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Abstract

The opportunistic human fungal pathogen, Candida albicans, undergoes morphological and
transcriptional adaptation in the switch from commensalism to pathogenicity. Although pre-
vious gene-knockout studies have identified many factors involved in this transformation,

it remains unclear how these factors are regulated to coordinate the switch. Investigating
morphogenetic control by post-translational phosphorylation has generated important
regulatory insights into this process, especially focusing on coordinated control by the
cyclin-dependent kinase Cdc28. Here we have identified the Fkh2 transcription factor as

a regulatory target of both Cdc28 and the cell wall biosynthesis kinase Cbk1, in a role
distinct from its conserved function in cell cycle progression. In stationary phase yeast cells
2D gel electrophoresis shows that there is a diverse pool of Fkh2 phospho-isoforms. For

a short window on hyphal induction, far before START in the cell cycle, the phosphorylation
profile is transformed before reverting to the yeast profile. This transformation does not
occur when stationary phase cells are reinoculated into fresh medium supporting yeast
growth. Mass spectrometry and mutational analyses identified residues phosphorylated by
Cdc28 and Cbk1. Substitution of these residues with non-phosphorylatable alanine altered
the yeast phosphorylation profile and abrogated the characteristic transformation to the hy-
phal profile. Transcript profiling of the phosphorylation site mutant revealed that the hyphal
phosphorylation profile is required for the expression of genes involved in pathogenesis,
host interaction and biofilm formation. We confirmed that these changes in gene expression
resulted in corresponding defects in pathogenic processes. Furthermore, we identified that
Fkh2 interacts with the chromatin modifier Pob3 in a phosphorylation-dependent manner,
thereby providing a possible mechanism by which the phosphorylation of Fkh2 regulates its
specificity. Thus, we have discovered a novel cell cycle-independent phospho-regulatory
event that subverts a key component of the cell cycle machinery to a role in the switch from
commensalism to pathogenicity.
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Author Summary

The fungus Candida albicans is a commensal in the human microbiota, responsible for su-
perficial infections such as oral and vaginal thrush. However, it can become highly viru-
lent, causing life-threatening systemic candidemia in severely immunocompromised
patients, including those taking immunosuppressive drugs for transplantation, sufferers
of AIDS and neutropenia, and individuals undergoing chemotherapy or at extremes of
age. With a rapidly increasing ageing population worldwide, C. albicans and other fungal
pathogens will become more prevalent, demanding a greater understanding of their patho-
genesis for the development of effective therapeutics. Fungal pathogenicity requires a coor-
dinated change in the pattern of gene expression orchestrated by a set of transcription
factors. Here we have discovered that a transcription factor, Fkh2, is modified by phos-
phorylation under the control of the kinases Cdc28 and Cbk1 in response to conditions
that activate virulence factor expression. Fkh2 is involved in a wide variety of cellular pro-
cesses including cell proliferation, but this phosphorylation endows it with a specialized
function in promoting the expression of genes required for tissue invasion, biofilm forma-
tion, and pathogenesis in the host. This study highlights the role of protein phosphoryla-
tion in regulating pathogenesis and furthers our understanding of the pathogenic switch
in this important opportunistic fungal pathogen.

Introduction

The fungus Candida albicans is commonly found as a harmless commensal on the skin and
mucosal surfaces of the vaginal and gastrointestinal tracts of healthy people. However, it is also
an opportunistic pathogen causing diseases that range from superficial infections, such as
vaginal and oral thrush in otherwise healthy people, to life-threatening bloodstream infections
that disseminate to internal organs in immunocompromised patients [1-3]. A key aspect of
C. albicans pathogenicity is the capability to grow in both budding yeast and hyphal forms
[4, 5]. When growing at low densities on mucosal surfaces C. albicans mostly exists as a com-
mensal and is tolerated by the host immune system [6, 7]. Hyphal and pseudohyphal forms are
found at sites of mucosal infections and are responsible for tissue invasion and damage [8, 9].
Hyphae preferentially invade epithelial cells, either by active penetration or host-mediated en-
docytosis [10-13]. Yeast cells in the bloodstream are engulfed by macrophages [14], but imme-
diately switch to hyphal growth to escape and invade internal organs [15]. Hyphal forms are
also a key part of the structure of biofilms [16]. Biofilm formation on the surfaces of implant
medical devices has been recognized as a primary source of invading fungal cells, because bio-
films provide protection against the host immune system and anti-fungal drugs [16].
Associated with the yeast-hyphal morphological switch, transcriptional changes occur re-
sulting in the expression of proteins required for pathogenesis. This hyphal-specific gene set in-
cludes genes required for tissue damage, adhesion and invasion [17]. For example, they encode
cell wall proteins such as Hyrl, secreted aspartyl proteases (SAPs) that cause tissue damage
[18], and adhesins such as Als3 and Hwpl that promote hyphal endocytosis by epithelial cells
[19, 20]. Transcriptional responses on hyphal induction have been well studied, identifying
many genes that are commonly up regulated during the yeast-hyphal switch [21-23].
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Gene knockout studies have provided invaluable information on the molecular mechanisms
underlying the morphological and transcriptional changes involved in C. albicans pathogene-
sis. This has led to the discovery that the cAMP-PKA-Efgl, MAPK-Cphl, and pH-responsive
pathways play a key role in transcriptionally activating the hyphal program, along with
the identification of several transcriptional repressors such as Nrgl, Tupl and Sfl1 [5, 24].
Among the many hyphal-specific genes identified so far, only a few are required for hyphal for-
mation. One example is HGCI, which encodes a cyclin homologous to the G1 cyclins Clnl and
Cln2 of the budding yeast Saccharomyces cerevisiae that partner the cyclin-dependent kinase
(CDK) Cdc28 [25]. Cells lacking HGCI are severely defective in hyphal morphogenesis under
all conditions tested, and in causing infection in animals.

The discovery of the crucial role of Hgcl and Cdc28 in C. albicans hyphal growth has
uncovered multiple regulatory mechanisms involved in hyphal morphogenesis. Rga2 is a nega-
tive regulator of Cdc42, a Rho GTPase that orchestrates polarized growth processes at the hyphal
tip [26]. Phosphorylation of Rga2 by Cdc28-Hgcl1 inhibits its tip localization and keeps Cdc42
in the active state [27]. Cdc28-Cln3 regulates endocytic actin patch dynamics by phosphorylating
Slal, which leads to further phosphorylation by Prkl. Upon hyphal induction, Slal is rapidly de-
phosphorylated resulting in enhanced actin patch activity in hyphae [28]. Sec2 is a secretory
vesicle-associated guanine-nucleotide-exchange factor (GEF) for the Rab GTPase Sec4. Phos-
phorylation of Sec2 by Cdc28-Hgcl is necessary for its localization to the Spitzenkérper and cor-
rect hyphal growth [29]. Cdc28-Ccnl acts in concert with the Gin4 kinase to phosphorylate
a pair of serine residues of the septin Cdc11 within a few minutes of hyphal induction [30]. In
the absence of this event, polarized growth is lost after the formation of the first septum.

Another kinase required for hyphal growth is the cell wall integrity kinase Cbk1 and its
regulatory subunit Mob2. Cbkl is a member of the evolutionary conserved Large Tumour
Suppressor / Nuclear Dbf2 Related (LATS/NDR) superfamily of kinases that are involved in
control of cell shape and growth [31]. In C. albicans loss of Cbk1l completely abrogates germ
tube formation and polarized growth, disturbs cell separation in yeast cells and reduces expres-
sion of hyphal specific genes [32, 33]. Defects in polarised growth are seen when its homologue
is lost in other fungi [34]. For example, orb6 mutants in Schizhosaccharomyces pombe [35],
cotl mutants in Neurospora crassa [36] and cbkl mutants in S. cerevisiae [37, 38] all show pro-
found defects in polarised growth. Cbk1 forms part of the regulation of Ace2 activity and cellu-
lar morphogenesis (RAM) network of physically interacting proteins including its activating
subunit Mob2, the kinase Kicl, scaffolding proteins Taol and Hym1, and the RNA binding
protein, Ssd1 [39]. As well as polarised growth the RAM network is also required for cell sepa-
ration [37, 39]. It phosphorylates the transcription factor Ace2, which then translocates to
daughter cell nuclei and transcribes genes that encode hydrolytic enzymes to degrade the pri-
mary septum. In C. albicans the mechanism of Cbk1 action in hyphal growth and the target
proteins it phosphorylates remains largely unknown. One known target of Cbkl is the tran-
scription factor Berl, phosphorylation of which promotes biofilm formation [40].

Clearly, protein phosphorylation plays a key role in morphogenesis and pathogenesis in
C. albicans. To further investigate the role of phospho-regulation in hyphal growth, we
searched for proteins that showed a hyphal-specific pattern of phosphorylation. We observed
that the fork-head family transcription factor Fkh2 changes its phosphorylation profile dra-
matically within five minutes of hyphal induction. In S. cerevisiae, two fork-head transcription
factors, Fkh1 and Fkh2, control a G2 transcription program including the expression of the
G2 cyclin CIb2 required for mitotic entry [41], and the transcription factors Swi5 and Ace2
required for the M to G1 phase gene expression program. We show here that upon hyphal in-
duction in C. albicans Fkh2 undergoes a radical shift in its phosphorylation profile mediated
by two kinases: Cdc28-Ccn1/CIn3 and Cbk1-Mob2. This shift specifically activates Fkh2 to
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promote the expression of genes required for pathogenic processes in addition to its normal
general housekeeping function. Thus, phosphorylation not only plays a part in promoting po-
larized growth but also has a role in a novel regulatory circuit that activates hyphal-specific
gene transcription necessary for pathogenesis.

Results

The phosphorylation profile of Fkh2 changes within five minutes of
hyphal induction

To identify further targets of Cdc28 in hyphal development, we first identified C. albicans pro-
teins which contain a cluster of the consensus Cdc28 target motifs, S/TPxK/R (x, any amino
acid). We then used a band shift assay in one dimensional polyacrylamide gel electrophoresis (1D
PAGE) to determine whether any of these proteins were differentially phosphorylated in hyphae
compared to yeast. In addition to the proteins described in the introduction we identified changes
in the phosphorylation profile of Orf19.3469 (S1 Fig.), a possible homolog of the S. cerevisiae Stb1
protein that regulates the MBF transcription at START [42], Orf19.1948 (S1 Fig.), a protein of
unknown function, and Fkh2 which is known to play a key role in cell cycle progression (S1 Fig.).
Here we report our analysis of Fkh2 phosphorylation and its cell-cycle independent role in pro-
moting the expression of genes involved in pathogenesis. Fig. 1 presents an experiment where
early G1 yeast cells expressing Fkh2-YFP were collected by elutriation and then reinoculated ei-
ther into yeast growth conditions (YEPD and 30°C, pH 4.0) or hyphal growth conditions (YEPD
plus 10% serum and 37°C, pH 7.0). In yeast growth conditions, the appearance of small buds,
large buds and binucleate cells was recorded and plotted against time (Fig. 1A). In hyphal cells we
plotted germ tube emergence, the appearance of a septin ring within the germ tube as visualized
by Cdc12-mCherry fluorescence, nuclear migration as visualised by DAPI staining, and the ap-
pearance of binucleate cells (Fig. 1B). A change in the phosphorylation profile of Fkh2 was indi-
cated by the appearance of a double band and the disappearance of the slower migrating band
upon phosphatase treatment (Fig. 1C). (Note in Fig. 1A the septin Cdc11 was used as a loading
control whereas in Fig. 1B the loading control was Cdc28/Pho85 identified by a monoclonal anti-
PSTAIRE antibody). In yeast cells, the Fkh2-YFP band became double after the appearance of
small buds (Fig. 1A), consistent with phosphorylation in S-phase as previously documented in

S. cerevisiae [43]; this then collapsed to one band when the cells became bi-nucleate. In contrast,
Fkh2 was present as a double band from 20-60 min after hyphal induction, well before the ap-
pearance of the septin ring (Fig. 1B), which marks the start of the cell cycle [44]. Cdc28, partnered
by the cyclin Cenl, and in conjunction with the Gin4 kinase, has been shown to phosphorylate
the septin Cdc11 within 5 min of hyphal induction [30]. To determine if Fkh2 is similarly tar-
geted at this early stage, we repeated the experiment collecting samples at 5-min intervals after
hyphal induction. Fkh2 showed an additional retarded band after 5 min (Fig. 1D). Thus, whereas
Fkh2 is phosphorylated in S-phase in yeast cells, it is rapidly phosphorylated upon hyphal induc-
tion in a cell cycle-independent fashion.

In order to generate a more detailed picture of Fkh2 phosphorylation, we carried out
two-dimensional (2D) protein electrophoresis using an immobilised pH gradient (IPG) of
3-10 for isoelectric focussing. Quantitative intensity profiles were generated and are displayed
above each of the resulting autoradiograms (Fig. 1E). On phosphatase treatment Fkh2 is only
present as a single spot at the basic end of the IPG, representing Fkh2 without any negative
charges added due to phosphorylation. In contrast to the single band observed in 1D gels
in stationary phase, these data showed that there is a diverse pool of differentially charged
Fkh2 phospho-isoforms. Five minutes after hyphal induction this profile begins to change and
after 40 min of hyphal growth this profile is transformed, but after 80 min it resembles cells
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Figure 1. Fkh2 is differentially phosphorylated between yeast and hyphal growth. A) Early G1 cells expressing Fkh2-YFP were collected by elutriation
and re-inoculated into yeast growth conditions. Samples were taken for aGFP Western blot to observe Fkh2 phosphorylation and microscopy to follow
cell cycle progression via budding and DAPI stained nuclei (n = 50) Note YFP is recognised by the aGFP monoclonal antibody; aCdc11 was used as
a control for equal loading. B) Early G1 cells expressing Fkh2-YFP and Cdc12-mCherry were collected by elutriation and re-inoculated into hyphal growth
conditions. Samples were taken as above, with cell cycle progression followed by monitoring septin ring formation and nuclear migration/division (n = 50).
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C) Confirmation of Fkh2 phosphorylation by phosphatase treatment. 80 min yeast and 40 min hyphae samples were taken and lysates treated at 30°C for

1 h with/without Lambda-phosphatase (NEB) and then resolved by 7% 1D PAGE. D) Fkh2 phosphorylation early on hyphal induction. Samples were taken
at the indicated time points after hyphal induction and resolved by 1D PAGE as previously mentioned. In Figs. 1B—D aPSTAIRE was used as the loading
control. E) Fkh2-YFP was isolated from cells in the culture conditions and times indicated and fractionated by 2D gel electrophoresis. Note the region of
darkening at the acidic edge of the gel is where the sample was applied and does not come from Fkh2. An intensity profile is shown above each
autoradiograph. In this and subsequent figures the profile was scaled to give maximum height to the maximum peak in the informative part of the gel. Where
necessary some values from the non-specific part of the gel were omitted. Fig. 1E is shown with an independent replicate in S2 Fig.

doi:10.1371/journal.ppat.1004630.9001

growing in the yeast form. A similar change is not observed in cells growing in the yeast mor-
phology 40 min after reinoculation of the stationary phase culture. S2 Fig. shows an indepen-
dent replicate of this experiment to demonstrate the reproducibility of this key observation.
Other 2D gels described in this paper show a similar degree of reproducibility. Thus, shortly
after hyphal induction there is a window in which the spectrum of Fkh2 phospho-isoforms is
transformed before resuming the characteristic yeast profile.

Fkh2 is phosphorylated by Cdc28

To identify the phosphorylated residues on Fkh2 during the window where the shift in the phos-
phorylation pattern is observed, Fkh2-HA was immuno-precipitated from a hyphal culture 40 min
after induction and subjected to phospho-site mapping by mass spectrometry (MS). Six residues
were identified with high confidence at four full Cdc28 consensus sites in the C-terminal region
and two minimal sites (S/TP), one of which was also in the C-terminal region (Fig. 2A). The full re-
sults of the phospho-site mapping are shown in S3 Fig. and S1 Dataset Fkh2-YFP immuno-precip-
itated from a hyphal culture was detected by an antibody that recognizes phosphorylated serine in
the context of a full Cdc28 target sequence (SPxK/R) in a Western blot (Fig. 2B), thus providing
turther evidence that these Cdc28 target sites are phosphorylated. To test this conclusion more
tully and to investigate the physiological role of the phosphorylation, we constructed strains ex-
pressing mutant versions of Fkh2 that had the six MS-identified and other potential phospho-
acceptor residues replaced by either the non-phosphorylatable alanine (A) or the phosphomimetic
glutamate/aspartate (E/D) residues in the following combinations: 1) Fkh2(6AMS) had all six MS-
identified sites substituted with alanine; 2) Fkh2(6A) or Fkh2(6DE) carried the indicated substitu-
tions at the six Cdc28 consensus sites including the four C-terminal sites identified by MS and
additional two full Cdc28 sites not detected by MS (Fig. 2A); 3) Fkh2(10A) carried the indicated
substitutions at all the full and minimal Cdc28 sites C-terminal to the DNA binding domain; 4)
Fkh2(15A) or Fkh2(15DE) harboured the indicated substitutions at all the full and minimal Cdc28
sites across the whole protein; and 5) Fkh2(1-426) was a truncated version with the C-terminal do-
main, containing five full and five minimal Cdc28 sites, removed. In each case, the mutant protein
was C-terminally fused to GFP. We confirmed that the Fkh2-GFP protein was functional, because
the fkh2/FKH2-GFP strain did not show the fkh2AA phenotype previously described [45] and also
shown below in this study. We also confirmed that the mutant proteins were present in similar lev-
els to the wild-type protein (S3D,E Fig.), or in the case of Fkh2(1-426) the protein more abundant
than the wild-type protein (Fig. 2D).

To test the hypothesis that Cdc28 directly phosphorylates Fkh2 at these sites, we used an
in vitro kinase assay to demonstrate that immuno-purified Cdc28-HA can phosphorylate
an E. coli-expressed recombinant C-terminal GST-Fkh2 fragment (Fig. 2C); however, the
C-terminal fragment carrying the serine/threonine to alanine substitutions in the Cdc28 consen-
sus sites was not a substrate as predicted by this hypothesis. We then examined whether these
phospho-acceptor substitutions affected Fkh2 phosphorylation in vivo. The Fkh2(1-426)-GFP
C-terminal truncation did not show the characteristic double band of the wild-type protein, sug-
gesting that phosphorylation of the cluster of C-terminal Cdc28 target sites contribute to the
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Figure 2. Fkh2 is phosphorylated by Cdc28. A) Schematic showing Cdc28 minimal (circles) and full (diamond) consensus target sites on Fkh2, with

those detected by phospho-peptide mapping to be phosphorylated on hyphal induction indicated in blue. B) Phosphorylation of Fkh2 on hyphal induction
detected using an antibody that recognises phosphorylated residues in Cdc28 target sites (aPsgr(CDK) (Cell-Signalling 2324S). C) In vitro kinase assay with
Cdc28-HA purified from a hyphal lysate and recombinant GST-Fkh2(CT) (aa419-687 intron removed) and GST-Fkh2-A-CT (as GST-Fkh2(CT) fragment with
the serine/threonine in the five C-terminal Cdc28 consensus sites mutated to alanine). GST-Fkh2(CT) but not GST-Fkh2-A-CT is phosphorylated in vitro by
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Cdc28-HA. The parental strain BWP17, in which Cdc28 is not HA-tagged, provided the mock lysate to demonstrate that the activity was not due to

a co-purifying kinase. D) Removal of Fkh2’s C-terminus containing the Cdc28 target site cluster abolishes the double band upon hyphal induction.
tkh2(1-426)-GFP and fkh2/FKH2-YFP were grown as yeast or hyphae as previously, samples were treated with/without phosphatase and then resolved
by SDS-PAGE. E) Autoradiograms from 2D gels and quantitative intensity profiles of the indicated Fkh2 phosphosite mutants at the indicated times and in
the indicated culture conditions. The grey dashed line represents the parental Fkh2-YFP profile grown in the corresponding condition as shown in Fig. 1.

doi:10.1371/journal.ppat.1004630.9002

band shift (Fig. 2D). 1D gels of the mutants showed that Fkh2(6AMS) was still phosphorylated,
by the presence of a more retarded isoform (S3D Fig.). The Fkh2(6A), Fkh2(10A) and Fkh2
(15A) proteins were only present as one phospho-isoform on 1D-PAGE; whereas the Fkh2
(6DE) and Fkh2(15DE) proteins still showed a more retarded phospho-isoform (S3E,F Fig.). We
used 2D gels to further examine the phosphorylation profile of the above phospho-site mutants
in stationary phase, growing yeast cells, and hyphal cells early after induction. The results are
shown in Fig. 2E. In each panel the profile of the wild-type Fkh2 protein in the corresponding
culture condition is shown as a grey dashed line for comparison. The Fkh2(6A) mutant showed
only three major spots in both stationary phase, growing yeast and early hyphal growth in con-
trast to the more complex pattern of the parental cells (Fig. 2E). Thus, Fkh2 is phosphorylated

at these sites in both yeast and hyphae and requires this phosphorylation to show the characteris-
tic early hyphal profile. The Fkh2(15A) mutant, which lacks all 15 possible Cdc28 target sites,
shows little, if any evidence of phosphorylation in stationary phase and in yeast growth condi-
tions. However, 40 min after hyphal induction additional peaks are present providing clear
evidence of phosphorylation events that are specific to the early period of hyphal induction.
Nevertheless, the profile is different from the characteristic early hyphal pattern showing that the
Cdc28 sites are required for the transition to the early hyphal profile. These peaks could repre-
sent additional cryptic Cdc28 target sites that are specific to the early hyphal form or they could
indicate the action of one or more additional kinases. Like the Fkh2(6A) mutant, the Fkh2(6DE)
mutant is also present as three spots in stationary phase (Fig. 2E), but they are shifted to the
more acidic end of the pH gradient due to the negative charge on the glutamate/aspartate resi-
dues. Interestingly, the Fkh2(6DE) mutant is able to undergo further phosphorylation on hyphal
induction to generate the hyphal specific profile. This suggests that a second kinase acts on Fkh2
after hyphal induction in addition to phosphorylation at the Cdc28 consensus sites and is consis-
tent with the evidence from the Fkh2(15A) mutant, which is still present as multiple phospho-
isoforms even though all the potential Cdk1 target sites are blocked in this mutant.

We next examined the Fkh2 2D profile in the cdc28-asI mutant, and in mutants in which
one of the Cdc28 Gl cyclins was either deleted (hgc1AA and ccnlAA) or down regulated using
the MET3 promoter (CLN3-sd) (Fig. 3). The results showed that both inhibition of Cdc28 or
lack of either Cenl or Cln3 prevented the shift to the hyphal profile, but there was less of an ef-
fect on the early hyphal profile in cells that lack Hgcl. Thus, the data support the conclusion
that Cdc28 acts on Fkh2 early after hyphal induction, but suggest both Cln3 and Ccnl are re-
quired to partner Cdc28. Inhibition of Cdc28 or lack of Cln3 also had a major effect on the
Fkh2 profile in growing yeast cells, similar to the effect of the Fkh2(6A) mutant in these cells.
Thus, while Cdc28 mediated phosphorylation is necessary for the transition to the early hyphal
pattern, Fkh2 is also phosphorylated by Cdc28 during yeast growth, as would be expected from
previous studies in S. cerevisiae.

Phosphorylation of Fkh2 programs the transcription of genes required
for biofilm formation and host interaction

To investigate the physiological role of Fkh2 phosphorylation after hyphal induction, we used
microarrays to compare the transcriptome of the fkh2(6A) and fkh2AA mutants with their
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Figure 3. The effect of inhibiting Cdc28 or the removal of Cdc28 cyclins on Fkh2 phosphorylation. Fkh2 from cells of the indicated genotype and
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MET3 promoter regulating CLN3 expression [76]. For hyphal and yeast growth cells were inoculated from these stationary phase cultures into YEPD medium

containing 2.5 mM methionine and 0.5 mM cysteine to repress CLN3 expression.

doi:10.1371/journal.ppat.1004630.9003
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respective parental strains (fkh2(6A)-GFP versus FKH2-YFP and fkh2AA versus FKH2/FKH?2)
(Figs. 4, 5 and S2 Dataset). Previous microarray analysis with the fkh24A mutant used a limited
array containing probes for only 319 C. albicans ORFs, thus likely under-representing the tran-
scriptional role of Fkh2 [45]. To provide a more complete analysis of the role of Fkh2, we also
carried out microarray analysis using the above strains in exponentially growing yeast cultures
as well as hyphal cultures. We also examined the effect of over-expressing FKH2 driven by the
GALI promoter in yeast cultures, since overexpression of FKH2 has been shown to induce
hyphal-like growth [46]. Full microarray results can be found in S2 Dataset.

Many genes known to be up regulated during hyphal growth and pathogenesis were found
to be down-regulated in both the fkh24A and fkh2(6A) mutants (Fig. 4). These included
HYRI and ECEI1, which have been previously shown to be down-regulated in the fkh2A4A strain
[45]. In addition, the secreted aspartyl protease genes SAP4 and SAP6, the chitinase gene
CHT?2, and the hyphal-specific kinesin-like protein gene KIP4 were also down-regulated in
both the fkh2(6A) and fkh2AA mutants (Fig. 4). The overlap between the sets of genes down
regulated in the two strains is summarised by the Venn diagram in Fig. 5A. However, compar-
ing the gene sets in this way is potentially misleading for two reasons. First, while the degree of
down-regulation may be greater than an arbitrary threshold in both mutant strains, the degree
of down-regulation may actually be significantly different: e.g. 2.1-fold down in one strain
compared to 10-fold down in the second strain. Second, the degree of down-regulation may ac-
tually be quite similar, but exceeds the arbitrary threshold in one strain but just fails to exceed
the threshold in the second strain: e.g. 1.9-fold compared to 2.1-fold down-regulated. For this
reason we compared the fold change for every gene in the fkh2(6A) and fkh2AA data sets to
determine which genes showed a significantly greater degree of down regulation in each of the
two mutants (S2 Dataset). The results are summarised in Fig. 5B together with the Gene On-
togeny (GO) processes co-ordinately affected in each mutant together with the GO processes
of those genes that were significantly more affected in one mutant compared to the other.

Of the 237 genes down-regulated in fkh2AA, the change was significantly greater in fkh2AA
than in fkh2(6A) cells in 201 cases (FDR threshold 0.05, empirical Bayes moderated t-statistic). Of
the 67 genes down-regulated in the fkh2(6A) mutant, the change was significantly greater in this
mutant than in fkh2A4A in 37 cases (FDR threshold 0.05, empirical Bayes moderated t-statistic).
GO analysis showed that the genes only affected in the fkh2AA strain during hyphal growth were
associated with a wide range of metabolic processes including sterol and ergosterol biosynthesis,
ion homeostasis and filamentous growth (Fig. 5B). In contrast, GO analysis showed that genes
down-regulated in the fkh2(6A) mutant were involved in only biofilm formation and biological
adhesion (Fig. 5B). Importantly, HGCI, the Cdc28 cyclin essential for hyphal development [25],
and SUN41, which is critically required for hyphal and biofilm formation [47], are only down-
regulated in the fkh2(6A) mutant (Fig. 4 and S2 Dataset). We confirmed the down-regulation of
HGCI, SAP4, KIP4 and ECE]I in the fkh2(6A) mutant by gPCR (Fig. 5C). We also showed that in
the fkh2(6DE) mutant the expression levels of these genes were near wild-type levels with the
exception of HGCI, whose expression also appears reduced, but not to the extent as seen in the
fkh2(6A) strain. Thus, correct phospho-regulation of Fkh2 at the six Cdc28 consensus sites is
required to specifically activate a subset of genes that are associated with interaction with the host.

There was also a limited overlap between the sets of genes up-regulated during hyphal
growth in the fkh2AA mutant compared to the fkh2(6A) mutant. However, the GO analysis
indicated fewer processes being co-ordinately affected. In the fkh24A mutant the genes up-
regulated were involved in GO processes: oxidative reduction and cellular response to oxidative
stress. There were no GO processes that were significantly over-represented in the set of
genes up-regulated in the fkh2(6A) mutant during hyphal growth. However, PDE1, CLB4 and
RADG6 were all up-regulated in both the fkh2(6A) and the fkh2AA mutants. PDEI encodes
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Figure 4. Microarray analysis of Fkh2 mutants. Microarray results sorted for the top 30 genes down/up regulated compared to the parental strain in the
fkh2(6A) or fkh2AA mutants as indicated. Note the gene ranked 30 down regulated in the fkh2(6A) mutant (orf19.715 3-fold down) has been replaced with
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a predicted Fkh2 consensus (G/ATAAAC/TAAA) or minimal (AAAT/CAAA) binding site in the upstream 1 kb of each gene.

doi:10.1371/journal.ppat.1004630.9004

a phosphodiesterase that hydrolyses cAMP, thus inhibiting the major signalling pathway for
hyphal morphogenesis. Over-expression of CLB4 may promote the non-polar growth that is
characteristic of G2 cyclin mutants. RAD6 is known to be a negative regulator of hyphal growth
[48]. The effect of the fkh2AA mutation was again greater than the fkh2(6A) allele during yeast
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Figure 5. GO analysis of fkh2(6A) and fkh2AA mutants. A) Venn diagram showing the number of genes down regulated in the fkh2(6A) and fkh2AA
mutants and the overlap in the two data sets. B) Genes significantly more down regulated in fkh2AA mutant compared to the fkh2(6A) mutant and genes more
down regulated in the fkh2(6A) mutant compared to fkh2AA. Each panel shows the genes down regulated at least two fold at the 5% FDR threshold in
tkh2(6A) or fkh2AA (empirical Bayes moderated t-test). Genes significantly down regulated in fkh2AA (above) or fkh2(6A) (below) are highlighted in the solid
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or more down regulated in fkh2(6A) than fkh2AA are shown in red (lower panel). Right: GO pathways enriched in genes in each category highlighted on
the left. Note for reasons explained in the text the figures in this panel are not consistent with the Venn diagram shown in panel A. C) gPCR comparing the
expression of hyphal associated transcripts in the Fkh2 phosphorylation mutants. Expression levels are normalised against ADE2 and shown relative to
the expression in the fkh2/FKH2 strain. Means are from two independent biological repeats, each with three technical replicates. Vertical bars are equal to

one standard error.

doi:10.1371/journal.ppat.1004630.9g005

growth. In the fkh2AA cells 125 genes were down-regulated and 219 genes up-regulated. In
contrast, in fkh2(6A) cells only 37 genes were down-regulated and 42 genes up-regulated. Only
14 genes were down-regulated and 13 genes up-regulated in both cell types (S2 Dataset). There
were 24 genes that were down-regulated only in the fkh2(6A) mutant. However, there were no
GO processes co-ordinately affected in this gene set.

Overexpression of FKH2 from the GALI promoter resulted in a filamentous phenotype as pre-
viously reported [46] (S4 Fig.). Close inspection suggested that these were not true hyphae, but
rather resembled the phenotype of cells blocked in the cell cycle by treatments such as hydroxy-
urea. DAPI staining revealed that elongated daughter cells were often anucleate or contained frag-
mented nuclei. Microarray analysis revealed down-regulation of the CDC14 phosphatase and the
Gin4 kinase both of which are required for cell cycle progression (S2 Dataset). Furthermore,
DAMI and ASK1I were also down-regulated. These genes encode a complex that is required for
the coupling of kinetochores to microtubules. Thus, down-regulation of these genes required for
progress through mitosis provides a plausible explanation for the filamentous phenotype ob-
served upon FKH2 overexpression.

fkh2(6A) mutants are defective in hyphal maintenance, substrate
invasion, biofilm formation, tissue damage and activation of host
immune response

One explanation for the altered pattern of gene expression in the fkh2(6A) mutant is that this
mutant is perturbed in cell cycle progression in hyphae. To address this possibility we quanti-
fied the nuclear distribution in fkh2(6A) and parental BWP17 cells at 30-min intervals after sta-
tionary phase yeast cells were inoculated into hyphal inducing conditions. To do this, we
characterised the developing hyphae according to whether they contained a single nucleus in
the mother cell, a single nucleus that was in the process of migrating into the developing germ
tube, two nuclei thus having finished the first mitosis or three nuclei thus having completed the
second mitosis (after the first mitosis the nucleus that returns to the mother cell does not re-
enter the cell cycle [49]) (Fig. 6). Nuclear migration commenced 90 min after induction in both
wild-type and mutant cells (Fig. 6A). fkh2(6A) cells did show a delay in completing the first mi-
tosis (Fig. 6A). However, by 180 min, when the samples for microarray analysis were harvested,
fkh2(6A) cells had completed the first mitosis and the nuclear distribution of these cells was es-
sentially identical to parental fkh2/FKH2 cells; indeed approximately 20% of both parental and
mutant cells had completed the second mitosis (Fig. 6A-C). Fig. 6B,C also shows the cell cycle
distribution of fkh2(6DE), fkh2(1-426) and fkh2AA mutants 180 min after hyphal induction.
The fkh2(6DE) and fkh2(1-426) mutants also showed a similar distribution to parental cells ex-
cept that fewer of these cells had completed the second mitosis. In contrast, the fkh244 mutant
cells failed to form normal hyphae. The cells were swollen and the nuclear distribution was
grossly abnormal with some cells containing two nuclei and other cells containing no nuclei
(Fig. 6C). Thus, while Fkh2 is essential for normal cell cycle progression, mutations affecting
the C-terminal domain have only a mild effect.

Microarray analysis revealed that the fkh2(6A) mutant is defective in the expression of
genes that have been associated with pathogenic processes and host interaction. We therefore
went on to characterise the phenotype of the fkh2(6A), fkh2(6DE) and fkh2(1-426) mutants, to
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doi:10.1371/journal.ppat.1004630.9006
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investigate whether they are defective in the corresponding pathogenic processes. The fkh2(6A)
mutant initially formed hyphae normally as shown by the images after 180 min (Fig. 6C); how-
ever, after 6 h of hyphal induction in liquid culture hyphae displayed an increased branching
frequency and subtle morphological abnormalities such as swelling of the hyphal tip, not seen
in the wild-type cells (Fig. 7A-C). These abnormalities were reduced in the phosphomimetic
fkh2(6DE) mutant (Fig. 7A-C). However, the fkhAA mutant showed pseudohyphal-like growth
in yeast growth conditions and more severe hyphal defects than the fkh2(6A) mutant (Fig. 7A).
On solid Spider medium, both the fkh2(6A) and fkh2(6DE) mutants failed to produce the
wrinkled colony morphology normally seen in the wild-type cells, while the fkh2(1-426) mu-
tant showed reduced wrinkling (Fig. 7D). Importantly, the fkh2(6A) mutant was defective in
invasion of the agar substratum in a wash-off test, whereas the fkh2(6DE) and fkh2(1-426)
strains showed a similar invasive capacity to the fkh2/FKH2 strain (Fig. 7D). The fkh2AA strain
grew poorly on Spider medium and failed to invade the agar. Taken together, these observa-
tions suggest that the correct phospho-regulation of Fkh2 is required for long-term hyphal
maintenance and invasive growth.

The microarray analysis of the fkh2(6A) mutant showed defects in the induction of genes
involved in biofilm formation, interaction with host cells, and activation of host immune
response. Fkh2AA cells were unable to form biofilms (Fig. 8A,B). The biofilm matrix was
visibly reduced in the fkh2(6A) strain and the average biofilm mass was only half that of the
fkh2/FKH2 and BWP17 parental strains (Fig. 8A,B). The fkh2(6DE) and fkh2(1-426) also
showed biofilm formation defects, but these were not as severe as those observed in the fkh2-
(6A) strain (Fig. 8A,B). Furthermore, the fkh2(6A) mutant was markedly defective in causing
tissue damage as measured by a reduction in lactate dehydrogenase release from damaged cells
in a TR146 oral epithelial monolayer infection model (Fig. 8C). Cells lacking Fkh2 were
completely unable to cause damage, as would be expected from the deleterious phenotype.
There was also a significant reduction in the levels of the interleukins IL1-or and IL-1p released
when fkh2(6A) was used in the infection model (Fig. 8D-E). This suggests that in the absence
of Fkh2 phosphorylation C. albicans elicits a reduced immune response. The above data show
that the changes in gene expression resulting from loss of Fkh2 phosphorylation do indeed
have corresponding effects on pathogenic processes. Thus, the change in Fkh2 phosphorylation
upon hyphal induction is required to positively regulate multiple virulence mechanisms.

Phosphorylation of Fkh2 is required to interact with the chromatin
modifier Pob3

To further investigate the physiological role of Fkh2 phosphorylation, we first examined
whether it affected Fkh2 nuclear localisation and found that the Fkh2(6A), Fkh2(6DE) and
Fkh2(1-426) mutant proteins all localised to the nucleus in the same way as the wild-type pro-
tein (Fig. 9A). Next we investigated which proteins interacted with Fkh2 early upon hyphal in-
duction and whether any such interactions were altered by Fkh2 phosphorylation. To do this,
Fkh2 was immuno-precipitated from a strain expressing Fkh2-6Myc and fractionated by
SDS-PAGE; the proteins revealed by Coommassie Blue staining were then identified by MS.
Most of the bands were found to be proteins already present in our database of common con-
taminants, but one band was identified as a mixture of the Candida orthologues of ScSrp1 and
ScPob3. ScSrpl is a karyopherin [50], while ScPob3 is a member of the facilitates chromatin
transcription (FACT) nucleosome remodelling complex [51]. To verify this finding, we
constructed strains co-expressing Pob3-HA or Srp1-HA with Fkh2-YFP and determined
whether the proteins could co-immunoprecipitate. Western blot analysis showed that when
Fkh2-YFP was immuno-precipitated, a more intense band corresponding to Pob3-HA can
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Figure 7. Phosphorylation of Fkh2 affects the long-term maintenance of hyphal growth. A) Phenotypes of Fkh2 phosphorylation mutants of the
indicated genotypes. Left: grown as hyphae for 6 h in GMM with 10% FCS, fixed with 1.5% formaldehyde and pepsin treated. White arrows indicate
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diluted 10 fold as shown, with 1 pl of each dilution being spotted and the plates left at 37°C for five days. The extent of invasion was observed through

washing off the surface colony using deionised water.

doi:10.1371/journal.ppat.1004630.9007
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Figure 8. Biological confirmation of the microarray results—phosphorylation of Fkh2 affects multiple pathogenic processes. A) Biofilm formation
in 12 well plastic plates imaged after 48 h. B) Quantitation shows the average weight for ten individual biofilms. C) Epithelial cell damage measured by
LDH release in a TR146 oral epithelial monolayer infection model. D) and E) Immune activation in the infection model was measured by IL-1a (D) or IL-18
(E) production. Error bars are standard deviations. In C-E FKH2/FKH2* represents an ARG4* URA3* BWP17 strain that has identical auxotrophic
requirements to the other strains tested; FKH2/FKH2 represents a strain with 2 wild-type alleles of FKH2, one of which is C-terminally tagged with YFP and
is prototrophic for URA3 only. B-E: Significance of the indicated comparisons was assessed by unpaired, one-tailed t-tests * p < 0.05, ** p < 0.01.

doi:10.1371/journal.ppat.1004630.9008
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Figure 9. Phosphorylation of Fkh2 does not alter its localisation, but affects its interaction with the chromatin modifier Pob3. A) Fkh2-YFP/GFP
localisation in log phase yeast cells or 40 min after hyphal induction. Images are taken at x100 magnification. Scale bar, 5 ym. B) Co-IP experiments of
Fkh2 with Pob3 and Srp1 from samples taken 40 min post hyphal induction. 2 mg of total protein was used for IP and 50 ug for the lysates. IP products
were washed twice with lysis buffer containing 150 mM NaCl. C) Interaction of Pob3 with Fkh2 phospho-mutants, performed as above. The co-

immunoprecipitation was quantified by normalising the aHA signal (Pob3) against the immunoprecipitated aGFP (Fkh2) for each IP, and then expressing
this value as a fraction of the wild type value.

doi:10.1371/journal.ppat.1004630.g009
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be detected in a strain co-expressing Fkh2-YFP and Pob3-HA, than in a strain only expressing
Pob3-HA (Fig. 9B). A band corresponding to Srp1-HA could be detected at the same intensity
in a strain only expressing Srp1-HA as well as in the co-expressing strain (Fig. 9B), suggesting
the Fkh2-Srp1 interaction may be non-specific. Further investigation of the Fkh2-Pob3
interaction showed that when Fkh2(6A)-GFP was immuno-precipitated the amount of
Pob3-HA co-precipitated was reduced by half in a co-expressing strain (Fig. 9C). However, the
co-immunoprecipitation of Pob3 was present when Fkh2(6DE)-GFP was used as the bait,
suggesting that the interaction of Pob3 with Fkh2 is phosphorylation dependent. Thus we have
uncovered a possible mechanism through which the phosphorylation of Fkh2 on hyphal induc-
tion could bring about the changes in gene expression required for virulence, through mediat-
ing the interaction of Fkh2 with Pob3.

Fkh2 is targeted by Cbk1

Residual phosphorylation was observed in the Fkh2(15A) and Fkh2(6DE) mutants during early hy-
phal growth and in cdc28-as1 cells upon the addition of inhibitor (Fig. 2E). This suggests that an ad-
ditional kinase may be targeting Fkh2. We used 1D gels to profile Fkh2-GFP in a number of kinase
mutants and found an altered profile in cells lacking the Cbk1 kinase (S5 Fig.). We therefore used
2D gels to profile Fkh2 in cbk1AA cells and found that Fkh2 failed to show the characteristic early hy-
phal profile (Fig. 10A). Interestingly, although the stationary phase profile was also altered, the pro-
file of growing yeast was largely unaltered. S. cerevisiae Cbkl has been shown to preferentially target
serine or threonine with histidine at-5, arginine at-3 and serine at-2 [52]. Such a site is present in the
C-terminal domain of CaFkh2 (528-HSRSTS-533). We constructed a strain expressing Fkh2 with

a non-phosphorylatable substitution at this site, Fkh2(S533A)-GFP, and used 2D gels to characterise
this protein in stationary phase yeast, growing yeast, and early hyphal cells (Fig. 10A). We found
that the Fkh2(S533A)-GFP profile was different from the wild type profile at 40 minutes after hyphal
induction, thus supporting the conclusion that Cbk1 targets Fkh2 at this site and that this phosphor-
ylation is necessary for the transit to the early hyphal profile. To provide further evidence that

Cbk1 targets Fkh2, and to test whether the action is direct, we carried out an in vitro kinase assay. To
do this, we used Mob2-HA to immunoprecipitate the Cbk1-Mob2 kinase from an early hyphal ly-
sate and recombinant Fkh2 C-terminal domain fused to GST (GST-Fkh2(CT)) as substrate. Fig. 10B
shows that the immune-precipitated Mob2-HA can indeed phosphorylate GST-Fkh2(CT) in vitro.
Only background levels of signal resulted from negative controls lacking either immuno-precipitated
Mob2-HA or the immuno-precipitation products from a mock lysate. Thus, the reaction is specific
to Mob2-Cbk1 and is not due to a co-purifying kinase. The fkh2(S533A) strain had a normal yeast
morphology but showed morphological defects on hyphal induction, thus showing that phosphory-
lation of Fkh2 S533 by Cbk1-Mob2 is necessary for normal hyphal development (Fig. 10C).

Discussion

Fkh2 is phosphorylated in a cell cycle-independent fashion by the action
of Cdc28 and Cbk1

The Fork-head transcription factors Fkh1 and Fkh2 have been extensively studied in S. cerevisiae
where they regulate the G2 transcription program, including the expression of the G2 cyclin gene
CLB2 required for mitotic entry, and the transcription factor genes SWI5 and ACE2 required for
the M to G1 phase gene expression program [53-56]. In S. cerevisiae, Fkh2 is phosphorylated by
Cdc28-ClIb5 during S-phase to activate transcription at the promoters of CLB2 cluster genes [43].
Here we show that Fkh2, the single ScFkh1 and ScFkh2 homologue in C. albicans, undergoes

a radical change in its phosphorylation profile within 5 min of hyphal induction. Previously, it
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Figure 10. Fkh2 is phosphorylated at serine 533 by Cbk1-Mob2. A) Autoradiograms from 2D gels and quantitative intensity profiles of the indicated
strains at the indicated times and culture conditions. The grey dashed line represents the wild type Fkh2-YFP profile grown in the corresponding condition as
shown in Fig. 1. B) In vitro kinase assay with Mob2-HA purified from a 40 min hyphal culture and E. coli expressed Fkh2 C-terminal fragment used in Fig. 2C.
A BWP17 mock lysate controls for the possibility of a co-precipitating kinase from the aHA IP. C) Morphology of fkh2 S533A mutants. fkh2/FKH2 and
fkh2/fkh2(S533A). Cells were re-inoculated from stationary phase cultures into either yeast or hyphal growth conditions, grown for 6 h and then fixed with
1.5% formaldehyde. Hyphal cells were pepsin treated to remove clumps before imaging at x100 magnification. Scale bars represent 10 um.

doi:10.1371/journal.ppat.1004630.9010
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has been reported that spindle pole body duplication, which marks the start of the cell cycle, is co-
incident with the appearance of the septin ring within the germ tube [44]. In the experiments de-
scribed in Fig. 1, septin rings are only present in hyphae after 60 min, and yet the change in
phosphorylation was apparent as early as 5 min, and is disappearing by 60 min. Clearly, Fkh2
phosphorylation triggered by hyphal induction of early G1 cells occurs far before START and is
thus cell cycle-independent. In contrast, Fkh2 phosphorylation in yeast cells occurs after bud
emergence, consistent with the timing of S-phase phosphorylation reported in S. cerevisiae [43].

We initially identified the change in Fkh2 phosphorylation status using 1D gels which sug-
gested that Fkh2 was not phosphorylated in stationary phase but was rapidly phosphorylated
upon hyphal induction before the start of the cell cycle. In contrast, 1D gels suggested that
Fkh2 in yeast cells was phosphorylated at a later time and only after the start of the cell cycle.
However, the increased detail provided by 2D protein gels showed a more complex pattern and
revealed that both growing and stationary phase yeast cells contained a complex pool of Fkh2
phospho-isoforms. Importantly, this complex profile underwent a radical, but transient trans-
formation upon hyphal induction.

Mass spectrometry identified that Fkh2 was phosphorylated as sites corresponding to the
tull Cdc28 consensus target sites. Non-phosphorylatable substitutions at the six full target sites
reduced the number of 2D gel peaks in the profile of both yeast and hyphal cells and the shift
to the characteristic hyphal profile was no longer evident. However, the transition to the early
hyphal profile occurred in Fkh2 carrying phosphomimetic substitutions at these six sites.

Thus, phosphorylation of these residues is necessary for the shift to the hyphal profile. Non-
phosphorylatable substitutions at all 15 potential full and minimal Cdc28 target sites essentially
eliminated all peaks in stationary phase and growing yeast cells, but clear peaks remained

in early hyphal cells suggesting the action of a second kinase, the action of which is specific to
early hyphal cells. We showed that a strong candidate for this second kinase is Cbk1-Mob2
acting on the S533 residue. An in vitro kinase assay and the altered Fkh2 phosphorylation pro-
file in 2D gels when either Cdc28 or Cbkl activity was inhibited both add support to the con-
clusion that both Cdc28 and Cbk1 kinases act on Fkh2. We investigated the likely cyclin
partner for Cdc28 using mutants in which G1 cyclins were either deleted or depleted. The re-
sults suggested that both Cln3 and Ccnl may be required for the switch to the hyphal-specific
pattern. Interestingly, previous reports have shown that cells lacking either Cln3 or Ccenl initi-
ate hyphal formation but are unable to maintain hyphal growth long term, phenotypes that are
reminiscent of the fkh2(6A) phenotype which is also unable to maintain the hyphal state
[57-59]. In addition, Cdc28-Ccnl in collaboration with Gin4 phosphorylates the septin Cdcl1
on adjacent residues [30]. When this phosphorylation is prevented, hyphal germ tubes form
normally but the tip swells and polarized growth ceases after the formation of the first septum.

Taken together these data show that Fkh2 exists as multiple phosphorylated isoforms in
both yeast and hyphal growth modes and that Cdc28 is likely to target six key residues and pos-
sibly up to a total of 15 residues. However, immediately after hyphal induction there is a tran-
sient shift in the phosphorylation profile which is dependent on phosphorylation at the six full
Cdc28 target sites. Thus while Fkh2 is phosphorylated in both yeast and early hyphal cells, the
phosphorylation state of Fkh2 is qualitatively different at early times after hyphal induction
compared to either stationary phase yeast or growing yeast cells. It is important to bear in
mind that the complex 2D profiles show that there is a pool of differentially phosphorylated
phospho-isoforms of Fkh2 in stationary phase cells, growing yeast and hyphae. With six possi-
ble sites that we have shown to be phosphorylated, there are 64 different possible phosphorylat-
ed states (2°). With 15 possible sites the number of different phosphorylation states is much
larger. Our data do not allow us to definitively resolve whether unique sites are phosphorylated
in hyphae compared to yeast. However, it is clear that the spectrum of phosphorylated isoforms
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changes rapidly on hyphal induction in a way that is not observed in yeast, and that this rapid
change contributes towards the induction of genes that are required for pathogenesis.

The characteristic early hyphal profile may reflect a change in the spectrum of phosphory-
lated states of Cdc28 target sites, but the change also depends on the action of Cbk1-Mob2.
The change in the phosphorylation pattern of Fkh2(6DE), but not Fkh2(6A), upon hyphal
induction suggests that phosphorylation at Cdk1 sites may prime Fkh2 for further phosphory-
lation by a second kinase. While it is attractive to speculate that Cbk1 phosphorylation is de-
pendent on Cdkl phosphorylation, we have not addressed this issue experimentally so there
is no direct evidence that this is the case. Relatively little is known about the action of Cbk1 and
its regulatory subunit, Mob2, despite it being absolutely required for hyphal growth [32]. More-
over, its action is necessary for the expression of hyphal-specific genes [33], consistent with
the idea that phosphorylation of Fkh2 by Cbk1 acts to redirect the specificity of Fkh2 to pro-
mote hyphal gene expression. Interestingly, Cbk1 has recently been shown to phosphorylate
Berl, a key transcription factor in biofilm formation [40]. Here we demonstrate another mech-
anism by which Cbk1 positively regulates biofilm formation, through Fkh2, suggesting that
Cbk1 has a general role in promoting biofilm formation.

Phosphorylation of Fkh2 during hyphal growth redirects Fkh2 specificity

Identification of the sites targeted by Cdc28-Ccnl1/Cln3 allowed us to investigate the physiolog-
ical role of Fkh2 phosphorylation. Transcript profiling showed that the fkh2(6A) mutant is de-
fective in the expression of genes involved in important aspects of C. albicans pathogenicity. In
contrast, fkh2AA mutants are defective in a wide range of metabolic functions. Moreover, the
gene set whose expression is reduced in fkh2AA shows only a partial overlap with the loss of
functions that result from non-phosphorylatable alanine substitutions at the six Cdc28 target
sites. Thus, while we confirmed a previous report that Fkh2 plays a role in the expression of
hyphal-specific genes [45], we have also revealed that phosphorylation of Fkh2 is specifically
required for the expression of genes that promote pathogenesis within the host. These include:
SAP4,6 which are expressed during mucosal and systemic infections for nitrogen utilisation
from host proteins; HYRI which encodes a GPI anchored cell wall protein required for protec-
tion against killing of C. albicans by neutrophils [60]; HGCI, which is required for hyphal
growth, biofilm formation, and virulence in a mouse model of systemic infection [25]; and
SUN41 which is required for biofilm formation [47]. Expression of these genes has previously
been shown to be regulated through the cAMP-PKA and MAPK pathways. Thus we have iden-
tified a new pathway, through Cdc28-Ccn1/Cln3 and Cbk1 that acts to positively regulate
hyphal gene expression alongside the aforementioned pathways. Importantly, we have also
shown that the change in gene expression observed in the fkh2(6A) mutant was associated with
a corresponding reduction of C. albicans virulence functions such as: hyphal maintenance, host
cell damage, biofilm formation and host immune response activation. Our work suggests that
Cdc28-Ccenl1/Cln3 positively regulates HGCI expression on hyphal induction via Fkh2. This
early activation of HGCI expression through Fkh2 may be a key role of Ccnl and Cln3 on hy-
phal induction, and thus could explain why Fkh2 is only phosphorylated for a short period on
hyphal induction.

Phosphorylation of Fkh2 controls the interaction with the chromatin
modifier Pob3
Here we have identified that Fkh2 physically associates with Pob3 in a manner that is depen-

dent on Fkh2 phosphorylation. Pob3 in S. cerevisiae is a subunit of the heterodimeric FACT
complex that reorganizes nucleosomes to allow access of RNA polymerase II and DNA
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polymerase to promoters, thus promoting transcription initiation and DNA replication [51].
Interestingly, a role for ScFkh2 in controlling origin firing has recently been reported [61].
The fkh2(6A) mutant initiates germ tube formation normally, but fails to maintain hyphal
growth and is defective in agar invasion. Chromatin remodelling has been shown to play a key
role in hyphal maintenance [62, 63]. Significantly, we observe a peak in Fkh2 phosphorylation
after 40 min of hyphal induction, which is consistent with the timing of chromatin reorganisa-
tion that results in the ejection of the repressor Nrgl from the promoter of hyphal-expressed
genes, a requirement for the long-term maintenance of hyphal growth [62, 63]. This suggests
that phosphorylation of Fkh2 on hyphal induction may be required to direct Pob3 to the pro-
moters of hyphal specific genes, in order to regulate the remodelling events that are required to
sustain hyphal and pathogenic gene expression.

Conclusion

In this study, we identified how the C. albicans Fkh2 transcription factor has evolved to acquire

a new function in addition to its conserved housekeeping role. CaFkh2 switches from cell cycle-
dependent phospho-regulation during yeast growth, to a specific early phospho-regulatory event
during hyphal growth that is independent of the cell cycle. This early hyphal phosphorylation is
necessary for the positive regulation of genes involved in invasive growth and pathogenesis.
Therefore, we can propose a new mechanism, by which C. albicans specifically modifies a key
component of its cell cycle transcription machinery by phosphorylation, in the switch from com-
mensalism to pathogenicity.

Materials and Methods
Media and growth conditions

C. albicans cells were routinely grown in 1% yeast extract, 2% peptone and either 2% glucose
(YEPD) or galactose (YEPG), or in 0.67% yeast nitrogen base without amino acids and 2% glu-
cose (GMM) with appropriate amino acids for auxotrophic mutants. For yeast growth, cells
were diluted to ODgyo = 0.6 in pH 4.0 YEPD media and incubated at 30°C. For hyphal induc-
tion, cells were washed in sterile water and diluted to ODggo = 0.6 in pH 7.0 YEPD media sup-
plemented with 10-20% fetal calf serum (FCS) and incubated at 37°C. G1 cells were obtained
by centrifugal elutriation from a log phase YEPD culture using a Beckman elutriating rotor

JE 5.0. For MET3 promoter shutdown, methionine and cysteine were added to a final concen-
tration of 2.5 mM and 0.5 mM respectively. Inhibition of the analogue sensitive cdc28-asI allele
was carried out by adding INM-PP1 (Merck-Calbiochem) to a final concentration of 30 pM.

Strain and plasmid construction

C. albicans strains, plasmids and primers are listed in the S1 Table. Strains were generated either by
PCR-generated fragment recombination or plasmid integration as previously described [64-66].
Site-directed mutagenesis was carried out using the QuickChange Multi Site-Directed mutagenesis
kit (Agilent technologies, Edinburgh, UK) following the manufacturer’s instructions.

Protein extraction, phosphatase treatment and western blotting

Cells were harvested by centrifugation, washed once with sterile water and then re-suspended in two
volumes of lysis buffer (50 mM Tris-HCl pH 7.5. 100 mM NaCl, 0.1% Triton X-100 and 0.1% w/v
sodium deoxycholate) containing a protease inhibitor cocktail (Roche) and phosphatase inhibitors
(50 mM NaF and 100 mM B-glycerophosphate). One cell volume of 0.4 mm glass beads were then
added before 3 rounds of 30 second homogenization in a mini-bead beater (Biospec products,
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Bartlesville, OK,USA), with 2 min on ice in between. Lysates were then cleared by centrifugation at
13,000 rpm for 10 min. For direct Western Blotting, 30-50 ug protein aliquots were resolved by
1D PAGE. For Immuno-precipitation (IP) 2 mg of total protein was incubated with 50 ul of protein-
G Dynabeads (Life Technologies, Carlsbad CA USA), after pre-binding with GFP (Roche) or
Myc/HA (Bioserv, Sheffield UK) mouse monoclonal antibodies, in a total IP volume of 500 pl for
90 min at 4°C. IP products were washed 2-4 times with 10 bead volumes of cold lysis buffer before
being re-suspended and boiled for 5 min in 48 pl of 1x protein loading dye. aPSTAIR loading con-
trol is a monoclonal antibody raised against a synthetic peptide (P7962 Sigma). aPser CDK (Cell-
Signalling 2324S) recognises phosphorylated serines in the Cdc28 consensus target motif SPxR/K.

Dephosphorylation of proteins was carried out using Lambda Phosphatase (NEB # P0753).
400 units of lambda phosphatase were used for 40 pl of 10 mg/ml lysate in a total reaction
volume of 50 pl, including ImM MnCl, and 1x PMP buffer. The reaction was carried out at
30°C for 1 h on a shaking platform set at 200 rpm

Proteins were visualised on Western blots using ECL (GE Healthcare, Amersham, UK) and
resulting chemifluorescence recorded using a GeneGnome (Syngene, Cambridge, UK)

In vitro kinase assay

C-terminal fragments of the Fkh2 wild-type sequence or substituted with alanine at the Cdc28
target site were expressed and purified from E. coli as previously described [28]. Cdc28 or Cbkl
was purified from 2 mg lysate in a strain where both alleles were fused to HA and then washed
three times with lysis buffer containing 750 mM NaCl and once with standard lysis buffer.

25 ul of 2x kinase assay buffer (100 mM Tris-HCI pH 7.5, 2 mM EGTA, 0.02% v/v Tween-20
(Sigma-Aldrich) 2 mM DTT, 2 mM B-glycerophosphate and 20 mM MgCl,) was added to the
beads along with 24 pl of 1 mg/ml GST fragment and 1 ul ATP from a 5 mM stock. Reactions
were incubated at 37°C for 1 h with gentle agitation. The reaction was quenched by boiling in
1x loading dye for 5 min.15 pl of reaction was separated by 10% 1D PAGE before subsequent
Western blotting to PVDF membrane. Kinase assay blots were initially probed with either
0Psgr(CDK) (Cell-Signalling 2324S) or aPser Q5 (Qiagen 37430), and then stripped and re-
probed with rabbit monoclonal aGST (Santa-Cruz Biotechnology)

Mass spectrometry

Fkh2-HA or Fkh2-Myc was immuno-purified from approximately 1 g of total cell lysate using
60 ul of the appropriate Ez-view agarose slurry (Sigma-Aldrich). The protein-bound agarose
was washed four times with cold lysis buffer before boiling for 10 min in 30 pl 1x protein load-
ing dye. The denatured proteins were separated on a 4-20% gradient SDS-PAGE gel (Bio-Rad)
and then stained using Instant Blue™ Coomassie stain (Expedeon). Bands of interest were ex-
cised for subsequent MS analysis as previously described [28].

2-Dimensional (2D) Gel Electrophoresis

2D electrophoresis was carried out as previously described [67] with modifications. Fkh2-GFP
was purified from 2 mg of total protein by IP, and then removed from the beads by adding

100 pl of hydration buffer with 4 mM DTT and incubating for 1 h at room temperature before
subsequent isoelectric focusing (IEF) using the IPGphor3 IEF system (GE Life-sciences)

on a pH 3-10 range IPG strip. Western blots were imaged with a GeneGnome (Syngene,
Cambridge UK). The images shown in Figs. 1E, 2E and 3B and 10A are 400x70 pixels aligned
100 pixels from the fixed marker in a 1.3 MP image. The intensities of the fluorescence in these
images were profiled using the FIJI distribution of Image] (http://fiji.sc/Fiji). The profiles were
derived from a line that was manually drawn through the signal and the resulting intensity values
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exported as csv files into Microsoft Excel (Microsoft Corporation, US) to generate the intensity
plots shown above the autoradiograms of the 2D gels.

RNA isolation, microarray and analysis

Log phase yeast and 3 h post-induction hyphal cells were harvested and the pellets were snap-
frozen in liquid nitrogen. RNA was extracted using the RNeasy minikit (QIAGEN) following the
manufacturer’s instructions for yeast mechanical disruption, using a TOMY Microsmash (TOMY
Digital Biology, Tokyo JP). Total RNA was treated with DNase I (Roche) before RNA-Cleanup
using the RNeasy kit. 10 pg of total RNA was reverse-transcribed with either Cy3 (control) or Cy5
(experimental) dyes and hybridised to full C. albicans arrays from Microarrays Inc. (Huntsville
Alabama). Arrays were subsequently scanned with an Axon GenePix 4000B scanner. Duplicates
of each array were carried out, with each array containing multiple replicate probes.

Microarray data was analysed using the limma (version 3.21.18) package for the R language
(version 3.1.1) [68]. Briefly, after quality control the arrays were background normalised using
the “normexp” method [69] and spots with an intensity of less than 50 over background in
both channels were removed. Arrays were then normalized using the “print-tip loess” method
[70]. Within array replicate spots were averaged. Differentially expressed genes between wild
type, fkh2(6A) and fkh2AA yeast samples were assessed using empirical Bayes moderated
t-tests [71]. For hyphal samples we fitted a linear model with indicator variables for genotype
and used moderated t-statistics to test the significance of the coefficients for the phosphoryla-
tion mutant and deletion genotype, as well as the significance of the difference between these
coefficients. False discovery rate was assessed across all tests simultaneously using the method
of Benjamini and Hochberg [72]. Where multiple probes targeted the same gene, the least sig-
nificant was selected. Genes were regarded as more down regulated in fkh2(6A) than fkh2AA if:
a) The gene was down-regulated more than two fold at the 5% FDR threshold in the fkh2(6A)
samples compared to wild type b) the fold change was less negative (or was positive) in the
fkh2AA samples and c) the difference in fold changes was significant at the 5% FDR threshold.
Similar criteria were used for genes more down regulated in fkh24A samples. Data and detail
analysis protocol are deposited in GEO with accession GSE64383. GO analysis was conducted
using the GO Stats R/Bioconductor package [73], using conditional testing (account for GO
graph structure) and calculating FDR using the Benjamini and Hochberg method [72].

gPCR

Total RNA was prepared as above, and 0.5 g was reverse-transcribed using Superscript IIT
(Invitrogen) in a reaction volume of 30 pl following the manufacturer’s instructions. The mock
reverse transcription reaction contained everything except the Superscript enzyme. Reaction
mixes were then diluted two-fold for use in subsequent qPCR reactions. Triplicate qPCR reac-
tions were carried out using 0.5 M of the primer pairs listed in the supplementary materials in
a total 10 pl volume with 2x Sensi-mix (Bioline). Samples were run on the Rotor-gene-6000
system (QIAGEN). Normalisation of expression levels was carried out using the ADE2 gene,
before comparative AACT analysis of expression levels in wild-type and mutant strains.

Microscopy

Fluorescence microscopy was carried out as previously stated [67]

Biofilm formation

These assays were carried out as previously described [74]

PLOS Pathogens | DOI:10.1371/journal.ppat.1004630 January 24, 2015 25/31



@’PLOS | PATHOGENS

Effect of Fkh2 Phosphorylation on C. albicans Pathogenesis

Epithelial cell damage and immune activation assays

Cell culture. TR146 oral (buccal) epithelial cells [75] (SkinEthic Laboratories, Lyon FR) were
maintained in DMEM (Sigma) supplemented with 10% (v/v) heat-inactivated foetal bovine
serum (Sigma), 1% (v/v) penicillin-streptomycin solution and cultured at 37°C, 5% CO,. All
experiments were performed in serum-free DMEM (Sigma). C. albicans strains were cultured
overnight in YEPD medium at 30°C, 200 rpm. Cells were collected by centrifugation and
washed twice in sterile PBS prior to use in epithelial cell damage assays.

Epithelial cell damage assay

Confluent TR146 monolayers were infected with C. albicans strains (multiplicity of infection = 0.01)
and cultured for 24 h (37°C, 5% CO,). Cell culture supernatants were collected and epithelial cell
damage was determined by quantification of lactate dehydrogenase (LDH) activity using the Cytox
96 Non-Radioactive Cytotoxicity Assay kit (Promega) according to the manufacturer’s instructions.
Recombinant porcine LDH (Sigma) was used to generate a standard curve.

Cytokine determination

TR146 monolayers were infected with C. albicans strains as described above. Cell culture
supernatants were collected and cytokines quantified using the Fluorokine MAP cytokine
multiplex kit (R&D Systems), coupled with a Bio-Plex™ 200 machine according to the manu-
facturer’s instructions. The trimmed median value was used to derive standard curves and cal-
culate sample concentrations

Supporting Information

S1 Fig. Initial screen of CDK target proteins. Yeast and hyphal time-courses were carried out
for Orf19.3469-GFP (A) Orf19.1948-GFP (B) and Fkh2-YFP (C). 30 ug total protein was run
for each time point. In A and B aPSTAIRE was used as a control for equal loading.

(TTF)

S2 Fig. Demonstration of reproducibility of 2D gels. Independent replication of the experi-
ment shown in Fig. 1. Replicate results are shown on the profiles as a solid black line, with the
grey dashed line representing the initial profile from Fig. 1. The top panels of gels are those
from Fig. 1, with the replicates present in the bottom panel.

(TIF)

S$3 Fig. Mass-spectrometry phospho-peptide mapping data. A) Coomassie Blue stained gel of
Fkh2-HA purified from 5 L of culture 40 min after hyphae were induced from unbudded sta-
tionary phase yeast cells. Bands A1 and A2 indicate those excised for MS analysis. B) List of
phospho-peptides detected with phosphorylation occurring in Cdc28 consensus motifs. C) All
phospho-sites detected by phospho-peptide mapping. Red—significant hit, Grey—possible
phosphorylation site, Green—either site is phosphorylated. D) Mutation of significant hits
from phospho-peptide mapping does not affect Fkh2’s associated phospho-shift. FKH2-YFP
and fkh2(6AMS)-GFP strains were grown for 80 min in yeast or 40 min hyphal growth condi-
tions before harvesting cells for protein extraction. E) Yeast and hyphal 1D phosphorylation
profiles of Cdc28 consensus target site mutants with phosphoacceptor residues mutated to ala-
nine or glutamate/aspartate. F) Mutation of all CDK consensus and minimal sites (15A and
15DE), or all Cdc28 target sites C-terminal to the DNA binding domain in Fkh2 (10A). Strains
were grown and samples processed as previously described.

(TTF)
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S4 Fig. Fkh2 over-expression leads to nuclear defects. FKH2-YFP and P, ;-FKH2-GFP
were grown to stationary phase in glucose rich media. The strains were then re-inoculated into
yeast growth conditions in either glucose (YEPD) or galactose (YEPG) rich media and grown
for 3 h at 30°C. A: Cells were washed in PBS, DAPI was added and then GFP/DAPI fluores-
cence images were taken at x100 magnification. Scale bars represent 10 pm. B: Western blot
using a monoclonal antibody to GFP shows that FKH2-GFP was overexpressed from the
GALI promoter compared to the control FKH2-YFP expressed from its native promoter.
(TIF)

S5 Fig. The search for other kinases that act on Fkh2. Fkh2 was C-terminally tagged with
GFP in a series of kinase mutants generously provided by their original constructors: Tpk1l
[77]; Ssn3 [78]; Pho85-sd [79]; Hogl [80]; Cekl [81]; Yakl [82]. Stationary phase yeast cells
were induced to form hyphae as described in materials and methods. Panels A,B cells were iso-
lated 40 minutes after hyphal induction and the phosphorylation state compared to the wild
type by the presence of a band shift in a Western blot using a monoclonal antibody against
GFP. C-G) Western blots were prepared from stationary phase samples (0) and samples pre-
pared 40 minutes after hyphal induction (H40). C) Pho85 expressed from the Tet-off promoter
was repressed by the addition of 20ug.ml™" Doxycyclin. G) Only the cbk1A strain failed to show
the double band 40 minutes after hyphal induction, being present as the stationary phase or
phosphatase treated form. All the other strains showed the same double band as the wild type.
(TIF)

S1 Dataset. Fkh2 phospho-peptides. Excel spreadsheet containing the full list of phospho-
peptides of Fkh2 from the experiment in Fig. 2A.
(XLSX)

$2 Dataset. Combined microarray data for all Fkh2 mutants. Excel spreadsheet containing
combined microarray profiles for the effect of fkh2AA and fkh2(6A) on both yeast and hyphal
growth, and FKH2 over-expression under yeast growth conditions.

(XLSX)

S1 Table. Strains, Plasmids and primers used.
(DOCX)
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