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Abstract

G proteins orchestrate critical cellular functions by transducing extracellular signals into internal
signals and controlling cellular responses to environmental cues. G proteins typically function as
switches that are activated by G protein-coupled receptors (GPCRs) and negatively controlled by
regulator of G protein signaling (RGS) proteins. In the human fungal pathogen Crypfococcus
neoformans, three G protein a subunits (Gpal, Gpa2, and Gpa3) have been identified. In a
previous study, we identified the RGS protein Crg2 involved in regulating the pheromone
response pathway through Gpa2 and Gpa3. In this study, a role for Crg2 was established in the
Gpal-cAMP signaling pathway that governs mating and virulence. We show that Crg2 physically
interacts with Gpal and crgZ mutations increase cCAMP production. crg2 mutations also enhance
mating filament hyphae production, but reduce cell-cell fusion and sporulation efficiency during
mating. Although crg2 mutations and the Gpal dominant active allele GPA19%%4L enhanced
melanin production under normally repressive conditions, virulence was attenuated in a murine
model. We conclude that Crg2 participates in controlling both Gpal-cAMP-virulence and
pheromone-mating signaling cascades and hypothesize it may serve as a molecular interface
between these two central signaling conduits.

Introduction

Cells respond to environmental cues through a complex network involving a variety of cell

surface receptors and signal transduction pathways. Signal transduction by seven

transmembrane (7-TM) domain G protein-coupled receptors (GPCRs) controls a vast array

of physiological processes in eukaryotic organisms. GPCR mediated signal activation
involves a complicated intracellular network of signaling molecules, including G proteins
and their regulators such as regulator of G protein signaling (RGS) proteins.

Heterotrimeric guanine-nucleotide binding proteins (G proteins) play a central role in
transducing extracellular cues into intrinsic signals effecting appropriate biochemical and
physiological responses. Heterotrimeric G proteins are activated via GPCRs. The

conformational change of a GPCR following ligand binding enhances binding to the

corresponding Ga. to promote exchange of GDP to GTP, leading to the dissociation of Ga

from GB+y. Freed Ga and Gy can each activate downstream signaling pathways. RGS
proteins are GTPase-activating proteins for Ga,, and they function primarily as GTPase

accelerating proteins (GAPS) to increase the hydrolysis rate of GTP bound to Ga. subunits,
thereby inactivating Ga (Dohlman and Thorner, 2001; Siderovski and Willard, 2005). RGS
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proteins are therefore physiologically and pathophysiologically important negative
regulators of GPCR signaling.

Since their discovery in the 1990s, RGS proteins have emerged as crucial regulators of
GPCR signaling. In humans, over 20 RGS proteins have been identified (Jean-Baptiste et al.,
2006; Wieland et al., 2007). In Saccharomyeces cerevisiae, the RGS protein Sst2 was first
identified as a negative regulator of the pheromone response pathway, which is controlled
by the pheromone receptors Ste2 and Ste3, and its downstream Ga. subunit Gpal
(Apanovitch er al., 1998; Dohlman ef al., 1996). New features of this regulator have been
revealed recently, indicating that Sst2 can directly bind via its DEP domain to the carboxyl
terminal tail of the pheromone receptor Ste2, and thereby functions as a principal regulator
of mating pheromone signaling (Ballon et a/., 2006; Chasse et a/., 2006). Similar to S.
cerevisiae, the Sst2 RGS homolog in the human fungal pathogen Candlida albicans also
controls mating responses (Dignard and Whiteway, 2006). Rgs2 is the second RGS domain
protein in S. cerevisiae and negatively regulates glucose signaling via the GPCR Gprl and
its coupled Ga subunit Gpa2, which control cAMP-PKA signaling (Versele ef a/., 1999).

While only two RGS proteins are present in the model yeast S. cerevisiae, additional RGS
proteins exist in most other fungal systems that have been studied (Li et a/., 2007b).
Functional studies in filamentous fungi revealed RGS proteins regulate signals that control
vegetative growth, sporulation, stress responses and pathogenicity, in organisms as diverse
as Aspergillus nidulans (Han et al., 2004; Lafon et al., 2005; Lafon et al., 2006; Yu, 2006),
the rice blast fungus Magnaporthe grisea (Liu et al., 2007), and the Chestnut blight fungus
Cryphonectria parasitica (Segers et al., 2004). Interestingly, in Arabidopsis thaliana a hybrid
protein has been identified (AtRGS1) containing both 7-TM and RGS domains, and shown
to play an important role in plant cell proliferation (Chen et al., 2003).

Cryptococcus neoformans is a major human fungal pathogen that can infect the central
nervous system to cause meningitis, leading to significant morbidity and mortality
(Casadevall and Perfect, 1998). This fungus has emerged as a model system to study signal
transduction and several major signaling cascades have been identified and well
characterized. In the mating pathway, the receptors Ste3a/a sense pheromones from cells of
the opposite mating type and activate a G protein complex that includes the G protein a
subunits Gpa2 and Gpa3, the Gp subunit Gpbl, and the G-y subunits Gpgl and Gpg2 (Hsueh
et al, 2007; Li et al., 2007a; Wang and Heitman, 1999). Following the activation of Gpa2
and Gpa3, the GB subunit Gpb1 is released to activate the downstream MAP kinase cascade
to trigger mating responses (Hsueh et al., 2007; Li et al., 2007a). One RGS protein, Crgl,
has been identified as a negative regulator of the pheromone response pathway (Nielsen et
al., 2003; Wang et al., 2004). Cells lacking Crgl are hypersensitive to mating pheromones
and produce abundant conjugation tubes in confrontation assays (Wang et al., 2004).
Recently, we also identified a second RGS protein, Crg2, that plays an important role in
modulating mating (Hsueh et al., 2007).

In addition to the pheromone response pathway, the Gpal-cAMP signaling pathway has also
been discovered to play a central role in virulence of C. neoformans (Alspaugh et al., 1997;
D'Souza et al., 2001; Lengeler et al.,, 2000; Pukkila-Worley and Alspaugh, 2004; Wang and
Heitman, 1999). In this pathway, multiple receptors may be involved in activating the
downstream Ga protein Gpal. In turn Gpal governs the production of the secondary
messenger CAMP and activation of protein kinase A (PKA) to promote melanin and capsule
production and thereby control virulence. The Gpal-cAMP cascade also influences mating.
Gpr4 has been identified as one receptor for the cAMP pathway, and shown to promote
capsule production and mating, but not to be important for virulence in a murine inhalation
model (Xue et al.,, 2006). Recently, Gib2 was identified as a G subunit that interacts with
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both Gpal and the G-y subunits Gpgl and Gpg2 to form a G protein complex (Palmer et al.,
2006). But how the Gpal G protein signal is modulated in this pathway was unclear.

In this study, we show that Crg2 physically interacts with Gpal. Unlike Crgl, mutation of
CRGZenhances cAMP production in response to glucose. Our results provide additional
evidence showing that the RGS protein Crg2 is not only a negative regulator of the
pheromone response pathway, but also of the Gpal-cAMP signaling pathway controlling
virulence of C. neoformans. Thus, we hypothesize that Crg2 could serve as an interface
regulating the activities of these two parallel signaling pathways that coordinately evoke key
developmental transitions leading to mating or pathogenicity.

Material and methods

Strains, media and growth conditions

C. neoformans strains used in this study are listed in Table 1. crg2 gpal and crg2 gpr4
double deletion mutants were generated by crossing individual mutants and screening the
progeny basidiospores isolated by micromanipulation. Strains were grown at 30°C on yeast
extract-peptone-dextrose (YPD) agar medium and synthetic (SD) medium. V8 medium
(pH=5.0) was used for mating assays. MS medium was used for mating and sporulation
assays and prepared as previous described with modification (Xue ef a/., 2007). In a one-liter
volume, 100 ml 10x basal salt mixture (Sigma M5524) was mixed with 40 grams of agar
and the pH was adjusted to 5, and 1 ml of 1000x vitamin mixture (Sigma M7150) was added
after autoclaving. Niger-seed medium was used to test for melanin production. Dulbecco
modified Eagles (DME) medium for assessing capsule production was prepared as
previously described (Bahn et a/., 2004). All other media were prepared as described
previously (Alspaugh et al., 1997; Bahn et al., 2005b; Granger et al., 1985)

Disruption of the CRG2 gene and construction of a crg2 + CRG2 complemented strain

The crgZnull mutant was generated in the congenic C. neoformans serotype A MATa
(H99) and MATa (KN99a) strains by overlap PCR as previously described (Davidson et al.,
2002). The 5" and 3’ regions of the CRGZ2 gene were amplified with primers JH14775/
JH14776 (see Supplemental Table 1 for primer sequences) and JH14777/JH14778 from H99
or KN99 genomic DNA, and the dominant selectable markers (Nat" or Neo") were amplified
with the M13 primers (M13F/M13R) from plasmid pNATSTM#209 or pJAF1 (Fraser et al.,
2003), respectively. The CRGZ2 gene replacement cassette was generated by overlap PCR
with primers JH14775/JH14778, precipitated onto 600-ug gold microcarrier beads (0.8 um;
Bioworld Inc, Dublin OH), and strains H99 or KN99a were biolistically transformed as
described previously (Davidson et al., 2000). The same crgZ2 gene replacement cassette was
also used to transform the crgZ mutant to generate crgl crgZ2 double mutants. Stable
transformants were selected on YPD medium containing nourseothricin (100 mg/L) or G418
(200 mg/L). To screen for crg2 mutants, diagnostic PCR was performed by analyzing the 5’
junction of the disrupted crg2alleles with primers JH14774/JH8994. Positive transformants
identified by PCR screening were further confirmed by Southern blot analysis.

To construct the crg2+ CRGZ2 complemented strains, H99 genomic DNA containing the
entire CRG2gene and 1.5-kb 5’ promoter region and 0.6-kb 3” untranslated region (UTR)
was amplified with primers JH17832/JH17833 and sequence verified. A crg2 mutant was
transformed with an overlap PCR product containing the 3.7-kb CRGZ2PCR fragment and
the NEO gene via biolistic transformation. The ¢crg2+ CRGZ2 complemented strain was
selected from transformants containing the full-length CRGZ2 gene.
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A similar strategy was employed to generate CRGZ expression strains expressing either a
CRGZallele lacking the TM domains or in which the TM domains are replaced by the Rasl
CAAX motif. The genomic fragment containing CRGZ promoter and a CRGZ allele with the
TM domains truncated was amplified with primers JH17832/JH20163. The 3’ UTR of
CRGZwas amplified with primers JH20164/JH17833. To generate the CRGZallele
containing the CAAX box, the CRGZallele and 3° UTR were PCR amplified with JH17832/
JH20165, and JH20166/JH17833, respectively. The expression cassettes were amplified
with primers JH17832/JH12954 in an overlap PCR to combine the CRGZallele, 3’ UTR,
and NEO marker. All PCR products were sequence verified, and used to transform crg2
gene deletion mutants. Stable transformants were selected and single colony purified. The
expression of CRGZ2transcripts was verified in a Northern blot assay.

To generate crg2 crg3 double mutants, spores were dissected from an a crg2x a crg3
genetic cross. Progeny were screened for double mutants via PCR with JH14779/JH14780
(crg2) and JH14786/JH14787 (crg3). Positive double mutants were confirmed by Southern
blot.

Assays for melanin and capsule production

Melanin production was assayed by inoculating C. neoformans strains into 2 ml YPD liquid
medium, and incubating overnight at 30°C. 5 pl of each overnight culture was placed on
Niger seed agar medium. The agar plates were incubated at 30°C or 37°C for two days, and
pigmentation of fungal colonies was assessed.

To examine capsule production, 5 pl of overnight cultures were inoculated onto DME agar
medium or with 10 mM cAMP or 4-10% CO» and incubated at 30°C or 37°C for 3 days.
The high CO5 condition was generated in an anaerobic container (Scientific Devices, IL)
with a CO, gas pack (BD Bioscience, MD). Capsule was visualized with India ink staining
and observed with a 100x Zeiss Axioskop 2 equipped with an AxioCam MRM digital
camera (Carl Zeiss, Thornwood, NY). Quantitative measurement of capsule size was
performed as described previously (Zaragoza et al.,, 2003) by measuring the diameters of the
capsule and the cell using Axio Vision 4.2 software (Carl Zeiss, Thornwood, NY). The
relative capsule diameter (100(Dw — Dc)/Dw, where Dw indicates the diameter of the cell
plus capsule and Dc indicates the diameter of the cell only) was statistically compared
between each mutant and wild-type strains by the student’s t-test (P values of <0.05 were
considered as significant).

Assays for mating and cell fusion

In a mating assay, C. neoformans cells of opposite mating type were homogenized and co-
cultured on V8 or MS agar medium at 25°C in the dark for several days and filamentation
was examined by light microscopy. For confrontation assays, cells of two strains were
grown in parallel lines on filamentation agar (FA) plates or V8 plates at a distance of 2to 5
mm, and incubated at room temperature for 10 days in the dark.

Cell fusion efficiency was measured by mixing 2 x 108 cells of two strains. 5 pl culture
suspension was inoculated onto V8 agar medium (pH=5.0) and incubated for 24 h at room
temperature in the dark. Four replicate plates were prepared for each of the three cell
mixtures. Cells were then harvested and resuspended in 1 ml dH,0 and 200 pl of the
suspension (~10° total cells) was plated onto YPD medium containing nourseothricin (NAT)
and G418. The number of colonies formed on YPD containing both NAT and G418 were
counted on each plate. The cell fusion efficiency between H99 and KN99a was scored as
100%, and the cell fusion efficiency of crg2 mutants was calculated relative to wild type.
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Overexpression of the CRG2 gene

The CRGZ gene genomic ORF was amplified using primers JH18786/JH18787, and cloned
into vector pXL1 between the Fsel and Pacl sites to generate plasmid pDX112, in which
CRGZis under the control of the constitutively expressed promoter from the GPDI gene.
All constructs generated are confirmed by sequencing. Wild type strains H99 and KN99a,
and gpal, pkal, and pdel phosphodiesterase mutant strain were transformed with plasmid
pDX112, and overexpression of the CRGZ2 gene was confirmed by RNA expression based
on Northern blot analysis.

Generation of the GPA1 dominant active allele

The GPA1 dominant active allele (GPA19254L) corresponding to GPAZP30L in S,
cerevisiae, was introduced by overlap PCR using primers JH12497/JH12500 and JH12498/
JH12499. The overlap PCR product was amplified with primers JH12497/JH12498 and
cloned into the integrating vector pPRCD83 (Davidson et al., 2002), generating pDX10. This
expression construct was sequence verified, linearized with the enzyme Notl, and then
introduced into the wild-type strain H99 through biolistic transformation to generate
dominant active strains. This construct was also used to transform the ¢rg2 mutant to
evaluate the epistatic relationship between Gpal and Crg2. Strains generated were
confirmed by Southern blot.

Assays for cCAMP production

CcAMP assays were conducted as described previously (Xue et al., 2006). Briefly, a single
colony of each C. neoformans strain was inoculated into 10 ml of YPD liquid medium and
incubated for 24 h at 30°C with shaking. Cells were collected and washed twice with dH,0,
once with MES buffer (10 mM MES, 0.5 mM EDTA), and resuspended in 20 ml MES
buffer. 15 pl of diluted cells (ODgqg = 2.0) were incubated for 2 h at 30°C for glucose
starvation. 1 ml of cells was filtered through a wet Millipore filter on a vacuum manifold
(pore size 0.45 micron, HVLP02500) for the 0 time point. 1.5 ml of 20% glucose was added
to the remaining 14 ml of cell suspension. 1 ml was removed and filtered at 30 sec, 1 min,
and 3 min. At each time point, filters were immediately removed, placed into Petri-dishes
containing 1 ml of formic acid solution (9.2 ml of 100% formic acid, 190.8 ml dH,0, and 50
ml butanol), and agitated for 1 h to lyse cells on a table-top orbital shaker. Cell suspensions
were spun down and the supernatants were transferred to fresh tubes and lyophilized. Pellets
were resuspended in 400 pl of assay buffer and 100 pl was used for each sample. cCAMP
concentrations were determined using the cAMP Biotrak Enzyme immunoassay (EIA)
system (Amersham, Piscataway NJ) and normalized to the wet weight of the cells.

Protein-protein interaction assays using the yeast two-hybrid system and split-ubiquitin

system

Yeast two-hybrid interaction assays were performed as described (Osman, 2004). The CRG2
partial cDNA lacking the transmembrane regions was cloned into the bait vector pGADT7
and the prey vector pGBKT?7, respectively. The full length GPAI cDNA was cloned into
plasmid pGBKT7. All inserted cDNA sequences were confirmed by sequencing. Both bait
constructs and prey constructs were co-transformed into yeast strain PJ69-4A.

Transformants growing on medium lacking histidine and adenine were considered positive
interactions and were further confirmed and quantified by p-galactosidase enzyme activity
assays using Chlorophenolred-B—D-galactopyranoside (CRPG; Calbiochem, San Diego, CA)
as substrate as described previously (Idnurm and Heitman, 2005).

The split-ubiquitin system was also utilized to investigate the interaction between Gpr4 and
Crg2. Vectors and yeast strains were those included in the DUALmembrane Kit 2
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(Dualsystem Biotech, Switzerland). GPR4 full-length cDNA was cloned into yeast
expression vector pPCCW (the N-terminal half of the ubiquitin Cub protein was fused to the
C-terminus of Gpr4), or pNCW (Cub was fused to the N-terminus of Gpr4), respectively.
CRGZfull-length cDNA was cloned into the pDSL-XN vector (the mutated C-terminal half
of ubiquitin NubG protein was fused to the Crg2 N-terminus). All cDNA sequences were
confirmed by DNA sequencing. Cub and NubG fusion constructs were co-transformed into
host yeast strain NMY32. Two constructs, pAl-Alg5 and pDL2-Alg5, express a fusion of the
endogenous ER protein Alg5 to the Nub portion of yeast ubiquitin. pAl-Alg5 contains a wild
type Nub that interacts with the Cub portion of the ubiquitin from the bait vectors, and
serves as a positive control. pDL2-Alg5 contains a Nub portion bearing an isoleucine to
glycine mutation that prevents nonspecific interaction with the Cub portion from bait
vectors, and serves as a negative control. Interaction was determined by the growth of yeast
transformants on medium lacking histidine or adenine, and also by measuring p-
galactosidase activity.

In vitro binding assay between Crg2 and Gpal

The Crg2-polyHistidine fusion construct was generated by cloning the CRGZ partial cDNA
(1-909 nt) lacking the transmembrane regions into vector pRSET-C (Invitrogen, Carlsbad,
CA), between the BamHI and EcoRI sites. The Gpal-GST fusion construct was generated
by cloning the GPAI cDNA into vector pGEX-KG (provided by Dr. Jin-Rong Xu), between
the BamHI and EcoRl sites.

For protein expression, £. coli BL21 (DE3) cells expressing Crg2—-6x His or GST-Gpal or
GST alone (pGEX-KG) were grown to an ODggg= 0.5 and induced with 1 mM IPTG. After
4 hr, cells were collected and washed once with TBS and once with lysis buffer (50 mM
HEPES [pH 7.6], 150 mM NaCl, 10 mM MgCl,, 1 mM EDTA, 1 mM EGTA, protease
inhibitor cocktail (Calbiochem), and 0.5 mM PMSF). Cells were resuspended in lysis buffer
and incubated on ice for 30 min. Resuspensions were spun down and supernatants were used
as extracts.

In vitro binding between Crg2 and Gpal was performed using the ProFound™ Pull-down
GST protein kit (Pierce, Rockford, IL). Briefly, 60 pg protein extracts containing GST-Gpal
or GST alone extracts were incubated with GDP (50 uM) alone, GTP-yS (50 uM) alone, or
GDP (50 uM), AICl3 (30 uM), and NaF (10 mM) for 30 min at 25°C. 50 pl glutathione-
sepharose beads were equilibrated with 400 pul washing buffer for 5 times. Beads were span
1250 g x 30 sec each time. Pretreated protein extracts were incubated with glutathione-
sepharose beads at 4°C. After 1 hr, beads were washed 2 times with 400 pl washing buffer.
60 pg of His-Crg2 crude extract was added and incubated with GDP (50 pM) alone, GTPyS
(50 uM) alone, or GDP (50 uM), AICl3 (30 pM), and NaF (10 mM) for 2 hr at 4°C with
gentle shaking. After precipitation, beads were washed 5 times with washing buffer. Bound
proteins were boiled and separated by SDS-PAGE and Western blotted with anti-His
(Sigma, St. Louis), or anti-GST antibodies (Sigma, St Louis).

Virulence study

Yeast strains were grown at 30°C overnight and cultures were washed twice with 1x
phosphate-buffered saline (PBS), and resuspended at a final concentration of 2 x 106 CFU/
ml. Groups of 10 female A/Jcr mice (NCI/Charles River Laboratories) were intranasally
infected with 10° yeast cells of each strain as previously described (Cox et al., 2000).
Animals that appeared moribund or in pain were sacrificed by CO» inhalation. Survival data
from the murine experiments were statistically analyzed between paired groups using the
long-rank test using the PRISM program 4.0 (GraphPad Software, San Diego, CA) (P values
of <0.001 were considered significant).
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Histopathology and organ fungal burden

Infected animals were sacrificed at 7, 14, and 21 days post-infection, respectively. Infected
lungs were isolated and fixed in 10% formalin solution, and sent to the AML laboratory for
section preparation (AML Labs, Inc. Rosedale, MD). Tissue slides were stained with
hematoxylin and eosin (H & E), and examined by light microscopy. Infected lungs were also
isolated and homogenized using a homogenizer in 1x PBS buffer. Resuspensions were
diluted and 50 pl of each dilution was spread on Niger seed medium and colonies were
determined after 3 days incubation at 30°C.

Scanning Electron Microscopy

Results

Mating between crg2 mutants were performed on MS medium and incubated at room
temperature in the dark for 2 weeks. The mating plate containing mating filaments was fixed
with 0.1 M Na cacodylate buffer (pH 6.8) containing 3% glutaraldehyde by flooding the
entire dish for 24 hrs at 4°C. The plate was washed with 0.1 M Na cacodylate buffer (pH
6.8), and areas of interest were excised into 1 mm3 blocks from the cultures, and incubated
in the fixation buffer for several weeks at 4°C. Samples were then rinsed in three 30-minute
changes of cold 0.1 M Na cacodylate buffer, and post-fixed in 2% osmium tetroxide in 0.1
M Na cacodylate buffer for 2.5 hrs at 4°C before being viewed by SEM.

Three proteins contain RGS domains in C. neoformans

Three genes encoding proteins containing RGS domains were identified in the Cryptococcus
genome (Loftus et al.,, 2005). One, Crgl, is a functional homolog of Sst2 in S. cerevisiae,
has both a DEP and an RGS domain, and functions as a negative regulator of Gpa2 and
Gpa3 to regulate the pheromone response pathway (Li ef al., 2007a; Nielsen et al., 2003;
Wang et al., 2004).

Two other putative RGS proteins, Crg2 and Crg3, contain additional functional domains
besides the RGS domain. Crg2 has three transmembrane (TM) domains at its C-terminus,
indicating that it may be integrally membrane associated. Crg3 also contains TM domains at
the N-terminus, as well as a PXA domain and a PX domain, similar to RgsC, an RGS
protein from A. nidulans (Figure 1). The PXA domain is known to associate with PX
domains, a novel Pl (phosphoinositide)-binding domain (Zheng et al., 2001). This study
focuses on the functions of the Crg2 protein.

Crg2is important for sexual spore formation and involved in Gpal-cAMP signaling

A previous study revealed that both Crgl and Crg2 are negative regulators of the pheromone
response pathway. They play in part a redundant role in mating regulation, yet crgZ and crg2
mutant phenotypes differ (Hsueh et a/., 2007). Although pheromone gene expression is
highly induced in both c¢rgZ and crgZ mutants, Crgl and Crg2 have distinct expression
patterns under different induction conditions. While CRGI expression is only induced
during mating or in a gpa3 mutant when grown on V8 mating medium, and is not expressed
in wild type or gpal or gpaZ mutant backgrounds, the CRGZ2 gene is constitutively expressed
under the same growth conditions based on previous study, indicating Crg2 could have a
broader role than Crgl (Hsueh et a/., 2007).

Although crg2 mutations increase dikaryotic mating hyphae production, similar to crgz
mutations, they confer a different response in a confrontation assay. The confrontation assay
is used to detect the response and sensitivity of a Crypfococcus strain to pheromone. When
yeast cells sense pheromone from cells of the opposite mating type, conjugation tubes are
produced and grow towards the source of pheromone. Cryptococcus neoformans var.
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neoformans wild type strains produce robust conjugation tubes in this assay, but var. grubii
wild type strains typically do not. While crgZ mutants in the var. grubiibackground are
hypersensitive to pheromone and produce abundant conjugation tubes after 10 days of
incubation in a confrontation assay, no conjugation tubes were produced by confronting crg2
mutants, similar to wild type strains, indicating that crgZ mutants are more sensitive than
crg2 mutants or wild type cells to pheromone (Figure 2A).

The mating efficiency of crg2 mutants was quantified by scoring colony forming units
(CFU) in a cell fusion assay. At 30°C, a. crg2 x a crg2 cell fusion efficiency was reduced to
~43% of the efficiency of wild type strains. Colonies formed by dikaryon or diploid fusion
products in a crg2x a crg2 mutant mating were smaller and formed extensive filaments at
early time points, while wild type cells produced large colonies with shorter peripheral
filaments (Figure 2E). We also analyzed the mating of the crgZ crg2 double mutant; very
interestingly, instead of showing any additive or synergistic enhancement of mating filament
production, two independently generated crg crg2 double mutants (CDX114 and CDX115)
exhibited a mating defect and only produced sporadic short dikaryotic mating hyphae in a
bilateral cross (Figure 2B), whereas both produced more abundant mating filaments in
unilateral crosses with wild type (data not shown). crg3 mutants have also been generated,
but no obvious phenotype in mating, capsule or melanin production has been observed (data
not shown). We also generated crg2 crg3 double mutants and observed no significant
additional phenotype compared to crg2mutants (Figure 6D and data not shown). Thus, the
functions of the Crg3 protein remain to be established.

Crg2 contains three transmembrane (TM) domains at its C-terminus. To examine the
potential function of these TM domains, we generated a CRGZallele in which the TM
domains were deleted and a CRGZallele in which the TM domains were replaced by the
Cryptococcus Rasl CAAX membrane anchor motif. These CRGZalleles were expressed in
a crgZ mutant background under the control of the CRGZ native promoter. Neither allele
rescued the phenotype of ¢rg2mutants and these strains also produced enhanced mating
hyphae, similar to ¢rg2mutants. But in strains expressing the full length CRG2 gene, mating
efficiency was restored to the level of wild type strains (Figure 2B and Figure S2). These
results indicate that the TM domains are important for the proper function of Crg2.

Besides increased dikaryotic mating filament production, a significant sporulation defect
was also observed in a unilateral mating between a crg2 mutant and a wild type strain or a
bilateral mating between two crg2 mutants (Figure 2B and C). Based on both light
microscopy and scanning electron microscopy, basidia in a x a wild type crosses are
decorated with four long spore chains whereas a ¢rg2 x a crg2 mutant crosses yield
predominantly four spores on each basidium. In some cases, basidia produced by a crg2x a
crg2 crosses were decorated with five spores. In some cases, basidia produced by a crg2x a
crg2 crosses were decorated with five spores. In some cases these appeared to emerge from
five rather than the typical four points on the basidium surface, suggesting that Crg2 could
play a role in regulating both the efficiency of sporulation and bud site selection for spore
emergence. In addition, the spore length was elongated in the crg2 mutants and the shape of
the distal spore tip was irregular and less rounded compared to wild type (Figure 2C). A
normal pattern of nuclear localization (dikaryons with two paired nuclei per cell) was
observed in hyphae produced in the a. crg2x a crg2 mating based on nuclear staining,
similar to mating of wild type strains, excluding the possibility that the filaments are the
result of monokaryotic fruiting in crg2 mutant crosses (Figure 2D). The observed
sporulation defect is similar to unilateral mating of strains expressing the dominant active
allele GPA19?54L hased on a previous study (Xue et al., 2006). A strain that expresses the
GPA19284L gllele in a gpal mutant background was generated to investigate the Gpal-
cAMP signal pathway. In a unilateral mating between this Gpal dominant active strain and

Mol Microbiol. Author manuscript; available in PMC 2013 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xue et al.

Page 9

wild type, sporadic mating filament production with significantly reduced spore formation
was observed (Xue et al., 2006). Here we generated strains expressing GPAI9?%4L in a wild
type strain background and found they exhibit similar mating defects (Figure 2B). This
observation prompted us to investigate whether Crg2 also regulates Gpal in addition to its
established role in regulating Gpa2 and Gpa3 (Hsueh et a/., 2007).

In the strains expressing GPAI9264L the basal level of cAMP production was over 10-fold
higher than wild type strains (Figure 3). The defect in sporulation might be caused by the
extremely high level of internal cAMP production in GPA19254L expressing strains. This
connection suggested ¢rg2 mutants might also have higher cAMP levels. The cCAMP level
was indeed found to be significantly higher in the crg2 mutant strain compared to wild type.
Compared with the over 10-fold higher cAMP level produced in the Gpa1Q284L strain, the
crg2 mutant strain showed ~2-fold increased basal cAMP levels compared to wild type, and
it remained responsive to glucose induction (Figure 3). These results suggest that Crg2 plays
a negative role in cAMP signaling, consistent with the hypothesis that Crg2 stimulates
turnover of Gpal-GTP. A crg3mutant strain produced cAMP at wild type levels, indicating
Crg3 may not be involved in Gpal-cAMP signaling (Figure 3). We also tested the cAMP
level in ¢rg2 crg3 double mutants under glucose induction, and no significant difference
compared to crgZsingle mutants was observed, indicating that there is no functional
redundancy between Crg2 and Crg3 on cAMP signaling regulation (Figure 3). cAMP
production was also measured in a crgZ crg2 double mutant and no functional redundancy
between Crgl and Crg2 was observed (Figure 3). These results suggest that Crgl and Crg3
are not important for Gpal-cAMP signaling regulation.

Crg2 interacts with Ga proteins

These phenotypic studies provide evidence that Crg2 is also a regulator of the Gpal-cAMP
signal pathway. We then tested whether Crg2 regulates this signaling via a direct association
with Gpal. Protein-protein interactions between Crg2 and Gpal, Gpa2, and Gpa3 were
evaluated in the yeast two-hybrid system. To test the potential interactions between Crg2
and G proteins, a truncated CRGZ2 cDNA including the first 909 nucleotides, which excludes
the transmembrane domains, was expressed as the bait construct and a full-length cDNA of
the GPAI gene, the Gpal dominant active allele GPAI9?54L and the Gpal dominant
negative allele GPA1G285A were expressed as the prey constructs. The prey constructs
containing full-length cDNA of GPAZand GPA3were also generated. Our results revealed
that Crg2 interacts with both the wild type Gpal and the GTPase deficient GpalQ284L-
proteins in the yeast two-hybrid assay. No interaction was observed between Crg2 and
GpalC283A \which remains in the GDP-bound conformation (Figure 4A). Interactions
between Crg2 and Gpa2 or Gpa3 were also detected in these yeast two-hybrid interaction
assays as expected based on previous phenotypic analysis (Hsueh et al., 2007). The
phenotypic observations of crg2 mutants that link it to both Gpal-cAMP pathway and
pheromone response pathway suggest the interactions between Crg2 and Ga proteins are
specific and biologically relevant, providing further evidence that Crg2 is a G protein
regulator that coordinates both cAMP and pheromone responsive signaling.

We further confirmed the interaction between Crg2 and Gpal via an in vitro binding assay.
A Crg2-6xHis fusion protein and Gpal-GST fusion protein were expressed in £. coli strain
BL21(DE3), purified, and interaction assays were performed. As shown in Figure 4B, the
Crg2-His protein directly bound to Gpal-GST in the presence of GDP and AlF,", indicating
that the intermediate transition state for nucleotide hydrolysis on Gpal likely mediates its
binding to Crg2. No binding of Crg2 to Gpal-GDP or Gpal-GTPyS was detected. These
results provide further evidence that Crg2 physically and functionally interacts with the
Gpal-cAMP pathway.
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Crg2 was also found to interact with Gpr4, the GPCR that functions upstream of the Gpal G
protein and activates CAMP signaling (Xue ef a/., 2006). Because both Crg2 and Gpr4
contain transmembrane domains, the interaction assay between these two proteins was
carried out in the split-ubiquitin system. Based on prediction of the protein topological
structure, Gpr4 contains a long C-terminal tail localized in the cytosol, while the N-terminus
of Crg2 protein has a cytoplasmic localization. An interaction was only observed when half
of ubiquitin (Cub) was fused to the C-terminus of Gpr4, and the other half of ubiquitin
(NubG) was fused to the N-terminus of Crg2 (Figure 4C). No interaction was detected when
Cub was fused to the N-terminus of Gpr4, or NubG was fused to the C-terminus of Crg2
(data not shown). These results indicate that Crg2, Gpal, and Gpr4d may function as a
protein complex.

Crg2 plays arole in virulence factor development

There are several well-characterized virulence factors in C. neoformans, including melanin,
the polysaccharide capsule, and the ability to grow at mammalian body temperature (37°C).
To understand the potential role of Crg2 in virulence, melanin production and capsule
formation assays were performed as described in materials and methods. Under standard
conditions (Niger seed agar with 0.1% glucose), the levels of melanin produced by wild type
and crg2 mutant strains were similar. But when melanin production was assayed under less
favorable conditions (Niger seed agar with 1% glucose and incubation at 37°C), melanin
production was repressed in wild type cells whereas colonies of crg2 mutants still produced
melanin. These results reinforce the model that Crg2 stimulates turnover of Gpal-GTP and
negatively regulates Gpal-cAMP signaling. Consistent with this model, crg2 gpal double
mutants showed a significant reduction in melanin production, similar to gpal mutants
(Figure 5A). However, strains expressing the Gpal dominant active allele GPA19264L did
not show enhanced melanin production (Figure 5A). The reason for the difference in
melanin production between crg2 mutants and Gpal@284L strains could be because of the
differing levels of cAMP produced. Too much cAMP production inhibits cell melanization,
as previously reported (D'Souza et al., 2001). We tested this hypothesis by conducting the
melanin assay on Niger seed medium containing 1% glucose with or without 1 mM cAMP.
As shown in Figure 6D, additional cAMP indeed inhibited melanin production in wild type
and crg2 mutants, supporting this hypothesis. To elucidate the possibility of functional
redundancy between Crg2 and other RGS proteins in cAMP signaling regulation, melanin
production of crgl crgZ2and crg2 crg3 double mutants was tested and found to be similar to
crgZ single mutants, suggesting that Crgl and Crg3 are not important regulator of melanin
production (Figure 6D).

In capsule formation assays, strains expressing the GPA19254L allele produced larger
capsules compared to wild type. crg2 mutants appeared to produce a slightly larger capsule
size on average compared to the wild type, but this trend did not reach statistical
significance based on the student’s t-test (Figure 5B and C). The difference in capsule size
between the crg2and GPA19264L strains may be also caused by differences in cCAMP levels
in the cells. Yeast cells may require a high concentration of cAMP to induce large capsules
and typically the addition of 10 mM cAMP to DME medium is required to trigger wild type
cells to produce capsule sizes similar to those produced by cells expressing GPA1P264L,
Exogenous cCAMP also triggers larger capsule production in crg2, crg2 gpr4 and crg2 gpal
strain backgrounds, indicating that all of these proteins function upstream of the point of
cAMP action in the signaling pathway. It is also possible that Gpal may have additional
targets that promote capsule production. When cells were incubated in high CO5 conditions
(4 to 10%) during the capsule formation assay, all strains tested also produced large
capsules. Because adenylyl cyclase (Cacl) has been identified as a direct sensor of CO,/
HCOj3™ (Bahn et al., 2005a; Bahn and Muhlschlegel, 2006; Mogensen et al., 2006), the
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capsule results under high CO, conditions further support that Crg2, Gpr4, and Gpal all
function upstream of Cacl (Figure 5B). Capsule sizes in a ¢rg2 gpr4 double mutant were
smaller than wild type, similar to gpr4 mutants. crg2 gpal double mutants showed a similar
defect as the gpal single mutants, consistent with the model in which Crg2 regulates Gpal.
These results also indicate that Crg2 is a negative regulator of Gpal, and plays a modest
albeit detectable effect in virulence factor development. Both crgZ crg2and crg2 crg3
double mutants were also assayed for capsule production and no significant difference was
observed (data not shown).

Crg2 functions upstream of the Gpal Ga protein to regulate cAMP signaling

Further epistasis studies were conducted to understand how Crg2 regulates cAMP signaling.
A CRGZoverexpression allele was introduced into several mutant strains lacking genes
encoding proteins important for controlling cAMP signaling, including the Ga protein
Gpal, protein kinase A Pkal, and the phosphodiesterase Pdel. Overexpressing CRGZin the
gpal and pkal mutant backgrounds did not suppress the mating, capsule, or melanin defect
of these mutants (Figure 6A and B). These results are in accord with Crg2 functioning
upstream of Gpal and Pkal in cAMP signaling. Pdel converts CAMP into AMP, and its
deletion mutation only causes modest effects on capsule and melanin production.
Overexpression of CRGZ2also did not alter padel mutant phenotypes with respect to mating,
capsule production, or melanin production (Figure 6).

The GPA1 dominant active allele (GPA19254L) was also introduced into a crg2 mutant
background. Dominantly activated GPA1 yielded significantly enlarged capsule production
in crg2 mutants, similar to when expressed in a wild type background, suggesting Gpal
functions downstream of Crg2 (Figure 6B). crg2 gpal double mutants exhibit a severe
defect in capsule and melanin production, similar to the gpaZ single mutant, also providing
epistasis evidence that Crg2 functions upstream of Gpal. Gpr4 is a G protein coupled
receptor that activates CAMP signaling via Gpal. ¢rgZ2 gpr4 double mutants produced
smaller capsules, similar to the gpr4 single mutant (Figure 5).

Crg2 positively regulates virulence

The involvement of Crg2 in cAMP signaling prompted us to investigate its possible role in
virulence using a murine inhalation model of systemic C. neoformans infection. Female A/
Jer mice were intranasally inoculated with 10° yeast cells, and animals were monitored
twice daily. All mice infected with wild type strain H99 survived between 18 to 25 days
post-infection, in accord with previous results (Xue et al., 2006). In contrast, both crg2
mutants and the GPA19284L strain showed a significant virulence defect, and animals
infected with either crg2or GPA19284L strains survived between 30 to 50 days post-
infection (Figure 7A). This virulence assay has been repeated three times with three
different independent crg2 mutants (CDX50, CDX51, and CDX111) and three different
independent GPA19264L expression strains (CDX156-2, CDX156-4, and CDX40) with
consistent findings (Supplemental Figure 1).

To understand why the crgZ mutant has a virulence defect, despite the relatively modest in
vitro enhancement in virulence factor development, fungal burdens in organs of infected
animals were examined at 7, 14, and 21 days post-infection. Colony forming units (CFU)
counts and histopathology results indicate that while ¢rg2 mutant strains could still cause
infection in both the lung and brain, cell density and lesion development occurred later and
were less extensive compared to animals infected with wild type or the crg2+ CRG2
complemented strains (Figure 7B and C, and data not shown). Because the regulatory
subunit of protein kinase A, Pkrl, negatively controls virulence and virulence is enhanced
by the activation of Pkal in a pkrI mutant (D'Souza et al., 2001), the virulence attenuation
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in both crg2 mutants and GPA19284L strains was not expected and suggests an alternative
pathway may contribute to regulate virulence (Figure 7B). Defects in other cellular
responses caused by the high level intracellular cAMP in these mutants that ultimately
negatively regulate virulence in vivo are also possible.

Discussion

Crg2 plays important roles in both mating and cAMP signaling

Previous studies indicated that the RGS proteins Crgl and Crg2 play redundant roles in
regulating the pheromone response pathway (Hsueh et a/., 2007). crg2 mutations
significantly enhance dikaryotic mating hyphae production following cell-cell fusion,
whereas crgl mutations enhance conjugation tube formation prior to cell-cell fusion.
Pheromone gene expression was significantly more induced in both ¢rgZ and crg2 mutant
strains compared to wild type under mating conditions. Also, Crg2 directly interacts with the
pheromone receptor Ste3a in the split-ubiquitin yeast two-hybrid system (Hsueh et al.,
2007).

Besides its role in regulating the pheromone response pathway, our results indicate that Crg2
also plays a role in Gpal-cAMP signal transduction. The fact that the CRGZ2 gene is
expressed constitutively under conditions tested, and is not pheromone induced, is another
indication that this RGS protein might have a broader role than Crgl. The higher level of
CAMP produced in a ¢crgZ mutant strain under glucose induction conditions implicates that
Crg2 serves as an important negative regulator of cCAMP signaling. The direct interaction
observed between Crg2 and Gpal provides further evidence that Crg2 is an RGS protein
regulating Gpal Ga protein signaling. We also show by high resolution scanning electron
microscopy (SEM) (Figure 2) that Crg2 plays a key role in promoting sporulation. Basidia in
a x awild type crosses are decorated with four long spore chains whereas a crg2 x a crg?
mutant crosses yield basidia decorated with predominantly only four spores, and in some
cases five. This phenotype is reminiscent of crosses with strains expressing GPA192%4L or
lacking the carbonic anhydrase Can2 (Bahn et al., 2005). Thus, hyperactive PKA signaling
(via crgZor dominant active Gpal) or inhibition of PKA signaling (reduced cyclase
activation in can2 mutants) impairs the production of long spore chains that normally occurs
via mitotic division of post-meiotic nuclei.

It is not unprecedented that a single RGS protein can regulate multiple signal pathways.
Rgsl in M. grisea has recently been found to regulate all three G protein a subunits, controls
important developmental events during asexual and pathogenic development, and physically
interacts with all three Ga subunits (MagA, MagB, and MagC) (Liu et al., 2007). Rgs1
regulates MagA during pathogenesis and MagB during asexual development. In humans,
RGS4 has been shown to interact with both Ga,j and Gayg, but not with Gas or Ga.1, (Huang
etal., 1997). In A. nidulans, three G proteins and five RGS proteins have been identified. In
addition to FIbA, which regulates the FadA G protein (Lee and Adams, 1994; Yu, 2006),
RgsA regulates the second Ga subunit GanB (Han et a/., 2004) based on genetic analysis.
The functions of three other RGS proteins remain to be understood (Yu, 2006), and it is still
unclear whether there is crosstalk between these G protein signaling pathways through the
regulation of RGS proteins. It is likely that similar G protein regulation paradigms also exist
in other ascomycetous and basiomycetous fungi that remain to be investigated.

As a negative regulator of the Gpal protein, crg2 mutants would be hypothesized to exhibit
similar phenotypes compared to cells expressing the Gpal dominant active allele
GPA19254L nterestingly, while crg2 mutants showed enhanced melanin production when
incubated in a less favorable induction condition, such as Niger seed medium containing 1%
glucose, they did not show a striking phenotype in capsule production, in contrast to
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GPA19284L expressing strains that have somewhat reduced melanin production and
significantly enlarged capsule size. Capsule production in crg2 mutants was not statistically
significantly larger compared to wild type cells (Figure 5C). The phenotypic differences
between crg2 mutants and GPA19284L expressing strains in melanin and capsule production
could be caused by the different basal level of cAMP production in these two different strain
backgrounds. GPA19284L expressing strains have around 10-fold higher basal CAMP level
compared to wild type strains, whereas ¢rg2 mutant strains have a more modest 2-fold
increased level of cCAMP compared to wild type (Figure 3). The reason for this may be that
in the Gpal dominant active strain, all Gpal molecules are locked in the GTP state, whereas
in the crg2 mutant background a more limited pool of Gpal-GTP accumulates because of
continual spontaneous GTP hydrolysis by Gpal. The difference in level of GTP-bound Gpal
would result in different levels of adenylyl cyclase activity, and in turn affect cCAMP
production.

When 10 mM exogenous cAMP was added to capsule production medium, both wild type
and crg2 mutants produced capsule sizes similar to those induced by GPA19284L indicating
that high cAMP levels may be required for larger capsule production, and ¢rg2 mutants may
lack sufficient cAMP levels to produce enlarged capsules even though the cAMP level is
significantly higher than wild type strains. With respect to melanin production, the strain
expressing the GPAI dominant active allele showed no enhancement, consistent with the
fact that high concentrations of cAMP inhibit melanin production. The negative regulation
of melanin production by high concentrations of cAMP has been well documented. First,
high levels of exogenous cAMP have been found to repress melanin production (D'Souza et
al., 2001). Second, the deletion mutation of the catalytic subunit of PKA (pkaZ) eliminates a
feedback loop that inhibits the activity of adenylyl cyclase (Cacl) and triggers dramatic
elevation of cAMP level, but pkaZ mutants have significant melanin defects (D'Souza et al.,
2001; Hicks et al., 2005). The deletion mutation of the regulatory subunit of PKA, pkr1, also
triggered enlarged capsule and reduced melanin production, consistent with the phenotype
of the GPA19?54L expressing strain. When we tested melanin production on Niger seed agar
containing 1% glucose, addition of cAMP indeed further inhibited melanin production in
wild type, crg2mutants, and GPA19284L expressing strains, but increased melanin
production of gpal mutants (Figure 6). These results provide direct evidence to support our
hypothesis of the effects of CAMP levels on melanin production.

On the other hand, it is also possible there is another layer of regulation for Gpal signaling
besides Crg2, such as additional negative regulators for Gpal Ga protein signaling that
could exist and may contribute to inactivation of Gpal signaling. Crgl and Crg3 are likely
not important for regulation of cAMP signaling based on our studies of ¢rgl crg2and crg2
crg3double mutants. Recently, a fourth RGS protein has been found (Dr. Thomas Wilkie,
personal communication), but its function remains to be investigated. It will be interesting to
see whether this new RGS protein is also involved in Gpal Ga protein regulation.

Crg2, Gpr4, and Gpal form a protein complex to control cAMP signaling

Our epistasis analysis supports the hypothesis that Gpr4, Crg2, and Gpal function as a
protein complex to control cAMP signaling (Figure 8). Gpr4 has been discovered as an
amino acid receptor that regulates Gpal-cAMP signaling (Xue et a/., 2006). gpr4 mutants
exhibit defects in capsule and mating, but no significant melanin difference was observed.
crg2 gpr4 double mutants produced a level of melanin similar to crgZ2single mutants. They
also showed a reduction in capsule size, similar to that caused by the gpr4 mutation. A crg2
gpal mutant exhibited the phenotypes of gpaZl single mutants, consistent with the conclusion
that Crg2 is a regulator of Gpal.
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A direct interaction between Crg2 and Gpal was observed in the yeast two-hybrid assay and
in vitro protein binding assays. A direct interaction between Crg2 and the Gpr4 receptor was
also observed in the split-ubiquitin system. A previous study also demonstrated that Gpr4
interacts with Gpal (Xue et al., 2006). Our results support the conclusion that these three
proteins can form a protein complex. The interaction results suggest that Crg2 participates in
two different G protein complexes: Crgl, Crg2, Ste3, Gpa2, and Gpa3 form protein
complexes to regulate mating and monokaryotic fruiting, while Crg2, Gpal, and Gpr4 form
a protein complex to regulate CAMP signaling. These results support models in which Crg2
participates in regulation of both Gpal-cAMP and pheromone signaling and may serve as a
molecular interface between these two central signal transduction modules. Interactions
between the RGS protein Sst2 and the pheromone receptor Ste2 have been reported in S.
cerevisiae (Ballon et al., 2006), but there is no published data indicating that a dynamic
interaction between RGS proteins and receptors also occurs in other G protein regulated
pathways, such as the cAMP signaling pathway. Our findings suggest that the formation of
protein complexes is more common than appreciated and may function to precisely control
the activation and regulation of G protein signaling.

Crg2 plays a positive role in virulence

Strikingly, in the virulence assay using a murine inhalation model, both strains expressing
the GPA192%4L jllele and crg2 mutants exhibited attenuated virulence, even though crg2
exhibited a moderate increase in melanin production, and GPA192%4L strains produced
larger capsules. We tested the growth rate of both strains at body temperature (37°C) and
found they had similar growth rate as wild type strains H99 and KN99a. In vivo analysis
indicated that crg2 mutants can still cause infection and lesion development, but infection
progressed more slowly compared with wild type infection.

Previous studies in Cryptococcus revealed that intracellular ;CAMP binds to the protein
kinase A regulatory subunit Pkrl and promotes the release of the catalytic subunits Pkal and
Pka2 to activate downstream transcription factors (Bahn et a/., 2004; D'Souza et al., 2001,
Hicks et al., 2004; Hicks et al., 2005; Wang and Heitman, 1999). The virulence results from
crg2 mutants and GPA19284L strains were unexpected because pkrZ mutants, which trigger
high PKA activity, are hypervirulent (D'Souza et a/., 2001). There are several possibilities
on how Crg2 and Gpal are involved in virulence regulation based on our results. One
possible explanation is that cells with a high internal CAMP level are more sensitive to stress
responses and thus exhibit altered fitness in the host environment, outweighting the impact
of increased PKA activity. rgs2mutants in S. cerevisiae show a reduction in thermo-
tolerance (Versele et al., 1999). We tested the heat resistance and the osmotic stress
resistance of crg2 mutants, but no significant differences were observed for both stress
responses comparing to the wild type (data not shown). Additional tests of other host-related
stress factors are necessary to evaluate this model in further detail. The enlarged capsules in
vivo may also impede the dissemination of yeast cells.

In addition to the Ga protein Gpal positively regulating virulence and mating via CAMP-
PKA signaling pathway, it may also negatively regulate virulence via an unknown signaling
pathway, independent of the Cacl-cAMP-PKA signaling cascade, that also partially inhibits
mating. This model can explain our earlier observations why wild type and gpal crosses
respond differently towards exogenous cAMP stimulation. When 1 mM cAMP is added to
V8 mating medium, both wild type and gpal dikaryotic mating hyphae production were
stimulated, while addition of 10 mM cAMP inhibits wild type mating but further induces
gpal mating. To test this model, expression of the GPAI9?%4L allele in the pkrl mutant
background should help dissect the existence of this additional signaling branch, which is
beyond the scope of this study. It is also possible that consistent release of By subunits in a
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Gpal1Q284L mutant could trigger additional signaling events. Finally, recent studies reveal
that the pheromone response pathway is also important for regulating virulence (Chang et
al., 2003; Nielsen and Heitman, 2007), and the interactions between Crg2 and Gpa2 and
Gpa3 may also alter virulence without a direct involvement of virulence factors (Figure 8B).

A more complicated signhaling system than in S. cerevisiae

The functions of both RGS proteins in S. cerevisiae have been studied and provide a model
for RGS regulation of both the pheromone response and cCAMP pathways (Ballon ef al.,
2006; Versele et al., 1999). In this organism, Sst2 functions as a negative regulator of Gpal
to control mating, while Rgs2 plays a role in the regulation of cAMP signaling via Gpaz2.
There is no indication that any RGS protein promotes cross talk between these two
pathways. Compared to this simple model in S. cerevisiae, our results uncovered a more
complicated scenario of G protein signaling in C. neoformans. Two RGS proteins, Crgl and
Crg2, play related but distinguishable roles in regulation of pheromone responses via two
Ga proteins, Gpa2 and Gpa3, while Crg2 also enables cross talk with Gpal-cAMP signaling
(Figure 8A). S. cerevisiae has been developed as a very useful model system, but in many
cases, the information obtained from studies in S. cerevisiae can not be directly translated to
other systems. Our studies on GPCRs, G proteins, and RGS proteins (Hsueh et al., 2007;
Xue et al., 2006) indicate that the signal transduction pathways in C. neoformans are more
complicated than in S. cerevisiae, further indicating the importance of directed studies to
understand this human pathogen and its interaction with the host and environment. Also
most fungi studied have at least three Ga proteins and more than two RGS proteins,
suggesting the outcome of these studies may provide an expanded model for understanding
G protein signaling in other organisms.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel. RGSproteinsin fungi

A schematic of RGS domain proteins in S. cerevisiae (Sst2 and Rgs2), C. albicans (CaSst2),
S. commune (Thnl), C. neoformans (Crgl, Crg2, and Crg3), A. nidulans (FIbA, RgsA,
RgsB, RgsC, and GprK), and Arabidopsis thaliana (AtRGS1). Names of different domains
are indicated. DEP, domain found in Dishevelled, Egl-10, and Pleckstrin; RGS, regulator of
G protein signaling domain; TM, transmembrane domain; PXA, PX association domain;
PX, Phox homology domain, a novel PI (phosphoinositide)-binding domain.
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Figure 2. crg2 mutations enhance filamentation but reduce sporulation in mating

A) Confrontation assay of wild type (H99 and KN99a), crg (YPH276 and PPW196), and
crg2 (CDX50 and CDX51) mutant strains on V8 medium. Two opposite mating type strains
were inoculated on V8 medium in parallel at a distance of 2-5 mm. Conjugation tubes were
only observed with crg x crg1 after 7 days incubation in the dark at 25°C. B) Mating
filament production and sporulation. Matings were performed on V8 medium or MS
medium. Mating results on V8 medium (upper panel), mating structures at 40x
magnification (middle panel), and 400x magnification (lower panel) were photographed
after 2 weeks of incubation in the dark at 25°C. Bar, 20 uM. C) Matings were performed on
MS medium and incubated in the dark at 25°C for 10 days. The edge of mating cultures
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from both wild type (H99 x KN99a) and crg2 mutants (CDX50 x CDX51) were fixed and
viewed by SEM at two different magnifications, 2500x (upper panel) and 75000x (lower
panell). Bar, 5 uM. D) Nuclei were stained with 4’-6-Diamidino-2- phenylindole (DAPI).
Two nuclei were observed in each cell in the mating filaments of both wild type a x aand
crg2 x crgZ2 mutant crosses. Bar, 5 uM. D) Cell fusion assays were performed for both wild
type (H99 x KN99a) and crg2 mutants (CDX50 and CDX51) at 30°C. In each experiment,
the percentage of cell fusion products relative to the wild type cell fusion (100%) was
calculated by averaging results from duplicated plates from three independent experiments.
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Figure 3. Crg2 negatively regulates cAM P production in response to glucose

The wild type strain H99, crg2 (CDX50), crg3 (CDX52), GPA1984L (CDX156), crgl crg2
(CDX115), and crg2 crg3 (CDX193) strains were starved for glucose for 2 hr, 1 ml of cell
culture for each strain was extracted, and cAMP levels were measured at the indicated time
points after glucose re-addition. Each data point and error bar indicates the mean and
standard error for three independent measurements.
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A) Crg2 interacts with both Gpal and a Gpal dominant active mutant in the yeast two-
hybrid interaction assay. The first 910 bp of the CRG2 cDNA was fused with the activation
domain (AD), while the full-length cDNA of GPA1 and GPA19%54L was fused with the
binding domain (BD). Both fusion constructs were introduced into the yeast host strain
PJ69-4A and colonies grown on SD medium without tryptophan and leucine were tested on
medium also lacking histidine and adenine. B-galactosidase enzyme activity was measured
for each strain. B) The interaction between Crg2 and Gpal was verified in an /in vitro
binding assay. Both Crg2-His fusion protein and Gpal-GST fusion protein were expressed
and purified from E£. coli strain DL21 (DE3). Gpal-GST protein extract was mixed with
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glutathione agarose to immobilize the Gpal-GST protein. Crg2-His protein extract was
added to the washed Gpal-GST-agarose and the in vitro binding assay between the two
tagged proteins was performed by incubating at 4°C for 1 h in the presence of NaAlF and
GDP, GTP+yS, GDP, or no nucleotide. After washing the agarose, protein mixtures were
eluted and loaded on SDS-PAGE gel. Western blot was performed with His antibody (upper
panel) and GST antibody (bottom panel). C) Interactions between Crg2 and Gpr4 were
observed in the split-ubiquitin system. The C-terminal half of ubiquitin (Cub) was fused to
the C-terminus of Gpr4 cDNA (Gpr4::Cub). The N-terminal half of ubiquitin (NubG) was
fused to the N-terminus of Crg2 cDNA (NubG::Crg2). Gpr4::Cub interaction with the
control vector pAl-Alg5 served as a control to ensure the correct topology of the Gpr4::Cub
fusion protein. Gpr4::Cub interaction with the empty vector pDSL-NX and pDL2-Alg5,
NubG::Crg2 interaction with empty vector pCCW served as negative controls, and pAl-
Alg5 interaction with pCCW-AIg5 served as a positive control. p-galactosidase activity
assays were performed to further verify the interactions. Each number in units was averaged
from two independent experiments.
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Figure5. Melanin and capsule production increase in crg2 mutants

A) Melanin production was assayed on Niger seed media containing 0.1% of glucose (upper
panel), or 1% glucose (lower panel). Melanin levels produced by the strains tested on these
two media were photographed after incubation for 3 days at 37°C. B) Capsule formation was
assayed under three different conditions. Cells were incubated at 37°C on DME medium
(upper panel), DME medium containing 10 mM cAMP (middle panel), and DME under 4 to
10% CO», conditions (lower panel). Capsule production was visualized by India ink staining
after growth on these media for 3 days. Bar, 10 um. C) Quantitative measurement of the
relative capsule diameter under standard conditions (See materials and Methods). Each data
point and error bar indicates the standard error of the mean for more than 50 cells. Statistical
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analysis was performed based on a student’s t-test. * indicates statistical significance
(P<0.05).
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Figure 6. Crg2 functions upstream of Gpalin CAMP signaling regulation

A) Mating assays for the following strains were cocultured on MS medium for 7 days in the
dark at 25°C and photographed. H99 x KN99a, a. pkal (JHK7) x apkal (JKH74), a gpal
('YSB83) x KN99a, a pdel (JKH63) x KN99a, a Pgpp;-CRGZ (CDX154) x KN99a, a
PGPDJ-CRGZP/(:?.Z (CDX186) X aPGPDJ-CRGZpkaJ (CDX187), a Pgpp-CRG2 gpal
(CDX188) x KN99a, a Pgppi-CRGZ pdel (CDX189) x KN99a. B) capsule production was
visualized by India ink staining after growth on DME medium for 3 days. The following
strains were used in this assay; H99, a gpal (YSB83), a pkal (JHK7), a pdel (JKH63), a
Pepp1-CRG2 (CDX154), a Pgppi1-CRGZ gpal (CDX188), a PGPDJ-CRGZ,D/(H_Z
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(CDX186), a Pgppi-CRGZ pdel (CDX189). C) Melanin production was assayed on Niger
seed media. The same set of strains as in B) were used for melanin assays. Plates were
incubated at 37°C. D) Melanin production was assayed on Niger seed media containing 1%
glucose and without (upper) or with (lower) addition of 1 mM cAMP. H99, crgZ (CDX50),
gpal (YSB83), Pgppi-CRG2 (CDX154),Pgppi-GPA19?84L(CDX156-2), crgl crg2
(CDX115), and crgZ2 crg3 (CDX193) strains were used in this assay. Plates were incubated
at 30°C. Melanin levels produced by the strains tested in panels C and D were photographed
after incubation for 3 days.
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Figure 7. Crg2 regulatesvirulencein a murineinhalation model

A) Female A/Jcr mice were intranasally inoculated with 10 cells of the following strains:
wild type (H99), crg2 mutant (CDX50), crg2 + CRGZ complemented strain (CDX112), and
GPA19254L overexpression strain (CDX156-2). Animals were monitored for clinical signs
of cryptococcal infection and sacrificed at predetermined clinical end points that predict
imminent mortality. The crg2mutant and the GPA19284L expression strain are both
significantly reduced virulence compared to wild type strain H99 (P<0.001). The crg2 +
CRGZ complemented strain is also significantly more virulent than the ¢rg2 mutant
(P<0.001). The virulence difference between the crg2 mutant and the GPA192%L strain is
not significant (P=0.0177). B—C) Progression of crgZ2infection in vivo. Lungs from animals
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infected with ¢rgZ2 mutant and wild type were isolated at 7, 14, and 21 days post-infection.
H&E stained slides were prepared from lung cross sections and visualized by light
microscopy. Colony forming units (CFU) were also measured in lung homogenates (C).
Each data point and error bar indicates the standard error of the mean for values from three
animals.
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Figure 8. Model for the involvement of Crg2in G protein complex regulation

(A) In this model, the Gpr4 receptor activates Gpal and Crg2 functions as an RGS protein
regulating Gpal inactivation. Crg2, Gpal, and Gpr4 form a functional protein complex.
Gib2 and Gpgl function as By subunits that interact with the Gpal Ga subunit to govern
Gpal-cAMP signaling. Upon activation, the expression of Gpa2 is induced, and Gpa2
controls signaling by binding and releasing the Gpy subunits. The active form of Gpa2 also
plays a positive role in pheromone response that leads to mating, whereas the activated form
of Gpa3 inhibits mating. Both Crgl and Crg2 interact with the pheromone receptor Ste3 and
the Ga subunits Gpa2 and Gpa3, and function to constrain Gpa2 and Gpa3 signaling by
stimulating GTPase activity. (B) Three possible models on how Crg2 may be involved in the
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control of virulence. Model 1, crg2 mutants and GPAI9254L expressing strains overproduce
intracellular cAMP, which causes yeast cells to become more sensitive to stress responses
than wild type and thus exhibit altered fitness in the host environment and overwhelm the
impact of Pkal activity. Model 2, the Ga protein Gpal also activates an alternative
downstream signaling cascade in addition to the Cacl-cAMP-Pkal signaling cascade, and
this alternative target inhibits virulence and mating. Gpal activates both targets to maintain
yeast cells in dynamic balance between virulence and mating. Model 3, interactions between
Crg2 and Gpa2 and Gpa3 could also contribute to virulence.
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Table 1

C. neoformans strains used in this study
Strain Genotype Sour ce/r eference
H99 MATa (Perfect et al., 1993)
KN99%a MATa (Nielsen et al., 2003)
YPH276 MATa crgl.NAT This study
PPW196 MATa crgl-:URAS5 (Wang et al., 2004)
YSB83 MATa gpal:NAT (Bahn et al., 2004)
YSB85 MATa gpal:NEO (Bahn et al., 2004)
JKH7 MATa pkal=URA5 (Hicks et al., 2004)
JKH74 MATa pka::URA5 (Hicks et al., 2004)
JKH63 MATa pdel:NAT (Hicks et al., 2005)
CDX40 MATa gpal=URAS5 Pgpp;-GPA1?5L (Xue et al., 2006)
CDX50 MATa crg2:NAT This study
CDX51 MATa crg2:NAT This study
CDX111 MATa crg2:=:NEO This study
CDX112 MATa crg2=:NAT CRG2:NEO This study
CDX114 MATa crgl=URA5 crg2:NAT This study
CDX115 MATa crgl=NAT crg2=:NEO This study
CDX118 MATa crg2:=NEO gpal:=NAT This study
CDX119 MATa crg2:NAT gpal:NEO This study
CDX122 MATa gpr4=NAT crg2:=:NEO This study
CDX123 MATa gprd::NAT crg2:NEO This study
CDX153  MATa gpal=URA5 Pgpp;-GPA19%5 This study
CDX154  MATa Pgpp;-CRG2:NEO This study
CDX155  MATa Pgpps-CRG2:NEO This study
CDX156-2  MATa Pgpp;-GPAI1OIL This study
CDX156-4  MATa Pgpp;-GPA195L This study
CDX159 MATa crg2=:NAT CRG2:NEO This study
CDX173 MATa crgl=NAT crg2:NEO This study
CDX174 MATa crgl=NAT crg2:=:NEO This study
CDX180 MATa crg2=:NAT CRG2:NEO This study
CDX181 MATa crg2:NAT CRG2:NEO This study
CDX182 MATa crg2=:NAT CRG2-TM:NEO This study
CDX183 MATa crg2:NAT CRG2-TM:=:NEO This study
CDX184 MATa crg2=:NAT CRG2-TM+CAAX=NEO  This study
CDX185 MATa crg2:NAT CRG2-TM+CAAX=NEO  This study
CDX186  MATa pkal:URA5 Pgpp;-CRG2:NEO This study
CDX187  MATa pkal=URA5 Pgpp;-CRG2:NEO This study
CDX188  MATa gpal+:NAT Pgpp;-CRG2:NEO This study
CDX189 MATa pdel=:NAT Pgpp;-CRG2:NEO This study
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Strain Genotype Sour cefr eference
CDX190  MATa crg2=NAT Pgpp;-GPAIO%4L This study
CDX191  MATa crg2:NAT Pgpps-GPA1C%L This study
CDX192 MATa crg2=:NAT crg3:NEO This study
CDX193 MATa crg2:=NAT crg3:NEO This study
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