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Abstract

Pathogenic fungi employ numerous mechanisms to flourish in the stressful environment
encountered within their mammalian hosts. Central to this arsenal for filamentous fungi is invasive
growth within the host microenvironment, mediated by establishment and maintenance of
polarized hyphal morphogenesis. In Aspergillus fumigatus, the RasA signal transduction pathway
has emerged as a significant regulator of hyphal morphogenesis and virulence, among other
processes. The factors contributing to the regulation of RasA itself are not as thoroughly
understood, although proper temporal activation of RasA and spatial localization of RasA to the
plasma membrane are known to play major roles. Interference with RasA palmitoylation or
prenylation results in mislocalization of RasA and is associated with severe growth deficits. In
addition, dysregulation of RasA activation results in severe morphologic aberrancies and growth
deficits. This review highlights the relationship between RasA signaling, hyphal morphogenesis,
and virulence in Aspergillus fumigatus, and focuses on potential determinants of spatial and
temporal RasA regulation.
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INTRODUCTION

Ras proteins are members of a family of small monomeric GTPases that is remarkably
conserved in eukaryotes. Ras serves as a signal transducer between extracellular stimuli and
intracellular signaling cascades. Control of Ras activity is mediated via guanosine nucleotide
diphosphate (GDP) / guanosine nucleotide triphosphate (GTP) binding in a binary switch
fashion [1]. Guanine nucleotide exchange factors (GEFs) exchange Ras-bound GDP for
GTP, thereby activating Ras. GTPase activating proteins (GAPs) deactivate Ras by
increasing the rate of its intrinsic GTPase activity, resulting in hydrolysis of Ras-bound GTP
to GDP. A conformational difference in the switch regions of Ras toggles activity depending
on whether GTP or GDP is bound [1]. Proper localization of Ras within the cell is essential
for both Ras activation and Ras-mediated signal transduction [2]. Nascent Ras proteins are
cytoplasmic before undergoing a series of post-translational modifications, including
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prenylation and palmitoylation. These modifications result in translocation of Ras to the
appropriate membrane compartment, where signal transduction occurs..

Mammalian Ras proteins are heavily studied for their roles in tumor growth and
development, and as targets for novel anti-cancer therapeutics [3]. Similarly, fugal Ras
proteins have been implicated in such diverse cellular processes as polarized hyphal growth,
cytoskeleton formation, and nitrogen metabolism. Although the human genome contains
three functionally diverse forms of Ras (HRAS KRAS and NRAS), the budding yeast
Saccharomyces cerevisiae has only two paralogs (Raslp and Ras2p), likely having arisen
from genome duplication [4]. The fission yeast Schizosaccharomyces pombe has a single
Ras homolog (Ras1p), which is involved in regulation of cell morphology, mating, and
nitrogen signaling [5,6]. Studies in these model yeasts have provided a framework for
investigations into Ras-mediated processes regulating pathogenic growth of filamentous
fungi such as Aspergillus fumigatus.

Two Ras homologs (RasA and RasB) have been identified in A. fumigatus, and each plays
important roles in cellular processes including hyphal morphogenesis, polarized growth, and
asexual development [7-9]. Whereas RasA homologs are present in both filamentous fungi
and yeast, RasB homologs are unique to fungi that undergo filamentous growth during some
phase of their lifecycle [7]. Expression of a dominant negative (DN) rasA (DNrasA) or
deletion of rasA (ArasA) results in slowed germination rates [7], similar to an A. nidulans
DNrasA strain [10]. In contrast, expression of DNrasB results in a delay in the initiation of
conidial germination, but a germination rate equivalent to wild type [7]. Both rasA and rasB
deletion mutants of A. fumigatus display irregularities in hyphal morphology and polarized
growth, although the aberrancies in the ArasA mutant are more severe [8]. The nature of
these aberrancies indicates that RasA and RasB play discrete albeit overlapping roles, and
that RasA serves as the primary Ras homolog controlling hyphal growth and development in
A. fumigatus [7-9].

SPATIAL REGULATION OF RAS: SUBCELLULAR LOCALIZATION OF RasA
IN A. fumigatus

Spatial regulation of Ras signaling is a primary component in Ras protein functionality. Ras
proteins are peripherally associated with membranes through a series of post-translational
modifications [11]. RasA contains both the traditional “CAAX” (C = cysteine, A = any
aliphatic amino acid, X = any amino acid) farnesylation motif and a dual cysteine
palmitoylation motif at its C-terminus. A cytoplasmic farnesyltransferase enzyme is
responsible for transferring a farnesyl group to the “CAAX” cysteine residue [12]. The “-
AAX” residues are then cleaved and the C-terminus carboxymethylated [13,14]. The
farnesylation step is sufficient for targeting Ras proteins to internal membranes, including
the endoplasmic reticulum (ER) membrane, where it is then palmitoylated at the dual
cysteine motif. It is this final palmitoylation modification that accomplishes plasma
membrane-specific targeting [15]. In mammalian cells, palmitoylation of Ras is reversible,
whereby a plasma membrane localized thioesterase cleaves the palmitoyl residues and Ras
recycles to ER and Golgi membranes [16].
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A GFP-RasA fusion protein was recently employed to show that RasA does indeed localize
to the A. fumigatus plasma membrane when the above prenylation pathway is undisturbed
[17]. However, ablation of the conserved dual cysteine palmitoylation motif mislocalizes
RasA to internal membranes (Fig 1b). Furthermore, this RasA palmitoylation-deficient
mutant displays defects in polarized hyphal growth, cell wall integrity, and virulence [17].
These phenotypes are similar to the ArasA mutant, indicating that RasA localization at the
plasma membrane is essential for its full functionality in hyphal growth processes. In
addition, recent results in our laboratory suggest that molecular blockade of RasA
prenylation via mutation of the CAAX cysteine residue (C210) generates a completely non-
functional Ras protein that is mislocalized to the cytoplasm (Fig 1b).

In light of this evidence, it is exciting to speculate that pharmacological interference with
RasA palmitoylation and / or prenylation could make an effective treatment for fungal
infections like invasive aspergillosis (1A). Inhibition of farnesyltransferase by the
mammalian farnesyltransferase inhibitor (FTI) manumycin A has recently been shown to
inhibit growth of A. fumigatus, albeit at a high minimum inhibitory concentration (MIC)
[18]. Looking further down the Ras maturation pathway, inhibition of palmitoylation by 2-
bromopalmitate causes RasA mislocalization and hyphal growth inhibition [17]. Therefore,
continuing assessment of A. fumigatus susceptibility to prenyl- and palmitoyltransferase
inhibitors is indicated, not only to bolster mechanistic knowledge of these processes but also
to identify potential clinical advancements.

TEMPORAL REGULATION OF RAS: ACTIVATION OF RasA IN A. fumigatus

Spatial regulation is not the sole driver of RasA functionality; temporal regulation is no less
critical. Control of RasA activation and deactivation in A. fumigatus is likely accomplished
by interaction with GAPs and GEFs, in a similar fashion to mammalian processes. However,
there is a paucity of knowledge specific to this regulation. In fact, one important difference
between mammalian and fungal Ras activation lies in the regulation of the GEFs that
activate Ras. In mammals, an activated receptor tyrosine kinase recruits the responsible
GEFs to the plasma membrane, where they interact with and activate Ras [19]. This specific
mechanism is almost certainly not the process in A. fumigatus, however; no identifiable
receptor tyrosine kinase homologs have been identified in fungal genomes [20]. Although no
Ras GEFs have been studied in Aspergillus, an Aspergillus nidulans Ras GAP, GapA, has
been deleted and shown to play important roles in actin polarization and hyphal growth [21].
Interestingly, GapA localizes to the incipient germ tube site, implying a need for reduced
Ras activity during polarity establishment [21].

The majority of knowledge regarding temporal regulation of Ras activity in filamentous
fungi has been accomplished using mutational analyses in which Ras proteins have been
either constitutively activated or inactivated and expressed in a wild type genetic
background [10,22]. Because Ras proteins are known to toggle between active and inactive
states, the presence of phenotypic abnormalities at progressive developmental stages in each
of these mutants provides evidence that proper temporal regulation of Ras activity is crucial
to normal hyphal growth and development. During initiation of germination, conidia of the
dominant active (DA) rasA mutant exhibit a hyperswollen morphology, delayed germ tube
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formation, and hyperaccumulation of nuclei [23]. Mature hyphae of the DArasA mutant
display swollen, extensively vacuolated subapical hyphal compartments. Taken together,
these data indicate that loss of the ability to control RasA activity during development
inhibits polarity establishment, inappropriately activates mitosis, and causes loss of polarity
maintenance. Further, both constitutive activation and deletion of RasA lead to decreased
radial growth [9,23]. The physical appearance of the two mutations differs, although both
are grossly aberrant (Fig. 1a). These findings support a model in which regulation of RasA
activity operates on a continuum during the developmental lifecycle, where either too little
or too much activation of RasA at discrete times in the lifecycle negatively affects proper
conidial germination and hyphal morphogenesis in A. fumigatus.

Although regulation of RasA localization and activation can be considered separately, these
two levels of Ras protein regulation are likely to be intimately linked. For example, the
palmitoylation-deficient RasA mutant described earlier exhibits more robust hyphal growth
than the ArasA mutant [17], suggesting that plasma membrane localization of RasA is not an
absolute requirement to retain some level of functionality. This finding supports two strong
hypotheses: 1) RasA can be partially activated at the endo-membranes, albeit at a lower
level than at the plasma membrane, due to limited interaction with GAPs and GEFs; or 2)
RasA may have restricted access to its downstream effectors when mislocalized to endo-
membranes. Currently, there are no data published establishing whether RasA activation and
deactivation occur only at the plasma membrane. Accordingly, more comprehensive
investigations into the mechanisms regulating RasA activity would be of great benefit in
understanding how temporal and spatial requirements for RasA signaling intertwine.

RasA NETWORK SIGNALING IN A. fumigatus

The endpoint of proper spatiotemporal regulation of RasA activity is the appropriate
transduction of developmental signals within the fungal cell. Although A. fumigatus has two
Ras homologs (RasA and RasB), RasA is the major regulator of overall hyphal growth and
development, likely due to orchestration of multiple cellular processes [7-9]. In filamentous
fungi and yeast alike, many of these Ras-mediated processes are classically associated with
aspects of fungal growth and stress response [24]. Thus, RasA signaling effectors are
anticipated to be potentially important virulence determinants in the development of IA. In
support of this hypothesis, the A. fumigatus rasA deletion mutant does exhibit decreased
virulence compared with wild type when tested in a murine model of 1A [9].

As has been demonstrated in other filamentous fungi and higher eukaryotes, Ras signaling in
A. fumigatus is hypothesized to mainly proceed through the small GTPase Cdc42 and Rac
networks [25] (Fig 2). Cdc42 and Rac activity, in turn, affect downstream mitogen-activated
protein kinase (MAPK) and p21-activated kinase (PAK) activity. MAPK and PAK family
proteins are serine/threonine protein kinases, and are well-conserved regulators of growth
and differentiation in fungi [26][27]. The Aspergillus Cdc42 homolog, ModA, has not been
studied in A. fumigatus. However, work in A. nidulans shows that, although the functions of
Cdc42 and Rac partially overlap, Cdc42 plays a more crucial role than Rac in directing
hyphal morphogenesis [28]. A racA deletion mutant (AracA) has been generated in A.
fumigatus [29]. Studies with the AracA mutant reveal abnormalities in conidiophore
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development and hyphal morphology in the absence of RacA [29]. These phenotypes are
potentially regulated via actin cytoskeleton modulation, as a AracA mutant in A. nidulans
exhibits hyperpolarization of actin at hyphal tips and a reduction in actin concentration in
subapical regions [30]. Indeed, the regulation of actin cytoskeletal rearrangement by Rac
and Cdc42 signaling networks is likely a conserved theme throughout eukaryotic organisms.
The extent to which A. fumigatus RasA signals to each of these essential morphogenetic
networks is currently being elucidated in our lab.

In contrast to Ras signaling in budding yeasts such as S cerevisiae and Candida albicans,
Ras signaling in filamentous fungi, including A. fumigatus, appears to be relatively
independent of the cCAMP/protein kinase A (PKA) pathway. Adenylate cyclase is bound and
activated by Ras2p in S.cerevisiae, subsequently producing cAMP, which activates PKA
[31,32]. The cAMP/PKA pathway is similarly activated in C. albicans, in which it has been
shown to control growth and the yeast-to-hyphal morphological transition, both contributors
to virulence [33,34]. Thus, PKA emerges as a major downstream effector of Ras in yeast.
Although any direct connections between RasA and PKA in A.fumigatus have not been
verified, exogenous addition of cAMP does not complement the growth deficit in the ArasA
mutant [9]. Furthermore, Ras and PKA have been demonstrated to affect A. nidulans spore
germination through separate pathways [35]. These results suggest that the most accurate
model for Ras signaling in Aspergillus may be one in which Ras signaling and PKA
signaling are largely independent of each other. However, direct examination of this
relationship is needed.

CONCLUSION

Collectively, our work has shown that spatiotemporal regulation of Ras activity is essential
for A. fumigatus growth and development (Fig 1a). The pathways through which RasA is
hypothesized to act in A. fumigatus likely impact numerous potential virulence determinants.
The current body of evidence suggesting that RasA is a critical link in the development of
hyphal morphogenesis and virulence in A. fumigatus evokes many new and exciting
questions about Ras regulation and signal transduction. Teasing out the mechanistic details
of RasA interactions with the upstream effectors of its proper activation and localization is
crucial to extending the current model of Ras-mediated growth and development. Of
particular interest are the prenyltransferases and the GAP/GEF proteins. Identification of
fungal-specific components of the Ras signaling and prenyl synthesis pathways will add an
additional layer of translational applicability. Inhibition of fungal-specific participants in
RasA localization, activation, and signaling is a promising focus for the future development
of novel antifungal treatments.
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Fig 1. Spatiotemporal regulation of RasA activity is essential for growth and development
a) Mutations affecting Ras activity or localization negatively affect hyphal development in

A. fumigatus. wt = wild type (H237), ArasA = rasA deletion mutant [9], RasA (active) =
constitutively active RasA [23], RasA (EM) = palmitoylation-deficient RasA mislocalized to
endo-membranes [17], and RasA (cyto) = farnesylation-deficient RasA mislocalized to the
cytoplasm. To measure radial growth of each strain, a 10 L spot containing 1x10% conidia
was placed in the center of glucose minimal media (GMM) agar plates and incubating at
37°C for 72 hr. b) Genetic abrogation of farnesylation or palmitoylation mislocalizes RasA
to the cytoplasm or endomembranes, respectively. Left panel: GFP-RasA localizes primarily
to the plasma membrane [17]; Middle panel: GFP-RasAC206/207S mjs|ocalizes to
endomembrane structures. Right panel: Expression of GFP-RasAC210S mutated at a highly
conserved cysteine residue required for farnesylation, mislocalizes RasA to the cytoplasm.
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Fig 2. Putative Ras signaling in Aspergillus fumigatus
Downstream proteins controlled by RasA in A. fumigatus are hypothesized to include Cdc42

and Rac, which contribute to polarized hyphal morphogenesis via mitogen-activated protein
kinase (MAPK) and p-21 activated kinase (PAK) pathways. At their endpoint, these
pathways are predicted to activate nuclear transcription factors controlling gene expression
related to hyphal growth and induce actin cytoskeletal rearrangements, respectively. Both of
these activities are expected to be essential for the establishment and maintenance of normal
cell polarity. Although a direct link between Ras and PKA activity is clear in budding yeast,
this interaction has not been directly examined in A. fumigatus.
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