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Eukaryotic cells utilize complex signaling systems to detect
their environments, responding and adapting as new condi-
tions arise during evolution. The basidiomycete fungus Cryp-
tococcus neoformans is a leading cause of AIDS-related death
worldwide and utilizes the calcineurin and protein kinase C-1
(Pkc1) signaling pathways for host adaptation and expression
of virulence. In the present studies, a C-terminal zinc finger
transcription factor, homologous both to the calcineurin-re-
sponsive zinc fingers (Crz1) of ascomycetes and to the Pkc1-
dependent specificity protein-1 (Sp1) transcription factors of
metazoans, was identified and named SP1 because of its
greater similarity to the metazoan factors. Structurally, the
Cryptococcus neoformans Sp1 (Cn Sp1) protein was found to
have acquired an additional zinc finger motif from that of
Crz1 and showed Pkc1-dependent phosphorylation, nuclear
localization, and whole genome epistatic associations under
starvation conditions. Transcriptional targets of Cn Sp1
shared functional similarities with Crz1 factors, such as cell
wall synthesis, but gained the regulation of processes
involved in carbohydrate metabolism, including trehalose
metabolism, and lost others, such as the induction of
autophagy. In addition, overexpression of Cn Sp1 in a pkc1�

mutant showed restoration of altered phenotypes involved in
virulence, including cell wall stability, nitrosative stress, and
extracellular capsule production. Cn Sp1 was also found to be
important for virulence of the fungus using amousemodel. In
summary, these data suggest an evolutionary shift in C-ter-
minal zinc finger proteins during fungal evolution, trans-
forming them from calcineurin-dependent to PKC1-depen-
dent transcription factors, helping to shape the role of fungal
pathogenesis of C. neoformans.

The basidiomycete yeast Cryptococcus neoformans has
emerged as one of the major causative agents of meningoen-
cephalitis in immunocompromised hosts, such as persons
with AIDS, organ transplant recipients, and patients receiv-
ing high doses of corticosteroid treatment. Systemic infec-
tions can also occur in immunocompetent individuals (1, 2).
As rates of infection have diminished in developed countries,
attention is increasingly being focused on the high rates of
cryptococcosis in the developing countries of Africa and
Asia, where cryptococcosis has been found to account for an
estimated 17% of AIDS-related deaths (3). Recent studies
have shown cryptococcosis to account for over 600,000
deaths annually, resulting in a disease burden worldwide
approaching that of tuberculosis (4).
The three best known virulence-associated traits of C. neo-

formans include its ability to grow at 37 °C (5), the presence of a
copper-containing laccase that is capable of producingmelanin
pigments (6), and a high Mr polysaccharide capsule (7–9).
Although temperature and capsule are likely to have multiple
structural genes involved in expression, melanin production
has been shown to be dependent on two laccase enzymes
encoded by LAC1 and LAC2, the former of which is the pre-
dominant enzyme under pathogenic conditions (6), making
LAC1 an excellent maker for studying virulence regulation in
C. neoformans.
Yeast cells, including C. neoformans, are continuously

exposed to a wide variety of environmental stresses in both
their natural habitats and their resident hosts. These stresses
include changes in temperature, osmolarity, pH, nutrients, and
exposure to reactive oxygen and nitrogenmolecules. They sub-
sequently sense and react to these changes through a complex
network of signal transduction pathways, thus adapting to their
surroundings and ensuring repair of cellular damage. A major
cellular pathway mediating these responses is the protein
kinase C (PKC1) pathway. Within this pathway, activation of
Pkc1 leads to sequential phosphorylation of a mitogen-activat-
ing protein kinase (MAPK) cascade, consisting of Bck1p, two
redundant MAPK kinases (Mkk1p and Mkk2p), and the
MAPK, Slt2/Mpklp (10). In Saccharomyces cerevisiae, Rlm1p
(11–14) and Swi4/Swi6 (15) are the main transcription factors
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(TFs)2 responsible for Slt2/Mpklp cell wall regulation. At least
25 genes that are involved in the biosynthesis of the cell wall and
are regulated by Slt2/Mpklp and Rlm1p have been described
(11).
In C. neoformans, mutation of PKC1 results in mutants that

have profound cell wall integrity defects, including an inability
to grow without the addition of an osmotic stabilizer, such as
sorbitol, and profound growth defects in the presence of vari-
ous stressors. In addition, major virulence factors are altered in
pkc1� strains, including an inability to grow in 37 °C, aberrant
capsule, and decreased melaninogenesis (16). The phenotypic
features of mutants of the major genes regulated by the Pkc1
pathway have also been characterized inC. neoformans, includ-
ing Bck1, Mkk2, and Mpk1 (16–17). However, although Pkc1
has been implicated in resistance to nitrosative stress and lac-
case expression, the transcription factor(s) responsible for the
signal from Pkc1 has not been identified.
In the present studies, we sought to characterize a C-termi-

nal zinc finger C2H2 type transcription factor protein, anno-
tated CNAG_00156 (Broad Institute Web site; NCBI annota-
tion XP_566613.1), that was first thought to represent a
calcineurin-dependent zinc finger protein (Crz1), based on
close homology to the S. cerevisiae and Candida albicans Crz1
homolog sequence. These studies were motivated by a previ-
ously described role for the Ca2�-activated calcineurin path-
way in cryptococcal virulence (5) and a role for calcium activa-
tion of laccase (18) as well as enzyme inhibition by the
calcineurin inhibitor, FK506.3 However, to our surprise, we
could not find evidence that CNAG_00156 was part of the cal-
cineurin pathway. Further studies to identify the relevant signal
transduction pathway utilized a novel transcriptional cluster-
ing screen that identified Pkc1 as a likely signaling pathway for
CNAG_00156. Biochemical and epistatic studies provided
additional evidence linking the Pkc1 signal transduction path-
way and the cryptococcal zinc finger transcription factor.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Media—Strains used in this study are
detailed in supplemental Table S1. All strains were grown on
YPDmedium (1% yeast extract, 2%Bacto-peptone, and 2%dex-
trose). Solidmedia contained 2% Bacto-agar. All PKC1 deletion
strains were grown on YPD supplemented with 1 M sorbitol.
Glucose starvation experiments were done as described previ-
ously (19). Selective media included either YPD containing 100
units/ml hygromycin B (InvivoGen) or asparagine minimal
medium as described previously (20). Amodified Bluescript SK
vector (Stratagene) with the 2.4-kb hygromycin B resistance
gene under the control of a cryptococcal Actprmtr (21) was a
gift of G. Cox (Duke University, Durham, NC). In addition to
the cryptococcal shuttle vector pORA-KUT (19), a hygromycin
B-containing vector was generated by replacing the URA5
transformation marker with the hygromycin B resistance gene
at the KpnI site, generating pORA-KUT (HygB).

Sequence Data Mining and Analysis—Sequence data were
retrieved from the NCBI, Broad Institute Web site, and the
SaccharomycesGenomeDatabase, forHomo sapiens,C. neofor-
mans, and S. cerevisiae, respectively. For the analysis of meta-
zoan and fungal zinc finger motifs, sequences were retrieved
using BLASTp searches with human Sp1 and C. neoformans
CNAG_00156 as the query sequences. Occasionally there were
BLASTp hits to multiple zinc finger motifs in target sequences.
For these cases, the highest scoring hit was used as the putative
homolog. The full protein sequences were aligned using MUS-
CLE (22), and the zinc finger motifs were manually extracted
and aligned. A phylogenetic analysis of the zinc finger motifs
(supplemental Fig. S3b) was performed using the heuristic par-
simony algorithm of PAUP 4b10 (23). To evaluate support for
the groups in the tree, 500 nonparametric bootstrap replicates
were analyzed. PAUP returned 500 equally parsimonious trees
for which the 50%majority rule consensus is shown. In Fig. 2B,
clades consisting of major taxonomic groups from supplemen-
tal Fig. S3b were collapsed when possible. All of the variation
among the equally parsimonious trees occurred within these
collapsed groups, so the branches shown in the figure were
found in all 500 trees.
Generation of Cn sp1� and Cn sp1�::Cn SP1 Strains—Stan-

dard methods were used for disruption and complementation
of the Cn SP1 (CNAG_00156) gene, as described previously
(20). Briefly, tomake the deletion construct, twoPCR-amplified
fragments of the Cn SP1 homolog (using primers Crz1 S1 XbaI
(5�-GCTCTAGAATGGCAGATCCAGCCTCAC) plus Crz1
500 A EcoRI (5�-GGAATTCTGTTCGGACATCCTGCC-
TTC) and Crz1 3171 S BglII (5�-GAAGATCTCACAAGGCA-
TTTTAATCTCAAGG) plus and Crz1 3693 A XhoI (5�-CCG-
CTCGAGAATCCTCTTCACTCGTTTCACTC)), the first
amplified fragment digested with XbaI and EcoRI and the sec-
ond digested with BglII and XhoI, were mixed with a 1.4-kb
PCR fragment of the URA5 gene described previously (20),
digested with BglII and EcoRI, and ligated to BlueScript SK
digested with XbaI and XhoI. The final disruption allele with a
1.3-kb URA5 marker flanked on either side by a 500-bp DNA
sequence homologous to genomic regions of the Cn SP1 gene
was PCR-amplified and introduced into H99 ura5 cells via a
biolistic approach (21) to effect a 3.7-kb deletion within the Cn
SP1 coding region. Transformantswere screened for a potential
Cn SP1 deletion mutant by a PCR approach, and the specific
disruption of theCn SP1 gene in candidatemutantswas verified
by Southern blot analysis and PCRof cDNA, to verify the lack of
Cn SP1 transcription (supplemental Fig. S7). To complement
the Cn sp1� mutant strain, a 5.7-kb genomic fragment encom-
passing the full ORF of Cn SP1 plus �1500 bp of the 5� pro-
moter region and 500 bp of the 3�-UTR was PCR-amplified
using a primer set of Crz1 US-1500 BamHI (5�-GCGGATCC-
ATACACGACAAACACATCGCTACA) and Crz1-500
3�UTR-A-BamHI (5�-CGCGGATCCACGATGAAAATGAA-
GGCTTCGACAATA) and then cloned into the modified
pBluescript SK vector containing the hygromycin B resistance
gene to generate the complementation construct, which was
introduced into Cn sp1� mutant cells by a biolistic approach.
Transformants were selected on hygromycin-containing YPD

2 The abbreviations used are: TF, transcription factor; MIC, minimum inhibi-
tory sensitivity; Cn, C. neoformans; Ab, antibody.

3 S. S. Zhang and P. R. Williamson, unpublished observation.
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agar plates. Genomic insertion of the WT Cn SP1 construct in
the complement was verified by uncut Southern blot.
Generation of Constituent Expression and GFP-tagged

Strains of PKC1 and Cn SP1—Because the Cn SP1 and PKC1
genes contain an EcoRI site, cloning into the pORA-KUT vec-
tor required additional restriction sites. An oligonucleotide
polylinker containing the restriction sites BglII-BamHI-XbaI-
NarI-NheI-end codon-EcoRI was inserted between the BglII
and EcoRI sites of pORA-KUT. The �730-bp C. neoformans
Actprmtr (with orwithout a c-myc tag) was amplified fromH99
DNA using the primer Actprmtr 1S BglII (5�-GGAAGATCT-
TGTCGGAGGAGAGGATGATGGTAAC), Actprmtr 730A
BamHI (5�-CGCGGATCCGTTGGGCGAGTTTACTAATG-
GAAAAAGA), or Actprmtr0A-Myc-BamHI (5�-CGCGGAT-
CCGAGGTCCTCCTCGGAGATGAGCTTCTGCTCCATG-
TTGGGCGAGTTTACTAATGGAAAAAG), cut with BglII
and BamHI, and inserted into the BamHI site, obliterating its
5�-end, generating pORA-KUT-pACT. PKC1 and Cn SP1 con-
stituent expression vectors were generated by inserting the
coding region after theActprmtr (including the c-myc tag in the
Cn SP1 insert). The PKC1 coding region was amplified using
primers PKC 1S BamHI (5�-CGGGATCCATGGTGCGTGG-
ATATCTGCCA) and PKC 3784A NheI (5�-CTAGCTAGCC-
TAGGCTTGTGCTGCAGCCCA). The Cn SP1 coding region
was amplified using primers Crz1–1S-BamHI (5�-CGGGATC-
CATGGCAGATCCAGCCTCAC) and Crz1 A3695 NheI (5�-
CTAGCTAGCTTAATCCTCTTCACTCGTTTCACTC). In-
serts were cut with BamHI and NheI and ligated into the
corresponding restriction sites in pORA-KUT-pACT, generat-
ing pORA-KUT-pACT-CnSP1 andpORA-KUT-pACT-PKC1.
A C. neoformans codon-adjusted GFP fragment was amplified
from a previously constructed plasmid (24) by using primers
GFP 1S BglII (5�-GGAAGATCTATGTCCAAGGGTGAGGA-
GCTC) andGFP 741ABamHI (5�-CGGGATCCCTCGGCGG-
CGGCGG). The insert was cut with BamHI and BglII and
inserted in the BamHI of pORA-KUT-pACT-Cn SP1, position-
ing the GFP on the 5� end of the coding region, generating
pORA-KUT-pACT-GFP-Cn SP1. The vectors were linearized
with I-SceI and transformed by electroporation as described
previously (24) as follows: pORA-KUT-pACT-PKC1 into Cn
sp1� (Cn sp1�::pACT-PKC1); pORA-KUT-pACT-Cn SP1
(including the c-myc tag) into Cn sp1�, cna1�, and
pkc1� (Cn sp1�::pACT-Cn SP1, cna1�::pACT-Cn SP1, and
pkc1�::pACT-Cn SP1, respectively); and pORA-KUT-pACT-
GFP-Cn SP1 into Cn sp1� (Cn sp1�::GFP-Cn SP1). Transfor-
mants were selected on hygromycin B and verified by sequenc-
ing. Constituent expression was tested by quantitative RT-PCR
and byWestern blot. Functionality of the c-myc-tagged Cn SP1
was verified by reversal of the Cn sp1� mutant cell wall defects
(Fig. 4).
Cell Wall Integrity Assays—Strains were grown on YPD plus

1 M sorbitol plates for 2 days at 30 °C. Then they were sus-
pended in PBS to an A600 of 0.1 and underwent 5-fold serial
dilutions in PBS. 10�l of each dilutionwas applied toYPD;YPD
� 1 M sorbitol at 30 and 37 °C; YPD � 1 M sorbitol with the
following: 0.5 mg/ml calcofluor white (Fluorescent Brightener
28, Sigma), 0.5%Congo red (Sigma), 0.01% SDS, 200mMCaCl2,

50 mM LiCl2, 100 �M EDTA, and 1 mM NaNO2. Plates were
incubated for 2 days at 30 °C.
Caspofungin Susceptibility Testing—Due to the extreme fas-

tidiousness of the pkc1� strain, we were not able to test mini-
mum inhibitory sensitivities (MICs) with standard broth
microdilution techniques; hence, we designed a specialized
agar dilution assay. Cells were grown as described above and
were suspended in PBS to an A600 of 0.132. Cell suspensions
were diluted 1:222, and 20 �l of each strain were spotted on
YPD � 1 M sorbitol agar plates with caspofungin concentra-
tions from 0.25 to 16 mg/liter, including a no-drug control
plate. Plates were observed for 48 h, and the MIC was deter-
mined at the point of visible growth.
Virulence Factor Expression and Virulence Studies—For

measuring capsule formation under non-inducing conditions,
cells were grown overnight on YPD � sorbitol media, stained
with India ink, and observed under microscopy. Laccase activ-
ity was assessed as described previously (25). Virulence studies
were conducted according to a protocol using a previously
described mouse meningoencephalitis model, with five mice in
each group (19). Animal studies were approved by the Univer-
sity of Illinois at Chicago Animal Care Committee.
Microarray Experiments—Cn Sp1 comparative screening by

aC. neoformans glass microarray (Fig. 1) was as follows. For the
comparative transcriptional profile experiment, H99, Cn sp1�,
pkc1�, cna1�, pka1�, ssa1�, vad1�, ste12�, and bck1� strains
were grown overnight in YPD (with 1 M sorbitol in pkc1�) in
30 °C shaker incubator to a mid-log phase and then induced by
glucose starvation for 1 h. RNA was extracted and purified;
cDNA was prepared, labeled, and hybridized to H99 glass
microarray slides; and the slides were scanned and analyzed as
described previously (26, 27). Feature signal was corrected for
local background. Significance of signal was calculated as the
two-tailed p value of a z-test for all replicate features, using the
S.D. value of all measured features on the array. p values were
corrected for false discovery rate using the Benjamini-Hoch-
berg method (28). Clustering of signal intensities was then per-
formed in “Expression profiler” (see the EPCLUST Web site)
with correlation measure-based distance and average linkage.
Quantitative RT-PCR Experiments—C. neoformans strains

were grown to a mid-log phase prior to induction. RNA was
extracted before and following induction and treated with the
RNase-free DNase Set (Qiagen). 5 �g of total RNA were used
for cDNA generation using Invitrogen SuperScript� II reverse
transcriptase and oligo(dT) primers in a 30-�l reaction mix.
cDNA (1 �l) was used as a template for real-time reactions
containing primer sets and iQTM SYBR�Green Supermix (Bio-
Rad). The following primers were used in the epistasis studies:
for Cn SP1, Crz1 qRT2939S (5�-GTTGTCCCAAAGCTATC-
GTCG) and Crz1 qRT3055A (5�-GACGAGCAAACTTCTTC-
CCACA); for PKC1, PKC cDNA 2225S (5�-CCAACAACAAG-
TGACGCAGAG) and PKC RT 2300A (5�-TTACCCTTACC-
CAGCACTGCTAA); forACT1, actin qRT 1200S (5�-ATGTA-
CAATGGTATTGCCGACCGTATG) and actin qRT 1455A
(5�-GCTCTTCGCGATCCACATCTG) (microarray validation
study primers are not shown). Quantitative PCR data were ana-
lyzed with Bio-Rad iQ5 software, and results are presented
either as relative expression (�Ct) with ACT1 as control (epis-
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tasis studies) (29) or as normalized expression (��Ct) for the
microarray validation studies.
Immunoprecipitation and Western Blotting—Cultures were

grown overnight in YPD or in YPD containing 1 M sorbitol (150
ml) for the pkc1� strain at 30 °C with shaking to mid-log phase
and then induced with either 10 �g/ml calcofluor white, 1 mM

NaNO2, or glucose starvation for 1 h. Cells were lysed using
glass beads with phenylmethylsulfonyl fluoride (final concen-
tration of �1 mM) and Halt� protease and phosphatase inhibi-
tor mixture (Pierce) and eluted with the immunoprecipitation
lysis/wash buffer taken from the Pierce Classic IP kit (Pierce).
The protein extract was adjusted to a final concentration of 1
mg/ml (2 mg/ml was used for pkc1�::pACT-Cn SP1). 700 �l of
protein extract were mixed with 5 �l of monoclonal anti-c-myc
antibody produced in mice (Sigma-Aldrich) and were incu-
bated with rotation in 4 °C for 4 h. Immunoprecipitation was
then carried out with the Pierce Classic IP kit following the
manufacturer’s instructions. From a final eluent volume of 50
�l of immunoprecipitated Cn Sp1, 30 �l were loaded for the
anti-phosphorylated Cn Sp1 experiment, and 20 �l were run as
loading control, using 7.5% SDS-PAGE. Gels were transferred
overnight to a PVDF membrane and blocked with Invitrogen
membrane blocking solution. Primary antibody blot was done
with either the Invitrogen phosphoprotein antibody sampler
pack at a final concentration of each antibody (anti- phospho-
rylated serine, threonine, and tyrosine) of 1 �g/ml to detect
phosphorylated residues on Cn Sp1 or the anti c-myc antibody
(1:1000) to detect total c-myc-tagged Cn Sp1. Secondary anti-
body blot was done with Pierce anti-rabbit HRP diluted 1:3000
and Pierce anti-mouseHRP diluted 1:5000 (phosphorylated Cn
Sp1 experiment) or Pierce anti-mouse HRP diluted 1:2500
(total Cn Sp1 experiment). Signal detection was done with the
Pierce SuperSignal according to the manufacturer’s directions.
Chromatin Immunoprecipitation (ChIP)—ChIP was per-

formed as described previously (30) with the following modifi-
cations. Following induction, formaldehydewas added to a final
concentration of 1%, and incubation was continued at room
temperature for 30 min. Cross-linking was quenched with gly-
cine (8.5ml of 2.5M to�160ml of culture) at room temperature
for 5min. Cells were harvested, washed three times in cold PBS,
and lysed with glass bead beating. Cell extract was sonicated to
produce an average size of �750 bp. The extract was centri-
fuged, and supernatantwasmixedwith either 5�l of anti-c-myc
ormouse IgG1 as an isotype control. Immunoprecipitation was
performed as described above, except that elution was done
with several washes of elution buffer (50 mM Tris-HCl, pH 8.0,
10 mM EDTA, 1% SDS), up to a total volume of 300 �l. DNA
enrichment of promoter regions in theChIP eluent was assayed
by quantitative PCR as described above, with the following
primers. The ACT1 genomic region was used as a control with
the primers actin RT 739S (5�-ACCACTTCTGCCGAGCG-
AGA) and actin RT 945A (5�-GAGACCAAGGAGAGAAGG-
CTGG). The malate dehydrogenase promoter region at �170
to 0 bp from the ORF was used with primers pMDH 1396S
(5�-CGAGTCGTAAACAACAGAATGGTC) and pMDH
1576A (5�-TACGGGTCATTCTGGGCTGG). The 1,4-�-glu-
can-branching enzyme promoter region at �291 to �40 from
the ORF was used with primers �-glucan promoter RT 1009S

(5�-CGAAAGCGGCAAGTCAGGTG) and �-glucan pro-
moter RT 1063A (5�-GACTGAAGACGAGAAATGAGAAG-
GGA). The HSP12 promoter region at �300 to �210 from the
ORF was used with primers HSP12 promoter RT S (5�-GCA-
GCAACACAAGCAGCAA) and HSP12 promoter RT A
(5�-CGGCAAGAACCAGCAACAG). Promoter occupancy by
Cn Sp1 was expressed as a ratio of the target promoter signal
immunoprecipitated to the c-myc antibody versus the isotype
control; the ratio in the ACT1 genomic region was used as a
control.
Fluorescent Microscopy of GFP-tagged Cn Sp1—Cells were

grown overnight to a mid-log phase prior to induction as
described above. At each time point, slides were prepared with
DAPI and observed under fluorescent microscopy as described
(31). Triplicates of 100 cells each were observed for nuclear
localization and expressed as mean � S.D.
Statistics—Statistical significance of mouse survival times

was assessed by Kruskall-Wallis analysis (analysis of variance
on rank sum test). Statistical analysis was conducted using
GraphPad Prism software, version 4.03.

RESULTS

CNAG_00156 Is Not a Functional Homolog of Yeast CRZ1
Despite Sequence Similarity—We identified CNAG_00156 as a
potential homolog of the S. cerevisiae calcineurin-responsive
transcription factor (Crz1), based on highest similarity (58.7%)
to the ascomycete factor. However, during our study, this
hypothesis appeared unlikely, based on three lines of evidence:
1) lack of restoration of temperature-dependent or cell wall-
defective phenotypes after overexpression of CNAG_00156 in
cna1� (cna1�::pACT-Cn SP1) (supplemental Fig. S1A); 2) lack
of a calcineurin-dependent size shift of the CNAG_00156 pro-
tein on SDS-polyacrylamide gel, suggesting a lack of calcineu-
rin-dependent post-translational modifications (supplemental
Fig. S1C) (32, 33); 3) lack of calcium-dependent nuclear trans-
location of a GFP-tagged CNAG_00156 (supplemental Fig.
S1D) previously demonstrated with Crz1 homologs (32, 33).
Transcriptional Profiling Reveals That cnag_00156� and

pkc1� Mutant Strains Share Similar Transcriptional Profiles
under Starvation Conditions—To elucidate the potential cellu-
lar pathway related to CNAG_00156, we compared the tran-
scriptional profile of cnag_00156� with knock-out mutants of
genes involved in laccase production, pka1�, pkc1�, ssa1�, and
vad1�, as well as genes related to pathwayswith a knownC-ter-
minal zinc finger transcription factor in S. cerevisiae: cbk1�
(RAM pathway) and cna1�. An ssa1� mutant in an H99 back-
groundwas constructed for these studies and is described in the
supplemental Methods (supplemental Fig. S7). The ste12�
mutant, which haswild type virulence and laccase expression in
the H99 background (34), was chosen as an outgroup control.
Because nutrient starvation is a condition required for induc-
tion of numerous virulence-associated cellular programs, such
as autophagy (20) and laccase expression (35), glucose starva-
tion conditions were chosen for the strain comparisons.
Compared with the other mutants, the pkc1� strain exhi-

bited the transcriptional profile most similar to that of
cnag_00156� (Fig. 1, A and B, and supplemental Fig. S2), with
48 shared down-regulated genes (of 208 and 194 down-regu-
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lated genes in cnag_00156� and pkc1�, respectively), support-
ing a possible common pathway. Validation of sample genes
from the microarray experiment was performed by Northern
blot (supplemental Fig. S4) and quantitative RT-PCR studies
(supplemental Fig. S5) and will be described in further detail
elsewhere.
CNAG_00156 Shares Homology to C-terminal Zinc Finger

Transcription Factors in S. cerevisiae andH. sapiens—Compar-
ison of the full-length putative amino acid sequence of
CNAG_00156 with other known C-terminal zinc finger TFs of
S. cerevisiae failed to identify homologous yeast zinc finger pro-
teins (Fig. 1C, blue frame) known to be related to Pkc1. Indeed,

the known PKC1-related TFs in S. cerevisiae, Rlm1 and Swi4,
are not C-terminal zinc finger proteins. In contrast, metazoans,
represented by mammalian (H. sapiens) cells (Fig. 1C, tan
frame) express several CNAG_00156 homologs with homology
to the Sp TF family (58.7 and 54.5% similarity with Crz1 and
Sp1, respectively). Interestingly, within the Sp TF family, Sp1
and Sp3 are known to be regulated by Pkc1 (36, 37). Based on
this homology, we decided to designate CNAG_00156 as
C. neoformans SP1 (Cn SP1).
Structural Analysis of Cn Sp1, H. sapiens Sp1, and S. cerevi-

siae Crz1—To better understand the structural relationship
between Cn Sp1 and metazoan Sp1, we compared the zinc fin-

FIGURE 1. Transcriptional and protein sequence comparison of a C-terminal zinc finger (CNAG_00156). A, heat map display of a comparative microarray
experiment of C. neoformans strains Cn sp1� (cnag_00156�), pkc1�, pka1�, cna1�, cbk1�, ssa1�, ste12�, and vad1�. Strains were grown overnight to mid-log
phase and induced in 0% glucose medium for 1 h before RNA extraction. WT (H99) induced under the same conditions was used as reference for each mutant.
A cluster analysis of genes significantly altered in mutant strains with p � 0.0001 is presented. B, close-up view of the cluster analysis presented in A.
C, neighbor-joining phylogenic analysis of the Cn Sp1 (Cnag_00156) with S. cerevisiae (blue frame) and H. sapiens (tan frame) C-terminal zinc finger transcription
factors.
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ger elements of Cn Sp1 with those of the S. cerevisiae Crz1 and
the archetypeH. sapiens Sp1 because this region of the protein
is the most highly conserved across species and is an important
functional motif. SMART analysis (38) showed that the distri-
bution of the C-terminal zinc finger domains were of a similar
pattern in both Cn Sp1 andH. sapiens Sp1 (Fig. 2A), with three
domains in Cn Sp1 (944–968, 974–1001, and 1007–1034) and
H. sapiens Sp1 (626–650, 656–680, and 686–708) and only
two domains (569–591 and 597–619) in Crz1 from S. cerevi-
siae. This is an important divergence because the zinc finger
domain is the principal DNA-binding element within these
classes of transcription factors (39, 40).
Phylogenetic analysis of homologous C-terminal zinc finger

domains across selected fungi and metazoans revealed further
sequence divergence between the basidiomycete factor and

those of ascomycetes, such as Crz1 (Fig. 2B and supplemental
Fig. S3A). Interestingly, the first zinc finger domain of basidi-
omycete fungi, such as C. neoformans, appears to cluster best
withmetazoans rather than ascomycete yeast, such as S. cerevi-
siae, although the relationship was weakly supported due to the
short sequences of themotif. In contrast, the second zinc finger
motif appears to follow classic evolutionary relationships with
basidiomycete fungi clustering with the ascomycete motif. The
third zinc fingermotif ofC. neoformans fulfills the protein fam-
ily definition of a zinc finger motif (CX1–5CX12HX3–6(H/C))
(41), similar to the metazoan zinc finger motifs (supplemental
Fig. S3B). However, a previously undescribed motif bearing a
resemblance to zinc finger domains was also found in the
S. cerevisiae Crz1 factor. A 9-amino acid insertion between the
first two cysteine residues results in its failure to be classified as

FIGURE 2. C. neoformans and the H. sapiens Sp1 share similar functional domains. A, the SMART-identified zinc finger domain pattern, showing Cn Sp1,
Crz1, and H. sapiens Sp1 zinc finger domains (ZnF). B, phylogenetic analysis of metazoan and fungal zinc finger motifs (ZnF-1 to -3) of C. neoformans. Parsimo-
nious trees were constructed using the heuristic parsimony algorithm of PAUP 4b10, as described under “Experimental Procedures.” Clades consisting of major
taxonomic groups were collapsed when possible. Bootstrap support percentages greater than 70% are shown above the branches.
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a canonical zinc finger motif. It is not known whether this
region in S. cerevisiae plays a role in DNA binding, although
recent studies suggest the importance of three zinc motifs in
DNA binding (42). Nevertheless, these studies demonstrate an
evolutionary divergence between the cryptococcal Sp1 and the
ascomycete Crz1.
A Cn sp1� Mutant Shares Virulence Factor and Cell Wall

Defects with a Cryptococcal pkc1�Mutant—To establish a cor-
relation betweenCn SP1 and the PKC1 pathways, we compared
phenotypic features of the two mutants, which showed a num-
ber of qualitative similarities. Both mutants had similar glossy-
shiny colony morphologies under non-inducing conditions,
due to subtly increased capsule production, as previously dem-
onstrated by the same method for the pkc1� strain (16) (sup-
plemental Fig. S6). India ink microscopy (Fig. 3B) of the two
strains under the same conditions also demonstrated a shared
increased capsule production in both, although the effect from
the Cn sp1� mutation was more pronounced. Both mutants
also shared decreased laccase production (Fig. 3C), which was
more profound in the pkc1� mutant. Importantly, Cn sp1�
exhibited attenuated virulence in a mouse model, showing the
capacity for Cn SP1 to mediate PKC1-mediated effects on vir-
ulence (Fig. 3D). Although not explicitly tested for virulence in
previous reports (16), the cryptococcal pkc1� mutant would be
expected to be avirulent, based on its inability to grow at 37 °C.
Both mutants also exhibited cell wall/membrane dysfunction,

manifested by sensitivity to cations and cell wall inhibitors as
well as to the nitrosative agent NaNO2 (Fig. 4 and Table 1). We
also tested susceptibility of the strains to the pharmaceutical
cell wall agent caspofungin, which showed that the Cn sp1�
mutant displayed an intermediate sensitivity by MIC between
WT and the pkc1� strains (WT, Cn sp1�::Cn SP1, and
pkc1�::PKC1, 8 mg/ml; Cn sp1�, 4 mg/ml; and pkc1�, 0.25
mg/ml), suggesting a role for Cn SP1 in resistance to this cell
wall-active antifungal agent. In summary, cell wall dysfunction
was more profound in the pkc1� strain in comparison with the
Cn sp1� mutant, suggesting that Cn Sp1 may partially mediate
a subset of PKC1-dependent phenotypes. However, unlike the
pkc1� strain, Cn sp1� did not have a growth restriction at 37 °C
with sorbitol or 30 °C in the absence of sorbitol (Figs. 3A and 4),
suggesting no contribution ofCn Sp1 to thesePKC1-dependent
phenotypes.
Overexpression of Cn SP1 Partially Restores Cell Wall Integ-

rity Defects in a Cryptococcal pkc1� Mutant Strain—To exam-
ine epistatic relationships between PKC1 and Cn SP1, plasmids
expressing each gene under the actin promoter were con-
structed and transformed into the other respectivemutant, and
overexpression was confirmed by quantitative PCR (normal-
ized expression� S.D.): Cn SP1 expression in pkc1�::pACT-Cn
SP1/pkc1�, 2.5 � 0.5; PKC1 expression in Cn sp1�::pACT-
PKC1/Cn sp1�, 4.3 � 1.6. Lack of PKC1 expression in the
pkc1�::pACT-Cn SP1 strain was also confirmed by reverse

FIGURE 3. Cn sp1� and pkc1� have altered virulence factors. A, WT (H99), Cn sp1�, and Cn sp1�::Cn SP1 strains were grown on YPD media and suspended
in PBS to an A600 of 0.1. Five 5-fold dilutions of each strain were spotted on YPD agar plates, incubated in 37 °C, and observed for 48 h. B, WT, Cn sp1�, pkc1�,
Cn sp1�:Cn SP1, pkc1�::pACT-Cn SP1, and Cn sp1�::pACT-PKC1 strains were grown on YPD plus sorbitol media, stained with India ink, and observed under
microscopy. C, laccase activity. The above strains were plated following glucose starvation on asparagine plus neuroepinephrine media and incubated
overnight. D, virulence of WT (H99), Cn sp1�, and Cn sp1�::Cn SP1 strains was evaluated in a mice model following intravenous injection of 106 cfu. *, p � 0.01
for WT versus Cn sp1� and Cn sp1�::Cn SP1 versus Cn sp1�; p � 0.05 for WT versus Cn sp1�::Cn SP1.
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transcription PCR (data not shown). The pkc1�::pACT-Cn SP1
strain demonstrated partially restored cell wall integrity (Fig. 4
and Table 1) in YPDwithout sorbitol as well as in YPD/sorbitol
containing calcofluor white, SDS, CaCL2, LiCl2, and NaNO2
(Fig. 4). SP1 overexpression in the pkc1� mutant also partially
restored the “dry” appearance of plated colonies (supplemental
Fig. S6) and successfully restored the WT repressed capsule
phenotype (Fig. 3B). Features that were not restored in the Cn
SP1-overexpressing strain compared with the pkc1� strain
were growth in 37 °C and in YPD/sorbitol with Congo red (Fig.
4), laccase expression (Fig. 2), and a reduced caspofungin MIC,
which remained at 0.25. In contrast, overexpression of PKC1 in
the Cn sp1�mutant did not alter any growth, capsule, or cell wall
phenotypes, including caspofungin sensitivity. These results sup-
port the hypothesis that Cn SP1 acts downstream to PKC1, regu-
lating a subpopulation of cell wall integrity functions.
Regulation of Cn SP1—We next sought to study the effect of

glucose starvation on Cn Sp1 because a recently described role
for autophagy suggests that nutrient deprivation plays an

important role during cryptococcal infection (20), and laccase
is known to be derepressed in the absence of glucose (43). In
addition, because of the possible role of Cn Sp1 in the Pkc1
pathway, we studied conditions shown previously to be Pkc1-
dependent: calcofluor white and NaNO2 (16). As shown in Fig.
5A, Cn SP1 transcription is induced under glucose starvation
andwas found to be dependent on an intactPKC1 locus. During
induction with calcofluor white and NaNO2, Cn SP1 transcript
levels remained steady orwere slightly reduced (Figs. 5,B andC,
respectively) and were higher in the pkc1� compared withWT.
Second, because PKC1 is known to regulate the activity of tran-
scription factors by phosphorylation, we analyzed for this by
immunoprecipitating an N-terminally c-myc-tagged Cn Sp1 in
a Cn sp1� background (Cn sp1�::pACT-Cn SP1) (Fig. 5D), fol-
lowed byWestern blotting using an anti-phosphoserine/threo-
nine/tyrosine antibody (Fig. 5E). Interestingly, the Pkc1-induc-
ing conditions, calcofluor white and NaNO2, led to an increase
in the phosphorylation of Cn Sp1, whereas there was no in-
crease in phosphorylation under glucose starvation, suggesting
complementary transcriptional and post-translational regula-
tion ofCnSp1byPkc1.Next, we studied the effect of these three
conditions on the localization of GFP-Cn Sp1. As shown in Fig.
5F, a subset of the Cn Sp1 protein fraction is constitutively
present in the nucleus, even under mid-log growth conditions
in YPD. However, nuclear fractional localization of Cn Sp1 was
increased during induction with calcofluor white andNaNO2 but
not after glucose starvation (Fig. 5,F andG), again suggesting both
transcriptional and post-translational regulation by Pkc1. Both
mechanismswould be expected to result in an increase in the total
nuclear quota of the Cn Sp1 protein under all three inducing con-
ditions by this combinationofmechanisms, resulting in successful
Pkc1-dependent signaling through Cn Sp1.
Cn SP1 and PKC1 Mediate a Similar Transcriptional

Response to Glucose Starvation—We next conducted addi-
tional whole-genome epistatic experiments of Cn SP1 and

FIGURE 4. Cn sp1� and pkc1� share cell wall integrity defects. WT (H99), Cn sp1�, pkc1�, Cn sp1�::Cn SP1, pkc1�::PKC1, pkc1�::pACT-Cn SP1, and Cn
sp1�::pACT-PKC1 strains were grown on YPD plus sorbitol media and suspended in PBS medium to an A600 of 0.1. Five 5-fold dilutions of each strain were
spotted on YPD plus 1 M sorbitol agar plates with the various additives as described and incubated at 30 °C (except for the 37 °C experiment) for 48 h. CFW,
calcofluor white.

TABLE 1
Constituent expression of Cn SP1 partially restores cell wall integrity in
pkc1�
Phenotype is a comparison with wild type.

1 Sensitivity to 0.01% SDS, 0.5% Congo red, and 0.5 mg/ml calcoflour white.
2 Sensitivity to 200 mM CaCl2 and 50 mM LiCl2.
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PKC1 under starvation using microarray analysis (see “Experi-
mental Procedures”). Fig. 6a shows a y versus x plot, whereby y
describes transcript level changes of the Cn sp1� mutant com-
pared with that of the wild type under starvation conditions,
and x describes transcriptional differences between the pkc1�
mutant andwild type, all under starvation conditions. The find-
ing of a significant correlation in both direction and expression
levels between theCn sp1� and the pkc1�mutants (slope of y	

log2(Cn sp1�/WT) versus log2(pkc1�/wt): 0.5907 � 0.01; p �
0.0001) suggests a genetic relationship between the two genes,
whereby genes down-regulated in the first mutant also tended
to be down-regulated in the second. Using these plots, we first
identified genes that were significantly down-regulated in both
the pkc1� and Cn sp1� strains with a false discovery rate of
�0.05 (Fig. 6A, red and green dots). From these, we selected the
genes that were down-regulated by at least 2-fold (Fig. 6A, green

FIGURE 5. Cn Sp1 is regulated by Pkc1. A–C, Cn SP1 expression was assayed in WT and pkc1� strains, before (mid-log phase in YPD medium) and following the
detailed conditions by quantitative RT-PCR. Relative expression was calculated using ACT1 as a reference gene. D, c-myc-tagged Cn Sp1 (Cn sp1�::pACT-Cn SP1)
and WT strains were grown to mid-log phase in YPD and subjected to immunoprecipitation with anti c-myc antibody followed by Western blotting with anti
c-myc Ab. E, Cn sp1�::pACT-Cn SP1 cells were grown to mid-log phase and immunoprecipitated following a 1-h induction in medium under the indicated
conditions (detailed under “Experimental Procedures”). Western blotting was done with either anti-phosphorylated Thr/Ser/Tyr or anti-c-myc as a loading
control. Immunoprecipitated WT cells were used as a negative control. F, Cn sp1�::GFP-Cn SP1 strains were grown to mid-log phase and induced for 1 h in
medium under the indicated conditions (detailed under “Experimental Procedures”). Representative pictures of Cn sp1�::GFP-Cn SP1 cells before and following
1-h induction are presented. DAPI was used for nuclear co-staining. G, percentage of nuclear localization of GFP-Cn SP1 before and after 30 and 60 min of
induction (n 	 300 cells). CFW, calcofluor white; DIC, differential interference contrast.
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dots). Of the 6970 genes tested in the microarray, 163 met both
criteria (Table 2). Consistent with these results, overexpression
of Cn SP1 in the pkc1�mutant (pkc1�::pACT-Cn SP1) restored
expression of a large majority of these genes, either completely
or partially (�2-fold compared with pkc1�) in 102 genes (Fig.
6C and Table 2). Analysis of the entire transcriptome also
showed a significant restoration of PKC1-dependent gene
expression levels after Cn SP1 overexpression as evidenced by a
reversal of the slope of Fig. 6B versus that of Fig. 6A and a
regression having a significant negative slope (slope of y 	
log2(pkc1�::pACT-Cn SP1/pkc1�) versus log2(pkc1�/WT):
�0.495 � 0.005; p � 0.0001). Interestingly, careful comparison
of the transcriptional profiles of the sp1� strain (Fig. 6A) with
that of the SP1 overexpressor strain (Fig. 6C) identified numer-
ous genes (shown in black) that were scored as non-significant

but showed significant up-regulation after SP1 overexpression.
One such gene,HSP12, was confirmed by Northern blot analy-
sis to show reduced transcription in the sp1� mutant that was
restored after SP1 overexpression (supplemental Fig. S4a). This
reflects the relatively conservative nature of the false discovery
methodology commonly used for determining significance in
transcriptional differences and shows the utility of whole
genome epistatic studies in improving the efficiency of gene
discovery in microarray experiments. Hsp12 has been recently
found to display cAMP-dependent gene transcription in fungal
pathogens Candida albicans and C. neoformans and was found
in the latter to have a role in polyene antifungal drug suscepti-
bility (43, 44). Interestingly, the majority of the population of
Cn SP1/PKC1-dependent genes (151 of 163) were also induced
in the WT strain during transition from mid-log phase growth

FIGURE 6. The Cn Sp1/Pkc1 pathway regulates gene expression following glucose starvation. A, transcriptional profile of Cn sp1� (y axis) and pkc1� (x axis)
compared with WT following glucose starvation. Red dots, genes that are significantly down-regulated in Cn sp1� and pkc1� (false discovery rate �0.05)
compared with WT. Green dots, a subset of the genes labeled in red that are also down-regulated by at least 2-fold compared with WT (n 	 163). The genes in
these groups are also presented in subsequent panels. B, transcriptional profile of pkc1�::pACT-Cn SP1 (compared with pkc1�) and pkc1� (compared with WT)
following glucose starvation, presented on the y and x axis, respectively. Green and red, the same transcripts as in A. C, transcriptional profile of WT (pre- and
poststarvation) and pkc1� (compared with WT in starvation) presented on the y and x axis, respectively. Green and red, the same transcripts as in A. D, pie
diagram detailing the functional categories of 59 genes with known function of the 163 genes identified in A (green dots).
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to starvation conditions (Fig. 6C), suggesting an important role
for the PKC1-Cn SP1 pathway during nutrient stress.

Table 2 details genes that were down-regulated�2-fold with
a false discovery rate of �0.05 in both pkc1� and Cn sp1� fol-
lowing glucose starvation. Functionally, these genes include
those involved in carbohydrate metabolism, membrane trans-
porters and channels, and general stress response (for an over-
view, see Fig. 6D). Genes involved in several virulence pathways
were identified, including theNTH1 gene involved in trehalose
metabolism (45) and the allergen 1 gene involved in mucoid
switch variants of C. neoformans (46). We validated the results
presented in Table 2 and Fig. 6 by confirmation of a subset of
genes by either Northern blot (supplemental Fig. S4a) or quan-
titative RT-PCR (supplemental Fig. S4b). We also confirmed
several additional genes of interest that were found to be down-
regulated in the mutants but had not met the statistical criteria

similar to those of HSP12 described above (supplemental Fig.
S4). For example, expression of 1,3-�-glucan synthase, a target
of the antifungal caspofungin (47) and a critical cell wall syn-
thesis enzyme in C. neoformans (48), is increased following
starvation in WT but decreased in pkc1� and Cn sp1�. WT
expression is partially restored in the pkc1�::pACT-Cn SP1
strain. This reduction may partially explain the increased sus-
ceptibility to caspofungin of both the Cn sp1� and the pkc1�
mutants.However, the lack of restoration of caspofungin resist-
ance in the pkc1� mutant by Cn Sp1 described above supports
a role for additional genes in this unique cryptococcal resist-
ance besides 1,3-�-glucan synthase expression, as suggested
recently (49). The transcription of laccase was also reduced in
the Cn sp1� but not in pkc1� (Fig. S4), despite reduced enzy-
matic activity in both (Fig. 3C), suggesting a complexity of reg-
ulation of this gene involving both transcriptional and post-
transcriptional mechanisms.
Cn Sp1 Binds to Promoter Regions of Cn Sp1/Pkc1-dependent

Genes—ChIPwas performed using the Cn sp1�::pACT-Cn SP1
strain, which expresses Cn Sp1 as a fusion with a c-myc affinity
tag (see “Experimental Procedures”). Immunoprecipitationwas
performed using either an anti-c-myc monoclonal antibody
(Ab) or a mouse IgG1 isotype control Ab, and promoter occu-
pancy was quantified using a quantitative PCR assay. Promoter
occupancy was expressed as a ratio of the target promoter sig-
nal immunoprecipitated by the c-myc antibody versus the iso-

TABLE 2
Cn Sp1/Pkc1-regulated genes
Shown is a summary of identifiable genes (n 	 59) down-regulated in both Cn
sp1� and pkc1� compared with WT under glucose starvation (�2-fold difference
and false discovery rate of �0.05), divided by functional categories. -Fold change in
expression is presented in log2. The-fold change in gene expression in
pkc1�::pACT-Cn SP1 strain compared with pkc1� is also presented.

TABLE 2—continued
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type control. Following glucose starvation, promoters ofHSP12
andMDH (malate dehydrogenase) showed increased promoter
occupancy ratios of 230 � 5.9 and 295.4 � 37.4, respectively,
whereas in mid-log phase cells, Cn Sp1 occupancy was
increased for the MDH but not the HSP12 promoters (29.7 �
4.5 versus 0.61� 0.09, respectively). In contrast, DNAencoding
the unrelated actin gene showed no enrichment after c-myc
immunoprecipitation (data not shown). Furthermore, during
starvation, the ratio of 1,4-�-glucan branching enzyme pro-
moter to actin was 1.4 � 0.34, and target gene signals were
undetectable in mid-log phase cells, suggesting that this gene is
not a direct target of Cn Sp1.

DISCUSSION

Previouswork demonstrated that cryptococcal virulence and
laccase expression are dependent on activation of the protein
kinase C pathway by diacylglycerol (50, 51). Amultiple-compo-
nent pathway emanates from PKC1: one mediated through the
MAPK signalingmembers, Bck1,Mkk2, andMpk1, responsible
for growth at high temperature and cell wall integrity and an
additional unknown pathway(s) responsible for laccase expres-
sion, capsule regulation, and nitrosative stress (17). The present
work confirms the existence of an additional parallel pathway
and identifies a novel Pkc1-dependent C-terminal zinc finger
transcription factor in fungi (Fig. 7). The reliance of the TF on
Pkc1 was suggested by a screen using a microarray-based tran-

scriptional comparison with known signal transduction
mutants. An association with Pkc1 was then confirmed by a
series of biochemical and epistatic experiments. The crypto-
coccal transcription factor was named Cn Sp1 because it is
homologous to the Sp1/KLF transcription factor family within
metazoans that, like Cn Sp1, contains three C-terminal
Cys2His2-type zinc finger motifs.
Interestingly, Cn Sp1 also bears sequence similarity to a

group of ascomycete C-terminal transcription factors with
closest homology, by a simple BLAST search, to the calcineu-
rin-responsive zinc finger protein, Crz1, but these typically
contain only two canonical C-terminal zinc finger motifs (Fig.
2). Calcineurin-dependent signaling is important in a number
of cellular processes in C. neoformans, including growth at ele-
vated temperature, virulence, and sexual development. Expres-
sion of the virulence factor laccase also appears to be dependent
on calcineurin, as evidenced by a role in calcium-dependent
expression mediated by the transcriptional co-activator, Ssa1,
and by the dependence of Ssa1 on Crz1 in S. cerevisiae (52).
However, our studies showed that mutants of the cryptococcal
Cn Sp1 did not share phenotypes with that of the calcineurin
mutant cna1�, did not display calcineurin-dependent size
shifts on an SDS-polyacrylamide gel, and did not display calci-
um-dependent nuclear localization, typical of the calcineurin-
dependent ascomycete factor. This led us to screen for other
potential signal transduction pathways using a microarray
comparison screening approach.
Analysis of the C-terminal zinc finger motifs of Cn Sp1

allowed an evolutionary comparison of similar proteins within
both fungi and metazoans because this region is more highly
conserved and is an important functional signature of both the
Crz1 and Sp family of proteins (39, 40). These studies demon-
strated a complex evolutionary divergence of the cryptococcal
TF from that of ascomycetes, such as S. cerevisiae. For example,
although the second cryptococcal zinc finger motif shares clos-
est homology with the second of two zinc finger motifs of the
ascomycete Crz1, the first displays closer similarity to that of
the metazoan and plant Sp/KLF homologs. Examination of a
third cryptococcal zinc finger motif shows that it superficially
displays homology to a non-canonical zinc finger-like motif
within the ascomycete factors that has not been described pre-
viously. Excluding the ascomycete site would again place the
cryptococcal canonical zinc finger site closest to the metazoan
canonical zinc finger motifs. However, retention of the cys-
teine- and histidine-containing ascomycete sequences during
evolution suggests that this third non-canonical zinc finger-like
motif may have retained function. Because recent structural
studies suggest a role for the third zinc finger motifs in deter-
mining DNA sequence specificity and binding affinity (40, 52),
this divergent ascomycete motif could play a role in differenti-
ating the DNA sequences recognized between the mammalian
and ascomycete TFs. Interestingly, analysis of promoter
sequences from the HSP12 and MDH genes that showed Cn
Sp1 promoter occupancy by chromatin immunoprecipitation
identified the presence of consensus Sp1 binding sites (Hsp12,
490CCGCCC; MDH, 59CCGCCC) but not consensus Crz1
binding sites, again suggesting greater similarity to the meta-
zoan TF. However, more detailed promoter dissection studies

FIGURE 7. Role of Sp1 in the Pkc1 signaling pathway of C. neoformans.
Pkc1 phosphorylates a member of the MAPK signaling pathway, Bck1, with
subsequent phosphorylation of Mkk2 and the downstream component
Mpk1 to mediate cell wall integrity, growth at high temperature, and viru-
lence. Pkc1 also regulates the transcription factor Sp1 by phosphorylation,
leading to activation by nuclear translocation as well as by transcriptional
mechanisms, leading to regulation of osmoresistance, cell wall integrity, and
virulence in parallel with the MAPK pathway as well as a unique pathway
leading to resistance to nitrosative stress, capsule production, and caspofun-
gin resistance. Laccase (Lac1) is regulated by Pkc1 via an unknown pathway.
DAG, diacylglycerol. Adapted from Gerik et al. (16).
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are required to confirm these findings. In addition, examination
of the C. neoformans annotated database (Broad Institute
Web site) identified two C-terminal zinc finger proteins
(CNAG_00039 and CNAG_01014) that contained the requisite
two zinc finger motifs of Crz1, but these did not share strong
homology with the Crz1 protein either by BLAST or ClustalW
algorithms. This suggests an evolutionary loss of the primordial
Crz1 gene product function inC. neoformans. Indeed, previous
attempts to identify a Crz1 homolog in C. neoformans by a
number of methods, including a multicopy suppressor screen
of a cryptococcal calcineurin mutant, failed to identify func-
tional homologs of Crz1 in C. neoformans (27).
Interestingly, the Sp/KLF class of metazoan transcription

factors is regulated by a variety of signal pathways, including
protein kinase homologsPKC�, which have been best studied in
mammalian systems (40). These C-terminal transcription fac-
tors are also regulated by phosphorylation, similar to the cryp-
tococcal factor. The metazoan TFs also act as coactivators of
multiple pathways, including Ras and phosphatidylinositol
3-kinase pathways, suggesting interesting precedents to exam-
ine for Cn Sp1 in the future. However, it is important to be
cautious in extrapolating functions to the cryptococcal Sp1,
based on the distant phylogenetic relationships involved. Addi-
tional structural studies will be needed to differentiate Cn Sp1
from the metazoan factors.
Although it is difficult to make precise comparisons of func-

tionality, it appears that the evolutionary structural drift of the
fungal C-terminal zinc finger protein from Crz1 to Cn Sp1 also
resulted in changes in the types of cellular functions regulated
by this factor as compared with that reported previously for
Crz1 from S. cerevisiae (39). For example, although a variety of
cell wall synthetic functions are regulated by both Crz1 (chitin
synthase type I, 1,3-�-glucan synthesis regulatorRHO1) andCn
Sp1 (1,3-�-glucan synthase), Cn Sp1 appears to have picked up
additional target functions in carbohydrate metabolism,
including trehalose regulation and amino acid metabolism
(such as the Rds1 protein, homologs of which are involved in
ubiquitin-binding degradative functions (53)). In addition,
expression of degradative target genes of CRZ1, such as car-
boxypeptidase and ATG5, the latter involved in autophagy
induction (54), appears to have been lost in the evolution
toward a Pkc1-dependent factor. Such changes in the regula-
tory landscapemay have optimized relationships between envi-
ronmental signals and cellular outputs that resulted in its evo-
lution to a mammalian pathogen. Indeed, the cryptococcal Sp1
factor was found tomediate several important Pkc1-dependent
phenotypes peculiar to its role as a pathogen, including capsule
regulation and resistance to nitrosative stress. Importantly, Cn
Sp1 was required for wild-type virulence in a mouse model.
However, although theCn sp1�mutantwas defective in laccase
expression, epistatic studies did not show restoration of the
pkc1� laccase defect after Cn SP1 overexpression, suggesting a
role for additional pathway(s) mediating Pkc1-dependent lac-
case expression. Interestingly, our microarray epistatic tran-
scriptional studies suggest that a preponderance of Pkc1-medi-
ated transcription is dependent on Cn Sp1 signaling under
glucose depletion conditions. However, these data should not
be interpreted as implicating Cn Sp1 in all Pkc1-mediated tran-

scription as cross-talk, and the role of the parallel MAPK path-
way may lead to less reliance on Cn Sp1 under other Pkc1-
associated conditions, such as oxidative or nitrosative stress.
Interestingly, the dependence of some genes, such as malate
dehydrogenase, showed strong reliance on both Pkc1 and Cn
Sp1 by Northern analysis, whereas glucan synthase showed less
dependence, suggesting such a role formultiple interacting sig-
nals communicating with Cn Sp1. Examination of the microar-
ray epistatic experiments appears to bear this out, with a large
variation in both PKC1 and Cn SP1-dependent expression lev-
els across theC. neoformans transcriptome. Such data show the
advantage of a consideration of the whole genome in determin-
ing the regulatory impact of components of a signal transduc-
tion pathway. Induction of the glucose starvation response by
Pkc1/Cn Sp1 may be particularly important in cryptococcal
infections where nutrient deficiency encountered in host
macrophages and brain is suggested by a role for autophagy
during pathogenesis (20). Nutrient stress, in combination with
host oxidative and temperature stress, is a host environmental
component against which the fungus must compete for suc-
cessful infection. The ability of the organism to induce tran-
scriptional programs during nutrient limitation, such as that
mediated by Pkc1-Cn Sp1modeled here, during starvationmay
be a key component in niches leading to low metabolic states,
such as during latent infection, demonstrated in recent clinical
studies showing long periods of time within the host between
initial infection andmanifestation of disease duringHIV-medi-
ated immune suppression (55).
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