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Abstract

C. albicansis an opportunistic fungal pathogen which causésctions in humans and
contributes significantly to world mortality rates. The phenotypic plasticity of this yeast
supports its virulence and differenbrmphologies are triggered by specific environmental
cuesincluding temperature, nutritional deprivati and pH Developmentof hyphae
facilitates the translocation of cells through human tisswk whiteor opaqueforms of

this yeast have the tendency torh hypha and mate, respectiveSwitching between
forms is regulated in many ways for example Bnscription factorand hypotheses
suggest that these magcur though changes to the packaging of DNAis would be
facilitated by modification of the kione proteins that contribute to the condensation of
DNA into various chromatin state$t has beershown that deletion othe histone
deacetylasélDAL of C. albicansstunts the yeast to hyphae transitamd increases white

to opaque switchingn the canmon model yeas®. cerevisiagHdal forms a complex
with OHi stone deacetylased proteinsC.Hda?z2
albicansis unknown.

This thesis evaluateS. albicansHdal, Hda2 and Hda3 proteittsrough their
expressionand sepaately byin vivo functional anajses.The resultsoffer a plan for
soluble expression &l lengthHdalprotein as well as a construct for soluble expression
of its Arb2 domain Expression of full length Hda2 and Hda3 yielded insoluble protein.
In vivo co-immunoprecipitationexperimens unveil an interaction between Hdal and
Hda2 as well as Hdal and Hda3. Homozygous mutants in these ptaeasommon
and unique phenotypes which ahgpothesized to besnvironmentally dependent.
Specifically, theh d a 2azedth d a 3h@e®zygous mutants ersensitive taespiratory
stressorsodium nitroprussideSNP and salicylhydroxamic acid§HAM), copper and
oxidative stress biaCl but resistant to rapamycin. THed a 2nsetent is resistant to
caspofungin and fltunazole whileh d a 3isseasitive to zinc. Phenotypkes rapamycin
and fluconazole are diminished or not evident in hyphae inducing media (RFNb)e
protein extractions show decreased expression of Hdal kely IHda3 in hyphae
induction conditions. fiis suggests thathanges in protein abundance and environmental
conditions lead to different rolesind potentially arrangements, tfese proteirs in
complex. RNAseq results support thieserved phenotypes aslines thehypothesis that
these proteins fon a complex In summary, his thesisincludesevidence of several
functional roles forC. albicansHda2 and Hda3 proteins including in whdpaque and
yeasthypha morphological switchingnd gives proof of theinteraction with Hdal
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CHAPTER 1. Introduction

1.1 Human fungal pathogens
Fungal colonization of human tissueasatural course for many species in the fungal
kingdom that pursue suwal through a saprophytic approach. Given that there are likely
2.2-3.8 million species of fungi on this planet with onk% currently named, it is certain
that the field of recogniin for these type of human pathogens will continue to grow with
time (Hawksworth & Lucking 2017)Currently over three hundred typespaithogenic
fungi are knowr{Taylor et al. 2001)The field of medical mycology recognizes the impact
of conditions with varying levels of severity that develop in humans due to pathogenic
fungi (Gow & Netea2016) In addition to skin and mucosal membrane disorders, these
pathogens can cause lung disease and damage major organs. These infections are founc
to be concomitant with a range diseases including cancer, AIDS, rheumatoid arthritis,
cystic fibrosisand other conditionenning2015)

Fungal infections lead to over 1.5 million deaths and ntiwse a billion infections
in the world each year. Contributing to this, many countries have limited access for fungal
diagnostic technology and medications for treating these comgifidenning 2015;
Bongomin et al. 2017; Gow & Netea 201&urrently world mortality rates for fungal
infections are high, but it is difficult taccount for since due to the concomitant nature of
these conditions @eh is often attributed to other factors. This is compounded by the fact
that fungal infections are commonly not detectable by blood saiguieoth et al. 2018)
For a fungus to be able to infect humans it must be introduced to the host, endure the
increased temperature of the body, be able to engage move through tissuadenthev
immune system, consequently, these infections are more effigie immune
compromised individuals. Still, several hundreds of pathogenic fungal species have been
shown to take humans as their hdstshler et al. 2014)

While there are hundreds of pathogenic species, a portion of these commonly

infect humans Qandida Aspergillus Cryptococcusand others)Underhill & Pearlman
2015) Many pathogenic fungi which infect humans occur more commonly in certain
locations in the world, their prevalence varies by country dinthte (Bongomin et al.
2017) Pathogens are found on certain plants, in soil, in air and commonly onhleoth t
outside and inside of the human body. For exanBstomycess asoil dwelling fungus
which when inhaled can cause respiratory distress and failure and the condition is called

Blastomycosis. It occurs mostly in North America, Canada and South Aféraos et
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al. 2001; Kohler et al. 2014; Saccente & Woods 20Fd)ngi exist in environmental
situations that allow their survival needs ®rhnet. Likewise, when they act as pathogens
in the human body these fungi are often found in distinct locations particularly in early
stages of diseasguch as mucosal membranes and on the skin. Infections can be localized
to their entry pointam the @aseof i ngwor m o r(Centerhfbr®itease €ontiob o t
and Prevention 2018More serious infections spread throughout théesysy moving
via the blood stream. The blood stream infection, Candidemia cau§€ahbidaspecies,
has been shown to contribute crude mortality raies62 % in sampled hospital
populations (n = 108) and it is known that faster treatment improvestutasme (i.e.
treatment started less than 12 hours from diagn¢Sidey et al. 2006; Gudlaugsson et
al. 2003) In general, there is an over 50 % mortality rate for individuals with invasive
fungal infectiongBrown et al. 2012)

The symptomand severity of thegafections are wide ranging. Fungal pathogens
use a variety of effective physiological strategies to find the way into various niches of

the human body and this makes it very difficult to combat later stage infections.

1.1.1 Primary and opportunistic fungal pathogens
There are hundreds of known fungal pathogens, and many are dangerous to humans.
Common fungal pathogens are mostly opportunistic while others can infect despite a
healthy immune statévan Burik & Magee 2001; Kohler et al. 2014)jhe National
Institute of Healttd book of Medical Microbiology cites three classes of primary fungal
pathogens and close to ten opportunistic types but more contibeadentified(Walsh
& Dixon 1996; Jones et al. 2008ppportunistic fungal infections arise from fungi that
live normally in a norinvasive stée within the host andecome invasive due to a change
in the hostenvironment or immune system. Primary fungal pathogens can attack a healthy
human system whereas opportunistic pathofienssh inanimmune compromised state.
Mortality rates due to priary fungal infectionsvhich effect immunocompetent
individuals vary more widely: Blastomycosis : (Midwest and Atlantic U%82%),
Cocciciomomyecosis (Southwestern US7Q %), Histoplasmosis (Midwestern US:-28
%), Paracoccidioidomycosis (Brazil:Z %), andTalaromycosigSoutheast Asia:-Z5
%) (Brown et al 2012; Revankar 2017; &l6h & Dixon 1996; Centers for Disease Control
and Prevention 2017)
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Perhaps the most wekhown primary fungal pathogens a@ryptococci(C.
gattii), thoughspecies of the pathogens doeind to beopportunistic C. neoformans
(Won et al. 2006; Kohler et al. 2014)

Opportunistic pathogens are normally benign and infect only upon immune system
compromise, examples include: (Candda which causes thrush and other infections
(Singh et al. 2014)and (2)Aspergilluswhich causes infection that takes the form of
allergic response, sinusitts pneumoniahis maycomplicate asthma which can lead to
more acute infectio(Natarajan & Subramanian 2014; Kohler et al. 201afections by
other opportunistic fungi such asionFumigatus aspergilli Fusarium and
Pseudoallescherieand uncommon molds which are often lethal due to drug resistance
(Torres et al. 2003; Nucci & Anaissie 2007; Quan & Spellberg 2010; Kohler et al.. 2014)

Estimates based on infectgobpulations worldwide show mortality rates for
common opportunistic fungi to be very high in populations infected thighdiseases:
Aspergillosis (305 %), Candidiasis (485 %), Cryptococcosis (200 %),
Mucormycosis (3800 %) and Pneumocystis (BD %) Invasive fungal infections are
much less common than superficial infections and yet still these fungal pathogens are
implicated in 10,0041,000,000 life threatening infections per year worldwBengomin
et al. 2017)

1.12 The impact of C. albicansspecies in human fungal ifections

While other types of yeast contribute to human fungal infecti@salbicansis
documented as the most prevalently observeditlp Guinea 2014)in a population
based survey of three Californiaged counties during the years of 19983 (Alameda,
Contra Costa and San Francisco: population 2.94 million), the most common cauge amon
the ~1,600 cases of the invasive fungal infections per yeaCamadidaspecies 50.9 %
of the isolates obtained we@andidaalbicans(henceforthC. albicang and33.9 % of
first time infections turned out to be fatRees et al. 1998Many of these invasive
Candidainfectionswere found to be concomitant with other conditions that contribute to
an immunocompromised host stateluding cancerous malignancies (18.2 %; n8}, 7
HIV (15.3 %; n = 61), diabetes (13.6 %; n = 58) and lung disease (13.6 %; n = 56).
Likewise, recent surgery on the abdomen or heart was also found to be a contributing
factor (17.9 %; n = 284; abdominal carrdiac surgeries).

C. albicansis by far the most prevalent type Gandidafoundto causédnfections

worldwide although these rates are decreasing. This may be accounted for by use of drugs
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that target these species while allowing others to flourisgaor immunity(J. Guinea
2014) In a survey with samples from 127 medical centers in 39 countries between 1997
2007 called the ARTEMIS Disk Global Antifungal Surveillance study program, yearly
collections of dhical isolates tested were-GB% C. albicang~12-33,000 cases reported
each year]Pfaller & Diekema 2007; J Guinea 201#heC. albicansspecies is a common
culprit of mucosal disease where other fungi are blamed for more respiratory oriented
effects(Bongomin et al. 2017)

While C. albicansoften survives in a commensal state keeping balance with other
bacteria and fungi in the human g infections do occur and ofteasult in lengthy
hospital stays with significant costs for care. A decade long census carried out in the
United States showed that ~5% of a population of 100,000 people are hospitalized
annually for invasive candidiasisurvey of 33 US stateStrollo et al. 2016) These
numbes do not account for the chronic recurring nature of these conditmrexample,
CandidemigPfaller & Diekema 2010)As an opportunistic fungal pathogéh,albicans

is very successful in the humanshsystem.

1.2 The pathogerC. albicans
C. albicansis found in many people with normal immune function without creating any
harm. In fact, a recent study foufd albicansto be the most common yeast species in
the intesihal microbiota and it was founoh specimens from ~40 % of 111 healthy
individuals testedqStrati et al. 2016)C. albicansis alsonormallyfound on human skin,
mucosal membranes and in the genitourinary trattasdtthe potential tmfect mucosal
cavities, nails, and deeper systems of the body like the blood stream and(bigjaifes
& Johnson 2015) These infections are problematic for certain individuals,
disproportionately affecting infants and the eldgiRfaller & Diekema 2007)Likewise,
those suffering from chronic viral conditions and cancer, or individuals with otherwise
compromised immune response have higlumerabilityandconditions impactingvhite
bloodcell levels are gredisposing factor for these infectigivgisplinghoff et al. 2004)

In a large multicenter study:Surveillance and Control of Pathogens of
Epidemiological ImportancéSCOPE), approximately 24,000 cases ofBloodStream
Infections(BSI) were monitored at sites across the United States from2@@5. Among

these case<;. albicanswas found to account for 54 % of infections but the species
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brought the lowest mortality rate (which was still 37. @f these infections, 15 % were
pediatric.

In a more detailed evaluation of data embedded in the SCOPE study, a group of
2000 BSI within one university medical center from 12992 was examined. It was
found that 197 of the infections were causebydida species and 63 % of these By
albicans In survivors of thes€. albicansinfections, the inflammatory response lasted
approximately 9 days before their systems returned to normal. Among the cases reviewed,
there was an overall mortality fdZ. albicans BSI of 42 % with 27 % of patients
experiencing septic shock and 35 % displaying end organ disfunction. Approximately half
of these patients received drug treatment within 24 hours and about a quarter of the
Candidasamples surveyed were resistantiicdnaole (10 % of the. albicangsolates
were resistant)Wisplinghoff et al. 2006)

Cuts or breaks in the skin or mucosal membranes can contribute to development
of Candidainfections(Pfaller & Diekema 2007yhile BSI areoftenacquired in hospital
settings. Invasive candidiasis is a yeast infection of the bloodstream, tissues and organs.
The capacity to adapt to different environmental conditions facilitates quick and insidious
penetrance bg€andidawhichusesmorphologi@l changes as a strategy to disperse widely
in a host before embedding deeply into tissue and organ systems. Phenotypes that allow
for the virulence o€. albicangnfection include: the development of hyplveteich allows
the yeast topierce through someypes @ tissue and the formation of biofilm with
structuring thatesiss disruption by antifungals. The structural strength and embedded
penetrance of this pathogen during infection make treatment difficaitg et al. 2014,

Dalle et al. 2010; Taff et al. 2013)

To study this, models for mucosal infien have been constructed with organ cell
cultures that mimic hunmatonsil and cervical tissues; the different surfaces of these
organs ar@f contrastingmakeup.Tonsil surfaces are dynamic, they contribute a surface
with many layers of cells that arergiantly replaced and proliferating while invaginations
of the tonds offer crypts lined with a single cell layer. Likewise, cervical cells are lined
with a single cell layer that is distinct in its secretion of mucous, which forms a protective
physical larrier that is continuously changing with hormonal signals. Vefferdint
efficiencies and dynamics of colonization By albicansare observed in these models.

For example, colonization is much easier in the more external layers of the tonsil surface

but given that these cells have a short life cycle invasion is Iksly lio occur. Also,
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colonization is more successful in external layers of cervical cells when they are cut,
damaged or slightly disturbg&outhern et al. 2008)

In humans that aresnmune compromised, fungal infections have an advantage.
For example, often the first symptoms of HIV infections are opportunistic infections like
oral candidiasis and it is even used asnalicator to screen for the virpamery et al.
2013; de Repdimgny et al. 2004)1t is notable that populations of particuladghesive
yeast strains are observedth infections of HIV positive hosts and the virus itself
contributes proteins which help the yeast escape from phagocytosis by macrophages
(Torre et al. 1999)n general, factors that bring susceptibilitgludedecrease digestive
secretions, nutrient deficiencies, liver disease, tbmabraphics of the gut microbial
community and use of medications. Symptoms do not always include an obvious display
of colonization; they can vary and present like those typical of obherof infections.
Diagnosis can be made by stool, blood or bioahahanalysiqas reviewed by Martins
et al. 2014)

1.2.1 Interactions ofC. albicanswith its host

Immune responses 0. albicansdo occur yet still the organism manages to establish
infections in a variety of niches in the human body (see Section 1.2helfiace of
antibodies, antimicrobial peptides, phagocytes, neutrophils, macrophages and many other
immune defenses, the yeast must quickly adjust its physiology to survive by responding

to the challenging situations mounted by the host immune resporsEi¢sé.1).
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Figure 1.1 Aspects of nteraction betweenC. albicansand a host immune agent
Interactions and virulence @. albicans (A) Stages of interactions betwe€nalbicans
and macrophages (B)st of C. albicanskey virulence factorsfAdapted from Figures 1
and 2 of da Silva Dantas et al. 2016

Thereare manystrategies used b@. albicansto resist the host immune system.
These include whitepaque switching, yeablyphae transitionadaptation to metal,
biofilm formation, chromosome remodeling and gene silencing. Additional strategies to
survive in the host immune system include: (1) Secretion of Aspartic Proteape$o(S
cl eave hoesnmenddompnmune r es p@atdessystenpnespdngei n s
components(Gropp et al. 2009) (2) use of alternative carbon source pathways
(gluconeogenesis and glyoxylate cycle) to adapt to different nutrient conditioresz
et al. 2004) (3) Releas®f ammonia from amino acid degradatioralkalize the nearby
area and adapt tthanges ipH (Vylkova & Lorenz 2014)(4) use of heat shock proteins
(automatic negative regulatory loop involviHgat Shock transcription Fact@tsfl) and
Heat Shock Pretin 90 (Hsp90)) to keep high temperaturest causing protein unfolding
(Leach 2012)C. albicansuses these and other techniques to respond to the many physical
and chemical barriers put up by the human h@xihring et & 2015)

For example, macrophages (asfitine immune defense) recogniZe albicans
hyphae and can kill the yeast cells by phagocytosis and other toxic defenses that include
secretion of: antimicrobials, degrading enzymes and oxidative compdquadsde
Veerdonk et al. 2015; Krysana&t 2014; da Silva Dantas et al. 2016; Dugret al. 2015)

The C. albicanscell can in turn kill the macrophage through a programmed lytic
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inflammatory cell death pathway, which may require filamentatidoble et al. 2010;
Tyc et al. 2016)

1.22 Molecular mechanisms ofC. albicanspathogenicity

The pathogenicity ofC. albicansis facilitated through several known mechanisms
including interaction with host cells through adhesion, invasion and biofilm formation
(Mayer et al. 2013)Specific gene families linked to virulence of this pathogen are LIPases
(LIP), SARsandAgglutinin Like SequenceALS (Anderson et al. 2014; Hube et al. 2000;
Hoyer 2001; Magee et al. 1993)

Adhesion describes the interaction and actual adherenCe a@bicanscells to
host cell surfaces; althgh interactions also happ between yeast cells and inanimate
barriers like medical siliconffThomson et al. 2015; Mayer et al. 20¥&)hesion gene
includeALS proteins ad hyphaassociated GHInked protein HWPL) and several other
proteins which reside at the cell surface and bind to other cells or surfaces that are
encountered. Als proteins also have roles in biofilm formation wanetliscussd in more
detail in Sectin 1.23. Adhesin protein Hwpl functions downstream of negative
regulators of the hyphae transition, includirignhanced Filamentous GrowtEf@1),
dTMP-UPtake (Tupl) and Reduced Filamentous Growth 1 (Rfgliarkey et al. 1999)
These proteins are alsovolvedin biofilm formation and while these processes (adhesion,
invasion, hyphal development and biofilm formation) are investigated as separate traits in
the literature, thie interplay is intricately intertwined when this pathogen infects a host
system (Liu & Filler 2011; Phan et al. 2007; Almeida et al. 2008; Mayer et al. 2013;
Nobile et al. 2008)

Adhesion abilityof the yeast celhnd the composition of the encountered surface
contribute to the navigation of hyphae itgrinvasion(Thomson et al. 2015)nvasion is
the ability of C. albicangto pierce through cell membranes which allows the pathogen to
move through obstacles including host tisgibBomson et al2015) Invasion byC.
albicansoccurs differently in different tissue types. For example, invasiomabtissues
can occur both through endocytosis by host cells and active penetration while only the
latter is utilized for invasion of intestinal tissu@®alle et al. 201Q)Surface invasion by
this fungi is facilitated by Als3, Heat Shock Protein 70 (HSP70) and Sseasmty
subfamily Ssal (both also function as an adheg®sih et al. 2010; Phan et al. 2007;
Mayer et al. 2013)
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Finally, several traits related to fithess contribute to virulence, including: adaptions
to a variety of stressors by heat shock proteins, regulation of pH levels by excretion of
ammonia ad sequestering of nutrients including: carbon, nitrogen, iron, zinc, copper and

manganeséViayer et al. 2013)

1.23 Biofilm formation

Donlanetal., 2002 contributestinew def i ni tion of a biofil
sessile community characterized by cells that are irreversibly attached to a substratum or
interface or to each other, are embedded in a matrix of extracellular polymeric substances
that they haveroduced and exhibit an altered phenotype with respect to growth rate and
gene transtcriiptpooposed that this is th
microorganismgNobile & Johnson 2015)

Biofilms allow C. albicansto form multidimensional architecture which provides
an insulated environment within which the yeast can th@valbicansbiofilms are made
up of densely packed yeast and hyphae cells. The biofilm mamade of a variety of
components, including proteins (enzymes), glycoproteins (polysaccharides),
carbohydrates, lipids and nucleic acids. The expression of hundreds otlgangs when
C. albicanscells are growing in a biofilm rather than in a free a@{iNobile & Johnson
2015; Finkel & Mitchell 2011; Fox & Nobile 2012; Nobile et al. 2012; Gaféachez et
al. 2004)

The formation of biofilm allavs for cohabitation of different species, a factor that
can increase the mortality of hosts. For example, a study of infections of mic€ .with
albicansand the pathogenic bactefsaphylococcuaureusshowed a synergistic effect
when both infectious agen were introduced at low levels for which they were
individually not lethal and biofiliike features were observdd the animals small
intestinegCarlson 1982; Desai et al. 201¥Yhile research on species interface wit@in
albicansbiofilms oftenfocuses orStaphylococcuspecies, other fungi and bacteria are
also found in these environments. Both gram negative and gram positive bacteria are
found in biofilms with C. albicansand the architectures of the biofilms can vary
tremendously due to of thgpe of cohabiting bacteria and the ratios of the two organism
types(Soll & Daniels 2016; Nett et al. 2010; McAlester et2008) C. albicansis also
foundto interact in biofilms with other types @fandidaincludingC. glabrata, C. rugosa
andC. dubliniensiqAlves et al. 2014Martins et al. 2016; Kirkpatrick et al. 2000;-Al
Fattani & Douglas 2006)
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While biofilms are found on surfaces of the human body, they are also very
inclined to develop on implantedevices such as central venous catheters, implanted
tubes on voice prothetic and joint prosthetic devicé&ndes et al. 2004; Ramage et al.
2006; Donlan & Costerton 2002; Kojic & Darouiche 200%Fhey al® occur and are
difficult to dislodge on more common everyday items tkatact lens and dentur@sA
et al. 1991; Daniluk et al. 2006; Nett et al. 2010)

Biofilm development requires a combined effort between several morphological
aspects ofC. albicans cells as they function to adhere to a surface and layer upon each
other creating the microenvironments of a mature biofilfilne stages of biofilm
development are: adherence, initiation, maturation and dispgRiohard et al. 2005;
Uppuluri et al. 2010; Fox & Nobile 2012pnce the yeast cells adhere, the ddillide to
become further established creating a first layer (initiatodroells which is added upon
as the biofilm matures to a more complex form featuring layers and matrid (BidLee
et al. 2016) Mature biofilms develop until they ateulging with yeast, hyphae and
extracellular matrix to the point thdttety eventually start to shed cells which disperse from
the biofilm to new locations on the host surf{Gailati & Nobile 2016; Ramage et al.
2004; Uppuluri et al. 2010Drugstargeted at disrupting biofilms are currentty the
discovery stages of development and trialed treatments use adaelanocandin drugs
in combination wittHSP90inhibitors as a way of disrupting dispersal of biofil(rmisz
etal. 2012; Nobile & Johnson 2015; Robbins et al. 2011; Cowen et &).200
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Figure 1.2 Stages of biofilm development and regulatory network genes©f albicans
Left to right: (A) adhesionB) formation of basal microcolony laye{€) mature biofilm
including cells with multiple morphologies afid) detachment and disp&rs; [Adapted
from Figurel Araujo 2017

There are at least six major transcriptional regulators which are engaged during
biofilm formation: Berl, Tecl, EfgliNon-DiTyrosine 80 Ndt80), Regulator of Biofilm
1 (Rob1) and Biofilm ReGulator 1(Brgl) and 44et essential transcriptional regulators
are involved. These regulators have roles in adherence, hyphal growth in liquid,
extracellular matrix and cell dispersal. Additionally, specifienes related to drug
resistance (MultiDrug ResistanceMIPR1), Candda Drug Resistance gen€DR1and
CDR2 are upregulated in the adherence stage of biofifabile & Johnsor2015) This
upregulation may be due to tmeulti-microbial makeup of biofiims (other Candida
species yeastsand bacteria) and to the antagonism of their emitted small molecule
defenses. Likewise, cell wall related protein regulation is upregulattdl,3-Glucan
Synthase Catalytic subunit 1FKS1), BetaGLucanase 2(BGL2, eXO-1,3-beta
Glucanasd (XOGJ), PHResponsiveRHR1) andRLM1) (Nobile & Johnson 2015)

The genetic antunctional properties of biofilms vary with the mating type of the
cel population from which they are constted. For example, the size of molecule that

can entethe matrix obiofilms made from mating typa/a C. albicangs restricted which
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makes thm less susceptible to immune agents and antifungals. They are reduyléted
Ras1l/cAMP pathway rather than the MAPK pathway (mating pheromone related) which
differentially lead into Tecl regulation of biofilm formati¢vii et al. 2011)

1.2.4The dynamic genomeof C. albicans

While C. albicansgenerally resides as a diploid organism, haploid cells occur in
populations as a result of spontaneous chromosoméHadsnan et al. 2013; Olaiya &
Sogin 1979; Riggsby et al. 1982)he diploid genome has been sequenced and it is made
up of eight chromosomes-{Land R with rDNA)(Jones et al. 2004an het Hoog et al.
2007) The elomeres have distinct stiblomeric repeat sequences. The chromosomes
also have a Major Repeat Sequen@®RS) which expand and contract during growth
phases and play a role in translocations and chromosome loss. Retmnbévants
including reciprocaltranslocations, substitutions, single nucleotide polymorphisms,
insertions, deletions and changes to ploidy, have been obgémnveet al. 2018)

1.2.4.1 Chromosome remodeling inC. albicans
Chromosome remodeling is a strategy used by pathdgertapt, evade, repair DNA and
survive. The chromatin maintenance proteins that are utilize@d. @tbicansto impact
pathogenicityinclude HATs and HAT complexes, HDACs and HDAC complexes, DNA
damage and cell cycle progression proteins and complexesnatin remodeling and
nucleosomeepositioning proteins and complexes in addition to transcriptional activators
and repressord.opes da Rosa & Kaufman 2012)

1.2.4.2Gene silencing inC. albicans
Silencing is used to create stability in the genome, partlgutar package away
problematic repetitive elemenfiglesias & Moazed 2017)Vhile silencing has not been
studied extensively irC. albicansthe amount b repetitive DNA in its genome is
considerable and falls intdiiee major classes: (1) rDNA locus on chromosome R; (2)
Major Repeat Sequences (MRS) which occur at nine sites in the genome; (3) telomeric
and subtelomeric repetitive regions including a tedognlike region in the middle of
Chromosome 1. Silencing in the regions involves th8ilent Information Regulator 2
(Sir2) protein and distinct histone modified heterochromatin is allocated into these
regiong(FreireBenéitezt al. 2016a; van het Hoog et al. 200/)e heterochromatstate
at telomeres is shown to be temperature deper(@eeireBenéitez et al. 2016)The

variability of telomere gene expression is decreased when envenatal conditions are
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more stableand this aspect of subtelomeric genes expression is increased with proximity
to the telomer€Anderson et al. 2014)

1.25 Mating in C. albicans

While it was initially difficult to discover mating i€. albicans evidenceof the MTL

locus wadoundin 2000(Hull & Johnson 1999)It is 1.4x larger than th&accharomyces
cerevisiae(henceforth:S. cerevisiag MAT locus with three additional open reading
frames. Both th&TLaand twoMTLa sequencesra presetin an individual strain o€.
albicans and the organizatioof open reading framegéorfs) (a anda on separate
chromosomes) and the ordering of introns inNfI& regions are conserved relativeSo
cerevisiae (Hull & Johnson 199). Mating was Initially observed in two separate
laboratories whik each used different strategies to manipulate strains. They created a
single mating type (either tidTLaor MTLa) by either direct deletion of one loci or using

a specific method of sorbosdesgion that encouraged loss of one copy of Chromosome

5 wherethe mating type loci are four{ilagee 2000; Hull et al. 2000Ylating was shown
based upon prototrophic markeacquired from both parental strains and mating products
were tetraploid withoe nucleug Chr i st ophe dbo. Enfert. 2007

1.26 Translation in C. albicans

C. albicansyeast has a special protein syagls feature in which their genetic code is
distinct from most other organisms. In most organisms, CUG codoni tlitn mMRNA
transcript are met in a ribosome by a tRNA charged by the leuciine aicid tRNAuc®
and the amino acid leucine is added to struct the nascent chain. In contrast, @r
albicansand some other organisms, CUG codons are normally trashslateerine and
less often leucine. This depends on the amino acid chargihg pfaviding tRNA which
Is variably paired with these aminoids based upon its own seque(8ezuki et al. 1997)
A number of other closely related yeasts share this titamsdd feature and are grouped
i n the 0Gkizgpeketa A0dH

Thefrequency of the incorporation of serine in CUG clade organisms is around 97
% in normal growth conditions butig suggested that in cases of environmental stress the
coding of leucine becomsemore frequenfSimodes et al. 2016)Studies that artificially
encouragehis phenomenon have found that complete replacement of the serine amino
acids with leucine can be viable and thatlevels of replacement increase, growth rate
decreases and phenotypic varidpirises (Bezerra et al. 2013)Simoes et al., 2A®
suggest that. albicansmay even utilize this mechanism for variation at other codon sites
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and have engineerestrains to incorporate different anticodons in a tRRl£ cause
abnormal inceporation of the serine amino acids during translation and ghat the
organism tolerates other scenarios of amino acid misincorporation. These strains show
uniquely acquiredesistance to certain stress mediaaQ;, CaC), sorbitol, urea and
others),pH and temperature. Across generations these strains also asHogs of
heterozygosity and increase of single nucleotide polymorpHhiSmes et al. 2016)

It has been shown that codon mistranslation can change the makeupQf the
albicanscell surface proteins whesoding genes have a relatively large number of CUG
codons ad that these changes can impact interactio@.adlbicanscells with agents of
the host immune systerfMiranda et al. 2013)

Other tanslational components are at play in these systems as well. For example,
it has been shown that in genes which code for stress responses in yeast, codons that
recognize modified tRNAs are m@icommon and in yeast tRNA modifying enzymes are
known to be pregulated in certain stress situations (such as oxidation and DNA damage
responsefQuax et al. 2015; Begley et al. 2007; Chan et al. 2012)

In C. albicans amino acid differences, such as those caused Iy €idonscan
change the mak@uof proteins based on environmental stiasd thismay stra¢gically
alter protein folding and function. This could potentially impact signaling cascades and
contribute to morphological changes. It is suggested that thiegyrfor development of
novelprotein functions may allow for adaptation at the level efahganism{Gomes et
al. 2007; Selmecki et al. 2010)

The relative poputions of tRNAs is just one ¢tor contributing to the ratef
aminoacid misincorporationTo look more closely at thishe experiment explored the
phenotype of cells in &. albicansstrain designed to incorporate an unnatural >50 % of
Leu translationIn this strain, distinct morgitogies including irregular wrinkled and
jagged colonies arebgerved. Additionally, sequencing analysis showed that more single
nucleotide polymorphisms (SNPs) were found in genes with higher numbers of CUG
codons. While thesstrains were quite manipugat (with one or two copies of tRNAG®®"
knocked out), this stly served as a tool to understand the effect of CUG clade
membership on genomic diversification and pathogeriBsigerra et al. 2013; Anderson
et al. 2014)

It is notable from an evolutionary standpoint that when coethdhe CUG codons

of C. albicanstypically align with serine or other codons $f cerevise. Similarly, the
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CUG leucine codons ofS. cerevisiaemost commonly align with Leu codons &f.
albicans(Butler et al. 2009)

1.2.7 Environmental sensing and response i€. albicans

Adaptation to extreme environments by surviving withreear toxic levels of nutrients

Is just one of the strategiege discuss in thishapterthat facilitate the persistence Gf
albicans within humanhosts. Several sensing pathways alld® albicansto detect
nutrients including amino acids, ammonium amitlogen in their environmer{Brega et

al. 2004; Biswas et al. 2003; Maidan et al. 2005; Biswas & Morschhauser 2005; Biswas,
Dijck, et al.2007) Major signal transduction pathways are involved in the morphological
changes D C. albicansincluding cAMRPKA through which inhibition of the cAMP
phosphodiesterase induces morphological transitiBissvas, Dijck, et al. 2007; Rocha

et al. 2001) This pathway is regulaieby Rasl and allows for carbon dioxide and
adenylate cyclase sensifigeng et al. 1999)it also monitors an important downstream
pathway controlled by Efgl that controls embedded growth, phemetyjiching and cell

wall dynamicg(Giusani et al. 2002; Srikantha et al. 2000; Sohn et al. 2003dditia,

there are mating related MAPK pathways which act through phosphorylation events and
influence morphogenesis and virulen@€ohler & Fink 1996; Monge et al. 2006;
RamirezZavala et al. 2013; Die@rejas et al. 1997)

1.2.8 Accession of metals byC. albicans

The ability of C. albicansto tolerate metals is a crucial component in their fitness and
ability to adapt to a variety of envinments. Host environments may present pathogens
with starvation for metals that are essal for their normal function such as iron and
copper, or even their overabundance. For example, high copper is found in the acidic
anaerobic conditions of the humdigestive trac{Weissman et al. 2000y hus, the ability

to endure fluctuating levels of metals is considered a feature of competitive fitness for the
pathogengLi et al. 2015)

To support iron uptaké;. albicangproduce siderdpore proteins Siderophore Iron
Transport (Sitl) which bind irorC. albicanscan also harvest iron from siderophore
proteins of bacteria or haem proteins which can be bound by the Repressed By Tupl 5
(Rbt5) protein(Almeida et al. 2009; Heymann et al. 2002; Weissman & Kornitzer 2004)
Other Ferric REductase (Fre) and FErrous Transport, (Fet) familgipsodxidize and

solubilize the ira before it is brought into the cell by copper and iron transporters. Many
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of these proteins are involved in the processing and adaptation to other metals (including
copperwhich engagehe yeast systerfWeissman et al. 2000; Mayer et al. 2013)

It is notable thaC. albicansis much more resistant to gper thanS. cerevisiae
and this isattributed to the Copper Resistance Determina@RRJ) gene which encodes
a unique protein that works as an extrusion pump to move copper out of cells. The
metallothionein Cupproteinbinds copper irC. albicansand he main transport bringing
reducedcopper into cells is Copper Transport, Ctrl). Preparation of reduced copper is
facilitated by FFel (Weissman et al. 2000; Mayer et al. 2013)

Assimilation of zinc byC. albicansis done through pathways structured similarly
to the iron intake mechanism but the zinc scavenger protein pH Regulated Antigen 1
(Pral) and zinc transporter ZrtteaemployedCitiulo et al. 2012; Mayer et al. 2013)
Pral expression (as well as Zinc Regulated Transporters, Zrtl, Zrt2 @8hs £dntrolled
by Zinc ActivationProtein 1 ZAPYCSR1), the main controller of zinc homeostasis. Zapl
has far reaching effects and is also involved in biofilm and hyphae forn{@ewien et
al. 2018; Nobile et al. 2009)

1.29 Drug Resistance of C. albicans infections

Treatment ofC. albicansinfection is approached bgeveral types of drugs: polyenes,
pyrimidine analogues, allylamines, azoles actlinocandingPerfect 2017)

Current first line antfungal treatment fo€. albicansinfections are azole drugs
(Fluconazole, Intraconazole, etc.). Azoles target ¢éimzyme 14 -sterol demethylase,
encoded by th&RG11gene, disrupting the synthesis of sterols which are components of
the fungal cell wal(Whaley et al. 2016)The effectiveness of treatment by azoles varies
with the location and severity of an infem. For example, a model that sifated the
extent that fluconazole treatment is fungicidalfungistatic found that these outcomes
vary based upon aspects of the microenvironment including cell density, pH and presence
of acetic acidMoosa et al. 2004)Oneimportant deficit of this drug class that it is
relatively ineffective at combating other often concomitant invasive fu@gndida
glabrata, Candida kruseiAspergillus sppand molds) and bacterial spec{@senning &

Hope 2010; Montravers et al. 2011)

The effectiveness of fluconazole treatment is commonly overcome by drug
resistance. In dest of 5265 patient samples 6f albicansfrom nine different labs
worldwide, 4.8 % were found to be resistant to normal treatment levels of fluconazole (at

MIC = 0.06 pg/mL is the epidemiological cutoff value established by European
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Committee on Antingrobial Susceptibility Testing (EUCAST)r fluconazole)Espinet
Ingroff et al. 2014) Resistance to fluconazole is well documented and prevalent relative
to resistance to the other dru@Rex et al. 1994; Denning & Hope 2016pr example, in
a study of 348 samples from immunogmomised and AIDS patients the North Web
England, of whichC. albicansinfection composed 73 %, resistance (12.5 mg/L) of
fluconazole was observed in 17.5 % of the samples (33 % in AIDS patients; 11 % in
others). In the same studgyrimidine analog Fkicytosine resistance (16 mg/L) was
obseved in 3.4 % of the samples (6.5 % of isolates from patients with AIDS) and only
one isolate was resistant (4 mg/L) Amphoterici(LBw et al. 1994)

Transcription factors involved in drug resistan¢&ninfluence the prodction of
proteins that pump drugs out cells. These transcription factoesealso ofteninvolved
in the pathway which is targeted by fluconazeleosterol biosynthesis. Resistanc€of
albicansto fluconazole habeenshown for strains witlgain-of-function mutations in the
protein Multidug Resistance Regulator MRRZ1 gainof-function mutanthas point
mutation P6533 (Christoph et al. 2012; Hiller et al. 2008)RR 1is a transcription factor
that regulatesMDRL1 transcription, it is induced b€ CAAT-binding factordependent
transcription facto(HAP43 also calledCAP2 (Skrzypek et al. 2017)MDR1 encodes
for proteins that act as efflux pumps which eject toxic compoundsthe cell (including
drugs) and its overexpression has been linked to resistanweotantifungal drugs,
cerulenin and Brefeldin AHiller et al. 2006) Cerulenin prevents germination @.
albicans by inhibiting fatty acid biosynthesis while Brefeldin A impedes transport
through the Golgi complex, both are substrataseffflux pumps(Hoberg et al. 1983;
Wirsching et al. 2001; Diwischek et al. 20009pregulation oMDR1based resistance to
fluconazole, however, Isss straight forwards it is shown to depend on the background
strain resistancés observed in th€A14 C. albicansbackground buhot SC5314). The
CA14 strain differs from its parent (SC5314) in three aspects: (1) it is apkatrfor
uridine (2) it is delete of the iron utilization geinelae aand (3) unless complemented by
Ura3 it has lost virulence when tested in a mouse mfe@izi & Irwin 1993; Garcia et
al. 2001; Cole et al. 199. Additional genes are thought to be upregulatkuhg with
MDR1which vary in these strains and caltrte to the presence or absence of fluconazole
resistancéHiller et d. 2006)

A few microarray studies have explored genes up and down regulated along with
overexpression oMDRL1 The following genes were found castently across these
studies: (1)Genes de Respuesta a Es{®isess Responsive Gene)GRP2 which cods
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for a methylglyoxal reductase protein that is found in secretions from biofilm and
planktonic cultures and is induced during oxidative stresgamscription factoCapl;

(2) Aldo-keto reductasedFD6 which is bound by biofilm regulator Zapl and
CR_091@C_A; and (3) SNooZe 1ISNZ2 which is regulated blyZIP transcription factor
(Gend), it is involved in vitamin B synthesis and induced by the yagphae switch
(Karababa et al. 2004; Cowen et al. 2002; Rogers & Barker 2003; Kusch et al. 2004;
Skrzypek et al. 2017; Nobile et al. 2009)

Once resistanc® azole drugs has developed there are three next line options:
polyenes (i.e.Amphotericin B), pyrimidine analogues (i.e. Flucytosine), and the
echinocandins (i.ecaspofungin). Allylamines are used for rmvasive infections, for
example those occurring inails. Polyenes are antifungal agents produced naturally by
certain types bbacteria. They function by interacting with sterols in the cell membranes
of pathogenic fungfCiesielski et al. 203,85hannoum & Rice 1999 he pyrimidine like
drug Flucytosine enters therfgal cell where it is modified by fungal enzymiganthen
infiltrate the pyrimidine salvage pathway causing the production of toxic precursors that
negatively affect the synhésis of DNA anctontribute tothe formation ofdysfunctional
RNA. Echinocanths drugs are derived from fungvhich function by inhibiting an
enzyme necessary for t he-13Dglacanesythaselhisf t h «
leads to cell wall defés (Denning & Hope 2010; Hope 2010; Douglas 2001)

1.210 Dimorphism of C. albicans

The abilty of C. albicansto change its physical form is one of the most amazing ways
that it adjusts to new environments and facilitates its owwival under a wide range of
stressful conditions. Despite the distinct appaae and physical separation of dipgtuc
shifts that occur il€. albicangt is notable that the molecular pathways implicated in these
transitions are somewhat linked. Thistsat outlines two types of phenotypic transitions
observed irC. albicansaswell as their triggers and underlyingplecular pathways.

C. albicanscells have several forms which are visibly appaesenat the colony
level. In the next sections we willgtiuss in detail phenotypes whikttlude switching
between white or grey ompaque cell types and utilizatiat ervironmental amino acids
to elongate and form hyphda.addition, we will explore how their underlying molecular

pathways relate.
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1.210.1 White-opaque and opaquewhite switching
The switching ofC. albicansbetween \kite and opaque forms is importanttdi e y e a st
ability to filament or to matel’hese forms are passed across generations and this reversible
transition has many physiologicahplications.While in the white state the cells tend to
form hyphae, the opag version is competent at matirf§rikantha et al. 2001)
Additionally, opaque cells are temperature sewsitind rarely form hyphgsee Section
1.2.10.3)(Slutsky et al. 1987)

Two distinct whte and opaque forms are observe€iralbicansand differences
in these cell types are visible with the naked eye. As can be séegune 13 the white
form takes a more rounded shape while the opaque formiselangh, O pi mpl ed 6,
Opaque cefl have three times the volume and double the mass of white cells, yet they
contain the same amount of DNihhas been shown that opagcells have an advantage
atevading certain specific immune responses, but comntibaltwo cell types are equally
succesful and this depends on the immune cell type and the environment in which it is
engaging with th€. albicanscells(Sasse et al. 201.3yor example, white cellreshown
to bepreferentiallyphagocyosed by some hemocyte and macrophage celdsasfophila
and mouse origin respeatily (Sasse et al. 2013)

Switching between white and opaque (ancewersa) is relatively rare but the
frequency can be increased by manipulation of growth conditions and rates can be
monitored in an experimental setting as a measuredpfpn Switching can be induced
by oxidative stress, temperature, Ultra Violet ((l&mage, genetic alterations to DNA
repair related proteins, exposure to chemicals and manipulation of cell (tytise &
Johnson 2009)Switchingbetweenwhite and opaqueformsis a way that this pathogen

evades host immune system
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Figure 1.3 White and opaqueforms and genes involved irswitching of C. albicans
(A) Classes of WhitandOpaque forms and genes involved in switch[kggure adapted
from Scaduto anBennett 2015 Figure] {B) Transmissiommicrograph images showing
white and opaque celippearanceanatomyand description of reworthy phenotypes
[Figure adaptedfom Slutsky et al., 1986 and Scannmgctronmicrograph images from
Srikantha et al., 201]

While once thought to occur exclusively in homozygous mating types, -white
opaque switking is now known to occur in both leebzygous and homozygous mating
typesof C. albicans(Lockhart et al. 2002; Slutsky et al. 1987; Xieakt2013; Li et al.
2016; Miller & Johnson 2002)Vhite-opaque switching is repressed by combined input
from theMTLalandMTLa2 loci (notMTLal) (Miller & Johnson 2002)Opaque cells
are 100x more mating competent and it 1is
that signal formation of mating projgcons i n 6aé opaqMder& el | s
Johnson 2002)A MTLal and MTLa2 allele are inherited following crosses and both
opaque x opague and opaque x white mapirggluceoffspring cellswhich are usually
white (34 % of offspringfrom experiments with these crosses were opafider &
Johnson 2002)

The pimpled surface of opaque cells reflects a unique antigen signatilez 8
that of hyphadAnderson & Soll 987). The whiteopaque switch is a mechanism tat
albicansuses to evade the immune system in some environments. For example, white
cells can evade neutroits except for when they form a germ tube on a glass slide but
not in embedded growth conditi®(Basse et al. 2013%urface antigens (pH regulated
Pral and oths) change based on yeast or hypha form and these likely contribute to the

susceptibility to engulfment by immune agef@Be@mmanavar et al. 2017)
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It is also known that opaque cells signal white cells to increase the thickness of
biofilms through pheromone secretions that promote white cell intera¢bamngels et al.
2006) The resulting biofilms which are then made up of mostly white ,qedts/ide a
protected environment where opaque cells can undergo elongation and(Datireds et
al. 2006)

The morphological switch to opaque is regulated by the White Opaque Regulator
(WOR2 and MiniChromosome MaintenanceM@M1) gene expssion while transition
to the white phase is regulated BlyG1 (see Sectionl.2.2/3.

WORL1lis a transcription regulator that regulates its own expression and may
regulate adhesion factors. Experiments show that constitutive expressifORfL
converts H cells (a ora) to stable opaque cells and natural expressioWOR1is
virtually abolishedin white cells.WOR1expression is thought to be adtable switch
modulated by histone modifiers that spibpagates through a positive or doubégative
feedback loops resulting in the high level expression observed in opaquéelisy et
al. 2006; Hnisz, Schwarzmuiller, et al. 2008cm1l is a transcriptional regutatlinked
to master gene auit regulation inS. cerevisia@nd other yeas{Juch et al. 2008)It is
involved in hyphal regulation irC. albicansand binds with Worl at sites of gene
regulatorsthat instigate the white-opaque switci{Tuch et al. 2008)EFGL1 acts as a
repressor of whit@paque switching, it allowRIM101 pathway signaling to cause this
switch orly under certain pH conditior(dlie et al. 201

It has been shown th&FG1 has both up and downstream roles in relation to
WORL1 An epigenetic study of deletion mutants showed tBRG1 acts downstream of
WOR1for the physiological aspects morphology change but upstreafOd& 1during
phase commihent by gene expression changesisz, Schwarzmiller, et al. 2009j
both WOR1and EFG1 are deleted theetls take a grey form (see Fi$).3) (Lohse &
Johnson 20®; Sasse et al. 2013; Scaduto & Bennett 2015; Srikantha et al. Zd@ins
overexpressingVORl1li n a murine intestinal i nkfoe ct i
(GUT) opaque like form or are white cells (gastrointestinal induced transition) and the
Adak 0 form domi n afige k3) Onhthe ®thep rmpdugrew delis show an
advantage in a mucous membrane (tongue) infection model. The GUT celtidtanct
gene expression patterns including downregulation of genes associated with vianénce

a subset of the genes with changed regulation that are common with opagigxea€ilgo
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& Bennett 2015; Tao et al. 2014; Pande et al. 2(B8&¢h of these white, grey and opaque

forms have distinct genepression profilegTao et al. 2014)

1.210.2 Yeasthyphae and hyphaeyeast transitions
In yeasts, the sitch between yeast and hypha form&mwnaso di mor phi c6 s w
Whi |l e 6di mo r-lpyphaec svitching is explaredtin some detail in other
pathogenic yeasts, it is noted that the conservation of pathveayseenC. albicansand
other yeastbeyad the level of master regulatorsesv(Boyce & Andrianopoulos 2015)

Stages of development of the yeast and hyphae phenotypes are evaluated based
upon parametersuch as the diameter of the hyphal extension, the presence of
constrictions,overall roundness or oval shape, extef branchingthe parallel state of
cell walls, length, extent of budding and separation of buds, and presence of large
vacuoles. The morphological stateg aategorized as yeast, psedmphae or hypha,
with aspets that include germ tubes (which Midrm in response to serum), septin rings
and actin patche$ig.1.4) (Sudbery et al. 2004; Sudbez@11a)
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Figure 1.4 Major morphological states ofC. albicans yeast, pseudohyphae and
hyphae

(A) Yeast to hypha development stages, anatomy and cell cycle (B) Cell cytlafke
re-inoculation of unbudded yeast cells. The structures shown id 8 are not cmmonly
observed in liquid culture because of they are fragmented by shear, {ddasted from
Figure 2aSudbery et al. 2004

In C. albicans switching from hyphae to yeast form is important to advance
infection. It allows the yeasttomev out of the tissues and th
to reach the morebscuredhiches including organSaville et al.2003) Filamentation,
or development of hyphae is reflexive to environmental factors includargm,
temperaturepH, nutritional/starvation, Mcetylglucosamine (GIcNAc), carbon dioxide
and adherencéMitchell 1998; Brown & Gow 1999; Braun & Johnson 2000; Basw
Dijck, et al. 2007) Most of these stimuli have distinct molecular pathways that feed into

regulation of the main regulators for this morphogenic chaRgeexample, changes in
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pH encourage the transition through the Rimp@thway while changes inutrition,
serum GIcNAc affect Efglriggering pathwaygBiswas, Dijck, et al. 2007)

The transition from invase hyphae to yeast form is observed by two phenotypes
at the colony level: (1) a small number of long rapidly growing single hyphae strands
originating at e center of colonies and (2) uniform long hyphae manifesting from the
colony center to enclose tbeiginal colony(Csank et al. 1998; Pendrak & Roberts 2015)
Pseudohyphae are another distinct phase likathyphae have the abilityotinvade
substrates, ydtaveirregular thickness (thinner at center) amated septal separatioh a
the mother cellwhere mitosis occurgdnd synchronized cell divisior{Sudbery et al.
2004) These occasionally bud akyeand in bipolar eventsf C. albicanswhich contrasts
with the solely unipolar budding i8. cerevisia€éVeses & Gow 2009)Some genotypic
features promote this phenotype amuimwozygous Tupl mutantsonstitutvely form
pseudohyphaéMurad et al. 2001Sudbery et al. 2004)

Quorum sensing is a sakgulation mechanism that organisms useepond to
local cell densitylt is usedby C. albicansto determire morphological cell fatéKruppa
2008) Cells sense the density thfe local cell populatiamthrough molecules including
farnesol, tyrosol and dodecanol which directly manipulate the hyydws transition.
These signaling moletas encourage the cells to take yeast form at high cell densities
when they might otherwiserm hyphagMayer et al. 2013; Chen et al. @0 Hall et al.
2011; Hornby et al. 2001)

Switching is a strategy used by fungi to avoid engulfment and phagocytosis by
immune cells like macrophages and neutrophils. Hyplezelopment can camouflag
detectable cell wall components to keep cells fraemdp recognized by macrophages
(McKenzie et al. 2010)C. albicands even able to delay phagosome maturation by taking
the hyha form and this is dependent on cell wall makeupwasr levels of the cell wall
protein Gmannan allow for the maturation to progréBsin et al. 2012) Likewise,
growth of C. albicans is reduced by the presence of macrophagéMaaitsl et al. 2002)

Most d all, it is shown thaC. albicanshyphae and pseudohyphae can pierce, escape and
kill macrophage celléMarcil et al. 2002) Still, despite thedct that the reversable switch
between yeast and hyphae cells is well documentéd albicansthere is no conclusion
about the link between traccurrence of yphal state andesulting infection ratef this
pathogen There is, howeverevidence that tisi dimorphism contributes to virulence
(Jacobsen et al022; Mayer et al. 2013)
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Deletion of genes that stunt the development of hyph@eatbicansandecrease
virulence inC. elegansmodels though development of hyphae is not necessary for
infection (Pukkila-Worley et al. 2009a; Lo et al. 199%)/hen considering this and other
phenotypes in relation to pathogenicity, it is important to recognize the various stages of
infection as these qualify the teractions between host tissues and organ
microenvirmmments(Gow et al. 2002)Some deletion mutants that are unable to form
hypha also have a decreased ability to germin@end 2012; Phan et al. 2000)
Microscopy of diseased tissue shows the presence of both yeast and hyphal forms. Hypha
forms are also observed in endothelial cells, skin, hair and nails while génginalls
are more commonly endocytosed to the bkimehm than yeagBrand 2012; Phan et al.
2000)

The regulation of switching between yeast and hypha forn@ ialbicanshas
been explored extensively and many genetic pathways are known to contribute to the

phenotype (seEig.1.5).

CPHI1/2, TECI, CZF1, RIMI10!

o
Ll

TUPI (recruited by: Nrgl & Rfgl), SFLI, RBF1

O, . —

yeast EFGI1, HBRI, FLOS

pseudohypha or hypha

-
«

PESI

Figure 15 Geneticregulation of yeasthyphae and hyphaeyeast transitions
Genes involved in facilitation or inhibition of yedsgphae, hyphageast, and
bidirectional switching ofC. albicanscell morphology: erow = positive regulatiofflat
end = negate regulationjAdapted fromSudbery 2011

At least three main independent pathways involving the transcriptional regulators
TUP1, CPH1 and EFGL1 contribute in an additive manner towlathe phenotype by
activating filamentation through individualized responses (rather than a cumulative mass
effect) (Braun & Johnson 2000

TheTUP1pathway can be triggered by farnesolvet Another Kinase 1YAKJ)
functions upstream of TUP1in this pathwayGoyard et al. 2008; Uppuluri et al. @D).
Negative Regulator of Glucose controlled genes (Nrgl) and Rfgl are each proposed to
recruit Tupl and Sapressor gene for Flocculation 1 (Sfll) (see Secfidtp). Sfll

functions in a similar pathway imoth C. albicansand S. cerevisiaavhere it 5 regulated
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by Takashi's Protein Kinase Ztk2) and exerts control over Flafich isa transcription
factor required for hyphal formation, COnduced whiteopaque switching and hyphal
virulence in mice model6Skrzypek et al. 2017; Bauer & Wdland 2007)The cAMP
PKA pathway is repressed by TufEgl is an important transcriptional regulator in this
pathwaywhereit associates with Flo® induce hyphal developme($toldt et al. 1997,
Stichternoth & Ernst 2009)

The CandidaPseudoHyphal regulators CRPH1) mediated MAPK pathway can
be triggeredo induce filanentationby environmental factors including serum, starvation
or glucoselevels (Biswas, Van Dijck, et al. 2007; Eisman et al. 200B6)pression of
CPHL1is repressed by farnes@ato et al. 2004)Under osmotic stress, low temperature
specificpH levelsor nitrogen starvation the protein fuimns to promote hypenvasive
growth (Biswas, Dijck, et al. 2007)hese pathways are controlled by differapstream
regulatorsvhich become activdepending on the enanmental stimulugBiswas, Dijck,
et al. 2007)

Another pathway is triggered in embedded growth situations. During embedded
growthC. albicanscellsexperiences aerobic situations and hypoxia. \daleerafactors
are known to be regulators of gene expression in this environmental conditi@h the
albicans Zinc Finger protein 1 (Czfl) pathway is known to positively regulate hyphae
specific genes during hypoxia. It also positively regulates hyphal growth in response to
farnesol and other cuéSudbery 2011b)Efgl and Flo8 also act in embedded growth
conditions as negative regulators of C&lusani et al. 2002; Stichternoth & Ernst 2009;
Caoet al. 2006) Another hyphal development regulatégmogloBin Response 1 (Hbrl),
HBR1represses the development of hyphae in embedded conditions but promotes agar
invasion in aerobic conditior{®endrak et al. ).

Three other main pathwaykat regulate filamentation in embedded growth
conditions involvg Hope etal. 2008; Brown et al. 1999; Pendrak & Roberts 2015)

1. Czfl-Efgl- The CzfEfgl pathway responds to farnesol whichhibits
filamentation, this pathway has also been implicated in wipue switching in
response to temperature and also cell ddathgford et al. 2013)

2. Flo8Mssl- (FLOcculation 8Mitochondrial splicing system 1); The increased
expression oMSS11during hyphal formation leads to the cooperative binding of
Flo8 and Mss11 to thWP1promoter in embedded conditions at both high (37
°C) and low (24 C) temperature€Su et al. 2009)
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3. Dckl-Ract (DoCKe domain tRas Homolog 1); Dck2 has a DOCKER domain
catalytic domain that binds and activates ribosome associated complex protein

RAC1 during invasivggrowth conditiongHopeet al. 2008)

Induction of hyphal growth can happen as a response to pH, this engages a pathway
of Rim family proteins that eventually triggers Rim101 whiekerts adirect positive
regulation on hypha genes. Rim101 also has a second, indirect rdiécmitvserves as
an upstream regulator of genes ttetinduce or repress filamentati¢Davis et al. 2000)

Signals from Cph2 and Efgl conver¢e regulate Transposon Enhancement
Control 1 (Tecl) which has binding sites in the upstream regionspbiahgpecific and
serum induced gendtane et al. 2001)These are just some ofmany examples of
pathways convergg to promote a morphological phenotypeGn albicans.Another
example isEFG1, TUP1 and RBF1which all contribute to the regulation of hypha
specificHWP1(Sharkey et al. 1999Lonversely RPGbox-binding factor 1 RBF1)is a
negative regulator of filamentous growth as it occurs when the gene is dédbteet al.

1997)

While many genes stunt or inhibit filamabbn when deleted, few positive
regulators of the hyphageast switch are named. The switch is encouraged by lower
temperatures (280°C), farnesol and inhibition of cAMP signalingneknown regulator
of the hyhaeyeast switch i$escadillo homoloESL (Lindsay et al. 2012; Shen et al.
2008) PES1homologs are involved in cell cycle control and ribosome biogenesis. It is
notable thatn C. albicandoss of this gene is viabla hypha but not yeast cells. It has a
role in lateral yeast growth in hyphal cells and is also essential for virulence in insect cell
and in mice modeléShen et al. 2008; Skrzypek et al. 2Q17)

1.210.3 Molecular links between whiteopaque and yeashyphae

switching in C. albicans
While both white and opaqu@. albicanscells can undergo éhyeastyphae transition,
theenvironmental triggers for these two cell types are different. A study by Si et al., 2013
compared these factors and found that white cells filament in serum, high temperature,
neutral pH, and conditions depleted of nutriektigh temperatures inhibit eilmentation
in opaque cells which will not cause the shift to hyphal development in white cells. In
white cells factors that induce hyphal development include: low phosphate or sorbitol
mediumg(Si et al. 2013)
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Loss of Nrgl, Rfgl or Tupl causdite cells to start hyphal gwth in what are
normally yeast growth conditions; likewise, in opaque cells show loss of Nrgl or Tupl
causes filamentation in normal conditions. Rfgl is a bidirectional regulator of
filamentation in white cells it only prontes filamentation in opaque telUme6 is the
master regulator of hyphal development in both white and opaqug$eds al. 2013)

This study also found that the MAPK pathway which is activated by various
environmental triggers (pheromone, osmotic stress, temperatceyrdy regulates the
white filamentous growth pathwd$i et al. 2013; Monge et al. 2006)

1.3 Chromatin and its modification

Chromatin refers to histone émorthistone proteins in complex with DN@lberts B,
Johnson A 2002)The structure of these compants functions as a gatekeefmrproteins
that can activate or repress transcription of genes.

In its first level of packaging, DNA is wrapped around histone proteins to form
nucleosomes. Each nucleosome is composed of an octamer of histones. Thece are
molecules of thehistones H2A, H2B, H3 and H4 in each nucleosdim&amer) In
addition there is one molecule distoneH1 in most nucleosomes. The DNA is wrapped

twice arounceach nucleosom@ig.1.6) (Luger et al. 199/Richmond et al. 1997

Nucleosome

DNA;

Linker
\ ~ Histone

8 Histone Core

Figure 1.6 Model showing nucleosomen complex with DNA
Model of nucleosome depicting the octamer of histones H2A, H2B, H3 an@ath in
duplex)wrapped by DNA and linker histone Hddapted fronRichmond et al. 1997

The wiapping ofa nucleosomeencompasses ~200 base pairs of DNA, and
nucleosomes connect to adjacent nucleosomes via linker DNA forming a beads on a string
structure(Li & Reinberg 2011) In eukaryotic genomes the formation of chromatin

condenses the DNA by a factor 0f-80 (Richmond et al. 1997)his wrapping can take
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different formations and its organization has implications at the transcriptional level. It is
also knowrthatthe presence or alisee ofnucleosomes relates the level of transcription
occurring within a genomic regidiiRando & Winston 2012; Clarkdams et al. 1988)

The beads on a strindpér mght be further folde@nd packaged into a 30 nm fiber
though this is currently debatable. At least two models have been proposed for the 30 nm
fiber, a onestart helix solenoid or a twstart helix zigzag/twistedribbon(Williams et al.

1986; Robinson et al. 2006; Tremethick 2007; Schalch et al. 2086)solenoid model
suggests a superhelix configuration with nucleosomes connected by bent linker DNA, this
contrags with the straightihker DNA proposed in the zgag/twistedribbon model.
Additionally, long range interactions and looping have been siibiw Reinberg2011;

Kan et al. 2007Kadauke & Blobel 2009)These and other factors, including chromosome
location in the nucleus, impact the expression level of the d&ueden et al. 2008;il&
Reinberg 2011)

Di stinct chromatin types |l ocalize 1in
with varying levels of transcriptional activity. Two mechanisms of pisagaration have
been proposed. The first suggests twadging proteins link clomatin segments with
similar properties causing theto form a liquid globule phaseThe second model
proposes that soluble binding proteimith multiple binding sites induce nucleation of
liquid bodies around the chromatiirdel & Rippe 2018; Klosin & Hyman 2017; Larson
et al. 2017; Strom et al. 2017)

The | evel of packing of DNA or o6chr ome
accessible and expressing chromdtie u ena t istatéto a more tightly packed and
repressed configuration called fAheteroch
DNA and contributes to its maintenande is classified into one of two forms both
characterized by hypoacetylatiofGrewal & Elgin 2002) The first, 0 (
heterochromatin occurs in distinct regions (telomeric, -pentromeric) of the
chromosome anthas characteristics that include repetitive regionshwgome limited
transcription(Saksouk et al. 2015) The ®&Beawdnda,t i &¥ed heteroch
by distinct histone modification patterns that include methylation and ubiquitination
which facilitate flexing of normally silenced regions of DNA into expressed states under
certain cellular conditionél'rojer & Reinberg 2007)

Posttranslational modification (PTM) to histone proteins affects the tightness and

positioning of various condensed DNA structures. Steric adjustment of nucleosomes and
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their DNA regions occur by electrostatic balancing of the charges contributed by histone
modfications Fig.1.7A).

Histone postranslational modifications are chemical additions, which alter the
properties of amino acids in proteins and thus modulate the protein fukaiaxample,
acetylation neutralizes the positive charge aofysine while phosphorylation adda
negative grougVerdone etl. 2006) These modifications to the histone proteins alter the
properties (charge, adduct, folding) of the histomedresult in physical adjustments to
the nucleosome. This impacts the overall wrapping of the DNA changingsafares
transcriptionamachinery which may result in transcriptional activation or repression.

In addition to PTMs chromatin remodeling proteins are involved in the creation of
chromatin states. For example, the Swi/Snf complex and the Isw complex remodel
chromatin by sliding agWor evicting nucleosomes and the presence of these proteins has
been shown to be essential for the development of hyplaealbicangMao et al. 2006;
Gutiérrez et al. 2007; Skrzypek al. 2017)

In a 215 review article, Sharakhov and Sharakhova provide a case for pathogens
taking advantage of epigenetic strategies to enhance their virulence by manipulating the
packaging of DNA to change gene expression. This is done by changeslifccations
on a loalized area of histones, changing the local chromatin landscape or through
changing the nuclear position of chromosoni®barakhov & Sharakhova 2019p
theory, this can happen in two different ways: within pla¢ghogen itself or bympact to
the host genome. In terms of fungal pathogenesis, the second scenario has been
investigated in plant models. These organisms have conserved systems that propagate
histone modifications to their genome (see Sectibf). The acrossorganism
consevation of histonemodification systens provides an opportunity for molecular
manipulation ofa host system by the infectious agents. For example, it has been shown
that chemicals (H€oxin and Depudecin) are synthesized and exudeadoelling fungi
(C. carbonumand A. brassicicola that can inhibit and induce Histone DeAcetylase
(HDAC) responses within plants (maiZemaysandA. thaliang (Jeon et al. 2014)

1.4 Readers and writers of t he OHI s

Modifications to histones impact the local packing of DE#& well asghe struatire of
chromosomes and this results in the changed expression of gends/fotteesisabout
these modi fi cat i o nwhichi psoposedpreteindvhichscontriouke ¢ o d
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modifications to the landscape of histone markis be assigned to the simpleegpries
of, owriterséo, 0reader sb6 or Ths groupisgesepardtesd e p
the proteins that leave a PTM (writers) from those that recognize and respond to
modifications (readers) and those that remove them (eraséoipws that the pattern of
chemical residues added to histone teds beinterpree d by r esearchers
code, 6 with the i mplicat-bkainsrietiom@trabl& at t
Allis 2000). The modifications function locally allowing or excluding interface with other
protens and/or at the larger scale by structuring densely or loosely packedoaitba
chr omosome. The histone code is written
additions that obstruct or allow access of the transcriptional machinery to theTbhEA.
message of modification can have different meanings based on cegteding for:
recruitment, regulation, local proteprotein interactionsor other nearby histone
modifications.

The different types of histone modificatianslude acetylation phosphorylation,
ubiquitination, methylation, ADP ribosylation, glycositan and sumoylatioriStrahl &
Allis 2000; Shiio & Eisenman 2003pPhosphorylation and acetylari are often associated
and are generally activators of transcript{&berharter & Becker 2002; Rossetto et al.
2012) Phosphorylation normally occurs at seritbreonine and tyrosine selues
(Rossetto et al. 20)2Ubiquitination can activate or repress transcription depending on
which histone modifying enzyme marks a lysine resieo & Yan 2012)The effects
of methylation are site specific and somelsas histone H3K9 are repressive while other
sites such as histone H3K4eamportant for gene activatiqZhang & Reinberg 2001)
ADP ribosylation is an activating mathat may compete with acetylation or methylation
since they all modifythe lysine residuesof histone tails(Messner& Hottiger 2011;
Eberharter & Becker 2002D-GIcNAc glycosylation is aciated withgenerepression
(Dehennaut et al. 2014 his glycosylation mark competes with phosphorylation to mark
serine or threonine residugghang et al. 2011)Finally, sumoylation is a repressive mark
that may interact with thélistone DeAcetylase 1(Hdal) protein to deacetylate local
histones (discussed in detail later in Section 1(&Bjo & Eisenman 2003pumoylation
marks modify manyC. albicansproteinsand roles of this modification are fourmh
proteins involved instress response, growth amululence (Leach et al. 2011)For
examplethis mark is added té&/orl by Wosland thisregulationis dependent on ambient
CQO: levels(Yan et al. 2015).
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To give an example of the histone code, lysine residues of histone tails are
recognized by specializedromo protein domains. Some Histone AcetylTransferase
(HAT) proteins are dual function and act as writers and regt#aenarstein & Zhou
2014) S. cerevisiag&seneral Control Nonderepressib@chy proteinis associated with
two main roles during timeshen the yeast undergoes stress: (1) acetylating histones (H3
at lysine 19 (K19)) near transcriptional start sites of stresponse genes and (2)
localizing to sites of relatively long gene transcripts. The significance of length of gene
transcriptgelateso the function of RNA polymerase(IChakalova & Fraser 2010)reas
with long gene transcriptsnay have relatively more accessible and open chromatin
structure, and they may also create more domain boundaries. Thess mgidunction
to insulate gene areas creating spatial gaps that affect the typical interactions of loci within
chromosomal intexction domains (CIDjLe & Laub 2016) The acetylation of histones
by Gecn5 is a way that the pradtthéesicancase t s i
changeso the packaging of local DNA which may even result in eviction of nucleosomes
(Govind et al. 2007)Likewise, the rdocalization of Gen5 during stress response from
genes with shorter open reading frames to those with long open reading dcoaesn
conjunction with decreased acetylation at the genes Wwati spen reading frame$his
results in the yeast undergoing an increase in the relative transcription of genes with longer
open reading frameand this is due to environmental conditiop@ie-Franzén et al.

2013).

Yet anothera s pect of t h eGend ipretairdseits éunctioro dsea o f

transcriptioml coactivator which may act to recruit other proté®anchez & Zhou 2009)

In other cases, writers and readers are on different prdtieaimsenkrog 2015)In the

model yeast,S. pombgeGcen5 has been shown to function in concert with HIDBAC

Cryptic Loci Regulator 3¢lr3) to modulate histone (and narstone protein) acetgtion

and transcriptioal elongation during yeast stress response. This is a unique paitheg as
6eraserd6 Clr3 is the on@Uonnsddedd. 26 o wn t o

A second hypot hesi s proposes t hat t
modifications. This sggests the occurrence of dynamic molecular communications
between histone modifiers, histonesd other related proteins through the post

translational histone modificationki{.1.7) (Lee et al. 2010)
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Figure 1.7 Models showing modification of chromatin by histone acetylation state
and crosstalkbetween histone modifications

(Top) The changing chromatin landscape based on histone acetylation: Euchromatic,
open DNA conformation in the presence of acetytaandheterochromatic, tightly
wound DNA conformation in the absence of acetylation

(Bottom) Schematic of histone modificatioasid crosstalkarrow = positive effectflat
head = negative effedAdaptedfrom Banniser & Kouzarides 201Inodification of
originally published figures irkKouzarides 200]7 and &ble of hstone modifications
involved in aging and apoptotic processes in ygAstaptedirom (Fahrenkrog 2015%)

Currently, evidence supports at least three strategies by wtishtalk happens:
(1) a histone modification influences the activity a histone modifying enzyme, (2) histone
modifying enzyms interact while united in a complex or (3) the cleavage of a part of the
histone trigges the histone modification statuSuganuma & Workman 2008An
example of tefirst strategy was shown in a 2008 stiythe Berger Lab at the University
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of Pemsylvania. They showed that linked dual modification§ oferevisiadistone H3
(phosphorylation at S10 which promotes alzgign at K14 by Gen5) leads to the binding

of yeast 143-3 protein homologs Bmh1 and Bmh2. This type of protein has the prgpensit
to bind other chromatimodifying proteins(Walter et al. 2008) There are several
examples of the second strategy, for example it was sha8impiombéhat the ClrdH3K9
methylase functions in complex with at least two other proteins that complex with
chromatin binding factors €@ and Clr8as well aghe Cul4 ubiquin ligase the activity

of which promotesfunction of Clr4. This is facilitatedhanks tothe binding of Clr§in
complex) by H3K4 demethylase Lid2, linking the two modification evef(its et al.
2008;) Finally, proteolytichistoneH3 cleavageat the Nterminal tail has been shown in
mouse embryonic stem cells and this is likely due to teeslymal cysteine protease
Cathepsin LIt is also shown that specific modifications modulate this protease activity
suggesting a mechanism for differentiation of these (@Usican et al. 2008)

As an ex ampl,wherestveral prateins and carhplexis have functions
in both acetylation and ubiquitination pathwaysysine acetylation competitively
excludes ubiquitinatio when the marks are targeting the saesgdugCaron et al. 2005)
Other mechanisms for acetylation and ubiquitination crosstaliude the modification of
proteins byacetylation which creates a binding site for a ubiquitinase protein or
acetylation that leads to complex dissociation of ubiquitinating complexes and their
subsequent degradati¢@aron et al. 2005)

A similar scenario exists with methylation, however, while a mark of acetylation
may block methylation at one location, the same mark can promthglat®n at another
nearby lysine redue(Lee et al. 2010)An example of this is found in human polycomb
group poteins which regulate cell fate deciss and contribute to the development of
human tumors. It has been shown that when H3K27 methylation occurs, acetylation at the
same histone tail site increases and this specifically occurs at Polycomb Repressive
Compgex (PRC2 target genes. Based on tlegidence, Pasini et al., 2010 propose that
there is a switch governed by the methylation or acetylation marks that activates polycomb
group target genes and that polycomb group proteins repress acetylation by ¢aanpetit
binding at their target genéBasini et al. 2010 Similarly, it is reported that methylation
can exclude nearby methylation while simultaneously encouraging acetykigohle et
al. 2003; Caron et al. 200%)ther marks can be involved as well for example, sumoylation
is a more recently discovered modification that is thotglpiarticipate in cross talk with
aceylation and methylation marks on histone fiathan et al. 2003)n S. cerevisiag
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sumoylation marks inhibit acetylation by HA®&nd these marks may recruit or activate
HDACSs to many sites identified imstone H2B and H4{Lee & Workman 2007; Nathan
et al. 2006)

Whil e the hypothesesodcorfosat dlhk &t cmnar |
discussions about potentialstems of histone modifications, it debated whether the
categorization of these PTMs as symbols with meaning will confirm this hypothesis.
Issues with the hypothesis arise with the realization that the modifications directly affect
transcription of gerng blurring the simple separation ofngbol and meaning while
complicating efforts to decipher. Whether these modifications have specific unique
meaning or if they are focused toward consistent patterns that regulate gene expression is
highly speculativelt has been accurately suggested thathistone code hypothesigay
be a naive approach to research on the sulfjéenikoff & Turner 2006; van Steensel
2005)

1.5 Acetylation: histone acetyl transérase and deacetylase proteins

As discussed in the previous sections, acetylation is a reversible modification propagated
or oOowrittend by Hi stone (Zwowd g.12016)bistané er a s
Deacetyl ase (HDAC/ KDAC) proteins remove
this mark(Strahl & Allis 2000; Seto & Yoshida 2014Acetyl groups are added to lysine

(K) residues in the protruding tails of nucleosome component histone proteitiser

proteins(see Fig. 17 and 18).

Histone Modification site: H. sapiens Modification site: §. cerevisiae Modification site: C. albicans

H2B K5 K11, K12, K3 K9 K11, K12, K7 K8 K12 K17 K18,
K15 K16, K23 K16, K21 K22 K22 K23, K47 K112

H2ZA K5 K9 K4 K7 K6,KI11. K13

H3 K9 K14 KIE, K9 K14 K18, K10, K15, K19 K24,
K23 K27 K56 K23, K27 K56 K28 K37, K57

H4 MN-terminus, K5, N-termims, K5, K& K11, K15,
K8 K12 K16 K8 K12 Kl6 K19 K62, K94

Figure 1.8 Table comparing the histone acetylation sitesof humans and yeasts§.
cerevisiaeand C. albicang
[Adapted from Table 1 iXiong et al. 201Qvith addedC. albicansandH. sapienssites
from Zhou et al. 201@ndYuan et al. 2009Beck et al. R06; Garcia et al. 200[)

In general, eetylation functions to neutralizéhe positive charge on lysine

residues,thus allowng the chromatin to become less compact and more accessible
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(Haberland et al. 2009)t is commonly thoght that acetylation simply functions to
activate gene expression, however, this is not always the case; likewise, mutations in
deacetylase proteins can enhance transcrig8tmahl & Allis 2000) In fact, deacetylase
enzymes are often recruited before HAT complexes and it is suggested yhabtheay
contribute a modificatiofStrahl & Allis 2000).

Acetylation does not only happen at histones. For example, multiple acetylation
sites on the molecular chapee, Hsp90 are shown to be targets of various deacetylase
proteins (including Hdal discussed below 1.5.2). Hsp90 proteintatecarole drug
resistancéCowen 2009)Inhibiting both Hsp90 and HDAC proteins can allesiarzole
resistance in some clinical isolates (although due to functional redundancy this requires
inhibition of several HDAC prieins see Sectiah7.3. It is speculated that the fluctuation
of acetylation states is a mechanism that regulates the funétioeHsp90protein(Li et
al. 2017; Lamoth et al. 2014)n fact, there are so many nrbrstone substrates i$
suggested that acetylation may péarple similar to phosphorylation in signaling cascades
(Roth et al. 2001; Kouzarides 20@heung et al. 20007 his is supported by the fact that
bacterial orthologs of histone deacetylase proteins evolved be&imdiproteinand
consequently the proteins are often more appropriately referred to as lysine deacetylases
(Gregoretti et al. 2004)

1.5.1 Histone acetyl transferase proteins
Histone acetyl transferase (HAT) proteinsmdétion by transferring an acetyl group from
acetylCoA to a nitrogen within the lysine residue of a histone(taian & Marmorstein
2013)
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Figure 1.9 Model showing acetylation and deacetylation a& lysine residue
HAT transfers acetyl moiety (yellow) from acetgbA to the lysine residue and HDAC
removes thgroup releasing acetaj@dapted from Figure Kim et al. 2010

Acetylation of histones results in charge neutralization of lysine resahgethe
creation of binding sites for bromodomain proteins which directly interact with acetylated
residuegSanchez & Zhou 2009; Joy et al. 2012; Dhalluin et al. 1999)hese proteins
are categorized by their targets and localizattype HAT proteins are cytoplasmic and
mark free histones with acetylation that directs their transport to the nucleus, they do not
have bromodomas; Atype HAT proteins function in the nucleus and have a
bromodomain. An example of antipe HAT is Gen5(see Section 4). HAT proteins
can also be grouped by the complexes (ADA, SAGA, PCAF, NuA3, NuA4, MSL, etc.),
histones (H2, H3, H4) and other proie (HATS, coactivatorsCRE-Binding Protein
(CBP), Genb proteingtc.) with which they associate. HATs can be specific to targeted or
global acetylation activity and affect processes that include replication, transcription,
elongation and silencing.

At least five families of HAT proteins are defined based upon stalatustifs:

HAT1, Genb, GNAT, MYST, metazoan specific p300/CBP and fungal spé&téulator

of Tyl TranspositiorfRtt109) (Lee & Workman 2007; Yuan & Marmorstein 2013he

catalytic mechanisms of these protein families are distinct. For exatmlslY ST HAT

family uses onserved glutamate and cysteine residues to form an intermetdigee s
before finally acetylating-pbhgdé hkshenec i
mechanism(Yuan & Marmorstein 2013; Yan ef. 2002) Other types of HATSs utilize

acid base reactions with quick &éhit and |
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conjunction with histone chaperonase( Rtt109) (Liu et al. 2008; Lau et al. 2000;
Al baugh et al . 2 0 1 ORtt10D étratucaly re8@emiblas Ga@ABID 2 0 1 1
functions in a complex involved in oxidative stresspamse with the SAGA complex
(containing Gen5 subunit) and NuB4 (Hatbunit) complexefim et al. 2018; Lin &
Yuan 2008)

The pattern of acetylation marks on histone tail lysine residueshoidy motif
for interacting with Swi/Snf complexeghe recruitment of some HAT complexes follow
the interaction of ®i/Snf remodeling complexes on histones and it is suggested that the
Swi/Snf domains themselves may leave an epigenetic rf&triahl & Allis 2000;
Memedula & Belmont 2003An experimental model to visualize this effect is described
in Memedula & Belmont 20Q3a domain (VP16 acidic activation domain) known for
interacting with chromatin remodeling proteins was placed as baitgaslac repressor
fusion protein with fluorescence tagging) within condensed chromatin and recruitment
timing of subunits of a HAT (mammalianc@) and subunits of Swi/Snf complexes
(mammaian BRM and BRG1) were measured. It was found that first the Smfic®mplex
is rapidly recruited and this occurs prior to the presence of HAT complexes and the
acetylation of histones H3 and KiMlemedula & Belmont 2003)

1.5.2 Histone deacetylase proteins
There are at least four functional classes of histone deacetylase (HDAC) proteins which
remove acetyl groups from many types of proteins including hist(@ets & Yoshida
2014) HDAC proteins are categorized in four distinct classes based upon their function,
oligomerization, localization and homologhochbin & Wolffe 1997; Gregoretti et al.
2004) An outline of the human and yeast proteins allocated to these clasdas s@en
in Fig. 1.10.
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H. sapiens S. cerevisiae S. pombe C. albicans
Class 1 HDACI1, HDAC2, HDAC3 Rpd3. Hosl, Hos2 Cir6, Hos2 Rpd3, Hosl, Hos2
Class2a HDAC4, HDACS, HDACT7, HDAC9 Hdal Cir3 Hdal

Class 2b HDAC6a, HDAC6b. HDAC10

Unclassed HDACS Hos3 Hos3
Class 3 SIRT1-SIRT7 Sir2, Hst1-Hst4 Sir2, Hst2, Hstd
Class 4 HDACI11

Figure 1.10 Classification of histone deacetylase proteingn humans and model
éerxzsrisof HDAC proteins by class H. sapiensS. cerevisiae, S. pombedC. albicans
[Adaptedfrom Figure 3Srikantha et al. 200and Figures 2 and @regoretti et al. 2004
(Troejer et al. 2003; Grozinger et al. 199%o0d et al. 2012; McDowall et al. 2045

Class 1 histone deacetylasetgingroupis based on the yeaReduced Btassium
Dependency (Rpd3) proteirn(Srikantha et al. 2001)east Rp8 is 49 kDa while human
HDAC1 is 55 kDa. A genomwide sgudy of S. cerevisiadistone deacetylase functions
showed that Rpd3 works in cealycle progressiofBernstein et al. 2000; Srikantha et al.
2001; Skrzypek & Hirschman 2011; Skrzypelak 2017) It is also involved in chromatin
remodeling, autophagy and silencin@krzypek & Hirschman 2011)Deletion of S.
cerevisiaegRPD3 increases acetylation at H3 and H4 adlas silencing at telomeric loci
and this effect is nme pronounced than the deletion of Hqa5t ephen E Rund
1996)

The Class 2 histone deacetylase protgoupis based on the yealddal protein
(Srikantha et al. 2001Yeast Hdal is 80 kDa while haim HDAC4 is 119 kD&Skrzypek
et al. 2017; Skrzypek & Hirschman 2018 genomewide study ofS. cerevisiadistone
deacetylase functions showed that Hdal is involved in processing carbohydrates and
carbon(Bernstein et al. 2000; Srikdra et al. 2001)It also has roles in azole resistance
via Hsp90 and heat sho¢Bkrzypek & Hirschman 2011Deletion ofS. cerevisia¢idal
increases acetylation at H3 and H4 adlws silencing at telomeric lodi St e ph e n
Rundlett et al. 1996)The yeast Hdalrptein does not have DNA binding domains
(Skrzypek et al. 2017; Skrzypek & Hirschman 2011)

Most untargeted histone deacetylation is performed by two complexddmbé
recruited Rpd3 HDAC complex (recruited through tBeitch INdependent 3Sin3)
subunit) and te Hdal HDAC complex recruited by the Tupl repressor (interacts with
DNA binding proteins). However the majority of regions deacetylated by Hdal are not
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Tupldependent so there are |likely al(teer nat
et al. 2009) While H3 and H4 are the main substeatd yeast Hdal, it is known to
specifically acetylate H3K9, H3K18 and H2BK16 in addition to othies$Robyr et al.
2002; Jiansheng Wu, Suka, et al. 2001)

Class3 proteins are also known as Silent mating type Information Regulators or
sirtuins (Sir, Hst, SIRT); they are distinct from HDACs as they require coenzymes
NAD+/FAD to modulate the acetylation of histones and have no sequence similarity to
the other HDAC poteins(Imai et al. 200Q)S. cerevisia&ir2 (63 kDa) is involved in the
biosynthesis of amino acidBernstein et al. 2000; Srikantha et al. 200t junctions at
telomees plays rolein lifespanandcontribuesto the negative regulation of replidah
(Skrzypek & Hirschman 2011)

Class 4 histone deacetylase protein HDAC11 is placed s#parate class, which
reflectsits faster evolution than other human HDAC prote{@ao et al. 2002)It is
present in primates, mic®rosophilaand plants. The human protein is 39 kDahwa
catalytic domairthat hasonserved residues from Class | and Il HDAGsao et al. 2002;
TheUniProtConsortium 2017)It is expressed in distinct organ systems, namely the
kidney, brain, heart, skeletal muscles and t€&ao et al. 2002)The HDAC11 protein
has a role imesponsiveness in ti@munesystem(Villagra et al. 2009)It may be present
in complexes with HDAC§Gao et al. 2002)

There are also some uncategorized HDAC proteins. HDACS is not clsissed
it occurs only in vertebrates and has been diverging faster than other Class 1 HDACs,
which implies that it has new functions. Additionally, HDACS8 proteinsraxefound in
fungi but only in vertebrates. HodiBe proteins also remain uncategorizedving
significant sequence divergence from mammalian HD&&ggoretti et al. 2004)

Class I, Il and I\proteins require zinc for their catalytic function which hydrolyses
the acetamide bond of acetylated lysiasiduesHere,| would like to emphasizagain
the imporance of the fact that thmain classes of HDACswhich are named with a
misnomer)originally occurred prior to the evolution of histong&eto & Yoshida 2014)
Many northistone proteins with a variety of cellular functions are deéatety by HDACs
and the scale of this type of modification is on par with other majchrstane modifying
proteins. Among these, it is notable thatS. cerevisiaeDNA MethylTransferase 1
(DNMT1), a protein responsible for DNA methylation, is regulated by HDACs
(Choudhary et al. 2009)
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HDAC proteins themselves are regulated in many ways aagtroteirprotein
interactions, PTMs (phosphorylation), alternative splicing as well as by more physical
aspects like cellular localization or cofactor ley8eto & Yoshida 2014)ncorporation
of multiple HDAC proteins into complexes and sa$isociations are commg@@regoretti
et al. 2004) Branching evolution is observed in the HDAC protein family which is
possibly due to leernative splicingand many of thesproteinsareisoforms Also, the

catalytic region is well conserved and commonly dtgied(Seto & Yoshida 2014)

1.5.3 Drug therapies that target HATs and HDACs
Drugs targeting acetylaticsrea growing market for pharmaceuticampanies treating
cancer and other diseases since HATs and HDACs have many downstream targets and
impact the expression of many getisang et al. 2009)ike other therapies for human
disease, histone deacetylase inhibitor drugs that target human proteins have side effects
which impact cohabiting fungal and bacterial colonies and may fdk&er drug
resistance. Undesired reactions to HDAC inhibitors include cardiac toxicities,
gastrointestinal effects and bloatisorders(Afifi et al. 2015) In the case ofungal
infections taking advantage of a compromised immune system, the dual effect on
orthologous proteins of the human and indwelling almgthogens may be of benefit to
the patient. However, given the complicated nature of this human/pathogen inieréace
important that the many aspects of this approach are carefully studied. Drugs targeting
yeastcanhave secondary effects on the host and vice versa. In summary, given that the
proteins of yeast and humans are considerably alike, it proves caegblicause this
strategy to treat fungal infections without prohibitive side effactdunderstanding the
specifics of targeting and elements of redundancy arélxeyning & Hope 2010)

1.5.3.1 Drug therapies that target HATs

HAT proteins have been associated with diseas&ging from neurological conditions to
cancer. They have been shown to suppress and stimulate tumor growth, even within the
same type of cancer cells. These proteins are thought to play a role in many aspects of
normal developmeraf embryonic, neuronal askeletal system@/Napenaar & Dekker
2016)

Drugs that target HATs (which include the common curcumin) need to target bi
substrate enzymes, since HATs themselves targ€ld¥ in conjunction with a lysine

containing potein(Fig. 19) (Wapenaar & Dekker 2016)
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Challenges of developing these drugs span from issues with substrate specificity
(many HAT inhibitors have several mechanisms of action), molecular stability, low
potency anadomplicated kinetic§Wapenaar & Dekker 2016Researclon HAT protein
functionand structurerovides information for the development of drugs targeting these
proteins. For example, translocations in HAT proteins Hmen connected to leukemia
and lymphoma and it is suggested that inhibitioRIAT proteirs may be used to stop the
proliferation of cancer cell&Sheikh et al. 2015)

Based orthis research, new approaches to screening small molecules have been
developed and inhilotsareidentified (Falk et al. 2011)As a specific example, the HAT
inhibitor, Garcinol, mpactsDNA repair without affecting cell cycle checkpoint function
andis designatedor use as a radiosensitizdnug (Oike et al. 2012; Baell & Miao 2016)

It has been shown to inhibit HAT dependent gene transcription spegificallit induces
apoptosis in cancer cel{Balasubramanyam et al. 200%his apoptosis iSkely due to
hypoacetylation and is shown experimentally as physical fragmentation of chromatin
within the nudei of Hela cells. This fragmentation is comparable to the effects of
treatment with the kown apoptosis inducer hydrogen peroxide. This effect can be seen
by Hoechst staining or by agarose gel electrophoresis of treated DNA samples
(Balasubramanyam et al. 2004)he target of Garcinol is p3thd GCNS5like PCAF
histone acetyl transferase proteins. In addition to histones, these HATs havistooe
targets that include transcriptional coactivators,dcaption factors and HIV Tat proteins
(Balasubramanyam et al. 2004; Kumar et al. 2001; Bonaldi et al. 2003; Balasubramanyam
et al. 2003; Kaehlcke et al. 2003; Bres et al. 20@rcinolalso affects PCARHATSs
more strongly than p30Qt was found that p300 dependent acetylation of histone H4 was
completely inhibited but H3 inhibition was naven with the application of 20the
normal dosage. Combination treatment with histone deacetylase inhitgton®re
effective. For example a combination ®fichostatinA or sodium butyratéreatment
combined withGarcinol inhibits acetylation ihistonesH4 and H2B however, Garcinol
alone desnot decrease acetylation lev@Balasubramanyam et al. 2004)

1.5.3.2 Drug therapies that target HDACs
HDAC proteins are involved in signaling pathways that impact heart development, as well
as muscular and skeletal functigittaberland et al. 2009HDAC proteins are linked to
a number of heditrelated issues including cancer, and central nervous system conditions
such as Al z h(gadnmareet ah 8017¢ Ropeeoa&<Esteller 2007; Kazantsev &
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Thompson 2008)These poteins have roles in cellular development, proliferation, cell
cycle regulation, promoter silencing and DNA translocatiqas reviewed in
Timmermann et al. 2001)

Additionally, there is growing use of HDAC inhibitor wdys as combination
treatment for fungal infections in humai@ehera & Sinha 2015As discussedh Section
1.2.9, growing resistance to the relatively small pool of available drugs for treating fungal
infections is a ch&nge. To this end, it is showthat suberoylanilide hydroxamic acid
(SAHA) and uracilbased hydroxamates that inhibit HDAC enzymes can be used in
conjunction with fluconazole to address issues of resist@haeet al. 2007)

The functional properties of histone deacetylase inhibitors have been defined
based upon research on the common model organischading yeast Given their
potential for development as medical treatmeritss important that this knowledge
undergo focused development to understand the function of these proteins in pathogens.
Future drug designs that successfully target fungal infections minsnize sde effects
while effectively targeting these pathogens within the humam s imdumne system
environment. If standalone treatments areematughto quell these infections, drugs may

be used as combination treatments.

1.6 Chromatin modifiersin C. albicans; HATs and HDACs

C. albicanshave many of the same histone modifications as other organisms, including
methylation, acetylation, sumoylation and ubiquitination. Interestingly, the yeast and
hyphal forms ofC. albicanspresent different levelef methylaton: hyphae have been
shown to have lower levels of cytosine methylat{®ussell et al. 1987)This section
covers the proteins known to be involved in acetylatiow aeacetylaon in this
pathogenic yeast. These proteins have roles in morphological aspects that contribute to
virulence and consequently they are of interest as drug targets.

1.6.1C. albicansHAT proteins
Based upon sequence homology HAT proteins aaclassifiedin three groups: Gen5
family, the MYST family and other.ee & Workman 2007)In C. albicansGen5 is the
only protein known to fall under the first designation; it is essential for hyphal
development and is induced by serurhis is perhaps due to it®le in cel wall stress

responsg¢Chang et al. 2015)
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The C. albicansGcn5 protein changes its cellular localization in response to
cellular growth stite staying in the cytoplasm during growth and active cell division stages
while moving to the nuclei during stationary phéSearg et al. 15). This HAT domain
Is very conserved (92 % identity) and the bromodomain of Gen5 also has similarity (59 %
identity) to theS. cerevisiaertholog (Chang et al. 2015)The Gcn5 family of HAT
proteins is responsible for acetylation that affects gene transcription and while targets in
C. albicanshave not been investigated, a good bit is known aBowterevisiagscn5
which partcipates in lhe complexes SAGA, SILK and ADA and works with
transcriptional activatoréGrant et al. 1999; Utley et al. 1998; P+@yant et al. 2002;
Chang et al. 2015; Strahl & Allis 20003AGA transcriptionally reglates ~10 %of the
yeast genome through recruitment of RNA polymeflasend other transcriptional
machinery (Bonnet et al. 2014)The SAGA, SILK and ADA complexes all have
somewhat overlapping and distinct functions and acetylation taiyettschieben et al.
2000; PrayGrant et al. 2002) These complexes effect acetylation on free histones as well
and targetH2B (K11, K16), H3 (K9, K14, K18, K23, K27, K3&nd H4 (K8, K16)
(Cieniewrcz et al. 2014; Suka et al. 2001; Zhang et al. 1998)

To engage hyphal elongatio@, albicansGen5 functions in conjunction with
Esal, a MYST family HAT. Esals essential for flamentous growth, growth at high
temperatures (37 °C) and hyphal initiati@Vang et al2013) The MYST domain of the
C. albicansEsal protein is conserved (86 % identity) fr@n cerevisiaewith one
additional insertion present. The chromodomain of Esal however, does not show much
similarity. In contrast to Gen5 the localization of E9aXonsistently nuclegiChang et
al. 2015) OtherC. albicansMYST family HATs includeSomething About Silencing
proteins Sas2, and Sas3.

Other C. albicansHAT proteins include:Histone AcetylTransferaséHatl),
ELongator Proteir8 (Elp3), andHistone and other Protein Acetyltransfer@séHpa3)
whose orthologs in humans are grouped into the Genb fd®igrner & Berger 2000;
Nathan et al. 2006C. albicansalso has an ortholog of Rtt1®hich acetylates histone
H3 lysine 56(Lopes da Rosa et al. 2010)he protein has four talytic domains which
are conserved relative . cerevisiaglLopes da Rosa et al. 201@). cerevisiadktt109
also acetylates this site (H3K56) which has a role in localizing chroahatinains It also
targetsother H3 sites (K14, K28, K27) and functions in complex with Vps75 and Asf1 to
acetylate additional targets (H3K9, H3K23, H4K12 and B8KespectivelyfAbshiru et
al. 2013) C. dbicansRtt109 has roles in pathogenigitiRtt109 homozygous mutant cells

60



are less pathogeniao mice andhaveincreased susceptibility to killing by macrophage
(Lopes da Rosa et al. 201®)omozygous mutants in Rtt109 also show decreased-white
opaque switchingStevenson & Liu 2011)

1.6.2C. albicansHDAC proteins
In total, eleen types of HDAC proteins are characterize@iralbicans.

Class | HDACs include Reduced Paissium Dependency Rpd®Rpd32, Hosl
andHos2.Rpd3a nd Rpd32 (referred to as simply
which are both orthologs 8. ceevisiaeRpd3. Class histone deacetylase Rpd31 works

in complex withtranscriptional corepresrSsn6 to suppress hyphae and separately on its

own to support filament development. Both of these proteins (Rpd31 and Ssn6) are

necessary for the expressioh ldme6 (Lee et al. 2015)The two histone deacetylase
proteins Rpd3 and Rpd31 vkotogether to affect the expression of W©OR1gene. InC.
albicans (WO-1 strain; MTla matingtype), loss of either of these genes contributes
opposingchange irthe whiteopaqueswitch (sedrig.1.11). This functional difference is
attributed taheunique Gterminal domain regionsf Rpd3 and Rpd31Also, it should be
noted that interaction of &se proteins with DNA has not been shaire et al. 2016;
Srikantha et al. 2001)rhe role of Hos1 is not understo@@arnaud et al. 20167\n in
vitro enzymatic assay with purified. albicansHos2protein showed that functions to
deacetylate tubulin butot histoneg(Karthikeyan et al. 2013; Srikantha et al. 2001,
Garnaud et al. 2016)

Class Il includes Hdal and Hos3. Deletion of Hdal does not affect the transcript
levels of any Class | or @s Il HDACs(Srikantha et al. 2001While C. albicansHdal
has beentadied in some detail, the role of Hos3ess defined (see Sectiorb D).

Class Il includes NAD+ dependent sirtuins Sir2, Hstl, Hst2 and H$t3. S
deacetylates specific lysine residues of histones and is imptotaygne silencing ahe
repetitive nucleotide sequences at the end of chromosortedsmerey and this is
dependent on environmental conditiof®ikantha et al. 2001FreireBenéitez et al.
2016a) In S. cerevisiadHstl functions in a complex with HDACs Hos2 and Set3 that
impacts sporulation but irC. albicansit has a roles in whitepaque switching,
filamentation and virulencéPijnappel et al. @01; Hnisz, Sehwarzmiiller, et al. 2009;
Hnisz et al. 2010)Hst3 modulasacetylation at H3K5@vhere itacts in interplay with
HAT Rtt109(Wurtele et al. 2010)
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C. dbicansSet3 is another histone deacetylase that is free standing from the Class
designations. I1$. cerevime Set3 is a fungal specific HDAC which forms a seven subunit
complex made up of four core units and three histone deacetylase proteins (Hstl, Hos2
and Set3) which binds methylated H3K4 to recruit Set3C conffiex et al. 2012) The
complex is conserved @@. albicansand t has roles in biofilm dispersal and antimicrobial
drug resistancéNobile et al. 2014; Hnisz et al. 2012%et3 mutants show a hyper
filamentous phengpe (Hnisz et al. 2012)

1.7 Hdal inC. albicans

The C. albicansHdal proteinis known as a transcriptional regulator, awlucer of
filamentation, regulator of whitepaque switching and it has greater expression in white
cells. Deletion ofHDAL is shown to decrease the occurrence of morphological switch
from whiteopaque and stamyphal development i€. albicans(Zacchi et al. 2010; Lu

et al. 2011, Srikantha et al. 2001; Klar et &02)

1.7.1 Hdal role in whiteopaque andopaquewhite switching
HDAL reportedly shows an evestrongermorphological phenotypthan RPD31when
deleted Its deletiondramatically increassthe whiteopaque switching frequenaf C.
albicansbut it hasno effect on opaquehite switching(Srikantha et al. 2001; Klar et al.
2001) This contrasts with the deletion d®PD3 which increases switahg in both
directions. Expression ¢fdal or Rpd3 desnot affect phase regulatedpession of each
other, Hos1, Hos2 or Hos@Srikantha et al. 2001)t has also been shown that deletion of
HDAL considerably decreases expressiontted Efgl protein in white phase cells
(Srikantha et al. 2001)rhis is important because Efgl is essential for a portion of the
phenotypic traits that distinguish whiphase cells and it is thought to be downstream of
the gene responsible for teavitch, WOR1(Srikantha et al. 203). This implies a major
role for Hdal in suppressing whitgpaque switching which is also supported by a study
showng that cells which are homozygous mutants for Hdal have a phenotype like
trichostatinA treated cellsTrichostatinrA is a histone dea&tylase inhibitorTreatment of
C. albicanscells with trichostatipA causes an increased whdpaque but not opaque
white switching(Klar et al. 2001)

Several other histone deacetylase genes are involved inegatgeswitching.
HOS1 HOS2and HOS3are down regulated in opaque celBonversely,it has been

shown thatHOS1and HOS2 have greater exprdaes in white cells. Thes&hite and
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opaquemorphological states are all inherited by daughter cellsKggg.11) (Srikantha
et al. 2001)

EFGI

+UV; +neutrophils & oxidants;
hdal AA; rpd3AA

+UV; tor|temperature;
white WHI misexp.; rpd3AA opaque
WOR1

Figure 1.11 Effectors of white-opaque switching in C. albicans
Genes and environmental conditions that promote wdpsgue and opaqgwehite
switching inC. albicangAdapted frontSrikantha et al2001, Figure 9 Scaduto &
Bennett 2015Figure 1
Interestingly, it has been noted tI8&T3 is epistatic tdHDAL1 andRPD3. deletion
of the SET3gene suppresses the effect of deletiigAl extinguishing its impact on
white-opaque switching. The same effas shown inrpd3eeee mut ants f or
increaseof bi-direction switching is also suppressed by deletionH&S2 (Hnisz,

Schwarzmiiller, et al. 2009)

1.7.2 Hdal role inC. albicansyeasthyphae and hyphaeyeast transitions
DeletingHDA1 has been shown to stunt development of hyphHasnweells are grown on
inducing ®lid medias at high temperature (M199 with pH 8, SLAD, Spider, and with 10
% serum; 37 °C) and embedded in solid media (23 °C) as well as in liquid medias (M199
with pH 8 and Spider; 3 hours 37 °@u et al. 2011; Zacchi et al. 2010)he fact that
this phenotype is seen in liquid and solid conditions and with various inducers of
filamentation confirms that Hdal plays a role in hyphal developraerdss many
conditions(Fig. 1.12). Brgl recruits Hdal to hyphapecific promoters yet Brgl is not
sufficient for the transition to hyphdku et al. 2011)

Suggested mechanisms by which Hdal may affect filamentation include exerting
effects: (1) on positive and negative transcriptional regulatorgpifde development; (2)
on filamenation regulators; (3) by deacetylation of Austone proteins with direct and
indirect effects on hyphae developmédacchi et al. 2010; Glozak et al. 2005; Lu et al.
2011)

One mechanism for hyphae formationGnalkicansinvolves the recruitment of

Hdal by Brgl and subsequent deacetylation of a subunit of thkistome protein and
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HAT, NuA4. A series of events take place which are triggered by environmental
conditions. First, Nrgis inhibited through the cAMAPKA pathwg leading to histone
disassembly at specific regions in hyphal gene promoters. This occunsst@eam
activatorregions that contain Nrgl and Brgl binding motifs. Brgl has a homol8g in
cerevisiae Gat2 which belongs to the GATA famibf transcrption factors, named for

their ability to bind specific sequences in DNRuU et al. 2012) Initiation of hyphal
development requires the disappearance of Nrgl through activation of the-RKKMP
pathway This can be triggered by several environmémiégators including increase of
temperature to 37 °C, application of rapamycin or starvdtioret al. 2011)If conditions

are conducive, this signal is maintained and suppresses the leValgef of Rapamycin
(Torl) and this leads to the extinguishing of Nrgl promoter access through recruitment of
Hdal fFig.1.12).
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¥PD + 10 % Serum

Rapamycin

L«

Iesl

Starvation

(1) Activation of cAMP-PKA pathway
and reduced Torl signalling

(2) Hdal is recruited

(3) Hdal deacetylates a subunit of NuA4
(histone acetyltransferase module)

¢

(5) Blocked Nrgl access to promoter

(4) Eviction of NuA4 module

HYPHAL
MAINTENANCE

Promoter

(6) Hdal recruitment

Figure 1.12 Phenotype of sunted hyphal development inhdalse sand model showing
the molecular pathway for hyphal maintenancevia Hdal activity in C. albicans
(Top) Comparison of wildtype andddalse astrains grownn filamentation inducing
YPD + 10% serum at 37 °CAdapted from Figure 3 Lu et al. 2011

(Bottom) Model showingthe steps followingactivation of Torl pathwaythat support
hyphal maintenare; [Adaptedwith extensive changdeom Figure 9 inLu et al. 2011
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Due to the environmental conditiotme second stepccurswhich secures hyphal
maintenancelLevels of Torl sigring become reduced (this can be simulated through
Rapamycin exposure or other triggers which target Tor1) which allowglicglongation
through recruitment of Hdal by transcription factor Brgl and subsequent elongation of
the yeast cell. Hdal and Brgte required for the maintenance of hyphal development.
Hdal deacetylates a subunit of NuA4 acetyltransferase (Yng2)tméthcetyltransferase
gone, Nrgl no longer has access to the region of ONA. reinitiates the cycle of events.
The repositioningof nucleosomes through chromatin rearrangemefindamental to
these eventsThe presence of Hdalassocritical as itblocks the binding of Nrg{Lu et
al. 2012) Figure 113 shows the occupancy of Hdal and Nrgl atHiVéP1 promoter
during hygal induction.
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Figure 1.13 Evaluation of Hdal and Nrgl occupancy at the hyphapecific HWP1
promoter
(A) Expression ofHWP1 during hyphal induction is decreasedtive hdalse aanutant
strain (B) Nrgl bindsHWP1 promoter inhdalee aauring hyphal induction(C) Hdal
binding atHWP1promder isserum dependenfAdapted from Lu et al. 2011

A downstream positive feedback loop governed by Brgl targets Ume6 to
perpetuate the effe€tu et al. 2012; Lu et al. 2011Brgl also bindshe hyphaspecific
expression and relatedness to G1 CycHGC1) proteinduring hyphal elongatiamhese
proteinsinteract with Cdc28 to impart growth of yeast buds and participate in septin
Cdc11 phosphorylatiofSinha et al. 2017; Zheng et al. 200A4yc1l is a hyphae specific
G1 cyclin related protein which has rsla biofilm formation, it is necessary for hyphal
growth and its deletion also impacts virulerfgbeng et al. 2004; Banerjee et al. 2013;
Skrzypek et al. 2017X:dc28 s a cyclindependent protein kinase that functions together
with Hgcl to phosphorylate Efgl and this mark regulatesseglaration\Wang et al
2009; Skrzypek et al. 2017} is involved in the regulation of many transcription factors
that control morphology and @ roles inpolarized growth(Umeyama et al. 2006)
Cdcll is a sept proteinwhichwhen deleted causes defects in bud growth and cytokinesis
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and invasive growth. Mutants in this proteilso form abnormal curved hyph@dartin

et al. 2005; Warenda et al. 2003; Frazier et al. 1988)ile Ume6 is not necessary for
Hdal recruitment, a mutation of the gene decreases its overall promoter association
Constitutive expression &/MEG6 (and noBRGL) can overcome the hyphal growth defect

in a hdal homozygous mutanfLu et al. 2012) UMEG6 is a key regulator of hyphal
development which functions througtGC1land other regulato®anerjee et al.@83).

High expression dJMEG causes increased tissue invasiorChylbicanscellsin vivo. It

also increases the development of hyphae related biofilm developmatno (Banerjee

et al. 2008)

1.7.3 Hdal role in drug resistance
In S. cerevisiaéldal and Rpd3 cooperate to regulate Hsp90 deacetylation which controls
drug resistance. Posttranslational modificnsalsolikely modulate HSP9(QRobbins et
al. 2012) It is notable that Li et al., 2014 showed that deletio®RBD3 or HDAL in
combination with low exgession of efflux geneSDR1, CDR2, MDRAandFLUconazole
resistancel (FLU1) (<50 % of the wildtypdWT) strain)caused sensitivity to azoléksi
et al. 2014) A more recent studfrom the same author (201@h azole resistance f@.
albicansshowed that K30 and K271 are critical acetylation siteldspd0 in terms of the
proteins ability to act as a chapero8gains mutated at these siegperience decreased
virulence(these mutant strains mimic constitutive acetylation or deacetylation). The paper
notes that many HDAC proteins interact witSP90including Hos2, Hdal, Rpd3,
Rpd31 and that these proteins all mediate azole tolerancerg®homozygous mutant
strain was used in this experiment, this mutant does not produce a toxic intermediate in
response to azole exposure and its resistance isOH#g®endent. Deletion ¢iOS2
HDA1, RPD3or RPD31or all combinations of the genes did not reduce azole resestan
but only when alfour geneswere deleted was the resistance lost. The paper concludes
that the impact of HDACs oHSP90its through chapere function and that additional
lysine residues are likely involved in this effe€he complexity of tis systemof drug
resistanc@resents important consideratidhat can informapproaches to pharmaceutical
targeting of these mechanisifhs et al. 2017)

1.7.4 Hdal role in Tupl specific repression
In S. cerevisiaethe Tupl protein inteacts with Hdal to regulate localized histone
deacetylation. Consequity, many targets of Tupl includirgxitus NAtru(Latin, "exit
sodium")1 (Enal) are also targets of Hdal. Also, Hdal has specific activity at the
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promoters of Tupl regulated ger@manvieng Wu, Suka, et al. 200Deletion of Hdal

(or Tupl) results in hyperacetylatiahthe Enal promoter. Deacetylation happens by both
Hdal and Rpd3 on different histones at #8&Al promoter (H3/H2B and H4/H3
respectively) and the activity of both #eeproteins is required for full repression of the
ENAL gene(Jiansheng Wu, Suka, et al. 200[f this relationshigexists inC. albicansis
currently unknown.

A study that evaluatettanscriptional profiling ofC. albicansortholog of Tupl
found that it is targeted to different sets of genes by two repressors, Migl and Nrgl which
have distinct roles in stress resppnsetabolism and morphogeng$ikirad et al. 2008)
These findings support the hypothesis t@atalbicansTupl has a similar role to its
ortholog inS. cereisiaewhich interacts with Ssn6 as a global reprefRedd et al. 1997)

Several roles of Tupl i@. albicansare known, homozygous mutants in TgP1
gene do not whitepaaie swich but rather undergo distinctive filamentation switching
sequence at the colony | evel which disp
followed by small (pseudo hypha) and then smooth (budding yeast) colonies which finally
revert to small fuzzypseua-hypha morphology. This sequence of phenotypes is also
observed at the cellular lev@lUP1 upregulation causes the rapid switching of colonies
to opaque phase and Tupl may be necessary for theapaitpie transitiofiZhao et al.
2002)

The Enal/Ena2 protein is a sodium efflux pump which affects many different types
of substrategSkrzypek et al. 2017; Lamb & Mitchell 2003n S. cerevisiadRim101
indirectly activates Enal in conditions of alkaline pH or salt concentrations by repressing
Nrgl which encodes a Tuglependenttranscriptional repressor of Endllamb et al.
2001; Lamb & Mitchell 2003)The control of Enal is not conserved betw€enlbicans
andS. cerevisiagln C. albicangwherein Enal is named Ena2) the protein is not regulated
by Nrgl (which is the case i8. cerevisiae The rde of the Rim101 pathway during
alkaline pH inC. albicansis to adapt to iron deplete environments and this pathway is
parallel and distinct from the Nrgl pathw@ensen et al. 2004)

1.8 Yeast Hdal complex proteins: structures and interactions
As mentioned irSection 15.2, HDAC proteins oftefiorm canplexes. While it has not
been shown tha€C. albicansHdal participates in a complex, similar proteinsSn

cerevisiaeandS. pombe&o. Comparisons made between yeast species suchalsicans
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and the common model yeasts suclBaserevisiaeneal to bekept in perspective. It is
key t o keep ilastsharedadommbnancestormmng thdin 900 million years
ago; in terms of conserved coding sequences, the two species are approxamately
di vergent as (Herrday etaah #010jThismaessage is challenging to
remember when one @igging for information from a relatively dry genordatabas of

the newer model organisng,. albicans This section discusses the existing structural
information from orthologs for Hdal i8. pombgCIr3) as well as Hdal anHistone
DeAcetylase 3Klda3 in S. cerevisia@long with what is known about the &it, Histone
DeAcetylase 2Kida2 and Hda3 proteins i. cerevisiaandC. albicans TheC. albicans

Hda2 and Hda3 proteins are of particular interest given that they are fungal specific and

Hdaz2 is almost entirely uncharacteriZ&thn et al. 2016)

1.8.1 TheS. cerevisiadidal complex
Information aboutC. albicanshistone deacetylase protein structure may be derived by
comparison to solved structures from similar protémthe model yeass. cerevisiae
Currently theonly actual structural information available is for tBe cerevisiagHdal
Arb2 domain and Hda3 DNAinding domain.Threedifferent proteins make up tHg.
cerevisiaeHdal Complex: a dimer of Hdal interacting with Hda2 and Hda3 prdqtéms
1.4)(Carmen et al. 1996fGivent hat al |l these proteins are
it is important to keep two points mind: (1) that Hdal participates in deacetylase activity
on nonrthistone proteins and (2) Hda2 and Hda3 do not have catalytic deacetylase domains.
The donains ofall three proteins are discussed in detail in Chapter 3.

Interactions between tt& cereviseHdal complex proteins are necessary for its
functionin vitro, if any of the components are mutated, its deacetylase activity is disrupted
(J Wu et al. 2001)As shown in Figure 14, stoichiometry of the complex is a hetero
dimer of Hd2 and Hla3 associating throught€rminal coiledcoil domains with a homo
dimer of Hdal by the deagtdse domainglLee et al. 2009; Jianshg Wu,Carmen, et al.

2001) This was shown througiprotein pull down experiment which showed interaction
between all of these proteins (Hdal with Hda2 or HaaHda2with Hda3 in the absence
of Hdal) (J Wu et al. 2001)
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Figure 1.14 Interaction betweenHdal complex proteins inS. cerevisiae
lllustration of domains and stoichiomewpserve for the Hdal, Hda2 and Hda3
[Adapted from Lee et al. 20DP9

Three components dhis mmplex are fungal specific, the Hdal Arb2 dom
Hda2 and Hda8Finn et al. 2016; Gashaw et al. 2011; Lee et al. 2009; Geer et al. 2010)
While S. cerevisiad¢idal is shown to dimerize theabsence of Hda2 and/or Hda3, it is
reportedhat the strongest interaction is betwé#tal and Hda3, 10x stronger than Hdal
and Hdaz2 interactigrHda3 and Hda2re shown tanteract at a 60X greater level. This
analysis led to the conclusiatmatS. cereisiaeHdal does not interact with Hda2 in the
absence of Hda@anta et al. 2006)Iit has also been observed that the complex can take
heterotetramer or heterohexamer form based on the availability of Hda2 an{lLidda3
al. 2009)

It is proposed that i5. cerevisiaalimeric Hdal allows for deacetylation of the
duplicate histone proteins present in tingclesome otamer, while Hda2 and Hda3
function to either structurally activate the dimer or recognize histones themselves: Whole
cell acetylation levels are greatly reduced upon deletion of any of these proteins and
consequently the whole complex is tighit tobe neessary for Hdal activity. It is known
that these proteins are necessary for deacetylation at H3 and H2B diN#&hand
GAL10(TUP1regulated) promoters. Also, a phosphopantetheine attachment site (residues
570585) in Hda2 suggests an adegroup carrer role for the proteirfJiansheng Wu,
Carmen, et al. 2001)

1.8.2S. cerevisiadidal protein interactions and Arb2 domain structure
There is one documented transcriptional regulatd®.aferevisiagddal during cellular
response to heat FC7 (Venters et al. 2011; Cipollina et al. 2008f-C7is an RNA Pol
[l transcription initiation factor complex subunit which binds DNA at promototRbfA
genegdManaud et al. 1998)here are 28 proteins with evidence of physical interactions
with Hdal and 715 proteins have genetic interaction with Hdal (total genetic interactions

= 756 (additional geneshave bothphysical and genetic interactiondgkrzypek et al.
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2017). Aside from Hda2 and Hda3, the physical interactions are fromthighighput
experiments two-hybrid, affinity capture RNA, affinity capture MS or biochemical
activity (Pho85 and Tos3), experimentdso, some physical interactors are identified
throughmanually curateéxperimentsreconstituted complex, biochemical activity, two
hybrid or coelocalization experiments. Most manually curated interactions were with
histones but interactions with Sin3 and Tupl are also reported. Pho85 is a cyclin
dependent kinase it has roles in regulating nutrient levels, environmental conditions, and
cell cycle progression. Tos3 is a protein kinase that activates Snfl which is another protein
kinasethat regulatesC. cerevisiadilamentous growth. The genetic intetions areall

from highthroughputexperimentssynthetic rescue, phenotypic enhancement, synthetic
growth defect, synthetic lethality, dosage lethality negative genetic, positive genetic
experiments and manually cted: synthetic rescue, dosage letlyalgynthetic growth
defect, synthetic lethality, phenotypic suppression, phenotypic enhancement experiments.

13 phenotypes for HDAL are publishedGnalbicanson theCandidaGenome
Database which are growth, whit@aque switching and filamentation redd{Skrzypek
etal. 2017)17 phenotypgfor HDA1 are published i8. cerevige on theSaccharomyces
Genome Database these include decreased and increased responses to metals, chemice
compounds and antifungalSkrzypek &Hirschman 2011)

The Arb2 proteirdomain was originally characterized in the fission y8agbmbe
Arb2 protein(Buker et al. 2007)It is found in the Argonaute siRNA Chaperone (ARC)
complex. This complex enagpasses two other proteins (Arb1l and Arol) and has roles in
H3K9 methylation,heterochromatin assembly and generating siRRA2 is likely
necessary for siRh generation and RNAmediated heterochromatin assemfiduker et
al. 2007) Northern blot analysis with probes that hybridize to centromeric siRNAs show
that ARC contains siRN#&since ~25 nucleotide species were seen in blots of purified
Arb1l, also no centromeric SiRNA was observed in total RNA blots aibiiseandarb2se
cells In addition, immunofluorescence experiments show that Arb1l and carlbitalize
to centromeric heteotromatin and other foci in the nucleus and cytoplasm of cells
(Buker et al. 2007)

As discussed, one of the issues with targeting HDACs by drug treatments is the
conservation of these proteins and resulting side effects dueittidiology. The ideal
approach for targeting fungal infections with drugs is to identify domains wdnieh
unique to fungi to eliminate th@otentialside effects to theuman hostThe Arb2 domain
is fungal specific and occurs in unique combination with a elgkse catalytic domain
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This is why its drugability should be explored as a target for the ttgu@ent of new
anti-fungal drugg(Gashaw et al. 2011)t is noteworthy thasome similar domains do
occu as a component of other types of proteins in humans which may complicate
approaches to drug developméatet al. 2010)

At the start of this project the structure of the Hdal Arb2 washenxiacterized. It
has since been defined$ncerevisia¢Shen et al. 2016)n 2016 the structure of the Arb2
domain of S. cerevisiagHdal was characterizedrigure 115 shows overall current
structural information for the Hdal ARgonewBinding Arb2 domain. This is the only
solved structural portion of th®. cerevisiadHddal proteinThe crystal structure of this
protein and pull down assagbow that a dimer of the doima has the ability to bind
unmodified histonem vitroby di meri zing to form @hehunct
et al. 2016)
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Figure 1.15 Combined Arb2 d o ma i n i n stractused complerng, model of
secondary structue and sequencecomparison of Hdal ortholog Arb2 domain of S.
cerevisiaeS. pombend C. albicans

(A) At left: Isothermatitration calorimetryimage of theARB2domain red and blue

lobes indicate two separate Arb2 donsaimich arejoinedand amino acisikey to the
interaction are labeledd\trightt Hd a1 Ar b 2 d o +helicesand beta strandse s
(PDB: 5J8J)B) Alignment of Hdal Arb2 domains fro®. cerevisiagS. pombeandC.
albicans [adaptedrom Shen, et al., 2016
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Shen et al. (2016) propose that Hdal works with Hda2 and Hda3 to not only
deacetylate histones but as a histone chaperone, affecting chromatin remodeling. They
base this hypothesis on two points: (1) The protein orthologous to H&agddmbe, Cir3
comple recruits helicaséMannose Inositolphosphoceramide Transferagblitl) and
participates in both histone deacetylation and chromatin remod@ungjyama et al.
2017)and (2) Hda2 and Hda3 have sequence siitidato heicaseenzymegSwi2/Snf2
of Rad54 family enzymeggphen et al. 2016; Lee et al. 2009)

Still, there are good reason for ongoingerest in solving the structure of tGe
albicansHdal Arb2 domain; namely, that theogein is significantly distinct from its nen
pathogenicS. cerevisiadhomolog. The structure &. albicansHdal Arb2 domain has

notyetbeen solved (see Chapter 3).

1.83 S. pombeCIr3 complex structures
Information abouC. albicansHdal protein structe may also be derived from existing
data for similar proteing the model yeas. pombeCir3. The CIr3 complexs known
as SHRECIt S. pombeconsists of a Snf2 comatin remodeler: Mitland a HDAC
protein: ClIr3. This is an evolutionarily conservedtihoombination (Snf2 domain and
HDAC domain) and their function may be cooperative, but their physical connection is
not necessaryitl contains a PHD binding domaiohromodomain and ClIr3 is known
to localize to centromeres and is involved in globahdaiption regulation. SHREC
interacts with euchromatic DNA directly based on sequapeeific targetingJob et al.
2016) Structural nformation is available for Clriget ro specific orthologs fo€. albicans
Hda2 or Hda3 exist i5. pombeand CIr3 interacts with proteins that are different. (see
Section 1.8).

1.9C. albicansand S. cerevisiaddda?2 interactions

It has been shown 18.cerevisiaghat Hda2 responds quickly to hypoxia byleealizing

to the gtosol (Dastidaret al. 2012) Deletion ofS. cerevisia¢ida2 has also been shown

to maketelomere length shortéAskree et al. 2004)T'he only documesd regulator of

S. cerevisiaeHda?2 is transcription factoARS-Binding Factor 1(ABF1) which was
identified by computational analysis of sequence motifs that correspond to the DNA
binding specificity with proteins fromchromatin immunoprecipitation expermts
(Maclsaac et al. 2006; Skrzypek et al. 20BF1is a DNA binding protein with roles

in transcriptional activation, gersilencing, chromatin remodeling, DNA replication and
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repair. There are Blproteins with evidence of physical interactions with Hda2 and four
of these proteins alsoteractgeneti@lly (total genetic interactions = 131) with the protein
(Skrzypek et al. 2017Aside from Hdal and Hda3, the physical interactions were shown
throudh highthroughputexperimentstwo-hybrid, affinity capture RNAaffinity capture
MS or biochemical activity (phosphorylated residue: Ime2 and Yck2) experiments. The
genetic interactions arealso from highthroughput experiments synthetic rescue,
synthetc growth defect, synthetic lethality, dosage lethality, posgeeetic and negative
genetic assays while manually curated experiments included: synthetic rescue, synthetic
growth defect, synthetic lethality, phenotypic suppression and phenotypic enlesh.cem

In C. albicansthere is no substantial information abowd tthenotypes dfiDA2.
A random transposon mutagenesis study showsHD&? is not essentigNobile et al.
2003) Homozygous mutds of C. albicansHDAZ2 also show a phenotype of sensitivity
to propolis, a natural compound which inhibits ydagthal transitiongDe Castro et al.
2013) 21 phenotypes foHDAZ2 are published ir5. cerevisiaeon the Saccharomyces
Genome @tabase these include decreased and increased responses to chemicals, chemical
compounds and antifungglSkrzypek & Hrschman 2011)

No portion of Hda2 structure has been solvegitinerS. cerevisiaer C. albicans.

1.10C. albicansand S. cerevisiaddda3 interactions and structure

It has been shown i8. cerevisia¢hat like Hda2, Hda3 responds quickly to hypoxja b
re-localizing to the cytosol (Dastidar et al. 2012) There are five documented
transcrigional regulators of Hda3:EUcine biosynthesi8 (LEU3), MEDiator complex2
(MED2), MED4, Split Finger Proteirl(SFPJ) andXhd site-Binding Proteinl (XBPJ).
These regulators act on Hda3 during celluésmponse to acute heat shockly3, MED2
andMEDA4) or following glucose pulseSFPJ (Venters et al. 2011; Cipollina et al. 2008)
LEU3is involved in the SAGA pathway whereregulates genes involved in amino acid
biosynthess and ammonia assimilatioMED2 and MED4 are subunits of the RNA
polymerase Il mediator complex and are essential for transcriptional reguBEem.
regulates transcription of ribosomal protein andgbitesis genes, response to nutrients
and stress andther cellular processeSkrzypek & Hirschman 2011)Xbpl is a
transcriptional repressor that binds cyclin genes and is inddély stress response
(Skrzypek et al. 2017)There are fifteen proteins with evidence of physical interactions

with Hda3 and 39%iave a genetic interaction (total genetic interactions = 410) with the

75



protein(Skrzypek et al. 2017Most of these arfound bya very recent high throughput
study that identifies 408 interactioftduang et al. 2017Aside from Hdal and Hdaz2, the
physical interactions were shoviay high-throughputexperimentstwo hybrid, affinity
captureRNA, affinity capture MS of principle conponent analysisRCA) experiments.
The genetic interactions aatsofrom highthroughputexperimentssynthetic lethality,
synthetic rescue, synthetic growth defect, tiggagenetic, positive genetic or phenotypic
enhancement experiments; while manuellyated are from: synthetic lethality, synthetic
rescue, synthetic growth defect or phenotypic enhancement experiments.

No phenotypes foHDA3 are published irC. albicanson theCandidaGenome
Databasd€Skrzypek et al. 2017118 phenotypes fadDA3 are published irs. cerevisiae
on theSaccharomyceGenome Database these includer@ased and increased responses
to chemicals, chemical compounds and antifun@iszypek & Hirsciman 2011)

The structure 0%6. cerevisiaéida3DBD has been characterized but thst of the
protein remains elusive. The solved crystallized structur8. aferevisiagHda3 DNA
Binding Domain DBD) reveals components that are reminiscent of Swi2/Snf2 ATPase
Rad54 Fig.1.17).

This domain of Hda3 contains only one helicase lobe (cunta RecA like
promoter) wherg¢hese types of structurase generally biobal and it has been suggested
that givenits sequence similarity, Hda2 may supply the complex with this additmmel
Modeling of the crystal structure through DM#nding ar@ mutagenesis studies have
shown that these two loops are essential for the helicase lobe to position itself into the
DNA helix. Unlike most similar orthologous structures, this HDA&@nplex does not
have ATPase activityThis bars it from acting as a trahocase or participating in
supercoiling of DNA. However, a fluorometric deacetylase assay with the complex core,
lacking the Arb2 and DNA binding domaishowed that this portion of the complex was
sufficientfor catalytic activity. Additionally, a Neminal truncated complex of Hda2 or
Hda3 were not able to interact with double stranded P& et al. 2009)
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Figure 1.16 Hda3 DBD structural data and sequence&omparison to Hda2 DBD

(A) At left: Electrostatic surface map with kegsidues in DNA recognition in red; KT:
k= Boltzmann's constant (relates to average kinetic energy) T = Tempe#stigit:
Published structures &. cerevisia¢ida3 DNA binding domaitida3 DBD (PDB:

3HGT) (Lee et al. 2009)B) Alignment of S. cerevisiadda2 and Hda3 DBDs;
Swi2/Snf2specific motif found in zebrafish drRad54 structure shown in blue box;
Positively charged residues ccai for DNA recognition are highlighted in red or orange
(less effective)[Adapted from Lee et al., 2009 Figures 3 ahd 6

The structural analysis of HEBDBD showed two areas that were important for
DNA recognition but did not have similarity to the Rad54 family of enzymes. These were
the residues of the K168/K170 loop and motif VI (ex. K223, R224, R226) which, when
mutated, gtinguished DNA bindindLee et al. 2009(Fig.1.16).
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1.11 Function of Hda2 and Hda3 in modulating Hdal

While proteins like yeast Hdadxist in humans, the proteinsat complex with it (Hda2
and Hda3), as shown 8 cerevisiaegre unique to yeag¥ang & Seto 2009)Homologs

to S. cerevisia¢idal, Hda2 anéida3 have been shown to exiseicomplexC. albicans
but whether a complex of theproteins formsn C. dbicansis unknown(Skrzypek et al.
2017) As was pointed out in SectiorB1l, inS. cerevisiagvhole-cell acetylation levels
are greatly diminished upon deletion of any of the complex pro{diassheng Wu,
Carmen, etla2001) There are 2btherproteins with evidence of physical interactions
with Hdal and 7 also havemgic interactions (total genetic interactions = 427) with the
protein(Skrzypek et al. 2017)

1.12 Hdal and Hda3 role in Tupl specific repression

As discussed in Section714, S. cerevisia¢ldal directly interacts with therotein Tupl

to facilitate directed deacetylation. This study also evaluated binding of the other Hdal
comgex proteins, Hda2 and Hda3. It was found that Tupl interacts with Hdal and Hda3
only. The repression domain;t&rminal portion (aa7386), of theTupl bound strongly

to Hdal. The fullength Tupl protein was required for binding with Hd3iansheng Wu,
Suka, et al. 2001)

1.13 Applications for research on theC. albicansHdal complex

The yeast Hdal complex has been biochemically evaluated at the protein |8l in
cerevisiaeandS.pombe(CIr3). Proteins analogous & cerevisia¢idal, Hda2 and Hda3
are found inC. albicans(Skrzypek et al. 201 Qut are uncharacterized

Research on these proteins contributes to fatiodal studies on epigenetic
control and systems evolution. Additionally, transitioning knowledge from conventional
model organisms by reiag it to pathogenic yeast species provides an opportunity for
understanding inherent evolutionary aspects of thesteins.

Human HDAC proteins are currently a popular target for treatment of human
diseasednformation derived from research on divehsgtone deacetylase proteins may
contribute toward development of these therapies and even adjustment of thesntsea
for applications to other organisms (for example, in wildlife or species conservation

settings).
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As a model or target, research uploistone modifying proteins within lesser
studied yeasts such &s albicansunveils information that can inform miedl research
and theoretical genetics. Above all, studies like the one covered in this thesis may
contribute to the design of treatmentsifdections caused by yeast colonization.

This introduction framesne component ahe complex network of histone and
other protein modificationand their effects on thgene expression landscape C.
albicans The following Chapters provide a detdilanalysis of the work starting with the
materials and the methods used (Chapter B¢. rEsults from protein expression studies
in Escherichia coli(henceforth:E. coli) (Chapter 3) and an evaluation of the Hdal
complex proteins, Hda2 and Hda3Gn albicans(Chapter 4) include the following tasks
focused on these goals:

Goal 1: Solve the structure of important protein domains ofC. albicansHdal
protein to evaluate its potential as a drug target.
1 Evaluate Hdal by structural alignment and domain analysis
1 Express and purify recombinant Hdal
1 Evaluate crystallization potential for pied Hdal Arb2 domain
Goal 2: Solve the structure ofC. albicansHda2 and Hda3 proteinsto evaluate their
potentials as drug targets.
1 Evaluate Hda2 and Hda3 by structural aligntrend domain analysis
1 Express recombinant Hda2 and Hda3
Goal 3: Understandthe function of C. albicansHda2 and Hda3in vivo to evaluate
their role in the virulence of this pathogen.
i Test the hypothesis that Hdal complex forms
i1 Evaluate the roles of Hda2é Hda3 by phenotype analysis, RNAseq and
Chromatin Immunoprecipitation
1 Evaluate the roles of Hda2 and Hda3 in hyphae inducing conditions by
phenotype analysis and RNAseq
Evaluate the virulence didaZe aandhda3e astrains
ComparehdaZe aandhda3e athe stains phenotype, gene expression and

protein levels in hyphae versus yeast inducing medias

Finally, Chapter 5 will offer a critical discussion of the results of this project as well

as of areas for further study.
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CHAPTER 2. Materials and Methods

2.1 Geneal molecular biology techniques
This sectionoutlines the general techniques usedlerexperiments

Chemicals were purchased from various sources, including: Thermo Fisher
Scientific (Waltham, Massachusetts, USA), Sigaldrich Ltd. (Merck, St. Luis,
Missouri, USA), VWR International (Radnor, Pennsylvania, USA), Becton Dickenson
(BD) (Franklin Lakes, New Jersey, USA) and Melford Laboratories Inc. (Ipswich,
Suffolk, UK).

All plasmids were sequenced with Sanger sequencing prior tosskmmetesting
by GATC Biotech DNA Sequencing (Eurofins, Konstanz, Germany) or Sigjlaiach.

Stationary incubation was done in a LEEC Classic Incub&toln(ck Industrial
EstateNottingham UK).

Agitation and incubation of liquid cultures was done imgéaincubators. For
smaller volumes, the following incubatavas used: Infors HT Multitron Standard,
(Novartis Pharmaceuticals UK Ltd, Horsham Research Centre, West Sussex, UK). To
incubate trays or samples at unique temperatures a Stuart Scientific Ortuadtor
A150 (Saffordshire, UK)was used. For large batéh coligrowth (1 L-2 L volumes) an
Innova44(New Brunswick ScientificVWR) shaking heated incubator was used

If not stated otherwise all mediaterand buffers were sterilized for 18 mih a
121 °C and1.05 Bar (15 psiypressure in a bench top Prestige Medical autoclave
(Coventry, UK). Temperature sensitive substances were filter sterilized (pore diameter
0.20 pm).

Media and stock solution were prepared using kfjtiee deionized water
(ddH20) produced by Thero FisherScientific Barnstead NanoPure Diamond system or
auoclaved distilled water (diD).

2.11 PCR and PCR product purification
All PCR reactions were performed in a BioRad PCR machine using Classligtor
Fidelity polymeraseand provided buffers (P® Biosystems,London, UK. dNTPs
(VWR) and primers (Sigmaldrich) were orderedseparatelyThe PCR reactions and
temperature protocols utilized were as described in the manuals.

High Fidelity PCR reactions were used for PCRs wiithvnstream applications

such as cloning and integration to genome.
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Once the PCR reaction was complete the product was subject to agarose gel
electrophoresis (see Section 2)1before imaging with UV by a SynGene Gel Doc
Imaging System (BioRad).

DNA fragments resulting from a FCreaction or from a restriction digest were
purified (as necessary) using Omega E.Z.N.A. Cycle Pure Kit (VWR) according to the
protocol provided with the kit.

Table 2.1List of Oligos

ABo # Name Sequence Description Secton
GTTCCAGCAGATGGCG | CheckHDA3-GFP or
ABo_145 | PF1 HDA1 AGTAC HDA2-GFP tagging 2.35
Check presence of p80
ABo_165 | Prl_chK_arg4 ':_(?(;I—STGGAAAGAAGAG cassette itHDA2 or 235
HDAZ3 heterozygote
CTACGTTTCCATTCA
ABo_174 | Actl_Fw2 AGCTGTT gRT-PCR forACT1 2.37
AAACTGTAACCACGT
ABo_176 | Actl_Rev3 TCAGACA gRT-PCR forACT1 2.37
Check presence ¢fDA1-
ABo_179 | PR1_NAT (T:AT%I QTT&T:ATAAGCAG HA integration cassette a| 2.35
native locus
TCTATTTTCAAGAAGTT .
AGACCCATTCTTGGAA ]',fgr'gteg%e(')er“og;ﬁﬁe“e
ABo_229 HDA2D_Clox_ | TAATTATACTTGCAAG flankirr)l inte pra'[ion 2.35.1
— Fwl AGAAGGCATTGAAATT | ATEN T ER 10 o
GCATTACGGCCAGTGA Ionq olido '
ATTGTAATA g olg
'(I?$TAS g;?;;éﬁiﬁ':ﬁgT Isolate deletion cassette
from p80 or p83 with
ABo_230 HDAZ2D_Clox_ T! A! Gﬁ CATATGG! A! AAQ CAC flanking integration 2.35.1
B revi ACCAAG GAA sequences fdiDA2; o
ATCATGTCGGAATTAA Ionq oo '
CCCTCACTAA g olg
gﬂ?}ggﬁl’éﬁ?&? T! Aﬁ. Isolate deletion cassette
from p80 or p83 with
ABo_ 231 HDASD_Clox_ | AATTATTGCATATTGCA flanking integration 2.35.1
- Fwil CTAAAACTAAAACTAC . e
sequences fdiDA3;
TATAAATacggccagtgaattg lona olido
taata g0olg
g:ﬁl?gﬁxﬁlglﬁip\ Isolate deletion cassette
from p80 or p83 with
ABo_232 HDA3D_Clox_ | AMACAAGCTAATCTTA flanking integration 2.35.1
— Revl TGTTTATGTGGGGGCC | uer?ces fgﬂD o o
ACATTTTCTtcggaattaaccc Ionq olido '
tcactaa g olg
CATGCTAAAGTATTCA . .
ABo 247 | Hdal fw CATCCT CheckHDAL integration 2.35
CheckHDA2-GFP
tagging; Check presence
of p80 cassette IHDA2
Pr4_hda2chk r| GTAATATCTGATCAGA | heterozygote and
ABo_261 ev ACCTTT hda2e gcheck 2.35
presence/absence of
HDA2 in hdaZe e
unresolved/resolved
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CheckHDA3-GFP
tagging; Check presence

ABo_262 | Pra-hdaschk_r| TCGTTAATCAAAATTAT | ¢ 00" or 83 cassette in|  2.35
ev ACACTC
HDAS3 heterozygote or
hda3 eeee
HDAJ1 catalytic doman
GCCCATATGCCACAAT | without hydrophobic
ABo_308 | DAC_fwl TATTTTATACCCCATTG | region from p88 with 2.25
Ndd
GTACATATGGATTCTA | HDA1 catalytic domain 2.25
ABo_309 | DAC_ fw2 ATGGTATTGCCGACAA | with hydrophobic region
TGATC from p88 withNdd
CACATATGAGCAAGAG | HDA1-Arb2-domainfrom 2.25
ABo_310 | Arb2_fw TGCGTTGGCAGTA p88with Ndd
CAGCTCGAGATCTTCG | HDA1from p88 with 2.25
ABo_311 | HDA1 revl GAAGAGGAGTA Xha
CAGCTCGAGCTAATCT | HDA1from p88 with 2.25
ABo_312 | HDAL_rev2 | 1o5GAAGAGGAGTA | Xhd and stop codon
Confirm reintegratiorof
ABo_350 | Pf_sir2_adhl gTAgTTAéTGCACTGATAGG ABp_177 HDA3 pNIM) | 2.35.2
cassette aADH1 locus
Check Hdal in p17, p133
. CGCACTCACGTAAACA | confirm reintegration of
ABo_351 | Pr_sir2_adhl CTT HDA3_pNIM cassette at 2.35.2
ADH1locus
GCCCATATGGCTAAAG . .
ABo_365 | DAC_CIr3_fw | TATTCACATCCTATAGT ]['r'ODn/?l gg"'i‘,mCN%‘;ma'” 2.25
GAATAC P
GCCCATATGGACCCAC | HDA1 catalytic domain 2.25
ABo_366 | DAC_pFam_fw | \rocacgaaGATCC from p88 withNde
HDA1 catalytic domain 2.25
CAGCTCGAGCTAGCCG )
ABo_367 | DAC rev2 ACCAATACTTTGGC from p88 withXhd and
stop codon
HDA1l Xma_f | TAAGCACCCGGGatgtcga| Isolate synthetitiDA1 2.25
ABo_408
— wl ctggtcaagaagaa from p88
HDA1_Xma_re | TAAGCACCCGGGatcttcg | Isolate syntheti¢tiDAL 2.25
ABo_409
- vl gaagaggagtagtc from p88
ABO 412 HDAlend_chks| GGAAATAGTTCGAACG | CheckHDALlin pl7; 2.3.11.2
- eq GTGG sequencing133 ,2.3.2
. Check presence/absence
ABo_413 HDA2chk_inter | CAGCAGGTAGACTTGA of HDA? in hdaze & 2351
nalfw TG
unresolved/resolved
. Check presence/absence
ABo_415 HDA3chk_inter | CAACAAGAACTGTGGA of HDA3 in hda3e & 2351
nalfw ACATG
unresolved/resolved
Check presence/absence
HDA3chk_inter | GGTGGTTCTATAAATC | OfHDA3Inhd a3 @z |, 55 )
ABo_ 416 - unresolved/redueed;
nalrev CCGG ; ; 2.35.2
Confirm cloning of p177
(HDA3-pNIM)
Check presence ¢fDA1-
dwnstrmHDALl | CTCGATGCCTGATTTGG . :
ABo_417 rev check ATG HA_mtegratlon cassettea| 2.35
- native locus
Check presence of p83
ABo_423 ?h?(m—'\'atc'ox i?fGGTGCTATGGTTAG cassetténh d a 2oees | 2.35.1

hda3aeae
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Check for presence of

ABo_424 | HDA1_endchk iéATACACGACCCACC HDA1-Arb2-domainin 2.25
p133
TCCGAAATTCATTATTA
AGGAATTATATAGAAG
ABo_452 FlgaHDAL Ha | CTACCATTTTCACATCT ilz?elatg;(?r? clzgilgéette from| 2.3.12
- intg ATTATCATTTTCCTTTT 13?3' long olico "
TAAGAatgtcgactggtcaagaa P »1ong olig
gaaca
CAGATCTATATCTATTC
TCTTTCTTTCTTTTTTTT
ABo_453 R1gaHDAL_Ha) TGGTTTTTTGTIGTTGT ilﬁ':)elatr(zaa't-ilcl)jr'\A i;:sAette from| 2.3.12
— intg TGTTGTTGTTTCTACTC 13%, ond olioa -2
GAAgtaaaacgacggccagtgai P »1ong olig
tc
CAAGAAAAATTCGATG
AAGGAGTAGATTTCAT
ATTAGATTCAATTGAA TagHDAL with GFP at

ABo_456 | FIHDAL YFP | G\ cTACTCCTCTTCCGA | native locus 2.35.2
AGATGGTGGTGGTtctaaa
ggtgaagaattatt
GATCTATATCTATTCTC
[TTCTTTCTTTTTTTTTG .

ABo_457 | R2HDAL_YFP | GTTTTTTGTTGTTGTTG I:ﬁv"e"jlg‘(:luvs‘"th GFPat | 5 352
TTGTTGTTTCTACTCGA
Agaattccggaatatttatgagaaa
TGTTAGAAAACTCTGG IsolateGFP taggin
CTCGGGTGCCAATAAT cassette fromgp?llgwith
AGACAAAATAATCGTA o .

ABo_458 | FIHDA2 GFP TTAGTCGAGGTGCAAC zgnlslgrgl;cgefg;%ﬁg. 2.35.2
ACCTCTTGGTGGTGGTt quer '

long oligo
ctaaaggtgaagaattatt
GCATGTATTTACAAATT IsolateGEP tagain
TTTGCATAAGAAAAAG cassette fromgp?llgwith
TAGCATATGGAAACAC C .

ABo_459 | R2HDA2_GFP AAAACCAAGAAAGAA zgnlslgr?cgefg;%gg. 2.35.2
ATCATGgaattccggaatatttat quer '

long oligo
gagaaac
CAATGCTTTTACATTTT IsolateGEP taggin
TAAATGATACTAAATA cassette fromgpgllgwith
TTTGAAAAAGAGGAAA o ;

ABo_460 | FAIHDA3 GFP AATCGAGGAATAACTC gznﬁg]rgcg\;e]%;%lzg. 2.35.2
CTAAAGGTGGTGGTtcta Ionq olido '
aaggtgaagaattatt 9 ollg
CTTATCATTTACATAAT IsolateGEP taaain
TAAAAAAACAAAAAAC cassette fromgpgllgwith
AAGCTAATCTTATGTTT o .

ABo_461 | R2ZHDA3_GFP ATGTGGGGGCCACATT flanking mtegratlon. 2.35.2

sequences fdiDA3;
TTCTgaattccggaatatttatgac .
aac long oligo
Pf_MTLal_Ch | TTGAAGCGTGAGAGGC
ABo_462 K AGGAG Check presence of MATag 2.35.4
Pr_ MTLal Ch | GTTTGGGTTCCTTCTTT
ABo_463 K CTCATTC Check presence of MATq 2.35.4
Pf_MTLalphal | TTCGAGTACATTCTGGT
ABo_464 " Chk CGCG Check preset 2354
Pr_MTLalphal | TGTAAACATCCTCAATT
ABo_465 Chk GTACCCGA Check presel 2354
ABo_469 | gALS3_Fwl ig;ﬂTCCAACAACT GRT-PCR forALS3 237
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TATTGAGTCAGTTGG

ABo_470 | gALS3 Revl ATTAG gRT-PCR forALS3 2.37

ABo_471 | gHWP1_Fwl .?g:TGc-:r TACTTCTGGA gRT-PCR forHWP1 2.37

ABo_472 | gHWP1_Revl $$§GG'IACAAACACTG gRT-PCR forHWP1 2.37

ThroughHDA1-Arb2-
AGCTCGAGGTTATCQCC . :

ABo_494 | Arb_revl AAATATAAAGCAAAAC ?(zrgamfrom p88 with 2.2.8
CAGCTCGAGctaGTTAT | ThroughHDA1-Arb2-

ABo_495 | Arb _rev2 CCCAAATATAAAGCAA | domainfrom p88 with 2.2.8
AAC Xhd and stop codon
gccCATATGTCGACTGG | HDA1 from p88 with

ABo_ 496 | HDAl fwl TCAAGAAGAAC Ndd 2.2.8

ABo_511 | Pf_SAT1 g%_rg GCGGAAACATTG Check presence GAT1 2.35

ABo_512 | Pr_SAT1 $§:‘£TGCCGCCGAGAG Check presence &AT1 2.35
CCATCATAAAATGTCG | Sequencing of ABp_177

ABo_514 | pNIM_Rev2 AGCGTC (HDA3_pNIM) 2.35
CCGGAGCTGSAAAACC
TGTATTTTCAGGGACAT .

ABo_552 | HDA1_fw2 ATGTCGACTGGTCAAG HDAL1 from p88 withSad 2.2.8
AAGAAC

Confirm reintegration of

LD_515 Pf_sir2_adhl CTCTATCACTGATAGG ABp_177 HDA3_pNIM) 2.35

GAGTGG
cassette aADH1locus
GCCGgCGCGCCGAAAA | Isolate sytheticHDA2

AB0_577 | HDAZ_fw CCTGTATTTTCAGaGGG | from pi50 withAsd 228
GGCCTTAAGTTAGGCG | Isolate syntheti¢tiDA2

ABo_578 | HDAZ_rev GCCGCAAGAGGTG from p150 withAfil 22.8
GCCCATATGCATCATC | HDA3from p152 with

ABo_579 | HDA3_fw ACCATCACCATGG Ndd 2.2.8
GGCCTCGAGTTAGCAG | HDA3from p152 with

ABo_580 | HDA3 rev CCGGATCTGGCGG Aval 2.2.8

IsolateHDAS3 from
ABO 624 HDA3_Xhol_f | taagcaCTCGAGATGgattta: ABp152 withXhol a_md 208
- w ggaaaattttg Bglll sites (for cloning
into ABp111)
IsolateHDAS from
ABO 625 HDA3_stpBglll | ttaacgAGATCTttaTTTAG | ABp152 withXhd and 208
- v GAGTTATTCCTCGAT Bglll sites (for cloning -
into ABp111: pNIM)
Use to isolatédDA3 prior
to cloning with p140
ABO 627 HDA3_nostrtA | TAAGCAGACGTCGATT | pTETplasmid to make 235
- atll TAAGGAAAATTTTG reintegration N terminal '
GFPtaggedHDA3
plasmid
Use to isolatédDAS3 prior
to cloning with p140
TTAACGaggcctTTAGGC :
ABo_62g | HDAS_SWIIe | seccaeTTTAGGAGTT | PTETPIAsmid o make 5 5 g
v A reintegration N terminal
GFPtaggedHDA3
plasmid
ABo_784 | MDR1_fwl ﬁg.ﬁ?AGTTGGAGATGG gRT-PCR forMDR1 2.37
ABo_785 | MDR1 revl g}ggTTACCGGTGATG gRT-PCR forMDR1 2.37

84



2.12 Agarosegel electrophoresis of DNAand gel extraction purification
DNA fragments were separated by agarose gel electrophores¥ mgarose gels in 1 x
Tris/Borate/EDTA TBE) buffer with the additin of EtBr (0.5ug mL?) to a final
concentration of 0.fg mL*. EachDNA sample containing ~33 % (v/v) DNlaading
buffer wasloaded into the wellaext to a molecular marker ladderk® Plus Invitrogen,
Fisher Scientificand electrophoresis was cadieutat 120V. Gels werd&JV imagedby
gel doc

Isolation and puritation of after gel electrophoresis (as needed) was carried out
using an Omega E.Z.N.A. Gel Extraction Kit (VWR) according to the protocol provided
with the kit. Briefly, the DNA band of ierest was excised from an agarose gel using a
sterilized scalpéblade UV light platform before column purification with kit buffers.

2.13 Plasmid isolation andrestriction digest of DNA
An Omega Plasmid DNA Mini Kit | (VWR) was used for tiselationand purificationof
plasmid DNA. Briefly, the plasmid of interestaw transformed into DHBE. coli with
appropriate antibiotis) to maintain the presence of the plasnseg Sectios2.21). A5
mL cultureof transformeck. colicells in LB with approprige antibiotic(s)wvas grown in
a shaking incubator fdr8-22 hoursat 37 °C. These cells were lysed by kit bufieesore
application toa column and purification witlsuppliedbuffers.Plasmids were stored at 4

°C or otherwise used for transformation, P@Rligestion.
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Table 2.2 List oPlasmids

ABp_# Plasmid Description Reference Section
. GFP tagging vector for integratior, (GeramiNejad
ABp_11 PGFRHisL at native locusAmg® et al. 2001) 2352
. (GeramiNejad
ABp_17 pHA_NAT HA tagging vectorAmg® et al. 2012) 2.35.2
LAL (loxP- I (Shahana et al.
ABp_80 ARGZ#loxP) Arg4 substitution products Am@® 2014) 2.35.1
NAT1-Clox (Shahana et al
ABp_83 (loxP-NAT1- Nat substitution productsAmg® 2014) 1 2.351
MET3p-cre-loxP)
HDAL synthetic in generic vector
ABp_88 HDA1 synth pYL2, KarR GeneArt 2.35
N-terminalHiA6tagfusion protein
ABp_90 pET21b vector with T7 promoteAmR Novagen 2.35
SyntheticHDA1 FL was digested 2.35,
ABp_92 HDA1-pET21b cloned intoNdd & Xhd sites of This study 3.4,
pET21b,Amg A2.2.1
6xHis-Arb2+C- C-terminalHiA6tag fusion protein
ABp_109 pET28b vector with T7 promoterAmi® Novagen 235
Vector for tetracyclinéenducible (Park et al.
AB_p111 | pNIM integration toADH1 locus, Am@® 2005) 2353
PCR of p88 with ABo310&312 2.25,
ABp_119 | ArbHdal-Pet28b | digested witiNdd andXhad and This study A2.2.4,
cloned into p109Kan® A2.5
HDA1synthetic_p | Source oHDA1-HA integration , 2.3.1.2,
ABP_133 | A" NAT cassetteAmR This study | 5’3"
SAT 1 flipper + 5 Anderson
ABp_136 | MTLUKO Deletion ofMATU CpT Lab, Ohio 2.354
flanking regions StateUniversity
Plasmid for reintegration of GFP
tagged gene a&&DH1 locus with . 2.35.3,
ABp_140 | pTET25MNC potential for tetracycline induction (Laietal. 2011) 2.3.13
Amg
SyntheticHDA1 FL cloned into
ABp_143 | HDA1-pET28b Ndd andXhd sites of pET28b, This study 2.2.8
Kar®
6XHis-AVI - Avi-HDAZ2 synthetic in pET151; 4x 228,
ABP_150 | ipao CUG->TCA: AmiF GeneArt ,3&24 22;"
HA-HDAZ3 synthetic in generic 2.2.8,
ABp_152 | HDA3 synth vector: 6x CUG >TCA;KanR GeneArt 2.35
Vector designed for Gexpression
ABp_154 | pETDuetl of 2 target genes with T7 Novagen 2.2.8
promotersAmg®
ABp_156 | pET41a GSTtagged protein vector with T7 Novagen 2938
promoter Kan®
: HDA1 deacetylase domain 2.2.8
ABp_166 GEHTZ%AC'C"& construct (based on CIr3 This study | 3.10,
P alignment) in pET28BKarR A2.3.5
: HDA1 deacetylase domain
ABp_167 G)IEZLT?D?TCZ-% construct (based on pFam domail  This stuly 2.2.8
pramp in pET28B,Karf
. . . 2.2.8
GST-6xHis- SyntheticHDAL1FL cloned into . .
ABP_173 | \DA1-pET41a | Sad & Xhd sites of pET4laKarf | 1S Study 3"; ';'g'
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Tetracycline inducible integration .
ABp_177 | HDA3-pNIM of HDA3 to ADH1 locus, Am& This study 2.35.3
. SyntheticHDA3 with Ndd & Aval
6xHis-AVI - . .
. to MCSlland synthetitiDA2 with :
ABp_205 | HDA2/6xHis-HA- Asd & Afll to MCSIof pETDuet; This study 2.2.8
HDA3-pETDuet
Am@R
Plasmid for reintegration ¢1DA3
ABp_213 | HDA3-pTET toADH1l ocus G@GFPwi t This study 2.2.8
Am@R
SyntheticHDA3noDBDaa Y499
ABp_220 H.Pé‘.l?nODBD Stop cloned intdh\atl and Stu This study 2.2.8
b sites of p TETAm@®
SyntheticHDA3 cloned into
BxHis HA- pET151 withKpnl andNotl. p151
ABp_234 was digested away fromMDA2 This study 2.2.8
HDA3-pET151 . -
synthetic vector at sanmestriction
sites.,Am@®

Purified DNA (plasmid or PCR product) was digested using the relevant restriction
enzymes (10 U pt) and the optimatligestionbuffer chosen according to guidelines
provided by manual. Thdigestreactions werencubated overnight at the temperature
required by the restriction enzyme (usually 37 °C) before being subjected to
electrophoesis. For quick diagnostic tests, shorter incubation timebd¢Rrs)were used

2.14 DNA optical density measurements
The opical density of cultures was measured using a BioDropDuo (BioDrop UK Ltd.,
Cambridge, UK). Absorbance readings were takéh microvolume samples of 1.5 pL
at A260 with0.5 mM pathlength in ng/ul units.

2.15 Ligation of DNA
Vector and insert werdigesta& with the appropriate restriction enzymes and purified (see
Section2.13).

Ligations were made using Promega (Southhampton, UK) T4 DNA ligase and
accompanying 10x ligase buffer. Ligation of DNA fragments into the vector was done at
room temperatein a5 pL reactiorwith added).5 uLATP (25mM) and T4 DNA Ligase
(1-3 U nL'Y) and 3:1 insert:vectorratio was used Reactions were incubated at room
temperature for-R hours. A portion of this mixture (2|8) was transformed to 50 pL of
DH5a cells and platé to LB agar supplemented with appropriate antibiotics to select for
growth of cells which had incorporated the plasmidlkle 2.4). The colonies were

checked by digestion, PCR and/or sequencing.
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2.16 Synthetic construct design, codon chages forC. albicansHDA1, HDA2

and HDA3 synthesis
Genes were synthesized by Genehvitrogen, Thermd-isherScientific). The sequence
of HDA1, HDA2 andHDA3 was not codon optimizedr optimal expression i&. colithe
original sequence was used so that the synthegemeel could also be reintegrated into a
C. albicangdeletion mutant (se®ection2.3.5.3. CUG Clade accommodations were made
for HDA2 (4 codons) antHDA3 (6 codons) constructs. All CTG codons wererged to
TCA to allow coding for Serine in both. coli andC. albicansexpression systems. The
codon TCA was chosen based on the expected number of occurrences 26.4 pe€1000 in
albicansandE. coli 7.8 per 100@Nakamura et al. 2000)

The C. albiansHDAL gene was synthesized by GeneArt into standard cloning
vector pYL2/15 with flankingNdd and Xhd cloning sites. This standard vector
incorporates a kanamycin resistance gene.

The HDA2 construct was synthesized wit @&vi tag and directly into the
pET151 D plasmid by the GeneArt Express Cloning SerVibis. vector incorporates an
ampicillin resistance gen&he added Avi tag bringsthe opportunityfor attachment of
Biotin ligase BirA and biotinylation of the amino addof the tagging sequencehis
allows for isolation of the tag and attached proteins by streptavidin (a biotin binding
protein (Fairhead & Howarth 2015)Additionally, the biotin can be fluorescently or
radioactively labeleth orde to detect the tagged protdikimple et al. 2013)Theentire
construct is flanked bipnl andNotl restriction siteand he pE'151 vector contributes
aN-terminal Tobacco Etch Virud'EV) proteaseleavage site and cleaval@igHis tag.

The HDA3 genewas synthesizedn frame with the sequence fa Human
influenza hemagglutiniHA) tag. Due tosequenceomplexity (repetitions and high AT
content), HA taggetHiDA3 was synthesized into GeneArt CloniWgctor pMK (rather
than directly to pET151_DYhis standard vectaidsoincorpaatesa kanamycin resistance
gene The construct is flanked §pnl andNotl restriction sites.

TheHDA2 andHDA3 synthetic construct design incorporatesiadill site so that
the Niterminal Avi or HA tag can be cleaved as necessary, prior to cloning.

This designwas executedn response to the observed low expression levels of
Hdal It offers the possibility of aalvnstreamalternativeto crystallization that requires
much less protei single moleculestudies. Single molecule studies can be employed to

look at interactions between these proteins and DNA, for example.
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2.2 Microbiological techniques forE. coli

2.21 E. colistrains culturing, competent cells and genetic transformation
E. coli strainswere from Novagen (Merck, Darmstadt, Germarfyjgma Abrich or
Thermo Fisher as indicated in Table3,2except for he BL21(DE3) CodonpluRIL
competent cellsvhich were generously donated to the project by Agil@btherequest
of Dr. Paul WolberAgilent, San Jose, CA, USA

For longterm storage of trafermed E. coli, frozen glycerol stocks were
maintainedat-80 °C (final concentration of 25 % glycerol (v/v).

Plate cultures oE. coli cells were streaked from a glycerol stock to plate from
which single colony cultures were inoculated. Antibiotics wadtded when required. A
list of these antibitics can be found imable 24. The agar plates were incubated overnight
at 37 °C and enclosed by plastic bags during incubation.

Liquid cultures were inoculated with a single colony from an agar plate culture.
The medium was supplemented with antibioéissequired. A list of these antibiotics can
be found inTable 24. In generalE. coliaerobic cultures were grown on a platform shaker
at ~ 180 rpm at 37 °C.

CompetentE. coli cells were prepared as followsn avernight starter culture
derived from aisigle colony was inoculated into 20 mL fresh LB broth and grown to an
ODsoo = 0.3. The cells were cooled on ice for 10 min before isolation by centrifugation
for 10 min at 3000 rpmBppendorf 5810 R The pelletavere gently resuspended in 20
mL of ice-cold 0.1 M CaGl. After incubation on ice for 260 min, the cells were collected
by centrifugation and resuspended in 2 mL of ice cold 0.1 M £La@taining 15 % (v/v)
glycerol. Aliquots of 100m. were frozen rapily and stored a0 °C.

Transformabn of E. coliwasdone according to the protocol detailed in the New
England Biolabs BL21(DE3) manual. For maintenance of stocks and other routine

transformations, the-gin adaptation of the protocol was used
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Table 23

List of Bacterial strains

Strains Genotype Description Reference
Escherichia coli
BL21(DE3) EBC?Tl\Ij ;a?;ncp;?gg% General purpose expression hog Novagen
E. coliB FompThsdg
BL21(DE3)pLysS| (re’, me’) gal dcm(DES3) High-stringency, expression hos{ Novagen
pLysS (Cnf)
E. coli B F ompl hsdss Expression of rare codon tRNAs
Rosetta (DE3) (remg’) gal dcm lacY1l | Arg: AGA, AGG, Gly: GGA, lle: | Novagen
(DE3) pRARPE (CnR) AUA, Leu: CUA, and Pro: CCC
Derived from BL21(DE3) with
Overexpress C43 BL21(DES3) + added mutations to prevent cell| Sigma
(DE3) Proprietary mutations | death associated with expression| Aldrich
recombinant toxic proteins
E. coliB A ompr
BL21 Codon Plus| hsdS(rBi mB7i ) demt Expression of rare codon tRNAs
(DE3) RIL Tetrgal & ( BH3) endA Arg: AGA, AGG, lleY (AUA), Agilent
Hte[argUileY leuw Leu: (CUA)
Cnm]
F-( 8l&cZ &M 1 5
elacZYA-argF) U169 | General purpose straicapable of | Thermo
DH5a recAl endAl hsdR17 being transformed efficiently with|  Fisher
(rk-, mk+) phoA supE44 large plasmids Scientific
o thi-1 gyrA96 relAl

*Genotypes and descriptions are taken from related ma(Nialsgen 2003; Thermo

FisherScientific2004; DumorSeignovert et al. 2004Agilent 2012b)

Table 24 Additivesand Antibioticsfor E. col work

Solution Stock concentration Final concentration
Imidazole 5M 10 mM-1 M
IPTG (Melford) 1MindH20 0.41 mM
Zinc (ZnCh) 0.1M 20 uM
Antibiotic Stock concentration Final concentration
Ampicillin (Melford) 100 mg mL! 100nmg mL?!
Chloramphergol (Sigma) 34 mg mLt 34y mL?
Kanamycin (Melford) 50 mg mL! 50 ng mL?

* All antibiotics were filter sterilized.

2.22 DNA from E. coli colonies for PCR
To perform PCRas acheckof plasmids withirk. colicolonies cells from a single colony
were placed directly into Sul of water this sened in the place of added DNAThe
remaining PCR mix was added to reaction (lesd Water)and processed by the basic
protocol(seeSection2.11).

2.23 Cloning with pET21b, pET28b, pET413 pET151and pETDuet-1

vectors
All pET vectors used in this studye listed inTable2.2.
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HDA1 synthetic and its domain constructs were cloned Mt@E and Xhad
restriction enzyme sites of pET2 ABp_90) and pET28b(ABp_109) The vector
pET21b provides the gene product vai@-terminal 6xHis tagnade up o§ix consecutive
histidine residues. Vector pET28b can contributeaNd Gterminal tagsbut only N
terminal were used in this study.

HDA1 was synthegied with flankingNdd and Xhd sites so that it could be
digested andicectly cloned to pET21kPartial constructsvere amplified by PCRrom
the syntheticHDAL vector (ABp_88) with primers that incorporateddd and Xhd.
Following digestion, the PCRBroduct was purified by gel extractiogeg Sectio2.12)
and ligated gee Sectior2.15) to either pET21b or pET28b.

A similar approach of PCR amplificati¢gAB0496&311/312)was taken to clone
full length HDA1 (final plasmic ABp_92/143) the Arb2(AB0310 & 311/312)domain
(final plasmid ABp_119)and expressed catalytic domsi(AB0365/366 & 367)into
pET2128b (final plasmid ABp_166/167)but it should be noted that in all cases of
cloning topET28ba stop codon was added by the amgilifien primer so that the-C
terminal 6xHis tag was not incorporated during protein traoslaffinal plasmids
ABp_266/267)

Full length HDA1 was amplified (AB0552&312) and cloned into pET4la
(ABp_156)usingSad andXhd restriction sitegfinal plasmid ABp_173)

HDA2 was synthesized into the pET151 ved®Bp_150)and itwastransformed
with E. colidirectly prior to expression

For HDA3-pET151 cloning(ABp_234) both HDA2 (ABp_150) and HDA3
(ABp_152)GeneArt synthesized plasmids were digested kthl andNotl with the goal
of ligatingHDAS3 into the pET151 backbone using the same regtndites.In this case,
theNotl site was prior to the stop codon in both vectors.

To cloneHDA2 andHDAS3 to pETDuetl (ABp_154)for dual expression, HA
HDA3 was amplified (ABo579&580) by PCR frolADA3-pET151 (ABp 234). The
purified PCR product was digest with Ndd and Ava and cloned into same sited
pPETDuetl MCS2. Next, Avi-HDA2 was amplified by PCR (A8577&578) from the His
Avi-HDA2-pET151 (ABp_150) plasmid and the purified, digestsstd(andAfll) product
wasligated toHA-HDA3-pETDuetl in MCS1 usingthe Asd andAfll restriction enzyme
sites(final plasmid ABp_205)

In general, e genes of interest were digested at restriction sites from their original
vector or amplified by PCRuringwhich primergncorporated the appropriate restriction
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sites (and stop codoif cloning to pET28b) If PCR amplification was used the product
was purified by PCR cleanup (seeSection2.11) and digested overnigh#fter initial
digestiors, DNA was isolated by gel extraction atte vector and fragmenigerepurified
(see Sectio.12) before ligation(see Sectiof.15). Competent DHa E. colicells were
transformed with the ligation mixture and plated onto LB plates with appropriate antibiotic
selection.

The presence of correctly integrated cloning was confirimedngle colonies
PCR restriction digest and sequencing

2.24 Recombinantprotein overproduction: culturing and harvest
To express recombinant proteirtgetlesignated. colistrain(Table 23) wastransformed
with avector containing the gene of inést cloned in frameith the tag

An example of the standard nfication of 1 L culture is given heresmaller
cultures were simply scaled down versions of this protddod: recombinant strain was
grown in 50 mL LB with the appropriate antibiotickor selectingthe presence of
plasmid(s)and glycerol (as indicatedh 37 °C incubator withshaking at 180 rpm
overnight The next dayl0 mL was reinoculated to a 1 L larger culture which was grown
to OGsoo = 0.6:0.8. Preinduction samples were taken befaneuction with400 mM 1
1M IPTG (as indicated)If the cultures vould be grown at cooler temperaturaser
induction,a cool down on ice for ~2@in allowed for temperature to shift prior to addition
of IPTG. Induced cultures were grown at either 37 ACLfd hours or at 16/20 °C for 20
- 24 hourgq@as indicated)At this point the cells were harvested at 5 K rpm for 15 min. The
cells were weighedndresuspended with 10 mL lysis buffer per 1 g of cell pellet.

The cells werdrozen to-80 °C. These cellsvere later defrosted fdysis by
sonication or celtlisruption éee SectioR.25). Cellswerethenspun down at 4 °C for 30
min at 15 K rpm (Beckman Coulter AvantB01 refrigerated ultraentrifuge) tcseparate
soluble and insoluble fractions.

Expressbn testing was optimized by adjusting temperaturg@ression times,
IPTG levels, using additives, changing levels of buffer componeitls the specific
conditionsfor each experimerasdetailedin Chapter3.

Addition of Zinc Chloride was evaluatg20 M of ZnCl, was added to the growth
culture30min prior to inductionwith IPTG. In addition, for thipurification, lysisbuffers
werealtered to match theompositionused for the protocathich was modelled aften

expression study that crystalized ttegtalyticdomain ofhumanHDACA4. This protocol
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was tested with NNTA batch purification (se8ection2.2.7.1). The lysis buffer included
added detergent and DTT and was followed by a wash Hoffewer levels of detergent
and glycerolwvhich was Y% lysiduffer and %2 dilution buffefThe protein was eluted using
a similar buffer with much lower levels of detergentialycerol as well as added 150
mM imidazole.

All high-speed harvest/washing of cultures was performeBeickman Coulter
Avanti J301 refrigeated ultracentrifuge. Lower speed 50 mL or smaller cultures were
harvested/washed using a refrigerated cemei{iEppendor810 R.

2.25 Lysis of E. coli cells
The lysis buffer for most experiments was composed ofH@& at pH5 10 mM, NacCl
300 mM,2-MercaptoethangBME) 2 mM, imidazole 10 mM and glycerol 5 %or
His-HA-Hda3 the lysis buffer wasomposed of HEPES pH7 20 mM, NaCl 200 mM and
glycerol 5 %(10x Hepes Running Buffer Stock: 47.66 g HEPES, 3.2 g EDTA, 9.5 g
KOH; Make up to 1 L with ddkO; dilute to 1x in ddHO for use as running buffer)

Cell disruption lysis ofE. coli by sonication wasperformed on ice using a
Soniprepl150 (MSE) ultrasonic disintegrator with the exponential micropr@e 2@sec
spaced with 30 sec rests on ice with thaximum settingThe sonicated cells were
centrifuged at 35,000 gfor 20min at 4 °C to separatelsible and insoluble fractions.

Harvested cellfrom 1 L or 2 L culture were broken by one passage through a
cell disrupter (Stansted FlyiEssex, UK operating at20 psi. Soluble and insoluble
fractions were harvestaah to iceby centrifugation at 35,000¢for 20 min at 4 °C

2.26 Polyacrylamide gel electrophoresis: SD®AGE
Polyacrylamide gels were run at 90 V through the stacking layer and atths0ugh the
resolving portion (7.5% or 10%sing a electrophoresis apparatus. Sample was
denatured by addition of SDS sample buffer and boiling for 5 min. ~20 uL of denatured
sample was loaded into each well and 7 L of either Precision Plus Proteiar@taAll
Blue (BioRad) or PageRuler Plus Prestained Protein Ladder (Thermo Gisbkeitific)
molecular mass marker was run in parallel as a gauge of the protein size. However, for
low abundance proteins it was necessary to load more of the samplel&fpib) than
allowed by the capacity of the well. This was done by applying power for ~5 min to move
the sample from the well into the stacking layer. After electrophoresis was complete, the

gel was stained and d#ained before imaging of the gel by a glencamera.
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2.2.7 Protein purification procedures
All column purifications were done on an AKTA purifi@BE Life Sciences) at 4 °C.

Protein concentration was done by 10 kDa MW cut off Amicon Ultra 15ml and
0.5 mL centrifugal columns (Millipore). Purifiqutotein waslesalted usingliPrep 26/10
or PD-10 columrs (Fisher Scientific).

The optical density of cultures was measured using a BioDropDuo. Protein
concentrations were estimated $stting the molecular weight amcttinction coefficient
into the machia setup parameters.

During and followingthe purification samples were taken tonitor the protein
production and purity by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

(SDSPAGE) usingTris-Glycine gels (resolving: 7.5% or 10¥%seeSection2.26).

2.2.7.1 Immobilized metal (Nickel) ion affinity chromatography and
Nickel-NTA batch purifications
Immobilised metal ion affinity columns take advantage of the natural affinity @xHes
tagamino acid sequence for transition metals. T¢adgdively retain proteins by forming
complexes with the exposéibtidine residuesThis complex can be brokéwy increasing
concentrations aimidazoleand the bound proteisolated(separate from other prote)ns
by this competitive elution.

Before purifiation by this column,he cells were sonicated or subjectenl t
disruption. Following, the soluble and insoluble fractions were separated by
centrifugation. The soluble fraction was loaded onto a HisH&p5 mL prepacked
column (GE Life Sciences) pequilibrated with buffer ATris-HCI pH7.5 10 mM, NaCl
300 mM,imidazole 10 mM, glycerol 5 % and BME 2 mMhe column was washed with
10 column volumes (CVhuffer A followed by a 20 CV linear gradient elution of the
bound protein using 1 Mnidazole This stg was performed at 4 °C. The eluted fractions
wereassessed on SDS polyacrylamide gel and the fractions containing the target protein
were pooled and buffer exchanged into ion exchange buffseéSection 2.2.7.2)

A moretime efficient alternative to ntal ion affinity purificationis nickel batch
purificationusingNi-NTA Agarose Resin (QiageManchester, UKXwhich is commonly
employedwith smallervolume samplesThis method was usedt the early assessment
stage forseveralof the recombinant consirts to evaluate thepotential for larger batch
column purification 0.5 mL(column volumepf Ni-NTA agarose resin was equilibrated

with lysis buffer +imidazolebefore incubation in proteiavernightat 4 °C with gentle
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rotation. Washes and elution weperformed either on gravity flow column @D-10
column)or by centrifugation atK rpm for 1 min at 4 °C. The beads were washed with
10 CV of Wash Buffer (W) followed by 2 CV Elution Buffer 1 (E1) and eluted by 4 CV
Elution Buffer 2 (E2). Samples wergken at each stage and loaded to an-BBSE gel
for visualization of the purified proteithe wash buffer consisted ®fis-HCI pH7.5 20
mM, NaCl 200 mM,imidazole 20 mM and BME 4 mM and elution buffers utilized two
increasing levels oimidazole with 5a4nM and 1 M.

Nickel-NTA batch purificationwas also employed for final purification of the
Arb2 domain after thrombin cleavagkn this case it was ae®ndary nickel batch
purification following a first nickel ion affinity column purification, IEC column
purification and SEC column purificatioifhe se@ndary batch purificatiorwas done
using the size exasioncolumn buffer(see Section 2.2.7.4)ith addedmidazole (10 mM
for buffer A and 500 mM for buffer B). The protein was incubated with 500 pL af res
for 1 hour. After, the mixture was washed with 10 CV of Buffer A and eluted with 2 CV
of Buffer B.

2.2.7.2 lon Exchange Chromatography

lon exchange clomatographylEC) usescolumns packed with charged resin. This allows
for separation of proteins ke on their net charge relative to their buffer. Using a buffer
that is about 1 pH unit higher than that of the protein is ideal for an anion exchange
column. This provide a ne@tive charge to the protein and al®w to bind to the
positively charged mn.

lon exchange was performed using HiT@B-QHP anion exchange colunand
FPLC. The sample in IEC Buffer ATfis-HCI pH7.5 10 mM,100 mM NacC]| glycerol 5
% and BME 2 mM wasinjected to the column and the flow through was collected as 4
mL fractions agradient toward 100% of Buffer #ith 1 M NaCl (1M was set over 50
min. Samples of all fractions were collected for visualization by PBASE gel
electrophoresis (se®ection2.2.6).

After IEC column purification protein samples were concentrated to anmiaxi

of 500 uL in preparation for size exclusion chromatography.

2.2.7.3 Gel filtration (Size Exclusion)}chromatography
Gel Filtration (Size Exclusionthromatography uses a column packed with size selection

resin. The pores in the resin allow small prateio pass through. Consequently, these
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smaller proteins take longer to migrate through the column than larger proteamsdeh
not make the size cuffand travel between the beads.

A Hiload 16/60 Superdex 75PG size kstoncolumnor Superdex 200 10/36L
(GE Life Sciencesyas preequilibrated with 1.2 column volumes of Buffer($ee section
2.2.7.4) Concentrated purified proteid.6 mL) was loadd onto the column. The protein
was eluted at a flow rate 6f5-0.7mL mininto 1 mL fractions with Buer A. Fractions
were analysed by SBBAGE and the fractions containing the protein were po(ded
Section 2.%5). The column was recovered with 1 CV of Buffer(Buffer A + 1 M

imidazole)and stored in 20 % (v/v) ethanol.

2.27.4 6xHis tag cleavage ande®ndary nickel purification
The purified6xHis tagged recombinant Arb2 protein was clealgdncubation with 15
Units (U) of thrombin (1.5 U/uL)$igmaAldrich) at 4 °C overnight in SEC buff€fris-
HCI pH7.5 20 mM, NaCl 150 mM, glycerol 5 % and BME Rijndilution.
The protein was buffer exchanged i8&C Buffer + 10 mMmidazolebefore it
was purified bysemndary Nickel batch purification with NNTA Agarose Resin
(Qiagen) to isolate the pure protein from the remaining tagged protein and cleaved tag

(seeSectiors 3.3.2.%. To elute the protein, SEC Buffer + 500 mMidazole wasised.
2.28 Crystallization methods

2.28.1 Hanging drop vapor diffusion crystallization screens
Crystallizationtrials were performed by droapordiffusion technique in Graar 96well
polystyrene plates (SLS) at 20 °C or 4 °C using a mosquito liquid handling machine (TTP
Labtech Limited, Melbourn, UK) maintaining a protein to crystallization solution ratio of
2:1. Commercial screens, namely Crystal Screen | and Il (HampsaaR&Aliso Viejo,

CA, USA), Piminimal screenJena Biosciences, Germanyyjzard Classic |, Midas,
Morpheus (all Molecular Dimensions, Suffolk, UK) were employed. Plates were
incubated in a crystal growth incubator (Molecular Dimensions) and obsesxiedipally

under dight microscope to check for the presence of crystals. For manual optimization of
the hit conditions24 well SBS plates (Molecular Dimensions) were used, maintaining the
same protein tarystallizationsolution ratio as used in thersenirg stage.

2.2.8.2 Crystal harvesting and Xray analysis
The singleArb2 crystal wasmounted ora CryoLoop (Hampton Research) and vitrified
in liquid nitrogen for Xray diffraction studie¢Fig. 3.16) Prior to vitrification the crystals

were cryo pratctedin the original growth condition supplemented with 25% (v/v)
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glycerol. Crystal looping ani-ray diffraction study was performed at Diamond Light
Sourcewith beamling03 (Didcot, UK) at 100 Kby Dr. Abhimanyu K. SingliDepartment
of Biosciences, Unersity of Kent).

2.29 Thermal shift assay
Differential Scanning Flourimetry (DSF) is a method that measures the thermal stability
of a protein by assessiiitg melting temperature.

Fluorescent dyés used A measuref change in fluorescence indicategolding
of the protein over time in gRT-PCR machine. This assay was performedrgenta
LaboratoriegCanterbury, UK) using a 96 well plate with a screen of buffers made up to
150 pL per well which was combined withe protein 1 pL at 0.2 mg/mL and¥8RO
Orange dye (Invitrogen). Plates were covered with stick film before calibratigR6f
PCR This thernal shift assay BRT-PCR cycle program was run and managed by Steve
Irving at Argenta

The buffer screemwas desigad for this protein andcreened cobinationswith
various levels opH, NaCI/KCl and adding glycerd¢éee Appendix 1.1.3)

2.2.10InVision His-tag In-gel stain
The InVision Histag Ingel stain (ThermoFisher Scientific) was tested and used
following the manual instructions. Briefly, thgel was fixed for 1 hour with fixing
solution, washed with water and then stained witidion for 1 hour. Finally, the gel
was washed with 20 mM phosphate buffer pH 7.8 before visualization of fluorescent
bands on a UWransilluminator at 5690 nm.

2.211 MALDI -TOF mass spectrometry
Trypsin digestion andnass spe@nalysiswere assisted bysupervision of Dr.Kevin
Howland(Schoolof Biosciences, University of Kenit) the University of Kent Mass Spec
Core Facility. Samples were cut with a clean scdhpeh SDSPAGE gel, further cut into
~1 x 1 mM pieces and moved &dreated 1.5 mlEppendorf with 50 uL sterile ddiD.
Eppendorfswere prepared by sterilizing, rinsingith methanol and air dryingWashes
were applied to reduce and alkylate the samples.

The gel pieces were rehydrated for 30 min inn20digestion buffer:10 mM
NH4HCGOs, 10% (v/v) acetonitrile with added 10 md_ * of trypsin at 4 C (on ice). After
removal ofexcessupernatant, 161 of the digestion buffer (without trypsin) was added
(to keep gel pieces wet during enzyme cleavage) and samples were left to incubate at room

temperature overnight.o extract the peptides nmi. of acdonitrile wasadded directly to
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eachdigestedsample. This mixture was sonicated for 15 min in an wtradbath After
collection of the supernatant, an additional incubation with 10ul 50% (v/v) acetonitrile
with 5 % (v/v) formic acid) and 15 min sonicai contributed further supernatant to the
same collection. This was stored-20 C or (4 C for same dayralysis) until analysis

by mass spectrometry.

The samplesanalysed by MALDITOF mass spectrometwere presented as dried
droplets on an AnchorChiMALDI target plate. The calibration standar@eptide
Calibration Standartl Bruker Part 8#222570) was voexedandkept on icewhile it was
mixed with 125ul of TA30(30% acetonitrile, 0.1% trifluoroacetic acid solutioithe
standard (0.5 pL) was applied to the center of four circular marks on the plate and left to
dry (=5 min). The samples were then applethe center of each of the four surrounding
circles.

Once drieda matrix solutionof a-cyana4 hydroxycinnamicacid (HCCA) in85
% acetonitrile, 15% water and 0.1% trifluoroacetic acid with ImM ammonium
dihydrogen phosphateas applied on top of th@amplesThis matrix will mix with the
sample and form crystals.

Inside the vacuum chamber of the machine, dajests are made so that the
machine recognizes the exact location of each sampgelaser fired with a delay of 80
ns and the HCCA absorbeuktlaser energy which was transferred tottingtic peptides
causing them to ionize. An electric fieMhasapplied to these ionwhichencouragethem
to move into an area without electric field so thia ions ®uld move to sensors that
documengdther time of flight. Specifically, he sample plateasbelow two charged grids
and the difference in electric fields cadslee particles to accelerate to a detector beyond
grids A measurement ohis time of flightis used to calculate the masscharge réos
of peptides present in the sam(@®mombes et al. 2005jirst the program performed mass
spectrometry which gives information about itfiiact (digested3ample(the peptide mass
fingerprint)and then mass spedss spec (mass fingerprint) whielads to fragmeation
between amino acids providing peptide sequence data

Mass spectrometranalysis was done on a Brukers ultrafleXtreme machine
Databases used for sample comparison were: KentProt 201&n06Housedatabase
consisting of SwissProt entriesupplemented with protein sequences of interest to
researchers at the University of Kent:5282524 sequences; 195457817 residyds)
identify GST-Hdal and HdaiHis: SwissProt 2016 04 (55096@quences; 196692942
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residues) or Hda2: NCBInr 201605@@5834168 sequences; 31854164354 residlies)
Mascot Server Softwamgasused for this analysiderkins et al. 1999)
The resultsof this assay are outlidethroughout Chapter 3 and specific

polypeptide matches are listedAppendix2.2.
2.2.12 Solubility tests

2.2.12.1 Solubility Screen Setup
Solubility Screen preparations tested pelleted cetis fi mL samples with Odgo= 1
using (50 mM Tris pH 7.5, 50 mM NaGmM EDTA, 1mg/ml lysozyme) buffer with the
addition of urea (0.5 M), salt (increased to 2 M NaCl), added detergent with decrease in
Tris (20 mM Tris pH 7.5, 0.2 % NP 40) and altered pHY pH to 7, 8 or 9, MESUifer
pH 6 or Na Acetate pH)5(Jeanne Perry Lab Protoedolecular Biology Institute,
UCLA, Los Angeles, USA). Lysis was done by freeze thaw §astion2.2.12.2). Protein

was isolated from supernatant by acetone treatmenSgsg®on2.2.12.3)

2.2.12.2 Freeze thaw of E. coli
Freeze thaw lysis was performed based on the protocol by Jeanne Perry (Molecular
Biology Institute, Wiversity of California Los Angeles).Cells resuspended in the
designated screen buffer (sBection2.2.12.1) were frozerguickly on dry ice for 3nin
then thawed immediately at 42 °C. This cycle was repeated a total of 4 times. The sample
was spun for Bnin at maximum speed in a microfuge before separation of supernatant

and pellet.

2.2.12.3 Acetone pregpitation of protei n from soluble portion after

lysis
Acetone was added in a 1:1 ratio to the supernatant. The mixture was frozen for 15 min
before spinning for 5 min at maximum speed (microfuge). The acetone was pipetted from
the mixture and the pelletidd at 37 °C.

2.213 Lysis andwestern blot for Hda3pET151
Informationabout cloning, transformation, cell growth and induction of Hda3 constructs
can be found irfsection2.24.

The 6xHisHA-Hda3 frozen cells were resuspended in lysis buffer and sodicate
(seeSection2.25). The lysed cells were centrifuged at@ for 10min at max speed.
Supernatant (+10 pL loading buffer) and pellet (+10 uL loading buffer) were boiled for 5
min and loaded to gel (only ~8 uL pellet).
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After blottingto NB Nitrocellulosepaper(seeSection2.39), the blot with protein
samples embedded was washed witheind incubated witfiris BufferedSaline (with
0.1 %) Tween20TBST) on a plate shakdor 5 min. The membrane was blocked with 5
% (w/v) nonfat dry milk in TBST for lIhour. Next, thélot was incubated overnight with
5 pL dilutedanti-His antibaly solution (1:1000 in TBSTin 5 ml TBST. The next day,
theblot was rinsed twice with TBST with min shaking. The TBST was removed and the
blot developed with substrate satut (4-Chloronaphthol (VWR) 18 mg, Methanol 3 mL,
TBS 47 mL and 12.5 mL #D> (30 % solution)) The chromophore developed during this

time and beamevisible on the blot.

2.214 Controlled degradation of protein
To evaluate th@otential for controlledlegradation of protein, samples were incubated at
70 °C for 10 min, left at room temperature (25 °C) for 2.5, lmgernight at 4 °C and
treated normally without the addition BME in loading dye.

2.3 Microbiological techniques forC. albicansand S. cereisiae

2.3.1 Yeast strainculturing
The yeast strains used for this project listed in the following tabl@able 25). Plasmid
construction prior to genome integration was done following metho8gatiors 2.1.3
and2.15.

For storage of yeastioxks were maintained made with either a scoop of yeast
from a culture streaked on a plate and mixed directly in t&5flycerol or 1:1 50%
glycerol with saturated overnight liquid yeast culture (grown in YPD containing extra
adenine (0.1 mg/mL) and uridiri®.08 mg/mL) orSynthetic CompleteSC) media).

Plate cultures of. albicansandS. cerevisiaeells were streakeddm a glycerol
stock to an agar plate. Antibiotics were added when required. A list of antibiotics can be
found inTable 26. The agar plas were incubated overnight at 30 °C and enclosed by
either PARAFILM or plastic bags during incubation. Additives evercluded when
requiredandarelisted inTable 26.

Liquid cultures were inoculated with a small amount of streaked yeast from an
agar pate culture. In general, aerobic cultures were grown on a platform shaker at ~ 180

rpm at 30 °Candantibiotics oradditives wereincludedasrequired(Table 26).

100



Table 25 Yeast strains

Nsutrr:llnrér Description Genotype Figure Source
C. albicans ABy # ;S. cerevisiaeCWG_#
4.4-8/10
MTL a/ al ghea lum: adanm| 11/26 (Noble &
ABy 54 SN152 |l RO1 h i Aalreg/4hee/ Aalrag 4| 31/22/35/3 | Johnson
l eu2eae/ |l eu2e 7-38, 2005)
A3.2.1-6
Gift from
the Berman
ABy 55 SC5314 wildtype 4.26:27 Lab Tel
Aviv
University
MTL a/alpha
ur a3 m: : @i mm434/ ur aid4.1-2/4/36, | (Wilson et
ABy_66 | BWPLY hiAL:hisG/hiAL:hisG A3.1 al. 1999)
arg4::hisG/arg4::hisG
MTL a/ a ar gd4/ghiak q Hnisz,
l eu2m/ 1l eu Z?p qﬂ oe 4.1011/26 (Sehwarzmul
ABy_179 | hdale/ o URA3/ ura3m: : ai mm4 3/ ié/§52358’ ler, et al.
34 hdalm::C.d. HI S1/77°° 2009)
MTL a/alpha
ura3m: : i mm434/ ur ad .
ABy_191 | HDASIp | o O D BT 4.3 This study
arg4::hisG/arg4::hisGHDA 3/ hd a3
MRR1 gain .
ABy 279 | of function ES_EFSM MRR1P6838RT/MRR1P683S 4.2627 g(fr;:|s£8[ir21)
P683S )
MTL a/alpha
BWP17 ura3m: : @i Mmm434/ ur ad .
ABY_331 | \daag o | hiAL:hisG/hiAL:hisG 443536 | This study
arg4::hisG/arg4::hisGh d a 3 @/ hd a
MTL a/ al ghe lwa: adam| 4.48/10
ABy 347 | hdaap/ @ |1 RO1 hi Aleae/ hi Ala 11/26 This study
|l eu2eae/ |l eu2ee hda2p/ h31/35/38
MTL a/ al gha luw: adam
ABy 350 | hdazap/ o |1 RO1 hi slea/ hisle 4.35 This study
|l eu2eae/ |l eu2eae hda2m/Hh
MTL a/alpha
. ura3m: : @i Mmm434/ ur ad
ABy 368 | 1OAUHPA [ hia1:hisG/hiAL:hisG 41 This study
arg4::hisG/arg4::hisGHDA1::HISHDA1-
GFP
MTL a/alpha
. ura3m: : @i Mmm434/ ur ad
ABy 372 ;'_%AFZP'HDA hiAL::hisG/hiA1::hisG 41 This study
arg4::hisG/arg4::hisGHDA2::HIS/HDA2
GFP
MTL a/alpha
. ur a3 m: : @i Mmm434/ ur ad
ABy_376 g'_gAF:’F’;HDA hiAL::hisG/hiAL::hisG 4.1/346 | This study
arg4::hisG/arg4::hisGHDA3::HIS/HDA3
GFP
MTLa/ MTLal phaao
BWP17 ura3m: : @i Mmm434/ ur ad .
ABY 393 | \iTLap | hiAL:hisG/hiAL:hisG 4.22 This study
arg4::hisG/arg4::hisG
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.largdop/ argdop hi AAagp/
hdalp/ ¢a: URA3/ ur a3m: : ai mnedi3 .
DAlpre Section .
ABy 402 Arb2onl 34 4336 This study
eonY  'hdale: : C.d. HI A1/ hdg >
HA 1pre-Arb2onnlyHA
SN152 MTL a/ al ghe lua: adam 11114/’286/139;[3
ABy_ 460 hda3p/ Il RO1 hi Alae/ hi Ala 7/38 This study
|l eu2e/l eu2ee hda3wm/ rA3_2_1_6
MTL a/alpha
AND:_,JAl_/ urad3m: : @i Mmm434/ ur ad
ABy 472 EDAS'adhl hiA1::hisG/hiAl::hisG 4.36 This study
' arg4::hisG/arg4d::heGh d a 3 @/ h d a
P PNIM-HDA3: : adh1g/ ADH1
SCMDR1E4 | SC5314 ADH1/adh1::PADHMDR1- (Hiller et al.
ABy 514 A caSAT1 4.26:27 2006)
ABy 516 iCADHng’ SC5314 ADH1/adhl::GFRaSAT1 4.2627 (2'3'32; etal
ar g4 ae/hairsgldaed hi sleae U
SNO95 i mm434 | RO1/irol:: (Li et al.
ABY_525 | daip/ @ | HIS1/his1: TARERT A32.45 | 5017y
hdal::FRT/hdal::FRT
SN95 argd4del/ argde hislelh (Lietal
ABy 526 | Controlfor |ai mm434 | RO1/irol: : A3.245 2017) '
hdalp/ o | HIS1/hisl:: TARFRT
MTL a/alpha
A.?:.él ura3m: : @i mm434/ ur ad
ABy 529 EDA3'adh1 hiAl::hisG/hiAl::hisG 4.2 This study
' arg4::hisG/arg4::hisG
P ADH1::adh1/pTETGFFHDA3
MTL a/alpha
. ur a3 m: : @i mm4a34/ ur ad
ABy 532 g_%AF%HDA hiAL::hisG/hiAL::hisG 4.3046 This study
arg4::hisG/arg4::hisGHDA2::HIS/HDA2
GFP
. MTL a/alpha
g_%;\:%HDA urad3m: : @i Mmm434/ ur ad
ABy 536 HDAL-HDA hiAl::hisG/hiAl::hisG 4.3 This study
1-HA ' arg4::hisG/arg4::hisGHDA2::HIS/HDA2
GFP HDA1::NAT/HDA1HA
. MTL a/alpha
gl_g'?:%HDA ura3m: : @i Mmm434/ ur ad
ABy 539 HDAT:HDA hiA1::hisG/hiAl::hisG 4.3 This study
1-HA ' arg4::hisG/arg4::hisGHDA3::HIS/HDA3
GFP HDA1::NAT/HDA1HA
MTL a/ MTLad pham ur
ABy 547 :\‘Adffp/ ® iy ola: ;i minKRDA/ URAR | 422 This study
ap argd4del argddeae | eu 2 el
MTL a/ MTLad pham ur
ABy 551 ;‘Adffp/ P lirole: :i mMKRDA/ URAR| 422 This study
ap argdel argddee | eu 2 &l
MTL a/alpha
) ur a3 m: : @i Mmm434/ ur ad
ABy 563 T_ﬁAAl'HDA hiAL:hisG/hiAL: hisG 4.3p3/% | This study
arg4::hisG/arg4::hisGHDAL1::NAT/HDAL
HA
ura3::1 imm434/ura3::1 imm434 (Lu et al.
ABY 597 | YNGZMYC | |\ 0o hisG/YNG213MYC-URA3 4.9 2011)
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ABy 598 yng2K175R | ura3::1 imm434/ura3::1 imm434 49 (Lu et al.
= MYC yng2::hisG/YNG2K175R13MYQJRA3 ' 2011)
ABy 599 yng2K175Q@ | ura3::1 imm434/ura3::1 imm434 49 (Lu et al.
- MYC yng2::hisG/YNG2K175Q13MYAQJRA3 ' 2011)
Gift from
the Gourlay
9cg/ve_76 BY4741 |MATa hi A3@l | eu2 0 |322 Lab,
University
of Kent

To induce filamentation i€. albicans cultures were grown at 37 °C while otherwise they

were grown at 30 °C. Stationary incubation was done LLEBRC Classic Incubator

(Colwick Industrial Estat®ottingham UK). Growth conditions with C@were done in

an Infors HT minitronMost additives were purchased from SigAddrich or Melford.

Adenine was sourced from Duchefa Biochemical (Hamilton, Mealand).

Table 26 AdditivesandAntibiotics for yeast work

Solution Stock concentration Final concentration
50X Adenine 19/200 mL 1x
ATP 25 mM 2.5 mM
Caffeine N/A 15mM
Calcofluor White 5mM 20 uM
Caspofungin 2ug/uL 365.8uM
Cerulenin 5 mg/ml 2 uM
Cobalt 1M 1.5mM
Copper(CuSQ) 500 mM 5&7mM
Cycloheximide 10 mg/mL 18 mM
Cysteine 250 mM 2.5 mM
EDTA 0.5M 0.75 mM
EtOH 100 % 3%
H20; 9.79 M 4.5 mM
HU 11 M 25 mM
LiCl 1M 300 mM
Methionine 250 M 2.5mM
NaCl 10 M 2 M
Nicotinamide N/A 120 mM
Phloxine 5 mg/mL 5 pug/mL
Rapamycin 2.5 mg/mL 7,9& 16 nM
SDS 10 % 0.01%
Serum 100 % 10 %
SHAM 200 mM 1 mM
SNP 500 mM 1 mM
Sorbitol 5M 15M
100X Uridine 1.69/200mL 1x
Zinc (ZnCb) .05 M 3 mM
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The filter-sterilized supplements were added medias prior to use. If stock concentration is
not listedpowderwasmixed directly.

Antibiotic Stock concentration Final concentration
Nourseothricin 1
(Nat) 200 mg mL: 200 pg/ml
Fluconazole 5 mg/mL 3.2 uM
. 100 pg/mL: whole protein extractior
Doxycycline 50 ug/ul 30-100 pg/mL: filamentation assays

All antibiotics weréfilter sterilized.

2.32 Yeast culture optical density measurements
The optical density of cultures was measured using an Eppendorf, Kkinetic
BioSpectrometer or BioPhotometer plus using a polystyrene 1.6 mL cuvette (Sarstedt,
Numbrecht, Germany). Absorbamceadings were taken at a wavelength of @@0The
cell density approximation values used for calculations throughout this thess. are
albicans 1 ODsoo= 3 x 10 cells/ ml

2.33 Preparation of DNA from yeast colonies for PCR
To isolate DNA from yeastells for PCRsmall portion of colony was boiled at 100 °C
in 40ul .02 M NaOH for 10 min and recovered on ice for another 10 min. Cell debris were
pelleted at 2,000 xg for 5 min ade? pL supernatant was taken as DNA for PCR reaction
as detailed irsecton 2.1.1.

2.34 Transformation of C. albicanscells
Transformation o€. albicanscells was done using either fresh or frozen competent cells.
When many transformations are done with the same strain, storing competent cells saves
time and materials. The@ocol for usingrozencompetentells can be easily scheduled
around other lab ark whereas fresh cell transformation must be done over a block of
hours.

It must be noted that the impact of freezing cells prior to transformation has not
beenevaluatedor documented in the model organigbn albicans While it is common
practice inS. cerevisiaelabs, yeast does experiendemperaturechange as a stress
Therefore, the protocol hereisee Section2.34.2) is somewhat novel and has the
potential for beig documented whereby the genomic implications could be explored in

more detail.
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2.34.1 Transformation by electroporation of fresh of C. albicanscells
To make fresh competent cells for immediate use, a culture of YPD was grown overnight
at 30 °C in a shakg incubator. This culture was reinoculated and grown further before
harvesting an ODy00 = 1.3. For fresh transformation 100mL of culture was harvested at
4K rpm for 2 min at 4 °C and washed with cold sterile fldH'he cells were then pelleted
and regspended in 25 mL TELIDT{stock:10 mL 10xTE, 10 mL 1M LiAc, 1 mL 1M
DTT, 79mL ddHO; filter sterile) and incubated for 1 hour with periodic inversion. After,
the cells were centrifuged as befoend supernatant was discarded. The cells were
washedfirst with water and then with 1 M sorbitol (both iceld). Finally, the cellsvere
resuspended into 100 ul 1 M sorbitol and kept on ice until transformation.
Transformation of fresh cells (s&ection2.34.1) was done by electroporation.
DNA from concatrated miniprep or PCR product (200 ng in 5 uL or more) was added
to 40 pLcompetentellsand incubatedn ice for Smin. After transfer taanappropriate
cuvette, which wapreparedtold on ice, electroporation was performed at 1.5kV, 25 uFD
and 200ohms in electroporation chamber of Bi®@Rad GenePulser XCethachine.
After transformation the cells were given time to recover in YPD before selection.
The transformed cells were either plated (overnight to YPD) or grown liquid (~2 hours in
YPD shaking)hefore final (replica) plating (~100 cells/plate) with necessary ayxoico
or antibiotic selection. After transformation, final plates were incubated at 30 °G5for 3
days.
2.34.2 Lithium acetatetransformation of frozen of C. albicans
competent cells
Batches of freezstored competent cells were made and maintainé@Dac€ for ongoing
use. In this case, the cells were grown as detalede but all steps were done at room
temperature to minimize temperature stress. 50 mL of culture was harvedtedsired
once with water and once with SOR&dck: 10 mM lithium acetatel0 mM TrisHCI
pH 7.5, 1 mM EDTA/NaOH pH 7.5, 1 M Sorbitol; adjust with dilute acetic acid to pH 8;
filter sterile; store at room temperature for several monResuspending in 3tul SORB
+ 40ul denatured carrier DNA (1g/ml salmon sperm DNA (Sigraldrich), denatured
at 100°C for 10 min. and cooled on ice, stored2i °C) (0 °C). The cells were aliquoted
in 50 L portions and moved quickly t80 °C for storag€éKnop et al. 1999)
Transformation offreezestored competent cells was done by lithium acetate

method.Cells were brought from storage-80 °C directlyto roomtemperature. ~8L of
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DNA (~1-100 ng from concentrated miniprep or PCR product which was added to cells
with 300ul of PEG solution was added with thorough miXfPBG stock: 100 mM lithium
acetate10 mM TrisHCI pH 7.5, 1 mM ETDA/NaOH pH7.5, PEG3500/4000 %; store

at 4 °C for several montl{&nop et al. 1999) This mixture was incubated 24 hours

at 30 °Cwith mixing at 12 hours and again 1 hour before end. After, the mixture was
subject tcheat shock at 44 °C for 15 min. The cells were pelleted at 2,000 rpm $ec15
(x2), PEG wasemoved,and the cells were resuspended/PD. This was bllowed by

recovery(see Section 2.4.1)of the cells before plating to selective media
2.35 Yeast strain construction

2.3.5.1 Homozygous deletion oHDA2 and HDA3
Deletion ofHDA2 andHDA3 were made using th€lox system for gene disruption as
described in Shahana et al., 20T4e Clox deletion plasmids was a kind gift from
ProfessorAlistair J P Brown, School of Medical Sciencemiversity of AberdeenThis
system allows for deletion dboth alleles for agenein diploid C. albicanswith a
recyclable cassette that canresolvedto removethe markers fronthe genome leaving
the final strain cleanly absent of the target gdfig. .1). This is beneficial as markers
themselves can confer pimypes which camonfuse attempts to characterize mutant

strains.

HDAZ/HDA 3

-
¥
LoxP LoxP

Disruption 12 allekle _{:}_
v

Cre nduction

Figure 2.1 Schematic for Clox disruption of diploid gene and subsequent resolution
of markers

Progression through installation of first and second markers in the plaiAdf or
HDA3 dleles followed by resolution dtoxP sites via induction o€re Recombinase
The final mutant has both alleles deleted and no markers in place [Adapted from
Shahana et al., 2014]
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The hda2e¢ sand hda3d astrains were constructed in SN158nd BWP17
backgraind using theL,AL (loxP-ARG4-loxP; ABp_80 andNAT1-Clox (loxPNAT1-
MET3p-creloxP; ABp_83 plasmids in succession. Prior teesolving markers,
homozygousnutants were kept on YPD + 2.5mM methionine + 2.5 mM cysteine plates
to preventactivity of Cre recorbhinaseselection of nofresolvable transformant@as
directed bylab communication witiProfessor Alistair J Brown).

Markers were resolved by growing single colonies overnigi&hours at 30 °C
in liquid synthetic complete media supplemented with 2.5migthionine, 2.5 mM
cysteine and 200 pg/ml Nat. These cultures were spun down (4K rpm for 3 min at 4 °C)
and washed twie with ddHO before resuspensianf cell pelletsin 10 mL synthetic
complete media (without additives). The cells were grown in the nediarior 4 hours
shaking at 30 °C after which ~1@D0cellswere plated to synthetic complete agar. After
growth, thecolonies were replica plated $elective agar: SGarg dropouaandwith Nat.
Positive colonies showed no growth on Natawg dropoutnedia(noteaddtionsto media
of unresolved Clox deletions: Methioni2es mMand Cysteine 2.5mM) at 30 °Clhe
replica of these colonies growing on the synthetic complete agar plates was further
confirmed by PCR before storage in 50 % glycerol Geegons2.11).

2.3.5.2 GFP and HA tagging of HDA1, HDA2 and HDAS3 at native

locus
GFP tagging oHDAL, HDA2 and HDAS respectivelyby addingthe sequencet their
native loci was done with the&GFRHis1 plasmid (ABp_11). The plasmid was subject to
high fidelity PCR with long oligos that matched the plasmid and isolated a tagging cassette
while contributing flanking nucleotides that matchd®Al (ABo_456&457), HDA2
(ABo_458&459) orHDA3 (ABo_460&460)up and downstream sequencébe PCR
products were gel extrat and purified before they were transfornigcelectroporation
into thenative loci of thefinal [HDA1-GFP. BWP17 (ABy_66) HDA2 andHDA3-GFP.
SN152 (ABy_54)] yeast strain. Correct integration was confirmed by colony PCR
(ABo_145 with ABo_417ABo_261 orABo_262 respectively)The final strainsised for
GFP localization microscopy check alDA1-GFP: ABy 376 (BWP17) HDA2-GFP.
ABy 368(SN152)andHDA3-GFP. ABy_ 372 (SN152).Similar strategies were used to
further modify additional strains/ABy 376 HDA3-GFP in BWP17) and ABy_532
(HDA2-GFP in BWP17),to make double tagged strainrdDA2-GFRHDAL1-HA
(ABy_536) and HDA3-GFRHDA1-HA (ABy 539 used for immunoprecipitation and
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whole protein assaydhesehave a @&erminal GFPtag and this integration is codon
optimized forC. albicangGeramiNejad et al2001) Tagging of Hdal byHA was done
with long oligo PCR using ABp_17 as a template.

Cells were grown in minimal mealwith added 2 % filter sterilized glucose (40 %

stock)to an ORoo= 1.5 to achieve mid log phase before imagsep Section 2.8.5).
2.35.3 Reintegration of HDA3 at ADH1 locus underdoxycycline

induction
To reintegrateHDA3 with N terminal GFP tagging (with GFP: pTET; without GFP:
pNIM) to the Alcohol Dehydrogenasé (ADH1) locus of both theHDA3 homozygous
mutant(ABy_331)and wildtype BWP17{ABy_66) strains,HDA3 PCR products were
isolated from the synthesizétDA3 plasmid ABp_152) by high fidelity PCR with long
oligos(full: pNIM: ABo_624& 6250r pTET ABo_627& 628 column purified, digested
by Xhd/Bglll and cloned to plasmigsNIM (ABp_111) orpTET (ABp_140)(Lai et al.
2011)(Weyler & Morschhauser 2012pigested PCR products were ligated itte gel
extracted and purified pNIM plasmichich had beedigested withXhd/Sal (compatible
end cloning) andglll or pTET with digestion atAatll/Stu. The ligatiors were plated to
synthetic complete agar with ampicillin added for selecttdasmids were confirmed by
PCR, restriction digest and sequencing.

Cassettes were digested out of the cloned plas(piBVI/pTET: ABpl77213) at
restriction sitepNIM: Sadl & Apd; pTET: Kpnl & Sadl). The cassettes were gel
extracted and purified before transfongninto C. albicansstrain. Transformants were
plated toYPD with Nat for pNIM or -ura dropout agar for pTET selection of positive
colonies. Reintegration at the ADHdAcus was confirmed at the ADH1 gene locus by
colony PCRbefore strains were frozen to the collection (pNIM/pTET:yAB72493 (in
ABy 331-hda3ze ggandABy 471/529 (in ABy_66BWP17) For doxycycline induction,
the drug was added to the media at 30 pg/mL in 20 mL phatais100 pg/mL to overnight
liquid cultures which were reinoculated and grown to log phase before imaging by
microscope(see Seion 2.38.5). Alternatively, g¢rains were plated to this media as
described irthe colony filamentation assésee Sectio2.3.8.6).

2.35.4 Mating type knockout mutants: HDA1, HDA2 and HDA3
Mating type Knockout Mutantsf hdalse/ belazee/ aadhda3se/ \&ere constructed by
the method described in Sasse and Morshhauser 2012. This strategy Gesedica

adapted flippase (FLP) gene under control ofMiAd_2 promoter which can be integrated
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and subsequently induced (by media made with maltose) allowingeriaval of the
cassette. The cassette features nourseothisistance which allows for selection of
successful transformants. The knockout was made in thel \Wazkground.

The SATI flipping cassette plasmi@ABp_136)was generously provided by Dr.
Matthew Anderson (Ohio State University, Ohio, USA). Here are the details of its
construction:wo regions that include 3€B00 bp up and downstream of the target gene,
in this case the alpha mating type locus, were amplified by. FBR PCR products and
plasmid were digested in 30 pL reactions; upstream PCR gt and Xhd; downstream
PCR bySad and Sadl; and plasmid sequentially byhd andSadl (gives SATL1 flipper
cassette) and again Byd andSad (gives vector backbone ~4 kijhese digests were
madefor 5 pugin a 50 uL reaction for three hours using 15 U of each restriction enzyme.
Fragments were gel extracted, purified (see Sectiof)2ahd eluted into 10 pL dcio.
Ligation was performedvernight at 16 °Go a mixture ofthe vector, fragmentand
casettein a 1:3:2 ratio using T4 ligas@-3 U nL™) and this wadransformed into
competent DHa E. colicells which werglated to LB with 25 ug/mL Chloramphenicol
for selecton. The ligation was confirmed by PCR and sequencing.

The cassette was digestedm the plasmid withApa and Sad (fragment ~6 kb
and vector)SAT1 digest product (50 pL) was separated by overnight gel electrophoresis
in a 1 % agarose gel in 1x TAE buffer atM@ndpurified by gel ekaction purification
(seeSection2.13). The @ssette wasluted into 6 pL ddkBO and transformed intodaZe e
and hda3e ahomozygous mutantasing electroporation. The transformed cells were
selected by platingo YPD with 200ug/ml Nat in two successive instancesinally,
colonies were analyzed for the presence of the mating type knockout cassette by PCR.
Following this diagnostica colony positive fothe cassette wasoculated forovernight
growth inYeast ExtracPeptoneMannitol (YPM) media (30 °C) and plating to YPD with
20 ug/ml nourseothricin. Small colonies showikgt sensitivity (having lost the saette)
were replated to YPD with 20@g/ml Nat and observation of no growth confirmed the
successfully resolved strain whichasvthen further verified by PCRABo_511&512
(SATY , ABo_462&463 (MTLa) a n TheseA Brains4abd4a’& 4 6 5
wildtype control were used to evaluate whifpaque switching as describedSectiors
2.38.3and 4.2.2.4.6
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2.36 Isolation of RNA, cDNA synthesis andeal time gRT-PCR

2.3.6.1 RNA extractions, optical density measurement and

electrophoresis
Overnight YPD culture (inoculated @Deoo=.00005; grown ~16.5 hours = 14 doublings)
grown to ORoo= ~0.8. Cells were colt#ed by spinning for Zninat 1000 x g at 4C and
washed once with ddi®. Cells were resuspended in 1ml final media (YPD or RPMI) and
placed into 15ml prewarmed final media (30C or 37°C respectively) then grown for
90 min. ODsooVvalues were recorded (@Q8= ~1.5) followed by RNA extraction with
Omega EZNA Yeast RNA Kit (WR) following the kit protocol with two modifications:
(1) 30°C incubation in SE Bufferftnercaptoethanol/lyticas®lution time was increased
to 90 min, and(2) lysis was performed with bead mill at top speed fon® at 4 °C.
DNase | digestion was ihaled prior to final wash steps. RNA was eluted intoub0
Diethyl pyrocarbonateDEPQ water (RNase inactivatedExtracted RNA wasssessed
by nanodrop optical density reading and on a formaldehyde gel to visualize denatured
RNA. Final storage of RNAvas at-80 °C.

Specifically,RNA was extracted frorhdalse gghdaze sandhda3e aaomozygous
mutants with matching wildtype SN152 in YPD and after growth fom@®in RPMI or
YPD as described abové&his timepoint was chosen basedputblishedresults showig
Hdal enrichment at HWP1 promoter starting around 1.5 HeaesFig. 1.13jLu et al.
2011) Extraction was done in 3 biologitreplicates, thewo bestquality (determined by
optical density measurement and appearance of bands on gel) for each strain were sent for
sequencing.RNA sequencingwas done ¥ GENECORE - EMBL Genomic Core
Facilities. Before sending the RNA samples to sequenceR{ER was underken to
confirm that hyphae development was evidenttaamscriptionalevel (seeSection2.3.7
andFig. 4.2).

Quantitation of extracted RNA was detened by spectrophotometer
(BioDropDug. Absorbance was measured at 260 nm. Since DEPC candbs@bance
values the samples were diluted 1:1 infbEreading A260 and A28QL0x TE stock: 5
mL 1 M tris(hydroxymethyl)aminomethane (Tris) pH 7.5, 1 mL BlEDTA pH 8, 44
mL ddHO). Per RNA extraction kit guidelines, a ratio of -2® was considered)a.00
% pure.

Formaldehyde gel electrophoresis was employed to analyze the quality of

extracted RNA. For each samplgyd of RNA was diluted in water to atal of 5uL and
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3 volumes of loading buffer (1%L) were added before denaturing samples famitDat
65 °C. Samples were cooled on icerhih before loading entirety to gel.

The formaldehyde gel wasin at 80 volts for 4éninin 1 x HEPES running buffe
in the fume hoodRNA Gel Composition: 1 g agarose, 73.8 mL d®110 mL 10x
HEPES, 16.2 mL 37 % Formaldehyde; Gel rig (tray, comb, rubber ends) was washed with
detergent and soaked in 0.1 M NaOH for 60 min in sterile fume hood prior to use; To
constructgel, agarosavas meltedin water and cool before adding HEPES and cold
formaldehyde, pour to 100 mL size cast in fume hodd)e RNA samples were diluted
with three volumes oRNA loading buffer and loaded into the we(BRNA Loading
Buffer: 200 uL 10x HEPES, 1 mL Deionied formamide, 120 pL Bromophen(@rPh)
blue*, 30 uL Ethidium Bromide, 320 yL 3638 % Formaldehyde Solution, 33 pL
ddHO; Make up to 2 mL with ddiD;*BrPh blue 0.25 % w/v in 50 % Glycepol
Electrophoresis was carried out\8@r 30-40 min prior to imagng (Syngene G:Box with
paired software). Two clear bands indicated presence of undegradedtiRN28S and

18S bands respectively)

2.3.6.2 cDNA synthesis
Synthesis of cDNA from RNA was done using tRERBIOSYSTEMS RT-PCRBIO
cDNA Synttesis Kitfollowing protocols designated by the manuRNA was diluted on
ice to 6.6 ng/pL and reaction was performed@R machine (BioRadA no Reverse
Transcriptase control was included for all reactions to confirm that there was no
contamination witlgenomicDNA. Reactions were stored &0 °C.
2.37 Real timegRT-PCR
All real timegRT-PCR reactions were performed in a BIORAD CFX Connect-Reaé
System machine using BIORAD CFX software and 96 well pldtke basiaeal time
gRT-PCR reactions andhé cycles usedollowed directions in the manudtach sample
was run in duplicate and a no DNA control (d¢@) was run for each primer set.
Enrichment was calculated relative to actin and experiments were done in biological
replicate with three independetsulturesfor each strain.
2.38 Phenotyping methods
2.38.1 Serial dilution spotting assays
For spotting assays, starter cultures in YPD were grown overnight at 37 °C shaking.
Overnight cultures were diluted to an e@bP= 1 and serially diluted by 1/5 ifour

permutations before spotting to appropriaig@erimentaland control agar medaThe
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additives tested are théledin Chapterd. Briefly, For analysis in stress condition&?D

or SC agar media was supplementedhwi® nM rapamycin, 2 M sodium chide, 1 mM

SNP with 1 mM SHAM, 7 mM copper sulphate, 300 mM lithium chlori@] % sodium
dodecyl sulfate (SDS), ImM caffeine, 1.5 M sorbitol, 18 mM cycloheximide5 mM
cobalt, 25 mM hydr ox \Calecoftuar Whitg, 4.%mM, hydragero | |,
peroxi de, 0.75 mM EDTA, 2 €M Cerul eni
caspofungin, 3.2 uM fluconazosd 3 mM zinc chloride. RPMI media was supplemented
with 25 nM rapamycin, 6 mM copper sulfate or 3.2 uM fluconaz@lkver R. Homann

et al. 2009. Cells were grown at 30 °C or 37 °C as indicatéldtes were imageah an
Epson scanneat 24hour intervals for 3 or more days as needed to apparently reach full
growth

2.38.2 Biofilm Screen
To screerbiofilm formation in thenda3ze aenutantand matching wildtype strains
employeda set up that used silicone rin@slicone Swinnex 13 gaskets #5X0001301,
Merck) attached to a silicone square btssformeda well to encase the biofilas
described in a mnt paper and personal ditieasby Dr. Katherine LagreéMitchell
Lab, Carregie Mellon University, PA, USAjWoolford et al. 2016)Setup was done in
sterile conditios. In preparation, the silicone base was coated witbo3@at
inactivated fetal calf serufFC§ (SigmaAldrich) and incubated for 45 min at 30 °C.
This was followed by two gentle washes with PBSalbicanscell culture ORoo= 1
was washed (4K rpm f& min) and resuspended in PBS and added to the prepared well.
These cells were adherby stationary incubation at 37 °C for 90 mill washes
during this setup were dome never let the biofilm go dry to avoid structural collapse.
The cells were washegently twice with PBS and the setup was grown covered in RPMI
media for 48 hours stationaat 37 °C. A 24 well plate was used as a chamber for the
silicone squares and the lid was sealed during this incubation by PARAFILM.
Following, the biofilm was wasliegently 2x with PBS and the setup was moved from
the 24 well plate and glued (superglo@jo a glass microscope slide. The biofilms were
next fixed (4 % formaldehyde & 1.5 % glutaraldehyde in 1x PBS) for 1 hour after which
they were washed and stainedwConcanavalin A AlexFlour 488 at 25 pghih PBS
four 30 min with gentle orbital mixingt 37 °C. The samples were next dehydrated with
2 mL methanol with orbital mixing for 20 miffhe methanol was removed and replaced

with fresh methanol briefly befer50:50 methanol/methyl salicylate and finally 100 %
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methyl salicylate. The top of theisibn ring well was glued to a glass microscope cover
slide (excluding air pockets) and the samples were imageda confocal microscope
using adichromatic beam sjpler fluorescent filter (#2147348364@jth an excitation
wavelength of 488 nm used at 2-%3 %and an emission/detection wavelengtb b6
nm. The scan mode was laser line &uger resolutiomode was used for thry
scanning Detector gain was sat 850 with O offset and a digital gaoh 1. Pixel time
was 2.05 ps; Line Time 0.80 us; Frame Time 20.1Bhatos were imaged and
processed using Zeiss Zen softwgZEN Digital Imaging for Light Microscopy,
RRID:SCR_013672)

2.38.3 White-opaque Screen
To screen for whit®paque phenotypeelts werefreshly streaked from frozen stocks
isolate single colonies These cells wereesuspended in sterile water and plated to
synthetic complete agar supplemented withug/ml Phloxine B (Sigm&ldrich).
Quanttative whiteopaquephenotype evaluatiowas made aftehe cellshadgrown for
9 days unsealed at room temperature without light. The experiment was d@8ne in
biological replicates with 2 technical replicateseachstrain Formation of opaque, white
and sectored colonies was scored. Statistical significance is assessedthyduvétest.
This protocol was modified frorfMiller & Johnson 2002)Violin plots were madéy Dr.
Alessia BuscaindDepartment of Biosciences, University of Keming the ggplot

package in R studio.

2.38.4 UV sensitivity screen
To evaluate UV sensitivitycells from an overnight culture weddutedto plate ~200
cellsto YPD agar. The test plates were irradiatd¥titec, Cambridge with 10mJ/cn?t
(.0025 J for 5 se@nd incubated (with the untreated control plates) for 36 hours at 30
°C. Colonies were counted using the ImagGelony Counter PlugifVieira 2009;
Schindelin et al. 2015 olony Counter Plugihttps://imagej.nih.gov/ij/plugins/colory
counter.htmf settings: size 308000; area 0.7%)

2.38.5 Liquid filamentation assay and microscopy
For filamentation ifliquid, 5 mL cultures in YPDwvere grown overnight and throughout
the day. Fronthis stationary culture, 1 mL was spun dowrK(gom for 2 min) and pellet
was washed with ddd® before resuspending in 1 mL pmarmed final RPMI or YPD +
10% serum mdia. These cultures were grown at&7for ~17 hours before imagingll

liquid filamentation assays were done in parallel with control culture greiinthesame
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preparation in YPD at 30 °@dditivesand antibioticadded to théiquid as stressors are
detailed inTable2.6.

Morphology ofC. albicangn liquid cultures was evaluated framages produced
by Olympus CellR imaging softwarg L of concentrated cultufieom vortexed2 K for
2 min) sample on a slide (Thernfisher Scientiic). Images were captured usiam
Olympus 1X81 inverted microscope with TV 1X-2 lensandan Andor Zyh sCMOS
camera with light excitation from an Olympus MT20 illumination system with
approximatelythe following typical settings: exposure time 50 milli. séming 1x1 and
brightness 1971850 using UPLSAPO 60x lens with 2085 uM Zdrive lin@-P filter
measuring emissions 640-540nm was applied for visualization of fluorescently tagged
proteinsvia mercury arc lampuantifications of morphology were made by measurement
of the length of imaged yeast/hyphae cells by the following categer20 cm,2.1-5.0
cm or> 5.1 cm.Experiments were done on three separate days.

2.38.6 Colony filamentation assay

To assess filamentation in yeast colonies, cultures were grown overnight (~16 hours) in 5
mL liquid YPD at 30°C. This starteculture was used to icalate 10 m of fresh liquid
YPD media(Yeast extract, Peptone, Glucose with addlddnine 0.1 mg/mL and Uridine
0.08 mg/mL) which was grown for ~5 hours at 3G. Based on Ok reading, 50 100
cells were plated to RPMI, Spidereism or SLAD Agar. Thelates were grown for ~6
days at 37 °C with or without 5 % GO

All colonies on plates were counted and phenotypes were noted as smooth,
intermediate or filamented. Experiments were done on three separate days. Images
representativef the phenotypes webtained using a Leica MZFLIII microscope 1.25
or 2.5x magnification with ~3F0 ms exposure and 1x to 3.4x gain. Morphology was
characterized upon visual assessment of flamentation around the edges of colonies.

2.38.7 Minimum Inh ibitory Concentration (MIC) testing

Drug sensitivity testingvas done in 96 well plates in a protocol modeled after the Clinical
Laboratory Standards Institute guidelines (@8 M27-A3; Wayne, PA, USAReference
for Broth Dilution Antifungal Susceptibtly Testing of Yeasts.t&ins were streaked fresh
to synthetic complete media the night before the assay. Drugs were aliquoted first to the
96 well plates in dilutions decreasing¥#yin each well of the horizontal rowslD of the
plate with the final twaows left for entirelycell culture (11) or media (12). The readied

plate was stored at 4 °C while a dilution of all the cells was made such that (once added
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to the wells with media + drug) the final concentration of the cells was® bell@/mL.

The base media used was MOPSfbred RPMI 1640 pH 7.2. Drugs tested included
concentrations of Fluconazole ranging from 0108 pg/mL Cerulenin Diamide and
Brefeldin A0.195100 pg/mL The plates were sealed with PARAFILM amanitored

by a Spectrostar NarBMG labtech plate readenachine (VWR) with a twpart script

with 8 min shaking followed by linear shake with readings at approximately every 12 min
for 24-80 hours Readings were taken throughaait ODso5, and the plates were also
monitored with manuadcoring. Manual scoring ad a 04 ranking system with O = clear,

1 = slightly hazy, 2 = prominent decrease in visible growth (50 % decrease in turbidity),
3 = slight reduction in visible growth (turbidity), 4 = no reduction in visible growth. This
was asessed at timepoiniis 12-hourincrements or at final endpoirRlatereader results
were analyzed at 24, 482 and endpoint timepointas availableHowever, guidelines
indicate that 24 to 48 hours is an appropriate time to read resulfs &picansstrains
There were no wiih plate replicates,but most drugs were trialed on more than one
occasion The strains included in these screens includdy._54, ABy 179,ABy 347

and ABy 460 (hdal complex mutants and wildtyp®&DR1 drug resistant mutant
(ABy_514) with control (ABy 516) and MRR1drug resistant mutant (AB279 with
control (ABy 55).

2.3.8.8 Macrophage screen
Macrophage cultures were taken fre®® °C quicklythawed €1 min) in a 37 °C water
bath before isolation of the cells by centrifuge (200 ¢l® min) and asepticlly
resuspension int@ulbeccd s Mo &agle Medih DMEM) (41966, Thermd-isher
Scientific) with high glucose and pyruvaé@d supplement3he media was supplemented
with 10 % (v/v) FCS, 2mM L-glutamine and 200 U/mL streptomycin/penicillinhis
culture wasincubatedat 37 °C withCO, and subject tpassagémaximum 20x)at 7680
% confluenceas required to keep populations at appropriate. sibuse macrophages
J774A cell line RAW 264.7macrophage were used.

Assessment o€. albicansviability after microphage coincubian followed a
previously described methddohnnidis et ka 2008) The aim was 2& 10° macrophage
cells in 100 uL DMEM solution per weéind these wergrown in new media overnight.

For this test an overnigl@. albicanscultures werediluted to OQoo= 15.50 pL
of this culture was mixed 1:1 with calcofluehite. This mixture was subject to centrifuge

at 8.2K rpm for 2 min and washed4 with YPD to remove the stain. Density of the
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cells was checked on a light microsco@®0 uL of macrophage cellwere mixed with3

uL of the C. albicansculture and growrogether at 37 °CAs this was a test, the final

raio of macrophage t€. albicanswas inconsistent and this should be more controlled
(using cell countsfo improve accuracy of the resultndgingwas donat0, 2 and 3 hours

by Olympus 1X81 invertedhicroscope with whitdight and100xamplification Images

were saved as stacked files that were visualized using the ImageJ int8daicelelin et

al. 2015) Macrophage counts were calculated as a ratio of captures/macrophages and

relative saturation was noted

2.3.8.9 Temperature sensitivity Screen

To evaluate temperature sensitivity, cells were grown to log phase. An overnight culture
was reinoculated and grown to @p= 0.5. 1 mL of each culture was removed to a 1.5
mL Eppendorfmcubated in a 50C water bath for a series of measured durations 0, 10,
20, 40 or 60min. From each of these heta¢ated samples 3 pL of a 1:10 dilution was
plated to YPD. The plate was incubated at@0and imaged at 12 hourghis protocol
was developd from previouslylescribed assayZeuthen & Howard 1989; Harcus et al.
2004)

Spotting assays were also used to evaluate grawifi°C, 30°C, 37°C and 42
°C done by project student Alisha May (Imperial College,daom) as describad Section
2.38.1.

2.39 Western blot
Western blot was used feeverakexperiments in this thesis atftk typical protocolis
detailed in tis section The exception was to check expression of Hot@Bein,and the
details of that protool are detailed isection2.2.13.

Proteins separated by SIPAGE (see Section2.26) were transferred onto
polyvinylidene difluoride (PVDF) membrane (Immiiot, BIORAD). The following
preparation was usechd PVDF membrangas activated by brief soalgnin 100 %
methanol before rinsing withstilled waterand immersion in transfer buff€kx Transfer
Buffer: 50 mL 10x Transfer Buffer, 100 mL methanol, 350 ndOHLOx Transfer Buffer
stock: 58 g Tris Base, 29 g Glycine, 20 SDS; Make up to 1 L with dd&@). The
polyacrylamide gel, PVDF membrane, blotting paper and blotting filter papers (2.5 mm
thickness, 7.5 cm x 8.4 cm, Invitrogen) were all soaked in transfer buffer (gel soaked for
15 min) before the blot was assembl@dce this blot was assembledeetrophoresis was
done in an Invitrogen Senrbry Blotter (Novex) at 25 V for 45 min. Afterward, the PVDF
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membrane was incubated with 5 % (w/v) ffahdry milk in PBST for at least 3@in to

block nonspecific sites before pbing with the primary antibodyBetween the primary
andseondary antibodies, the blot was thoroughly washed three times with PBST. Blots
were washed with the same procedure afterward and moved to PBS before starting the
developing process.

Proteins were etected in the dark room by @&ging onto film Amersham
Hyperfilm ECL, GE Healthcare Life Sciences, Buckinghamshire, UK) after incubation of
the membrane in Clarity Western ECL Substrates 1:1 mixturerfon before developing
(Optimax 2010, Epsilon NDT, Bucharest, Romanlashouldbe noted that originally
detection was done by Gel doc before a problem detecting the HA antibody led to
successful imaging by film which was apparently more sensitive.

To probefor GFP tagged proteins, a dilution of 1:1000 1° &P antibody
(Roche) wa incubated overnight at 4 °C. Primary probing of HA tagged proteins was
done with the same dilution and procedure using the 1:H#tantibody (Sigma
Aldrich). In both cases, &2° antimouse antibody (Sigmaldrich) was diluted 1:25000
and incubated fol hour at room temperature.

To probe for Actin, a 1° anthctin (raised againsb. cerevisiaactin) antibody
was used. This antibody was a gift to Dr. Campbell GoyDepartnent of Biosciences,
University of Kent)from the Cooper LaWashington Univesity, St. Louis, Mo., USA
A dilution of 1:5000 was incubated overnight at 4 °C. The 2°@hn#ep antibody (Sigma

Aldrich) was also diluted to 1:5000 and incubated for 1 hbouw@n temperature.

2.310Whole protein extraction

Whole protein extractiomnvas done in YPD and RPMI mediakhe protocol used was
derived from Tobias von der Haar 6s(vofeast
der Haar 2007&ells were ranoculatel from an overnight culture and grown to @b=

0.871 1 before 10 O.D. were harvested at room temperatureddxycycline induction

GFP strains (constated withpTet (ABp_140 100 pg/mldoxycycline was added during
growth in liquid media. The cells weresuspended in lysis buffelygis buffer: 0.1 M

Na OH, 0. 05 M EDT Amerc2ptoéthand|nSIghd) and Peatdd for 10

min at 95 °C. After, 5 plof 4 M Acetic acid was mixed in by vortex before incubation

for 10 min at 90 °C. 50 pL of loading beif was added and the extract was store@dCat

°C (Loading Buffer: 0.25 M TridHCI pH 6.8, 50 % Glycerol, 0.05 % Bromophenol Blue;

in ddHO). Samples weréeated at 96°C for 5 min and spun down (maximum speed 5
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min) and otherwise kept on ice prior to usedahe amount loaded varied based on
abundance of protein (6@50 uL) (vonder Haar 2007)

2.3.11 Chromatin immunoprecipitation (ChlP)
ChIP was done using two separate experialestenarios. The first utilized the histone
H3K9 antibody and since wildtypbdalsd abdaZzd ¢ hda3¥ &8 str ai ns we
compared, it was poss$éto use a spiken of S. cerevisiago control for experimental
variation(Orlando efal. 2014) The seondexperiment tested HdaA with an anttHA
antibody. In this case, the spike was not used because it would require a tagged
cerevisiaestrain.

2.3.11.1 H3K9 ChIP with Spike-in

Cultures of 200 mL foC. albicanstest strains ah 50 mL BY4741S. cerevisiaavere
inoculated at Okyo= 0.1 from overnight starter (YPD, 30 °C) and grown tos6B 0.4.
For spikein, the Candidatest strains were combined with the BY4741 in a ratio of 2:1
OD units (10:5) in 50 mL and fixed with formaldyde (3726 Formaldehyde solution,
SigmaAldrich) toa final concentration of % at room temperature for 15 min with gently
mixing by hand every 5 min. Followirtye crosslinking, cells were spun down for 2 min
at 4K rpm at 4 °C (Eppendorf 5810 R). Celbellets were washed twice with iceld
PBS (mixedby turning tube) and transferred to round bottom screw top tubes (Simport
Micrew Tube, Thermo FisheBcientific). After a spin at &4 rpm for 2 min and removal
of the supernatant, pellets were storeeéB@t°C.

Cell pellets were topped with 500 uL of small glass beads and 700 pL-obide
lysis buffer withPhenylMethylSulfonyl FluoridéPMSH addedo 1 mM (ysis buffer: 50
mM HEPESKOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1 % Triton-X00, 0.2 g sodium
deoxycholate; addHEPES to 90 mL ddiD and pH to 7.5 with KOH, combine with other
ingredients and add water to 200 )nCells lysis was performed using on a Biogenode
Bioruptor Plus(ATG Scientific, Oxford, UK) for four 30 mununs with 5 min on ice rests
between each. Holes were punctured through the bottom of the tubes and disrupted
samples were evacuated to ice cooled collection tubes by centrifugation (Eppendorf
miniSpin) for 1mn at 1K rpm. Sonication was carried out in a-poeled to 4 °C
sonicator. Somiation was performed for 20 cycles of 30 sec on and 30 sec off. Afterward,
the sonicated samples were centrifuged (Eppendorf refrigerated Centrifuge 5415 R) at
13K rpm for 10 mm at 4 °C to remove debris. Meanwhile, 25 pL magnetic beads in protein

G (Dynaleads, Invitrogen, Thermo Fisher Scientific) per sample were washed with 100
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uL lysis buffer 24 times with spinning at 2K rpm for 2 min and using magnetic puller
(MagnaRack, Theno Fisher Scientifi to keep beads. The beads were finally
resuspended in aaqual volume of lysis buffer (25 pL/per). From the centrifuged,
sonicated sample, 290 pL was taken to a new, taihbe separately 10 uL as a calibration
Input sampleTo the sortated sample for immunoprecipitation (290 pL), 2 pL of Histone
H3K9ac (Active Motif, Aachen, Germany) 25 uL of washed beads were added. This slurry
was mixed with slow rotation (rotator SB3, Stuart) at 4 °C overnight.

The next day beads were isolated gdine magnetic puller during several wash
steps as follows: The supernatant e&soved prior to a wash with lysis buffer and brief
inversion. This was followed by 10 min at@ rotating washes first with lysis buffer with
0.5M NaCl (alter lysis buffer reipe: replace 140 mM NaCl witbh00 mM NaCl)and
seondwith wash bufferlwash luffer: 10 mM TrisHCI pH 8, 0.25 M lithium chloride,

0.5 % NP40, 1 mM EDTA, 0.5 % sodium deoxycholate; make 200.rAk)a final wash,
1x TE was applied and mixture was invertadtil beads were resuspended. The
supernatant was removed.

Fresh 10 % ChelexB{oRad) was prepared and 100 pL was added to each sample.
Chelex was vortexed prior to each addition to insure even distribution. The mixtures were
boiled for 12 min at 100 °Cral then cooled to room temperature before the addition of
2.5 uL of 10 mg/ml Rsteinase K (Melford) to each sample. After vertexing, the samples
were incubated on a thermomixer at 55 °C with shaking at 1K rpm for 30 min. The samples
werethenboiled atl00 °C to inactivate the Proteinase K. The tubes wesdgcentrifuged
at 4K rpm br 3 min to clear the resin and beads. 60 pL of the supernatant was taken as a
final sample to a clean Eppendorf and store@@t’C.

Inputs and IPs were diluted 1:10 in 1x &&d 2 pL were used folRr-PCR with
primers designed to amplify less than 30 Bhe primers used are specifically described
in Table 2.1 The gRFPCR is described in Section Z.3.

2.3.11.2 Hdal-HA tagging andChIP
Tagging of HdaiHA was done usintpng oligo PCR of plasmid AB@.7 as a template
and the tag was transformed i@blP, BWP17 (ABy_215)The HdatHA ChIP was done
with the same protocol covered in Section 2.3.14.1 (above) with two exceptions: ro spike

in was employed and the antibody wasi-#4lA (SigmaAldrich).
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2.3.12 Co-lmmunoprecipitation of Hdal complex proteins
CoIP is an experiment that looks at protein interactions by first using an antibody to pull
down one tagged protein ars@®nd checking for the presence of another potentially
complexing protein (tagged) by western blot. The tagging of Hda2 and Wwita&FP
for this experiment are detailed 8ection4.35.2. Tagging of Hdal was done with long
oligo PCR of ABp_133 as a template and transformed into ¥&fR (Aby 532 and
Hda3GFP (ABy_376).

Cultures were grown in 1 L YPD Medi@r 14 hours at 30 °C in a shaig
incubatorto an ORoo= 1 and harvested at 4im at 4 °C for1l0 min (Beckman Coulter
Avanti J}301 and Eppendorf 5810 R). After washing the cells three times aldwater
and resuspending in 1/5th volume (water/cells) the slurry was-fdvaen in lquid
nitrogen before freezinthese pelletso -80 °C. Subsequently, the pellets were ground in
liquid nitrogen using a mortar and pestle for 30 (cells grown in YRR a@n 45 (RPMI
treatmentmin per sample. The powdered, lysed cells were store2DC.

Cell powders were later diluted into 10 mbfCcold lysis buffer and solubilized
for 30 min in rotation at 4 °QLysis Buffer: 50 mM HEPES&NaOH pH7.5, 15 mM NacCl
(5M stock), 5 mM EDTA (0.5 M), 0.1 % NBO; Make 500 mL add fresh: 5 mM DTT, 1x
proteae inhibitor tabletscOmplete, EDTA free (Roche, Shire Park, Welwyn Garden
City, UK) and 0.2 mM PhanylMethane Sulforfflouride (PMSF)) Once diluted lysed
(frozen) cell powdes were solubilized the supernatant was separated by centrifugation
(Eppendorf 810 R) with cooling to 4 °C at &K rpm and further separated by ukra
centrifuge (Beckman Coulter AvantidD1) with celing to 4 °C at 1& rpm.

Concurrent to solubilizing cells, magnetic affinity beads (4ul per sample) were
washed (3x PBS) and coupled(.5 mIPBSto 4 pL anttHA antibody (SigmaAldrich)
for 30 min in rotation4 °C. The beads were then washkecte tines(2x PBS; 1x lysis
buffer) and resuspended in 10 pL lysis buffer.

The solubilized cell powders were usied immunoprecipitation andvaluation
of complexing interactiongFirst 100 pL input sample was taken (100 pL) and frozen
(with 4x loading buffer &-20 °C) Next, 100 pL of coupled minbeads were added to
remaining supernatanthird, the mixture was incubated for two hours withatmn at 4
°C.

Following, the dhered proteinvas harvesteth 1 mL fractions using a magnetic
rack .5 mL Eppendorf but 15 mL would be idg¢al final spin of collected cleared
supernatant (2K rpm for@in- Eppendorf 5810 R) to isolate remaining bedds beads
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were thoroughly washed (4x with pipetting up/down ~10x) with lysis buffer and finally
resuspendenh 50 uL TE and4x SDS loading buffer.

This mixture was frozen aR0 °C and later ruby gel electrophoresisn SDS
PAGE before western blottingith ant-rHA antibody (SigmaAldrich) for detection of
Hdal-HA (~92.9kDa + ~6kDa HA tag: ~9%Da) and confirmation of successful pull
down. Gels were either stripped or a separate gel was run and blotted wiGFBnti
antibody (Roche #1184460001) to eldtpesence of HdalsFP (~77kDa + ~26.4kDa
GFP tag: ~103.4Da) or Hda3GFP (~97.%Da + ~26.4kDa GFP tag: ~123.kDa).

2.4 Bianformatic methods and tools

2.4.1 RNA sequencingnd analysis
RNA sequencing and library preparation was done by the Eamolpilecular Biology
Association (EMBO) core facility (Heidelberg, Germany).g of total RNA from each
sample (in duplicate: wildtypehdale gehda2e aand hda3e eestrain extractions from
RPMI andYPD) was used to generate straspcific cDNA lllumina Barcoded Libraries
which were sequenddy an lllumina iISeq200 platform.

The data waanalyzedwithin theGalaxy platform. First, theaw sequening reads
were cleaned ypFASTQ Groomermwas usedo convert the data to a usable format
(Andrews 2Q0). Trimmomatic was used to clip the adaptors off the sieglded reads
and regulate the accuracy of alignment (we assigned a sliding window averaging across
four bases keeping a minimum length of 50 reads). These stepsia@itered by FastQC
which provided feedback reports about the quality of the reads. Next, we put the data
through HISAT2 which aligned the trimmed reads with@healbicanseference genome
(Assembly: ASM1829v3 A22_Chromosomes). The intron length wasmsat20-5000
based on theelatively short (<500 nt) intron length observeinalbicangMitrovich et
al. 2007). To assemble the alignments into transcripts, StringTie was used. To eliminate
artifacts in the form of precursors of processed transcriptgnamum isoform fraction
setting of 0.15 was used. The special Stringtie transcript merge mode was employed to
eliminate duplicate transcriptéPertea et la 2016) To quantify the transcripts the
featureCounts (Subread) tool was used with minimum mapping quality set tos12 t
resolval misplacement of reads based on the quality scores of matched and mismatched
bases(Liao et al. 2014) Finally, the relative expression of genes was assigned using

DESeq2 whib is appropriate for the small number of replicates (2) in our sample and the
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anticipated scope of differential changes we expect to see given deletion afree hist
modifier and in RPMI media. This analysis uses a negative binomial distribution to
accountfor number of gene fragments and sequencing depth of the samples which allows
for compensation of factors including GC contg@mve et al. 2014)The full output from
this DESeg2 analysis can be found in Sw@pplementary Datanline at ArrayExpress
(accession number-ETAB-6920).

2.4.2Analysis of DESeqg2data
Primaryanalysis was done using Excel 20tg handand usingrhe Gene OntologyGO)
and GO Enrichment Analysis TopAshburner et al. 2000; Mi et al. 2D Reads from
RNA-sequencing data were visualized on the genome uk@gdntegrative Genomics
Viewer (IGV) which allowed for scalable viemg of reads laid onto the genome
(Robinson et al. 2011; Thorvaldsdéttir et al. 2013)

Images to visualize gene sets and patterns was performed with R Studio

(https://www.rstudio.com/(R Foundation for Statistical Computing 2008atter Plot
matrices, using Pearson correlation coefficients, were generdtetheggplot package.
The box formatoutput showsindividual comparisons between the three mutant strains
hdalse eehdaZze aor hda3e adisted diagonally from the top left to bottom right of the
diagram. To the right of th@iagonal strain lisare plotsshowingwith each gene according

to its log2 fold changéor each mutant strain with correlating values on theedlatand
y-axis of the plotThe top left plot depicts log2 fold changes relating the genes from the
hdalzse afy-axis) anchdaze a€x-axis) mutantsat top righthdalee afy-axis) andhda3ese ee
(x-axis) mutantsand at bottom righhda2ee afy-axis) andhdal3ae agx-axis) mutantsThe
measure of the linear correlation of theard y axis values is represented in theaPson
correlationcoefficient( P e a r s o nandsignificanee Iscorég)valug depicted to the

left of the diagonastrain listwhich are color cded according the scale in the legend (blue:

r = -1, white: r = 0, or gold: r = 1)These relate to the diagonal strain list as follows, top
left: hdalee awersushdazze gbottom left:hdalse aversushdaldae gebottom right:hda2ee se
versushda3ze & Heatmaps were generated with the pheatmap package and Pearson
correlation for clustering. Heatmaps show the log2 fold changes of differentially
expressed genes llalee gghdaZze aer hda3se seompared to wildype expression. Venn
diagrams were generated using the FunRich prografiathan et al. 2017)These

visualizationsnvereconstructedy Dr. Alessia Buscaino
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Pathway information was discoveredthgBroad Institute'€sene Set Enrichment
Analysis(GSEA) (Subramanian et al. 2005; Mootha et al. 20@3hgthe PreRanked tool
to compare the DESeq?2 ranked gene wéts defined gene se{Sellam et b 2010)and
(Sellam et allab communication)The weaghted enrichment statisticgven in the form
of Normalized Enrichment Score (NESJ)ere calculated orl0512 gene sets each
containing 51000 genes, and the false discovery rate (FB&) calculated from 1000
permutationsGenesetsource:Hao et al. 2009Selected rsults graphs are shown. Since
enrichment profiles can exhibit correlations with hundreds of overlapping gene sets,
Cytoscape 3.fhttp://www.cytoscape.orgdShannoret al. 2003and the Enrichment Map
PipelineCollection plugins
(http://apps.cytoscape.org/apps/enngntmappipelinecollectignwere used to further
organize and visualize the GSEA. Enrichment maps wepalculated using default
parametergMerico et al. 2010)

2.4.3 Bioinformatic resources: databases, design, viewing, modeling and

alignments
Unless otherwise notethe following programs witldefault settings were used for all
analyses:

1 Protein sequences were compared to existing structural models using.@®zedic
Alignment Search Tool (BLASTNCBI) or Phyre2intensive moddAltschul et
al. 1990; Altschul et al. 1997; Kelley et al. 2015)

1 Seondary structure was estimated using ESPrmtp(//espript.ibcp.f) (Robert
& Gouet 2014)

1 Models of protein structure were constructed using Pymol visualizing software
(DeLano02002; DeLano 2009)

91 Protein alignments were done using the following programs: Clustal Omega,
Emboss Needle and BLAST (NCB(Altschul et al. 1990; Altschul et al. 1997;
Sievers et al. 2011; Sievers & Higgins 2014; Rice et al. 2000)

1 Percent Identity and Similarity were calatéd by EMBOSS Needlar Stretcher
pairwise proteinasquence alignment to@Rice et al. 2000)

1 Protein domairmodellingwas done by a Simple Modular Architecture Research
Tool SMART database searflretunic & al. 2015; Schultz et al. 1998)

1 Information aboutC. albicansgenomes, genes, GO analysis and proteins was
obtained via th&€andidaGenome Databag&krzypek et al. 2017)
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Information abous. Cerevisiagenes, GO analysis and proteins wasiabtavia

the CerevisiagGenome Databag@shburner et al. 2000; Consortium 2017)
Visualization of DNA and protein sequences, primers and featumeperformed
using SnapGene (Viewer) software (from GSL Biotech; available
atsnapgene.cojn

Manipulation of INA sequences to construct images of recombinant plasmids to
feed into SnapGene (Viewer) were done ughglasmid Editor (ApE) software
(Davis 2010)

Nucleotide to Amino Acid Translation Estimates were done usirRBASY
Bioinformatics Resource Portal and protein molecular weight estimations by
ExPASy Compute pl/MW Tooklnd ProtParam Too(Bjellqvist et al. 1993;
Bjellgvist et al. 1994; Gasteiger et al. 2005; Gasteiger et al. 2003)
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CHAPTER 3. Toward solving the structure of C.
albicansHdal, Hda2 and Hda3 proteins using aife. coli
expression system

3.1Introduction

The goal of this thesis is to better understand the Hlda2 and Hdaproteins ofC.
albicans There is aapdly developing market for drugs that target HDAfDteinsin the
treatment of various diseas@sang et al. 2013)Targetingof theseenzymes anbe used

in the treatment of fungal diseag&snetzsh 2015) The catalytic component of Hdal is
known to play &ey role in the development of fully formed hyphae in the pathogenic
yeast C. albicans and thereforemolecular structural data could contribute to drug
development in addition tolzetter unérstanding of HDAC protein evolutiohlowever,
surprisingly little is known about the structure and function of the yeast counterparts of
these enzymes. The Hdal enzyme exists as a protein comf@egerevisiadut there is

little informationabout theproteins that complex with,iHda2 and Hda®&hichare unique

to yeast and could therefore be potential therapeutic targetSéstien 18.1). In this
chapter | will describe studies aimed at the biochemical characterization of these protein

complexes.

3.2 Contributions to this study

Supervisionfor experiments throughouhis entire project including yeast and most
protein work was provided by Dr. Alessia Buscaino and members of the Buscaino Lab as
detailed throughout this thes{$chool of Biosciences, University of Kent)Primary
supervision of protein work was provided by Dr. Abhimanyu K. Singh in the laboratory
of Professor David Brown (School of Biosciences, University of K&mypsin digestion

and mass spec analysis were assistedupgrsgision of Dr. Kevin HowlandSchool of
Biosciences, University of KentBupervision for crystal tray preparation, microscope
observations, thermal shift assay and other aspects of protein work was provided by
Susanne Schroeder (School of BioscemdJniversity of Kent)Colin Robinson, Richard
Bazin and Stephen Irving grgentaCharles River Laboratories (Canterbury, UK).
Supervisiorof microscopyby Microscope Facilities Manager lan Bro@Department of
Biosciences, University of KentGeneraibn of codon adaptation graphs was done by Dr.

Tobias von der HagSchool of Biosciences, University of Kent)
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3.3Goal 1: Solve the structure of important domains ofC. albicans
Hdal protein to evaluate its potential as a drug target.

3.3.1 Evaluate Hdalby structural alignment and domain analysis

Currently structural information about Hdal is lacking, we sought to optimize a
purification and crystallization protocol to provide structuraloimniation, gather
information about the folding of this proteindto inform strategies for the development
of inhibitors as potential therapeutids. orderto begin characterizinghe predicted
domain structure of. albicansHdal we used the Simple MdduArchitecture Research
Tool (SMART) tolearn moreaboutthe ptential structure and domain architecture of this
protein (Letunic et al. 2015; Schultz et al. 1998§MART analysesshowedthat C.
albicansHdalproteinis likely composed ofwo domains(1) cataltic coredomain and

(2) an Arb2 domainKig. 3.2). A closea analysis of the data showed that ttagalytic
domainwas highly conserved while the Arb2 domain had less conservation and may be
species specifigFig. 3.1).

Further computationanalysis usin@LAST also demonstratetthat the catalytic
domain is congeed We observed conservation fro@andidato HDAC sequences in
humans Fig. 3.1). The closedtuman homolog of Hdal was thHDAC6 Isoform 2 (42
% identity; 61 % similarity E-value:2e-93) which was followed by HDAC10 (31 %
identity; 50 % similarity E-value: 3e64) and HDAC4 (34 % identity; 48 % similaritiz-
value: 2e79) (see Sectiod.5.2).

BLAST analysis also showd that thisconservatiordoesnot extend tothe Arb2
domain which was matched only with low significance to if@mo sapiengprotein
cadferin-13 isoforms (21 % identity; 28 % similarjtig-value = 0.093 which is a very
different protein that has no histone deacetylase acf{i@er et al. 2010)

Anothernotablecomponent of the Hdal protasmtheN-terminal sequence region
which is absent in the yeast proteins relative to their human counteAuaaitgsis ofC.
albicans Hdal sequence with human sequences clearly delineates the differences in
conservation between the domafrgy. 3.1;strict idenity is noted as white letters on red
background). Identity is observed throughout the catalytic domain while it is absent in the
Arb2 region
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Figure 3.1 Alignment of C. albicansHdal with similar human and yeast protein
sequencesnd overlay of secondarystructures

Secondary structure identified by Phyre2; Consensus sequence displayed by ESPript 3.0
with a global score threshold setting of 0.7; strict identity is noted as white letters on red
background and highly similaesiduesarecolored in red wittblue frame
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SMART analysispredictsthat the Hdal protein (833 amino acids) includes the
following Pfam domains: Histone deacetylase (aa438), Arb2 (aa 46669). Outlier
homolog SMART seards identified thedDAC4 zinc bindng domainhavingsimilarity
(aa 119491)to CandidaHdal in the catalytic corfeirther confirming the conservation of
this region. HDAC4 has an additional stretch of amino acids in this reB@enSMART
analysis also notes three regions of low comple@ity1428, 537547 and 73-783) one
within the Arb2 domain and the others located near each g theo t termimid.ew
complexity regions are also identified $1 cerevisiagaa 2139) andS. pombdgaa 640

648)suggesting that these may be yeast spa@fions

DAC Arb2
C. albicans — — — 233
aal30-456 _
ol ( ) (aad67-669)
N DAC Arb2
5. cerevisiQe — e (aa69-395) — (33408-579) =— 706
Hdal 70.6/85.6% 31.4/51.5%
DAC Arb2
S. Pombe — (aab6-384) = (aa396-562) 687
Clr3 55.4/72.8% 22.1/44.6%
s, Pomb Arb2
. Pombe = (aa38-183) = 351

Arb2 17.2/29.6%

Figure 3.2Homology between majorC. albicansHdal domainsand those ofsimilar
yeastproteins
Values show comparison with. albicansHdal (% identity/% similarity)comparisons
mack using EMBOSS Stretcher and SMARAdapted from portion of Figure 1B from
Yang Seb 2009(Schuliz et al. 198; Letunic et al. 2015; Yang & Seto 2009; Rice et al.
2000)

SMART analysis depends on prior structure determination of related proteins.
Over 500 domain families have beannotated in the SMART databa&chultz et al.
1998; Letunic et al. 2015)The structure of several histon@leacetylase domains are
present in thelatabase. The closest functional homolog of Hdal in the databaseSis the
pombehistone deacetylase ClIr3. Thedeling of Hdal based on solved structure provides

a realistic estimation of the structufeg. 3.3).
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Figure 3.3Model showingprediction of C. albicansHdal protein structure
Colored by Phyre2 model confidence: Red > 97%; Blue, 0%; Hdal: 71%diessat >
90% confidence based upon S. pombe CIr3 (Protein Data Basé&B@®l)(Kelley et al.
2015; DelLano 2002; DeLano 2009)

Taken together the in silico analysis suggests that structurally there is significant
conservation between CIr3 a@d albicansHdal. The conserved residuiesin the region
of amino acids L117 to E826 and other regions of Hdal have no predicted stoxcture
model identified. This matched region of 593 aligned residues shows 43 % identity with
100 % confidenceand 11 insertions (sized-35 nucleotides) (se€ASTA pairwise
alignment Appendid.1.1).

3.3.2 Express and purify recombinant Hdal
Having computatinally identified the putative domains of Hdadpproache@nalyang
this protein structurally. The initial goal of the experiment wa®xpress solubl€.
albicansHdal protein in arE. coli expression system from a synthetic construct of the
HDAL1 gene Since not much is known about the actual structure of thdefudith yeast
C. albicansHdal protein, expressioof this protein is the first step towaratpering
important information about the prote@fslding and functions. Of specific interest are
the domains of this protein which are unique to yeast since they have the potential to be
exploited as drug targets to combat infections by this pathogen.

3.3.2.1 His tagged Hdal

Protein expression i&. coliis a tried and tested method to obtain large amounts of a
protein for further analysis. | decided to express a tagged version of Hdal which would
therefore be amenable to purification. | constructed anpl with Hdal in the vector
pET21 (ABp_92) and thisecombinant construct was then transformed into BL21(DE3)
pLysS cells. Thi€. coli expressiorstrain expresses low levels of T7 lysozyme which

functions as an inhibitor of T7 RNA polymerase and redbessl leaky transcription of
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recombinant proteins vile indudng of expression of the recombinant protein simply
involves the addition of IPTGrurthermore, glucos@.2 %)wasadded tahe media to
decrease leaky expressioh target proteins within thegl vector expression system
(Novagen 2003)Additionally, this strain (and all BL21) is deficient in proteases known
to degrade proteinggn andompT).

Cultures were grown at 37 °C to an 6¢nf 0.6-0.8 and inducedvith 1 M IPTG.
Following induction growth waallowed forl-3 hoursat 37 °Cor 20 hourst20 °Cbefore
harvestingHarvested cells were lysed by sonicatiseg Sectio.25) and the cell debris
(insoluble fraction) removed bgentrifugation before rptein levels assesd by SDS
PAGE gel electrophoresighis analysis showed that Hdal could be expressed Hsing
coli. Full length Hdal containing a-terminal 6xHis tag is estimated to be 94 kDa and
two bands were observed in fhaestinduction samples with sizes arounddXkbDa and 85

kDa (Fig. 34; Arrows). This dual banding pattern may be due to degradation.

250 kDa
150 kDa | S

-
100 kDa &«
75 kDa

50 kDa

37 kDa

25kDa
20 kDa

15kDa

Figure 3.4Hdal-6xHis expression andsolubility tests show potential low level soluble
expression

Tess show low levelolubleexpressionExpression test at 3T at 1, 2 and 3 houend
Solubility test at 20C overnight. Lane 1: Marker; Lane 2: Aneluction; Lane 3: 37 °C

1 hour; Lane 4: 37 °C 2 hour; Lane 5: 37 °C 3 hour; Lane 6: 20 °C insoluble fraction;
Lane 7: 20 °C soluble fraction. The arrow pointshetwo bandsat ~120 kDaand ~85
kDathatwere thoght tobe soluble tagged (*) Hdal (~93.98 kDarptein

Closer inspection of the SDS PAGE gel showed that while we could see expression

of this protein, the levels of expression were not significant. Néeefore decided to
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optimize conditions for highevel expressiorto generateenoughprotein for further
biochemical and structural studies.

Our analysis of the expression was premised on the presence of bands of
approximately the correct size. We decidecconfirm the identity of the protein using
massspectrometry.

Expression ofHDA1-6xHis wasinduced and theén-gel trypsin digestion and
MALDI -TOF peptide mass fingerprintingere performedsee Sectio.2.11). While this
could perhaps have been testadre easily by western lloa quick evaluation by
InVision His tag stain showed many background bands which ladiézision tdestthe
various bands by mass spectromeylist of peptide mass values from an enzymatic
digest of 6xHis Hdal were quergkagainst the SwissProt databaBee analysisshowed
that the ban@dbove 100kChad thehighest MS total score: 192, p < .05/ MSMS peptide
recognition score: 49, p < .@Gd this band matched the sequenc€ .calbicansHdal
This unambiguously demonstrdtthat the protein was being exprass@ad was the band
with an apparent molecular weight of ~120 kDa. In addition to this band analgsis
confirmedthat the protein bandear 75 kDanatchedC. albicansHdal(highest MS total
score: 239, p < .05) /MSM$eptide recognition score: 38; signdnt if > 39) (see
Appendix2.2.1for full list of peptides found)While other lower bands (present in post
but not preinduction samples) were analysed (~70 kDa and ~50 kDa), they did not match
Hdalprotein.The resilts clearly showed that the ~75 kDa band was a truncated fragment
of Hdal. Given the molecular weight of this band and thHer@inal tagging of the
construct, which was analysed by Ma&gec, it is likely that the degradation occurred near
the Niterminus The estimated molecular weight for the amino acids from K108 through
the end of the His tag is 84.9 kBaggesting a specific cleavage at or near this lysine.
These data suggest that the protein was either unstdbleati cells or degraeld during
protein purification

To confirm that the presence of pLysS plasmid was not affecting protein levels
through oveiregulation, BL21(DE3) cells weralso used in the expression analysis
this did not change theutcome(Novagen 2008 In addition to low expression levels,
partial insolubility was also observed as a bahthe same size was also obseriethe
insoluble fraction(Fig.3.4, Lane 6).Unfortunately educing ambient temperatudering
thenickel batch purification digiot improve solubility.

One of the reasons why specific proteins are not expressed in high IEvelah
is due to differences in codon frequenci€s.try and understand why we were seeing

132



such low expression levels, wemputationallyanalyzed theyntheticC. albicansHdal
sequence in the context of codon usagk byoli. This evaluation wagerformedo check
the suitability of this syntheti€. albicansdbased Hdal sequence for translatiok.iroli
given the organismal differences in tRNA populati(Msarin et al. 2017§Fig. 3.5).

1.0 15

1
(o]
o
o
o
o
B

0.5

«€— Hdal sequence

Decoding Speed [sec\codon]

0.0
1

1/CAl

Figure 3.5 Codonadaptation of synthesizedHDA1 sequence forexpression inboth

E. coliand S. cerevisiaés not ideal for E. coli specificexpression

CAI -codon adaptation index (1/CAD: good 1 bad; gen = best possible sequence and
red = worst; black = synthetic Hdal sequerthés study The traces are averaged over a
window of 50 codons. The circles are the adaptation values of the individual codons. Note:
Figure made based up®iDA1 synthetic sequeare by Dr. Tobias von der HaéChu &

von der Haar 2012)

The evaluation shows many badly adapted codons whaldd suppress
expressionn E. coli. As can be seen iAgure 35, while the sequenad@lack) is not the
worst possible (red) it is also not ideal (green). To address this issue, we expii@sded
in an E. coli strain Rosetta (DE3) that incorporatdditional copies ofRNAs: AUA,

AGG, AGA, CUA, CCC and GGA (with their native promoteisjlditionally, the Rosetta
strain is mutant in thelac permeasanembrane transport protein whignovides for
regulated protein expression leyel of appliedPTG (Novagen 2003)To chek whether
varying IPTG levels might enhance thgeession we performed a test with expression of
the vector Rosetta and BL21 (DE3) with incremental increase of IPTG added (400 mM to

1 M). However no significantincrease in expressiomas observedHig 3.6).
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400 pM IPTG; 37 °C
| 600 UM IPTG; 37 °C
| 800 UM IPTG;37 °C

- | 1MIPTG:37°C

400 pM IPTG: 16 °C
600 tM IPTG: 16 °C
800 UM IPTG; 16 °C
1 MIPTG; 16 °C
Ladder

Pre-Induction

= | <135
<100
<75

Figure 3.6 Trial of Hdal-6xHis with various IPTG levelsshows no apparent effect
on protein expression level

| next hypothesized th#étte low levels of expressiaould be a result of the tag at
the Gterminus of the protein. | therefockonedHdal irto pET28bto provide a thrombin
protease leavable Nterminal 6xHis tag.

The resultingplasmid wastransformedand cultured at 37 °C and protein
expression was inded for three hours wittb00 mM IPTG. However, ncreased
expression was not observdaata not shown

Further optimization experimé&nwere performedBased upon the presence of
the zinc binding site in homologs of this protein (see Section 3aAdlyeslis from
homo sapiensiIDAC4, (Bottomley et al. 2008he culture was supplemented with
2 0¢ M B0 prior to inductionFollowing modificationspublished protocol his
analysis was performed with batDA1-6xHis and 6xHisHDAL (Lysis Buffer: HEPES
pH7.5 25 mM, KCI 200 mM, Glycerol 30%, N&O 0.5 %, DTT 1 mM; Wash Buffer:
Dilution Buffer: Lysis Buffer excluding NBB0 detergent and glycerol mixed 1:1 with
lysis buffer, Elution Buffer:HEPES pH7.5 25 mM, KCI 200 mM, Glycerol 10%P-40
0.1 %, DTT 1 mMjmidazole 150 mMJ}Bottomley et al. 2008 However, no significant
improvement in protein expression was obtain@&hta not shown)

Additional adjustments were made in attempt to increase protein expression and
solubility, including lowering the temperature to 16C (grown overnight)as well as
addition of PMSFor protease inhilbors to reducelegradationHowever none of these

134



manipulations led to a substantial increase in protein expresSmmsequently, we
hypothesized that the reason for the low expression was inherent instabilitytajged

protein.

3.3.2.2 GST tagged Hdl
As shown in the previous Section, the levelxgression of Hdal with 6xHis tagging was
too low to use for structural studi¢&otein expression is often reduced due to suboptimal
sequences in the-términi of recombinant proteinSeveral tags are ed to remedy
expression problems including the Mae Binding Protein (MBP) and Small Ubiquiin
like Modifier (SUMO) protein. We chose to trige a large highhsolubleGlutathione S
transferas€GST) tag in the Nterminus has been shown to allow for higr expression
of recombinant proteifNovagen 2003)

The recombinant plasmiétdal fultlength tagged at its N terminus with GST and
6xHis, was transformed into Rosetta (DE3) and the culture was grown at 3700640
= 0.6-0.8 befge induction with 400 mM IPTGt was thergrown anotheR0 hours at 16
°C. Harvested cells were lysed by sonication (for batch purification) or cell disruption (1
L culture and the cell debris (insoluble fraction) were remadwedentrifugation.

Making wse of the 6xHis taghe resulting supernatawas passed over WTA
resinfor batch purification §ee Sectior2.2.7.1) and eluted with 406iM imidazole.
Presence of GSBxHis-Hdal in the elution was confirmed by SIPAGE analysisGST-
6xHis-Hdal full lengh constructhas a predicted size df33.72kDa and the isolated
protein ran to a molecular mass seeound150 kDa (data not shown; representative gel
in Fig. 37A).

The identityof GST-Hdal was confirmed by gel excision and mass spectrometry.
A list of peptide mass values from anzymatic digest of GST tagged Hdal were queried
against the SwissProt database (see Sectionl? Zntl matche®. albicansHdal. This
analysis confirmed the presence of Hdal peptides in the digested samples of excised bands
from just below 150 kDamnarker line (MS total score: 145, p < .05/ MSMS peptide
recognition score: 45, p < .05) (see AppendX 2for a full list of peptides foundMost
importantly, preliminary analysigsing Nicolumn batch purification showed that GS
tagging improved yielsl (Fig. 37A).

Thissystemwas taken foltarger quantity purificatiork. colicultures were grown
in 1L of LB media.After harvesting and lysis, the protein was purified from the soluble

fraction.
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The supernatant was applied teetnickel affinity colum and eluted with an

increasing gradient reaching limidazole (Fig. 3B).

@)

W
-~
—

X2 22
5555
. :
i
’
Absorbance at 280 aM [mAU]
g
Buffer B with Imidazole [1M]

12 3 4 5 6 7 8 9 101 12 2,500 r 120
2,000
pra— e L 80
_-! - 1,500

=

L 60 .
— mAU

1,000
| s

g 500 —‘—/ L 20

0 (A~
200 210 220 230 M
Volume (mL)

Figure 3.7 Purification of GST-6xHis-Hdal by FPLC: Nickel affinity
chromatography

(A) 10 % (w/v) SDSPAGE Gel Lanel: molecular mass marker; La@ePre-induction;
Lane 3. Postinduction; Lane4: crude lysate; Lané: insoluble fraction; Lan&: flow
through from crude lysate; Lafe 10 mMimidazole wash; Lan81 12: fractions from
increasing levels (%) of 1 Mmidazole Wash Buffer BTris-HCI pH7.520 mM, NaCl

200 mM, imidazole 20 mM and BME 4 mM with added imidazol8yT and 6xHis
tagged Hdal (*{B) FPLC chromatogram of tagged full length Hdal. The arrow points to
tagged Hdal

SDSPage analysis after nickel affinity column purification showeduafipd
protein of the predicted size (~133.72 kDa; Arjoxdditional bands in this fraction are
either degradatiomr minor proteincontaminantsThe eluted protein was pooled, and
buffer exchanged into IEC Buffer Gee Section 2.2.7.2)

To further puify the protein, ion exchange chromatography was performed using
a 5 mL HiTrapQ HP anion exchange column (GE Life Sciendég) 8.8B). The PI of

GST-Hdal is 4.76 and the buffer pH = 7.5 left the protein with an overall negative charge
so that it would bid to the positively charged resin in the column.
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Figure 3.8 Purification of GST-6xHis-Hdal by FPLC: lon exchange
chromatography

(A) 7.5 % (w/v) SDSPAGE Gel 1- Lane 1. molecular mass marker; Larg- 14
fractions from increasing levels (%) of 1 NaCl wash. Gel 2Lane13: molecular mass
marker; Lane® and11: spacer Laneno sample; Lan@2 1 8, 10 and12: fractions from
increasing levels (%) of 1 M NaCl washl133.72kD GST and 6xHis tagged Hdal (*) is
observed in Lanek5, 7-8, 10and12(B) FPLC chromatogram of tagged Hdal. The arrow
points to GSTHdal

After IEC samples were assessed by SD&E, as can be seenkigure 38A
and the protein had a retention volume of-$2@ mL and was eluted at 2738.5 % NacCl
is observed (Lanei 11 ofFig. 3.8A). This reduced but did not eliminate the background
banding patterns and further purification was needed. The appated size of the GST
tag is 26 kDa and could account for only the very smallest of the background bands.

These samples were gded and further purified by size exclusion chromatography
(Fig. 39). Purification by size exclusion chromatography is describe&kkrtion2.2.7.3.

The SDSPAGE gel visualizes the fractions eluted from this sizing column (Fé@\) 3.
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Figure 39 Purification of GST- 6xHis-Hdal by FPLC: Size exclusion
chromatography

(A) 7.5 % (w/v) SDSPAGE- Lane 1: molecular mass marker; LarZe Concentration
column flow through; Land: spacer Laneno sample; Lan&, 51 9: fractions from
wash ~133.72D GSTand 6xHis tagged Hdal (*) is observed in LaBasd5 (B) FPLC
chromatogram (Superdex 200 10/30 GL)poftein sampleThe arrow points to tagged
Hdal.

Full length tagged Hdal protein had a retention volume of-+Z mL. The final
samples containg the protein were pooled, and final protein concentration was 82.28
pg/mi.

Since lower bands were observeédy( 3.9A rows 6&7) and degradation was likely
given prior mass spectrometry resulted Section 3.3.2.1)a defrost experiment was
carried outo sedf the full-length protein could be degraded in a controlled manner. While
crystal nucleation is reluctant to occur in a heterogeneous sample, a homogenous degraded
state can increase the possibility of nucleation. The strategy was trialed tos#edied
degradation could move the mixture of fldhgth and smaller protein isolates to the stable
degraded size observed in the lower bands with the goal of harvesting enough protein with
this existing protocol for crystallization studi@shis trid for degradation was performed
on protein samples by four approacfese Section 2.2.14 aki. 3.10. However, when
assessed by SPB¥age gel, no further degradation had taken place and banding held the

same pattern as the p&EC gel
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Figure 3.10Trials with stres®rsto GST-Hdal protein show no further degredation
Degradatiortrials: (1) heat at 70 °C for 10 mjr{2) incubate atoom temperature for 2.5
hours,(3) storeovernight at 4 °C(4) As normally processed but wiME excluded
from loading dye.

These data show that G$dgged Hdal can be obtained at higher levels compared
to His tagged Hdal. One concern that could be addressed in future experiments is whether
removal of the tag is necessary. This could be impbltacause the tags themselvesid
affect complex interactions. Whitke final amount of purified GSHdalfrom one liter
of culture was not sufficient for crystallization trials which usually require protein
concentrated to-80 mg/mL with 22 pL per well for 24 well or 0.20.3 uL pe well for
96 well mosquito trays by hangirdgop diffusion methogDessau & Modis 2011)The
proteén could be usedor other studies such asngle molecule biophysics analysis
(Hughes et al. 2014iHowever, these steps were not taken, as before progressing with this
work, it became important that we proceedwtrails at expression of the other complex

proteins, Hda2 and Hda3

3.3.2.3 Expression testing of Hdal domains
Expressing full length Hdal is challenging and will require additional optimization before
sufficient amounts of the protein can be isolafi@dcrystallization studies to beasily
performed. While we are currently unable to gain structural informatioth@rintact
protein,we decidedry expressiorf the individual domains. Theass spectrometry data
confirmed degradation of Hdal to at lease species (~75 kDaJhis partially stable
degradation product suggested the presence of a stable folded addtheirprotein. Vé
designed constructs around fiiely degradation sites and at nea®WART predicted
domain transition points with theéna of obtaining stable and bettekpressed protein

domains that could be analyzed structurally.
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Many constructsKig. 3.11) were designed based on modeling of Hdal domains:
namely the catalytic domain aWdb domain alone or through the end of the gerté wi
various start siteseeSection 3.3.1)Theseragmentof the gene were amplified by PCR
(Fig. 3.1) and clond in frame with a @erminal 6xHisand/or Nterminal 6x His for

expression testinsee Section 2.3).

» o o - e
C alicans T es130459) x5 833
= =
Cloned

Construct Description ?Ar\iénoe_r)s Aargii(r;(s) E)'Ia\aggn_i)d plggr-:]i d
catalytic with hydrophobic domain 3?[01?381‘2 g?l)?% 112/116| 21b/28b
catalytic w/o hydrophobic domain 33101?381‘2 zé;_,g 114/118| 21b/28b
Z?lgazlydtl(():mwz;? Ck;r)]/lc)llrophobl-c domal-n through 48?2/335 216%% 164/146| 21b/28b
Z?kt)azly(/jtg:mvgitrr: Qsl/lc:/rophoblc domain throug| 48?413,/385 ’?lélé)é 159/168! 21b/28b
Arb2 domain only 42‘;’1‘85 e | 162/147| 21b/28b
alternate catalytic domain start with 494/495 | A131-

gyrqtlj;ophoblc egion through Arb2 domain & 365 NG69 160/169| 21b/28b
alternatecatalytic domain start without
hydrophobic region through Arb2 domain
only

494/495 | D142

2 366 NG69 161/163| 21b/28b

Figure 3.11 SchematicshowingHdal construct boundariesand table with details of
constructstrialed

(Top) Constructtairt and engboints are indicated by blue arrgvikese are lggo anneal
sites for amplification of portions of Hdal protein prior to clonimg@ expression vector.
(Bottom) Table listing det&s of norrexpressing constructs.

*All constructs were cloned into tiNdd andXhd restriction sites of the vector plasmid.
(Letunic et al. 2015; Schultz et al. 1998)

All but three of these constructs did not express Widlese three were further
characterizd. Only the plasmid with the Arb2 domain through the end of the eade
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enough soluble expression tofoetherpurified(see Section 3.35). As described in the

next section,he wo catalyticdomain only constructs expressed well but were insoluble.

3.3.2.4 Cloning and expression df. albicansHdal deacetylase

domain
While several start and end site versions of constructs to express the deacetylase domain
of C. albicansHdal were evaluatetivo showed significargxpressiorevels.

The first of theselomain constructs was designed based upon the CIr3 catalytic
startsite S. pombeCIr3: D75) as it aligne€. albicansHdal sequence (DACIr3). The
second was a similar Pfam Histone deacetylase domain informed construcPfamd.

Both constructs carrgn N-terminal 6xHis tag. These constructs end just after the aatalyt
domain (G457) and vary in start site based upon the catalytic domains defined by CIr3
(A131) and Pfam (D142) designations.

For protein over production tHe. coli strain BL21(DE3) wasransformed with
6xHis-DAC-CIr3 or 6xHisDAC-Pfam. The resulting strawas grown at 37 °C in LB and
protein expression induced withM IPTG for 20 hours at 16 °C. Multiple batches were
done in parallel in attempt to solubilize these proteins and adjutstnmetuded addition
of ZnSQ (100 mM) to the growth media 30 minigrto induction, addition of protease
inhibitor tablets before sonication and growth in 2YT mddi& media with 2x yeast
extract and tryptone)After lysis by sonicatiothe cell debriginsoluble fraction) were
isolated by centrifugatiorexpression wasisualized bySDSPAGE gel electrophoresis.
The two proteins gave virtually equivalent band density at their theoretical molecular
weights of 6xHisDAC-CIr3 = 38 kDa and 6xH®AC-Pfam =37 kDa, both ran to a
location just above the IDa molecular markdine with the latter taking a slightly lower
position Fig. 3.12A).

Making use of the Merminal 6xHis tagtte resulting supernatant was incubated
with Ni-NTA resinfor batch purificaton and eluted M imidazole. Presence of 6xHis
DAC-CIr3 or 6xHisDAC-Pfam (Arrow) in the elution visualized by SBFBAGE analysis
(Fig. 3.12B).
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Figure 3.12 Expression and solubility tests of 6xHiDAC-CIr3 and 6xHis-DAC-
Pfam show insolubk expression

(A) Expression Test 10 % (w/v) SBEFSAGE, Lanel: molecular mass marker; Larze
Preinduction; Lane3: Skip; Lane4: Postinduction; Lanes: Skip; Lane6: Preinduction;
Lane7: Skip; Lane8: Postinduction (B) Solubility Test, Lane 1: molecular mass magrke
Lane 2: Flow through 6xHi®AC-CIr3; Lane3: Flow through 6xHisDAC-Pfam; Lane
4: Wash; Lané: Wash; Lanes: Skip; Lane 7: Elution 6xH¥DAC-CIr3; Lane8: skip;
Lane9: Elution 6xHisDAC-Pfam; Lan€elQ: skip; Lanell:insoluble fraction 6xHiDAC-
CIr3; LanelZ skip; Lanel3: insoluble fraction 6xHiIDAC-Pfam. (*) indicates location
of potential protein bands and arrow designates molecular weight location.

Solubility tests showed bands in the insoluble fractions (Fig¢B3.Lanes 11 and
13). In conclusionthe two catalytic only domain constructs expressed insoluble protein.

3.3.2.5 Cloning, expression and purification of. albicansHdal Arb2
domain
The constructhat expressedest was the Arb2 through the end of thet&@minus
(Arb2+C) construct. The ched plasmids allowed the protein to be translated with a C
terminal or Nterminal 6xHis tag (respectively).

For protein over production tHe. coli strain BL21(DE3) was transformed with
6xHis-Arb2+C or Arb2+C6xHis. The reulting strains were grown at 37 and
expression obxHis-Arb2+C or Arb2+C6xHis was induced witd00 mM IPTG for 20
hours at 16 °CHarvested cells were lysed by sonicatisadq Sectior2.25) and the cell
debris (insoluble fraction) were removed by ttéagation.

Making use of the XHis tag he resulting supernatants were passed ov&TH
resinfor batch purification and was eluted with G&®1 imidazole. Presence of the protein
in the elution was confirmed by SEFSAGE analysisThe two plasmids gaverotein with
virtually equivalemn band density with the estimated molecular weight of 43 kDa protein
running to a location just above the 50 kDa molecular weight marker line (data not shown;

representative gel in Fig. 8A). While expression was somewhat low, it was potentially
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enough or further purification. The Nerminal tagged (6xHig\rb2+C) version was used
for further expressiotests(ABp_119).

Additional trials tested transformation withE.coli expression strains
(BL21(DE3)pLysS, Overexpress C43(DE3) and Rosetta(DE3))e Overxpress
C43(DES3)strainis a derivative of the BL21(DE3) strain which has been studied for its
ability to increase plasmid stability in the case of toxic recombinant protein expression
(DumonSeignovert et al. 2004)None of these strains significantly improved the
expressiornevels of this protein (data not shown).

For final cultures, the 6xHi&rb2+C plasmid was transformed into BL21 (DE3)
cells which were grown in litre LB media using the same protocol (dietd above). The
harvest gave ~20 grams of celihich were lysedby cell disruption and from the
supernatant, protein was purified as detailed békme £ction 2.25).

The supernatant was applied to the nickel affinity column and eluted with an
increagng gradient toward 1 Nmidazole(Fig. 3.13).
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Figure 3.13 Purification of 6xHis-Arb2+C by FPLC: Nickel affinity chromatography
(A) 10 % (w/v) SDSPAGE, Lanel: molecular mass marker; LaRecrude lysate; Lane
3. insoluble fraction; Land: flow through from crude lysate; Larte 10 mMimidazole
wash; Lane$-13: fractions from gradually increasing levels of 1liMidazole; 6xHis
Arb2+C construct (estimated: 47.7 kDa) of Hd&)Li§¢ observed in LanesTl (B) FPLC
chromatogram by of tagged Arb2+C. The arrow points to tagged &xiBia+C construct.

The retention vinme was 52%41 mL and the protein eluted at-383 %
imidazole. As seen in Figure 3A, after nickel affinity column purification the sample
showed someadditional bands of either contamination or degradation in addition to a
protein of the correct siz8he samples with eluted protein can be seen in Larieks 7
below the 50 kDa molecular marker line which is appropriate given the estimated weight
of the tgged construct which is 47.7 kDa. These samples were pooled, and buffer

exchanged into IEC Buffer fsee Section 2.2.7.2)
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To try to increase the protein yield, we increased the lysis buffielazolelevel
(to 20 mM) sincamidazole levels can decreasenspecific binding of host proteins to
nickel by interfering with the binding of untagged protemshe column(Qiagen 2003)
However, this adjustment tilne lysis buffer showed no significant elimination of the
additional bands (data not shown).

Protein samples from Nickel His Trap column were kept overnight at 4 °C. The
nex day this sample was subject to buffer exchange into IEC buffer A by-B0RD
HiPrep26/10 desalting columfsee Section 2.2.7.2)on exctange was performed by
anion exchange column on 6xHigb2+C protein as described in Section 2.2. The
isoelectrc point (pl) of this tagged protein is 4.68 and buffer pH = 7.5 which left the
protein with an overall negative charge so that it would twritle positively charged resin
in the column. The purified protein is observed in the $IASE gel (Fig3.14A)
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Figure 3.14 Purification of 6xHis-Arb2+C by FPLC: lon exchange chromatography

(A) 10 % (w/v) SDSPAGE, Lanel: molecular mass marker; Larze Pooled samples
from nickel affinity column; Lane3: flow through; Lane4: wash with 100 mM NacCl;
Lanes5-10: fractions from increasing levels (%) of 1 M NaCl washtimated: 47.7 kD
6xHis-Arb2+C construct of Hdal*} is observed in Lan8 (B) FPLC chromatogram of
tagged 6xHisArb2+C. The arrow points to 6xHik&rb2+C protein.

The protein (Arrow) had a retentiomlume of 10711 mL and eluted from the
column at40- 44 % 1M NaCl The sanples were pooled, and SEC purification was
performed using &liload 16/60 Superdex 75PG size exclustoiumn (Fig. 3.5B) (see
Section 2.27.3).
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Figure 3.15 Purification of 6xHis-Arb2+C by FPLC: Size exclusion chromatography
(A) 10 % (w/v) SDSPAGE, Lane 1. molecular mass marker; Larie Concentration
column flow through; Lane8 & 8: spacer Laneno sample; Lan&81 5, 7, 9 fractions
from size exclusion column wask47.7 kD &His-Arb2+C construct of Hdal*) is
observed in Lanes, 5 and7 (~37-53 mL) (B) Secondary Nickel Batch Purification of
thrombin cleaved Arb2C construct: 10 % (w/v) SBDBAGE, Lanel: molecular mass
marker; Lane: Flow through from secondary nickel camting Cleaved Arb2+C domain
(C) FPLC chromatogram of 6xHikrb2+C. The arrow points to tagged 6xHigb2+C.
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The SDSPAGE gel visualizes the fractions eluted from this sizing column and the
protein in Lanes 4, 5 and 7 with a retention volume of-53/L (Fig. 3.15A). The
purified 6xHisArb2+C construct yielded ~15 mLf grotein at 0.089 ug/uL which
concentrated to ~30 pL at 9 pg/uL (Fig. 38).

This purified protein was allocated to crystallization studies done with small
volume mosquito screening: Wizhand HamptotHT. These and several other screens
(for full list seeSection2.28.1) yielded no crystalsSome protein (30 pg) was allocated
for a thrombin cleavage teahd he resulting cleaved protein was used for crystallization
screes. The goal ofthe thrombin cleavage test wasdee ifcleavage of the tag might
yield protein which was more inclined to form crystafather than cleave the entire
isolate, this initial test was undertaken based on the fact that thrombin cleavagary
in its spedicity and proteins carundergodegradatio{Cantwell & Cerca 2006)

The protein was diluted in $Ebuffer and thrombin was added for overnight
incubation at 4 °Q(see Section 2.2.4). The cleavage mixture (protein components:
cleaved Arb2+C, uncleaved 6xHigb2+C, thrombin and 6xHis tag) was purified by
secondary Nickel batch purificatioadeSecton 2.27.1) with Ni-NTA Agarose Resin to
isolate the pure proteiinom the remaining tagged protein and cleaved tag. The cleaved
protein sample was observed in the flow througportion of the proteinvasunaffected
by the thrombin. Thisincleaved fractin wasobserved in the elution done with Buffer B:
SEC Buffer + B0 mMimidazole Fig. 3.15B, Lane 2) at .06 pg/uL in 15 mL and once
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concentrated to 0.9 ug was brought forward to a mosquito crystallization seeen (
Section 3.2.6). This sample concemtion includes the added thrombin which runs in
very close size~37 kDa) to the Arb2+C (~45.6 kDa) protein. There is an apparent shift
in size with loss of the thrombin site and 6xHis tag of ~2.27 kDa as was apparent on
running the samples through SIPAGE gel Fig. 3.15B).

3.3.2.6 Crystal Screens, analysis and Therm&hift assay with Hdal
Arb2 domain protein
Before setting up crystal tray the 6xHsb2+C protein was concentrated, and buffer
exchanged to an appropriate crystallization buffeistHCI pH7.5 20 mM, NaCl 50 mM,
glycerol 5 % and BME 2 m

The purified 6xHisArb2+C protein was screened by hanging drop crystallization
using a mosquito LCP machine with Wizard and Hampton HT screens at 4 °C (Wizard
and Hampton HT) and 20 °C (Hampton HT) apdteermal melt assay to evaluate protein
folding.

The crystal tray for Arb2+C (thrombin cleavadithout 6xHis) was prepared by
mosquito LCP using a Hampton HT screen at 20 °C. Early monitoring of the tray saw no
crystal nucleation.

After six weeks, onergstal was harvested from welfhe crystal wasemowed
via aCryoLoop(Fig. 3.16). It wasstoredin its original growth buffewith added glycerol
and frozen idiquid nitrogenuntil synchrotron analysis (Diamond Light Source, Didcot
by Dr. Abhimanyu K. $hgh (Department of Biosciences, University of Kéngee
Section2.28.2) Thisimagingdid not give diffraction which can be due to the cryo

conditions used (H10 buffer + 25 glycerol), deterioration or other causes.
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(A) (B)

Figure 3.16 Image of 6xHisArb2+C in growth conditions andnon-diffracting crystal
on loop in synchrotron
(A) As found in Hampton screen of 6xkHigb2+C domain construct: H10 (20 %
Polyethlene Glycol monoethyl ether 550) (B) Crystal on loop beferayXiffraction
with beam line 8% 20um. [Crystal harvesting and synchrotron analysis was done by
Dr. Abhimanyu K. Singh

Since crystallization screens had initially not been producing crystals, we
proceeded to evaluate the folding of the purified 6xAtis2+C by thermal shift assay.
The 6xHs-Arb2+C screen was designed based upon observations of the crystallization
trays and expression protocols (for detailed screen layout see Appeh@xThis screen
showed naapparentmelt, but it still offered to contribute some information atthe
preferred conditions. Among those tested, the conditions with an observed slight change
in fluorescence included those with the base buffers: HEPES, Tris or MES, 1 6.5
addition of Glycerol 0.25 % and 1500 mM NacCl or KCI. The best condition @rsed
was simply Tris pH = 7.5. This is only informative at the most minimal level though since

assay did not show a normal melt curve.

3.4 Goal 2: Solve the structure ofC. albicansHda2 and Hda3 proteins

to evaluate their potentials as drug targets.

SinceC. albicansHda2 and Hda3 proteins are thought to have DNA binding domains that
likely play a role in thie function information about their structure is important in
understanding their precise role.hil¢ this section shows that attempts at solubifjz

these proteins did not prove enough (thwarting further steps toward structural analysis), it
nonetheless, outlines their successful expression and contributes toward protocols and

directions for futurevork on these proteins.
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3.4.1 Evaluate Hda2 and a3 by structural alignment and domain analysis
Currently no structural information exists ab@utalbicansHda2 and Hda3 proteins.
We sought to optimize a purification protocol to provide protein for cbrgam studies
that would unveil structural or futional aspects of these proteins.

To evaluate the predicted domain structur€ oalbicansHda2 and HdaBused
SMART analysis which predict thétda2 (699 amino acids) and Hda3 (835 amino
acids) eaclhave one Hda3 Pfam domain (aa 6840 and 24410 repectively) (Fig.
3.17).

The Hda23 Pfam domain is specifically found t@lass Il histone deacetylase
complex members 2 and 3 in fungi (this includes Ccql of porttbeh et al. 2016)
However, despite the existence ofyaup of proteins that contains the HeaZPfam
domain, the only structural information about this region is derived fSorerevisiae
Hda3DBD(Finn et al. 2016; Lee et al. 2009)

Hda2-3 cc
C. albicans — (aa68-340) —— (10181-591)  — 669
Hda2
cc cc
C. albicans - k) — (3594 oy (30713~ e §35
Hda3 (aa24-410) 652) 808)
16/31% [16/31%] 13/27% 18/39%
[13127%] [18/39%]
*Hda2-3 cc
S. cerevisiae Ll (aa7-339) — (aad69-637) — 574
Hda2 18/32% [22/37%] 19/33%
[7/17%: 16/30%]
Prefoldin
o *Hda2-3 (22494-631)
id":;e””“e o (aa26-299) — (3/40%  — 655
18/39% [32/45%) [12/19%;
12/33%]
Hda2-3 CcC
5. pombe —— (aa129-415) — (a2519-698) 1238

Ceql 15/28%

15/25% [8/15%] [9/18%; 13/24%]

Figure 3.17 Comparisons of major domains of C. albicansHda2 and Hda3 and
similar yeast proteinsshows homology

Emboss Stretcher and SMART analysisnparison wittC. albicansHda2 (% identity/%
similarity) and within brackets [ ] designate comparison WithalbicansHda3 domain

(s) *DBD domains evaluated lree paper werkarger than the SMART designated Hda2

3 domain of S. cerevisiae: Hda2 #3815 and Hda3 16333. Not shown inFigure:
Amino acids 675 of C. albicangdda2 domain is homologous to a hydrolase domain
of rhamnogalacturonase a from Aspergillusulaatus SCOPe entry dlrmga_; low
complexity domaing(Schultz et al. 1998; Letunic et al. 2015; Yang & Seto 2009; Rice et
al. 2000; Fox et al. 2014)Adapted fronportion of Figure 1B, Yang and Seto 2009
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Hda2 has one predictedt€minal coiledcoil domain (aa 48594) and two low
complexity egions (aa 2B9 and 611626); in additionthere isa thirdlow complexity
regionoverlapping (aa 403) the Hdaz3 domain(Fig. 3.15).

Model predictions for th&€.albicansHda3 Gterminal coiledcoil domain show
that there are two adjacent regions (aa692 and 713808) with this motif separated by
a low complexity region (aa 678B7) (Fig. 3.¥) (Schultz et al. 1998; Letunic et al. 2015)

Interspacing the features of Hda3 adzlitional low complexity regionearer the
Pfam domain (aa-80, 431455 and twoothersthat overlap the Hda2 domain(at aa
176221 & 282298). The protein also matches two outlier homolog regions (ab724
and 348484) with significant similarity tohte characterized structure §f cerevisiae
Hda3 DBD (Fig. 3.17) and some conservation is observed with the related Rad54
functional motifs(Letunic et al. 2015; Schultz et al. 1998)

It is notable that theC. albicansHda2 Pfam Hda3 domain and coiledoil
domans have in fact more similarityith S. cerevisia¢ida3 than Hda2Hig. 3.17). This
is reflected in the entire Hda3 proteins which share 26.0 % amino acid identity and 41.5
% similarity. Whereas, th€. albicansand S. cerevisiaeHda2 proteins hav@0.2 %
identity and 36.26 similarity EMBOSS Needle pairwise alignmei(Bice et al. 2000)

While S. pombeCcql pombe carries a Pfam Hda2lomain and is somewhat
comparable to Hda2 (identity 15 %/similarity 31 %) and Hda3 (identity 15 %/similarity
29 %) it alsohas a characterized coiledil domain (a&19-698) and low complexity
region (aa 484190there are alsthreepredictedoverlapping low complexity regions: aa
118132, 363381 & 567#586). This protein works in cooperation with the SHREC
complex which cortins proteins that function in the capgaf SNF2(Mitl) HDAC
(Clr3) (seeSectionl.8.2.
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Hda2DBD_C.alb NSNPPSIIYLPTPLTELQKSFVEHTLHLFSSELLN EVRSKRLKTSIDNLL

[lesssts I1--11z-11-- T N A

Hda2DBD_S.cer NSKKLKVYYLPVTLTQFQKDL--------- SEILISLHAKSFKASIIGEP

Hda2DBD_C.alb DSSTTIEESDI---------- IVNQNKISLCFE QLSIICDHPSLLIEHF

Hda2DBD_S.cer QADAVNKPSGLPAGPETHPYPTLSQRQLTYIFDSNIRAIANHPSLLVDHY

Hda2DBD_C.alb IPKKMLLSETNERQLNLSGKLELFNRIIDTLI S EQKPPNGYRIIWS

Hda2DBD_S.cer MPRQLLR!IEPTESSIAGSHKFQVLNQLINSICFRDREGSPNEVIKCAI IA

Hda2DBD_C.alb DNVKELELVEGIIVGKTLYYINSTMAKLFESTHFVPDL-------- KDKS

Hda2DBD_S.cer HSIKELDLLEGLILGKKFRTKRLSGTSLYNEKHKFPNLPTVDSTINKDGT

Hda2DBD_C.alb SDKV-----=====cmsmmemommemomemmeenemean- FINLLTT--

Hda2DBD_S.cer PNSVSSTSSNS NSTSYTGYSKDDYDYSVKRNLKKRK INTDDN L F LATTKH

Hda20BD_C.alb ----QQLSSNYVSDKDGECYDLIFSFDPNLDVQTPSIEILQRENGNQCPI
I-1-:11 U IR N N N

Hda20BD_S.cer LKHDQYLLANY------- DIDMIISFDPMLEVELPALQVL -RNNANK- - -

Hda2DBD_C.alb LVPIPVFTL------ EHIAL----==--===- QLPQPQQVD--~-~----

HdaZDBD_S .cer --DIPIIKLLVQNSPDHYLLDSEIKNSSVKSSHLSNNGHVDDSQEYEEIK
HdaZDBD_C.alb ----- LMESIDAALNKWRY-------cnueum KCINTL-VVNFFNLDEMS
B e e
HdaZDBD_C.alb NDFFTENYGLNMKE FWNMMHNNRQGLNKLLDNYNGQLVLS

Hda2DBD_S.cer KD--SSDSG----- FHQPQLTKLQYSSTELPLWDGPLDIK

Figure 3.18 Conservation betweers. cerevisiagHda2DBD and C. albicansHda2DBD
Alignment of S. cerevisiadHda2DBD (N5K415) to (aa N66A393; ~22.3 % identity/
38.9 % similarity)C. albicansHda2DBD protéen (Lee et al. 2009; Rice et al. 2000)
Symbols: (colon) indicates strong sitarity and . (period) weak similarity of the
compared amino acidEMBOSS Nedle

Alignment with S. cerevisiaeDNA binding domains by the Huber lab (that
contributed the structure of Hda3DBD) estimated thatGhalbicansHda2 and Hda3
DNA binding domais span and overreach the SMART modeled Hgi&am domains
(Figs 3.77,3.18 and 3.19(Lee et al. 2009)
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Hda3DBD_C.alb  ILDTTPEPPIIEPDIANI--NYSGDYQLPTPMYDFQKELTDQIVSLHYPD
LS 1 N (e L LT T e s TRETREERLEET .
Hda3DBD_S.cer  ILDTKPIPTIVDATTLGISGNTSGDYWLPTTMSLYQKELTDQIVSLHYSD

Hda3DBD_C.alb I’\YCELRDQR'-III\SLDICLEHCQLVSKHPYLLIDH\"PKhLTFkQ;

A R B L L rrry PR A e LR AR A O
Hda3DBD_S.cer ILav ETSHYKEDVILESMKT! KLHCSLVFTHDYLLIDH\“PKSLITRDV

Hda3DBD_C.z1b 9E«;~ETSG'FhV“nDLIrVLIDDKNWVSIHVCV\IHNKQHLFDLIDALL

AL e T T (o - O Mzl
Hda3DBD_S.cer 9AthEI.SG-\FS"LRDLIF\LV----QEYETETAI\J\.Q?GQTP -DLLEALL

Hda3DBD_C.zlb LGCSRSNNNVTVIRYSGNNVLRESKKKAQNKTTTSNSSTTTSTTTATTAIL
[ N RECHY R0 R0 I i Bl
Hda3DBD_S.cer LG----- NKVHIKRYDGHSI--KSKQKA----=-==-ccmececem e

Hda3DBD_C.alb  ATTTTTTATKKHKKKHATKEKGYGKHKIQNHSVTIHLIRRDGQTSKGRP
ST ) ) e Rl i
Hda3DBD_S.cer  =-=======-=======--mmeemmne- NDFSCTVHLFSEGINFTKYPY

Hda3DBD_C.&lb LKEVKFDLLIVFDGSVDT - ESDf FKLLRIQNRNVNINNNVNDNVNDNFMT
BRSSO P [ R SO R R Tomee [ DY
Hda3DBD_S.cer  KSKARFDMLICLOTTVDTSQKDIQYLLQYKRERKGLE------==----~

Hda3DBD_C.&lb SHIKSDRGRLLTRGRHSTRGRPSTKENLLVDKNSSEESIINLPPCAIIRL
Hda3DBD_S.cer  --==--v-=-ccce-e-- RQ&P ------------------------ iVRL
Hda3DBD_C.&lb IPTRTVETA(LYY--KDDEDKPDYLTKVISSIYCLRDSI@QLPDDIVPIY
P L A O USRI L
Hda3DBD_C.&lb HOKLTYFSHTFFDKLFQSTTMAQTKINGKNKYNDHYNDEHEHEHDHIHDH
aw ' WL .
Hda3DBD_C.&lb DHDHEYPGHPLPDLPKIIXFSPYDVERSLLTETRFH

[ s s o BER LD - < 0
Hda3DBD_S.cer  -------- WPLPDIYPLKQYTSMDVERSLLTEVHFK

Figure 3.19 Conservation between S. cerevisiaeHda3DBD with C. albicans
Hda3DBD includes functional motifs
S. cerevisiaeHda3DBD (16-K333) with area matched by EMBOSS Needle pairwise
alignment tool to (aa H1485; 30.2 % identity/ 43.4 % similarityg). albicansHda3DBD
protein. Functional motifs as identified $ cerevisia@renot well conserved, these are
marked by red boxgg.ee et al. 2009; Rice et al. 200@ymiwl : (colon) indicates strong
similarity and (period) weak similarity of the compared amindsic

The Hda3 DBD ofC.albicansshares 30.2 % identity/ 43.4 % similarity wigh
cerevisiaegHda3 DBD which has been crystalizgee et al2009) However, the DBD of
two yeasts Hda2 proteins are less similar sharing 22.3 % yantt 38.9 %similarity
(EMBOSS Needle pairwise alignmeriBice et al. 2000)in comparison of the twdhe
DBD of S. cerevisiaddida2 and Hda3 share 20.3 % identity/ 32.3itnilarity while the

same comparison 8. albicansgives 15.7% identity and 29.86 similariy.
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This analysis shows that overall, the Hda3 DBD, Pfam and eodégbrefoldin
domains are more conserved betw&ererevisiaandC. albicansthan the compable
domains of HdaZT his pattern of conservation is also observed in the relative lardersho
of these proteins.

Overall very little is known about the structu& albicansHda2 and Hda3
proteins. Consequently, if information is to be deribgdomparisonsexisting structural
databased estimations are a good starting point. As such gitti®s offers a discussion
of the existing proteimwhose structural datare used as templates for models ©f
albicansHda2 and Hda3. Thesgeinsights that ray guide further studies about these
proteins

Structurewise, the most is known abotiida2 which finds templates in several

existing structures from the Protein Database (PDB). Phyre2 mod&®vesidues at >
90 % confidence (Fig. 38). Percent identy for the proteins used to model Hda2 ranges
from ~2954 % with the closest similarity t8. cerevisia€Fox et al. 2014; Kedly et al.
2015)

Figure 3.20Model showinghighly confident prediction of C. albicansHdaz2 structure
Colored by Phyre2 model confidence: Red #87Blue, 0%; Hda2: 96 of residues at
> 90% confidence based upon C. albicans: Hda3; S. cereviSH®1; a S. pnemoniae:
PcsB (secreted protein), A. gambiae protein binding region, D. discoideum dynein motor
domain, and H. sapiens STAT1 (PDB: SMW3HGT, 509G 4CGK, 30JA 3VKG,
1YVL) (Kelley et al. 2015; DelLano 2002; DeLano 2009)

The model in Figure 30 estimates the structure Gf albicansHda2. It depicts a
two-lobed protein rotated such that theeZminal coiledcoil domain extends backward
and into the page at the battaight of the image. Seven templates were chosen by Phyre2
to model Hda2 based on the need to cover all regions and their identity to the submitted
Hda2 sequence. While no part of the Hda2 crgétatture has been solvedSncerevisiag

its similaritywith the Hda3DBD solved structure (PDB: 3HGT) is the first noted hit on the
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http://dx.doi.org/10.2210/pdb3HGT/pdb
http://dx.doi.org/10.2210/pdb5O9G/pdb
http://dx.doi.org/10.2210/pdb4CGK/pdb
http://dx.doi.org/10.2210/pdb3OJA/pdb
http://dx.doi.org/10.2210/pdb1YVL/pdb

Phyre2 search. This protein forms a dimer and the templated region (3HGT-38&)23
aligns with most of the Merminalhalf of Hda2 (aa 74373; 45 % coverage). Information
aboutother templates for this model can be found in AppefdiX2. The aligned residues

lie in the region of amino acids K9 to P668 with only one small unmodeled region and
small areas of the \Nand Gterminals of the protein have no predicted structure oreinod
identified.

Taken together the in silico analysis of Hda2 structure suggests that the first part
of the protein has considerable similarity $0 cerevisiaeHda3 and Chd chromatin
remodeler complexes. The rest of the proteimodeled basedn divergent organisms,
but the sequence does not overall suggest unknown motifs.

Phyre2 modeling of Hda3 contributes a less defined model as about half of the
structure lacks a modeling template (Fi@13. The structure model shows a very different
form from thatof Hda2 with caisiderably more asymmetry, and the coi®il domain

extends as a long protrusion.

o

Figure 3.21 Model showing predicton of C. albicansHda3 protein structure with
regions of high confidence and also large areas with structure uninformed
Colored by Phyre2 model confidence: Refl7 %; Blue, 0% ; Hda3 51 % of residues at
> 90 % confidence based o08. cerevisiae HDA3, S. pneumoniadcsB, S. scrofa
Tropomyosin, andP. yayanosiiSMC (PDB:3HGT, 4CGK, 5XG2, 1C1QG (Kelley et al.
2015; DelLano 2002; DeLano 2009)

Hda3 modeling also found a templateSincerevisia¢iDA3 (PDB: 3HGT) ands.
pneumoniad’csB (PDB4CGK). These contributed to the model by aligning withoag
at the first part of the Hda2 domain and through most of the coHewnil domain
respectively (3HGT: aa 2258 with Hda3: aa 2470; 4CGK aa 4@52/17 % coverage
with Hda3: aa 582788/ 24 % coverge). Information about these and other templates for
this model can be found iAppendix1.1.2 The conserved residues lie in the region of

Hda3 amino acids Y25 to N170 and L5B820 with a large unmodelled region in between
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http://dx.doi.org/10.2210/pdb3HGT/pdb
http://dx.doi.org/10.2210/pdb4CGK/pdb
http://dx.doi.org/10.2210/pdb5XG2/pdb
http://dx.doi.org/10.2210/pdb1C1G/pdb
http://dx.doi.org/10.2210/pdb4CGK/pdb

and smaller areas of the- IndC-terminals of the protein have no predicted struectur
model identified.

Taken together the in silico analysis of Hda3 suggests that the first part of the
protein has considerable similarity $o cerevisia¢ida3. The rest of the protein can only
partially be modeled based on proteins from more divergeyanisms and so the sequence

does suggest the presemdéeinknown motifs.

3.4.2 Express recombinant Hda2 and Hda3
The overall goal of the experiments in this section was to solve the struc@irallmtans
Hda2 and Hda3. To express the Hda2 and Heladdbicansproteins, synthetic versions
of the sequences were designed to maintain the native sequence with only one adjustment,
the change of CTG codons for TCA to accommodate ldGlade differencessée
Section 12.6). These codons occurred four timesHDA2 and six times inHDA3.
SyntheticHDA2 was synthesized into pET151 (s8ection 2.16) with Avi and 6xHis
tagging. The first aim of these experiments was to express soluble Hda2 and Hda3
proteins.

3.4.2.1 Expression and Solubility Tests . albicans Hda2

The synthesized plasmid was designed to allow the Hda2 protein to be translated with a
TEV protease cleavage siamd Nterminal 6xHis and Avi tags (6xHi8vi-Hda2) Eee
Sectiors2.1.7 and 2.2)1

The E. coli strain Rosetta (DE3)was directly tran®rmed with the synthetic
6xHis-Avi-HDA2 plasmid (ABp_150). The resulting strain was grown at 37 °C the protein
was indued with500 mM IPTG for 20 hours at 20 °Elarvested cells were lysed by
sonication ¢ee Sectior2.25) and the cell debris (insolubfeaction) were removed by
centrifugation Expression was visualized IBDSPAGE gel electrophoresis (Fig23).
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250 kDa [

150 kDa

100 kDa

75 kDa

50 kDa

Figure 3.22 Expression andinsolubility of 6xHis-Avi-Hda2

Lanel: molecular mass marker; Lae Preinduction; Lane3: Postinduction; Lane4:
soluble fraction; Lané&: insoluble fraction. The arrow points to insoluble tagged Hda2
(~86.9 kDa)

A band around the estimated molecular weight of ~86.9 kDa was present in the
insoluble fraction [fig. 3.20). Addition of 1 % glucose and loweringayth temperature
to 16 °C may have affected a slight increase expression level but the protein remained
insoluble (data not shown).

To address the issue with solubility, freeze thaw lysis was tested with sets of
different lysis buffers designed to survayrange of conditions known to encourage
solubility of protein (see SectioR.2.12). This assay showed thatlgboility was not
improved by addition of detergent, urea, decrease in salt or change in pH for this 6xHis

Avi-Hda2 constructRig. 3.23and3.24).
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50 kDa

Figure 3.23 Hda2 Solubility Testing: Wide screenshows no substantial change of
insolubility

Solubility screen on Hda2pET151. Primary Widescreen Solubility Test 10 % (w/v) SDS
PAGE: Lane 1: molecular mass marker; Lane 2:iRdection; Lane 3: R-induction;

Lane 4: Postnduction ; Lane 5: Supernatant pH Screen; Lane 6: Pellet pH Screen; Lane
7: Superntant Salt Screen; Lane 8: Pellet Salt Screen; Lane 9: Supernatant Urea Screen;
Lane 10: Pellet Urea Screen; Lane 11: Supernatant Detergent ;Sca@enl?2: Pellet
Detergent Screen; Lane 13: molecular mass marker Hda2 (*) is observed in the pellet
portion (anes 4, 6, 8, 10, and 12). The arrow points to expected molecular weight
(~87kDKD).

250 kDa
150 kDa

100 kDa

75 kDa ‘

50 kDa

37kDa

Figure 3.24Hda2 Solubility Testing: pH screenshows nochange of insolubility
Solubility screen on Hda2pET15&xtensive pH Solubility Test 10 % (w/v) SEFAGE:
Lanel: molecular mass marker; Lae Preinduction; Lane3: Postinduction; Lane4:
Supernatant pH; Lane5: PelletpH 5; Lane6: Supernatant pi8; Lane7: Pellet pH6;
Lane8: Supernatant pH; Lane9: Pellet pH7; Lanel0: Supernatant pd; Lanell: Pellet
pH 8; Lanel2: Supernatant pl9; Lanel3: Pellet pH9

Separately, other trials were made: salt was lowered ton2@@r an expression
test andifferent IPTG levels (400 mM, 600 mM, 800 mM) [er coli expression strains
(BL21(DEQ3)) were trialed; yet these did not significantly improve expression or solubility

levels (data not shown).
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Like Hdal, codon adaptation euation shows many badly adedtcodons which

are likely a problem for expressionkn coli (Fig. 3.25).

(A)
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(B)
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Decoding Speed [sec\codon]

0.0

0 200 400 600 800
1/CAl

Figure 3.25 Codon adaptation of synthesized HDA2 and HDA3 sequence for
expression inboth E. coliand S. cerevisiags not ideal for E. coli specific expression
(A) HDA2 and(B) HDA3 CAI -codon adaptation index (1/CAl: 0 good 1 bad; green =
best possible sequence and red = worst; black = synthetic HDA seqlibedeqces are
averaged over a window of 50 codons. Theles are the adaptation values of the
individual codongChu & von der Haar 2012)\ote: Figures made based ugébA2 and
HDA3synthetic sequences by Dr. Tobias von der K&aelnool of Biosciences, University
of Kent).

To confirm that the insoluble bandaw in fact 6xHisAvi-Hda2, gel excision and

mass spectrometry were used. A list of peptide mass values from an enzymatiofdigest
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Hda2 was queried against the NCBI database (see Sectioh) 28dlseveral hits foC.
albicansHda2 proteinhad significantprotein scoregscore = 417, p < .05) for these

matches (seeppendix2.1.1for full list of peptides found).

3.4.2.2 Expres®n and solubility tests of Hda3
The tagged fullength synthetic HAHda3 gene sequence was cloned in frame with a N
terminal 6His tag sequence (see Section?.2.

Recombinant protein expression was conducted irfcthemli strain BL21(DE3)
Codon Plus RIL upon induction with 500 mM IPTG for 20 hours at 16I'@ RIL strain
was chosen based on the difficulties in expressing tddalHda2 because this strain of
E. coliis constructed for expression of genes that come from organismawitich
genomes and it was used in thecerevisia¢dldaB3DBD structural analysis studi.ee et
al. 2009) It incorporates genes for tRNAscognize the arginine codons AGA and AGG,
the isoleucine codon AUA, and the leucine codon GBdilent 2012b) In fact, it is even
more sensible to use this strain for expresginglbicansproteirs in E. coli since its
genome is even more AT rich th&h cerevisiagdGC content at synonymous codon
position median value is 26 % fdE. albicansand 36 % inS. cerevisiae)Lynch et al.
2010)

Expression was visualized I8DSPAGE gel electrophoressnd western blot
(Fig. 3.).

(4) ®)

250k0a DD 250 kDa

150 kDa

100 kDa — o <«
o

75 kDa
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37 kDa

25kDa
20 kDa
15 kDa
10kDa

Figure 3.26 Expression and insolubility of 6xHis-HA-Hda3 and confirmation by
Western blot

(A) Expression of 6xHi$HA-Hda3: Lanel: molecular mass marker; La@eskip; Lane
3: preiinduction; Laned: postinduction(B) Western blot of 6xHisHA-Hda3: Lanel:
molecular mass marker; La@ePostinduction; Lane3: Preinduction; Lanes:

insoluble fraction; Lan&: soluble fradbn. The arrow points to insoluble tagged Hda3
(~104.9 kDa)[Cloning, expresion, solubility test andestern blot of Hda3 protein
were done by placement student Theo Hewitt (University of York)
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A band in the posbut not preexpression sample was sg¢est above the 100 kDa
marker line to match the estimated molecwarght of 104.9 kDa (FigB.26; Arrow).

Harvested cells were lysed by sonicatammd the cell debris (insoluble fraction)
were removed by centrifugatiomhesesamples were taken for SBFBAGE and western
blot with an antiHis antibody specifically recogring the 6xHis tag Kig.3.26; see
Sectiors 2.2.19and 2.3.12 These assays show that the Hda3 protein was expressed.
However lysis by sonicatiorf the proteinfoundit to beinsolubk.

Some lower bands are seen in the insoluble fraction safgle3(26B, Lane 4).
These bands likely show degradation of the protein which can be due to several factors
including the absence of its normal complex binding partners or this could simplgbe d
to nonspecific binding of the 6xHis antibody (see Sec8a$2.1). Ultimately, the protein
was expressed insolubly. Both its solubility and stability might be improved by expression

with other complex partners.

3.4.2.3 Cloning and Expression of Hda2rad Hda3 together
Since it had been documented that, when esqed together, Hda2 and Hda3 became
soluble inS. cerevisiadLee et al. 2009 the intuitive next step was to try-expression
of the two proteins. Both genes were cloned into the pETDuftee Section 2.3)
expression vector which allows for-expression of two different genes under the control
of two different promoter@Novagen 2011)

TheE. colistrain BL21 (DE3) Rosetta was transformed with 6xANs-HDA2-
6xHis-HA-HDA3-pETDuetl (see Section 2.3). Theresulting strain was grown at 37 °C
and protein expression was induced v&E@® mM IPTG for 20 hours at 18 °C.

Expression of whole cell extract was visualized ISBDSPAGE gel
electrophoresis. The expectealecular weight of HisAvi-Hda2 is86.9kDa HisHA-
Hda3 is104.9kDa (Fig. 3.2).
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Figure 3.27 Expression andpotential partial solubility of co-expressed 6xHisAvi-

Hda2 andinsolubility of 6xHis-HA-Hda3

(A) Coexpression: Lane 1: molecular mass markane 2: Pranduction; Lane 3: Post
induction 8) Solubility: Lane 1: molecular mass marker; Lane 2:iRdeiction; Lane 3:
Postinduction; Lane 4: Supernatant; Lane 5: insoluble fraction. The arrow points to bands
(*) at estimated molecular weight @fgged Hda2 (86.9 kDa) or tagged Hda3 (104.9 kDa).

A band in the postbut not preexpression sample was seen at both the estimated
molecular weights (Arrows). Expression was much lower than observed in individual
expression test€Consequently, only a gipe simple assessment of solubility was made
(Fig. 3.27B).

The solubility test showed potential bands for Hda3 in the insoluble fraction (Fig.
3.27B5) while Hda2 had bands in both the soluble (B4) and insoluble fractions (B5). These
would need further iddified by western blot or mass spectrometry before these results
canbe taken as conclusive. However, expression levelslaareo this was notysued.

In attempt to improve the protein expression levels, temperature was lowered,
IPTG levels were chayed and exgession was trialed in Rosetta (DE3), but none of these
adjustments made a significant difference in the levels of their expression (data not
shown). While solubility of Hdazhowed possiblenprovementby co-expression, this

was possibly at thexpense ofjuantity of protein expressed.

3.5Discussion

In this chapter an exploration into the expressio€.adlbicansHdal, Hda2 and Hda3
proteins has been presented. This has led to the understandiEgdbktnay not be the
optimal system foexpressiorof these proteins. The overall conclusions of this Chapter
are: (1) Full length Hdal protein can be solubly expressed at low levels and purified
with N-terminal 6xHis and GST tagging, (2) The Hdal Arb2 domain can be solubly
expressed at low lelseand putied with 6xHis taggingandpotential crystallization
conditionsfor the Arb2 domairbeen shown, (3) Dual expression of Hda2 and Hda3 may

improve the solubility of Hda2 which requires further assessment.
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As with Hdal, evaluation of Hda2 and Hdejuenceshow many badly adapted
codons which are likely a problem for expressionEincoli. Hda2 and Hda3 both
expressed but were not soluble. Expression of the proteins together may have improved
the solubility of Hda2, but levels of expression weosv I(Fig. 32.7). Ultimately,
additional troubleshooting is needed to diagnose whether significant amounts of soluble
Hda2 and Hda3 could be obtaingi this expressionsystem.Despite trying many
approaches to optimize expressiondmangingkE. coli stran there are still other strains
which might bring improvement, for example ArcticExpress competent cells (Agilent)
etc A western blot needs to be done to verify the presence of soluble Hda2. Following
this assurance, manipulations to Ehecolistrainand expression media may allow for the
increased production of small amounts of this soluble protein. Separately, other tagging
approaches and expression of the entire complex (or even with Hdal catalytic domain
constructs) can be trialed to see if exp@ssevels of all three proteins and solubility of
Hda2 and Hda3 might be improved.

Additionally, specific domain expression trials of Hda2 and Hda3 can also be
pursued particularly given that thf®. cerevisiaeHda3DBD was crystalized and its

structure habeen solved.

3.5.1 Design of synthetic Hdal, Hda2 and Hda3
During this work, analyses showed the unsuitability of the codons in the synthesized
constructs ofHDA1, HDA2 and HDA3 for expression irk. coli. Changing toE. coli
expression strains (RosetRL) to introduce codons in an approach to overcoming this
problem didagainnot bring any radical improvement in the expression of these proteins.
This issue may havmany causes including issues at Hyathesis stagdue tocodon
optimization ortranshton related issues that could beoided through expression in a
more similar organism such &s cerevisiaeThe sequences synthesized for these trials
largely maintained their nativ€. albicanscoding sequenceand were not codon
optimized for expressn inE. colibased upon goals for experimental design that included
expressing the synthetic construtsvivo. Adjustments of the CTG codons could have
affected the proteins abilities to fo[liranda et al. 2013)The translation systenis
bacteria and yeast are considerably diver@eler et al. 2016)It is notable that irC.
albicans it is usually but not always the case that CTG codons are met with serine tRNA
synthetase@Miranda et al. 2013) In hindsight, as the extent of the projeets met with

challengeson the protein expression front, it should be noted that optimization of the
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synthetic sequences for expression E coli may have resulted in a bettgrotein
expressioroutcome Otherwise, using higher organism or yeast expression systems may

overcome this codon issue.

3.5.2 Alignments,modelling and mapping of C. albicansHdal proteins
From our evaluation we note that sequerssel structural features are somewhat
conserved betwedd. albicansHdal complex proteins (Hdal, Hda2 and Hda3) and other
yeasts (Fig 3.1 3.3 and 371 3.21). Additionally, some features share resembéanith
other more distant organisms.

It is interesting that Arb2 is not well conserved relative to the catalytic domain and
that the only match among human protein (albeit with low significance) was ktothe
sapiensprotein cadherifl3 isoforms geeSection 3.3.1). According to NCBI, cadhefin
13 is irvolved in the regulation of axon growth in neurons and is hypermethylated in
several types of cancéGeer et al. 2010)While cadherins are not histone deacetylase
proteins(very) divergent connections can be drawn betwseam growth in neurons and
hypha development.he protein contributes to adhesiganscht & DourZimmermann
1991) Although it is doubtful if conclusions could be drawn from such distant systems,
discussions comparing disparate biological paradigms have the potential of leading to
creative hypothesdgSimon 1983)

Low complexity regions were identified in the domain analyses of Hda2 and Hda3
C. albicansHdal. Low complexity regions imomo sapienprotein ppulations have been
studied for their tendency to expand and contract dueuesssith nucleotide alignment
during replication also these regions contribute to the emergence of novel phenotypes,
protein functions and even functional geésll-Riera et al. 2012; Ellegren 2004; Kashi
& King 2006). Theselow complexity regions maygive similar characteristics tcC.

albicansHda2 and Hda®roteins.

3.5.3 Expression ofC. aldcansHdal and Arb2 domain
While GST tagging did confer a better yield of the Hdal protein, the harvest was low and
would require very large batch purification forystallization trails (Fig 39). This
protein was stored a80 °Cand full extractiorgquantitiesareappropriate for future single
moleculeanalysis.Singlemolecule analysis can evaluate the interaction of this protein
with DNA or perhapshistonesFuture experiments woulalsoconsider cleavage of the

GST tag as it could interrupt the nalprocesses of this protein. This cleavage would
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entail protén loss so increasing the batch size for further use of this purification protocol
would be advised.

Expression and purification of the Arb2+C domain did yield a good amount of
protein. This expession construct and the purification approach are enougiséim
further researchl he crystal observed in trials with the 6xHigh2+C construct suggests
suitable conditions for this protein that deserve further investigation. While the crystal
itseff took a long time to appear (and may have just formed frdtnosssome other
component of the buffer) it may provide a starting point for understanding the
crystallization conditions that suit this protein. The conditi@®% Polyethlene Glycol
monoetlyl ether 550)f the well (H10) that generated this crysthabuld be includedin

future evaluations of this protein construct.

3.5.4 Alignments, modelling and mapping o€. albicansHda2 and Hda3

proteins
Architecturally speaking, the Hdda2da3 pfam doma (PF11496) is found in
combination with other functional donma in various fungal proteins, including: (1)
minichromosome maintenance compleMM)- a DNA helicase domain used in
replication, (2) flaviacontaining monooxygenase likENIO) protein respomsible for
oxidation of substrates, (3) transcriptional regolafprotein SNF2 N-terminal domain,
(4) tRNA-synthase, and (5) Glutathichependent formaldehyemctivating enzyme
(GFA) domains and currently the only structure of this domain type is &@@revisiae
Hda3(Finn et al.2016)

3.5.5 Expression ofC. albicansHda2 and Hda3
Based on the low expression levels seen with the Hdal constreietbA2 andHDAS
plasmidswere designed fahis project were designeuth tags to allow for the potential
of future tagging fosinglemoleculeevaluation an alternative to the original pursuit of
crystalizing the proteins. Single molecule work requires much less protein than
crystallization (see Section 3.3.2.2). It aldirect visualization of proteiprotein and
proteinDNA interactions and assessment of the biophysics of proteins in four dimensions
(Hughes et al. 2014This approach fits well with the low levels of solulblda2 protein
expression which may have been obsenkd. 8.27). However, it is possible that these
tags interfere with soluble complexed or even individual expression of these proteins and
future studies mightrial expression without these additions.eTHDA2 and HDA3

designs allow for a construct that takesattage of the designédindlll restriction site
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which can exclude the Avi tag. For example, thetl site at the end of the gene (in
combination withHindlIll) can allow easyligestbasedloning b theMCS1of pETDuet1.
This is a quick option to checkirexpression without this tag and should be considered
for future trials.

The study irS.cerevisiae which yielded the crystal structure of Hda3DBD used a
different combination of proteins in the pBuiet vector (Hdal and Hda2 on one vector
and Hda3 on a lowdevel expression vector) to overcome similar issues with insolubility
for individual expression of these prote(hse et al. 2009)Here we may have expressed
soluble C. albicansHda2 in combination with insoluble Hda3. Verification that these
proteins are in fact expressed and follow up by larger expression cultures with further
purification steps are a clear next step toward the entl ajoasing tagged Hda2 in
combination with the stored GSHdal for single molecule work (see Section 3.3.2.2).
Other arrangements of the Hdal complex proteins and othexpression strategies
shauld be explored in future attempts at soluble expressitmesk proteins.

3.5.6 Conclusions and future directions
This study provides information about how to express solGblalbicansGST-6xHis-
Hdal in small quantities. We also now know how to putiiy Arb2+C domain of Hdal
and have a condition that may work for crystallization of this protein. This research has
also shown that. albicansHda2 and Hda3 were insoluble when expresdede which
is a feature observed B. cerevisiadlLee et al. 2009)However, it is notable that i@.
albicans,Hda2 but not Hda3 may hawecome soluble on dual expression.

The RIL strain showed good exgssion levels foHDA3-pET151 but was not
trialled in earlier expression studies or for Hda2 and Hda@&xpoession. This strain was
a kind donation from Agilent (San Jose, California) evhwas obtained quite late into
this study and could prove fruitféibr future work in this and otheZ. albicansprotein
expression projects. Here we have introduced a foundation for more experimental
exploration of these proteins including resourcesmntbcols.

The work inChapter3 was developed in parallel to thergetics approach outlined
in Chapter 4hattomplements the work here by providing insight into the roles of these
proteins from genetic, phenotypic, interaction and population standpoints.

Overall, expressing these proteindgncoliis difficult. Due totime and resource
constraints, yeast or higher expression systarewot tried in this study but should be

considered for future research.

164



In conclusion, this study of the Hdal complextpins contributes tduture
approaches foresearch about expressiof these proteins. Solving these proteins
structures anddentifying their interactiondomainscan contribute to the existing
knowledge abouthe histone deacetylase proteins in general as play#ns @pigenetic
systemof pathogenic and nepathogerns organismsThis may lead to the advancement
of medical treatments or simply add to a holisticderstanding of the evolution and

current functions of histone deacetylase proteida2 and Hda3
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CHAPTER 4. The function of C. albicans Hda2 and
Hda3 in vivo

4.1 Introduction

This chapter explores the roles ©f albicansHda2 and Hda3 in yeast and hyphae
inducing conditions. The objective of this study is to evaluate the roles of these proteins
under different conditions to understaheir function.

Several strategies areaasto replicate conditions (usually found in a host) that are
conducive to the development of hyphae. Along with increasing temperature to 37 °C,
different medias are used that manipulate the availability ofenii While one basic
adjustment is simphadding serum to YPD, more honed media recipes include: spider,
SLAD and RPMI(Weerasekera et al. 2016)hese medias take unique approaches to
induce filamentation: (& Spider media provides mannitol as a carlsource with added
ammonium salts and beef extrafaniels et al. 2013)b) SLAD mediahaslow levels
of ammonium; and (c) Roswell Park Memorial Institutediim (RPMI) contributes
nutrients developed for the culturing of human cells, it is also very pH sensitive
(Kucharikové et al. 2011; Moore et al. 1967Mhe levels of ambient G@nd H of the
media and other factors also contribute to the maintenaradeyphae phenotypetiadi
et al. 2006 Buffo et al. 1984)

Screens for Ipenotypesare assessed by measured growth on media aimed at
unveiling therole of nutrients in biochemical pathways. Likewise, additives such as drugs
or toxic agents can unveil weaknesses or bypass mechanisms wigieitedapathways.
Protocols that evaluate a specific broad range of these medias have been developed for
use wth mutant yeast strains to investigate phenotypes associated with(@¢ues R
Homann et al. 2009)

Another technique use® tunderstand the impact of gene deletions is RNAseq.
This is one of several next generation sequencing strategies whiaxtrsesedRNA to
evalwate the gene transcripts in a sanm(plagalakshmi et al. 2008)

In this chapter waim to understand more abdh€C. albicans norcatalytic Hdal
complex protais, Hda2 and Hda3. These proteins are known to have nuclear localization
in other yeasts. For exampl®, porbe CIr3 has been is found in the nucleolus where it
functions as a deacetylase H3KBlerling et al. 2002jand nuclear localization patterns

showing distinct punctae are observed by microscopy of fluorescence taggeth€ss.
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localization patterns have also been noted in studies of human HDAC pi@einses
et al. 2000)

Histone deacetylase proteins often complex with other proteins. Moreover, it has
been shown that i®. cerevisiagHdal, Hda2 and Hda3 proteins comphlnd function
together (see Section 1.8.1). If Hdal functions alone or in complex with Hda2 and Hda3
in C. albicanshasnot been established.

In C. albicansHdal is involved in molecular signaling that affects hyphal
maintenancélLu et al. 2011)During hypha initiation Hdal deacetylates the Yng2 subuni
of the NuA4 histone acetyltransferase complex causing its eviction and the clearance of
Nrgl from hyphae sific loci by activation of the cAMAPKA pathway(Lu et al. 2011)

Next Hdal is recruitetb the promoters of these loci which requires reduced Torl (Target
of rapamycin) signalingsee Section 1.7.2, Fi@.12 and Lu et al. 2011)Vhether Hda2
and/or Hda3 are involved in someadk of these activities is unknown.

Relating molecular pathways to emergent phenotypes using genetically modified
or mutant yeast strains is one apmio#éhat can be taken to study these questions. When
this type of investigation is applied to fungal pajéos, it is vital to question the impact
on an organismodés capability to infect.
pathways of pathogenicrains of yeast are tested in a lab setting. For exanmpigtro
macrophage systems are used to simwdtest immune response iarvivo systems of
multicellular organisms are used to evaluate infection, sucbaasorhabditis elegans
(henceforth:C. ekgan3 and even mammalian (murine) modéfikkilaWorley et al.
2009Db; Bain edl. 2012; MacCallum & Odds 2005; Balish et al. 199¢letion of Hdal
has been tested previously in a murine model and the strain did not show compromised
virulence(Lu et al. 2013)The virulence of the mutant strain contrasts with the observed
stunted filamentation phenotype atiis may be explained by the finding thaMES6, a
downstream target of the Hdal pathway necessary for virylisfigegown to have another
parallel regulatoy pathway that can influence its stability (the oxygen sensing Ofd1l
pathway)(Banerjee et al. 2008; Kadosh & LopRibot 2013)

There is limited information in the scientific literatureoab the C. albicans
proteins Hdal, Hda2 artdda3. This chapter explores the roles of these proteinso
using specially constructed deletion strains and strains with tags incorporated onto these
proteins. This study tests the hypothesis that proteimpltex to function in a similar way

to ther S. cerevisiaeorthologs. Through experiments in yeast and hyphae inducing
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medias, the specific roles of these proteins are explored through phenotype analysis, RNA

sequencing and Chromatin ImmunoPrecipiatat©hniP).

4.2 Goal 3 Understand the function of C. albicansHda2 and Hda3in

vivo to evaluate their role in the virulence of this pathogen.

This results section includes evaluationsofalbicansHdal complex proteins and their
gene expression. Tagged miois and homozygous mutant strains wases£d in many
conditions and on various levels: histone modification, mMRNA transcript, protein, as
single cells grown in liquid media or by colony population analysis on agar plates. Most
of these assays were damigh and without hyphae induction and atitwhal stressors were
also evaluated.

4.2.1C. albicansHdal forms a complex with Hda2 and Hda3
This sectiornoutlinesteststowardthe hypothesis that Hdal forms a complex with Hda2
and Hda3 inC. albicans.Several strains were constructed with taggedlHéa2 and
Hda3 proteins by attaching Green Fluorescent Protein (GFP). Integration of the tag was
confirmed by fluorescence microscopy (§&ig4.1 and 4.2). Results from a
coimmunoprecipitation experimenth interactions between the proteins (Fig. 4.3).

4.2.1.1 GFP tagging ofC. albicansHdal, Hda2 and Hda3 proteins

The proteins (Hdal, Hda2 and Hda3) were tagged wititexr@inal GFP at their native
loci. Once these strains were built (see Sectiorb2)3their ability to fluoresce was
checked as a wayf oonfirming the presence of a GFP t&forescencenicroscopy was
used to visualize thgreenfluorescem tag on the natively tagged protein within each
strain. This was trialed on two occasions using tifterent microscopegsee Section
2.38.5). As an be seen in the Hd&3FP strainn Figure 4.1at the top the results were,
unfortunately, dim. There was background fluorescence, and this was obsealle¢tien
tagged strains (HdaGFP, Hda2GFP and Hd3-GFP) as well as in the wildtype.
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Wildtype HDA3-GFP

GFP ON
ADHI::GFP-HDA3
‘White Light with 100 pg/mL Doxycycline

Wildtype Wildtype
White Light GFP ON

Figure 4.1 Fluorescence ntroscopy with native tagging of Hda3 shows faint
background signal which is improved with change of tag location and controlled
expression by inducible promoter atADH1 locus

(Top) C-terminal GFPtagged Hdaat native locustrain and wildtype strain without tag
with GFP filteron;

(Middle) N-terminal GFP tagged Hda3 megrated at ADHvith modulated expression
undercontrol of TetON system oxycycling; scale bars in white are 20 uM ahd puM
respectively (Bottom) wildtypeparental(strainshown as contrdl
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The results indicate that either the experiment is natnap{tag or location of tag
is problematic, background fluorescence is obstructive, filter range is not adequate, etc.)
or that the proteins have low levels of expression. As these were preliminary assays,
further evaluation of these strains is neededréw any definitive conclusion about the
ability of these strains to fluoresc&@hese might include simple growth curves fo
comparison to the parent wildtype strain and/or phenotyping assessment as described later
in this chapter to evaluate loss of pinteunction (filamentation, whit@paque, spotting
assay with zinc, etc.However,it wasfound by later experimentatiorthat these tagged
strains were usable as they are seen by antibody analysissiern blot (see Section
421.2)

Given the suboptimal outcome of native tagging screens we took the following
approach: we cloned a plasmid to facilitate integration of aeth@fFP-HDA3 (N-
terminal) cassette at tWedDH1locus under a TEDN system using doxycycline regulation
(see Section 2.8.3). This allowed for some control over the level of expression by the
amount of antibiotic added.

To evaluate the fluorescence of Rdmtegrated with Nerminal GFP
tagging at theADH1 promoter, expression was induced with 100 pg/mdetycycline
during cell growth and the cells were again visualizedlinyrescencenicroscopy (see
Section 2.38.5). As can be seeat the middle ofFigure 41, the tagged protein was
observed in these cellsike the natively tagged strains, further evaluation of the impact
of this reintegration and GFP tagging should include growth curve comparison to wildtype
and phenotype evaluation. Assessment ofahged Hda3 protein integrated to &kieH1
site and induced by doxycycline was made by reintegration imdh&se aenutant andlso
filamentation assay which is discussed later in this chapter (see Se2tha24). It is
important to note that induckh by doxycycline could result in nenatural levels or
localizations of the protein and the integration itself could be causing the phenotype. Other
controls couldgrovidemore definitiveeliminaion ofthese possibilities, including tests of
a strain wih reintegration at the native loci or integration of GFP alorldii1.

This trial with high levels ofdoxycycline showed a significant amount of
pinpointed fluorescence as can be seen in Figute(#iddle) This hypothesisis
consistent with reports in ¢hliterature for similar proteins (see Section Bayed ora
comparison of this image to thiiagram in Figure 4, it can be suggested that the
pinpointedbright spots loca&d at the septum of the hyphae and periphemgeast cells
may indicate localiation to a portion of the actin cortical pattima small portion othe
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yeast cellshe fluorescence is more diffuse which contrasts with pinpointed spots observed
in the majority of cells and these distinct localizatioratferns of fluorescence may
represent stage specific association with astmictures, patches or cabl@scell cycle,
mitosis, budding, hypha emergence, e{énderson & Soll 1986; Moseley & Goode
2006) This is sypported by the fact that manygbeins which interact with thé&.
cerevisiaeorthologs of Hdal, Hda2 and Hda3 have actin related functions (for further
analysis see Chapter 5 Discussion of Goal s these were preliminary results,
additional studietha incorporate evaluation of catalizationsare required to assess this
hypothesis.In the yeast cells large portions of some cells are fluorescent which may
indicate localization of these proteinghe nucleus of these cells. This could be evaluated
by larger images and further claefl by4 Ngiadnidino2-phenylindole4 Ngiaénidino
2-phenylindole(DAPI) staining of DNA.

The conclusioadrawn from this analysis of live cultures under fluorescence are:
(1) the natural protein levels are low and (2) artificial induction of high |lesfeléda3
and/or Nterminal tagging improve the visibility of the fluorescence. While localization
studies vere not done extensively, these images contributed to method development

strategies for subsequeméstern Blot analyses as are shown in the nexiosec

4.2.1.2 Celmmunoprecipitation of C. albicansHdal and Hda2 or

Hdal and Hda3
To investigate interaitins between Hdal, Hda2 and Hda3 it was necessaiguble
tagged strainsAfter, both native andDH1 locus reintegration versions of GFP tagging
were evaluated in trials by western blittwas found thagtdespite the faint display by
microscopy (Fig. 4.), the native GFP tagged strains were visible by western blot antibody
analysis. Double tagged strains were constructed by addiAgrn@al HA &g to Hdal
(in natively tagged Hda2 and Hda3 GFP strains) (see Secti@22.3hese strains were
used fo coimmunoprecipitation assays with pull down by adf\ antibody (Fig. 42).
The goal of this assay was to pull down Hdal with its HA tag and dh&kP tagged
Hda2 or Hda3 wrebrought along. This assesbvhether the proteins interact to discern

whether theymayform a complex.
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Hda1l-HA| + - + | + - +
Hda2-GFP| + + - || + + =

- W o 1-HA
Input Ip
Hda1-HA| + -+ + -+
Hda3-GFP| + + - |+ + -

Figure 4.2 Interaction betweenC. albicansHdal and Hda2 Hdal andHda3 proteins
Western blots of single and doubtgyged HdaHA and Hda2/3GFP by antHA and
antrGFP antibodie$ollowing Co-lImmunoprecipitation of Hdal using aiiA antibody
pull down [image wasomposedy Dr. Alessia Buscaino for the article in Append]x 4

In the double tagged strains, pull downHzlal by HA also brought along Hda2
or Hda3. In the end, exmsion level did turn out to be a problem with the HG&GEP
strain as can be seen by the observed faint band (Rigbdttom right panel), but
interactions were present between Hdal and Hdakedl as between Hdal and Hda3.
We conclude that these intet@ns support the hypothesis that the Hdal complex forms

in C. albicans

4.2.2 C. albicansHda2 and Hda3: phenotype analysis, RNAseq and
Chromatin Immunoprecipitation

To evaluate the roles ofdd2 and Hda3 i. albicans deletion strains were constructed
to create homozygous mutant strains. This section covers a study of these strains. Rich
nutrient media (YPD or synthetic complete) was used to analyze the basic growth of
hda2e aandhda3e &Stresses in the form of additions to and manipulations of the media
were used to identify growth differences in the strains. Assessments of the cell wall and
survival of the strains under temperature and ultraviolet radiation stress are also presented.
Isolaion and sequencing of RNA from these strains is outlined along with information
about their gene expression profiles.
4.2.2.1 Construction ofhda2ee aand hda3se amutants

Homozygous mutants were made by the Clox Gene disruption method and the markers
were resolved from the strains for edutaZe aandhda3e amutantysee Section 2.3.1
and Shahana et al. 2014)
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The mutant strains didaZe amand hda3e aavere first evaluated for growth rate
(Fig. 43).

N/S

) N/S N/S

0o 6 13 19 26 32 o 6 13 19 28 32

TIME (hours) TIME (hours)
Whda2 AA R WT W hda3 A B WT

Figure 4.3 Homozygous mutantshdaZze aand hda3se agrowth on non-selective solid
and in liquid media is comparable towildtype
(Top) Serial dilution on YPD agar(Bottom) Optical density oer time in liquid YPD.
[These growth assaysand figures were madéy Sarah Gourlay (Department of
Biosciences, University of Kerjt)

Serial dilution and spotting of these strains to solid media showed growth
consistent with the wildtype as did growth iguid YPD. Following this diagnostic, the

deletion strains were aluated with phenotype assays.

4.2.2.2 Phenotype screen didaZze aand hda3e e
To investigate the phenotypeshafaze sandhda3se astrains, serial dilutions of the strains
were spotted onta screerof medias to evaluate the relative sensitivity of the mstamt
different stressorésee Section 2.3.8.1)\Vhile these dignostics are often designed with
the objective of stressing certain molecular pathways, our aim was to look at a variety of
additives and alterations to the media as a way of gathering scon@atiion about these

mutants.

4.2.2.2.1 Phenotype screen in yst media
Phenotyping medias were assessed to identify growth inhibition or chemical resistance

phenotypes for thedaZze sandhda3e amomozygous mutants.
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Note about Hdal:

A hdalze aenutant wagested along with thedaZe aandhda3e amnutantsand was used
for the RNAseq experiments discussed later in this chéipterlse senutant was shared
by the Kuchler labDepartment of Mdical Biochemistry, University of Vienna). This
strain was constructed lbgplacing theheHDAL genes witlLEU2 andHIS1 cassettes in
the SN152 backgroundn some cases, the phenotype was the same but for others, the
hdalse eamutant showeda strongly different phenotypeo the hdaZe aand hda3eae
mutants

These results anmostlynot included in the phenotyping dasince it is difficult
to ascertain whether this was due to the markers in the strain (LEU2 and HIS1) and further
confirmation ofthis fact is rguired. Phenotypes due to markbave been reported in
other studiegPronk 2002; Leng & Song 2016)his was surprising and these results
evolved late in the course of this project. The ratif@ an alterative marker free strain
was made at this time since it was important to confirm whether these phenotypes might
be due to the presence of markéiise phenotypes observém hdalse aABy_179)but
not included as results in this thesisre sensitivity to ycloheximide, calcofluor white
and ethanol. Resistance mlalse s ABy 179) was observed in hydroxyurea, sodium
dodecyl sulfate (SDS), sorbitol and cobalt. In media with other additives treerenav
growth difference (LiCl, caffeine, H202, EDTA, pH2.6 and1®.5). Also notable was
some filamentation in thiedalse aenutant only on media with pH10.5.
For some phenotypes | did additional spotting assagddeess the issue of markersd
an alternive hdalse aenutant (ABy_525) was evaluated for some of the stgeEhese
results are discussed shownin this chapterThis strain is made in the SN95 background
without any deletion markers present and was provided by the Cowen Lab (Department
of Moleaular Genetics, University of Toronto). The medias tested indiugdeotinamide,
caffeine, cobaltcopper fluconazoleand SDS. The phenotypes seen in ABy 179 were not
observed in ABy_ 525, which may confirm that the phenotype was due to the presence of
markers but there were other differences including the strain bagkds (SN152 and
SNO95 respectivelyJEnd note about Hdal]
Most of theserial dilutionassays did not show a difference in growth between the mutants
and the wildtypeKig. 44).
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N/S 300 mM LiCl .01% SDS
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15 mM Caffeine

18 mM Cycloheximide
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25 mM Hydroxyurea
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Figure 44 Serial dilution assays with medias where no growth differeres were
observed
N/S indicates noiselective mediaBackground media was either synthetic complete or
YPD.

Mutants were evaluated for sensitivity to temperature. The assays were done in

two ways (see Section 289), in solid and/orliquid mediasbut no difference was

observedFig. 45; liquid media results are not shown
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Figure 4.5 Serial dilution assaysat high and low temperatures where no growth
differences were observed
[these spotting assays wererformed by Alisha May (Imperial College, Land)

Some medias did induce a unique pattern of growth for the mutants relative to the
wildtype (Fig. 46).

N/S 1 mM SNP + 1 mM SHAM 2 M NaCl

PN ® © @ 3 .. ] @
hda3 A/A | ‘.Q;’ ® o
"d® ©® o 2A10 @ &

Figure 46 The h d a 2asmkh d a 3naatent strains are sensitiveto SNP and SHAM
or NaCl
N/S indicates noiselective media. Spotting assays show results for growth&t.30

Sensitivity was apparent witbxidative stressorSNP and SHAM oby osmotic
stress through addddaCl (see Section 4.2.2.4.3)\gain, these phenotypes were only
partially consistent in thedalze astrain which could be due to the presence of markers.
Thehdalze astrain did not show sensitivity when grown on media with SNP and SHAM.
Sensitivity was obseedto sodium chloride.

Unigue phenotypes also emerged for the mutants. The hda2 mutant presented
resistance tacaspofungin(Fig. 47). As mentioned in Chapter 1, caspofungin is an
echinocandin antifungal drug (see Section9).2Caspofungin inhibits theynthesis of
the cell wall proteirb-(1,3)D-glucan which makes it susceptible to osmotic disruption
(McCormack & Perry 2005)ts essential target i@. albicanss theFKS1gene(Douglas
et al. 1997)

176



N/S 365.8 uM Caspofungin

VNG ©® 9 ¢ 100
hdasnA L M ER AN Y T2
240 ®g @ x]O0@

Figure 47 The h d a 2naatnt strain is resistantto caspofungin
N/S indicates noiselective media. Spotting assays show results for growth&.30

The hdalse aanutant (ABy_179) showed sensitivity when grown on solid YPD
media with caspofungin and this may be due toptlesence of markers. To address the
issue of marekrs, the alternative hdaleeae(ABy _525) mutant was evaluated for
caspofungin. This alternativedalse aenutantdid not show sensitivity (data not shown).
This indicates that the phenotype observed in ABy 179 bwylue to markers or
background strain differeec

Likewise,hda3d d@eas a sensitive phenotype when grown on zinc &-8).

N/S
hda2 A/A L T
VD O upn o @
4® oo uslee o«

3mM Zinc

Figure 48 The h d a 3naatnt strain is sensitiveto zinc
N/S indicates noiselective media. Spotting assays show resultsriawtty at 30°C.

The observed sensitivity dida3eado zinc was not present indaZzeaThe
hdalse asstrain is even more sensitive thada3e aThe alternative hdalse aamutant
(ABy_525) has nbyet been evaluated on media with zinc.

In conclusion, these strainshow both similar and dissimilar phenotypes
depending on the stressor present. Ade2e sandhda3e amutants both show sensitivity
to media with added SNP and SHAM or NaCl. Hua2e astrain shows resistance to
caspofungin while thénda3e asstrain shows sesitivity to zinc. Further verification of
these phenotypes in different scenarios including hyphae induction and in liquid will yield

a greater understanding about the pervasivenebesd effects.

4.2.2.2.2 Phenotype screen with rapamycin, copper and
fluconazole in yeast versus hyphae inducing medias
After noticing phenotypes in YPD, spotting assays for rapamycin, copper and fluconazole

were als@erformed orhyphae inducing mediagith these additive@-ig. 49).
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9 nM Rapamycin

Figure 49 Growth phenotype of hd®2 eesee a nd h d a Xlzaegeanrassyaastt s
and hyphae inducing medias with added: rapamycin, copper and fluconazole

Top: Spotting assays in yeast inducing medias (YPD ordg@yth at 30°C. N/S

indicates norselective mediaBottom: Spotting assays in hijzpe inducing media

(RPMI) grown at 37°C.

In YPD resistance ohdazeaseand hda3eawas shown torapamycin while
sensitivity was apparerfor growth on opper. These phenotypes were only partially
consistent in théndalse asstrain which could be due to the pemce of markers. The
hdalse s ABy_179) strain did not show sensitivity when grown on YPD media with
copperbut this may be due to markers (Fig. 4.1 YPD agar media supplemented with
copper, ABy 525 showed sensitivi(Fig. 4.1). Otherwise, thisABy_ 179 mutant
showed the same phenotype as the other strains (resistance with rapamycirB)\Fig. 4.
When tested with RPMI and copper, thdaze ssand hda3ze aanutants are sensitive,
paralleling their phenotype on YPD (Fig9%. Preliminary assessments tuda2e aand

hda3e aphenotypes in liquid media supported the growth patterns observed on solid agar
(Fig.4.10.

YPD + 16 nM R i
apamyein YPD +5mM Copper

25 25

L5 15

A
AGOD

0.5 035

0 6 12 18 24 0 6 12 18 20
TIME (hours) TIME (hours)

—WT ——hda2A/A ——hda3AiA —WT Bda2A/A BdadAA

Figure 4.1Q Preliminary phenotype evaluations ofh d a 2&edeh d a 3ieelsguid
media
Graphs showesults from a single experiment for growth in YPRhwaddedrapamycin
or copper at 30C.

The hda2 mutant presented resistance to fluconazd®D while no difference

was observed with the same level of fluconazole in REMY. 49). On solidYPD, SC
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or RPMI agar with fluconazoldhdalse s ABy 179) is ensitive relative to wildtype
ABy 54 (SN152) while the alternatiiedalee a§ABy 525) shows no differencé-ig.
4.11). A preliminary liquid assay indicated that the alterrfadalee amnutant (ABy_525)
grows he same as matching wildtype in SC media with flazate (data not shown).

7 mM Copper 1 pg'mL. Fluconazole
(LA ® © - . hdalAA-ABy 525
hdalAA:ABy 170 SO
s oes - hda2AA

ylle 9 @ IAAABY
hdalAA-ABy_525 § Ma‘m"{g}“;ﬁ;

Figure 4.11 Evaluation of two h d a lnsatnts showspotential effect of markerson
phenotype

Spotting assays show results for growthYPD with added copper or fluconazake30
°C.

Spotting the mutants to RPMI witapamycin showed a less dramatic but similar
phenotype to YPD. In this case, the relative sensitivity of the wildtype strain resolved
itself in later days (B) of growth(Fig. 49). Sideby-side assessment of tBe
cerevisiagesistant and sensitive mutarshows the effect of rapamycin treatment in
RPMI to be normal.

To summarize, théadalse aphenotype for these was the samehdaze sand
hda3ze afor rapamycin on both YPD and RPMI mediums. On YPD with copper, resistance
was observed in ABy_179 but when the alternatidalze astrain (ABy_525) was tested,
it was sensitive likdnda2e aandhda3ze a&With fluconazolenda2resistance in YPD was
the onlyphenotype observed.

The alternativehdalse aestrain (ABy_525)strain has not yet been assesbgd
spotting assay oRPMI with copper. On YPD with fluconazole, sensitivity was observed
in ABy_179 but notABy_525 growth with fluconazole has not been tested on RPMI.
Overall, these twidalse astrains do not show the same phenotypes and whether this is
due to the presence or absence of markers or the genetic background of these strains
Further explorationsfdnis dfectis a topic for a different projeegthich can evaluate these
hypotheses through reintegration of Halatb ABy_179or creation ofa new markefree
deletion strain in the SN152 backgroutidthe potential differences in background are

ignoredABYy_ 525 can be taken as giving the true phenotype and these assays should be
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further verified by repetition. This issue also complicates interpretation of the RNAseq
analysis which was done for strain ABy_179 (Seetion4.2.2.3).
Next, given that theresisomanformation known about roles of Hdal within the

Torl pathway (see Section 1.7.2), a comparison was migtdpublishedstrainsthat have
contributed to the research on this pathway. These strains (kindly provided by the Liu Lab
at University of Cafornia in Irvine) include afully functional Myc tagged Yng2
(YNG2/YNG2Mycl3eg as well as the following two polmutants: K175R
(YNG2/yng2K175RMycl3eg which blocks acetylation on Yng2 and K175Q
(YNG2/yng2Zk175QMyc13e gzwhich mimics constitutive acetylation (see Section 1.7.2
andLu et al. 2011) These mutants are made in the backgrdred 3/6 (a derivative of
WO-1).

A single assessment of growth dlet YNG2 mutant strains was done on YPD and

RPMI mediaswvith added rapamycin, copper and fluconazasdeseen in Figure ¥2.

7nM Rapamycin 8mM Copper 6mM Copper 3.2uM Fluconazole
YPD RPMI YPD RPMI YPD RPMI

yng2K1750_Mycl 3 / T
yng2X1 R Myc13 o @
YNG2-Mycl3 o 03 -

Figure 4.12 Spotting assays of YNG2 strains in yeast and hyyae inducing medias
with added: rapamycin, copper and fluconazole

Spotting assaysn yeast and hyphae inducing medias. Spotting assays show results for
growth at 3°C on YPD or 37C on RPMI.

On rapamycin and copper phenotypes were only seen on YPD.nmatien YNG2
strains, resistande rapamycinwas observed in the K175R strain relative to its matching
wildtype (Fig. 412). This pattern reflects the resistance shown by Hda2 and Hda3 (also
Hdal) relative to wildtyp€Fig. 4.9) While resistance to fliunazole was observed in the
hda2ze anutant,in YPD none of theYNG2strains showed any difference in growth.

The rapamycin phenotype fo¥NG2/yngZK175R (blocks acetylation) was
resistant likdhda2ee aandhda3e aeOn coppesupplemented YPDBensitivity may be seen
in this mutant but lowedosage analysis would be needed to confiiris was not seen
on copper supplemented RPMIn fluconazole supplementeBPMI, hda2e seand
hda3ze astrains showdno growthdifference which contrasts withe YNG2strains(Fig.
4.9).A potentialsensitivityor difference in growth appearaneas observed in th€l75R
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mutant. It is notable that this is different from the growth pattern in YPD where no
difference ingrowth is observe(Fig. 4.12).

In conclusion, phenotypes d¢f d a 1 seae, ahddhdaZsessre not awvays
consisent with each other nor are they necessarily conserved in hyphae inducing
conditions.ldeally further studies of these phenotypes would inclugtagged strains
(without Myc).

4.2.2.3 RNA extraction from hda2e aand hda3ean YPD
Evaluating theoles of Hda2 and Hda3 by phenotype alone contributed some information
about the strains and the intuitive next step was to evaluate their roles at aptiianstr
profile. With the final goal of evaluating homozygomsitants of these proteins using
RNAseq, RNA was extracted from the d a 1 6By 179) h d,aftia8aee
homozygous mutants and a matching wildtype stiainevaluate the quality of extracted
RNA the samples were visualized in a denaturing formaldehydesgebéction 23.6.1
and Fig. 413).

Wildtype hdalAA  hda2AA hda3AA

- = =N B =R

— La
- = ==

Figure 4.13 Formaldehyde gelwith entact RNA samplesfrom yeast cultures grown
in yeast inducingconditions
Cultures were grown in triplicate in YP& 30°C before RNA was extracted.

Two clear bands indicated isolated rRNA and degradation was not observed.
Based on optical densityadings and ap@ance on the gel, the best two samples from
each strain were sent for sequencing at the Genomics Core Facility at EMBL (Heidelberg,
Germany).

The final RNAseq data wasvaluated by DeSeq2 analysid final log2
expression change valuesre@®btained (& Section 2.2). RNAseq results analysis and
further GSEA analysis was supervised by Dr. R. Jordan Prlus.and two additional
separateextractions of RNA were used to synthesize cDNA which was tested by gRT
PCR (Fig. 4.4). Primers werélesigned to evaluate the expression of genes with high log2
values andlso were decided based émagments Per Kilobase of transcript per Million
mapped reads (FPKM) values from an earlier analysis of the RNAseq data by CuffDiff
(Trapnell et al. 2012)
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Figure 4.14 gRT-PCR verifiesYPD DESeq2 Log2 valuest three genetic loci
(A) gRT-PCR results; transcript levels are visualized re¢eto ACT2; Error bars in each
panel: standard deviation of three replicates; All data is adjusted to exclude >1 standard
deviation from meaiiB) DESeq?2 log2 values, DESeq2 log2 values; Bold aigant g
<0.05

Trends were consistent with the DESeqf2loesults foL. YS22 RBR1andSOU2
Greater expression was shown in the mutants relative twittiype, but the degree of
expression difference is much lower than predicted by the DESeq2dbgyStill, some
statistically significant differences wepbservedA two tailed independent sampletest
was conducted to compare expressiobd22 RBR1andSOUZ2relative toACT1 Only
the LYS22primers showed significant differences €00.05) ketween the scores of
hdalse gghdaze sandhda3e amutants relave to the wildtype. A table with these results
can be found in Appendix B1L It should be noted th&CT1log2 values showed some
expression changes in thealse aand hda3e amutants in these extractions from YPD
only (hdalse gglog2 ACT1=-1.06; hda3e glog2 ACT1=-0.67) and while use of other
housekeeping genes was trialed for gRIR, these did not contriteua clear difference
to the results (data not shown). More replicates of these experiments would strengthen
these results, but based on theseaatditional, similar, assessments (data not shown), the
gRT-PCR data was taken to confirm the DESeq2 RNAseg2 Values.

Next an evaluation was made of the overall expression patterns of the DESeq2
log2 values.

4.2.2.4 RNAseq and phenotype analysis tida2a¢d ae hda3 & 1 n
YPD

RNA sequencing data are deposited into ArrayExpress (accession number: E

MTAB-6920).To look at the trends in the DESeq2 RNASeq data, several plots were

constructed to assist with visualization (Fig.5}.1
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Figure 4.15 Global gere expression changes in the absence of Hdal, Hda2 and Hda3
include significantly up or down regulated genes that are consistent across the three
mutants
(A) Pearson correlation matrix of gene expression changes obse haallsa &
hda2e aandhda3se agrown in YPD at 30 °C; r = Pearson correlation coefficient, p = p
value(B) Heat Map of DESeq2 log2 showing log2 fold changesv&)n diagrams of up
and downregulated gene sets from each mutrgse figures wermade by Dr. Alessia
Buscaino for tharticle inAppendix 4

Pearson correlatiorgot the linear correlation between two variabjese Section
2.4.2) The results ifrigure4.15A show Pearson correlations of the DeSeq?2 log2 data for
the homozygous mutant strains. Thelew strongly positive lineaocrelations between
the hdalse asvith hdaZe &r = 0.7) andhdalee asvith hda3ae a0.66) comparisons @fene
expression changes (log2 val) measured in the mutants relative to the wildtype. This
analysis showed a moderately positive correlation in the coropaathdazze aavith
hda3ze &r = 0.46). Therefore, the changes of expression observed for most genes in each
of the mutants are contsit with the other mutant$he heatmap of all the expression
changes shows that most of the genes sighificantly different expression relative to
wildtype have similar pattern of difference (positive or negative log2) in each of the
mutants in YPD.
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The hdalse ahas many moreignificantly downregulated genes than the other
mutants (6XhdaZze aand 40xhda3e & This is alsohie case for the upgulated gene set
(2x hdaze aand 15xhda3e & In both upregulated and downregulated sets, the majority
of the hda2ae aand hda3e agenes with changed regulation are shared hathle &2A
subset of genes is shared betwbhdaze sandhda3e aén the upregulated set, but not in
the downregulated. However, badtida2e sand hda3e ahave fewer total genes in the
downregulated setRNA sequencing data are deposited into ArrayExpress (accession
number: EMTAB-6920).

4.2.2.4.1RFX2: UV
It was notable thiaheRFX2geneshowed elevated log2 values in all mutants (FigoA) 1
RFX2is UV-induced and Nrgl regulated gei8krzypek et al. 2017)

(4)  Yeast inducing media: YPD ® UV Tolerance
£
2 04
Gene hdalAA hda2AA  hda3AA g
CEKI 2.02 1.16 0.88 g
DDRA4S 0.52 0.87 0.75 £ 02
HWPI 114 0.66 -0.33 kS
RFX1 0.96 0.79 0.96 £ 01
RFX2 1.07 1.38 1.07 g 0
RNR3 -0.98 -0.66 -0.98 o
& > > >
= < O A >

o
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Figure 4.16 Table with significant expression changes for UV related genesnd
graph showing no significant difference betweerthe UV tolerance ofmutants and
wildtype strains
(A) DESeq2 lo@ values for genes related to UV response (B) Results graph for UV
tolerance sreenshowing no significant difference between mutants and wildtype strains
Error bars: standard deviation of experiments on two separate days in biological triplicate
Valuesare given as number of colonies on UV treated plates normalized to the rafmber
colonies on untreated control plates.

Genes related to UV response pathways showed some differences in expression
although onlyRFX2showed a consistent difference acrosshalmutantsfor afull list
of genes and valuegeAppendix 32.13.

Homozygous deletion mutants@ albicansRFX2are reported to have decreased
resistance to UVbut RFX2was overexpressed thesemutant strainsC. albicansRfx2
is the ortholog of. cerevisia®fx1. Homozygous mutants B cerevisia®&fx1 show an
increased resistance to UV and when this deletion is complemen@dallyicansRfx2
sequence the phenotype of sensitivity to UV in$heerevisiastrain is retored(Hao et

al. 2009) No published studies ta yet explored the inget of overexpression of Rfx2

184



onresponse tdJV. A preliminary assay was used to investigate whether a difference in
UV tolerance might be observed in the wildtype relative to the mutants.

Somesensitivity to UVwas observeh thehdalse gghdaZe sandhda3se senutant
strains (Fig. 4.@B). Theuntreatedcontrol plates had-Zx as many colonies as the UV
treated plates. The differencestween treated wildtype and mutant strawvere not
significant when assessed by ttailed independerdanples ttest (data not shown).

To conclude, this assay shows no significant evidence of a UV related phenotype
for thehdal, hda2 andhda3deletion mutarg.

4.2.2.42 General patterns of gene expression changes
To evaluate patterns of gene enrichmarthe mutants relative to the wildtype strains.
Gene Set EnrichmenGSEA) analysis was used. This analysis allows for comparison of
experimental gene sets with many existing published gendPseliminary GSEA
analysis vasdoneby Dr. R. Jordan Price @patment of Biosciences, University of
Kent). Gene sets are named with suffix notation that indicates their contents; for
example, BIND indicates a list of genes that interact with the designated protein. These
results take the form of enrichment magse further imagean another mapping
software, Cytoscape. Cytoscape provides plots that network the ge(ehsetson et al.
2003) This provides a spatial distrilbom of the GSEA results so that they can be
represented more easily. Each individual node in the map represents a getie set wi
color and size relative to the regulation of genes in the sample and given gene set. Color
indicates upregulation (peach) or dowgulation (blue) and the node diameter relates to
the number of transcripts in each set. Gene sets related to RNA andrR&os
biogenesis and transporters were downregulated as visualized in the Cytoscape map
below (Fig. 414).

This map showthatmanygene sets related to RNA and ribosome biogenesis gene

sets were downregulated. The opposite was observed for data setstreted@sporters

which are upregulatedhese results are discussed in more detail in Sectioh 4.
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Figure 4.17 Cytoscape ma: GSEA Analysis ofDESeq2log2 data showing significant
changes in the regulation oRNA and Ribosome Biogenesis and Transpiers gene

set networks

The Cytoscape network map represents the network of functional groups of genes
regulated by Hdal, Hda2 amttla3 constructed by GSEA and Enrichment Map. Blue
circles represent downregulated while peach circles depict upregulatedegernvehich

are linked in the network by grey lines. The diameter of the circles varies based upon the
number of transcripts withieach setfthese maps wemadeby Dr. R. Jordan Prige

Enrichment plots provide he data capt ur & the Cytoscape si n
network map (Fig. 48).

Yeast inducing mediaz YPD Yeast inducing mediaz YPD
hda2 AIA hda3 A/A
ORGANELLE ORGANIZATION AND ORGANELLE ORGANIZATION AND
& BIOGENESIS_BIO @ BIOGENESIS BIO
£ oo [ 2 o0 - -
2 2
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DT i _ L IR

NES= -2.33;p=0; FDR=0 NES =-151;p=0;FDR=0.21

. upregulated . downregulated

Figure 4.18 GSEA Enrichment Plots show overall downregulationin DESeq2log2

data for genesin the Organelle Organization and Biogenesis gene set

Negative regulation of ORGANELLE ORGANIZATION AND BIOGENESIS gene set;
The xaxis shows genes ranked according to their expression in the mutants from up
regulated (left) to dowsnegulated (ight) gens. Black vertical lines mark individual
genes. The cumulative value of the enrichment sceexig) is represented by the green
line. A positive normalized enrichment score (NES) indicates enrichment in the up
regulated group of genestinehda?2 seezh d a 3nsatant strains relative to wildtype
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The ORGANELLE ORGANIZATION AND BIOGENESISBIO gene set is
negatively regulated in all mutants. The Normalized Enrichment Score (NES) value
indicates the pattern of regulation and is provided as a &sihié GSEA analysis along
with several significance rankings includingvplue and FDR. For details about
interpreting gene expression maps see Figul@legend. The definition of the GO term
(G0O:0006996) related to this gene set cites that it incloelgar processes that result in
the assembly or disassembly of organelles excluding the plasma mer{tboaisertium
2017; Ashburner et al. 20Q0)Jhe hdalseemutant follows the same pattern for
ORGANELLE ORG AND BIOGENESIS with negative correlatiofNES =-2.27, p
value = 0.00, FDR = 0.00Yhese geneegulation observations are discussed in more
detail later in this chaptesée Sectiod.2.4.1).

4.2.2.43 SNP &SHAM and NaCl phenotype: Genesxpression

changeanalysis

In hdaZe aand hda3e asensitivity to the combination of stressors SNP with SHAM
was obsrved. SNP is a nitric oxide donor that inhibits the mitochondrial complex IV:
cytochrome C oxidasenhich is the final haersopper oxidase in the main respiratory
chain pathwayJosepkHorne et al. 2001)Salicylhydroxamic acid (SHAM) is an
alternative oxidase (AOX) respiratory chain pathway inhibitor in f¢hggsepkHorne
et al. 2001) While GSEA analysis of the DESeq?2 log2 data for these mutants did not
show pathways related to respiration with significant dysregulatieeveral
mitochondrial related pathways were significantly alteréid.(4.19A). Addition of
NaCl to growth media causes osmotic stress to yeast and dysregulation of pathways
related to osmolarity were also observed in the GSEA redtitis4.19B) (Posas et
al. 2000)
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) Yeast inducing mediaz YPD
Gene Set (# genes) hdalAA  hda2AA  hda3AA
MITOCHONDRIAL RIBOSOME CEL (64) | (-1.32) -1.65 -1.87

®) Yeast inducing media: YPD

Gene Set (# genes) hdalAA  hda2AA hda3AA
OS(HOG1)_UP (78) 2.90 221 2.09
OS_DN(219) -2.53 -3.31 -2.28

Figure 419 Downregulation is observedin h d a 1 leedea 2aseth d a 3naai@nts for

gene sets relatetb the mitochondrial ribosome andsignificant changesn regulation

are observal for the mutants for gene sets relating taosmolarity

GSEA expression changes in (A) YPD and (B) RPisH hdalee gghdaze sandhda3e e
Gene set analysis NES score resufisiues are x 0.05; () indicate not significant {p
value> 0.05); FDR < 0.05 values highly significant and bolded

*Note: This format for GSEA analysis which captures the essential data from the
enrichment plot gnah (# genes and Normalized Enrichment Score (NES) scores) will be

used for the remainder of the thesisdFig. 418).

The largest and most significantly dysregulated pathway that came out of the
GSEA analysis of mitochondrial related pathways was MITOCHONDRIAL
RIBOSOME_CELL, this gene set includes over sixty genes related to the gene ontology
grouping (GO: 0005761) of nmthondrial ribosome protein@shburner et al. 2000;
Consortium 2017) The mitochondrial ribosome is responsible for the synthesis of
hydrophobic poteins and dysregulatiaihis synthesis can lead to mitochondrial inner
membrane stress and issues with assembly of oxidative phosphorylation complexes
(Richter et al. 2015; De Silva et al. 2015)

Gene sets with osmolarity related themes were significantly dysregulated in YPD.
The gene set OS(HOG1) UP consists of genes upregulated during osmotic shock in a
HOG1 mutant (Enjalbert et al. 2006)According to theCandida Genome Database,
HOG1is aMitogenActivated Protein (MAPXkinaseinvolved inosmotic, heavy metal
and corestress respong&krzypek et al. 2017)t should be noted thadOGL1litself did
not have changed regulation in the DESeq2 log2 data of any of the nm{senfppendix
3.2.1). The OS_DN gene set is comprised of genes downregulated in response to osmotic
shock by NaC(Enjalbert et al. 2003)

To conclude, gene expression was evallidi@sedipon the observed sensitivity
of the hdaZe aand hda3e aanutants to media with added SNP and SHAM or NaCl.

Downregulation of genes related to the mitochondrial ribosome was measured in these
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mutants which may relate to the SNP and SHAM sensitivitythés media targets
respiration. However, other respiration related gene sets did not have significantly
changed regulation. The analysis of osmolarity related gene sets showed changed
regulation of two sets related to osmotic shock which is the effesedawyaddition of
high NaCl levels to growth media. These observations show potential molecular pathways

that may underly these phenotypes.

4.2.2.44 Caspofungin phenotype: genexpression change
analysis
Given that a phenotype of resistance was seen fohdagee aanutant in the spotting
assays,tiwas notable thaignificant changes ithe YAK1gene set emerged the GSEA
analysis YAKLis induced in core caspofungin response sigdificant downregulatin
was showrnn thehdaZze a&SEA results (Fig. 21).

Yeast inducing media= YPD
Gene Set (# genes) hdalAA  hda2AA hda3AA
YAK1 Y UP (96) -1.76 -1.64 (1.28)

Figure 420 Downregulation is observedin h d a 1aadeh d a 2 rre#ants for a
caspofungin related gene ge

GSEA expression changes in (A) YPD and (B) RPMIHdalse gehdaze aandhda3e e

Gene set analysis NES score resufislues are x 0.05; () indicate niosignificant (p

value> 0.05); FDR < 0.05 value is highly significant and bolded

The YAK1_Y_UP gene set includes genes upregulated in a microarray experiment with a
C. albicans YAK knockout mutan{Goyard et al. 2008)These results arepresentative

of several otherYAK1 related gene setwhich also had sigificantly downregulated
expression in thedaze a&SEA results but this was not the casehda3e &

In conclusion, an evaluation of the GSEA results showed that genes upregulated
in ayaklhomozygous deletion mutant are downregulated irhtte2e aanutant which
suggests a molecular pathway that may be related to the observed resistance of this mutant
to caspofunginn spotting assays (Fig. 4.7).

4.2.2.45 Zinc phenotype: geneexpression changeanalysis
In relation to sensitivity that had been observethehda3e aspotting experiments with
zinc, an evaluation was done for genes related to zinc processing &i¢g22 and for a

full list of genes evaluateske Appendix.2.9).
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Zinc related genes- Yeast inducing mediaz YPD

Gene hdalAA  hdaZAA hda3AA
CSHI 2.20 2.02 0.72
IFD6 338 3.63 0.97

Figure 4.21 Significant upregulation isobservedin h d a lasekk d a 2DES=q2 log2
data for zinc related genes
DeSeq2 log2 values from RNAseq analysisidgd \alues are g 0.05

The gene€SH1andIFD6 show significantly increased log2 values relative to
wildtype on a considerably stronger level thala3e aeCSH1landIFD6 code for ala
keto reductase proteins which have roles in biofilm formgi&kmzypek et & 2017)
CSH1andIFD6 are under control of zinc response factor Zapl which binds their
promotergNobile et al. 2009)However, @ phenotypes in relation to zinc are recorded
in the daabasedor any of these proteins if€. albicansor S. cerevisia¢Skrzypek et al.
2017; Skrzypek & Hirschman 2011)

Evaluation othe log2values of genes related to zinc proces§iSg1AND IFD6
indicate a change of regulation in zinc procesfinghe mutanstrains Evaluation of the

zinc regulator Zapl related gene sedlsodiscussed in Section214.2.2.

4.2.2.46 White-Opague switching: gene expressiorthanges
and phenotype analysis
As discussed in Section 1.2aRd 1.2.10.White Opaque phenotype switching has been
linked to mating and virulence i@. albicansand deletion of Hdal has been shown to
increase the frequencythis swich (Srikantha et al. 2001J he RNAseq analysis showed

a siquificant increase in genes related to this pathway in all mutants (BR). 4.
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Figure 4.22 Opague related geneset andWOR1expression are overall upregulated
RNAseqdata for hdalase gehdaze sand hda3se aenutant strains

(Left) Heat map depicting the log2 fold changéhaalee eehdaze sandhda3e aésolates
compared to WT for the OPAQUE_UP gene set; @idht) Deseq2 ¢g2 fold change
values show significant upregulation oflVOR1 expressionin hdalse & hdaze aeand
hda3ze aeompared to WT[This imageadapted from onenade by Dr. Alessia Buscaino
for the aticle in Appendix 4

The heat map shows an overall trend of increased expression in genes related to
white-opaque switching and log2 valueisthe master regulat®OR1confirm this trend
(see Section 1.20.7)

GSEA analysis further illustragghis gene expression difference in the mutants

relative to wildtype (Fig. £3).

Yeast inducing mediaz YPD

Gene Set (# genes) hdalAA  hda2AA hda3AA
OPAQUE_UP (181) 2.86 2.59 2.84
OPAQUE_2_UP (287) 331 2.92 3.42
WHITE_UP (104) 143 (131) -1.62

Figure 4.23 Significant upregulation is observedin h d a 1 bedea 2aedeh d a 3 e
mutants for sets of genes upregulated in opaque celldlixed non-significant changes
are obseved for sets of genes upregulated in white cells
GSEA expression changes in (A) YPD and (B) RPMIndalze gehdaZe aandhda3e g
Gene set analysis NE8@e resultsValues are x 0.05; () indicate not significant {p
value>0.05); FDR < 0.05 value is Hity significant and bolded

A positive expression change is seen for many genes in the OPAQUE2_UP gene
set which contains genes upregulated in op&gjubicanscells (Tuch et al. 2010)Sets
of genes upregulated in opaque cells (OPAQUE_UP and OPAQUE_2 UP) were

positively regulated in YPD in thiedalzse gghdaZe aandhda3e aanutants relative to the
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wildtype stran. Assessment of genes upregulated itevbells (WHITE_UP) did not
show consigntly changed regulation.

Based on these results we hypothesized that Hda2 and Hda3 also have roles in
white opage switching an assay was done to measure the acttelofwhite-opaque
switchingintheh d a 1 eeee, ardd d 2 3eaet@nts Mating type knokout strains of
Hda2 and Hda3 were constructed for this assay (see Sectiod R B special media with
addedPhloxine B dye was used to quantify this switching rate (i@ 2.38.3). This
media causes opaque colonies (or sectors of colonies) to tur(Fmnk.2).

Opaque [ ]
Sector k4
40. )
4
‘c 30
WHITE Jornque S
COLONY COLONY  ©
S 20,
S
O
3]
. m
SN
0
wr hda2 VA hda3 A/A
n=414 n=757 n=715
** = p<0.01

Figure 4.24 Increased white opaque switchingn h d a 2aseta d a 3naat@nt strains
(Left) Representative image of cells grown Eimoxine B agar. O =maque; W = white;
(Right) Percentage of sector colonies in WiiaZe aandhda3e atsolates ** = pvalue <
0.01.[violin plot was made by Dr. Alessia Buscaino for the article in Appenfix 4
Increagd switching was observed fodalze gehdaZze sandhda3e amutants (Fg.
4.24). This was considerably more pronounced in the hdal mutant which exhibits
switching on the level of an opaque control strashalee a&s not depicted in the graph as
it was ou of the range withconsiderably higher (~fbld: 55 - 95 %) whiteopaque
switching thanhdaZe asand hda3e & Also, the phenotype of increased whifgaque
switching inhdalse abas already been publishéfrikantha et al. 2001)
These gene transcription changes and phenotype observations support the
hypothesis that in additiac Hdal Hda2 and Hda3 have roles in white opaque switching.
To seef the relationship between deletion of Hdal and the increased expression

of WOR1was due to direct or indirect interaction of the protein with the gene promoter, a
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ChIP experiment was udeWOR1and HWP1 primer sets wereemployed for this

assessmer(Fig. 4.5). It has been previously shown by ChIP that HN¥&L interacts

with the HWP1 promoter in a serum dependent manaed the protein exerts positive
control overHWP1during hyphal indation (Fig. 113 and Lu et al. 2011)

Hdal-HA ChIP- qRTPCR:
Yeast versus Hyphae Inducing Conditions

TP/Input/ACT1
O

=]
n

il Hmﬂ' HWH[

ACTI WORI1.2 HWPI
ONoAb-YPD ONoAb-SERUM BHdal-HA-YPD ®Hdal-HA-SERUM

Figure 4.5 Analysis by qRT-PCR of Hdal-HA ChIP samples des not show
significant enrichment at WOR1but show a trend of enrichmentin hyphae induction
conditionsthat may be confirmed with further experiments

Normalizaton is against the housekeepidgT1gene. Resultarefrom an experiment
done in triplicate.

Cultures were grown in YPD at 30 °C or in hyphae inducing conditions, YPD with
10% serum at 37 °C.

The data looked excellent for this experiment in termsaofddrd error (g 0.05)
for all the samples unadjusted, eptéor the Hlal-HA serum group. Here the standard
deviations were very high, and this variance was most pronoun¢8¥Riwhile lesser
in WOR1.2and ACT1 This can likely be accounted for by \ations in the cultures
themselves, due to media related dastincluding flocculation, circulation and pH
changes among others. However, a potetréald ofenrichmenthat should be evaluated
with additional replicatess observed when the data is ad@asto exclude outliers (%
SD from mean)The differences étweenACT1and HWP1or WOR1.2values are not
however significant by ttest assessmenOnce adjusted there was no significance
difference in scores faWOR1primers for samples of the Hd&lA strain processed with
antibody (M = 0.45, SD = 0.34) and withtaantibody (M= 0.004, SD = 0.0003); t(2) =
1.8608, p = 0.2038. Likewise, no significant difference was observed fad\fiel
primers for samples of the Hd#lA strain processed with antibody (M)=54, SD = 0.42)
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and without antibody (M = 0.002, SD = 0(X); t(2) = 18024, p = 0.2133. This is likely
due to the existence of one outlier in each the antibody aahtitzody data sets which
were done in triplicate. Additional replicates might brimgngicance to this statistical
trend.

These are preliminamgsults and @dditional tests are needed to validate them more
strongly. Ultimately a request for Hdédyc was fulfilled and may be used for future
experiments since it is known to function wellGChIP experiment settingisu et al. 2011)

These results suggest that Hdal directly reguls{€R1in hyphae but not yest
inducing conditions. The white opaque screen showshita®e amnd hda3e aanutants
have increased white opaque switching relative to wildtype strains though to a lesser
extent tharhdalse &ln conclusion, these assays show that Hda2 and plds3arole in
white opaque switching.

4.2.2.47 Response to drugs and sensitivity testing
Other findings from the GSEA analysis were related to drug response. As mentioned
GCN4is found to havehanged regulation with drug puniyfDR1 overexpression (see
Section 129).

Genes in the gene set GCN4P_TFMOT(Fig. 4.B) were significantly
upregulated in the DESEQ?2 log2 gene sets fafirof the mutants. This gene set includes
genes with a promoter mbtecognized by the Gen4 transcription facf(drndt & Fink
1986)

Another drug response pathway witgnificantly upregulatedyene expression
was ketoconazole (Fig. 62 The Ketoconazole up gene set includes genes upregulated
in a mcroarray experiment with wildtype SC53C4 albicanscells gown in the presence
of 0.04 pg/mL ketoconazole for 3.5 houfSynnott, Guida, Mulheriaughey, et al.
2010) Thehdale anutant has the same positive pattern (NES = 2.%@lye = 0.00,

FDR = 0.00).
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(A) (B)

Yeast inducing mediaz YPD Hyphae inducing mediaz RPMI
Gene Set (# genes) hdalAA  hda2AA  hda3AA Gene Set (¥ genes) hdalAA  hda2AA  hda3AA
GCN4_TFMOTIF (864) 1.83 1.80 1.69 GCN4_TFMOTIF (864) _128 (-1.05) (1.18)
KETOCONAZOLE_UP (195) 376 2.55 111 KETACONAZOLE_UP (195) 124 138 (-1.19)

Figure 4.26 Upregulation is obsenedin h d a 1 zedea 2asede d a 3naatnt strains
grown in yeag inducing media but not hyphae inducing media for GCN4 and
ketoconazole elated gene sets

GSEA expression changes in (A) YPD and (B) RPisH hdale gghdaZe sandhda3e e
Gene set analysis NES searesults)Values are p< 0.05; FDR < 0.05 value is highly
significant and bolded

Several genes related DR1andMRR1had altered regulation in thelalse g
hdaZe aandhda3e astrains relative to wildtype (for descriptions of the genes in Figure
4.24 see section 1.8. Many MDR1related genes were significantipregulated in the

hdalze esandhdaZe amutants (Fig. 4.2). It should be noted that the RNAseq log2 values

for MRR1for the mutants were not as relatively inflated (for a full list of analyzedsgene

see Appendig.2).
(&) (B)
Gene hdalAA hda2AA hda3AA Gene hdalAA hda2AA hda3AA
CDR? 0.82 0.72 0.42 MDR1 3.21 2.92 0.61
HAP43/CAP2 |  -0.69 -0.07 -0.17 GRP2 1.35 1.52 0.56
CR_09100C  2.67 2.63 0.96
GCN4 1.16 1.16 0.27
CAP] 1.56 0.89 0.02
IFD6 3.38 3.63 0.97

Figure 4.27 Drug resistancerelated genesMRR1 and MDR1 that are significant up
or downregulated in theh d a 1reigant grown in yeast inducing conditions and
significantly upregulated in the h d a 1 ardeh d a 2 rmgants grown in hyphae
inducing conditions

DeSeq2 log2 values from RNAseq analyéfy values forMRR1and related genes (B)
Values foMDR1and related gengBold log2 value indicates significance<d.05

(for a full list of analyzed genes see Appengii).

The next stepvas to evaluate drugsponse phenotypes in thdalse geghda2ee e
and hda3e amutants. Based upon the high DESeq2 log2 values for -auig efflux
pump gendIDR1(see Section 1.9), it was important that the strains be further evaluated
for drug resistance phenotyp@s$g. 4.8 and 4.30) A Minimum InhibitoryConcerration
(MIC) assay was used as an approach which monitored relative sensitivity of the yeast
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strains to several drugsee Section 2.3.8.7For points of comparison some known
resistant strains that over expresbHoR1or another resistance reldtgeneViRR1 were
included in these assays (see Section 1.2.9).

As discussed in Section 192specific gain of function mutatn (P683S) iMRR 1
is known to manifest resistance @f. albicansstrains to fluconazole. This strain
(ABy_279) was found to beevy resstant,growing at levels of 16 pg/mL fluconazole and
greater. It served as a strongly resistant control in these Mi§]@hristoph et al. 2012)

Similarly, a gain of function mutation in theIDR1 gene has been shown to
manifest regtanceo cerulenin and brefeldin A. This strain was four times more resistant
to these drugs than the wildtype control. Fluazie resistance was also observed for this
mutant but it was strain dependent (CAI4 not SC53#d)er et al. 2006)

The hdalze aABy_179), hdaZe afABy_347), andhda3e s£ABy_460) mutants
with theirmatchirg wildtype (ABy_54) wereaested in all assays.

A MIC assay of fluconazole was performed prior to cerulenin and bre&I@tiae
Section 42.2.4.7). BothMDR1andMRRloverexpression mutants were tested beside the
mutants and relative control straittially, tests were done using MOPS buffered RPMI
which is a prescribed growth media for MIC testing. Afteals showedesults were
variable and resistance was not evident, the media was switched to synthetic complete.
Synthetic complete which closelesenblesthe YPD media used for RNA extractiornis
offers an increasedarity that reduces backgroufat optical densityplatereadings. This
media change resulted from an evaluation of the RNAseq log2 valuds$OiBil and
RPMI media. Values in RPMI &e mut lower than those grown in YPIdalse abog2
= 0.45, hdaZzeadog2 =-0.06 andhda3®eadog2 = -0.33) Consequently, subsequent
evaluations were done in synthetic complete media only.

The Clinical Laboratory Standards Institute guidelines ReferenceBioth
Dilution Antifungal Susceptibility €sting of Yeasts notes that for azoles the results of
minimum inhibitory concentration tests show great variability and it is suggested that an
endpoint score of 2 indicating a prominent decrease in visible roetused @ %
decrease in turbidity) foreading results (Guidelines Reference: vol28 M3 Wayne,

PA, USA). In accordance with the guidelines, our tests did show this variability.
Consistent with the findings published in literature MBR1 overexprasion mutant

showed resistance to fluconaggkee Section 2.9and Fig. 4.8).
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&)

Fluconazole in synthetic complete (SC)media at 72 hours

25 25 5 2
ABy #|  swan | 100 gl | 50 gl |25 pgmr | 12° | 623 31310 LS6 1 0.78 f 0.39 1 0.20
pg/ml pe'ml  |pgml | pe/ml pg/ml ug/'mL pg'mL
55 |[WT 1 1 1 1 1 1 2 2 3 4
279 |MRRI overexp. | Some E; 1 1 1 1 3 3 3 3 4 4
54 WT Some E; 1 1 1 1 1 1 1 2 3 4
179 |hdalAA 1 1 1 1 1 1 1 1 2 4
347 |hdaZAA 1 1 1 1 1 2 2 2 3 4
460  |hda3AA 1 1 1 1 1 1 3 3 3 4
514 |MDRI overexp. 2 1 1 1 1 2 2 3 4 4
516  |Control E Some E; 2 |Some E; 1 Some E; 1{Some E; 1] 1 2 3 3 4
E = Evaporation
(B)
SC+12.5 pg'ml Fluconazole SC +3.13 pg/mL Fluconazole
E 12 20
c 10 g 15
= -
£ 6 s 10
= E
g 4 3 s
2 2 : -
g of 7 0!
~ 0 12 24 36 48 60 72 g 0 12 24 36 48 60 72
Hours Hours
—WT MRR1+ WT —WT MRRI1+ WT
hdal hda2 hda3 hdal hda2 hda3

Figure 4.28 Resistance to fluconazole is noapparent for h d a 1 bela®ee seand
hda3ae aenutant strains when grown in liquid with added fluconazole.

Minimum Inhibitory Concentrabn Assay:(A) Scoring by eye at 72 hourselt O = clear,

1 = slightly hazy, 2 = prominent decrease in visible growth (50 % decrease in turbidity),
3 = slight reduction in visiblgrowth (turbidity), 4 = no reduction in visible growth, E =
Evaporation (B)Optical density readings (relative to matanwildtype) over time with

two levels of fluconazoleResultsarefrom growth at 30C.

The resistance dfiIRR1was apparent (throudd?.5 pg/mL) on MIC testing with
fluconazoleand this was more evideim the scoring by eye than by the plate reatia.
Somewhat more sensitivity was visiblehdalze afat 0.39 pg/mL) thammdaze sfat 0.78
pg/mL) andhda3e aat 3.13 pg/mL).

While MDR1 resistance was not apparent in the fluconazole screen it was
pronouncedn the screen with cerulenin (Fig. 29). The dsence of error bars in these
data indicates that this experiment was only trialade,and further analysis is needed
for any conclusio to be drawn about the MIC of these strains in the presence of

fluconazoleor cerulenin (Fig 4.28 and 429).
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(A4)

Cerulenin in synthetic complete (SC) media at 72 hours

25 25 35 2
ABy # strain u;-EEL 30 pefml. |25 pg/ml. u;;:;]_ ug‘;:n}_ pzfl u;;uﬁl u[;:ugL u[;jlgl u[;r‘:-uUL
54 |WT 0 0 0 0 3 3 3 3 3 4
179 |hdalAA 0 0 0 0 0 1 2 3 3 4
347 |hdalAA 0 0 0 0 0 1 3 3 3 4
460 |hda3AA 0 0 0 0 0 1 3 3 3 4
514 |MDRI overexp. 0 3 4 4 4 4 4 4 4 4
516 |Control 0 1 1 1 1 1 3 3 3 4
B)
SC +12.5 pg/ml. Cerulenin SC +3.123 pg'ml. Cerulenin
=8 £ 15
26 210
2 2
207 0 0 =
) 0 12 24 36 48 60 72 A 0 12 24 36 48 60 72
o Hours ) Hours
—_—WT hdal hda2 —WT hdal hda2
hda3 MDRI1+ WT hda3 MDRI1+ WT

Figure 4.29Resistance to cerulenin is not apparent in liquid foh d a 1 lsdaRse sand
hda3ae agnutant strains

Minimum Inhibitory Concentration AssagA) Scoring by eye at 72 hours. Kéy= clear,

1 = slightly hazy, 2 = prominent decrease in visible growth (50 % decrease in turbidity),
3 = slight reduction in visible groWwt(turbidity), 4 = no reduction in visiblgrowth, E =
Evaporation (B) Optical density readings (relative to matching wildtype) over time with
two levels ofCerulenin Results are from growth at 3C.

The resistance dfiIDR1was apparent (through 50 pg/man MIC testing with
cerulenin as can bmeen more clearly in the scoring by eye than by the plate reader data.
Somewhat more sensitivity was visiblehdalee aat 1.56 pg/mL) thaimdaZe afat 3.13
png/mL) andhda3e afat 3.13 pug/mL).

The resistance of tHdDR1overexpression strain was appareriioth the scoring
by eye and plate reader data. The mutants showed some sensitivity relative to the wildtype
in the g£oring by eye and plate reader data.

Like cerulenin, single assessment of brefeldin A and diamide showed no resistance
among the HdglHda2 and Hda3 mutanfdata not shown; see Section 8.3). As is a
common effect, these assays were accompanied bypeigmtrailing effects and
evaporation, and asas mentioned earlier the normal RPMI media could not be used
(Marr et al. 1999)Consequentlythese assays were not purstigther, and as stated, the

data presented are from single assays without repetition.
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In conclusionevaluation of transcriptional changes in tidalse geghdaze aand
hda3ze aanutants show gene sets relatedibDR1 (GCN4 and kéoconazole resistance
upregulated in the DESeq2 log2 data and these resulsupp®rted bythe individual
gene analyses particubafbr hdalse sandhdaZe aenutants (as thieda3e ahad somewhat
lower values). MIC assays showed some sensitivity of the nsutarffuconazole and
cerulenin but not to brefeldin or diamide. These experimmare not replicated and so
these results would neddrther confirmation for conclusions to be drawn from these

liquid drug tolerance assays.

4.2.2.5 Chromatin Immunoprecipitation of Hda2 and Hda3 with

H3K9
To evaluate whether loci identified by RNAseq analysis (log2 value) had significantly
altered pattars of histone acetylation in the complex mutants, quantitative Chromatin
ImmunoPrecipitation (QChiP) was performed using Histone H3 lysine 9 acetylation
(H3K9ac) antibody (see Section 2.81). This antibody was chosen sirtbe H3K9 site
has increask acetylation upon the deletion of HdalSncerevisiadGuillemete et al.
2011) This experiment aimed to evaluate whether the RNAseq effects observed were due
to direct or indirect awvity of these proteins. For normalization, spikeof S. cerevisiae
was useavhich allowed for stable measurement of gene expres$iua normalizéon
was done based on the enrichmer8.aterevisiadCT1locus by which each value from
the test strai was divided. The calculated additionSfcerevisiaand assessment tfe
expression oits uniquehousekeeping ge&CT], allowsfor reduction ofvariation in the
data that is due to growth conditions or other factors.

gRT-PCR provided analysis of aahment for DNA sequences of interest within

the precipitated sample. THdDR1 locus, but not theACT1 control locus, showed
enrichment for H3K9 acetgtionin hyphae induction conditior(§ig. 4.30).
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@) H3K9ac ChIP- qRTPCR: H3K9ac ChIP- qRTPCR:

ACT1 MDR1
~ ~ I |
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Figure 4.30 Enrichment of histone H3 lysine 9 acegtfation at MDR1 sequence in
h d a 1 leda@se aand hda3ae aenutant strains

(A) IP/Input values for enrichment &CT1 in mutants and wildtype relative t8.
cerevisiae ACT{B) Normalization of mutant enrichment level to wildtype level.

ACT1 control shows no gnificant difference with an mutant. This data is
averaged from three technical replicates (separate expesiohame on different days).
oneway betweersubjects ANOVA test was conducted to compare wildtype versus each
hdalsd ahdazd e lda3d s mis. Usng the values fronhe gRFPCR withACT1
primers, no significant effect was observed for any of these mutants [F(3,8) = 0.663, p =
0.597].

The same test was conducted using the values from theP@RTwith MDR1
primers. There was a significant @t of amplification by thiprimer set at the p < 0.05
level for these mutants [F(3,8) = 12.235 0.0023, R= 0.821]. However, to the Brown
Forsyth test showed that these groups did not have significantly diffstamtdard
deviations [F(3,8) = 0.351p = 0.790]. Group differensewere further analyzed by
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We |l c¢c h 6 s -ilestand a statstically significant differenge<(0.05) was only found

for the wildtype group in relation to each of the mutants. No statigtifference was

found in variance gétween the mutantgroupsnFa | | 'y, Dunnett s mul t
was used to compare the means of the mutants to the wildtype. Each showed significance:
wildtype was compared to each mutdmdalad e ( M DQ.489 p <6.05, 95% CL:
0.809,-0.129),hda2e e ( MD-0.B020,p=< .001, 95% CL-1.042,-0.3617), and

hda3d & ( MDQ.3550,p = .05, 95% CL:-0.7054,-0.025). Taken together, these
results suggest that histone H3 lysine 9 acetylasamore prevalenttaViDR1 sites in

hdalsd ahdazd e lda3® ¢ strains. When these result
seen in Figure &0B, the actual difference is quite small x). Additional tests are

needed to create stronger validation of thresellts

4.2.3C.albicansHda2 and Hda3: phenotype anbysis and RNAseq in

hyphae inducing conditions
To evaluate the roles of Hda2 and Hda3 in hyphae inducing mediad#ise aand
hda3e astrains were grown in RPMI and subject to RNAseq analysis andofpipen

screens to evaluate hyphae and biofilm developredtvirulence

4.2.3.1 RNA extraction fromhda2ed s¢ hda3d & i n RPMI
RNA was extracted frorhdal hda2andhda3homozygous mutarstrains alongvith a
matching wildtype after growing for 90 mingten RPMI at 37 °C (Fig. 81). This was
done in parallewith the YPD extractions and all samples were treated identically (see
Sections 2.%.1). Degradation was not observed on visualization of the samples by
formaldehyde gel (Fig. 413

Wildtype hdalAA hda2AA hda3AA

-

sEs= EERE Em- wER

Figure 4.31 Formaldehyde gelwith entact RNA samplesfrom yeast cultures grown
in hyphae inducingconditions
Cultures were grown in triplicate in RPMt 37°C before RNA was extracted.

Before sending the samples for sequencing it was important to validatettieat at
molecular level, gene expression had changed in athatywas consistent with the
induction of hyphaeHWPlandALS3are two genes which encodignatureproteinsof
hyphae inductiorfsee Sectiol.2.2)
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gRT-PCR was used to evaluate the expressiahege genedHWP1landALS3
using cDNA made from RNA exctions from cultures grown in yeast and hyphae
inducing media. to ensure thgeéne signatures dfypha pathwaysvere observeth the

conditionsused for the RNA extraction (Fig.32).

Figure 4.32 Amplification of hyphae related genes in wildtype in hyphae inducing
conditions, but not hdalse gghda2ze sand hda3se astrains

Quantitative reverse transcriptase PCR (¢ROR) analyses to measiHi&/PlandALS3
transcript levels in WThdalse gghdaZe aandhda3exeisolates grown in yeast (YPD at 30
°C) or hyphae (RPMAat 37°C) inducing conditions. Transcripts levels are visualized
relative toACT1transcript levels. Error bars in each panel: standard deviation of three
biological replicatedimage was made by DAlessia Buscaino for the article in Appendix

4]

This qRT-PCR analysis confirmed that the wildtyp€. albicans strain had
increased expression of hyphae related geviean grownin hyphae induction media
(RPMI). Expression of hyphae related genes irsygaducing media (YPD) was very low.
The levels of exmssion 6r the hdalee gghdaze sand hda3e aanutants in RPMI were
very low in comparison to the wildtype.

Next, lased on results of the final RNAseq analysis by DESég2log2 values
of specific genes from the RNAseq was confirmed by ¢RR trials on cDNA rade

from extractedRNA (see Section 2.4.2 arkdlg. 4.33).
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