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Abstract

The emergence dfandidaglabrata strains resistant to currently used antifungalsrie of the
more relevant factors determining the outcome of paterftering from infections caused by this species
pushing the need of identifying suitable alternative drugs and new targets differarthbse targeted by
current antifungals. Transcription factors involved in response to environmental stress (inclosktiggth
respond tathe presence of antifungals in the environment) present themselves as an interesting set of
possible targets coitering their essential role in mounting appropriate tolerance responses.ofAlso
importancejs the fact that the inhibition of their activity can result in a wide impact in the cell since it can
affect, simultaneously, the expression of multiple gemetyding those that could be required $arvival
in the presence of the stressor. This thesis is focused oitirdetaolecular aspects of two pathways
controlled by two transcription factors, CgPdrl, a pivotal player in response to drugs across diffastn
species, and CgHaal, demonstrated to seraedaterminant of tolerance to acetic acid in some species,
includingC. glabrata It is expected that the detailing of the molecular mechanisms by which these CgPdrl
and CgHaal dependent pathways fuiimn, can help to foster their possible use as targets in the
development of new an@andidatreatments. In the specific case of CgPdrl, considering its prominent
role in the acquisition of resistance to azoles in clinical strains, an aspect that senwetlized in this
thesis, its further characterization may also pave the way for the development of tools that can facilitate the
early diagnosis of resistant strains, a pressing issue aipeepriate antifungal treatment according to the
clinical isolate resistance profileas been found to play an important role in determining mortality rates of
patients suffering from invasive candidiasis.

A lot of knowledge has been gathered concerning molecular mechanisms underlying tolerance to
azoles inC. glabrata but most of it was gathered in laboratory strains without scrutinizing involvement in
the acquisition of the resistance phenotype in clinical strains. In this sense, one of the objectives of this
thesiswasto focuson clinical strainsnot ony those retrievedrom sterilesites (usually more focused by
being implied in invasive infections) but alsommensastrains retrievedfrom nonsterile sites wher€.
glabrata can thrive as part of the commensal micro(myco)biome. Using comparatigertpgomic and
genomic analysesf azole susceptible andesistantstrains, itwas possibleto demonstrate thathe
acquisition of mutations the coding sequence 6gPDR1resulting inhyperactivation of this regulator
is the most commonly found resistze mechanism, beingpssible to identify new variants that were not
previously described: CgPd¥T1*Q, CgPdri3%?™ and CgPdr#%". To further understand how the impact of
these three novel hyparctivating mutations affeche biochemical activity of CgPdrl, their impact in the
tridimensional structure of the protein was studied (usirgilico modelling) along with possible changes
in the set of promoterand interactorslirectly boundn vivo. Altogether the results obtained in this thesis
confirm that hypeiactive CgPdrf2’4Qvariant recognizein vivothe same set of promoters recognibgd
thewild-type CgPdrl, although they sh@mhanced capacity to induce expressioa sét otarget genes
It was possible to identify set of proteins interacting with wittypeandwith the K274Q variansf CgPdrl
but further studies will be required to understand whether these diffeieticesnteractiortio both variants

are responsible for the detected different capabilities of the two proteins to tadyetgene expression.



Following the demonstration that CgHaal is required for maximal tolerance and response to acetic
acid inC. glabratg in this thesisit was addressed the dissection of the regulatory network controlled by
this transcription factor anapossible involvemat of this system in biofilm formation and pathogenesis
of this speciesUsing ChlIRSeq it was possible to demonstrate that CgHaal directly boraisleast22
genesin vivo, a few of them (e.gCgTPO3 CgYRO2, CgYGP] with orthologs inS. cerevisiadeing
previously shown to confer protection against acetic d@iay 20% of the direct regulon of CgHaal
identified is conserved from that &. cerevisiaewhich indicates a noteworthy divergence of this
transcriptional networks in both species. Bwelutionof the directHaal network irC. glabratamay be
theresultof the recognition of a newis-element identifiedn silico, thatbinding by the transcrijin factor
requires furtheconfirmation Theresults obtained also demonstrate that CgHaal is required for maximal
adherence and biofilm formation @f. glabrataon both biotic and abiotic surfacébhe expression of
CgHaal and of its target gen€gAWP12, CJAWP1ELAGL0OK10164g, CAGLOI07249GAGLOE03740g
and CAGL0G05632gwas also found to maximizagrulence against the modefax Galleria mellonellg
this being of particular interest sincaiigmentshe biological functions fathis systens beyondresponse

to acetic acid at a low pH

Keywords: Candida glabrata,azole resistance, CgPdrand CgHaal transcriptional

regultion, response to environmental stress, comparative transcriptandggnomics



Resumo

O aparecimento de isolados clinicosG#mndida glabrataesistentes aos antiflingicos atualmente disponiveis é um

dos fatores mais relevantes na determinac¢éo do sucesso do tratamento dos doentes com infe¢cdes causadas por esta
espécie, tal leva a necessidade de identificar medicamentos alternativos adequadssadvas terapéuticos

diferentes dos visados pelos antifngicos existentes. Os fatores de transcricdo envolvidos na resposta ao stress
ambiental (incluindo stress causado pela presenga de antifingicos) apresentano um conjunto interessante

de possieis alvos considerando o seu papel essencial na regulasdesgostas de tolerancia adequadas.
Igualmente importante, é o facto de a inibicdo da sua atividade poder resultar num amplo impacto na célula, uma
vez que pode afectar em simultdneo a exprededulltiplos genes, incluindo os que poderiam ser necessarios

para a sobrevivéncia na presenca do agente deestEsss teséocaseem detalhar aspetos moleculares de duas
viastranscriptomicasontroladas por dois fatores de transcri¢do, o CgPdrigtomcentral na resposta a multiplas

drogas em diferentes espécies de leveduras, e o CgHaal, identificado como um fator determinante na tolerancia
ao acido acético em algumas espécies, incluind€eglabrata E espectavel que ao detalhar ao pormenor 0s
mecanismos moleculares que regulam o funcionamento das vias de transcricdo CgPdrl e CgHaal seja possivel
clarificar a possivel utilizacdo de ambas vias regulatérias como alvos no desenvolvimento de novos tratamentos
antiCandida No caso especifico do CgRd considerando o seu papel proeminente na aquisicao de resisténcia

aos azobis em estirpes clinicas, aspeto bem escrutinado nesta tese, a sua posterior caracterizacdo pode também abrir
caminho para o desenvolvimento de ferramentas que possam facilagnostico precoce de estirpes resistentes,

uma questdo importante uma vez que se verificou que a terapia apropriada consoante a resisténcia do isolado
clinico desempenha um papel importante na determinacédo das taxas de mortalidade de pacientes qae sofrem d
candidiase invasiva.

Até a data, foram detalhados varios mecanismos moleculares subjacentes a tolerancia aosCaz6is em
glabrata, incluindo o papel proeminente desempenhado pelo CgPdrl, no entanto, a maioria deste conhecimento
foi obtido através daiso de estirpes laboratoriais sem escrutinar o envolvimento na aquisicdo do fenoétipo de
resisténcia em estirpes clinicas. Neste sentido, um dos objetivos desta tese é o foco do estudo de resisténcia em
estirpes clinicas, ndo so6 aquelas recuperadas de éstéreis (geralmente implicadas em infe¢des invasivas) mas
tambémem estirpes comensaisoladasde locais ndo estéreis ond€ aglabratapode prosperar como parte do
micro(mico)bioma comensal. Utilizando andlises comparativas transcriptomicas e gasdmde estirpes
suscetiveis e resistentes a azois, foi possivel demonstrar que a aquisicdo de mutacdes na sequéncia de codificacdo
de Cd’DR1 resultando na hiperativacdo deste regulador é o mecanismo de resisténcia mais comumente
encontrado, tendo sido migel identificar novas variantes que ndo foram previamente descritas: &gfrl
CgPdr1392Me CgPdr!E%T. Para compreender melhor como o impacto destas trés novas mutacdasthipdoras
na atividade bioquimica do CgPdr1, foi estudado o seu impacatstrutura tridimensional da proteina (utilizando
modelagéon silico) juntamente com a analise de possiveis alteragdes da ligacao direta ao conjunto de promotores
e interactomadn vivo. No conjunto, os resultados obtidos nesta tese confirmam queaatgahiperativa do
CgPdr¥?7Q reconhecen vivo o mesmo conjunto de promotores CgPdrl do tipo selvagem, embora omatre
maior capacidade de induzir a expressdo de um conjunto de genes alvo. Foi também possivel identificar um

conjunto de proteinas quatéragem com o tipo selvagem e com a variante K274Q do CgPdrl, mas serao



necessarios mais estudos para compreendpossveisdiferencas de interagdo com ambas as variantes sao
responsaveis pelas diferentes capacidades demonstradas das duas praieirems méxpressado dos genes alvo.

Apos ter sido demonstrado que CgHaal € necessario para a maxima tolerancia e resposta a acido acético
em C. glabrata nesta tese foi abordada a clarificagdo da temiescriptomicacontrolada por este factae
transcr¢do e um possivel envolvimento deste sistema na formagBmfdme e da patogénese desta espécie.
Usandoa metodologia d€hIP-seq foi possivel demonstrar que o CgHaal se liga diretam@2tgemnesn vivo,
alguns deles (por exemplo, T§03 CgHRK1, CgYGPJ com ortélogos ens. cerevisiague foram previamente
demonstrados ser importantes para conferir protecdo contra o acido acético. Z¥émmsregulao direto de
CgHaal identificado é conservado quando comparado 8o cirevisiago que indica umdivergéncia notavel
destas redes transcripcionais em ambas as espécies. A evolucao da rede direta de€Hglabext@pode ser o
resultado do reconhecimento de um novo elemeisidentificadoin silico, cuja ligacao pelo fator de transcrigdo
requer onfirmacdo adicional. Os resultados obtidos demonstram também que o CgHaal € necessario para a
méaxima aderéncia e formacéo de biofilmé&deglabratatanto em superficies bidticas como abibticas. A expresséo
de CgHaal e dos seus genes alvAW§12 CgAWP13, CAGLOK10164g, CAGL0I07249g, CAGLOE03740g
CAGL0G05632gfoi também demonstrada ser importante para maximizar a virulén€aglgbratano modelo
de lagarta da traede-ceraGalleria mellonella o que é de particular interesse uma vez que aumeniagies

biolégicas deste sistema para além da resposta ao acido acético a pH baixo.

Palavraschaves. Candida glabrata,resisténciaa azois, CgPdrl e CgHaal- rede de

transcricdoresposta a stress ambientednscriptomica e genomicamparativa
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or pddagCagpllla(LYS2) cells were transformed with the pYRES/cHis_ CgPDR1plasmid (which drives
expression of CBDR1 from its natural terminator and promoter) or with the derived plasmids pYR29
MycHis_CgPDR#820C pYR29MycHis_CgPDRI"%¢ or pYR29MycHis_ CgPDRI?*%¢C encode the

corresponding K274Q, 1392M and 1803T variants, and were used to compare susceptibility to fluconazole by spot
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assay in MM or in YPD rich medium. Final cell suspension of-exidonential phase cells was prepared with a
ODsoonmOf 0.05 and dilutions of the cell suspension are spotted. Growth was compared after two to three days of
incubation at 30°C, depending on the severity of growth inhibition.............occiiiiieec e 75

Figure IV. 4. Number of norsynonymous singleucleotide polymorphisms found upon the comparison of gene
sequences encoded by #moleresistant strain ISTB218 and the azslesceptible strains CBS138 and ISTA29.

The names of adheséncoding genes are depicted in the figure to denote the high number of SNPs found in these
sequences encoded by the aze@lgistant strain ISTB218. The adhesins that are described to provide protection
against azoles i6. glabrataare highlighted in BIUE.............cccciiiee e 17

Figure V. 1. The modelling of the CgPDRitotein structure allows the characterization of the conserved
structural domains of zinfinger nuclear receptor transcriptiorfactors. (A) Structural modelling o€C.
glabrataPdrl according to AlphaFold Protein Structure Database with confidence modelling representation. (B)
The CgPdrl protein structure is composed of four different structural features: thédibtiidAg domain (DB,

yellow), the linker sequence (light grey) the dimerization domain (DD, dark grey), the core structure central
regulatory domain (CRD, beige), and the transactivation domain (TAD, green). (C) Representation of two sides
of the CgPdrl protein in surfacéew (a) and backbone view (b), respectably. (D) Representation of the CgPdrl
hydrophobic properties of the dimerization domain and (E) of the hydrophobic and electrostatic properties of the
individualized CgPdrl TAD domain. The hydrophobicity potentialrépresented from blue for the most
hydrophilic residues, to white if neutral, and to yellow if hydrophobic, while the electrostatic charged surface is
represented from red for the most negative potential, to white if neutral, and to blue if positive............ 95

Figure V. 2. Prediction of the secondary structure of CgPdrlanddfe r esi duedés propensity f
binding. (A) Secondary structure prediction along the CgPdrl amino acid sequence was obtained in PSIPRED
workbench. (B)DisoRDPbind was used to predict the propensity for the different residues of CgPdrl to bind
(BN N= T g o B 0] (= L SRR PR PUPUOPPPPPP 96

Figure V. 3. Analysis of the properties dhe CgPdrl structures involved in the interaction between the
transactivation domain and the central regulatory doméi).The 3D structures of the TAD and CRD interacting

were individualized from the rest of the CgPdr1 structure for further analysiBeFindividualization of the TAD

region (C and D) from the CRD domain (B) was obtained to characterize the hydrophobic (b) and electrostatic (b)
properties of the interacting surfaces. The hydrophobicity potential is represented in blue for most lyydrophi
surfaces, in white, for neutral residues, and in yellow for hydrophobic ones. The electrostatic charged surface
interaction is represented in red for the most negative potential, in white if neutral, and in blue if positive. The
backbone view is alseepresented in (a), marking in cyan the CDR structures predicted to interact with TAD,
which is itself highlighted in green. The region of the TAD docking in the CRD structure is further marked in a
o] 1= o3l o0 ) SR a7

Figure V. 4. In silico prediction of CgPdrl 3D structure helps to detail the sequestration afahgactivation

domain by the internal core of the prote{ and B) Using then silico prediction of the CgPdr1 structure by
Alphafold it was possible to identify (using Chimera Integrated Find Contact tools) the core structural features
(representedicy an) of t h e-hegixewin theicentrasregalétoryadsmaid (CRD) as well the residues

of this domain (identified in dark blue) involved in contacts (represented as light yellow) with the transactivation
domain (represented in green). (C) Témino acids that interact with the residues of the TAD domain are

highlighted in green in the amino acid sequence of CgPdrl. (D) The undertaken prediction allowed an
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identification of three predicted inhibitory domains (ID) marked as three stretchestldngntral regulatory
domain of CgPdrl (grey). The tridimensional structures of ID | are highlighted in red, ID 1l in green, and ID Ill in
DIACK 1N PANEIS A GNA Bttt e e ee b e e e e e bbb e e e e e e ere s 99

Figure V. 5. Modelling of fluconazole docking in the CgPdr1 nuclear receptor transcription factor structhee.
Chimera software integratelutoDock Vina tool was used to simulate the most probable docking regions for
fluconazole molecule in CgPdrl. (A) For the simulation, the minimum XBD was defined as the receptor (defined
in Thakur, J. Ket al.2008, represented in red), predicting onlye @robable region of docking. The different
scores of qualities in prediction are summarized in the table. (B) The predicted fluconazole (represented in blue
and signal by an orange arrow) docking site occurs in a channel that crosses the core stthet@gRdrl. The

DBD and linker domain were removed for better visualizat{@) The Chimera Find Contact tool was used to
predict the residues capable of interacting with the best scored simulated flucofva8dleiriding modes and are
marked in greein the amino aCid SEQUENCE. .........cuuiiii i iiiee e e et e st e e e e snbeeeaes 101

Figure V. 6. Definition of the CgPdt protein structural features that interact with fluconazole antifungal
molecule(A) The predicted structural features of CgPdrl that are predicted to be involved in the interaction and
possibly modified by the binding of the fluconazole molecule (red) are marked in dark blue, with amino acid
residue stretch circled in black, with theespic residues predicted to interact with fluconazole marked in yellow.

The structures previously predicted to contact with the docked TAD domain are also represented in cyan and
residues circled in red (B)he contacts formed by the different functiostictures were further analyzed and are
marked in greerD) The undertaken prediction allowed the identification of three predicted fluconazole binding
domains (FBD, blue) marked as three stretches along the central regulatory domain of CgPdrl.(greyt02

Figure V. 7. Gainof-function mutations are distributed in the central regulatory domain of the CgPdrl
transcription factor proteinThe Chimera visualization software was used to inspect closely the distribution of
residues affected by GOF mutations (red) along withgtructure of CgPdrl. (A) The influence that the change

of these residues of the core structure of CgPdrl can have on the fluconazole docking structure (daithblue),
residues that interact with fluconazole (highlighted in ye)ldiae TAD domain (gren) and the structural features

that interact with the TAD (cyan) were carefully analyzed. (B) Analyses of the effect that the residues (red) changes
P822L and I803T in the core of CgPdrl, reported resulting in CgGalllA partially independent CgPdrl
hyperativation, might have on CgPdrl protein structure. (a) Influence of the mentioned GOFs and the connected
(represent ed meélitshructgresevhene thieyi aredosaled roight have on the CgPdrl structure and
specifically the nuclear localizatiorgsial region (dark grey) (b) The surface region of this CgPdr1 structure region

is specially enriched in negative charges (red). (C) The 392 residue (red) is buried in the CgPdrl structure and
| oc at e d-helix structure intblved in TAD domain sequestra (cyan) that is also located near the
fluconazole (yellow) predicted docking site. The modification to a Met amino acid generates clashes (red lines) to
the NEAr T520 rESIAUE (GrEEIM)....c i iiieieee ettt eeeet et e ettt e e ettt erea et e e e s s sab b e et e e e s anbbbeeneseeeeessanbbneeeeesane 104

Figure V. 8. Gain-of-function mutations distributed in the transactivation domain of the CgPdrl transcription
factor protein.The Chimera visualization software was used to inspect closely the distribution of residues affected
by GOF mutations (red) along with the structure of CgPdrl. (A) The influence that the change of these residues in
the TAD (green) was carefully analyzd¢®) Analysis of the distinct effect of the modificationg/G1097AAA

and D1082G, different dependencies onG@H.1A for hyperactivation of CgPdrl, have on the TAD domain

overall negative electrostatic charge (red) and hydrophobic surface (Yelow).............cceviiieeeiiiiiiiennnee. 105
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Figure V. 9. Gain-of-function mutations distributed in the exposed region of the middle homology domain of the
CgPdrl transcription factor proteinThe Chimera visualization software was used to inspect closely the
distribution of residues affected by GOF mutationd)@ong with the structure of CgPdrl. (A) Several residues

of the middle homology region (MHR) were also identified to be affected by GOF mutations; specifically, aromatic
amino acids enriched in this region. (B) This zinc transcription factor consexgimhiis a structural part of the

channel where fluconazole docks (highlighted in bldéje predicted fluconazole molecule (yellow) docking

Figure V. 10. Gain-of-function mutations distributeith exposed regionsm CgPdrl transcription factor protein.

(A) The Chimera visualization software was used to inspedlittedered region that connects the dimerization
domain (dark grey) and the predicted TAD docking domain (cyan) that is enriched with residues aff&®ddel by

(red) (B) The localization of the residues affected by the G346D and L280F GOF mutations, with opposing effects
in CgEPAlexpression, in the of CgPdrl protein structure was analyFed.effect of the L280P GOF mutation

in the dest a-belixisecandaryistaucturedsfalsatahatyzedl (C) The K274 residue (red) interacts with
the amino acids of a nearby loop structure (yellow), which in its turn has residues that have a connection with
those of the TAD domain (green) or the TAD docking redioyan). Change of the lysine by glutamate or
asparagine reduces the number of interactions of the 274 residues.............oovvvvieeereiveeeviiiciiin e 107

Figure V. 11. Redefinition of the regulatory domains of CgPdrl based on the predicted structure features, the
effect of gairof-function mutations in CgPdrl activity, and literature informati¢) The different regulatory
domains of CgPdrl identified include the DNMnding domain (DBD), the linker region, the dimerization domain
(DD), the regulatory domain (RD), three inhibitory domains (ID), three domains involved in fluconazole binding
signdling (FBD), the middle homology region (MHR) the nuclear localization signalling (NLS) and the
transactivation domain (TAD). The distribution of the gafrfunction mutations found in the literature in the
amino acid sequence of CgPdrl is also repredeimteluding in green the GOFs characterized in this thesis. The
structural representation of the different domains is represented with the same color in (B) backbone and (C)
surface structural FePreSENTALION..........uu i ceeee e e e e e e e e e e e e e e aa e eeeeeeeeae e 109

Figure V. 12. Representation of the CgPdf1*?and CgPdrY'T interaction with the promoter of some CgPdrl
idertified direct targetsThree examples of peaks of reads obtained in GktPanalysis in the promotors of found
upregulated genes by CgP#*Qvs CgPdrY'™ (green) and without change (black). Images were obtained in IGV
viewer using ChlPseq sequence files of three different replicates of each CgPdrl variant. The MOCK IP reads
used as the control for peak calling using bPeaks software are also represented..............ccceeeeeeeeenn.n. 114

Figure V. 13. The K274Q gairof-function mutation does not aftethe CgPdrl promotor binding preference
ChlIP-seq analyses of the CgPrd1 Miggged versions expressed in the SKY107 strain and immunoprecipitated

in mid-exponential growth in RPMI pH7. Ch$eq analyses identified the same direct regulated genes for
CgPd1K?74Q and CgPdrt". Genes represented in bold have increased expression in a strain expressing
CgPdr¥?"Rvariant compared CgPdt1. This set of genes was previously confirmed in Paet &.2014 directly
regulated targets of CgPdrl activated in a petite strain. From those, only identified direct targets with a PDRE
found in the promotor were considered in the present comparative analysSis..........cccccvveeeciiineeeeeennnn. 116

Figure V. 14. Mass spectrometry identification of the nuclear proteins immunoprecipitated with théailyc
CgPDR1 wid-type variant and K274Q gaiaf-function variant using Ch#SICAP methodologysene ontology
(GO) categories in the proteins identified wgRe defin
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Figure VI. 1. Assessment of the effect and expressio€gfAAl and CgHaategulated adhesion genes
CgAWP12,CgAWP13, CAGLOHO07469g, and CAGLOK10164g in biofilm formation in biotic and abiotic surfaces.

(A) Cell viability in biofilm was measured using PrestoBlue aftér &d 24 h growth in RPMI at pH4, with or

without acetic acid. Results represent the means of ten independent experiments. (B) Comparison, measured by
reattime PCR, of transcription levels of the CgHaafjulated adhesion genes in the control KUE100_éhatd

o Clipalstrain in control or acetic growth conditions, after 6 h in RPMI growth at pH 4. (C) Effect in RHVE cells

in adhesion ofC. glabrata of the deletion of the GdAAL, CgAWP12 CgAWP13 CAGLOH07469¢g and
CAGLOK10164gvhen compared to the KUE10ré06 control strain, after 12 hours growth in RPMI at pH 4,

with or without 30 mM acetic acid. Significant differences in adhesion of the deletion mutants with thgpeild

strain are signaled in black, while significant differences in adherence @frtreesdrain when grown in control or

acetic acid stressed conditions are marked in grey. Results represent the means of a minimum of three independent
experiments. Statistical significance of the data shown was assessed using ANOVA considering diffiegent rep
performed (* p > 0.05, ** p..00..0L1,.. . %% .p.00..036, ***=*
Figure VI. 2. Importance of CgHaal and CgHaal regulated adhesins genes for virulence in Candida glabrata of

the Galleria mellonella infection mod€éR) G. mellmella survival after injection withC. glabrata control
KUE100 _chr 606 strain, Lghdal tdgevpldl edgeenvpli3 o GAGLOKILO184y,t S m
P CQAGLOIO7249gCAGLOE03740@nd glCAGLOG05632gDifferences in survival rates were calculated by

using a lg-rank (MantelCox) statistical test (P<0.01, for comparison of the wjijge and the mutant). (Bh

vitro infection of hemocytes witlC. glabratacontrot KUE1 00 _chr 606 str ai @ghaakhnd t he
gCgawpl? Cgpwpl3 CA5LO0K101649,00CQAGL0I07249g,gCAGLOEO3740gand qCAGLOG05632g.
Candidaload in the hemocytes was assessed upon 1 and 8 h of internalizationGaynilelonellahemocytes,

using a MOI of 1:5. The displayed results are relative to the concentration of viable cells gtatil@ine zero.

Statistical significance differences shown comparing the KUE100_chr606 with the mutant strains were assessed
usingponeway ANOVA considering the different replicas perf
represent the mean$ a minimum of three independent eXperiments.............ccceeeeiiviecciiiiiie e e e eeeeeeeeiinns 137

Figure VI. 3. Importance of CgHaal and CgHaal regulated acetate metabolism genes forabestonption of

acetic acid with glucose and the role in virulen¢d) G. mellonellasurvival after injection withC. glabrata
controlKUE100_chr606 strain, and the deletion muanC4GLOL00649c n dCgicil. Differences in survival

rates were calculated by using a-lagk (MantelCox) statistical test (P<0.01, for comparison of the wjioe

and the mutant). (B) Comparison of the susceptibility of coftrgllabrataKUE100_chr606 and deletion mutants
qCAGLOL00649 n dCgicid to inhibitory concentrations of acetic acid. Cells used to prepare the spots in MM

at pH 4.5 were cultivated until the mé&kponential phase, harvested by centrifugation. The final cell suspensi

was prepared with an QBn.mof 0.05 and dilutions of the cell suspension were spotted. (C) For evaluating the
consumption of acetic acid and glucose, the control KUE100 chr606 strain, and the deletion mutant strains
CAGLOL00649¢ n dCgicid were cultvated in liquid MM medium at pH 4.0 either or not supplemented with

acetic acid. Growth was followed for approximately 72 h during which samples of culture supernatants were
harvested and used for the quantification of acetic acid and glucose concentogtldRLC. The results shown

are means of the results obtained in three independent experiments. ... 140

Figure VII. 1. (Part Il) Representation of the CgHaal interaction with the promoter of potential direct targets

genes.Images were obtained in IGV and represent visually the alignment tG.tlpéabratagenome of the
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sequenced reads obtained by the three biological replicategttda® ChlPseq, specifically in the promotor
regions where high intensity of reads (peaks) were identified by bPeaks software (black boxes) when compared to
ThE MOCK CONTIOL ... ettt e e ettt ettt et e e aeae e e e e e s s samt et e e e aaaaeeeeeaesaaaaaarnnneaaeaeaens 158

Figure VII. 2. Representation in IGV of possible CgHaal interaction with the promoters of upregulated genes.
These interactions require furtremfirmation, since they are low in intensity and not always identified by bPeaks,

at least consistently in all replicates (black), were found in the promotors of chipable genes (blue, possible peaks
in promotors highlighted in dashed boxes) or found irragqulated genes (gregpmossible peaks in promotors
highlighted IN dashed DOXES)........uuuiiiiiiiiiiie i ieee e ereee e e e e e e e e e e e e e s s smmr e e e e e e e e e e e e e s aesanaannns 159

Figure VIl . 3. Representation of the twnost significant consensus binding motifs for CgHaalndwacetic acid

stress predicted from the Chbeq peaks sequences using the RSAT. tdbks sequences of high reads peaks
identified by the bPeaks software, located at gene promotors regions, that result from the sequencing of DNA
immunoprecipitated with the Myc tagged CgHaalivoin response to acetic acid stress (30 mM, pH 4), were
used to find the most represented motifs using the RSAT tQQlS...........ccccoviiimeriiie e 163

Figure VII . 4. Amino acid alignment of the-términal regions of ScHaal and CgHaal presumed to include the
DNA-binding domains of these regulato() The existence of a neconserved region in CgHaal lead to the
identification of two candidate regions to be the CgHaal DBD, between resid@ds(highlighted in blue) and

the other between residuesl33 (highlighted in green). (B) DisoRDPbind prdatin of the amino acids in
CgHaal involved in DNA interaction. The plot shows the propensity score calculated for each residue to interact
with DNA. If the propensity score is above the threshold of 0,245 the amino acid is predicted to interact with DNA

ard is scored with 1, if not it's scored with 0. The yeamserved CgHaal DBD sequence is highlighted in pink.

Figure VII . 5. Heterologous expression of the CgHaeB3DBD. The CgHaall53DBD His tagged peptide was
heterologous expressedhn coli BL21-CodonPlus(DE3RIL cellsfrom thepET23a+ plasmid. Thpeptide was
afterwards purified by the sonicated cell pellet using atkdis column and further concentrated and through fast
protein liquid chromatography. Confirmation of the expression and purification of the two peptides was performed
by SDS (A) and dtection of the Hidag by western BIot (B).........ccooiiiiiiieiiiieeeiiceee e 166

Figure VII. 6. Representation of the preliminary regulatory network of CgHaal during aceticstreisks The
network constructed has two levels of confidence: 1) interaction of CgHaal transcription factor with the promoter
of the gene confirmed by Chifeq analysis during acetic acid growth conditions; 2) Using the same growth
conditions, confirmatio of CgHaal dependence for gene expression using microarray assay (market in green
arrows). A dashed arrow represents the lack of a predicted DNA binding site in the promotseipéaks.

Genes circled in dashed lines require further confirmation ofg@ghhteraction to the promotor. Gene name was

defined by the Orthologue M. CEIEVISIAR...........iii ittt et smee e 167

Figure VIII. 1. Different effects of gaof-function mutations identified in the course of this thesis in the CgPdrl
direct regulon.The upregulated known direct CgPdrl target gerigbe clirical isolates with distinct CgPdrl
gain-of-function variants when compared to de CBS138 azole sensitive laboratorial strain show little Bierlap.
Figure VIII. 2. Genome and transcriptoreide studies results were used to identify changes in resistance factors
in azoleresistant clinical isolatesDuring the current thesis, a total of ten clinical isolates were found to have an

azole resistance phenotype. Azole resistance of seven clinical isolates was associated-syittomanous
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mutations in CgPdrl, including K274Q, 1392M and 1803T demonstiageein for the first time to be gawf-
function mutations. One azole resi st antcyepecd ianlilcealle .i sl
studies helped identified several rgynonymous mutations (grey) or changes in transcription (green i
upregulated and red if downregulated) of known azole resistance genes that can be in the future scrutinized as
important MechaniSMS Of FESISTANCE...........ii i e 173

Figure VIII. 3. Different effects of gakof-function mutations identified in the course of this thesis in the CgPdrl
protein structure and activityfA) The GOFs K274Q rad 1392M that are dependent on CgGalllA for CgPdrl
hyperactivity are located in the regulatory domain (RD) and inhibitory domain (IDI), while the 1803 TtDF
CgPdrl hyperactivity is less dependent on CgGallidAocated in the nuclear localization s&ling domain

(NLS). (B) ChiRseq analysis revealed that CgPdfA° variant (blue) as the same distribution has the-tyite

variant (orange) in the promotor region of its target genes despite having a different influenceexptisgion.

The genes upregulated using transcriptomic analysis by the ¢§P8rariant compared to the CgP#fvariant

ArE MATKEA 1N DIUG ... ettt ettt e e e eeeee e e et saateeeeeeaaaaaeeeeeeesasaanamnneeaaeaeeens 175

Figure VIII. 4. Comparison of the CgHaal and ScHaal predicted direct regulatory network during acetic acid
stress The CgHaal regulatory network was defined in this thesthéofirst time based on the Ch#eq analysis
explored in Chapter VII. CgHaal dependence for gene expression was confirmed by microarray assay to predict
if CgHaal interaction with a gene promotor could result in gene upregulation (when that is foumdadohée

case, the gene is underlined). Genes marked with * required further validation bygRBBRPsince dw-intensity

profile of the reads in the regions where CgHaal is presumably bound was ob3&eve&itHaal regulatory
network was predicted bylira, NP, et al.2011[253], based on the presence of the identified binding motif HRE

in the promotor of genes that expression is dependent of ScHaal during acetic acid stress. The effect in
transcription on the target genes by CgHaal and ScHaalaseeesed under similar growth conditions, imid

exponential phase cells grown in minimal medium at pH4 after 30 min acetic acid exposure............. 178
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.  Thesis Outline



The increase in the incidence of isolation of resistamtdidaglabrataclinical isolates, together with the
shortage of new antifungal molecules introduced in the market, brings a serious Public Health issue, considering
the high relevance of these species as causative agents of fungal infections. In this context,nitids tesse
scrutinize the molecular mechanisms by whithglabratacells acquire resistance to antifungalsivowith the
aim of identifying what could be novel therapeutic targets. This knowledge may also pave the way for the
development of new tools thaould be used for the rapid diagnosis of resistant strains, a particularly important
aspect since delays in diagnosis and treatmefaoflidainfections greatly determine the outcome of infected
patients, specially in the case of those caused. lyfalrata, a species that distinguishes am@andidaspp for
its higher resilience to azoles and a more rapid capability of acquiring resistasitce. This thesis starts with an
introductory chapter (Chapter II) that focus on what is known in the fiedad@kresistance itCandidaspecies,
with a particular emphasis on the knowledge gather€ll glabrata From this survey of the literature available,
it was evident that the relevance of most tolerance mechanisms described in laboratory strainzdle the a
resistance phenotype clinical strains remains to be studied. This aspect renders particularly important the focus
herein put on the study of resistant clini€alglabratastrains, as a way to provide more knowledge about the
genomics and physiolggof these strains that can be used in the future to better address these still yet elusive
guestions concerning underneath molecular players.

Chapter Il of the thesis describes twaolegenome sequencing of a fluconazole and voriconazole
resistantclinical C. glabrataisolate (named FFUL887) that was identified after a phenotypic screening of a
collection of strains recovered not only from sterile niches but also from other niches inGvligietiorataexists
as a commensal (such as vaginal or onallss, for example). This is a distinguishable aspect of this study since
the azoleresistance phenotype in commensal populations is likely to play a very important role considering the
growing body of knowledge that demonstrates the potential of thesdafiops in disseminating from their
original niches to the bloodstream. The genome of the FFUL887 strain was compared with the genome of the
susceptible strain CBS13®&hich revealed prominent differences in several genes documented to promote azole
resisance inC. glabrata Of many differences that were found in the coding sequence of genes described to confer
protection against azoles ©. glabratg focus was put on thEgPDR1 allele encoded by this strain since this
encodech K274Q norsynonymous modification that was not described before. Through transcriptomic analysis
coupled with more detailed molecular analysis, it was possible to demonstrate that this modificationtseprese
new gainof-function mutation of CgPdrl. The genomic and transcriptomic analyses also provided insights into
what can be adaptive responses evolve@ bglabrataduring adaptation to the host environment.

ChapterV continues the efforts in disding azoleresistance phenotype of clinical glabratastrains.

In this study a large collection of clinical isolates belonging to differ€andidaspecies, encompassing strains
retrieved from sterile infection sites and commensal ones, resulteditetitdication of11 C. glabratastrains
resistant to fluconazole and to voriconazdlenout of theseslevenazoleresistant strains were found to encode
CgPDR1GOFalleles with two of them, being herein characterized for the first ti®@2M and I803T. The sole
resistant isolate, ISTB218shich was found to encode a wilgpe CgPDR1allele, was subjected to comparative
genomic and transcriptomic profiling to shed lightimhat can be resistance mechanisms independent of CgPdr1.
Comparison of the transcriptomic expression of the several-egsiltant strains identified in the course of
chapterdll and M encodinghe CgPdrl GOF variants274Q, 1392M and 1803 Bppearsd suggest that different

gain-of-function modifications have a different impact in the biochemical activity of CgPdrl and, consequently,



in the genomic expression of the strains. Although the great differences in the genetic background of different
clinical strains is an essential issue that needs to be aezhinrthe interpretation of these results, other results
published in the literature (and also obtained in Chdptgreinforce this idea by demonstrating that different
CgPdr1 variants have different requirements for the mediator subunit co@g&ad11A. In ChapterV, it is
addressed a more molecular perspective of how the different GOF mutations affect the oohethimal activity
of CgPdrl including its impact in the regulatory network governed bytyild or GOF variants of this regulator
and also in the tridimensional structure of the protein. For this last aspsitizo analysis was performed using
the recently predicted structure of CgPdrl. Usimtpboratory strain of. glabrataexpressinghe alleles of the
wild-type or a CgPdi¥7#Q variantand exploring chromatin immunoprecipitation approaches, it was examined
how this GOF modification impacted the set of promoters recogiizetvo, the ability to induce target gene
expression and the set of interactors.
Chapters Y and VI of the thesis also address a transcriptional regulatory netwdzk ghabratg but

this time the one that depends on the transcription factor CgHaal. This novel regulator was identified in our
laboratory as mediatin@. glabrataresponse and tolerancehigh concentrations of acetic acid, a relevant trait to
assure that these cells are not excluded from the vaginal tract when the concentrations of this organic acid increase
prominently during bacterial vaginosis. Taking into consideration the obserdatio6@gHaal was demonstrated
to be required for maximal adhesion ©f glabratato vaginal epithelial cells and was identified as a positive
regulator of several adhesémcoding genes, in Chaptel ¥was addressed the involvement of this regulon in the
ability of C. glabratacells to form biofilms and also in virulence of this species against the infection model
Galleria mellondla. In a second step, in Chapterl Vit is detailed the elucidation of the CgHaddpendent
regulatory network active i€. gabrata cells and the way it might have evolved from the network described in
the budding yeastaccharomyces cerevisiteat is controlled by ScHaal, orthologue of CgHaal. A particular
emphasis was put on the identification of genes that were foundutadee the regulation of CgHaal, but not of
ScHaal, suggesting that some functional expansion of the network could have worked aiming to encompass new
genes that bring new physiological functions into the network.

In Chapter VII, afinal discussiomprovides an integrated perspective of the findings of the presented work and

explores future perspectives of the results obtained.






1. Introduction

Part of the results shown in this chaptewere published in:

Salazar SB, Simbes RS, Pedro NA, Pinheiro MJ, Carvalho NFNN, MiraAfRoverview on
conventional and nenonventional therapeutic approaches for the treatment of candidiasis and
underlying resistance mechanisms in clinical st@ind Fungi. 10;6(1) 2020. doi:
10.3390/jof6010023



1. The human opportunistic pathogenCandida glabrataand its high

resilience to azole antifungal drugs

Candida speciesare commensal organissnof the human gastrointestinal and genitourinargcts
however, under certain conditignsuch asthe decreased activity ofhe immune systemthis commensal
colonization camprogresgo infections that can range from mucocutaneous candidiasis to dissemmatesiis
[1]. AlthoughC. albicansremains the leading agent of invasive candidiasis, an alarming inanghsancidence
of infections caused byon-Candidaalbicansspecies occurred in the past decattgs,being worrisome as these
speciesare often more resilient to antifungal drug®, 3]. Specifically,C. glabratais today the second most
common causative agent of candidiatiiss emergencéeing associatedvith its innately highemesilience to
azoles, the frontline antifungal therapy used tadaye clinical setting2-4]. A higheremergencef C. glabrata
clinical isolategesistanto azolesandor echinocandinss also beingncreasingly reportef?, 3, 5] this being of
concern as it may result in therapeutic failure and, consequently, in increased mortality and morbid@}y. rates

The development of antifungal drugs is limited by the similarity between fungal and human cells, which
diffi cultiesthe identification of molecules that specifically target the microbial cell while not damaging the host.
Only four different classes of antifungals are availabléréat infection caused b§andidaspecies: azoles
polyenesfluoropyrimidines, and echinocandins (reviewe@}). The mechanism aiction of the different classes
of antifungalds schematized iRigure I1.1. Briefly, while azoles and polyen&srgetthebiosynthesis of ergosterol
[8, 9], echinocandins affedhe cell wall[10]; two cellular traitsthat areabsent in mammalian cellnd are
therefore largely explored as therapeutic targebsoropyrimidines like 5-fluorocytosineenters fungal cells
through cytosine transporter(s) being afterward metabolized via the pyrimidine salvage pathlagrmubacil
(5-FU), considered the active form off&. 5FU incorporates in RNA, causing prematwhain termination, and
inhibiting the activity of thymidylate synthase, an enzyme essential for DNA syn{ié3is his thesis focuses
on the mechanisms of tolerance to azolgs.iglabrata as such, there will be an emphasiglee known molecular

responses to &e antifungas.
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Figure Il. 1. Schematic representation of the known mechanisms of action of the different classes of antifungals
available forthe treatment of candidiasiss-FU i 5-fluorouracil; 5FUMP- 5-fluorouridine monophosphate;
FAUMP -5-fluorodeoxyuridine monophosphate; FUTB-fluorouridine triphosphate. Figure retrieved from
Salazar, S.Bet al.2020[7].

1.1 Mechanisns underlying the innate resilienceto azolesin Candida glabrata and

consequences for resistance

Azolesact by inhibiting the activity of the lanosterbl4-tlemethylase enzyme (encodedtbg ERG11
gene) that is involved in ergosterol biosynthd&]. As a result of this inhibition, azolexposed fungal cells
accumulate toxic sterols in the plasma membrane dramatically affecting its permeabilityg other effects
(Figure 11.1)[7]. Azole antiungals have a fungistatic activity agai@stndida,meaning that after removal of the
antifungal in vitro expogdcells are able taesume growthcontrary towhat is observed upon exposure to
amphotericin Bor echinocandinghat are fungicida[13]. The benefit of using fungicidal agemtsring patient
treatment remains elusive since thecome of invasive infections is often the same, even though several reports
highlight a significant increase in the@eutic successusing fungicidal agentdn the early treatment
of Candidainfectiors [13, 14] C. glabrataandC. kruseishow less susceptibility to azoles thae remaining
Candida spp(Table Il. 1) andthushigher doses are recommended to treat infections causeds lspdicie [3,

15](Tablell. 1). The mechanismgnderlyingthis increased resilienaaf C. glabratatowards azoleare nototally



clear,being suggested thttis speciesould have evolved responses to handle changes in sterient distinct
from those verifiedS. cerevisia®r of other CandidaspeciesSpecifically,the inactivity of CgErglhppears to
result in the accumulation of stert&tcompensadfor the lack of ergostet instead of having a toxeffect [16-
19]. While the emergence of resistante azoles inC. albicans, C. krusei, C. parapsilostr C. tropicalishas
been largely associated with changes in the ergosterol pathimajuding modificationsin sequence or
overexpression dERG11[20-26], theallele encoded b¢. glabrataazoleresistantlinical isolates is, in the vast
majority of the casesgentical to the one encoded &ysceptible strainfl6, 2729]. No link betweerexpression
of this geneand increased resistance to azoles calddbe established i€. glabrata[27, 29, 30Janddisruption
of CgERG11generesults in the crosgesistance to amphotericin B and azolgs, 31, 32] Another striking
difference observei$ the report thain C. albicansdeletion of ERG3[33], involved in the conversion of sterol
intermediates into toxisterols,results in enhanced resistance to azoles, a phenotypis ttwtobservedn C.
glabrata[31, 32] Interestingly nonsynonymous mutations in CgErg®at arethougtt to increase protein activity
appeaed with high frequency duringn vitro evolution of echinocandirresistancgbut not during evolution
towards increased azole resistafi8g], even thoughheseobserved modifications iI€gErg3were foundto

enhance tolerance to azoles.

Table II. 1. General susceptibility patterns of Candida species to antifungal drugs used in the treatment of
candidiasis(adapted fronj15] and[34]). Ssusceptible; D i susceptible dosdependent; T intermediate; R
T resistant.

Species Imidazole Triazoles
C. albicans \ StoR S
C. tropicalis | S S
C. parapsilosis | S S
C. glabrata | SDDtoR SDDtoR
C. krusei \ StoR SDDtoR

The induction of the activity of drugfflux pumps haslso beerobservedas an almost transversal
mechanism of resistance to azoles acdiffsrent Candidaspeciesin this context, thenore studied drug efflux
pumps linked to azole resistance are those belonging to théi@iihg cassette (ABC) superfamiyt of which
CgCdrlstands out as having the more prominent [@B(Table 11.2). The expression d2gPDH1,CgYOR1land
CgSNQ2genesalso encoding AB@ransportersywas foundo beincreasd in azole resistarclinical straing28,
36], however the deletiorCgPDH1 andof CgYOR1only resulted irenhancedusceptbility to azoles n cadrl
mutantstrain[36, 37] This doservationhighlights the overwhelmingrole of CgCdrl inenhancing toleranc®
azoles, a featuthatmay maskhe importance of other MDR transportershis phenotypeDespite this, CgYorl
was found to protecC. glabratacells from azole stress undsitrogen depletion conditionf37] while the
expression ofCgAuslfavored tolerance to azoles wherogenous steroleere present in the mediuf8].
Although the influence oMDR transporterdelonging to the Major Facilitator Superfamily (MA8)mediating
toleranceto azolesin C. glabratahas not been studied at the same extent as thelseging tothe ABC
superfamily, promising results had beertadbed in a recent study showing a positive correlation between the
expression of th&€. glabrataCgAQRL, CgTPO1_1, CgTPO3, and CDR2 MFS-MDR transportergieresin
resistance to clotrimazo[89](Table 11.2). In this studyit was also shown that the deletion@dTPO3abolishes
resistance to clotrimazole in one of the identified resistant clinical isq28gsCgPdr16, CgPdrl7, CgTpol_2,

and CgFIr2 were also found to be requirednfi@ximumtolerance to ketoconazaded/or fluconazole in laboratory
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strains[40-42]. The model that is generally accepted to explain the positive effect of ABC and MFS transporters
in drug resistance is their role in directly mediating the extrusion of the drugs, however, from the biochemical
point of view, this model is difficult to accept considering the wide structural divergence of the hypothesized
substrategas reviewed in 43]indeed, more recent studies performed in the eukaryotic modelS/ezestevisiae
show that ABC and MF®DR transporters have phydogical substrates whose transport may affect the partition
of the drugs between the intrand the extracellular environmdas reviewed in 43, 44]n specific,some MDR
transporters have been shown to influence the lipid coriposif the plasma membrane, by promoting the
transport of phospholipids and/or ergosterol, which thereby may affect the diffusion rate of the drugs across the
membrandas reviewed in 44]in this context,tiwas recently shown that deletion of the poorly charasdcC.
albicans ABC transporter CaRoal results in increased membrane rigidity and, consequently, in a reduced
intracellular concentration of azolg$5]. In C. glabratathe transcriptional regulation DR efflux pumps is
underthe tight control of the pleiotropic drug resistance network (or PDR) that is dependédhé ccgPdrl
regulator[46](Table II.2). The involvement of the PDR network, and of CgPdrl in particular, in tolerarce of
glabratato azoles will be scrutinized in a dedicated section in this introduction.

Genomicanalyses havenveiled an important rolia the inactivation of the GQgSH2gere as a driver
of resistance tantifungals (includingzoles, echinocandimsd amphotericin Bin C. glabratawhile colonizing
the host[47]. The CMSH2gene acodes a protein involved in DNA repair and its inactivajpromoted by
frameshift mutations in the coding sequence) leads to increased genetic diveéngty.iglabratapopulation. As
such, isolates harboring inactive l@§H?2alleles rapidly acquiredesistance tantifungalgesulting from the rapid
acquisition of beneficiainutations[47]. The genomic plaiity exhibited byC. glabratahas also been found to
contribute tancreased drug resistance in these species. In specific, inras@tant clinicalC. glabrataisolates
it hasbeen described thecrease of CGDR1 CgPDH1 or CgERG11genecopynumberwhich may be correlated
to interchromosomal duplication dhe formation of minichromosomes harboring several copieghaf same
gened48, 49]

Table Il. 2. Summary of thdetrminants of resistanddentifiedin azoleresistant Candidglabrataisolates

Modification of drug target Increased activity of drug-efflux Increased activity of PDR
(protein or pathway) pumps transcription factors
Missense mutatio@gERG11 Overexpression 0€CgAQR1, CgCDRY, .
bypassing inactivation of CgPDH1,CgQDR2 CgSNQ2 Increaéeg;cltlwty of
ergosterol biosynthesis by azole CgTPO1_1 CgTPO3 [27 299 5056]
[17] [28, 35, 36, 39] S

In recent years, global phenotypic studfgst using collections of laboratory mutant stra@msl more
recently resorting toransposon gene disruption approac¢leepanded (in some caseg a lot) theset ofgenes
and biological processesnferring protectioragainst azoles C. glabrata[40, 5759]. These studies confirmed
the important role of CgPdr1 aiitd targetMDR transporters fotoleranceto azoles, while also implicating other
regulators in the transcriptional regulation of deffjux pumps or ergosterol metabolism under azole stress
including CgStbg60] or CgUpc2A[61]. It was alsdighlighted the role of several genes encoding transcription
coactivators of the mediator complex, proteimgolved in calciumdependent signalingathway orin Rhol
mediated signalingas well agproteins involved in cell wall homeostagi#0, 5759]. Furthermore, deletion of
genes involved irribosomal biogenesis and mitochondrial translatithe activity of the Krebs cycleand

respirationwere found to exert protection against az¢4€s 58] Nevertheless, a very modest overlap of those

9



genetic elements identified were confirmed to underlie azole resistance in clinical $traies of these
genes/functionseingindicated inTable 1. 2). This lack of correspondence might reflect that the occurrence of
factors conditioning azole resistarinevivomay not beeflected in thee foundn vitro. Furthermore, the cellular
functions identified to be relevant for the response to azole antifungals might not necessarily be involved in the
development of azole resistance. Despite this, the dissimilarities in the findings obtaihedaharatory and

clinical strainsalsoreflect the lower amount of work that has been undertaken in clinical strains, compared to
laboratory straingas reviewed in 7]In the vast majority of theases, azole resistanceGn glabrataclinical

strains derives from them acquiriggin-of-function (GOF)mutations in the transcription regulat@gPdrl[as

reviewed in 62]In line with these results, a recesttidy using a transcriptomic approach to unveil the mechanisms

of in vitro evolution offluconazole resistanda C. glabrata,reportedthat the population transcriptomic profile
appeared to select in the end the acquisition of CgPdrl GOF mutations and consequently the upregulation of MDR
efflux pumps, possibly reflecting a minimum cost dstresistance mechanig®3]. However, the development

of resistance reported in clinical isolaféd, 65]andin vitro evolved strain$32, 63] is often gradual, reflecting
transient resistance mechanisms by modifications in distinct genes and changes in the transeitigtome
remodeling. Furthermore, secondary mutations often arise to balance the loss of fithess of resistance mechanisms
[64-66]. Also relevant, is the fact that vivo,there isa genetic heterogeneithat should not baeglectedn the

clonal population, in which different mutations in resistance atlibganicgenes might appear dominahtring

different times of infectionén response to different stresses and canigeoan advantage to the changing
environmentThesemutationsthereforedonot necessdy reflectan evolution of the isolate, but ratleesdection

within the host othe prevalent clonal genotypfs6, 67}
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2. The Pleiotropic Drug Resistance transcription factor,
CgPdrl, in Candidaglabrata

As said above, th@ajor contributor tahemultidrug resistance (MDR)henotypén Y eassis the
pleiotropic drugresistant (PDR)network, whichhas been shown to respomal a diverse range of
xenobioties [68-70]. The impacts ofMDR are varied but in the specific context @andidaspecies, its
impact inthe toleranceand resistancef clinical isolates to azoles stands out. In the following chapter
overview of the organization of this network is provided, starting first witlléscription in the non
pathogenic yeast speci€accharomyces cerevisiaad how it changes when compared to the network
active inC. glabrata Detailed analysis on the molecular mechanisnderlyingthe control of the activity

of this regulatory networkn particular, of the Pdrl transcription factwiill also be provided.

2.1. The Pleiotropic Drug Resistancenetwork: from Saccharomycescerevisiaeto
Candidaglabrata

The PDR transcription factors in bdh cerevisiaandC. glabrataare found constitutively bound
to the highly conserved pleiotropTCERYGERPO reersdh onds e e
YCCRKGGRT 3 6, r e s[ple7@) preseatlinythe promoter of target gefig®, 73, 74] Without
further stimulus, he interaction of the PDR transcription factors with the PDRE motifs happens at low
activity, resulting in the maintenance of a basal level of expredsiotargetgenes[70, 73, 74] Pdr-
dependent gengsanscription is further activataghon stimulug70]. The network otarget genes directly
regulatedoy ScPdrl, asvaluatedby the interactionof the transcription factowith gene promotor§70,
75](Figure 1l.2), identified several MDR transporters includiBg°DR5,SdPDR10,SdPDR15,ScSNQ2
and ScYOR1 TheseMDR-transporters genes were found to be induced in an Sclegendent manner
upon xenobiotic stimulation, including fluphenazine, selenite, progestemobenomy[76-78]. However,
the induction of genes may depend not orfiyttee binding ofSdPdrl to thePDRE motif but also fo
additional factor$70]. A good demonstration of this is the observation that ScPdrl plays an important role
in the induction of SENQ2during exposure of the cells to fluphenazine, but the same does not happen in
response to benomyl strdg®, 76] Therefore, a combination of transcription inputs upon stress will help
define the PDRIependent transctipnal response andetermine thdinal impact in gene transcription
[70]. Lipid plasma membrane homeostasis is another major functiahated by theScPdrinetwork
(Figure 1l. 2) including genes involved irbiosynthesisand transport of phospholipid$d®DR16 and
SdACT1[79, 80), in thesynthesis of sphingolipids(SdPT1and S®RSB181, 82) andin transport ofterols
(SA_AF1 [83]) [70, 84] The ScPdridependennetwork also includesSCGRE2 encoding a eductase
responsive to osmotic and oxidatigressand that has an importanyet unclear,role in ergosterol
metabolism{85]. Demonstrating the complexity of the netwoBc¢Pdrl wasanfirmedto directly regulate
other transcriptional activatogigure Il. 2) including the biotin regulator S¢HR1[86], ScYRRL and
SdPDR3both regulators of drugesponse, rad Pdrl itself[70, 86, 87] ScPdrl and ScPdige paralogues
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andshare most of the directly regulated target genegltamsthe basal expression of ScPdtépendent
genes can bmaintained in agpdrl mutant due t@ompeasaton by ScPdr3d70, 8890]. However, it has

been demonstrated that despite their homology, ScPdrl and ScPdr3 diverged and specialized in response
to different physiological signaling events and regulatory mechanismg8, 9197]. ScPdrl is the main
responsible for response to xenobiotic stimulus, while ScPdr3 plays only a minor role in this aithough
has been shown to bind xenobiotics as | 91] In turn, ScPdr3 alone is responsibletfog activation

of the PDRdependent genes in response to mitochondrial dgfé2{35]. The expression of RDR3is
maintained at low levslin rhod cells and is strongly induced in thmutants, this inductioneingdependent

of the ScPdr3 transcriptional autegulation since deletion of théewo PDRE motifsfound in SPDR3
promotorabolishesPDR transcription activation in rRoells[94, 98, 99] This autoregulatory circuit is not
verified for SPDR1since PDRE motifs are néwund in its promotof100, 101] Despite thisSSA®DR3
induction, ScPdr3 protein levels are still underrepresented wbepared to those of ScPdrl, and
therefore, other mechanisms must be involved in the increased binding of ScPdr3 tofRBXgEt genes

[102]. Also highlighting this specializatioaf ScPdrl and ScPdré&n response to the same strédssse
transcription factorgan exert a different effect in the transcription of a specific group of gérnpd-or
instance, in response & cerevisiaeells to progesterondoth transcription factors have identical and
overlapping activity onthe expression odeveralPDR transporter genggicluding SCPDR5, ScPDR15,
ScSNQ2, and ScTPYWhile ScPdrihas a dominant effect in the transcription of lipid metabolism gene
transcription[77]. ScPdr3 further diverges from ScPdrl by having a broader spectrum of induced genes,
including SRTG3gene from the retrograde system and genes induced imssspm DNA damage or to
saltinduced stresf88, 96] These differences in transcription specificity between ScPdrl and ScBd¥3 w
correlated tospecific variations in the PDREequenceand the number of PDREMotifs present in the
promoterregion of target genesuggestig differences in the DNA binding affinitgf the two regulators

[77, 971 Another striking example dhe difference in the impact of both transcription factors in the
expression of the same genes is the observation that while ScPdr3 is the main activator of the PDR genes
in response to retrograde mitochondrial disfunction, the same signaling resulBdirl $eing a negative
regulator of the expression of IOR5,ScSNQ2andScYOR1[94, 95, 102, 103]Iin opposition, in normal
growth conditions, ScPdr3 inhikithe expression of these same gemedfurther inhibit expression of
SdPDR5and S®DR15in response tmycotoxin, while under this same streSgPdrl positively regulates
them[90, 91]

In C. glabratg the single copy othe PDR transcription factor CgPdrl regulates transcription
target genesfteractivating stimuli (that can be expogto axenobiotic or response mitochondrial
defect as detailedbelow)thus congregatinfunctionsthat are attributed to 8drlor SAPdr3[104, 105]
Another noticeable difference between the Pdlependent genes 8 cerevisiaandin C. glabratais the
autoregulation ofCgPDR1from two PDRE motif§ound in the promotor gerie C. glabratg while inS.
cerevisiaethis is only observed in the promotegion of S®PDR3but not of SAPDR1[71, 73, 94, 100Q]
Elimination of the two PDRE motifs from ®PR1promoter results in the significant reduction of CgPdrl
protein levels and, consequently, reduced atméFance thus highlighting the cruciabte of the CgPdrl
autoregulatory circuit for the normal function of the PDR netwioitkis pathogenic speciga3]. Notably,

upon fluconazole stimulus, CgPdrl protein is still egesduced (compared to the levels attained in the
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absence of the antifungaven when botHPDRE motifs are deleteddemonstrating that GRPRL
transcriptionis under the regulation of other transcription factors as 8|l

Using ChiRsegPaul, Set al.2014[71] defined 25 genes as tise more likely to be diretargets
of CgPdrl, based on the enrichment of CdRiinding observed irthe correspondingrromoterof target
genes imrhd® cells compared tehe same binding observedrho® cells(Figure 11.2). These results showed
asubstantial overlap dargetgenedirectly regulated byPdrlin S. cerevisia@ndin C. glabrata[71, 72,
95], including those encoding MDR transporters (e.g. ScPDR5CgCDR1 SAPDR13
CgPDH1, andYOR3J or involved inplasma membrane homeostg@8siPTL/CAGL0G05313gRSBland
YMR102@CAGLOKO03377Yy [71](see Figure Il. 2). Another relevant direct targetf Pdrl inboth S.
cerevisiaeand C. glabratais the Rpn4 transcription factor, a major regulator of proteasome and
ubiquitination machinery gengs06-108]. In C. glabrataRpn4 is also a positive contributor to maintagn
intracellular ergosterol levels and membrane permeability through thegulation of genes encoding
enzymes of the ergosterol biosynthetic pathway and heme biosigit& 108] Despite the convergence
in functions regulatedby the Pdr networkn both speciesspecifictarget genes weralso identifiedas
detailed inFigure II.2. In specific, CgPdrl regulatethe MDR transporters gen€3gQDR2, with a putative
physiologicalrole in the export of amino acidmd coppeiin S. cerevisiad109, 110] while a similar
connection was not observed for ScR8dQdr2. CgPdrl was also found to specifically reguCaféBT],
a putative acuoleABC transportepresumedo promotevacuolarsequestration of azo[@11]; CQRTAL
apredictednember of théungal lipid translocating exportewith a suggested role in the exporadierrant
sterol intermediatefl 12]; and CAGL0J05852¢gpredicted to encode axidoreductas¢hat regulateshe
morphology oflipid droplets [113]. CgPdrlwas also found texclusivelyinteract withthe promotor of
CQgATF2, a putative alcohol acetyltransferaseggested to bimvolved in serd detoxification[114], and
of CgNCE103encoding acarbonic anhydrase activatoecessary for growth in aerobic conditidtid5,
116]. Another specific direct target @@. glabratais CgPUP1, which encodes mitochondrial protein with

anunknownfunction, but whosedeletionreduce the virulenceof this specieagainsimice[117].
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ScPdr1 CgPdr1
Plasma membrane Plasma membrane
homeostasis homeostasis
ICT1 Plasma membrane RTA1, CAGL0J05852g
homeostasis
MDR-transporters ' o7 |AF1 ppR16, RSB1 ~ MDR-transporters
PDR10, TPO1 YBT1, QDR2
Stress Response MDR-transporters Stress Response
GRE2 PDR5/CDR1, NCE103, ATF2
. PDR15/PDH1, PDR16,
Transcription SNQ2, YOR1 Cellular lifespan
VHR1 (Biotin), PAC1, MEC3

PDR3 and YRR1 (MDR) ' proteasome Function Unknow Functian

Unknow Function RPN4 CAGLOK05819g, PUP1
YLR346C, YGRO35C,
TVS1

Figure 1l. 2. Comparisorof the genes directly regulated Bgrl inSaccharomyceserevisiae an€Candida
glabrata Networks detailed in this figurfrO, 71, 84] were defined by the Pdrl interaction with the
promotor regiorof targetdy DNA-footprinting, ChlRchip and ChiPseqgtechnologieplusmonitorization
of gene transcription. Only genes with PDRE motif in the promotor are herein detailed.

2.3. The complex and irtertwined interactions established between the IBiotropic

Drug Resistanceregulatory network and other stressresponsive regulators

The PDRregulatory networkbecomes more complex as the central regulator Pdrl directly
regulatesothergenesencoding transcription factors, including, as mentionedRgt in C. glabrataor
SARPN4 ScYRR1andScvHR1in S. cerevisiagr0, 71, 75]In C. glabrata disruptionof Rpn4transcription
factorencoding geneesuls in increased susceptibility to azeleconsistent withits Pdrdependent
regulation being relevant to favor azole tolerafi€¥, 118] Other transcription factors such as CgUpc2A
or CgStb5were also found tdirectly affect C¢DR1transcription andCgPdrl1function respectivelyj60,

119]. In S. cerevisiagclose contacts between the Pdr network with other networks involved in response to
oxidative stressnediated by Yaphndin response terotein degradatiomediated by Rpn4, ke also
been describef¥8, 120124] (Figure 11.3).
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Figure 1l. 3. Schematic representation illustrating the interactions established betweegtethtropic

drug resistanceranscription factors with other regulatory networks iacBharomyceserevisiae and in
Candidaglabrata.A schematic view of the complexity of thegulatory associations established between
PDR transcription factors (represented in grey) with other transcription factors involved in response to
oxidative stress (represented in blue), in protein degradation (represented in yellow), in ergosterol
biosyrthesis (represented in red)$n cerevisiaand inC. glabrata[60, 70, 71, 75, 78, 88, 101, 1-126].

The represented models distinguish the direct effect (backed by evidence of regulatory eleseectpn

the promotor and/or direct binding to the promotor, accompanied lofpthenstration thahe transcription
factorinfluencesgene expressiomlimerization of ScStb5 with ScPdrl is also represented as it inflaence
PDR transcriptionThestressr stimuli in which theranscription isnfluenceby the differenttranscription
factorsis also indicateqErgosterol pathway defects (EPD); fluconazole (FLZ); g&ifunction mutation
(GOF); methyl methanesulfonate (MMS)zetidine2-carboxylic acid (ACZ), a proline analog that miss
incorporates into proteins and ledd proteotoxic stress; mitochondrial defects (MitD)).

In S. cerevisiagin response tonancozeb and selenitiee majoroxidativetranscriptionregulator
ScYaplregulates F8DR3expression78, 124]by directly bindng to thecorrespondingrromotorregion,
even in control condition§123]. ScYapl can also regulate SAPDR1, albeit indirectly via SARPN4
(confirmed to balirectly regulated by ScYapduringH20,, selente and benomystresg78, 121), while
ScPdrl also regulatesdRPN4during selerte stres§78]. Concordantly, a complete ScYagdé&pendent
response to benomyl, acetaminophe and diazaborine, is reduced in the absence of a downstream functional
ScPdrl and/or ScPdfB27-129]. ScRon4wasfurtherreported to bind to Yapl promotor in highthroughput
chromatin immunoprecipitatiomssayg [120] andpositivelyinfluenceScY AP 1geneexpressiornn response
to mancozeb streg$24]. Notably,during selene stres$ScRpn4 negatively influences ScYapl expression
[78, 120] Interestingly theinfluenceof ScPdrlor ScYaplon S&RPN4transcription was found tdepend
on theother being absenin the promotor increasing the complexity of the crasgulation of these
transcription factor§l07]. Another direct target o6cYaplduring benomyl, HO, and seleninestressis

the transcription factdbcYrr1[78], which has bershown to influencexpression of the some of tRdr-
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dependengenedike ScSNQ2both under nosstressful conditionandalso in response #-nitroquinoline
n-oxidestres4130-132]). Notably, ScYrrl was found twegativéy regulateotherPdr genetike SA°PDR5

as it was observed to ocduarresponse twanillin stresg§133]. This influence of ScYrrlin the expression
of the abovamentionedyenesvas foundo be direct since it was demonstrated the direct interaction of the
regulator with the corresponding promoter regift]. Altogether this data suggests that ScYrrl may
play a role in finguning the PDR respon$88](Figure II.3). ScYrrl was further identified to be a direct
target of ScPdrl and ScPdi@herehigher expressiomwasfound to beregulated during mancozeb stress
[88, 101]Figure II. 3). ScHsfl heashock responsive transcription factprovides another network
cross$ng paths withS. cerevisiad’DR transcriptionainetwork being involved in the direaiegulation of
SAPDR3 and SARPN4 in response tdeatshok, methyl methanesulfonate or to tpeoline analog
azetidine2-carboxylic acid[121] and possiblyindirectly by SdPdrl during selenitestress as wel[78]
(Figure 11.3). In response to these stress@sPdr3exerted a minor rol thedirect reguldabn of ScRpn4
upregulation as well[121]. The ScStb5transcriptionakegulatoris alsoactivatedin response toxidative
stresscaused bydiamide and KO, and regulatesgenes involvedthe pentose phosphate Ipaty
(presumablyto increasethe supply of NADPH) and also genes of the PDR netwbkie SCSNQ2,SAPDR5

or SdPT1[132, 135, 136]ScStbas foundpredominantlyin the cellasaheterodimer with ScPdrtbut not
with ScPdr3)able tointeractwith the PDRE moti{Figure II.3)[125]. Expression o65cSTBS5is dependent

of ScYapl after long selenite exposure, during@dor in response tarsenite stresghusshowing the
dense nature of the transcriptional regulatory networks involving the PDR sy8&ni137, 138]
Interaction of ScYapl to SdB5promotor wasalso reportedin a high throughput assd{39]. In S.
cerevisiaghe PDR-dependentranscriptional response was also found to rely on transcriptional repressors
and not only transcriptional activators, being of notice the involvemesitRélrl adescribedepressor of
SAPDR5 SAPDR15,SdPDR16or SARSB1gened126]. The negative regulationf thesegeneds dependent
onthe presence ®DREin the promotoralthough, the interaction of ScRdrl witHgDNA motif was
not further confirmed126]. Up-regulation ofScRdrlexpressiorwas foundo bedependent foScPdrlin
response teelente stressand further interactiom the promotoiin high throughputassaywas reported
this beingsuggestie of a negativetranscriptional regulation loopetween both transcription factdigs,
120, 126]

In C. glabratg no information is available on the potential role of tH8F1 orthologue in the
regulation of C@DR1transcription Also, an etensive remodeling in thchromosomal regioencoding
Rdrlhas occurre@dlongwith the evolution betwee8. cerevisia@andC. glabratathat hagesuledin the
loss of this orthologufl 40]. A CgPdr:CgApl-CgRpn4 orthologue etranscriptional networkppears to
have beerconserved78]. In specific benomyl stressvas found to induc¢he expression of th¢hree
transcription factorand sincehe DNA motifs recognized bihoseareconservedn the promoter regions
of the corresponding encoding gends is likely that the transcriptional loops describedSin
cerevisiaecould still be activen this pathogenic yeafi8]. A PDRE motifis alsofound conservedn the
promoter ofCgYRR1and thistranscription factowas also found tlay a role inconferring protection
againstazoles in C. glabrata[118, 141] In C. glabratg CgRpn4 potein is relocated to the nucleus upon
cell exposure to azolesuggesting an activation of the regulator in these condifit®f]. Interestingly,

during growth inazoleunsupplemented mediyrie expression dEgRpn4 was found to negativedffect
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the expression of severdirect targets of CgPdringluding CgCDR1,CgQDR2 CgePA1L,or CgPUPY)

[108] which indicates that even under these -activating conditions there mightte some crossalk
between the CgPdrhnd CgRpn4regulatory pathwaygContrary toS. cerevisiagthetranscription factor
CgStb5was found tmegatively regulat®dr-regulatediargetgenedike CgCDR1,CgPDH1 or CgYOR1

and this wasconsistent withthe gqiCgstb5 mutant exhibitingdecreasedsusceptibility toazoles, while
CgSTB5overexpressiomesults in increased resilienf@0]. The ability of CgStb5to form heterodimers
with CgPdrland to interact with PDREsimilar to what was reported B. cerevisiagwas notfurther
demonstrate{b0]. A specific feature observad C. glabratais thatCgUpc2Adirectly regulate CgPDR1
gene expressiom response ténhibition of theergosterol pathwayfeven if this takes place at different
steps)[119]. In specific, it was observed thditet deletion ofyenes involved in thergosterobiosynthetic
pathway results in CgUpc2A-ecalizationfrom the cytoplasm to the nucleinslicating that this regulator
responds to perturbations in sterol composition of the memiidr®d. Indeed, ScUpc2 was found to
directly bindto ergosterol and ehydroergosteralso relocating to the nucleus upon changes that lead to
alterations in plasma membrane sterol confeh®, 142] In response to azolesrgosterolbiosyntheis
genes are positively regulated by CgUpe2ectedly tawounteracthe deleterious effecexerted bythese
drugson the membrane sterol cont¢bd3, 144] Recently, CgUpc2A was reporteddoectly regulate a
large number of genes, to whitlhe ERGgenes account only for a small pggt] with manyoverlaping

with those regulated by CgPdrihcluding C@DR1istself[61, 71, 119] In agreement witlCgUpc2A
having an indpendent rolein the activation of PDR genes, the deletion of CgUpc2A affects azole
susceptibility even in the presence of a hyperactive form of Cdldid]. Until today, therés no evidence
linking the activity of ScUpc2 tdScPdrl orSdPdr3 activity [61]. Recently two putative negative
transcriptonal regulabrs of C°DR1werereportedspecificallyCgGIn3 and CgZap[il45, 146] CgGIn3

was reported to repress BDQR1 CgCDRIL, andCgPDH1 transcription duringC. glabrata growth in
ammonium sulphate, tipreferred nitrogen soura# this specie§l45]. However, sinc&iIn3is generally
descibed to exert gositive role in transcriptiorthis effect shouldhot result fromdirect regulationand
furtherstudiesarerequired to elucidate the CgGIn3 role in PDR regulgtle@6]. CgZaplresponds to zinc
nutriert limitation andwas found to inhibithe expression oc€gPDR1,but also of theMIDR-transporter
CoCDR1and theergosterol metabolisgenesCgERG3and CgERG5[146]. The direct/indirect nature of
the regulation of CgDR1wasnot yet further inferreddowever, deletion of C§AP1rendersC. glabrata
cells more susceptible to azole antifungals by affecting the membrane properties including the depletion of

ergosterol and decreaghosphatidylinositides leve]$46].

2.4 A molecular view on the transcription of Pdr-target genes

Transcription activatiortriggered bynuclear receptorsuch as Pdrlppears to happen ia
multistepcascade of eventas reviewed ifil47, 148]). In the absence of the activating ligatftg nuclear
receptorinteract with negative regulatorésuch aschromatinregulators thatepressranscription thus
maintairing the expressiorof target gengat low levels Upon binding to the ligand, the nuclear receptors
releaseahe co-repressors allowing the recruitment ofagivators that facilitate chromatiiemodelingand

subsequentontacts withthe transcriptional machinenScPdrl constitutig recruits transcriptional
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machineryto the SEDR5promotor to assure lasal expressiolevel. In specific, ScPdrivas found to
recruit the TBP general transcription factor (TAT#Anding protein) the mediator complex, that will
subsequently interact with the polymerd4d9, 150] and components of the SAGASptAda-Gecn5
acetyltransferage FACT (facilitates chromatin transcription), or SWI/SNF (SWItch/Sucrose - Non
Fermentable) comples, all involved in chromatinemodeling[149, 150](Table II. 3). Although trese
interactiors were observed to occur during growth in difuge mediumthey ardurther enhanced bthe
xenobioticsinducedactivationof ScPdr1[105, 150, 151]As a consequence, the transcription of ScPdrl
target genes is upegulated in response to the activating xenohithis increasén expression happerg

at the same exteasthe enhancetkecruitmentf co-activatorg105, 150, 151] It is, howeveressential to
note thamostof the studiesundertaken thus far addressing this issue ffemeedonly a few geneswyith
emphasi®n SAPDR] leaving unclear whether these mechanisrosld also be observddr all genesf
thePdrlregulon After being recruited to the promoter, the mediatmmplexpromptsthe recruitment of
Pol Il to targetpromotrs, stimulaing the formation of thepre-initiation complexand the subsequent
transition to the transcription elongation steghile promoing chromatinremodelingas a mean of
facilitating access to DNAreviewed in [152]). In response to azoles, tkemponent of the tail module
SdGalllin S. cerevisiag¢as well as itsorthologue CgGalllA in C. glabratg is responsible fothe
interaction of Pdrl with the mediator compl@05, 150] Consequentlydeletion of CGALL1A severely
reducesthe activationof CgPdridependenttranscription while also contributing for significantly
enhanced susceptibility dE. glabratacells to azoleg§105]. BesidesCgGalllA, the disruption of the
mediator complex componenBgMED2, CgMED3 and CgMED14 from the tail moduleCgMED5 from
the middle module andCgMED12 of the CDK8 complexwere also found to beequired forC. glabrata
maximumtolerance to azolg$8, 59, 153]Table 1. 3). Despite thigight interaction between CgPdrl and
the Cdgsall1A mediator complex subunthere are evidences suggesting that other mechanisms are in place
to assure expression of CgPdatget genes including the observation thateexpressiorof CgPdrl
targetgenes is observedpondeletion of CgGAL11A [105] or the fact thaCgGalllA (andalsoSdGalll)

is dispensabléor theinduction of PDRdependent genes in responseetoogradesignalingin rha® mutants
[71, 99]

As said above,everal complexemediatingchromatinremodelingthrough themodification of
histoneshave been found to be regeid forthe full induction of PDRdependent gene3hese include
several components of ttf®AGA complexthat were found to be recruited $aPDR5 promoterandwere
found to be co-immunoprecipitated with ScPdill49, 154, 155](Table II. 3), althoughthe ScGcnb
nucleosome acetyltransferag@as found to bedispensable fotranscription even if recruited to the
promoter[149, 156] Consistently SAPDR5xenobioticsinduced transcriptions not correlated witha
changein histone acetylation level® the correspondingromoterregion[149]. In C. glabrata cells
devoid ofgenes belonging to th@AGA complexwere found to be susceptible to azoleswever this
effectcould not be attributetb differentexpressionevels of CgPdrltargetgeneqd58, 157, 158Table II.

3). Strikingly, disruption of CgGCN5 was synthetically lethal with CgPdrl hyperactivation during
fluconazole stres$159]. Overall, these resulshowdivergencsin the way theSAGA complex connects
with Pdrl inC. glabrataandin S. cerevisiagAnother histone acetylation complex that was found to play

an important role inheregulation of SEDR5expression irS. cerevisiaés ScRdp3L(Table Il. 3). This
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complex was found to be required for basal expressiocBdBDR5 and also for the drumnduced up
regulation of this gene in response to xenobiotics or to retroaiinaling[160, 161] Noteworthy, the
overexpression of {RDR3or the expression of an BDR3GOF variant did not suppress hypersensitivity
of the S. cerevisiaanutant straingrpd3 [161]. ScUme6, the DNAbinding component of the Rpd3L
complex, was also found to be required $sPDR3andSAPDR5expression during retroactive signalling
in rhd cells, possibly by direct binding to these genes prom{it6] (Table 11.3). However, irrtho* cells,
ScUme6 suppresses the basal transcription levelsRiDBE, SPDR3,SdPDR5 consequently affecting
fluconazole resistance, while ScRdp3 appears to not interfereSadR5 expressiorin this same cells
[163]. Regardless of its importance $1 cerevisiagn C. glabratathe Rdp3 complex does not appear to
influenceazole toleranc@t0, 57) Table II.3).

Besides acetylation, ethylation of histones waalso associated with th€gPdridependent
transcriptional respons® C. glabratato azoles In specifig in response to azolei,has been observed
thatthere is a decrease in histdng and Hl methylation and consequesttbilization of highehistone H3
and H4proteinlevelsin thecell [164]. As aresulta concomitanincrease in thexpression of PDR genes
is observedincluding CPDR1, CgCDR1, CgPDH1 andCgSNQ?2 as a possible consequence ofopen
chromatinstate at th&€gPdrlpromotor target§l64]. In line with these resultseveraproteinsinvolved
in histone methylationvere found to beositive regulators othe expression of know@gPdrttargets
while demethyltransferases exert a negative effgt](Table 1. 3). Of note, histone methylation further
promotes histone acetylati¢h64-167] and thereforea combination of histone modificatioisslikely to
determine the final level of expressiof PDR-targetgenesn azolechallengedC. glabratacells[164]. In
S. cerevisiaghis mechanismmay not be conservedincethe deletion of the samaentified effectors
appear to have a contrary impactateranceto xenobiotics thaPdrtranscription factorsespond t4168-
170](Table 1. 3). Inhibition of the chromatin silencing complex CgH&HRfm1:CgSuml induced by
niacin limitation was found to prompt the upregulatiof€gPDR1and target genes C{pR1landCgEPAL
[171], this mechanism being relevant for colonization of the urinary tra€t loyabrata[172]. In specific,
in the niacinlimited environment of ta urinary tract, the NADdependent CgHstl sirtuin deacetylase is
inactive, alleviating transcriptionrepressiorthrough allowing histone acetylatiorand consequentiythe
transcription of genes required for the uptake of niacin, oxidative stress, adhesion, and those dependent of
CgPdrl [171, 173] This regulatory association between sirtuins and Pdrl appears unidiie to
glabrata since Rfml and Suml proteins are absent in the CTG cladé. ddlbicansand in S.
cerevisiagthe ScHst:ScRfmEScSuml complex only regulates sporulafibfd] and results in improved
tolerance to azoles whenldid[170](Table 11.3). A recent study demonstrated that this slemtion in
C. glabrata might have derived from the evolution of Suml, theguencepecific DNA binding
component of the compleftom the remainingsaccharomycetacedamily [175].

The FACT( complex which removes nucleossomesatiow the transcriptionelongationby Pol
Il but alsofacilitates nucleosome 1@&ssembly after thBol Il transcription(reviewed in[176]), also plays
an essential role iBAPDR5transcription150](Table I1.3). In specific, recruitment dfFACT (components
ScSpt1eScPob3) to the RDR5promotercoincides withthe loss othenucleosome during transcriptiain

activationof this gene induced bgzoles and afterwardepopulation of the chromatin witlucleosomes
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[150]. Up to nowthe influence of FAT complex intolerance t@zolesor in determining the transcription

of PDR-dependent genésas not been studiéd C. glabrata
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Table II. 3. (Part 1)Transcription initiation ceactivators describetb influencethe expression of PDRependent genes im&haromyceserevisiae and in @ndidaglabrata.
The influenceof the genes encoding the different transcriptionahctivators or subunit of chromatin modifying complexeshe activity of Pdrl regulatoandin the
transcription otarget genesr in tolerance t¢’DR xenobiotics respongeS. cerevisiaandC. glabratais summarizedn this table The regative effect of transcriptional €o
activators gendeletionin xenobiotic resistance fgghlighted in red, and a positive effect is highlightegreen Proteins/genes whose deletioan@found to result in opposite
effectsin diferent studiesoncerning tolerance to drugssponded bipdrlarewrittenin red n.i. indicates that no inforation was found-LZ - fluconazole; KTZ ketoconazole;
CTZ - clotrimazole; VZ- voriconazole; ECZ econazole; PCZposaconazole; MCZmiconazole; CHX cycloheximide; OM- oligomycin; AVT - Atorvastatin

Complex Effects of genedisruption in the Effect of gene disruption in REEs Effects of gene disruption in the expression  Effect of disruption REFs
Component _expression of CgPdriregulated genes tolerance to drugs of SdPdrl/3-regulated genes in tolerance to drugs
Mediator complex |

Increased susceptibility to FLZ
Med2 Reduces the capacity of CgPe#™ to KTZ, CTZ and CHX includingin [59, i i i
induce C&€DR1and CPDR1 a strain producing CgRdr1-28F 153] : '
GOF variant
Increased susceptibility to FLZ 59 Increased [177
Med3 n.i but not in a strain producing 153’] n.i susceptibility to CTZ 178],
CgPdrt?8°F GOF variant and CHX
Increased susceptibility to FLZ [170,
Med5 n.i including in a strainproducing :[LSS%] n.i suscelngrt)eiﬁiltsetg FLZ 179,
CgPdrt?8F GOF variant P y 180]
Reduces the basal expressiosd?DR5and the
Increased susceptibility to FLZ 58 increased expressiaf SPDR5and ScPDR3 Increased [99,
Med12 n.i including in a strainproducing 153’] in rhd® cells (correlated to the increase susceptibility to FLZ, 156,
CgPdrt?8°F GOF variant recruitment to gene promotor in theells and CHX, OM and AVT  170]
coimmunoprecipitation with RDR3
Increased susceptibility to FLZ 58
Med14 n.i but not in a strain producing 153’] n.i n.i -
CgPdr1?8°F GOF variant
Reduces the expression of CBRYL, Increased susceptibility to FLZ
CgPDRL and CPDH1 during KTz KTZand CHX (99
and/or FLZstimulus ut notin a thd increase  suscapility  to Reduces the expression offRIR5andScSNQ2 105,
ST fluconazole in a straiproducing g0, 73, | during FLZ, KTZ and CHX exposure 149,
. CgPdrfe7e% CgRILYS*C " 104 | (correlated to the recruitment to gene promot L 150
Galll (A) | Reduces the expression of CQR1, CgRjr1P822t d CagRir1P1082G ! \ . . ! susceptibility to FLZ, '
) (g)ral Enle) - (LIl 105, | increased in GOF variants and KTZ stimulus) 170,
CgPDHI, CgSNQ2 and C%,ﬁ” N (less pronounced in the twater  187] | Deletion does not affect PDR transcripti AIACULE NS 177,
strains producing CgPdrt and variants) activation in rh8 cells 179
CgPdr584¢ CgPdrfs22- and ) 1821
CgPdr_’Plong (|ess pronounced in th Does not affect resistance to FL ]
two latervariants) in rho” strain
Reduces the basal expression SHPDR5
. . ) Increased [149,
Med17 n.i. No effect in tolerance to FLZ [40] (correlated to the recruitment to gene promot susceptibility to CTZ ~ 177]

increased in GOF variasjt
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Table Il. 3 (Part 2)

Complex Effects of gene disruption in the Effect of gene disruption in REFs Effects of gene disruption in the expression  Effect of disruption REEs
Component expression of CgPdriregulated genes tolerance to drugs of SdPdrl/3-regulated genes in tolerance to drugs
Histone methyltansferases
Increases GPDR1, CgPDR5, CgPDHland Increased resistance . Increased
Fpr3 CgSNQasal expression to FLZ [164] Nl susceptibility to CHX [169]
ncreases (BDR1, CgPDR5 CgPDH1 and Increased resistance . . .
Fpra CgSNQ2basalexpression to FLZ Bl Nl Nl nl
Increased [170]
Set2 Increases (@DR1, CgPDR5and CdDH1 Increased resistance [164] iy susceptibility to CHX
basalexpression to FLZ w Increased resistance
to CHX [183]
Reduces CgDR1, CgPDR%&nd CdPDH1 basal Increased . Increased
Rphl expression susceptibility to FLZ HGe] n.l. susceptibility to FLZ M
SAGA (Histone acetylation)
Deletion does not affect CgPdtarget genes Increased Reduces the basal expression $PDR5
Ada2 expression, with the exception of EBAlthat susceptibility to FLZ, [157, 158] | (correlated to the recruitment to gene promot n.i [149, 155]
is more transcribed in a mutant strain Vz, PCZ increased in GOF variants)
No effect intolerance Reduces the basal expression $PDR5 Increased [155, 178
Ada3 n.i to FLZ [40, 57] (correlated to the recruitment to gene promc  susceptibility to 184 ' 185]’
and coimmunoprecipitation with ScPdrl) MCZ and CHX '
No effect in tolerance Reduces the basal expression $PDR5 Increased [149, 178
Spt3 n.i to FLZ [57] (correlated to the recruitment to gene promoi susceptibility to FLZ 17'9] ’
increased in GOF variants) and CHX
. Increased
Spt7 n.i No Eﬁet((:)t ||:nLtZo|erance [40] Reduces the basal expressiorsd?DR5 susceptibility to FLZ, [141%21]56’
CTZ, KTZ and OM
. Increased [149, 156,
Spt8 Reduces the basal expressiorsd?DR5 susceptibility to FLZ 170]
Reduces the basal expression $PDR5 Increased
. Increased (correlated to the recruitment to gene promot S [149,178,
Spt20 n.i Lo [58] ; . X susceptibility to FLZ,
susceptibility to FLZ increased in GOF variants) MCZ and CHX 179, 184]
No effect in tolerance Deletion does not affectSAPDR5 basal Increased [149, 156,
Genb n.i to FLZ [57,159] | expression (even if recruited to the promotol  susceptibility to 178, 185,
MCZ and CHX 186]
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Table Il. 3 (Part 3)

Effect of gene

Complex Effects of gene disruption in the expression disruption in REFs Effects of gene disruption in the expression of Effect of disruption REEs
Component of CgPdrl-regulated genes p SdPdrl/3-regulated genes in PDR resistance?
tolerance to drugs
Rpd3L (Histone deacetylage
. Reduces the expression®fDR5 during CHX Increased
Rdp3 n.i No effect in tolerance [40, 57] | stimulus,in rhd® cellsand duringbasal expressior susceptibility to FLZ [160, 161,
to FLZ ; N 187]
in rho and CHX
. . . Increased
. . Increased resistance Reduces the expression®PDR5during CHX A [161, 179,
Sin3 n.l to FLZ 2] stimulus and basal expression slesepillty @ 184, 187]
P MCZ and CHX :
Increased
Reduces the expression ofPf2R3andSAPDR5  susceptibility to FLZ [160]
in rhd® cellsbeing enhanced by espue to CHX and CHXin rhd
Ume6 n.i n.i - (correlated to the recruitment to gene prompto cells
Represses basakpression of #DR1, ScPDR3, Increased resistance [163]
ScPDRS5in rho* to FLZ and CHXin
rho* cells
Hst1-Rfm1-Sum1(Histone deacetylage |
Negatively regulates the CPR1(correlated to . [171] .
Hstl the recruitment to gene promotard CPDR1 MEEEEET [EaEErEy n.1. Increased [170]
) to FLZ susceptibility to FLZ
basalexpression [175]
Negatively regulates the CpR1(correlated to q [171] . Increased
Suml the recruitment to gene promotand CPDR1 MEEESE FEEEEE EE susceptibility to FLZ [179]
- to FLZ
basalexpression [175] and CHX
FACT (nucleosomeassembly
Sptl6 Recruitment to ScCPDR5 promotor is increase!
ni ni i during xenobiotic stimulus fiects nucleosome Increased [149, 150]
' ’ depletion ande-deposition across 8OR50pen  susceptibility to KTZ ’
reading frame
Pob3 ni ni ) Recruitment to S2DR5promotor Iz [149, 150]

susceptibility to KTZ
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2.5. Mechanistic insights underlying regulationand regulatorsof the activity of PDR

transcription factors

2.5.1 Ligand Binding

The PDR transcription factors are nuclear receptors whose activity is modulated by direct binding
of xenobiotics. The work of Thakur, J.Kt al.2008[105] pioneered this knowledge by demonstrating that
ScPdrl, ScPdr3, or CgPdrl immunopurified (using sepharose beads) could directly bound to radiolabeled
ketoconazole. Using cold competition assays this work further demonstrated that other xenobiotics like the
antibiotic rifampicin or cycloheximide compete with ketoconazole for binding to ScPdrl and ScPdr3
proteins, while the same was not detected for ethanfur the glucocorticoid dexamethasone. A second
study, undertaken by VanacleRgedros, Eet al.2019[91], used a binary vector system in which the Gal4
DNA binding domain (DBD) was fused witthe variousS. cerevisiagleiotropic transcription factors,
including ScPdrl, ScPdr3, ScYrrl, ScStbh5, and ScPdr8. The activity of these hybrid proteins was measured
using luciferase as a reporter gene put under the contt@Nof s sequences. This system allowed the
evaluation of the transcription factors' response to xenobiotics in a quantitative aredajreed manner
[91]. The results demonstrated that ScPdrl has the lowest specificity of all the transcription factors tested
since it was able to trigger the higher levels of activation of the reporter gene in respalstedd
xenobiotics, including the mycotoxins citrinin and ochratoxin, and the hydrophobic membrane oxidant
menadiong91]. This decreased specificity in ligand bindieguggested to allow Pdr transcription factors
to be economic effectors for the survey of the accumulation of excess levels of diverse t¢k&dnts
Differently, ScPdr3 was found to play a minor contribution in inducing expression of the reporter gene, in
agreement with its reported minor role in prompting activation of target genes in response to xenobiotics
[91]. After xenobiotic activation, ScPdrlp protein was found to undergo rapid degradation, this being
dependent on the xenobiotic itself, while ScPdr3 protein levels remain cofgsthnSince most of the
aftermentioned compounds are not naturally occurring molecules fou glabratain their life as a
commensal organism, other unidentified molecules found in the host environment are likely to interact with
CgPdrl therebypromoting its activationndeed, progesterone is a metabolite that has been described to
result in a longeerm activation of ScPdrl i8. cerevisia¢77]. Recently, hormone exposure was reported
to reduce azole susceptibility i@. glabrataas well, but further studies are required to correlate this
phenotype with the activity of CgPdf188]. Another recent study identified the glycolytic sia@duct
methylglyoxal as capable of triggering activation of CIMrr1,tia@scription regulator of azole resistance
genesin C. lusitaniae[189]. More recently, the same phenotype was demonstrate@.fauris Mrrl
orthologue[190]. Factors leading to an internal accumulation of methylglyoxal in humans coincide with
those increasing risk for the development of candidiasis including diabetes or uremia and is further
generated during inflammation by rnieaphils[189, 191, 192] Thus, persistent exposure@éndidacells
to this molecule during colonization is likely to serve as an inducer faatdhdoappearance of gaii-
function mutants and, consequently, in the emergence of-sesitant strainfl90]. Further studies are
required to understand if methylglyoxal is a general activator of the MDR transcription in other commensal
and/or pathogenic yeasts, however, it is interesting to not&HRE?2,a direct target of ScPdrl, has an
NADPH-dependeninetylglyoxal reductase activit{5, 192, 193] The demonstratih that mitochondrial
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defects resulting in the petite mutant phenotype trigger activation of the PDR network, éthegrievisiae

and inC. glabrata[194-196],is al so consi stent with this idea that
of Pdr regulators. Thdefectsresulting in the petite mutant phenotyipelude deletionsin the mtDNA,

defectdn the activityof the mitochondrialFoATPase disruption of thenitochondrial protein import, and/or

the destabilization of the mitochondrial membrdi&, 9294, 197] The mechanisms underlying the
activation of the Pdr network in response to mitochondrial defects fall outside the mbgahdfbinding

and are still elusiveDespite this link between mitochondrigisiunction and increased Pdrl activity, only

a few clinical azolegesistaniC. glabratastrains were found to display the petite phenofiie 195, 196,

198]. It has been suggested that the petite phenotype could be a transient strategy to face certain stressful
conditions being reverted when the stress is rem{@@l 200] In favor of this hypothesidn vitro petite

variants selected upon exposureCofglabratacells to macrophages reverted back to the -yije
phenotype when the cells were cultivated in the absence ofabphageells possibly sinceheywere

found to exhibit a reduced growth rate (and also reduced virulence against the mursh@hsydtemic
infection) [199, 200] Interestingly,C. glabraa cells engulfed by neutrophils were also found to ever
express genes of tiggPDR1regulon[201]. Notably, clinical strans displaying the petite phenotype did

not show any significant growth defecta’hich suggesta more complex layer of regulation rather than
restoration of fithess alorj&96].

Other environmental stimuli besides the accumulation of methylglyoxal and compromised
mitochondrial function have also been foundéeuit in upregulation of genes of the CgPdrl regulon in
C. glabratg including glucose depletion or niacin limitatigkv 1, 201] Differently, growth in the presence
of ammonium (the preferred nitrogen source) resulted in prominent-ceyutation of PDR target genes
[145]. More recently, a clear link between the activity of CgPdrl and ergosterol biosynthesis has been
established clearly119]. A similar connection is observed 8 cerevisiagsince exposure to different
plasma membranrdestabilizing compounds were found to resmlf rapid upregulation of PDRarget
geneg202]. Altogether this data demonstrates that although direct binding by ligands explains well the
underlying activating mechanism of Pdrl in response to azoles, it is likelyother environmental
stressors, more physiologically relevant, can also play a role in modulating the activity of this regulator
and, indirectly, contribute for azole resistance.

Several studies surveying azole resistande.iglabrataclinical strains found that most of these
encodeCgPDR1alleles harboring specific nesynonymous mutations not observed in the corresponding
allele encoded by susceptible isola2s, 50, 51, 53, 55, 194, 2a88]. These mutations were found to
result in hyperactive gairof-function (GOF) CgPdrl mutants ableup-regulate target genes of the PDR
network, even in the absence of a stimuli. This issue will be analyzed in detail in the following section but
is worthwhile mentioning that up to now no significanst in fitness has been reported associated with the
encoding of CgPdrl GOF mutants, something that has been obse@edlicansand inC. parapsilosis
strains encoding hypective Tacl, Upc2A and MrrMDR transcription factors thesespeciey mutants
[209-211] In fact, strains expressing CgPdrl GOF variants exhibited increased fitngss and also
enhanced virulence towds murine modelf51]. Notwithstanding that, the study of Vermitsky, JePal.
2006[56], showed thas strain encoding the GOF CgP¥Rt- variant exhibitedncreased sensitivity to
H20.and ethanol, a phenotype that was no longer observeddgbetion ofthe C°PDR1GOFallele.
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Figure Il. 4. Physiologically relevant stimuthat result in activation of Pdrl and consequent phenotypic
traits resulting from such activation

2.5.2 Chaperones andubiquitin proteaseshat regulate thePdr transcription factors
activity

As mentioned before, duringrowth in nonstressful conditions, the PDR transcription factors
havealow activity regulating only the basal expressioit®targeigeneq70, 73, 74] Increased activation
is dependent on the alleviationtbie interaction established witiegative regulators while promoting the
interaction with positive cofacto(gigure 11.5). As mentioned before, ScPdadd CgPdrbothrespond to
mitochondrial defectand therefore theinegative regulatiotis fundamental to ensure that the activity of
the transcription factor is kept low and only specifically activateg&ponse toetrograde sigriang [89,
98]. The ScSsdEcSsazhaperongsof the Hsp70 family directly interact with ScPdr3imo* cells, exerting
a negative regulation on its activ(§9, 212] Inrhd® cells, the negative regulation of ScSsal/2 is alleviated
presumably aseonsequence of excess misfolded proteins in these cells that will compete for the chaperone
functionand releas&d”di3 [89]. In line with this model,le ScFesl exchange fagtatichtriggers ADP
release and consequent inactivatadnScSsalis a positive regulator of B®R5 expressior{89]. In C.
glabrata, neitherCgrES1nor CgSSAldisruption affects azole resistanseggesting thategulation of
CgPdrl activityvia these chaperones magt beconserved40]. Despite this, it was skhen that he
ubiquitin protease cofactor CgBrethibitsthetranscriptionrof CgPDR1,CgCDR1,CgPDH1 andCgSNQ2
genedn rho* cellsand this is dependent of the existence of direct interaction between CgBre5 and CgPdrl
[213]. In responséo defeck in mitochondrial functionthe inhibitory activity of CgBre5 over CgPdrl is
released shoivg some degree of similarity to the regulatamgchanisninvolving ScSsal/ZScFesland
ScPdr3in S. cerevisiag¢213, 214] Notably, thisregulatory role of Bre®ver the activity of Pdrl was not
observed inS. cerevisiagsuggesting that independent mechanisms were developed in both species to
contol the activity of Pdrtranscription factasin the absence of retroactiggnaling[213]. Chaperones
that positively regulatef the activity of Pdr1/Pdr3 have also beatentified including ScSsz1, from the
Hsp70 chaperone protein familgnd ScZuol, a-grotein cochaperong215, 216] Like other Hsp70
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chaperones, ScSsz1 and ScZuol are ribosasseciated cehaperones usually dod in the cytoplasm
thatunder certain physiologica@londitiors re-localize to the nucleu® interact with nuclear proteifg4].
For instance, the ovaxpression of ScSsz1 alone increases the proportion of protein not attached to the
ribosome and that is thus free to bind other protéituding ScPdr1215, 216] ScSsz1 is unable to up
regulate PDRlependent genes in an ScPdrl mutant devoid of the central regulatory domain, suggesting
that this region should be the regulatory tafgéi. In its turn, ScZuol is teased from the ribosome after
conformational ¢ hfaarg ra &-tetatimal do@ain oft the ipreteifibecomes feel is
sufficient for ScPdrl activatiof217]. These two chaperones have been founghigsically interact with
ScPdrl at the promet of PDRdepemlent genegontributing to maximizehe activity of this regulator
[216-218]. Consistenly, gainof-function mutants in both ScSsz1 aBdZuolwere found taverexpress
genesof the PDR regulotj215, 216] Although ScSsz1 and ScZuaroteins can independently regulate
ScPdr1, they formavery stable heterodimand thusothare believedo actin a complex in theegulation

of ScPdrl[216-218]. Overall, the evidences obtained until thus fawint to the existence of a
communicatiorsignal that transmits changes in the translation apparatus to the PDR rbgwenrer, the
trigger of these molecular events has not yet been ident[fdd]. A notable aspect was the observation
that therole of these chaperoness only observed fd8cPdribut not for ScPdr3215]. The importance
of CgSszl b CgZuol inthe regulationof CgPdrlin C. glabratawas not studiedn detail although
disruption ofScZuol orthologuedid notenhance susceptibility @weoles [40]. In C. glabrata the activity

of CgJjjl, a predictedchaperone of the Hsp40 famithat play a role in stimulating ATP hydrolysis
prompted byHsp70 ATPase domaing19], wasdemonstrated to be a negative regulatbiCgPdrk
dependentargetsand consequently dluconazole tolerare inC. glabrata[220]. A moredetailed analysis
revealed thathe deletion othe CglJJ11gene increases the expressafnCgPDR1 and consequelyt
increagsthe correspondingrotein levels anénhanestranscription of abou25% of thedescribedlirect
targets of CgPdrf71, 220] Interestinglythe deletion ofCglJJ11also resulted in the wpegulation of
several adhesinggulated byCgPdr1, including CgPA1,which is usually under sutelomericsilencing

[173, 220] Contrarily, inS. cerevisiagleletion oftheSclJJ1gene decreaséslerance tdluconazolg221].

2.5.3 Activity of upstream sigiing pathways

The rapid induction of th€DR network upon streswas also suggested to involve upstream
signallingpathwayq70, 156] althoughthe exact players that douunderlie these responsesgnain to be
identified both inS. cerevisia@nd inC. glabrata The mitotic signHding protein kinase ScElm1 was found
to influence modifications in the nucleosome structure upstream of the PDRE motif in the
SdPDR5promoter,this beingan essentiafeature forScPdrlto promote theup-regulation of this gene
[222]. In line with this observationhe expression dbd®DR5peaks during mitosi222]. Disruption of
SELM1 (as well as obther mitotic progression genaeduces expressionf SA°DR5even in straia
encoding &yperactive ScPdrinarkedlyshowinga connection between cellular cycle progressiontaad
PDR network[222]. Although it has been hypothesized that this influence ofliBtEover S DR5
transcription can occur due to an effect of this kinase in phosphorylation of ScPdrl, this remmsEns t
demonstratef22]. In C. dabratathe orthologues of thos® cerevisiaenitotic progression genes shown

to influenceSdPDR5transcription[222] were found not to play a&levant role in tolerance to azold9),
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57]. In its turn, he disruption oCgBEM2, Cg3.T2, andCgBNR1genesncoding kinaseand Rho GTPase
proteinsthat regulatehe PKC pathwaythat responds to cell wall danggverefound to affect the azole
resilience[57, 59] Intriguingly, CgBem2which negatively regulates the PKC signallingas found to

regulae PDR-dependent genesxpression includingof CgPDR1and C@DRI, albeit the underneath
molecular mechanism remains to be discld8&d59] In S. cerevisiagScBem2and ScRorf are required

for proper expression of ttigscPDR5gene as well156, 161]

Regulatory mechanisms linking mitochondrial dysfunction and PDR pathway activation remain
far from fully understood. Two independent retroactive signaling pathways were identified linking
mitochondrial defects to the activation of the PDR transcriptional netindsk cerevisiag92, 93, 223]
Activation of Pdr transcription through the loss of mitochondrial genome involves the retroactive signaling
pathway component ScRtg2 and ScREg2]. The PDR transcrifpn activation through this retrograde
signaling may be conserved @ glabratasince the disruption of @TG2also influences azole
resistancg58]. The £cond signallingnechanism identified, but not fully understo@ldependent on the
cytoplasmatic localization of the protein ScPsdl1 observed ihcells, a mitochondrial intermembrane
space proteirj93, 223] This signaling pathway also inwas the increased activity of ScLgel nuclear
protein, which is thought to induce the recruitment of ScPdr3 to its prontddevever,the mechanisms
connecting ScPsdl preserioghe cytoplasnto the ScLgel nuclear protein activity remain to be clarified
[98]. In C. glabratathe overproduction of CgPsd1 also increase€DR1gene expression and consequent
drug resistance, even in rheells[104].
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Figure 1l. 5. Described regulators of thgleiotropic drug resistanctanscription factors protein activity

in Saccharomyceserevisiae an@andidaglabrata Representation of the identified positive and negative
regulators, represented in green and red respectively, of the activity regulation of the PDR transcription
factors in blue. The main component of the mediator complex involved in the RRRripgion activation

if known, is represented in light blue. When characterized, the stimulus resulting in a specific regulation
pathway is highlighad

2.5.4 Regulation of the activity PDR transcription factor through protein structural

changes

As said abové’DR regulatordelong to thezinc-finger family of transcriptiorfactors[73, 147]
being thezinc finger DNA bindhg domain (DBD) located at the-tdrminalregion {n specific,between
amino acidd and205258in the case of ScPdr1/CgP@hnex Figure 11.1) andincludingthree structural
regions: theZzn,Cys; motif followed by a linker sequence and a coitadl motif involved in dirrerization
to other zinc transcription factor®7, 147](Figure 1l.6). The ZnCys zinc cluster motif recognizes the
CG triplets lalf-sitesin the DNA, while the configuration of the coil@dil structure and of the linker
sequence will then guide the dimer contadhipreferred DNA sequend@ the case of ScPdrl/CgPdrl,
the PDRE motif) specifying the intebase pair separation betweeN®half-sites[97, 147, 224] ScPdrl
and ScPdranform bothhomo and heterodimers [97], being still elusive whether the different forms
bind to the DNA with different specifigit{97]. As mentioned before, ScPdrl (but not ScPdr3) also forms
heterodimers with ScStbh5, an associathmat mightbe conserved if. glabrata since CgStbalso affects
Pdr-regulated genesxpression60, 125, 132] A central regulatory domain (CRD) is usually located after
the dimerization domaiim nuclear receptof§ 3, 147] In ScPdrla short sequendecatedat the Nterminal

of the CRD(residue238276) was identifiedasbeing essential to restrict ScPdrl activity adde to that
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phenotype, wadefined asininhibitory domain(ID) (Figure 1. 6)[225]. However, tls inhibitory effect of
the CRD domain does ndully abrogate Pdrlactivity since, without further stimulus, basal levels of
expressiomnf target genearestill observed70, 73, 74] Upon interaction oPdrlwith xenobiotics, through
the xenobiotic binding domain (XBOpcated withinCRD, the inhibitory effect is relievedFigure II.
6)[105]. Despite thestronghomologyestablishedbetween ScPdrl and ScPdr3, the XBD only shares ~40%
similarity, in agreementvith the reported different respsesof these proteinto xenobiotic§91] (Annex
Figure II.1). Similarly, the XBD of ScPdris not similar to that o€gPdr1 which maysuggest different
binding specificityof the two proteins to xenobioti¢dnnex Figure 11.1). Also localized in the CRD is
the middle homology region (MHRFigure Il. 6) [226] that is present imost yeast zinc transcription
factors. This domain is located within the XBD, which might suggest a potent&ln the sensing/binding
of xenobiotics to the protefi05, 147]andit was further suggested assist in the discrimination of target
DNA by facilitating direct interaction between the DBD dhelinker DNA [224]. The nuclear localizatio
signal of ScPdrl is located within the CDR as well and is enriched with serine and tyrosine residues, most
of these also being found conserved in CgPéirinéx Figure 11.1)[227]. The nuclear import of ScPdrl
involves the nuclear importer ScPsdfbweverindirectly through the possible interaction of another
uncharacterized fact¢227]. The NLS motif is not conserved in ScPdr3 and its import to the nucleus was
shown to be independent of ScP§&A7]. This obseration reinforces the idea of ScPdrl and ScPdr3 have
significant differences in the way their CRD is reguld22¥]. Both ScPdrl and ScPdr3 are assumed to be
immediately transported to the nucleus after translation since both prateiosnstitutively located in the
nucleug[74, 97, 222, 227]Differently, and although CgPdrl is constitutively bound to the PDRE motifs
[71], C. glabrataCgPdrl when in a complex with CgGall1A was found to be located in the nucleus or the
cytoplasm[207]. Nevertheless, changes in CgPdrl activity regulated through subcellular localization have
not been described.

InC. glabrataremoval of CRD from CgPdr1 results in hygsativation of the regulator to a degree
so high thatbecomes toxic for the cells, possibly due to extreme sequestration of the transcriptional
machiney [73]. This observation highlights the necessity of maintaining some degree of negative
regulation over the activity of Ggrl. InS. cerevisiaghe deletion of the CRD also yields a hyperactive
ScPdrl howeverwithoutthetoxic effects observeth C. glabrata[73, 74, 100] From the molecular point
of view, it is believed that the CRD controls the activity of théefninal transactivation domaioy
sequestering it thus preventing a subsequent interaction witiathgcriptional machinerjl81]. Upon
activation, theéransactivation domaiis released from the core structurehd protein being free to engage
in multivalent interactions with the transcriptional maching@3j. In zinc finger transcription factotthe
structure of transactivation domains includesmserved short helix structures enriched with negatively
charged residues, this enrichment in negative charges being suggested tg serepedlent to the DNA
and serving to facilitate in engagement with positively charged patches of transcriptional regulatory
proteins(Figure II. 6) [228]. The TAD structure is also enriched in hydrophobic residpesferable
aromatig to allows this structure to be buried and locked in binding pockets through an aromatic anchor
[228]. This domain is further reported to interact witte positively charged histones and hydrophobic
pocketof nucleosomes, promoting chromatin remodeling and thus facilitating transcripfi8h The

transactivation domain of ScPdrl was found to interact with the hydrophobic patch present on the surface

30



of thekinaseinducible domain interactipdomain KIX) of ScGalllupon transcriptional activatidi05].
Due to the importance of this domain in the regulation of PDR transcription factors, any modifications in

the Gterminal can result in changes in azoésistance phenotyfgl, 54, 56, 117, 196, 207]

CDR
DBD D ‘" xpB °f° NLS TAD
1 257 323 372 542 625 784 819 967 1107

Figure II. 6. Different functional domains in thEleiotropic Drug Resistance transcription factof
Candida glabrataCgPdr1.The DBD (1 to 254 a.a.), CRD (255 to 968 a.a.), and TAD (969 to 1107 a.a.)
domains were defined in Simonicova, L. and M&@wley, W.S. 202(181]. The ID (322372), the
minimum XDB (417 to608 a.a.), and NLS (793 to 819 a.a.) were defined by sequence homology to these
domains identified irs. cerevisia¢l05, 225, 227]

2.5.5 The impact of gahof-function mutations in the activation of CgPdrl in Candida

glabrata

As said above, i€. glabratathe more common mechanishescribedo underlie resistance to
azoledn clinical strains results from these encoding hyaetive alleles 0€gPDRY, the secalled gairof-
function mutants (or GOHY]. As such, in the past decade, there has been a noteworthy increase in the
identification of these BDRL GOF mutationgFigure 1.7, Annex Table 11.1) [27, 50, 51, 53, 55, 194,
203-208]. Notably,arecent study by Won, E. &t al.2021[6] highlighted the correlation of azole resistance
in C. glabrataclinical isolates with nonsynonymousnutations in CgPdrl uniquely to resistant isolates,
to the increased mortality of almost 90% of patients that receive inappropriate azole monoltierzpje
factor leading to a reduction of mortality was an appropriate antifungal treatment, eitherttgatment
with combinatory antifungal therapy or with an antifungal to which the clinical isolate was found
susceptibleg[6]. In line with these results, CgPdrl GOF mutatioeduce the efficacy ofluconazole
treatmenin amurinemodelof C. glabratadisseminated infectiof196].

Most of the GOFs identified in the sequenceCgPDR1 affect the CRD or the TAD domain.
Notably, some regions of the CRD of CgPdrl appear more prone to accumutaignaogmous mutations
in C. glabrataazoleresistant strains including the terminal regadrthe minimum XBD, the surrounding

of the predicted NLS region and a region before the predicted TAD doFiguré 11.7).
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Figure Il. 7. Distribution of reportedgain-of-function mutationsn CgPdrl structureNorn-synonymous
mutations summarized in this picture were only found in resistant clinical isolates or strains. These point
mutations were further defined aminof-function mutation if, when introduced in a susceptible
background, the strain becomes resistant and/or induces CgPdrl target genes upregulation (black). Highly
potential GOF mutations that were identified in strains &ftetitro evolution duringazole exposure or
duringin vivoevolution in a patient undergoing azole treatment are also represented ifhgrdyll list

of nonsynonymous mutations identified till today and the references that reported them are summarized in
Annex Table I1.1.

Although the detailed effect of how these modifications affect the biochemical activity of the
proteinis not well understoqdt is believed that these alterations may cause structural changes that relie
the negative role of the CRD over TAD, therebwleling interactions with the transcriphal machinery
[62]. In line with this, higher activity of GOF CgPdrl variants ctates with increased recruitment of the
transcriptional machinery to the promoter region of CgPdrl target gertescémevisiaean ScPdrl GOF
variantwas found taccupy more he promotor of the tagd geneScPDR5compared to a corresponding
wild-type), lurther enhancing the recruitment of the components of the mediator complex, the SAGA and
SWI/SNF complexesand theTATA-binding protein[149]. Furthermore, a significant loss bfstones
linked to the promar and coding sequence DNA ofFDR5wasreportedn the strain overexpresgjthe
SAPDR1GOFallele[149]. Interestingly, all these modificatiots transription cofactors and chromatin
remodelingare notclearin cells expressing wild-type ScPdrl activated upon exposure to xenobiotics,
only being observed slight changes in the structure of the nucleosome surrounding the PDRE motif in the
promoter region of target gepsuggesng different underlying activation mechanismtben compared to
CgPdrl GOF varian{d49]. In C. glabrata this detailed analysis of the differences obtained in the promoter
region of CgPdriarget genes has not been perforrteethe same extent, howevding notable remark is
the fact that induction of PDRependent genes in strains encoding hyperactive iCgiad reach five times
the level that is attained upon xenobieatiduced activation o€gPdrl, this being observed also for the
CgPDR1geneitself [46, 50, 62] Consequently, CgPdrl GOF mutants overproduce CgRdB]lplthough

this increase does not appear to constitheemain driver of tolerance to azol¢g3, 74, 181] It is

32



noteworthythat strains oveexpressing CgPdrl variants do not show fitness defects consideritigetbat
modifications are believed to restrict the inhibitory effect of the CRD over the transactivation domain,
something that when it is performed at the full extent (that is upon full abrogation of CRD) results in high
toxicity for C. glabratacells[51, 73] One possible mechanism by which the cells expressirRP&4
GOFvariants control the hypeactivation may be the degradation rate of the protein that, in some cases,
has been shown to be twice the one observed fortyile CgPdri[73]. It is also possible that GOF
mutations affect only mil¢t the CRD (and thus its inhibition over the TAD would still be active in these
cells albeit less intengeor thatit has alimited effectin alleviating negative regulatory mechanisms of
CgPdrl Consistent with the idea that the interactom€gPdrl may differ between wilype and GOF
variants recent studies have reported that specific GOFs have different dependencies of the mediator
subunit Cg@salllA [153, 181, 212] Furthermore, different GOF mutants affect differently the
transcriptome, this being observed even when the modifications occursiantiegeretic background54,

117]. No apparent correlation between the structural regiddgPd1 affected by GOF mutations and the
generated genomic expression could be establig®:dl94] In fact, only two genes were found to be
commonly activated in isolates expressing different GOF variantSDR{, that as said above encodes a
multidrug efflux pump of the ABC Superfamilyand CdUP1,encoding amitochondrial protein with
unknown function whose deletion reducesC. glabrata virulence against mice[27, 50, 55, 56, 117]
Concordant to the different transcription profiledhem reconstituted ithe same genetic background
differentPdrl GOF mutationked todifferent degrees of tolerance to azdles, 54] different adherence
capabilitiesto epithelal cells [54, 229] differentdegrees ovirulence againsthe murine infection model

[51] and differenproteindegradation ratgd.18]. Furthemore, the effects of hyperactivation of CgPdrl in
virulence and fitness are not transversal to all GOFs and a specificl@® of fitness traits can be
attenuated in different genetic backgrouri$, 196] Altogether these observations show that the
consequences of the different modifications in biochemical activity of CgPdrl are gampiederstand

andare likelymulti-factorial.
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3. The acetic acidresponsive transcription factor CgHaal and

its dependent regulatory network

To successfully colonize the vagirtehct Candidacells, including those of. glabratg must
cope with several stressful conditions that may restrain growth. These include fluctuations of nutrients,
changing hormones, the activity of the immune system, or competing microbiota. Concerning this last
aspet, the vaginal microbiota is largely compos&fdactic acid bacterig230, 231]that are believed to
play an instrumental role in maintaining vagihahlth by maintaining an acidic gH4.5J137, 232] This
acidification is prompted by the production of significant amounts of lacticmmoiduced mainly by the
commensal.actobacillus but also byepithelial cell§233]. Acetic acid has also been found in vaginakflui
[137, 232, 234Fesulting frommetabolic activity ofcolonizingbacteria speciallythe speciesssociated
with baderial vaginosigreviewed inAldunate, M.et al.2015[235]). In conditions ofdysbiosisan over
proliferation of anaerobic bacteria occarsd theconcentration of acetic acid increases prominenibyt¢
a maximum of120mM mM) [233, 236] To avoid exclusion from the vaginal tra€@andidacells are
expected to have evolved adaptive mechanisms that allow them toithitivg environment, being among
these the capacity to tolerate acetic atid low pH Notably, while lactic acid at physiological conditions
found in the vaginal environment exerted no significant inhibitory effect agailgshbratg concentrations
of acetic acid in the range of those found upgshibsis were found to affect significantiige growth of
this pathogenic yeag37]. At the vaginal pHof 4.5 acetic acid (pKa 4.7) is found mainly in its
undissociated form that can permeate the plasma membraressye diffusior[232, 233, 235]Once
insideC. glabratacell, where the cytosolic pH is close to neutrality, acetic acid dissociates leading to the
accumulation of protons araf the negatively cirged counteion [238-241]. In C. glabratathe effects of
stressinduced by acetic acid or by other carboxylic acids have been relatively poorly studied, however, a
lot of knowledge has already been gathere®l icerevisia¢reviewed h Mira, N.et al.2010[242]). Among
other effects, it has been suggested that the consequences of acetic acid/acetate accumulation include
oxidative stres$243, 244] with repercussions in lipid peroxidation and inhibition of membrane sensors
and transporterk45]; severe depteon of energy, likely resulting from the great demand for ATP due to
the activation of many energyonsuming defes® mechanisms (out of whigdhe plasma membrarté*-
ATPase proton pups stand out); and inhibition of glucan synthase enz{@2dé, 247] Recently, our
group has also demonstrated that acetic acid at physiological vaginal pH has ynbigficeffect with
azoles in inhibiting the growth of C. glabrata[237]. Similarly, the presence of acetic acichs found to
renderfluconazole cidal again§€andida albicandut not against. glabrag, althoughthe concentrations
of acid tested were only those found under eubiosis condif48]. Interestingly, it has been®ln that
vaginal C. glabratastrainsare highlytolerantto acetic acid at a low pH, this being attributed to a lower
internal accumulation ahe acid[249], this reduction correlating, at least in part, with structural changes
of the cell wall architecture of these cells, compared to susceptihiles§249]. Recently, remodeling of
the cell wall structure was found to play an instrumental role in toleranc® akrevisiag¢o acetic acid

[250]. Another factor that appears to contribtethis higher tolerance of vaginal straittsacetic acid
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includesa capacity toconsumeacetic acid even when glucose is present in the mef4®]. This
metabolic flexibility is an essential advantage fioman colonizing microbiota to cope with the nutrient
deprivation that characterizes the different infection §&8%]. Strains exhibiting higher tolerance to acetic

acid were also found to exhibit higher levels of CgPmal activity when facing acetic acid stress suggesting
better control of internallh homeostasis in #sevaginalstrainsas well[249].

In S. cerevisia¢olerance to acetic acid has been found to be largely dependiettoanscription
factor ScHaal where this regulator was found to regulate, directly or indirectly, the expression of more than
80% of the acetic acitksponsive genemcluding several genes involved in multidrug resistance trapspor
encoding regulatos and effectors of thearbohydrate metabolig genes involveaell wall homeostasis
and lipid metabolism or severaltranscription factor genef252, 253] The expression of HAAL
significantly increased tolerance $f cerevisia¢o acetic acid and, consistently, the expression of some of
the ScHaaZegulated gendsasalsofound toexertprotection against the adig54, 255] SpecificScHaal
regulated gend252] contribuing for tolerance to acetic acid included the multidrug resistance transporter
ScTpo3[256], which was implicated ithe reduction of the internal accumulation of acetic acid in-acid
challenged cellspr the protein kinase HrkI252], which was prgosed to be involved in the pest
translational regulation of other acetate exporters, based on the demonstration that deletion of this gene also
caused increased accumulation of acetate inawitlenged cefl[252, 256] A homologieof ScHaal has
been identified inthe specieZygosaccharomycdsailii, known by its very high tolerance to acetic acid,
and its corresponding regularascharacterize57]. The results obtained revealbétZbHaal regulates
genesencodingseveral heashock proteinsluring acetic acidgtres4257], responihg to theacid-induced
protein denaturation and misfoldifig58, 259] ZbHaal was also found toduceZbMDHL1 that encode
mitochondrial malate dehydrogengsetein presumed to be involved the metabolizatiorof theacidin
the presencer alsene of glucosd260, 261] More recently, a studgisclosedhe involvement oAHaal
regulon inC. glabratatolerance to acetic aci@62] (Figure II.8). In particular, it was demonstrated that
deletion of C¢HAAL(ORFCAGLOL09339Ysignificantly increased tolerance ©f glabratato acetic acid
at a low pH, also reducing the expression otiath70% of the acithduced genesThe CgHaal targets
genesncluded genes encoding enzymes involirethe main pathways of central carbon metabobsit
the generation of energych agjlycolysis, glyoxylate cycle, pentose phosphate pathway, Krebs cycle, and
catabolism of trehalose and glycod@62]. The transcription of several genes encoding stress chaperones
or enzymes of the antioxidant respomsgsalso dependentf@ functionalCgHaal[262], as well as a set
of genes involved in #hcontrol of internal pH homeostasiSgPMAYJ encoding the plasma membrane
proton pump CgPMP2 and CgHSP30 two predicted regulatoref CgPmalpactivity; and CgVMAJ
encoding a subunit of the vacuolar proton pu2§2]. Concordantlyunder acetic acid stressgBaal
expression increases thenountin the plasma membrane and the activity of the proton pump CgPmal
[262]. Among the set of CgHaakgulatedyenes was also the adkefflux pumpCgTpo3 confirmed to be
involved in theredudion of the internal accumulation of the adidC. glabrata[262], similarly to what
was observed irs. cerevisiad252]. Under acetic acid stress, CgHaaas also found to activatie
expression oCgYPS2 CgYPS4 andCgYPS10gened262], which belong to a family of yapsimequired
for control of C. glabratainternal pH homeostasjg63], as well aseveral atiesinrencodinggeneq262].

Consistent withhis positive role in inducing expression of genes related with adhesion, the expression of
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CgHaal waslemonstrated to beecessary for maximaldherence of. glabratato vaginal epithelial cells
in the presence &0 mM acetic acigda concentration that is in the range of those observed under eubiosis

conditions[262].
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Figure Il. 8. Schematic representation of the biological functions of genes belonging @gtteat
regulon inCandidaglabrata

A comparison of the dataset of genes regulated by ScHaal and CgHaal revealed some similarities,
but also significant disparities, which is interesting considering that the experiments were performed using
similar experimental settings (same growth mediumphend using comparable inhibitory concentrations
of acetic acid), a condition that is essential for accurate comparison of transcriptional regulatory networks

across yeast264](Figure 11.9).
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The dataset of genes found to be activated by CgHaal or by ScHaaltder#gponse o€. glabrataor

S. cerevisia#o acetic acid (at pH 4) were compaf282, 262] The intersection of the two datasets revealed

a modest overlap between the two networks. The functional classes most represented vigtas¢hof
genes specifically regulated by CgHaal are indicated in the figure, alongside the names of some of the

genes clustered in these functional classes. The homologs genes regulated by ZbHaal during acetic acid
stress are also highlightethderlined[260, 265] The image was adaptddom Bernardo, Ret al. 2017
[262].

The Haal transcription netwodctive duringheresponse of. cerevisiaer C. glabratato acetic

acid stress was found eommonly regulate the expressionsamime genesuch aghe glycoproteiny GPZ,
the MFS-MDR transporter§ PO3/TPO2 or the kinaseHRK1, all described to play a role in conferring

protection against the adj@s6, 262, 266271]. Severakchaperonesncoding genealso appear to be under

the regulation of Haaih both specief252, 262] Notably, dl these genewere also found to be under the

regulation of ZbHaal id. balli [257, 260[Figure 11.9). Both ScHaaland CgHaalregulon also regulate

genes responsive toxidative and dissection stress resmpnsembrane transport and carbohydrate
metabolism geneg252, 262][Figure
(G/C)(AIC)GG(G/C)G - 3 N;j

Il. 9). ScHaal recognizes ther esponsi ve

-el

m[@53]i & motif similar to the oneredictedfor Zb Ha a 1-,

(A/IC)GGG(A/C)G(A/G)(CIT)(GITY 3 [@60]. Despite these similarities, thmumber ofgenes undethe

regulation ofCgHaalwasconsiderably largeand included genes and biological functions that were not

ement
5 Nj

found to be under the regulation of ScHaal (and here it is important to again refer that the experiments

resulting in the elucidation of these regulons in the two species were performed underesipg@timental

conditionsjFigure I.L9). Among t hese

functions

t hat

S t -ceguthtedd u t

genes emerged those involvedadhesion, including a set of adhesins that are presedt giabrata

genomebut not inS. cerevisiagFigure 11.9); CgTIR3, involved in the uptake of sterglseveral genes
i1h 8 <lytgluckns and the genfes irfvolved in thegulation of internal

nvol ved i

n
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pH homeostasif262]. This last aspect was giularly relevant since i%. cerevisia¢he regulation of the
activity of the plasma membrane protein pump was found not to occur at the transcriptional level but post
translationally, via multiple pogtanslation modification$252, 268, 272] Several genes found to be
regulated exclusively by CgHaal have an HIRE motif that isnot found in the ortholog promotor &f
cerevisiaesuggesting the addition of new genes to the regulon through the addition of the Haal regulatory
element during promotor evolutid@62]. Further and more detailed studies will be required in order to

scruinize how this regulatory network evolveifn S. cerevisia¢o C. glabrata
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[l 1. Comparative genomic and transcriptomic analyses

unveil novel features of azole resistance and adaptation

to the human host inCandida glabrata

Part of the results shown in this chapter was published in:

Salazar SB, Wang C, Munsterkotter M, Okamoto M, TakaHdakaguchi A, Chibana

H, Lopes MM, G¢l dener U, Butl er G and Mi
transcriptomic analyses unveil novel features of azole resistance and adaptation to the
human host in Candida glabrata , FEMS Y e BB€LY, 20Bedvi;

10.1093/femsyr/fox079

39



1. Abstract

The frequent emergence of azole resistance an@@mglida glabratastrains contributes tthe
increasdn the incidence of infections caused by this species. Wipah®me sequencing of a fluconazole
and voriconazoleesistant clinical isolate (FFUL887) and subsequent comparison with the genome of the
susceptible strain CBS138 revealed prominent differences\ieral genes documented to promote azole
resistance irC. glabrata Among these was the transcriptional regulator CgPdrl. The CgPdrl FFUL887
variantincluded a K274Q modification not documented in other amdéstant strains. Transcriptomic
profiling evidenced the upegulation of 92 documented targets of CgPdrl in the FFUL887 strain,
supporting the idea that the K274Q substitution originates a CgPdrbfgainction mutantNotably, the
productionof CgPdri?7*Qvariantin the backgroundf FFUL887 cellswas associated with a higher
susceptibility ofthe cells againstrganicacids at a low pH (4.5)but had no detectable effect in tolerance
towards other environmental stressors. Comparison of the genome of the FFUL887 and CBS138 also
revealed prominent differences in the sequence of adieesiading genes, whilde comparison of the
transcriptome of the two strains showed a significant remodelling of the expression of genes involved in
the metabolism of carbohydrates, nitrogen and sulphuhe FFUL887 strain; thesdifferenceslikely

reflecting adaptive responses evolved by the clinical strain during colonization of the host.
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2. Introduction

An alarming increase in the incidence of infections caused. lgyabratahas been reported in the
last yearg2, 3]. As such, irmost epidemiological surveys this species ranks as the second major causative
agent of invasive fungal infections worldwideehindC. albicang2, 3]. This increase in the incidence of
infections caused bg. glabratais believed to@sult from its naturally high resilience to azoles, the frontline
antifungal therapy used to treat candididgi&3]. The remarkably high rate at whi€h glabratastrains
acquire resistance to azoles, higher than the one registered for an@antdata spp is another key factor
contibuting to the emergence of resistant strajdg4-276]. Mutations in Ergll, the enzyme targeted by
azoles, is not a primary mechanism of resistan€ iglabrata in contrast with what is observed to occur
for otherCandidaspecieq27, 29, 30] This observation suggests ti@atglabrataclinical strainsrely on
other mechanisms to cope with azole stresBne with this,several reports have underlined the important
role of the ABC drueefflux pumpssuch asCgCdrl and CgPdh1l in contributirigr azole resistanci
clinical strains[28, 35, 36] More recently, the involvement of MDR transporters belonging to the MFS in
azole resistance @. glabratahas also beedescribed39].

The transcriptional regulation of drgfflux pumps inC. glabratg as in other yeasts, relies on the
activity of the wellorganized PDR regulatory netwdj&76]. In C. glabratathe key regulator of the PDR
network is the transcription factor CgPdrl and, concomitantly, this has been demonstrated to play an
essential role in conferring tolerancearoles[46, 56] including in resistant clinical isolat¢®7, 28, 35,

50, 51, 194] CgPdrl has been implicated in the regulation of the-dfiligx pumps CE&DR1, CgPDH1,
CgQDR2and CrOR1[27, 56, 117] Other azolaesponsive genes regulated by CgPdrl have biological
functions related totsess response, metabolism of fatty acids and sterols, transcriptional regulation and
adhesior{27, 50, 51, 56, 117]Analysis of the coding sequence of dgPDR1gene in susceptible and in
resistant clinical isolates identified a pahyopf GOF mutationshatare believed to constitutively activate

the transcription factor resulting in enhan€adylabrataazole resistancgeviewed inAnnex Table 11.1).

In this work the genome and transcriptome of #mlesusceptibleeference strailC. glabrata
CBS138 verecompared wittthe thoseof an azoleresistant clinical isolate (hamed FFUL887) recovered
along the course of an epidemiological survey undertaken in hospitals of the Lisbon area. Besides providing
clues to the mechanisms underlyitige acquisition of azole resistande the host the results may also
contribute for a better understanding of the different responses evolv@ddigbratain the colonization

of the human host.
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3. Methods

3.1. Strains and growth media

Thelaboratorystrains used in this work are listedTiable Il 1 while the58 C. glabrataclinical
isolates(recovered from patients attending three major Hospiththe Lisbon area between 2000 and
2008 are detailed in supplementary materighinex Table IIl.1). The strains were cultivated in rich
growth media Yeast Peptone Dextrose (YPD), in RPMI (Roswell Park Memorial Institute Medium)
Minimal Medium (MM). YPD contains, per liter, 20 g glucose (Merck Millipore), 10 g yeast extract
(HiMedia Laboratories, Mumbai, India) and 20 g Peptone (HiMedia Latdea). RPMI, contains, per
liter, 20.8 g RPMI1640 synthetic medium (Sigma), 36 g glucose (Merck Millipore), 0.3g-giutamine
(Sigma) and 0.165 mol/L of MOPS-(8l-morpholino) propanesulfonic acid, Sigma). MM contains, per
liter, 20 g glucose (Merck Mipore), 2.65 g (NH). SOQ: (Merck Millipore) and 1.7 g of yeast nitrogen base
without amino acids and without ammonium sulphate (Difco). YPD and MM medium were sterilized by
autoclaving for 15 minutes at 121°C and 1 atm, while RPMI medium was filtetie@ Wi22um pore size
filter and preserved at 4°C until further use. Solid media was prepared supplementing the corresponding

liquid media with 2% agar.

Table 11l 1. List oflaboratorystrains used in this study.

Strain Parental Description Reference
Starin
KUE100 2001H Parent strain histidine auxotroph the Uenoet al, 2011

recipient enables high efficient gene target [277]

in which yku80 is repressed with &AT1

flipper

KUE100 chr606 KUE100 Control strain derived from KUE100 parent Uenoet al, 2011
strain in which theCgHIS3 marker was [277]
ectopically integrated at a nawoding locus

KUE 1 0 O pdchC KUEL100 ¢pCpdrl strain, CgPDR1 (CAGLOA00451y This study

was replaced with the GdS3marker

CBS138 - Reference strain CBSKNAW
Fungal Biodiversity
Centre

3.2. Assessment of resistance to antifungadé Candida glabrateclinical isolates

To assess the resistance of heglabrataclinical isolates and of the reference strain CBS138 to
voriconazole, fluconazole, anidulafungin and caspofungin thespiinimum inhibitory concentration)
of each of the antifungals was estimated using the rditution method recommended by tReropean
Committee on Antimicrobial Susceptibility TestifBUCAST)[278]. The concentrations of fluconazole
tested ranged frof.125 mg/L to 64 mg/L and for the remaining antifungals ranged from 0.015 mg/L to 8
mg/L. MICsovalue was taken as being the first concentration of antifungal that reduced growth of the strains
to half that registered in drefgee medium, as defined by EUCA$A78]. The MIGy of each antifungal

determined for the strain was compared with the clinical breakpoints recommended by EUCAST (32 mg/L
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for fluconazole, 0.06 mg/L for anidulafungin) to classify the strains as resistant (thg isMié&bove the

defined breakpoint), suscelpie (MICso equal or above the breakpoint) or intermediate (#4Khows a
susceptible dosdependece (SDD). Since a breakpoint value is not yet established for voriconaz@le in
glabratatheepidemiological cubff value(ECOFF)(1 mg/L) was used to deteconwild typeisolatesas
recommended279]. The stock solutions of thantifungals were prepatefrom the powder and using

DMSO (Dimethyl sulfoxide Sigma) as the solvent. Fluconazole was purchased from Signi@onazole

and anidulafungin were kindly provided by Pfizand caspofungin was provided by Merck Sharp Dohme.
Growth curves of th€. glabratareference strain CBS138 and of the FFUL887 isolate in the presence of
fluconazole and voriconazole were performed using the same experimental setup described above for the
microdilution assayswith the difference that instead of measuring @he culture only after 24h this

was measured every 30 minutes during.42

3.3. FFUL887 genomic DNA extraction and wholgenome sequencing

FFUL887 cells were cultivated in YP@rowth medium (up to an Qky.mof approximately 3.0)
and then centrifuged at 5000 rpm, for 5 min at 4°C. The pellet was resuspended in 1 ml solution A (1 M
Sorbitol (Sigma); 0.1 M EDTA (ethylenediaminetetraacetic acid) at pH 7.5). Afterwards, 10 mg/mL
zymolyase (Zymoreseartvas added to the cellular suspension anc
until protoplast formation. The suspension was centrifuged at 5000 rpm for 5 min and thevasllet
resuspended in 1 mL solution B (50 mM THEL at pH 7.4(SigmaAldrich), 20 mM EDTA). After this
step, 30 pL of sodium dodecyl sulfate (SDS) 10% were added to the mixture and this was left for 30 min
at 65 eC. 250 OL of potassium acetate (5 M, Mer c k)
1h on i@. The suspension was clarified by centrifugation (10000 rpm, 10 min) and the supesaatant
transferred to two fresh microfuge tubes. 1 volume of cold isopropanol was used to precipitate the pellet
followed by centrifugation at 5000 rpm for 15 min. Supant was discarded and the resulting pellet was
incubated in 1 mL ethanol 70 % during 5 min, and wveastvice with ethanol 70 %. The pellet was then
dried in speed vacuum and resuspended in 200 HEDIEA buffer (TE) at pH 7.4. 0.5 pl of RNAse (10
mg/m) was added followed by 1 h incubation at 37 Y@e nixture was centrifuged at 10000 rpm for 15
min and the supernatant was preserved at 4 °C till furtheFEEH.887 genome sequencing was based on
lon Torrent and was performed [8tab Vida(Portugal) as a paid service. Two rounds of paged
sequencing were performeachich resulted in approximately million reads with an average sizel$9
bp. The reads were trimmed based on quality and for SNP calling the trimmedveradsapped agast
the reference genome of CBS138 (available on Candida Genome DdtaG&¥@ using CLC Genomics
Workbench. Variant detection was performed from the mapped reads using both the probabilistic and
quality-based variant detection tools embedded on CLC te&se confidence on the results obtaifed.
annotate the genome of the FFUL887 strain the reads were de novo assembled into 799 contiga yielding
total of assembled bases1#.29 Mb and genome coverage of around ##xinitio gene detection was
performed usin FEDANT genome databasasing different algorithms followed by manual curation to

select the more appropriate gene mofiZ88]. The sequence and annotation of the genome of the FFUL887
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clinical strain has been deposited in ENA (http://www.ebi.ac.uk/ena/data/view/ FWDN01000001
FWDNO01000799).

3.4. Comparative transcriptomic analysis of C. glabrata CBS138 and FFUL887

strains.

The transcriptomes of FFUL887 and CBS138 strains was compared using DNA microarrays
specifically designed fo€. glabrata(design ID 06459(281]. Both strans were cultivated overight in
25 mLof YPD at 30°C with orbital agitation (250 rpmjd then reénoculated (at an Ofdonmof 0.2+0.05)
in 150 mL of fresh RPMI. The cells were harvestgdcentrifugation §000 x g, 7min, 4 °G Beckman
J2.21 Centrifugerotor JA.10) in midexponential phase (QBn~2+0.05)and immediately frozen a80
°C until further use. RNA extraction was performed as described in Bereamo2017 [262] and in
Rossignokt al.2007[281].

3.5. C°DR1gene disruption in the FFUL887 clinical strain

The deletion of theC. glabrata PDR1 (CAGLOA00451yin strain KUE100 (parental to the
o Cpdrl mutant used in spot assays) was carried out using the method describeddst al. 2011
[277].The target gen€gPDR1was replaced by a DNA cassette including @gHIS3 gene, through
homologousecombination. The replacement cassette was prepared by PCR. Recombination locus and gene
deletion were verified by PCR. Deletion of the same gene in the background of the clinical isolate strain
FFUL887 was carried out using a little modified method frowa dne above described for the KUE100
strain. In specificCgPDR1was replaced by a DNA cassette containing the zeocin resistant marker by
homologous recombination. Transformants were isolated on YPD supplemented with 100ug/ml zeocin
Correct insertion of the zeocine resistance cassette and corresponding del€gRDRIL were verified
by PCR and by confirming the absenceCgPDR1expression in the mutant strains by rale RT-PCR
(primers available iTable IIl. 2).

3.6.Effect of the CgPdr 1X?74Q variant in expression ofCJCDR1,CgPDH1, CgQDR?2
and CgPDR1genes

The expression ad€gCDR1 CgPDH1, CgQDR2andCgPDR1genes was compared in CBS138,
FFUL887 and FFUB87 _gCgpdrl strains by RTPCR. Cells of the different strains were cultivated in
identical conditions to those used for the microarray analysis. Conversion of total RNA into cDNA was
performed using 1pg of RNA. The reveisanscription step was performed in a C1d®@rmal Cycler
(Bio-Rad, Hercules, USA). The subsequent quantitative PCR step was performed using 2.5uL of the cDNA.
Gene expression was calculated usdgirDN5.8as an internal control.
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Table Ill. 2. List of primersused in this study.

Primer identification Primer sequence
CgRDN5.8 For waAACAMCECACCGGCCGAAT-3 6
Re v e rGTEGGHBCTCGCATCGATGAS 6
CgPDR1 For waCGATTBECAACCCGTTAGAS 6
Re v e rGAEGACETTGGTGTAGGAGTCAT3 6
CgCDR1 For waGQITE&ECGCACATTGA3 0
5 0CCTCAGGCAGAGTGTGTTCTTTE3 6
CgPDH1 For waGQACABSGETACCTGCATCGAT3 6
5 @CGAGGAATAGCAAAACCAGTATAC-3 6
CgQDR2 For waTCACT&EGATAGTTTCATATCGGACTAS3 6
Re v e rTGECEABATGTTCCCAAGTGAS 6

3.7.Effect of the CgRdr1¥?74Q variant in tolerance to environmental stressors.

Comparison of susceptibility of CBS138, KUEL@hr606 KUE100 gqiCgpdrl, FFUL887 and
FFUL887 _giCgpdrl cells to inhibitory concentrations of;8, and of the organic acids acetic, propionic
and butyric acids was based on spot assays. Cells of the different strains were cultivated in MM growth
medium until midexponential phase (QBnn~0.8) and then diluted in 1 mL of sterid8Sto obtain a cell
suspension having an QBnmof 0.05. 4 pL of this cell suspension and of two subsequent dilutions (1:5
and 1:10) were applied onto the surface of MM agarised plates supplemented or not with inhibitory
concentrations of ¥, (5-18 mM), of acetic acid (560 mM), of propionic acid (17220 mM) and of butyric
acids (1517 mM). The plates were incubated at 30°C for two to three days depending on the severity of
growth inhibition. The same experimental setup was used to dksassceptibility of the strains tceht

stress with the difference that instead of incubating the inoculated plates at 30°C, these were incubated at
37°C, 40°C or 42°C.
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4. Results

4.1. |dentification of FFUL887 as a fluconazoleand voriconazole resistant strain

To characterize the incidence of resistance to fluconazole, voriconazole, caspofungin and
anidulafungin in a cohort of 58. glabrataclinical isolates the concentration of each of these antifungals
leading to a 50% growth inhibition (generally designated assillCompaed with growth registered in
drugfree medium, was determined.his phenotypic screening was performed using thehlhig
standardized microdilution method recommended by EUCAST. As a conidiave also included the
reference strain CBS138 in the screening. The MIC value obtained for each drug and each isolate is shown
in Annex Figure 111.1 and the distribution of MIC values across all isolates is shoviigare IIl. 1. The
MIC values obtained were compared with the clinical resistance breakpoints defined by EUB2ASY/I(
for fluconazole and 0.06 mg/L for anidulafungin) to classify the strains as resistant, intermediate or
susceptible. To identify voriconazetesistant strains the MIC value obtained was compared with the
ECOFF (epidemiological ctdff) value (1 mghL) which can be used to distinguish wilghe from non
wild-type isolateg279]. For caspofungin no breakpoint has been defined by EUCAST and therefore the
strains were not classified. Under the experimental conditions used, the MIC value of the reference strain
CBS138 was 1éng/L for fluconazole and 0.25 mg/L for voriconazole, indicating that the reference strain
is susceptible to these two azoles. Seven isolates (FFUL412, FFUL443, FFUL674, FFUL830, FFULB866,
FFUL878, FFUL887) were resistant to fluconazole and voriconazote oty resistant to fluconazole
(FFUL98 and FFUL4012) and one only resistant to voriconazole (FFULBRARek Table 11.1). Notably,
three of thecrossresistant isolates (FFUL412, FFUL443 and FFUL674) were retrieved from patients
undergoing fluconazolbased therapydnnex Table I11.1). Despitethe small number of isolates examined
in this study, the percentage of resistance obtained for fluconazole and voriconazole (16% for fluconazole
and 14% for voriconazole) are close to the values reported5%) in antifungal surveillance tests
undertakerwith much larger cohorts of strains (¢2J). None ofthe C. glabrataisolates tested could be
considered susceptible to fluconazole as the MIC values were always above 0,00Figuy#. I(l. 1),
consistent with the described increased resilienc€.djlabratato this azole drug273, 276] All the
isolates tested exhibited high susceptibility to anidulafungin, none of them exhibiting growth when
cultivated in the presence of 0.06 mg/L, the defined resistance breakpigme(11l. 1 panel B;Annex
Figure lll. 1). For caspofungin only onadlate, FFUL887, exhibited a MIC value of 0.25, while for the
remaining isolates this MIC value was of 0.125 or belBigyre IIl. 1 panel B;Annex Figure II1.1).

The FFUL887 strain was selected for further analysis since it was demonstrated to be resistant to
fluconazole and voriconazolené also exhibited higher resilience to caspofungompared to the other
clinical isolates compared in this study. To assess how the presence of the fluconazole and voriconazole
affected growth kinetics of the FFUL887 and CBS138 strains, growth curviguid medium were
performed using the same experimental setup that was usta &stimation of the MIg value @Annex
Figure Il1l. 2). Threeconcentrations of voriconazole and fluconazole were tested: one corresponding to the
resistance breakpoint, one below and one above that vainex Figure I11.2). The results obtained show

that the two strains exhibited a similar fithess when cultivated in-leggmedium, with only a slight

46



decrease in the final biomass produced by the FFUL887 st&xaimek Figure I11.2). Supplementation of

the RPMI medium with the two azole drugs led to a drastic growth inhibition of the CBS138 strain, whereas
growth of the FFUL887 strain was almost identical ® ¢bntrol conditions, with only a small detectable
decrease of the growth rate (e.g. 0.033rthe presence of 64 mg/L fluconazole and 0.04#lcontrol
conditions) Annex Figure 11.2) and a slight increase in the lag phase that was observed upon inoculation
in the drugsupplemented mediurd\(inex Figure 111.2).

To assess if the resistant phenotype exhibited by the FFUL887 strain towards fluconazole and
voriconazole was generalized for azoles or was limited to azoles of the triazole family (including
fluconazole or voriconazole), growth diis strain in the presence of the imidazoles ketoconazole and
clotrimazole was examinedh\inex Figure III.3). Cells were cultivated for 24h in 96ultiwell plates
containing RPMI or in the same growth medium supplemented with 4 mg/L ketoconazole and 1 mg/mL of
clotrimazole, the defined resistance breakpoints for these two diungex Figure lll.3 shows that
FFUL887 cells are more tolerant to the tested concentrations of ketoconazole and clotrimazole than the
CBS138 strain; however, the FFUL887 strain is still considered susceptible to the two igsdazoé the

concentrations tested reduced growth by more than 50% the one registered in control coAditiers (

Figure 111. 3).
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Figure lll. 1. Distribution ofminimun inhibitory concentratiomalues of fluconazole, voriconazole (panel

A) caspofungin and anidulafungin (panel B) obtained for the cohoraafiidaglabrata clinical isolates

tested in this workThe dashed line indicates the resistance breakpoints defined by EUCAST (as detailed
in materials and methods). These results were obtained based on the assessmegt \&lhdl®y the
microdilution method recommended by EUCAST and that gave rise to the results sheinFigure

1. 1.
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4.2. FFUL887 genome sequencing and annotation

The fluconazole and voriconazole resistance phenotype exhibited by the FFUL887 strain
prompted us to obtain the genome sequence of this isblateassembled contig sequences were used for
automaticab initio gene detection that was subsequently mapnwaitated to select the more appropriate
gene models. This analysis allowed us to predictttORFeome of the FFUL887 strain includes 5079
genes, which corresponds to 96% of the total number of genes annotated for the CBS1@2B2}rdihe
number ofORFs obtained for the FFUL888gtrainis also in line with those recently reported for ot@er
glabrata clinical isolates (in the range of 5300 coding sequences (C283) 284] The vast majority
(5039) of the protein pairs present in CBS138 and FFUL887 shared more than 90% identity at the amino
acid level indicating that the proteins encoded by the two streerfaialy similar.For the identification of
single nucleotidegoolymorphism (SNP) that could underlie the observed resistance to fluconazole and
voriconazole of the FFUL887 strain the reads obtained were mapped against the genome sequence of the
CBS138 stain, as detailed in materials and methadtss comparison yielded 77749 SNPs between the
genomes of FFUL887 and CBS13fiex Figure I11.4). A similar high number of SNPs was also reported
in a recent comparative genomic analysis betweerCwgabrataclinical isolates and the reference strain
CBS138[283]. About 45% of the SNPs identified between CBS138 and FFUL887 were located in coding
regions, affecting 3194 of ttgene sequences predicted for the FFULB87 stidia.percentage of genes
harboring norsynonymous SNPs in the FFUL887 strain was similar throughout theimgabrata
nuclear chromosomes (~60%) but considerably smaller (~18%) in the mitochondrial abmoe@anex
Figure 1ll. 4). On average FFUL887 and CBS138 orthologous genes harboredsymamymous SNPs;
however, in some cases this number increagetbumore than 30 nesynonymous SNPs including in
CAGLO0OK12078d>50 nonsynonymous SNPs), encoding a putative transcription factor similar to ScNrg1;
CAGL0C00231g(42 nonsynonymous SNPs), encoding a presumed plasma membrane nucleobase
transporter, and thadhesirCgPWP4(52 nonrsynonymous SNPdj{gure lll. 2). Other adhesiencoding
genes were also observed to harbor a high number eéyrmmymous SNPs between FFUL887 and
CBS138 includingCgePA8 CgPWP5 CAGLOC03575@ndCAGLOL10092dgFigure ll1. 2).

No nonsynonymousSNPs were found in the sequenceCgERG11gene encoded by FFUL887,
consistent with the idea that azole resistance of this strain is not driven by alterations in the drug target as
shown for mosC. glabrataazoleresistant isolate27, 29, 30] No SNPs were also found in FFUL887
CgMSH2 a DNA repair protein whosautations had been linked to the development of azole resistance
in C. glabrataresistant clinical straingl7]. ConcerningCg-FKS1andCgFKS2 the two enzymes targeted
by echinocandins, the FFUL887 alleles harbour onesymonymous SNP each (Gly14Ser in CgFks1 and
Thr926Pro in Cgks2), compared to CBS138 orthologues; however, these polymorphisms are outside of
the hotspots regions commonly found to be altered in echinocamgistant isolatel285]. It thus remains
to be examined whether the higher tolerance of the FFUL887 strain to caspofungin comes from these

polymorphismr if it results from other genetic traits.
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Figure Ill. 2. Number of norsynonymousingle nucleotide polymorphismeesent in FFUL887 predicted
proteins, when compared with their CBS138 couptatners. The reads obtained after whajenome
sequencing of the FFUL887 strain were mapped against the genome of the reference strain CBS138, as
detailed in materials and ninetds. Those genes exhibiting a higher number ofsymmonymous SNPs in

the FFUL887 strain are highlighted in the figure. Adhasicoding genes are evidenced in light blue.

4.3. Comparative genomic analysis between FFUL887 and CBS138 focused on azole

resistance genes: emphasis on EpR1

To gather insights into the differential levels of resistance to fluconazole and voriconazole of the
CBS138 and FFUL88Y7 strain$ie set of proteins found to harbour rmonymous SNPs in the resistant
strain were compared with a comprehensive list okggmeviously implicated i€. glabrataresistance to
fluconazole and voriconazol214 geneqlisted in Annex Table 111.2) associated with resistante these
two azoles differed in FFUL887 and in CBS138, a subset of these being shoalénll 3.

One of the proteins that differed betwdelRUL887 and CBS138 is CgPdrl, which exhibited 4
nonsynonymous SNPEG271A, T293C, G727A and A820Cesulting in tke aminoacid changeg91l,
L98S, D243N and K274(espectably when compared with the corresponding CBS138 orthologue. Three
of thesemodifications(V91l, L98S and D243N) were found to be present simultaneously i€gRdrl
varians encoded by isolates resistant and susceptible to aZoleex Table 11.1), while the K274Q was
not previously described. Based on this observation, it was hypothesized that the substitution K274Q could
represent a gaiof-function substitution o€. glabrataCgPdrl To test tlis hypothesisthe transcriptomes
of the FFUL887 and CBS138 strains were compared in-ftaggRPMI medium using specispecific
DNA microarrays. Out of the 409 genes found to be-@x@ressed in the FFUL887 strain (abovefbld,
p-value béow 0.001; listed inAnnex Table 111.3) 92 genes are documented targets of CgPdrl, according
to the information available in the PathoYeastract datagakl (highlighted in grey in thénnex Table
lll. 3). Among these were the walharacterized CgPdrl targeBgPDH1 and CgCDR1, aswell as
CgPDRlitself (Annex Table 111.3). Deletion ofCgPDR1from the FFUL88enomeabrogated the increase
in transcription ofCgPDH1, CgCDR1, CgPDR1andCgQDR2genes registered (

Figurelll. 3 panelA). As expectedeliminationof theproduction of theCgRdr1k?74Q variantalso resulted

in sensitization of the FFUL887 strain to fluconazole and voriconazole (

Figure lll. 3 panel B). On the overalthe results of the transcriptomic profiling of the CBS138 and
FFUL887 strains strongly suppottie idea that FFUL887 encodes a CgPdrl -géifunction allele,
resulting from the K274@odification
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Table Ill 3. Subset of proteins previously described to be involved in fluconazole and/or voriconazole resistaacdidia glabrata that were found to harbour non
synonymous SNPs in the FFUL887 strain, when compared with their CBS138 qmanners.Functicns werederived from CGD databa§®40].

ORF/Standard Name

Function

FFUL887 amino acid modification

PDR1 and
regulators

Mediator
Complex

MDR-
transporters

Transcription
Factors

Chromatin
Regulators

CAGLOA0045 L gPDR1
CAGL0J073704£gJJJ1

CAGLOH06215¢C9GAL1IA

CAGLOEO006274CgSRBS

CAGLOF027174CgPDH1
CAGL0G086244°gQDR2

CAGLOCO11994CgUPC2A

CAGLOL04409

CAGLOB03421£gMAR1

CAGLOK05841{CgHAP1
CAGLOKO01727(CgRPN4

CAGLOI0O5170¢CgCST6
CAGLOLO3379g

CAGLOL0938g

CAGLOCO05357gCgHST1
CAGLOEO0247582gSIN3

Zinc finger transcription factor activator of drug resistance genes

Co-chaperonethat negatiely regulaes fluconazole resistance; deletion caus
elevated expression @gCDR1andCgPDR1

Component of the transcriptional Mediator complex that providesfaces betweer
RNA polymerase Il and upstream activator proteins; essential for Gglegehdent
activation of azolgesistance genes

Subunit of the RNA polymerase Il mediator complex

Multidrug transporter of the ABC Superfamily

Drug:H+ antiporter of the Major Facilitator Superfamily that confers imidazole
resistance

Zinc finger transcription factor required for transcriptional regulation of ge
involved in uptake antdiosynthesis of ergosterol

Zinc finger transcription factor involved itthe transcriptionalregulation ofMDR
genes Orthologue ofS. cerevisia&ScYRR1

Predicted zindinger transcription facterregulator of genes involved in plasn
membrane lipid biosythesis

Predicted zinc finger transcription factthat regulates genes involved in tl
transcriptional response to levelsheme and oxygen

Tanscription factothat regulateproteasome genes

bZIP domainrcontaining protein involved itheregulation of biofilm formation

Predicted zindinger transcription factqr orthologue of S. cerevisiaeScSIP4
involved in positive regulatioof gluconeogenesis

Predicted zindinger transcription factarOrthologue ofS. cerevisiaé&scSUT2that
positively regulates steroabtake under anaeribic condiction

Histone deacetylase theggulates gene expression in nialimiting condition
Component of the Rpd3S and Rpd3L histone deacetylase complexes

Val9llle; Leu98Ser; Asp243Asn; Lys274GIn
Thr77Ala; Tyr479Phe

Serl34Asn; Ser965Gly; Ser1084Asn

Tyr399Cys; His1051Asn; GIn1322His

Lys438GIn; Glu839Asp

Asn417Asp; Leu309lle; Leu307lle; Arg304His
lle255Phe; Ser212Ala; Ala69Thr; Asn38lle
Arg92Lys; Asn304Ser; Glu822Val

Cys24Gly; Alas8Val; lle137Leu; Asp229Glu;
lle346Val; Glu574Lys; lle593Leu; Glu710Asp;
Ala933Vval

Asn321Asp; Ala306Thr; Ala274Thr;
Met139Val

Ala364Val; Asn378Thr; Ala676Gly; Ser743Ale
Ser894Ala; Gly1219Vval

Asn335Thr; Asp334Glu; Val160Asp;
Ala98delinsAlaGInAla

Ser39Pro; Ser321Pro; Ser462Asn

Gly134Asp; Glyl172Ser; Lys252Arg; lle347Me
Ala695Gly; Lys813Arg; Asp819Glu;
Thr867Met

Serl16Asn; lle185Val; Met202Val

Met70Lys
Asn50Lys;Lys288Thr
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Figure lll. 3. Deletion of the CgPDR¥Callele from FFUL887 genome abrogated azole resistance and
reduced expression @gPdrl target genegA) MIC for fluconazole and voriconazolgasobtained for

the CBS138, FFUL887 and theF U L 8 &gpdrigstrains, as determined by the microdilution method
recommended by EUCAST. For the statistical analyisesresults obtained for the mutant strain devoid of
CgPDR1 gene were compared with those gathered for the-tygd FFUL887 strairusing oneway
ANOVA. (B) Comparison of the transcript levels of RFIgR1, CgCDR1, CgPDH1 and C@IDR2genes in
cCBsS138, FFUL 887 aCumlrl strhires. CEIB bflthe 8ifilererpstrains were cultivated in
RPMI growth medium until migexponential phase afterhich the expression of ®&PR1, CgCDR],
CgPDH1 and CgIDR2genes was compared by RPCR. The values represented for the FFUL887 and
FFUL887_p Cpdrl strains are relative to the value obtained for the CBS138 strain, which was considered
to be equal to 1. For the statistical analy#ige results obtained for the FFUL887 strain were compared
with those gathered for CBS188ack), while the resultsobtan e d f or t h edrifbtahtvweri@ 7~ pCg

ok

compared with those obtained for FFUL8@jrey) using oneway ANOVA. * p-value below 0.05;™ p-
value below 0.0001.

4.4. The deletion of CEDR1820C allele affects tolerance to environmental stress of
the FFUL887isolate.

Previous studies have shown that deletion of -g&ifunction CgPdrl alleles results in altered
stress resilience of azetesistantC. glabratastraing56]. We, thereforecomparedhegrowth of CBS138,
FFUL887 and FFUL887 o Cpdrl in the presence of various environnmargtressors including 40-,
acetic acid, propionic acid, butyric acid and at different temperatures (30°C, 37°C, 40°C or 42°C). Under
the experimental conditions used the deletiorCgPDR1 in the FFUL887 background led to a mild
decrease in growth of the strains when cultivatedl #te temperatures testdeigure I11.4). No significant
differences were observed uponRIZR1deletion in the FFUL887 background concerning toleeato
H20- but, surprisingly, during cultivation in the presence of inhibitory concentrations of the organic acids
acetic, propionic and butyric acids (at pH 4.5) the deletioBgffDR¥*®2°“was beneficial Kigure 11I. 4).

These experiments were also performed in the genetic background of the laboratory strain KUE100 that
encodes a wildype CgPdrl allele. The results obtained confirmed a slight protesffieet exerted by
CgPDR1expression against high temperatures, while in the presence of acetic, propionic or butyric acids

there vereno significant differences in growth of the wildy p e o rCgpdrf mutairit Eigui IIl. 4).
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Acetic acid Proplonic acld. ‘Butyric ac Acetic acid Propionic acid
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FFUL887 KUE100A
Cgpdr1
FFUL887A
Cgpdr1kz74a
Figure lll. 4. Comparison of the susceptibilty @ BS 1 3 8, FFUL887 anpdrl,t he

KUE_chr606 and KUE1G®C g p dtraibs to environmental stressors based on spot asddigs.

exponential phase cells of the different strains were cultivated in solid MM growth medium or in this same
medium supplemented with inhibitory concentrations gd4br of acetic acid, propionic acid and butyric

acid.Final cell suspension was prepared with anséaia0f 0.05 + 0.005 and dilutions of the cell suspension
are spottedGrowth was compared after two to three days of incubation at 30°C, depending orethg sev

of growth inhibition. The same experimental setup was used to corfparaerance of the strains to

different temperatures

4.5. Comparative transcriptomic analysis between FFUL887 and CBS138 show

dramatic alterations in the expression ofgenes involved in carbohydrate, nitrogen

and sulphur metabolism.

We have further explored our results concerning the comparison of the transcriptome of the

FFUL887 and CBS138 strains during growth in RPMI medium aiming to gain further insights into the

responses evolved by. glabrataduring colonization of the human urinary tract considering that this was

FFUL

the niche where FFUL887 isolate was retrieved from. The CBS138 strain has an intestinal origin, however,

its extensive utilization in the laboratdmgslikely resulted in its domestication leading to large phenotypic

differences compared to those observe@.iglabrataclinical isolates including those of intestinal origin
[249, 286] The genes oveexpressed (above 1fbld and having g-value below 0.001) in the FFUL887

isolate wereclustered according to their biological function using the MIPS functional catalégunex

Figure 1ll. 5). Results revealed a significant enrichmemvélue below 0.001) of genes involved in

fimet abol i sm of ami no aci dso, fimet abol i sm

metabol i smo, Al ipid, fatty acid and isoprenoi
degradat pondp Aandanse xi daAnhnevFgurs Itl.5). Simisarlyr thee sqt af geses 0
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up-regulated in CBS138 (and consequently deegulated in FFUL87) was enrichedpfvalue below
0.001) in genes r el AmnerEgure bl.5adndAnmex Tablerll.3s y nt hesi s o
The genes upegulated in the FFUL887 strain related with carbohydrate and lipid metabolism
included enzymes involved in fatty dci-oxidation, in the catabolism of acetate, of propionate and of
glycogen, as well as genes encoding neoglucogenic and Krebs cycle enBiguegs (. 5). This
observation was surprising considering that at the time point where FFUL887 and CBS138 cells were
harvested for the microarray analysis (after 6 hours of cultivation in the rich RPMI medium supplemented
with 20 g/L glucose) there was still ansiderable amount of glucose present in the culture supernatant of
the two cultures (~18.5 g/L, based bigh-pressure liquid chromatograpiAPLC) analysis of the
supernatants). The genes-rggulated in the FFUL887 strain related with amino acid andhaulp
metabolism classes were essentially those involvéltkimetabolism of various amino acids and genes of
the transsulfuration pathway that allows transport and incorporation of sulphate in miethend cysteine
(Figure IlI. 6). Consistently, several transporters involved in the uptake of amino acids, small peptides and

of inorganic sulphur were also found tougeregulated in the FFUL887 straiRigure 111.5).
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Figure Ill. 5. Schematic representation of the metabolic pathways related with carbon and nitrogen metabolism including-gendateg in the FFUL887 strain, when
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glabrata, those being wpegulated in the FFUL887 strain being highlightedblme. Association between

genes and metabolic pathways was performed using tBG<database.



5. Discussion

In this work we have disclosed the genome sequence&ofybrataclinical isolate, FFUL887,
resistant to voriconazole and fluconazole and also exhibiting enhanced tolerance to caspofungin. The higher
resistance of the FFUL887 strain to these two tygeantifungals is striking considering that they have
different modes of action. Resistance to voriconazole and fluconazole in FFUL887 was largely dependent
on the expression of CgPdrl; however, this is not likely to underlie the higher tolerance ofthisost
caspofungin since CgPdrl expression is dispensabfe. fglabratatolerance to echinocandifs7].

A very high number of SNPs was obtained when comparing the genomic sequences of CBS138
and FFUL887, probably reflecting the different genetic background of theserdimssiNevertheless, the
vast majority of the proteins encoded by the two strains were still very similar with >90%epitbesins
shaing a degree of homology above 90%. Recent comparative genomic analysis b€twgabrata
clinical isolates and the CBS138 strain also revealed very prominent differences, within the range of those
reported in our studj283, 284] while a strain used for carboxylic acids production was much more similar
to CBS138[286]. Interestingly, everthe comparison of cohorts of related clinical isolates shows very
prominent differences, similar to those that are observed when the isolates are compared with the CBS138
strain[283, 287] These observations reflect the described genomic plastidity gibbrataspecies which
gives rise to a large genetic and phenotypic diversity among isolated g&hswWhile in our study we
have focused on the comparison betwéehe transcriptome and genome of an amedéstant strain with
the susceptible CBS138 strain, others have performed similar analyses but using related isolates (for
example, strains retrieved from patients obtained before and after application eéhazapy (e.d46, 56,

283])). In our casea similar approach was not possible since we could not identify among the sensitive
strains tested one that could be related with FFUL887. Necessarily, the option of comparing the genomes
of CBS138 vs FFULB87 difficults the establishment of ggpephenotype associations; however, it has

the advantage of allowing the identification of new SNPs that could be relevant for azole resistance and
that woul dnot be detected when comparing two alrea
occuring early during the process of colonization of the human Besides CgPdrl, several other well
characterized determinants©f glabrataresistance to azoles were found to harbour SNPs in the resistant
strain FFUL887 including the multidrug resistati@nsporters G@DH1 and C@)DR2, the transcriptional
regulators CYPC2A, CgYRRL, CgSTE or CgRPN4andthe CgGAL111A of the mediator compleand
CgJJJlbothregulators of CgPdrl activitfAnnex Table I11.2). It is difficult to understand whether these
polymorphisms contribute to the higher resistance exhibited by FFUL887 cells towards fluconazole and
voriconazole because the biochemical activity of these proteins is not well studied, and thereford it is har
to predict the consequences for protein activity of the identified SNPs. Nevertheless, these indicatives
deserve further exploration since azodsistance genes are surely under selective pressure, as occurs with
CgPdr1.

The extensive upegulation ofabout 90 documented targets of CgPdrl that was observed in the
FFUL887 strain during cultivation in drefgee growth medium strongly supports the idea that the K274Q
substitution is, indeed, a new gaififunction mutation of this protein. InterestinglyK274N substitution

has been previously reported, however, while this results in mild increase in fluconazole tolerance (MIC of
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16 mg/L)J50], the herein reported K274Q substitution results in a much higher resistance (MIC of 64 mg/L).
The K274 residue lies within a region of CgPdrl where several other mutations have been described (as
detailed inFigure 11.7) and is located near a predicted inhibitory regulatory domain of CgPdr1 (residues
322-465)Figure 11.7). In Saccharomyces cerevisitiés regulatory domain inhibithe activity of ScPdrl

[225], for which it can be hypothesized that the K274Q modification could compromise the function of the
inhibitory domain resulting in a hyperctivation of CgPdrl. Further studies are required to better
understand how the K274Q and other GOF mutations medihlatactivity of CgPdrl.

The genes that are undtre regulation of different CgPdrl gaiwf-function mutants have a
modest overlaf27, 50, 51, 117]In order to determine the effect of the CgPdrl K274Q substituti@n in
glabrata genomic expression, thHé2 genes ugegulated in the FFUL887 strathat were found to be
dependently regulated by CgPdrl accordinBathoY eastrackl41], were compared with the set of genes
regulated by three other gamf-function variants P921 and L946S and K274NF{gure 11l. 7). Only 5
genes were in common in the three datas&&gl€DR1, CgYOR1 CgPDR1, CgPUP1andCAGLOMO09713g
(Figure 111. 7). ConsistentlyCgCDR1andCgPUP1genes were recently shown to beregulated among
a cohort of CgPdrl gaiof-function mutants different from those used to bildure IIl. 7 [117]. The
pattern of expression of other drefflux pumps varied according the gainof-function mutation: while
K274Q, L94S, P927L led to the upegulation ofCgQDR2andCgPHD1, K274N was the only mutation
causing ugregulation ofCgTPOL 1 (Figure lll. 7). The expression of adhesémcoding genes was also
found to vary accordingo the CgPdrl gahof-function mutation Figure Ill. 7). This observation is
particularly interesting in light of the described effect of CgPdrl in contributinG fgtabrataadhesion
to epthelial cells[289]. Surprisingly, the overlap between the genes regulated by the CgPdrl GOF mutants
K274N and K274Q was very limitedrigure Ill. 7) demonstrating that even polymorphisms in the same
CgPdrl residue have a very different impact on the control of gene expression. One of the mechanisms that
havebeen hypothesized to explain this divergence in the set of genes regulated by different CgPdrl mutants
is that they might be differently activated thereby resulting in a different interaction with the transcriptional
machinery[62]. The different genetic backgroumdf the strains used in the different transcriptomic
profilings may also contribute for some of the observed divergences.

As well as contributing to maximal resistance to voriconazole and fluconazole, we also showed
that theCgRdr1¥?’*Qvariantis detrimental for growth of FFUL887 cells when cultivated in the presence of
organic acids at a low pH. Similarly, ceflsoducing theCgPdrf?"t gain-of-function variantwas also
found to be susceptible to organic acids at a loWyg@fl On the backgrounaof the KUE100 strain (derived
from CBS138) which encodes a witgpe CgPdrl allele, this phenotype towards organic acids was not
observed indicating that it could be a feature of CgPdrl-afaiunction mutants, or at least of a ssét of
them. It is nopossible with the data available until so far to clarify the reasons why the presence of organic
acids seems to sensitize FFUL887 cells, although this is certainly a feature that deserves further exploration
as it could be used to improtie treatment ofinfections caused by isolates harboring CgPdr1-g&in
function alleleslin line with this idea, our group has demonstrated that acetic acid at low pH has a synergic
effect with azoles even againthe azole resistant isolatddentified in the current gty, including
FFUL887[237].
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Figure 1ll. 7. Schematic representation highlighthe modest overlap existing between genes that are
underthe regulation of different CgPdrl gaiaf-function mutantsVenn diagram comparing the set of
genes regulated by the CgPdrl gafffunction mutants K274Q, K274N, P927L and L946S, as revealed
by transcriptomic analyses. The set of genes herein iderdasibéing upegulated in the FFUL887 isolate
that were previously described to BgPdrl dependentlyanscribedvas compared with the set of genes
previously described to be under the regulation of K274N, P927L and L946S CgPdudf-fiaiotion
mutationg27, 56}

Besides contributing taa better understaimag of the acquisition of azole resistancie
comparative analyses of the genome and transcriptome of the CBS138 and FFUL887 strains also had the
potential to elucidate some aspects underlgnglabratacolonization of the human urinary tract (the site
where FFUL887 was retrieved from). In this sense, one of the observations that emerged from the
comparative genomic analysis performed was the identification of several genes encoding adhesins as
among those thdtad the higher number of n@ynonymous SNPs in the FFUL887 strain. Adhesion is a
fundamental step fo€. glabrataability to successfully colonize infection sites and as such adhesin
encoding genes are subjected to a tight selective pressure demonstoaied both at the transcriptional
and genomic levdlR83, 287, 290, 291]The microarray analysis performed revealed only two adhesin
encoding genesCAGLOK10164gand CAGLOH08844g as being upegulated in the FFUL887 strain;
however, this analysis was performed using planktonic cells and thereby adhesion was not being favored.
The herein observed prominent differences in the primary sequence of the adhesins encoded by FFUL887
and CBS138, with emphasis for CgPwp4 which was the protein that differed the most in the two strains
(Figure 111. 2), shows that these genes are also subjected to a strong selective pressure probably to select
those variants contributing more to improve adherence to the available suffacteer observigon that
emerged from the comparative transcriptomic analysis performed was the significegulgtion in the
FFUL887 strain of genes involved the metabolism of amino acids and of sulphur as well as a large

number of genes involved in metabolizatiminfatty acids, glycogen and other carbon sources. Since the
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RPMI growth medium where the strains were cultivated for the transcriptomic analysis contains glucose
(20 g/L) and sulphate (50 mg/L), the higher expression of these genes in the FFUL883 stoailikely

to reflect a higher basal level of expression, compared to the one observed in the CBS138 €rain. In
glabratathe presence of glucose in the medium does not appear to repress metabolization of other carbon
sources nor of the genes invallvin those processes, as observe8.ircerevisiag249, 262] A similar
alleviation of glucose repression over metabolism of alternative carbon sources was ob<eraéiiidans

[251]. We have searched the genome sequence of the CBS138 and of the FFUL887 strains for genes
homologous to those that diate glucose repression B cerevisiagAnnex Table Ill.4). With the
exception of the 3dTH1 gene, all the other genes mediating glucose repressiircarevisiabave robust
homologues in CBS138 and in FFUL887; however, in some cases, there avkesl mifferences between

the S. cerevime and theC. glabrataproteins those more prominent being the Migl, Mig2 and Mig3
transcriptional regulatorsdfinex Table 111.4). Further studies are required to understdre molecular

players underlying the alleviation of glucose repressio@.iglabrataand how their activity is modified

by selective pressure during colonization.

The increased resilience @f. glabratato antifungal therapy and the persistent emergence of
resistant strains is highly problematic considering the high rates of morbidity and mortality associated with
infections caused by this pathogenic yeast. Thdtsgstesented in this study provide a further contribution
for a better understanding of the key players contributing for the acquisition of resistance in the host, with
special emphasis on CgPdrl transcription factor; a knowledge that can be used tbhegdelelopment
of more efficient therapeutical strategies. In specific, it was shown for the first time that the K274Q
substitution results in a gaof-function CgPdrl mutant and, consequently, in enhanced azole resistance.
An observation of remark fromur study and others was that the expression of the K274Q and of P927L
CgPdrlvariantsincreases susceptibility to organic acids at a low pH, suggesting that these molecules could
be used to sensitize azetesistant strains dependent on CgPdrl -gé&ifunction alleles. The herein
reported wholeggenome analysis of the FFUL887 strain and subsequent comparison with CBS138 strain
reinforced the extreme genetic diversity amdbgglabrata strains providing clues into the adaptive
responses evolved during coipation of the human host and advancing current knowledge on the biology

and physiology of this yeast species.
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| V. Disclosing azole resistance mechanisms in resistant
Candidaglabratastrains encoding wildtype or gain-of-
function CgPDR1alleles through comparative genomics

and transcriptomics

Part of the results shown in this chapter was published in:

Salazar SBRinheiro MJFSott-Novais D,Soares ARLopes MM, Ferreira T, Rodrigues
V, Fernandes e n d Mi rDeclo$irg azolé resistance mechanisms in resigtant
glabrata strains encoding wildype or gairof-function CgPDR1 alleles through

comparative genomics and transcriptoraigs pressat G3
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1. Abstract

The relevance df. glabrataas a human pathogen is linked with its poor susceptibility to azoles as well as

its extreme genomic plasticity that allows the rapid acquisition of resistance. Extensive characterization of
azoleresistantC. glabratastrains unveiled the central role thie transcriptional regulator CgPdr1 in the
resistance phenotype, with many strains encoding hyperactive (eofgfinction; GOF) CfDR1alleles.
Largescale profiling of a collection of clinical. glabrataisolates recovered in hospitals of the Lisbon

area, in Portugal, led to the identification elevenstrains exhibiting resistance to fluconazole /and
voriconazole Among these straingen were found to encode alleles of the RIZR1 gene harbouring
multiple norrsynonymous SNPs that were not found in the alleles encoded by susceptible strains, including
those resulting in the amino acid chan¢@¥4Q, 1392M and 1803T not previously described as GOF
mutations. The isolates encoding dbealleles were found to overpress several CgPdrl target genes
including the azole efflux pump @PR1 sustaining the idea that these represent newafdinnction

CgPdrl alleles. Only one of the identified azmsistant strains was found to encodggDR1allele fully

identical to the one encoded by susceptible strains. To better understand the resistance phenotype of this
strain, its transcriptome was compared with the one of a susceptible strain and of strains encoding CgPdrl
GOF alleles. The redsl of this comparative transcriptomic analysis will be discussed shedding light into
the different azolgesistance mechanisms evolved@yglabrata including those independent of CgPdrl

GOF strains.

62



2. Introduction

Comparedo C. albicans nonalbicansCandidaspecies (NCAS) argenerallymore tolerant to
antifungalq7] and can acquire resistance at a higher rate, speCiadljabratal2, 3]. The increase in azole
resistance amon@andidastrains threatens the successful therapeutic utilization of azoles, as confirmed by
the prolonged hospital stays and poorer outcomeatiénts colonized with azelesistant straing!]. The
low susceptibility ofC. glabratato azoles is attributed to its capability of bypassing the accumulation of
toxic sterols in the plasma membrane caused by the-amhleed inhibition of Erg11, an essential enzyme
for ergosterol biosynthesifl6, 18, 19, 292, 293]While in C. albicansazole resistance is largely
determined by the occurrence of point modifications in Ergll coding sequen€e,glabrata this
mechanism is very rarfd6, 27-29]. The formation of minichromosomes harboring multiple copies of
essential azoleesistance genes or the inactivation of the DNA repair enZggMSH2 as a mean to
increase genetic diversity are mechanisms described to mediate azole resistangéairataclinical
isolates[48, 49, 294] Although these mechanisms reflect the highly plastic nature oCthglabrata
genome, which favorthe rapid acquisition of resistance to azategvoandin vitro, they are not observed
to underlie the azole resistanpbenotype of many clinical strairfas reviewed in 7]In fact, a recent
overview of the genes described to influence azole resistance in laboratory strains and those confirmed to
underlie azole resistance in clinical strains shows a very modest overlap reflecting the lower amount of
work that has been undertaken in clinical strains, compared to laboratory Esamgewed in 7] Also,
the occurrence of factors conditioning azole resistamagvo that may not be mimicked to the studies
conductedn vitro also contributes for some dissimilarities in the findings obtained in laboratory and in
clinical strains. Irmost casesazole resistance i@. glabrataclinical strains derives from them acquiring
GOF mutations in the transcription regula@gPdrl, a central player in control of response and tolerance
to xenobiotics in yeasfas reviewed in 62]GOF mutations render CgPdrl constitutively active resulting
in a potent ugregulation of target genes even when drugs are not present. The more prominent CgPdrl
target that is upegulated upon CgPdrl activation are the egtfux pumps CgCdrl and CgPdFa, 62]
that are believed to play an essential role in promoting the active efflux of azoles thereby alleviating the
deleterious effects prompted by their internal accumulation. Notably, although the outcomme of t
occurrence of CgPdrl GOF mutations appears to be the same (constitutive activation of CgPdrl and azole
resistance) the molecular mechanisms underneath are apparently different since it has been observed that
GOFs have a very different impactin glabratagenomic expression, probably due to different interactions
with the transcriptional machinefg5, 117, 181]

Despite the prevalence of CgPdrl gafrfunction mutants among azetesistantC. glabrata
strains, resistant straiencoding wildtype CgPDR1alleles have also been isolafdé, 47, 51, 205, 206,

295, 296] however, these were not further investigated and therefore the ungeesistance mechanisms
remain unknown. In the present wovke scrutinized the azolesistance phenotype elevenC. glabrata
resistant strains that we have identified in the course of epidemiological surveys undertaken in Portugal.
Ten of these strains were found to encode CgPdrl variants, with two of them, 1392M and 1803T, being
herein characterized for the first time. Oneistr(ISTB218) was found to encode a wijghe CgPDR1

allele and was therefore subjected to comparative transcriptomic and genomic analyses (using two
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susceptible strains as references) to shed light into genes and pathways that could mediate azoge resistan

in vivo, beyond CgPdr1.
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3. Methods

3.1. Strains clinical isolatecollections and growth mediaused

The different clinical isolates and laboratorial sisa{CBS138, SKY107 and LYS2) are detailed in
Annex Table IV.1. This work resorted to BB clinical isolates identified as belonging to tBandida
genus by MALDITOF and retrieved from samples obtained from patients attending hospitals of the Lisbon
areaduring the period of 2023017. Besides these, another cohortasiistant clinicalsolates gathered
during the previous epidemiological survey presentdchiapterlll were also use(FFUL412,FFUL443,
FFUL674, FFULB30FFUL866, FFUL878 and-FUL887[55]. The full list of isolates igpresentedn
Annex Table IV1. Strains were cultivated in YPD [20g/L of glucose (Merck), 20 g/L bactopeptone (Difco)
and 10 g/L yeast extract (Difco)], in RPMiedia[20.8 g/L RPM}1640 synthetic medium (Sigma), 36 g/L
glucose (Merck Millipore), 0.3 g/L of {glutamine (Sigma) and 0.165 mol/L of MOPS (Sigma)] or in MM
media RO g/L of glucose or Nacetylglucosamine (Sigma), 1.7 g/L yeast nitrogen base without amino acids
and ammonium (Difco) and 2.65 g/L ammonium sulphiter¢k)].

3.2. Plasmids

Plasmid pYR29-MycHis_CdPDR1 which expresse€gPDRL from its natural promoter and
terminator, was used to complement the deletionCgPDR1 in SKY107 (gqpdrl) and LSY2
(qpdrigmallla) background (detailed inTable IV.1). To obtain the pYR2MycHis CgPDR1plasmid
the coding sequence of th€gPDR1gene along with promoter and terminatoxere amplified from
plasmid pSP76 and inserted in the Notl/BamHI sifaee pYR29MycHis_CgAFT1plasmid[297]. Using
pYR29-MycHis_Cd°DR1as a template, three derivative plasmids were generated to allow expression of
the CgPDR1mutantsA820C (yielding the K274Q substitution), T1176G (yielding the 1392M substitution)
and T2408C (yielding the 1803T substitution). Codon substitution abtgined by amplification of the
plasmid pYR29MycHis_Cd°DR1plasmid with PfuUltra HigkFidelity DNA polymerase (Agilent) using
the mutagenic primers detailedTable IV.1. The PCR product was treated with 2igrid (New England
BioLabs) for 1h at 37°C, followed by sdifation overnight, at 16°C, using 10U T4 polynucleotide kinase
and 400U T4 ligase (both enzymes from New England BioLabs). The resulting product was transformed in

E.coliDH5 U ¢ o mp e tckssital trarsforimationtaryd constructs verified by Sanger sequencing.

3.3. Azole susceptibility testing of thelinical isolatescollected in this stud/

A total of 479C. albicansandC. glabrataisolates were profiled for their resistance to fluconazole
and voriconazole. In an initial steme isolates were cultivated for 17h in YPD in@&rowell plates (at
30°C and with an orbital agitation of 2@0m) after which cell suspensions were pregafin water) and
inoculated (at an initial Ofonm of approximately 0.0125) in 9&icrowell plates containing RPMI either

or not supplemented with:mg/L of fluconazole or 0.25 mg/L of voriconazole foralbicansstrains,and
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32 mg/L of fluconazole o2 mg/L of voriconazole foC. glabratastrains. After 24h, the optical density of

the cultures was determined and isolates whose growth in the presence of the azoles was, at least, 25%
lower than the one observed in driuge medium, were considered caral&s as being resistant strains and

were selected for downstream analysis. For these stitaivess determined the MIC (minimum inhibitory
concentration) for fluconazole or voriconazole using the highly standardized microdilution method
recommended by EUEST [298]. To classify the strains as resistant or susceptible to these azoles we
compared the MICs with the breakpoint valestablished for fluconazol82 mg/L forC. glabrataand 4

mg/L for C. albican$ and with the ECOFF value established for voriconazole (1 mg/C.fgtabrataand

0.25 mg/Lfor C. albican3.

3.4. Sequencing of CgDR1 allele encoded by the azoleesistant Candida glabrata

isolates.

To sequence thegPDR1gene encoded by the azabsistanC. glabrataisolates, genomic DNA
was obtained and used as a template to amplify, by PCRCdgABR1 gene. To obtain DNA from the
isolates two loops of biomass were added to approximately 100 pL of glass beads (0.5 mm) and 200 uL
lysis buffer (Tris 50 mM, EDTA 50 mM, NaCl 250 mM, SDS 0.3 %). The tubes were vortexed for 2 min
at maximum speed, incubated6®b°C for 1h and put on ice for 2 min. The disrupted cell suspension was
afterwards vortexed, centrifuged at 13000 rpm for 15 min at 4°C and DNA precipitation was promoted by
adding 20 pL of NaAc 3M (pH 4.8) plus 400 pL of cold ethanol to the recovepmtsatant. The samples
were left at-20°C for at least 30 min and then centrifuged at 13000 rpm, during 20 min at 4°C. The pellet
obtained was washed with 500 pL of ethanol 70%, and then centrifuged at 13000 rpm during 8 min at 4°C.
The supernatant was darded, and the pellet dried in speed vacuum. The obtained DNA was resuspended
in 30 L deionized water. The extracted DNA was used as a template to aggi#iR1by PCR and the
corresponding PCR was sequenced (at least twice and using independent 8@fsped STAB Vida
(Portugal) as a paid service.

3.5. Assessment of GgDR1and CgPUP1lexpression in azolaesistant strains.

The transcript levels o€gCDR1 and CgPUP1 genes wre compared in seven azetesistant
strains and in CBS138 during exponential growth byFROR. For this, cells were grown in YPD at 30°C
with orbital agitation (250 rpm) overnight and then inoculated in 150 mL of RPMI with an initial OD of
0.1 and grown aB0°C and 250 rpm orbital shaké/hen the Olgyonm of the culturesvere achieved
approximately an OD of 2 cells were harvested by centrifugation (8000xg, 7 mifi, B&€kman J2.21
Centrifuge, rotor JA.10) and immediately frozer803°C until further useRNA extraction was performed
using the hoephenol method. Conversion of the recovered RNA from the different cultures into cDNA was
performed using 1 e€g of RNARald MHertulese USE)1 Th® Subsdgheatr ma | Cy
quantitative PCR step wgser f or med using 2.5 L of the c¢cDNA and S
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in the 7500 Realime PCR System (Applied Biosystems). Primer sequences used are availbddein
V. 1.

3.6.Comparative transcriptomics of azole resistant isolatesFUL443, FFUL674and
ISTB218 with laboratory strain CBS138

Transcriptomic profile of isolates FFUL443, FFUL674 and 1STB2018 was compared during
exponential growth in RPMI medium using a speapscific DNA microarray foC. glabrata[281]. For
this, an individual colony of the FFUL443, FFUL6a@dd ISTB218 isolates was inoculated in YPD at 30°C
with orbital agitation (250 rpm) overnight and therAmeculated (at an initial O§onmof 0.1) in 150 mL
of RPMI and left to grow at 30°C and 250 rpm orbital shiéleen the OlgoonmOf the cultures achieved 2
(corresponding to migxponential phase) cells were harvested by centrifugation and immediately frozen
at-80°C until further use. RNA extraction was performed using RibdPWR&IA Isolation Kit (Ambion,
Life Technologies, CA)The quality and integrity of the purified RNA was confirmed in a Bioanalyzer.
cDNA synthesis, hybridization, and scanning were performed using the Agilent protocol fooltwo
Microarray-Based Gene Expression Analysis Low Input Quick Amp Labeling vay8git Technologies),
according to the manufacturerés instructions. One hu
labeled cDNA (with Cyanine-&TP), using Agilent T7 Promoter Primer and T7 RNA polymerase Blend
(Agilent Technologies, Cat.5182305). Six hundred nanograms of labelled cDNA were hybridized in the
microarray. Hybridizations were carried out using Agilent gasket slides in a rotating oven for 17 h at 65°C.
SIlides were then washed foll owing mglenuG28686AAur er 6 s i
microarrays scanner. Probes signal values were extracted using Agilent Feature Extraction Software. Data
were normalized using median centering of signal distribution with Biometric Research Branokr2iB
tools v3.40 software[299]. Final statistical analysis was carried out using LIMMA package in MeV
software MultiExperiment Viewer 4.80[300] with a cutoff p-value of 0.1. Data was deposited at GEO
with reference number GSE166841.

3.7. Genomic profiling of isolates ISTB218 (azoleresistant) and ISTA29 (azole

susceptible)

ISTB218 and ISTA29 cells were cultivated in YPD growth medium (up to agdxdf D3.0)
and then centrifuged at 5000 rpm for 5 min &€ 4The pellet was resuspended in 1 ml solution A (1 M
Sorbitol (Sigma); 0.1 M EDTA (tetrasodium salt dehydrate) at pH 7.5). Afterwards, 10 mg/mL zymolyase
(Zymo research) was added to the cellular susipanand the solution was incubated at@7ntil
protoplast formation. The suspension was centrifuged at 5000 rpm for 5 min and the pellet resuspended in
1 mL solution B (50 mM TrigdCL at pH 7.4 (Sigm&A | dr i c h) , 20 Mm EDTA). After
SDS(10%) was added to the mixture and this was left for 30 min “4.@3otassium acetate (280L , 5
M; Merck) was subsequently added and the mixture was left for 1 h on ice. The suspension was clarified
by centrifugation (10000 rpfior 10 min), and the supeatant was transferred to two fresh microfuge tubes.

One volume of cold isopropanol was used to precipitate the pellet followed by centrifugation at 5000 rpm
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for 15 min. Supernatant was discarded, and the resulting pellet was incubated in 1 mL ethashalif®%

5 min and washed with ethanol 70% twice. The pellet was then dried in speed vacuum and resuspended in
200e L TE ( p H *7genbme sequémainh was performed using Illumina HiSeq at CD Genomics, as

a paidservice. Two rounds of pairezshd sequencimwere performed resulting in approximately 16 million

reads for ISTB218 and 7 million reads for ISTA29, with an average size dffi.5the obtained reads for

the two isolates were trimmed based on quality and then mapped against the genome of CR&lliBg for

of SNPs and Indels using the tools available on CLC Genomics Workbench V21.0.1. Data concerning this

whole-genome sequencing project was deposited at NCBI under the tag of Bioproject PRINA699880.

3.7. Susceptibilit yCgparsadgyCodrigd gdlllaCandidaa z ol e o
glabratacells expressing different C@DR1alleles.

SKY10Qgdf)yp cel | s CgpdrlgCggehl2a) cellpwere transformed with the pYR29
MycHis_CgPDR1plasmid to drivegheexpression of the wildype CgPDR1allele or with the engineered
plasmids pYR29 MycHIS CgPDR¥®2C  pYR29-Myc-HIS CgPDRI™76¢ and pYR29-Myc-
His_CgPDR1™?4%8Cto drive theproductionof the GOFvariantsk274Q, 1392M or 1803 T respectively The
transformants were cultivated overnight, at 30°C and with an orbital agitation of 250 rpm, in minimal
medium without uracil and on the next day the cells weieaeulated in fresh MM medium at an @Johm
of 0.1. The cells were left to grow (at 30°C arithvan orbital agitation of 250 rpm) until miekponential
phase (D&onn~0.8) and used to prepare a cell suspensioREH with an OQoonmof 0.05. 4 pL of this
cell suspension and of corresponding 1:4 and 1:16 of it were applied as spots onto ¢teeo$sdhd MM
or YPD either or not supplemented with the indicated concentrations of fluconazole. For the determination
of MICs for fluconazolein these transformants the same procedure detailed above for the clinical isolates

was used.
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Table IV. 1. List plasmids and primers used in this stultythe case of the plasmids it is also provided
their origin while in the case of the primers it is indicated for which their application was used for.

Plasmid Plasmid Description Reference
pSP76 Plasmid that drives expression of RIgR1from  Khakhina, Set al 2018
its natural promoter and terminator
pPYR29_Myc Plasmid that drives expression of RIgR1from This study
HIS_CgPDRIVT its natural promoter and terminator
pYR29 Myc Plasmid that drivethe geneexpression and This study

HIS_CgPDR1820C consequent productiasf the K274Q CgPdrl
mutant from its natural promoter and terminatc
pYR29-Myc- Plasmid that drivegene expression and This study
HIS CgPDRI™*76¢ consequent productiasf the 1392M CgPdrl
mutant from its natural promoter and terminatc

pYR29-Myc- Plasmid that drivegene expression and This study
His_CgPDRJ'2408¢ consequent productiasf the 1803T CgPdrl
mutant from its natural promoter and terminatc
Primer ID SequenB8é) (56 Used for
CgPDR1 FW1 CTTCCATTACTTCGTACCC CgPDR1amplification
and sequencing
CgPDR1 FW2 GCCTAGTACAAGAAGAACAAAAGTTG CgPDR1sequencing
CgPDR1 FW3 TCCATTGACGCCATTGAGTTACAAC CgPDR1sequencing
CgPDR1 FWA4 TTACGACCGCAATTTGGACTCAGAGG CgPDR1sequencing
CgPDR1 REV4 CACACTAAGATCCATTGGCTTTTGAAT CgPDR1sequencing
CgPDR1 REV3 CAGAGTGCCAAAGTATGCAGCCTT CgPDR1sequencing
CgPDR1 REV2 CGGCGAGGGTAAATTCAACTGATAC CgPDR1sequencing
CgPDR1 REV1 GACAGTGTGCATAGCCTG CgPDR1amplification
and sequencing
K274Q_FW AAGATTAATGAAAGTGCCACCACTCAGTC Site directed mutagenes
ACTTGAAACAAACTTG
K274Q_RV CAAGTTTGTTTCAAGTGACTGAGTGGTGG  Site directed mutagenes
CACTTTCATTAATCTT
1392M_FW GATATCGATGGCCAACCCGTTAG Site directed mutagenes
1392M_RV GACTCTTCATTGATATGGTGAACAC Site directed mutagenes
1803T_FW ATGAATGAAACTATCCTAAGTATGG Site directednutagenesis
I803T_RV TACTTTCCAGTGCTCATATAGTC Site directed mutagenes
CgPDR1 FW_RT GCTTGCCCGCACATTGA gPCR
CgPDR1 REV_RT CCTCAGGCAGAGTGTGTTCTTTC gPCR
CgPUPL1 FW_RT CACTGGTGCGCTGAAAGGTG gPCR
CgPUP1 REV_RT TGTCCCAGGCTATCTTTGCC gPCR
CgRDN25 FW_RT AACAACTCACCGGCCGAAT qPCR
CgRDN25 REV_RT CAAGCGTGTTACCTATACTCCGCCGTCA qPCR
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4. Results

4.1. Distribution of Candida species among a cohort of isolates recovered across
epidemiological surveys undertaken in Portugal

For the present stugdywe made use of 127Candidaclinical isolates collected from patients
attending hospitals in the Lisbon area, in Portugal, betw8&b and 2017C. albicanswas, by far, the
species more frequently isolated comprising 922 isolates, followe@.bylabrata (154 isolates)C.
tropicalis (62 isolates)C. parapsilosig61 isolates)C. krusei(40 isolates)C. lusitanae(12 isolates)C.
kefyr (10 isolates) and the raf& guilliermondii(2 isolates)C. dubliniensisC. sakeandC. inconspicua
(1 isolate each)Higure V.1 andAnnex Table IV.1). Around 92% of the isolates examined were retrieved
from nonsteile sites including vaginal exudates, urine, skinfeces, the remaining being retrieved from
sterile products like hemoculturesnnex Table IV.1). C. albicanswas the more frequent species isolated
from all types of products, in line with the described versatility of this species as a human c§i@iiker
C. glabratawas, in almost all cases, the second more fratyueolatedspecieqFigure 1V.1). It was of
note the isolation of. tropicalis C. parapsilosisC. kruseiandC. kefyrin hemocultures, consistent with
their reported ability to cause invasive candidiasis, includingefyrwhose relevance in candidemia is
poorly studied but increasir{§02, 303] Since MALDIFTOF cannot clearly distinguisB. albicansfrom
its closely related variar@. albicans vamafricana[304, 305]and in Portugal this biovariant has not been
described, we profiled our cohort @&@. albicansstrains for growth in minimal media having- N
acetylglucosamine as the sole source oba@arasC. albicans var africanaells are unable to use this
carbon sourcf804]. EightC. albicans var africanatrains could be identified, seven being recovered from
vaginal exudates, consistent with the human genitourinary tract being its primary colonizatid@®iche
305](Annex Table IV.1).

4.2. Profile of resistance to fluconazole and voriconazole among t6andidaalbicans

and Candidaglabratastrains

We randomly selected 40Q. albicansand 78C. glabratastrains (details il\nnex Table 1V.1)
for a profile of resistance to fluconazole and voriconazole. The strains were first phenotyped for their ability
to grow in the presence of concentrations of fluconazole and voriconazole equal to the resistance
breakpoints defined by EUCAST (32 mg/L dfidonazole and 1 mg/L of voriconazole forglabrataand
4 mg/L of fluconazole and 0.25 mg/L of voriconazole @r albican3. Isolates exhibiting a growth
reduction in the presence of the azoles of, at least,d#3B& growth registered in drtfgee medum were
selected for individual determination of the MIC of the two azodeméx Table 1V.1). This analysis led
to the identification of 1&. albicarsand 4C. glabrataisolates with MICs for fluconazole and voriconazole
above the resistance breakpoint, while t@oalbicansisolates (ISTB16 and 1STB284) could only be

considered resistant to fluconazole (further detailsrinex Table IV.1).
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Figure IV. 1. Speciedlistribution of the collection of Candida isolates examined in this work accotaling
the product they were retrieved froi@pecies of theCandidagenus were identified on MALBTOF
profiling.

4.3. Sequencing of theCgPDRL1 allele encoded by the azoleesistant Candida

glabrataisolates.

We focused then on the four identifi€d glabrataazoleresistant strains identified in our cohort:
ISTB218, ISTA56, ISTB607, ISTB556. We started by examining the sequence QigfPiBR1allele
encoded by these strains with the results being showalite 1V.2. (Annex Table IV.2 provides further
details).We also included in this analysssx C. glabrataazoleresistant strainsFHFUL412, FFUL443,
FFUL674 FFUL83Q FFUL866 and FFUL878ecovered from previouspidemiological surveys and that
were also identified by our laboratory as azole resistance but whose underlying resistance mechanism was
not further chaacterized [55](Chapter IlI) The CgPDR1 gene encoded by all the examined strains
exhibited the norsynonymous substitutions S76P, V911, L98S, T143P and/or D243N, previously described
to occur both in azole susceptible and resistamgabratastrains(Table IV.2 andAnnex Table 111). Two
of the azoleresistant isolates encode the demonstrated R376W (ISTB556, ISTB607) GOF CgPdrl variant
[51], while isolatesFFUL866FFUL830, FFUL412FFUL443,ISTA56 and FFUL674 encodégPDR1
alleles with the E555KI392M, G558C and 1803T substitutions. All these gitbSons were previously
identified in azoleresistant strains but not in susceptible ones for which they were considered to represent
CgPdrl GOF variants and to mediate the aredtstance phenotype of the strd®s47, 51, 208, 296]n
line with this idea, isolates expressing th€gPDR1 alleles FFUL83Q ISTA56 and ISTB60Y over
express (comparing to the susceptible reference CBS138 strain) the €aigdtdCgCDR1andCgPUP1
during growth in unsupplemented RPMI medium, a phenotype observed irs strxgiressingCgPDR1
GOF alleleg51] (Figure IV.2 panel A. IsolatelSTB218was found to encode@gPDR1allele with no

other modification besides those also observed in the susceptible flabies|V.2).
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Table IV. 2. Results obtained upon sequencing of the CgPDR1 gene from the seversigtdat @ndida

glabrata strains examined in this studjenonsynonymous modifications found in the coding sequencing

of the Cd®’DR1gene encoded by the strag®compared with the one of the azalesceptible reference

strain CBS138. Those modifications demonstrated before as CgPdrl GOF variants are maldald in
boxes, while those previously reported in az@sistant strains but not in susceptible ones are indicated in
greyboxes. SNPs described in azole susceptible and resistant strains are underlined. The herein described
1392M and 1803 Tsubstitution isndicated in the orange box.

Strain/Position 76 (9198|143 173| 243|274 376| 392 | 555| 558 | 803
CBS138 D K R | E |G I
FFUL412/FFUL443
FFUL674
FFUL830/FFULB66
FFUL878/FFUL887
ISTAS6
ISTB556/ISTB607
ISTB218

o

(meR K5}
(mel k!

— === === | <

ln (W ln |» v n fn |
=l =l =l =l =l =4

4.4. The I803T and 1392M substitutions are nevgain-of-function CgPdrl variants.

The azoleresistanC. glabrataisolates FFUL443and FFUL674ncodeCgPDR1alleles, resulting
in the aminoacid substitutioh392M andI803T respectively thatwereobserved in azoleesistant strais
but not further studiefb, 51]. To test whether these two substitutions indeed represent new CgPdrl GOF
variants, the expression of the CgRtliiget gene<CgCDR1 and CgPUP1 was compared in isolates
FFUL443 and FFUL674 and in the azole susceptible strain CBS138 during grodthgifree RPMI
medium(Figure IV.2 panel A. These two genes were selected among those comprising the CgPdr1 regulon
because they are the sole CgPdrl targets consistentlygufated by strains encodif@gPDR1 GOF
alleles[51]. The two isolates clearly ovexpressed (comparing with the transcript levels produced in the
azolesusceptible CBS138 strai@gCDR1, while CgPUP1was only overexpressed in FFUL443-{gure
IV. 2 panel A). Global transcriptomic profiling of FFUL443, FFUL674 and CBS138 strains during growth
in RPMI medium further revealed thabmpaedto the transcript levels of the CBS138 strain,ittidates
overexpress 87 (for the FFUL443 strain) and 44 (for the FFUL674 strain) genes described to be activated
by CgPdrl, including 6 GAGLOK09702¢g CgCDR1, CgPDH1, CgPUP1, CgQDR2 CAGLOA01650g
CgNCE103 directly regulated by thisanscription factorKigure 1V.2 panel B andAnnex Table V.3 and
Annex Table IV.4) - according with the information available in the PathoYeastract datfib&k This
observation supports the idea that the herein described I803T and 1392M CgPdrl awi&@$ mutants.
To clearly demonstrate thiave ectopically expresse@gPDR1 gene individually expressing these
substitutions in aCgpdrl background Figure IV.2 panel C). The results obtained confirmed that both
substitutions significantly enhance tolerance to fluconazole, compared with the tolerance provided by a
wild-type CgPDR1allele Figure 1V.2 panel C) TheK274Q mutation described in the previous Chapter
Il [55] was confirmedo have thesame protective effeeis the other two GOFs.
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Figure IV. 2. Comparative gene and genomic expression between thesamgeptible strairCandida
glabrataCBS138 and the azatesistant isolates FFUL443 and FFUL674, encoding a CgPDR1 allele that
harbors the not previously described rgynonymous substitution 1392&hd I803T (A) The expression

of CgCDR1and of CgPUP1was compared in CBS138, FFUL443 and FFUL674 cells during cultivation
in drugfree RPMI mediununtil mid-exponential phas&he level of expression registered in the CBS138
was set at 1 and the other weé compared with that. The transcript level€gRDN25 were used aan
internal control. The expression level of these two described CgRadydt genes was also monitored in
isolates, FFUL83@ndISTA56 encoding, respectivelE555K and G558C, also found in azoésistant
isolates. As a positive contrahe expression of GJJP1 and C@CDR1genes in ISTB607 straivas also
monitored, encoding the demonstrated CgPdrl GOF variant R376W. (B) Venn diagram showing the
number of CgPd documented activated genes (accordiogthe information available in the
PathoYeastract database) found to be -@xressed irthe transcriptome of isolates FFUL443 and
FFULG674cultivated in the same growth conditiogig®@mpared with transcript levealsgistered in the azale
susceptible strain CBS138). (C) Mi@r fluconazole asessed by the recommended EUCAST
microdilution methodbtained for SKY107 cells transformed with plasmpidR29-MycHis which drives
expression oCgPDR1from its natural promoteand terminator and in the derived plasmids that encode
the CgPDR1allele with the individual substitutions 1392M and 1803T. As a control, the described CgPdrl1
GOF variant K274Q was also used.
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4.5. The 1392M and K274Q Cdpdrl gain-of-function variants rely on the mediator
subunit CgGalllA to enhance tolerance to fluconazole ii€andida glabrata, while
only a partial dependencefor CgGalllA is observedfor cells encodingthe 1803T

variant.

The role of theCgGal11A mediator complex in activating CgPdrl upon exposur€.gjlabrata
cells to azoles has been demonstri€xb, 181]but different CgPdrl GOF variants have been found to
depend on different degrees of this transcriptional regulatory corspleponen{181]. Therefore,we
examined the effect of deleting this subunit in the ability ofGlg&drl'*°2M and CgPdr18%3T variantsto
increase resistance to azol&sgure 1V. 3). For the sake of comparisowe have also included in this
experiment the previously characteriZegRir1**Q GOF allele{Chapter 11)[55]. As expectedthe ability
of a wild-type CgPDR1allele to restore tolerance to fluconazole opgpdrl mutant was fully dependent
on CgGAL11A (Figure 1V.3 and Annex Figure 1V.1). A similar dependence was also observed in cells
producingthe K274Q and 1392Mariants although cells devoid dfg°PDR1and CgGAL11A were more
tolerant to fluconazole in YPD whexpressing the gene encodihg CgRir1'*%?M GOFvariantthan when
expressinghe wild-type Figure IV. 3). In giCgpdrl cells expressinghe gene encodintie CgRdr1'8%3T
allele we could not detect a significant effect in tolerance to fluconazole upon the deleligBAif11A,
nor in YPD nor inminimal medium Figure 1V.3). The results of these susceptibility assays undertaken in
solid medium supplemented with fluconazole were consistent mgtMICs for fluconazole obtained with
t he sCopdd a opdCopdrlgCggallla strains expressing the different RIgR1 alleles (shown in
Annex Figure IV.1).
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Figure IV. 3. Influence of th&€gGalllA mediator subunit in tolerance to fluconazol€ahdidaglabrata
cellsproducing thewild-type or thegain-of-functionK274Q, 1392M and 1803T Cgf1 variants qCgpdrl
(SKY107) o r CgpdrlgCggallla (LYS2) cells were transformed with the pYR28cHis_Cd°DR1
plasmid (which drives expression of @QR1from its natural terminator and promoter) or with the derived
plasmids pYR29MycHis_CgPDR$820C pYR29MycHis_CgPDRI!176¢ or pYR29
MycHis_CgPDRI?4%8C¢ encodethe corresponding274Q, 132M and 1803 Tvariants andwereused to
compare susceptibility to fluconazddg spot assain MM or in YPD rich mediumFinal cell suspension

of mid-exponential phase celgas prepared with an QBnmof 0.05 and dilutions of the cell suspension
are spottedGrowth was compared aftewo to three days of incubation at 30°C, depending on the severity
of growth inhibition.

4.6. OMICS profiling of the azoleresistant isolate Candida glabrata 1ISTB218,
encodi ngt yapGgenR1blldle

The azoleresistant isolateC. glabrata ISTB218 encodes &€gPDR1 allele not having non
synonymous substitutions that could be linked with aredtstance and was therefore subjected to a
genomic and transcriptomic profiling to elucidate the underlyingtaeece mechanism exhibited by this
strain. During cultivation in RPMI growth medium 490 genes could be considered differently expressed
(above a threshold level offdld) in the ISTB218 isolate and in CBS138, 250 genes being more transcribed
in the isolée and 240 genes more expressed in the lab s&kaimek Table IV5). Only 1 gene documented
to be directly regulated by CgPdrl was found amonggirees ugregulated in ISTB218tlie ORF
CAGLOA01650gwith unknown functior) (Annex Table 1V.5). These observations are consistent with
| STB218 enceogipre® &gPwirlld inactive when cells are gr
[62]. Three genes documented to confer protection against azalegglabratawere found to be over
expressed in the ISTB218 isolate including the transcriptional reguEgbtiG1l; CAGL0I10923g

predicted to be involved ithe biosynthesis of lipoic acid; andgRCNJ, encoding a positive regulator of
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the calcineurin pathwayTéble IV. 3). CgRCN2 and the two calmodulidependent protein kinases,
described inhibitors of th€. glabratacalcineurin pathway306], were dowrregulated in the 1ISTB218
strain (Table 1V. 3). Altogether these observations are consistent with the idea that calcineurin signaling
can be more active in ISTB218 cells. The transcriptomic profiling also revealed-tegulation in tie
ISTB218 strain oCAGLOL03828gpredicted to encode a cytochrome b5/NADH cytochrome b5 reductase
electron transport system that $h cerevisiaavas shown to mediate sterol 14alphemethylation (the
reaction catalyzed by ErgQ307]); and of CAGLOF05137gencoding a predicted transporter of sterols
between the ER and the plasma membraaélé 1V.3). Sxteen genes whose deletion improves tolerance
to azoles irC. glabratawere found to be dowregulated in ISTB218 out of which the more prominent was
CAGLOMO08624g encoding a protein of unknown function (dowegulated around feld), and the
mitochondrial gene€AGLOK01419gandCAGLOL12320dTable IV.3 andAnnex Table 1V 5).

Previous comparative genomic analyses involMihglabrataclinical isolates and the CBS138
strain revealed massive number of SNPs, making very difficult the establishment of relevant genotype to
phenotype associatiofs5, 67, 283] Thus, besides performing the whglenome sequencing of ISTB218
we have also sequenced a randomly selected azole susceptible strain, ISTA29. The genomit structura
alterations registered in these two strains, using CBS138 as a comparative platform, led to-700 non
synonymous SNPs that were only found in the aredéstant strain ISTB21&\anex Table IV .6). It was
evident that the genes involved in adhesion were those more divergent between ISTB218, ISTA29 and
CBS138 strainsHigure 1V.4), this being in line with the results obtained in previous genomic comparisons
involving CBS138 and clinical straifis5, 283] Seventeen documented azodsistance genes were found
to harbor specific SNPs in the azobsistant 1ISTB218 strainhe adhesinsCAGLOL00157gand
CAGL0C00231g, the protein kinasggSLT2 the ABC transpoers CgSNQ@ andCgPDR12 the CglJJ1l
negative regulator of CgPdrl activitthe transcriptional regulatd€gRPN4 or the sterol transporters
CdgTIR3andCAGLOF03267dTable IV.4 andAnnex Table IV6). We could not detect SNPs in the coding
sequences dEgMSH? or CgERG11,in line with previous genomic analyses undertaken with other-azole
resistant isolates that also failed to identify modifications in these {5e283] We could also identify
20 genes exhibiting framghifts leading to premature truncations in ISTB218 isolatenéx Table IV 6).

Of these, only the inactivation &@AGL0J00847ga subunit of the succinate dehydrogenase complex,
results in improved tolerance to azojé6]( Table 1V.4 andAnnex Table 1V.6). The observed truncation

in the ISTB218 strain of the aquopori@AGLOD00154gsimilar to ScAqyl) (reported previously in
another clinical strairf283] was also interesting considering that transcript levels of its homologue
CAGLOAO1221gvere also strongly dowregulated in these celf8nnex Table IV5 andAnnex Table IV.

6).
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Figure IV. 4. Number of norsynonymous singleucleotide polymorphisms found upitve comparison of
gene sequences encoded by the amdistant strain ISTB218 and the azslesceptible strains CBS138
and ISTA29The names of adhesenmding genes are depicted in the figure to denote the high number of
SNPs found in these sequences encoded by the-@zidtant strain ISTB218. Those adhesins that are
described to provide protection against azoles.iglabrataare highlighted in blue.

Table IV. 3. Results from the comparative transcriptomic analysis between theras@tant Candida
glabrata strain 1ISTB218 and the azedasceptible strain CBS138 during growth in RPMI medium until
mid-exponential phase, as suggested by DNA microarray analfssdected set of genes found to be
differently transcribed (above or belowf@d) in the two strains (the full list is available Amnex Table

IV. 5) is shown in this table, along with the description of their function and the reported outcome of gene
deletion in tolerance to azoles @ glabrata(green denotes a gene whose deletion results in improved
tolerance to azoles; in red denotes a gene whostotelesults in decreased susceptibility to aZoles

77



C. glabrataORF/
Standard Name

S. cerevisiae

ortholog

MRNA ISTB218/
mRNA CBS138

Function

Metabolism and transport of sterols

CAGLO0L03828g CYB5 2,92 Ortholog(s) have electramansfer activity and possible role in ergosterol biosynthetic process
CAGLO0I10923¢g LIP5 2,49 Ortholog(s) have role in protein lipoylation
CAGLOF05137g PRY2 4,66 Ortholog(s) have a role in transport of sterols
Cell signalling
CAGL0J04158g/CBCN2 RCN2 -2,50 Negative regulator of the calcinew®@rz1p pathway
CAGLOF04741g CMK2 -2,40 Predictedcalmodulirdependent protein kinase
CAGLOK10604g CMK1 -2,36 Predicted calmodulkdependent protein kinase
CAGLOE06248g/CRCN1 RCN1 2,10 Positive regulator of the calcineurin pathway
Other functions
CAGLOAO01221g AQY1 -9,05 Predictedacquaporine
CAGLOF00957g/CgPD3 TPD3 -2,83 Putative serine/threonine protein phosphatase
CAGLOH00847g HUT1 -2,28 Ortholog(s) are involved in UDBlucose transmembrane transport
CAGLOK01243g MRPL25 -2,02 Predicted mitochondrial large ribosonsalbunit
CAGL0CO01331g HPM1 -2,18 Ortholog(s) have a role in positive regulation of translational fidelity and ribosomal large subunit as:
CAGL0C02541g BDF1 -2,22 Ortholog(s) have TFIlIEzlass transcription factor complex binding
CAGLOK120569g RSM10 -2,25 Predicted role in translation in the mitochondria
Unknown function |
CAGLOA02299¢g no ortholog -14,59 Unknown
CAGL0G01628g YNLO35¢c -2,24 Unknown
Transcription |
CAGL0A01628g/CiMIG1 MIG1 2,31 Transcriptional activator
CAGLO0OK01419¢g MTF2 -3,02 Ortholog(s) are involved in mitochondrial translation
CAGLOL12320g GEP5 -2,90 Ortholog(s) are involved in mitochondrial translation
CAGLOF05577g MSS116 -2,60 Ortholog(s) havATP-dependent RNA helicase activity
CAGL0I06380g/C&RPM2 RPM2 -2,27 Mitochondrial RNase P precursor
CAGLOMO086249g MSW1 -2,24 Ortholog(s) have tryptophaRNA ligase activity
CAGL0C02541g BDF1 -2,22 Ortholog(s) have TFlIEclass transcription fact@momplex binding
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Table IV. 4. SNPs identified in the gene sequences encoded by theregistant ISTB218 strain but not by the azole susceptible strains ISTA29, as suggestetiaipon
genome sequencing of the clinical strains and subsequent comparison with the available genomic sequence tfii€iR8ita8d the alteration found in the coding sequence
of the gene encoded by the ISTB218 strain and the effect that deletienasf haven azole tolerancdn greendenotes a gene whose deletion results in improved tolerance
to azolesjn reddenotes a gene whose deletion results in decreased susceptibility togolesote changes exhibiting frarahifts resulting in premate truncation

C. glabrataORF/ Standard S. cerevisiaeortholog

ISTB218 amino acid modification

Name Function (comparing with CBS138)
Orthologs bind and perform intenembrane transfer of Insertion of LysSerAspAlaHisSer between Ser2:
CAGLOF032679 LAM4 sterols and His232
CAGLOC03872g/CIR3 TIR3 Putative GPlinked Ce'L‘;)VngrOte'" involved in sterol Deletion between Val152 and Ser166
Cell signaling
CA%IE’(IJD\L(\JNl?QZg/ PAN1 Ortholog(s) have a role in actin cortical patch assembly GIn104fs
CA%;%I&J&S;ZQ/ BEM2 Ortholog(s) have a role in actin cytoskeleton organizatic Vall095lle
Putative calcium transporter; required for viability upon
CAGL0B02211g/CGCH1 CCH1 prolonged fluconazole stress Tyr1585Ser
CAGL0J09702g/ Ortholog(s) have a role in the regulation of the cell wall
CgACK1 ACK1 integrity pathway Gly627ts
CAGCI:‘;S‘]B_?SSQQI SLT2 Protein kinase mediates the cell wall integrity pathway Lys275GIn
Transcription
CAGLOK01727g/CRPN4 RPN4 BT faCtoréﬁgggﬁ}dgfg;;ee%”'a“o” of proteasom | ortion of AlaGIn between GIng9 and Met100
CAGLOLO00583g USV1 Ortholog(s) have arole in carbon catabolite activation c Lys175fs
transcription from RNA polymerase Il promoter
Negative regulator of fluconazole resistance; mutation ca
CAG&‘S}?\E’ sl JJJ1 elevated expression of multidrug transporte®R1and Ala270Thr
CgPDR1
Transport
CA%'éSmlggngZg/ SNQ2 Plasma membrane ABC transporter Pro1104His
CAGLOMO07293g PDR12 Plasmamembrane ABC transporter Tyr25His
CAGL0OD001549/CaQY1 AQY1 Has domain(s) with predicted channel activity Phe49fs
CAGL0J00847g YJLO45W Ortholog(s) have succinate dehydrogenase activity Ala41fs
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5. Discussion

In this study we shed light into the mechanisms of resistance to azdksgiabrataclinical
strains essential knowledge to understand how this pathogenic species acquires resistaivoe
especiallyconsidering that many observations concernindeaasistance in laboratory strains often differ
in clinical straindreviewed e.g. in 4, 7]JAzole resistance d@énof theelevenC. glabrataresistant isolates
that we characterized in this work was linked with possibleexpression of CgPdrl gawf-function
variants including the alreadyonfirmed GOF R376W, and the suggested G558C, E555KB92M and
I803T. Like many gairof-function mutations described in CgPdrl, 1392M, G558C, E555K and 1803T
substitutions map in the CRD of CgPdrl, with 1803T being already close toattsctivation domain
located appximately in the fifty Gterminal amino acidf62]. While mutations embedded in the central
regions of the CRD are believed to relief its inhibitory effect over the transactivation domain, the effect of
those located more closely to th@mnsactivation domain is less cleaas recently showifi62, 181]
Comparative analysis of the transcriptomes of FFUL674, FFUL443 and FFUL887 isolates, encoding,
respectively, the I803T, 1392M and K274CyPdrl variants reveals an overlap of only 16 documented
targets of CgPdrlRigure 1V.2 and Annex Table IV.3 and Annex Table 1V.4). This reflects well the
differential effect displayed by differe®OF mutations ovet. glabratagenomic expression, as observed
before[46, 55, 117]With the exception cEgCDR1andCAGLOMO08426g@genes, all ta 14 other presumed
CgPdrttargets ovee x pressed in the <clinical i sol ates donodt
CgPdrl) in their promoter, as detaileddinnex Table IV.3 andAnnex Table IV 4. This suggests that the
effect of the GOF mutations in the CgPdnkdiated alterations of the trangtdme is mostly indirect.
Furthemore it is particularly interesting the herein reported observation that cells expressing the
CgPdr1%T varianthave littledependence of the mediator complex sub@u6GalllA to induce azole
tolerance, contrasting with the strong dependence exhibited by cells expressing the K274Q or 1392M
variants These observations support the idea that GOFs modify the CgPdrl interactome, this being an
interesting issue to address in moeglidated studies.

The sole azoleesistaniC. glabrataisolate identified in our study encodingCgPDR1allele not
having substitutions linked with azole resistance was subjected to comparative transcriptomic and genomic
analyses with two azole suscdghi strains, this being the first exhaustive analysisadinécal strain with
these characteristics. The fact that in a cohodl@fenazoleresistant strains only one does not encode a
gain-of-function CgPdrl allele demonstrates the preponderandgsahiechanism in driving resistance in
C. glabratg as also observed in vitro evolution studie§63]. Two genes previously documented to confer
protection against azoles were oespressed in the ISTB218 strain includiigpMIG1, poorly
characterized ifC. glabratabut known inS. @revisiaefor its role in glucose repression; aBdRCN1 a
positive regulator of calcineurin. On the other hand, the two calmoduline kinas€gREMN2 described
inhibitors of calcineurin signalinfB06], were dowrregulated in ISTB218. Altogether these observations
suggest that the calcineurine pathway can be more active in ISTB&], &dgdit that favors azole tolerance
in C. glabrata[306] and in otherCandidaspecieg308]. The overexpression in the 1ISTB218 strain of
CAGLO0L03828g orthologous to thé&. cerevisiaeCyb5 cytochrome, was anothertéresting response,
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considering that ScCyb5 restores ergosterols biosynthesis in compensation of Erg11 ifBbiti@D9]

and that Cyb5 protec. albicangd310] against azoles. In this line, it was also noticeable theegplation

of CAGLOF05137¢g similar to the exporter of toxic sterols ScPij#1], and the prominent insertions
detected in the coding sequenceEAGLOF03267ginvolved in the intemembrane transport of sterols

from the ER to the plasma membrgB&2](Table 1V.4). The inhibition of Ergllp by azoles induces the
accumulation of toxic sterol intermediates in the plasma membrane and it is possible that modulation of the
activity of sterols transportersa contribute for detoxification, either by promoting the export of toxic
sterols (preventing their accumulation in the plasma membrane) or by enhancing the compensatory uptake
of exogenous sterolsntierestingly, inactivation of th€ AGLOF03264 thatorthologue ScYps2 improves
tolerance to azoles i8. cerevisiad313] and theobserved insertion detected in the coding sequence of
CgAQY1of ISTB218 was also observed in another azekldstant straifb5].

High-throughput phenotypic analyses undertakerCinglabrata have been showing thate
inactivation of multiple genes can result mgroved azole tolerance, albeit the underlying mechanisms
remain elusivg57, 314] Sixteen genes described to enhance azole sensitivity wererdgwlated in the
ISTB218 strain, including proteins with a described role in mitochondrial function, in RNA metabolism,
among others of unknown function. One these genesCAGL0J00847gencoding a subunit of the

mitochondrial succinate dehydrogenase complex was also truncated in the ISTB21 sidinlV . 4).

Although it is long known that loss of mitochondrial chromosome enhances azole resistance by activating
CgPdr1[4, 7, 55] inactivation of specific mitochondrial functiomse also suggested ttesult in increased
azole tolerance in a CgPdidependent manng40]. Consistently, ISTB218 cells were found to beon
petite since they grow well on various Rfammentable carbon sourcesquéis not shown). Altogether the
transcriptomic profiling of the ISTB218 strain, in comparison with the lab strain CBS138, reveals a number
of adjustments in the expression of genes that can modulate toler&hagabratg including the increase
in expression of genes favoring protection and deegulation of those that can augment azole toxicity.

Concerning the comparative genomic analysis, two of the genes found to differ more in ISTB218
and in the azole susceptible strains CBS138 and ISTA29, @& 0L00157gand CAGLOE00231g
encoding adhesingith a described positive role in tolerance to floapole[315]. Recently, ithas also
been described the beneficial effect of the adhesin Epa3 in azole tolerance aahaibonhg other aspects,
to reduce the internal concentration of the af68}. Adhesion is under strong selective pressur€.in
glabratacellsin vivo[55, 283, 287, 316and although this has been attributed to the need of facilitating
attachment andatolonization of epithelial tissues, it is possible that suclbrganization of proteins
protruding from the cell envelope may positively influence resistance to azoles, for example, by restricting
their entry inside the cells. Within this line of thinkiitgvas also interesting the observed strong down
regulation and early truncation of two aquoglyceroporir@8GL0A01221gand CAGL0OD00154gas
mountingevidencepointing to a mechanism of facilitated diffusion underlying entry of azoles to the inside
of Candidacells[317].

On the overall, this study contributes to improve current understanding of acquired azole resistance
in C. glabrataclinical isolates either by identifying two novel gaififunction CgRrl variants that were
not previously demonstrated, 1803T and 1392M, and by disclosing insights into possible -CgPdrl
independent responséihese responsesay include the upegulation of genes maximizing protection to
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azoles, the downegulation of genefavoring susceptibility to azoles and/or the alteration of multiple genes
connected with the metabolism of sterols that can compensate theirazaled inhibition of Ergll.
Necessarily a subsequent detailed genetic analysis should be performed tandderst these different
mechanisms contribute, alone or in combination, for the d@ntdeance phenotype of the ISTB218 strain,
however, such study is only possible upon the release of what can be the more promising candidates,
information that is uncoved for the first time in this work and that is expected to pave the way for a deeper

understanding of the acquisition to azadlesivoin C. glabrata
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V. Impact of gain-of-function mutations in different
biochemical aspects of the activity of the transcription factor

Pdrl from Candida glabrata
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1. Abstract

Increased activity of CgPdrl gadf-function variang is the main mechanism underlying
resistance to azoles in clinical strains @f glabrata To date, the mechanisms by which these GOF
mutations affect the biochemical activity of CgPdrl remain elusndin this chapter these were further
investigated wth emphasis on modifications described along the development of this thesis, K274Q, 1392M
and 1803T. Starting from a reliable prediction of what can be thirtrensional structure of CgPdrl ian
silico analysis on the impact of GOF modifications wadqrened, with the results suggesting that these
modifications happen in relevant structural features including the predicted fluconazole docking site, the
transactivation domain and core structural regions involvedhécontrol of the activity of the
transactivation domain (specifically in restraining its activity). Two further exposed regions of the protein
were identified to be enriched in CgPdrl GOF variants, that may interfere with other regulatory mechanisms
of CgPdrl activity. Using ChH8eq, it wasexamined whether the set of CgPdrl promoter directly
recognizedn vivowas changed when the sa@eglabratacells express the wiltype or the CgPdiE74Q
GOF variant. The results obtained showed that the set of genes recognized by the two CgPdtiblly esse
the same showing that the changest promptthe expression of target genase not determinedy a
different occupancy of the transcription factor in the promoters. Despite this, a different effect in expression
of target gene of the two CgPdrl variants was observed. To examine the impact of K274Q in CgPdrl
interactome, ChIfSICAP accoupled with MSralysis was performed. The preliminary results did not
allowed a clear set of proteins that could be considered as specifically interacting with one of the two
CgPdrl variants (for example, proteins that could only specifically interact with the K274&ptyari
however, identifying several interactors of CgPdrl were unveiled, including proteins involved in histone

methylation, recently described to have a role in azole resposegiabrata
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2. Introduction

The current shortage of antifungals in the market increases the need to understand, in a
comprehensive manner, the molecular mechanisms that govern resistance of fungal cells to conventional
molecules. Until thus far, i@. glabratathe emergence of gaif-function mutations in the transcriptional
regulator CgPdrl remains the most predominant mechanism underlying resistance to azoles in clinical
strains[7](Chapter IV) Further knowledge of the structural and regulatory effect of GOFs in the CgPdrl
protein could prove essential in the design of new potential antifungals that could complement azole
antifungal therapy or even improve éztherapeutic molecules desidn.this line, Nishikawa, J. Let al.
2016[212] have identified and subsequently characterized a new antifungal molecule, named iKIX1, that
acts by destabilizing theteraction of CgPdrl with the mediator complex (by binding to the KIX domain
of CgGalllA which was found to bind CgPdrl) and consequently sensitirgjabrataazoleresistant
strains.A second study, authored by Usher, J. and Haynes, K. PBE), reported the ability ofY
butyrolactone (a molecule with medical uses for the treatmestt@bingdisorders and alcohol withdrawal
treatment[318]) to sensitize azoleesistant strains expressing RIgR1 GOF alleles by inhibiting the
histone acetyltransferase CgGcenb, identified stsaang genetic interactor of CgPdrl hyperactive form (the
deletion of CgGcnb5 in a strain expressing diffe@gPDR1GOF alleles was proven to be letbalhighly
inhibiting of growth of thecells) albeit for unknown reasoii$59]. These two studies represent clear
examples of how the dissection of azole tolerance mechanisms can contribute &sitfme ad new
antifungals. Nonetheless, both molecules were found to have different degrees of inhibitory effects against
the same strain df. glabratadepending on the CgPdrl GOF variant they en¢d8®, 212] which is in
agreement with the idea that distinct GOF mutations act through independent mechanisms in mediating
activation of CgPdr162].

As discussed in Chapted nd IV of this thesis, the idea that different GOF mutations affect the
biochemical activity of CgPdr1 distinctly has come from the differential effect tmeslifications exert in
the genomic expression @. glabratg even if these modifications are found in the same predicted
regulatory domain of the transcription factdb0, 54, 117, 194] Despite this, the different genetic
backgrounds of the stres examined are an important confounding factor that can difficult a more accurate
interpretation of the results and detail what is the individual contribution of each CgPdrl GOF modification.
More recently, other evidence contributing to the idea that @Q&tions differently affect the biochemical
activity of CgPdrl were obtained, with the demonstration that different GOF variants exhibited different
levels of dependence of the mediator subuniB&lg 1A [54, 181, 212]Specifically, a strain expressing a
CgPDR1allelethatencodes the D1082G mutation (occurring in the tastvation domain of the protein)
was much less dependent onGadl1A for inducing expression of target genes than when expressing
alleles encoding CgPdrl variants with GOF mutations micayin the central regulatory domain (CRD)

[181]. Furthermore, different levebf dependence of @pl11A were also observed for strains expressing
CgPDR1GOF variants that occur inside the CRD domain, including P822L or the herein studied 1803T
[181](Chapter lIl). Different modifications occurring in the TAD of CgPdrl were also found to affect the
activity of CgPdr1 differently181]. For example, while cells producing the D1082G CgPdrl GOF variant
dispensedsalllA for activity, cells producing &gPdriLWG1097AAA variant are highly dependent of
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it [181]. Interestingly, thd>1082G and-WG1097AAA modificationswhen individually combined with
GOFs in the CDR domaireduce the yperactivation of CgPdrthe same being observed when combined
with the deletion of the CRIPL81]. All combined, these results appear to suggest that different CgPdr1
GOF variants can distinctively impact the interactome of this transcription factor.

In line with these observations obtained at a more molecular {evglabratastrains expressing
different GOF mutations exhibit considerable differences in phenotypes attributable to CgPdr1 activity. For
instance, while the CgPd#°F variant was found to promote the-tggulation of CEPAlgene expression
in various genetic backgrounds, the CgP&P variant has a repressive effect in the transcription of this
gene, with a corresponding lower ability of cells expressing this variant to adhere to epitheli@4cells
229]. Interestingly, both of these variants were foundgaegulate CEPA12 independently of the genetic
background54, 229] Among adhesin encoding genes, the transcriptional regulati@geE?Alhas been
the more thoroughly studied showing a complex and intertwined network of different mechanisms. Two
independenCgEPALlsilencing mechanisms have been described. The first depends on the sirtuin protein
complex Sir involved in the silencing of gerlesated at the sutelomereg319-321], which is alleviated
during NAD™ limitation [173]. The second mechanism is telomardependent and involves the
recognition of acis-negative element by thEu complex of DNA repair[322], that repressethe
transcription of C§PA1 during cell division. This repression is alleviated after inoculation in a fresh
medium and is rapidly silenced after one cell divigjd®2]. The observation that some CgPdrl GOFs
constitutivelyup-regulate the expression of EBA1 suggests a crogalk between this regulator and these
mechanisms Interestingly, both CgPdrt?°F and CgPdrf34® mentioned contrary effects on
CgEPAlexpressiowere dependent on the increased binding of CgPdrl REHB4, 229]although this
interaction was found to have a low signal in CQFFCR experiments possibly by being transiéxt,

229)]). These results migtsuggest that CgPdrl can less efficiently bind to the promoters of some of its
direct targets or that is only recruited to target promoters in certain conditions that depend on the chromatin
state. Interestingly, repression of ERAltranscription byPdri®34¢P depends on enhanced recruitment of
CgGalllA, while deletion ofCgGAL11A has no effect in the ability @fwild-type CgPdrl variant to induce
CgEPALltranscription/54].

This thesis chapter aims to shed some light on what can be the effect in the biochemical activity
of CgPdrl of the occurrence of different GOF modifications, with emphasis on the K274Q, 1392M and
I803T modifications herein characterized and in the GOB468b, P822L, D1082G, LWG1097AAA
previously identified as resulting in different effects in CgPdr1 actjgidy 181, 229]Chapter I, IV) The
limited knowledge of the structural organization of CgPdrl reduces the characterization of domains based
on the sequence homology to the conserved domains of the class of zinc transcription factors masking
possibe structural features that may have independent roles in the regulation of the activity of the protein.
Therefore, in a first approactt is presented am silico look into what can be the effect of the different
GOF modifications in the 3D structure thie protein, using the recently simulated CgPdr1 protein by the
AlphaFold Protein Structure Databaf823]. At the expernental level, it was assessed, by Chég
coupled with transcriptomic analyses, how the occurrence of the GOF modification K274Q, identified in
Chapter lll, affectedC. glabratagenomic expression including the set of promoters baaondvo by

CgPdr1, tlis being the first time that a study is performed to address in detail the effect of a GOF
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modification has in CgPdrl DNA binding in the same genetic background. Results of a preliminary analysis
of how the interactome of CgPdrl could be affected by tleeiroence of the K274Q modification was

explored using a ChHBICAP approach.
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3. Material and methods

3.1. Modelling of CgPdrl tridimensional structure and visualization

To model how the different GOF modifications might affect the 3D structure of CgPdrl predicted
by the AlphaFold Protein Structug823] the UCSF Chimera prograri824] was used for better
visualization and manipulation of the 3D CgPdrl structure. Prediction of fluconazole docking in CgPdrl1
was obtained using the Chimera integrated AutoDock Ving3@al). Protein structurathanges that might
result from gairof-function mutations were further analysed using the Chimera integrated Rotamer tool to
change the residues of the GOFs in study in the CgPdr1 structure backbone. To further explore-if the non
synonymous mutation altetie interaction of the residue with the surrounding amino acids the Find
Clashes/Contacts tool was usfg4, 326] In all cases theefault settings of the bioinformatic tools were
used. Chimera software was also used to calculate the CgPdrl surface hydrophobicity potential according
to the scale of Kyte and Doolittle and the electrostatic charged surface was calculated according to
Coulomb's law. CgPdrl protein sequence secondary structures were predicted in the PSIPRED workbench
[327], and residue propensity for protein and DNA bindivere predicted using the DisoRDPbind server
[328].

3.2. Growth media, strains and plasmids used

S KY 10 7 pdtl)RCgiabratastrain wasised in this work, as further detailedTable IV.1. These cells
were transformed, whenever needed, with plaspi29_MycHIS_Cd°DR1and pSP76 (botallowing

the expression of wildtype ®PR1 from its natural promoter and terminator) and with the derived
plasmids pYR29 Myd#IS CPDR¥¥?°C and pSP76 PDR¥®2°C that allow production of the K274Q
variant, obtained by sidirected mutagenesfdescribed in Chapter Il and further detailedrable IV.1
andTable V.1). Cells were cultivated in RPMI medium (2 g/L glucose, 2.08 g/L RPMI, 6.9 g/L MOPS,
0.03 g/L L-glutamine) at pH 7 with 250 rpm agitation at @0°
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Table V. 1. Primers and plasmids used in this stuttythe case of the plasmidsis also provided their
origin while in the case of the primers it is indicated for which their application was used for.

Primers Sequence Use
BamHI_EndDR1 CAGTCACTGCGGCCGCAACAAGTA Cloning of promoter an€gPDR1
_Fw1 AACATCAGAAAATAGGTC sequence of pStF
Notl_EndPDR1 CAGTCACTGCGGCCGCAACAAGTA Cloning of promoter an€@gPDR1
_REV1 AACATCAGAAAATAGGTC sequence of pStF
PrCQrHBLF GGGGGTTTTCTCGAAGAG Used for ChIP results control b

gPCR in CiyHB1promoter
Used for ChIP results control b

PrCgrHB1R GGTTGGTCTAGGAAAAAGCA 4PCR in CoyHB1promoter
Used for ChIP results control b
PronPDR1 REV CTTTCCACGGAATAGGAGGCTC gPCR in CgPDR1 promoter
Used for ChIP results control b
PromPDR1 FW GTAGACTCATTCCACGGAGC 4PCR inCgPDR1promoter
Used for ChIP results control b
PronCDR1 FW GCAAGTCCACGGAATATTTCC 4PCR in CEDR1promoter
Used for ChIP results control b
PronCDR1 REV CATCGTTGCTCCTCGCTCC 4PCR in CgDR1 promoter
Plasmid Plasmid Description Reference
Plasmid that drives the expression
pSP76 CgPDRL1 from its natural promoter an Khakhina, Set al.2018
terminator

Plasmid that drives the expression of 1
CgPDRY®2C gllele from its natural
promoter and terminator and consequ
productin of the CgPdr{?74? mutant

pSP76_CEDR}820C This study

3.3. Fluconazol e s GgpdrleCpndidalylaldraiatelis expressingi n g
different CgPDR1alleles.

SKY107 pCdrl) cells were transformed with plasmiggR29_MycHIS_C#&DR1and pSP76
and with thederived plasmids pYR29_MycHIS E®R¥®2°C and pSP76 PDR¥¥2°C that allow the
production of the K274Q varianThe MIC obtained for fluconazole in the different transformants was
determined using the highly standardized microdilution method recommended by EUCBHTTo
classify the strains as resistant or susceptible to fluconazole the MICs obtained were compared with the 32

mg/L breakpoint resistance values definedGoglabrata

3.4 Transcriptomic analysis ofC. glabratacells expressing theCgPdr1"T and the
CgPdri1k?74Q

The comparative transcriptomic analysis of SKY107 cells transformed ptR29 Myc
HIS_CPDRIVT or with the variant pYR29_My&llS_CgPDR1%2°C was based on the use of species
specific DNA microarrays. For this, each strain was cultivated, at 30 45, inL of RPMI (at pH7) until
mid-exponential phase (OD 1), flash frozen in two volumes of cold ethanol, harvested by centrifugation

and kept at80°C until further use. RNA extraction, conversion to cDNA, and subsequent labelling were
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performed as described previou@7]. Briefly, cells lysis was performed mechanically, resorting to glass
beads and a Fastprep®24 bead beater (MP Biomedicals). TotabRin&tion was carried out using the
RNeasy extraction kit (Qiagen) following the manufacturer's instructions. The concentration of RNA in
each sample was quantified in a NanoPhotometer® spectrometer (IMPLEN), and RNA integrity was
confirmed in an agarogeel. 1 g of total RNA was used for fluorescent cDNA synthesis according to the
aminaallyl protocol[297]. The cDNAs of each condition were labelled with Cy3 or Cy5 and hybridized

in a custonC. glabrataAgi | ent array (in an 8 1T 60 k-MEXYP mat,
2402) as previously describatiMerhej, Jet al.2015[297]. A second biological replicate was performed

with switched cyanine dyed samples. After overnight hybridization and mgistie slides were scanned
using a 2micron Agilent microarray scanner. The images were analyzed using the feature extraction
software (Agilent Technologies) and normalized using global LOWESS. The mean expression of every
gene in the cellproducingthe wild-type CgPdrl or the CgPdfI*? variant was based on the average
obtained for the two biological replicates performed. A gene was considered differentially expressed if its
mean absolute Log2 fold change value was higher than 0.5 and if its expressdion was considered

statistically significant using the LIMMA package with a-aiit p-value of 0.09329].

3.4. Chromatin immunoprecipitation sequencing assay

SKY107 cells transformed with  pYR29_MycHIS_CgPDRAT or with
pYR29_MycHIS_C#DR14820C were cultivated in RPMI medium until mieikponential phase (QR
between 0.8l), the same conditions used for the comparative transcriptomic analysis.lickives was
performed by adding 1 % of formaldehyde to the medium. After 15 min, 340 nivhglywas added, and
the incubation proceeded for another 10 min. Both steps were performed at room temperature with casual
agitation. After this, cells were centrifuged, the pellet washed two times withTffisred saline solution
(TBS) and kept a80°Cuntil further use. Cell lysis was performed by resuspending the pellet in lysis buffer
(containing 50 mM HepeKOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1 % Triton X100, 0.1 %-Na
Deoxycholate, 1 mM phenylmethanesulfonyl fluoride (Fluka), antb@plete Proteadahibitor (Roche
Diagnostics)) containing 500 mL of glass beads and using the FastRdeR®trument shaker (MP
Biomedical). Cellular debris was centrifuged and the supernatant containing the DNA was recovered. The
chromatin was then sonicated to yiel800 bp DNA fragments using a Bioruptor® standard sonication
device (Diagenode). The cell debris was centrifuged, and the soluble fraction was further used in the
immunoprecipitation steps. Mytagged C&drlwas immunoprecipitated overnight with gentlelshg at
4°C using an ant-Myc antibody (Roche Applied Science) bound to Dynabeads® magnetic beads
(Invitrogen) plus Gcomplete Protease Inhibitor (Roche Applied Science). Before immunoprecipitation, the
anti-c-Myc-magnetic beads were prepared. For sDgimabeads® magnetic beads were washed two times
with phosphatéouffered saline withbovine serum albumi{fPBSBSA), followed by incubation with
minimal agitation for at least 4 h at 4°C with 0.4 mg/mL &Atllyc antibody. On the next day, the
immunoprecipiated DNA complexes (IP sample) were washed two times with lysis buffer, two times with
lysis buffer supplemented with 360 mM NacCl, two times with wash buffer (10 mM Tris HCI at pH 8, 250
mM LiCl, 0.5 % NonidetP40, 0.5 % Naeoxycholate and 1 mM EDTA) aralfinal wash with TE at pH
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8. Reversion of the crodimked in the IP DNA was done by heating the samples for 4 h at 65°C with
shaking at 600 rpm in a TE elution buffer containing 0.5 % SDS. After incubation, the samples were
centrifuged, and the supernatavas conserved. DNA was extracted using the wash iDeal-&&fqj it
(Diagenode). Chl3eq of untagge€. glabratacells grown in glycerol as a carbon source was used as
control sample (mockB30]. To confirm a correct CgPfiimmunoprecipitation a gPCR was performed

aiming to amplify the promoter region GGPDR1andCgCDR1from the IP DNA. The CgBHlpromoter

sequence was used as a negative control since this is not a described CgPdrl target (primer sequences are
detailedTable V.1). MicroPlex v2 kit from Diagenode (using the supplier recommendations) was used to
construct singleead libraries from the IP samples. Setpieg was performed using NextSeq 500 device
(Nlumina technology available at the transcriptome platform at Ecole Normale Supérieure:

Http://www.transcriptoe.ens.fr/sgdParis France). Each sample was sequenced in duplicate. After quality

controls and filtering of lowquality bases, between 15 and 20 million seqeer{ftP sample) and 10 and
20 million sequences (control sample) were obtained. Three biological IP replicates were obtained for each

analysis.

3.5. Peak calling and network construction

The reads obtained by sequencing were mapped i€ tiggabratagenone, using the Bowtie algorithm

[331]. SAMTOOLS suitd332] was used to convert the output SAM files to BAM files. BAM files of the
sequence replicates were metdo increase the sequence coverage and then converted to BED files, using
the 6dgenomeCoverageBedd t o o[B33] Paakealling was peeformhed usimy BEDT OO
the software bPeal834] using the mock IP as reference. The final threshold parameters used were the
following: T1=2, T2=4, T3=0.7, T4=0.9. The final list peaks detected was then manually curated using

the IGV genome brows¢835] removing artificial peaks such as peaks overlapping ORF regions, without

a gene sequence in the vicinity, or foundha vicinity of a tRNA locus. Whenever a peak was found in
between two coding sequences, if only one of the genes encoded was found overexpressed irséte ChIP
results of the CgPdft’4Q variant it was considered that the transcription factor regutaidthat gene.

In caseof equalexpression of both genes was observed then both encoded genes were considered potential
direct targets of CgPdrl.

3.6. Chromatin immunoprecipitation selective isolation of chromatirassociated
proteins (ChIP-SICAP)

For ChIRSICAP, SKY107 cells transformed witlpYR29 MycHIS CgPDRY" or with
pYR29_ MycHIS_ CgPDR%¥"Rwere cultivated under the same conditions as those used for thes€thIP
and the comparative transcriptomic analysis. A mock sample, obtasiregl SKY107 cells transformed
with an empty plasmid, was used as conffaelo samples of each transformant strain were analyes.
same protocol used for Chdeq was followed until the overnight immunoprecipitation and beads washing
step.The remainig experimental steps used for the GISIZEAP are described in Rafiee, M&.al.2016
[336] and further optimized by Wijick, Vet al.2021 (in pres$337]. Briefly, after two steps of washing
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with the wash buffer (10 mM Tris HCI at pH 8, 250 mM LiCl, 0.5 % NonidetP40, 0.5 9étxycholate,

and 1 mM ED™R), the beads were further washed four times with 200mM tris pH 8.0 to remove EDTA.
The DNA was then biotinylated by incubation of the beads with biotin using 60U TdT enzyme (Thermo
Fisher Scientific) and 0.2 mM biotibl-ddUTP (Jena Bioscience) for 45 mat 37°C with 600 rpm
agitation. Beads were then washed with-éodd lysis buffer four times, resuspended in elution buffer
containing 7.5 % SDS and 200 mM DTT (dithiothreitol), and incubated for 30 min at 37°C with 600 rpm
agitation. After incubation, thsamples were centrifuged, and the supernatant was conserved. The protein
DNA complex was then captured with streptavidoated beads previously equilibrated with lysis buffer

by incubation with rotation for 1 h at room temperature. Beads were thendvishe times with SDS
wash buffer (10 mM TriddCL, 1 mM EDTA, 1% SDS, and 0.2 M Nagil once with BW2x buffer (10

mM Tris-HCL, 1 mM EDTA, 0.1% Triton X100, 2 M Nag)| twice with isopropanol 10% and twice with
acetonitrile 20%. Reverse crosslinking wasiea out by resuspending the mixture in 14 pl digestion buffer
(ammonium bicarbonate 50 mM, 10 % SDS) supplemented with 1 pl of 2100 mM DTT, and incubated for
30 min at 95 °C. After cooling down, 1 ul of 0.2 M iodoacetamide was added and beads wertedfarba

10 min at room temperature. Beads were pelleted, and the proteins snpbmatantvere digested
overnight at 37 °C with 300 ng trypsiRromega, Madison, WI, USA) in a 25 mM DHHCO; buffer (0.2

Mg trypsin in 20 pL). The resulting peptides weresalted using ZipTig-C18 Pipette Tips (Pierce
Biotechnology, Rockford, IL, USA)Peptides were obtained by adding 5 pl of water-washed
hydrophobic and hydrophilic Seraag beads to the samples (Carboxyl Magnetic Beads) plus 195 pl
acetonitrile (100%f ol | owed by vortex and 10 min incubation at
was then added, and the sample was vortexed followed by pelléting lbeads. After pelleting the beads
again, the tubes were sonicated in a water bath for 5 min with sohight. Finally, the samples were

spinned, and the supernatant was transferred to a cl

3.7. High pH fractionation and mass spectrometry

Samples containing the peptides isolated in 3.6 were analyzed usimbiaa0Q Exactive Plus,
coupled Nand.C Proxeon 1000, equipped with an easy spray ion source (Thermo Scientific, Waltham,
MA, USA). Peptides were loaded with an online preconcentration method and separated by
chromatography using a PepmBSLC C18 column(0.75 x 500 mm, Zm, 100 A) from Thermo
Scientific, equilibrated at 50°C and operated at a flow rate of 300 nl/min. Peptides were eluted by a gradient
of solvent A (HO, 0.1% FA) and solvent B (100% ACN, 0.1% FA). The column was first equilibrated for
5 min with 95% of solvent A, then solvent B was raised to 35 % for 93 min, and finally, the column was
washed with 80% solvent B during 10 min aneecpiilibrated at 95% solvent A during 10 min. Peptides
masses were analyzed in the Orbitrap cell in full mensmode at a resolution of 70,000 with a mass range
of m/z375-1500 and an AGC (automatic gain control) target of 8x®/MS was performed in a Top 20
DDA mode. Peptides were selected for fragmentation by Highergy CGtrap Dissociation with a
Normalized Collisional Energy of 27% and a dynamic exclusion of 30 seconds. Fragment masses were

measured in the Orbitrap cell at a resolution of 17,500, with an AGC target 6f Bidibbcharged peptides
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and unassigned charge states were excluded froM3$dS acquisition. The maximum ion accumulation

times were set to 50 ms for MS and 45 ms for MS/MS acquisitions, respectively.

3.8. MS data analysis

Raw data was processed on Proteome Discoverer 2.2 with the mascot node (Mascot version 2.5.1)

with aCandida glabrataGenome Database v2020 frdrtip://www.candidagenome.argryptic digestion

was used with a maximum of 2 missed cleavage authorized. Precursor and fragment mass tolerances were
set to 6 ppm and 0.02 Da. Spectra were filtered using a 1 % false discateeflyDR) with the percolator
node.Proteins were identified and quantified by at least one unique peptide. Only proteins with at least two
quantified intensity values in a condition and with a proportion of observed values superior to 0 % in each
condiion are keptin each condition, the intensity values were normalized by centering on the mean of the
medians of intensities in each sample. Proteins absent in one condition and present in another were directly
assumed differentially abundant. Two biolagiceplicates were used for each condition in the stOd{y

proteins identified in the ChHBICAP of CgPdrt'™ or CgPdr¥?74? samples but not in the mod¢R sample

were considered. Usual contaminant peptides-®fi§? such as ribosomal proteins and castdmes, were
discarded from the analyqi338].
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4. Results and Discussion

4.1 General overview of the predicted structure of the zinc finger transcription
factor and nuclear receptor CgPdrl

Until recently, the reduced knowledge dfet structural organization of CgPdrl limited the
characterization of regulatory domains based on sequence homology to the class of zinc transcription
factors and partial gene disruption studies. This limitation can mask possible structural featureg that ma
have independent roles in the regulation of the activity of the protein and their better study could help in
understanding different effects underlying regulation of CgPdr1 activity, for example in GOF variants. In
order to shed some light into how thiéfelent gainof-function mutations could impact the structure of
CgPdr1, the recent structure predicted by this regulator by the AlphaFold project (an artificial intelligence
system that makes staté-the-art accurate protein structure predicti¢8®3]), represented iRigureV. 1
panel A was studied. It is clear that the prediction has a higher local quality in the core region and lower
confidence of prediction in the predicted disorder sequences of the pkitgineV. 1 panel A and
FigureV. 2 panel A[327]. These disordered structures in CgPdrl correlatethtpredicted Germinal
and Nterminal, that unstructured features are described to be essential for the ability to bind to DNA or
other proteins (

Figure V. 2 panel B) that in the case of transcription factors can act afaaors in transcriptional
regulation[147, 328] Conserved structural features foundfimgal nuclear liganthiding transcription
factors ae clearly identified in the predicted CgPdrl strucfarer](FigureV. 1 panel B and @n yellow),
including the Zn2Cys6 DNA binding domaibetween D32 and 152 residues) and the disordered structure
linker region, located between the DBD and the structured core of the protein (between residues T152 and
S197) FigureV. 1 panel B and Gn light grey). Both regions precede the conserved extruding caited
structure, in which is visible the exposed hydrophobic stretch characteristic of the dimerization domain
(between residues Y212 and N2%bigureV. 1 panel B and C in grey and panel D)[147, 224] The
Central Regulatory Domain RD) (between positions W256 and M957) is visible as a globular structural
domain, while the TAD domain structure is defined at theei@inal, as expectedrigureV. 1 panel B

and Cin greern. The main structural features conserved in TAD domains of zinc fingers transcription factors
area twoshort alphehelix structure enriched in hydrophobic and negatively charged residues, between
residues Y1076 and D110BigureV. 1 panel E). Thistructure is adjacent to a disordered region composed

of residues with a high propensity to interact with proteins (from T1017 to F1064) and also DNA (from
residue N998 to V1011)(

FigureV. 2 panelB). Notably, both the two structural features of TAD are required for the maximum
activity of ScPdr1225].
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Model Confidence:
W Very high (pLDDT > 90)
Confident (90 > pLDDT > 70)

Low (70 > pLDDT > 50)

B Very low (pLDDT < 50)

1 52 212 255

linker CRD
B
DBD

Figure V. 1. The modelling of the CgPDRitotein structure allows the characterization of the conserved
structural domains of zinfinger nuclear receptor transcription factorA) Structural modelling ofC.
glabrataPdrl according to AlphaFold Protein Structure Database with confidence modelling
representation. (B) The CgPdrl protein structure is composed of four different structural features:the DNA
binding domain (DBDyellow), the linker sequence (light grey) the dimerization domain (DD, dark grey),
the core structure central regulatory domain (CRD, beige), and the transactivation domain (TAD, green).
(C) Representation of two sides of the CgPdrl protein in surface (@pwnd backbone view (b),
respectably. (D) Representation of the CgPdrl hydrophobic properties of the dimerization domain and (E)
of the hydrophobic and electrostatic properties of the individualized CgPdrl TAD domain. The
hydrophobicity potential is repsented from blue for the most hydrophilic residues, to white if neutral, and

to yellow if hydrophobic, while the electrostatic charged surface is represented from red for the most
negative potential, to white if neutral, and to blue if positive.
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FigureV.22.Pr edi cti on of the secondary structure

of
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protein binding.(A) Secondary structure prediction along the CgPdrl amino acid sequence was obtained

in PSIPRED workbench. (B)isoRDPbind was used to predict the propensity for the different residues of
CgPdrl to bind to DNA and Proteins
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An interesting result that comes from this structural prediction is the close proximity of the
transactivation domain and the CRIDich is likely to facilitate their interaction, something that is essential
to maintain CgPdrl at a low activity in nsitressful conditionsHigureV. 1 panel Q[62]. In this context,
it was noteworthy the observed positielectrostatic charges in the docking region for TAD domain
predicted in CRDKigure V.3 panel Bc in blue) while TAD domain is predicted to be nieght charged
(Figure V.3 panel Cc in red), a trait that can contribute for the interaction of these two dd6®jinshe
interaction of the TAD with the CRD may also depend on its hydrophobic resiigesdq V.3 panelDb)
to be buried in the core domain, which also has hydrophobic patEfmeg V.3 panel Bb). This
hydrophobic stretch of TAD iBdPdrl ofS. cerevisiaavas previously characterized to be essential for the
interaction of the domain with &al11A [105], suggesting thaGalll could directly compete for the
interaction of this region with the core of the protein, which is in the agreementheithodel that TAD

needs to be released to interact with the mediator corféx

CDR region with
docked TAD

C

Exposed side of .
42

TAD when docked JM

D
Buried side of TAD
when docked

Figure V. 3. Analysis of the properties of the CgPdr1 structures involved in the interaction between the
transactivation domain and the central regulatory dom#&#). The 3D structures of the TAD and CRD
interacting were individualized from the rest of the CgPdrl structure for further analysis. Further
individualization of the TAD region (C and D) from the CRD domain (B) was obtained to characterize the
hydrophobigb) and electrostatic (b) properties of the interacting surfaces. The hydrophobicity potential is
represented in blue for most hydrophilic suriada white, for neutral residuesand in yellow for
hydrophobic ones. The electrostatic charged surfaceitten is represented in red for the most negative
potential, in white if neutral, and in blue if positive. The backbone view is also represented in (a), marking
in cyan the CDR structures predicted to interact with TAD, which is itself highlighteden.gfée region
of the TAD docking in the CRD structure is further marked in a black box.
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Inspection of the contacts made by the amino acids located in CgPdrl TAD déigaie Y . 4
panel A and B, TAD represented in green and contacts represented in yellow lines) with the amino acids of
the CRD FigureV. 4 panel A and B, with residues interacting with TAD represented in dark blue and in
green along the aminoacid sequence in panel C), revealed that the interaction is more likely to involve three
distinct helix structures located in the core of the protedd4Lto Y357, E361 to A393 and G943 to N975)
that are represented Figure V. 4 panel A and B in cyan. This silico prediction is concordant with
previous studies, that demonstrated that activation of ScPdrl could be achieved by the deletion of a small
sequence in the CDR that encodes the corresponding amino acid region in CgPdrl that includes the L344
to Y357 helix and part of the region of the E36 AB93 helix (amino acid region defined as the inhibitory
domain Eigure 1l.6 andAnnex Figure 11.1) [225]. The adjacent @erminal amino acid sequence of the
L344 to Y357 helix and N975 to G943 helix also includes several small structural features that are predicted
to interact with amino acids of the TAD, including a dm&o-beta sheet structure (H288 to 1298), small
Uhelixes (Y300 to K305 and C930 to 1936) and surrounding loBsife V. 4 panel A and B in cyan).
Exposed short helixes structures are often associated with bioactive regions that can interact with proteins,
DNA, or even RNA339]; therefore, the sequestration of the TAD domain by the CgPdrl core could affect,
or be affected, by modification in these structures resulting from different interactions. Altogether these
structural featuresllawed to identify what can be three main inhibitory domains in the CDR {ig)(re
V. 4 panelD): i) domain IDI, comprisedf 288 to 393 aminoacid segnca that includes two of the main
large O-helix interacting with the TAD domain, a small helix amgmall twebeta sheet structur€igure
V.4 A, B andD in red); ii) domain IDII, comprised by a small loop of amino acids (M774 to S779) found
to interact with the most-@rminal residues of the TAD domain and that could be important for its tight
sequestrationHigure V. 4 panel A, B andD in green); iii)domainIDIll, comprised by the 926 to 975
aminoacidsequence located at thetdrminal of the disordered region of TAD domatinat includeshe
t hi rd mahelimstrucure gf¢he CRDnt er acting with t haelxXiAghredomai n a
V.4 panel A, B and in black)
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IDI 23] DI
Figure V. 4. In silico prediction of CgPdrl 3D structure helps to detail the sequestration of the
transactivation domain by the internal core of the protéand B) Using thén silico prediction of the
CgPdr1 structure bjlphafold it was possible to identify (using Chimera Integrated Find Contact tools)
the core structural features (-helxgsindhe eentraleedulatony cy an)
domain (CRD) as well the residues of this domain (identifiethrk blue) involved in contacts (represented
as light yellow) with the transactivation domain (represented in green). (C) The amino acids that interact
with the residues of the TAD domain are highlighted in green in the amino acid sequence of CgPdrl. (D)
The undertaken prediction allowed an identification of three predicted inhibitory domains (ID) marked as
three stretches aloribe central regulatory domain of CgPdrl (grey). The tridimensional structures of ID |
are highlighted in red, ID Il in green, @D 11l in black in panels A and B.
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To predict the fluconazole docking site in the CgPdrl protein structure the Chimera integrated
AutoDock Vina tool was used. For this, the previously defined minimum xenobiotic binding domain
(XBD)[105] was defined as the receptdiiqureV. 5, panel A), predicting only one probable region of
docking(the same analysis using the entire CgPdr1 protein structure was used as the receptor returned the
same best score resiltEluconazole is predicted to be docked in a channektbases the globular part
of the protein of the CgPdrl structufeiqureV. 5 panel B marked with a yellow arrow). This analysis
allowed the predictiomf the amino acids that interact with A552 and D554, with the residues from the
aminoacid stretch Y811 to E818 and from the stretch D876 to S880, as those interacting directly with
fluconazole during bindingr{gureV. 5 panel C). In specific, it was found that fluconazole was predicted
to contact the r esi ehaligescoinposet by the dmmoapid shretchew 183y to A558 e
and T573 to Y32, extending outwards of the protein cdrg(ireV. 6 panel A in dark blue). Both these
t wehell i xesd sequenc iguredl 6 andAnaex Figure A.1), nld the ex@@d2d T573
Y 5 7 2heli¥is also part of the Middle homology domalfigure Il.6 andAnnex Figure 11.1). Notably,
the identifiedstructure to contact to fluconazotmntain only part of the structure previously identifisd a
being the minimum XBDKigureV. 5 panel B)105]. Fluconazole was also predicted to interact with the
D810-E830 and H872 8 9-Belixes buried in the core of the protefigureV. 6 panel A). Interestingly,
from the residues defined to be relevant for the interaetitnfluconazole FigureV. 5 panel C) only the
properties of the residues found in the H&E897, not belonging to the XDB, appear to be conserved in
CgPdr1, ScPdrl, and ScPdinfex Figure I1.1). From these identified structures, H8G2E897 amino
acidstretcha p p e ar s t o-hebxentetadtireg withahie previdusly predicted TAD docking structures
(FigureV. 6, pane$ Bain cyan) The Y572T556 and D80-E 8 3 Melixés also form a few contacts with
thepredicted TAD docking structure, suggesting a smaller impact in this struEtguegV. 6, panet Bb
and 9. Altogether, the H87ZE 8 9 -helixkstructuranay relaythe xenobiotic docking to the structures that
interact with the TAD domain. The remaining structures, including those encoded by the previously

minimum defined XBD should be mostly involvedtire structuring of the docking domain.
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551 LALDEYYGFEKVLNVAVANAKKMGFHRWEFYVGYEESTAEKRRLLWWKLY
601 NYEKASTMKKGFFSVIDDATVNCLLPKIFRNFGYLDRVEFLENIQKPMDL
h, 651 SVFSDVPISVLCKYGELALTIVTSEFHEKFLYADRYTSIRNSAKPPTLKN
+ 701 QLI KEIVDGIAYTETSYEAIRKQTAKLWD IALGKVTKDKINKEDTAAASK
751 FTLSYEYHRFRLINMADNL | ARLMVKPKSDWL | SVMKGHLNRLYEHWKVM
801 NE| | LSMDNDN(S | A TFEYYAPSCLCLATQTFLIVRNMEMDDVKMMVAVY
851 KRFLNLGMF LQSAKVCSLADSHTFRDESRSFSFITI ISRLMI | EFMQIKE

g of fluconazole docking in the CgPdrl nuclear receptor transcription factor
structure. The Chimera software integrated AutoDock Vina tool was useihtalate the most probable
docking regions for fluconazole molecule in CgPdrl. (A) For the simulation, the minimum XBD was
defined as the receptor (defined in Thakur, Jetal.2008, represented in red), predicting only one
probable region of docking.hE different scores of qualities in prediction are summarized in the table. (B)
The predicted fluconazole (representecline and signal by an orange arrow) docking site occurs in a
channel that crosses the core structure of the CgiPdelDBD and linkedomain were removed for better
visualization (C) The Chimera Find Contact tool was used to predict the residues capable of interacting
with the best scored simulated fluconazele§) binding modes and are marked in green in the amino acid
sequence.
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Figure V. 6. Definition of the CgPdrbrotein structural features that interact with fluconazole antifungal
molecule(A) The predicted structural features of CgPdrl that are predicted to be involved in the interaction
and possibly modified by the binding of the fluconazole molecule (red) are marked in dark blue, with amino
acid residue stretch circled in black, with thedfic residues predicted to interact with fluconazole marked

in yellow. The structures previously predicted to contact with the docked TAD domain are also represented
in cyan and residues circled in red (B))e contacts formed by the different functiostiuctures were

further analyzed and are marked in grd@nThe undertaken prediction allow#tkidentification of three
predicted fluconazole binding domains (FBD, blue) marked as three stretches along the central regulatory
domain of CgPdrl (grey).

FBD I

4.2. Distribution of gain-of-function mutations across the different structural

features predicted for CgPdrl

After the thoroughin silico analysis performed over CgPdrl 3D structure, including the
identification of some functionally relevant structudamains, it was possible to examiie silico, the
effect that might be caused by different mutations, including those that are/@@éx(Table 11.1) (Figure
V. 7 panel A). In particular, it was possible to examine the impact of GOF mutations K274Q, 1392M and
1803T, all confirmed to drive hyperactivation of CgPdrl during the course of this thesis, as well as of GOFs
previously describe to differently influence CgPdctivity. Careful examination of the places where the

different confirmed GOF modifications in the literature appear revealed an enrichment in mutations
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occurring in the central CRD globular structural domé&iigireV. 7, marked in red) affecting specially
predominant!| y b u-helixesarounding ihelstrectsresithat arte predicted to interact with
fluconazole FigureV. 7 panel A, dark blue). These amino acid changes could alter the stability of the core
structure and promote a di selies thismonickyevhawvepeearstd he mul t
be the CgPdrl restructuring happening after ligand (fluconazole) binding. Interestingly, modificaion to
tyrosine of the Asp876 residue, predicted to interact with fluconazole, was found to result iro& gain
function CgPdrl mutatiofFigureV. 5 panelC). Two particularly interesting GOFs located in the CDR
globular structural domain are P822L and 1803T (identified in Chaptetd)nornsynonymous mutations
shown to result in CgPdrl hyperactivation partially dependent &alldA [181](ChapterlV). Both
residues are found on the same side of the core structure of the pfadeireY/ . 7, panel B) and are part
of t wo-hetixistoustwres ¥h multiple residue connectionBigureV. 7, panel Ba)Both residues are
encoded in the homologous NLS sequence defined in ScPdrl suggestingsthagjitti could regulate
CgPdrl activity independently @gGalllA (Annex Figure Il.1, FigureV. 7, panel B marked in dark
grey). Since CgPdrl is constitutively found in the nucleus interacting with the PDRE of target promoter
genes, it is unlikely that changes in the homologous NLS sequence couwt Gdfedrl localization
resulting in changes in CgPdrl activi#l]. Although this sequence was found to be fundamental for the
nuclear import, the ScPdrl does not intergith the ScPsel importer and is indirectly imported through
the possible interaction of another uncharacterized f§2231. Concordantly, the electrostatic surface of
this region of the CgPdrl structure reveals enrichment of edpusgative chargeBigureV. 7, panel Bb)
that might interact with positively charged regions of other proteins, that may affect the CgPdrl activity.
Further meelieQ830DBda OUi nt er acts wi t h-hdolB4Y3bliwaveh azol e ar
in the TAD sequestering domain, meaning that changes in this structural region could still simulate the
CgPdrl xenobiotic activation through a possibleask of TAD, even if these GOF mutations in this region
regulates the activation of CgPdrl partially independentygialliA.

Sever al r e-+adlidpedicted fo betinvavedin TAD sequestratiigyreV. 7 panel
C in cyan) were also found to serve as points for the emergence of GOF mutations in CgPdrl, in agreement
with the described critical role of this domain for regulation of CgPdrl activity. One of such mutations is
the GOF 1392M (Chapter 1V), a resielbburied in the core structure of the protein. To explore what may be
the impact that this modification may have on CgPdrl structure, the Chimera software was used to modify
the 11392 residue to a methionine. This change originates clashes to surraamdingacids and could
therefore originate a shift of this structure that can result in destabilization of the TAD detkiciire

and, consequently, in its release and activation of the protein.
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Figure V. 7. Gain-of-function mutations are distributed in the central regulatory domain of the CgPdrl
transcription factor proteinThe Chimera visualization software was used to inspect closely the distribution

of residues affected by GOF mutations (red) along with the struct@gRdrl. (A) The influence that the

change of these residues of the core structure of CgPdrl can have on the fluconazole docking structure

(dark blue)with residues that interact with fluconazole (highlighted in yeJldthe TAD domain (green)

and the strctural features that interact with the TAD (cyan) were carefully analyB¢dnalyses of the

effect that the residues (red) changes P822L and I803T in the core of CgPdrl, reported resulting in
CgGalllA partially independent CgPdrl hyperactivation, migatve on CgPdrl protein structure. (a)

I nfluence of the mentioned GOFs an-tHelixstuetureswhererect ed (r
they are located might have on the CgPdr1 structure and specifically the nuclear localization signal region

(dark grey) (b) The surface region of this CgPdrl structure region is specially enriched in negative charges

(red). C) The 392 residue (red) i s but+helbestucturainvohee CgPdr 1
in TAD domain sequestration (cyan) tha also located near the fluconazole (yellow) predicted docking

site. The modification to Blet amino acid generates clashes (red lines) to the near T520 residue (green).

Residues located within the TAD domain itséffgureV. 8 panel A) are also found to serve as
points for the emergence of GOF mutations. As described before, different modifications in the TAD
doman can have different dependencies orGatl 1A in the hyperactivity of CgPdrfil81]. Interestingly,
analysis of thesspecific changesevealed that modificationia this regionmay affectrelevantproperties
of this structural domain. Specifically, while D1082E GOF mutafishich relies partially on Ggall1A
for CgPdrl activationappears to change the overall negatiharge of the TADand LWG1097AAA
modification (highly dependent ofCgGalllA for activation of CgPdrl significantly affects the
hydrophobic nature of the domaiRigureV. 8 panel B)[181]. These results suggest that reductibthe
hydrophobicity enrichment of the domain may increasalependency of GgalllA for CgPdrl activity,
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while the reduction of the overall negative electrostatic charge may reduce this depehderestingly,

it was previously described that the R2fy1"822- affecting in the CRD, also as mentioned showing a
decreased dependencedgGalllA, and CgPdril%®?Eof the TAD variants have a similar transcriptional
profile (~0.87) when expressed in the same isogenic strain while presenting transcription profiles with lower
similarities when compared to other GOFs, even if in the same ddfuathermore, both CgPdi¥?-and

the CgPdr®%82Cyariants originate higher transcript levels of various CgPdrl target genes (EQRCg
CgCDR2,CgSNQ2,0r CgYBH1), compared to the transcript levels that are produced in strains expressing
other CgPdrl GOF varianf$81]. This result suggests that the partially indepen@a@alllA activity
regulation exerted by both GOF mutations could imgahe same players and correspondent structural
regions affected.

B Backbone Hydrophobic Electrostatic
View Surface Surface

1097AAA .‘

TAD™ut
S)

\ -

D1082

Figure V. 8. Gainof-function mutations distributed in the transactivation domain of the CgPdrl
transcription factor proteinThe Chimera visualization software was used to inspect closely the distribution
of residues affected by GOF mutations (red) along with the structure of CgPdrl. (A) The influence that the
change of these residuestie TAD (green) was carefully analyz€8) Analysis of the distinct effect of

the modificationd WG1097AAA and D1082G, different dependencies orGati 1A for hyperactivation

of CgPdrl, have on the TAD domain overall negative electrostatic charge (red) and hydrophobic surface
(yellow).

The GOFmodifications occurring in two exposed regions, between F575 to rEs&RiegFigure
V. 9) and the W256 to Y336 residuéSigure V. 10) are more elusive to understand. The firfsthese
regions is composeaf t w ohelid structures protruding from the fluconazole docking site to the exterior
of the protein EigureV. 9 panel A).Most of the GOFs described to affect this structural regionk&:¢pL,
H576Y, Y584C, T588A occur in residues located in the surface of CgPdrl and thus it is possible that a
change of the protein surface in this region can underlie the dagpigation d the protein. The GOFs in
t his regi ohelixesstfusuces formingoa ctiannel leading to the predicted fluconazole docking

site (FigureV. 9 panel B). The amino acid sequence @sthelixes is part of the middle homology region
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(Figure 11.6 andAnnex Figure 11.1) present in most yeast zinc transcription factord whose fuction is

not clear, although i8. cerevisiaé was found dispensable ftreactivity of ScPdr]225]. Thus, changes

in this MHR region may affect the activity of CgPdrl in a mechanism that is independent of the TAD
release. MHR was suggested to assist target discrimination of zinc transcription factors by aiding the DBD
and linker sequence interaction BENA [224] and, interestingly, GOFs occurring in CgPdrl occur
predominantly in aromatic amino acids that may play a role in mediating protein contacts with-ig i (

V. 9 panel A)[340]. Therefore, it would be interesting to study if GOF mutations in this domain could
change CgPdrl DNA binding specificity or even tighten the transcription factor interaction with the DNA,
the mechanisrsuggestedo explain the CgPdrl hyperactivation intBkrminal tagging of CgPdrfR07].

Middle homology domain

of the CgPdrl transcription factor proteifihe Chimera visualization software was used to inspect closely
the distribution of residues affected by GOF mutatiornd) @ong with the structure of CgPdrl. (A) Several
residues of the middle homology region (MHR) were also identified to be affected by GOF mutations;
specifically, aromatic amino acids enriched in this region. (B) This zinc transcription factor conserved
region is a structural part of the channel where fluconazole docks (highlighted in Tileepredicted
fluconazole molecule (yellow) docking channel structure is signaled in surface representation with a red
arrow.

The second mentioned exposegjion comprising the W256 to Y336 residues, in which GOF
CgPdrl mutations appear to occur at high frequency, is located within the CRD and links the dimerization
domain with the TAD docking region (inhibitory domain BigureV. 10 panel A). Since small structural
features in this region are also predicted to interact with the TAD dorRiguré V. 4), it is possible that
these GOF mutations may affect TAD sequestration by the core structure. Interestingly, however, one of
the GOF identified in this region is tHe280P that when expressed in different genetic backgrounds
waglemonstrated to have a positive influence on the expression ERAIY229], which is normally
repressed by chromatin silencing, raising the question of whether this structural region of CgPdrl has an
effect in gene expression resulting from changes inaittésity of chromatin remodelling proteins.
Contrarily,the G346D mutation, located in the first ID motif, has a negative effect or a null effect in the
expression of th€gEPAlgene depending on the genomic backgrofsd]. Altogether, these results
suggest that the region linking the dimerization domain to the globular structure of the protein might have
a specific regulatory function in CgPdrl prote@oncordantly this regiomas several small exposed

secondary structures that are known to have a role in pipteigin interactiorf339]. Interestingly, the
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L280 residue i s phelixstrucufe ara itsschaoge d protine reduses te cahfidence

i n  thhlie prediction FigureV. 10, panel B). The GOF K274Q identified in the course of this thesis
(Chapter 11)[55], also affects the loop between two short alpHeelix structures, including that with the
L280 aminoacid, that could have bioactive roles in CgPdrl actividigreV. 10, panel C). The K274

residue is predicted thdixinvoivedintheioteracton df the GRDvitheheer by s hor

TAD docking structureRigureV. 10, panel §. Uponchangeof K274to anasparaginer glutamine (both
predicted GOFs(Annex Table I1.1)) it is possible that this connection between CRD and TAD gets
affected, resultingn hyperactivation of CgPdrlAnother possibility is that the break of this connection

could free this regioto form interactions with distinct interacting proteins.

Regulatory Domain

B Gors resulting in altered CgQEPA1 expression

Cont ‘_:_::;I::mz-
= w0

Can o e
¢ CCCCCCHHHHCCCCCCCCCQHHHFHHHECCC
s WKPEVDFEKAKI NESATTKSLETNLLRNKYT

| == ]

Cont

Can 1 ) 1] [23)
s CCCCCCHHHHCCCCCCCCCOHHHFHHHECCC
s WKPEVDFEKAKI NESATTKSLETANPLRNKYT

0 2 £

Legend:

Strand Conf: - FF' Confidence of prediction
B Helix Cart: 3-state assignment cartoon
— Coil Pred: 3-state prediction
AA: Target Sequence

Glu274

5 V ‘7 \ ’h _l
TR R TR ¢

Figure V. 10. Gain-of-function mutations distributeth exposed regions CgPdrl transription factor

protein. (A) The Chimera visualization software was used to inspectlideedered region that connects

the dimerization domain (dark grey) and the predicted TAD docking domain (cyan) that is enriched with
residues affected by GOF (red) (B)e localization of the residues affected by the G346D and L280F GOF
mutations, with opposing effects in EBAlexpression, in the of CgPdrl protein structure was
analyzed.The effect of the L280P GOF -helixsacondryg struciune t he
is also analyzed. (C) The K274 residue (red) interacts with the amino acids of a nearby loop structure
(yellow), which in its turn has residues that have a connection with those of the TAD domain (green) or the
TAD docking region (cyan). Chge of the lysine by glutamate or asparagine reduces the number of
interactions of the 274 residues.
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4.2. Overview d the insights brought by thein silico structural analysis over CgPdrl
activity

With the structural information obtained, it was possitd better detail the regulatory domains
that might be involved itheregulation of CgPdrl activity and also anticipate whathmathe effect othe
occurrence of distinct GOF mutatioims CgPdrl activity. A schematic representation of these identified
regulatory domains, along with the description of CgPdrl GOF mutants described, is presEigeckin
V. 11. The regulatory domains identified across the central regulatory domain include three inhibitory
domains that might be involved in maintaining TAD in its inactive form; and domains predicted to be
involved in the direct interaction of CgPdrl with fluazole (indicated as FDB). Due to the promiscuous
nature of CgPdrl in binding xenobiotifH05] other regions of the ptein may be involved in binding
rather tha only the herein identified FDB domain. Hypactivating mutations found to occur in the MHR
and the regulatory domain (indicated as RD) are localized in the surface of the protein and, according with
the structual model herein presented, appear to be far from the &RIDD domains, thus leading to the
idea that they influence CgPdrl activity by a mechanism that might not be related with the sequestration of
TAD. Regarding NLS, two proven GOF mutations werenfbun this region to result in partially
CgGalllA independent CgPdrl hyperactivatid®1](Chapter Ill). As observeih FigureV. 11 panel A,
the distribution of the GOFs reported in the literature affects directly the described regions, strongly backing

thein silico predictions of the relevance of these individual domairise CgPdrl protein activity.
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Figure V. 11. Redefinition of the regulatory domains of CgPdrl based on the predicted structure features,
the effect of gahof-function mutations in CgPdrl activity, and literature informati¢A) The different
regulatory domains of CgPdrl identified include the DbiAding domain (DBD), the linker region, the
dimerization domain (DD), the regulatory domain (RD), three inhibitory domains (ID), three domains
involved in fluconazole binding smglling (FBD), the middle homology region (MHR) the nuclear
localization signalling (NLS) and the transactivation domain (TAD). The distribution of theoain
function mutations found in the literature in the amino acid sequence afrCgs alsorepresented,
including in green the GOFs characterized in this thesis. The structural representation of the different
domains is represented with the same color in (B) backbone and (C) surface structural representation
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