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Resumen

Las superéxido dismutasas de Candida glabrata participan en la respuesta a
estrés oxidante y se requieren para la biosintesis de lisina, la integridad del

ADN vy la supervivencia en fase estacionaria

El hongo patégeno oportunista Candida glabrata tiene una respuesta al estrés
oxidante bien definida. C. glabrata es extremadamente resistente a estrés oxidante
e inclusive sobrevive dentro de las células fagociticas. Para entender la respuesta
a estrés oxidante en C. glabrata, caracterizamos las superdxido dismutasas
(SODs): la Cu/zZn-SOD (Sodl) y la MnSOD (Sod2). Las SODs catalizan la
dismutacion de superéxido en peroxido de hidrogeno y oxigeno. Encontramos que
principalmente Sod1 contribuye al total de la actividad de SOD en esta levadura y
se localiza en el citoplasma. En cambio, Sod2 es una proteina mitocondrial.
Ambas SODs juegan un papel central en la respuesta a estrés oxidante, Sodl es
mas importante durante el crecimiento fermentativo y Sod2 durante la respiracion
y el crecimiento en fuentes de carbono no fermentables. Es interesante notar que
la cepa de C. glabrata carente de ambos genes Sodl y Sod2 muestra auxotrofia a
lisina, tiene alta tasa de mutacion espontanea y una vida cronolégica reducida. En
consecuencia nuestro estudio revela que las SODs juegan un papel importante en
el metabolismo, biosintesis de lisina, proteccion al ADN y la vida cronoldgica de C.

glabrata.

PALABRAS CLAVE. hongo, Candida glabrata, estrés, superéxido, dafio oxidante,

envejecimiento, lisina, menadiona.
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Abstract

The superoxide dismutases of Candida glabrata protect against oxidative
damage and are required for lysine biosynthesis, DNA integrity and

chronological life survival

The opportunistic fungal pathogen Candida glabrata has a well-defined oxidative
stress response, and it is extremely resistant to oxidative stress. C. glabrata can
survive and replicate inside phagocytic cells. In order to further our understanding
of the oxidative stress response in C. glabrata, we characterized the superoxide
dismutases (SODs) Cu/Zn-SOD (Sodl) and MnSOD (Sod2). SODs catalyze the
dismutation of superoxide into hydrogen peroxide and oxygen. We show that Sod1l
is the major contributor of the total SOD activity and is present in the cytoplasm,
whereas Sod2 is a mitochondrial protein. Both SODs play a central role in the
oxidative stress response. Sodl plays a central role during fermentative growth
and Sod2 is important during respiration and growth in non-fermentable carbon
sources. Interestingly, C. glabrata cell lacking both SODs showed auxotrophy for
lysine, a high rate of spontaneous mutation and a reduced chronological lifespan.
Thus, our study reveals that SODs in C. glabrata play a central role in metabolism,

lysine biosynthesis, DNA protection and chronological lifespan.

KEY WORDS. fungus, Candida glabrata, stress, superoxide, oxidative damage,

aging, lysine, menadione.
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1. Introduccidén

The superoxide dismutases in fungi.

Marcela Briones-Martin-del-Campo, Jacqueline Juarez-Cepeda, Javier Montalvo-
Arredondo, Guadalupe Gutiérrez-Escobedq, Emmanuel Orta-Zavalza, Lina Riego,
Irene Castafio and Alejandro De Las Pefias

Division de Biologia Molecular, Instituto Potosino de Investigacion Cientifica y
Tecnoldgica (IPICYT), Camino a la Presa San José, #2055, Col. Lomas 42
Seccion. San Luis Potosi, San Luis Potosi 78216, México.

* Corresponding Author. E-mail: cano@ipicyt.edu.mx

+(52) 444 834 2038. Fax: +(52) 444 834 2010.

Keywords: SOD; superoxide dismutase; aging; fungi; pathogens; OSR; expression;
DNA damage.

Introduction

During infection, opportunistic pathogenic fungi require a robust stress
response to survive and adapt to the changing host environment. Moreover, they
need to respond to the oxidative attack by phagocytes. Phagocytic cells are the
first line of defense against fungal infections (Mansour & Levitz, 2002). These cells
generate reactive oxygen species (ROS), which include superoxide (O:"),
hydrogen peroxide (H.O), hypochlorite (OCI") and hydroxyl radical (HO-). These
ROS can damage all biomolecules and destroy phagocytosed pathogens
(Gonzalez-Parraga et al., 2003).

In the presence of ROS, there is a reprograming of gene expression to
respond and eliminate the oxidative stress; this has been called the Oxidative
Stress Response (OSR). Pathogenic fungi antioxidant defense is fundamental in
the resistance and adaptation to the host environment. The OSR in fungal
pathogens eliminates ROS and is constituted by enzymatic [e.g., catalase,
superoxide dismutase (SOD) and glutathione peroxidase] and non-enzymatic
systems (e.g., glutathione). The OSR in fungal pathogens have been shown to be
important for virulence.

SODs are central in the OSR. SODs are metalloenzymes that catalyze the
dismutation of O, to HO, and O,. O, has a prominent role in oxidative stress
and impacts the production of other ROS (Imlay & Fridovich, 1991). Due to its high
attraction, O, oxidizes iron—sulphur ([Fe-S]) clusters and releases iron (Casteilla
et al., 2001; Flint et al., 1993). Thus, the free iron is available to react with H,O,
and generate HO- by the Fenton reaction (Meneghini, 1997). These ROS react and
damage lipids, proteins and DNA. ROS oxidation can lead to inactivation of
enzymes, altered membrane composition, mutations, and ultimately to cell death.
To counteract the effect of O,™, SODs regulate the cellular concentration of O,™
and protect cells against oxidative damage. The absence of the SODs can lead to

-1-


mailto:cano@ipicyt.edu.mx

Las superdxido dismutasas de C. glabrata Marcela Cecilia Briones Martin del Campo

severe biological disorders. The physiological role of SODs of fungi is discussed
here.

Structure and evolutionary relationship of the SOD families

SODs have been identified and characterized from a wide variety of
organisms. Four families of SOD have been classified according to its protein
structure and the metal used at the active site: the copper/zinc SODs (Cu/Zn-
SOD), the manganese SODs (Mn-SOD), the iron SODs (Fe-SOD), and the niquel
SODs (Ni-SOD).

Cu/Zn-SODs

The Cu/Zn-SODs are found as a homo-dimeric enzyme around of 32 kDa
aproxicontaining one Cu and one Zn ion per subunit. The overall fold in each
subunit is described as an eight-stranded antiparallel beta-barrel connected by
three external loops. The metals are coordinated by one aspartate and six
histidines (Tainer et al., 1982). The two subunits are tightly associated by
hydrophobic and electrostatic interactions. The binding of the metals allows the
formation of an intramolecular disulfide bond between two conserved cysteine
residues (Bordo et al., 1994). The Zn ion and the disulfide bond are not directly
involved in the catalytic reaction, but they are required for the stability of the active
site (Getzoff et al., 1983; Lamb et al., 1999; Tainer et al., 1983). The electrostatic
loop is proposed to provide long- and short-range guidance for the superoxide
substrate, thereby facilitating the remarkable kinetics of the SOD reaction (Getzoff
et al., 1992).

The Cu/Zn-SODs have a wide distribution among all organisms and evolved
separately from the other SODs since they do not share sequence similarity (Smith
& Doolittle, 1992). SODs are found in proteobacteria and eukaryotes. Many Gram-
negative pathogenic bacteria have Cu/Zn-SODs in the periplasm (Lynch &
Kuramitsu, 2000). In eukaryotes, Cu/Zn-SODs are present in animals, plants and
fungi and apparently they absent in protists (Wilkinson et al., 2006). The Cu/Zn-
SODs have been studied from many different fungi like Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Candida albicans, C. glabrata, Cryptococcus
neoformans var. gattii, Histoplasma capsulatum, Neurospora crassa, Aspergillus
fumigatus, Penicillium chrysogenum, and others (Briones-Martin-Del-Campo et al.,
2014; Chary et al., 1994; Diez et al., 1998; Frohner et al., 2009; Holbrook et al.,
2011; Holdom et al., 2000; Narasipura et al., 2003; Roetzer et al., 2011).

Like most of the eukaryotic cells, fungi have Cu/Zn-SOD (product of the
SOD1 gene) mainly localized in the cytosol, and a small fraction present in the
intermembrane mitochondrial space (IMS) (Fridovich, 1995)(McCord & Fridovich,
1969; Nedeva et al., 2004; Sturtz et al., 2001). Surprisingly in a recent study, Sod1
of the non-pathogenic fungus S. cerevisiae (ScSodl) was found in the nucleus in
response to oxidative stress (Tsang et al., 2014). In general, yeast like S.
cerevisiae, C. neoformans, S. pombe (non-pathogenic fungus) and C. glabrata
contain one Cu/Zn-SOD mainly localized in cytoplasm (Fig. 1) (Briones-Martin-Del-
Campo et al., 2014; Matsuyama et al., 2006; Narasipura et al., 2005). Others, like
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C. albicans, have six SODs and four of these are Cu/Zn-SOD: the cytoplasmic
CaSod1 and three additional extracellular Cu/Zn-SODs, CaSod4—-6 (Fig. 1) (Hwang
et al., 2002; Martchenko et al., 2004; O'Brien et al., 2004). Interestingly, it has been
recently reported that CaSod5 is a monomeric copper protein that lacks the zinc-
binding site and the electrostatic loop element. Despite these structural deviations,
CaSods still has the capacity to disproportionate O, (Gleason et al., 2014b).

Two of four SODs in H. capsulatum are Cu/Zn-SOD, the intracellular
HcSod1 and one extracellular HcSod3 (Fig. 1) (Holbrook et al., 2011). Coccidioides
immitis has a Cu/Zn-SOD (CIMG_06994, 5.88) highly related to HcSod3 of H.
capsulatum (Holbrook et al., 2011), and has a predicted signal sequence
suggesting that it is secreted (Viriyakosol et al., 2013). A. fumigatus has a
cytoplasmic Cu/Zn-SOD (AfSodl) (Lambou et al., 2010). It has been suggested
that the extracellular Cu/Zn-SOD of A. fumigatus, C. albicans (CaSod4 and
CaSod5), and H. capsulatum (HcSod3) have a protective role from externally
generated free radicals (Gleason et al., 2014b; Hamilton et al., 1996; Holbrook et
al., 2011).

Fe or Mn-SODs

Iron and manganese SODs exhibit a high degree of sequence and structure
similarity, suggesting that these enzymes originate from a common ancestor
(Wintjens et al., 2004) unrelated to Cu/Zn-SODs (Smith & Doolittle, 1992). The Fe
or Mn-SODs are present in all kingdoms including eubacteria and archeas.
Obligate anaerobes contain Fe-SOD exclusively, cyanobacteria contain Fe-SOD
and Mn-SOD, and facultative aerobes contain either Fe-SOD or Mn-SOD or both.
Moreover, in eukaryotes, Mn-SOD and Fe-SOD are found in the mitochondria and
in the chloroplast, and they show strong homology to the prokaryotic enzymes.
These facts support the idea that they arise from prokaryotic endosymbionts
(Grace, 1990). The Fe or the Mn-SOD monomer (45kDa approximately) can
oligomerise to form a dimeric or tetrameric structure (Wintjens et al., 2004). In
eukaryotes, Mn-SODs are usually homo-tetrameric (Borgstahl et al.,, 1992).
Several residues are conserved for oligomerisation, metal specificity (Fe or Mn),
and metal binding (Parker & Blake, 1988). Fungi contain Fe and/or Mn-SODs
either in the cytoplasm or in the mitochondrial matrix. In S. cerevisiae, C.
neoformans, S. pombe (non-pathogenic fungus) and C. glabrata, the Mn-SOD
(product of SOD2 gene) is a mitochondrial protein (Fig. 1) (Briones-Martin-Del-
Campo et al.,, 2014; Matsuyama et al., 2006; Narasipura et al.,, 2005). In S.
cerevisiae, ScSod2 is synthesized in the cytosol and translocated to the matrix of
the mitochondria, where it incorporates the Mn to form the active holo- enzyme
(Luk et al., 2005).

In C. albicans, two Mn-SODs are localized in the mitochondrial (CaSod2
homo-tetrameric) and in the cytosol (CaSod3 homo-dimeric) (Fig. 1) (Frealle et al.,
2005; Lamarre et al., 2001; Rhie et al., 1999). A. fumigatus, Aspergillus nidulans,
Candida famata, Candida lipolytica, Fusarium graminearum, Magnaporthe grisea,
N. crassa, and Phaffia rhodozyma have two Mn-SODs, one SOD predicted to be
localized to the mitochondria, and the other SOD predicted to be in the cytosol
(Frealle et al., 2006; Lamatrre et al., 2001).
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Ni-SODs

This family was first discovered in the bacteria Streptomyces spp. (Youn et
al., 1996) and orthologue genes have been identified in cyanobacteria (Eitinger,
2004). However, there is no evidence of Ni-SODs in fungi. These Ni-SODs are
homo-hexamers of four-helix bundles with a total molecular weight of 80 kDa
(Barondeau et al., 2004). Each four-helix bundle binds a Ni ion.

Regulation of the SOD expression and activity in fungi

Given that the SODs are central in the OSR, it is not surprising that their
transcription, synthesis and activity are tightly regulated. The transcriptional
regulation of the SOD encoding genes has been shown to depend on the growth
phase, the presence of oxidants, oxygen and nutrients. SOD regulation has been
extensively studied in S. cerevisiae, where their activity increase during the diauxic
shift and in the post diauxic phase under normal growth conditions (Costa et al.,
1997). However, during the post-diauxic phase, the ScSOD1 expression is down-
regulated (Costa et al., 1997). Moreover, ScSOD2 expression is up-regulated as
cells enter to stationary phase (SP) in rich medium with glucose. This change in
expression is due to the switch to a non-fermentable carbon source, nutrient
limitation plus the effects of the heme activator protein (Hap) 2-3-4-5 complex. In
addition, the ScSOD2 promoter contains the stress-response elements (STRE)
(Flattery-O'Brien et al., 1997; Pinkham et al., 1997). Thus, ScSOD2 regulation
involves oxidative stress sensing and the presence of oxygen during SP. Upon
exposure to menadione (MD) and paraquat (PQ) in SP, both SODs (ScSOD1 and
ScSO0D?2) are induced (Cyrne et al., 2003). ScSODL1 is also induced by H,0O, and
ScSO0D?2 is induced upon exposure to ionizing radiation (Galiazzo & Labbe-Bois,
1993; Lee et al., 2001). Recently, it has been shown that the ROS regulates
ScSOD1 nuclear localization and acts as a nuclear transcription factor to regulate
oxidative stress resistance (Tsang et al., 2014).

Similar to S. cerevisiae, the S. pombe SOD1 (SpSOD1) expression is down-
regulated in SP, consistent with the decrease in enzymatic activity (Lee et al.,
2002). However, SpSOD1 expression is induced in SP in the presence of H,O, and
MD. This induction is regulated by the transcription factors Papl, Wisl, and Spcl
(Lee et al., 2002). In addition, the expression of the SpSOD1 gene is induced in the
presence of metal ions including zinc (Tarhan et al., 2007). S. pombe SOD2
(SpSOD2) is induced in the presence of MD, H,O,, heat, high osmolarity,
aluminum chloride, cadmium chloride, and manganese chloride. It is also induced
by S-nitroso-N-acetylpenicillamine (SNAP) a NO-generating element. These
suggest that oxidative stress, metals, and nitric oxide regulate the SpSOD2 gene
(Jeong et al., 2001; Jung et al., 2002).

The well-conserved Yapl and Skn7 transcription factors have been shown
to control the OSR in fungi like S. cerevisiae, S. pombe, and C. glabrata (Cuellar-
Cruz et al., 2008; Nikolaou et al., 2009). Yapl is a bZip transcription factor that
contains cysteine rich domains in its N-and C-terminal portions. Yapl controls the
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OSR and accumulates transiently in the nucleus in response to oxidative stress,
whereas Skn7 is an oxidative and cell wall stress-response transcription factor. In
S. cerevisiae, both Yapl and Skn7 control the expression of ScSOD1 and ScSOD2
(Lee et al., 1999). In S pombe and C. albicans, SOD1 expression is regulated by
Yapl (Papl in S. pombe and Capl in C. albicans) (Lee et al., 2002; Lee et al.,
1999; Znaidi et al., 2009).

CgSOD1 and CgSOD2 are constitutively expressed even in the presence of
oxidative stress, and their regulation is independent of CgYapl and CgSkn7.
Moreover, the expression of CgSODs is highly induced under glucose starvation
(Roetzer et al., 2011). However, our unpublished results suggest that CgMsn2 and
CgMsn4 could be regulating the expression of SOD1 during SP growth.

In C. albicans, CaSOD1 is induced in LP but repressed in SP, whereas the
expression of CaSOD3 is strongly induced upon the entry and during SP (Lamarre
et al., 2001). This shows that C. albicans regulates in the opposite direction the
expression of the CaSOD1 and CaSOD3 genes. CaSOD1 expression can be
induced by H,O,, MD, PQ, cholic acid, procaine and tocopherol (Gunasekaran et
al., 1998; Lamarre et al., 2001). During the transition from yeast to hyphae,
CaSOD1 and CaSODS5 expression is induced (Lamarre et al., 2001; Martchenko et
al., 2004), but CaSOD3 is repressed. In addition, CaSODS5 transcription (Cu-only
SOD) is up-regulated in several different conditions such as, osmotic or oxidative
stress, switch to alkaline pH, non-fermentable or absence of carbon sources,
response to neutrophils, and during an in vivo infection in mice (Fanning et al.,
2012; Fradin et al., 2005; Martchenko et al., 2004; Miramon et al., 2012). CaSod5
was exclusively identified in the supernatants of hyphal cells whereas the CaSod4
enzyme was identified exclusively in the supernatants of yeast-form cultures
(Rohm et al., 2013).

The SOD activity of C. neoformans var. neoformans and var. gattii increases
in culture supernatants during SP (Hamilton & Holdom, 1997). CnSOD1 and
CnSOD2 expression is induced upon temperature shift from 30°C to 37°C
(Narasipura et al., 2005). However, no differences in CnSOD1 expression were
found in C. neoformans yeasts growing with pure oxygen, copper, tert-butyl
hydroperoxide or PQ (Cox et al., 2003).

The transcription of the extracellular SOD3 gene of H. capsulatum is higher
in the pathogenic yeast form than in the non-pathogenic mycelia. HcSOD3 is
expressed during in vivo infection consistent with a role in virulence (Holbrook et
al., 2011).

In the fungal pathogen C. immitis, the Cu/Zn-SOD is the orthologue of
SOD3 of H. capsulatum and is upregulated at day 2 and 8 in spherules phase.
Presumably, this upregulation could protect the spherule against oxidative stress in
the host. C. immitis also contains genes highly related to A. fumigatus AfSOD2 and
AfSOD4 but neither of those is up- or downregulated (Viriyakosol et al., 2013).

In A. fumigatus, the AfSOD1 and AfSOD2 are highly expressed in the
conidia whereas AfSOD3 is strongly expressed in mycelium. The AfSODA4 is
weakly expressed compared to other SODs (Lambou et al., 2010). In A. niger, heat
shock treatment significantly increased the levels of O,™, and concomitantly there
is an increase in the levels of SODs (Abrashev et al., 2005; Abrashev et al., 2008).
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SOD2 (Mn-SOD) in Penicillium chrysogenum has an increased expression
after exposure to MD (Emri et al., 1999). Furthermore, the SOD activity is
increased by PQ treatment in fungi cultures of: Mucor racemosus, Humicola lutea,
Fusarium oxysporum, Alternaria solani, Cladosporium elatum, Penicillium
chrysogenum, P. brevicompactum, P. claviforme, P. roquefortii, Aspergillus niger,
A. argilaceum, and A. oryzae (Angelova et al., 2005).

SODs activation

The post-translation control of SODs involves the rapid conversion of an
apo-inactive polypeptide to the enzymatically active SOD enzymes through the
insertion of the metal ion cofactor. The Cu/Zn-SODs are activated through the
controlled insertion of Cu and the formation of the disulfide bond. Most eukaryotic
Cu/Zn-SODs can acquire copper by two different pathways, one dependent on the
copper chaperone for SOD (Ccsl), and the other independent of Ccsl (Carroll et
al., 2004; Rae et al., 1999). To date, the Cu/Zn-SODs known to be fully dependent
on Ccsl are those from fungi such as S. cerevisiae. When the Ccsl dependent
pathway is used, copper is transported by the action of the copper transporters and
Ccsl (Portnoy et al., 2001). The Ccsl insert copper into a new or pre-existing
ScSodl apo-enzyme (Bartnikas & Gitlin, 2003; Schmidt et al., 2000). The
distribution of Ccsl and Sodl between the cytosol and the mitochondrial IMS
depends on the Mia40/Ervl disulfide relay system (Reddehase et al., 2009).
Mia40/Ervl introduces a structural disulfide bond in Ccsl, which then shuttles the
disulfide bond to Sod1 for full activation (Gross et al., 2011; Kloppel et al., 2011).

S. pombe and C. albicans also have a metallochaperone-like protein that is
necessary to deliver copper in Sodl (Gleason et al., 2014a; Laliberte et al., 2004).
Loss of Ccsl in C. albicans resulted in loss of CaSod1 activity. In contrast, CaSod5
activity is independent on the Ccsl. The CaSod5 is secreted as a disulfide-
oxidized apo-protein and is activated by the capture of extracellular copper
(Gleason et al., 2014a; Gleason et al., 2014b).

In the case ScMn-SODs, their maturation comprises the import to the
mitochondria and the insertion of manganese. During ScSod2 synthesis, the
ribosomes are juxtaposed to the outer mitochondrial membrane allowing the
coupling of ScSod2 synthesis and mitochondrial import (Ginsberg et al., 2003).
Once imported into mitochondrial matrix, the polypeptide is fold into a stable
quaternary tetramer and acquires the manganese through the metal transporter
Smf2 (Cohen et al., 2000; Portnoy et al., 2000). A second transporter that affects
the ScSod2 activation is Mtm1, a member of the mitochondrial carrier family of
proteins located in the inner membrane of the mitochondria. The Mtm1 role could
involve direct insertion of the manganese cofactor or maintaining ScSod2 in a
conformation that is competent for metal activation (Luk et al., 2005). Interestingly,
SpSod2 is acetylated after import into mitochondria and its localization is not
essential for the enzyme activity, but is crucial for OSR and growth under
respiratory conditions (Takahashi et al., 2011).
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The Central Roles of SODs in Fungi
Oxidative and general stress response

SODs are essential components of the antioxidant defense system in fungi,
providing protection against oxidative stress as a result of endogenous and
exogenous ROS. The OSR of pathogenic fungi is extremely important because
they are exposed not only to their own ROS (byproducts of aerobic respiration) but
also to those produced by the respiratory burst by the phagocytic cells (Hampton et
al., 1998). The SODs play a central role in the OSR.

SOD null mutants exhibit increased sensitivity to MD, PQ and H,0; in S.
cerevisiae, C. glabrata, S. pombe, C. neoformans, C. albicans, H. capsulatum, N.
crassa, and Aspergillus fumigatus (Bilinski et al., 1985; Briones-Martin-Del-Campo
et al., 2014; Cyrne et al., 2003; Giles et al., 2005; Gralla & Valentine, 1991; Hwang
et al., 2003; Jeong et al., 2001; Lambou et al., 2010; Longo et al., 1999; Manfredini
et al., 2004; Mutoh & Kitajima, 2007; Narasipura et al., 2005) (See Table I). These
data underscore the key role of the SODs in the antioxidant defense against drug-
induced oxidative stress. For example, the response to oxidative stress generated
by H,O, and MD is largely dependent on Sodl and also by the glutathione
reductase in S. pombe (Lee et al., 2002). In S. cerevisiae, the absence of SODs
induces the glutathione peroxidase and glutathione levels in the defense against
H.O, during SP (Manfredini et al., 2004). In C. glabrata, SOD1 is required to
protect against MD during LP and both SODs are necessary in protecting cells
against to MD-induced stress during SP (Briones-Martin-Del-Campo et al., 2014;
Roetzer et al., 2011).

Fungal pathogens are subjected to many others environment stresses such
as nutrient limitations, osmotic changes, heat shock, drugs and pH change, and
particularly during the host immune response. Several evidences show that SODs
have a role not only in OSR but also in response to the presence of others kind of
stresses. In S. cerevisiae, the sod1A mutant is sensitive to cell wall-perturbing
agents, such as calcofluor white and congo red (Liu et al., 2010). Moreover, the
sod1A mutant is sensitive to osmotic stress showing increased oxidative damage.
In anaerobic conditions, the presence of ascorbate, or glutathione alleviate the
growth inhibition of Scsodl1A (Koziol et al., 2005). Unlike Sodl1, which have the
major role in OSR, Sod2 acts as a general defense agent protecting cells against
multiple stresses. Previous studies revealed that the sod2A mutants of S.
cerevisiae, S. pombe, C. neoformans var. gattii, C. neoformans var. grubii, and C.
albicans are more sensitive to heat stress, high osmolarity, ethanol, or metalloid
stress than the wild-type strain (Dziadkowiec et al., 2007; Giles et al., 2005; Hwang
et al., 2003; Hwang et al., 2002; Jeong et al., 2001; Narasipura et al., 2005; Pereira
et al., 2001; Stoica et al., 2011). In A. fumigatus, both sod1A and sod2A mutants
show growth inhibition at high temperature whereas the sod3A mutant had only a
slight growth delay at high temperature (Lambou et al., 2010). These evidences
confirmed the relationship between oxidative and other stress responses and the
contribution of SODs to scavenge O, generated by the mitochondrial respiration.
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Cellular growth, aminoacid metabolism, and respiration

Genetic analysis of SOD mutants have shown that the SODs are implicated
in a variety of metabolic and growth defects related to oxidative damage even
under non-stress conditions. Growth defects have been shown in SOD mutants
under high oxygen environment, high temperatures, growth on non-fermentable
carbon sources and in SP, and nutritional stress (see above). The role of SODs in
metabolism has been well characterized in S. cerevisiae. The sod1A and sod2A
mutants are highly sensitive to elevated oxygen concentrations (hyperoxia), but
this phenotype disappears under anaerobic conditions, independent of the growth
conditions (Gralla & Valentine, 1991; van Loon et al., 1986).

In S. cerevisiae and S. pombe, the sod1A mutant causes severe growth
defects even in rich media (Lee et al.,, 2002; Longo et al.,, 1996; Sehati et al.,
2011). In C. glabrata, the single sod2A and double sod1A sod2A mutants grow
slow under aerobic conditions in rich medium but they can reach to the same cell
density as the parental culture (Briones-Martin-Del-Campo et al., 2014). In C.
albicans, the sod2A/sod2A mutant (but not the sodlA/sodlA or sod3A/sod3A
mutants) has a growth rate comparable to the wild-type in air. The same mutant
shows normal growth under hyperoxic condition. Moreover, the sodl1A/sod1A
mutant showed retarded filamentation on Spider medium (filamentation-inducing
media) (Hwang et al., 2002). In contrast, the SODs do not appear to have any
impact on the growth of C. neoformans var. gattii on YPD (yeast peptone dextrose
media) in aerobic conditions (Narasipura et al., 2005; Narasipura et al., 2003).

In SP, cells readjust their metabolism from fermentation to respiration, and
they utilize ethanol for energy. The mitochondrial activity increase and
consequently there are more production of ROS (Herker et al., 2004). The SOD
mutants are characterized by their defects during aerobic respiration. In S.
cerevisiae, it has been demonstrated that both sod1A and sod2A mutants show
growth defects when grown on non-fermentable carbon sources such as ethanol or
lactate (Gralla & Kosman, 1992); although, the sod1A can grow better on lactate
and pyruvate, than on ethanol or glycerol (Longo et al., 1996). Indeed, the sod1A
mutant is unable to utilize ethanol, and cannot switch from glucose-based to
ethanol-based growth (Sehati et al., 2011).

Glucose has long been known to repress respiration in LP cells. Recently, it
has been shown that Sod1 play a role in the respiratory repression in oxygen and
glucose presence. ScSodl physically interact with the Yckl, a casein kinase,
which regulates glucose and amino acid sensing and respiration repression (Reddi
& Culotta, 2013).

The sod2A mutants in the pathogenic fungi C. neoformans, C. albicans, and
C. glabrata have similar growth defects when grown on ethanol, demonstrating the
central role of SODs during cellular respiration (Briones-Martin-Del-Campo et al.,
2014; Hwang et al., 2002; Narasipura et al., 2005). In addition, C. glabrata sod2A
mutant and the sod1A sod2A double mutant have a marked growth defect in the
presence of glycerol as carbon source. Thus, CgSod?2 is necessary to counteract
the superoxide generated in the mitochondria when cells are under mitochondrial
respiration (Briones-Martin-Del-Campo et al., 2014).

Amino acid auxotrophies have been observed in yeast lacking SOD1, but
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not observed in a sod2A mutant. In S. cerevisiae and S. pombe, the sod1A mutant
exhibits auxotrophy for lysine, methionine and cysteine. These auxotrophies were
restored by the addition of these amino acids to the medium (Gralla & Kosman,
1992; Lee et al., 2002). Consistent with this phenotype, the deletion of the copper
chaperone of Sodl, Ccsl, shows as well auxotrophy for methionine and lysine
(Culotta, 2000). In C. albicans, the sod1A mutant exhibits only a slow growth in
minimal medium without lysine, indicating a ‘leaky' lysine auxotrophy. However,
this sod1A mutant does not show any kind of growth defects in absence of
methionine or cysteine (Hwang et al., 2002). In contrast, sod1A single mutants of
C. neoformans var. gattii and the filamentous fungi N. crassa, does not show
auxotrophies for lysine or methionine (Chary et al., 1994; Narasipura et al., 2003).
On the other hand, C. glabrata shows that the sod1A mutant grows slowly in the
absence of lysine, while the sod2A mutant has no growth defect in this medium.
Interestingly, and unlike S. cerevisiae, only the Cgsod1A Cgsod2A double mutant
is lysine auxotroph indicating that CgSODs are functionally redundants (Briones-
Martin-Del-Campo et al., 2014). In summary, some fungi Sodl enzymes are
involved in the metabolism of aminoacids.

Studies have shown that the auxotrophies in the sodlA mutant in S.
cerevisiae is due to the disruption of the biosynthetic pathways of lysine,
methionine or cysteine by an altered redox environment. In the absences of SOD1,
the cysteine and methionine requirement results from the decreased NADPH
levels, and consequently blocking the first steps of the methionine biosynthesis
pathway (Chang & Kosman, 1990; Slekar et al., 1996). It has been shown that
inactivation of coenzyme Q (Coql) partially alleviates the lysine auxotrophy of a
sod1A mutant in S. cerevisiae. The electron leakage from complex Il via Coql is
the main source of O, , suggesting that SOD1 does play a role in protect of lysine
pathway from O, produced by mitochondrial respiration (Longo et al., 1996). The
O, oxidize 4Fe-4S clusters of different enzymes such as aconitase (Acol, a
dehydratase of Krebs cycle) (Flint et al., 1993); thus, enzymes in the mitochondrial
matrix with 4Fe-4S clusters are subject to reversible inactivation by O, resulting
in loss of the labile iron atom, leaving a 3Fe-4S cluster (Flint et al., 1993; Wallace
et al., 2004). In fungi, lysine is synthesized de novo by the alfa-aminoadipate (AAA)
pathway (Zabriskie & Jackson, 2000), which contains an 4Fe-4S cluster enzyme,
homoaconitase (LYS4), a likely target for inactivation by O,”. Thus, the lysine
auxotrophy in the sod1A mutant results from the oxidation of the 4Fe-4S cluster of
Lys4 resulting in a blockage of AAA pathway in S. cerevisiae (Wallace et al., 2004).
In contrast in S. pombe, it was found that the homocitrate synthase (HCS, first
enzyme in the AAA pathway) is the target enzyme causing lysine auxotrophy in the
sod1A mutant. Their overproduction is sufficient to suppress the lysine auxotrophy
(Kwon et al., 2006). In contrast in C. glabrata, the overexpression of LYS4, LYS12,
LYS20 or LYS21 did not suppress the lysine auxotrophy in the sodlA sod2A
double mutant. This suggests that a different gene or more than one gene of the
AAA pathway is responsible for the lysine auxotrophy.

Several suppressors or multicopy suppressor overcoming the lysine
auxotrophy in a sodlA mutant have been isolated in S. cerevisiae. These
suppressors include the overexpression of ATX1 (copper metallochaperone for
ATPases), the overexpression of ATX2 (Golgi membrane protein involved in
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manganese homeostasis), a mutation in PMR1 (Ca2+ ATPase involved in
manganese homeostasis), and a mutation in BSD2 (heavy metal ion homeostasis
protein) (Lapinskas et al., 1995; Lin & Culotta, 1995, 1996; Liu & Culotta, 1994).
These suppressors act as metal-based mimics in the absence of SOD1, where the
oxidative damage can be prevented through alterations in manganese and copper
homeostasis.

Other suppressors called seo, (suppressors of endogenous oxidation) have
been mapped in SSQ1, JAC1, NFS1, and ISU1 genes. These genes encode
mitochondrial proteins involved in iron-sulfur cluster assembly (Strain et al., 1998).
A recent study suggests that the seo mutants over-accumulate mitochondrial iron,
increasing the expression of genes in the AAA pathway, perhaps through sensing
of mitochondrial damage by the retrograde response (Jensen et al., 2004).

DNA protection

The most consequential impact of SODs is DNA integrity. In different fungi,
this has been demonstrated through analysis of SOD mutant phenotypes . In S.
cerevisiae, the sod1A and sod2A mutants show high mutation frequency during SP
and aerobic conditions (Gralla & Valentine, 1991; Longo et al., 1999), though,
sod2A show a reduced mutator phenotype than the sod1A mutant (Huang et al.,
2003). Sodl and its chaperone Ccsl were also identified as sensitive to DNA-
damaging agents such as methyl methanesulfonate (MMS) and hydroxyurea (HU)
(Carter et al., 2005; Chang et al., 2002). In C. glabrata, SOD mutants exhibited
high mutation rate. The single mutants, sod1A and sod2A, show a twofold increase
in the mutator phenotype than the parental strain, however the sodlA sod2A
double mutant show a sevenfold increase in the mutator phenotype. Moreover,
these mutants also show high levels of oxidative stress and sensitivity to the DNA
damage agents (MMS and HU) (Briones-Martin-Del-Campo et al., 2014). In the
filamentous fungi N. crassa, the sod1A mutant exhibits an increased spontaneous
mutation rate (Chary et al., 1994).

Although DNA is an important target for ROS, it is likely that O2" ~ cannot
damage DNA directly (Bielski, 1985). Instead, O2" ~ release an iron atom from
[4Fe-4S] clusters, which is now available to participate in the Fenton reaction and
produce HO+ (Keyer & Imlay, 1996; Liochev & Fridovich, 1999). The HO- is a
highly reactive oxidant which cannot diffuse far from its origin before it reacts. Thus
DNA-bound iron is an especially favored target of damage through the Fenton
reaction (Keyer et al., 1995). It has been shown that SOD mutants of S. cerevisiae
and E. coli contain high levels of intracellular free iron, suggesting the Fenton-
dependent DNA damage (Keyer & Imlay, 1996; Srinivasan et al., 2000). Thus,
SODs prevent the accumulation of oxidative damage to DNA by avoiding the start
of the Fenton reaction.

The oxidative damage may occur at the sugars or DNA bases moieties,
thereby producing a broad spectrum of lesions. The predominant consequence of
sugar damage is an eventual strand breakage and base release (Henle et al.,
1995). Relative to the other DNA bases moieties, guanine is particularly vulnerable
to oxidation mediated by ROS. The most thoroughly examined guanine oxidation
product is 7,8-dihydro-8-oxoguanine (8-oxoG) (Neeley & Essigmann, 2006). The 8-
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0xoG is prone to mispair with adenine residues, leading to an increased frequency
of spontaneous GC to TA transversion. Although oxidative damage could
potentially increase all types of base pair mutations, in the Scsod1A mutant there
are two main types of mutations: single-base substitutions (GC to AT, GC to CG,
and GC to TA), and single-base frameshifts (Huang et al., 2003; Shockley et al.,
2013). The GC to TA transversions are also found as one of the most common
base substitutions in the sod1A mutant of S. cerevisiae (Huang et al., 2003). In C.
glabrata, analysis of spontaneously arise mutations in the sod1A sod2A strain are
mainly of the single-base substitution type (GC to TA and TA to CG) (Briones-
Martin-Del-Campo et al., 2014).

In a global analysis of genetic relationships, genes involved in the OSR and
DNA replication were identified as the major guardians against spontaneous DNA
damage. Their efficient repair involves DNA-damage checkpoint signaling and
multiple DNA-repair pathways (Pan et al., 2006). The base excision repair (BER) is
the first line of defense against DNA damaged by oxidation (Dizdaroglu, 2005).
BER is composed of 8-oxoguanine DNA glycosylase 1 (Oggl), which remove the
8-o0x0G lesions (Huang & Kolodner, 2005; Nash et al., 1996). Recently, a data
mining network study showed that Sod2 of S. cerevisiae associates with Oggl
(Bonatto, 2007), and another report linked the SODs with DNA repair showing that
the sod1A mutant down-regulate the MEC1-mediated checkpoint response (Carter
et al., 2005). This pathway participate in DNA damage checkpoint control, by
arresting the cell cycle and inducing the transcription of genes that facilitate DNA
repair (Elledge, 1996). Moreover, there is a direct association between Sod1 with
Mecl or Dunl (Bonatto, 2007),allowing the transcription of genes involved in DNA
synthesis and repair. The DNA damage agents (HU and MMS) activate the MEC1-
dependent checkpoint response to oxidative damage (Branzei & Foiani, 2007). In
addition to the MEC1 pathway, BER has also been implicated in the response to
MMS-induced damage (Xiao et al., 1996).

Recently, an important finding shows that ROS induces Sodl nuclear
localization, which is crucial to protect against DNA damage. The ROS signaling is
mediated by Mecl and Dunl, where Dunl interacts with Sod1. Furthermore, the
nuclear Sod1 regulates the expression of OSR and DNA repair genes in yeast and
in humans (Tsang et al., 2014). Collectively, these findings demonstrate that SODs
have a critical role not only in protecting DNA integrity but also in regulating the
expression of the repair pathways.

Aging

In SP, cells obtain energy from mitochondrial respiration, and generation of
O," as byproduct (Longo et al.,, 1999). The accumulation of oxidative damage
caused by O, is thought to be one the major contributor to aging (Longo et al.,
1999). All organisms are subject to a gradual deterioration of the physiological
functions leading to the aging process. The deleterious effects of O, highlights the
importance of the enzymes required for detoxification of this ROS. Thus, the SODs
are central enzymes in aging. The yeast cells accumulate DNA damage during the
aging process and the SODs play a critical role in preserving the genomic integrity
(Muid et al., 2014).
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SODs mutations have been associated with a general pattern of premature
aging in model organisms. In mice, the lack of MnSOD, causes dilated
cardiomyopathy and neonatal death (Li et al., 1995). Moreover, a 50% reduction in
MnSOD activity increases oxidative DNA damage in nuclear and mitochondrial
DNA, leading to aging (Van Remmen et al., 2003). In contrast, mice lacking the
Cu/Zn-SOD (Sodl1-/-) showed no overt abnormalities during development, but
showed a reduced lifespan and development liver tumors (Elchuri et al., 2005). In
Drosophila melanogaster, the Cu/Zn-SOD -null mutant shows a reduced adult life
span, hypersensitivity to oxidative stress, loss of aconitase activity, and an
increase in spontaneous mutation rates (Phillips et al., 1989; Woodruff et al.,
2004). Conversly, yeast Cu/Zn-SOD overexpression extends the life span (Fabrizio
et al., 2003).

Yeast cells have been used as a model organism to study the role of the
SODs in aging. Aging in S. cerevisiae is analyzed by their replicative life span
(RLS) and their chronological life span (CLS). RLS is the total number of daughter
cells that a single mother cell can generate. On the other hand, CLS is the
longevity of a cell population that is not dividing (SP cells) but retains the ability to
re-enter the cell cycle in the presence of nutrients (Kaeberlein et al., 2007). The
SODs are required for both RLS and CLS survival (Longo et al., 1996; Unlu & Koc,
2007). ScSod2 is required under both low and normal oxygen conditions, whereas
cytoplasmic ScSod1 is mainly required under normal aeration (Longo et al., 1996).
In addition, SODs overexpression in S. cerevisiae extends life span and delays the
loss of aconitase activity (Fabrizio et al., 2001; Fabrizio et al., 2003). The aconitase
(Acol) is the only protein in the mitochondrial matrix that shows age-associated
carbonylation and consequently the loss of its activity (Yan et al.,, 1997).
Furthermore, Acol is required for mitochondrial DNA (mtDNA) maintenance (Chen
et al.,, 2005). The activity of Acol is regulated by its redox reactive Fe-S center
(Bulteau et al., 2003). The disruption of Acol Fe-S center by ROS, indicate the
presence of mitochondrial damage and this is signaled to the nucleus for
reprogramming of gene expression leading to apoptosis.

In C. glabrata, CgSOD2 is mainly required to CLS (Briones-Martin-Del-
Campo et al., 2014). Interestingly, there is also a decrease in CLS in SP when the
synthesis of glutathione is compromised, indicating glutathione as a compensatory
system to control ROS damage in the absence of SODs (Gutierrez-Escobedo et
al., 2013). In S. pombe the sod1A gshlA double mutant (GSH1 encode for the (-
glutamyl-cysteine synthetase, catalyzing the first step in glutathione biosynthesis)
IS more sensitive to MD and lost viability upon entry into SP (Mutoh & Kitajima,
2007). In contrast, the SOD2 role in aging has not been reported for S. pombe
(Jeong et al., 2001). In C. neoformans var. gattii, SOD2 rather than SOD1 was
shown to be essential for survival during the stationary phase, especially in the
presence of an increase of mitochondrial ROS (Narasipura et al., 2005; Narasipura
et al., 2003). In filamentous fungi, there is evidence of the importance of Sods in
aging. The A. fumigatus sod1A sod2A sod3A triple mutant shows a delay in
conidial germination. Moreover, the viability of the conidia is affected during
storage under aerobic conditions. This triple mutant lost all its viability after one
year compared to only 3% of the parental strain under the same conditions
(Lambou et al., 2010). In N. crassa, the activities of the SODs, the catalases, and
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the glutathione peroxidases are highly-correlated with conidial lifespan (Munkres et
al., 1984). During the senescence of the filamentous fungus Podospora anserina,
the activity of PaSOD2 decreases, whereas the activity of the cytoplasmic Cu/Zn-
SOD1 (PaSOD1) increases (Borghouts et al., 2001).

Virulence

Several studies suggest that the OSR of diverse pathogens is directly related to
pathogenicity and survival against the respiratory burst in phagocytes. SODs
contribute to the virulence of many bacteria and fungal pathogens by counteracting
deleterious effects of ROS and evading killing by phagocytes (Miller & Britigan,
1997). Sodl and Sod2 of C. neoformans var. gattii, C. n var. neoformans, and
Sodl and Sod5 of C. albicans are required for full virulence in a mouse model of
infection (Giles et al., 2005; Martchenko et al., 2004; Narasipura et al., 2005;
Narasipura et al., 2003). In H. capsulatum, HcSod3 protects cells from ROS-
derived from phagocytes and deletion of its encoding gene reduces fungal
virulence in vivo (Youseff et al., 2012). The sod1A mutant of C. neoformans and
sod1A sod4A and sod5A of C. albicans are significantly susceptible to killing by
phagocytes (Frohner et al., 2009; Hwang et al., 2002; Narasipura et al., 2003). In
addition, the sod1lA mutant of C. neoformans is defective in the production of
several virulence factors, i.e. laccase, urease and phospholipase (Narasipura et
al., 2003). In contrast, C. glabrata CTA1l, SOD1 and SOD2 are dispensable for
colonization in a murine model of systemic infection (Briones-Martin-Del-Campo et
al., 2014); only the concomitant absence of CgYAP1 and CgSODL1 is detrimental to
yeast survival in a primary mouse macrophage infection model (Roetzer et al.,
2011).

In A. fumigatus, SODs are recognized by infected human sera, serving
mainly as antigens for IgA (Holdom et al., 2000). Moreover, the triple sod1A sod2A
sod3A mutant is sensitive to killing by alveolar macrophage in immunocompetent
mice but show no defect in pathogenicity in murine aspergillosis models in
immunocompromised animals (Lambou et al., 2010).

Conclusions

It have been demonstrated that the role of SODs in cells is of critical importance.
They are necessary to avoid the deleterious effect of superoxide and protect cells
from oxidative damage. Because of this, SODs are involved in different parts of
metabolism such as DNA integrity and repair, amino acid pathways, stress
response, growth, metal regulation, protection of Fe-S cluster containing- enzymes,
and microbial pathogenesis. The role of SODs correlates with their cellular
localization. Thus, the intracellular SODs are involved in detoxifying superoxide,
and the extracellular SODs are important to avoid exogenous oxidative stress.
Moreover, the mitochondrial SODs prevent the superoxide accumulation and the
consequent respiration-related aging. Although the SODs have been deeply
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studied in model yeast like S. cerevisiae, more work is needed to characterize
these enzymes in pathogenic yeasts and in particular in filamentous fungi.
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Fig. 1 SODs localization in fungi. Cellular localization and family type of the most
studied SODs enzymes in fungi. Mn-superoxide dismutases (pink circle), Cu/Zn
superoxide dismutases (dark blue circle), and Cu superoxide dismutases (light
blue). Species abbreviations used are: Sc (Saccharomyces cerevisiae), Cg
(Candida glabrata), Ca (Candida albicans), Cn (Cryptococcus neoformans), Sp
(Schizosaccharomyces pombe), Hc (Histoplasma capsulatum), Af (Aspergillus
fumigatus).
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Table 1. SOD playing roles in fungi
Fungus / . MQ/ .
Stress MD PQ | H,O, | Ethanol | Salt | Heat | Virulence PMN Aging
- Sod1l Sodl Sodl
S. cerevisiae Sod?2 Sod2 | Sod2 Sod2 Sod2 | Sod2 NA NA Sod2
Sod1
S. pombe Sodl Sodl | Sod2 | Sod2 | Sod2 NA NA +
Gshl
. Sod1 | Sod1l Sodl Sod4
C. albicans Sod2 | Sod2 Sod5 Sod2 Sod2 | Sod2 Sods Sods
Sod1
Sod1l
C. glabrata ND Sod2 ND ND No + Sod2
Sod2
Yapl
C. neoformans | Sodl | Sod1l Sod1 Sodl
var. gattii Sod?2 | Sod2 So0d2 Sod2 Sod2 Sod?2 Sodl | Sod2
H. capsulatum Sodl Sod3 Sod3 ND

Abbreviations: ND = not determined; NA= not applicable; MD = menadione; PQ =
paraquat; H,O, = hydrogen peroxide; MQ = macrophages; PMN = polymorphonuclear

leukocytes; Gshl= y-glutamyl-cysteine synthetase; Yapl= OSR transcription factor.
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2. Resultados

2.1 Capitulo 1

Briones-Martin-del-Campo M, Orta-Zavalza E, Canas-Villamar 1, Gutierrez-
Escobedo G, Juarez-Cepeda J, Robledo-Marquez, K, Arroyo-Helguera O, Castafio
I, De Las Peilas A. The superoxide dismutases of Candida glabrata protect
against oxidative damage and are required for lysine biosynthesis, DNA
integrity and chronological life survival. Microbiology mic.0.000006; published
ahead of print December 5, 2014, doi:10.1099/mic.0.000006

"Este  articulo puede ser consultado en la  siguiente liga:
http://mic.sgmjournals.org/"

Abstract

The fungal pathogen Candida glabrata has a well defined oxidative stress
response, is extremely resistant to oxidative stress and can survive inside
phagocytic cells. In order to further our understanding on the oxidative stress
response in C. glabrata, we characterized the superoxide dismutases: Cu,ZnSOD
(Sodl) and MnSOD (Sod2). We found that Sod1 is the major contributor of the
total SOD activity and is present in cytoplasm, whereas Sod2 is a mitochondrial
protein. Both Sods played a central role in the oxidative stress response but Sod1
was more important during fermentative growth and Sod2 during respiration and
growth in non-fermentable carbon sources. Interestingly, C. glabrata cells lacking
both SODs showed auxotrophy for lysine, high rate of spontaneous mutation and
reduced chronological lifespan. Thus, our study reveals that SODs play an
important role in metabolism, lysine biosynthesis, DNA protection and aging in C.
glabrata.
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2.2 Capitulo 2

Briones-Martin-del-Campo M, Orta-Zavalza E, Juarez-Cepeda J, Gutierrez-
Escobedo G, Canas-Villamar I, Castano I, De Las Penas A. The oxidative stress
response of the opportunistic fungal pathogen Candida glabrata. Rev
Iberoam Micol. 2014; 31(1):67-71.

Este documento fue publicado en la modalidad de acceso abierto en
http://www.elsevier.es/en-revista-revista-iberoamericana-micologia-290-articulo-
the-oxidative-stress-response-of-90268786.
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ABSTRACT

Organisms have evolved different strategies to respond to oxidative stress generated as a by-product
of aerobic respiration and thus maintain the redox homeostasis within the cell. In particular, fungal
pathogens are exposed to reactive oxygen species (ROS) when they interact with the phagocytic cells of
the host which are the first line of defense against fungal infections. These pathogens have co-opted the
enzymatic (catalases, superoxide dismutases (SODs), and peroxidases) and non-enzymatic (glutathione)
mechanisms used to maintain the redox homeostasis within the cell, to resist oxidative stress and ensure
survival within the host. Several virulence factors have been related to the response to oxidative stress
in pathogenic fungi. The opportunistic fungal pathogen Candida glabrata (C. glabrata) is the second most
common cause of candidiasis after Candida albicans (C. albicans). C. glabrata has a well defined oxidative
stress response (OSR), which include both enzymatic and non-enzymatic mechanisms. C. glabrata OSR
is controlled by the well-conserved transcription factors Yap1, Skn7, Msn2 and Msn4. In this review, we
describe the OSR of C. glabrata, what is known about its core elements, its regulation and how C. glabrata
interacts with the host.
This manuscript is part of the series of works presented at the “V International Workshop: Molecular
genetic approaches to the study of human pathogenic fungi” (Oaxaca, Mexico, 2012).
© 2013 Revista Iberoamericana de Micologia. Published by Elsevier Espaiia, S.L. All rights reserved.

Respuesta al estrés oxidante en el hongo patégeno oportunista Candida
glabrata

RESUMEN

Los microorganismos han establecido diferentes estrategias para controlar el estrés oxidante generado
durante la respiracién aerébica y, por consiguiente, mantener la homeostasia redox en la célula. En par-
ticular, los hongos patégenos se exponen a especies reactivas del oxigeno cuando interactian con las
células fagociticas del huésped que son la primera linea de defensa contra estos agentes infecciosos.
Estos patégenos han reclutado sistemas enzimaticos (catalasas, superéxido dismutasas y peroxidasas) y
no enzimaticos (glutatién) que normalmente utilizan para mantener la homeostasis redox en la célula,
para resistir frente al estrés oxidante y garantizar la supervivencia dentro del huésped. Varios factores
de virulencia se han relacionado con la respuesta al estrés oxidante de los hongos patégenos. El hongo
patégeno oportunista Candida glabrata (C. glabrata) es la segunda causa mas frecuente de candidiasis
después de Candida albicans (C. albicans). C. glabrata tiene una respuesta bien definida al estrés oxidante,
que incluye sistemas enzimaticos y no enzimaticos y esta regulada por los factores de transcripciéon Yap1,
Skn7, Msn2 y Msn4. En esta revision, describimos los elementos de la respuesta de C. glabrata a dicho
estrés, como se regula y como C. glabrata interacciona con el huésped.

Este articulo forma parte de una serie de estudios presentados en el «V International Workshop:

Molecular genetic approaches to the study of human pathogenic fungi» (Oaxaca, México, 2012).
© 2013 Revista Iberoamericana de Micologia. Publicado por Elsevier Espafia, S.L. Todos los derechos
reservados.

* Corresponding author.

E-mail address: cano@ipicyt.edu.mx (A. De Las Pefias).

1130-1406/$ - see front matter © 2013 Revista Iberoamericana de Micologia. Published by Elsevier Espaiia, S.L. All rights reserved.
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Yeast cells growing in an aerobic environment are exposed to
reactive oxygen species (ROS) such as the superoxide anion (05°~),
hydrogen peroxide (H,0,) and hydroxyl radical (OH®). ROS are
formed as by-products, during normal aerobic metabolism, and
could damage all biomolecules and cause cell death.'* However,
in order to maintain the redox homeostasis in the cell, a variety of
enzymatic (catalases, SODs, and peroxidases) and non-enzymatic
(glutathione) defense mechanisms are induced. This response is
tightly controlled and is known as oxidative stress response (OSR).

Phagocytes are the first line of host defense against fungal
infections. Upon interaction with the pathogen, phagocytes rapidly
produce ROS through the NADPH oxidase complex.! Deficiencies
in the NADPH oxidase result in increased susceptibility to fungal
and bacterial infections underlying the importance of the oxidative
killing of microbes. These data show how the pathogens antioxidant
systems are necessary to survive the oxidative stress generated by
host phagocytes during infection.?? Until recently, it was not well-
known how Candida glabrata responds to host cell phagocytosis
and how it can survive and persist inside the phagolysosome.

C. glabrata is a haploid yeast found as a commensal in healthy
individuals, but causes serious infections in immune compromised
humans. In the past three decades, C. glabrata has become the sec-
ond most common cause of candidiasis after Candida albicans (C.
albicans). C. glabrata infections are difficult to treat and often result
in high mortality in immune compromised hospitalized patients.2
In the past 10 years, the molecular mechanisms enabling C. glabrata
to become a successful human pathogen have been described.
C. glabrata OSR appears to play a central role in the survival
inside macrophages: C. glabrata neutralizes the ROS generated by
the macrophage?® by inducing antioxidant defenses,?®2? inhibits
the maturation of the phagolysosome32 and ultimately replicates
inside phagosomes.'” In this review, we will focus on the OSR of C.
glabrata.

Enzymatic defenses
Catalases

In aerobic organisms, catalases are ubiquitous enzymes that
decompose H,0, to water and oxygen. They function as scaven-
gers of H,0, to maintain the redox balance in the cell. Given that
H,0, has been found to be a signaling molecule, catalases are also
important for growth regulation and development.?° C. glabrata has
one catalase CgCtal® (Table 1), a mono-functional 57-kDa heme-
containing protein, classified as a small subunit catalase and is
85% similar to the Saccharomyces cerevisiae peroxisomal catalase,
ScCtal. Although CgCtal does not have a canonical C-terminal per-
oxisomal targeting signal (PTS1),> it has been shown to localize
in the cytosol and accumulates in peroxisomes during respiration

Table 1
Oxidative stress response genes in Candida glabrata.

and inside phagocytic cells.?® Furthermore, the expression of

CgC(CTA1 is induced in the presence of oxidative stress and in car-
bon source deprivation.?? Interestingly, the CgCTA1 locus does not
maintain genic order when compared to other sequenced hemi-
ascomycete yeasts.2> In particular, the upstream region of CTAT is
approximately 4.5 kb, much longer than the average 454 bp inter-
genic regions of C. glabrata.%

The in vitro resistance of C. glabrata to H,0, is very high,
compared to S. cerevisiae or C. albicans® and this in vitro resis-
tance is mediated by the CgCtal; however, in a murine model of
systemic infection the ctalA mutant was not affected in the colo-
nization phenotype of target organs in vivo.? This suggested that
other antioxidant molecules could be compensating for the absence
of CgCtal. Analysis of the double mutants lacking glutathione or
thioredoxin suggested that theses antioxidant molecules are not
responsible for compensating in vivo the absence of CgCtal.'” To
date, the role of CgCtal as a virulence factor has not been estab-
lished as in other pathogenic fungi.®

Superoxide dismutases

SODs are metalloenzymes that catalyze the dismutation of O,*~
into H,0, and oxygen. These enzymes protect cells against oxida-
tive damage and scavenge O,*~ radicals generated during aerobic
metabolism. Based on their metal cofactor, SODs are classified in
three families: copper/zinc (Cu,ZnSOD), iron or manganese SODs
(FeSOD and MnSOD) and nickel SODs (NiSOD).” Most eukary-
otes contain two SODs, a MnSOD localized in the mitochondrial
matrix>’ and a highly abundant Cu,ZnSOD present in cytosol and
mitochondrial inter-membrane space.?S C. glabrata has two SOD
genes, CgSOD1 (Cu,ZnSOD) and CgSOD2 (MnSOD) (Table 1). Inter-
estingly, it has been shown that Cryptococcus neoformans, C. albicans
and Histoplasma capsulatum SODs are required for survival against
macrophages!32440: however, the survival rate of C. glabratasod1 A
mutant in macrophages was not diminished.??

In S. cerevisiae, Schizosaccharomyces pombe and C. albicans, SOD1
expressionisinduced by oxidative stress,®'8 and regulated by Yap1,
a key transcriptional regulator of the OSR.161742 In contrast, C.
glabrata CgSOD1 and CgSOD2 are constitutively expressed even
in the presence of oxidative stress and independent of CgYap1.2?
CgSOD1 and CgSOD2 expression are highly induced under glu-
cose starvation. Interestingly, the survival rate of C. glabrata sod1A
mutant in macrophages was diminished only in combination with
a mutation in CgYap1.29

Glutathione and thioredoxin

Redox homeostasis is necessary to support important cellular
processes. The oxidation status of thiols is maintained and rapidly

Gene name  Systematic name  Function Null mutant phenotype

Oxidative stress sensitivity =~ Phagocytes survival?  Important to virulence?  Ref.
CTA1 CAGLOK10868g Catalase H,0, Yes No 5
SOoD1 CAGL0C04741g Superoxide dismutase MD Yes ND 31
SOoD2 CAGLOE04356g Superoxide dismutase ND ND ND 31
TRR1 CAGLOA02530g Thioredoxin reductase No ND ND 12
GSH1 CAGLOL03630g v Glutamyl-cysteine synthetase H,0,, MD, Cd ND ND 12,42
GSH2 CAGLOF00825g Glutathione synthetase H,0,, MD, Cd ND ND 12
YAP1 CAGLOH04631g bZip transcription factor H,0,, ONOO— Yes No 54,31
SKN7 CAGLOF09097g Transcription factor H,0,;, t-BuOOH Yes Yes 5,34
MSN2 CAGLOF05995g Cys,-His; zinc finger transcription factor ~ H,0, ND No 5,29
MSN4 CAGLOM13189¢g Cys,-His; zinc finger transcription factor  H;0; ND No 5,29

Abbreviations: ND =not determined; H,0, = hydrogen peroxide; t-BuOOH = tert-butyl hydroperoxide; ONOO— = peroxynitrite; MD = menadione; Cd = cadmium; bZIP = basic

leucine zipper transcription factor.
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restored by the action of two redox-balancing systems: glutathione
(GSH) and thioredoxin pathways.!? In yeast, the GSH system is
constituted by GSH, glutaredoxins and a glutathione reductase.
Similarly, the cytoplasmic thioredoxin pathway comprises two
thioredoxins and a thioredoxin reductase.>® C. glabrata has the
majority of the components of both systems (Table 1); however,
their role in the OSR of C. glabrata has recently been described.!?-3?

GSH is an essential tripeptide composed of glycine, cysteine
and glutamate synthesized by the sequential action of Gsh1 and
Gsh2.2! Through its thiol group, GSH reacts directly with reactive
species or acts as cofactor with specific enzymes (glutaredoxins,
glutathione peroxidases or glutathione transferases) to detoxify
ROS or xenobiotics. In C. glabrata, GSH1 is essential®>?; however,
a suppressor mutation in CgPRO2 was isolated in the absence of
GSH1. The pro2-4 suppressor mutation could be acting through the
synthesis of residual amounts of GSH.'? Additionally, C. glabrata
cells lacking glutathione are sensitive to oxidative stress and have
a reduced late chronological life span.'® Surprisingly, the S. cere-
visiae specific GSH transporter (SCOPT1) is not present in C. glabrata;
however, there is evidence suggesting external uptake of GSH by an
unknown transporter.'% The differences between S. cerevisiae and
C. glabrata in the GSH pathway and the absence of the GSH specific
transporter suggest that GSH may play an important role during
pathogenesis.

The thioredoxin system is a pivotal player in the redox
homeostasis since some components affect the oxidative stress
resistance in many microorganisms. In C. glabrata, there is evi-
dence that suggest that the cytoplasmic thioredoxin system plays
a minor role in H,O, adaptation; however, the inability to dis-
rupt simultaneously the three systems (GSH, thioredoxin and
catalase) in C. glabrata suggests that these pathways could be
complementing each other in order to respond to oxidative
stress.!0

Metallothioneins, phytochelatins and pigments

Some metals are essential micronutrients for physiological pro-
cesses. Copper, zinc and other non-essential heavy metal ions, such
as cadmium, lead, and mercury, are highly reactive and can pro-
duce oxidative stress. To diminish the toxic effects of heavy metals,
some yeast synthesize phytochelatins (PCs), which are enzymat-
ically synthesized cysteine-rich peptides derived from GSH and
metallothioneins (MT), oligomeric thiolated molecules that act as
chelators.!! In the C. glabrata genome, two MT isoforms have been
identified: MT-1 (CAGLOD01265g) and MT-II (CAGLOH04257g).!°
C. glabrata appears to chelate cadmium with phytochelatin-like
molecules2?; however, the phytochelatin synthase coding gene has
not been identified.

Pigments are important factors in pathogenic fungi for sur-
vival in their host. Production of the dark pigment melanin
has been linked to pathogenicity. Recently it was shown that
C. glabrata produces a pigment that protects against H,O, and
the attack by human neutrophils. This pigment is a by-product
of the Ehrlich pathway of tryptophan degradation and its pro-
duction is mainly driven by the aromatic aminotransferase I
(Aro8).?

Transcriptional regulation by reactive oxygen species
CgYapl

A number of well-conserved transcription factors have been
identified that control the OSR in C. glabrata.>*82° Yap1 is a bZip
transcription factor that contains cysteine rich domains in its N-
and C-terminal portions. The transcription factor Yap1 of C. glabrata
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controls the OSR and accumulates transiently in the nucleus
during phagocytosis.?®29 In a genome wide analysis in C. glabrata,
one set of genes (CTA1, TRR1/2, TSA1/2, TRX2, GPX2 and CCP1) were
dependent on the presence of both, Skn7 and Yap1, and defined
the core of the OSR. A second Yap1-regulated group included genes
encoding proteins with aldo-ketoreductase and oxidoreductase
activities (ADH6, GRE2, SCS7 and OYE2).>° Interestingly, the loss
of CgYapl had no impact on virulence in both primary mouse
macrophages or in a murine model of systemic infection.*2° It is
possible that either the genes controlled by CgYap1 are dispensable
to survive within the host or there are redundant mechanisms that
compensate the lack of the genes controlled by this transcription
factor.

CgSkn7

Skn7is an oxidative and cell wall stress-responsive transcription
factor highly conserved among fungi. It has been shown that in C.
glabrata Skn7 controls the expression of a set of genes including
TRX2, TRR1, TSA1 and CTA1 in response to the presence of H,0, and
is required for the adaptation response to oxidative stress.”>3034
Skn7 has been shown to be important for virulence in a murine
model of systemic infection'; however, Skn7 was dispensable for
prolonged survival in macrophages.?’

CgMsn2 and CgMsn4

The Cys,-His, zinc finger transcription factors Msn2 and Msn4
mediate the general stress response and functions in parallel with
Yap1 and Skn7 to mediate the OSR in C. glabrata.>2” However, the
function of Msn2 and Msn4-like proteins has diverged significantly
among fungi. In a Drosophila melanogaster infection model, it was
shown that Msn2 does not have a major impact on virulence.?’
Genes functionally connected to stress response, such as HSP12,
HSP42, DDR48, GPH1, GDB, TPS1, TPS2 or PGM2 displayed a CgMsn2
and Msn4-associated upregulation.2”:4!

Concluding remarks

In the past 10 years, some of the C. glabrata virulence factors that
contribute to pathogenesis have been identified, and in particular
specific efforts have been made to study the interplay between C.
glabrata and the host. As a successful fungal pathogen, C. glabrata
quickly detects and responds to metabolic changes and to oxida-
tive stress through the induction of protective enzymes against
oxidative stress (catalase and SODs) and non-enzymatic defense
systems (GSH) (Fig. 1). The transcription factors, Msn2, Msn4, Skn7
and Yap1, play a central role in the regulation of OSR. The fact that
these transcriptional factors are dispensable for virulence (except
for Skn7) suggests that C. glabrata survival depends on redundant
pathways that can compensate each other (Fig. 1). It is possible
that the ability of C. glabrata to suppress the production of ROS
ensures its survival during phagocytosis.>? Interestingly, although
the structure of the MAP kinase pathways is relatively conserved
among fungi, the role of MAPK pathways in C. glabrata remains
largely unexplored despite the fact that these pathways are impor-
tant for virulence.® The identification and characterization of the
proteins involved in the detection of the oxidative signal will be
essential to understand how C. glabrata evades killing by the phago-
cytic cells. Our knowledge about the OSR of C. glabrata is increasing
rapidly and, in the next few years, future research will reveal major
new insights into the regulatory networks and signal transduction
pathways that regulate and coordinate the stress regulons in C
glabrata.
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Fig. 1. Pathways of the OSR in Candida glabrata. C. glabrata responds with antioxidant defenses against external sources of oxidative stress such as menadione (MD),
hydrogen peroxide (H,0,) and cadmium (Cd?*). The peroxide-induced signal transduction pathway of C. glabrata is still unknown, but data suggest that H,0, activates
the transcription factors Yap1, Skn7 and Msn4. Yap1 response to H,0, requires Ybp1. Yap1 and Skn7 activate transcription of the catalase (CTA1), thioredoxin (TRX2), and
thioredoxin peroxidase (TSAT). The catalase detoxifies H,0; in cytoplasm and peroxisomes. To neutralize the superoxide (O ), C. glabrata induces the superoxide dismutase
(Sod1) and the synthesis of glutathione (GSH). Sod1 converts O,~ to H,0,. GSH participates in maintaining the redox balance. The transcription of CTA1, SOD1 and SOD2 is
induced by glucose starvation (| Glc). SOD1 and SOD2 do not respond to H,0,. Msn2 and Msn4 are involved in the activation of the general stress response. The discontinuous

arrows and dashed-line circles represent not-well established pathways.
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INVESTIGATION

A Novel Downstream Regulatory Element
Cooperates with the Silencing Machinery to Repress
EPA1 Expression in Candida glabrata
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ABSTRACT Candida glabrata, an opportunistic fungal pathogen,

adheres to mammalian epithelial cells; adherence is mediated

primarily by the Epal adhesin. EPAT is a member of a large gene family of ~23 paralogues, which encode putative adhesins. In this
study, we address how EPAT transcription is regulated. Our data show that EPAT expression is subject to two distinct negative
regulatory mechanisms. EPAT transcription is repressed by subtelomeric silencing: the Sir complex (Sir2-Sir4), Rap1, Rif1, yKu70,
and yKu80 are required for full repression. Activation of EPAT occurs immediately after dilution of stationary phase (SP) cells into
fresh media; however, transcription is rapidly repressed again, limiting expression to lag phase, just as the cells exit stationary phase.
This repression following lag phase requires a cis-acting regulatory negative element (NE) located in the EPAT 3’-intergenic region and
is independent of telomere proximity. Bioinformatic analysis shows that there are 10 copies of the NE-like sequence in the C. glabrata
genome associated with other EPA genes as well as non-EPA genes.

ANDIDA glabrata, an opportunistic fungal pathogen nor-

mally present in the mucosal flora, can cause severe
disseminated infections. C. glabrata is the second most com-
mon agent of candidiasis, accounting for 15-20% of Candida
bloodstream infections worldwide (Pfaller and Diekema
2010). Some traits of C. glabrata that allow it to cause dis-
ease have been described (Kaur et al. 2005; Roetzer et al.
2011). These include resistance to oxidative stress (Cuellar-
Cruz et al. 2008, 2009) and adherence to epithelial cells
(Cormack et al. 1999; Castaiio et al. 2005).

Adherence to host cells has been proposed to be an
important initial step for virulence. Additionally, the ability
to adhere to abiotic substrates and the adherence between
microbial cells are essential attributes for biofilm formation
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in many pathogens. Adherence in pathogenic fungi has been
shown to be mediated primarily by glycosylphosphatidyli-
nositol-anchored cell wall proteins (GPI-CWPs) which are
found broadly in different fungal species including Saccha-
romyces cerevisiae, C. glabrata, and C. albicans (Castafio et al.
2006). In S. cerevisiae, the FLO family of genes (FLO1, FLO5,
and FLO9-FLO11) encode a group of (GPI-CWPs) that are
required for flocculation, pseudohyphal growth, and biofilm
formation on abiotic substrates (Kobayashi et al. 1998; Guo
et al. 2000). C. albicans encodes ~104 putative GPI-CWPs
including the Als family, the Hwp family, Hyrl, and Eapl
(De Groot et al. 2003a,b; Li and Palecek 2003), many of
which are thought to mediate adhesion to host epithelial
and endothelial cells as well as to extracellular matrix pro-
teins (Hoyer 2001; Li and Palecek 2003; Sheppard et al.
2004; Klotz et al. 2004; Hoyer et al. 2008). C. glabrata can
adhere to epithelial cells and also to inert surfaces. EPAI
encodes the major epithelial adhesin in the BG2 strain, bind-
ing to N-acetyl lactosamine-containing glycoconjugates
(Cormack et al. 1999; Zupancic et al. 2008). EPA1 belongs
to a large gene family (EPA family) of ~23 paralogues, of
which EPA6 and EPA7 have also been shown to mediate

Genetics, Vol. 190, 1285-1297 April 2012 1285



adherence to epithelial cells in vitro (De Las Pefias et al.
2003; Castafo et al. 2005; De Groot et al. 2008).

Proper regulation of the expression of the EPA adhesin
genes is thought to be of importance for survival and pro-
liferation in the host environment. One layer of EPA gene
transcriptional regulation is related to the fact that most EPA
genes are encoded in subtelomeric loci, where they are sub-
ject to chromatin-based silencing mediated by the Sir com-
plex (Sir2, Sir3, and Sir4), yKu70, yKu80, Rifl, and Rapl
(De Las Pefias et al. 2003; Castafio et al. 2005). Deletion of
genes encoding the silencing factors results in the cells be-
coming hyperadherent, due to overexpression of some EPA
genes, including EPA6 and EPA7 (Castafio et al. 2005).
Other subtelomeric EPAs are not expressed even in sir mu-
tant backgrounds, indicating additional gene-specific regu-
lation for individual EPA genes (De Las Peiias et al. 2003;
Castafio et al. 2005; Domergue et al. 2005).

In this article, we focus on the detailed regulation of EPA1
transcription. EPAI resides 20.7 kb upstream from the right
telomere in chromosome E and forms a cluster with two other
EPA genes (EPA1-EPA2-EPA3 telomere, Figure 1A) (De Las
Pefias et al. 2003). Our data show that EPA] expression is
tightly controlled negatively and positively. EPA1 transcrip-
tion is repressed by the Sir complex (Sir2, Sir3, and Sir4)
and by Rapl, Rifl, yKu70, and yKu80. Transcription of
EPA1 is induced immediately after dilution of stationary
phase (SP) cells into fresh media and concomitantly, the cells
become adherent. Interestingly, EPA1 expression is limited to
lag phase, and is tightly repressed in long-term log phase (LP)
cultures as well as in SP. We show that a cis-acting regulatory
negative element (NE) localized at the intergenic region be-
tween EPA1 and EPA2, 300 bp downstream of EPAI stop
codon (TAA), plays a major role in transcriptional repression
of EPAI.

Materials and Methods

Strains

All strains used in the study are described in Table 1.
Plasmids

All plasmids used in this study are described in Table 2.
Primers

All primers used for cloning are summarized in Table 3.

Media and growth conditions

All cell cultures were grown for 48 hr at 30°. SP cells are
cells grown for 48 hr. LP cells are dividing cells. Lag phase is
considered when SP cells are diluted into fresh media and
cells are preparing for cell division. Yeast media were pre-
pared as described (Sherman et al. 1986), and 2% agar was
added to plates. YPD media contains yeast extract 10 g/liter,
peptone 20 g/liter, supplemented with 2% glucose. When
needed, YPD plates were supplemented with 400 pg/ml of

hygromycin (A. G. Scientific). Synthetic complete media
(SC) contains YNB without amino acids and nitrogen source
(1.7 g/liter), NH,SO,4 (5 g/liter), supplemented with 0.6%
of casamino acids and 2% glucose and, when needed, sup-
plemented with 50 mg/liter uracil and 0.9 g/liter 5-fluoroorotic
acid (5-FOA, Toronto Research Chemicals) for 5-FOA plates.
Bacterial media were prepared as described (Ausubel et al.
2001), and 1.5% agar was used for plates. Luria-Bertani
(LB) media contained yeast extract at 5 g/liter, bactopeptone
at 10 g/liter, and NaCl at 10 g/liter. When needed, LB plates
were supplemented with 100 pg/ml of carbenicillin (Cb100,
Invitrogen). Phosphate buffer saline (PBS) was 8 g/liter NaCl,
0.2 g/liter KCl, 1.65 g/liter Na,HPO, - 7H,0, and 0.2 g/liter
KH,PO,.

Yeast transformation

Yeast transformation was performed using the lithium acetate
protocol as described previously (Castafio et al. 2003).

Construction of deletion strains

To construct deletion strains in this study, we used the one-
step gene replacement procedure. Briefly, we cloned two
fragments (the promoter region and the 3’-UTR, flanking
the gene to be deleted) at each side of the hygromycin re-
sistance cassette in the integrative URA3 plasmid, pAP599
(see Table 1). The plasmid was digested with restriction
enzymes that cut within the two cloned fragments generating
homologous ends. After inactivation of the enzymes, C. glab-
rata was transformed with the digestion mix and transform-
ants were selected on YPD —hygromycin or SC —Ura plates.
PCR analysis was done to confirm the structure of the de-
letion. The absence of each deleted gene was also verified
by the inability to PCR amplify an internal fragment of the
gene. Strains constructed in this way are described in Table 1.

S1 nuclease protection assay

BG14 cells were grown for 48 hr at 30°. RNA was extracted as
previously described (De Las Pefas et al. 2003). The ACT1
and the EPA1 probes (Table 3) were end labeled using
[y-32P]-ATP with T4 polynucleotide kinase. A total of 30 ng
of RNA was hybridized with each end-labeled probe at 55°
overnight. The mix was digested at room temperature with
150 units of S1 nuclease (Invitrogen) for 30 min. The samples
were then extracted with phenol, precipitated, and resus-
pended in 17 wl of 1x loading buffer. A total of 5ul of each
sample was separated by electrophoresis on a 10% acrylam-
ide gel and the signal detected using a phosphorimager.

EPA1 promoter::URA3 plate assay

Cells were grown for 48 hr at 30° in YPD and the cultures
were adjusted to 0.5 ODgggnm. Ten-fold serial dilutions were
spotted on YPD, SC —Ura, and SC +5-FOA plates and in-
cubated at 30° for 48 hr. Ura™ cells die on SC +5-FOA
plates. Only cells with the URA3 gene transcriptionally re-
pressed can grow on SC +5-FOA.
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Figure 1 Regulation of the expression of EPAT. (A)
Schematic representation of the EPAT genomic locus.
(B) EPAT transcript levels measured by S1 nuclease pro-
tection. BG14 (WT) cells were grown for 48 hr and 30°
in YPD media. Cells were diluted into fresh media and
samples were taken at different time points (see Mate-
rials and Methods). Time 0 is undiluted stationary phase
(SP) cells. (C) Adherence of C. glabrata cells to Hela
cells. C. glabrata wild-type strain BG14 (WT) and strain
BG64 (epalA) were grown for 48 hr at 30° in YPD
media. Cells were diluted into fresh media and samples
were taken at different time points. Cells were adjusted
to ODggpp of 1.0 in HBSS supplemented with 5 mM
CaCly. Cell suspensions were diluted serially in sterile
water and appropriate dilutions were made and plated
on YPD plates to determine input colony forming units
(CFU) (see Materials and Methods). Each experiment
was made in triplicate. (D) EPAT promoter activity mea-
sured by FACS. Strains BG198 (Pgpa;::GFP) and BG201
(Pepas::GFP::pYlplac211) were grown for 48 hr at 30° in
YPD media. Cells were diluted into fresh media and
samples were taken every 2 hr. Yeast cells were washed
and resuspended in 1 ml PBS and fluorescence was
assessed by FACS analysis using a BD FACSCalibur flow
cytometer (see Materials and Methods). EPAT promoter
GFP fusion is at the chromosomal EPAT locus. GFP was
used as reporter of the activity of the EPAT promoter.
(E) EPAT promoter activity measured by FACS as in D,
but cells were grown in SC —Ura media and all con-
structs are borne in plasmids. Strain BG14 (WT) carrying
plasmids pAP353 (promoterless control, GFP::3"UTRys3),
pAP354 (PEPAy::GFP:B’UTRH/_gg), pAP385 (PEPA7::
GFP::3'UTRepasNEG 1k0). PSP38 (Pepari:GFP::3 UTRyyssi:
NE(ZOObp)): and pSP1 05 (NEzoobp::PEPAy::GFP::3,UTREPA1>.
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Table 1 Strains used in this study

Strain Parent Genotype Reference
Escherichia coli strain
DH10B F~ mcrA Almrr-hsdRMS-mcrBC) ®80d/acZAM 15 AlacX74 Calvin and Hanawalt (1988)
deoR recA1 endA1 araD139 Alara,leu)7697galU
galk N\~ rpsL nupG
Candida glabrata strains
BG2 Clinical isolate (strain B) Fidel et al. (1996)
BG14 BG2 ura3A:Tn903 G418FR Cormack and Falkow (1999)
BG64 BG14 epalA ura3A::Tn903 G418R Cormack et al. (1999)
BG198 BG14 ura3A::Tn903 G418k epalA::GFP. GFP under the De Las Penas et al. (2003)
control of the EPAT promoter (Figure 1C)
BG201 BG14 ura3A::Tn903 G418R epalA::GFP pYlplac211 This work
integrated 300bp from TAA of EPAT. GFP
under the control of the EPAT promoter (Figure 1C)
BG509 BG14 ura3A::Tn903 G418R rif1A::hph HygR Castaio et al. (2005)
BG592 BG14 ura3A::Tn903 G418k rap1-21 De Las Penas et al. (2003)
BG646 BG14 ura3A::-Tn903 G418R Tn7 at intergenic region De Las Penas et al. (2003)
between EPAT and EPA2
BG676 BG14 ura3A::Tn903 G418R sir3A::hph HygR De Las Penas et al. (2003)
BG1048 BG14 ura3A:Tn903 G418R sir2A::hph HygR Domergue et al. (2005)
BG1050 BG14 ura3A::Tn903 G418R sirdA::hph HygR Rosas-Hernandez et al. (2008)
BG1080 BG14 ura3A::Tn903 G418R hdf1A::hph HygR Rosas-Hernandez et al. (2008)
BG1081 BG14 ura3A::Tn903 G418R hdf2A::hph HygR Rosas-Hernandez et al. (2008)
BG1124 BG1212 ura3A::Tn903 G418R epalA::URA3. EPAT replaced This work
by URA3. URA3 under the control of the EPAT promoter
BG1132 BG14 ura3A:Tn903 G418R epalA::URA3 neA::cat. EPAT replaced This work
by URA3 and NE (negative element) replaced by the
bacterial cat gene, chloramphenicol acetyl transferase
from pACYC184 URA3 under the control
of the EPAT promoter
Sir2A
CGM172 BG1124 ura3A:Tn903 G418R epalA::URA3 sir2A::hph HygR This work
CGM174 BG1132 ura3A::Tn903 G418R epalA::URA3 neA:.cat sir2A::hph HygR This work
Sir3A
CGM283 BG1124 ura3A::Tn903 G418R epalA::URA3 sir3A::hph HygR This work
CGM285 BG1132 ura3A:Tn903 G418k epalA::URA3 neA:cat sir3A::hph HygR This work
SirdA
cGM188 BG1124 ura3A:Tn903 G418R epalA:URA3 This work
sirdA::hph HygR
CGM190 BG1132 ura3A::Tn903 G418R epalA::URA3 neA::cat This work
sirdA::hph HygR
hdf1A
CGM198 BG1124 ura3A::Tn903 G418R epalA::URA3 This work
hdf1A::hph HygR
cGM184 BG1132 ura3A::Tn903 G418R epalA::URA3 neA:.cat This work
hdf1A::hph HygR
hdf2A
cGM187 BG1124 ura3A:Tn903 G418R epalA::URA3 This work
hdf2A::hph HygR
CGM185 BG1132 ura3A::Tn903 G418R epalA::URA3 neA::cat This work
hdf2A::hph HygR
rif1A
CGM210 BG1124 ura3A::Tn903 G418R epalA::URA3 This work
rif1A::hph HygR
CGM212 BG1132 ura3A::Tn903 G418R epalA::URA3 neA::cat This work
rif1A::hph HygR
hst1A
CGM213 BG1124 ura3A:Tn903 G418R epalA:URA3 This work
hst1A::hph HygR
CGM214 BG1132 ura3A:Tn903 G418R epalA:URA3 neA:cat This work
hst1A::hph HygR
hst2A
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Table 1, continued

Strain Parent Genotype Reference
CGM208 BG1124 ura3A::Tn903 G418R epalA::URA3 This work
hst2A::hph HygR
CGM217 BG1132 ura3A::Tn903 G418R epalA::URA3 neA::cat This work
hst2A::hph HygR
rap1-21
CGM349 BG592 ura3A::Tn903 G418R rap1-21 epalA::URA3 This work
CGM374 BG592 ura3A:Tn903 G418R rap1-21 epalA::URA3 neA::cat This work

In vitro adherence assays

Cervical carcinoma cells (HelLa) were cultured in 24-well
plates in Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 80 units ml~! of penicillin G, 50 pg ml~! of
streptomycin sulfate, and 7% calf serum (HyClone Laborato-
ries). The cells were maintained at 37° in 5% CO, until con-
fluent growth. Each well was washed once with sterile water
and PBS. Cells were fixed with 4% of paraformaldehyde.
Plates were stored at 4° containing 1 ml of PBS supple-
mented with Pen/Strep (penicillin 100 units ml~! and strep-
tomycin 100 g ml~1). For adherence assay, C. glabrata cells
were grown for 48 hr at 30° and, where indicated, diluted
into fresh media. SP and LP cultures were adjusted to an
ODgqo of 1.0 with Hanks balanced salt solution (HBSS) sup-
plemented with 5 mM CaCl,. A total of 100 wl of cells was
added to a 24-well plate containing fixed HeLa cells in 900 pl
of PBS without antibiotics. The plates were incubated at
room temperature for 1 hr. Nonadherent yeast cells were
washed three times with HBSS with CaCl, and once with
PBS. Adherent cells were recovered from the epithelial cells
by scraping off the plate in 500 pl of PBS containing 0.1%
Triton and 0.5% SDS. The cells were plated and viable
accounts recorded.

FACS analysis of GFP expression

Strains were grown for 48 hr at 30° in SC —Ura media. Cells
were diluted into fresh media to induce EPAI expression.
GFP was used as reporter gene to measure the activity of the
EPA1 promoter. Yeast cells were washed with PBS and resus-
pended in 1 ml PBS and fluorescence was assessed by FACS
analysis using a BD FACSCalibur flow cytometer with Cell
Quest Pro software.

Results
EPAT1 is induced in lag phase

C. glabrata strain BG14 SP cells do not adhere to cultured
epithelial cells. However, upon dilution and growth in fresh
media, BG14 cells become adherent. This in vitro adherence
is mediated by the Epal adhesin. epalA mutant cells are
virtually nonadherent in any growth condition (Cormack
et al. 1999). To begin to dissect the transcriptional regula-
tion of EPA1, we measured transcript levels of EPAI in SP
cells and in cells following dilution into fresh media. Little or
no EPAI transcript is observed in C. glabrata SP cells, but

dilution into fresh media results in significant EPA1 tran-
scription, which reaches maximal levels at 30 min following
dilution (Figure 1B). However, 120 min after dilution, the
EPA1 transcript level has fallen significantly, and at 240 min
postdilution, it returns to background level (Figure 1B). The
cells become adherent at 60 min with maximal adherence at
120 min postdilution, but as cells grow in prolonged LP, they
become nonadherent, since new EPAI transcription is repressed
and preexisting Epal protein is diluted upon cell division (Fig-
ure 1C). These data indicate that EPAI expression is tightly
regulated and is expressed neither in SP nor in long-term LP
cultures, but rather is limited to lag phase, as cells exit SP.

EPA1 expression is controlled by positive
and negative regulation

To analyze the regulation of EPAI, we replaced the EPA1
OREF in its chromosomal location with the reporter gene GFP
(BG198, Pgpa;::GFP). GFP fluorescence is measured in cells
in SP and upon dilution into fresh media by fluorescence
activated cell sorting (FACS). The expression profile of
Prpa;::GFP parallels that of EPAI transcript shown in Figure
1B. In SP cells, the Pgps;::GFP reporter shows background
levels of fluorescence; expression is highly induced immedi-
ately after dilution into fresh media (Figure 1D). We noticed
that correct regulation of EPAI1 was lost in a mutant strain
carrying an insertion of 3.797 kb (pYiplac211 plasmid, strain
BG201) 300 bp downstream of the Pgpa;::GFP reporter stop
codon: higher basal levels of expression and dilution of SP
cells into fresh medium resulted in strong GFP induction;
however, GFP reporter activity remained induced as cells
divided, remaining elevated through LP and even in SP (Fig-
ure 1D). These data strongly suggest that normally, EPA1
expression is repressed in LP cells and that in the insertion
mutant strain, such repression is relieved (Figure 1D). The
lack of repression of the reporter gene in the insertional
mutant (BG201) could in principle be caused by disruption
of a trans-acting repressor gene encoded downstream of
EPA1. However, sequence analysis of the 3.1-kb intergenic
region shows no evidence of any ORF sequences within the
3’-intergenic region; moreover, complementation experi-
ments in which the entire 3.1-kb intergenic region was cloned
on a plasmid and introduced into BG201 did not suppress the
high GFP-expression phenotype (data not shown).

Next, we tested whether the transcriptional regulation of
the EPA1 locus can be reconstituted on a plasmid. We cloned
in a URA3 CEN-ARS plasmid (pGRB2.0) the Pgps;::GFP
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Table 2 Plasmids used in this study

Plasmid Relevant genotype Reference
pCYC184 Cloning vector CmR TcR Chang and Cohen (1978)
pYlplac211 Cloning vector, integrative vector URA3 ApR Gietz and Sugino (1988)
pMB11 Cloning vector, sacB counterselection CmR ori p15A Lab collection
pGRB2.0 Cloning vector, pRS406 URA3 C.g.CEN ARS ApR De Las Penas et al. (2003)
pRS306 Cloning vector, integrative vector URA3 ApR Sikorski and Hieter (1989)
pAP599 Cloning vector for construction of knockout Domergue et al. (2005)
mutants with two FRT direct repeats flanking
the hygromycin cassette to remove the selection
marker for construction of multiple mutants in
C. glabrata. [FRT-Ppk::hph::3'"UTRy;s3-FRT] URA3 HygR ApR
pAP640 Cloning vector, pRS306 cut with Ndel/Nael blunt ended with This work
Klenow and religated. ura3A ApR
pAP353 A 0.738-kb EcoRI/Sall PCR fragment carrying GFP (no BstXI This work
site) and a 0.397-kb Xhol/Kpnl PCR fragment carrying HIS3
3'UTR were cloned into pGRB2.0. For GFP promoter fusions.
URA3 ApR. (Figure 1D)
pAP354 A 2.5-kb BstXI PCR fragment (primers 666/667) carrying the This work
promoter region of EPAT was cloned into pAP353. URA3 ApR
PEPA1::GFP::3,UTRH/53 (Figure 1D)
pAP385 A 3.1-kb Xhol PCR fragment (primers 723/724) carrying the This work
3'UTRepa; fragment cloned at Xhol site of pAP354. URA3
APREPA T promoter::GFP::3' UTRepa;-3.1xp (Figure 1D)
pAP407 Similar to pAP354 but 3'-UTR from EPAT.URA3 ApR Domergue et al. (2005)
Pepar:GFP::3"UTRepat-0.300kb
pSP7 A 0.100-kb Xhol PCR fragment (primers 780/795) carrying the This work
3" intergenic region of EPATcloned into pAP407 digested with
Xhol. URA3 ApR (+400 bp; Figure 2, line 4)
pSP19 A 0.50-kb Xhol PCR fragment (primers 780/841) carrying the This work
3" EPAT (NE mapped) was cloned into pAP407 digested with
Xhol. URA3 ApR (+350 bp; Figure 2, line 5)
pSP20 A 0.150-kb Xhol PCR fragment (primers 780/842) carrying the This work
3’ intergenic region of EPATcloned into pAP407 digested with
Xhol. URA3 ApR (+450 bp; Figure 2, line 3)
pSP21 A 0.200-kb Xhol PCR fragment (primers 780/843) carrying the This work
3’ intergenic region of EPATcloned into pAP407 digested with
Xhol. URA3 ApR (+500 bp; Figure 2, line 1)
pSP26 A 0.200-kb Xhol/Sall PCR fragment (primers 776/839) carrying This work
the 3’ UTR of EPATcloned into pAP407 digested
with Xhol/Sall. URA3 ApR (+200 bp; Figure 2, line 2)
pSP31 A 0.250-kb Xhol PCR fragment (primers 843/913) carrying the This work
3’ intergenic region of EPATcloned into pSP26 digested with Xhol.
URA3 ApR (=50 bp; Figure 2, line 7)
pSP32 A 0.200-kb Xhol PCR fragment (primers 780/843) carrying the This work
3’ intergenic region of EPATcloned into pSP26 digested with Xhol.
URA3 ApR (=100 bp; Figure 2, line 8)
pSP33 A 0.150-kb Xhol PCR fragment (primers 914/843) carrying the This work
3’ intergenic region of EPATcloned into pSP26 digested with Xhol.
URA3 ApR (=150 bp; Figure 2, line 9)
pSP34 A 0.100-kb Xhol PCR fragment (primers 915/843) carrying the This work
3" intergenic region of EPATcloned into pSP26 digested with
Xhol. URA3 ApR (—200 bp; Figure 2, line 10)
pSP35 A 0.50-kb Xhol PCR fragment (primers 916/843) carrying the This work
3’ intergenic region of EPATcloned into pSP26 digested with
Xhol. URA3 ApR (—=250 bp; Figure 2, line 11)
pSP38 Similar to pAP354 with the NE cloned immediately after the This work
HIS3 3'-UTR. URA3 ApR Pepa;::GFP::3' UTRuys3:NE*.
pSP105 A 0.300-kb fragment (primers 1135/1136) carrying the NE This work

cloned 5’ the EPAT promoter in pSP26. URA3 ApR (Figure 1D)
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Table 3 Oligonucleotides used in this study

Primer Sequence Sites
666 TCGTTAAGCCATTGTGTTGGATCACTTTCAACACCAAATG BstXl
667 AAAATCATCCATTGTGTTGGGTTAATTGCAAAGACTAAAT BstX
723 TGGTACTTCTCGAGTCCCACCAGTTGG Xhol
724 CATAATAGTGATGAACATAGGGACCTAAAACCAGAAAAT Xhol
776 CATAGGGGTCGACAACCAGAAAATATAATAAC Sall
777 AAAGTTCTCGAGTCTGGGAGAATAGAAAAGGCA Xhol
795 ATTGACCTCTCGAGGAAGTTTAATTCGAGATT Xhol
796 ACCTGAAACTCGAGAATAGTCCGTTACCTACC Xhol
780 CTCCCAGACTCGAGAACTTTTGAGCAGGGACCA Xhol
839 TAATATCTCTCGAGTCAAGTGTGACCAGGAAT Xhol
841 GTGATTTGCTCGAGCTTTCTCTTGCTTTTGAA Xhol
842 ATGATCATCTCGAGTTAGAATAATAAGTTGTT Xhol
843 CCTTGCACCTCGAGCGTATAAACTCTCATATT Xhol
913 TTCAGGGTCTCGAGTTTACATACGAAGCCTAA Xhol
914 AAAGTTAGCTCGAGTCACGAAAATCCAGAAGA Xhol
915 TAAACTTCCTCGAGAGGTCAATTGTCAAAAAA Xhol
916 TATTCTAACTCGAGATGATCATATGAACATAC Xhol
1135 CTCCCAGAGGATCCAACTTTTGAGCAGGGACCA BamHI
1136 CCTTGCACGGATCCCGTATAAACTCTCATATT BamHI
ACT1 CTCAAAATAGCGTGTGGCAAAGAGAAACCGGCGTAAATTGGA Probe for S1
ACAACGTGGGTAACACCGTCACCAGAGTCCTTTITG
EPAT GCCAGTTCTAGGGTAATTGGGATCTAAATATGCTGCATCCCAA Probe for S1

CATGGGTACGAACCCTTCTTCCGAAAATCTATCC

fusion followed by the 3.1-kb EPAI-EPA2 intergenic region
(Pgrpaz::GFP::3.1-kb intergenic region, pAP385). When this
plasmid was transformed into C. glabrata, the GFP expres-
sion profile mirrored that observed from the chromosomal
EPA1 locus (BG198): activation of the EPA1 promoter upon
dilution into fresh media, followed by immediate repression
(compare Figure 1, D and E, BG198 vs. pAP385). This sug-
gests that the EPAI regulatory regions in pAP385 contain the
cis-acting elements required for the positive as well as negative
regulation in response to the growth state of cells, and that
both regulatory mechanisms can function independently of
the chromosomal location. When the 3.1-kb intergenic region
was replaced with the HIS3 3'-UTR (Pgpa;::GFP::3'UTRys3,
PAP354), the resulting GFP expression profile mimics that
derived from the insertional mutation in the chromosome
(BG201): higher basal levels of expression, normal induction
of EPA]1 transcription upon dilution, and loss of LP transcrip-
tional repression (compare Figure 1, D and E, BG201 vs.
pAP354). These results further support the important role
for the 3.1-kb intergenic region in the transcriptional repres-
sion of EPA1 locus, and suggest the presence in this 3’ region
of a cis-acting element (NE) responsible for the repression of
the expression of EPAI.

Mapping of the NE in the intergenic region between
EPAT and EPA2

To map the NE present in the intergenic region between EPA1
and EPA2, we constructed a series of deletions in the 3.1-kb
intergenic region carried on pAP385 (Pgpa;::GFP::3.1-kb
intergenic region), transformed the resulting plasmids into
strain BG14 and screened for loss of repression by monitor-
ing GFP expression by FACS. As described above, when GFP
is controlled by EPA1 regulatory regions on the chromosome
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or in a plasmid, the GFP activity reaches the maximum at
2 hr after diluting SP C. glabrata cells into fresh media, then
dropping to background levels by 6 hr postdilution. In Fig-
ure 2, the extent of EPAI transcriptional repression is indi-
cated by the ratio (repression index, RI) of GFP reporter
activity at 2 hr vs. 8 hr postdilution. First, we mapped the
3'-UTR of EPA1 from +1 to +200 bp. This construct (pSP26,
Pgpaz::GFP::+200 bp) is induced but has a RI of only 1.66
(compare with parental plasmid carrying the 3.1-kb inter-
genic region, RI of 8.01) (Figure 2, line 12). A construct
with only 500 bp of the 3’-UTR, however, is fully induced
and repressed, with a RI of 8.06 (Figure 2, line 1) at the
same level as the parental plasmid carrying the 3.1-kb inter-
genic region (pAP385; Figure 2, line 12) or the Pgpa;::GFP in
the chromosome (BG198) (Figure 1D). These data suggest
that the NE may reside in the region between 200 to 500 bp
downstream of EPA1 ORF. Within this defined region, we
further generated constructs containing deletions in 50-bp
increments from either the 5’ or 3' (Figure 2, line 3-11).
These deletion series showed that the NE is contained in this
+500-bp region. The first 50-bp deletion (from +450 to
+500, relative to the stop codon) completely eliminate re-
pression (RI of 2.79; Figure 2, line 3). Further 50-bp dele-
tions from +300 to +450 had no additional impact (Figure
2, lines 3-6). The 5’ to 3’ deletion series revealed that the
NE begins at +300 bp since deletion of +200 to +300 had
no impact on the RI (Figure 2, lines 7 and 8), but deletion of
+300 to +350 completely eliminated repression (RI of 1.96;
Figure 2, line 9). These experiments indicate that the minimal
region (NE), which confers the LP-specific repression of EPAI,
is 200 bp long and is localized between +300 and +500 bp
downstream of EPAI ORF, indicating a complex cis-acting
element.
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Charadterization of the NE

We asked whether function of the NE depends on native
polyadenylation sequences. To do this, wereplaced the 200 bp
BPA1 39UTR sequence immediately after the stop codon of
GFP with the 200 bp from the 39UTR of C. glabrata HIS3.
Following the HIS3 39UTR, we placed the 300-bp NE region
(+ 200 to + 500, pSP38). In this construct, pSP38, BPA1 pro-
moter is induced upon dilution into fresh media, followed
by immediate represson; however, repression of this construct
does not follow that of the BPA1 promoter in pSP385 (Pana::
GFP::3.1kb intergenic region) or pSP103 (see below). This
result indicates that the BPA1 polyadenylation sequences con-
tribute partially to the overall negative regulation of EPA1
(Figure 1E). The next quedion we asked was whether the
LP-specific repression mediated via the NE depends on its lo-
cation relative to the ORF. To ted this, we placed the 300-bp
negative element region (from + 200 to + 500 bp downstream
of BPA1 ORF) immediately in front of the BPA1 promoter fused
to GFP (NE :Papg: -GFP--39JTRgny, pSP103). The GFP expres-
sion profile is nearly identical to the parental construct (Figure
1E, compare p3P1035 vs. pAP383) in which the BPA1 regulatory
elements are in the original order. This shows that the regula-
tion exerted by the NE can be location independent. These
experiments confirm that the NE itself is a ds-acting regula-
tory element mediating the LP-specific repression. While the
proximity of the NE to the 39UTR raised the posdbility that
the NE functions to regulate transcript stability, the fact that the
NE can function updream of the ORF suggests rather that it
acts at the level of transcription initiation.

The effect of the NE on transcription of the BPA1 locus
has a substantial impact on adherence, aswould be expected.
We compared adherence of a wild-type strain BG14 with
strain BG646. Both strains contain the functional BPA1 ORF
at the normal chromosomal locus, except that the latter car-
ries a Tn7 insertion localized at 300 bp downstream of BPA1
ORF which separatesthe H°A1 ORF from the NEby 3.4 kb. As
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pSP31, line 8 is pSP32, line 9 is p3P33,
line 10 is pSP34, line 11 is pSP35, and
line 12 is pAP385 (Table 2). Bperiments
were done in triplicate and SDs are shown.

039 12

expected, the parental strain BG14 in SP does not express
BA1 and showed little adherence to Hela cells (Figure 3)
but SP cells of the mutant strain BG646 were hyperadherent
(Figure 3). Consistent with this experiment, RTI-PCR analysis
of strain BG646 showed an increased transcript level of HPA1
(data not shown). This experiment indicates that the regula-
tion mediated through the NE influences the adhesion phe-
notype of C. glabrata cells.

EPA1 is controlled by the Sir complex and by yKu70,
yKu80, Rap1, and Rif1

We have previously shown that the BHPA1-3 loci (Figure 1A)
is under the control of subtelomeric slencing. In those
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Figure 3 NEeffect on adherence. C. glabrata wild-type strain BG14 (WT})
(hatched bar) and strain BG646 containing a Tn7 insertion between EPA1
and the NE (open bar) were grown for 48 hr at 30° in YPD media. Cells
were diluted to ODgyy of 1.0 in HBSS supplemented with 5 mM CaCl..
The adherence assays were done as described in the Agure 1C legend.
Adherent cells were recovered from the epithelid cells and were plated
for viable accounts. See Materials and Methods



A
nd na a0
| Pepar | URa3 | sore | W8 | | meaz | | Ees Pepar::URA3-NE
) 20.7Kb h
12K T “ I

[For [ o Jsom ] w] [ o] [wow] 0 PeeurURAS-neA

20.6Kb

SC+SFOA

e oos: 000 (- R

oe #. g

YPD SC-Ura

SC+5FOA

c

1

00085 oosr Jeccer
Moo os: (0000 (00 ,s- [
Mooosc [o0os [eoes
Moo00 s [00ees [o0es |

NE+
Parental

eA

lnlle{
N 5
{ :
(50008, <0002 (000 K

A mm
!

h
n

h
neA
h

n

SC-Ura SC+5FOA

YPD
@000pijecs  [eoeec |
00085 [o0sr (o0 0o .|

Parental

NE+
neA
hstIA

hst2A

Figure 4 Silencing effect on the expression of EPAT. Schematic representation of the reporter strains. (A) EPAT was replaced by the URA3 gene and the
NE was replaced by the bacterial cat gene and recombined in the chromosome. URA3 reports the activity of the EPAT promoter. (B) The parental strains
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rap1-21), and (D) HSTT and HST2 (hst1A and hst2A) were grown for 48 hr in YPD. Strains were diluted to ODgggnm 0.5 with distilled water and 10-fold
serial dilutions were spotted onto YPD, SC —Ura and SC +5-FOA plates. Plates were incubated at 30°. Ura* cells die on SC +5-FOA plates. Only cells with
the URA3 gene transcriptionally repressed can grow on SC +5-FOA. See Materials and Methods.

experiments, a URA3 reporter gene inserted at 20.7 kb from
the telomere (300 bp from the TAA of EPAI), was largely
not silenced, suggesting that the telomere position effect
(TPE) ends before the EPAI locus (De Las Pefias et al
2003; Rosas-Hernandez et al. 2008). However, in contrast
to those data, mutations in SIR2-SIR4 in fact increase the
expression of EPA1 (Castafo et al. 2005; Domergue et al.
2005). We therefore revisited whether the EPAI locus itself
is controlled by silencing, by assessing the role of the Sir
complex, yKu70, yKu80, Rapl, and Rifl as well as the sir-
tuins Hst1 and Hst2. To monitor silencing of the EPA1 locus
we constructed a sensitive silencing reporter strain in which
the EPA1 ORF in its chromosomal location was replaced
with the URA3 ORF. Separately, we replaced a 1.0-kb frag-
ment (carrying the NE) from the EPA1/EPA2 intergenic region
with a 1.2-kb fragment containing the cat gene (chloramphen-
icol acetyl transferase gene) from the bacterial plasmid
PACYC184 to maintain the same distance from the telomeric
repeats (Figure 4A). This pair of constructs permits assessment
of silencing of the EPAI locus as well as the impact of the NE
on that silencing.

The two strains (Pgpa;::URA3::NE', BG1124, and
Prpa;::URA3::neA, BG1132) were grown in YPD media
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and spotted onto YPD (for viable counts), SC —Ura (to assess
activity of the EPAI promoter) and 5-FOA plates (to assess
silencing of the EPA1::URA3 locus, since the synthesis of Ura3
is toxic to the cell in the presence of 5-FOA). The NE* strain
(Pgpa1::URA3::NE™) grew poorly on SC —Ura medium (Fig-
ure 4B, line 1), whereas the neA strain (Pgpa;::URA3::neA)
grew better but not to the same extent as the viable count on
YPD (Figure 4B, line 2). This is consistent with the repressor
role of the NE on the expression of EPAl. Both parental
strains (Pgpa;::URA3::NE* and Pgps;::URA3::neA) grew on
5-FOA plates at almost the same extent as the viable count
on YPD, suggesting that EPA]T is subject to silencing indepen-
dent of the NE (Figure 4B, lines 1 and 2). Consistent with this,
even the neA strain (Pgpa;::URA3::neA) did not grow as well
on the SC —Ura plates as on the YPD or 5-FOA plates (Figure
4B, line 2), suggesting NE-independent repression of EPAI.
These results suggest two levels of negative regulation of
EPA1. One depends on the NE; in addition, a NE-independent
repression is indicated by the growth of both strains (NE*+ and
neA) on 5-FOA plates and by the reduced growth of the neA
strain (Pgpa;::URA3::neA) on SC —Ura (Figure 4B, line 2).
To assess the impact of known silencing genes on re-
pression of the EPAI locus, we deleted the SIR2-SIR4, HDF1
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Table 4 Role of silencing proteins on NE function independently of
telomere

Strain Genotype Plasmid Repression index
BG14 WT pSP21 16.26 = 2.00
BG509 rif1A pSP21 15.06 = 1.83
BG592 rapi1-21 pSP21 13.04 = 1.87
BG676 SIr3A pSP21 16.71 £ 2.10
BG1048 Sir2A pSP21 14.62 = 1.78
BG1050 SirdA pSP21 15.78 = 0.78
BG1080 hdf1A pSP21 874 £ 1.54
BG1081 hdf2A pSP21 8.66 + 2.10
BG14 WT pSP26 2.54 + 0.40

(yKu70), HDF2 (yKu80), RIF1, HST1, and HSTZ2 genes in the
strains carrying the Pgpa;::URA3::NE and Pgps;::URA3::neA
constructs on the chromosome. In addition, in both strains,
we replaced the essential RAP1 gene with the silencing de-
fective rap1-21 allele. Strains were grown and spotted onto
YPD, SC —Ura and 5-FOA plates. sir2A-sir4A mutant strains
did not grow on 5-FOA plates, indicating that silencing is
completely relieved independently of the presence of the NE
(Figure 4B, lines 3-8). Consistent with this, growth of the
sir2A-sir4A mutant strains on SC —Ura plates was better
than the corresponding parental strains. Notably, growth
of sir2A, sir3A, or sir4A NE* strains on SC —Ura plates
was consistently worse than the corresponding sir2A, sir3A,
or sir4A neA strains (Figure 4B, lines 3, 5, and 7 and lines 4,
6, and 8 on SC —Ura plates). This suggests that the function
of the NE is independent of the Sir proteins.

We analyzed the effect of yKu70, yKu80, Rifl, and Rapl
on the expression of EPAl. Loss of HDF1 (yKu70), HDF2
(yKu80), RIF1, and RAPI in the presence (NE*) or absence
(neA) of the NE did not substantially affect silencing of EPA1
since the vast majority of hdf1A, hdf2A, rif1A, or rapl-21
mutant strains grow on 5-FOA plates (Figure 4C, compare
lines 1 and 2 with lines 3-10). The hdfI1A, hdf2A, rif1A, and
rapl-21 NE* strains grew better than the parental NE*
strain on SC —Ura plates (Figure 4C, compare line 1 with
lines 3, 5, 7, and 9), suggesting a derepression of EPAI
transcription in these backgrounds, even though the effect
on silencing was minimal. Notably, for the hdfIA and hdf2A
mutants, growth of the NE* and neA strains on SC —Ura
plates were the same, suggesting that HDF1 (yKu70) and
HDF2 (yKu80) are required for function of the NE (Figure
4C, lines 3-6). The sirtuins Hst1 and Hst2 do not participate
in the regulation of EPAI since hst1A and hst2A strains in the
presence (NE™) or absence (neA) of the NE behave the same
as their corresponding parental strains (Figure 4D).

To assess the role of Sir2-Sir4, yKu70, yKu80, Rap1, and
Rifl, on NE function independently of the telomere, we
assayed the repression index of Pgpa;::GFP::4+500 bp
(pSP21; Figure 2, line 1) in each mutant background. Con-
sistent with no effect of Sir2-Sir4, Rifl, and Rapl on NE
function, the RI in these backgrounds was no different than
wild-type strain BG14. By contrast, for yKu70 and yKu80,
the RI was decreased to 8.74 and 8.66, respectively, consis-

1294 V. Gallegos-Garcia et al.

-44 -

tent with a role for yKu70 and yKu80 in NE-mediated re-
pression (Table 4).

The NE is present 10 times in the C. glabrata genome

Finally, we asked whether additional copies of the NE were
present in the C. glabrata genome and associated to other
EPAs. We carried out a Blast search with the 200-bp sequence
of the NE and found that the last 60 bp are present 10 times
in the C. glabrata genome. This sequence is associated both
with EPA genes as well as other genes (Figure 5).

Discussion

Adherence to specific cell tissues is important for pathogens.
Their capacity to adhere to cells, tissues, abiotic surfaces, as
well as their ability to form biofilms is often tied to
expression of families of cell surface proteins whose tran-
scription is tightly controlled. In C. glabrata, the EPA genes
encode GPI-anchored cell wall proteins of which EPAI,
EPA6, and EPA7 have been shown to mediate adherence
to epithelial cells in vitro (Cormack et al. 1999; De Las Pefias
et al. 2003; Castafio et al. 2005; Domergue et al. 2005).
Interestingly, many of these EPA genes are subject to chro-
matin-based subtelomeric silencing. This epigenetic regula-
tion of adhesins is advantageous, since pathogens need not
commit all cells in the population to express a particular
adhesin, allowing a balance between adherence, coloniza-
tion, and dissemination (De Las Pefas et al. 2003; Halme
et al. 2004; Domergue et al. 2005).

A 3’ cis-acting element (NE) negatively regulates
the expression of EPA1

In this study, we showed that EPA1 expression is negatively
regulated by two independent mechanisms: subtelomeric
silencing and a telomere-independent, novel mode of nega-
tive regulation, dependent on a cis-acting NE contained in
a 200-bp fragment required for full activity, located 300 bp
downstream from the stop codon of EPAI in the intergenic
region between EPA1 and EPA2 (Figure 2). The NE can still
repress transcription independent of the 3’-UTR used and if
placed upstream of the EPA1 promoter (Figure 1E), under-
scoring that the NE is a transcriptional, rather than a post-
transcriptional regulatory element. Furthermore, the EPAI
3'-UTR has a partial contribution on the expression of EPAI.

To our knowledge, cis-acting elements located outside
promoters, or 3’ of the ORF affecting the expression of pro-
moters have not previously been reported in yeast for Pol II
promoters, though similar cis-acting elements have been de-
scribed in yeast for Pol III transcribed genes and in other
organisms, some localized inside introns (Errede et al. 1987,
Martin et al. 2001; Stark et al. 2001; Calderwood et al. 2003;
Delaloy et al. 2008). In yeast, activators or repressors gen-
erally function when their corresponding cis-acting elements
are located at distances no greater than 700 bp (Guarente
and Hoar 1984; Struhl 1984; Keegan et al. 1986) upstream
of the start site of transcription. Notably, cis-acting elements



EPAI NE EPA? Chr-E subtelomeric
0427 1429
Tel NE EPAG Chr-C subtelomeric
1.468 0.719
EPA7 NE Tel Chr-C subtelomeric
0.706 1.516
CAGLOHI10626 NE Tel Chr-H subtelomeric
0.810 1.367
AWP2 NE EPA22 Chr-K subtelomeric
3940 4.110
HXT6 NE CAGLOA2255 Chr-A
2,985 4.148
MDH2 NE ¥PS1 Chr-E
0.703 0.659
Psy2 NE PFYI Chr-I
1.006 0.298
—— —
ACSI NE FcY? Chr-L
0.679 1320
CAGLOMO7747 NE CAGLOMO7766 Chr-M
1.301 0.465

Figure 5 Blast analysis of the NE in the C. glabrata genome. The last
60 bp of the NE is associated with other EPAs and non-EPA genes. EPAT,
EPA2, EPA6, EPA7, AWP2, and CAGLOH10626 (15) encode cell wall
proteins, all are subtelomeric and the NE associated is localized at their
3’ ends, except for AWP2 and EPA22, which is localized between these
two divergently transcribed genes. The NE associated to non-£EPA genes is
located at the 5’ regions (promoters) of these divergently expressed
genes. HXT6 (high-affinity glucose transporter of the major facilitator
superfamily), MDH2 (cytoplasmic malate dehydrogenase), YPS1 (GPI-
anchored aspartyl protease), PSY2 (putative subunit of an evolutionarily
conserved protein phosphatase complex containing the catalytic subunit
Pph3p and the regulatory subunit Psy4p), PFYT (profilin, binds actin in-
volved in cytoskeleton organization), ACST (acetyl-coA synthetase isoform),
FCY2 (purine-cytosine permease), and CAGLOA2255, CAGLOMO07747, and
CAGLOMO07766 are of unknown function (Saccharomyces Genome Data-
base http:/Awww.yeastgenome.org/ and C. glabrata Genome Database
http://Awvww.genolevures.org/cagl.html). Arrows indicate direction of tran-
scription; numbers show the distance in kilobases between the negative
element (NE) and the genes or the telomere (Tel); and Chr-(letter) denotes
chromosome notation.

(UAS or operator) heterologously positioned at distances
>700 bp on the 3’ end of a gene, can activate/repress if
the reporter gene and the cis-element are localized near
a telomere (de Bruin et al. 2001; Zaman et al. 2002). One
explanation is that yeast telomeres can fold back and form
a higher order structure or loop, allowing the cis-acting el-
ement with a tethered trans-acting factor to interact with
the promoter and in this way activate or repress transcrip-
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tion of that gene. A similar mechanism could occur between
the NE and some element in the EPAI promoter, in which
looping of the DNA would establish an interaction leading to
repression of EPA1. In support of this hypothesis, the NE
does not function to repress transcription of five other pro-
moters (HHT2, MET3, PGK1, PDC1, and EGD1) when carried
on a CEN ARS plasmid (data not shown).

Interestingly, there have been no reports in other Candida
species of transcriptional regulation dependent on a cis-element
3’ to the ORF. However, in an example with clear parallels to
EPA1 regulation, C. albicans, ALS1 and ALS7, which, like EPAI,
encode cell surface adhesions, are also induced in lag phase
(Green et al. 2005). Whether this regulation depends on a 3’
element has not, to our knowledge, been tested.

Repression of EPA1 expression by the NE depends
on HDF1 (yKu70) and HDF2 (yKu80) but is independent
of the telomere

EPA1 repression after induction analyzed in the context of
the chromosome, can be recapitulated in a plasmid (BG198
vs. pAP385, Figure 1, D and E), indicating that all regula-
tory elements for proper regulation of EPAI are contained
in the plasmid (pAP385) and that NE-mediated repression
of EPA1 transcription is telomere independent. This telomere-
independent regulation of EPA1 expression must coordinate
with telomere-dependent silencing.

Surprisingly, our genetic data show that the NE-mediated
repression depends on HDF1(yKu70) and HDF2 (yKu80) (Fig-
ure 4C, lines 3-6). yKu70 and yKu80 are essential to repair
double strand breaks by nonhomologous end joining (Rosas-
Hernandez et al. 2008), prevent native chromosome ends from
degradation and fusion, and initiate silencing by recruiting
Sir4 to the telomere (Tham and Zakian 2002). Interestingly,
C. glabrata yKu70/yKu80 are not required for subtelomeric
silencing at the EPA1 telomere (chromosome E Right) (Rosas-
Hernandez et al. 2008). How might yKu70 and yKu80 repress
transcription of EPAI through the NE? Given that it has been
shown that the Ku complex also associates with subtelomeric
regions (Martin et al. 1999) and can nucleate silencing when
tethered (Tham and Zakian 2002; Rusche et al. 2003), a possi-
ble model is that Ku associates directly with the NE ultimately
leading to repression. We suggest that the repression mecha-
nism might result from Ku-mediated interactions between the
NE and elements in the EPA] promoter that form a transcrip-
tionally repressed chromatin loop.

EPA1 expression is silenced

We have shown previously that EPA1 expression is regulated
by the silencing machinery (Castafio et al. 2005; Domergue
et al. 2005). However, the analysis of URA3 reporter genes
inserted in the EPAI-EPA3 region suggested that subtelo-
meric silencing ends in the intergenic region between
EPA1 and EPA2 (De Las Pefias et al. 2003). We revisited this
in the current study, and our genetic experiments confirm
that Sir2-Sir4 silence the expression of EPAI. We suggest
that differences in the reporter constructs used affect the
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Figure 6 Model of EPAT regulation. In stationary phase (SP), EPAT is not
expressed and cells are nonadherent. Upon dilution into fresh media, (1)
a log-phase specific transcriptional activator (LP-Ac) induces expression of
EPAT and cells become adherent. This transcriptional activation is coun-
teracted in log phase (LP) by the concerted action of silencing and the NE
(2). The Sir complex silences the expression of EPAT and yKu70/yKu80
repress EPAT expression through the NE. These two regulatory mecha-
nisms assure that EPAT is not expressed even in the presence of the
LP-Ac, which is active throughout LP.

silencing assay. The URA3 reporter silencing experiments
were done with two different promoters—the EPAI pro-
moter fused to the URA3 gene (shown in this article) and
the URA3 gene driven by its own promoter in the previous
analysis (De Las Pefias et al. 2003; Castafio et al. 2005;
Rosas-Hernandez et al. 2008). We suggest that the EPAI-
URA3 construct more faithfully reported silencing than the
heterologous URA3 gene either because the EPAI promoter
is weaker and more sensitive to silencing or potentially be-
cause the URA3 reporter inherently can be an imperfect
measure of silencing (Stillman et al. 2011).

Our data suggest, therefore, that there are two distinct
mechanisms that maintain the expression of EPAI tightly
controlled: negative regulation by silencing, which depends
on the Sir complex and telomere proximity, and a telomere-
independent, Sir-independent repression by a NE at the 3’
end of the gene that depends on yKu70 and yKu80. These
mechanisms operate independently of one another but in
conjunction tightly control expression of EPAI. In our cur-
rent model of EPA] transcriptional regulation, upon dilution
into fresh media, a log-phase—specific transcriptional activa-
tor (LP-Ac, Figure 6) induces EPAI expression (Figure 1B).
After one cell division, both silencing (Sir complex depen-
dent) and the NE with yKu70/80 cooperate to repress tran-
scription. These two regulatory mechanisms counteract the
putative LP-Ac that is present and active throughout LP,
keeping the expression of EPAI repressed. This mode of
regulation keeps the expression of EPAI tightly repressed,
but poised to be transiently induced in the appropriate en-
vironment. We do not know the identity of the activator;
however, the transcription factors Flo8 and Mss1 are candi-
dates since both transcription factors are normally required
for the expression of EPA6 under inducing environmental
conditions (Mundy and Cormack 2009).

It is worth pointing out that traditional gene expression
analyses in yeast do not usually use cognate 3'-UTR/3’-
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intergenic regions or assess their potential impact on regu-
lation. Our data suggest that it might be worth doing so.
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[Abstract] Commensal and pathogenic fungi are exposed to hydrogen peroxide (H,O;) produced
by macrophages of the host. Pathogenic fungi counteract the harmful effects of H,O, with the
enzyme catalase (EC 1.11.1.6), which decomposes two molecules of H,O, to two molecules of
H,O and O,. Contribution of antioxidant systems on fungal virulence is actively studied.
Measurement of catalase activity can contribute to the elucidation of the factors that influence the
regulation of this pivotal enzyme. Here we describe a simple spectrophotometric method in which
the activity of catalase is measured in total yeast extracts. Decomposition of H,O, by the yeast
extract is followed by the decrease in absorbance at 240 nm. The difference in absorbance

through time (AA.4) is inferred as the measure of catalase activity.

Materials and Reagents

1. Yeast strains

Note: BG14 was used as the C. glabrata parental strain. The hst1A and the ctalA null
mutants were used as a positive and the negative controls, respectively.

Catalase from bovine liver (Sigma-Aldrich, catalog number: C9322)

Bradford reagent (Sigma-Aldrich, catalog number: B6916)

Bovine serum albumin - fraction V (Sigma-Aldrich, catalog number: 85040C)
Zirconia/silica beads (0.5 mm diameter) (Bio Spec Products, catalog number: 11079105z)
Sterile water

Ice

One tablet of protease inhibitors cOmplete ULTRA Mini EASYpack is used in 10 ml of
phosphate buffer (Roche Diagnostics, catalog number: 05 892 970 001)

9. H,0, (Sigma-Aldrich, catalog number: 349887)

10. Catalase lyophilized powder (Sigma-Aldrich, catalog number: C9322)

11. YPD broth (see Recipes)

12. 50 mM Phosphate buffer (PB) (pH 7.0) (see Recipes)

13. 30 mM H,0, (see Recipes)

14. Catalase solution (see Recipes)
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Equipment

1. Orbital incubator shaker

2. Microfuge tubes

3. 50 ml conical tubes

4. Corning 96 well clear flat bottom (Corning, catalog number: 3595)

5. Standard 10 mm light path quartz cuvette with PTFE cover

6. UV/Vis Spectrophotometer (Shimadzu, model: UV-1700, catalog humber: 206-55401-92)

7. Microplate spectrophotometer system (Benchmark Plus Microplate reader) (Bio-Rad

Laboratories, catalog number: 170-6931)

8. Centrifuge (Beckman Coulter, model: Allegra® 25R, catalog number: 369464)

9. Microfuge

10. Stopwatch

11. Parafilm
Procedure

A. Preparation of total soluble extracts

1.

Yeast strains are grown overnight in 5 ml of Yeast extract-Peptone-Dextrose broth or
selective media at 30 °C.

Dilute overnight cultures in 50 ml of fresh medium in order that after seven duplications,
the yeast cultures reach an ODggo = 0.5 at 30 °C.

Centrifuge the cells for 5 min at 2,600 x g. Discard supernatant. Temperature of
centrifuge is not relevant.

Wash the cells with 25 ml of sterile water and discard supernatant.

Resuspend the cells in 0.5 ml PB with protease inhibitors and transfer to a microfuge tube.
Keep the samples on ice.

Add 50 pl of zirconia/silica beads to each sample.

Disrupt the cells by vortexing at maximum speed for 1 min and place on ice for another
minute. Repeat 20 times.

Centrifuge the lysate at 25,000 x g for 30 min at 4 °C to remove cell debris and
zirconia/silica beads

Transfer supernatant to a clean microfuge tube. At this point, lysates are ready for
guantification of total protein and measurement of catalase activity. Alternatively, samples
can be stored at -20 °C.

B. Bradford assay for protein quantitation

1.

Fill the wells of a microplate with 250 pl of Bradford regent.
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2.

Prepare a standard curve of absorbance versus nanograms of protein using fresh BSA
standards (100, 200, 400, 600, 800 ng/ul). Use PB as solvent.

Dilute the lysates 1:20 or 1:50 with sterile water.

Load 5 pl of the standards and diluted lysates to the Bradford reagent. Incubate room
temperature for 5 min.

Measure the absorbance at ODsg5 in @ microplate spectrophotometer.

Determine the amount of protein of the samples from the standard curve. Consider the
dilution factor.

Catalase activity assay

1.

8.

Set up the spectrophotometer by first turning on the instrument and then the UV light. Set
up a kinetics program to record every 30 s at a wavelength of 240 nm for 2 min.

Calibrate the spectrophotometer using 3 ml of PB in a 3-ml quartz cuvette as a blank.
Dilute the lysate samples 1:50 with PB.

In a quartz cuvette, mix 1 ml PB with 1 ml of the diluted sample. To begin the assay, add
1 ml of the H,0O, solution (H,O, to a final concentration of 10 mM). The initial absorbance
must be between 0.550 and 0.520. If necessary, add H,O, to increase the absorbance
and Phosphate Buffer to decrease the absorbance.

Mix the content by inversion and Immediately place the cuvettes into the
spectrophotometer. Follow the decrease in absorbance at OD,4 With a stopwatch for 2
min.

A catalase solution must be used as a control. Pippete 2.9 ml of PB in the cuvette, add 1
ml 30 mM H,0O, and 100 pl of the catalase solution (~10 units). Record the initial and final
absorbance in a one-minute period. Use 2 ml of PB and 1 ml of 30 mM H,0, as blank.

Calculate the catalase activity using the following formula (Cuellar-Cruz et al., 2009)
(4 — Ag) x 1
Eggp ¥ d X 1 x €, % 0.001

Ufmg =

Where

{4, — 4z)  is the difference between the initial and final absorbance.

Vi is the total volume of the reaction (3 ml).

Ezap is the molar extinction coefficient for H,O, at OD24q (34.9 mol/cm).
d is the optical length path of cuvette (1 cm).

¥ is the volume of the sample in ml.

C is the protein concentration of the sample in mg/ml.

Example of catalase activities of extracts from C. glabrata strains in exponential phase of
growth:
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Strain  Act [U/mg]

BG14  4.4057
4.0087
1.0869

hstlA  9.5256
0.2598
6.0690

ctalA  0.0000

Note: Catalase activity of the BG14 strain is higher in stationary phase = 10 U/mg.

However catalase activity of a ctalA is always < 2 U/mg or undetectable.
Notes

1. For catalase, the dependence of the H,O, decomposition on temperature is small, so
measurements can be carried out between 0 and 37 °C, however 20 °C is recommended.
2. For the catalse assay, each test cuvette will need to be run one at a time, so do not
prepare the next test cuvette until the run with the preceding cuvette is complete.
Low concentrations of H,O, are used to avoid bubbling.

Mixing of the samples can be facilitated by the use of parafilm.

Recipes

1. Yeast extract-Peptone-Dextrose broth (1 L)
Dissolve 10 g yeast extract and 20 g peptone in 950 ml of distilled water
Autoclave (121 °C, 15 Ib/in for 15 min)
Add 50 ml 40% (w/v) dextrose (2% final; sterilized separately by autoclaving or filtering)
2. 50 mM Phosphate Buffer (PB) (pH 7.0) (1 L)
Dissolve 2.724 g KH,PO, in 400 ml of distilled water
Dissolve 5.34 g Na,HPOQO, in 600 ml of distilled water
Mix solutions [proportion (1:1.5)]
pH to 7.0 with 1 M KOH
To obtain cell lysates, prepare 10 ml of PB and add one tablet of cOmplete protease
inhibitors.
3. 30 mM H,0, (100 ml)
Dilute 0.26 ml of 35% H,O, with PB to 100 ml. Prepare fresh to each activity assay. The

solution can be at room temperature during the experiment.
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4. Catalase solution

http://www.bio-protocol.org/e1072 Vol 4, Iss 6, Mar 20, 2014

Dissolve 10 mg of catalase lyophilized powder in 1 ml of cold PB
Immediately before use, dilute 5 ul of catalase solution to 1 ml cold PB to obtain a
solution with ~100 U/ml. Stored at -20 °C for 6 months.
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3. Resultados adicionales

Expresion de Sod2 a los siete dias de fase estacionaria.

Para conocer la localizacion intracelular de Sod2 durante la fase estacionaria (FE)
tardia de C. glabrata, construimos fusiones traduccionales del gen SOD2 con la
proteina fluorescente GFP. La cepa conteniendo esta fusion, se crecié en medio
rico (YPD) durante 7 dias a 30°C. Se tifileron con DAPI para revelar el nucleo
(estructuras redondas de color azul). Como mencionamos anteriormente, Sod2-
GFP a los 2 dias de FE se localiza en la mitocondria, la cual se observa como
puntos alrededor del nucleo, tincion con DAPI y Mitotracker). A los siete dias,
Sod2-GFP fluorece en estructuras alargadas que siguen la periferia de la célula
(FIGURA 1). Este dato confirma que Sod2-GFP esté en la mitocondria durante una
FE tardia.

Sod2-GFP
GFP DAPI MERGE DIC

FIGURA 1. Localizacion celular de Sod2 en fase estacionaria de 7dias. Células en
FE de 7 dias de la cepa parental que expresa Sod2-GFP se cultivaron en medio
YPD vy se tifieron con DAPI (nlcleo). Se muestra imagen representativa.

Actividad de SOD en las mutantes de SOD de C. glabrata

Para determinar el aporte enzimatico de Sod1 y Sod2 a la actividad total de SOD
en C. glabrata, decidimos cuantificar la actividad de SOD durante la fase
logaritmica (FL) y estacionaria de la cepa parental y las mutantes sod7A, sod2A 'y
sod1A sod2A de C. glabrata utilizando el método colorimétrico WST-1 (FIGURA 2).
Los valores de las mutantes en SOD se normalizaron con respecto a su cepa
parental y se compararon con las actividades de SOD de las mutantes sencillas en
SOD de S. cerevisiae. Encontramos que las actividades de SOD de las mutantes
sod1A, sod2A y sod1A sod2A de C. glabrata fueron similares en las dos fases de
crecimiento (comparar Fig. Ay B). La actividad de SOD en la mutante sod7A de C.
glabrata alrededor del 10% y la actividad de la mutante sod2A fue aprox. Del 60 %
en comparacion con la cepa parental (FIGURA 2). La mutante sod7A sod2A no
mostro actividad de SOD. Con estos datos confirmamos que C. glabrata contiene
dos SOD y que Sod1 la que aporta mayor actividad de SOD a la célula.
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FIGURA 2. Actividad de SOD en la cepa silvestre y las mutantes sod71A, sod2A 'y
sod1A sod2A de C. glabrata y sod1A y sod2A de S. cerevisiae. Las cepas BG14
(wt), CGM787 (sod1A), CGM656 (sod2A) y CGM937 (sod1A sod2A) de C. glabrata
y BY4749 (parental), L108 (sod7A) y L109 (sod2A) de S. cerevisiae se cultivaron
en YPD a 30°C. Se hicieron extractos proteicos de estas cepas y su actividad total
de SOD se cuantific6 con el método colorimétrico WST-1. Los valores se
normalizaron con respecto a las cepas silvestres de C. glabrata o S. cerevisiae.
Los experimentos se realizaron 3 veces y las barras de dispersion indican SD. A)
Fase logaritmica de siete dias. B) FE dos dias.

Sodl de C. glabrata es necesaria para resistir el estrés oxidante crénico
generado por menadionay H,0;

Para determinar la funcién de las SOD de C. glabrata en la respuesta a estrés
oxidante durante un tratamiento cronico, evaluamos el crecimiento celular de la
cepa silvestre y las mutantes sod7A, sod2A y sod1Asod2A en presencia de
menadiona (MD) y H,O, Los experimentos se hicieron con células de FE y FL.
Encontramos que las células en FE y FL se comportan de forma similar en los
tratamientos crénicos. Durante el estrés cronico con MD, encontramos que la cepa
parental fue resistente a 0.08mM y la mutante sod2A fue sensible a esta
concentracion. En cambio la mutante sodlA y la doble mutante sod1A sod2A
fueron sensibles a 0.06mM de MD (FIGURA 3). Estos datos indican que Sodl es
necesaria para resistir el estrés oxidante generado por MD.

En presencia de H,O,, observamos que la cepa parental resistio 20 mM de H,0, y
la mutante sod7A solo a 5 mM. La mutante sod2A perdi6 viabilidad a H,O, 15 mM
y no crecio a 20 mM (FIGURA 3). La cepa sod1A4 sod2A no crecidé a ninguna de
las concentraciones de H,0, probadas. Estos resultados sugieren que,
principalmente Sodl y en menor medida Sod2, estan involucradas en la
resistencia a menadiona y H,O, durante un tratamiento cronico.

-55-



Las superdxido dismutasas de C. glabrata Marcela Cecilia Briones Martin del Campo

MD] - mv it sodIA sod2A  s0d1A sod2A
posea. - 1n. [ LX) DO

Jujees» | Jeo | |

[H,0,] ™
(XXX
ooaw _

FIGURA 3. Resistencia a MD y H,0O, de la cepa parental y las mutantes sod7A,
Sod2A y sod1A sod2A de C. glabrata. Las cepas BG14 (wt), CGM787 (sod71A),
CGM656 (sod2A) y CGM937 (sod1A sod2A) se cultivaron por 48 h en YPD a 30°C
(FE) y se diluyeron a una ODgoonm de 0.5 con el medio usado del mismo cultivo.
Se hicieron diluciones seriadas y se gotearon en cajas de YPD conteniendo MD
0.06 y 0.08mM; y H,0, .5, 10, 15 y 20 mM. Las cajas se incubaron a 30°C durante
48 h.

El aumento a dos copias de SOD1 y SOD2 no tienen efecto en la resistencia
a menadiona

Para conocer si la carga genética de las SODs es importante en la respuesta a
estrés oxidante en C. glabrata, analizamos la resistencia a MD de la cepa parental
con una copia extra de SODs en forma episomal. Encontramos que la cepa
parental conteniendo una copia extra de cualquiera de las SODs tiene la misma
resistencia a MD que la cepa parental con una sola copia (FIGURA 4). Resultados
similares se encontraron en el tratamiento agudo (datos no mostrados). Estos
datos sugieren que posiblemente una sola copia de SOD1 o SOD2 no sea
suficiente para aumentar la resistencia a MD o que simplemente el aumento en la
carga genética de las SOD no favorece la resistencia a MD.

MD wt
uM wt wt wt +pSOD1

+pSOD1 +pSOD2 SOD2

0 000 (000 [00875:
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FIGURA 4. Resistencia a MD de la cepa parental con una o dos copias de los
genes SOD de C. glabrata. Las cepas CGM1719 (wt), CGM1734 (wt + pSOD1),
CGM1736 (wt + pSOD2) y CGM1749 (wt + pSOD1, pSOD2) se cultivaron por 48 h
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en YPD a 30°C (FE) y se diluyeron a una ODgoonm de 0.5 con el medio usado del

mismo cultivo. Se hicieron diluciones seriadas y se gotearon en cajas de YPD
conteniendo MD 0.02, 0.04 y 0.06mM. Las cajas se incubaron a 30°C durante 48
h.

Andlisis de crecimiento en ausencia de lisina de las cepas parental, lys4A 'y
sod1A complementadas con los genes LYS4, LYS12, LYS21 y LYS20 de C.
glabrata

Previamente observamos que la doble mutante sod7A sod2A es auxotrofa a lisina,
esto sugiere que las SODS de C. glabrata estan involucradas en el mantenimiento
de la via de biosintesis de lisina, la via a-aminoadipato (AAA). Estudios anteriores
han demostrado que la auxotrofia a lisina de la mutante sod1A de S. cerevisiae es
debido al dafio oxidante causado por el superoxido. Se ha propuesto que la
homoaconitasa (Lys4), segunda enzima de la via-AAA, es un blanco para el
superoéxido (Wallace et al., 2004). Basados en estas observaciones, determinamos
si la sobreproduccion de Lys4 podia suprimir la auxotrofia a lisina de la doble
mutante sod1A sod2A. Clonamos el gen LYS4 bajo el promotor fuerte de PGK1
en el vector de expresion pGRB2.2 y el plasmido resultante se introdujo en la
mutante sencilla sod1A y en la doble mutante sod1A sod2A. Encontramos que la
sobreexpresion de LYS4 no suprimid la auxotrofia a lisina ni tampoco el lento
crecimiento de sodl1A ya sea bajo un promotor fuerte o bajo su propio promotor
(FIGURA 5). Como control, demostramos que los plasmidos que expresan a Lys4
si complementan a la mutante lys4A y no tienen efecto aparente en la cepa
parental (construcciones de la figura X: wt/pLYS4 UTR's, wt/pPpckiLYS4 UTR's,
lys4A/pLYS4 UTR's, lys4A/pPpckiLYS4 UTR'S).

Ademas, también demostramos que la sobreexpresion de los genes LYS12,
LYS21 y LYS20 tampoco suprime la auxotrofia a lisina de la doble mutante sod1A
sod2A, ni el lento crecimiento de la mutante sencilla sod1A (FIGURA 6).

SD + Lisina SD sin Lisina

wi/pLYsa UTR's [ X R Il LA . ¥ -
sodIA [pLYSA UTR's T X IEEEE CEEEE
wiipp, 11vss LR R R R m_
sodIA /pP,_ :LYS4 o
ysan /pP,_ :Lys4 R K I R
IysdA /pLYS4 W90 8L JOOD: - |

FIGURA 5. Crecimiento en presencia y ausencia de lisina de cepas
complementadas con LYS4 de C. glabrata. Las cepas parental, sod1A o lys4A
complementadas con un plasmido que contenia Lys4 bajo su propio promotor o
bajo un promotor fuerte [wt/pLYS4 UTR’s (CGM1646), sod1A/pLYS4 UTR’s
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(CGM1753), wWt/pPpgk::iLYS4 (CGM1644), sod1A/pPpck:LYS4 (CGM1751),
lys4AIpPpck::LYS4 (CGM1688), lys4A/pLYS4 UTR’s (CGM1690)] fueron cultivadas
en medio SD suplementado con Lys durante 48 h a 30 °C. Cultivos en FE se
lavaron y se resuspendieron en agua destilada. Se hicieron diluciones seriadas y
se gotearon en cajas de medio SD con o sin 30 mg / | de Lisina. Las placas se
incubaron durante 48 h a 30 ° C.

SD + Lisina SD sin Lisina

parental/pvector [ I IR JE Nl [ W X Weal
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FIGURA 6. Crecimiento en presencia y ausencia de lisina de cepas sobre-
expresando LYS12, LYS20 o LYS21 de C. glabrata. Las cepas parental
(CGM1717), la mutante sencilla sodlA (CGM1721), la doble mutante sodlA
sod2A (CGM1725) y la mutante sodlA sobre-expresando LYS12 (CGM1885),
LYS20 (CGM1887) o LYS21 (CGM1889) fueron cultivadas en medio SD
suplementado con Lys durante 48 h a 30 °C. Cultivos en FE se lavaron y se
resuspendieron en agua destilada. Se hicieron diluciones seriadas y se gotearon
en cajas de medio SD con o sin 30 mg /I de Lisina. Las placas se incubaron
durante 48 ha 30 ° C.

Andlisis de crecimiento en ausencia de lisina de las mutantes lys4A, lys5A, y
lys9A de C. glabrata

Como parte de la busqueda del gen o los genes en la via-AAA responsables de la
auxotrofia a lisina de la doble mutante sod1A sod2A, analizamos si las mutantes
lys4A, lysbA, lys9A, lys12A y lys14A eran auxotrofas a lisina. Encontramos que
lys4A, lys5A, y lys9A son auxétrofas a lisina, en cambio la mutante lys12A es de
lento crecimiento en ausencia de lisina y la mutante lys14A no es auxétrofa a lisina
(FIGURA 7).
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FIGURA 7. Auxotrofia a lisina de algunas mutantes en los genes biosintéticos de
lisina. Las cepas lys4A (CGM1663), lysbA (CGM1740), lys9A (CGM1741), lys12A
(CGM1742) y lys14A (CGM1743) fueron cultivadas en medio SD suplementado
con Lys durante 48 h a 30 °C. Cultivos en FE se lavaron y se resuspendieron en
agua destilada. Se hicieron diluciones seriadas y se gotearon en cajas de medio
SD con o sin 30 mg / | de Lisina. Las placas se incubaron durante 48 ha 30° C.

Crecimiento de la doble mutante sod1A sod2A y la mutante sencilla lys5A
de C. glabrata en presencia de diferentes concentraciones de lisina

Como hemos demostrado la doble mutante sod1A sod2A es auxotrofa a lisina.
Para conocer la minima concentracion de lisina que necesita esta mutante para
crecer igual que la parental, decidimos realizar el siguiente experimento: cultivos
saturados de la cepa parental, la mutante lys5A y la doble mutante sodl1A sod2A
se cultivaron en medio minimo con distintas concentraciones de lisina. Se
realizaron curvas de crecimiento usando el equipo Bioscreen. Encontramos que la
cepa parental tuvo crecimiento similar en las distintas concentraciones de lisina
probadas (dato no mostrado). La mutante auxoétrofa a lisina lysbA recupero su
crecimiento a partir de la concentracion minima de lisina probada (30mg/L) vy
continuo mejorando su tiempo de duplicacién con las concentraciones mayores
(FIGURA 8, inciso A) hasta crecer similar a la cepa parental. En cambio, la doble
mutante sod1lA sod2A recupero su crecimiento y tuvo tiempos de duplicacion
similares con todas las concentraciones de lisina probadas (FIGURA 8, inciso B).
Estos datos muestran que aunque las dos cepas sodlA sod2A y lysbA son
auxotrofas a lisina la recuperacién de su crecimiento al afadir lisina es distinta. El
tiempo de duplicacién de la mutante lys5A depende de la concentracion de lisina
afiadida, en cambio en la doble mutante sod1A sod2A es independiente.
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FIGURA 8. Auxotrofia a lisina de las mutantes lys5A y sod1A sod2A de C.
glabrata. Las cepas BG14 (wt), CGM1740 (lys5A) (A) y CGM1725 (sod1A sod2A)
(B) se cultivaron por 48 h en medio SD suplementado con Lys a 30°C. Se
diluyeron a una ODgo0onm de 0.1 en medio SD sin lisina o con 30, 50, 60, 80 y 120
mg / | de lisina. La linea punteada en ambas graficas es la cepa BG14 (wt) usada
como control de crecimiento en medio sin lisina. Las células se lavaron y diluyeron
a una densidad de 2x10° células/mL. El crecimiento se evalu6 en el equipo
Bioscreen C MBR durante 24h a 30°C y agitacion constante.

Tiempo de vida cronoldgica de S. cerevisiae, C. glabrata y las mutantes en
SOD

Diversos estudios de C. glabrata demuestran que esta levadura oportunista es
mas resistente a distintos tipos de estrés que S. cerevisiae (Cuellar-Cruz et al.,
2008; Cuéllar-Cruz et al., 2009). Estas caracteristicas hacen de C. glabrata una
levadura resistente al ambiente hostil. De acuerdo con estos hallazgos decidimos
evaluar la viabilidad de C. glabrata durante una FE tardia y compararla con la de
S. cerevisiae. Para esto, cultivos saturados de las dos cepas de levadura fueron
crecidas en medio SD a 30°C durante 12 dias consecutivos. A partir del dia cuatro
se tomaron muestras que se diluyeron en medio YPD para analizar su viabilidad
en el equipo Bioscreen (ver material y métodos). Se toma el dia dos como el 100%
de viabilidad. Al quinto dia, C. glabrata mostro el doble de viabilidad que S.
cerevisiae (66% vs aprox. 30%). Para el doceavo dia S. cerevisiae habia perdido
el 90% de su viabilidad, en cambio C. glabrata mostraba alrededor del 40%. Estos
datos indican que C. glabrata tiene una vida cronolégica mas larga que S.
cerevisiae en las condiciones probadas (FIGURA 9).

-60 -



Las superdxido dismutasas de C. glabrata Marcela Cecilia Briones Martin del Campo

S
©
[S]
c
@ 10;
2
) < C.glabrata
Q.
A S. cerevisiae
1 v v v "
3 6 9 12

Tiempo (dias)

FIGURA 9. Vida cronologica de C. glabrata y S. cerevisiae. Cultivos saturados de
cepas de de C. glabrata (BG14) y S. cerevisiae (BY4742) se cultivaron en medio
SD durante 72 horas a 30 ° C. El dia 2 representa el 100% de viabilidad. Las
muestras se tomaron en los dias 2, 4, 5, 7, 9 y 12 y se diluyeron en medios YPD
fresco. La viabilidad se obtuvo con el método de cuenta viable. Las barras de error
indican la desviacién estdndar de cuatro réplicas biologicas. Ver Materiales y
Métodos.

Para determinar si las SODs tienen un papel en la vida cronolégica de C. glabrata,
analizamos la viabilidad de las mutantes en SOD durante la FE tardia por el
método de cuenta viable. Brevemente, hicimos diluciones seriadas de la muestra
tomada a diferentes dias de la FE, plateamos en medio YPD y contamos las
CFUs. Se toma el dia tres como el 100% de viabilidad. Después del séptimo dia,
la doble mutante sod1A sod2A de C. glabrata mostro perdida de viabilidad. En
cambio la cepa parental y las mutantes sencillas sod1A y sod2A se mantuvieron
con viables durante los doce dias de FE (FIGURA 10). Estos datos indican que la
viabilidad de C. glabrata en FE tardia en ausencia de aminoacidos depende de la
funcién concomitante de las SODs.
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FIGURA 10. Vida cronologica de las mutantes sod7A, sod2A 'y sod1A sod2A de C.
glabrata con el método de cuenta viable. Cultivos saturados de las cepas BG2
(wt), CGM1146 (sod1A), CGM1131 (sod2A) y CGM1133 (sod1A sod2A) se
cultivaron en medio SD en ausencia de aminoacidos durante 72 horas a 30 ° C. El
dia 3 representa el 100% de viabilidad. Las muestras se tomaron en los dias 3, 5,
7, 9, y 11 y se diluyeron en medio YPD fresco. La viabilidad se obtuvo con el
método de cuenta viable. Las barras de error indican la desviacion estandar de
cuatro réplicas biologicas. Ver Materiales y Métodos.

Niveles de O, detectado en células de fase estacionariaal 2, 4y 7 dias

En este trabajo hemos demostrado que las mutantes en SOD tienen un mayor
dafio oxidante que la cepa parental. Esto se debe a que el O, endégeno
producido en la mitocondria no se elimina adecuadamente. Para demostrar la
acumulacién de O,", cuantificamos sus niveles intracelulares por citometria de
flujo y flurometria usando la sonda selectiva dihidroetidium (DHE) (Benov &
Fridovich, 1998). Cultivos en FE de la cepa parental y las mutantes en SOD
fueron cultivadas en medio SD conteniendo lisina. Se tomaron muestras a los 2, 4
y 7 dias de FE y se tifieron con DHE. A los dos dias, encontramos que la
fluorescencia emitida por la sonda DHE fue similar en la cepa parental y en la
mutante sencilla sod2A. Y aunque las diferencias no son estadisticamente
significativas, las mutantes sod1A y sod1A sod2A muestran la tendencia de tener
menor fluorescencia con respecto a la cepa parental (FIGURA 11, A). En cambio,
a los 4 dias de FE la fluorescencia de las mutantes sod2A y sod1A sod2A es
mayor que en la cepa parental y la mutante sod1A (FIGURA 11, B). Cuando la FE
llega a los 7 dias, observamos que las mutantes en SOD tienden a tener mayor
fluorescencia que la cepa parental (FIGURA 12). Estos datos sugieren que SOD1
y SOD2 de C. glabrata regulan de forma diferente y en momentos distintos los
niveles de O, durante la FE.
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FIGURA 11. Niveles de O, en las mutantes de SOD a los 2 y 4 dias de FE. Se
detectaron los niveles de

fluorescencia usando la sonda DHE (400uM) en el flu6rometro. Cultivos saturados
de la cepa parental Ura (CGM1719), y en las mutantes sod1A (CGM1721), sod2A
(CGM1723), y sodlA sod2A (CGM1725) se crecieron en medio SD con 120ug/ml
de lisina durante A) 2 y B) 4 dias en FE. Los datos representan la media *
desviacion estandar de cultivos por triplicado. Resultados similares se encontraron
usando otras concentraciones de DHE (100 y 200uM).**, P < 0.01. Ver Materiales
y Métodos.
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FIGURA 12. Niveles de O, en las mutantes de SOD a los 7 dias de FE. Los
niveles de fluorescencia detectados por dihidroetidio (DHE, 50uM) en el citbmetro
de flujo fueron medidos en la cepa parental Ura” (CGM1719), y en las mutantes
sod1A (CGM1721), sod2A (CGM1723), y sod1A sod2A (CGM1725) después de 7
dias en fase estacionaria. Resultados similares se encontraron usando otras
concentraciones de DHE (25 y 150 uM). Los datos representan la media +
desviacién estandar de cultivos por cuadruplicado. Ver Materiales y Métodos.

Expresion de SOD1 y SOD2 de C. glabrata durante el tratamiento con
menadionay en presencia de una fuente de carbono no fermentable.

a. Inducciéon de SODs en fase estacionaria
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Las SOD son enzimas clave en la respuesta a estrés oxidante en diferentes
organismos. Su regulacion transcripcional es esencial para llevar a cabo una
respuesta rapida y adecuada contra especies reactivas de oxigeno en especial el
superoxido. En C. glabrata, esta descrito que SOD1 y SOD2 se transcriben
constitutivamente y no estan controlados por Yapl o Skn7, factores de
transcripcion importantes para la respuesta a estrés oxidante (Roetzer et al.,
2011). En este trabajo, decidimos analizar la participacion de otros dos factores de
transcripcion que tiene también un papel en la respuesta a estrés oxidante en C.
glabrata (Cuellar-Cruz et al., 2008). Estos factores transcripcionales llamados
Msn2 y Msn4 son conocidos por formar un heterodimero que responde a sefales
de estrés general en S. cerevisiae.

Para investigar la regulacion transcripcional de los genes SOD1 y SOD2 de C.
glabrata y la participacion de factores de transcripcion, construimos fusiones
transcripcionales con GFP: (PSQD;L::GFPZZBIUTRSQD]_ Yy PSODziiGFPZIBIUTRSODz).
Cada fusion se transformé en la cepa parental, la doble mutante sod1A sod2A, las
mutantes dobles en los factores de transcripcion de estrés yap1A skn7A, msn2A
msn4A y en la cuadruple mutante yap71A skn7A msn2A msn4A. Cultivos saturados
de estas cepas se crecieron hasta FE en medio CAA y se cuantifico la
fluorescencia de GFP en un citbmetro de flujo. La fluorescencia se normalizo con
respecto a la cepa parental. Encontramos que la doble mutante sod1A sod2A tuvo
mas fluorescencia relativa que la cepa parental. Como demostramos
anteriormente, esta doble mutante tiene un nivel mas alto de superéxido que la
cepa parental (FIGURA 13). Por lo tanto, podemos inferir que el aumento de la
fluorescencia se debe a que el exceso de superoxido induce la expresion episomal
de las fusiones transcripcionales de SODs con GFP. Por otra parte, la mutante
doble yap1A skn7A tuvo fluorescencia similar a la cepa parental. Este dato
confirma lo descrito en la literatura sobre que Yapl y Skn7 no regulan a las SODs
en C. glabrata (Roetzer et al.,, 2011). Sorprendentemente, encontramos que las
cepas msn2Amsn4A'y yap1A skn7A msn2A msn4A que contienen las fusiones de
SOD1 y SOD2 mostraron menor fluorescencia que la cepa parental (FIGURA 13).
Este dato sugiere que posiblemente los factores de transcripcion Msn2 y Msn4
estén involucrados en la regulacion de la expresion de las SODs durante FE. Para
apoyar esta hipétesis, cuantificamos la actividad de SOD total en cultivos de FE de
la mutante cuédruple yap1A skn7A msn2A msn4A. Encontramos que esta mutante
muestra menor actividad de SOD que la cepa parental (FIGURA 14), lo cual indica
gue estos factores de transcripcion si regulan la expresion basal de las SODs en
FE.
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FIGURA 13. Expresion basal de SOD1 y SOD2 en fase estacionaria. Cultivos
saturados de las cepas parental Ura+ (CGM1080), sod1lA sod2A (CGM1088),
yap1A skn7A (CGM1256), msn2A msn4A (CGM1258) y yapT1A skn7A msn2A
msn4A (CGM1084) complementadas con el plasmido pMB66
(Psop1::GFP::3’"UTRsop1) en el inciso (A); y de las cepas B) parental Ura+
(CGM1082), sod1A sod2A (CGM1090), yap1A skn7A (CGM1276), msn2A msn4A
(CGM1278), y yap1A skn7A msn2A msn4A (CGM1086) complementadas con el
plasmido pMB68 (Psop2::GFP::3’"UTRsop2) en el inciso (B) fueron crecidas en
medio SC durante 48 horas a 30 °C. Se cuantifico la fluorescencia de GFP por
célula en el citdbmetro de flujo Beckman coulter. Se normalizo a 1.0 con respecto a
la parental. Las barras de error indican desviacion estandar. ***, P<0.0001; prueba
ANOVA una via, post-prueba Dunnett vs. cepa parental. Ver Materiales y Métodos.
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FIGURA 14. Actividad de SOD en la cepa silvestre y las mutantes sod71A, sod2A,
Sod1A sod2A 'y yap1A skn7A msn2A msn4A de C. glabrata. Cultivos saturados de
la cepa parental Ura + (CGM1), y las mutantes sodlA (CGM787), sod2A
(CGM656), sodlA sod2A (CGM937), yap1A skn7A msn2A msn4A (CGM527)
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crecieron en YPD a 30°C. Se hicieron extractos proteicos de estas cepas y su
actividad total de SOD se cuantific6 con el método colorimétrico WST-1. Los
valores se normalizaron con respecto a la cepa parental. Las barras de error
indican desviacion estandar. *, P<0.05; prueba ANOVA una via, post-prueba
Dunnett vs. cepa parental. Ver Materiales y Métodos.

b. Induccién de SODs en glucosa y glicerol

El cambio de glucosa a glicerol o etanol induce la respiracion mitocondrial y la
expresion de genes de defensa antioxidante para contrarrestar el incremento de
las especies reactivas de oxigeno generadas en la mitocondria. Recientemente se
demostré la induccién de SOD1 de C. glabrata durante la privacién de glucosa.
Ademas, en este trabajo demostramos que Sod2 se requiere para un éptimo
crecimiento en glicerol y etanol. Lo que sugiere que las SODs estan relacionadas
con la fuente de carbono que utiliza C. glabrata.

Para conocer la expresion de las SODs en presencia de glucosa o glicerol y si
ésta depende de los factores de transcripcion Yapl, Skn7, Msn2 y/o Msn4
medimos la fluorescencia de las fusiones transcripcionales con GFP
(Psop1::GFP::3'UTRsop1 ¥ Psop2::GFP::3'UTRspp2). Cultivos saturados en
presencia de glucosa de la cepa parental y las mutantes dobles, triples y
cuadruples de los factores de transcripcion Yapl, Skn7, Msn2 y/o Msn4
conteniendo las fusiones Psop1::GFP 0 Psop2::GFP fueron diluidos en medio fresco
con glucosa o glicerol. Después de una hora, se cuantifico la fluorescencia de GFP
en el citdmetro de flujo. Encontramos que las SODs de C. glabrata se indujeron en
medio fresco con glucosa o glicerol en comparacion con FE (FIGURA 15) y aun en
ausencia de los factores de transcripcion Yapl, Skn7, Msn2 y/o Msn4. Estos
resultados sugieren que las SODs responden al cambio a medio fresco y/o a la
fuente de carbono, pero lo hacen independientemente de los factores de
transcripcion de respuesta a estrés.
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FIGURA 15. Induccion de las SODs en FL. Cultivos saturados de las cepas A)
parental Ura+ (CGM1080), yap1A skn7A msn2A msn4A (CGM1084) y sodlA
sod2A (CGM1088) complementadas con el plasmido pMB66
(Psop1::GFP::3'UTRsop1) Yy de las cepas B) parental Ura+ (CGM1082), sodlA
sod2A (CGM1090), yap1A skn7A (CGM1276), msn2A msn4A (CGM1278), yap1A
skn7A msn2A (CGM1280), yap1A skn7A msn4A (CGM1282) y yap1A skn7A
msn2A msn4A (CGM1086) complementadas con el plasmido pMB68
(Psop2::GFP::3"UTRsop) fueron crecidos en medio SC y diluidos a ODgoonm de 0.1
en medio fresco con glucosa o glicerol. Se cuantifico la fluorescencia de GFP por
célula emitida a 1, 3 y 6h en FL con glucosa y 1h en FL con glicerol. Se usé el
citometro de flujo Beckman coulter. Ver Materiales y Métodos.

Sod1l tiene un papel en la recombinacion no homologa (NHEJ) de C. glabrata
En resultados anteriores demostramos que las SODs de C. glabrata tienen un
papel importante en la estabilidad del ADN, ya que protegen al genoma de
mutaciones causadas por dafio oxidante. Existe la posibilidad de que las SODs y
los mecanismos de reparacion del ADN estén interconectados. Nosotros hemos
demostrado que las mutantes en SOD de C. glabrata son sensibles a las
genotoxinas HU y MMS. Estos agentes activan los puntos de control del ciclo
celular en respuesta al dafio oxidante, lo que provoca arresto celular y activaciéon
de la maquinaria de reparacion del ADN.

Para continuar la investigacion, decidimos determinar la habilidad de las mutantes
en SODs para reparar cortes de ADN de doble cadena. Las mutantes se
transformaron con plasmidos linearizados. Dentro de la célula es necesario que
este ADN episomal se recircularice para poder ser replicado y obtener
transformantes estables que puedan crecer. La via de reparacion de cortes de
doble cadena de ADN es la recombinacién no homologa (NHEJ, por sus siglas en
ingles). Por lo tanto, el nimero de transformantes obtenidas en cada cepa con el
plasmido linealizado se normaliz6 para el nimero de colonias obtenidas con el
plasmido sin cortar. De esta forma se midi6 la eficiencia de unidén de extremos no
homélogos. Sorprendentemente encontramos que las mutantes sodlA y sodl1A
sod2A tienden a ser mas eficientes en la reparacion de plasmidos linealizados que
la cepa parental (FIGURA 16). Esto sugiere que Sodl interviene de forma negativa
en la actividad de la via NHEJ.
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FIGURA 16. Papel de las SODs de C. glabrata en la recombinacion no homologa
(NHEJ). Determinacion de la eficiencia de la via de union de extremos no
homologos in vivo utilizando un plasmido CEN.URA3 (pGRB2.0) linealizado ya sea
con Sma | (extremos romos) o BamH | (extremos cohesivos). Las cepas usadas
fueron: parental (CGM1), sodlA (CGM787), sod2A (CGM656), sodlA sod2A
(CGM937). La unién de extremos se calculo como el nimero de transformantes
obtenidas para cada cepa con el plasmido linealizado dividido entre el nUmero de
colonias obtenidas con el plasmido sin cortar. El valor de la cepa parental con Bam
HI se normaliz6 a 1.
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4. Discusion

Los patdégenos pueden evadir la respuesta oxidante de las células fagociticas
gracias a los mecanismos enziméticos y no enzimaticos con los que cuenta para
eliminar las especies reactivas de oxigeno (ERO). De esta forma los patégenos
pueden sobrevivir y persistir en el huésped. Recientemente se ha estudiado la
respuesta a estrés oxidante de la levadura patégena oportunista C. glabrata. Este
hongo ha emergido como un importante patégeno en pacientes
inmunocomprometidos. Causa infecciones en mucosas e infecciones invasivas
diseminadas y en E.U.A. es el segundo lugar en infecciones sistémicas
nosocomiales causadas por hongos (solo después de C. albicans) (Pfaller et al.,
2000). En los ultimos afios, se han descrito algunos factores de virulencia para C.
glabrata como la adherencia a células epiteliales (Cormack et al., 1999; De Las
Penas et al., 2003; Domergue et al., 2005), formacién de biofilms (Iraqui et al.,
2005), alta resistencia a fluconazol (Hitchcock et al., 1993; Komshian et al., 1989;
Willocks et al., 1991) y una gran resistencia a estrés oxidante (Cuellar-Cruz et al.,
2008; Cuéllar-Cruz et al., 2009). Ademas, se ha visto que C. glabrata puede
sobrevivir al ataque oxidante de los macrofagos (Kaur et al., 2007; Seider et al.,
2011). Los mecanismos que permiten a C. glabrata adaptarse durante la infeccién
crénica y persistir en el huésped inmunocomprometido aun no estan descritos.

Para conocer la respuesta a estrés oxidante de C. glabrata, hemos

investigado la resistencia de este hongo a diferentes oxidantes. Demostramos que
C. glabrata resiste concentraciones més altas de H,O, que C. albicans y que S.
cerevisiae (Cuellar-Cruz et al.,, 2008). Los factores de transcripcion (FT) que
controlan esta resistencia son Yapl, Skn7, Msn2 y Msn4 y esta mediada por la
Gnica catalasa, Ctal, que tiene C. glabrata. También hemos encontrado que C.
glabrata no es tan resistente a menadiona (MD) como C. albicans, debido
posiblemente a que C. albicans tiene 6 genes que codifican para SODs. EIl dafio
que produce la MD se debe al aumento de O, en la célula (Bolton et al., 2000).
Este O, puede ser eliminado por SODs. De forma interesante, las cepas de
laboratorio de S. cerevisiae son menos resistente a MD que C. glabrata y C.
albicans y en cambio aislados clinicos de S. cerevisiae son mas resistentes a MD
y a H,O, (Cuéllar-Cruz et al., 2009). Este ultimo dato sugiere que para poder ser
un patdgeno exitoso se requiere de una adecuada respuesta a estrés oxidante.
Para continuar el estudio de la respuesta a estrés oxidante de C. glabrata,
decidimos caracterizar funcionalmente a las SODs.
En este trabajo presentamos evidencias de que la enzima citosolica SOD1 es mas
importante que la mitocondrial SOD2 ante una exposicion aguda a menadiona
(MD) y en fase logaritmica (FL) y ante la exposicién cronica a MD y H,0,. En
cambio SOD2 es necesaria ante una exposicion a oxidantes en fase estacionaria
(FE) y para crecer en fuentes de carbono no fermentables. La ausencia de las dos
SODs en C. glabrata provoca auxotrofia a lisina y una alta tasa de mutacién
espontanea. Ademas, reportamos que C. glabrata es mas longeva que S.
cerevisiae en FE y SOD2 de C. glabrata participa en detener el envejecimiento de
la levadura.
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Auxotrofia a lisina de la doble mutante sod7A sod2A

En este trabajo demostramos que la doble mutante en SODs de C. glabrata es
auxotrofa a lisina. Esto quiere decir que Sodl y Sod2 son importantes para la
biosintesis de lisina. Lo que relaciona el estrés oxidante generado por O, con el
metabolismo de aminoéacidos. En otros organismos se ha demostrado que las
mutantes en SOD son auxotrofas de aminoacidos. La mutante sodA sodB de E.
coli es auxotrofa a aminoacidos de cadena ramificada (Kuo et al., 1987) y las
mutantes sod1lA de S. cerevisiae y S. pombe son auxétrofas a lisina bajo
condiciones aerdbicas (Kwon et al., 2006). Se ha reportado que estas auxotrofias
se deben a la inactivacién por O, de diferentes dehidratasas involucradas en la
biosintesis de esos aminoacidos. Las dehidratasas son enzimas que contienen
grupos [4Fe-4S] los cuales son oxidados por el O,", provocando la liberaciéon de
una molécula de hierro (D’Autréaux & Toledano, 2007). En S. cerevisiae, se
sugiere que la auxotrofia a lisina de la mutante sod7A resulta por la inactivacion de
la homoaconitasa (Lys4) y en S. pombe por la homocitrato sintasa (Kwon et al.,
2006; Wallace et al., 2004). Estas enzimas participan en la biosintesis de lisina (Xu
et al., 2006). Lys4 esta localizada en la matriz mitocondrial y se predice que tiene
el dominio [4Fe-4S](Irvin & Bhattacharjee, 1998; Xu et al., 2006). Por otro lado
Lys20/Lys21 son las homocitrato sintasa de S. cerevisiae, pero no tienen grupo
[4Fe-4S]. Se ha demostrado que la ausencia de SOD1 en S. cerevisiae provoca la
inactivacion de Lys4 solo en presencia de oxigeno (Wallace et al., 2004)
concluyendo que la inactivacion de Lys4 por O, es la causa de la auxotrofia en
S.c.sod1A. Esto tendria sentido, si no fuera por el hecho de que Sodl se localiza
en el espacio intermembranal de la mitocondria (EIM) y Lys4 en la matriz
mitocondrial. Entonces, ¢cémo es que Sodl puede proteger a Lys4 del ataque por
O, si estan en compartimentos diferentes? Se ha sugerido que los niveles altos
de O, en el EIM en la mutante sod1A, difunden atreves de la membrana interna y
oxidan a Lys4 en la matriz mitocondrial. También se sugirié que el O, del EIM en
sod1A reacciona con el NO endégeno para formar HOONO el cual difunde a la
matriz e inactiva a Lys4 (Liochev & Fridovich, 2005).

Nuestros datos muestran que no hay auxotrofias a lisina en las mutantes sencillas
sod1A y sod2A, pero si en la doble mutante sod1A sod2A. Estos resultados indican
que el papel en la proteccién de la via de biosintesis de lisina de Sod1 y Sod2 de
C. glabrata es redundante. Esto quiere decir que se requiere al menos la
presencia de una de ellas para proteger la via de biosintesis. Los datos
presentados en este trabajo no alcanzan a elucidar la causa de la auxotrofia a
lisina de la doble mutante sod7A sod2A de C. glabrata. Observamos que al
sobreexpresamos los genes LYS4, LYS12, LYS20, LYS21 en la doble mutante
sod1A sod2A no se suprimia la auxotrofia a lisina o que nos indica que un gen
diferente 0 mas de un gen dentro de la via de biosintesis de lisina son los
responsables de la auxotrofia. Falta probar la actividad de la enzima Lys4 en la
mutante sod7A sod2A. Para conocer si esta enzima esta involucrada en la
auxotrofia a lisina de la mutante sod7A sod2A de C. glabrata, podriamos medir la
actividad de Lys4 en la doble mutante sod1A sod2A de C. glabrata y comparar con
la cepa silvestre. Si la actividad fuera menor en la mutante sod1A sodZ2A,
supondriamos que esta enzima esta siendo inactivada por O, y que esto puede
ser la causa de la auxotrofia. Para saber si el O, es el causante directo de la
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auxotrofia a lisina podriamos crecer a la mutante sod7A sod2A en ausencia de
lisina pero ahora en condiciones de anaerobiosis y observar si se borra el fenotipo
descrito. Esta reportado que la auxotrofia a lisina de la mutante sod7A de S.
cerevisiae es dependiente de oxigeno (Gralla & Valentine, 1991; Wallace et al.,
2004). Si la auxotrofia a lisina es a causa de la inactivacion de proteina que
contiene el grupo [4Fe-4S], el hierro libre podria ser mayor en la doble mutante
sod1A sod2A. Esto sugeriria que el O, esta oxidando a grupos [4Fe-4S] y
liberando hierro.

Aumento en el dafio oxidante al ADN en la doble mutante sod71A sod2A

El ADN es uno de los blancos mas importantes de las EROs, y mantener su
integridad es vital para la célula. Si las lesiones en el ADN no se reparan, se
ocasionan mutaciones que contribuyen al envejecimiento celular como sustitucion
de bases hasta rearreglos cromosomales (Imlay, 2003).

En este trabajo reportamos que la doble mutante sod71A sod2A de C. glabrata tiene
una tasa de mutacién espontdnea mayor que las mutantes sencillas y la cepa
parental. Este resultado indica que la ausencia de ambas SODs provoca dafio al
ADN, lo que sugiere un papel protector. El papel de las SODs en el mantenimiento
de la estabilidad del ADN est4 bien documentado en los microorganismos. La
primera evidencia de que el O, estaba implicado en el dafio al ADN, fue en la
mutante en SOD de E. coli la cual es hipermutagénica (Farr et al., 1986). Después,
se observo altas tasas de mutacion en las mutantes de SOD de S. cerevisiae
(Gralla & Valentine, 1991; Huang et al., 2003), Neurospora crassa (Sod1) (Chary
et al., 1994), Drosophila melanogaster (Sod1) (Woodruff et al., 2004), entre otros.
Pero, ¢Cual es el papel de las SOD en la estabilidad del ADN? Existen varias
hipétesis. La mas antigua es que las SOD protegen al ADN del dafio ocasionado
por el radical hidroxilo (*OH) y el hierro libre, los cuales se generan a través del
O,". El *OH puede adicionar dobles enlaces a las bases o extraer un atomo de H
al grupo metilo de la timina (Cooke et al., 2003). El O, puede aumentar el hierro
libre en la célula al oxidar los grupos [4Fe-4S] de las proteinas y este hierro
catalizar lesiones en el ADN. Si la cantidad de hierro libre aumenta, el dafio
oxidante al ADN se acelera (Keyer et al., 1995). Otra hipétesis, es que las SODs
actian como detectores del O, bajo condiciones de un desbalance redox,
activando y controlando los mecanismos de reparacion del ADN. Datos recientes
sobre interacciones proteicas de las SOD de S. cerevisiae, sugieren que
posiblemente Sodl participe en el circuito de deteccion del dafio oxidante al ADN
y actué en cooperacion para el control del ciclo celular. En cambio, Sod2 parece
interaccionar con las vias de reparacion del dafio al ADN: unién de extremos no
homologos (NHEJ) y reparacion por escision de nucledtidos (NER) (Bonatto,
2007). Datos prelimianres en el laboratorio muestran que Sodl podria tener un
papel en la recombinacion no homologa (NHEJ) de C. glabrata pero es necesario
continuar con los experimentos para confirmar posibles fenotipos.

Nuestro modelo actual sobre el papel que desempeiian las SODs de C. glabrata
en la proteccion al ADN es que al no estar presentes estas enzimas la cantidad de
O, en la levadura aumenta y ataca a los grupos [4Fe-4S] y libera hierro. El O,
H,O, y el hierro libre generan *OH el cual oxida al ADN ocasionando mutaciones.
Es posible que las vias de reparacion del ADN estén en descontrol o inactivas,
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debido a la ausencia de las SOD. Todo esto conlleva a la muerte celular o a la
generacion de mutantes supresoras. Cabe sefalar que el experimento de tasa de
mutacion se hizo con células de FE en donde sabemos que tanto Sodl como
Sod2 son esenciales para eliminar las ERO. ¢Es posible que la tasa de mutacion
para las mutantes en SOD cambie si lo hacemos con células de FL? Hay que
considerar que las células en FE se distinguen por salir del ciclo celular. Por lo
tanto el dafio oxidante se acumula debido a que las ERO no se puede diluir en
células hijas. Este dafio solo puede ser prevenido o reparado. Es posible que no
observemos diferencias importantes entre las mutantes y la silvestre en la tasa de
mutacion espontanea en FL debido a que el dafio oxidante se hubiese diluido en
las hijas. Si esto fuese cierto, mientras mas larga sea la FE, mayor el dafio al
DNA (Finkel & Holbrook, 2000). Aunque no tenemos ese experimento si tenemos
el dato de que la cantidad de O, en la levadura al dia 7 (FE tardia) es alta en las
mutantes de SOD. Para elucidar la via por la cual las SOD protegen al ADN del
dafio oxidante podriamos evaluar si el hierro libre causa lesiones al ADN, para
esto podemos afiadir quelantes de hierro (deferipron o 2,2 dipiridilo) y observar si
la genotoxicidad disminuye.Para saber si alguno de los sistemas de reparacion del
ADN estan involucrados, podemos introducir de forma episomal en la mutante
sod1A sod2A genes involucrados en los principales sistemas de reparacion y
valorar si la tasa de mutacién disminuye. Incluso podemos seleccionar en la
mutante sod1A sod2A transformada con una libreria gendmica de C. glabrata
(construida en el laboratorio), supresoras que revirtieran el fenotipo de la doble
mutante. Es posible que pudiéramos encontrar genes de los sistemas de
reparacion o metabolismo del hierro.
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5. Perspectivas

Los resultados obtenidos durante mi doctorado nos permitieron conocer el
papel de las superoxido dismutasas de C. glabrata durante la respuesta a estrés
oxidante. Ademas, encontramos que estas SODs estan involucradas en otros
aspectos del metabolismo general de la levadura. Sod2 tiene un papel primordial
durante la fase estacionaria de C. glabrata, impidiendo el dafio oxidante debido a
la respiracion celular y evitando el envejecimiento de la levadura. Por otro lado,
Sodl ayuda al buen funcionamiento de la via de biosintesis de lisina. Nuestros
datos sugieren que Sodl evita el dafio oxidante a una o varias de las enzimas de
esta via. Esto debido a que probablemente contienen grupos Fe-S en su sitio
activo y que son blancos del superoxido. Ademas, tenemos evidencia de que las
SODs protegen al ADN del dafio oxidante.

Aunque hemos obtenido avances importantes sobre el estudio de las SODs
en C. glabrata, quedan varias preguntas aun sin resolver. Por ejemplo, seria
interesante poder identificar el blanco que es protegido por las SODs y que debido
a su oxidacién, las células de C. glabrata se vuelven auxétrofas a lisina. Nosotros
consideramos que es muy probable que no solo una enzima de la via de
biosintesis de lisina este siendo dafiada. Para poder descubrir la causa exacta de
la auxotrofia a lisina de la mutante en SODs de C. glabrata llevaremos a cabo los
siguientes experimentos: 1) medir la actividad de homoaconitasa en la doble
mutante sod1A sod2A de C. glabrata para clarificar si Lys4 (homoaconitasa) es o
no es la enzima oxidada. 2) Podriamos utilizar la libreria de C. glabrata con la que
contamos en el laboratorio para identificar genes que supriman la auxotrofia a
lisina. 3) Cuantificar los niveles de intermediarios en la via de biosintesis de lisina
para reconocer el punto en el cual se detiene la produccién de lisina en la doble
mutante sod1A sod2A de C. glabrata.

Otro tema muy interesante que sigue inconcluso es el papel de las SODs en
la proteccion al ADN. Estd demostrado que el superoxido dafia los grupos Fe-S de
algunas enzimas como por ejemplo la aconitasa y homoaconitasa. Este dafio
oxidante provoca la inactivacién de las enzimas. Las SODs tienen un papel clave
en la proteccion de las enzimas con grupos Fe-S. Recientemente, se ha
observado que proteinas involucradas en las vias de reparacion al ADN tienen
grupos Fe-S en su sitio activo. Por otra parte, las mutantes en SODs de C.
glabrata, S. cerevisiae y otros hongos son sensibles a genotéxicos y muestran
dafio al ADN (tasa de mutacion alta). Entonces, ¢a qué se debe el aumento de
tasa de mutacion espontanea en las mutantes de SOD de C. glabrata? La
explicacion mas estudiada es que la ausencia de SODs en la célula provoca un
aumento de especies reactivas de oxigeno (ERO), las cuales dafan directamente
el ADN. Pero nosotros pensamos en otra posibilidad que ain no hemos probado:
¢qué tal si las ERO en la célula dafian a las enzimas que contienen grupos Fe-S'y
que estan involucradas en las vias de reparacion al ADN? Si esto sucediera, se
podria explicar el dafio al ADN debido a que no es posible repararlo porque las
vias estan inactivas. Para probar esta hipotesis es necesario tener evidencias de
varios hechos: 1) identificar enzimas de las vias de reparacion de C. glabrata que
contienen grupos Fe-S. 2) Si este tipo de enzimas existen, entonces podriamos
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evaluar si estan activas o no en la doble mutante sod1A sod2A de C. glabrata. 3)
Correlacionar el tipo de mutaciones que se generan en esta mutante con la via de
reparacion que podria estar dafiada.

Sorpresivamente, hemos encontrado en este trabajo que las SODs no tiene
un papel en la virulencia de C. glabrata. Esto no concuerda con lo que se sabe en
otros hongos oportunistas patégenos como C. albicans y C. neoformans. Una
posibilidad es que las mutantes de SOD en C. glabrata colonicen los 6rganos de
ratdn al mismo nivel que la cepa parental debido a su efecto mutagénico. Hemos
pensado que si la doble mutante sodlA sod2A es capaz de mutar con mayor
frecuencia que la parental, entonces es posible que estas mutaciones permitan la
adecuada colonizacion en el ratdn. Por tanto seria conveniente evaluar el estado
de estas mutantes en el contexto in vivo. Podriamos evaluar si las mutantes de
SODs de C. glabrata generan mutaciones estando dentro del raton o en presencia
de macrofagos. Asi podriamos recuperar las células en contacto con ratones o
macrofagos y evaluar la integridad del ADN. Si encontrdramos mutaciones
podriamos también identificar los genes en los cuales sucedieron los cambios
genéticos y probar si estos genes estan involucrados en la colonizaciéon de C.
glabrata o si ayudan a las mutantes de SOD a sobrevivir a estas condiciones.
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6. Material y métodos

Cepas de E. coli
Las cepas utilizadas en este trabajo estan descritas en la Tabla 1.

Plasmidos

Marcela Cecilia Briones Martin del Campo

Todos los plasmidos usados en este trabajo estan descritos en la Tabla 2.

Oligonucledtidos
Los oligonucledtidos usados en este trabajo estan descritos en la Tabla 3.

Tabla 1. Cepas usadas en este trabajo

Cepa Parental Genotipo y/o descripcion Referencia o
fuente
Cepas de E. coli
DH10B F mcrA (mrr-hsdRMS-mcrBC) 80dlacZ M15 | (Calvin &
lacX74  deoR recAl endAl araD139 | Hanawalt,
(ara,leu)7697 galU galK rpsL nupG 1988)
Cepas de S. cerevisiae
BY4742 MATa his3A1, leu2A, lys2A, ura3A (Brachmann
et al., 1998)
L108 BY4742 MATa  his3A1, leu2A, lys2A, ura3l, | Coleccion del
sod1A::KanMX Kan® laboratorio de
Rine
L109 BY4742 MATa his3A1, leu2A, lys2A, ura34\, | Coleccion del
sod1A::KanMX Kan® laboratorio de
Rine
Cepas de C. glabrata
BG2 Aislado clinico (cepa B) (Fidel et al.,
1996)
BG14 BG2 ura3A::Tn903 G418%; parental Ura strain used | (Cormack et
in this study. al., 1999)
CGM139 BG14 URA3 (De Las
Penas et al.,
2003)
CGM527 ura3A:Tn903 G418% yaplA skn7A msn4A | (Cuellar-Cruz
msn2A::hph Hyg® et al., 2008)
CGM656 BG14 ura3A::Tn903 G418%; sod2A::NatMX4 Nat® Ura™ | Este trabajo
(PCR de fusion, oligonucleotidos #228/#229)
CGM787 | BG14 ura3A::Tn903 G418%; sod1A::NatMX4 Nat® Ura™ | Este trabajo
(PCR de fusion, oligonucleotidos #232/#233)
CGM927 | CGM656 | ura3A::Tn903 G418%; sod2A Nat® Ura’ Este trabajo
CGM937 CGM927 | ura3A::Tn903 G418%: sod2A sodlA::NatMX4 | Este trabajo
Nat® Ura®
(PCR de fusion, oligonucleotidos #232/#233)
CGM1080 | BG14 ura3A::Tn903 G418" pMB66 Ura® Este trabajo
CGM1082 | BG14 ura3A::Tn903 G418" pMB68 Ura® Este trabajo
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CGM1084 | CGM527 | ura3A:Tn903 G418% yaplA skn7A msn4A | Este trabajo
msn2A::hph Hyg" pMB66 Ura*

CGM1086 | CGM527 | ura3A:Tn903 G418% yaplA skn7A msn4A | Este trabajo
msn2A::hph Hyg® pMB68 Ura*

CGM1088 | CGM937 | ura3A::Tn903 G418% sod2A sod1A ::NatMX4 | Este trabajo
Nat® pMB66 Ura*

CGM1090 | CGM937 | ura3A::Tn903 G418" sod2A sodlA ::NatMX4 | Este trabajo
Nat® pMB68 Ura*

CGM1131 | CGM656 | URA3 sod2A Nat® Ura* Este trabajo

CGM1133 | CGM937 | URA3 sod2A sodl1A Nat® Ura* Este trabajo

CGM1146 | CGM787 | URA3 sod1A Nat® Ura® Este trabajo

CGM1256 | CGM835 | ura3A::Tn903 G418~ yaplA skn7A Hyg"™ pMB66 | Este trabajo
Ura”

CGM1258 | CGM385 | ura3A:Tn903 G418° msndA msn2A Hyg® | Este trabajo
pMB66 Ura*

CGM1276 | CGM835 | ura3A::Tn903 G418" yaplA skn7A Hyg"™ pMB68 | Este trabajo
Ura”

CGM1278 | CGM385 | ura3A:Tn903 G418° msndA msn2A Hyg® | Este trabajo
pMB68 Ura*

CGM1280 | CGM837 | ura3A::Tn903 G418 yaplA skn7A msn2A Hyg" | Este trabajo
pMB68 Ura*

CGM1282 | CGM477 | ura3A::Tn903 G418% yap1A skn7A msn4A Hyg® | Este trabajo
pMB68 Ura*

CGM1637 | CGM937 | ura3A::Tn903 G418% sod2A sod1A ::NatMX4 | Este trabajo
Nat® pMB131 Ura*

CGM1639 | CGM937 | ura3A::Tn903 G418" sod2A sodlA ::NatMX4 | Este trabajo
Nat® pMB101 Ura*

CGM1640 | CGM937 | ura3A::Tn903 G418% sod2A sod1A ::NatMX4 | Este trabajo
Nat® pMB127 Ura*

CGM1642 | CGM787 |ura3A:Tn903 G4187 sodlA::NatMX4 Nat® | Este trabajo
pMB101 Ura"

CGM1644 | BG14 ura3A::Tn903 G418% pMB131 Ura* Este trabajo

CGM1646 | BG14 ura3A::Tn903 G418 pMB142 Ura* Este trabajo

CGM1648 | CGM937 | ura3A::Tn903 G418" sod2A sodlA ::NatMX4 | Este trabajo
Nat® pMB101 Ura"

CGM1650 | CGM937 | ura3A::Tn903 G418%; sod2A sod1A Nat® Ura® Este trabajo

CGM1651 | CGM656 | ura3A::Tn903 G418" sod2A::NatMX4 Nat® | Este trabajo
pMB144 Ura®

CGM1653 | CGM937 | ura3A::Tn903 G418" sod2A sodlA ::NatMX4 | Este trabajo
Nat® pMB144 Ura*

CGM1663 | BG14 ura3A::Tn903 G418%; lys4A::NatMX4 Nat® Ura | Este trabajo
(PCR de fusion, oligonucleotidos #970/#972)

CGM1670 | BG14 ura3A::Tn903 G418° SOD1-GFP::hph Hyg" | Este trabajo
Ura’
(pPMB146/BstE 11-Sac 1)

CGM1672 | BG14 ura3A::Tn903 G418R SOD2-GFP::hph Hyg" | Este trabajo
Ura’
(pMB122/Blp 1)

CGM1688 | CGM166 | ura3A:Tn903 G418%; lys4A::NatMX4 Nat® | Este trabajo

3 pMB131 Ura®
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CGM1690 | CGM166 | ura3A:Tn903 G418%; lys4A::NatMX4 Nat® | Este trabajo
3 pMB142 Ura”
CGM1701 | CGM167 | ura3A::Tn903 G418% SOD1-GFP Hyg® Ura Este trabajo
0
CGM1703 | CGM167 | ura3A::Tn903 G418% SOD2-GFP Hyg® Ura’ Este trabajo
2
CGM1705 | CGM165 |ura3A:Tn903 G418 sod2A sodlA Nat® | Este trabajo
0 pMB131 Ura”
CGM1707 | CGM165 | ura3A::Tn903 G418%; sod2A sodlA Nat® | Este trabajo
0 pMB142 Ura®
CGM1717 | BG14 ura3A::Tn903 G418" pGRB2.0 Ura* Este trabajo
CGM1719 | BG14 ura3A::Tn903 G418" pGRB2.0 Ura* Este trabajo
CGM1721 | CGM787 | ura3A::Tn903 G418" sodlA:NatMX4 Nat® | Este trabajo
pGRB2.0 Ura”
CGM1723 | CGM656 | ura3A::Tn903 G4187 sodlA::NatMX4 Nat® | Este trabajo
pGRB2.0 Ura"
CGM1725 | CGM937 | ura3A::Tn903 G418% sod2A sod1A ::NatMX4 | Este trabajo
Nat® pGRB2.0 Ura*
CGM1734 | BG14 ura3A::Tn903 G418% pMB101 Ura* Este trabajo
CGM1736 | BG14 ura3A::Tn903 G418% pMB144 Ura* Este trabajo
CGM1738 | CGM170 | ura3A::Tn903 G418%; sod2A sod1A pMB142, | Este trabajo
7 pMB135 Ura® Nat®
CGM1740 | BG14 lys5A Hyg" Ura* (Castano et
al., 2003)
CGM1741 | BG14 lys9A Hyg® Ura® (Castano et
al., 2003)
CGM1742 | BG14 lys12A Hyg" Ura® (Castano et
al., 2003)
CGM1743 | BG14 lys14A Hyg" Ura* (Castano et
al., 2003)
CGM1749 | BG14 ura3A::Tn903 G418% pMB127 Ura® Este trabajo
CGM1751 | CGM787 | ura3A::Tn903 G418%; sodlA::NatMX4  Nat® | Este trabajo
pMB131 Ura"
CGM1753 | CGM787 | ura3A::Tn903 G418%; sodlA::NatMX4 Nat® | Este trabajo
pMB142 Ura®
CGM1795 | CGM937 | ura3A::Tn903 G418% sod2A sod1A ::NatMX4 | Este trabajo
Nat® pMB150 Ura*
CGM1797 | CGM937 | ura3A::Tn903 G418" sod2A sodlA ::NatMX4 | Este trabajo
Nat® pMB152 Ura"
CGM1799 | CGM937 | ura3A::Tn903 G418% sod2A sod1A ::NatMX4 | Este trabajo
Nat® pMB154 Ura*
CGM1816 | CGM937 | ura3A::Tn903 G418%; sod1A::NatMX4; SOD2- | Este trabajo
GFP::hph Hyg" Nat® Ura’, (pMB122/Blp 1)
CGM1817 | CGM937 | ura3A::Tn903 G418%: sod2A; SOD1-GFP::hph | Este trabajo
Hyg® Ura®
(pPMB146/BstE II)
CGM1885 | CGM787 | ura3A::Tn903 G418%; sodlA::NatMX4 Nat® | Este trabajo
pMB150 Ura”
CGM1887 | CGM787 | ura3A::Tn903 G418%; sodlA::NatMX4 Nat® | Este trabajo

pMB152 Ura®
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CGM1889

ura3A::Tn903 G418%: sodlA:NatMX4  Nat®

pMB154 Ura”

CGM787

Este trabajo

Tabla 2. Plasmidos usados en este trabajo

Plasmido

Genotipo y/o descripcién

Referencia
o fuente

Plasmidos

ara clonacién y construccion

pMB11

Vector de clonacion, sacB contra seleccion, Cm"® ori p15A

Coleccion
de
laboratorio

pGRB2.0

Vector de clonacion, pRS406 URA3 C.g.CEN ARS Ap®

(De Las
Penas et
al., 2003)

pGRB2.2

Vector de clonacion derivado de pGRB2.0, para fusiones con el
promotor PGK1 URA3 C.g.CEN ARS Ap~

(Domergue
et al., 2005)

pOZ16

Vector para marcar con GFP. Contiene un fragmento de 0.715
kb que codifica para GFP seguido de un fragment de 0.289 kb
de la secuencia no codificante CgCTAL1 3’ UTR y un cassette
hph. Los cassette CgCTAL 3’ UTR y hph estan flanqueados por
dos repetidos directos FRT para remover el marcador de
seleccion.

[GFP'FRT-3’UTRCQCTA;L'PSCPGK]_::hph::3’UTRSCH|53'FRT]
Hyg" Ap"

URA3

Coleccion
de
laboratorio

pMZ21

Contiene a FLP1 dirigido por el promotor EPAL de C. glabrata.
La Flp recombinasa expresada de este plasmido puede
reconocer los sitios FRT y reciclar el cassette hph.

URA3, Cg CEN ARS, Ap®

Coleccion
del
laboratorio
de
Cormack

pBC34.1

pUC19::CgURA3; fragmento 2.2-kb Pst I; Ap'

(Cormack
et al., 1999)

Plasmidos

ara complementacién

pMB101

Vector de complementacién de SOD1. Un fragmento de 1.469
kb Spe I/Sac | conteniendo el ORF de SOD1 y sus secuencias
no codificantes 5’y 3’ (oligonucledtidos #783/#1086) clonado en
PGRB2.0. URA3, Cg CEN ARS, Ap®

Este
trabajo

pMB144

Vector de complementacién de SOD2. Un fragmento de 2.225
kb Kpn I/Bam HI conteniendo el ORF de SOD2 y sus
secuencias no codificantes 5 y 3 (oligonucledtidos
#786/#1106) clonado en pGRB2.0. URA3, Cg CEN ARS, Ap®

Este
trabajo

pMB127

Vector de complementacién de SOD1 y SOD2. Un fragmento
de 2.225 kb Kpn I/Bam HI conteniendo el ORF de SOD2 y sus
secuencias no codificantes 5 y 3 (oligonucledtidos
#786/#1106) clonado en pMB101. URA3, Cg CEN ARS, Ap®

Este
trabajo

pMB131

Vector de complementacion de LYS4. Un fragmento de 2.070
kb Bam HI/Sal | conteniendo el ORF de LYS4 bajo el promotor
de PGK1l y el terminador 3 UTRsqysz (oligonucleétidos
#1121/#1122) clonado en pGRB2.2. URA3, Cg CEN ARS, Ap®

Este
trabajo

pMB142

Vector de complementacion de LYS4. Un fragmento de 3.3 kb
Bam HI/Sac | conteniendo el ORF de LYS4 y sus secuencias

Este
trabajo
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no codificantes 5’y 3’ (oligonucledtidos #1119/#1120) clonado
en pGRB2.0. URA3, Cg CEN ARS, Ap®

pMB150

Vector de complementacion de LYS12. Un fragmento de 1.119
kb Xho I/Spe | conteniendo el ORF de LYS12 bajo el promotor
de PGK1l y el terminador 3'UTRseyss (oligonucledtidos
#1131/#1134) clonado en pGRB2.2. URA3, Cg CEN ARS, Ap®

Este
trabajo

pMB152

Vector de complementacion de LYS20. Un fragmento de 1.296
kb Xho I/Spe | conteniendo el ORF de LYS20 bajo el promotor
de PGK1l y el terminador 3'UTRseyss (oligonucledtidos
#1143/#1146) clonado en pGRB2.2. URA3, Cg CEN ARS, Ap®

Este
trabajo

pMB154

Vector de complementacion de LYS21. Un fragmento de 1.314
kb Xho I/Spe | conteniendo el ORF de LYS21 bajo el promotor
de PGK1l y el terminador 3'UTRseyss (oligonucledtidos
#1155/#1158) clonado en pGRB2.2. URA3, Cg CEN ARS, Ap®

Este
trabajo

Para etiquetar con GFP

pMB122

Vector con la fusion traduccional SOD2-GFP. Un fragmento de
1.07 kb BamH I/Spe | conteniendo el ORF de SOD2 sin codén
de paro (oligonucleétidos #961/#962) y un fragmento de 0.993
kb Xho I/Kpn | de la secuencia no codificante SOD2 3’
(oligonucleétidos #1100/#518) clonado en pOZ16. El fragmento
del ORF de SOD2 fue puesto en fase con el epitope GFP.
[SODZ::GFP-FRT-3’UTRCQCTA1-PSC|:GK1::hph::3’UTRscH|53-FRT-
3'UTRson]

URA3 Hyg" Ap®

Este
trabajo

pMB146

Vector con la fusion traduccional SOD1-GFP. Un fragmento de
0.706 kb BamH 1/Spe | conteniendo el ORF de SOD1 sin codén
de paro (oligonucledtidos #958/#959) y un fragmento de 0.677
kb Cla I/Pvu Il de la secuencia no codificante SOD1 3’
(oligonucledtidos  #1101/#1084) clonado en p0OZ16. EI
fragmento del ORF de SODL1 fue puesto en fase con el epitope
GFP.
[SOD1::GFP-FRT-3'UTRcgcra1-Pscraki::hph::3'UTRseriss-FRT-
3'UTRsop1]

URA3 Hyg" ApF

Este
trabajo

pMB66

Vector con la fusién transcripcional SOD1-GFP. Un fragmento
de 1.7 kb Kpn I/Sac | conteniendo el ORF de GFP y las
secuencias no codificantes 5’ (oligonucledtidos #781/#780) y 3’
(oligonucleétidos #782/#783) de SOD1 clonado en pAP353.
URA3, Cg CEN ARS, Ap®

Este
trabajo

pMB68

Vector con la fusion transcripcional SOD2-GFP. Un fragmento
de 2.2 kb Kpn I/Sac | conteniendo el ORF de GFP vy las
secuencias no codificantes 5’ (oligonucledtidos #786/#784) y 3’
(oligonucledtidos #787/#785) de SOD2 clonado en pAP353.
URA3, Cg CEN ARS, Ap®

Este
trabajo
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Tabla 3. Oligonucleodtidos usados en este trabajo

Primer Secuencia Descripcién o
sitio de
restriccion (s)
224 CACGGCGCGCCTAGCAGCGGCGTTTCCTTGTAATGTA | -
TACCTCTG
226 GTCAGCGGCCGCATCCCTGCGCTAATTTTTTCTTCAA | -
CTCTCTC
228 GCAATATGCCAACCCTTG -
229 GATTTATGTGGTTTGTAGTATCGAAA -
230 GTCAGCGGCCGCATCCCTGCCTACCACCAGCTGCCA | -
GC
231 CACGGCGCGCCTAGCAGCGGTTTCTATTGTAGTAGTC | -
TTTTTATTTGG
232 TTGGATGGCGTTATGGAGTGC -
233 GTCCTTGCCGAGCTCGAA -
518 CTGGTTCAGCTTTCCGACG -
780 GCGTGTCGACTATTGTAGTAGTCTTTTTATTTGG Sal |
781 GCCGGTACCGCAGTGTGAGCAAAC Kpn |
782 TTGGGATCCACCAGCTGCCAGC BamH [, Xho |
783 CCTGAGCTCTAGGGGTGGTGAAAAGG Sac |
784 CGTGTCGACGTTTCCTTGTAATGTATACCTC Sal |
785 CCTGAGCTCGATTGTAGTTGGAACAAGG Sac |
786 GCCGGTACCGTTGGCCAGGAATAAG Kpn |
787 CTCGGATCCATTAGCTAATTTTTTCTTCAACTCTCTC BamH |
961 TATACTAGTCTGGCCAAACTTGCTTAG Spe |
962 GTAGGATCCGTTTAGTGACTTTGGATGTTTCG BamH |
970 CACTCTGAGGAAGACACTGC -
972 GAGCATATCCGTGTATGTGG -
975 GCTCGTCTCTCTGATTTGG -
976 CTTTGAACCCATTCTACCC -
958 TATACTAGTCTACCCACCCAAGAATG Spe |
959 GTAGGATCCGGTTGGTTAGGCCGATGACACC BamH |
1084 CGGGGTACCAATGGCAGAGCTTGG Kpn |
1086 TAAACTAGTGTGAGCAAACCCG Spe |
1100 ATTCTCGAGCCACCAGCTGCCAGCG Xho | and Pvu Il
1101 CTCCTCGAGATTAGCTAATTTTTTCTTCAACTCTCTC Xho |
1106 ATTGGATCCGATTGTAGTTGGAACAAGG BamH |
1119 GCGGGATCCAGTTTTGCACAGAAAGG BamH |
1120 CTTGAGCTCAATTCGGCTTTCAACC Sac |
1121 GCAGGATCCATGGTGGTACTGCGTAGGTC BamH |
1122 GTAGTCGACTCACAATTGAGACTTGACCC Sal |
1131 TAAACTAGTATGCTAAGAGGAAGTGCTACTAG Spe |
1134 ATCCTCGAGTTATATCTTGGACAAGATGTCG Xho |
1143 TAAACTAGTATGACCGCAAATAATAATCC Spe |
1146 ATCCTCGAGTTAATCAACTCTTGCTTTCTTTTG Xho |
1155 TAAACTAGTATGGATCAATACCAACAAGTAAC Spe |
1158 ATCCTCGAGTTATTGGGATAGCTTAGATTTCTTC Xho |

-80 -




Las superdxido dismutasas de C. glabrata Marcela Cecilia Briones Martin del Campo

Medios de cultivo

El medios de cultivo para bacteria utilizado fue Luria-Bertani (LB) el cual contiene
extracto de levadura 5g/L y triptona 10g/L, NaCl 10g/L. Para medio sélido afadir
agar 15g/L. Cuando fuese necesario se suplemento con carbenicilina 100ug/ml o
cloranfenicol 20ug/ml, y/o sacarosa 5%. Para recuperar las bacterias recien
transformadas con ADN se utilizo el medio de cultivo SOC, el cual contiene
extracto de levadura 5g/L, triptona 20g/L, NaCl 10mM, KCI 2.5mM, MgSO4 10mM
y MgCl, 10mM. Después de esterilizarlo se suplemento con glucosa 0.4%.

Los medios de cultivo para levadura utilizados en este trabajo fueron: Medio YPD
gue contiene extracto de levadura 10 g/L, peptona 20 g/L y suplementado con
glucosa 2%. Para los experimentos en fuentes de carbono no fermentables se
sustituyo la glucosa por glicerol 2% o etanol 2%. Para medio solido se afiadié agar
2% y se suplementaron con nourseotricina (Werner agentes biolégicos) 100 mg/L
(Nat100), o higromicina B (AG Cientifico) 460 mg/L (Hyg460), o penicilina (100 U)-
estreptomicina (100 mg/L) (Gibco BRL). EI medio completo sintético (SC) se
compone de YNB sin sulfato de amonio, (NH4).SO,4 5g/L, suplementado con
casaminoacidos 0,6% y glucosa 2%. De ser necesario se le afiadié uracilo 25
mg/L, &cido 5-fluoroorético (5-FOA, Toronto Research Chemicals) 1.1g/L para
cajas de 5-FOA, o éacido 5-fluroantranilico (5-FAA, Sigma Aldrich) 0,5 g/L para
cajas de 5-FAA. El medio SD estéa constituido por base de nitrégeno de levadura
sin sulfato de amonio, (NH4).SO,4 5g/L, y se suplemento6 con glucosa 2% y, cuando
fue necesario, con uracilo 25 mg/ L y/o lisina (30 0 120 mg/L, Sigma Aldrich).

Transformaciones

Todos los plasmidos construidos se introdujeron en Escherichia coli DH10 por
electroporacion {Ausubel, 2000 #1}. Las transformaciones de levadura con ADN
de plasmido lineal o superenrollado se realizaron con el método de acetato de litio
como se describe a continuacion: las cepas a transformar con ADN se crecieron
durante una noche en medio YPD o SC. Con estos cultivos se inocul6 50ml de
medio fresco (YPD o SC) hasta llegar a una ODgponm de 0.8. Se centrifugaron y se
lavaron con agua grado mQ y acetato de litio 0.1M para obtener un boton de
células competentes para transformacion resuspendidas en 300uL de acetato de
litio 0.1M. Ademas se preparo la mezcla de transformacion la cual consta de:
240uL de polietilenglicol 50%, 36uL de acetato de litio 1M, 25uL de esperma de
salmén de cadena sencilla 2mg/mL desnaturalizado con calor y el ADN a
transformar (alrededor de 500ug). Se mezclaron 50uL de las células competentes
y con la suspension de ADN y se incub6 a 30°C durante 45 min. Al término de la
incubacion se afadio 45uL de DMSO vy se incub6 nuevamente a 42°C, 15 min. La
suspension de transformacion se centrifugo y el boton de células transformadas
con el ADN se re suspendié en 600uL de agua mQ (para seleccionar Ura+) o en
1mL de YPD (para seleccionar resistencia a antibioticos). Para seleccionar las
transformantes, sembrar en medio solido SC (transformantes Ura+) o en medio
solido YPD Nat100 o Hyg460. Incubar a 30°C durante 2 dias. Las transformantes
obtenidas se estrian en medio solido de seleccion correspondiente para ser
purificadas. Para diagnosticar que la transformacién del ADN fue exitosa, se lleva
a cabo una PCR de colonia o a partir de ADN extraido de cultivos de las
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transformantes. Seleccionar dos clonas diferentes para cada transformacion y
guardarlas a-80°C en glicerol 10%.

Extraccion de ADN
a) Purificacion del ADN por extraccion con fenol-cloroformo-alcohol isoamilico y

precipitacion con etanol

Para purificar ADN de digestiones, ligaciones o algun otra reaccién de biologia
molecular. La mezcla de ADN se lleva a un volumen final de 100uL con agua mQ.
Se le afiaden 32uL de acetato de amonio 9M para una concentracion final de 2.5M
y 128uL de Fenol-Cloroformo-lsoamilico 24:24:1 (v/v). Centrifugar para separar
fase acuosa y transferirla a un tubo con 1uL de glicogeno. Anadir 2.5 volumenes
de etanol 100% e incubar a -20°C por 30 minutos. Centrifugar y descartar el
sobrenadante. Lavar la pastilla de ADN con 1ml de etanol 70% y centrifugar y
descartar el sobrenadante. Secar la pastilla incubando a 50°C. Resuspender la
pastilla en 50uL de Tris-HCI 10mM pH 8.

b) Extraccion de ADN plasmidico

Los plasmidos de cultivos bacterianos se extrajeron y purificaron con el kit de
Qiagen Mini Prep o con el kit Wizard ADN purification® (Promega, para aislar ADN
plasmidico de volimenes grandes). Para extraer ADN de geles de agarosa, se us6
el kit Gel Extraction QIAquick®. Para purificar productos de PCR, se us6 el kit PCR
Purification QIAquick®.

c) Extraccion de ADN gendémico de levadura

Para extraer ADN gendmico se cultivaron las levaduras durante una noche en
medio YPD. Este cultivo se centrifugo, se descarto el sobrenadante y el boton de
células se resuspendieron en 500uL de solucion A la cual contiene Tris 0.05M,
EDTA 0.01M, NaCl 0.15M, Triton 1% y SDS 1%. Después de mezclar, se adiciono
500uL de Fenol-Cloroformo-Isoamilico 24:24:1 (v/v), se agito durante 6 minutos y
se incubo a 44°C por 30 minutos. Después se centrifugo la mezcla para separar la
fase acuosa y adicionarle 50pL de la solucion A sin SDS y 0.3uL de coctel de
RNAsa. Esta mezcla se incubo a 44°C por 30 min. Para precipitar el ADN se
adicion6 1mL de etanol 100% y se centrifugo. El boton de ADN se lavo con 1mL
de etanol 70% y se resuspendio en 150uL de Tris-HCI 20mM pH 8.

Construccion de fusiones transcripcionales de SODs con GFP

Los plasmidos usados para las fusiones transcripcionales fueron construidos por
amplificacion de las secuencias promotoras (5° UTR) y terminadoras (3'"UTR) de
los genes de SOD a partir del ADN gendmico de la cepa BG14. Se amplifico el
promotor de SOD1 con los oligonucledtidos #781/#780, y de SOD2 con
#786/#784. Los oligonucledtidos para el 3’'UTR de SOD1 fueron #782/#783, y
para SOD2 #787/#785. Estos fragmentos fueron clonados en el pAP353 que
contiene el gen reportero GFP para generar los plasmidos Psop1::GFP::3"UTRsop1
(PMB66) y Psop2::GFP::3"UTRsop2 (pPMB68). Cada fusion se transformo en la cepa
parental, la doble mutante sod7A sod2A y en las mutantes dobles, triples y
cuédruples en los factores de transcripcién de estrés Yapl, Skn7, Msn2 y Msn4.
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Las transformantes fueron seleccionadas en medio solido de SC. Para cada
transformacion, dos clonas distintas se obtuvieron y guardaron a -80°C.

Ensayo de envejecimiento (CLS)
a) Material:

Tubos de vidrio delgados para "tubos de envejecimiento” estaran 14 dias en
el roller a 30°C.

Tubos gordos de vidrio con 2ml de agua para lera dilucion OD= 0.5.

Tubos Ependorfs con 1ml de YPD, etiquetados.

Placas de Bioscreen.

YPD liquido, alicuotas de minimo 30 ml. Una alicuota por dia de muestreo
(dia 2, 3, 4,5, 7,9, 11, 14. Es decir 8 dias de muestreo = 8 alicuotas cada
una de 30 ml YPD). El volumen de las alicuotas depende del nimero de
cepas que se analizaran.

Agua MQ.

Pipeta de repeticion, puntas de 50 ml y de 1 ml (1 punta para cada dia de
muestreo).

Puntas azules y amarillas o blancas.

Celdas para OD.

Vasos de precipitado estériles (1 vaso por dia, se utilizaran para tomar el
YPD y el agua en la pipeta de repeticion).

Laptop con Excel

Espectrofotdmetro

Campana de extraccion

Vortex

Balanza granataria

NO usar centrifuga.

b) Procedimiento general:

Nota importante: seguir los pasos igual en todas las tomas de muestra, no
variar nada. Mismo tipo de puntas, mismos volumenes etc.

Poner un overnight de las cepas en medio minimo (glucosa, YNB,
sulfato de amonio y si es necesario uracilo).

Inocular la SP de las cepas en tubos de vidrio delgado con 5ml de medio
minimo.

Colocar los tubos de SP en el roller a 30°C. Ahi se quedaran aprox. 14
dias. La incubadora debe estar hUmeda: colocar un traste con agua.
Tomar muestras cada 2 dias mas o menos. De preferencia tomar
muestra diariamente los primeros 5 dias porque es importante tener las
primeras viabilidades de las cepas ya que seran el punto de referencia
para los calculos: 2, 3, 4,5, 7,9, 12, 14 dias.

-83-



Las superdxido dismutasas de C. glabrata Marcela Cecilia Briones Martin del Campo

v. Analisis de datos de Bioscreen en los software: Excel y Graph Pad
Prism.

Nota importante: Antes de comenzar la toma de muestra cada dia, procurar no
sacar los "tubos de envejecimiento” del roller hasta no tener listo los tubos
ependorfs con 1ml YPD vy los tubos gordos de vidrio con 2ml de agua. (Para
evitar cold shock).

c) Protocolo:
i.  Alicuotar 2ml de agua en los tubos de vidrio gordos.
i.  Alicuotar Iml de YPD en los tubos Ependorf etiguetados. Usar una
alicuota de 50ml de YPD, pipeta de repeticion y punta de 50ml.
ii. Pesar los "tubos de envejecimiento” (Peso inicial)
iv.  Medir las OD a tubos de envejecimiento (suponemos que los triplicados
tienen OD parecida). Este paso solo se hara en el ler dia de muestreo.
v.  Supongamos que la OD de los tubos es de: 20. Entonces tomar 50ul de
cada "tubo de envejecimiento" y colocarlo en el tubo de vidrio gordo que
contiene 2ml de agua para generar una dilucion a 0.5.
vi. ~ Pesar los "tubos de envejecimiento” (Peso final)
vi. Regresar los tubos de envejecimiento al roller.
vi.  Medir las ODs a la dilucion 0.5 tomando 1ml de los 2ml de la dilucién
(hecha en el paso 4).
ix.  Registrar las OD en Excel (estaran alrededor de 0.5)
x. ~ Toma aprox. 20ul y los colocarlos en los ependorfs que tienen 1ml de
YPD (2da dilucién = 0.01 de OD).
xi. —De estos ependorfs tomar 300ul para colocarlos en los pozos de la caja
de Bioscreen, por duplicado.
xi. ~ Programar el Bioscreen a 30°C, 420-480nm wideband, 20min/lectura,
shaking maximo.

Para la toma de muestras de los siguientes dias hay que ajustar el volumen de
agua que se evaporo en la incubacion en el roller: es decir, mantener el volumen
de los tubos de envejecimeinto constante durante todo el experimento. Entonces:
Realizar pasos 1, 2 y 3 del protocolo. El paso 4 ya no se hace. Calcular cuanta
agua hay que afadir, antes de continuar con el paso 5:

Volumen de agua a afadir = (Peso final de la toma de muestra anterior - peso
inicial de la toma de muestra de hoy).

Ejemplo: volumen de agua a afiadir al tubo #17 en la toma de muestra dia 3 =
(Peso final del dia 2 es 5.2 g - peso inicial del dia 3 que es 5.05 g) = 0.15
g = 150 uL de agua a afnadir.

Despues, adicionar el volumen de agua a todos los tubos usando pipeta de
repeticion. Y por ultimo, continuar con los pasos del 5 al 12 del protocolo.
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Expresion de GFP por analisis de FACS

Cultivos saturados de las cepas en medio SC crecieron hasta FE o se diluyeron en
medio fresco (inicio de FL). GFP se utilizé como gen reportero para medir la
actividad de los promotores de SOD1 y SOD2. Las células de levadura se lavaron
con PBS y se resuspendieron en 1 ml de PBS y la fluorescencia se evalu6 por
FACS andlisis utilizando un flujo Beckman Coulter citbmetro. La fluorescencia
indicada es la salida directa del canal FL2 (deteccién de fluorescencia verde) sin
compensacion. En algunos experimentos la fluorescencia se normalizo con
respecto a la cepa parental. Se analizaron un total de 10.000 células por cada
muestra.

Extraccion de proteinas

Las cepas fueron crecidas a 30°C in medio SC hasta FE. Las proteinas se
aislaron por homogeneizacion de las células con perlas de vidrio en 0,3 ml de
tampon de lisis (1 x PBS suplementado con 1 x inhibidores de la proteasa
generales [Sigma Fast ®]). Las células se rompieron por agitacion a 4 ° C durante
1 min y se colocaron en hielo durante otro minuto (repetido 15 veces) y los lisados
se centrifugaron a 25 200 x g. durante 15 min a 4 ° C para eliminar los desechos
celulares y perlas de vidrio. El sobrenadante se utilizd6 para medir la actividad de
SOD vy su contenido proteico usando el ensayo de Bradford (Fermentas ®) (54). La
albumina sérica bovina de Sigma se utiliz6 como estandar.

Cuantificacion de la actividad total de SOD

La actividad total de SOD se cuantifico en extractos proteicos de cultivos en FE 0
en FL y fue determinada espectrofotométricamente con el método colorimétrico de
WST-1 (Peskin & Winterbourn, 2000) (SOD assay, for the measurement of
superoxide dismutase (SOD) inhibition activity, cat. no. kt-019, Kamiya B
Biomedical company; Superoxide dismutase activity kit catalog # 900-157
www.assaydesigns.com) que se describe a continuacion. El superéxido reduce el
WST-1 y forma un compuesto de color llamado formazan que se detecta a 450nm
en un lector de placas y se cuantifica. La presencia de SOD en la reaccién elimina
el superoxido y por lo tanto inhibe la produccién de formazan. Se determino la
IC50 (50% de la actividad de inhibicion de la SOD) para cada muestra y se calcula
la actividad de SOD. Una unidad es definida como la cantidad de SOD requerida
para inhibir el 50% de la taza de formacion del formazan.

Preparacion de Soluciones Stock: La solucién de WST-1 10mM contiene 0.03257¢g
de WST-1 en 5ml de agua mQ. Se aliquotd y guardo a -20°C en obscuridad. La
enzima Xantina Oxidasa (XO) 255mU/ml se obtuvo al diluir 25puL de XO en 1ml de
Tris 50mM, se mezclo el reactivo antes usarse para evitar separacion de fases.
Esta solucion se preparé al momento de usarla y se mantuvo en hielo. Se preparo
una solucion de SOD (Sigma) a 6ng/uL para hacer la curva de estandares. Para
preparar 100ml del buffer de ensayo 10x: se mezclaron 5 ml de Tris 1M pH 8.5,
0.039g DTPA (diethylenetriamine-pentaacetic acid) y 0.0136g hipoxantina. Se filtro
y guardo en la obscuridad a 4°C (vigencia 3meses). La solucién de catalasa
2mg/ml contiene 0.01g de catalasa (Sigma) en 5ml de PBS. Se alicuoto y guardo
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4°C. Preparar mezcla de reaccion: Buffer de ensayo 1x, WST-1 50uM y catalasa
0.01mg/ml y suplementar al momento con XO 4.5mU/ml (1mU/pozo).

Preparacion de los controles de reaccién: Se prepararon tres diferentes controles:
C1, C2 y C3. El control C1 contiene: 200uL de la mezcla de reaccién con XO y
10uL de PBS. El control C3 contiene: 200uL de la mezcla de reaccion sin XO vy
10uL de PBS. El control C2 contiene: 200uL de la mezcla de reaccion sin XO y
10pL de extracto proteico. Cada muestra tiene su propio C2.

Preparacion de los estandares de SOD: Se prepararon soluciones 0.075, 0.15,
0.3, 0.6 y 1.2ng/uL de SOD, usando el stock de 6 ng/pL, a un volumen final de 100
puL. Se tomaron 8L de cada solucion y se colocaron en la placa de pozos, para
obtener los estandares: 0, 0.6, 1.2, 2.4, 4.8 y 9.6ng de SOD.

Preparacion de las muestras: Se diluyeron los extractos proteicos de la cepa
parental y las mutantes en SOD para obtener 0.01, 0.02, 0.04, 0.08, 0.1, 0.2,04 y
0.8ug/uL por muestra. Se tomaron 10uL de estas diluciones y se colocaron en la
placa de pozos para obtener el rango de 0.1, 0.2, 0.4, 0.8, 1, 2, 4 y 8ug/pozo por
muestra.

Procedimiento general: Se colocaron por duplicado los extractos proteicos de las
muestras y los estandares de SOD en la placa de pozos. Se comenzd la reaccion
al afadir 200uL de la mezcla de reaccién suplementada con XO a todos los pozos
excepto a los controles C2 y C3 (controles sin XO). Se mezclo el contenido de los
pozos y se observo la aparicibn de un color amarillo (formazan). Se incubo la
placa de pozos en el lector de placas a 25°C, se hicieron lecturas de Abs a 450nm
cada 2 min durante 20 min.
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FIGURA 17. Cambio en la absorbancia a 450 nm vs el tiempo para los estandares
de SOD

Andlisis de datos: graficamos la Abs de los estandares de SOD vs tiempo (min).
La curva de los estandares de SOD se utiliza como control positivo para verificar
que el ensayo esta funcionando, no para calcular las unidades de SOD en las
muestras. Determinamos el % de inhibicion de la reaccion en las muestras al
aplicar la formula:

Taza de inhibicion, % = {[(Abs C1 - Abs C3) - (Abs muestra - Abs C2)] / (Abs C1 - Abs
C3)} * 100
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Graficamos la taza de inhibicion, % vs Log (ug de muestra en c/pozo), calculamos
la ecuacién de regresion lineal y obtenemos los pg de muestra cuando la taza de
inhibicién es 50% (IC50). Una unidad de SOD se define como la cantidad de
enzima que inhibe en un 50% la tasa de formacién de formazan. Asi, la actividad
de SOD (U/mg de proteina) en las muestras es igual a {1/ [anti Log (ug de muestra
al 50% inhibicién)]}*1000.

Zimogramas de actividad para SOD

Extractos proteicos de cultivos en FE se usaron para determinar la actividad de
SOD. Entre 30 y 50 mg de proteina total se separaron en geles de poliacrilamida
al 12% en condiciones no desnaturalizantes. Los geles se corrieron a 30 mA
durante 3 h en una celda Miniprotean Il (Bio-Rad). La actividad de SOD se revel6
al tefiir el gel con nitroazul de tetrazolio (NBT) y riboflavina (Beauchamp &
Fridovich, 1971). Brevemente, después de la electroforesis, el gel se enjuagd con
agua destilada y se incub6 inmerso en una solucion NBT (0.6mg/ml) durante 15
min en agitacion constante y obscuridad. Se traslado a otra solucion conteniendo
90 pL de TEMED y 200 pL de riboflavina 1mg/ml (conc. final de 10pg/ml, 4°C y
proteger de la luz) en un volumen total de 20mL en agua destilada. Se incubo
durante 15 min en agitacion y obscuridad. Por dltimo, el gel se expuso a la luz en
agitacion constante hasta la aparicion de bandas descoloridas (actividad de SOD
in situ) sobre un fondo azul.

Soluciones para preparar y correr geles de poliacrilamida no desnaturalizantes:
Solucion 30% acrilamida / 0.8% bisacrilamida contiene una mezcla de 30g de
acrilamida y 0.8g de bisacrilamida en agua destilada a un volumen total de 100ml.
Filtrar (poro de 0.45um) y guardar a 4°C en la obscuridad. Precaucion el
monomero de acrilamida es neurotoxico.

El Tris 2M a pH 8.5 contiene 36.33g de trizma base disuelto en 80ml de agua
destilada. Ajustar pH a 8.5 con HCL 6N y aforar a 150ml. Guardar a 4°C.
Persulfato de amonio 10%.

El buffer de corrida 5x contiene 15g de trisma Base y 72g de glicina aun volumen
total de 1L de agua mQ. Dura un mes a 4°C.

Cuantificacion de superéxido

Las cepas se crecieron en medio SD suplementado con 120mg / | de lisina durante
48 h a 30 °C. Los niveles de superdxido se cuantificaron con la sonda dihidroetidio
(DHE) por dos protocolos diferentes: micro-espectro-fluorometria y citometria de
flujo (FACS). Brevemente, se recolectaron 2x 10" células por centrifugacion y el
boton se lavo una vez con PBS. Se resuspendieron en una solucion de DHE,
200uM para fluorometria y 50uM para FACS, se incubaron durante 10 min en la
oscuridad. Se lavaron con PBS y se registro la fluorescencia (DHE: Aex = 485 nm,
Aem = 595 nm) y absorbancia. Los datos de fluorescencia obtenidos por
fluorometria se normalizaron usando los valores de los controles sin tefiir. Los
resultados se expresan en unidades de fluorescencia relativa por absorbancia
(RFU/ADbS). Los datos de fluorescencia evaluados por FACS se analizaron usando
el citbmetro de flujo FACSCALIBUR BD. La fluorescencia de DHE indicada es la
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salida directa del canal FL3 (deteccion de fluorescencia roja) sin compensacion.
Se analizaron un total de 10.000 células por cada muestra.

Microscopia de fluorescencia

Las cepas se crecieron en medio YPD hasta FE o FL a 30°C. El boton de 1ml de
células se lavé una vez con PBS y se resuspendieron en 0,5 ml de PBS. Las
suspensiones celulares se incubaron durante 10 min con 40 ng/ml de DAPI (4, 6'-
diamino-2-fenilindol), DAPI 500ng/ml (para visualizar ndcleos) o con 40 nM de
MitoTracker (para visualizar mitocondrias). Las células se lavaron y analizaron
directamente por microscopia de fluorescencia empleando un microscopio Axio
Imager.M2 (Carl Zeiss, Inc.) y usando un objetivo de 100X. Las imagenes fueron
analizados con el software de procesamiento de imagenes AxioVision v 4.8.2.0.

Ensayo de unién de extremos no homélogos vivo (NHEJ)

Fue hecho como se describe previamente (Rosas-Hernandez et al., 2008).
Brevemente, el plasmido pGRB2.0 (CEN ARS URAB3) fue linealizado con BamH | o
Sma | para generar extremos cohesivos 0 romos, respectivamente. Este ADN
lineal y el plasmido sin cortar se transformaron en la cepa parental (CGM1), y en
las mutantes sod1A (CGM787), sod2A (CGM656), y sodlA sod2A (CGM937).
Diluciones seriadas fueron sembradas en medio SC e incubadas a 30°C durante 2
dias. Las transformantes se contaron y la eficiencia relativa de uniéon de extremos
no homélogos se calculo como sigue. EI nimero de transformantes obtenidas con
plasmido linealizado se dividio entre el numero de transformantes obtenidas con el
plasmido superenrollado. La eficiencia de la cepa parental (del plasmido digerido
con Bam HI) se normalizo a 1.0.
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