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Mating and virulence of the human fungal pathogen Cryptococcus neoformans are controlled by calcineurin,
a serine-threonine-specific calcium-activated phosphatase that is the target of the immunosuppressive drugs
cyclosporine A and FK506. In previous studies, a calcineurin binding protein (Cbpl, Renl, Dscrl/Cspl-3/
MCIP1-3) that is conserved from yeasts to humans has been identified, but whether this protein functions to
regulate calcineurin activity or facilitate calcineurin function as a signaling effector has been unclear. Here we
show that, like calcineurin, Cbpl is required for mating in C. neoformans. By contrast, Cbpl plays no role in
promoting calcineurin-dependent growth at 37°C and is not essential for haploid fruiting. Site-directed
mutagenesis studies provide evidence that tandem phosphorylation and dephosphorylation of two serine
residues in the conserved SP repeat motif are critical for Cbp1 function. Epistasis analysis supports models in
which Cbp1 functions coordinately with calcineurin to direct hyphal elongation during mating. Taken together,
these findings provide insights into the roles of Cbp1 as an accessory subunit or effector of calcineurin-specific
signaling pathways, which may be features conserved among the calcipressins to govern calcineurin signaling

in immune cells, cardiomyocytes, and neurons of multicellular eukaryotes.

Signal transduction cascades are utilized by all organisms to
facilitate the transmission of signals perceived at the cell sur-
face to effectors within the cell. Protein kinases and phospha-
tases are the primary components of signal transduction cas-
cades and mediate signaling via reversible phosphorylation.
Signal transduction cascades are employed by many patho-
genic fungi to allow rapid adaptation to changing environmen-
tal conditions within the host.

Cryptococcus neoformans is a significant human fungal
pathogen and a leading cause of meningoencephalitis and re-
spiratory disease among immunosuppressed individuals. The
highly conserved Ca®"-calmodulin-activated serine/threonine-
specific protein phosphatase calcineurin is necessary for the
pathogenesis of several medically important fungi, including
the human fungal pathogen C. neoformans, and regulates many
physiological processes necessary for life, including morpho-
genesis, cell wall biosynthesis, and ion homeostasis (reviewed
in reference 10). Calcineurin is composed of two subunits, a
catalytic A subunit and a regulatory B subunit, and is the target
of the immunosuppressive compounds FK506 and cyclospor-
ine A, which inhibit its phosphatase activity (26). In C. neofor-
mans, calcineurin activity is required for cell viability at 37°C
and for the regulation of hyphal elongation and basidium for-
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mation, a prerequisite for the generation of infectious spores
(4,9, 31).

The life cycle of C. neoformans is well characterized and
includes two distinct filamentous stages, mating (dikaryotic
filamentation) and monokaryotic fruiting (1). Mating involves
fusion between haploid cells of opposite mating types, a and a,
in response to pheromone and nutrient deprivation, and leads
to the production of dikaryotic filaments that differentiate at
the tips to form basidia, the site of karyogamy and meiosis and
subsequent basidiospore release (22). Monokaryotic fruiting
occurs in haploid cells of either mating type, in the absence of
a mating partner, generating monokaryotic filaments that dif-
ferentiate at the tips to form basidia, which produce only o or
a basidiospores (44, 48).

To study their implications for virulence and as drug targets,
effectors of calcineurin that regulate hyphal elongation during
mating and monokaryotic fruiting have been sought. This anal-
ysis revealed three candidates: the novel calcineurin-binding
protein Cbpl, the calcineurin mutant multicopy suppressor
Ctsl, and the B-1,3 glucan synthase Fksl (8, 13, 20). Using the
yeast two-hybrid system, C. neoformans var. grubii Cbpl was
originally identified as a novel protein that physically interacts
with calcineurin (13). This calcineurin binding protein, Cbpl,
contains a conserved serine proline repeat, which serves as a
substrate for the phosphatase activity of calcineurin. Cbpl is a
founding member of a family of calcineurin-binding proteins,
called the calcipressins, which are present in organisms as
diverse as model yeasts, pathogenic fungi, and humans. The
yeast and human functional homologs, Rcnl and DSCR1/
MCIP1, respectively, similarly interact with calcineurin and
modulate its activity and physiological functions via their ac-
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TABLE 1. Primer list

Primer Description

Sequence (5’ to 3')°

8949 CBP1 5" UTR primer (—500)
7868 CBP1 5’ per expression seroD
7869 CBP1 3’ pcr expression seroD
8480 CBP1 overlap primer 1

8163 CBP1 overlap primer 2

8164 CBP1 overlap primer 3

8739 CBP1 overlap primer 4

8740 CBP1 overlap primer 5

8167 CBP1 overlap primer 6

8481 CBP1 reverse primer

8933 CBP1 S138A forward

8934 CBP1 S138A reverse

8935 CBP1 S142A forward

8936 CBP1 S142A reverse

8941 CBP1 S138A, S142A forward
8942 CBP1 S138A, S142A reverse
8945 CBP1 C-terminal FLAG forward
8946 CBP1 C-terminal FLAG reverse
8947 CBP1 delta FLISPPGSPP forward
8948 CBP1 delta FLISPPGSPP reverse
9394 CBP1 S138E forward

9395 CBP1 S138E reverse

9396 CBP1 S142E forward

9397 CBP1 S142E reverse

9398 CBP1 S138A, S142E forward
9399 CBP1 S138A, S142E reverse
9400 CBP1 S138E, S142A forward
9401 CBP1 S138E, S142A reverse
9402 CBP1 S138E, S142E forward
9403 CBP1 S138E, S142E reverse
9674 CBP1 5" EcoRI for pGAD424
9675 CBP1 3’ BgllI for pPGAD424

CGTTCTGATATCGTGGGCGG

CTGGAAAAAATGACCATAAGCC

CCAAGACTCGGATGATGGCG

ACACTCGCCCTCCTTCTTCCTCAC
CGATTATATTACCTTCCACCGGCTGCGAGGATGTGAGCT
AGCTGACATCCTCGCAGCCGGTGGAAGGTAATATAATCG
GGCTCCTTGTCTCTGAAACACAACTTTCACATCTCCCCG
CGGGGAGATGAGAAAGTTGTGTTTCAGAGACAAGGAGCC
GCGGTAGTAGGCTCAGAACC

TCATCTGCCTTGCTCCCACCTGTCC
CCACACAACTTTCTCATCGCCCCGCCAGGTTCTCCGCC
GGCGGAGAACCTGGCGGGGCGATGAGAAAGTTGTGTGG
CTCATCTCCCCGCCAGGTGCTCCGCCTGAAGGCTGGGAACC
GGTTCCCAGCCTTCAGGCGGAGCACCTGGCGGGGAGATGAG
CCACACAACTTTCTCATCGCCCCGCCAGGTGCTCCGCCTGAAGGCTGGGAACC
GGTCCCCAGCCTTCAGGCGGAGCACCTGGCGGGGCGATGAGAAAGTTGTGTGG
GCAATGCCTCCTTTAGATTATAAGGATGATGATGATAAGTGATCCGCCATCATCC G
CGGATGATGGCGGATCACTTATCATCATCATCCTTATAATCTAAAGGAGGCATTGC
CCTCTTCCACACACCGATTATAAGGATGATGATGATAAGGAAGGCTGGGAACC
GGTTCCCAGCCTTCCTTATCATCATCATCCTTATAATCGTTGTGTGGAAGAGG
CCACACAACTTTCTCATCGAGCCGCCAGGTTCTCCGCC
GGCGGAGAACCTGGCGGCTCGATGAGAAAGTTGTGTGG
CTCATCTCCCCGCCAGGTGAACCGCCTGAAGGCTGGGAACC
GGTTCCCAGCCTTCAGGCGGTTCACCTGGCGGGGAGATGAG
CCACACAACTTTCTCATCGCCCCGCCAGGTGAACCGCCTGAAGGCTGGGAACC
GGTCCCCAGCCTTCAGGCGGTTCACCTGGCGGGGCGATGAGAAAGTTGTGTGG
CCACACAACTTTCTCATCGAGCCGCCAGGTGCTCCGCCTGAAGGCTGGGAACC
GGTCCCCAGCCTTCAGGCGGAGCACCTGGCGGCTCGATGAGAAAGTTGTGTGG
CCACACAACTTTCTCATCGAGCCGCCAGGTGAACCGCCTGAAGGCTGGGAACC
GGTCCCCAGCCTTCAGGCGGTTCACCTGGCGGCTCGATGAGAAAGTTGTGTGG
GATCTGGAATTCATGACCATAAGCC

CTCCCAAGATCTGGATGATGGCG

“ Underlines indicate codon changes to introduce substitutions.

tions as potential effectors or feedback regulators of cal-
cineurin signaling (reviewed in references 10, 14, 27, 32, 37,
and 49).

All members of the calcipressin family possess a conserved
central peptide region, termed the serine-proline (SP) repeat,
that serves as a mitogen-activated protein kinase substrate for
a priming phosphorylation event that facilitates a subsequent
phosphorylation at an adjacent site by glycogen synthase ki-
nase-3 (GSK-3) kinases, with the GSK-3 phosphorylation
event subject to reversal by the phosphatase action of cal-
cineurin (47). Recent studies have shown that phosphorylation
within this region is important, as the mutation of the con-
served serines results in the loss of nuclear localization of
DSCRI1 (34). Additionally, recent studies by Hilioti et al. have
shown that preservation of the GSK-3 phosphorylation event
within the SP repeat of Renl is necessary for calcineurin ac-
tivity in S. cerevisiae (15). Thus, it is likely that the phosphor-
ylation state of this region is involved in the modulation of
calcineurin function, either via allosteric regulation of cal-
cineurin activity or through subcellular targeting.

To examine the role of the calcineurin-binding protein Cbpl
as a modulator of calcineurin activity in C. neoformans, and to
elucidate the importance of the highly conserved serine-pro-
line repeat region for Cbp1 function, we isolated and disrupted
the C. neoformans var. neoformans CBPI gene. cbpl mutant
strains were assessed for phenotypes associated with loss of
calcineurin function, including growth at high temperature,

hyphal elongation during mating and monokaryotic fruiting,
and calcium ion sensitivity. Additionally, to determine the role
of the highly conserved SP repeat region on Cbpl and cal-
cineurin function, site-directed mutations were generated
within CBP1 to mimic the phosphoserine or nonphosphory-
lated states of the SP repeat, and the influence of each substi-
tution on calcineurin-specific signaling events was analyzed.
Our studies provide compelling evidence that Cbpl functions
as a specificity modulator or targeting subunit of calcineurin-
dependent hyphal elongation during mating. Additionally, we
demonstrate that the phosphorylation state of the conserved
SP repeat of Cbpl does not significantly influence calcineurin
association, but does direct the activity of calcineurin during
hyphal elongation.

MATERIALS AND METHODS

Strains, media, and reagents. All C. neoformans strains used in this study are
derived from the congenic serotype D (var. neoformans) strains JEC21 (MAT«)
and JEC20 (MATa). The genotype of strain MCC3 is MATa cnal::ADE?2 ura5
ade?. Strains JEC43 (MATo ura5) and JEC34 (MATa ura5) are 5-FOA resistant
derivatives of JEC21 and JEC20, respectively. The genotypes of the cbpl dele-
tion strains derived from JEC20, JEC43, or JEC21 are as follows: DSF64 (MATa
cbpl::NAT), DSF67 (MATo cbpl::NAT), DSF58 (MAT« cbpl::NAT ura5) and
DSF57 (MATa cbpl::NAT ura5). C. neoformans strains were grown on standard
yeast medium except where otherwise indicated.

Oligonucleotide primers and sequencing. Oligonucleotide primers for PCR
and sequencing were synthesized by Integrated DNA Technologies, Inc. Se-
quencing was performed by the Davis Sequencing (Davis, CA) and the Duke
University DNA analysis facilities using the ABI 377, version 3.3 (PE Applied
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Biosystems). Sequence data were analyzed with MacVector version 7.2 and the
DNASTAR software suite version 4.0. Primers used in this study are listed in
Table 1.

Disruption of the C. neoformans CBP1 gene. The CBPI gene was disrupted by
homologous recombination with a cassette containing the nourseothricin domi-
nant drug resistance gene from Streptomyces noursei, natl, fused to the C. neo-
formans ACTI promoter and TRPI terminator and flanked on either side by
CBPI gene sequence (28). The cassette was introduced by a sequential overlap
PCR approach as follows: the left arm of the cassette (340 bp) was generated by
amplification of CBPI genomic DNA with primers 8480 and 8164; the right arm
of the cassette (425 bp) was generated by amplification of CBPI genomic DNA
with primers 8739 and 8167; the drug resistance module was amplified from the
cloned NAT cassette (1700 bp) with primers 8163 and 8740; and the final 2.5-kbp
overlap product was generated by PCR with the flanking primers 8480 and 8167
(5). Disruption was confirmed by PCR of genomic DNA from wild-type and
cbpl::nat disruptants with a primer pair, 8480 and 8481, flanking the disruption
cassette insertion site (positions 421 to 474) within the CBPI gene.

Northern analysis. Total RNA was isolated from strains grown at 25°C in YPD
or synthetic minimal medium to mid-log phase using the Trizol reagent, as
previously described (20). Total RNA (20 pg) was separated by formaldehyde-
agarose (1.2%) electrophoresis, visualized by ethidium bromide staining, and
transferred to nylon (Magnacharge, Osmotics, Inc.). PCR-generated fragments
of the GPI10, CNBI, and CBPI genes were labeled with [«-*?P]dCTP and used
as probes during Northern hybridization of immobilized RNA.

Filamentation assays. Mating assays were performed by growing strains of
opposite mating type on YPD solid medium for 48 to 72 h at 25°C prior to being
cocultured on V8 or filamentation agar medium at 25°C for 7 days in the dark.
Monokaryotic fruiting assays were performed similarly, with strains grown on
YPD solid medium prior to spotting onto filamentation agar followed by incu-
bation at 25°C for 14 days in the dark. Filamentation for both mating and fruiting
assays was scored microscopically, as previously described (4). Quantitative mat-
ing (cell fusion) assays were performed as previously described (16, 40).

FLAG-tagging and site-directed mutagenesis of Cbpl. The FLAG epitope
(DYKDDDDK) was introduced into the CBPI coding region by amplification of
the CBP1 cDNA with primers 8949 and 8946 to generate a C-terminal Cbpl-
FLAG fusion. Overlap PCR with the CBPI::FLAG template was subsequently
used to generate the site-directed mutants of conserved serine residues within
the serine-proline repeat (SPR). Briefly, a set of overlapping primers (shown in
Table 1) incorporating the serine to alanine or serine to glutamic acid substitu-
tion(s) was used in combination with flanking primers 8949 and 7869 to generate
full-length overlap products containing the C-terminal FLAG fusion. Deletion of
the SP repeat of Cbpl was generated by replacement of the region with the
FLAG epitope. The SP repeat (amino acids 135 to 144) was replaced by an
in-frame substitution with the FLAG epitope using a PCR overlap method as
described above with primers 8947 and 8948 paired with the flanking primer set
to generate the SP repeat deletion product. All overlap products were then
ligated into the TA cloning vector pCR2.1 (Invitrogen) and introduced into
Escherichia coli TOP10 cells (Invitrogen). Plasmids generated in this study are
listed in Table 2.

Expression and detection of Cbpl fusion proteins in C. neoformans. To
generate the Cbpl-FLAG, CbplS'3A.FLAG, Cbpl1S138E.FLAG, Cbpl15142A-
FLAG, CbplS]42E—FLAG, Cbp15138A+Sl42A_FLAG, CbplSISRA+S]42E—FLAG,
Cbp1S138EFSI92A_R] AG, Cbp1S!38E+SI42E.FL AG, and Cbp1ASRR-FLAG pro-
tein fusions, the CBPI::FLAG coding regions were isolated as BamHI-Xbal
fragments from the pCR2.1 constructs described above and ligated into the
BamHI and Xbal sites of the pPMS shuttle vector. The resulting constructs were
linearized with I-Scel and introduced into C. neoformans by electroporation (7).
Transformants were grown on medium lacking uracil to maintain the pPMS8
plasmid. Total protein was isolated from transformants grown at 25°C with
complete yeast extraction buffer (Calbiochem). Total protein (10 pg) was sepa-
rated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and transferred to polyvinylidene difluoride (Bio-Rad) prior to immu-
noblotting with rabbit anti-FLAG polyclonal antibody (Sigma). Following hy-
bridization with the secondary anti-rabbit immunoglobulin G antibody conju-
gated to horseradish peroxidase (Sigma), fusion proteins were detected with a
chemiluminescent substrate (Pierce).

Two-hybrid plasmid constructions and assays. The coding region of CBPI was
obtained by amplification of a JEC21-derived cDNA library with primers 7868
and 7869, generating a 780-bp product that was TOPO TA cloned into
pCRT7-NT (Invitrogen) and subcloned as an EcoRI-BgllI fragment into the
EcoRI and BamHI sites of pGAD424. The serine to alanine and serine to
glutamic acid substitutions of the SP repeat region of Cbpl were generated by
overlap PCR of the original CBPI cDNA construct, followed by subcloning into
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pGAD424 (see Tables 1 and 2). The CNAI gene in pGBT9 plasmid pJMM119
was generated as previously described (13). Yeast two-hybrid and chlorophenol
red-beta-p-galactopyranoside assays were performed as described previously (9).

Nucleotide sequence accession number. The genomic and coding sequences
for CBP1 from C. neoformans var. neoformans (serotype D) have been deposited
in GenBank under accession number AF230799.

RESULTS

Cbpl1 does not mediate calcineurin-dependent high temper-
ature growth. To further characterize the functions of Cbpl in
calcineurin-dependent processes in C. neoformans, the CBPI
gene from C. neoformans var. neoformans (serotype D) was
isolated by PCR with primers designed from a sequence trace
obtained from the C. neoformans genome database (http:
/www tigr.org) queried with the C. neoformans var. grubii (se-
rotype A) CBPI coding region (13). The CBPI gene was dis-
rupted by homologous recombination with a nourseothricin
dominant drug resistance cassette generated by a PCR overlap
approach, as described in Materials and Methods (Fig. 1A).
Disruption was detected by PCR amplification of genomic
DNA from wild type and cbp!::nat disruptants with a primer
pair flanking the disruption cassette insertion site within the
CBPI gene (Fig. 1B). The disruption frequency observed was
45% (9 of 20) for both mating types. The cbpl::nat disruption
was confirmed by Northern and Southern hybridization (Fig.
2D and data not shown).

The importance of Cbp1 for growth at elevated temperature
in the serotype D background was assessed, based on previous
studies in which both the calcineurin A catalytic (CNAI) and
regulatory (CNBI) subunits were demonstrated to be essential
for growth at 37°C. Viability of the cbpl mutant strain at both
25°C and 37°C was equivalent to that of the wild type strain
(Fig. 2A). Because calcineurin mutants also have morpholog-
ical defects at both permissive and restrictive temperatures, we
also sought to examine the role of Cbpl in morphogenesis.
Wild-type and cbp! mutant strains were grown to mid-log
phase at both 25°C and 37°C in YPD, fixed, and visualized by
differential interference contrast optics. In contrast to cal-
cineurin mutants, cbpl mutant cells did not demonstrate any
alterations in morphology and were indistinguishable from
wild type at either growth temperature (data not shown). In
addition, overexpression of the CBPI gene from an episomal
shuttle plasmid, under the control of its endogenous promoter,
in either the cnal or cnbl mutant strain was insufficient to
restore growth at 37°C (data not shown). These results dem-
onstrate that Cbpl does not function downstream of cal-
cineurin to mediate growth at elevated temperature.

In Saccharomyces cerevisiae, calcineurin signaling mediates
calcium tolerance (6, 14, 42). To determine the role of cal-
cineurin and the calcineurin-modulator Cbpl with respect to
calcium homeostasis in C. neoformans, we compared the abil-
ities of cbpl and cnbl mutants to grow in the presence of
exogenous calcium at 25°C. While growth of the calcineurin
mutant strain (cnbl) was inhibited in the presence of 100 mM
or higher levels of calcium ions (CaCl,), the cbp] mutant strain
was viable at 100 mM, but not at 200 mM, CaCl,, and was not
hypersensitive to similar concentrations of NaCl or LiCl (Fig.
2B and data not shown). This result indicates that both cal-
cineurin and Cbpl are necessary for calcium homeostasis in C.
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TABLE 2. Plasmid list

Plasmid Description® Construction Reference
pDSF100 CBPI cDNA in pCRT7-NT cDNA PCR (7868, 7869) This study
pDSF111 CBPI::FLAG in pCR2.1 PCR (8949, 8946) This study
pDSF112 S138A in pCR2.1 pDSF111, overlap PCR (8949, 7869, 8933, 8934) This study
pDSF114 S142A in pCR2.1 pDSF111, overlap PCR (8949, 7869, 8935, 8936) This study
pDSF116 S138A + S142A in pCR2.1 pDSF111, overlap PCR (8949, 7869, 8941, 8942) This study
pDSF118 CBPIASPR in pCR2.1 overlap PCR (8949, 7869, 8947, 8948) This study
pDSF122 CBPI1::FLAG in pPMS8 BamHI-Xbal from pDSF111 This study
pDSF123 S138A in pPM8 BamHI-Xbal from pDSF112 This study
pDSF125 S142A in pPMS BamHI-Xbal from pDSF114 This study
pDSF127 S138A + S142A in pPM8 BamHI-Xbal from pDSF116 This study
pDSF129 CBPIASPR in pPM8 BamHI-Xbal from pDSF118 This study
pDSF135 S138E in pCR2.1 pDSF111, overlap PCR (8949, 7869, 9394, 9395) This study
pDSF136 S142E in pCR2.1 pDSF111, overlap PCR (8949, 7869, 9396, 9397) This study
pDSF137 S138A + S142E in pCR2.1 pDSF111, overlap PCR (8949, 7869, 9398, 9399) This study
pDSF138 S138E + S142A in pCR2.1 pDSF111, overlap PCR (8949, 7869, 9400, 9401) This study
pDSF139 S138E + S142E in pCR2.1 pDSF111, overlap PCR (8949, 7869, 9402, 9403) This study
pDSF141 S138E in pPMS8 BamHI-Xbal from pDSF135 This study
pDSF142 S142E in pPM8 BamHI-Xbal from pDSF136 This study
pDSF143 S138A + S142E in pPMS8 BamHI-Xbal from pDSF137 This study
pDSF144 S138E + S142A in pPM8 BamHI-Xbal from pDSF138 This study
pDSF145 S138E + S142E in pPMS8 BamHI-Xbal from pDSF139 This study
pDSF146 S138A cDNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 8933, 8934) This study
pDSF147 S142A cDNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 8935, 8936) This study
pDSF149 S138A + S142A cDNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 8941, 8942) This study
pDSF150 S138E c¢cDNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 9394, 9395) This study
pDSF151 S142E c¢DNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 9396, 9397) This study
pDSF152 S138A + S142E cDNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 9398, 9399) This study
pDSF153 S138E + S142A c¢DNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 9400, 9401) This study
pDSF154 S138E + S142E cDNA in pCRT7NT pDSF100, overlap PCR (7868, 7869, 9402, 9403) This study
pDSF155 S138A* in pCR2.1 pDSF146, PCR (9674, 9675) This study
pDSF156 S138A + S142A* in pCR2.1 pDSF149, PCR (9674, 9675) This study
pDSF157 S138E + S142A* in pCR2.1 pDSF153, PCR (9674, 9675) This study
pDSF158 S138E + S142E* in pCR2.1 pDSF154, PCR (9674, 9675) This study
pDSF159 CBPI* in pCR2.1 pDSF100, PCR (9674, 9675) This study
pDSF160 S142A* in pCR2.1 pDSF147, PCR (9674, 9675) This study
pDSF161 S138E* in pCR2.1 pDSF150, PCR (9674, 9675) This study
pDSF162 S138A + S142E* in pCR2.1 pDSF152, PCR (9674, 9675) This study
pDSF163 S142E* in pCR2.1 pDSF151, PCR (9674, 9675) This study
pDSF164 S138A in pGAD424 EcoRI-BglII from pDSF155 This study
pDSF165 CBP1 in pGADA424 EcoRI-BglII from pDSF159 This study
pDSF166 S142E in pGAD424 EcoRI-BglII from pDSF163 This study
pDSF167 CBP1 genomic in pCR2.1 PCR (8949, 7869) This study
pDSF173 S138E in pGAD424 EcoRI-BglII from pDSF161 This study
pDSF174 S142A in pGAD424 EcoRI-BglII from pDSF160 This study
pIMM119 CNAI in pGBT9 Gorlach

“ Asterisks denote cDNA-pCR2.1 constructs.

neoformans and suggests that Cbpl may function in a cal-
cineurin-dependent manner.

CBP1 transcript levels are independent of calcineurin func-
tion. Because functional homologs of Cbp1 in both S. cerevisiae
(Renl) and multicellular eukaryotes (MCIP1/DSCR1) are
transcriptionally regulated by calcineurin, we examined the
possible influence of calcineurin on CBPI transcript levels in
C. neoformans (11, 14, 19, 51). Northern analysis was per-
formed with total RNA isolated from wild-type and cnbl mu-
tant strains. Cells were grown to mid log phase in YPD at 25°C
prior to a 4 h shift to 37°C in the presence or absence of the
calcineurin inhibitor FK506. CBPI transcripts were present at
equivalent levels in wild-type cells compared to those in which
calcineurin was mutated or inhibited (Fig. 2C).

In §. cerevisiae, Renl has also been shown to regulate the
expression of the calcineurin catalytic and regulatory subunits
(19). We next examined whether Cbpl plays a similar role in

transcription of the calcineurin genes in C. neoformans. Ex-
pression of both CBPI and the calcineurin B gene CNBI was
assayed by Northern blot in both wild-type and cbpl mutant
cells grown to mid-log phase in YPD at 25°C. There was no
significant difference in CNBI expression between wild-type
and cbpl mutant cells, and, as expected, the CBPI transcript
was absent in the cbpl mutant strains (Fig. 2D). Taken to-
gether, these results show that calcineurin is not required to
promote expression of the CBPI gene, nor does Cbpl appear
to regulate the expression of calcineurin in C. neoformans,
suggesting that Cbpl does not participate in a negative feed-
back circuit to regulate calcineurin activity, in contrast to cal-
cipressin family members in other organisms.

Cbpl is required for hyphal elongation during mating. Cal-
cineurin is required for monokaryotic (fruiting) hyphal elon-
gation and for the production of the heterokaryotic filamen-
tous mycelium resulting from cell fusion (mating) in C.
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FIG. 1. Disruption of the CBPI gene by homologous recombination. (A) The CBPI gene was disrupted by the insertion of the 1.7-kb
nourseothricin dominant drug resistance cassette into the coding region of CBPI, as described in Materials and Methods. (B) Disruptants were
identified by PCR with primers flanking the cassette insertion site within the CBPI coding region. A representative PCR result is shown for both
wild-type (CBPI) and disrupted (cbpl) alleles. Sizes are indicated at left in kilobases.

neoformans (4). As calcineurin mediates growth at elevated
temperature and filamentation by distinct mechanisms, we hy-
pothesized that Cbpl could serve as a calcineurin effector or
regulator during hyphal elongation (4, 8). When the role of
Cbpl in mating was examined, we found that cbpl mutant
strains were unable to filament in a bilateral mutant (a cbp! x
a cbpl) cross, indicating that Cbpl, in addition to calcineurin,
is also required for mating (Fig. 3A). No apparent filaments
were produced, even with prolonged incubation in the dark to
promote high efficiency mating, although a few basidia could
be found embedded in the mating mix. The absence of obvious
filaments, despite the presence of basidia, was suggestive of
defective filamentation, but because the basidia were embed-

200 mM CaCl,
C WT bl D wr cbpl
FK506 (1pg/ml) = + -

el B
o -

FIG. 2. Growth of cbpl mutant is sensitive to exogenous calcium
but not elevated temperature and regulation of CBP! transcription is
calcineurin-independent. (A). The isogenic wild-type CBPI (JEC21)
and the cbpl mutant strain were serially diluted and spotted onto YPD
medium for 72 h at 25°C or 37°C. (B) The isogenic wild-type CBP1
(JEC21) and cbpl and cnbl mutant strains were serially diluted and
spotted onto YPD medium with 0, 100, or 200 mM CacCl, for 72 h at
25°C. (C and D) Northern blot analysis of total RNA isolated from
isogenic wild-type (WT, strain JEC21), cnbl, and cbpl mutant strains
grown: (C) at 37°C in the presence or absence of 1 wg/ml FK506 for
4 h, or (D) at 25°C. Following hybridization with the CBPI probe, the
blots were reprobed with GPII0 (C) or CNBI (D) for additional
loading and hybridization controls. The 25 S rRNA stained with
ethidium bromide serves as a loading control for D.

ded in the mating mix, it could not be determined whether the
basidial heads were barren or with spores. While a pronounced
mating defect was observed in the cbpl X cbpl bilateral mu-
tant cross, mating occurred at a wild-type level in unilateral
¢bpl X cnal and cbpl X cnbl mutant crosses, similar to pre-
vious observations with cnal X cnbl mutant crosses (Fig. 3A
and data not shown). To examine the influence of the cbp!
mutation on cell fusion efficiencies, we performed quantitative
mating assays and found no reduction in the fusion efficiency of
c¢bpl mutants compared to that exhibited by wild-type cells
(data not shown).

To test if the bilateral mating defect observed with the cbpl
mutants is attributable to increased, rather than impaired cal-
cineurin function, we tested and found that the calcineurin
inhibitor FK506 (1 pg/ml) did not restore mating of cbpl
mutant cells (Fig. 3A). To verify that any potential inhibition of
calcineurin activity by Cbpl was not masked by the inhibitory
effects of FK506, a range of FK506 concentrations were used
to examine the influence of calcineurin inhibition on filamen-
tation in wild-type, and cnbl and cbpl mutant unilateral and
bilateral crosses. While concentrations of FK506 higher than
0.01 pg/ml inhibited all filamentation, subinhibitory concentra-
tions, which dampen calcineurin activity but preserve minimal
mating function, did not restore mating in cbp! deficient bilat-
eral crosses (data not shown). Additionally, while CBPI over-
expression in cbpl mating partners restored filamentation in
bilateral crosses, the overexpression of CBPI in cnbl mating
partners failed to suppress the mating defect of calcineurin-
deficient cells (Fig. 4B and C). These findings are in agreement
with our previous results that support a positive role for cal-
cineurin during mating and suggest that Cbp1 plays a stimula-
tory, rather than inhibitory, signaling role with respect to cal-
cineurin function (4).

To determine the importance of Cbpl in responses to pher-
omone during mating, we examined the ability of o« chpl mu-
tants to undergo monokaryotic fruiting in a confrontation as-
say, in which « cells are monitored for the ability to produce
filaments in response to pheromone from adjacent a cells (40).
In contrast to calcineurin-deficient « cells, the chpl mutant
strains were competent to produce both conjugation tubes and
filaments in response to pheromone from adjacent a cells
(wild-type or cbpl), although the extent of filamentation was
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FIG. 3. Cbpl is necessary for mating. (A) Deletion of the CBPI gene results in bilateral sterility. Isogenic a and « CBPI wild-type (JEC20 and
JEC21) and cbp] strains were coincubated on V8 agar at 25°C for 7 days, in the presence or absence of 1 ug/ml FK506. (B) Isogenic a and o CBPI
wild-type and chpl mutant strains were grown in confrontation on filament agar for 72 h at 25°C to evaluate the role of Cbpl in responses to
pheromone. (C) The oo CBPI wild-type and cbpl mutant strains were grown on filament agar for 72 h at 25°C to evaluate the role of Cbpl in
monokaryotic fruiting. For each coculture and confrontation, the colony edge was photographed at 100X magnification.

significantly reduced compared to the wild-type control (Fig.
3B).

Interestingly, unlike filaments from a pheromone-responsive
wild-type « cells, the filaments produced by the « cbpl cells
were not oriented toward the a mating partner, resulting in the
absence of fusion with confronting a cells, although the fila-
ments produced by the a cbpl partner were viable and no
fusion defect was observed when cbpl o« and a cells were
cocultured in direct contact (Fig. 3B and data not shown).
Mating factor « pheromone production was not impaired in «
cbpl strains, as typical morphological changes in a cells, either
wild-type or cbpl, were induced following confrontation with a
¢bpl cells and reverse transcription-PCR analysis of RNA iso-
lated from confronting « cbpl cells revealed no reduction in
MFal transcript levels (Fig. 3B and data not shown). In addi-
tion, o chpl mutant strains generated monokaryotic filaments
in the absence of a mating partner and the extent of filamen-
tation resembled that observed for o cbp! during a pheromone
confrontation and was reduced compared to wild-type (Fig.
3C). These results suggest that calcineurin may differentially
regulate monokaryotic and dikaryotic filamentation, and that,
while not required for haploid fruiting, Cbp1 may be necessary
for calcineurin-dependent a pheromone-directed morphologi-
cal response.

Cbpl function is calcineurin-dependent. Members of the
calcipressin family of calcineurin-regulatory proteins each pos-
sess a central peptide sequence motif, FLISPPxSPP, that is
important for the modulatory action of the calcipressins on the
activity of calcineurin (Fig. 4A). This motif also serves as a

substrate for calcineurin (10, 13, 19). The phosphorylation
state of the serines within the SP repeat is regulated via se-
quential phosphorylation initiated by phosphorylation of the
second serine (serine 142) by a mitogen-activated protein ki-
nase, which creates a consensus recognition site for phosphor-
ylation of the first serine (serine 138) by glycogen synthase
kinase-3 (15, 47).

To examine the function of the SP repeat of Cbp1 in mating,
FLAG-tagged versions of wild-type Cbpl and a mutant in
which the SP repeat was replaced with the FLAG epitope were
expressed from the CBPI promoter in the pPMS shuttle vector
in the wild-type, cbpl, and cnbl strains (Fig. 4B and C). Wild-
type Cbpl restored filamentation in a bilateral chpl mutant
cross. In contrast, the CBPIASPR allele failed to restore fila-
mentation. These data could indicate that the SP repeat is
important for Cbpl function during mating. However, we
found that loss of the SP repeat results in transcript instability
(see Fig. 6B). Additionally, overexpression of wild-type CBPI
did not alter mating in wild-type cells or restore mating in cells
lacking calcineurin (Fig. 4C and data not shown). Therefore,
our data support a model in which Cbp1 activity requires the
presence of functional calcineurin, as overexpression of Cbpl
did not restore mating in cells lacking active calcineurin.

Phosphorylation status of the SP repeat of Cbpl regulates
hyphal elongation and protein stability. The importance of the
phosphorylation status of each serine within the SP repeat of
Cbpl in mating was examined. FLAG-tagged versions of the
wild-type CBPI allele and a series of mutant alleles in which
the serine residues at positions 138 and/or 142 were replaced
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FIG. 4. SP repeat of Cbpl is required for hyphal elongation. (A) Alignment of the central peptide sequence motif containing the SP repeat for
Cbpl1 (C. neoformans), Renl (S. cerevisiae), and DSCR1/MCIP1 (human). Amino acid positions for the conserved serines within the serine-proline
repeat of C. neoformans Cbpl are indicated. (B) Expression of Cbpl complements to restore mating in a chp! mutant. Isogenic MATa and MATo
cbpl ura$5 strains were transformed with constructs containing the CBPI alleles in the pPMS shuttle vector. Transformants were coincubated on
nitrogen-limiting agar (V8) and photographed after incubation at 25°C for 7 days. (ASPR denotes the allele with deletion of the serine-proline
repeat.) (C) Overexpression of Cbpl fails to restore mating in a calcineurin mutant. Isogenic MATa and MATa wild-type (CNBI) and cnbl ura5
strains were transformed with a construct containing the CBPI allele in the pPMS8 shuttle vector and cocultured on V8 medium for 7 days at 25°C.
A wild-type cross (WT) is shown for comparison. Colony edges were photographed at 100X magnification.

with either alanine (A), to mimic the nonphosphorylated form,
or glutamic acid (E), to mimic the phosphorylated form were
generated. Each allele was expressed from the CBPI promoter
in the pPMS shuttle vector in both mating partners of the cbpl
mutant and the ability to restore filamentation in a bilateral
cross of cbpl strains was examined. Substitution of serine for
alanine at either or both positions, or combinations of serine to
alanine and serine to glutamic acid (S138A, S142A,
S138A+S142A, S138A+S142E, and S138E+S142A) failed to
complement the cbp! mutation, as there was no filamentation
compared to the wild-type control (Fig. 5). However, the phos-
pho-mimic serine to glutamic acid substitution at position 142
(S142E) was able to provide Cbpl function and restored fila-
mentation to near wild-type levels, whereas the serine to glu-
tamic acid substitution at position 138 (S138E) did not (Fig. 5).
Interestingly, the combined substitution of both serines to glu-
tamic acid (S138E+S142E) resulted in a loss of Cbp1 function
and a complete abrogation of filamentation.

To examine the influence of serine substitution on Cbpl
protein stability, the FLAG-tagged Cbp]1 fusions were affinity-
purified from total protein lysates isolated from bilateral
crosses of cells expressing the various CBPI:FLAG alleles.

After SDS-PAGE and transfer to polyvinylidene difluoride
membranes, blots were exposed to a polyclonal anti-FLAG
antibody and relevant conjugated secondary antibody to detect
the Cbpl fusions. As expected, the wild-type and S142E alleles
of CBPI were stably expressed, as were several other alleles
(S138A, S142A, S138E, etc). Thus, the failure of these mutants
to complement the cbpl mutation is not attributable to a loss
of protein stability (Fig. 6A). However, the dual phospho-
mimic S138E+S142E allele did result in a loss of protein
stability, and no epitope-tagged Cbpl was detected (Fig. 6A,
left panel). In addition, the replacement of the serine-proline
repeat also resulted in a loss of detectable protein (Fig. 6A,
right panel). However, in this case (CBPI°"F), Northern anal-
ysis revealed the message was unstable, whereas for all the
other mutants the CBPI transcript was detected (Fig. 6B).
That the Cbpl S142E substitution is active, while the
S138A+S142E substitution is not, suggests that the function of
Cbpl in filamentation is regulated via phosphorylation of
serine 142, and that a sequential initial phosphorylation and
subsequent dephosphorylation of serine 138 is important for
stability, and possibly also activity, of the Cbp1 protein.
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FIG. 5. Phosphorylation of S142, and tandem phosphorylation/dephosphorylation of S138, is necessary for Cbp1 function. Transformation with
the S142E CBPI allele, but not the S138E or S138E+S142E allele, restores mating in a bilateral cbpl cross. Transformants were coincubated on
mating medium (V8) and photographed at 100X magnification after incubation at 25°C for 7 days.

SP repeat phosphorylation does not mediate calcineurin
binding. Because the phosphorylation status of the conserved
SP repeat controls Cbp1 function, we used the yeast two-hybrid
assay to test whether phosphorylation promotes Cbpl-cal-
cineurin interactions. Wild-type and serine-substituted Cbpl
mutants were fused to the Gal4 activation domain (GAD), the
C. neoformans calcineurin A subunit (Cnal) was fused to the
Gal4 DNA-binding domain, and the two were coexpressed in a
yeast two-hybrid reporter strain (13). As shown previously for
the serotype A Cbpl1 protein, the serotype D Cbp1 protein also
binds calcineurin (13) (Fig. 7A).

Surprisingly, the interaction of Cbp15'#?* with the cal-
cineurin A subunit was noticeably stronger than that observed
for the wild-type fusion, while all of the other serine substitu-
tions examined, including Cbp15'4?E and Cbp1S5138A+StazA
bound calcineurin at levels equivalent to wild-type (Fig. 7A).
Because the calcineurin-binding potential of the wild-type
Cbpl fusion was equivalent to that of the Cbp15'*** phospho-
mimic, and both bound to a lesser extent compared to
Cbp15'*24 we infer that the wild-type Cbpl fusion may be
phosphorylated by an endogenous mitogen-activated protein
kinase at serine 142 and that either phosphorylation or the
glutamic acid substitution reduces binding compared to
Cbp15142A, However, the phosphorylation state of the wild-

type Cbpl could not be determined from this assay. As previ-
ously observed for the Cbpl-calcineurin association (13), the
calcineurin B subunit was also required for binding, demon-
strating that the phosphorylation state of Cbp1l does not influ-
ence the necessity of the intact calcineurin heterodimer for
binding (data not shown).

To corroborate the two-hybrid assays with in vivo activity in
C. neoformans, a mixed-allele assay was developed based on
the role of Cbpl in mating. The CBPI serine substitution
alleles were expressed in one chpl mating partner and crossed
to an opposite cbpl mating partner expressing the functional
CBPI5'#%E gllele. Filamentation in the mixed allele assay was
observed when cells expressing the CBPIS'*?% allele were
crossed to wild-type (as expected) and CBPI5'#?£ CBP15"7%%,
CBPS138ATSIZE o CBP]ST3SE+S1424 jleles or to cells ex-
pressing no Cbpl (Fig. 7B and data not shown). However,
filamentation was noticeably absent for combinations of the
CBPIS'™*E  allele with mating partners expressing the
CBPI5'#24 CBPI5'3%4 and CBP1S784+51%24 mutant alleles.
That Cbpl S142E provides wild-type Cbpl function when the
mating partner lacks Cbp1l but not when the S138A, S142A, or
S138A+S142A substitutions are expressed suggests a potential
competition among phosphorylated and nonphosphorylated
forms of Cbpl1 for access to calcineurin. Together, these find-
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FIG. 6. Influence of SP repeat phosphorylation on Cbpl stability. (A) Phosphorylation of SP repeat regulates Cbpl stability. Immunoblot

analysis to detect FLAG-tagged Cbpl fusions from total protein (10 pg)
alleles cocultured on V8 medium for 48 h at 25°C. (B) Northern blot
containing CBPI::FLAG alleles and grown to mid-log phase in selection
included as controls. Hybridization with the CBPI probe as described for
control.

ings demonstrate that while phosphorylation of serine 142 is
necessary for Cbpl function in mating, the association of Cbpl
with calcineurin may be increased in the absence of phosphor-
ylation at the SP repeat.

Overexpression of activated calcineurin partially overcomes
loss of Cbpl function. These findings support a model in which
phosphorylated Cbpl promotes mating via the regulation of
calcineurin activity, but do not distinguish the point of action of
Cbp1 with respect to calcineurin. To address this issue, epista-
sis analysis was performed to examine the effect of overexpres-
sion of a constitutively active allele of the calcineurin catalytic
subunit on mating in wild-type and cbpl mutant cells. A con-
stitutively active allele of CNAI (CNAI-ACam-AI) was gener-
ated by truncation of the distal portion of the gene containing
the calmodulin binding and autoinhibitory domains, cloned
into the pPMS shuttle vector, and expressed from the CNAI
promoter in wild-type, and cnbl, cnal, and cbpl mutant strains
(21, 33).

The extent of mating observed when the CNAI-ACam-AI
allele was overexpressed in wild-type cells was indistinguish-
able from cells bearing the control plasmid. Mating and fila-
mentation were restored by expression of the constitutively
active CNAI-ACam-AI allele in cnal mutant strains (data not
shown) (21). Overexpression of the CNAI-ACam-AI allele
failed to restore filamentation in the cnbl mutant strain lacking
the calcineurin B regulatory subunit, demonstrating that both
subunits are required for calcineurin function even when the
catalytic subunit is liberated from the requirement for calmod-
ulin binding for activation. In the cbpl bilateral cross, overex-
pression of the CNAI-ACam-AI allele in both mating partners

isolated from bilateral crosses of transformants containing CBP1:FLAG
analysis of total RNA isolated from isogenic cbp! ura5 transformants
medium at 25°C. Total RNA from wild-type and cnbI ura5 strains were
Fig. 2. The 17S rRNA stained with ethidium bromide serves as a loading

partially restored mating, but not to the extent observed in the
cnal mutant strain background (Fig. 8A, and data not shown).
Thus, when calcineurin is rendered constitutively active, the
requirement for Cbpl in mating can be partially bypassed.

In addition to mating, Cbp1 and calcineurin are required for
calcium tolerance (Fig. 2). To determine whether Cbpl coop-
erates with calcineurin to regulate calcium homeostasis, the
ability of the CBPI, CBP15'**#, CBPIS'*?*E, and CNAI-AIA
alleles to restore calcium tolerance in wild-type and cbpl and
cnal mutant strains was monitored. Both Cbp1 and Cbp15'4°E,
but not Cbp15'** or CNA1-ACam-Al, restored calcium tol-
erance to cbpl mutants (Fig. 8B). Expression of CBPI was not
sufficient to restore calcium tolerance in cnal mutants (Fig.
8B), similar to the finding that increased Cbpl also fails to
restore mating of cnal mutants. In addition, cnal mutant
strains were only minimally restored for growth in exogenous
calcium by the constitutively active CNA1-ACam-Al, likely due
to the loss of calmodulin responsiveness, and no effect was
observed with this allele in cbpl mutant cells (Fig. 8B). In all
cases, wild-type cells were not altered in calcium sensitivity
(data not shown). Taken together, these epistasis findings pro-
vide evidence to support a model in which Cbp1 modulates the
specificity of calcineurin activity to promote mating and cal-
cium homeostasis by facilitating calcineurin substrate recogni-
tion and/or subcellular targeting (Fig. 9).

DISCUSSION

The goals of this study were to examine the role of the
calcineurin-binding protein Cbp1 as a modulator of calcineurin
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FIG. 7. Influence of SP repeat phosphorylation on Cbp1-calcineurin interaction. (A) Phosphorylation status of SP repeat does not mediate the
interaction of Cbpl with calcineurin. Cotransformation of two-hybrid yeast reporter strain expressing calcineurin B (Y187) with plasmids
expressing the Gal4 DNA-binding domain alone or fused to calcineurin A and the Gal4 activation domain alone or fused to Cbpl1 (alleles listed
on x-axis). Interaction values are shown in Miller units. (B) Mixed-allele mating assay. Isogenic MATo and MATa cbpl ura$ strains were
transformed with constructs containing the CBPI alleles in the pPMS shuttle vector. Transformants were coincubated in mixed-allele pairs on V8
agar and photographed after incubation at 25°C for 3 days. +, filamentation in mating assay; —, absence of filamentation.

function in C. neoformans and to elucidate the importance of
the highly conserved serine proline repeat region for Cbpl
function. Cbpl1 is a member of a family of proteins conserved
from fungi to humans that function as both effectors and reg-
ulators of calcineurin signaling pathways. In C. neoformans,
calcineurin, a highly conserved serine/threonine-directed phos-
phatase, is required for filamentation during mating and
monokaryotic fruiting, as well as for growth at 37°C and viru-
lence (4, 9, 31).

Our earlier characterization of Cbpl function was per-
formed in the C. neoformans var. grubii (serotype A) back-
ground, whereas the congenic C. neoformans var. neoformans
(serotype D) strains provide an optimal system for genetic
studies of mating and monokaryotic fruiting. Therefore, to
more comprehensively determine the contribution of Cbpl to
calcineurin function, we isolated and disrupted the C. neofor-
mans var. neoformans CBP1 gene. In contrast to calcineurin,
Cbpl is not essential for growth at 37°C or monokaryotic
fruiting. However, similar to calcineurin mutants, cbpl mutants
display a bilateral mating defect, indicating that Cbpl also
promotes hyphal elongation during mating. Interestingly, Cbp1
is required for mating, but not for « pheromone-induced mor-
phogenesis. Because a pheromone-responsiveness is important
for mating and a pheromone enhances, but is not necessary for,
haploid fruiting of « cells, our findings suggest that Cbpl is a
mating-specific effector or governs calcineurin substrate spec-
ificity during mating-specific hyphal elongation (16, 40).

Calcineurin and calcium ion gradients play an important role
in the regulation of hyphal morphogenesis in many fungi (re-
viewed in references 10, 18, and 43). In both Neurospora crassa

and C. neoformans, calcineurin is required for heterokaryon
viability and hyphal elongation following cell fusion, while in S.
cerevisiae, calcineurin is required for survival following phero-
mone-induced growth arrest in haploid cells (4, 30, 35, 50).
Recent evidence suggests a role for the calcineurin-dependent
modulation of localized vesicle fusion, enzyme activation, and
cytoskeletal organization during both hyphal elongation and
neurite extension via the regulation of polarized calcium gra-
dients (2, 23, 29, 35, 41). In this study, we demonstrated that
Cbp1 functions in a calcineurin-dependent manner to promote
the regulation of calcium ion tolerance and hyphal elongation.
As localized calcium ion homeostasis is necessary for hyphal
elongation, Cbpl may act to promote hyphal elongation by
restricting calcineurin activity to sites of tip growth to promote
the establishment and maintenance of calcium ion-responsive
hyphal growth during mating. Alternatively, Cbpl may func-
tion to stabilize calcineurin protein levels during calcium sig-
naling conditions (19).

Existing models propose that members of the calcipressin
family serve as both activators and inhibitors of calcineurin,
similar to the action of inhibitor-2 (I-2) on protein phosphatase
1 (14, 15, 38, 46). To determine the nature of the influence of
Cbpl on calcineurin function in C. neoformans, we performed
epistasis analyses with combinations of calcineurin inhibition,
and Cbpl or activated calcineurin overexpression and moni-
tored the influence of each to restore filamentation to mating
defective cbpl and calcineurin deficient strains. Our previous
studies demonstrated that calcineurin is required for filamen-
tation in C. neoformans, suggesting a positive role for cal-
cineurin during hyphal elongation (4). Therefore, if Cbp1l neg-
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FIG. 8. Cbpl is a positive regulator/effector of calcineurin. (A) Overexpression of activated calcineurin partially overcomes loss of Cbpl
function. Isogenic a and « ¢bpl strains were transformed with plasmids expressing the CNA1ACam-AI calcineurin A constitutive truncation mutant
or CBPI and coincubated in bilateral crosses on V8 agar at 25°C for 7 days. For each coculture and confrontation, the colony edge was

photographed at 100X magnification. (B) Overexpression of Cbp1 or Cbp

15142E

restores growth of calcium-sensitive chp! mutants. Transformants

(cnal or chpl) harboring plasmids expressing Cbp1, Cbp15'#?E or Cbp15'#?A, or constitutive calcineurin A, Cnal-ACam-Al, were inoculated at
low density (ODgq, = 1) into YPD with or without CaCl, (100 or 200 mM) and incubated for 18 h at 25°C prior to culture density determination

at ODy, each in duplicate.

atively regulates filamentation via calcineurin inhibition, the
loss of Cbpl could promote filamentation, and conversely, if
Cbpl promotes the activation of calcineurin, the loss of Cbpl
would abrogate calcineurin-dependent filamentation.

Our analyses revealed that the overexpression of CBPI
failed to restore mating in calcineurin-deficient mating reac-
tions, addition of calcineurin inhibitors did not restore mating
in cbpl mutant strains, even at subinhibitory concentrations
which dampen calcineurin activity but preserve minimal mat-
ing function, overexpression of wild-type and phospho-mimic
(S142E) alleles of Cbpl restored mating in cbp! deficient mat-
ing reactions, even in the presence of subinhibitory concentra-
tions of FK506, and overexpression of an activated calcineurin
catalytic allele restored filamentation in both cbpl and cnal,
but not cnb1, backgrounds. As neither loss nor overexpression
of Cbpl blocked calcineurin-dependent functions during high
temperature growth or monokaryotic fruiting, our findings sug-
gest that Cbpl1 functions as a targeting subunit or chaperone to
specifically promote, and potentially limit, events leading to
mating-dependent filamentation.

The specificity of Cbpl function in calcineurin-dependent
mating argues against a general role for calcipressins as simple

allosteric regulators of calcineurin, and provides a contrasting
opinion to recent models proposed from studies with the Cbp1
functional homolog, Renl (15). In addition, the recent eluci-
dation of the importance of DSCR1/MCIP1 in endothelial cell
morphogenesis and the identification of the MEK kinase Raf-1
as a DSCR1/MCIP1 binding partner provide added support for
our findings regarding the role of Cbpl as a calcineurin-de-
pendent targeting subunit (3, 17). Furthermore, unlike Renl
and DSCR1/MCIP1, Cbpl does not stimulate or inhibit cal-
cineurin expression in C. neoformans, and thus does not par-
ticipate in a feedback loop to indirectly regulate calcineurin
activity (11, 15, 19, 51).

One of the most striking features of the calcipressin family
of calcineurin binding proteins is that they all share a central
highly conserved peptide region that contains a SP repeat
(SPPxSPP) implicated in the regulation of calcipressin local-
ization, as well as calcineurin function (12, 15, 24, 34, 36). A
variety of studies, including our own, have demonstrated that
the two invariant serine residues contained within the SP re-
peat are phosphorylated, and this occurs first via a priming
event on the distal serine (S142) followed by modification of
the more N-terminal serine residue (S138) (13, 15, 47). How-
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FIG. 9. Model of calcineurin regulation by Cbpl to promote mat-
ing-specific hyphal elongation. Calcineurin-associated Cbpl is phos-
phorylated at serine 142 by mitogen-activated protein kinase, creating
a priming site for phosphorylation at serine 138 by GSK-3. Similar to
the model for protein phosphatase 1/I-2, GSK-3 associates with the
calcineurin/Cbpl complex and phosphorylates serine 138, leading to
the activation of calcineurin function in mating-specific filamentation
via substrate targeting of the complex. After phosphorylation of serine
138, GSK-3 loses binding affinity to the calcineurin/Cbpl complex and
dissociates. Calcineurin reverses phosphorylation at serine 138, leading
to the return to the inactive state. The specific kinases involved in the
phosphorylation of serines 138 and 142, and the putative subcellular
targeting compartment and substrate(s) are not yet known. This model
incorporates observations of Cbp1 and calcineurin function in C. neo-
formans and closely resembles the mode of regulation of the mamma-
lian and yeast protein phosphatase 1/I-2(Glc8)/GSK-3 complexes, with
significant similarity to the proposed model for regulation of cal-
cineurin by Renl in S. cerevisiae (15, 25, 39, 45).

ever, there exists some discordance among the current models
regarding the role of the phosphorylation status of the calci-
pressin SP repeat on the regulation of calcineurin activity.
While one model supports the activation of calcineurin by
calcipressin in its phosphoprotein form, with subsequent inhi-
bition following dephosphorylation and continued occupancy
of the active site, another model endorses the inhibition of
calcineurin function as a result of calcipressin SP repeat phos-
phorylation.

These studies provide evidence that the conserved serine
residues of the SP repeat motif are critical for both Cbpl and
calcineurin biological function. That neither the S138A nor the
S142A mutant protein is functional suggests that phosphory-
lation of both residues is necessary for activity, in support of
the model of calcineurin activation via a SP repeat phosphor-
ylation. That the S138E allele is also nonfunctional suggests
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that both phosphorylation and dephosphorylation of S138 is
involved, whereas the finding that S142E is functionally wild-
type supports models in which this residue only requires phos-
phorylation and not dephosphorylation. Because the overex-
pression of the dual phospho-mimic S138E+S142E resulted in
the loss of Cbpl protein stability, we speculate that Cbpl
normally exists in this form only transiently and must be bound
to calcineurin to maintain stability.

We accommodate these findings in a model (Fig. 9) in which
Cbpl is phosphorylated initially at S142 by a mitogen-activated
protein kinase, either before or after binding to calcineurin,
facilitating the subsequent phosphorylation of calcineurin-
bound Cbpl at S138 by GSK-3. This cooperative phosphory-
lation event generates a dually phosphorylated Cbpl that ac-
tivates calcineurin function to promote hyphal elongation
during mating. The subsequent reversal of phosphorylation at
S138 by calcineurin then produces a monophosphorylated spe-
cies that potentially serves to limit calcineurin activity, either
directly by down-regulating calcineurin phosphatase activity, or
indirectly via relocation of the complex to alternate sites.

These findings suggest that the phosphorylation state of the
SP repeat of Cbpl does not preclude binding to calcineurin,
but is important for Cbpl, as well as calcineurin, function
during events leading to mating-specific filamentation. Our
studies have addressed the importance of Cbpl and the phos-
phorylation status of the SP repeat during mating-specific hy-
phal elongation in C. neoformans and provide a novel approach
to analyze the roles of Cbpl and other calcipressins as regu-
lators of calcineurin specificity, with applications toward the
elucidation of mechanisms for the prevention of calcineurin-
associated human disorders.
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