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ABSTRACT

Ustilago maydis is a dimorphic basidiomycete and the causa agent of corn smut
disease. It serves asagenetic modd for understanding dimorphism, pathogenicity, and mating
response in filamentous fungi. Previous studies have ducidated sgnd transduction pathways
involving CAMP-dependent protein kinase A (PKA) and mitogen-activated protein (MAP)
kinases as being important for normal cdlular functionin U. maydis. Although most of the
target substrates of these pathways are unidentified, it gppears that the phosphorylation states of
these target substrates determine mating, filamentous growth and pathogenicity. The purpose of
this study was to determine the roles of two protein phosphatases that could be involved in the
PKA and MAPK pathwaysin U. maydis; areverse genetics approach was taken to identify
the catalytic subunits of cacineurin (ucnl) and protein phosphatase 2A (upa2). Strainsthat are
mutant in ucnl1 have amultiple budding phenotype with their cdl cluster Sze inversely dependent
on theinoculum dengty. Mating between ucnl mutants and wild-type strains was reduced, and
mating between two ucnl mutants was severdly reduced. This reduction in mating can be
attributed to ucnl mutants' inability to upregulate mfal during meting induction. Through

pathogenicity assays, cdcineurin was identified as a criticd virulence factor within maize plants.



A synergistic phenotype was observed in the uacl ucnl double mutant; both filamentous and
multiple budding. The ucnl multiple budding mutant phenotype was determined to be epigtatic
to the filamentous sol opathogenic SG200 phenotype. Cyclosporine A was successful in
generating the ucnl mutant phenotype in wild-type strains and a distinct pattern of bud
emergence was observed during cacineurin inhibition.

A genedisruption in the U. maydis PP2A (upa2) catdytic subunit was not obtained,
even after multiple attempts. Consgtent with this result, experiments with okadaic acid, a potent
inhibitor of PP2A, stopped the growth of U. maydis cellsa 2nM concentration, suggesting the
probable lethdity of a PP2A null mutation. Protein phosphorylation patterns between U.
maydis wild-type and mutant strains could not be determined using a hexahigtidine-tagged Prfl
transcription factor, or through western blotting of total protein lysates using anti-

phosphoserine/threonine antibodies.
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CHAPTER 1

INTRODUCTION AND OBJECTIVES



INTRODUCTION

Ustilago maydis is a dimorphic basidiomycete and the causd agent of corn smut
disease (Christensen, 1963). It serves as a genetic modd for understanding dimorphism,
pathogenicity, and mating responsein filamentous fungi. The long-term god of this project isto
elucidate pathways involving morphogenesis and pathogenicity in order to provide possible
drategies for the control of funga diseases of plants. To accomplish this god, an understanding
of the genetic basis for pathogenicity isessentid. While trying to decipher the link between U.
maydis morphology and pathogenicity, two pathways have been discovered: cCAMP dependent
protein kinase (PKA) and the mitogen-activated protein kinase (MAPK), which are necessary
for completion of itslife cycle.

In the haploid stage, U. maydis is a sgprophytic budding yeast, that undergoes a
dimorphic switch to become an infectious, filamentous dikaryon. To generate the filamentous
dikaryon, two compatible haploid yeast strains differing at two genetic loci (termed a and b)
must mate (Holliday, 1961, 1974; Banuett, 1995; Kahmann et a., 1995; Kronstad and Staben,
1997).

The two dldes of the a locus (al and a2) are idiomorphs that encode pheromones
(Mfal/2) and pheromone receptors (Pral/2) (Frodiger and Leong, 1991; Bolker et a., 1992,
Bakkeren and Kronstad, 1994). In a compatible mating reaction, the pheromone (Mfa)
interactswith the receptor (Pra) of the opposite mating type and induces increased pheromone
production and conjugeation tube formation followed, ultimately by a fuson between the strains
(Bolker et d., 1992; Trueheart and Herskowitz, 1992; Banuett, 1995; Urban et d., 1996).

The b locus has at least 25 dlde specificities (Puhadla, 1970; Schulz et a., 1990), and dl nonsdf



combinations are able to promote pathogenicity and sexua development. The b locus encodes
two homeodomain proteins, bEast (bE) and bWest (bW), which form heterodimers when
derived from different b dleles (Gillissen et d., 19923, b; Kamper et d., 1995). The bE/bW
heterodimer is the master regulator of pathogenicity and is necessary to establish astable
dikaryon (Kahmann et a., 1999).

Mating occurs on the surface of maize sigmas, and the dikaryatic infectious hypha
grows to form adightly swollen gppressorium over epiderma cdl-wall junctions of the host
plant (Snetselaar, 1993; Snetselaar and Mims, 1993, 1994). Thedikaryotic hyphain theinitia
phase of infection grows intracelularly (breaching the host cdll-wal but not plasma membrane),
then later intercelulary in the ovaries, and leaves eventudly forming gdls (Snetsdaar, 1993;
Snetselaar and Mims, 1993, 1994).

Gdl formation in the plant presumably results from chemicd sgnds between U. maydis
and maize (Banuett and Herskowitz, 1996). The dikaryotic hypha becomes fragmented in gall
tissue and undergo morphologica changes to develop into teliospores (Banuett and Herskowitz,
1996). During teliospore formation, karyogamy takes place (induced by putative plant signals)
(Snetsdlaar and Mims, 1994). Meosis eventudly occurs within mature teliogpores to produce
haploid basidiospores (Banuett and Herskowitz, 1996).

The budding yeast, Saccharomyces cerevisiae, providesamode for Sgnd
transductionin U. maydis. In yeast cdls, there are multiple pathways, which each respond to
distinct extracellular sgnds transmitted to produce specific cdlular responses. Signaling in yeast
cdlsinvolves multiple pathways, redundant components, crosstalk between pathways,

components used in more than one pathway, or even one sgnd producing a multitude of



responses (Banuett, 1998). The budding yeast paradigm has become avaduable toal in
understanding the highly conserved signd pathways found in filamentous fungi such as U.
maydis, Magnaporthe grisea, Candida albicans, Schizophyllum commune, and Coprinus
cinereus (Banuett, 1998). As described below, antagonistic roles for the cAMP and MAPK
pathway components produce different morphologica phenotypes, which have been determined
through mutationd andysisof U. maydis (Durrenberger et d., 1998; Kahmann et d., 1999).
Thefirgt pathway determined to be amorphologica determinant was the CAMP
pathway (Gold et a., 1994). Based on genetic evidence, Sgnding through a G-protein dpha
subunit (Gpa3) by an unknown ligand and receptor complex, activates the adenylate cyclase
protein Uacl (Regenfelder et d., 1997). Presumably, Uacl converts ATP to CAMP (Barrett
et d., 1993; Gold et d., 1994), which acts as a second messenger by binding to the regulatory
subunit (Ubcl) of protein kinase A (PKA). This binding induces a conformationd changein the
subunits and a subsequent disassociation of the Ubcl dimer from the catalytic subunits of PKA
(Adrl) (Gold et d., 1994; Gold et d., 1997; Durrenberger et d., 1998). Once released, the
primary PKA catdytic subunit, Adrl, can phosphorylate target protein(s) that are directly or
indirectly responsible for budding growth (Gold et d., 1994; Gold et d., 1997; Durrenberger et
al., 1998). Inauacl null mutant, cAMP s not produced (confirmed recently, A. Martinez
persona communication); consequently, the Ubcl dimer stays bound to the Adr1 subunits
resulting in aloss of PKA activity. Thislossof PKA activity (in auacl or adr 1 mutant)
prevents the phosphorylation of target proteins required for budding growth; thus a condtitutive
filamentous phenotype appearsin the haploid stage (Gold et d., 1994; Durrenberger et d.,

1998).



Using changes in haploid morphology, aforward genetic screen identified genes that
affect growth form and dso mating and pathogenicity in U. maydis. Mutagenessof a
condtitutively filamentous haploid mutant strain (uacl-) alowed the isolation of suppressor
mutants (termed ubc for Ustilago bypass of cyclase) that no longer require the production of
CcAMP to grow in the budding morphology (Barrett et d., 1993; Gold et al., 1994; Gold et dl.,
1997; Durrenberger et d., 1998). Using this forward genetic screen, five ubc genes have been
cloned thusfar.

As discussed above, ubcl encodes the regulatory subunit of PKA. In Ubcl mutants,
Adrlisunregulated and an increase in PKA activity occurs independent of cdllular CAMP leves
(Gold et d., 1994; Gold et al., 1997). U. maydis sranswith high levels of PKA activity
produce lateral buds and have a multiple budding phenotype (Gold et a., 1994). An important
connection exists between haploid cdllular morphology and pathogenicity. In filamentous and
multiple budding haploid strains where levels of PKA activity are affected (ubcl, adr1 and
uacl mutant strains), pathogenicity and mating are severely compromised (Barrett et a., 1993;
Gold et d., 1994; Gold et d., 1997; Durrenberger et al., 1998).

Theremaning ubc class of suppressor mutants are members of a pheromone sgnding
MAP kinase pathway (Mayorga and Gold, 1998, 1999; Andrews et a., 2000; Mayorga and
Gold, 2001). In U. maydis, mating pheromones interact with receptors, presumably on the cell
asurface, and asignd is sent to aMAPK module by an undefined means. However, genetic
evidence suggests that a Ras-like protein could be downstream of the receptor (J.W. Kronstad,
persona communication). The MAPK moduleis activated and a presumed phosphorylation

cascade occurs. The exact sequence of phosphorylation events remains undefined in U.



maydis, however, based on the S. cerevisiae paradigm, phosphorylation should occur from
MAPKKK (Ubc4) to MAPKK (Fuz7/Ubc5) to MAPK (Ubc3/Kpp2) (In S cerevisiae this
occurs Stellp, Ste7p, Fus3p) (Banuett, 1998).

Mutations in the genes involved in the pheromone response pathway have digtinct
phenotypes. A mutation in the fuz7/ubc5 gene (MAPKK homolog) has anormd budding
phenotype, however, meting, conjugetion tube formation, and maintenance of filamentous
growth in culture are dl atenuated (Banuett and Herskowitz, 1994; Mayorga and Gold, 1999).

Disruption mutants in other genes of the MAPK module have somewhat smilar
phenotypes. In ubc3/kpp2 (MAPK) mutant strains, norma cellular morphology is present, but
reductionsin pheromone response and pathogenicity occur (Mayorga and Gold, 1999; Muller
et a., 1999; Andrewset d., 2000). The fuz7/ubcb, and ubc3/kpp2, genes are dso shown to
be virulence factors not absolutely required for disease development (Banuett and Herskowitz,
1994; Mayorga and Gold, 1999; Muller et d., 1999; Andrews et al., 2000). In contrast, the
ubc2 geneiscriticd for pathogenicity (Mayorga and Gold, 2001). The ubc2 gene encodes a
product with multiple recognizable protein- protein interaction motifs (Mayorga and Gold,
2001). Partia phenotypic complementation of atemperature sengitive ubc2 dlde by multiple
copiesof ubc4 provides further evidence of a possible protein-protein interaction (Mayorga and
Gold, 1998).

Crosstalk between the pheromone MAPK and cAMP pathways likely impinges on the
HMG (high matility group) Prf1 transcription factor (Hartmann et a., 1996; Kahmann and
Basse, 1997; Hartmann et al., 1999; Kahmann et d., 1999; Muller et d., 1999). Prfl has

phosphorylation consensus sites for MAPK and PKA, which indicate possible phosphorylation



by Adrl and/or Ubc3/Kpp2 (Muller et ., 1999). Strains with mutations in MAP kinase
phosphorylation consensus Stes are atenuated in their ability to fuse with wild-type strains but
can il simulate filamentous growth in the pheromone tester strain CL 13 (a1lbE1bW2) (Muller
etd., 1999). Thesereaultsindicate that dimination of putative MAP kinase Stesisinsufficient
in destroying Prf1 activity completely.

Calcineurin, a Regulator of Morphogenesis and Pathogenicity:

As demondtrated above, the phosphorylation sate of PKA targets plays an important
role in morphogenesis and pathogenicity. Therefore, we hypothesize that a protein phosphatase
would aso play an important role in morphogenesis and pathogenicity. Two protein
phosphatases are potentia candidates for acting as the antagonistic protein phosphatase to
PKA, calcineurin and PP2A.

The cacineurin (CN) holoenzyme is comprised of three polypeptides. the catalytic (A)
and regulatory (B) subunits, and calmodulin that binds reversibly (in the presence of C&f*) to the
(A) subunit and forms afunctiond trimeric protein phosphatase (Kincaid, 1993; Shenalikar,
1994). CN has been sudied extensvely in the budding yeast S. cerevisiae and the fisson yeast
Schizosacchromyces pombe. In these yeasts, CN has multifunctiond rolesin post trandationa
modification of proteins (Stark, 1996), while in filamentous fungi CN has been shown to have a
variable effect on cdl viability, virulence, and cell and colony morphology.

Two genes, CNAL and CNA2 (dso cdled CMP1 and CMP2), encode budding yeast
CN catdytic subunits (Cyert et a., 1991; Liu et d., 1991). The CN holoenzyme s required for
promoting adaptation of haploid yeast cellsto pheromone responsein vivo (Cyert et d., 1991,

Cyert and Thorner, 1992). During mating, pheromones induce the rise of cytosolic C&#* to



activate CN, which isinvolved in further downstream mitotic cdlular Sgnds (Witheeet d.,
1997). Genetic data show that the MAPK (Mpk1) and Ca?* signding through CN act
redundantly through pardld pathways to regulate cdlular processes important for growth and
morphogeness (Nakamuraet d., 1996, 1997; Withee et d., 1997).

CN isinvolved inion regulation in yeast cells through the activation of ion pumps and
transcription factors. In S. cerevisiae, VMA (vacuolar membrane ATPase) genes are involved
inintracellular ionic homeogtads and vacuwolar biogenesis (Tanida et d., 1995). CN playsarole
in conjunction with VMAS to regulate ion homeostass (Cunningham and Fink, 1994; Tanida et
a., 1995; Cunningham and Fink, 1996; Withee et d., 1998).

CN, through the Crz1p/Tcnlp transcription factor, activates the ENAL/PMR2A gene
which encodes the primary sodium-pumping ATPase (Mendoza et d., 1994; Danidlsson et dl.,
1996). In contrast, ENAL/PMR2A transcription is down regulated by an increase in PKA
levels, which is an example of the antagonist role that PKA plays rdative to CN in ion tolerance
(Hirata et al., 1996; Mendozaet d., 1996).

InS. cerevisiae, two proteins, FKS1p and FKS2p of the glucan synthase complex,
control cell wall 1,3-b-D-Glucan synthesis. During mating, elevated Caf* levels or increased
temperatures, FKS2 expression is controlled by CN and the RHO1-PK C1-regulated Sgnding
pathway (Zhao et d., 1998). In trying to understand the mechanisms of CN induced
transcription, a 24-bp region of the FKS2 promoter named CDRE (cal cineurin-dependent
response e ement) was discovered as sufficient to confer calcineurin-dependent transcriptional
induction (Stathopoulos and Cyert, 1997). Crz1p/Tcnlp (cacineurin-respongve zinc finger

protein) is a cacineurin dependent transcription factor that, in conjunction with CDRE, regulates



severd genes PMC1, PMR1, PMR2A and FKS2, whose high leves of expresson confer high
tolerance to Ca?*, Mré*, Na" and cdll wall damage, respectively (Matheos et al., 1997
Stathopoulos and Cyert, 1997). Other such mechanisms of cacineurin-dependent gene
expresson remain to be discovered in budding yesst.

In S. pombe, CN (ppb1") gene expression is controlled by the stel1 transcription
factor (Plochockazulinska et d., 1995). S. pombe stell activation of CN occurs during mating
pheromone response, sporulation and nitrogen starvation, which indicates the intricate role that
CN playsin the cdl cycde (Plochockazulinska et d., 1995). A ppbl null mutant is Serile and
displays noticeable growth defects at low temperatures, such as the morphologica phenotypes
of multi-septate and branched cdlls at 22°C. When wild-type colonies are compared to null
mutant colonies a 22°C, cdl polarity isimpaired and cytokinessis delayed in mutant cdls. In
ppbl null mutants, frequency of branched cdlls increased 20-fold when the temperature is
decreased from 33°C to 22°C; d <0, binuclear cdlsin ppbl null cdls displayed mostly the X-
shaped post angphase microtubules that are characterigtic of cells just prior to cytokineds,
indicating that cdls prematurdly arrest prior to cytokiness (Yoshida et d., 1994).

CN playsapivotd role in virulence and normd cell growth in other filamentous fungi.
Cryptococcus neoformans is a heterothalic basidiomycete and a pathogen of
immunocompromised humans. Cyclosporine A (CsA) and FK506 are anti-microbid drugs that
inhibit 9gnd transduction in C. neofor mans, by forming a complex with FKBP12 (FK binding
protein in C. neoformans) which in turn bind and inhibits CN in vitro at 37°C, but not at 24°C
(Odom et d., 1997). CN (CNA1) mutantsin C. neoformans are attenuated in growth under

in vitro conditions that mimic a norma host environment such as growth a 37°C, 5% CO,, or



akaine pH, and are no longer pathogenic in an anima modd of cryptococca meningitis (Odom
et d., 1997). These results strongly suggest that CN is required for C. neoformans virulencein
humans.

CN isan essentid genein Aspergillus nidulans, and anull mutant (cnaA") produces
cdls arrested in early mitotic divison, possibly a G1 (Rasmussen et d., 1994). Heterozygous
diploid strains that produce haploid conidia lacking the cnaA gene undergo a maximum of two
nuclear divisons. Thisindicates that cytoplasmic CN leves from the conidiophore are high
enough for initid nudeear cdl divison (Rasmussen et d., 1994). In Neurospora crassa, growth
of the hyphal tip isdtered by the addition of a CN inhibitor. When FK506 is added to the
medium, N. crassa hyphal tips branch extensvely and expand more dowly. This phenotypeis
also observed through antisense RNA expression of the CN catdytic subunit cna-1 gene
(Prokisch et d., 1997). A mutation in the regulatory subunit of N. crassa, cnb-1, islethd which
further demongtrates that CN is required for normd vegetative growth (Kothe and Free, 1998).
Protein Phosphatase 2A a Regulator of M or phogenesis and Pathogenicity:

Protein phosphatase 2A (PP2A) is another heterotrimeric protein complex comprised
of one cataytic subunit (C) and two regulatory subunits (A) and (B) (Shenolikar, 1994; Stark,
1996). In S cerevisiae, PP2A has been implicated in actin cytoskeleton locdization, cell cycle
regulaion and glycogen metabolism (Clotet et d., 1995; Lin and Arndt, 1995; Minshull et d.,
1996; Evans and Stark, 1997). In S, pombe, PP2A isdso involved in cell cyderegulationin
addition to cell morphogenesis and cdl wdl synthess (Lundin et d., 1991; Yanagida et d.,

1992; Kinoshitaet d., 1993; Kinoshita et d., 1996). In N. crassa, PP2A isinvolved inthe
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regulation of hypha growth, macroconidiation, and other developmenta processes (Y atzkan
and Yarden, 1995; Yatzkan et d., 1998; Y atzkan and Y arden, 1999).

S cerevisiae has two genesthat code for the PP2A catalytic subunits, PPH21 and
PPH22; anull mutation in one gene produces no phenotype, but a double ddetion displays a
severe dow growth phenotype (Ronne et d., 1991; Lin and Arndt, 1995; Evans and Stark,
1997). However, adouble PPH21/22 ddetion in conjunction with a PPH3 deletion islethd
(Ronneet d., 1991). Thissuggests that the non-essential Pph3p has aresdud overlapping
function with PP2A, but both sequence and biochemicd properties of the Pph3p protein are
digtinct from those of PP2A catdytic subunits (Hoffmann et d., 1994). In S pombe, cataytic
subunits of PP2A are also encoded by two genes, ppal and ppa2 (Lundin et ., 1991,
Kinoshitaet d., 1993). A sngle mutation, in @ther ppal or ppa2 causes asmdl-cdl
phenotype, suggesting premature entry into mitos's, while adisruption of both genesresultsin
lethdity (Kinoshita et d., 1993). The andl-cdl phenotype possbly indicates that PP2A isa
negative regulator of the G2-M trangtion in the cdll cycle (discussed in more detall below)
(Kinoshitaet a., 1993).

Through andysis of aS. cerevisiae temperature sengitive mutant (pph21'), PP2A was
found to be required for proper organization of the actin cytoskeleton, which affects bud
morphology and chitin locdization (Lin and Arndt, 1995). Cell wall defectsin PP2A mutant
grains are partidly rescued through the addition of 1M sorbitol to the growth medium; which
was hypothesized to be the result of activating the PKC cdll integrity pathway in response to
high osmoatic gress (Evans and Stark, 1997). However, genetic evidence suggests that PP2A

regulates cdl wall integity either downstream of known PKC1-MAPK components or through
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adifferent pathway atogether; because high copy expression of PKC1 or MAPK components
failed to rescue the PP2A mutant cdll wal growth defect (Evans and Stark, 1997).

PP2A can have adud rolein the regulation of certain cdlular processes. Thisis evident
in the negative regulaion of MPF (maturation promoting factor) necessary for the G2-M
trangtion (Minshull et d., 1996), and glycogen metabolism in budding yeest (Clotet et dl.,
1995). In MPF regulation, PP2A regulates the G2-M trangtion by inhibiting one protein
(Mih1) while smultaneoudly activating the protein kinase Swel (Minshull et al., 1996). In
glycogen metabolism, PP2A adso presents adud role by repressing glycogen phosphorylase
while also activating glycogen synthase; this combination resultsin an increase in glycogen
synthesis and arepression in glycogen breakdown (Clotet et d., 1995).

Ve little has been done to explore the role of PP2A in filamentous fungi. Inactivation
of pph-1, the catdytic subunit PP2A of N. crassa, islethd (Y atzkan and Yarden, 1995). A
commonly used inhibitor of PP2A, okadaic acid, had no effect on N. crassa in vivo, however,
two PP2A inhibitors, cantharidin and cayculin A, perturbed hypha morphology ina
temperature dependent manner. Inactivation of the regulatory subunit (rgb-1)of N. crassa by
repeat-induced point (RIP) mutation resulted in progeny that grew dowly with aonormd hyphd
morphology. RIPrgb-1 strains were also female sterile and produce abundant amounts of
arthroconidia (Y atzkan and Y arden, 1999). These data suggest that PP2A isinvolved in
regulating the budding subroutine and macroconidiation process.

Fascinatingly, a possible substrate for PP2A is PKA. The catdytic subunit of PKA has
been shown to autophosphorylate on the threonine residue a amino acid 197 (Thr-197), which

isessentid for itsoptima kinase activity (Steinberg et a., 1993; Cauthron et d., 1998). Liauw
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and Steinberg (1996) have suggested that PP2A (or a closdy related enzyme) can
dephosphorylate Thr-197 on the catdytic subunit of PKA, thereby reducing its optima activity.
Although, in N. crassa it gopearstha an increase in PKA activity is morphologicaly dissmilar
(midocdization of septa, and perturbed hyphd growth polarity) to loss of PP2A activity
phenotypes; this finding may not be the case in other organiams (Y atzkan et al., 1998).
Protein Phosphorylation in Ustilago Maydis

Protein kinase Sgnd transduction pathways transmit sgnals by the phosphorylation of
target proteins that affect downstream cdlular functions. In U. maydis, the MAP kinase and
PKA pathways impinge on one known transcription factor, Prf1, that acts as a pathogenicity
determinant (Hartmann et d., 1996; Hartmann et a., 1999; Muller et d., 1999). Other
unknown common and unshared target proteins dmost certainly exist between these two
sgnding pathways. If CN acts antagonigticaly to PKA in regulating a morphologica
determinant, we hypothesized that CN mutants would have a multiple budding morphology
gmilar to aubcl mutant. This multiple budding morphology would result from PKA
phosphorylation on target substrates in the absence of the antagonistic protein phosphatase.
Since genes that are involved in regulaing morphology are dso determinants in mating and
pathogenicity, we hypothesized that CN mutants would aso be compromised in these functions
aswell. If PP2A acts antagonigticdly to PKA, then physiologica phenotypes would be like
those described above for CN. If, however, PP2A isinvolved in the regulation of PKA by
desphosphorylating the cataytic subunit and thereby inactivating it, a mutation in PP2A would
have the phenotype of a condtitutively active PKA, which isthat of aubcl mutant (multiple

budding).
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The godls of the project detailed here were to understand the roles of two protein
phosphatases, CN and PP2A, in morphogeness, mating, and pathogenicity in U. maydis. The
method by which we aimed to andlyze the involvement of these protein phosphatases in the
above processes was via the cloning and subsequent disruption of their catdytic subunits. To
further elucidate phosphorylation patterns that control cellular processes, an attempt was made
to visudize phosphorylated target proteins and to determine commonalities and differences
between wild-type and various characterized mutant strains affected in morphogeness, mating,
and pathogenicity. This investigation was intended to dlow an initid assessment of the degree of
interrelatedness of the pathways, particularly the role of protein phosphatases, CN and PP2A,
in counteracting the phosphorylation by the MAPK and/or PKA pathways.

PROJECT OBJECTIVES

The following objectives were desgned to answer questions regarding the role of CN

and PP2A in U. maydis and their relation to the PKA and MAP kinase pathways.

Primary Objective 1. Molecular andyss of the U. maydis cacineurin (ucnl) catdytic

subunit.
Specific Aim A: Clone, sequence and characterize the ucnl gene.
Specific Aim B: Disrupt the ucnl gene and characterize the mutant for its effect in
dimorphism, pathogenicity, and mating.
Specific Aim C: Determine epistatic/synergistic relationships between PKA (uacl, adr1 and
ubcl) and ucnl mutants.

Primary Objective 2. Molecular andyss of the U. maydis Protein Phosphatase 2A (upa2)

cataytic subunit.

14



Specific Aim D: Clone, sequence and characterize the upa2 gene.
Specific Aim E: Disrupt the upa2 gene and characterize the mutant for its effect in
dimorphism, pathogenicity, and mating.

Primary Objective 3. Compare protein phosphorylation patterns of protein kinase and

protein phosphatase mutants with wild-type strains.

Specific Aim G: Extract and quantify protein from wild-type and mutant strains.

Specific Aim H: Determine differences in phosphorylation patterns between protein kinase
mutants, protein phosphatase mutants, and wild-type strains, through
western blotting with anti- phospho- (serine, threonine, tyrosine) antibodies.

Specific Aim|: Construct asix hisidine tag Prf1 protein and determine if functiond in vivo.

Specific Aim J: Determine hexahistidine tagged Prf1 phosphorylation differences between
protein kinase mutants, protein phosphatase mutants, and wild-type strains,
through western blotting with anti- phospho- (serine, threonine, tyrosine)

antibodies.
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CHAPTER 2

THE ROLE OF CALCINEURIN AND PROTEIN PHOSPHATASE 2A IN

MORPHOLOGY, MATING, PATHOGENICITY AND CELL VIABILITY IN

USTILAGO MAYDIS
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ABSTRACT

Ustilago maydis is a dimorphic basidiomycete and the causd agent of corn smut
disease. It serves asagenetic modd for understanding dimorphism, pathogenicity, and mating
response in filamentous fungi. We are interested in identifying genes required for these
processes. Previous studies indicate the importance of regulating cAMP dependent Protein
Kinase A (PKA) for norma cdlular functionin U. maydis. Although most of the target
substrates of PKA are unidentified, it appears that the phosphorylation states of PKA substrates
determine filamentous growth and pathogenicity. The purpose of this sudy was to determine
the roles of two protein phosphatases that potentialy act antagoniticaly to PKA. We have
taken areverse genetics gpproach to identify the cataytic subunits of cacineurin (CN, protein
phosphatase 2B or PP2B) and protein phosphatase 2A (PP2A) in U. maydis. A mutaionin
the CN cataytic subunit, ucnl, causes a dramatic multiple budding phenotype with cell cluster
gzeinversaly dependent on the inoculum dendity. Mating between a ucnl mutant and awild-
type strain is dightly attenuated. However, mating between two ucnl mutantsis severely
reduced. The pathogenicity of ucnl mutart srainsis minimal when compared to wild-type
grains, but thisis not solely due to the mating defect as indicated by the reduced pathogenicity
of an SG200 ucnl mutant congtructed in a solopathogenic haploid strain. Through genetic and
inhibitor andlysis, srainswith nonfunctionad ucnl and uacl were shown to generate a
synergistic phenotype, which is both filamentous and multiple budding. Additiondly, the
solopathogenic haploid filamentous strain, SG200, has a mulltiple budding phenotype when
disruptedinucnl. A genedisruption inthe U. maydis PP2A (upa2) cadytic subunit was not

obtained, even after multiple attempts. Consistent with this result, experiments with okadaic

27



acid, apotent inhibitor of PP2A, stopped the growth of U. maydis cellsa 2nM concentration,
suggesting the probable lethdity of a PP2A null mutation.
INTRODUCTION

U. maydis, the causa agent of corn smut diseasg, is a heterothdlic basidiomycete (Christensen,
1963). Inthe haploid stage, U. maydis exists as a sgprophytic budding yeast that undergoes a
dimorphic switch to become an infectious filamentous dikaryon. To generate this filamentous
dikaryon, two compatible haploid yeast strains differing at two genetic loci (termed a and b)
must mate (Holliday, 1961, 1974; Banuett, 1995; Kahmann et d., 1995; Kronstad and Staben,
1997). Thetwo dldesof the a locus (al and a2) are idiomorphs that encode pheromones
(Mfal/2) and pheromone receptors (Pral/2) (Frodiger and Leong, 1991; Bolker et a., 1992,
Bakkeren and Kronstad, 1994). In acompatible mating reection, the pheromone (Mfa)
interacts with the receptor (Pra) of the opposite strain and induces increased pheromone
production and conjugation tube formation; followed ultimately by a fusion between the Srains
(Bolker et d., 1992; Trueheart and Herskowitz, 1992; Banuett, 1995; Urban et a., 1996). In
contrast, the b locus has a least 25 dlde specificities (Puhadla, 1970; Schulz et d., 1990), and
al nonsdf combinations are able to promote pathogenicity and sexua development. The b
locus codes for two homeodomain proteins, bEast (bE) and bwWest (bW), which form
heterodimers when derived from different aleles (Gillissen et d., 1992; Kamper et al., 1995).
The bE/bW heterodimer is the master regulator of pathogenicity and is necessary to establish a
gable dikaryon (Kahmann et d., 1999).

InU. maydis, two pathways are known to play antagonistic roles in producing different

morphologica phenotypes. the cAMP pathway and the pheromone response MAP kinase
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pathway (Durrenberger et d., 1998; Kahmann et d., 1999; Mayorga and Gold, 1998, 1999;
Andrews et a., 2000; Mayorga and Gold, 2001). Based on genetic evidence and interactionsin
gmilar wdl-characterized pathways from other organisms, Sgnding through a G-protein dpha
subunit (Gpal) (Regenfelder et ., 1997) activates the adenylate cyclase protein Uacl which
converts ATPto CAMP (Barrett et d., 1993; Gold et ., 1994a). Cyclic AMP actsasa
second messenger by binding to Ubcl, the regulatory subunit of protein kinase A (PKA). This
binding induces a conformationa change in the subunits and a subsequent disassociation of the
Ubcl dimer from the cataytic subunits of PKA (Adrl) (Gold et d., 1994a; Gold et d., 1997;
Durrenberger et d., 1998). (Note that this statement is speculated based on the paradigm;
gnce no evidence exigts in U. maydis, this cdlam is based on phenotypes, not biochemistry.)
Upon release, PKA phosphorylates target proteins that are directly or indirectly responsble for
budding growth (Gold et d., 1994a; Gold et d., 1997; Durrenberger et d., 1998). Haploid
dranswith amutation in uacl, or adr1 result in aloss of PKA activity, which produces a
filamentous phenotype (Gold et d., 1994a; Regenfelder et d., 1997; Durrenberger et d.,
1998). In ubcl mutants Adrl is presumed to be unregulated, causing an increase in PKA
activity independent of cdlular CAMP levels, this, in turn, resultsin lateral buds and amultiple
budding phenotype (Gold et d., 19944). An important connection exists between haploid
cdlular morphology and pathogenicity. In filamentous and multiple budding haploid strains
where levels of PKA activity are affected (ubcl, adr1 and uacl mutant strains), pathogenicity
and mating are severely compromised (Barrett et a., 1993; Gold et d., 1994a; Gold et 4.,
1997; Durrenberger et d., 1998). With thisin mind, the phosphorylation sate of PKA

substrates are believed to be determinants of morphology and pathogenicity. Therefore, our
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objective for the work reported here was to determine the exact roles of two protein
phosphatases that potentialy act antagonigticaly to PKA by dephosphorylating PKA substrates:
cacineurin (CN) which has been shown in yeast and mammalian sysems to act antagonisticaly
to PKA (Kincaid, 1993; Shenolikar, 1994), and PP2A which acts antagonigticaly to PKA in
glycogen metabolismin S cerevisiae (Clotet et a., 1995).

The cacineurin (CN) holoenzyme is comprised of three polypeptides. the catalytic (A)
and regulatory (B) subunits, and calmodulin that binds reversibly (in the presence of C&f*) to the
(A) subunit and forms afunctiond heterotrimeric protein phosphatase (Kincaid, 1993;
Shenalikar, 1994). CN has been studied extensively in the budding yeast S. cerevisiae and the
fissonyeast S pombe. In S cerevisiae two genes CNAL and CNA2 code for cataytic
subunits of CN and asingle gene, CNBL, encodes the regulatory subunit (Cyert et ., 1991,
Liuetd., 1991; Cyert and Thorner, 1992). Yeas cdlswith mutationsin ether the regulatory
subunit, or both catalytic subunits, are viable with no morphologica phenotypes, however,
mutant cells are unable to recover from cell cycle arrest after pheromone exposure (Cyert et dl.,
1991; Cyert and Thorner, 1992; Mizunuma et d., 1998; Mizunumaet a., 2001) and have
increased ion sengtivity (Cyert et d., 1991; Cyert and Thorner, 1992; Parent et d., 1993; Eng
et a., 1994; Chaudhuri et a., 1995; Garrett-Engele et a., 1995; Withee et d., 1998). In S.
cerevisiae, it has been shown that PKA and CN act antagonistically to control at least one
transcription factor which isinvolved inion and cdl wal synthesis regulation (Matheos et d.,
1997; Stathopoulos and Cyert, 1997).

In filamentous fungi, CN has been demongtrated to have an effect on cdl viability,

virulence, and cdll and colony morphology. In Cryptococcus neoformans CN (CNAL),
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mutants are sengtive to conditions that mimic anorma host environment and are no longer
pathogenic in an anima modd of cryptococcd meningitis (Odom et d., 1997a). Evidence
suggests that CN dso plays an important role in appressorium development and virulence in the
rice blast fungus Magnaporthe grisea (Viaud et d., 2002). CN is an essentid genein two
other filamentous fungi Aspergillus nidulans, and Neurospora crassa (Rasmussen et d.,
1994; Prokisch et d., 1997; Kothe and Free, 1998).

Protein phosphatase 2A is aso heterotrimeric protein complex comprised of one
cataytic subunit and has two regulatory subunits (A) and (B) (Shenolikar, 1994; Stark, 1996).
InS. cerevisiae, PP2A has been implicated in the actin cytoske eton locdization, cell cycle
regulation and glycogen metabolism (Clotet et d., 1995; Lin and Arndt, 1995; Minshull et d.,
1996; Evans and Stark, 1997). PP2A isdsoinvolvedin S. pombe cdl cyde regulation, in
addition to cdll morphogenesis and cdll wal synthesis (Lundin et d., 1991; Yanagida et d.,
1992; Kinoshitaet d., 1993; Kinoshita et d., 1996). In the filamentous fungus, N. crassa,
PP2A isan essentid gene involved in the regulation of hyphd growth, macroconidiation, and
other developmenta processes (Y atzkan and Y arden, 1995; Y atzkan et a., 1998; Y atzkan and
Yarden, 1999). Interestingly, apossble substrate for PP2A is PKA. The cataytic subunit of
PKA has been shown to autophosphorylate on threonine residue (Thr-197), which is essentid
for itsoptimd activity (Steinberg et a., 1993; Cauthron et a., 1998). Liauw and Steinberg
(1996) have suggested that PP2A (or aclosdly rdated enzyme) can dephosphorylate Thr-197
on the catalytic subunit of PKA, thereby reducing its optima activity.

If CN acts antagonigtically to PKA in regulaing a morphologicd determinant, we

hypothesized that CN mutants would have a multiple budding morphology smilar to aubcl
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mutant. This multiple budding morphology would result from PKA phosphorylation on target
substrates in the absence of CN dephosphorylation. Since genesthat are involved in regulating
morphology are dso determinants of mating and pathogenicity, we hypothesized that CN
mutants would aso be compromised in these functions aswell. 1f PP2A wereto act
antagonistically to PKA by dephosphorylating PKA substrates, physiologica phenotypes would
be like those described above for CN. Alternatively, if PP2A isinvolved in the direct regulation
of PKA by dephosphorylating the catdytic subunit, thereby inactivating it, amutation in PP2A
would generate cdls with condtitutively active PKA; this, in turn, would yield a multiple budding
phenotype smilar to the ubcl mutant.

Here we describe the importance of CN and PP2A in U. maydis. CN mutants exhibit a
multiple budding phenotype Smilar to ubcl, except that ucnl mutants can form much larger
clusters. Mating and pathogenicity are compromised in ucnl mutants. Episads anadyssthrough
the use of double mutants and Cyclosporine A indicates that CN is required for filamentation in
a SG200 solopathogenic haploid, but not in an adenylate cyclase mutant. Cyclosporine A was
a0 usad to determine how the multiple budding phenotype is formed in aucnl mutant. A gene
disruption in upa2 was never obtained, athough non-homologous integrated transformants were
generated. Consgtent with thisfinding, U. maydis is senditive to okadaic acid, a PP2A

inhibitor, a 2nM concentrations, suggesting that upa2 is an essentid gene.
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MATERIALSAND METHODS
Fungal and bacterial strainsand culture conditions
All' U. maydis strainsin this study (Table 1) were maintained on potato dextrose agar (PDA,
Difco) supplemented to 2% agar (2PDA) and grown at 30°C. Transformants were grown on
double complete medium with 1 M sorbitol (DCM-S) and 300ng/ml hygromycin B (Boehringer
Mannheim) (Barrett et al., 1993), except that instead of 2% yeast extract, 0.5% yeast extract
was used. Resistant progeny were selected on PDA amended with 150nmg/ml hygromycin B.
Potato dextrose broth (PDB, Difco) was used for dl fungd liquid cultures, which were grown at
250 rpm at 30°C. Escherichia coli srans DH5a (Bethesda Research Laboratories) and
DH10B cdls (Gibco BRL, Gaithersburg, MD) were used for DNA manipulations (Ausubd et
al., 2002). E.coli wasgrown in and on Luria Bertani (LB)-medium amended with appropriate
antibiotics.
Nucleic acid manipulations
PCR amplifications, as well as cloning procedures, were carried out with stlandard techniques
(Ausubd et al., 1987; Sambrook et d., 1989). Degenerate primers OSG06 (VCGDMHGQY)
and OSG12 (TFVDMEN) were used for the amplification of U. maydis genomic DNA from
grain /2. Reactions contained: 50 mM KCl, 10 mM Tris pH8.3, 2 mM MgCl, 0.01%
geldin, 0.1% Triton X-100, 10 mM of each dNTP, 50pmol of each primer, and 2 units of Taq
polymerase (Boehringer Mannheim). Reactions were performed in an Amplitron 11
Thermocyder (Barnstead/Thermodyne) with the following reaction times. 4 min denaturing
94°C, followed by 40 cycles of 94°C 1 min, 55°C for 1min, and 72°C for 2 min withan 8 min

find 72°C dwdll at the end. The polymerase chain reaction (PCR) product was cloned into
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PCRAMpPSK™ (Stratagene) and sequenced from the vector primer sites (T7 and M13-48 rev).
All sequencing was performed on the ABI Prism 310 Genetic Analyzer (PE Applied
Biosystems) using ether the ABI Prism Big Dye or the dRhodamine Terminator Cycle
Sequencing Reaction kits (PE Applied Biosystems) according to the manufacture' s directions.
MacDNAss PRO v3.5 (Hitachi Software Engineering) was used for DNA and protein
sequence andyss. MacDNAS s Higgins dignment was used for dl amino acid comparisons.
Primers OSG06 and OSG12 were used to screen aU. maydis cosmid genomic library
(Barrett et al., 1993) by PCR (conditions same as above) to identify the full-length cosmid
clone, cosucnl.

For upa2 gere isolation degenerate primers, OSG06 and OSG10 were used for
amplification of upa2 from U. maydis genomic DNA (strain 1/2). PCR reaction times and
cloning procedures were the same as above. The 450 bp PCR product was sequenced (from
vector primer Stes as above), and specific primers JIDE201 (GGCAACTCACCTG ATACC)
and JDE202 (GTCCAGAGTGTCGATAGACG) were made to screen the U. maydis cosmid
library to retrieve cosupa2. The pUPA2 plasmid was made by subcloning a~6 kb BamHI
fragment containing th