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ABSTRACT

Aspergillus fumigatus a human fungal pathogen and the primary cause of
Invasive Aspergillosis (IA). A rise in susceptilpatient populations has dramatically
increased the incidence of IA, and led to the errgrg of triazole antifungal drug
resistance. Triazoles target Ergll, an enzyme wedbin ergosterol biosynthesis.
Ergosterol biosynthesis has been widely targetedrtfungal drug development, but
little is known about this pathway A fumigatusWe have identified a transcription
factor, SrbA, which mediates triazole susceptiilgrowth in hypoxia and low iron, and
virulence during IA. Transcriptional studies idénergosterol biosynthesis as one of the
major genetic targets of SrbA, includieggllanderg2h In this study, we examined the
mechanism oAAsrbAtriazole susceptibility. Construction of angl1Aconditional
expression strain in thesrbAbackground restoreefgl1Atranscript levels and,
consequently, wild-type sensitivity to fluconazaled voriconazole. HowevepniiA-
ergl1AAsrbAdid not restore hypoxia growth or the total ergadtdefect ofAsrbA
Increased accumulation of C4-methyl sterols inéisdhat the Erg25-step of ergosterol
biosynthesis is defective in these strafistfumigatusencodes for two C4-demethylases,
erg25Aanderg25B Erg25A serves in a primary role over Erg25BAasy25A
accumulates more C4-methyl sterol intermediates Aleag25B That botherg25genes
retain function, and are not limited to a singabstrate is unique in the eukaryotic
kingdom.Genetic deletion of boterg25genes is lethal, and single deletion of these
genes revealed alterations in ergosterol biosyrghesrg25Adisplayed moderate
sensitivity to hypoxia, reactive oxygen species f@nd dithiothreitol, but was not
required for virulence in a murine model of IA. BEgassists in the ability .
fumigatusto grow in hypoxia, as construction of a straiatttonstitutively expresses
erg25Ain theAsrbAbackground restored the hypoxia growth defe&tssbA This
restoration revealed substantial insufficienciegflavA-erg25AAsrbAwhen adapting to
hypoxia, as this strain was hypersensitive towall perturbation and ROS.
Additionally, restoration oérg25Aimpacted triazole antifungal susceptibilityAdrbA
demonstrating a complex feedback system involvestgosterol biosynthesis. These
results demonstrate SrbA’s involvement in a dynastriess adaptation program mediated
in part through ergosterol biosynthesis.
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CHAPTER ONE

INTRODUCTION

Invasive Fungal Infections — New
Players in Human Infectious Diseases

Prior to the second half of the twentieth centuryasive fungal infections were
considered relatively rare (267). The implementabbnewer broad-spectrum antibiotics
in the 1930s, ‘40s, and ‘50s greatly improved pdtraorbidity and mortality, allowing
very sick patients to live longer than historicadlypected. This longevity did provide a
niche for a limited number of documented opportimisivasive fungal infections that
would not have previously been noted, but did moiticbute to an overwhelming
increase in incidence (89). This is chiefly becamsst fungi do not cause overt disease
in immune sufficient mammals, with the exceptiorsome of the endemic fungi, such as
Blastomyces dermatitidislistoplasma capsulatun€occidiodespp, Paracoccidioties
brasiliensis,Sporothrix schenckiand the pathogenic yea€andida albican$267).
However, the rising number of invasive fungal iniees documented each year caused
by non-endemic fungi suggests that mammalian fupgtlogens may not be as unusual
as we once considered. As modern medicine contynfiradls ways to overcome life-
threatening disorders, it redefines the immunaustahd longevity of the human race. As

these parameters change, so too must our defirmfiarmat constitutes a pathogen.



Invasive Aspergillosis: A Brief Introduction

The fungal genuéspergillusconsists of over 185 distinct species with 15 geg®m
sequenced to date. This genus belongs to the phyaomycota, and many members of
this phylum, including théspergilli, are molds. These organisms are important
medically and commercially: commercially, for th@guction of fermented producta.(
oryzag, and citric acidA. nigel), and medically, as the causative agents for the
production of the carcinogen and food contaminéataxin (A. flavug, allergic disease
(A. clavatus, A. fumigatiisand invasive diseasA.(fumigatus, A. nidulans, A. terrgus
Aspergillus fumigatuss the most common speciesAsdpergilluscultured from patients
with invasive disease, and thus a majority of bidica research focuses on this
pathogenic organism (69).

Aspergillus fumigatuss a filamentous saprophytic fungus first chamazgésl in 1729
by Pier Antonio Micheli, a Catholic priest and hatd (215). Micheli assigned this genus
name based on thespergillusmacroscopic colony morphology, which looks like the
aspergillum utilized by the Roman Catholic churzhg). Aspergillusis commonly found
in compost piles, where it encounters a vast asfapstacles to its growth and viability
including high temperature, macro- and micronutrarailability, pH variation,
oxidative stress, and oxygen availability (17, 82, 203, 359).

Fungi are heterotrophs, meaning they absorb theiition from the surrounding
environment. Fungi secrete enzymes into their leaalronment to degrade complex

substrates and then take up these simpler sulsstoatmetabolic use. Unlike bacteria,



3
which have evolved specific virulence factors torpote disease, it has been
hypothesized that the characteris#icdumigatushas developed as a saprobe are its
primary means of causing disease in the mammabah h

Casadevall and Pirofski have defined virulencenag¢lative capacity of a microbe
to cause damage (52). Utilizing this definitidn,fumigatushas been classified as a Class
4 pathogen, as it can cause disease during imnefr@etcies (chemotherapy,
immunmodulation, genetic disease) as well as dunmgune system hyperactivation
(allergy, asthma, allergic bronchopulmonary asplesis) (52). The specific attributes of
A. fumigatughat allow it to cause host damage in distinct lsetfings remain an active
area of investigation.

The most severe form ééspergillusinfection is Invasive Aspergillosis (IA). With
mortality rates ranging from 30-95%, and an estad&00,000 cases per year, continued
research into host risk factors, antifungal thezgpand pathogen susceptibility is
desperately needed (44). Classically, this invagua of disease affects patients with a
severe underlying defect in their immune systerohss prolonged neutropenia,
transplantation, intensive corticosteroid therdmmatological malignancy,
chemotherapy, advanced AIDS, and chronic granulonsadisease (169). More recently,
however, reports of IA in patients with COPD, thesth increased bone marrow iron
stores, cirrhosis, and use of anti-TNF therapiesh &s infliximab, have also been

reported as risk factors for IA (168, 169, 208,327
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Major Milesones in Medical History
that Increase Invasive Fungal Disease

Over the past century three major medical milegdrae resulted in increased
disease caused by fungi. Although not all of theséical milestones have uniquely
predisposed patients to IA, all of them have gyeatireased the incidence and frequency

of invasive fungal infections.

Chemotherapy & Corticosteroids

The first milestone was the development of chenratefor organ transplantation
and cancer treatments. In 1980, the first patighting cyclosporine, a fungal-derived
immunosuppressive compound, successfully underivamttransplantation (308).
Although cyclosporine and other immunosuppressrugslhave revolutionized
transplant medicine, they have also inadvertentlygased the number of individuals
with susceptibility to an invasive fungal infecti@2, 171).

Transplant-center studies indicate a ~3.1% incidende€ls (invasive fungal
infections) in the 12-months following solid organsplantation (SOT), with heart or
lung transplants accounting for ~14% of conductaddplants. Invasive Aspergillosis
(IA) accounted for the #1 and #2 diagnosed fungal ilfestin lung and heart transplant
patients, respectively. Overall, the average inmeeof IA following heart or lung
transplant ranges from 0-35% and is highly varialdpending on the transplant center,
underlying immunocompromised state, and presenaesetondary SOT (ex. heart-lung)
(242, 291, 295). Critically, patients with IA hatktlowest 12-month survival rate after

infection. ThusA. fumigatuss an important barrier to successful heart angd lun



transplant outcomes.

The combined efforts of effective cancer chemotmeigreatly increased the
incidence of invasive fungal infections in the tweth century (309). Simply put,
chemotherapy is the use of drugs to kill cancdscahd some types of chemotherapy
also kill host cells that are essential to wardffgopportunistic mycoses. According to
the World Health Organization, rates of cancerdance are on the rise, and with this
increased incidence will coincide an increasedeptdale patient base to invasive fungal
infections.

IA incidence in cancer patients is due to sevevaibined risk factors, including
prolonged neutropenia, hematological malignancgsiie hematopoietic-stem cell
transplant, and receipt of corticosteroids or othenunosuppressive therapies (208).
The primary affected cancer groups are those veittteamyeloid leukemia (AML), with
a 10% incidence of 1A (49, 129, 240). Currently,rtabty in AML patients with 1A is
approximately 33%, a significant decrease from 48%e 1990s, and 38.5% in the early
2000s. This decrease in mortality is attributethtweased awareness of the potential for
IA, the development of the triazole voriconazoled @ossibly combination drug use,
though the latter is still somewhat controversia(Q).

In addition to cyclosporine, corticosteroids, partarly glucocorticoids, are widely
used for their immunosuppressive properties. Patiemploying corticosteroids include
those suffering from autoimmune disorders, sevieegec disease, and other various
lymphocyte disorders (185). Glucocorticoids funetiy blocking the glucocorticoid

receptor, inhibiting cytokine and eicosanoid pradug cell adhesion, chemotaxis,
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antigen presentation, antigen recognition, phagsiytimmune cell survival and
proliferation (185). Glucocorticoids decrease thaity for innate effector cells to
respond appropriately to fungal pathogens. In ameunodel ofA. fumigatus
corticosteroid treatment is accompanied by a larfiex of immune cells, facilitating a
decrease in oxygen, and causing an abundance okiaylesions (114). Corticosteroid
treatment also decreases the host’s ability toirelaganaged tissue, and reduce the ability
of neutrophils to cause damageftspergillushyphae (185).

Although IA is observed in patients under curresrticosteroid therapy, clinical data
suggest that patients having ceased corticostérerdpy are also at risk for 1A. Patients
who have been on corticosteroids and are expengrpaft-versus-host disease have
more extensive pathology owing to the complex imahiology of this disorder.
Therefore, treatment options for IA in the conteitorticosteroid usage are increasingly
complex (185).

In the fall of 2012, the unfortunate contaminatadrsteroids used for joint injection
was the cause of invasive fungal meningitis. Algionot the major contamina,
fumigatuswas attributed to at least one of these deathikoAgh these patients were
considered immunocompetent, direct introductiotheffungal spores into a joint such as
knee, shoulder, ankle, or spine, resulted in geaitron and ultimately fungal
dissemination. Much still is unknown about why gn@amunocompetent patients were
susceptible to infection, and if any underlyingktgy differentiated patients who

succumbed to the infection versus those who hdddabvery.



HIV/AIDs and CMV

The second risk milestone for invasive fungal itifets is HIV/AIDS, first identified
in the early 1980s, and has since grown to epidenaportions throughout the world.
Physicians first identified patients with AIDS bedsan their presentation with
Pneumocystis carnpneumonia, a rare fungal infection that only osdarpatients with a
compromised immune system (111). AIDS patients lnagiely depleted CD4+ T cell
numbers. The average individual has approximat@dsBH00 CD4+ cells/microliter, but
an individual with HIV is generally considered tave AIDS when their CD4+ count
dips below 200-350 cells/microliter (1, 274). Hayia CD4+ density below this value
greatly increases susceptibility to infections friumgi such a®neumocystisr
Cryptococcuswhere this cell type is critical to pathogen céare (283). Although
Aspergillusis not frequently observed in patients with AI@RIFs immunosuppressive
virus has highly impacted human susceptibility tioeo invasive fungal infections around
the globe.

Another viral infection that predisposes for inwvasfungal infections is
Cytomegalovirus (CMV). CMV is a member of the hexyeus family, and infection is
asymptomatic in healthy adults. However, in the imaocompromised patient, CMV can
cause significant pulmonary disease, and predigpatsents to IFIs (108). CMV affects
similar patient populations as those described\&pergillus including solid organ
transplant and cancer patients. Importantly, contorinfection with CMV and fungi is
known to cause “superinfection” in transplant patisg(35, 369), and transplant patients

infected with CMV and have a significantly highekrof developing IA (142, 331).



8
Interestingly, prophylactic treatment of CMV witmmunoglobulin also decreases the
risk of invasive fungal infection after bone marrtransplant (112, 246, 305), strongly
suggesting a mechanistic rationale for predispmsiof CMV patients té\spergillus spp.

infection.

Immunomodulatory Therapy

The third major medical milestone that predispgssgents to IFIs is
immunomodulatory therapy. As mentioned previousbme patients undergoing
chemotherapy are at a higher risk for IA. The usenmunomodulatory drugs such as
alemtuzumab, infliximab, or fludarabine immunoswgg®ion, in conjunction with
neutropenia in chemotherapy patients, increasagkéactors for 1A (240).

More recently, infliximab treatment alone has bieked with IA (350), adding
immunomodulatory therapy, even without additior@horbidities, to the growing list of
factors that may predispose patients to IA. Infligb is used to treat autoimmune
diseases such as multiple sclerosis, Chron’s diseasumatoid arthritis, and ulcerative
colitis. Two other TNF-blockers, etanercept andiatdamab, also appear to predispose
patients to IA, but at a lesser extent than inftiab (95, 343, 344). These differences in
susceptibility have been attributed to the divensehanism of action of these TNF-
inhibitors (95), and have the potential to illugtreey immunological components that

are critical for prevention of IA.



Underlying Genetic Disease

Along with the three major medical milestones, arfio risk factor for IFls and 1A is
underlying genetic disease, such as Chronic Gramatlaus (CGD), Cystic Fibrosis (CF),
asthma, or COPD. CGD is a genetic disorder, eXhemked or autosomal recessive,
which causes a defect in the subunits of the meatide adenine dinucleotide phosphate
(NADPH)-oxidase. This disorder affects one chileeuery 200,000-250,000 live births,
and renders the individual susceptible to fungdl laacterial infection. Patients with
CGD are especially susceptibleAspergillusinfections, possibly due to the lack of
neutrophil extracellular trap (NET) formation, whits a mechanism for killing
extracellular pathogens whereby the neutrophilstgjigs chromatin onto the invading
pathogen, binding up the pathogen, and allowingefficient dispersal of antimicrobial
proteins (46, 203). The overall incidence of fungéctions with CGD patients is
around 20%, wittAspergillus sppcontributing to 78% of the infectious genera (28).

IA accounts for 50-75% of the mortality associateth CGD (26, 83).

Patients with COPD are uniquely at risk for IA. #dugh some patients with COPD
are under treatment with corticosteroids, thosedhanot are still at risk due to changes
in lung architecture, frequent hospitalizationsjdes in the mucosa or impairment of
mucociliary clearance, prolonged antibiotic treatimer prior long-term use of
corticosteroids (169). These patients may also haderlying comorbidities or genetic
alterations making them more susceptible to dewetp|\, but these factors are

unknown at present.
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Although IA is still quite rare in COPD patient$6lof IA patients also have COPD
and this combination lends itself to an especiaigh mortality rate (91%). Diagnostics
of COPD patients with IA is especially confoundiag,radiological imaging provides
nonspecific or inconclusive results, requiring ikaation of a positive specimen for
accurate diagnostics (169).

Aspergillusspp also contribute to the development and sevefigsthma, both in
asthma with fungal sensitization, and in the spedisease called Allergic
Bronchopulmonary Aspergillosis (ABPA) (44). ABPAdbkaracterized by severe asthma,
sputum production, elevated levels of IgE, and hsgesitivity toAspergillus(93, 162,
166).The alterations in lung architecture associateti @ystic Fibrosis also predispose
to ABPA.

A. fumigatugproduces allergenic compounds (44). With its sisiah, and ubiquitous
presence, approximately 12 million people with cheahinitis are sensitized to fungal
allergens like those produced ByfumigatusAsthma with fungal sensitization is
thought to affect between 3.25 and 13 million peapbridwide, and may contribute to
mortality associated with severe asthma. ABPA nisgcaupwards of 4 million people
worldwide, and is found especially in patients wagthma or cystic fibrosis (44), where
approximately 1-2% of asthmatics, and 7-9% of thetle Cystic Fibrosis have all the
essential diagnostic criteria of ABPA (87, 117, 1185, 177).

Aspergillusis routinely cultured from the sputum of CF patsggntith some
geographical areas reporting a prevalence of B8% (251, 296, 307). The lungs of a

CF patient are especially vulnerableAspergillusinfection, as their ability to remove
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conidia is impaired, leading to increased ratesotdnization (58). Short-term treatment
with antifungals is generally positive in patiemtish CF and ABPA, but the benefit of
longer-term treatment is currently understudiedb(B07, 312). Additionally, treatment
of Aspergillusin the CF lungnay be complicated by the presence of a bactestal ¢
infection, such aBseudomonas aeruginosaStaphylococcus aurel($3, 18, 179),
making this form ofAspergillusinfection especially difficult to diagnose and tr€hb79).

One of the major challenges facing patients Wispergillusinfections is the accurate
and timely diagnosis of infection. Of the worldwigeblic health agencies, only the U.S.
Centers for Disease Control (CDC) currently repand tracks fungal infections (44). As
numbers of susceptible patients continue to rie@ps must awareness of these

infections in the medical community.

Diagnosis of 1A

As highlighted above, diagnosis of IA is often cdexp Although a halo-sign on a
radiological image is a classic approach to diagmpk\, it has a sensitivity of 25%, and
can also indicate a bacterial pneumonia (45). Mtefendiagnosis of arspergillus spp
infection involves either demonstration of tissmeasion in a biopsy, or obtaining a
purified culture from the biopsy specimen. As tlaignts who become infected with
Aspergillusare generally very ill, an invasive biopsy is gatlg not well tolerated and
prohibited. In the absence of a pure culture frobmo@sy specimen, an attempt is made

to cultureAspergillusfrom the sputum or bronchioalveolar lavage (BAL).
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Two problems arise with culturing from the BAL:dfr isolation from BAL is only
suggestive of an invasive form of disease, andrekd®ALs have a demonstrated false-
positive rate. This rate depends on the studyrdnges from 0-75% (261).

Enzyme immunoassay (EIA) of the cell wall polysaamithe galactomannan on BAL
fluid is a more robust detection method for 1A, andy be performed as a routine screen
for patients at risk for developing IA. Alternagidiagnostic tools also include PCR
amplification ofAspergillusDNA.

Galactomannan EIA may be confounded if the patiastbeen treated with beta-
lactam antibiotics, or been on intravenous hydrationutrition, and may cross-react
with similar cell wall components from other fungicludingPenicillium marneffei
Histoplasma capsulatunand several bacterial species (354). LikewiseR BC
AspergillusDNA can be problematic, especially as the PCR meg#ly performed on
blood. Sensitivity forAspergillusvia PCR ranges from 36-98%, and specificity fra2a 7
100%. These ranges likely reflect differences iecapen quality, DNA extraction
method utilized, and primer specificity in diffetediagnostic settings (155, 249, 354,

355). To date, galactomannan assay of BAL is osat to®| for the detection of IA.

Treatment of IA

Once a putative or probabdspergillusdiagnosis is given, a treatment protocol must
be established and executed. Three main classetififngals have been historically
utilized in the treatment of aspergillosis: polysrf@amphotericin B), echinocandins

(capsofungin, micafungin, anidulafungin), and tolgs (itraconazole, posaconazole,
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voriconazole) (346). Fluconazole, a triazole ugseddently in the treatment Gf.
neoformansandC. albicansjs ineffective againshspergillus sp{91). Newer triazoles,
such as voriconazole, have increased the marginagfess in the treatment of IA (10.4-
32.9%) above traditional amphotericin B (AmB) thmraand slightly increased survival
rate (12.9% higher at 12 weeks). Voriconazole tneat does not exhibit the damaging
renal side-effects common to AmB (p<0.001), altHotrgnsitory visual disturbances
were noted in 44.8% of patients in one study (1€8)yrent primary therapeutic treatment
of IA is now primarily voriconazole with AmB as atternative. For salvage therapy,
itraconazole, posaconazole, capsofungin, micafymgia lipid form of AmB may be
utilized. Additionally, in the case of infection pétive or artificial heart valves, surgical
intervention accompanies a robust and aggressivfeiagal regimen (346).

As described above, treatment options for IA aréedimited, highlighting the need
for new antifungal drug development. This needr®ager been so apparent as with the
identification of triazole-resistait. fumigatugsolates (76). The mechanisms involved in
antifungal drug targeting and resistance will bscdssed in a later section.

Invasive Aspergillosis is a growing problem. As thghlighted patient populations
continue to increase, and more immunomodulatomathies are employed, we will
continue to increase the incidence of Invasive Agipesis. With over 200,000 world-
wide cases of IA per year, and a mortality rateedrly 50%, understanding the
mechanisms of howspergilluscauses disease, characterizing the essential
immunological entities required to cle@spergillus developing more sensitive

diagnostic tools, and establishing a deeper arsdraadtifungal drugs are absolutely
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imperative (44). A#\. fumigatuss ubiquitous in the environment, eliminating dise is
not simply a case of eradication, but instead aptexpuzzle that requires the combined

efforts of physicians, pharmaceutical companied,rasearchers to solve.

Aspergillus fumigatusBiology of a Killer

Environmental Niche & Morphology

Aspergillus sppare ubiquitous in the environment, where they finmcprimarily as
composters or saprobes (44). Their basic morphatoggists of a mass of vegetative
mycelium. On individual mycelia or hyphae, asexeg@roductive structures, called
conidiophores assemble, apical to a blunted hypdiatalled a vesicle. Conidiophores
resemble a child’s drawing of the rising sun, wheevesicle is the body of the sun, and
the rays radiating from the vesicle are the phedjdvhich pinch off little droplets of
sunshine called conidia. Conidia are the asexwgdqgule ofAsperqilli,and are also the
infectious patrticle for patients.

Conidia are excellent disease vectors; afilRt3hese small particles are easily
aerosolized and can be distributed into the alvesalas of the lung when inhaled. The
average individual inhales hundredsAsipergillusconidia per day (136), but these are
efficiently cleared by the innate immune systenmtipalarly the resident alveolar
macrophages in the lung (143). Disease occurs Wieeimnate immune system is unable
to clear the invading conidia, which is able toibats growth into a hyphal or
filamentous fungus.

Conidia are similar to the seeds of plants in thay are resistant to a variety of
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stresses and exist in a dormant state. A portidhetress resistance of conidia is
because they are hydrophobic in nature and immgiaaty inert due to being coated by
a rodlet layer of hydrophobins (3). Conidia areatselanized, giving the conidia Af
fumigatusa green-ish gray hue. Melanin protects conidienfroonocyte/macrophage
attackin vitro, and mutants lacking melanin have decreased wicelen animal models
of invasive Aspergillosis (146, 176, 325, 326). Wtekation is also a notable virulence
factor in the human pathogenic fundtigyptococcus neoformarf860, 361).

Conidia contain all the genetic information reqdifer formation of a new organism,
some of which is pre-packaged for rapid use and/iiras mRNA during condiogenesis
(174). Lack of removal via engulfment by a macraggha the warmer temperatures of
the lung allows the conidia to germinate. Germorattan be separated into four distinct
stages: breaking of dormancy, swelling, establlell polarity, and formation of a
germ tube (22, 67, 97, 124).

Fungal Cell Wall: Providing Physiological
Stability & Immune Recognition

The fungal cell wall is an important entity asbhischemical composition both
protects it from lethal environmental forces (eltraviolet light, reactive oxygen species,
etc.), and also prevents fungal cells from beirggaized and eliminated by host cells.
The cell wall is comprised of two distinct layetise first or external layer is comprised
of hydrophobic rodlets and melanin, which protéet fungus from desiccation and UV
light (97). The second layer is a polysaccharatide structure that provides stability to

the cell membrane, and is comprisedofndp-glucans, chitin, and galactomannan.
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Although mannans are recognized by the immune sygtgylucan is the cell wall
component with the most immunostimulatory propetrtas it is recognized as a pathogen
associated molecular pattern (PAMP) by the recdpémtin-1. Dectin-1 is found on
many host cell types, including monocytes, macrgpbaneutrophils, and some T cells,
and has been characterized for its role in clearand. fumigatusand other fungal
pathogens (43).

B-glucans are relatively well masked by rodlets nigithe conidial stage, but become
vulnerable to immune recognition in the stageseshgnation subsequent to swelling
(43). This mask, possibly provided by melanirweglucan (54), is not as effective in the
swelling or germ tube stage of growth, when thegalnvall is being reorganized.
Unmasking of3-glucans by the echinocandin Caspofungin has a eféect on
immunostimulation via the C-type lectin Dectin hhancing phagocytosis and clearance

of Aspergillusconidia via neutrophils (173).

Germination & Hyphal Growth

As the conidia swells, it grows isotropically, araghidly undergoes a change in its
surface adhesion (238). Between swelling and thiegaition of the germ tube, actin,
microtubules, septins, vesicles, and many othermpom@ants must be organized in order to
facilitate the rapid alterations the cell wall andmbrane must undergo in order to
produce a germ tube (222, 287). This process lyhidependent on the continuous
transport of secretory vesicles (123). During thiee, the germ tube emerges, requiring
precise allocation of cell wall and membrane buidmaterials to assemble at the apical

tip of the emerging hyphae. This process, howaset efficiently organized until after
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the germ tube emerges, as the tip elongation mahiras not yet fully assembled (317).
The assembly of a fungal organelle called the $pkérper to the elongating germ
indicates that the machinery for hyphal tip elorgats complete. The Spitzenkdrper is a
vesicle cluster that localizes to the apical ceafehe germ tube and serves as the central
hub for shuttling necessary materials from the tn@igg of the germ tube into the rapidly

rearranging cell wall and membrane (124).

Adaptation to Stress

Several factors have been proposed to contributeeteirulence ofA. fumigatus
including perturbation of the mucociliary systemterference with phagocyte function,
interference with opsonization, adhesion to hastes, thermotolerance, and toxin
production (324). Stress adaptation, however, leas Buggested to be one of the main
features that allowA. fumigatudo be such a successful pathogen (128)fumigatus
encounters, and adapts to, a variety of cellulasses within the mammalian host. These
stresses include: temperature (28, 270), alkalih¢3d), starvation (206), host factors,
reactive oxygen intermediates (259, 282, 370)famgal drugs, iron restriction (352),

and low oxygen (114).

Hypoxia Adaptation

Adaptation to hypoxic microenvironments may berdrerent property required for
the saprophytic life-style fok. fumigatusoutside the host (321). Evidence also suggests
that hypoxic microenvironments exist at the sité ofumigatusnfection in the lung (41,

114), although this environment has been understiudi theAspergillusfield.



18

That hypoxia may be an important mechanism foptitbogenicity oAspergillus
was first suggested by Hall and Denning in 19941 1&here they demonstrated
efficient growth at very low oxygen concentratiomarrandet al. suggested that the
ability to cultureAspergillusfrom clinical specimens may be affected by hypoxia
diagnosis, and that culturirigspergillussamples at a more hypoxic oxygen concentration
would be reminiscent of human physiology, and timase likely to grow Brock, M. et
al. demonstrated that a luciferase-expressing stfa#n fumigatusvas unable to
luminescence after 24 hours of infection. This iingdwas contrary to the premise of this
experiment: to quantify fungal burden throughod¢ation. They postulated that
guenching of luminescence started after 24 hounsvaive growth due to the lack of
oxygen available to cause bioluminescel@@ehl, et al utilized technology pioneered in
the tumor detection field to correlate sites of5¢4.0xygen, with foci oAA. fumigatus
infection (114), definitively demonstrating thatdoxia occurs in during. fumigatus
infection of the murine lung.

Many components AA. fumigatusiology require oxygen, and it is considered an
obligate aerobe. Exposure to hypoxia elicits amatidn of glycolysis, iron uptake, and
ergosterol biosynthesis, while simultaneously repireg the TCA cycle and oxidative
phosphorylation (23). In addition, hypoxia altdre tnteraction betweeh. fumigatusand
the mammalian immune system. Hypoxia alters thleaadl thickness ofA. fumigatus
hyphae, and augments the tgiajlucan exposed to host antigen presentation cells.
Hypoxia may also give advantage to macrophageseanttophils, two cell types critical

to the detection and removal Af fumigatusconidia and germlings (288). In conclusion,
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hypoxia is a biologically relevant environmentahddion that has recently been
identified as a critical component of both host pathogen biology and interaction.

Our understanding of fungal biology in general, #mat ofA. fumigatusn particular,
is constantly evolving. Recent evidence from obolatory suggests that hypoxia
adaptation may also be a crucial componert.dlimigatusvirulence. Hypoxic
microenvironments have been characterized in associwith a variety of infectious
pathogens includiniylycobacterium tuberculosis, C. albicans, C. neofmm
Streptococcus pyogenes, Staphylococcus auagal$)seudomonas aeruginosa,
Leismania amazonengj$09, 269, 374), during tumorgenesis (16), afecular injury
(293), and in the course of skin infection (374)eWwidespread identification of hypoxia
or hypoxia-inducible factors in these varied biotad) settings suggests that adaptation to
low oxygen or hypoxia environments is a key faétmrmany biological processes.

Although hypoxic environments are hypothesizeddouo during the course of
infection for several organisms, the physical veaiion and characterization of this
phenomenon has only been established in the setildycobacterium tuberculosis
Pseudomonas aeruginosiandA. fumigatusnfection (109, 114, 207, 333, 363).
Although the presence of hypoxic lesions in theineutung duringA. fumigatus
infection has been established, very little is kn@bout the critical componentsAf

fumigatusbiology that are required for disease progressidrypoxia.
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Discovery of SrbA

Ethanol discovered in the BAL of an infected molus®y indicated thaf. fumigatus
may be encountering hypoxia during the course fetciion (114). Further investigation
has revealed the substantial presence of hypasienie, defined as areas of local oxygen
concentration less than 1.5% O2 (114), were estadddi in all three of the major murine
models of IA utilized in théspergillusliterature. We therefore determined that
fumigatusmay encounter hypoxia during the course of invasifection, and
hypothesized that the ability to adapt to hypogiane mechanism that allows
fumigatusto be a successful pathogen.

Microarray analysis oh vitro A. fumigatuscultures revealed genes whose transcript
levels were altered in the presence of hypoxia 3&8ong these genes was a
transcription factor with suggested effect on ad&égpb to low oxygen environments. This
transcriptional factor, SrbA, is a member of therst element binding protein (SREBP)
family, and has proven to be a crucial componeihtyjpoxia and low iron adaptation,
polarized growth, virulence, and triazole drug sesice (36, 359). Thus, this
transcription factor appears to regulate not énljumigatusability to cause disease, but

also in how it responds to antifungal agents.

SREBPs irH. sapiensandS. pombe

In Homo sapienssterol regulatory element binding proteins (SREB&®e crucial for
cellular synthesis and regulation of fatty acidsgjlycerides, and sterols. Tl& sapiens

SREBP can be found in three isoforms arising fraim genes. Two isoforms are formed
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from SREBP-1, owing to alternative open readingiiea of thesrebpgene. These three
isoforms are SREBP-1a, SREBP-1c, and SREBP-2. &&wles a distinct set of
functions: SREBP-1a activates fatty acid and clietesbiosynthesis, SREBP-1c
activates fatty acid synthesis, and SREBP-2 a&svaholesterol biosynthesis and uptake
(286).

Human SREBPs are uniquely regulated helix-loopxitesinscription factors, as the
SREBP protein is synthesized and then stably bautite ER. SREBPs are maintained
in the ER via interaction with a sterol sensingteirocalled Scap. In low sterol
environments, the SREBP-Scap complex is transpootédte Golgi via COPII vesicles.
In the Golgi, the N-terminal portion of SREBP i®folytically cleaved via site-1 (S1P)
and site-2 proteases (S2P), freeing the transeniéictor portion of the protein. Once
freed, the N-terminal SREBP can translocate tatiideus, whereby it activates genes
with a sterol-response element (SRE) (286).

SREBPS are regulated on many levels, by autoragalanhicroRNAs, oxysterol
production, and through regulation of supportingtgins critical to SREBPs cleavage
and activation. Overall, human SREBPs have impoftactions in cholesterol
homeostasis, insulin regulation, and fatty acigimhesis. These critical components of
mammalian biology solidly link SREBPs as key fastior a variety of pathologies,
including hypercholesteremia, tumorigenesis, attweof the inflammasome,
autophagy, and neuronal physiology (286).

In Schizosaccharomyces pombeuch of the SREBP-machinery is conserved,

and functions in a similar fashion, with slightestitions in how SREBP cleavage occurs
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(313, 314). Fission yeast utilize members of thég(¥e3 ligase family to mediate
cleavage of SREBP via the proteosome. This israfgigntly different mechanism than
in humans, as fission yeast lack a S2P. This dergrgnechanism appears to be partially
conserved irA. fumigatug358), but much of the mechanism of SREBP actweand

regulation in this organism is currently unknown.

Initial Characterization of SrbA

Characterization oksrbArevealed a substantial sensitivity to the triazsigfungal
drugs fluconazole and voriconazole (359). Thisifigdvas especially interesting, as
AsrbAbecame highly susceptible to fluconazole, an azdle no activity against wild-
typeA. fumigatusThis clinically significant result led to thedirspecific aim of my
proposed research, and lays the foundation forehmaining studies in my dissertation
project.

In addition to the azole susceptibility phenotypserved imsrbA the mutant
demonstrates altered hyphal development and tiditgao growth in hypoxia (1% ¢)
(359). Due to these dramatic phenotypes, we hypabé that this mutant would have
altered virulence in a corticosteroid murine maafdiA. SubstantiallyAsrbAis
completely avirulent in this model, indicating thiaé processes regulated by SrbA are
critical for fungal dissemination and growth.

As a transcription factor, SrbA influences the s@iption of many genes, including
many involved in ergosterol biosynthesis (36, 3)3Interestingly, one of the genes
that appeared to be highly SrbA-dependentevgd ], which is the target for the triazole

antifungal drugs. Further transcriptional studiagendetermined thaisrbA has
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decreased mRNA accumulation of many of the ergolsbénsynthesis genes, especially
in the oxygen-dependent portions of the ergostaoslynthesis pathway (36).

Since many of the ergosterol biosynthesis enzymegsire oxygen as a cofactor, the
inability of AsrbAto grow in hypoxia, coupled with the azole sengitiphenotype, make
the regulation of ergosterol biosynthesis by SribAterest in understanding the role of
hypoxia adaptation iA. fumigatus These findings suggest a possible mechanism by
which azole resistance is regulated in this pathmg@ngus.

These preliminary findings laid the groundwork foy thesis, which examines the
role of SrbA in the regulation of key steps in #rgosterol biosynthesis pathway as a

mechanism for the phenotypic changes observagripA

Biological Roles of Ergosterol

Ergosterol is the main sterol component of the melinbrane in most Ascomycetes
(351), and is homologous to cholesterol, the migrosfound in humans. Ergosterol is
synthesized in the endoplasmic reticulum (ER), tin@nsported to the plasma membrane
via both vesicular and non-vesicular transport @8), wherein it is incorporated into
the plasma membrane. Ergosterol serves importactiéins in plasma membrane
rigidity, fluidity, and permeability (244)

Ergosterol was first identified as a fungal-specsierol, but also can be found in
parasitic protozoa, such as trypanosomes (74 Jt9djfers from its mammalian
counterpart, cholesterol, in the addition of a dg8tble bond in the second sterol ring, a

22,23-double bond in the sterol side chain, anddatitional methyl at C24 of the sterol
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side chain (Figure 1.1).

Ergosterol biosynthesis requires the cooperatiiermand coordination of
approximately 20 genes. The pathway can be brakertwo general classifications: the
oxygen independent, and the oxygen dependent pertibthe pathway. For this thesis,
we will focus on the oxygen-dependent portion gfosterol biosynthesis, which involves
the transformation of squalene to ergosterol (FaduR).

Oxygen-dependent ergosterol biosynthesis requiteadlecules of oxygen (55,

180). With the exception of Ergl, all of the oxygenuiring steps also require an iron
cofactor: Ergll and Erg5 are heme-binding, wherg&%and Erg3 are non-heme iron
binding enzymes (180). IA. fumigatusmany of these enzymatic steps are encoded by
multiple genes, which provide genus-specific madifions to the synthesis of ergosterol,

or perhaps serve as a backup system for thisalritiosynthetic pathway (Table 1.1).

Membrane Polarity and Integrity

Sterols play an important role during germinatiod &yphal elongation as major
components of the cell membrane. Sterols are widiélysed throughout the growing
hyphae, but are particularly aggregated in the Alypp and at the septa, which
compartmentalizes individual hyphal cells from @mether (188). The hyphal tip or
apex is crucial for elongation as it is the siteevehvesicles containing cell wall materials
are exocytosed (332). Sterol-rich domains simddiptid rafts are also hypothesized to
accumulate at the hyphal tip. Lipid rafts are coisgat of sterols and sphingolipids, in a
unique environment that may allow for the incorpioraor exclusion of proteins, such as

GPl-anchored proteins; as well as for the exo-emtb-cytosis of vesicles. Thus sterols



25
play important roles in both cell membrane stapaihd integrity, as well as in the highly
complex process of vesicle transport (332).

The plasma membrane has been well studied inldradntous funguaspergillus
nidulans,a close relative té. fumigatusin A. nidulansthe plasma membrane is
comprised of several domains, or functional aréas. major domain that contains sterols
is a domain called a lipid raft, this domain is gised of sterols and sphingolipids
clustered with glycerophospholipds. These domaiegreought to contribute to protein
localization of GPIl-anchored and lipid-associatentgins, and to play a role in cell
signaling and polarity (280, 294, 318).

Although not much is known about lipid rafts in §ipa subset of these sterol-
sphingolipid-glycerophospholipd domains has beeratterized, called sterol rich
domains (12). These sterol rich domains (SRDsyaigue to fungi, contain high levels
of the sterol ergosterol, and can be visualizedstaaing with the fluorescent dye filipin,
a relative of the polyene class of antifungals (R3). At several micrometers in size,
SRDs are much larger than their lipid raft couswmisich range from 10-200 nanometers
in A. nidulans(252). Preliminary evidence suggests that SRDg glaimportant role in
the establishment of polarity A& nidulans but, as is the case for Spitzenkorper
assembly, the formation of well-organized SRDs oe&@l some point after germ tube
emergence, and prior to the development of matypbde. Importantly, the integrity of
SRDs is critical to the localization of hyphal-ed@tion proteins to the apical portion of
the hyphal tip (318). Genetic deletion of microdamscaffolding proteins essential to

SRD localization results in hyphal deformity, whésgphae were uneven, and had lost an
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organized sense of polarity, which was evidencedtmormal branching (318). Overall
we see that SRDs are critical for the efficieningg@ation and hyphal elongation of
Aspergilli.

Ergosterol in the plasma membrane serves impdidgations in membrane rigidity,
fluidity, and permeability (244). Much of our knaadge of the functions of ergosterol in
the membrane has come from identification and dbarnaation of ergosterol
biosynthesis mutants in the model organ&accharomyces cerevisida S. cerevisiae
mutants in enzymes essential for the last fivessté@rgosterol biosynthesis are viable,
and produce altered ergosterol intermediates tna profound effects on membrane
function. Viableerg mutants have been characterized that have hystiséies to LiCl
(353), NaCl (353), ethanol (233), cyclohexamide) (&8d brefeldin A (340). These
sensitivities have been attributed to the incregsetheability of the membrane when
various intermediates are substituted in the ptd@rgosterol (2). Overalerg mutant
membrane analysis demonstrates the importancdlehembrane integrity in basic
resistance to a variety of cellular disturbances.

In addition to providing general resistance to tigleus compounds, sterols in the
membrane are highly ordered, and perturbationkisfrigidity compromise the organism
when placed under various cellular stresses. Bhsast drastically seen with sterol
auxotrophs, where membranes have a complete laggdify (194). Incorporation of
altered intermediates is likely to cause voidshm inembrane, as the insertion of lipid
moieties with non-ergosterol intermediates failatow for correct packing of the

membrane components (2). Additionally, cholesteaninot fully substitute for ergosterol
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in S. cerevisiagvalidating that the basic structure of ergostesarucial for integrity and

fluidity of fungal membranes.

Target of Antifungal Drugs

In addition to ergosterol being crucial for memtaamtegrity and polarity in many
Ascomycete fungi, the ergosterol synthesis pathavalits resulting product is the target
of both the polyene and triazole antifungal drugsee main classes of antifungals have
been historically utilized in the treatment of Aggilosis: polyenes (amphotericin B),
echinocandins (capsofungin, micafungin, anidulafayy@nd triazoles (itraconazole,
posaconazole, voriconazole) (346). Two of theseetlstasses of antifungal drugs
(polyenes and triazoles) target ergosterol or éegokbiosynthesis, making the study of
this sterol and its transcriptional regulationicét to both current and future patient care.
The gravity of these studies is especially apptediavith increasing documentation of

triazole resistance in the clinic.

PolyenesPolyenes were originally derived from bacterigha genusStreptomyces
and have been in use treating fungal infectionsrfore than fifty years (214). However,
due to extreme toxicity issues, polyene antifungalge extremely limited usage in the
clinic. This toxicity is related to its primary meenism of action, whereby the polyene
binds ergosterol in the fungal membrane (115). @o8d mechanism of polyene
antifungal action is also theorized, whereby AmBpeabilizes the fungal membrane via
channel formation, causing leakage of cellular congmts and cell death. In humans,

polyenes may mistakenly bind to cholesterol, tmishiting this critical membrane
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components and causing toxicity (115).

One strategy to minimizing this AmB-associated ¢dyiwas to formulate the drug
into liposomes. Liposome-associated Amphotericith2mB) treated mice infected
with C. neoformanssurvive longer and have lower fungal burden thacenieated with
the non-liposomal variety of intravenous AmB. Thp®somal derivative has allowed
physicians to administer higher dosages of AmBdnoger periods of time than was

previously possible (116, 229).

Triazoles:The triazole class of antifungal drugs functiontémgeting the

lanosterol 14-demethylase (Erg11A/B or Cyp51A/B) of the ergositbiosynthesis
pathway. Thus, azoles inhibit the conversion obtarol to ergosterol, which is a vital
component of fungal membrane integrity. Fungistatiton of this compound is thought
to occur through accumulation of toxic sterol intediates that contain a methyl group at
C14 (159).

Although azoles target the cytochrome P450 fanaitples do not preferentially bind
to mammalian P450, providing an advantageous mésrnao target pathogenic fungi
such adA. fumigatusCurrent azoles with FDA approval include: fluceoke,

itraconazole (ITZ), posaconazole, ketoconazole \amitonazole.

Resistance to FDA-Approved Triazole Antifungal DsuGurrently, resistance to

azole drugs is thought to evolve from prolongedosxpe (14, 300). Azoles are
fungistatic, not fungicidal; therefore the popudatiof cells that survive immune

clearance provide excellent directional selectiofavor of resistance (14). Since fungi
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do not regularly exchange plasmids, or other veaddiDNA transmission, horizontal
exchange of a resistance mutation is not gengpaged from colony-to-colony. This
leads to the alarming conclusion that resistantfaiions may be generated from
simultaneous single-colony mutations. Additionatisistant isolates are not thought to
be transmitted from patient-to-patient, as thisuonce is rare (156, 247). However, it
has also been observed that some environmentatesahlso contain the “classical” point
mutation in the L98H mutation, and resistance isfewed in these isolates as well (300).

Clinical isolates ofA. fumigatugesistant to itraconazole began to be documented a
few years after its FDA approval, with at least tstinct resistance mechanisms being
identified (76). A study in a Netherlands hospttamonstrated an annual prevalence of
itraconazole (ITZ)-resistant A. fumigatus betweern@% (211). Culturesfrom isolates
from other locations in The Netherlandsxhibited 14.5% itraconazole resistance, and
similar_Jannual trends were seen in Belgium, United Kingd@meece, France, Sweden,
and Norway. Alarmingly, 94% of the resistant isetaexhibited identical point mutations
at T364A of the cyp51A gene, which substitutesugilee 98 for a histidine (L98H),
which is the “classicalA. fumigatugesistance mechanism to ITZ (304). A 34-base
tandem repeat in the promoter regioreajl1A/cyp51Anay also accompany the L98H
mutation, and is thought to contribute to the azotess-resistance observed in these
strains (211, 212).

The L98H resistance mechanism has been linkedet@iuagricultural azole
fungicides in The Netherlands. Five fungicides emgpt between the years of 1970 and

2005 inducéA. fumigatusross-resistance toedical triazoles. Interestingly, the usage of
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these five fungicides directly precedes the fgstate cultured with the L98H resistance
mechanism. Additionally, a tandem repeat in themmt@r region oergllAassociated
with L98H resistant isolates was experimentallyuced with treatment of one of these
five suspect fungicides. These results suggesstisteptible patients undergoing
transplant, chemotherapy, or corticosteroid treatregher acquired a resistant isolate or
were carriers of resistant fungal spores (299).

Almost identical to the rapid spread of itraconazebriconazole (VCZ) resistant
isolates have surfaced in the clinic setting. Adaay to our knowledge, the first
documented case of a significant decrease in voarale sensitivity occurred just ten
years after its FDA approval (137). The first pab&d case of voriconazole resistance
(MIC >16ug/mL), occurred just one year later, and be confirmed in nine separate
cases as of 2007 (336). Although the occurrend&3-resistant isolates is still rare, an
increasing trend towards multiple-azole resistéiatiiss is cause for grave concern.
Another Netherlands’ study documents no multiplel@zesistance cases of IA between
1945-1998, but a 12.3% rate of incidence from 2P0Q7 (59, 336). Clearly, azole drug
resistance is a major emerging problem relatecetting IA.

Even with a predominant resistance-mechanism, otleehanisms of azole
resistance have been documented. These mechamsmasily have included target
modification €rg11A and upregulation of both the MDR-and ABC-classlafg efflux
pumps (59, 227). Recently, a structural modedrgfL1Ahas allowed researchers to better
evaluate the contribution of target modificationgriazole resistance (301). Alterations

in ergl1Bmay also contribute to triazole resistancegrgd 1Bcan functionally replace
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ergl1A(47). Although alterations iargl11Bdo not appear to occur at nearly the same
rate as irergl1A there have been mention of two such isolatescihraerred increased
ergl1BmRNA abundance, and thus resistance to triazoluagal drugs (47).

In addition to the characterization of target mimdifion and efflux pump expression
in resistant isolates, three mutations in the ptem@gion oferg11Atyp51A have been
identified that increasergl1A/cyp51Aranscript abundance, and confer partial resistanc
to triazole antifungal drugs (5). These resultsggsgthat alteration in transcription factor
binding may be an alternative mechanism for trieztslig resistance, but binding
partners have not yet been identified that coinaide these mutated regions.

In addition, a number of strains exhibiting unknorgsistance mechanisms have been
documented in the literature (50, 300), indicatimat these organisms are not limited to
the resistance mechanisms characterized to dagralDwnderstanding the mechanisms
of resistant mutations is vital in order to incredise effectiveness of currently available
azoles.

TheAspergillusresearch community has made significant stridélsarast decade to
understand the molecular mechanisms of triazoléuagial resistance. There are,
however, still many unanswered questions pertaitorthe mechanisms of resistance,
and how best to circumvent resistance in the cl@erexpression of bo#trgl1Aand
ergllBhas been linked with triazole antifungal resisegrand alterations in the promoter
regions ofergl1Ahave been documented (5, 47). These findingsgir@uggest that
transcription factor alteration is a possible mecs@a for triazole resistance A

fumigatus This mechanism has been demonstrate@ f@lbicans for both the
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transcription factor(s) that transcriptionally aetieergl1, and also for the transcription
factors that mediate efflux pump overexpression (&1 85, 86, 221, 279, 292, 356,
375).

Recently, a resistant isolate with a mutation ipHaa member of the CCAAT-
binding complex, was isolated, suggesting that regulatory mechanisms may be
deeply involved in triazole resistance mechanistis. (This finding broadens our
knowledge of transcriptional regulation of ergostérosynthesis, and illustrates some of
the complexity surrounding regulation of triazodsistance iA. fumigatusAlthough the
mechanism behind HapE-induced resistance is clynenknown, its identity strongly
suggests that transcription factor alteration caluce resistance . fumigatus

There are several aspects to triazole resistaateté currently undefined. These
areas include identifying mechanisms of unknowistasce, further determining the
contribution of drug efflux pumps to triazole antijal drug resistance A& fumigatus,
and the identification of transcription factorstthegulateergl1Aandergl1Band their
physical binding sites within the promoter regiofishese genes. The last area,
identification of transcription factors that regil@rgl1Aandergl1B is especially of
interest to us, due to the transcriptional relatiop we have observed between SrbA and
ergl1A(36). As the mechanisms involving regulatioreaj11/cyp5ihave primarily
been characterized in yeasts (134, 198, 292, 3&fjies describing this processAn
fumigatusmust be conducted. In particular, defining how tatjon differs inA.
fumigatusfrom S. cerevisiashould be a top priority for the furtherance cdzole

antifungal drug development.
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Iron, Siderophores & Ergosterol Biosynthesis

Iron is a crucial cofactor for ergosterol biosyrsise As mentioned previously,
several of the ergosterol biosynthesis genes requin as a cofactor, and SrbA appears
to be involved in the coordination of iron regutatiand uptake (36). In addition,
disorders involving accumulation of circulatinglmne marrow iron stores are one risk
factor for developing an invasivespergillusinfection (277).

Iron is taken up from its extracellular environmbgitthree mechanisms: low affinity
ferrous iron acquisition, high affinity reductiven assimilation, and siderophore-
assisted iron uptake. Reductive iron assimilaticcuos when ferrous iron is reduced
extracellularly, and then taken into the cell vtéivee transport through iron permeases.
Siderophores are ferric iron chelators that areeted into the extracellular environment,
take up iron, and then reenter the fungal cellughosiderophore-iron transporters, which
are highly conserved throughout bacteria, plamtd,fangi (25). Once the siderophore is
inside the fungal cell, iron is released througtdroyysis. Interestingly, even organisms
that cannot produce their own siderophores, su¢h agoformanandC. albicans,
possess siderophore-iron transporters, suggestadghtey may be able to steal
siderophores from other microbial organisms (1%, B20). In additionA. fumigatus
possesses intracellular siderophores, which aispieramong fungi (276). These
intracellular siderophores are hypothesized torieead the iron-storage mechanisms
employed byA. fumigatuq276, 277).

Elimination ofA. fumigatussiderophore biosynthesis decreases growth, coiudiat

and resistance to oxidative stress in iron-limitedditions, highlighting the importance
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of siderophore-mediated iron uptake (276, 345addition, elimination of both intra-
and extra-cellular siderophore biosynthesis rendefamigatussompletely avirulent in a
murine model of Aspergillosis (276, 277).

In low oxygen, the transcription factor HapX medgtepression of iron-requiring
pathways (275). HapX is a member of the CCAAT-hngdtomplex and interacts with
the CCAAT-binding core complex that is comprisedHaipB, HapC, HapE and HapX
(135). Pathways repressed by HapX include hemeyilbssis, cellular respiration,
ribosome biogenesis, and ergosterol biosynthesipXHalso activates ribotoxin AspF1
and siderophore biosynthesis. A HapX-null mutardtisnuated in virulence .
fumigatug(36, 275, 277). Interestingly, transcriptional pim§ suggests thdtapXmay
be regulated by SrbA (36).

Identification of a triazole resistant, clinicablate that overexpresses HapE suggests
that iron regulatory mechanisms may be involvettiazole resistance mechanisms (50).
Ergosterol biosynthesis and iron acquisition amditazhally linked via siderophore
biosynthesis (366). Mevalonate is a limiting prensge for TAFC-biosynthesis, one of
the extracellular siderophorés fumigatusproduces (366). This supply-and-demand
appears to be regulated by 3-hydroxyl-3-methylagilt(HMG)-CoA reductase, which is
thought to be the main sterol sensoAirfumigatusand is a key sterol biosynthesis
checkpoint for most eukaryotic organisms (366).réfae, ergosterol biosynthesis and
iron acquisition are two delicately intertwined Ipatys, both through feedback

networks, cofactor requirements and transcriptioegllation.
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Ergosterol Biosynthesis and Hypoxia

Ergosterol biosynthesis is also significantly aféetby oxygen. In fact, so intimate is
the relationship between oxygen sensing and dbevei/nthesis, that evolutionary
biologists have hypothesized that sterols evolaetbast in part, as a response to the rise
in atmospheric ©(104). Ergosterol biosynthesis produces ergostdrelmain sterol of
the fungal cell membrane. Ergosterol biosynthesigiires twelve molecules of oxygen
to transform lanosterol into ergosterol (55). Eftemgal species capable of anaerobic
growth, such a€. albicansor S. cerevisiagequire molecular oxygen for ergosterol
biosynthesis (60, 284). Importantly, hypoxic adéiptaand ergosterol biosynthesis have
been conclusively linked to regulation by a steegjulatory-element binding protein
(SREBP) in the fungal organisgthizosaccharomyces pon(idl, 323).

The influence of oxygen in ergosterol biosynthésis well-documented
characteristic 06. cerevisiae, C. albican€. neoformansandA. fumigatusiology (55,
181, 195). The oxygen requirements of each biokgtep in this process vary, with a
majority of the oxygenation requirements surrougdime demethylation of C£1(g25,
although oxygen is required leygl, ergll erg24 erg25 erg3anderg5(180). Two C4-
demethylation steps are required for the produatioergosterol, consuming six of the
twelve oxygen molecules required for synthelSigj25mutants are sterol auxotrophs in
S. cerevisia€103), demonstrating their importance to ergosterasynthesis.
Additionally, high copy numbers @frg25rescued growth of a hypoxia-deficient mutant
in C. neoformanssuggesting thatrg25plays a large role in fungal ergosterol

biosynthesis under oxygen-limiting conditions (180)
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Erg24is another crucial, oxygen-requiring step of ergodtbiosynthesisS.
cerevisiaea facultative anaerobe, requilag24for survival under aerobic conditions
(21). Anerg24mutant inC. albicansdemonstrated slower growth and attenuated
virulence in a murine model of systen@iandidiasig(150). Additionally,erg24has been
shown to be important for hypoxia adaptatiorsircerevisia€290), and to be regulated
by theC. albicanshypoxic transcription factanpc2(376). Upc2 is likely a functional
analogue of the SREBPs in other fungal organisms.

Link Between SREBP-Regulation of
Ergosterol Biosynthesis & Hypoxia Adaptation

SREBPs are membrane-bound transcription factots#rese sterol levels in many
eukaryotic organisms (33). Low sterol or oxygenamarirations activate this ER-bound
transcription factor, and the protein complex disst@s. Upon dissociation, SREBP is
cleaved into a DNA-binding portion (amino-terminahd a putative protein-protein
interaction domain (carboxy-terminal). Once clegwhd amino-terminal portion is
translocated to the ER/Golgi, processed, and tategh to the nucleus where it acts as a
global transcription factor for ergosterol biosyedls. SREBP not only regulates
ergosterol biosynthesis, but also is transcripligreectivated in hypoxia, as an important
transcription factor of hypoxia-inducible proteif3). As this cascade of events is
stimulated by the availability of sterols in thpil membrane, many of the biological
processes db. pombare tied to requirements of both oxygen and ergolste
biosynthesis.

Several null mutants have been constructad. ialbicansandC. neoformanghat
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exhibit a growth defect in hypoxia. These mutartds display altered virulence in
murine models of infection. Most notably, the SRE®Bnologue irC. neoformans
controls ergosterol biosynthesis, and is avirulerg murine model o€ryptococcosis
(55).

Other factors are also involved in the regulatibergosterol biosynthesis, including
oxysterols and heme (29, 131, 255). However, wgrthk laboratory of Dr. Peter
Espenshade, Johns Hopkins School of Medicine, Gadstrated that the major
regulatory factor for SREBP-dependent ergostemmdymthesis is oxygen (255).
Function of UPC2 in Regulation of

Ergosterol Biosynthesis & Adaptation
to Hypoxia inS. cerevisiakC. albicans

Sterol biosynthesis iB. cerevisiaés controlled by two transcription factors, Upc2
and Ecm22 (337). Upc2 is also involved in the hypogsponse, including the uptake of
sterols under hypoxic conditions (65, 72, 186, 3%R)s function of Upc2 in regulation
of ergosterol biosynthesis appears to be consemnv€dalbicans andCaUpc2 has been
implicated in triazole resistance mechanisms (8@, 195, 292, 356). Although Upc2 is
not a homologue of SREBPSs, these two classesmddrgtion factors have analogous
functions, similar localization and activation patts, and are proposed to be an example
of convergent evolution in the fungal kingdom (234, 198, 292, 356).

The inactive protein of both classes is tetherea ¢gtoplasmic membrane, and both
are released via proteolytic cleavage to funct®iranscription factors (134, 292, 356).
Also, genetic deletion of either Upc2 or SREBPsiitesn decreased accumulation of

ergosterol, increased susceptibility to antifurdyaigs, and an inability to induce
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expression oérgllunder antifungal drug pressure (134, 195, 292,.336lke
SREBPs, Upc2 seems to have no effect on the begpalation ofergll, as levels of
ergllare unchanged in theocA strain without the addition of antifungal drug841

292).

Presence of SREBP-Like ProteinGn albicans

Upc2 and Emc22 are the main sterol regulatory trgptson factors inC. albicans
and have been well characterized. There are, howS®REBP-like proteins i€.
albicans and they serve slightly overlapping, but divdisections from the SREBPs
characterized i5. pombandC. neoformansSimilar to SREBPs, Cph2 is a member of
the helix-loop-helix transcription factor family{%), and shares homology with
cerevisiaeproteins Tye7 and Hms1. It was originally charazesl due to its roles in
promoting psuedohyphal growth. Additionally, themioter sequences of Cph2 reveal a
dual E-box motif and sterol response element (SRE)gesting that Cph2 is regulated in
a similar fashion as SREBPs, and may form heteredir(i75). A null mutant of Cph2
dampens the ability of the fungus to undergo hyghaivth, which can be partially
restored by ectopic expression of Tecl, a regutatbyphal development (175).
Overexpression of Cph2 also causedlbicansto undergo filimentation in yeast-
favorable conditions, suggesting that Cph2 diretbulates key machinery involved in
hyphal development (175). In addition to hyphalelepment, Cph2 may regulate key
virulence attributes i€. albicans such as secreted aspartyl proteinase genes SAPs4-
which have been shown to promote virulence in Isgttemic and mucosal Candidiasis

(175), and may be involved in biofilm developmeia Vecl-dependent regulation of
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biofilm regulator Berl (84, 232). Although Cph2pmars to be regulated in a similar
manner to other fungal SREBPs, the lack of oveitappgene targets and dissimilar null-
mutant phenotypes suggest that SREBPs serve dntdrgestions inS. pombeandC.
neoformansilt is especially interesting to note that althb@ albicansandA. fumigatus
are more closely related to each other thad. tpomber C. neoformansthatA.
fumigatusappears to utilize SREBP as its main sterol regutaranscription factor, not
UPC2.

Ergosterol Biosynthesis Genes
as Direct Targets of SREBPs

The link between transcriptional regulation of estgool biosynthesis genes and
SREBP has been strongly suggested irStheombandC. neoformanéterature, but is
mostly correlative, as direct transcription facg@ne interactions have not been verified
for manyerg genes. The best characterized direct interactoosr between bot@.
neoformansSrel anderg3andS. pombeSrel anderg3 where direct interaction was
verified via CHiP-PCR (323).

Interaction with remaining members of ergosteroknthesis has been suggested, in
particular those in the oxygen-requiring portiortteé ergosterol biosynthesis pathway,
downstream of lanosterol. Direct evidence that SREBteract witkerg genes has been
limited thus far to a depletion in total ergostaroSREBP-null mutants in the fungi

pombeandC. neoformansand marked sensitivity to C14-demethylase inbiit
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Sterol Intermediates:
Plausible Role in Signaling

Sterol intermediates have been implicated in feekllbad regulation within a variety
of biological processes, including ergosterol bidhgsis and immune regulation. In
humans, cholesterol intermediates act as ligandhéoliver X receptor (LXR), a
member of the nuclear hormone receptor family anatitical for the expression of genes
regulating cholesterol metabolism, sterol transpaord fatty acid biosynthesis (365).
LXR has high affinity for the oxysterol form of ¢aim sterol intermediates, especially
those with a hydroxyl at C22, C24, or C27 (365)gr8asterol is another sterol
intermediate with affinity for LXR, but it is nohaoxysterol. Stigmasterol is
characterized by a double bond at C22, and an gtbylp at C24. Stigmasterol also may
interfere with processing of SREBP-2 by promoting tormation of SCAP-INSIG
complexes in the ER (365).

C4-methylated sterol intermediates play an impdntale in the activation of meiosis.
Meiosis-activating sterols (MAS) were originallysdovered through a screen for
naturally occurring compounds that triggered mouseyte meiosign vitro. Two
different types of MAS were identified and namedtfee location of their identification:
FF-MAS, found in the follicular fluid, and T-MASIr§t isolated from the testis of an
adult bull. FF-MAS, or 4,4-dimethyl-cholesta-8,14Rien-33-ol, and T-MAS, or 4,4-
dimethyl-cholesta-8,24-dien83ol, have been primarily implicated in the matuwatof
the testis and spermatogenesis (157).

Sterol intermediates are also involved in immurggik&tion. In the human hair

follicle, treatment with 7-dehyrocholesterol result a dramatic increase in the
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expression of inflammatory genes (241), includindri4, IFN-a,, IFN-a7 and NF«B.
These findings have implications for treatment atignts with Cicatricial Allopecia
(241). Additionally, individuals with mutations theerg25homologue, SC4MOL,
demonstrate hyper accumulation of C4-methyl steesid increased CD25 and TLR-2
expression on granulocytes (130). Similar phenatygre observed in patients with
severe psoriasis, and an accumulation of methsolstes reported in these patients as
well. These defects may be linked to LXR function.

Finally, accumulation of C14- and C4-methylateddteis a known SREBP-
independent mechanism of sterol feedback. HMG-Gauctase degradation is
regulated in part by INSIG-dependent ubiquitinatidNSIG, in turn, responds to levels
of C14- and C4- methylated sterols. Increased aatation of these sterol intermediates
qguickens the half-life of HMG-CoA reductase, effeely slowing down sterol
biosynthesis (230).

A role for sterol intermediates in other biologipabcesses in fungi has not yet been
elucidated. Intermediates are known to serve asfadalback mechanism for key
checkpoints in the ergosterol biosynthesis pathwaag, this has been initially
characterized i1%. cerevisia€189). Although nuclear receptors, and thus nuclea
receptor hormones, do not exp&r sein fungi (225), members of the zinc family of
transcription factors may perform a similar roldungi. It is intriguing to postulate the
variety of roles fungal sterol intermediates mayehm their biology and disease

capacity.
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Characterization of Ergosterol
Biosynthesis Genes ispergillus fumigatus

In A. fumigatusergosterol biosynthesis progresses in a slightfgrent fashion than
in the yeast$. cerevisiaandC. albicans(9). Although each organism retains proteins of
similar enzymatic function, the accumulated stert@rmediates i\. fumigatusare
structurally distinct from those accumulateddnalbicansor S. cerevisiaeln these
yeasts, lanosterol is converted first to zymostanal then fecosterol in its transition to
the end product ergosterol (Figure 18)fumigatushowever, does not accumulate
zymosterol, and instead accumulates the intermeiedturicol, 4,4-dimethyl fecosterol
and 4-methyl fecosterol, suggesting a differeneonf ergosterol biosynthesis enzymatic
action (9). This difference suggests a fundamestarangement of sterol intermediates
in A. fumigatuswhich is not unusual in the fungal kingdom (1RB8, 243).

A majority of our current knowledge about ergost®iosynthesis irA. fumigatus
has come from research into triazole resistancénaresms. Ergl1/Cyp51 is ad4
demethylase, and the target of the triazole argéibdrugs. Ergll is encoded for by two
genesergllAandergl1B Both of these isoforms have 40 to 70% homologhetgll
genes from other fungal species and ~60% homologgaeb other (210). Single gene
replacement mutants of eithengl1Aor ergl1Bare viable (210). As observed in other
fungi, complete elimination adrgllin A. fumigatudy way of double gene replacement
is lethal (138). Recently, fluconazole was showphgsically bind Erg11B with much
greater efficiency than Ergl1A, whereas voriconaxehs shown to physically bind both

homologs with high affinity (349). Together withetincreased susceptibility efg11A
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null mutants to fluconazole, these data suggestlieanherent fluconazole resistance by
A. fumigatuss due largely to the presence of two function@lHBrenzymes (212).

As alterations in C5-sterol desaturase or Erg3adaeown triazole resistance
mechanism irC. albicans Candida dubliniensis, Candida lusitaniadS. cerevisiage
(21, 106, 144, 160, 161, 253, 272, 297, 367), eratdn of the function oérg3in A.
fumigtatus and the impact aérg3 on triazole antifungal resistance has also been
examined (8)A. fumigatuscontains three genes that putatively encode @s-sterol
desaturase or Erg3. Althoughg3A erg3B anderg3Call contain the classic architecture
for a C5-sterol desaturasg3Aanderg3Bare much more similar in their amino acid
sequence to other fungal C5-desaturasesdig8C (8). It appears tharg3Cmay be a
viable C5-desaturase, however, as genetic delefibntherg3Aanderg3Bdid not
eliminate the production of ergosterol (8). Intéregy, genetic deletion ofrg3Bbut not
erg3Acaused accumulation of intermediates lacking al@fsle bond, and a slight
sensitivity to triazole antifungals. These ressliggest that Erg3B is the primary C5-
desaturase iA. fumigatug8).

To date, théAspergilluscommunity has focused on characterizingehgl1anderg3
steps of ergosterol biosynthesis, primarily dugh&ar implications in the mechanisms of
triazole antifungals and as a mode of resistankesd studies have provided critical
understanding of the synthesis of ergoster@.ifumigatusand have laid the foundation

for my studies in this dissertation.
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Whys and Wherefores: The Effects of
Sterol Biosynthesis on Invasive Disease

Aspergillus fumigatuss a filamentous fungus that has become an enteagid
increasingly important pathogen. IA can be cliflicahallenging to treat because the
arsenal of antifungal drugs effective agaifaspergillus sppis limited. This is largely
due to the genetic similarity between fungi and nvamch limits the available drug
targets to combat fungal pathogens. Added to thidd variety of drug targets are
typical problems associated with anti-microbialsapnaceutical research and
development, side effects of prescribed drugsctifeness of therapy, and development
of resistance mechanisms in the organism. Eadhesktchallenges applies to antifungals
targetingA. fumigatusCurrently, the drug of choice for treating IAthe triazole
voriconazole, which displays less severe side &ffiran the previous standby
amphotericin B (128).

Recently, the emergence of azole drug resistasnstofA. fumigatushas been
reported in the clinic (304, 335). As there are thwgs available to combat IA, to
increase the effectiveness of currently availablarmaceuticals, it is important to
understand the mechanisms behind anti-fungal drsigtance. We have discovered a
transcription factor ir\. fumigatusSrbA, that mediates azole drug resistance, atiapta
to hypoxia and low iron, and fungal virulence (358¢t, the mechanism behind how this
gene mediates these phenotypes is unknown. Thitoaigécriptional studies, we have
determined that SrbA regulates several ergostémsl/hthesis genes. This finding is of

interest as ergosterol biosynthesis is targetevbyof the three main classes of
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antifungal drugs, the triazoles and the polyenekli#onally, ergosterol biosynthesis
regulators irS. cerevisia@ndC. albicansare important in both triazole antifungal
resistance and adaptation to hypoxiaA&gbAis sensitive to the triazole antifungals and
unable to grow in hypoxia, these parallels arereginterest. As SrbA-homologuesSn
pombeandH. sapiengegulate sterol synthesis, we hypothesize thaphiemotypes
observed imsrbAare due to dysregulation of ergosterol biosynthesediated by the
transcriptional activition of SrbA.

Results from these studies are likely to yield tidvainderstanding of how.
fumigatusresponds to azole drugs and adapts to the hargtoements in the host lung.
Ultimately, these aims seek to understand mechanishated to the invasive growth of
A. fumigatusn the host. Additionally, information garneredtims study may lead to

future azole drug efficacy through modulation dbSactivity.

Global Hypothesis

These significant preliminary findings lead to ttevelopment of my dissertation
hypothesis, and are the subject of this body okwbhe global hypothesis of my
research is that the transcription factor SrbAn®lved in the transcriptional regulation
of ergosterol biosynthesis in the fungal pathodapergillus fumigatudnvestigation
into the molecular makeup of this formidable pattobas led me to develop two
additional hypotheses: That SrbA transcriptiongltation is involved in susceptibility
of A. fumigatugo triazole antifungal drugs through direct regjola of C14-

demethylases, encoded égll Secondly, that SrbA transcriptional regulation is
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involved inthe adaptation to hypoxia encountered in the hiasthe direct regulation ¢
C4-sterol methyl oxidases, encodederg25 These hypotheses, their experime

investigations, and evidences will be discussetienchapters to follo\

Figures
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Tables
# Copies Names inA. Ascession
P fumigatus Numbers

ergl 1 ergl Afub_055310
erg2 1 erg2 Afub_005060
erg3A Afub_017380

erg3 3 erg3B Afub_ 093140
erg3C Afub_085530

erad 5 erg4A Afub_062080
9 erg4B Afub_007490
ergs 1 ergs Afub_004350
erg6 1 erg6 Afub_099400
erg7A Afub_052590

erg7 3 erg7B Afub_069030
erg7C Afub_072030

ergliA Afub_063960

ergll 2 erg11B Afub_089270
erg24A Afub_006090

erg24 2 erg24B Afub_003560
erg25A Afub_084150

erg2s 2 erg25B Afub_098170
erg26A Afub_033070

erg26 2 erg26B Afub_030680
erg27 1 erg27 Afub_010930

Table 1.1 Ergosterol Biosynthesis GeneA.irfiumigatus
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Abstract

As triazole antifungal drug resistance during invagspergillus fumigatusfection
has become more prevalent, the need to understaokamisms of resistanceAn
fumigatushas increased. The presence of ergll(cyp5]) genes imAspergillusspp. is
hypothesized to account for the inherent resistantieis mold to the triazole
fluconazole (FLC). Recently, ah fumigatusull mutant of a transcriptional regulator in
the sterol regulatory element binding protein (SREEmily, theAsrbAstrain, was
found to have increased susceptibility to FLC aadoonazole (VCZ). In this study, we
examined the mechanism engendering the observezhs® inA. fumigatudriazole
susceptibility in the absence of SrbA. We obsevadynificant reduction in therg11A
transcript in the\srbAstrain in response to FLC and VCZ. Transcript Is\aflerg11B
were also reduced but not to the extergrgfl 1A Interestinglyergll1Atranscript levels
increased upon extended VCZ, but not FLC, expostmastruction of aergl1A
conditional expression strain in tAerbAstrain was able to restoeegl1Atranscript
levels and, consequently, wild-type MICs to thazdle FLC. The VCZ MIC was also
partially restored upon increasedy11Atranscript levels; however, total ergosterol levels
remained significantly reduced compared to thogb@wild type. Induction of the
ergll1lAconditional strain did not restore the hypoxia gioaefect of the\srbAstrain.
Taken together, our results demonstrate a critadalfor SrbA-mediated regulation of
ergosterol biosynthesis and triazole drug inteoagtinA. fumigatughat may have

clinical importance.
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Introduction

Aspergillus fumigatus a human fungal pathogen that must adapt toiatyasfin
vivo obstacles in order to cause disease. Some of sigrséicant obstacles include high
temperature, macro- and micronutrient availability, variation, oxidative stress, and
oxygen availability (17, 32, 57, 205, 359). Undansting the mechanisms employed by
A. fumigatugo overcome these challenges may lead to the desigmproved antifungal
drugs and therapeutic options for patients. Cunreatment for invasive aspergillosis
(IA) typically involves utilization of the triazolelass of antifungal drugs. While this
class of drugs is not associated with the sigmti¢axicity issues of amphotericin B,
some serious side effects have been reported agetédom usage is not ideal (139, 216,
224). In addition, resistance to the triazolesreagsntly been documented and appears to
be becoming more prevalent in some areas of thelWos, 137, 335). Thus,
understanding potential resistance mechanismsesettirugs is important for
maintaining and improving our current standardarec

Aspergillusspp. are inherently resistant to the triazole fhazmwle (FLC), an
antifungal drug commonly used in superficial anstesnicCandidaspp. and other
fungal infections or prophylactically used priorttansplantation or cancer therapies (63,
201, 210, 235). This resistance precludes the Ligesocantifungal drug in the treatment
of IA, though it is sometimes given prophylactigalh patients at risk (362). The
mechanism behind the inherent FLC resistandespergillusspp. is thought to be due to
the existence of multiple paralogs for the FLC ¢anig the genomespergillusspp.

contain two genes encodingd-dlemethylasegrgll, also callectyp5J), which is the
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target of the triazoles (210). Both of these isof®have 40 to 70% homology wigihg11
genes from other fungal species and ~60% homologgctb other (210). Single gene
replacement mutants of eithengl1Aor ergl1Bare viable (210). As observed in other
fungi, complete elimination adrgllin A. fumigatudy way of double gene replacement
is lethal (138).

Recently, FLC was shown to physically bind Erg1lliBhwnuch greater efficiency
than Ergl1A, whereas VCZ was shown to physicalgtbioth paralogs with high
affinity (349). Together with the increased susi®laty of ergl1Anull mutants to FLC,
these data suggest that the inherent FLC resistangefumigatuss due largely to the
two functional Ergl1 enzymes (212). Along thesediiresistance to antimicrobial
agents, including antifungal drugs, generally osatia one of three mechanisms: target
modification, target overexpression, or increadéld>eof drug pumps (10). A fourth
mechanism is observed in bacteria, namely, miclal@gradation of the antimicrobial
agent, but this mechanism has not been obsernfedgnto date (10, 322). Transcription
factor modification may be another understudiedfamgal resistance mechanism and
has been studied in the human fungal path@perdida albicang51, 77).

In C. albicans gain-of-function mutations in four transcriptitactors, Tacl, Mrrl,
Capl, and Upc2, have been linked to increaseduawgi drug resistance (85, 86, 221,
279, 375). Gain-of- function mutations in Tacl, Mrand Capl are associated with
increased drug efflux and have been well charasdriConversely, gain-of-function
mutations in Upc2 do not confer increased exprassiarug efflux pumps (279), and

this resistance is thought to be due to an increedeerglltranscript or other Upc2
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target genes (134, 279, 292, 356). Upc2 regulages] biosynthesis anergll
expression, demonstrating another mechanism wheheigytarget overexpression can
occur (86). However, whether such mutations oacuranscription factors or their
binding sites irA. fumigatuss unknown. Recently, Albarragg al attributed the insertion
of the Aftl transposon into therg11A/ cyp51Aromoter region of aA. fumigatus
patient isolate to the azole resistance of thairs{f). However, the connection be-
tween this transposon insertion and the increasgtilA/cyp51Axpression and azole
drug resistance is currently unknown.

We have characterized a transcriptional regulaitne sterol regulatory element
binding protein (SREBP) family, SrbA, . fumigatughat has an important role in
hypoxia adaptation, polarized growth, virulence] &mazole drug interactions (359). The
role of SREBPs in the regulation of ergosterol famkesis and hypoxia adaptation was
originally observed irfschizosaccharomyces ponde Cryptococcus neoformargss,

60, 141, 323). In these fungi, SREBPs sense dtarels as an indirect measure of
oxygen availability, and the corresponding redutté sterol levels in low oxygen
conditions triggers N-terminal proteolytic cleavageghe endoplasmic reticulum (ER)-
bound SREBP (141, 255). As the N terminus contdaagranscription factor portion of
this protein, translocation of the cleaved forrggers transcription of oxygen and sterol
biosynthesis-related genes (90). Although direstlinig between SREBPs and ergosterol
biosynthesis genes has been demonstrateztd@1(323), transcriptional profiling of
SREBP mutants suggests that additional ergostersyithesis genes are likely directly

or indirectly regulated by SREBPs in fungi. Thessults indicate an important role for
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SREBPs in the regulation of ergosterol biosynthesisch like the observed relationship
between Upc2 and ergosterol biosynthesiS.ialbicang(134, 279, 292, 356).

As ergosterol is the main sterol component of #lermembrane in most ascomycetes
(351), and as this synthesis pathway and its iagudtroduct is the target of both the
polyene and triazole antifungal drugs, a bettereustdnding of the transcriptional
regulatory mechanisms of this pathway is clinicafiievant. Importantly, transcriptome
profiling of AsrbAin A. fumigatushas demonstrated differential regulatiorecd3,
erg25 anderg24 suggesting that regulation of sterol biosyntheseso conserved iA.
fumigatus(36, 359). In this study, we observe tbel1lgenes are downstream effectors
of SrbA inA. fumigatusOur results suggest that SrbA is a primary, din@nscriptional
regulator ofergl1Aand, to a lesser exterr,g11B We observe that this differential
regulation ofergll1transcripts by SrbA is the likely underlying mecisam for the
increased susceptibility of thesrbAstrain to FLC and VCZ. Therefore, our results add
further support to the hypothesis that inherent FeSistance il\spergillusspp. is due to
duplication ofergl1function. While it is currently unknown if increakexpression of
ergl1A/cyp51As a clinically relevant azole drug resistance na@edm inA. fumigatus
our results suggest that this may be possible athwof further investigation in

clinical azole-resistant isolates.

Materials and Methods

Strains and Media

Aspergillus fumigatustrain CEA17 was used to construct shieAnull mutant strain
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(359). Theergl1Ainducible strain was generated idsrbAstrain in which theyrG
selectable marker was recyclegrG was recycled by excising a central 1.1-kb fragment
of thepyrG open reading frame (ORF) from tedbAgene replacement plasmid and then
transformed into thasrbAbackground on media containing 5-fluoroorotic acid
(Invitrogen). Confirmation of a single integratiahthesrbAlocus was done with PCR
and Southern blot analyses. For generation of thié{ergl1AAsrbAstrain, genomic
DNA was extracted from thenpA-ergl1AAergl1Bstrain (138) (gift of Terry Roemer,
Merck) and the piiA-ergl1Aconstruct was amplified via PCR, transformed ihi® t
pyrG-AsrbAstrain, and screened as previously described (358.strain was verified
via Southern blot analysis for single, locus-spediftegration of the piiA-erg11A
construct. The wild-type strain referred to in thiicle is strain CBS 144.89 (gift of
Jean-Paul Latgé, Institut Pasteur), which is thek@paound strain for CEA17. All strains
were routinely grown at 37°C on glucose minimal med(GMM) that contains 1%
glucose (289). For induction/repression experimesitains were grown in liquid GMM
with 20 mM sodium nitrate (N§) or 20 mM ammonium tartrate (Nfflas the sole

nitrogen source (138).

Quantitative Real-Time PCR

A. fumigatusstrains were cultured in liquid media (GMM or intioa/repression
minimal media) for 12 h following germination ofradia, with the exception of the FLC
and VCZ treatment experiments. Mycelia were haecesta vacuum filtration and
lyophilized overnight prior to tissue disruptiontivD.1 mm glass beads. Total RNA was

extracted using TRIsure (Bioline) according to mm@nufacturer’s instructions and
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purified via RNeasy columns (Qiagen). Genomic DNAoval was completed with
Turbo DNase | (Ambion). A secondary genomic DNA osal step was done with the
Qiagen QuantiTect reverse transcription kit (QiggeDNA was synthesized via
oligo(dT)-primed cDNA synthesis. This quantitatneal-time PCR (QRT-PCR) was
conducted on a Bio-Rad MyiQ5 real-time PCR detectigstem and analyzed using the
iIQ5 optical system software package, which utilitesmethod pioneered by Livak and
Schmittgen for quantitative analysis (192).

gRT-PCR was conducted in technical triplicates pkeéiere noted. The normalized
fold expression graphed in each figure represétsriieans and standard deviations of
three biological replicates as normalized to twadekeeping genes, suchte\
GAPDH oractin. An mRNA control was used as a no-template comreach analysis.

FLC or VCZ treatment for gRT-PCR analysis was cateld by using the following
steps. ()A. fumigatusstrains were grown in liquid GMM at 37°C until gemated. (ii)
Germlings were treated with a 50% MIC of FLC (CB& B9, 128.g/ml; AsrbAstrain,
0.50ug/ml) or VCZ (CBS 144.89, 0.0625/ml; AsrbAstrain, 0.006ug/ml) for each
strain and solubilized in water or dimethyl sulfdei(DMSO) for 6 and 12 h. (iii)
Samples were then harvested, frozen, and lyoptilaed RNA was extracted as

described above.

Antifungal Susceptibility Testing

Susceptibility to FLC and VCZ were evaluated witlest strips (AB Biodisk). Strips

were placed on an induction/repression agar platéamning a lawn of 1®conidia.

Growth inhibition was evaluated at 48 h by visuatiian of growth inhibition when
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grown at 37°C.
The standard RPMI-MOPS (where MOPS is morpholinggnesulfonic acid)
(Sigma-Aldrich) plates were not utilized due to thigogen source requirements of the

strains utilized in this study.

EMSA

For SrbA protein preparation, cDNA encoding thetf275 amino acids &.
fumigatusSrbA were cloned into the plasmid pPAL?7 to utilthe Profinity eXact tag
(Bio-Rad). The resulting plasmid pPAL7_SrbAl-275sweaansformed int&scherichia
coli strain BL21(DE3). The recombinant protein was pedffromE. coli using Profinity
eXact purification resin columns according to thenmfacturer’s instructions. (Bio-Rad).
An affinity-purified rabbit polyclonal antibody wagenerated utilizing this recombinant
protein by Pacific Immunology using standard protscTheergl1Aprobe was
amplified via PCR, and then biotin-labeled probeseiallowed to anneal to the PCR
template for 5 min at 95°C, followed by a 15-micubation step at 37°C. Labeled
probes were primers (IDT DNA) labeled with a 3’ timoend biotinylation kit (Thermo
Scientific) according to manufacturer’s instruc8oA total of 40 fmol of the probe was
coincubated with 1ug of recombinant protein for 20 min at room tempa&according
to the LightShift chemiluminescent electrophoreticbility shift assay (EMSA) kit
instructions (Thermo Scientific). This reaction moise was run on a 6% native gel,
transferred to a positively charged nylon membi@&uwehe), and developed according to
the chemiluminescent nucleic acid detection moddeuctions (Thermo Scientific). For

the supershift assay, ~0.2§ recombinant polyclonal SrbA antibody was coindatla
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with the above EMSA reaction mixture and develogedescribed previously.

Total Ergosterol Extraction

Total ergosterol fromi\. fumigatusstrains was extracted 12 h postgermination in

liquid GMM with 20 mM NQ3 (induced AsrbAmutant and CBS 144.89) or liquid GMM
with 20 mM NHy (repressed). Mycelia were harvested via vacuumafitin, dried, and

weighed. Two hundred milligrams of dry fungal tissmas extracted as described
previously (9). Briefly, tissues were treated watiml of 25% alcoholic potassium
hydroxide (3/2, methanol to ethanol) and then watievigorously for 1 min. Samples
were incubated at 85°C for 1 h. Sterols were etgthwith 1 ml of distilled water and 3
ml of pentane and vortexed for 3 min. The uppereaqs layer was allowed to separate
from the cellular debris, and 1 ml of this extraets transferred to a clean glass tube and
evaporated in a fume hood at room temperature. ppeparation for injection, samples
were resolved in 1 ml of methanol and syringe ridtethrough a 0.am-pore-size filter
(Acrodisc; Waters). Total ergosterol was measussdgua Shimadzu CLASS-VP high-
performance liquid chromatograph (HPLC) and detketa an SPD-M10AVP photo

diode array at 280 nm onu@Bondapack @gcolumn (300 mm by 3.9 mm, 10n). The

guantity of ergosterol per strain was calculatednfia standard curve of ergosterol

(Acros Organics, catalog no. 117810250).

Sterol Profile
Mycelia were grown and harvested as described atoo\tetal ergosterol extraction.

Extraction was done as described previously (9)exadttly as in the total ergosterol
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extraction, with the exception that the neutraldgowere extracted twice with 1.5 ml
hexane. The upper aqueous layer was separatedteaellular debris, and 1 ml of this
extract was evaporated via nitrogen. Vials wereest@at -20°C until ready for injection.
Samples were resolved in 2(ibtoluene and derivatized with 2Q0 BFSTA [N,O-
bis(trimethylsilyl)trifluoroacetamide] for 1 h at 70°Gterols were measured via gas
chromatography-mass spectrometry (GC-MS), usingim&izu QP-2010 GC with a
guadrupole mass ionizer. Peaks were identifiectMatron ionization (EIl) fragmentation

patterns. All data are relative to ergosterol conte

Statistical Analysis

All results presented with statistical significarweere analyzed with an unpaired two-

tailed Student’s test. AP of <0.05 was considered significant.

Results

Inherent Resistance to FLC in
A. fumigatuss Linked to an
Increase irergl1ATranscript Levels

The triazole FLC is one of the antifungals of cledior treatment of invasive fungal
infections (IFIs) caused by. albicang(154). However, in treatment of invasive
aspergillosis (1A), FLC is ineffective due to theherent inactivity of this triazole against
Aspergillusspp. (197). Because FLC preferentially binds Ergb¥8r Erg11A, while
VCZ binds both paralogs with high affinity (349)ewnvestigated iergl1Aandergl1B
transcripts were differentially regulatedAn fumigatusduring exposure to FLC or VCZ.

Wild-type A. fumigatusvas allowed to germinate in liquid culture and tkdesed with a
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50% MIC of FLC or VCZ for 6 and 12h. FLC or VCZ eoqure elicited increased levels
of bothergl1lAandergl1BmRNA abundance (Fig. 2.1). However, the magnitude o
ergl1AmRNA abundance was much larger than the magnitideg@1BmRNA
abundance. VCZ treatment resulted in a 3-fold imeednergl1BmRNA, consistent
with the ability of VCZ to target botbrgllparalogs in wild-typé\. fumigatugFig.
2.1B).
Inherent Resistance to FLC in
A. fumigatuss Abolished in

the AsrbA Strain and Linked
to ergl1ATranscript Abundance

In A. fumigatustriazole drug resistance has primarily been okeskm strains
containing mutations in Erg11A that result in atbtarget drug affinity (7, 99, 298).
However, inC. albicans increases in target transcript levels also cbute to triazole
resistance. A similar mechanism of #rg11A/cyp51Aranscript increase has recently
been described in clinical samplesfoffumigatug5). In the described strain, transposon
integration upstream of trergl1Astart codon resulted in increased expressiargilA
and drug resistance (5). Thus, increasesgilAtranscript levels may also be a
clinically relevant mechanism of triazole resistamtA. fumigatusalthough this remains
to be experimentally confirmed.

We previously identified a transcription factorAnfumigatusSrbA, whose activity
is critical for wild-type levels of triazole drugisceptibility (359). Yet the mechanism for
the increased FLC and VCZ MICs of therbAstrain is unknown. Based on previous

studies, and our initial analysesesjl11Aandergl1BmRNA abundance in response to
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FLC and VCZ, we next examined the mRNA abundandbese transcripts in thesrbA
strain. A statistically significant decrease in n/RAbundance was observed &gllA
MRNA in theAsrbAstrain compared to that in the wild type (Fig. Rx 0.03).erg11B
MRNA abundance was consistently higher inAkebAstrain tharerg11Abut also less
than in the wild type. Thus, these results sugtpedta fundamental decrease in the
ergll1Atranscript in the\srbAstrain may confer the increased susceptibilityhaf strain
to FLC and VCZ and that SrbA may directly regulatgl1Atranscript abundance.

To experimentally test this hypothesis, we askdldaetrgl1Aandergll1Bpattern of
transcript induction with FLC or VCZ was alteredtire AsrbAstrain. Because th&srbA
strain is susceptible to FLC at a clinically reletv&IC (1.0ug/ml (359)) and to VCZ at
a MIC approximately 8-fold below the wild type, Wweated mutant and wild-type
germlings for 6 and 12 h postgermination at 50%hefstrain MIC of each drug. When
treated with FLCerg11AmRNA abundance in thesrbAstrain was significantly
reduced compared to that in the untreated wild-stpen (Fig. 2.3A)ergl1Btranscript
levels were also reduced in therbAstrain compared to those of the wild type but pot t
the magnitude oérg11A This finding is consistent with the inability tfis strain to
produce wild-type levels argl1AmRNA in untreated media (Fig. 2.2). As with FLC,
treatment with VCZ initially elicited a decreasesirgl1AmRNA abundance in the
AsrbAstrain (Fig. 2.3B); however, prolonged exposur€®2, unlike FLC, was able to
stimulate an increase in tieegl1Atranscript in theAsrbAstrain (Fig. 2.3B). The
subsequent increase in thig11Atranscript in response to VCZ in therbAstrain may

suggest the presence of an additional transcrigiti@gulator oergl1Athat can partially
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compensate for loss of SrbA function in responsé@d. ergl1Btranscripts remained
relatively unchanged in response to VCZ in NisgbAstrain. Taken together, these
results suggest that SrbA may be a direct regutEtergl1Atranscript levels and that
decreaseérgl1AmRNA abundance may be responsible for the incresiseckptibility
of theAsrbAstrain to FLC and VCZ.

Construction of aergl1AConditional
Mutant in theAsrbA Background

In order to test our hypothesis, argl1Aconditional expression strain was
constructed in thasrbAbackground. This strain was generated by replaceai¢he
nativeergl1Apromoter with the nitrogen-inducibfeiA promoter (138). The resulting
pniiA-erg11AAsrbAstrain genotype was verified via PCR and South&nhamalyses
(Fig. 2.4 and data not shown). Control ogegl1AmRNA abundance in thesrbA
background was confirmed via gRT-PCR. The inductibpniiA-erg11AAsrbAresulted
in levels oferg11AmMRNA comparable to those of the wild type. Whilelenrepressive
conditions,ergl1Atranscript levels were similar to tsrbAbackground (Fig. 2.4D).
Increased FLC and VCZ Susceptibility

in theAsrbA Strain is the Result of
ergl1ATranscript Insufficiency

We next characterized the effect of triazoles @hiA-ergl1AAsrbAstrain in
inducing and repressing conditions. By using conumaély available Etest strips (AB
Biodisk), we determined that the FLC susceptibitibenotype of thasrbAstrain was

completely rescued by restorationenf11Atranscript levels (Fig. 2.5A) (CBS 144.89,
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>256 ug/ml; pniiA-erg11AAsrbA >256ug/ml; AsrbA 1.0ug/ml). Importantly, FLC
resistance was reversed by repression ofiidepromoter, restoring the MIC of the
AsrbAstrain prior toergl1Ainduction in the piiA-ergl1AAsrbAstrain (miiA-ergl1A-
AsrbAl[induced], >256ug/ml; pniiA-ergl1A-AsrbA[repressed], 1.ag/ml). As the
triazole VCZ binds well to both Erg11A and Ergl®mplete amelioration of thesrbA
strain susceptibility was not visualized in theip-ergl1AAsrbAstrain (Fig. 2.5B)
(CBS 144.89, 0.19g/ml; AsrbA 0.008ug/ml; pniiA-erg11AAsrbA 0.064ug/ml).
However, restoration afrgl1Atranscript levels did increase the observed Mi@htr
suggesting that direct regulation of #rgl1Atranscript by SrbA is involved in the
observed VCZ susceptibility in thesrbAstrain. These results likely suggest that

additional unknown mechanisms influence the MI&/6Z-treatedA. fumigatus

SrbA Directly Bindserg11A
Upstream DNA Sequence

We next asked iérgl1Ais directly or indirectly regulated by SrbA. An
electrophoretic mobility shift assay (EMSA) was doyed to determine a physical
interaction between aergl1ADNA motif and a recombinant form of SrbA that
contained amino acids 1 to 275, which are predittiezhcode the DNA binding domain.
Recombinant SrbA protein was coincubated with alid ®iotin-labeled probe from the
upstream region of thergl1Agene (Fig. 2.6A). This motif was chosen based on
preliminary results from a chromatin immunopre@pan-sequencing (ChIP-Seq)
analysis of SrbA target genes that suggested achement of SrbA binding in this region

of theergl1Alocus (Barkeet al.,unpublished data). In addition, the 118-bp probe
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contains a motif similar to the reported Srel bagdnotif described fos. pombég5’-
[A/ITITCAC[A/C]CAT-3’) (323). A distinct shift in the probe band was observed when
the protein and probe were coincubated, which vea$ied in the presence of a
recombinant SrbA antibody through a supershiftyagsay. 2.6B). This is the first
documentation of SrbA binding to any ergosterokprdhesis gene iA. fumigatusand
strongly suggests that SrbA plays a direct roleegulating the gene expression of
ergliA

Hypoxia Growth Defect in thasrbA
Strain is Not Directly Mediated bsrg11A

Another clinically relevant phenotype of therbAstrain is its inability to grow in
hypoxia, which is hypothesized to contribute to dttenuated virulence of this strain.
Because the ergosterol biosynthesis pathway regysigaificant amounts of oxygen
(151), we tested this hypothesis by examiningstartion of theergl1Atranscript could
restore the hypoxia growth phenotype of AsebAstrain. The piiA-erg11AASIrbA
conditional strain demonstrated wild-type growttesaunder atmospheric oxygen (Fig.
2.7A and B) in both inducing and repressing condgi Restoration afrgl1Atranscript
levels, however, did not restore the ability of AsebAstrain to grow in hypoxia (Fig.
2.7C). As the analysis of thesrbAphenotype reveals that several ergosterol biosgigthe
pathway genes other thangl1Aare also transcriptionally reduced in tk&rbAstrain
(359), blockages further downstreameof11likely contribute to this growth defect (36).

To verify that the lack of growth in thesrbAstrain is not solely due ®rgl1A we

examinedAergllAand miiA-ergl1AAergllBconditional strains for growth under
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hypoxic conditions. Both th&ergl1Aand miiA-ergl1AAergl1Bconditional strains
grew in hypoxia at rates comparable to those imoaia (Fig. 2.8), independent of
nitrogen source. As expected, theip-erg11AAergllBstrain was lethal under
repressing conditions (138). We thus concludetti@bhypoxia growth defect in the
AsrbAstrain is not directly due tergl1Adeficiency and therefore may be due to affected
ergosterol biosynthesis genes further downstreaengif1lA
Total Ergosterol Content is not

Altered withergl1ATranscript
Restoration in thasrbA Strain

To test the hypothesis that restoration ofalggl 1Atranscript does not rescue
hypoxia growth due to continued perturbations mehgosterol pathway, we compared
the ergosterol content of tisrbAstrain with that of the wild type (Fig. 2.9). Total
ergosterol was measured via high performance ligordmatography (HPLC) and all
concentrations were based on peak intensity cosmaiwith a standard curve of
commercially available ergosterol (Acros Organidsyelve hours after germination, the
AsrbAstrain contained approximately 24.8% of the ergostontent found in the wild
type (5.71 + 1.0219/mg versus 2.36 + 0.783/mg, respectively). Strikingly, induction of
ergl1Ain theAsrbAbackground had no effect on total ergosterol prodog1.85 + 0.89
ug/mg versus 2.36 + 0.7483/mg, respectively). This result is consistent vati
hypothesis that SrbA regulates multiple genes enetfyosterol biosynthesis pathway.

To further support this hypothesis, we analyzedptiogluction of sterol intermediates

in our strains. Previous qualitative sterol prafitd theAsrbAstrain demonstrated an
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increase in 4-methyl sterols compared to thoseiloftype A. fumigatug359). Buildup
of these 4-methyl sterols indicates a significdatkage at the Erg25 (C4-demethylase)
step in the pathway. In particular, transcriptiomaalysis of the\srbAstrain also
indicates that therg25Atranscript is significantly repressed (359), sutiggghat SrbA
is also involved in regulation of this gene. Intiiiggly, both steps at Ergll and Erg25
require oxygen and iron as cofactors (36, 56, 323). Because restoration of the
ergll1Atranscript in the\srbAstrain does not increase total ergosterol levats ¢9),
we hypothesized that there would be a corresporidorgase in 4-methyl sterol
intermediates in this strain. This hypothesis waseld on the premise that SrbA regulates
bothergllAanderg25and that restoration of Ergl1A enzymatic activityuld increase
levels of intermediates in the first half of thelpmay. Due to the continued blockage at
Erg25, an increase in intermediates correspondinigis step would be observed, which
would correlate with the lack of increase in ta@ejosterol. We thus examined the sterol
intermediate profiles of both thesrbAand miiA-erg11AAsrbAstrains via GC-MS and
compared their profiles to those of wild-type CB8B9. As previously observed, an
increase in 4-methyl sterols was detected imigrdAstrain (Fig. 2.10). Consistent with
an unalleviated blockage at Erg25 in tméiA-ergl1AAsrbAstrain, three peaks
corresponding with buildups in 4-methyl sterols @vgrcreased in thengA-ergl1A-
AsrbAstrain under inducing conditions (Fig. 2.10 [4, ¥4tBmethyl cholesta-8,24(28)-
dien-3B-ol, ~75% based on peak identification; 4,24- dirgketholesta-8(28)-dien{Bol
and 4,4,24-trimethyl cholesta-8(28)-dief-8l, ~85% identity based on peak

identification]). Taken together, these resultsgasj that thasrbAstrain also contains a
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blockage downstream of Erg1l1, most likely in thesBarol oxidase enzyme, Erg25.
Experiments are under way to determine if allesratf this blockage can rescue the

hypoxia growth and virulence phenotypes of AlsebAstrain.

Discussion

Our study highlights the importance of SrbA in tegulation of ergosterol
biosynthesis irA. fumigatusand provides further mechanistic insight into thieerent
FLC resistance and triazole susceptibility of important human pathogenic fungus. We
began this work with the hypothesis that the reédaadf theergll1Atranscript in the
AsrbAstrain was the likely mechanism by which fke¥bAstrain is susceptible to the
triazole FLC and has increased susceptibility taZ\(859). By constructing an inducible
ergllAstrain (miiA-ergl1AAsrbA), we have demonstrated that restoration of wifzkty
levels of theergl1Atranscript restores the FLC resistance observéd famigatusand
also restores wild-type levels of VCZ susceptipi(fig. 2.5). We therefore have
confirmed that this regulation efgl1Aby SrbA is likely direct, as is demonstrated by
direct binding of recombinant SrbA to the promatagion ofergl1A.Furthermore, this
region contains a sequence similar to the SREBP DBMAing motif reported fos.
pombe though additional analyses of the actual SrbA Dhidding motif remain to be
performed (Fig. 2.6).

Thus, the apparent regulationesfyl1transcript levels by SrbA may suggest an
additional target for therapeutic control over tinigportant pathway in human pathogenic

fungi. Though clinical resistance to triazoles &idefined transcriptional mechanism has
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not yet been reported fér. fumigatusour research may suggest a role for SrbA in the
development of triazole resistance, as alteratiotisis transcription factor or its DNA
binding affinity could transcriptionally initiatehanges that alter target abundance and
lead to triazole resistance. This possibility remsab be experimentally or clinically
confirmed.

Precedence for the idea that alterations in adrgi®n factor or transcription factor
DNA binding sites can affect drug resistance isafibin the pathogenic yeast albicans
in tumorigenesis, and in the malarial paraBi@smodium vivax77, 85, 86, 209, 221,
279, 375). For example, mutationsGnalbicangranscription factors that regulate drug
efflux pumps are more susceptible to anti-fungabdr(85, 221, 279, 375). Additionally,
a mutation in the regulator efgllin C. albicans Upc2, renders the mutant more
susceptible to triazole antifungals. In concordanitk the role of Upc2 in regulation of
ergll, a heterozygous gene replacement mutablpaR (UPC2/upcl and a
homozygous gene replacement mutapic@/upc? in a strain with two Upc2 alleles both
exhibited increased susceptibility to the triazamgifungals FLC and itraconazole (304).
upc2gene deletion mutants have also been construci@dtiain containing fourpc2
alleles, which is thought to occur from chromosopwsomy, and is observed
occasionally in strains cultivated from patientSGB In these strains, genetic removal of
two or more of theipc2alleles conferred a significant susceptibility he tazole
ketoconazole or the triazole FLC (195). Tupr2deletion mutant from S. MacPhersein
al. (195) was also unable to grow in hypoxia. Ovetaith of the describe@. albicans

upc2deletion mutants share strikingly similar phenosypethat of the\srbAstrain ofA.
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fumigatusand provide further support for our idea that aliens in the transcription
factor SrbA may be worth monitoring in the contektriazole-resistant clinical strains of
A. fumigatuswith unknown resistance mechanisms.

Although Upc2 is not a homologue of SREBPs, thegedlasses of transcription
factors have analogous functions, similar localoratind activation patterns, and are
proposed to be an example of convergent evolutidhe fungal kingdom (33, 134, 198,
292, 356). The inactive protein of both classdstisered to a cytoplasmic membrane,
and both are released via proteolytic cleavaganotion as transcription factors (134,
292, 356). Also, genetic deletion of either UpcBS&REBPS results in decreased
accumulation of ergosterol, increased suscepyltantifungal drugs, and an inability
to induce expression efgllunder antifungal drug pressure (134, 195, 292,.356)
Unlike SREBPs, Upc2 seems to have no effect obdéisal regulation afrgll, as levels
of ergllare unchanged in thgc2A strain without the addition of antifungal drug841
292).

With regard to antitumor drugs and the malariabpdeP. vivax these pathosystems
illustrate further examples of drug resistance m@di by transcription factor mutations
(77, 85, 86, 209, 221, 279, 378X vivowhole-genome sequencing and microarray
analysis of a chloroquine-resistahtvivaxisolate identified six transcription factors with
aberrantly high levels. These six transcriptiortdes all contained high levels of
nonsynonymous mutations and belonged to the AR ofasanscription factors. These
nonsynonymous mutations are thought to cause isedeaxpression of downstream

targets, resulting in drug resistance at a trapscegulation level. These results have
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raised the question if modification of transcripti@actors may be more common in
antimalarial drug resistance than previously ackedged. The authors argue that
understanding this understudied resistance meahamil assist in the treatment of
patients with malaria and extend the usefulnesteotirug chloroquine (77).

Likewise, we argue that further study of the rdiédumgal transcription factors and
antifungal drug resistance & fumigatuss likely needed in a similar context to provide
additional insights into new antifungal drug desigmrecent study from Albarragt al.
identified a transposon-mediated insertion intogtemoter region oérgl1A/cyp51An
a triazole-resistant clinical isolate Af fumigatusThis strain has higher levels of the
ergl1A/cyp51Aranscript, but its direct association with thenoson insertion is
currently unknown and awaits further investigat{dh

The partial restoration of the VCZ MIC in thaijpA-erg11AAsrbAstrain is another
potentially interesting finding. This result suggethat additional SREBP-dependent or
off-target effects exist in thenpA-ergl1AAsrbAstrain. The persistent depletion of total
ergosterol may be one mechanism whereby thidfergl1AAsrbAstrain regains only a
portion of the wild-type susceptibility to VCZ. Tistability of V-type ATPases, critical
for maintaining vacuolar ion homeostasis, is diyetlated to the structural integrity of
the cellular membrane and is affected by depletadresgosterol concentration @
albicans(371). Therefore, a persistent decrease of toggisterol content in thenpA-
ergl1AAsrbAstrain, in conjunction with the dual target capiéies of VCZ, could lend
itself to the partial restoration of VCZ suscepiipiobserved in the miA-erg11AASrbA

strain. As FLC only strongly bind=g11B restoration oerg11AmRNA abundance
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appears to be sufficient for resistance to thaztie, and off-target effects are either not
observed or inefficient in thenpA-ergl1AAsrbAstrain.

An additional important phenotype of the SrbA malitant investigated here is its
inability to grow in hypoxia and to cause lethaatise in murine models of invasive
aspergillosis. Whether the attenuated virulendeiiofal SREBP strains is due to their
inability to adapt ton vivo hypoxia is still an unanswered question and is edtevant
from the perspective of antifungal drug developm&hus, we explored whether
restoration of thergl1Atranscript could also restore the hypoxia growtaratype of
the AsrbAstrain. Although restoration of tleegl1Atranscript did not restore the ability
of theAsrbAstrain to grow in hypoxia, bothergl1Aand miiA-ergl1AAergll1Bstrains
also grow at wild-type rates in hypoxia (Fig. 2.8hus, blockages at Ergl1 appear to not
affect the ability ofA. fumigatudo grow in hypoxia. We speculate that additional
blockages downstream of Ergl1l may play a morecatitble. Further evidence for this
hypothesis is demonstrated by the decrease indajakterol content (Fig. 2.9) and
abundance of 4-methyl sterols (Fig. 2.10) in theAsergl1AAsrbAstrain. The
intermediates identified in the sterol profile ioalie that the primary blockage in both
AsrbAand miiA-ergl1AAsrbAstrains occurs around the C4-demethylation stephwh
is initiated by the C4-methyl sterol oxidase (Erg25

erg25expression is induced in response to itraconareément in the human
pathogenic fungu€. albicang(73). This transcript is also increased 3-folcCinalbicans
ergllmutants (250). 'saccharomyces cerevisjaautations irerg25are generally

lethal but can be rescued by sterol supplementatioas, theerg25gene replacement
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mutant is a sterol auxotroph $ cerevisia€103). Interestingly, the phenotypes of this
mutant can be rescued by the addition of triazotduagals, suggesting that the
accumulation of 4,4,24-trimethyl cholesta-8,24(d8n-33-ol is toxic to the yeast and
that the corresponding reductionargllis required for membrane integrity (103).
Although this sterol intermediate is observed ghHevels in botlAsrbAand miiA-
ergl1AAsrbAstrains, it does not seem to have a toxic sideefieA. fumigatusas
these mutants grow at wild-type levels (Fig. 2PQtential toxic effects of this sterol
intermediate may be negated, however, by the pceseiradequate ergosterol,
theoretically generated by ergosterol biosynthgsiges not in the regulon of SrbA,
possibly such asrgl1B Experiments to determine the role of blockagebetC4-
methyl sterol oxidase step of ergosterol biosynshiestheAsrbAstrain are ongoing.

In conclusion, our study further emphasizes theoirtgmt link between fungal
SREBPs, ergosterol biosynthesis, and triazole oiegactions. We show that
transcriptional regulation of the triazole targegllin A. fumigatudy SrbA is an
important mechanism that explains the FLC susc#iptiand increased VCZ
susceptibility of this strain. However, regulatioihtheergll1Atranscript by SrbA does
not directly appear to affect the ability &f fumigatugo grow in hypoxia. Further work
is needed to definitively determine what partshef ¢rgosterol biosynthesis pathway are
directly regulated by SrbA and whether this regahats the major mechanism behind
the inability of this strain to grow in hypoxia anduse lethal disease. We also propose
that examination of mutations in the DNA bindingwn of SrbA or mutations in its

DNA binding sequence motif may also be importatdrie lines of inquiry in triazole-
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resistant isolates that do not contain one of #mnical resistance mechanisms.
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FIG 2.1FLC and VCZ increasergll1Atranscrpt levels. (A) CBS 144.89 gelings were
treated with FLC (128g/ml) for 6 or 12 h at 37°C with agitation. (B) CB%14.89
germlings were treated with VCZ (0.06.ug/ml) for 6 or 12 h at 37°C with agitatio
gRT-PCR was conducted to determine the effects of theseoles onergllA and
ergl1BmRNA abundance. Data reesent three biological and two combined techr
replicates. mRNA abundance was malized to the housekeeping gertefA andactin
and are relative to CBS 144.&y, P < 0.05; *,P < 0.01.
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FIG 2.2 Differential ergl1A and ergl1B transcript abundance in th&srbA strain
compared to that in CBS 144.89. RNA samples weteaeted from each respective
strain 12 h postgermination (in liquid GMM) at 37°800 rpm. mRNA abundance was
normalized to the housekeeping gemef®\ and actin and are relative to CBS 144.89.
Results are the means and standard deviations @fbitelogical replicates for CBS
144.89 and three biological replicates for thsrbA strain. y, P < 0.05; n.s., not

significant.
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FIG 2.3 srbA is required for transcriptional responses to FLG@ MCZ. (A) AsrbA
germlings were treated with FLC (Cug/ml, 50% less than the observed MIC) for ¢
12 h at 37°C with agitation. (EAsrbA germlings were treated with VCZ (0.0ug/ml,
50% less than thebserved MIC) for 6 or 12 h at 37°C with agitatiggRT-PCR was
conducted to determine the effect of these triazae ergl1A and ergl1B mRNA
abundance. Data represent three biological and dambined technical replicate
MRNA abundance was normalized to the housekeeping ctefA and actin and are
relative to CBS 144.89y, P <0.05; *,P < 0.001; ns, not significant.
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FIG 2.4 Generation oérgllA inducible strain inAsrbA background. (A) Locus of
ergllAlocus in the CBS 144.89 (wild-type) strain. (B) uscof the piiA-ergl1A
construct in thexsrbAbackground strain. (C) Southern blot analysis efwhld-type and
mutant strains. Xbal/Xmal genomic DNA was digested18 h at 37°C. Strains were
separated on a 1% agarose gel, transferred, anddizgd with a 467-bp probe. (D)
Induction/repression of thenpA-ergl1AAsrbAstrain correlates with mRNA abundance
of ergl1A(P < 0.008). RNA samples were extracted from eache@spe strain 12 h
postgermination in liquid GMM plus 20 mM NQQCBS 144.89AsrbA pniiA-ergl1A-

AsrbAinduced [ind]) or liquid GMM plus 20 mM N (pniiA-ergl1AAsrbA repressed

[rep]) at 37°C, 300 rpm. mRNA abundance was nomedlito the housekeeping genes
tefA and gadpH and are relative to CBS 144.89. Results are thensmead standard
deviations of three biological replicates.
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FIG 2.5 Restoration oérgll1A transcripts restores FLC and VCZ MICs in therbA
strain. Etest strip concentrations (in microgranes milliliter) for A. fumigatusCBS
144.89, theAsrbA strain, and piiA-ergl1AAsrbA strain. A clear ellipse indicates
susceptibility to FLC or VCZ. (A) As expected, Fli@s no effect on CBS 144.89, and
the AsrbA strain is susceptible to FLC (MIC, 1@/ml). Wild-type expression of the
pniiA-erg11AAsrbA strain reconstitutes FLC resistance. Likewise, éspion of the
pniiA-erg11AAsrbA strain restores FLC susceptibility as observedh&AsrbA strain.
(B) ergl1Atranscript expression partially restores the VCZANH theAsrbAstrain. CBS
144.89 MIC, 0.19 (induced or repressedsrbA strain MIC, 0.008 (induced or
repressed); miA-ergl1AAsrbAstrain MICs, 0.064 (induced) and 0.008 (repressed).
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FIG 2.6 SrbA directly bindergl1Apromoter region sequendae vitro. Electrophoretic
mobility shift assays were conducted utilizing ghtiShift chemiluminescent EMSA kit
from Thermo Scientific. A total of 40 fmol of a 1-t® biotin-labeled probe fromrgl1A
upstream region and (dg purified SrbA protein were coincubated at roommperature
for 20 min. Recombinant polyclonal SrbA antibodyswased for the supershift assay.
Lane 1, no protein control; lane 2, EMSA reactiame 3, supershift assay.
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A. Growth - Nitrate C.
Normoxia Hypoxia
CBS 144.89 AsrbA pniid-ergl1A-AsrbA _

N H N H N H

0hr 0.5 0.5 05 0.5 0.5 0.5

24 hr 1.0 09401 1.1+0.07 05 1.0+ 0.14 0.5 CBS 144.89 (NQ) |
48 hr 34 33+0.06 3.5+0.07 0.5 3.6+0.07 0.5
72hr | 54007 45+010 54+007 0.5 55 0.5
96hr | 7.1+0.11 6.4 6.9 0.5 7.140.07 0.5
120 hr 8.4 8.0 8.0+0.21 0.5 8.1+0.07 0.5
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B. Growth - Ammonium
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120hr | 5754007 64+006 54=01 05 57+0.12 0.5

FIG 2.7 Restoration oérgl1Adoes not affect hyphal growth in normoxia or restor

AsrbArelated hypoxic growth defect. A total of 36onidia was spotted on solid media
(GMM plus 20 mM N@ [induction] or 20 mM NH; [repression]) under normoxic (N) or

hypoxic (H) conditions. (A) Comparison of colonyowth diameter on nitrate (Ng) in

both hypoxia (H) and normoxia (N). (B) Comparisohcolony growth diameter on
ammonium (NH) in both hypoxia (H) and normoxia (N). Values megent the means

and standard deviations of 3 biological replica¢€3.Radial growth at 120 h.
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(Nos) 24 hr 1.1+0.1 1.1 1.2 13+£0.1 0.5 0.5 1.3+£0.1 0.5
48 hr 28+0.1 3.0 28+0.1 29+0.1 0.5 0.5 28 0.5
72 hr 42+02 44+0.1 4.0+0.1 44+0.1 0.5 0.5 41+0.1 0.5
96hr | 57+0.1 58 54£02 5702 0.5 05 5.6 0.5
ergllAAergllB
(NH,)

FIG 2.8 Genetic deletion @frgl1A(Aergl1A or ergl1B(pniiA-ergl1AAergl1B does

not affect hyphal growth in normoxia or hypoxiatdtal of 1® conidia was spotted on
solid media (GMM plus 20 mM N@[induction] or 20 mM NH [repression]) under

normoxic or hypoxic conditions. (A) Radial growth @ h. (B) Comparison of colony
growth diameter on nitrate (NgD in both hypoxia and normoxia. (C) Comparison of

colony growth diameter on ammonium (¥Hin both hypoxia and normoxia. Values
represent the means and standard deviations a@i@al replicates.
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FIG 2.9 Total ergosterol is unchanged by restonatibergl1Atranscript levels in the
ASrbA strain. Total ergosterol frorA. fumigatusstrains was extracted 12 h postgermi-
nation in liquid GMM with 20 mM NQ@ (pniiA-erg11AAsrbA ind, AsrbA and CBS
144.89) or liquid GMM with 20 mM NH4 (uiA-ergl1AAsrbA rep). Mycelia were
harvested via vacuum filtration and then dried amighed. Two hundred milligrams of
dry fungal tissue was extracted as described puslyo(3). Upon preparation for
injection, samples were resolved in 1 ml of methamal syringe filtered. Total ergos-
terol was measured using a Shimadzu CLASS-VP HPh@ detected via a SPD-
M10AVP PDA at 280 nm on gBondapack @g column (300 mm by 3.9 mm, 10n). *,

P < 0.001. Values represent the means and standaidtidas of 3 to 5 biological
replicates and three technical replicates.
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FIG 2.10Sterol intermediates demonstrate a blockage atHmggheAsrbA strain. Ratio
of sterol intermediates to ergosterol. Sterols wereasured via G-MS using a
Shimadzu QR2010 GC with a quadrupole mass ionizer. Peaks wnetified via El
fragmentation patterns. A, 4-dimethyl cholesta-8,24(28)-diergdl; B, 4,4,24-
trimethyl cholesta,24(28-trien-33-ol; and C, 4,14,24rmethyl ergost-8, 24(28)-dien-
3p-ol.
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CHAPTER THREE

TWO C4-STEROL METHYL OXIDASES (ERG25) CATALYZE ERGEYEROL

INTERMEDIATE DEMETHYLATION AND IMPACT ENVIRONMENTAL

STRESS ADAPTATION INASPERGILLUS FUMIGATUS
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Summary

The human pathogehspergillus fumigatuadapts to stress encountered in the
mammalian host as part of its ability to causealise The transcription factor SrbA plays
a significant role in this procesy regulating genes involved hlrypoxia and low iron
adaptation, antifungal drug responses, and vir@le8A is a direct transcriptional
regulator of several key enzymes in the ergostaosynthesis pathway angrbA
accumulates C4-methyl sterols, correlating withltdss of Erg25 activity (C4-sterol
methyl oxidase; SMO). As we have demonstratedS$hiaf-directly regulatesrg25A
anderg25B these genes of special interest as members &rti®eregulon (Barker,

B.M. et al, in preparation). Characterization of the twoegeancoding SMOs iA.
fumigatusrevealed that both serve as functional C4-demeskglavith Erg25A serving

in a primary role over Erg25B, agrg25Aaccumulated more C4-methyl sterol
intermediates thanerg25B That botherg25genes retain SMO function, and are not
limited to a singular substrate is unique in thkeagyotic kingdomGenetic deletion of
botherg25genes is lethal iA. fumigatusSingle deletion of these SMOs revealed
alterations in canonical ergosterol biosynthesiggsesting that ergosterol is produced in
an alternative fashion in the absence of SMO dgtifiheAerg25Astrain displayed
moderate sensitivity to hypoxia, reactive oxygeacsgs, and the ER-stress inducing
agent dithiothreitol, but was not required for \@nce in a murine model of Invasive
Aspergillosis. Overall, these findings implic&efumigatusSMOs in the maintenance of
canonical ergosterol biosynthesis, and uncharaeprotein-protein interactios vivo

including appropriate adaptation to stress.
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Introduction

Aspergillus fumigatuss a filamentous fungus that can cause signifibamtan
disease in immunocompetent and immunocompromisst$ Ao fumigatusnfection of
immunocompromised patients often results in theatis Invasive Aspergillosis (I1A).
Recent medical treatments, such as anti-TNF thdi@mutoimmune disorders, and the
unfortunate contamination of steroids used in jtierapy, have indicated théat
fumigatusis capable of causing lethal disease in a myrfgzhtients and underlying
immunocompromised states (153, 240). This increapatients susceptible o
fumigatusinfection has made the studyAf fumigatusiology and virulence
mechanisms paramount to future patient health la@cpeutic drug discovery.

Ergosterol is the fungal equivalent of cholesteaokl plays an important role in
membrane stability and fluidity. Importantly, ergg®l and some ergosterol biosynthesis
intermediates are the targets for two of the tinmaé antifungal drug classes available
today. The polyenes, including Amphotericin B, &rthe end product ergosterol, and are
though to function simply by binding ergosterotie membrane (115). The triazole
class of antifungal drugs target the enzyme Erg{ld&-demethylase), and may cause
fungistatic activity by accumulation of toxic stenstermediates (159). These antifungal
drugs represent our best method for eradicatingsive fungal infections. Unfortunately,
antifungal resistance to these compounds has lepented in the literature, especially
with the emergence of intrinsicly resistant spe¢sés 120, 302, 303, 347). There are,
however, many other biochemical steps that coulthtgeted in the ergosterol

bisynthesis pathway for antifungal drug developmeénir ability to utilize these steps is
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limited, however, as little is known about othexpst of the ergosterol biosynthesis
pathway, or how the genes that encode for thesgmew are regulated, especially in
Aspergillus spp

In A. fumigatuswe have identified a transcription factor invalvie the regulation of
sterol biosynthesis, named SrbA. SrbA is a memb#reohelix-loop-helix family of
transcription factors, and plays a significant rnoléungal hypoxia and low iron
adaptation, triazole drug resistance, polarizeavtjrpand virulence (36, 347, 359).
Whether the attenuated virulence of fungal SREBIPstains is due to their inability to
adapt tan vivo hypoxia and the mechanism behind this loss aleus@nswered
guestions. In human pathogenic fungi, hypoxia aatapt has been hypothesized to be a
critical virulence attribute, as gene-deletion migathat are unable to grow in hypoxia
are typically also unable to cause invasive dis€bhté, 358). Therefore, further studies
involving both SrbA, and the ability &. fumigatugo adapt to low oxygen, are
necessary to further understand the virulence nmesims employed bg. fumigatus

As a transcription factor, SrbA directly influendée genetic response of genes in its
regulon, in which the ergosterol biosynthesis gemeprominent (36). Therefore, the
phenotypes observed in therbAstrain may be attributed to direct or indirect logs
specific ergosterol biosynthesis gene functionoBtgrol biosynthesis is the pathway
responsible for construction of the fungal membrsteeol ergosterol, and thus the
stability and fluidity of this membrane (316, 33Eygosterol biosynthesis is also targeted
by two of the three most prominent classes of angjél drugs currently in use today, the

triazoles and the polyenes. These important atetaf ergosterol biosynthesis make the
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understanding of regulatory mechanisms for thikywat of avid interest to biomedical
research.

Chief among SrbA’s regulon are the di-iron, di-ogggequiring enzymes Ergll and
Erg25 (C14-demethylase and C4-sterol methyl oxid&spectively). This regulatory
relationship is evidenced by the azole suscegyaind C4-methyl sterol intermediate
accumulation in thasrbAstrain(37, 359). Interestingly, removal of the C14-
demethylase blockage by constitutive expressiar@ilAin AsrbAaggravates the
accumulation of C4-methyl sterols, suggesting @v&tdemethylation is a key step in
ergosterol biosynthesis regulated by SrbAifumigatug37). Interestingly, this
predominant C4-methyl sterol accumulation is aldenced in the null mutant of the
SREBP-homologue i€. neoformansAsrel(55, 180). Furthermore, the other critical
phenotypes oAsrbA such as hypoxia growth and virulence are alsaermaediated in
theergl1A«srbAstrain, indicating that other downstream targétSrbA, such as C4-
sterol methyl oxidases (SMOs), may be responsdl¢iiese phenotypes.

Unlike Saccharomyces cerevisjae fumigatusgenome encodes two SMQ=sg25A
anderg25B Although the presence of tvesg25-encoding genes is unusual in fungi, it is
more commonplace in plants, where two SMOs eacloverone of two C4-methyl
sterols in a subsequent but biochemically distiashion (31, 68). Irabidopsis
thaliana,removal of each of the two C4-methyl groups requadalifferent SMO, and
mutants of the individual SMOs primarily accumultteir respective sterol intermediate.
C. albicandgs one of the only fungi characterized to-date #isb encodes for two

SMOs:erg25anderg251 TheseC. albicansSMOs are not redundant for one another,
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however, as deletion of a single SMO is lethal, sungigests that both copies must work
in tandem for efficient SMO activity (148). Theseaeples illustrate the diverse
mechanisms that organisms have evolved to remowa&lfyl sterol intermediates in
the eukaryotic kingdom.

In this study we examined the individual roleste# two SMOs irA. fumigatus
These paralogs each serve as a functional oxidagaey accumulate elevated levels of
C4-methyl sterols, but with a probable differencesubstrate affinity or timing of
enzymatic reaction, aserg25Aaccumulated far more C4-methylated sterol interatedi
thanAerg25B These results suggest that Erg25A functionsapithdominant, or
primary SMO inA. fumigatuswith Erg25B serving in a secondary or subsequent
enzymatic function. Genetic elimination of batty25alleles was lethal, suggesting that
A. fumigatushas compensated for the fragility of this critigaicture with the presence
of two functioning C4-sterol methyl oxidases.

Erg25A, as the more predominant SMO, appears topdés/ an important role in
adaptation to hypoxia, ER-stress, and reactive exygpecies, but is not essential for
virulence in a murine model of Invasive Aspergiifod hese data suggest that C4-methyl
sterols may function in an important signaling cagyafor stress and hypoxia adaptation
in A. fumigatusas part of the SrbA-regulon, but ultimately thardatic phenotypes of the
AsrbAstrain must be in concert with multiple memberg®fegulon. Regulation of
ergosterol biosynthesis, and the key biochemicatkpoint aterg25 may be critical for
signaling appropriate stress responses, and margleasubsequent adaptive response in

A. fumigatus
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Results

Sterol Methyl Oxidase (SMO) Iden-
tification and Homology iA. fumigatus

Erg25, or C4-sterol methyl oxidase (SMO), is a heme iron-requiring enzyme,
characterized by three histidine motifs that ameseoved throughout Eukarya (Figure
3.1A) (20, 70, 187, 285). These three histidineifaotiXsH, HX,HH, and HXHH, are
characteristic of the sterol desaturase-like famillyich include the C5-sterol desaturases
(Erg3) and the C4-sterol methyl oxidases (Erg2Bpj2These motifs are postulated to be
iron-binding sites, and critical for the enzymdtiaction. Although these histidine motifs
are highly conserved i8accharomyces cerevisjdgomo sapiengCandida albicansand
A. fumigatugFigure 3.1A), the divergence in remaining C4-dterethyl oxidase inter-
and intra- species amino acid homology is signifi¢&igure 3.1B) (20, 163, 187). This
analysis clearly demonstrates tBatfumigatus€Erg25A is evolutionarily more distant
from its SMO cousins i€. albicansandS. cerevisia¢han Erg25B.

Erg25A and Erg25B share 53% amino acid homologk e@ch other, and although
they are fairly similar to each other, the§8MO’s are not equally distant from the
SMOs found irS. cerevisiae and Hapiens Interestingly, amino acid alignment with
albicansindicates that Erg25B is most closely relate@#rg25. Erg25A, alternatively,
is more highly diverged fror@aErg25, and the lesser-studi€dErg25-1 (Figure 3.1B).
This analysis demonstrates tatfumigatusErg25A is evolutionarily more distant from

its SMO cousins iiC. albicansandS. cerevisia¢han Erg25B.
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Construction of Sterol Methyl Oxidase
Null Mutants:Aerg25AandAerg25B

Classically, genetic deletions of C4-sterol methwidases are lethal, or at a
minimum, highly deleterious to the mutated organ{468, 187). Many oA. fumigatus’
genes have another paralogous partner, owing e dgplication. Duplication of
ergosterol biosynthesis genes has been hypotheasizad as a strategy for adaptation for
membrane composition and integrity (68, 231) AA$umigatushas retained classical
SMO protein architecture in bodrg25Aanderg25B we hypothesized that single
deletions of either gene would not be lethal, batead would be able to compensate for
the loss of one another.

To determine the role of these individual SMO#irfumigatussingle deletion
mutants were constructed in the CEA17 backgrourakasribed previously, and in the
materials and methods (257, 359). These strains wable, and were validated for
single, locus-specific insertion via PCR and South&ot Analysis (Suppl. Fig 3.1).
These mutants appeared healthy, as they demomustratdifference in sporulation, or
growth on liquid or solid minimal medium (Suppl BdLE, and data not shown).
Therefore A. fumigatusSMOs appear to serve in overlapping function as C4
demethylses, as single deletion of either allele m@t lethal as has been observed in
other organisms.

Two Viable SMOs: Sterol
Intermediate Profile Verification

A. fumigatusSMOs appear to be functional oxidases, as théesdejetion mutant

sterol profiles accumulated the stereotypical $tetermediates that suggest blockage or
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elimination of SMO function: C4-methyl sterols. An fumigatughe C4-methyl sterol
intermediates are 4-methyl fecosterol and 4,4-duwyldecosterol (Figure 3.2A). The C4-
methyl sterol buildup was especially notableAerg25A which accumulated 17-fold
and 32-fold wild type levels of 4-methyl fecosteanid 4,4-dimethyl fecosterol
respectively (Figure 3.2A, p<0.01). Therg25Amutant, conversely, only accumulated
1.5-fold and 7-fold more 4-methyl fecosterol and-dimethyl fecosterol over wild-type
levels, which was not statistically significantgbre 3.2A). These data suggest that
Erg25A may serve as the predominant SM@.iflumigatusor may be the first step of
two sequentially acting SMOs. More mechanistic sigvould be required to elucidate
the precise role of these enzymes, but this step-piogression of enzymatic action has
been demonstrated using virus-induced gene silgrafi®MOs inNicotiana
benthamiang71).

TheAsrbAstrain is characterized by both a hyper-accunmanadf C4-methyl sterol
intermediates (Figure 3.2A, p<0.01 and reportediptesly) (37, 359), and a significant
(30-70%) decrease in total ergosterol (Figure 3(28.01 and reported previously) (37).
Although C4-methyl sterol intermediates disproporélly accumulated inerg25Aand
Aerg25B total ergosterol was not altered in either st(&igure 3.2B). Therefore some,
but not all ergosterol biosynthesis defects obgkimasrbAcan be attributed to

decreased abundancees§25A0r erg25B.
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SMO Sterol Profiles Reveal Altered
C9(11)-Intermediate Accumulation

Alterations in sterol intermediate profiles oftédinminate the regulatory and
compensatory mechanisms an organism utilizes torersglequate production of
ergosterol. One feature discovered during the SM@ant sterol analyses was the
accumulation of the sterol intermediates 9(11)-debgrgosterol and parkeol. The
intermediate parkeol was especially evideméng25B,whereas 9(11)-
dehydroergosterol accumulated at elevated levdisinAerg25AandAerg25B(Figure
3.3A). Interestingly, 9(11)-dehydroergosterol adsgumulated at higher levelsAsrbA
although biological variation in replicates madatistical analysis difficult. These
findings have potentially important implications the biosynthesis of ergosterolAn
fumigatus as they suggest an alternative mechanism existarisverse from squalene to
ergosterol. These findings support a non-linearehotlergosterol biosynthesis, as
suggested previously by Alcazar-Fueti,al (9).

Parkeol, also known as 4,4,14-trimethyl-cholestbtpien-3$-ol, differs from
lanosterol, 4,4,14-trimethyl-cholesta-8,24-digi+8, only in the position of a single
double bond. Parkeol contains a double bond betwe=f and 11 carbons of the C ring
of the sterol molecule, whereas lanosterol contaideuble bond between the 8 and 9
carbons on the bridge between the B and C rings. difference may appear slight, but
biochemical evidence in other fungal organisms satggthat demethylation of C14, and
a subsequent accumulation of C4-methyl sterolsatamecur with the intermediate

parkeol as a substrate (334). This finding is aoldily significant, as the accumulation
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of C14-methylated sterols is toxic when incorpadatdo the fungal cell membrane, as is
seen with the administration of triazole antifundalgs (159).

Strains that accumulated parkeol also accumul&edterol-molecule 9(11)-
dehydroergosterol, or 24-methyl cholesta-5,7,9¢Ptetraen-B-ol (Figure 3.3A),
suggesting either that there are novel mechanismSI4-demethylation of parkeol, or
that C8(9) and C9(11) bonds can isomerizA.ifumigatugFigure 3.3C) (334). 9(11)-
dehydroergosterol has been characterized previdoslis fluorescent properties, and is
utilized in membrane synthesis and permeabilitgistal A peroxide of 9(11)-
dehydroergosterol has also been identified, atakis to human cervical cell carcinoma
cells (66). Therefore, it is plausible that abetri@etumulation of this sterol intermediate
in the SMO mutants could be altering canonicalasteiosynthesis, thus highlighting
possible alternative pathways heretofore unobservéd fumigatugFigure 3.3C).

Alternative Mechanism for
Episterol> Ergosterol Transition

Although ergosterol biosynthesis is linear for maththe pathway, the steps between
episterol and ergosterol are branched, allowingHoee stepwise uses of the enzymes
Erg5, Erg4 and Erg3. SMO mutants, however, disglaygnificant alterations in how
they transverse between episterol and ergosterakng25A only the
Erg3—>Erg4—>Erg5 mechanism appears to be fully functional,rgestatetraenol was not
detectable in this strain, and 22-dihydroergostaccumulated at diminished levels in
comparison with the wild type strain (Figure 3.3Biferestingly, 5-dihydroergosterol,

the only transition maintained kerg25Ais absent im\srbA (Figure 3.3B).
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Theoretically, in the absence of Erg25A, Erg25Bilfalthe predominant SMO functions.
We still see abundance, however diminished, offyatioergosterol imerg25B,
suggesting that either enzyme can catalyze thisitian. Therefore, it is possible that
either Erg25A or Erg25B function or specific substravailability allows for the
mechanism Erg5Erg4—Erg3 to occur, whereas other mechanisms (Exg§84—~>Erg5
or Erg3/5->Erg4) are specific for Erg25A. Alternatively, ErgRBr Erg25B presence
may dictate the stability of Erg3, Erg4 or ErgSriteract with downstream sterol

intermediates.

SMO Genes Responsive to Hypoxia

The transcription factor SrbA directly binds betly25Aanderg25B(Barker, BM.et
al., in preparation; (36)). As SrbA is integrally oived in adaptation to hypoxia, we next
examined the response of these genes in respot®e txygen environments. As
expectedsrbAmRNA was significantly induced after 30 minutesl @hours exposure
to 1% oxygen (Figure 3.4A, *p<0.0001). Both SMO genvere highly induced upon
exposure to hypoxia, with 13-fold and 3-fold indantof erg25Aanderg25Bupon
thirty-minute incubation with hypoxia, and 20-fadd 7-fold induction after 2 hours
incubation (Figure 3.4A, *p<0.0001). Overaltg25Aanderg25Bare significantly
induced in response to hypoxia, suggesting thessipte involvement in influencing
ergosterol biosynthesis during hypoxia.

Radial growth of either SMO mutant was not affeatetlypoxia (1% Q) when

compared to growth in normoxia (Figure 3.4B). Hoem\extreme hypoxia (0.2%,D
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exposure elicited a slight growth defect and preduopious aerial hyphae, indicative of
an aberrant stress responsaang25A(Figure 3.4B) (204, 319).

Aberrant Stress Response in
Aerg25AandAerg25B

Alterations inerg25mRNA abundance in fungi have been previously attarezed
during stress-inducing conditions@ neoformansC. albicansS. cerevisiagand
Trichophyton rubrun{l19, 24, 39, 73). Intriguinglyerg25mRNA abundance appears to
be highly elevated in stress-inducing conditionfighly diverse biological origin,
including triazole antifungal drugs, hypoxia, dyguated calcium signaling or lipid
homeostasis, when encountering ER or oxidativestiend during biofilm formation
(29, 39, 78, 94, 96, 122, 140, 180, 226). As foeementioned stress-inducing stimuli
were multifaceted in their mechanisms, and thudinkéd to any singular pathway or
property given our current understanding, we hypsitted that Erg25-function is critical
for ubiquitous stress adaptation, possibly as tagmal portion of the “fungal adaptome”
(125).

To test this hypothesis, we subjectestg25AandAerg25Bto various cellular
stresses that. fumigatusnay encounter in a mammalian host, such as EBsstiav

iron availability, triazole antifungal drugs, arehctive oxygen species.

ER StressSecretion plays an important role in the saprapHhifestyle ofA.
fumigatus Stress caused by the secretory system impacentlaplasmic reticulum, the
hub for the maintenance of the unfolded proteipoase (UPR). Disturbances in the

ability of A. fumigatugo cope with ER-inducing stress, such as impaitroéhacAor
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ireA, render the mold more susceptible to ER-stresstageuch as paraquat,
dithiothreitol, tunicamycin or brefeldin A, and a&r null-mutant strains less virulent in
murine models of Invasive Aspergillosis (94, 26852 Accordingly, we examined the
response of the SMO mutants to 1mM dithiothrei®I (), which interferes with
disulfide bond formation, causing protein unfoldii®g). All three mutants examined,;
AsrbA Aerg25A andAerg25B displayed significant sensitivity to DTT when cpaned
to the wild type (Figure 3.5A, p<0.0001). Batkrg25AandAsrbAwere inhibited
similarly by DTT, with growth ratios 50.5% and 4%5maller (untreated vs. treated)
than the wild typeAsrbA- 0.251+0.027Aerg25A- 0.271+0.037, wild type -
0.507+0.054). Thaerg25Bstrain was even more inhibited by DTT, with a 82.9
reduction in growth ratio compared to the wild typerg25B -0.188+0.029). Overall,
loss of SMO function, as exhibited in our single-Slvhutants, confers sensitivity to
DTT, demonstrating the need for SMO function imeftmembrane stability or other

potential signaling pathways A fumigatugdiscussed below).

Iron Stresslnder iron-limited conditioné. fumigatuslemonstrates a significant
decrease in biomass accumulation, and is less leaphitesisting oxidative stress (147,
248). TheAsrbAstrain is even more impacted by low-iron condisiopmossibly due to the
overlap between iron and low-oxygen signaling madras, which center around
several key transcription factors (36). As Erg2& h-iron requiring enzyme and thus
integrally impacted by the cellular iron status, subjected\erg25AandAerg25B
conidia to iron depleted conditions and evaluatdzkequent biomass. Briefly, wild type

and mutant strains were cultured in iron reple@®.{8) or iron-free media for 24 hours.
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Biomass of samples is represented as a ratio aftgronder iron depleted versus iron
replete conditions. Significantly, botferg25AandAerg25Bwere more capable of
growth in low iron conditions than the wild-typeah (Figure 3.5B, ratio 0.489 and
0.429 vs. 0.302 inerg25A Aerg25Band wild type respectively, p<0.0001). This is the
exact opposite oksrbA which demonstrates a significant decrease iahiisty to grow

in low iron environments (Figure 3.5B, and desatipeeviously) (36).

Triazole Antifungal DrugsTreatment ofC. albicans C. neoformangsA.

fumigatus or T. rubrumwith triazole antifungal drugs elicits a robustnease irerg25
MRNA abundance (19, 24, 68, 78). There is someesiguy that 4-methyl sterol
intermediates may provide additional layers of oalfor ergosterol biosynthesis, as
cellular stress, such as treatment with triazotdwargal drugs, ubiquitously results in an
increase irerg25mRNA abundance. To determine the role25in mediating
resistance to triazole antifungal drugsiinfumigatuswe subjectederg25Aand
Aerg25Bto the triazole antifungal drugs fluconazole (Fla@y voriconazole (VCZ), and
to the ergosterol-targeting polyene Amphoterici(AB1B). NeitherAerg25Anor
Aerg25Bexhibited altered sensitivity to the antifungaligs tested (Table 3.1). This is in
direct contrast tasrbA which has a significant sensitivity to both FL@davCZ. This
sensitivity has been linked to a decreasergiL1Atranscript (37). This finding is
especially interesting, as mutantsArg25in S. cerevisiadave been shown to have

altered mitochondrial physiology and appearancegtwhas been linked to altered
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toxicity of the triazole antifungal drugs (11, 16The defects in the single Erg25-mull

mutants is apparently insufficient to cause suphenotype irA. fumigatus

Reactive Oxygen SpecieBisruption of the plasma membrane by the polyene

Amphotericin B generates a transcriptional increagangal antioxidants (125). This
response is similar to the one observed wheiumigatuds subjected to ROS, and
suggests that plasma membrane integrity is crimidahe neutralization of ROS (125,
306). The ability to survive and neutralize RO®ighly importantin vivo, as these
environments mimic phagocytosis by host cells. &@dnine iferg25contributed to the
ability of A. fumigatugo compensate for the presence of ROS, we suljgetenlings to
a transitory hydrogen peroxide shock, washed awgye@sidual peroxide, and allowed
the germlings to recover for 24 hours. Interestingerg25Abut notAerg25B
demonstrated a significant loss of adaptabilitihydrogen peroxide, suggesting this
strain is impaired in its ability to counteract R@=gure 3.5C, *p<0.05).

Erg25A Not Required for Virulence of
A. fumigatusn a Murine Model of IA

A. fumigatusnutants sensitive to ER stress-inducing agentseantive oxygen
species may have altered virulence in murine maafdisvasive Aspergillosis (94, 125,
264, 265). To test whether SMO-function was critfoa virulence ofA. fumigatuswe
utilized the corticosteroid model of IA, which isduced by triamcinolone. The
corticosteroid model is known for its abundancenfibtmmation, due to the continued
recruitment of host cells, which contributes to significant incidence of hypoxia in this

model (114). Survival curves demonstrate thertg25Ais not altered in its virulence in
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this model of murine infection, when compared twild type infection (Fig 3.6).
Therefore, elimination aérg25Aalone was not sufficient to inhibit the virulenaeA.
fumigatus

Construction of a Double-
Erg25 Gene Replacement Mutant

Both Aerg25AandAerg25Baccumulated C4-methyl sterols, indicating they fiomc
as SMOs imA. fumigatusDeletion of either SMO, however, failed to elicityeof the
other predominargrg25mutant phenotype characterized in the literatBrar attempts
to generate null mutants of fungal SMOs have iraldyi been lethal, with rescue of this
lethality only by blocking the upstream C14-demédlign via triazole antifungal drugs
(103). Due to the fact that Erg25A and Erg25B &ely paralogs that arose due to gene
duplication, they are likely able to compensatetifigrloss of one another (231).

To assess the possibility that Erg25A and Erg25Bd-be compensating for the loss
of one another we assessed the mMRNA abundancetofbpes in both the null mutant
and wild type backgrounds. As anticipatety25Aappears to be induced Aerg25Band
vice versa in normoxia, and this induction is eggdcobservable under hypoxia stress
conditions (Figure 3.7A, *p<0.05, **p<0.0001). Tleesbservations suggest that Erg25A
and Erg25B may serve in partially redundant fumjaand therefore lethal if mutated in
tandem.

To assess this hypothesis, we attempted to constrdmuble deletion mutant. After
several transformations and attempts to generateastrain, we determined that this

double mutant was lethal. To fully demonstrate thet double mutant strain was in fact
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lethal, we generated both gyrGAerg25Aand-pyrGAerg25Bstrain, and transformed
these strains with a nitrate induciloligA construct for eithepniiA-erg25Bor pniiA-
erg25Arespectively (138) (Suppl. Fig. 3.2).

As hypothesized, botbniiA-erg25AAerg25BandpniiA-erg25BAerg25Awere
unable to grow on solid repressing media ¢NHut grew at wild-type levels on
induction media (N@) (Figure 3.7B, and data not shown). As reporteipusly, this
promoter system appears to be “leaky” about twpetgent of the time, and we did see
occasional growth under repression systems (138hparison with gniiA-ergl1A
Aergl1Bstrain verified that this was within a false-pogtrate similar to this previously
described strain (data not shown).

Interestingly, the repressibility of either stravmas short-lived, as repression of either
strain past the third passage was unsuccessfuha¥e observed this phenomenon
several times with therg25loci, utilizing both theniiA andalc promoter expression
systems (138, 268). We hypothesize that theseartBMO loci are hotspots for
epigenetic remodeling or suppressor mutations.

We therefore concluded that although single nultants are in fact viable iA.
fumigatus that mutation of both alleles is genetically &tirhe ability for one SMO to
compensate for the loss of the other suggestdtiteaé enzymes are at least partially
redundant in function. However, the hierarchyAifumigatusSMO function has yet to
be determined. It is plausible that substrate aldity may determine enzymatic usage

for C4-demethylation, or simply that Erg25B serirean auxiliary function to Erg25A.
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Importantly, maintenance of two SMOs, that appedrave the same substrate

specificity, has not been previously characterinelukarya.

Discussion

In humans, C4-sterol demethylation representsealiraiting step to active cell
proliferation, due to the fact that C4-sterol méthwidases (SMOs) are among the
slowest enzymes involved in cholesterol biosynthé$, 260). It has been hypothesized
that SMO-activity is part of the “kinetic contralf sterol biosynthesis, and a mechanism
to regulate the flow of carbon in the cell.

In fungi the plausibility of limiting ergosterol synthesis is especially crucial as the
environment encountered in the mammalian hostssileand nutrient-poor. The ability
of A. fumigatugo survivein vivo requires several key components that have recently
been termed the “fungal adaptome” (140). Thes#ates, including the ability to grow
in a low oxygen, low iron, and reactive oxygen-segcich niche provide some of the
arsenal required to germinate and cause invasseage. We therefore set out to further
understand howrg25Aanderg25B two crucial members of the SrbA-regulon, not only
assistA. fumigatusn adapting to the conditions encountered in tlaenmalian host, but
also how the deregulation efg25Aanderg25Bin AsrbA contribute to the significant
phenotypes observed in this mutant.

Ergosterol biosynthesis requires twelve molecufesxggen to progress from
squalene to ergosterol (180).Anfumigatusthis progression requires six reactions, and

involves at least sixteen different enzymes, fduwlich require iron cofactors (5534-
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demethylation is required twice in these six reawj is one of the iron-requiring steps of
ergosterol biosynthesis, and requires six of thelw@molecules of oxygen to fuel SMO
function. Therefore, the plausibility of Erg25 asate-limiting step irA. fumigatus
ergosterol biosynthesis is credible, especiallyght of the connection with oxygen and
iron requirements, and its regulation by a key kyaaoordinated transcription factor.

In C. albicanswhich has also maintained two paraloge@f25 deletion ofCaErg25
is lethal. These findings suggest that its part@aErg25-1 is either a non-functioning
SMO, or thatCaErg25-1 cannot demethylate adequately witl@aErg25 (163). This
finding is especially interesting given the facttheither single SMO mutation was
lethal inA. fumigatuslt is possible tha€aErg25 andCaErg25-1 must work in tandem,
unlike other examples in Eukarya, thus rende@agrg25 lethal when deleted (163).

In Arabidopsis thalianathe plant model organism, two copieseof25also exist,
and they both serve as C4-sterol methyl oxidasEs Deletion of either copy arg25is
not lethal, and incurs an accumulation of C4-metted sterol intermediates, much like
in A. fumigatug71). The entities accumulated, however, are rattidal between
ASMO1landASMO2 asASMO1laccumulates mainly 4,4-dimethy-9.9-
cyclopropylsterols, andSMO2 accumulates mainly 4-methyf-sterols (71). These
plant-specific sterol intermediates roughly corgegpto an accumulation in 4,4-dimethyl
fecosterol and 4-methyl fecosterol respectivelyedéhresults suggest that plants encode
for distinct sets of SMOs, that are much more sabestspecific than in other eukaryotes

studied to date.
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This then begs the question: what is the purpos@@SMOs inA. fumigatu8
Clearly they are both essential for the efficieatethylation of C4-sterol intermediates,
as evidenced by the abundant accumulation of Céyhsterol intermediates ifsrbA
(Figure 3.2A). It appears that Erg25A may functa@ithe predominant SMO, given
Aerg25As more pronounced accumulation of C4-methyl ster@rmediates than
Aerg25B(Figure 3.2A). This hypothesis is validated by thieer visible phenotypes of
Aerg25Athat are not apparent iferg258B including decreases in 22-dihydroergosterol
and ergostatetraenol accumulation (Figure 3.38)h mRNA induction in hypoxia
(Figure 3.4A), enhanced stress response in exthgmaxia (Figure 3.4B), and sensitivity
to DTT and ROS (Figure 3.5A, 3.5C). The remainingsiion, then, is what is the
purpose of Erg25B? Real-time PCR revealedehg25Bis less highly induced in
response to stress, but that it partially compessfatr loss oerg25Aunder stress-
inducing conditions (Figures 3.7A and 3.4A). Theref it is possible that Erg25B
functions as a backup for Erg25A in its C4-demethgh function, or may supply
structural efficiency for Erg25A function. This éaitsuggestion is based off the concept
of an ergosterol “hub” or complex whose maintenascgequired for full enzymatic
efficiency of key proteins in the ergosterol biogysis pathway (218, 220). Although
botherg25Aanderg25Bare regulated transcriptionally by SrbA, inductintensity of
srbAmRNA does not appear to correlate equally withuattbn oferg25Aanderg25B8
Clearly there are multiple levels of transcriptibregulation at play here, placirgg25B

in the less induced, or subordinate positioerg25Agenetically.
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Even more striking is the link between the phenesypfAerg25Awith AsrbA such
as a growth defect in hypoxia (Figure 3.4B and ghbefore), significant mMRNA
induction in hypoxia (Figure 3.4A), dysregulatiohtloe mechanism of ergosterol
biosynthesis between episterol and ergosterol (Ei§BB), and sensitivity to ER stress-
inducing agents (Figure 3.5A). These results suggas some of thasrbA phenotypes
may be directly related to a decreaserng25Ain this strain, as demonstrated previously
(36).

Determining the biological importance in alterasaf ergosterol biosynthesis from
episterol to ergosterol (Figure 3.3B) is especidifficult to validate. This portion of the
pathway has been described as a “fishing net;” vehdisturbance pulls in one area,
another section of the net takes up the load. Hewaivthis is the case iA. fumigatus
then why are such distinct patterns observablesibhA andAerg254 Many more
studies will be required to elucidate the requiretrfer individual enzymes or
transcription factors in substrate acquisition pathway flux. Analysis of this section of
the pathway usingsrbAis especially difficult, as SrbA transcriptionatiggulates two of
the potentially five enzymes involved in this preggsion (Barker, B.Met al, in
preparation).

Review of the current literature pertaining to Esgi? SMOs reveals this enzyme’s
importance in response to various cellular stres€ng25 mRNA is highly induced
during stress-inducing conditions in many othemjiud9, 24, 39, 73), including triazole

and polyene antifungal drug treatment, during hyaowith dysregulated calcium
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signaling or lipid homeostasis, when encounteriRgdE oxidative stress, during biofilm
formation, and duringn vivo infection (19, 39, 78, 94, 96, 122, 140, 180, 226)

Growth in hypoxia results in the enrichment of pios involved in glycolysis,
ethanol fermentation, and the oxidative stressamsg, but a decrease in proteins
involved in the TCA cycle, and the pentose phospkhatnt (23). IrS. cerevisiae
mutants sensitive to DTT are also linked to thelative stress response and many
display differences in regulation of glycolysis ahé pentose phosphate shunt (110).
Two genes in particularpelandtkll, are biochemically involved in the pentose
phosphate shunt, and null-mutants display sens#svio oxidative stress, DTT, and have
defects in respiratory growth. These proteins &e @ssential for growth on fermentable
carbon sources, linking the pentose phosphate sbwthanol production and usagesSin
cerevisiag(152, 342).

DTT sensitivity has also been linked to plasma meam and cell wall stability. This
effect is observed most strikingly when the yé&asalbicansis treated with tetracycline.
Tetracycline induces a loss of mitochondrial fumefiand decreases the total ergosterol,
which is perhaps why tetracycline is synergistitmAmphotericin B. Interestingly,
tetracycline is antagonistic to the triazole fluapole. High concentrations of tetracycline
renderC. albicansmore resistant to DTT, suggesting that alteratioriee cell wall
stability by DTT are countered by the effect ofaet/cline on either the ergosterol
content or oxidative state of the organism. Thisnplay between oxidative stress

response, ergosterol biosynthesis, and ER-stresskdem a common thread in our
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studies, suggesting that these interactions andytigontrolled by central regulatory
components.

In H. sapiensErg25 (SC4MOL/MSMO1) plays a critical role in thextaration of
oocytes and activation of meiosis in the testis @y, as C4-methyl sterol
intermediates serve as activating factors. Onbexd activating factors, follicular fluid
meiosis-activating sterol (FF-MAS) is also a ligdndliver X receptors, which regulates
crosstalk between inflammation and cholesterol bwism (53, 148). Mutations in the
human SC4MOL/MSMO1 contribute to altered cytokimeduction, including TNFe
and IL-6 (126, 315). More recently, silencing2iE4MOLhas been linked to sensitization
of refractory tumor cells to epidermal growth faateceptor (EGFR) inhibitors (315), as
depletion ofSC4MOLincreased vesicular trafficking of EGFR to the sme.

In this same study, a yeast-two-hybrid screen ifledtover 140 genetic or physical
interactors with Erg25 (315). These interactor®bgéd to many different biological
processes, via GO-term analysis, including ergokt®osynthesis, secretion, vesicle-
mediated transport, localization, membrane lipwkipnthesis, sphingolipid biosynthesis,
and ceramide biosynthesis (315). This evidence fBorerevisia@andH. sapienslearly
indicates protein and/or genetic function for Erg2§25outside of ergosterol
biosynthesis. It is plausible, therefore, that sah#ihe phenotypes observedAarg25A
andAerg25Bare due to uncharacterized interactions with nmgosterol proteins, not
solely due to dysregulation of membrane biosynthesi

In conclusion, our study characterized the indigidwles of C4-sterol methyl

oxidase genes iA. fumigatusand further emphasized the link between fungat BiRs,
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ergosterol biosynthesis, and stress adaptatiohoAgh genetic deletion erg25B
demonstrated no tremendous phenotypic differersea® an enhanced sensitivity to the
ER stress-inducing agent DTT, deletioreaj25Awas more deleterious. Therg25A
strain demonstrated significant defects in theitgtiid compensate for low oxygen
environments or ER- or ROS-induced stress, higtihghthe complex interactions of
fungal SMOs. In addition, SMO mutants displayeeéraltions in 9(11)-sterol
intermediates, and a possible substrate-specifahar@sm for traversing between
episterol and ergosterol than previously describiadike other characterized two-SMO
systemsA. fumigatusSMOs appear to retain a similar function, albethveome
substrate specificity, suggesting that Erg25A seagethe predominant SMO, and
Erg25B serves subordinately to Erg25A. Both enzyaregequired, however, as deletion
of both alleles was lethal. Further work needsdabne to determine the contribution of
A. fumigatusSMOs to the phenotypes &$rbA as evidenced by the overlapping
phenotypes observed Aerg25A Also needed are more broad-scale transcriptional
studies, to elucidate the covert non-ergostereradtions occurring with these important

biological mediators.

Experimental Procedures

Strains and Media

Aspergillus fumigatustrain CEA17 was used to construct NsebA strain (359), as
well asAerg25AandAerg25B To generate therg25A(Afub_084150) an@érg25B

(Afub_098170knockout constructs, ~1kb upstream and downstrddytb gene ORFs
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was PCR amplified from genom#c fumigatudDNA. ThepyrG from A. parasiticusvas
amplified from plasmid pJW24 (courtesy of N. Ke)leand was inserted between the
upstream and downstream PCR fragments describe@ afefusion PCR (368).
Protoplast-mediated transformation was conducteattoduce the foreign DNA into the
CEAL7 strain.

ThepniiA-erg25BAerg25AandpniiA-erg25AAerg25Binducible strains were
generated in goyrGAerg25Aand pyrGAerg25Bstrain respectively, which was made by
excising a 1.1kb fragment of tipgrG ORF from theAerg25Aor Aerg25Bknockout
plasmid and retransforming into the correct backgtbon media containing 5-
Fluoroorotic Acid (Invitrogen). The Left flank (Ldhk, ~1kb approximately 200bp
upstream of 5’ATG) and open reading frame (ORF)enRER amplified from genomic
DNA alongside a 3.2kb fragment containiogyG andpniiA from thepyrG-pniiA
plasmid, as previously described (138).

The LflankpyrG-pniiA-erg25Btransformation construct was assembled via overlap
mediated fusion PCR, as described above but witlidfiowing changes: the Left flank
(Lflank, ~1kb approximately 1000bp upstream of 5@&JTwas amplified, eliminating the
entire putative promoter region of this constrymbm transformation intepyrGAerg25A

Strains were verified via Southern Blot for sindteus-specific integration. For the
Aerg25ASouthern Blot: genomic DNA from theerg25A wild type, and
Aerg25Arerg25Astrains was Apal digested for at 37°C for 18 hoS8tgins were
separated on a 1% agarose gel, transferred, amutlizgda with a 607-bp probe. For the

Aerg25BSouthern Blot: genomic DNA from the wild typserg258 and



113

Aerg25Brerg25Bstrains was Hindlll/Nhel digested at 37°C for 1&irs0 Strains were
separated on a 1% agarose gel, transferred, amalizga with a 328-bp probe. The
wild-type strain referred to in this article isastr CBS 144.89.

All strains are routinely grown on glucose minimadia (GMM) that contains 1%
glucose, at 37T (289). The recipe for liquid glucose minimal rmeedi identical to that
for GMM, except without agar. For induction/repriessexperiments, strains were grown
in liquid GMM with 20mM Sodium Nitrate (N¢) or 20mM Ammonium Tartrate (N4

as the sole nitrogen source (138).

Iron Stress Assay

106® A. fumigatusconidia from various strains were cultured in 150kgLid media
(glucose-minimal-media) with or without iron (feu® sulfate heptahydrate, Fisher
Scientific), for 24 hours. Following incubatiommsples were harvested via vacuum
filtration, frozen at -80°C, and lyophilized oveght. Samples were weighed, and the
average and standard deviation of three or moledizal replicates are reported. Data

are represented as the ratio of growth without-tairon.

ER Stress Assay

2x10 Aspergillus fumigatusonidia were incubated in liquid glucose minimal
medium (LGMM) at 37°C with agitation, with or witbbdithiothreitol (DTT, 1mM,
Sigma Aldrich) for 24 hours. Cultures were harvestia vacuum filtration, frozen at -

80°C, and lyophilized until dry. Biomass of driezhgples was measured, and data
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expressed as the ratio of the mass of the DT Tetdeseamples verses control. Data are the

average and standard deviation of three biologegalicates per strain.

Hydrogen Peroxide Assay

Two hundredAspergillus fumigatusonidia were plated onto a glucose minimal
medium (GMM) plate overnight at 37°C. Germlings &ehocked with either 10mL
1.87mM hydrogen peroxide (Fisher Scientific) origevater for ten minutes at 37°C,
then washed with 10mL sterile water twice. Platesenncubated at 37°C until colonies
were visible, approximately 20 hours. Data areresged as the ratio of the number of
viable colonies on pD,-treated versus untreated plates. Data are thageend

standard deviation of three plates per straincpadition.

Quantitative Real-Time PCR

Aspergillus fumigatustrains were cultured in liquid media (glucose-ima-media
or induction/repression minimal media) for sixtéemurs, then shifted to hypoxia for the
indicated times. Mycelia were harvested via vactiltnation and lyophilized overnight
prior to homogenation with 0.1mm glass beads. TRMA was extracted using TRisure
(Bioline) according to the manufacturer’s instroatiand purified via RNeasy column
protocol (Qiagen). Genomic DNA purification was qaeted with Turbo DNAse |
(Ambion). A secondary genomic DNA purification wadsne with the Qiagen QuantiTect
Reverse Transcription Kit (Qiagen), as well as@ligT-primed cDNA synthesis. gRT-
PCR was conducted in technical duplicates exceptevhoted. The normalized fold

expression graphed in each figure represents tlag @xed percent error of two-to-three
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biological replicates as normalized to the houspkeepgendefA A no-template mRNA

control was used to ensure no gDNA contaminatiogeich analysis.

Antifungal Susceptibility Testing

Susceptibility to Fluconazole, Voriconazole, and gkratericin B was evaluated with
Etest strips (AB Biodisk). Each strip delivers ancentration gradient of drug. Strips are
placed on an RPMI-MOPS (Sigma Aldrich) plate, pB, Zontaining 19conidia.

Growth inhibition was evaluated at 48 hours by &lmation of growth inhibition when

grown at 37C.

Total Ergosterol Assay

Total ergosterol fromi\. fumigatusstrains was extracted after 24 hours shaking
growth in liquid GMM. Mycelia were harvested viacvam filtration, dried, and
weighed. 200mg of dry fungal tissue were extraetedescribed previously (9, 37).
Briefly, tissues were treated with 3mL of 25% alolt potassium hydroxide (3:2
methanol:ethanol) and then vortexed vigorouslylfoninute. Samples were incubated at
85°C for 1 hour. Sterols were extracted with 1mL dtilled water and 3mL of pentane
and vortexed for 3 minutes. The upper aqueous lagsrallowed to separate from the
cellular debris and 1mL of this extract was transfé to a clean glass tube and
evaporated in a fume hood at room temperature. ppeparation for injection, samples
were resolved in ImL of methanol and syringe fdtethrough a Oj@n-pore-size filter
(Acrodisc, Waters). Total ergosterol was measusadgua Shimadzu CLASS-VP HPLC

and detected via a SPD-M10AVP PDA at 280nm on adBpack C18 column
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(300 mm x 3.9 mm, 10m). The quantity of ergosterol per strain wasalated from a

standard curve of ergosterol (Acros Organics 11280}

Sterol Profile

Mycelia were grown and harvested as describedbfat ergosterol extraction.
Extraction was done as described previously (9, &7 identically as in the total
ergosterol extraction with the exception that thatral lipids were extracted with 1.5mL
hexane. The upper aqueous layer was separatedheooellular debris and 1mL of this
extract was evaporated via nitrogen. Vials wereestat -20°C until ready for injection.
Samples were resolved in 100toluene and derivitized with 100 BFSTA for 1 hour
at 70°C. Sterols were measured via GC-MS, using a Shimg@®-2010 GC with a
guadrupole mass ionizer. Peaks were identifiedVi@lectron ionization) fragmentation

pattern and retention time. All data are relativéatal ergosterol content.

Virulence Assays

CD1 female mice, 6-8 weeks old were used in a chieenapeutic model of Invasive
Aspergillosis. Mice were obtained from Charles Rilaboratories in Raleigh, North
Carolina.

Five mice per cage were housed in a HEPA-filtemedrenment with autoclaved
food ad libitum For the corticosteroid model, a single 40mg/kgation of Kenalog
(Bristol-Myers Squibb) is administered subcutango(sc.) one day prior to infection
with A. fumigatusFor infection, 2x1®conidia in 10QL 10% PBS (phospho-buffered-

saline) are administered intranasally (i.n.) tarii@e/group under isofluorine anesthesia.
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Mice were observed for fourteen days afiefumigatuschallenge. Any animal showing
severe distress; defined as ruffling of fur, huithesture, decreased mobility, and
difficulty breathing; were humanely euthanized aecbrded as deceased within that 24-
hour time period. A PBS-only control group was usederify the underlying health
status of these animals. No PBS-only animals pedisturing the course of the

experiment.

Ethics Statement

This study was carried out in strict accordancéwhie recommendations in the
Guide for the Care and Use of Laboratory AnimalthefNational Institutes of Health.
The animal experimental protocol was approved byistitutional Animal Care and
Use Committee (IACUC) at Montana State Universigderal-Wide Assurance

Number: A3637-01).

Statistical Analysis

All results presented with statistical significarweere analyzed with an unpaired two-
tailed Student’s-test, with the exception of the virulence assagsis from the murine

model were done via Log Rank analysis of the Kajler survival curve.
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Tables

Table 3.1 Antifungal minimum inhibitory concentiati determination using Etests.

FLC AMB VCZ

0.016-256 pg/mL 0.002-32 pg/mL 0.002-32 pg/mL

Wild Type >256 0.25 0.094-0.125

AsrbA 1 0.25 0.004-0.006
Aerg25A >256 0.38 0.125
Aerg25B >256 0.25 0.19

FLC: fluconazole, AMB: amphotericin B, VCZ: voriconazole
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Figure 3.1 Comparative amino acid homology andifnaotalysis for Erg25 genes from
Aspergillus fumigatus (A.f.), Candida albicans ({;.aHomo sapiens (H.s.)and
Saccharomyces cerevisiae (SA&) Dark gray shaded boxes indicate conserveddimst
motifs among all four examined species. Gray butoxed residues are those conserved
in at least one homolog i6. cerevisiae, C. albicapnsand A. fumigatus.B. Rooted
phylogenetic tree with branch length (UPGMA) fol akamined C4-sterol methyl
oxidase (SMO) genes (ClustalW, Kyoto University iBformatics Center). Analysis
clearly demonstratebl. sapiensMSMO1 as the outgroup, witA. fumigatusErg25B
more closely related to the SMOsSQfcerevisiaandC. albicans
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Figure 3.2 Characterization of C4-Sterol Methyl @ase Mutants. A. C4-methyl sterol
intermediate profile demonstrates a distinct acdatian in 4-methyl fecosterol (4,24-
dimethyl-cholesta-8,24(28)-diergl) and 4,4-dimethyl fecosterol (4,4,24-trimethyl-
cholesta-8,24(28)-dieng3ol) in AsrbA and Aerg25A A trend towards accumulation of
these intermediates is observedAierg25B but statistical significance is not obtained
due to biological variation. Data are displayedtlas ratio of sterol intermediates to
ergosterol. Peaks were identified as describediqusly (37), and in the materials and
methods. B. Total ergosterol is unchangedeng25AandAerg25Bcompared to the wild
type strain, and does not cause the depletiontal évgosterol demonstrated AsrbA
Total ergosterol was extracted and processed asiloed in the materials and methods
and previously (37). *p<0.001. Values representrtfean and standard deviation of 3-4
biological and three technical replicates for taajosterol, and 2-3 biological replicates
for sterol intermediate profiles.
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Figure 3.3 Sterol intermediate profiles fiAerg25A and Aerg25E and proposed
alternative pathway. A. Accumulation of 9(11) imexdiates irAerg25#, Aerg258 and
AsrbA Much more parkeol (4,4,-trimethyl-cholesta-9(11),24-dier33l) is observed
in Aerg25B than the other studied strains. Losserg25A or erg25E resulted in an
accumulation of 9(11glehydroergosterol (:-methyl cholestd,7,9(11),2-tetraen-B-

ol). Results are displayed as the ratio of stemtérmediate to ergcerol. Peaks wer
identified as described in the materials and meth&d Aberrant accumulation of ste

intermediates involving passage from episterol rigosterol. 2-dihydroergosterol (z-

methyl  cholesta,24(28-dien-33-ol), ergostatetraenol  (2dketlyl  cholesta-
5,7,22,24(28)-tetraenB3ol), and 5-dihydroergosterol (2#ethyl cholest-7,22-dien-3-

ol). C. Schematic of ergosterol biosynthesis path\laft) and proposed alternati
mechanism of parkeol and 9(-dehydroergosterol intermediate accumion (right).
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by Alcazar-Fuoliet al
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Figure 3.4 Sterol methyl oxidases (SMO) are respent hypoxia. A. Quantitative
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hours exposure to hypoxia. Wild type fumigatusvas grown 16 hours at 37°C and then
harvested (N Ohr) or exposed to hypoxia (195 f0r 30 minutes (H 30 min) or two hours
(H 2hr) prior to harvesting. RNA was extracted arldNA synthesized. mMRNA
abundance is normalized to the housekeeping tgfdeand are relative to the N Ohr
sample for all genes examined. Data represent threlgical and two combined
technical replicates. *p<0.0001. B. Radial growsisay of SMO strains in hypoxia (1%
0O,) and extreme hypoxia (0.2%,)reveals a stress-response phenotypgery25Abut
not Aerg25B 10 conidia were spotted on a glucose minimal medigepland allowed to
grow at 37°C for 96 hours in the indicated conditio
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Figure 3.5 Aberrant Stress Responses in Sterol Wddxidase (SMO) Mutants. #
Dithiothreitol (DTT)-ER Stress Inducing ssay. 2x10 conidia were incubated in liqu
glucose minimal medium (LGMM) with or without DTTLiaM) for 24 hours. Biomas
was measured, and ratios express the mass ofewitir DTT treatment verses contr
A significant increase in sensitivity was orved for AsrbA Aerg25/, and Aerg25B
compared to the Wild Type strain, *p<0.0001. In iidd, Aerg25Bwas significantly
more sensitive thansrb? andAerg25A *p<0.001. Clearly SMO function is crucial f
adaptation to DTT. B. Iron Biomass Assay® A. fumigatusonidia from various strair
were cultured in 150mL liquid media (gluc-minimalimedia) with or without irot
(ferrous sulfate heptahydrate, Fisheientific), for 24 hours. Data amepresented as tl
ratio of growth without iron versus with n. The average and standard deviation of t
or more biological replicates are reported. BAerg25AandAerg25Bare significantly
more adapted to growth in low iron thiéAsrbA and even the Wild Type strai
*p<0.0001. C. ROS susceptibility altered iAerg25A but not Aerg25B. ROS
susceptibility assay. Germlings were exposed t@ri H,O, for ten minutes at C,
washed, and allowed to grow for 24 hours. Viabilgyevaluated compared to r-treated
control. Ratios expressed as the number of colar H,O,-treated versus cont-plates
after 24hour incubation. A significant increase was obseéria Aerg25/ versus wild
type andAsrbA *p<0.05. No significant change in susceptibiliyas observed fc
Aerg25B
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Figure 3.6Erg25Ais not required for virulence oA. fumigatus 2x10 conidia were
administered intranasally to corticosteroid-treafgenalog, 40mg/kg) CD1 mice from
Wild Type, PBS-only, anderg25Astrains. Survival was assessed for fourteen dass p
inoculation. The SMO-mutamterg25Adid not have any alteration in virulence compared
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Figure 3.7 Erg25A and Erg25B can compensate far édsone another & loss of both
erg25Aanderg25Blethal in A. fumigatus A. Quantitative Real-Time PCR analysis of
erg25Aanderg25Bin Aerg25AandAerg25Bduring hypoxia stress. Wild typaerg25A
andAerg25BA. fumigatusstrains were grown 16 hours at 37°C and then htaaedl) or
exposed to hypoxia (H, 1%.Dfor four hours prior to harvesting. RNA was extied
and cDNA synthesized. mRNA abundance is normalinethe housekeeping getrefA
and is relative to the Wild type N sample for atings examined. Data represent three
biological and two combined technical replicatgs<0.05, **p<0.0001. B. Lethality of a
double deletion mutant was assessed via utilizabbrthe nitrogen-inducible niiA
promoter fromA. fumigatusWild type orpniiA-erg25AAerg25Bwere plated on glucose
minimal media (GMM) with 20mM nitrate (induction)y @mmonium (repression). A
distinct lack of growth is observed fpniiA-erg25AAerg25Bwhen plated on repression
media, whereas the wild type strain is fully capaddfi growth.
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erg25B Genomic DNA was HindllI/Nhel digested at°C for 18 hours. Strains we
probed with a 32&p probe. All banding patterns were as expecte the various
strains. E. Radial growth assay of generated straif® conidia were spotted on

glucose minimal media plate, and allowed to grov@# C for 96 hours. No differenc
was observed in the growth rate or colony morphpliagany of the genered strains.



126

Wild Tvpe erg254 locus L Flank = 1kb
B E Flank = 1kb
erglid

L Flank ORF R Flank

—>

i L Flank = 0.8kb
K Flank = 1kb

¥
erg23d

L Flank phiid-prG ORF R Flank

P — e —

]E”dl}ﬂﬂ 3.125&]“\‘"5 L Flank = 1kb
- E Flank = 1kb
erg2iB
L® Flank L Flank ORF R Flank

— —

pniid-erg2 3B locus L Flank = 0kb

erg2BA R Flank = 1kb
L® Flank priid-pyrG ORF R Flank

— — —

Supplementary Figur&.2 Schematic for construction giniiA-erg25/-Aerg25B and
pniiA-erg25BAerg25A Black arrows indicate the gene ORF, light graypwas are the
Left and Right flanking sequences to the ORF, sakethese flanking sequences
indicated in each schematic. The medium gray arriogEate thepniiA-pyrG cassette,
including both the nrbgen inducible promoteniiA and the selection markpyrG. The
darkest gray arrows indicate the 1kb region diyeatbstream of the L Flank of tt
erg25B locus (L Flank). Strains were constructed as detailed hea éxperimente
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Abstract

Aspergillus fumigatuss a pathogenic mold, whose ability to cause imeas
diseases relies on key growth attributes, includivegcapacity to grow in low oxygen, or
hypoxic, environments. A transcription factor i tBterol Regulatory Binding Protein
(SREBP) family, SrbA, is essential for the regulatof ergosterol biosynthesis,
resistance to triazole antifungal drugs, the gbibtgrow in hypoxia and low iron
environments, and to cause invasive disease imeunodels of Invasive Aspergillosis
(IA). Regulation of a key step in ergosterol biakwsis, Erg25, assists in the abilityAof
fumigatusto grow in hypoxia and adapt to low iron enviromtse Construction of a
strain that constitutively expressag25Ain theAsrbAbackground restored the ability of
AsrbAto grow in hypoxia. This restoration, however,@aked substantial insufficiencies
in pflavA-erg25AAsrbAwhen adapting to hypoxia, as this strain was hypeitive to
cell wall perturbation and reactive oxygen spe{RSS). Additionally, restoration of
erg25Aimpacted the triazole antifungal susceptibilityA\stbA demonstrating a complex
feedback system involved in ergosterol biosynth&@digse results demonstrate SrbA’s
involvement in a dynamic stress adaptation prograsdiated in part through ergosterol

biosynthesis.

Introduction

The interplay between inflammation and the genemnadif hypoxic
microenvironments has led many researchers to aeathe importance of hypoxia

adaptation in a pathogen’s virulence arsenal (68, 170, 359). In human pathogenic
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fungi, hypoxia adaptation has been hypothesizdztta critical virulence attribute, as
gene-deletion mutants that are unable to grow pokia are typically also unable to
cause invasive disease (60, 113, 359Adpergillus fumigatysa ubiquitous, saprophytic
mold, a member of the Sterol Regulatory ElementBig Protein (SREBP) family,
SrbA, is critical for adaptation to hypoxia and lown conditions, resistance to triazole
antifungal drugs, and virulence in murine model$nwhaisive Aspergillosis (1A) (36, 37,
359). As a transcription factor, SrbA directly irgets with and influences transcriptional
regulation of a cohort of genes. Ergosterol biosgats genes appear to be enriched in the
SrbA-regulon suggesting that sterol biosynthesgsragulation are mechanistically
linked with fungal pathogenesis and responsestituagal drugs. This link is also
apparent irC. neoformanswhere regulation of ergosterol biosynthesis, sgrbitivity to
triazole antifungals are linked to the SREBP homgpterel (55). Thus, study of the
SrbA dependent regulon should lead to new insigtsthe role of specific sterols and
their regulation in fungal pathogenesis and respeits antifungal drugs.

Ergosterol is the fungal equivalent of cholesteaold this end product and its
biosynthesis has been well studied in the conteahtfungal drug design and resistance,
as two of the main classes of antifungal drugspthigenes and the triazoles, target
ergosterol or an ergosterol intermediate. Howeitde is known about the regulation
and biological purposes of many of the other coneptsof ergosterol biosynthesis,
which have primarily been studied in fungi using thodel systerBaccharomyces

cerevisiae
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In humans, Erg25, also known as SC4AMOL, MSMO1, B6P4, has been
characterized for its role in cholesterol biosysteg53, 126, 148, 315). In addition to
acting as a C4-sterol methyl oxidase (SMO), Erg2&niown to interact with many other
proteins involved in vesicle transport, membrarealization, and calcium homeostasis
(53, 126, 315). C4-methyl sterols are also impdneological mediators, especially in
the gonads, where follicular fluid meiosis-actingtisterol (FF-MAS) and testis meiosis-
activating sterol (T-MAS) act as maturation facttmsoocytes, and mitosis in both the
testis and ovary (53, 148). Interestingly, FF-MASoaact as a ligand for the liver X
receptor, coordinating crosstalk between inflamoratind cholesterol biosynthesis (53,
148). Thus there is a rich knowledge in other eybims whereby specific sterol
intermediates serve as signaling molecules to driwgical processes.

In fungi, erg25mRNA transcript abundance is highly induced dustrgss
conditions, including triazole and polyene antifahdrug treatment, during hypoxia,
with dysregulated calcium signaling or lipid hom&sss, when encountering ER or
oxidative stress, during biofilm formation, and itgrin vivo infection (19, 39, 78, 94,
96, 122, 140, 180, 226). Either ergosterol biosgsithis highly manipulatable during
these conditions, or Erg25/C4-methylated stera@draportant in determining and
adapting to various stress conditions. Regardtbess nderlying mechanisms of sterol
biosynthesis regulation in pathogenic fungi remargely underdeveloped.

Previously, we have demonstrated that SrbA regsil@fiel-demethylation via direct
transcriptional activation cfrgl1Aandergl1B and that the loss of this regulation in

AsrbA contributes significantly to the azole-sensitiatyenotype oAsrbA (37).
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Remediation oérgl1Ain AsrbArevealed a significant downstream blockage at #he C
demethylation step of ergosterol biosynthesisyvateaced by the hyperaccumulation of
C4-methyl sterol intermediates (37). Genetic defetf eithererg25Aor erg25B
demonstrated th&. fumigatusencodes for two fully functional SMOs, but thagEsA
is the predominant SMO (Blosser, SChapter 3. Therefore, to understand the
phenotypic contributions of the lossafy25Aexpression imsrbA we constructed an
erg25AAsrbAstrain under the control of a new constitutiverpoter based on a
flavohemoglobin gene that is highly expresseA.ifumigatusn multiplein vitro
conditions. Restoration @g25AmRNA abundance insrbAwas functional vigflavA-
erg25AAsrbAas indicated by the decrease in 4,4-dimethyl tecokin this strain.
Importantly,pflavA-erg25AAsrbAwas restored in its ability to grow in hypoxia,
demonstrating the need for Erg25 in plasma memlstaielity during hypoxic growth,
as the accumulation of C4-methyl sterols appeab® tmhibitory under these conditions.
Interestingly pflavA-erg25AAsrbAwas also restored in its ability to grow in lownro
environments compared AsrbA This restoration of hypoxia and iron-replete gitow
was not a complete rescue for the phenotype@sidfAhowever, as alterations in other
SrbA-dependent ergosterol biosynthesis gene trigmiser occurred, as well as sensitivity
to cell wall perturbation agents and reactive oxygpeecies in hypoxia. These finding
suggest that a non-Erg25 SrbA-dependent mechasisasponsible for these phenotypes
in pflavA-erg25AAsrbA or that sterol intermediates pflavA-erg25AAsrbAgreatly alter
gene expression in a deleterious manner. Ovengl study illustrates the complexity of

SrbA’s involvement in stress adaptation, mediategairt through transcriptional
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regulation of ergosterol biosynthesis and morebngilights the potential role of sterol

intermediates in the biology of human fungal patrsg

Results

Hypoxia Alters Response of Di-lron, Di-Oxygen
Requiring Enzymes of Ergosterol Biosynthesis

The SrbA-null mutant is incapable of growing in by, but this treatment is not
lethal, as oxygenation of hypoxia-treated samplég festores growth (358).
Furthermore, ergosterol biosynthesis genes armtst predominant group of genes
directly regulated by SrbA, and some of the higleegiressed genes in hypoxia (23, 36).
In order to dissect the relationships between higpagdaptation and SrbA-regulation of
ergosterol biosynthesis ispergillus fumigatysve examined the effect of hypoxia
treatment on total ergosterol levels. Cultures vadi®@ved to germinate in normoxia, then
grown for the indicated times in hypoxia (1% O2p(Fe 4.1A). In
Schizosaccharomyces pombealecrease in total ergosterol is a signal thawsa for
transcriptional activation of ergosterol biosynisagenes through proteolytic cleavage of
the SREBP Srel (255) (55, 140, 323). SimilarlyAifumigatushypoxia exposure
initiates a decrease in total ergosterol betweawae tiero and approximately two hours
(Figure 4.1A, *p<0.0001). After this time, it appsdo recover or adapt to the decrease in
oxygen as we see a restoration to wild-type leaeBand 24 hours post-switch into
hypoxia. The decrease in total ergosterol at 6 hiappears to indicate that this system is

in a constant state of adaptation in low oxygenrenments, and that a cyclical, or
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supply-and-demand mechanism may be in place temeghl the cellular ergosterol
requirements.

Although ergosterol has been shown to be a crs@akling molecule for induction
of ergosterol biosynthesis genes via SREBPs intyeagosterol intermediate buildup
may also play a role in hod. fumigatusadapts to hypoxia and other stress conditions.
Therefore, wild typé\. fumigatussterol intermediates were compared in normoxia and
hypoxia twelve hours post germination to examiriermediate accumulation (Figure
4.1B). Hypoxia treatment produced the accumulatioall intermediates directly
proceeding oxygen-dependent steps of ergostersyhibesis downstream of squalene
(Figure 4.1B). Interestingly, the steps most af#datvere the di-iron and di-oxygen
requiring enzymes Ergl1l, Erg25 and Erg3, whicha#se directly regulated by the
transcription factor SrbA (Barker, B.Mt al.,in preparation; (36)).

C4-Methyl Sterol Intermediates in Hypoxia
& Hypoxia-Induced Gene Deletion Mutants

Sterol profiles of both the wild typ&. fumigatusn hypoxia and the SrbA-null
mutant indicate altered accumulation of intermexfiatt the C4-demethylation or Erg25
step of ergosterol biosynthesis, and previous ciamaation ofAerg25Ailluminated an
aberrant growth phenotype in hypoxia ((359), FiguddB, and Blosser, Sét al,
Chapter 3). Sterol profiles of hypoxia, or hypoxiducible genes we have studied thus
far all indicate an accumulation of C4-methyl steéntermediates. Therefore, as this step

appears to be highly important for efficient ergost biosynthesis in oxygen-poor
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environments, we sought to understand the reldtiprizetween Erg25A and SrbA, and

how the loss oérg25Aexpression imsrbA contributes to the phenotypes of the mutant.

SrbA-Requlation oérg25Ain A. fumigatus

Three things link SrbA function aretg25Aexpression irA. fumigatusgenetically,
SrbA directly binds to the promoter regionesfj25A phenotypicallyAsrbAand
Aerg25Aboth accumulate elevated levels of C4-methyl steianid finally, bottAsrbA
andAerg25Ademonstrate aberrant growth rates in hypoxia,ghda different
magnitudes ((359), Blosset al, Chapters 2 & 3). Toxic sterol intermediate acclation
has been hypothesized to contribute to altered mammelfunction when fungi are treated
with azole antifungal drugs; it is plausible, tHere, that altered accumulation of sterol
intermediates could altéy. fumigatusphysiological response to stress.

To test this hypothesis we uncoupkrg25As dependency on SrbA for
transcriptional activation by placiregg25Aunder a strong promoter in thsrbA
background. Initially we intended to use the wélaacterizedypdApromoter for these
analyses, howevepgpdAerg25AAsrbAfailed to achieve >70% restoration of wild-type
MRNA abundance (Suppl Fig 4.1A). Examination of RBEganalyses oA. fumigatus
demonstrated tharg25Awas the fifth highest abundant mRNA in normoxighwi5500
RPKM values (Suppl Fig 4.1B). This number almoasilded after 36 hours exposure to
hypoxia, validating our previous reports demonstgathat hypoxia exposure increased
botherg25A and erg25BnRNA abundance (Blosser, Sefl.al, Chapter 3)GpdA
however, produced ~3100 RPKM values in normoxid,iamot greatly induced in

hypoxia, producing only about 33% as much mRNA&m@25AIn ourin vitro analyses
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(Suppl Fig 4.1B). In order to expressy25Aat wild-type levels in thasrbA
background, we chose to construct a strain thatdvoanstitutively expressrg25Awith
the previously uncharacterized promoter of thedtemoglobin gene
(AfuA_4g03410/Afub_099650). Flavohemoglobin is tlighest expressed. fumigatus
MRNA according to ouin vitro analyses with ~28,000 RPKM values reads in normoxi
and ~16,600 reads after 36 hours exposure to hgg&ippl Fig 4.1B).

Flavohemoglobins convert oxygen and nitric oxidaitoate, and therefore behave as
nitric oxide dehydrogenases (105). The flavohemiigléamily of proteins has been
conserved among yeast, bacteria, and filamentog {458, 239, 254, 323, 341), and
two copies of the flavohemoglobin gene exist ingeaome ofA. fumigatus

In Aspergillusoryzaeand Aspergillus nidulansflavohemoproteins are involved in
scavenging reactive nitrogen species (273, 373k Juggests a role for flavohemoglobin
proteins in protecting fungal cells from internabaexternal NO stress. Although
flavohemoglobins have not been characterizedl. ifumigatusthe flavohemoglobin we
identified in our screens above responds transonally when exposed to hypoxia, and
flavohemoglobin protein accumulates in hypoxia (339

Construction of a Constitutively Expressed
erg25Ain the SrbA-Null Mutant Background

ThepflavA-erg25AAsrbAstrain was constructed by random insertion ofptihevA
erg25Aconstruct into thepyrGAsrbA strain. Strains were verified to have a single
insertion by PCR and Southern Blot analysis (datsshown and Suppl Fig 4.2A, C, D).

Insertion has no effect on normal growth parameiétee organism, as growth rates in
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liquid and solid culture, as well as rates of spairan are identical to a wild type strain.
PflavA-erg25AAsrbAfully restores wild typerg25AmRNA abundance compared to
AsrbA (Suppl Fig 4.2B, p = 0.0002).

Restoration oerg25AmRNA Abundance isrbA
Reduces 4.,4-dimethyl fecosterol Accumulation

To validate that our restoration @fg25AmRNA abundance correlated with an
increase in Erg25A enzymatic function, we subjettedWild Type AsrbA andpflavA-
erg25AAsrbAto sterol profile analysis via GC-MS. The thredmmatermediates that
contain a methylated C4 are eburicol, 4-methyl $é&wl|, and 4,4-dimethyl fecosterol
(4,4,14,24-tetramethyl cholesta-8,24(28)-di¢reB 4,24-dimethyl cholesta-8,24(28)-
dien-3-ol; and 4,4,24-trimethyl cholesta-8,24(28)-digi8 respectively). Restoration
of erg25AmMRNA diminished the accumulation of 4,4-dimeths¢dsterol in relation to
accumulation observed isrbA but did not alter the accumulation of eburicolier
methyl fecosterol (Figure 4.2A, *p<0.05). This smiee decrease does indicate that
restoration of Erg25A is occurring pflavA-erg25AAsrbA but also highlights the
importance of Erg25B in the complete removal ofr@dthyl sterol intermediates. In
addition,pflavA-erg25AAsrbAdid not restore total ergosterol accumulation iid wype
levels when compared witksrbA (Figure 4.2B). As SrbA also directly binds the
promoter region oérg25R it is plausible that restoration of both Erg25#da&Erg25B in
AsrbAis required to remove the accumulation of eburara 4-methyl fecosterol, and

restore wild type levels of total ergosterol.
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Restoration oerg25AmRNA Abundance
in AsrbAFully Restores Hypoxia Growth

ThepflavA-erg25AAsrbAstrain grows well at wild type levels in normoxigure
4.3), however, a dramatic growth difference is obse in hypoxia for this strain.
Whereas\srbAis unable to grow in hypoxia, essentially fulltaation of growth in
hypoxia is observed fgflavA-erg25AAsrbA (Figure 4.3). These data demonstrate quite
clearly that reconstitution @rg25AmRNA abundance in thesrbAbackground is

essential for the ability afsrbAto grow in hypoxia.

SrbA-Null Mutant Phenotypes not
Associated with Toxic Diol Accumulation

Sterol intermediate buildup has been hypothesiaemtribute to the sensitivity of
fungi to azole antifungal drugs due to the accutiieof a 3,6-diol (159). Triazole
treatment of Erg25-defective mutants in other fuegcues lethality, possibly due to
suppression of C4-methyl sterol buildup (103). Ef@re we hypothesized that toxic
sterol accumulation may also be playing a rolé@inhability ofAsrbAto grow and adapt
to hypoxia. To test this hypothesis, we examinedstierol profiles of Wild TypeAsrbA
andpflavA-erg25AAsrbAfor the presence of édmethyl ergosta-8,24(28)-dierBa-
diol accumulation (159, 161). This diol was notes¢ble in any of the examined strains,
suggesting that accumulation of this 3,6-diol deasaccount for the lack of hypoxia

growth inAsrbA or the remediation of hypoxia growthpflavA-erg25AAsrbA.
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Alterations in Sterol Intermediates Indicate
Downstream Blockage ifsrbAaterg3anderg5

Accumulation of episterol was especially pronounicegflavA-erg25AAsrbA
(Figure 4.4A), which is not unexpected, as SrbAdctly binds the promoter regions of
botherg5anderg3Band regulates their respective mRNA levels (Barke¥l. et al.,in
preparation; (36)). Although the ergosterol biosgsis pathway between episterol and
ergosterol is branched, allowing for three stepwises of the enzymes Erg5, Erg4 and
Erg3, we have previously determined that alteratiorthe episterol-to-ergosterol
transition occur with SMO mutants (Blosser, 8tJal, Chapter 3). Therefore, we
hypothesize that the diminished levels of Erg5 BrgBB, due to ineffective
transcriptional activation, contribute to the hygmaumulation of episterol ipflavA-
erg25AAsrbA

Interestingly, removal of a majority of C4-metlsyerol accumulation ipflavA-
erg25AAsrbAenhanced accumulation of intermediates downstiegaang25,
highlighting the other enzymatic steps that are disectly regulated by SrbA. In
particular the mechanisms that traverse from eqikte ergosterol via
Erg5—>Erg4—Erg3 and Erg3>Erg4—Erg5 but not Erg3/5Erg4 were accumulated (5-
dihydroergosterol, 22-dihydroergosterol, and ergiestaenol respectively, Figure 4.4A),
suggesting that this mechanism either is prefaaytised inA. fumigatusor that loss of
SrbAtranscriptional regulation alters the efficiendytluos stepwise progression, perhaps
due to a yet-uncharacterized stoichiometric requenat (219).

These two mechanisms that were preferentially induersus wild type ipflavA:

erg25AAsrbAare the same pathways that are absefsibhA suggesting that lack of
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this mechanism insrbAis directly related to loss of Erg25A function.eBe findings
also confirm prior observations that Erg25A is itweal in the episterol-to-ergosterol
transition, as an Erg25A-null mutant has decreasedmulation of these intermediates
(Blosser, S.Jet al.,Chapter 3).

We previously documented accumulation of 9(11)ydebergosterol, an alternative
sterol intermediated postulated to be the end mtodben the intermediate parkeol is
present in the place of lanosterol (Blosser, &.al. Chapter 3). Elevated levels of 9(11)-
dehydroergosterol were observegftavA-erg25AAsrbAwhen compared to both wild
type andAsrbA (Figure 4.4B, *p<0.05). Although parkeol accumigdatwas not
statistically increased ipflavA-erg25AAsrbAdue to biological variation, a trend
towards increased accumulation of this intermediate observed. Overall, these data
suggest an important role for Erg25B in removathig intermediate, as remediation of
erg25Avia pflavA-erg25AAsrbA exacerbated the accumulation of this atypical
intermediateMost importantly, these results reveal a subsspgsificity for
downstream ergosterol biosynthesis enzymatic acéind a role foA. fumigatus
paralogs in the multiple layers of regulatory cohfor this critical pathway.

Stress Adaptation giflavA-
erg25AAsrbA Altered

As we have previously described a role for SMOadaptation to various
environmental stresses, we next examined how edgiaroferg25Ain AsrbA affected
other biologically relevant stresses, such asdteantifungal drugs, reactive oxygen

species, cell wall perturbation, and low iron.
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Alterations in mMRNA Abundance oflavA-erg25AAsrbA: Little is known about

the regulation of ergosterol biosynthesigiifumigatusespecially the impact of
downstream intermediates on potential feedback ameshms. InS. pombgeergosterol is
the primary biofeedback cue, inducing cleavagerefl§2). In addition to activation of
sterol-specific transcription factors, ergosteesidls may alter individual steps in
ergosterol biosynthesis, as ergosterol interacectlly with several of the intermediates
in S. cerevisia€189).Although extensive characterization of ergosteeeldback has
been documented . cerevisia€189), there are dramatic differences in the paisved
these fungi, making direct comparison difficult.eFéfore, we examined the effect that
restoration oerg25Avia pflavA-erg25AAsrbAhas on the mRNA abundance of other
SrbA-regulated ergosterol biosynthesis genes.

Previously we have characterized the transcripticeiationship between SrbA and
ergl1A(36, 37). As Ergll functions upstream of Erg25 hypothesized that there
would be no change in expressioreoj11Aor ergl1BmRNA in pflavA-erg25AAsrbA
when compared witAsrbA Contrary to our hypothesis, bahgl1Aandergl1BmRNA
abundance was inducedpflavA-erg25AAsrbA compared tasrbA (Figure 4.5A,
p<0.0001). Interestinglyergl1Bbut notergl1AmMRNA abundance was restored to wild
type levels impflavA-erg25AAsrbA (Figure 4.5A). These data suggest that there may b
significant feedback in the ergosterol biosynthesithway involving Erg25A, possibly
affected by differences in sterol intermediate awglation. Overall this induction is not

equal among all SrbA-regulated ergosterol biosyuithenscripts.
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As bothergl1lAandergl1BmRNA was substantially increasedgfiavA-erg25A-
AsrbA, we hypothesized that the triazole sensitivithsfbAmay be partially restored.
Voriconazole (VCZ) and Fluconazole (FLC) Etest ggat ofpflavA-erg25AAsrbA
demonstrated a significant recovery of triazolestasce, almost completely restoring
minimum inhibitory concentrations (MICs) to wildgg levels in both normoxia and
hypoxia (Figure 4.5BAsrbA -VCZ = 0.0041g/mL, FLC = 1.Qug/mL; pniiA-erg25A-
ASrbA- VCZ = 0.064-0.09dg/mL, FLC = >25@g/mL). These data illustrate the need to
understand the complex intricacies of ergostemsymthesis irA. fumigatusClearly, we
have a limited understanding of the feedback mash@ninvolved in sterol biosynthesis
in A. fumigatusincluding any secondary roles for the intermexidghemselves as
signaling molecules

Iron Adaptation-Deficiencies of
AsrbARepaired impflavA-erg25AAsrbA As Erg25 is a di-iron di-oxygen

requiring enzyme, it is especially paramount toneixee how restoration afrg25A
impacts iron adaptation abilities agrbA Previously, we have demonstrated a link
between iron homeostasis and hypoxia adaptatioodgin the interplay between the
transcription factors SrbA, HapX, and SreA (36)ldDien of both SrbA and SreA
renders a hyperaccumulation of intracellular iraligwing for better adaptation to low-
iron environments, and partially restores the gbdf AsrbAto grow in hypoxia (36).
These data suggest thegrbAcells are also iron deficient due to inefficiemtn uptake.
Importantly, growth in iron-depleted conditiongéstored impflavA-erg25AAsrbA

equivalent to wild type levels (Figure 4.6A, *p<00l). Previous findings have
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suggested that carrying two fully-functional SMQggly an adaptive cost .
fumigatusvia organismal iron requirements (Blosser, 8t&l, Chapter 3). When
Aerg25Aor Aerg25Bwere grown in depleted iron conditions their biesavas
significantly increased compared with wild typeggesting that alleviating. fumigatus
of a single SMO frees up some of the iron requirgef the cell. This may be
particularly significant imsrbAcells that are iron deficient. Alternatively, iron
transporters could be activatedpflavA-erg25AAsrbAvia sterol intermediate signaling.

Reactive Oxygen Species Sensitivity in Hypoxia
Reveals Internal Defect pflavA-erg25AAsrbA Erg25A has also been shown to

be critical for the adaptation & fumigatugo reactive oxygen species (ROS), as
exposure of\erg25Ato hydrogen peroxide was more lethal than to a tyieee control
(Blosser, S.J., Chapter 3), which has also beearobd forAsrbA As a link between
hypoxia adaptation and the production of intradalliROS has been described in
mammals and yeast (30, 81, 256), we also wereeistin in examining the effect of
hypoxia on ROS-adaptation.

We therefore examined the effect of hydrogen pel®xinpflavA-erg25AAsrbA
under both normoxia and hypoxia conditions. As ggeniously,AsrbAwas slightly
inhibited in its ability to compensate for ROS iormoxia, and was unable to grow in
hypoxia (Figure 4.6B). The wild type was more resisto ROS in hypoxia (Figure 4.6B,
*p<0.001), suggesting that the cell is more capablompensating for ROS when in a
low oxygen environment. This phenomenon is als@otesl inS. cerevisia€8l).

Surprisingly,pflavA-erg25AAsrbAis fully resistant to ROS in normoxia, but has an
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increased susceptibility to ROS in hypoxia (Figdi@B, p = 0.008) when compared with
the wild type response. This susceptibility to R@8ypoxia may be due to substantial
intracellular ROS accumulation in tpfavA-erg25AAsrbAstrain (75, 133, 311), as
yap1mRNA was highly induced in this strain in hypowhen compared with the wild
typeA. fumigatugFigure 4.6C). These results suggest that althpfigh'A-erg25A-
AsrbAis restored in its ability to grow in hypoxia, aresist ROS in normoxia, that other
components of its intracellular signaling or arebttre are not functioning optimally.

Cell Wall Defects ir3-glucan/Chitin
Assembly Affect Sensitivity to Congo Redldaptation to ROS in fungi can be

multifaceted, and genetic deletion mutants semsttivROS may also have sensitivities to
cell wall stress (147), primarily because a strtadty sound membrane is required to
maintain signal transduction via membrane-boundptrs. ApflavA-erg25AAsrbA
was more sensitive to ROS in hypoxia, we postuldtatithis phenotype could be due to
defects in the cell wall structure. We subjectediss to stress by Congo Red (CR), a cell
wall perturbation agent that affects the connechietweer3-glucan and chitin polymers.
Wild typeA. fumigatuss slightly inhibited by CR and is inhibited eglyah both
hypoxia and normoxia (Figure 4.7A). LikewigesrbA andpflavA-erg25AAsrbAare
slightly inhibited by CR when compared to —CR caiodis.

Strikingly, pflavA-erg25AAsrbAhas a significant growth defect on CR in hypoxia
(Figure 4.7A). Comparing rates of growth on CR @ammoxia and hypoxia we observe
thatpflavA-erg25AAsrbAis more inhibited in hypoxia than in normoxia (Figut.7B,

*p<0.0001), suggesting that although hypoxia groistrestored in this strain, that the
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restoration of Erg25A ipflavA-erg25AAsrbAreveals an SrbA-dependent underlying

cell wall integrity issue.

Defect in Map Kinase Signaling pflavA-erg25AAsrbA Due to the observed

defects opflavA-erg25AAsrbAto adapt to cell wall perturbation in hypoxia, we
hypothesized that this could be due to alteratioristress” signal transductioMitogen-
activated protein (MAP)-kinases are integral tes$radaptation, as they serve as the
terminal component of a kinase cascade, and iritdnactly with transcription factors to
alter cell response. Four MAP-kinases have beettifcel in A. fumigatusmpkA, mpkB,
mpkG andsakA(202, 364), and they are integral componentset#il wall integrity
(CWI) pathway, response to heat and reactive oxggecies, and nutrient sensing.
Significantly, pflavA-erg25AAsrbAhas diminishednpkAandmpkCmRNA abundance
when in hypoxiacompared with wild type ossrbA (Figure 4.7C, *p<0.0001). This
finding is of interest, as these two transcriptstgpically induced in hypoxia (Barker,
B.M. et al, in preparation). On the contrargpkBmRNA abundance was patrtially
restored irpflavA-erg25AAsrbAcompared wittAsrbA and no significant change was
observed fosakA(Figure 4.7C, *p<0.0001). It is therefore plalsithatpflavA-erg25A-
AsrbAis unable to accurately signal a breach of cell imggrity in hypoxia, due to

diminished activation ompkAor mpkC
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Discussion

The purpose of this study was to examine the dauiion of C4-methyl sterol
accumulation on the physiology asrbA We previously determined that alleviation of
the ergosterol biosynthesis blockage @l 1lrestores the triazole susceptibilityadrbA
but does not restore total ergosterol levels adddas a hyperaccumulation of C4-methyl
sterols compared with a wild type strain. This hygecumulation of C4-methyl sterols
indicates a blockage at the Erg25-step of ergadbémeynthesis. As SrbA directly binds
upstream oérg25A(36), we concluded that the lossEy25Ain AsrbAis due to the
loss of transcriptional activation efg25Aby SrbA. Due to the importance of ergosterol
in maintenance of the membrane stability and priekny data suggesting thatg25A
was highly induced in hypoxia, we hypothesized thataccumulation of C4-methyl
sterols inAsrbAinhibited this mutant’s ability to grow in hypoxia

The inability ofAsrbAto grow in low oxygen environments may be explaibgane
of two hypotheses. First, that hyperaccumulatio@éfmethyl sterol intermediates
inhibits a cellular checkpoint, such as prolifesatidisallowing normal growth in
hypoxia. Second, that accumulation of C4-methylod¢edestabilizes the plasma
membrane, and thus is unable to grow in hypoxia.

The membrane ofsrbAis not unstable in normoxiper se however, we do observe
a requirement for increased C4-methyl sterol oxadadivity in sterol biosynthesis in
hypoxia (Figure 4.1B), as C4-methyl sterol intermées have increased accumulation in
hypoxia sterol profiles. Additionally, ergosterabbynthesis gene mRNA levels are

increased in hypoxia, aretg25Ais one of the transcripts that is quickly increh&mnd
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most abundant) whef. fumigatuss shifted from normoxia to hypoxia (23). It is
plausible, therefore, that hyper accumulation ofn@thyl sterol intermediates is
deleterious to adaptation to hypoxia, but has fecebn normal growth in normoxia.
Another possibility from these findings is that @%thyl sterols are modified somehow
in hypoxia, not normoxia, and the modified C4-mégtgrol prohibits growth in
hypoxia. Previous work i€. neoformanglso suggested a critical role for C4-methyl
sterols in the inability of the Srel-null mutantg@w in hypoxia, suggesting that this
mechanism may be conserved in fungi (180).

To test the hypothesis that hyperaccumulation ef@hyl sterol intermediates
contributes to the inability aksrbAto grow in hypoxia, we sought to restore wild-type
levels oferg25AmMRNA in AsrbAusing the most commonly used constitutive promoter
in A. fumigatus, gpdAdowever, repeated attempts to reseng25AMRNA levels using
thegpdApromoter were unsuccessful. While the mechanismotglear, it may be
possible that SrbA indirectly regulatggdAexpression. Thus, we utilized RNgeqdata
to identify a new non-SrbA dependent promoter. \Mase to utilize the promoter region
of a putative flavohemoglobin gene (Suppl Fig 43)2). This system was capable of
restoringerg25AmRNA levels inAsrbAin the conditions teste@uppl Fig 4.2).

Importantly,pflavA-erg25AAsrbA completely restored the ability asrbAto grow
in hypoxia (Figure 4.3). This restoration of gromths accompanied by a decrease in
4,4-dimethyl fecosterol accumulation, indicatingttErg25A was functioning ipflavA-

erg25AAsrbA(Figure 4.2A). Interestingly, no change was obsafee the 4-methyl

sterol intermediates 4-methyl fecosterol and elolria pflavA-erg25AAsrbAversus
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AsrbA suggesting a separate function for Erg25B irostaethyl oxidation irA.
fumigatus(Figure 4.2A).

Previously we have described singlg25genetic null mutants iA. fumigatus
(Blosser et al, Chapter 3). These null mutants differed subghtiyin the accumulation
of 9(11)-dehydroergosterol, an uncharacterizeabkietermediate that may function in
alternative ergosterol biosynthesis mechanismspasdibly in production of sterol
intermediate peroxides (66). Althouglerg25AandAsrbAaccumulated significantly
more 9(11)-dehydroergosterol than wild typefumigatusAerg25Baccumulated
substantially more of this intermediate. ConversgllavA-erg25AAsrbA accumulates
appreciable levels of 9(11)-dehydroergosteraléog25B(Figure 4.4B and Chapter 3),
suggesting a potential function for Erg25B in tenmgg production of 9(11)-
dehydroergosterol. If 9(11)-dehydroergosterol isvasted into a peroxide iA.
fumigatus then perhaps the dual SMOs foundirfumigatusserve a more complex role
in regulation of ergosterol-byproducts.

The abundance of episterol accumulatepfiavA-erg25AAsrbAsuggests another
downstream blockage in the ergosterol biosynthgesisway ofAsrbA (Figure 4.4A). As
we have putatively identified SrbA-binding sitestloé promoter regions eirg5and
erg3B it is highly plausible that defects in these enatic steps manifest as an
accumulation of episterol (23). It is likely thaig blockage is what does not allow for
the restoration of total ergosterolpflavA-erg25AAsrbA (Figure 4.2B). However, the

full restoration of hypoxic growth giflavA-erg25AAsrbAdespite the persistent
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reduction in total ergosterol strongly suggests éngosterol levelper sedo not
influence hypoxic growth oA. fumigatus.

The sterol intermediate 5-dihydroergosterol is aéstored irpflavA-erg25AAsrbA
which was absent insrbA (Figure 4.4A). Although the specificity of theggisterol-to-
ergosterol intermediates has not been validatechkimically, we have previously
observed substrate specificity in the accumulatioepisterol-to-ergosterol intermediates
with Aerg25AandAerg25B This suggests that enzymatic action of either Sddald
contribute to directionality in the flow of intermliates between episterol-to-ergosterol.

The SrbA-null mutant is also sensitive to the wiazantifungal agents Fluconazole
(FLC) and Voriconazole (VCZ), and this has beenatted to a direct transcriptional
relationship betweeargl1Aand SrbA (37). Therefore, it was unexpected teplesa
substantial restoration of triazole resistancpefiavA-erg25AAsrbAto wild type levels
(Figure 4.5B). The increased accumulatiori@f11AMRNA abundance ipflavA-
erg25AAsrbA however, revealed reveals a complex interplaywéeh downstream
sterol intermediates and/or proteins was affediiregupstream transcription of key
ergosterol biosynthesis genes (Figure 4.5A). Tlieséngs suggest that the accumulation
of 4,4-dimethyl fecosterol has an inhibitory fumction transcriptional regulation of other
ergosterol biosynthesis genes.

Iron homeostasis and hypoxia adaptation are inéindinked pathways ir\.
fumigatus Not only do the major factors regulating ironal@ and hypoxia adaptation
regulate each other, but their functions overlgpi§icantly in the regulation and control

of ergosterol biosynthesis. Key enzymes in ergostaosynthesis require both oxygen
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and iron, and intricate layers of regulation engbed this pathway is maintained during
iron- or oxygen- depleted conditions. It is perhapssurprising, then, that restoration of
hypoxia growth withpflavA-erg25AAsrbAwould be accompanied by a restoration in
growth under iron-depleted conditions (Figure 4.6Ajs also possible, that
accumulation of 4,4-dimethyl fecosterol inhibite tinon transport machinery on the level
of transcription, which would explain the iron uggadeficiency observed iisrbA
Evidence suggesting a secondary role for 4-meteybks in the regulation of
transcription will be discussed in further detagldw.

What was perhaps, atypical, or unexpected, wageélsatration of hypoxia growth
would be coupled with an increased sensitivitygactive oxygen species pflavA-
erg25AAsrbA (Figure 4.6B). Intracellular accumulation of RQSiwates the fungal
transcription factor Yapl. Genetic deletionyaplin A. fumigatusconfers sensitivity to
H,O, and menadione (183), whereas a hyperagtiyd strain gained resistance to ROS-
inducing chemicals (258). More recentyplhas been identified as a critical
component in defending against neutrophil-mediatéatk in a corneal infection model
of A. fumigatug178). These studies indicate that activatiopagflis critical for
combating ROS. Interestingly, pflavA-erg25AAsrbAwe observed a significant
increase iryaplmRNA abundance after 4 hours in hypoxia (FiguB&4. These results
directly opposed those airbA which displayed significantly diminished levelsyapl
when encountering hypoxia (Figure 4.6C). TherefpflavA-erg25AAsrbA appears to be

either hypersensitive to or have increased accuralaf intracellular ROS in hypoxia.
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Application of external ROS via @, assay, therefore, overwhelmed the ROS-response,
renderingpflavA-erg25AAsrbAhypersensitive (Figure 4.6B).

The concept of transcription-factor regulation @& homeostasis is not limited to
Yapl and homologues, as the hypoxia-responsivedrgmion factor Rox1 also has a
role in regulation of ROS status $1 cerevisia€l191). It is especially interesting, then, to
see the disparity betwe@flavA-erg25AAsrbAandAsrbAyaplexpression in response
to hypoxia. Alternatively, this increaseyaplcould be due to ineffective signaling
through MpkA and/or MpkC (discussed below). Futsitedies will be needed to
determine the interplay between SrbA and C4-metteybls potentially involved in
intracellular ROS-homeostasis.

The sensitivity opflavA-erg25A4srbAto cell wall perturbation in hypoxia could be
attributed to several factors including: alterasigm map kinase signaling due to
membrane instability, decreased membrane stabd#ylting in loss of cell wall
structure, or potential alterations in non-ergadt&rg25-interactions. Map kinase
signaling has been substantially linked to celll@ad membrane homeostasis, as several
of the MAP kinase gene deletion mutants are mansitiee to cell wall perturbation
agents such as calcafluor white, congo red, cafeéiigh temperature, osmo stress, and
reactive oxygen species. In particular, the HOG-blogues inA. fumigatusSakA and
MpkC, play important roles in oxidative stress @ses and nutrient change (263), and
MpkC1 is induced by Congo Red in the pathogenist@aalbicans(271). However,

AmpkCin A. fumigatuss not inhibited by levels of CR reported in titerature (164).
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Conversely, the Mpkl-associated cell integrity pagth alters cell wall composition
through the cell cycle and is responsive to numetgpes of stress (329). MpkA is a
critical component of the cell wall integrity patayy andAmpkAdemonstrates
significant growth defects on the cell wall pertatibn agent Congo Red (330).
Additionally, MpkA-signaling interfaces with theltevall integrity pathway and iron
homeostasis, and is thus at least tangentiallyl@&gg alterations in ergosterol
biosynthesis (147). AgflavA-erg25AAsrbAwas both hypersensitive to Congo Red in
hypoxia, and demonstrated decreased mRNA abunadmeh mpkAandmpkG it is
plausible that a hypoxic-specific factor is nobaling adaptation to cell wall perturbation
agents, and that this may be mediated through Mgokdor MpkC defects. Conversely,
it is possible that 4-methyl fecosterol levelpflavA-erg25AAsrbA prohibit
transcriptional activation of components of the R@$nap kinase response, as 4-methyl
fecosterol levels ipflavA-erg25AAsrbAdid not differ fromAsrbA Additional
experimentation would be required to definitiveBnibnstrate the decreased activation of
these MAP kinases and a possible mechanism fotabgs

Interestingly AmpkAproduces approximately 50% more siderophores\thiantype
A. fumigatusunder iron-depleted conditions, and low iron is\wndo activate mpkA
(147). This relationship with iron uptake, howevsrindependent of the iron-
homeostasis transcriptional regulators HapX or Sfie#Y). These results suggest that
whenA. fumigatusencounters low iron, MpkA functions to decreasedtuerophore

production in an HapX- and SreA-independent manner.
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This relationship between low iron levels and Mp&&ivation is also observed in
AhapXandAsreA where MpKA is less active in the former, and hypetive in the later
mutant (147). Not surprisingly, thenhapXandAsreAalso are more sensitive to Congo
Red, connecting iron levels to the cell wall intggpathway, and thus to MpkA (147).
Unlike AmpkA however pflavA-erg25AAsrbAthere is a difference in growth in iron
replete and iron depleted conditions, although gnag/much improved in low iron.
Interestingly, théA. nidulansAyaplandAmpkAare sensitive to the quorum-sensing
molecule farnesol, suggesting some interplay batvideA/MAPK signaling and the
Yapl response (61).

While we did not directly measure membrane intggntthe different strains, it is
plausible that alterations in the sterol conterthefmembrane and sterol rich domains
could influence the responses to drugs, iron, RD8,cell wall stress agents. However,
our data strongly suggest that C4-methyl sterol® l@apotential signaling role .
fumigatus This has been demonstrated in humans, where @dyhsterols regulate
meiosis in the testis and ovaries, induce maturaiad act as ligands for nuclear
receptors involved in cytokine production, and ¢berdination of inflammation and
cholesterol biosynthesis (53, 148). In this syst€drmethyl sterols act as a ligand for
the orphan receptor LXd&R(liver X receptora), and mediate cholesterol efflux, influence
cellular redistribution of sterols, and impact yadcid biosynthesis (182, 213, 262, 266,
281) Although fungi lack nuclear receptor homologs, merstof the zinc cluster of
transcription factors are postulated to serve abtogous function (225). Therefore, it is

plausible that C4-methyl sterols act as signalimgjecules inA. fumgiatusand that the
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accumulation and dysregulation of these intermediat directly related to the
phenotypes observed AsrbA In conclusion, more studies are required to dates the
effect of these C4-methyl sterols on plasma mengstability, synthesis, and

coordination of appropriate stress responsés fnmigatus

Materials and Methods

Strains and Media

Aspergillus fumigatustrain CEA17 was used to construct $hieA null-mutant strain
as described previously (359).

ThepflavA-erg25AAsrbAstrains were constructed by PCR amplifying 1khtngasn
of the flavohemoglobin ORF (AfuA_4g03410/Afub_09985thepyrG gene fromA.
parasiticus and the ORF afrg25A then parsing together via fusion PCR. TpfiavA
erg25Aconstruct was transformed into theyrGAsrbA mutant background via
protoplast-mediated transformation (37).

Strains were verified via Southern Blot for sindteus-specific integration, with the
exception of th@flavA-erg25AAsrbA strains, which contain a single, random insertion
of thepflavA-erg25Aconstruct into thepyrGAsrbA background. The wild-type strain
referred to in this article is strain CBS 144.89.54rains are routinely grown on glucose

minimal media (GMM) that contains 1% glucose, &t7289).
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Quantitative Real-Time PCR

Aspergillus fumigatustrains were cultured in liquid media (glucose-imiz-media)
for sixteen hours, then shifted to hypoxia for ith@icated times. Mycelia were harvested
via vacuum filtration and lyophilized overnight @rito homogenation with 0.1mm glass
beads. Total RNA was extracted using TRisure (Be&)liaccording to the manufacturer’s
instruction and purified via RNeasy column proto@iagen). Genomic DNA
purification was completed with Turbo DNAse | (Amhj). A secondary genomic DNA
purification was done with the Qiagen QuantiTect&tse Transcription Kit (Qiagen), as
well as oligo-DT-primed cDNA synthesis. gRT-PCR wasducted in technical
duplicates except where noted. The normalizeddgfaression graphed in each figure
represents the mean and percent error of threedwall replicates as normalized to the
housekeeping gertefA A no-template mMRNA control was used to ensurgDNA

contamination in each analysis.

Cell Wall Perturbation Agents

The cell wall synthesis inhibitor Congo Red (CRyr8a Aldrich) was utilized to
determine alterations in cell wall integrity in hatormoxia (17% &) and hypoxia (1%
O,) of various strains. CR was added to GMM or GMM+EdJid media at a final
concentration of 1mg/mL. f@onidia of each strain were placed in the cerfteaoh
plate. The radial growth at 37°C in either normoxidypoxia was measured every 24
hours for 72 hours (GMM control) or 120 hours (GM®R). Data are represented as the

average and standard deviation of three biologegalicates. Photographs were taken at



156
72 hours for GMM or GMM+UU controls, and 120 hotoem GMM+CR or

GMM+UU+CR samples.

Antifungal Susceptibility Testing

Susceptibility to Fluconazole and Voriconazole waaluated with Etest strips (AB
Biodisk). Each strip delivers a concentration geatiof drug. Strips are placed on an
RPMI-MOPS (Sigma Aldrich) plate, pH 7.0, containib@ conidia. Growth inhibition
was evaluated at 48 hours by visualization of ghowhibition when grown at 3T in

either normoxia (17% £) or hypoxia (1% 0.

Hydrogen Peroxide Assay

Two hundredAspergillus fumigatusonidia were plated onto a glucose minimal
medium (GMM) plate overnight at 37°C. Germlings eehocked with either 10mL
1.25mM hydrogen peroxide (Fisher Scientific) origevater for ten minutes at 37°C,
and then washed twice with 10mL of sterile watéatés were incubated at 37°C in either
normoxia (17% @) or hypoxia (1% @ until colonies were visible, approximately 20
hours. Data are expressed as the ratio of the euaflviable colonies on JD,-treated
versus untreated plates. Data are the averagaamtbsd deviation of three plates per

strain, per condition.

Total Ergosterol Assay

Total ergosterol from\. fumigatusstrains was extracted after 24 hours shaking
growth in liquid GMM. Mycelia were harvested viacuam filtration, dried, and

weighed. 200mg of dry fungal tissue were extraetedescribed previously (9, 37).
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Briefly, tissues were treated with 3mL of 25% alclidpotassium hydroxide (3:2
methanol:ethanol) and then vortexed vigorouslylfoninute. Samples were incubated at
85°C for 1 hour. Sterols were extracted with 1mL dtifled water and 3mL of pentane
and vortexed for 3 minutes. The upper aqueous lagsrallowed to separate from the
cellular debris and 1mL of this extract was transfé to a clean glass tube and
evaporated in a fume hood at room temperature. peparation for injection, samples
were resolved in ImL of methanol and syringe fdtethrough a 0i@n-pore-size filter
(Acrodisc, Waters). Total ergosterol was measusgdgua Shimadzu CLASS-VP HPLC
and detected via a SPD-M10AVP PDA at 280nm on adBpack C18 column
(300 mm x 3.9 mm, 10m). The quantity of ergosterol per strain wasalated from a

standard curve of ergosterol (Acros Organics 11280}

Sterol Profile

Mycelia were grown and harvested as describedbfat ergosterol extraction.
Extraction was done as described previously (9, 87 identically as in the total
ergosterol extraction with the exception that thatral lipids were extracted with 1.5mL
hexane. The upper aqueous layer was separatedheooellular debris and 1mL of this
extract was evaporated via nitrogen. Vials wereestat -20°C until ready for injection.
Samples were resolved in 100toluene and derivitized with 100 BFSTA for 1 hour
at 70°C. Sterols were measured via GC-MS, using a Shimg@®-2010 GC with a
guadrupole mass ionizer. Peaks were identifiedViglectron ionization) fragmentation

patterns. All data are relative to total ergostewmitent.
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Iron Stress Assay

10 A. fumigatusconidia from various strains were cultured in 150kglid media
(glucose-minimal-media) with or without iron (feu® sulfate heptahydrate, Fisher
Scientific), for 24 hours. Following incubatiommples were harvested via vacuum
filtration, frozen at -80°C, and lyophilized oveght. Samples were weighed, and the
average and standard deviation of three or moledigal replicates are reported. Data

are represented as the ratio of growth without-tairon.

Statistical Analysis

All results presented with statistical significarweere analyzed with an unpaired two-

tailed Student’s-test, with the exception of the virulence assay.
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Figure 4.1 Hypoxia induces loss of total ergostarad accumulation of intermediates
oxygensequiring steps. A. Total ergosterol levels of wilghe A. fumigatu at various
times in hypoxiaA. fumigatu conidia were allowed to germinate, and thented to
hypoxia for the given times. Following incubatiam hypoxia, samples were harves
and extracted for total ergosterol. All values amgmalized to total ergosterol in t
normoxia control (0). *p<0.0.00(

B. Sterol profile of wild typeA. fumigatusin normoxia (red) or hypoxia (black). —
ergosterol, B — BHhydroergosterol, (- 24-methyl cholest#;22,24(28-trien-33-ol, D —
22dihydroergosterol; E— episterol; F — parkeol; G — 4dimethyl fecosterol. Al
increased intermediates in hypoxia jle directly precede an oxyg-requiring step.
Results are representative of two biological rejiés per conditio
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Figure 4.2 C4-methylated sterol intermediate acdation decreases with restoration of
erg25A A. Sterol intermediates were identified and meadwia GC-MS. Eburicol:
4,4,14,24-tetramethyl cholesta-8,24(28)-digreB 4-methyl fecosterol: 4,24-dimethyl
cholesta-8,24(28)-dieng3ol; 4,4-dimethyl fecosterol: 4,4,24-trimethyl cheta-
8,24(28)-dien-B-ol. Values are from 2-3 biological replicates p#mrain. *p<0.05, n.s.
not significant. B. Total ergosterol was measuredHPLC, as described in the materials
and methods. Values are from 3-4 biological repéisaand 3 technical replicates per
strain. *p<0.0001.
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pflavA-erg25A-

Normoxia

Hypoxia

Figure 4.3 Restoration adrg25Arecovers the ability oAsrbA to grow in hypoxia. A
total of 1¢ conidia was spotted on solid media (GMM) and a#idwo grow at 37°C for
96 hours in normoxia (17% O2) or hypoxia (1% O2atés are representative of three
biological replicates per strain in each condition.
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Figure 4.4 Sterol Intermediate Accumulation indésatDownstream Inhibition in
Erg5/Erg3 and a role for Sterol Methyl Oxidase Substrate Bipagg. A. Ergosterol
sterol intermediate accumulation of episterol (2&tmyl cholesta-7,24(28)-dierf33ol),
22-dihydroergosterol (24-methyl cholesta-7,24(2i@ne33-ol), ergostatetraenol (24-
methyl cholesta-5,7,22,24(28)-tetragh-@), and 5-dihydroergosterol (24-methyl
cholesta-7,22-dienfBol). B. Ergosterol sterol intermediate accumulatiof 9(11)-
dehydroergosterol (24-methyl cholesta-5,7,9(11)22xen-B-ol) and parkeol (4,4,14-
trimethyl-cholesta-9(11)-dieng3ol). Data represent the percent intermediate based
ergosterol, and are the average and standard ieviaf 2-3 biological replicates.
*p<0.05.
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Figure 4.5 Remediation ofrg25Ain AsrbA largely restores sensitivity afsrbA to
triazole antifungal drugs. A. Quantitative Real& PCR ofpflavA-erg25AAsrbA
reveals increase iergl1A/BmRNA abundance. Conidia for wild typgsrbA, or pflavA-
erg25AAsrbAwere grown for 16 hours at 37°C then transferretyipoxia for 2 hours.
PflavA-erg25AAsrbA levels of lergl1lAand ergllB are higher than im\srbA Data
represent three biological and two technical repds. mRNA abundance was
normalized to the housekeeping gete®A and is relative to the Wild Type strain.
*p<0.001. B. Etest antifungal susceptibility tegtifor Wild type, AsrbA and pflavA-
erg25AAsrbA A clear ellipse indicates the susceptibility tocbnazole (FLC) or
voriconazole (VCZ), with the exception pflavA-erg25AAsrbA which exhibits a hybrid
phenotype. Top pangdflavA-erg25AAsrbA appears to restore resistancéofumigatus
to FLC, which is especially apparent in Hypoxia.tBm panel,pflavA-erg25AAsrbA
restores resistance akrbA to voriconazole, but still may be slightly moresseptible
than the Wild type strain (0.064-0.08%mL versus 0.095-0.12%/mL respectively).
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Figure 4.6 Adaptation to Reactive Oxygen Specie®FRand Iron Altered irpflavA-
erg25AAsrbA. A. Iron biomass assay in iron depleted and ironletep (3QuM)
conditions. Samples were grown for 24 hours at 3BiGmass ratio is represented as the
mass in iron depleted versus iron replete conditi@ata are the average and standard
deviation of three biological replicates per straip<0.05. B. ROS susceptibility of
pflavA-erg25AAsrbA is altered in hypoxia (1% £ but not normoxia (17% £ To
determine ROS susceptibility germlings were expdsetl25mM H202 for ten minutes
at 37°C, washed, and allowed to grow for 24 hoursither normoxia or hypoxia.
Viability is evaluated compared to non-treated oamntRatios are expressed as the
number of colonies on J@.-treated versus control-plates after 24-hour intiobaand
are the average and standard deviation of thredial replicates per strain per
condition. A significant increase in resistance waserved for the Wild Type strain in
hypoxia, which did not occur fgrflavA-erg25AAsrbA. *p<0.05. No significant change
in susceptibility was observed fpflavA-erg25AAsrbAin normoxia. C.Yap1lmRNA is
induced in pflavA-erg25AAsrbA during exposure to hypoxia. qRT-PCR of samples
grown in normoxia for 16 hours at 37°C, then transfd to hypoxia for 4 hours. Data are
the average and percent error of three biologiondl tvo technical replicates. Data are
normalized to the housekeeping ge¢efA and are relative to wild type levels. *p<0.05,
**n<0.0001.
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Figure 4.7 Modifyingerg25Alevels inAsrbAillustrates cell wall defect in hypoxia. Cell
wall defects were observed mflavA-erg25AAsrbA when cultured on glucose minimum
media (GMM) with Congo Red (CR) in hypoxia (H), budt normoxia (N). All strains
spotted on either GMM or GMM+CR and incubated atC37n either hypoxia or
normoxia. A. Radial growth of all strains at 72tar {IGMM or 120hr for GMM+CR
conditions. 1mg/mL Congo Red utilized. Photos aepresentative of biological
triplicates. B. Ratio of growth on CR grown in Hy® versus NormoxiaPflavA-
erg25AAsrbA has a significant growth reduction in Hypoxia versilormoxia.
*P<0.0001. C.MpkA and mpkC mRNA diminished inpflavA-erg25AAsrbA during
exposure to hypoxia compared to wild type asibA gRT-PCR of samples grown in
normoxia for 16 hours at 37°C, then transferrechypoxia for 4 hours. Data are the
average and percent error of three biological amd technical replicates. Data are
normalized to the housekeeping ge¢efA and are relative to wild type levels. *p<0.05,
**p<0.0001.
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Supplemental Figure 4.1 Inefficacy pgpdA in restoring wild typeerg25A mRNA
abundance. A. Attempts to construcpgpdA-erg25AAsrbA strain were ineffective, as
transformants only expressed ~70% mMRNA abundanceildf type under normoxic
conditions. gRT-PCR was conducted on three biokd@ad two technical replicates for
the strains examined, and was normalized to thedi@meping gengefA All values are
relative to the wild typeerg25A mRNA abundance. B. Table of condensed Rd&4-
results, Wild TypeA. fumigatussubjected to hypoxia for 12, 24, or 48 hours (TIL24,
T48). Data are expressed as reads per sample, ranffoan three pooled biological
replicates per time condition.
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Supplemental Figuré.2 Development ofpflavA as a strong promoter system A.
fumigatusand Construction cpflavA-erg25AAsrbA.A. Southern blot to confirm numb
of insertions fompflavA-erg25/-AsrbA Genomic DNA was Ncol digested at’C for 18
hours. Strains were probed with a -bp probe. Allbanding patterns were as expec
for the various strains, with the exception ipflavA-erg25AAsrbA which had the
pattern expected for a single ectopic insertionhefpflavA-erg25Aconstruct. B. gR-
PCR verification ofpflavA-erg25AAsrbA erg25AmRNA expression. Each strain w
grown in normoxia for 16 hours, and then shiftechypoxia (1% () for four hours.
Three biological and two technical replicates otheatrain were normalized to t
housekeeping gentefA Data ar normalized teerg25AmRNA abundance from the wil
type strain. *p<0.05, **p<0.0001. C. Southern bkithematic for the nativerg25A
locus. D. Southern blot schematic for a randomrirseof thepflavA-erg25Aconstruct.
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CHAPTER FIVE

CONCLUSIONS

Introduction

Ergosterol biosynthesis is a multi-step biochemicatess for the production of the
primary fungal sterol, ergosterol. Although thigipaay has been characterized in the
hemi-Ascomycete fungt. albicans andS. cerevisiagmany unanswered questions exist
about this biochemical processAnfumigatusin particular, many of the genes in the
ergosterol biosynthesis pathwayAnfumigatusave undergone a gene duplication
event, which is not present @ albicansor S. cerevisia€231). Therefore, single genetic
deletions of genes that were classically essestigh agrgllanderg25,are viable in
this organism due to the presence of an alternatizgme at these critical steps (138,
212) (Chapter 3).

Furthermore, the regulation of these ergostansymthesis genes is strikingly
different than in the hemi-Ascomycetes.Sncerevisia@andC. albicansUpc2 and
Ecm22, which are members of the zinc-cluster fawiliranscription factors, regulate
sterol biosynthesis in hypoxia and normoxia respelst (292, 337). IPA. fumigatus,
SrbA, a member of the basic helix-loop-helix famolytranscription factors, appears to
be the primary sterol biosynthesis regulator imbmirmoxia and hypoxia (36, 359).
Furthermore, SrbA is also a major hypoxic respaagelator, ag\srbAis unable to grow

in low oxygen (36, 359). Interestingly, Upc2 appsetar serve a similar function B
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cerevisiaeandC. albicans but is assisted by Rox1 to regulate transcripiomypoxia
(172, 292).

SrbA is involved in maintenance of polarity, triszantifungal drug resistance,
adaptation to hypoxia and low iron, and virulent@ imurine model of Invasive
Aspergillosis, ag\srbAdemonstrates significant phenotypes in these caesg86, 359).
As a transcription factor, SrbA chiefly influendee transcription of many genes,
including many involved in ergosterol biosynthg86, 37). In this thesis, | have
demonstrated that two of the phenotypes observadrinA triazole antifungal
sensitivity and the inability to grow in hypoxiagadirectly attributable to deficiencies in

ergosterol biosynthesis (Chapters 2 & 4).

Summary of Findings

Initial transcriptional profiling oiAsrbAin hypoxia demonstrated significant
decreases iargl1Aanderg11BmRNA abundance, which encode the targets for the
triazole antifungal drugs (Figure 2.2). Strikingllgese mRNAs, which increase in
abundance in a culture treated with fluconazoleQfdar voriconazole (VCZ), were
significantly reduced imsrbA (Figures 2.1 and 2.3). This finding illustratedaential
mechanism for the triazole susceptibilityAdrbA whereby depletion of Erg1l1A and
Ergl1B, makedsrbAmore susceptible to triazole antifungals, as thgetas depleted.
In support of this conclusion, restorationes§f11AmRNA levels inAsrbAthrough use
of the nitrate-inducible promoteni{(A) restored wild type levels of triazole suscepitipil

to AsrbA(Figure 2.5). | also demonstrated that this retetiop between SrbA and
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ergllAis likely direct, as SrbA bound directly upstreafrerg11A in a region that
contained a predicted binding motif (Figure 2.6}efestingly, restoration @rgl1A
MRNA viapniiA-erg11AAsrbAdid not remediate the hypoxia growth defect o thi
strain, or total ergosterol defect, and had hypeumulation of 4-methyl sterols when
compared tasrbA(Figures 2.8, 2.9, and 2.10).

These findings further illustrated a significanbditage at the Erg25 step of ergosterol
biosynthesis imsrbA As little is known about Erg25, or C4-Sterol M@txidase, inA.
fumigatus we initially characterized these genes througihegation of single null
mutants Aerg25AandAerg25B(Chapter 3). Although gene replacement ofatg25
locus is lethal ir. cerevisia@andC. albicans single mutants i\. fumigatusare viable,
suggesting the two genes are patrtially redundatitaim functions (20, 103, 163).
Complete redundancy of these proteins, howevernhebsbserved in my experiments as
these single mutants differed in their accumulatibsterol intermediates (Figure 3.2 and
3.3), mRNA induction in hypoxia (Figure 3.4), ardbpatation to reactive oxygen species
and low oxygen (Figure 3.4 and 3.5). Of particuderest is the comparison of sterol
intermediate accumulation in these strains, whichcates that Erg25A is the
predominant C4-Sterol Methyl OxidaseAnfumigatus

Erg25A appears to not only mediate adaptation pokia (Figure 3.4), but also is
critical for adaptation to ER- and ROS-inducedsstr@-igure 3.5). Erg25B appears to
have diverged slightly from Erg25A in its functidor although it accumulates more C4-
methylated sterol intermediates than the wild types accumulation is not as robust as

the C4-methyl sterol accumulationAerg25A(Figure 3.2). Furthermoréaerg25B
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accumulates more parkeol and less 5-dihydroergugtean the wild type strain,
suggesting that Erg25B contributes to productiothese two intermediates (Figure 3.3).
Further studies are required to evaluate the dmuttan of Erg25B to canonical sterol
biosynthesis.

Deletion of botherg25Aanderg25Bwas lethal, which demonstrates that although
SrbA regulates both of these genes, and expres$ieng25Aanderg25Bis significantly
depleted imsrbA that a basal level of transcription fng25Aanderg25Bexists in
AsrbAthat allows survival of this strain (Figure 3.4)methyl sterol intermediates also
accumulated in wild typA. fumigatusexposed to hypoxia, indicating that Erg25 is
affected when oxygen levels are decreased. Thistasggested a mechanism whereby
AsrbAis unable to grow in hypoxia due to accumulatib@4 methyl sterols (Figure 4.1
and Table 5.1).

Restoration oerg25AmRNA levels inAsrbAwith a highly active promoter from a
flavohemoglobin gengflavA) partially restored C4-Sterol Methyl Oxidase acyivib
AsrbA as evidenced by the depletion of 4,4-dimethyb$terol (Figure 4.2). However,
depletion of other 4-methyl sterols was not siguifit betweesrbA andpflavA-
erg25AAsrbA suggesting a significant function for Erg25B lve removal of 4-methyl
sterols inAsrbA (Figure 4.2). Critically, restoration of Erg25A \pavA-erg25AAsrbA
fully restored the ability oAsrbAto grow in hypoxia (Figure 4.3). This finding is
especially interesting, given thafiavA-erg25AAsrbA andAerg25Areveal insubstantial
differences in C4-methyl sterol intermediate acclation. Considering that ratio of

ergosterol-to-4,4-dimethyl fecosterol in theseiagas nearly identical, we can identify a
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threshold of 4-methyl sterol accumulation that mtsi growth in hypoxia. Aderg25A
andpflavA-erg25AAsrbAbut notAsrbAcan grow in hypoxia, the relative amount of 4,4-
dimethyl fecosterol in the cell must be less th80% or 1/3 of the total ergosterol
accumulated in the cell (Table 5.1). Although badrg25AandpflavA-erg25AAsrbA
can both grow in hypoxia, the later strain exhibitslitional phenotypic alterations,
possibly due to other sterol intermediate alteratj@r the putative contributions of 4-
methyl sterols as signaling molecules (discusséa)e

Interestingly pflavA-erg25AAsrbA hyper accumulated episterol and 9(11)-
dehydroergosterol when compared to the wild typarstand fully restored the lack of 5-
dihydroergosterol apparent AsrbA but was unable to restore wild type levels of 22-
dihydroergosterol (Figure 4.4). The accumulatiorpisterol suggests a blockage in
AsrbAfurther downstream than Erg25, possibly due tdedem of botherg3Banderg5
MRNA in AsrbA whereas the accumulation of 9(11)-dehydroergokseiggests a
predominant role foerg25Bin balancing the accumulation of this intermediateit was
accumulated in bothsrbAandpflavA-erg25AAsrbAwhen compared to the wild type
strain.

ThepflavA-erg25AAsrbAstrain provides an excellent opportunity to further
investigate the complex biology surrounding notyahk roles of SrbA, but also
ergosterol biosynthesis . fumigatusSeveral striking phenotypes are observed in
pflavA-erg25AAsrbAthat suggest a complex internal network surrouneirgosterol
biosynthesis and a plausible secondary role fookiietermediates. These phenotypes

include: restoration of growth deficiency in iroapleted conditions (Figure 4.6),
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sensitivity to cell wall perturbation agents andative oxygen species in hypoxia
(Figures 4.6 and 4.7), and restoration of triazoligfungal resistance (Figure 4.5). These
findings clearly demonstrate an intricate feedbsydtem that underlies the regulation of
ergosterol biosynthesis and approaches to furtheéenstand these mechanisms will be

discussed in below.

Future Research Directions

Several interesting phenotypes were revealed ipftheA-erg25AAsrbAanalyses
that warrant further investigation. | have demaatstl the impact of restoring Erg25A in
AsrbA, which rescued the hypoxia growth defect and seitgiof AsrbAto iron depleted
conditions, but induced sensitivity to cell wallfpgbation agents and reactive oxygen
species in hypoxia. One of the major questions n@mgfrom these studies is, what is
mediating these phenotypic changes? There areleso areas for research required to
answer this question: first, are non-ergosterotgneprotein interactions of Erg25A
mediating these phenotypic changes, or two, anerttediated through levels of 4-
methyl sterol intermediates which may have dirdfetots or alter levels of other sterol
intermediates that subsequently has phenotypicecpuences on the fungal cell. |
hypothesize that both mechanisms may be impontatitel phenotypes observed in

pflavA-erg25AAsrbA
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Determining the Erg25A
Protein-Interaction Network

To determine the contribution that the restoratbi&rg25A has on hypoxia
adaptation, cell wall perturbation, azole resistarand sensitivity to reactive oxygen
species, it is necessary to determine the proteeraction network of Erg25A. These
protein-protein interactions could be experimegtditermined via co-
immunoprecipitation with a tagged Erg25A proteind aerified via bimolecular
fluorescence complementation (BiFC). Good candglateuld include those whose
known functions or localization would verify invament in the cell wall integrity or in
homeostasis of plasma membrane components. In@dditroteins involved with or
localized to the mitochondrial membrane could ptiédliy be of interest, as alterations in

intracellular redox status may signal via similall cesponse mechanisms.

Rationale for this Approaclhn S. cerevisiagErg25 physically and genetically

interacts with several other proteins, involvedatdy in vesicle transport, membrane
localization, and calcium homeostasis (315). The 06 Erg25 in calcium homeostasis
has also been confirmed th sapieng315). Curiously, these evolutionary relationships
appear to be conserved in higher eukaryotes regesdif their ability to synthesize
cholesterol (338).

Caenorhabditis elegarendDrosophila melanogastetwo organisms that cannot
synthesize cholesterol past the farnesyl pyrophatspdtage, appear to have also retained
downstream Erg genes for their non-sterol syntiggigroperties (338). Expression of

theerg25homologue irC. eleganandD. melanogasteis highly coregulated with
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proteins that target to membranes, and those wittoceductase activity, intracellular
protein transport, amino acid transport, or heatklprotein binding (338). Overall, the
evidence for Erg25 functioning in a non-ergost®iokynthetic manner is quite strong
given both our phenotypic analysisAffumigatusand the evolutionary conservation in
C. elegansD. melanogasteH. sapiensandsS. cerevisiae

In A. fumigatusvesicle transport and membrane localization ofgins are integral
components of the cell wall integrity pathway, whregulates the physiologocial
structure and stress adaptation of the cell wél| 8D, 82, 101, 147, 149, 202, 329, 330).
Three main mechanisms have been identified in ftongense and respond to cell wall
stress: the cAMP/PKA pathway (101, 102, 190, 23G) 2the calcineurin pathway (64,
98, 310), and the MAP kinase pathways (147, 320).3lhese pathways are linked
together in that the signals that activate thesewsys are received via G-protein
coupled receptors in the fungal plasma membrangl@2, 132, 147). This indicates that
not only are the signaling cascades for thesesstesponses important, but also the
integrity of the membrane for the stability anddtion of these membrane-bound
receptors.

Both the response to high osmolarity and cell wiai#tss are coordinated via the
cAMP/PKA and MAP kinase pathways, which implememireges irg-glucan synthesis,
regulation of cell wall biogenesis, and secretagivle targeting (147, 184, 329). As
these biological pathways intersect with the pugafunctions of known Erg25 protein-
protein interactions in other organisms, it is glale that some phenotypes associated

with pflavA-erg25AAsrbA such as restoration of growth in hypoxia or lo@nj are due
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to restoration of Erg25A protein function in thtsasn. Furthermore, the aberrent cell
wall pertubation and reactive oxygen sensitivityhis strain in hypoxia could be
explained via requrement of a coordinated inteoactif Erg25A and another SrbA-
regulated gene, possibly Erg25B, required for prdyectioning of these stress response
pathways.

Determining the Impact of Sterol
Intermediates on Gene Expression

Sterol intermediates could plausibly be mediatiiggi§icant changes in gene
expression through unknown receptor-mediated mestmsnnA. fumigatussuch has
been described iH. sapieng182, 213, 266, 281). Therefore, the changes obdanv4-
methyl sterol and other alternative sterol interratdaccumulation insrbAandpflavA-
erg25AAsrbA could not only influence sterol biosynthesis, &lsb alter iron or triazole
uptake and interfere with mechanisms required tdiate reactive oxygen species.

Alterations in iron uptake are especially intemggtias the iron regulatory machinery
in A. fumigatushave been intimately linked to SrbA expression famdtion, asAsrbAis
deficient in iron uptake (36). Therefore, the reation of growth opflavA-erg25A-
AsrbAin iron-depleted conditions demonstrates that&egol biosynthesis is involved in
iron homeostasis in both an SrbA-dependent and -8tdépendent manner. This
mechanism, possibly mediated through the transonigactors HapX or SreA, illustrates
how critical iron uptake and ergosterol biosynthesk for the maintenance of fungal
integrity and growth (36, 119, 135, 234, 275, 2Z7g). This finding also shines a

metaphorical spotlight on alternative functionsdogosterol biosynthesis enzymes or
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sterol intermediates outside of canonical ergosteosynthesis. RNAsegexperiments
comparing the transcriptomic changes causepflayA-erg25AAsrbAwould allow us to
further hypothesize the candidates that mediaseiticreased iron uptake as well as the
machinery utilized to overcome the defectasfbAin iron uptake facilitated ipniiA-
erg25AAsrbA These candidates could then be experimentallgataid in order to
develop a model for this phenomenon.

Transcriptional studies have indicated thatbAmay be defective in drug efflux, as
several of the efflux pumps are dysregulated wkabAis exposed to FLC or VCZ
(unpublished observation). We hypothesize thatajrike transporters regulated by SrbA
may be responsible for drug uptake, efflux, or d@arker B.M.et al, in preparation).

This finding may be linked to the dysregulatiorpoimps inAsrbA both of the MFS-
and ABC-class of transporters (36, 196, 359). @ierpretation for the increased
resistance opflavA-erg25AAsrbAto the triazole antifungal drugs FLC and VCZ could
be that restoration of Erg25 or decreased 4-metieybl accumulation causes the uptake
of triazole from the extracellular environment t fartially restored to wild type levels.
Another interpretation is that the production @fret intermediates, in particular the 4-
methyl sterols, influences transcriptional changthe triazole targetsrgl1Aand
ergl1Bthrough a yet-unidentified transcription factoayers of transcriptional
regulation have been well documente@ircerevisia@andC. albicans where at least
two factors induce or repress ergosterol biosymhasder various conditions (172, 223,

292, 337).
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We have recently identified another basic helixpldelix transcription factor in the
regulon of SrbA, SrbB, which appears to functioraaspressor of ergosterol
biosynthesis (Barker, B.Met al,, in preparation). Although a conclusive repegaf
transcription factors that influence ergosteroklgithesis has not been catalogued.in
fumigatus the identification of at least one inducer, ané cepressor of ergosterol
biosynthesis will allow us to further characteribe regulation of this key pathway.
Therefore, it is possible that 4-methyl sterolveseas a signal to activate a transcription
factor, such as SrbB, influencing transcriptioregosterol biosynthesis genes in the
absence of SrbA.

Also critical to these studies would be the idecdifion of the receptor involved in
sensing changes in the accumulation of specifiokitermediates. Unfortunately,
finding receptor/endogenous ligand pairs can beedglifficult, especially in the fungi,
where the classification of nuclear receptors relydacking (225). In other fields,
researchers have attempted to construct pipelinpeetict receptor-ligand interactions
with varying degrees of success. One method foudad the receptor for 4-methyl
sterols is transcript profiling, whereby good calades are identified through RNA-SEQ
or ChIPseqganalyses and then experimentally validatedtro. The main drawback with
this approach is the lack of established critestanuclear-like receptors in fungi. As has
been discussed previously, no homologs exist igiftor the nuclear receptors identified
in higher eukaryotes at least as determinehlsylico approaches. The fungal class of
zinc-finger transcription factors has been putdyivéentified as the best approximation

of nuclear receptors in fungi, citing similaritiescritical domain architecture and ligand-
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binding patterns for homologs of the PXR (pregndmeceptor) and RXRs (retinoid X
receptor) inS. cerevisia@ndC. glabrata(225). Therefore, examination of
transcriptionally altered members of the zinc fanoil transcription factors when wild
type, AsrbA andpflavA-erg25AAsrbAare compared could provide additional insight
into the identity of the receptor mediating 4-métbterol intermediate changes.

Also critical to these studies is empirically det@ring the impact of 4-methyl sterols
on the various phenotypes describedpibavA-erg25AAsrbAandAsrbA Therefore, it
will be necessary to synthesize the various 4-meieyols identified irA. fumigatus
and examine iA. fumigatusan take up exogenous sterols, and the effeciestth
exogenously applied sterol intermediates on thesiplygical responses @f. fumigatus
to stress. Synthesis of 4-methyl sterol intermediatould also allow for the
development of affinity chromatography-mass specétoy approaches to determine

receptor candidates.

Rationale for this Approachn humans, FF-MAS, or follicular-fluid meiosis-

activating sterol, and T-MAS, or testis meiosishating sterol, induce the resumption of
meiosis (48). This action is mediated through thghan receptor LXR (liver X receptor
o) (148). LXRs are involved in the coordination béthomeostasis between
inflammation and cholesterol biosynthesis (53, 148)ong other functions, LXR
agonists mediate cholesterol efflux, influencewdat redistribution of sterols, and
stimulate fatty acid biosynthesis (182, 213, 265,281). LXR agonists also appear to
directly suppress cholesterol synthesis by infligptranscription of squalene synthase

and lanosterol demethylase (348). Importantly, Lagenists influence fatty acid
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synthesis by stimulating SREBP-1c, the SREBP isofi@sponsible for lipogenesis (262,
281). Although fungi lack nuclear receptor homolagembers of the zinc cluster of
transcription factors are postulated to serve atogious function (225).

In addition, these meiosis-activating sterols dse thought to have LXR-
independent mechanisms of action, possibly thrapgitific G-protein coupled receptors
(127). Combined, there is significant evidence thase 4-methyl sterols serve
significant functions outside of the ergosteroldyiathesis pathway. It is plausible
therefore, that sterol intermediates could be wedlin influencing gene expressionAn
fumigatus

Further Characterization of the Ergosterol
Biosynthesis Pathway iA. fumigatus

My dissertation studies suggest a complex intergbdretween ergosterol
biosynthesis and adaptation to various cellulassis that has not yet been studiedl. in
fumigatus Therefore, a more empiric study of the individeidosterol biosynthesis
genes inA. fumigatusgs required to not only to accurately understdredimplications of
alterations in this crucial pathway, but also tityfeapitalize upon this pathway as a
target for further antifungal drug development.

A typical genetic approach to understanding théolgioal roles of individual
genes/proteins in ergosterol biosynthesis invotlieggeneration of single null mutants.
In this vein, | have constructed single deletiortants of all ergosterol biosynthesis
genes with a demonstrated SrbA-binding site inptioenoter region, except one, and are

currently determining the contribution of theseiwndual genes in the phenotypes
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associated witlhsrbA andpflavA-erg25AAsrbA and also the composition of their sterol
intermediate profiles. The completed single defetimutants includeAergl1A Aerg25A
Aerg25B Aerg3B andAerg5,with only the previously characterizagrgl1Bstrain left
to finish.

One of the drawbacks to this single-deletion stpais that the ergosterol
biosynthesis pathway is crucial for the growth pilisy, and nutrient acquisition k.
fumigatus and thus it has developed alternative mechanisragnthesis ergosterol when
a single gene has been disrupted. This lower podidhe pathway has been previously
described as a “fishing net;” when a disturbandéspi one area, another section of the
net takes up the load. Therefore, researchersesttst in ergosterol biosynthesis $
cerevisiaeandC. albicansfound that construction of double mutants espgciakful for
understanding how their organism produced ergdst@nd which enzymes were critical
for this mechanism.

Considering just the SrbA-dependent ergosterolyithesis genes, we would be
required to construct thirteen double mutants @n@re the relationships between
ergll1A ergl1B erg25A erg25B erg3B anderg5. Therefore, we propose that a next
direction would be the construction of five doubiatants to answer various hypothesis-
driven questions about ergosterol biosynthess. ifumigatus

These double mutants would be constructed followimayacterization okerg5and
Aerg3B as our hypotheses may be altered or re-priodtiesed on findings in these

strains. The five double mutants we propose arsetlizat have the potential to greatly
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contribute to the current knowledge about the pathwergll1Merg25A
Aerg25Merg3B,Aerg25MAerg5 AergllAlergs andAergllBiergs

The double mutamiergl1Aterg25Awould be constructed to verify the contribution
of ergl1Aanderg25Ato the phenotypes afsrbA without the contribution of other
genes in the SrbA-regulon, and could illustrate iabtgractions between these critical
enzymes of ergosterol biosynthesis. Therefore, ypothnesize that the double mutant
should recapitulate all the phenotypes of the iildial gene replacement mutants, but
also demonstrate some synergy or loss of phenatiljpesinating some of the complex
network of interaction between these proteins. fisant should also accumulate less 4-
methyl sterol intermediates thaerg25A as the C14-demethylation blockagea11A
in AergllA\erg25Ashould decrease the flow of precursor intermesdititeough the
subsequent biosynthetic steps.

Both Aerg25MA\erg5andAerg25Merg3Bwould determine the effect efg3Band
Aerg5on the accumulation of 22-dehydroergosterol wheg2&A-driven substrates are
unavailable. Also, these mutants should illustvelt@t contribution these enzymes have
on the accumulation of other Erg25A-dependent d¢egokintermediate steps. We
previously have hypothesized that the blockagesramp inpflavA-erg25AAsrbAare
more likely due to depletion @rg3Bthanerg5 This hypothesis is based primarily on
the known functions oérg3in S. cerevisia@andC. albicans where resistance to triazole
antifungal drugs results in genetic plasticityras tocus (193, 200, 217). Therefore, we
extend this hypothesis to explain sterol intermiedgecumulations for the episterol-to-

ergosterol transition inerg25A wherebyerg3B contributes more to this phenotype than
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erg5h The sterol intermediate profiles of thessrg25A\erg3BandAerg25A\erg5
mutants will be especially illuminating for the ¢obution of these downstream proteins
in sterol intermediate accumulation.

As theergllanderg5steps are the only cytochrome P450 enzymes ingatve
ergosterol biosynthesis, and because the triaziiagals targeergll, there has been
some suggestion in the literature tBed5 could be contributing to azole resistance or
sensitivity, in particular with the triazole voricazole (199). Furthermore, a clinical
albicansisolate has been characterized that containeddsg8inull andergll-null
mutations (199). This isolate was resistant todhazole, voriconazole, itraconazole,
ketoconazole, and clotrimazole, and alternativehapisms did not contribute to the
azole resistance of this isolate (199). Therefaehypothesize thatergl1Aerg5may
regain a partial azole sensitivity to triazole fimtgal drugs when compared with the wild
type MIC for Voriconazole, but very little changeMIC for Fluconazole, due to the
binding preference of this pharmaceutical ageidrgil1B inA. fumigatug349). In a
similar vein, we hypothesize thaergl1B\erg5would demonstrate a slight
susceptibility to all members of the triazole amifal drugs. A triple mutant,
AergllMergllB\erg5should mimic the triazole sensitivity arbA however,
construction of a triple mutant is not possibl¢his case, due to the lethality dérg11A
in tandem withAerg11B(138).

Additionally, construction of a strain that rest®ithErg25A and Erg25B in the
AsrbAbackground is essential to determine the coniobuif Erg25B to restoring the

phenotypes oAsrbA In particular, we are quite interested to seesforation of Erg25B
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removes the accumulation of 9(11)-dehydroergostmesent irpniiA-erg25AAsrbA
9(11)-dehydroergosterol has been implicated ifdhmation of a 9(11)-
dehydroergosterol peroxide, and some suggestiorestieen made regarding its anti-
tumor properties in mammalian tissue culture. Wheg{11)-dehydroergosterol can be
converted into a peroxide W fumigatushas yet to be determined, as is the consequence
of accumulation of such a potential bioactive molecOur data indicate that Erg25B is
required for elimination of this intermediate, agtbAerg25BandpniiA-erg25AAsrbA
accumulated much higher levels of this intermediad® eitheAsrbAor Aerg25A.We
hypothesize that this intermediate may accumulaéetd unchecked expression of

Erg25A in bothAerg25AandpniiA-erg25AAsrbA.

Rationale for this Approachn S. cerevisiagErg28 scaffolds the members of the

C4-demethylation machinery, Erg25, Erg26, and Ergté a complex and tethers the
assembled complex to the endoplasmic reticulum)(28Gact, many of the ergosterol
biosynthesis genes physically interact within thg2B-tethered complex i8. cerevisiae
This suggests that an intimate communication batvmeembers of the C4-demethylation
machinery exists with enzymes that act both up-dowin-stream of this biosynthetic
step (218). Interestingly, Mo and Bard suggest ErgiL1, Erg25, Erg27, and Erg28,
serve as a “hub” for enzymes both earlier and laténe ergosterol biosynthesis (219),
although the purpose of this hub was not biochellgieaaluated. These experiments
also suggested that enzymes involved in the epldigrergosterol transition, Erg3, Erg4,
and Erg5, are not highly dependent on the phygiesgence of one another, but instead

their strongest interactions are with the core grolenzymes listed above. Therefore,
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we propose that a loss of gene dosage, or stoi@trgnbetween ergosterol biosynthesis
enzymes in the ergosterol “hub” &§rbA contribute to the phenotypes of this mutant.

A decrease in ergosterol “hub” stoichiometry coultlence this complex in two
ways: first, changes could decrease enzymaticiefiity, and second, it could change the
substrate specificity of individual enzymes. Chaimgenzymatic efficiency could be
readily discernible in the case of single geneta®ienutants. Under these conditions,
loss of the mutated ergosterol biosynthesis woelddcompanied by simultaneous loss
of activity at other enzymatic steps, which mayel&lenced by sterol intermediate
accumulation. In this case, loss of the first getee genetic deletion, would putatively
initiate secondary defects in proteins that wowddadjacent to the mutant in the
ergosterol complex, thus disrupting its stabilybstrate specificity could also be altered
by the composition could be altered with stoichitmoalisruptions in the ergosterol
“hub,” causing the accumulation of atypical stenbérmediates. These changes,
however, may not be characterizable until doubléamiis are examined, as changes in
single ergosterol biosynthesis genes appear tc@edn alternative mechanism or
plasticity to the biosynthetic process in many fung

Characterization of ergosterol biosynthesis hamnaniiy focused on the fun@.
cerevisiaeandC. albicanswell characterized members of the hemi-Ascomycetes.
AlthoughS. cerevisiaeC. albicans andA. fumigatusare all fungi, the large evolutionary
distance that separates the hemi-AscomycetesAgpergilli limits the correlation
between the two groups. So although ergosterolhbtbssis utilizes genes similar in

their architecture to proceed through this biosgtithpathway, both the progression and
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the substrate specificity differ greatly. Compoungdihese differences is the existence of
multiple copies of most ergosterol biosynthesiseganA. fumigatusand a significant
difference in the class of transcription factorat fhredominantly regulate sterol synthesis
in the hemi-Ascomycetes éspergilli

In general, théspergillusergosterol biosynthesis field lags behind that®tousins
S. cerevisia@andC. albicans Therefore, to further our understanding of tr@dgical
and structural roles that Erg25 and 4-methyl ssgptdy in the biological processesAf
fumigatus more basic research into the functions and iotenas of the major

components of ergosterol biosynthesis are an atespkcessity.

Conclusions

The findings in this dissertation highlight a sigrant gap in understanding the
molecular mechanisms of ergosterol biosynthesss fumigatusnamely that
Aspergillus sppgenetically encode for multiple copies of manylhaf genes in this
pathway, but no divergence of function has beeworde=d to date. Although this lack of
functional differentiation would suggest that thesatiple copies remain orthologs, we
propose that although these copies conserve ¢tmtcaains, that they have also
developed diverse functions that have yet to berdened in théAspergilli. This concept
of taxa-specific ergosterol biosynthesis alteratibas been suggested by other
investigators in the field, and ultimately yieldemt for the contribution this
understanding could provide the development of aetifungal drugs and understanding

of emerging triazole drug resistance (6).
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Through characterization efgl1A, erg25Aanderg25B and the role these genes
play in the phenotypes asrbAwe have begun to unveil a complex biosystem
surrounding the synthesis and signaling of ergoktetermediates (Figure 5.1). | have
demonstrated a significant role between the trgptsan factor SrbA, and two members
of its regulongergl1Aanderg25A Through these interactions we have begun to
mechanistically link SrbA to triazole antifungakigance and hypoxia adaptation, and
have revealed the need for an intricate balancedset members of the SrbA-regulon
and adaptation to various cellular stresses inotydell wall perturbation, survival in
iron depleted conditions, and resistance to reaaiygen species.

My work raises important biological questions ablootv SrbA is mediating
adaptation to hypoxia, triazole antifungal drugs] ¢he aforementioned cellular stresses,
and suggests a primary role for Erg25 in this psecelowever, how is Erg25 mediating
these dramatic changes? Is it through uncharaeterian-ergosterol protein-protein
interactions with Erg25? Or perhaps this is medidteough the sterol intermediates
themselves? Perhaps both of these mechanismsgaiieeceto balance this intricate
dance between numerous members of the cellulagegiron, growth, and signaling

pathways.



Table 5.1 Contribution of 4-methyl sterol intermeges to hypoxia growth
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Tables

4-methyl 4,4-dimethyl Growth in
Strain fecosterol fecosterol Ergosterol Hypoxia
Wild Type 1.20 + 0.99% 3.00 + 2.26% ++ +
AsrbA 16.60 + 1.79% 58.03 £ 9.98% + -
Aerg25A 17.23 £1.52% 31.70 £ 4.04% ++ +
Aerg25B 1.48 + 0.59% 7.26+2.32% ++ +
pniiA-
erg25A- 16. 47 + 2.31% 30.61+ 6.78% + +
AsrbA
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APPENDIX A

ABBREVIATIONS UTILIZED IN THIS DISSERTATION



ABC
ABPA
AIDS
AmB
AML
BAL
BiFC
BFSTA
cAMP
CDC
CF
CGD
CHIP
CMV
COPD
CR
Cwi
DTT
EGFR
El

EIA
EMSA
ER
FDA
FF-MAS
FLC
GC-MS
GMM
HIV
HPLC
HMG
IA

IFI

ITZ
L-AmB
LGMM
LXR
MAP
MAPK
MAS
MDR
MIC
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ATP-binding cassette

allergic bronchopulmonary aspergillosis
acquired immunodeficiency syndrome
amphotericin B

acute myeloid leukemia
bronchioalveolar lavage

bimolecular fluorescence complementation
N,O-bis(trimethylsilyl)trifluoroacetamide
cyclic adenosine monophosphate
Centers for Disease Control

cystic fibrosis

chronic granulomatous disease
chromatin immunoprecipitation
cytomegalovirus

chronic obstructive pulmonary disease
Congo Red

cell-wall integrity

dithiothreitol

epidermal growth factor receptor
electron ionization

enzyme immunoassay

electrophoretic mobility shift assay
endoplasmic reticulum

Food and Drug Administration
follicular-fluid meiosis-activating sterol
Fluconazole

gas chromatography mass spectrometry
glucose minimal media

human immunodeficiency virus

high performance liquid chromatography
3-hydroxyl-3-methyl-glutaryl

Invasive Aspergillosis

invasive fungal infection

Itraconazole

liposome-associated Amphotericin B
liquid glucose minimal media

liver X receptor

mitogen activated protein

MAP-kinase

meiosis activating sterols

multidrug resistance protein

minimum inhibitory concentration



MFS
MOPS
NADPH
NET
NO
ORF
PAMP
PBS
PCR
PKA
gRT-PCR
ROS
RPKM
S1P
S2P
SMO
soT
SRE
SREBP
SRD
TCA
T-MAS
TNF
UPR
VCZ
UPGMA

232

major facilitator superfamily
morpholinepropanesulfonic acid
nicotinamide adenine dinucleotide phosphate
neutrophil extracellular trap

nitric oxide

open reading frame

pathogen associated molecular pattern
phosphate buffered saline

polymerase chain reaction

protein kinase A

guantitative real time polymerase chaictiea
reactive oxygen species

reads per kilobase per million mapped reads
site-1 protease

site-2 protease

sterol methyl oxidase

solid organ transplant

sterol response element

sterol regulatory element binding protein
sterol rich domains

tricarboxylic acid cycle

testis meiosis-activating sterol

tumor necrosis factor

unfolded protein response

Voriconazole

unweighted pair group method with arithmetiean
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ORGANISMS REFERENCED IN THIS DISSERTATION
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Abbreviation

Genus species

Classification

Other:

A. clavatus

Aspergillus clavatus

a filamentous fungus

an allergen; can
occasionally cause
Invasive Aspergillosis

A. flavus

Aspergillus flavus

a filamentous fungus

a major agricultural

contaminant; produces

aflatoxin, which is

carcinogenic; can

occasionally cause
Invasive Aspergillosis

A. fumigatus

Aspergillus fumigatus

a filamentous fungus

causative agent for
Invasive Aspergillosis

A. niger

Aspergillus niger

a filamentous fungus

used the commercial
production of citric

acid; can occasionally

cause Invasive
Aspergillosis

A. nidulans

Aspergillus nidulans

a filamentous fungus

a model organism; caf

occasionally cause

Invasive Aspergillosis,

especially in patients
with CGD

N

A. oryzae

Aspergillus oryzae

a filamentous fungus

used in the commercig
production of
fermented products;
can occasionally caus
Invasive Aspergillosis

1)

A. terreus

Aspergillus terreus

a filamentous fungus

can cause Invasive
Aspergillosis

A. thaliana

Arabidopsis thaliana

a plant

model organism

B. dermatitidis

Blastomyces dermatitidis

a dimorphic fungus

Causative agent of
blastomycoses

Causative agent for

C. albicans Candida albicans a hemi-ascomycete yeast vaginal and invasive
Candidiasis

C. dubliniensis Candida dubliniensis a yeast can cause invasive
Candidiasis

C. lusitaniae Candida lusitaniae a yeast can cause invasive
Candidiasis

C. elegans Caenorhabditis elegans a nematode model organism

C. neoformans

Cryptococcus neoformans

a basidomycete yeast

Causative agent for
Cryptococcus, fungal
meningitis

D. melanogaster

Drosophila melanogaster

fruit fly

model organism

E. coli

Escherichia coli

a bacteria

model organism

H. capsulatum

Histoplasma capsulatum

a dimorphic fungus

Causative agent for
Histoplasmosis

H. sapiens

Homo sapiens

Human

L. amazonensis

Leismania amazonensig

a trypanosome parasite

one of the causitive
agents of

mucocutaneous
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leismaniasis

M. musculus

Mus musculus

mouse

M. tuberculosis

Mycobacterium tuberculosis a mycobacterium

causative agent of
tuberculosis

N. benthamiana

Nicotiana benthamiana

a plant

a model organism

P. brasiliensis

Paracoccidoties brasiliensis

a dimorphic fungus

causative agent of
paracoccidiodomycosi

P. marneffei

Penicillium marneffei

a dimorphic fungus

causitive agent of
penicilliosis

P. vivax

Plasmodium vivax

a protozoal parasite

one of the causitive
agents of malaria

P. carnii

Pneumoncystic carnii

a yeast-like fungus

the causative agent o
pneumocystis
pneumonia; also
known as
Pneumocystis jirovecii

f

P. aeruginosa

Pseudomonas aeruginosa a gram-negative bacteria

causative agent of
Pseudomonaimfection

S. cerevisiae

Saccharomyces cerevisia

e a yeast

model organism

S. pombe

Schizosaccharomyces pon

be afission yeast

model organism

S. schenckii

Sporothrix schenckii

a dimorphic fungus

causative agent of
sporotrichosis

S. aureus

Staphylococcus aureus

a gram positive bacteria

causative agent for
“staph” infection

S. pyogenes

Streptococcus pyogenes

5 a gram-positive bacterial

causative agent of
“strep throat,”
localized skin
infection, and toxic
shock syndrome

T. rubrum

Trichophyton rubrum

a dermatophyte

causative agent for
athletes foot,

ringworm, etc.
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APPENDIX C

GENE/PROTEIN NAMES & FUNCTIONS
REFERENCED IN THIS DISSERTATION



238

—

se,

bhi

e

te

[0]

erol

arol

1%

rol

Name Organism Function
Allergen Asp f 1; ribonuclease mitogillin family ¢
asoF1 Asperaillus s cytotoxins; similar to restrictocin; inhibits pratesynthesis
P Perg Pp- in mammalian cells; 18kD IgE-binding protein; exgsi®n
increases in vivo; biofilm-induced vs planktonidlge
C2H2 zinc finger transcription factor; master regai of
biofilm formation; mutation affects filamentous grih,
berl C. albicans adherence; regulates cell-surface-associated gélasent
induced; Tuplp-, Teclp-, Mnllp-regulated; mRNA lsind
She3p
AP-1 bZIP transcription; oxidative stress respor
resistance, multidrug resistance; oxidative stnegpilates
capl C. albicans nuclear localization; rescues complements S. cem/iyapl
mutant; oralpharyngeal candidasis-, human neutto
induced
Myc-bHLH family transcriptional activator of hyphal
growth; directly regulates Teclp, which regulategpha-
cph2 C. albicans specific genes; probably homodimeric, phosphordgla
required for wild-type levels of Candida colonipatiof the
mouse Gl tract
cyp51 Metazoans Another name ferg11
Sterol regulatory element binding protein; regu3
transcription of sterol biosynthetic genes; corgain[2]-
ecm22 S cerevisiae & C albican‘cys[‘s] binuclear cluster; relocates from intrackifu
' ’ " membranes to perinuclear foci on sterol deplet®@M22
has a paralog, UPC2, that arose from the whole rgen
duplication (transcription factor)
ergl Metazoans Equalene _monooxygenase with a role in ergost
iosynthesis
sterol delta 5,6-desaturase with a role in ergokter
erg3 Metazoans bi .
iosynthesis
C-24(28) sterol reductase with a role in ergosts
ergd Metazoans bi ;
iosynthesis
Cytochrome P450, sterol C22-desaturase with a hol
ergs Metazoans . i
ergosterol biosynthesis
sterol 24-C-methyltransferase with a role in erguast
erg6 Metazoans bi )
iosynthesis
erg? Metazoans 0?<|dosqualgne:lanosterol cyclase; involved in eteyod
biosynthesis
ergll Metazoans 14-o. demethylase with a role in ergosterol biosynthesis
erg24 Metazoans C-14 sterol reductase with a role instggol biosynthesis
C-4 methyl sterol oxidase with a role in ergoste
erg25 Metazoans bi )
iosynthesis
C-3 sterol dehydrogenase/C-4 decarboxylase witble in
erg26 Metazoans . :
ergosterol biosynthesis
erg27 Metazoans 3-ketosteroid reductase with a rolegoserol biosynthesis
erg28 Metazoans Putative ergosterol biosynthesis protein
flavA A. fumigatus Putative flavohemoproteln; protein induced by hslabck
and hypoxia
gpdA Aspergillus spp. Glyceraldehyde-3-phosphate dehydrogenase; predigtad

pair with AFUA 5G01030; protein induced by hydrog
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peroxide; reacts with rabbit immunosera exposedAtg
fumigatus conidia: induced by L-tyrosine

hacA

Aspergillus spp.

bZIP transcription factor, major regulator of thaefalded
protein response (UPR)

hapB

Aspergillus spp.

Sequence-specific  CCAAT DNA binding transcripti
factor

hapC

Aspergillus spp.

Component of AnCP/AnCF CCAAT-binding complex; ¢
act as both a positive and negative regulatorasfscription

hapE

Aspergillus spp.

CCAAT-binding factor complex subunit

hapX

Aspergillus spp.

bzZIP transcription factor required for adaption it@n

starvation and for transcriptional activation of eth

siderophore system; transcript repressed by iron

hmg1l

Aspergillus spp.

Hydroxymethylglutaryl-CoA (HMG-CoA) reductase

hms1

S. cerevisiae & C. albicans

D

Transcriptional regulator required for morphogeseé
induced by elevated temperature or Hsp90 comproraiss
downstream of Pcllp

S|

IFNA

H. sapiens & M. musculus

The protein encoded by this gene is produced
macrophages and has antiviral activity. This genetron
less and the encoded protein is secreted.

by

INSIG

H. sapiens

Oxysterols regulate cholesterol homeostasis throlghiver
X receptor (LXR)- and sterol regulatory elementeliimy
protein (SREBP)-mediated signaling pathways. Tleisegis
an insulin-induced gene. It encodes an endopla
reticulum (ER) membrane protein that plays a @itiole in
regulating cholesterol concentrations in cells. sThirotein
binds to the sterol-sensing domains of SREBP cly
activating protein (SCAP) and HMG CoA reductase] &n
essential for the sterol-mediated trafficking ofe titwo
proteins. Alternatively spliced transcript variaracoding
distinct isoforms have been observed

5mic

)

ireA

Aspergillus spp.

Transmembrane protein kinase and ribonucleasevieddh
the unfolded protein response (UPR); under ER st
activates the main UPR regulator HacA by splicing
MRNA,; required for normal virulence

es

LXR

H. sapiens

The protein encoded by this gene belongs to the
subfamily of the nuclear receptor superfamily. THR1
family members are key regulators of macrophagetion,
controlling transcriptional programs involved inpid
homeostasis and inflammation. This protein is hig
expressed in visceral organs, including liver, kigrand
intestine. It forms a heterodimer with retinoid ¥ceptor
(RXR), and regulates expression of target genesatung
retinoid response elements. Studies in mice lackirgggene
suggest that it may play an important role in tegutation
of cholesterol homeostasis. Alternatively spliceanscript
variants encoding different isoforms have been dofan this
gene.

NR1

mpkA

Aspergillus spp.

Mitogen-activated protein kinase; activated
phosphorylation; role in cell wall signaling ana tbxidative
stress response; mpkA(p)-lacZ expression increbgeckll
wall disturbing compounds; required for adaptationiron
starvation

mpkB

Aspergillus spp.

Putative mitogen-activated protein kinase (MAPK)
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mpkC

Aspergillus spp.

Putative mitogen activated protein kinase (MAPK)dlved
in the oxidative stress response; transcript abucel
increases in response to carbon source and oxadsttigss

mrrl

C. albicans

Zinc-finger protein; regulator of MDR1 transcriptiogain-
of-function mutations cause upregulation of MDR1
plasma membrane multidrug efflux pump) and conseq
multidrug resistance

MSMO1

H. sapiens

Sterol-C4-methyl oxidase-like protein was isolabeded on
its similarity to the yeast ERG25 protein. It cansaa set of
putative metal binding motifs with similarity toahseen in 3
family of membrane desaturases-hydroxylases. Théeipr
is localized to the endoplasmic reticulum membrand is
believed to function in cholesterol biosynthes
Alternatively spliced transcript variants encodidgstinct
isoforms have been found for this gene

S.

niiA

Aspergillus spp.

nitrite reductase; nitrogen-regulated gene, used aa
conditional promoter

S

PXR

H. sapiens

This gene product belongs to the nuclear rece
superfamily, members of which are transcriptiontdes
characterized by a ligand-binding domain and a DI
binding domain. The encoded protein is a trandoripl
regulator of the cytochrome P450 gene CYP3A4, bigpdo
the response element of the CYP3A4 promoter a
heterodimer with the 9-cis retinoic acid recepttRR It is
activated by a range of compounds that induce CYR
including dexamethasone and rifampicin.  Seve
alternatively spliced transcripts encoding différesoforms,
some of which use non-AUG (CUG) translation initat
codon, have been described for this gene. Additi
transcript variants exist, however, they have regrbfully
characterized.

ptor

NA-

BA
eral

bna

pyrG

Aspergillus spp.

Orotidine 5'-monophosphate decarboxylase

rox1

S. cerevisiae

Heme-dependent repressor of hypoxic genes; med
aerobic transcriptional repression of hypoxia iretligenes
such as COX5b and CYC7; repressor function regdl
through decreased promoter occupancy in respons
oxidative stress; contains an HMG domain that
responsible for DNA bending activity; involved irhet
hyperosmotic stress resistance

iates
ate
e to
is

rpel

S. cerevisiae

D-ribulose-5-phosphate 3-epimerase, catalyzes cioeain
the non-oxidative part of the pentose-phosphatévyest;
mutants are sensitive to oxidative stress

RXR

H. sapiens

Retinoid X receptors (RXRs) and retinoic acid reoep
(RARSs), are nuclear receptors that mediate theogiocal
effects of retinoids by their involvement in retincacid-
mediated gene activation. These receptors exeirt dbgon
by binding, as homodimers or heterodimers, to $ige
sequences in the promoters of target genes andatiegu
their transcription. The protein encoded by thinegés a
member of the steroid and thyroid hormone rece
superfamily of transcriptional regulators

ptor

sakA

Aspergillus spp.

Putative mitogen-activated protein kinase (MAPK)thy
predicted roles in the osmotic and oxidative stresponses
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involved in sensing nitrogen in the medium

SC4MOL

H. sapiens

Alternative name for MSMO1

Scap

H. sapien& S. pombe

This gene encodes a protein with a sterol sensorgath
(SSD) and seven WD domains. In the presence
cholesterol, this protein binds to sterol regulatetement
binding proteins (SREBPs) and mediates their trargpom
the ER to the Golgi. The SREBPs are then protesaifi
cleaved and regulate sterol biosynthesis.

SMO1

A. thaliana

of

A member of the SMO1 family of sterol 4alpha-methyl

oxidases. More specifically functions as a 4,4-diyk
9beta,19-cyclopropylsterol-4alpha- methyl oxidase

SMO2

A. thaliana

A sterol 4-alpha-methyl-oxidase, specifically a lgka-
methyl-delta-7-sterol-4alpha-methyl-oxidase.

SrbA

A. fumigatus

Sterol regulatory element binding protein (SREBP3sic
helix-loop-helix leucine zipper DNA binding domaimgle in

the hypoxia response, iron homeostasis, ergosterol

biosynthesis, resistance to azole drugs, maintenahcell
polarity (transcription factor)

srel

C. neoformans

Sterol regulatory element binding protein homolog

srbB

A. fumigatus

Basic helix-loop-helix leucine zipper DNA bindidgmain

sreA

Aspergillus spp.

GATA transcription factor that regulates iron upmak

represses of iron-regulated genes; represses pluE®
biosynthesis genes in high-iron; mutants accumy
increased amounts of iron and ferricrocin

SREBP

H. sapiens

This gene encodes a transcription factor that biodshe
sterol regulatory element-1 (SRE1), which is a de=a
flanking the low-density lipoprotein receptor geared some
genes involved in sterol biosynthesis. The protén

late

synthesized as @recursor that is attached to the nuclear

membrane and endoplasmic reticulum. Following cdeay
the mature protein translocate to the nucleus aridates
transcription by binding to the SRE1. Sterols iithithe
cleavage of the precursor, and the mature nuckean is
rapidly catabolized, thereby reducing transcriptiorhe
protein is a member of the basic helix-loop-hetxdine
zipper (bHLH-Zip) transcription factor family. Thigene is
located within the Smith-Magenis syndrome region
chromosome 17. Two transcript variants encodinfeaift
isoforms have been found for this gene.

tacl

C. albicans

Transcriptional activator of drug-responsive geimetuding
CDR1 and CDR2; has Zn(2)-Cys(6) binuclear clugbérds
DRE element; gene in zinc cluster region near Mddubk

tecl

S. cerevisiae & C. albicans

TEA/ATTS transcription factor; involved in white Ite
pheromone response, regulates hypha-specific gevikeks,
type biofilm formation; regulates BCR1; transcripti
regulated by Cph2p in some conditions; alkalinend
biofilm-induced

tefA

Aspergillus spp.

Putative translation elongation factor EF-1 alphdousit;
protein abundant in conidia; protein induced byt lsback

tkll

S. cerevisiae

Transketolase; catalyzes conversion of xylulosdi@sphate
and ribose-5-phosphate to sedoheptulose-7-phosprate
glyceraldehyde-3-phosphate in the pentose phosy

on

hate

pathway; needed for synthesis of aromatic aminasac

L
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genome duplication

TKL1 has a paralog, TKL2, that arose from the whole

TLR4

The protein encoded by this gene is a member offtie
like receptor (TLR) family which plays a fundamedntale
in pathogen recognition and activation of innatenumity.
TLRs are highly conserved from Drosophila to humand
share structural and functional similarities. Thegognize

infectious agents, and mediate the production ebliges

H. sapiens & Mus musculusnecessary for the development of effective immuniitie

various TLRs exhibit different patterns of expressiThis
receptor has been implicated in signal transductieents
induced by lipopolysaccharide (LPS) found in mosing-

associated with differences in LPS responsivendsdtiple
transcript variants encoding different isoforms édnaween
found for this gene.

pathogen-associated molecular patterns that aressgd on

negative bacteria. Mutations in this gene have heen

tye7

bHLH transcription factor involved in control ofyglolysis;
required for biofilm formation; hyphally regulatetly

S. cerevisiae & C. albicans Cphlp, Cyrlp; flucytosine, Hoglp induced; amphoterB,

caspofungin repressed; induced in biofilm and piamic
growth

upc2

S. cerevisiae & C. albicans

Sterol regulatory element binding protein; indu
transcription of sterol biosynthetic genes and &NDTIR
gene products; relocates from intracellular memésato
perinuclear foci on sterol depletion; UPC2 has &alpg,
ECM22, that arose from the whole genome duplica
(transcription factor)

Les

tion

yapl

Aspergillus spp.

bZIP family transcription factor; required for rstsince to

oxidative stress; expression repressed by dexasmiba

Gene/Protein names and functions can be additiolwadated in their various genome
databasedspergillus:AspGD, Candida CGD, H sapiensNCBI, Saccharomyces:

SGD, Schiz

osaccharomyceBomBase.
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APPENDIX D

ASPERGILLUS FUMIGATUSTRAINS
USED IN THIS DISSERTATION
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Strain Name Type Marke Background Conosrt]ructi Constructed By
CBS 144.89/CEA10 wild type
CEAL? Wi'gl}){g&;[]ac” PYIG () CEAL0 (67b) C. d'Enfert
AergllA Gene pyrG CEAl7Y (138) T. Roemer
replacement
Aerg25A replc:jue;(ra];ent pyrG CEA17 2};2;:2% B. Hendrickson
Aerg25B replcgiggent pyrG CEA17 ngz;:g% B. Hendrickson
pniiA-ergl1AAergl1B reF;)rI(;?eor;eernt pyrG -pyrGAergl1B (138) T. Roemer
pniiA-erg11AAsrbA reF;)rI(;?eor;eernt pyrG -pyrGAsrbA 2};2;:2% S.J. Blosser
pniiA-erg25AAerg25B reF;)rI(;?eor;eernt pyrG -pyrGaerg25B @AZ;:Z?% B. Hendrickson
pniiA-erg25BAerg25A reF;)rI(;?eor;eernt pyrG -pyrGAerg25A @AZ;:Z?% S.J. Blosser
pflavA-erg25AAsrbA reF;)rI(;?eor;eernt pyrG -pyrGAsrbA @Pi\;:g?i S.J. Blosser
AstbA Gene pYIG CEA17 (359) S.D. Willger

replacement
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APPENDIX E

FRAGMENTATION PATTERNS
& STRUCTURES OF STEROL
INTERMEDIATES



MNickname:
TUPAC Name:
Altermative Name:
Molecular Weight:
CAS:

Primary [on:

251 miz

Important Secondary Ions:

209 miz

T miz

Reference:

246

S 11)-Dehyvdroergosterol
24-methyl-cholesta-3,7.9( 11).22-tetraen-3fi-ol
ergosta=5,7,9(11).22-tetracnal

394.63g/mal

F16-85-8

o

Griffiths, K.M. et ol (2003). Phytochemistry,62:147-153.

MNickname:
IUPAC Name:
Alternative Name:
Malecular Weight:
CAS:

Frimary [on:

I3 miz

Important Secondary lons:

468 mi'z

32T miz

Reference:

lichestero]

24-methyl cholesta-3,8,22-trien-3b-ol
ergosta-3.8.22-tmen-3b-ol
396.65g/mal

50057-31-3

Amnastasia and Frecchi, 1981; JCS Perkin 1, 2123



Mickname:
IUPALC Name:
Alternative Name:
Malecular Weight:
CAS:

Primary lon:

363 m'z

Important Secondary Ions:

468 m'z

31T m'z

F.eference:

247

ergosterol
24-methyl-cholesta-3.7,22-trien-3f-0l

3%6.65g/mol
37-87-4

Weete & Gandhi, Lipids (1997), 32(12)

Mickname:
IUPAC Name:
Altermative MName:
Maolecular Weight:
CAS:

Primary [on:

255 miz

Important Secondary lons:

470 m'z

455 m/z

3E0 mz

343 mz

Reference:

S=Dihydroergosterol
24-methyl-cholesta-7.22-dien-3fi-ol
ergosta-7.22-dienol

308671 g/maol

2465-11-4

[}

Weete & Gandhi, Lipids (1997), 32(12)
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Mickname: ergostatetraenol
IUPAC Name: 24-methvl cholesta-5,7,22, 24( 28 )-tetragn-3b-ol
Alternative Wame:

Maolecular Weight: 394.32p/maol
CAS:

Primary [on:

394 miz

Important Secondary lons:

36l miz

53 miz

I5l miz o

123 miz

Reference:

Cioad, L.J., Holz, (GG, and D.H. Beach, (1984). Mol. Biochem Parasitol, 10:161-170.
Rahman, M.D. and R.A. Pascal, Jr. (1990). J Biol Chem, 265(9):4989-4996,

Mickname: 21-dihydroergosterol
IUPAC Name: 24-methvlcholesta-3,7-dien-3b-ol
Altermative Name:
Molecular Weight: 398 66g/maol
CAB: 316-T9-0
Primary [on:
IIm'E

Important Secondary lons:

337 miz*

468 miz

<1

ITEmiz

53 miz

Reference:
Weete & Gandhi, Lipads (1997), 32(12)



Mickname:
IUFPAC Name:

Altermative Name:
Maolecular Weight:

CAS:

Primary Ion:

343miz

Important Secondary Ions:

470 m'z (~24%)

455 miz (-26%)

365 mz (~14%)

255 miz (~47%)

253 m'z (-24%)

Reterence:

249

episterol
24-methyl cholesta-7,24( 218 )-dien-3b-ol

398 662/mal
57-87-4

af

Weete & Gandhi, Lipids {1997), 32(12)
Goad. LJ. & T. Akihisa. Analysis of Sterols, Chapman & Hall, 1997

Mickname:
IUPAC MName:
Altermative Mame:
Molecular Weight:
CAL:

Primary [on:

F0Amer

Important Secondary lons:

498 m/z (~41%)

483 miz (~31%)

Reference:

lanosterol
4,4, 14-trimethyl cholesta-g,24-dien-3b-ol

426.71g/mol
T9-63-0

Goad, L. & T. Akihisa, Analysis of Sterols, Chapman & Hall, 1997



MNickname:
IUPAC Name:
Altermative Name:
Molecular Weight:
CAS:

Primary lon:

424m'z

Important Secondary Ions:

33Imiz

ITomiz

99 miz

I5l miz

Reference:

250

parkeol
4.4, 14-tnmethy] cholesta-%(11),24-dien-3b-ol

426.71g/mol
28032-52-2

Goad, L1 & T. Akihisa, Analysis of Sterols, Chapman & Hall, 1997
Personal Communication with M. Bard

Nickname:
IUPAC Name:
Alternative Name:

4=-methyl fecosterol
4. 24-dimethyl cholesta-§,24( 28 J-dien-3b-al

Malecular Weight: 412.37g/mol
CAS: 131723743
Primary lon:

484m'z

Important Secondary lons:

469 m'z

394 miz

al

IT9miz

33T mz

Reference:

Griffiths, KM, eral. (2003). Phytochemistry,62:147-133.
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Mickname: 4. 4-dimethyvl fecosterol

TUPAC Name: 4.4, 24-trimethyl cholesta-8,24(28)-dien-3b-al
Alternative Mame:

Muolecular Weight:

CAS:

Primary [on:

498m'z

Important Secondary lons:

394 m/z

393 mz

Reference:
Goad and Akihisa, Analysis of Sterols 1997.

Mickname: eburicol
IUPALC Mame: 4.4, 14.24-teramethyl cholesta-8, 24 28 )-dien-3h-0l
Alternative Mame:
Molecular Weight: 44008 | 512 (first peak) — 71.3)
CAS: GEH-EE-G
Primary lon:
4Tm'z

Important Secondary lons:

F2Imz

L1

497 m/z

Reference:
Gnitiths, k.M. ef all (2003). Phvtochenisiny 62:147-133.



