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ABSTRACT OF THE DISSERTATION

Exploring Candida biology through integration of proteomic and genetic approaches
By
Selma S. Alkafeef
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2018

Professor Haoping Liu, Chair

Candida albicans is a common opportunistic fungal pathogens of humans. As
such, it faces challenges unique to host-dwelling organisms and has evolved
mechanisms that allow it to thrive in the constantly changing environment of the human
host. In this dissertation we sought to address two such mechanisms of C. albicans
biology.

C. albicans can undergo phenotypic switching between two heritable states:
white and opaque. This phenotypic plasticity facilitates its colonization in distinct host
niches. The master regulator WOR1 is exclusively expressed in opaque phase cells.
Positive feedback regulation by Wor1 on the WOR1 promoter is essential for opaque
formation, however the underlying mechanism of how Wor1 functions is not clear. In
Chapter 3, we use tandem affinity purification coupled with mass spectrometry to
identify Wor1-interacting proteins. Tup1 and its associated complex proteins are found
as the major factors associated with Wor1. Tup1 occupies the same regions of the

WOR1 promoter as Wor1 preferentially in opaque cells. Loss of Tup1 is sufficient to

Xii



induce the opaque phase, even in the absence of Wor1. This is the first such report of a
bypass of Wor1 in opaque formation. These genetic analyses suggest that Tup1 is a
key repressor of the opaque state and Wor1 functions to alleviate Tup1 repression at
the WOR1 promoter. Opaque cells convert to white en masse at 37°C. However, we
find this conversion occurs only in the presence of glycolytic carbon sources, and the
opaque state is stabilized when cells are cultured on non-glycolytic carbon sources,
even in an MTLa/a background. We further show that temperature and carbon source
affect opaque stability by altering the levels of Wor1 and Tup1 at the WOR7 promoter.
We propose that Wor1 and Tup1 form the core regulatory circuit controlling the opaque
transcriptional program. This model provides molecular insights on how C. albicans
adapts to different host signals to undergo phenotypic switching for colonization in
distinct host niches.

Iron is an essential molecule involved in a myriad of biological processes.
Despite its essential role as a cofactor, excess iron can become toxic through the
generation of reactive oxygen species. As a fungal pathogen of humans, C. albicans is
subject to a wide range of iron levels encountered in the human host. Consequently,
iron homeostasis is essential for survival and is tightly controlled by a regulatory circuit.
Glutaredoxins are a conserved family of proteins involved in maintaining cellular redox
homeostasis as well as the biogenesis of iron-sulfur clusters, cofactors linked to diverse
biological processes including metabolism, DNA maintenance, transcriptional regulation,
and protein translation. In Chapter 4, using a combination of functional genetics,
molecular biology, and cross-linked tandem affinity purification coupled with mass

spectrometry, we assess the function of the conserved monothiol glutaredoxin Grx3. We
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examined the function of four identified C. albicans glutaredoxins in response to
oxidative and iron stresses and found a grx3 mutant to be sensitive to iron level. The
grx3 mutant was defective in the expression of the iron-regulatory circuit genes Sfut,
Sef1, and Hap43 in response to iron status. We determined that Grx3 interacts with
Sfu1 and regulates its occupancy at SEF1 promoter. Grx3 was also found to contribute
to Sef1 nuclear localization and Hap43 activity. Therefore, Grx3 directly controls the
activity of the iron homeostasis regulatory circuit. Identification of Grx3 interacting
proteins by mass spectrometry uncovered proteins enriched for several functional
categories, including those involved in various metabolic and biosynthetic pathways
such as redox homeostasis, amino acid and nucleotide metabolism, protein translation,
tRNA aminoacylation DNA maintenance and repair, iron-sulfur biogenesis, and iron
homeostasis. We validate some of these findings and show that the grx3 mutant is
hypersensitive to oxidative, nitrosative and genotoxic stresses and shows decreased
translational efficiency compared to wild-type. Finally, we show the grx3 mutant displays
decreased virulence in a disseminated infection model. Therefore, we propose C.
albicans Grx3 is a global iron sensor critical for both the regulation of the iron
homeostasis circuit as well as the functions of iron-sulfur cluster containing proteins

involved in a wide array of diverse biological processes.
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CHAPTER 1

Introduction

Candida albicans: an opportunistic pathogen of humans

Candida albicans is an exceedingly common opportunistic fungal pathogen. It
can be found in the mouth, gastrointestinal and urogenital tracts, and skin of its human
hosts. In the healthy, C. albicans poses no risk and generally lives a commensal
lifestyle. However, in the immunocompromised C. albicans can become pathogenic and
result in serious infection, with a mortality rate of up to 40% in the case of disseminated
systemic infections [1]. In fact, Candida infections are one of the most common hospital
acquired infections, and antifungal resistance remains a consistent problem and a
critical area of ongoing research [2]. One aspect of C. albicans biology that allows it to
occupy such distinct and diverse host niches is its ability to reversibly transition between
several different morphological forms. These forms can be typified by differences in cell
size, shape, gene expression, and even metabolism, with certain morphological forms
better suited to particular host niches. Life in the mammalian host provides a constant
struggle, and epigenetic regulation provides one mechanism to respond to the

challenges encountered in the host.

White-opaque switching in C. albicans

One type of morphological transition available to C. albicans is the reversible,



epigenetic, and stochastic switch between the white and opaque yeast phases. Cells
can switch spontaneously from the white, sometimes considered default, state to the
opaque phase about once out of every 10* generations, depending on the strain [3]. In
contrast to white colonies, which are dense, shiny white, and dome shaped, opaque
colonies can be differentiated by their dull grey appearance and their proclivity to form
flat, diffused colonies. Opaque cells also display a large elongated cell shape compared
to their white counterparts, with a large vacuole and a pimpled cell surface. Beyond the
external differences between the white and opaque phases, the two cell types show
differential regulation of hundreds of genes including those involved in mating, surface
adhesion, cell surface composition, stress response, metabolism, and virulence [4, 5].
While opaque cells have reduced virulence compared to white cells in murine systemic
infection models, they are better suited to colonizing the skin and show increased
fitness in cutaneous infections, likely due to opaque cells’ upregulation of secreted
aspartyl proteases and other adhesion genes [6, 7]. White-opaque switching has also
been suggested as a mechanism of host immune evasion, as opaque cells are less
efficiently phagocytosed than white cells [8, 9].

The opaque phase can be induced by a variety of stimuli including the carbon
source N-acetylglucosamine (GIcNAc) [10], high CO- [11], hypoxia [12], temperature [3,
13], and genotoxic stresses [14-16]. Conversely, growth at 37°C converts opaque cells
en masse back to the white phase [3]. The opaque phase is considered the mating
competent form of C. albicans, and opaque cells mate with 10° greater efficiency than

white cells [17]. Opaque switching is inhibited through the actions of the MTL-encoded



al-a2 repressor complex and as a result, canonical opaque switching only occurs in
cells that are homozygous at the mating locus (MTL), either a/a or a/a [17, 18].
However, despite the importance of the opaque phase in C. albicans biology, most
clinical isolates are MTLa/a [17]. Recently, several labs have shown that opaque
switching can occur in strains that are MTLa/a: in vitro by a combination of high CO,,
GlIcNAc, and growth at 37°C, and in vivo by passage through the mammalian gut [19,
20]. Opaque cells derived by the latter method, termed GUT (gastrointestially induced
transition) cells, were distinct from typically derived MTL homozygous opaque cells, and
showed enhanced commensalism compared to their white counterparts in

gastrointestinal model [20].

Transcriptional regulation of white-opaque switching

The opaque state is induced through the expression of the master regulator Wor1
(White Opaque Regulator 1). Wor1 is expressed exclusively in opaque cells and forms
an autoregulatory feedback loop by binding to its own promoter and inducing its own
expression [21-23]. Opaque switching is also regulated at the levels of WOR1 promoter
chromatin and translation of WOR1 transcripts. Hyperacetylation is associated with
opaque induction and chromatin remodeling mutants alter switching rates [15, 16, 24-
26]. Additionally, translation of WOR1 transcript is another aspect subject to regulation,
specifically through its unusually long 5’UTR region [27].

Wor1 is one member of a vast underlying transcriptional network regulating

white-opaque switching. Additional transcriptional regulators involved in the white-



opaque regulatory circuit include Efg1, Ahr1, Czf1, Wor2, and Wor3 [21, 28-31].
Interestingly, although several of these transcription factors show differential expression
in white and opaque phases, all of the regulators show similar enriched binding along
each other’s promoter regions [28]. One key region that exemplifies this type of
regulation is the 8kb long WOR1 promoter. Although WOR1 expression is essential for
opaque formation and maintenance, both positive and negative regulators of the opaque
phase show highly enriched binding along the full length of the WOR1 promoter in
opaque cells. For example, the transcription factor Efg1, which is essential for
maintenance of the white phase and occupies the WOR1 promoter to repress WOR1
expression in white cells, is downregulated four-fold in opaque cells yet shows three-fold
enriched binding along the WOR1 promoter [28]. Why both positive and negative
regulators of WOR1 expression occupy its active promoter in opaque cells remains

unknown.

Wor1, a conserved fungal protein

While much work has been done to understand the transcriptional network
underpinning white-opaque switching, less is known about the master regulator Wor1.
Wor1 is a member of a conserved family of fungal proteins such as the transcriptional
regulators Mit1 in S. cerevisiae, Ryp1 in H. capsulatum, and Sge1 in F. oxysporum [32-
35]. These transcription factors are all involved in the regulation of developmental and
lifestyle programs in their respective species including filamentous growth programs and

virulence. This family of proteins shows no consensus in the C-terminal region but does



show conservation in the N-terminus, which contains two highly conserved domains
termed WOPRa and WOPRD, both of which are essential for the DNA binding
properties of this class of protein [33]. Recently resolved crystal structures of Wor1 have
revealed that both WOPRa and WOPRDb are structurally interwound together to form a
compact globular domain that associates with DNA in a unique way, through
simultaneous interactions with both the major and minor grooves [29, 36]. A conserved
loop is essential for the recognition and sequence-specific binding of Wor1 to a 6bp
motif, and point mutations of amino acids required for binding to this motif completely
disrupts DNA association and consequently the ability of Wor1 to induce the opaque
phase. In order to generate the crystals required for these experiments, the C-terminal
region, as well as a linker portion between the two WOPR domains, had to be removed
[36]. Indeed, not much is known about the structure or function of the C-terminus of
Wor1. In silico analysis of the Wor1 amino acid sequence can find no known structures,
motifs, or domains beyond the DNA-binding properties of the N-terminus. So while
much work has been done to characterize the transcriptional regulation of WOR1 and
the rest of the white-opaque circuit in controlling opaque switching, very little is known
about how Wor1 functions to induce and maintain the opaque phase. We seek to

address this question in Chapter 3.

Life in the host: iron acquisition
As a host-dwelling organism, C. albcians must acquire essential nutrients from its

surrounding host environment. This includes carbon sources for growth as well as



essential molecules and cofactors such as iron. As a ubiquitous cofactor, iron is
essential to many processes including metabolism, respiration, DNA synthesis and
repair, and more. In humans, most available iron is sequestered either as hemoglobin,
transferrin, lactoferrin, or as ferritin [37, 38]. The purpose of this sequestration is two-
fold for the host. Firstly, high iron levels can be toxic and lead to the formation of
reactive oxygen species via the Fenton reaction; and secondly, as bacterial and fungal
pathogens such as C. albicans are dependent on host iron to survive, sequestration by
the host provides a mechanism of nutritional immunity and protection against pathogens
[39, 40]. Studies have shown that individuals deficient in proper iron sequestration are
more prone to infection by C. albicans and other pathogens [41].

To combat host-mediated sequestration of iron, C. albicans utilizes several

different mechanisms to acquire iron from different sources within the host.

Hemoglobin uptake

Roughly 66% of iron in the human host is sequestered in the form of hemoglobin,
the molecule responsible for carrying oxygen from the lungs throughout the body and
CO. back to the lungs [42]. In order to exploit host hemoglobin as a source of iron, C.
albicans releases a hemolytic enzyme resulting in erythrocyte lysis and release of free
hemoglobin. The hemoglobin molecules are recognized by the C. albicans receptor
Rbt5, resulting in hemoglobin endocytosis and hydrolysis through the activity of the

hemoglobin oxygenase Hmx1, releasing ferrous iron (Fe**) for use by C. albicans.



Transferrin reduction and uptake

The iron-binding glycoprotein transferrin (and to a lesser degree, lactoferrin)
provides another mechanism of iron sequestration in the host. Although a very low
percentage of the total iron pool in the human body is carried in the form of transferrin
(~0.1%), it is the most important method of iron delivery [42]. C. albicans binds to
transferrin through an unidentified receptor at the C. albicans cell surface. Once
recognized, it is hypothesized that acidification of the extracellular space triggers the
release of ferric iron (Fe**) from the transferrin molecule [43, 44]. The released ferric
iron is then reduced to ferrous iron (Fe?*) through the actions of the membrane-bound
iron reductase Fre10. Ferrous iron is subsequently oxidized and imported into the cell
through the coupled actions of the multicopper ferroxidase Fet34 and the iron permease

Fir1 [45].

Ferritin

Ferritin is a highly stable iron storage protein that displays the remarkable quality
of being able to bind up to 4500 iron atoms in one protein nanocage [46]. C. albicans
recognizes ferritin through the hyphal-expressed cell surface receptor Als3. Once
bound, in a mechanism similar to that of transferrin, extracellular acidification
encourages the dissociation of ferric iron from the ferritin particle. The free ferric iron is
then reduced by Fre10 to ferrous iron, and oxidized and imported by the Fet34/Ftr1

ferroxidase/permease complex as in the case of transferrin [47].



Siderophore uptake

The final identified mechanism by which C. albicans is known to acquire iron from
its host environment is through use of siderophores. Siderophores are secreted iron
chelators that bind free iron with a higher affinity than host iron binding molecules,
allowing microbial siderophores to strip iron from host proteins such as transferrin.
Siderophore-mediated iron stripping was shown to be less efficient with ferritin,
suggesting its inherent stability [48]. Interestingly, although C. albicans has been shown
to display siderophore activity, no known siderophore biosynthetic genes have been
identified [49]. However, C. albicans has also been shown to utilize siderophores
produced by other microbial species in a mechanism termed ‘iron parasitism’ [37]. Once
the siderophore has bound iron, it is recognized by the siderophore transporter Sit1 and

imported into the cell [37, 38].

Regulation of iron homeostasis

Since C. albicans can inhabit a wide range of diverse host niches, the amount of
bioavailable iron C. albicans encounters in the host can vary greatly depending on
infection/colonization site. For example, free iron level is low in the bloodstream where it
is mostly sequestered in the form of hemoglobin, but high in the gastrointestinal tract
through host dietary consumption [38, 50]. As a natural inhabitant of both these host
environments, C. albicans needs to be able to adapt to the environment it finds itself.
While most efforts usually tend towards the acquisition of host iron, an overabundance

of iron can be just as problematic, as excess iron can become toxic through the



generation of free radicals [39]. To combat this, C. albicans and other fungi have
developed a conserved iron homeostasis transcriptional network to control iron uptake
and utilization in response to iron level. In iron-replete conditions, the GATA family
transcription factor Sful represses the expression of iron uptake genes, making sure the
intracellular iron level does not reach toxic levels [51]. Indeed, an sfu1 mutant is
sensitive on ferrochrome-supplemented plates and shows decreased commensalism in
a murine gastrointestinal model where iron levels are high, confirming that Sfu1 is
critical for C. albicans response to excess iron [51]. Sfu1 also directly represses the
expression of the CyseZn, transcription factor Sef1, which functions as an activator of
iron uptake gene expression. Sef1 also positively regulates the expression of the third
member of the C. albicans iron homeostasis regulon, the CCAAT binding protein (CBP)
transcription factor [51]. Hap43 represses the expression of nonessential iron utilization
genes as well as the expression of SFU1 [51]. Together, Sef1 and Hap43 ensure that
the intracellular iron pool is sufficient for necessary biological processes to function.
Therefore, Sef1 and Hap43 are essential for C. albicans response to iron limitation. In
confirmation of this, loss of either sef1 or hap43 results in an extreme sensitivity to low-
iron media as well and decreased virulence of the seff mutant in a murine systemic
infection model [51].

Both Sfu1 and Hap43 are highly conserved proteins with conserved roles in the
regulation of iron homeostasis in a broad range of fungi including S. pombe, C.
neoformans, and H. capsulatum [52-56]. However, C. albicans is unique in its

incorporation of Sef1 into the iron regulon, and consequently, less is known about how



Sef1 contributes to this regulation and how Sef1 itself its regulated [51, 57, 58]. One
question that remains unanswered, however, is how iron level is sensed and integrated

into the regulation of the iron homeostasis circuit in C. albicans.

Glutaredoxins and iron homeostasis

One potential mechanism of iron sensing is through the actions of the
glutaredoxin family. Glutaredoxins (Grxs) are a highly conserved family of proteins that
can be found in all kingdoms of life. Similar to thioredoxins (Trxs), glutaredoxins are a
family of thiol-disulfide oxidoreductases that are critical to the redox homeostasis of the
cell [59-61]. Cysteines become irreversibly oxidized in the presence of reactive oxygen
species (ROS) leading to protein inactivation. Grxs can combat this process in two
ways: (1) by reducing the oxidized cysteine back to their original forms and (2) by
protecting vulnerable cysteines via reversible glutathionylation [60, 62]. Additionally,
glutathionylation of target thiols can also serve as a regulatory modification that alters
protein function [60, 63].

Grxs fall into two broad categories based off their active site motifs. Class | is
comprised on dithiol Grxs, which contain two cysteins in their active site and the
consensus sequence CPF/YC [59]. Class Il consists of the monothiol glutaredoxins,
characterized by their CGFS active site motif with a single cysteine [61]. Monothiol Grxs
can further be subdivided into single domain, containing a single Grx domain, and multi
domain, containing both Trx and Grx domains [60]. Additionally, many monothiol

domains also carry a mitochondrial targeting sequence, directing their localization to the

10



mitochondria. Both monothiol and dithiol glutaredoxins use glutathione and NADPH to in
redox reactions, although by different mechanisms [60].

Interestingly, although expected to possess the ability to do so, reconstitution
assays have shown that monothiol Grxs show little if any oxidoreductase in vivo [59, 61,
64]. Instead, monothiol Grxs have been shown to be important in the biogenesis and
trafficking of iron-sulfur (Fe-S) clusters, cofactors critical for a multitude of biological
processes [59-61]. Fe-S clusters are synthesized in the mitochondria through the
actions of the Fe-S cluster assembly (ISC) system, in which the monothiol glutaredoxin
Grx5 plays a critical role in the second step of ISC assembly as a downstream Fe-S
cluster transfer protein [65]. Defects in mitochondrial Fe-S cluster synthesis have far
reaching consequences, with associated Fe-S diseases including Friedreich ataxia,
anemia, and dysfunctional erythropoiesis [66]. It has been shown that dithiol Grxs have
also possess the capacity to bind Fe-S clusters, however it is believed that their
predominant function is in maintaining redox homeostasis [59]. Consistent with their
observed roles in Fe-S cluster biogenesis and transfer, monothiol Grxs have been
implicated in the regulation of iron regulons in fungi, plants, and mammals [59-61]. In S.
cerevisiae, under iron sufficiency the monothiol cytosolic Grx3/4 forms and Fe-S cluster
bridge and interacts with the BolA-like proteins Fral and Fra2 [67]. This complex binds
and sequesters the iron regulatory transcription factor Aft1/2 in the cytosol, prevent its
nuclear localization and induction of iron uptake genes [67]. Under iron limitation, low
Fe-S cluster level leads results in the loss of the Grx-Fra-Aft complex formation and

Aft1/2 translocates to the nucleus and induces the expression of iron uptake genes [67].
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In S. pombe, Grx4 contributes to the iron homeostasis circuit on two levels. Firstly, Grx4
controls the activity of the Sful homolog Fep1. Under iron replete conditions, Grx4 and
Fep1 repress iron uptake gene expression directly through occupancy at target
promoters. Similar to the role of Sfu1 on Sef1 and Hap43 regulation, Fep1 also
represses the expression of the Hap43 homolog Php4 [68]. Under iron limitation Grx4
does not carry an Fe-S cluster due to low iron content but still interacts with Fep1 [52,
69]. Fep1 then donates its own bound Fe molecule to Grx4 in a reverse transfer
mechanism that results in Fep1 dissociation from target promoters [52]. The second
mechanism of Grx4-medated regulation of the iron homeostasis circuit involves Grx4-
mediated cytosolic sequestration of Php4 in iron replete conditions; tethered in the
cytosol, Php4 is rendered inactive [70]. However, in low iron Php4 is released from Grx4
and translocates to the nucleus where it can repress both Fep1 and iron utilization gene
expression [70]. Whether Grx3-mediated regulation of the iron homeostasis circuit is

conserved in C. albicans is explored in Chapter 4.

C. albicans biology: a proteomic approach

Much of the C. albicans field has focused on genetic approaches to
understanding biological phenomena. While functional genetics is an extremely powerful
tool, phenotypes can be missed if not assayed under the proper/specific conditions.
Proteomic approaches such as identification of protein interactions can provide
complementary data to supplement an observed genetic phenotype. Therefore, a multi-

pronged approach that utilizes both functional genetics and proteomic data would
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provide unique insights into biologically relevant questions in the C. albicans field.
Presented in this dissertation, we have attempted to address two overarching questions
regarding C. albicans biology. In chapter 3, we assess the master regulator of the
opaque phase Wor1 and how it functions to induce and maintain the opaque phase
through regulation of the general co-repressor Tup1. In chapter 4, we examine the role
of the cytosolic monothiol glutaredoxin Grx3 in the regulation of the iron homeostasis

circuit and identify new pathways and processes dependent on Grx3 for proper function.
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CHAPTER 2

Materials and Methods

Strains and culturing conditions

Strains were grown in YEP (1% yeast extract, 2% peptone), YNB medium (0.17% Difco
yeast nitrogen base w/o ammonium sulfate, 0.5% ammonium sulfate), or synthetic
complete (SC) medium (0.17% Difco yeast nitrogen base w/o ammonium sulfate, 0.5%
ammonium sulfate, complete supplement amino acid mixture) plus 2% either dextrose
or maltose as indicated. Iron depletion was induced by growth in YPD media containing
300puM or 500uM bathophenanthroline disulfonic acid (BPS), as indicated. High iron
stress was induced through addition of 100uM FeCls. Cells grown for the purpose of
HBH purification were grown in media supplemented with 4uM biotin. pMET3-TUP1
cells were routinely cultured in SC media lacking methionine, and pME T-mediated
repression was induced by addition of 5mM methionine. White and opaque cells were

maintained at 30°C and room temperature, respectively.

Plasmid and strain construction

For Chapter 3:
PMAL2-WOR1-HBH plasmid. The plasmid pFAG6a-HTB-TRP1 was graciously provided
by Dr. Kaiser [71]. Flanking Mlul and Kpnl sites were added to the 5’ and 3’ ends of the

construct, respectively, as well as an additional 6xHis tag to the C-terminal end. The

14



construct was codon-optimized for C. albicans (conversion of serine-coding CTGs to
Candida leucines) using a two-PCR process with long primers (primers 1-4 listed in S3
Table) carrying point mutations, and an additional Kpnl site was removed using the
same process. The final product was digested with Mlul and Kpnl, and inserted into a
Mlul and Kpnl digested pMAL2-WOR1-carrying plasmid (p905) generated from the
BES119 vector backbone [72], to yield the final construct pMAL2-WOR1-HBH (p1251).
The plasmid was digested with Ascl for integration at the ADEZ2 locus and transformed
into MTLa/a wild-type strain JYC5, generating HLY4532[73].

PMAL2-TUP1-HBH plasmid. TUP1 was amplified with primers 5 and 6 adding flanking
Xbal and Mlul restriction sites to the 5’ and 3’ ends, respectively. The sequence was
amplified by PCR, double digested with Xbal and Mlul. The pMAL2-WOR1-HBH
backbone was similarly digested to remove the WOR17 sequence, purified through gel
extraction, and TUP1 was inserted to become pMAL2-TUP1-HBH (p1101). The plasmid
was digested with either Ascl for integration at ADE2 (HLY4537) or Bglll for integration
at TUP1 and transformed into JYCS, generating HLY4542 [73].

PMET3-TUP1-HIS3 strain. The HIS1 gene (for selection) and MET3 promoter were
amplified and fused together by PCR (primers 7-10), as described [74]. Flanking
sequences of around 250bp of the TUP1 5’ upstream region and around 30bp of the
start of the TUP1 gene were also added by PCR to the HIS1-pMETS3 construct. The final
PCR product (6’TUP1-HIS1-pMET3-TUP1) was transformed into the haploid strain
GZY822 (graciously provided by Dr. Berman [75]) and verified for integration.
PMET3-TUP1 pWOR1-GFP strain. The plasmid pWOR1-GFP[21], which contains

3.2kb of the WOR1 promoter, was digested with Ascl for integration into the ADEZ2 locus
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and transformed into the above pMET3-TUP1 strain (HLY4533) to obtain the haploid
HLY4535.

PMET3-TUP1 wor1::ARG4 strain: WOR1 was deleted with ARG4 in the pMET3-TUP1
conditional mutant strain (HLY4533) using the method described (primers13-16) [74],
with ARG4 integrated into the WOR1 coding sequence to generate the haploid
HLY4539.

tup1 wor1 strain: TUP1 was deleted in a previously published diploid MTLa/a wor1
mutant strain (HLY3555) by CRISPR-Cas9 editing as described to generate HLY4540
[21, 76]. Primers 23 and 24 were used to generate the TUP1 sgRNA plasmid, and
primers 25 and 26 were used for the repair template.

pTUP1-TUP1-3xHA strain: The 3xHA sequence was amplified by PCR with primers 11
and 12 to replace the HBH tag in the pMAL2-TUP1-HBH (p1101) plasmid using the Mlul
and Kpnl sites, resulting in the final construct, PMAL2-TUP1-3xHA (p1142). The
resulting plasmid was linearized with Bglll for integration into the TUP1 locus of the wild-
type MTLa/a strain JYC1 to obtain the diploid strain, HLY4538.

pTUP1-TUP1-3xHA pMAL2-WOR1-FLAG strain: The URA3 marker was replaced with
HIS1 in the pMAL2-TUP1-HBH vector (p1143) using BamHI and Notl. The plasmid was
then digested with Notl and Kpnl to remove the TUP1 coding sequence and replace it
with the WOR1 coding sequence to create the HIS7-carrying plasmid, pMAL2-WOR1-
HBH (p1144). A 3xFLAG tag was then added to the C-terminal region of the WOR1
coding sequence using PCR with a long primer (primers 21 and 22). The resulting
amplicon was digested with Xbal and Kpnl and swapped in place of WOR17-HBH. The

resulting plasmid, pMAL2-WOR1-FLAG (p1162), was digested with Hpal and
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transformed into the pTUP1-TUP1-3xHA strain (HLY4541) and integrated into the
WOR1 locus.

PMAL2-WOR1 strain: the plasmid pMAL2-WOR1 (p880) was digested with Ascl and
integrated into the ADEZ2 locus of the diploid MTLa/a strain CAl4 to obtain HLY4543 [21,

77].

For Chapter 4:

grx2, grx3, and grx5 strains: Strains were taken from the GRACE library and loss of
the tetracycline transactivator was selected for by growth on 5-FOA plates [78].

grx1 strain: grx1 was deleted from the CaSS1 wild-type strain (HLY4494) by CRISPR-
Cas9 editing as described [76] to generate the strain HLY4490. Primers 62 and 63 were
used to generate the GRX7 sgRNA plasmid, and primers 64 and 65 were used for the
repair template.

sfu1 grx3 strain: grx3 was deleted from the sfu1 mutant strain (Homann [79]) by
CRISPR-Cas9 editing to generate the strain HLY4510. Primers 66 and 67 were used to
generate the GRX3 sgRNA plasmid, and primers 68 and 69 were used for the repair
template.

PMAL2-SFU1-13xMYC plasmid: SFU1 was amplified by primers 70 and 71. The
resulting amplicon was inserted by Gibson assembly into an Xbal and Pacl digested
pMAL2-WOR1-13xMYC plasmid (p905) previously generated from the BES119 vector
backbone. The resulting plasmid was digested with Ascl for insertion into the ADE2
locus and transformed into the CaSS1 wild-type strain resulting in HLY4498 or into the

grx3 mutant strain resulting in HLY4507.
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PMAL2-SEF1-GFP plasmid: SEF1 was amplified with primers 72 and 73, and the
resulting amplicon was inserted by Gibson assembly into an Xbal and Mlul digested
pMAL2-MYC-GFP plasmid (p866). The resulting plasmid was digested with Ascl for
insertion into the ADEZ2 locus or with Accl for insertion into the SEF1 locus.
PGRX3-GRX3-FLAG plasmid: The GRX3 coding sequence and promoter were
amplified using primers 74 and 75. The FLAG sequence was amplified from the pMAL2-
WOR1-FLAG plasmid (p1142) [80] using primers 76 and 77. The final pGRX3-GRX3-
FLAG product was inserted by Gibson assembly into a Pstl and Kpnl digested pWOR1-
GFP plasmid (p1029) carrying the NAT resistance gene. The resulting plasmid was
digested with Hindlll for insertion into the pGRX3 locus.

pPMAL2-GRX3-HBH plasmid: GRX3 was amplified using primers 78 and 79. The GRX3
amplicon were inserted by Gibson assembly into an Xbal and Mlul digested pMAL2-
WOR1-HBH plasmid (p1251) [80]. The resulting plasmid was digested with Ascl for
insertion into the ADEZ2 locus and transformed into the grx3 mutant, generating the

strain HLY4559.

HBH purification for mass spectrometry

Protein purification was performed as described by Tagwerker et al., with
modifications[71]. 200ml cultures of cells expressing either the Wor1-HBH, Grx3-HBH,
or the untransformed background strain were grown in YPM at room temperature,
cross-linked for 10 min by the addition of formaldehyde to a final concentration of 1%,
centrifuged at 1,892 x g for 5min, washed twice with H>O, and lysed with Buffer A (8M

urea, 300mM NaCl, 0.5% NP-40, 50mM sodium phosphate pH 8, 50mM Tris pH 8,
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20mM imidazole, TmM PMSF, 1 Roche Complete EDTA-free protease inhibitor tablet)
by five pulses of 20 sec intervals using glass beads and the FastPrep system (setting
5.0). Lysates were collected and centrifuged for 10 min at 16,000 x g. In one experiment
an optional sonication step to shear DNA and help extract chromatin-associated protein
complexes was incorporated at this point using the same protocol described in the ChIP
methods section. Protein concentration was measured and the appropriate volume of
Ni**-Sepharose (GE Healthcare) was added to the clarified lysates. Samples and beads
were incubated for 6h, then washed with 5-10x bead bed volume twice with Buffer A,
twice with Buffer B (8M urea, 300mM NaCl, 0.5% NP-40, 50mM sodium phosphate,
50mM Tris, final pH 6.3), and eluted twice with 2.5x bead bed volume of Buffer C (8M
urea, 200mM NaCl, 50mM sodium phosphate, 10mM Tris, 2% SDS 10mM EDTA,
300mM imidazole, final pH 4.3). Eluate pH was neutralized by addition of 10% eluate
volume of 1M Tris pH 8, and samples were incubated overnight with streptavidin-
conjugated agarose beads (Thermo) pre-washed in Buffer D (8M urea, 200mM NaCl,
100mM Tris pH 8, 2% SDS). Samples were then washed with 5-10x bead bed volume
twice with Buffer D, twice with Buffer E (8M urea, 200mM NaCl, 100mM Tris pH 8, 0.2%
SDS), twice with Buffer F (8M urea, 200mM NaCl, 100mM Tris pH8), and five times with
50mM NH4HCOs3. At all steps, samples were collected and saved for Western blot
verification of successful purification. After final washes, samples were trypsin digested
overnight at 37°C. Formic acid was added to a final concentration of 1% to stop the
digestion and the supernatant was collected. Beads were washed three times with half
the bead volume of 25% acetonitrile and 0.1% formic acid, and the supernatants were

collected and pooled each time. Samples were concentrated with a SpeedVac and
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washed twice with 100pl H2O before final resuspension in 10ul H2O and analysis by

mass spectrometry.

Mass Spectrometry and Data Analysis

LC-MS/MS analysis was carried out for peptide samples using an EASY NanoLC 1000
system (ThermoFisher Scientific) coupled on-line with an LTQ-Orbitrap XL MS
(ThermoFisher Scientific) as described[81]. Each cycle of an MS/MS experiment
includes one MS scan in FT mode (350-1400 m/z, resolution of 60,000 at m/z 400)
followed by data-dependent MS2 scans in the LTQ with normalized collision energy at
35% on the top ten peaks. Raw data were searched against a database consisting of
Candida proteins (PA.orf_trans_all_assembly 21 2009 0306 v2 with a total of 6243
protein entries) using MaxQUANT. The mass tolerance for parent ions and fragment
ions were set as + 20 ppm and 0.5 Da, respectively. Trypsin was set as the enzyme,
and a maximum of two missed cleavages were allowed. Protein N-terminal acetylation
and methionine oxidation were selected as variable modifications. Protein and PSM
FDR was set as 0.01. LFQ and iBAQ protein quantitation were calculated using a

minimum ratio count of 2 peptides[82, 83].

Tup1 depletion and switching assays

PMET-TUP1 haploid cells were cultured overnight in SCD media lacking methionine to
maintain TUP1 expression. Cells were then washed and used to inoculate two fresh 50
ml cultures, one lacking methionine and the other supplemented with 5mM methionine.

Cultures were grown at room temperature over the course of several days, and samples
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were taken at the time points indicated. Samples saved for gPCR analysis were spun
down and flash frozen. Samples for switching assays were washed three times with
H20O before diluting and plating onto SCD met- plates. Plates were grown up at room
temperature for 5-7 days and colonies were counted to determine white-opaque

percentages.

Opaque stability assays

Opaque cells were grown overnight at room temperature in SCD. Cells were diluted into
fresh SC media with 2% of the indicated carbon source, cultured for 3 hours, then
shifted to 37C for 24hr. Cells were then plated onto SCD plates, grown for 5-7 days at
room temperature, and scored for percent opaque. Opaque CAl4 carrying pMAL2-
WOR1 were grown overnight in SCM, washed three times with H,O, and either plated
onto SC plates of the indicated carbon source and incubated at room temperature or
37°C for 5-7 days and scored, or were inoculated into liquid SC media with the indicated
carbon source, cultured for 3 hours at room temperature, then shifted to 37°C. After
24hr, cells from liquid cultures were then spread onto SCD plates and grown at room
temperature for 5-7 days then scored. Whole and sectored opaque colonies were

counted.

Western blotting
Cells were collected by centrifugation and lysed with glass beads using a FastPrep at a
setting of 5.0 with five pulses of 20 sec intervals. Lysates were clarified by centrifugation

at 16,000 x g for 10min at 4°C. Samples were prepared with sample buffer and loaded
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onto 8% SDS-PAGE gels, transferred to nitrocellulose membranes, and probed for
proteins of interest. HBH was detected by a mouse monoclonal antibody against the
RGS6H sequence (Qiagen), 13xMyc with a rabbit polyclonal (Santa Cruz), PSTAIRE
(Cdc28) with a rabbit polyclonal (Santa Cruz), HA with an HRP-conjugated anti-HA
antibody (Roche), and FLAG with a mouse monoclonal (Sigma). All non-HRP-
conjugated antibodies were detected by either goat anti-mouse or goat anti-rabbit HRP-

conjugated secondary antibodies (Bio-Rad).

Quantitative RT-PCR

RNA samples were prepared using Qiagen’s RNeasy and On-Column DNase Digestion
kits. cDNA was synthesized using a Bio-Rad iScript Reverse Transcription Kit and 1ug
total RNA. Quantitiative PCR was performed using Bio-Rad SYBR Green mix on a Bio-

Rad iCycler. Primers used are listed in S3 Table.

Spot testing

Overnight cultures of the indicated strains were washed three times with H.O and
diluted to an ODeqo of 1.0. Strains were then serially diluted 10-fold four times, and 2.5-
5uL were spotted onto plates of the indicated media. Plates were grown for 2-3 days at
30°C. For low iron stress, strains were spotted onto YPD plates containing 300uM or
500uM bathophenanthroline disulfonic acid (BPS) as indicated. For high iron stress,
strains were spotted onto YPD plates with 100uM FeCI3. For oxidative stress, cells

were treated to 3 or 5mM H202. Genotoxic stress was induced through treatment with
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30mM hydroxyurea (HU) or 0.03% methyl methanesulfonate (MMS), and nitrosative

stress induced with 2.5mM or 5mM dipropylenetriamine (DPTA) NONOate.

Chromatin Immunoprecipitation

ChIP was performed as described, with slight modifications[84]. For Chapter 3,
overnight cultures grown at room temperature were diluted to an ODggo of 0.1 and
grown to ODeqgo 1.0. Cells grown in different carbon sources were pre-cultured in
medium containing the indicated carbon source before dilution. For Chapter 4, strains
were cultured overnight in YPM at 30°C then diluted into fresh YPM with or without
500uM BPS and grown for 5hr. Samples were then fixed with 1% formaldehyde. DNA
was sheared by sonication for 6 cycles of 20s at 40s intervals using a Bioruptor
(Diagenode) and 1% input samples were saved. Experiments examining multiple
regulator binding events were prepared from the same chromatin samples and split
prior to immunoprecipitation. The HA-tag was immunoprecipitated using a 12CA5 anti-
HA mouse monoclonal antibody (Roche), and the FLAG-tag was immunoprecipitated
using anti-FLAG M2 mouse monoclonal antibody (F3165, Sigma). DNA from input and
IP samples was quantified by qPCR. Enrichment of tagged samples was quantified by
comparing the region of interest IP (bound/input) over the control region ADE2 |P
(bound/input) and further normalizing to an untagged strain, with values representing at
least three independent experiments and error bars representing the s.d. Primers used

are listed in S3 Table.

Immunoprecipitation
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Cultures were grown overnight at 30°C in YPM then diluted into fresh YPM in the
presence or absence of 500uM BPS. Cultures were grown for another 5hr then
harvested and lysed. Clarified lysates were incubated at 4°C with 50uL pre-conjugated
FLAG M2 beads (Sigma) for 2hr, washed five times with lysis buffer, and eluted in TE
buffer with 1% SDS. Samples were resolved by SDS-PAGE and analyzed by Western

blot.

Flow cytometry

Flow cytometry was performed using the BD FACSCalibur system. Cells were passed
through cell-strainer caps (BD Falcon) and sonicated prior to flow cytometry
analysis.10,000 cells were counted per sample and measured for GFP expression using

the FL1-H channel. FACS data was analyzed using BD CellQuest Pro software.

Microscopy

For Chapter 3, haploid cells carrying WOR1 promoter driven GFP (HLY4535) were
grown in SCD medium with or without methionine at room temperature for 48hr. For
Chapter 4, cultures were grown overnight in YPD then diluted into fresh YPD or YPM
(for pMAL2-SEF1-GFP) containing 500uM BPS, cultured for 6hr, then imaged. Cells
were stained with DAPI (4, 6-diamidino-2-phenylindole) for nuclear localization. Images
were taken using an inverted Zeiss Axio Observer.Z1 microscope (Carl Zeiss
Microlmaging) equipped with an X-Cite series 120 mercury lamp. DAPI, GFP
fluorescence, and cell morphology were imaged using the DAPI, GFP, and DIC

channels, respectively.
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Nascent protein labeling

Wild-type and grx3 cells were grown overnight in Met- media, then treated for 1hr at
30°C with either 35mM L-azidohomoalanine (AHA) (Invitrogen) or methionine as a
control. Protein was extracted and 100ug total protein was prepared using the Click-iT
Protein Reaction Buffer kit (Invitrogen) and subsequently labeled with
tetramethylrhodamine (TAMRA) (Invitrogen). Labeled nascent proteins were separated
on SDS-PAGE and imaged using a Fuijifilm LAS-4000 Imager (Fuijifilm) with an
excitation of 550nm and emission of 570nm. Finally, the gel was stained by coomassie

to verify equal loading.

Virulence studies
Virulence assays were performed previously as described [85]. Briefly, five mice per
indicated strain were injected with C. albicans cells into the lateral tail vein and

monitored daily for survival.
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Table 2.1: C. albicans strains used in Chapter 3

Strain Description Genotype Source
JYC5 WT MTLa/a ura3A::imm434/ura3A::imm434 Chen et al.,
2002
HLY4532 pMAL2-WOR1- MTLa/a ura3A::imm434/ura3A::imm434 This study
HBH ADE2/ade2A::MAL2p-WOR1-HBH-URA3
HLY4538 pMAL2-TUP1- MTLa/a ura3A::imm434/ura3A::imm434 This study
3xHA TUP1/tup1A::TUP1p-TUP1-3xHA-URA3
HLY4537 pMAL2-TUP1- MTLa/a ura3A::imm434/ura3A::imm434 This study
HBH ADE2/ade2A::MAL2p-TUP1-HBH-URA3
HLY4542 pTUP1-TUP1- MTLa/a ura3A::imm434/ura3A::imm434 This study
HBH TUP1/tup1A::MAL2p-TUP1-HBH-URA3
HLY4536 pMAL2-TUP1- MTLa/a ura3A::imm434/ura3A::imm434 This study
13xMYC ADE2/ade2A::MAL2p-TUP1-13xMYC-URA3
HLY3555 pWOR1-GFP MTLa/a ura3A::imm434/ura3A::imm434 Huang et al.,
WOR1/wor1A::WOR1p-GFP-URA3 2006
GZY822 WT, haploid MTLa his4 ura3A::HIS4 arg4A::FRT his1A::FRT Hickman et al.,
2013
HLY4533 pMET3-TUP1 MTLa his4 ura3A::HIS4 arg4A::FRT his1A::FRT This study
tup1A::MET3p-TUP1-HIS1
HLY4535 pMET3-TUP1 + MTLa his4 ura3A::HIS4 arg4A::FRT his1A::FRT This study
pWOR1-GFP tup1A::MET3p-TUP1-HIS1 ade2A::WOR1p-GFP-
URA3
HLY4539 pMET3- TUP1 + MTLa his4 ura3A::HIS4 arg4A::FRT his1A::FRT This study
wor1 tup1A::MET3p-TUP1-HIS1 worl1A::ARG4
HLY4534 pWOR1-GFP MTLa his4 ura3A::HIS4 arg4A::FRT his1A::FRT This study
ade2A::\WOR1p-GFP-URA3
JYC1 WT MTLa/a ura3A::imm434/ura3A::imm434 Chen et al.,
his1A::hisG/his1A::hisG arg4A::hisG/arg4A::hisG 2002
HLY4541 pWOR1-WOR1-  MTLa/a ura3A::imm434/ura3A::imm434 This study
3XFLAG + p- his1A::hisG/his1A::hisG arg4A::hisG/arg4A::hisG
TUP1-TUP1- WOR1/wor1A::MAL2p-WOR1-3xFLAG-HIS1
3XHA TUP1/tup1A::TUP1-3xHA-URA3
HLY3570 wor1 MTLa/a ura3A::imm434/ura3A::imm434 Huang et al.,
his1A::hisG/his1A::hisG arg4A::hisG/arg4A::hisG 2006
wor1A::ARG4/wor1A:: HIS1
HLY4540 worf tup1 MTLa/a ura3A::imm434/ura3A::imm434 This study
his1A::hisG/his1A::hisG arg4A::hisG/arg4A::hisG
wor1A::ARG4/wor1A::HIS1
NEUT5L/neut5LA::CaCAS9-sgRNA-TUP1
tup1/tup1
CAl4 WT MTLa/a ura3A:imm434/ura3A::imm434 Fonzi et al.,
1993
HLY4543 MTLa/a pMAL2-  MTLa/a ura3A:imm434/ura3A::imm434 This study
WOR1 ADE2/adeA::MAL2p-WOR1-URA3
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Table 2.2: C. albicans strains used in Chapter 4

Strain Description Genotype Source
CaSS1 WT ura3A::imm434/ ura3A::imm434 Roemer et
his3A::hisG/his3A::hisG URAS3 tet R-GAL4AD al., 2003
HLY4494 WT, ura - ura3A::iimmd434/ ura3A::imm434 This study*
his3A::hisG/his3A::hisG
HLY4490 grx1 ura3A::imm434/ ura3A::imm434 grx1A/grx1A NAT This study
CRISPR/Cas9
HLY4491 grx2 ura3A::imm434/ ura3A::iimm434 This study*
his3A::hisG/his3A::hisG grx2A::HIS3/GRX2pA::Tetp-
SAT1-1
HLY4492 grx3 ura3A::imm434/ ura3A::iimm434 This study*
his3A::hisG/his3A::hisG grx3A::HIS3/GRX3pA::Telp-
SAT1-1
HLY4493 grx5 ura3A::imm434/ ura3A::iimm434 This study*
his3A::hisG/his3A::hisG grx5A::HIS3/GRX5pA::Telp-
SAT1-1
sfut arg4A/ arg4A leu2A/leu2A his1A/his1A Homann et
URAS3/ura3A::imm434 IRO1/iro1A::imm434 al., 2009
sfulA::Candida dubliniensis HIS1/sfu1A::C. maltosa
LEU2
seft arg4A/ arg4A leu2A/leu2A his1A/his1A Homann et
URAS3/ura3A::imm434 IRO1/iro1A::imm434 al., 2009
sef1A::Candida dubliniensis HIS1/sef1A::C. maltosa
LEU2
hap43 arg4A/ arg4A leu2A/leu2A his1A/his1A Homann et
URAS3/ura3A::imm434 IRO1/iro1A::imm434 al., 2009
hap4A::Candida dubliniensis HIS1/hap4A::C. maltosa
LEU2
HLY4510 sfut grx3 arg4A/ arg4A leu2A/leu2A his1A/his1A This study
URAS3/ura3A::imm434 IRO1/iro1A::imm434
sfu1A::Candida dubliniensis HIS1/sful1A::C. maltosa
LEUZ2 grx3A/grx3A NAT CRISPR/Cas9
HLY4498 pMAL2-SFU1- ura3A::imm434/ ura3A::iimm434 This study
13MYC his3A::hisG/his3A::hisG ADE2/ade2A::MALZ2p-SFU1-
MYC-URA3
HLY4507 grx3+ ura3A::imm434/ ura3A::imm434 This study
pMAL2-SFU1- his3A::hisG/his3A::hisG grx3A::HIS3/GRX3pA::Tetp-
13MYC SAT1-1 ADE2/ade2A::MAL2p-SFU1-myc-URA3
HLY4500 pMAL2-SFU1- ura3A::imm434/ ura3A::imm434 This study
13MYC + his3A::hisG/his3A::hisG ADE2/ade2A::MALZ2p-SFU1-
pGRX3-GRX3- myc-URA3 GRX3/GRX3::Grx3p-GRX3-FLAG-NAT
FLAG
HLY4560 WT + pMAL2- ura3A::imm434/ ura3A::imm434 This study
SEF1-GFP his3A::hisG/his3A::hisG ADE2/ade2A::MAL2p-SEF1-
GFP-URA3
HLY4561 grx3+ ura3A::imm434/ ura3A::iimm434 This Study
pMAL2-SEF1- his3A::hisG/his3A::hisG grx3A::HIS3
GFP ADE2/ade2A::MAL2p-SEF1-GFP-
URAS3/GRX3pA:: Tetp-SAT1-1
HLY4562 sful + arg4A/ arg4A leu2A/leu2A his1A/his1A This study
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PMAL2-SEF1-
GFP

URA3/ura3A::imm*™* IRO1/iro1A::imm434
sfu1A::Candida dubliniensis HIS1/sfu1A::C. maltosa
LEU2 ADE2/ade2A::MAL2p-SEF1-GFP-URA3

HLY4563 sfuf grx3+ arg4A/ arg4A leu2A/leu2A his1A/his1A This study
pMAL2-SEF1- URAS3/ura3A::imm434 IRO1/iro1A::imm434
GFP sfu1A::Candida dubliniensis HIS1/sful1A::C. maltosa
LEUZ2 grx3A/grx3A NAT CRISPR/Cas9
ADEZ2/ade2A::MAL2p-SEF1-GFP-URA3
HLY4559 grx3+ ura3A::imm434/ ura3A::iimm434 This Study

pMAL2-GRX3-
HBH

his3A::hisG/his3A::hisG grx3A::HIS3/GRX3pA::Telp-
SAT1-1 ADE2/ade2A::MAL2p-GRX3-HBH-URA3

* Derived from Roemer et al., 2009.
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Table 2.3: Primers used in Chapter 3

Number

Direction

Sequence (5'-3')

Purpose

1

F

GCGACGCGTAGGGGTTCACATCATCACCACCATC
ATG

R

GTTTGACCAGCTTTAACAGTGTCACCTTCTTTTAC
CAATATCTTAGAAACAGTACCAGCAAGAGGGGCA
GGGATTTC

GTAAAAGAAGGTGACACTGTTAAAGCTGGTCAAAC
AGTTTTGGTGCTTGAGGCTATGAAAATGGAGACA
GAAATTAAC

GGGGTACCCTTAATTAATCACTAATGATGGTGGTG
ATGATGAACGCCGATCTTGATTAGACCTTGACCAC

HBH generation

GCTCTAGAATGTCCATGTATCCCCAACG

GCGACGCGTTTTTTTGGTCCATTTCCAAATTC

Insertion of TUP1
into HBH vector
(replace WORT)

TTGGGCAGTGACAGCTTTAC

o |N| o |of &

D m| TV M| D

CACGGCGCGCCTAGCAGCGGGATGGAAGAAGTT
GTGTTGT

GTCAGCGGCCGCATCCCTGCGCGCTGAAAAACTA
CGAACAATTGTC

10

Y

CTCTGTCAAACGTTGTTGGTGCTGGGTGCGTTGG
GGATACATGGACATTGCTGGTGTTTTCTGGGGAG
GGTATTTAC

pPMET3-TUP1
generation

11

CGACGCGTTACCCATACGATGTTC

12

GGGGTACCTCACTAAGCAGCGTAATCTG

HA amplification to
swap into TUP1-
HBH plasmid

13

GAAAGAGAGAGAGGGAACGA

14

X |m| T |

CACGGCGCGCCTAGCAGCGGGATGTTTGAGATGT
CAGTGTAC

15

GTCAGCGGCCGCATCCCTGCTATATGTGGGTCTG
TGTGTG

16

CGACGCGTTACCCATACGATGTTC

WOR1 deletion

19

CGGGATCCGGATCCTCTAGATTAGTAG

20

GTAGCGGCCGCATCGATAAGCTTTGGGTAC

HIS1 amplification

21

m|T|MT| T

GCTCTAGAATGTCTAATTCAAGTATAGTCC

22

Y

GGGGTACCCTATTACTTGTCATCGTCATCCTTGTA
ATCGATGTCATGATCTTTATAATCACCGTCATGGT
CTTTGTAGTCAGTACCGGTGTAATACGACC

WOR1 FLAG
addition

23

CGTAAACTATTTTTAATTTGAAAAATCAAAGAGGCA
TACGGTTTTAGAGCTAGAAATAGC

24

GCTATTTCTAGCTCTAAAACCGTATGCCTCTTTGA
TTTTTCAAATTAAAAATAGTTTACG

TUP1 sgRNA
generation

25

GTGTATGACTTGGAGTTGGCCCATAGAAAAATCAA
AGAGGCATACGAATAAGGATCCGG

26

CTCTAGTGTCCAACTCGTTCTTTAACCTCAATATCT
CTTCCGGATCCTTATTCGTATGC

TUPT1 repair
template

27

CGAGTACATTTTGTCGGGC

28

GTTTAGGGATACAGCGACTG

TUP1gPCR

29

GCCAGATGGAAATCAGCAAC

30

GGTTGAAGATCCAGAGATCG

WOR2 qPCR

31

MMV || D

CCTCCACCACCTTTAATGAC

WOR3 qPCR
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32 R CCATACCATTGTTTGGTTGCTG
33 F TGGAAGCTGCTGGTATTGAC

34 R TTCAGCAATACCTGGGAACA ACT1qPCR
35 F AAATAAACCATCGTCATCGGC

36 R AGGACCATTACCTAGACTCG WORT CDS qPCR
37 F CCCTGACATCACCTTTGTTG WOR7 5' UTR
38 R TTCCCTTCCGTTAAATAACCC qPCR

39 F CAAGCAAACAAACGACCAAA

40 R CAAGGGACACAAAGGGGTTA EFG1qPCR
41 F CTCGGTGGCAGCTCTAGTTC

42 R TCGGCAGCTTCCATAATTTC OP4qPCR
43 F ATCGAATCCAAATTAACTCCAG

44 R GAAGTAGCTTTACCAGCAGC WHT11qPCR
45 F GGGCGAAGGAGAGAGAATTA

46 R CCTGCAACATCACGTTAGAAA pWORT -10 kb
47 F AGTGAGCAGCCAATTTCAGC

48 R GCAAAGGTGGTGAGCTAGAAG pWORT -7.4kb
49 F TGGTTGTTGTTGTTTATTCAGAATTT WORT -6k
50 R TTTCCCACCCGTCTTTCATA p

51 F CAAATTGAGACTTTAGATATGGT

52 R TATGCCGTTTTCAATCAAATTATT pWOR1 -4kb
53 F ATGTCTATCTATATTCAAGTATC

54 R TTTGAGATGAGATGACGTTATAT pWORT -2.8 kb
55 F TGTGTATAGTCTGTGCAGACT

56 R ITTTTTGTTTTTAAATAAAGTCAAAG pWORT -2.4 kb
57 F CAGATAGACATTTCATTTAAGCA WORT 2 Kb
58 R AGTTGTGTTAAATAATTCAATATTTA P

59 F CAAAGTTTGGAGGGTACTAAACA

60 R GGGTGGTTCCACGTTTGT pWOR10 kb
61 F TGATGGTAGAGGTAACTTTG ADE2

62 R TTTGGCTAATATAGATGCCT
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Table 2.4: Primers used in Chapter 4

Number | Direction | Sequence (5'-3') Purpose

o2 - CGTAAACTATTTTTAATTTGTCAGTTTGTCCAGTAG
GTGGGTTTTTAGAGCTAGAAATAGC

o3 - GCTATTTCTAGCTCTAAAACCCACCTACTGCACAAA
CTGACAAATTAAAAATAGTTT grx? deletion

oa - GTGAGAGTTAATAGTGTGTTCGATTTCTTTCTCAGT
TTGTGCAGTAGGTGGTTAGGA

o - TGCCTGGGGATTCAATTTGTGGTATCAACCAGGAT
CCTAACCACCTACTGCACAAAC

o - CGTAAACTATTTTTAATTTGGTTTTACAAGGTCCTG
CCCAGTTTTAGAGCTAGAATAGC

o - GCTATTTCTAGCTCTAAAACTGGGCAGGACCTTGT
AAAACCAAATTAAAAATAGTTTA 4rx deletion

o - ATCCAAGTTGATTCGACTTTATTTCCATACAGGATC
CTAATGGGCAGGACCTTGTAA

oo - ATCAGCTAAGGTTTTGAATACTTGATTCATGGTTTT
ACAAGGTCCTGCCCATTAGGA

o - CCCAACTTTTTGCAGTGGTTTAACTAATAATCAACT
ACAATGCCTACCTCACCTACA PMAL2-SFU1-

» - CACCGTTCAAGTCTTCCTCGGAGATTAGCTTTTGTT | MYC generation
CTCCATTTAACAACTTCCCAAT

o - TTGCAGTGGTTTAACTAATAATCAACTACATCTAGA
ATGAAGTTTGAAAAAGGTAAAGTG PMAL2-SEF1-

3 - ACCAGTGAATAATTCTTCACCTTTAGACATACGCGT | GFP generation
TTTCTCTTGCATCATATTAACATC

) GAATTGTAATACGACTCACTATAGGGCGAATTGGG
TACCAATGGTGGGTGTGTTTAT

75 R AGCTTCTAAAGCATGTTCGAAG

o TTGAAGATGATGAGAAATTCTTCGAACATGCTTTAG F‘Zﬁgf’e'f;;fg ,
AAGCTGACTACAAAGACCATG

. - CTCTAGTTTTGACGGGATCCCCCGGGCTGCAGTCA
CTTGTCATCGTCATCCTTGTAAT

78 F ACGGGAATTACGTTCTCAACAG

79 R GTTAAGGGAGGAGTCGATTGG pSEFTqPCR

80 F GCACCGCTCTCTCATTCACC

81 R GTGGTTGTGATTGCGTCGGT SFUTqPCR

82 F TCGATCTGCCACCGAATTGT

83 R TCTCCACCACGATGTAGACCT SEF1qPCR

84 F GGCTGTACCGGTAATCCAGGAA

85 R ACCGACGAAGAGTGGGATGG HAP43 qPCR

86 F GGTAGCTGGTCCTGCCGCTA

87 R ACCTGATGTATGCCATGCCAATCT CCP1PCR

88 F TGATGGTAGAGGTAACTTTG

89 R TTTGGCTAATATAGATGCCT ADE2 qPCR

90 F TGGAAGCTGCTGGTATTGAC

o1 R TTCAGCAATACCTGGGAACA ACT1 gPCR
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CHAPTER 3

Wor1 establishes opaque cell fate through inhibition of the general

co-repressor Tup1 in Candida albicans

INTRODUCTION

Candida albicans is a common opportunistic fungal pathogen of humans. Found
in the mouth, gastrointestinal tract, vagina and skin, C. albicans is harmless to the
healthy, but in immunocompromised individuals C. albicans can cause serious infection,
with a mortality rate of up to 40% in disseminated systemic infections [86]. C. albicans is
able to transition between several phenotypic forms. This ability allows C. albicans to
easily adapt to and inhabit various diverse host niches [86]. These different phenotypic
states display not only different morphological features such as cell shape and size, but
also altered metabolism and gene expression patterns. One such transition is the switch
between the white and opaque states [87], which is regulated by many different stimuli
such as N-acetylglucosamine [10, 88], high CO,[11], hypoxia [12], temperature [3, 13],
and genotoxic stress [14-16]. The opaque phase is the mating competent form of C.
albicans and is inhibited by the a1-a2 repressor complex [17, 18]. In addition to genes
related to mating, white and opaque cells show differential regulation of hundreds of
genes involved in metabolism, adhesion, cell surface composition, stress response,
signaling, and virulence [4, 5]. Opaque cells generally show reduced virulence

compared to white cells in a systemic setting, however, opaque cells are excellent
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colonizers of the skin and show increased fitness in cutaneous infection models [6, 7].
Additionally, opaque cells are less efficiently phagocytosed than white cells, implicating
phase switching in host immune evasion [8, 9]. More recently, white-opaque switching
has been observed in MTLa/a strains by passage through the mammalian gut [20] and
in certain MTLa/a clinical isolates [19]. These a/a opaque cells are somewhat distinct
from their mating-competent MTL homozygous counterparts, and show enhanced
commensalism compared to white cells in the gut [20].

On the molecular level, the opaque state is induced through expression of the
master regulator Wor1, which regulates its own expression and forms a stable
autoregulatory feedback loop to induce and maintain the opaque state [21-23]. Wor1 is
part of an extensive underlying network of transcriptional regulators governing white-
opaque switching [28, 30, 31, 89]. While some regulators show differential phase
expression, all identified white-opaque regulators show opaque-enriched binding at
each other’s promoter regions [28]. This is most evident at the 8kb-long WOR1
promoter, where both positive and negative regulators of the opaque phase share
enhanced binding at the same regions along the active WOR1 promoter. In addition,
white-opaque switching is also regulated at the levels of promoter chromatin and protein
translation [15, 16, 24-27]. Wor1 belongs to a class of conserved fungal transcription
factors, many of which have been identified as master regulators of morphological
development and virulence in pathogenic fungi, such as Ryp1 in the human pathogen
Histoplasma capsulatum [35] and Sge1 in the plant pathogen Fusarium oxysporum [34].
This family of proteins contains an uncharacterized C-terminal domain and two unique,

highly conserved N-terminal domains termed WOPRa and WOPRDb, both of which are
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essential for the sequence-specific DNA binding properties of this class of protein [29,
33, 36]. Point mutation of these domains leads to disruption of Wor1 DNA binding and
its ability to induce the opaque phase [29, 36]. How Wor1 functions to induce and
sustain the opaque state is not known.

Transcriptional repression is frequently used to control gene expression in cell
fate determination- The general repressor Tup1 is a member of the highly conserved
Gro/TLE family of proteins that are present in many species across several kingdoms
[90, 91]. It does not bind DNA directly but instead is recruited to different genomic
regions through interactions with sequence-specific transcriptional regulators to repress
many diverse sets of genes [92, 93]. Tup1 inhibits gene expression through several
mechanisms, including recruitment of histone deacetylases, chromatin remodeling, and
modulation of Mediator function [94, 95]. In this study we use a global mass
spectrometry-based approach to identify proteins associated with Wor1 in order to
understand how Wor1 functions as the master regulator of the opaque phase. We
identify the general co-repressor Tup1 as a Wor1-interacting protein and the key
repressor of the opaque state. We further demonstrate that external cues, such as
temperature and carbon source, regulate Wor1 and Tup1 at the WOR1 promoter to

control cell fate.

RESULTS

Tandem affinity purification of proteins cross-linked to Wor1 identifies Tup1

complexes
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In an effort to identify key regulators and mechanisms governing white-opaque
switching, we employed a biochemical approach to better understand how Wor1
functions as the master regulator of the opaque phase. We set out to identify Wor1
interacting proteins by utilizing cross-linked tandem affinity purification in denaturing
conditions coupled with mass spectrometry using a His-Biotin-His (HBH) tag cloned
onto the C-terminal end of Wor1 (Figure 3.1A). The HBH tag, originally designed for use
in S. cerevisiae [71], was codon optimized for efficient expression in C. albicans, a
member of the CTG clade [96]. The benefit of using this tandem affinity purification
method is two-fold. Firstly, cross-linking allows us to capture weak and transient
interactions that may otherwise be missed; secondly, the ability to perform both
purification steps under denaturing conditions helps to prevent protein degradation and
loss of post-translational modifications. C. albicans cells carrying a MALZ2 promoter
driven copy of the C-terminally HBH-tagged Wor1 were grown in maltose-containing
media overnight then cross-linked with 1% formaldehyde, washed, lysed in 8M urea
buffer, and the resulting clarified protein extracts were incubated with Ni** agarose
beads. The bound proteins were then eluted and incubated with streptavidin-conjugated
agarose beads. Samples were treated to an on-bead trypsin digestion and the resulting
peptides were analyzed by LC-MS (Figure 3.1A). As a negative control, the same
procedure was performed without cross-linking to determine which proteins are bound
without crosslinking, such as those covalently linked to Wor1 or non-specifically interact
with beads. Another negative control was performed with cross-linking, but using a
strain without HBH-tagged Wor1 to determine which proteins nonspecifically interact

with the Ni?*- and streptavidin-conjugated agarose beads. Proteins found associated
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ORF Name Function
orf19.6109  TUP1$ Transcriptional co-repressor
Crosslink with orf19.670 SMT3* SUMO, small ubiquitin-like protein

1% formaldehyde orf19.395 ENO1 Enolase
orf19.6090 NSR1 Nucleolar protein
orf19.6798  SSN6§ Homolog of ScCyc8

_ v orf19.1065 SSA2 HSP70 family chaperone
orf19.2551  MET6 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
Ni2* purification orf19.6734  TCCT1$ Candida-specific Ssn6 ortholog

orf19.4623.3 NHP6A Non-histone chromatin component
orf19.3942.1 RPL43A Ribosomal protein

v orf19.798 TAF14 DNA-binding transcription factor
. orf19.542 HXK2 Hexokinase Il
oM urea Elute with low pH 0rf19.5137.1 HHO1 Histone H1
and imidazole orf19.3575 CDC19 Pyruvate kinase at yeast cell surface
orf19.5112  TKL1 Transketolase
orf19.7308  TUBT Alpha-tubulin
v orf19.3324  TIF Translation initiation factor
. o orf19.467 WOR3 White-opaqgue regulator 3
Streptavidin purification orf19.7676  XYL2 D-xylulose reductase
_ orf19.2994  RPL13 Ribosomal subunit
orf19.4959 Unknown function
v orf19.4632 RPL20B  Ribosomal protein L20
On-bead trypsin digestion orf19.1354  UCF1 Unknown function
and LC-MS orf19.7350  RCT1 Unknown function
orf19.657 SAM2 S-adenosylmethionine synthetase
orf19.3037  PAB1 Poly(A)-binding protein
orf19.2364  MIS11 Mitochondrial C1-tetrahydrofolate synthase precursor

Figure 3.1. Identification of Wor1 interacting proteins by tandem affinity HBH
purification coupled with mass spectrometry. (A) The workflow for an HBH
purification in denaturing conditions utilizing formaldehyde cross-linking. (B) A list of
Wor1 interacting proteins compiled from five HBH purifications. All proteins listed were
observed only in Wor1-HBH (HLY4532) purifications with crosslinking in three or more
of the purifications performed. Proteins marked by § are known components of the Tup1
co-repressor complex. Proteins marked with an asterisk were also observed in Wor1-
HBH purifications without cross-linking. A complete list of identified proteins in each
Wor1-HBH purification is provided in Table 3.1. Proteins are ranked in descending order
first by number of times observed in independent purifications and then by average
normalized iBAQ (intensity-based absolute quantification) value. Predicted functions are
derived from the Candida Genome Database.
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Table 3.1: Wor1 interacting proteins identified by mass spectrometry

Wor1-HBH purification in cross-linking conditions

Purification =

no. 1 2 3 4 5 3

Sonication b Average

(Y/N) N N N N Y § iBAQ
Protein ID Accession
WORT1* orf19.4884 4,49E-01 | 6.25E-01 | 2.95E-01 | 1.52E-01 | 7.56E-02 | 5 3.19E-01
TUP1® orf19.6109 5.34E-03 | 5.51E-03 | 9.43E-02 | 3.15E-02 | 4.41E-02 | 5 3.61E-02
SMT3* orf19.670 1.42E-02 | 2.51E-02 | 5.35E-03 | 4.18E-02 | 1.32E-02 | 5 1.99E-02
ENO1 orf19.395 3.99E-03 | 7.95E-03 | 9.72E-03 | 1.35E-02 | 1.87E-02 | 5 1.08E-02
NSR1 orf19.6090 2.83E-04 | 4.74E-04 | 6.19E-03 | 7.89E-03 | 1.10E-02 | 5 5.16E-03
SSN6® orf19.6798 2.50E-04 | 2.72E-04 | 2.41E-03 | 5.11E-03 | 2.83E-03 | 5 2.17E-03
SSA2 orf19.1065 3.64E-04 | 5.39E-04 | 4.66E-03 | 2.42E-03 | 1.60E-03 | 5 1.92E-03
MET6 orf19.2551 6.61E-04 | 9.29E-04 | 1.17E-03 | 3.29E-03 | 2.48E-03 | 5 1.70E-03
TCC1® orf19.6734 2.30E-04 | 2.62E-04 | 3.42E-03 | 2.36E-03 | 1.64E-03 | 5 1.58E-03
NHP6A orf19.4623.3 | 3.89E-03 | 5.39E-03 2.40E-02 | 3.40E-02 | 4 1.68E-02
RPL43A 0rf19.3942.1 1.78E-03 | 4.90E-03 | 2.85E-02 | 2.19E-02 | 4 1.43E-02
TAF14 orf19.798 3.27E-04 2.48E-02 | 1.95E-03 | 5.09E-03 | 4 8.04E-03
HXK2 orf19.542 2.31E-04 | 5.84E-04 2.28E-03 | 5.17E-03 | 4 2.06E-03
HHO1 orf19.5137.1 | 2.02E-04 | 3.17E-04 2.94E-03 | 2.37E-03 | 4 1.46E-03
CDC19 orf19.3575 1.60E-04 | 1.16E-03 5.37E-04 | 1.59E-03 | 4 8.64E-04
TKL1 orf19.5112 2.20E-04 | 3.21E-04 | 2.24E-03 2.71E-04 | 4 7.63E-04
TUB1 orf19.7308 1.02E-04 | 5.83E-05 1.11E-03 | 1.54E-03 | 4 7.02E-04
TIF orf19.3324 2.07E-04 | 2.50E-04 | 9.04E-04 4.66E-04 | 4 4,57E-04
WORS3 orf19.467 3.86E-05 4,70E-03 | 5.56E-03 | 3 3.43E-03
XYL2 orf19.7676 6.67E-05 3.58E-03 | 3.18E-03 | 3 2.27E-03
RPL13 orf19.2994 1.67E-04 | 1.05E-04 | 2.85E-03 3 1.04E-03
orf19.4959 orf19.4959 9.78E-04 | 3.25E-05 1.69E-03 3 8.99E-04
RPL20B orf19.4632 6.90E-04 | 1.02E-04 | 1.84E-03 3 8.78E-04
UCFA1 orf19.1354 2.37E-04 | 1.22E-04 1.65E-03 | 3 6.71E-04
orf19.7350 orf19.7350 1.72E-04 | 1.91E-04 | 1.46E-03 3 6.06E-04
SAM2 orf19.657 6.32E-05 | 1.47E-03 2.59E-04 | 3 5.98E-04
orf19.3037 orf19.3037 5.36E-05 6.47E-04 | 1.49E-04 | 3 2.83E-04
MIS11 orf19.2364 1.18E-04 | 7.68E-05 4.56E-04 | 3 2.17E-04
NRG1 orf19.7150 7.42E-03 | 9.03E-03 | 2 8.23E-03
RPS12 orf19.6785 2.26E-04 | 7.83E-03 2 4.03E-03
PTC2 orf19.2538 6.92E-04 | 6.16E-03 | 2 3.43E-03
WH11 orf19.3548.1 | 1.63E-03 | 1.62E-03 2 1.62E-03
RPL24A orf19.3789 2.55E-04 2.40E-03 | 2 1.33E-03
orf19.173 orf19.173 7.99E-04 | 1.08E-03 | 2 9.39E-04
orf19.831 orf19.831 2.20E-05 1.30E-03 | 2 6.60E-04
ARD orf19.6322 8.47E-04 | 3.62E-04 | 2 6.05E-04
GPM1 orf19.903 9.50E-05 1.00E-03 | 2 5.48E-04
PGI1 orf19.3888 5.37E-05 | 9.69E-04 2 5.11E-04

37




TPI1 orf19.6745 2.54E-04 4.79E-04 | 2 3.67E-04
TUB2 orf19.6034 1.05E-04 5.25E-04 | 2 3.15E-04
orf19.4216 orf19.4216 9.00E-05 | 4.08E-04 2 2.49E-04
EFG1 orf19.610 1.98E-04 | 1.73E-04 2 1.86E-04
PMM1 orf19.2937 1.58E-04 1.77E-04 | 2 1.67E-04
PHO4 orf19.1253 3.65E-05 2.06E-04 | 2 1.21E-04
RNR21 orf19.5801 1.18E-04 | 9.54E-05 2 1.07E-04
HSP90 orf19.6515 9.16E-05 | 5.04E-05 2 7.10E-05
STP2 orf19.4961 2.81E-05 1.13E-04 | 2 7.03E-05
LYS22 orf19.4506 5.14E-05 | 6.43E-05 2 5.79E-05
SPT5 orf19.1453 1.23E-05 | 1.50E-05 2 1.37E-05
orf19.2330 orf19.2330 1.14E-01 1 1.14E-01
PRE2 orf19.2233 1.92E-02 1 1.92E-02
SKP1 orf19.4427 8.37E-03 1 8.37E-03
orf19.1536 orf19.1536 5.06E-03 1 5.06E-03
orf19.3545 orf19.3545 3.18E-03 1 3.18E-03
orf19.2755 orf19.2755 2.59E-03 1 2.59E-03
orf19.2740 orf19.2740 1.86E-03 1 1.86E-03
orf19.3606 orf19.3606 1.75E-03 | 1 1.75E-03
orf19.6502 orf19.6502 1.56E-03 1 1.56E-03
orf19.3233 orf19.3233 1.44E-03 | 1 1.44E-03
orf19.5614 orf19.5614 9.97E-04 1 9.97E-04
orf19.4399 orf19.4399 9.05E-04 1 9.05E-04
orf19.2341 orf19.2341 8.74E-04 1 8.74E-04
RPS17B orf19.2329.1 7.75E-04 | 1 7.75E-04
RPNG6 orf19.1299 7.23E-04 1 7.23E-04
RPS4A orf19.5341 7.08E-04 1 7.08E-04
orf19.1082.1 [ orf19.1082.1 5.85E-04 | 1 5.85E-04
GZF3 orf19.2842 5.55E-04 | 1 5.55E-04
RAV2 orf19.5561 5.24E-04 1 5.24E-04
orf19.1625 orf19.1625 4.21E-04 1 4.21E-04
RPS21 orf19.3334 4.16E-04 | 1 4.16E-04
orf19.5514 orf19.5514 3.52E-04 | 1 3.52E-04
CBF1 orf19.2876 3.39E-04 | 1 3.39E-04
YHB1 orf19.3707 3.16E-04 | 1 3.16E-04
orf19.2097 orf19.2097 2.98E-04 1 2.98E-04
ASN1 orf19.198 2.83E-04 1 2.83E-04
HMO1 orf19.6645 2.76E-04 1 2.76E-04
orf19.4088 orf19.4088 2.60E-04 1 2.60E-04
LSC2 orf19.1860 2.39E-04 | 1 2.39E-04
ZCF31 orf19.5924 2.22E-04 | 1 2.22E-04
NOP1 orf19.3138 1.94E-04 1 1.94E-04
RPL35 orf19.5964.2 | 1.80E-04 1 1.80E-04
CYT1 orf19.3527 1.74E-04 1 1.74E-04
WHI3 orf19.6494 1.53E-04 1 1.53E-04
PCK1 orf19.7514 1.52E-04 | 1 1.52E-04
MAL2 orf19.7668 1.38E-04 1 1.38E-04
GLY1 orf19.986 1.28E-04 1 1.28E-04
SNT1 orf19.5241 9.63E-05 | 1 9.63E-05
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orf19.7263 orf19.7263 9.11E-05 1 9.11E-05
orf19.1897 orf19.1897 6.62E-05 1 6.62E-05
GPH1 orf19.7021 6.48E-05 1 6.48E-05
orf19.3815 orf19.3815 6.13E-05 1 6.13E-05
orf19.5239 orf19.5239 4.57E-05 1 4.57E-05
GLN1 orf19.646 4.32E-05 1 4.32E-05
NOP5 orf19.1199 4.10E-05 1 4.10E-05
IPP1 orf19.3590 3.92E-05 1 3.92E-05
KTR4 orf19.4475 3.47E-05 1 3.47E-05
GCVv2 orf19.385 3.06E-05 1 3.06E-05
PMCA1 orf19.1727 2.68E-05 1 2.68E-05
orf19.5871 orf19.5871 2.67E-05 1 2.67E-05
orf19.5408 orf19.5408 2.58E-05 1 2.58E-05
orf19.4347 orf19.4347 1.58E-05 1 1.58E-05
orf19.1777 orf19.1777 6.57E-06 1 6.57E-06

*Observed in Wor1-HBH purifications without cross-linking.

§ Known components of the Tup1 co-repressor complex.

Table 3.1. Wor1 interacting proteins identified by mass spectrometry. Proteins
listed are identified only in Wor1-HBH purifications performed with cross-linking, but not
in non- cross-linked or untagged purifications. Proteins are ranked in descending order
first based off number of times identified in Wor1-HBH cross-linked purifications and

then by decreasing average normalized iBAQ (intensity-based absolute quantification)

value derived via the Max- Quant suite. Proteins marked by § are known components of
the Tup1 co-repressor complex. Proteins marked with an asterisk were also observed in

Wor1-HBH purifications without cross-linking.
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with Wor1-HBH in 3 out of 5 biological replicates were ranked by intensity-based
absolute quantification (iBAQ) and are shown in Figure 3.1B [83]. A complete list of
identified proteins is provided in Table 3.1.

The general transcriptional co-repressor Tup1 consistently ranked as the top
Wor1-associated protein (Figure 3.1B). In C. albicans, the Tup1 co-repressor complex
can exist in two forms, either with Ssn6 or with Tcc1, which are both homologs of S.
cerevisiae Cyc8 [97-99]. Both Ssn6 and Tcc1 were top ranked in all 5 purifications
(Figure 3.1B). Also observed were chromatin-associated proteins Non-Histone Protein
6A (Nhp6a), which is commonly associated with actively transcribed genes [100], and
Taf14, which is a subunit of several complexes including the INO80, SWI/SNF, and
NuA3 complexes (Figure 3.1B, Table 3.1) [101]. The white-opaque regulator Wor3 was
found in 3 out of 5 experiments, and although Wor3 is not known to interact with Wor1,
both bind to same promoter regions of WOR1 and other phase regulators [89]. Unlike
other interacting proteins, Smt3 was identified as Wor1-associated in denaturing
conditions without cross-linking (Figure 3.1B). This demonstrates that Wor1 is

SUMOylated, which is consistent with a recent publication [102].

Tup1 is bound to the WOR1 promoter preferentially in opaque cells

To determine if Tup1 interacts with Wor1, we carried out immunoprecipitation
experiments in native conditions without cross-linking in opaque cells. Despite many
attempts, we were unable to observe a Wor1-Tup1 interaction in native conditions by IP
with either Tup1-HA or Wor1-FLAG. Failure to observe binding in native conditions

could mean that the interaction is too weak to capture by native IP or that the two
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proteins are brought to interact through association at the chromatin. To test the latter
possibility, we performed ChIP with a C-terminal 3xHA tagged Tup1 in white and
opaque cells, and examined Tup1 binding at several regions along the WOR1 promoter
where Wor1 and other key white-opaque transcriptional regulators have been shown to
bind [28]. We found that Tup1 binds to the WOR? promoter at 7.4kb, 6kb, 4kb, and
2.4kb upstream of the WOR1 TSS preferentially in opaque cells despite having the
same levels of Tup1 protein in both phases (Figure 3.2A, Figure 3.3). This is consistent
with the known binding profile of Wor1 [31]. Additionally, in white cells Tup1 is
associated with the 2.4kb upstream region where Efg1 is known to bind (Figure 3.2B),
and we also found Efg1 in 2 out of 5 Wor1-HBH purifications (Table 3.1) [28]. Our
observation that Tup1 occupies the WOR1 promoter preferentially in opaque phase as
well as the inability to detect the Wor1-Tup1 interaction without cross-linking further

supports the hypothesis that Tup1 interacts with Wor1 on chromatin.

Tup1 depletion in liquid culture leads to WOR1 expression, and results in opaque
formation when re-expressed

The identification of Tup1, Ssn6 and Tcc1 in all our cross-linked Wor1
purifications prompted us to examine the functions of Tup1 in opaque formation. Tup1
has previously been linked to phenotypic switching [103, 104]. Loss of Tup1 led to
constitutively filamentous cell morphology, resulting in fuzzy and wrinkled colony
morphologies. Loss of Tup1 was shown to induce the expression of downstream
opaque gene OP4, although at a lower level than opaque cells. Additionally, expression

of downstream white gene WH11 remained high in the fup7 mutants. Therefore, tup1

41



. 16+ 3 White >, 41
2 G 14+ Bl Opaque s2
g o a2 34
S £ 124 365
o 9 88
S S 10+ o) E—
T X 8- X 2-
o S5Q
% S 6 L2
£2 4 F£ 17
T E 21 . I-"'-I 0w
0'-='I'- |I-ll |.-.ll |—II T ;lli_ 0=
-10kb  -7.4kb -6 kb -4 kb -2.4 kb 0 kb 28 24 -2kb

Figure 3.2. Tup1 binds along the WOR1 promoter differentially in white and
opaque phases. (A) ChIP of Tup1-HA in white and opaque cells. Overnight cultures of
white and opaque cells of a wild-type strain (JYCS) and a strain carrying Tup1-HA
(HLY4538) were diluted in SCD and grown to log phase at room temperature before
formaldehyde. Enrichment is presented as a ratio of gqPCR of the WOR7 promoter IP
(bound/input) over an ADEZ2 control region IP (bound/input) of the tagged strain, further
normalized to the control strain. Values are the average of three independent ChlIP
experiments with error bars representing the s.d. (B) Additional gPCR of Tup1 binding
around -2.4kb upstream of the WOR7 TSS in white cells from (A).
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Figure 3.3. Tup1 levels are similar in white and opaque cells. A. TUP1 expression
level in white and opaque cells. Overnight cultures of WT white and opaque cells
(JYC5) were inoculated and grown to log phase. TUP1 expression level was measured
by gPCR and normalized to ACT1. Expression values are the average of three
independent qPCR experiments and error bars represent the s.d. (B) Tup1 protein level
in white and opaque phases. Overnight cultures of a strain carrying pTUP1-TUP1-HBH
(HLY4542) were inoculated into fresh YPD, grown to log phase. Protein level was
assessed by Western blot as described.
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mutants express both white and opaque genes [103, 104]. Further, Tup1 depletion then
re-expression led to near complete conversion from white cells to opaque colonies
[103].

Since these early studies were carried out before the discovery of Wor1 and
other key transcriptional regulators of the white-opaque transition, we re-examined the
role of Tup1 in white-opaque switching using a conditional tup7 mutant, as in Zhao et al.
[103]. We replaced TUP1 with a MET3 promoter-driven TUP1 in the haploid strain
GZY822 [75]. TUP1 is expressed when grown in the absence of methionine, but
repressed upon addition of methionine (Figure 3.4A Fig). Using this strain, we depleted
Tup1 in white cells in liquid cultures, and then plated cells on methionine-containing
plates to assay for opaque colonies under the condition of Tup1 re-expression. As had
been previously shown in diploid cells [103], extended depletion in liquid Met+ medium
followed by re-expression of Tup1 on Met- plates led to near complete conversion of
white cells to the opaque phase (Figure 3.5A). In support of the repressive function of
Tup1 in opaque formation, ectopic overexpression of TUP1 in opaque cells converted
them back to the white phase on plates after 5-7 days of growth (Figure 3.5B).
Therefore, Tup1 is a repressor of opaque formation.

Conversion to the opaque phase is slow, with only around 50% opaque formation
by 24hr post-shutdown (Figure 3.5A). These data indicated that Tup1 protein is
depleted slowly in the conditional mutant after promoter shutdown. In support of this, we
find that Tup1 protein is still detectable at 24hr after promoter shutdown, suggesting that
Tup1 protein is highly stable (Figure 3.4B Fig). Considering that TUP1 expression levels

are similar in white and opaque phases (Figure 3.3), and Tup1 protein is highly stable

44



Hr after shutdown 0 3 6 8 10 24
“-" . a-Myc

B = s . g S o-PSTAIRE

TUP1/ACT1

SC Dextrose

Met - Met +

Figure 3.4. Verification of pMET3-TUP1 construct and Tup1 protein stability. A.
Shutdown of TUP1 expression by methionine addition in the conditional mutant haploid
strain carrying pMET3-TUP1. Overnight cultures of white pMET3-TUP1 (HLY4533) cells
grown in Met- SCD were diluted into fresh SCD with and without 5mM methionine. Cells
were collected after 24hr and TUP1 expression level was quantified by gPCR and
normalized to ACT1. Expression values are the average of three independent gPCR
experiments and error bars represent the s.d. B. Tup1 protein stability. White cells of a
strain carrying pMAL2-Tup1-Myc (HLY4536) were grown in YPM overnight, washed
with H2O, and inoculated into YPD to shut down pMALZ2 promoter activity. Samples
were taken at the indicated times and Tup1 protein level was assessed by Western blot,

as described.
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Figure 3.5. Tup1 is a repressor of the opaque state. (A) The effect of Tup1 depletion
on opaque formation in liquid medium. White pMET3-TUP1 (HLY4533) cells were
depleted of Tup1 by growth in liquid SCD media containing methionine (Met +) for the
indicated times and plated onto SCD media lacking methionine (Met -) plates to assay
for opaque cells upon Tup1 re-expression. Plates were grown for 5-7 days at room
temperature. (B) The effect of TUP1 overexpression on opaque stability on solid
medium. Opaque pMAL2-TUP1 cells (HLY4537) were grown on SCM plates at room
temperature for 5-7 days. Both whole and sectored opaque colonies were counted as
opaque. (C) pWOR1-GFP induction in Tup1 depleted cells. pMET3-TUP1 cells carrying
WOR1 promoter driven GFP (HLY4535) were cultured in SCD with and without
methionine for 48hr at room temperature and imaged for pWOR1-GFP expression.
Opaque control cells were grown in the absence of methionine. (D) Gene expression
levels and population dynamics of pWOR17-GFP expression in response to Tup1
depletion in starting white cells. White pMET3-TUP1 cells carrying a pWOR1-GFP
reporter (HLY4535) were grown in liquid Met + SCD medium for 48hr then washed and
transferred to liquid Met - SCD medium and cultured for a further 48hr. Samples for
gPCR analysis, plating, and flow cytometry were all taken at the same times, as
indicated. The grey curve is starting white pMET3-TUP1 cells at time Ohr; blue is 48hr in
Met+ SCD; pink is 48hr in Met- SCD (Tup1 re-expression); green is an opaque control.
(E) Gene expression levels and population dynamics of pWOR7-GFP expression in
response to Tup1 depletion in starting opaque cells. Tup1 depletion procedure is the
same as (D) except with starting opaque cells. Expression level in (D) and (E) was
normalized to ACT1 and the average expression level of three independent gPCR
experiments are plotted with error bars representing the s.d.
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(Figure 3.4B), we suggest that stochastic phase switching in C. albicans is not regulated
through mechanisms that change Tup1 protein level.

To determine the effect of Tup1 depletion on the expression of Wor1, we
introduced a WOR1 promoter driven GFP reporter construct into the pMET3-TUP1
conditional mutant strain such that GFP expression correlated with WOR17 promoter
induction. Fluorescent microscopy of white cells cultured in Met + medium at room
temperature for 48hr showed cells exhibited robust pWOR1-GFP expression on par with
opaque control cells (Figure 3.5C). Therefore, Tup1 depletion induces WOR1
expression. Since loss of Tup1 leads to a constitutively filamentous phenotype, it is
possible that formation of long chains of cells could confound the ability to determine
single-cell switching events when cells are plated on solid media. However, we
observed uniform GFP induction along Tup1-depleted cell chains and filaments,
indicating that all cells in the Tup1-depleted filaments induced similar levels of WOR1
expression. Therefore, even if an opaque colony did not result from a single cell but
instead a filament cluster, all cells in the opaque colony-forming filament cluster would
be opaque (Figure 3.5A).

We next used the conditional mutant reporter strain to assess switching
dynamics in at the single cell level in liquid culture. White pMET3-TUP1 cells carrying
the pWOR1-GFP reporter were grown in liquid Met+ SCD medium for 48hr then washed
and transferred to liquid Met- SCD medium and cultured for a further 48hr. Cells were
collected for gPCR analysis, plating, and flow cytometry (Figure 3.5D). Based on the
plating data, 99% of white cells had converted to opaque after 48hr of Tup1 depletion

and showed expression of the opaque-specific genes WORT and OP4 (Figure 3.5D, left
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panel). While WOR1 and OP4 were expressed in the absence of Tup1, the white-phase
marker WH11 was only partially repressed. However, re-expression of Tup1 completely
repressed WH11 expression while increasing OP4 expression (Figure 3.5D, left panel).
This data is consistent with published findings, with tup 1 cells showing OP4 induction,
although lower than in opaque cells, as well as simultaneous WH11 expression that is
only suppressed upon re-expression of Tup1 [103, 104]. The partial repression of WH11
and induction of OP4 in Tup1 depleted cells could be due to an averaging of cell
populations in different cell phases. To determine if this was the case, we performed
flow cytometry analysis and found that loss of Tup1 led to a single peak of WOR1
transcription, indicating a single-population response to Tup1 depletion (Figure 3.5D,
right panel), consistent with our earlier fluorescent microscopy findings (Figure 3.5C).
These data demonstrate that Tup1 depletion causes white cells to lose repression of
WOR1 expression, but full expression of OP4 and repression of WH11 requires re-
expression of Tup1.

We also depleted Tup1 from opaque cells using the same strain and
experimental design. Opaque cells depleted of Tup1 remain opaque, both by gene
expression in the absence of Tup1 in liquid media and by re-plating assay on
methionine-lacking plates (Figure 3.5E). This unidirectional phase regulation is
consistent with a previous report [103]. Therefore, Tup1 depletion in opaque cells does
not show further impact on opaque-regulated gene expression. All together, we show
that Tup1 depletion in liquid medium can induce WOR1 expression, leading to an en
masse white-to-opaque conversion upon Tup1 re-expression. Therefore, Tup1 is a key

repressor of the opaque state.
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Tup1 depletion bypasses the requirement for Wor1 in WOR1 expression

Since we identified Tup1 as the key repressor of the opaque phase and as Wor1
is the master activator of the opaque phase, we were interested in functional
relationship between the two regulators in opaque formation. To address if Tup1
depletion is sufficient to overcome the Wor1 requirement in opaque induction, we
deleted the WOR1 coding sequence in the conditional pMET3-TUP1 strain. This strain
is a conditional fup1 wor1 double mutant when grown in methionine-containing medium.
In addition, the WOR1 5’ UTR remained intact in this strain, allowing us to assess
transcription from the WOR1 promoter using primers specific to the 5° UTR sequence.
Depleting Tup1 in the parental pMET3-TUP1 strain by growth in methionine-containing
medium results in the expression of both opaque-specific regulators WOR1, WOR?2,
WORS3, as well as the opaque specific marker OP4 (Figure 3.6A). In the conditional
double mutant pMET3-TUP1 wor1, Tup1 depletion still induces the expression of the
WOR1 5 UTR and other phase regulators WOR2 and WORS, like the parental pMET 3-
TUP1 strain (Figure 3.6A). Transcription from the WOR1 coding region is not detected
in the conditional double mutant as expected because the CDS region is deleted from
this strain. Thus, Tup1 depletion is sufficient to bypass the Wor1 requirement for the
expression of WOR1 and opaque phase regulators.

In order to further validate the results we observed in the haploid conditional
double mutant strain, we constructed a wor7 tup1 double mutant in a diploid
background. Using the CRISPR-Cas9 system [76], we deleted tup? from a MTLa/a wor1

mutant [21] and examined the expression of opaque genes in the resulting worf tup1
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Figure 3.6. Tup1 depletion bypasses the requirement for Wor1 in the expression
of WOR1 and key opaque regulators. (A) Expression levels in the conditional Tup1
mutant and wor1 pMET3-tup1 conditional double mutant haploid strains. pMET3-TUP1
(HLY4533) and pMET3-TUP1 wor1 (HLY4539) were grown at room temperature for
48hr in the presence or absence of methionine. (B) Expression levels in diploid wor1
and wor1 tup1 mutant strains. Overnight cultures of MTLa/a wor1 (HLY3570), wor1 tup1
(HLY4540), and a control strain (JYC1) were inoculated into fresh SCD and grown to
log phase. Expression levels of the indicated genes in (A) and (B) were measured by
gPCR and normalized to ACT1. WOR1 expression was measured by qPCR using
primers specific to either the WOR1 5 UTR or the WOR1 coding region (CDS). Average
expression level of three independent qPCR experiments was plotted with error bars
representing the s.d.(C) Genetic model of Wor1-Tup1 regulation of WOR1 expression.
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double mutant strain (Figure 3.6B). Most notably, as in the haploid conditional double
mutant, we see induction of WOR171 5’UTR expression in the wor1 tup1 double mutant,
but not in the wor7 single mutant. Additional opaque-specific regulators WORZ2 and
WORS3 are also upregulated in the wor? tup1 mutant, although to varying degrees.
However, loss of Tup1 in both the haploid and diploid double mutant strains does not
induce OP4 expression, unlike in the pMET3-TUP1 single deletion strain. This implies
that Tup1 does not directly regulate the expression of downstream opaque phase
markers, which instead are under the control of Wor1.

This is the first report of a bypass of the master regulator Wor1 in the expression
of opaque-specific regulators. This strongly suggests that a major function of Wor1 in
opaque formation is to overcome the repressive activity of Tup1 and that Tup1 functions
downstream of Wor1 (Figure 3.6C). This functional relationship predicts that some of
the signals known to affect white-opaque switching that are believed to act on Wor1

may work through regulating Tup1.

Wor1 dissociates from the WOR1 promoter upon temperature shift to 37°C

One phenomenon regarding phase switching is the complete and synchronous
conversion of opaque cells back to the white phase when cultured at high
temperatures[105]. Once cells are shifted to 37°C, WOR1 transcription begins to
decrease around 1.5hr, but commitment to the white phase doesn’t occur until around
4-5 hours after temperature shift [106], yet Wor1 protein level is still high at this point

(Figure 3.7A). How WOR1 transcription decreases when Wor1 protein is still present is
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Figure 3.7. Tup1 depletion stabilizes the opaque state even at 37°C. (A) Time
course of Wor1 and Tup1 protein levels in opaque cells after shift from room
temperature to 37°C. Overnight cultures of opaque cells of a strain carrying both Wor1-
FLAG and Tup1-HA (HLY4541) were inoculated, grown to mid-log phase, then shifted
to 37°C and grown for the indicated times. Protein level was assessed by Western blot
as described. (B) ChIP of Wor1-FLAG and Tup1-HA at the WOR1 promoter in opaque
cells shifted to room temperature or 37°C. Overnight cultures of opaque cells of a strain
carrying both Wor1-FLAG and Tup1-HA (HLY4541) and an untagged control strain
(JYC1) were diluted in SCD and grown to log phase at room temperature. Cultures were
divided and incubated at either room temperature or 37°C for one hour, formaldehyde
cross-linked, and harvested for ChlP. Enrichment is presented as a ratio of the -4kb
region of the WOR1 promoter IP (bound/input) over an ADEZ2 control region IP
(bound/input) of the tagged strain, further normalized to the control strain. Values are
the average of three independent ChIP experiments with error bars representing the
s.d. (C) Tup1 depletion in opaque cells at room temperature and 37°C. Opaque pMET 3-
TUP1 cells were grown in SCD with or without methionine at either room temperature or
37°C for 24hr. Expression levels of the indicated genes were measured by qPCR and
normalized to ACT1. Average expression level of three independent gqPCR experiments
are plotted with error bars representing the s.d. Samples were also taken at the
indicated times, washed three times with H,O, and plated onto SCD Met- plates to
assess phase switching.
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unknown. ChIP of Tup1-HA and Wor1-FLAG in opaque cells at room temperature and
at 37°C showed that Wor1 binding at the WOR1 promoter is significantly decreased
after just 1hr of temperature shift whereas Tup1 levels remain constant at the WOR1
promoter (Figure 3.7B). This dramatic drop in relative levels of Wor1 to Tup1 at the
WOR1 promoter when shifting to 37°C may be the cause of the en masse opaque-to-
white conversion. To address this, we depleted Tup1 from opaque cells at 37°C for 24hr
and assessed opaque phase stability. While wild-type opaque cells converted
completely to the white phase after shifting to 37°C, cells lacking Tup1 continued to
express WOR1 at 37°C and remained opaque upon re-plating on methionine-containing
media (Figure 3.7C). These data suggest that loss of Wor1 binding at 37°C leads to
Tup1 repression of WOR1 expression and opaque-to-white switching, highlighting the

centrality of Tup1 and providing a mechanism for temperature-induced phase switching.

Carbon source affects opaque stability and Tup1 level at the WOR1 promoter
While high temperature drives conversion to the white state, opaque cells occur
naturally within the human host, which has an ambient temperature of 37°C. How
opaque cells are able to exist at this non-permissible temperature is not explained in the
current model. Due to the niche specific optimization of C. albicans, we postulated that
some external signal encountered in the host might stabilize the opaque state at 37°C.
Opaque-like GUT cells are induced through passage in the mammalian Gl tract, where
glucose is low and alternative carbon sources such as GIcNAc and other derivatives of
host and bacterial metabolism are present [20, 107]. In opaque cells, genes involved in

glycolysis and glucose utilization are downregulated, while genes important in
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respiration, gluconeogenesis, and fatty acid metabolism are upregulated [5]. Since
opaque cells are metabolically hardwired to thrive in non-glucose conditions, we
wondered if growth on alternative carbon sources might stabilize the opaque phase at
high temperatures. We compared the effect of 12 different carbon sources in SC
medium or SC alone, with amino acids as the sole carbon source, on opaque stability at
37°C for 24hr. We found that opaque cells cultured in the presence of the non-glycolytic
carbon sources citrate, ethanol, lactate, glycerol, malic acid, succinic acid, and amino
acids were able to maintain the opaque state. In contrast, opaque cells were not
stabilized in the presence of glucose, maltose, raffinose, galactose, or fructose, which
are all metabolized by glycolysis (Figure 3.8A). Since the stability assay was performed
in SC media containing amino acids, which are non-glycolytic, the opaque state is
destabilized by the presence of glycolytic carbon sources. As previously observed,
GIcNAc was also able to stabilize opaque cells at 37°C despite being a glycolytic carbon
source [10]. However, GIcNAc is a potent inducer of the opaque phase while the non-
glycolytic carbon sources tested here do not induce opaque formation, so it is likely
these carbon sources stabilize the opaque phase in a manner distinct from GIcNAc.
Tup1 has been shown to mediate glucose repression, and we find that both Tup1
depletion (Figure 3.7B) and growth in non-glycolytic carbon sources (Figure 3.8A)
stabilize opaque cells at 37°C [93, 108]. Therefore, we hypothesized Tup1 binding at
the WOR1 promoter is probably reduced in cells cultured in non-glycolytic carbon
sources. ChIP of Tup1 and Wor1 in opaque cells grown in glycerol and succinic acid at

room temperature and 37°C show that Tup1 binding at the -4kb region of the WOR1
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Figure 3.8. Non-glycolytic carbon sources alter Tup1 occupancy at the WOR1
promoter and stabilize the opaque phase at 37°C in MTLa/a and a/a cells. (A)
Opaque stability of MTLal/a cells cultured in various carbon sources at 37°C for 24hr.
Overnight cultures of MTLa/a WT opaque cells (HLY3555) grown in SCD were washed
three times with H,O and inoculated into fresh SC medium containing the indicated
carbon sources. Cultures were grown at room temperature for 3hr then transferred to
37°C for 24hr. Samples were plated onto SCD plates and grown for 5-7 days to assess
phase switching. (B) ChIP of Wor1 and Tup1 in opaque cells at room temperature and
37°C in different carbon sources. Opaque cells carrying both Wor1-FLAG and Tup1-HA
(HLY4541) and an untagged strain (JYC1) were grown in SC medium containing the
indicated carbon source overnight at room temperature. Cultures were diluted and
grown to log phase, then grown at either room temperature or 37°C for 1hr for ChlIP.
Enrichment is presented as a ratio of the -4kb region of the WOR1 promoter IP
(bound/input) over an ADEZ2 control region IP (bound/input) of the tagged strain, further
normalized to the control strain. Values are the average of three independent ChlIP
experiments with error bars representing the s.d. (C) Opaque stability of MTLa/a cells
cultured in liquid media at 37°C for 24hr. Overnight cultures of opaque MTLa/a cells
carrying pMAL2-WOR1 (HLY4543) from SCM were washed three times with H,O and
inoculated into YNB medium containing the indicated carbon sources. Cultures were
grown for 3hr at room temperature then shifted to 37°C. Cells were collected after 24hr
and gene expression levels were analyzed by gPCR and normalized to ACT1. Average
expression level of three independent qPCR experiments are plotted with error bars
representing the s.d. (D) Opaque stability of MTLa/a cells on solid media. Overnight
cultures of opaque MTLa/a cells carrying pMAL2-WOR1 (HLY4543) grown in SCM were
washed three times with H,O then plated onto YNB plates containing 2% of the
indicated carbon source. Plates were incubated at room temperature or 37°C for 5-7
days and scored for percent opaque. Both whole and sectored opaque colonies were
counted as opaque.
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promoter is decreased compared to dextrose (Figure 3.8B). Interestingly, Wor1 binding
was also decreased in these conditions, both at room temperature and 37°C (Figure
3.8B). The observed decrease in promoter occupancy was not due to global loss of
Wor1 and Tup1, as Wor1 and Tup1 protein levels were not decreased when cultured in
the presence of non-glycolytic carbon sources (Figure 3.9). Since opaque cells are
stable in these culturing conditions, these data suggest that Tup1 level at the WOR1
promoter is a driving force controlling opaque stability at 37°C. This reflects the
importance of the relative levels and activities between the master activator Wor1 and

the key repressor Tup1 at the WOR7 promoter in opaque cell fate determination.

Non-glycolytic carbon sources stabilize the opaque phase in MTLa/a cells at
37°C.

Although most clinical isolates of C. albicans are MTLal/a, GUT cells are unstable
upon exit from the mammalian host due to a1-a2 repression of WOR1 transcription [17,
18, 20-23]. The in vitro conditions that stabilize MTLa/a opaque cells outside of the
mammalian gut are unknown. Since growth in alternative carbon sources was sufficient
to stabilize opaque cells at 37°C in MTLal/a cells, we tested if it was also sufficient to
stabilize the opaque phase in the presence of a1-a2 repression. We transformed an a/a
wild-type strain with pMAL2-WOR1 to induce the opaque phase through ectopic
expression of WOR1 when cultured in maltose-containing YNB medium, which does not
contain amino acids. Opaque a/a cells were washed and inoculated into YNB media
containing different carbon sources, grown for 3hr to adapt to the carbon source, then

shifted to 37°C for 24hr for expression analysis (Figure 3.8C). The pMAL2-WOR1
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Figure 3.9. Protein levels of Wor1 and Tup1 remain constant when cultured in
non-glycolytic carbon sources. Opaque cells carrying both Wor1-FLAG and Tup1-HA
(HLY4541) were cultured overnight at room temperature in SC medium with the
indicated carbon sources. Mid-log cultures were split then grown for an additional hour
at either room temperature or 37°C and harvested. Tup1 and Wor1 levels were
assessed by Western blot, as described.
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construct only contains the WOR1 coding sequence, allowing measurement of
endogenous WOR1T expression using primers specific to the WOR7 5 UTR. Due to
ectopic WOR1 expression from the MALZ2 promoter, cells grown in maltose were able to
maintain endogenous WOR1 expression, as indicated by qPCR of the 5 UTR. The
higher level of WOR1 CDS relative to 5’ UTR likely reflects ectopic WOR1 expression
from the MAL2 promoter. Conversely, cells grown in dextrose, known to repress the
MALZ2 promoter, showed greatly reduced endogenous WOR7T expression, evident by
low transcript levels of WOR1 5" UTR and CDS. Importantly, cells cultured in glycerol
and succinic acid were able to maintain high endogenous WOR1 expression. The
similar levels of 5 UTR and WOR1 CDS indicate the absence of ectopic WOR1
expression from the MALZ2 promoter. WOR1 expression implied opaque stability, and
this was confirmed on solid media. Using the pMAL2-WOR1 MTLala strain, cells
induced to the opaque phase through ectopic WOR1 expression were spread onto YNB
plates containing different carbon sources and grown at 37°C (Figure 3.8D). Opaque
cells on maltose plates remained opaque after 5-7 days of growth at 37°C due to
maltose-induced ectopic WOR1 overexpression. Opaque cells plated on glycerol and
succinic acid were also able to maintain the opaque phase at 37°C, while cells plated on
dextrose converted completely to the white phase (Figure 3.8D). Therefore, non-
glycolytic carbon sources promote opaque stability at 37°C even in the presence of al-
a2 repression. This effect does not extend to all a1-a2 repressed genes, as opaque a/a

cells are unable to mate [21].

DISCUSSION
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Here we have identified Tup1, and Tup1 complex proteins as the major proteins
associated with the master regulator Wor1. Our genetic analyses demonstrate that
Tup1 is a key repressor of the opaque phase (Figure 3.10). Tup1 depletion and re-
expression leads to complete white-to-opaque conversion, and importantly, Tup1
depletion is able to bypass the requirement for Wor1 in opaque phase establishment
and maintenance. Therefore, we propose that Wor1 functions as the master regulator
of the opaque switch by inhibiting Tup1-mediated repression of WOR1 expression
(Figure 3.10). We further show that levels of Wor1 or Tup1 at the WORT promoter in
opaque cells are regulated by temperature and carbon source, conditions that control
opaque stability. We propose that external signals regulate Wor1 and Tup1 levels and
activities at the WORT promoter, and that these relative levels at the promoter control
WORT1 expression and determine cell fate (Figure 3.10). This study defines Wor1 and
Tup1 as the central circuit for opaque phase transcription. Our model illustrates how
external cues are interpreted to govern white-opaque switching.

The HBH tandem affinity purification system, utilizing first a Ni** purification
followed by a streptavidin purification, is designed to purify proteins in denaturing
conditions [71]. This system, combined with formaldehyde crosslinking, allows capturing
of proteins with weak or transient interactions. Denaturing conditions used throughout
the purification also reduce protein degradation and PTM loss. Indeed, the strength of
this method was readily observed when we were unable to recapitulate the Wor1-Tup1
interaction by immunoprecipitation in native conditions absent of any cross-linkers.
Ssn6, part of the Tup1 complex, was recently found to overlap with about 40 percent of

Wor1-bound promoter regions [109]. The significant overlapping of Wor1 and Ssn6 on
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Figure 3.10. A model for Tup1-mediated regulation of cell fate at the WOR1
promoter. Tup1 associates at the WORT promoter and represses WOR1 expression. In
opaque cells, Wor1 binds along the WOR1 promoter and inhibits Tup1-mediated
repression of WOR1 expression. The effect of temperature and carbon source on Wor1
and Tup1 occupancy at the WOR1 promoter is shown. Dark blue or yellow indicates
high levels of Wor1 and Tup1, while light colors depict decreased Wor1 or Tup1 at the
promoter. Grey circles depict several other well-characterized phase regulators. Grey
lines indicate reduced or lost activity.
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promoter regions by ChlP-chip is consistent with Tup1, Ssn6 and Tcc1 being the major
proteins found cross-linked to Wor1 in our purifications. However, the incomplete
pattern of genome-wide co-occupancy of Wor1 and Ssn6 suggests that Wor1 does not
recruit Ssn6/Tup1 to chromatin, as we would expect a more complete overlap of binding
sites if that was the case. Instead, the Tup1 complex is likely recruited to different
genomic regions by additional factors involved in the opaque circuit, such as Efg1,
which co-occupies the same 2.4kb upstream region of the WOR1 promoter as Tup1 in
white cells. Interestingly, we did not identify Wor2 in our Wor1-HBH purifications, even
though it has been shown to associate highly genome-wide with Wor1 by ChiP-chip
[28]. This could be due to several reasons, including proximity to Wor1 on chromatin. So
while HBH purification can be effective for identifying chromatin-mediated protein
interactions, it is a method distinct from genome-wide ChlP. We believe it can be used
to identify key cell fate regulators that function together in other systems.

A large body of work in the field has focused on the identification of new
regulators of white-opaque switching, such as Efg1, Wor1, Wor2, Wor3, Czf1, and
others [21-23, 28, 30, 31, 89, 109, 110]. Among these regulators, Wor1 is essential for
opaque formation. Previous genetic studies have placed Czf1, Wor2 and Wor3
upstream of Wor1. Ectopic Wor1 expression bypasses wor2 [31], wor3 [89] and czf1
[31] mutants in opaque formation, and overexpression of any of these regulators cannot
bypass the wor1 mutant [31, 89]. In contrast, Efg1 may function downstream of Wor1 as
a wor1 efg1 double mutant can become opaque under certain conditions [111].
Genome-wide ChlIP studies of central transcription factors show they share similar

opaque-enriched binding patterns along each other’s promoter regions [28]. One
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confounding finding, however, is that both positive and negative regulators, such as
Efg1 which has reduced expression in opaque cells, show enriched promoter binding in
opaque cells, notably at the 8kb-long, active WORT promoter. Our biochemical
approach identified Tup1, Ssn6, and Tcc1 as the major transcriptional regulators
associated with Wor1. Wor3 and Efg1 were also found in our Wor1-HBH purifications,
consistent with their overlapping occupancy at key opaque promoter regions with Wor1
(Figure 3.10). We further demonstrated that Tup1 is a key repressor of the opaque
state. Tup1 depletion led to the expression of key opaque phase regulators, such as
Wor1 and Wor3, but not of opaque-specific genes like OP4. Importantly, Tup1 depletion
could bypass the Wor1 requirement for opaque phase formation. Recently, Ssn6 has
also been identified as a repressor of the opaque cell type [109]. Unlike tup1, ssn6
could not bypass wor17 in opaque formation, likely due to a redundancy in function of the
Candida-specific Ssn6 homolog Tcc1 [99]. As Tup1 does not bind DNA directly, it is
likely recruited to promoter regions through interactions with other regulators, such as
Efg1 (Figure 3.10). However, efg1 cells can exist in the white state [112]. Therefore
additional regulators are involved in recruiting Tup1 to repress key opaque circuit
transcription. How Wor1 functions to inhibit Tup1-mediated repression of transcription is
not clear. A similar phenomenon has been reported in S. cerevisiae regarding Tup1
repression of osmotic stress response genes, where Tup1 remains associated at active
promoters upon stress activation [113]. Like Tup1 complexes, Taf14 was identified in all
Wor1-HBH purifications and may play a role in transcription initiation and chromatin
modification of the phase regulator genes [101, 114]. Our work presents an explanation

by means of a previously unidentified function of Wor1 in inhibiting Tup1-mediated

65



repression. The central Wor1-Tup1 regulation allows for the integration of previously
identified transcription factors in the white-opaque circuit, both activators and
repressors, in controlling WOR1 expression, with different regulators responding to
different environmental cues. Multiple such regulations on the WOR1 promoter ensure
opaque stability, and transient alteration in expression of WOR1 or other regulators is
insufficient to convert opaque cells to the white phase.

A recent study has investigated the effects of a multitude of conditions on
morphological programs [115]. Our study investigated two growth conditions,
temperature and carbon source. Growth at 37°C converts opaque cells to white en
masse in glucose-containing medium; correspondingly, Wor1 dissociates from the
WOR1 promoter while Tup1 level remains constant. Tup1 depletion and growth in non-
glycolytic carbon sources both stabilize the opaque phase even at 37°C;
correspondingly, Tup1 level at the WOR1 promoter decreases in non-glycolytic carbon
sources. We suggest that these two conditions are being integrated at the promoter
chromatin to regulate the ratio of Wor1 and Tup1 level (and activity) at the WOR1
promoter to control WOR1 transcription and commitment to the opaque state.
Temperature-dependent Wor1 binding could be regulated by Hsf1 and Hsp90
orchestrated chromatin remodelling [116]. Tup1 has previously been linked to regulation
of carbon metabolism [93], and this and other glucose sensing pathways may control
Tup1 occupancy or activity at the WOR17 promoter. Multiple pathways are expected
considering the observed differences in promoter-associated Tup1 and Wor1 between
glycerol and succinic acid. The mechanistic details of these regulations require future

experiments. One important finding is that lack of glycolytic carbon sources can
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maintain opaque stability at 37°C even in MTLa/a cells where WOR1 expression is
repressed by a1-a2. The capacity of alternative, non-glycolytic carbon sources to
stabilize opaque MTLal/a cells at the physiologically relevant temperature of 37°C may
explain the ability of opaque or GUT cells to exist in the host gastrointestinal tract,
where glucose is low and non-glycolytic carbon sources are present in abundance.
Additionally, growth on non-glycolytic carbon sources confers increased resistance to
antifungals and other stresses [117] as well as increased virulence both in vitro and in
vivo [117-119]. Therefore, the link between metabolism and cell state is of keen interest,
and our work provides one mechanism by which carbon source and cellular metabolism
can be sensed and integrated to contribute to the regulation of cell fate.

Both Wor1 and Tup1 are highly conserved fungal regulators. Tup1 regulates
hundreds of genes in C. albicans [93, 120] and has also been implicated in regulating
metabolism, stress response, dimorphism, and virulence in a diverse range of
pathogenic fungi, including the plant pathogens Ustilago maydis and Magnaporthe
oryzae as well as the clinically relevant human pathogens Aspergillus fumigatus and
Cryptococcus neoformans [121-124]. Wor1 homologs in other fungi have been found to
regulate developmental programs such as filamentation, sporulation, and virulence [34,
35, 125]. In C. albicans, Tup1 is a repressor of both hyphal development and the
opaque state. Here we show that Wor1 functions as the master regulator of opaque cell
fate by inhibiting Tup1 repression to induce WOR1 expression and the opaque phase.
The same Wor1-Tup1 regulatory circuit may be used widely in other fungi. In C.
neoformans Wor1-homolog Liv3 and CnTup1 are both shown to regulate a gene

required for quorum sensing and virulence [124, 126]. In U. maydis, UmTup1 represses
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the expression of the Wor1-homolog Pac2, and both proteins regulate filamentation and
virulence. Importantly the U. maydis tup1 pac2 double mutant resembles the tup7 single
mutant in gene expression and pathogenic phenotype [121]. These examples support

the idea that the Wor1-Tup1 regulatory circuit is conserved across diverse fungi.

The content of this chapter was published in PLOS Genetics and can be referenced as
follows:

Alkafeef SS, Yu C, Huang L, Liu H. Wor1 establishes opaque cell fate through
inhibition of the general co-repressor Tup1 in Candida albicans. PLoS Genet.
2018;14(1):e1007176. doi: 10.1371/journal.pgen.1007176. PubMed PMID: 29337983.
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CHAPTER 4

The glutaredoxin Grx3 is a global iron sensor and regulator of

multiple iron-sulfur cluster-dependent pathways in Candida albicans

INTRODUCTION

Iron is an essential molecule that functions as a cofactor for many biological
processes including respiration, metabolism, and DNA synthesis and repair. Lack of
sufficient intracellular iron level and the cell is unable to perform the essential cellular
functions required for life. Conversely, excess intracellular iron can also be toxic as it
can lead to the generation of reactive oxygen species (ROS) via the Fenton reaction
[37, 38, 127]. For pathogens, bioavailable iron level is dictated by host environment.
Candida albicans, a fungal pathogen of humans, is characterized by its ability to inhabit
a variety of distinct host niches encompassing a wide range of environmental iron
bioavailability, including the bloodstream where most host iron is sequestered in the
form of hemoglobin and transferrin, and the mammalian gastrointestinal tract, where
iron levels are high as a result of dietary consumption [38, 50]. Therefore, the ability to
regulate iron acquisition and utilization in response to environmental iron level is critical
for C. albicans pathogenesis and survival. To that end, C. albicans utilizes a conserved
transcriptional regulatory framework to maintain iron homeostasis (Figure 4.1A). In iron-

replete conditions, the highly conserved GATA family transcription factor Sfu1 directly
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represses the expression of iron uptake genes as well as the expression of the CyssZn,
transcription factor Sef1, an activator of iron uptake gene expression [51, 57, 128, 129].
Therefore, Sfu1 is essential for C. albicans avoidance of iron toxicity and survival in iron-
rich environments. Conversely, in low iron conditions, Sef1 induces the expression of
the highly conserved CCAAT binding protein (CBP) transcription factor Hap43, which
represses the expression of Sful as well as the expression of nonessential iron
utilization genes, increasing the intracellular iron pool and ensuring survival during iron
limitation [51, 128-130]. While the roles of Sfu1 and Hap43 on the regulation of iron
homeostasis are highly conserved across a broad range of fungi including S. pombe
[68, 131-133], H. capsulatum [55, 56], and C. neoformans [53, 54, 134], C. albicans and
several other Candida species are unique in their incorporation of Sef1 into the iron
response regulon (Figure 4.1A) [51]. In vivo models have confirmed the essentiality of
the C. albicans iron regulatory circuit on pathogenesis and fitness in the mammalian
host [51, 129, 135]. However, the mechanism by which C. albicans senses iron
availability and signals the iron regulatory circuit is unknown.

One class of proteins that have been implicated in iron sensing and homeostasis
are the monothiol glutaredoxins (Grxs). Found in nearly all life forms ranging from
bacteria to mammals, Grxs along with the functionally similar thioredoxins (Trxs)
comprise a large family of thiol-disulfide oxidoreductases that regulate the redox state of
cellular proteins [59-61]. Grxs can be categorized as dithiol (Class 1) or monothiol (Class
Il) depending on their active site motifs and can display mitochondrial or cytosolic

localization dependent on the specific Grx [59-61]. Both mono- and dithiol Grxs utilize
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Figure 4.1. Grx3 is necessary for iron responsive regulation of the iron
homeostasis circuit. A. Current models of iron homeostasis regulation in S. cerevisiae,
S. pombe, and C. albicans. B. Spot tests of glutaredoxin mutants on oxidative and iron
stresses. Wild-type (WT) (HLY4494), grx1 (HLY4490), grx2 (HLY4491), grx3 (HLY4492),
and grx5 (HLY4493) were spotted with serial dilutions onto YPD plates containing either
3mM H20,, 5mM H>0,, 100pM FeClI3, or 300uM BPS and grown for 2-3 days at 30°C. C.
Gene expression in WT and grx3 mutant. WT (HLY4494) and grx3 (HLY4492) cells were
grown in YPD media in the presence or absence of 500uM BPS. Expression level of the
indicated genes was measured by gPCR and normalized to ACT1. Presented is the
average expression level from three independent gPCR experiments with error bars
representing the s.d.
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glutathione (GSH) and NADPH in redox reactions, but monothiol Grxs display little if any
oxidoreductase activity in vitro [59, 61, 64]. Instead, these monothiol Grxs are able to
bind iron-sulfur (Fe-S) clusters and are important for Fe-S cluster biogenesis and
trafficking. Fe-S clusters are cofactors that play critical roles in the regulation of a
multitude of biological processes [65]. The mitochondrial monothiol glutaredoxin Grx5 in
S. cerevisiae plays a critical role in early Fe-S cluster biogenesis and is a core
component of the early Fe-S cluster assembly (ISC) machinery necessary for the
generation of Fe-S clusters. Disruption of Fe-S cluster biogenesis has been linked to
diseases such as Friedreich ataxia, anemia, and dysfunctional erythropoiesis [66].
Cytosolic monothiol Grxs have been implicated in the trafficking and delivery of mature
Fe-S clusters to client proteins, regulating the function of downstream processes
dependent on Fe-S cofactors for activity [59-61]. In addition to their roles in redox
homeostasis and Fe-S cluster biogenesis, monothiol Grxs have been shown to play
critical roles in iron sensing and homeostasis in fungi, plants, and mammals [59-61]. In
S. cerevisiae, under iron-replete conditions Grx3/4 form an Fe-S cluster bridge with the
BolA-like proteins Fral and Fra2 [136, 137]. When assembled, this complex tethers the
iron response transcriptional activators Aft1 and Aft2 to the cytosol, preventing the
expression of iron uptake genes (Figure 4.1A). Decrease in Fe-S cluster due to iron
limitation prevents formation of the Grx3/4-Fra1/2 complex and Aft1/2 translocates to
the nucleus, inducing the expression of iron uptake genes [67]. In S. pombe, Grx4 acts
on the iron regulatory circuit in two ways (Figure 4.1A). In the presence of iron, Fe-S

cluster-carrying Grx4 traps Php4, a Hap43 homolog, in the cytosol, relieving repression
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of iron utilization genes; upon iron limitation and a decrease in Fe-S cluster presence,
the Grx4-Php4 complex dissociates and active Php4 translocates to the nucleus to
repress gene expression [70]. Fe-S cluster-bound Grx4 is also present in the nucleus
where it binds to Fep1 (an Sfu1 homolog), and is essential for Fep1-mediated
repression of iron uptake genes [138, 139]. During iron limitation Fep1 donates its iron
molecule to Grx4 in a reverse iron transfer mechanism, resulting in Fep1 dissociation
from target promoters and loss of Fep1-mediated repression of iron uptake genes [52].
Whether monothiol Grxs play similar roles in iron sensing and homeostasis in C.
albicans is yet to be determined.

Here we demonstrate that the conserved C. albicans cytosolic monothiol
glutaredoxin Grx3 is essential for C. albicans response to iron levels, and regulates the
iron homeostasis regulon on multiple levels. Using a mass spectrometry-based
approach we identify over 300 Grx3 targets that function in diverse biological processes,
including Fe-S biogenesis and iron homeostasis, redox homeostasis, metabolism,
protein translation, and DNA synthesis and repair. This is the first genome-wide
proteomic approach to identify Grx3 targets. The broadness of Grx3 targets signifies the
importance of Grx3 in linking cellular iron levels to a diverse array of biological

processes.

RESULTS

C. albicans grx3 mutant is sensitive to iron depletion
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Having previously been implicated in iron sensing in other fungi, we investigated
the role of glutaredoxins (Grx) in the C. albicans iron response. C. albicans possesses
at least four Grx family proteins: the Class | dithiol glutaredoxins Grx1 and Grx2 and the
Class Il monothiol glutaredoxins Grx3 and Grx5. While Grx1 and Grx5 remain largely
uncharacterized, Grx2 and Grx3 have previously been implicated in oxidative stress
response [140-142], consistent with the predicted functions of glutaredoxins in other
organisms [59-61]. To distinguish the functions of the different C. albicans
glutaredoxins, we examined the effect of oxidative stress on the viability of grx mutants.
Cells of grx1, grx2, grx3, and grx5 were spotted onto YPD plates in the presence and
absence of the oxidative stress H,O (Figure 4.1B, top panels). As previously described,
the grx3 mutant was slightly defective on YPD plates [141], but the grx5 mutant showed
an even more severe growth defect on YPD (Figure 4.1B, top panels). The grx2 mutant
showed sensitivity to 3mM H»O,, consistent with its identified role in oxidative stress
response (Figure 4.1B, top panels) [140, 142]. At 5mM H>O,, grx2, grx3 and grx5 all
showed strong sensitivity, and grx5 completely failed to grow in the presence of 5mM
H.O- (Figure 4.1B, top panels). grx1 showed no enhanced sensitivity to H,O, These
data illustrate the roles of C. albicans glutaredoxins in the oxidative stress response.

Since monothiol glutaredoxins are known to play important roles in Fe-S cluster
biogenesis and transfer, we tested the grx mutants for sensitivity to iron stress (Figure
4.1B, bottom panels). To simulate a low-iron environment, we spotted cells onto YPD
plates containing the iron chelator bathophenanthroline disulfonic acid (BPS). The grx3

mutant showed a strong sensitivity to low iron stress when spotted onto BPS-containing
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plates (Figure 4.1B, bottom panel). In contrast the grx1, grx2 and grx5 mutants showed
no additional growth defect on BPS-containing plates. None of the mutants showed
sensitivity to high iron stress in the form of excess FeCl; (Figure 4.1B, bottom panel).
While grx5 was defective in growth compared to wild-type even on YPD, this defect was
not significantly enhanced by the addition of BPS (Figure 4.1B). Therefore, of the C.
albicans glutaredoxin mutants tested, only the grx3 mutant was sensitive to low iron
level (Figure 4.1B). As work in S. cerevisiae [136] and S. pombe [70, 138] has
implicated their respective Grx3 homologs in sensing and responding to intracellular iron

level, we propose to determine if Grx3 also functions as an iron sensor in C. albicans.

Grx3 is required for iron-responsive expression of the iron homeostasis circuit
genes

We next examined the role of Grx3 in the regulation of the iron homeostasis
transcriptional circuit (Fig. 1A) [51]. In wild-type cells, SFUT is expressed in iron replete
conditions but down regulated through the action of Hap43 during iron limitation [51].
Consistent with this, we observed that wild-type cells downregulated SFU1 expression
in the presence of BPS (Figure 4.1C). In accord with this observation, SEF1, which is
transcriptionally repressed by Sfu1, and HAP43, which is transcriptionally induced by
Sef1, were upregulated in response to BPS treatment (Figure 4.1C) [51]. Conversely, in
the grx3 mutant SFU1, SEF1, and HAP43 expression were relatively unchanged in
response to BPS treatment, suggesting that their expression level was no longer

regulated in response to iron level in the absence of grx3 (Figure 4.1C). Therefore, Grx3
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is important in sensing iron status and integrating this signal into the regulation of the C.

albicans iron homeostasis regulatory circuit.

Grx3 interacts with Sfu1 and is necessary for Sfu1 association with target
promoters

Since Grx3 is important for sensing intracellular iron level, we next examined how
Grx3 is able to transmit this signal to control the iron homeostasis regulatory circuit. In
S. pombe, the glutaredoxin Grx4 directly interacts with Fep1, an Sful homolog, in both
iron replete and iron limited conditions to regulate Fep1 occupancy at its target
promoters [52, 69, 138]. To determine if Grx3 interacts with and regulates Sful in a
similar manner in C. albicans, we constructed a strain carrying both Grx3-FLAG and
Sfu1-Myc, and examined their interaction in C. albicans. Due to the transcriptional
regulation of SFU1 in response to iron level, we placed the Sfu1-Myc construct under
control of the MAL2 promoter to ensure equal expression in both high and low iron
conditions. Immunoprecipitation of Grx3-FLAG showed that Grx3 and Sfu1 interact in
vivo, both in YPM (iron replete) and BPS-containing (iron limited) medium (Figure 4.2A).
This interaction was unchanged by the addition of BPS and was equally strong in both
high and low iron. Therefore, Grx3 and Sfu1 interact independent of iron level.

As Sfu1binds to the SEF1 promoter and represses its expression in iron replete
conditions [51], we sought to determine if Grx3 regulates Sfu1 association with the
SEF1 promoter. Chromatin immunoprecipitation (ChlP) of maltose-induced Sfu1-Myc in

wild-type cells revealed Sfu1 occupancy at the SEF1 promoter was dependent on iron

77



Sfu1-Myc
Grx3-FLAG
BPS
Sfu1-Myc
Grx3-FLAG

PSTAIRE

+ + - + +
+ + + +
s - -
‘
apmmwe ‘
INPUT IP: a-FLAG

Relative occupancy at
the SEF1 promoter

Sfu1-Myc
1 YPM

T B BPS

WT arx3

Figure 4.2. Grx3 interacts with Sfu1 to regulate its activity at the SEF1 promoter. A.
Immunopreicipitation of Grx3-FLAG. A strain carrying pGRX3-GRX3-FLAG and pMAL2-
SFU1-MYC (HLY4500) and a control strain carrying just pMAL2-SFU1-MYC (HLY4498)
were grown in the presence or absence of 500uM BPS at 30°C for 5hr before protein
extraction and immunoprecipitation. B. Chromatin immunoprecipitation of Sfu1-Myc. WT
(HLY4498) and grx3 (HLY4507) strains carrying pMAL2-SFU1-MYC were diluted and
grown in the presence or absence of 500uM BPS at 30°C for 5hr before formaldehyde
crosslinking and protein extraction. Enrichment is presented as a ratio of gPCR of the SEF1
promoter relative to an ADEZ2 control region, with error bars representing SEM.
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level (Figure 4.2B). In iron replete media (YPM) the SEF1 promoter was highly bound by
Sfu1, and this binding was lost upon the addition of BPS (low iron), consistent with
previous observations (Figure 4.2B) [51]. The binding profile of Sfu1 at the SEF1
promoter is also consistent with the transcriptional regulation of SEF1 in high and low
iron, with Sfu1 occupancy in iron-replete conditions correlating with SEF1 repression
(Figure 4.1C). Interestingly, in the grx3 mutant, Sfu1 no longer bound the SEF1
promoter in iron replete conditions (Figure 4.2B). This was also reflected in the
transcriptional regulation of SEF1 in the grx3 mutant, where SEF1 expression in grx3
was higher than that of wild type cells in iron replete media (Figure 4.1C). Therefore, in
iron replete conditions, Sful occupies the SEF1 promoter and represses expression in a
Grx3-dependent manner. Our data suggests that Grx3 is required for Sfu1 to associate

with its target promoters to repress gene expression.

Sful-independent regulation of the iron homeostasis circuit by Grx3

Having established that Grx3 regulates Sfu1 activity, we next assessed the role
of Grx3 in the regulation of the other members of the iron homeostasis circuit, Sef1 and
Hap43. To address if Grx3 regulates Sef1 and Hap43 in addition to its regulation of
Sfu1, we constructed an sfu1 grx3 double mutant and compared its phenotypes to that
of the grx3, sfut, sef1, and hap43 single mutants in response to high and low iron stress
(Figure 4.3A). If Grx3 functions solely through Sfu1 to regulate the iron homeostasis
circuit, the sfu1 grx3 double mutant should display a similar phenotype to that of the

sfu1 mutant. However, the sfu1 grx3 double mutant behaved like grx3 instead of sfut
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Figure 4.3. Grx3 regulates Sef1 localization and Hap43 activity. A. Spot tests of iron
regulatory mutants on high and low iron plates. WT (HLY4494), sef1, hap43, sful, grx3
(HLY4492), and sfu1 grx3 (HLY4510) were spotted with serial dilutions onto YPD plates
containing either 100uM FeCI3 or 300uM BPS and grown at 30°C for 2-3 days. B.
Localization of Sef1-GFP under control of the MAL2 promoter. pMAL2-SEF1-GFP was
transformed into WT (HLY4560), grx3 (HLY4561), sfu1 (HLY4562), and sfu1 grx3
(HLY4563). Cells were grown in YPM with 500uM BPS for 6hr and Sef1-GFP localization
was assessed by live cell imaging. Cells were stained with DAPI for nuclear visualization.
D. Gene expression of SEF1, HAP43 and CCP1. WT (HLY4494), grx3 (HLY4492), sfut,
and sfu1 grx3 (HLY4510) were grown in the presence or absence of 500uM BPS.
Expression level was measured by qPCR and normalized to ACT1. Data is the average of
three independent experiments with error bars representing the s.d.
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(Figure 4.3A). Both the grx3 single mutant and sfu1 grx3 double mutant showed a
similar growth defect on iron-limited media and resembled the sef1 and hap43 mutants,
which are also unable to grow under iron limitation (Figure 4.3A) [51]. The fact that
deletion of sfut could not bypass the grx3 phenotype suggests that Grx3 must
contribute to the regulation of Sef1 and Hap43 in addition to its regulation of Sfu1

activity.

Grx3 is important for nuclear localization of Sef1

Sfu1 is known to repress Sef1 both transcriptionally and at the level of protein
localization [57]. To determine if Grx3 regulates Sef1 independent of Sfu1, we examined
Sef1 localization in the grx3, sfu1 and sfu1 grx3 mutants. To exclude the effects of
transcriptional regulation of SEF1 by Sful in our assessment of the roles of Grx3 and
Sfu1 on Sef1 localization, we generated a conditional Sef1-GFP reporter under the
control of the strong MAL2 promoter. Using the pMAL2-SEF1-GFP construct, we grew
cells in YPM media containing BPS for 6hr to induce a low iron effect and examined
Sef1-GFP localization (Figure 4.3B). In wild-type cells, Sef1-GFP localized mostly to the
nucleus (Figure 4.3B). However, the grx3 mutant displayed decreased Sef1-GFP
nuclear localization with an increased cytosolic presence (Figure 4.3B). The sfu1 mutant
also showed an increased Sef1-GFP presence in the cytosol compared to wild-type
(Figure 4.3B). Strikingly, the sfu1 grx3 double mutant showed an even stronger defect in
Sef1-GFP nuclear localization; no enrichment in GFP signal was observed in the

nucleus over the cytosol (Figure 4.3B). Therefore, Grx3 and Sfu1 both contribute to the
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regulation of Sef1 on two levels: through the transcriptional regulation of SEF1
expression (Figs 1C, 2B) and through localization of Sef1 protein (Figure 4.3B). Sef1 is
known to regulate HAP43 expression in C. albicans [51]. We observed that HAP43
expression is low in the grx3 and sfu1 grx3 mutants under iron depletion conditions,

further supporting the role of Grx3 in Sef1 activity (Figure 3C).

Grx3 regulates Hap43 activity

We next turned our attention to the role of Grx3 on Hap43 function as Grx4 has
been shown to regulate the Hap43 homolog Php4 in response to iron level in S. pombe
[52, 70, 143]. To assess Hap43 activity, we measured expression of the iron utilization
gene CCP1, a putative cytochrome c oxidase, in iron replete and iron limited conditions
(Figure 4.3C). Of the three iron circuit regulators, only Hap43 binds to the CCP1
promoter, where it functions to repress CCP1 expression in low iron conditions, making
CCP1 an ideal gene to assay Hap43 activity. In wild-type cells, CCP1 was expressed in
YPD but strongly repressed in BPS-containing media (Figure 4.3C). Consistent with
this, the sfu1 mutant showed increased HAP43 expression and decreased CCP1
expression in YPD compared to wild-type (Figure 4.3C). In contrast, in the grx3 mutant,
HAP43 level was similar to that of wild-type, but CCP1 expression decreased compared
to wild-type, suggesting that Hap43 activity maybe higher in the grx3 mutant (Figure
4.3C). In further support of this notion, deletion of GRX3 in the sfu1 mutant decreased
levels of HAP43 expression as well as CCP1 expression. The sfu1 grx3 double mutant

showed a greater decrease in CCP1 expression compared to the sfut or grx3 single
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mutants (Figure 4.3C). The additive affect of the loss of both sfu1 and grx3 suggests
that, consistent with our earlier observations with Sef1 nuclear localization (Figure
4.3B), Grx3 and Sfu1 have independent roles in the regulation of Sef1 and Hap43 at the
level of protein activity (Figure 4.3D). In addition to CCP1, Hap43 also represses SFU1
expression. Like CCP1, SFU1 expression level in the grx3 mutant in YPD was lower
compared to wild-type (Figure 4.1C), indicating increased Hap43 activity in the absence
of Grx3. Our data suggests that Grx3 represses Hap43 activity (Figure 4.3D). This is
consistent with work in S. pombe, where Grx4 has been shown to regulate Php4 activity
in response to iron level. In high iron Grx4 interacts with and sequesters Php4 in the
cytosol but upon iron limitation this interaction is disrupted and Php4 translocates to the

nucleus were it represses iron utilization gene expression [52, 70, 143].

Identification of Grx3 interacting proteins by a proteomic approach

Having shown that Grx3 regulates the iron homeostasis circuit proteins Sfu1,
Sef1 and Hap43, we next wanted to determine what other proteins and processes Grx3
may regulate. We utilized cross-linked tandem affinity purification in denaturing
conditions coupled with mass spectrometry using a His-Biotin-His (HBH) tag [71, 80] to
identify Grx3 interacting protein targets in vivo. A pMAL2-driven Grx3-HBH fusion
construct was generated and transformed into the grx3 mutant strain. The fusion
construct was functional, as growth on maltose medium was capable of rescuing the
grx3 phenotype when cultured on BPS-containing plates (Figure 4.4). The HBH tag

utilizes two high affinity purification strategies that are functional in denaturing
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YPD 300uM BPS 500uM BPS

grx3 + GRX3-HBH . Q @

Figure 4.4. The Grx3-HBH tag is functional. WT (HLY4494), grx3 (HLY4492), and grx3
transformed with pMAL2-GRX3-HBH (HLY4559) were spotted onto YPM plates with
300uM or 500uM BPS and grown at 30°C for 2-3 days.
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conditions. Performing the purification under denaturing conditions helps prevent loss of
post-translational modifications and reduces the occurrence of protein degradation.
Additionally, formaldehyde cross-linking helps preserve weak or transient interactions
during cell lysis and the purification process. Using a control untagged wild-type strain
and our Grx3-HBH fusion strain we diluted overnight cultures into fresh YPM in the
presence or absence of 500uM BPS and grew them for 5hr at 30°C before
formaldehyde fixation and lysis in an 8M urea denaturing buffer. Clarified protein
extracts were incubated with Ni** beads, washed, eluted with imidazole and low pH,
then incubated with streptavidin-conjugated beads. The samples were subjected to on-
bead trypsin digestion and resulting peptides were analyzed by mass spectrometry. Any
interacting proteins that appeared in the untagged control samples were excluded from
analysis as they represent nonspecific interactions. We believe this method is ideally
suited to identifying Grx3 interacting proteins for a number of reasons. Firstly, as an Fe-
S cluster binding and delivery protein, Grx3 functions through direct interactions with Fe-
S cluster recipient proteins. Secondly, since Grx3 is expected to contribute to a wide
array of biological processes, a global proteomic approach might provide a more
efficient and comprehensive method to identify critical Grx3 client proteins essential for
the regulation of these processes.

We identified 310 putative Grx3-interacting proteins involved in wide array of
biological processes and functions (Table 4.1). We did not observe any significant
differences in Grx3 protein association in response to iron level, consistent with our

previous observation that Grx3 interacts with Sfu1 regardless of iron level (Figure 4.2A).
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Table 4.1: Grx3 interacting proteins identified by mass spectrometry

Gene

Gene

Gene

# ORF # ORF # ORF
Name Name Name
1 | SSB1 orf19.6367 105 | ACB1 orf19.7043.1 | 209 | UCF1 orf19.1354
2 | EFT2 orf19.5788 106 | ZUO1 orf19.2709 210 orf19.2269
3 | HSP70 orf19.4980 107 | RPS18 orf19.7018 211 orf19.5016
4 | SSA2 orf19.1065 108 | RPL82 orf19.2311 212 | RAD23 orf19.1494
5| MSI3 orf19.2435 109 | TRR1 orf19.4290 213 | NAS6 orf19.5961
6 | PGK1 orf19.3651 110 orf19.1946 214 orf19.2737
7 | TDH3 orf19.6814 111 | VAS1 orf19.1295 215 | RPP2B orf19.5928
8 | HSP90 orf19.6515 112 | MDH1-1 orf19.4602 216 | THS1 orf19.5685
9 orf19.2095 113 orf19.1707 217 | PFK2 orf19.6540
10 | ENO1 orf19.395 114 | RPL11 orf19.2232 218 | LHP1 orf19.2795
11 | TAL1 orf19.4371 115 | TMA19 orf19.3268 219 | HPT1 orf19.5832
12 | GRX3 orf19.2727 116 | SSZ1 orf19.3812 220 orf19.7263
13 | ADH2 orf19.5113 117 | YNKA1 orf19.4311 221 orf19.7069
14 | MET6 orf19.2551 118 | TUP1 orf19.6109 222 orf19.6705
15 | CDC19 orf19.3575 119 | UBA1 orf19.7438 223 | GDI1 orf19.7261
16 orf19.2296 120 | MLCH1 orf19.2416.1 | 224 | PAA11 orf19.7269
17 | FBA1 orf19.4618 121 | GSP1 orf19.5493 225 | CCS1 orf19.4449
18 | TIF orf19.3324 122 orf19.6701 226 orf19.6559
19 | GND1 orf19.5024 123 | PRX1 orf19.5180 227 orf19.5054
20 | CEF3 orf19.4152 124 | PCK1 orf19.7514 228 | GAD1 orf19.1153
21 | ATP1 orf19.6854 125 | RPS8A orf19.6873 229 | SOD3 orf19.7111.1
22 | ALD5 orf19.5806 126 | SGT1 orf19.4089 230 | MDH1-3 orf19.5323
23 | TSA1B orf19.7398.1 | 127 | WH11 orf19.3548.1 | 231 | GLY1 orf19.986
24 | KRS1 orf19.6749 128 orf19.5525 232 | CRN1 orf19.6534.2
25 | HKX2 orf19.542 129 | RPS5 orf19.4336 233 | SISt orf19.3861
26 | PDC11 orf19.2877 130 | RPL12 orf19.1635 234 | EIF4E orf19.7626
27 | GPH1 orf19.7021 131 | TIF5 orf19.4261 235 | GFA1 orf19.1618
28 | SHM2 orf19.5750 132 | SUB2 orf19.5647 236 | RPL24A orf19.3789
29 | CAM1 orf19.7382 133 | HCR1 orf19.7613 237 | ERG6 orf19.1631
30 | CAM1-1 orf19.2651 134 | ARO3 orf19.1517 238 | UGP1 orf19.1738
31 | SAH1 orf19.3911 135 | GCD11 orf19.4223 239 | PDB1 orf19.5294
32 | GLX3 orf19.251 136 | SOU1 orf19.2896 240 | ASR3 orf19.842
33 | BMH1 orf19.3014 137 | PET9 orf19.930 241 | ADE1 orf19.7484
34 | DPS1-1 orf19.2407 138 | RIB4 orf19.410.3 | 242 | UBC1 orf19.1085
35 | ERG13 orf19.7312 139 | NHP6A orf19.4623.3 | 243 orf19.6596
36 | CAR2 orf19.5641 140 orf19.3053 244 | AGES orf19.3683
37 | ACT1 orf19.5007 141 | PMN1 orf19.1390 245 | SUN orf19.1280
38 | RCT1 orf19.7350 142 | EGD1 orf19.1154 246 | GUK1 orf19.1115
39 | IFR2 orf19.2396 143 | AAT1 orf19.3554 247 | GUA1 orf19.4813
40 | XYL2 orf19.7676 144 | SUP35 orf19.1378 248 | KIS1 orf19.4084
41 | MET18 orf19.1706 145 | GRS1 orf19.437 249 | LSC2 orf19.1860
42 | AHP1 orf19.2762 146 | ECM4 orf19.2613 250 | SAC6 orf19.5544
43 | SRB1 orf19.6190 147 | SPE3 orf19.2250 251 | VMA10 orf19.1866
44 | PAB1 orf19.3037 148 | RPS42 orf19.3354 252 | CAR1 orf19.3934
45 | CYP1 orf19.6472 149 | TOM70 orf19.3700 253 | SEC14 orf19.941
46 | CPR6 orf19.7654 150 | HAP2 orf19.1228 254 | LAT1 orf19.6561
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47 | SES1 orf19.269 151 | VMA4 orf19.2598 255 | GSY1 orf19.3278
48 | CSH1 orf19.4477 152 | RPL10A orf19.3465 256 | SDS24 orf19.5118
49 | IFD6 orf19.1048 153 | RPS21B orf19.3325.3 | 257 | ACH1 orf19.3171
50 | DAK2 orf19.4777 154 | RPS28B orf19.7048.1 | 258 | IDH1 orf19.4826
51 | IMH3 orf19.18 155 | HMO1 orf19.6645 259 | ARA1 orf19.2172
52 | EGD2 orf19.5858 156 | TUB2 orf19.6034 260 | SUI3 orf19.7161
53 | DDR48 orf19.4082 157 | FUM12 orf19.6724 261 | FDH1 orf19.638
54 | GPM1 orf19.903 158 | RPS17B orf19.2329.1 | 262 | UBC4 orf19.7571
55 | ASN1 orf19.198 159 | BCY1 orf19.2014 263 | RPL19A orf19.5904
56 | GRP2 orf19.4309 160 | TRX1 orf19.7611 264 orf19.7489.3
57 | ABP1 orf19.2699 161 | PIN3 orf19.5956 265 | RPS9B orf19.838.1
58 | HSP12 orf19.3160 162 | ST orf19.3192 266 | RLI1 orf19.3034
59 | MIS11 orf19.2364 163 | GPX1 orf19.86 267 | ETR1 orf19.5450
60 | ZWF1 orf19.4754 164 | AHP2 orf19.6470 268 | PRT1 orf19.6584
61 | YBN5S orf19.754 165 | CDC48 orf19.2340 269 | MVD orf19.6105
62 | PMMA1 orf19.2937 166 | AAT22 orf19.4669 270 orf19.5773
63 | SLK19 orf19.6763 167 | RPS3 orf19.6312 271 | RPPO orf19.7015
64 | TFP1 orf19.1680 168 | GDH2 orf19.2192 272 | HETH orf19.6327
65 | TP orf19.6745 169 | PFY1 orf19.5076 273 | MIA40 orf19.2977
66 | SPX5 orf19.6507 170 | IDI1 orf19.2775 274 | YHBA1 orf19.3707
67 | TKLA1 orf19.5112 171 | HOM6 orf19.2951 275 | RIB1 orf19.2862
68 | EFB1 orf19.3838 172 | YRB1 orf19.7477 276 orf19.3475
69 | GAL1 orf19.3670 173 | MAL32 orf19.3982 277 | SMT3 orf19.670
70 | ADE17 orf19.492 174 | ARO4 orf19.4060 278 | ALA1 orf19.5746
71 | SAM2 orf19.657 175 | TAF14 orf19.798 279 orf19.2769
72 | BAT22 orf19.6994 176 | MCR1 orf19.3507 280 | SUI2 orf19.6213
73 | ILST orf19.2138 177 | MBF1 orf19.3294 281 | KRE30 orf19.2183
74 | PGI1 orf19.3888 178 | RPS14B orf19.6265.1 | 282 | APT1 orf19.1448
75 orf19.5943.1 | 179 | ERG20 orf19.4491 283 | RHO1 orf19.2843
76 | MDGH1 orf19.7239 180 | RPL23A orf19.3504 284 | PRE2 orf19.2233
77 | CDC60 orf19.2560 181 | ERF1 orf19.3541 285 | PRE9 orf19.350
78 | DED81 orf19.6702 182 orf19.4246 286 | GLC7 orf19.6285
79 | GRE3 orf19.4317 183 | RPS6A orf19.4660 287 | RPL9B orf19.236
80 | COF1 orf19.953.1 184 | DBP5 orf19.1661 288 | LAP3 orf19.539
81 | TIF3 orf19.3423 185 | SHP1 orf19.2549 289 | WRSH orf19.5226
82 | FDH3 orf19.7600 186 | ADE12 orf19.4827 290 | RPL20B orf19.4632
83 | ARC1 orf19.2422 187 | CYC1 orf19.1770 291 | ZRT2 orf19.1585
84 | GLK1 orf19.734 188 | RNRH1 orf19.5779 292 | RIB5 orf19.4024
85 orf19.3061.1 | 189 | ARO2 orf19.1986 293 | PMA1 orf19.5383
86 | ERG10 orf19.1591 190 | THR4 orf19.4233 294 | DYS1 orf19.1626
87 | APE2 orf19.5197 191 | RPS7A orf19.1700 295 | TYS1 orf19.2694
88 | ATP2 orf19.5653 192 | SNF4 orf19.5768 296 | HTSH orf19.4051
89 | TPM2 orf19.6414.3 | 193 | HOM2 orf19.1559 297 | RPS21 orf19.3334
90 | YST1 orf19.6975 194 | GLR1 orf19.4147 298 orf19.285
91 orf19.338 195 | RBP1 orf19.6452 299 | CCT3 orf19.4004
92 | PST3 orf19.5285 196 | PUP3 orf19.1336 300 | DOT5 orf19.5417
93 | ADO1 orf19.5591 197 | HEM13 orf19.2803 301 orf19.6220.4
94 | ARF2 orf19.5964 198 orf19.7214 302 | TIM50 orf19.680
95 | PILA1 orf19.778 199 | PRBH1 orf19.7196 303 | SNF7 orf19.6040
96 | IPP1 orf19.3590 200 | RIB3 orf19.5228 304 orf19.3915
97 | GUSH orf19.7057 201 | RPS12 orf19.6785 305 | RPS10 orf19.2179.2
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98 | RNR21 orf19.5801 202 | RNA1 orf19.1649 306 | SGT2 orf19.5823
99 | MAL2 orf19.7668 203 | RHR2 orf19.5437 307 | SLS1 orf19.6403
100 | PGM2 orf19.2841 204 | RPL43A orf19.3942.1 | 308 | LYSH orf19.1789.1
101 | RDH orf19.5968 205 | GLN4 orf19.7064 309 orf19.1862
102 | RPL4B orf19.7217 206 | RPL30 orf19.3788.1
103 | GLO3 orf19.5445 207 | LYS9 orf19.7448
104 | ACO1 orf19.6385 208 orf19.4164

Table 4.1. Grx3 interacting proteins identified by mass spectrometry. Overnight
cultures of an untagged wild-type strain (HLY4494) and a grx3 mutant strain carrying
PMAL2-GRX3-HBH (HLY4559) were diluted into fresh YPM media and grown for 5hr at
30°C in the presence or absence of 500uM BPS. Proteins listed were identified in Grx3-
HBH purifications performed under formaldehyde cross-linking conditions and did not
appear in any untagged control strain samples. As no significant differences in Grx3
interacting proteins were observed between high and low iron treatment, data from both
samples were combined and are represented here in order of decreasing abundance.
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In our mass spectrometry data we identified a number of proteins previously shown in S.
cerevisiae and S. pombe to interact with their respective Grx3 homologs or to bind and
carry Fe-S clusters, such as the Fe-S cluster binding BolA-like proteins orf19.2095
(ScFra1), orf19.7489.3 (ScFra2), orf19.5016 (ScBol1) [61]. Work in S. cerevisiae and S.
pombe has implicated Fral and Fra2 homologs in Grx-mediated regulation of their
respective iron homeostasis regulons and also implicated BolA proteins in Fe-S cluster
biogenesis and trafficking [61]. We also observed other proteins known to play roles in
iron homeostasis or be directly regulated by iron including the mitochondrial disulfide
relay protein Mia40 [144], the Fe-S cluster-dependent TCA cycle enzymes aconitase
(Aco1) and fumarase (Fum12) [145-147], the CCAAT binding complex subunit Hap2
[129], and the heme biosynthesis protein Hem13 (Table 4.1) [148]. These observations
of bona-fide Grx interacting proteins as well as other known iron binding proteins in our
mass spectrometry data validate our proteomic method and support the role of Grx3 in
regulating C. albicans Fe-S cluster biogenesis, trafficking, and iron homeostasis [136,
137, 139, 149]. To the best of our knowledge, this is the first comprehensive proteomic
approach undertaken to identify Grx3 associated proteins in vivo.

Gene Ontology (GO) analysis was performed using the PANTHER Classification
System [150, 151]. Of the 310 identified proteins, 270 mapped to reference
classifications. By GO Slim analysis of molecular function, Grx3 interacting proteins fell
into several distinctive categories including oxidoreductase, peroxidase, and antioxidant
activity, consistent with the known involvement of Grx3 in maintaining cellular redox

homeostasis (Figure 4.5A) [141]. Interestingly, catalytic activity showed the highest
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Figure 4.5. Grx3 interacting proteins display diverse functions and contribute to a
wide array of biological processes. Gene Ontology analysis of Grx3 interacting proteins
identified by mass spectrometry. (A) Proteins were analyzed using the PANTHER GO Slim
Molecular Function, (B) PANTER GO Slim Biological Process, and (C) PANTHER
Pathways. Results with a FDR of > 0.05 were excluded.
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enrichment, suggesting that function of many Grx3 interacting proteins may depend on
the presence of Fe-S clusters, cofactors carried and trafficked by glutaredoxins like
Grx3 [59]. Many putative Grx3 interacting proteins showed molecular functions related
to translation, such as ribosomal proteins, translation regulator and initiation factor
activity, and tRNA ligase activity (Figure 4.5A).

GO Slim analysis by biological process confirmed our molecular function GO
analysis, and we observed enrichment in our dataset for processes such as stress
response, translation, tRNA metabolism, and tRNA aminoacylation (Figure 4.5B). We
also observed enrichment in various metabolic and biosynthetic processes including
amino acid metabolism, carbohydrate metabolism, generation of precursor metabolites,
the TCA cycle, glycolysis, and gluconeogenesis (Figure 4.5B). Categorized under
protein folding, our mass spectrometry data set also identified several heat shock
proteins to interact with Grx3 (Figure 4.5B). In addition to confirming enrichment of Grx3
interacting proteins in metabolic and biosynthetic processes as in Figure 4.5A and
Figure 4.5B, PANTHER pathways analysis revealed enrichment of specific pathways,
such as flavin biosynthesis, de novo purine biosynthesis, the pentose phosphate
pathway, and apoptosis signaling (predominantly represented by heat shock proteins)
(Figure 4.5C). Therefore, Grx3 plays a broad role in the regulation of multiple biological
processes. In other species, Grx3 homologs are known to function as Fe-S carriers that
deliver Fe-S clusters to proteins whose functions are dependent on the essential
cofactor. Since many of our Grx3 interacting proteins enriched for processes known to

be functionally dependent on Fe-S clusters such as DNA maintenance, protein
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translation, and metabolism [65, 127, 152-154], we propose that C. albicans Grx3
functions as a global iron sensor and Fe-S cluster carrier that regulates multiple
pathways through cluster trafficking to destination proteins involved in a wide array of

biological processes.

Grx3 is important for multiple iron-sulfur cluster-dependent processes

We next sought to experimentally assess and validate the role of Grx3 in the
function of different processes enriched by GO analysis of our mass spectrometry data
(Figure 4.5, Table 4.1). We observed GO enrichment of several cellular stress response
categories such as oxidoreductase, antioxidant, and peroxidase activities (Figure 4.5A).
Having shown Grx3 sensitivity to oxidative stress (Figure 4.1B) and having observed
enrichment of nitrogen compound metabolic processes in our GO analysis (Figure
4.5B), we tested the affect of nitrosative stress on the grx3 mutant. Spotting wild-type
and grx3 cells onto YPD plates containing the nitrosative stress DPTA NONOate, we
observed an increased sensitivity in the grx3 mutant, confirming our GO enrichment
data and extending the role of Grx3-mediated stress response to include nitrosative
stress (Figure 4.6A).

Our mass spectrometry data also indicated that Grx3 might play a role in
maintaining genomic integrity. GO analysis showed enrichment in nucleotide binding
and biosynthesis proteins (Figure 4.5), and Fe-S cluster biogenesis has been implicated
in DNA replication and repair pathways [155]. Additionally, we found Grx3 to interact

with the DNA damage response and DNA replication proteins Rad23, Met18, Rnr21,
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Figure 4.6. Grx3 plays roles in nitrosative stress response, DNA damage pathway,
and translational efficiency. A. Sensitivity of WT and grx3 to nitrosative stress. WT
(HLY4494) and grx3 (HLY4492) were serially diluted and spotted onto YPD plates
containing 2.5mM or 5mM DPTA NONOate and grown at 30°C for 2-3 days. B. Sensitivity
of WT and grx3to genotoxic stress. WT (HLY4494) and grx3 (HLY4492) were serially
diluted and spotted onto plates containing 30mM HU or 0.03% MMS and grown at 30°C for
2-3 days. C. Translational efficiency of WT and grx3. WT (HLY4494) and grx3 (HLY4492)
cells were methionine starved overnight then treated with either 35uM AHA or methionine.
Cells were grown for 1hr at 30°C then collected, treated, and run on a polyacrylamide gel.
Newly synthesized proteins labeled with AHA were detected by TAMRA fluorescence. The
gel was subsequently stained with coomassie for total protein detection. D. Survival of mice
infected with the indicated C. albicans strains. Mice were injected in the lateral tail vein with
WT, grx3, and grx3 cells complemented with pTDH3-GRX3.
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and Ddr48 (Table 4.1), which have been shown to regulate Fe-S cluster-dependent
DNA damage responses [156-159]. To assess the role of Grx3 in genomic maintenance
and the DNA damage response, we spotted wild-type and grx3 cells onto YPD plates
containing the genotoxic stresses hydroxyurea (HU) or methyl methanesulfonate (MMS)
and assayed for sensitivity (Figure 4.6B). grx3 was hypersensitive to both compounds,
demonstrating that Grx3 contributes to the maintenance of genome stability in response
to genotoxic stress, likely through its role in Fe-S cluster trafficking (Figure 4.6B).

Our mass spectrometry dataset was highly enriched for various translational
processes including initiation, elongation, and amino acid biosynthesis (Figure 4.5,
Table 4.1). In order to assess the role of Grx3 in protein biosynthesis and translation,
we utilized a Click chemistry approach to label in vivo protein synthesis using the
methionine surrogate L-azidohomoalanine (AHA) and its reactive fluorescent alkyne,
tetramethylrhodamine (TAMRA) (Figure 4.6C). Cells were starved of methionine
overnight then treated with AHA to label nascent protein synthesis. Control samples
were treated only with methionine (-AHA). After 1hr treatment with AHA, wild-type cells
showed much higher levels of protein translation relative to the grx3 mutant (Figure
4.6C, left panel). Indeed, the grx3 mutant fluorescent signal was only slightly higher than
background when compared to the - AHA samples (Figure 4.6C, left panel). Verification
by coomassie staining of the same imaged gel indicated equal protein loading (Figure

4.5C, right panel). Therefore, Grx3 contributes to translational efficiency in vivo.

Grx3 is required for virulence in a murine model of systemic infection
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As iron acquisition from the host environment is essential for C. albicans and
other host-dwelling organisms’ ability to survive, we examined the effects of deleting
GRX3on C. albicans virulence in a murine systemic infection model. Mice infected with
wild-type cells all died by day 8, whereas most of mice infected with grx3 mutant cells
were still alive by day 28 (Figure 4.6D). Therefore, the grx3 mutant showed an
extremely marked decrease in virulence compared to the wild-type strain. A rescued
grx3 mutant carrying a single copy of GRX3 under its own promoter was unable to fully
complement the grx3 phenotype as the survival rate for mice infected with the strain
was better that that of wild-type, but worse than that of grx3 mutant (Figure 4.6D). We
have constructed another GRX3 complemented strain with GRX3 under a strong
constitutive promoter for further testing in mice. Our preliminary data suggest that Grx3

contributes to C. albicans pathogenicity in the murine host.

DISCUSSION

Here we have shown that the C. albicans cytosolic monothiol glutaredoxin Grx3
is essential for the regulation of not only the iron homeostasis circuit, but also the
regulation of many key processes dependent on Fe-S clusters for function. We
compared four different C. albicans glutaredoxins and identified Grx3 an iron sensor and
regulator. Using molecular genetic approaches we determined that Grx3 regulates the
iron homeostasis circuit in at least three ways: (1) through regulation of Sfu1 DNA

occupancy, (2) through the regulation of Sef1 localization, and (3) through the regulation
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of Hap43 activity. Our genetic analyses hinted at a broader role of Grx3 in the regulation
of other processes, the extent of which was demonstrated by our proteomic approach.
Purification of Grx3 coupled with mass spectrometry enriched for interacting proteins
involved in a variety of important processes including Fe-S cluster biogenesis and
trafficking, oxidative stress response, metabolism, DNA maintenance and repair, and
protein translation (Figure 4.7). We validated the essentiality of Grx3 in the proper
function of several of these processes including redox homeostasis and stress
response, response to genotoxic stress, and translational efficiency. The dependence of
these processes on Fe-S cofactors and the known function of glutaredoxins in Fe-S
cluster biogenesis and trafficking lead us to conclude that C. albicans Grx3 is a global
iron sensor and Fe-S delivery protein necessary for the regulation of a multitude of Fe-S
cluster-dependent pathways and processes occurring within the cell.

We determined that Grx3 functions as an iron sensor that contributes to the
regulation of the C. albicans iron homeostasis circuit, as loss of grx3 results in the
regulatory circuit’s insensitivity to iron level. We’ve shown that Grx3 regulates several
aspects of the iron regulatory circuit, including Sfu1 activity, Sef1 localization, and
Hap43 activity. This is consistent with work in other fungi that have linked cytosolic
glutaredoxins to the regulation of their respective iron regulons [67, 160]. For example,
we observed that Grx3 interacts with Sfu1 to control its occupancy at the SEF1
promoter. In S. pombe Grx4 also controls the promoter association of the Sfu1 homolog
Fep1. We show that Grx3 regulates Hap43 activity, although we have not addressed

how Grx3 regulates Hap43 activity. In S. pombe, Grx4 is responsible for the cytosolic
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Fe-S Cluster Biogenesis Redox Homeostasis and Maintenance of Genomic Translation and Protein
and Trafficking: Stress Response: Integrity: Synthesis:

Fral, Fra2, Bol1, Mia40, Gnd1, Tsa1B, Ahp1, Cyp1, Met18, Rad23, Ddr48, Rli1, Her1, Sup35, Sup45,
Hsp70, Ssa2, Ssb1, Ssz1, Trx1, Trr1, Prx1, Gpx1, Ahp2, Mbf1, Rnr21,... Sui1, Sui2, Sui3, tRNA
Zuof,... Mcr1, Gir1, Ccs1, Gad1, synthetases,...

Sod3, Dot5, Yhbi,...

v

Iron Homeostasis
Regulatory Circuit

Figure 4.7. Grx3 is a global iron sensor and Fe-S carrier critical for the function of
multiple Fe-S protein-dependent pathways. The Fe-S cluster-carrying protein Grx3 is an
intracellular iron sensor and Fe-S trafficker that contributes to the function of a multitude of
proteins involved in a wide range of biological processes, including the iron homeostasis
circuit, redox homeostasis and response to oxidative and nitrosative stresses, maintenance
of genomic integrity, metabolism and biosynthetic processes, and translation and protein
synthesis.
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sequestration of the Hap43 homolog Php4 under iron sufficiency. It is possible a similar
mechanism exists in C. albicans, although this is yet to be determined experimentally.
By mass spectrometry we observed Grx3 interacting with stress response
proteins essential for redox homeostasis of the cell, as well as several known Fe-S
cluster-binding proteins including the BolA-like proteins encoded by orf19.7489.3 (Bol2
in S. cerevisiae and Fra2 in S. pombe), orf19.5016 (Bol1 in S. cerevisiae and Uvi31 in
S. pombe), and orf19.2095 (Fral in S. cerevisiae and S. pombe), which are well
characterized proteins involved in Fe-S cluster biogenesis and trafficking (Figure 4.5,
Table 4.1) [52, 61, 136, 139]. Fra/BolA proteins have also been shown to function in the
regulation of iron homeostasis pathways in other fungi, such as S. cerevisiae and S.
pombe, and it is possible that they function in a similar capacity in C. albicans, although
that has yet to be seen [52, 136]. S. cerevisiae is unique in that it utilizes a mechanism
independent from the conserved homeostasis regulons that exist in S. pombe and other
pathogenic fungi, instead depending on the actions of the transcriptional regulators Aft1
and Aft2. In iron replete conditions an ScGrx3/4-Fra1/2 complex binds and sequesters
Aft1/2 in the cytosol, preventing its nuclear localization and blocking Aft1/2-mediated
induction of iron uptake genes [67]. Orf19.2095, a homolog of S. cerevisiae Fral, was
one of the top hits observed in our mass spectrometry data (Table 4.1). C. albicans also
possesses an Aft homolog, Aft2, which has been shown to contribute to the regulation
of iron response genes [161]. Therefore it is possible that C. albicans has retained a
Grx3-Fra1-mediated mechanism to regulate iron response genes via Aft2. In fact, the

pathogenic Candida species C. glabrata, a closer relative to S. cerevisiae, displays a
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hybrid system involving both Aft1 and Sef1 factors in the regulation of its iron network
[58].

Our mass spectrometry data also revealed Grx3 interacting proteins involved in
DNA damage response and purine biosynthesis. The processes of DNA damage repair
and DNA maintenance have been widely reported to depend on iron availability and Fe-
S cluster cofactors [127, 152, 158]. Our dataset included proteins such as Met18 (S.
cerevisiae Mms19), a component of cytosolic Fe-S protein assembly (CIA) that also
plays roles in DNA replication and repair [156, 157], Rad23, a subunit of nuclear
excision repair complex NEF2 in S. cerevisiae [162], Ddr48, a DNA damage response
protein with a role in flocculation [163, 164], and Rnr21 (S. cerevisiae Rnr2), a subunit of
ribonucleotide reductase (RNR), an iron-dependent enzyme involved in
deoxyribonucleotide biosynthesis shown to be regulated by cellular iron level [165]
(Table 4.1). The finding of many Grx3-interacting proteins playing pivotal roles in
multiple DNA synthesis and repair pathways is consistent with increased sensitivity to
genotoxic stress in the grx3 mutant.

Our results also yielded enrichment for pathways including glycolysis and
mannose metabolism, the pentose phosphate pathway, and flavin biosynthesis (Figure
4.5). It is known that under iron limitation flavin production is upregulated in bacteria,
fungi including C. albicans, and plants [166-168]. In Candida famata, this process is
regulated by Sef1 [169]. It is proposed that flavin production and excretion under iron

limitation is a strategy of iron acquisition through a reduction of insoluble environmental
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Fe®* to soluble Fe?* which is subsequently uptaken by the cell via iron transporters
[170]. Therefore, it is expected to find the iron sensor Grx3 might regulate this process.

We observed a high number of ribosomal proteins, translation initiation factors,
amino acid biosynthesis proteins, and tRNA synthetases in our Grx3 interaction data
(Figure 4.5, Table 4.1), processes also known to be Fe-S cluster dependent. The
RNase L inhibitor protein Rli1 is an Fe-S cluster protein essential for ribosome
biogenesis, translation initiation, and translation termination [171, 172]. It has been
shown that Rli1 is regulated by the Sfu1/Sef1/Hap43 iron regulatory circuit in C. albicans
[51]. RIi1 interacts with the elF3 component Hcr1 and the termination factors Sup35 and
Sup45, all of which were identified to interact with Grx3 in our mass spectrometry data
(Table 4.1) [173]. Further, Fe-S clusters have been implicated in regulation of tRNA
modifications such as thiolation, and several bacterial tRNA synthetases have been
shown to bind Fe-S clusters [172, 174-176].

These data, described here in brief, reveal the multitude of cellular processes
regulated by the iron sensor and Fe-S shuttle protein Grx3. This is the first proteomic
approach to identify Grx3 targets. Most of the proteins are shown for the first time to
interact with Grx3. Conversely, many of the Grx3 associated proteins are previously
shown to contain or depend on Fe-S clusters, further validated our findings. Our work
suggests a wide role for Grx3 in overall Fe-S regulation of an assortment of biological
processes and pathways. Due to the ubiquitous nature of glutaredoxins across all

kingdoms of life, we believe it likely that the functional relationships between monothiol

103



gluatredoxins and the biological processes described in this study should show wide

conservation throughout the living world.

104



CHAPTER 5

Summary and Conclusions

The opportunistic pathogen C. albicans is a fascinating organism to study. In
addition to being clinically relevant, its extreme flexibility in host niche colonization,
facilitated by its morphological and genetic plasticity, means it has evolved endless
mechanisms to respond to the disparate host destinations it finds itself. Whether by
epigenetic regulation of cell fate or regulation through a cofactor-binding and trafficking
protein, C. albicans is well suited to adjust to the vagaries of life in the host. In this
dissertation we have addressed two fundamental questions about C. albicans biology by
utilizing a powerful mass spectrometry based approach.

The epigenetic transition between the white and opaque phases represents one
mechanism by which C. albicans can alter its biology to best suit its environment. As
presented in Chapter 3, we find that the master regulator of the opaque phase Wor1
induces and maintains the opaque state through inhibition of the general co-repressor
Tup1. This interaction depends on their association at the level of promoter chromatin,
and WOR1 expression is sensitive to alterations in Wor1 or Tup1 level at the WOR1
promoter. Changes in promoter occupancy of either Wor1 or Tup1 results in changes to
WOR1 expression and the transition between phases. Additional regulators such as
Wor2, Wor3, Czf1, Efg1, and others all contribute to the regulation of WOR1 expression.

As Tup1 does not bind DNA directly, it is targeted to promoter regions through its
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interaction with transcription factors. It is possible that the other white-opaque regulators
(or those as yet undiscovered) contribute to the regulation of white-opaque switching
through their interaction with and targeting of Tup1 to the WOR1 promoter.

External cues such as carbon source, CO; level, hypoxia, and temperature all
contribute to white-opaque switching. In Chapter 3, we examine two such environmental
conditions, carbon source and temperature, and propose a molecular model for how
they contribute to white-opaque switching. We determine that non-glycolytic carbon
sources and growth at the 37°C both contribute to Wor1 and Tup1 occupancy at the
WOR1 promoter and consequently, regulate WOR1 expression. We can postulate that
other environmental conditions that regulate white-opaque switching may regulate Wor1
and Tup1 occupancy at the WOR1 promoter as well. It is also possible these conditions
may act on other white-opaque transcription factors, especially Efg1, which was
observed in our mass spectrometry data and is known to physically interact with Tup1.
These transcription factors in turn may alter Tup1 occupancy (and possibly activity) to
regulate WOR1 expression and cell fate. Therefore, the local chromatin environment at
the level of the WOR1 promoter is a critical determinant of opaque cell fate. The new
paradigm we describe here can serve as a model for how other environmental
conditions can regulate the WOR1 promoter and white-opaque switching. Future work
about how these signals are integrated to regulate opaque cell fate should provide
ample room for expansion of our model.

Bioavailable iron level is another critical signal that C. albicans senses and

responds to, both due to the requirement for iron is a myriad of essential biological
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processes and the generation of toxic reactive oxygen species in the case of iron
excess. In Chapter 4, we discuss the Grx3-mediated mechanism by which C. albicans
can sense and responds to iron status. Monothiol glutaredoxins like Grx3 serve as iron
sensors by binding Fe-S clusters and trafficking them to client proteins and modulating
client protein function in a variety of ways. We find that Grx3 is essential for sensing iron
status and regulating the iron homeostasis regulon. A conserved circuit present in a
broad range of fungal species from the fission yeast S. pombe to the pathogenic C.
neoformans, the iron homeostasis circuit ensures survival in times of iron sufficiency
and iron limitation. At its simplest, the circuit contains the iron uptake repressor CaSfu1
(SpFep1) and the iron utilization repressor CaHap43 (SpPhp4), which display an
antagonistic relationship to each other and repress the other’s expression. We show
that Grx3, as a conserved iron sensor, acts on both of these factors to regulate their
activity in response to iron level. As an inhabitant of many diverse and dynamic host
niches, C. albicans must be able to adapt to an extreme range of iron levels. Perhaps
this unique requirement for extreme flexibility is why C. albicans has evolved and
incorporated a new component into the conserved iron homeostasis regulon in the form
of Sef1. In agreement with its known role as an iron sensor, we show that Grx3 also
regulates Sef1 at the level of its localization.

Beyond its ability to regulate the iron homeostasis circuit, Grx3 is also critical for
the regulation of a diverse array of biological processes, including Fe-S biogenesis,
redox homeostasis, metabolism, DNA synthesis and repair, and protein translation.

Many of these processes are known to be regulated by iron, and many of the Grx3-
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associated proteins we identified have been shown to bind Fe-S clusters or be
dependent on their presence for activity. Therefore Grx3 is a global iron sensor and
trafficker that is crucial for the overall wellbeing and adequate function of the cell. As Fe-
S cluster biogenesis occurs in the mitochondria and is dependent on mitochondrial
function, it becomes clear that the mitochondria are more than just the powerhouse of
the cell. Instead, by regulating processes such as Fe-S cluster biogenesis, the
mitochondria becomes an integral signaling component of the cell.

Future work can dissect exactly how the mitochondria, via processes such as Fe-
S cluster biogenesis and trafficking, or metabolic shifts in the case of white-opaque
switching, can serve as a signal intermediate to convert environmental cues and

conditions into the regulation of gene expression, cellular activity, and cell fate.
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