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The Ras1 signal transduction pathway controls the ability of the pathogenic
fungus Cryptococcus neoformans to grow at high temperatures and to mate. A
second RAS gene was identified in this organism. RAS2 is expressed at a very
low level compared to RAS1, and a ras2 mutation caused no alterations in
vegetative growth rate, differentiation or virulence factor expression. The ras2

mutant strain was equally virulent to the wild-type strain in the murine
inhalational model of cryptococcosis. Although a ras? ras2 double mutant
strain is viable, mutation of both RAS genes results in a decreased growth rate
at all temperatures compared to strains with either single mutation.
Overexpression of the RAS2 gene completely suppressed the ras7 mutant
mating defect and partially suppressed its high temperature growth defect.
After prolonged incubation at a restrictive temperature, the ras7 mutant
demonstrated actin polarity defects that were also partially suppressed by
RAS2 overexpression. These studies indicate that the C. neoformans Ras1 and
Ras2 proteins share overlapping functions, but also play distinct signalling
roles. Our findings also suggest a mechanism by which Ras1 controls growth of
this pathogenic fungus at 37 °C, supporting a conserved role for Ras
homologues in microbial cellular differentiation, morphogenesis and virulence.
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INTRODUCTION

The mechanisms by which cells sense and adapt to
changes in the environment are mediated by conserved
signal transduction pathways that couple specific extra-
cellular signals to defined cellular outputs. Ras proteins
are conserved regulators of signal transduction path-
ways that mediate adaptive changes, such as cellu-
lar development and morphogenesis. In mammalian
systems, Ras controls cell proliferation, and well-
characterized mutations in these proteins are associated
with malignant transformation and uncontrolled
growth (Barbacid, 1987). In micro-organisms, Ras pro-
teins are similarly involved in the regulation of growth
and development. The Ras1 and Ras2 proteins in the
budding yeast, Saccharomyces cerevisiae, play a central
role in controlling cAMP levels (Toda et al., 1985) and

The GenBank accession number for the RAS2 sequence of C. neoformans
H99 is AF294349.

MAP kinase signalling, and regulate both diploid
pseudohyphal growth (Gimeno et al., 1992) and haploid
invasive growth (Stanhill et al., 1999). More recently,
Ras2 has also been shown to regulate polarization of the
actin cytoskeleton (Ho & Bretscher, 2001). In the fission
yeast, Schizosaccharomyces pombe, Ras does not appear
to be involved in cAMP homeostasis. Instead, Sch.
pombe Rasl controls the activity of the pheromone
response pathway and mating (Nielsen et al., 1992).

Pathogenic micro-organisms must be able to adapt to
dramatic changes as they move from the environment
into the infected host. In these organisms, the same
signalling pathways that are used to detect changes in
the environment may also be used to regulate the
determinants of virulence and host infection. Therefore,
pathogens can be excellent model systems to dissect the
genetic control of cellular adaptation and development
in addition to defining the mechanisms of pathogenesis.

Cryptococcus neoformans is a human fungal pathogen
that primarily causes a meningoencephalitis in hosts
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with impaired immune systems. We have used this
basidiomycetous yeast as a model system to dissect
signal transduction pathways that control fungal de-
velopment and pathogenicity. Previously, we demon-
strated that a conserved C. neoformans Ras protein was
required for the growth of this yeast at 37 °C and thus
for virulence (Alspaugh et al., 2000). The Ras1 protein is
also required for mating and activation of a pheromone-
sensing MAP kinase signalling cascade can suppress the
ras1 mutant mating defect (Alspaugh et al., 2000). This
observation, and the elucidation of similar Ras signal
transduction pathways in organisms such as budding
yeast and fission yeast, suggest that C. neoformans Rasl
acts upstream of a pheromone-response/ MAP kinase
signalling pathway to control mating. In contrast, MAP
kinase signalling elements do not suppress the rasl
mutant high-temperature growth defect, indicating that
Ras1 regulates vegetative growth at 37 °C via a second
pathway (Alspaugh et al., 2000).

To further understand the molecular mechanisms of Ras
signalling in C. neoformans, we identified a second RAS
gene in this organism. The RAS2 gene is expressed at a
very low level and was not induced under several
different in vitro conditions or by disruption of the
RAST gene. The RAS2 gene was disrupted by trans-
formation and homologous recombination. ras2 mutant
strains were viable and displayed no significant pheno-
typic alterations from wild-type in vitro or in an animal
model of cryptococcal disease. Overexpression of the
RAS2 gene in a ras1 mutant background suppressed ras1
mutant phenotypes, indicating that the Ras1 and Ras2
proteins share some degree of functional redundancy.
Analysis of the terminal phenotypes of the rasl mutant
strain incubated at 37 °C, as well as the complemen-
tation of these phenotypes by RAS2 overexpression,
suggest a conserved role of Ras in the regulation of
fungal growth, as well as a potential conservation of the
downstream targets of Ras pathways in C. neoformans.

METHODS

Strains and media. All strains used in this study (except strain
JEC20) are serotype A C. neoformans strains derived from the
wild-type strain H99 (Perfect et al., 1980). LCC1 is a rasl
mutant strain (Alspaugh et al., 2000) and H99-ura$5 and
LCC70 are spontaneous 5-fluoro-orotic acid (5-FOA)-resistant
derivatives of H99 and LCCl, respectively, created by the
method of Kwon-Chung et al. (1992a). LCC3 is a ras1 mutant
strain in which the wild-type RAS1 gene has been reintroduced
(Alspaugh et al., 2000). MWC12 and MW C13 are ras2 mutant
strains and MWC14, MWC15 and MWC16 are rasl ras2
double mutant strains all described in this study. Strain
MWC17 was constructed by reintroducing the wild-type RAS1
gene linked to the hph gene conferring resistance to hygro-
mycin B into strain MWC14 by biolistic transformation using
the method described previously (Alspaugh et al., 2000).
Biolistic transformation was used to integrate the RAS2 gene
under control of the GPD1 promoter into the RAST wild-type
strain H99-ura$ to create the RAS1+ RAS2 strain MWC27
and into the rasl mutant strain LCC70 to create the
rasl + RAS2 strains MWC28 and MWC29. JEC20 is a
serotype D wild-type strain used for the mating experiments

(Kwon-Chung et al., 1992b). Standard yeast media were used
for most experiments (Sherman, 1991). Niger seed agar and
V8 mating medium (Kwon-Chung & Bennett, 1992), and no-
iron medium (low-iron medium+56 uM EDDHA) (Varti-
varian et al., 1993) were prepared as described previously
(Alspaugh et al., 2000).

PCR. Unless otherwise stated, all PCR reactions were per-
formed in a Perkin Elmer GeneAmp 9600 thermocycler with
50 ng template DNA, 100 ng each oligonucleotide primer and
standard reagents from the TaKaRa kit (Takara Shuzo).

Identification of the RAS2 gene. To identify the gene encoding
a second Ras homologue (RAS2), degenerate primers were
synthesized based on regions of homology among several
fungal RAS genes: primer 1907 (5'-CTCGAGCTCGARTA-
YGAYACYATYG-3’) and primer 1908 (5-CAGCTGCAGT-
AYTCYTCYTGRCCRGCRGTRTC-3") (Y = pyrimidine,
R = purine). A 115 nt fragment was amplified using these
primers in a PCR reaction with cDNA from strain H99 as
template using the following conditions: 94 °C for 5 min
followed by 35 cycles of 94 °C for 30 s, 40 °C for 60 s, 72 °C
for 30 s.

The 115 nt RAS2 fragment was used to probe a genomic
Southern blot of strain H99 DNA. For all Southern hybridiz-
ations, electrophoresis, DNA transfer, prehybridization, hy-
bridization and autoradiography were performed as described
by Sambrook et al. (1989). The probes were labelled using
the Random Primed DNA Labelling Kit (Boehringer Mann-
heim) and [**P]dCTP (Amersham). A 2:6 kb Sacl fragment
containing the entire RAS2 genomic locus was isolated by
screening a subgenomic library of Sacl fragments (2—-3 kb) of
H99 genomic DNA in the pBluescript SK plasmid (Stratagene)
by colony hybridization using the 115 nt fragment as probe.
Alignment with other Ras proteins was performed using the
MEGALIGN program (DNAStar).

The RAS2 cDNA was amplified from a cDNA library of strain
H99 using the following primers: 5064 (5'-CCTCAACCCA-
CACCCACACC-3") and 5067 (5'-GCCAACTTGATCTTC-
TTCACC-3’). The resulting PCR fragment was sequenced
and compared with the H99 genomic RAS2 sequence.

Disruption of the serotype A C. neoformans RAS2 gene. The
ras2A::URAS mutant allele was created by PCR overlap
extension using the method of Ho et al. (1989). The 5" and 3’
RAS2 fragments were amplified by PCR using the RAS2 gene
as template and the following primers: 5° RAS2 fragment
primers 4549 (5’-CGAAGCCAACGTCCTCGCC-3") and
4550 (5-GCAGTAAGCGATCTTTGAACGATTCTACGA-
AGCGAGCGC-3") (URAS sequence underlined); 3 RAS2
fragment primers 4551 (5’-CCCACCTCCTGGAGGCAA-
GCCGCGCAGTGCC-GTGTATTCC-3") (URAS sequence
underlined) and 4552 (5-CCTCGAGATTCTCCACGCT-
GC-3’). RAS2 sequence was added to the URAS gene
by PCR using plasmid pCnTel as template (Edman, 1992)
and the following primers: 4553 (5-GCGCTCGCTT-
CGTAGAATCGTTCAAAGATCGCT-TACTGC-3")  and
4554 (5’-GGAATACACGGCAGTGCGCGGCTTGCCTC-
CAGGAGGTGGG-3") (RAS2 sequence underlined). The
PCR conditions were as follows: 94 °C for 5 min followed by
35 cycles of 94 °C for 30's, 50 °C for 1 min and 72 °C for 2 min.
The linear fragments obtained from each of the three PCR
reactions were used together as template in a PCR reaction
with oligonucleotide primers 4549 and 4552 and the following
conditions: 94 °C for 5 min followed by 35 cycles of 94 °C for
30 s, 50 °C for 30 s and 72 °C for 3 min. A 3-5 kb fragment
representing the ras2A:: URAS allele was obtained.
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The linear, dideoxy-tailed ras2A:: URAS disruption construct
was transformed into strains H99-ura5 and LCC70 by biolistic
DNA delivery, and transformants were selected on synthetic
medium lacking uracil with 1 M sorbitol as described by
Toffaletti et al. (1993). Transformants were screened using
PCR to identify putative ras2 mutants. Genomic DNA was
isolated from 36 transformants for each starting strain by the
method of Pitkin et al. (1996) and used as the template for a
PCR reaction using the RAS2-specific primer 5150 (5'-
CCATCTCATCTCATCACAACAGG-3) and the URAS-
specific primer 5151 (5-CGTCTTCTTCATCTAGTCGG-3')
to identify strains in which a targeted disruption of the wild-
type RAS2 locus had occurred. The PCR conditions were
94 °C for 5 min followed by 35 cycles of 94 °C for 305, 50 °C
for30 sand 72 °C for 1 min. A 1-2 kb fragment was anticipated
in those strains in which the wild-type RAS2 gene had been
replaced by the ras2A::URAS allele by homologous recom-
bination. To evaluate the putative ras2 mutant and ras1 ras2
double mutant strains, genomic Southern hybridization was
performed using genomic DNA isolated from strains H99,
LCC1, MWC12, MWC13, MWC14, MWC15 and MWC16
and digested with EcoRI. The entire RAS2 locus from the start
to termination codons was used as the probe.

Growth rate determination. Strains were pre-incubated in
YPD medium for 48 h at 25 °C and subsequently inoculated
into YPD medium. Exponential-phase doubling times were
determined by quantitatively culturing these samples every 2 h
for 18 h. Triplicate samples for each strain were analysed and
statistical significance of differences between strains was
calculated using a paired Student’s ¢-test.

Virulence assay. Virulence of ras1 and r7as2 mutant strains was
assessed in the mouse inhalation model of cryptococcosis as
described by Cox et al. (2000). Briefly, immunocompetent
mice were anaesthetized and intranasally inoculated with
5 x 10* C. neoformans cells. Animals infected with pathogenic
strains die of fulminant meningoencephalitis. Mice were
sacrificed prior to death based on clinical end points previously
correlated with mortality (Cox et al., 2000). Survival was
determined for 10 mice infected with the wild-type, rasi
mutant or 7as2 mutant strains. The statistical significance of
survival differences between mice infected with different
strains was assessed using the Kruskal-Wallis algorithm.

Mating assay. All strains were initially grown for 48 h on YPD
medium at 25 °C and suspended in water at 10® cells ml™*. For
each strain to be tested, 5 pl of the cell suspension was mixed
with 5 pl of the cell suspension of the MATa strain JEC20 and
plated as a drop on V8 mating agar. The mating patches were
incubated in the dark at 25 °C for 14 d and microscopically
assessed daily for the appearance of hyphae and other mating
structures.

RAS2 overexpression. Plasmid pRCD83, containing the C.
neoformans GPD1 promoter linked to the URAS selectable
marker, was obtained from Robert Davidson at Duke Uni-
versity. The RAS2 gene was cloned into this vector and under
control of the GPD1 promoter, and this new construct was
biolistically transformed into the rasl ura$ strain LCC70 and
the RAST ura5 strain H99-ura$5. For Northern analysis, total
RNA was extracted from exponential-phase cells incubated in
YPD medium as described previously (Alspaugh et al., 1997).
Fifteen micrograms of RNA was loaded onto a formaldehyde
RNA gel and electrophoresis, RNA transfer, hybridization
and autoradiography were performed as described by
Sambrook et al. (1989).

Microscopy and F-actin staining. All light and fluorescence
microscopy was performed on a Nikon Optiphot-2 micro-

scope using the appropriate filters and objectives. Images were
captured and processed using the Spot RT digital camera
(Diagnostic Instruments) with Adobe Photoshop software. C.
neoformans cells were fixed by adding one-quarter volume of
37% formaldehyde for 20 min at room temperature. Cells
were then washed three times with PBS, permeabilized by
adding 1% Triton X-100 in PBS for 5§ min and washed three
times with PBS. To visualize F-actin, aliquots of fixed cells
were incubated with rhodamine-conjugated phalloidin (1/10
dilution of a 10 pg ml™* stock) for 2 h.

RESULTS
Identification and disruption of the RAS2 gene

Two DNA fragments were amplified by PCR under low-
stringency conditions using C. neoformans cDNA as
template and primers designed against conserved se-
quences of RAS genes from diverse fungi. A 141 bp
fragment was identical in sequence to the C. neoformans
RAS1 gene (Alspaugh et al., 2000). A distinct 115 bp
fragment represented a second RAS gene in C. neofor-
mans that was homologous to fungal RAS genes, but
distinct from RASI. This smaller fragment was used to
probe a Southern blot of genomic DNA from strain H99
and a 26 kb Sacl fragment encompassing the entire
RAS2 locus was isolated from a size-selected library of
H99 genomic DNA by colony hybridization. Initiation
and termination codons, as well as the intron boundaries
of C. neoformans RAS2, were identified by alignment
with other Ras homologues, defining a genomic locus of
1097 nt with four introns. The C. neoformans RAS2
cDNA was amplified from an H99 cDNA library using
primers based on the predicted RAS2 ORF and se-
quenced to confirm the coding region. The RAS2 gene
encodes a 238 aa protein that shares moderate sequence
identity with C. neoformans Rasl (37%). Its closest
homologue is the Neurospora crassa Ras2 protein (46 %)
(Fig. 1a). Conserved GTP-binding sites and a C-terminal
CAAX motif are present.

To determine the biological roles of this second RAS
protein in C. neoformans, the RAS2 gene was disrupted
by biolistic transformation and homologous recom-
bination. The C. neoformans URAS gene served as the
selectable marker (Fig. 1b) and a ura5 derivative of the
serotype A H99 strain as the recipient (H99-ura5). PCR
amplification revealed that the RAS2 gene was replaced
by the ras2::URAS disruption allele in 15 of 36 (42%)
Ura*transformants. Southern hybridization confirmed
that the wild-type gene had been precisely replaced by
the disruption allele with no ectopic integrations in two
of these transformants (MWC12, 13) (Fig. 1c). The in
vitro phenotypes were identical for both of these
independent ras2 mutants.

In contrast to Sac. cerevisiae, in which rasl and ras2
mutations are synthetically lethal (Kataoka et al.,
1984; Tatchell et al., 1984), C. neoformans rasl ras2
double mutants were found to be viable. Strains in
which both the RAST and the RAS2 genes were disrupted
were constructed in a similar manner to the ras2 single
mutants by disrupting the RAS2 gene in a ura$ derivative
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Fig. 1. Disruption of the C. neoformans RAS2 gene. (a) The genetic relatedness of Ras superfamily proteins, including C.
neoformans Ras1 and Ras2, is demonstrated by estimating evolutionary distance. (b) The URA5 locus was cloned into the
RAS2 gene to create the ras2A::URA5 disruption allele. (c) Genomic DNA was isolated from the wild-type (WT) strain
(H99), the ras? mutant strain (LCC1), one ras2 mutant (MWC12) and one ras! ras2 double mutant strain (MWC14),
digested with EcoRI and analysed by Southern hybridization using the RAS2 gene as probe.

of a rasl mutant strain (LCC70). Twenty-one of 36
(58%) rasl transformants were identified by PCR in
which the endogenous RAS2 gene had been replaced by
the ras2::URAS disruption allele. By Southern blot
analysis, the RAS2 gene was disrupted and no ectopic
copies of the disruption allele were present in three
strains examined (MWC14, 15, 16) (Fig. 1c).

Ras1, and not Ras2, primarily regulates
C. neoformans growth at 37 °C

The wild-type (H99), ras1 mutant (LCC1), ras1 + RAS1
reconstituted (LCC3), ras2 mutant (MWC12, 13) and
ras1 ras2 double mutant (MWC14, 15, 16) strains were
incubated on YPD medium for 48 h at 25, 37 and 39 °C
(Fig. 2). Wild-type, ras1 mutant and ras2 mutant strains
all grow well at 25 °C. As previously reported, the
serotype A rasl mutant strain was unable to grow at 37
or 39 °C (Alspaugh et al., 2000). In contrast, the ras2
mutant strain grew as well as wild-type at all temper-
atures, indicating that RAS2 is not required for high
temperature growth (Fig. 2a).

Although the ras1 ras2 double mutants were viable, all
three independent strains exhibited a growth defect at
all temperatures tested (Fig. 2a). Microscopic analysis of
the ras1 ras2 double mutant strain revealed no discern-
ible morphological changes compared to wild-type. All
stages of budding were apparent and no mother—
daughter neck abnormalities were observed. Cell size of
the rasl ras2 strain was similar to that of wild-type.

To ascertain whether this phenotype was attributable to
the rasl and ras2 mutations, a complementation test
was performed. The wild-type RAS1 gene was reintro-
duced into a representative rasl ras2 double mutant
strain (MWC14) and the exponential-phase growth rate
in rich medium of the rasl ras2+ RASI reconstituted
strain (MWC17) was compared to that of the rasl ras2
double mutant. The doubling time of the rasl ras2
double mutant strain decreased from 4:25t0 247 h (P =
0-045) when the RASI gene was reintroduced. Intro-
duction of the RAST gene into a wild-type strain did not
affect the generation time of exponential-phase cells.
This observation demonstrates that the decreased
growth rate of the double mutant strain is due to a
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39°C

RAST

ras2
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Fig. 2. Ras1 is the predominant Ras protein regulating growth at high temperature and mating of C. neoformans. (a)
Wild-type (H99), ras? mutant (LCC1), ras?+RAST reconstituted (LCC3), ras2 mutant (MWC12, 13) and ras? ras2 double
mutant (MWC14, 15, 16) strains were plated on YPD medium and incubated for 48 h at 25, 30 and 37 °C. (b) Wild-type
(H99), ras? mutant (LCC1) and ras2 mutant (MWC12) strains were incubated for 7 d in mating reactions with the MATa
strain JEC20. The edges of the mating patches were assessed microscopically for mating filaments and photographed.

Bars, 0-1 mm.

synthetic effect of rasl and ras2 mutation and not to a
separate induced mutation.

Ras1 is the predominant Ras protein controlling
C. neoformans mating and virulence

The wild-type, ras1 mutant, ras1 + RAS1 reconstituted
and ras2 mutant strains were incubated on V8 mating
medium for 5d in mating reactions with the MATa
strain JEC20 (Fig. 2b). Among these strains, only the
ras1 mutant strains displayed a significant mating defect,
as noted previously (Alspaugh et al., 2000). In contrast,
examination of the edge of the mating patches for
mating filamentation revealed that the ras2 mutant
strain mated normally. Therefore, Ras1, and not Ras2,
is the predominant Ras element regulating C. neofor-
mans mating.

Furthermore, ras2 mutants exhibited no defects in the in
vitro expression of two well-characterized inducible
virulence factors: capsule and melanin. The wild-type
and ras2 mutant strains were incubated on Niger seed
agar for 72 h to assess melanin production. The strains
were also incubated in no-iron medium for 4 d at 30 °C
and examined by India ink preparation to assess capsule

production. There was no difference in melanin or
capsule induction observed between the wild-type and
ras2 mutant strains. Similarly, there was no difference
between the ras2 mutant and wild-type strains in agar
invasion or agar adhesion (Alspaugh et al., 2000).
Microscopic analysis revealed no defects among 'the ras2
strains in cell morphology or budding.

Our previous studies revealed that a C. neoformans rasl
mutant strain was avirulent in an animal model of
cryptococcal meningitis, likely due to its inability to
grow at physiological temperature (Alspaugh et al.,
2000). To test the pathogematy of the ras? mutant
strain, immunocompetent mice were intranasally inocu-
lated with wild-type (H99), rasl mutant (LCC1) or ras2
mutant (MWC12) cells. In the murine inhalation model
of cryptococcosis, animals infected with virulent C.
neoformans strains develop fatal cryptococcal meningo-
encephalitis (Cox et al., 2000). In this experiment, all
animals infected with the wild-type strain suffered a
fatal outcome by 34d (median survival 235 d).
accordance with our previous observations, the rasl
mutant strain was completely attenuated for virulence
compared to the wild-type parental strain. All animals
infected with the ras1 mutant strain survived throughout
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Fig. 3. Ras1 regulates actin polarization at 37 °C. Wild-type (H99), ras7 mutant (LCC1) and ras2 mutant (MWC12) strains
were incubated at 25 and 37 °C in YPD medium for 48 h. Cells were examined by microscopy with Nomarski optics (DIC).
F-actin localization was assessed by rhodamine-conjugated phalloidin staining. Bars, 20 um.

the 60 d of the experiment (P < 0-001). In contrast, there
was no significant difference in the survival of mice
infected with the ras2 mutant strain compared with
those infected with the wild-type strain. The median
survival of animals infected with the 7as2 mutant strain
was 25-5 d, with no animal surviving after 35 d (P =
0-113). Thus, Rasl, but not Ras2, is required for
pathogenicity of C. neoformans.

Ras regulation of actin polarization in C. neoformans

The yeast form of C. neoformans is phenotypically
similar to the budding yeast Sac. cerevisiae. The budding
event in vegetative Sac. cerevisiae cells is well described

and requires dramatic reorganization of the actin
cytoskeleton (Pruyne & Bretscher, 2000). The organiz-
ation and dynamics of the C. neoformans actin cyto-
skeleton is very similar to that in Sac. cerevisiae
(Kopecka et al., 2001). F-actin is organized into patches,
cables and rings, and cell morphogenesis is directed by
actin reorganization and polarization.

Microscopic analysis of the wild-type (H99), rasl
mutant (LCC1) and ras2 mutant (MWC14) incubated
for 48 h at 25 and 37 °C revealed striking morphological
changes in the rasl mutant incubated at the elevated
temperature. When grown under either condition, the
wild-type and ras2 strains appeared as elliptical yeast
cells in all stages of budding. At the lower permissive
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Fig. 4. RAS2 overexpression partially suppresses the ras? mutant high-temperature growth defect. (a) Total RNA was
extracted from exponential-phase cultures of the wild-type (H99), ras? mutant (LCC1) and ras?+RAS2 mutant (MWC28,
29) strains incubated in YPD medium. Northern analysis was performed using the RAS7, RAS2 and actin (ACT7) genes as
probes. RNA loading is demonstrated by the ethidium-bromide-stained RNA gel (rRNA). (b) Wild-type (WT, H99), ras?
mutant (LCC1) and ras?+RAS2 mutant (MWC28, 29) strains were incubated on YPD medium for 48 h at 25 and 37 °C.

temperature, the rasl mutant strain was indistinguish-
able from wild-type. In contrast, when the rasl mutant
strain was incubated at 37 °C, it arrested as large,
unbudded cells (Fig. 3). Visualization of F-actin using
rhodamine-conjugated phalloidin demonstrated that
although actin was localized in the ras1 mutant at 37 °C,
it was depolarized, indicative of a loss of the asymmetry
of the actin cytoskeleton observed in budding wild-type
cells (Fig. 3). Reintroduction of the wild-type RAS1 gene
into the rasl mutant complemented these rasl mutant
morphological and actin polarization defects. There-
fore, the C. neoformans Rasl protein controls proper
actin polarization in a temperature-dependent manner.

Previously, we observed that rasl mutant cells were
growth-arrested but viable after 24 h incubation at
37 °C (Alspaugh et al., 2000). This finding was con-
firmed in the current experiments in which the wild-type
and ras1 mutant strains incubated for 48 h at 37 °C were
stained with the vital dye methylene blue. An identical
proportion (5%) of wild-type and rasl mutant cells
incorporated dye, indicating cell death.

RAS2 overexpression suppresses ras1 mutant
phenotypes

By Northern analysis, the C. neoformans RAS1 gene is
expressed at low levels in rich medium and its expression
is induced fivefold by nitrogen deprivation. In contrast,
expression of the RAS2 gene under several conditions
could not be detected by Northern analysis. cDNA
corresponding to the C. neoformans RAS2 gene could be
readily amplified by PCR from ¢cDNA libraries, indicat-
ing that this gene is expressed at a very low level.

The RAS2 gene was overexpressed in the rasl mutant
background to differentiate between two possible
models. In the first model, Rasl and Ras2 share

overlapping functions and Ras2 is unable to compensate
for rasl mutant phenotypes due to insufficient tran-
scription. In this model, overexpression of the RAS2
gene should suppress rasl mutant phenotypes. In the
second model, Ras2 possesses functions completely
distinct from Ras1 and overexpression of the RAS2 gene
would not suppress ras1 mutant phenotypes. The RAS2
gene was cloned under the control of the constitutively
active GPD1 promoter (Varma & Kwon-Chung, 1999)
and integrated into the genome of the ras1 mutant strain
(LCC70) by biolistic transformation. Two transfor-
mants were selected for further phenotypic testing
(MWC28, 29) in which RAS2 expression was increased
compared to wild-type based on Northern blot analysis
(Fig. 4a). As a control, the RAS2 gene under control of
the GPD1 promoter was similarly introduced into the
RAS1 wild-type background to create the RAST 4+ RAS2
strain (MWC27).

Overexpression of the RAS2 gene fully suppressed the
ras1 mutant mating defect. When co-incubated with the
MATa strain JEC20, the ras1 + RAS2 strains (MWC28,
29) mated as well as the wild-type strain (Fig. 5). After
48 h, vigorous mating filaments were observed in the
mating reactions, including either the wild-type or
rasl+ RAS2 strains. Rare, thin hyphae were visualized
in ras1 mating reactions after 48 h of incubation (Fig. ).
After 7 d, all mating structures, including fused clamp
connections, basidia and basidiospores, were observed
in wild-type and rasl+RAS2 mating reactions. No
persistent mating filaments were present in the cor-
responding ras] mating reactions after one week.

RAS2 overexpression partially suppressed the rasl
mutant high temperature growth defect. The wild-type,
ras1 mutant and ras1 + RAS2 stains were incubated on
YPD medium at 25 and 37 °C. In contrast to the rasl
mutant strain in which no growth was apparent at
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rast

rasl + RAS2

Fig. 5. RAS2 overexpression suppresses the ras7 mutant mating
defect. Wild-type (H99), ras? mutant (LCC1) and ras?+RAS2
strains (MWC28) were incubated in mating reactions with the
serotype D MATa strain JEC20. The edges of the mating patches
were microscopically assessed for mating filamentation after
2 d incubation. Bars 50 pum.

37 °C, the two ras1 4+ RAS2 strains were able to grow at
the higher temperature, though not at the wild-type rate
(Fig. 4b).

When examined microscopically, strains in which the
RAS2 gene was overexpressed in the rasl mutant
background also resulted in partial suppression of the
rasl mutant morphological defects. In contrast to the
ras1 mutant strain, fewer enlarged, unbudded cells were
observed among the rasl1+RAS2 cells incubated at
37 °C. In fact, budding was restored among most of the

ras1 mutant cells overexpressing the RAS2 gene, indicat-
ing that the Ras2 protein is able to partially suppress the
morphogenesis and actin polarization defects of the rasl
mutant. No significant morphological changes were
observed in the wild-type strain in which the RAS2 gene
was overexpressed (Fig. 6).

DISCUSSION

Ras proteins belong to a highly conserved family of
membrane-bound guanine nucleotide-binding proteins
that regulate signal transduction pathways in diverse
organisms. The ability to bind and hydrolyse GTP
allows Ras proteins to exist in either an active GTP-
bound form or an inactive GDP-bound form (Milburn e¢
al., 1990). The controlled cycling between these two
states is the basis by which Ras serves as a molecular
switch in signalling pathways. For example, the p21
product of mammalian ras genes has clearly been
demonstrated to control cell growth. Transforming
mutations of these genes results in unregulated cell
growth and tumorigenesis (Barbacid, 1987).

Ras proteins from mammals to micro-organisms are
likely to share conserved roles in regulating cell growth
in response to extracellular signals. In fact, divergent
Ras proteins from simple eukaryotes such as fungi may
substitute at some levels for mutated mammalian Ras
proteins (DeFeo-]Jones et al., 1985 ; Kataoka et al., 1985).
However, the important biological functions of fungal
Ras are often distinct from mammalian counterparts.
The Sch. pombe ras1 gene is predominately required for
sexual differentiation (Fukui et al., 1986). In contrast,
two RAS genes are present in the genome of the budding
yeast Sac. cerevisiae and the fungal pathogen C. neofor-
mans. Mutation of both RAS genes in Sac. cerevisiae
results in growth arrest, suggesting that a certain basal
level of Ras function is required for viability (Kataoka et
al., 1984 ; Tatchell et al., 1984). Although these two RAS
genes are quite homologous to each other, the encoded
proteins serve overlapping but distinct functions. For
example, the Sac. cerevisiae Ras2 protein plays a greater
role than Rasl in regulating differentiation and cAMP
production (Toda et al., 1985). Such differences are
likely to be a result of the differences in the level of
transcription of these genes as well as actual protein
functional divergence. Under most conditions, Sac.
cerevisiae RASI1 is expressed at approximately one-tenth
the level of RAS2. When the RASI gene was placed
under control of the RAS2 promoter, overexpression of
Rasl restored haploid invasive growth of ras2 Sac.
cerevisiae mutant strains (Mosch et al., 1999).

Our studies in C. neoformans underscore similarities
among Ras pathways across divergent fungal species.
However, these experiments also demonstrate the ways
in which pathogenic micro-organisms have co-opted
conserved signal transduction pathways to adapt to the
environment of the infected host. Although neither of
the two C. neoformans RAS genes is essential, the
growth defect observed by C. neoformans rasl ras2
mutant strains is similar to the growth arrest of Sac.

198



C. neoformans RAS1 and RAS2 genes

25 °C

WT + RAS2

ras1 + RAS2

37 °C

Fig. 6. RAS2 overexpression partially suppresses the ras? mutant morphological defects. The ras? mutant strain
overexpressing the RAS2 gene (ras?+RAS2, MWC28) and the wild-type strain overexpressing the RAS2 gene (WT + RAS2,
MW(C27) were incubated at 25 and 37 °C for 48 h in YPD medium. Cells were microscopically analysed by Nomarski optics.
An abnormal mother-daughter neck is indicated by an arrowhead. Bars, 20 um.

cerevisiae rasl ras2 double mutant strains. Together,
these results suggest a conserved role of Ras proteins in
regulating vegetative growth in fungi as diverse as
basidiomycetes and ascomycetes. Inhibition of Ras
protein function may offer novel targets for antifungal
therapy. For example, farnesylation is required for
proper function of Ras proteins. Therefore, drugs that
block farnesyl transferase activity may be lethal to fungi.

We also observed a significant variation in transcrip-
tional activity between the two C. neoformans RAS
genes. The RAS2 gene encodes a functional protein, and
spliced, polyadenylated RAS2 mRNA is detectable by
reverse transcriptase-PCR. However, the transcriptional
level of this gene is insufficient to be visualized by
Northern analysis after incubation under several con-
ditions. Additionally, mutation of the RAS2 gene results
in no discernible mutant phenotype in vitro or in vivo
in an animal model of cryptococcosis. Since even subtle
defects in growth and differentiation often result in
discernible effects on virulence, this result strongly
argues that C. neoformans Ras2 does not play a major
role in growth, morphologlcal transitions or inducible
virulence factor expression. When overexpressed, RAS2

is able to restore mating and high temperature growth
of a rasl mutant strain. These data are similar to
Sac. cerevisiae which has two RAS genes that pos-
sess overlapping functions. In each organism, one of
these genes is more highly transcribed and encodes
the predominant Ras signalling element. Since over-
expression of regulatory elements may result in non-
physiological effects, we cannot yet establish whether
the functions of Ras2 suggested in overexpression
studies represents true shared activities of these two
similar signalling molecules. However, the fact that all
rasl mutant phenotypes are suppressed at some level
by RAS2 overexpression suggests that Ras2 is a func-
tional Ras protein.

The two C. neoformans RAS genes may have arisen
from individual gene duplication or by whole-genome
duplication. The completed Sac. cerevisiae genome
project has allowed detailed analysis of gene order and
chromosomal organization. It is estimated that at least
15% of this yeast’s genome is composed of blocks of
duplicated genes, and the patterns of duplication are
consistent with an ancient genome duplication event
followed by gene loss (Wolfe & Shields, 1997). The C.
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neoformans genome project (Heitman et al., 1999) will
help to determine if RAST and RAS2 lie in similar blocks
of synteny or if individual duplication of a RAS
precursor gene is more likely. Other examples of
potential gene duplication in C. neoformans include the
cyclophilin A homologue genes CPA1 and CPA2 (Wang
et al., 2001).

Although there are many shared features in Ras sig-
nalling in fungi as diverse as budding yeast and C.
neoformans, there are also significant differences. The
C. neoformans Rasl protein plays a major role in
allowing high temperature growth and is therefore
required for this organism’s virulence potential. Al-
though the RAS2 gene can partially suppress the rasl
mutant high temperature growth defect when overex-
pressed, we observed no evidence of a compensatory
increase in RAS2 transcription after mutation of the
RAS1 gene. Therefore, although these Ras proteins
share a potentially redundant function, Ras2 does not
appear to normally act in place of a dysfunctional Rasl.
Ras2 may have evolved to simply provide a basal level of
Ras function to allow efficient vegetative growth, but
not an inducible Ras function sufficient for differen-
tiation or growth at high temperature.

Our results do not support a model in which the two C.
neoformans Ras proteins act in different steps of the
same, linear signalling pathway since there is an additive
effect on growth with mutation of both RAST and RAS?2.
Therefore, the physiological roles of these proteins are
likely to be either in parallel signalling pathways or as
redundant effectors of the same signalling event in a
single pathway.

The morphological changes of the ras1 mutant strain are
very similar to those observed in Sac. cerevisiae strains
with temperature-sensitive mutations of the CDC42
gene (Adams et al., 1990). CDC42 encodes a p-like
GTPase in both budding and fission yeasts that controls
the activity of PAK kinases, playing a central role in
determining cell polarity and morphogenesis. This
protein appears to function downstream of Sac. cerevi-
stae Ras2 to regulate filamentous growth (Mésch et al.,
1996). Recently, the Ras2 protein of Sac. cerevisiae was
also demonstrated to be a primary regulator of actin
cytoskeleton polarity. Similar to our findings in C.
neoformans, mutation of the RAS2 gene in budding
yeast resulted in a strain which was unable to grow at
elevated temperatures and which displayed temperature-
dependent depolarization of the actin cytoskeleton (Ho
& Bretscher, 2001). Together, our observations and the
findings in Sac. cerevisiae support a model of conserved
Ras function in fungi to regulate cell polarity and actin
localization.

In conclusion, the similarities in Ras function among
divergent micro-organisms demonstrate that these sig-
nalling molecules play central roles in fungal growth
and development. However, these pathways have also
differentiated in pathogenic species to allow microbial
adaptation and infection of mammalian hosts. Eluci-
dation of the Ras activating signals and downstream

effector molecules will provide further insights into the
molecular mechanisms of microbial pathogenicity.

ACKNOWLEDGEMENTS

We thank P. Margolis and C. Yanofsky of Stanford University
for providing the sequence of degenerate primers to amplify
the RAS2 gene, and Tina J. Wilkins for assistance with
manuscript preparation. This work was supported by NIAID
K08 award AI01556 (J.A.A.), and NIAID RO1 grant AI42159
(J.H.). This work was also supported by P01 award Al44975
from the NIAID to the Duke University Mycology Research
Unit. A.A. is a Merck Young Investigator in Medical
Mycology (IDSA). J.H. is a Burroughs Wellcome Scholar in
Molecular Pathogenic Mycology and an associate investigator
of the Howard Hughes Medical Institute. G.C. and A.A. are
Burroughs Wellcome Young Investigators in Molecular Patho-
genic Mycology. M. W. is a Howard Hughes Medical Institute
Medical Student Research Training Fellow.

REFERENCES

Adams, A. E., Johnson, D. ., Longnecker, R. M., Sloat, B. F. &
Pringle, J. R. (1990). CDC42 and CDC43, two additional genes
involved in budding and the establishment of cell polarity in the
yeast Saccharomyces cerevisiae. ] Cell Biol 111, 131-142.

Alspaugh, J. A., Perfect, J. R. & Heitman, J. (1997). Cryptococcus
neoformans mating and virulence are regulated by the G-protein
a subunit GPA1 and cAMP. Genes Dev 11, 3206-3217.

Alspaugh, J. A., Cavallo, L. M., Perfect, J. R. & Heitman, J. (2000).
RASI regulates filamentation, mating and growth at high
temperature of Cryptococcus neoformans. Mol Microbiol 36,
352-365.

Barbacid, M. (1987). ras genes. Annu Rev Biochem 56, 779-827.

Cox, G. M., Mukherjee, J., Cole, G. T., Casadevall, A. & Perfect,
J. R. (2000). Urease as a virulence factor in experimental Crypto-
coccosis. Infect Immun 68, 443—448.

DeFeo-Jones, D., Tatchell, K., Robinson, L. C., Sigal, I. S., Vass,
W. C., Lowy, D. R. & Scolnick, E. M. (1985). Mammalian and yeast
ras gene products: biological function in their heterologous
systems. Science 228, 179-184.

Edman, J. C. (1992). Isolation of telomere-like sequences from
Cryptococcus neoformans and their use in high-efficiency trans-
formation. Mol Cell Biol 12, 2777-2783.

Fukui, Y., Kozasa, T., Kaziro, Y., Takeda, T. & Yamamoto, M.
(1986). Role of ras homolog in the life cycle of Schizosaccharo-
myces pombe. Cell 44, 329-336.

Gimeno, C. J., Ljungdahl, P. O., Styles, C. A. & Fink, G. R. (1992).
Unipolar cell divisions in the yeast S. cerevisiae lead to filamentous
growth: regulation by starvation and RAS. Cell 68, 1077-1090.

Heitman, J., Casadevall, A., Lodge, J. K. & Perfect, J. R. (1999). The
Cryptococcus neoformans genome sequencing project. Myco-
pathologia 148, 1-7.

Ho, J. & Bretscher, A. (2001). Ras regulates the polarity of the
yeast actin cytoskeleton through the stress response pathway.

Mol Biol Cell 12, 1541-1555.

Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K. & Pease, L. R.
(1989). Site-directed mutagenesis by overlap extension using the
polymerase chain reaction. Gene 77, 51-59.

Kataoka, T., Powers, S., McGill, C., Fasano, O., Strathern, J.,
Broach, J. & Wigler, M. (1984). Genetic analysis of yeast RAST and
RAS2 genes. Cell 37, 437—445.

200



C. neoformans RAS1 and RAS2 genes

Kataoka, T., Broek, D. & Wigler, M. (1985). DNA sequence and
characterization of the S. cerevisiae gene encoding adenylate
cyclase. Cell 43, 493-505.

Kopecka, M., Gabriel, M., Takeo, K., Yamaguchi, M., Svoboda, A.,
Ohkusu, M., Hata, K. & Yoshida, S. (2001). Microtubules and actin
cytoskeleton in Cryptococcus neoformans compared with asco-
mycetous budding and fission yeasts. Eur | Cell Biol 80, 303—311.

Kwon-Chung, K.J. & Bennett, J. E. (1992). Cryptococcosis. In
Medical Mycology, pp. 397—446. Malvern, PA: Lea & Febiger.

Kwon-Chung, K.J., Varma, A., Edman, J. C. & Bennett, J. E.
(1992a). Selection of ura5 and wra3 mutants from the two
varieties of Cryptococcus neoformans on S-fluoroorotic acid
medium. | Med Vet Mycol 30, 61-69.

Kwon-Chung, K. J., Wickes, B. L., Stockman, L., Roberts, G. D.,
Ellis, D. & Howard, D.H. (1992b). Virulence, serotype, and
molecular characteristics of environmental strains of Crypro-
coccus neoformans var. gattii. Infect Immun 60, 1869—1874.

Milburn, M. V., Tong, L., deVos, A. M., Brunger, A., Yamaizumi,
Z., Nishimura, S. & Kim, S. H. (1990). Molecular switch for signal
transduction: structural differences between active and inactive
forms of protooncogenic ras proteins. Science 247, 939-945.

Mésch, H. U., Roberts, R. L. & Fink, G. R. (1996). Ras2 signals via
the Cdc42/Ste20/mitogen-activated protein kinase module to

induce filamentous growth in Saccharomyces cerevisiae. Proc
Natl Acad Sci US A 93, 5352-5356.

Méosch, H. U., Kubler, E., Krappmann, S., Fink, G. R. & Braus,
G. H. (1999). Crosstalk between the Ras2p-controlled mitogen-
activated protein kinase and cAMP pathways during invasive
growth of Saccharomyces cerevisiae. Mol Biol Cell 10, 1325-1335.
Nielsen, O., Davey, J. & Egel, R. (1992). The rasl function of
Schizosaccharomyces pombe mediates pheromone-induced tran-
scription. EMBO J 11, 1391-1395.

Perfect, J.R., Lang, S.D.R. & Durack, D.T. (1980). Chronic
cryptococcal meningitis: a new experimental model in rabbits.
Am | Pathol 101, 177-194.

Pitkin, J. W., Panaccione, D. G. & Walton, J. D. (1996). A putative
cyclic peptide efflux pump encoded by the TOXA gene of the
plant-pathogenic fungus Cochliobolus carbonum. Microbiology
142, 1557-1565.

Pruyne, D. & Bretscher, A. (2000). Polarization of cell growth in

yeast. II. The role of the cortical actin cytoskeleton. J Cell Sci 113,
571-58S.

Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989). Molecular
Cloning: a Laboratory Manual, 2nd edn. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory.

Sherman, F. (1991). Getting started with yeast. In Methods in
Enzymology, pp. 3-21. Edited by C. Guthrie & G. R. Fink. San
Diego, CA: Academic Press.

Sia, R. A., Lengeler, K. B. & Heitman, J. (2000). Diploid strains of
the pathogenic basidiomycete Cryptococcus neoformans are
thermally dimorphic. Fungal Genet Biol 29, 153-163.

Stanhill, A., Schick, N. & Engelberg, D. (1999). The yeast ras/cyclic
AMP pathway induces invasive growth by suppressing the cellular
stress response. Mol Cell Biol 19, 7529-7538.

Tatchell, K., Chaleff, D., Defeo-Jones, D. & Scolnick, E. (1984).
Requirement of either of a pair of ras-related genes of Sac-
charomyces cerevisiae for spore viability. Nature 309, 523-527.

Toda, T., Uno, I, Ishikawa, T. & 7 other authors (1985). In yeast,
RAS proteins are controlling elements of adenylate cyclase. Cell

40, 27-36.

Toffaletti, D. L., Rude, T.H., Johnston, S. A., Durack, D. T. &
Perfect, J. R. (1993). Gene transfer in Cryptococcus neoformans
by use of biolistic delivery of DNA. J Bacteriol 175, 1405-1411.

Varma, A. & Kwon-Chung, K. J. (1999). Characterization of the
glyceraldehyde-3-phosphate dehydrogenase gene. Gene 232, 155—
163.

Vartivarian, S. E., Anaissie, E.J.,, Cowart, R.E., Sprigg, H. A.,
Tingler, M. J. & Jacobson, E. S. (1993). Regulation of cryptococcal
capsular polysaccharide by iron. J Infect Dis 167, 186—190.

Wang, P., Cardenas, M. E., Cox, G. M., Perfect, J. & Heitman, J.
(2001). Two cyclophilin A homologs with shared and distinct

functions important for growth and virulence of Cryptococcus
neoformans. EMBO Rep 21, 1-8.

Wolfe, K. H. & Shields, D. C. (1997). Molecular evidence for an
ancient duplication of the entire yeast genome. Nature 387,
708-713.

Received 22 June 2001; revised 4 September 2001; accepted
11 September 2001.

201



