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Abstract

Candida albicans and Candida glabrata are major pathogens of humans, causing
8% of all hospital acquired systemic infections worldwide. Moreover, such systemic
infections are associated with alarmingly high morbidity and mortality rates. One of
the major immune defence mechanisms mounted by the host against fungal
infections involves phagocytosis by innate immune cells. Phagocytic immune cells
employ a suite of antimicrobial mechanisms in order to kill invading pathogens, such
as the generation of reactive oxygen species (ROS), cationic fluxes, nutrient
deprivation, extremes of pH, and the release of antimicrobial peptides. Being
successful pathogens, C. albicans and C. glabrata have acquired multiple defence
strategies to allow survival in the host, and in vitro demonstrate high levels of
resistance to many of the stresses likely to be encountered following phagocytosis.
However, these fungi can only cause systemic infections when host immune
responses are compromised. A major question, therefore, is what underlies the
potency of innate immune defences in healthy individuals to prevent fungal
infections? | address this question in this thesis, and investigate the interplay

between fungal stress responses and immune defences of the host.

Recent studies have indicated that it is exposure to combinations of stresses
encountered following phagocytosis that effectively kills C. albicans. Specifically, the
combination of oxidative and cationic stresses leads to a dramatic increase in
intracellular ROS levels, which kills this fungus much more effectively than the
corresponding single stresses in vitro. In this work | show that combinatorial oxidative
and cationic stresses, or high concentrations of ROS, delay the activation of the
oxidative stress-responsive Capl transcription factor in C. albicans. Capl is oxidised
in response to H,O,, which masks the nuclear export sequence from the Crml
nuclear export factor. This allows for the nuclear accumulation of the transcriptional
factor and induction of Capl-dependent antioxidant genes. In this work | demonstrate
that combinatorial stress, or high ROS levels, trigger the generation of a
transcriptionally inactive, partially oxidised, Cap1°** form. However, whilst Cap1°**
readily accumulates in the nucleus and binds to target genes following high H,O,
stress, the nuclear accumulation of Cap1°** following combinatorial H,0, and NaCl
stress is delayed due to a cationic stress-enhanced interaction with the Crm1 nuclear




export factor. These findings define novel mechanisms that delay activation of the
Capl transcription factor, thus preventing the rapid activation of stress responses
vital for the survival of C. albicans within the host, and which probably underlines the

potency of the innate immune cells in immunocompetent hosts.

C. glabrata is more resistant to ROS than C. albicans, and recent work from the
Haynes laboratory has identified four ORFs (designated CRI-1-4) which contribute to
this enhanced ROS resistance. Orthologues of CRI1-4 are seemingly not present in
other fungal species, and their expression can confer oxidative and combinatorial
stress resistance in the model yeast Saccharomyces cerevisiae. In this work | show
that the antioxidant properties of CRI genes are not due to their role in reducing
intracellular ROS levels in C. glabrata and that, in contrast to S. cerevisiae, ectopic
expression in C. albicans has no impact on stress resistance. This suggests that the
mechanism behind the CRI1-4 stress protection is restricted to C. glabrata and

closely related fungi.

To further explore the relationship between fungal stress resistance and
virulence, the Caenorhabditis elegans infection model was employed. Previous
unpublished work from J. Quinn laboratory revealed that key fungal stress regulators
were only needed for C. albicans virulence in immunocompetent but not
immunocompromised worms. This fits with the concept that survival of the pathogen
against robust immune responses requires activation of key signalling pathways. C.
elegans is also a well-established model used to study the process of aging. Here |
use the C. elegans model of infection to study age-dependent increases in
susceptibility to C. albicans-mediated killing. Significantly, as seen with
immunocompromised worms, robust stress responses are only needed for C.
albicans to cause infection in young but not old animals. These results indicate that
age-dependent susceptibility to fungal infections is related to the immune status of
the host, and that C. albicans stress responses are only important for virulence in

young, immunocompetent animals.

Taken together, the findings presented in this thesis provide insight into the
mechanisms underlying the differential ability of C. albicans and C. glabrata to

survive combinations of stresses encountered following phagocytosis, and that age-




dependent effect on host immune function may determine the importance of stress

responses in mediating the virulence of C. albicans.
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Chapter 1. Introduction

1.1 Candida species as major pathogens of humans

Fungal infections are a major, but often overlooked, medical problem. Due to the
dramatic increase in fungi-attributed human deaths over recent years, there is a
striking need to better understand the biology of these ‘hidden killers’ and to develop
novel mechanisms to combat pathogenic fungi.

The increase in fungi-attributed deaths is mainly attributed to three species —
Cryptococcus neoformans, Aspergillus fumigatus and Candida albicans (Pfaller and
Diekema, 2007). Recent studies showed that about 8% of hospital-acquired
nosocomial infections are caused by Candida species, and among the most
frequently isolated species are Candida albicans and Candida glabrata (Pfaller and
Diekema, 2007, Pappas, 2006, Wisplinghoff et al., 2004, Morgan, 2005). Both these
Candida species are ubiquitous inhabitants of the human microbiome (Cole et al.,
1996, Fidel et al., 1999), and 30-70% of healthy individuals carry Candida spp. as a
commensals, where they exist as part of the normal healthy microbiota of human
gastrointestinal, oropharyngeal and urogenital tracts (Naglik et al., 2011, Luo et al.,
2013b). Robust immunity and healthy microbiome are key factors in preventing C.
albicans transition from benign commensal to an aggressive pathogen (Romani,
2011). Candida spp. can cause systemic infections associated with high morbidity
and mortality when the immune system of the host is compromised (Perlroth et al.,
2007, Pfaller and Diekema, 2007), or when the host is encountering the perturbations
of the gut microbiome (Underhill and Pearlman, 2015). In addition to the defects in
innate and adaptive immunity, numerous other factors contribute to C. albicans
switching from the benign commensal to the pathogen. The major prerequisites of
Candida infection are impaired barrier functions of the mucosal surfaces,
misbalanced microflora, metabolic disorders, extremes of age, use of the
immunosuppressive therapies during organ transplantation or cancer treatment, and
HIV-AIDS (Luo et al., 2013b, Koh et al., 2008, Segal et al., 2006, Davies et al., 2006).

C. albicans can cause superficial or more severe systemic infections, depending
on the immune status of the host. As a commensal, this fungus can occupy the skin,
oral cavity, gastrointestinal tract and genitalia of healthy people. However, as an

opportunistic pathogen, C. albicans can overgrow in such environments causing
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superficial infections, termed oral candidiasis (OC) or vulvovaginal candidiasis (VVC),
which more commonly referred as a thrush. For instance, OC affects 80-90% of all
HIV-positive individuals (Elias et al., 2009, Wu et al., 2012), whereas VVC affects
nearly 80% of the female population of childbearing age (Sobel, 2007).

More serious is the situation in individuals with immune system defects, who are
susceptible to fatal systemic infections (Figure 1.1). Clinical descriptions of different
stages of infection caused by Candida species distinguish candidemia, invasive
candidiasis and disseminated candidiasis. Candidemia occurs when the pathogen
enters the bloodstream, whereas invasive candidiasis (IC) refers to the colonisation
of specific organs by Candida spp. Nowadays IC is a persistent public health problem
with a mortality rate of 30-50%, which has remained unchanged during the past
decade, despite antifungal drug development (Pfaller and Diekema, 2007, Eggimann
et al., 2003, Dimopoulos et al., 2013). When the pathogen affects multiple sites and
colonises diverse organs, the disease is named disseminated candidiasis.
Candidiasis usually affects such sites as the brain, liver, kidney, heart and spleen of
susceptible hosts. For instance, C. albicans is responsible for 24% of all cases of

fungal endocarditis with over 70% mortality rate (Ellis et al., 2001).

According to a recent NIH report, 80% of human chronic infections are biofilm-
associated (Dongari-Bagtzoglou et al., 2009), and Candida spp. are among the most
frequently found components of mixed microbial biofilms, that are formed on both
biotic and abiotic surfaces within a host (Harriott and Noverr, 2011). A population
study in the US, performed in 1998-2000, suggested that 78% of those patients
diagnosed with Candida spp. BSI, had an implanted central catheter, which was a
surface for biofilm formation, and therefore the biofilm was a source of the

pathogenic Candida spp. (Hajjeh et al., 2004).

C. glabrata is the second most common pathogenic Candida isolate, according to
the ARTEMIS DISK Global Antifungal Surveillance Study (Pfaller et al., 2010). The
number of life-threatening infections caused by C. glabrata has tremendously
increased during recent decades. C. glabrata is responsible for at least 20-24% of
hospital-acquired bloodstream Candida infections (Trick et al., 2002).




Figure 1.1 Pathogenic Candida species colonise different niches in the host, but

promote the infection only in susceptible host.

(A) Infection of the oral mucosa (oral thrush) (http://www.medicinenet.com/

thrush/page5.htm). (B) Oesophageal candidiasis (gastrointestinal tract infection). An

endoscopic image illustrating oesophageal candidiasis in a patient undergoing chemotherapy
(http://link.springer.com/chapter/10.1007/978-81-322-2419-8 8?no-access=true). ©
Cutaneous  congenital  candidiasis  (http://emedicine.medscape.com/article/1090632-

clinical#b4). (D) Sputum smear from patient with pulmonary candidiasis, gram stain, LM
X100. © Dr. John D. Cunningham/Visuals Unlimited, Inc.
(http://visualsunlimited.photoshelter.com/image/I0000IvJWoWd9ne0) (E) Gram stain of

vaginal smear showing C. albicans epithelial cells (1,000X oil) © Danny L. Wiedbrauk, Warde
Medical Laboratories, Ann Arbor, Michigan and The MicrobeLibrary
(http://www.microbiologybook.org/mycology/mycology-3.htm) (F) Systemic kidney infection,
CDC (https://phil.cdc.gov/phil/details linked.asp?pid=1213).
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It is suggested that this increase is due to the inherent resistance of C. glabrata
to fluconazole and other azole drugs (Pfaller et al., 1998), a widely used prophylactic

antifungal treatment.

The increasing number of life-threatening fungal infections by Candida spp.
(Richardson, 2005) demonstrates a clear and urgent need to understand what makes

these fungi such successful pathogens.

1.2 Impaired immune defences result in increased susceptibility to C. albicans

infection

Robust innate immune defences are vital for pathogen clearance; hence, any
defect in such defences is associated with increased susceptibility to infection, and
this is seen in both immunocompromised and elderly hosts. In the following section,
two major groups of the susceptible hosts — immunocompromised and elderly, and

the risk factors associated with each condition, will be considered.

1.2.1 Immunocompromised increases
“Immunotherapy must be tailored to specific immunocompromised states”
(Segal et al., 2006)

The dissemination of Candida species into the bloodstream is only possible when
both innate and adaptive immunity are affected (Romani, 2004). In patients with
impaired immunity C. albicans can enter and disseminate throughout the
bloodstream, colonise internal organs and cause life-threatening systemic infections
(Odds, 1979). For example, oropharyngeal candidiasis (OPC) — Candida-associated
medical condition that develops in the mouth or throat — affects nearly 90% of HIV-
positive individuals (de Repentigny et al., 2004). Susceptible hosts include patients
with genetic predisposition that favour the progression of Candida infection, and

treatment-induced immunocompromised individuals.




Genetic factors that increase susceptibility to systemic candidiasis include human
disorders such as chronic mucocutaneous candidiasis (CMC) and chronic
granulomatous disease (CGD). CMC occurs in the absence of proper immune
recognition of the pathogen due to inborn errors in cytokines (interleukin IL-17A/F)
immunity, resulting in fungal colonisation of the mucosal surfaces (Kirkpatrick, 1994,
Okada et al., 2015). CMC often accompanies a primary immunodeficiency disorder,
such as autoimmune disease or endocrinopathy, and is mainly linked to a deficiency
in the Th17 response (Puel et al., 2011, Eyerich et al., 2008, Ng et al., 2010, Okada
et al.,, 2015). CGD is an inherited X-linked genetic disorder, where defects in the
phagocytic NADPH oxidase complex result in impaired production of reactive oxygen
species (ROS) via the respiratory burst, and thus less efficient killing of microbial
pathogens, including Candida spp. (Holland, 2010, Diamond et al., 1978).

Additionally, many other neutrophil disorders are shown to increase
predisposition to disseminated candidiasis (Mansour and Levitz, 2002), with an
alarming increase in systemic candidiasis rates among the patients with impaired
neutrophils function or neutropenia (Vazquez-Torres and Balish, 1997, Andrews and
Sullivan, 2003). Neutrophil-mediated C. albicans killing is also impaired in patients
with a defective myeloperoxidase enzyme, which is essential for the phagocytic
respiratory burst (Andrews and Sullivan, 2003, Diamond et al., 1980). Another
example of neutrophil dysfunction that leads to increased susceptibility to candidiasis
is a leukocyte adhesion deficiency type 1 (LAD1), due to the deficiency in 3- integrins
expression. Patients with LAD1 suffer from recurrent infections due to the defects in
neutrophil adhesion and their poor chemotaxis.

The rising numbers of clinical case reports about systemic candidiasis in patients
with compromised leukocyte function illustrate the importance of innate immunity for
an effective pathogen clearance (Shoham and Levitz, 2005, Pasqualotto et al.,
2006). The first emergence of systemic candidiasis coincided with HIV infection and
among cancer patients undergoing chemotherapy. However, nowadays medical
interventions such as organ transplantations and use of catheters and implants are

among the leading factors to induce predisposition to candidiasis.




1.2.2 Age-associated increases

Rising numbers of clinical case reports highlight that the aged population is at
particular risk and is highly susceptible to bacterial and fungal infections (Bradley and
Kauffman, 1990). Multiple reports highlight that the highest rate of IC occurs between
very young children (less than 1 year old) or in advanced age groups (over 65 years
old) (Pfaller and Diekema, 2007). Thus, the susceptibility to infectious diseases has
been described as a “U” shaped function of age, with the highest risk of infection
among premature infants and elderly groups (Miller and Gay, 1997). Consistent with
this, recent clinical reports indicate that those two groups experience much higher
frequency of OC due to defects in immunity of such individuals (Flevari et al., 2013,
Healy et al., 2008). An Extended Prevalence of Infection in Intensive Care (EPIC) Il
study involving 1,246 intensive care units (ICUs) from 75 countries reported that,
whereas the susceptibility to infections between the patients of different age groups
remained unchanged, the mortality rates as a result of nosocomial infection were

much higher in the individuals of advanced age (Dimopoulos et al., 2013).

An increase in morbidity and mortality caused by infectious diseases in elderly is
a reflection of functional and metabolic alterations in cells and tissues, together with
the process of immunosenescence — a complex deterioration of the immune system
with age (Panda et al., 2009). This decline in immune function in elderly individuals is
conserved among almost all vertebrates (Shanley et al., 2009). The process of
immunosenescence includes both innate and adaptive immune responses, mainly
due to the decline in the activity and selectivity of the receptors of different immune
cells, as well as defects in signalling in the downstream regulatory pathways (Panda
et al.,, 2009). Impairment of the innate immune system in the elderly population is
mainly associated with inflammo-ageing, a phenomenon linked to increase in the
production of pro-inflammatory cytokines that contribute to further tissue damage
(Franceschi et al., 2007).

There are many other reasons that make the aged population so vulnerable to
fungal infections, such as inevitable physiological changes, comorbidity and an
increase use of different drugs (Flevari et al., 2013). In fact, one of the most widely

used antifungals, Amphotericin B, is not an ideal treatment for elderly patients, due to
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the high levels of nephrotoxicity, that is associated with renal failure, and resulting in
comorbidity (Kauffman, 2001).

Taken together, multiple reasons promote the higher susceptibility to fungal
infections in aged population, but the mechanism behind it that will aid to target the
treatment of age-associated mycoses remains unclear. A wealth of data illustrates
that a robust immune system is pivotal in preventing and combatting fungal
infections. In the next section, the mechanisms employed by the immune system of a
healthy host to counteract Candida infections will be briefly considered.

1.3 Host immune defences against Candida species

The immune defence mechanisms in mammals are evolutionarily advanced to
protect against bacterial and fungal onslaught. In healthy individuals, mucosal
surfaces successfully mount the first mechanical and immunological barrier against
the invading pathogens, enabling their recognition and triggering the cascade of
signalling events, leading to the activation of immune response, thus preventing the

bloodstream entry of the pathogen.

Traditionally, protective mechanisms that emerged very early through evolution
are referred to as innate immune mechanisms, whereas more advanced and
complicated mechanisms are referred to as adaptive. The latter possess high
specificity and evolve after the contact with the potential threat (Romani, 2011).
Adaptive immunity is responsible for the generation of the long-lasting pathogen-
specific memory (Medzhitov and Janeway, 1997). The interplay between innate and
acquired immune defences is highly effective, and therefore systemic fungal
infections are very unusual in the immunocompetent host (Mansour and Levitz, 2002,
Steinman, 1991, Farah et al., 2001).

The key stages and processes involved in effective innate immune defence

mechanisms against Candida species discussed in this section.




1.3.1 Innate immune defences as a first line of combatting fungal infection

Innate immune defences are traditionally divided into humoral (complement and

cytokines) and cellular (phagocytic immune cells) responses.

The phagocytic immune cells are the major players in innate immune defences.
Their primary role is recognition, binding and destruction of the xenobiotic bodies,
including pathogens. The mechanisms of phagocytic attack and detoxification of the
pathogen include chemotaxis to the site of infection, activation of Toll-like receptors
(TLRs) signalling, binding of complement, activation of the granules containing a
cocktail of the antimicrobial substances with a subsequent degranulation, as well as
other non-oxidative mechanisms, such as defensins (Chauhan et al., 2006).
Furthermore, innate immune cells produce different cytokines and play a prominent
role in antigen presentation to T cells, along with the further initiation of adaptive
immune response via Th priming and education, thus enabling a link between innate

and adaptive immunity (Lorenz et al., 2004, Mansour and Levitz, 2002).

There are three major groups of the phagocytic cells: monocytes/ macrophages,
polymorphonuclear leukocytes (PMNs, also known as neutrophils), and dendritic
cells (DCs) (Mansour and Levitz, 2002, Miramon et al., 2013).

Macrophages are involved in the recognition of the pathogen-associated
molecular patterns (PAMPs) located on the fungal cell wall (section 1.3.2). The
primary role of a macrophage is to kill the pathogen through oxidative phagocytic
mechanisms, but also functions in antigen presentation to T cells. Stimulation of
human macrophages by macrophage colony-stimulating factor (M-CSF) increases
their fungicidal potency via the induction of the oxidative burst (Gioulekas et al.,
2001). Macrophages also produce a range of immunomodulatory molecules, such as
cytokines and chemokines, and therefore are important for the engagement of the
entire network of the immune defences (Major et al., 2002). But C. albicans, being a
successful pathogen, can proliferate and form hyphae within the macrophages, and
eventually escape (Lo et al., 1997).

Neutrophils, or polymorphonuclear neutrophils (PMNs) are the most abundant

group of phagocytic immune cells (Segal, 2005). Their major function is phagocytosis




and pathogen killing, and they are not involved in antigen presentation to T cells
(Oehler et al., 1998). PMNs possess both complement and Fc receptors, and
therefore act to destroy the opsonised microorganisms (Mansour and Levitz, 2002).
Neutrophils employ both non-oxidative (defensins) and oxidative (ROS production)
mechanisms in order to kill the invading microbes. PMNs are highly reactive and
possess the receptors for cytokines and chemokines on their surface, so they can be
rapidly and effectively recruited to the site of invasion (Mansour and Levitz, 2002).
Neutrophils are the major players in killing C.albicans hyphae, as these immune cells
are recruited more efficiently to hyphal cells compared to yeast cells due to the
activation of the MEK/ERK MAPK signalling pathway (Wozniok et al., 2008, Gow et
al., 2011). Importantly, C. albicans cannot proliferate within neutrophils, as the
neutrophilic environment is too harsh and therefore inhibiting fungal proliferation
(Fradin et al., 2005).

Dendritic cells (DCs) are the group of highly specialised antigen presenting cells
(APCs), whose primary function is to bridge innate and adaptive immunity via aiding
antigen presentation to T cells (Steinman, 1991, Mansour and Levitz, 2002,
Romagnoli et al., 2004). However, their function is not limited to the presentation of
the antigens to T cells: dendritic cells also take part in C. albicans inactivation.
Similarly to macrophages, they recognise C. albicans cells via mannose-fucose
receptors and kill them (Newman and Holly, 2001, d'Ostiani et al., 2000), albeit less
effectively than macrophages or neutrophils (Netea et al., 2004). DCs discriminate
between C. albicans yeast and hyphal morphology (section 1.4.1.1) by switching the
pattern of cytokine production (d'Ostiani et al., 2000, Mansour and Levitz, 2002).
Both yeast and hyphal forms of C. albicans are phagocytosed by DCs, but the yeast

form is killed more effectively (Jacobsen et al., 2012).

Natural killer (NK) cells are cytotoxic lymphocytes that form part of the innate
immune defence system. A recent report indicates that these cells play an important
role in C. albicans clearance in immunosuppressed organisms, but can cause hyper-

inflammation in healthy immunocompetent hosts (Quintin et al., 2014).




1.3.2 Immune recognition

Initially, the recognition of non-opsonised pathogens is mediated via specific
pattern recognition receptors (PRRs) on the surface of the antigen presenting
immune cells (APCs) (macrophages and dendritic cells), which can sense both
external and internal stimuli, thus playing a leading role in the immune homeostasis
of the host (Netea et al., 2008, Medzhitov and Janeway, 1997, Gordon, 2002, Erwig
and Gow, 2016).

Multifarious types of receptors are implicated in C. albicans recognition, such as
Toll-like receptors (TLR), Nod-like receptors (NLR) and C-type lectin receptors (CLR)
(Gow et al., 2011). These receptors recognise specific components of the fungal cell
wall and transmit the proinflammatory signal, leading to cytokine production and the
stimulation of the adaptive immune response (Netea et al., 2008, Mora-Montes et al.,
2012, Hall, 2015, Underhill and Ozinsky, 2002).

The cell wall of C. albicans is a complex structure consisting of three major
layers: an inner chitin layer, median B-glucan and outer mannan layers (Netea et al.,
2008). Mannose residues from fungal cell wall are recognised by surface mannose
receptors of the macrophages and dendritic cells (MR) and C-type lectin Receptors
(CLR), whereas Toll-like receptors TLR2 and TLR4 are responsible for the
recognition of mannan (Netea et al., 2008, Netea et al., 2006, Tada et al., 2002).
Dectin-1 receptor is involved in the recognition of the B-glucan, whereas dectin-2 is
responsible for the recognition of C. albicans hyphae (Brown et al., 2002, Sato et al.,
2006).

To prevent host recognition of fungal antigens such as 3-1,3-glucan and chitin by
immune PAMPs, C. albicans cells are coated with mannoprotein, resulting in the
lessening of phagocytosis by the neutrophils (Chai et al., 2009). Some components
of the cell wall, such as Pral, Gpm1 and Gpd2, can actively prevent the complement
binding and subsequent opsonisation (Poltermann et al., 2007, Luo et al., 2009, Luo
et al., 2013a). Recently the role of Pral antigen in C. albicans recognition has been
described. Pral is recognised by the integrin CD11b/CD18 complement receptor 3
and modulates the neutrophils migration and adherence, thus plays an important role

in pathogen’s recognition by innate immune system (Soloviev et al., 2011). However,
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C. albicans is able to release a soluble Pral protein and diminish neutrophils function

— the production of ROS, myeloperoxidase and cytokines (Losse et al., 2011).

In conclusion, PAMPs are responsible for immune recognition of C. albicans and
stimulation of cytokine production by immune cells. Mannan and B-glucan form the
majority of the pathogen’s cell wall and are the main antigenic components on its cell
surface (Netea et al., 2006). District phagocytic immune cells subsets exhibit the
preference to certain fungal morphology and the composition of the fungal cell wall
(Lohse and Johnson, 2008, Quintin et al., 2012). Efficient recognition of fungal
PAMPs by phagocytic cells is vital for the subsequent pathogen’s clearance (Erwig
and Gow, 2016).

1.3.3 Phagocytosis

Immune recognition of C. albicans leads to engulfment of the fungus with the
subsequent killing of the internalised pathogen within the mature phagolysosome
(Underhill and Ozinsky, 2002). Phagosomal maturation involves several RAB
GTPases that trigger the fusion of vesicles, containing ROS and other toxic

chemicals, with the phagosome to form the mature phagolysosome (Romani, 2011).

Transcript profiling of phagocytised C. albicans cells illustrates that fungus
undergoes rapid responses to this stressful environment and drastic changes in gene
expression take place. Transcriptional changes lead to stress adaptation and
stimulate the morphological transition from yeast to hyphal cells, resulting in
macrophage killing and escape of the pathogen from immune attack (Lorenz et al.,
2004, Lorenz and Fink, 2001, Fradin et al., 2005, Fradin et al., 2003). In contrast, C.
albicans is unable to proliferate while phagocytised by neutrophils, and neutrophils
strongly inhibit germ tube formation (Fradin et al., 2005).

Taken together, two major subsets of the phagocytes, PMNs and macrophages,
equally contribute to C. albicans clearance. In the presence of both PMNs and
macrophages in the culture, C. albicans yeast cells are predominantly cleared by

PMNs, whereas majority of hyphal cells are phagocytosed by macrophages (Rudkin
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et al., 2013). In the next section, | describe the key antimicrobial mechanisms

employed by phagocytes to kill C. albicans.

1.3.4 Stresses encountered during phagocytosis

There are numerous stress factors engendered by host phagocytes to kill the
invading pathogen, both intra- and extracellular, acting via oxidative and non-
oxidative mechanisms (Miramon et al., 2013). The phagocytic armoury includes the
generation of reactive oxygen species (ROS), reactive nitrogen species (RNS), and
reactive chloride species (RCS), ambient pH changes, nutrient poor conditions,
cationic fluxes, degradative enzymes and antimicrobial peptides. Altogether, these
stresses form a strong barrier against the colonisation and proliferation of the

pathogen (Figure 1.2).

1.3.4.1 Nutrient deprivation

According to microarray analysis, the C. albicans gene expression profile
observed upon internalisation by innate immune cells is highly similar to that induced
during carbon and nitrogen starvation conditions. For instance, C. albicans genes,
which encode the enzymes of the glyoxylate cycle, one of the main ways of the
metabolic response to C and N starvation, are also upregulated following
phagocytosis (Fradin et al., 2005, Rubin-Bejerano et al., 2003, Lorenz et al., 2004).
In addition to the nutrient limitation inside the phagosome, the pathogen experiences
lack of vital microelements, such as iron, zinc, and copper (Lorenz et al., 2004,
Miramon et al., 2013), and has to employ additional mechanisms of acquisition and
sequestration of these chemicals in order to survive. The neutrophils use the
extrusion of the chromatin decorated with antimicrobial peptides — neutrophils
extracellular traps (NETSs), which are responsible for the binding of divalent cations,
such as Mn?* and Zn?*, thus restricting their availability for the pathogen (Urban et
al., 2006, Urban et al., 2009). The formation of the extracellular traps is induced in
many effector cells by pathogens or cytokines (Dihring et al., 2015). NETs are
proposed to play an additional level of immune defence against invading microbes,
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since in addition to the chromatin and histones they contain granules of the bioactive
antimicrobials, such as myeloperoxidase, proteolytic enzymes such as cathepsin G,

lysozyme and elastase (Duhring et al., 2015).

NADPH NADP* + H*

e

N
% C. albicans cell

Nutrient limitation

Figure 1.2 The hostile environment of the phagosome.

Mechanisms employed by innate immune cells in order to kill C. albicans include the
generation of reactive oxygen, nitrogen and chloride species, cationic fluxes,
acidification,.antimicrobial peptides, degranulation and nutrient limitation. Adapted from
(Brown et al., 2009, ElI Chemaly and Demaurex, 2012, Vazquez-Torres and Balish, 1997,
Brechard et al., 2013).
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In addition, nutritional stress is a prominent fungistatic host defence mechanism
that leads to the global repression of all biosynthetic translational machinery of the
pathogen (Lorenz et al., 2004).

1.3.4.2 Acidification

Acidification of the phagocytic lumen occurs due to the pH gradient and
membrane potential mounted on the phagocytic membrane (Steinberg et al., 2007).
This process is an essential prerequisite of successful pathogen killing and

determines the maturation of the phagolysosome (Steinberg et al., 2007).

Following pathogen engulfment, the intraphagosomal pH rapidly decreases due
to an active vacuolar-type ATPase transporter (Lukacs et al., 1990). V-ATPase
pumps protons into the lumen of the mature phagosome, enabling the action of
proteases and hydrolases involved in pathogen killing (EI Chemaly and Demaurex,
2012). Such acidification of the phagosome is also essential for the activity of the
NADPH oxidase and inducible NO-synthase (INOS) enzymes, facilitating the
generation of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS)
(section 1.3.4.4), and provides a suitable microenvironment for the activity of cationic
antimicrobial peptides. In human PMNs, the process of acidification does not start
immediately after pathogen engulfment, but instead initially arises from pH 4-6 to pH
8 following phagocytosis as a result of ROS production and high levels of H*

consumption (Segal et al., 1981, Reeves et al., 2002) (detailed in the next sections).

1.3.4.3 Cationic fluxes

The major cationic flux into the phagosome is generated by a potent K* influx to
counteract the anionic charge generated through superoxide production (Reeves et
al., 2002). The estimate intraphagosomal concentration of K* is between 200 — 300
mM (Reeves et al., 2002). This cationic counterflux supports the acidification of the
phagosome, as well as engendering a cationic stress against indwelling pathogens,

and contributes to the antimicrobial capacities of the phagocytes (Steinberg et al.,
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2010). Importantly, the addition of a K" ionophore causes the acceleration of ROS
production, whereas blocking of the cationic channels has an opposite effect on the
phagocytic burst (Reeves et al., 2002). Additionally, recent report indicates that the
active import of other cations, such as Ca®', also takes place during phagocytosis
(Brechard et al., 2013). Ca®" influx is essential for NADPH oxidase activation, and

therefore for an efficient ROS production by phagocytes (Brechard et al., 2013).

When cationic fluxes are impaired, the performance of the phagocytic cells is
very poor. This is due to increased H* influx to compensate for the anionic charge
generated by oxidative burst, and thus the pH inside the phagosomal vacuole
becomes very low, far below the optimal pH range for the action of key antimicrobial
peptides and proteases. For example, lactoferrin, which is an antimicrobial peptide
from the neutrophilic granules, can cause its candidacidal effect by the induction of
apoptosis only in the presence of K* efflux (Miramon et al., 2013, Andrés et al.,
2008). In addition, osmotic stress that is generated by cationic influx leads to the
shrinking of the pathogen which makes further proteolytic digestion more effective
(Reeves et al., 2002).

1.3.4.4 ROS and RNS

Upon activation, phagocytic cells generate ROS, a major player in antimicrobial
defence mechanisms employed by innate immune cells (Murphy, 1991, Diamond et
al., 1978). The process of ROS generation by phagocytic immune cells is called the
oxidative burst. Chemically, ROS are intermediate reduction products of O, (Nathan
and Shiloh, 2000). The membrane-associated NADPH oxidase complex within
phagocytes is responsible for the generation of the superoxide anion (0%) by the
one-electron reduction of oxygen, using NADPH as the electron donor in the

following reaction:
20, + NADPH — 20, + NADP*+ H*

The NADPH oxidase complex consists of six independent subunits. The
assembly of the active enzyme complex at the phagosomal membrane only takes

place upon cell activation, as a result of the membrane translocation of the p67°"*
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cytosolic subunit triggered by phagocytic stimuli (Burg and Pillinger, 2001, Bedard
and Krause, 2007). Importantly, the generation of ROS by NADPH oxidase also
harbors a signaling function that promotes chemotaxis of the phagocytic cells to the
site of infection, as well as limiting the ability of C. albicans to form hyphae (Brothers
et al., 2013).

Superoxide anion radicals O* themselves possess very low antimicrobial
activity, but they are precursors in the production of a variety of toxic reactive oxygen,
nitrogen and chloride species. The concentration of the superoxide radicals in the
phagosome can reach 5-10 x10° Mol per second (Hampton et al., 1998), with an
approximately 4 Mol L™ generated per microorganism engulfed in the phagocytic
vacuole (Reeves et al., 2002). Inside the phagosome, the superoxide anion is rapidly
dismutated into hydrogen peroxide (H.0;) by superoxide dismutases (SODs) or to
hydroxyl anions (OH") and hydroxyl radicals (*OH) via the Haber—Weiss reaction
(Babior, 1999, Brechard et al., 2013). The NADPH-dependent oxidative burst is an
essential function of innate immunity, which is impaired in patients with CGD
(Thrasher et al., 1994). Patients with CGD are highly susceptible to life-threatening
bacterial and fungal infections, including C. albicans (Holland, 2010, Cohen et al.,
1981, Thrasher et al., 1994).

Myeloperoxidase (MPO) is an enzyme highly abundant inside the neutrophilic
granules and lysosomes of the neutrophils, which catalyzes the reaction of
halogenation between H,O, and chloride ions (CIY), resulting in the generation of
hypochlorous acid (HOCI) (Nordenfelt et al., 2009, Duhring et al., 2015). This highly
oxidative molecule can react with organic amines to form chloramines, which have
further antimicrobial properties (Winterbourn et al., 2006). MPO is highly important for
C. albicans clearance by phagocytes — cells lacking this enzyme or those with
insufficient MPO system were shown to be much less active in clearing fungal

infections in vitro, especially the hyphal form of the fungus (Diamond et al., 1980).

Reactive nitrogen species (RNS) are the products of the inducible nitric oxide
synthase (NO-synthase, INOS or NOS2), which is involved in the synthesis of a nitric
oxide (NO) (Nathan and Shiloh, 2000, Miramon et al., 2013, Andrews and Sullivan,

2003). Nitrosative stress mounted by immune cells within the phagosome is due to
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an oxidative deamination of L-arginine by nitric oxide synthase. NO itself is not
harmful, but it can react with superoxide anion and form a very potent toxin —
peroxynitrite (ONOO-), an unstable structural isomer of nitrate (NO>") known for its
fungicidal activity, and nitrite combines hypochlorous acid to form nitrile chloride
(Fang, 2004). Although RNS are highly unstable, peroxynitrite production is important
for C. albicans killing by macrophages (Vazquez-Torres et al., 1996, Cheng et al.,
2012). Importantly, despite of the fact that the invading pathogen stimulates
phagocytic NO-synthase, a recent report indicates that C. albicans can actively
repress NO production by macrophages in vivo (Fernandez-Arenas et al., 2009).
INOS is more active in acid conditions (Abaitua et al., 1999), and inhibition of the
phagosomal acidification by the pathogen can inhibit RNS production. Notably, *NO
radicals are inhibitors of mitochondrial oxidative phosphorylation, resulting in
production of superoxide anion, peroxynitrite and hydrogen peroxide. Hence, the
exposure of C. albicans to nitrosative stress leads to the expression of antioxidant
genes in order to prevent the formation of reactive oxygen intermediates (Hromatka
et al., 2005).

Therefore, phagocytic cells generate a toxic cocktail of reactive oxygen, nitrogen
and chlorine species that can promote killing of the invading pathogens. | discuss the

toxic effects of ROS and oxidative damage at the cellular level in the next section.

1.3.4.4.1 Cellular effects of ROS

ROS cause fungal cell damage by reacting with proteins, lipids and DNA, causing
protein oxidation, lipid peroxidation and DNA damage, with the subsequent changes
of cellular function and promoting the apoptosis (Brown et al., 2009, Phillips et al.,
2003).

Reaction between ROS and cellular proteins could impact proteins stability
resulting in their decreased or altered functionality (Lu et al., 1999). ROS can react
with different amino acids, but in particular sulphur-containing cysteine and
methionine residues that are prone to oxidation. Cysteine oxidation may provoke the

formation of intra- or intermolecular disulphide bonds and reversible or non-reversible
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protein cross-linking. Additionally, ROS may react with metal cofactors of enzymes,

resulting in their inactivation (Imlay, 2003).

ROS can also affect the stability of cellular membranes by interfering with the
phospholipid bilayer and polyunsaturated fatty acids (PUFAS) of the cell membranes,
causing lipid peroxidation and loss of membrane integrity (Halliwell, 2006). Lipid
peroxidation is initiated by removal of a hydrogen atom from the methylene group of
the lipid, resulting in the formation of a carbonyl radical (Ce):

C=C+OH+s—>+C-C

|
OH

CH, + OHs - CHe+ + H,O

Following the oxidation of PUFAs, carbonyl radical reacts with molecular O,
resulting in the formation of the fatty acid hydroperoxyl radical (ROO¢). ROO- is
extremely reactive and can continuously react with the adjacent fatty acids:

Re + O - ROO-
ROO+ + CH - ROOH + C-

The result of such chain reaction is the production of multiple fatty acid
hydroperoxide molecules, that cause significant damage to the cell membrane
(Halliwell, 2006).

DNA damage caused by ROS results in the formation of single and double strand
breaks or nucleotide changes in the genetic code. For instance, the reaction of «OH
radical with the C8 of purine bases cause a formation of 7,8-dihydro-8-oxo-2’-
deoxyguanosine (8-oxoG), which subsequently leads to the alterations of the genetic
code due to GC—TA transversion (Olinski et al., 2002). Oxidant-induced changes
cause replication errors, mutations, genome instability and can lead to cell death
(Klaunig et al., 2010). Fungal cells respond to ROS-induced DNA damage via the
activation of the Rad53 checkpoint kinase and cell cycle arrest.
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1.3.4.5 Degranulation

The respiratory burst generated by neutrophils in response to the pathogen
recognition leads to the release of ROS and formation of the primary phagosome.
The differential charge generated in this process provokes degranulation — a
formation of secretory vesicles and the release of microbicidal compounds into the
phagosome (Andrews and Sullivan, 2003). Antimicrobial peptides, such as defensins
and lysosomal hydrolases, mediate non-oxidative fungal killing by intercalation into
the membrane bilayer, resulting in osmotic perturbation (Mansour and Levitz, 2002).
Two main types of antimicrobial peptides are a-defensins and B-defensins, with the
prevalence of a-defensins in neutrophilic granules. The mechanism of defensins’
action include non-lytic perturbation of the pathogen’s membrane with a subsequent
release of ATP (Duhring et al., 2015). Cathepsins G and B, protease-3 and
phagosomal elastase are cationic serine proteases that are stored in the neutrophilic
granules and essential for C. albicans killing in a murine model of systemic
candidiasis (Reeves et al., 2002, Duhring et al., 2015). At the later stages of
phagocytosis, C. albicans live cells can inhibit phagolysosome maturation, evading
its own trafficking to Iytic compartments and therefore supporting survival

(Fernandez-Arenas et al., 2009).

Altogether, the phagocytic cells employ a wide range of elegant mechanisms in

order to recognise, uptake and kill the invading pathogen.

1.4 Candida spp. virulence determinants that allow survival in the host

Virulence is a complex phenomenon that underlines a cross-talk between the
pathogen and the host, and both sides are important for such an interaction
(Casadevall and Pirofski, 2001).

C. albicans and C. glabrata possess different virulence strategies (Brunke and
Hube, 2013). In immunocompromised hosts, C. albicans behaves as an aggressive
invader, actively suppressing the host immune machinery and acquiring nutrients
important for survival from the host, without a regard for the survival of the host itself.

This strategy ultimately, and very often, leads to the lethal infections. In contrast, C.
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glabrata often behaves as a more ‘mild’ pathogen, avoiding serious harm to the host,
resulting in its persistence and chronic nature of the infection (Brunke and Hube,
2013). The mechanisms of Candida spp. response to phagocytosis have been
extensively studied in transcriptional and translational levels (Fernandez-Arenas et
al., 2007, Fradin et al., 2003, Rubin-Bejerano et al., 2003, Fukuda et al., 2013),
highlighting that these pathogenic fungi response to the state of the host by changing

physiology.

In this section, | describe the main virulence traits of C. albicans and C. glabrata.

1.4.1 Candida albicans virulence determinants that allow survival following

phagocytosis

Upon internalisation by phagocytic immune cells, the pathogen will face the
combination of different stresses, and disease establishment requires the ability to
survive within different host niches and being exposed to all armoury of host
defences (Brown et al.,, 2014) (section 1.3.4). C. albicans possesses a wide
repertoire of virulence factors and fitness attributes that promotes its pathogenicity
(Brown et al., 2014).

The cohort of C. albicans virulence factors include: morphological flexibility
(ability to switch between yeast and hyphal forms), adhesion molecules expressed on
the cell surface, that facilitate fungal binding and penetration of host tissues, biofilm
formation, extracellular lipolytic and proteolytic activity, and a range of fitness
attributes (Jacobsen et al., 2012, Hube and Naglik, 2001, Mitchell, 1998).

The fitness attributes include the ability of the pathogen to adapt to the range of
diverse environments encountered during infection. These include an ability to adapt
to a wide range of pH environments, metabolic flexibility, powerful nutrient acquisition
systems and robust stress response machineries (Mayer et al., 2013, Gow et al.,
2011, Jacobsen et al., 2012).

In the following sections, the major virulence mechanisms of C. albicans, which
specifically promote the pathogen’s survival during phagocytosis, are described in
detail.
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1.4.1.1 Morphological switch

Being a polymorphic fungus, C. albicans can exist in different morphological
states: budding yeast, hyphae, pseudohyphae, hyperpolarised buds and
chlamydospores (Whiteway and Bachewich, 2007, Sudbery et al., 2004). True
hyphae are comprised of elongated cells with parallel-sided walls. Pseudohyphae
consist of elongated cells with constrictions at the septa (Sudbery et al., 2004).
Hyperpolarised buds are another form of C. albicans filamentous morphology, which
have constrictions at the septa similar to pseudohyphae, but the nucleus moves from
the mother cell to the polarized bud instead of nuclear division (da Silva Dantas et al.,
2010). Clamydospores are thick-walled cells that are formed in response to
suboptimal environments (Fabry et al., 2003). The host environment possesses
multiple triggers of filamentation, such as serum, neutral pH, temperatures of 37 °C
and elevated CO, concentrations, that all together enable the pathogen to switch
from yeast form to hyphal or pseudohyphal morphology (Sudbery, 2011). Different
environmental stimuli trigger C. albicans morphogenesis via distinct pathways. Both
yeast and hyphal form promote the virulence of C. albicans via their specific roles in
adhesion, invasion, damage, dissemination, immune evasion and host responses
(Jacobsen et al., 2012). In this section, only C. albicans signalling pathways

implicated in hyphal formation during phagocytosis are described.

Key signalling pathways that regulate morphological switching during
phagocytosis include the cAMP-dependent protein kinase A (PKA) pathway that
responds to serum, and the MAPK kinase Cekl pathway that responds to nutrient
limitation (Leberer et al., 2001, Feng et al., 1999, Csank et al., 1998). Rasl-mediated
increases in cytosolic cCAMP levels promote the activation of PKA and its downstream
target, Efgl transcriptional factor. Rasl signalling also activates the Cekl MAPK
pathway, which in turn activates the transcription factor Cphl. Cekl, together with
Efgl and Cph2, regulates the expression of hyphae-specific genes (Rocha et al.,
2001).

Morphogenesis is important for the pathogenicity of C. albicans. Successfully
phagocytosed C. albicans cells can escape macrophage-mediated killing by

switching to the hyphal form (Tavanti et al., 2006), with the subsequent piercing of
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the phagosomal membrane and pathogen’s escape (Lorenz et al., 2004). C. albicans
mutant cells that are ‘locked’ in either yeast or hyphal form exhibit dramatically
decreased virulence, indicating that morphological switch is important for virulence
(Lo et al., 1997). Mutants lacking key transcriptional factors important for hyphal

formation, Efgl and Cphl, are avirulent in murine model of infection (Lo et al., 1997).

Recent studies provide compelling evidences that C. albicans-mediated
macrophage killing is more than a result of the hyphae physically rupturing the
macrophage. Hyphae have a distinct mechanism in surviving phagocytosis —
pyroptosis, which is a host cell programmed macrophage death in the presence of
fungal hyphae (Krysan et al., 2014). Pyroptosis is a lytic cell death pathway, which is
dependent of the activation of caspase 1 following by the formation of the NLRP3

inflammosome.

1.4.1.2 Metabolic flexibility

C. albicans possesses a metabolic plasticity that helps the pathogen to survive in
nitrogen and carbohydrate poor conditions. Facing a nutrient deprivation inside the
phagosome, C. albicans rapidly switches its metabolism to a starvation mode. This
includes upregulation of the enzymes responsible for energy acquisition by
alternative catabolic processes, such as glyoxylate and tricarboxylic acid cycles, and
the use of available lipids and fatty acids as an alternative energy source
(Fernandez-Arenas et al.,, 2007). The induction of the glyoxylate cycle genes,
isocitrate lyase (ICL1) and malate synthase (MLS1), within the phagosomal
environment enables C.albicans to utilize two-carbon compounds in the absence of
glucose. C. albicans mutants lacking ICL1 are less virulent in vivo (Lorenz and Fink,

2001), demonstrating the importance of this nutrient adaptation for virulence.

Robust regulation of metabolic pathways is highly important for C. albicans
virulence (Barelle et al., 2006). C. albicans is a Crabtree-negative fungus, which
provides a metabolic advantage in phagosomal microenvironment: when glucose is

available, the pathogen continues to assimilate alternative carbon sources alongside
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the glucose, as the enzymes responsible for assimilation of the alternative energy

sources are not subjected to catabolite repression (Childers et al., 2016).

Not only are genes responsible for catabolism of alternative energy sources
induced, there is also a need to overexpress the transporters for non-fermentable
energy sources such as mono- and dicarboxylic acids. Carbon source utilised by the
fungus can promote the changes in the fungal cell wall composition, and therefore
influence pathogen’s recognition by innate immune cells. C .albicans cells that were
grown on lactate as a major energy source were found to be less susceptible to

phagocytosis by murine macrophages in vitro (Ene et al., 2013).

Other adaptations include up-regulation of the genes responsible for amino acids
biosynthesis and transport (Fradin et al., 2005). In particular, genes responsible for
amino acids biosynthesis, such as arginine, are upregulated following phagocytosis
(Rubin-Bejerano et al., 2003, Fradin et al.,, 2005). The induction of arginine
biosynthesis helps the fungus to generate extra quantities of CO, and urea, and this
may contribute to the auto-induction of the hyphae via upregulation of the Rim101
pathway, as well as coping with the acidification of the phagosome (Miramon et al.,
2013, Vylkova et al., 2011, Jiménez-Lopez et al.,, 2013). Numerous other uptake
systems are induced upon phagocytosis, including various permeases and
transporters, to sequester available nutrients from the host cell and to maintain the

pathogen’s homeostasis (Lorenz et al., 2004).

Additionally, C. albicans is faced to the Ilimitation of highly important
microelements, such as iron, zinc and cooper. The pathogen response to such
limitation includes an overexpression of the genes responsible for the uptake of trace
elements, such as zinc scavengers (PRA1, ZRT1, ZRT2), ferric reductases (FRES3,
FRE7) and cooper (CTR1, SLF1) uptake systems (Lorenz et al., 2004, Mayer et al.,
2013, Fernandez-Arenas et al., 2007, Citiulo et al., 2012). The phenomenon of the
active sequestration of the required metals has been referred to ‘nutritional immunity’
(Brunke and Hube, 2013).

Overall, the transcriptomic data provide compelling evidences of a substantial
metabolic shift in phagocytosed C. albicans cells, suggesting that nutritional stress

responses form a prominent part of the early response to phagocytosis (Lorenz et al.,
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2004). Metabolic flexibility promotes C. albicans resistance to macrophage killing,

host colonisation and virulence (Childers et al., 2016).

1.4.1.3 Stress responses

In C. albicans the stress response mechanisms evolved in concordance with the
adaptation to the host, resulting in greater stress resistance of the pathogen
compared to non-pathogenic yeast S. cerevisiae and S. pombe (Nikolaou et al.,
2009). Yeasts respond to oxidative and osmotic stress by the induction of similar
groups of genes, and key regulatory factors are conserved throughout pathogenic
and non-pathogenic fungal species (Enjalbert et al., 2006, Enjalbert et al., 2003).
However, the mechanisms underlying the regulation of the stress-responsive
transcriptomes in some cases have diverged between C. albicans and the benign
model yeasts S. cerevisiae and S. pombe. In this section, the mechanisms of C.
albicans stress responses that are relevant to the phagocytic microenvironment will
be discussed, with particular emphasis on oxidative stress responses, as this is the

focus of this thesis.

1.4.1.3.1 pH adaptation

C. albicans adaptations to phagosomal pH include the alkalinisation of the
microenvironment through the release of ammonia via amino acid breakdown, which
promotes the yeast-hyphal transition and thus virulence of the fungus (Vylkova et al.,
2011). Stp2 is required for the modulation of the pH in the phagosome (Vylkova and
Lorenz, 2014). Stp2 is a transcription factor that is involved in the regulation of genes
that control amino acid permeases (Martinez and Ljungdahl, 2005). These data
support the fact that for active alkalinisation of the media C. albicans requires
exogenous amino acids (Vylkova and Lorenz, 2014). C. albicans mutants lacking
STP2 are unable to induce hyphal transition under alkaline pH and therefore cannot
escape from phagocytosis, resulting in their attenuated virulence (Vylkova and
Lorenz, 2014). Astp2 mutant strains are also more sensitive to the killing by innate

immune cells and unable to alkalinise the acidic pH within the phagosome, but at the
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same time, they are not more sensitive to other phagosome-induced stresses, such

as oxidative or nitrosative stress (Vylkova and Lorenz, 2014).

The induction of amino acid biosynthetic pathways as a result of nutrient
starvation might be also a mechanism of neutralisation of the acidic pH via
breakdown products, carbon dioxide and urea, enabling the filamentation and escape
from the macrophages (Vylkova et al., 2011, Miramon et al., 2013). Recent reports
indicate that C. albicans can actively raise the pH of the media in vitro from pH=4 to
pH=7 in less than 12 hours, leading to the auto induction of hyphae and expulsion
from the macrophage cell (Vylkova et al., 2011, Bain et al., 2012). This phenomenon
is the case for both solid and liquid culture. Importantly, carbon depletion is needed
to trigger alkalinisation of the milieu, as the presence of glucose inhibits alkalinisation
(Vylkova et al., 2011).

Exogenous pH changes influence the gene expression profile in C. albicans, and
the pathogen has acquired different strategies to cope with pH fluctuations within the
host. Rim101 is a key transcriptional factor that is responsible for pH adaptation in C.
albicans under alkaline conditions, including alkaline-induced filamentous growth,
and is vital for C. albicans virulence (Davis et al., 2000a, Davis et al., 2000b). Taking
into consideration the fact that phagosomal pH is not maintained low, but rapidly
arise to pH=8 following phagocytosis (Reeves et al., 2002), the Rim101-dependent
pH response downstream of the Stp2-mediated alkalinisation of the media is vital for

C. albicans to escape the phagocytic attack.

1.4.1.3.2 Cationic stress response

The influx of K* ions into the phagosome generates both cationic and osmotic
stresses. An important regulator of the cationic/ osmotic stress response in C.
albicans is the Hogl stress activated protein kinase (SAPK). Hogl belongs to a
family of mitogen activated protein kinases (MAPKS). First described in S. cerevisiae,
the Hogl (High Osmolality Glycerol) MAPK pathway plays a central role in the
osmotic stress response and is a conserved eukaryotic signal transduction module
(Hohmann, 2002, Gustin et al., 1998).
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The MAPK is activated by a cascade of kinases, which includes a MAP kinase
kinase kinase (MAPKKK), which activates the downstream MAP kinase kinase
(MAPKK) by phosphorylation of conserved Ser and Thr residues, which in turn
activates the MAPK by phosphorylation of Tyr and Thr residues within the kinase
domain. The activated MAPK then phosphorylates target substrates including
transcription factors, leading to the activation of the downstream responses (Figure
1.3) (Smith et al., 2004).

SAPKs are MAPKs that are specifically activated in response to stress stimuli
(Nguyen and Shiozaki, 1999). Examples of SAPKs are Hogl in S. cerevisiae and C.
albicans, Styl in S. pombe, and p38 in mammalian cells. Despite the conservation of
the SAPK pathways, their components and regulators have diverged in different
organisms. For example, the S. cerevisiae MAPK pathway consist of a single MAPKK
Pbs2 and three MAPKKKs — Ssk2, Ssk22 and Stell (Smith et al., 2010). In contrast,
in C. albicans MAPK pathway comprises of a single MAPKKK Ssk2, which drives the
activation of the MAPKK Pbs2, which in turn phosphorylates Hogl, leading to its
nuclear accumulation and the induction of osmoprotective genes such as GPD1 and
GPP1 (Cheetham et al., 2011, Arana et al., 2005, Cheetham et al., 2007) (Figure
1.3). In fungi two-component related signal transduction pathways play an important

role in stress sensing and signalling (Fassler and West, 2013, Stock et al., 2000).

Fungal two-component signalling pathway is a multi-step system that comprises
of three classes of proteins, a histidine protein kinase, an intermediary phosphorelay
protein, and a response regulator. When stimulated, the bipartite histidine kinase
autophosphorylates itself on a histidine residue, leading to the formation of high
energy phosphohistidine intermediate, which in turn is transferred to an aspartate
residue on an adjacent receiver domain (Moye-Rowley, 2003). This is then
transferred to a histidine on the phosphorelay protein and the finally to an aspartate
on the receiver domain of the terminal response regulator. In C. albicans Hogl-
mediated osmotic stress signalling requires SInl histidine kinase, Ypd1 phosphorelay
protein, and the response regulator Ssk1l (Yamada-Okabe et al., 1999, Calera et al.,
2000, Chauhan et al., 2003, Bruce et al., 2011).
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Figure 1.3 Hogl SAPK signalling in response to osmotic and oxidative stress in C.

albicans.

The core components of the SAPK pathway are shown in red, whereas two-component
signalling proteins are shown in yellow. Proteins that are required specifically for H,O,-
induced Hogl activation are shown in navy, including the response regulator Sski1, and
redox sensitive components of the peroxiredoxin/ thioredoxin system Tsal and Trx1, as well
as mitochondria biogenesis factor Fzol. Dashed lines indicate that the pathways are not fully
characterised. Adapted from (Smith et al., 2010, Dantas et al., 2015, Chauhan et al., 2006).
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The SInl1-Ypd1l-Sskl phosphorelay has been extensively characterised in S.
cerevisiae: it is halted upon osmotic stress, resulting in accumulation of
unphosphorylated Ssk1, which is a potent activator of the Ssk2/ Ssk22 MAPKKKs
(Posas and Saito, 1998, Posas et al., 1996). When S. cerevisiae is exposed to
osmotic stress, Hogl is activated via a cascade of upstream kinases, SInl and Pbs2
MAPKK (Posas et al., 2000). Phosphorylation of S. cerevisiae Hogl on two
conserved sites — Thrl74 and Tyrl76 — is essential for the activation and the nuclear
translocation of the kinase (Brewster et al., 1993). Similarly in C. albicans: in
response to osmotic stress, the conserved TGY motif within Hogl becomes
phosphorylated, resulting in translocation to the nucleus (Smith et al., 2004, Dantas
et al., 2015, Bellon et al., 1999). The activated SAPK then triggers the induction of
osmoprotective genes and accumulation of an intracellular osmolite glycerol
(Enjalbert et al., 2006). Hogl activation also leads to the downstream activation of
Skol, resulting in induction of the genes that encode the ionic transporters, such as
Enol (Na' importin) (Marotta et al., 2013).

In addition to osmotic response, the C. albicans Hogl SAPK is activated in
response to other physiologically relevant stress stimuli, such as oxidative stress and
antimicrobial peptides (Smith et al., 2004, Alonso-Monge et al., 2003). The function
of C. albicans Hog1 in oxidative stress responses is expanded in the section 1.5.2.1.

Hogl signalling is essential for C. albicans virulence in a diverse range of
infection models, including the murine model of systemic infection (Alonso-Monge et
al., 1999, Roman et al., 2007) and commensal model (Prieto et al., 2014). In addition,
cells lacking Hogl or any upstream components of the Hogl signalling pathway are
more susceptible to the killing by neutrophils (Arana et al., 2007, Herrero-de-Dios et
al., 2014, Alonso-Monge et al., 1999) and macrophages (Patterson et al., 2013).

Another SAPK, Cekl has been mainly described for its role in cell wall
biogenesis of C. albicans (Roman et al., 2005), although a recent study has shown
that it is also involved in the osmotic stress response and cooperates with Hogl
(Herrero-de-Dios et al., 2014).
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1.4.1.3.3 Nitrosative stress response

C. albicans possesses a rapid mechanism to sense and respond to *NO radicals,
produced by neutrophils. Flavohemoglobins are known to counteract RNS in many
fungi. The C. albicans genome encodes three different flavohemoglobins —Yhb1,
Yhb4 and Yhb5, but only one — Yhbl - is important for eNO scavenging (Hromatka et
al., 2005, Ullmann et al., 2004). Yhb1 acts as nitric oxide dioxygenase, and detoxifies
harmful *NO radicals by aerobic binding to the heme cofactor with a formation of
harmless nitrate and ferric flavohemoglobin, and subsequent reduction of the
enzymes via electron transfer between NADPH and its FAD-oxidoreductase domain
(Hromatka et al., 2005). C. albicans yhbl null mutants are sensitive to RNS and
exhibit an attenuated virulence in the murine model of disseminated candidiasis
(Ullmann et al., 2004, Hromatka et al., 2005).

The regulation of the transcriptional responses to RNS is mediated by the
opposing action of two transcriptional factors — Cta4 and Cwtl. Cta4 is a positive
regulator that triggers *NO sensing in vivo through the binding to the nitric oxide
responsive element (NORE) within the YHB1 promoter that results in YHB1
expression (Chiranand et al., 2008). Cwtl is responsible for the negative regulation

of the nitrosative stress transcriptome (Sellam et al., 2012, Miramon et al., 2013).

1.4.1.3.4 Oxidative stress response

In the host, C. albicans is exposed to exogenous ROS generated by the oxidative
burst by the phagocytic NADPH oxidase complex. In addition, some bacteria that are
common inhabitants of the polymicrobial community of the human Gl tract actively
produce exogenous ROS in their surroundings. For instance, Enterococcus faecalis
and Lactobacillus acidophilus use the generation and excretion of the ROS to combat
competing species (Fitzsimmons and Berry, 1994, Huycke et al., 2002). Therefore,
antioxidant responses are vital for C. albicans to shield itself not only from the
phagocytes, but also from other competing species (Cruz et al., 2013, Fitzsimmons
and Berry, 1994).
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Analysis of C. albicans proteome and transcriptome during co-cultivation in vitro
with human serum (Aoki et al., 2013) and ex vivo with neutrophils (Fradin et al.,
2005) revealed, that pathogen expresses a large set of genes that have the potential
to detoxify ROS. Subsequently, major protein pools that are induced during
phagocytosis tightly associated with oxidative stress responses. A detailed

description of the mechanisms underlying these responses described in section 1.5.

1.4.2 Candida glabrata virulence determinants

C. glabrata does not belong to the CUG clade (the members of CUG clade
translate the CUG codon to Ser instead of Leu) in contrast to other pathogenic
Candida species, such as C. albicans, C. dubliniensis, C. tropicalis or C. parapsilosis,
and shares high genetic similarity to S. cerevisiae (Dujon et al., 2004). Consistently,
the mechanisms employed by C. glabrata to withstand the phagocytic attack and

promote its virulence differ from those of C. albicans.

Examination of the transcriptional responses of C. glabrata in response to
phagocytosis illustrate that similar groups of genes are up regulated as those seen in
C. albicans — including genes involved in nutrient acquisition, metal homeostasis, cell
wall biosynthesis and stress responses (Rai et al., 2012, Kaur et al., 2007, Seider et
al.,, 2011). Similarly to C. albicans (Bain et al., 2014), while engulfed by the
phagocyte, C. glabrata actively inhibits phagosomal maturation, preventing its
acidification and ROS production, perturbing cytokine signalling, which together
enable fungal persistence within the macrophage (Seider et al., 2011). A recent
report indicates a prominent role of autophagy, especially pexophagy, in C. glabrata
survival following phagocytosis (Roetzer et al., 2010). This phenomenon could be
explained as an alternative way to acquire amino acids as an energy source in the
nutrient-poor environment of the phagosome, whereas for C. albicans such auto-
recycling systems are not essential for survival (Palmer et al., 2007). C. glabrata also
experiences glucose starvation following phagocytosis (Roetzer et al., 2010, Fukuda

et al., 2013), leading to its metabolic adaptation by switching to alternative energy
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acquisition strategies, such as the glyoxylate cycle, gluconeogenesis and lipid B-
oxidation (Kaur et al., 2007).

Similar to C. albicans, C. glabrata is also able to alter the phagosomal pH, but the
mechanism differs from that for C. albicans (Vylkova and Lorenz, 2014, Seider et al.,
2011). Phagolysosomes that contain C. glabrata cells fail to recruit cathepsin D and
are only weakly acidified, causing the inhibition of the phagolysosomal fusion and
maturation (Seider et al., 2011).

In contrast to the diploid polymorphic C. albicans, C. glabrata does not undergo
yeast to hyphal transition following phagocytosis, and usually exists in the haploid
yeast form (Kaur et al.,, 2005). Also C. glabrata does not secrete the proteolytic
enzymes that are the characteristic trait of C. albicans virulence (Kaur et al., 2005).
Although C. glabrata is able to successfully counteract the attack of immune cells,
unlike C. albicans this fungus can proliferate within macrophages, but not neutrophils
(Seider et al., 2014). These findings suggest that the neutrophil environment is too
harsh for the pathogen and although ROS do not seem to play a major role in C.
glabrata clearance following the phagocytosis by macrophages, the efficiency of
neutrophil-mediated phagocytosis is largely determined by the NADPH-oxidase
driven ROS attack (Seider et al., 2014). C. glabrata does not kill the macrophages,
but persists intracellularly and can undergo major microevolutional events. When C.
glabrata co-existed with murine macrophages for a prolonged time, a point nucleotide
mutation occurred in the chitin synthase-encoding CHS2 gene. This new SNP led to
global changes in cellular morphology from typical yeasts to pseudohyphae-like
structures, and had a large impact on cell wall composition. The new strain was
hypervirulent in a murine model of infection and more able to escape from immune
attack (Brunke et al., 2014).

C. glabrata is still able to survive in the hostile phagosomal environment due to
the potent antioxidant mechanisms, and is extremely resistant to high doses of
oxidative stress (Roetzer et al., 2011). The mechanisms of C. glabrata oxidative

stress resistance will be discussed in more detail in the section 1.6.1.

Robust chromatin remodelling and modification strategies are crucial for C.

glabrata survival upon phagocytosis to withstand ROS-mediated DNA damage and
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adapt to the nutrient poor environment of the phagosome. Impairment of chromatin
organisation and DNA repair mechanisms cause fungal avirulence in a murine model

of infection and ex vivo internalisation by human MDMs (Rai et al., 2012).

1.5 Oxidative stress responses

ROS generation by phagocytic NADPH oxidase promotes the activation of key
fungal protective responses aiding the pathogen to survive. Although the oxidative
stress response mechanisms employed by C. albicans are similar to those found in
non-pathogenic fungi, such as S.cerevisiae and S. pombe (Nikolaou et al., 2009), it
has also tuned its stress responses to promote its survival within the host. Extensive
transcriptomic and proteomic profiling in vitro revealed that large numbers of
antioxidant genes are upregulated during the contact with the host (Enjalbert et al.,
2006, Kusch et al., 2007, Yin et al., 2009). The mechanisms of the oxidative stress
response in C. albicans in niche-specific: some of the key antioxidant genes, such as
CTAL, TRX1 and TTR1 are only upregulated following the contact with neutrophils,
but not macrophages (Enjalbert et al., 2007, Lorenz et al., 2004). At the initial stages
of bloodstream infection, the oxidative stress response machinery is rapidly induced,
largely as a response to the phagocytic oxidative burst. At the later stages, when the
infection is already established (for example when C. albicans colonises the kidney),
only minor incitement of antioxidant gene expression is observed (Enjalbert et al.,
2007, Walker et al., 2009, Thewes et al.,, 2007). These findings highlight the
physiological importance of ROS-mediated fungal killing by innate immune cells. In
turn, C. albicans possesses wide repertoire of the antioxidant mechanisms to
counteract ROS attack. Key mechanisms employed by the pathogen to withstand

oxidative stress will be considered in the following sections.

1.5.1 ROS detoxification systems employed by C. albicans

C albicans employs different mechanisms to survive the oxidative burst
generated by the innate immune cells. ROS scavenging systems present as non-

enzymatic and enzyme-mediated detoxification mechanisms. Non-enzymatic
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detoxification involves ROS scavenging molecules that are able to bind directly to
ROS and detoxify harmful free radicals. These include the tripeptide glutathione
(GSH), the disaccharide trehalose, tocopherols, and ascorbic acid. Enzyme-mediated
defences against free radicals require the function of the specific enzymes, such as

catalase, different superoxide dismutases (SODs), and peroxidases.

1.5.1.1 Non-enzymatic detoxification of reactive oxygen species

A number of small bioactive molecules are widely employed to detoxify ROS,

such as glutathione and trehalose.

Glutathione is a ubiquitous redox buffer that plays a pivotal role in ROS
detoxification and oxidative stress protection of the eukaryotic cells (Ayer et al.,
2010). In living cells glutathione exists in both oxidised (GSHG) and reduced (GSH)
forms, and the conversion between different oxidation states is controlled by
glutathione reductase in an NADPH-dependent manner (Tillmann et al., 2015).
Reduced GSH is an active donor of electrons that can directly scavenge ROS or
prevent irreversible protein oxidation by S-thiolation (Garcera et al., 2010). Candida
cells with depleted levels of GSH are highly susceptible to oxidative killing and show

attenuated virulence (Yadav et al., 2011, Chaves et al., 2007).

Similar to other fungi, C. albicans accumulates reserve sugars, such as
disaccharide trehalose, in response to oxidative and heat shock stresses. Trehalose
prevents the fungus from ROS-induced apoptosis (Lu et al., 2011, Alvarez-Peral et
al., 2002). Notably, the induction of the genes that are involved in stress-induced
trehalose biosynthesis and accumulation in C. albicans is much lower than for
example in S. cerevisiae (Enjalbert et al., 2003). Mutants deficient in trehalose
production display attenuated virulence (Zaragoza et al.,, 1998) and decreased
resistance to killing by macrophages or neutrophils (Martinez-Esparza et al., 2007,
Mayer et al., 2012).
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1.5.1.2 Enzyme-mediated detoxification of reactive oxygen species

1.5.1.2.1 Superoxide dismutases

Superoxide dismutases (SODs) act by dismutating the superoxide anion (O3)
into molecular oxygen (O2) and hydrogen peroxide (H2O,) (Frohner et al., 2009). The
evolutionarily expansion of the SOD family has been suggested to explain the
enhanced resistance of C. albicans to ROS compare to other non-pathogenic fungi
(Dantas et al., 2015).

The genome of C. albicans encodes six SODs. SODs 1-3 are intracellular and
SODs 4-6 are extracellular (Miramon et al., 2013, Mayer et al., 2013, Frohner et al.,
2009, Duhring et al., 2015). SODs are metalloproteins by biochemical nature, and all
have metal ions incorporated into their catalytic centre: SOD1 and cell surface SODs
4-6 contain cooper and zinc or copper, whereas SOD2 and SOD3 are manganese-
dependant (Martchenko et al., 2004, Frohner et al., 2009, Lamarre et al., 2001). A
recent study revealed that SOD5 lacks an active zinc-binding domain and is solely
copper-dependent: this appears to be an adaptation to the poor availability of zinc but
not copper. Macrophages liberate high levels of copper as an antimicrobial defence
mechanism. Thus in C. albicans, which have extracellular SODs that can accept Cu
without a copper chaperone, it appears to be a specific adaptation to promote
pathogenicity (Gleason et al., 2014). The expression of SODs is morphology-specific:
while SOD4 is expressed predominantly in yeast form, SOD5 is usually associated
with hyphal morphology (Heilmann et al., 2011). SOD1 is cytosolic and essential to
survive phagocytosis by macrophages (Hwang et al., 2002). SOD2 is mitochondrial
and its induced expression is observed following contact with neutrophils (Chaves et
al., 2007). SOD2 does not appear inducible in response to low levels of the hydrogen
peroxide in vitro (Enjalbert et al., 2003). Due to the ability of the innate immune cells
to excrete ROS into the outer milieu (Miramon et al., 2012), the primary function of
the extracellular SODs is detoxification of the extracellular ROS (Duhring et al., 2015,
Frohner et al., 2009). Following co-culture with either macrophages or dendritic cells,
C. albicans mutants lacking SOD4 or SOD5 show a dramatic increase in the levels of
extracellular ROS, but not when co-cultured with mutant macrophages cell line
lacking an active NADPH oxidase (Frohner et al., 2009). SOD1, SOD4 and SOD5 are
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required for full virulence in murine model of systemic candidiasis (Hwang et al.,
2002, Wysong et al., 1998, Martchenko et al., 2004).

1.5.1.2.2 Peroxidases

Catalase is one of the key antioxidant enzymes in aerobic organisms, and shown
to be highly important for antioxidant defence in various fungi (Wysong et al., 1998,
Cohen et al., 1988, Kawasaki et al., 1997, Ueda et al.,, 1990). It works by the
conversion of hydrogen peroxide (H,O,) into water (H».O) and oxygen (O;). C.
albicans possesses a single CAT1 gene encoding catalase, which is essential for
pathogen’s survival following the attack by human neutrophils in vitro, as well as in
systemic model of murine candidiasis (Wysong et al., 1998, Chauhan et al., 2006,
Nakagawa et al., 2003, Enjalbert et al., 2007, Fradin et al., 2005).

Two other families of peroxidases with additional roles in stress signalling,
besides the ROS detoxification, are the components of the glutaredoxin and
thioredoxin systems.

The glutaredoxin system comprises of glutathione peroxidases (Gpxs) and
glutathione reductases (Grxs). Glutathione peroxidases are enzymes involved in the
detoxification of H,O,, resulting in a formation of the oxidised glutathione, with its
further reduction by glutathione reductases via electron transfer from NADPH
(Miramon et al., 2013). C. albicans genome encodes four ORFs with hypothetical
glutathione peroxidase activity (Patterson et al., 2013). In addition to a direct role in
ROS scavenging, Gpxs are also involved in oxidative stress signalling: for instance,
Gpx3 is essential for the ROS-mediated oxidation and activation of the key oxidative
stress responsive transcription factor Capl (Patterson et al., 2013). C. albicans Gpxs
and Grxs are found to be essential for the pathogen’s survival upon exposure to

phagocytes (Patterson et al., 2013).

An additional antioxidant mechanism in C. albicans is a thioredoxin system (da
Silva Dantas et al.,, 2010). C. albicans thioredoxins act in system composed of
thioredoxin (Trx1), thioredoxin reductase (Trrl) and the thioredoxin peroxidase

(peroxiredoxin) Tsal (Figure 1.4). The function of Trx1 and Trrl is to reduce
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disulphide bonds of the oxidised protein substrates in NADPH-dependant manner, as
well as to reduce Tsal, which becomes oxidised upon reducing of H;O,.
Peroxiredoxins (Prxs) possess peroxidase activity and are directly oxidised upon
reduction of H,O,, and their reduction and reactivation is dependent on the
thioredoxin Trx1. The Tsal is a 2-cys peroxiredoxin in C. albicans, associated with
the cell wall in hyphal cells (Urban et al., 2005), but dispensable for C. albicans
virulence (Urban et al., 2005). Prx1 is a 1-cys peroxiredoxin that accumulates in the
nucleus of the cells in hyphal morphology (Srinivasa et al., 2012). The genes that
encode the components of peroxiredoxin-thioredoxin system TSA1, TRX1 and TRR1
are up-regulated following the contact with phagocytes (Fradin et al., 2005,
Fernandez-Arenas et al., 2007, Enjalbert et al., 2007) and essential for C. albicans
oxidative stress resistance in vitro as a part of oxidative signal transduction

mechanisms (da Silva Dantas et al., 2010).

In summary, a dramatic induction of C. albicans genes that encode ROS
detoxifying enzymes is seen in certain host niches. The generation of such
antioxidants as peroxidases, SODs, thioredoxins and glutaredoxins enable the
fungus to detoxify the ROS and survive the ROS attack. Many of the antioxidant

genes, discussed in this section, are important for C. albicans virulence in vivo.

NADP*

NADPH

Figure 1.4 Schematic diagram of thioredoxin / peroxiredoxin system in C. albicans.

H,0; is directly detoxified by peroxiredoxin Tsal (Tsa1™), which becomes oxidised (Tsa1%).
Thioredoxin Trx1 reduces Tsal® and becomes oxidised (Trx1%). Oxidised thioredoxin is
reduced by thioredoxin reductase (Trr1™), which in turn becomes oxidised (Trr1%). NADPH
is a terminal electron donor that promotes the reduction of the oxidised Trr1®™ with the
formation of Trr1"“. Adapted from (da Silva Dantas et al., 2010).

36



1.5.2 Oxidative stress-responsive signalling pathways in C. albicans

In C. albicans there are three major signalling pathways activated by ROS. These
include the Hogl SAPK pathway (Smith et al., 2004), the Rad53 DNA damage
checkpoint pathway (Shi et al., 2007, da Silva Dantas et al., 2010), and the Capl
AP-1 like transcription factor (Wang et al., 2006). The activation of these pathways in
response to the phagocytic oxidative burst aids the pathogen to sense and adapt to
ROS (Figure 1.5) (detailed in the following sections).

In addition, there are other mechanisms that play role in ROS sensing and
response of this fungal pathogen, such as cAMP/PKA signalling and various
checkpoint kinases (Dantas et al., 2015). While the adenylyl cyclase pathway is
known to decrease fungal resistance to the oxidants (Deveau et al., 2010), C.
albicans cells lacking certain spindle checkpoint kinases such as Mpsl are
hypersensitive to ROS (Kamthan et al., 2014). Two members of Hsp70 family — Ssal
and Ssa2 — are also involved in oxidative stress protection in C. albicans (Cuéllar-
Cruz et al., 2014).

1.5.2.1 The Stress Activated Protein Kinase Hog1l

In addition to the role in cationic stress response (section 1.4.1.3.2), the Hogl
SAPK is activated in response to ROS. Hogl is rapidly phosphorylated and
accumulates in the nucleus following the exposure of C. albicans to H,O, (Smith et
al., 2004). Hogl activation in response to oxidative stress requires the upstream
Pbs2 MAPKK, and the Ssk2 MAPKKK (section 1.4.1.3.2 and Figure 1.3).

Although Hogl is activated in response to oxidative stress (Smith et al., 2004,
Enjalbert et al., 2006), the precise role of Hogl signalling in C. albicans oxidative
stress response remains unknown. In contrast to S. pombe SAPK Styl, Hogl is only
activated following exposure of C. albicans cells to relatively high levels of H,O,
(Smith et al., 2004). In the model yeast S. pombe, Styl is essential for the
transcription of key antioxidant genes encoding catalase and glutathione peroxidase
(Chen et al., 2003). This is not the case in C. albicans, as Hogl is dispensable for

antioxidant gene expression (Enjalbert et al., 2006).
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Figure 1.5 Generation of reactive oxygen species (ROS) in the phagosome and the
pathways that respond to ROS in Candida albicans.

Activation of the phagocyte triggers the assembly of the NADPH oxidase complex, which
generates high levels of superoxide within the phagosome. Superoxide is rapidly converted
to H,O, and other ROS. Three key signalling pathways activated in response to oxidative
stress in C. albicans are Capl, Hogl and Rad53. Adapted from (Brown et al., 2009, da Silva
Dantas et al., 2010).
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Two-component regulation of Hogl in response to H,O, requires the Sskl
response regulator (Chauhan et al., 2003). However, there are no reports of Hogl
activation in response to H,O, requiring the upstream histidine kinases. C. albicans
possess three histidine kinases — Chk1, SInl and Nik1, but their deletion does not
impair Hogl activation in response to the oxidative stress (Roman et al., 2005,
Menon et al., 2006). The activation of C. albicans Hogl in response to ROS does
require the thioredoxin peroxidase Tsal, the thioredoxin Trx1, and the mitochondria
biogenesis factor Fzol (Veal et al., 2004, da Silva Dantas et al., 2010, Thomas et al.,
2013). In S. pombe, H,O»-induced activation of Styl requires the Tsal orthologue
Tpx1 (Veal et al., 2004). The role of thioredoxin Trx1 in ROS-induced Hog1 activation
is not fully understood: Trx1 regulates the redox status of Tsal, and mutants lacking
TRX1 experience impaired H,O.-induced Hogl activation, however, the catalytic
cysteine residues of Tsal, which are reduced by Trx1, are dispensable for Hogl
activation (da Silva Dantas et al.,, 2010). Interestingly, mitochondrial mutants are
defective in Hogl activation (Alonso-Monge et al., 2009), suggesting that oxidative

stress-induced activation of Hogl could be related to its role in respiratory function.

1.5.2.2 The Rad53 DNA damage checkpoint kinase

The Rad53 DNA damage checkpoint kinase pathway is activated in response
to ROS. When C. albicans senses H,O,, Rad53 is rapidly phosphorylated on
conserved threonine-glutamine or serine-glutamine sites, leading to the formation of
hyperpolarised buds (section 1.4.1.1) (da Silva Dantas et al., 2010). Formation of
hyperpolarised buds is linked to the cell cycle arrest (Shi et al., 2007). As a
consequence of sustained cell cycle arrest, polarized growth progress in a dose-
dependent manner with the higher level of induction upon treatment with higher H,O,
concentrations (Nasution et al., 2008).

The activators of Rad53 are not described in C. albicans, although the
negative regulation of this checkpoint kinase by the thioredoxin Trx1, suggests a role
of protein oxidation in the activation of the pathway (da Silva Dantas et al., 2010). C.
albicans mutants with the deletion of Rad53, or with impaired function of its kinase
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domain, are unable to form hyperpolarized buds in response to oxidative stress (Shi
et al., 2007, Loll-Krippleber et al., 2014, da Silva Dantas et al., 2010).

1.5.2.3 Fungal AP-1 like transcription factors

The bZip protein superfamily includes transcription factors that have a specific
highly conserved basic region (BZ) responsible for DNA binding and a leucine zipper
(LZ) domain with a key role in protein dimerization (Amoutzias et al., 2006). bZip
proteins are known to be regulated by oxidation and phosphorylation of conserved
cysteine and serine residues respectively (Amoutzias et al., 2006). Posttranslational
modification of transcriptional factors via oxidation is a widely accepted common
mechanism of transcriptional regulation in response to external stimuli in a variety of
organisms — from OxyR and SoxRS in E.coli, to human regulators such as AP-1, p53
and NF-kB. Redox changes then cause an alteration in gene expression and
subsequently — inhibition or activation of the signal transduction pathways (Marshall
et al., 2000).

The AP-1 like transcription factors are conserved throughout the fungal kingdom
with key roles in the oxidative stress response. AP-1 like proteins share a similar
domain structure with an N-terminal domain involved in DNA binding to its target
sequences, a leucine zipper motif (bZip) that is important for dimerization, and a C-
terminus regulatory acidic domain (Figure 1.6). Within this C-terminal domain are two
cysteine-rich domains that are indispensable for the H,O,-driven activation of the

protein (Alarco et al., 1997).

Representatives of AP-1 like factors are S. cerevisiae Yapl, S. pombe Papl and
C. albicans Capl. Their regulation and function in oxidative stress responses will be

further discussed in detail below.

1.5.2.3.1 S. cerevisiae Yapl

S. cerevisiae Yapl involves in pleiotropic drug resistance and plays a key role in

mediating oxidative and heavy metal stress responses (Fernandes et al., 1997).
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Figure 1.6 AP-1like transcriptional factors.

(A) Crystal structure of human AP-1 transcriptional factor heterodimer, comprising of c-Fos

and c-Jun (Glover and Harrison, 1995).

(B) Yeast AP1-like transcriptional factors have three conserved domains: bZip DNA binding
domain and two cysteine-rich domains (c-CRD and n-CRD), containing redox-sensitive
cysteine residues. A nuclear export sequence (NES) is located within c-CRD, whereas a
nuclear localisation sequence (NLS) is found at the N-terminus of a protein. Adapted from
(Wood et al., 2003, Calvo et al., 2013, Alarco et al., 1997).
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To date, Yapl is perhaps the best characterised fungal AP-1 like transcription
factor. Yapl was firstly described by its homology to human AP-1 (Moye-Rowley et
al., 1988) (Figure 1.6). The studies of Yapl regulation in response to oxidative stress
have provided a paradigm for redox regulation of fungal AP-1 like transcriptional

factors.

The activation of Yapl is determined by its nuclear localisation with the
subsequent posttranslational modifications via oxidation and phosphorylation, and
the activation of the Yapl-dependent transcriptome. Under non-stressed conditions
Yapl freely shuttles between the cytoplasm and the nucleus due to the interaction of
the nuclear export sequence (NES), located at the C-terminus of Yapl, with the b-
karyopherin-like nuclear exporter Crm1 (Delaunay et al., 2000, Yan et al., 1998).
H,O.-induced oxidation triggers a conformational change within Yapl by the
formation of reversible interdomain disulphide bonds between the carboxyl-terminal
cysteine-rich domain (c-CRD) and amino-terminal cysteine-rich domain (n-CRD).
This structural change masks the NES sequence and prevents Yapl export from the
nucleus. Mutations within the NES sequence, or of certain redox sensitive cysteine
residues, or the removal of the c-CRD are prerequisites for constitutively nuclear
Yapl (Kuge et al., 1997, Kuge et al., 1998, Yan et al., 1998), supporting the key role
of this region in mediating Yapl-Crml interaction via the oxidation of cysteine
residues. In contrast, the nuclear import of Yapl is not dependent on oxidative stress
stimulus, and mediated via the recognition of the nuclear localisation sequence (NLS)
by Psel and Kap123 importins (Isoyama et al., 2001). The reduction of active Yapl
is dependent on the redundant action of two cytosolic thioredoxins Trx1 and Trx2
(Kuge and Jones, 1994, lzawa et al., 1999). S. cerevisiae trx1A trx2A mutant cells
display increased levels of oxidised Yapl, which then accumulates in the nucleus

under non-stress conditions (Delaunay et al., 2002, Izawa et al., 1999).

H,O»-induced oxidation of Yap1l is not direct, but requires glutathione peroxidase
Gpx3 and Yapl binding protein (Ybpl) (Delaunay et al., 2002). Gpx3 is a peroxide
sensor directly oxidised by H,O,. Upon exposure to H,O,, the catalytic site cysteine
Cys36 of Gpx3 is oxidised to a reactive sulphenic acid (Cys36-SOH) with the

subsequent formation of the intramolecular disulphide between Cys36 and Cys82
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(Delaunay et al., 2002). Oxidised Gpx3 then reacts with Cys598 of Yapl c-CRD to
form a transient intermolecular Yapl-Gpx3 disulphide intermediate. These events
trigger a multistep transmission of the oxidation within Yapl with the subsequent
activation of the transcriptional factor (Delaunay et al., 2002). The subsequent
multiple disulphide bonds formation between different cysteine residues determines
the level and duration of the activity of Yapl (Okazaki et al., 2007, Okazaki et al.,
2005, Tachibana et al., 2009). Initially the disulphide bond is formed between Cys310
and Cys315 of nCRD, resulting in the formation of Yap1°X. The next step involves, in
addition to Cys310-Cys315 linkage, the formation of a disulphide between Cys303
and Cys598 (Yap1°X™4) with the further resolution to Yap1®"*® that contains two
disulfides between Cys303-Cys598 and Cys310-Cys629. Fully oxidised active

10XI-2 19X a5 a result of the formation of an additional

Yap
disulphide between Cys315 and Cys620 (Okazaki et al., 2007) (Figure 1.7). Full

oxidation of Yapl is essential for its function and only Yapl that contains correct

emerges from Yap

interdomain disulphide linkage can effectively recruit Rox3 subunit of RNA

polymerase Il mediator complex to the promoters of its targets (Gulshan et al., 2005).

In contrast to ROS-mediated interdomain disulphide bond formation, in response
to glutathione depleting agents such as diamide, the disulphide linkage is formed
between two reactive cysteines within the c-CRD of Yapl (Kuge et al., 2001,
Gulshan et al., 2011). The functional differences in Yapl activation in response to
diamide and H,O, support the findings of mutational analysis, where the intact cCRD
was shown to be sufficient for diamide-induced oxidation and activation of Yapl
(Wemmie et al., 1997). In contrast, for H,O»-induced activation of Yapl, both the
cCRD and nCRD are important (Coleman et al., 1999). In response to diamide,
disulphide bonds between reactive cysteines within the cCRD are formed — Cys598-
Cys620, Cys598-Cys629 and Cys620-Cys629 (Delaunay et al., 2000, Wood et al.,
2004, Kuge et al.,, 2001) (Figure 1.8). Important, that both Gpx3 and Ybpl are
essential only for H,O»-induced Yapl activation and dispensable for diamide-induced
oxidation of the transcriptional factor (Veal et al.,, 2003, Delaunay et al., 2002,
Gulshan et al., 2004).
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Figure 1.7 Schematic representation of Yapl oxidation in response to H,0O..

The oxidation of Yap1l in response to H,O, involves the formation of multiple disulphide

bonds between redox reactive cysteines of cCRD and nCRD. Detailed description at p. 43.

Adapted from (Okazaki et al., 2007)
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Figure 1.8 Schematic representation of Yap1 oxidation in response to diamide.

Following diamide treatment, the disulphide bonds in Yapl are formed between the reactive

cysteines within the cCRD. Detailed description at p. 43.
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Recent report indicates that Ybpl is also vital for Yapl stability, the levels of
Yapl protein is considerably lessened in Aybpl cells (Patterson et al., 2013).
Oxidised Yap1l undergoes ubiquitin-mediated degradation (Gulshan et al., 2011), and
Ybpl binding to the reduced cytoplasmic pools of Yapl prevents the proteasomal

degradation of the transcriptional factor (Patterson et al., 2013, Gulshan et al., 2011).

Transcriptional profiling revealed that majority of the genes that are essential to
withstand oxidative stress in S. cerevisiae are Yapl-dependant (Gasch et al., 2000).
Among Yapl targets are important antioxidants such as Trrl, Trx2 and GIrl (Kuge
and Jones, 1994, Grant et al., 1996). Upon activation, Yapl binds to the specific
TTA(C/G)T(A/C)A sequence located in the promoter region of the target genes (yap
recognition element, YRE) (Nguyen et al., 2001). Additionally, another transcriptional

regulator Skn7 cooperates with Yapl to induce antioxidant genes (Lee et al., 1999).

1.5.2.3.2 S. pombe Papl

S. pombe Papl has a similar function to Yapl and other yeast AP-1 like
transcriptional factors in regulating oxidative stress responses (Toda et al., 1991).
Similar to Yapl, Papl contains two cysteine-rich domains — cCRD and nCRD, and
three redox cysteins in cCRD (Cys501, Cys523 and Cys532), but four in nCRD
(Cys259, Cys278, Cys285, Cys290; Figure 1.6). Both the cCRD and nCRD are
important for H,O,-induced oxidation of Papl (Vivancos et al., 2004). As with Yapl,
the activation of Papl is regulated by oxidation, which promotes the nuclear
accumulation of the transcription factor, leading to the induction of antioxidant genes
(Toone et al., 1998). Papl accumulates in the nucleus due to the inability of the
Crm1 exporter to recognise NES, which is masked by oxidation as seen with Yapl
(Toone et al., 1998). The degradation of active Papl in the nucleus is mediated by

Ubrl ubiquitin ligase (Kitamura et al., 2011).

The striking difference of Papl activation compared to Yapl is the H,0;
concentration dependence, as Papl activation is significantly delayed following high
doses of H,0O, (Quinn et al., 2002). In addition, while Yapl activation requires Gpx3

and Ybpl, there is no close Ybpl homologue in fission yeasts. In return, Papl
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activation requires the thioredoxin peroxidase Tpx1 (Bozonet et al., 2005). Similar to
Yapl, the reduction of active Papl is mediated by thioredoxin Trx1, and a thioredoxin
like protein TxI1. Low levels of H,O, promote the oxidation of Tpx1 to the sulphenic
form, which acts as a peroxide sensor (Bozonet et al., 2005): the sulphenic form of
Tpx1 forms a disulphide with a second Tsal molecule. This disulphide-bonded dimer
is reduced by Trx1 and TxI1, thus promoting their oxidation and inactivation. High
levels of H,O, cause the hyperoxidation of Tpx1 to the sulphinic form. Once Tpx1 is
trapped in the sulphinic form, this is no longer a substrate for TxI1 and Trx1, which
are now free to reduce other substrates, such as Papl (Koo et al., 2002, Bozonet et
al., 2005, Vivancos et al., 2004). The inactive sulphinic form of Tpx1 is reversible and
can be reduced by sulfiredoxin Srx1, leading to a subsequent activation of Papl
(Bozonet et al., 2005). Oxidised Tpx1 is a major substrate for the thioredoxin Trx1,
and inactive oxidised thioredoxin is no longer available to reduce the proteins (Brown
et al., 2013).

1.5.2.3.3 C. albicans Capl

Capl, for C. albicans AP-1, is a homolog of the S. cerevisiae Yapl and S. pombe
Pap1l transcription factors (Alarco and Raymond, 1999, Bozonet et al., 2005, Toda et
al., 1991, Moye-Rowley et al., 1989). Capl was initially shown to be able to partially
complement a S. cerevisiae yaplA mutant, since Capl can recognize Yapl-binding
sites at the promoters of target genes and thus partially rescue the sensitivity of
yapl4 cells to H,0,, Cd** and multiple drugs (Zhang et al., 2000, Alarco et al., 1997).
Structurally Cap1 is similar to Yapl (Alarco and Raymond, 1999). Capl contains six
redox sensitive cysteine residues: Cys254 and Cys261 in the nCRD, Cys385, which
is located between the two CRDs, and Cys466, Cys468, Cys477 in the cCRD (Figure
1.6). The primary functions of Capl are to regulate the oxidative stress response and
promote multidrug resistance (Alarco and Raymond, 1999). Oxidative stress-
mediated changes in the C. albicans transcriptome and proteome are largely Capl-
dependent (Znaidi et al., 2009, Kusch et al., 2007). Additionally, this transcriptional

factor is also involved in energy metabolism, substance transport and the
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maintenance of a cell redox homeostasis under basal non-stress conditions (Wang et
al., 2007).

In response to ROS, both in vitro and ex vivo, Cap1l signalling is essential for C.
albicans survival and for macrophage killing, enabling the pathogen to escape from
the macrophages (Patterson et al.,, 2013, Fradin et al., 2005). ChIP-sequencing
analysis identified Capl binding to 89 target genes (Znaidi et al., 2009). Among these
Capl targets are well known antioxidant enzymes such as catalase (Catl) and
thioredoxin reductase (Trrl), as well as the proteins essential for drug resistance
(Mdrl) (Znaidi et al., 2009). Capl binding element can be located not only in the
promoter region, but also within the open reading frame of its target genes, and may
therefore recruit the transcriptional and chromatin remodelling machinery to mount its
function (Znaidi et al., 2009). The mechanism of Capl action as a facilitator of
transcription includes the recruitment of the Ada2 component of the ADA/SAGA
complex; a conserved chromatin remodelling transcriptional coactivator (Baker and
Grant, 2007). Capl-dependent recruitment of the ADA/SAGA complex is required for
oxidative stress resistance in C. albicans (Ramirez-Zavala et al., 2014, Sellam et al.,
2009).

Similar to Yapl and Papl, Capl is regulated at the level of nuclear localization
post-translationally by oxidation (da Silva Dantas et al., 2010). Oxidative stress-
induced nuclear accumulation of Capl is essential for its function and is, analogously
to Yapl, c-CRD-dependent (Zhang et al., 2000). Based on structural studies in S.
cerevisiae, it is predicted that Capl oxidation masks the NES from the Crm1 nuclear
export factor, which leads to its nuclear accumulation. Once in the nucleus, Capl is
phosphorylated, and Capl-dependent genes are induced, promoting the resistance
of the pathogen to oxidative stress (Zhang et al., 2000, Patterson et al., 2013; Figure
1.9). The nuclear localisation of Capl is essential, but not sufficient to activate Capl,
as a truncated mutant form of Capl, which is constitutively nuclear, unable to recover
wild type levels of H,O, tolerance (Alarco and Raymond, 1999). As seen with Yapl
regulation (Delaunay et al., 2002, Wood et al., 2004), Cap1 is not directly oxidised by
peroxide, which instead is dependent on both the Gpx3 thiol peroxidase enzyme and
Ybpl (Patterson et al., 2013).
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Figure 1.9 Mechanism of Cap1l activation in response to oxidative stress.

(A) Under non-stress conditions, Capl is reduced and shuttles between the cytoplasm and

the nucleus due to the opposing actions of Capl nuclear import and export. Reduced Capl

does not accumulate in the nucleus and therefore does not stimulate antioxidant gene

expression. (B) In response to H,0,, Capl forms a complex with Ybpl when in the

cytoplasm, which functions to prevent degradation of Capl and to facilitate H,O,-induced

oxidation of Capl by the Gpx3 peroxidase. Based on studies in S. cerevisiae, it is predicted

that the Crm1 nuclear exporter can no longer recognise Cap1°*

due to the masking of the

NES; this lead to the nuclear accumulation and subsequent phosphorylation of the

transcriptional factor, which in turn facilitates Capl1 binding to the promoters of its targets,

enabling antioxidant gene expression. Adapted from (Patterson et al., 2013, Dantas et al.,

2015).
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In addition to mediating Capl oxidation, Ybpl also prevents the proteasome-
mediated degradation of Capl. Ubiquitin-dependant proteasomal degradation of
transcription factors is a common regulatory mechanism to maintain cellular
homeostasis, and here Ybpl forms a cytosolic complex with reduced Capl (similar to
what is seen for Yapl) possibly to prevent Capl getting targeted for degradation
(Patterson et al., 2013, Gulshan et al., 2012, Gulshan et al., 2011). Gpx3-initiated
oxidation of Capl triggers the subsequent formation of disulphide bonds. The
oxidised transcriptional factor accumulates in the nucleus and triggers the expression

of antioxidant genes, enabling stress response and survival of the pathogen.

Similar to Yapl, oxidised Capl is reduced by the thioredoxin Trx1 when the
activation of the transcription factor is no longer needed. Loss of Trx1 prolongs H;0,-
induced Capl oxidation, nuclear accumulation, and Capl-dependent gene
expression (da Silva Dantas et al., 2010). However, in mutant trx1A cells Capl is not
constitutively nuclear, suggesting that Trxl-independent mechanisms of Capl
regulation may exist. In contrast to S. pombe, where Papl requires an active SAPK
Sty1 for its activation, the mechanisms underlying an oxidative stress response in C.
albicans via Capl pathway are independent on Hogl SAPK (Alonso-Monge et al.,
2003).

Capl signalling is important for C. albicans to withstand ROS-mediated killing,
and cells lacking Capl and its regulators Ybpl and Gpx3 are more susceptible to
killing by neutrophils and macrophages (Patterson et al., 2013, Fradin et al., 2005,
Jain et al., 2013). While Capl is essential for full fungal virulence in Caenorhabditis
elegans and Galleria mellonella models of infection, it is dispensable for C. albicans
virulence in a murine model of systemic candidiasis (Jain et al., 2013, Patterson et
al., 2013). The infection model dependent requirement for Capl in C. albicans
virulence may indicate that the levels of ROS encountered vary in different host

niches.
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1524 Skn7

In S. cerevisiae oxidative stress-induced gene expression also requires the
transcription factor Skn7 (Morgan et al., 1997). Skn7 is important for both oxidative
and osmotic stress responses, but the mechanism of its activation differs: while
osmotic stress-induced activation of Skn7 depends on phosphorylation at D427
aspartate by the upstream Sinl two-component phosphorelay system, the regulation
of this response regulator following oxidative stress is independent of the
phophoaspartate D427 (He et al., 2009). However, the receiver domain of Skn7 is
required for the oxidative stress-induced phosphorylation of the transcriptional factor
and the formation of the ternary structure that is required for promoter binding and
the interaction with Yapl (He et al., 2009). S. cerevisiae Skn7 co-operates with Yapl
to regulate antioxidant genes expression, and the targets of both transcriptional

factors largely overlap (Lee et al., 1999).

A similar situation is seen in S. pombe, where the analogous Papl and Prrl
transcriptional factors co-operate to regulate H,O,-responsive genes (Calvo et al.,
2012). The homolog of Skn7/ Prrl is present in the C. albicans genome, and mutants
lacking SKN7 are sensitive to ROS and showed slightly attenuated virulence in a
mouse model of systemic disease (Singh et al., 2004). However, the precise role of
Skn7 in antioxidant gene expression, and its putative co-operation with Cap1, has not

been investigated.

1.6 Oxidative stress-responsive signalling pathways in C. glabrata

C. glabrata possesses a very high tolerance to ROS in vitro (Seider et al., 2014),
and some studies attribute this high tolerance to the activity of the single catalase-
peroxidase, regulated by multiple transcriptional factors, including CgYapl, CgSkn7,
and CgMsn2/4 (Cuéllar-Cruz et al., 2008). Recent findings suggest that despite the
existence of well-known antioxidant genes that are crucial for C. albicans survival
following phagocytosis, such as catalase, SODs, thioredoxins and peroxiredoxins,
none of these genes are essential for C. glabrata survival during co-culture with

human macrophages (Seider et al., 2014). In addition, C. glabrata strains lacking
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catalase do not show a significant decrease in virulence in immunodeficient mice,
whereas for other pathogenic fungi such as C. albicans and A. fumigatus, catalase is
pivotal for the virulence in murine model of infection (Cuéllar-Cruz et al., 2008, Paris
et al., 2003, Nakagawa et al., 2003). It appears that reactive oxygen species do not
play a major role in the host-mediated clearance of this pathogen, possibly because
of the high tolerance to ROS exhibited by C. glabrata compared to other fungi (Seider
et al., 2014). The catalase gene, however, is upregulated in response to oxidative
stress and nutrient depletion in C. glabrata following phagocytosis (Roetzer et al.,
2010) and is essential to withstand ROS attack in vitro (Cuéllar-Cruz et al., 2008).
ChIP analysis revealed that the components of the thioredoxin and glutaredoxin
systems, such as CgTsal, CgTsa2, CgTrrl, CgTrr2, CgTrx2, CgGpx2 are induced in
vitro in response to various oxidative stimuli, suggesting that these systems are

involved in the oxidative stress response of the pathogen (He et al., 2009).

C. glabrata resistance to oxidative stress in vitro is mediated by Cgapl, Skn7,

and Msn2/ Msn4 transcriptional factors (Cuéllar-Cruz et al., 2008).

Cgapl is an orthologue of S. cerevisiae Yapl and C. albicans Capl, and has
similar functions to control oxidative stress responses and multidrug resistance in C.
glabrata (Chen et al., 2007). The cooperation of Cgapl and Skn7 is essential to
withstand oxidative stress, and the interaction of these two transcriptional factors is
important for the activation of key antioxidants, such as TSA1 both in vivo and in vitro
following the oxidative stress (He et al., 2009). The Cgapl/ Skn7 complex was found
to bind upstream to the promoters of core stress response genes in C. glabrata (He
et al., 2009). Interestingly, Sod1 that is essential to resist oxidative burst mounted by
phagocytes and controlled by Capl in C. albicans, is not dependent on Cgapl in C.
glabrata (Roetzer et al., 2011). C. glabrata Skn7 plays a pivotal role in oxidative
stress response of this pathogen (Saijo et al., 2010). In C. glabrata Skn7 shares
more similarity with ScSkn7 compare to CaSkn7, and co-operates with CgYapl to
induce antioxidant transcriptome. C. glabrata strains lacking SKN7 display an

attenuated virulence (Saijo et al., 2010).

Msn2 and Msn4 are Cys2His2 zinc finger proteins that bind to the stress

response element (STRE) (Gorner et al., 1998). They are essential for C. glabrata to

52



withstand various environmental stresses (Roetzer et al., 2008). C. glabrata Msn2/4
share high similarity with Msn2/4 transcriptional factors in S. cerevisiae, where their
activation is determined at the level of nuclear localisation with the subsequent
chromatin recruitment. CgMSN2 and CgMSN4 are dispensable for virulence in
Drosophila melanogaster model of infection (Roetzer et al., 2008); however, this

model might not reflect different host niches.

1.7 Response of C. albicans and C. glabrata to combinatorial oxidative and

cationic stresses

Whilst the responses of C. albicans to single physiologically relevant stresses
have been extensively studied (Brown et al., 2009), the response of this pathogen to
combinations of such stresses is less understood. However, in the host Candida spp.
will undoubtedly be simultaneously exposed to a range of stresses (Kaloriti et al.,
2012). C. albicans has successfully adapted to survive in the presence of relatively
high levels of osmotic and oxidative stresses in vitro — the pathogen can survive 10
mM H,0,, 3 M sorbitol or 2 M NaCl (Nikolaou et al., 2009). So why can this pathogen
not evade phagocyte Kkilling in healthy hosts? Significantly, the combination of
stresses can kill pathogenic Candida species much more effectively than the
corresponding single stresses, this phenomenon has been called ‘stress pathway
interference’ (Kaloriti et al., 2014). Moreover, such mechanism of the synergistic
killing is more likely highly conserved through the evolution, since other pathogenic
and nonpathogenic yeast species such as S. pombe, S. cerevisiae and C. glabrata
also exhibit an increased killing by combinatorial stress (Kaloriti et al., 2012).

Specifically, the combination of two physiologically relevant stresses — oxidative
and cationic — is very potent in killing C. albicans in vitro (Kaloriti et al., 2012), and
the potency of the phagocytic immune cells to kill the pathogen is a result of the
synergy of oxidative burst (Sasada and Johnston, 1980) and cationic influxes
(Reeves et al., 2002, Kaloriti et al., 2014). The molecular basis of this phenomenon
was explored by genome-wide expression profiling. This revealed significant
differences in the genes upregulated following exposure of C. albicans to oxidative,

cationic, or both stresses. Significantly, key antioxidant genes, such as CAT1
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encoding catalase, and TRR1 encoding thioredoxin reductase, were not induced in
response to combinatorial cationic and oxidative stress treatments, and both the
oxidative stress Capl regulon and cationic stress Hogl regulon are not induced
following combinatorial stress. However, the Hogl pathway is active, whereas the
Capl pathway is not due to the lack of nuclear accumulation of the transcriptional
factor. Specifically, the combination of H,O, and NaCl causes the synergistic effect
and the adaptation of the pathogen to these stresses is delayed in vitro due to the
inhibition of ROS detoxification systems by cations (Kaloriti et al., 2012, Kaloriti et al.,
2014). Specifically, cations inhibit catalase function, which results in high levels of
intracellular ROS, and ectopic expression of the catalase gene CAT1, which is Capl-
dependant, partially rescues the hypersensitivity to the combinatorial stress (Kaloriti
et al., 2014). However, the mechanism behind the combinatorial stress-mediated

inactivation of Capl remains unknown.

1.7.1 Synergistic killing of C. albicans by combinatorial stress is due to
impaired activation of Cap1l transcriptional factor

As discussed in section 1.5.2.3.3, the key regulator of antioxidant gene
expression in C. albicans is the AP-1-like transcription factor Capl. In response to
combinatorial oxidative and cationic stresses, Capl does not accumulate in the
nucleus, explaining the lack of Capl-dependent gene expression. As combinatorial
oxidative and cationic stresses contribute to the potency of neutrophils in C. albicans
killing (Kaloriti et al., 2014), it is likely that the lack of Capl activation following such
combinatorial stress treatment prevents the rapid adaptive response to H,O,, leading
to the death of the pathogen. These observations are supported by the fact that
ectopic expression of the Capl target catalase gene (CAT1) in C. albicans partially
rescues the hypersensitivity to combinatorial oxidative and cationic stresses and

promotes fungal survival following phagocytosis (Kaloriti et al., 2014).

It is a prominent question to understand the signalling mechanisms underlying C.
albicans susceptibility to combinatorial stress killing, as this reflects a physiologically

relevant mechanism of pathogen clearance employed by innate immune cells.

54



1.7.2 C. glabrataresistance to combinatorial stress is mediated by the

uncharacterised CRI genes

C. glabrata can persist in the human host for long periods of time, causing
chronic infection (Brunke and Hube, 2013). Although this fungus is also susceptible
to combinatorial oxidative and cationic stress-mediated killing in vitro, about 20% of
the C. glabrata population can survive macrophage attack and proliferate within the
phagocyte, causing the progress of infection (Jacobsen et al., 2010, Seider et al.,
2014). Being continually exposed to the host' immune defences, this pathogen
appears very successful in adapting to stresses encountered following phagocytosis.
However, the molecular mechanisms of C. glabrata adaptation remain unknown. To
understand the mechanism underlying the C. glabrata resistance to combinatorial
stresses, Professor K. Haynes group based at Exeter University initiated a screen for
C. glabrata-specific genes that promote stress resistance. Their recent unpublished
findings suggest that four uncharacterised ORFs, which encode proteins with
unknown function and have no apparent orthologues in other organisms, are
essential for combinatorial stress resistance. The uncharacterised ORFs were
designated as CRI1-4 for Combinatorial stress Resistance Increased. When
expressed in S. cerevisiae, which is extremely sensitive to combinatorial stress
(Kaloriti et al., 2012), these genes were able to rescue sensitivity and promote
survival. Further investigation of the mechanism of action of these proteins will allow

a better understanding for what allows C. glabrata to combat host defenses.

1.8 Project Aims

1.8.1 Investigation into the molecular basis underlying innate immune defence

mediated Killing of Candida species

To better understand how life-threatening fungal infections caused by Candida
spp. can be prevented, it is important to understand how innate immune defences in
healthy host co-operate to kill invading pathogenic fungi. Specifically, we build on
data that innate immune defences employ a combination of oxidative and cationic

stresses to kill pathogenic Candida spp., with the specific aims to:
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(1) Decipher the molecular mechanisms underlying the combinatorial stress-
mediated inhibition of the Capl transcription factor in C. albicans (Kaloriti et al.,
2014), and

(2) Investigate the mechanisms that promote combinatorial stress resistance in

C. glabrata (J. Usher and K. Haynes, unpublished).

1.8.2 Investigation into the importance of fungal stress responses in

mediating virulence in hosts with defective immune defences

Whilst it is well established that fungal stress responses are vital for virulence in
immunocompetent hosts, less is known about the importance of such responses in
mediating fungal virulence in hosts with defective innate defence mechanisms. To
investigate the importance of stress responses in fungal pathogenesis in
immunodeficient hosts, such as immunocompromised and elderly populations, a
Caenorhabditis elegans infection model is employed. Several studies have
established nematodes as a useful model to study pathogenesis and innate immunity
(Kurz and Tan, 2004, Kim et al., 2002, Mallo et al., 2002). In addition, C. elegans is a
well-established model at the forefront of ageing research (Finch and Ruvkun, 2001).
Recently, C. elegans was shown to display a decline an immune function with age,
thus resulting in age-dependent susceptibility to bacterial infections (Evans et al.,
2008b, Komura et al., 2012). Thus, C. elegans is an ideal model to explore the
impact of the immune status of the host in dictating the requirement of fungal stress

responses in mediating virulence.
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Chapter 2. Materials and methods

2.1 Microbiological techniques

2.1.1 Yeast strains and growth conditions

Yeast strains used in this study are listed in Table 2.1. Yeasts were grown either
in YPD rich media (1% w/v yeast extract, 2% wi/v bacto-peptone, 2% w/v glucose) or
SD minimal media (0.67% w/v yeast nitrogen base without amino acids, 2% w/v
glucose) supplemented with required amino acids for selective growth (L-histidine-
HCI [20mg/ml], L-tryptophan [20 mg/ml], L-arginine-HCI [40 mg/ml], L-leucine [60
mg/ml], uridine [20 mg/ml], L-methionine [20 mg/ml]) in liquid media, or supplemented
with 2% bacto-agar for solid media (Sherman, 1991) and maintained at 30 °C, unless

stated otherwise.

To investigate combinatorial stress response, Candida cells were cultured in
YPDT (YPD as described above supplemented with 100 mM Tris-HCI pH 7.4) liquid
media or with the addition of 2% bacto-agar for solid media. When cationic stress
was applied, the cell culture was supplemented with pre-warmed 4 M NaCl made in
YPDT to give a final concentration of 1 M. Oxidative stress was generated by the
addition of H,O, from a 8.82 M stock to give the desired concentration either directly
to the media, or pre-diluted in YPDT immediately before use.

For hyphal induction, C. albicans cells were incubated in YPD media
supplemented with 10% human serum and incubated for 4 hours at 37 °C in order to

induce hyphae prior to stress treatment.

Strain Genotype Reference
Candida albicans strains

SN148 arg4AM/arg4A leu2AM/leu2A his1A/his1A (Noble and
ura3A::imm434/ura3A::iimm434 Johnson, 2005)
iro1A::imm434/iro1A::imm434

JC52 ura3:: A imm434/ura3::Aimm434, his1::hisG/his1::hisG, (Smith et al.,
hogl::LoxP-ura3-LoxP, hogl::LoxP-HIS1-LoxP Clp20- 2004)
HOG1
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Strain Genotype Reference
JC50 ura3:: A imm434/ura3::Aimm434, his1::hisG/his1::hisG, (Smith et al.,
hogl::LoxP-ura3-LoxP, hogl::LoxP-HIS1-LoxP Clip20 2004)
JC45 ura3::A imm434/ura3::Aimm434, his1::hisG/his1::hisG, (Enjalbert et al.,
(324) hogl::LoxP-ura3-LoxP/hogl::LoxP-HIS1-LoxP 2006)
JC710 SN148 capl::loxP-HIS1-loxP/capl::loxP-ARG4-loxP (da Silva Dantas
et al., 2010)
JC747 SN148 ClIp30 (da Silva Dantas
et al., 2010)
JC807 SN148 capl::loxP-HIS1-loxP/capl::loxP-ARG4-loxP, (Patterson et al.,
Clp20-CAP1 2013)
JC930 SN148 TRX1-MH-URA3 (da Silva Dantas
et al., 2010)
JC948 SN148 CAP1-MH-URA3 (da Silva Dantas
et al., 2010)
JC954 SN148 ybp1::loxP-HIS1-loxP/ybpl::loxP-ARG4-loxP, (Patterson et al.,
CAP1-MH-URA3 2013)
JC983 SN148 trx1A::loxP-HIS1-loxP/trx1A::loxP-ARG4-loxP, (da Silva Dantas
CAP1-MH-URA3 et al., 2010)
JC1060 SN148 CAP1-GFP-URAS (da Silva Dantas
et al., 2010)
JC1253 SN148 txI1A::loxP-HIS1-loxP Dr. A. Dantas
JC1311 SN148 gpx3::loxP-HIS1-loxP/gpx3::loxP-ARG4-loxP (Patterson et al.,
CAP1-MH-URA3 2013)
JC1388 SN148 capl::loxP-HIS1-loxP/capl::loxP-ARG4-loxP, (Patterson et al.,
pACT1-CAP1 2013)
JC1732 SN148 pACT-GFP Dr. M. lkeh
JC1925 SN148 CRM1-MH-URA3 This work
JC1940 JC45 CRM1-MH-URA3 This work
JC1291 SN148 txl1A::loxP-HIS1-loxP/txl1A::loxP-ARG4-loxP Dr. A. Dantas
JC2092 JC1291 CAP1-MH-URAS This work

58




Strain Genotype Reference
JC2101 JC1253 TXL1-MH-URA3 This work
JC2123 SN148 pPGK This work
JC2124 SN148 CIp20_pPGK_CRI1 This work

Candida glabrata strains

G2001HTU | his3A trp1A ura3A (Kitada et al., 1995)
Cg Cril G2001HTU MATa his3 trpl::ScURA3 p423-GPDp- Dr. J. Usher,
O/E-GFP ccdB (CgCRI1 HIS) University of Exeter
CgcrilA G2001HTU cri1A::CgTRP1 Dr. J. Usher,
University of Exeter

Table 2.1 Yeast strains used in this study.

2.1.2 C. albicans strain construction

2.1.2.1 Tagging of Crm1, Capl and TxI1

To C-terminally tag Crml, expressed from its native chromosomal locus
(orf19.7483), with 2 copies of the myc epitope and 6-His residues, the 3’-region of
CRM1 (630 bp) was amplified by PCR using the oligonucleotide primers
Crm1MHPstF and Crm1MHPstR from C. albicans SN148 genomic DNA template.
The resulting PCR product with flanking Pstl sites was digested with Pstl and ligated
into the same site of Clp-MH-Pstl plasmid (4744 bp) (da Silva Dantas et al., 2010) to
generate pCRM1-MH. pCRM1-MH was linearized by digestion with EcoRV, to target
the integration at the CRM1 locus in SN148 wild-type cells (Noble and Johnson,
2005), or hog1A cells (JC45) (Smith et al., 2004) to generate strains JC1925 and
JC1940, respectively (Figure 2.1). Chromosomal integration and tagging of CRM1
was verified by PCR from total DNA as a template using the oligonucleotide primers
Crm1MH_F and CycTR_R and DNA sequencing.
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Figure 2.1 Schematic diagrams illustrating a strategy used to myc-HIS tag CRM1 in C.
albicans.

A fragment of CRM1 gene (630 bp) was amplified from C. albicans genomic DNA and ligated
into Pstl site of Clp-C-MH-Pstl. The resulting construct was linearized by EcoRYV to target its
integration into CRML1 locus to tag CRM1 at C-terminus with 2Myc 6His epitope. The same
strategy was employed to construct C. albicans strains expressing 6His 2Myc-tagged TXL1.
Plasmid maps were created using SnapGene software (from GSL Biotech; available at
shapgene.com).To tag Capl with 2 myc epitopes and 6 His residues in txI1A cells (JC1291),
Clp20-Capl1MH (da Silva Dantas et al., 2010) was linearized with Sphl to target integration

into the native CAP1 locus, and transformed into tx/1A cells to generate the strain JC2092.

To tag TxI1 with 2 myc epitopes and 6-His residues, TXL1 (0rf19.3319) (984 bp)
was amplified from C. albicans SN148 chromosomal DNA using the primers
TxlI1_MH-Pst_F and TxI1_MH-Pst_R, digested with Pstl and ligated into the Pstl site
of Clp-MH-Pstl, generating pTXL1-MH (5725 bp). Correct plasmid construction was
verified by PCR and DNA sequencing. The plasmid was linearized with Sall to target
its integration into the native TXL1 locus and transformed into txI1/TXL1
heterozygous cells (JC1253) to generate JC2101. Chromosomal integration of TXL1-
MH was confirmed by PCR using the primers TxI1_MH-Pst_F and CycTR_R.

2.1.2.2 Heterologous expression of Candia glabrata CRI genes in C. albicans

CRI1-CRI4 genes were amplified from C. glabrata G2001 genomic DNA as a
template using oligonucleotide primers that are listed in Table 2.2. For the
constitutive expression of C. glabrata CRI genes under the control of the ACT1
promoter, CRI1 (CAGL0G06710g, 252bp) was amplified using the primers
CRI1pACT_SallF and CRI1pACT_SallR. The resulting PCR product was digested
with Sall and ligated into Sall site between the C. albicans ACT1 promoter and S.
cerevisiae CYC1 terminator in pACT (6351 bp) (Tripathi et al., 2002), resulting in the
generation of pACT1-CRI1 (Figure 2.2).
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Figure 2.2 Schematic diagram illustrating a strategy used to express C. glabrata CRI1
in C. albicans.

To constitutively express CgCRI1 in C. albicans, CRI1 ORF (252bp) was cloned into Sall site
of pACT1 plasmid (da Silva Dantas et al., 2010) to generate Clp20-pACT1-CRI1. In order to
overexpress CgCRIL1l, CRI1 and 285 bp of its own terminator sequence were ligated into
BamHI site of pPGK1l (Cheetham et al., 2007) to generate Clp20-pPGK-CRI1. Both
constructs were digested with Stul to target their integration into RPS10 locus of C. albicans
genome. Similar strategy was employed to create C. albicans strains expressing CgCRI2,
CgCRI3 and CgCRIA4.

Similarly, CRI2 (CAGLOEO06094g, 174 bp), CRI3 (CAGLOH04059g, 444 bp) and
CRI4 (CAGLOA00649g, 384 bp) were amplified from C. glabrata genomic DNA using
the corresponding primers (CRI2ZpACT_SallF, CRI2ZpACT_SallR, CRI3pACT_SallF,
CRI3pACT_SallR CRI4pACT_SallF, CRI4pACT_SallR). The resulting PCR products
were linearized with Sall and cloned into Sall site of pACT, resulting in the
construction of plasmids pACT1-CRI2, pACT1-CRI3 and pACT1-CRI4.

To overexpress CRI1 in C. albicans, CRI1 orf with its own terminator region [O;
+537] was amplified from C. glabrata G2001 chromosomal DNA using the primers
CRI1pPGK1 BamH1F and CRI1pPGK BamH1R. The resulting PCR product was
digested with BamHI and subcloned into BamHI site adjacent to the PGK1 promoter
of pPGK1 to generate pPGK1-CRI1 (Cheetham et al., 2011, Murad et al., 2000). All
plasmids were linearized with Stul prior to C. albicans transformation in order to
target their integration into RPS10 locus of C. albicans SN148 (Figure 2.2). The
successful transformation was confirmed by PCR using C. albicans chromosomal
DNA as a template and the pair of oligonucleotide primers, with a forward primer to
either ACT1 or PGK1 promoter and reverse primer to CYC1 terminator for pACT1
constructs (CYC_TR_R) or CRI1_OE_PGK R for pPGK construct. The resulting
synthetic gene was amplified using the oligonucleotide primers CRI1pPGK_BamH1F
and CRI1_TERM_pPGK_BamHIR, and subcloned into the BamHI site of pPGKL1.
This plasmid, which expresses a codon optimised version of CRI1 under the control
of the strong PGK1 promoter, was digested by Stul and integrated into the RPS10
locus of C. albicans SN148 cells to generate the strain JC2124.
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2.1.3 DNA transformation

2.1.3.1 Transformation of E. coli

Escherichia coli SURE competent cells {14’ (McrA) A(mcrCB-hsdSMR-mrr)171
endAl gyrA96 thi-1 supE44 relAl lac recB recJ sbcC umuC::Tn5 (Kan') uvrC [F
proAB laclZAM15 Tn10 (Tet))]} (Stratagene, UK) were thawed on ice. 5-10 pl of
DNA was added to 50 ul of competent cells and gently mixed by several inversions,
following by incubation on ice for 20 minutes. Cells were heat-shocked for 45
seconds at 42 °C and placed on ice for 1-2 minutes. 500 uL of pre-warmed to 37 °C
liquid LB media (2% w/v bacto tryptone, 1% w/v bacto yeast extract, 1% w/v NacCl,
pH 7.2) was added to each sample and incubated at 30 °C for 45 minutes to allow
cells recovery. For selection of the positive transformants, cells were spread onto LB
agar plates supplemented with 100 pg/ mL ampicillin (Sigma, Dorset, UK) and
incubated at 37 °C overnight. The colonies were patched onto fresh LB+Amp plates,
following by plasmid extraction and PCR verification. For long term maintenance of E.
coli stocks, 70 pl of DMSO was added to 930 ul of overnight E.coli liquid culture in
LB+Amp and stored at -80 °C.

2.1.3.2 Transformation of C. albicans

C. albicans cells were transformed with exogenous DNA using an optimised
lithium acetate protocol (Walther and Wendland, 2003). Single yeast colony was
subcultured in 10 ml YPD and incubated overnight at 30 °C with shaking. The
following morning, pre-cultures were diluted in 50 ml of fresh YPD to the ODggp=0.2
and incubated 3-4 hours at 30 °C with agitation till the exponential phase of growth
(ODesp=0.6). Cells were placed on ice and collected by centrifugation for 5 minutes at
3500 rpm, 4 °C. The pellet was washed with 10 ml of cold 1 x TE buffer (10 mM Tris-
HCI pH7.5, 1 mM EDTA pH8.0) and centrifugation was repeated at 3000 rpm for 5
minutes. Washed cells were resuspended in 1 ml of LiAc/ TE (100 mM LiAc, 1 x TE)
and incubated overnight on ice at 4 °C. The following day, 20 pl of DNA for
transformation was mixed with 5 ul of the salmon sperm carrier DNA (10 mg/ml) and

incubated on ice for 5 minutes. 50 ul of C. albicans competent cells and 300 pl of
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freshly prepared Plate Mix (1 ml 10 x TE, 1 ml 1 M LiAc, 8 ml 50% PEG 3350) were
added to the DNA, mixed gently by several inversions and incubated 2-3 hours at 30
°C. Cells were then heat shocked by incubating at 44 °C for 15 minutes. 1 ml of
sterile H,O was added to the cells to dilute the PEG, following by the centrifugation
for 2 minutes at 3000 rpm. Approximately 1 ml of the supernatant was eliminated and
cells were resuspended in the remaining volume. Cell suspension was spread on
selective SD media and incubated 2-3 days at 30 °C. Colonies were patched onto an
appropriate selective media and the genotype was confirmed by PCR. Positive
clones were streaked for single colonies and stored as 15% glycerol stock in YPD at
-80 °C.

2.2 Cell biology techniques

2.2.1 Spottests

Overnight cultures of C. albicans and C. glabrata strains were grown in YPD (C.
albicans) or SD (C. glabrata) media and diluted in fresh media to ODggp=0.2, followed
by incubation for 3-4 hours with agitation at 30 °C till mid-exponential phase
(ODgg0o=0.6-0.8). The cultures were diluted in YPD or SD and serial dilutions were
spotted onto YPD or SD agar plates containing the indicated stress compounds using
48-well replica plater (Sigma). Strains were incubated at 30 °C for 24 - 48 hours.

Oxidative stress was induced using stocks of 30% v/v H,O, 100 mM t-BOOH,
100 mM diamide or 100 mM menadione. Osmotic stress was induced using stocks of
4 M NaCl or 8 M sorbitol. Combinatorial stress induction was achieved by using the

combination of certain oxidative and osmotic stress agents of defined concentration.

2.2.2 Yeast flow cytometry

For intracellular ROS detection, C. albicans or C. glabrata cells were grown in
YPDT pH 7.4 until mid-exponential phase (ODggo= 0.6-0.8). Cells were treated with
the indicated stresses simultaneously with the fluorescent probe dihydroethidium
(DHE, Sigma) to a final concentration of 20 puM from a 100 mM stock in DMSO.
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Control samples were supplemented with an equal amount of solvent. The cultures
were incubated at 30 °C for 45 minutes in the dark with agitation. Cells were
collected by centrifugation at 3500 rpm for 2 minutes and an excess of dye was
removed by washing the cells in 5 ml of 1 x PBS (Phosphate Buffered Saline pH 7.4;
137 mM NacCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.8 mM K;HPO,). To avoid cell
clumps, the suspension was sonicated at 35 kHz for 15 seconds and the
homogeneity of cell suspension was accessed by microscope prior to the FACS.
Cells were subjected to Fluorescence-Activated Cell Sorting (FACS) using a
FACSAria Fusion (BD Biosciences, Sydney, Australia) with an argon 488 nm laser
emitting at 595 nm. Data were analysed from three independent biological replicates
using FlowJo software (TreeStar, Inc., Ashland, OR, USA).

2.3 Molecular biology techniques
2.3.1 DNA isolation

2.3.1.1 Plasmid isolation from E. coli

E. coli strains carrying plasmid DNA were cultured for 12-18 hours in LB media
supplemented with 100 pg/mL ampicillin. The cells from 2-5 ml of culture were
harvested by centrifugation at 3500 rpm for 10 minutes and subjected to the plasmid
DNA extraction using GenElute™ Plasmid Miniprep Kit (Sigma, Dorset, UK)

according to the manufacturer’s instructions.

2.3.1.2 Isolation of C. albicans and C. glabrata total DNA

For the isolation of total chromosomal DNA, C. albicans or C. glabrata strains
were taken from a fresh patch on solid YPD agar, resuspended in 1 ml of sterile H,O
and centrifuged at 13000 rpm for 2 minutes. Cells were resuspended in chromosomal
DNA breakage buffer (10 mM Tris-HCI pH 8, 1 mM EDTA, 100 mM NaCl, 1% w/v
SDS, 2% vlv TritonX-100), transferred to a 2 ml screw-capped tube, followed by the
addition of 200 pl of glass beads and 200 ul of phenol/ chloroform. Cells were
disrupted using a bead beater (Biospec Products) for 20 seconds. The samples were

centrifuged at maximum speed for 5 minutes and the supernatant containing
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chromosomal DNA was transferred into a new tube. To precipitate DNA, 1/ 10™
volume of 3 M sodium acetate and 2 volumes of 100% ethanol were added to each
sample, mixed by several inversions and centrifuged for 15 minutes at 13000 rpm.
Samples were washed with 400 pl of 70% ethanol and centrifuged for 5 minutes at
13000 rpm. Air-dried DNA pellets were dissolved in 100 pl of H,O and stored at -20
°C.

2.3.2 DNA manipulation and analysis

2.3.2.1 Polymerase chain reaction (PCR)

All PCR reactions were carried on T3000 thermocycler (Biometra). In order to
amplify DNA for cloning, DNA fragments were obtained using Pfusion PCR System

(New England Biolabs). Each reaction mix contained:

H,O 37 ul

5 x GC Buffer 10 ul

dNTPs 10 mM 1l

Forward primer 100 mM 0.5 pl

Reverse primer 100 mM 0.5 ul

DNA template 0.5 ul

Pfusion Polymerase 0.5 pl (10 units)

The DNA fragments generated by PCR were purified using QIAquick Nucleotide
Removal Kit (QIAGEN) prior to cloning. The oligonucleotide primers for PCR

reactions were synthesized by Eurogenetec (Southampton, UK; Table 2.2).

_ _ Restriction
Oligonucleotide Sequence 5" - 3’ .
site
CRM1MHF AATGTCTGCAGCAATTATCTGGAGAAGC Pstl
CRM1MHR AATGTCTGCAGTTCGTCATCCATTTCAGAAGG | Pstl
TXL1IMHF_Pstl AATGTCTGCAGATGTCAATTAAATTTG Pstl
TXLIMHR_Pstl AATGTCTGCAGTTCATCATCTATTTG Pstl
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CRI1pACT_SallF AGGCGGGTCGACATGCGTTTCCCTCTTCC Sall

CRI1pACT_SallR AGGCGGGTCGACTTAGCAAGATATTAC Sall

ACT1prom_F GATGAAGCCCAATCCAAAG

PGK1prom_F CCAGATGAGCGCGACATTAATACG

CYC_TR_R CGACAGCCATGTTGTAC

CRI1pPGK_BamHIF GCGCGGATCCATGCGTTTCCCTCTTCC BamHI

CRI1pPGK_BamHIR GCGCGGATCCCTTGTATGTGCAAACGGATA | BamHI

CRI1_TERM_pPGK_Ba | GCGCGGATCCCTTGTATGTGCAAACGGATA | BamHI

mHI-R

CRI2pACT_SallF AGGCGGGTCGACATGCGTGCAAACAGC Sall

CRI2pACT_SallR AGGCGGGTCGACCTATGTACGTTG Sall

CRI3pACT_SallF AGGCGGGTCGACATGTACAAACCCTTTCC Sall

CRI3pACT_SallR AGGCGGGTCGACTCCAGTTGTTTGC Sall

CRI4pACT_SallF AGGCGGGTCGACATGAAATTTATTAAATTTACT | Sall
ATTCG

CRI4pACT_SallR AGGCGGGTCGACCTAGTTACGTACAC Sall

Table 2.2 Oligonucleotide primers used in the study

The reactions were performed using the following conditions:

98 °C — 10 min
98 °C — 30 sec
50 °C - 30 sec
72 °C — 1 min/ kb
72 °C — 10 min

4 °C — Hold

35 cycles

To check for correct strain construction, analytical PCR was performed using

yeast genomic DNA as a template and Simple Red Taq polymerase system (Thermo

Scientific, UK). Each 50 pl of reaction mix contained:
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H,0 42 pl

Buffer (0.5 M KCI, 100 mM Tris pH8, 5ul
1% Triton-X, 15 mM MgCl,)

dNTPs 10 mM 1l

Forward primer 100 mM 0.5 ul
Reverse primer 100 mM 0.5 pl
DNA template 0.5 ul
Taqg Polymerase 0.5 pl

Analytical PCR reactions were performed using the following conditions:

94 °C — 5 min
94 °C — 1 min
50 °C - 30 sec 35 cycles

72 °C — 1 min/kb
72 °C — 10 min

4 °C - Hold

2.3.2.2 Restriction endonuclease digestion, phosphatase treatment and DNA

ligation reactions

Restriction endonucleases were supplied by either Promega (Southampton, UK),
or New England Biolabs (Herts, UK). Restriction endonuclease digestion was carried
out according to the specific manufacturer’s instructions. Reactions were terminated
by the addition of 2-3 ul of 6 x DNA loading buffer (30% v/v glycerol, 0.25% wi/v
bromophenol blue, 0.25% w/v xylene cyanol FF) prior to analysis by agarose gel

electrophoresis.
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Phosphatase treatment was carried out using calf intestinal alkaline phosphatase
supplied by New England Biolabs (Herts, UK). The reactions were set up according

to manufacturer’s instructions and incubated at 37 °C for 15-30 minutes.

DNA ligation reactions were carried out using T4 DNA Ligase (Promega,
Southampton, UK), reactions contained a molar ratio of approximately 1 vector (50
ng): 3 insert fragment and incubated at 16 °C for 12-16 hours prior to the

transformation into E. coli competent cells.

2.3.2.3 Analysis of DNA by agarose gel electrophoresis

DNA samples were analysed by gel electrophoresis on 0.8% w/v agarose/ TAE
(40 mM Tris-acetate, 1 mM EDTA, pH 8.4) gels containing 0.02% ethidium bromide.
Gels were run in TAE buffer at 100 V for 30-60 minutes. DNA fragments were
visualized by UV light emission using a Gel Doc 1000 transilluminator system and
analysed by Quantity One software (Bio-Rad Laboratories, Inc., California, USA). In
order to purify DNA fragments for cloning, fragments were isolated from the gel using

QIAquick® Gel Extraction Kit (Quiagen, UK) according to manufacturer’s protocol.

2.3.2.4 DNA sequencing

DNA sequencing was carried by GATC Biotech (GATC Biotech Ltd, London, UK).
The sequencing files were analysed using Chromas 2.4 software (Technelysium Pty
Ltd).

2.3.3 Capl chromatin immunoprecipitation (ChlIP)

To investigate Capl binding to the promoters of its target genes, chromatin
immunoprecipitation assays were performed essentially as described by Liu et al (Liu
et al., 2007).
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2.3.3.1 Harvesting the cells

C. albicans cells expressing Myc-tagged Capl (JC948), and an untagged control
strain (JC465), were inoculated into YPD media and allowed to grow overnight at 30
°C with agitation. Overnight cultures were diluted to an ODgg=0.2 in fresh YPD and
incubated until exponential growth was obtained (ODggp =0.8-1). Three independent
cultures were subjected to different doses of oxidative stress (0.4 mM, 5 mM and 25
mM H,0,) and 50 ml of each culture was collected 5, 10, 30 and 60 minutes post
stress addition. Proteins to the DNA were crosslinked by the addition of 37%
formaldehyde (final 1% v/v) and incubated at room temperature for 30 minutes with
agitation at 20 rpm. The crosslinking was quenched by the addition of 125 mM
glycine and further agitation at 20 rpm, room temperature, for 10 minutes. In order to
remove all of the formaldehyde, samples were centrifuged and washed twice with 40
ml of ice-cold TBS buffer (20 mM Tris-HCI, pH 7.5, 150 mM NacCl), spinning each
time for 5 minutes at 4000 rpm at 4 °C. Pellets were resuspended in the remaining
liquid and transferred into 1.5 ml screw-capped tubes, and centrifuged again for 1
minute at 14000 rpm. The remaining supernatant was removed, and cellular pellets

were snap-frozen in liquid nitrogen.

2.3.3.2 Preparing the magnetic beads

To prepare the magnetic beads (Dynabeads, Invitrogen Life Technologies), 50 ul
of beads per sample (2.5 ml total) were washed twice with 5 ml of freshly prepared
0.5% w/v BSA in PBS and collected by pulse-spin each time. After washing, 5 ml of
0.5% BSA in PBS was added to the beads, following by the addition of 500 pl of
monoclonal mouse c-Myc Antibody (9E10, Santa Cruz Biotech) (10 ul per IP), gently
resuspended and incubated overnight on rotary wheel at 4 °C. The following day, the
beads coupled to the antibodies were washed twice for 5 minutes on a rotating wheel
with 10 ml of lysis buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA,
1% v/v Triton X-100, 0.1% w/v sodium deoxycholate) plus protease inhibitors (1 mM

PMSF, 1 mM benzamidine, 10 pg/ ml aprotinin, 1 pg/ ml leupeptine, 1 pg/ ml
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pepstatin), and resuspended in 30 pl per IP of the lysis buffer plus protease

inhibitors.

2.3.3.3 Breaking the cells

To break the cells, the samples were thawed on ice and resuspended in 700 ul of
lysis buffer plus protease inhibitors and 0.5 ml of glass beads. Cells were disrupted
using a bead beater (Biospec Products) at 4 °C for 5 minutes, 3 times. Cell breakage
was confirmed by examining cell suspensions under a light microscope. To collect
the cell lysate, a hole was punched into the bottom of the screw-capped tube
containing the lysed cells. This was placed on top of a fresh Eppendorf tube, and the
lysate recovered by centrifugation for 2 minutes at 2000 rpm.

2.3.3.4 Sonication of the chromatin

Each sample was sonicated using a Sonic Dismembrator 100 (BioLogics, Inc.)
four times for 20 seconds at output power level 8-9 Watts using the “Constant Power”
setting. The tubes were kept on ice at all times between rounds of sonication.
Samples were centrifuged at 14000 rpm for 10 minutes, 4 °C and the soluble fraction
containing sheared chromatin (~400 bp DNA fragments) was transferred into a fresh
tube at stored at -20 °C until required. The pellet generated after centrifugation was

kept to use it as a control for gPCR and to check the primer efficiency curves.

2.3.3.5 Immunoprecipitation

For the immunoprecipitation, 30 pl of washed beads were added to the soluble
chromatin extracts and immunoprecipitated overnight at 4 °C. The following day, the
beads were washed twice with 1 ml of lysis buffer plus protease inhibitors, twice with
1 ml of lysis buffer containing 360 mM NaCl, and once with 1 ml of TE buffer.
Samples were centrifuged for 2 minutes at 4000 rpm at 4 °C and the supernatant

was discarded.
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2.3.3.6 DNA purification

For reverse crosslinking of the DNA, 100 pl of freshly made TE/SDS (10 mM Tris
pH 8.0, 1 mM EDTA, 1% w/v SDS) was added to the beads, vortexed and incubated
overnight at 65 °C. Then samples were centrifuged at 14000 rpm for 2 minutes and
the supernatant was transferred into a fresh tube. All samples were supplemented
with a mixture of 295 pl of TE buffer, 3 ul of RNAse A (10 mg/ ml), 2 pl of glycogen
and incubated for 2 hours at 37 °C in dry incubator, following by the addition of 15 pl
of 10% w/v SDS and 7.5 pul of proteinase K, and incubated at 37 °C for another 2
hours. Proteins were removed by the addition of 400 ul of phenol/ chlorophorm/
isoamyl alcohol (25:24:1), vortexing each time for 1 minute at maximum speed and
centrifuging for 10 minutes at 14000 rpm, room temperature. Chromatin was
precipitated by the addition of 16 ul of 5 M NaCl and 2.5 volumes of ice-cold 100%
ethanol to the 350 ul aqueous layer and incubating overnight at -80 °C. The following
day, the samples were centrifuged at 14000 rpm for 40 minutes at 4 °C and washed
with 1 ml of 70% ethanol. Precipitated DNA was pelleted by centrifugation at 14000
rom for 15 minutes at 4 °C and dried at 37 °C for 5 minutes. The pellet containing
purified chromatin was solubilized in 50 ul of TE buffer and stored at -20 °C until

required.

2.3.3.7 Quantification of DNA

DNA concentrations were quantified using Quant-iT PicoGreen double-stranded
DNA assay kit (Molecular Probes/ Invitrogen). Samples were diluted 1:50 in TE buffer
(10 mM Tris-HCI pH 8.0, 1 mM EDTA), and PicoGreen mix was prepared following
manufacturer’s instructions. The measurement of dsDNA content was performed in
96-well black plate measuring the intensity of fluorescence of the substrate using
TECAN fluorescent reader. The measurements were scored in triplicate for each
sample, and DNA concentration was calculated related to a lambda phage standard
curve control. The DNA concentrations ranged [0.03 - 0.69 ng/ ul] for the tagged
strain and [0.49 - 0.72 ng/ pl] for the untagged strain.
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2.3.3.8 Selection of the targets and qPCR primers design

To select the targets for Capl binding analysis, the candidate genes were
shortlisted based on (i) Capl enrichment at their promoters (Znaidi et al., 2009) and
(i) the Capl-dependent induction of these genes by H,O, (Enjalbert et al., 2006,
Wang et al., 2006, Urban et al., 2005). Q-PCR primers used in this study (Table 2.3)
were optimized using Primer3 Web software (version 4.0.0) and synthesized by
Invitrogen (Life Technologies).

. Amplicon location relative
ChIP gPCR Primers (5°-3’) _ _
Promoter to translation start site (ATG
SYBR Green Method
codon) — Assembly 19

CAT1 F:CACCACTTATAACCACCCATTTAG -990 to -773 (218 bp)
R:GGTCACAGAAATATGGTAGAAGTGA

TSA1l F:GTCTGTTATGCCCAATAGGTAAGAT -522 to -317 (206 bp)
R:ATTGGTGAGTGAGAGCTACAATATG

GLR1 F-TATATTGTCCGTCTGTGTGTATGC -261 to -126 (136 bp)
R:CGCTCCACAGTATAACTTATCAAAG

ACT1 F:-TATGAAAGTTAAGATTATTGCTCCACC | +927 to +1,012 (86 bp)
AGAAA
R:GGAAAGTAGACAATGAAGCCAAGATA
GAAC

TEF3 F:GATCACAATTGGGTCCAAGG +2,938 to +3,042 (105 bp)

R:AGCAGCGGCAATCTTGTTAC

Table 2.3 Primer sequences used for Q-PCR binding assays.
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2339 Q-PCR

To check the efficiency of the primers, serial dilutions of the whole cell extract
sample fractions reserved after step 2.3.3.4 were used as a template for the reaction.

All PCR products had melting curves indicating the presence of a single amplicon.

For quantitative PCR reactions, DNA samples obtained after 2.3.3.6 were diluted
1:10 to 1:100 depending on their concentrations and used as a template. Q-PCR
reactions were performed in duplicates for each sample on Mastercycler® ep
realplex (Eppendorf) gPCR system using the Takyon™ ROX Probe MasterMix
(Eurogentec). Each gPCR reaction contained 10 pl of Takyon x SYBR® Green
Universal PCR Master mix, 0.05 pl of 100 uM forward or reverse primer, 6 pg of
DNA, and H,O in a final volume of 20 pl. The reactions were carried with 1 cycle at
95 °C for 10 minutes, 40 cycles at 95 °C for 15 seconds, and 60 °C for 1 minute.
Data analysis and threshold cycle (CT) values determination was performed using
Realplex software (Eppendorf). The relative signal enrichment of the targets (CAT1,
TSAl and GLR1) were calculated using 2(-Delta Delta C(T)) method (Livak and
Schmittgen, 2001). ACT1 promoter was used as a control for statistical analyses by t-
test, and TEF1 (0rf19.1435) as a reference for normalization. Statistical analysis was
performed using R software (version 3.2.2) using double sided T-test and equal
variance assumption. Statistical significance was determined using Welsh's two-
sample t-test (p<0.05 - *, p<0.01 - **, p<0.001 - ***),

2.3.4 RNA extraction, manipulation and analysis

2.3.4.1 RNA extraction

To collect the samples for RNA extraction, cells were grown until mid-exponential
phase, treated or untreated with the required stresses, and 25-50 ml of cell culture
was collected by centrifugation at 3500 rpm for 2 minutes. Cells were washed with 1
ml of sterile DEPC-treated H,O, transferred to 2 ml screw-capped tubes and snap-
frozen in liquid nitrogen. The samples were stored at -80 °C until required. Pellets
were thawed on ice and resuspended in 200 pl of cold RNA buffer (100 mM EDTA
pH 8.0, 100 mM NacCl, 50 mM Tris-HCI pH8.0) and 5 ul of 20% w/v SDS was added
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to each sample, following by the addition of 200 pl of phenol/ chloroform and ~500 pl
of baked glass beads. The samples were disrupted in a bead beater (Biospec
Products) for 20 seconds. 800 pl of RNA buffer was added to each sample, then the
samples were vortexed and centrifuged at 6000 rpm for 10 minutes. The supernatant
containing RNA was transferred into a new Eppendorf tube and phenol/ chloroform
extraction was repeated twice. The aqueous layer was transferred to a fresh tube to
which 1/10 volume of 3 M sodium acetate (pH 5.2) and 0.6 volumes of isopropanol
was added. RNA was precipitated overnight at -80 °C. Samples were centrifuged for
15 minutes at 13000 rpm and washed with 300 pl of 70% ethanol, following by
centrifugation for 5 minutes at 13000 rpm. The RNA samples were air-dried and
resuspended in 30-50 pl of DEPC-treated sterile H,O. RNA was dissolved by
freezing the samples at -80 °C for 30 minutes following by thawing, vigorous
vortexing and incubation for 30 minutes at 50 °C. The freezing-thawing cycles were
repeated twice and RNA concentration was measured by absorbance at 260 nm
using a nanodrop spectrophotometer (NanoDrop1000). The samples were diluted to

a concentration of 10-30 pg/ ml and kept at -80 °C until required.

2.3.4.2 Northern blotting

5 ul of each RNA sample at a final concentration of 10-30 pg/ ml was mixed with
12 ul of denaturing buffer (2.5 ul of 40% glyoxal [6.6 M], 8 pl of DMSO in 10 mM
NaPO, buffer pH6.5) and incubated 15 minutes at 50 °C. The samples were
immediately chilled on ice and 4 pl of RNA loading dye (50% v/v glycerol, 10 mM
NaPO4, 0.4% w/v bromophenol blue) was added. Denatured RNA samples were
separated on 1.2% agarose gel prepared with 15 mM NaPO, buffer pH 6.5 at 4V/ cm

with buffer recirculation for 2.5-3.5 hours.

Glyoxylated RNA was transferred immediately after electrophoresis from the gel
onto a GeneScreen membrane (Dupont NEN Research Products, Boston MA) by
capillary elution with 25 mM NaPOa4 buffer pH 6.5. The transfer was allowed to proceed

for 12-16 hours, following by crosslinking of the membrane using a UV Stratalinker
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2400 with auto cross link settings. Cross-linked membranes were wrapped in saran

and stored at -20 °C until required.

Prior to radioactive labelling of RNA, the membranes were soaked in 2 x SSPE
buffer (0.002 M EDTA, 0.298 M NaCl, 0.02 M phosphate buffer, pH 7.4) and pre-
incubated with 5 ml of QuickHyb solution (Agilent Technologies, Inc.) for 20 minutes
at 68 °C on rotary wheel. Gene-specific probes were amplified by PCR from C.
albicans SN148 genomic DNA as a template and oligonucleotide primers specific for
the required probe listed in the Table 2.4 using Pfusion DNA polymerase and the
protocol described in 2.3.2.1.

Target gene PCR primers (5’ — 3’)

ACT1 F: GATGAAGCCAATCCAAAAG

R: GGAGTTGAAAGTGGTTTGGT
CTAl F: GAGTTGTCCACGCTAAAGGTTCCG

R: CTCAATGGGTATTTCTTGTGTGGC
TRR1 F: CGAAGGTATGTTGGCTAATGG

R: GGTTTGAATGTAACCAGCTTC
IPF20401 F: ATTGCTGTTGGTGATAAAGTCACC

R: AGAACAGTTTTCTTCACTGAGTGG
NPR1 F: TTTGACTGCGACGGTGTCTTATGG

R: AACTAGCAATGTGTCCAAACCACC
GPD2 F: TGTATTGTCGGTTCCGGTAACTGG

R: CTTTAACATTTCTACCACCTGAGC

Table 2.4 Oligonucleotide primers used in the study to amplify probes for northern
blot.

Adapted from (Enjalbert et al., 2006).

For radioactive labelling, 100 ng of amplified DNA in 33 ul of DEPC-treated H,O
was denatured by boiling for 5 minutes at 98-100 °C. Samples were immediately
placed on ice, following by the addition of 10 pl of 5 x labelling buffer, 2 ul of dNTP
mix (dGTP, dATP, dTTP [final concentration of 20 uM each]), 2 pl of BSA (400ug/ ml)
and 1 ul of DNA Polymerase | Large (Klenow) Fragment (100u/ ml) from the Prime-a-
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Gene labelling kit (Promega, Southampton, UK, Madison WI). The tubes were
transferred to the radiation area and 2 pl of a-**P- labelled dCTP was added to each
sample. Reactions were performed at 37 °C for 1 hour. Probes were denatured by
boiling at 100 °C for 5 minutes and 200 pl of salmon sperm carrier DNA (10 mg/ ml)
was added to each sample. Radioactive content of the tubes was diluted in 1 ml of
Quick-Hyb and transferred into glass tubes containing the membranes to be labelled.
The membranes were incubated with the radioactive probes for 1 hour at 68 °C on
the rotary wheel. The radioactive probes were then discarded and the membranes
washed twice with 2 x SSPE buffer plus 0.1% w/v SDS at 60 °C for 10 minutes,
followed by one wash with 0.1 x SSPE plus 0.1% w/v SDS for 10 minutes at 60 °C.
The blot was wrapped in cling film and checked using Geiger counter. The washes
were repeated until radioactive background counts were less than 20 counts per
second (cps). Visualization of the northern blot was performed by exposing the
membrane to a phosphoimaging screen for 30 minutes — 4 hours and RNA levels
were observed using the phosphorimaging system (Typhoon, Amersham
Biosciences) and quantified using Image Quant software (GE Healthcare Life
sciences). Additionally, autoradiographs were obtained following exposure to X-ray
film (Fuji Medical X-ray film - SuperRX) overnight at -80 °C.

Northern membranes were stripped by incubation with 50-100 ml of boiling
stripping solution (0.1% SDS w/v, 0.1 x SSC [15 mM NaCl, 1.5 mM sodium citrate
pH7.0], 40 mM Tris pH7.5) for 15 minutes at 68 °C in a glass tube with agitation. The
procedure was repeated, then the solution was discarded and the membrane was
checked using Geiger counter to ensure the successful removal of the radioactive

probe.

2.4 Protein analysis

2.4.1 Preparation of native protein extracts

25-30 ml of mid-exponentially growing C. albicans cells were untreated or treated
with the required stresses, collected by centrifugation at 3500 rpm for 2 minutes and

immediately snap-frozen in liquid nitrogen. Thawed pellets were resuspended in 750
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uL of ice-cold lysis buffer (50 mM Tris-HCI pH7.5, 150 mM NacCl, 0.5% NP40, 10 mM
imidazole) supplemented with a cocktail of protease inhibitors (10 ug/ ml leupeptin,
10 pg/ ml pepstatin, 0.07 trypsin inhibitor units/ ml aprotinin, 1 mM
phenylmethanesulfonyl fluoride [PMSF] and phosphatase inhibitors [2 mM NazVO,
and 50 mM NaF]). For samples that required the subsequent treatment with
phosphatase, NazVO, and NaF were omitted. Samples were centrifuged at 13000
rpm for 2 minutes and the supernatant was discarded. Cell pellets were resuspended
in 200 pl of lysis buffer and transferred into 2 ml screw-capped tubes. An equivalent
of 1 ml of glass beads was added to each tube and cells were disrupted using a bead
beater for 2 x 30 sec. The protein extract was clarified by centrifugation at 13000 rpm
for 10 minutes at 4 °C and protein concentration was measured using the Bradford
method (Bradford, 1976).

2.4.2 SDS-PAGE and Western blotting

4 x SDS loading sample buffer (50 mM Tris-HCI pH 6.8, 2% w/v SDS, 10% v/v
glycerol, 1% v/v B-mercaptoethanol, 12.5 mM EDTA, 0.02 % w/v bromophenol blue)
was added to the protein extracts, and denaturing was completed by incubating at
100 °C for 5 minutes. Samples were then subjected to SDS-PAGE on 8-15%
polyacrylamide gels depending on the size of the protein to be detected. 5 pl of pre-
stained molecular weight markers (Page Ruler, Thermo Scientific) was loaded and
used to monitor running of the gel and efficient transfer. Gel preparation was
performed using the protocol described by Laemmli et al. (Laemmli, 1970). Gels were
run at 200 V in SDS-PAGE electrophoresis running buffer (2.5 mM Tris-HCI, 19.2 mM
glycine, 0.01% SDS pH 8.3) for the required time and transferred onto nitrocellulose
membrane (Protran®, Schleicher & Schuell Bioscience, DE) at 100 V for 1 hour.
Transfer buffer contained 2.5 mM Tris-HCI, 19.2 mM glycine, 0.01% SDS, pH 8.3 and
20% v/v methanol.

The membrane was incubated with 10% BSA made in TBST (15 mM NacCl, 1 mM
Tris-HCI pH 8.0, 0.1% Tween 20 v/v) and supplemented with 0.2% NazVO, v/v and

5% NaF, to block non-specific sites, for 30 minutes with agitation. Following blocking,
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the membrane was incubated with the required primary antibody solution (Table 2.5)
made in 5% BSA in TBST, and incubated at 4 °C overnight with agitation.
Membranes were rinsed five times for 5 minutes in TBST following by incubation with
the secondary antibody for 45 minutes at room temperature. Membranes were
washed three times with TBST again and manually developed using ECL™ Western

blotting detection system (Amersham Pharma Biotech) and Fuji Medical X-ray film.

Membranes were stripped by agitation at 50 °C for 30 minutes with stripping
buffer (100 mM 2-Mercaptoethanol, 2% SDS w/v, 62.5 mM Tris-HCI pH 6.7), followed
by two washes with TBST for 10 minutes with agitation at room temperature. Stripped
membranes were blocked with 10% BSA in TBST and re-probed with the required
primary antibody at 4 °C overnight.

Working
Antibody Description dilution in 5% Supplier
(w/v) BSA

c-Myc 9E10: IgG mouse monoclonal 1:1000 Santa Cruz Biotech.,

(SC40) Inc.

Anti-Capl Ig rabbit polyclonal 1:1500 Professor Scott
Moye-Rowley,
University of lowa

Anti-Histone IgG rabbit monoclonal 1:2000 EMD Millipore

H3,pan, clone A3S Corporation,
Temecula, CA

Anti-acetyl-Histone | IgG rabbit polyclonal 1:2000 EMD Millipore

H3 (Lys9) Corporation,
Temecula, CA

Anti-acetyl-Histone | 1gG rabbit polyclonal 1:2000 EMD Millipore

H3 (Lys14) Corporation,
Temecula, CA

ani-Phospho RNA | IgG rabbit polyclonal 1:2000 Abcam, Cambridge,

Polymerase Il (S2), UK

ab5095

ani-Phospho RNA | IgG mouse monoclonal 1:2000 Abcam, Cambridge,
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Working
Antibody Description dilution in 5% Supplier

(w/v) BSA

Polymerase Il (S5), UK

ab5408

anti-RNA Pol Il IgG2a mouse monoclonal | 1:2000 Abcam, Cambridge,

CTD repeat UK

YSPTSPS, ab817

Table 2.5 Antibodies used in this study.

2.4.3 Capl phosphorylation assay

Capl phosphorylation assay was performed by adaptation of the protocol used
by (Smith et al., 2004). Exponentially growing yeast cells expressing Myc-tagged
Capl (JC948) were collected following exposure to oxidative, osmotic, or
combinatorial stresses. 25-30 ml of the culture was harvested by centrifugation at
3500 rpm for 2 minutes and pellets were immediately snap-frozen in liquid nitrogen.
Protein extracts were prepared as described in 2.4.1, with the lysis buffer
supplemented with phosphatase inhibitors. 30 — 50 ug of total protein extract was
subjected to SDS-PAGE on 8% polyacrylamide gels (4.6 ml of H,O, 2.6 ml of
acrylamide/ bis-acrylamide [30%/0.8% wi/v], 2.6 ml of 1.5 M Tris-HCI pH8.8, 0.1 ml of
10% w/v SDS, 100 pl of 10% w/v ammonium persulfate, 10 pl of TEMED for 10 ml of
separating gel). Phosphorylation of Capl-Myc was detected by western blotting as
described at 2.4.2. The membranes were blocked with 10% BSA and incubated
overnight with anti-Myc primary antibodies at 4 °C, followed by the secondary horse
radish peroxidase (HRP) conjugated anti-Mouse IgG antibody (1/2000 in 5% BSA,

Sigma) with the subsequent manual development.

2.4.4 Determination of RNA polymerase Il phosphorylation

C. albicans cells were collected and processed as described in section 2.4.1, with

the exception that one extra time “zero” sample was collected and processed to allow
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protein dephosphorylation. Essentially cells were lysed in buffer lacking the
phosphatase inhibitors NazVO4 and NaF and subsequently incubated with 200 units
of Lambda protein phosphatase (New England Biolabs) for 30 min at 30 °C. All
samples at the final concentration of 15 pg of the total protein extract were
resuspended in 4 x SDS reducing sample loading buffer and subjected to SDS-
PAGE on 8% polyacrylamide gels. SDS-PAGE was performed as described in
section 2.4.2 and RNA Pol Il phosphorylation was detected using anti-RNA Pol I
phospho S2 (ab5095 [Abcam]) and anti-RNA Pol Il phospho S5 (ab5408 [Abcam])
antibodies. Total levels of RNA Pol Il were detected using an anti-RNA Pol Il CTD
repeat antibody (ab817 [Abcam]). Blots were stripped, and Capl-MH was detected
using anti-Myc antibodies (9E10 [Sigma]).

2.45 Capl-Crml co-immunoprecipitation

Exponentially growing wild-type (JC1925), Acapl (JC710) or Ahogl (JC1940)
cells expressing 2-myc 6-His tagged Crm1 were harvested before and after stress
treatments. Total protein extracts were prepared as described at 2.4.1, and 25 pg of
each sample was supplemented with 4-5 pl of 4 x SDS loading dye and reserved as
the 5% protein input sample. To precipitate Crm1-Myc, 20 pl of anti-myc (9E10)
antibody-coupled agarose beads (Santa Cruz Biotechnologies) were added to 500 ug
of total protein extract and incubated at 4 °C for 1 hour at rotary wheel. Then samples
were spun at 6000 rpm for 1 minute and the beads were extensively washed with
lysis buffer without NaF and NazVO,4 (7-10 times). The lysis buffer was removed and
the beads were incubated in the residual buffer with 200 units of Lambda protein
phosphatase (New England Biolabs) for 30 min at 30 °C. Finally, the beads were
resuspended in 5-10 pl of 4 x SDS loading dye. To dissociate bound proteins from
the beads, samples were boiled for 5 minutes at 98 °C, and the beads were removed
by centrifugation at 13000 rpm for 1 minute. The supernatant containing proteins was
immediately subjected to SDS-PAGE on 8% polyacrylamide gels, and co-
precipitation of Capl was monitored by western blotting using anti-Capl polyclonal

antibodies (kindly provided by Professor Scott Moye-Rowley, University of lowa).
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Membranes were subsequently probed with anti-myc antibodies (9E10 [Sigma]) to

determine the precipitated Crm1 levels.

2.4.6 Acid lysis protein extraction

For the extraction of proteins under acid conditions, 1 ml of mid-exponentially
growing C. albicans cells were rapidly added to 1 ml of 20% w/v trichloroacetic acid
(TCA), harvested by centrifugation for 2 minutes at 3500 rpm and immediately snap-
frozen in liquid nitrogen. The thawed pellets were resuspended in 1 ml of ice-cold
10% TCA and transferred into screw-capped tubes containing an equivalent of 1 ml
cold glass beads. Cells were disrupted using a bead beater (30 seconds, ice 2
minutes, 30 seconds) and the lysate was transferred into 1.5 ml Eppendorf tubes.
Samples then were centrifuged for 10 minutes at 13000 rpm, 4 °C and the TCA
removed. Remaining TCA was removed by washing protein pellets three times with
500 pl of ice-cold acetone, spinning each time at 6000 rpm for 1 minute. Acetone was
removed and samples were air-dried at room temperature. The sample pellet was
resuspended in 20 ul of TCA buffer (200 mM Tris-HCI pH8, 1 mM EDTA, 1% w/v
SDS) supplemented with 1 mM PMSF with or without 25 mM 4-acetamido-4’-
((iodoacetyl)amino)stilbene-2,2-disulphonic acid (AMS, Invitrogen, Paisley, UK).
Samples were incubated at 25 °C for 30 minutes with further incubation at 37 °C for 5
minutes to allow AMS binding. Soluble fractions were obtained after centrifugation for
3 minutes at 13000 rpm and treated with 5 units of calf intestinal alkaline
phosphatase (CIP [New England Biolabs]) for 1 h at 37 °C. Protein concentrations
were quantified using Pierce™ BCA Protein Assay Kit (Fisher Scientific UK Ltd,
Loughborough, UK) according to the manufacturer’s protocol. 4-5 pl of 4 x SDS
sample loading buffer (50 mM Tris-HCI pH 6.8, 2% w/v SDS, 10% v/v glycerol, 1%
v/v B-mercaptoethanol, 12.5 mM EDTA, 0.02 % w/v bromophenol blue) was added to
each sample and samples were stored at -20 °C until required. Proteins were
separated by SDS-PAGE, following by the western blotting as described in section
2.4.2.
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2.4.7 Determination of Cap1l, Trx1 and Txl1 oxidation

To determine the oxidation status of Capl, protein extracts were prepared under
acid lysis conditions and treated with the thiol alkylating agent AMS, as described
previously (da Silva Dantas et al., 2010). Briefly, 2 ml of C. albicans cells expressing
myc-tagged Capl (JC948) untreated or treated with the required stresses were
collected and proteins extracted as described in section 2.4.5. The TCA buffer was
supplemented with 1 mM PMSF and 25 mM of the thiol binding reagent AMS
(Invitrogen Paisley, UK) to monitor the shift in oxidised Capl-Myc mobility. For
control samples, AMS was omitted. All samples were resuspended in 5 pl of non-
reducing 4 x SDS loading buffer (50 mM Tris-HCI pH 6.8, 2% w/v SDS, 10% v/v
glycerol, 12.5 mM EDTA, 0.02 % w/v bromophenol blue) and separated for 3-4 hours
by SDS-PAGE under non-reducing conditions on 8% polyacrylamide gels (width 15
cm, length 12 cm). The oxidation of Capl-Myc was analysed by western blotting

using anti-Myc antibodies (9E10 [Sigma]).

In order to determine the nature of Capl oxidation following different doses of
oxidative stress and combinatorial stress, acid extracted protein pellets were
subjected to rounds of alkylation and reduction using various chemicals that are
listed in the Table 2.6. Protein extracts were incubated with N-ethylmaleimide (NEM
[Thermo Scientific, Paisley, United Kingdom]) at a final concentration of 10 mM at 30
°C for 30 min in order to block free thiols, following by precipitation with 1 V of 20%
trichloroacetic acid (TCA) on ice for 30 min, and washed extensively three times with
acetone. NEM-labelled samples were resuspended in sample buffer (200 mM Tris-
HCI pH 8, 1% SDS, 1 mM EDTA) supplemented with 20 mM DTT and incubated at
37 °C for 60 minutes in order to reduce the existing disulfides. Soluble fraction was
separated by centrifugation at 13000 rpm for 3 minutes. An equal volume of 20%
TCA was added to each tube and protein samples were precipitated on ice for 30
minutes or at -20 °C for 10 minutes. Then samples were spun for 15 minutes at
13000 rpm at 4 °C and supernatant was discarded. Protein pellets were resuspended
in the sample buffer (100 mM Tris-HCI pH 6.7, 1 mM EDTA, 1% SDS) containing
methoxy PEG-maleimide (mPEG-Mal; PEG-maleimide with a molecular weight of
2,000 [Nanocs, Inc., Boston, MA]) at a final concentration of 10 mM at 30 °C for 45
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minutes (Okazaki et al., 2007) in order to label free thiols that were involved in the
formation of disulfides. Acid precipitation and acetone washes were repeated, and
samples were treated with 5 U of alkaline phosphatase (New England Biolabs) at 37
°C for 1 h to prevent phosphorylation from having an impact on AMS/PEG-
maleimide-dependent mobility shifts (Patterson et al., 2013). Soluble fraction was
separated by centrifugation at 13000 rpm for 3 minutes and the protein concentration
was determined using BCA protein assay kit (Pierce™, Thermo Scientific). Required
amount of protein extract was mixed with 4 x non-reducing SDS loading dye and
stored at -20 °C. Samples were subjected to SDS-PAGE on 8% gels under non-
reducing conditions, and Capl-MH was detected as described above for AMS-
treated Capl samples.

To monitor Trx1-Myc oxidation, C. albicans JC930 cells were treated or untreated
with the required stresses and 1 ml of cell culture was collected per time point.
Samples were extracted and AMS-labelled as described for Capl-Myc, but the
phosphatase treatment step was omitted. Protein extracts were ran on 15%
polyacrylamide gels for 1-1.5 hours with the subsequent western blotting using anti-

Myc antibodies for Trx1-Myc detection.

To examine the oxidation of TxlI1-Myc, C. albicans JC2101 cells were treated and
processed as described above for Capl, with the only difference that the samples
were ran on 10% polyacrylamide gels for 1.5-2.5 hours, following by the western

blotting using anti-Myc antibodies to detect TxI1-Myc.

Stock Working Incubation _
_ . Incubation
Agent concentration, | concentration, | temperature, _ _ Source
time, min
mM mM °C
NEM 200 10 25 30 Thermo
(250 mg in 10 +Inactivation | +Inactivation | Scientific,
ml ethanol) at 37 5 UK
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Stock Working Incubation _
) _ Incubation
Agent concentration, | concentration, | temperature, _ _ Source
time, min
mM mM °C
AMS 25 25 25 30 Invitrogen,
(25 pg of AMS + Inactivation | +Inactivation | UK
in1.6 ml TCA at 37 5
buffer)
DTT 1 MinH,O 10 37 60 Sigma, UK
mPEG- 0.03gin 250 ul | 10 30 45 NANOCS
Maleimide | of TCA buffer, Inc.,
pH 6.7 Boston,
USA

Table 2.6 Chemicals and reaction conditions used to determine Capl oxidation status.

2.4.8 Determination of histone H3 modifications

To examine histone modifications following treatment with different doses of

H,O, and combinatorial stress, C. albicans cells were treated with H,O, (5 and 25
mM), 1 M NaCl and 5 mM H;0O, + 1 M NaCl for 10 and 60 minutes. Samples were

collected and proteins extracted using the acid lysis protocol as described in section
2.4.6. 10 pg of total protein extract was subjected to SDS-PAGE on 15%

polyacrylamide gels. Total levels of histone H3 and levels of H3 carrying H3K9 and

H3K14 modifications were monitored using the antibodies from EMD Millipore

Corporation (Temecula, CA) listed in the Table 2.5. Due to unmodified and modified

versions of histone H3 having a very similar molecular mass, triplicate gels were ran

and probed in parallel.
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2.5 Imaging techniques

2.5.1 Differential interference contrast (DIC) microscopy

C. albicans cells were grown to mid-exponential phase (~ODggo= 0.6) and 10 ml
collected before or after treatment with required stresses. Cells were fixed by the
addition of 1/10 volume of freshly prepared 3.7% para-formaldehyde solution made in
PEM (100 mM piperazine-1, 4-bis (2-ethanesulfonic acid) (PIPES) pH 6.8, 1 mM
EGTA pH 8.0, 1 mM MgSO,) and agitated for 30 minutes at room temperature. Fixed
cells were washed three times in PEM and resuspended in 100 pl of PEM. For
microscopy, 5 ul of cells were spread onto Poly-L-lysine coated glass slides and air-
dried. The fixation was performed by incubating in ice-cold methanol for 6 minutes,
following by the incubation in ice-cold acetone for 30 seconds. 3-5 pl of Vectashield®
mounting medium with 1.5 mg/ml DAPI (4’, 6-diamidino-2-phenylindole) was added
on top of each sample, to which a glass coverslip was added and sealed with nail
varnish. Differential interference contrast (DIC) images were captured using Zeiss
Axioscope with a 63 x oil immersion objective, and AxioVision digital imaging system.

2.5.2 Fluorescence microscopy to detect Capl localisation

To detect the localization of Capl-GFP, the cells were prepared as described by
(Enjalbert et al., 2006, Barelle et al., 2004). C. albicans cells expressing GFP-tagged
Capl (JC1060) were grown in YPDT media to mid-exponential phase (~ODggo= 0.6),
treated or untreated with required stresses for the indicated times, and immediately
fixed in 3.7% paraformaldehyde made in PEM as described in section 2.5.1. Samples
were mounted using 3-5 pl of Vectashield® mounting medium, a glass coverslip was
applied and sealed with nail varnish. DAPI and GFP fluorescence were captured by
exciting cells with 365- and 450- to 490-nm wavelengths, respectively, by using a
Zeiss Axioscope with a 63 x oil immersion objective, and AxioVision digital imaging

system.
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2.6 Caenorhabditis elegans virulence assays

2.6.1 Caenorhabditis elegans strains and growth conditions

C. elegans strains listed in Table 2.7 were maintained on Nematode Growth
Medium (NGM; 50 mM NacCl, 1.7% w/v agar, 0.25% w/v peptone, 1 mM CacCl,, 25
mM KH,PO4, 1 mM MgSO,), supplemented with 1 ml/L cholesterol (5 mg/ml stock in
95% ethanol) and streptomycin (300 ng/ml); 7ml of media was poured into small Petri
dishes and seeded with 300 pl of an overnight culture of Escherichia coli OP50
(uracil auxotroph derived from E. coli B [Berkeley strain]) as a standard food source
(Brenner, 1974) and allowed to grow for 48 hours. 20-40 worms at L4 stage were

transferred into each plate and stocks were maintained at 15 °C.

Strain Genotype Reference
glp-4 glp-4(bn2) Caenorhabditis Genetics
Center (CGC)
glp-4 sek-1 glp-4(bn2)1;sek-1(km4) CGC

Table 2.7 C.elegans strains used in this study

2.6.2 C. elegans synchronisation techniques

Age-synchronised young adult worms were generated by placing young adults at
L4 stage onto NGML plates seeded with E. coli and incubating for 7-10 days at 15
°C. All animals were washed off from agar media with M9 buffer (6% w/v Na;HPO,4
[BDH], 3% w/v KH,PO, [BioChemika], 5% w/v NaCl [Sigma], 0.25% w/v MgSO4 x 7
H,O [BDH]; Brenner, 1974), and young larvae were separated from the adult
population by centrifugation at 1000 rpm for 1 minute. The supernatant containing
young larvae was transferred to fresh NGML plates seeded with E.coli and incubated
for an additional 2 days at 25 °C to induce sterility: the glp-4(bn2) mutant strain is
severely depleted in germ cells, and unable to give progeny while raised at the

restrictive temperature due to the cell cycle arrest (Beanan and Strome, 1992).
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2.6.3 Solid plate C. elegans infection assay

An overnight culture of C.albicans cells expressing GFP reporter (JC1732) in 10
ml of YPD was diluted to an ODeggo=0.2 and 10 pl of cells spotted onto the centre of a
Brain Heart Infusion (BHI, Scientific Laboratory Suppliers, Nottingham, UK) plates
supplemented with kanamycin (45 pg/ml from 10 mg/ml stock), and kept at room

temperature overnight.

100-200 age-synchronised young adult worms (L4 stage) were transferred from
NGML plates with E. coli as a standard food source to an organism-free NGML plate
for 1 hour and then transferred to the experimental plates seeded with C. albicans.
This prevented cross-contamination of the C. albicans plates with E. coli. For control
plates, an equal number of worms were transferred to a fresh NGML plate seeded
with E. coli. To examine the age-dependent susceptibility to infection, worms of three
age groups were placed onto C. albicans plates — young adults (L4), mature adults
(three days after L4 stage, L4+3 days), and worms of advanced age (L4+6 days).
Experimental and control plates were incubated at 25 °C and the viability of worms
was checked daily. Death was confirmed when the animal did not responded to touch
with a platinum wire and there was no pharynx contraction observed. At the same
time, the control group was maintained on non-pathogenic E. coli OP50 as a food

source in order to subtract the animals dead due to age, rather than infection.

2.6.4 Fluorescent microscopy of C. elegans infected with C. albicans

Populations of 100-200 age-synchronised glp-4 or glp-4 sek-1 animals were
infected as described in section 2.6.2 with a C. albicans GFP-fluorescent strain
(JC1732) and maintained at 25 °C. In order to visualise the progression of
accumulation of C. albicans cells in the worm intestine, 10-20 animals per time point
were gently taken using a platinum wire and placed into a drop of 0.06% levamisole
positioned on top of a patch of 3% agarose on a microscopy slide. When the animals
were anesthetised via the levamisole treatment, coverslips were applied and samples
taken for immediate DIC and GFP fluorescence microscopy using a Zeiss Axioscope
with 40 x and 63 x oil immersion objectives for DIC and GFP (at 450-490-nm
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wavelengths) Axiovision imaging system. 40 x objective was used to image whole

animals, whereas 63 x objective was used to visualise C. albicans cells.

2.6.5 Statistical analysis

C. elegans survival was examined by the Kaplan-Meier method and differences
were determined by log-rank test (Minitab 16, State College, PA). A P value of <0.05
in 3 replicate experiments was considered statistically significant.

2.7 General laboratory suppliers

All commonly used laboratory reagents and media were supplied by Sigma
(Dorset, UK), Thermo Fisher Scientific, Invitrogen Life Technologies or New England

Biolabs, unless stated otherwise.
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Chapter 3. Investigation of the responses of Candida species to

combinatorial stress

3.1 Introduction

Phagocytes employ multiple strategies to kill pathogens, such as the generation
of reactive oxygen, nitrogen and chloride species, cationic fluxes, acidification of the
phagosome, and nutrient deprivation. C. albicans can successfully adapt to all of
these stresses in vitro, and numerous reports provide compelling evidences that
stress responses are essential for C. albicans virulence (Smith et al., 2004, Wysong
et al.,, 1998, Alonso-Monge et al.,, 1999, Hwang et al., 2002, Lorenz et al., 2004,
Fradin et al., 2005, Hromatka et al., 2005, Barelle et al., 2006, Wilson et al., 2009,
Patterson et al., 2013). The majority of these studies have examined C. albicans
responses to a single stress stimulus, and comparative studies have illustrated that
C. albicans is more resistant to many stress conditions compared to other pathogenic
and non-pathogenic fungi (Nikolaou et al., 2009, Jamieson et al., 1996). This begs
the question of why is C. albicans sensitive to phagocyte-mediated killing in the
immunocompetent host, when this pathogen displays high levels of resistance to
phagocyte-imposed stress conditions in vitro?

Recent studies have provided some insight into what underlies the potency of
phagocytes in the killing of C. albicans. Specifically, it has been observed that
combinations of the physiologically relevant oxidative and cationic stresses is much
more potent in killing C. albicans than the corresponding single stresses (Kaloriti et
al., 2012). Furthermore, transcript profiling analysis revealed that the classical
oxidative and osmotic stress-responsive transcriptomes fail to be induced following
combinatorial cationic and oxidative stress treatment (Kaloriti et al., 2014). The AP-1
like transcription factor, Capl, is the major regulator of the oxidative stress-induced
transcriptome. Thus, a major aim of this Chapter is to delineate the mechanism(s)
underlying the inhibition of Capl activation following treatment of C. albicans cells
with combinations of cationic (NaCl) and oxidative (H.O,) stresses (Kaloriti et al.,
2014). Such findings should provide insight into how phagocytes employ

combinations of stresses to prevent activation of key stress-responsive regulators, a
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phenomenon which has been referred to as ‘stress-pathway interference’ (Kaloriti et
al., 2014).

Compared to C. albicans, C. glabrata is more resistant to combinatorial cationic
and oxidative stress-mediated killing (Kaloriti et al., 2012). In this Chapter, potential
mechanisms that may underlie this increased resistance of C. glabrata to

combinatorial stress are also explored.

3.2 Results

3.2.1 Capl activation is prevented following exposure to combinatorial

oxidative and cationic stress

The increased sensitivity of C. albicans to combinatorial oxidative and cationic
stress is largely attributed to the lack of activation of the Capl transcription factor
(Kaloriti et al., 2014). However, the mechanisms behind combinatorial stress-induced
inactivation of Capl remain unknown. As previously described in the introduction
(section 1.5.2.3.3), one of the key events in the activation of Cap1l is the oxidation of
conserved cysteine residues resulting in interdomain disulphide bond formation
between two cysteine rich domains, the n-CRD and c-CRD. The oxidised form of
Capl accumulates in the nucleus, as the NES located within the c-CRD is now
masked and thus cannot be recognised by the Crm1 nuclear exporter. Therefore, the
oxidation status of Capl was examined following treatment with combinations of
oxidative (5 mM H,0,) and osmotic (1 M NaCl) stresses, alongside other readouts of
Cap1l activation. C. albicans cells expressing myc-His tagged Capl and GFP-tagged
Capl were subjected to the combinatorial stress treatment, or treatment with H,O,
alone, for 10 minutes and Capl activation compared. No nuclear accumulation of
Capl-GFP was evident following a 10 minute combinatorial stress treatment, in
contrast to the clear nuclear accumulation seen following H,O, treatment alone
(Figure 3.1A). Consistent with phosphorylation of Capl being a nuclear-mediated
event (Patterson et al., 2013), Capl phosphorylation was observed following H,O,

treatment but not following combinatorial stress (Figure 3.1B).

92



H,0, + NaCl

Capl-GFP

DAPI

202
H,0, +
H,0, + C ns  H,0, NaCl NaCl
ns  H,0, NaCl NaCl

ks g -
4—Cap1
.
ey -

Figure 3.1 The lack of antioxidant gene expression following combinatorial stress is

due to the inhibition of Capl activation.

(A) Capl does not accumulate in the nucleus following combinatorial stress. Localisation of
Capl was detected by fluorescence microscopy of cells expressing Capl-GFP (JC1060)
under non-stress conditions (ns) and after exposure to 5 mM H,O, or 5 mM H,O, plus 1 M
NaCl for 10 min. The position of the nuclei is shown by DAPI staining. (B) Capl is
phosphorylated following H,O, exposure, but not combinatorial stress. Lysates from cells
expressing 2Myc- and 6His-tagged Capl (Capl-MH-JC948), before (ns) and after the
indicated stress treatments, were analysed by western blotting using an anti-Myc antibody.
The positions of unphosphorylated (Cap1) and phosphorylated (Cap1”) Capl are indicated.
(C) Combinatorial stress inhibits H,O.-induced antioxidant gene expression. Northern blot
analysis of RNA isolated from wild-type (JC747) cells before (ns) and following a 10 min
treatment with 5 mM H,0O,, 1 M NaCl, or 5 mM H,0, plus 1 M NaCl. Blots were analysed with
probes specific for the catalase (CAT1) and thioredoxin reductase (TRR1) genes. A probe

against ACT1 was used as a loading control.
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Furthermore, in line with previous microarray data (Kaloriti et al., 2014), northern
analysis confirmed that key antioxidant genes regulated by Capl — CAT1 encoding
catalase and TRR1 encoding thioredoxin reductase — were not induced in response
to combinatorial oxidative and cationic stress (Figure 3.1C). Based on these findings,
that combinatorial stress prevents Capl activation and that Capl oxidation is
essential for the activation of this transcriptional factor, we predicted that Capl
oxidation was prevented by the combinatorial stress treatment.

To detect the status of Capl oxidation, cell extracts were prepared using acid
lysis (which prevents spurious oxidation events) and treated with the alkylating agent
4-aceto-4'-maleimidylstilbene-2,2'-disulfonic acid (AMS) (Delaunay et al., 2002). AMS
binds specifically to reduced cysteines residues, increasing the size of the protein by
0.64 kDa per modified cysteine residue (Figure 3.2A). The H,O»-induced oxidation of
thiols prevents AMS binding, and consequently oxidised proteins have a lower
molecular mass and faster mobility on non-reducing PAGE compared to the
corresponding reduced proteins. C. albicans cells expressing Capl-Myc were treated
with the indicated stresses and oxidation followed by western blotting of AMS-treated
samples. Capl oxidation was seen in response to H,O,, but not NaCl (Figure 3.2B),
as detected by a faster AMS-dependent mobility on SDS-PAGE (designated as
Cap1°%). The anti-Hog1 signal was used as a loading control. However, in contrast to
the prediction that Capl oxidation would be inhibited by combinatorial stress
treatment, Capl exhibited a faster AMS-dependent mobility that seen following H,O,-
treatment alone (designated as Cap1°*?). The faster mobility of Cap1°*? indicates
that Capl is more oxidised following combinatorial stress than H,O, treatment alone.
Although the faster mobility form of Capl observed following combinatorial stress
was AMS-dependent, indicating that this was due to increased oxidation,
experiments were performed to exclude the possibility that this faster mobility of
Capl was due to protein degradation. C. albicans cells expressing Myc-tagged Capl
were treated with oxidative (5 mM H;0,), cationic (1 M NacCl) stresses and their
combination, and native protein extracts were analysed by SDS-PAGE and western

blotting.
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Figure 3.2 Capl is differentially oxidised in response to combinatorial stress.

(A) Chemical structure of AMS (4-Acetamido-4'-isothiocyanato-2,2'-stilbenedisulfonic acid
disodium salt hydrate). (B) Cartoon illustrating the detection of protein oxidation by AMS
binding to reduced thiols. (C) Capl is differentially oxidised following combinatorial stress.
Capl oxidation was analysed by non-reducing SDS-PAGE and western blotting of AMS-
modified or untreated proteins prepared from the cells expressing Capl-MH, before (NS) and
following 10 minutes of 5 mM H,0,, 1 M NaCl and 5 mM H,0, + 1 M NaCl stress treatments.
Extracts from cap1A cells were included as a control. The positions of reduced (Cap1~P),
oxidised (Cap1%), and differentially oxidised (Cap1°**) Cap1 are indicated. The blot was
subsequently reprobed with anti-Hog1 antibodies as a loading control.
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This revealed no impact of the stresses examined on Capl stability (Figure
3.3A). Densitometric quantification of Capl protein levels showed no statistically
significant difference before or after the stresses tested.

The increased mobility of Cap1°** generated in response to combinatorial stress
indicated that Capl is more oxidised following this treatment. To explore the nature
of this oxidised form, the presence of redox-sensitive disulfides was investigated. To
detect redox-sensitive disulfides, protein extracts were treated with the small
molecular weight thiol-binding agent N-Ethylmaleimide (NEM), which binds to
reduced, but not oxidised cysteine residues. Any oxidised disulfides present in the
protein are then reduced with dithiothreitol (DTT), and the newly released reduced
thiols then bound with AMS (Figure 3.4A). Thus, in this experiment, increasing
numbers of disulfides is reflected by a reduced mobility on SDS-PAGE. Cells
expressing Capl-MH were exposed to 5 mM H,O, or combinations of 5 mM H,0,
and 1 M NaCl for 10 minutes, and the subsequent acid lysis-derived extracts were
treated with NEM, DTT and AMS and different combinations of these chemicals. The
appearance of the double band of Capl seen before stress was investigated and the
fact that it disappears when cell extracts are immediately treated with NEM (which
protects thiols from oxidation) suggests that this is due to some spurious oxidation
during the preparation of the protein extracts. However, more importantly, Capl
displayed a reduced mobility following the sequential NEM-DTT-AMS treatment
following both H,O, and combinatorial stress treatment. This illustrates that both

X and Cap®*' forms, generated following H,O, and combinatorial stress

Cap
treatments respectively, contain disulphide bonds (Figure 3.4B). Samples treated
with NEM-DTT-AMS showed Capl-MH increased mobility compare to DTT-AMS
treated samples following both oxidative and combinatorial stresses, suggesting that
Capl may not be fully oxidised in these conditions; similarly, stress untreated DTT-
AMS sample also exhibited increased relative mobility compare to NEM-DTT-AMS
treated sample, indicating that Capl may potentially contain disulfides in non-stress

conditions.
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Figure 3.3 Quantification of Capl protein levels pre- and post-stress treatment.

(A) Capl protein levels were analysed by SDS-PAGE and western blotting of native extracts
prepared from cells expressing Capl-MH before (NS) and following a 10 min exposure to 5
mM H,0O,, 1 M NaCl, or combinations of these stresses. Blots were stripped and reprobed
with an anti-Hogl antibody as a loading control. (B) Quantification of Capl levels.
Quantitative densitometric analysis of western blots from five biological replicates was
conducted to determine the relative levels of Capl following the stress treatments described
above, compared to non-stress (NS) levels. Mean values (tSEM) are shown and ANOVA
was used to determine statistically significant differences in Capl levels. (Figure 3.3B).
These results indicate that the differential mobility of Capl observed following combinatorial
stress is not a result of protein degradation. No significant differences were observed;
p>0.05.
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Figure 3.4 Capl oxidation following oxidative and combinatorial stress.

(A) Cartoon showing the sequential NEM-DTT-AMS treatments employed to allow for the
detection of disulphide bonds. (B) Capl mobility was monitored by non-reducing SDS-PAGE
and western blotting of proteins prepared from cells expressing Capl-HM exposed to 5 mM
H,O,, or to 5 mM H,0, plus 1 M NaCl, for 10 min. Disulphide bonds are indicated by a
retarded mobility of Capl due to AMS binding to DTT-resolved disulfides (compare NEM-
DTT with NEM-DTT-AMS treated lanes). (C) The oxidised forms generated following both
oxidative and combinatorial stress contain disulphide bonds. Capl mobility was monitored by
non-reducing SDS-PAGE and western blotting of proteins prepared from cells expressing
Capl-HM, under non-stress conditions (ns, Capl) or following treatment with the indicated
compounds. The presence of disulphide bonds is indicated by a retarded mobility of Capl
due to AMS binding to DTT-resolved disulfides. Slower mobility of Capl following oxidative
stress could be due to residual phosphorylation seen following oxidative but not
combinatorial stress (Figure 3.1B). To circumvent this issue, samples were phosphatase

treated prior to loading. Data are shown as representative of three experiments.
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To be able to better compare the mobility of Capl following H,O, and
combinatorial stress treatments, the NEM-DTT-AMS samples were ran together. As
illustrated in Figure 3.4C, Capl has a slightly slower mobility following H,O,

treatment than combinatorial stress, indicating that Cap1°*

may have more disulfides
than Cap1°**. However, it was possible that the decreased mobility of Capl could
be due to residual phosphorylation seen following oxidative stress, but not
combinatorial stress (Figure 3.1B). To circumvent this issue, the experiment was
repeated in which a higher molecular weight thiol binding agent, PEG-maleimide,
was used instead of AMS (Figure 3.5A). Upon binding to free thiols, PEG-maleimide
(PEG-M), results in a mobility shift of ~2 kDa per cysteine residue compared to ~0.64
kDa when treated with AMS (Okazaki et al., 2007). As shown in Figure 3.5B, a
predominantly single oxidised form of Capl is seen following H,O, treatment,
whereas multiple differentially oxidised forms are detected following combinatorial

stress.

The slow mobility of the single form of Cap1®* generated post-H,O, treatment
indicates the presence of multiple disulfides. This may reflect the situation observed
for Yapl in S. cerevisiae in which three disulfides are formed between the six redox
active cysteine residues (Figure 1.7, Okazaki et al., 2007). In contrast the multiple,
faster mobility, bands seen with the combinatorial stress treatment are, most likely,
intermediates that are less oxidised compared to Capl®®. These findings are
reminiscent of the multistep oxidation mechanism of Yapl (Okazaki et al., 2007), and
that following combinatorial stress Capl is trapped in intermediate, partially oxidised,
forms of the transcriptional factor. These data conflict with our previous AMS-binding
experiments, where Cap1°*! was more oxidised than Cap1®* (Figure 3.2B). This
seemingly contradictory observation could be explained by the hyperoxidation of
cysteine thiols to sulphinic or sulfonic acid derivatives in the Cap1°** form (see

discussion).
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Figure 3.5 Capl forms multiple differentially oxidised intermediates following

combinatorial stress treatment.

(A) Chemical structure of PEG-maleimide. (B) Cartoon showing the sequential NEM-DTT-
PEG-maleimide (PEG-M) treatments which allow for the detection of disulphide bonds. (C)
Comparison of Capl oxidation before (ns) and following oxidative and combinatorial stress
by PEG-maleimide binding to DTT-resolved thiols. Samples were phosphatase treated prior
to loading. This shows that different oxidised forms of Capl are present following
combinatorial stress, whereas a single form containing multiple disulfides is prevalent
following oxidative stress. Data are shown as representative of three experiments.
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3.2.2 The inactivation of Capl following combinatorial stress is transient

According to the findings above, Cap1°**! has less disulfides than Cap1°* and
thus may be an intermediate form of fully active Capl. This prompted the question as
to whether combinatorial stress-mediated inactivation of Capl was irreversible or
transient. To examine this, C. albicans cells were exposed to H,O, stress alone,
combinatorial H,O, and cationic stress, and different readouts of Capl activation —
nuclear accumulation, phosphorylation and Capl-dependent gene expression - were
examined over time. The nuclear accumulation of Capl-GFP in response to the
oxidative and combinatorial stresses indicated that following both stress treatments
Capl accumulates in the nucleus (Figure 3.6). However, Capl nuclear accumulation
was significantly delayed following H,O, + NaCl treatment and Capl was not seen in
the nucleus until 60 minutes post stress treatment. This contrasts to the rapid H,O.-
induced nuclear accumulation of the transcriptional factor observed 10 minutes post

stress treatment.

The kinetics of Capl phosphorylation in response to H,O, and H,O, + NaCl were
next compared, as this post translational modification is associated with the nuclear
accumulation of yeast AP-1 like transcriptional factors (Delaunay et al., 2000).
Consistent with the delayed nuclear accumulation of Capl, combinatorial stress
caused a dramatic delay in Capl phosphorylation compared to H,O, treatment alone
(Figure 3.7), with the phosphorylated form of Cap1 (Cap1®) not seen until 60 minutes
post combinatorial stress treatment. In addition, northern blot analysis of two Capl
target genes — CAT1 and TRR1 — revealed, that the combination of the oxidative and
cationic stresses cause a significant delay in Capl-dependent gene expression
(Figure 3.8). The delay in the induction of Capl gene targets coincided with the
delayed Capl nuclear accumulation and phosphorylation. Therefore, combinatorial

stress-induced Capl inactivation is transient.
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Figure 3.6 Cap1l nuclear accumulation is delayed following combinatorial stress.

DAPI

Localisation of Capl was detected by fluorescence microscopy of cells expressing Capl-
GFP (JC1060) under non-stress conditions (ns) and after exposure to 5 mM H,O, or 5 mM

H,O, plus 1 M NaCl for the indicated times. The position of the nuclei is shown by DAPI
staining.
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Figure 3.7 Capl phosphorylation is delayed following combinatorial stress treatment.

Lysates from cells expressing 2Myc- and 6His-tagged Capl (Capl-MH, JC948), before (0)
and after the exposure to oxidative (5 mM H,0O,) or combinatorial (5 mM H,O, + 1 M NaCl)
stresses for the indicated times were analysed by western blotting using an anti-Myc
antibody. The positions of unphosphorylated (Cap1) and phosphorylated (Cap1”) Capl are
indicated. Data are shown as representative of five experiments.
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Figure 3.8 The inhibition of Capl-dependent gene expression following combinatorial
stress is transient.

(A) Northern blot analysis of RNA isolated from wild-type (JC747) cells before (ns) and
following treatment with 5 mM H,O,, 1 M NaCl, or 5 mM H,0O, plus 1 M Nacl for the indicated
times. Blots were analysed with probes specific for the catalase (CAT1) and thioredoxin
reductase (TRR1) genes. A probe against ACT1 was used as a loading control. (B) The
levels of CAT1 and TRR1 mRNA were quantified relative to the ACT1 loading control.
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As Capl activation was delayed following combinatorial stress, the kinetics of
Cap1°**! formation was examined to investigate whether the restoration of Capl
activity coincided with the resolution of the Cap1°** to the Capl®” form. AMS-

binding experiments revealed that, consistent with previous findings, Cap1°*

was
quickly generated post H,O, treatment and resolved back to the reduced form within
60 minutes (Figure 3.9). Treatment with combinatorial stress led to the initial

generation of Cap1°**

, Which was resolved to a form with mobility similar to that of
Cap1®* by 60 minutes post stress, demonstrating the transient nature of Cap1°*?,
The differentially oxidised form of Capl, generated post combinatorial stress, may
therefore represent a transient intermediate in the generation of an active oxidised

19%1 coincides with both

Capl. Furthermore, the appearance and resolution of Cap
the delayed phosphorylation, nuclear accumulation of Capl and the expression of
Capl target genes. Collectively, these results indicate that the differentially oxidised
form of Capl generated following combinatorial stress can be resolved to an active
oxidised form of this transcription factor, and combinatorial stress-induced Cap1°**

is inactive and unable to trigger the transcription of Capl-dependent genes.

The CAP1 gene itself is induced following oxidative stress (Fradin et al., 2005).
Therefore, it was possible that new Capl synthesis was needed for the restoration of
active Capl post combinatorial stress treatment. To test this hypothesis, the
oxidation and phosphorylation profile of Capl was examined in C. albicans cells
expressing CAP1 under the control of heterologous ACT1 promoter from its native
locus. Capl phosphorylation in response to H,O, and to the combination of H,O, and
NaCl was similar irrespective whether CAP1 was expressed from its own or the
ACT1 promoter. In both strains, Capl was phosphorylated 10 minutes post H,O,
stress treatment, and Capl phosphorylation was delayed until 60 minutes following
combinatorial stress (Figure 3.10A). Similarly, the oxidation profile of Capl in pACT1-
CAPL1 cells was similar to that observed in wild-type cells (Figure 3.10B), suggesting
that CAP1 promoter-driven Capl synthesis is not required for the restoration of
Cap1°*?! to Cap1®*. These findings indicate that new Capl synthesis is not required
to restore Capl function post combinatorial stress, and support our hypothesis

regarding the intermediate nature of Cap1°** in the formation of an active Cap1°*.
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Figure 3.9 The differential oxidation of Capl following combinatorial stress is not

sustained.

Capl oxidation was analysed by non-reducing SDS-PAGE and western blotting of AMS-
modified or untreated proteins prepared from the cells expressing Cap1-MH, before (NS) and
following exposure of Capl-MH cells to 5 mM H,O, or 5 mM H,O, + 1 M NaCl for the
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oxidised (Cap ) Capl are indicated. Data are shown as representative of five

experiments.
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Figure 3.10 Capl activation profile in response to combinatorial stress in cells

expressing CAP1 under the control of its own or constitutive ACT1 promoter.

(A) Capl phosphorylation in response to oxidative and combinatorial stress. Lysates were
prepared from WT (JC747) or pACT1-CAP1 (JC1388) cells following treatment with oxidative
(5 mM H,0,) or combinatorial (5 mM H,O,+ 1 M NaCl) stresses for the indicated times. Capl
phosphorylation was detected by western blotting using anti-Capl antibodies. The positions
of unphosphorylated (Capl) and phosphorylated (Capl®) Capl are indicated. (B) Capl
oxidation profile in WT cells compared to cells in which CAP1 is under the control of the
ACT1 promoter. The oxidation of Capl was measured by non-reducing SDS-PAGE and
western blotting of AMS-modified or untreated proteins following exposure of WT (JC747) or
pACT1-Capl (JC1388) cells to 5 mM H,0O, or 5 mM H,O, + 1 M NaCl for the indicated times.
Western blots were probed with anti-Capl antibodies. Data are shown as representative of

three experiments.
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3.2.3 The formation of Cap1°*!is dependent on Gpx3 and Ybp1l

As discussed in the introduction (section 1.5.2.3.3), two proteins, Gpx3 and
Ybpl, are required for the H,O,-induced Capl oxidation (Patterson et al., 2013).
Hence, the role of these two proteins in the generation of the combinatorial-stress
induced Cap1°** form was investigated. Capl oxidation was followed using the thiol
binding agent, AMS, as described previously. As illustrated in Figure 3.11A, no AMS-
dependent formation of Cap1®*! was observed in either gpx34 or ybp7A mutant
cells following combinatorial stress. Consistent with previous findings (Patterson et
al., 2013), there was also no formation of Cap1°* following oxidative stress in cells
lacking either Gpx3 or Ybpl. In addition, Capl levels were noticeably reduced in
ybp1A cells due to previously established role of Ybpl in maintaining Capl stability
(Patterson et al., 2013). In addition, no Capl phosphorylation was observed following
exposure to oxidative or combinatorial stress in Aybpl and Agpx3 mutants (Figure
3.11B). These results illustrate that the generation of Capl®*! following
combinatorial oxidative and cationic stress is dependent on both the Gpx3 thiol
peroxidase and the Ybpl protein. This is suggestive that the differentially oxidised

Cap1°* and Cap1°** forms emerge from the same oxidation pathway.

3.2.4 Combinatorial stress-induced delay in Capl activation is specific to the

combination of H,O, and cationic stresses

To examine whether combinatorial stress-induced Capl inactivation was specific
for the combination of NaCl and H,O, stresses, we investigated the potential of other
combinations of related stresses to prevent Capl activation. For instance, to explore
whether it is cationic, or osmotic, stress generated by NaCl that prevents the H,O,-
induced Capl activation, combinations of sorbitol and H,O, were tested. Sorbitol is a
commonly employed inducer of osmotic stress (section 1.4.1.3.2). C. albicans cells
expressing Capl-GFP were treated or untreated with 2 M sorbitol, 5 mM H,0,, and
the combination of these stresses (Figure 3.12A). 2 M sorbitol was used as the

stressor, as this has the same osmolarity as 1 M NaCl.
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Figure 3.11 Gpx3 and Ybpl regulate the formation of the combinatorial stress-induced
Cap1°* form.

(A) Capl oxidation in cells lacking YBP1 or GPX3. Capl oxidation was determined by
western blotting of AMS-modified protein extracts from wild-type (Wt, JC948), gpx34
(JC1311) and ybp1A (JC954) cells expressing Capl-MH before (ns) and following 10
minutes post stress treatments (5 mM H,O, or 5 mM H,0O, plus 1 M NacCl). (B) Capl is
unphosphorylated following combinatorial stress in ybplA and gpx3A mutants. Capl
phosphorylation was accessed by western blotting of native protein extracts from wild-type
(Wt, JC948), gpx3A (JC1311) and ybp1A (JC954) cells expressing Capl-MH 10 minutes
post stress treatments. Capl was detected using anti-Myc antibodies. Data are shown as

representative of three experiments.
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Consistent with previous findings, Cap1-GFP localised to the nucleus in response
to 5 mM H,0,, but not following the treatment with sorbitol. However, in contrast to
the NaCl-mediated inhibition of Capl nuclear accumulation following H,O, stress, the
addition of sorbitol failed to prevent H,O.-induced Cap1l nuclear accumulation. These
results indicate that cationic stress, and not osmotic stress, is vital for the

combinatorial stress-induced Capl inactivation.

We also explored whether the cationic stress-mediated inhibition of Capl was
specific to the ROS (H,0;,), or whether this extended to other redox active
compounds that activate Capl. For instance, diamide induces oxidative stress by
depleting cells of glutathione (Obin et al., 1998), and this triggers S. cerevisiae Yapl
nuclear accumulation via a different mechanism to what is reported to H,O,-driven
response (Delaunay et al., 2000; Figure 1.8). As described in the introduction
(section 1.5.2.3.1), studies of Yapl oxidation revealed that the formation of
interdomain disulphide bonds between the c-CRD and n-CRD occur upon oxidation
of Yapl in response to H,O,, whereas diamide triggers the formation of an intra-
domain disulphide within the c-CRD. To investigate whether cationic stress could
similarly inhibit diamide-mediated Capl activation, C. albicans cells expressing Capl-
GFP were exposed to 100 mM diamide in the presence or absence of 1 M NaCl, and
Capl nuclear accumulation monitored. Capl rapidly accumulated in the nucleus
following diamide treatment, illustrating that as with S. cerevisiae Yapl, this
glutathione-depleting agent can trigger activation of Capl in C. albicans. However, in
contrast to that seen with H,O,-induced Capl nuclear accumulation, cationic stress
treatment did not inhibit diamide-stimulated Capl nuclear accumulation (Figure
3.12B).

Taking together the results of Capl-GFP nuclear accumulation in response to
different combinations of stress stimuli we can summarise that: (i) it is the cationic
and not osmotic stress imposed by 1 M NaCl that inhibits the H,O,-induced activation
of Capl and, (i) NaCl-mediated inhibition of Capl activation only occurs when

interdomain disulfides are generated within Capl, as seen following H,O, treatment.
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Figure 3.12 Cap1-GFP nuclear accumulation in response to different stresses and their

combinations.

Localisation of Capl was detected by fluorescence microscopy of cells expressing Capl-
GFP (JC1060) under non-stress conditions (ns) and after exposure to (A) 5 mM H,0,, 5 mM
H,0O, + 2 M sorbitol and 2 M sorbitol, or (B) 100 mM diamide, 100 mM diamide + 1 M NaCl,
H,O, +1 M NaCl, or 1 M NacCl for 10 min. The position of the nuclei is shown with DAPI

staining.
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Thus, the phenomenon of Capl stress pathway interference is exquisitely
attributed to the combination of cationic stress and H;O,, which is of physiological

relevance, as both stresses are found in the phagosomal microenvironment.

3.2.5 Combinatorial stress-mediated inhibition of Capl is maintained in hyphal

C. albicans cells

C. albicans is a dimorphic fungus and can rapidly switch from budding to hyphal
morphology in response to various environmental cues within the human host. This
pathogen can successfully undergo hyphal transitions inside monocytes, resulting in
the penetration of the phagosome membrane, macrophage kiling and pathogen
escape (detailed in section 1.4.1.1). Thus, we asked whether combinatorial stress-
driven Capl inactivation is maintained when the fungus is in the hyphal form. To
examine this, the nuclear accumulation of Capl was monitored under non-hyphae
inducing conditions (YPD media, 30 °C), and under hyphae-inducing conditions (YPD
media plus 10% fetal calf serum, 37 °C). As illustrated in the Figure 3.13, whilst Capl
readily localised to the nucleus in both budding and hyphal cells following H,0,
treatment, no Capl nuclear accumulation was observed in either yeast or hyphal
forms after combinatorial stress treatment until 60 minutes post stress. Thus, the
mechanism of combinatorial stress-mediated inactivation of Capl occurs in different

morphological forms of C. albicans.

3.2.6 Cationic stress promotes the interaction of Capl with the Crm1 nuclear

exportin

Previous experiments revealed that cationic, and not osmotic, stress specifically
impaired the H,O.-induced Capl nuclear accumulation. The mechanism of Capl
nuclear accumulation is predicted to be similar to that reported for S. cerevisiae Yapl
and S. pombe Papl, and is based on the oxidation-dependent masking of the
nuclear export sequence, which inhibits the recognition of the protein by the Crml
exportin (Wood et al., 2004, Yan et al., 1998, Kuge et al., 1998) (detailed description
in section 1.5.2.3.1).
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Figure 3.13 Combinatorial stress-mediated Capl inactivation is maintained in hyphal

cells.

Cells expressing GFP-tagged Capl (JC1060) were incubated in YPD at 30 °C, or YPD
supplemented with 10% human serum at 37 °C prior to stress. Localisation of Capl-GFP
was detected after exposure to 5 mM H,0, or 5 mM H,0; plus 1 M NaCl for the indicated

times by fluorescence microscopy. Nuclei were detected by DAPI staining.
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What, therefore, is the mechanism underlying the delay in Capl nuclear
accumulation following combinatorial oxidative and cationic stress? Possibly,
Cap1°*?! forms a structure in which the NES is still accessible resulting in Crm1-
mediated export. Alternatively, the cationic stress may have a more direct effect on
the Capl-Crml interaction. To test this latter hypothesis, a C. albicans strain was
created in which Crm1 was tagged with 6 His residues and 2 Myc epitopes (Crm1-
MH) and expressed from its native chromosomal locus. Crml1l-MH was
immunoprecipitated from extracts prepared from cells before and after exposure to 5
mM H,0,, 1 M NaCl, and 5 mM H,O, + 1 M NaCl. The interaction between Capl and
Crml was then examined by western blot analysis of these co-immunoprecipitates
(Figure 3.14). In this assay, anti-Myc-agarose was used to precipitate Myc-tagged
Crm1l, and following SDS-PAGE co-precipitation of Capl was detected using anti-
Capl antibodies (Figure 3.14A). Consistent with previous findings in S. cerevisiae
(Kuge et al., 1998), Capl interacted with Crml in vivo, and this interaction was
lessened in the presence of the oxidative stress (5 mM Hy0;) (Figure 3.14B).
However, both combinatorial stress and cationic stress alone led to the stabilisation
of the Capl-Crml complex, as more Capl co-precipitated with Crm1 following NaCl
or NaCl plus H,O, stress treatments. Similar amounts of myc-tagged Crm1 were
immunoprecipitated in each sample, and the input controls confirmed that cationic
stress-induced increased levels of Capl immunoprecipitation were not due to
increases in Capl proteins levels (Figure 3.14B). The diffused mobility of Capl
following H,O, treatment in the input sample (Figure 3.14B) is likely due to
phosphorylation as these samples were not phosphatase treated.

Next, the kinetics of the cationic stress-induced increase in the Capl-Crml
interaction was examined to explore whether this was a transient effect or whether
the enhanced interaction persisted over time. The interaction between Capl and
Crml was detected as described above. More Capl co-precipitated with Crml
following 10 minutes post combinatorial stress treatment compared to that observed
after 60 minutes (Figure 3.15A).
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Figure 3.14 Cationic stress stimulates the interaction of Capl with the Crm1 nuclear
export factor.

(A) A strategy used to examine Capl association with Crm1l. (B) Stress effects on Capl
interaction with Crm1. Extracts were prepared from wild-type (Wt, JC747), cap1A (JC842),
and wild-type cells expressing 2Myc-6His tagged Crm1 (Crm1-MH, JC1925) before (NS) and
following exposure to 5 mM H,0,, 1 M NaCl, or combinations of these stresses for 10 min.
Crm1-MH was immunoprecipitated using anti-myc agarose. Precipitated proteins and 5%
input were subjected to SDS-PAGE. Co-precipitation of Capl was assayed by western
blotting using an anti-Capl antibody (top panel) and precipitation of Crm1-MH assayed using
anti-Myc antibodies (bottom panel). Data are shown as representative of five experiments.
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Figure 3.15 The increased interaction of Capl with Crm1l following combinatorial

stress is transient.

(A) Kinetics of Capl-Crml immunoprecipitation following the treatment with combinatorial
oxidative and cationic stress. Capl interaction with Crm1l was analysed as described in
Figure 3.14 legend, before (0) and following treatment of Crm1-MH cells with 5 mM H,0, + 1
M NaCl for the times indicated. (B) Quantification of the increased interaction of Capl with
Crm1l following combinatorial stress. Quantitative densitometric analysis of western blots
from four biological replicates was conducted to determine the fold enrichment of Capl
interaction with Crm1 relative to time “0”. Mean values (+tSEM) are shown and ANOVA was
used to determine statistically significant differences in Capl enrichment levels: *, p<0.01.
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The appearance of multiple Capl species in the immunoprecipitates may indicate
that some protein degradation occurs during the precipitation procedure (Figure
3.15A). The levels of Capl enrichment were quantified from four biological replicates,
and statistical analysis revealed a significant increase in Capl binding to Crm1 at
both 10 and 20 minutes after the combinatorial stress, but not after 60 minutes
(Figure 3.15B). Thus, the cation-induced Capl-Crml interaction is transient and this
effect is weakened 1 h post stress. The kinetics of the enhanced Capl interaction
with Crm1 coincides with the delayed kinetics of Capl nuclear accumulation,
phosphorylation and Capl-dependent gene expression, observed following the
combinatorial cationic and oxidative stress. Only when the cationic stress-mediated
Capl-Crml interaction is lessened after 60 minutes, is Capl activity restored. Thus,
the kinetics of the Capl-Crml interaction largely matches the kinetics of Capl
inactivation following combinatorial stress. Taken together, these results,
demonstrating a cationic stress-enhanced interaction of Capl with Crml, likely
underlie the combinatorial stress-mediated inhibition of Capl nuclear accumulation.
Importantly, the salt-induced Capl-Crml interaction is seemingly independent of the

oxidation status of Capl, as this is seen following cationic stress alone.

Previous experiments examining C. albicans responses to combinatorial
oxidative and cationic stresses revealed that, in contrast to Capl, the Hogl SAPK
was rapidly phosphorylated and localised to the nucleus (Kaloriti et al., 2014). As
cationic stress stimulates the Capl-Crml interaction, it was possible that a specific
cationic stress response such as Hogl-mediated glycerol production was important
for this enhanced interaction. To examine whether Hogl function contributed to the
enhanced Capl-Crml interaction following combinatorial stress, a strain was
constructed in which Myc-tagged Crm1 was expressed in hoglA cells. This strain
was subjected to H,O, and NaCl stress treatments and their combination for 10
minutes and Capl precipitation with Crm1 was determined as described above. As
shown in Figure 3.16A, the cationic-stress mediated enrichment of the Capl-Crm1l
interaction was maintained in hoglA cells. These results clearly demonstrate that

NaCl-enhanced interaction between Capl and Crml is Hogl-independent.
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Previously we found that the osmotic stress inducer, sorbitol, was unable to
prevent the H,O,-induced nuclear accumulation of Capl (Figure 3.12). As Hogl is
activated in response to sorbitol, this observation is also consistent with the finding
above (Figure 3.16A) that the cationic stress-mediated Capl-Crml interaction is
Hogl-independent. Nonetheless, for completeness, the impact of sorbitol treatment
on the Capl-Crml interaction was examined. Protein extracts were prepared from
wild-type cells expressing 2Myc- and 6His tagged Crm1l before and following the
exposure to 1 M NaCl for 10 minutes or 2 M sorbitol for 10, 30 and 60 minutes, and
the co-precipitation between Capl and Crml was determined as described above.
Consistent with previous findings, NaCl treatment clearly enhanced the Capl-Crml
interaction. However, sorbitol treatment failed to stimulate Capl binding to Crm1
(Figure 3.16B), thus confirming that the increased Capl-Crml co-precipitation is

cationic stress specific.

In addition to the cation specificity in preventing Capl activation, previous
experiments revealed that this was also specific to H,O,, as cationic stress did not
prevent the diamide-mediated nuclear accumulation of Capl (Figure 3.12B).
Therefore, the impact of NaCl on the Capl-Crml interaction in the presence of
diamide stress was examined. C. albicans wild-type cells expressing Crm1-MH were
incubated with 1 M NaCl, 100 mM diamide and the combination of 1 M NaCl and 100
mM diamide for 10 minutes. Protein extracts were then subjected to the Capl-Crml
pulldown assays as described previously. Significantly, the addition of NaCl did not
promote the interaction between Capl and Crml when cells were treated with
diamide (Figure 3.17). This is consistent with the observation that cations fail to
impair diamide-induced Capl nuclear accumulation, indicating that diamide-mediated
structural changes in Capl (oxidation in c-CRD) are dominant to the cationic stress

effects on the Capl-Crml interaction.
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Figure 3.16 The NaCl-enhanced interaction between Capl and Crml is Hogl-
independent and cationic stress specific.

(A) Hogl is dispensable for the NaCl-induced Capl-Crml interaction. Extracts were
prepared from hog1A (JC45), and hog1A cells expressing 2Myc-6His tagged Crm1 (JC1940)
before and following exposure to 5 mM H,0O,, 1 M NaCl, or combinations of these stresses
for 10 min. Co-precipitation of Capl was detected as described in Figure 3.14 legend. *
designates a non-specific band as this is seen in cap1A cells. (B) Sorbitol fails to promote the
Capl interaction with Crm1. Extracts were prepared from wild-type cells expressing 2Myc-
6His tagged Crm1 (Crm1-MH, JC1925) before and following exposure to 1 M NaCl for 10
min, or 2 M sorbitol for the indicated times. Co-precipitation of Capl was detected as
described in Figure 3.14 legend.
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Figure 3.17 Cationic stress fails to promote the interaction of the diamide-induced
oxidised form of Capl with Crm1.

Extracts were prepared from cap1A cells (JC710), untagged WT cells (JC747), and WT cells
expressing 2Myc-6His tagged Crm1l (JC1925) before and following exposure to 1 M NacCl,
100 mM diamide or combination of these stresses for 10 min. Co-precipitation of Capl was

detected as described in Figure 3.14 legend. * designates a non-specific band as this is seen
in cap1A cells.
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3.2.7 Combinatorial stress triggers a dramatic increase in intracellular ROS

levels in Candida species

Whilst the experiments detailed above provide some mechanistic advances as to
why the NaCl and H,O, combinatorial stress treatment prevents the nuclear
accumulation of Capl, it remains unclear as to why the combinatorial stress-
mediated oxidation of Capl is different to that observed with H,O, treatment alone.
Previous work indicated that the combination of 5 mM H,O, and 1 M NaCl cause a
dramatic increase in intracellular ROS levels in C. albicans (Kaloriti et al., 2014).
Thus, it was possible that the rise in intracellular ROS could drive the differential

oxidation and inactivation of Capl.

To quantify the increase in intracellular ROS levels following treatment of C.
albicans cells with oxidative (5 mM H;0;) and combinatorial (5 mM H,0O,+ 1 M NaCl)
stresses, the redox sensitive fluorescent probe dihydroethidium (DHE) was
employed. Briefly, exponentially growing wild-type C. albicans cells were treated with
the required stresses and simultaneously 20 uM solution of the DHE was added to
each sample. Samples were incubated at 30 °C for 45 min in the dark. Cells were
washed, sonicated and subjected to fluorescence-activated cell sorting (FACS).
Consistent with previous findings (Kaloriti et al., 2014), the combinatorial stress
treatment triggered significantly higher intracellular ROS levels than oxidative stress
treatment alone (Figure 3.18A). Approximately 5-fold higher ROS levels were
observed following the exposure of cells to 5 mM H,0O, in the presence of 1 M NaCl,
compared to 5 mM H,0, alone (Figure 3.18B). These results indicate that the
differential oxidation of Capl following combinatorial stress treatment could be
attributed to the dramatic increase in intracellular ROS levels. Further experiments to
explore the impact of H,O, concentration on Capl oxidation and activation are

described in Chapter 4.

C. glabrata is extremely resistant to H,O, (Nikolaou et al., 2009), and yet this
fungal pathogen is also susceptible to combinatorial stress-mediated killing (Kaloriti
et al., 2014). Therefore, we decided to examine the impact of combinatorial oxidative

and cationic stress on intracellular ROS levels in C.glabrata.
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Figure 3.18 FACS analysis of intracellular ROS levels in response to the oxidative

stress and the combination of oxidative and cationic stresses in C. albicans.

(A) FACS analysis of intracellular ROS levels in DHE-treated C. albicans cells before stress
(ns) or following the treatment with 5 mM H,O, or 5 mM H,0, plus 1 M NaCl for 60 minutes
(B) Quantification of intracellular ROS production before (ns) and following treatment with
indicated stresses by calculating the mean DHE fluorescence intensity of the area under the

curve. The mean = SD from three independent experiments is shown. ***, P < 0.001.
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Wild-type C. glabrata cells (G2001HTU) were untreated or treated with 100 mM
H,O, or combinations of 100 mM H,0, and 0.5 M NaCl, and intracellular ROS levels
measured by DHE fluorescence as described above. The concentrations of the
stresses were chosen as they had been used previously (Kaloriti et al., 2012). Similar
to that seen in C. albicans, combinatorial stress caused a dramatic increase in C.
glabrata intracellular ROS levels, compared to H,O, alone (Figure 3.19). FACS
analysis showed that the mean fluorescent intensity in C. glabrata combinatorial
stress-treated samples were considerably higher compare to C. albicans; however,
C. glabrata and C. albicans samples were not examined simultaneously, and
therefore the intracellular ROS levels are not quantitatively comparable between two
species. This experiment confirms that the combination of the oxidative and osmotic
stresses generates elevated ROS levels in a different pathogenic Candida species,
and could potentially explain the synergistic killing of these fungi by combinatorial

stress.

3.2.8 CRI genes are essential for C. glabrata combinatorial stress resistance.

Recent unpublished work from Professor Ken Haynes’ laboratory (University of
Exeter) has provided insight into the mechanism by which C. glabrata survives and
adapts to combinatorial cationic and oxidative stress. In a screen, S. cerevisiae cells,
which are exquisitely sensitive to combinatorial stress, were transformed with a C.
glabrata genomic library and combinatorial stress-resistant clones were isolated to
identify genes that mediate resistance. This screen identified 17 genes that conferred
combinatorial stress resistance to S. cerevisiae (J. Usher & K. Haynes unpublished).
In addition to well-known stress-protective genes such as GPD1, GPD2 and TRX3,
and a number of genes encoding proteins with general roles in transcription/
translation, epigenetic modification and endosomal sorting, the screen identified four
ORFs that have no known orthologue in S. cerevisiae (CAGL0G06710g,
CAGLOE06094g, CAGLOH04059g and CAGLOA00649g). These ORFs were
designated as CRI1-4 for Combinatorial stress Resistance Increased. CRI1 was
prioritised for further analysis, as this was isolated in 34/85 combinatorial stress-

resistant mutants.

123



A 100 =~ ns
T @ H0;
: | H,0,+ NaCl

80 =~
o 4
= 4
o
= .
'2 60 =
- 4
< -
N
5 -
S 40 -
~
o 4
=z 4

20 =

o |
102 10t 102 10° 10* 10°
488 610_20-A
~
Intracellular ROS

B 2500 - Kkk

*kk

g
(=]

1500 -

=

8

o
1

Mean DHE Fluorescence Intensity
wv
8
1

ns H,0, H,0,+

Figure 3.19 FACS analysis of intracellular ROS levels in response to oxidative stress

and the combinatorial oxidative and cationic stresses in C. glabrata.

(A) FACS analysis of intracellular ROS levels in DHE-treated C. glabrata cells before stress
(ns) or following the treatment with 100 mM H,O, or 100 mM H,O, plus 0.5 M NacCl for 60
minutes (B) Quantification of intracellular ROS production before (ns) and following treatment
with indicated stresses by calculating the mean DHE fluorescence intensity of the area under
the curve. The mean = SD from two independent experiments is shown. The following P
values were considered: *, P < 0.05; **, P £0.01; and ***, P < 0.001.
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To validate the screen results, the resistance of C. glabrata wild-type (G1000)
and Acril cells together with cells over-expressing CRI1 (CRI1 O/E) to combinatorial
stress was analysed using a standard spot test assay. Serial dilutions of
exponentially growing cells were plated on selective media containing 0.5 M NacCl
(cationic stress), 1.5 mM t-BOOH (oxidative stress), or combinations of 0.5 M NaCl +
1.5 mM t-BOOH (combinatorial stress) and allowed to grow for 48 hours. The organic
peroxide t-BOOH was used in place of H,O,, as this stable peroxide is routinely used
by the Haynes group in preference to the less stable H,O,. Spot test results
supported the screen findings, as C. glabrata Acril mutant cells were much more
sensitive to both oxidative and combinatorial stresses than wild-type cells, whereas
the CRI1 over-expressing strain had an increased tolerance to both conditions
(Figure 3.20). This clearly demonstrates a role for Cril in mediating C. glabrata
oxidative and combinatorial stress resistance. To explore the mechanism behind the
altered combinatorial stress resistance of C. glabrata cells lacking or over-expressing
CRI1, we examined whether Cril played a role in modulating intracellular ROS
levels, as it was possible that the lack of CRI1 might cause an increase in
intracellular ROS levels following combinatorial stress. C. glabrata wild-type, Acril
and CRI1 O/E strains were treated with combinatorial stress and intracellular ROS
levels detected using DHE fluorescence as before. Figure 3.21 illustrates an overlay
histogram of the intracellular ROS levels in response to 1.5 mM t-BOOH plus 0.5 M
NaCl in C. glabrata wild-type cells, Acril strain, and cells over- expressing CRI1
(CRI1 O/E). No significant changes in intracellular ROS levels were detected
between any of these strains. This result is indicative that the stress-protective
properties of Cril are not due to a role in reducing intracellular ROS levels in C.
glabrata.

Based on previous data, that the heterologous expression of C. glabrata CRI
genes confers increased combinatorial stress resistance to S. cerevisiae (J. Usher
and K. Haynes, unpublished), experiments were designed to test whether the
expression of the CRI genes could also confer stress protection in C. albicans. Unlike
C. glabrata, C. albicans belongs to the CTG clade (Butler et al., 2009).
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Figure 3.20 The sensitivity of C. glabrata CRI1 mutants in response to oxidative,
osmotic and combinatorial stresses.

Serial dilution spot test assay showing the stress sensitive phenotypes of C. glabrata WT,
Acri1 and CRI1 over-expressing (O/E CRI1) strains to cationic (0.5 M NaCl), oxidative (1.5
mM t-BOOH) or combinatorial (0.5 M NaCl +1.5 mM t-BOOH) stresses. This sensitivity test

was performed by Dr. J. Usher, University of Exeter.
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Figure 3.21 FACS analysis of intracellular ROS levels in C. glabrata CRI1 mutants

following combinatorial oxidative and osmotic stress.

FACS analysis of intracellular ROS levels in DHE-treated C. glabrata cells lacking CRI1
(Acril), over-expressing CRI1 (CRI1 O/E) and a wild-type (WT), following the treatment with
1.5 mM t-BOOH plus 0.5 M NaCl for 60 minutes.
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The members of the CTG clade decode the standard leucine-CTG codon as
serine (Massey et al., 2003). The CRI1 ORF contains two CTG codons, and therefore
codon optimisation was essential prior to CRI1 expression in C. albicans. For this

6832L and

reason, an artificial CRI1 gene with two mutated codons at positions 9
2225 and its own terminator sequence (537 bp) was synthesised by Eurofins
genomics, Inc. The resulting product was then placed under the control of the
constitutive ACT1 or strong PGK1 promoter and the construct was integrated into the
RPS10 locus of wild—type C. albicans cells. The CRI2-4 ORFs, which do not contain
any CTG codons, were also expressed from the ACT1 promoter in C. albicans.
Stress resistant phenotypes of the C. albicans strains heterologously expressing the
CRI genes were then examined by spot test analysis. The following stresses were
examined: 0.5 and 1 M NaCl (cationic stress), 2.5, 5 and 10 mM H,0, or 1.5 and 3
mM t-BOOH (oxidative stress), as well as combinations of the cationic and oxidative
stresses. Consistent with combinatorial stress-mediated synergistic killing, C.
albicans strains showed very little or no growth on plates that contained combinations
of the cationic and oxidative stresses (Figure 3.22). However, the ectopic expression
of CRI1-4 had no impact on any of the C. albicans stress resistance phenotypes
tested. C. albicans strains expressing CRI1-4 did not exhibited an increased
resistance to oxidative or combinatorial stresses: cells survived 1 M NaCl, 3 mM t-
BOOH and 5 mM H,0,, but not their combinations (Figure 3.22). This is contrast to
that observed in S. cerevisiae, and in C. glabrata upon overexpressing CRI1 (Figure
3.20). These results indicate that although the combination of oxidative and cationic
stresses Kkills C. albicans synergistically, the ectopic expression of C.glabrata CRI
genes in C. albicans is unable to promote an increased resistance to combinatorial

stress.
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Figure 3.22 Impact of ectopic expression of C. glabrata CRI1-4 genes on C. albicans

stress resistance.

Serial dilutions of C. albicans wild type and the indicated strains expressing CgCRI genes

were spotted onto agar plates containing indicated stresses or their combinations. Plates

were incubated at 30 °C for 48 h. Data shown is representative of two independent biological

replicates.
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3.3 Discussion

In summary, this work provides mechanistic insight into the combinatorial stress-
mediated deregulation of Capl activation in C. albicans. Two major findings are
presented — (i) Capl is trapped in a differentially oxidised form, Cap1°*?, following
treatment with the combination of cationic and oxidative stress and, (ii) cationic stress
promotes the interaction of Capl with the Crm1 nuclear export factor.

Combinatorial stress drives an alternative oxidation of Capl and the generation

19%1, which is possibly an inactive precursor of active Capl®”. In S.

of Cap
cerevisiae, the oxidation of Yap1l in response to H,O, is a multistep process, and the
formation of three disulfides is vital for full activation of Yapl (Okazaki et al., 2007).
The data on Capl oxidation presented in this Chapter suggest that, analogously to
Yapl, multiple disulfides are formed in Capl following oxidative, but not
combinatorial stress. This result, however, seemingly conflicts with the oxidation
profiles of Capl observed when we used the thiol binding agent AMS to detect
differentially oxidised forms of this transcription factor. In such experiments, oxidation
of cysteine residues precludes the binding of AMS and thus oxidised proteins run
with a faster mobility. Employing such an approach we observed a faster mobility

form generated immediately following H.O, stress (Cap1°**

1OX

), which is then resolved

into the Cap slower mobility state (Figures 3.2, 3.9). How can these findings be

reconciled with our observations that Cap1°* has more H,O,-induced disulfides than

Cap1o*t

(Figure 3.5)? Oxidation events, in addition to disulphide bond formation,
such as the hyperoxidation of cysteine thiols to sulphinic or sulphonic acid derivatives
would preclude AMS binding. In this regard it may be relevant that combinatorial
stress triggers high levels of intracellular ROS, which may result in the hyperoxidation
of specific Capl cysteine residues — which in turn could delay the formation of
disulfides. An alternative explanation, however, is that AMS binding to the Cap®**
form may induce a conformation change that results in the observed faster mobility.

Further experiments to delineate the nature of the multistep Capl oxidation and to

1OX lOX{

understand the relationship between Cap and Cap are warranted. One
possible way of doing this is to use mass-spectroscopy analysis to study the status of

reversibly oxidised cysteines of Capl in vivo following the treatment with oxidative
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and combinatorial stresses, as was described for the oxidation of S. pombe Papl
(Calvo et al., 2013, Garcia-Santamarina et al., 2011). Such approaches involve
taking acid lysates to freeze the redox state of the cysteine residues, blocking free
thiols with N-ethylmaleimide, and then the sequential reduction of the reversibly
oxidised thiols and further alkylation with a larger molecular weight alkylating agent
such as AMS or iodoacetamide. The denatured proteins are solubilised and the
protein of interest is immunoprecipitated and analysed by LC/MS-MS. Attempts were
made during this study to analyze Capl in this way, but problems were encountered
with resolubilisation of the proteins prior to immunoprecipitation. An alternative
approach could involve the construction of Capl mutant strains, in which each of the
predicted thiol-reactive cysteines is mutated to determine which are essential for the
formation of the different oxidised forms of Capl. One possible mechanism to explain

10%1 1°% could be due to the

the delay in the resolution of Cap into active Cap
combinatorial stress-induced blocking of Capl-Gpx3 complex. This initial complex
between the peroxidase and Yapl was described in S. cerevisiae and shown to be

crucial for Yapl oxidation (Wood et al., 2004).

In addition to the altered oxidation of Capl, data from this study have found that
cations promote the interaction of Capl with the Crm1 nuclear export factor, which is
predicted to prevent the nuclear accumulation of this transcriptional factor. It is also
noteworthy that cations have been demonstrated to inhibit catalase activity in C.
albicans (Kaloriti et al., 2014), and thus cationic stress appears to inhibit oxidative
stress adaptation in this fungal pathogen in two distinct ways. Regarding the cationic
stress-induced stabilisation of the Cap1-Crm1 complex, it is unknown if this involves
a direct or indirect mechanism, and further structural investigation of the Capl1-Crm1
complex is needed to address this. Crml is a ubiquitous exportin employed in the
regulated export of a plethora of proteins, and it is possible that the cationic stress
has a general, rather than Capl-specific effect on Crm1 function. Evidence against
this, however, is that combinatorial cationic and oxidative stress does not prevent the
nuclear accumulation of Hogl (Kaloriti et al., 2014), which is predicted to be Crm1-
dependent based on studies with S. cerevisiae Hogl (Ferrigno et al., 1998).
Therefore, the enhanced stabilisation of Capl-Crm1 complexes by cations may be

specific to Capl, and the mechanism behind it is independent of Hogl-mediated
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osmotic stress responses (Figure 3.16). However, the mechanism underlying cationic
stress-mediated enhancement of the interaction between Capl and Crm1l still
remains unknown. In addition to the Hogl SAPK pathway, there are other well-
documented cationic stress responsive pathways in C. albicans, such as the Rim101
pathway (Homann et al., 2009). It is noteworthy that the Rim101 pathway is
implicated only in response to cationic, but not osmotic stress, which makes it a
candidate to regulate the Cap1-Crml interaction as this is specifically enhanced by
cationic stress.

Rapid adaptive responses to H,O, are necessary for C. albicans to avoid ROS-
mediated killing (Patterson et al., 2013). Taken together, the generation of Cap1°**
and its enhanced interaction with the Crml nuclear export factor, both likely
contribute to the delayed activation of oxidative stress-protective genes following
combinatorial stress (Figure 3.23). The significant delay in Capl-mediated new
antioxidant enzyme synthesis following combinatorial stress is predicted to prevent
adaptation resulting in sustained high ROS levels, leading to the pathogen’s death.
This model is supported by recently published work, which demonstrated that the
ectopic expression of CAT1 can rescue the sensitivity to combinatorial stress in C.
albicans (Kaloriti et al., 2014). CAT1 is a key antioxidant target of Capl. Thus the
ectopic expression of the catalase enzyme, likely allows cells to survive combinatorial
stress-induced Capl inactivation, and the consequent increase in intracellular ROS
levels. Moreover, such findings support the notion that it is the high intracellular ROS
levels that is the primary mechanism underlying the potency of combinatorial stress
in C. albicans killing. However, it is unknown whether exposure to high ROS levels
would cause the same delay in Capl inactivation as that observed following
combinatorial oxidative and cationic stress. This question is addressed in the next

chapter.

The combinatorial stress-mediated stress pathway interference mechanisms, that
has been dissected in vitro, is purposed to contribute to the potency of host defences

in combating fungal infections in vivo (Kaloriti et al., 2014).
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Figure 3.23 A model of combinatorial stress-mediated Cap1l inactivation.

Exposure of C. albicans to the combination of oxidative (5 mM H,0,) and cationic (1 M NacCl)
stresses (1) results in the formation of the differentially oxidised Cap1°** form (2), mediated
by Gpx3 and Ybpl. Cap1°** can enter the nucleus (3), but its phosphorylation (4) and
nuclear accumulation is impaired due to cation-mediated enhanced interaction between
Cap1°“* and Crm1 exporter (5). Impaired Capl nuclear accumulation leads to the failure to

activate the transcription of the antioxidant genes (6), thus resulting in the pathogen’s death.
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Pharmacological inhibition of both the respiratory burst and cationic fluxes in
neutrophils, either separately or in combination, results in a similar, drastic
impairment in their fungicidal function (Kaloriti et al., 2014). In addition, antioxidant
gene expression in C. albicans is observed one hour following phagocytosis (Fradin
et al., 2005), and this could reflect a combinatorial stress-mediated delay in Capl
activation. To explore this further, the time course of Capl activation following
phagocytosis could be examined looking at markers of Capl activation — either
Capl-GFP to detect nuclear localisation, or Capl-dependent gene expression. It
would be also interesting to investigate whether the kinetics of Capl activation

following phagocytosis is quicker upon pharmacologically blocking cation influx.

It is noteworthy that all fungi tested in this work and by other teams (Kaloriti et al.,
2012) are susceptible to combinatorial stress-mediated synergistic killing effects. In
addition, all fungi have AP-1-like transcriptional factors that regulate antioxidant gene
expression. Therefore, stress-responsive pathways in other fungi might also be
inhibited by combinatorial stress, analogously to what in shown here for C. albicans
Capl. However, C. glabrata may also exhibit species-specific mechanisms to
counteract combinatorial and oxidative stresses. This pathogen possesses four
genes (CRI1-4), with unknown function(s) that are essential to withstand oxidative
and combinatorial stresses. Orthologues are not found in any other species, which
make these genes good candidates to explain the high degree of stress resistance
exhibited by C. glabrata. In this work, data is presented illustrating that the stress-
protective properties of the CRI genes do not involve modulation of intracellular ROS
levels in C. glabrata. Furthermore, in contrast to S. cerevisiae, their ectopic
expression in C. albicans does not promote stress resistance. This suggests that the
mechanism behind Cril-4 stress protection is only operational in C. glabrata and
closely related fungi such as S. cerevisiae, and not in more distant relatives such as

C. albicans.
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Chapter 4. Mechanisms underlying the delayed activation of Caplin

response to high levels of ROS

4.1 Introduction

The results presented in Chapter 3 describe mechanisms underlying the delayed
activation of the Capl transcription factor following exposure of C. albicans to

combinatorial oxidative and cationic stress. Two main mechanisms appear to be

evoked: Capl becomes trapped in a partially oxidised form, Cap1°**

1OX-1

, and the
nuclear accumulation of Cap is delayed due to a cationic stress-enhanced
interaction with the Crm1l nuclear export factor. Consistent with previous findings
(Kaloriti et al., 2014), data is also presented showing that there is a dramatic increase
in intracellular ROS levels following exposure of C. albicans cells to combinatorial
oxidative plus cationic stress, compared to oxidative stress alone. There is evidence
that it is the high level of intracellular ROS triggered by simultaneous exposure to
oxidative and cationic stress, which is a key to the potency of this combinatorial
stress in fungal killing. For example, ectopic expression of the Capl target gene
CAT1, encoding catalase, suppresses the elevated intracellular ROS levels and
synergistic killing caused by combinatorial cationic plus oxidative stress (Kaloriti et
al., 2014). Thus, we hypothesised that the rise in intracellular ROS could contribute
to the differential oxidation and inactivation of Capl observed following combinatorial
stress. Hence, in this Chapter, the impact of high ROS levels on the activation of the
Capl transcription factor in C. albicans was explored.

4.2 Results

4.2.1 Capl activation, but not nuclear accumulation, is delayed in response to
high doses of H,0O,

Quantification of the increase in intracellular ROS following treatment of cells with
H,O, or combinations of H,O, and NaCl revealed that approximately 5-fold higher
levels of intracellular ROS were observed following exposure of cells to 5 mM H,0; in

the presence of 1 M NaCl, compared to 5 mM H,0, alone (Figure 3.18). To explore
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Capl activation in response to a range of H,O, concentrations, the standard
concentration of 5 mM H,O, was used as the medium dose, and a five-fold higher
concentration of 25 mM H,0O, was used as the high dose (to mimic the 5-fold higher
levels of intracellular ROS observed with the combinatorial stress). A low dose of 0.4
mM H,0, was also used, as this is the lowest concentration of H,O, that triggers
Capl activation in C. albicans (J. Quinn, unpublished observations). C. albicans cells
expressing Capl-GFP were treated with this range of concentrations of H,O, and the
kinetics of Capl nuclear accumulation assessed. As illustrated in Figure 4.1, Capl
rapidly localised to the nucleus irrespective of the H,O, concentration applied.
However, in response to low doses of H,O, (0.4 mM), Capl nuclear accumulation
was short-lived, in contrast to the sustained Capl nuclear localisation following
exposure of cells to 5 and 25 mM H,0, stress. These observations contrast to the
delay in Capl nuclear accumulation that is observed following combinatorial stress
(Figure 3.6).

Although Capl rapidly accumulates in the nucleus irrespective of the
concentration of H,O,, further experiments were necessary to check the functionality
of this transcription factor. Subsequently, Capl phosphorylation was examined in
response to increasing H,O, concentrations. C. albicans cells expressing myc-tagged
Capl were treated with different levels of H,O,, and Capl phosphorylation assessed
over time. Capl phosphorylation in response to 0.4 and 5 mM H,O, was rapid
(Figure 4.2) and mirrored the nuclear accumulation of the transcriptional factor.
Specifically, Capl phosphorylation was evident at 10 minutes with both low and
medium doses of stress, and whilst this was sustained for 60 minutes in response to
5 mM H,0,, no Capl phosphorylation was evident 30 minutes post treatment with
0.4 mM H,0,. Strikingly, however, there was a delay in Capl phosphorylation
following treatment of cells with high ROS (25 mM H,0,). Significant phosphorylation
of Capl was not observed until 30 minutes following the exposure to 25 mM H,0,,
despite the fact that this transcription factor rapidly accumulates in the nucleus
following high dose H,O, treatment. Nonetheless, this delay is similar to that
previously described in Chapter 3 with the combinatorial cationic and oxidative

stress.
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Figure 4.1 Capl nuclear accumulation in response to different doses of H,0,.

Capl localisation was detected by fluorescence microscopy of cells expressing Capl-GFP
(JC1060) following the exposure to 0.4, 5 or 25 mM H,0, for the times indicated. DAPI
staining was used to show the position of the nuclei.
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Figure 4.2 Capl phosphorylation in response to increasing H,O, concentrations.

Lysates from cells expressing 2Myc- and 6His-tagged Capl (Capl-MH-JC948), before and
after the treatment with 0.4, 5 or 25 mM H,0O, for the indicated times were analysed by
western blotting using an anti-Myc antibody. The positions of unphosphorylated (Capl) and
phosphorylated (Capl”) Capl are indicated. Data are shown as representative of five

experiments.
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The phosphorylation of AP-1 like transcriptional factors has been viewed as a
marker of nuclear accumulation, as revealed by studies in S. cerevisiae, where
nuclear accumulation of Yapl was shown to be an essential prerequisite for Yapl
phosphorylation (Delaunay et al., 2000). However, as both the kinase and the target
phosphorylation sites on Yapl are unknown, it has not been possible to establish
whether this posttranslational modification is important for the activation of this or
other fungal AP-1-like transcription factors.

As Capl phosphorylation was delayed following high levels of H,O, stress, this
suggested that perhaps Capl function was perturbed. To test this, the kinetics of
Capl-dependent gene expression was examined. Two genes were chosen — CTA1
and TRR1 — as these are Capl-dependent targets that show a delay in expression
following combinatorial stress (Figure 3.8). Exponentially growing C. albicans wild-
type cells were treated with 0.4, 5 and 25 mM H,0, and subjected to northern blot
analysis. Consistent with previous findings (da Silva Dantas et al., 2010), the kinetics
of the induction of these Capl-dependent genes largely correlated with the nuclear
accumulation and phosphorylation of Capl following the treatment with low and
medium doses of H,O, (Figure 4.3A and 4.3B). Notably, while both genes were
induced after 0.4 mM H,0, treatment, the pattern and level of induction differed
between the two Capl targets: while CAT1 was induced as rapidly as 2-5 minutes
post stress, its activation was diminished after 10 minutes, whereas TRR1 induction
was slower, but more profound, with a peak of induction at 30 minutes post stress
treatment. However, importantly, exposure of C. albicans cells to high levels of H,O,
caused a significant delay of the induction of both CTA1 and TRR1, and significant
levels of expression were not seen until 30 minutes post 25 mM H,0, treatment
(Figure 4.3). This delay in Capl-dependent gene expression mirrors the delay in

Cap1l phosphorylation observed following high H,O, stress (Figure 4.2).
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Figure 4.3 Capl-dependent gene expression is delayed in response to high H,O,

concentrations.

(A) Northern blot analysis of RNA isolated from wild-type (JC747) cells before and following
treatment with 0.4, 5, or 25 mM H,O, for the indicated times. Blots were analysed with
probes specific for the CAT1 and TRR1 genes. A probe against ACT1 was used as a loading
control. (B) The levels of CAT1 and TRR1 mRNA were quantified relative to the ACT1 using

Image quant software. Data are shown as representative of five experiments.
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4.2.2 The oxidation profile of Cap1l is similar following exposure to high H,O,

and combinatorial H,O, and cationic stresses

As Capl activation was delayed following high H,O, treatment, it was possible
that Capl may be differentially oxidised, as seen previously with the combinatorial
stress treatment, which induces high intracellular ROS levels (Figure 3.2). To
investigate this, C. albicans cells expressing myc-tagged Capl were treated with
increasing H»O, concentrations and Capl oxidation was monitored over a 60 minute
period (Figure 4.4). Unexpectedly, at all levels of H,O,, the Capl®*! form was
observed. However, following exposure to low or medium levels of H,0,, the
presence of Cap1®** was short-lived being resolved to the Capl®* form by 10
minutes. In contrast, following exposure to high levels of H,O, the Cap1°** form
persisted for up to 30 minutes. The observation that Cap1°*! form, generated
following 0.4 and 5 mM H,O, treatments, was rapidly resolved to the Cap1°* form,
likely explains why this form has not been detected previously. However, this
differentially oxidised form of the protein was more sustained in cells treated with
higher doses of H,0,, and its resolution to the Cap1°* form appeared to coincide with
the restoration of Capl phosphorylation and Capl-dependent gene expression 30
minutes post stress (Figures 4.2 and 4.3). The observation that the Cap1°** form is
seen at all levels of H,0,, albeit with different kinetics, supports the hypothesis that
Cap1°*! is an inactive intermediate in the formation of Cap1°*. These observations
are in line with previous findings in S. cerevisiae, where oxidation of all six redox-
active cysteines of Yapl is needed for the full activation of this transcription factor
(Okazaki et al., 2007).

4.2.3 Comparison of the Cap1°** form generated following high H.O, and

combinatorial stress.

Next experiments were performed to examine whether the differentially oxidised
forms of Capl that are generated and sustained following high levels of H,O,, and
those generated by combinatorial H,O, and cationic stress, were similar. C. albicans

cells expressing myc-tagged Capl were treated with high H,O
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Figure 4.4 High levels of H,0O, result in sustained Caplox'1 formation.

(A) Cap1®“* is sustained following treatment with higher doses of H,0,. Capl oxidation was
measured by western blotting of AMS-midified protein extracts following exposure of Cap1l-
MH cells to 0.4, 5 or 25 mM H,0, for the times indicated. (B) Cap®** form generated in
response to high ROS has the same AMS-dependent mobility as combinatorial stress-
induced Cap®**. Capl oxidation was assayed by western blotting of AMS-midified protein
extracts following exposure of Capl-MH cells to 25 mM H,O, or 5 mM H,0, plus 1 M NaCl

for the times indicated. The data are representative of three biological replicates.
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and combinatorial stress (5 mM H,0O,+1 M NaCl), and AMS-treated protein extracts
assessed by SDS-PAGE and western blotting to visualise the Capl oxidation profile
(Figure 4.4A). This experiment confirmed that in response to both stresses Capl
displays a similar oxidation profile with a Cap1°** form generated post high ROS
and combinatorial stress having a similar AMS-dependent electrophoretic mobility.
However, the kinetics of the resolution of Cap1°** to the Cap1°* form differed. With

both stress conditions the formation of Cap1°**

10)(

after 10 minutes was clear, however
this resolved to the Cap more quickly following high H,O, stress than following

combinatorial stress (Figure 4.4B).

To explore whether the Cap1°** form generated following high levels of H,0,
had less disulfides as seen with the Cap1®** form observed after combinatorial
stress, cell extracts were treated sequentially with NEM-DTT-AMS. The rationality for
these treatments is described in section 3.2.1. Briefly, protein extracts obtained by
acid lysis are treated with the small molecular weight thiol-binding agent NEM, thus
blocking free thiols. Subsequent DTT treatment reduces all existing disulphide bonds,
and the newly released thiols are then labelled with AMS. Thus, proteins with more
disulfides have a slower mobility on SDS-PAGE, which can be detected by western
blotting. Cells extracts were prepared from cells following a 10 minute exposure to 25
mM H,O, and combinations of 5 mM H>O, and 1 M NacCl, as under these conditions
the Capl®*! form is prevalent. In addition, extracts were prepared from cells
following a 10 minute treatment with 5 mM H,O,, as under such conditions Capl is
predominantly in the Cap1°* form. The Cap1°** forms generated post high H,O, and
combinatorial stress treatments, both demonstrated a slower mobility post NEM-DTT-
AMS treatment, compared to the NEM-DTT treatment, indicating that both contain
disulfides (Figure 4.5A). A fraction of the Cap1°**! generated following high H-O
stress had a slower mobility than that generated following combinatorial stress,
suggesting that this fraction had more disulfides ‘Figure 4.5A, right panel). However,
the Cap1®* form generated following 5 mM H,O, treatment had an even slower
mobility following NEM-DTT-AMS treatments (Figure 4.5A). This suggests that whilst
the Cap1°** forms generated following high H,O, and combinatorial stress contain
disulfides, the Cap1®* form generated following 5 mM H.O, treatment has more

disulfides.
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Figure 4.5 Differential Capl oxidation in response to high ROS.

(A) Cap1®** generated post high ROS or combinatorial stress possess less disulfides than
oxidative-stress induced Cap1®”. The detection of disulfides in Capl was determined by
western blotting of protein extracts following the exposure of Capl1-MH cells to 5 or 25 mM
H,O,, and 5 mM H,0, + 1 M NaCl for 10 minutes, with the subsequent treatment of extracts
with NEM-DTT-AMS. (B) Comparison of Capl oxidation before (ns) and following the
indicated stress treatments by PEG-maleimide binding to DTT-resolved disulfides. This
shows that different oxidised forms of Capl are similarly triggered following high H,O, and
combinatorial stress, whereas a single form containing multiple disulfides is prevalent

following medium H,0O, stress.
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As described previously, to increase the resolution of these different oxidation
states of Capl, AMS was substituted with the higher molecular weight alkylating
agent PEG-maleimide. Similar procedures were performed as described above, only
now cells extracts were treated sequentially with NEM-DTT-PEG-maleimide.
Consistent with that observed for the NEM-DTT-AMS treatments, similar partially
oxidised forms of Capl are generated following high H,O, and combinatorial stress
(Figure 4.5B). Here, 5 distinct bands can be clearly observed. The faster mobility
band runs at the same position as Capl before stress and thus likely represents a
non-oxidised form of the transcription factor. The remaining slower mobility bands
have different numbers of oxidised disulfides. In contrast, a single form of Capl
containing multiple disulfides is prevalent following medium H,O, stress. Notably, for
unknown reasons, there is more Capl recovered post 25 mM H,0O, stress.
Nonetheless, these experiments clearly demonstrate the appearance of the same

Cap1°** form following both high H,O, and combinatorial stress.

In summary, high levels of H,O, trigger the sustained formation of Cap1°*?,
which appears to be the same as the Capl®*! form generated following
combinatorial stress. The kinetics of Cap1°** formation following high H,O, stress
mirrors the lack of Capl-dependent gene expression and the delay in Capl
phosphorylation. These observations suggest that the formation of Cap1°** following
high H,O, or combinatorial stress may be sufficient to prevent the activation of Cap1.
A major difference, however, is that with combinatorial stress Cap1°** fails to
accumulate in the nucleus, whereas following high H,O, stress Cap1°** rapidly

localises in the nucleus.

4.2.4 Investigation into whether the impaired oxidation of Capl following high
ROS is due to the increased activity of the thioredoxin proteins Trx1 and
TxI1

In S. pombe it is well documented that Papl activation is delayed in response to
high H,O, concentrations (Quinn et al., 2002). Papl oxidation is negatively regulated

by the thioredoxin oxidoreductase proteins Trx1 and TxI1. In response to low levels
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of H,0O,, the major substrate for Trx1 and TxI1, Tsal becomes oxidised. Thus, Trx1
and TxI1 function is directed towards reducing Tsal, and not Papl. However, in
response to high levels of H,O,, Tsal is hyperoxidised and no longer a substrate for
Trx1l and TxI1. Thus these proteins are now free to reduce Papl and keep in its
inactive reduced state (section 1.5.2.3.2). In C. albicans, the oxidoreductase Trx1
was previously shown to negatively regulate Capl, as Capl oxidation is prolonged in
trx1A cells (da Silva Dantas et al., 2010). Therefore, it was possible that similar to
that seen in S. pombe, Trx1 and, possibly TxI1, remain reduced and are therefore
more active following exposure to high H,O, concentrations (25 mM) and
combinatorial stress (5 mM H,O, + 1 M NaCl). This in turn could explain why Cap1l is
not fully oxidised under these conditions. If this hypothesis is correct, then two

predictions can be made: (i) Cap1°**!

will not be sustained in cells lacking TRX1 or
TXL1 and, (ii) Trx1 and TxI1 will be more reduced under conditions of high H,O, and
combinatorial stress compared to low/ medium doses of H;O,. To test this
hypothesis, C. albicans strains harbouring Myc-tagged Capl and lacking either TRX1
or TXL1 were subjected to high ROS or combinatorial stress treatment, and Capl
oxidation was examined over time. As shown in Figure 4.6, similar to that seen in

10X 1°%1 oxidised forms were seen in trx1A and

wild-type cells, both Cap and Cap
txI1A cells with Cap1°** being resolved over time to the active Cap1°* form. In txI1A
cells, Capl showed identical oxidation kinetics as in wild-type cells. In trx1A cells, the
oxidation kinetics largely followed that observed in wild-type cells, although the

formation of Cap1°**

was slightly inhibited following combinatorial stress. These
results indicate that the formation of the partially oxidised Cap1°** form is not due to
increased levels of the reduced active forms of the negative regulators, Trx1 and

TxI1, following high H,O, or combinatorial stress.

To confirm that the thioredoxins Trx1 and TxI1 are not more reduced following
high H,O, or combinatorial stress, the oxidation profile of Trx1 and TxI1 was
determined under these conditions. C. albicans cells expressing Myc-tagged Trx1
were treated with 25 mM H,O, or combinatorial (5 mM H,O, + 1 M NaCl) stresses

and AMS-binding assay was performed to detect the oxidation of Trx1 (Figure 4.6A).
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Figure 4.6 The oxidation profile of C. albicans thioredoxins Trx1 and TxI1 in response
to oxidative and combinatorial stress.

(A) C. albicans cells expressing Myc-tagged Trx1 (JC930) or (B) TxI1 (JC2101) were treated
with the indicated stresses over time and processed by acid lysis protein extraction followed
by AMS labelling. Protein extracts were then subjected to SDS-PAGE and western blotting

using anti — myc antibodies.
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Trx1 is rapidly oxidised following these stress treatments as observed by an
AMS-dependent faster mobility form of the protein. Intriguingly, the resolution of Trx1
to the active reduced form appears to coincide with the same kinetics as that
observed for Capl activation: Trxl was resolved to the active reduced form 30
minutes post high H,O, stress and 60 minutes post combinatorial stress. It is at these
times when the induction of Capl-dependent genes becomes evident. Whether
active thioredoxin plays a role in the activation of Capl or whether the co-ordinated
resolution of both Capl and Trx1 to their active forms is coincident with changes in
intracellular ROS levels requires further investigation. However, the finding that this
thioredoxin is not more reduced in response to high ROS or combinatorial stress is
consistent with the observation that the generation of the Cap1°** form is largely

Trx1l-independent.

Next, the oxidation profile of TxI1 was examined. As this has not previously been
studied, a C. albicans strain expressing Myc-tagged TxI1 was created and the
oxidation of TxI1-Myc examined in response to low, medium and high H,O,
concentrations and combinatorial stress. Unexpectedly, there was no AMS-
dependent increase in mobility of TxI1 following oxidative or combinatorial stress,
indicating that this protein is not oxidised under these conditions (Figure 4.6B). In
fact, TxI1 appears to run with a slower mobility following 25 mM H,O, or
combinatorial stress. However, whether this is due to a decreased oxidation of the
protein is not known, as experiments were not performed (due to time constraints) to
confirm that the increased mobility shift was AMS-dependent. Alternatively, it could
be an alternative modification of TxI1 that causes the mobility shift. Nonetheless, as

1OX—1

the formation of Cap occurs independently of TxI1 (Figure 4.7), any such

modification of TxI1 does not appear to impact on Capl oxidation.

To summarise, the high intracellular ROS levels generated either by high H,O;
concentrations or by combinatorial stress do not prevent the oxidation and
inactivation of the thioredoxin proteins Trx1 and TxI1. Therefore, the delayed full
oxidation of Capl under such conditions cannot be attributed to the increased activity
of Trx1 and TxI1. Trx1 is possibly involved in Capl regulation following high ROS and

combinatorial stress, as the appearance of active reduced Trx1 coincides with the
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activation of Capl. Further experiments are needed to explain the complex

mechanism of oxidative stress-induced Capl regulation.

5mM H202 +
1M NacCl 25 mM H,0,

-+ + + + o+ o+ - + + + + + + AMS
0 0 25 5 10 30 60 0 0 25 5 10 30 60 mins

t Cap1ReD
Cap10x
<— Cap10x

Cap1RED
Fcihiox
<— Cap10x1

Cap1RED
FEPhox

trx1A <— Cap1ox1

Figure 4.7 The formation of Cap1°** following combinatorial stress and high H,0,
stress is independent of Trx1 and TxI1.

C. albicans JC747 (WT), JC983 (trx1A) and JC2092 (txI1A) were treated with 25 mM H,0O, or
5 mM H,0, plus 1 M NaCl, and Capl oxidation was assessed at the indicated times by
western blotting of AMS-modified protein extracts. Capl was detected using anti - myc

antibodies.
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4.2.5 Investigation into Capl promoter occupancy following exposure to high

H,O, concentrations

Capl rapidly localises to the nucleus of C. albicans cells in response to high
concentrations of H,O,. However, Capl-dependant gene expression is significantly
delayed under such conditions. Thus, experiments were performed to examine
whether Cap1°*! was able to bind to the promoters of target genes under such
conditions. To examine where Capl preferentially binds to certain promoters, ChlP-
sequencing datasets annotated by Znaidi et al. (Znaidi et al., 2009) were retrieved
from Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and
analysed by IGV (Integrative Genomic Viewer) software (Robinson et al., 2011). The
promoter sequences of the target genes were obtained using RSAT (Regulatory
Sequence Analysis Tool) software (Medina-Rivera et al., 2015). The selection of the
targets was based on a previous study confirming Capl enrichment on the promoters
of these genes (Znaidi et al., 2009), and the existence of a Capl binding motif
MTKASTMA at the promoter regions of these genes was confirmed by RSAT (Figure
4.8). A second criterion of the target selection was their Capl-dependent induction in
response to oxidative stress (5 mM H,0,) (Wang et al., 2006, Enjalbert et al., 2006,
Urban et al., 2005). Lastly, the targets selected showed a clear inhibition of their
induction following combinatorial stress (Kaloriti et al., 2014). Initially, five Capl
targets were chosen: GLR1, TSA1, CTAL, TRR1 and TRX1 (Figure 4.8). However,
TRR1 and TRX1 were not selected for further analysis as the specific primers failed
to pass a quality test to produce a single amplicon. As a result, three Capl targets
were chosen for further investigations: CAT1, GLR1, and TSAl. From previous
microarray analysis (Kaloriti et al., 2014), the relative levels of induction of the
selected targets in response to 5 mM H,O, and 5 mM H,O, + 1 M NaCl are listed in
the Table 4.1.
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Figure 4.8 Analysis of Cap1-CSE binding to the selected gene promoters.

Plotted as normalized log,-transformed signal intensities (lower graphs of each panel) of
hyperactive (CSE) Capl binding (y-axis) versus the corresponding position of each signal (x-
axis) in selected C. albicans genomic regions from assembly 19. ChlP-sequencing dataset
from (Znaidi et al.,, 2009) was analysed for Capl enrichment on selected ORFs from
assembly 19 using IGV software. The orientation of each ORF is depicted by the arrowed
gray rectangle.To search for the MTKASTMA motif within Capl-bound sequences, the
sequences were analysed using the pattern-matching tool from Regulatory Sequence
Analysis Tools ([RSAT] http://rsat.ulb.ac.be/rsat/).

Gene 5 mM H,0,, fold induction 5mM H2.02+ 1 M NaCl,
fold induction
CAT1 (orf 19.6229) 38.02 1.79
GLR1 (orf 19.4147) 9.65 1.15
TSA1L (orf 19.7417) 4.29 1.20

Table 4.1 Relative levels of induction of the selected Capl targets in response to

oxidative and combinatorial stresses.

Adapted from (Kaloriti et al., 2014).

C. albicans cells expressing myc-tagged Capl together with an untagged control
strain were treated with the low, medium, and high levels of H,O, detailed above, and
Capl binding to the CAT1, GLR1, and TSAl promoters was determined by
chromatin immunoprecipitation (ChIP) and quantitative PCR analysis. As illustrated in
Figure 4.9, Capl was found to rapidly associate with CAT1, GLR1, and TSAl
promoters irrespective of the level of H,O, applied. Moreover, considerably higher
levels of Capl were detected at these promoters following treatment with medium or
high levels of H,O,, compared to low doses. Clearly therefore, the unphosphorylated
Cap1°*?! form generated following high levels of H,O, was able to rapidly bind to the
promoter regions of its target genes. However, in contrast to that seen at low and
medium levels of H,O,, Capl promoter binding appeared to be insufficient to drive
Capl-dependent antioxidant gene expression, which was delayed until 30 minutes

post high H,O, treatment (Figure 4.3).
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Figure 4.9 ChIP analysis of Capl binding to the promoters of its target genes in

response to different H,O, concentrations.

Cells expressing Capl-MH (JC948) were treated with 0.4, 5 or 25 mM H,O, for the indicated
times and subjected to ChIP. The recovered DNA samples were analysed by qPCR using
primers specific for promoter regions within GLR1, CAT1 and TSAl. Relative Capl-MH

enrichment values (n-fold) are presented (mean + SD, n=3). The following P-values were

considered: *, P < 0.05; **, P <0.01; ***, P < 0.001.
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4.2.6 High ROS levels and combinatorial stress cause the global inhibition of

antioxidant gene expression

Previous microarray analysis of the gene expression profiles of C. albicans
following combinatorial stress suggested that both Capl-dependent and independent
stress-responsive genes failed to be induced following a 10 minute stress treatment
(Kaloriti et al., 2014). As was shown in Chapter 3, combinatorial stress drives
dramatic increases in intracellular ROS levels (Figure 3.18).

Thus, it was possible that treatment with high doses of H,O, alone could also
prevent the rapid activation of Capl-independent H,O, responsive genes. Therefore,
it was important to confirm whether the high H,O,-induced transcriptional delay is
specific to Capl targets. For this reason, it was decided to examine the induction of
two genes — NPR1 (0rf19.6232) and IPF9145 (0rf19.6245), that are upregulated in
response to H,O,, but their regulation is Capl-independent (Enjalbert et al., 2006).
NPR1 encodes a serine/ threonine protein kinase, involved in the regulation of
ammonium transport, and is induced in the core stress response (Enjalbert et al.,
2006, Neuhauser et al., 2011, Singh et al., 2011). IPF9145 encodes a protein of
unknown function, which is induced following oxidative and osmotic stresses, but its
induction in response to oxidative stress is not regulated by Capl (Enjalbert et al.,
2006, Bennett and Johnson, 2006, Nobile et al., 2012).

Northern blot analysis revealed that NPR1 was not significantly induced following
H,0, stress and instead NPR1 mRNA levels were reduced following H,O, treatment;
this was particularly evident with high doses of H,O, stress (Figure 4.10). IPF9145
was similarly unresponsive to low levels of H,O,. However, the induction was seen
following treatment with both 5 and 25 mM H,0,, and this was significantly delayed
with the high H,O, dose (Figure 4.10). Thus at least with the Capl-independent
IPF9145 gene it can be seen that there is a delay in induction following high H,O,

stress.
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Figure 4.10 Capl-independent antioxidant gene expression is inhibited in response to

high H,O, levels.

(A) Northern blot analysis of RNA isolated from wild-type (JC747) cells before and following
treatment with 0.4, 5, or 25 mM H,0,. Blots were analysed with probes specific for the NPR1
and IPF9145 genes. A probe against ACT1 was used as a loading control. (B) The levels of
NPR1 and IPF9145 mRNA were quantified relative to the ACT1 using Image quant software.
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4.2.7 Impact of high ROS levels on global regulation of transcription

As both Capl and non-Capl targets show delayed induction in response to high
H,O, levels, this was indicative of perhaps a more global inhibition of gene
transcription in response to high levels of ROS. In S. cerevisiae high levels of ROS
trigger a global inhibition of translation (Shenton et al., 2006), and here we
guestioned whether high ROS treatment could globally impact on transcription in C.
albicans. In mammalian cells it was found that high ROS levels globally inhibit gene
transcription by decreasing the levels of total histone H3 acetylation (Berthiaume et
al., 2006).Therefore, experiments were performed to explore whether high levels of
ROS impact on chromatin remodelling in C. albicans, because certain histone
modifications are linked to transcription activation. For instance, ADA2, part of the
ADA/SAGA histone acetylation complex, is essential for transcriptional response to
oxidative stress in C. albicans (Sellam et al., 2009), and therefore provides a link
between chromatin remodelling and Capl-dependant transcriptional responses. To
determine whether high ROS levels specifically impacted on global histone
acetylation profiles, C. albicans cells were treated with oxidative (5 and 25 mM H,05,),
osmotic (1 M NaCl) and combinatorial (5 mM H,O, + 1 M NaCl) stresses. Protein
extracts were obtained by acid lysis, which facilitates extraction of the basic histones
from chromatin, and analysed by SDS-PAGE and western blotting using antibodies
against total H3 histone and specific H3 modifications — acetylation at H3K9 and
H3K14. These modifications were chosen as H3 acetylation at position Lys9 and
Lys14 is indicative of actively transcribed chromatin (Sellam et al., 2009, Johnsson et
al., 2009). However, as seen in Figure 4.11, no global changes in the levels of H3K9
and H3K14 acetylation were observed following exposure to any of the stress
treatments above. This indicates that the exposure of C. albicans cells to
combinatorial stress, or high levels of H,O,, has no detectable impact measured

using this assay on specific histone modifications at a global level.
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Figure 4.11 Impact of different stress conditions on histone acetylation.

C. albicans cells JC948 were treated with the indicated stresses and collected at 10 and 60
minutes. Pellets were subjected to acid lysis protein extraction and resolved by SDS-PAGE
on 15% gels, following by the western blotting with antibodies raised against acetylated
H3K9, acetylated H3K14 and total H3. The data are representative of three biological
replicates
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To further explore whether a global inhibition of transcription occurs following
combinatorial and high H,O, stress, we examined the phosphorylation status of RNA
polymerase Il (RNA Pol Il). Transcription elongation is regulated by phosphorylation
of the C-terminal domain (CTD) of the largest subunit of Pol Il (RPB1). The major
conserved phosphorylation sites are Ser2 and Ser5 within the repetitive YSPTSPS
sequence in the CTD (Heidemann et al., 2013). C. albicans cells expressing 2myc-
6His-tagged Capl were subjected to medium (5 mM) and high (25 mM) H,0, levels
in addition to combinatorial stress (5 mM H,O, plus 1 M NaCl), and protein lysates
were analysed by western blotting using antibodies that detect RNA Pol I CTD
phosphorylation at serine 2 or serine 5 of the repeat sequence YSPTSPS. Total
levels of RNA Pol Il were determined using an antibody that recognises the CTD
repeat sequence. As a control, a time “0” sample was treated with lambda
phosphatase prior to loading. The RNA Pol Il blot was stripped and reprobed with
anti-Capl antibodies to reconfirm Capl phosphorylation kinetics in response to the
stress treatments. This shows that although Capl phosphorylation (a marker of
active Capl) is significantly delayed following high H,O, stress and combinatorial
stress, RNA Pol Il phosphorylation is not reduced following such treatments (Figure
4.12). This indicates that the defect in Capl-mediated gene expression is not due to
a global inhibition of RNA Pol Il activity, as markers of active RNA Pol Il remained
unaffected by high levels of ROS or combinatorial stress. Further experiments are
needed to address whether other components of the transcription machinery, such
as those involved in the formation of the mediator complex, are not inhibited by high
levels of the oxidative stress.

4.3 Discussion

Taken together, these results reveal novel mechanisms of Capl regulation in C.
albicans. When C. albicans cells are exposed to high levels of H,O,, Capl activation
is delayed similar to that seen following combinatorial oxidative and cationic stress.
Importantly, in both conditions there is an increase in intracellular ROS levels,

resulting in partial Capl oxidation and the sustained formation of Cap1°**,
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Figure 4.12 RNA Pol Il phosphorylation is maintained following high H,O, exposure
and combinatorial stress.

Lysates from cells expressing 2myc-6His-tagged Capl (Capl-MH, JC948), before (0) and
after the indicated stress treatments for the indicated times, were analysed by western
blotting using antibodies that detect RNA Pol 1l CTD phosphorylation at serine 2 or serine 5.
Total levels of RNA Pol Il were determined using an antibody that recognises the CTD repeat
sequence. The RNA Pol Il blot was stripped and reprobed with anti-Capl antibodies. The

data are representative of three biological replicates.
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Failure to generate an active oxidised form of the transcription factor correlates
with the delayed phosphorylation pattern of Cap1°**. Following combinatorial stress
the lack of phosphorylation can be explained by the delay in Capl nuclear

accumulation, whereas following high H,O, stress Cap1°**

rapidly accumulates in
the nucleus and vyet is still not phosphorylated. Moreover, although the
unphosphorylated Cap1°** form generated following high H,O. stress rapidly binds
to the regulatory sequences within the promoter regions of its target genes, such
genes are not expressed. A model comparing the deregulation of Capl activation
following combinatorial and high H,O, stress is shown in Figure 4.13. Whilst both
combinatorial and high H,O; stresses delay the activation of Capl — the inhibition of
Capl activation is less sustained following high H,O, compared to the combinatorial
stress effect. This could be related to the cation-driven increased interaction of

Cap1o*t

with the Crm1 exporter, which is specific to the combinatorial stress. Thus,
in contrast to high H,O; stress, following combinatorial stress two mechanisms work
in parallel to delay Cap1 activation, Cap1°** formation and enhanced interaction with

the Crm1 nuclear exporter (detailed in Chapter 3).

The finding presented in this Chapter support previous results that the Cap1°**
form may not be transcriptionally active and is most likely a partially oxidised
intermediate in the formation of Cap1°*. Moreover, the resolution of the Cap1°**
form to Cap1®” is a necessary pre-requisite for the induction of the Capl-mediated
oxidative stress regulon. Intriguingly, activation of thioredoxin Trx1, which has
previously been demonstrated to negatively regulate Capl by reducing active Capl
(da Silva Dantas et al., 2010), coincides with the resolution of Cap1°** to its active
Cap1®* form. This suggests a potential role for this redox sensitive regulator in the
resolution of the Cap1°** form to the active Cap1°* form. However, this does not
appear to be direct, as the kinetics of Cap1°* formation is similar in wild-type and
trx1A cells. A possible way to address the role of Trx1 and TxI1 thioredoxins on Capl
alternative oxidation is to monitor Cap1l activation in C. albicans mutant strain lacking
both trx1 and txI1, because their action may be redundant. As discussed in Chapter
3, approaches to define the precise oxidation status of the Cap1°** form are needed
to further our understanding of why high ROS levels trigger the differentially oxidised
form of Capl.
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Figure 4.13 A model depicting the deregulation of Capl activation in response to high
H.O, levels and combinatorial oxidative plus cationic stress.

Following the treatment of C. albicans cells with high ROS (25 mM H,0,) or combinatorial
stress (5 mM H,0, + 1 M NaCl) there is an increase of intracellular ROS levels, and Capl is
alternatively oxidised to Cap1°**. The presence of cations promote the interaction between
Capl and Crml exporter following combinatorial stress, leading to the delayed Capl nuclear
accumulation. In contrast, following high H,O, concentrations, Capl rapidly accumulates in
the nucleus. In both conditions Capl phosphorylation is delayed. Following 25 mM H,0,
treatment Capl binds to the promoters of target genes, whereas the impairment of Capl
nuclear accumulation post combinatorial stress prevents Capl binding to its targets. In
response to both high ROS levels and combinatorial stress Capl-dependant gene
expression is delayed.

Many transcription factors are regulated by phosphorylation/ dephosphorylation.
For instance, for the activation of S. cerevisiae Msn2/4 transcriptional factors, their
nuclear localisation is necessary, but not sufficient for gene induction, and also
requires other regulators, such as 2A-Cc55 protein phosphatase, to facilitate the
chromatin recruitment in response to the hyperosmotic stress (Reiter et al., 2013).
Similar intranuclear events could underlie the delayed activation of the Capl
transcriptome in response to high doses of oxidative stress in C. albicans. Studies in
S. cerevisiae revealed that the nuclear accumulation of Yapl was necessary for this
post-translational modification (Delaunay et al., 2000). However, as both the kinase
and target phosphorylation sites on Yapl are unknown, it has not been possible to
establish whether this post-translational modification is important for the activation of
this, or other fungal AP-1-like transcription factors. In this study we show that
following high H,O, stress, phosphorylation of Capl does not occur upon Capl
entering the nucleus. Instead the delayed phosphorylation that is seen coincides with

the generation of Cap1°**

and the induction of Capl-dependent genes, suggesting
that this posttranslational modification might be not only a marker of an active Capl,
but also important for its function. Possibly, high ROS may impact on the function of
the hitherto unknown kinases/phosphatases that regulate the phosphorylation status

of Capl.
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Studies in S. cerevisiae revealed that relatively high doses of oxidative stresses
cause a decrease in the activation of stress responsive elements, directly interfering
with transcriptional activation, and both Hogl- and Yapl-dependent gene promoters’
activation correlates with the concentration of the oxidative stress stimuli, although
the sensitivities of different promoters vary (Dolz-Edo et al., 2013). High ROS levels
lead to the delay and decrease in regulatory sites activity in S. cerevisiae (Dolz-Edo
et al., 2013), as well as the inhibition of transcription by the global changes in the
levels of histone acetylation in human cells (Berthiaume et al., 2006). In addition to
work presented in this Chapter, previous study (Kaloriti et al., 2014) suggests that the
high ROS-driven inhibition of oxidative stress-responsive genes is not specific to
Capl targets. To understand whether high ROS levels have global impacts on
chromatin structure, the acetylation levels of certain histone H3 lysine residues —
H3K9 and H3K14, were monitored, as these modifications are linked to actively
transcribed chromatin in C. albicans (Sellam et al., 2009). However, this line of
investigation has not uncovered any global impacts of high H,O, stress on specific
markers of transcriptional activation. Alternative approaches to investigate the impact
of ROS on chromatin structure could include an examination for altered histone
modifications over specific genes, exploring different histone modifications or

investigating the nucleosome positioning over stress responsive genes.

Reports in S. cerevisiae suggest that for an effective oxidative stress response
Yapl needs to be specifically folded to recruit the Rox3 subunit of the RNA Pol I
complex (Gulshan et al., 2005). Thus, as the oxidation and phosphorylation state of
Capl is altered following high ROS, this may impact on the effectiveness of the
bound transcription factor to recruit key components of the transcription machinery.
In this work we show that high ROS does not seemingly impact on the activity of the
core RNA polymerase Il enzyme. RNA Pol Il phosphorylation remained unaffected by
combinatorial and high H,O, stresses, suggesting that under such conditions the
polymerase is active. However, further experiments could be directed at investigating

the ability of Cap1°**

generated post high H,O, stress to recruit RNA Pol Il or RNA
Pol Il mediator subunits to the promoters of Capl target genes. In addition, as Capl
has been shown to interact with the SAGA/ADA coactivator complex and recruits the

ADA2 component to gene promoters (Sellam et al., 2009), such investigations could
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be extended to test the ability of Cap to recruit this chromatin remodelling

complex to target promoters.

C albicans possesses an additional oxidative stress-responsive transcription
factor Skn7 which, based on studies in model yeasts, may co-regulate Capl-
dependent genes. Hence, it is also possible that Skn7 might be deregulated in
response to high ROS in C. albicans, which in turn could contribute to the delayed
activation of Capl-target genes. Prrl, which is the Skn7 orthologue in S. pombe, was
found to interact in vivo with Papl, and affect the expression of important antioxidant
genes, such as CAT1 and TRR1 (Calvo et al., 2012). Moreover, Papl oxidation is
essential to form a nuclear heterodimer with Prrl (Calvo et al., 2012), and Papl
affinity to promoters was significantly enhanced upon association with Prrl. Taking
into consideration the fact that following high ROS the Capl oxidation state is
altered, this could impact on its putative interaction with Skn7 and the formation of
Capl-Skn7 transcriptional complex. It is also noteworthy here that Prrl is implicated
in H,O,-concentration dependent responses in S. pombe. Prrl is important for
cellular responses to both medium and high H,O, concentrations, but the regulation
differs: two-component regulation of Prrl is specifically required for cellular response
to high doses of the oxidative stress (Quinn et al., 2011, Chen et al., 2008). There
are also several reports indicating the cooperation between Skn7 and Yapl in S.
cerevisiae in response to the oxidative stress (Morgan et al., 1997, Lee et al., 1999,
He et al., 2009, Mulford and Fassler, 2011). Thus, based on these studies, which
demonstrate co-operation between Skn7/Prrl and AP-1 like transcription factors, and
H,O,-concentration dependent effects on Prrl regulation, it would be interesting to
explore the impact of high ROS on C. albicans Skn7/Capl interactions and Skn7

functionality.

To conclude, in this Chapter we show that the exposure of C. albicans to high
levels of H,O, cause an alternative oxidation of the transcription factor and the
generation of a transient Cap1°** form. Although Cap1°** generated post high ROS
is nuclear and binds to the promoters of its target genes, the expression of Capl-
dependant antioxidant genes is delayed. This results in the lack of a rapid oxidative

stress response and ultimately results in the pathogen’s death. A summary of Cap1
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deregulation following high levels of H,O is depicted in Figure 4.14. Further work is
needed to delineate how high ROS levels inhibit Capl-dependent and independent
targets. Nonetheless, it is likely that the high ROS levels directly produced by
neutrophils, or indirectly through the production of combinations of ROS and cationic
stresses, contribute to the potency of phagocytes in immunocompetent hosts by
delaying C. albicans oxidative stress responses. In the next Chapter, the importance
of the immune status of the host in both preventing lethal C. albicans infections and
dictating C. albicans virulence traits is explored using a Caenorhabditis elegans
model of infection.
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Figure 4.14 A model of Capl inactivation following high ROS.

When C. albicans cells are exposed to high (25 mM) levels of H,O, (1), a Cap1°** form,
containing less disulfides is prevalent (2), and although this rapidly accumulates in the
nucleus (3) and binds to target genes, Capl is not phosphorylated (4) and the induction of

Capl-dependent genes is significantly delayed (5), resulting in cell death.
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Chapter 5. The Requirement for Stress Responses in Mediating C.

albicans Virulence is Dependent on the Immune Status of the Host

5.1 Introduction

Numerous studies provide compelling evidence that stress responses are
essential for the virulence of C. albicans. Transcript profiling studies in vivo have
shown that stress protective or regulatory genes are induced in response to contact
with the host, and that the inactivation of many stress functions attenuates virulence
(Fiori et al., 2012, Wysong et al., 1998, Hwang et al., 2002, Martchenko et al., 2004,
Lorenz et al., 2004, Fradin et al., 2005, Hromatka et al., 2005, Barelle et al., 2006,
Enjalbert et al., 2006, Thewes et al., 2007, Ramirez and Lorenz, 2007, Zakikhany et
al., 2007, Walker et al., 2009, da Silva Dantas et al., 2010, Patterson et al., 2013).
Many of the stresses that these regulatory or protective proteins respond to are
generated by the host innate immune system. Therefore, we reasoned that such
stress responses may not be essential for C. albicans virulence if the immune system
of the host is compromised. This could be highly significant as in general, it is
immunocompromised patients that are susceptible to life-threatening systemic
infections. As described in the introduction (section 1.2.2), immunosenescence that is
associated with ageing, also increases the susceptibility of the human host to
systemic Candida infections, similar to that seen in the immunocompromised host. C.
albicans isolates, that showed decreased virulence in mammals, also exhibited
attenuated virulence in C. elegans model (Pukkila-Worley et al., 2011, Pukkila-
Worley et al., 2009). Various virulence factors that are required for fungal pathogens
to colonise mammalian host are also indispensable for the establishing an infection in
C. elegans model; using C. elegans model it is easy to monitor typical traits of C.
albicans infection. For instance, fungal filamentation that is tightly associated with
virulence of C. albicans is also observed in C elegans model, where fungal filaments
protrude and damage host tissues, whereas yeast form of fungi, that accumulate and
proliferate within the animal, cause a distention of the worm’s body with the
subsequent killing of the animal (Pukkila-Worley et al., 2009). An early indication of
lethal infection in C. elegans is DAR (Deformed anal region) phenotype (Jain et al.,

2013). DAR phenotype is a distinctive tail swelling when C. elegans subjected to
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ingest C. albicans, unlikely to what is seen by growth on E. coli. The formation of
DAR was also seen during C. elegans infection with S. cerevisiae (Jain et al., 2009)
or Microbacterium nematophilum (Hodgkin et al., 2000), and considered as a disease
symptom of C. elegans. In this section | questioned whether the immune status of the
host, or the age of the host, impact on the requirement of stress-protective virulence

determinants following C. albicans infection.

To facilitate this study, the nematode worm C. elegans was chosen as a model of
infection. C. elegans is a model organism that has been at the forefront of aging
research (Gruber et al., 2015, Maglioni et al., 2016, Visscher et al., 2016, Shen et al.,
2016, Ayyadevara et al., 2016, Komura et al., 2012, Tan et al., 1999), and that more
recently has been exploited as an infection model to identify virulence traits in a
range of pathogens, including C. albicans (Balla and Troemel, 2013, Cohen and
Troemel, 2015, Simonsen et al., 2012, Marsh and May, 2012, Mylonakis et al., 2007,
Means, 2010), innate immune responses (Shivers et al., 2008, Kim and Ausubel,
2005, Irazoqui et al., 2010b, Pukkila-Worley and Ausubel, 2012, Gravato-Nobre and
Hodgkin, 2005), and the identification of anti-microbial compounds (Ewbank and
Zugasti, 2011, Anastassopoulou et al., 2011, Squiban and Kurz, 2011, Arvanitis et
al., 2013). The pathogen’s genes that are required for the infection of human host are
also indispensable for virulence in C. elegans model (Sifri et al., 2005). This model
host has many advantages, such as ease of handling and maintenance in the
laboratory and the ease in which large age-matched populations of animals can be
generated. In addition, the C. elegans model of infection is useful for studying the
relationship between innate immunity and pathogens, because the nematode lacks

an adaptive immune system.

The epithelial cells lining the intestine of C. elegans mount the innate immune
defences of the worm, as in nature pathogens are ingested, thus prompting the
development and maintenance of a sophisticated innate immune system. Recent
work showed that C. albicans can successfully colonise the nematode’s intestine,
and this is a useful model to monitor innate immune response upon C. albicans
infection (Pukkila-Worley et al., 2011). Furthermore, C. elegans intestinal epithelial

cells bear a striking resemblance to human intestinal cells (Troemel et al., 2008) and
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ROS release as an important antimicrobial mechanism in the intestinal tissue of C.
elegans (Chavez et al., 2007). In human host, the response to the fungal presence
involves the activation of key signalling pathways — Mitogen Activated Protein Kinase
(MAPK) pathways (JNK, p38 and ERK1/2), the Phosphatidylinositide-3-kinase (PI13K)
pathway and the Nuclear Factor-kappa-enhancer of B cell function (NF-kB) pathway
(Moyes et al., 2015). The MAPK pathway is one of the major innate immune
response pathways responsible for innate immune defence in mammals, and it is
actively upregulated in response to C. albicans. MAPK activation is a biphasic
process, which involves the first morphology-independent response, following by the
second phase, which is specific to C. albicans in hyphal morphology (Moyes et al.,
2010). This initial response is largely dependent on p38 MAPK (Moyes et al., 2010).
MAPK signalling is also conserved in C. elegans (Kim et al., 2002). Nematode’s
PMK-1 MAPK is the homologue of mammalian p38 in C. elegans, and this plays a
key role in the nematode’s innate immune responses to both bacterial and fungal
infections (Pukkila-Worley and Ausubel, 2012, Kurz and Tan, 2004). As with all
MAPKs, PMK-1 is present in a three tier cascade which also comprises the NSY-1
MAPKKK and the SEK-1 MAPKK. C.elegans mutants lacking any functional
component of this PMK-1 signalling cascade are highly susceptible to pathogen-
mediated killing (Irazoqui et al., 2010a, Aballay et al., 2003, Pukkila-Worley and
Ausubel, 2012). Such mutants provide an ideal system, in which responses on an
‘immunocompromised’ host to a pathogenic microbe can be explored. Thus, C.
elegans “immunocompromised” mutants are useful model to study the impact of

fungal stress-protective virulence determinants in establishing the infection.

Also there are striking similarities in downstream immune responses in
mammalian cells and C. elegans: although nematode does not have phagocytes
specialised for innate host defence, it produces a variety of humoral antimicrobial
substances — lysozymes, caenopores, lipase, lectins, as well as C3-like thioester-
containing proteins and defensin-like antibiotic peptides (Komura et al., 2012). While
establishing infection, pathogens have to combat the humoral defence factors
produced by the host, and consequently C. elegans may be most suitable to study

anti-innate immune properties of pathogens.
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The elderly population is more susceptible to C. albicans infection (section 1.2.2).
C. elegans showed an increased susceptibility to bacterial infection with age, which is
associated with immunosenescence and deterioration of PMK-1 MAPK signalling
(Youngman et al., 2011). Hence, C elegans could be a suitable model to study the
impact of aging of the virulence determinants needed by pathogenic microbes to
cause infection. The major aim of this Chapter is to investigate age-associated
increases in susceptibility to C. albicans using C. elegans as an infection model to
determine whether stress response regulators of C. albicans, that are vital for the
virulence of the pathogen, are still indispensable for causing an infection in aged
population. Here, we will exploit the unique ability to generate synchronous
populations of elderly worms, and immunosuppressed mutant worms, to determine:
(i) the impact of the age of the worm on the ability to survive C. albicans infections,
(i) whether defects in fungal resistance are comparable between immunosuppressed
and elderly worms and, (iii) whether C. albicans requires the same armoury of
virulence determinants to cause lethal infections in immunosuppressed worms and

worms of advanced age (using mutant libraries available in the J. Quinn lab).

5.2 Results

5.2.1 C.elegans is more susceptible to C. albicans infection with ageing

The first question we addressed in this section was whether old adult worms
were more susceptible to C. albicans infection than young adult worms. In order to
facilitate the generation of synchronised age-matched populations and to prevent
germ-line proliferation, we used the temperature-sensitive sterile C. elegans mutants,
glp-4 (Table 2.7). Killing assays were performed as described previously (Pukkila-
Worley et al., 2011). Briefly, age-matched animals were maintained at 25 °C and
grown to the larval L4 stage on NGM agar plates containing a surface lawn of the
standard non-pathogenic food source Escherichia coli OP 50. The day when animals
have reached the L4 larval stage was counted as “Day 0”. An infection with C.
albicans was initiated by moving the worms onto a plate seeded with C. albicans

cells at the L4 larval stage (young adults), 3 days post L4 stage (L4+3, mature
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adults), and 6 days post L4 stage (L4+6, aged adults). Approximately of 100-150 L4-
stage larvae, 3 days after L4 stage and 6 days after L4 stage adults were placed on
each of five Brain Heart Infusion (BHI) agar plates seeded in advance with C.
albicans. Worm mortality was scored over time, with an animal being considered

dead when it failed to respond to a touch and no pharyngeal pumping was detected.

Nematodes that were not recovered from the plates were censored from the
study. Statistical analysis was performed using Student’s t-test. At the same time, the
survival of C. elegans maintained on E. coli was monitored in order to take into
consideration any deaths occurring due to non-pathogenic factors, and to check the
lifespan of the animals maintained in indicated conditions (Figure 5.1 A). C. elegans
survival was expressed as a percentage of their viability at day zero. Results were
analysed for statistical significance by Student’s t-test. Values were considered to be

statistically significant when the P value was <0.05.

The results indicate that young (L4 stage) and mature (3 days old L4s) adults are
able to combat the pathogen quite effectively with an average lifespan of 10 days in
both groups (Figure 5.1 B, C). However, the third group, consisted of aged adults (6
days after L4 stage), demonstrated significant increase in susceptibility to C. albicans
with the average lifespan of 4 days. These findings indicate that aged C. elegans are
more susceptible to C. albicans infection. This is reminiscent with what has been
shown for the bacterial pathogen Pseudomonas aeruginosa, where
immunosenescence of C. elegans correlated with an increased susceptibility to
bacterial infection (Youngman et al., 2011). The research on bacterial infection of C.
elegans also highlighted that age-dependent increase in nematode’s susceptibility to
pathogens is linked to a decline in PMK-1 function (Youngman et al., 2011).
Therefore, we next aimed to dissect whether this age-related decline in nematode’s
resistance to C. albicans killing was maintained in worms lacking a functional PMK-1

pathway.
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Figure 5.1 C. elegans are more susceptible to C. albicans infection with age

(A) Systematic analysis of the survival of immunocompetent glp-4 C. elegans maintained on
E. coli OP50. L4 (circles), days 3 and 6 of adulthood (L4+3 and L4+6, squares and triangles
respectively), plotted as a fraction of worms alive versus time. (B) Survival of
immunocompetent glp-4 worms transferred from E. coli OP50 to C. albicans JC1732 at L4
(circles), and at days 3 and 6 of adulthood (L4+3 and L4+6, squares and triangles
respectively), plotted as fraction of worms alive versus time. These data are from a single
experiment representative of at least three independent biological replicates. (C) Average
lifespan of the infected nematodes of different ages. Statistical analysis of C. elegans
survival obtained from three independent biological replicates represents an average lifespan
of different age groups of immunocompetent glp-4 worms upon C. albicans infection. Median
values (£SD) are shown and t-test was used to determine statistically significant differences
in C. elegans survival: **, p<0.01; ***, p<0.001.
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5.2.2 Is the age-associated decline in resistance to C. albicans mediated due

to a decline in PMK-1 function in C. elegans?

The PMK-1 pathway plays an important role in regulating innate immune
responses in C. elegans, such as the infection-induced expression of secreted
immune response genes, and thus is critical for the nematode to resist pathogen-
mediated killing (Troemel et al., 2006). Previous studies have indicated that
immunosenescence in C. elegans is due to a decline in the activity of the p38-related

PMK-1 stress activated protein kinase pathway (Youngman et al., 2011).

To study the contribution of the PMK-1 MAPK pathway to the survival of the C.
elegans host following infection with C. albicans, we conducted survival assays.
These assays measured: (1) the survival of wild-type animals of different age groups
compared to young worms when exposed to the pathogen and (2) the importance of
functional PMK-1 pathway for the survival with age. As was mentioned previously, to
examine the role of PMK-1 signalling in immunosenescence in C. elegans upon
infection with C. albicans, the animals lacking functional PMK-1 signalling (sek-1
mutant worms) were employed. SEK-1 encodes a mitogen-activated protein kinase
kinase, which regulates the phosphorylation, and thus the activation, of PMK-1. For
our study temperature-sensitive sterile C. elegans mutants lacking a functional PMK-
1 pathway glp-4 sek-1 (Table 2.7) were used to monitor an impact of the immune

status of the host on C. albicans killing.

Firstly, we conducted the survival assay comparing the survival of the
immunocompetent glp-4 and immunocompromised glp-4 sek-1 worms upon C.
albicans infection. As predicted, C. elegans mutants lacking SEK-1 were shown to be
much more sensitive to C. albicans-mediated killing with an average survival of 6
days post infection compare to 10 days in immunocompetent strain (Figure 5.2).
These findings confirm the role of PMK-1 in resisting infection (Pukkila-Worley et al.,
2011).
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Figure 5.2 Immunocompromised sek-1 mutants are more susceptible to C. albicans

Killing compare to the immunocompetent nematodes

Survival of immunocompetent glp-4 (circles) or immunocompromiced glp-4 sek-1 (squares)
worms transferred from E. coli OP50 to C. albicans JC1732 at L4 stage, plotted as fraction of
worms alive versus time. 100-150 nematodes were infected with C. albicans JC1732 and
survival was monitored daily. These data are from a single experiment representative of at
least three independent biological replicates.
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Secondly, we investigated whether glp-4 sek-1 immunocompromised C. elegans
mutants exhibit age-related increases in susceptibility to C. albicans. Indeed, animals
lacking SEK-1 showed more rapid killing by C. albicans with age, and decreased
average lifespan to 3 and 2 days post infection in L4 + 3 and L4 + 6 age groups

respectively. (Figure 5.3 A, B).

We compared the survival of immunocompetent and immunocompromised
nematodes of different age groups (Figure 5.4). Young L4 animals lacking functional
SEK-1 were more sensitive to C. albicans-mediated killing than wild-type
immunocompetent worms (Figure 5.3 A). This trend was maintained during the
infection of the L4+3 mature animals with sekl mutants being much less able to
survive C. albicans infection (Figure 5.4 B). However, in L4+6 old animals the kinetics
of C. albicans-mediated killing was very similar in both wild-type and sekl mutants
(Figure 5.4 C). This is consistent with the hypothesis that the age-related reduction in
survival seen in wild-type worms may be due to a decline in PMK-1 function.
Reported that a pattern of PMK-1 activation display an age-dependant decline: in 5
days old animals (L4+3), PMK-1 signalling is only slightly attenuated, whereas in
older animals (8 days, L4+6) the PMK-1 levels decrease tremendously (Youngman et
al., 2011).

Taken together, these data show PMK1-dependent responses (as
immunocompromised worms killed faster at all time points that wild-type worms)
following C. albicans infection. In wild-type worms SEK-1 presence promotes
resistance to C. albicans in young but not old animals. Interestingly, however in the
sekl mutant animals an age-associated decline in resistance to C. albicans infection
was observed, as mature immunocompromised adults (L4+3) were killed faster by C.
albicans compare to young sekl mutant animals (L4) (Figure 5.3). This indicates that
SEK-1 (PMK-1)-independent mechanisms could also contribute to the phenomenon

of immunosenescence (Figure 5.3).
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Figure 5.3 The increased susceptibility of C. elegans sekl mutants to C. albicans
infection with age.

(A) Survival of immunocompromised glp-4 sek-1 C. elegans transferred from E. coli OP50 to
C. albicans JC1732 at L4 (circles), and at days 3 and 6 of adulthood (L4+3 and L4+6,

squares and triangles respectively), plotted as fraction of worms alive versus time.

(B) Average lifespan of the infected nematodes of different ages. Statistical analysis of C.
elegans survival obtained from three independent biological replicates represents an average
lifespan of different age groups of immunocompromised glp-4 sek-1 worms upon C. albicans
infection. Mean values (xSD) are shown and t-test was used to determine statistically

significant differences in C. elegans survival: **, p<0.01; ***, p<0.001.
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Figure 5.4 Age-associated decline in resistance may be related to impaired p38 (PMK-
1) responses in C. elegans.

Survival of immunocompetent glp-4 (circles) and immunocompromised glp-4 sek-1 (squares)
worms transferred from E. coli OP50 to C. albicans at L4 (A), and at days 3 and 6 of
adulthood (B and C respectively), plotted as fraction of worms alive versus time. C. elegans

infection with C. albicans was performed as described in Figure 5.2 legend.
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5.2.3 C. albicans does not need to mount a Hogl-mediated stress response

during infection of old nematodes

The above results are consistent with the decline in resistance in old-age animals
to infection with C. albicans being, to some extent, related to a decline in PMK-1
function. Therefore, if PMK1-mediated innate immune defences are impaired in the
elderly host, we hypothesised that C. albicans may not need to mount robust stress
responses to survive in such hosts when PMK-1 signalling is impaired. To test this,
we asked whether the Hogl stress-activated protein kinase was needed to promote

C. albicans virulence in both young and elderly C. elegans hosts.

Initially, we examined the impact of Hogl loss on C. albicans virulence upon
infecting young adult worms. The survival of age-synchronised L4 stage young adult
(glp-4) worms following infection with C. albicans strains lacking HOG1 (hoglA) as
well as with the reconstituted strain (hoglA + HOG1) was followed. Young L4 worms
infected with the hoglA mutant showed an increase in survival relative to animals
infected with the hoglA + HOG1 reconstituted strain (Figure 5.5 A). This showed
that, as seen in many other infection models (Prieto et al., 2014, Alonso-Monge et al.,
1999, Herrero-de-Dios et al., 2014), Hogl is essential for C. albicans virulence.
These results demonstrate that the absence of Hogl has a detectable impact on the
virulence potential of C. albicans in the worm infection model. Thus Hog1, similar to
what seen in the murine infection models (Alonso-Monge et al., 1999), is important

for C. albicans virulence in C. elegans model of infection.

Next, the role of Hogl in promoting C. elegans virulence in mature (L4+3) and
elderly (L4+6) worms was examined. As shown in Figure 5.5 B, the role of Hogl in
promoting C. albicans virulence was maintained upon infecting L4+3 stage worms,
albeit that the kinetics of survival differed from that seen with L4 worms. Strikingly
however, Hogl was dispensable for C. albicans virulence upon infecting elderly L4+6
adult worms. Similar survival kinetics was observed upon infection with either the
hog1A mutant, or hog1A + HOGL reconstituted strain (Figure 5.5 C).
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Figure 5.5 C. albicans SAPK Hogl is required for virulence in young, but not old

Survival of glp-4 worms transferred from E. coli OP50 to C. albicans JC50 (Ahog1l) and JC52
(Ahogl + HOG1) at L4 (A), and at Days 3 and 6 of adulthood (B—C, respectively), plotted as

a fraction of worms alive versus time.
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These findings, therefore, illustrate that whilst Hogl is required for virulence in
young worms, in elderly hosts C. albicans hog1A mutant cells are equally as virulent
as wild-type cells. Therefore, Hogl is required for C. albicans virulence in young, but

not old nematodes.

Taken together, these preliminary investigations indicate that Hogl plays an
active role in mediating virulence in an invertebrate model of infection and moreover,
that Hogl-mediated stress responses of C. albicans may only be required for

virulence in young, but not elderly hosts.

5.2.4 C. albicans colonisation of C. elegans

The findings presented above, indicate that C. elegans susceptibility to C.
albicans infection increases with age and that this may be due to a decline in innate
immune defences in the host. To rationalise our data, and in order to understand
whether aged animals are feeding as well as the young worms when maintained on
C. albicans, we monitored the colonisation of the worm’s intestine with C. albicans in
worms of different age groups (L4, L4+3 and L4+6 old nematodes). In addition, we
also compared the C. albicans colonisation of both immunocompetent and

immunocompromised animals.

Age-synchronised immunocompetent (glp-4) and immunocompromised (glp-4
sek-1) animals of the three age groups were infected with C. albicans cells
expressing GFP, to facilitate the visualisation of C. albicans colonisation and to
monitor the progression of infection in vivo. The nematodes were picked from the
experimental plate and mounted onto a 2% agar pad, following by the immobilisation
with 0.25 mM levamisole. The colonisation of the worm intestine was captured by
fluorescent microscopic imaging. The kinetics of infection was monitored with at least

10 animals scored per time point.

A time course of microscopic evaluation of infection using GFP-labelled C.
albicans revealed that by 2-4 hours, yeast cells began to accumulate in the pharynx

and the intestine of L4 young adult worms (Figure 5.6). At the initial stage of
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infection, young adults showed rapid colonisation with C. albicans, and most

examined animals were infected in pharynx and intestine by 4 hours.
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Figure 5.6 Kinetics of C. albicans intestinal colonisation of young C. elegans.

Glp-4 and glp-4 sek-1 nematodes at L4 stage were infected with C. albicans carrying
GFP marker (JC 1732) and the progression of infection was visualised by fluorescence over
time. At least 10-15 animals per time point were subjected to fluorescent microscopy. Arrows
indicate intestinal distension of the nematodes at 8 and 24 hours in immunocompetent
animals (left panel) and C. albicans intraintestinal hyphal formation in immunocompromised

animals (right panel).
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At this stage, no difference was observed in terms of colonisation of young
immunocompetent versus immunocompromised animals. By 8 hours, progressively
more yeast cells accumulated in the pharynx and intestine, causing the lumen to be
severely distended compare to uninfected worms, in which the intestinal lumen
appeared as a narrow tube. Following 8 hours post infection C. albicans germ tubes
were seen, and the DAR formation was observed in some animals. By 12 hours and
later, C. albicans filamentation was observed in some animals, with protruding of the
epithelial tissues by the pathogen and deep-seated invasion. C. albicans
filamentation is commonly observed in liquid assays (Pukkila-Worley et al., 2009),
and is considered as an important virulence determinant of the fungus. In contrast, in
solid plate infection assays carried out in this study, only small numbers of animals
were scored with C. albicans hyphae. Therefore, the main C. albicans virulence trait
in solid plate assay is considered to be an intestinal distension (DAR phenotype).
Interestingly however, most of the animals scored with C. albicans in hyphal form
were sek-1 mutants. Further investigations are needed to statistically prove the
correlation between C. albicans hyphal formation and virulence dependency of the

immune status of the host.

There was no or a very little difference between the colonisation of L4 and L4+3
animals: mature adults were as susceptible to C. albicans colonisation as L4 young
adults, and there was very similar pattern of the progression of infection, with the
formation of DAR phenotype and intestinal distention after 8 hours of co-incubation
with pathogen in both immunocompetent and immunocompromised groups, as well
as sporadic episodes of C. albicans hyphal growth in some sek-1

immunocompromised nematodes (Figure 5.7).

The colonisation of aged adults (L4+6) progressed much slower compare to both
L4 and L4+3 animals. These data support previously reported that C. elegans
pharyngeal pumping declines with age. Nevertheless, C. albicans germ tubes were
detected at earlier times by 8 hours post infection, with rapid subsequent

filamentation in some animals (Figure 5.8).
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Figure 5.7 Kinetics of C. albicans intestinal colonisation of mature C. elegans.

L4 + 3 days old nematodes were infected with C. albicans carrying GFP marker (JC 1732)
and the progression of infection was monitored over time. At least 10-15 animals per time
point were subjected to fluorescent microscopy. Arrows indicate intestinal distension of the
nematodes at 24 hours in immunocompetent animals (left panel) and C. albicans
intraintestinal hyphal formation in immunocompromised animals (right panel).
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Figure 5.8 Kinetics of C. albicans intestinal colonisation of aged C. elegans.
L4+ 6 days old nematodes were infected with C. albicans carrying GFP marker (JC 1732)
and the progression of infection was monitored over time. At least 10-15 animals per time

point were subjected to fluorescent microscopy.
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Following 24 hours post initiation of infection, some aged nematodes had
intestinal distension, and most of them had filamenting fungus, allowing the pathogen
to proliferate into deeper tissues. Surprisingly, some L4+6 animals were scored as
dead at 24 hours post infection without clear signs of C. albicans-mediated intestinal

distension.

Regarding the differences in colonisation of the immunocompetent and
immunocompromised nematodes, it is worth noticing that although animals lacking
SEK-1 did not exhibit more rapid colonisation by C. albicans at initial stages, but
demonstrated more frequent and rapid worm killing of the infected sek-1 mutants by
C. albicans filaments at 24 h with pronounced intestinal distension (shown by

arrows).

Taken together, these results indicate that in our model there are differences in
susceptibility to colonisation of C. elegans by C. albicans; however, our findings
suggest that there is no obvious correlation between the progression of the
pathogenic colonisation and the immune status (age) of the host.

5.3 Discussion

Host innate immunity is a key factor in preventing life-threatening fungal
infections. Therefore, immunosuppression of the host and age-related
immunosenescence might result in increased susceptibility to pathogens. In this
Chapter it was shown that aged C. elegans are more susceptible to C. albicans-
mediated killing than young animals, and this effect is comparable to the increased
susceptibility to fungal infections of immunocompromised nematodes compare to the
immunocompetent animals (Figures 5.1 and 5.2). C. elegans glp-4 sek-1 mutants are
hyper-susceptible to killing following infection with C. albicans yeast, supporting the
observation that functional PMK-1 signalling is required for the basal and pathogen-
induced expression of antifungal immune effectors (Pukkila-Worley et al., 2011).
Similarly, we show that a decline in PMK-1 activity in elderly worms may underlie the
increased susceptibility to C. albicans infection. Published data suggest that C.

elegans mount a response to C. albicans infection at the level of transcription, and
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this response vary for different bacterial and fungal species (Pukkila-Worley et al.,
2011). Thus, fungal stress response regulators and ageing potentially can counteract
the p38-mediated defences of the host.

Taking together all of the above statements, we hypothesised that the fungal
stress regulators, such as Hogl, would be dispensable for virulence in the elderly
worms due to a decline in PMK-1 activity in the host. In this study C. albicans hog1A
mutant strain clearly demonstrated its reduced virulence in the C. elegans infection
model. However, the stress regulator Hog1l is only required for the infection of young,

but not elderly nematodes.

PMK-1 pathway is also sensitive to starvation, and there is a possibility that C.
albicans as a food source is unable to provide enough nutrients for the nematode.
However, it is very unlikely that C. elegans response to the pathogen is due to
starvation. We and other teams (Jain et al., 2009) reported that the appearance of
the DAR phenotype, that is an early marker of the nematode’s infection, was
detected when the ample food was present. In addition, heat-inactivated yeasts are
avirulent and unable to evoke DAR phenotype, which strongly supports the
hypothesis that the progression of infection is a response to the pathogenic species,
rather than an outcome of starvation (Jain et al., 2009, Pukkila-Worley et al., 2011).
Our data presented in this Chapter indicate the lower uptake of C. albicans in elderly
worms, but it seemingly that malnutrition in aged animals does not contribute to the

enhanced killing.

There is evidence that in liquid culture C. albicans filamentation is a virulence
determinant in the C. elegans infection model (Pukkila-Worley et al., 2009). However,
in our experiments we did not observe the correlation between fungal filamentation
and nematode killing. Our observations support recent findings that C. albicans in its
yeast morphology is pathogenic for C. elegans: the accumulation of fungal cells
causes distention of the nematode intestine and premature death of the worms
(Pukkila-Worley et al., 2011). Important observations regarding C. albicans
colonisation of the nematode’s intestine are also that the rate of fungal accumulation
within the intestine seemingly does not increase with age, in contrast to what was

reported for P. aeruginosa age-dependent increase in C. elegans intestinal
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accumulation (Youngman et al., 2011). Previously other researchers were looking at
colonisation of wild-type C. elegans intestine with C. albicans cells (Pukkila-Worley et
al., 2011, Jain et al.,, 2013), and in our work we use for the first time C. elegans
mutant strain lacking functional PMK-1 pathway and compare the colonisation rate to
the wild-type strain in different age groups. Colonisation experiments allowed us to
make an observation that the impairment of PMK-1 signalling (sek-1 mutation)

seemingly does not contribute to C. albicans ability to colonise nematode’s intestine.

We carried out infection assays in order to understand the nature of the age-
associated decline in fungal resistance. In this work we used C. elegans infection
model, and confirmed the role of PMK-1 signalling for host potency of combatting
fungal infection. It would be interesting also to determine whether such age-
associated declines in p38 function are seen in other systems, such as epithelial cells
or macrophages. If tissue-specific declination of the p38 pathways exists, it would be
interesting to determine whether the inhibition of this signalling pathway would impact
on the ability of innate immune cells to kill pathogenic Candida species, and impact

of C. albicans virulence determinants in those systems.

This study supports the paradigm that fungal stress responses are less important
for the infection of an elderly or immunocompromised host. Similar findings of the
host’s immune status dependency of fungal virulence determinants were reported for
A. fumigatus in a murine model of systemic aspergillosis, where key stress-
responsive transcriptional factor Afyapl, as well as AfSODs, were dispensable for
fungal virulence in immunocompromised host (Qiao et al.,, 2008, Lambou et al.,
2010). The current work only touches of the complexity of host-pathogen interactions
and provides new insights into how the successful pathogen, such as C. albicans,

can establish an infection in the susceptible host.
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Chapter 6. Final Discussion

6.1 Summary

The overall aim of this PhD project was to investigate the potency of immune
cells-derived stresses in fungal killing, and an assessment of whether robust stress
responses are needed for fungal virulence if such immune defences are

compromised.

Previous work from the Brown laboratory (Aberdeen) indicated that in order to
combat Candida spp. infection, immune cells need to generate both ROS and
cationic fluxes. The combination of oxidative and cationic stresses in vitro kills
pathogenic fungi much more effectively than the corresponding single stresses
(Kaloriti et al., 2012). Furthermore, both cationic fluxes and the NADPH oxidase-
mediated generation of ROS are vital for effective neutrophil-mediated killing of C.
albicans (Kaloriti et al., 2014). This is largely attributed to combinatorial stress-
mediated inactivation of the major regulator of antioxidant gene expression in C.
albicans, Capl (Kaloriti et al., 2014). However, C. glabrata can survive, and actually
multiply within the phagosome (Kasper et al., 2015), and this may be due to the
function of the CRI genes which confer resistance to combinatorial cationic and
oxidative stress. A major aim of this thesis was to dissect the mechanism of Capl
inactivation following combinatorial oxidative and cationic stress, and to investigate

the mechanisms of CRI-mediated combinatorial stress resistance in C. glabrata.

As highlighted above, robust immune-based defence mechanisms operate to
prevent systemic Candida infections. Consequently, Candida spp. in general cause
fatal systemic infections only in susceptible hosts, when immune defences are
diminished (section 1.2). These include immunocompromised hosts and also in the
elderly due to the phenomenon of immunosenescence. Thus, as immune defences
are weakened, we reasoned that robust fungal stress responses may be dispensable
for virulence in such hosts. To investigate this, a C. elegans model of infection was
employed to dissect the requirements of C. albicans stress regulators in promoting

fungal virulence in both immunocompromised and elderly hosts.
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6.2 Inhibition of Capl-dependant oxidative stress response —a major

antifungal defence mechanism?

The first aim addressed in this work was to delineate the mechanisms of Capl
inactivation following combinatorial stress in C.albicans. This thesis highlights that
combinatorial stress imposed in vitro drives the generation of extremely high levels of
ROS inside fungal cells, as observed using ROS-sensitive fluorescent probes and
FACS analysis (Figures 3.18 and 3.19). This is likely to underlie the extreme potency
of the combinatorial oxidative and cationic stress in C. albicans killing.

Upon oxidative stress treatment with moderate H,O, concentrations, the
formation of multiple disulfides within Capl masks the nuclear export sequence in the
protein, preventing its interaction with the nuclear export factor Crml, and thus
leading to the nuclear accumulation of the transcription factor (Zhang et al., 2000, da
Silva Dantas et al., 2010). Nuclear Cap1®® is phosphorylated and binds to Capl-
dependent gene targets. Consequently, the induction of the antioxidant-encoding
genes aids the fungus to survive the oxidative burst generated by phagocytes (Figure
6.1 A).

In contrast, high ROS levels (25 mM H,0,) promote the generation of an inactive
differentially oxidised Cap1°** form, and this is also seen following the treatment of
C. albicans cells with combinatorial oxidative and cationic stress (5 mM H,O, + 1 M
NacCl). Specifically, this differentially oxidised form comprises of multiple less oxidised
intermediates, which contain less disulphides (Figure 4.5). Analysis of Capl oxidation
kinetics revealed that this Capl®*' form is most likely a transient inactive
intermediate of active Cap1®* (Figure 3.5). Although Cap1°** generated post high
H,O, treatment is nuclear (Figure 4.1) and binds to the promoters of Capl targets

1OX—1

(Figure 4.9), the phosphorylation of Cap Is impaired (Figure 4.2). In addition,

there is a significant delay in the induction of Capl-dependent genes (Figure 4.3),

ultimately leading to the cell death (Figure 6.1 B). In contrast to Cap1°**

generated
post high ROS, combinatorial stress-induced Cap1®** does not accumulate in the
nucleus. This is due to cations promoting the interaction between Capl and the Crm1

nuclear export factor (Figure 3.8), thus preventing nuclear accumulation.
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Figure 6.1 Impact of combinatorial stress and high H,O, levels on Capl activation.

(A) When C. albicans cells are exposed to medium (5 mM) levels of H,0O,, a Cap1®* form
containing multiple disulfides is swiftly generated, followed by the rapid accumulation of Capl
in the nucleus, where it is phosphorylated. The ensuing efficient induction of Capl-
dependent antioxidant genes follows, leading to stress adaptation and survival. (B) When C.
albicans cells are exposed to high (25 mM) levels of H,0,, a Cap1°** form containing less
disulfides is prevalent, and although this rapidly accumulates in the nucleus and binds to
target genes, Capl is not phosphorylated, and the induction of Capl-dependent genes is
significantly impaired, resulting in cell death. (C) Exposure of C. albicans to medium (5 mM)
levels of H,O, in the presence of NacCl triggers high intracellular ROS accumulation. This also
results in the formation of Cap1°*™. However, an additional inhibitory mechanism is seen as
Capl fails to accumulate in the nucleus due to a cationic stress-mediated stabilization of the
interaction between Capl and the Crm1 export factor. Consequently, the induction of Capl

target genes is prevented, leading to cell death.
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Consequently, and as seen following high H,O, concentrations, Cap1°*?! i

S
unable to initiate antioxidant gene expression, leading to the pathogen’s death
(Figure 6.1C). The efficacy of combinatorial stress-mediated killing of Candida spp.
may explain why these fungi only cause systemic infections in immunocompromised
hosts. In healthy hosts, the failure of the pathogen to respond rapidly to high
intracellular ROS levels likely results in the activation of cell death programs (Phillips

et al., 2003), ultimately leading to C. albicans killing.

It is noteworthy that combination of oxidative and cationic stresses synergistically
kills many fungal species (Kaloriti et al., 2012). In addition, AP-1 like transcription
factors are conserved in fungi, such as Yapl in S. cerevisiae, Cgapl in C. glabrata,
and Capl in C. albicans. Hence, similar mechanisms of combinatorial stress-
mediated inhibition of fungal AP-1 like oxidative stress-responsive transcription
factors might operate in a variety of pathogenic and non-pathogenic fungi. Moreover,
the mechanism of stress pathway interference might be relevant to plant kingdom, as
there are evidences that salt stress induces ROS accumulation in plant roots (Panda
and Upadhyay, 2004, Tsai et al., 2004).

The outstanding question is why does combinatorial oxidative and cationic stress
induce high intracellular ROS levels? This could be due to the cationic stress-
mediated direct inhibition of catalase activity, preventing efficient H,O, clearance
(Kaloriti et al., 2014), and the impact of cationic stress on inhibiting the oxidative
stress-mediated induction of the CAT1 gene via Capl inactivation (Kos et al., 2016).
Indeed, ectopic expression of CAT1 from the Capl-independent ACT1 promoter
reduced intracellular ROS levels and suppressed the synergistic killing of C. albicans
cells by combinatorial oxidative and cationic stress. Another hypothesis is that
cationic stress might impact on fungal cell wall permeability to ROS, resulting in
elevated intracellular ROS levels. Evidence in support of this assumption is
documented in fungal pathogen C. neoformans, where the redundant role of two
cation transporters, Enal and Nhal, was shown to impact on pH homeostasis,
membrane potential and drug resistance of this fungus; Enal was also shown to be
essential for C. neoformans virulence (Jung et al., 2012). In addition, recent report

indicate that high concentrations of cations suppress sensitivity of S. pombe to
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various drugs (Alao et al., 2015). Similarly, cationic stress could impact on C.
albicans membrane permeability to ROS following phagocytosis, resulting in the

synergistic killing of the fungus.

A further question is why does cationic stress promote the Capl-Crml
interaction? This enhanced interaction with the Crml nuclear exporter in the
presence of cations is seemingly specific to Capl. For instance, the Hogl SAPK,
which is regulated by Crml-dependent nuclear localisation, rapidly accumulates in
the nucleus in response to combinatorial oxidative and cationic stress (Kaloriti et al.,
2014). Does perhaps cationic stress promote novel post-translational modifications
on Crml and/or Capl that drives structural changes? Such possibilities could be
addressed by mass-spectroscopy analysis of purified Crm1 and Capl proteins post-
cationic stress to identify any such post-translational modifications. In addition, the
structure of the Capl-Crml complex would help decipher how such cation-induced

modifications could promote interaction.

In conclusion, the data presented in this Chapter provide new insights into
understanding the mechanisms behind combinatorial oxidative and cationic stress-
mediated delay of Capl activation, which is due to (i) the generation of an
intermediate Cap1°** form, which fails to induce target antioxidant-encoding genes,
and (i) an increased interaction of Capl with the Crm1 exporter in the presence of
cations, that leads to the impairment of the oxidative stress-induced nuclear
accumulation of Capl. We suggest that these findings on combinatorial stress-
induced stress pathway interference contribute to the potency of phagocytic immune
cells to combat fungal infections.

6.3 C. glabrata CRI genes as a novel mechanism of combinatorial stress

resistance

To broad our knowledge of the mechanisms employed by pathogenic Candida
spp. to withstand the stresses encountered following phagocytosis, we directed our
attention to C. glabrata, a medically important fungus, which is highly stress resistant.

C. glabrata possesses four unique uncharacterised ORFs within its genome (CRI1-
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4), which are essential to counteract combinatorial oxidative and cationic stress in
vitro, and thus may facilitate the proliferation of this fungus in immunocompetent
macrophages. C. glabrata Acri1 mutants are completely sensitive to combinatorial
stress, whereas CRI1 over-expression results in increased combinatorial stress
tolerance (Figure 3.20). This data clearly demonstrates a role for CRI1 in mediating
C. glabrata combinatorial stress resistance. CRI1 is not induced by combinatorial
stress, and the CRI genes are, in general, not stress-responsive at the mRNA level
(K. Haynes and J. Usher, unpublished). Thus, such genes are seemingly not
susceptible to combinatorial stress-mediated stress pathway interference which
would, as with Capl-dependent targets, inhibit their induction. Hence, it is predicted
that the basal level of CRI1 expression provides initial protection against
combinatorial stress, allowing the fungus to adapt its gene expression programme
following phagocytosis by macrophages or neutrophils (Rai et al., 2012, Fukuda et
al.,, 2013). In this thesis, data is presented which illustrates that CRI1, which
tremendously impacts on C. glabrata survival upon combinatorial stress, does not
function by preventing the combinatorial stress-induced increase in intracellular ROS
levels in this fungus (Figure 3.21). Future research would aim to define the
mechanism by which Cril promotes combinatorial stress tolerance, and to investigate
the roles that the other CRIs play in combinatorial stress resistance. Answering these
guestions will facilitate further mechanistic understanding of host — C. glabrata

interactions.

In this work we show that heterologous expression of CgCRI1-4 in C. albicans
failed to confer combinatorial stress resistance (Figure 3.22), and this contrasts with
analogous experiments using S. cerevisiae, where the expression of the CRI genes
led to considerably enhanced levels of resistance (J. Usher, unpublished). Although it
remains to be validated that the CRI genes were successfully expressed in C.
albicans, the data presented suggest that the mechanisms encompassing CRI-
mediated stress protection is restricted to C. glabrata and closely related fungi, such

as S. cerevisiae.
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6.4 C. elegans age-dependant susceptibility to C. albicans infection

As highlighted throughout this thesis, Candida spp. are a serious threat only in
susceptible hosts, when immune responses are compromised. In this work, a C.
elegans infection model was employed to investigate links between age and the
immune status of the host, and whether the immune status of the host dictated the

importance of fungal stress responses in promoting virulence.

This work for the first time shows that there is an age-dependent increase in
susceptibility to C. albicans-mediated killing, as aged nematodes were significantly
more susceptible to C. albicans-mediated killing than young animals (Figure 5.1). In
addition, using immunocompromised worms (which contain a mutation in the SEK-1
MAPKK, that regulates the PMK-1 SAPK necessary for innate immune defences), we
could demonstrate that young immunocompetent worms are better to resist C.
albicans infection than young immunocompromised (sek-1 mutant) worms. However,
aged immunocompetent and immunocompromised animals displayed similar levels
of susceptibility to C. albicans infection. This suggests that the age-associated
decline in C. albicans resistance in C. elegans may be due to a decline in immune
function. Indeed, PMK-1-mediated innate defences are compromised in elderly
worms (Youngman et al., 2011). However, the increased susceptibility with age in
sek-1 nematodes to C. albicans infection indicates that other, PMK-1-independent
mechanisms of stress-protection, may exist. For instance, the G protein-coupled
receptor FSHR-1 was shown to be essential for C elegans innate immune response
against bacterial pathogens, and is suggested to act in parallel with PMK-1-
dependant mechanisms to regulate the transcriptional induction of antimicrobial
effectors (Powell et al.,, 2009). Also the potential role of the insulin-like DAF-2
signalling pathway could be considered, as this pathway has been implicated in both

ageing and susceptibility to pathogens (Evans et al., 2008b, Evans et al., 2008a).

The study on C. elegans highlights the role of innate immunity in response to the
pathogens (Irazoqui and Ausubel, 2010). Further research into the generality of the
mechanisms underlying the age-associated increases in susceptibility to pathogens
to mammalian host would be an important area to be tackled. To date, little is known

whether the signalling mechanisms underlying host-pathogen interactions are
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impaired in human elderly hosts. It is suggested that numbers of phagocytes remain
negligibly affected by age, although phagocytic capacity and some important
phagocytic functions, such as ROS production, are compromised (Lord et al., 2001,
Gomez et al., 2005). Investigations into the cellular responses of mammalian
epithelial cells to C. albicans have implicated a critical role of the p38 SAPK (Moyes
et al., 2010). It would be of high interest to model such experiments in mammalian
aged cells to investigate whether the function of p38 MAPK and other important
stress regulators is affected by ageing, and whether signalling regulators impact on
the susceptibility to fungal infections. This could be modelled in different systems; for
example, using neutrophils from elderly patients, or aged macrophages, or using
pharmacological inhibitors of p38 signalling. Reported that elevated levels of pro-
inflammatory cytokines in aged macrophages impact on their function and promote
the increases of susceptibility to infections (Linton and Thoman, 2014).
Consequently, pharmacological inhibitors that block p38 signalling might provide new
insights into our understanding of the modulatory therapies necessary to restore

immunocompetence in the immunodeficient (elderly) host.

Current research demonstrated that C. albicans might not need to mount a robust
stress response to cause disease when colonising an elderly host (Figure 5.5). C.
albicans strains lacking the Hogl SAPK were avirulent in young immunocompetent
animals, but were as virulent as wild-type cells in killing old and immunocompromised
nematodes. These findings indicate that C. albicans does not require the same
armoury of the virulence determinants to cause lethal infections in
immunosuppressed and elderly worms. The data presented are in line with
previously reported data for Staphylococcus spp. infection of C. elegans, where
bacterial virulence determinants were shown to impact on infectiousness only in
immunocompetent, but not immunocompromised nematodes (Begun et al., 2007).
Future experiments might address the identification of the target pathogenic
attributes that are the most important in infection of immunocompromised and aged

animals.

One should note that despite all the benefits of invertebrate models of infection,

such as C. elegans, we question how many features of C. elegans innate immunity
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will apply to mammalian host, and what signalling pathways underlying the
susceptibility to pathogens are conserved, and to what extent, between invertebrate

models, such as nematode, and Homo sapiens.

6.5 Concluding remarks

Host niches are complex and dynamic. Candida species are highly successful
pathogens in susceptible hosts due to their ability to adapt to rapidly changing
microenvironments within the host. Synergistic kiling by the combination of the
oxidative and cationic stresses is a relatively new phenomenon in the stress-
signalling field. This contrasts starkly with “stress cross protection”, where the
exposure of fungal cells to one kind of stress results in higher tolerance to the

subsequent exposure to a different stress (Gonzalez-Parraga et al., 2010).

In addition to ROS and cationic fluxes, there are many other stresses
encountered by pathogenic fungi following phagocytosis, such as RNS, RCS, pH
fluctuations, variations of temperature, nutrient deprivation and antimicrobial peptides
(Miramon et al., 2013). Therefore, it is possible that different mechanisms of synergy
between the phagocytic insults take place. For instance, C. albicans cells are more
sensitive to ROS when simultaneously exposed to an acidic pH environment (Prof. J.
Quinn, unpublished), and the combinatorial oxidative and nitrosative stress
significantly extends the lag phase of growth in both C. albicans and C. glabrata in
vitro (Kaloriti et al., 2012), which is indicative that fungal pathogens require longer
periods to adapt to the combination of stresses before the active growth can be
resumed. Additionally, nutrient availability and carbon source drastically influence C.
albicans stress resistance (Ene et al., 2013), and might also affect combinatorial
stress outputs in this fungus. Further substantial research will be directed at
understanding an impact of other combinations of physiologically relevant stresses
and phagosomal microenvironmental cues on C. albicans killing, and the complex
nature of fungal signaling in response to multiple stresses and conditions

encountered within the host. This research area is relatively new, unexplored and
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exciting, and furthering our knowledge of the mechanisms of combinatorial stress

responses will facilitate our understanding of the battle between pathogen and host.
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Abstract: Candida albicans is a major fungal pathogen of humans, causing approximately
400,000 life-threatening systemic infections world-wide each year in severely
immunocompromised patients. An important fungicidal mechanism employed by innate
immune cells involves the generation of toxic reactive oxygen species (ROS), such as
superoxide and hydrogen peroxide. Consequently, there is much interest in the strategies
employed by C. albicans to evade the oxidative killing by macrophages and neutrophils.
Our understanding of how C. albicans senses and responds to ROS has significantly
increased in recent years. Key findings include the observations that hydrogen peroxide
triggers the filamentation of this polymorphic fungus and that a superoxide dismutase
enzyme with a novel mode of action is expressed at the cell surface of C. albicans.
Furthermore, recent studies have indicated that combinations of the chemical stresses
generated by phagocytes can actively prevent C. albicans oxidative stress responses through
a mechanism termed the stress pathway interference. In this review, we present an up-date of
our current understanding of the role and regulation of oxidative stress responses in this
important human fungal pathogen.
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1. Candida albicans Is a Major Fungal Pathogen of Humans

The polymorphic fungus, Candida albicans, is a constituent of the normal human microbiome. This
fungus, together with other Candida family members, is present on the skin and in the oral cavity and
gastrointestinal and urogenital tracts of most healthy individuals [1,2]. In the healthy host, C. albicans
normally exists as a benign commensal organism. However, as an opportunistic pathogen, this fungus
can also cause superficial infections, such as oral or vaginal candidiasis, or life-threatening systemic
infections [2]. Perturbation of the microbiome through antibiotic usage or mild to severe defects in
immune defences, such as in patients with HIV, can result in superficial oral and vaginal infections
(thrush), termed oral (OC) and vulvovaginal (VVC) candidiasis, respectively. OC occurs in about 90%
of HIV-infected persons as an AIDS-defining illness [3]. Defective immunity in premature infants and
the elderly can also result in OC [4,5]. Significantly, 75% of women of childbearing age suffer from VVC,
45% of whom go on to have a least one recurrent infection [6]. Superficial candidiasis can also manifest
as chronic infections of the skin and nails, resulting in mucocutaneous candidiasis (CMC) [7]. Although
superficial infections are remarkably commonplace, they are non-life threatening and can be easily treated.

In contrast, systemic candidiasis is associated with unacceptably high crude and attributable mortality
rates of 42 and 27%, respectively, despite the availability of antifungal drugs, such as the polyenes,
azoles and echinocandins. These mortality rates exceed those attributed to sepsis caused by the most
aggressive bacterial and viral pathogens [8] and are attributed to difficulties in diagnosing fungal systemic
infections and the consequential delays in treatment [9]. Patients who are severely immunocompromised,
such as those on immunosuppressive treatments for cancer or transplant surgery, are at risk of systemic
candidiasis [10]. In such patients, the innate defence mechanisms, which are vital to prevent invasive
disease, are significantly compromised [11]. Consequently, the fungus can survive in the bloodstream
and subsequently colonise a number of internal organs [2]. Other risk factors include invasive clinical
procedures or trauma, which disrupt the protective anatomical barrier of the mucosa, and the use of
venous catheters, which can allow access of the fungus to the bloodstream [10]. Indeed, overall,
Candida spp. are the fourth most common nosocomial (hospital acquired) systemic infection in the
United States [8]. Clearly, C. albicans poses a significant medical problem, and thus, it is important that
we understand what makes this fungus such a successful pathogen.

2. Reactive Oxygen Species Are a Core Component of the Immune Cell Armoury

In healthy hosts, the first line of defence against C. albicans is through phagocytosis by innate
immune cells, including macrophages and neutrophils. A major antimicrobial defence mechanism
mounted by these phagocytes is the production of reactive oxygen species (ROS) through a process
known as the respiratory burst. Following stimulation by cytokines, phagocytic cells activate the
assembly of the NADPH oxidase complex, which results in the generation of superoxide (O2¢). Given
the potency of the ROS produced by NADPH oxidase [12], activation of this multi-subunit enzyme is
tightly regulated. The NADPH oxidase complex consists of the Nox2 (gp91P"*) catalytic subunit,
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the p22P"°* transmembrane protein and three cytosolic subunits, p47°"*, p67P"°* and p40P"°*, Nox2 and
p22Ph°X make up the membrane-associated cytochrome bsss heterodimer. Activation of Nox2 is
dependent on the interaction with the cytosolic components, in particular p67°1°*, which translocate to
the membrane following phagocytosis [13]. This interaction is dependent on the binding of the small
GTPase Rac to p67°'°*, which induces a conformation change in this subunit, thus promoting its interaction
with Nox2 [14]. Activation of Nox2 drives the production of superoxide via the NADPH-driven reduction
of molecular oxygen. This is generated at an extremely high rate of 5 to 10 nmol per s within the neutrophil
phagosome [15], and it has been estimated that approximately 4 mol L™! of Oz« is produced per
bacterium engulfed in the phagocytic vacuole [16]. The superoxide is then dismutated to hydrogen
peroxide (H202) by superoxide dismutase or to hydroxyl anions (OH") and hydroxyl radicals (OH) via
the Haber-Weiss reaction. The importance of the NADPH oxidase-mediated respiratory burst as an
antimicrobial mechanism is manifested in patients with chronic granulomatous disease (CGD). CGD is
a human genetic disorder characterized by a deficiency in the NAPDH oxidase complex and is associated
with recurrent and life-threatening bacterial and fungal infections [17]. Significantly, patients with CGD
have an increased susceptibility to Candida infections [18]. Interestingly, in addition to the fungicidal
roles of ROS, recent work has revealed that the ROS produced by NADPH oxidase also functions
to recruit phagocytes to C. albicans infection foci. This NADPH oxidase-regulated recruitment of
phagocytes is important for efficient phagocytosis, containment of the fungus within the phagocyte
and survival of the host [19].

Other toxic chemicals are subsequently derived from the ROS in the phagosome [20]. For example,
H202 can react with chloride ions (Cl") to form hypochlorous acid (HOC]I) in a reaction catalysed by
myeloperoxidase (MPO). In addition, the nitric oxide radical generated by the action of the inducible
nitric oxide synthase (iNOS) interacts with superoxide to produce the highly toxic peroxynitrite
(ONOO) [21]. Recently, work has also revealed that the combination of reactive oxygen species together
with the cationic stress generated during phagocyte maturation underlies the potency of phagocytes in
C. albicans killing [22]. Thus, phagocytic cells synthesize an array of toxic chemicals that work in
combination to promote fungal killing. It is also noteworthy that, in addition to ROS production within
the phagosome, phagocytes secrete ROS into the external milieu [23]. Consistent with this, C. albicans
cells have been shown to mount an oxidative stress response prior to phagocytosis [24]. Furthermore,
C. albicans will also come in contact with ROS produced by H202-producing bacteria in the mouth and gut.
Several commensal bacteria, for example Enterococcus faecalis [25] and Lactobacillus species [26],
secrete ROS into their surroundings, and this may have an inhibitory effect on the growth of C. albicans
in host niches, other than the phagosomal environment. Consistent with this, using a Caenorhabditis elegans
model of polymicrobial infection, E. faecalis was shown to reduce the virulence of C. albicans [27].

The ROS generated within the phagosome creates a toxic environment that induces oxidative stress
in C. albicans. Indeed, exogenous ROS can induce programmed cell death in this fungal pathogen [28].
ROS interact with proteins, lipids and nucleic acids [29], causing irreversible damage to the pathogen.
DNA damage caused by ROS can result in chemical base changes, structural alterations, single- and
double-strand breaks and cross-linkage. Lipid peroxidation occurs by a free radical chain reaction, which
culminates in peroxidation events at many fatty acid side chains, leading to the damage of the cell
membrane. ROS reactions with proteins can lead to the formation of protein-protein cross-links, oxidation
of the peptide backbone and reversible or irreversible oxidation of amino acid side chains. Although this
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can be deleterious to protein function, as discussed below, several oxidative stress-sensing proteins are
activated by the reversible oxidation of cysteine residues.

3. Response of Candida albicans to ROS
3.1. Transcriptional Responses to ROS

A well-characterized response of eukaryotic microbes to ROS is the rapid induction of mRNAs
that encode oxidative stress detoxification and repair proteins. Interestingly, C. albicans is considerably
more resistant to oxidative stress than the benign model yeasts, Schizosaccharomyces pombe and
Saccharomyces cerevisiae [30,31]. However, the basis for this resistance does not appear to be due to
differences in transcriptional responses to oxidative stress, as all three fungi appear to induce a similar
set of core antioxidant genes following exposure to H202 [32,33]. These include catalase (CATI),
glutathione peroxidase (GPX) and superoxide dismutase (SOD) antioxidant-encoding genes, in addition
to genes encoding components of the glutathione/glutaredoxin (GSHI, TTR1) and thioredoxin (7SA1,
TRX1, TRRI) systems, which play critical roles in repairing oxidatively-damaged proteins, protein
folding and sulphur metabolism. Such oxidative stress-responsive genes are also induced in C. albicans
following exposure to macrophages or neutrophils [34-38], illustrating that this pathogen induces
the respiratory burst in these phagocytes. The analyses of GFP-reporter fusions, under the control of
oxidative stress-responsive promoters, have also revealed that C. albicans is exposed to significant levels
of ROS prior to phagocytosis [24]. In contrast, however, oxidative stress responses do not appear to be
induced once C. albicans cells have established systemic kidney infections [34,39,40]. Thus, inducible
oxidative stress responses appear vital for C. albicans to survive phagocytosis by innate immune cells,
but are seemingly less important for the fungus to develop systemic infections. Indeed, whilst a number
of genes encoding key antioxidants (such as CATI, TRX1, GRX2, SODI, SODS5) are important for
virulence in systemic models of infection [41-45], others (including 7S4 1, GPXs) are dispensable [46,47].

3.2. Transcriptional Responses to ROS Are Inhibited in the Presence of Cationic Stress

In healthy individuals, C. albicans cannot evade the oxidative-killing mechanisms mounted by innate
immune cells. Such cells prevent infection by employing a battery of toxic chemicals in addition to ROS.
For example, phagocytes expose C. albicans to cationic fluxes (K") and acidification, as well as to
superoxide anions [16,21,48]. However, as C. albicans is resistant to each of these individual stresses
in vitro [30,31], a key question, therefore, is: what accounts for the potency of innate immune defences?
Although host microenvironments are complex and dynamic, our understanding of C. albicans stress
responses is based on studies of individual stresses. Significantly, however, recent work has revealed
that C. albicans is exquisitely sensitive to combinations of oxidative and cationic stresses [49], which
are encountered following phagocytosis. Cationic stress can be imposed in vitro by exposure of the
fungus to either NaCl or KCl and in the phagocyte is caused by increased flux of K' into the
phagosome [16]. Strikingly, exposure to cationic stress results in the inhibition of C. albicans oxidative
stress responses. This phenomenon has been termed “stress pathway interference” [22]. The combinatorial
stress-mediated synergistic killing of C. albicans contrasts starkly with the stress cross-protection
described in model yeasts, whereby exposure to one stress protects against subsequent exposure to a
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different stresses [50]. The existence of stress pathway interference was revealed through gene expression
analysis in C. albicans. Transcript profiling showed that H2O2-induced gene expression is severely
attenuated, and intracellular ROS levels increase dramatically, following combinatorial oxidative and
cationic stress. For example, key antioxidant genes, such as CAT/ encoding catalase and 7RR/ encoding
thioredoxin reductase, which are significantly induced following H20: stress, fail to be induced
following exposure of cells to H20: in the presence of cationic stress [22]. This cationic stress-mediated
inhibition of oxidative stress responses appears to be of physiological relevance, as the high fungicidal
activity of human neutrophils is dependent on the combinatorial effects of the oxidative burst and
cationic fluxes [22]. However, as discussed above, oxidative stress-responsive genes are induced following
co-culture of C. albicans with phagocytes [34,35], so how is this reconciled with the combinatorial
stress-mediated inactivation of such genes? It has been suggested [22] that the activation of C. albicans
antioxidant genes during interaction with phagocytes may be due to exposure to extracellular ROS prior
to engulfment [24]. Furthermore, as exposure of cells to combinatorial oxidative and cationic stresses
prevents the normal activation of oxidative stress-responsive genes, this may explain why C. albicans
oxidative stress genes are not expressed in certain host niches, such as during systemic infections of the
kidney, despite the presence of neutrophil infiltrates [34].

3.3. Extracellular Antioxidant Enzymes as a Pathogen-Specific Adaptation Mechanism

As C. albicans appears to mount standard transcription responses to oxidative stress, the high level
of resistance of this pathogen to ROS could, instead, be related to the evolutionary expansion of the SOD
family and the fact that this pathogen expresses SODs and other antioxidant enzymes on the cell surface.
C. albicans contains six SOD enzymes distributed between different cellular compartments. Sod1-3 are
intracellular enzymes, while Sod4—6 are glycosylphosphatidylinositol (GPI)-anchored cell wall-associated
enzymes. The Cu-/Zn-containing Sod1 is induced following phagocytosis and is required for C. albicans
to resist macrophage-mediated killing [43]. The extracellular Sods also have vital roles in the
detoxification of superoxide radicals generated by phagocytes; co-culture of macrophages with C. albicans
cells lacking Sod4 and Sod5 leads to massive extracellular ROS accumulation in vitro [23].
Consequently, inactivation of Sod4 and Sod5 results in C. albicans cells that are exquisitely more
susceptible to phagocyte-mediated killing [23,35]. Interestingly, the expression of Sod4 and Sod5 is
dependent on the morphology of C. albicans, as Sod4 is expressed in yeast cells, whereas Sod5 is a
hyphal-induced gene [44,51]. Sod5 is also induced following phagocytosis by neutrophils independently
of hyphae formation [35]. Recently, structural analysis of Sod5 revealed that it represents a novel class
of superoxide dismutases that only depends on Cu for activity. Furthermore, it is secreted in its apo-form
and can readily capture extracellular copper without the aid of a Cu chaperone, which rapidly induces
activity [52]. It is suggested that this novel mode of activation is uniquely adapted to the host
environment, as macrophages release copper in an attempt to kill invading microbes through copper
toxicity [53]. In addition to specific Sods, two key peroxidase enzymes have also been found at the cell
surface of C. albicans; the thiol-specific peroxidase Tsal [47,54] and the peroxide detoxifying enzyme
catalase [54]. Tsal and Catl were identified as major plasminogen-binding proteins in isolated cell wall
protein preparations [54], and the cell wall localization of Tsal has also been illustrated using fluorescence
microscopy [47]. These extracellular mechanisms for protection against ROS likely reflect an adaptation
of this pathogenic fungus to prevent the intracellular accumulation of toxic levels of ROS.



Biomolecules 2015, 5 147

3.4. Morphogenesis as an Oxidative Stress Response

Following phagocytosis, C. albicans can evade oxidative-killing by macrophages and neutrophils by
switching from budding to filamentous cells, which can pierce the phagosomal membrane [37]. Not only
does this allow the pathogen to escape, but this also results in the C. albicans-mediated killing of the
phagocyte [55]. It has recently been demonstrated that the ability of C. albicans to mount robust
oxidative stress responses is vital for this polymorphic pathogen to filament in the phagosome [46,56].
C. albicans mutants that are sensitive to ROS in vitro fail to filament once phagocytosed and, thus,
are trapped within the macrophage and unable to evade phagocyte-mediated killing. Consistent with
the requirement of fungal oxidative stress defences to allow filamentation and macrophage escape,
the phagocyte NADPH oxidase is important in inhibiting filamentation in vivo [57]. The ROS produced
by the NADPH oxidase also function to recruit phagocytes, thereby increasing phagocytosis and inhibiting
filamentation [19]. Thus, the outcome of the battle between C. albicans and innate immune cells appears
dependent on the NADPH oxidase-regulated functions of the phagocyte and the robustness of the fungal
oxidative stress responses.

The mechanisms underlying C. albicans filamentation following phagocytosis remain to be fully
explored. A recent study reported that the ROS-induced induction of arginine biosynthesis genes is
important for hyphal formation following phagocytosis of C. albicans [58]. Moreover, exposure of
C. albicans to the ROS H20: triggers the filamentation of this polymorphic fungus in vitro [42,59].
A close examination of the morphology of these cells revealed that H2O2-induced filaments are
hyperpolarized buds, which are morphologically distinct from hyphae and pseudohyphae filamentous
forms [42]. The hyperpolarised bud is a relatively recently characterized filamentous form of C. albicans
and is normally associated with either mutations or chemicals that perturb cell cycle progression [60,61].
The observation that H2O2 stimulates hyperpolarised bud formation provided the first example of a
physiologically relevant condition that induces this filamentous form of growth in C. albicans. Does
exposure of ROS following phagocytosis trigger the formation of hyperpolarised buds allowing this
pathogen to pierce the phagocyte membrane and escape? Evidence so far indicates that ROS-stimulated
hyperpolarized bud formation may not contribute to C. albicans filamentation within the macrophage.
For example, ROS-sensitive C. albicans mutants that cannot filament within the macrophage [56] can
form H20:2-induced hyperpolarized buds in vitro [42]. Nonetheless, ROS-stimulated filamentation of
C. albicans may be beneficial for survival in other host niches, such as the gut, where C. albicans co-exists
with ROS-producing bacteria.

4. Signalling Pathways that Mediate C. albicans Responses to ROS

To date, three signalling pathways have been demonstrated to be directly activated in response to
ROS in C. albicans. These include the Capl transcription factor, the Hogl stress-activated protein kinase
and the Rad53 DNA damage checkpoint kinase. Here, we discuss the role and regulation of these pathways
in oxidative stress responses in C. albicans. Other signalling pathways not known to be activated by
ROS, but which contribute to oxidative stress tolerance in C. albicans are also briefly summarized.
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4.1. The Capl ROS-Responsive Transcription Factor

In C. albicans, the Capl transcription factor is the major regulator of the oxidative stress-induced
transcriptome and proteome, both in vitro [62,63] and ex vivo, following exposure to neutrophils [35].
Capl is a bZip transcription factor of the AP-1 family and is closely related to the S. cerevisiae Yapl
and S. pombe Papl proteins, which have well-characterized roles in oxidative stress and multi-drug
resistance [64,65]. Similarly, C. albicans capiA cells are sensitive to several reactive oxygen species
and drugs [33,66,67]. Chromatin immunoprecipitation (CHiP) analysis to determine direct targets of
Capl identified many key antioxidant genes, including CTA7 and TRX1, and those involved in the response
to drugs, such as MDR1 [68]. Capl plays a role in recruiting the Ada2 component of the SAGA/ADA
histone acetylase co-activator complex to the promoters of oxidative stress and drug-responsive
target genes [69,70]. Cells lacking Ada2 are highly sensitive to ROS, and the oxidative stress-induced
transcription of key Capl target genes is significantly impaired; therefore, Capl recruitment of the
SAGA complex appears to be a vital component of the oxidative stress response in C. albicans.

4.1.1. Regulation of Cap1

Similar to that reported for S. cerevisiae Yapl, C. albicans Capl rapidly accumulates in the nucleus
in response to H202 [56,67]. Under non-stressed conditions, Yapl shuttles between the cytoplasm and
the nucleus due to the interaction of a nuclear export sequence (NES), located at the C-terminus of these
transcription factors, with the Crm1 nuclear export factor [71]. However, following exposure to H202,
Yapl is activated by oxidation of specific cysteine residues, resulting in disulphide bond formation
between two cysteine-rich domains (n-CRD and c-CRD). This triggers a conformational change within
Yapl that masks the NES, thereby preventing its interaction with Crm1. The inability to be recognized
by Crml leads to the nuclear accumulation of Yapl, the nuclear-dependent phosphorylation of this
transcription factor and the induction of Yapl-dependent genes [72]. Conversely, activation of Yapl is
counteracted by the thioredoxins Trx1 and Trx2, which function to reduce oxidised Yapl [72]. This
basic mechanism of regulation is conserved in C. albicans (Figure 1). Mutation of the c-CRD affects
Capl regulation [67], and Capl is rapidly oxidised following exposure to H202 [42]. In addition,
following the nuclear accumulation of Capl, this transcription factor becomes phosphorylated, and the
induction of Capl-dependent genes is observed. Furthermore, as seen in S. cerevisiae, thioredoxin
functions to reverse the H2O2-induced oxidation and activation of Cap1 [42].

Fungal AP-1-like transcription factors are not directly oxidised by H202, but instead, specific peroxidase
enzymes sense and transduce the H2O2 signal to these transcription factors (Figure 1). Similar to that
observed in S. cerevisiae [72], Capl oxidation requires Gpx3, a glutathione peroxidase
(Gpx)-like enzyme [56]. Studies with Yapl showed that this transcription factor undergoes multiple
oxidation events, with Gpx3 initiating Yap1 oxidation [73—75]. Similarly, multiple oxidized forms of Cap1
are also observed [56]. Gpx3-mediated oxidation of Yap1 and Cap1 also requires a second protein, Ybpl,
which binds to and forms a complex with the AP-1-like factors [56,76]. A recent study has provided
insight into an additional function of Ybpl in both C. albicans and S. cerevisiae, as Capl and Yapl are
highly unstable in ybpi4 cells [56]. Ubiquitin-mediated degradation of oxidised AP-1-like factors has
recently been shown to be an important regulatory mechanism [77,78]; therefore, Ybp1 binding to the
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reduced cytoplasmic pools of Yapl or Capl possibly functions to prevent this proteasome-mediated
degradation [56].

toSikE ’
oxidants
Cap1REP Cap1%% nucleus Cap1REP nucleus
cytoplasm cytoplasm

Figure 1. H202-induced activation of Capl is inhibited in the presence of cations. (A)
Exposure of C. albicans to H202 promotes the Gpx3/Ybpl-mediated oxidation and activation
the Capl transcription factor (Cap1°*). Cap1°* can no longer interact with the Crm1 nuclear
export factor resulting in its nuclear accumulation, and the subsequent Capl-dependent
induction of genes with antioxidant functions necessary for cell survival. Following cellular
adaptation, Cap1°*is returned to the inactive reduced form (Cap1®EP) by thioredoxin (Trx1);
(B) Remarkably, when C. albicans cells are exposed to H202 in the presence of cations, Cap1
fails to accumulate in the nucleus and therefore antioxidant gene expression is not induced
leading to cell death. This is important as, following phagocytosis, C. albicans is exposed
simultaneously to ROS and cationic fluxes. See text for details.

In S. cerevisiae, Yap1 functions alongside the Skn7 response regulator transcription factor, to regulate
antioxidant gene expression [79]. An orthologue of Skn7 has been identified in C. albicans [80].
The overall domain architecture is conserved and comprised of a DNA-binding domain, a coiled-coil domain
and a receiver domain (analogous to those in response regulator proteins of two-component signal
transduction pathways). It is not known whether Skn7 acts alongside Capl in C. albicans. However,
C. albicans cells lacking Skn7 display increased sensitivity to ROS, including H20:, consistent with this
transcription factor regulating oxidative stress-induced gene expression [80].

Interestingly, Capl fails to be activated following exposure to combinatorial oxidative and cationic
stress (Figure 1), which underlies the lack of antioxidant gene expression following this combinatorial
stress treatment (Section 3.2). In contrast with that seen following oxidative stress, following combinatorial
cationic plus oxidative stress treatments, Capl fails to accumulate in the nucleus [22]. Consequently,
Capl is not phosphorylated, and Cap1-dependent oxidative stress genes are not induced [22]. The impact of
stress pathway interference upon Capl signalling underlies the potency of combinatorial cationic plus
oxidative stress, as ectopic expression of the Capl-dependent catalase gene, CATI, rescues the
hypersensitivity to the combinatorial stress [22]. However, the mechanism underlying combinatorial
stress-mediated inactivation of Capl is not known. Cations inhibit catalase function, which results in
high levels of intracellular ROS [22]. Whether high levels of ROS result in Cap1 inactivation or whether
cations inhibit Cap1 activation in other ways remains to be determined.



Biomolecules 2015, 5 150

4.1.2. Role of Capl in Virulence

Loss of Capl or its regulators Gpx3 and Ybpl attenuates virulence in some, but not all infection
models. For example, cells lacking Capl, Gpx3 or Ybpl are unable to kill macrophages, due to the
inability of these mutant strains to filament following phagocytosis [56]. Consequently, cells lacking
Capl or its regulators are sensitive to macrophage- and neutrophil-mediated killing [35,56,81]. Capl,
Gpx3 and Ybpl1 are also vital for C. albicans virulence in a Galleria mellonella model of infection [56],
and Capl is important for virulence in a Caenorhabditis elegans infection model in nematode hosts that
have a functional NADPH oxidase [81]. In contrast, Cap1, Gpx3 and Ybp1 are dispensable for C. albicans
virulence in murine systemic infection models [56,81]. Similar findings were reported for Skn7 [80].
The observation that Capl is dispensable for virulence in murine systemic models of infection was
unexpected, as certain genes that are induced by Cap1 in response to H202, such as CTA7 and TRX1, are
important for C. albicans survival in such models [42,45]. This indicates that Capl-independent basal
levels of such genes may be important for virulence in such models and that Capl-mediated gene
expression is not vital for the establishment of systemic infections.

4.2. The Hogl SAPK

Stress-activated MAPKs are conserved signalling molecules that promote the ability of cells to adapt
to environmental change [82]. They are components of a three-tiered core signalling module that comprises
the SAPK itself, a MAP kinase kinase (MAPKK) and a MAPKK kinase (MAPKKK). Activation of
the MAPKKK results in the phosphorylation and activation of the MAPKK, which, in turn, culminates
in the phosphorylation of the SAPK on conserved threonine and tyrosine residues located within the
TGY motif in the phosphorylation lip of the catalytic domain. This induces the activation and nuclear
accumulation of the kinase [83] and the proline-directed phosphorylation of Ser/Thr residues on diverse
substrates, including transcription factors, kinases, cell cycle regulators and membrane proteins, thus
eliciting appropriate cellular responses. In C. albicans, Hogl is robustly phosphorylated and rapidly
accumulates in the nucleus following exposure of cells to H202 [33]. In addition, cells lacking Hogl
display increased sensitivity to a range of ROS, indicating that Hogl activation is a critical component
of the oxidative stress response in C. albicans [84,85]. Interestingly, Hogl is only activated following
exposure of C. albicans cells to relatively high levels of H202 compared to the analogous Styl SAPK
in the model yeast, S. pombe. This may reflect an adaption of this pathogenic fungus to restrict Hogl
activation to ROS-rich environments during infection [85]. Despite the increased H20O: sensitivity
exhibited by hogiA cells and significant phosphorylation of Hogl in response to H2O2, transcript
profiling experiments revealed that Hogl is largely dispensable for H2O2-induced gene expression [33].
Although a small subset of H2O2-responsive genes were identified that showed Hogl-dependent
induction, subsequent analysis failed to identify any genes coding for proteins with known antioxidant
functions [33]. This is in contrast with S. pombe, where Styl is required for the activation of the core
stress genes in response to H202, including genes encoding important antioxidants, such as catalase and
glutathione peroxidase [86]. What, therefore, is the role of Hogl in the C. albicans oxidative stress
response if it is not required for the induction of antioxidant gene expression? One possibility is that
Hogl contributes to the oxidative stress response at a post-transcriptional level in C. albicans. Indeed,
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the S. pombe Styl SAPK has been shown to interact with translation factors [87]. However, Hogl does
not play a major role in regulating the oxidative stress-induced proteome, although proteomic experiments
did indicate that Hogl might be required to ensure the prolonged expression of some proteins during
recovery from H2O: stress [88]. Loss of Hogl has been shown to affect respiratory function [89], although
it is unclear whether this underlies the sensitivity of #oglA cells to ROS. One downstream target of Hogl
regulated by H20z stress is the Mkel cell integrity MAPK. Mkecl is rapidly phosphorylated in response
to H202 stress in a Hogl-dependent mechanism, although Mkcl is not required for cell survival
in response to H20: stress [90]. In addition, the Skol transcription factor is a target of the Hogl SAPK
in C. albicans, as this becomes phosphorylated following stress in a Hogl-dependent manner [91].
However, consistent with Hogl not playing a major role in regulating oxidative stress-induced gene
expression, the H2Oz-induced transcriptome is not dependent on Skol [92]. Thus, in C. albicans,
Hogl regulation of the oxidative stress response must involve targets in addition to Mkcl and Skol

(Figure 2).
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Figure 2. H2O2-induced activation of the Hogl SAPK. In response to H202, Hogl becomes
rapidly phosphorylated and accumulates in the nucleus, and C. albicans cells lacking Hog1
are sensitive to oxidative stress. Proteins required for H2Oz2-induced activation of Hogl are
shown in green. These include the response regulator Sskl1 (but no other two-component
protein), the redox sensitive antioxidants Tsal and Trx1, and the mitochondria biogenesis
factor Fzol. Following H202-induced activation, Hogl phosphorylates the Mkcl MAPK.

However, cells lacking Mkc1 are not sensitive to oxidative stress, suggesting that an, as yet,
unknown Hogl substrate(s), mediates oxidative stress resistance.
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4.2.1. Regulation of Hogl in Response to ROS

Whilst little is known regarding the cellular targets of Hog and the cellular role(s) of this kinase in
promoting oxidative stress tolerance, more progress has been made in delineating how H202 signals are
relayed to Hogl (Figure 2). Oxidative stress-induced activation of Hogl is entirely dependent on the
Pbs2 MAPKK [93], which, in turn, is regulated by a single MAPKKK Ssk2 [94]. Furthermore, a recent study
reported that deletion of a mitochondrial biogenesis factor, Fzol, significantly impairs the H2O2-induced
activation of Hogl [95]. Thus, intriguingly, functional mitochondria may play an important role in the
regulation of the Hogl pathway in response to oxidative stress. In addition, both two-component related
proteins and redox-sensitive antioxidants are necessary for the activation of the Hogl SAPK in response
to oxidative stress, and these will be described in turn.

4.2.1.1. Two-Component Mediated Regulation of Hog1

In the model yeasts, two-component signalling pathways have been shown to play an important role
in the sensing and transmission of stress signals to their respective SAPK pathways. Such pathways are
comprised of a histidine kinase, an intermediary phosphorelay protein and a response regulator protein.
In §. cerevisiae, the Sinl histidine kinase is inactivated in response to osmotic stress. This halts
phosphorelay through the Ypd1 phosphorelay protein, leading to the rapid dephosphorylation of the Ssk1
response regulator. Dephosphorylated Sskl is a potent activator of the Ssk2/Ssk22 MAPKKKs in
S. cerevisiae, which regulate Hogl activation [96,97]. In C. albicans, deletion of the analogous SSK/
gene prevents Hogl activation in response to oxidative stress, and consistent with this, ssk/4 cells are
sensitive to oxidative stress [98]. Although Ssk1 is involved in the transmission of oxidative stress signals
to Hogl, the identity of the histidine kinase(s) responsible for sensing and signalling oxidative stress signals
to Ssk1 in C. albicans remains elusive [99,100]. Of the three histidine kinases present in C. albicans, Chk1
would appear to be the most likely candidate for a potential peroxide-sensing histidine kinase, as this
shows significant similarity to the S. pombe peroxide-sensing histidine kinases, Mak2 and Mak3 [101,102].
However, deletion of CHK alone or in combination with either of the genes encoding the two remaining
histidine kinases, SLN1 or NIK1, does not impair H2Oz-induced activation of Hogl [100,103]. Hence,
it is currently unclear as to which histidine kinase(s) senses oxidative stress and regulates phosphorelay
to Ssk1. Moreover, observations that Hogl activation is seen in cells expressing a non-phosphorylatable
Ssk1 mutant [103] or in cells lacking the Ypdl phosphorelay protein in which Sskl1 is predicted to be
unphosphorylated [ 104] indicate that Ssk1 may relay H202 signals to Hogl in a mechanism independent
of two-component signalling. It is also noteworthy that a novel response regulator, named Crrl/Srrl, has
been recently identified that is only present in fungi belonging to the Candida clade [105,106]. Cells
lacking Crrl or expressing a mutant lacking the predicted aspartate phosphorylation site are sensitive to
H202 [105]. However, in contrast with Ssk1, Crrl is not required for the H2O2-induced activation of
Hogl [105]. Thus, whilst this novel response regulator mediates the response of C. albicans to H202,
it does so in a Hogl-independent manner. Finally, in S. cerevisiae, the transmembrane protein, Shol,
relays osmotic stress signals to the Hogl SAPK in parallel with the Slnl-mediated two-component
signalling pathway [107]. In C. albicans, the analogous Shol protein appears to have been reassigned to
oxidative stress signalling [100]. However, it is not clear how this is mediated, as Shol is not required
for ROS-stimulated activation of the Hogl pathway [100].
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4.2.1.2. Redox-Sensitive Antioxidant Proteins as Regulators of Hogl

It is now well recognized that redox-sensitive antioxidant proteins have important sensing and
signalling roles in the cellular response to oxidative stress [108]. In C. albicans, the redox-sensitive
thioredoxin peroxidase enzyme, Tsal, is specifically required for H2O2-induced activation of Hogl [42].
This is similar to that previously reported in S. pombe, as H202-induced activation of the Styl SAPK
also requires the analogous thioredoxin peroxidase enzyme, Tpx1 [109]. In S. pombe, intermolecular
disulphide bonds are formed between conserved cysteine residues in Styl and Tpx1 following H202
stress, which suggests that Tpx1 regulates Styl function directly. However, the mechanism of Tsal
regulation of Hogl in C. albicans may be different, as the conserved peroxidatic cysteine residue of
Tsal, which is essential for Tpx1 regulation of Styl, is dispensable for Tsal regulation of Hogl [42].
Furthermore, the thioredoxin enzyme, Trx1, which regulates the redox status of Tsal, is also essential
for the relay of oxidative stress signals to the Hogl SAPK module [42]. eletion of TRX] or mutation of
the catalytic cysteine residues of Trx1 drastically impairs Hogl phosphorylation in response to H20x.
However, it would appear that Trx1 regulates Hogl independently of Tsal, as the catalytic cysteine
residues of Tsal, which are reduced by Trx1, are dispensable for Hogl activation [42]. In mammalian
systems, thioredoxin functions as a repressor of the Hogl-related JNK and p38 SAPK signalling
cascades [110]. The upstream Askl MAPKKK in the mammalian SAPK pathways is activated via
cysteine oxidation, and Trx1 negatively regulates this pathway by reducing the oxidized cysteines of
Askl [111,112]. As Trx1 is a positive regulator of the Hogl SAPK in C. albicans, it seems unlikely that
a similar mechanism is in place. It is also interesting to note that protein tyrosine phosphatases, which
are negative regulators of SAPKs, are susceptible to inactivation by oxidation of their catalytic cysteine
residue [113]. Whether thioredoxin regulates such phosphatases that dephosphorylate Hogl in C. albicans,
however, remains to be established.

4.2.2. Role of the Hogl SAPK in Virulence

The stress-activated MAPK Hogl in C. albicans is phosphorylated and accumulates in the nucleus,
in response to a range of stresses likely to be encountered in the host, including ROS, osmotic stress and
anti-microbial peptides [114]. Cells lacking Hog1 display impaired virulence in a wide range of infection
models, including murine systemic and commensal models [114-116], and are more susceptible to
killing by macrophages or neutrophils [117]. As Hogl regulates a number of distinct stress responses, it is
difficult to dissect whether it is the role of Hogl in oxidative stress responses or a different aspect of
Hogl signalling that is important for virulence in these models. Importantly, however, although Hogl
signalling has also been implicated in morphogenetic regulation, mutational analysis has inferred that
the importance of Hogl in virulence is due to its role in stress protection, rather than its role in repressing
the yeast to hyphal transition [115].
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4.3. The Rad53 DNA Damage Checkpoint Kinase

Following exposure to H202, C. albicans forms hyperpolarised buds, which are morphologically
distinct from hyphae and pseudohyphae filamentous forms (Section 3.4). Consistent with this, H2O2-induced
hyperpolarized bud formation occurs independently of the key hyphal regulators, Efgl and Cphl,
and, instead, depends on the activation of the Rad53 DNA damage checkpoint pathway [42,61]
(Figure 3). A wide range of genotoxic stresses, including UV, methyl methanesulfonate (MMS) and the
ribonucleotide reductase inhibitor hydroxyurea have been shown to activate the Rad53 kinase in
C. albicans [61], and loss of Rad53 or upstream regulators of Rad53, prevents hyperpolarised bud
formation [61,118]. ROS are also genotoxic agents due to the induction of DNA damage [119], which,
in turn, triggers the activation of the Rad53 DNA checkpoint pathway [120]. Indeed, treatment of C.
albicans cells with H20: elicits the phosphorylation of Rad53, and cells lacking RADS53 fail to form
hyperpolarised buds in response to H202 [42].
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Figure 3. H2O2-induced activation of Rad53 triggers filamentation in C. albicans. The redox
sensitive oxidoreductase Trx1 inhibits H20O2-induced activation of the DNA damage checkpoint
kinase Rad53. This suggests that a regulator of Rad53 is activated by oxidation, and this
active oxidised form is reduced by Trx1. Activation of the DNA damage checkpoint triggers
the formation of hyperpolarised buds. See text for details.

Regulation of Rad53

Regarding the H2O2-mediated activation of Rad53, a recent study illustrated that H202-induced
oxidation, and inactivation, of the thioredoxin protein Trx1 is important for the activation of Rad53 and
polarized cell growth [42]. Rad53 is constitutively phosphorylated in cells lacking Trx1, which display
a hyperpolarized bud morphology. Conversely, ectopic expression of the thioredoxin reductase gene,
TRR1, which reduces oxidized Trx1, inhibited H202-induced filamentation [42]. Taken together, these
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results illustrate that oxidation of Trx1 following H202 exposure is key in the activation of Rad53 that
drives hyperpolarised bud formation. The finding that Trx1 inhibits Rad53 activation under non-stressed
conditions may be conserved in higher eukaryotes, as ectopic expression of thioredoxin inhibits the
phosphorylation of the analogous DNA damage checkpoint kinase, Chk2, in mammalian cells [121].
However, the mechanism of Trx1 regulation of Rad53 is unclear. As Trx1 functions to reduce oxidised
proteins, an attractive hypothesis is that Rad53, or a regulator of this kinase, is activated by oxidation
(Figure 3). In this regard, it is interesting that the human homologue (ATM) of the fungal Tell DNA-damage
sensing kinase, which regulates Rad53, has recently been shown to be activated by oxidation [122].
Further studies are needed to determine if Tell is similarly regulated to mediate H202-induced
filamentation in C. albicans.

4.4. Other Signaling Pathways that Contribute to Oxidative Stress Resistance

The cAMP/PKA signalling pathway has a negative impact on oxidative stress responses in C. albicans.
For example, induction of the pathway by inactivation of the phosphodiesterase, Pde2, which degrades
cAMP, results in increased sensitivity to H2O2 [123]. Related to this, farnesol treatment of C. albicans
cells results in increased resistance to H202, due to the inhibition of the cAMP/PKA signalling
pathway [124]. Such changes in resistance are possibly due to changes in the levels of anti-oxidant gene
expression [124]; however, the mechanism linking cAMP/PKA to their regulation is unknown.

There is also evidence that the spindle assembly checkpoint is required for C. albicans oxidative stress
resistance. Cells lacking the spindle checkpoint protein kinase, Mpsl, are sensitive to H202 [125]
and, similar to other oxidative stress sensitive mutants [56], fail to filament following phagocytosis.
Related to this, the spindle assembly checkpoint protein, Mad2, is essential for C. albicans survival
in macrophages [126].

5. Conclusions and Future Perspectives

In this review, we have summarized the current literature of oxidative stress responses and how they
are regulated in the human fungal pathogen C. albicans. This is an important area of research, as
oxidative stress adaptation is emerging as an important virulence trait in this, and other, fungal pathogens.
Table 1 summarizes studies that have documented the impact of the loss of oxidative stress regulatory
proteins or antioxidant enzymes on C. albicans virulence in either a murine systemic infection model or
a macrophage/neutrophil phagocyte-survival infection model. From this summary, a number of
observations can be made. First of all, when examined, mutants that display an impaired tolerance to
oxidative stress show an impaired ability to survive phagocyte killing. This is consistent with previous
observations that C. albicans mounts a robust transcriptional response to oxidative stress following
phagocytosis [34-38]. Secondly, not all oxidative stress-sensitive C. albicans mutants display attenuated
virulence in a murine systemic infection model. Perhaps most striking is the observation that the major
regulator of anti-oxidant gene expression, Capl, is dispensable for virulence in such an infection model.
This is particularly intriguing, as certain genes, which are dependent on Capl for induction following
oxidative stress, are important for virulence in systemic models. Thirdly, the role of many other oxidative
stress-responsive proteins in mediating C. albicans virulence, such as the Rad53-mediated DNA damage
checkpoint pathway, have yet to be explored.



Biomolecules 2015, 5 156

Table 1. Summary of the role of oxidative stress-responsive signalling proteins and
antioxidant enzymes in C. albicans virulence. The importance of proteins needed for resistance
to oxidative stress in mediating C. albicans virulence in either a systemic infection model
(SIM) or phagocyte infection model (PIM) is indicated; +, important for virulence;
—, dispensable for virulence; nd, not determined. For further explanation, see the text.

Protein Function SIM PIM  References
Signalling Proteins
Hogl Stress-activated protein kinase =~ + + [114,115,117]
Ssk1 Response regulator + + [127,128]
Capl Transcription factor - + [56,81]
Ybpl Capl regulator - + [56]
Gpx3 Capl regulator - + [56]
Skn7 Transcription factor - nd [80]
Signalling Proteins
Pde2 Phosphodiesterase + nd [123]
Mpsl Spindle checkpoint nd + [125]
Mad2 Spindle checkpoint + + [126]
Antioxidant Enzymes
Catl Catalase + + [45]
Trx1 Thioredoxin + nd [42]
Tsal Thioredoxin peroxidase - nd [47]
Sodl Superoxide dismutase + + [43]
Sod5 Superoxide dismutase + + [23,44]
Grx2 Glutaredoxin + nd [41]
Gpx31-33 Glutathione peroxidases nd + [46]

In addition to gaps in our knowledge regarding the relative importance of specific oxidative stress
responses in mediating C. albicans virulence, there are also additional key questions that remain to be
addressed. For example, what is the role of the Hogl SAPK in mediating oxidative stress resistance in
C. albicans, and how is this regulated? This is important, as, although Hogl is an essential virulence
determinant in C. albicans, the conservation with highly related SAPKs in human cells suggests that
Hogl itself may be unsuitable as a specific antifungal target. Thus, there is much interest in identifying
fungal-specific SAPK regulators or substrates, as such proteins hold greater promise for future
therapeutic strategies. In addition, the recent findings that C. albicans is exquisitely sensitive to combinations
of stress that are encountered following phagocytosis represent a new unchartered area in the field of
stress signalling. A key question for the future is how do combinations of stress imposed by the
phagosome inhibit oxidative stress adaptation and survival of C. albicans? Addressing this question is
critical to further our understanding of Candida-host interactions during disease progression.
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ABSTRACT  Following phagocytosis, microbes are exposed to an array of antimicrobial weapons that include reactive oxygen
species (ROS) and cationic fluxes. This is significant as combinations of oxidative and cationic stresses are much more potent
than the corresponding single stresses, triggering the synergistic killing of the fungal pathogen Candida albicans by “stress path-
way interference.” Previously we demonstrated that combinatorial oxidative plus cationic stress triggers a dramatic increase in
intracellular ROS levels compared to oxidative stress alone. Here we show that activation of Cap1, the major regulator of antioxi-
dant gene expression in C. albicans, is significantly delayed in response to combinatorial stress treatments and to high levels of
H,O0,. Capl is normally oxidized in response to H,O,; this masks the nuclear export sequence, resulting in the rapid nuclear ac-
cumulation of Cap1 and the induction of Capl-dependent genes. Here we demonstrate that following exposure of cells to combi-
natorial stress or to high levels of H,0,, Cap1 becomes trapped in a partially oxidized form, Cap1°%-1. Notably, Cap1l-dependent
gene expression is not induced when Capl is in this partially oxidized form. However, while Cap1°X-! readily accumulates in the
nucleus and binds to target genes following high-H,0, stress, the nuclear accumulation of Cap1°*-! following combinatorial
H,0, and NaCl stress is delayed due to a cationic stress-enhanced interaction with the Crm1 nuclear export factor. These find-
ings define novel mechanisms that delay activation of the Cap1 transcription factor, thus preventing the rapid activation of the
stress responses vital for the survival of C. albicans within the host.

IMPORTANCE ~Combinatorial stress-mediated synergistic killing represents a new unchartered area in the field of stress signal-
ing. This phenomenon contrasts starkly with “stress cross-protection,” where exposure to one stress protects against subsequent
exposure to a different stress. Previously we demonstrated that the pathogen Candida albicans is acutely sensitive to combina-
tions of cationic and oxidative stresses, because the induction of H,0,-responsive genes is blocked in the presence of cationic
stress. We reveal that this is due to novel mechanisms that delay activation of the Cap1 AP-1-like transcription factor, the major
regulator of the H,0,-induced regulon. Capl becomes trapped in a partially oxidized form following simultaneous exposure to
oxidative and cationic stresses. In addition, cationic stress promotes the interaction of Cap1 with the Crm1 nuclear export fac-

tor, thus inhibiting its nuclear accumulation. These mechanisms probably explain the potency of neutrophils, which employ

multiple stresses to kill fungal pathogens.
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andida albicans is a major fungal pathogen of humans. Recent
estimates indicate that invasive C. albicans infections are asso-
ciated with disturbingly high mortality rates of between 46 and
75% and are responsible for over 400,000 life-threatening sys-
temic infections each year (1). Imnmunocompromised patients are
most at risk of systemic candidiasis, such as those receiving im-
munosuppressive treatments for cancer or transplant surgery. In
contrast, in healthy hosts, robust immune protection mechanisms
prevent such systemic infections, with innate immune cells such as

macrophages and neutrophils providing the first line of defense.
A major antimicrobial defense mechanism mounted by innate

March/April 2016 Volume 7 Issue 2 e00331-16

immune cells is the production of superoxide anions (O, ) by the
NADPH oxidase complex (2). The importance of this oxidative
burst in fungal killing is exemplified by patients with chronic
granulomatous disease (CGD). CGD is a genetic disorder in which
patients have a defective phagocytic NADPH oxidase complex.
These patients are significantly more susceptible to systemic Can-
dida infections (3). The levels of O, generated by neutrophils in
the phagocytic vacuole are estimated to range between 1 (4) and
4 mol liter~! (5). The steady-state levels of O, are, however,
likely to be much lower (4) due to its rapid dismutation to the
more reactive hydrogen peroxide, H,O, (6). Moreover, the resul-
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tant H,O, can also generate hypochlorous acid (HOCI) by the
action of myeloperoxidase. O, ~ can also react with the nitric oxide
radical, generated by nitric oxide synthase, to form peroxynitrite
(ONOO™). Thus, the production of superoxide leads to the gen-
eration of a range of reactive oxygen, nitrogen, and chloride spe-
cies (reviewed in references 4 and 6).

The prevailing view that reactive oxygen species (ROS) are a
major factor underlying the fungicidal action of phagocytes does,
however, conflict with previous studies which have demonstrated
that C. albicans is more resistant to multiple oxidative stress-
inducing agents than other fungi (7, 8). Following exposure to
ROS, the activation of several pathways allows C. albicans to de-
toxify the stress and repair the oxidative damage to cellular com-
ponents (9). One major mechanism involves the rapid induction
of genes with antioxidant properties (10-14), and this is largely
regulated by the AP-1-like transcription factor Capl (15, 16).
Similar to the homologous Saccharomyces cerevisiae Yapl and
Schizosaccharomyces pombe Papl transcription factors (17, 18),
H,O,-mediated-Cap]1 activation is triggered by the oxidation of
redox-active cysteine residues located within two cysteine-rich
domains (n-CRD and ¢-CRD). Based on studies in S. cerevisiae
(19, 20), this is predicted to trigger a conformational change
within Cap1 that masks the nuclear export sequence (NES) from
the Crm1 nuclear export factor, thereby allowing the nuclear ac-
cumulation of this transcription factor. Once in the nucleus, Cap1
is phosphorylated, and the induction of Capl-dependent genes
ensues (21). As many key antioxidant genes, including CAT1I en-
coding catalase and TRXI encoding thioredoxin, are direct Capl
targets (22), C. albicans cells lacking Cap1 are exquisitely sensitive
to ROS (11, 23, 24) and to phagocyte-mediated killing (25, 26).

As C. albicans mounts a robust response to oxidative stress in
vitro and is more resistant to ROS than many other fungi, why is
this pathogen unable to survive phagocytosis in the immunocom-
petent host? Recently, we demonstrated that the sensitivity of
C. albicans to oxidative stress increases dramatically if cells are
simultaneously exposed to cationic stress (27). This is relevant in
the context of innate immune defenses, as following phagocytosis,
there is an increased flux of the K* cation into the phagosome to
compensate for the anionic charge that accumulates due to the
high levels of O, generated (5). Thus, the potency of innate im-
mune defenses against C. albicans can be attributed to exposure to
both oxidative and cationic stresses within the phagosome. At the
molecular level, this combinatorial oxidative and cationic stress-
mediated synergistic killing of C. albicans is due to stress pathway
interference (28). Specifically, Capl fails to accumulate in the nu-
cleus following exposure of C. albicans to combinatorial oxidative
and cationic stress, and thus Capl-dependent antioxidant genes
are not induced (28). Importantly, the cationic stress-mediated
inhibition of oxidative stress responses appears to be of physiolog-
ical relevance, as the high fungicidal activity of human neutrophils
is impaired to similar extents when either the oxidative burst or
the cationic flux is inhibited (28).

Here, we dissect the mechanisms underlying the combinatorial
stress-mediated inhibition of Cap1 activation. We show that Cap1
becomes trapped in a partially oxidized form for sustained periods
following combinatorial oxidative and cationic stress and also in
response to high levels of oxidative stress. Significantly, Capl-
dependent gene expression does not occur when Capl is in this
partially oxidized state. However, the failure of Capl to accumu-
late in the nucleus is specific to the combinatorial cationic and

2 mBio® mbio.asm.org

oxidative stress, due to the cation-mediated stabilization of the
interaction between Cap1 and the Crm1 nuclear export factor. We
propose that these previously uncharacterized mechanisms,
which prevent the rapid activation of Capl, underlie the exquisite
sensitivity of C. albicans to combinatorial cationic and oxidative
stress and hence the potency of innate immune defenses.

RESULTS

Differential oxidation of Cap1 following combinatorial stress.
Previously we demonstrated that the normal transcriptional re-
sponse to oxidative stress is not induced following the simultane-
ous exposure of C. albicans cells to cationic (1 M NaCl) and oxi-
dative (5 mM H,O,) stress and that the major regulator of
oxidative stress response gene expression, Capl, fails to accumu-
late in the nucleus following such combinatorial stress treatments
(28). However, the mechanisms underlying this inhibition of
Capl function are unknown. As described above, the oxidative
stress-induced nuclear accumulation of fungal AP-1-like tran-
scription factors, such as Capl, is triggered by the oxidation of
redox-active cysteine residues. Therefore, we examined Capl ox-
idation alongside other readouts of Capl activation following
combinatorial oxidative plus cationic stress treatments. Cells ex-
pressing Cap1 tagged with 2 copies of the Myc epitope were col-
lected following a 10-min treatment with H,O, or combinatorial
H,O, plus NaCl, and samples were simultaneously processed to
examine Capl oxidation, phosphorylation, and Capl-dependent
gene expression. In addition, cells expressing Cap1-green fluores-
cent protein (GFP) were exposed to the same stress treatments. As
expected, Capl failed to accumulate in the nucleus following a
10-min combinatorial H,O plus NaCl treatment but rapidly ac-
cumulated in the nucleus following H,O, treatment alone
(Fig. 1A). Furthermore, consistent with the effects of these stress
conditions on nuclear accumulation, Capl was not phosphory-
lated following combinatorial stress treatment but was robustly
phosphorylated following exposure to H,O, alone (Fig. 1B). Anal-
ysis of the Capl-dependent transcripts CATI and TRRI reaf-
firmed our previous microarray data (28) that exposure of C. al-
bicans to oxidative stress in the presence of cationic stress prevents
the rapid induction of Capl-regulated genes (Fig. 1C). As Capl
oxidation is essential to drive the nuclear accumulation of Capl
and Capl-dependent gene expression, it was possible that cationic
stress interferes with the H,O,-induced oxidation of Capl. To
examine this hypothesis, the redox status of Cap1 was determined
using the alkylating agent 4-aceto-4'-maleimidylstilbene-2,2’-
disulfonic acid (AMS) (Fig. 1D), which reacts specifically with the
thiol groups of reduced cysteine residues, thereby increasing the
molecular mass of thiol-modified proteins by 0.64 kDa/cysteine
(21). The oxidation of cysteine residues prevents AMS binding,
and consequently oxidized proteins have a lower molecular mass
and faster mobility on nonreducing PAGE compared to the cor-
responding reduced proteins. We detected this mobility shift by
Western blotting. Cells were subjected to acid lysis and reduced
cysteine residues labeled with AMS. Strikingly, AMS-treated Capl
exhibited a faster mobility following the combinatorial oxidative
and cationic stress, compared to oxidative stress alone (Fig. 1E).
Importantly the increased mobility of Cap1 following combinato-
rial stress was AMS dependent (Fig. 1E), indicating this was due to
a greater number of cysteine residues being oxidized in Cap1 un-
der these conditions, thus preventing AMS binding. We desig-
nated this differentially oxidized form “Cap19*-1” and the form
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Combinatorial Stress-Mediated Inactivation of Cap1
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FIG1 Thelack of antioxidant gene expression following combinatorial stress is accompanied by a differentially oxidized form of the Cap1 transcription factor.
(A) Capl does not accumulate in the nucleus following combinatorial stress. Localization of Cap1 was detected by fluorescence microscopy of cells expressing
Cap1-GFP (JC1060) under non-stress conditions (ns) and after exposure to 5 mM H,0O, or 5 mM H,0, plus 1 M NaCl for 10 min. The position of the nuclei is
shown by DAPI staining. (B) Cap1 is phosphorylated following H,O, exposure but not combinatorial stress. Lysates from cells expressing 2Myc- and 6His-tagged
Capl (Capl-MH [JC948]), before (ns) and after the indicated stress treatments, were analyzed by Western blotting using an anti-Myc antibody. The positions
of nonphosphorylated (Cap1) and phosphorylated (Cap1?) Cap]1 are indicated. (C) Combinatorial stress inhibits H,O,-induced antioxidant gene expression.
Northern blot analysis of RNA isolated from wild-type (Wt [JC747]) cells before (ns) and following a 10-min treatment with 5 mM H,0,, 1 M NaCl, or 5 mM
H,0, plus 1 M NaCl. Blots were analyzed with probes specific for the catalase (CATI) and thioredoxin reductase (TRRI) genes. A probe against ACT1 was used
as the loading control. (D) Diagram illustrating the detection of protein oxidation by AMS binding to reduced thiols. (E) Cap1 is differentially oxidized following
combinatorial stress. Cap1 oxidation was analyzed by nonreducing SDS-PAGE and Western blotting of AMS-modified or untreated proteins prepared from cells
expressing Capl-HM before (ns) and following the stress treatments described above. Extracts from capIA cells were included as a control. The positions of
reduced (CaplREP), oxidized (Cap19%), and differentially oxidized (Cap1©*-!) Capl are indicated. (F) Differential oxidation of Capl is dependent on Gpx3.
Capl oxidation was determined as described above in wild-type (Wt [JC948]) and gpx3A (JC1311) cells expressing Cap1-MH before (ns) and following the stress
treatments described above. (G) Differential oxidation of Capl is dependent on Ypbl. Capl oxidation was determined as described above in wild-type (Wt
[JC948]) and ybp1A (JC954) cells.

generated following H,O, treatment alone “Cap19%” (Fig. 1E).
We also confirmed that the faster-mobility forms seen following
oxidative and combinatorial stresses were not due to proteolysis.
These forms were not seen in the absence of AMS following acid
lysis (Fig. 1E) or following analysis of native extracts (see Fig. SIA
in the supplemental material), and the cellular levels of Cap1 were
not affected by any of the stress treatments employed above (see
Fig. S1A and S1B).

The oxidation of C. albicans Cap1 in response to H,O, requires
the thiol peroxidase Gpx3 (26). Hence, we next investigated
whether the formation of Cap19*-! following combinatorial cat-
ionic and oxidative stress is also dependent on Gpx3. Wild-type
cells and cells lacking GPX3 were exposed to both oxidative and

March/April 2016 Volume 7 Issue 2 e00331-16

combinatorial oxidative and cationic stresses, and Cap1 oxidation
was examined. Interestingly, the formation of Cap19*-! following
combinatorial stress, as well as Cap1°* following oxidative stress,
was abolished in gpx3A cells (Fig. 1F). Gpx3-mediated Cap1 oxi-
dation also requires an orthologue of the S. cerevisiae Yap1 bind-
ing protein, Ybpl, which additionally functions to prevent the
degradation of these AP-1-like transcription factors (26). Similar
to what was observed in gpx3A cells, no Capl oxidation was evi-
dent in cells lacking YBP1I following exposure to either oxidative
or combinatorial stress (Fig. 1G). Furthermore, consistent with
previous findings, Cap1 levels were significantly reduced in ybpI1A
cells (Fig. 1G). Based on these results, we conclude that differen-
tially oxidized forms of Capl are generated following a 10-min
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exposure to oxidative and combinatorial stresses and that Gpx3
and Ybpl1 are crucial for this differential Cap1l oxidation.
Cap19X contains more disulfides than Cap1°%-1. In S. cerevi-
siae, the stepwise oxidation of all six redox-active cysteines within
Yapl, leading to three interdomain disulfides between the n-CRD
and c-CRD cysteine-rich domains, is necessary for maximal acti-
vation (29). Hence, to investigate the nature of the Cap1°%-! form,
labeling experiments were performed to allow for the detection of
H,O,-induced disulfide bond formation. Cells were subjected to
acid lysis, and free reduced cysteines were blocked with the low-
molecular-mass thiol-binding reagent N-ethylmaleimide (NEM).
Any disulfides present were then reduced with dithiothreitol
(DTT), and subsequent free thiols were labeled with AMS
(Fig. 2A). Thus, in this experiment, the presence of oxidized in-
tramolecular disulfides is indicated by the reduced mobility of
Capl upon SDS-PAGE. Cap1 exhibited reduced mobility after the
sequential NEM-DTT-AMS treatment in cells treated with either
oxidative stress or combinatorial oxidative plus cationic stress
(Fig. 2B; see Fig. S2A in the supplemental material). Thus, both
Cap19%and Cap1©*-! forms contain oxidized intramolecular dis-
ulfides. Based on our previous experiment, in which Cap©*-! dis-
played a faster mobility than Cap19X following AMS treatment
alone (Fig. 1E), we predicted that this form of Capl may have
more disulfides than Cap1©X. If this was the case, then following
sequential NEM-DTT-AMS treatment, Cap1°%! would have a
slower mobility than Cap1©X due to more AMS binding. How-
ever, this was not observed: Cap1 displayed a slightly slower mo-
bility following oxidative stress than following combinatorial
stress (Fig. 2B). This suggested that Cap1©*-! has fewer disulfides
than Cap1©X. It was possible, however, that this slower mobility of
Cap1 following oxidative stress was due to residual phosphoryla-
tion of this transcription factor, even after phosphatase treatment,
as phosphorylation occurs following H,O,, but not combinato-
rial, stress treatments (Fig. 1C). To avoid this complication, we
repeated the experiment by monitoring mobility retardation me-
diated by another thiol-alkylation probe, polyethylene glycol
(PEG)-linked maleimide, which has a higher molecular mass
(2 kDa) than AMS (Fig. 2C). Using PEG-maleimide, clear differ-
ences were observed in the oxidized forms of Cap1 generated fol-
lowing oxidative and combinatorial stress treatment (Fig. 2D).
Following H,O, stress, Capl was present predominantly as a sin-
gle species with significantly retarded mobility following the se-
quential NEM-DTT-PEG maleimide treatment. In contrast, fol-
lowing combinatorial stress, multiple differentially oxidized
forms of Cap1 were observed, with only a fraction displaying the
same retarded mobility as that seen for Cap1©X following oxida-
tive stress alone (Fig. 2D). Thus, although the previous AMS bind-
ing experiment indicated that Cap1°9%-! was more oxidized than
Cap19X (Fig. 1E), these experiments indicate that Capl1©* has
more H,0,-induced disulfides than Cap1°%-!, generated follow-
ing combinatorial stress. This seemingly contradictory observa-
tion could be explained by the hyperoxidation of cysteine thiols to
sulfinic or sulfonic acid derivatives in the Cap1©*-! form.
Differential oxidation and inactivation of Capl following
combinatorial stress is transient. Next, we determined whether
the differential oxidation and inactivation of Cap1 following com-
binatorial stress was short-lived or irreversible. Cells expressing
either Myc-tagged Cap1 or Cap1-GFP were treated with H,O, or
H,0, plus NaCl, and samples were collected over a 2-h period.
First of all, we determined the redox status of Cap1 using the AMS

4 mBio® mbio.asm.org

A » DTT >

¢ o

(NEM)

H,0, +
H,0, NaCl

B H,0,+

ns H,0, NaCl ns

Cap10X|D|SED
Cap1REDUCED
NEM + DTT NEM + DTT
+AMS
C nNem » > PEG-M
-
o @ wian
SH SH
® @
202 202
D ns H,0, NaCl ns H,0, NaCl

. E -
NEM + DTT NEM + DTT

+PEG-

maleimide

FIG 2 Capl oxidation following oxidative and combinatorial stresses. (A)
Diagram showing the sequential NEM-DTT-AMS treatments employed to
allow for the detection of disulfide bonds. (B) The oxidized forms generated
following both oxidative and combinatorial stresses contain disulfide bonds.
Cap1 mobility was monitored by nonreducing SDS-PAGE and Western blot-
ting of proteins prepared from cells expressing Capl-HM, under non-stress
conditions (ns [Capl1REPUCED]) or following treatment with the indicated
compounds. Samples were phosphatase treated prior to loading. The presence
of disulfide bonds is indicated by the retarded mobility of Cap1 due to AMS
binding to DTT-resolved disulfides (Cap1©XIPISEDR) (C) Diagram showing the
sequential NEM-DTT-PEG-maleimide (PEG-M) treatments that allow for the
detection of disulfide bonds. (D) Comparison of Capl oxidation before (ns)
and following oxidative and combinatorial stresses by PEG-maleimide bind-
ing to DTT-resolved thiols. As in panel B, samples were phosphatase treated
prior to loading. This shows that different oxidized forms of Cap1 are present
following combinatorial stress, whereas a single form containing multiple dis-
ulfides is prevalent following oxidative stress.

alkylating agent as described in the legend to Fig. 1D. The double
band of Capl seen in the non-AMS-treated time zero sample is
likely due to oxidation during protein extraction as this is pre-
vented by the addition of the low-molecular-mass thiol binding
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FIG 3 Combinatorial stress-mediated inhibition of Capl activation is transient. (A) Differential oxidation of Capl following combinatorial stress is not
sustained. Cap1 oxidation was measured as described in the legend to Fig. 1E following exposure of Cap1-MH cells to 5 mM H,0, or 5 mM H, O, plus 1 M NaCl
for the indicated times. (B) Capl nuclear accumulation is delayed following combinatorial stress. Cap1 localization was detected as described in the legend to
Fig. 1B following treatment of Cap1-GFP cells for the indicated times with the stress treatments described above. (C) Cap1 phosphorylation is delayed following
combinatorial stress treatment. Capl phosphorylation was detected as described in the legend to Fig. 1C, following treatment of Cap1-MH cells with the stress
treatments described above for the indicated times. (D) The inhibition of Cap-dependent gene expression following combinatorial stress is transient. Northern
blots were performed as described in the legend to Fig. 1A, after wild-type cells were treated with the stress treatments described above for the indicated times (left
panel). The levels of CATI and TRRI mRNA were quantified relative to the ACT1 loading control (right panel).

agent NEM during extraction (see Fig. S2B in the supplemental
material). Consistent with previous findings, the Cap1°* form
was quickly generated following H,O, stress and then resolved
back to the reduced form within 60 min. Similarly, the Cap1©*-!
form appeared rapidly after H,O, plus NaCl stress (Fig. 3A). How-
ever, by 60 min, the combinatorial stress-induced Cap1°*-! form
was resolved to a form with mobility similar to that of Cap1°%
(Fig. 3A). This indicates that the Cap1°%-! form generated follow-
ing combinatorial stress is transient.

To examine whether the inactivation of Capl following com-
binatorial stress was coincident with the presence of the Cap19%-!
form, the kinetics of Capl nuclear accumulation, phosphoryla-
tion, and Capl-dependent gene expression were determined. As
illustrated in Fig. 3B, Cap1 did accumulate in the nucleus follow-
ing combinatorial H,O, plus NaCl stress, but with significantly
delayed kinetics compared to H,O, stress. Capl located to the
nucleus 10 min following H,O, stress, whereas nuclear accumu-
lation of Cap1 post-combinatorial H,O, and NaCl stress was not
evident until 60 min. Notably the appearance of Capl in the nu-
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cleus coincided with Capl being resolved to the Capl1©* form
(Fig. 3A and B). We next examined Cap1 phosphorylation, as this
posttranslational modification is associated with the nuclear ac-
cumulation of fungal AP-1-like transcription factors (30). Capl
phosphorylation was only seen 60 min after the combinatorial
H,0, plus NaCl stress, coincident with the point at which Capl
accumulated in the nucleus (Fig. 3C). Significantly, the delayed
nuclear accumulation and phosphorylation of Cap1 observed fol-
lowing combinatorial stress was mirrored by a delay in Capl-
dependent gene induction (Fig. 3D). Northern analysis revealed
that the Capl-dependent genes CAT1 and TRRI are significantly
induced following the combinatorial H,O, plus NaCl stress, but
not until 60 min after the combinatorial stress treatment. In con-
trast, these key antioxidant-encoding genes were induced within
10 min of H,0, stress exposure (Fig. 3D). This is entirely consis-
tent with our previous microarray data which failed to detect
Capl-dependent gene expression following a 10-min exposure to
the combinatorial oxidative plus cationic stress (28). The signifi-
cant delay in Cap1-dependent gene expression following simulta-
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FIG 4 Combinatorial stress induces high levels of intracellular ROS, and high levels of H,O, also result in sustained differential Capl oxidation. (A)
Fluorescence-activated cell sorter (FACS) analysis of intracellular ROS levels in DHE-treated C. albicans cells before stress (ns) or following the treatment with
5mM H,0, or 5mM H,0, plus 1 M NaCl for 60 min. (B) Quantification of intracellular ROS production before (ns) and following treatment with the indicated
stresses by calculating the mean DHE fluorescence intensity of the area under the curve. The mean * standard deviation (SD) from three independent
experiments is shown. (C) Cap19%-! is sustained following treatment with higher doses of H,O,. Capl oxidation was measured as described in the legend to
Fig. 1D following exposure of Cap1-MH cells to 0.4, 5, or 25 mM H,O, for the times indicated. (D) Comparison of Cap1 oxidation before (ns) and following the
indicated stress treatments by PEG-maleimide binding to DTT-resolved thiols. This shows that different oxidized forms of Cap1 are similarly triggered following
high-H,0, and combinatorial stresses, whereas a single form containing multiple disulfides is prevalent following medium-H,O, stress.

neous exposure to H,0, plus NaCl likely underlies the inability of
C. albicans to survive this combination of stresses.

Differential Cap1 oxidation triggered by high levels of H,O,.
Why does Cap1 become differentially oxidized following combi-
natorial H,0, and NaCl stress? We previously reported that there
is a dramatic increase in intracellular ROS levels following expo-
sure to combinatorial oxidative plus cationic stress, compared to
oxidative stress alone (28). This rise in intracellular ROS could
drive the differential oxidation and inactivation of Capl. To ex-
plore this, we first quantified the increase in intracellular ROS
following treatment of cells with H,O, or combinations of H,0O,
and NaCl. Approximately 5-fold-higher levels of intracellular
ROS were observed following exposure of cells to 5 mM H,0, in
the presence of 1 M NaCl, compared to 5mM H,0, alone (Fig. 4A
and B). Based on this observation, we hypothesized that Cap1 may
also become differentially oxidized to the Cap1°%-! form follow-
ing exposure of cells to high levels of ROS. To investigate this, cells
expressing Myc-tagged Capl were treated with low (0.4 mM),
medium (5 mM), and high (25 mM) levels of H,0,, and Capl

6 mBio® mbio.asm.org

oxidation was monitored over a 60-min period. Strikingly, this
kinetic analysis revealed that, at all levels of H,O, tested, a faster-
mobility Cap1°*-! form is rapidly observed after stress treatment.
However, following exposure to low or medium levels of H,O,,
the presence of Cap1©*-! is short-lived, whereas following expo-
sure to high levels of H,0,, Cap1°%-! persists for up to 30 min
(Fig. 4C). Significantly, as a Cap1°%-! form is seen at all H,O,
concentrations, albeit with different kinetics, this indicates that
such a form may in fact be a normal intermediate in the formation
of the Cap19X form following H,O, stress.

We explored whether the Cap1°%-! form, generated for a sus-
tained period following high levels of H,O,, was similar to the
Cap19%-! form observed after combinatorial cationic and oxida-
tive stress, using the sequential NEM-DTT-PEG maleimide treat-
ments described above. As observed previously (Fig. 2D), expo-
sure of cells to medium (5 mM) doses of H,O, results in a single
species of Capl predicted to contain multiple disulfide bonds, as
evidenced by the slow, PEG-maleimide-dependent mobility on
SDS-PAGE (Fig. 4D). In contrast, treatment of cells with either
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high (25 mM) doses of H,0, or combinatorial stress results in the
formation of multiple different oxidized forms of Capl. For un-
known reasons, we consistently recovered more Cap1 following
high-H,O, stress than other treatments (Fig. 4D). However, it is
clear that the same differentially oxidized forms of Capl are ob-
served following either high-H,O, or combinatorial stress
(Fig. 4D).

As Capl-dependent gene expression is delayed following com-
binatorial oxidative and osmotic stress when the Cap1©%-! form is
prevalent (Fig. 3D), we hypothesized that the delayed conversion
of Cap19%-! to Cap1©X following higher levels of H,O, (Fig. 4C)
may also result in an H,O, concentration-dependent lag in Cap1-
dependent gene expression. To investigate this, we examined the
kinetics of Capl nuclear accumulation, phosphorylation, and
Capl-dependent gene expression following the exposure of cells
to low (0.4 mM), medium (5 mM), and high (25 mM) doses of
H,0,. The first observation made was that, in contrast to combi-
natorial H,O, and NaCl stress, Capl rapidly accumulated in the
nucleus irrespective of the level of H,O, stress (Fig. 5A). Following
exposure of cells to 0.4 mM H,0O,, this nuclear accumulation is
short-lived, consistent with the transient oxidation of Capl
(Fig. 4C). However, Capl nuclear accumulation persists for
60 min following treatment with either 5 or 25 mM H,0,
(Fig. 5A). Thus, while the Cap1°*! form generated following
combinatorial stress fails to accumulate in the nucleus, Cap1°%-1
formed in response to high levels of H,O, rapidly accumulates in
the nucleus (compare Fig. 5A with Fig. 3B).

Strikingly, however, despite the fast nuclear accumulation fol-
lowing high levels of H,O,, Capl phosphorylation (Fig. 5B) and
Capl-dependent gene expression (Fig. 5C) were not observed un-
til 30 min post-stress treatment. The delayed phosphorylation of
Capl appeared to coincide with the resolution of the Cap1©X-!
form to the Cap19* form (Fig. 4C), which in turn correlated with
the timing of Cap1-dependent gene expression. Such observations
are indicative of a connection between these Capl modifications
and the activity of this transcription factor. In contrast, consistent
with previous findings (31), following low and medium doses of
H,O,, the kinetics of induction of Capl-dependent genes
(Fig. 5C) largely correlated with the oxidation, phosphorylation,
and nuclear accumulation profiles of Capl (Fig. 4C and Fig. 5A
and B).

Capl-dependent gene expression is delayed following high lev-
els of H,0,, despite the clear nuclear accumulation of Capl.
Therefore, we explored whether Capl was bound to its target
genes under such conditions. To examine Capl promoter bind-
ing, three targets were selected—CAT1, GLR1, and TSAI—Dbased
upon previous studies showing Cap1 enrichment at their promot-
ers (22) and the Capl-dependent induction of such genes in re-
sponse to 5 mM H,0, (11, 16, 32). C. albicans cells expressing
Myc-tagged Capl together with an untagged control strain were
treated with the low, medium, and high levels of H,O, employed
above, and Capl binding to the CAT1, GLRI, and TSAI promot-
ers was determined by chromatin immunoprecipitation (ChIP)
and quantitative PCR analysis. As illustrated in Fig. 6, Cap1 was
found to rapidly associate with CATI, GLRI, and TSAI promoters
irrespective of the level of H,0, (Fig. 6). Moreover, considerably
higher levels of Capl were detected at these promoters following
treatment with medium or high levels H,O, compared to low
doses (Fig. 6). Clearly therefore, the unphosphorylated Cap1©*-!
form generated following high levels of H,O, is able to bind to the
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promoter region of its target genes. However, in contrast to the
effect seen at low and medium levels of H,0,, this is not sufficient
to drive Capl-dependent antioxidant gene expression (Fig. 5C).
Taken together, these results highlight a number of significant
findings regarding Capl regulation in C. albicans. First, it is ap-
parent that Cap1-dependent gene expression is delayed following
exposure of cells to high levels of H,O,. Importantly, this may
underlie the delayed Capl-dependent gene expression seen fol-
lowing the combinatorial H,0, and NaCl stress, as this combina-
tion of stresses triggers high levels of intracellular ROS. Second,
the nuclear Cap19%-! form, generated following high levels of ox-
idative stress, although bound to the promoters of Cap1-regulated
genes, is not phosphorylated and fails to activate its target genes.
These findings suggest that the resolution of the Cap1°*-! form to
Cap1©Xand Cap1 phosphorylation are necessary prerequisites for
the induction of the Capl-mediated oxidative stress regulon.
Cationic stress promotes the interaction of Capl with the
Crm1 nuclear export factor. The results presented above illus-
trate that exposure of cells to either high levels of H,0, (25 mM)
or medium doses of H,O, (5 mM) in the presence of NaCl results
in the sustained formation of Cap19*-! and a delay in the activa-
tion of Capl-dependent gene expression. However, while
Cap19%-! rapidly accumulates in the nucleus in response to high
levels of H,O, (Fig. 5A), Cap19*-! does not accumulate in the
nucleus until 1 h following combinatorial H,0, and NaCl treat-
ment (Fig. 3B). The H,O,-induced nuclear accumulation of fun-
gal AP-1-like transcription factors is triggered by the oxidation of
key cysteine residues, which results in a conformational change
that masks the NES from the nuclear export factor Crm1 (20).
Thus, the Cap19%-! forms generated following high-level H,O,
stress and combinatorial stress could conceivably be different,
with the combinatorial stress Cap1°*-! form adopting a structural
conformation that still permits interaction with the Crm1 nuclear
export factor. However, our data indicate that the oxidation pro-
files of Cap19%-! observed following high-H,0O, and combinato-
rial stresses are similar (Fig. 4D). Alternatively, it was possible that
cationic stress modulates the interaction between Capl with the
Crml nuclear export factor and thus affects the nuclear accumu-
lation of Cap19%-1. To test the latter hypothesis, we first created
strains in which Crml tagged with 6His residues and 2Myc
epitopes (Crm1-MH) was expressed from its native chromosomal
locus. Crm1-MH was immunoprecipitated from extracts pre-
pared from cells before and after exposure to H,0O,, NaCl, and
H,0, plus NaCl. The interaction between Capl and Crm1 was
then examined by Western blot analysis of these coimmunopre-
cipitates (Fig. 7A; see Fig. S3A in the supplemental material). Sim-
ilar to previous studies of Yapl in S. cerevisiae (33), Capl was
found to interact with Crm1 in vivo, and moreover, this interac-
tion was reduced in the presence of medium (5 mM) levels of
H,O, after 10 min (Fig. 7B; see Fig. S3A). Strikingly, the interac-
tion of Capl with Crm1 was dramatically enhanced following the
cationic stress (NaCl) and the combinatorial H,0, and NaCl
stress treatments (Fig. 7B; see Fig. S3A). Input controls confirmed
that the cationic stress-induced interaction with Crml was not
due to differences in Cap1 levels (Fig. 7B). The input controls, in
contrast to the immunoprecipitated samples, were not phospha-
tase treated, which explains the slower mobility of Cap1 following
oxidative stress seen in the input panel (Fig. 7B). The enhanced
interaction between Capl and Crml1 following the combinatorial
H,0, and NaCl stress was transient, declining 1 h post-stress
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FIG 6 Quantification of Capl enrichment at the GLR1, CATI, and TSAI promoter targets. Cells expressing Capl-MH (JC948) were treated with 0.4, 5, or
25 mM H,0, for the indicated times and subjected to ChIP. The recovered DNA samples were analyzed by qPCR using primers specific for promoter regions
within GLRI, CAT1,and TSAI. Relative Cap1-MH enrichment values (1-fold) are presented (mean * SD; n = 3). The following P values were considered: ¥, P =

0.05; **, P < 0.01; and ***, P < 0.001.

treatment (Fig. 7C). Quantification of the interaction of Capl
with Crm1 from four biological replicates indicated a significant
increase in Cap1 binding 10 and 20 min after combinatorial stress,
but not after 60 min (Fig. 7D). This is consistent with the timing of
Cap1 nuclear accumulation, which is observed 1 h following com-
binatorial H,O, and NaCl stress (Fig. 3B). However, it is notewor-
thy that multiple species of Capl were often detected during the
immunoprecipitation experiment (Fig. 7C; see Fig. S3A). These
may reflect degradation products generated during the immuno-
precipitation procedure. Taken together, these results support a
model in which Cap1©X-! fails to accumulate in the nucleus fol-
lowing exposure of cells to H,O, in the presence of NaCl, due to
the cation-enhanced interaction between Cap1l and the Crm1 nu-
clear export factor.

DISCUSSION

In this study, we have demonstrated that exposure of C. albicans
cells to combinatorial H,O, plus NaCl stress, which triggers high
levels of intracellular ROS, results in the sustained formation of a
differentially oxidized form of Capl, Cap19*-!. Furthermore, we

Figure Legend Continued

show that Cap19*-! contains less oxidized disulfide bonds com-
pared to those seen in the active Cap1°X form. This differentially
oxidized Cap19%-! form is also observed following treatment of
C. albicans cells with a range of H,0, doses but is only sustained
following high doses of H,O, (Fig. 4). Notably, Capl-dependent
gene expression is not induced when Capl is in the Capl1©*!
form. However, while Cap1©%-! readily accumulates in the nu-
cleus following high-H,O, stress, the nuclear accumulation of
Cap19%-! following combinatorial H,0, and NaCl stress is de-
layed due to an enhanced interaction with the Crm1 nuclear ex-
port factor. Thus, at least two distinct mechanisms exist to inhibit
Capl activation following combinatorial stress. This may explain
why Capl inhibition is more sustained following combinatorial
stress than high-H,O, stress. A model comparing the mechanisms
underlying the delayed activation of Cap] following combinato-
rial H,0, plus NaCl stress and high-H,O, stress is shown in Fig. 8.
We predict that the significant delay in Capl-dependent gene ex-
pression following exposure of cells to H,O, in the presence of
NaCl underlies the exquisite sensitivity of C. albicans to this com-
binatorial stress. This is supported by the observation that ectopic

(B) Cap1 phosphorylation was detected as described in the legend to Fig. 1C following treatment of wild-type cells with 0.4, 5, or 25 mM H,0, for the times
indicated. (C) Northern blots were performed as described in the legend to Fig. 1A, using the same cells that were processed for Cap1 phosphorylation analysis
in panel B (left panel). The levels of CATT and TRRI mRNA were quantified relative to the ACT1 loading control (right panel).
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FIG 7 Cationic stress promotes Capl interaction with the Crm1 nuclear export factor. (A) Strategy used to examine Capl association with Crm1. (B) Stress
effects on Capl1 interaction with Crm1. Extracts were prepared from wild-type cells (Wt [JC747]), capIA cells (JC842), and wild-type cells expressing 2Myc- and
6His-tagged Crm1 (Crm1-MH [JC1925]) before (ns) and following exposure to 5 mM H,0O,, I M NaCl, or combinations of the stresses for 10 min. Crm1-MH
was immunoprecipitated using anti-Myc agarose, and precipitated proteins and 5% input were subjected to SDS-PAGE. Coprecipitation of Cap1 was assayed by
Western blotting using an anti-Cap1 antibody (top panel), and precipitation of Crm1-MH was assayed using anti-Myc antibodies (bottom panel). (C) The
increased interaction of Cap1 with Crm1 following combinatorial stress is transient. Cap1 interaction with Crm1 was analyzed as described for panel B before (ns)
and following treatment of Crm1-MH cells with 5 mM H,O, plus 1 M NaCl for the times indicated. (D) Quantification of the increased interaction of Cap1 with
Crm1 following combinatorial stress. Quantitative densitometric analysis of Western blots from four biological replicates was conducted to determine the fold
enrichment of Capl interaction with Crm1 relative to time zero. Mean values (*standard errors of the mean [SEM]) are shown, and ANOVA was used to

determine statistically significant differences in Cap1 enrichment levels (¥, P < 0.01).

expression of the Capl-target gene, CAT1, can restore C. albicans
resistance to combinatorial H,0, and NaCl stress (28). In addi-
tion, our findings reported here that Capl-dependent gene ex-
pression is also delayed following high-level H,O, stress, albeit not
to the same extent as following combinatorial stress, likely con-
tributes to the increased sensitivity of C. albicans to high doses of
oxidative stress. Moreover, the failure to respond rapidly to high
intracellular ROS likely results in the activation of cell death pro-
grams (34).

How is Cap1 activated in C. albicans? Genetic and biochemical
studies in S. cerevisiae support the stepwise oxidation of multiple
redox-active cysteine residues in Yap1 following H,O, exposure.
This is initiated by the H,O,-induced oxidation of the catalytic
cysteine (Cys36) of the thiol-peroxidase Gpx3, which subse-
quently reacts with Cys598 located within the c-CRD of Yapl to
form a mixed Yap1-Gpx3 disulfide intermediate. This is followed
by thiol-disulfide exchange with Cys303 of Yap1 to generate the
first interdomain disulfide bond between Cys303 and Cys598
(21). This disulfide is sufficient to mask the NES within the c-CRD
of Yap1, prevent interaction with the Crm1 nuclear export factor,
and thus stimulate nuclear accumulation (30). However, it is clear
that disulfides in addition to Cys303 and Cys598 are required for
optimal Yapl function. Mass spectrometry analysis of oxidized
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Yapl identified Cys303-Cys598 and Cys310-Cys629 disulfides
(35), both of which are required to recruit the mediator compo-
nent Rox3 to the TRX2 promoter (36). Furthermore, an in vitro
analysis of Yapl oxidation identified a third disulfide, Cys315-
Cys620, which appears to sustain Yap1 activation following H,O,
exposure (29). Thus, the stepwise oxidation of all six redox-active
cysteines is necessary for maximal Yapl activation in S. cerevisiae.
In this study, we present evidence for a similar stepwise formation
of multiple disulfides in C. albicans Capl. The Capl1©X! form
would appear to be a normal intermediate in the formation of
active Capl©X, and our experiments, in which we examine the
binding of PEG-maleimide to DTT-resolved disulfides (Fig. 4D),
show that Cap1©X has more disulfides than Cap1°*-1. This result,
however, seemingly conflicts with the oxidation profiles of Capl
observed when we use the thiol binding agent AMS to detect dif-
ferentially oxidized forms of this transcription factor. In such ex-
periments, oxidation of cysteine residues precludes the binding of
AMS, and thus oxidized proteins run with a faster mobility. Em-
ploying such an approach, we observe a faster-mobility form gen-
erated immediately following H,O, stress (Capl1©%-!), which is
then resolved into the Cap19* slower-mobility state (Fig. 4C).
How can these findings be reconciled with our observations that
Cap19X has more H,0,-induced disulfides than Cap1©%X-1? Oxi-
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FIG 8 Impact of combinatorial stress and high H,O, on Cap] activation. When C. albicans cells are exposed to medium (5 mM) levels of H,0,, a Cap1©X form
containing multiple disulfides is swiftly generated, followed by the rapid accumulation of Cap1 in the nucleus, where it is phosphorylated. The ensuing efficient
induction of Cap1-dependent antioxidant genes follows, leading to stress adaptation and survival (left panel). However, when C. albicans cells are exposed to high
(25 mM) levels of H,0,, a Cap19%-! form containing less disulfides is prevalent, and although this rapidly accumulates in the nucleus and binds to target genes,
Capl is not phosphorylated, and the induction of Cap1-dependent genes is significantly impaired, resulting in cell death (middle panel). Exposure of C. albicans
to medium (5 mM) levels of H,O, in the presence of NaCl triggers high intracellular ROS accumulation. This also results in the formation of Cap1©*-!, which
is seemingly unable to induce Capl-dependent genes. However, following combinatorial stress, an additional inhibitory mechanism is seen as Capl fails to
accumulate in the nucleus due to a cationic stress-mediated stabilization of the interaction between Capl and the Crml export factor. Consequently, the

induction of Cap]1 target genes is prevented, leading to cell death (right panel).

dation events, in addition to disulfide bond formation, such as the
hyperoxidation of cysteine thiols to sulfinic or sulfonic acid deriv-
atives, would preclude AMS binding. Alternatively, AMS binding
to the Cap©*-! form may induce a conformation change that re-
sults in the observed faster mobility. Further investigations are
required to distinguish between these hypotheses and identify the
precise oxidation states of the Capl©X and Capl1°%-! forms in
C. albicans.

The sustained formation of Cap1©*-! following high-H,O,
and combinatorial stresses in C. albicans correlates with a lack of
Capl-dependent gene expression. Why is Capl-dependent gene
expression inhibited when Capl is in the Cap1©%X-! form? Follow-
ing combinatorial oxidative plus cationic stress, Cap1°*-! fails to
accumulate in the nucleus, which would explain the lack of induc-
tion of Capl-dependent genes. However, following high levels of
H,0,, Cap19%! rapidly accumulates in the nucleus, where it
binds to the promoters of its target genes (Fig. 6), and yet still,
Capl-dependent gene induction is not observed (Fig. 5C). Here it
is interesting to note that although Cap19*-! accumulates in the
nucleus, it is not phosphorylated. Studies of S. cerevisiae revealed
that the nuclear accumulation of Yap1 was necessary for this post-
translational modification (30). However, as both the kinase and
target phosphorylation sites on Yap1 are unknown, it has not been
possible to establish whether this posttranslational modification is
important for the activation of this or other fungal AP-1-like
transcription factors. Results from this study which show that
there is a coordinated delay in Capl phosphorylation and
Capl-dependent gene expression following high-H,O, stress,
despite the nuclear accumulation of Cap1, are consistent with a
model in which Capl phosphorylation is important for func-
tion. In this scenario, either the kinase responsible is inacti-
vated following high-H,O, stress, or it fails to recognize the
Cap19*-! form. Indeed, Capl phosphorylation coincides with
the appearance of the active Capl1©* form. However, other,
phosphorylation-independent, mechanisms may also contrib-
ute to the delay in Cap1l-induced gene expression. For example, in
S. cerevisiae, the correct oxidation of Yapl is necessary to recruit
the polymerase II (Pol II) mediator subunit Rox3 (36). Thus, the

March/April 2016 Volume 7 Issue 2 e00331-16

Cap19%-! form may not be competent to recruit the general tran-
scriptional machinery. Alternatively, high levels of intracellular
ROS, generated following combinatorial and high-H,O, stresses,
may have a global inhibitory effect on transcription. Indeed, high
levels of ROS have been previously demonstrated to result in a
global inhibition of protein translation in S. cerevisiae (37). To
explore whether a global inhibition of transcription occurs follow-
ing combinatorial and high-H,O, stresses, we examined the phos-
phorylation status of RNA Pol II. Phosphorylation of serine 2 and
5 within the repetitive YSPTSPS sequence, located in the carboxyl-
terminal domain (CTD), is associated with transcriptionally ac-
tive RNA Pol II (38). No obvious change in RNA Pol I phosphor-
ylation status was seen following combinatorial and high-H,O,
stresses, suggesting that under such conditions, the polymerase is
active (see Fig. $4 in the supplemental material). However, addi-
tional experiments are needed to further explore the potential
global impacts of these stress treatments on gene expression.

The inhibition of Cap1l nuclear accumulation following com-
binatorial stress represents a clear difference in Capl regulation
following high-H, O, stress and combinatorial cationic and oxida-
tive stress. Strikingly, in this study we find that cationic stress
appears to enhance the interaction between Capl and Crml in
C. albicans, and this interaction is maintained following combina-
torial cationic and oxidative stress treatments (Fig. 7B; see Fig. S3A
in the supplemental material). Structural analysis of Yap1 revealed
that in the active oxidized form, the nuclear export signal (NES) in
the ¢-CRD is masked by disulfide-bond-mediated interactions
with a conserved amino-terminal a-helix. Upon reduction of the
disulfide bonds, Yap1 undergoes a change to an unstructured con-
formation that exposes the NES and allows redistribution to the
cytoplasm (20). As cationic stress alone can promote the interac-
tion of Cap1l with Crm1, this indicates that this phenomenon oc-
curs independently of changes in the oxidation status of Capl. We
reasoned that the production of osmolytes, triggered by cationic
stress, may be responsible for the enhanced interaction between
Capl and Crml. However, the cation-induced interaction be-
tween Capl and Crml is maintained in cells lacking the Hogl
stress-activated protein kinase (SAPK) (see Fig. S3B), which fail to
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produce glycerol following osmotic stress (39). Furthermore, the
enhanced interaction appears to be cation specific, as treatment of
cells with the osmotic stress agent sorbitol fails to stimulate Cap1
interaction with Crml1 (see Fig. S3C). Although the molecular
basis underlying the cation-stimulated Cap1-Crm1 association is
unknown, this observation can account for the significant delay in
Capl nuclear accumulation following combinatorial oxidative
and osmotic stress. Interestingly, it is possible that the cationic
stress-stimulated interaction with Crm1 may be Capl specific,
rather than a global phenomenon. For example, we have previ-
ously shown that the Hogl SAPK, whose cellular localization is
predicted to regulated by Crm1 (40), rapidly accumulates in the
nucleus following combinatorial stress (28). Further investigation
into the mechanisms underlying the cationic-stress mediated as-
sociation between Capl and Crm1 is clearly warranted. Although
seemingly Hogl dependent, the Rim101 pathway is worthy of
consideration as this pathway is implicated in cationic but not
osmotic stress. C. albicans cells lacking the Rim101 transcription
factor are sensitive to cationic stress (41), and a role of Rim101 in
regulating the Enal Na™-ATPase in the model yeast S. cerevisiae is
well documented (42).

In conclusion, our results provide significant new insight into
why combinatorial cationic plus oxidative stress treatments delay
the activation of the Capl transcription factor, leading to stress
pathway interference. Indeed, cationic stress appears to inhibit
oxidative stress responses in two ways. First, cations inhibit cata-
lase activity in C. albicans, thereby leading to significant increases
in intracellular ROS levels observed following combinations of
cationic and oxidative stresses (28). Here we show that such high
levels of intracellular ROS trap Capl in an intermediate Cap19%-!
form that fails to induce target antioxidant-encoding genes. Sec-
ond, we find that cations stimulate the interaction of Capl with
the nuclear export factor Crm1, thus delaying the oxidative stress-
induced nuclear accumulation of this transcription factor. This
combinatorial stress-mediated stress pathway interference that we
have dissected in vitro is thought to contribute to the potency of
host defenses in combating fungal infections in vivo. Indeed, phar-
macological inhibition of ROS production and cationic fluxes,
either separately or in combination, results in a similar, drastic,
impaired ability of neutrophils to kill C. albicans (28). Thus, the
efficacy of combinatorial stress-mediated killing of C. albicans
may explain why this fungus only causes systemic infections in
immunocompromised hosts. How does the exquisite sensitivity to
combinatorial stress benefit C. albicans? It could be speculated
that it is nonbeneficial for this pathogen to cause systemic in-
fections as the likely outcome is killing of the host. It seems
more likely that Candida albicans has evolved as a commensal
organism in the human gut and urogenital tracts. In these en-
vironments, such combinations of oxidative and cationic
stresses may not be encountered. Finally, it is important to note
that C. albicans is exposed to many other combinations of
stresses, in addition to oxidative and cationic stresses, follow-
ing phagocytosis, such as reactive nitrogen and chloride spe-
cies, antimicrobial peptides, pH fluctuations, and nutrient lim-
itation (reviewed in reference 43). Therefore, future work will
be directed at investigating the impact of other combinations
of physiologically relevant stress conditions on killing C. albi-
cans and other important fungal pathogens.
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MATERIALS AND METHODS

Strains and media. The strains used in this study are listed in Table S1 in
the supplemental material. C. albicans cells were grown in Tris-buffered
yeast extract-peptone-dextrose medium (YPDT [pH 7.4]) (27, 44). Oxi-
dative stress was imposed by treating cells with a range of H,O, (Sigma)
concentrations as indicated, and cationic stress was imposed with 1 M
NaCl. To stress cells with a combination of oxidative and cationic stresses,
medium was supplemented with 5 mM H,O, plus 1 M NaCl, as detailed
previously (27, 28).

Tagging of Crm1. To C-terminally tag Crm1, expressed from its na-
tive chromosomal locus, with 2 copies of the Myc epitope and 6 His
residues, the 3" region of CRM1 was amplified by PCR using the oligonu-
cleotide primers Crm1MHPstF (AATGTCTGCAGCAATTATCTGGAG
AAGC) and CrmMHPstR (AATGTCTGCAGTTCGTCATCCATTTCAG
AAGG) and genomic DNA template. The resulting PCR product was
digested with Pstl and ligated into the PstI site of CIp-MH-PstI plasmid
(31) to generate pPCRM1-MH. pCRM1-MH was linearized by digestion
with EcoRV to target integration at the CRM1 locus in SN148 wild-type
cells (45) or hogIA cells (JC45) to generate strains JC1925 and JC1940,
respectively. Correct insertion and tagging of Crm1 were verified by PCR
and DNA sequencing.

Capl localization. C. albicans cells expressing GFP-tagged Capl
(JC1060) were prepared as described previously (11, 46). 4’ ,6-Diamidino-
2-phenylindole (DAPI) and GFP fluorescence was captured using a Zeiss
Axioscope with a 63X oil immersion objective and the AxioVision imag-
ing system.

Cap1 phosphorylation and oxidation assays. To monitor Cap1 phos-
phorylation, protein extracts were prepared as described previously (47)
from exponentially growing C. albicans cells expressing 2Myc- and 6His-
tagged Cap1 (JC948) before and after treatments with 5 mM H,0,, 1 M
NaCl, or 5 mM H,0, plus 1 M NaCl for the indicated times. Twenty-five
micrograms of protein was subjected to SDS-PAGE, and Cap1-MH was
detected using anti-Myc antibodies (9E10 [Sigma]) (31).

To monitor Capl oxidation, protein extracts were prepared under
acid lysis conditions and treated with the thiol alkylating agent AMS, as
described previously (31). To determine the nature of Cap!l oxidation
following combinatorial stress and high ROS levels, protein extracts
were obtained under acid lysis conditions and incubated with
N-ethylmaleimide (NEM [Thermo Scientific, Paisley, United Kingdom])
ata final concentration of 10 mM at 30°C for 30 min in order to block free
thiols, precipitated with 1 vol of 20% trichloroacetic acid (TCA) on ice for
30 min, and washed extensively three times with acetone. NEM-labeled
samples were resuspended in sample buffer (200 mM Tris-HCI [pH 8],
1% SDS, 1 mM EDTA) supplemented with 20 mM DTT and incubated at
37°C for 60 min in order to reduce the existing disulfides. Acid precipita-
tion and acetone washes were repeated, and protein pellets were resus-
pended in sample buffer containing methoxy PEG-maleimide (mPEG-
Mal) (PEG-maleimide with a molecular weight of 2,000 [Nanocs, Inc.,
Boston, MA]) at a final concentration of 10 mM at 30°C for 30 min (29) in
order to label free thiols that were involved in the formation of disulfides.
Acid precipitation and acetone washes were repeated, and samples were
treated with 5 U of alkaline phosphatase (New England Biolabs) at 37°C
for 1 h to prevent phosphorylation from having an impact on AMS/PEG-
maleimide-dependent mobility shifts (26). Samples were subjected to
SDS-PAGE on 8% gels under nonreducing conditions, and Cap1-MH was
detected as described above.

Northern blotting. Northern blotting was performed as described
previously (11). Gene-specific probes were amplified by PCR from
genomic DNA using oligonucleotide primers specific for ACTI, CATI,
and TRRI (11). RNA levels were quantified using the Typhoon phospho-
rimaging system (Amersham Biosciences) and Image Quant software (GE
Healthcare Life Sciences).

Detection of intracellular ROS levels. For intracellular ROS detec-
tion, exponentially growing C. albicans cells were treated with 20 uM of
the fluorescent probe dihydroethidium (DHE [Sigma]) and incubated at
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30°C for 45 min in the dark. Cells were washed with phosphate-buffered
saline (PBS), sonicated for 15 s, and subjected to fluorescence-activated
cell sorting using a FACSAria Fusion (BD Biosciences, Sydney, Australia)
with an argon 488-nm laser emitting at 595 nm. Data were analyzed from
three independent biological replicates using Flow]Jo software (TreeStar,
Inc., Ashland, OR).

ChIP-qPCR. Chromatin immunoprecipitation (ChIP) assays were
performed as described by Liu et al. (48), with slight modifications.
Briefly, three independent cultures of exponentially growing C. albicans
JC465 (untagged control strain) and JC948 (Capl-MH-tagged strain)
cells were collected and chromatin fixed by the addition of formaldehyde
(1% vol/vol) for 30 min at room temperature with agitation at 20 rpm.
Formaldehyde was quenched by the addition of 125 mM glycine at room
temperature at 20 rpm for 10 min. Samples were centrifuged, washed
twice with ice-cold Tris-buffered saline (TBS) buffer (20 mM Tris-HCI
[pH 7.5], 150 mM NaCl), and snap-frozen in liquid nitrogen. The prep-
aration of the total cell extracts and sonication was performed as described
previously (48), followed by the overnight immunoprecipitation of the
soluble chromatin extracts from both tagged and untagged strains with
monoclonal mouse c-Myc antibody (9E10) (Santa Cruz Biotech) coupled
to magnetic beads (Dynabeads [Invitrogen Life Technologies]) at 4°C.
Beads were washed and reverse cross-linked, and DNA was recovered as
described previously (48). The DNA concentrations were quantified using
Quant-iT Picogreen double-stranded DNA assay kit (Molecular Probes/
Invitrogen) as described previously (48). The DNA concentrations ranged
from 0.03 ng/ul to 0.69 ng/ul for the tagged strains and 0.49 ng/ul to
0.72 ng/ul for the untagged strains. Quantitative PCRs (qPCRs) were
performed on the Mastercycler ep realplex (Eppendorf) qPCR system
using the Takyon ROX Probe MasterMix (Eurogentec) and the condi-
tions described previously (49). Oligonucleotides for the CATI1, TSAI,
and GLRI promoter regions (targets) (see Table S2 in the supplemental
material) were optimized using Primer3Web software (version 4.0.0.).
ACTI was used as a control for statistical analyses by t test, with TEFI
(orf19.1435) as a reference for normalization (50). All PCR products had
melting curves indicating the presence of a single amplicon. qPCR data
were analyzed using the threshold cycle (274A€T) method (51), and sta-
tistical significance was determined using Welsh’s two-sample  test.

Crm1-Capl coimmunoprecipitation assay. Exponentially growing
wild-type (JC1925) or hogIA (JC1940) cells expressing 2Myc- and 6His-
tagged Crm1 were harvested before and after stress treatments. Total pro-
tein extracts were prepared as described previously (47), and Crm1-MH
was immunoprecipitated using anti-Myc (9E10) antibody-coupled aga-
rose (Santa Cruz Biotechnologies), followed by incubation with 200 U of
Lambda protein phosphatase (New England Biolabs) for 30 min at 30°C.
Precipitated proteins and 5% of protein input were subjected to SDS-
PAGE. Coprecipitation of Cap1 was monitored by Western blotting using
anti-Capl polyclonal antibodies (kindly provided by Scott Moye-Rowley,
University of Iowa). Membranes were subsequently probed with anti-
Myc antibodies (9E10 [Sigma]) to determine the levels of precipitated
Crml levels. Quantitative densitometric analysis of Western blots was
conducted using Image] 1.44 to determine the fold enrichment of Capl
interaction with Crml relative to time zero. Analysis of variance
(ANOVA) was used to determine statistically significant differences in
Capl enrichment levels.

Detection of RNA Pol II phosphorylation. To monitor RNA Pol II
phosphorylation, protein extracts were prepared as described previously
(47) from exponentially growing C. albicans cells expressing 2Myc- and
6His-tagged Capl (JC948) before and after treatments with 5 mM H,0,,
25 mM H,0,, or 5 mM H,O, plus 1 M NaCl for the indicated times.
Fifteen micrograms of protein was subjected to SDS-PAGE, and Pol II
phosphorylation was detected using anti-RNA Pol II phospho S2 (ab5095
[Abcam]) and anti-RNA Pol II phospho S5 (ab5408 [Abcam]) antibodies.
Total levels of RNA Pol II were detected using an anti-RNA Pol II CTD
repeat antibody (ab817 [Abcam]). Blots were stripped, and Cap1-MH was
detected using anti-Myc antibodies (9E10 [Sigma]) (31).
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