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The localization and specialized function of Ras-like proteins are largely determined by posttranslational processing events. In a
highly regulated process, palmitoyl groups may be added to C-terminal cysteine residues, targeting these proteins to specific
membranes. In the human fungal pathogen Cryptococcus neoformans, Rasl protein palmitoylation is essential for growth at
high temperature but is dispensable for sexual differentiation. Rasl palmitoylation is also required for localization of this pro-
tein on the plasma membrane. Together, these results support a model in which specific Ras functions are mediated from differ-
ent subcellular locations. We therefore hypothesize that proteins that activate Ras1 or mediate Ras1 localization to the plasma
membrane will be important for C. neoformans pathogenesis. To further characterize the Rasl1 signaling cascade mediating
high-temperature growth, we have identified a family of protein S-acyltransferases (PATs), enzymes that mediate palmitoyl-
ation, in the C. neoformans genome database. Deletion strains for each candidate gene were generated by homogenous recombi-
nation, and each mutant strain was assessed for Ras1-mediated phenotypes, including high-temperature growth, morphogene-
sis, and sexual development. We found that full Ras1 palmitoylation and function required one particular PAT, Pfa4, and
deletion of the PFA4 gene in C. neoformans resulted in altered Ras1 localization to membranes, impaired growth at 37°C, and

reduced virulence.

-palmitoylation involves the reversible attachment of palmitic

acid moieties to proteins. This process of posttranslational
modification is catalyzed by the protein S-acyltransferase (PAT)
enzymes through the thioesterification of a cysteine side chain
group. By the addition of this hydrophobic palmitoyl group, pro-
teins often become associated with membranes. However, in con-
trast to constitutive protein modifications such as prenylation,
palmitoylation is often regulated and reversible, allowing for
dynamic changes in patterns of subcellular protein localization
(1,2).

PAT genes were first identified in the budding yeast Saccharo-
myces cerevisiae as the enzymes responsible for the palmitoylation
of Ras2 (Erf2) and yeast casein kinase (Akrl) (3, 4). The PAT
family is characterized by several molecular features, including
multiple transmembrane domains, as well asa DHHC motif (Asp-
His-His-Cys) within an approximately 50-amino-acid cysteine-
rich domain (CRD) (5). Seven PAT family members have now
been identified in yeast, while 24 of these proteins have been iden-
tified in mammals. Interestingly, nine PATs have been associated
with human disease ranging from neuropsychiatric conditions
such as Alzheimer’s and Huntington’s disease to developmental
conditions (Golz syndrome) and cancer (6).

Unlike other types of lipidation, such as prenylation or N-my-
ristoylation, there is no specific consensus sequence for protein
palmitoylation. Therefore, simple bioinformatic prediction of
palmitoylated proteins has been challenging. However, a compre-
hensive analysis of palmitoylated proteins in yeast found that
there were conserved features among many of the cysteine resi-
dues that are likely to undergo this type of modification: most are
located near prenylated/myristoylated residues, most are sur-
rounded by basic or hydrophobic amino acids, and many lie in the
cytoplasmic regions of membrane-spanning proteins (7).

Lipidation of proteins by palmitoylation mediates membrane
localization. The importance of protein localization on function
has been extensively explored, especially for Ras-like proteins. In
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mammalian cells, palmitoylation of Ras dictates not only localiza-
tion to particular membranes, such as the Golgi complex, plasma
membrane (PM), and microdomains within the PM, but also
downstream signaling from Ras (8, 9). In the fission yeast Schizo-
saccharomyces pombe, two distinct Ras protein signaling programs
are largely determined by palmitoylation and localization of Rasl
on different cellular membranes (10).

In C. neoformans the Rasl (CnRasl) protein is required for
pathogenesis, morphogenesis, and sexual differentiation. Re-
cently, we demonstrated that palmitoylation and subsequent
plasma membrane attachment of Rasl are essential for the main-
tenance of normal morphology and pathogenicity. However, pro-
tein palmitoylation does not appear to be required for other Ras-
related phenotypes such as mating and hyphal differentiation
(11).

To elucidate the PAT responsible for C. neoformans Rasl pal-
mitoylation, we have identified seven genes predicted to encode
DHHC motif-containing proteins. Targeted deletion of most of
these genes does not affect Ras-dependent cellular functions.
However, the pfa4A mutant shares some phenotypic similarities
with an ras]A mutant, such as impaired growth at 37°C and atten-
uated virulence. Moreover, PM association of a green fluorescent
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TABLE 1 C. neoformans strains

Palmitoylation in C. neoformans

TABLE 2 C. neoformans genes

Source or

Strain Genotype reference
H99 MATo 44

KN99a MATa 45
CBN336 MATo rasl::neo 11

CBN96 MATo pHIS3-GFP-RASI-nat 11
CBN116 MATo pHIS3-mCherry-RAS1-neo 46
CBN167 MATa pHIS3-GFP-ras] 2932045 _p g4 11
CBN134 MATo akrl:neo This study
CBN198 MATo pfa3::neo This study
CBN124 MATa pfa5::neo This study
CBN201 MATa pfad::neo This study
DPG1 MATo erf2::neo This study
JLCN437 MATo cku80::neo 16

SKC7 MATo cku80::neo cpt6::nat This study
CBN414 MATa cpt7::neo This study
CBN389 MATa pfa3::neo pfad::neo This study
CBN403 MATa pfa3::neo pfad::neo This study

pHIS3-GFP-RASI-nat
CBN255 MATa pfad::neo This study
KMP1 MATo erf4::neo This study
CBN324 MATa pfad::neo pPFA4-nat This study
CBN241 MATa pfad::neo pHIS3-GFPRASI-nat This study
CBN370 MATo pHIS3-mCherry-RASI1-neo This study
pHIS3-GFP-PFA4-nat
CBN451 MATa pHIS3-mCherry-PFA4-neo This study

@ ras] ©2035C2045 the C203S and C204S substitutions encoded by the rasI gene.

protein (GFP)-Rasl fusion protein is altered in the pfa4A mutant
strain compared to that in the wild type, and palmitoylation of
Rasl is reduced in this mutant background. We also found that
Pfa4 was required for Rasl-independent phenotypes, indicating
that this protein clearly has other targets than Ras proteins. Also,
our genetic and biochemical analyses suggest some degree of over-
lapping functions among the PATs in C. neoformans, underscor-
ing the importance of this process in the growth, differentiation,
and virulence of this microbial pathogen.

MATERIALS AND METHODS

Strains and media. C. neoformans strains used in this study are listed in
Table 1. Strains were maintained on YPD (yeast extract, peptone, dex-
trose) medium (12). To analyze cell morphology in response to temper-
ature stress, strains incubated overnight in liquid YPD cultures with shak-
ing were diluted 1:10 in fresh YPD medium and incubated at either 30°C
or 37°C with shaking for either 4 h or 24 h prior to imaging. To examine
chitin morphology in response to temperature stress, samples were col-
lected and resuspended in phosphate-buffered saline (PBS) containing 25
pg/ml of calcofluor white and incubated for 10 min. To analyze growth
sensitivity in response to temperature and cell wall stress, strains incu-
bated overnight in shaking YPD cultures were serially diluted and spotted
onto YPD plates prepared with the indicated concentrations of Congo
red, calcofluor white, SDS, and caffeine (per Fig. 4 legend). To examine
mating morphology, strains of opposite mating types were mixed together
in water and then spotted onto MS mating medium plates (13). Cocul-
tures were incubated in the dark prior to imaging.

Molecular biology. C. neoformans genes identified in this study are
listed in Table 2. To generate C. neoformans PAT deletion mutants using a
dominant selectable marker, three-piece PCR overlap extension was used
to replace the AKRI, PFA3, PFA5, and PFA4 open reading frames with the
neomycin (neo) resistance cassette to generate strains CBN134 (akrl:
neo), CBN198 (pfa3::neo), CBN124 (pfa5::neo), and CBN201 (pfa4::neo)
(14). The cpt7:neo and cpt6::nat constructs were generated using three-
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GenBank accession no.

Gene name(s) Locus tag Chromosome Protein

CPT1/AKRI CNAG_00436 CP003828.1 AFR97092.1
CPT2/PFA3 CNAG_02481 CP003825.1 AFR95354.1
CPT3/PFA5 CNAG_04849 CP003829.1 AFR97366.2
CPT4/PFA4 CNAG_03981 CP003821.1 AFR93481.1
CPT5/ERF2 CNAG_00274 CP003820.1 AFR92407.2
CPT6 CNAG_06862 CP003824.1 AFR94617.2
CPT7 CNAG_04167 CP003828.1 AFR96897.1
ERF4 CNAG_05730 CP003825.1 AFR95328.2

piece In-Fusion HD cloning (Clontech). The erf2::neo deletion construct
was generated by split-marker double-joint PCR (15). These constructs
were used to generate mutant strains DGP1 (erf2::neo), SHC7 (cpt6::nat),
and CBN414 (cpt7:neo). All of the PAT mutant strains except for SHC7
were generated in the type H99 background. We were not able to readily
generate a cpt6::nat deletion mutant strain in the H99 strain, instead re-
quiring a strain with a deletion of CKUS80. Ku80 is required for nonho-
mologous end joining, and deletion of CKUS80 increases homologous re-
combination in C. neoformans (16). The PFA4 gene was subcloned into
the nat resistance plasmid pCH233 and transformed into the pfa4::neo
mutant strain CBN201 to create a PFA4 reconstituted strain (CBN324).
Deletion strains and the PFA4 reconstituted strain were confirmed by
PCR, Southern blot analysis, and reverse transcription-PCR (RT-PCR).

To examine the localization of the Pfa4 protein, the PFA4 gene and
terminator sequence were amplified by PCR from wild-type C. neofor-
mans genomic DNA and subcloned into the nat resistance plasmid pCN19
containing GFP under the HIS3 promoter and the neo resistance plasmid
pCN52 containing mCHERRY under the HIS3 promoter (11).

Genomic integration of the PAT deletion constructs, PEA4 reconsti-
tution construct, and epitope-tagged constructs was performed using the
biolistic transformation method as described previously (17, 18).

Microscopy and imaging. Differential interference contrast (DIC)
microscopy and fluorescent images were captured with a Zeiss Axio Im-
ager Al fluorescence microscope equipped with an AxioCam MRM dig-
ital camera. Images were acquired and analyzed by ZEN (black edition)
software (Zeiss). High-resolution fluorescent images were captured using
a GE DeltaVision Elite deconvolution microscope equipped with a Cool-
Snap HQ2 high-resolution charge-coupled-device (CCD) camera. Im-
ages were acquired and analyzed by softWoRx software (GE). Images were
colorized and converted to JPEG format by ImageJ (Fiji) software (19).

Golgi apparatus localization. The green-emitting fluorescent stain
C6-NBD-ceramide  (6-{N-[(7-nitrobenzo-2-oxa-1,3-diazol-4-yl)amino]-
caproylsphingosine}) (Invitrogen) was used to visualize the Golgi appa-
ratus. C6-NBD-ceramide has been used to visualize the Golgi complex in
yeasts, including S. cerevisiae and C. neoformans (20, 21). Wild-type cells
expressing red fluorescent protein (mCherry)-tagged Rasl (mCh-Rasl;
CBN116) and mCh-Pfa4 (CBN451) were grown overnight in YPD me-
dium, diluted 10-fold, and grown for 4 h at 30°C. Cells were fixed in 3.7%
formaldehyde for 10 min, washed three times in PBS, and incubated from
4 h to overnight in 5 uM NBD C6-ceramide.

Palmitoylation assay. We developed a modified version of the acyl-
biotinyl switch assay developed by Wan et al. (22) to assess the palmitoyl-
ation status of C. neoformans Ras1 (11). Briefly, wild-type and pfa4A mu-
tant strains expressing GFP-RASI were grown overnight in YPD medium
to an optical density at 600 nm (ODy,) of 1.0. Twenty-milliliter samples
were centrifuged and resuspended in 0.5 ml of lysis buffer containing 10
mM N-ethylmaleimide (NEM; Thermo Scientific) and 2X protease in-
hibitors (Complete Mini, EDTA-free; Roche). After lysis, protein concen-
tration was equalized using Precision Red (Cytoskeleton), and the sam-
ples were processed as previously described (11) with the exception that
GFP-Trap resin (ChromoTek) was used to precipitate GFP-Rasl in the
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control samples. Bound proteins were eluted from NeutrAvidin resin
(palmitoylated Rasl; ThermoScientific) and GFP-Trap resin (control
Rasl) into 30 pl of 5X Laemmli sample buffer and analyzed by Western
blotting.

Comparative quantification of Ras1 palmitoylation in the pfa4A mu-
tant strain compared to that of the wild type was performed by densito-
metric analysis of digitized Western blot signals using Image] (Fiji) soft-
ware (gel analysis function) (19). Quantified Western blot signals for
palmitoylated Rasl were normalized to total Rasl signal for each sample
and expressed as a percentage of the value for the wild-type strain.

Western blot analysis. Samples were heated to 95°C for 4 min, and
half of each sample (15 pl) was loaded and separated on a NuPAGE 4 to
12% Bis-Tris gel (Invitrogen) using morpholinepropanesulfonic acid
(MOPS) running buffer. Samples were electrophoretically transferred to
Invitrolon polyvinylidene difluoride (PVDF) membrane (Invitrogen).
The membrane blot was blocked with Starting Block T20 (Pierce) for 1 h,
incubated with anti-GFP antibody (1/1,000 dilution; Roche) for 1 h,
washed three times for 10 min each with Tris-buffered saline plus Tween
(TBST), incubated with an anti-mouse peroxidase-conjugated secondary
antibody (1/50,000 dilution; Jackson Laboratory), and washed three times
for 10 min each with TBST. Reactive proteins were detected by enhanced
chemiluminescence (ECL Prime Western blotting detection reagent; GE
Healthcare).

Animal studies. Using the murine inhalation model of systemic cryp-
tococcosis, we inoculated female A/J (Jackson labs) mice intranasally with
5 X 10° C. neoformans cells as previously described (23). Groups of 10
mice were inoculated with one of three strains: the wild type (H99), pfa4A
(CBN201) mutant, and reconstituted pfa4A/PFA4 (CBN321) strain. Mice
were monitored daily for signs of infection and sacrificed at predeter-
mined clinical endpoints correlating with an imminently lethal infection.
The statistical significance in the difference between the survival curves of
the animals inoculated with each strain was evaluated using a log rank test
(JMP software; SAS Institute, Cary, NC). All studies were performed in
compliance with Duke University institutional guidelines for animal ex-
perimentation.

RESULTS

C. neoformans protein S-acyltransferases. We used two ap-
proaches to identify an Rasl1-specific PAT in C. neoformans. First,
we probed the C. neoformans var. grubii genome database with a
BLAST search for homologs of S. cerevisiae Erf2, the primary pro-
tein S-acyltransferase for S. cerevisiae Ras2 (ScRas2). Second, we
queried the C. neoformans genome databases (Cryptococcus neo-
formans var. grubii H99 Sequencing Project, Broad Institute of
Harvard and MIT [24] and Fungi DB [25]) for proteins predicted
to contain a DHHC domain (Pfam PF01529). Seven sequences
were selected for further analysis and were initially designated
Cryptococcus protein S-acyltransferases (CPT genes) (Table 2; see
also Fig. S1 in the supplemental material). Two of the sequences,
CNAG_04361 (CPT1) and CNAG_03981 (CPT4), have been pre-
viously named AKRI and PFA4 based on similarity to S. cerevisiae
sequences. In a phylogenic alignment and tree construction (26)
comprised of PAT amino acid sequences from C. neoformans, S.
cerevisiae, and Homo sapiens, we also found that Cptl clustered
with S. cerevisiae Akrl and Ark2 while Cpt4 clustered with S.
cerevisiae Pfa4 and human ZDHC6 (see Fig. S2 in the supple-
mental material). Also, three other C. neoformans PATs
(CNAG_02481,CNAG_04849,and CNAG_00274) each clustered
with individual S. cerevisiae PATs (Pfa3, Pfa5, and Erf2). Based on
these data, we redesignated the C. neoformans CPT1 to CPT5 genes
AKRI, PFA3, PFA5, PFA4, and ERF2, respectively, while CPT6
and CPT7 retain their initial designations. However, our func-
tional analysis suggests that, at least in the case of CnPfa4, the C.
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neoformans PATs are not true orthologs of the S. cerevisiae pro-
teins and appear to have overlapping substrates.

We also found that CNAG_03981 (PFA4) did not initially ap-
pear to encode a protein with an intact DHHC domain as pre-
dicted by automated algorithms. However, manual inspection of
likely splice junctions revealed errors in automated intron-exon
border prediction. Amplification and sequencing of the cDNA
associated with this gene confirmed this misannotation, indicat-
ing that this sequence actually encoded a DHHC domain-contain-
ing protein.

In addition we identified a putative Erf4 homolog in C. neofor-
mans (Table 2). In S. cerevisiae, Erf2 palmitoyltransferase activity
requires Erf4, a nonenzymatic accessory protein (27). This associ-
ation is conserved in mammalian cells, with Gepl6 acting as a
cofactor for the Ras PAT DHHC9 (28).In S. cerevisiae, Erf4 acts to
stabilize Erf2 against degradation and is also involved in stabiliza-
tion of the Erf2-palmitoyl intermediate and transfer of the group
to the substrate protein Ras2 (27). Erf4 and Gcpl6 share a con-
served domain (Erf4 domain; Pfam 10256) that was used to iden-
tify CNAG_02504 in C. neoformans.

Mutation of Pfa4 and Pfa3 results in various temperature
sensitivities. To evaluate the role of these putative protein acyl-
transferases in Ras-related cellular processes, we examined strains
with targeted mutations in each PAT gene, including ERF4. None
of the these genes was essential for growth, and initial phenotypic
testing showed that only the pfa4A mutant strain was temperature
sensitive at 37°C, similar to the rasIA mutant (Fig. 1A). In addi-
tion, the pfa3A deletion strain exhibited a subtle temperature sen-
sitivity at 39°C (Fig. 1A). These results were confirmed by testing
the phenotypes for a subset of these mutants (akr1A, pfa3A, pfadA,
and erf2A strains) that were present in an independent collection
of C. neoformans mutant strains (29).

Strains with rasIA mutations have pronounced morphology
defects in both the yeast and hyphal forms. For the asexual yeast
form, rasl cells are larger than those of wild-type strains, resulting
from defects in cell polarity and actin cytoskeleton dynamics (30).
This cell size difference is noted at 30°C, but it is most apparent at
higher growth temperatures. Among the PAT mutant strains, only
the pfa4A mutant exhibited a temperature-dependent size in-
crease although this was not as dramatic as that of the rasIA mu-
tant strain (Fig. 1B; also data not shown).

To ensure that any phenotypes in the pfa4A mutant strain were
appropriately attributed to this specific mutation, an intact copy
of the PFA4 gene was reintroduced into this mutant strain. The
resulting pfa4A/PFA4 reconstituted strain demonstrated com-
plete restoration of wild-type levels of growth at 37°C, as well as
normal morphogenesis at all temperatures (Fig. 1A).

Rasl localization is impaired in the pfa4A mutant strain. Pal-
mitoylation of Ras proteins promotes plasma membrane localiza-
tion. Previously, we demonstrated that the palmitoylation of
amino acid residue C203 or C204 is sufficient for Rasl function
and localization to the plasma membrane (11). To determine if
Rasl localization was impaired in the pfa4A mutant strain, we
generated a pfa4A mutant strain constitutively expressing a GFP-
Ras] fusion protein. In wild-type cells, GFP-Rasl localizes to the
plasma membrane and endomembrane structures resembling
punctate dots. In the pfa4A mutant there was an overall decrease
in GFP-Rasl1 localization to the plasma membrane in addition to
an increase of punctate dots in some cells (Fig. 2A). The altered
PM association of GFP-Rasl in the pfa4A mutant was even more
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Palmitoylation in C. neoformans

ras1

FIG 1 The pfa4A mutant strain exhibits rasI-like defects at high temperature. (A) Overnight cultures of wild-type (WT; H99), akrIA (CBN134), pfa3A
(CBN198), pfa5A (CBN124), pfa4A (CBN201), erf2A (DPG1), cpt6A (SKC7), cpt7A (CBN414), rasIA (CBN336), and erf4A (KMP1) strains and the reconstituted
pfa4A/PFA4 (CBN324) mutant strain were serially diluted, spotted onto YPD medium, and incubated at 30°C, 37°C, and 39°C for 48 h. (B) Overnight cultures
of the wild-type (H99) strain and rasIA (CBN336) and pfa4A (CBN201) mutant strains were diluted in YPD liquid medium and shifted to either 30°C or 37°C
for 4 h. Cells were imaged (magnification, X100) with DIC optics to assess temperature-dependent alterations in cell size and morphology. Scale bar, 5 pm.

apparent at 37°C, in contrast to observations in the wild-type
strain background that demonstrated equally intense patterns of
GFP-Rasl PM localization at both temperatures (Fig. 2A). We
observed no alteration of GFP-Ras1 localization in the other PAT
mutant strains or in the erf4A mutant strain (data not shown).

In S. cerevisiae, there is a clear overlap of PAT functions. ScRas2
palmitoylation is not completely abrogated in an erf2 mutant
strain (31). Additionally, the yeast PATs Akr1, Pfa2, Pfa4, and Pfa3
each exhibit in vitro PAT activity toward Ras2 (32). To begin to
explore whether other PAT proteins contribute to Ras1 palmitoyl-
ation, we generated a pfa3A pfa4A double mutant. The Pfa3 pro-
tein was chosen for specific inclusion, given its modest but mea-
surable role in thermotolerance. The pfa3A pfa4A double mutant
strain displayed no additive phenotypic changes compared with
the pfa4A mutant in terms of thermotolerance or yeast cell mor-
phogenesis. In addition, localization of GFP-Rasl in the pfa3A
pfa4A double mutant strain was similar to that in the single pfa4A
mutant strain (data not shown).

Rasl palmitoylation is decreased in the pfa4A mutant strain.
In addition to assessing the localization of Ras1 in the pfa4A mu-
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tant strain, we directly assessed the palmitoylation status of Rasl
using a modified version of the acyl-biotinyl switch assay (22). In
this assay, palmitoyl groups are captured by biotinylation, and
relative Ras protein palmitoylation activity can be assessed in dif-
ferent strain backgrounds. In two independent experiments, Ras1
palmitoylation was decreased by 50 and 59% in the pfa4A mutant
compared to the level in the wild type but was not eliminated (Fig.
2B). Similar reductions of Ras1 palmitoylation were observed in
the pfa3A pfa4A double mutant strain (data not shown). These
measurements were consistent with the degree of altered GFP-
Ras1 PM localization observed in each of these strain backgrounds
(Fig. 2A). Together, these results suggest that the Pfa4 protein
serves a major role in the palmitoylation of the CnRasl protein
under these growth conditions.

Rasl and Pfa4 colocalize on endomembrane structures. In
current models, palmitoylation promotes the localization of Ras
proteins from the Golgi compartment to the PM. If Pfa4 functions
as an Ras PAT, we would expect Pfa4 to be localized on endomem-
brane structures (Golgi compartment or endoplasmic reticulum
[ER]) to catalyze the palmitoylation of Rasl. In fact, other yeast
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WT + GFP-RAS1

pfad + GFP-RAST

WT pfa4

s Palmitoylated Ras1

Ras1

FIG 2 Rasl palmitoylation is dependent on Pfa4.(A) Rasl localization to the PM is reduced in the pfa4A mutant strain. The wild-type strain and pfa4A mutant
strain expressing GFP-RASI under the control of the histone H3 promoter (CBN96 and CBN241) were grown overnight in YPD medium, diluted 10-fold, and
grown for 24 h at 30°C or 37°C. Cells were imaged (magnification, X63) using DeltaVision microscopy to assess the pattern and intensity of fluorescent fusion
protein localization. All images were obtained using identical exposure times. Scale bar, 5 pm. (B) Ras1 palmitoylation is reduced in the pfa4A mutant strain. Cell
lysates obtained from the wild-type and pfa4 mutant strains expressing GFP-Rasl (CBN96 and CBN241) were accessed for palmitoylation using a modified
version of the acyl-biotinyl switch assay. Lysate samples were split between experimental samples (top panel) and loading control samples (bottom panel) to
quantify palmitoylated Ras1 and total Ras1 levels, respectively. Proteins in the experimental samples were labeled with biotin and precipitated using NeutrAvidin
beads. In this assay, biotinylation occurs specifically on proteins that contain a free sulfhydryl group generated by hydroxylamine cleavage of a thioester bond
(palmitoylated proteins). GFP-Rasl proteins in the control samples were immunoprecipitated with GFP-Trap resin. Samples were separated by NuPAGE
electrophoresis, transferred to PVDF membranes, and immunoblotted with anti-GFP antibodies. Digital images were assessed using densitometry (Image]) for
signal intensity. Palmitoylated-Ras1 signal was normalized relative to that of total Ras1 signal for each sample. Representative images from multiple independent
experiments are demonstrated. (C) Pfa4 and Rasl colocalize at punctate dots in the cytoplasm. A wild-type strain coexpressing GFP-Pfa4 and mCh-Rasl
(CBN370) was grown overnight in YPD medium, diluted 10-fold, and grown for 4 h at 30°C. Images (magnification, X 100) were taken using the appropriate filter
and merged. Scale bar, 5 pm.
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FIG 3 PFA4is required for pathogenesis in a murine model of cryptococcosis.
A/Jcr mice were intranasally inoculated with the wild-type H99, pfa4A mutant
(CBN201), and pfa4A/PFA4 reconstituted (CBN324) strains. Animal survival
was monitored for 40 days.

Ras PATs localize to the Golgi compartment (S. pormbe) or ER (8.
cerevisiae) (31, 33). To assess the localization of Pfa4, we generated
a GFP-tagged version of this protein. As predicted, we observed
that GFP-Pfa4 localized prominently to distinct punctate regions
in the cytoplasm as well as in the perinuclear region, consistent
with Golgi compartment/ER localization (Fig. 2C).

To probe the association of Pfa4 and Ras1 localization patterns,
we examined the localization of GFP-Pfa4 and mCh-Rasl in a
wild-type strain. C. neoformans Rasl localized primarily to the PM
but also to punctate dots in the cytoplasm and the vacuole, con-
sistent with its predicted progression from endomembranes to the
PM (Fig. 2C) (11). However, mCh-Ras1 was not observed in the
perinuclear region, nor was Gfp-Pfa4 observed at the PM. Instead,
both fluorescent fusion proteins colocalized to the cytoplasmic
punctate structures, consistent with previously reported patterns
of Golgi compartment localization. We also observed larger re-
gions of colocalization in a subset of cells that appeared to be in
vacuole-like regions (Fig. 2C).

To determine the precise sites of Ras1 and Pfa4 colocalization,
we independently examined the localization of mCh-Rasl and
mCh-Pfa4 in fixed cells incubated with the fluorescent Golgi com-
plex stain C6-NBD-ceramide. The C6-NBD-ceramide-stained
Golgi complex strongly colocalized with mCh-Ras1 in punctate
dots in the cytoplasm (see Fig. S3 in the supplemental material).
Additionally, we observed colocalization between mCh-Pfa4 and
C6-NBD-ceramide in a subset of cytoplasmic puncta, suggesting
that a fraction of Pfa4 also localizes to the Golgi compartment (see
Fig. S3 in the supplemental material). Taken together, these data
suggest that Pfa4 exists on several endomembrane structures in-
cluding the ER (perinuclear) and Golgi complex (cytoplasmic
puncta). Additionally, Pfa4 and Rasl colocalize at the Golgi com-
partment to facilitate PM association of the Ras proteins.
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Pfa4 is required for pathogenesis. Impaired growth of C. neo-
formans strains at elevated temperatures often correlates with re-
duced virulence in animal models of cryptococcosis. We therefore
tested the ability of the pfa4A mutant strain to survive and cause
lethal disease in a murine inhalational model of C. neoformans
infection. Female C57BL/6 mice were sedated and inoculated by
the inhalation of yeast cells. The infected mice were monitored for
clinical signs (weight loss or neurological symptoms) consistent
with progressive, disseminated cryptococcal infection. Infections
with the wild-type or pfa4A/PFA4 reconstituted strain resulted in
a similar progression of lethal disease within approximately 3
weeks, with all infected mice demonstrating neurological symp-
toms consistent with meningoencephalitis, the prominent form of
this infection. In contrast, none of the mice infected with the
pfa4A mutant strain succumbed to the infection; these mice con-
tinued to gain weight and appear healthy through the 6-week
course of the experiment with no pulmonary or neurological
symptoms (Fig. 3). Together, these results indicate that the Pfa4
protein is required for the full virulence potential of C. neoformans
and that it is likely required for the establishment of the initial
infection and/or dissemination to the central nervous system.
Therefore, in spite of the presence of multiple genes encoding
putative PATs in the C. neoformans genome, the single Pfa4 pro-
tein is required for full Rasl palmitoylation, high-temperature
growth, and virulence in an animal model of cryptococcal infec-
tion.

The pfa4A mutant strain exhibits rasI-independent associ-
ated phenotypes. Ras! is unlikely to be the only target of Pfa4 in C.
neoformans. In S. cerevisiae, Erf2 has several confirmed substrates,
including Ras2, Rho2, and Gpal (3, 7, 31). Consistent with this
hypothesis, our analysis of the C. neoformans pfa4A mutant strain
revealed several rasl-independent phenotypes. During overnight
incubations at 37°C, pfa4A mutant cells resemble irregular, de-
flated balloons, in contrast to the more uniform, large, unbudded
phenotype of rasIA mutant cells (Fig. 4A). In addition, these cells
stain abnormally with the fluorescent chitin stain calcofluor
white. In both wild-type and rasIA mutant cells, calcofluor white
uniformly stains the cell wall and septa. In contrast, calcofluor
white staining is concentrated in rings and patches over the sur-
face of pfa4A mutant cells when they are grown at 37°C (Fig. 4A).

The pfa4A mutant strain is also sensitive to reagents that per-
turb the cell wall, showing sensitivity to SDS, caffeine, and Congo
red. In comparison, in these assays the ras] A mutant strain exhib-
ited only a slight sensitivity to SDS (Fig. 4B). Taken together with
the unusual morphology of the pfa4A mutant cells, these results
suggest that Pfa4 palmitoylates substrates involved in cell wall
structure and integrity.

Although Rasl is required for sexual differentiation in C. neo-
formans, our previous results indicate that C. neoformans matingis
a palmitoylation-independent process. The Ras1 protein with the
(C203S and C204S substitutions (Ras1<??* 2°45) is unable to un-
dergo C-terminal palmitoylation, and it is restricted to endomem-
branes. However, this palmitoylation-defective mutant rasI strain
fully supports all stages of sexual differentiation in C. neoformans
(11). To further characterize the role of palmitoylation and Ras
protein localization in the mating process, we assessed the local-
ization of the N-terminally tagged Rasl alleles during a mating
reaction and found a dynamic, palmitoylation-independent alter-
ation of Rasl localization in cells undergoing fusion. GFP-Rasl
initially primarily localized to the PM in MATa wild-type cells.
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A) pfa4 mutant cells exhibit abnormal chitin localization. The wild-type (H99) strain and pfa4A

(CBN201) and rasIA (CBN336) mutant strains were incubated overnight in YPD medium, diluted 10-fold in YPD medium, and then grown for an additional
24 hat37°C. Cells were stained with calcofluor white prior to imaging (magnification, X 100) by fluorescence microscopy. Scale bar, 5 um. (B) The pfa4A mutant
strain is sensitive to cell wall stress. The wild-type (H99) strain and pfa4A (CBN201) and rasIA (CBN336) mutant strains were grown overnight in YPD medium,
serially diluted, spotted onto YPD medium containing 1 mg/ml caffeine, 1 mg/ml calcofluor white, 0.5% Congo red, or 0.02% SDS. Plates were incubated at 30°C
for 48 h. (C) Pfa4 is required for mating filament formation and differentiation during sexual development in a dose-dependent manner. Bilateral mating
mixtures were prepared by mixing overnight cultures of MATa and MATa wild-type cells (H99 and KN99a) and MATa and MATa pfa4 mutant cells (CBN201
and CBN255). Mixtures were spotted onto MS mating medium and incubated for 5 days in the dark. Images were taken at the periphery of the mating mixtures

at magnifications of X100 (top panels) and X400 (bottom panels).

However, after several hours of incubation with a MATa mating
partner, the GFP-Rasl localization to the PM was lost, and GFP-
Rasl was instead observed as puncta in the cytoplasm and at the
cell bud (Fig. 5). Interestingly, we observed a similar pattern of
mating-dependent localization of GFP-Rasl in cells expressing
the mutant form of GFP-Ras1“*°*> ©2%%5 that cannot be palmitoy-
lated, consistent with the intact mating phenotype in this strain
(Fig. 5). Previously we found that GFP-Ras12%*% ©2%4% i unable to
localize to the PM and is restricted to the endomembranes of
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nonmating yeast cells. Taken together, these observations suggest
that while the localization of CnRasl during mating is indepen-
dent of palmitoylation, it is very dynamic, moving from the PM to
endomembrane structures and polarizing to the emerging bud.
Interestingly, we observed that Pfa4 is required for mating. The
pfa4A mutant exhibited a significant mating defect when both
partners contained the pfa4 deletion (Fig. 4C, bilateral mating
assay). In these assays very few mating foci were observed, mating
hyphae were short in comparison to those of the wild type, and few
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FIG 5 Rasl is repolarized in a mating-dependent manner. Mating mixtures were prepared from overnight cultures of MATa wild-type cells expressing either
GFP-Rasl (CBN96) or the palmitoylation-defective GFP-Ras1<*%* 245 (CBN167) with wild-type MATa cells (KN99a). Mixtures were spotted onto MS
medium plates in 100-pl aliquots. At regular intervals, cells were scraped off the plate, resuspended in PBS, and examined for GFP-Ras localization. No
fluorescence was detected in wild-type MATa cells (representative cells are marked by asterisks in the DIC image). Top panel, DIC images (magnification, X100).
Middle and bottom panels, fluorescent images (magnification, X 100). Arrowheads specify cells containing GFP-Rasl polarized to emerging buds. Bar, 5 pm.

basidiospores were produced. No defects were observed in unilat-
eral pfa4A mutant mating assays between a pfa4A mutant strain
and a wild-type strain. In comparison, rasIA mutant strains were
unable to undergo cell-cell fusion or form filaments in either uni-
lateral or bilateral crosses (34, 35). These results, together with the
prior observation that rasl palmitoylation mutant strains are
completely mating competent (11), suggest that the mating defect
of the pfa4A mutant strain likely involves the mislocalization of
Pfa4 substrates other than Rasl.

DISCUSSION

Protein palmitoylation is a reversible process, allowing a dynamic
temporal/spatial movement of targeted proteins to various cellu-
lar membranes. In this study, we sought to identify proteins in-
volved in the palmitoylation of C. neoformans Rasl. Similar to
other organisms, C. neoformans contains a family of putative pro-
tein S-acyltransferases identified by a highly conserved DHHC
domain.

Based on sequence analysis and phylogeny, C. neoformans Erf2
is the closest homolog to S. cerevisiae Erf2, the primary Ras PAT
protein in this species. Additionally, S. cerevisiae Erf2 activity is
dependent on Erf4 (3, 31, 33). However, our experiments suggest
that CnPfa4, which is most similar to S. cerevisiae Pfa4, is the
primary PAT for Rasl. C. neoformans erf2A and erf4A mutant
strains do not exhibit any rasi-like phenotypes. In contrast, pfa4A
mutant cells exhibit temperature sensitivity and a temperature-
dependent cell size increase, as would be expected with altered
CnRas]1 function. In addition, the localization of GFP-Ras1 at the
PM was perturbed in the pfa4A mutant but localized normally in
the other PAT mutant strains. Although CnRasl palmitoylation
and PM localization were not completely eliminated in this single-
mutant background, the observed level of reduction of Ras palmi-
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toylation is similar to thatin S. cerevisiae and S. pombe erf2 mutant
strains (31, 33).

S. cerevisiae PATs and PAT substrates fall into groups. For ex-
ample, Erf2 substrates have additional lipid modifications (preny-
lation or myristoylation) that occur prior to palmitoylation. In
contrast, Pfa4 substrates include proteins such as amino acid per-
meases that contain transmembrane repeats (7). Our results dem-
onstrate that Pfa4 in C. neoformans has activity on Rasl, offering a
different paradigm from that in S. cerevisiaze. Whether CnPfa4 has
additional activity on transmembrane protein substrates has yet to
be determined.

Interestingly, S. cerevisiae Pfa4 also has a non-transmembrane
protein target, Chs3 (chitin synthase 3), and palmitoylation of
Chs3 is required for this protein to exit the ER (36). In C. neofor-
mans Chs3 is required for cell wall integrity (37, 38). chs3A and
pfa4A strains exhibit similar sensitivities to cell wall stressors
Congo red, caffeine, and SDS, suggesting that CnPfa4 may func-
tion as a PAT to Chs3 (37). It is possible that PAT substrate spec-
ificity has been altered or expanded in C. neoformans so that Pfa4
serves as the primary PAT for substrates that are targeted by PATs
in other species.

Our characterization of the pfa4A mutant strain identified
rasl-independent phenotypes, including altered susceptibility to
cell wall stress, suggesting additional targets of Pfa4. Both the
rasIA and pfa4A mutant strains have mating defects, but the na-
ture of the altered mating differs between the two strains. The
pfa4A mutant strain has a bilateral mating defect in which both
mating partners must be mutants for mating to be altered. In
contrast, the rasI A mutant exhibits a unilateral mating defect, and
this mating phenotype is independent of palmitoylation (11). In
addition to Ras proteins, S. cerevisiae Erf2 substrates include G-al-
pha proteins such as Gpal and Gpa2 and the G-gamma subunit
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Stel8 (7). In C. neoformans, G-alpha Gpal and G-gamma Gpgl
contain putative palmitoylation sites, and the gpal and gpgl mu-
tant strains exhibit bilateral mating defects similar to those of the
pfa4A mutant strain (39, 40).

Previously our lab demonstrated that Rasl localization to the
PM was not required for sexual differentiation. This was surpris-
ing since many of the signaling molecules involved in mating re-
side on the PM. Here, we observed that Rasl localization shifts
during sexual differentiation from uniform PM localization to
cytoplasmic patches and bud tips in a palmitoylation-indepen-
dent manner. These results provide an explanation of why palmi-
toylation is not required for Rasl mating competence in C. neo-
formans. Through a mechanism distinct from palmitoylation,
Rasl is delivered from the endomembranes to specific sites on the
PM (bud). This shift of localization is not a result of lipid remod-
eling or relocalization of Ras1 within the PM since it occurs even
with completely palmitoylation-defective mutant forms of Ras1.

One of the most striking consequences that we observed
among the C. neoformans PAT mutations was the dramatically
altered virulence of the single pfa4A mutant strain. This virulence
attenuation is likely multifactorial, given the observed defects in
several phenotypes required for survival in vivo. The pfa4A mu-
tant is unable to grow at mammalian body temperature, and sev-
eral C. neoformans mutant strains with altered thermotolerance
are hypovirulent (30, 34, 41, 42). Moreover, the prominent cell
wall alteration in the pfa4A mutant strain also likely contributes to
its reduced virulence. Interestingly, expression of the inducible
virulence-associated phenotypes of capsule and melanin remains
intact with a pfa4A mutation. Together, these data suggest that
Pfa4 is the primary PAT for the C. neoformans Rasl protein and
that compensatory palmitoylation by other PATs is not complete
in the absence of Pfa4. Also, the Pfa4 protein has substrates in
addition to Ras] that mediate cellular processes involved in mat-
ing and cell wall integrity. Therefore, targeting single S-acyltrans-
ferases as an antifungal drug target remains a viable strategy de-
spite the presence of a large family of potentially functionally
related proteins.
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