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Mitogen activated protein kinases of Aspergillus fumigatus
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In microbial eukaryotes, mitogen activated protein kinase (MAPK) pathways play
a pivotal role in regulating cellular physiology. In fungi MAPK pathways have
established functions in mating-pheromone responses, maintaining cell wall
integrity, responding to changes in osmolarity and nutrient sensing. We have
been studying MAPK functions in the human pathogenic fungus Aspergillus
fumigatus. The genome of A. fumigatus has four MAPK genes, sakAlhogA, mpkA,
mpkB and mpkC. Deletion of the sakA gene produces a strain that does not
correctly regulate conidial germination, sense environmental nitrogen or responds
to hypertonic stress. The function of the remaining MAPK genes is still under
investigation, but by analogy to work in other filamentous fungi, we speculate as to
their possible functions in 4. fumigatus.
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Introduction MAP kinases are the terminal protein kinase in a
kinase cascade that regulates cellular responses to
environmental change. These kinases cascades consist
of three protein kinases that act in series. The three
kinases are a MAP kinase kinase kinase (MAPKKK),
a MAP kinase kinase (MAPKK) and a MAPK (Fig.
1). When a MAPK cascade is activated, the MAPKKK
phosphorylates the MAPKK, which in turn phosphor-
ylates the MAPK. This sequential activation of the
kinases in the cascade results in an amplification of the
initiating signal. In many MAPK pathways the down-
stream targets are transcription factors that lead to
changes in gene expression [4,9]. The upstream activa-
tors of MAPK cascades are signal transduction systems
that generally consist of a sensor that signals through
another protein kinase that is often a member of the
p21 activated kinase family or other protein kinase.
The specific biochemical events that lead to MAPK
activation are well understood. When activated, the
MAPKKK phosphorylates a serine and a threonine
residue in a conserved amino terminal domain of the
MAPKK. The active phosphorylated MAPKK then
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In eukaryotes, mitogen activated protein kinases
(MAPK) regulate cellular physiology in response to
environmental change. Environmental changes that
activate MAPK pathways in fungi include stresses
(increased osmolarity, heat shock, high concentrations
of heavy metals, and reactive oxygen species), nutrient
limitation, disruption of cell wall integrity, and mating
pheromones [1-10]. This central role of MAP kinases
makes them potentially interesting targets for develop-
ment of future antifungal drugs. For example, experi-
ments with plant pathogenic fungi have demonstrated a
clear role for MAPK in virulence and recent work has
shown that a MAPK signaling pathway is the target of
an agricultural antifungal [5,6,11-20]. The role of
MAPK signaling pathways in animal fungal pathogens
is less clearly established and thus is of critical
experimental interest [1,21-26].
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Fig. 1 Generalized MAPK signaling pathway. MAPK signaling
pathways consist of a sensor system whose signal is transduced
through a protein kinase that leads to activation of a MAP kinase
module, resulting in phosphorylation of MAPK substrates.

these two amino acids are phosphorylated the MAPK
is fully active. Like activation of MAPK, inactivation
of the MAPK is fairly well understood. MAPK activity
is negatively regulated by protein phosphatases. Spe-
cific protein phosphatases remove the phosphates from
the threonine and tyrosine residues in the activation
loop, leading to inactivation of the MAPK.

In fungi MAPK pathways function to regulate the
mating-pheromone responses, dimorphic growth tran-
sitions, growth following hypertonic shock, growth in
response to nutrient availability and cell integrity
[4,6-9,21,25,27,28]. The role that these MAPK path-
ways play in regulating cellular physiology in fungi is
best understood in budding and fission yeasts [4,9].
While budding and fission yeast are excellent models
for making fundamental discoveries, they are not good
models for understanding the functions of the MAPK
pathways in other fungi. These two simple model
organisms have very simple lifestyles compared to
many other fungi. For example, true hyphal growth
that allows filamentous fungi to penetrate substrates in
a search for nutrients is not exhibited by either of these
model organisms. Fungi of the genus Aspergillus
produce a number of metabolites called mycotoxins
that are made only under specific physiological condi-
tions. How MAPK signaling pathways may contribute

to regulating the more complex lifestyles of filamentous
or dimorphic fungi is important to understand. Thus
there are numerous reasons to investigate the role of
MAPK signaling pathways in fungi other than the
model yeasts. Our work has focused on the functions of
the MAPK pathways of A. fumigatus [27].

Results and discussion
MAP kinase genes of A. fumigatus

The complete genome sequence of A. fumigatus has
recently been determined, thus providing us with the
ability to identify genes encoding the MAP kinases and
other proteins of these signaling pathways. In addition,
the genome sequences of Aspergillus nidulans and
A. oryzae have also been determined and permit a
comparative analysis of genes encoding constituents of
MAPK signaling pathways in these related fungi. The
genomes of each of these three fungi contain four genes
encoding MAP kinases, and comparisons of the amino
acid sequence indicate close relationships among the
kinases. In A. fumigatus the four predicted MAP kinase
proteins, SakA/HogA, MpkA, MpkB and MpkC,
exhibit a clear pattern of relatedness (Table 1). SakA
and MpkC form a pair, being 68% identical, and MpkA
and MpkB form a pair, being 56% identical. In
contrast, all other pair-wise comparisons result in
approximately 45% identity.

SakA

SakA is most closely related to the high osmolarity
glycerol (Hog) or stress activated MAP kinase proteins
found in other eukaryotes [6,7,27]. We have shown that
a sakA deletion mutant has several phenotypes that are
common to other fungi mutant for this MAPK [27].
Germlings of the deletion mutant arrest growth in
response to hypertonic conditions, a phenotype similar
to that seen in budding yeast [2]. Interestingly, conidia
under hypertonic stress will germinate and grow,
although they develop more slowly than the parental
wild type strain. This suggests that the signaling
pathway is not active in metabolically dormant conidia

Table 1 Percent amino acid identities between the four MAPK
proteins predicted from the Aspergillus fumigatus genome sequence

SakA MpkA MpkB MpkC
SakA -
MpkA 43% -
MpkB 48% 56% -
MpkC 68% 44% 46% -
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or is used for other purposes, but that the actively
growing mutant responds to the hypertonic stress by
arresting its growth and failing to reinitiate growth. The
failure to begin growing following a hypertonic shock is
a characteristic feature of mutants in this MAPK [2].
Specific transcriptional responses of genes that con-
tribute to regulation of this signaling pathway are
highly conserved in fungi [2,6,7,27]. The surprising and
novel findings were that SakA also regulates conidial
germination in response to the nitrogen source in the
medium and that sakA messenger RNA accumulates in
response to starvation for nitrogen or carbon sources
[27]. These results implicate the SakA MAP kinase
signaling pathway in negative regulation of conidial
germination, in response to environmental nitrogen
sources and nitrogen and carbon source starvation in
growing hyphae. Similarly, the Schizosaccharomyces
pombe homologue of SakA, called Spcl/Styl, is
activated by nitrogen limitation and stimulates mating
and the production of spores through meiosis [28].
Thus, SakA and its relatives in other fungi also appear
to signal transitions to a new life stage in response to
specific types of starvation conditions.

MpkC

The MpkC MAPK that is most similar to SakA in
primary sequence is functionally uncharacterized.
Genes encoding orthologous proteins are found in the
A. nidulans and A. oryzae genomes but nothing is
known about their functions. Our preliminary study of
an MpkC deletion mutant indicates that, like SakA,
MpkC also has functions in regulating conidial germi-
nation. Additional studies are required to determine if
MpkC and SakA have overlapping or redundant
activities. It will also be necessary to construct sakA
and mpkC double mutants to evaluate this possibility.
This is similar to the situation in budding yeast where
FUS3 and KSS1 have been shown to have overlapping
functions in the mating-pheromone response pathway
[4,9].

MpkB

Like MpkC, there have been no studies of the functions
of MpkB. This kinase is most similar to the budding
yeast Fus3p and Ksslp MAP kinases. Therefore it is
predicted to function in growth regulatory responses
related to pheromone signaling and mating. This is a
surprising possibility since A. fumigatus is not known
to have a sexual cycle. Nevertheless, several genes
associated with the sexual cycle in other fungi have
been identified in the A4. fumigatus genome sequence
[29], raising the possibility that sexual development
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may be induced under special circumstances. Another
possibility is that a mating pathway may actually
mediate pathogenic development, as it does in Ustilago
maydis [30]. It is also interesting to speculate that
MpkB may have overlapping or redundant functions
with MpkA, the other MAPK most similar in its
protein sequence.

MpkA

MpkA functions have not been studied in A. fumigatus,
but in A. nidulans deletion of mpkA affects conidial
germination and hyphal growth [31]. The defects
observed in the deletion mutant are partially overcome
by growth on high osmolarity complex media. MpkA is
most similar in sequence and activity to MAP kinases
in yeast and other fungi that function in the cell wall
integrity pathway. The similarity of the MAPK gene
complexes in A. nidulans and A. fumigatus suggests
that the MpkA homologue in A. fumigatus will have
similar functions to those found in A. nidulans.

Given the central role of MAPK signaling pathways
in governing cellular physiology, these are potential
targets for future antifungals. This is supported by
recent work in the plant pathogenic fungus Colleto-
trichum lagenarium [16]. In this fungus, the fungicide
fludioxonil leads to hyperactivation of the MAPK
Oscl, the ortholog of SakA. Thus, constitutive activa-
tion of the osmotic stress response MAPK signaling
pathway in this fungus results in the inability to infect
the host. Inactivation of the osmotic stress response
pathway in many plant pathogenic fungi has also been
shown to lead to loss of virulence, further emphasizing
the need to carefully regulate this MAPK pathway. We
would predict that the development of antifungal
compounds that inhibit or constitutively activate other
MAPK pathways would similarly affect fungal viru-
lence, as they impact upon fundamental homeostatic
systems regulating fungal cellular physiology. While
there has been considerable work on MAPK signaling
pathways in a number of yeast and filamentous fungi
there is still much to be learned about their roles in the
medically important fungi. Work in this area not only
contributes to our general knowledge of the how MAP
kinases regulate fungal physiology but may lead to the
development of new classes of antifungal drugs.
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