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Casein kinases regulate a wide range of cellular functions in eukaryotes, including phosphorylation of
proteins that are substrates for degradation via the ubiquitin-proteasome system (UPS). Our previous study
demonstrated that Fbpl, a component of the SCF™®"! E3 ligase complex, was essential for Cryptococcus
virulence. Because the Saccharomyces cerevisiae homolog of Fbpl, Grrl, requires casein kinase I (Yckl and
Yck2) to phosphorylate its substrates, we investigated the function of casein kinase I in Cryptococcus neofor-
mans. In this report, we identified a C. neoformans casein kinase I protein homolog, Cckl. Similar to Fbpl, the
expression of Cckl is negatively regulated by glucose and during mating. cckl null mutants showed significant
virulence attenuation in a murine systemic infection model, but Cckl was dispensable for the development of
classical virulence factors (capsule, melanin, and growth at 37°C). cckl mutants were hypersensitive to SDS
treatment, indicating that Cckl is required for cell integrity. The functional overlap between Cckl and Fbpl
suggests that Cckl may be required for the phosphorylation of Fbp1 substrates. Interestingly, the cckl mutant
also showed increased sensitivity to osmotic stress and oxidative stress, suggesting that Cckl regulates both
cell integrity and the cellular stress response. Our results show that Cckl regulates the phosphorylation of both
Mpkl and Hogl mitogen-activated protein kinases (MAPKs), demonstrating that Cckl regulates cell integrity
via the Mpkl pathway and regulates cell adaptation to stresses via the Hogl pathway. Overall, our study
revealed that Cckl plays important roles in regulating multiple signaling pathways and is required for fungal

pathogenicity.

Cryptococcus neoformans is a major human fungal pathogen
and the causative agent of the often fatal cryptococcal menin-
goencephalitis, which is an AIDS-defining illness. Due to the
medical significance and genetic tractability of C. neoformans,
extensive studies have been conducted on the mechanism of its
virulence. Several signaling pathways important for Cryptococ-
cus virulence have been identified (1, 16, 38). However, fungal
virulence is a complex trait, and additional virulence-determin-
ing mechanisms remain to be discovered.

The SCF (Skpl, Cullins, and F-box proteins) E3 ubiquitin
ligase-mediated ubiquitin-proteasome system (UPS) is a prin-
ciple intracellular mechanism for controlled protein degrada-
tion in eukaryotes and has recently emerged as an attractive
drug target for human diseases, such as cancer (26, 35). Fungal
SCF complexes have been reported to regulate a variety of
cellular functions (17). Our previous studies identified an F-
box protein, Fbpl, that is essential for fungal virulence despite
its dispensability for the development of several classical viru-
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lence factors, including the production of melanin, capsule
formation, and growth at 37°C (21). We hypothesize that Fbpl
may be part of a novel virulence mechanism and could have
potential as a drug target. Identification of the substrates im-
portant for Fbpl-mediated virulence regulation could poten-
tially be the key to understanding the molecular mechanism by
which Fbp1 controls fungal virulence. Because only phosphor-
ylated substrates can be targeted by the E3 ligase for ubiquiti-
nation and degradation, understanding these protein phos-
phorylation processes is important for characterizing the
downstream substrates. Casein kinase I proteins are involved
in the phosphorylation of many E3 ligase substrates, including
the substrates of the well-studied SCF E3 ligase containing the
Grrl protein (SCFS™) in Saccharomyces cerevisiae (18). Two
casein kinase I proteins in S. cerevisiae, Yck1l and Yck2, play
important roles in the phosphorylation of the Grrl substrates
that are involved in glucose sensing (Mthl and Stdl) (27),
amino acid signaling (Stpl, Stp2, and Ptr3) (22, 36), phero-
mone sensing (Ste2) (14), and uracil uptake (Fur4) (24, 25).
Fbpl is a homolog of Grrl, and its expression is also regulated
by glucose (21). Therefore, we predict that a similar substrate
phosphorylation mechanism exists to activate Fbpl-mediated
protein turnover and that the casein kinase I family in C.
neoformans is involved in the phosphorylation of Fbpl sub-
strates for degradation. If so, mutations of casein kinase I
would abolish the phosphorylation of the Fbp1 substrates and
prevent them from being recognized and ubiquitinated by the



1456 WANG ET AL.

SCF*P! E3 ligase. Thus, casein kinase I mutants should ex-
hibit phenotypes similar to those of fbp/ mutants since both
types of mutations would cause the accumulation of Fbpl
substrates. The overlapping phenotypes can be used in genetic
screening for potential substrates of Fbpl. Hence, we decided
to study the function of the casein kinase I proteins in C.
neoformans.

Casein kinase I (CKI) family members are serine/threonine
protein kinases that function as regulators of signal transduc-
tion pathways in eukaryotic organisms from yeast to humans
(18). There are seven CKI family members in human which are
involved in Wnt signaling, circadian rhythms, nucleo-cytoplas-
mic shuttling of transcription factors, DNA repair, and DNA
transcription (4, 32). In fungi, most studies of the casein kinase
I family have been done in S. cerevisiae, where Yck1 and Yck2
share redundant functions in cell morphogenesis, nutrient
sensing, septin assembly, and endocytic trafficking (33, 34).
Deletion of both YCKI and YCK2 is lethal in S. cerevisiae (34).
The Candida casein kinase I protein Yck2 has been found to be
important for the fungus to damage host epithelial cells and
necessary for resistance to cell membrane stress (29). The
Schizosaccharomyces pombe casein kinase I Ckil was reported
to function in the phosphorylation of phosphatidylinositol
4-phosphate 5-kinase to regulate the production of inositol
polyphosphates (37). CKI in Neurospora crassa mediates the
FREQUENCY-dependent phosphorylation of the WHITE
COLLAR complex to close the circadian negative-feedback
loop (13). Despite the importance of the casein kinase I pro-
teins in regulating fungal development, there is no report as yet
on their functions in basidiomycetous fungi.

In this report, we have identified a protein that shares high
sequence identity with both Yckl and Yck2 in S. cerevisiae.
Cryptococcus casein kinase 1 (Cckl) can complement the func-
tion of Yck1/Yck2 (Yck1/2) in an yckl yck2™ mutant, suggest-
ing that it is a bona fide casein kinase I protein. In a murine
systemic infection model, the cckl mutant developed normal
virulence factors but showed attenuated virulence. Our study
found that Cckl is essential for cell integrity and sexual repro-
duction, functions shared by Fbpl. Meanwhile, the cckl mu-
tant also showed additional phenotypes that are not related to
the Fbpl function, indicating that Cckl regulates multiple
downstream targets. Epistasis analysis revealed that Cckl reg-
ulates both the Mpkl mitogen-activated protein kinase
(MAPK) pathway that is known to regulate cell integrity in
fungi and the Hogl pathway that mediates fungal stress re-
sponses. Overall, our results demonstrated that the casein ki-
nase I in C. neoformans regulates a wide range of cellular
functions via multiple pathways. Our study also uncovered a
new layer of regulation for cell integrity and fungal virulence.

MATERIALS AND METHODS

Strains, media, and growth conditions. C. neoformans and S. cerevisiae strains
used in this study are listed in Table 1. Strains were grown at 30°C on yeast
extract-peptone-dextrose (YPD) agar medium and synthetic dextrose (SD) me-
dium. V8 medium (pH 5.0) was used for mating assays. Modified MS medium
(Murashige and Skoog medium) was used for mating and sporulation assays and
was prepared as previously described (43). All other media were prepared as
described previously (1, 12).

Detection of CCKI gene expression using qRT-PCR. We measured CCK/
mRNA levels via quantitative reverse transcription-PCR (qRT-PCR) in cells
grown with or without glucose and throughout the mating process. Cultures of C.
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TABLE 1. Strains used in this study

Strain Genotype Source or reference
C. neoformans

strains
H99 MATo 30
KN99a MATa 28
CUX106 MATao cckl::NEO This study
CUX107 MATa cckl::NEO This study
CUXI111 MATa cckl::NEO CCKI:NAT This study
CUX2 MATo fopl::NEO This study
CUX3 MATa fbpl::NEO This study
CUX130 MATa cckl::NEO fbpl::NEO  This study
CUX131 MATa cckl::NEO This study

mpkl1::NAT-150
CUX132 MATao cckl::NEO pkal::URA This study
KGCN861 MATo mpkl::NAT-150 J. Lodge
LVCNI1073 MATa mpkl::NAT-150 J. Lodge
JKH7 MATa pkal::URAS ura5 15
S. cerevisiae

strains

YSB4742  MATa his3AI leu2A0 ura3A0  ATCC yeast deletion
collection
FM635 MATo yck1-1::URA3 yck2-2* M. Johnston
YUX41 MATa ycklI-1::URA3 yck2-2*  This study
P, pni-GFP::CCKI1

YUX42 MATa ycklI-1::URA3 yck2-2*  This study

P pii-GFP

neoformans var. grubii wild-type (wt) strain H99 were grown overnight on YPD
(2% glucose) or yeast extract-galactose (YPG; 2% galactose) liquid medium at
30°C with shaking. Collected cells were washed with distilled H,O (dH,O),
resuspended in YPD or YPG medium, and incubated for 2 h. Cells collected
from YPD medium were washed with dH,O and resuspended in YPG medium
while cells collected from YPG medium were resuspended in YPD medium.
Both cultures were incubated for 2 h. Total RNAs were prepared from cells with
each treatment, and cDNA was synthesized as described below.

Mating was performed by mixing the H99 and KN99a strains, which were then
cocultured on V8 medium (pH 5.0). Mating mixtures were collected from agar
surfaces using cell scrapers after 6, 24, 48, 72, or 96 h of incubation. Collected
cells were washed with dH,O, and pellets were used for total RNA extraction.
Purified RNAs were quantified using a Nanodrop spectrometer (Thermo Scien-
tific) and used as templates for PCR amplification with primers of the glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) gene to determine potential
genomic DNA contamination. First-strand cDNAs were synthesized using a
Superscript III cDNA synthesis kit (Invitrogen) following the manufacturer’s
instructions. Expression levels of CCK1 and GAPDH were analyzed using SYBR
advantage QPCR premix reagents (Stratagene) with an Mx4000 QPCR system
(Stratagene) as previously described (42). Gene expression levels were normal-
ized using the endogenous control gene GAPDH, and the relative levels were
determined using the comparative threshold cycle (C;) method (23).

Generation of cckl null mutants and their complemented strains. Mutants for
CCK1 were generated in both H99 and KN99a strain backgrounds by overlap
PCR as previously described (6). The 5’ and 3’ regions of the CCKI gene were
amplified from H99 genomic DNA with the primer pair CX322 and CX323 and
the pair CX324 and CX325, respectively (Table 2 gives primer sequences). The
dominant selectable markers (NEO") were amplified with the M13 primers
(M13F and M13R) from plasmid pJAF1 (9). Each target gene replacement
cassette was generated by overlap PCR with primers CX322 and CX325 (Table
2). Purified overlap PCR products were precipitated onto 10 wl of gold micro-
carrier beads (0.6 pm; Bio-Rad), and strains H99 or KN99a were biolistically
transformed as described previously (7). Stable transformants were selected on
YPD medium containing G418 (200 mg/liter). To screen for mutants of the
CCKI gene, diagnostic PCR was performed by analyzing the 5’ junction of the
disrupted mutant alleles with primers CX328 and JH8994 (Table 2). Positive
transformants were identified by PCR screening with primers CX326 and CX327.

To generate complemented strains of cckl mutants, a genomic DNA fragment
that contains a 1.5-kb upstream promoter region, the CCKI ORF, and its 500-bp
downstream region was amplified in a PCR using primers CX336 and CX337.
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TABLE 2. Primers used in this study

Primer Sequence (5'-3") Description or function®
CX5 GTAAAACGACGGCCAG M13F
CX6 CAGGAAACAGCTATGAC MI13R
CX44 GAAATGTCATCGCCTGTGTGCCAA FBPI gqRT-PCR
CX45 TGTCAAACTTGATCCTGCGGAGCA FBPI qRT-PCR
CX374 ATCGCCTCTGAAAACACTCTC HOG1 qRT-PCR
CX375 ACTCCAATCAAACACCTCGG HOGI qRT-PCR
CX411 CTAGCCCGTTACCTCAATCTC CCKI qRT-PCR
CX412 TTTCCCTTGTTCTCCTGGTG CCKI qRT-PCR
CX420 GTATCCTAACGCATCTCCCTTG MPKI1 qRT-PCR
CX421 GGAAACTTCTGACCTCTTCGAG MPKI qRT-PCR
CX49 TGA GAA GGA CCC TGC CAA CA GAPDH qRT-PCR
CX50 ACT CCG GCT TGT AGG CAT CAA GAPDH gRT-PCR
CX322 TCCACCTCCCAAGTCGTCAATG CCKI KO left
CX323 CTGGCCGTCGTTTTACTGAGTGTGGGCGATGCTAGTG CCKI KO left
CX324 GTCATAGCTGTTTCCTGGCCATCTCTGGTACTGATGCTG CCKI KO right
CX325 GCAAAAGAGCTTGCAGGTACAG CCKI KO right
CX326 CTTCCAGCTCGAGCAACATCGT CCKI KO negative
CX327 ACTCACGTCTTTGGGTCTCTGT CCKI KO negative
CX328 CTTCATCTTGCCAAAGGGTCTC CCKI KO positive
CX336 GGTGTAGTAGTGCTTCGTTGTG CCKI complementation
CX337 CTGGCCGTCGTTTTAC CAACCGTAACTTCCACTCATGC CCKI complementation
CX426 GGGGATCCGTCGACCTGCAGCCATGGCTACCACACACGTCATC Yeast expression
CX427 CGGAATTAGCTTGGCTGCAGCTATCGGAAGCAGCCGCAAG Yeast expression
MPK1-A GATCATGGCGATAGGGATAC mpkl mutant screen
MPK1-B CTCTCATCAAGTCATCCTCC mpkl mutant screen
CNACT7 TCCTCTCCTCCGACAACC mpkl mutant screen
JH899%4 TGTGGATGCTGGCGGAGGATA Mutant screen

“ KO, knockout.

This PCR fragment was fused with the nourseothricin resistance (NAT") selec-
tive marker gene at its C terminus in an overlap PCR using primers CX336 and
MI13R. The overlap PCR product was biolistically transformed in MATa cckl
mutant strains. Phenotypic assays were performed to identify transformants in
which the cckl phenotype was complemented.

Assays for virulence factors and cell integrity. Assays for melanin and capsule
production were performed as previously described (21). In brief, melanin pro-
duction was tested on niger seed agar and incubated at 30°C or 37°C for 2 days,
and pigmentation of fungal colonies was assessed and photographed. Capsule
production was induced on Dulbecco modified Eagle’s (DME) agar medium and
incubated at 30°C for 3 days. Capsule size was visualized by India ink staining and
observed with an Olympus CX41 microscope.

To assay for stress responses, each strain was incubated overnight at 30°C in
YPD medium and subcultured in fresh YPD medium to an optical density at 600
nm (ODgq) of ~0.7. The cells were washed, resuspended, and serially diluted
(1:10) in dH,O and spotted (5 wl) on YPD agar plates containing 1.5 M NaCl or
1.0 M KClI for osmotic shock or 2.5 mM H,0O, for oxidative stress. To test cell
integrity, cells were also spotted on YPD agar plates containing 0.05% SDS,
0.5% Congo red, or 20 pg/ml calcofluor white (CFW). Plates were incubated at
both 30°C and 37°C for 2 days and photographed. Trypan blue staining was
performed as previously described (11, 21). The percentages of cells able to take
up dye were calculated by counting at least 500 yeast cells for each strain.

Western blot analyses of Hogl and Mpkl phosphorylation. Each strain was
incubated overnight at 30°C in YPD medium and subcultured in fresh YPD
medium for an additional 2 h. Cultures were then supplemented with 1.0 M
NaCl, 0.05% SDS, or 2.5 mM H,O, and incubated for another 10, 30, 60, or 120
min before they were rapidly frozen in a dry ice-ethanol bath. Protein extraction
was performed as previously described (2). Protein concentrations were deter-
mined by a protein assay kit (Bio-Rad), and equal amounts of protein were
loaded onto a 10% Tris-glycine gel. Separated proteins were transferred to
Immuno-Blot PVDF (polyvinylidene difluoride) membrane (Bio-Rad). Mem-
branes with proteins from NaCl- or H,O,-treated cells were incubated with
primary mouse p38-MAPK-specific antibody (Cell Signaling Technology) for 2 h
and with a secondary anti-mouse IgG horseradish peroxidase (HRP)-conjugated
antibody. Membranes with proteins from cells treated by either SDS or H,O,
were incubated with a phospho-p44/42 MAPK rabbit antibody (Cell Signaling
Technology) for 2 h and with a secondary anti-rabbit IgG HRP-conjugated
antibody. All blots were developed using an ECL Plus Western Blotting Detec-

tion System (GE). Subsequently, every blot was stripped and further used for
detection of actin, with a rabbit beta-actin monoclonal antibody (Genscript) as a
loading control.

Virulence studies and fungal burden in infected organs. Groups of 10 female
A/JCr mice (NCI-Frederick) were intranasally infected with 10° yeast cells of
each strain as previously described (5, 39). Over the course of the experiments,
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 log rank test of the Prism program, version 4.0 (Graph-
Pad Software, San Diego, CA). P values of <0.001 were considered significant.

Infected animals were sacrificed at the endpoint of the experiment according
to the University of Medicine and Dentistry of New Jersey (UMDNJ) IACUC-
approved animal protocol. For mice infected by the cckl mutant strain, the
experiment was terminated at 75 days postinfection. To compare the fungal
burden, lungs and brains from mice infected by H99, the cckl mutant, or the
complemented strain of the cckl mutant were isolated at the endpoint of the
experiment (around 20 days for mice infected by H99 or the complemented
strain and 75 days postinfection for mice infected by the cck!/ mutant). Infected
lungs and brains were isolated and homogenized in 1X phosphate-buffered saline
(PBS) using a homogenizer. Resuspensions were diluted, 100 pl of each dilution
was spread on YPD medium with ampicillin, and colonies were counted after 3
days of incubation at 30°C.

RESULTS

Cckl is a bona fide casein kinase I in C. neoformans and
regulated by glucose. Casein kinase I proteins are conserved
among eukaryotes from yeast to human and play an impor-
tant role in ubiquitin-proteasome system (UPS)-mediated
protein degradation by controlling the phosphorylation of
substrates of E3 ligases. There are two proteins in the C.
neoformans H99 genome database that share sequence sim-
ilarity with casein kinase I in other organisms. One of them,
Cckl (CNAG_00556.2), shares high sequence similarity with
the known casein kinase I proteins in S. cerevisiae, Candida
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FIG. 1. Cckl is a casein kinase I protein in C. neoformans. (A) A
phylogenetic tree of the casein kinase I proteins in fungi. Full-length
protein sequences from C. neoformans (CnCckl, CnCck2, and
CnPkal), Ustilago maydis (UM00274 and UMO00584), S. cerevisiae
(ScYckl, ScYck2, and ScYck3), C. albicans (CaYck2 and CaYck22),
and S. pombe (SpCkil, SpCki2, and SpCki3) were used for alignment.
The phylogram was generated using ClustalX (version 2.1), viewed by
TreeView. CnPkal was used as an outgroup. (B) Expression of the
Cryptococcus CCK1 in a Saccharomyces yckl yck2" mutant can partially
complement the growth defect of this mutant. Tenfold serial dilutions
of overnight cultures were made in dH,O, and 5 pl of each was plated.
The plates were grown for 2 days at 30°C and 37°C. (C) The yck! yck2"
mutant strains overexpressing GFP or a GFP-CCKI fusion were grown
on YPD medium for 24 h, and yeast cells were visualized by Nikon
fluorescence microscopy. DIC, differential interference contrast. Scale
bar, 5 pm.

albicans, and S. pombe. Cck2 (CNAG_07427.2) is more dis-
tinct from the casein kinase I proteins identified in these
yeasts based on the phylogram (Fig. 1A).

In S. cerevisiae, Yck1 and Yck2 are membrane-bound pro-
teins and have redundant functions in regulating cellular sig-
naling. Mutation of both YCKI and YCK2 was found to be
lethal. The yckl yck2" mutant strain is conditionally lethal and
fails to grow at an elevated temperature of 37°C (34). To
examine whether Cckl in C. neoformans functions as a casein
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kinase I, we overexpressed a green fluorescent protein (GFP)-
Cckl fusion protein under the control of the ADHI promoter
in an S. cerevisiae yck1 yck2” mutant strain. Our results showed
that Cck1 expression partially rescued the growth defect of the
yckl yck2® mutant at 37°C, and the GFP-Cckl protein was
localized at the cell membrane, demonstrating that Cckl is a
bona fide casein kinase I protein (Fig. 1B and C).

Because the phosphorylation of substrates of Grrl, the F-
box protein Fbpl homolog in S. cerevisiae, requires casein
kinase I proteins Yckl and Yck2, we hypothesized that Cckl
may function in the same pathway to control the phosphory-
lation of Fbp1 substrates in C. neoformans. Our previous study
has demonstrated that the expression of FBPI was negatively
regulated by glucose (21). Therefore, we checked the expres-
sion of Cck1 under glucose induction or repression conditions
using qRT-PCR. Our results showed that the expression of
CCKI was also induced by glucose starvation but at a level
much higher than that of FBPI (Fig. 2A).

Cckl regulates fungal mating. To monitor the expression of
CCKI1 during the mating cycle, RNAs from mating mixtures
between wild-type strains (o X a) were prepared at 0, 6, 24, 48,
and 96 h postincubation. Our qRT-PCR results showed that
the expression of CCKI was negatively regulated by mating
(Fig. 2B), similar to what we observed for FBPI gene expres-
sion (21). The downregulation of expression at 24 h and 96 h
postinoculation was significantly greater than at other time
points.

To study the biological function of casein kinases in C. neo-
formans, CCKI gene deletion mutants were generated in both
o and a mating type backgrounds. We have tested the role of
Cckl in Cryptococcus sexual reproduction. Interestingly, the
bilateral mating of cckl mutants (cck! X cckl) was sterile even
though the cck! unilateral mating (cckl X wt) developed nor-
mal mating hyphae and still produced spores (Fig. 2C). These
observations indicate that Cckl may be required for the early
development of the mating cycle. How Cck1 regulates mating
remains unclear. Our previous study demonstrated that Fbp1 is
dispensable for cell fusion and dikaryotic mating filament pro-
duction but essential for sporulation due to its role in meiotic
division (21). The different effects on fungal mating between
Cckl and Fbpl suggest that Cckl may regulate mating inde-
pendent of the SCF™P! E3 ligase.

Cckl is required for fungal virulence. Fbpl1 is essential for
fungal virulence even though it is not required for the devel-
opment of classical fungal virulence factors, including the pro-
duction of melanin and capsule, as well as growth at 37°C. We
have also examined the development of these virulence factors
in cckl mutants. Our results demonstrated that cckl mutants
produced normal melanin on niger seed agar and produced
regular capsules on DME medium, indicating that Cck1 is also
not important for the development of these virulence factors in
vitro (Fig. 3). Interestingly, cckl mutants did show a slower
growth than the H99 strain when incubated at 37°C or 40°C,
indicating a reduced fitness under thermal stress. The cyclic
AMP (cAMP)-protein kinase A (PKA) pathway in C. neofor-
mans plays a central role in the development of these virulence
factors and fungal virulence (1, 16). Although cckl mutants did
not show an obvious defect in the development of melanin or
capsule, we generated cckl pkal double mutants to examine a
potential connection between Cckl and cAMP-PKA signaling.
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FIG. 2. Expression of CCKI and its role in fungal mating. (A) Expression of CCKI under different glucose conditions. H99 cells were grown
on YPG medium (YP with 2% galactose) or YPD (2% glucose) liquid medium overnight and were switched to YPD or YPG medium as described
in Materials and Methods. Cells were collected, and gene expression was assayed by qRT-PCR as described in Materials and Methods. Values are
expressed as relative expression (log 2) of the CCKI gene or the FBPI gene, normalized to the GAPDH gene endogenous reference. The error
bars show standard deviations of three repeats. (B) Expression of CCK/ during mating on V8 medium. Mating cultures of H99 X KN99a were
isolated from the plate surface after incubation for 6, 24, 48, 72, and 96 h. CCKI expression was detected by qRT-PCR analysis relative to the
zero-hour time point (H99 overnight liquid culture on YPD medium was considered time zero). (C) Mating assays for wild-type strains, cckl
mutants, and cckl complemented strains were performed on MS medium. Mating structures at magnifications of X40 (upper panel) and X200
(lower panel) were photographed after 2 weeks of incubation in the dark at 25°C. Arrows indicate spore chains.

Our results showed that the double mutant has significant
defects in both melanin and capsule production, similar to the
defects of the pkal single mutant, confirming that Cckl does
not play a role in the cAMP pathway regulation.

We then evaluated the potential involvement of Cckl in
fungal virulence by testing the cckl mutant in a murine intra-
nasal inhalation systemic infection model. Each mouse was
inoculated with 1 X 10° yeast cells, and the survival of infected
mice was analyzed. Our results showed that mice infected with
the cckl mutant had a significantly prolonged survival rate.
Consistent with previous reports (21, 39), mice infected by H99
or the CCKI complemented strain died around 20 days post-
inoculation while mice infected by the cckl mutant did not
show clear disease symptoms with a significant weight loss until
43 days. Seventy percent of the infected animals died between
45 days and 50 days, and the rest of the infected group survived
for more than 60 days postinoculation (Fig. 4A). These results
demonstrated that Cckl is required for fungal virulence.

At the endpoint of the infection experiment, lungs and
brains in mice infected by H99 or the cckl mutant were recov-
ered and homogenized. Fungal burdens from recovered organs
were calculated by measuring the number of yeast CFU. The
numbers of CFU per gram of fresh tissue infected by the H99
strain and the cckl mutant were similar in both lungs and
brains, suggesting that the mutant strain can still survive and
proliferate in vivo, but the virulence was significantly attenu-
ated (Fig. 4B).

Cckl is involved in cell wall integrity by regulating the
expression and phosphorylation of Mpkl. To understand why
the cckl mutant showed significant virulence attenuation, we
evaluated other in vitro phenotypes of cckl in addition to the
virulence factors. Fbp1 is required for cell membrane integrity,
which could be one factor that contributes to the avirulence of
fbpl mutants (21). To investigate whether Cckl also plays a
role in fungal cell wall integrity, we tested the growth of cckl
mutants on medium containing SDS, calcofluor white (CFW),
or Congo red that are known to disrupt cell wall integrity (8,
40). Our results showed that cckl mutants were also hypersen-
sitive to 0.05% SDS at a level more severe than that of fbp!
mutants but grew normally on the medium containing 20 pg/ml
CFW. In addition, cckl mutants also showed a growth defect
on medium with 0.5% Congo red, an indication that Cckl is
also important for maintaining cell wall integrity (Fig. 5). Fbp1
is not required for cell wall integrity since fbpl mutants have no
growth defect on medium with either CFW or Congo red.
These results suggest that Cck1 has broader effects on cell wall
integrity than Fbpl.

Another indicator of cell membrane integrity is the level of
trypan blue staining in yeast cells. Trypan blue stains only cells
with membrane defects or dead cells. Wild-type H99 and cck!
mutants were stained with trypan blue after growth at 30°C for
48 h. Our results showed that while less than 2% of H99 cells
were heavily stained, over 8% of cckl mutant cells and over 6%
of fbpl mutant cells were stained under the same conditions
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FIG. 3. Cckl is not required for virulence factor development.
(A) Cultures were grown overnight in YPD medium and diluted to an
ODy, of 2.0. Tenfold serial dilutions were made in dH,O, and 5 pl of
each was plated. The plates were grown for 2 days at 30°C, 37°C, and
40°C. (B) Capsule formation was assayed at 37°C on DME medium.
Capsule production was visualized by India ink staining after cells were
grown on DME medium for 3 days. Scale bar, 10 pm. (C) Melanin
production was assayed on niger seed medium. Melanin levels pro-
duced by the strains were observed in photographs after incubation for
3 days at 37°C.

(Fig. 5B). These results further indicate that both Cckl and
Fbpl are important for maintaining cell membrane integrity.

To further dissect the role of Cckl in cell wall integrity, we
generated cck! fbpl double mutants. Epistasis analysis showed
that the double mutant was sensitive to SDS and Congo red at
a level similar to that of the cckl single mutant while the
double mutant showed more trypan blue-stained cells (13%),
suggesting that Cckl and Fbpl have overlapping and distinct
roles in the regulation of cell wall integrity (Fig. 5).

The Mpkl MAP kinase pathway is the primary signaling
pathway that regulates cell wall integrity in C. neoformans (11,
20). To understand whether Cckl regulates cell wall integrity
via the Mpk1 pathway, we measured the expression of MPKI
using qRT-PCR in both the wild-type strain and the cckl
mutant. When both strains were treated with 0.05% SDS for 60
min, MPKI expression showed 3-fold increases in the cckl
mutant background, indicating that Cck1 negatively regulates
MPKI expression under the testing condition. We used sam-
ples treated with NaCl as a control since Mpkl does not play
a role in cell adaptation to osmotic shock. Our results showed
that treatment of cells with NaCl did not cause the alteration
of MPKI expression, suggesting that the increased signals we
observed were, indeed, due to SDS treatment (Fig. 6A).

We also examined the phosphorylation of Mpkl under the
same conditions by Western blot analysis and found that Mpk1
phosphorylation is regulated by Cckl. In the wild-type back-
ground, the signal of Mpkl phosphorylation was strong and
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FIG. 4. The cckl mutant showed significant virulence attenuation
in a murine infection model. (A) Survival curves of infected mice in a
Cryptococcus murine inhalation model. Female A/JCr mice were inoc-
ulated intranasally with the following strains: H99, a cck! mutant
(CUX106), and its complemented strain (CUX111). Groups of 10
mice were infected with 1 X 10° yeast cells for each strain. (B) Lungs
and brains from three mice infected with H99, the cck/ mutant, and
the complemented strain were isolated at the end time point of infec-
tion. The numbers of yeast CFU per gram of fresh infected organ were
measured in lung and brain homogenates. Each data point and error
bar indicate the mean and standard deviation of the mean for values
from three animals.

persistent within a range of 120 min of the SDS treatment. On
the other hand, in a cck! mutant background, only a weak
signal could be detected following the same treatment except
for the sample that was treated with SDS for 10 min. A signif-
icantly increased signal was observed at that time point (Fig.
6B). These observations indicate that Cckl regulates cell wall
integrity by affecting both the expression and phosphorylation
of Mpkl.

It has been reported that Mpkl is required for Cryptococcus
to respond to oxidative stress (10). We have also tested the
potential role of Cck1 in the Mpk1-dependent cell response to
oxidative stress by treating both wild-type and cck/ mutant
cells with 2.5 mM H,O,. The cck! mutant is more sensitive to
the oxidative stress when incubated at 37°C (Fig. 7). By using
qRT-PCR, significant induction of the MPKI expression was
observed compared to H99 under the same condition. The
phosphorylation of Mpk1, however, was somewhat reduced in
the cckl mutant in our study (Fig. 6). Our results demonstrated
that the sensitivity of cckl mutants to oxidative stress is also
dependent on Mpkl signaling.

We have also generated the cckl mpkl double mutants with
genetic crosses between cckl and mpkl mutants. Epistasis
analysis showed that the double mutant was sensitive to SDS
and Congo red at levels similar to those of the cckl or mpkl
single mutants but that there was increased sensitivity to the
elevated temperature and treatment with CFW (Fig. 5). These
results suggest that Cckl functions upstream of Mpkl1 and is
partially involved in Mpkl regulation. As we predicted, the
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FIG. 5. Cckl is essential for cell integrity. (A) Tenfold serial dilu-
tions of overnight cultures were made in dH,O, and 5 pl of each was
plated. The plates were grown for 2 days at 30°C (top panel) and 37°C
(bottom panel). H99 and mutant strains are indicated on the left, and
the conditions are shown at the top. (B) Trypan blue staining to
examine cell membrane integrity. Strains were inoculated in YPD
medium for 48 h. Yeast cells were mixed with 0.4% trypan blue solu-
tion for 1 h before being visualized by microscope. The percentages of
heavily stained cells from a total of over 500 yeast cells were calculated.
The error bars indicate standard deviations.
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pkal mutant did not show a cell integrity defect while the cck!
pkal double mutants showed the same sensitivity as that of the
cckl single mutant, thus excluding a potential functional inter-
action between Cckl and the cAMP pathway (Fig. 5).

Cckl regulates Hogl phosphorylation but is not involved in
HOGI expression. Growth of cckl mutants was also tested on
medium with a high salt concentration (1.5 M NaCl or 1.5 M
KCl) at both 30°C and 37°C. The cckl mutants were hypersen-
sitive to 1.5 M KCI and could not grow on YPD medium with
1.5 M NaCl. These results indicate that Cckl is required for
cell adaptation to osmotic shock. In addition, the cck/ mutant
was also found to be sensitive to H,O, treatment at 37°C, an
indication of its sensitivity to oxidative stress (Fig. 7). The
hypersensitivity of the cckl mutants to these stress conditions
may also contribute to their hypovirulent phenotype in the
murine model.

The Hogl MAP kinase cascade is regulated by a histidine
kinase two-component system and functions as a major regu-
lator of the cellular response to high-osmotic stress and oxida-
tive stress conditions (2). Because cck! mutants showed hyper-
sensitivity to NaCl and H,O,, we investigated whether Cckl
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FIG. 6. Detection of the MPKI gene expression and Mpkl phos-
phorylation. Expression of MPKI was measured by qRT-PCR. Fresh
cultures of H99 and the cck/ mutant were supplemented with 1.0 M
NaCl, 0.05% SDS, or 2.5 mM H,0, and incubated for 60 min. Expres-
sion levels of MPKI and GAPDH were analyzed by qRT-PCR as
described in Materials and Methods. (B and C) Phosphorylation of
Mpkl1 under different conditions in a Western blot. Similar overnight
cultures were prepared and induced with 0.05% SDS or 2.5 mM H,O,
for 10, 30, 60, and 120 min. The noninduced control for each was
harvested before the addition of chemicals. The phosphorylation status
of Mpk1 was monitored using a rabbit Mpk1 phosphorylation antibody
in a Western blot. The same blots were restripped and probed with
mouse beta-actin antibody as the protein loading control. The signal of
each blot was quantified using the ImageJ program. The relative pro-
tein phosphorylation levels were normalized to the expression of actin
protein, as shown in the graphs.

plays a role in the Hogl MAPK signaling pathway by examin-
ing the expression and phosphorylation of Hogl MAP kinase.
qRT-PCR was performed to measure the expression of the
HOGT1 gene after cells were treated with 1 M NaCl or 2.5 mM
H,O, for 60 min. Our results showed that the HOG! gene had
similar expression levels, with changes less than 2-fold in either
the wild-type or cckl mutant background under all conditions
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FIG. 7. Cckl is required for the osmotic stress response. Tenfold
serial dilutions of overnight cultures were made in dH,O, and 5 pl of
each was plated. The plates containing 2.5 mM H,O, and 1.5 M KCI
were grown for 2 days at 30°C (top panel) and at 37°C (bottom panel).
The plates containing 1.5 M NaCl were grown for 5 days. H99 and
mutant strains are indicated on the left, and the conditions are shown
at the top.
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tested, indicating that Cckl does not play a role in regulating
HOG] expression (Fig. 8A).

We also examined the phosphorylation of Hogl protein by
using the p38 MAPK phosphorylation antibody. In C. neofor-
mans, Hogl phosphorylation is repressed by treatment with
NaCl (2). Our results showed that Hogl is rapidly dephosphor-
ylated in the wild-type strain background, consistent with pre-
vious reports (2, 3). Interestingly, the phosphorylation of Hog1
was stabilized in the cckl mutant background when cells were
treated with NaCl, even after treatment with NaCl for 120 min,
indicating that Cck1 is required for Hogl dephosphorylation in
response to osmotic stress (Fig. 8B). On the other hand, no
significant alteration of Hogl phosphorylation was observed
when cells were treated with 2.5 mM H,0, (Fig. 8C), suggest-
ing a less clear connection between Cckl and Hogl in the
oxidative stress response.

DISCUSSION

Because Fbpl is essential for fungal virulence, we are inter-
ested in understanding the rest of the pathway associated with
the Fbpl function as part of the UPS machinery. The homolog
of Fbpl in S. cerevisiae, Grrl, has been extensively studied for
its role in the sensing of nutrients, such as glucose and amino
acids (17). However, identification and characterization of
Fbpl1 substrates that are important for fungal virulence remain
elusive. In general, phosphorylation is a necessary posttransla-
tional modification that targets proteins for ubiquitination by
the SCF E3 ligase of the UPS machinery. Casein kinase pro-
teins are well conserved in eukaryotic organisms and play im-
portant roles in the phosphorylation of proteins, including
those targeted by the ubiquitin-proteasome system for degra-
dation. Because most Grrl substrates reported are phosphor-
ylated by the casein kinase I proteins Yckl and Yck2 in S.
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FIG. 8. The role of Cckl in HOGI gene expression and Hogl
phosphorylation. (A) Expression of HOGI under osmotic stress and
oxidative stress conditions was measured by qRT-PCR. Each fresh
culture was supplemented with 1.0 M NaCl or 2.5 mM H,O, and
incubated for 60 min. Expression levels of HOGI and GAPDH were
analyzed by qRT-PCR as described in Materials and Methods. (B and
C) Phosphorylation of Hogl under different conditions in Western blot
analysis. Similar overnight cultures were prepared and then induced
with 1.0 M NaCl (B) or 2.5 mM H,O, (C) for 0, 10, 30, 60, and 120 min.
The dual phosphorylation status of Hogl was monitored using a dual-
phosphorylated p38 antibody (P-Hog1). The same blots were stripped
and then probed with the mouse beta-actin antibody as the loading
control. The relative signal of each blot was quantified using the
Image] program. The relative protein phosphorylation levels were
normalized to the expression of actin protein as shown in the graphs.

cerevisiae and because the C. neoformans Fbp1 as a homolog of
Grrl also plays a role in glucose sensing, we hypothesize that
casein kinase I proteins in C. neoformans play an important
role in the phosphorylation of Fbp1 substrates, thus exhibiting
shared function with Fbpl.
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FIG. 9. The proposed model for Cck1 function. In our model, Cck1
regulates multiple downstream pathways and is essential for fungal
virulence. Cckl1 is regulated by glucose. It may participate in the phos-
phorylation of Fbpl substrates to regulate cell integrity and fungal
virulence. In addition, Cckl may also play a more direct role in regu-
lating Mpk1 signaling, or it regulates Mpkl function via its target
protein(s) in the Fbpl pathway. Meanwhile, Cckl also responds to
stress signals and plays a role in the HOG pathway by regulating the
phosphorylation of Hogl protein and thus controls the cell adaptation
to osmotic shock. Cckl also regulates fungal mating, but its potential
target(s) remains to be identified.

The main findings of this study were the identification of
Cckl as a casein kinase I protein in C. neoformans and of its
role in regulating multiple downstream pathways to control
fungal sexual reproduction, cell integrity, and fungal virulence.
Our results also indicate that Cckl shares overlapping func-
tions with Fbpl. CCKI and FBPI showed similar expression
patterns under several different conditions, and both of them
were found to be important for cell integrity and fungal viru-
lence. Because either dysfunction of the F-box protein Fbp1 or
a defect in the substrate phosphorylation would result in the
accumulation of Fbp1 substrates, our results suggest that Cck1
is involved in the Fbpl-mediated UPS and required for the
phosphorylation of Fbpl substrates that are important for cell
integrity and fungal pathogenicity (Fig. 9).

Although mice infected by the cckl mutant showed signifi-
cant virulence attenuation, the mutant strain still caused lethal
infection. In contrast, the fbp/ mutant showed an avirulent
phenotype (21). This difference can be explained by the pos-
sibility that additional casein kinase I proteins that may be able
to partially compensate the loss of Cck1 exist in C. neoformans.
The result that expression of CCKI can only partially rescue
the growth defect of the yckl yck2” mutant at 37°C also sug-
gests that additional protein could be required for full com-
plementation (Fig. 1). We have identified a Cckl homolog in
the H99 genome (Cck2), but its function remains to be under-
stood. It is also possible that there are multiple substrates
playing a collective role in fungal virulence and that Cckl
phosphorylates only some of them. Additional kinase proteins
may be responsible for the phosphorylation of the other Fbpl
substrates important for fungal virulence. Either of these sce-
narios could lead to the more severe virulence attenuation in
fbpl mutants than in the cckl mutant, as we observed. Com-
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parison of the protein profiles in the fbp/ mutant and the cckl
mutant backgrounds under the same assay conditions should
provide useful information to address these possibilities in the
future.

How Fbpl and Cckl1 regulate fungal virulence remains to be
understood. Our results demonstrated that Fbpl and Cckl are
both important for cell integrity, suggesting that the cell integ-
rity defect could be a potential cause of virulence attenuation.
The Mpkl MAPK pathway is known to regulate cell integrity
in fungi and is activated by protein kinase C (PKC) signaling in
C. neoformans (10, 11, 20). Our study connects Cck1 function
with the Mpkl pathway, suggesting that the Mpkl MAPK
cascade may have multiple upstream activators that regulate
cell integrity. Because Pkcl functions upstream of Mpkl and
because deletion of the PKC! gene abolishes Mpk1 phosphor-
ylation under several different stress conditions, as shown by a
previous study (10), it is possible that Cckl may regulate Pkcl
function to alter Mpk1 phosphorylation when cells are treated
with SDS. Cckl may also regulate Mpk1 function via its target
protein in the Fbpl pathway. Nevertheless, we expect that
some proteins involved in cell membrane integrity could be
substrates of Fbpl and phosphorylated by Cckl (Fig. 9).
Searching for mutants that are sensitive or resistant to SDS
treatment in a high-throughput setting could potentially pro-
vide useful information on the identification of potential sub-
strates of Fbpl.

It is interesting that Cck1 also regulates the HOG pathway to
influence cell responses to osmotic stress. Because Fbpl does
not play a role in cell adaptation to osmotic shock, the involve-
ment of Cckl in Hogl phosphorylation indicates that Cck1 has
additional functions beyond phosphorylating Fbp1 substrates.
In addition to involvement in the osmotic stress response,
Hogl also negatively regulates the capsule size by inhibiting
the cAMP-PKA pathway in C. neoformans var. grubii (2), but
we found that Cckl does not play a role in capsule formation
in our study. Because a two-component system is the major
upstream regulator of Hogl expression and phosphorylation
and because the Cryptococcus two-component system is com-
posed of seven cell membrane-associated histidine kinases
(Tcol to Tco7) that sense extracellular signals (3, 19), it is
possible that Cck1l may be partially or conditionally involved in
HOG pathway regulation by controlling the turnover of some
Tco proteins.

Both the Mpkl MAPK pathway and the Hogl MAPK path-
way have been reported to participate in the oxidative stress
response (2, 10). Therefore, we also examined the potential
role of Cckl in oxidative stress. Our studies showed that cck?
mutants were indeed more sensitive to treatment with H,O,
but only at the elevated temperature of 37°C. The phosphor-
ylation of neither Mpkl nor Hogl was significantly altered in
the cckl mutant strain following treatment with 2.5 mM H,0,,
suggesting a potential minor role of Cckl in the oxidative
stress.

The requirement for Cck1 in fungal sexual reproduction also
indicates that Cckl has other downstream targets independent
of Fbp1 function since Fbpl regulates only fungal sporulation
(21). In S. cerevisiae, Yckl and Yck2 are required for the
turnover of the pheromone receptor Ste2 (14). Yckl1 has also
been reported to phosphorylate Ste50 (41). Because both Ste2
and Ste50 are involved in the mating pathway (31), this con-
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nection suggests that Yckl may also play a role in mating
regulation. It is possible that Cck1 phosphorylates pheromone
receptors in C. neoformans in an Fbpl-independent E3 ligase
pathway. It will be important to understand how Cckl regu-
lates mating of C. neoformans, a project for future study.

In summary, we identified a casein kinase I protein, Cckl1, in
C. neoformans that regulates a range of cellular functions via
multiple downstream pathways, including the Fbpl-mediated
UPS machinery. The consensus phenotypes observed in both
fbpl and cckl mutants provide valuable information in our
search for the substrates of Fbp1 that are important for fungal
virulence.
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