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ABSTRACT

Pathogenic fungi cause serious disease and ewati idehumans, animals and plants.
In medicine and agriculture alike, fungal infecaare widespread and represent a
significant threat to global public health. Thewher and array of fungal species, each
exhibiting diverse mechanisms of pathogenesis, stii@challenge of fungal infection
prevention and treatment formidable.

The current repertoire of effective antifungabtraent strategies is very limited. As
a result of increased use of antifungals to tradt@event clinical fungal infections in
humans, as well as widespread use of fungicidagiilculture, fungal strains that are
resistant to each of the classes of antifungale leaverged. A significant rise in the number
of fungal infections in recent years, combined veithincreasing amount of drug resistant
fungal strains is great cause for concern and plaogency on the development of new and
more effective fungal infection treatment and preign strategies.

New fungal drug targets may be discovered witletéelb understanding of basic
fungal biological processes. New or improved fumgfection treatment strategies may stem

from a more complete knowledge of fungal responsirig treatment, worldwide trends of



fungal pathogenesis and development of resistamceeven fungal evolutionary
relationships.

The goal of this research was to characterizentb&t basic fungal/drug interactions,
which includes the balance of uptake, retention, efflux of antifungal drugs in the fungal
cell. We analyzed a variety of environmental aeliléar factors that affect antifungal drug
uptake and retention in two medically and agriaaliy important pathogenic fungi,
Aspergillus fumigatuandMagnaporthe oryzaeWe then identified and characterized a
number ofA. fumigatuplasma membrane ABC transporters that may cortéritau
antifungal drug resistance due to their role indfikix of antifungal drugs.

To analyze antifungal drug uptake and retentiangdeveloped an assay to directly
measure accumulation of radioactively-labeled azwlé. fumigatusandM. oryzae Our
analysis of drug uptake under a variety of cellalad environmental conditions
demonstrated that these filamentous fungi impasteazby a facilitated diffusion
mechanism. Contrasts between kheoryzaeandA. fumigatusiata revealed interesting
differences that suggest variations in expressiwhction, or function of efflux transporters
in the two organisms.

To analyze antifungal efflux, we cloned and expeelsa selection of putative ABC
transporter genes from tlde fumigatuggenome and heterologously expressed each gene in
S. cerevisiador direct characterization of drug efflux potehti®ur efflux transporter
analysis showed differences in substrate spegifiditug susceptibilities, energy-dependent
efflux activity, and effect of efflux-inhibitor tegment between the different transporters.
These data illustrate the complexity of predict@mgl counteracting fungal drug treatment

response, but also highlight the possibilitiesif@ntifying new drug targets.
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CHAPTER 1
INTRODUCTION TO AZOLE DRUG RESISTANCE MECHANISMS

IN PATHOGENIC FUNGI

Pathogenic Fungi

The incidence of invasive mycoses has increasedtbgdast three decades due to a
dramatic rise in the number of immune-compromiselividuals. A variety of conditions
can lead to patients with severe immune deficienchiuding AIDS, cystic fibrosis, organ
and bone marrow transplants, aggressive canceratherapy, immune suppressant
treatments, major surgeries, premature birth adégé (1-4).

While the most common human fungal infections awesed byCandida albicans
andAspergillus fumigatughe increased incidence of nalicansand nonfumigatus
clinical isolates shows an evolving landscape wifangal populations (5-7). Species from
a wide variety of fungal phyla are continuously egimey as opportunistic pathogens as they
adapt to the changing (host or environmental) sekepressures, and radiate to newly
available niches (8, 9). Given the complexity atle individual at-risk patient condition,
coupled with the diverse array of potential fungaihogens, opportunistic mycoses are
always a threat. If host conditions are ideal, AN¥igus can potentially cause an infection

in a sufficiently immunocompromised individual.



The fungi studied in this dissertation researcluteSaccharomyces cerevisjae
Candida albicansAspergillus fumigatusandMagnaporthe oryzae
Saccharomyces cerevisiae

S. cerevisiadas been used as a model organism in researchrlalnsd the world for
decades. Th8. cerevisiaggienome has been sequenced, its genetics are masiigulated,
molecular technique protocols have been standatdarel the organism is easy to maintain
in the lab (10-12).S. cerevisiaean exist as a haploid or diploid but most labhisty are
maintained in the haploid form. In addition, hoogibus recombination i8. cerevisiagés
relatively precise, transformation efficiency isogoandS. cerevisia@xpresses and
maintains plasmids (10, 11). The Saccharomyce®@erDatabase (SGD) is a publicly
accessible data repository that has been contynaafiotated, updated and expanded as new
information is submitted by researchers worldwitie)( For all of the above reasofs,
cerevisiaehas been an invaluable resource in the undersigadifundamental cellular
processes of fungi and many other eukaryotes.

Candida albicans

Candida albicansccounts for 9-12 % of all nosocomial bloodstreafeations, with
a mortality rate of 38 % despite significant adwesm diagnosis and increased use of
antifungal therapies (8, 9). More than 17 differgpecies oCandidahave been identified to
cause infection. Mostandidabloodstream infections are caused by four spe€es:
albicans C. glabratg C. parapsilosisandC. tropicalis(8, 9).

C. albicansis normally a commensal of the human microflora,ib also a classic
opportunistic pathogen causing mucosal thrush,dstveam and systemic infections, termed

candidemia, and invasive candidiasis, respectiv€gndidainfections are normally
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associated with individuals who are immunocompreahjsraumatized due to major surgery,
transplantation recipients or any other invasiveliced treatments that disrupt the normal
protective microflora (13, 14).

In contrast to most other yeadts,albicansis an obligate diploid but can exist as a
haploid or even polyploid organism (15). For tldason, genetic manipulations such as
transformation are more complicated than in hapjeists because the gene must be
disrupted or altered twice- once for each alldteaddition, protocols that allow for the
stable maintenance of a plasmiddnalbicanshave only recently been developed (12, 15,
16).

Aspergillus fumigatus

Invasive aspergillosis (IA) due #spergillus fumigatubas a mortality rate of 40—
50 %, even with treatment (17, 18). Aspergilli predominantly saprophytes, growing on
dead or decaying matter in the environment. Thectious life cycle oAspergillusand
other molds begins with the production of conidiattare easily dispersed into the air. The
primary route of human infection is by inhalatidrtleese airborne conidia, followed by
conidial deposition in the bronchioles or alvedpaces (17, 18). In healthy individuals,
conidia that are not removed by mucociliary cleaea@ncounter epithelial cells or alveolar
macrophages, the primary resident phagocytes ditige(17, 18). Conidia that evade
macrophage killing and germinate become the tarfyetfiltrating neutrophils that are able
to destroy hyphae. Developing IA results primafityn a combination of dysfunction of
host defenses and characteristicd ofumigatughat permit survival and growth in the lung

environment (13, 19).



A. fumigatugs a stable haploid that can be genetically mdatpd with a
transformation protocol modified specifically folaimentous fungi. However, this modified
procedure is much more technically challenging tamé consuming, requires a greater
guantity of transformable genetic material, antll Istis poor efficiency with non-homologous
recombination likely (12, 20).

Magnaporthe oryzae

Magnaporthe oryzaes a flamentous plant pathogen that causes ddsteudisease
in Oryza sativarice) crops, known as Rice Blast (21, 22). “&larefers to the rapid
expansion of the disease within the rice fielts. oryzaeinfections can cause devastating
crop losses and is considered a major threat t@wiate food security (21-24). The plant
infection cycle starts when an easily disperseddiom lands on a rice leaf where physical
cues such as hydrophobicity, surface hardnesslantggnals, trigger the formation of
specialized infection structures called appresgq@ia22). The appressorium is able to
translate high internal turgor into mechanical éota break through the cuticle of the rice
leaf, initiating invasive growth and plant lesiq24, 22).

M. oryzaehas a stable haploid genome and similarly to dilementous fungi, is
more difficult to genetically manipulate due todteent and unpredictable non-homologous
recombination (12, 20, 25).

Pathogenic fungi, in medicine and agriculture gltause devastating disease
worldwide representing a significant threat to gligbublic health (2, 23, 24). The sheer
number of different fungal species, each adaptespéaific hosts and environments and
exhibiting diverse mechanisms of pathogenesis, mtiechallenge of fungal infection

prevention and treatment formidable. However,dlege some conserved and unifying
4



themes in most pathogenic fungal processes thatessken advantage of to create broad-
spectrum antifungals. In addition, species aralrspecific research with epidemiologic
analysis can identify unique fungal processes aratteristics that can be targeted for a

more precise approach to antifungal therapy.

Antifungal Treatment Options

High mortality rate with invasive mycoses is pa#ttributed to difficulty in disease
diagnoses and delayed treatment caused by thth&dalisease symptoms can be ambiguous
and the fungal species is often cryptic (3, 4,22), Since opportunistic fungal infections
most commonly occur in a host with poor immune fiorg there is an additional clinical
challenge for selecting the best antifungal coofsaction and predicting treatment outcome.

Currently available antifungal options for treatrmehinvasive mycoses are limited
and the development of new antifungal agents iserddficult compared to that of
antibacterial agents. Since bacteria are prokerythiey offer many distinct drug targets and
pathways that are not present in the human eukargeif. Conversely, fungi are also
eukaryotes and so many fungal drug targets alsagtibuman cellular processes leading to
toxicity and harmful side effects.

The most widely used classes of antifungals argepas, azoles, allylamines,
echinocandins and 5-flucytosine. These drug ctassd their targets are diagrammed in
Figure 1. Drugs with the fewest side effects aa$t human toxicity, such as the azoles,
have narrow modes of action and problems with fudgag resistance. Conversely, drugs

that are more broadly effective with fewer fungalgiresistance concerns, such as the



polyenes, are generally not safe for extended ndean cause life-threatening side effects

as the less-selective drug interferes with hum#rpoecesses (26-30).

Sterol biosynthesis

Statins (HMG-CoA reductase inhibitors)

Allylamines (Squalene epoxidase inhibitors)

Azoles (lanosterol C-14 demethylase inhibitors)

*Morpholines (sterol C-14 reductase and sterol C-8 isomerase inhibitors)
Polyenes (ergosterol binding and membrane disruption)

Cell wall
Echinocandins (8-1,3 glucan synthase inhibitors)
Nikkomycins (chitin synthase inhibitors)

Mitochondria
*Strobilurins (Respiratory complex Il inhibitors)
*SDHI (Respiratory complex Il inhibitors)

Nucleus/Nucleic acids

Pyrimidine analogues (antimetabolites)

Griseofulvin (mitotic inhibitor)

*Benzimidazoles (meiotic and microtubule transport inhibitors)
*Phenylamides (RNA synthesis inhibitors)

*Dicarboxymides (RNA and DNA synthesis inhibitors)

Plasma membrane
Polyenes (ergosterol binding and membrane disruption)
Ciclopirox olamine (affecting membrane integrity, respiration)

Non-specificinhibitors
*Dithiocarbamates (inactivation of -SH groups)
*Substituted aromatics (intracellular glutathione reduction)

* only agricultural antifungals

Figure 1.1 Antifungals and Their Targets.Classes of antifungal drugs and their target are
diagrammed.

Antifungal drug resistance is difficult to defin&he threshold is set individually for
each drug, organism and site of infection, respelsti In vitro susceptibility testing of

filamentous fungi is difficult to standardize. addition, than vitro test results do not
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always agree with thi@a vivoresults and so may not be an accurate indicatioreafment
outcome. Thusgn vitro drug susceptibility testing must be used with auand considered
only as a general guideline for treatment predicparposes (19).

There are two types of antifungal drug resistarféemary resistance is an intrinsic
or inherited characteristic of a species or strdihe fungal species and strain will clearly
determine which drugs are effective. Secondangtasce occurs when a previously
susceptible isolate develops a resistant phenosymd, as a unique gene mutation, usually as
a result of prolonged treatment with antifungddmth primary and secondary resistance to
our current antifungal repertoire is a growing cennc

Selection of an antifungal agent for clinical usenade primarily on the basis of the
specific fungal pathogen involved. This approachssful in avoiding selection of
antifungals for species of fungi that are knowmawe primary resistance to the agent, but
less useful in selecting antifungals for species thay develop secondary (drug induced)
resistance to a particular agent.

There are several factors that affect the treatmettiome of a fungal infection. A
resistant or recalcitrant infection can be the ltesfua variety of factors associated with the
host, the drug, and the fungus. Generally antdiidgugs work alongside the host immune
system to control the infection. Infections in innmmecompromised patients are generally
more recalcitrant to treatment because of theddditive effect from the host immune
system. The infection location (systemic, skialonucosa, vaginal mucosa, eye, brain, etc.)
is also an important factor in drug resistancesaase infection sites may be less accessible

to drug therapy.



Finally, the cell type or morphological stage of fangi can alter drug efficacy. Most
antifungals are effective only against activelywiry fungi, while dormant stages with
minimal metabolic activity are usually not respaesio drug. Most fungi exist as various
cell types or morphologies, including yeast sta@dsstospores), pseudohyphae, hyphae,
chlamydospores and conidiospores, each of whichhaaa a specific susceptibility to
antifungal drugs.

As a result of increased use of antifungals totteea prevent fungal infections in a
vulnerable human population, as well as widespresedof fungicides in agriculture, fungal
strains that are resistant to each of the cladsa#tibungals have emerged. Some of the newly
emerging opportunistic fungal strains have eithequaed or intrinsic resistance to the
standard antifungal therapy and may require theotiaternative antifungal agents. As those
alternative antifungal agents start to be useddbypatrains that are resistant to these agents
will most likely emerge as opportunistic pathogeniections in the coming years.

Azole Drugs

Ergosterol, a sterol homologous to cholesterol@hér sterols found in the
membranes of other eukaryotic cells, is an esdartmaponent of fungal membranes and its
metabolism is tightly regulated by the fungal celldterations in ergosterol levels
significantly affect the susceptibility of fungatlts to a variety of environmental stresses.
Although similar to plant and animal sterol biogydis pathways, ergosterol biosynthesis is
unique to fungi, and so its metabolism is a priarget of antifungal therapy with minimal
negative effects on the animal or plant host. €nity, there are four classes of drugs that
target enzymes in the sterol biosynthesis pathwagu(e 1), including statins (HMG-CoA

reductase inhibitors; used in mammalian cellsylathines (squalene epoxidase inhibitors),
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azoles (lanosterol ddemethylase inhibitors) and morpholines (sterdl4eductase and
sterol C-8 isomerase inhibitors; only used agrigally). One additional class of drugs,
polyenes, directly targets ergosterol in fungal roeames and negatively affects the native
membrane structure.

Azole antifungals, such as fluconazole, are onth®imost commonly used drugs to
treat fungal infections. Azoles are fungistaticguwhich do not kill the cells, and are thus
more likely to allow cells to develop resistancea. dclass of antifungal drugs, azoles are
organic compounds consisting of a five-memberedgén-containing heterocyclic ring with
two nitrogen atoms (imidazole) or three nitrogesnag (triazole) and a halogenated benzene
ring. These two prerequisites are crucial for thaitifungal activity, as well as their
successful import into the fungal cells (31). Tastrof the chemical structure varies among
azole drugs, but is crucial for their antifungativdty and selectivity.

Once in the fungal cell, azoles target and inhipibchrome P-450-dependent
enzyme, lanosterol dddemethylaseERG11in C. albicansandS. cerevisiae, CYP5ih A.
fumigatu$, which is located in the endoplasmic reticulunrRYE At the moment there are
numerous azoles on the market, both for medicalbgnidultural use. The medical azoles are
highly specific to the fungal enzyme, and so, altjfiothey are capable of entering
mammalian cells, azoles are generally not effecya@nst the human homolog (21). In
contrast, agricultural azoles have poor selectifatythe fungal lanosterol tddemethylase
over its human homolog, which leads to concerns aggcultural azole side effects on

humans and animals (30, 32).



Azole Resistance

Many fungal species display intrinsic resistancazoles. These fungi include
Candida kruseimost strains o€andida glabrataFusariumspecies and the Zygomycetes.
Many filamentous fungi such @spergillusandMagnaportheare resistant to the azole
fluconazole. Long term or prophylactic use of @sah immune deficient individuals
dramatically changes the composition of the indiaits mouth, gut and skin microbiome as
azole-susceptible commensal organisms are wipedralare rapidly replaced with the
azole-resistant opportunistic organisms. BotkkruseiandC. glabrataare increasing in
frequency in oral and systemic candidiasis in pafmpulations that use azole drugs for
treatment or prophylaxis.

Acquired azole resistance was rare in the 1980envalzoles were primarily used to
treat patients with chronic mucocutaneous candglig®wever, with the AIDS epidemic in
the 1990s, azole resistancednalbicansbecame a significant problem as oral candidiasis
occurred in over 90 % of all HIV positive individsa In recent years, highly active anti-
retroviral therapy, which restores the patient’snume response, is reducing the frequency of
most opportunistic fungal infections, and alsortked for azole prophylaxis.

In addition toCandidaspecies, acquired azole resistance has been dkiedctolates
of Aspergillus fumigatufom patients who have received regular treatretfit itraconazole
or voriconazole (33). Azoles are also used inisatgvards to prevent systemic candidiasis
and as non-prescription drugs to treat fungal BKections, including athlete's foot. The use
of azoles in the environment to treat and prevengél pathogens of plant crops is a
concern. It has been correlated with an increasimgber of agricultural-azole resistat

fumigatusisolates occurring in azole-naive human patieartd, unfortunately these isolates
10



are also resistant to medical azoles such as iteeabe, posaconazole, and voriconazole
7).

In fungal pathogens naturally susceptible to azalese are several mechanisms of
azole resistance that can develop as a resulioté seatment (Figure 2). These mechanisms
include: (1) reduced azole import, (2) increasemeaefflux, (3) import of sterols from host,
replacing endogenous ergosterol biosynthesisn¢teased expression of lanosterad-14
demethylase, the azole target enzyme, (5) mutafitamosterol 14-demethylase, altering
its azole affinity, (6) alteration of the ergostdomsynthetic pathway and (7) additional non-
specific metabolic adjustments.

There are additional possible drug resistance nmesims that have not yet been
observed, including intracellular drug sequestrairdo vesicles/vacuole, or azole
degradation. Molecular analyses of antifungal degistance have focused mainly®n
albicans which is at the moment the best understood, &u¢ Included studies @.
glabrata C. neoformans, S. cerevisiaadA. fumigatus

Resistance i€. albicansclinical isolates is not usually the result ofirrgée
alteration. The resistance is gradually developeoligh series of independent steps. Each
acquired mutation decreases azole susceptibilyimareases the fithess of the cell under the
drug selective pressure. As a result, this newtuaed allele allows the corresponding
clone to outgrow the rest of the population, todme the new major strain. A series of such
steps results in development of a highly azolestast phenotype, where each alteration only
partially contributes to the resulting phenotypbkisThas been well documented in a series of
sequential isolates from a single patient duringg@reatment (9). All the acquired

resistance mechanisms are described in detailenparts of this chapter, but they include
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mutation and overexpression of the azole targegranzand efflux of the drug from the
fungal cells with two types of efflux pumps. Tharsof each of these alterations results in

the resistant phenotype.

Stimulated Azole

Efflux
@ Ergosterol § Sterol Import

Pathway ® -
Reduced Azole Alteration
Import n
. . Lanosterol 14a-

. demethylase n

Azoles \l n / @n
/ I Enzyme

@ n @ Overproduction

Reduced
Affinity to Azoles Lanosterol

Additional Metabolic
Adjustments

Figure 1.2. Mechanisms of Azole Drug Resistancéctual mechanisms include 2, 3, 4, 5,
6, and 7. A potential mechanism is representetl. by

Azole Import

Azole accumulation within a fungal cell is the rksd a balance among drug import,
retention and efflux. Azole drug accumulation baen studied primarily i€. albicans but
has also been described frcerevisiagC. glabratg C. krusej C. neoformangA.
fumigatusandM. grisea(31, 34-37)In general, all fungal species susceptible toexale

expected to import these drugs.
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Based on information obtained from previous studiesur lab onC. albicansand
our more recent studies @n fumigatusandM. oryzaeexpanded in Chapters 2 and 3, azole
import into fungi is independent of ATP or pH.fdtlows a concentration gradient, is
saturable, and proceeds via facilitated diffustmoagh a yet unknown transporter. All
analyzed azoles seem to utilize the same imporharesm. The drug import depends strictly
on the chemical structure of azoles, requiring l@ottalogenated benzene ring and an
imidazole or triazole ring in one molecule. Onmigfieither one results in failure of the
molecule to be imported (31, 37). Additional stuwes, as well as molecule size, seem
rather insignificant. There are similarities anffetences in azole import between the three
organisms. The general mechanism seems to be gedseércluding pH, energy-
independent, chemical moieties for competition,cegntial phase, etc. However
differences include the temperature at which optmuptake occurs, effects of growth
media, and time of growth and mycelial development.

In C. albicans conditions that favor the maximum rate of impodlude an optimal
temperature of 30° C, cells harvested from expaoakpihase of growth and cells grown
anaerobically. Hyphae, the tubular, branchingcstmes in filamentous fungi, also display a
higher import rate than yeast cells.

So far, no natural environmental compounds hava ntified that utilize the same
import mechanism and thus compete with azolesmiport. Thus the origin and evolutional
importance of the import mechanism is unclear. @utke failure of genetic screens to
identify the transporter, it is likely to be eithessential for cell viability or part of a multi-

member family of transporters with overlapping fumie. Import is specific for fungi, since
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bacteria Escherichia coli are incapable of fluconazole import (31). Impgatb mammalian
cells has been reported as well, with azoles actating in their cellular membranes (21).

Drug import into the fungal cell by facilitatedffdision is a mechanism that might be
manipulated by the fungal cell to confer drug resise and may play a role in azole-resistant
isolates. However, direct evidence for this ikiag. Clinical isolates o€. albicans, A.
fumigatus and other species show high variability in the @& azole import, as well as
different end points for saturation with azolesis Idifficult to compare data between isolates
due to differences in growth rate, auxotrophiefiuefetc. It is important to note that
although reduced azole import can be involved olearesistance, the reduced import levels
cannot always be correlated with the individuadists azole susceptibilities ((31) and our
unpublished results).

Experiments irA. fumigatusausing itraconazole also showed that azole drugrinp
saturable and time and concentration dependent TB®&)correlation between increased
itraconazole resistance and its decreased inttd@edccumulation has been reported (34,
35), however, this was most likely due to increaseale efflux, since the cells were not
depleted of an energy source.

ERG11/CYP-51

In C. albicansponce the azoles have been imported, they targé&iRxlcated
enzyme Ergl1, which is an essential enzyme in éggadiosynthesis. Ergll is a P450-
dependent enzyme containing a heme moiety in itgeasite. The azoles bind to the heme
iron through an un-hindered nitrogen, thus inhilgjtthe Erg11 catalyzed enzymatic reaction.
The second nitrogen of the azoles interacts dy@ath the apoprotein. The position of the

second nitrogen is thought to modulate the affinitgifferent azoles (38). The inhibited
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Ergll fails to remove methyl groups at thebarbon of ergosterol precursors, resulting in
an accumulation of 4methyl sterols, which are further processed intactintermediates
by sterol C5-desaturase (Erg3) (39). These intdiaes affect the fluidity and function of
the fungal plasma membrane, resulting in highecejuishility to environmental stress,

including host immune system defense mechanisms.

ERG11 Overexpression

One way of gaining resistance throdgRG11is by its overexpression, which results
in an increased production of the encoded enzyim@eased amounts of enzyme require
increased amounts of drug for the same level abiibn. Normally, as a response to azole
treatment (or other ergosterol biosynthesis inbiisi, ERG11expression is increased above
normal in many fungal species (40). This upregotabften includes othdeRGgenes in the
pathway. In certain cases the upregulation oBR&11or the whole pathway can be
permanent, leading to the resistant phenotype. pEhmanent upregulation @. albicans
can happen basically by two mechanisms: (1) dugphicaf chromosome 5, increasing the
copy number of thERG11gene located on it, and (2) a gain of function Ep@wutation in
the transcription factor that regulates the ergosfmthway, Upc2 (Table 2).

GOF mutations in Upc2 lead to overexpression ofynegosterol biosynthesis
genes, including the already mentio&G11(41, 42). Upc2 is a Za-Cyss transcriptional
factor and central regulator of the ergosterol ymtisesis pathway i€. albicansandS.
cerevisiae InS. cerevisiaeconstitutively-active mutants of the two paralagsc2 (G888D)
and Ecm22 (G790D) induce sterol uptake under aexdiditions (43-46) but do not alter

drug susceptibility phenotype (our data and ChapteiHowever, irC. albicans Upc2

15



constitutively active mutants in the C-terminus &8%/T, G648D/S and others) or additional
areas increase resistance to the azoles by @R@GtL1lupregulation (47-50). Upc2 forms
dimers (our unpublished data) and these GOF muatatian express their full potential in
diploid C. albicansonly when found in the homozygous state (49, 51-5bmozygous

GOF Upc2 (G648D) stimulatdsRG11promoter expression approximately 4-fold resulting
in a 4-fold increase in MIC (54, 55).

Distantly-related fungi (e.gAspergillusandCryptococcusare missing Upc2
homologs, but have genes that regulate ergosteeyitthesis that are functional homologs
of the_sterol regulatory-element binding proteiREBP) of higher eukaryotes. The genes
aresrbAin AspergillusandSRE1in Cryptococcus These proteins belong to helix-loop-helix
transcriptional factors, are structurally unrelated)pc2, and also have a different
mechanism of activation. No GOF mutations havenbéentified in these proteins to date.
However, théA. fumigatusrbAdeletion results in azole hyper-susceptibility isamto upc2
mutants inCandida(56). Recently, increased expressiodspergillus cyp51Aas been
linked to a P88L mutation in the unrelated transahn factor HapE (57), which may interact
with SrbA.

Pressure for increased CYP51A expression by uagrafultural triazoles has led to
selection ofA. fumigatusstrains with promoter mutations, allowing overeegsion of the
azole target enzyme (30, 58). This mutant strasfow been found to have spread to many
areas of the world rapidly, leading to concernsudlagricultural azole use interfering with

medical azole efficiency in human fungal infections
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Azole Efflux

In C. albicans there are several transporters involved in agfflex, the major ones
are Cdrl, Cdr2, Mdrl and Flul. UpregulatiorCi#dR1andCDR2(Candidadrug resistance)
is the most frequent azole resistance mechanigtn atbicans(59). While Cdrl and Cdr2
belong to the class of ABC (ATP binding casseti@)sporters using ATP for transport,
Mdrl (multidrug_resistance) and Flul (fluconaz@sistance) are representatives of the
major facilitator superfamily (MFS), which use amtwane proton (H gradient for drug/H
antiport.

Mrrl and Tacl are two transcriptional activator€iralbicanswhose GOF mutations
affect azole resistance through upregulation ofati@ve mentioned efflux pumps. Mrrl and
Tacl both belong to Z2rCyss type of zinc cluster transcription factors, simi@a Upc2. In
clinically resistanC. albicansisolates, the mutations in Mrrl and Tacl are ofambined
with each other and with the GOF Upc2 version. @hele resistance in these strains is
significantly higher than it is in strains contaigia single GOF mutation in one of these
three transcriptional factors (28).

Tacl is perhaps the most important transcriptietofanvolved in azole resistance of
clinical isolates. It is the transcriptional aetior of CDR1, CDR2andPDR16,which binds
to the drug response element (DRE) sequence iprtdmoters of these genes (52, 60). The
ABC transporters Cdrl and Cdr2, are more efficilrmonazole efflux pumps than the major
facilitator Mdrl (61).

Like GOF Upc2, both GOF Mrrl and GOF Tacl increhsg effect with
homozygosity, selecting for the loss of heterozytigasder azole selective pressure (53, 55,

62). In the presence of homozygous GOF Mrrl (P3B8MDR1 promoter displays
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approximately 50-fold induction. Homozygous GOFET#G980E) stimulates theDR1
promoter approximately 8-fold ar@DR2promoter 10-fold. The increase in MICs for
homozygous GOF alleles are 8-fold iohCland 16-fold folMRR1(54, 55).

Compared to the other studied species, the fyragbger. fumigatusontains an
unusually high number of genes encoding ABC (ctosg0) and MFS (close to 300)
transporters, which are mostly uncharacterizedate (63). Although several ABC and MFS
transporters have been proposed to be azole trdesp(64), onlyabcC/cdrlBandmdrl
have been shown to play a direct role in azolestasce (65). In contrast @ albicans and
similar toC. glabratg some ABC and MFS transporters are induced iptesence of azoles
(65, 66). Many transporters are also induced afilms (67), possibly playing a similar role

to the transporters i@. albicans

Sterol Import

Sterol import is a potential azole resistance meisina identified relatively recently.
To date, this phenomenon is related only to twaélispecies, the model organi§n
cerevisiag(68) and the closely-related related pathoQeglabrata(69-72). AlthoughC.
albicansis also capable of sterol import, the rate is fingent to replace the endogenous
ergosterol biosynthesis (69%. cerevisia@andC. glabrataare the only two described species
able to import extracellular sterols in quantisesficient to replace endogenous ergosterol
biosynthesis in the presence of azoles. The éifiez inS. cerevisiaandC. glabratafrom
other fungi is the presence AUS1andPDR11,ABC types of sterol importers (71, 73).

These importer have not been identified in any ofilnegal species.
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In S. cerevisiasterols are exclusively imported anaerobically) (68 in strains that
mimic anaerobic conditions caused by heme biosggliefectsfEM1 mutations) or a
GOF Upc2/Ecm22 allele (43, 74). The GOF Upc2 883 mutant takes up exogenous
ergosterol in aerobic conditions, although thissdioet change the drug susceptibility profile
from wild-type UPC2. However, it may complementERG2deletion mutant, which is
susceptible to the polyene antifungal amphoteBc{(AMB) and is slow growing due to
membrane disruption caused by a faulty ergostextbivpay (work in progress).

Like S. cerevisiagC. glabrataalso imports sterols anaerobically and in mutaritis
defectiveHEM1 (70). Additionally, sterol import is observedniutant strains with defects
in the early steps of ergosterol biosyntheBRG1- squalene epoxidase, BRG7-
lanosterol synthase) (70L. glabrataalso imports small amounts of sterols aerobicalhd
this can be greatly stimulated in the presencdamfdoserum together with a block in
ergosterol biosynthesis caused by azoles (69, TRis, an azole-induced block in ergosterol
biosynthesis can be compensatesivo by sterol import from the host. Similarly, a defe
in the ergosterol biosynthesis pathway can alggén sterol import from the host.

Finally, sterol import has also been reporteddofumigatug75). The presence of
cholesterol or blood serum in the growth mediund #re subsequent cholesterol uptake,
reduces the susceptibility to itraconazole andoasrazole. However, comparedGo
glabrata the rescue is only partial, suggesting that #te of sterol import is insufficient for
complete replacement of endogenous ergosterol itilosgis. The sterol transporterAn
fumigatushas not yet been identified, but there is no dineenolog of theAUSIPDR11

type of sterol transporter in its genome.
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Drug Combinations

In recent years a variety of drugs have been tegdo have a synergistic effect when
combined with azoles, which provides new hope tnkined therapy that will be less likely
to result in the rapid development of drug resisganOne treatment combination would be to
use antifungal drugs from different drug classesitias. For example, the composition and
genetic regulation a€andidabiofilm matrix is a promising target for the demement of
treatments for medical device-associated infectioftse synergistic effect of azoles and
echinocandins would be expected to negatively alfexdilms that were previously
unresponsive to either single drug treatment a{@6g Echinocandins exhibit their own
direct antifungal activity (77), and they also sfgrantly increasen vitro susceptibility of
CandidaandAspergillusspecies to azoles and other antifungals.

Another group of drugs that might be consideredc@mmbined therapy are efflux
pump inhibitors. Several have been identified teeddwo inhibitors clorgyline (monoamine
oxidase A inhibitor) and ebselen (antioxidant unideestigation for several medical uses)
were described to have multi-purpose functionduohing potentially inhibiting several
efflux pumps inC. albicans, C. glabratandC. krusei(78). Clorgyline is also active against,
and shows better potency with tGealbicansMFS pump Mdrl.

Our®H-FLC efflux data in bottA. fumigatugChapter 2) an. oryzae(Chapter 3),
and efflux data from the heterologous expressiof. dimigatugutative transport protein
AF14 inS. cerevisiaéChapter 4, show the potential for clorgyline or similar cooymds to
act synergistically with azoles to inhibit azoléet by energy-dependent transporters.

Clorgyline and other efflux inhibitors may not elxhitheir own direct antifungal

effect, but work by chemosensitizing the cell te tdther combination drug. These drug
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combinations induce a better response in drugteegipathogens, turning fungistatic drugs
to fungicidal, and delaying or disrupting the asifion and spread of new single-drug
resistance fungal strains.

Several of the above drugs are already marketechéalical use. Therefore clinical
trials are needed to show efficacy, but not to dacetheir safety in humans. Synerngyivo
is not guaranteed due to the limits in physiologicancentrations and possible alterations in
metabolism. Numerous efflux pump inhibitors aredus traditional medicine and clearly
warrant clinical trials for safety and efficacyt.id clear that as we learn about mechanisms of

resistance in the fungi, we are also identifyingtsgies to interfere with these mechanisms.

Conclusions

Pathogenic fungi are numerous and diverse, caaswige range of diseases in plants
and animals worldwideC. albicansandA. fumigatusare the most common cause of fungal
infections in humans although many other fungatsgseare known to cause disease. The
most commonly used antifungal treatment for mamgations is the class of azole drugs.

Prolonged clinical or environmental exposure ofgairpathogens to azoles and other
classes of antifungals often results in developméngsistance to these drugs. Azole
susceptibility or potential for resistance is detered by strain-specific characteristics that
affect drug import, drug efflux, sterol import, grtarget mutations or drug target changes in
expression to name a few. There are many othatypduwaracterized and yet-unidentified
antifungal resistance mechanisms in fungi.

The increasing numbers of antifungal-resis@@nalbicansandA. fumigatusisolates,

as well as a continual emergence of drug-resigtaptilations of less common fungal

21



species, are very concerning for the future of pgémic fungi management and
demonstrates the need for expanded developmenir @ndifungal repertoire.

While the threat posed by medical and agricultaraifungal resistance has increased
in recent years, constant advances in understatigengnechanisms underlying the
development of resistance will continue to leadproved treatment, diagnostics and

prevention of fungal infections.

Table 1.1 Genes Encoding Proteins Involved in AzoResistance

Organism Ca Cg Sc Af Cn
Lanosterol 14a-demethylase ERG11 ERG11 ERG11 Ccyp51A ERG11
cyp51B
Sterol metabolismregulators UPC2 UPC2A UPC2 SrbA SRE1
UPC2B ECM22
MFS transporters MDR1 FLR1 QDR2 mdr3(?)
FLU1 QDR2 FLR1 (?)
Regulators of MFS transporters MRR1 YAP1 GCN4
PDR1 YAP1 (?)
ABC transporters CDR1 CDR1 PDR5 abcC AFR1
CDR2 PDH1 mdr1
SNQ2 atrF (?)
mdr4 (?)
Regulators of ABC transporters TAC1 PDR1 PDR1
PDR3

Ca, Candida albicansCg, Candida glabrataSg Saccharomyces cerevisja, Aspergillus
fumigatus Cn, Cryptococcusieoformans
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CHAPTER 2
AZOLE DRUG IMPORT INTO THE PATHOGENIC FUNGUS

ASPERGILLUS FUMIGATUS

Chapter Summary

The fungal pathogeAspergillus fumigatusauses serious illness and often death
when it invades tissues, especially in immunocommpsed individuals. The azole class of
drugs is the most commonly prescribed treatmentriiany fungal infections and acts on the
ergosterol biosynthesis pathway. One common méesimaof acquired azole drug resistance
in fungi is prevention of drug accumulation to tievels in the cell. While drug efflux is a
well-known resistance strategy, reduced azole ilnpould be another strategy to maintain
low intracellular azole levels. Recently, azoléake inCandida albicangnd other yeasts
was analyzed usintH-fluconazole. Defective drug import was suggestede a potential
mechanism of drug resistance in several pathodengi includingC. neoformansC. krusei
andS. cerevisiae We have adapted and developed an assay to reeale accumulation
in A. fumigatususing radioactively labeled azole drugs, basegrexious work done witke.
albicans We used this assay to study differences in agoieke inA. fumigatusunder a
variety of drug treatment conditions, with diffetenorphologies, and with a select mutant
strain with deficiencies in the sterol uptake arabinthesis pathway. We conclude that
azole drugs are specifically selected and impdriedthe fungal cell by a pH and ATP-
independent facilitated diffusion mechanism, nopbgsive diffusion. This method of drug
transport is likely to be conserved across moggdilispecies.
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Introduction

The fungal pathogeAspergillus fumigatus one of the most common and
ubiquitous environmental mold#\spergillusinfections represent a significant human health
burden. It causes serious illnesses, ranging #iowns infections to invasive or chronic
aspergillosis in immunocompromised individuals {1-Bfection can be fatal when
Aspergilluscolonizes or invades tissues, such as the lungyblaod vessels (2). The
patients most at-risk for these infections are¢hegh prior lung conditions such as asthma,
tuberculosis, COPD (chronic obstructive pulmondsgdse), or cystic fibrosis, as well as
bone marrow transplant patients and people liviitg WiV, AIDS or other immune
deficiencies (1-4).Aspergillusinfections greatly affect the quality of life, caidramatically
lengthened hospital stays, and cost the US ovéli@anldollars each year (3, 5). In recent
years, there has been a significant rise in thebaurof fungal infections due to the growing
subpopulation of individuals with weakened immuealth (3).

If not swiftly and appropriately treated, thesedahinfections can progress to serious
illness and rapidly become fatal (2, 6). The antdss of drugs is still the most commonly
prescribed treatment for many fungal infectionsdose the drugs are relatively cheap to
produce, are generally non-toxic to humans, andiswally more effective at controlling an
infection than other classes of antifungals (5, AlthoughA. fumigatushas an intrinsic
reduced susceptibility to the most common azolg dituconazole (FLC), other azoles such
as voriconazole, itraconazole, and posaconazoleaanenon drugs of choice for prevention
and treatment of aspergillosis (5, 7).

In a susceptible cell, azole drugs target the e¢egolsbiosynthesis pathway, which is

unique to fungi but similar to the human cholestbrosynthesis pathway (7). Specifically,
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azoles enter the fungal cell and inhibit the furgabchrome P450-dependent enzyme,
lanosterol 14-alpha demethylase, encoded bgypBlAandcyp51Bgenes imA. fumigatus
(7, 8). Disruption of the ergosterol biosynthgmashway leads to increased membrane
permeability and instability in the fungal cell, wh is deleterious to cell growth and
replication (6, 9).A. fumigatusintrinsic resistance to FLC is possibly due todifeerential
FLC binding affinity to the Cyp51A and Cyp51B priote (8, 10).

In response to reduced sterol availability sucthagesult of azole treatment, the
fungal cell may activate transcription factors sastSrbA inA. fumigatusor Upc2 inC.
albicansthat regulate the ergosterol biosynthesis andkegtathways in an attempt to
maintain sterol homeostasis (11, 12).Alrfumigatusa deletion of the SrbA transcription
factor leads to a mutant strain with FLC susceljyhishowing critical roles for sterol
biosynthesis regulators such as SrbA in responaedle treatment (11, 12). Further, given
the presumed intracellular localization of the azakget enzyme, the FLC susceptible
phenotype is highly indicative of cellular entryFifC intoA. fumigatus

Azole drugs are frequently used prophylacticallpteventAspergillusinfections, as
well as to treat these infections, sometimes foglperiods of time (1, 13). In addition,
agricultural azoles are routinely used to conttahpfungal pathogens (5). All of these
factors have led to an emergence of fungal stthisishave acquired molecular mechanisms
of azole drug resistance (5, 14-16). Common mashanof acquired drug resistance in
fungi include mutations in, or overexpression bé azole drug target enzyme lanosterol
140-demethylase; other mutations in genes encodingneez in the sterol biosynthesis

pathway; and prevention of drug accumulation todtewvels in the cell (9, 17, 18).
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The prevention of toxic levels of drug accumulationhe cell frequently involves the
action of membrane efflux pumps. Increased exmesnd activity of cell membrane
transporters that export antifungal drugs, sucAER binding cassette (ABC) and Major
Facilitator (MFS) efflux pumps, are well-known madisms of drug resistance and have
been extensively characterized in many fungal ggedHowever, reduced azole import into
the cell may be another mechanism to prevent dcagraulation (5, 19, 20). Mechanisms
by which the drug enters the fungal cell, or mecran that prevent the drug from entering,
have not been well characterized. Mansfield ef18) have analyzed azole uptake
extensively inCandida albicansising radioactively labeled azoles to measure hag d
accumulation in the fungal cell changes under etsaofin vitro conditions. Some of the
conditions examined included changes in temperapiieand oxygen availability, as well
as differentC. albicanscellular morphologies an@. albicansclinical isolates (19) The
results of theC. albicansexperiments usingH-FLC show that azoles are not taken up solely
by passive diffusion i€. albicansand suggest that deficient drug import could petantial

mechanism of drug resistanceGnalbicans

Mechanisms of Drug Resistance in Fungi

Major
Facilitator
Superfamily

<« ¢

b ,5 9 QP WV
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Figure 2.1. Mechanisms of Drug Resistance in Fungi
33



In Aspergillus there has been an increase in azole resi&tdnmigatudsolates (17,
21, 22). While many of these azole resistant teglaave mutations iyp51Aor increased
efflux, a significant fraction of clinical isolatégve unknown resistance mechanisms that are
independent of Cyp51A and efflux pumps (15, 23)m8 specific isolates have been
characterized to have an efflux-independent redngti cellular drug accumulation (24, 25).
Thus, in the interest of public health, there isiegent need to better characterize biological
processes in fungi, especially those that cantieadug resistance, as well as to continue
tracking and predicting future azole resistancelmaasms (22). This knowledge will be
used to improve existing therapeutic strategieaalttate the development of new
approaches for more effective treatments and ptmrenof fungal infections (5).

In this study, we developed an assay to directlgsuee azole drug accumulation in
A. fumigatusunder a variety of conditions that were previowestgmined irC. albicans and
in a variety ofA. fumigatusnorphologies and strains. Consistent with@aadidawork, our
import experiments witlA. fumigatushave shown that azole drugs do not accumulateein t
fungal cell solely by passive diffusion. Eviderioeazole import other than passive
diffusion includes(1) dramatically reduced azole accumulation in heattimated cells
compared with living cell§2) decreased drug accumulation at higher temperai®es
competition for import by other compound4) import specificity for certain chemical
moieties present only on azoles and azole-like @mgs,(5) differences in drug
accumulation between different morphologies, ingigaonidia, germlings and mycelia, and
(6) differences in drug accumulation in exponentighlgwing and stationary cells. We also
found a significant decrease in drug accumulatiotheA. fumigatusrbAdeletion mutant

compared to the wild-type. We conclude that adolgys are specifically selected and
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imported into the fungal cell by a pH and ATP-indegdent facilitated diffusion mechanism.

This method of drug transport is likely to be caned across most fungal species.

Materials and Methods

Strains, Media, Materials, and Strain Preparation

TheA. fumigatuswild-type, sequencestrain CEA10 (CBS 144.89) was used for all
azole import experiments unless otherwise noted.siA null mutant strain SDW1
[4srbA:A. parasiticus pyrG pyr@land the complement strain SDW2sfbA:A. parasiticus
pyrG1+ srbA] were used in the mutant strain experiment. SCAML SDW2 were created in
a CEAL17 pyrG1) background strain, a uracil auxotroph of wildgygirain CEA10. All
strains were provided by Dr. Robb Cramer (Dartmadjh Strains can be found in Table

2.1.

Table 2.1. Strains Used in This Study

Strain Description Genotype Alternative Reference

name names

CEA10 | Wild-type, Wild-type CBS 144.89 12
sequenced strain

SDW1 srbAnull mutant | 4srbA:A. parasiticus pyrGyrG1 AsrbA 12

SDW2 srbAnull AsrbA:A. parasiticus pyrG- srtbA | ResrbA 12
complement

The strains were grown either in liquid or agar C&Wwhplete medium (0.75 g CSM
[Bio 101; Vista, CA], 1.7 g yeast nitrogen basehwiit amino acids or ammonium sulfate, 5
g ammonium sulfate, 20 g glucose per liter) at@7°Conidia were harvested from 5-7 day

old agar plates by pipetting 7.0 mL 0.01 % Tweefw2@er directly onto sporulating plates
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and harvesting conidia using a sterilized glassaqger. The dark green suspension was
allowed to settle in a 14 mL round bottom tubelf0+15 minutes and then 500 pL of
supernatant was aliquoted into cryotubes contaifd@u L of 60 % glycerol and vortexed
for a final glycerol concentration of 30 %. Then@ha concentration was determined by
hemocytometer, containing approximately 1-5 X ¢Gnidia/mL. Stock solutions were
stored at -80° C.

Liquid cultures were started from 20 pL of the gyal conidia stock solution,
inoculated into 5 ml and grown in 50 mL conicalégbn a 37° C shaking incubator at 180
rpm for 24 hr unless noted otherwise, in which tilmey formed mycelial masses, or fungal
balls, approximately 3 mm in diameter.

Medium components and plastic ware were obtainad ffischer Scientific
(Pittsburgh, PA) or Bio 101 (Vista, CA). Generbhkmicals and unlabeled drugs used for

competition were obtained from Fisher ScientificSegma-Aldrich (St. Louis, MO).
Radioactively Labeled Azole Import byA. fumigatus

Radioactive drugs includeti-FLC (481 GBa/mmol, 13 Ci/mmol, 1 pCi/uL; 77 pM
FLC; custom synthesis by Amersham Biosciences), HKKTC (370 GBa/mmol, 10
Ci/mmol, American Radiolabeled Chemicals)drCLT (740 GBa/mmol, 20 Ci/mmol,
American Radiolabeled Chemicals). Drug concentnatissed during the import assay were
well below (10 fold below) the Minimum Inhibitoryddcentration (MIC) for the strain.

All experiments were performed as biological tgplies unless noted otherwise. To
determine azole import iA. fumigatuswe usedH-FLC, *H-KTC or*H-CLT in our drug

uptake assay. Conidia were grown overnight inilldCSM complete medium with 2 %
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glucose at 37° C and 180 rpm shaking for 20-24 réch point they were mycelial masses
or fungal balls, unless otherwise noted. Evemplittate biological sample was tested
separately. The fungal balls were harvested fraoh &0 mL tube and transferred to a 2 mL
microcentrifuge tube and washed by centrifugatiot @esuspension three times with YNB
complete (1.7 g yeast nitrogen base without amandsaor ammonium sulfate, 5 g
ammonium sulfate per liter, pH 5.0) without glucoseless otherwise noted. After the
washing, the fungal ball pellet was transferred4anL round bottom tubes containing 1 mL
of YNB for a 2 hr glucose-deprived (starvation)ealeergizing period. The glucose starvation
was done to keep the cells in a de-energized Stheede-energized cells showed no further
growth for the extent of the import assay, as deiteed by dry weight at the conclusion of
the assay. The cells were still viable after tteagisas shown by agar plating (with the
exception of the heat killed samples). After thecglse starvation period, reaction mixes
were made consisting of 1 mL of YNB containing macgse, with fungal balls and 25 pL of
diluted®H-FLC (freshly diluted 1/100X from stock). The wdting final *H-FLC
concentration is 19.25 nM (5.89 ng/ml), which i5G-fold less than the MIGalue of the
AsrbA mutant (MIC = 1 ug.ml) that is susceptiblé-tdC, and the wild-type strain (CEA10),
which has an MIC o#50 pg/ml to FLC. Thus, the azole concentration dsethe import
assay is not expected to have any effect on catiilty.

After 24 hr incubation, or at other specified tima$ ml stop solution (YNB +20
mM [6 mg/L] unlabeled FLC) was added to each 14rmond bottom tube sample. The tube
was filtered by vacuum over pre-weighed and weagteds fiber filters (24 mm GF/C,;
Whatman; Kent, UK). After filtering, another 5 stbp solution was used to wash each

sample again. The filters with fungal balls weitbex allowed to dry for 24-48 hr or were
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baked in a drying oven for 15 minutes at 95° AteFs with attached fungal balls were then
weighed to obtain the dry mass of each fungal sandfie weighed filters were transferred
to 5 mL scintillation vials. A 3 ml volume of scithition cocktail (Ecoscint XR, National
Diagnostics, Atlanta GA) was added and the radia@giassociated with the filter was
measured in a liquid scintillation analyzer (Beckn@oulter, LS 6500 multipurpose
scintillation counter). Results were calculatedC&#M/mg of mycelial mass. While absolute
CPM values varied between experiments, relativeonngifferences between samples

remained consistent.

Characterization of Conditions that Affect FLC Import
Further studies were done to determine the effiech@anges in the growth or
incubation conditions on FLC import.

Heat killed cells. Uptake 0H-FLC was measured in cells inactivated (killed) by

heat (95° C for 30-40 min). This killing method deased colony forming units greater than
100 fold compared to the non-heat treated cultsamples were processed according to the
above protocol with the exception that the hedihkjlstep was performed during the final 45
minutes of the glucose starvation period. Heae#isamples were treated with-FLC and
analyzed identically to the live cell samples. Tésults were compared with live
fumigatusdata. Heat killed samples were used as a cdotrblaseline drug accumulation
and non-specific cell surface binding in all tegtoonditions unless otherwise noted.

Other methods of cell inactivation, including U\atment (data not shown),
amphotericin B treatment, and sodium azide treatralso each reduced azole import
significantly (Fig. 2.2). Heat killing was found be the most reliable at reducing viable cell

counts to less than 1 %. The reduced import daemohotericin B treatment suggests that
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membrane permeability allows drug to pass throbhglmtembrane in both directions.
Caspofungin treatment at concentrations 4 fold eddiC did not affect drug import,

suggesting that cell wall disruption does not iaeflae azole import.

15004

—
=
<
i

500+

24 hr *H-FLC CPM mg”'

<>

Live Heat AMB Lysis Azide CFG
Inactivation Method

Figure 2.2. A. fumigatus Inactivation Methods before3H-FLC Treatment. 3H-FLC
accumulation was measured after 24 hr in sampégsaére exposed to various inactivation
methods. Live: no inactivation, Heat: 95° C féri@in, AMB: 8 pg/ml amphotericin B,
Lysis: 600 pL Qiagen RLT buffer, Azide: 20 % NgalFG: 16 pg/ml caspofungin. Error
bars represent standard deviation of biologicplitétes for each condition. Asterisk
indicates a statistical significance of P < 0.05.

Energy depletion. To determine whetfidrFLC import was energy-dependent, cells

were de-energized either by glucose starvatio forin glucose-depleted media or by
treatment with the glycolysis inhibitor 2-deoxy-ghse (5mM) for 2 hr. Following the de-
energization period, the cells were then treatettl #-FLC for 24 hr in glucose-depleted

media and processed as described above.

39



Temperature. Cells were grown overnight at 37$@raviously discussed, then
incubated witl*H-FLC at either 4° C, room temperature (20° C), 8037° C, or 42° C for
24 hr. Samples were then processed as descrilbed.alds an alternative temperature
characterization, cells were also grown overniglifferent temperatures (20° C, 30° C, 37°
C, 42° C), and then incubated wiH-FLC at room temperature (20° C) for 24 hr per
standard treatment and processing.

pH. Cells were incubated wiftd-FLC in YNB without supplementation, adjusted to
pH 5, 7 or 9 with potassium hydroxide (to increpsB or hydrochloric acid (to decrease pH)
and buffered with 100 mM MOPS, TRIS, or HEPES retipely. All samples were
processed after 24 hr as described above.

Exponential vs stationary phase uptakéoFLC. Conidia were grown at 37° C in a

shaking incubator at 180 rpm in CSM complete medih glucose for either the standard 24
hr (exponentially growing) or for 48 hr or 72 htasonary phase). These 1, 2 or 3 day old
fungal balls were then treated wiH-FLC as described previously.

Competition for azole import. To determine if camnpds compete for azole uptake

in A. fumigatuswe processed samples as described above B¥eflcC assay, but in
addition, treated the samples simultaneously watiemtial competitive inhibitors at 1.95 pM
(100X molar excess of the labeled FL&Y-FLC uptake was measured as usual after 24 hr
incubation with®H-FLC and competitor. Decreas#d-FLC uptake in the presence of an
unlabeled competitor suggests that both drugsheseame transporter.

3H-FLC uptake in distincA\. fumigatusnorphologies. To compafel-FLC uptake

between the different morphological stage#ofumigatusconidia were harvested from

agar plates as described previously. For conahapdes, conidia were washed, starved and
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treated immediately. For germling and mycelial seaspthe harvested conidia were allowed
to germinate in CSM complete liquid media with glse, shaking at 180 rpm at 37° C for
4.5 hr (clumping of conidia and apical extensiosibMe), 7.5 hr (germ tubes are long and
distinct but not branching), or 24 hr (balls of relyal mass). Once the cells reached the
desired time point, they were washed and starvétNiB with no glucose and incubated
with 3H-FLC for 24 hr as described previously. Becahsed was no carbon source during
the3H-FLC treatment, the morphologies were maintainatitaere was no further growth of
the A. fumigatus 3H-FLC uptake was calculated as CPM/mg dry massdch sample.

SH-FLC import inA. fumigatussrbAdeletion strain.2H-FLC accumulation im\.

fumigatuswild-type strain CEA10 was compared with the SD8vt SDW2Xstrains. Heat
killed controls for each strain was included. Qwght growth *H-FLC treatment and
processing was done as described previously. Thannstrains grew similarly to the wild-
type in shaking liquid cultures.

Efflux kinetics. Fungal balls were preloaded withFLC by treating them at 19.5

nM for 24 hr per the standard assay. The cellewsn washed and diluted into YNB
media, and the amount of labeled drug associateédtixe cells was determined as a function
of time at 4, 8 and 24 hr. Efflux was evaluatethath glucose-energized (2 % glucose) and

de-energized (glucose-starved) cells (see above).

Statistical Analysis
Differences between sets of samples were evalmtan unpaired two-tailed

Student's test. AP value of < 0.05 was considered significant.
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Results

Radioactively-labeled azole drugs have been usaddtyze’H-FLC uptake irC.
albicans(19). We have adapted the assay used in theguesgtudy to characterize azole
uptake inA. fumigatus The basic protocol is described in the Mateald Methods and
outlined in Fig. 3A. As cell numbers are diffictit calculate withA. fumigatusall values
are expressed as drug accumulation in counts nizedatio dry weight of the sample. For
our analysisA. fumigatusvastreated with’H-labeled azoles, including FLC, KTC and CLT
(Fig. 3B) under a variety of conditions, and drieguamulation in the fungal cell was

measured.

Azole Uptake inA. fumigatus

Figure 2.3B shows that all three radioactively ladeazoles (FLC, KTC and CLT)
are taken up by living.. fumigatuscells, while the heat killed control cells show
significantly reduced drug accumulation. Heat ineted cells were subsequently used in all
experiments as a baseline/background drug uptakeotoThe heat killed cells treated with
labeled KTC and CLT showed higher baseline coumsniacompared to labeled FLC.

A. fumigatusand many other filamentous fungal species and srad intrinsically
resistant to FLC (26). However, due to the limiseghply and expense of radioactively
labeled KTC and CLT; and the evidence that alle¢raeoles are indeed taken upAy
fumigatus(Fig 2.3B), subsequent experiments were perforusauy readily availablgH-
FLC. Figure 2.3C shows th#-FLC accumulation over a period of 72 hr steadilyreased
up to 24 hr where a maximum accumulation was rehdher this reason, unless stated
otherwise, treatment assays were stopped at 2ddazole accumulation measured at this

time.
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Figure 2.3. FLC Import in A. fumigatus. A. Schematic of the import assay using
radioactively labeled azoles to directly measurggdrccumulation i\. fumigatuscells
under a variety of conditionB. Comparison ofH-labeled azole uptake of FLC, KTC and
CLT (dark grey bars). Heat inactivated (killed)i€evere used as a control (white bars).
Error bars represent standard deviation of bioklgriplicates for each condition. Asterisk
indicates a statistical significance of P < 0.@. FLC accumulation iA. fumigatuswild-
type strain CEA10 over a 72 hr time course.
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Import of 3H-FLC with Varied In Vitro Treatment Conditions

Availability of energy: To examine the effect afexgy-requiring efflux mechanisms

and to determine whether the accumulatiofHBFLC in A. fumigatugequires energy, the
effect of glucose was examined in the assay. @ale de-energized by glucose starvation
in glucose-depleted media or by treatment withgliyeolysis inhibitor 2-deoxy-glucoseH-
FLC accumulation of the de-energized samples wemgeared with*H-FLC accumulation
of energized samples grown in 2 % glucose reple@ian(Fig 2.4A).3H-FLC uptake was
observed in both de-energized and energized ddltsvever, the energized cells showed
significantly reduced intracelluldH-FLC concentration compared to de-energized CElis.
reduced azole accumulation in the energized celtsast likely the result of glucose
activation of the efflux pumps. For subsequent erxpents, we used de-energized (glucose
starved) cells to focus solely on drug uptake dmdiate efflux mechanisms.

pH: To determine ifH-FLC import is pH dependent or affected by a pnagoadient
(Fig. 2.4B), we measured drug accumulation &keFLC treatment at pH 5, 7 and 9 using
the buffers MOPS, Tris and HEPES respectively. & veas’H-FLC accumulation at all pHs
tested, but there was no statistically significdifferencebetweerthe different pHs,
indicating®H-FLC import is not pH dependent. There was a ttemhrds alkaline sensitivity
for drug uptake as seen by a decreaselifLC uptake in samples at pH 9 media. However,
a deficiency in cell growth and robustness is olesginA. fumigatusells at pH 9, so
import at this pH may be affected by other celldi¢gators directly or indirectly related to pH
and proton gradients.

Temperature: Figure 2.4C shows thatFLC accumulation is affected by incubation

temperature during treatment. Samples treated @tatid 42° C showed baseline drug
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accumulation. Samples treated at room temper&20reC) show significantly higheéH-

FLC accumulation than the other temperatures va@ifeC and 37° C showed an

intermediate amount of accumulation. Cells weebl at all temperatures (data not

shown). The decrease in drug accumulation atitffeehtemperatures argues against passive
diffusion of *H-FLC in A. fumigatus.

Stationary vs exponential cells: Figure 2.4D shtives*H-FLC accumulation is

affected by the stage of hyphal growth of adumigatuscells before treatment. Samples
grown for the standard 24 hr before drug treatmmesre compared to samples grown for 48
or 72 hr before drug treatment. Affét-FLC treatment, the exponentially growing (24 hr)
samples accumulated significantly méke FLC than the stationary phase (48 and 72 hr)
samples.
Competition for 3H-FLC Import in A. fumigatus with Azoles and Other Compounds

To determine whether all azoles use the same toatesr family of transporters in
A. fumigatusnon-radioactively labeled azoles were testec¢dmnpetition against labeled
FLC (Fig. 2.5, Tables 2.2 and 2.3). The conceiumadf all competitors was 1.98M (100x
molar excess t8H-FLC). All non-radiolabeled azoles that were ¢ésffluconazole (FLC),
clotrimazole (CLT), itraconazole (ITC), ketoconaaz®KTC), metconazole (MET),
miconazole (MCZ), posaconazole (POS), prochlor&z)Ppropiconazole (PROP),
prothioconazole (PROT) and tebuconazole (TBZ)] ceteg for import with'H-FLC, as
indicated by a reduction of tiel-FLC accumulation to baseline levels. These azole
include medically important azoles (FLC, CLT, ITKTC, MCZ, POS) as well as
agriculturally important azoles (MET, PCZ, PROP R TEB). 1-(triphenylmethyl)-

imidazole (1-TRI), a CLT analog, also competed VAtIC for import.
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Figure 2.4. Effects of Glucose, pH, Temperature, ahCell Phase on FLC Import A.
Glucose: Cells were de-energized either by glucose-depletedia (-GLC) or by 5 mM
treatment with the glycolysis inhibitor 2-deoxy-ghse (2-Deoxy-Glc), compared to cells in
the presence of glucose (+GLC) and measured for&ddmulation.B. pH: 3H-FLC was
imported intoA. fumigatusat pH 5, 7 and 9C. Temperature: Cells grown overnight at the
standard 37° C were treated with-FLC and then incubated at 4° C, room temperg20e
C), 30° C, 37° C, or 42° C. The difference in imtgdmetween 20 and 30° C treated cells is
not statistically significant. All other temperagsrshowed statistically significant import
differences compared to 20° ©. Phase: Cells were grown in shaking liquid media for 24
hr, 48 hr or 72 hr and then treated withFLC for 24 hr. For each panel: Error bars
represent standard deviation of biological tripisafor each condition. Asterisks indicate a
statistical significance of P < 0.05 between twadibons. HK = heat killed control.
Statistical differences to HK are not shown.
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The results of these competition experiments ansistent with azole import being
mediated by facilitated-diffusion carrier(s), angygests that these azoles use the same
transport system to entAr fumigatus.

Other compounds were also tested for competiti@natfH-FLC (Fig. 2.5, Tables
2.2 and 2.3), including azole-like compounds ad abther common antifungals
[azoxystrobin (AZO), 1-benzylimidazole (1-BENZ),spofungin (CFG), 5-flucytosine (5-
FC), hematin (HEM), 4-(imidazole-1-yl) phenol (4-ID), nicotinamide (NIC), rhodamine
6-G (R-6G), rufinamide (RUF), terbinafine (TRB),davinclozolin (VIN)]. Most of the non-
azole compounds did not compete withFLC for import intoA. fumigatus These include
medically important antifungals (CFG, 5-FC, TRBy,veell as agricultural antifungals (AZO,
VIN) and molecules with some similarity to the medicalas (1-BENZNIC, RUF). The
results of these competition experiments indicatesport specificity to certain chemical

structures, and suggesting that they do not useaime transporter(s) to enferfumigatus.

The structure of FLC and the compounds testedisnaissay are shown in Tables 2.2
and 2.3. FLC has two 5-membered triazole ringgainimg 2 nitrogen atoms, and a 6-
member halogenated benzene ring. Previous scoé@nsieties important for import i6.
albicansare consistent with this result. Analyses in botlalbicansandA. fumigatus
suggest that to compete for FLC import, a compaendires a 5-membered ring with two
(imidazole) or three (triazole) nitrogen atomsaddition to a halogenated 6-membered ring
with the halogen in position 1 or 3, but not neaedsboth (19). The only exception to this
has been the competition of 1-TRI, which has afnembered imidazole ring as well as

three 6 membered rings, but is not halogenated.
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higher FLC import.
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Table 2.3. Compounds That Do Not Compete at 100X Mar Excess with FLC for

Import in A. fumigatus CEA10
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Import of *H-FLC in Different A. fumigatus Morphological Forms
A. fumigatusundergoes several stages of growth from conidutih germlings to
mature hyphae. Each is important for differenteaspof survival and pathogenesis. The

different stages analyzed are pictured in Figure®BA

A 4-5 hr Germination
1

B 7-9 hr Germination

@,‘_JJ

C 20-24 hr Fungal Balls

oy

enlargement

Figure 2.6. Images ofA. fumigatus CEA10 Different Morphologies. Conidia were
harvested from agar plates and grown in CSM corapigéth glucose for the following times.
A. 4-5 hr, conidia began to cluster and elongatias slightly visible as germ tubes started
to form;B. 7-9 hr, distinctive germ tubes were present loutyphal branching had
occurredC. 20-24 hr, the mycelia form small (3 mm) fungalda

We determined azole accumulation during severgestaf growth (Figure 2.7). The
amount of radioactivity inside the cells was meadyrer sample biomass and compared.
Conidia showed baselirfel-FLC accumulation, while the young germlings (Br5of

germination), older germlings (7.5 hr of germinajicand the standard mature mycelia (24

51



hr fungal balls) accumulated significantly mékeFLC at each stage with 24 hr being
maximal. The mycelial fungal balls accumulateddheatest amount 8H-FLC compared to
the other morphological forms. Thus, the 24 hr efigt form was used for other
characterizations. The difference in import betw#en4.5 and 7.5 hr germlings was not

statistically significant. Peculiarly, the HK 7% germlings showed reduced baseline counts.
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conidia germlings fungal balls

(mycelial masses)

Figure 2.7. A. fumigatus Fungal Balls Take Up More3H-FLC than Conidia or
Germlings. The different growth stages Af fumigatusvere incubated with 19.25 nfH-
FLC for 24 hr and drug uptake was measured. B@os represent standard deviation of
biological triplicates for each condition. Astdwisndicate a statistical significance of P <
0.05 between two conditions.

Import of 3H-FLC in Mutant A. fumigatus Strains
SrbA is a sterol regulatory element binding protaiAspergillusthat primarily regulates
ergosterol biosynthesis, but also regulates manggenportant for basal, as well as

stressed, cell activity. This includes transcapél activation of a variety of transporter or
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putative transporter genes, as well as genes iapoidr membrane stability and function
(11, 12). Import analyses on mut#spergillusstrains showed differences in drug
accumulation when a gene for the major transcmpiaetor SrbA is deleted, SDW1,

compared to the wild-type strain and the compleetstrain SDW?2 (Fig. 2.8).
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Figure 2.8.srbA Deletion Affects®H-FLC Accumulation. 3H-FLC uptake in the\.
fumigatuswild-type strain CEA10 was compared to the SD¥/hA mutant and SDW2
+srbAcomplemented strains. SDW1 accumulated signifigaess®H-FLC than the wild-
type CEA10 and SDW?2 strains, while the SDW2 steliowed intermediate drug uptake.
Error bars represent standard deviation of biokgiiplicates for each condition. Asterisk
indicates a statistical significance of P < 0.0&ween two conditions.

0-

ThesrbAmutant strain SDW1 shows significantly reduéegdFLC accumulation
compared to the wild-type strain and complementagioain SDW2. This suggests that the
SrbA transcription factor is important for azolepant, whether by direct or indirect effects.
SDW?2 recovered the wild-type drug susceptibilitg amorphological phenotype (11, 12).

However, the drug import was not restored to CEAdA-type levels, instead there was an
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intermediate level of drug accumulation in thigsty lower than wild-type and higher than
the deletion mutant (Fig. 2.8). This could be dudifferences in transcriptional activity in
the ectopic reinsertion of ttebAgene, additional point mutations in this strainthe
CEA17 mutant background strain.

Efflux of 3H-FLC from Preloaded Cells

Given the import of radiolabeled azoles over 24thwas important to study how the
drug is exported after import. Figure 2.9 showisdbat were preloaded witl-FLC at
19.5 nM for 24 hr. The cells were diluted into@&f6ld excess volume of YNB media, and
the amount of labeled drug associated with thes @edls determined as a function of time.

Efflux was evaluated in both glucose-energizedy(¢jree with squares) and de-energized

(glucose starved) (black line with circles) cells.

20001
@ -GLC
T & + GLC
1500+

SH-FLC CPM mg’!

0 4 8 12 16 20 24
Time after Dilution (hr)
Figure 2.9. Efflux of *H-FLC from Preloaded Cells. Cells were preloaded with 19.25 nM
3H-FLC for 24 hr. The cells were washed with YNBlgilaced in either de-energized
(glucose free) (solid black line with circles) o2 & glucose-energized (gray line with
squares) media for 4, 8 and 24 hr to measure thxeff 3H-FLC in A. fumigatus Error
bars represent standard deviation of biologicplitates for each condition. Some error bars
are hidden by the symbols.
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3H-FLC efflux was slow and dependent on energy, isbaist with the activation of
membrane efflux transporters to pump the azolebtite cell. By 24 hr, most of tiel-
FLC was exported from the cells in both energized @de-energized conditions. Those
samples incubated in the presence of glucose shsterfexport of labeled drug, consistent
with the idea that membrane efflux pumps requirrgyand that glucose starvation limited

the energy and thus the efflux pump activity.

Discussion

In this work, we have analyzed a potential molecoiachanism of azole drug
resistance iA. fumigatusby characterizing azole import into the fungal celtler a variety
of environmental conditions. Azole drug uptakeeiguired so that the drug can inhibit the
intracellular Cyp51 target enzyme. Therefore reduar modified drug import may help to
explain why some pathogenic fungi are more resistaazoles than others. A fumigatus,
there is an increasing number of cases of azolstags isolates in which the resistance
mechanism is unknown (15). Many of these isoldtesot have a mutation in the azole
target enzyme Cyp51, nor do they show active effiithe drug from the cells. Thus, we
hypothesize that thege fumigatugsolates may well have alterations in drug imp@ur
assay will further be used to compare drug impodinical isolates and resistant strains of
A. fumigatusand other filamentous fungi.

The study of drug impoit A. fumigatusising radioactively labeled azoles has not
been done previously. This approach includes nexeériments that may identify
differences in substrate specificities of medicadligevant compounds. Our experiments thus

far, in agreement with Mansfield et al’'s work@n albicang(19), have demonstrated that
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azoles are not passively diffused into fhdumigatuscell, nor are they actively transported
in an energy-dependent fashion. Instead, azoles likely enter the cell by facilitated
diffusion via a membrane protein carrier that reupgs a specific moiety found in azole
drugs.

The labeled azoles do not simply bind to the agfiexe as demonstrated by baseline
drug accumulation in heat-inactivated cells comgpaodiving cells. Drug uptake can be
measured over time in live cells reaching a maxinaecumulation after 24 hr of treatment
(Fig. 2.3C), while heat inactivated cells maintaioonstant drug concentration.

Import is not diffusion limited, since the interrdiug concentration is much lower
than that of the external medium (data not showie drug concentrations used in our
import analysis was in the nanomolar range. Ihcabe ruled out that normal diffusion or
non-specific-carrier transport occurs at highegdrancentrations. It is also not known
whether the import transporters also act as etflaxsporters for azoles or other molecules.

Drug uptake by this carrier is energy independamseen by drug accumulation
measured in de-energized cells. Azoles were imgantéoth energy replete and glucose-
containing media. Even cells treated with 2-dedxggse, a glycolytic inhibitor, showed
drug uptake (Fig. 2.4A). However, media that cor@d glucose showed reduced final drug
accumulation levels, presumably due to activatibglucose-dependent efflux pumps. Itis
possible that cells are better able to metabolaetidegrade FLC in energized conditions.
However, the radioactive label would still be détearegardless of cleavage or FLC
degradation. There has been no evidence to dat&tiC is degraded by fungal cells. Our

evidence indicates that efflux of azoles is depahda energy (Fig. 2.9), suggesting distinct
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transporters for influx and efflux of azoles. Impof azoles also did not require a proton
gradient as shown by no change in uptake overgerahbuffered pHs (Fig. 2.4B).

Changes in treatment temperatures had a signifeféadt on azole drug uptake An
fumigatug(Fig. 2.4C). A. fumigatushas a remarkable ability to thrive at a range of
environmental temperatures including the 4° C to@2 However, drug accumulation was
near baseline levels for both 4° C and 42° C, withhighest accumulation at 20-22° C (Fig.
2.4C). These dramatic differences in temperategeddent accumulation are being further
analyzed but could be due to changes in gene estpresnembrane fluidity, drug stability,
or protein folding among other things.

A comparison of drug import in exponential vs pesponentially growing cells (Fig.
2.4D) shows a dramatic decrease in accumulatidimeiolder cells. This is in agreement
with post-exponential cells being less metabolcatitive than exponentially growing cells.
A cessation of cell division, decrease in macromakr production, and other changes in
cellular regulation could be responsible for thesm@ase in azole uptake in post-exponential
cell growth.

Evidence for a saturable protein carrier is shovith sompetitive inhibition ofH-

FLC uptake by other azoles (Fig. 2.8H-FLC import was significantly inhibited by
simultaneous treatment with an excess of unlakestetes. However, other antifungal drugs
did not compete for import into the cell. Thisicates substrate specificity for moieties
found in the azole structure. Tables depictingstnecture of competitive inhibitors and

drugs that did not compete for import are showmables 2.2 and 2.3 respectively.
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Differences in import between the differéxgpergillusmorphologies (Fig. 2.7) is
interesting but expected since there are manyrdiftally expressed genes and cellular
changes during the different growth phases ofdhganism. The inactive conidia
accumulated only baseline levels of azole per weighile the germlings had an increased
azole accumulation. Mature hyphae forming mycetiakses imported the highest amount of
drug per mass. Images of the cellular morphologsesl can be seen in Figure 2.6A-C. A
major factor to consider is whether comparing dragort per mass is appropriate for each
morphology. The weight per volume ratio is vekely different between the cellular
morphologies. Conidia and germlings are perhap®mense than actively growing cells
due to nutrient and protein reserves. In additiothese considerations, many cell wall
changes take place during germination and hypleatly;, including variations in surface
expressed proteins.

Import analyses on mutaAspergillusstrains showed differences in drug
accumulation when the gene for a major transcmpféator SrbA, is deleted (Fig. 2.8). The
deletion strain showed significantly reduced azwlport compared with the wild-type
CEA10 strain. It is possible that this mutant Aalisrupted cell membrane, altering
membrane transport. Many genes regulated by th& Banscription factor, such as the
azole drug targetsyp51A/B have altered expression in this strain and mag$geonsible for
differences in drug accumulation data observeti@mnutant. It is also possible that SrbA
regulates a drug transporter involved in bringimglas into the cell so that when this
transcription factor is deleted, the transportetasnregulated. Future work should be done

to determine if the azole importer protein is reged! by the SrbA transcription factor. It is
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curious that reinsertion of tleebAgene in SDW2 did not fully restore azole importitd-
type levels. However, this could be the resulthef ¢ctopic reintroduction of the gene or
additional point mutations in the mutant backgroatrdin.

While we have performed a preliminary investigatidrirug transport across the cell
membrane, the next steps are to identify the prstiat are involved in drug import.
Identifying the specific channel or transport pnotiey which this occurs is still in progress
and is a major goal of our research. Determinngggroteins involved in transporting azoles
into the fungal cell would provide insight into hawr current drug treatments are working.
Novel import proteins could potentially provide n&awgets for drug treatment. The long-
term goal of this research is to discover and ttebeharacterize the cellular mechanisms of
drug resistance iA. fumigatughat can be targeted by new and better-designegsdor

more effective treatments of fungal infections.
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CHAPTER 3
AZOLE DRUG IMPORT INTO THE FUNGAL PLANT PATHOGEN

MAGNAPORTHE ORYZAE

Chapter Summary

The fungal plant pathogeviagnaporthe oryzais a destructive agricultural mold that
causes disease in rice, resulting in devastatiog losses. Since rice is a world-wide staple
food crop,M. oryzaeposes a serious global food security threat.

M. oryzaeshares many characteristics associated with cdreal pathogens and so
elucidating the mechanisms of drug resistance asdeptibility in this species will help
advance our understanding of other related funigabdes. Anticipating future drug
resistance evolution, identifying new drug targats] finding treatment strategies using
combinations of existing drugs, are of great imace for efficient crop protection.

Fungicides, including agricultural azoles, are usedombatM. oryzae The target of
azole antifungals is CYP51, an enzyme require@fgosterol biosynthesis. In this study,
we extended our azole import assay from Chapter @amine azole uptake M. oryzae
under a variety of conditions. Comparisons andresits between the results of these
experiments itM. oryzaeandA. fumigatushave revealed interesting similarities and
variations. Consistent with our lab’s import expents onC. albicansandA. fumigatuswe
conclude that azole drugs are specifically seleatetiimported into th®l. oryzaecell by a
pH-independent and ATP-independent facilitatedudiin mechanism. This method of drug

transport into the cell is likely to be conservedoss most fungal species.



Introduction

The fungal plant pathogeviagnaporthe oryzais considered to be one of the most
dangerous and destructive agricultural molds. Nbafter the host it infectd]. oryzae
causes disease in rid@rfyza sativa called rice blast, which can infect all partdioé rice
plant causing lesions on leaves, stems, seedgwvamdroots (1, 2). Hundreds of millions of
people world-wide depend on rice as a staple fwogd making rice the most important grain
with regard to human diet and nutrition (3, 4).n€equently,ice blast poses a serious
global food security threat. So great is the piaensk for crop failure or severely reduced
crop Yyield due to rice blast, thekt oryzaehas been ranked among the most significant plant
pathogens (3, 5).

M. oryzaegrowth is favored in environments of moderate terafures and high
moisture; conditions that describe most rice fiel@ibis pathogen produces abundant spores,
which spread easily between and within crops bydwiain, and harvest (6-9). Managing
rice blast requires vigilance and careful integmratf many strategies and techniques. A
single mistake or change in the way in which ricgnown, or infection is treated, can result
in significant crop losses (5, 10-16).

Fungicides, including agricultural azoles such @pjgonazole, prothioconazole,
tebuconazole and prochloraz are used to combablase (5, 10-16). Fungicides are utilized
as both seed treatment to prevent infection osdweallings after germination, and also as
foliar sprays on mature leaves to prevent infecéind spread during the growing season (7,
11-16). Even when both treatment strategies haea bmployed, fungicides alone are not

considered to be highly successful (5, 10-16).
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The target of azole antifungals is the fungal CY,R&lsterol 14-demethylase. This
enzyme is a member of the cytochrome P450 supdyfainénzymes required for ergosterol
biosynthesis in fungi. The fungal ergosterol bigbgsis pathway is unique to fungi but
closely related to the mammalian cholesterol bitdsysis pathway as well as the plant sterol
biosynthesis pathways, and so drug design andttspgeificity is critically important to
prevent disruption of host organism processes.

Medical azoles are used in the treatment of fumgattions in humans and animals.
These azoles are designed to be selective foritmghihe fungal CYP51 enzyme over the
mammalian homolog, and so there are generally few side &ffeom incorrect inhibition of
the mammalian enzyme (17-19). Agricultural azaissd to treat fungal infections in plants,
however, were developed primarily for selectivigamst the fungal CYP51 over thiant
homolog, with less regard for the possibility ofaffects on the human enzyme (18-20).
This has raised some concerns about human and lssafety of direct azole exposure from
widespread use of agricultural azoles in the emwvirent as well as the dangers of consuming
azole-treated food products (21-24). More alarnmsritpe possibility that extensive use of
agricultural azoles may exert an azole resistaal@sve pressure on environmentally-
dwelling, opportunistic human fungal pathogensthst human fungal infections are no
longer treatable with traditional medical azoles-£®).

In addition to concerns about the direct effechamansandhumanfungal
pathogens, evolution of plant pathogen drug rast&tdnas mirrored the pattern of increase
fungicide use to a troubling degree (3, 6-9, 28, Iome of the fungicide resistance

mechanisms that have arisen from environmental dsegnclude mutations in fungal gene
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promoter elements that have been shown to allowguypation or inducibility of fungicide
target genes (28, 31-33). And mutations in thgetiagene active site may cause weakened
antifungal drug binding or even change the profeliding to allow constitutive activation of
the target enzyme (17, 34).

Additionally, target gene duplication events has@ o intrinsic resistance to many
fungicides. For example, filamentous fungi oftasgess multiple CYP51 paralogs: two
in M. oryzae A. fumigatusandA. nidulans and three i flavusand species dfusarium
(17, 29, 35). These filamentous fungal speciesmaoldis are intrinsically resistant to
fluconazole (FLC) partly due to weak binding andstincomplete inhibition of the Cyp51
target enzyme compared to other azoles with stro@gp51 binding affinity (29, 30, 36). In
organisms that have a single copy of Cyp51, evearsitory inhibition of the enzyme’s
activity by FLC is enough to cause a disruptiothi@ ergosterol biosynthesis pathway and an
inhibition of fungal cell growth. Conversely, imganisms that have multiple Cyp51
enzymes, the transitory binding of FLC to Cyp5has$ enough to overcome the activity of
the additional paralogs and ergosterol biosynthesisins sufficient for continued growth
and replication (29).

Importantly to our research. oryzaeshares many characteristics associated with
other notable cereal pathogens (5, 10). Advantesderstanding the genes and
mechanisms that govern the resistance and susiigpiibthis species, will help advance
our understanding of other related fungal diseatsentifying new fungal-specific drug
targets, or finding treatment strategies using doations of existing drugs, is of great

importance to control the spread of resistant famgl increase the efficiency of crop

65



protection. Continued analysis of even the mosege processes in tidagnaporthecell
can be helpful for targeted or broad-spectrum dispase intervention, management, and
diagnostics.

In this study, we extended our azole drug accunwuatssay from Chapter 2, to
examine azole uptake in the filamentous fungaltgbathogerM. oryzaeunder a variety of
conditions. Comparisons and contrasts betweerethdts of these experimentshh oryzae
andA. fumigatushave revealed interesting similarities and vaorati

Consistent with our import experiments on the figgrous human fungal pathogan
fumigatus our import experiments withl. oryzaehave shown that azole drugs do not
accumulate in the fungal cell solely by passivéudibn. Instead there is evidence for azole
import by a facilitated diffusion mechanism inclngi(1) dramatically reduced azole
accumulation in heat inactivated cells as welllanaically inactivated cells compared with
living cells, (2) competition for import by other compound3) differences in drug
accumulation in exponentially growing and statigneells.

We also found significant differences in drug acalation inM. oryzaedepending
on the growth media used, which was not observéd famigatus We conclude that azole
drugs are specifically selected and imported ihoftingal cell by a pH-independent and
ATP-independent facilitated diffusion mechanismhisTmethod of drug transport into the
cell is likely to be conserved across most fungalkges.

Finally, we usedH-FLC to explore azole efflux iM. oryzae Some of the variations
in 3H-FLC accumulation betweévl. oryzaeandA. fumigatussuggest differential expression,

induction, or function of efflux transporters irettwo organisms. These distinctions between
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organisms should be taken into consideration fturéubroad-spectrum drug design as well
as organism-specific treatment strategies. We dstrated the potential usefulness of
combination drug therapies and the idea of repumgaachived compounds for alternative

uses as the threat of resistance to current funggtinents emerges.

Materials and Methods

Strains, Media, Materials, and Strain Preparation

TheM. oryzaewild-type, sequencestrain8958 (70-15)was used for all azole
import experimentsM. oryzaecultures were routinely grown and maintained thesi liquid
YAD medium (1.7 g yeast nitrogen base without andnigls or ammonium sulfate, 5 g
ammonium sulfate and 20 g glucose per liter) ooatmeal agar plates with 20 g glucose per
liter, at room temperature (27° C). Conidia weseviested from 7-day old agar plate cultures
by pipetting 7.0 mL 0.01 % Tween 20/water directhfo sporulating plates and loosening
conidia using a sterilized glass spreader. Thé&@rsuspension was allowed to settle in a
14 mL round bottom tube for 10-15 minutes to royg@parate the conidia (which stay
suspended) from mycelia (which settle).

To propagaté. oryzae 200 uL of the supernatant from the harvesteddiahi
suspension was either directly inoculated into Jigquiid YAD media with glucose and
grown in 50 mL conical tubes in a room temperasivaking at 180 rpm, or plated on
oatmeal agar plates. For storage, oatmeal agsphgere overlaid with 3-5 Whatman filter
paper disks before inoculating with conidial suspem. After 7-10 days of growth, filter

paper disks covered with a lawnMf oryzaewere collected, desiccated in a Tupperware

67



container with Drierite desiccant stones (W.A. Haomeh Drierite Co. LTD. Xenia, OH), and
stored at -20° C.

Medium components, plastic ware, general chemiaald,unlabeled drugs used for
competition were obtained from Fisher Scientifigt@®urg, PA), or Sigma-Aldrich (St.

Louis, MO).

M. oryzae E-test Susceptibility Testing to Common Antifunga

E-test strips (bioMérieux, United States) were uset@stM. oryzaesusceptibility
and determine the MIC to common antifungals beloggo different classes of drugs,
including the medical azoles fluconazole (FLC)dkeinazole (KTC), itraconazole (ITC),
posaconazole (POS) and voriconazole (VRC), an echimdin caspofungin (CFG), a
polyene amphotericin B (AMB), and a DNA and RNA ghasis inhibitor flucytosine (5FC).
One side of the plastic E-test strip is calibratéth MIC values of the drug in pg/ml. The
drug-gradient on the strip covers 15, two-fold tidos.

Yeast extract Peptone Dextrose, or YEPD or YPDg ¥@ast extract, 20 g peptone
and 20 g glucose) plates were inoculated with alafW. oryzaeconidia and allowed to
dry. A single E-test strip was placed on each uteted plate and kept at 27° C for 96 hours
with daily monitoring. The MIC was determined bada the drug concentration on the E-

test strip in which the zone of inhibition, or plie of non-growth occurred.

Radioactively Labeled Azole Import byM. oryzae
Radioactively labeled FLCK-FLC), (481 GBa/mmol, 13 Ci/mmol, 1 uCi/uL; 77

MM FLC) was custom synthesized by Amersham BioseienThe drug concentration used
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during the import assay was well below the Minimuntibitory Concentration (MIC) for the
strain (M. oryzaeFLC MIC >32 pg/ml).

To directly measure azole importlih oryzaewe use?H-FLC in our drug uptake
assay, as described in Chapter 2 and below, adigthtbr M. oryzae Unless specifically
noted, 5 ml YAD medium with 2 % glucose in 50 mlnaal tubes was inoculated wikh.
oryzaeconidia and grown at 27° C, 180 rpm shaking, ®h#at which point they were
mycelial masses or fungal balls, approximately 3 mmliameter. The fungal balls were
transferred to 2 mL microcentrifuge tubes and wddhecentrifugation and resuspension
three times with YNB complete (1.7 g yeast nitrogase without amino acids or ammonium
sulfate, 5 g ammonium sulfate per liter, pH 5.0fheut glucose unless specifically noted.

After the washing, the fungal ball pellet was tfensd to 14 mL round bottom tubes
containing 1 mL of YNB for a 2 hr glucose-depriathrvation) de-energizing period. The
glucose starvation was done to keep the cellsde-anergized state. The de-energized cells
showed no further growth for the extent of the im@@say, as determined by dry weight at
the conclusion of the assay. After the glucosesateon period, reaction mixes were made
consisting of 1 mL of YNB containing no glucosettwiungal balls and 25 pL of dilute#i-
FLC (freshly diluted 1/100X from stock). The retsg final ®H-FLC concentration is 19.25
nM (5.89 ng/ml). TheM. oryzaestrain (70-15) has an MIC of > 32 ug/ml to FLChus, the
azole concentration used for the import assayti€xpected to have any effect on cell
viability.

After 24 hr incubation witRH-FLC, a 5 ml stop solution (YNB +20 mM [6 mg/L]

unlabeled FLC) was added to each 14 mL round bottdra sample. The tube was filtered
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by vacuum over pre-weighed and wetted glass fitterd (24 mm GF/C; Whatman; Kent,
UK). After filtering, another 5 ml stop solutionaw used to wash each sample again to
remove non-specific, cell surface binding. Theefg with fungal balls were either allowed
to dry for 24-48 hr or were baked in a drying ov@nl5 minutes at 95° C. Filters with
fungal balls were then weighed to obtain the drgsnaf each fungal sample. The weighed
filters were transferred to 5 mL scintillation \8al3 ml of scintillation cocktail (Ecoscint
XR, National Diagnostics, Atlanta GA) was added #dralradioactivity associated with the
filter was measured in a liquid scintillation aredy (Beckman Coulter, LS 6500
multipurpose scintillation counter).

As cell numbers are difficult to calculate withefthentous fungi such &4. oryzae,
all values are expressed as drug accumulationuntscmormalized to dry weight of the
sample. Results were calculated as CPM/mg of najaakhss. While absolute CPM values
varied between experiments, relative import diffiees between samples remained

consistent.

Characterization of Conditions That Affect FLC Import
Further studies were done to determine the effiech@anges in the growth or
incubation conditions on FLC import.

Heat killed cells. Uptake 0H-FLC was measured in cells inactivated (killed) by

heat (95° C for 30-40 min). This killing methodcdeased colony-forming units greater than
100 fold compared to the non-heat treated cult@@mples were processed according to the
above protocol with the exception that the hedirgjistep was performed during the final 45

minutes of the glucose starvation period. Headéd#isamples were treated with-FLC and
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analyzed identically to the live cell samples. Tésults were compared with liké. oryzae
data. Heat killed samples were used as a comrdidseline drug accumulation and non-
specific cell surface binding in all testing comatits unless otherwise noted.

Other methods of cell inactivatiodH-FLC accumulation was measured after 24 hr

in samples that were exposed to various inactimatiethods. Methods of cell inactivation
included treatment with high concentrations of AN g/ml), Qiagen RLT Lysis solution
(600 pL), and CFG (16 pg/ml). Heat killing as déssd above was found to be the most
reliable at reducing viable cell counts to lessith&®b6. And so this method of inactivation
was used as a no-import, baseline control, althdhglother methods of inactivation were
useful to confirm that import is reduced in inaatied cells as opposed to being an artifact of
heat treatment.

Energy depletion. To determine whetfidrFLC import was energy-dependent,

mycelial balls were washed 3 times and resuspemdédiB media deplete of glucose.
Samples were considered to be de-energized folep@ihr in this glucose starvation media.
Following the de-energization period, the cellsevibren treated witPH-FLC for 24 hr in
glucose-depleted media and th#irFLC accumulation was compared to cells that were
treated withi®H-FLC for 24 hr in media containing 2 % glucose.

pH. Cells were incubated wifil-FLC in YNB without supplementation (pH 5), with
no pH adjustment, or with YNB medium adjusted to$br 7 with a 1M citric acid and 2M
NaHPQ: mixed buffer. Increasing the ratio of the citacid to NaHPQOsto lower pH and
increasing the ratio of NBEIPQus to citric acid solution to increase pH. All sangpleere

processed after 24 hr as described above.
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Growth media:M. oryzaeliquid cultures were grown from conidia to mature

mycelial masses (48 hr) in Complete Supplementalitie or CSM (0.75 g CSM, 1.7 g
yeast nitrogen base without amino acids or ammorsulfate, 5 g ammonium sulfate, 20 g
glucose per liter); YAD Medium (1.7 g yeast nitradease without amino acids or
ammonium sulfate, 5 g ammonium sulfate and 20 gagle per liter); and YPD as described
above. The mycelial masses were then washed eaigd withi®H-FLC in YNB for 24 hr as
described for the standard import assay.

Exponential vs stationary phase uptakéoFLC. Conidia were grown at 27° C in a

shaking incubator at 180 rpm in YAD complete mealith glucose for either the standard 48
hr (exponentially growing) or for 72 hr or 96 htasonary phase). These 2, 3 or 4 day old
fungal balls were then treated with-FLC for 24 hr as described previously.

Competition for azole import. To determine if camnpds compete for azole uptake

in M. oryzaewe processed samples as described above BekirC assay, but in addition,
treated the samples simultaneously with potentiaipetitive inhibitors at 1.95 uM (100X
molar excess of the labeled FLEM-FLC uptake was measured as usual after 24 hr
incubation with®H-FLC and competitor. Decreas#d-FLC uptake in the presence of an
unlabeled competitor suggests that both drugsheseame transporter. Non-radiolabeled
drugs used for import competition experiments idellt amphotericin B (AMB),
caspofungin (CFG), fenpropimorph (FENP), fluconaz®lLC), itraconazole (ITC),
ketoconazole (KTC), metconazole (MET), tebuconag®bkZ), terbinafine (TRB), and 1-

triphenylmethyl imidazole (1-TRI).

72



Azole Efflux in M. oryzae

Efflux kinetics. Fungal balls were preloaded withFLC by treating them at 19.5

nM for 24 hr per the standard assay. The cellewsn washed and diluted into YNB
media, and the amount of labeled drug associateédtixe cells was determined as a function
of time at 4, 8 and 16 hr. Efflux was evaluatethath glucose-energized (2 % glucose) and
de-energized (glucose-starved) cells.

Efflux inhibition by Clorgyline. To test the effeof Clorgyline as a possible

inhibitor of energy-dependent efflux M. oryzae we treated energized cells (2 % glucose,
efflux active) with eitheH-FLC alone (19.25 nM ) oiH-FLC with clorgyline [N-Methyl-
N-propargyl-3-(2,4-dichlorophenoxy)propylamine hydhnloride] (233 uM) and compared
the results téH-FLC treatment in de-energized (glucose-starvétlpeinactive) cells. *H-

FLC accumulation was measured in all conditionsr&0 hr.

Statistical Analysis
Differences between sets of samples were evallstas unpaired two-tailed

Student's t test. A P value of < 0.05 was consatiemgnificant.

Results
Recently, radioactively-labeled drugs were useahayze azole uptake in the human
pathogenic yeasi. albicansandCryptococcus neoformanthe model yeassaccharomyces
cerevisiag and the human pathogenic méldfumigatug37, 38). In those studies, FLC was
shown to be taken up by a facilitated diffusion heedsm and this import was affected by

several in-vitro environmental conditions (37, 38)ere we have adapted the assay used in
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the previous studies for an initial characterizaiwd azole uptake and efflux in the plant
pathogenic moldJ. oryzae
M. oryzae MICs to Common Antifungals

E-test strips were used to establdhoryzaesusceptibility to common medical
antifungals belonging to different classes of dragd determine if a study using medical
azoles was relevant M. oryzae The MIC was reported as the drug concentratiovhéch
a clearing of cells intersected with a specificaamtration of drug on the test strip as seen in
Figure 3.1 and Table 3.1. The drugs tested indude medical azoles FLC, ITC, KTC,
POS, and VRC, the echinocandin CFG, the polyene AMfidl the RNA and DNA synthesis
inhibitor 5FC.

M. oryzaedid not show susceptibility to 5FC or FLC at thaglconcentrations
tested, and although there was a ‘phantom’ zoméeafing around the CFG E-test, there
were enough CFG-resistant colonies in the cledaonthis strain to be interpreted as
resistant at the concentrations tested. Thereweasurable susceptibility &. oryzaeto

the other drugs tested (Figure 3.1 and Table 3.1).
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Flucytosine Fluconazole

Caspofungin Itraconazole Ketoconozole ‘

Table 3.1.
MICs by E-test

Drug | pg/ml
5FC | >32
. FLC | >32
Posaconazole Voriconazole CFG | 532
ITC 0.5
KTC | 0.5
POS | 0.38
AMB | 0.25
VRC | 0.06

Figure 3.1. M. oryzae Drug Susceptibility to Common Classes of Medical Atifungals.
E-test strips were used to tést oryzaesusceptibility and determine the MIC to common
antifungals belonging to different classes of dr&dates were allowed to grow at 27° C for
96 hours. The MIC was determined based on thesellof non-growth intersecting with the
drug gradient marked on the test strip.
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SH-FLC Import in Inactivated Cells

Cell inactivation by heat, AMB treatment and lystdution each reduced azole
import significantly (Fig. 3.2). Heat killing wdeund to be the most reliable at reducing
viable cell counts to less than 1 %. The redungubrt due to AMB treatment suggests that
membrane permeability allows drug to pass throbhgmtembrane in both directions. CFG
treatment at 16 pg/ml did not significantly affectig import, suggesting that cell wall
disruption does not influence azole import. Howetlee CFG-treated cells showed high

import variability and a trend towards reduced azpiport.

k
500+
I ” 1
I n 1
— 1
400
e
E — _
E 3004
]
o
q —
B
T 2004
]
T
E 1
R ==
p—— -1
100+ 1
0 L] T L] T T
Live Heat AMB Lysis CFG

Method of Inactivation

Figure 3.2. M. oryzae Inactivation Methods before3H-FLC Treatment. 3H-FLC
accumulation was measured after 24 hr in samp&gsatre exposed to various inactivation
methods. Live: no inactivation, HK: 95° C for 80n, AMB: 8 pug/ml, Lysis: 600 pL
Qiagen RLT buffer, CFG: 16 pg/ml. Error bars sgant standard deviation for each
condition. Asterisk indicates a statistical sigrafice of P < 0.05.
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Import of 3H-FLC with Varied In Vitro Treatment Conditions

Availability of energy: To examine the effect afexgy-requiring efflux mechanisms

and to determine whether the accumulatiofHbFLC in M. oryzaerequires energy, the
effect of glucose was examined in the assay. @ale de-energized by glucose starvation
in glucose-depleted medidH-FLC accumulation of the de-energized samples were
compared witfH-FLC accumulation of energized samples grown ¥ glucose replete
media (Fig 3.3A).

3H-FLC uptake was observed in both de-energizedeardgized cells. However, the
energized cells showed significantly reduced irgHatar *H-FLC concentration compared to
de-energized cells. The reduced azole accumulatitre energized cells is most likely the
result of glucose activation of the efflux pumpr subsequent experiments, we used de-
energized (glucose starved) cells to focus solelgroig uptake and eliminate efflux
mechanisms.

Growth media: Differences iH-FLC accumulation was compared betwéén

oryzaethat was grown from conidia to mature mycelial segsin CSM, YAD or YPD media
(Fig. 3.3B). CSM is a Complete Supplemental Migttirat is considered synthetic defined,
complete medium, containing chemically defined comgnts Yeast Nitrogen Base (YNB),
Ammonium Sulfate (AS) and a carbon source, glucdsalso contains a complete amino
acid supplement mixture and so is non-selective.

YAD is considered a synthetic defined, minimal nosalj containing chemically
defined components YNB, AS and glucose, but witteoyt supplemented amino acids so

only prototroph strains can grow in this media.
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YPD, also called YEPD, is considered an undefimed-selective, rich medium.
YPD contains Yeast extract, a complex nutrient lakseved from killed yeast cells; Peptone,
an enzymatic digest of animal protein that contaitregen and a high peptone and amino
acid content, and glucose. This medium providesxaess of amino acids, nucleotide
precursors, vitamins, and essential metaboliteg @8B).

Cells that were grown from conidia to mycelial balh CSM took up the least
amount oPH-FLC after 24 hr treatment. Cells grown in YPDdizetook up the mosH-
FLC, however the baseline control was also slighifjher in the YPD-grown cells as well.
Cells grown in YAD took up an intermediate levePBEFLC, but surprisingly, uptake was
more similar to cells from YPD media compared ® @SM. Both YAD and YPD-grown
samples had significantly higher import compare@&M-grown cells, which only had near
baseline levels of import.

pH: To determine ifH-FLC import is pH dependent or affected by a pnogoadient,
we measured drug accumulation aftéfFLC treatment in unbuffered YNB media or at pH
4 or 7 using a 1M citric acid and 2M MO mixed buffer (Fig. 3.3C). There was
significant®H-FLC accumulation at all pHs tested, but there mastatistically significant
difference between the different pHs, indicatthigFLC import is not pH dependent.

Stationary vs exponential cells: Figure 3.3D shtives*H-FLC accumulation is

affected by the stage of hyphal growth of lheoryzaecells before treatment. Samples
grown for the standard 48 hr before drug treatmesre compared to samples grown for 72

or 96 hr before drug treatment.
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After ®*H-FLC treatment, the exponentially growing (48 $ajmples accumulated

significantly more®H-FLC than the stationary phase (72 and 96 hr) ssnp

>

24hr *H-FL.C CPM mg™!

@)

24hr 3H-FLC CPM mg’!

2500+

2000+

15004

1000+

5004

8001

600

4004

200+

* B
1
—'CD
£
=
[-™
@]
Q
]
)
s
=
&
O_
HK -GLC +GLC
—I‘bD
g
=
=
@)
o]
s
!
T
=
=t
h— — o1
Ju— —
HK unbuffered pH4 pH7

600+

400+

200+

25001

20004

15004

10004

—
[ Heat Killed
3 Live
—
J——
csM YAD YPD
Overnight Media
*
l*—|
e el
——
0 T
HK 48hr 72hr 96hr

Growth Prior to FLC Import

Figure 3.3. Effects of Glucose, Media, pH and CelRhase on FLC Import. A. Glucose:
Cells were de-energized by glucose-depleted me@ila) compared to cells in the presence
of glucose (+GLC) and measured for FLC accumulat®nGrowth Media: Cells were
grown from conidia to mycelial masses for 48 haarsither CSM complete, YAD, or YPD
media. C. pH: 3H-FLC was imported int?l. oryzaein unbuffered media or at pH 4 and 7

in 100 mM citric acid buffers. There were no sttally significant differences between
import at the three condition®. Phase: Cells were grown in shaking liquid media for 48
hr, 72 hr or 96 hr and then treated withFLC for 24 hr. For each panel: Error bars
represent standard deviation for each conditiostedsks indicate a statistical significance
of P < 0.05 between two conditions. HK = heatekllcontrol. Statistical differences to HK

are not shown.
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Competition for 3H-FLC Import in M. oryzae with Azoles and Other Compounds

To determine whether all azoles use the same toatesr family of transporters in
M. oryzae non-radioactively labeled azoles were tested donpetition against labeled FLC
(Fig. 3.4, Tables 3.2 and 3.3). The concentratifosl competitors was 1.90V (100x
molar excess téH-FLC). All non-radiolabeled azoles that were ¢esiFLC, ITC, MET, and
TEB] competed for import withH-FLC, as indicated by a reduction of thé-FLC
accumulation to baseline levels. These azolesidecedically important azoles (FLC,
ITC) as well as agriculturally important azoles (MEHEB). 1-TRI, a CLT analog, also
competed with FLC for import. The results of thesenpetition experiments are consistent
with azole import being mediated by facilitatedfusion carrier(s), and suggests that these
azoles use the same transport system to bhteryzae.

Other compounds were also tested for competiti@inat’H-FLC including azole-
like compounds as well as other common antifun@féts 3.4 and Tables 3.2 and 3.3). The
non-azole compounds did not compete WiHRFLC for import intoM. oryzae. These
include medically important antifungals TRB, CFGVIR, and FENP. The results of these
competition experiments indicate transport speatyfilo certain chemical structures, and
suggesting that they do not use the same trans(®rte enteM. oryzae.

The structure of FLC and the compounds testedisnaissay are shown in Tables 3.2
and 3.3. FLC has two 5-membered triazole ringgainimg 3 nitrogen atoms, and a 6-
member halogenated benzene ring. Previous scoé@nsieties important for import i6.
albicansare consistent with this result. Analyse£inalbicans, A. fumigatusndM. oryzae

suggests that to compete for FLC import, a compaeqdires a 5-membered ring with two
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(imidazole) or three (triazole) nitrogen atomsaddition to a halogenated 6-membered ring
with the halogen in position 1 or 3, but not neaedsboth (37, 38). The only exception to
this has been the competition of 1-TRI, which hfiseamembered imidazole ring as well as

three 6 membered rings, but is not halogenated.
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Figure 3.4. Competition for3H-FLC Import in M. oryzae. Compounds were tested for
competition at 1.95M (100x molar excess ftH-FLC) during simultaneous treatment with
3H-FLC. 3H-FLC accumulation was measured after 24 hr inéabatith competitors. Error
bars represent standard deviation of biologicplitétes for each condition. Drug
abbreviations described in Materials and Methods.
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Table 3.2. Compounds That Compete at 100X Molar
Excess with FLC for Import in M. oryzae
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Table 3.3. Compounds That Do Not Compete at 100X
Molar Excess with FLC for Import in M. oryzae
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Efflux of *H-FLC from Preloaded Cells

Drug accumulation in a fungal cell can be thoudhasothe net effect of uptake and
efflux mechanisms. The conditions of SH-FLC import assay remove the efflux
component so that we can focus on drug entry mtacell. Contrarily, Figure 3.5
demonstrates efflux of FLC froM. oryzaecells. The cells were preloaded wit#-FLC at
19.5 nM for 24 hr following the standard importaggrotocol and then were washed and
resuspended in fresh media with and without glusosas to see the effect of energy-
dependent efflux on intracelluldf-FLC concentration. The amount of labeled drug
associated with the cells was determined at 4 hr,&d 16 hr after being transferred to
fresh media. Efflux was evaluated in both glucesergized (gray line with squares) and de-
energized (glucose starved) (black line with cstleells.

By 16 hr, most of théH-FLC was exported from the cells in both energiaad de-
energized conditions. The samples incubated ipteégence of glucose show faster export
of labeled drug, consistent with the idea that memé efflux pumps require energy and that
glucose starvation limited the energy and thusetfiax pump activity. The difference in
rate of efflux between energized and de-energiedld was relatively modest, at least when
compared to the results of a similar assay perfdrmieh A. fumigatugFig. 3.5A and B).
Clorgyline as a Potential Efflux Inhibitor

Clorgyline is a monoamine oxidase-A inhibitor (MAQhat has been used for
decades as a clinical antidepressant (39, 40)withsmany MAOIs, side effects include a
hypersensitivity to tyramine-containing foods (esphly cheese), and this negative dietary
interaction has led to improvements and drug adtieras so that clorgyline use has markedly

declined for treatment of depressive illnesses 489,
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Figure 3.5. Efflux of *H-FLC from Preloaded Cells. A. M. oryzaeandB. A. fumigatus
cells were preloaded with 19.25 n-FLC for 24 hr. The cells were washed with YNB
and placed in either de-energized (glucose fregid(black line with circles) or a 2 %
glucose-energized (gray line with squares) medi@f& and 16 hr to measure the efflux of
8H-FLC. Error bars represent standard deviatiorefmh condition. Some error bars are
hidden by the symbols

However, clorgyline remains in the Library of Phaculogically Active Compounds
(LOPAC), which is a collection of compounds, maekktrugs and pharmaceutically
relevant structures annotated with biological atiés. These compounds can be purchased
pre-solubilized, normalized, easily resupplied, egatly-to-use for studies on repurposing
applications (Sigma-Aldrich).

Clorgyline has recently been identified in a scrasmn inhibitor of tw&. albicans
ABC efflux pumps, CaCdrlp and CaCdr2p, as welkeasnsing FLC resistance 8

cerevisiaestrains expressing ABC transporters (Cannon, Moiik) examine the effect of

clorgyline as a possible inhibitor of energy-depamcdefflux inM. oryzaewe treated
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energized (efflux active) cells with eith#i-FLC alone oPH-FLC with clorgyline and
compared the results #l-FLC treatment in de-energized (efflux inactive)ls (Fig. 3.6).
Consistent with Figure 3.3AH-FLC uptake was observed in both de-energized and
energized cells, with the energized cells showiggificantly reduced intracellulaH-FLC
concentration compared to de-energized cells @=68). The reduced azole accumulation in
the energized cells is most likely the result dhation of energy-dependent efflux pumps
transporting théH-FLC out of the cell. However, when the energjzftlux active cells
were treated with clorgyline, there was a signifitaincreased intracellul&H-FLC
accumulation, indicating energy-dependent efflus @htleast partially prevented by the

addition of clorgyline.

800- *
_I_ 1
%

oo 6001 ! '
E I ——
=
m ——
Q
9 400-
B
=
- -
T 20{ [

0 1 ] 1 ]

HK Live +GLC +GLC +Clor

Figure 3.6. Clorgyline as a Potential Efflux Inhibtor. Energized cells (2 % glucose,
efflux active) were treated with eith#i-FLC alone (19.25 nM ) oiH-FLC with clorgyline
(233 uM) and the results were comparedHed-LC treatment in de-energized (glucose-
starved, efflux inactive) cells$$H-FLC accumulation was measured after 20 hr in all
conditions.
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Discussion

There is a continual emergence of fungicide-resigtathogens in clinical and
agricultural isolates (36). Understanding evenrtiost basic cellular processes and
epidemiology of these isolates is imperative tospre their spread, determine treatment and
prevention strategies, optimize future drug desagnal to predict future evolution of
resistance (8).

Many fungi with intrinsic resistance to antifungaents already exist in our
environment (36). We illustrated this with E tegsceptibility testing of. oryzae which
displayed FLC and CFG resistance (Fig. 3.1). ThesEs confirmed that even azole drugs
used to treat human fungal pathogens are takery tipelplant pathogeM. oryzaeas
evidence by growth inhibition seen with the medazbles ITC, KTC, POS and VRC.
Resistance to FLC was expected becdiseryzaehas 2 copies of the azole target CYP51
as discussed previously. However, this may bditsietime reporting MICs of medical
antifungals on a distinctly plant pathogen. Thecepsibility and resistance patterns suggest a
common mechanism of action of azoles on all fusgakies, including the requirement for
entry into the cell.

The resistant fungi have and will continue to eraeygportunistically when
antifungal agents with similar fungal drug targetsnechanisms of action are used broadly,
whether in agriculture or in human and animal pasie In order to continue with optimal
fungal diagnosis, treatment and prevention stragggi is important that researchers
communicate and collaborate across fields of sfalilyicians, microbiologists, agricultural
and food scientists) to be aware of the epidemiptafgvide variety of fungal species. This

includes monitoring and sharing patterns of anghlnmesistance and becoming familiar with
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the current repertoire of antifungals and changriegtment strategies in agriculture and
medicine.

In this work, we have begun to analyze potentialetidar mechanisms of azole drug
resistance iM. oryzaepy characterizing azole import into the fungal celter a variety of
environmental conditions as well as azole effloairthe cell using radioactively labeled
FLC. Azoles must enter the fungal cell in ordemtaibit the intracellular Cyp51 target
enzyme. Therefore reduced or modified drug impa@y help to explain why some
pathogenic fungi are more resistant to azoles tilaers. Our assay can be used to compare
drug import in agricultural, medical and other majénic fungi

Our experiments thus far have demonstrated tha¢saoe not passively diffused
into theM. oryzaecell, nor are they actively transported in an ggeatependent fashion.
Instead, azoles most likely enter the cell by fetiéd diffusion via a membrane protein
carrier that recognizes a specific moiety foundaole drugs. This finding is in agreement
with studies on the human pathogenic fu@galbicans C. neoformansndA. fumigatusas
well as the model yeaSt cerevisia€37, 41).

The labeled FLC does not simply bind to the celfesze as demonstrated by baseline
drug accumulation in heat and chemical inactivatdts compared to living cells (Fig 3.2).

Import is not diffusion limited, since the interrdrug concentration is much lower
than that of the external medium (data not showie drug concentrations used in our
import analysis was in the nanomolar range. Ihcabe ruled out that normal diffusion or
non-specific-carrier transport occurs at higheigdrancentrations. It is also not known

whether the import transporters also act as etflaxsporters for azoles or other molecules.
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Import of azoles also did not require a proton gradas no change was observed in
uptake over a range of buffered pHs (Fig. 3.3)er€ was a trend towards alkaline
sensitivity for drug uptake as seen by a decreadé-FLC uptake in samples at pH 7 media.
However, a deficiency in cell growth and robustnessbserved iM. oryzaecells at pH 7,
so import at this pH may be affected by other ¢atltactors directly or indirectly related to
pH and proton gradients.

We did however find significant differences in dragcumulation irM. oryzae
depending on the growth media used as shown inr&@3B. This effect of growth media
was not observed iA. fumigatus Based on these import results and a comparisthreo
components of these three medias, it is diffiauidentify a single factor that would cause
such a dramatic difference in uptake between CSdittlae other two medias. CSM and
YNB both contain YNB and AS. CSM and YPD both @ntamino acids. The CSM
supplemental amino acids or the quantities of amagids in the CSM supplement possibly
account for the differences in uptake. Regardiesppears that choice of growth media
should be tested and strongly taken into consimeratith experiments performed wil¥.
oryzae

A comparison of drug import in exponential vs pesponentially growing cells (Fig.
3.3D) shows a dramatic decrease in drug accumaulatithe older cells. This is consistent
with major differences in cell activity when comipay exponentially growing cells and
stationary phase cells, including changes to trgoisan, protein translation, modifications,
and secretion, membrane maintenance, and othéceltgprocesses. Exponentially growing

cells are considered to be more active and respanshile stationary phase cells shift to a
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period of maintenance and conservation (42). Bocttuld be responsible for the decrease in
azole uptake in post-exponential cell growth.

Evidence for a saturable protein carrier is shovith sompetitive inhibition ofH-

FLC uptake by other azoles (Fig. 3.4H-FLC import was significantly inhibited by
simultaneous treatment with an excess of unlaletetes. However, other antifungal drugs
did not compete for import into the cell. Thisicates substrate specificity for moieties
found in the azole structure. The structure of getitive inhibitors and drugs that did not
compete for import are shown in Tables 3.2 and&spectively.

Drug uptake by this carrier is energy independamseen by drug accumulation
measured in de-energized cells. Azoles were inredart both energy replete and glucose-
containing media (Fig. 3.3A). However, media thattained glucose showed reduced final
drug accumulation levels, presumably due to actwadf glucose-dependent efflux pumps.

Our evidence indicates that the efflux of azolgsagly dependent on energy (Fig.
3.5), suggesting distinct transporters for inflund @fflux of azoles. The efflux 8H-FLC
occurred much faster M. oryzaecompared t&\. fumigatusn non-energized conditions and
so earlier time points are needed for more acc@féitex kinetics inM. oryzae(Fig. 3.5A
and B). The difference in azole efflux could iretie important differences in either
transporter expression or function between thedwanisms. IntracellulaiH-FLC
measurements at 1 hr and 2 hr time points migh¢ baen more appropriate fdr: oryzae

Addition of clorgyline, a compound in the LOPAC lealtion and potential inhibitor
of energy-dependent efflux, showed reduced effliBHoFLC from energized. oryzae
cells (Fig. 3.6) A more thorough examination of clorgyline as aftugfinhibitor is needed,

but our and others’ preliminary data with clorgglisuggest it might warrant investigation
89



into whether clorgyline or similar compounds cohtlused as combination therapy in either
agriculture or clinical practice, to act in synesgigh azoles or other drug that might be
exported from the cell using energy-dependent etilansporters.

The ability to increase antifungal drug accumulatiothe cell or prevent the rapid
efflux of drug makes clorgyline and similar compdaran exciting candidate to be
considered for combination therapy to act in sypevgh azole treatment of fungi. The
notion of considering medically now-outdated drémysuse as agricultural treatments
unlocks many new possibilities. Repurposing conmaisurom the LOPAC collection would
shave years off the drug development process as ttmmpounds have previously been well
characterized, synthesized, stabilized, near opéicyietc.

In conclusion, a broad-spectrum analysis of drugkgin the human and animal
pathogenic yeasts has includédalbicans C. neoformans, S. cerevisidke plant and
animal pathogenic mold. fumigatusand now the plant pathogenic mdid oryzae(37, 41).
While each organism is extremely specialized fefrthiche environment and has
specialized infection mechanisms, we have showmuoamfactors between the organisms
such as azole drug uptake by a similar mechanidiacditated diffusion.

While an antifungal mechanism of action may be weel§ conserved across a broad-
spectrum of pathogens, the drugs are often ontgdesnd considered for a small subset of
organisms or diseases. Commonly the reason fgrtdal failures or retirement of drugs
from treatment circulation is more dependent onhib&t response rather than the
effectiveness of the drug at clearing the pathog@ar work challenges this short-sighted
approach and suggests keeping a broader pictuméioh It might be more practical to

reconsider ‘failed’” human treatment strategies, tiwiedue to pharmacologic properties of
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absorption, distribution, adherence, etc. in humeorause in plant fungal pathogens.
Likewise, agricultural drugs discarded from productand use because of expense of
application etc. could possibly be used in smafteste affordable dosages in humans and

animals.
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CHAPTER 4
FUNCTIONAL AND INDUCIBLE EXPRESSION OFA. FUMIGATUSPUTATIVE

EFFLUX TRANSPORTERS INs. CEREVISIAE

Chapter Summary

Resistance to commonly used antifungals can dpwle to overexpression or
increased activity of fungal plasma membrane trarisps. The ATP-binding cassette (ABC)
superfamily of efflux pumps are well characterizedll widely recognized as a cause of
antifungal drug treatment failure in many fungahgaens. Bioinformatics evidence from
sequence orthology infers that there is a relatileeiye number of genes A& fumigatughat
encode ABC efflux transporters. However, very fewhese transporters have been directly
characterized and analyzed for their potential molérug resistance.

Considering the importance of fungal efflux tramsers in the process of drug
development, treatment and resistance, the foctissofesearch has been to analfze
fumigatusgenes that may encode ABC efflux proteins ancebettaracterize their role as
transporters. We have created recombisatcharomyces cerevisiagains with inducible
overexpression of individual transporters frémfumigatus We used a number of
techniques to directly measure expression, lodadizaefflux activity, substrate specificity,

and potential role in drug resistance of fhdumigatusheterologously-expressed proteins.
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Introduction

Drug Efflux is a Common Resistance Mechanism in Fugi

The filamentous fungal pathog&spergillus fumigatuss the most common cause of
invasive mold infection in humans and is associatgk an alarmingly high mortality rate
(2). Currently available antifungal drugs to tremstasive aspergillosis are very limited,
either due to issues with safety and toxicity ® tlost, or because they have narrow modes
of action leading to the potential for the devel@otnof drug resistance (2-4). In addition,
filamentous fungi are intrinsically resistant torsmantifungals that are commonly used to
treat other types of fungal infections (5, 6).sbme cases the intrinsic mechanism of
resistance can be explained based on our biologrmdrstanding of the organism. For
many cases the basis of intrinsic resistance isawk. Both intrinsic and acquired
resistance iA. fumigatugo the current classes of antifungal chemotherigseis a growing
concern (5-8).

In many well-studied fungal pathogens, multidrugistance is thought to be caused
by overexpression or increased activity of fundabmpma membrane transporters (9-12).
Commonly, the transporters belong to the ATP Bigdbassette (ABC) superfamily of
proteins that carry a broad range of substratdadimg, but not limited to, antifungal drugs
across biological membranes (12-17). The bestchenized fungal ABC transporter is that
encoded by theDR5gene inS. cerevisia€l8). Overexpression #fDR5leads to resistance
to a number of structurally unrelated drugs, whiéetion ofPDR5 leads to hypersensitivity
to these drugs (19). Our analysis of radioactiVaheled azole transport in Chapters 1 and 2

revealed a measurable, energy-dependent effluxadriazole in the filamentous fungal
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pathogend\. fumigatusandM. oryzae Compared to yeast species sucBascharomyces
cerevisiagCandida albicansCryptococcus neoformapSandida glabrataandCandida
krusej filamentous fungi contain an unusually high numtifegenes encoding predicted
ABC transporters (14, 15, 20). However, very fdwhese genes have been directly
demonstrated to encode functional transportersaaatized for their potential role in drug
resistance (14, 20).

While the number of transporter genes within gee®m variable and the gene
sequences between species can be extremely dittezse are several characteristic ABC
transporter motifs that are conserved across osgemi The hallmark structures of ABC
transporters include nucleotide-binding domains D) Biat bind ATP, and transmembrane
domains (TMD) that are thought to play a role ibsttate recognition and specificity (14,
20). The number, arrangement and topology of tdeseains can vary within and between
organisms. The extreme multiplicity of fungal AB@nsporters allows for a diversity of
physiological functions that go beyond membranespart and drug resistance (14, 19-23).

The focus of this research is to directly chanao¢eA. fumigatugenes that may
encode ABC efflux transport proteins that couldriwlved in antifungal drug transport and
determine their functionality, substrate specifi@nhd potential role in drug resistance.
Identifying A. fumigatudransporters that have substrate specificity dmnmon antifungals
could potentially lead to the development of comqusito be used as efflux inhibitors. The
inhibition of drug efflux pumps is a potential s&gy to overcome antifungal resistance,

especially when given as co-therapy with fungalkegmedrug treatments (13, 24-28).
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In addition, determining whicA. fumigatugputative ABC transporter genes are transcribed
and translated into functional efflux pumps willprove gene annotation databases and will
help researchers gain more insight into fungal @ahary relationships as well as provide a
better understanding of intrinsic resistance meisinas

There are multiple challenges to a study of thisirgaincluding the presence of a
relatively high number of encoded transporterdigt. fumigatuggenome and the fact that
A. fumigatuss not typically a model organism. The preserfomuitiple introns and large
transporter gene size (many ~4500bpAifumigatusadds further complications to
molecular-based experiments (29, 30). In additiba filamentous and non-homogenous
growth of molds makes drug susceptibility testiagdhto standardize and the analysis of
growth characteristics difficult (31).

For a more straightforward approach to studyingtinetion of individualA.
fumigatusgenes, we have created recombiriaxtcharomyces cerevisiatrains with
inducible overexpression of individual transportieesn A. fumigatus The individualA.
fumigatustransporter genes were cloned and expresseddin@diNy in severaB. cerevisiae
host strains (Table 4.1) including lab-createdissrén which the highly active endogenous
ABC transporter (38DR5H was deleted. To screen for additional phenotygesexpressed
someA. fumigatugyenes in th&. cerevisiastrain SCADKan, which has seven ABC
transporter genes deleted. The use of these partiecipient strains allowed the
heterologously-expressed pump activity to be askaya background of depleted

endogenous pumps.
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We used a number of techniques to directly measxpesssion and
localization, efflux activity, substrate specificiand effect on drug resistance of the
fumigatusheterologously-expressed proteins. These techsiouecluded fluorescent
substrate efflux assays, E-test drug susceptilidsting and broth microdilution drug
susceptibility testing. We also used GFP taggimdyfauorescent microscopy of one specific
transporter that showed a particularly strong gftiative phenotype in order to visualize
transporter expression and localization.

The controlled over-expression Af fumigatuggenes in ai%. cerevisiadackground
deficient for its major endogenous transportenvedlthe functional analysis of transport
activity of Pdr5-like putative ABC transportersifincan important human pathogen. Drug
resistance was correlated with energy-dependengtefflux in S. cerevisiastrains
expressing a number &f fumigatudransporters. Strains expressingAhdéumigatus
transporter®\F3-1Q 14, 15 and17 demonstrated varying degrees of resistance to an
assortment of drugs that are thought to be effluxp substrates. Complementarily, these
strains also showed a variable range of inducdsiergy-dependent transporter activity as
seen by the direct measurement of efflux of thertscent dye rhodamine 6G from the cells.
Some of the AF transporters showed an impairmeatiivity in response to treatment with

the efflux inhibitors FK506, farnesol and clorgyin

Materials and Methods
A. fumigatus Efflux of 3H-FLC
Mycelial masses ok. fumigatusstrain AF293 were preloaded with-FLC by

treating them at 19.5 nM for 24 hr per the standadibactive import assay as described in
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Chapter 2. The cells were then washed and resdseden a 10 mL of YNB media, and
intracellular’H-FLC was evaluated over time in both glucose-eizecy(YNB media with 2
% glucose) and de-energized (glucose starved). cebslioactivity was quantified by liquid
scintillation counting and calculated as CPM perahg. fumigatusdiomass as a function of
time at 4, 8 and 24 hr time points.
Efflux Inhibition by Clorgyline

To test the effect of clorgyline as a possiblabitbr of energy-dependent efflux in
A. fumigatusyve treated energized (2 % glucose), efflux aatsits with eithePH-FLC
alone (19.25 nM) otH-FLC with clorgyline [N-Methyl-N-propargyl-3-(2,4-
dichlorophenoxy) propylamine hydrochloride] (233 uohd compared the results*te-FLC
treatment in de-energized (glucose-starved), efflaxtive cells. Radioactivity was
quantified by liquid scintillation counting afte®Ar of treatment. IntracelluldHd-FLC
accumulation irA. fumigatusvas calculated as CPM per mg fungal biomass.
Strains and Media for Heterologous Gene Expression

The strains used in this study, and their genatypee listed in Table 4.1.
Homologous recombination was performed in the wyloe S. cerevisiastrain W303 (29,
32). Subsequent plasmid recipient strains usetlfational analysis were ABC transporter
mutants with eithePDR5deleted or with seven ABC transporters deleted.

The two recipient strains witARDR5deleted were derived from wild-tyj/se
cerevisiaestrains BY4741 or W303. We deleted Bhecerevisia®dr5p plasma membrane
ABC transporter using a Kanamycin deletion casgmtigiding selectable Kanamycin

resistance in these strains (33, 34). OligosHerdeletion cassette are listed in Table 4.2.
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Both the BY4741PDR5deletion strain (Bpdr5) and the W30PDR5deletion strain
(WApdr5) were confirmed to have the kanamycin resistance geserted into thBeDR5
genomic locus. Both strains also showed a muitgdusceptibility after deletion of the

major efflux transporter (Fig. 4.1). Mpdr5) grows as red colonies due to aate2-

mutation.

Figure 4.1. PDRS5 Deletion in Recipient S. cerevisiae Stlzains Causes Drug Susceptibility.
A) Parent S. cerevisiae strains W303 and BY4741 were compared to their PDRS deletion
derivative strains B) WApdr5andBApdr5 for fluconazole susceptibility. Deletion of PDRS
causes drug susceptibility.

The S. cerevisiastrain SCADKan, which has seven ABC transporteiregaedeleted{OR1,
SNQ2, PDR10, PDR11, YCF1, PDRBdJPDR15 was used with the idea that a strain with
the fewest possible endogenous pumps would bétteidate efflux phenotypes of thfe
fumigatustransporters that may have been obscured by endage@ump activity. However,

the ScADKan strain was only used for a small nunabeirug susceptibility experiments

because of its extreme slow growth.
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Table 4.1. Strains Used in This Study

Strain name Description Genotype
Wild-type, sequenced. fumigatus
AF293 strain from which RNA was Wild-type
isolated.
Wild-type, sequence8. cerevisiag
strain used as wild-type control f()rW Id-type ura3
B +p0 BY4741-dervied strglns. Con.talr S, b (empty) with Ura
empty pYES plasmid for uracil
selection.
BY4741 strain wittPDR5
replaced by kanamycin deletion | ura3-, pdr5::Kanf
BApdr5 +p0 cassette. Contains empty pYES | + p (empty) with Ura
plasmid for uracil selection
BApdr5 background 2 odrs-Kar
expressing a single AF geAg3- | Ve PeT>-Ra .
BApdr5 +pAFX 10, AF14, AF150r AF17in pYES :—J%(AF3 10, 14, 15, 17yith
GAL-inducible plasmid
BApdr5 background ura®, pdrs:Karf
BApdr5 +pl4GFP expreSS|ngAF14V\{|th GFP tag n iy (1'4GFP')' with Urd
PYES GAL-inducible plasmid
W303 Wild-type, sequenced strain usec Wild-type ade2 ura3
for homologous recombination
Wild-type with empty pYES
plasmid, used as wild-type contrg IW'Id de2 ura3.
W +p0 for W303 derived strains. ld-fype adez uras,

Contains empty pYES plasmid fq
uracil selection.

r+ p (empty) with Ura
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Cont.
Strain name Description Genotype

W303 strain withPDR5replaced
with kanamycin deletion cassettd. ade2, ura3-, pdr5::Kan'
Contains empty pYES plasmid fgr+ p (empty) with Ura

uracil selection.

WApdr5

WApdr5
expressing a single AF geA&14 | ade2, ura3-, pdr5::Kan'

or AF17in pYES GAL-inducible |+ p (AF14or AF17)with Ura
plasmid

WApdr5 +pAFX

ExpressingAF14with GFP tag in | ade2 ura3-, pdr5::Karf

WAPArS+pLAGEP | v ES GAL-inducible plasmid | + p (14GFP) with Ura

—— : 2:Karf MATa, pdrl-3
AD1-8u derivative (5288C derlvedjSRAg?yom::ﬁi's%,r ’

mutant strain with 7 transporters | snq2s::hisG, pdr101::hisG,
ScADKan +p0 and their regulators deleted) and| pdrli4::hisG, ycfl::hisG,
leu. Contains empty pYES pdr%::hlsG, pdl’l&l::hlSG,

; : : pdra4::hisG
plasmid for uracil selection. + p (empty) with Ura

AD1-8u derivative (S288C derivgdeu2::Karf MATa, pdrl-3,
mutant strain with transporters andURA3, yorli:hisG,
their regulators deleted) and feu | S"4::NisG, pdri0i:hisG,

. . pdrli4::hisG, ycfU::hisG,
EXpreSS.'ng a single AE geﬁf14 pdr34::hisG, pdrl%::hisG,
or AF17in pYES GAL- inducible | pdr54::hisG
plasmid + p (AF14o0r AF17) with Ura

ScADKan +AFX

Table 4.2. Oligos Used foPDR5 Deletion with Kanamycin Deletion Cassette

GTCTCCGCGGAACTCTTCTACGCCGTGGTACGATATCTGTCG
GATCCCCGGGTTAATTAA
CCTAGGAATAAAATTCTCGGAATTCTTTCGGACATTGAACGA
ATTCGAGCTCGTTTAAAC

ScPDR5::KanX F

ScPDR5:KanX R
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A. fumigatus RNA Isolation and cDNA Synthesis

A. fumigatushyphae were harvested as mycelial masses fronmigirediquid
cultures ofA. fumigatusstrain AF293 grown at 37° C in CSM complete medih 2 %
glucose. Mycelial masses were loaded onto a Whapager filter attached to a vacuum and
vacuumed to dryness. The mycelial mass was dividtedapproximately 60 mg portions
and then each portion was transferred to a 2 micaoentrifuge tube and stored at -80° C for
later use. RNA was extracted from the frozen fungasses using the Qiagen RNeasy Mini
Kit for plant, tissues and filamentous fungi. Tikelated RNA was quantitated by NanoDrop
and used for cDNA construction using Thermo Scien8uperscript [l cDNA synthesis Kkit.
The cDNA was synthesized using a combination ofloam hexamer and polyDT oligos.
PYES Plasmid Construction

PYESZ2 is a 5.9 kb vector designed for induciblpregsion of recombinant proteins
in S. cerevisiae Transformants are selected by uracil prototrophlye vector contains the
yeastGAL1 promoter for high level, inducible protein expiliessin yeast by galactose and a
CYC1transcriptional terminator. The plasmid also eam an Ampicillin resistance gene
for selection irk. coli.

A. fumigatugutative transporter genes of interest are listéthble 4.3 and are
designated in this paper A3 throughAF10, AF14, AF15andAF17(See Table 4.3 for
name designations)rhe genes were PCR amplified from the cDNA usingdfin

polymerase using oligos shown in Table 4.3.
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Table 4.3.A. fumigatus Gene Names and Oligos Used for cDNA Amplification

Shorthand | Systematic

Name Name Forward Reverse

AF3 Afu2g14020| AAGCGGCCGCTGACTCAGTT| AATCTAGACCCAGTACAATCGC
GGTGTTCACC AACAAC

AF4 Afu6g05080| AAGCGGCCGCTCAACAAGC | AATCTAGAAATGAAAGGAGAG
CAAATAGTCTT AATTTGA

AF5 Afu5g00790| AAGCGGCCGCCACCTCGGTT| AATCTAGAATTCTATCCATGAG
GATCGACCCT TGCGAA

AF6 Afu2g15130| AAGCGGCCGCTTGGTGTGA | AATCTAGAATAAGTCAGGTCC
GTCGTGCAGCG GTTCCCC

AF7 Afu6g08020| AAGCGGCCGCCTGATCTGCA| AATCTAGATTATGGTTCCGGTA
GCCTGCACCA GCACTA

AF8 Afu4g01050| AAGCGGCCGCGGTTAAGCT | AATCTAGATCTTGTCTATATAA
GATCGTGCAGA GGTTGT

AF9 Afu3g01400| AAGCGGCCGCAGGTTGGTG | AATCTAGAAGCGAGGAACCCA
TCTGCTGAGCC GAGAATA

AF10 Afu5g09460| AAGCGGCCGCCCTTGGTGTC| AATCTAGAGTAGACGCCATATT
GACTGCATCC AAAACG

AF14 Afulg14330| AAGCGGCCGCGTCTCACTCA| AATCTAGAAAGGGAAGGAGGT
ATCGGCCATC CAGGCTG

AF15 Afu6g07280| AAGCGGCCGCTCTTCGCGTA| AATCTAGAGGGTAAAGTACCC
CAAATAAGTC GAAACAT

AF17 Afulg17440| AAGCGGCCGCAAGCCAGAA | AATCTAGAGTCCCAATGAAAA
CCCACGCAAAC ACAACGC

After successful cDNA amplification, genes weraiagamplified with oligos

designed for homologous recombination into the p¥ BB&smid (oligos are listed in Table

4.4). The forward oligos contained 40 bp homolaggh the GAL1 promoter on the pYES2

plasmid and the reverse oligos contained 40 bp hmggdo theCY Clterminator region on

the pYES2 plasmid. All genes amplified as expeé&tech A. fumigatuggenomic DNA.

However we were unable to amplify some genes froiA.
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Table 4.4. Oligos Used for Homologous Recombinatidnto pYES Plasmid

Gene | Forward Reverse

AF3 | GTTAATATACCTCTATACTTTAACGTC GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCTGACTCAGTTGG | TTACATGATCCCAGTACAATCGCAACAAC
TGTTCACC

AF4 | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCTCAACAAGCCA | TTACATGATAATGAAAGGAGAGAATTTGA
AATAGTCTT

AFS | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCCACCTCGGTTGA | TTACATGATATTCTATCCATGAGTGCGAA
TCGACCCT

AF6 | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCTTGGTGTGAGTC | TTACATGATATAAGTCAGGTCCGTTCCCC
GTGCAGCG

AFT | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCCTGATCTGCAGC | TTACATGATTTATGGTTCCGGTAGCACTA
CTGCACCA

AF8 | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCGGTTAAGCTGAT | TTACATGATTCTTGTCTATATAAGGTTGT
CGTGCAGA

AF9 | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCAGGTTGGTGTCT | TTACATGATAGCGAGGAACCCAGAGAATA
GCTGAGCC

AF10 | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCCCTTGGTGTCGA | TTACATGATGTAGACGCCATATTAAAACG
CTGCATCC

AFL4 | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
AAGGAGAAAAAACCGTCTCACTCAAT | TTACATGATAAGGGAAGGAGGTCAGGCTG
CGGCCATC

AF1

© | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA

AAGGAGAAAAAACCTCTTCGCGTACA | TTACATGATGGGTAAAGTACCCGAAACAT
AATAAGTC

AFLT | GTTAATATACCTCTATACTTTAACGTC | GGGCGTGAATGTAAGCGTGACATAACTAA
éﬁggéGAAéAAACCAAGCCAGAACC TTACATGATGTCCCAATGAAAAACAACGC

The pYES2 plasmid was cut witindlll andPvul and dephosphorylated with

alkaline phosphatase (New England Biolabs, Bevéthss.). Homologous recombination
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of the PCR products and the linearized plasmid deaee inS. cerevisiaavild-type strain
W303 using the standard Saccharomyces LiAc Tramsfoon Protocol (32).

The pYES2 +AF(transporter) plasmids were isolated from‘walonies and
transformed intd. coliusing the DH& heat shock protocolE. coli transformants were
selected on LB plates containing 50 to 1@@ml ampicillin. Plasmids were isolated from
amp selected colonies and checked for plasmids cartyiagorrect size insert as
determined by restriction digestion and agaroselgetrophoresis. The correct orientation
and insertion of thé. fumigatuggenes in the plasmidas confirmed by sequencing.

The pYES2 +AF(transporter) plasmids were transformed into thiferdntS.
cerevisiaeABC transporter mutant strains (described in Tdblg for analysis. Colonies
were selected from CSM-ura plates. 3llcerevisiastrains used in functional analysis
assays contained the pYES2 plasmid (+/- gene Insanferring ura prototrophy and so all
strains were grown on CSM —ura with 2 % glucos2 & galactose on agar plates or in
liquid culture at 30° C.

Functional Expression Analysis of the RecombinanA. fumigatus Genes

Functional expression of the recombinant genesanab/zed by E-tests, MICs, and
rhodamine 6G efflux assayh. fumigatuggenes were induced and overexpressed under the
control of theGAL1 promoter in media containing 2 % galactose.

Minimum Inhibitory Concentration Drug Susceptibilit y Test

The MICs of compounds for recombinghtcerevisiastrains were determined in

accordance with the M27-A3 broth microdilution madhexcept the method was modified

by using a CSM-ura based medium bec&iseerevisiastrains do not grow in the RPMI
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medium used in the CLSI method. Brief§, cerevisiastrains were inoculated in microtiter
plates in the presence of a series of 2-fold dihgiof a variety of compounds and antifungal
drugs. The plates were incubated in CSM-ura +dll#éose (plasmid expression repressed)
at 30° C for 48 hours or CSM-ura + 2 % galactosas(pid expression induced) at 30° C for
72 hours to account for the slower growth in galset The MIC values between strains
were compared in each media. The cell growth &t daug concentration was read atdoD
with a microplate reader (Bio-Tek). The Miivas determined to be the drug concentration
at which 80 % of cells were inhibited comparedh® growth found for a no-drug control.

Drugs used for MIC testing include amphoterici{A/B), benomyl (BEN),
chloramphenicol (CHL), clotrimazole (CLT), cyclohexde (CH), doxycycline (DOX),
fenpropimorph (FEN), fluconazole (FLC), hygromy&8r(HYB), itraconazole (ITC),
ketoconazole (KTC), metconazole (MET), miconaz®éQ), nystatin (NYT), posaconazole
(POS), prothioconazole (PRO), reserpine (RES),ahode 6G (R-6G), tebuconazole (TBZ),
terbinafine (TRB), voriconazole (VRC) and 4-nitragpione (4-NQ),
Rhodamine 6G Efflux Assay

A. fumigatusABC efflux transporters were analyzed for potdrftiactionality using
a microtiter assay of the fluorescent dye rhodar6lB8gR-6G), which measured R-6G efflux
into the supernatant over time.

Yeast cells oAF gene-expressing strains were each grown in 50 8J-Qra with
galactose to an Oy 0.6. The cells were harvested by centrifugatio®080 g for 10 min
and the pellets were washed twice with 5 mL of phase buffered saline (PBS) and then

resuspended in 5 mL of glucose-free PBS buffer.
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A stock solution of R-6G was prepared by dissoluimgdye in 100 % ethanol at a
concentration of 10 mM. To load the cells with dgethe efflux assay, a final concentration
of 10 uM of R-6G (5 ul in 5 ml) was added to th# sespension and incubated at 35° C in a
reciprocating shaker for 1 hr. After the 1 hr pyading, excess dye was removed by
washing in PBS and resuspended in 5 ml PBS withddui#ose to activate ATP-driven
efflux or without glucose to use as a baseline ammspn. At each time point, 400 uL
samples were withdrawn and centrifuged at 9000 ¢ fain to pellet the cells. The
supernatants (200 pL) were collected and pipettedd black microtiter plate. The
fluorescence was measured at 485/520 nm excitegemis the Synergy2, Biotek
microplate reader. The time points included timmfhediately after the dye-loaded cells
were resuspended in media, as well as after 11@&nd 60 min of incubation.

For R-6G efflux assays with a competitor or inlobjthe samples were treated with
R-6G as per above and allowed to incubate for 3tutes. The competitor or inhibitor was
then added to the sample and allowed to co-incukittethe R-6G for another 30 minutes.
After the pre-loading and co-incubation, the samplere washed as above and resuspended
in media with the competitor or inhibitor. Samplesre treated with FK506 at an
approximate 1:2 ratio of drug to R-6G at 5 pM FK5@obmpetition with FLC, as well as
inhibition with farnesol and clorgyline was perfathat a 50:1 ratio of drug to R-6G at 500
UM FLC, FAR, or CLOR.

Statistical Analysis
Error bars represent standard deviation of thensieébiological triplicates for each

condition. Differences between sets of samplegwealuated by an unpaired two tailed
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Student's t test. A P value of < 0.05 was consatiemgnificant.

GFP Tagging

TheAF14 gene was tagged by homologous recombination oAEigl gene insert
into a pYES2 plasmid containing a green fluorespeotein (GFP). The GFP-containing
plasmid was provided by Dr. Alex Idnurm (formerlfWlXC, Missouri). TheAF14gene was
amplified by a forward primer that had a 40-bp ¢tsewith theGAL1 promoter and 20
nucleotides of th&F14 geneanda reverse primer with 40 nucleotides of the GHRege
sequence and 20 nucleotides of Atel4 gene with the stop codon removed. The GFP-
containing plasmid was digested Xiga to linearize the plasmid at the MCS and treated
with alkaline phosphatase. The amplifi@dfumigatuggene insert was cloned into the pYES
plasmid by homologous recombinationSncerevisia¢o generate pYE®F14GFP.

Transformant colonies were selected from —uraianaald correct insertion of the~
gene insert was confirmed by restriction enzymestign and agarose gel electrophoresis to
check its size as well as PCR amplification ofribgion between th& AL promoter and the
CYClterminator. Once the plasmid and insert size werdirmed to be correct, cells
expressing the GFP plasmid were analyzed by floergsnicroscopy.

Microscopy

To test the expression and surface localizatiadh@heterologous proteins, yeast
cells were grown in CSM—ura with 2 % galactoseteA& brief wash with water, yeast cells
were heat fixed to a microscope slide and the Gigged AF14 fusion protein was analyzed
using fluorescent microscopy by the University asdburi, Kansas City School of Dentistry

Confocal Core.
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E-test Drug Susceptibility Testing
E-test strips (bioMérieux, United States) were usedetermine the strain MIC to

FLC and confirm that the functionality of the transter had not been disrupted by the
addition of the GFP fusion. MICs of Wpdr5 and BYApdr5 strains carrying an empty
PYES plasmid were compared to ¥pdr5 and BYApdr5 strains expressing the pYES
plasmid containing thAF14+GFP fusion. One side of the plastic E-test strigalibrated
with MIC values of the drug in pg/ml. The drug dient on the strip covers 15 two-fold
dilutions.

Overnight cultures of the strains were grown inrM=@&a + 2 % galactose at 30° C
shaking and diluted to an Qdy of 0.1. CSM-ura agar plates with 2 % galactoseewe
inoculated with the diluted cultures using a cottarab spread 3 ways over the plate and
allowed to dry. A single E-test strip was placedeach inoculated plate and kept at 30° C
for 48 hours with daily monitoring. The MIC wastelenined based on the drug
concentration on the E-test strip in which the zohimhibition, or ellipse of non-growth,
occurred.

Results

Azole Efflux from A. fumigatus

3H-FLC efflux is energy-dependenEigure 4.2A shows efflux oH-FLC fromA.

fumigatuscells that were preloaded witA-FLC at 19.5 nM for 24 hr as previously shown in
Chapter 2. Efflux was measured over time in bdticgse-energized and de-energized
(glucose starved) cellsSThe samples incubated in the presence of glucaag [me with

squares] show dramatically faster export of labeled) compared to the glucose starved
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[black line with circles] cells (Fig. 4.2A), sugdieg an energy-dependent efflux mechanism.
This is consistent with the action of ABC transpostthat have been characterized in many
fungal species to actively transport azoles ouheffungal cell and thus may be a
mechanism of drug resistance. Since ABC transporéguire energy, the glucose-depleted
conditions limit the efflux pump activity as evidesy the dramatically slower efflux rate.

By 24 hr, most of théH-FLC was exported from the energized samples,enhineasureable
amount®H-FLC remained the de-energized samples (Fig 4.2A).

Clorgyline inhibits®H-FLC efflux. Clorgyline is a monoamine oxidasephibitor

(MAOQI) that has been used for decades as a cliait@diepressant in humans (35, 36).
Clorgyline has recently been identified in a scrasm@n inhibitor of twe. albicansABC
efflux pumps, CaCdrlp and CaCdr2p, as well as savgiFLC resistance i8. cerevisiae
strains expressing ABC transporters (27). We sklawe&hapter 3 that clorgyline acts to
inhibit energy-dependent efflux of FLC M. oryzaeas well, indicating that the mechanism
of clorgyline transport inhibition is broadly comged. To examine the effect of clorgyline
as a possible inhibitor of energy-dependent efittu&. fumigatusye treated energized,
efflux-active cells with eithetH-FLC alone [fH-FLC +GLC] or®H-FLC with clorgyline
[*H-FLC +GLC +CLOR]. We compared the resultSkbFLC treatment in de-energized,
efflux-inactive cells with and without clorgylinejH-FLC -GLC] and [¥H-FLC —-GLC
+CLOR], as well as heat inactivated backgroundrobreells, [HK] (Fig. 4.2B).

After 20 hours of incubatioiH-FLC uptake was observed in both de-energized and
energized cells, with the energized cells showiggiicantly reduced intracellulaH-FLC

concentration compared to de-energized cells (2B 4GLC vs +GLC samples). The
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reduced azole accumulation in the energized cehsast likely the result of activation of
energy-dependent efflux pumps transporting®#ié=LC out of the cell. However, when the
energized, efflux-active cells were treated witbrgyline [+*H-FLC +GLC +CLOR], there
was a significantly increased intracellutat-FLC accumulation, indicating energy-
dependent efflux was at least partially preventgthle addition of clorgyline. Clorgyline

had no effect oAH-FLC accumulation in efflux-inactive cellsJ#-FLC —GLC +CLOR].

This effect inA. fumigatuscontributes to the idea that clorgyline may inhémergy-
dependent ABC transporters in a diversity of fusgil is an exciting prospect for use in drug
combination therapy with other antifungals that maymally be transported out of the

fungal cell by ABC transporters.
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Figure 4.2. Energy Dependent Azole Efflux and Potdial for Efflux Inhibition with Clorgyline. A) A. fumigatushowed
energy-dependent azole efflux as intracellé#FLC concentration was measured over time in énedggray squares] and de-
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Expression ofA. fumigatus Putative Transporter Genes inS. cerevisiae

S. cerevisiaés unable to splice introns frof fumigatuggenomic DNA. TheA.

fumigatusgenome contains multiple introns throughout maRFS, which is in contrast to
the S. cerevisiagenome that has relatively few introns (37-40)e fivst attempted to
amplify genes fronA. fumigatuggenomic DNA to be used for plasmid expressio8.in
cerevisiadn the hopes th&b. cerevisiasplicing machinery could remove the introns from
theA. fumigatuggenes. However, after isolating RNA from Becerevisiaeells and
synthesizing cDNA, it was clear that the intronsevstill present in the mRNA for the
fumigatusgenes as confirmed by PCR amplification usingoimspecific oligos (Table 4.5
and Figure 4.3). Since tl8 cerevisiasplicing machinery was not capable of removing the
multiple introns fromA. fumigatugyenes, cDNA was synthesized from RNA isolated from
the wild-type, sequenceil fumigatusstrain AF293. Since high basal efflux pump
expression is more often the cause of resistancerapared to the pumps that are induced
(41-43), RNA was isolated fromy. fumigatusunder normal, non-drug treatment conditions.

Some genes did not successfully amplify from cDMA ao were left out of this study.

Table 4.5. Oligos Used to Check for Introns in cDNA

temati

Systematic Forward Reverse

Name

Afu5g00790 CCAAGGCGATCCTGACCGTCGGCTG GGCCGACGGGGTAGAACCAGGCCSHG
Afu1g14330 GGTGGCGAGTCGCTCAACCAG GGGACGTTGAGCATAGAGTGTC
Afulg17440 GAGCTTGCAGCCAGACCCCAAC GCGCTGAAACAGCATGGCAG
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Figure 4.3 S. cerevisiae was Not Able to Splice Introns from HeterologouslExpressed
A. fumigatus Transporter Genes. Oligos designed for either side of introns wesedito
amplify cDNA of yeast that heterologously expresaé&dransport geneAF5, AF14 and
AF17 The PCR products were compared to genomic DNAFofransport genes known to
contain introns.

Deletion of endogenolBDR5 in S. cerevisiagecipient strain allows analysis of

heterologous gene phenotype. To characté&iZamigatugutative transport genes for

cellular drug efflux, to distinguish potential striage specificities, and to analyze their
contribution to antifungal drug resistance, we tatdedS. cerevisiagecipient strains
suitable for the functional expressionAdffumigatugutative transporter genes in efflux-
deficientS. cerevisiagecipient strains. The gene encodingAhéumigatudransporter of
interest is integrated downstream®AL1, a galactose-induced promoter for highly inducible
gene overexpression. TheApdr5 and WApdr5 recipient strains exhibited no obvious
changes in growth phenotypes compared to the pai@is on complete media, but were
severely hypersusceptible to multiple drugs duthédack of endogenous Pdr5 pump and
showed deficient efflux activityDeletion of this major Saccharomyces transporter allowed

activity of the heterologous A4. fumigatus genes to be assayed.
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An additionalS. cerevisiagecipient strain with deletions of 7 major trangpenes
and 2 transport regulators was used to confirmrnbatrug resistance or efflux phenotype of
the A. fumigatuggenes was masked by endogensuserevisiaefflux activity. The
ScADKan strain had a reduced growth rate phenotypey, transformation efficiency and is
hyper-susceptible to a variety of drugs (44).

The controlled overexpression Af fumigatudransporter genes in &
cerevisiaebackground deficient for its major endogenousdpanter allows the functional
analysis of potentially significant Pdr5-like AB€unsporters involved in drug efflux from an
important human pathogen.

Drug Susceptibility Testing

Broth microdilution drug susceptibility assay wasfprmed on all three background
strains (BY4741Apdr5, W303Apdr5 and ScADKan) carrying either an empty plasmid or a
plasmid expressing &k fumigatudransporter gene. The Minimum Inhibitory
Concentration (Ml&o), which calculates the minimum concentration afgdrequired to
inhibit fungal growth by 80 % when compared to a#i@ated sample. Various drugs on the
S. cerevisiastrains were compared and are listed in MateriadsMethods. The assay was
performed in both glucose (plasmid-expression ig@@) and galactose (plasmid expression
induced) conditions. MIgg results for the galactose-induced plasmid expoessie shown
in Table 4.6. Four fold changes in drug susceltifof the AF-expressing strains compared
to thePDR5deletion strains are highlighted in red.

The transporter8F5, 6, 9, 10, and14 show substrate specificity for different azoles

and R-6G. Table 4.6 shows the M§@esults comparing the efflux-deficient strains B-

117



Apdr5, W-Apdr5, andScADKan, carrying either an empty plasmid (pO)agriasmid with
theA. fumigatuggene of interestF3-10, 14, 1®rl7]. Samples that had been grown
overnight in repressing (glucose) media showedifierdnce in MIGos between the AF-
transporter-carrying strains, which was used a&peesentative, non-induced control. The
wild-type strain showed a higher Mgxo many of the drugs tested compared to the AF-
transporter-carrying strains under glucose (repngsonditions (data not shown). This was
expected since, even in non-inducing conditions wid-type strain is still expressing the
endogenous SC efflux transporters.

Even under galactose induction, some of the hetgooisly expressefl. fumigatus
genes provided no measurable phenotype to the teagel. The genes that showed neither
a drug resistance nor susceptibility phenotypeunheAF3, 4, 78, 15and17 (data not
shown). The Ml of those strains matched that of the strain cagrginly the empty
plasmid. Some of th&F transporter genes however had a dramatically ase@ MIGo and
restored a wild-type drug resistance phenotypbempdr5 deletion background strairAF14
showed increased MHKgto all of the azoles tested including CLT, FLCCITKTC, POS, and
VRC. HoweverAF14showed no resistance to non-azole antifungals as¢fEN and CH
indicating strong substrate specificity for the lazdass of drugs (Table 4.6). TA&14
expressing strains also showed increasedsMICR-6G, known to be a substrate for many
ABC transporters (45).

Interestingly, some strains showed a variablestasce phenotype to different azoles,
suggesting a more specific substrate recogniti@otoe aspect of the drug such as size,

charge or structure. For examphds5 showed a strong resistance phenotype to the azoles
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CLT, FLC, ITC and KTC. HoweveAF5 was susceptible to the azoles POS and VRES

andAF10show a similar resistance phenotype to FLC, howA¥d.0 shows no efflux

activity against KTC, whereasF5 has very high activity based on the drug suscaipgib

results (Table 4.6).

Table 4.6. Broth Microdilution Drug Susceptibility Assay

A BY4741 BApdrs BApdr5 BApdr5 BApdr5  BApdr5  BApdrs
+p0 +p0 +AF5 +AF6 +AF9 +AF10 +AF14
CH 0.03 0.03 0.03 0.03 0.03 0.03 0.03
CLT 15 0.2 3.0 0.2 0.4 0.2 3.0
FEN 4.0 2.0 8.0 4.0 8.0 4.0 2.0
FLC 16 2.0 16 8.0 2.0 16 16
ITC 1.0 0.25 1.0 0.5 0.5 0.5 4.0
KTC 32 1.0 32 4.0 4.0 1.0 32
POS 2.0 0.25 0.5 0.5 0.25 0.25 0.5
R6G 200 25 200 100 200 100 200+
VRC 0.06 0.008 0.03 0.02 0.02 0.03 0.06
B WApdr5 WApdr5 C ScADKan ScADKan
+p0 +AF14 +p0 +AF14
AMB 4 2 AMB >4 >4
BNL 256 128 CHL 0.4 0.4
CLT 0.25 2 CLT 0.25 >2
FEN 4 4 DOX 0.1 0.1
FLC 2 16 FEN 1 1
HYGB 80 80 FLC 0.25 >8
ITC 0.0625 0.25 MET 0.01 0.25
KTC 2 32 NYT >4 >4
MIC 0.03 0.03 PRO 2 8
R6G 3.1 50 RES 50 S0
TRB 12.5 125 R6G 15 >3
VRC 0.03 0.25 TBC 0.01 1
. i VRC 0.02 1
See Materials and Methods for drug abbreviations ANQO 0.06 0.06
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Continued characterization of the differences insstate specificities between the
transporters by drug susceptibility testing to ottlasses of drugs and biological compounds
will be done in the future. The drug susceptipifiésults suggest th&F5, 6, 9,10 and14
genes are functional energy dependent ABC transysottiat can compensate for e
cerevisiaePdr5 transporter to increase resistance to vadougs. These finding confirm a
potential role for thesA. fumigatudransporters in drug resistance and can begitetatify
substrate specificity for efflux.

Investigating Gene Functionality with R-6G Efflux Assay

R-6G is a fluorescent substrate of yeast efflurdpmrters. Fluorescence-based
assays of pump activity are a useful way to measndecompare the activity of ABC
transporters by measuring the fluorescent signalfastuates either inside the cell or as it is
transported into the supernatant. Reduction dfixefictivity either by non-functional pumps
or by compounds that reduce pump activity are yadgntified by the R-6G fluorescence
assay. Other fluorescent compounds such as NdeaRe alanin@-naphthylamideould
potentially be used to measure efflux activity asl\(46, 47).

We used the R-6G screening assay to measure efftivity in S. cerevisiaén which
the individualA. fumigatudransporter genes were functionally expressed é4). TheS.
cerevisiaehost strain BApdr5is efflux-deficient compared to the wild-type BY4l7due to
the deletion of the endogenous ABC transpd?@R5 The efflux-deficient strain provided
a more sensitive assay for pump activity of Ahdumigatuggenes to be analyzed in a

background strongly depleted of endogenous punmytgctit also allowed a direct
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comparison and contrast of the differénfumigatusABC transporters’ ability to
compensate for the wild-ty@g® cerevisia€’dr5 transporter.

Heterologous expression AF5, 6, 9, 1Gand14 showed energy-dependent R-6G

efflux activity. Figure 4.4 shows results of thedB efflux assay comparing the wild-type
strain [BY4741] and its derived strains;Apdr5 carrying either an empty pYES plasmid
[BA] or a pYES plasmid with thA. fumigatuggenes [R5, 6, 9, 10, or 14]. Samples were
grown overnight in galactose media to induce pldsgeine expression or glucose in which
the pump expression was not induced. The assayheagerformed in either an energy
depleted condition (Fig 4.4A) in glucose-depletestim, or an efflux active condition (Fig
4.4B) in glucose replete media.

In an energy-depleted state, ABC transportersnacive and there is very little R-
6G efflux from the cells into the media (Fig 4.4A)lowever, when ABC transporters are
activated by providing glucose for energy (+GL®E tvild-type strain [BY4741] as well as
the strains expressing the AF transporter genas[B, 9, 10 or 14] showed dramatically
increased R-6G efflux into the media (Fig 4.4BheTifferentA. fumigatuggenes showed
different levels of R-6G efflux activity with [89] showing the least activity of the expressed
genes. The strain carrying an empty plasmid wablerto show significant R-6G efflux

even in the presence of energy|B
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Figure 4.4. R-6G Efflux in S. cerevisiae BY4741 Mutant and Wild-type Strains. Plasmid
expression was induced by overnight growth in galBemedia. The efflux assay was then

performed in either &) glucose-starved (-GLC) condition in which thereswittle efflux
from the strains or B) glucose-replete (+GLC) condition in which the wiighe strain
[B4741] as well as the strains expressing the AkeggBA5, 6, 9, 10 or 14] showed

dramatically increased R-6G efflux into the medTlde strain carrying an empty plasmid

[BA] was unable to show significant R-6G efflux everthe presence of energy.
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The PDR5-inhibitor FK506 reduces energy-dependéhix of R-6G in manyA.

fumigatusABC transporter-expressing strainSo-treatment of an infection with both a

primary antifungal agent such as an azole and plemgntal agent such as an efflux
inhibitor has been proposed as a method of combm#terapy to combat drug resistant
infections (26, 27, 48-50). FK506, consideredeah inhibitor of PDR5-like ABC
transporters, was analyzed for its ability to inthibe active efflux of R-6G activity in ABC-
transporter overexpressing strains (Fig. 4.5) $33,

The wild-type strain [BY] and efflux-deficient ain expressing tha. fumigatus
genes AF3-10and15] were treated with the Pdr5-like transporter inlmbEK506 to
determine if this drug showed a measurable inhipigdfect on R-6G efflux. Some of the
FK506-treated samples had dramatically reduced Rffi(ix compared to the untreated
samples [+GLC vs +GLC +FK506] as shown in FiguAand B. Strains with high efflux
activity such as BY and AF3, showed a dramatic ceduo of R-6G efflux in the presence of
FK506. Strains that had low efflux activity in tgkicose-only conditions such as AF7 and
AF9, (Fig. 4.5A), showed little effect from the FB& treatment (Fig. 4.5B) as they were
basically at a baseline level of efflux to begirthwi

Interestingly, the transportefs-6 andAF10, which had a strong resistance
phenotype to multiple drugs (Table 4.6A) both hadae intermediate R-6G efflux activity
(Figs 4.4B and 4.5A) and were not inhibited by aldition of FK506 (Fig. 4.5B). This is
possibly due to some variation at the transports@® binding site that does not allow
transporter inhibition in these particular trangpms. Or perhap&F6 and10 do not share a

certain feature of the canonical Pdr5-like transgrathat FK506 usually recognizes.
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Figure 4.5. R-6G Efflux and Inhibition with the Pdr5-like Trans port Inhibitor FK506.
Plasmid expression was induced by overnight gromtfalactose media. The R-6G efflux
assay was performed in the presenca)oflucose-only for efflux activatioar B) glucose
and FK506 treatment. Some strains were very stibefo the inhibitory effects of FK506,
while others showed very little change in effluxvibeen the conditions.
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Wild-type SC and BApdr5+AF14 show reduced R-6G efflux with FLC pre-

treatment. In the same assay as above, wild-typm8Y4741 (carrying an empty plasmid
[BY]) and the efflux deficient strain Bpdr5 (carrying théA. fumigatuggeneAF14

[BY A14]) were grown overnight in galactose media tageplasmid gene expression. All
samples were provided with glucose during the Ra6§ay and so were efflux-active. The
samples were co-treated with R-6G +/- FLC to areaRz6G efflux, indicative of ABC
transporter activity, with and without azole treatvh(Figure 4.6).

FLC and R-6G are both thought to be substrat®sits-like ABC transporters and so
reduced R-6G efflux in the presence of an azoleldvimdicate competition between the
compounds for transport out of the cell. Bothuhiel-type strain and the strain expressing
the AF14 gene showed dramatically reduced R-6G efflux theomedia in the presence of
FLC [BY+GLC vs BY FLC and B\ 14+GLC vs BYA14 FLC] (Fig. 4.6A). These results
indicate that FLC does compete for efflux with R-8@&l that thé\F14 transporter has
similar activity and substrate specificity as tle#8r5 transporter.

Farnesol and clorgyline inhibited the energy-delesn efflux of R-6G inlAF14

expressing. cerevisiae.The ability of clorgyline or farnesol to inhiBkBC drug

transporters was investigated by measuring R-6@iigct/- inhibitor treatment (Fig. 4.6B).
Wild-type strain BY4741 carrying an empty plasmigy] and efflux-deficient strain B-

Apdr5 carrying théA. fumigatuggeneAF14[BY A14] were treated with the putative ABC
transporter inhibitors clorgyline or farnesol tdetenine if these drugs showed a measurable
inhibitory effect on R-6G efflux. Both clorgylirend farnesol-treated samples had

dramatically reduced R-6G efflux compared to theated samples [BY vs BY FAR or BY
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CLORGY and BYA14 vs BYA14 FAR or BYA14 CLORGY]. TheAFl4transporter
reversed the effect of the deleted endogenous Sd¢Rahrsporter and showed even greater R-
6G efflux activity than the wild-type BY4741 straiffhe increased activity is most likely an

effect of hyperexpression of the transporter froeGAL1 promoter in the multicopy

plasmid.
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Figure 4.6.Efflux of R-6G from Wild-type and AF14 Strain. Plasmid expression was
induced by overnight growth in galactose media. a$&ay was performed in the presence of
glucose to allow energy for transporter activly Both the wild-type strain and the strain
expressing th&F14 gene showed dramatically reduced R-6G efflux exghesence of FLC
[BY vs BY+FLC and BYA14 vs BYA14+FLC]. B) Both farnesol and clorgyline-treated
samples had dramatically reduced R-6G efflux coebéw the untreated samples [BY vs
BY+FAR or BY+CLOR and BY114 vs BYA14+FAR or BYA14+CLOR].

126



GFP-taggingAF14

A. fumigatusAF14 pump shows proper membrane surface localizand

expression. To visualize the plasmid inductiorpregsion levels, and protein localization of
the heterologously-expressed AF14 putative membransport protein, we added a GFP
tag to the protein creating the pYB&14-GFP plasmid.

Wild-type yeast strains carrying an empty pYES pl@aswere imaged for auto
fluorescence. Very little GFP signal can be seahe wild-type control image (Fig 4.7A).
The strains WApdr5 and BYApdr5 were transformed with the GAL-inducible, multigop
plasmid containing thAF14-GFP fusion gene and were imaged by fluorescentoswopy
in plasmid-inducing conditions shown in Figure 4aml C. The images of the GFP-tagged
AF14p confirmed that the AF14-GFP fusion proteitoisalized to the cell surface as evident
from the rim-like staining of the cells. The GH&drescence could also be seen in the
cytoplasm most likely as an effect of the high copynber plasmid and hyperexpression of

the protein.

B C.

Figure 4.7. AF14-GFP is Expressed and Localizes to the Plasma Mendme Fluorescent
Microscopy ofA) S. cerevisia&V/303 Wild-type andB) W303AF14-GFP expressing strain
magnified.C) BY4741AF14GFP expressing strain magnified.
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GFEP tagging did not disrupt transporter functi@ath E-strip susceptibility testing

and R-6G efflux assay showed that the AF14-GFRepraemained functional with the GFP
tag. Figure 4.8A shows that in inducing conditi¢galactose) both Wipdr5 +AF14-GFP

(A) and BY-Apdr5 +AF14-GFP (B) strains have increased FLC resistance aoedgo the
W-Apdr5 and BYApdr5 strains carrying an empty pYES plasmid. pdes-deletion strains
showed a FLC MIC around 0.38 - 0.5 pg/ml, while thpdr5 AF14-GFP strains show FLC
resistance greater than 64 pg/mi.

R-6G efflux activity is not changed by the additiof the C-terminal GFP tag on the
AF14 protein as shown in Fig. 4.8C. The pattereftitix activity in BY-Apdr5+14 and BY-
Apdr5+14 GFP strains are nearly identical. R-6G efflugreatly increased when glucose is
provided in contrast to baseline R-6G efflux a¢yiwwhen no glucose is provided, again
confirming an energy-dependent efflux mechanism.

In addition, farnesol greatly inhibits R-6G efflirom both BYApdr5+ 14 and BY-
Apdr5+14-GFP expressing cells, even in the presence obgkicAlthough there are
examples of fusion proteins that have reduced@eased activity, misfolding, or incorrect
localization due to the GFP tag, it is expected tihe conserved Pdr5-like membrane

transporters can be C-terminus GFP tagged andlxsdavithout functional problems.
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Figure 4.8. GFP Tagging Did Not Disrupt AF14 Transporter Function. E-test strips
were used to compare the MIC of FLCANW303 Apdr5 compared to W303\pdr5
+AF14-GFP strains anB) BY-Apdr5 compared to BYApdr5+14-GFP strainsC) R-6G
efflux +/- glucose activation (+GLC and —GLC) and treatment with the inhibitor farnesol
(FAR) was compared between BMxdr5+14 and BY Apdr5+14-GFP strains.
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Conclusions and Discussion

In many well studied yeasts and fungal pathogémesefflux of antifungal drugs via
ABC transporters constitutes a major cause ofadinnultidrug resistance. This warrants a
closer look at thé\.. fumigatuggenome for potential ABC transporters that acivedflux
antifungals. The major objectives of this studyevi® identify plasma membrane ABC
transporters that may contribute to antifungal deegistance i\. fumigatusand to
characterize the substrates and efflux properfilsese pumps when expressed in the model
organismS. cerevisiae

We first looked for evidence of energy-dependefitiefas well as intracellular
accumulation of radioactively labeled FLCAnfumigatugo illustrate the possibility that
ABC transporters i\. fumigatusnay play a role in azole drug resistance andtthasport
or intracellular accumulation of FLC is somethihgttcould be manipulated with antifungal
treatments. We showed that efflux of FLC was epéegpendent and cells that had glucose
were able to remove the FLC at a much more rapéedthean cells starved of glucose (Fig
4.2A).

We analyzed whether the intracellular accumulatibBLC in A. fumigatuscould be
increased by preventing efflux with ABC transpattibitors. We showed that compounds
that inhibit fungal ABC transporters, such as cjdirge, could potentially be a broad-
spectrum, synergistic drug that increases antifudigay accumulation in the fungal cell
when used in combination drug therapy (Fig 4.2B).

We further analyzed the potential for transport-ratsdl drug resistance f

fumigatusby amplifying putative ABC transport genes thatevactively expressed i.
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fumigatus To more directly study the phenotype and efftapability of theA. fumigatus
proteins, we worked with the model organiSimcerevisiaeS. cerevisiaés a powerful
model system that has been used extensively tg siud) resistance properties in other
yeasts such &8. albicans We used drug-hypersusceptiBlecerevisiastrains lacking the
main endogenous ABC transporter, Pdr5, to studyuhetion of putative transporter genes
from A. fumigatus

All of the transporter genes analyzed in this stagythought to be Pdr5-like proteins
based on the translated sequence and predictesirpdmmains. They each have 2
nucleotide binding domains and 2 transmembrane ohantlaat each has 6 TM segments.
However, the genes have many differences includimgber and size of introns, exon
sequences, chromosome location and transcriptregalation. Since all of the genes are
placed under the control of ti&AL1 promoter, it is assumed that the expression lefvel
each transporter is similarly overexpressed. Cqunsatly, the difference in drug
susceptibilities and efflux function must be a fume of these sequence differences.

Our initial characterization of the genes encodidumigatugputative ABC
transporter genes have shown interesting diffeienceubstrate specificity and energy-
dependent efflux of R-6G (Table 4.6 and Figs. 468)-4The expression of certafn
fumigatustransport geneAE5, 6, 9, 10 or 14)endered the otherwise highly drug-
susceptibles. cerevisiadost strains resistant to various drugs. Otlarsiporter gene@\e3,
4, 8, 15 or 17showed no phenotype to the drugs tested thu3 &ni¢ 4.6). Comparing
drug susceptibility to a variety of azoles allowexito tease out some differences in substrate

specificities for the different transporters. Cantd exploration of drug resistan
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phenotypes along with comparisons of the transpsirpredicted sequence and structure
may illuminate important evolutionary events andreveveal potential efflux inhibitor drug
targets.

The R-6G fluorescent efflux assay offered even ndasenguishing phenotypes
between the AF transporters. There were trangpsatiat had strong R-6G efflux activity
(AF4, 5, 6, 10, 1% and others that showed very little R-6G effl&F{, 8, 9, 15, 17{Figs.

4.4 and 4.5). While the R-6G fluorescent efflugasshowed differential energy-dependent
efflux between the transporters, it did not necelgseorrelate with any particular drug
resistance phenotype. For example the strain sgimgAF9 consistently showed a high R-
6G MICgo as well as a resistant phenotype to fenpropimarghsome of the azoles (Table
4.6A), however, thé&\F9-expressing strain showed very little active R-8&hsport in the
fluorescent efflux assay (Figs. 4.4 and 4.5). T&isot unexpected as the different assays
measure very different aspects of transporter fanct

In addition, the response to the Pdr5-like ABC $gaort inhibitor FK506 was varied
between the transporters, again indicating diveesnong the ABC transporters even within
the same organism. R6G efflux from strains exjmgsSd®DR5 AF3 or AF4was inhibited
by FK506, while strains expressiAd5 or AF6 were unaffected by the R6G and FK506 co-
treatment. Importantly, we have shown that transfpmction in yeast can be blocked
through inhibitors such as FK506, clorgyline anahésol (Figs. 4.5 and 4.6). A combination
therapy using simultaneous administration of azeliés another synergistic compound, such
as an efflux inhibitor, has the potential to resthhmgal isolate susceptibility to treatment.

Co-treatment with antifungals that have non-oy®iag toxic effects on the host,
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allows for more total antifungal force to be apgligithout increasing the overall toxicity to
the host. This is particularly important in patethat are plagued by side effects and
toxicities of many common antifungals in high dosésaddition, combination treatments
would help prevent the development of resistanagtter of the single agents. Similarly, a
combination treatment approach may be more suadesginst infections that include some
fungal cells not inherently resistant to one amigfal agent and other fungal cells not
inherently resistant to the other antifungal agélttis becomes more relevant as we learn
more about microbiomes and fungal-fungal or furtggdterial co-infections.

The strains overexpressing the AF14 transportewsta@onsistent drug resistance
phenotypes as well as highly active R-6G efflux aadlts expression and localization was
visualized with fluorescent microscopy by expregsan AF14-GFP fusion protein H
cerevisiag(Fig 4.7B and C). Although a fraction also appearsytoplasm, it is perhaps due
to the hyperexpression from a galactose-inducitdenpter in a multicopy plasmid.
Nevertheless, even the GFP variants are functiangast, since they confer pronounced
tolerance to azoles and R-6G drug treatment (B4 4nd B). Additionally, R-6G efflux is
unaffected by the GFP-tagged AF14 and remainseactwmpared to th®. cerevisiae PDR
deletion strains (Fig 4.8C).

Taken together, our work shows that ABC transpsréee a remarkably diverse
group of transporters that remain understudiedeamgimatic in most fungal species. We
will continue to use this model system of heterolagA. fumigatugyene expression .
cerevisiaeefflux-deficient strains to characterize othergtive A. fumigatusABC

transporters for functionality and potential raledirug resistance.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

Summary

The seriousness and devastating potential of funfgtions are oftentimes
overlooked and disregarded by the general puldgearch community and funding agencies
as being a concern. However, fungal infectionsasgnt a significant human health burden.
Pathogenic fungi cause serious disease and dehthmans, animals and plants. Hundreds
of millions of people world-wide depend on vulndmlfungal-susceptible fooctops that
are vital to human diet and nutrition. In realityngal infectiongose a serious global health
and food security threat and there is an urgerd teelentify new fungal drug targets,
develop new antifungals and proactively investigatestance mechanisms to azoles and
other antifungals.

As long as we treat fungi with drugs, it is im@ort to understand the most basic
fungal/drug interactions. Antifungal drug accuntiga in the fungal cell is a balance of
uptake, retention, and efflux. The goal of thiser@ch was to better characterize these
specific activities of the fungal cell. In Chage and 3 we described our analysis of the
mechanisms of drug uptake and retention in twordezand important pathogenic fungi
Aspergillus fumigatuandMagnaporthe oryzaeln Chapter 4 we described our analysis of
the efflux of antifungal drugs by characterizingedection ofA. fumigatugransporter genes
to determine functionality, efflux substrate spietiies, and the potential for efflux-mediated

drug resistance.
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The experiments described in Chapter 2 charactedmey uptake mechanisms and
analyzed how cellular and environmental factorsa&ftirug accumulation and variations in
intracellular drug concentrations over time. Waerfd that azole drugs do not accumulate in
theA. fumigatuell solely by passive diffusion. We used radinaty-labeled azoles to
directly study azole uptake in the fungal cell unal@ariety of drug treatment conditions
such as temperature, availability of energy anchgha in pH. We characterized substrate
specificity of the transporter by comparing a vigrigf structurally diverse compounds for
competition with the radio-labeled azole. We coredadrug uptake between cells of
different ages and morphologies, as well as meaguliug import in a transport-mutant
strain with deficiencies in the sterol uptake ambpnthesis pathway. We conclude that
azole drugs are specifically selected and impdrtedthe fungal cell by a pH-independent
and ATP-independent facilitated diffusion mechanism

Our data in Chapter 3 demonstrat that the filamenfdant pathogehl. oryzaealso
imports azoles by a facilitate diffusion mechanttiat had many similarities #®. fumigatus
drug import. While each organism is extremely sgdeaed for their niche environment and
has specialized infection mechanisms, we expettlikanechanism of azole drug import is
conserved among many fungi. Contrasts betweeretudts of the import experimentsih
oryzaeandA. fumigatugevealed interesting differences that suggesgfitial expression,
induction, or function of efflux transporters irettwo organisms. Furthermore, for béth
fumigatusandM. oryzae our azole accumulation and efflux assays, contbwiéh the efflux
inhibitor clorgyline, demonstrated the potentiadfugness of combination drug therapies to

ensure more azole is retained in the fungal cell.
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The analysis described in Chapter 4 focused ogdiuefflux mechanisms of
antifungal drug treatment. We individually chasatted a selection of putative ABC
transporter genes from tlde fumigatuggenome by heterologously expressing each ge8e in
cerevisiae We characterized the transporters’ potentia noldrug resistance and substrate
specificities for a variety of antifungal drugsngibroth microdilution susceptibility assays.
We directly analyzed efflux activity of the transf@rs by measuring energy-dependent
transport of the fluorescent dye rhodamine 6G. al§e evaluated the efflux inhibitors
FK506, farnesol and clorgyline for their effecttoansporter activity. Importantly, we
showed differences in substrate specificity, drugceptibilities, energy-dependent efflux
activity, and effect of efflux-inhibitor treatmebétween the different transporters. These
studies illustrate the diversity, complexity anclbdnges of predicting and counteracting
fungal drug treatment response, but also highlightpossibilities for identifying new drug
targets.

Future Directions

Chapters 2 and 3 describe our preliminary invasitbg of drug transport across the
cell membrane and accumulation inside the fundal &¥&e would like to further analyze
conditions that affect drug uptake and retentiachsas expanding the analysis of potential
competitive uptake and efflux inhibitors. The nstdps are to identify the proteins that are
involved in drug import.ldentifying the specific channel or transport pnotey which this
occurs is still in progress and is a major goaduwfresearch. Determining the proteins

involved in transporting azoles into the fungal eebuld provide insight into how our
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current drug treatments are working. Novel impodteins could potentially provide new
targets for drug treatment.

In addition, we would like to use our azole impassay to compare drug import in
clinical isolates and resistant strainsfoffumigatusand other filamentous fungi. This will
help build a correlation between import and drugstance, for example by identifying a
gene or family of genes that are highly expressestrains that import more drug. Or
conversely, this may distinguish genes that areatadtor under-expressed in strains that
take up very little drug.

Our Chapter 4 data on ABC transporters have pealvekciting insights into the
poorly studiedA. fumigatusefflux repertoire. For these transporters, we ldidilge to
continue testing a library of antifungal drugs aoednpounds to characterize individual
transporter substrate specificities as well asmi@kinhibitors of these pumps. Some of the
transporters showed no phenotype to the antifurtgated and may have an entirely different
set of efflux substrates such as sterols, lipidserents, peptides, sugars, amino acids, etc.

As the transporters are currently expressed uheecontrol of the highly-active
GAL1promoter, we do not know the natural expressigalteand induction potential of the
proteins. We would like to look at expression aesiand induction upon drug treatment in
A. fumigatuausing a gRT PCR or RNA sequencing approach. Cdngpaxpression levels
of the different transporters across a range ¢&iss, both medical and agricultural may
indicate trends that are important for future rgise threats.

Finally, transporter sequence comparisons coa@laith substrate specificities, as

well as mutagenesis experiments can identify aragids important for substrate
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recognition, binding, and transport. This inforraatcould be translated into potential

targets for the development of efflux inhibitors.

Final Conclusions
As the trends of fungal drug resistance and nalulig resistance rise, we are faced
with challenges to develop more drugs and find davg targets. Mammalian and fungal
cells are similar enough at the individual celldethat fungal-specific drug targets are
limited. Understanding and distinguishing fundataeoellular processes will help to
uncover new fungal drug targets. However, theerursituation necessitates that we also
reconsidering drugs that are already in existegpassibly for alternative uses or as a

combination therapy approach.
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