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Abstract

The Hog1 stress-activated protein kinase (SAPK) is a key mediator of stress resistance and

virulence in Candida albicans. Hog1 activation via phosphorylation of the canonical TGY

motif is mediated by the Pbs2 MAPKK, which itself is activated by the Ssk2 MAPKKK.

Although this three-tiered SAPK signalling module is well characterised, it is unclear how

Hog1 activation is regulated in response to different stresses. Functioning upstream of the

Ssk2 MAPKKK is a two-component related signal transduction system comprising three

sensor histidine kinases, a phosphotransfer protein Ypd1, and a response regulator Ssk1.

Here, we report that Ssk1 is a master regulator of the Hog1 SAPK that promotes stress

resistance and Hog1 phosphorylation in response to diverse stresses, except high osmotic

stress. Notably, we find Ssk1 regulates Hog1 in a two-component independent manner by

functioning to promote interactions between the Ssk2 and Pbs2 kinases. We propose this

function of Ssk1 is important to maintain a basal level of Hog1 phosphorylation which is nec-

essary for oxidative stress, but not osmotic stress, mediated Hog1 activation. We find that

osmotic stress triggers robust Pbs2 phosphorylation which drives its dissociation from Ssk2.

In contrast, Pbs2 is not robustly phosphorylated following oxidative stress and the Ssk1-

mediated Ssk2-Pbs2 interaction remains intact. Instead, oxidative stress-stimulated

increases in phosphorylated Hog1 is dependent on the inhibition of protein tyrosine phos-

phatases that negatively regulate Hog1 coupled with the Ssk1-mediated promotion of basal

Hog1 activity. Furthermore, we find that inhibition of protein tyrosine phosphatases is linked

to the hydrogen peroxide induced oxidation of these negative regulators in a mechanism

that is partly dependent on thioredoxin. Taken together these data reveal stress contingent

changes in Hog1 pathway architecture and regulation and uncover a novel mode of action

of the Ssk1 response regulator in SAPK regulation.
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Author summary

As a core stress regulator, the Hog1 stress-activated protein kinase (SAPK), is a key viru-

lence determinant in many fungal pathogens. Despite this, little is known regarding the

mechanisms by which different stresses trigger the phosphorylation and activation of

Hog1. Here we present three novel findings regarding Hog1 regulation in the human fun-

gal pathogen C. albicans. Firstly, we find that the response regulator protein, Ssk1, is a

master regulator of Hog1 that promotes the interaction between the upstream Hog1-acti-

vating kinases, Ssk2 and Pbs2. Secondly, this role of Ssk1 maintains a basal level of Hog1

phosphorylation, which is important for responses to stresses, such as oxidative stress,

that do not stimulate activation of the upstream Ssk2 and Pbs2 kinases. Instead, oxidative

stress induced Hog1 phosphorylation is mediated through the oxidation and inactivation

of protein tyrosine phosphatases that negatively regulate Hog1. Finally, we show that high

osmotic stress induces the robust phosphorylation and activation of the upstream kinase

Pbs2, which drives its dissociation from the Ssk1-mediated scaffold. These new insights

into the regulation of the C. albicansHog1 SAPK pathway offer new strategies to thera-

peutically target this core virulence determinant.

Introduction

Candida albicans is categorized as a critical fungal priority pathogen by the World Health

Organization [1]. As a common commensal of the human gut mycobiome, C. albicans is an

opportunistic pathogen that is poised to cause serious invasive infections in immunocompro-

mised hosts [2]. Treatment options are limited with only four classes of drugs licensed to treat

systemic fungal infections [3], and emerging resistance to these drugs is an increasing problem

[4]. This, coupled with the fact that candidemia is associated with a crude mortality rate of

between 25–40% [5,6], underscores the need to develop new strategies to prevent life-threaten-

ing C. albicans infections.

The ability of C. albicans to sense and adapt to changing and often harsh environments dur-

ing disease progression is a key virulence trait [7,8]. One of the most hostile host environments

encountered during infection is during phagocytic attack by innate immune cells where the

fungus is subjected to a cocktail of antimicrobial agents including toxic reactive oxygen and

nitrogen species, cationic and toxic metal influxes, and antimicrobial peptides and digestive

enzymes, all within a nutrient poor and highly acidic environment [9]. C. albicans also

encounters different environmental stresses depending on the host niche occupied [8]. For

example, changes in pH are encountered upon moving from the intestine (pH range 5–6.5) to

the bloodstream (pH 7.4) [10], high salinity levels are encountered in the kidneys [11], and

nutritional immunity strategies either restrict access to, or expose the fungus to toxic levels of

divalent cations [12].

The Hog1 stress-activated protein kinase (SAPK) is a core stress-signalling protein that

senses and responds to many physiologically relevant stress conditions (reviewed in [13]).

Hog1 promotes C. albicans resistance to numerous stresses including oxidative and nitrosative

stresses, osmotic and cationic stresses, antimicrobial peptides, heavy metals, various antimicro-

bial drugs, and ER stress [13]. In addition to stress resistance, Hog1 is implicated in several

morphological and phenotypic transitions in C. albicans [14,15], and is also linked to cell size

control, respiratory metabolism, and induction of macrophage pyroptosis ([16–18]. Consistent

with the multi-faceted roles of this central signalling hub, Hog1 is essential for C. albicans
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virulence in models of systemic infection [14,19], colonisation in models of gut commensalism

[20], and for survival following phagocytosis by macrophages and neutrophils [21,22].

Hog1-related SAPKs are found in all eukaryotic cells and are amongst the most evolution-

arily conserved stress-signalling proteins [23]. Activation of the SAPK is mediated through

phosphorylation of conserved threonine and tyrosine residues within a TGY motif located in

the activation loop of the kinase [24]. In C. albicans, stress-induced Hog1 phosphorylation

occurs in response to many of the stresses outlined above. This triggers the nuclear accumula-

tion of Hog1 and the subsequent phosphorylation of both nuclear and cytoplasmic substrates

drives appropriate cellular responses [13]. As seen in all SAPK modules, the Hog1 pathway in

C. albicans comprises three tiers of sequentially acting protein kinases; the MAPKKK Ssk2,

which phosphorylates and activates the MAPKK Pbs2, which in turn phosphorylates and acti-

vates Hog1 [19,25,26]. Accordingly, stress induced phosphorylation of Hog1 is abolished in

ssk2Δ and pbs2Δ cells which in turn display overlapping stress-sensitive phenotypes to those

exhibited by hog1Δ cells [25,26]. This is different to that documented in the model yeast Sac-
charomyces cerevisiae where three MAPKKKs, Ssk2, Ssk22 and Ste11 function redundantly to

relay stress signals to Pbs2 [27]. Hog1 phosphorylation in C. albicans, like in S. cerevisiae, is

also negatively regulated by the serine/threonine phosphatases Ptc1 and Ptc2 [18] and the tyro-

sine phosphatases Ptp2 and Ptp3 [28]. Thus, the level of Hog1 phosphorylation is dynamically

regulated by the opposing action of upstream kinases and downstream phosphatases.

Although Hog1 is essential for virulence, the presence of structural and functional homo-

logues in human cells, such as p38, has reduced the attractiveness of Hog1 as an antifungal tar-

get. Nevertheless, there has been interest in identifying fungal-specific regulators of SAPKs as

potential drug targets [29]. Such fungal-specific mechanisms include two-component related

signalling pathways that regulate the activity of MAPKKKs within the Hog1 pathway. In C.

albicans the two-component pathway comprises of three sensor histidine protein kinases

(Sln1, Chk1 and Nik1), which relay phosphate to an intermediary phosphotransfer protein

(Ypd1), which in turn transfers phosphate to an aspartate residue within the response regula-

tor Ssk1 (reviewed in [30]). Deletion of the Ypd1 phosphorelay protein in C. albicans results in

the constitutive phosphorylation and hyperactivation of the Hog1 kinase in a mechanism that

is dependent on the downstream response regulator Ssk1 [31]. This is consistent with work in

S. cerevisiae showing that unphosphorylated Ssk1 is a potent activator of the Ssk2/Ssk22

MAPKKKs [32]. In C. albicans, deletion of Ssk1 was found to impact Hog1 activation in

response to oxidative stress, but not osmotic stress [33]. This is intriguing as none of the histi-

dine kinases appear to relay oxidative stress signals to Hog1 [34] suggesting that Ssk1 may also

regulate Hog1 in a mechanism that is independent of two-component signalling. Indeed, oxi-

dative stress-induced activation of Hog1 was observed in cells expressing a mutated version of

Ssk1 that is no longer responsive to its upstream phosphorelay module [35].

Ssk1 is essential for C. albicans virulence [36], and as a fungal-specific regulator of Hog1 is a

potential target for the development of antifungals. Here we provide new insight into two-

component independent roles of Ssk1 in Hog1 regulation and additionally provide mechanis-

tic insight into stress contingent changes in SAPK pathway architecture and regulation in C.

albicans.

Materials and methods

Strains and growth media

All the C. albicans strains used in this study are listed in Table 1. Cells were grown at 30˚C in

YPD rich medium [37].
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Strain construction

All strains used in this study are listed in Table 1 and oligonucleotides used in this study are

available on request.

Table 1. Strains used in this study.

Strain Description Genotype Source

RM1000 parental ura3:: λ imm434/ura3::λimm434, his1::hisG/his1::hisG [65]

JC21 Wt RM1000 + CIp20 [44]

JC50 hog1Δ RM1000 hog1::loxP-ura3-loxP, hog1::loxP-HIS1-loxP + CIp20 [44]

JC112 Pbs2-HM RM1000 pbs2::loxP-HIS1-loxP/PBS2-HM:URA3 [19]

JC1188 ssk1Δ RM1000 ssk1::loxP-ura3-loxP, ssk1::loxP-HIS1-loxP + CIp10 This

study

JC1196 ssk1Δ+SSK1 RM1000 ssk1::loxP-ura3-loxP/ssk1::loxP-HIS1-loxP + CIp10-SSK1 This

study

JC2001 ypd1Δ RM1000 ypd1::HIS1/ypd1::hisG + CIp20 [31]

JC2119 Pbs2AA-HM Ssk2-HA RM1000 pbs2::loxP-HIS1-loxP/PBS2AA-HM:URA3, SSK2-HA:ARG4 This

study

JC2121 Pbs2-HM Ssk2-HA RM1000 pbs2::loxP-HIS1-loxP/PBS2-HM:URA3, SSK2-HA:ARG4 This

study

JC2646 Ssk1-HM RM1000 SSK1-HM:URA3 This

study

JC2648 Ssk1-HM ypd1Δ RM1000 ypd1::HIS1/ypd1::hisG, SSK1-HM:URA3 This

study

SN148 parental ura3:: λ imm434/ura3::λimm434, his1::hisG/his1::hisG arg4::hisG/arg4::hisG [40]

JC747 Wt SN148 + CIp30 [46]

JC1519 ssk1Δ SN148 ssk1::HIS1/ssk1::ARG4 +CIp10 This

study

JC1554 ssk1Δtrx1Δ SN148 ssk1::HIS1/ssk1::ARG4, trx1::hisG/trx1::hisG + CIp10 This

study

JC1555 ssk1Δtrx1Δ+SSK1 SN148 ssk1::HIS1/ssk1::ARG4, trx1::hisG/trx1::hisG + CIp10-SSK1 This

study

JC2012 Pbs2-HM Ssk2-HA

ssk1Δ
SN148 PBS2-HM:URA3, SSK2-HA:ARG4 ssk1::hisG/ssk1::hisG This

study

JC2017 Pbs2-HM Ssk2-HA SN148 PBS2-HM:URA3, SSK2-HA:ARG4 This

study

JC2027 Ssk2-HA SN148 SSK2-HA:ARG4 This

study

JC2231 Ptp3-HA SN148 PTP3-HA:HIS1 This

study

JC2626 Ptp3-HA trx1Δ SN148 PTP3-HA:HIS1 trx1::hisG/trx1::hisG This

study

JC2260 Ssk1-HM SN148 SSK1-HM:URA3 This

study

JC2262 Ssk1-HM Ssk2-HA SN148 SSK1-HM:URA3, SSK2-HA:ARG4 This

study

JC2642 Pbs2-HA SN148 PBS2-HA:HIS1 This

study

JC26943 Ssk1-HM Pbs2-HA SN148 SSK1-HM:URA3, PBS2-HA:HIS1
SN250 Wt hisΔ1/his1Δ, leu2Δ::C.dubliniensis HIS1/leu2Δ::C.maltosa LEU2, arg4Δ/arg4Δ, URA3/ura3Δ::imm434, IRO1/iro1Δ::

imm434
[40]

JC2291 ptp2Δptp3Δ SN250 ptp3Δ::C.dubliniensis HIS1/ptp3Δ::C.maltosa LEU2 ptp2Δ::URA3/ptp2Δ::ARG4 [28]

https://doi.org/10.1371/journal.ppat.1012314.t001
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Deletion of SSK1
An SSK1 deletion mutant in RM1000 cells (JC784 [38]) was passed over 5-FOA to generate the

ura3 strain JC832. To construct re-integrant control strains the SSK1 gene plus 1000 bp of the

promoter region and 200 bp of the terminator region were amplified by PCR, using the oligo-

nucleotide primers SSK1PromF and SSK1TermR, and ligated into the BamHI site of CIp10

[39] to create Clp10-SSK1. The CIp10 vector and CIp10-SSK1 plasmid were digested with StuI

and integrated at the RPS10 locus in JC832 cells to generate strains JC1188 and JC1196

respectively.

A second SSK1 deletion strain was constructed in SN148 cells [40], to allow subsequent epi-

tope tagging of PBS2 and SSK2. A SSK1 disruption cassette containing theHIS1 gene was gen-

erated by PCR using the oligonucleotide primers SSK1delF and SSK1delR and the plasmid

template pLHL2 [41]. The cassette was transformed into C. albicans to disrupt one allele of

SSK1 (JC1367). The second copy of SSK1 was deleted using an ssk1::hisG-URA3-hisG ura-

blaster cassette which was generated by amplifying the 5’ and 3’ regions flanking the SSK1
open reading frame using oligonucleotide primer pairs 5’Ssk1BamF / 5’Ssk1BamR and

3’Ssk1BamF / 3’Ssk1BamR respectively and sequentially ligating into p5921 [42]. The ssk1::his-
G-URA3-hisG disruption cassette was released from the plasmid by digestion with restriction

enzymes KpnI andHindIII and transformed into JC1367 cells to generate strain JC1980. This

strain was then passed over 5-FOA to recycle the URA3marker and generate strain JC1981.

To generate a ssk1Δtrx1Δ double deletion strain, SSK1 disruption cassettes containing the

HIS1 or ARG4 were generated by PCR using the oligonucleotide primers SSK1delF and

SSK1delR and the plasmid template pLHL2 or pLAL2 [41]. These were sequentially trans-

formed into SN148 cells to delete both copies of SSK1 and generate strain JC1402. TRX1 was

subsequently deleted following two rounds of transformation of JC1402 cells with a trx1::his-
G-URA3-hisG ura-blaster cassette [42]. Following passage over 5-FOA to recycle the URA3
marker, the CIp10 vector and CIp10-SSK1 plasmid were digested with StuI and integrated at

the RPS10 locus in ssk1Δtrx1Δ cells to generate strains JC1554 and JC1555 respectively.

Tagging of Pbs2, Ssk1, Ssk2 and Ptp3

PBS2, expressed from its native genomic locus, was epitope tagged with a sequence encoding

6-His2-Myc. The plasmid CIp-C-PBS2HM [26] was linearised with SgrAI to target integration

at the PBS2 locus inWt (SN148) and ssk1Δ (JC1981) cells to generate strains JC1803 and

JC2008. Strains expressing 6His-2myc epitope tagged SSK1 were generated by linearising plas-

mid Cip-SSK1HM with SphI to target integration at the SSK1 locus inWt (RM1000),Wt
(SN148) and ypd1Δ (JC1997) cells [31] to generate strains JC2646, JC2260 and JC2648. To tag

SSK2, PBS2 and PTP3 at their native chromosomal loci with a triple HA epitope tag, the PCR-

based approach described by Lavoie et al. [43] was employed. To tag SSK2, a tagging cassette

consisting of the HA-tag and the ARG4 gene flanked by 100 base pairs upstream and down-

stream of the STOP codon of SSK2 was generated by PCR using primers SSK2HAtagF and

SSK2HAtagR and pFA-HA-ARG4 as template [43]. The cassette was integrated into the SSK2
locus ofWt (SN148) cells to generate JC2027, and into JC1803 and JC2008 to generate wild

type (JC2017) and ssk1Δ strains (JC2012) expressing both Pbs2HM and Ssk2HA. The Ssk2-

3HA tagging cassette was also integrated into the SSK2 locus of Pbs2HM (JC112) and

Pbs2AA-HM (JC126) expressing cells [19] to generate strains JC2121 and JC2119 respectively.

To tag PBS2, a tagging cassette consisting of the HA-tag and theHIS3 gene flanked by 100 base

pairs upstream and downstream of the STOP codon of PBS2 was generated by PCR using

primers PBS2HAtagF and PBS2HAtagR and pFA-HA-HIS3 as template [43]. The cassette was

integrated into the PBS2 locus of wild type (SN148) and Ssk1HM () expressing cells to generate
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strains JC2642 and JC2643 respectively. To tag PTP3, a tagging cassette consisting of the HA-

tag and theHIS3 gene flanked by 100 base pairs upstream and downstream of the PTP3 STOP

codon was generated by PCR using primers PTP3HAtagF and PTP3HAtagR and pFA-HA--

HIS3 as template [43]. The tagging cassette was integrated into the PTP3 locus of SN148 and

JC1561 cells to generate wild type (JC2231) and trx1Δ strains (JC2626) expressing Ptp3HA.

Stress sensitivity tests

Cells were grown at 30˚C to mid-exponential phase and were then diluted in YPD medium.

The indicated number of cells were spotted onto YPD agar containing the specified stress

agents. Plates were incubated at 30˚C for 24h. All experiments were repeated a minimum of 3

times.

Hog1 phosphorylation assays

Cells were grown to mid-exponential phase and harvested before and after exposure to the

stress agent indicated. Protein extracts were prepared as described previously [44] and 50 μg

total cell protein was resolved on a 10% SDS-PAGE gel. Phosphorylated Hog1 was detected by

Western blot analysis using an anti-phospho-p38 antibody (Cell signalling Technology) as

described previously [44]. Blots were stripped and reprobed with an anti-Hog1 antibody (y-

215, Santa Cruz Biotechnology) to determine total Hog1 levels. All experiments were repeated

a minimum of 3 times. The raw data from quantified blots can be found in S1 Table.

Microscopy

Differential Interference Contrast images were captured using a Zeiss Axioscope microscope

as described previously [44].

Co-immunoprecipitation assays

To detect interactions between Ssk2 and Pbs2, wild type (JC2017) and ssk1Δ (JC2012) cells

expressing chromosomally tagged Ssk2-HA and Pbs2-6His-myc were grown to mid-exponen-

tial phase and samples collected before and after exposure to the stress agent indicated. Protein

extracts were prepared as described previously [26]. Pbs2-6His-myc was immunoprecipitated

from 1000 μg of whole cell extracts following incubation with 40 μl of anti-c-myc agarose

(Santa Cruz Biotechnology) for 2 h at 4˚C. The agarose beads were washed twice with lysis

buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 20mM imidazole, 0.1% NP-40, 50mM NaF,

1mM phenylmethylsulfonyl fluoride, 0.07 trypsin inhibition units/ml aprotinin, 10μg/ml leu-

peptin and 10μg/ml pepstatin) and once with high salt lysis buffer (50mM Tris-HCl pH 7.5,

500mM NaCl, 20mM imidazole, 0.1% NP-40, 50mM NaF, 1mM phenylmethylsulfonyl fluo-

ride, 0.07 trypsin inhibition units/ml aprotinin, 10μg/ml leupeptin and 10μg/ml pepstatin) and

resuspended in SDS-loading buffer. Proteins were resolved on a 10% SDS-PAGE gel and West-

ern blotting was performed using an anti-myc antibody (Merck, UK). Co-immunoprecipita-

tion of Ssk2-HA was detected using an anti-HA antibody (Merck, UK). Input samples (50 μg)

were also analysed by Western blotting using anti-HA and anti-myc (Santa Cruz Biotechnol-

ogy) antibodies.

To detect interactions between Ssk2 and Ssk1, cells expressing chromosomally tagged

Ssk2-HA (JC2027), Ssk1-6His-myc (JC2260) and Ssk2-HA plus Ssk1-6His-myc (JC2262) were

grown to mid-exponential phase and samples collected before and after exposure to the stress

agent indicated. Ssk1-6His-myc was immunoprecipitated following the method above, and co-

immunoprecipitation of Ssk2-HA was detected using an anti-HA antibody.
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To detect interactions between Pbs2 and Ssk1, cells expressing chromosomally tagged

Pbs2-HA (JC2642), Ssk1-6His-myc (JC2260) and Pbs2-HA plus Ssk1-6His-myc (JC2643) were

grown to mid-exponential phase and samples collected. Ssk1-6His-myc was immunoprecipi-

tated following the method above, and co-immunoprecipitation of Pbs2-HA was detected

using an anti-HA antibody. All immunoprecipitation experiments were repeated a minimum

of 3 times.

Oxidation of Ptp3

Exponentially growing C. albicans cells were added to 20% (w/v) trichloroacetic acid (TCA),

harvested by centrifugation and snap frozen in liquid nitrogen. Pelleted cells were suspended

in 10% (w/v) TCA and disrupted using ice cold glass beads and a Mini Beadbeater-16 (Biospec

products). Following cell lysis, TCA-precipitated proteins were acetone-washed before resus-

pension in TES buffer (100 mM Tris-HCL pH 8.0, 1 mM EDTA, 1% (w/v) SDS) containing 10

mM N-Ethylmaleimide (NEM). Equal amounts of denatured protein added to reducing or

non-reducing (- 2-mercaptoethanol) sample buffer, were separated by SDS-PAGE on 8%

acrylamide gels and transferred onto nitrocellulose membrane (GE healthcare). Membranes

were stained with Revert 700 total protein stain (LI-COR) for normalization of protein loading

following which western blotting was performed using an anti-HA antibody (H9658 Merck,

UK). HA tagged protein bands were visualised using the LI-COR Odyssey Clx system with

LI-COR secondary antibody (IRDye 800 CW anti-mouse) antibody. All experiments were

repeated a minimum of 3 times.

Results

Ssk1 is a master regulator of the Hog1 SAPK pathway

To investigate the importance of the Ssk1 response regulator in relaying stress signals to the

Hog1 SAPK in C. albicans, the stress sensitive phenotypes of congenic ssk1Δ and hog1Δ mutant

strains were compared (Fig 1A). Consistent with previous studies [44], cells lacking the Hog1

SAPK displayed pleiotropic stress sensitivities to a range of oxidative stress-inducing agents,

antifungal drugs, heavy metals, the cell membrane damaging agent SDS, and cationic and

osmotic stresses. Notably, ssk1Δ cells displayed overlapping stress-sensitive phenotypes to

those exhibited by hog1Δ cells. Interesting exceptions were the osmotic stress agents, NaCl and

sorbitol, in which cells lacking Ssk1, unlike hog1Δ cells, displayed wild-type levels of resistance.

Such findings are consistent with previous work that also failed to detect any sensitivity of

ssk1Δ cells to NaCl [35].

Hog1 also functions to repress the yeast to hyphal switch in C. albicans [14] with hog1Δ
cells forming hyphae under non filament-inducing conditions [45]. Similarly, cells lacking

SSK1 also displayed a filamentous phenotype under non-inducing conditions (Fig 1B). Collec-

tively these data show that cells lacking the response regulator Ssk1 share many overlapping

phenotypes with hog1Δ cells, with the significant exception of sensitivity to osmotic stress

inducing agents.

To investigate whether Ssk1-dependent stress-sensitive phenotypes were linked to impaired

activation of the Hog1 SAPK, stress-induced Hog1 phosphorylation was examined in wild-

type and ssk1Δ cells. In line with previous reports, Hog1 phosphorylation in response to H2O2-

induced oxidative stress was significantly impaired in ssk1Δ cells [33] and restored upon rein-

tegration of SSK1 (Fig 1C). Hog1 phosphorylation in response to Cd++-imposed heavy metal

stress and SDS-stress was also impaired in cells lacking Ssk1 (Fig 1C). Interestingly, in regard

to osmotic stress, Ssk1 was required for Hog1 phosphorylation in response to low (0.3M) but

not high (1M) levels of NaCl stress (Fig 1C). This is consistent with the lack of stress-sensitivity
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of ssk1Δ cells in the presence of 1M NaCl (Fig 1A), and previous work showing Ssk1 is dispens-

able for Hog1 activation following 1.5M NaCl stress [33]. However, the observation that Ssk1

is required for Hog1 activation in response to low but not high levels of NaCl, indicates that

concentration-dependent mechanisms relay osmotic stress signals to Hog1 in C. albicans.
Taken together, the data presented here indicate that, with the exception of high levels of

osmotic/salt stress, Ssk1 is a major regulator of the Hog1 SAPK in C. albicans.
Previous work from our group demonstrated that the thioredoxin redox protein Trx1 is

important for oxidative stress-mediated activation of Hog1 [46]. To explore whether this was

Fig 1. Ssk1 is a master regulator of the Hog1 SAPK pathway. (A) Approximately 1x103 exponentially growingWt (JC21),

hog1Δ (JC50) and ssk1Δ (JC1188) cells were spotted onto YPD plates containing 300μM menadione, 2mM tBOOH, 3mM

H2O2, 5μg/ml Fluconazole, 0.5μg/ml Nystatin, 2mM sodium arsenite, 0.4mM cadmium sulphate, 0.02% SDS, 1M NaCl or 1M

sorbitol. Plates were incubated at 30˚C for 48h. (B) Morphology ofWt, hog1Δ and ssk1Δ cells grown to exponential phase in

YPD at 30˚C. (C) Western blot analysis of whole cell extracts isolated fromWt, ssk1Δ, and ssk1Δ +SSK1 (JC1196) cells after

treatment with 5mM H2O2, 0.1% SDS, 1M NaCl, 0.3M NaCl, or 1mM CdSO4 for the specified times. Western blots were

probed with an anti-phospho-p38 antibody which recognises the phosphorylated form of Hog1 (Hog1-P). Total Hog1 levels

were determined by stripping and reprobing the blot with an anti-Hog1 antibody that recognises phosphorylated and

unphosphorylated Hog1. (D) Western blot analysis of whole cell extracts isolated fromWt (JC747), ssk1Δ (JC1519), ssk1Δ
trx1Δ (JC1554), and ssk1Δtrx1Δ+SSK1 (JC1555) cells after treatment with 5mM H2O2 for the specified times. Blots were

processed as in (C).

https://doi.org/10.1371/journal.ppat.1012314.g001
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acting in the same pathway as the Ssk1 response regulator, a double ssk1Δtrx1Δ mutant was

made and oxidative-stress induced Hog1 activation examined. As illustrated in Fig 1D, Hog1

activation in ssk1Δtrx1Δ cells was further diminished compared to the single ssk1Δ mutant,

and reintegration of SSK1 into ssk1Δtrx1Δ cells only partially rescued Hog1 activation. This

indicates that Ssk1 and Trx1 work in independent pathways to regulate oxidative stress medi-

ated activation of Hog1.

Two component-dependent and -independent roles of Ssk1 in Hog1

regulation

Phosphorylation of Ssk1 via two-component signalling is mediated by the upstream phosphor-

elay protein Ypd1. Previously, we showed that in cells lacking Ypd1, where Ssk1 is trapped in

the unphosphorylated form, Hog1 is hyper-activated even in the absence of stress. This hyper-

activation was abolished in ypd1Δssk1Δ cells, confirming that Ypd1 acts solely through Ssk1 to

activate Hog1 [31]. If Ypd1-dependent regulation of Ssk1 phosphorylation is the primary

mechanism underlying Ssk1-mediated regulation of Hog1, then no further stress-induced

increases in Hog1 phosphorylation should be observed in ypd1Δ cells. To address this, we

examined Hog1 phosphorylation in ypd1Δ cells in response to low NaCl and H2O2 stress (Fig

2A), which both require Ssk1 (Fig 1C). As seen previously [31], high basal levels of Hog1 phos-

phorylation are seen in ypd1Δ cells in the absence of stress (Fig 2A, zero timepoints). However,

following exposure to 0.3M NaCl, the rapid but transient increase in Hog1 phosphorylation

seen in wild-type cells after 5 and 10 minutes (100-fold and 89-fold respectively) is not seen in

ypd1Δ cells (Fig 2A, left panel). Instead, a maximal two-fold increase in Hog1 phosphorylation

is seen in ypd1Δ cells after 20 mins exposure to 0.3 M NaCl (Fig 2A, left panel). This indicates

that the role of Ssk1 in relaying low osmotic stress signals to Hog1 is largely dependent on

two-component signalling. In contrast, clear increases in stress induced Hog1 phosphorylation

were observed in ypd1Δ cells in response to 5mM H2O2, with the total level of Hog1 phosphor-

ylation exceeding that seen in wild-type cells (Fig 2A, middle panel). This suggests that, in con-

trast to that seen with 0.3 M NaCl, Ssk1 relays oxidative stresses to Hog1 via a two-component

independent mechanism.

Hog1 phosphorylation was also examined in ypd1Δ cells in response to 1M NaCl (Fig 2A

right panel). Consistent with Ssk1 being dispensable for Hog1 activation following 1M NaCl

stress (Fig 1C), stress-induced increases in Hog1 phosphorylation were observed in ypd1Δ
cells. Interestingly, in contrast to that seen with oxidative stress, the levels of Hog1 phosphory-

lation in ypd1Δ cells never exceeded that seen in wild-type cells following salt stress (Fig 2A).

In S. cerevisiae, salt stress inhibits the Sln1 histidine kinase resulting in unphosphorylated

Ssk1, which is targeted for ubiquitin-mediated degradation [47]. If this mechanism is con-

served in C. albicans, then the unphosphorylated Ssk1 in ypd1Δ cells, and in wild-type cells fol-

lowing osmotic stress, may be targeted for degradation. This in turn could provide a

mechanism to cap the maximum activation of Hog1 in response to high salt. To explore this,

Ssk1 protein levels were quantified in wild-type and ypd1Δ strains before and following

osmotic stress. As shown in Fig 2B, Ssk1 levels are reduced in ypd1Δ cells compared to wild-

type cells (Fig 2B). Moreover, in wild-type cells, following 1M NaCl stress, Ssk1 migrates with

a slower mobility on SDS-PAGE and after 20 mins a reduction in Ssk1 levels is seen. In ypd1Δ
cells, Ssk1 has a similar mobility to the post-translationally modified Ssk1 seen in wild-type

cells after salt stress, and levels remain consistent before across the time course. These results

are consistent with the ubiquitination and degradation of unphosphorylated Ssk1 in C. albi-
cans, and may underlie why the levels of Hog1 phosphorylation in ypd1Δ cells do not exceed

that in wild-type cells following 1M NaCl.
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Collectively, the data examining Hog1 phosphorylation in ssk1Δ and ypd1Δ cells indicate

three modes of SAPK activation (summarised in Fig 2C); Ssk1 independent (1M NaCl), Ssk1

dependent and two-component dependent (0.3M NaCl), and Ssk1 dependent but two-compo-

nent independent (H2O2). In S. cerevisiae, Ssk1-independent activation of Hog1 is also

observed following osmotic stress, as Ssk1 functions redundantly with the Ste11 MAPKKK to

relay osmotic stress signals to Hog1 [48]. However, in C. albicans, Ssk1-independent signalling

in response to 1M NaCl stress is entirely dependent on the Ssk2 MAPKKK, as deletion of SSK2
prevents Hog1 activation in response to 1M NaCl [26]. In addition to the differences in

osmotic stress signalling to Hog1 in S. cerevisiae and C. albicans [13], the two-component

independent role of the Ssk1 response regulator in relaying oxidative stress signals to Hog1 is

interesting. Thus, we set out to investigate the mechanism underlying the Ssk1 dependent but

two-component independent mechanism of Hog1 regulation.

Fig 2. Stress conditional two-component dependent activation of Hog1. (A) Western blot analysis of whole cell

extracts isolated fromWt (JC26) and ypd1Δ (JC2001) cells after treatment with 0.3M NaCl, 5mM H2O2, and 1M NaCl

for the specified times. Western blots were probed with an anti-phospho-p38 antibody which recognises the

phosphorylated form of Hog1 (Hog1-P). Total Hog1 levels were determined by stripping and reprobing the blot with

an anti-Hog1 antibody that recognises phosphorylated and unphosphorylated Hog1. Blots were quantified using

Image J (Version 1.54) and levels of Hog1 phosphorylation in each strain after stress are expressed relative to the level

of Hog1 phosphorylation inWt cells before stress (AU, arbitrary units). (B) Western blot analysis ofWt and ypd1Δ
cells expressing Ssk1-MH before and after treatment with 1 M NaCl for the indicated times, with the control lane

containing extracts fromWt cells not expressing Ssk1-MH. Blots were also probed with an anti-Hog1 antibody as a

loading control. Blots were quantified using Image J (Version 1.54) and levels of Ssk1 are expressed relative to the level

of Ssk1 inWt cells before stress (AU, arbitrary units). (C) Model summary. Activation of Hog1 in response to low

NaCl requires Ypd1 and Ssk1, activation of Hog1 in response to H2O2 requires Ssk1 but not Ypd1, and activation of

Hog1 in response to high NaCl requires neither Ypd1 nor Ssk1.

https://doi.org/10.1371/journal.ppat.1012314.g002
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Ssk1 functions to promote the interaction between the Ssk2 and Pbs2

upstream kinases

Activation of Hog1 in C. albicans is dependent on the upstream Pbs2 MAPKK which, in turn, is

phosphorylated and activated by the upstream Ssk2 MAPKKK [25,26]. As Ssk1 regulates the Hog1

SAPK in response to oxidative stress via a mechanism independent of two-component signalling

(Fig 2), we hypothesised that this response regulator may also have a structural role. Thus, we

explored whether Ssk1 functions to mediate interactions between the Pbs2 and Ssk2 upstream acti-

vating kinases. To facilitate this, wild-type and ssk1Δ mutant strains were constructed that express

HA-epitope tagged Ssk2 and Myc-epitope tagged Pbs2. Pbs2 was immunoprecipitated using anti-

myc antibody coupled agarose, and co-precipitation of Ssk2-HA was detected by western blotting.

As illustrated in Fig 3A, Ssk2 does form a complex with Pbs2 in the absence of stress and, notably,

this interaction is abolished in cells lacking the Ssk1 response regulator. This is consistent with the

idea that Ssk1 functions to promote interactions between the Pbs2 and Ssk2 kinases in the Hog1

SAPK module. Next, we explored whether Pbs2-Ssk2 interactions were maintained following expo-

sure to stresses that either require Ssk1 function for Hog1 activation (5 mM H2O2), or which acti-

vate Hog1 independently of Ssk1 (1 M NaCl). Strikingly, the interaction between Ssk2 and Pbs2

was maintained in an Ssk1-dependent manner following exposure to 5 mM H2O2, but completely

abolished in response to 1M NaCl stress (Fig 3A). We also investigated whether the interaction

between Pbs2 and Ssk2 was disrupted following exposure to low levels of NaCl. In contrast to that

seen with 1M NaCl, interaction between Pbs2 and Ssk2 was maintained following 0.3M NaCl

stress, and again this was dependent on Ssk1 (Fig 3A). Collectively, these data indicate that protein-

protein interactions within the C. albicansHog1 signalling module change in a stress-specific man-

ner. The Ssk1-dependent interaction between Pbs2 and Ssk2 is maintained following exposure to

H2O2 and 0.3M NaCl stresses and disrupted in response to 1M NaCl.

To explore whether Ssk1 functions as a scaffolding protein to maintain interactions between

Pbs2 and Ssk2 kinases by directly interacting with both kinases, we performed co-immunoprecip-

itation experiments. Strains were constructed expressing myc-epitope tagged Ssk1 and either HA-

tagged Ssk2 or HA-tagged Pbs2. Ssk1 was immunoprecipitated using anti-myc antibody coupled

agarose, and co-precipitation of Ssk2-HA or Pbs2-HA was detected by western blotting. As illus-

trated in Fig 3B, Ssk1 does form a complex with Ssk2 and, in contrast to the Ssk2-Pbs2 interaction,

this is maintained following high salt stress, as well as oxidative and low salt stresses. In contrast,

no significant co-precipitation of Pbs2 with Ssk1 was observed (Fig 3C). These data indicate that

Ssk1 interaction with Ssk2 promotes interactions between Ssk2 and Pbs2, but that Ssk1 does not

function as a scaffolding protein directly interacting with both these kinases.

Phosphorylation of Pbs2 triggers its dissociation from Ssk2 in response to

high NaCl

The above observations raised the question as to what drives Pbs2 dissociation from Ssk2 in

response to high NaCl, but not H2O2 or low NaCl stresses. Pbs2 is activated via phosphoryla-

tion of conserved activating residues Ser355 and Thr359 [26], thus we examined Pbs2 phos-

phorylation before and after the aforementioned stresses. A basal level of Pbs2

phosphorylation is evident due to the faster mobility of Pbs2 after phosphatase treatment of

extracts from unstressed cells (Fig 4A). In addition, stress-induced phosphorylation of Pbs2 is

seen following high NaCl stress, as detected by the presence of slower migrating forms that are

also sensitive to phosphatase treatment (Fig 4A). Interestingly, similar mobility shifts of Pbs2

were not evident following exposure to H2O2 or low NaCl stresses, where phosphorylation lev-

els were similar to that seen in unstressed cells. This indicates that stress-induced Pbs2 phos-

phorylation (and therefore activation) is less strong in response to H2O2 or low NaCl stresses
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Fig 3. Ssk1 and stress dependent changes in Hog1 pathway architecture. (A) Co-immunoprecipitation experiments

to examine the association of Ssk2 and Pbs2. Extracts were prepared fromWt (JC2017) and ssk1Δ (JC2012) cells

expressing Ssk2-HA and Pbs2-6His-myc (Pbs2-HM), before and after exposure to the stress conditions indicated.

Pbs2-HM was precipitated using anti-myc agarose and co-immunoprecipitation of Ssk2-HA was analysed by Western

blotting using an anti-HA antibody. Blots were stripped and reprobed with anti-myc to determine the levels of

Pbs2-HM precipitated. 2% of protein input was also analysed by Western blotting using both anti-HA and anti-myc

antibodies to determine amounts of Ssk2-HA and Pbs2-6His-myc in extracts used for co-immunoprecipitations. (B)

Co-immunoprecipitation experiments to examine the association of Ssk1 and Ssk2. Extracts were prepared from cells

expressing Ssk2-HA, Ssk1-HM and both Ssk2-HA and Ssk1-HM-myc, before and after exposure to the stress

conditions indicated. Ssk1-HM was precipitated using anti-myc agarose and co-immunoprecipitation of Ssk2-HA was

analysed by Western blotting using an anti-HA antibody. Blots were stripped and reprobed with anti-myc to

determine the levels of Ssk1-HM precipitated. 2% of protein input was also analysed by Western blotting using both

anti-HA and anti-myc antibodies to determine amounts of Ssk2-HA and Ssk1-HM in extracts used for co-

immunoprecipitations. (C) Co-immunoprecipitation experiments to examine the association of Ssk1 and Pbs2.

Extracts were prepared from cells expressing Pbs2-HA, Ssk1-HM, and both Pbs2-HA and Ssk1-HM, Ssk1-HM was

precipitated using anti-myc agarose and co-immunoprecipitation of Pbs2-HA was analysed by Western blotting using

an anti-HA antibody. Blots were stripped and reprobed with anti-myc to determine the levels of Ssk1-HM precipitated.

2% of protein input was also analysed by Western blotting using both anti-HA and anti-myc antibodies to determine

amounts of Pbs2-HA and Ssk1-HM in extracts used for co-immunoprecipitations.

https://doi.org/10.1371/journal.ppat.1012314.g003
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compared to high NaCl stress. To test whether phosphorylation of Pbs2 drives its dissociation

from Ssk2 following high NaCl stress, co-precipitation experiments were repeated in cells

expressing Pbs2AA-myc, in which the activating phosphorylation sites (Ser355 and Thr359)

are mutated to alanine [26]. As illustrated in Fig 4B, preventing Pbs2 phosphorylation

strengthens the interaction of Ssk2 with Pbs2 under basal conditions and, importantly, inhibits

the stress-induced dissociation of Pbs2 from Ssk2 in response to high NaCl stress. Taken

together, these data indicate that phosphorylation of Pbs2 drives its dissociation from Ssk2 in

response to high salt conditions.

Hog1 activation in response to oxidative stress is mediated through

inhibition of the protein tyrosine phosphatases Ptp2 and Ptp3

Hog1 is activated following exposure to either high NaCl or H2O2 stress (Fig 1C). However,

stress-induced activation of the Pbs2 upstream kinase is only detected with high NaCl stress.

Fig 4. Phosphorylation of Pbs2 following high NaCl stress promotes its release from the Ssk2 MAPKKK. (A)

Western blot analysis of whole cell extracts fromWt cells expressing Pbs2-HM (JC112) before (ns) and after stress for

10min with 5mM H2O2 (X), 0.3M NaCl (LS) or 1M NaCl (HS). Extracts were treated with or without λ phosphatase as

indicated, and the blot was probed with an α-myc antibody. (B) Co-immunoprecipitation experiments to examine the

association of Ssk2 with Pbs2 or Pbs2AA. Extracts were prepared from cells expressing Ssk2-HA and either Pbs2-HM

(JC2121) or Pbs2AA-HM (JC2119), before (ns) or after exposure for 10 min to 5mM H2O2 (X), 0.3M NaCl (LS) or 1M

NaCl (HS). Pbs2-HM or Pbs2AA-HM was precipitated using anti-myc antibody coupled agarose and co-

immunoprecipitation of Ssk2-HA was analysed by Western blotting using an anti-HA antibody. Blots were stripped

and reprobed with an anti-myc antibody to determine the levels of Pbs2-HM or Pbs2AA-HM precipitated. 1% of

protein input was also analysed by Western blotting using both anti-HA and anti-myc antibodies to determine

amounts of Ssk2-HA and Pbs2-HM/ Pbs2AA-HM in the extracts used for the co-immunoprecipitations.

https://doi.org/10.1371/journal.ppat.1012314.g004
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Therefore, what mechanism underlies oxidative stress mediated increases in Hog1 phosphory-

lation? In model yeasts, inactivation of downstream negative regulators has been implicated in

Hog1 activation following certain stresses. For example, in S. cerevisiae, Hog1 activation in

response to arsenite requires its metabolism to methyl arsenite which subsequently inhibits the

protein tyrosine phosphatases (Ptp2 and Ptp3) that normally maintain Hog1 in an inactive

state [49]. In S. pombe, heat stress dissociates the protein tyrosine phosphatase Pyp1 from the

Hog1 homologue, Sty1, which leads to strong Sty1 activation [50]. Furthermore, of relevance

here, oxidation and inactivation of Pyp1 in S. pombe following H2O2 stress contributes to Sty1

activation [51]. In C. albicans, the Ptp2 and Ptp3 protein tyrosine phosphatases have been

shown to function redundantly to dephosphorylate and inhibit Hog1 [28], thus we investigated

their role in oxidative-stress mediated activation of this SAPK pathway.

Cells lacking ptp2Δptp3Δ were found to be more resistant to H2O2 stress, but not NaCl

stress, linking the regulation of these phosphatases to oxidative stress signalling in C. albicans
(Fig 5A). Thus, we examined Hog1 phosphorylation in C. albicans ptp2Δptp3Δ cells following

exposure to high NaCl or H2O2 stresses. If stress-induced inhibition of these phosphatases is a

major driver of Hog1 activation, then any stress-induced increases in Hog1 activation should

be diminished in ptp2Δptp3Δ cells. Consistent with the inhibitory action of Ptp2 and Ptp3, a

high basal level of Hog1 phosphorylation was observed in cells lacking these phosphatases (Fig

5B). In response to both osmotic and oxidative stress, the fold induction of Hog1 activation

was reduced in ptp2Δptp3Δ cells compared to wild-type cells (Fig 5B). However, this reduction

was greater following oxidative stress where only a 2-fold increase in Hog1 phosphorylation

was seen in ptp2Δptp3Δ cells after 10 min H2O2 stress, compared to a 10-fold increase after 10

min NaCl stress. This supports the hypothesis that H2O2-mediated inhibition of these phos-

phatases plays a role in Hog1 activation following oxidative stress, whereas phosphorylation of

Hog1 in response to high salt is instead mediated via activation of the upstream Pbs2 kinase.

To explore whether oxidation could underlie inactivation of the protein tyrosine phospha-

tases, akin to that seen in S. pombe, we examined whether Ptp3 was oxidised following H2O2

stress. Exposure of cells expressing HA-tagged Ptp3 to H2O2 revealed the presence of several

slower-migrating forms of Ptp3 (Fig 5C). To determine if the slower-migrating forms were

due to oxidation, samples were reduced with 2-mercaptoethanol prior to SDS-PAGE.

Although some 2-mercaptothanol-resistant slower migrating forms remain, other slower-

migrating forms were absent following 2-mercaptoethanol treatment thus identifying these as

oxidized forms of Ptp3 (Fig 5C). The Trx1 thioredoxin oxidoreductase is important for pro-

tein-tyrosine phosphatase oxidation in fission yeast [51] and, notably, Trx1 is also essential for

H2O2-mediated activation of Hog1 in C. albicans [46], in an Ssk1-independent mechanism

(Fig 1D). Thus, we examined Ptp3 oxidation in C. albicans trx1Δ cells. Specific oxidised forms

of Ptp3 were absent in cells lacking Trx1. Although this does not prove that such forms repre-

sent a mixed disulphide between Ptp3 and Trx1, this data does show that this oxidative stress-

induced modification is dependent on Trx1 (Fig 5D). Taken together these data suggest that

H2O2-mediated oxidation of the protein tyrosine phosphatases lowers their activity against

Hog1 resulting in increases in Hog1 phosphorylation. Furthermore, the observation that Trx1

contributes to the oxidation and inactivation of these phosphatases is consistent with the previ-

ously described role of this oxidoreductase in H2O2-induced-Hog1 activation [46].

Discussion

In this study we reveal stress contingent mechanisms of Hog1 regulation in C. albicans (Fig 6).

Central to this is our finding that the Ssk1 response regulator, through interacting with Ssk2,

functions to promote interactions between the Ssk2 and Pbs2 kinases and this is needed to
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Fig 5. Role of the protein tyrosine phosphatases Ptp2 and Ptp3 in oxidative stress responses and Hog1 regulation. (A)

Approximately 1x103 cells and subsequent 10 fold dilutions of exponentially growingWt (SN250) or ptp2Δptp3Δ (JC2291) cells

were spotted onto YPD plates containing 1M NaCl or 4mM H2O2. Plates were incubated at 30˚C for 48h. (B) Western blot analysis

of Hog1 phosphorylation in whole cell extracts isolated fromWt or ptp2Δptp3Δ cells after treatment with 1M NaCl or 5mM H2O2

for the specified times. Western blots were probed with an anti-phospho-p38 antibody which recognises the phosphorylated form

of Hog1 (Hog1-P). Total Hog1 levels were determined by stripping and reprobing the blot with an anti-Hog1 antibody that

recognises phosphorylated and unphosphorylated Hog1. Blots were quantified using Image J (Version 1.54) and levels of Hog1

phosphorylation in each strain after stress are expressed relative to the level of Hog1 phosphorylation inWt cells before stress. (C)

Western blot analysis of Ptp3 oxidation state in wild-type (JC2231) cells expressing HA-tagged Ptp3 (Ptp3-HA) before and

following treatment with 5 mM H2O2 for the specified times. Samples were ran under both non-reducing and reducing

(+ 2-mercaptoethanol) conditions to determine oxidised forms of Ptp3. A loading control (total protein stain) is also shown. (D)

Western blot analysis of Ptp3 oxidation state in wild-type (JC2231) and trx1Δ (JC2626) cells expressing HA-tagged Ptp3 (Ptp3-HA)

before and following treatment with 5 mM H2O2 for the specified times. Samples were analysed as in (C). The asterisk highlights

the oxidised form of Ptp3 that is dependent on Trx1.

https://doi.org/10.1371/journal.ppat.1012314.g005
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maintain a basal level of Hog1 phosphorylation (Fig 6, left panel). Basal levels of Hog1 phos-

phorylation are important to repress filamentation under non-hyphae inducing conditions,

and accordingly ssk1Δ cells exhibit the same morphological defects as cells lacking Hog1 (Fig

1) or expressing a non-phosphorylatable Hog1AF mutant [19]. Following osmotic stress, the

Pbs2 MAPKK becomes robustly phosphorylated and this drives dissociation of Pbs2 from

Ssk2 (Fig 6, middle panel). However, following oxidative stress, limited phosphorylation of

Pbs2 is observed and the Ssk1-mediated Ssk2 and Pbs2 interaction is maintained. Here, we

present evidence that oxidative stress-mediated increases in Hog1 activation are due to the oxi-

dation and inhibition of the phosphatases Ptp2 and Ptp3, that negatively regulate Hog1 (Fig 6,

right panel). We propose that the Ssk1-mediated interaction between Ssk2 and Pbs2 which

maintains a basal flux through the Hog1 SAPK pathway is important for responses to stresses

such as oxidative stress that do not stimulate robust activation of the upstream Ssk1 and Pbs2

kinases. As Ssk1 is required for Hog1 activation in response to many diverse stresses in C. albi-
cans, this alternative mode of stress-mediated increases in Hog1 phosphorylation may be

applicable to other stresses.

The response regulator Ssk1 is conserved across fungal species [23]. In S. cerevisiae, deletion

of Ssk1 does not impact on Hog1 regulation as the Sho1 osmotic stress signalling pathway

functions in parallel with the Sln1-Ypd1-Ssk1 two component pathway [52]. However, in cells

lacking the Sho1 signalling branch, osmotic stress activation of Hog1 is mediated via inhibition

of the Sln1 histidine kinase, which results in unphosphorylated Ssk1, a potent activator of the

Ssk2/22 MAPKKKs [53]. In contrast, in C. albicans the Sho1 branch does not relay osmotic

stress signals to the Hog1 SAPK [34]. In C. albicans ypd1Δ cells, where Ssk1 is locked in the

unphosphorylated form, no further Hog1 activation is observed in response to low levels of

cationic stress (Fig 2). This is consistent with the Sln1 histidine kinase acting as an osmosensor

that regulates Hog1 activation through the phosphorylation status of the Ssk1 response

Fig 6. Model depicting stress contingent changes in Hog1 pathway architecture and regulation in C. albicans. Under non

stress conditions a basal level of Hog1 phosphorylation is dynamically maintained by the opposing actions of the positive

regulators upstream and negative regulators downstream. Specifically, this involves Ssk1 functioning to drive an interaction

between the Ssk2 and Pbs2 kinases promoting flux through the pathway, and the opposing action of the protein tyrosine

phosphatases Ptp2 and Ptp3. In response to high NaCl the Pbs2 kinase becomes robustly phosphorylated driving Hog1

activation. Here the Ssk1 mediated Ssk2-Pbs2 interaction is not needed; indeed, phosphorylation of Pbs2 drives its dissociation

from Ssk2. However, following oxidative stress, the Ssk1 mediated Ssk2 and Pbs2 interaction is needed to drive basal flux through

the pathway. However, rather than activation of upstream kinases, stress-induced increases in Hog1 activation involve the

Trx1-dependent oxidation and inactivation of the protein tyrosine phosphatases that negatively regulate Hog1.

https://doi.org/10.1371/journal.ppat.1012314.g006
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regulator. It is probable that the C. albicans Sln1 histidine kinase will also respond to high lev-

els of osmotic stress, but this is masked by a second, as yet uncharacterised but Sho1 indepen-

dent [34], osmosensing pathway that functions independently of Ssk1 (see below).

In S. pombe, the Ssk1 homologue (Mcs4) also regulates activation of the Sty1 SAPK by two-

component dependent and two-component independent mechanisms. Two-component

mediated phosphorylation of Mcs4 is important for the relay of oxidative stress signals to Sty1

[54], whereas Mcs4 regulates osmotic and heat stress activation of Sty1 in a two-component

independent mechanism [54,55]. Here, Mcs4 functions to promote heteromer formation of

the two non-redundant MAPKKKs Wak1 and Win1, which is essential for the relay of stress

signals to Sty1 [56]. In C. albicans, Hog1 is regulated by a single MAPKKK, Ssk2, and, in con-

trast to that seen in S. pombe, osmotic stress-mediated activation of Hog1 is Ssk1-independent,

but Ssk2 dependent [26,33]. Thus, there appear to be differences between C. albicans and S.
pombe with respect to the mechanisms underlying the two-component independent roles of

the Ssk1/Mcs4 response regulators in SAPK pathway regulation. Nonetheless, homologues of

the Ssk1 response regulator also play global roles in Hog1 activation in other pathogenic fungi

including Cryptococcus neoformans [57], Candida auris [58] and the plant pathogens Alter-
naria alternata [59] and Cochliobolus heterostrophus [60], with ssk1Δ cells largely phenocopy-

ing hog1Δ cells in these organisms. Thus, Ssk1 functioning to promote key interactions within

the three-tiered SAPK module, may contribute to the global role of Ssk1 in SAPK regulation in

other fungi.

Regarding osmotic stress signalling to Hog1 in C. albicans, two questions arise from this

study; what is the Ssk1-independent mechanism of osmo-signalling to Hog1, and why does the

Ssk1-mediated Pbs2-Ssk2 scaffold disassemble following osmotic stress? In S. cerevisiae the

binding of unphosphorylated Ssk1 to the autoinhibitory domain of Ssk2 relieves the inhibition

resulting in the autophosphoryation and activation of the MAPKKK [32]. As Pbs2 is robustly

phosphorylated following high levels of osmotic stress in C. albicans, a signalling mechanism

must drive the Ssk1-independent activation of the upstream Ssk2 MAPKKK. Osmotic stress-

induced increases in Hog1 phosphorylation are observed in cells expressing a truncated ver-

sion of Ssk2 lacking the entire N-terminal non-catalytic domain [19]. Thus, the unknown

osmotic stress regulator(s) of the Ssk2 MAPKKK in C. albicansmay target the kinase domain

directly. Regarding the disassembly of the Ssk1-Ssk2-Pbs2 complex following osmotic stress,

one possibility is that this facilitates the interaction of Pbs2 with its substrate Hog1. However,

we could find no evidence of increased Pbs2-Hog1 interaction in response to high salt stress.

In S. cerevisiae, in response to high levels of osmotic stress the actin cytoskeleton rapidly disas-

sembles thus resulting in a stalling of the cell cycle [61]. Reassembly of the actin cytoskeleton is

expediated by Ssk2 which localises to the bud neck in response to osmotic stress and binds to

actin [62,63]. Future work could explore whether disassembly of the Ssk2-Pbs2 complex in C.

albicans, specifically in response to high osmotic stress, facilitates Hog1 independent functions

of Ssk2 such as reassembly of the actin cytoskeleton.

A further question raised by this study centres around the importance of stress-mediated

increases in Pbs2 phosphorylation in Hog1 activation. Ssk2 phosphorylates Pbs2 on Ser355

and Thr359, and mutation of these residues blocks Hog1 activation in response to all stresses

tested [19]. However, in contrast to the dogma that stress-mediated Hog1 phosphorylation is

via activation of the upstream kinases, in this study we failed to detect significant increases in

Pbs2 phosphorylation following oxidative stress. Under such conditions, we suggest that the

Ssk1-mediated tight association of Ssk2 and Pbs2 is important to maintain a basal level of sig-

nalling to Hog1, with stress-induced increases in Hog1 activation occurring independently of

Pbs2/Ssk2. This mode of stress-mediated increases in Hog1 phosphorylation may be applicable

to other stresses as Ssk1 is required for Hog1 activation in response to many diverse stresses in
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C. albicans (Fig 1). Focussing on oxidative stress signalling, whilst notable increases in Pbs2

phosphorylation were not observed, we present evidence that oxidation and inactivation of the

negative protein kinase regulators could drive increases in oxidative stress mediated Hog1

phosphorylation. Previous studies have found that protein tyrosine kinases are susceptible to

oxidative-stress mediated inhibition through oxidation of the active site cysteine residue [64],

and in the fission yeast S. pombe, oxidation of the Pyp1 protein tyrosine phosphatase contrib-

utes to increases in Sty1 phosphorylation [51]. Excitingly, we find that the C. albicans Ptp3

phosphatase is oxidised to slower migrating disulfide-bonded complexes following oxidative

stress. Moreover, as reported in fission yeast [51] we find that the thioredoxin protein, Trx1, is

important for some of the Ptp3 oxidised forms (Fig 5C) which likely underlies the importance

of Trx1 in mediating H2O2-induced phosphorylation of Hog1 in C. albicans [46]. Collectively,

these data support a model of Hog1 activation in response to oxidative stress that is dependent

on Ssk1 promoting basal Hog1 phosphorylation, combined with the oxidation and inactiva-

tion of the Ptp2/3 negative regulators.

Hog1-related SAPKs are important virulence determinants in many fungal pathogens.

However, given the high degree of functional and structural homology between fungal and

host SAPKs [22], it may be challenging to design antifungals that are specific for fungal Hog1.

Instead, Ssk1 is a fungal-specific SAPK regulator that has been shown to be an important viru-

lence factor of many human and plant fungal pathogens. Therefore, understanding how this

response regulator regulates SAPKs may inform the development of Ssk1-targetting

antifungals.

Supporting information

S1 Table. Raw values from quantified western blots. The indicated blots were quantified
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