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Abstract

Over the past 20 years, considerable advances have been made toward our understand-
ing of how post-translational modifications affect a wide variety of biological processes,
including morphology and virulence, in medically important fungi. Phosphorylation
stands out as a key molecular switch and regulatory modification that plays a critical
role in controlling these processes. In this article, we first provide a comprehensive and
up-to-date overview of the regulatory roles that both Ser/Thr and non-Ser/Thr kinases and
phosphatases play in model and pathogenic fungi. Next, we discuss the impact of current
global approaches that are being used to define the complete set of phosphorylation tar-
gets (phosphoproteome) in medically important fungi. Finally, we provide new insights
and perspectives into the potential use of key regulatory kinases and phosphatases as

targets for the development of novel and more effective antifungal strategies.
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Introduction

Protein phosphorylation is the most common type of post-
translational modification in eukaryotes, including medi-
cally important fungi. Protein kinases and phosphatases
mediate cellular homeostasis by the continual adjustment
of complex signal transduction events in response to var-
ious internal and external environmental cues.!™* Protein
phosphorylation is a reversible modification that is crucial
for the regulation of diverse cellular processes, including
metabolism, cell cycle, transcription, mating, filamentation,
cell wall synthesis, maintenance of cellular integrity in stress
situations (eg, in the presence of high-osmolarity and heat
stresses), and virulence.!->-13

The concept of protein phosphorylation was first intro-
duced by Edmond Fischer and Edwin Krebs in the mid-

1950s through studies of a special muscle system. Fischer
and Krebs demonstrated a dual requirement for adenosine
triphosphate (ATP) and what they described as “converting
enzyme” (later called phosphorylase kinase) in the conver-
sion of phosphorylase b to phosphorylase a in vitro.'*13
Protein phosphatases, on the other hand, are important
for the counterbalance mechanism that removes phos-
phate groups from various phosphorylated amino acids.
Dephosphorylation mainly occurs on the hydroxyl-group-
containing amino acid residues by a hydrolysis reaction.
In eukaryotic cells these amino acids are typically ser-
ine, threonine and tyrosine residues.'®~!® Phosphorylation-
dephosphorylation cycles serve as “on-off” switches that
can trigger conformational changes of target proteins and

alter their properties. 19-%2
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Protein phosphorylation has been extensively studied
in the model yeast Saccharomyces cerevisiae. A sequence
search analysis of the S. cerevisiae genome indicated the
presence of 113 genes encoding putative protein kinases.?3
Interestingly, while a similar number of protein phos-
phatases was expected to counteract and maintain re-
versible protein phosphorylation, only 31 putative phos-
phatases were identified.?* In addition, the human genome
encodes about 500 protein kinases, whereas phosphatases
comprise only 150 members.?’-2® Therefore, many re-
searchers have concluded that protein phosphatases are
likely to display a wider range of substrate specificity
than that of protein kinases. Consistent with this notion,
the structural diversity of phosphatases can be mainly at-
tributed to an alternative regulatory subunit, which results
in a diverse set of enzymes with a vast array of substrate
specificities.>*?”

In medically important fungi, the study of phosphoryla-
tion takes on an added importance since a variety of key vir-
ulence processes are controlled by this modification. These
fungi include Candida species, which represent the 4™ lead-
ing cause of hospital-acquired bloodstream infections in the
United States.?® Approximately 50% of infections can be at-
tributed to the major human fungal pathogen Candida albi-
cans, which is capable of causing a wide variety of mucosal
and systemic infections in immunocompromised individu-
als.?%:3% Major virulence properties of C. albicans include
phenotypic switching, biofilm formation, adhesion to host
cells, secretion of degradative enzymes and the ability to
undergo a reversible morphological transition from yeast
to filamentous form in response to numerous host inducing
signals.3!=33 Cryptococcus neoformans represents another
major human fungal pathogen that can typically be found
in a number of environmental reservoirs including the soil,
compost piles and pigeon droppings.’*35 C. neoformans
spores are inhaled by the host, eventually leading to sys-
temic infections that particularly target the central nervous
system and can result in cryptococcal meningitis.3¢37 C. ne-
oformans virulence properties include thermotolerance and
melanin formation as well as formation of a protective cap-
sule.?>38-40 Another medically important fungus, Histo-
plasma capsulatum, is predominantly found in the soil in
endemic regions such as the Ohio river valley;*' major
virulence properties include a mycelia-to-yeast transition,
melanin and thermotolerance.?3** Aspergillus fumigatus
also represents a major fungal pathogen that can be found
in the soil as well as on decaying plant material. As a mould,
A. fumigatus grows in the mycelial form and inhalation of
conidia can lead to life-threatening pulmonary and dissem-
inated aspergillosis.*> A. fumigatus virulence properties in-
clude thermotolerance, angioinvasion, nutrient acquisition,
protease secretion and gliotoxin production.**#¢ Impor-
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Figure 1. Major classes of kinases in model and pathogenic fungi. Major
classes of Ser/Thr (A) and Non-Ser/Thr (B) protein kinases discussed in
this review. Dashed line indicates that putative tyrosine kinases have
been identified in several major human fungal pathogens.

tantly, many of the virulence properties of fungal pathogens
discussed above are at least partly controlled by phospho-
rylation. Here, we will provide a broad and comprehensive
overview of the various classes of kinases and phosphatases
in pathogenic fungi and their regulatory roles, with an em-
phasis on enzymes that target serine (Ser)/threonine (Thr)
residues (since greater than 98% of protein phosphoryla-
tion occurs on these residues).*’” Specific kinases and phos-
phatases of interest in model and pathogenic fungi are listed
in Tables S1 and S2, respectively. We will also discuss new
global approaches and efforts that have been made to de-
fine the phosphoproteome of pathogenic fungi as well as
the potential that kinases and phosphatases may hold for
serving as antifungal targets.

Ser/Thr Protein Kinases

Protein kinases in model and medically important fungi
can be classified into several major groups, based on the
amino acid residues that they phosphorylate, as shown in
Figure 1. Ser/Thr kinases are the predominant kinase super-
family in fungi and other eukaryotes. Tyrosine kinases, by
contrast, are responsible for only 0.1% of total phospho-
rylation events.*® As a consequence, most research efforts
have centered on describing Ser/Thr kinases in medically
important fungi, particularly with respect to their roles in
cell cycle, morphogenesis and pathogenicity and we will
therefore focus our discussion on this family.

1. Cyclic AMP-dependent protein kinase A
Protein kinase A (PKA) is a Ser/Thr protein kinase that
serves as the main intracellular target of cAMP in all
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eukaryotes.* PKA has been well-characterized in S. cere-
visiae as well as several pathogenic fungi and was also the
first protein kinase to have its crystal structure resolved.>®
In fungal cells, cAMP levels are controlled by the interplay
between a membrane-associated adenylate cyclase for syn-
thesis, and a cAMP-specific phosphodiesterase for degrada-
tion. Activation of adenylate cyclase is usually mediated by
heterotrimeric GTP-binding proteins in most fungi.’! The
regulatory subunit of PKA normally functions to inhibit the
activity of the catalytic subunit. However, upon binding to
cAMP, the regulatory subunit dissociates from the catalytic
subunit, leading to its activation. As a consequence, specific
downstream transcription factor targets of the cAMP-PKA
signaling pathway are activated, leading to the induction
of genes required for many aspects of fungal growth and
differentiation processes.’'~>3 Genes encoding the catalytic
subunit of PKA have been characterized in several filamen-
tous fungi, including Ustilago maydis, Aspergillus niger,
Blastocladiella emersonii and Colletotrichum trifolii.>*=5"
In Neurospora crassa, the regulatory subunit of PKA, en-
coded by the mch gene, was shown to be important for
polarized growth.>® Interestingly, expression of the C. tri-
folii regulatory subunit of PKA was able to complement the
N. crassa mcb mutant defect,’” suggesting that the struc-
ture and function of genes encoding fungal PKAs are highly
conserved.

In the major human fungal pathogen Candida albi-
cans, the cAMP-PKA signaling cascade is very important
for morphogenesis and many components of this pathway
are required for filamentous growth under a variety of dif-
ferent conditions, including serum and body temperature
(37°C).%773 The C. albicans PKA complex consists of two
catalytic subunits, Tpk1l and Tpk2, as well as the regu-
latory subunit Beyl. cAMP inhibits Beyl, allowing Tpk1
and Tpk2 to promote filamentation by phosphorylating
downstream transcription factors, which regulate the ex-
pression of filament-specific genes. Tpk1l and Tpk2 have
distinct roles in promoting filamentation. Tpk1 is impor-
tant for hyphal growth on solid media, whereas Tpk2 is
more important for filamentation in liquid media.®* Inter-
estingly, while Tpk1 is not required for adherence, inva-
sion and damage of oral epithelial cells iz vitro, both Tpk2
and Efg1, the downstream transcription factor target of the
cAMP-PKA pathway, were shown to play important roles
in these processes.®® Both tpk2A/A and efgl A/A mutants
were shown to be significantly attenuated for virulence in a
murine model of oropharyngeal candidiasis, although only
the efgl A/A mutant was attenuated in a mouse systemic
model. These results suggest that hyphal formation directed
by cAMP-PKA-mediated signaling represents an important
virulence mechanism in oropharyngeal candidiasis and that
Tpk2 is more important for oral vs. systemic infections.

While a role for Tpk1 in virulence remains elusive, its dis-
tinct ability to promote filamentation under solid conditions
in vitro may suggest a more niche-specific role during infec-
tion. The highly specific roles that Tpk1 and Tpk2 play in
filamentation and/or virulence also suggest that the C. al-
bicans cAMP-PKA signaling pathway possesses a level of
plasticity that can adapt to multiple host filament-inducing
conditions.

The cAMP-PKA pathway is also important for reg-
ulating a variety of processes in another human fungal
pathogen, A. fumigatus. The A. fumigatus PKA complex
consists of a type II regulatory subunit and two catalytic
subunits.®>¢7 The catalytic subunits (PkaC1 and PkaC2)
play redundant functions with respect to conidial germi-
nation and work together to control the carbon catabolic
pathway. While the pkaC1 mutant is defective for viru-
lence in a mouse model of invasive aspergillosis, overex-
pression of pkaC2 in this mutant can rescue the virulence
defect. In addition, the pkaC1 single mutant appeared to be
less attenuated for virulence in this model than the pkaC1
pkaC2 double mutant.®® While the complementary roles
of pkaC1 and pkaC2 in conidial germination and carbon
catabolism may contribute to virulence, these results also
suggest that PkaC1 and PkaC2 may have independent func-
tions associated with pathogenesis. Deletion of the gene en-
coding the regulatory subunit of protein kinase A, pkaR,
resulted in reduced A. fumigatus growth and germination
rates, morphological abnormalities in conidiophores and
reduced conidiation.®® Consistent with findings for the A.
fumigatus PKA catalytic subunit mutants, the pkaR mutant
was also found to be significantly attenuated for virulence
when conidia were administered intranasally in an immuno-
suppressed mouse model.

In the human fungal pathogen C. neoformans, the
cAMP-PKA pathway has been found to be important for
regulating many cellular processes, including capsule pro-
duction, melanin formation, mating, and virulence.®® Mu-
tant strains lacking conserved components of the cAMP-
signaling cascade such as G, protein (Gpal) and adenylyl
cyclase (Cacl) are attenuated for virulence, most likely as
a result of not showing an increase in capsule or melanin
production in response to normal inducing conditions.”®~72
In addition, mutants lacking the C. neoformans PKA cat-
alytic subunit, Pkal, are unable to mate, fail to produce
melanin or capsule, and show reduced virulence in animal
models, whereas mutants lacking the PKA regulatory sub-
unit, Pkr1, are hyper-virulent and overproduce capsule.”®
Interestingly, hyperactivation of the PKA signaling pathway
leads to enhanced virulence in C. neoformans’ whereas in
the plant fungal pathogen U. maydis, PKA hyperactivation
results in defects in tumor (gall) formation and thus reduced
virulence.”*”* These studies illustrate how a conserved
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phosphorylation signaling pathway has been exploited to
serve related, but distinct, virulence functions in two differ-
ent fungal pathogens as they evolved to adapt to different

host environments.

2. Protein kinase C
(PKC)
dependent Ser/Thr kinase, which acts as a transmitter and

Protein kinase C is a calcium/phospholipid-
amplifies signal transduction pathways. PKC is a key com-
ponent of the phosphoinositide cascade, which stimulates a
wide variety of responses in various cell types, including cell
proliferation, gene expression, membrane transport and or-
ganization of the cytoskeleton.”®”” In fungi, genes predicted
to encode PKCs have been characterized in S. cerevisiae,’®
Schizosaccharomyces pombe,” C. albicans,’° Trichoderma
reesei, and A. niger.8! PKC orthologs are well-conserved
among these fungi and appear to function as regulators of
cell wall biosynthesis.?? In S. cerevisiae, Pkcl has multiple
targets and is important for maintaining cell wall integrity in
response to stress during growth and morphogenesis.?3-3°
Interestingly, S. cerevisiae Pkcl has been shown to func-
tion independently of both Ca?* and phospholipids, but is
regulated by autophosphorylation.”® However, in S. pombe
and T. reesei PKC activity is phospholipid-dependent, but
Ca?*-independent.”?-81

In C. neoformans, the PKC signaling pathway is im-
portant for fluconazole tolerance as well as invasion of
human brain microvascular endothelial cells.®¢-8” C. neo-
formans strains deleted for PKC1, encoding a key com-
ponent of this pathway, show altered capsule formation,
reduced melanin production and are hypersensitive to ox-
idative and nitrosative stress, cell wall-inhibiting agents and
temperature.®® The PKC signal transduction pathway has
also been shown to play a key role in controlling C. neo-
formans cell wall integrity.®® In the filamentous fungus A.
nidulans, the pkcA gene (encoding PKC) is essential and
important for establishment of polarity and suppression of
apoptosis under thermal stress.”?°! In C. albicans, homozy-
gous pkcl deletion mutants are viable and can undergo
the yeast-to-hypha transition, but both yeast and hyphal
cells show increased lysis defects.”> The C. albicans Pkcl-
activated mitogen-activated protein kinase (MAPK) cascade
is conserved and has been implicated in the up-regulation of
chitin synthase (CHS) genes in response to antifungals such
as echinocandins.”? These studies support a role for PKCs
in maintaining cell wall integrity during growth and mor-
phogenesis of both pathogenic and nonpathogenic fungi.

3. Mitogen-activated protein kinases

Mitogen-activated protein (MAP) kinase cascades are evo-
lutionarily conserved among all eukaryotes and have been
identified in a variety of organisms from fungi to hu-

mans.”>”* MAP kinases have been shown to participate in
transducing a diverse array of extracellular signals and regu-
lating vital cellular processes such as cell differentiation, cell
movement, cell division, and cell death.”>=*7 MAP kinases
are usually activated by dual phosphorylation of tyrosine
and threonine residues by MAP kinase kinases (MAPKK),
which in turn, are activated by MAP kinase kinase kinases
(MAPKKK). The sequential activation of the MAPK cas-
cade eventually results in the activation of transcription
factors and the expression of specific sets of genes in re-
sponse to environmental stimuli.”3

In S. cerevisiae, MAP kinase signal transduction path-
ways have been extensively studied and shown to be in-
volved in many cellular processes including mating, high
osmolarity responses, cell wall remodeling, filamentation,
and sporulation.”®* Adaptation to osmotic stress mainly
occurs through the high osmolarity glycerol (HOG) MAP
kinase pathway.’® The S. cerevisize MAP kinase pathway
associated with mating is triggered by pheromones and in-
volved in shmoo formation as well as subsequent diploid
formation.'% The S. cerevisiae filamentous growth MAPK
pathway functions through Kss1 and is activated by the
Ras2-Cdc42-Bmh1-Stel1 cascade.'01-193

MAP kinases have also been shown to be important
for virulence and/or virulence-related processes of several
fungal pathogens, including Botrytis cinerea,'®* Cochliobo-
lus beterostrophus,'% Fusarium oxysporum'®® and Usti-
197 In C. albicans, MAPK signal transduction
pathways that regulate the yeast-to-hypha transition, viru-

lago maydis.

lence and white-opaque switching have been well-studied
and characterized.'8-11% The Cek1 (homolog of S. cere-
visiae Kss1) MAPK cascade plays an important role in the
C. albicans yeast-hypha transition and virulence.'!! Several
components of the Cek1-MAPK pathway, including STE2,
CST20,HST7,CEK1,and CPH1, are also involved in C. al-
bicans mating responses.'%%110 In addition, the C. albicans
cell wall integrity pathway, important for virulence, is con-
trolled by the Mkc1-MAPK pathway.!'2:113

In C. neoformans, the Cpk1-MAPK signaling cascade
plays important roles in mating and monokaryotic fruit-
ing, and shares many features with the well-characterized
pheromone response pathway in S. cerevisiae described
above. Both mating and monokaryotic fruiting in C. ne-
oformans are mediated by Gbp1, which activates Ste20, a
p21-activated protein kinase (PAK) homolog in the Cpk1-
MAPK cascade.!' Interestingly, in contrast to the case
of S. cerevisiae, disruption of C. neoformans STE12, en-
coding a downstream pheromone response target of the
Cpk1-MAPK pathway, does not abolish pheromone sens-

115,116 and additional downstream effectors

d 117

ing or mating,
for Cpk1 in this cascade have been identifie A con-
served Pbs2-Hogl MAP kinase pathway has also been
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shown to control morphological differentiation as well as
virulence properties (eg, thermotolerance, response to ox-
idative stress) in the highly virulent serotype A but not
a less virulent laboratory-generated serotype D, strain of
C. neoformans."'® Interestingly these findings suggest that
fungal pathogens such as C. neoformans have evolved spe-
cialized MAP kinase signal transduction pathways to con-
trol virulence-related properties in more pathogenic strains.
Not surprisingly, C. neoformans serotype A hogl A mutants
were found to be attenuated for virulence in a mouse model
of disseminated cryptococcosis.

In Pneumocystis carinii, a gene encoding a putative
MAPKKKK, PCSTE20, has been shown to be strongly up-
regulated in response to binding of the pathogen to extra-
cellular matrix proteins.''” In A. fumigatus there are four
known MAPKSs: SakA is closely related to the HOG-MAPKs
of other fungi, MpkB is similar to MAPKs involved in
pheromone signaling, MpkA is similar to MAPKSs involved
in cell wall integrity and MpkC appears to be involved
in conidial germination.'?® SakA and MpkA are both as-
sociated with A. fumigatus morphogenesis.'>!»12? Deletion
of the gene encoding the HOG-MAPK pathway component
SakA results in abnormal conidial germination under differ-
ent environmental conditions.'?? Overall, these studies in-
dicate the important role that Ser/Thr signaling kinases play
in morphology and mediating additional virulence-related
processes in A. fumigatus and other pathogenic fungi.

Non-Ser/Thr protein kinases

While considerably less abundant than Ser/Thr kinases,
several non-Ser/Thr protein kinases, in particular two-
component histidine kinases, play important regulatory
roles in human fungal pathogens. Two component histidine
kinase systems are composed of a histidine kinase (HK) and
a response regulator (RR) protein. In S. cerevisiae, histidine
kinase phosphorelay systems transmit signals to activate the
HOG1-MAPK pathway in response to osmotic stress.'>3 In
C. albicans, Cosl, a two-component histidine kinase, is im-
portant for hyphal development under both solid and liquid
filament-inducing conditions. '>* Nik-1, a homolog of Cos1
in the filamentous fungus N. crassa, was also found to be
important for filamentation, especially under increased os-
motic pressure during growth on solid medium.'>*-12¢ In
addition, SRR1, a putative two-component response regu-
lator gene in C. albicans, was found to be important for
oxidative and osmotic stress adaptation, morphogenesis,
and virulence.'?” Two-component histidine kinase systems
have also been reported to be essential for stress adapta-
tion and virulence in other pathogenic fungi, including A.

fumigatus, C. neoformans, and B. dermatitidis.*>>128-130

Tyrosine kinases represent a second class of non-Ser/Thr
kinases. A general comparative genetic analysis of over
30 different fungal species determined that the overall
representation of the tyrosine kinase group is very small.'3!
While tyrosine kinases have been shown to be important

132 and mitotic en-

133,134

for cell cycle control in S. cerevisiae
try/DNA damage checkpoint control in S. pombe,
considerably little is known about the role of these
enzymes in pathogenic fungi. However, putative tyrosine
kinases have been identified in several major human
fungal pathogens including C. albicans and C. neoformans
(http://www.candidagenome.org/,  http://genome.jgi-psf.
org/pages/search-for-genes.jsf?organism=Cryne_JEC21_1).

Ser/Thr protein phosphatases

Ser/Thr protein phosphatases represent more than 90% of
all phosphatases and play essential regulatory roles in all
eukaryotes.!? An increasing number of Ser/Thr protein
phosphatases have been discovered and characterized in
fungi, several of which play important cellular functions in-
cluding cell cycle regulation, growth, protein synthesis, fil-
amentation and maintenance of cellular integrity,'?>13%.136
Interestingly, biochemical analyses of Ser/Thr protein phos-
phatases in certain filamentous fungi have provided evi-
dence for functional similarities with those studied in higher
eukaryotes.!37-13% For example, in the presence of calmod-
ulin, a highly conserved catalytic subunit of a N. crassa
calmodulin-dependent protein phosphatase showed equiv-
alent phosphatase activity to that of bovine brain cal-
cineurin.'3® In addition, a protein phosphatase-1 (PP1) in-
hibitor has also been shown to effectively inhibit both
mammalian and N. crassa PP1.137 While Ser/Thr protein
phosphatase catalytic domains are remarkably similar, en-
zyme structural diversity within subfamilies is mainly at-
tributed to regulatory subunit specificities.>3>>’ Ser/Thr pro-
tein phosphatase complexes consist of multiple combina-
tions of the conserved catalytic subunit and numerous reg-
ulatory subunits that control a broad spectrum of signaling
pathways.!8:22:139-143 Dye to the ‘eccentric’ functionality
of these enzymes, relatively few Ser/Thr phosphatases con-
trol the specific dephosphorylation of thousands of phos-
phoprotein substrates.!** Ser/Thr protein phosphatases are
classified biochemically based on substrate specificity and

141 and are divided into

sensitivity to endogenous inhibitors
two broad groups, type-l and type-2. The type-2 enzymes
are further separated into three subgroups, 2A, 2B, and 2C,

19,23 35 illustrated in

based on their structure and regulation
Figure 2. Next, we will discuss the role of specific Ser/Thr
phosphatase subfamilies in controlling a variety of biologi-

cal processes in model and medically important fungi.
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Figure 2. Major classes of phosphatases in model and pathogenic fungi. Major classes of Ser/Thr (A) and Non-Ser/Thr (B) protein phosphatases

discussed in this review.

1. Protein phosphatase 1

Protein phosphatase 1 is one of the major eukaryotic
Ser/Thr protein phosphatase classes that regulates an enor-
mous variety of cellular functions. This is believed to oc-
cur by interaction of the catalytic subunit of this enzyme
with multiple regulatory subunits.!*=147 In contrast to the

148

protein Ser/Thr kinases,'*® PP-1 does not display obvious

consensus sequence selectivity, dephosphorylating multiple
substrates both iz vivo and in vitro.'*

From fungi to mammals, PP-1 has been shown to play
an evolutionarily conserved role in controlling cell cycle
progression.’> 9133 S, pombe DIS2, which encodes PP-1,
is required for chromosome disjoining during mitosis.'>*
In S. cerevisiae, multiple studies have also suggested that
PP-1 is important for reversing phosphorylation of aurora
kinases, a family of mitotic Ser/Thr kinases, during mitosis
and meiosis.'>*=15? In A. nidulans, BIMG11, which encodes
PP-1, is required for completion of anaphase in the cell cy-
cle.'®® More recent work in S. cerevisiae has suggested that
PP-1 is also important for regulating the spindle checkpoint
during chromosome segregation in the cell cycle.'>3161

In addition, PP-1 is known to control protein synthe-
sis in a wide range of eukaryotes.'®?-1%3 Phosphorylation
of elF2« is the principal mechanism yeast cells use to in-
hibit protein synthesis under a variety of stress conditions
including amino acid starvation. PP-1, however, restores
protein synthesis by dephosphorylating elF2«.'¢* PP-1 has
also been shown to be important for controlling glycogen
accumulation in yeast as well as metabolism and glucose
regulation in mammals.'®3-167

In C. albicans, few PP-1 enzymes have been identified
and characterized. A study has determined that the PP-
1/Glc7 regulator, Shp1, plays important roles in C. albicans
morphogenesis, cell cycle progression and DNA damage
response.'®® In S. cerevisize Bni4 represents the PP-1/Glc7
phosphatase targeting subunit and is involved in bud-neck
localization of chitin synthase.'®®>'7" A C. albicans strain
deleted for the BNI4 homolog formed lemon-shaped yeast

cells, had a 30 % reduction in cell-wall chitin, and showed

reduced hyphal formation under filament-inducing condi-
tions. 17! These results suggest an important role for PP-1
in C. albicans cell wall maintenance and filamentation. A
C. albicans mutant for Sal6, a PP-1-related phosphatase, has
been reported to have a slight to moderate virulence defect
in a silkworm infection model.!”> Overall, PP-1 plays crit-
ical roles in dephosphorylating substrates to control a va-
riety of cellular processes in fungi, including mitosis, meio-
sis, cell division, filamentous growth, protein synthesis and

glycogen metabolism.?*

2. Protein phosphatase-2B

Protein phosphatase 2B (PP2B), also known as calcineurin
(CaN), is a highly conserved Ca?*/calmodulin-regulated
Ser/Thr protein phosphatase present in many organisms
from yeast to humans.!”? Calcineurin is typically composed
of a catalytic calmodulin-binding A subunit and a regula-
tory Ca®*-binding B subunit.'”* The regulatory B subunit
functions to promote the activity of the catalytic A sub-
unit. Like other Ser/Thr protein phosphatases, calcineurin
also has broad substrate specificity. Calcineurin functions
in many pathogenic fungi to control a broad spectrum of
cellular processes, including cation homeostasis, morpho-

175,176 and is considered to be a key

176

genesis, and virulence
regulator of cellular stress responses in eukaryotes.

In S. cerevisiae, both genes encoding calcineurin catalytic
subunits (CNA1 and CNA2) are not essential for viabil-
ity.!”” However, calcineurin is required for cellular adap-
tation under a variety of environmental stresses. Once ac-
tivated, calcineurin dephosphorylates the transcription fac-
tor Crz1, which, in turn, activates genes involved in a wide
variety of processes, including signal transduction and cell
wall integrity.!”® In C. albicans, calcineurin is not essential.
However, this phosphatase is critical for mediating cell sur-
vival during membrane stress.!”® Calcineurin can be phar-
macologically inhibited in C. albicans by the combination
of either cyclosporine A or tacrolimus (FK506) with flu-
conazole.'”” Homozygous deletion of C. albicans CMP1,
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which encodes the calcineurin A (CNA) subunit, resulted
in hypersensitivity to serum and antifungal agents that tar-
get ergosterol biosynthesis in vitro, as well as attenuated
virulence in a mouse model of systemic candidiasis.!$0-181
These findings suggest that calcineurin plays a key role in
the ability of C. albicans to adapt to serum and stress con-
ditions in the host environment and the observed virulence
defect may be attributed to a reduced ability to respond to
environmental stresses during infection. Deletion of the cal-
cineurin target, CRZ1, in C. albicans results in hypersensi-
tivity to membrane stress conditions. Interestingly, crz1 ho-
mozygous deletion mutants are not defective for virulence
in a mouse model of systemic candidiasis.'$?>!83 Deletion
of CRZ1 only partially reduces azole resistance in S. cere-
visiae, whereas deletion of CNB1, a regulatory subunit of
calcineurin, completely blocks resistance.'82:184 These re-
sults suggest that additional downstream effector(s) of the
calcineurin-signaling cascade, besides Crz1, regulate azole
resistance.

In C. neoformans, calcineurin plays a central role in reg-
ulating virulence and morphogenesis.'®3-18¢ Pharmacologi-
cal inhibition of calcineurin by FK506 renders cells unable
to mate. Calcineurin is also required for C. neoformans hy-
phal elongation in diploid strains and asexual monokary-
otic fruiting of MATa cells in response to nitrogen limi-
tation.'®” Indeed, calcineurin is required for virulence in
both a rabbit model of cryptococcal meningitis as well as a
murine systemic model.'%-188 These virulence defects can
most likely be attributed to the inability of C. neoformans
calcineurin mutant strains to survive under in vitro condi-
tions similar to those of the host environment (alkaline pH,
high temperature, 5% CO,). Cbp1, a calcineurin-binding
protein in C. neoformans, functions as a targeting subunit to
regulate mating-dependent filamentation.'$¢1% However,
cbp1 mutants show no defects during haploid fruiting and
only a modest virulence defect in mice, suggesting that ad-
ditional targeting proteins(s) interact with calcineurin to
regulate these processes.

The calcineurin pathway is also important for morphol-
ogy in A. fumigatus. Both pharmacological and genetic
inhibition of A. fumigatus calcineurin impairs filamenta-
tion, resulting in delayed hypha production.’ Strains bear-
ing mutations in cnaA, which encodes the A. fumigatus
calcineurin catalytic subunit, display improper polarized
growth, reduced filamentation, and decreased virulence in

191,192 yirulence de-

a mouse model of invasive aspergillosis;
fects are most likely at least partly attributed to reduced
filamentation. Similar defects are observed upon mutation
of A. fumigatus crzA (the CRZ1 homolog).'?3 194
Interestingly, recent studies have demonstrated that cal-
cineurin plays a key role in the dimorphic transition and

virulence of Mucor circinelloides. 5196 M. circinelloides

is a causative agent of mucormycosis, a frequently lethal,
but uncommon human fungal infection."” Deletion of the
gene encoding the calcineurin regulatory B subunit of M.
circinelloides resulted in a mutant locked in yeast phase
growth.'”> Similar results were also observed when M.
circinelloides was grown in the presence of the calcineurin
inhibitor FK506. The calcineurin regulatory B subunit gene
deletion mutant was also attenuated for virulence in a wax
moth larvae model, suggesting that the M. circinelloides
yeast-hyphal dimorphic transition is important for this pro-
cess. More recent work with this yeast-locked mutant has
showed that phagosome maturation occurs in the presence
of yeast but not spores.'® Surprisingly, M. circinelloides
mutants for cnaA, encoding the calcineurin A catalytic sub-
unit A, showed larger size spores and increased virulence
in the wax moth larvae model.’”> One possible explana-
tion for this unexpected finding is that calcineurin phos-
phatase negatively regulates other kinases in the cell that
are important for virulence. Consistent with this notion,
in U. maydis and S. cerevisiae there is an established an-
tagonistic relationship between calcineurin and PKA.19819
Interestingly, mutants in the M. circinelloides calcineurin
A catalytic subunit B showed several functional differences
when compared to cnaA mutants (eg, greater sensitivity
to cyclosporine A and inability to produce hyphae in the
presence of this compound) and were not attenuated for
virulence in the wax moth larvae model.'®® As in the case
of PKA, these findings suggest that M. circinelloides cal-
cineurin catalytic subunits play related, but distinct, roles
with respect to morphology, virulence and/or response to

the host environment.

3. Protein phosphatase-2C

Protein phosphatase-2C (PP2C) is a class of Mg?*-
dependent Ser/Thr phosphatases that are highly conserved,
present in both prokaryotes and eukaryotes and involved in
a wide variety of key cellular processes, including prolifera-
tion, metabolism, and cell death.?%0-292 In contrast to other
Ser/Thr phosphatases, PP2C phosphatases are monomeric
enzymes and share no structural homology with PP-1,
PP2A, or PP2B.292 PP2C phosphatases are not associated
with multiple regulatory subunits and their function is usu-
ally achieved by multiple catalytic isoforms. For example,
more than 14 genes encoding PPC phosphatases were iden-
tified in humans, and up to 80 PP2C proteins have been
predicted in Arabidopsis thaliana.?°3-2°* These multiple cat-
alytic isoforms are likely to provide the structural basis for
functional specificity. In S. cerevisiae there are seven iden-
tified PP2C-encoding genes (PTC1-7),2%:2% which are in-
volved in diverse cellular functions. Homologs of several
of these genes play important roles in medically important
fungi.



340

Medical Mycology, 2016, Vol. 54, No. 4

Ptc1 phosphatase is the best-characterized of the PP2C
isoforms in yeast. Several genetic studies have demonstrated
that Ptcl is a negative regulator of the HOG pathway and
associates with components of this pathway in S. cere-
visiae.??7-29% Ptc1 phosphatase has also been linked to the
yeast MAPK cell wall integrity (CWI) pathway (SIt2/Mpk1)
via interaction with Pck1 kinase.?!? Ptc1 plays an impor-
tant role in the regulation of mating in S. cerevisiae?'! and
is likely to be involved in controlling numerous additional
processes in yeast since ptcl mutant strains are hypersen-
sitive to heavy metals, alkaline pH, calcium ions, and ex-
hibit fragmented vacuoles, a random budding pattern, as
well as defects in both vacuolar and cortical ER inheri-
tance.?19:212-214 Ptc2 and Ptc3 have been implicated in reg-
ulating progression through the yeast cell cycle.?0%:215 §,
cerevisiae Ptc6 has been shown to be necessary for survival
of stationary phase cells and is also involved in the mito-
chondrial degradation process known as mitophagy.?!¢-17

The C. albicans homozygous null pzc1 mutant is more re-
sistant than a wild-type strain to the cell wall stressor Congo
red and the antifungal terbinafine.!”> However, this mutant
also shows hypersensitivity to the echinocandin-derived an-
tifungal micafungin, reduced hyphal growth both in vitro
and 7 vivo and a significant attenuation in virulence in both
silkworm and mouse models of disseminated candidiasis.!”?
C. albicans cells deleted for PTC2 are sensitive to azole anti-
fungals and SDS, as well as the DNA synthesis inhibitor hy-
droxyurea and the DNA methylation agent methylmethane
sulphonate (MMS).2'$ Ptc2 is also associated with mito-
chondria and these findings suggest that this phosphatase
has multiple functions in C. albicans, including checkpoint
recovery from DNA damage and the control of mitochon-
drial physiology. Disruption of other Ptc isoforms, such as
PTC?7, does not affect growth or filament development in
C. albicans.**® A new member of the PP2C family, Ptc8, has
also been characterized in C. albicans.?*° PTCS is induced
in response to growth in the presence of high osmolarity as
well as serum at 37°C. The ptc8 A/A mutant is defective for
hyphal formation??° but has not been linked to any known
filamentous growth signaling pathways.

In Fusarium graminearum, the major causal agent of
Fusarium head blast disease on barley and wheat, PTC1 was
found to play an important role in the ability of mycelial
growth to resist lithium toxicity.?*! Deletion of PTC1 at-
tenuates F. graminearum virulence on wheat coleoptiles but
not on wheat heads.??'-?22 While these results may sug-
gest that mycelial growth mediated by Ptc1 plays a special-
ized role in directing virulence against specific niches on
wheat, another possible explanation is that independently
constructed versions of the ptcl deletion strain were used
to test for virulence in the wheat coleoptile vs. head models.
We conclude that PP2C phosphatases play an integral role

in an array of key cellular processes in pathogenic and non-
pathogenic fungi, including cell wall integrity, filamentous
growth, and virulence.

4. Protein phosphatase-2A

Type 2A protein phosphatases (PP2A) constitute a diverse
family of Ser/Thr phosphatases that are ubiquitously ex-
pressed in eukaryotic cells and perform multiple functions
in cellular signaling.'*" PP2A is a multiprotein complex
composed of three distinct subunits. The A subunit (PP2A-
A) is the structural subunit that serves as a scaffold to ac-
commodate the other two subunits. The C subunit (PP2A-
C) is the catalytic subunit and the B subunit (PP2A-B)
is the regulatory subunit which dictates substrate speci-
ficity and intracellular localization of the enzyme.'*! It is
considered the most structurally diverse subunit. To date,
four unrelated protein families of PP2A regulatory subunits
have been identified: B, B, B”, and B”.223-22% In higher
eukaryotes (eg, mammals) each family is encoded by mul-
tiple genes and some transcripts of these genes undergo
alternative splicing to generate an even greater number of
isoforms.?2%:227 The functional involvement of PP2A in so
many diverse biological processes can be largely attributed
to the B subunit. PP2A exists in two different forms: dimeric
form (PP2Ap) and trimeric form (PP2AT). The dimeric form
is known as the core enzyme and is composed of the cat-
alytic and scaffold subunits, while the trimeric form is an
active heterotrimeric holoenzyme complex which consists

of all three subunits.!3%-141,228

Regulation by PP2A and PP2A catalytic, scaffold
and regulatory subunits

PP2A phosphatases are highly conserved from fungi to
humans and involved in a variety of functions in multi-
ple species, including cell differentiation, cell cycle, onco-
genic transformation, signal transduction, and filamentous
growth.!3%22° Not surprisingly, PP2A phosphatases are
also tightly regulated by post-translational modifications.
These modifications mainly involve methylation at the car-

boxyl terminus of the catalytic subunit?30-231

232

and phospho-
rylation.

In S. cerevisiae, loss of both PP2A catalytic sub-
units (PPH21 and PPH22) impairs growth, but is not
lethal.?33:23* In comparison, PPA1 and PPA2, which en-
code PP2A catalytic subunits, are essential for growth in S.
pombe.?3’ In A. nidulans, deletion of PPHA, a PP2A ho-
molog, leads to slow growth, delayed germ tube emergence
and mitotic defects at low temperature.?3¢ The S. cerevisiae
PP2A scaffolding subunit is encoded by the gene TPD3.
Deletion of TPD3 is not lethal but renders yeast cells cold-
sensitive. Following a shift to 13°C, tpd3 mutant cells
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become multibudded and multinucleate, suggesting a de-
fect in cytokinesis.>>” The tpd3 deletion mutants are also
sensitive to high temperature (eg, 37°C), and this temper-
ature sensitivity phenotype is most likely attributed to a
defect in RNA polymerase III transcription.”?” A recent
BLAST search has indicated the presence of orthologs for
Tpd3 in major human fungal pathogens, including C. al-
bicans, A. fumigatus, H. capsulatum, and C. neoformans
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

The PP2A regulatory subunit (PP2A-B) is encoded
by one gene in S. cerevisiae, CDCSS5. S. cerevisiae strains
deleted for CDCS5S showed multi-budded and multi-
nucleated yeast cells (similar to the #pd3 phenotype),
suggesting a role for PP2A in cell cytokinesis.?3® Ge-
netic analysis indicates that Cdc535 is involved in at least
two steps during the cell cycle: the metaphase-anaphase
transition and mitotic exit.?3°-2*! Orthologs for Cdc5S
are present in multiple human fungal pathogens such as
H. capsulatum, A. fumigatus, C. neoformans and C. albi-
cans (http://blast.ncbi.nlm.nih.gov/Blast.cgi). In N. crassa,
PP2A-B is required for completion of macroconidiation. A
study has found that RGB-1, encoding a putative PP2A-
B regulatory subunit, is a regulator of budding during
the macroconidiation process; rgb-1 mutants, which are
defective for macroconidiation budding, instead undergo
arthroconidiation.”*? In A. nidulans, two PP2A-B regula-
tory subunit homologs, parA and pabA, have been recently
identified and characterized.”?®? Deletion of parA causes
hyper-septation, while overexpression of parA abolishes
septum formation. Interestingly, this study also showed that
parA deletion is capable of suppressing septation defects in
pabA mutants,”® suggesting that ParA counteracts PabA
during the septation process. However, both PP2A-B reg-
ulatory subunits act synergistically during hyphal growth,
since a double mutation of parA and pabA led to synthetic
defects in colony growth at 42°C.2%3

PP2A-like phosphatases

PP2A-like phosphatases show a degree of sequence iden-
tity to PP2A enzymes but are not sufficiently identical to be
classified as homologs.?33:234:244.245 [ addition, in yeast, a
PP2A-like protein has been shown to only partially comple-
ment defects of strains deleted for PP2A.>33 PP2A-like phos-
phatases can form complexes with regulatory subunits and
are highly conserved from yeast to humans.2*¢=24° Three
different PP2A-like phosphatases have been identified in
fungi: Sit4, Pph3 and Ppg1.2%’

Sit4 plays a key role in cell growth and proliferation in
S. cerevisiae.>33-245:250 Deletion of SIT4 also causes cell cy-
cle arrest at late Gy, suggesting that the Sit4 phosphatase is
required for the G;/S transition.”** Another study has sug-

gested that Sit4 is required for expression of the Gy cyclins,
CLN1 and CLN2.%5' S. cerevisiae SIT4 has also been shown
to be involved in the Pkc1-MAPK signaling pathway, which
is important for the transcriptional response to stresses that
alter cell wall integrity.8*252 In C. albicans, disruption of
SIT4 causes a significant reduction in growth rate, hyphal
formation and virulence in a mouse model of systemic can-
didiasis.?’3 Consistent with these findings, a more recent
study has indicated that the C. albicans sit4 null mutant
is defective for morphogenesis on solid Spider medium.>>*
C. albicans sit4 cells also displayed reduced transcript levels
for genes encoding HOG1-MAPK pathway components in
a DNA microarray experiment.>3

A second PP2A-like phosphatase is Pph3. In C. albicans,
Pph3 and its regulatory subunit, Psy2, control dephospho-
rylation of Rad53, a putative component of the cell cycle
checkpoint, and cell morphogenesis during recovery from
DNA damage.?**2%% Deletion of PPH3 or PSY2 results in
hypersensitivity to DNA-damaging agents, such as cisplatin
and MMS.?*¢ In addition, pph3A/A and psy2 A/A mutant
cells show robust filamentation under genotoxic stress.>*®
Interestingly, more recent studies in S. cerevisiae have linked
the activity of Pph3 to both the nonhomologous end-joining
(NHE]) pathway as well as cell cycle progression.>’® Con-
sistent with the later finding, a recent study has determined
that the C. albicans Pph3-Psy2 phosphatase complex is im-
portant for Rfa2 dephosphorylation during G;-phase and

257 Rfa2 is a key subunit of

under DNA replication stress.
the replication protein A (RPA) heterotrimeric complex,
which functions in DNA replication, repair and recom-
bination pathways in eukaryotes.> %2> Altogether, these
studies suggest that the Pph3/Psy2 complex plays key roles
in cell morphogenesis, cell cycle progression and/or recov-
ery from DNA damage in S. cerevisiae and C. albicans.
However, little is known about the function of Pph3/Psy2
complexes in other fungal systems.

The final PP2A-like phosphatase that we will discuss
is Ppgl. PPG1 was first cloned and identified in S. cere-
visiae based on sequence similarity to other Ser/Thr phos-
phatases.”®’ S. cerevisiae ppgl deletion mutants are viable,
but show a decrease in glycogen accumulation.?*’ Recently,
a transposon mutagenesis screen has suggested a role for
Ppgl in ethanol and heat tolerance in S. cerevisiae.?®° In
S. pombe Ppa3, a Ppgl ortholog, was found to be in-
volved in regulating two of the SIN (septation initiation
network) pathway kinases, Cdc7 and Sid1, important for
actomyosin ring maturation and stability.2¢! A more recent
study, however, demonstrated that the S. pombe ppglA
strain shows normal cell morphology.?¢? C. albicans Ppgl
was first identified in a screen of orthologs of previously
annotated S. cerevisiae protein phosphatases.!”> A system-
atic screen of a C. albicans homozygous deletion library
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has demonstrated that the ppgl A/A mutant strain is de-
fective for morphogenesis and shows reduced kidney fun-
gal burden in a mouse model of systemic candidiasis.?** A
recent study has also demonstrated that both a ppgl A/A
mutant as well as a mutant specifically defective for Ppgl
phosphatase activity show reduced filament extension and
invasion as well as highly attenuated virulence in the mouse
systemic model.'3¢ In addition, C. albicans Ppgl appears to
function via the cAMP/PKA filamentous growth pathway.
While the ppg1 A/A virulence defect is most likely attributed
to defects in filamentation and invasion, Ppgl may control
other virulence-related processes which have yet to be elu-
cidated. Within C. albicans, the Ppgl catalytic subunit is
highly conserved among other PP2A and PP2A-like phos-
phatases.

Non-Ser/Thr protein phosphatases

Three protein tyrosine phosphatases (PTPs) have been iden-
tified in S. cerevisiae: Ptp1, Ptp2, and Ptp3.263:264 Ptp2 and
Ptp3, but not Ptp1,2%° are involved in regulation of various
MAPK cascades. Ptp2 and Ptp3, however, differ in their
ability to dephosphorylate yeast MAP kinases. Ptp2 prefer-
entially dephosphorylates Hog1 and Mpk1 (involved in the
cell wall integrity pathway), whereas Ptp3 preferentially de-
phosphorylates Fus3 (involved in the pheromone response
pathway).264:266:267 A ptp2 AJA ptp3A/IA double mutant
shows significantly decreased sporulation efficiency in S.
cerevisige.”! In human fungal pathogens, the role of PTPs
in controlling virulence and virulence-related properties is
poorly understood. A recent study, however, has found that
PTP1 and PTP2 are important for both C. neoformans dif-
ferentiation and pathogenicity.2®® Consistent with results
in S. cerevisiae, C. neoformans Ptp2 suppressed the hyper-
phosphorylation of Hogl. C. neoformans Ptp2 was also
found to be involved in mediating vegetative growth, sex-
ual differentiation, stress responses, and antifungal drug
resistance. In contrast, C. neoformans Ptp1l was not essen-
tial for Hogl regulation. However, PTP1 overexpression
could rescue or partially rescue ptp2 mutant defects in ther-
motolerance, as well as resistance to H, O, flucytosine and
CdSOg. Importantly, this study also determined that Ptp2 is
important for virulence in a murine model of systemic cryp-
tococcosis. The observed virulence defect can most likely at
least partly be attributed to one or more of the in vitro ptp2
mutant defects listed above. It is hoped that future stud-
ies will identify and characterize PTPs in other human fun-
gal pathogens. While protein histidine phosphatases (PHPs)
represent an important class of non-Ser/Thr phosphatases,
their potential role in medically important fungi remains
elusive.

Global analyses of fungal pathogen
phosphoproteomes

Recent advances in proteomics have made it possible to de-
fine the complete set of proteins in human fungal pathogens
which are phosphorylated (phosphoproteome). Typically,
proteins isolated from cultures grown iz vitro are digested
with trypsin, subjected to titanium dioxide-based enrich-
ment and analyzed by mass spectrometry. A recent phos-
phoproteomic study in the model filamentous fungus A.

269 identified 1801 phosphosites corresponding to

nidulans
1637 unique phosphorylated peptides. Further analysis in-
dicated an enrichment among the phosphoproteins for gene
ontology (GO) terms related to fungal morphogenesis, in-
cluding “site of polarized growth,” “vesicle-mediated trans-
port,” and “cytoskeleton organization.” The majority of
phosphoproteins were targets of the CDK and CK2 kinase
families. A significant number of substrates for kinases that
control hydrolytic enzyme secretion were also identified by
this analysis.>®”

A recent phosphoproteomic analysis of C. neofor-
mans®’® has identified 1089 phosphopeptides from 648
protins, including 45 kinases. Similar to the case of A.
nidulans, most CDK substrates were phosphorylated, as
indicated by a motif enrichment analysis. Among the phos-

phoproteins, enriched GO terms included “metabolism,”

» o« » « » o«

“transport,” “signal transduction,” “transcription,” “cell
cycle progression,” and “stress response.” Phosphory-
lated kinases identified by this study were known to
control the cell cycle, metabolic processes and virulence.
Kinases included components of the cAMP/PKA and
MAPK pathways. Phosphorylation of cAMP/PKA compo-
nents is known to be important for controlling C. neo-
formans capsule size and melanin biosynthesis.?”! Addi-
tional phosphoproteins included components of the PKC
MAPK signaling pathway, important for cell wall in-
tegrity and thermotolerance.’3-8%:270 Four phosphopep-
tides corresponding to Sp1, a transcription factor impor-
tant for resistance to nitrosative stress, maintenance of

72 were also identified

cell wall integrity and virulence,?
in this study.?’? In addition, two members of the p21-
activated protein kinase (PAK) family, important for mat-
ing, cytokinesis and virulence in serotypes A and D,%”3 were
shown to be phosphorylated. Finally, phosphopeptides cor-
responding to Ypk1, important for the ability of C. neofor-
mans to tolerate fluconazole treatment were also identi-
fied.2”® Altogether, results from this study strongly suggest
that a wide variety of processes important for C. neofor-
mans virulence appear to be controlled by phosphorylation.

A comprehensive analysis of the C. albicans phospho-
proteome in hyphal form cells has also recently been carried
out.?”* In sum, 15,906 unique phosphosites were identified
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on a total of 2,896 proteins. Serine and threonine phospho-
sites were highly represented (80.01% and 18.11%, respec-
tively) and, as expected, tyrosine phosphosites were a small
minority (1.81%) of the total. Interestingly, several differ-
ences were noted in GO enrichment for Tyr vs. Ser/Thr
phosphorylated proteins. For example, a greater fraction of
Tyr-phosphorylated proteins were enriched for “kinase,”
“DNA-binding,” and “signal transducer” Molecular Func-
tion categories. Proteins important for maintaining and es-
tablishing cytoskeletal polarity, as well proteins associated
with hyphal growth, were among the most highly phospho-
rylated. These proteins included Gin4, a Ser/Thr protein
kinase involved in septum formation, and the related ki-
nase Hsl1. Bud neck and septin ring formation proteins,
including Spa2, Bni3, and Bud4 were also highly phospho-
rylated. As expected, numerous components and targets of
the C. albicans Ras cAMP/PKA filamentous growth path-
way were also found to be phosphorylated. In addition, the
Mediator complex, important for RNA polymerase II tran-
scription, was highly phosphorylated. Several of these phos-
phorylation events were found to be mediated by Cbk8, a
kinase component of Mediator important for stress resis-
tance, metabolism and hyphal growth.?”*

Although relatively few phosphoproteomic analyses
have been performed to date in pathogenic fungi, these stud-
ies have highlighted the importance of phosphorylation for
controlling multiple virulence-related processes and are be-
ginning to provide new insights into the global impact of
phosphorylation on fungal pathogenesis. The recent emer-
gence of new and more quantitative proteomic techniques
should facilitate this process. Stable Isotope Labeling by
Amino Acids in Cell Culture (SILAC) involves metabolic
incorporation of stable isotope-labeled amino acids, such
as P N-arginine, into the proteome of cells grown in cul-
ture.?”5=277 Equal quantities of protein extracts from cells
grown in both “light” medium, containing natural isotope
amino acids, and “heavy” medium, containing labeled iso-
tope amino acids, are mixed, digested into peptides and an-
alyzed by liquid chromatography tandem mass spectrome-
try (LC-MS/MS). The advantage of this technique is that
the ratio of signal intensities from “light” and “heavy”
samples provides a highly accurate quantitation of rela-
tive protein abundance. In addition, unlike previous tech-
niques which involve examining 3?P-labeled bands on 1D
or 2D gels or Westerns with phosphosite-specific antibod-
ies, SILAC can be used to very accurately and quanti-
tatively detect novel phosphosites and dynamic changes
in phosphorylation events that occur on a global scale
across the whole proteome.'®277:278 In addition to SILAC,
high-accuracy MS technology, phosphopeptide enrichment
techniques based on affinity chromatography and recently

277,279

developed bioinformatics tools are likely to greatly

facilitate the identification and analysis of fungal pathogen
phosphoproteomes. While experiments utilizing many of
these techniques should provide a wealth of new informa-
tion about global phosphorylation events associated with
fungal pathogen virulence properties that can be assessed
in vitro (eg, filamentation and biofilm formation), greater
challenges are likely to be encountered in the assessment
of phosphorylation patterns during infection in vivo. For
example, it may be difficult to obtain sufficient quantities
of fungal pathogen proteins for phosphoproteomic analysis
from infected tissues. In addition, in the case of SILAC it
may be difficult to obtain a sufficiently high level of sta-
ble isotope labeling for fungal pathogen proteins during
an infection. Overall, however, future phosphoproteomic
studies in medically important fungi are likely to provide
valuable information and could lead to the identification of
important kinase/phosphatase substrates, interacting part-
ners and potential targets for the development of new and
more effective antifungal strategies.

Perspectives and future directions: targeting
kinases and phosphatases for the
development of new antifungal strategies

Given the variety of key functions that kinases and
phosphatases play in controlling morphology, virulence
and a variety of virulence-related processes in pathogenic
fungi, could these enzymes serve as effective antifungal
drug targets? Probably the best example of such a po-
tential drug target is the calcium/calmodulin-dependent
protein phosphatase calcineurin. As discussed previ-
ously, calcineurin plays an important role in filamenta-
tion, virulence, stress response, antifungal drug tolerance
and/or mating of a variety of medically important fungi,
such as C. neoformans, A. fumigatus, and M. circinel-
loides and multiple Candida species (including C. albi-

175,176,179-181,185-187,190-192,195 Two pharmacologi—

cans).
cal inhibitors of calcineurin, cyclosporin A and FKS506,
are effective against a variety of fungal pathogens, espe-
cially when combined with azole or echinocandin treat-
ments.!79-186,280-283 However, these inhibitors also have
immunosuppressive effects and are unlikely to serve as vi-
able antifungals in the clinic. Future studies to identify
cyclosporin A or FK506 analogs, or other inhibitors of
the calcium-calcineurin signaling pathway, with fewer side
effects may hold promise.?$2:2%3 As previously discussed,
the calcineurin target, Crz1, controls virulence-related pro-

182,183,193,194 404 has

cesses in multiple fungal pathogens
also been regarded as a promising antifungal target. How-
ever, Crzl does not appear to be universally required for
virulence in human fungal pathogens and is thus less likely

to serve as a more broad-spectrum antifungal target.?8? It
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is hoped that future phosphoproteomic studies, mentioned
above, will elucidate more promising calcineurin targets for
antifungal development.

A recent BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
search has also indicated the presence of homologs for sev-
eral important kinases (PKC, Cek1-MAPK, PKA) and phos-
phatases (calcineurin, Ptc1, and Ppgl) in additional major
human fungal pathogens including Coccidiodes immitis,
H. capsulatum, and Blastomyces dermatitidis (homologs
for the kinases listed above were also identified in the more
distantly related fungal pathogen P. carinii). Several of these
enzymes are likely to play roles in pathogenicity.

In particular, C. albicans Ppgl has recently been shown
to play a critical role in filamentation and virulence!3¢ and
could serve as a promising drug target. Importantly, the
catalytic activity of Ppgl has specifically been shown to
be required for pathogenesis and future studies to screen
small molecule libraries for inhibitors of Ppg1 phosphatase
activity may hold promise. One concern, however, is that
the Ppgl catalytically active binuclear center is highly con-
served in mammalian PP2A phosphatases, raising the pos-
sibility that such inhibitors may have detrimental side ef-
fects if used as therapeutics. Ultimately, future studies to
solve the crystal structures of Ppg1, and other critical phos-
phatases/kinases in medically important fungi may allow
for the identification of fungal-specific active site subre-
gions that could be targeted by small molecule inhibitors.
However, an easier approach may be to target kinases and
phosphatases which are entirely fungal-specific and not con-
served in mammalian hosts. A recent large-scale compara-
tive genomics study has identified 222 C. albicans proteins
with catalytic activity which are unique when compared to
the human proteome.?* Crk1, a Cdc2-related protein ki-
nase important for C. albicans hyphal development and vir-

ulence, 28

was among these proteins and could eventually
serve as a novel antifungal target. Additional fungal-specific
kinases and phosphatases involved in metabolic processes
which are essential for viability are also likely to repre-
sent promising targets. Future studies, which focus on the
identification and characterization of fungal-specific kinases
and phosphatases (or kinase/phosphatase substrates) that
are critical for viability and/or virulence in human fungal
pathogens are therefore likely to hold significant therapeu-

tic potential.
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