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Ypd1 is a key phosphorelay protein that controls eukaryotic two-component systems, but its function in
Cryptococcus neoformans is not known. Here, we report that Ypd1 is required for the viability of C. neoformans
via the Hog1 mitogen-activated protein kinase (MAPK) pathway but plays multiple cellular roles in both a
Hog1-dependent and -independent manner.

The histidine-to-aspartate (His-Asp) phosphorelay system
(referred to as the “two-component system”) is widely em-
ployed as a key signaling modulator in a variety of cellular
processes, including chemotaxis, stress response, and differen-
tiation, in bacteria, plants, and fungi but not in mammals (9,
14, 15, 17). The His-Asp phosphorelay system consists of either
two or multiple signaling components. The two-component
phosphorelay system, mostly found in bacteria, comprises a
sensor histidine kinase and a response regulator. In contrast,
the multicomponent phosphorelay system, mainly observed in
plants and fungi, is composed of a hybrid sensor kinase where
the histidine kinase and Asp-containing response regulator
domains coexist, a His-containing phosphotransfer (HPt) pro-
tein and response regulators (2, 14, 15). In the bacterial two-
component system, the response regulator plays a pivotal role
as an effector protein with a DNA-binding domain to modulate
the expression levels of target genes, whereas the multicom-
ponent phosphorelay system is often connected to an addi-
tional signaling cascade, such as the mitogen-activated protein
kinase (MAPK) pathway, downstream from a response regu-
lator (2).

HPt proteins are key phosphorelay mediators which connect
hybrid sensor kinases to response regulators, both often found
with several homologs in a single organism. HPt proteins were
first discovered in Bacillus subtilis, such as the Spo0B phospho-
transferase involved in sporulation induction (7). In fungi,
Ypd1 was discovered as the first HPt protein in Saccharomyces
cerevisiae and serves as an intermediate phosphorelay protein
in the Sln1-Ypd1-Ssk1 system that is critical in the osmosens-
ing mechanism (22). These prokaryotic and eukaryotic HPt
proteins exhibit low sequence homology in general, yet the
region surrounding the phospho-accepting His residue is evo-

lutionarily conserved (24). Yeast Ypd1 contains a bundle of
four helices, �A, �B, �C, and �D, as a core structure, with
helix �C harboring the phospho-accepting His residue in po-
sition 64 (H64) (Fig. 1A) (23, 24). Besides H64, several resi-
dues were found to be critical for Ypd1 functionality or binding
to the Sln1 sensor kinase and response regulators Ssk1 and
Skn7 (Fig. 1A) (20, 21). Ypd1 is required for the viability of
S. cerevisiae via the Hog1 MAPK signaling pathway (22). To
relay signals from the Sln1 sensor kinase, Ypd1 dynamically
shuttles between the cytoplasm and nucleus, where it activates
the Ssk1 (a cytoplasmic protein) and Skn7 (a nuclear protein)
response regulators, respectively (16). Unlike S. cerevisiae
Ypd1, however, a Schizosaccharomyces pombe Ypd1 homolog,
Mpr1 (also known as Spy1), is dispensable for viability and also
regulates the Mcs4 response regulator both positively during
the stress response and negatively during the control of the
mitotic cell cycle (1, 18). Therefore, the functions of Ypd1
appear to be divergent between fungi.

In human pathogenic fungi, the phosphorelay system gov-
erns diverse stress responses and the production of virulence
factors which are essential for colonization and proliferation
during host infection (6, 14). In the basidiomycetous human
pathogen Cryptococcus neoformans, which causes fatal fungal
meningoencephalitis in both immunocompromised and immu-
nocompetent individuals if left untreated, the phosphorelay
system consists of seven sensor histidine kinases (Tco1 to -7),
two response regulators (Ssk1 and Skn7), and a putative HPt
protein (Ypd1). This phosphorelay system is functionally con-
nected to the Ssk2-Pbs2-Hog1 MAPK pathway and controls
diverse stress responses, sexual differentiation, the production
of two major virulence factors—melanin and capsule, and
ergosterol biosynthesis in C. neoformans (3–5, 11). Among the
seven sensor kinases, Tco1 and Tco2 are critical sensor kinases
modulating a subset of Hog1-related phenotypes. Downstream
of Tco1 and Tco2, Ssk1 is the major upstream regulator of the
Hog1 MAPK module, whereas Skn7 exhibits a Hog1-indepen-
dent phenotype (5). In the C. neoformans phosphorelay system,
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however, the role of the Ypd1 HPt protein has not yet been
characterized, although a single Ypd1-like ortholog appears to
exist, based on the Cryptococcus genome database.

In this study, we investigated the role of a Ypd1-like HPt
protein in the phosphorelay system associated with the Hog1
MAPK pathway in C. neoformans. To characterize the correct
exon-intron structure and protein coding sequence of YPD1,
we performed rapid amplification of cDNA ends (RACE) and
cDNA analysis by using a GeneRacer kit (Invitrogen) and
Superscript II reverse transcriptase (Invitrogen), respectively,
with total RNAs isolated from the C. neoformans H99 strain.
Each RACE and cDNA product was cloned into the pCR2.1-
TOPO vector and sequenced. C. neoformans YPD1 contains
three exons that encode a protein of 209 amino acids
(GenBank accession no. JF937063). Compared with HPt proteins
in other fungi and plants, C. neoformans Ypd1 was shown to
contain highly conserved His residues (H138) that are equiv-
alent to the phospho-accepting His residue of S. cerevisiae

Ypd1 (H64) and other HPt proteins (Fig. 1A). Furthermore,
other evolutionarily conserved HPt residues that are critical
for interaction with sensor kinases and response regulators,
including M20, D21, F27, G68, and S69 in S. cerevisiae Ypd1
(13, 20, 21), are also conserved in C. neoformans Ypd1 (Fig.
1A). Therefore, it is highly likely that C. neoformans Ypd1 is a
structural homolog of fungal HPt proteins.

A prior attempt to generate a ypd1� mutant in C. neofor-
mans for functional analysis of Ypd1 was not successful, im-
plying that Ypd1 may be essential for the viability of C. neo-
formans. To further verify this hypothesis, we constructed a
YPD1 promoter replacement strain with the copper-regulated
CTR4 promoter (PCTR4::YPD1), as illustrated in Fig. 1B. To
replace the native YPD1 promoter with the CTR4 promoter,
the YPD1 promoter replacement cassette was generated as
follows. The left flanking region (YPD1 promoter region
spanning from �824 to �118 relative to the ATG start
codon at ��1 to �3) and the right flanking region (YPD1

FIG. 1. Identification of the Ypd1 phosphotransfer protein and its role in the viability of C. neoformans. (A) Multiple sequence alignments of
histidine-containing phosphotransfer (HPt) proteins from C. neoformans (CnYpd1), Candida albicans (CaYpd1, GenBank accession number
AF213247), Aspergillus nidulans (AnYpdA, ANID_02005.1), Aspergillus fumigatus (AfAfu4g10280, XM_746705), Neurospora crassa (NcHpt1,
NCU01489), S. pombe (SpMpr1, NM_001021393), and S. cerevisiae (ScYpd1, U62016) were performed with ClustalW and illustrated with
MacVector 7.2.3 (Accelrys). Asterisks indicate the evolutionarily conserved residues in HPt proteins. The boldface letters in the dark shading
indicate identical amino acid residues, and the lightface letters in the light shading indicate similar amino acid residues. (B) The strategy for
construction of the PCTR4::YPD1 promoter replacement strain. E1, E2, and E3 indicate three exons in the YPD1 gene, and bent arrows indicate
primers for overlap PCR and diagnostic PCR for generating the PCTR4::YPD1 promoter replacement cassette and for screening positive strains,
respectively. The NAT cassette consists of the ACT1 promoter, NAT (nourseothricin acetyltransferase) gene, and TRP1 terminator, and the dark
arrow box illustrates the CTR4 promoter as previously described (19). (C) Growth of the PCTR4::YPD1 strain is tightly controlled by copper levels
in a Hog1-dependent manner. The WT H99, PCTR4::YPD1 (YSB859), and PCTR4::YPD1 hog1� (YSB1370) strains were grown overnight at 30°C
in liquid yeast extract-peptone-dextrose medium, 10-fold serially diluted (1 to 104 dilutions), and spotted (3 �l) on yeast nitrogen base agar medium
containing 200 �M BCS and 25 �M CuSO4. Cells were incubated at 30°C for 2 days and then photographed.
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gene, �1 to �957 region) were PCR amplified (ExTaq;
Takara Co.) with primer pairs J13976 (5�-CGAAAGAGCCT
CCATAAAG-3�)/B366 (5�-CACTCGAATCCTGCATGCCA
ACCAACCACCGACTATTAC-3�) and B367 (5�-CGACAAC
GACTTCACCAATCATGCCAGACCAGGCCAGATC-3�)/
J13978 (5�-TGACCATCCAGTTCTTAGCC-3�), respectively.
The underlined sequences indicate the reverse-complementary
sequences of B354 (5�-GCATGCAGGATTCGAGTG-3�) and
B355 (5�-GATTGGTGAAGTCGTTGTCG-3�), respectively,
that were used for PCR amplification of the NAT-CTR4 pro-
moter fragment in the plasmid pNAT-CTR4-2 (provided by
John Perfect at Duke University). The YPD1 promoter re-
placement cassette was produced by overlap PCR with the two
primers J13976 and J13978 and introduced into the serotype A
C. neoformans strain H99 via biolistic transformation as previ-
ously described (8, 10). The targeted promoter replacement
was confirmed by diagnostic PCR with primer pair B365 (5�-

CAGAAAGCGGACAAAGTAAC-3�)/B79 (5�-TGTGGATG
CTGGCGGAGGATA-3�) and Southern hybridization (data
not shown).

First, we examined the growth defect of the PCTR4::YPD1
strain. When grown in YNB medium containing BCS (batho-
cuproine disulfonate, a copper chelator), which induces the
CTR4 promoter, the PCTR4::YPD1 strain showed no growth
defects compared to the growth of the wild-type (WT) strain.
In contrast, the PCTR4::YPD1 strain clearly exhibited growth
defects in YNB medium containing CuSO4, which represses
the CTR4 promoter, compared to the growth of the WT strain
(Fig. 1C). These data suggest that Ypd1 is essential for the
viability of C. neoformans.

Previously, we had shown that hyperactivation of Hog1 by
fludioxonil caused lethality in C. neoformans due to the
overaccumulation of intracellular glycerol (12). Therefore,
we examined whether Ypd1 also influences the viability of

FIG. 2. Comparative phenotypic analysis of the ypd1� hog1� mutant. (A) The role of Ypd1 in stress and antifungal drug responses. Each C.
neoformans strain (MATa WT [KN99a] and ssk1� [YSB429], skn7� [YSB433], hog1� [YSB81], and ypd1� hog1� [YSB779, YSB780, and YSB781]
mutant strains) was 10-fold serially diluted (1 to 104 dilutions) and spotted (4 �l of each dilution) on YP or YPD agar containing the indicated
concentration of NaCl, KCl, SDS, diamide, hydrogen peroxide (H2O2), fludioxonil, amphotericin B, fluconazole, or ketoconazole. Cells were
incubated at 30°C for 2 to 3 days and then photographed. (B) The role of Ypd1 in melanin biosynthesis. For melanin production, each C.
neoformans strain (MATa WT [KN99a] and ssk1� [YSB429], skn7� [YSB433], cac1� [YSB79], hog1� [YSB81], and ypd1� hog1� [YSB779,
YSB780, and YSB781] mutant strains) was grown for 16 h in YPD medium, spotted on solid Niger seed medium containing either 0.1% or 1%
glucose (Glu.), incubated at either 30°C or 37°C for 2 days, and then photographed. (C) The role of Ypd1 in capsule biosynthesis. Capsule synthesis
levels for each C. neoformans strain were quantitatively measured by using hematocrit as described before (10). Error bars show standard
deviations. *, P � 0.001.
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C. neoformans via the Hog1 MAPK pathway. To prove the
hypothesis, we disrupted the HOG1 gene in the PCTR4::YPD1
strain. The hog1� mutant allele using the NEOR marker
(hog1::NEO) was generated by overlap PCR as previously de-
scribed (4) and introduced into the PCTR4::YPD1 strain by
biolistic transformation. The positive PCTR4::YPD1 hog1�
strain was confirmed by both diagnostic PCR and Southern
blot analysis (data not shown). Deletion of HOG1 restored the
normal growth of the PCTR4::YPD1 strain in CuSO4-containing
medium (Fig. 1C), strongly suggesting that Ypd1 governs the
viability of C. neoformans via the Hog1 MAPK. This finding
indicated that the deletion of YPD1 could be possible in the
hog1� mutant background, unlike in the WT background. To
prove this possibility, the YPD1 gene disruption cassette was
generated by using overlap PCR with the primer pairs B1295
(5�-CGAAAGAGCCTCCATAAAG-3�)/B1703 (5�-CTGGC
CGTCGTTTTACTGTCATCTTTAGCGGGTTG-3�) and
J13974 (5�-GTCATAGCTGTTTCCTGACAAGGCGGCTA
AGAACTGG-3�)/J13975 (5�-CGAGAGGAAAGTTCTACC
CC-3�) for the 5� and 3� regions, respectively, and the M13Re
(5�-CAGGAAACAGCTATGACCATG-3�) and M13Fe (5�-G
TAAAACGACGGCCAGTGAGC-3�) primers for Natr dom-
inant selectable markers of plasmid pNATSTM#242, and the
cassette was introduced into the hog1� mutant (MATa YSB81)
(4) by biolistic transformation. We successfully constructed
three independent ypd1� hog1� mutants (YSB779, YSB780,
and YSB781), which were confirmed by both diagnostic PCR
and Southern blot analysis (data not shown), further demon-
strating that Ypd1 controls the viability of C. neoformans via
the Hog1 MAPK pathway.

To address whether Ypd1 plays additional roles indepen-
dent of the HOG pathway, we performed phenotypic analysis
of ypd1� hog1� mutants in comparison to the WT and the
hog1�, ssk1�, and skn7� mutants. The ypd1� hog1� mutant
exhibited hyperosmosensitivity similar to that of the hog1�
mutant and did not show extreme sensitivity to high sodium
salt, unlike the skn7� mutant (Fig. 2A). Furthermore, the
ypd1� hog1� mutant was as sensitive to the cell membrane
destabilizer sodium dodecyl sulfate (SDS) and as resistant to
fludioxonil as the hog1� mutant (Fig. 2A). These data suggest
that Ypd1 mainly controls the Hog1-dependent pathway for
maintaining osmotic balance and cell membrane integrity.
However, Ypd1 appears to have Hog1-independent roles in C.
neoformans as well. The ypd1� hog1� mutant exhibited even
higher resistance to diamide than the hog1�, ssk1�, and skn7�
mutants (Fig. 2A). Furthermore, increased H2O2 sensitivity of
the ssk1� and hog1� mutants was slightly suppressed by the
YPD1 mutation (Fig. 2B), indicating that Ypd1 could be in-
volved in the oxidative stress response in both a Hog1-depen-
dent and -independent manner. Recently, we have shown that
the HOG pathway negatively regulates ergosterol biosynthesis
and, as a result, affects susceptibility to polyene and azole
drugs. In the hog1� mutant (Fig. 2A), the deletion of YPD1
further increased azole resistance but not amphotericin B sen-
sitivity. Previously, we have shown that inhibition of Skn7 in-
creases resistance to azole drugs in an Erg11-independent
manner, whereas inhibition of Ssk1 increases ERG11 expres-
sion and ergosterol synthesis and thereby promotes resistance
to azole drugs in C. neoformans (11). Therefore, the further-
enhanced azole resistance observed in the hog1� ypd1� double

mutant may result from inhibition of both Skn7 and Ssk1.
Although its reason is not clear at this point, it is possible that
the activity or expression of azole drug efflux pumps could be
affected by the inhibition of Ypd1 and Skn7.

Finally, we have examined the role of Ypd1 in the regu-
lation of two major virulence factors, capsule and melanin,
in C. neoformans. At a low glucose concentration (0.1%),
the deletion of YPD1 further increased melanin production
in the hog1� mutant, to levels equivalent to those of the
skn7� mutant (Fig. 2B). This finding was more evident when
melanin production was induced at a high temperature
(37°C) (Fig. 2B). At a high glucose concentration (1%),
however, the deletion of YPD1 repressed melanin produc-
tion in the hog1� mutant, which was particularly evident
when cells were placed at 30°C (Fig. 2B). These data indi-
cate that Ypd1 plays differential roles in controlling melanin
synthesis in both a Hog1-dependent and -independent man-
ner. In contrast to melanin biosynthesis, the ypd1� hog1�
mutant exhibited an increased capsule volume, similar to
that of the hog1� mutant (Fig. 2C).

In conclusion, Ypd1 is required for the viability of C. neo-
formans via the Hog1-dependent signaling pathway. However,
Ypd1 also plays Hog1-independent roles in controlling the
oxidative stress response, azole drug resistance, and melanin
biosynthesis.
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