds which inhibit fungal invasion will likely also prevent fungal
virulence. These compounds may have therapeutic value in treating plant or animal
fungal diseases. Compounds which promote fungal invasion may be useful in
increasing yields of commercially important fungal secondary metabolites.

- The invention also provides an approach to isolating novel fungal genes
important for pathogenesis. These novel genes and the proteins they encode comprise
additional targets for compounds.

In addition, the invention provides a means to increase the yield of
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commercially important secondary metabolites by genetic manipulation of the fungal
organism itself. This facilitates the large scale production of fungal products which to
date has not been possible. ‘In addition, it allows for the facile identification of = -
"potentiators,” (i.e., compounds and peptides) that can activate secondary metabolite
production when contacting, or expressed in, fungi. The ability to increase fungal
secondary metabolite production has at least two important applications. First,
increasing production of secondary metabolites will facilitate identification of new
antimicrobial compounds in fungi that otherwise make undetec‘taBle levels of these
compounds in the laboratory. Second, it will allow increased production of existing.
secondary metabolites which are useful clinically or for research.

Other features and advantages of the invention will be apparent from the

following description of the preferred embodiments thereof, and from the claims. -

Detaile scripti
The drawings will first be described.
Figure 1 is a western blot showing the effect of mutations in the INV
pathway and STE pathway on Inv8 proteolytic processing.
Figure 2A is a series of photographs showing haploid invasion phenotypes

- for

-wild-type strains and strains with mutations in 7PX genes.

Figure 2B is a series of photographs showing pseudohyphal phenotypes
for wild-type strains and strains with mutations in 7PK genes. -

Figure 3 is a photograph showing the results of a yeast two-hybrid analysis
showing preferential affinity of Tpk2 for Mgal and Sfll. Gene products tested are
shown on the vertical and horizontal axes. Yeast growth indicates an interaction
between the products of the genes shown on the respective axes.

Figure 4A is a photograph of an epistasis analysis showing that FLOj 1.
acts downstream of both SFL/ and TPK2 during haploid invasive growth.
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Figure 4B is 4 phe

- acts downstream of both SFLI and TPK2 during pseudohyphal growth

Figure S5A shows the DNA sequence of the Candida RHMI gene (SEQ ID

- NO: 3) and the predicted encoded protein (SEQ ID NO: 4).

Figure 5B is a schematic illustration describing the complementation of
the S. cerevisiae inv8 phenotype with Candida RIM1.

Figure 6A shows the DNA sequence of S. cerevisiae INV9 (SEQ ID NO:
5). _

Figure 6B shows the predicted amino acid sequence of S. cerevisiae Inv9
(SEQ ID NO: 6).

Figure 7 is a series of photographs of phenotypic analysis of the serum
response of Candida 7imI/rim] mutants. _ , _

Figure 8 is a series of photographs showing that processing of Inv8 is
required for its nuclear accumulation.

Figure 9 is a photograph of a northern blot showing the steady-state levels
of FLO11 mRNA in a variety of invasion-defective (flo8, stel2, phdl, phd2, afll,
ras2, tpk2, tecl, flol 1, and inv6) and hyper-invasive mutants (iral). The blot was
probed with probes for FLOI1 and ACT].

Figure 10 is a schematic illustration of genes and pathways that regulate
invasion. Pointed arrows denote activation, flat-ended arrows indicate repression.

Figure 11 is a schematic illustration showing the relative positions of the

. FLO11 promoter fragments used to generate reporter constructs.

Figure 12 shows the results of a gradient plate assay, demonstrating that an

- agar invasion screen could be employed as a system for identifying antifungal

compounds.

We have discovered a series of interconnected signal transduction cascades
which regulate fungal invasion and pseudohyphal growth. From S. cerevisiae, we

identified new roles for previously characterized genes invasion and pseudohyphal
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growth (AFL1, DHHI, INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11, INV12,
INV13,INV14, Wl5, BEM2, CDC25, HOGI, IRAI, MCMI1, MGAL, PET9, PHD?2,
PHO?23, PTCI, RIM15, SFL1, SRB11, SSD1, STE21, STP22, SWi4, TPK2, TPK3,
YPR1I). Genetic and biochemical analysis has allo;w'ed us to place these genes, and
other genes known to regulate invasion, into a series of parallel signal transduction

cascades. Table 1, below, lists the génes of which we have identified that régulate

_ invasion and/or pseudohyphal growth in S. cerevisiae. T hese genes are cross-

referenced with the corresponding sequence nanie as designated by the
Saccharomyces Genome Database. Sequences of these genes and their putative
transcriptional regulatory elements are also found at the Saccharomyces Genome
Database (http://genome-www.stanford.edu/

Saccharomyces/).
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INVI/VPS36
INV3/DFGI6
INVS
INV6
INV7
INVE
INV9
INVIO
INVIT.
INV12/SNF8
INV13
INVI4
INV15/VPS28 -
INV16
STP22/
MCM1
FLOS
WHI3
SRV2
CYRI
AFLI
PTC
STE20
TPK2
YPRI
PH023
DHHI
PHD2
GRRI
RIMIS
HOGI

Sequence Name
YLR417w
YOR030w
YOR275¢
YMRI64c
YDL233w
YHLO27w.
YGLO46w + YGL045w
YMRO63w
YNL294c
YPLOO2c
YIR102¢
YMRI154c

“YPLO65w

not cloned
YCL008c
YMRO43w
YER108¢c
YNL197¢
YNL138w
YILOOSw
YELOO7w
YDLOOGw
YHL007c
YPL203w
YDR368w
YNL097c
YDL160c
YOL116w
YIR090c¢
YFL033¢
YLR113w

-19-

| Gene Name
PHDI
ELM1
FLOI1
SSDI
IRAI
.CDC25
RAS2
BCYI
“TPK3
 MGAI
SFL1
'BEM2
CDCS5
NPR1
MEP2
SHR3
_URE2
GLN3
CDC42
CcDhC24
STSEI1
STE7
Kss!
STE12
TECI
STE21
SIR4
PET9
SWi4
SRB11

PCT/US98/24646

Sequence Name
YKLO43w
YKLO048¢c
YIRO19¢
YDR293c¢
YBRI140c
YLR310c
YNL098c
YIL033c
YKL166¢
YGR249w
YOR140w
YERI55¢

-YGL190c

YNL183c
YNL142w
YDL212w
YNL229¢
YER040w
YLR229¢
YALO41w
YLR362w.
YDL159w
YGRO40w
YHRO84w
YBROS3w
YDR335w
YDR227w
YBLO030c
YERIilc
YNLO25¢
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We have constructed a “wiring: diagt‘am;’ of these signal transduction
cascades and shown directly that many of these genes regulate fungal invasion, at
least in part, through the regulaﬁon of a single gene, FLOI1. The identification of the -
convergence of signals onto a single target has facilitated improved screening
methods designed to evaluate-and identify therapeutic agenté .Liseﬁll for inhibiting -
fungal pathogenesis in either animal or plant hosts. Furthermore, our discovery
provides the basis for screening methods useful for identifying a variety of new fungal .
virulence factors. Identification of such virulence factors further facilitates the
development of targeted reagents for use as anfi-pathogens. In addition, the improved
screening methods provide the basis for identifying factor that increase production of
important fungal secondary metabolites. o

The following experimental examples are intended to iltustrate, not limit, - .

the scope of the claimed invention.

Below we describe experimental evidence that a series of signal
transductidn cascades operates in cooperation to regulate péelidohyphal growth and |
haploid digging in solid medium in S. cerevisiae.

On solid media containing high glucose and low nitrogen, diploid cells of
S. cerevisiae form pseudohyphae, which consist of chains o_f eldngated cells that form
invasive filaments (Gimeno et al., Cell 1992, 68:1077-1090).- On rich medium, -
haploid cells, but not diploid cells, manifest invasive growth, referred to as “digging”
(Roberts and Fink, Genes Dev. 1994, 8:2974-85). The nutritional signals that N
eventuate in both pseudohyphal growth and haploid invasive growth involve several
pathways. To isolate S. cerevisiae genes involved in these behavmrs, we have
performed a series of screens for mutants defective in either pseudohyphal growth or

haploid invasion. These screens are described below.
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Pseudohyphal Growth.

Mutagenesis of yeast and screens were conducted as described in Mésch
and Fink, (Genetics 1997, 145:671-684). Briefly, a direct visual screen for
transposon-induced mutants unable to invade the agar when grown on low nitrogen
SLAD agar was conducted in a MATa/e. haploid strain capable of pseudohyphal
growth. Secondary screening identified a subset of mutants that make long cells and,
thus, are capable of all aspects of pseudohyphal growth other than invasion.

Screen 2. Identification of Dj -Defective Mutants.

S. cerevisiae mutants defective for haploid invasive growth were identified
using a plate washing assay described in (Roberts and Fink, supra).
Transposon-mutagenized haploids, constructed as described in Mdsch and Fink
(Genetics 1997, 145:671-84 and Burns et al., Genes Dev. 1994 8:1087-105), were
plated on YPD to allow formation of well-isolated single colonies. After 3-5 days
growth at 30°C, plates were replica-plated and the surface of the master plate was
washed with a stream of water. Colonies of invasion-defective mutants wash-
completely (or nearly so) from the agar, whereas many cells of a wild-type strain

remained in the agar after washing. Mutant strains were subsequently picked from the

replicas of colonies that exhibited an invasion-defective phenotype.

Screen 3. Identification of Hyperinvasive Mutants.

Transposon-mutagenized haploids were plated to YPD and grown as
described in Screen 2 above. Colonies with a surface morphology that appeared more
"rough" than wild-type colonies were picked-- a rough colony surface is indicative of
hyperinvasion. Secondary testing subsequently identified mutants in which more
cells remained in the agar after washing as compared to wild-type controls. Such.

mutants were retained as hyper-invasive mutants.
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This screen relied upon our observation that, unlike mutations affecting
other characterized genes required for pseudohyphal growth, inv mutants were more
resistant than wild-type strains to the whitening agent calcoflour. In addition, as is
true for all invasion-defective mutants, inv haploids exhibited a colony surface:
morphology that appears more smooth than wild-type colonies when grown on YPD
agar. A collection of transposon-induced calcoflour-resistant mutants exhibiting a
smooth colony morphology when grown on YPD agar were also identified.-

For all mutations induced by transposon insertion, genomic DNA flanking
the transposon insertion site was isolated and sequenbed by conventional methods.
Nucleotide sequence of flanking DNA was then compared to the genomic sequence of -

S. cerevisiae to identify the affected gene.

Invasion-Defective Mutant. -

A library of plasmids containing yeast genomic DNA was transformed into
an invasion-defective (Inv-) diploid whi3 strain. These library plasmids contained an
origin of replication that promotes maintenance in high-copy number (the 2y origin).
Transformants were plated on selective media (SC-URA), plates were incubated for
1-2 days, and then a plate washing assay was performed. High-copy plasmids that
suppress the Inv- phenotype promoted a transient period of invasive growth into
synthetic media. This growth was identified as small pits of colonies that remained in
the agar after the plate washing assay. Several genes were identified as high-copy
suppressors of the Inv- phenotype of whi3 mutants, including MCM1 and PHD2.
Subsequent analysis of phd2-deleted and mcmi partial loss-of-function mutants
demonstrated that these genes regulate invasion and FLO!1.] expression.

From the above screens, we have identified 60 genes which regulate

pseudohyphal growth or haploid invasion in S. cerevisiae. These genes, referred to as
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invasins, have been further categorized int.o at least six signal transduction cascades.
Based on the resulting phenotype following mutation or overexpression, these genes
can be further classified as “fungal invasion-promoting” or “fungal invasion-
inhibiting.” For example, a S. cerevisiae strain containing a complete deletion of
AFL] does not form filaments or invade under conditions in which a wild-type strain
does, and no invasion is observed under conditions that normally induced invasion
during pseudohyphal growth or haploid digging. An example of a signal transduction
cascade is described below.

- Twelve S. cerevisiae genes which comprise this signal transduction
pathway required for agar invasion have been identified, cloned, and characterized.
INV8, encoding a transcription factor whose activity is regulated by proteolysis, is the
most downstream member of the pathway. The other twelve members (INV1, INV3,
INVS, INVY, INV10, INV11, INVI12, INV13, INV14, INV15, INV16, and STP22) are all
required for proteolytic regulation of Inv8. As shown in Figure 1, mutations in these
genes, but not mutations in any other invasin genes thus far examined, block Inv8
processing. One of the NV members, Inv14, is a cytoplasmic cysteine protease of the
calpain family. It was surprising that this signal transduction pathway was conserved
in fungi and served, in other fungi, to regulate the production of secondary
metabolites and secreted enzymes that are able to degrade extracellular substrates.
Homologs of the S. cerevisiae genes have been found, for example, in A. nidulans,
where a similar set of genes regulate transcription of a naumber of secreted
catabolizing enzymes in response to extracellnlar pH; in Yarrowia lipobtica, as the
transcriptional regulator of an abundant, secreted alkaline protease; and in Penicillium
(P.) chrysogenum and A. niger, where it has a role similar to that found in 4. nidulans.
In A. nidulans and in P. chrysogenum, the pathway directly regulates the production
of penicillin (penicillin production is regulated by the activated form of the
transcription factor).

-Other additional members of these signal transduction cascades are

identified through a variety of standard techniques. First, enhancers and suppressors
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of phenotypes of mutant strains are isolated using standard techniques known to those -
skilled in the art (Ausubel, supra). Second, proteins which interact with pathway
xhembers' are isolated using yeast two-hybrid methods (Fields and Song, Nature 1989,
340:245-246; Chien et al., Proc: Natl. Acad. Sci. USA 1991, 88:9578-9582; Brent and
Finley, Annu. Rev. Genet. 1997, 31:663-704). In one example, proteins which
specifically interact with an A kinase catalytic sﬁbfunit Tpk2, and not with related -
proteins Tpkl and Tpk3 were identified and shown to be important for pseudohyphal -
development. Diploid #pk2 strains grown on SLAD (low nitrogen medium) were
completely defective for pseudohyphal development, whereas #pk3 diploid strains
were greatly enhanced for filamentation (Figure 2B). Similarly, haploid #k2 mutants
were defective for invasive growth and fpk3 mutants were hyperinvasive (Figure 2A).
tpkl mutants were indistinguishable from wild-type strains as both haploids and
diploids. The accentuated filamentation and invasion phenotypes of pk3 mutants - -
required a functional Tpk2 as #pk2 fpk3 mutants had the same phenotype as tpk2
single mutants. As Tpk2 appeared to be uniquely fequired for pseudohyphal growth,
we used a two-hybrid screen to identify proteins that interact specifically with Tpk2.
The intact open reading frame of TPK2 was fused to coding sequence for the Gal4 -
DNA binding domain and used to screen a library of yeast genomfc fragments fused
to coding sequence for the Gal4 transcriptional activation domain. Activation of the
GAL4-ADE?2 reporter, leading to adenine-independent growth of an ade- strain, was -
taken as preliminary evidence for an interaction between the Gal4 DNA binding ~ -
domain:Tpk2 fusion and the Tpk?2 interacting protein fused to the Gal4 activation - -
domain. Positive clones were then retested in the two-hybrid assay with Tpk1, Tpk2,
Tpk3, or Dph1 fused to the Gal4 DNA binding domain. DPHI, a gene required for
diphthamide biosynthesis, was used to control for interactions that were not specific -
to the PKA isoforms. -

Two classes of proteins interacted with Tpk2 in the two-hybrid assay: the -
first class was indiscriminate and interacted with Tpk1, Tpk2, and Tpk3; the second -
class was selective and interacted preferentially with Tpk2 (Figure 3). One of the
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proteins that interacted with all three catalytic subunits is Bcyl, the negativé
regulatory subunit of PKA, which had previously been shown to bind Tpk1, Tpk2, .
and Tpk3. The second class consisted of Sfll and Mgal, putative transcription factors
belonging to:a group of five yeast proteins (Mgal, Sfl1, Hsfl, Skn7, and Hms2)
containing a helix-turn-helix DNA binding motif. All but Skn7 contain at least one
consensus PKA phosphorylation site ([R/KJ[R/K]X[S/T]): Sfll has five, Mgal has
two, Hsfl has -foui', and Hms2 has one. _

We deleted the open reading frame of both MGA/ and SFL1. sfll mutants
had a dramatic phenotype: sfI] haploid strains were extremely flocculent and
hyperinvasive, whereas diploids homozygous for a deletion of sfl/ were greatly
enhanced for filamentation (Figure 4A-B). We constructed an sfl/ tpk2 double
mutant to see if the 1pk2 pseudohyphal defect was blocked by loss of function of Sfl1.
sfll tpk2 double mutants had the same phenotype as sf1/ single mutants, suggesting
Sfl1 acts downstream of Tpk2 (Figure 4A-B).. We could not detect a dramatic defect
in pseudohyphal formation in mga/ null mutants. -

Similar two-hybrid screens can also be used to identify additional
members of any of the signal transduction cascades described herein. Candidate
genes are then analyzed using a variety of techniques known to those skilled in the art,
such as construction of mutant strains or overexpressiém.

Identification of transcriptional targets of genes in the fungal signal
transduction pathways, such as Inv8 or Sfll, are used to identify gene products which:
are directly responsible for extracellular substrate degradation or invasion. For
example, identification of Inv8 transcriptional targets is useful to identify gene
products directly responsible for agar invasion. Identification of such target genes -
provides excellent reporters of the IN¥ pathway, which will make it possible to
demonstrate the relative activities of the unprocessed versus the proteolyzed Inv8
protein and to define the mechanisms by which Inv8 activates and represses target
genes. Alternatively, identification of homologs, such as by screening for

complementation of the phenotype in S. cerevisiae, in other fungi can be carried out to
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identify fungal gene products which regulate production of secondary metabolites,
such as antibiotics, anti-hypercholesterolemic agents, immunosuppressives,-or
antifungal drugs. '

Based on the work described herein, it is possible to discover and develop -
novel antifungal therapeutic driigs; identify and COmmerdialiié new fungal secondary .
metabolites; improve yields of presently available fungal products; and develop
technologies and products to address unmet fungal challenges. It is likely that the.
sighal transduction machinery is conserved among fungi. Thus, based on the
discoveries described herein, each of these signal transduction cascades represents a
target for antifungal drugs and/or regulation of secondary metabolites. Strains of .

cerevisiae carrying mutant alleles of any of the genes can be used to screen for fungal

- homologs, including those from important pathogenic fungi and commercially - -

important fungi, such as Aspergillus sp., Penicillium sp.,- Acremonium chrysogenum,
Yarrowia lipolytica and Phaffia rhodozyma, which are capable of complementing or
rescuing the mutant phenotype. These strains can be genetically modified such that
the rescued organisms are capable of increased growth or sﬁrvival, such that these
organisms can be isolated using selection based screens described herein. Selection-
based screens allow for high-throughput, and thus provide a more rapid approach to -
gene isolation than those currently used. Moreover, screens for genes which
complement mutant phenotypes allows for isolation of genes which share functional
properties but which do not contain high degrees of similarity at the nucleotide or. -

amino acid level.

Isolation of Invasin Homologs

Any fungal cell can serve as the nucleic acid source for the molecular -
cloning of an invasin homolog. Isolation of an invasin homolog (e.g., AFLI, DHHI,
INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11, INV12, INV13, INV14, INV13,
BEM2, CDC25, HOG1, IRA1, MCM1, MGAl, PET9, PHD2, PHO23, PTC1, RIM1,
RIM15, SFL1, SRB11, 8§D1, STE21, SI?ZZ, SWI4, TPK2, TPK3, or YPRI) involves
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the isolation of those DN)&sequences which encode a polypeptlde exhibiting
properties or activities associated with promotion or inhibitioﬁ of fungal invasion.
Based on the sequences of the invasin genes and polypeptides described herein, the
isolation of additional invasin homolog regulatory and coding sequences from a
variety of fungi (e.g.,Candida, Aspergillus, Penicillium, Mucor, Monascus,
Trichoderma, Fusarium, Tolypocladum, Acremonium, Cryptococcus, Ustilago,
Magneporthe, Acremonium, Yarrowia, and Phaffia) is made possible using standard
strategies and techniques that are well known in the art. _

In one particular example, any of the invasin sequences described herein
may be used, together with conventional screening methods of nucleic acid
hybridization screening. Such hybridization techniques and screening procedures are
well known to those skilled in the art and are described, for example, in Benton and
Davis, Science 1977, 196:180; Grunstein and Hogness, Proc. Natl. Acad. Sci., USA
1975, 72:3961; Ausubel et al. et al., 1997, Current Protocols.in Molecular Biology,
Wiley Interscience, New York; Berger and Kimmel, Guide to Molecular Cloning .
Techniques, 1987, Academic Press, New York; and Sambrook et al., Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory Press, New York. In
one particular example, all or part of the Candida albicans RIMI cDNA (described
herein) may be used as a probe to screen a recombinant fungus DNA library (e.g., a.
recombinant expression library prepared from Aspergillus nidulans) for homologs
having sequence identity to the Candida albicans RIM1 gene. Hybridizing sequences
are detected by plaque or colony hybridization according to the methods described
below. -

_ Alternatively, using all or a portion of the amino acid sequence of the-
Rim1 polypeptide, one may readily design Rim1-specific oligonucleotide probes,
including Rim1 degenerate oligonucleotide probes (i.c., a mixture of all possible
coding sequences for a given amino acid sequence). These oligonucleotides may be
based upon the sequence of either DNA strand and any appropriate portion of the
Riml sequence. General methods for designing and preparing such probes are
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provided, for example, in Ausubel et al. (supra), and Berger and Kimmel (supra).
These oligonucleotides are useful for RIMI homolog isolation; either through their. - -
use as probes capable of hybridizing to RIM/ complementary sequences or:as primers
for various amplification techniques, for example, polymerase chain reaction (PCR)
cloning strategies. If desired, a combination of different oligonucleotide probes may
be used for the screening of a recombinant DNA library. The oligonucleotidés may-
be detectably-labeled using methods known in the art and uséd to probe filter replicas
from a recombinant DNA library. Recombinant DNA libraries are prepared according

to methods well known in the art, for example, as described in Ausubel et al. (supra),

- or they may be obtained from commercial sources.

' In one particular example of this approach, homolog RIMI sequences -
having greater than 75% identity are detected or isolated using high stringency
conditions. High stringency conditions may include hybridization at about 42°C and -
about 50% formamide, 0.1 mg/mL sheared salmon sperm DNA, 1% SDS, 2X SSC,

- 10% Dextran sulfate, a first wash at about 65°C, about 2X SSC, and 1% SDS,

followed by a second wash at about 65°C and about 0.1X SSC. Alternatively, high
stringency conditions may include hybridization at about 42°C and about 50%
formamide, 0.1 mg/mL sheared salmon sperm DNA, 0.5% SDS, 5X SSPE, 1X -
Denhardt's, followed by two washes at room temperature and 2X SSC, 0.1% SDS,
and two washes at between 55-60°C and 0.2X SSC, 0.1% SDS.

In another approach, low stringency hybridization conditions for detecting
RIMI homologs having about 25% or greater sequence identity to the Candida
albicans RIMI gene described herein include, for example, hybridization at about
42°C and 0.1 mg/mL sheared salmon sperm DNA, 1% SDS, 2X SSC, and 10%
Dextran sulfate (in the absence of formamide), and a wash at about 37°C and 6X
SSC, about 1% SDS. Alternatively, the low stringency hybﬁdizaﬁon may be carried
out at about 42°C and 40% formamide, 0.1 mg/mL sheared salmon sperm DNA,
0.5% SDS, 5X SSPE, 1X Denhardt's, followed by two washes at room temperature . -
and 2X SSC, 0.1% SDS and two washes at room temp'e'r’atﬁre and 0.5X SSC, 0.1%
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SDS. These-stﬁngency c‘%ﬁgiﬁons are exemplary; other a;;i:;priate conditions may
be determined by those skilled in the art.

If desired, RNA gel blot analysis of total or poly(A+) RNAs isolated from
any fungus (e.g., those fungi described herein) may be used to determine the presence
or absence of a RIMI transcript using conventional methods. As an example, a
northern blot of Aspergillus nidulans RNA is prepared according to standard methods
and probed with 2 RIM1 gene fragment in a hybridization solution containing 50%
formamide, 5X SSC, 2.5X Denhardt's solution, and 300 pg/mL salmon sperm DNA at
37°C. Following overnight hybridization, the blot was washed two times for ten -
minutes each in a solution containing 1X SSC, 0.2% SDS at 37°C. An autoradiogram
of the blot is used to demonstrate the presence an RIMI-hybridizing RNA in the
fungal RNA sample. A hybridizing band is taken as an indication that this fungus
expresses a C. albicans RIM1 homolog. Isolation of this hybridizing transcript is
performed using standard cDNA cloning techniques. Other fungal invasions may be
evaluated and cloned in a similar fashion.

As discussed above, invasin oligonucleotides (e.g., oligonuclebtides
prepared from the Candida albicans RIM! gene) may also be used as primersin .
amplification cloning strategies, for example, using PCR. PCR methods are well
known in the art and are described, for example, in PCR Technology, Erlich, ed.,
Stockton Press, London, 1989; PCR Protocols: A Guide to Methods and Applications,
Innis et al., eds., Academic Press, Inc., New York, 1990; and Ausubel et al. (supra).
Primers are optionally designed to allow cloning of the amplified product intoa -~
suitable vector, for example, by including appropriate restriction sites at the 5' and 3'

ends of the amplified fragment (as described herein). If desired, RIM! sequences may

be isolated using the PCR "RACE" technique, or Rapid Amplification of cDNA. Ends

(see, e.g., Innis et al. (supra)). By this method, oligonucleotide primers based on an
Candida albicans RIM1 sequence are oriented in the 3' and 5" directions and are used
to generate overlapping PCR fragments. These overlapping 3'- and 5'-end RACE
products are combined to produce an intact full-length cDNA. This method is -
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described in Innis et al. (supra); and Frohman et al., Proc. Natl. Acad. Sci. USA -
85:8998, 1988. Exemplary oligonucleotide ptimers useful for amplifying RIMI -
homolog sequences include, without limitation: -
A GAATTAACCCTCACTAAAGGGAAARMGNGAYCAYATHA
C (SEQ ID NO: 1); and -
B. GTAATACGACTCACTATAGGGTGYTTYTTNARRTCYTG

(SEQID NO: 2).

For each of the abéve sequences, Nis A, T, G or C.

Alternatively, any fungal cDNA or cDNA expression library may be

- screened by functional complementation of an invasin mutant (for example, the RIM]

and AFLI mutants described herein) according to standard methods described herein.
Confirmation of a sequence’s relatedness to an invasiﬁ polypeptide may be

accomplished by a variety of conventional methods including, but not limited to, -
functional complementation assays -Iand sequence comparison of the homolog and its
expressed product. In addition, the activity of the gene product may be evaluated
according to any of the techniques described herein, for example, the functional or
immunological properties of its encoded product. -

- Once an invasin homolog is identified, it is cloned according to standard

methods and used for the construction of fungal expression vectors according to -

-standard methods.

Interacting Po

The isolation of invasin protein sequences also facilitates the identification
of polypeptides which interact with the invasin proteins. Such polypeptide-encoding
sequences are isolated by any standard two hybrid system (see, for example, Fields et
al., Nature 1989, 340:245-246; Yang et al;, Science 1992, 257:680-682; Zervos et al.,

- Cell 1993, 72:223-232). For example, all or a part of the Tpk2 sequence may be -

fused to a DNA binding domain (such as the GAL4 or LexA DNA binding domain).

- After establishing that this fusion protein does not itself activate expression of a
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reporter gene (for example, a lacZ or LEU2 reporter gene) bearing appropriate DNA
binding sites, this fusion protein is used as an interaction target. Candidate intéracting
proteins fused to an activation domain (for example, an acidic activation domain) are
then co-expressed with the Tpk2 fusion in host cells, and interacting proteins are
identified by their ability to contact the Tpk2 sequence and stﬁnu_late reporter gene
expression. Tpk2-interacting proteins identified using this screening method provide
good candidates for proteins that are involved in the acquired resistance signal

transduction pathway. An example of this method is described herein (infra).

Isolating Fungal Homologs which Complement S. cerevisiae Mur tations -

One use of the S. cerevisiae mutant strains is to screen for homologs in
other fungi which can complement the S. cerevisiae mutations. Here we provide
evidence for the efficacy of such an approach. We have identified the C. albicans
homolog of INV8 (referred to as RIM1 (Figure 5A; SEQ ID NO: 3)). When the full
length RIMI was expressed from a plasmid in S. cerevisiae inv8 strains, the cells still
showed an.inv8 phenotype. However, the homologs of RIMI (S. cerevisiae INVS, Y.
lipolytica RIM101, and A. nidulans pacC) require proteolytic processing for .
activation. It is likely that the S. cerevisiae protease could not cleave C. albicans
Rim1 (Figure 5A; SEQ ID NO: 4). In support of this, a RIM7 gene truncated just .
prior to the protease cleavage site, was found to complement the inv8 phenotype in S.
cerevisiae (Figure 5B.) This makes it likely that a Rim] protease exists in C. albicans,
and this protease would be considered to be a homolog of INV14. Based on our
discovery of the correlation between S. cerevisiae invasion and secondary metabolite

production by other fungi, it is likely that many if not all of the S. cerevisiae INV

. genes will have homologs in diverse fungi. Indeed, INV5, INV9 and INV14 are

predicted to encode proteins with high amino acid similarity to the products of the 4.
nidulans genes palA, palF, and palB, respectively. We found that the published -
sequence for the genomic region near INV9 contains several errors. The correct DNA

sequence of INV9 (SEQ ID NO: 5) and the sequence of the predicted polypeptide
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(SEQ ID NO: 6) is shown in Figure 6A-B. INVS/palA, INV9/palF, and INV14/palB
are required to activate Inv8/PacC in their respective organisms. Thus, these genes. -
are structuraily and functionally conserved genes. In addition, homologs of IN¥9,
INV11, and INV13 appear on the list of partially sequenced C. albicans genes:
(http://alces.med.umn.edu). Ar INV1I homolog in'the fungus Kluveromyces lactis
has also been partially sequenced (GENBANK locus: KLAJ9848), as have homologs
of INVI (GENBANK locus: SPBC3B9), INV/3 (GENBANK locus: SPBC4B4) and
INV15 (GENBANK locus: SPACIB3) in the fungus Schizosaccharomyces pombe.
An STP22 homolog has been identified in the fungus Saccharomyces carlsbergensis
(GENBANK locus: SCZ86109). Ofthe 12 clonéd{gene’s in the INV pathway, six
(INV35, INV8, and INV12-15) have obvious structural homologs outside the fungal -
kingdom. The exiStenc'e; of INV homologs in a wide variety of fungi, including the =
pathogenic fungus, C. albicans, and one that produces the important secondary - . -
metabolite penicillin, 4. nidulans, underscores the potential utility of manipulating .
these genes and/or their activities to affect both pathogenesis and secondary
metabolite production in diverse fungi. Additional homologs can be isolated by
expressing genes from fungal cDNA or genomic libraries in S. cerevisiae mutant.

strains and selecting for those transformants in which the mutant phenotype is -

complemented or enhanced. |

Following isolation of any specific homolog of a §. cerevisiae gene
involved in invasion from any fungal sbepies, we can determine the role of that gene
in pathogenesis or invasion by that fungus. Any such gene that activates or increases

invasion is also likely to activate or increase virulence. Deletion or inactivation of the

function of these genes would likely reduce the vinilence of that fungal strain. - The

following gene deletion example utilizes the C. albicans RIMI gene from the previous
section.

We tested whether the C. albicans RIM1 gene was required for invasive
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hyphal growth in C. albicans. A homozygous rimi/riml deletion was created. The
C. albicans rim1/rim! mutant does not form invasive hyphae in the presence of serum
on agar at 37°C, while nonmutant C. albicans does (Figure 7). The virulence of the
mutated strains can be determined using a variety of animal models. One model of
systemic infection is described as an example. To test the rel_é.five_ virulence
(infectivity) of a mutant strain of Candida compared to a normal "wild-type" strain,
mutant and normal Candida cells are injected into the tail veins of separate healthy
mice. The mice are then observed for a period of two weeks to one month. The
relative numbers of mice killed by the mutant versus normal Candida provides an
index of virulence (see Lo et al., Cell 1997, 90: 939-949). Furthermore, any:fungal
gene that inhibits or decreases invasion is also likely to inhibit or decreasé secondary
metabolite production. Deleting or disrupting the function of any such gene-is likely
to increase secondary metabolite production. Genetic engineering methods, including
transformation and homologous recombination techniques, are practiced in many
fungi (Punt and van den Hondel, Methods Enzymol. 1992, 216:447-457; Timberlake
and Marshall, Science, 1989, 244:1313-1317; Fincham, Microbiol Rev. 1989, 53:148-
170). Gene deletion techniques are currently practiced in many fungi, including, but
not limited to, Candida albicans (Fonzi and Irwin, Genetics 1993, 134: 717-728),
Ustilago maydis (Fotheringham and Hollman, Mol. Cell Biol. 1989, 9:4052-4055;
Bolker et al., Mol. Gen. Genet. 1995, 248:547-552), Yarrowia lipolytica (Neuveglise
et al., Gene 1998, 213:37-46; Chen et al., Appl. Microbiol. Biotechnol. 1997, 48:232-
235; Cordero et al., Appl. Microbiol. Biotechnol. 1996, 46:143-148), Acremonium .
chrysogenum (Skatrud et al., Curr. Genet. 1987, 12:337-348; Walz and Kuck, Curr.
Genet. 1993, 24:421-427), Magnaporthe grisea (Sweigard et al._, Mol. Gen. Genet..
1992, 232:183-190); Kershaw et al., EMBO J. 1998, 17:3838-3849), Histoplasma
capsulatum (Woods et al., J. Bacteriol. 1998, 180:5135-5143) and Aspergillus sp.
(Miller et al., Mol. Cell Biol. 1985, 5:1714-1721; de Ruiter-Jacobs et al., Curr. Genet.
1989, 16:159-163; Gouka et al., Curr. Genet. 1995, 27:536-540; van den Hombergh et
al.,, Mol. Gen. Genet. 1996, 251:542-550; D’Enfert, Curr. Genet. 1996, 30:76-82;



© . WO 9925865 ' ' PCT/US98/24646

10

15

20 .

25

-34.
Weidner et al., Curr. Genet. 1998, 33:378-385).
This gene deletion technique allows for the selection of fungal homologs

~ which give the strongest phenotypes, as well as those which are invasion specific.

Some of the gene disruptionS will likely produce nonpathogenic fungi. These genes
and the encoded proteins are excellent candidates to target with compounds, Other
disruptions will likely produce hyperinvasive fungi. The mutation of these genes in
fungi such as Aspergillus sp., Penicillium sp., Acremonium chrysogenum, Yarrowia
lipolytica, and Phaffia rhodozyma should lead to increased production of secondary
metabolites of commercial value, such as beta-lactam antibiotics and their derivatives,

or anti-hypercholesterolemic agents such as the statins. -

A System to Increase Production of Secondary Metabolites
Fungi secrete -Secondary metabolites iﬁ order to produce an environment -

favorable for their survival. These metabolites have also been shown to have a great
number of commercial uses. We have discovered a correlation between secondaty
‘metabolite production and the regulation of invasion. - The 4. nidulans pacC gene,
involved in regulation of the penicillin production, has a homolog in both S.

cerevisiae and C: albicans which has a role in invasion. The 4. nidulans genes palA,
palD, and palF, involved in regulation of penicillin production, also have homologs in
S. cerevisige that are required for invasion. In addition, as described above, we have
identified the homolog of pacC in C. albicans (RIM1) and showed that it is-also
necessary for invasion. Similarly, many of the nutritional conditions that induce
substrate invasion by S. cerevisiae also lead to increased penicillin production in 4. - |
nidulans. For example, growth in the presence of limiting amounts of ammonia is
important both for psendohyphal growth in S. cerevisiae and production of penicillin
in A. nidulans (see Gimeno et al., supra, and Brakhage, A. A., Micro. Mol. Biol. Rev.
1998, 62: 547-585). Many of the genes we have shown to regulate invasion, as well as -
expression from the FLOI1 promoter (infra), will also regulate production of

secondary metabolites in fungi such as Aspergillus sp., Penicillium sp., Acremonium
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- chrysogenum, Yarrowia lipolytica and Phaffia rhodozyma. This knowledge can be

used to produce fungal strains which produce greater amounts of these secondary
metabolites, many of which are of great commercial value.
. One example of how genetic manipulation can increase secondary

metabolite production utilizes the fungal invasion-inhibiting géne, HOG!I. Wehave

-shown that HOG] is a negative regulator of haploid invasion and pseudohyphal

growth in S. cerevisiae. Mutating or deleting HOG! in S. cerevisiae produces a
transgenic strain which invades its substrate in conditions in which a wild-type strain
does not. Decreasing the activity of the Hog1 protein in fungal species such as - i
Aspergillus sp., Penicillium sp, Acremonium chrysogenum, Yarrowia lipolytica and
Phaffia rhodozyma, results in an increased production of secondary metabolites
through a de-repression of the signal transduction pathway. There are a variety of
ways to decrease protein activity. One method is to delete the entire HOG! gene or a
portion thereof, using homologous recombination techniques known to be applicable
in fungi as described herein. Similarly, mutagenesis of genes could also lead to
decreased protein activity. Another method would be to apply a gene or compound
which, directly or indirectly, inhibits the expression of HOG! or the activity of Hog].
These genes and compounds can be isolated using screening techniques described
herein. The methods described for HOG! are equally applicable to any fungal anti-
invasion gene, including, but not limited to, GRRI, IRA1, BEM2, TPK3, SFLI ,38D1,
RIM15, CDC55, SWI4, and ELM]I.

‘A second mechanism to increase production is to increase the activity of a
fungal invasion-promoting gene, such as homologs of IN¥8 or any other fungal -
invasion-promoting gene. One method is to express such a gene from a constitutively
active promoter. Expression systems, such as those which drive expression of genes
from promoter sequence from either the Aspergillus nidulans gpdA gene, the
Acremonium chrysogenum ipnS gene, or the Penicillium chrysogenum phoA gene, are
well-known to those skilled in the art (Skatrud et al., Curr. Genet. 1987, 12:337-348; -
Kolar et al., Gene 1988, 62:127-134; de Ruiter-Jacobs et al., Curr. Genet. 1989, |



10

15

20

25

. WO 99/25865 ) - - PCT/US98/24646

-36-

16:159-163; Smith et él., Gene 1988, 114:211-216; Graessle et al., Appl. Environ. .
Microbiol. 1997, 63:753-756).

Another method to increase activity of a fungal invasion-promoting gene is-
to genetically alter the fungal invasion gene, either through the introduction of an -
activating mutation or by creating fusions to other genes that result in increased
activity. The fusion proteins are preferably constitutively active. A third method is to
mutate the fungal inVaSion gene such that the activity of the encoded protein is
increased. For example, S. cerevisiae Inv8 and its homolog; PacC, require proteolyic
cleavage for transcriptional activating properties. We have shown that this cleavage is
required for the nuclear localization of Inv8. Inability to truncate Inv8 results in its- - -

accumulation in the cytoplasm (Figure 8). These data suggest that activation of Inv8 -

~ and its homologs is likély to be a consequence of allowing the protein to gain access - -

‘to its target genes in the nucleus. Thus, truncation of Inv8 or PacC caused by the-

introduction of a stop codon upstream of the coding sequence for the protease ' -
cleavage site would create a constitutively active transcription factor. Another
method is to apply a compound which, directly or indirectly, increases the expression
of INV8 or the activity of Inv8. These compounds can be isolated using scréening
techniques described herein. S. cerevisiae INVS is homologous to ¥. lipolytica
RIM101, and pacC from A. nidulans, A. niger, and P. chrysogenum. pacC is known .
to directly-regulaite penicillin production; penicillin production is regulated by the - -
activated form of the transcription factor. Thus, increased PacC activity using any of

the described methods will lead to increased penicillin production.

* The cell surface protein Flo11 has been reported to be required for
invasive and filamentous growth (Lainbrechts etal., 1996;'Liu et al., 1996; Lo and
Dranganis, 1996; Lo and Dranganis, 1998; Flo11 is referred to as Mucl in-S.-
cerevisiae var. diastaticus). The FLO genes encode proteins required for cell-cell -

adhesion (Teunissen and Steensma, 1995). The MAP kinase pathway, involving four
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protein kinases (Ste20, Stell, Ste7, and Kss1), regulates the activity of the
transcription factor Ste12/Tecl. One of the genes regulated by this signal
transduction cascade is FLO!1.

We have aiscovered that FLO!1 is a downstream target for other signal
transduction pathways that regulate filamentous growth in dip]oids and invasion in
haploids. While it was known that one pathway which regulated these phenotypes
also regulated FLO!1 expression, it was surprising that FLO!1 appeared to be under
such complex regulation by several signal transduction pathways. These findings are
outlined below.

An example of another signal transduction cascade which regulates FLO1]
expression is the CAMP/PK A pathway. The evidence which implicated FLO11 as a
target of the cAMP pathway follows. Since both the MAPK pathway and the ..

- cAMP/PKA pathway are activated for filamentation by the same activator, Ras2,

analysis of the distinct role of cAMP on filamentous growth requires the ability to
activate the PKA branch independently of Ras. To achieve this goal, we constructed a
strain (ras/ ras2 pde2) lacking both RAS genes (RASI and RAS2) and the high-
affinity cAMP phosphodiesterase, PDE2. Since Rasl and Ras2 are required for the
activation of adenylate cyclase, Cyrl and PDE2 encodes the phosphodiesterase
required for cCAMP hydrolysis, a ras] ras2 pde2 strain is impaired in the synthesis and
breakdown of cCAMP. Such a strain should be dependent upon exogenous cAMP for
induction of the A kinase and, as no Ras-induced signal can be transmitted to the
MAPK cascade, the effects of cAMP on filamentation should be independent of the
Ras/MAPK signal. : _ _ _

The rasl ras2 pde2 strain (SR957) requires cAMP for growth on YPD
(veast extract, peptone, dextrose), but grows without cAMP on SC (synthetic
complete), SLAD (synthetic low ammonia dextrose), and YNB (yeast nitrogen base),
media where it displays hyper-accumulation of glycogen, indicative of low cAMP
levels. We presume that the ability of this triple mutant to grow without added
CAMP, as has been observed by others (Nikawa et al., 1987), results from basal
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cyclase activify that is sufficient to provide internal cAMP. In support of this notion,
we observed that growth of our rasi ras2 pdez strain depended upon a functional -

cyclase (CYRI) gene.

A diploid ras] ras2 pde2 (SR959) strain grows on SLAD medium without
cAMP but does not form pseudohyphae. However, on SLAD medium containing -

cAMP, the strain is extremely filamentous. Moreover, the addition of cAMP leads

not only to induction of filamentation, but also to invasion of the substrate. In'the ‘-
presence of CAMP, the ras! ras2 pde2 strain (SR959) is invasive on all media tested
(YPD, SC, SLAD). Since invasive growth is usually observed with haploid strains on
YPD, both the cell type signal and the nutritional s1gna1 can be bypassed by hlgh

. cAMP levels in the cell.”

To determine whether cAMP induces filamentation by activating the -
MAPK pathway, we measured the expression of the Kss1 MAPK pathway-specific -
reporter FG::Tyl-lacZ (Mosch et al., supra) in rasl ras2 pde2 strains grown on
SLAD plates containing concentrations of cAMP that induce filamentation. The level
of expression of the FG:: TyI-lacZ reporter in the rasI ras2 pde2 strain (SR959) was

- not altered by these cAMP levels. Moreover, cAMP induced filamentation in a stel2

ras! ras2 pde2 deletion strain (SR1088), mdtcatmg that the cAMP/PKA pathway acts

'in parallel with the MAPK pathway.

We demonstrated the induction of FLO11 mRNA by cAMP in the ras!

undetectable when the triple mutant strain is grown without cAMP and strongly -
induced in the presence of 2mM cAMP. Expression of FLOI, which encodes Flol,
another cell surface protein required for flocculation and 26% identical to Flo11, s
only induced 1.4 fold under identical conditions. This result shows that the strong -
induction of FLO11 is not a general feature of all flocculation genes. The
correspondence between cAMP induction of FLO!1 and the morphological changes
observed when the cells are grown in the presence of CAMP is further supported by
the phenotype of the FLO!1 deletion; in the flo1 rasl ras2 pde2 strain (SR1121), -
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cAMP fails to induce eitﬁ%r&5invasion_or filamentation. Theﬁedata suggest that FLO/1
is a key target of a cAMP-dependent signaling pathway, one that is required for the
induction of invasive and filamentous growth.

The enhanced FLOI1 transcription in the presence of cAMP is correlated
with a change in cellular morphology. Cells grown in liquid SC with 2mM cAMP
show pseudohyphal-like chains of cells, whereas the majority of cells grown in liquid
SC without cAMP are either single cells or cells with a single bud. The effect of
cAMP on cell-cell attachment is much more pronounced than the effect of the cyclic
nucleotide on cell elongation. _

The use of the FLO11 promoter as a reporter of invasion and filamentous
growth appears to be universal. As shown in Figure 9, the FLO1. promoter is an
excellent reporter for invasion and pseudohyphal growth. For mutants that reduce
invasion or pseudohyphal growth, there was a direct correlation between FLO11
expression and invasion/pseudohyphal growth for afll, stel2, tecl, flo8, inv8, ras2,
ipk2, phdl, phd2, inve, inv7, whi3, dhhl, mep2, ptcl, mcml, invl, invl3, and invid.
In addition, hog!, grrl, iral, tpk3, and sf11 mutants, which exhibited increased
invasion/pseudohyphal growth, also displayed increased FLO!1 expression. For
example, FLOI 1 is transcriptionally regulated by both Tpk2 and Sfl1. k2 mutants
showed a 10-fold reduction in FLO!1 expression, whereas fpk3 mutants had a
threefold elevation. The levels of FLOIJ mRNA were also reduced 10-fold in #pk2
Ipk3 double mutants. FLO1I mRNA levels were also increased threefold in an sfI7
mutant and were similarly increased in an /17 #pk2 double mutant. The levels-of .
FLO11 mRNA in the sfl1 tpk3 double mutant exceeded that of either single mutant.

Not only is FLOI11 an excellent reporter of pseudohyphal growth and
invasion, it is also central to invasion and pseudohyphal growth. sf17 flo ! haploid
mutant strains were defective for invasive growth on rich medium, and sf17 flo11
homozygous diploid mutants were defective for psendohyphal development. Thus,
Slo11 loss of function blocked the hyperinvasive and hyperfilamentous phenotypes of -
§f11 loss of function. However, the defect of the sf17 flo1] double mutant was not as
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severe as that of the flo17 sihgle mutant, suggesting that FLO!! is not the only
downstream target of Sfl1 involved in pseudohyphal development and haploid
invasion. - ' '

It is reasonable to assume that many other genes that have been placed in
signal transduction pathways, including the genes shown in Figure 10, will also be
required for FLOI11 expression. Based on these results, and our recent identification
of a number of additional genes that regulate invasion (and-quite likely FLOI1 -
expression), we have constructed a wiring diagram for the genetic circuitry that
regulates FLO11I (Figure 10). These genes, listed in Table 1, all represent candidate:
targets for novel antifungal agents that act by bIockingihva'sion and/or dimorphic
To determine how much of this 5' region of FLO11 was required for the
regulated expression of FLOI1, we examined the eprésSioh of plasmid-based
FLOI11::lacZ reporter constructs containing déletions in this non-coding region.
Fourteen serial 200 bp deletions were constructed that span the region 2800 bases (bp
-2800) upstream from the FLO!1 initiation codon. A FLO11-lacZ reporter plasmid
was constructed by amplifying the 3 kb region 5' of the ATG by PCR using primers
confaining a BgllT site at the end and cloning into YEp355. '(Sequences of primers
used are 5'-CGCACACTATGCAAAGACCGAGATCTTCC-3' (SEQID NO: 7) and -
5'-'GAAGATCTTCTCCACATACCAATCACTCG—3') (SEQIDNO: 8). The 14
individual deletions in this reporter were constructed by primer overlap method using
a KS+-Bluescript plasmid containing the 3 kb FLO! I-promoter region (subcloned
from YEp355-FLO11::lacZ as EcoRVHindIII fragment). ‘Afier mutagenesis the
partially deleted flo!1-nn promoter sequence was recloned into YEp355. The.
primers used for this purpose were:

-3 ' |
#1F 5'-CAAGCATTTACGTTACTGCGAAAATCCATATACGCACACT-3'

(SEQID NO: 9) ' '

#IR ' 5-AGTGTGCGTATATGGATTTTCGCAGTAACGTAAATGCTTG-3'
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#5R

#6F
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#71F

#7R

#8F

#8R
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(SEQID NO: 10) .

5".TGATGAGGTAACCTTTACAACTCTCTTCTAGTTCAAGAAC-3'
(SEQ ID NO: 11) | .
5-GTTCTTGAACTAGAAGAGAGTTGTAAAGGTTACCTCATCA-3'

'(SEQ ID NO: 12)

5 TTTCAATTCAATGGATTTGGAATGTCATAGAGTTACCAAT-3

- (SEQIDNO: 13)

5. ATTGGTAACTCTATGACATTCCAAATCCATTGAATTGAAA-3'
(SEQ ID NO: 14)

5. ATTTCTGCCTATACTCTTAAAGGTATTCGTTTGTTTACTA-3'
(SEQID NO: 15)

. 5“TAGTAAACAAACGAATACCTTTAAGAGTATAGGCAGAAAT-3'

(SEQ IDNO: 16)
S“TTGGGGCTAAGAATGGACACAGATCAGTCATTCATGTTGT-3'

 (SEQIDNO: 17).

5'-ACAACATGAATGACTGATCTGTGTCCATTCTTAGCCCCAA-3'
(SEQ ID NO: 18) o S |
5-GGGTGTGCCTGGAAAGTTCATTCCCTTTTCTTTTTCTTTG-3'
(SEQIDNO: 19) - |
5-CAAAGAAAAAGAAAAGGGAATGAACTTTCCAGGCACACCC-3'
(SEQ ID NO: 20)
5-CAAAACTTTAGGAATACCGGAAATTAAGGTTTTITTTCITC-3'
(SEQ ID NO: 21) |
5-GAAGAAAAAAACCTTAATTTCCGGTATTCCTAAAGTTTTG-3'
(SEQ ID NO: 22)
5-CGAATGTGAATGCGCTAATCTTGTGTGCCTACGCCAGCCC-3'
(SEQIDNO:23) .
5-GGGCTGGCGTAGGCACACAAGATTAGCGCATTCACATTCG-3'

- (SEQID NO: 24)

PCTAUS98/24646
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#OF 5" AGACAAAAAATAGGAAAAGTGGTATTTCCACCACATGAAA-3'
| (SEQ ID NO: 25) | B
#9R 5-TTTCATGTGGTGGAAATACCACTTTTCCTATTITTTTGTCT-3'
(SEQ ID NO: 26)
5 #10F 5" TTAGTGCGGAATACTTTCCTTTAATTAGTGATGGTTCTCA-3'
| (SEQ ID NO: 27)
#10R  5-TGAGAACCATCACTAATTAAAGGAAAGTATTCCGCACTAA-
3(SEQ ID NO: 28) .
#11F 5-CAGTGCTTTCAACACCTTTTATTCTCATCGAGAGCCGAGC-3'
10 ~ (SEQ ID NO: 29) " |
#11R  5-GCTCGGCTCTCGATGAGAATAAAAGGTGTTGAAAGCACTG-3'
(SEQ ID NO: 30)
#12F  5-GTAGCTGAAAAGTCCATCTACATCTGTGTGCCATGTCAGA-3'
‘ - (SEQIDNO:31) -

| 15 #12R " TCTGACATGGCACACAGATGTAGATGGACTTTTCAGCTAC-3'
| | - (SEQIDNO: 32) | | |

© #13F “GAGATTATCTTGGGATCTATTCGAATTATGAATGATACTA-3'
(SEQ ID NO: 33) |
#13R S"TAGTATCATTCATAATTCGAATAGATCCCAAGATAATCTC-3'
| 20 (SEQIDNO: 34)
#14F 5.GTTTTGGCTCAATGGGACCGTTCACAAATTTACGGCTAAT-3'
(SEQID NO: 35) -
#14R LATTAGCCGTAAATTTGTGAACGGTCCCATTGAGCCAAAAC-3'
| - (SEQ ID NO: 36)

25 -~ 'The resulting 14 plasmids for the deletion series were transformed into
strain 10560-2B. At least three independent clones were tested using filter assays for
equivalent expression of B-galactosidase. Diploid strains were created by mating of
the respective 10560-2B flol I-nn transformant with strain 10560-5B by selection on
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YNB containing only leucine as a supplement.

The 14 plasmids containing the 400 bp sequence elements were
transformed into 10560-2B, L5795, L5816, L6149, L6150 and SR957. At least three
independent clones were tested using filter assays for equivalent expression of .
p-galactosidase. Filter assays were used to test the effect of a-factor (5 1M).

The large number of FLO11 promoter elements and multiple conditions
that affect those elements required some economy in the experimental design. The
measurement of p-galactosidase from our plasmid-based reporter containing each of

these elements permitted the rapid construction of strains and reproducible

measurement of reporter activity. We confined the analysis to selective media so that

the strains retained the plasmids. Our B-galactosidase assays show in general a higher
activity for haploid strains than for diploid strains. For rich medium this result is in
agreement with that found previously when FLO!1 expression was monitored by
measurement of steady state mRNA-levels. When we measure FLO11::lacZ after
24-26h. (post diauxic growth) or on SLAD medium, haploid cells show an induction
of more than 10 fold and diploid cells, 5 fold induction. This large induction of .
FLOI11::lacZ for haploid cells on SLAD was not observed in the experiments where
FLO11 mRNA was measured. This discrepancy could be due either to a difference in

the stability of mRNA vs. protein or the differences in the times at which the cultures

were sampled. The expression of FLO11 as measured by either method is extremely
sensitive to growth conditions and growth phase.

Total RNA was prepared using hot acid phenol and northern blots were
performed as described in Ausubel et al., (supra). Strains deleted for rasl ras2 pde2
were pre-grown in SC+1mM cAMP to OD600=1.0. The cells were washed twice
using SC and diluted to an OD600=0.3 into fresh SC medium or SC medium + 2 mM
cAMP. The cells were grown to OD600=1.0 and harvested. 10-15 ng of RNA were
separated on a formaldehyde containing agarose gel. For hybridization to FLO11
mRNA, a probe corresponding to bp 3502 - 4093 of the FLOII ORF was used. -

- Cells for B-galactosidase assays of FG::TyA-lacZ were incubated on:
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SLAD-plates for three days; cells for FLO!1::lacZ expression studies were grown in
the respective liquid media and quantitated according to Mosch et al. (supra).

Cells for quantitation of FLOI::lacZ expression in exponential growth
phase were inoculated from confluent 20 h grown cultures 1:20 in fresh medium and
grown for 4-6 h. Cells for quantitation of FLO11::lacZ expréésion after the -
post-diauxic shift were grown for 24-26 h. The same cultures were used to inoculate
the exponentially growing cultures. Cells for quantitation of FLO11::lacZ expression
in SLAD-medium were pre-grown-for 20h in SC-medium, washed twice with 2%
glucose, diluted 1:5 into SLAD-medium and grown for 4-6 hours. For detection of
cAMP induced FLO11 promoter segments strain SR957 harboring the individual
plasmids was grown overnight in selective medium containing 1 mM cAMP,
transferred to media containing no cAMP for 10'h and sp_lit:into 2 cultures containing
2 mM cAMP or no cAMP and grown for 4 h before harvesting. '

Expression of the deletions was assayed in haploid and diploid strains.
Since FLOI11 expression varies with growth phase of the cells, we analyzed - -
exponentially growing cells on SC, cells grown on SC until the glucose had been -
depleted (post-diauxic), and cells on SLAD, a medium that is high in glucose and low
in nitrogen. S ' ' '

- Enzymatic assays on the individual FLO!1::lacZ promoter deletions
reveals an unusually long promoter with many sites. In subsequent sections; a site is
tentatively assigned as an upstream repression site (URS) if its deletion leads to at -
least 3-fold enhanced expression of lacZ, and as an upstream activation site (UAS) if
its deletion leads to at least 30% reduced expression. -

Analysis of cis-acting elements by enzymatic assays of the individual
flol1-lacZ promoter deletions reveals that the intact FLOI1 promoter is highly
repressed. The deletions define at least nine URS elements whose activity depends on
state of growth, nutrient conditions, and cell type. One of the URS elements is
defined by flol1-14 (bp -2600-2800), showing that cis-acting elements are present at
least 2800 bases from the putative FLO! 7 coding region. In general, haploid strains
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show stronger repression than diploid strains.

A clear way to visualize the activity of the sites of repression is by

- comparison of the lacZ activity for each of the conditions with that of a haploid grown

on SLAD. This comparison reveals URS elements within flo!1-4, -5, -7, -8, -12, -13,
and flol1-14. A subset of these elements is key to repression on all media, but the
strongest effect is in haploids grown on SLAD. Haploid-specific effects are found for
deletions flo11-4, -10,-11, -12, and flol1-13. Clearly, there are sites in flol1-4, flol1-
12, and flol1 -13 that function in the haploid-specific nitrogen repression of FLOI1.

. There are other differences between haploid and diploid strains, the most
notable of which being: 1) in diploids on SC (exponential growth), flo] /-4 has a 2-
fold reduced expression level, whereas in haploids it has 33-fold elevated expression;
2) in diploids after the diauxic shift, flo]7-11 has a 3-fold reduced level whereas in
haploids it has 12-fold elevated expression. In diploid cells, flo11-4, flo11-10, and
flol1-11 act as UAS elements. flol1-5 is a strongly nitrogen-regulated site in both

. haploids and diploids.

- Deletion analysis also revealed sequence elements required for expression
of FLOI11. Under all conditions tested, flo]7-6 had a dramatic reduction in
expression, suggesting that the sequence deleted in floZ7-6 (-1200 to -1000) contained

- a strong UAS. Furthermore, flol1-1, flol11-2, and flo! 1-3 show consistently lower

activity, as compared to the wild-type FLO11-lacZ reporter construct, identifying
these as UAS elements in the FLO!1 promoter. The reduced expression of flol1-1 is
likely to be a consequence of the deletion of the TATAA region in this construct.

We made two flol ] promoter mutations in the chromosome at the FLO11
locus. In one, flo11-16, we deleted virtually the entire promoter region (from -150 to
-2947). In the other, we replaced the entire wild-type promoter with flo/7-6.

. Chromosomal deletion of the FLO11 promoter was done by replacing base pairs

-2947 to -150 with URA3 (sequences of primers used:
5- . _ _
ACCACAACATGACGAGGGATAATAACTGATGAATAGGGTGCTTTTTATAC
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TCTGTGCGGTATTTCACACC-3' (SEQ ID NO: 37) and

5'- : _

TAAGGAGTCGTACCGCCAACT AAATCTGAATAACAATTTGGCTGCTAGAA
GCAGATTGTACTGAGAGTGC-S' SEQ ID NO: 38), resultlng in ﬂo] 1-16
(SR1172)

To generate flol 1-6 in the chromo'somal FLOI11 promoter region, the URA3 gene was
replaced by transformation with EcoRI/HindIII digested KS+flol7-D6 and selection
on 5-FOA to yield deletion of base pairs -1000 to -1200 (SR1174). '

A strain carrying either flo]1-16 or flo11-6 is completely defective in
haploid invasive growth and, as dibloids (e-g., flo11-6/flo11-6), show severely -
reduced filamentation. The haploid invasion defect is as severe as that of a deletion of
the FLO1{ coding region. The results with flo] /-6 support our conclusions based on
the data from the lacZ plasmid constructs, which identified the segment deleted in the
flol1-6 construct as a critical UAS for FLOII expression. '

In a second approach to identify UAS elements of the FLO11 promoter,
we designed 14 individual sequence elements of approximately 400 base pairs, to test
activation of a lacZ reporter fused to a basal transcriptional unit (Figure 11). To
determine UAS-sequence éiements, 14 individual 400 bp elements, overlapping by
200 bp were amplified by PCR and cloned into pLG669Z. This vector contains one -
codon of the CYC1 gene fused to the lacZ gene, and the fused gene is preceded by -
1100 nucleotides that lie upstream from CYC!. The promoter fragment has Xhol
restriction sites at positions -683 and -249. The XAo! fragment has been excised and
replaced with a fragment from the FLO! promoter. The fragments correspond to the
following positions relative to the start codon of FLOI1!: -1 to -421 (FLO11-2/1), -

181 to -618 (FLO11-3/2), -380 to -819 (FLO11-4/3), -580 to -1017 (FLO11-5/4), -778 -

to -1219(FLO1 1-6/5), -980 to -1420 (FLO11-7/6), -1181 to -1619 (FLO11-8/7), -1380 -

to -1819 (FLO11-9/8), -1572 to -2019 (FLO11-10/9), -1780 to -2219(FLO11-11/10),
-1980 to -2419 (FLOI11-12/11), -2180 to -2619 (FLO11-13/12), -2380 to -2819
(FLO11-14/13), -2580 to -2983 (FLO11-15/14). For cloning purposes, a restriction
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site (Xhol) was introduced at the 5' end of the PCR-primers. Th_e primers used for this

purpose were: -

#1R 5-CCGCTCGAGAGTGTGCGTATATGGATTTT-3' (SEQ ID NO: 39)
#2F 5'-CCGCTCGAGTGATGAGGTAACCTTTACAA—B' (SEQ ID NO: 40)
#2R 5'-CCGCTCGAGGTTCTTGAACTAGAAGAGAG-3' (SEQ ID NO: 41)
#3F 5'-CCGCTCGAGTTTCAATTCAATGGATTTGG-3' (SEQ ID NO: 42)
#3R -CCGCTCGAGATTGGTAACTCTATGACATT-3' (SEQ ID NO: 43)
#4F . 5-CCGCTCGAGATTTCTGCCTATACTCTTAA-3' (SEQ ID NO: 44)
#4R -~CCGCTCGAGTAGTAAACAAACGAATACCT-3' (SEQ ID NO: 45)
#SF 5'—CCGCTCGAGTTGGGGCTAAGA_ATGGACTT—3' (SEQ ID NO: 46)
#5R 5'-CCGCTCGAGACAACATGAATGACTGATCT-3' (SEQ ID NO: 47)
#O6F - 3"-CCGCTCGAGGGGTGTGCCTGGAAAGTTCA-3' (SEQ ID NO: 48)
#R = . 5-CCGCTCGAGCAAAGAAAAAGAAAAGGGAA-3' (SEQ ID NO: 49)
#TF 5'-CCGCTCGAGCAAAACTTTAGGAATACCGG-3' (SEQ ID NO: 50)
#R -CCGCTCGAGGAAGAAAAAAACCTTAATTT-3' (SEQ ID NO: 51)
#8F 5'-CCGCTCGAGCGAATGTGAATGCGCTAATC-3' (SEQ ID NO: 52)
#8R - 3-CCGCTCGAGGGGCTGGCGTAGGCACACAA-3' (SEQ ID NO: 53)
#HOF 5'-CCGCTCGAGAGACAAAAAATAGGAAAAGT-3' (SEQ ID NO: 54)
#9R 5'-CCGCTCGAGGTAGCAGGTTTCATGTGGTG-3' (SEQ ID NO: 55)
#10F -“CCGCTCGAGTTAGTGCGGAATACTTTCCT-3' (SEQ IDNO: 56)
#10R -CCGCTCGAGTGAGAACCATCACTAATTAA-3' (SEQ ID NO: 57)
#11F 5'-CCGCTCGAGCAGTGCTTTCAACACCTTTT-3' (SEQ ID NO: 58)

- #1IR - 5-CCGCTCGAGGCTCGGCTCTCGATGAGAAT-3' (SEQ ID NO: 59)
#12F 5'-CCGCTCGAGGTAGCTGAAAAGTCCATCTA-3' (SEQ ID NO: 60) .
#12R . . 5-CCGCTCGAGTCTGACATGGCACACAGATG-3' (SEQ ID NO: 61)
#13F 5"-CCGCTCGAGGAGATTATCTTGGGATCTAT-3' (SEQ ID NO: 62)
#13R S-CCGCTCGAGTAGTATCATTCATAATTCGA-3' (SEQ ID NO: 63)
#14F 5-CCGCTCGAGGTTTTGGCTCAATGGGACCG-3' (SEQ ID ﬁO: 64)

. PCT/US98/24646
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#14R 5'-CCGCTCGAGATTAGCCGTAAATTTGTGAA-3' (SEQ ID'NO: 65)
#15F 5'-CCGCTCGAGCTCCACATACCAATCACTCG-3' (SEQ ID NO: 66)
#15R '-CCGCTCGAGTAGTTAAACGTTTTATTAGC-3' (SEQ ID NO: 67)

This reporter construct series identified UAS elements in the segments
FLO11-2/] and FLO11-3/2 that overlap between bp 2200 and -400, FLO11-6/5 and
FLO11-7/6 that overlap between bp -1200 and -1000, as well as FLOI-10/9 and
FLO11-11/10 that overlap between bp -2000 and -1800. These sequence elements
show a more than 2-fold increase in ﬁ-gﬁlactosidase activity as compared to the
reporter plasmid containing the basal transcriptional unit but without any insert. The
activity of FLO11-2/1, FLO11-3/2 and FLO11-11/10 are induced in post-diauxic
cells, leading to an induction of up t0'200-fold. These results suggested that elements -
FLOI11-2, FLOI1-3, and FLO1I-11 are required for FLOI] expression in later stages
of growth. Taken together with the. deletion analysis, these data suggested that there
were at least four UAS elements in the FLO1 I promoter. The FLOI1I promoter has

‘extensive homologles to the promoter regions of the MUCI, STAI, STA2, and STA3

genes from S. cerevisiae var. dzastatzcus

The types of promoter analyses described above, in combination with the

‘series of mutant strains identiﬁed which have defects in diploid filamentous growth or

haploid invasion, allows for the identification of trans-acting elements and the regions
of the FLO! 1 promoter that are targeted by them. In one example, we transformed
the 14 individual 400 bp sequence elements into strains deleted for FLO8 STEI2,
TECI, or for both STEI2 and TECI. '

" Deletion of FLOS8 led to a severe reduction in the expression of FLO!I-6/5
and FLO11-7/6 in both exponential (8-fold and 4-fold reduction, respectively) and
post-diauxic growth (5—fold for both elements). These elements are also induced by
high cAMP levels. FLOS function is also required for maximum expression of |
FLO11-3/2 and FLO!11-8/7 in post-diauxic growth phase, but not in exponential -
growth, a result suggesting that Flo8 may function differeﬁtly depending upon
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nutrient conditions. o -
Deletion of STEI2 had a stronger effect in exponentially-growing cells
than in post-diauxic cells. In exponentially-growing cells lacking Stel2, the FLO1!-
6/5, FLO11-10/9, and FLO11-11/10 segments showed at least a 3-fold reduction in
expression. In post-diauxic cells, only FLO!1-10/9 showed reduced expression in an
STE12 deletion strain. S
Deletion of TEC! had significant effects on expression of the FLO11
insertion reporter series, but the reduction could be observed only in exponentially-
growing cells and was less severe than that observed for strains deleted for STEI2 or
FLO8. This observation agrees with the northern analysis of the intact FLOIJ .
promoter, where FLOI/ mRNA levels showed less of a reduction in a strain deleted
for TEC1 (L6149) than it did in strains deleted for STEZ2 (L5795) or FLOS8 (L.5816).

- FLO11-6/5, FLO11-10/9, and FLO11-12/11 were dependent upon TEC! in

exponentially-growing cells. Deletion of TEC! in a stel2 strain showed a modest
reduction in the expression of FLOI1-10/9 as compared to the single mutant strains.
However, since the deletion of STEI2 led to a >10-fold stronger effect than deletion
of TEC1, this result may indicate a Tecl-independent role for Stel2 at this site.

Our results suggest that Flo8 and Stel12/Tecl act via multiple sites in the
FLO11 promoter that are largely non-overlapping. The strongest effect of Flo8 and
Stel2, both in exponential and post-diauxic cells, was observed with two distinct . -
sequence elements of the FLOII promoter. Flo8 acted on the sequence element -

defined by flo11-6 (bp -1200 to -1000),whereas Stel2 acted on FLO11-10/9 (bp -1800

10 -1600). FLO11-12/11 and FLO11-10/9 were targeted both by Tecl and Stel2. The

existence of spatially distinct sites for different transcription factors provides strong
evidence in support for the combinatorial control over FLQO11 transcription.
In a second example, we measured the expression of lacZ from fragments

of the FLO11 promoter in strains mutant for AFL1. The diploids of this mutant strain

.do not form filaments or invade under conditions where wild-type yeast do. We

discovered that one element, FLO11-11/10, was completely dependent upon AFL/ for
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expression. We also found that expression from FLO11 promoter fragment 11/10 was
induced more that 15-fold as yeast cells change from log phase growth to stationary
phase growth. Furthermore, this stationary phase induction of transcnptmn from
FLO11-11/10 was completely dependent on AFLI.

As shown above, FLOI11 expression is dependent ﬁbon numerous genes -
involved in pseudohyphal growth and haploid invasion. Thus, by combining the -
analysis of the FLO1 promoter with the variety of mutant strains, we will be able to
map the trans-acting elements which regulate FLO11, as well as the important :
promoter elements which serve as targets. As many of the . cerevisiae genes have
homologs in other fungi, this analysis will allow for identification of putative targets
for compounds which prevent fungal invasion or which promote production of - . -
secondary metabolites: "

In another example of using FLO11 "prOmoter' fragments and deletions in
combination with mutant strains, the sites within the promoter where the cAMP signal
activates FLO11 transcription were determined. . We transformed the 400 bp reporter
series into a ras] ras2 pde2 mutant strain (SR957), a strain where internal cAMP -
levels can be manipulated by adding cAMP to the media. Addition of 2 mM cAMP to
SR957 led to a 3-fold induction of FLO11-6/5 and a 2-fold induction of FLO11-7/6,
FLO11-8/7 and FLO11-10/9, as compared to SR957 grown without cAMP. . These
results suggest that trans-acting elements upregulate FLO1] expression througha : -

cAMP-mediated signal via more than one cis-acting element. The segment most -

- strongly induced by cAMP is defined by the overlapping elements FLO11-6/5 ahd

FLO11-7/6 (bp -1200 to -1000), the same element targeted by Flo8. As shown

earlier, this element is also required for induction of invasive and filamentous growth.
" As described above, FLO11 transcripts were not detectable in a strain

(L5816, f108-2) that contains a deletion of the FLO8 gene. Furthermore, FLO!1!

1induction by cAMP is blocked in a ras! ras2 pde2 strain (SR1081) carrying a deletion

of FLOS8. The stel2 rasl ras2 pde2 strain (SR1088), like the flo8 rasi ras2 pde2 -

strain (SR1081), has dramatically reduced expression of FLO!II. However, FLO11-
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transcription can be induced by cAMP .in the stel2 ras! ras2 pde2 strain. The.
induction of FLO11 by cAMP in the stel2 mutant and not in the flo8 mutant is
consistent with the phenotypes of the corresponding strains: a flo8 ras1 ras2 pde2

. strain is unable to form filaments on SLAD plates or to invade the agar on YPD

plates, even in the presence of cCAMP, whereas stel2 rasl ras2 pde2 is both invasive
and able to form filaments on YPD or SLAD plates containing 2 mM cAMP. Thus,
high cAMP levels can bypass the requirement for the MAPK cascade transcription
factor Stel2, but not the requirement for Flo8 in the activation of FLO!! |
transcription. These experiments support a model in which several signal
transduction cascades converge on the promoter of FLO/1 1.

‘The suppression pattemns of ste/2 and flo8 mutants by overexpression of-
FLO8 and STE12, respectively, supports a model of their joint control over FLOI1.
Overexpression of FLOS in a stel2 strain (SR1021) and overexpression of STE12 in a
f1o8 strain (SR1134) suppressed the pseudohyphal and invasion defects of the
mutants. The morphologies of the pseudohyphae in the “suppressed” strains were not
identical to that of wild-type. In flo8 strains overexpressing STE12, the cells of each
pseudohyphal strand appear more elongate than the cells of wild-type pseudohyphae.
In stel2 strains overexpressing FLOS, the cells aré not longer than wild type.
However, they have a denser network of filaments. This colony morphology is
similar to that of strains that are induced to form filaments by cAMP (SR959).

. The patterns of suppression by overexpression were reflected in the -

FLOI1 expression pattern. Overexpression of FLO8 enhanced the expression of -
FLO11 10-fold in a stel2 mutant (SR1021). The reciprocal experiment in which
STE12 was overexpressed is more difficult because high levels of Stel2 are toxic. To
control the levels of STE! 2, we used a GAL::STE12 construct which could be
regulated by galactose. In a flo8 strain (SR1134) containing this GAL::STE12

. construct on a plasmid, the FLO!I transcript levels were increased 3-fold on SC-

glucbse medium as compared to the strain transformed with the control plasmid

(SR1097). This increase probably represented incomplete repression of the GAL
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promoter. If STEI2 was induced by incubation for four hours in SC-galactose
medium, FLO11 expression was increased 10-fold. = _ .

To determine whether a high level of internal cAMP stimulated FLO1!
transcription, we deleted IR4/ in an otherwise wild-type strain. Iral is a Ras-GAP
that inactivates Ras-GTP by converting it to Ras-GDP. Loss of Iral function leads to
a higher proportion of activated Ras and thus to elevated cAMP levels in the cell
(Tanaka et al., 1989). In the iral mutant strain (SR599), FLO!1 transcripts were
strongly induced. This FLO!1 induction was reflected in the hyperinvasive -.

- phenotype of strains devoid of R4 function. A stel2 iral mutant (SR1133) was still

hyperinvasive, illustrating that at least some of the cAMP signal was independent of

the MAPK pathway. However, flol1 iral (SR1079) or 108 iral (SR1132) strains °

failed to invade. These results are consistent with the interpretation that Flo8 is'
required for the induction of FLOI1 by high internal and external cAMP levels. A
strain (SR1132) lacking both FLOS8 and IRAI had dramatically reduced levels of
FLOI!1 transcripts, whereas deletion of STEI2 in an iral background (SR1133) still
showed FLOI1 transcript levels comparable to wild type. These results are consistent
with the hyper-invasive phenotype of the iral stel2 strain and the non-invasive
phenotype of the iral flo8 strain.

Analysis of the regulation of the FLO!1 promoterin S. cerevisiae has
provided, and is likely to continue to provide, valuable information regarding the -
regulation of invasion and secondary metabolite production in diverse fungal species.
Promoters of other genes involved in invasion or secondary metabolite production
from S. cerevisiae or other fungal species are similarly likely to provide further
valuable information about the regulation of invasion and secondary metabolite
production. An example of such a promoter is the ECE! gene promoter from
Candida albicans. Bxpression of the Candida albicans ECEI gene is highly induced
during the conversion from noninvasive yeast growth to invasive hyphal growth. In
order to clone Candida regulators of invasive growth, a fusion between the ECE1

promoter and the E. coli lacZ gene was constructed. Specifically, PCR primers were
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designed to generate a DNA fragment consisting of 706 bases upstream of the ECE?

- start codon and the first 10 codons of the ECEI gene. That fragment was cloned to

create an in-frame translational fusion with lacZ carried on a yeast 2u/LEU2 shuttle
vector. The fusion plasmid was used to transform a diploid Saccharomyces cerevisiae
strain that was homozygous leu2/leu2 and ura3/ura3. The strain was subsequently
transformed with a library of Candida albicans genomic DNA fragments cloned in a
yeast 2u/URA3 vector. Resulting double fransformants were recovered on selective
medium lacking supplemental amino acids, pooled, and then replated at low density
(200-300 colonies/plate) on minimal medium that contained 50 mM phosphate buffer
(pH 7) and .003% w/v XGAL. The plates were incubated for one week and dark blue
colonies were picked with the idea that cloned Candida regulators of invasion would

activate transcription of lacZ via the ECE1 promoter. The 2u/URA3 plasmids were

- isolated from the blue transformants, retested and then the cloned DNA was

sequenced. One of the genes identified was Candida AFLI. Expression of the
Candida AFLI gene in S. cerevisiae imparted enhanced invasive behavior on diploids
under rich medium conditions where it normally does not invade the substrate.
Standard database searching for homologs of the Candida AFL] gene revealed an S.
cerevisine homolog. An S. cerevisiae strain containing a complete deletion of AFL/
did not form filaments or invade under conditions where wild-type yeast did.

AFL] regulates the expression of both S. cerevisiae FLO!11 (described
above) and Candida ECE!. It is likely that homologs of other S. cerevisiae genes
which regulate FLO11 will regulate the promoters of genes which themselves regulate
hyphal growth or invasion in other fungi. The downstream genes can be determined
through a number of techniques known to those skilled in the art. One exampleisto
use microarray analysis, as described in DeRisi et al. Science 1997, 278:680.

The use of Saccharomyces to clone a Candida gene by screening for its
function as an inducer of Candida ECE! gene transcription exemplifies another
approach to isolate important fungal genes involved in invasion or production of

secondary metabolites. ‘The success of this experiment in cloning an important
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Candida regulator of invasion proves the concept that it is possible to clone regulators
of transcription from potentially diverse species by using Saccharomyces as a
heterologous host in which to screen. This téchn’ique gives the advantages of the

- sophisticated molecular genetic tools available for Saccharomyces, but not for other -

organisms. This has implications not only for fungi like Candida, but potentially for .
very disparate species such as mammalian species. This method may also be useful in
performing more detailed analysis of the function of regulators of transcription from

non-Saccharomyces species. “The use of Saccharomyces as a heterologous host can be

-combined with selection-based screens to rapidly screen cDNA or genomic libraries

to isolate regulators of transcription of Candida, or any other organism.

Screening Assays for Genes and Compounds

" As discussed above, we have identified a number of fungal invasion-

- promoting and invasion-inhibiting factors that are involved in pathogenicity and that -

may therefore be used to screen for compounds that reduce the virulence of
pathogenic fungi, as well as other microbial pathogens or, alternatively, increase the
production of secondary metabolites.  Any number of methods are available for
carrying out such screening assays. According to one approach, candidate compounds

are added at varying concentrations to the culture medium of pathogenic fungal cells

. expressing one of the nucleic acid sequences described herein. Gene expression is

then measured, for example, by standard northern blot analysis (Ausubel et al.,
supra), using any appropriate fragment prepared from the nucleic acid molecule asa ..

“hybridization probe. The level of gene expression in the presence of the candidate

compound is compared to the level measured in a control culture medium lacking the
candidate molecule. A compound which promotes a decrease in the expression of the
invasion-promoting factor is considered useful in the invention; such a molecule may
be used, for example, as a therapeutic to combat the pathogenicity of an infectious
organism. A compound which promotes an increase in the expression of the

invasion-promoting factor is considered useful in the invention; such a molecule may
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be used, for example, as a potentiator, increasing production of commercially
important secondary metabolites.

If desired, the effect of candidate compounds or genes may, in the
alternative, be measured by assaying the protein polypeptide level. There are
numerous preferred protein assays, including standard immuxiblogical techniques,
such as western blotting or immunoprecipitation with an antibody specific for an -
invasin polypeptide. For example, immunoassays may be used to detect or monitor
the expression of at least one of the polypeptides of the invention in a pathogenic -
organism. Polyclonal or monoclonal antibodies (produced as described in Harlow and
Lane, Antibodies, a laboratory manual 1988, Cold Spring Harbor Press) which are
capable of binding to such a polypeptide may be used in any standard immunoassay
format (e.g., ELISA, western blot, or RIA assay) to measure the level of the
pathogenicity polypeptide. In another example, polypeptide levels may be determined
using enzymatic activity in standard assays. Standard kits are available (for example
the Galacto-Plus and GUS light systems, available from Tropix, Inc., Bedford Mass.)
which allow for measurement of enzymatic activity of, for example, Chloramphenicol
acetyl transferase (CAT) and -galactosidase (encoded by the lacZ gene). Protein
levels can also be determined using techniques such as fluorescence-activated cell
sorting (FACS), spectrophotometry, or luminescence. A compound which promotes a
decrease in the expression of the invasion-promoting polypeptide is considered usefil.
Again, such a molecule may be used, for example, as a therapeutic to combat the
pathogenicity of an infectious organism. A compound or which promotes an increase
in the expression of the invasion-promoting polypeptide is also considered useful.
Again, such a molecule may be used, for example, as a potentiator, increasing
production of commercially important secondary metabolites.

Alternatively, or in addition, candidate compounds may be screened for
those which specifically bind to and inhibit an invasin polypeptide of the invention.
The efficacy of such a candidate compound is dependent upon its ability to interact

with the invasin polypeptide. Such an interaction can be readily assayed using any
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number of standard binding techniques and functional assays (e.g., those described in
Ausubel et al., supra). For example, a candidate compound may be tested in vitro for
interaction and binding with a polypeptide of the invention and its ability to modulate
pathogenicity may be assayed by any standard assays (e.g., those described herein).

In one particular example, a candidate compound that binds to a invasin
polypeptide may be identified using a chromatography—based technique. For
example, a recombinant polypeptide of the invention may be purified by standard
techniques from cells engineered to express the polypeptide (e.g., those described -
above) and may be immobilized on a column. A solution .o'f candidate compounds is
then passed through the column, and a compound specific for the invasin polypeptide
js identified on the basis of its ability to bind to the invasin polypeptide and be
immobilized on the column. To isolate the compound, the column is washed to - .-
remove non-specifically bound molecules, and the compound of interest is then -
released from the column and collected. Compounds isolated by this method (or any -
other appropriate method) may, if desired, be further purified (e.g., by high -~

' perfdr’mance liquid chromatography). In addition, these candidate compounds may be

tested for their ability to render a pathogen less virulent (e.g., as described herein)..

Compounds isolated by this approach may also be used, for example, as therapeutics
to treat or prevent the onset of a pathogenic infection, disease, or both. Compounds
which are identified as binding to pathogenicity polypeptides with an affinity constant
less than or equal to 10 mM are considered particularly useful in the invention.

In yet another approach, candidate genes and compounds are screened for
the ability to inhibit the virulence of a fungal cell by monitoring expression from a
promoter element known to be positively or riegatively regulated during filamentous
invasion, hyphal growth, pseudohyphal growth or haploid digging. These same
selection-based systems fnéy be configured to screen for genes or compounds which
lead to increased expression from the FLO!1 promoter (Pro; ;). In one example,
Pro) is fused toa gene that confers a growth advantage wher their expression is - -

increased. For example, a Pg,,,-HIS3 fusion that allows growth on SC-HIS when
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present in a Ais3 mutant has been generated. This fusion has the added advantage that
expression levels can be titrated by the compound 3-aminotriazole (3-AT). 3-AT isa
competitive inhibitor of His3 that, when present in sufficient amounts, will inhibit the
His3 expressed from Py, ,; and prevent this strain from growing on SC-HIS.
Therefore, growth of a strain containing Pz, ,,,~-HIS3 only occurs on SC-HIS+3-AT
platedwhen P, ,,,-HIS3 expression is increased to overcome the competitive
inhibition of His3 by 3-AT. Increased expression of the transéription factor Tecl.
confers increased resistance to 3-AT in such a strain. By varying the amount of 3-AT
used, the extent of increased Pr;,,-HIS3 necessary for growth can be modulated.
Numerous markers could be used for such positive selection systems, including, but
not limited to, URA3, TRP1, ADE2, LEU2. Those skilled in the art will recognize that
other positive selection systems will also work in this system. '

_In another example, gene fusions that link Py, to a gene product that
confers a growth disadvantage (in its most extreme case--death) can be used to select
for genes and compounds which down-regulate FLO!1 expression. In this case, any

condition that decreases and/or eliminates FLO!] expression will alleviate the growth

disadvantage and allow strains to grow. For example, a fusion of P, to the. URA3

open reading frame that allows for growth on SC-URA in a Pg; ;- dependent manner

- has been created. Since expression of URA3 is toxic in the presence of 5-fluoro-orotic

acid (5-FOA), selection against FLO11 expression can be accomplished by screening -
for growth on SC+5-FOA of a strain carrying a Pr,,,;,URA3 fusion. Those skilled in
the art will recognize that other negative selection systems will also work in this
system.

While the systems described above allow for the selection for or against
FLOI11-expression, similar technologies can be used to screen for changes in FLOI1

- expression. Other examples of useful Py, ,,, reporter gene fusions that can be

quantified include, but are not limited to, enzymatic or fluorescent reporters such as

lacZ and green fluorescent protein (GFP).

The selection and screening systems described here have a number.of
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potential applications beyond those stated above. For example, they can be.used to

‘identify, by selection methods, functional homologs for many of the genes that -

regulate FLO!11. For example, mutation of a gene that eliminates FLOI 1 expression
in a strain deleted for his3 and carrying a Pg,,;,HIS3 fusion will cause this strain to be
a histidine auxotroph (unable o grow in media lacking histidiﬁe). However, cDNA or
genomic DNA clones from other organisins that restore FLO! I expression in such
strains (either by complementation or suppression of the mutant allele) can be directly
selected for by selecting for growth on media lacking histidine. Similarly, novel
regulators of FLOI1 expression from S. cerevisiae and heterologous organisms can be
identified using the same selection schemes.

In another application of using promoters known to be regulated during

hyphal or pseudohyphal growth, deletion constructs canbe generated in order to map

' the cis elements of the promoter required for each signal transduction pathway. As an

example, the FLO!1 promoter screening and selection assays, in which nested
deletions of 200 bp steps from the 3kb region upstream of the FLOI1 ORF have been

generated, are being analyzed for effects on lacZ expression in various wild-type and

‘mutant background strains. In another example; overlapping 400 bp fragments of the

FLOI!1 promoter have been cloned into the CYC] transcriptional unit (Figure 11)."
‘Together, these examples will demonstrate which DNA regions are required for @
expression (and to what extent each of these regions is required). Furthermore, " -
reporter gene fusions with subcloned pieces of promoters regulated during hyphal -
growth or pseudohyphal growth, such as the FLO11 prdfnoter; can be assessed for :
expression in various mutants that block (or activate) distinct pathways. A person -
skilled in the art will recognize that regulatory elements from other invasins,
including those described herein, can be isolated as described using the methods
described herein, in conjunction with standard techniques described in Ausubel et al.
(supra). These methods include fusion of a DNA segment from a putative regulatory
or promoter region to a reporter gene, as well as deletion analysis. Moreover; the

pathway specificity of any invasin promoter can be determined through the use of
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wild-type and mutant host strains. If a given DNA segment confers reporter
expression in a wild-type strain, but shows either no or increased expression in
specific mutants, then this sequence can be inferred to mediate invasin expression by
whatever pathway that mutant defines. Using this approach, a set of gene fusions that
report distinct pathways that regulate FLO/1 can be generateil'. A variety of basal or
inducible promoter elements are applicable for this technique, including, but not
limited to, CYCI, PGK1, ADH1, GALI-10, tet-R, MET25, and CUPI. Using the
above system, a mode of action can be assigned for any given treatment on FLO11
expression. Assessment of the effect of a chemical or genetic treatment on pathway-
specific reporters will make it possible to determine which pathway is altered by this
treatment. For example, consider two different reporter fusions, one (Reporter 1) that
reports STE pathway-mediated expression of FLO11, and the other (Reporter 2) that
reports INV pathway-mediated expression of FLO11. If compound X, which was -
identified by its ability to eliminate expression of the full-length Py, ,,,, is shown to
affect Reporter 1 but not Reporter 2, then it is inferred that compound X blocks
FLOI11 expression by affecting STE pathway activity.” Similarly, where the
compound affects a given pathway will also be refined using pathway-specific Pg,,,,
reporter constructs and activated alleles of certain signaling components. For -
example, the mutant STE1 -4 and overexpression of STE12 are both predicted to

increase FLO!1 expression. If compound X blocks the increased expression of - -

 FLOI11 mediated by STE11-4, but not STEI2 overexpression, then compound X can

be inferred to antagonize the STE pathway before STEI2, but at or below STEII. -
Assessing reporter expression in various deletion mutants will enable similar - -
approaches to assess the effect of compounds that activate expression of FLO!I. -

. Thereporters used in these experiments can be utilized in the same way as
those described for the full-length FLO11 promoter to allow for positive and negative
selections and a variety of screening methods. This will make it possible to identify
pathway-specific modulators (heterologous genes, compounds, peptides etc.) of -

FLO11 expression. Such a system is also useful in identifying modulators of
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important homologs of these regulatory genes from other organisms. For example,
the small G-protein Ras is activated in many kinds of human tumors, and it is-of .
interest to identify inhibitors of R4S as candidate antitumor agents. Having a FLO11

promoter fragment fusion that reports the activity of human R4S in yeast (e.g.;ina -
5 . yeast strain deleted foi' the two yeast RAS genes and expressinéhmnan RAS) would -
allow one to select and/or screen for modulators of human Ras in yeast.
~ - Another example of a screen is based on the observation that yeast from
haploid §. cerevisiae invade agar when grown on -_rich (YPD) medium without . -
forming pseudohyphae. This nonfilamentous invasion behavior has been termed
10  “digging,” and the assay used to detect this behavior has been termed the “dig assay.”
- Roberts and Fink, supra. Mutations that block digging of haploid S. cerevisiaeon -
rich media also inhibit pseudohyphal growth and agar invasion of diploid S. . -
cerevisiae under low nitrogen conditions. Mutant strains defective for digging are .-
referred to as “dig minus,” or “dig-.” The correlation of pseudohyphal invasion and. -
15 - behavior in the dig assay is an essential aspect of this screen. The dig assayis -~ -
comparatively easy to perform relative to pseudohyphal invasion assays; and, as it -
occurs in haploid cells, is more amenable to genetic approaches that rely upon:
recessive mutations.
We have discovered that pathogenic fungi can display similar digging

20  behavior, characterized by increased invasion into or adherence to a defined substrate.

| - - For example, C. albicans displays a nonfilamentous invasion of substrate in a variety

: of suitable conditions (e.g., YPD, and SPIDER). This behavior is similar to the
reported digging behavior of S. cerevisiae. As is true for S. cerevisiae, non-hyphal.
agar invasion by any given C. albicans mutant strain correlates with the ability of that

25  strain to form filaments under filament-inducing conditions (g, agar + serum).
Thus, screening for compounds that block the digging phenotype in fungi will allow
for identification of compounds that block filament formation and, as a result, - - -
pathogenesis. These compounds are considered useful as fungicides or fungistats.

Similarly, screening for compounds that increase substrate invasion will allow for
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.. identification of compounds which may also increase production or yield of -

secondary metabolites.
An example of the dig assay is given below. To test whether a chemical -

compound would affect the nonfilamentous agar invasion behavior of nonmutant S.

. cerevisiae or C. albicans at concentrations much lower than the lowest growth

inhibitory concentration, these fungi were spotted onto agar plates containing rich
medium (YPD) and a gradient of the antifungal fluconazole. The plates were then
incubated for two days at optimum growth temperatures and washed with water. Both
fungi exhibited inhibition of agar invasion at significantly lower concentrations of
fluconazole than those necessary to inhibit growth (Figure 12). ‘This assay can be ..

- performed on other dimorphic fungi, such as U. maydis, as well as on other fungi. In

- all cases, the invasion assay can be used to isolate compounds which inhibit invasion,

or those which promote invasion. Each type of compound would have valued uses as
described herein. _ ,
‘Optionally, invasion-inhibiting compounds identified in any of the above-
described assays may be confirmed as useful in conferring protection against the
development of a pathogenic infection in any standard animal model. . One example is
described herein. Candidate compounds, if successful, may be used for anti-pathogen
therapeutics. - Invasion-promoting compounds may be confirmed by assessing

production of secondary metabolites. Candidate compounds, if successful, may be

. used as potentiators to increase production or yield of these or other secondary -

metabolites;

T ompo
In general, compounds. are identified from large libraries of both natural
product and synthetic (or semi-synthetic) extracts or chemical libraries according to

‘methods known in the art. Those skilled in the field of drug discovery and

development will understand that the precise source of test extracts or compounds is

not critical to the screening procedure(s) of the invention. Accordingly, virtually any
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number of chemical extracts or compounds can be screened using the methods
described herein. ‘Examples of such extracts or compounds include, but are not:
limited to, plant-, fungal-, prokaryotic- or animal-based extracts, fermentation broths,
and synthetic compounds, as well as modification of existing compounds. Numerous
methods are-also available for generating random or directed F;j'nthesis {e.g., semi-
synthesis or total synthesis) of any number of chemical compounds, includirig, but not
limited to, saccharide-, lipid-, peptide-, and nucleic acid-based compounds. Synthetic
compound libraries are commercially available from Brandon Associates (Merrimack,
NH) and Aldrich Chemical (Milwaukee, WI). Alternatively, libraries of natural
compounds in the form of bacterial, fungal, plant, and animal extracts are -
commercially available from a number of sources; including Biotics (Sussex; UK), -
Xenova (Slough, UK), Harbor Branch Oceangraphics Institute (Ft. Pierce, FL), and -

‘PharmaMar, U.S.A. (Cambridge, MA). In addition, natural and synthetically -

produced libraries are produced, if desired, according to methods known inthe art,
e.g., by standard extraction and fiactionation methods. Furthermore, if desired, any
library or compound is readily modified using standard chemical, physical, or
biochemical methods. e

In addition, those skilled in the art of drug discovery and development
readily understand that methods for-dereplication (e.g., taxonomic dereplication,
biological dereplication, and chemical dereplication, or any combination thereof) or-
the elimination of replicates or repeats of materials already known for their anti-
pathogenic activity should be employed whenever possible.

When a crude extract is found to have an invasion-promoting or invasion-
inhibiting activity, or a binding activity, further fractionation of the positive lead
extract is necessary to isolate chemical constituents responsible for the observed
effect. Thus, the goal of the extraction, fractionation, and puriﬁcatidn process is the
careful characterization and identification of a chemical entity within the crude extract
having the desired activity. Methods of fractionation and purification of such -

heterogenous extracts are known in the art. If desired, compounds shown to be useful
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agents for the treatment of pathogenicity or increased production of secondary
metabolites are chemically modified according to methods known in the art.

utica ic t Prot ts
‘The invention provides a simple means for identifi}ing compounds

(including peptides, small molecule inhibitors, and mimetics) capable of inhibiting
the pathogenicity or virulence of a pathogen. Accordingly, chemical entities
discovered to have medicinal or agricultural value using the methods described herein
are useful as either drugs, plant protectants, or as information for structural
modification of existing anti-pathogenic compounds, e.g., by rational drug design..
Such methods are useful for screening compounds having an effect on a variety of

pathogens including, but not limited to, bacteria, viruses, flmgi,-annelids, nematodes,

. Platyhelminthes, and protozoans. Examples of pathogenic fungi include, without

limitation, Candida albicans, Aspergillus sp, Mucor sp, Rhizopus sp., Fusarium sp,
Penicillium marneffei, Microsporum sp. Cryptococcis neofomians,_ Pneumocystis
carinii, and Trichophyton sp. _

For therapeutic uses, the compositions or agents identified using the .
methods disclosed herein may be administered systemically, for example, formulated
in a pharmaceutically-acceptable buffer such as physiological saline. Treatment may
be accomplished directly, e.g., by treating the animal with antagonists which disrupt,
suppress, attenuate, or neutralize the biological events associated with a pathogenicity
polypeptide. Preferable routes of administration include, for example, inhalation or
subcutaneous, intravenous, interperitoneally, intramuscular, or infradermal injections
which provide continuous, sustained levels of the drug in the patient. Treatment of
human patients or other animals will be carried out using a therapeutically effective
amount of an anti-pathogenic agent in a physiologically-acceptable carrier. Suitable
carriers and their formulation are described, for example, in Remington's
Pharmaceutical Sciences by E'W. Martin. The amount of the anti-pathogenic agent

to be administered varies depending upon the manner of administration, the age and
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body weight of the patient, and with the type of disease and extensiveness of the
disease. Generally, amounts will be in the range of those used for other agents used in
the treatment of other microbial diseases, although in certain instances lower amounts
will be needed because of the increased specificity of the compound. A-compound is
administered at a dosage that inhibits microbial proliferation. For example, for
systemic administration a compound is administered typically in the range of 0.1 ng -
10 g/kg body weight. ' SR

For agricultural uses, the compositions or agents identified using the
methods disclosed herein may be used as chemicals applied as sprays or dusts on the
foliage of plants, or in irrigation systems. Typically, such agents are tobe
administered on the surface of the plant in advance of the pathogen in order to prevent
infection. Seeds, bulbs, roots, tubers, and corms are also treated to prevent pathogenic
attack after planting by controlling pathogens carried on them or existing in the soil at
the planting site. Soil to be planted with vegetables, ornamentals, shrubs, or.trees can
also be treated with chemical fumigants for contro] of a variety of microbial:
pathogens. Treatment is preferably done several days or weeks before planting. The
chemicals can be applied by either a mechanized route, e.g., a tractor or with hand
applications. In addition, chemicals identified using the methods of the assay can be
used as disinfectants. ' '

In addition, the antipathogenic agent may be added to materials used to

-make catheters, including but not limited to intravenous, urinary, intraperitoneal,

ventricular, spinal and surgical drainage catheters, in order to prevent colonization and
systemic seeding by potential pathogens. Similarly, the antipathogenic agent may be
added to the materials that constitute various surgical prostheses and to dentures to-
prevent colonization by pathogens and thereby prevent more serious invasive

infection or systemic seeding by pathogens.

c of Sec : jbolite P ictio

The invention provides a simple means for identifying compounds
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' (including peptides, small molecules and mimetics) that are capable of activating

secondary metabolite production in fungi. Accordingly, a chemical entity discovered
to have such characteristics using the methods described herein is useful as a means to
increase the yields of currently marketed pharmaceuticals whose production, in whole
or in part, is dependent upon a fungal fermentation. Exa.mples- of marketed secondary
metabolites whose yields during. fermentation could be increased by such compounds
include, without limitation, cyclosporin, penicillin, cephalosporin, ergot alkaloids,
lovastatin, mevastatin, and the biosynthetic intermediates thereof. In addition, such

- chemical entities can also be used to increase the likelihood of identifying new

secondary metabolites with medicinal or agricultural vah_xe by increasing the
concentration of such metabolites (and hence, the likelihood of detection by chemical
or bioassay) in a fermentation broth. In both instances, increased yield of metabolite
can be accomplished by contacting fungi with the entity and/or transforming a fungus
with a gene expression construct or constructs that would result in the production of
said entity within the fungus. _

The invention also provides a simple means for identifying candidate
genes that both positively and negatively regulate secondary metabolite production in
fungi. In addition, methods to identify activated and dominant negative versions of
these genes are described. Accordingly, such genes and their derivatives are likely
candidates to enable the genetic engineering of fungi to increase production of
secondary metabolites both through the introduction of altered forms of these genes
into production fungi by standard transformation methods and also by elimination of
relevant gene function through the construction of knockouts. Examples of marketed
secondary metabolites whose yields during fermentation could be increased by
genetic engineering methods such as these include, without limitation, cyclosporin,
penicillin, cephalosporin, ergot alkaloids, :lpvastatin, mevastatin, and the biosynthetic

intermediates thereof,
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Methods for fermentation and production of beta-lactam antibiotics,
statins, ergot alkaloids, cyclosporin, and other fungal metabolites are described in

| Masurekar (Biotechnology 1992, 21: 241-301), and references therein. The detection
5  of secondary metabolites is specific for each metabolite and well-known to those

practiced in the art. General methods to assess pfod_uction and integrity of compounds

in fermentation broths include, but are not limited to, bioassays for antimicrobial -
activity, high-performance liquid chromatography (HPLC) analysis, nuclear magnetic .
resonance, thin-layer chromatography, and absorbance spectrometry. Purification of -
. .10 metabolites from a fermentation broth can include removal of fungal cells or hyphae
by centrifugation or filtration, adjustment of pH and/or salt concentrations after -
- fermentation (to enhance solubility and/or subsequent extraction efficiency), and

‘extraction of broths with appropriate organic solvents.

'Other Embodiments
15 . In general, the invention includes any nucleic acid sequence which may be
isolated as described herein or which is readily isolated by homology screening or
- PCR amplification using the nucleic acid sequences of the invention. Also included
in the invention are polypeptides which are modified in ways which do not abolish

their pathogenic activity (assayed, for example as described herein). Such changes

:
i
i

- 20 - may include certain mutations, deletions, insertions, or post-translational
modifications, or may involve the inclusion of any of the polypeptides of the -
- invention as one component of a larger fusion protein.
Thus, in other embodiments, the inv'éntitm includes any protein which is
substantially identical to a polypeptide of the invention. Such homologs include other -
25  substantially pure naturally-occurring polypeptides as well as allelic variants; natural
mutants; induced mutants; proteins encoded by DNA that hybridizes to any one of the
nucleic acid sequences of the invention under high stringency conditions or, less

preferably, under low stringency conditions (e.g., washing at 2X SSC at 40°C with a
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probe length of at least 40 nucleotides); and proteins specifically bound by antisera of
the invention.

The invention further includes analogs of any naturally-occurring
polypeptide of the invention. Analogs can differ from the naturally-occurring -
polypeptide of the invention by amino acid sequence differen;:és, by post-translational
modifications, or by both. Analogs of the invention will generally exhibit af least -
85%, more preferably 90%, and most preferably 95% or even 99% identity with all or
part of a naturally-occurring amino acid sequence of the invention. The length of
sequence comparison is at least 15 amino acid residues, preferably at least 25 amino
acid residues, and more preferably more than 35 amino acid residues. Again, in an
exemplary approach to determining the degree of identity, a BLAST program may be
used, with a probability score between ¢ and e'® indicating a closely related -
sequence. Modifications include in vivo and ir vitro chemical derivatization of"
polypeptides, e.g., acetylation, carboxylation, phosphorylation, or glycosylation; such
modifications may occur during polypeptide synthesis or processing or following
treatment with isolated modifying enzymes. Analogs can also differ from the
naturally-occurring polypeptides of the invention by alterations in primary sequence.
These include genetic variants, both natural and induced (for example, resulting from -
random mutagenesis by irradiation or exposure to ethanemethylsulfate or by site-
specific mutagenesis as described in Sambrook, Fritsch and Maniatis, Molecular.
Cloning: A Laboratory Manual (2d ed.), CSH Press, 1989, or Ausubel et al., supra).
Also included are cyclized peptides, molecules, and analogs which contain residues

other than L-amino acids, €.g., D-amino acids or non-naturally occurring or synthetic

~ amino acids, e.g., P or Y amino acids.

In addition to full-length polypeptides, the invention also includes

-fragments of any one of the polypeptides of the invention. As used herein, the term

"fragment," means at least five, preferably at least 20 contiguous amino acids,
preferably at least 30 contiguous amino acids, more preferably at least 50 contiguous

amino acids, and most preferably at least 60 to 80 or more contiguous amino acids.
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Fragments of the invention can be generated by methods known to those skilled in the
art or may result from normal protein processing (e.g., removal of amino acids from
the nascent polypeptide that are not required for biological activity or removal of -
amino acids by alternative mRNA ‘splicing or alternative protein processing events).

The invention further provides compositions (e.g.; nucleotide sequence -
probes) and methods for the diagnosis of a pathogenic condition.

All publications and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each independent publication
or patent application was specifically and individually indicated to be incorporated by -
reference. '

Other embodiments are within the scope of the claims.

- Whatis claimed is:
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1. A method for determining whether a candidate compound decreases
the expression of a gene operahly linked to a fungal invasin gene promoter, said
method comprising

(a) providing a fungus expressing said gene operably linked to a fungal
invasin gene promoter;

(b) contacting said fungus with said candidate compound; and

- (c) detecting or measuring expression of said gene following contact of the

fungus with said candidate compound.
2. The method of claim 1, wherein said fungus is a wild-type strain.

3. The method of claim 2, wherein said wild-type strain is

Saccharomyces cerevisiae, Candida albicans, or Aspergillus nidulans.
4. The method of claim 1, wherein said fungus is a mutant strain.
5. The method of claim 1, wherein said fungus is a transgenic fungus

6. The method of claim 1, wherein said gene comprises a fungal invasin

gene.

7. The method of claim 6, wherein said fungal invasin gene is FLOI11 or
MUCL.

8. The method of claim 1, wherein said fungal invasin gene is AFL/,
DHH]1, INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11, INV12, INV13, INV14,
INV15, BEM2, CDC25, HOGI, IRAI, MCMI1, MGAl, PET9, PHD2, PHO23, PTCI,

A
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RIM15, SFL1, SRB11, SSD1, STE21, STP22, SWI4, TPK2, TPK3, RIM1, or YPRI
9. The method of claim 1, wherein said gene comprises a reporter gene.

~ 10. The method of claim 9, wherein said reporter gene is lacZ, URA3, or
HIS3. " ' | a

11. The method of claim 1, wherein said fungal invasin gene promoter is

the FLO11, MUCI, STA1, STA2, or STA3 gene promoter.

_ 12. The method of claim 1, wherein said fungal invasin gene promoter is
the AFL1, DHHI, INV1, INVS5, INV6, INV7, INVS, INV9, INV10, INV11, INVi2,
INVI3, RIM1, INV14, INV1S5, BEM2, CDC25, HOGI, IRAl1, MCM1, MGAI, PETY,
PHD2, PHO23, PTCI1, RIM15, SFL1, SRB11, §§D1, STE21, STP22, SWI4, TPK2,
TPK3, or YPRI gene promoter.

13. The method of claim 1, wherein said fungal invasin gene promoter is

a fragment or deletion of a fungal invasin gene promoter.

14. The method of claim 13, wherein said fragment is fused to a basal

promoter.

15. The method of claim 14, wherein said basal promoter comprises

PGK1,ADHI, GALI-10, tet-R, MET25, CYCI or CUPI.

16. The method of claim 1, wherein said gene expression is measured by

assaying the protein level of the expressed gene.

17. The method of claim 1, wherein said gene expression is measured by

N
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assaying the RNA level of the expressed gene.

18. The method of claim 6, wherein a decrease in the expression of said

fungal invasin gene inhibits fungal invasion.

19. The method of claim 6, wherein a decrease in the expression of said

fungal invasin gene inhibits the switch from yeast form to pseudohyphal growth.

20. The method of claim 1, wherein said candidate compound inhibits or

decreases the pathogenicity of a fungus.

21. A method for determining whether a candidate compound increases
the expression of a gene operably linked to a fungal invasin gene promoter, said
method comprising |

(a) providing a fungus expressing said gene operably linked to a fungal
invasin gene promoter;

(b) contacting said fungus with said candidate compound; and

(c) detecting or measuring expression of said gene following contact of the

fungus with said candidate compound.
22. . The method of claim 21, wherein said fungus is a wild-type strain.
© 23. - The method of claim 22, wherein said wild-type strain is
Saccharomyces cerevisiae, Aspergillus nidulans, Penicillium chrysogenum, or
Acremonium chrysogenum.

24. The method of claim 21, wherein said fungus is 2 mutant strain.

25. The method of claim 21, wherein said fungus is a transgenic fungus

ok [+ L M N *



10

15

20

WO 99/25865 ; : PCT/US98/24646

-72-
26. The method of claim 21, wherein said gene comprises a fungal

invasin gene.

27. The method of claim 26, wherein said fangal invasin gene is FLO11’
or MUCI. | )

28. The method of claim 26, wherein said fungal invasin gene is AFL/,

- DHHI, INV1, INV3, INV6, INV7, INVS8, INV9, INV10,INV11, RIM1,INV12,INVI3,

INV14,INV15, BEM2, CDC25, HOG1, IRAl, MCMI1, MGA1, PET9, PHD2, PHO23,
PTCI, RIM15, SFL1, SRB11, 8SD1, STE21, STP22, SWH4, TPK2, TPK3, or YPR1 -

-29.  The method of claim 21, wherein said gene comprises a reporter

_gene.

30. The method of claim 29, wherein said reporter gene is lacZ, URA3, -
or HIS3. |

* 31. The method of claim 21, wherein said fungal invasin gene promoter
is the FLO11, MUCI, STA1, STA2, or STA3 gene promoter.

32. The method of claim 21, wherein said fungal invasin gene promoter is
the AFL1, DHH1, INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11, INV12,
INV13, INVi4, INVIS, BEM2, CDC25, HOG1, IRAl, MCM1; MGAl, PET9, PHD2,
PHO23, PTC1, RIM15, SFL1, SRB11, SSD1, STE21, STP22, SWI4, TPK2, RIM1,
TPK3, or YPRI gene promoter.

" 33. The method of claim 21, wherein said fungal invasin gene promoter

i e o
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is a fragment or deletion of a fungal invasin gene promoter.
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34 . The method of claim 33, wherein said fragment is fused to a basal

promoter.

35. The method of claim 34, wherein said basal promoter is PGK !,
ADHI, GALI-10, tet-R, MET25, CYCI or CUPI. h

36. The method of claim 21, wherein said gene expression is measured by

assaying the protein level of the expressed gene.

37. The method of claim 21, wherein said gene expression is measured

by assaying the RNA level of the expressed gene.

38. The method of claim 21, further comprising determining whether said

candidate compound increases the production of a secondary metabolite in a fungus.

39. A method for determining whether a candidate compound inhibits
fungal invasion, said method comprising
(a) contacting a fungus with a candidate compound under conditions

suitable for invasion; and

(b) measuring or detecting invasion by said fungus following contact with
said candidate compound.

40. The method of claim 39, wherein said fungus is Candida albicans.

41. The method of claim 39, wherein said fungus is Saccharomyces

cerevisiae.

42. A method for determining whether a candidate compound promotes
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(a) contacting a fungus with a candidate compound under conditions
suitable for invasion; and
(b) measuring or detecting invasion by said fungus following contact with

said candidate compound.
43. The method of claim 42, wherein said fungus is Candida albicans.

44. The method of claim 42 wherein said fungus is Saccharomyces

cerevisiae.
45. The method of claim 42, wherein said fungus is Aspergillus nidulans.

'46. A method for identifying a fungal invasion-promoting gene, said
method comprising - ' '
~ (a) expressing in a fungus (i) a first gene operably linked to a fungal
invasin gene promoter and (ii) a second candidate gene or a fragment thereof; and
(b) monitoring the expression of said first gene,
wherein an increase in said expression identifies said candidate gene as a fungal

invasion-promoting gene.
47. The method of claim 46, wherein said fungus is a wild-type strain.

' 48. The method of claim 47, wherein said wild-type strain is

Saccharomyces cerevisiae.
49. The method of claim 46, wherein said fungus is a mutant strain.

50. The method of claim 46, wherein said fungus is a transgenic fungus

(AR AR R i




10

15

20

WO 99/25865 ' - PCT/US98/24646

~75-

51. The method of claim 46, wherein said first gene comprises a fungal

invasin gene.

52. The method of claim 51, wherein said fungal invasin gene is FLO11
or MUCL. ' h

53. The method of claim 51, wherein said fungal invasin gene is AFLI,
DHHI, INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11,INVI12, INV13, INV14,
INV15, BEM2, CDC25, HOGI, IRAI, RIMI1, MCM1, MGAl, PET9, PHD2, PHO23,
PTCI1, RIM15, SFL1, SRB11, §§D1, STE21, STP22, SWI4, TPK2, TPK3, or YPRI

- 54. The method of claim 46, wherein said first gene comprises a reporter .

gene. |

55. The method of claim 54, wherein said reporter gene is lacZ, URA3,
or HIS3.

56. The method of claim 46, wherein said fungal invasin gene promoter
isthe FLO11, MUCI, STA1, STA2, or STA3 gene promoter.

57. The method of claim 46, wherein said fungal invasin gene promoter
isthe AFLI, DHHI, INV1, RIMI, INVS, INV6, INV7, INVS, INV9, INV10, INV11,
INV12,INV13, INV14,INV15, BEM2, CDC25, HOGI, IRAI, MCM1, MGAl, PETY9,
PHD2, PHO23, PTC1, RIM15, SFL1, SRB11, 88D1, STE21, STP22, SWI4, TPK2,
TPK3, or YPRI gene promoter.

58. - The method of claim 46, wherein said fungal invasin gene promoter
is a fragment or deletion of the FLO11, MUCI, STA1, STA2, or STA3 gene promoter.
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59 . Themethod of claim 58, wherein said fragment is fused to a basal

promoter.

60. The method of claim 59, wherein said basal promoter is PGK1,
ADH]I, GALI-10, tet-R, MET25, CYCI or CUP1. )

61. The method of claim 46, wherein said gene expression is measured

by assaying the protein level of the expressed first gene.

62. ' The method of claim 46, wherein said gene expression is measured

. by assaying the RNA level of the expressed first gene.

63. The method of claim 46, wherein said fungal invasion-promoting

gene comprises 2 member of an invasin pathway.

64. A method for identifying a fungal invasion-inhibiting gene,
comprising . '

(a) expressing in a fungus (i) a first gene operably linked to a fungal
invasin gene promoter and (ii) a second candidate gene or fragment thereof; and

(b) monitoring the expression of said first gene,
wherein a decrease in said expression identifies said candidate gene as a fungal

invasion-inhibiting gene.
65. The method of claim 64, wherein said fungus is a wild-type strain.
66. The method of claim 65, wherein said wild-type strain is

Saccharomyces cerevisiae.

67. The method of claim 64, wherein said fungus is a mutant strain.
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68. The metﬁbd of claim 64, wherein said fungus1s a transgenic fungus

69. The method of claim 64, wherein said first gene comprises a fungal

invasin gene.

70. The method of claim 69, wherein said fungal invasin gene is FLO11
-5  orMUCI

71. The method of claim 69, wherein said fungal invasin gene is AFL1,
- DHHI1, INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11, INV12, INV13, INV14,
RIM1, INV15, BEM2, CDC25, HOG1, IRAl, MCMI1, MGAl, PETY, PHD2, PHO23,
PTCI1, RIM15, SFL1, SRB11, SSD1, STE21, STP22, SWI4, TPK2, TPK3, or YPRI

10 72. The method of claim 64, wherein said first gene comprises a reporter

gene.

73. The method of claim 72, wherein said reporter gene is lacZ, URA3,
or HIS3.

74. ' The method of claim 64, wherein said fungal invasin gene promoter
15 isthe FLO!1, MUCI, STAl, STA2, or STA3 gene promoter.

75. The method of claim 64, wherein said fungal invasin gene promoter
is the AFL1, DHH1, INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11, INVI12,
INV13,INVi4,INV15, BEM2, CDC25, HOGI, IRAI, MCM1, MGA1, PET9, PHD?2,

- PHO23, PTC1, RIM15, SFL1, SRB11, SSD1, STE21, STP22, SWI4, TPK2, TPK3, or
20  YPRI gene promoter.

76. The method of claim 64, wherein said fungal invasin gene promoter
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is a fragment or deletion of the FLO11, MUCI, STAI, STA2, or STA3 gene promoter.

77. The method of claim 76, wherein said fragment is fused to a basal

promoter.

~ 78. The method of claim 77, wherein said basal promoter is PGK1,
ADH1, GAL1-10, tet-R, MET25, CYCI or CUPI.

79. The method of claim 64, wherein said gene expression is measured

by assaying the protein level of the expressed first gene. - -

80. The method of claim 64, wherein said gene expression is measured

by assaying the RNA level of the expressed first gene. -

81. The method of claim 64, wherein said fungal invasion-inhibiting

gene comprises a member of an invasin pathway.

82. A method for increasing production of a secondary metabolite in a -
fungal cell, said method comprising the step of contacting said fungal cell with a

fungal invasion-promoting compound. -
83. A method for increasing production of a secondary metabolite in a
fungal cell, said method comprising the step of decreasing the expression of a fungal

invasion-inhibiting gene.

84. The method of claim 83, wherein said decreased expression of said

fungal invasion-inhibiting gene results from an inactivation of said fungal invasion-

Ll e




10

15

20

‘WO 99/25865 | . - PCT/US98/24646

-79-

85. The method of claim 83, wherein said fungal invasion-inhibiting gene
is mutated.

86. The method of claim 83, wherein said fungal invasion-inhibiting gene
comprises HOGI, BEM2, RIM15, SFL1,IRA1, SSD1, SRB11, SWI4, or TPK3.

87. A method for increasing production of a fungal secondary
metabolite, said method comprising the step of increasing the expression of a fungal

invasion-promoting gene.

88. The method of claim 87, wherein said fungal invasion-promoting
geneis AFLI, DHHI,INV7,INV8, STE21, PET9, MEP2, INV1, INV5, INV6, INV9,
INV10,INV11,INVI12,INV13,INV14, INV15, CDC25, MCM1, MGA1, PHD2,
PHO23, PTCI, RIM1, STP22, TPK2, or YPRI.

89. The method of claim 87, wherein said fungal invasion-promoting

gene is constitutively expressed or overexpressed.

90. The method of claim 87, wherein said fungal invasion-promoting

gene is mutated.

91. A method for increasing production of a fungal secondary

-metabolite, said method comprising the step of expressing a gene, or fragment

thereof, that encodes an activated form of a invasion-promoting polypeptide.

92. The method of claim 91, wherein said activated form of said

invasion-promoting polypeptide comprises a fusion between the invasion-promoting

- polypeptide and a second polypeptide that further enhances the activity of said

invasion-promoting polypeptide.
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93, The method of claim 91, wherein said gene has a mutation.

94. A method for increasing production of a secondary metabolite in a

' fungal cell, said method comprising the step of decreasing the activity of a fungal

invasion-inhibiting polypeptide.

95. The method of claim 94, wherein said fungal invasion-inhibiting
polypeptide has a mutation. '

96. The method of claim 95, wherein said mutation encodes a dominant-

inactive polypeptide.

97. The method of claim 94, wherein said fangal invasion-inhibiting
polypeptide comprises Hogl, Bem2, Rim15, Iral, Sfl1, Ssdl, Srb11, Swi4, or Tpk3.

98. A method for increasing production of a fungal secondary metabolite,
said method comprising the step of increasing the activity of a fungal invasion-
promoting polypeptide.

99. The method of claim 98, wherein said fungal invasion-promoting

polypeptide has a mutation.

-100. The method of claim 99, wherein said mutation encodes a

dominant-active polypeptide. ~ -

- 101. - The method of claim 98, wherein said fungal invasion-promoting
polypeptide is Afl1, Dhhl, Invl, Inv5, Inv6, Inv9, Inv10, Invl]l, Invi2, Invl3, Invl4,

Riml, Inv15, Cdc25, Inv7, Mcm1, Mgal, Phd2, Pho23, Ptcl, Inv8, Ste2, Pet9, Mep2,
Stp22, Tpk2, or Yprl. —_—
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- 102. A method of isolating a fungal invasin gene, said method
comprising ¥ _
(a) providing a fungus expressing a gene operably linked to a fungal
invasin gene promoter; ' h

(b) mutagenizing said fungus;
(c) measuring expression of the gene, wherein an increase or decrease in
the expression of said gene identifies a mutation in said invasin gene; and -

. (d) using said mutation as a marker for isolating said invasin gene.
103. The method of claim 102, wherein said fungus is a wild-type strain.

104. The method of claim 103, wherein said wild-type strain is

Saccharomyces cerevisiae.
105. The method. of claim 102, wherein said fungus is a mutant strain.

106. The method of claim 102, wherein said gene comprises a fungal

invasin gene.

107. The method of claim 106, wherein said fungal invasin gene is
FLO11 or MUCL.

108. The method of claim 106, wherein said fungal invasin gene is AFL/,
DHH1, INV1, INVS, INV6, INV7, INVS, INV9, INV10,INV11,INV12, INVI13, INV14,
INV15, BEM2, CDC25, HOGI, IRAI, MCM1, MGAl, PET9, PHD2, PHO23, RIM]1,
PTCI, RIM15, SFL1, SRB11, SSD1, STE21, STP22, SWIH4, TPK2, TPK3, or YPR!

109. The method of claim 102, wherein said gene comprises a reporter
-
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gene.

110. The rriethod of claim 109, wherein said reporter gene is lacZ,
URA3, or HIS3. ’ '

111. The method of claim 102, wherein said fungal invasin gerie
promoter is the FLO11, MUCI, STAI, STA2, or STA3 gene promoter.

112.  The method of claim 102, wherein said fungal invasin gene
promoter is the AFL!, DHH1, INV1, INVS, INV6, INV7, INVS, INV9, INV10, INV11,
INV12,INVI13, INV14, INV15, BEM2, CDC25, RIMI, HOGI, IRAI, MCMI1, MGAL, - .
PETY, PHD2, PHO23, PTC1, RIM15, SFL1, SRB11, S§D1, STE21, STP22, SWI4,
TPK2, TPK3, or YPRI gene promoter. - o

113. The method of claim 102, wherein said fungal invasin gene
promoter is a fragment or deletion of the FLOI1, MUCI, STAI, STA2, or STA3 gene

promoter.

114. The method of claim 113, wherein said fragment is fused to a basal

promoter.

115. The method of claim 114, wherein said basal promoter is PGK1,
ADHI, GAL1-10, tet-R, MET25, CYCI or CUPI.

116. The method of claim 102, wherein said gene expression is measured

by assaying the protein level of the expressed gene.

117. Thé method of claim 102, wherein said gene expression is measured

A, G A

by assaying the RNA level of the expressed gene.
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118. A method of using a heterolo gous cell forldentlfylng a gene which
regulates the expression from a Candida albicans gene promoter, said method
comprising

(a) providing a heterologous cell expressing a reporter gene operably
linked to a Candida albicans gene promoter; )

(b) expressing a candidate gene in said heterologous cell; and

(c) detecting or measuring said expression of said reporter gene.

119. The method of claim 118, wherein said heterologous cell is

Saccharomyces cerevisiae.

120. A method for preparing a transgenic fungal cell having increased
secondary metabolite production, said method comprising

() introducing a transgene into a fungal cell; and

(b) selecting a cell that expresses the transgene to produce a protein,
wherein said transgene is AFLI, DHH]I, INV 7, IN V8, STE21, PET9, MEP2, INV1,
INVS, INV6, INV9, INVI10, INV11, RIM],. INV12,IN VB, INVi4,INV15, CDC25,
MCM1, MGAl, PHD2, PHO23, PTCI, STP22, TPK2, YPRI, HOGI, BEM2, RIMIS,
SFL1,1RAI, SSDI, SRBI11, SWI4, TPK3, or a fragment thereof,

121. The method of claim 120, wherein said transgene has a mutation.

122. The method of claim 121, wherein said fnutation is a dominant-

active mutation.

123. The method of claim 121, wherein said mutation is a dominant-

inactive mutation.

- 124, A method for increasing a secondary metabolite in a fungus, said
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method comprising _

(a) culturing said fungus in culture with conditions allowing for sécondary
metabolite production;

(b) adding to said culture a fungal invasion-promoting compound; and

(c) isolating said metabolite from said culture.

125. The method of claim 124, wherein said fungus has a mutation.
126. The method of claim 124, wherein said fungus is a wild-type strain.

127. A transgenic filamentous fungus comprising a mutation inits HOGI
gene, said mutation inhibits the activity of a functional Hogl protein.

128. The transgenic filamentous fungus of claim 127, wherein said

fangus has increased secondary metabolite production..

129. A transgenic filamentous fingus comprising a mutation in its SWI4

gene, said mutation inhibits the activity of a functional Swi4 protein.

130. The transgenic filamentous fungus of claim 129, wherein said

fungus has increased secondary metabolite production,

131. A transgenic filamentous fungus comprising a mutation in its BEM2
gene, said mutation inhibits the activity of a functional Bem2 protein.

132. The transgenic filamentous fingus of claim 131, wherein said
fungus has increased secondary metabolite production.

133. A transgenic filamentous fungus comprising a mutation in its SRB11
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gene, said mutation mhlb1t5 the expression of a functional Stb11 protein.

134. The transgenic filamentous fungus of claim 133, wherein said
fungus has increased secondary metabolite production.

135. A transgenic filamentous fungus comprising a mutation in its SSD?
5 gene, said mutation inhibits the expression of a fumctional Ssd1 protein.

136. The transgenic filamentous fungus of claim 135, wherein said
fungus has increased secondary metabolite production. B

137. A transgenic filamentous fungus comprising a mutation in its TPK3
gene, said mutation inhibits the expression of a functional Tpk3 protein.

10 138. The transgenic filamentous fungus of claim 137, wherein said
fungus has increased secondary metabolite production.

139. A transgenic filamentous fungus comprising a mutation in its SFLJ

gene, said mutation inhibits the expression of a functional Sfl1 protein.

140. The transgenic filamentous fungus of claim 139, wherein said
15  fungus has increased secondary metabolite production.

141. A transgenic filamentous fungus comprising a mutation in its IRAJ

gene, said mutation inhibits the expression of a functional Iral protein.

142. The transgenic filamentous fungus of claim 141, wherein said
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