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ABSTRACT

Candida spp. as commensal colonizers of mucocutaneous surfaces in humans
are the major fungal cause of bloodstream infections, resulting in 50,000 deaths every
year. Because of the paucity of fundamental antifungal treatments along with the
recurrent emergence of resistant strains, the urgency for new antifungal agents with
selective and novel targets necessitates the efforts of laboratory research.
Complementary to such attempts for identification of novel anti-Candida agents, two
synthetically aurones, SH1009 and SH9051, have shown significant inhibitory
activities against Candida spp. The main goal of this research was to assess antifungal
activity and mammalian cell cytotoxicity and comprehensively characterize the modes

of action for aurones SH1009 and SH9051.

Aurone SH1009 exhibited significant antifungal activity against Candida spp.,
including resistant isolates, with fungistatic pharmacodynamic properties. SH1009
treatment of a pooled genome-wide set of Saccharomyces cerevisiae deletion mutants
demonstrated a set of sensitive and resistant growth responses in mutants encoding cell
cycle-dependent organization of actin cytoskeleton. Accordingly, phenotypic studies
revealed cell cycle arrest at the G1 phase in SH1009-treated Candida albicans along
with abnormally interrupted actin dynamics and enlarged, unbudded cells, validating
the chemical genetic interaction and suggesting a novel mode of action for aurone

SH1009 as an antifungal.

In vitro cytotoxicity assays using human cell lines showed selective toxicity of
SH1009 toward fungal cells and less selectivity in SH9051-treated cells. In an attempt

to increase antifungal activity by combining both aurones, antifungal synergy was

v



detected as an indifferent interaction, suggesting different modes of action for the
aurones. To interpret these differences, transcriptome changes in SH1009- and
SH9051-treated C. albicans were analyzed, revealing common and unique pathways
enriched consistently based on the chemical structure of each aurone. A reverse genetic
approach coupled with structure-activity relationship analyses demonstrated that
trehalose was uniquely responsible for SH1009 resistance. SH9051 uniquely stimulated
sulfur amino acid catabolism, and the core chemical structure of both aurones

commonly promoted intracellular oxidative stress.

The results of these studies determined a selectively novel molecular target, for
aurone SH1009 as a promising antifungal and revealed cellular effects for different
functional groups of the aurone, paving the way for future development and

investigation.
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INTRODUCTION

Pathogenic Fungi: A Public Health Threat.

Fungi are a kingdom of eukaryotic organisms of the global tree of life with
massive diversity in morphological phenotypes, biochemical properties, and lifestyles,
ranging from mushrooms and filamentous fungi to single-cell yeasts and including as
many as six million species (American Academy of Microbiology Colloquium Report,
2019). These organisms are ubiquitous on the biosphere and play critical roles to
maintain the global ecological equilibrium as mutualists with plants (mycorrhizae) and
decomposers (soil and aquatic hyphomycetes), and thereby function as fundamental
drivers for organic matter recycling and food web dynamics (Grossart et al., 2019;
Jansson & Hofmockel, 2020). Besides the numerous benefits of domesticated fungi to
humans, either for their use for the preparation of bread and spiritual beverages through
fermentation and as industrial producers of biotechnological products (e.g., enzymes

and antibiotics), other fungi can also infect specific hosts and inflict damage.

Pathogenic fungi are known to seriously impact human life indirectly by causing
fungal diseases to crops, leading to reduced food supply and directly causing mortality,
posing a public health threat. According to recent global estimates, human fungal
pathogens affect more than one billion individuals throughout the world, in which 15-
30% of these infections are considered serious and cause more than 1.6 million deaths
each year, exceeding the mortality rate of malaria by threefold (Bongomin et al., 2017).
In 2001, ~ 300 fungal species were linked directly to diseases in human (Taylor et al.,
2001); however, by 2018, more than 1500 different fungal species had been identified
and isolated from human specimens (Wickes & Wiederhold, 2018). The increase in

incidence and prevalence of fungal diseases across the globe is primarily dependent on



the patient’s immunity in addition to socio-economic and geo-ecological
characteristics. For instance, the epidemiology of cryptococcal meningitis is highly
associated with AIDS patients who cannot access anti-retroviral therapy in developing
countries, while in developed countries, immunosuppressive chemotherapy of cancer
and transplant surgeries are the major drivers of invasive candidiasis and chronic

pulmonary aspergillosis (Janbon et al., 2019).

Although several hundred fungal species can infect humans, only a small
minority of these pathogenic fungi can severely parasitize on humans (Kohler et al.,
2014). Aspergillus, Candida, Cryptococcus, and Histoplasma species remain the major
systemic human fungal pathogens that cause invasive fungal infections (Bongomin et
al., 2017). Unlike these environmental pathogenic fungi (Aspergillus fumigatus,
Cryptococcus neoformans, and Histoplasma capsulatum) that inadvertently cause
invasive infections through inhalation of spores or other mucus membrane or skin
contact with viable cells, Candida spp. naturally exist as a commensal of the human
microbiome. By occupying mucocutaneous surfaces of skin, genitourinary, and
gastrointestinal tracts, Candida spp. are the primary opportunistic human fungal
pathogen that could establish invasive infection if the host immune defense system is

attenuated (Kim, 2016).

Changes in the Epidemiology of Candidiasis

Candidiasis can include infections that appear as white spots in the mouth and
oropharynx (thrush) and other mild mucosal infections such as superficial, esophageal
and vulvovaginal candidiasis. In more chronic situations, if the mucosal membranes or
gastrointestinal barriers are disrupted by vascular catheters or abdominal surgery,

Candida can disseminate hematogenously, causing invasive candidiasis infections



(candidemia in the bloodstream) and colonize different organs, causing tissue
candidiasis (candida in a sterile site) in which end-organ abscesses may damage the
kidney, brain, heart, liver, spleen, bone, and joints. During candidemia, Candida may
disseminate again and lead to further metastatic infections as a result of secondary

candidemia (Kullberg & Arendrup, 2015).

Over the past few decades, the epidemiology of invasive candidiasis has
dramatically evolved and is associated with significant morbidity, mortality, and high
healthcare costs due to the expanding population of immunosuppressed and
hospitalized patients and advances in medical care practices (e.g., intensive care use,
chemotherapy, transplantation, and catheterization) (Lamoth et al., 2018). Among
various fungal pathogens, Candida spp. are still the leading cause of fungal nosocomial
(healthcare-associated) bloodstream infections worldwide (Chen et al., 2020; Li et al.,
2019; Méan et al., 2008; Singh & Wulansari, 2018) and the fourth leading cause of
these infections in USA hospitals (Rajendra, 2017), burdening both the healthcare

institutions and costs (Jahagirdar et al., 2018).

The mortality rate of candidemia was estimated as 40% (Rajendra, 2017), but it
can increase by as much as 20% if preemptive treatment is delayed more than 12 hours
after collecting the initially positive blood culture (Morrell et al., 2005). In fact, a
combination of several critical factors such as imprecise diagnosis, inappropriate
disease management, scarce expertise and tools in medical mycology, and general
condition of the patient can raise the mortality rate to an alarming level (Wickes &
Wiederhold, 2018). Mortality rates in particular regions can be much higher; for

instance, in South Africa (60%) and Brazil (72%) (Lamoth et al., 2018). The mortality



rate in critically ill patients or patients with candidemia-induced septic shock reached

up to 87-90% in the USA (Dimopoulos et al., 2008; Guzman et al., 2011).

Furthermore, a progressive shift from the most common cause species of
candidiasis (C. albicans) to non-albicans spp. has been noted in most medical centers
of the world (Lamoth et al., 2018). Among the 150 known Candida species, only 14
have caused infections in humans in addition to C. albicans. These species include C.
glabrata, C. tropicalis, C. parapsilosis, C. krusei, C. guilliermondii, C. lusitaniae, C.
dubliniensis, C. pelliculosa, C. kefyr, C. lipolytica, C. famata, C. inconspicua, C.
rugosa, and C. norvegensis (Rajendra, 2017). Some of these emerging species are
associated with pathogenic virulence and high mortality rate (Lamoth et al., 2018), in
which the most recent example was the newly discovered C. auris, which has caused
an unusually high death rate due to its multidrug resistance and rapidly expanding

global outbreaks (Wickes, 2020).

However, geographical location significantly determines the overall species
distribution. In North America and Europe, C. albicans had previously dominated as
causing the highest proportion of Candida infections, but C. glabrata has recently
become the predominant species. In other different parts of the world, C. albicans is
yet the most prevalent species, followed by non-albicans species such as C.
parapsilosis in South Europe, South America, and Africa, and C. fropicalis in Asia
(Lamoth et al., 2018). These epidemiologic changes in the species responsible for
invasive candidiasis necessitates public health efforts to understand the pathogenicity
of these commensal organisms and, more importantly, develop effective anti-Candida

therapies.



Candida albicans - SC5314 Pathogenicity as the Model Fungal Pathogen

Candida albicans - SC5314 is a clinical strain that was isolated for the first time
from a patient with disseminated candidiasis in 1984 (Gillum et al., 1984), and the first
pathogenic fungus that was sequenced completely in 2004 as a diploid organism with
2X 15.845 MB genome size distributed to 8 chromosomes (Chr1-7 and ChrR) (Jones

et al., 2004). The availability of a free online database (www.candidagenome.com) of

strain SC5314 provides access to genomic sequence data, functional context to genes
and proteins, and a set of bioinformatic analysis tools, enabling study of this reference
strain at the molecular level (Skrzypek et al., 2018). Despite the obligate diploid state
of the majority of commensal and clinical isolates, the highly natural heterozygosity,
chromosome translocations and polymorphism of the genome can lead to infrequently
discrete isolates in ploidy states, ranging from haploid to tetraploid and aneuploid
states. Also, this genomic plasticity drives the abilities of C. albicans to
transcriptionally regulate genes in order to adapt to diverse host niches, which is the

hallmark of C. albicans virulence factors and drug resistance (Rajendra, 2017).

C. albicans can asymptomatically exist in the human body (e.g., skin, oral
cavity, gastrointestinal, and urogenital tracts) and interacts naturally with nutritional
components, competitor microbiota, and the innate immune system. In case of
disruption of intact skin or mucosal membrane or deficiency in production of cell
surface pattern recognition receptors that are involved in recognition of Candida spp.
(STATI, Dectin-1, and CARD?9), C. albicans can establish more widespread infection
primarily by overexpressing adherent cell wall components (Hwpl and Als3),
facilitating adhesion to the host cell. After the adherence step, the germ tube starts to

grow from the yeast cell in order to form true hyphae, the most critical virulence factor



of C. albicans pathogenicity, which then penetrates epithelial cell lines. These epithelial
cells act as a physical barrier and as a first line of defense against invading filamentous
growth and can activate the immune system by producing cytokines and chemokines

for the recruitment of phagocytosis and antimicrobial secretions (Rajendra, 2017).

This essential step of the immune activation by epithelial cells explains how the
immune system can discriminate between commensal and pathogenic Candida states.
Additionally, it demonstrates that the filamentous, but not the yeast form, can activate
inflammation due to the presence of critical pathogen-associated molecular patterns
(PAMPs) present on hyphal cells, but absent on yeast cells, namely the mannan fibrils.
Besides the role of hyphal growth in the pathogenesis of C. albicans, other virulence
factors are significant, including secretion of hydrolytic enzymes, biofilm formation,
tolerance to host-imposed stress, and the presence of robust metabolic machinery (Hofs

etal., 2016).

Noteworthy, the pathogenic ability of this fungus to adhere, switch to
filamentous growth, and form biofilm is not only specialized for biotic surfaces, but
also for abiotic surfaces, which can lead to contamination of medical devices such as
endotracheal tubes, catheters, and pacemakers. As a consequence of this critical
characteristic, approximately half of the candidiasis in healthcare-associated infections

are caused by Candida-contaminated medical devices (Kojic & Darouiche, 2004).

Antifungal Agents and Emergence of Resistance

There are five groups of licensed antifungal agents as defined by their mode of
action. Group I: polyenes (amphotericin B) are the oldest fungicidal drug for treating

fungal infection and are produced by Streptomyces bacteria. The structure binds to



plasma membrane ergosterol, causing high permeability leading to fungal cell death. A
defect in the Candida ERG3 gene can lead to the accumulation of other sterols instead
of ergosterol, resulting in amphotericin B resistance. Another group of fungicidal drugs,
group II: echinocandins (caspofungin), are more recently introduced antifungal drugs
that inhibit B(1,3)-glucan synthase in the cell wall; however, a mutation in the FKS/
gene, which encodes the catalytic subunit of the B(1,3)-glucan synthase, results in
resistance to echinocandins. Group III: azoles (fluconazole) are widely fungistatic-used
drugs for treating candidiasis infections. These inhibit lanosterol 14 a-demethylase in
the ergosterol biosynthesis pathway which results in disrupting fungal cell membranes.
The hyperactivity of transcriptional activators, TACI and MRRI, which mediate the
expression of drug efflux pumps, decreases the intracellular accumulation of azoles,
leading to fluconazole resistance. Group IV: synthetic pyrimidines (5-fluorocytosine)
analogues affect fungal pyrimidine metabolism by inhibiting DNA synthesis and
disturb protein synthesis. The hypersynthesis of pyrimidines can decrease the
antifungal activity of 5-fluorocytosine, resulting in resistant strains. Group V:
allylamines (terbinafine) block squalene epoxidase activity in the ergosterol
biosynthesis pathway, but the upregulation of genes that encode membrane transport
proteins causes an ejection of terbinafine out of the cell (Bondaryk et al., 2013; Prasad

etal., 2019).

Despite the availability of antifungal therapy, the number of antifungal drug
classes is limited compared to antibacterial therapy, and the range of their targets is
narrow, mostly targeting cell wall formation and ergosterol biosynthesis. Additionally,
the ongoing resistance mechanisms, such as drug extrusion by active efflux, drug target

overexpression or alteration, and regulating tolerance toward the oxidative stress, along



with reports of clinical standard-antifungal drug failures, jeopardize the antifungal
therapy field (Alexander et al., 2013; Shor & Perlin, 2015). Therefore, the World Health
Organization and Centers for Disease Control and Prevention have placed drug-
resistant Candida spp. among the threat lists (World Health Organization Meeting

Report, 2020).

Answering the question “Is there an emerging need for new antifungals?”’, not
only did the author of an Expert Opinion on Emerging Drugs article epidemiologically
justify the urgent need, but the medical mycology community is also crying out for new
drugs (Perfect, 2016), emphasizing that the newest class of antifungals (echinocandins)
were discovered nearly 50 years ago (Aldholmi et al., 2019). Fortunately, the business
climate for pharmaceutical companies is now favoring antifungal design and
development. The Generating Antibiotic Incentives Now (GAIN) Act and the
American Food and Drug Administration (FDA) have placed the name of Candida on
their list of qualifying pathogens. Thus, any novel antifungal therapy directed against
this species will benefit from incentives, including priority review, eligibility for fast-

track description, and additional 7-year marketing exclusivity (Perfect, 2016).

Natural Products as Promising Sources of Antifungal Scaffolds

Bioactive compounds that are derived from a variety of organisms, including
bacteria, algae, fungi, plants, or even sponges, have been considered as rich sources for
antifungal drug discovery (Aldholmi et al., 2019). The most successful example in the
antifungal arena was the isolation of the natural product polyenes (amphotericin B)
from Streptomyces spp. of bacteria. Another example are the natural products,
echinocandins, first described from Aspergillus nidulans, and utilized clinically as the

semisynthetic caspofungin. These antifungal drugs are currently considered the optimal



drugs to treat fungal systemic infections in immunosuppressed patients because they
are the sole therapies with fungicidal capacity and broad spectrum of activity,
emphasizing the significance of studying the natural products as under-utilized sources

of antifungal medicines.

As a result of a long history of competitive interactions with fungi, plants have
evolutionarily evolved novel chemical skeletons with complexities and diversities that
are likely associated with anti-fungal bioactivities. These structures include
heterocyclic substituents, multiple chiral centers, and polycyclic frameworks (Di Santo,
2010; Vidyasagar, 2016). Flavonoids are one such class of plant-derived chemicals and
can act as antioxidants, pigments, and protective agents against ultraviolet light in
plants, These compounds are structurally diverse and have therapeutic properties

(Treml & Smejkal, 2016).

The Tennessee Center for Botanical Medicine Research (TCBMR) at Middle
Tennessee State University (MTSU) was established in 2011 to investigate botanical
chemicals that have medicinal properties. One main branch of ongoing projects in this
center was the diversity-oriented synthesis approach on the flavonoid subclass, aurones
(2-benzylidenebenzofuran-3-(2H)-ones) to generate various aurone analogues that have
since been studied for their utilities as anticancer (Alsaif, 2017), anti-inflammatory

(Park et al., 2017), and antifungal treatments (Sutton et al., 2017).

Aurones SH1009 and SH9051 demonstrated significant inhibitory activities as
anti-Candida agents among the other aurone derivatives. Therefore, the overall goal in
the current project was to further assess the antifungal activity and selectivity of
SH1009 and SH9051 and to study the modes of action in C. albicans. Although both

aurones inhibited the pathogenic C. albicans efficiently, they exhibited different
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selectivity indexes and an indifferent interaction, and in this study were shown to target
different metabolic pathways. Both aurones increased the intracellular oxidative stress
in C. albicans, and the functional groups in aurone SH1009 were shown to selectively
target the oxidative stress protectant pathway of trehalose biosynthesis. In contrast, the
activity of the functional group of aurone SH9051 deviated from affecting only
oxidative stress, and was shown to also target the sulfur amino acid biosynthesis

pathway.
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OBJECTIVES
MAIN OBJECTIVES
e To assess the inhibitory activity and the selectivity of aurone SH1009 and
SH9051 as potential antifungal agents.

e To characterize at the cellular and molecular levels the modes of actions of

aurones SH1009 and SH9051 in Candida albicans.

SPECIFIC OBJECTIVES

e To assess the antifungal activity of aurone SH1009 against different Candida
spp. and resistant isolates using antifungal susceptibility testing.

e To characterize the cellular mode of action of aurone SH1009 using chemical
genetic interactions in Saccharomyces cerevisiae.

o To identify the enrichment terms of the responsively sensitive and
resistant mutants to aurone SH1009 using the haploinsufficiency (HIP)
and homozygous (HOP) assays.

o To validate the HIP-HOP profiles using growth curve assays for the top
sensitive and resistant mutants with comparison to wild type S.
cerevisiae-288C as a reference.

¢ To investigate the impact of aurone SH1009 on the cell cycle progression in C.
albicans using flow cytometry.

e To visualize the distributed effects of SH1009 on actin cytoskeleton dynamics
in C. albicans using confocal microscopy.

e To quantitate the expression of cell cycle and actin organization genes in

SH1009-treated C. albicans using RT-qPCR.
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To detect the degree of antifungal synergistic interaction on C. albicans between
aurones SH1009 and SH9051 using checkerboard microdilution method.

To determine the selectivity indexes of aurone SH1009 and SH9051 using
cytotoxicity assays on three different human cell lines.

To interpret the molecular basis behind the different selectivity indexes of
aurone SH1009 and SH9051 in C. albicans using RNA sequencing.

o To identify the transcriptomic changes in the most repressed molecular
pathways in SH1009- and SH9051-treated C. albicans.

o To reveal the commonly and uniquely enriched-biological processes
between the aurone SH1009- and SH9051-treated C. albicans using
cross-transcriptomic profiles analysis.

To validate the molecular targets that play the key role in resisting the aurone
treatment in C. albicans using reverse-genetics approach.
To evidence the molecular effects of the structure-activity relationship using

quantitative biochemical tests.
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CHAPTER

CHEMOGENOMIC PROFILING TO UNDERSTAND THE ANTIFUNGAL

ACTION OF A BIOACTIVE AURONE COMPOUND

Alqahtani FM, Arivett BA, Taylor ZE, Handy ST, Farone AL, Farone MB (2019)
Chemogenomic profiling to understand the antifungal action of a bioactive aurone

compound. PLoS ONE 14(12): ¢0226068.

ABSTRACT

Every year, more than 250,000 invasive candidiasis infections are reported with
50,000 deaths worldwide. The, limited number of antifungal agents necessitates the
need for alternative antifungals with potential novel targets. The 2-
benzylidenebenzofuran-3-(2H)-ones have become an attractive scaffold for antifungal
drug design. This study aimed to determine the antifungal activity of a synthetic aurone
compound and characterize its mode of action. Using the broth microdilution method,
aurone SH1009 exhibited inhibition against C. albicans, including resistant isolates, as
well as C. glabrata, and C. tropicalis with ICso values of 4-29 uM. Cytotoxicity assays
using THP-1, HepG2, and A549 human cell lines showed selective toxicity toward
fungal cells. The mode of action was characterized using chemical-genetic interaction
via haploinsufficiency (HIP) and homozygous (HOP) profiling of a uniquely barcoded
Saccharomyces cerevisiae mutant collection. Approximately 5300 mutants were
competitively treated with SH1009 followed by DNA extraction, amplification of
unique barcodes, and quantification of each mutant using multiplexed next-generation
sequencing. Barcode post-sequencing analysis revealed 238 sensitive and resistant

mutants that significantly (FDR P values < 0.05) responded to aurone SH1009. The
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enrichment analysis of KEGG pathways and gene ontology demonstrated the cell cycle
pathway as the most significantly enriched pathway along with DNA replication, cell
division, actin cytoskeleton organization, and endocytosis. Phenotypic studies of these
significantly enriched responses were validated in C. albicans. Flow cytometric
analysis of SH1009-treated C. albicans revealed a significant accumulation of cells in
G1 phase, indicating cell cycle arrest. Fluorescence microscopy detected abnormally
interrupted actin dynamics, resulting in enlarged, unbudded cells. RT-qPCR confirmed
the effects of SH1009 in differentially expressed cell cycle, actin polymerization, and
signal transduction genes. These findings indicate the target of SH1009 as a cell cycle-
dependent organization of the actin cytoskeleton, suggesting a novel mode of action of

the aurone compound as an antifungal inhibitor.

INTRODUCTION

Life-threatening fungal infections have been increasing due to the difficulties
with diagnosis and treatment that accelerate mortality rates associated with fungal
infections, which now exceed deaths caused by malaria (Brown et al., 2012). Candida
albicans is the most frequently isolated opportunistic fungal pathogen and is implicated
in superficial mucosal infections, or candidiasis of the oral cavity and genitalia of
humans, particularly in immunocompromised patients (Sardi et al., 2013). In healthy
individuals, Candida spp. are a commensals of the mucosal surfaces of genitalia, oral
cavity, and gastrointestinal tract. However, with the introduction of antibacterial
antibiotics as medical therapy in the 1940s, a gradual increase in the number of invasive
candidiasis cases has been reported due to antibiotic-associated loss of the bacterial
biota and subsequent colonization of Candida spp. on epithelial surfaces, a requirement

for pathogenesis (Rajendra, 2017). Several risk factors contribute to the pathogenesis
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of invasive candidiasis, including organ transplantation, prolonged hospitalization in
an intensive care unit, catheterization, and intensive utilization of antibiotics and
immunosuppressive agents. These factors could lead Candida spp. to colonize mucosal
surfaces, resulting in superficial infections. The fungus can also advance to candidemia,
or invasion of the bloodstream, and from there disseminate to different organs. Certain
virulence factors are attributed to the pathogenicity of Candida spp., including
adherence to epithelial surfaces, dimorphic growth, biofilm formation, and production

of tissue-damaging enzymes (Kullberg & Arendrup, 2015; Liken & Kaufman, 2018).

For treating candidiasis, there are five groups of antifungal agents as defined by
their mode of action and for which mechanisms of resistance have been described.
Group I: polyenes (amphotericin B) binds to ergosterol in the cell membrane and form
pores in it while Group II: echinocandins (caspofungin) inhibit B(1,3)-glucan synthase
in the cell wall. Group III: azoles (fluconazole) inhibit lanosterol 14 a-demethylase in
the ergosterol biosynthesis pathway. Group IV: synthetic pyrimidines (5-
fluorocytosine) inhibit DNA synthesis and disturb protein synthesis, and Group V:
allylamines (terbinafine) inhibit squalene epoxidase in the ergosterol biosynthesis
pathway (Bondaryk et al., 2013). Resistance mechanisms have been described as
cellular determinants that lead to drug extrusion by active efflux, altered drug targets,
or drug target overexpression. However, novel drug resistance mechanisms have been
recently reported as robust responses that enhance antifungal tolerance by pathways

such as regulation of the oxidative or thermal stress responses (Prasad et al., 2019).

Even with treatment by commercially-available antifungal agents, the mortality
rate from disseminated candidiasis has surged to ~40-60%, representing a 20-fold

increase compared to only two decades ago (Rajendra, 2017). Every year, more than
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250,000 invasive candidiasis infections are reported with 50,000 deaths worldwide
(Kullberg & Arendrup, 2015). Furthermore, in the USA alone, the cost of combating
candidiasis was estimated to be $2-4 billion annually in the year 2000 (Wilson Leslie
etal., 2002). Candidiasis has recently been reported as the third-to-fourth most frequent
healthcare-acquired infection globally (Wisplinghoff et al., 2014). Although the
majority of candidiasis cases in humans are attributed to C. albicans, other Candida
species have not only emerged as causative agents of candidiasis but have also
developed resistance to antifungal drugs. These species most often include C. glabrata,
C. tropicalis, C. parapsilosis, and C. krusei (Rajendra, 2017). The expanding
immunosuppressed population, the limited number of fundamental antifungal agents
along with their resistances and toxicity issues, and the emergence of non-albicans
pathogenic strains all necessitate the need to seek alternative antifungal agents with

potential novel targets.

To achieve this goal of seeking alternative antifungals, the exploitation of
natural products, particularly those derived from plants, appears to be a promising
source for antifungal compound development (Aqil et al., 2010). Because plants have
their own fungal pathogens, these interactions between plants and fungi have resulted
in the origination of diverse chemical entities within the plants intended to enhance not
only their protection from fungal pathogens, but their survival and competitiveness as
well (Mishra & Tiwari, 2011). One of the most promising classes of natural products
are the secondary metabolites, aurones, which are ubiquitously present in plants.
Aurones, or 2-benzylidenebenzofuran-3-(2H)-ones, are structural isomers of flavonoids
that naturally occur as yellow-color pigments in plants (Boumendjel, 2003; Kayser et

al., 1999; Morimoto et al., 2007). In addition to their roles in pigmentation, aurones
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possess a variety of protective roles in the plant, including insect antifeedant (Morimoto
et al., 2007), antiparasitic (Kayser et al., 1999), and antifungal activities (Bandgar et
al., 2010; Lawrence et al., 2003). Moreover, activities of aurones as anticancer (Huang
et al., 2007; Lawrence et al., 2003), antiparasitic (Kayser et al., 1999), antileishmanial
(Ferreira et al., 2004; Pare et al., 1991), and antifungal agents have been reported
(Lopez-Lazaro et al., 2002). Since the bioactive properties and therapeutic prospective
of natural and synthetic aurones are promising, these bioactive compounds can be

considered as an attractive scaffold for antifungal drug design and development.

We have previously reported the synthesis and anti-Candida activities of non-
natural aurone derivatives containing different functional groups, including aurone
SH1009 (Fig. 1), which exhibited significant inhibition of C. albicans when compared
to the other derivatives (Sutton et al., 2017). The reported disruption of biofilm
formation by aurone SH1009 emphasizes the importance of understanding the SH1009
mode of action. In the present study, the antifungal activity of aurone SH1009 was
determined against different standard and clinical Candida spp., including resistant
isolates, applying a modified synthetic strategy based on an acid-mediated
condensation between the appropriate benzofuranone and aldehyde. The mode of
antifungal action of aurone SH1009 was characterized using chemogenomic approach

in Saccharomyces cerevisiae mutant collections and validated in C. albicans SC5314.
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Figure 1: Chemical structure of aurone SH1009.
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MATERIALS AND METHODS

Materials and Reagents

Candida strains (listed in Appendix A) were provided by the Dr. P. David Rogers lab
of the University of Tennessee Health Science Center, Memphis, TN. Human cell lines;
THP-1 (ATCC, TIB-202), HepG2 (ATCC, HB-8065), and A549 (ATCC, CCL-185)
were purchased from the American Type Culture Collection (Manassas, VA, USA).
Dulbecco’s Modified Eagle’s Medium, Trypsin-EDTA Solution 1X, Fetal bovine serum
(FBS), 100X penicillin/streptomycin solution, Amphotericin B, caspofungin,
fluconazole, itraconazole, 5-fluorocytosine, YPD agar and broth, cytochalasin D, 3-(N-
morpholino) propanesulfonic acid (MOPS) buffer, and methyl methanesulfonate
(MMS) were all purchased form Sigma-Aldrich (St. Louis, MO, USA). RPMI-1640
medium was purchased from Corning Incorporated (Coring, NY, USA). Geneticin
selective antibiotic (G-148 sulfate), phosphate buffered saline (PBS), rhodamine
phalloidin, propidium iodide, PrestoBlue, and RNaseA enzyme were purchased from
Life Technologies Corporation (Carlsbad, CA, USA). 4% Paraformaldehyde was
purchased from Alfa Aesar (Ward Hill, MA, USA) and zymolase 20T was purchased
from MP Biomedicals, LLC (Solon, OH, USA). The yeast deletion collections (~1,056
heterozygous mutants and ~4,320 homozygous mutants) were purchased from GE
Healthcare Life Sciences (Pittsburg, PA, USA) and ThermoFisher Scientific (Waltham,

MA, USA), respectively.

Antifungal Susceptibility Testing
Preparation of stock solutions. Aurone SH1009 was synthesized as described in
supporting information (Appendix B). The powder of SH1009 was dissolved in

dimethyl sulfoxide (DMSO) to a high concentration of 20 mM. Two-fold serial
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dilutions were prepared at concentrations from 200 to 3.125 pM using RPMI-1640
medium that was buffered previously to pH 7.0 with MOPS and sterilized by filtration.
Using 96-wells microtiter plates, 100 uL of each SH1009 concentration was added to
respective wells with four replicates for each concentration. Amphotericin B and
caspofungin were used as positive controls to ensure 100% growth inhibition of the
yeast at concentrations of 16 pg/mL and 8 pg/mL, respectively. In addition,
fluconazole, itraconasole, and 5-fluorocytosine were prepared following manufacturer
instructions, serially diluted twofold according to CLSI protocol concentrations
(Institute, 2008), and used as a reference for some of the strains to confirm their

resistance profiles.

Preparation of inocula. Strains for this study (Appendix A) were cultured on YPD
agar and incubated at 35°C for 24 h. The inoculum suspensions for each strain was
prepared according to the CLSI broth microdilution protocol (M27-A3) (CLSI, 2017)
(Institute, 2008). The suspension of 5-6 colonies was vortexed in approximately 4 mL
of sterile saline solution (0.85% NaCl) and adjusted spectrophotometrically to optical
densities at a 530 nm wavelength (ODs30) that ranged from 0.12 to 0.15. The inocula
were then diluted 1:1000 in RPMI 1640 medium resulting in 1x10° to 5x10° CFU/mL
working concentration. Volumes of 100 pL of each inoculum for each strain were
added to the wells of its respective plate. For each isolate, there were drug-free wells
and media-control wells with and without 1% DMSO to detect any contamination in
the media and for use as an optical blank for optical density and fluorescence

measurements.
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Inhibition assay. After 48 h of incubation at 35°C, 20 pL of PrestoBlue reagent were
added to each microtiter well to a final concentration of 10% after which plates were
incubated at 35°C for an additional 60-70 min (Sutton et al., 2017). The minimum
inhibitory concentrations (MICs) were defined as the concentration of aurone 1009 that
reduced the growth by 90%. The MIC value was determined quantitatively by
measuring the fluorescence that results from reducing blue-nonfluorescent resazurin, to
red-fluorescent resorufin as a result of metabolic activity of the active cells at 560 nm
excitation and 590 nm emission with a SpectraMax M5e spectrophotometer (Molecular
Devices, LLC, US). The percentages of yeast growth were calculated by comparing the
fluorescent readings of the drug-containing wells with that of the drug-free wells to
calculate MICoo. The assay for each strain was performed in duplicate. The ICso values

were calculated using GraphPad Prism (GraphPad Software, US).

Cell viability assay. Using 24-well plates, C. albicans SC5314 cells were cultured and
treated with 200 pM SH1009 in 2 mL of RPMI 1640 medium as described above. After
incubation at 35°C for 48 h, 1 mL of SH1009-treated cells, untreated cells, and
previously prepared isopropanol-killed cells were washed with PBS. The samples were
then diluted to approximately 1 x 10° cells/mL in PBS and stained according the
live/dead Fungalight Yeast Viability Kit protocol (ThermoFisher, Waltham, MA,
USA). Stained cells were investigated for their viability using flow cytometry (Guava
Millipore, Burlington, MA, USA) with Guava InCyte Software. To distinguish between
live and dead cells in a dot plot, gating the yeast population was determined based on

red and green fluorescence levels of isopropanol-killed cells.

Growth rate assay. In 100-well Bioscreen honeycomb plates, C. albicans M1:SC5314

cells were cultured and treated with aurone SH1009 (3.125-200 uM) in RPMI 1640
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medium as described above. Plates were loaded into the Bioscreen C instrument with
Bioscreen software (Growth Curves USA, Piscataway, NJ, USA) at a temperature of
35°C with continuous shaking and 30 min interval measurements at an ODs3o for 40 h.
Growth curves were used to compare growth of untreated-C. albicans cells with
SH1009-treated cells at different aurone concentrations. Validation of cellular
sensitivity and resistance responses of S. cerevisiae mutants to SH1009 were also
performed with the Bioscreen C instrument as the same manner for C. albicans except

the media was YPD broth and incubation was at 30°C.

Time-Kkill assay. A previously described and evaluated antifungal time-kill method was
utilized to evaluate the fungicidal activity of aurone SH1009 (Klepser et al., 1998). An
initial inoculum of C. albicans SC5314 ranging from 0.5 — 1.0 x10° CFU/mL was
treated with 5fold the ICso concentration of SH1009 (500 uM). Fluconazole (16 pg/mL)
was used as fungistatic control, and Amphotericin B (8 ng/mL) was used as fungicidal
control. After incubation at 35°C, 10 puL of each treatment was spread onto YPD agar
after 0, 6, 12, 24, and 30 h of treatment and plates were incubated at 35°C for 24 h to
determine viable cell numbers. The fungicidal activity was determined as > 3 — logio
which is equivalent to 99.9% reduction in CFU/mL from the working concentration

0.25 -0.5x10° CFU/mL.

Cytotoxicity assay

The A549 human lung carcinoma epithelial cell line and human monocytic THP-1 cell
line were grown in RPMI-1640 culture medium, while HepG2 human liver carcinoma
epithelial cells were grown in DMEM culture medium. Both media were supplemented

with 10% FBS and 1% penicillin-streptomycin antibiotics. After maintaining the cell
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growth at 37 C with 5% COz in a humidified incubator until reaching 90% confluency,
the A549 and HepG2 cells were trypsinized with 1X trypsin-EDTA and resuspended in
fresh medium. The cells were seeded into 96-well microtiter plates at a density of
10,000 viable cells/well and grown overnight, while the suspension THP-1 cells were
seeded directly into 96-well microtiter plates at the same density before treatment. The
final concentrations of aurone SH1009 were prepared in two-fold serial dilutions (3.125
uM- 200 uM) as described above for the antifungal susceptibility assay. The media
containing A549 or HepG2 cells were then replaced after overnight incubation by
200uL of fresh culture media containing the final concentrations of SH1009. The cells
were then incubated for additional 24h at 37 C with 5% CO; in a humidified incubator.
To evaluate cell viability, each well was treated with 20 pL of PrestoBlue for 3—6h.
Metabolically active cells converted the blue non-fluorescent dye resazurin to the pink
fluorescent dye resorufin, which can be measured by plate reader as described above in
antifungal inhibition assay. Triton X-100 (1%, v/v) was used as a positive control to
give a complete loss of cell viability. Percentages of cell viability were calculated as
follows: [(negative control value—treated value) x 100]/negative control value. The
assay for each cell line was performed in triplicate. The CC50 values were calculated

using GraphPad Prism (GraphPad Software, USA).

Chemogenomics Profiling in Saccharomyces cerevisiae

Combination of individual mutants into a single pool. The yeast deletion collections
were obtained as individual mutants in 96-well plates that had been stored at —80°C.
Both the HIP deletion pool and HOP deletion pool were created separately as
previously described (Pierce et al., 2007; Piotrowski et al., 2015). The 96-well plates

of mutant stocks were thawed completely, after which a 96-well transfer pin was used
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to transfer a small volume of mutants to a Nunc Omni Tray containing YPD agar with
geneticin antibiotic. Between transfers, the 96-well transfer pin was sterilized with
ethanol and flamed three times. After growing the cells for 48 h at 30°C, the missing
and slow growing mutants were recorded and two times the cell mass of these mutants
were added separately. Working in a sterile hood, each tray was flooded with ~10 mL
of YPD broth and all formed colonies were gently scraped by sterile cell spreader. The
resuspended colonies were transferred into a sterile 1000 mL flask with a sterile stir
bar. The suspension was mixed for 5 min on a stir plate to obtain an homogenized pool.
The concentration of the freshly prepared pool was adjusted to 125-250 cells/mutant/uL.
by centrifugation at 500 x g. Once the concentration was adjusted, sterile glycerol was
added to 15% (vol/vol) and 200 pL aliquots of the pool were stored in PCR strip tubes

at —80°C.

Pooled competition with aurone SH1009. Before exposing the pooled deletion
mutants to SH1009, the inhibitory concentration for roughly 20% of the S. cerevisiae
S288C wild type parent strain of these mutants was determined (500 pM) as previously
described (Piotrowski et al., 2015). Using 96-well plates, 8 wells were filled with 198
pL of SH1009 diluted in YPD broth at concentration 500 pM with no more than 1% of
DMSO. For the positive control, 8 wells were filled with 198 uL of MMS diluted in
YPD broth at concentration 0.01 pg/mL. For the negative control, 8 wells were filled
with 198 uL of YPD broth with 1% DMSO only. Two aliquots that were prepared from
the previous step of the HOP deletion pool (~4,320 mutants), representing nonessential
genes, and HIP deletion pool (~1,056 mutants), representing essential genes, were
thawed completely. A 2 pL volume at a concertation of 125-250 cells/mutant/pL of the

non-essential deletion pool were added to every 12 wells containing SH1009, MMS,
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and 1% DMSO. In the same manner, 2 uL of the essential deletion pool at a concertation
of 125-250 cells/mutant/uL were added to every remaining 12 wells of SH1009, MMS,
and 1% DMSO. After a 48h incubation at 30°C, cells from each well were harvested
independently by pipetting up and down and centrifuging at ~20,000 x g for 3 min. The

supernatant was removed and the pellet was processed for genomic DNA extraction.

Construction of the DNA library. Pellets of 24 samples were resuspended
individually in 125 pL of Zymolyase solution and incubated for 1 h at 37°C. The DNA
was extracted from all 24 samples according to Maxwell 16 LEV Plant DNA Kit
manual (Promega Corporation, Madison, WI, USA). To amplify the UPTAG unique 20
bp DNA barcodes as previously described (Piotrowski et al., 2015), 24 PCR reactions
were prepared independently, such that there was one PCR reaction for each sample in
a total volume of 25 pL as follows: 21.5 pL of Taq mix, 0.5 pL of reverse common
primer at 0.5 pM, 0.5 pL of indexed primer at 0.5 pM (for each sample, a distinct
indexed primer was used (Appendix C), and 2.5 pL of genomic DNA at ~ 100 ng. PCR
conditions were as follows: 5 min at 95°C for an initial denaturation, followed by 30
cycles of 1 min at 95°C, 30 s at 55 °C, 45 s at 68°C, then, 10 min at 68°C for a final
extension. After PCR reactions, 25 pL of all PCR products were pooled together from
individual PCR tubes into one tube library. This library was purified by separation on
a 2% TAE agarose gel for 50 min at 120V. The desired band (267 bp) containing the
amplified UPTAG DNA barcodes was cut and purified from the gel using a QIAGEN
Quick Gel Extraction Kit (QIAGEN, Germantown, MD, USA). The library was diluted
to 1:5,000, 1:10,000, and 1:20,000 and quantified with the KAPA Library
Quantification Kit (KAPA Biosystems, Wilmington, MA, USA) and Bio-Rad CFX96

real-time PCR system (Hercules, CA, USA). After quantifying the correct
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concentration of the library, the library was prepared as a DNA template at the final
concentration 15 nM with a 5% Spike-In of PhiX control according to the MiSeq
System Denature and Dilute Library Guide (Illumina, San Diego, CA, USA). The
[llumina MiSeq sequencer was used to run the DNA template for 1 x 50 cycles to yield

a cluster density of 700-900 k/mm?.

Post-sequencing data analysis. The [llumina sequencer generated a Fastq file that was
converted to Fasta file using a converter tool due to the ease of manipulating the Fasta
file. In order to process and analyze sequence reads, Perl scripts were created (Tisdall,
2001). Two raw-count files for HIP-HOP profiles were imported into excel sheet
(Microsoft Corporation, US) to normalize the absolute counts and calculate fitness
scores, Z-scores, P-values, and FDR values following calculations previously reported
(Pierce et al., 2007). The raw sequence reads were deposited in Sequence Read Archive
(SRA) under project number PRINA491750. Enrichment analysis of KEGG pathway
and gene ontology (GO) analysis was conducted using hypergeometric testing through
ClueGo software to find the significantly enriched KEGG/GO terms using GO
categories in the Saccharomyces cerevisiae-S288C as a background. To visualize the
interactive annotation network between significant genes, ClueGO and CluePedia apps
(Bindea et al., 2013; Bindea et al., 2009) along with Cytoscape (Cytoscape Consortium,

US) were used.

Flow cytometry

C. albicans SC5314 cells were grown at 30°C until reaching exponential phase, diluted
to ~1.2-3x10° CFU/mL, and treated with SH1009 at the ICso concentration followed by
incubation for an additional 3 h. After harvesting by centrifugation, supernatants were

discarded and pellets were washed with PBS and then fixed with cold 70% ethanol at -
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20°C for 2 h. Fixed cells were washed in PBS and resuspended in 500 uL of PBS
containing 20 pg/mL RNase and incubated at 37°C for 2 h. 200 pL of PBS containing
20 pg/mL propidium iodide (PI) were added to the treated cells. Using the Millipore
Guava flow cytometer, 5000 events were counted, and the fluorescent intensity of PI
measured. After acquiring the data using Guava PCA-96 software, the data was gated
to exclude debris or aggregates. Experiments were performed in triplicate using
cytochalasin D, which has been reported to arrest the cell cycle (Heng & Koh, 2010),

as a positive control.

Confocal microscopy

C. albicans SC5314 cells were grown at 35°C until reaching exponential phase, then
diluted to ~ 1.2-3x10° CFU/mL. Aurone SH1009 was added at the ICso concentration
and cells were incubated for 3 h. Cells were fixed by addition of 4% paraformaldehyde
and subsequently incubated for 2 h at room temperature. After pelleting and washing
the cells with PBS, cells were incubated with 1% Triton-X100 for 1 h at room
temperature. Rhodamine Phalloidin (RP) was added to the cells followed by incubation
in the dark at 4°C for 1 h. After two PBS washes, cells were imaged using confocal
microscopy (Zeiss, Thornwood, NJ, USA) at 60x magnification. Cells was assessed for
actin distribution by considering that the actin is depolarized if more than five patches
were observed in the mother cell (Helliwell et al., 1998). Approximately 100 cells were
counted per experiment in triplicate experiments. The S. cerevisiae CDC42A mutant

was used as a positive control.

RT-qPCR
After growing C. albicans SC5314 cells at 30°C in YPD broth until reaching

exponential phase, the culture was treated with aurone SH1009 at the ICso concentration
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followed by incubation for additional 1.5, 3, and 6 h. After harvesting the cells by
centrifugation, the RNA was extracted according to the instructions of the Maxwell 16
LEV Plant RNA Kit. Total RNA from treated and untreated samples were normalized
to 1 ug. cDNA was constructed by following the manufacturer protocol of SuperScript
IV First-Strand Synthesis System kit (ThermoFisher, Waltham, MA, USA) using 10 ng
of RNA. The RT-qPCR was preformed using 2x iQ SYBR green supermix (Bio-Rad,
Hercules, CA, USA) under the recommended cycle conditions. All reactions were
performed in triplicate using listed primer pairs (Appendix D). Transcript levels were
normalized to the expression level of the housekeeping gene GAPDH and compared to
the untreated sample using AACt method (Schmittgen & Livak, 2008).

RESULTS

Aurone SH1009 is inhibitory for Candida spp.

To assess the antifungal activity of aurone SH1009 against Candida strains
(listed in Appendix A), antifungal susceptibility testing was performed using the
Clinical Laboratory Standards Institute (CLSI) broth microdilution protocol (M27-A3)
(Institute, 2008). SH1009 exhibited promising antifungal activity against all Candida
spp. tested (Table 1). C. albicans strains M2, M3, M5, and M7 are all fluconazole
resistant and, as such, represent a serious risk for patients since fluconazole is the
principle antifungal drug for treating candidiasis (Sardi et al., 2013). In this study,
fluconazole had no inhibitory activity on these isolates even at high concentrations
(MIC > 64 ng/mL), while the ICso of aurone SH1009 is considerably lower [11, 12, 4,
and 8 uM) for C. albicans M2, M3, M5, and M7 strains, respectively. Similarly, another
aggressive, multi-drug resistant isolate, C. albicans ATCC 64124, exhibited resistance
to a high concentrations of amphotericin B (16 pug/mL), caspofungin (4 pg/mL), and

fluconazole (64 pg/mL), although 5-fluorocytosine was inhibitory (MIC < 1 pg/mL).
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This strain was also sensitive to SH1009 (ICso = 21 pM). Although C. albicans is
recovered from at least 50% of candidiasis cases, C. glabrata has recently emerged as
responsible for approximately 25% of cases in the last two decades, and tends to infect
elderly populations (Pfaller & Diekema, 2007). Exposure of C. glabrata to SH1009
resulted in inhibition with a low concentration of aurone (ICso < 3.125 uM), suggesting
it could be a successful treatment, especially since the development of C. glabrata
resistance to caspofungin and lower susceptibility to fluconazole have been reported
(Silva et al., 2012). C. tropicalis, a causative agent in 10-20% of candidiasis cases in
the USA and 35-40% of cases in tropical regions, was also susceptible to SH1009
(Rajendra, 2017). Because aurone SH1009 is not affected by the resistance mechanisms
of these isolates with known resistances to antifungals, the compound presents new

possibilities for further exploration as a potential antifungal agent.

Table 1: The ICs (inhibitory concentration that causes 50% inhibition) and MICoqgy (minimal
inhibitory concentration that causes 90% inhibition) of aurone SH1009 for different Candida

Spp.

Strains ICso(nuM) MICooe,(nM)

C. albicans ATCC 90028 11+0.345 18.75+6.25*



C. albicans ATCC 90029 13+1.125 25+0

C. albicans M1: SC5314 16+2.4 254+9.375
C. albicans M2: ScTACIR34A a 11+0.725 18.75+6.25
C. albicans M3: SCMRR1R34A a 12+0.14 2540

C. albicans M4: Gu2 11+0.13 12+0

C. albicans M5: GuS a 4+1.159 9.375+3.125
C. albicans M6: F1 10+0.54 12+1.3

C. albicans M7: F5 a 8+0.676 12.5+0

C. albicans ATCC 64124 b 21+7.125 50+0

C. glabrata ATCC 66032 <3.125+0 <3.125+0
C. tropicalis ATCC 750 29+25.7 62.5+£37.5

a Resistant to fluconazole.
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b Resistant to amphotericin B, caspofungin, and fluconazole except 5-fluorocytosine at high concentration.
*MeantSEM.

Although SH1009 was inhibitory, the aurone was not fungicidal even at the
highest concentration of aurone tested (200 uM), as indicated by colony growth on solid

media. Therefore, a more sensitive cell viability assay, compatible with yeast cells, was
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required to more precisely measure viable cell number after treatment. Along with flow
cytometry, the live/dead Fungalight Yeast Viability Kit was used to quantitate viability
after SH1009 treatment. After 48 h of treatment with a high SH1009 concentration (200
uM), C. albicans SC5314 strain (Fig. 2A) revealed two divided subpopulations after
gating for the stained cells in the dot plot graphs. When compared to isopropanol-
treated cells (Fig. 2B), a significant fraction (Fig. 2D) of SH1009-treated cells clustered
in the upper-left quadrant, indicating the bioactivity of SH1009 in eliminating
C. albicans SC5314 growth. In contrast, the viable cells in the SH1009-treated sample
(Fig. 2A) were reduced by approximately half compared to the untreated-cells sample

(Fig. 2C).
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Figure 2: Cell viability assay of aurone SH1009-treated C. albicans. C. albicans
SC5314 cell suspensions were stained with SYTO® 9 dye (green fluorescence) and
Propidium Iodide (red fluorescence) and analyzed using the Millipore Guava flow
cytometer and InCyte software system. For each dot plot A) 200 uM aurone SH1009-
treated cells, B) isopropanol-killed cells, and C) untreated cells, the upper-left quadrants
show the count of dead cells and the upper-right quadrants show the count of live cells.

D) Significance was calculated using two-way ANOVA to compare the cell viability
of two population groups (live and dead) between untreated and SH1009-treated cells.
P values (**** P <0.0001), (**P <0.01), (n=3+SD).
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Growth of SH1009-treated C. albicans SC5314 was monitored at 30-min
intervals over a 46 h incubation using dilutions of the aurone. A representative set of
growth curves of C. albicans SC5314 is given in Fig. 3A. The curves indicate that there
is no regrowth of C. albicans SC5314 in the presence of SH1009 above 12.5 uM.
Additionally, inhibition of C. albicans SC5314 by SH1009 is highly dose dependent.
The potency of any bioactive-compound is usually measured by the concentration of
compound that inhibits 50% (ICso) of a fixed-pathogenic inoculum in a dose—response
assay in vitro. However, dose—response curve slope is another clinically independent
criterion that can be used as an indicator of the expected therapeutic effectiveness
(Webb et al., 2015). Typically, a dose—response curve with a particularly steep slope
(Hill coefficient >1) indicates that a small increase in concentration of a drug above the
ICso causes extraordinarily high-level inhibition. SH1009 exhibited a steeper dose-
response [Cso curve in inhibition of C. albicans SC5314 as is indicated by the higher
slope factor (~2.241) (Fig. 3B). The steep slope of the ICso curve reflects the growth
curve results for treated cells, in that there is significant loss of viability with aurone
concentrations above the ICso concentration of 16.28 uM. This predicts a possible
therapeutic potency for SH1009 with a selective 50% inhibitory concentration required

to inhibit C. albicans SC5314 cells (0.5-2.5x103 CFU/mL).

A time-kill assay was employed to investigate the killing kinetics of aurone
SH1009 against C. albicans SC5314 along with fluconazole and amphotericin B
treatments (Fig. 3C). As expected, amphotericin B affected the growth curve at 8
pg/mL after 2 h, regardless of the initial inoculum of C. albicans SC5314 cells (0.5 -
0.25x10° CFU/mL), demonstrating fungicidal activity. Treatment with SH1009 at a

concentration of 5fold the ICso (500 uM) reduced the growth of the yeast similarly to
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fluconazole (16 pg/mL) with no significant differences until 12 h of incubation,
indicating fungistatic activity. Given the initial inoculum, the SH1009 treatment
yielded an approximate > 3 logio decrease in CFU/mL after each time point of treatment
compared with untreated culture, exhibiting a significant reduction (P value <0.0001)
in the colony count. This reduction in the CFU/mL resulted in no appreciably
significant increase in growth rate after SH1009 treatment over 24 h, whereas the
untreated culture recorded > 4.4 logio significant increase in the CFU/mL between 0
and 24 h. These results indicate a fungistatic activity which might be less desirable for
immunosuppressed patients to remedy opportunistic infections. Consequently, we

measured the cytotoxicity of SH1009 for three different human cell lines.

Toxicity assays to determine the cytotoxic concentration of aurone that reduced
cell viability by 50% (CCso) were carried out based on the reduction of resazurin to
resorufin by metabolically active cells as a sensitive method for detecting viable cells
[26]. The CC50 values for THP-1, HepG2, A549 cells after 24 h treatment with two-
fold serial dilutions of SH1009 (3.125-200 uM) were 140, 168, and >200 pM,
respectively (Table 2). Selectivity index (SI) values were calculated to correlate the
antifungal activity of aurone SH1009 against C. albicans SC5314 cells (ICso = 16.28
puM) with the CCso concentration for the human cell lines. The CCso/ ICsp ratio was an
~8.6->12-fold difference in the concentrations that resulted in 50% loss of cell viability,
suggesting a selectivity of SH1009 for the pathogenic yeast cells over human cells.
Treatment of C. albicans SC5314 cells with SH1009 at 25 uM resulted in a significant
reduction (P < 0.001) in cell viability when compared to the untreated control group,
while treatment of human cell lines with the same concentration resulted in no

appreciably significant reduction with 70% cell viability for THP-1 cells and 100%
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viability for both HepG2 and A549 cells. With increasing SH1009 concentrations, the
cell viability of C. albicans SC5314 was reduced significantly (P < 0.01), compared to
the cell viability of human cells (Fig 3D). These results indicate that aurone SH1009
has a selective toxicity for C. albicans cells. To assist with assessing the therapeutic
potential of aurone SH1009 as an antifungal, we next sought to determine the

bioactivity of the compound by defining its mode of toxicity.

Table 2: The CCs (cytotoxicity concentration of aurone SH1009 that causes 50% cell
viability loss) + the SEM and the selectivity index (SI) as a ratio between the CCso for
the mammalian cells divided by the ICso against C. albicans SC5314.

Human cell line CCso(nM) SI
THP-1 (ATCC, TIB-202) 140+4.5 8.6
HepG2 (ATCC, HB-8065) 168+7.6 10.31
A549 (ATCC, CCL-185) >200+0 >12

*MeantSEM.



36

= 200 uM 3
B+ 100 M 0.4
5 = 50uM
—~ 25uM
- 125uM 0 02
-5 6.25uM

-+ 31254M

-#- Untreated Cells 0.0+ - e e oy o)
10° 1005 10" 10'5 102 1025
“o 10 20 30 40 50 [Aurone SH1009 Conc. Log], M

Time (hs)
VTI
o y

~ a o
& 3 z & ;
» 2 o B N

[Aurone SH1009 Conc. Log], M

1C5,=16.28 uM
HillSlope = 2.241

ODsg3g

-+~ C. albicans SC5314
- THP-1
-= HepG2
—— A549

8 -8~ Untreated Cells 804

6 —&— Aurone SH1009 (500 pM)

—+- Fluconazole (16 pg/ml)

4 404
-m Amphotericin B (8 pg/mi)

2 204

" r

0 6 12 18 24 30
Time (hs)

Logy CFUImI
Cell Viability
2

Figure 3: Aurone SH1009 exhibited dose-dependent inhibition of growth. A)
Growth curves of C. albicans SC5314 strain (2.5-0.5x103 CFU/mL) in dilutions of
SH1009 (3.125 uM — 200 uM) in RPMI-1640 medium using the Bioscreen C growth
curve instrument to measure the ODs30 every 30 min for 46 hours at 35°C. B) Graphing
the nonlinear regression of ODs30 readings using GraphPad Software to calculate the
ICso value after transforming the molar concentrations of the aurone SH1009 into the
logarithmic form. C) Time-kill plot of C. albicans SC5314 cells (0.5 - 0.25x10°
CFU/mL) treated with 5fold the ICso concentration of SH1009 (16.28 uM), fluconazole
(0.5 pg/mL) and amphotericin B (0.25 pg/mL) with incubation at 35°C for indicated
time points. Colony forming units (CFU) were determined by plating 10 pL of each
treatment onto YPD agar plates at each timepoint. D) Cytotoxic effects of aurone
SH1009 for C. albicans SC5314 and THP-1, HepG2, and A549 human cell lines are
presented as dose-response curves by graphing the nonlinear regression of the cell
viability using GraphPad Software to calculate the CCso values after transforming the
molar concentrations of the aurone SH1009 into logarithmic form.
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Chemogenomic profiling of aurone SH1009-treated yeast cells identifies roles for
genes involved in the cell cycle, cell division, and the actin cytoskeleton

Chemogenomic profiling was used to characterize the mode of action for aurone
SH1009. Haploinsufficiency profiling (HIP) and homozygous profiling (HOP) allow
for paralleled assessment of the sensitivity and resistance of the pooled genome-wide
set of S. cerevisiae deletion mutants. First, two pools of S. cerevisiae heterozygous
(HIP) and homozygous (HOP) deletion mutant collections were treated with aurone
SH1009 at the concentration (~ 500 uM) that inhibited the growth of the wild type S.
cerevisiae-S288C (1.25x 10° cells /mL) by 20% for 48 h. After purifying genomic DNA
from the mutants, the synthetic UPTAG DNA barcodes (20 bp) were amplified using
uniquely indexed primers to distinguish each sample. Because each mutant is uniquely
identified with DNA barcode, multiplexed-next generation sequencing as a highly

robust technique was employed to quantitate the abundance of each mutant.

Haploinsufficiency profiling was performed on ~1056 heterozygous mutants
that are essential for growth and express only 50% of gene dosage because one
functional copy of that particular gene in the diploid organism has been deleted.
Whereby, the identification of the direct target of a certain bioactive compound can be
identified in the presence of that compound as the mutant that has a large fitness defect
compared to the other mutants that do not encode the drug target. Conversely,
homozygous profiling was performed on ~4244 of homozygous mutants that are non-
essential for growth and express 0% of gene dosage because both copies of the
particular gene are deleted in the diploid organism. With the HOP assay, it is possible
to suppress drug sensitivity due to the complete loss-of-function alleles, allowing
identification of pathways that confer the drug sensitivity or identification of the direct

target of drugs following the principle that deletion of drug target will render the cells
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insensitive to the compound (Hoon et al., 2008).

The post-sequencing data analysis of the aurone-treated deletion mutants
revealed 3923 mutants, which included 3,133 mutants from the homozygous deletion
pool (non-essential genes) and 790 mutants from the heterozygous deletion pool
(essential genes), representing ~ 75% of the mutant population with usable read counts
and 0.90 correlation between samples, indicating high sample quality and agreement.
The chemical-genetic interaction of the positive control methyl methanesulfonate
(MMS), a well-characterized antifungal agent that damages DNA (Chang et al., 2002),
demonstrated a highly significant enrichment (P value < 0.001) for cellular response to
DNA damage stimulus, confirming a successful HIP-HOP assay procedure and
accurate post-sequencing data analysis. The chemical-genetic interaction identified 238
gene deletion mutants that were significantly responsive to aurone SH1009 (FDR P

values < 0.05) for both HIP-HOP profiles (Fig. 4A and 4B). The sensitive and resistant

genes with that P value (approximately = 1.5 fold change) for HIP and HOP
independently were used for gene ontology (GO) enrichment analysis using ClueGO
(Bindea et al., 2009) and Yeast Gene Ontology Slim Term Mapper at

Saccharomyces Genome Database (SGD) (Harris et al., 2004) .
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Figure 4: Chemical-genomic analysis of aurone SH1009. A) Z-score plot of
heterozygous deletion pool (HIP profile) for essential genes, and B) Z-score plot of
homozygous deletion pool (HOP profile) for non-essential genes where the sensitive
mutants have positive scores and the resistant mutants have negative scores. C) and D)
Number of mutants whose sensitivities or resistances were affected by aurone SH1009
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represented in the Venn diagram for HIP and HOP profiles, respectively.
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For essential genes (HIP profile), GO enrichment (P < 0.0001) for mutants that
have deleted genes encoding cell cycle proteins were found (e.g. CDC28A, CDC34A,
CDC25A, CDCI13A, ORC4A, MCM2A, MCM7A, CBKIA, and RFCIA) (Fig. 4C).
Moreover, two other biological responses involved in the cell cycle showed a
significant GO enrichment (P < 0.00). These included genes for meiosis-yeast (ORC4A,
MCM2A, MCM7A, APC4A, APCIA, CDC28A, and CDC5A) and DNA replication
(POL3A, MCM2A, MCM7A, RFC3A and RFCIA). For non-essential genes (HOP
profile), among both sensitive and resistant mutants, GO enrichment (P < 0.0098)
detected sensitive mutants (ARKIA, NIP100A, GICIA, SLK19A, KIP3A, and ACF4A)
and resistant mutants (BOI2A, EDEA, END3A, and GIC2A) with deleted genes that are
associated with actin cytoskeleton organization (Fig. 3D). Also, mutants that are
associated with cell division were significantly enriched from the HOP profile
(LDBI9A, SLKI19A, LTEIA, ZIP2A, BUBIA, ELMIA, TOFIA, TOF2A, SWI4A,
CSM3A, CLB3A, and CLN2A). Lastly, there was an enrichment of deletion mutants for
the biological response of endocytosis, which also relates to the actin cytoskeleton, that
included mutants that were among the top 10 sensitive in the HOP profile (FEN2A,

LTEIA, LDBI9A, and ARKIA).

For several phenotypes described above, the cell cycle pathway appeared to be
the primary target pathway that was significantly enriched by SH1009 treatment for the
essential genes profile and non-essential genes profile, separately. To obtain a broader
view of the changes in growth patterns of heterozygous and homozygous mutants after
SH1009 treatment, the significantly responsive mutants from both HIP-HOP profiles

were combined and used for the enrichment analysis. For all 238 deleted protein-coding

genes with (FDR P values < 0.05 and fold change = 1.5) from both profiles, the
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clustered analysis of KEGG pathways and gene ontology terms that significantly
enriched (FDR P values < 0.05) were plotted for the number of genes that are associated
with each term in a histogram (Fig. 5). Notably, both the profiles for the 80 essential
genes (HIP-profile) and 158 non-essential genes (HOP-profile) are largely clustered in
the significantly enriched category. These significantly responsive genes were mapped
to six pathways in the KEGG pathway database, with the cell cycle pathway as the most
significantly enriched pathway (P < 0.0001) along with other pathways that are
completely overlapped with cell cycle pathway (meiosis and DNA replication). For
gene ontology categories, within the biological process category 18 terms were
enriched in differentially sensitive or resistant mutants, including cell division,
cytoskeleton organization, and regulation of endocytosis. Also, the nucleotide-binding,
aminoacyl-tRNA ligase activity, and DNA-binding terms were significantly enriched
in the molecular function category. Nucleus, cytoskeleton, cellular bud, as well as the
site of polarized growth terms were significantly enriched in the cellular component

category.
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Figure 5: Functional categories of KEGG pathway and gene ontology (biological
process, molecular function, and cellular component) enrichment analysis. There
are ~238 differentially responsive mutants with FDR < 0.05 and fold change > 1.5 from
heterozygous deletion pool (HIP) and homozygous deletion pool (HOP) profiles.
Purple bars represent the number of genes, 80 essential genes from HIP-profile and 158
non-essential genes from HOP-profile, that are clustered in each KEGG/GO term.
Green bars show the significance of each category as log P-values that are calculated
by hypergeometric calculation through ClueGo software using GO categories in the
Saccharomyces cerevisiae-S288C as a background with an FRD < 0.05 as a cutoff
significant value for all the plotted categories. The threshold-dotted line depicts the
highly significant KEGG/GO categories with P < 0.01.
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In order to gain insight into the chemical-genetic interaction of genes targeted
by aurone SH1009 and visualize the connections between targeted biological responses
and pathways identified by both the HIP and HOP profiles, ClueGO and CluePedia
along with Cytoscape software were used to extract and map non-redundant biological
responses for a large set of functionally clustered genes using GO terms and KEGG
pathway (Appendix E), simultaneously (Bindea et al., 2013; Bindea et al., 2009). Fig.
6A depicts the functional annotation network of clustered essential and non-essential
genes. This overlapped network revealed relatively connected biological categories that
started from the highest significantly enriched pathway (cell cycle) to the less
significant pathways (meiosis, DNA replication, endocytosis, and RNA biogenesis).
When focusing on the cell cycle pathway only (Fig. 6B), the non-essential genes (HOP
profile) were strongly clustered with the essential genes (HIP profile) for significantly
enriched biological processes associated with actin cytoskeleton organization and
endocytosis. Eight clustered genes for actin cytoskeleton and endocytosis were found
among the top 20 sensitive mutants of both the HIP and HOP profiles, implicating cell-
cycle-dependent organization of the actin cytoskeleton and endocytosis as targets of
aurone SH1009. Additionally, the most significantly enriched molecular function for
the SH1009-responsive mutants was the nucleotide-binding protein. The annotation
network revealed 51 nucleotide-binding proteins that significantly responded to aurone
SH1009; 31 of these genes encode proteins that act as ATP-binding proteins, while the
other 10 encode GTP-binding proteins. Taken together, the functional enrichment
analysis of the deletion pool of essential and non-essential genes illustrates that aurone
SH1009 treatment might target nucleotide binding proteins, leading to a series of
cellular defects that belong to cell cycle pathway, actin cytoskeleton organization, and

endocytosis.
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Figure 6: Interactively functional annotation network of 238 differentially
responsive mutants. A) The functionally grouped network of KEGG pathway and
gene ontology terms that are presented as nodes and linked to each other based on the
similarity of their associated genes using ClueGo app along with Cytoscape software.
B) Magnification of the highest significant node revealed the most significant node as
the cell cycle pathway (P < 0.000). The square node represents the KEGG pathway, the
circle nodes represent biological processes, and triangle nodes represent molecular
function, while the colors denote clustered genes associated with the biological
category and the size of node represents the P values (0.05 as cutoff value). CluePedia
app shows the genes for each node where the thickness of edges reflects the GO
evidence code (thick line is based on experimental evidence whereas thin line is
inferred from electronic annotation).
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Before assessing biological responses to the aurone, growth curves were used
to confirm the sensitivity or resistance responses of the individual mutants to SH1009
(Ericson et al., 2010). Twelve mutants that had more than or equal to a 2-fold change
and were also involved in the suggested biological responses from both HIP and HOP
profiles were tested individually using dilutions (3.125 uM —200 uM) of SH1009. The
differences in the log-phase of the growth between the wild type S. cerevisiae-S288C
and the mutants treated with SH1009 was compared. Fig. 7 and (Appendix F) depict
the growth curves of individual S. cerevisiae deletion mutants for confirmation of the

growth patterns of the HIP and HOP profiles.

The individual, heterozygous sensitive strains 7TSCIIA, YPPIA, CDC42A,
CDC25A, CDC28A, and RSP5A from chemical-genetic profiling all showed reduced
growth with SH1009 treatment when compared to the log-phase growth of S.
cerevisiae-S288C wild type, which supports results from chemical-genetic interaction
analysis (Fig. 7A). For the homozygous mutant strains, the same cellular effects were
observed with decreased growth for sensitive mutants (LTEIA, FEN2A, and ARKIA)
and increased growth for resistant mutants (CLN2A, LINIA, and ZIP2A) in the presence
of SH1009 when compared to the wild type S. cerevisiae-S288C (Fig. 7B).

Additionally, the growth of each mutant in the ICs, concentration of SH1009 (16 pM)

was compared independently to the growth of S. cerevisiae-S288C to assess significant
differences between the growth of each mutant and the wild type. All mutants
demonstrated significant differences in growth from the wild type (P < 0.05 —0.0001),
confirming their expected growth patterns as sensitive or resistant mutants to the aurone
SH1009 and supporting the enrichment analysis results since these mutants harbor

deletions of genes that are associated with cell cycle progression (CDC25A, CDC28A,
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CLN2A, LINIA, and ZIP2A), actin cytoskeleton organization (7SCIIA, CDC42A,
RSPSA, LTEIA, and ARK1A), and endocytosis (7SC1IA, YPPIA, FEN2A, and RSP5A)
(Fig. 7C). Once we confirmed the growth patterns of individual S. cerevisiae mutants
to aurone SH1009, C. albicans was treated with the aurone to detect phenotypic

changes associated with the suggested biological responses in the pathogen.
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Figure 7: Growth curves of SH1009-treated S. cerevisiae-S288C and mutants
validate chemical-genetic interaction. A) and B) The growth curves of the
heterozygous mutants (HIP) and homozygous mutants (HOP), respectively, comparing
to the wild type S. cerevisiae-S288C under the ICso concentration of aurone SH1009
treatment (16 uM) in YPD broth using the Bioscreen C growth curve instrument, and
reading the ODggo at 30 min intervals for 25 h during incubation at 30°C. C) Individual
significance comparisons of the growth of each mutant and wild type S. cerevisiae-
S288C during exponential phase in the ICsp concentration of aurone SH1009 are
presented as meantSEM using Dunnett’s multiple comparisons test for heterozygous
and homozygous mutants. P values (* P <0.05) (** P <0.001) (*** P <0.0001).
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Aurone SH1009 blocks cell cycle progression in Candida albicans

Cell cycle was the most significantly enriched pathway in the chemical-genetic
interaction analysis (Fig. 5 and 6). The other enriched pathways, meiosis and DNA
replication, also contribute to the cell cycle pathway. Accordingly, if aurone SH1009
targets cell cycle gene-encoded proteins, the distribution of cell cycle phases in the
fungal cell population during exponential phase should be altered compared to the
normal distribution, indicating cell cycle arrest. For these experiments, changes in DNA
content throughout different cell cycle phases was assessed by flow cytometry, which
allows quantitative single cell detection. By labeling cellular DNA with propidium
iodide (PI), the cells can be quantitatively discriminated in different phases of the cell
cycle based on the fluorescence intensity, which is proportional to specific cell cycle
phase (Rosebrock, 2017). Since G1 phase cells have a single copy of the genome, thus
having the lowest amounts of DNA, whereas S phase cells are actively involved in
DNA replication and will have increased amounts of DNA, and G2/M cells have two
times the nuclear DNA of Gl phase cells, flow cytometric analyses of propidium

iodide-stained nuclei can effectively differentiate G0/G1, S, and G2/M populations.

Before treating C. albicans SC5314 cells with SH1009 or cytochalasin D
(CytoD) as a positive control for cell cycle arrest, a sample of early exponential culture
was harvested and processed as described in the Materials and Methods to ensure cells
were actively growing. The histogram in Fig. 8A. indicates a rapidly dividing culture
by having a significant fraction of cells (~70%) in the S phase. The histogram depicts
an optimal flow-cytometric distribution for an actively growing yeast culture in rich
media during early exponential phase, and was compatible with previous observations
(Rosebrock, 2017; Slater et al., 1977). After an additional 3 h of incubation without

treatment, the untreated C. albicans SC5314 cells were still dividing with
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approximately similar cell cycle-distributed phases before three additional hours of
incubation (Fig. 8B). However, contrary to the cell cycle progression in untreated
samples, the cell cycle distribution for C. albicans SC5314 cells that were incubated

for 3 h with the SH1009 1C;, concentration were distinctly perturbed (Fig. 8C). There

was a significant decrease in the fraction of cells in the S phase (46.88% compared to
70% in untreated cells, P < 0.001) and a significant increase in the proportion of cells
in the G1 phase (46% compared to 16.53%, P < 0.0001), indicating accumulating cells
in G1 phase (Fig. 8E). As expected, 3 h of treatment with CytoD, an anticancer drug
that inhibits the assembly and disassembly of actin subunits, led to a delay in the
progression of G1 phase (Heng & Koh, 2010). The DNA histogram revealed fewer cells
in S phase and more in the G1 phase (52.68%, 39.17.0% and 2.13% in G0/G1, S and

G2/M phases, respectively) (Fig. 8D).
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Figure 8: Flow-cytometric analysis of the effects of aurone SH1009 on cell cycle
progression in C. albicans SC5314. DNA histogram plots showing the percentages of
cells in GO/G1 phase (pink peak on left), S phase (green center peak) and G2/M phase
(blue peak on right) as a percentage of the total count of cells that were stained with
Propidium Iodide (red fluorescence) and analyzed using the Millipore Guava flow
cytometer and the Guava PCA-96 software system. A) Untreated cells at 0 time, B)
untreated cells after 3 h of additional incubation, C) aurone SH1009-treated cells after
3 h of treatment with ICso SH1009 concentration (16 uM), and D) CytoD-treated cells
after 3 h of treatment (25 uM) as a positive control. E) The significance comparison, P
values (¥*** P <0.0001), (***P <0.001), (**P <0.01) from a two-way ANOVA used
to compare three population groups of GO/G1, S, and G2/M phases between untreated
cells and SH1009-treated cells.
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The accumulation of SH1009-treated cells in G1 phase implies that aurone
SH1009 arrests cell cycle progression, supporting the chemical-genetic interaction
results in which the most significantly responsive mutants to SH1009 essentially
possess deletions for cell cycle-encoding proteins. The chemical-genetic analysis
showed that homozygous deletion strain CLN2A, which lacks the G1 cyclin gene, was
resistant to SH1009 (Fig. 7B), and heterozygous deletion strain CDC28A, cyclin-
dependent kinase (CDK), was sensitive to SH1009 (Fig. 7A). In S. cerevisiae, cyclin
CIn2 activates CdcC28 in late G1 phase, resulting in regulation of actin cytoskeleton
polarization, which is crucial for bud emergence and G1 to S phase transition during
cell cycle progression (Park & Bi, 2007). Therefore, we next sought to determine
whether aurone SH1009 affected the disruption of the actin cytoskeleton.

Aurone SH1009 perturbs actin cytoskeleton dynamics in C. albicans

The chemical-genetic interaction analysis indicated that cell-cycle-dependent
organization of the actin cytoskeleton and endocytosis are targets of aurone SH1009
due to highly significant growth perturbation of 18 heterozygous and homozygous
deletion mutants annotated as involved in actin cytoskeleton organization and
endocytosis (Fig 6B). Fluorescent staining of actin and confocal laser scanning
microscopy were used to visualize the effects of SH1009 on polarization of the actin
cytoskeleton. SH1009-treated and untreated C. albicans SC5314 cells along with the S.
cerevisiae CDC42A heterozygous deletion strain with a deletion for an actin-regulatory
gene were examined microscopically for phenotypes indicative of disruption of actin
distribution. In late G1 phase of the cell cycle of budding yeast, the actin patches should
normally be assembled in the tip of the small-growing bud with clear actin cables that
are polarized from the bud tip towards the mother cell. Actin cables serve as tracks to

transport mRNAs, proteins, mitochondria, and ribosomes from the mother cell to the



52

daughter cell. Actin patches are clustered in the secretion and endocytosis sites for
critical roles in plasma membrane invagination during endocytosis (Mishra et al., 2014)
and cell wall remodeling through orienting the polarized secretion of cell wall
constituents and enzymes towards the actin patches, promoting bud emergence

(Irazoqui & Lew, 2004; Kopecka et al., 2015).

The images in Fig. 9 depict typical actin polarization for untreated C. albicans
SC5314 cells during exponential phase in which ~76.47% of cells were observed with
red-fluorescent actin patches concentrated in the buds along with polarized-apical cell
growth. However, after 3 h of SH1009 treatment, C. albicans cells appeared abnormally
round and enlarged compared to untreated cells, indicating depolarized growth (Fig. 9,
DIC panel). In addition, only ~34.17% of SH1009-treated cells retained actin patches
in the buds while the remaining had actin patches that were scattered randomly in both
the mother cell and buds, signifying actin depolarization. In addition, SH1009-treated
cells displayed a distinctively distorted actin assembly resulting in a considerable
number of large aggregates of the actin (Fig. 9, Actin panel). This phenotype was
previously associated with endocytic mutants such as, but not limited to, ARKIA
(Ayscough, 2005), END3A (Gourlay & Ayscough, 2005), and RPS5A (Kaminska et al.,
2002). In growth curve studies with SH1009-individually treated deletion mutants,
these strains were either sensitive (ARKIA and RPS5A) or resistant (END3A) to SH1009
(Fig. 7A & 7B) and were also identified in our chemical-genetic interaction analysis
(Fig. 6B). A previous study that investigated the composition of the actin clumps using
immune-electron microscopy detected an accumulation of endocytic vesicles
surrounded with actin filaments and a mixture of actin patches and endocytic proteins,

suggesting a failure to mature the endocytic vesicles properly as a consequence of the
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inability to disassemble the actin-associated endocytic complexes (Sekiya-Kawasaki et

al., 2003).

The actin distribution in the S. cerevisiae CDC42A deletion mutant was also
investigated due to its sensitivity to SH1009 (Fig. 7A). In the majority of S. cerevisiae
CDC42A mutant cells, there was an accumulation of large, round, unbudded cells with
distributed actin patches (Fig. 9, DIC panel), which supports previous reports (Park &
Bi, 2007). The depolarized growth as well as the abnormal distribution of the actin
patches in SH1009-treated C. albicans cells support inhibition of cell cycle arrest by
preventing G1 phase progression (Fig. 8D). In yeast cells, it has been evidenced in
several studies that failure in rearrangement of actin patches at the bud site in G1 phase
will prevent the emergence of the bud and arrest the cell cycle at G1 phase (Howell &
Lew, 2012; Ushinsky et al., 2002). These findings are compatible with previous
observations that have established a definitive link between intact actin cytoskeleton

organization and cell cycle progression (Heng & Koh, 2010).
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Figure 9: Actin cytoskeleton dynamics in aurone SH1009-treated yeast cells.
C. albicans SC5314 and S. cerevisiae CDC42A mutant cells were fixed and the actin
was stained with red-fluorescent rhodamine phalloidin (RP) and nuclear DNA was
stained with blue-fluorescent DAPI. Scale bar = 5 um. Quantitative data represent the
percentage of cells that retained a polarized actin cytoskeleton as comparison between
aurone SH1009-treated and untreated C. albicans SC5314 cells Means+SEM. (P
value< 0.01).
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Aurone SH1009 alters C. albicans expression of genes involved in the cell cycle,
actin polarization, and endocytosis

To study changes in gene expression in response to aurone SH1009, quantitative
reverse transcription-PCR was employed to confirm mRNA abundance of a set of
C. albicans SC5314 genes homologous to the S. cerevisiae-S288C genes in the
heterozygous and homozygous deletion mutants identified as significantly enriched in
pathways from the chemical-genetic interaction analysis (Fig. 5). The cell cycle-
associated genes were the most responsive to aurone SH1009. Successful cell cycle
progression requires expression of checkpoint genes that guarantee sequential
execution of certain cellular processes. For instance, before chromosome segregation,
chromosomal DNA must first be replicated. These processes are ordered by activation
and inactivation of (CDK) Cdc28, an ATP-binding protein, which complexes with
activating subunits called cyclins (Howell & Lew, 2012). HGC1, is a C. albicans gene
homologous to S. cerevisiae G1 cyclin gene CLN2, encoding a G1 cyclin that binds
with Cdc28 to form a cyclin-CDK complex with a central role in G1/S transition during
the cell cycle (Wang, 2016; Zheng & Wang, 2004). SH1009-treated C. albicans
SC5314 results in a ~2.3 and 4.9-fold respective downregulation of CDC28 and HGC1
gene expression after 1.5 h of treatment (Fig. 10), supporting a role for SH1009 in

arresting the C. albicans cell cycle in G1 phase (Fig. 8C).

Binding of Cdc28 to Hgel is an important regulator step for controlling cell
cycle progression. This complex regulates polarity by phosphorylating and blocking
Rga2 (a negative regulator of Cdc42), thus activating Cdc42 (GTP-binding protein),
leading to sustained actin polarization and hyphal growth (Zheng et al., 2007). Failure
in the relocation of Cdc42 by the Cdc28-Hgcl complex to either the bud site or hyphal

tip in late G1 phase results in a haphazard distribution of actin cytoskeleton and
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subsequently accumulation of unbudded, enlarged cells (Park & Bi, 2007; Ushinsky et
al., 2002). The S. cerevisiae CDC42A deletion mutant was hypersensitive to aurone
SH1009 treatment (>70% inhibition) at concentration 16 pM (Fig. 7A). In SH1009-
treated C. albicans SC5314, CDC42 expression was downregulated two-fold (Fig. 10),
which would confirm the downstream effect of SH1009 on expression of CDC28 and

HGCI.

Cdc28 also controls the cell cycle by regulation of DNA replication. The MCM?2
gene encodes an ATP-binding protein that is a part of the pre-replicative complex
known as mini-chromosome maintenance, consisting of proteins Mcm?2-7, which acts
as a helicase to unwind DNA and initiate DNA replication (Tye, 1999). In S. cerevisiae,
after assembly of the MCM2-7 complex in Gl phase, MCM2-7 requires
phosphorylation at the end of G1 by a Cdc28-kinase complex in order to recruit DNA
polymerase and initiate DNA replication (Enserink & Kolodner, 2010). SH1009
treatment resulted in a significant five-fold decrease in MCM2 by 1.5 h after treatment
(Fig. 10), which could represent an additional downstream eftect of SH1009 on Cdc28.
Mmc2 is also an ATP-binding protein and, along with 12 other proteins enriched by
chemical-genetic interaction analysis, contains the widely-distributed P-loop motif,
supporting nucleotide-binding proteins as potential targets for SH1009 (Saraste et al.,

1990).

In addition to CDC28, other genes that encode for nucleotide-binding proteins
with roles in signal transduction pathways were identified in deletion mutants with
differential sensitivities to aurone SH1009. The C. albicans CDC25 and RASI genes
were downregulated by ~3-fold and 2-fold, respectively (Fig. 10). CDC25 encodes a

GTP-binding protein that acts as a guanine nucleotide exchange factor and is the
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upstream activator of the Ras/cAMP signaling pathway, responsible for activating the
GTP-binding protein, Ras1, which then activates the cAMP synthesis required for cell
cycle progression (Toda et al., 1985; Weeks & Spiegelman, 2003). Additionally, Rasl
activation of cAMP synthesis leads to maintenance of the hyphal growth, a virulence
factor in systemic candidiasis, by regulating the G1 cyclin Hgc1 which binds to Cdc28
to localize Cdc42 to the hyphal tip (Zheng & Wang, 2004). As evidenced by a previous
study, SH1009 was the only aurone compound that disrupted the biofilm formation
(Sutton et al., 2017), which would require inhibiting hyphal growth as a key component

of biofilm formation.

In contrast to decreased expression of R4S/ transcripts, RAS2 transcripts were
upregulated 2-fold after 3 h of SH1009 treatment (Fig. 10). R4S2 encodes a GTPase in
C. albicans, and a previous study has shown cAMP levels in a RASIA mutant declined
20-fold yet increased by ~10% in a RAS2A mutant, indicating an antagonistic activity
of C. albicans Ras2 on the cAMP levels through an unknown mechanism. In S.
cerevisiae, both Rasl and Ras2 are required for activating cAMP synthesis. However,
unlike in S. cerevisiae in which Rasl and Ras2 have been well studied and share
sequence homology, C. albicans RAS2 has poor sequence homology with S. cerevisiae
RAS sequences (Zhu et al., 2009). Although the response of RAS2 to SH1009 is unclear
due to the lack of studies on C. albicans Ras2 activity or its interaction with other
members of the Ras/cAMP signaling pathway, the upregulation of transcripts may be a

response to downregulation of upstream molecules affected by SH1009.

Another transcriptional upregulation in SH1009-treated C. albicans was
increased expression of 7SC1 1 after 1.5 h of aurone treatment (Fig. 10). 7SC1 ] encodes

a GTP-binding protein characterized as regulating actin cytoskeletal dynamics during
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polarized growth and endocytosis (deHart et al., 2003; Schmidt et al., 1996). The
increased expression of 7SC11 could be a detoxification mechanism for C. albicans to
counter the negative effects of SH1009 on actin cytoskeletal dynamics and endocytosis.
Previous studies reported phenotypes of 7SCII/A mutants (also known as 4VO3 or
RICTOR in mammals) as having abnormal actin polarization (Ho et al., 2005), reduced
endocytosis rate (Grahammer et al., 2017), and arrested cell cycle progression
(Hietakangas & Cohen, 2008). Another gene involved in endocytosis exhibiting altered
expression in response to SH1009 was ERG3 which was downregulated 3-fold (Fig.
10). ERG3 is involved in the ergosterol biosynthesis pathway, and gene deletion has
been documented as attenuating the endocytosis rate (Heese-Peck et al., 2002).
Reduced expression of ERG3 could also be attributed to the upstream effects of SH1009
on the RAS/cAMP signaling pathway that positively regulates the expression of the

ERG gene family (Bahn et al., 2007).

Gene expression of RPS4a, which encodes a 40S ribosomal protein, decreased
2-fold with SH1009 treatment (Fig. 10). A genome-wide study of haploinsufficient C.
alibcans deletion mutants that were fractionated for abnormal cell size revealed genes
associated with ribosome biogenesis and cell cycle, suggesting a correlation between
ribosome biogenesis rate and size-dependent cell cycle progression (Chaillot et al.,
2017). In S. cerevisiae, repressing the synthesis of this conserved gene, RPS4a, results
in arresting G1 phase or a significantly prolonged G1 phase, along with the phenotype
of increased cell size (Thapa et al., 2013), which could explain the enlarged cell

phenotype observed microscopically in SH1009-treated C. albicans cells (Fig. 9).
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Figure 10: Expression of genes in aurone SH1009-treated C. albicans SC5314. The
relative gene expression of normalized transcript levels of treated samples was
calculated by comparison to normalized transcript levels of untreated samples (2-24€Y)
for cell cycle- and actin cytoskeleton-associated genes at indicated time points of
treatment. The data are means from two biological replicates, each with three technical
replicates. The fold changes that are > 1.8 with P values < 0.05 (* P <0.05), (** P<
0.001), (*** P <0.0001) were considered significant for upregulation (positive scores)
or downregulation (negative scores).
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DISCUSSION

In this study, we investigated in vitro antifungal activity of the bioactive
compound, aurone SH1009, against widely used CLSI reference resistance tester
strains and additional strains of Candida spp. using the CLSI broth microdilution
method (Wayne, 2002). Aurone SH1009 was not only inhibitory for susceptible strains,
but was also inhibitory for resistant-clinical isolates. The clinical isolates, C.
albicans M4: Gu2 and C. albicans M6: F1 were isolated initially as fluconazole-
susceptible strains from two HIV-infected patients who were suffering from recurrent
oropharyngeal candidiasis. After a two-year period of fluconazole treatment, the last
isolates in each series were fluconazole-resistant counterparts known as C.
albicans M5: Gu5 and C. albicans M7: F5 (Franz et al., 1998). C. albicans M5 and M7
have acquired gain of function mutations, leading to homozygous alleles for the
transcriptional factors MRRI and TACI which have been documented for
overexpressing the CDRI/2 (Candida Drug Resistance) and MDRI (Multi-Drug
Resistance) genes for azole-efflux pumps, respectively (Coste et al, 2009).
Additionally, C. albicans M2: SCTAC1R34A and C. albicans M3: SCMRRI1R34A are
fluconazole-resistant strains that have been mutated in C. albicans SC5314 background
to encode MRR 79835 and TAC19%F homozygous activating alleles, respectively. As a
consequence of these mutations, the expression of efflux pumps are induced, causing a
reduction in intracellular accumulation of azoles and ultimately high fluconazole

resistance (Sasse et al., 2011; Schubert et al., 2011).

Loss-of-heterozygosity events as genetic alterations are commonly associated
with fluconazole resistance, reflecting the capacity of C. albicans to generate adaptive-
homozygous mutations, which is attributed to the extraordinary plasticity of the C.

albicans genome (Ford et al., 2015; Pais, Galocha, Viana, et al., 2019). Aurone SH1009
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exhibited considerably low ICso values in the inhibition of these fluconazole-resistant
isolates, indicating that the highly expressed efflux pumps could be modulated by
aurone SH1009. The efflux pumps CDR1/2 are mainly ATP-binding cassette (ABC)
transporter proteins that harness the energy from ATP hydrolysis in order to extrude
drug out of the yeast cell (Prasad et al., 2019). In fact, as consistent with previous
studies on cancer cells, aurones selectively inhibited the pumping action of these
transporters by binding with the C-terminal nucleotide-binding domain of P-
glycoprotein which belongs to the ATP-binding cassette (ABC) superfamily
(Boumendjel et al., 2002; Sim et al., 2011). The modulatory effect of aurones on drug-
efflux pumps allows the intracellular accumulation of the compound and its associated
toxicity, which reverses the resistance mechanism and renders the resistant cells as
susceptible again, making these bioactive compounds attractive candidates as reversal

agents to control drug resistance (Pradines, 2018).

Multidrug resistant isolate C. albicans ATCC 64124 is known as Darlington’s
strain, the name of the patient suffering from chronic mucocutaneous candidiasis
(Ryley et al., 1984). Darlington strain, 64124, is defined as resistant to all antifungal
agents except 5-fluorocytosine at high concentration (Basso et al., 2018). The resistance
mechanisms toward multiple classes of antifungal agents of Darlington’s strain have
not been studied, but evidence of the evolution of multidrug resistance has been
published recently, demonstrating the capacity of clinical C. albicans isolates to adapt
during long-term antifungal treatment (Jensen et al., 2015). Multidrug resistance is
recognized as a multistep process resulting from a gradual accumulation of mutations
during long-term antifungal treatment. Briefly, the resistance began with fluconazole

treatment that causes an activation mutation in 7ACI, followed by caspofungin
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exposure that leads to a mutation in FKSI. Then, amphotericin B treatment causes a
loss of function mutation in ERG2. Consequently, the final strain was a multidrug
resistant strain that acquired all the three mutations and exhibited resistance to three

classes of the standard antifungal drugs (Prasad et al., 2019).

Unlike C. albicans that acquires the resistance, C. glabrata is resistant to azole
drugs due to ~67 gain of function mutations in the transcriptional factor CgPDR1 gene,
resulting in overexpression of CgCDR 1/2-encoded efflux pumps (Ferrari et al., 2009).
This could account for the dramatic increase in C. glabrata infections since the
introduction of azole drugs in the 1980s, identifying C. glabrata as the second most
common non-a/bicans cause of candidiasis. Drug resistance of C. glabrata has not only
been found for azoles, but also for all known antifungal drugs, posing a serious
challenge to antifungal therapy for the organism (Pais, Galocha, & Teixeira, 2019). Our
results indicated that aurone SH1009 effectively inhibited Candida spp. growth and
exhibited acceptable pharmacodynamics properties (time- and concentration-
dependent killing) that were similar to fluconazole, as a valuable estimation for a

prospective antimicrobial agent (Pfaller et al., 2004).

After establishing SH1009 antifungal activity, we proceeded to characterize the
antifungal mechanism. Studying the mode of action of a new drug is a critical
prerequisite to improve therapeutic action and avoid unwanted side effects, but it has
been a challenge in drug discovery due to the high consumption of cost and time.
However, since the first yeast deletion collection was created in 2002 (Giaever et al.,
2002), chemogenomic profiling has been proven as a powerful system for
characterizing the mode of action and molecular targets of several drugs (Parsons et al.,

2004), as well as thousands of additional bioactive molecules (Hoepfner et al., 2014;
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Lee et al., 2014). A considerable number of studies have been recently reviewed the
broad spectrum of biological activities of aurone compounds as anticancer agents
identified using phenotype-based approaches, exploiting the existing knowledge of a
given cellular process inhibited by aurones, including inhibition of CDKs, DNA
scissoring, histone deacetylase, topoisomerase, ATP-binding cassette transporter, and
tubulin polymerization (Alsayari et al., 2019). In contrast, here, a genetic-based
approach was applied to comprehensively reveal all the biological effects of aurone
treatment as a potential antimicrobial. The chemogenomic approach that was used in
this study is a reverse-genetics technique that allows for comprehensive identification
of gene products that functionally interact with bioactive molecules by exposing
previously constructed libraries of S. cerevisiae mutants to the condition of interest,
which in this study was exposure to the novel aurone SH1009. These yeast mutants
harbor deletions of the majority (96%) of the yeast genome with only one mutant per
deletion-gene. Due to nearly complete coverage of the yeast genome, this approach
guarantees unbiased results because it completely maps all targets (biological
responses) simultaneously under the term of interconnected pathways of eukaryotic cell

(Pierce et al., 2007).

In this study, chemogenomic profiling of S. cerevisiae mutants with aurone
SH1009 identified roles for genes involved in cell cycle, DNA replication, cell division,
actin cytoskeleton, and endocytosis. Enrichment analysis for biological responses in
heterozygous and homozygous mutants was first performed separately to confirm
significant responses in each pool. The responses were then combined to map the
functional annotation network of KEGG pathways, biological responses, and molecular

functions simultaneously using GO enrichment analysis to find that the top responsive



64

heterozygous and homozygous mutants clustered for actin cytoskeleton and
endocytosis processes. GO enrichment analysis was also used to map the cell cycle
pathway as the most significantly enriched pathway, also encompassing the other
enriched biological processes and revealing nucleotide-binding proteins as the

molecular function of the most of significantly enriched genes.

Nucleotide-binding proteins play a central role in a variety of pivotal cellular
processes, including cell signaling, proliferation, cytoskeletal assembly, protein
synthesis, and apoptosis (Xiao & Wang, 2016). The low number of GTP-binding
proteins that were identified in this study could be attributed to a relatively low
abundance of GTP-binding proteins in nature compared to ATP-binding proteins (Xiao
et al., 2013). Nevertheless, because purine nucleoside triphosphates share a similar
structure, some ATP-binding proteins may utilize GTP as the phosphate donor and vice
versa (Jakobi & Traugh, 1995). In this respect, aurone SH1009 might possess an affinity
for the same binding site in different but related nucleotide-binding proteins, hence,
affecting a broader spectrum of cellular processes. The functional enrichment of genes
encoding nucleotide-binding proteins during analysis of the deletion pool of essential
and non-essential genes suggests that aurone SH1009 potentially interacts with
nucleotide-binding proteins, leading to a series of cellular defects impacting the cell
cycle, actin cytoskeleton, and endocytosis. The benzofuranone ring of SH1009 may
dictate the biological activity due to mimicry of adenine, subsequently, inhibiting the

activity of ATP-dependent proteins (Sicheri et al., 1997).

Our chemical genetic interaction and enrichment analysis also suggest that
treatment with aurone SHI1009 targets nucleotide-binding proteins, producing

alterations in cell cycle, actin cytoskeleton organization, and endocytosis in S.
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cerevisiae. These phenotypic changes in response to SH1009 were confirmed in C.
albicans SC5314 using cell sorting analysis by flow cytometry, which delineated
increased populations of cells in G1 phase after 3 h of aurone SH1009 treatment. In S.
cerevisiae, heterozygous mutants with gene deletions for proteins affecting the cell
division cycle (CDC5A, CDC34A, CDC42A, CDC25A, and CDC13A) that sensitively
responded to aurone SH1009 are all controlled by the master regulator of the cell cycle,
(CDK) Cdc28, a catalytic kinase that couples with activating subunits such as Clb3 and
Cln2 (Suryadinata et al., 2010), the genes for which both responded to SH1009 as
homozygous-resistant mutants. Also, the accumulation of SH1009-treated C. albicans
cells in G1 phase implies that the cells are in cell cycle arrest and do not yet engage in
DNA synthesis, also supporting the chemical-genetic interaction results in which DNA
replication mutants POL3A, MCM2A, MCM7A, RFCIA, RFC3A, and ORC4A from the
HIP profile were sensitive to SH1009. In C. albicans, gene expression during different
cell cycle stages has been previously characterized using microarray technology (Cote
et al., 2009). This study reported expression of several genes that are required for G1/S
transition and some of these genes are identified as sensitive or resistant mutants from
our chemical-genetic profiles, including POL3 for DNA polymerase subunit, RFC1 and
RFC2 for DNA replication factor elements, TOFI gene for a DNA replication
checkpoint, CSM3 gene for accurate chromosome segregation, SWI4 transcription

factor for activation of G1 transition (Fig. 6).

Our results are also in agreement with a prior study reporting that aurones arrest
the cell cycle via targeting (CDK) protein Cdc28, making aurones a promising
candidate for cancer therapy (Boumendjel, 2003). Among different aurone derivatives

synthesized as potential anticancer agents, aurone compounds that possess a methoxy
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group at position 4 on ring B, like aurone SH1009, were found to produce an enhanced
antiproliferative activity by significantly arresting the cell cycle at G2/M phase
(Alsayari et al., 2019). In our study, fluorescent imaging was performed to detect actin
cytoskeleton depolarization as a consequence of aurone SH1009 perturbation of
rearrangement of actin patches in the bud site at the end of G1 phase, leading to cell
cycle arrest at G1 phase. These phenotypic findings support the chemogenomic
responses of S. cerevisiae genes CDC28A, CLN2A, and CDC42A to SH1009, because
it has been well characterized that the G1 cyclin Cln2 binds to Cdc28 to localize Cdc42

to promote actin polarization and G1/S phase transition (Park & Bi, 2007).

Chemogenomic profiling does have limitations; for instance, cellular
mechanisms affected by SH1009 were identified using growth as a sole endpoint
measurement, potentially resulting in selection for false positive sensitivities due to
slow growth of some deletion mutants or, in the worst scenario, loss of indispensable
mutants. Another limitation is that responses in S. cerevisiae differ from responses in
C. albicans because of the ability of C. albicans to produce true hyphae and differences
in sensitivity and resistance to antifungals. To confirm specific gene responses in C.
albicans, relative levels of mRNA of genes identified as differentially responsive were
quantified in C. albicans SC5314. A sizable subset of genes that function in cell cycle
progression was differentially regulated in response to SH1009, leading to a potentially
hierarchal pathway beginning with Cdc25 and Rasl that regulate G1 cyclin Hgcl,
which binds to Cdc28 in order to localize Cdc42, leading to actin polarization and cell
cycle progression. Cdc25 and Rasl regulate the RAS/cAMP signaling pathway which
controls Erg3 maintenance of normal endocytosis rates. The transcriptional changes in

the genes for these molecules support the biological responses observed in phenotypic
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studies.

Two genes, CBKI and RSPS5, identified by chemogenomic profiling in S.
cerevisiae, did not demonstrate significant differential expression to SH1009 treatment
in C. albicans in spite of their respective documented roles in polarized growth (Song
et al., 2008) and organized actin patches with normal endocytosis (Kaminska et al.,
2002). CBKIA mutant was among the top 20 sensitive heterozygous deletion mutants
(S2 Table), and the RSP5A mutant was confirmed using growth curves for its
sensitivity to SH1009 (Fig. 7A). Failure to detect changes in gene expression could be
related to the timing of expression or discordance between regulation and gene
expression. In S. cerevisiae, the TSCIIA mutant was hypersensitive to SH1009,
however, this gene was transcriptionally upregulated in C albicans, which could
indicate a difference in survival responses between the two yeasts. This highlights that
although this study has validated chemical-genetic interaction using S. cerevisiae
mutant collections to characterize the mode of action for a novel bioactive aurone
compound against C. albicans, chemical-genetic interaction studies could also be used

to elucidate potential differences in drug responses between organisms.

CONCLUSION

In summary, we investigated aurone SH1009 for antifungal activity, human cell
line cytotoxicity, and pharmacodynamics properties. Aurone SH1009 exhibited
promising selectively fungistatic-inhibitory activity against Candida spp., particularly
resistant isolates, highlighting the possibility of a broad-spectrum property for aurone
SH1009 against other pathogenic fungi. We also provided the first, comprehensive
genome-wide study of haploinsufficiency and homozygous screening in S. cerevisiae

for a bioactive aurone compound. Chemical-genetic interaction analysis predicted that
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SH1009 targets cell cycle-dependent organization of the actin cytoskeleton and
endocytosis, suggesting a novel mode of action for this aurone compound. Phenotypic
studies for these significantly enriched biological responses were completed in C.
albicans demonstrating G1 phase-arrested cells with abnormal, depolarized actin
cytoskeleton. Differential expression of genes, identified by chemical-genetic
interaction, in response of SH1009 in C. albicans coincided with enrichment of cells in
G1 phase and actin depolarization producing a model that offers a significant
improvement in understanding the mechanism for toxicity. The current study provides
experimental frameworks for future mechanistic studies that could be used to
investigate the bioactivity of a large number of aurone compounds using chemical-

genetic interaction and phenotypic-based methods.
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Strains used in this study
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Strains Relevant characteristics or genotype Reference
Candida albicans  Reference strain (CLSI,
ATCC 90028 2008)

C. albicans Reference strain ( CLSI,
ATCC 90029 2008)

C. albicans M1: Wild-type C. albicans model strain (Gillum et
SC5314 al., 1984)
C. glabrata Reference strain (Institute,
ATCC 66032 2008)

C. tropicalis Reference strain (Institute,
ATCC 750 2008)

C. albicans M4:
Gu2

C. albicans M6:
F1

C. albicans M5:
Gu5

C. albicans M7:
F5

C. albicans M2:
ScTACIR34A

C. albicans M3:
ScMRR1R34A

C.
albicans ATCC
64124

Saccharomyces
cerevisiae S288C

Clinical isolate from patient G, fluconazole-susceptible
Clinical isolate from patient F, fluconazole-susceptible
Clinical isolate from patient G, fluconazole-resistant,

gain of function mutation in TF TAC/

Clinical isolate from patient F, fluconazole-resistant,
gain of function mutation in TF MRR1

TACI15%%E mutation, fluconazole-resistant

MRR 176835 mutation, fluconazole-resistant

Multidrug resistant isolate, resistant to amphotericin B,
caspofungin, fluconazole, and 5-fluorocytosine except
and high concentrations

Grandparent strain to chemogenomic mutants

(Franz et al.,
1998)

(Franz et al.,
1998)

(Franz et al.,
1998)

(Franz et al.,
1998)

(Sasse et al.,
2011)

(Schubert et
al., 2011)

(Ryley et
al., 1984)
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APPENDIX B
Synthesis of SH1009 [ (£)-6,7-dihydroxy-2-(3-hydroxy-4-
methoxybenzylidene)benzofuran-3(2H)-one |
To a solution of 6,7-dihydroxybenzofuranone (88 mg, 0.5 mmol) and 3-hydroxy-4-
methoxybenzaldehyde (78 mg, 0.51 mmol) in glacial acetic acid (3 mL) was added 3
drops of concentrated hydrochloric acid. The mixture was stirred for 3 hours at room
temperature. The mixture was diluted with deionized water (6 mL) to form the product
as a tan precipitate (45 mg) that was separated by filtration and washed with an
additional 2 mL of water. The aqueous layer retained significant amounts of product.
Repeated extraction with ethyl acetate (3 x 10 mL), followed by evaporation of the
solvent and extracted acetic acid, followed by trituration with diethyl ether (10 mL)
afforded an additional 20 mg of the product. Total yield of product was 65 mg (44%
yield), with spectral and physical properties consistent with those reported in the
literature. Tan solid (MP = 275-280 °C). IR (neat, thin film): 3100-3500, 1700, 1400,
1200 cm™'; '"H NMR (DMSO, 300 MHz) 10.78 (s, 1H), 9.54 (s, 1H), 9.27 (s, 1H), 7.53
(d,J=2.1Hz, 1H), 7. 42 (dd, J13=8.4 Hz, ]2 = 2.1 Hz, 1H), 7.09 (d, J = 8.1 Hz, 1H),
7.01 (d, J = 8.4 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 6.62 (s, 1H), 3.81 (s, 3H); *C NMR
(DMSO, 75 MHz) 182.64, 155.59, 154.92, 150.00, 147.09, 146.84, 130.68, 125.42,

124.73,118.28, 115.80, 114.91, 113.296, 112.62, 111.74.
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APPENDIX C

A set of 24 forward indexed primers containing (Illumina-specific region, 10 bp
index tag [highlighted], and 18 bp common priming site U1). The common reverse
primer contains (Illumina-specific region and a common priming site from the

resistant KanMX gene region).

Name of Primer

Sequence (5'-3")

Non_Essentail_1009_1
Non_Essentail_1009_2
Non_Essentail_1009_3
Non_Essentail_1009_4
Non_Essentail MMS 1
Non_Essentail MMS 2
Non_Essentail MMS_3
Non_Essentail MMS 4
Non_Essentail DMSO 1
Non_Essentail DMSO_2
Non_Essentail DMSO _3
Non_Essentail DMSO 4
Essentail 1009 1
Essentail_1009_2
Essentail_1009_3
Essentail_1009_4
Essentail MMS 1
Essentail MMS 2
Essentail MMS_3
Essentail MMS 4
Essentail DMSO 1
Essentail DMSO 2
Essentail DMSO _3
Essentail DMSO_4

Common reverse primer

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAATAGGCGCTG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTACAGTTGCGGA
TGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCCTAGCAGG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGATTAGCCTCGA
TGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAATGAGCCGTG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACGCGGATTAG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTTACGGAAG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTAGACTAG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTGCCGGAAG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGACATGCTAGG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGCTGCATGA
TGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCAAGCACTG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCGTATGTCGA
TGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGCGGATTAACG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATACCTCGGAG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTAGACATCG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAGGTACCTACG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATAACGCTG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCGGAATGG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGGACCAGTG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGCAAGTTCGA
TGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGCGATTCAGA
TGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTAACGTACG
ATGTCCACGAGGTCTCT
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGACCTGTGG
ATGTCCACGAGGTCTCT
CAAGCAGAAGACGGCATACGAGCTCTTCCGATCTGCACGTCAAGACTGTCAAGG
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List of primers used for RT-PCR
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Gene Name Oligonucleotide Primer Sequence (5'->3") References
CDC28 F:GTTATCTGATTATCAACGTCAAGAAAA (Mitra et al., 2014)
R: TCTAATGCTTTATAAACAACCCCATA
HGCI1 F: AATATGCAACCACCACCACC (Greig et al., 2015)
R: GAAACAGCACGAGAACCAGC
CDC25 F: GGTGGTTGACGTTTGCTCAC This study
R: GGGCAGGAGGCTTGGTATTT
RAST F: CAACTATTGAGGATTCTTATCG (Zhu et al., 2009)
R: CGGTTCTCATATATTGTTCTC
RAS2 F: CAATCATTCACTGCATTAGAAG (Zhu et al., 2009)
R: CAAATTCTGCTCCTTCATAATAG
CDC42 F: GGGTGAAAAATTGGCTAAGGAA (Bassilana et al.,
R: CCTCTTTGAGTCAATGCAGAACA 2005)
MCM?2 F: CATCAAGAAGTTCACGTTAG (Xie et al., 2017)
R: CAGTATTCGAATCTTGAACG
TCS11 F: ATCCCATCACGCAGCATTGA This study
R: TCGGCGGGCAAATAGTTGTT
RPS4A4 F. TGCTTACTTATTGTTAGTTCAAGGTGGTA (Luet al., 2015)
R: CAACACCAACGGATTCCAATAAA
RSPS5 F: GGTTGGGAACAAAGATTTAC (Leach & Cowen,
R: GAGCAGTATTGGTTAATCTC 2014)
CBK1 F: CCGCAAATGTCGGCATTCAT This study
R: TCGATGCTGGTGGTTGGAAA
GAPDH F: CGGTCCATCCCACAAGGA (Nailis et al., 2006)

R: AGTGGAAGATGGGATAATGTTACCA
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APPENDIX F

The growth curves of the heterozygous mutants (HIP), homozygous mutants (HOP),
and the wild type S. cerevisiae-S288C in the presence of 0 uM, 16 pM, and 200 uM of
aurone SH1009 using the Bioscreen C growth curve instrument, and reading the ODsoo
at 30 min intervals for 25 h during incubation at 30°C.

S. cerevisiae-S288C (WT)

=~ 0 uM Aurone SH1009
-+ 16 yM Aurone SH1009
== 200 1M Aurone SH1009
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CHAPTER IT

COMBINING GENOME-WIDE GENE EXPRESSION ANALYSIS (RNA-SEQ)
AND GENE EDITING PLATFORM (CRISPR-CAS9) TO UNCOVER THE
SELECTIVELY PRO-OXIDANT ACTIVITY OF AURONE COMPOUND
AGAINST CANDIDA ALBICANS
Algahtani FM, Handy ST, Sutton CL and Farone MB (2021) Combining Genome-
Wide Gene Expression Analysis (RNA-seq) and a Gene Editing Platform (CRISPR-

Cas9) to Uncover the Selectively Pro-oxidant Activity of Aurone Compounds Against
Candida albicans. Front. Microbiol. 12:708267.

ABSTRACT

Candida albicans 1is the major fungal cause of healthcare-associated
bloodstream infections worldwide with a 40% mortality rate. The scarcity of antifungal
treatments due to the eukaryotic origin of fungal cells has challenged the development
of selectively antifungal drugs. In an attempt to identify novel antifungal agents,
aurones SH1009 and SH9051, as synthetically bioactive compounds, have been
recently documented as anti-Candida agents. Since the molecular mechanisms behind
the inhibitory activities of these aurones in C. albicans are unclear, this study aimed to
determine the comprehensive cellular processes affected by these aurones and their
molecular targets. Genome-wide transcriptional analysis of SH1009- and SH9051-
treated C. albicans revealed uniquely repressed expression in different metabolic
pathways, particularly trehalose and sulfur amino acid metabolic processes for SH1009
and SH9051, respectively. In contrast, the most commonly enriched process for both
aurones was the upregulation of RNA processing and ribosomal cleavages as an
indicator of high oxidative stress, suggesting that a common aspect in the chemical

structure of both aurones led to prooxidative properties. Additionally, uniquely induced
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responses (iron ion homeostasis for SH1009 and arginine biosynthesis for SH9051)
garnered attention on the key roles of the functional groups. The deletion of the
transcriptional factor for the trehalose biosynthesis pathway, Tye7p, resulted in a
SH1009-resistant mutant, which also exhibited low trehalose content, validating the
primary molecular target of SH1009. Aurone SH9051 uniquely simulated an exogenous
supply of methionine or cysteine, leading to sulfur amino acid catabolism as evidenced
by quantifying an overproduction of sulfite. Phenyl aurone, the common structure of
aurones, contributed proportionally in the prooxidative activity through the ferric ion
reduction effects leading to high ROS levels. Our results determined selective and novel
molecular mechanisms for aurone SH1009 and also elucidated the diverse cellular

effects of different aurones based on functional groups.

INTRODUCTION

Candida albicans is a fungal-commensal microorganism that normally grows
as a member of the skin and mucosal microbiota of healthy individuals. However, it
can evolve in association with human hosts as an opportunistic pathogen. The resulting
candidiasis can range from superficial (thrush) to life-threatening bloodstream
infections. Systemic infections principally develop in immune-compromised patients
with mortality rates of ~40% (Brown et al., 2012; Kullberg & Arendrup, 2015). The
striking ability of C. albicans to cause persistent infections is attributed to the reversible
transition from the planktonic-yeast form to a hyphal form in order to build
multicellular structures known as biofilms on abiotic or biotic surfaces which enable
this pathogenic fungi to resist the antifungals and overcome host defenses (Rajendra,

2017).
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The biological similarities between fungal and human cells as eukaryotic cells
obstruct the design and the development of antifungal drugs and limits their number to
only five different chemical classes, including polyenes, echinocandins, azoles,
pyrimidine analogues, and allylamines. The narrow range of targets for these available
drugs and the resistances to them necessitate the need for new classes of antifungal
agents (Prasad et al., 2019). Natural products that are derived from plants as secondary
metabolites have been considered vital sources of potential antimicrobial compounds
in the pharmaceutical industry in the last two decades. As plants evolved defenses
against pathogenic fungi, the evolutionary pressure produced a high diversity of novel
chemical skeletons by which to synthesize bioactive molecules with antifungal activity
(Mishra & Tiwari, 2011). Aurones (2-benzylidene-1-benzofuran-3-one) are a subclass
of flavonoids, widespread polyphenolic compounds in plants, with antifungal
characteristics against Candida spp. (Sutton et al., 2017).

Our prior study showed that the bioactive aurone compound SH1009 exhibited
selectively fungistatic-inhibitory activity against Candida spp. Additionally, mode-of-
action screening using chemical genetic interaction in Saccharomyces cerevisiae
indicated that SH1009 targets cell cycle-dependent organization of the actin
cytoskeleton, providing informative clues about SH1009 antifungal activity but this
cannot explain the selective toxicity of aurone SH1009 toward Candida spp. (Algahtani
et al., 2019). Despite the validation of chemical genetic interaction findings in the
C. albicans SC5314 strain, the fundamental differences between S. cerevisiae and
C. albicans physiology requires a target-identification approach in the major
pathogenic yeast of our study C. albicans. These fundamental differences between S.
cerevisiae and the pathogen include the ability of C. albicans to rapidly change its

morphogenesis from yeast to true hyphae and differences in sensitivity and resistance
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to antifungal agents. Moreover, a comparison between C. albicans and S. cerevisiae
genome sequences has shown that only about two-thirds of Candida genes have
obvious orthologs in Saccharomyces genes (Rajendra, 2017).

In this study, we further explore the antifungal activity of SH1009 in addition
to another bioactive aurone compound, SH9051, which was previously documented for
its inhibitory activity against Candida spp. and shares an identical core chemical
structure with SH1009. However, instead of hydroxyl (-OH) and methoxy (-OCH3)
functional groups, SH9051 contains a nitrogen (-N) atom in its B ring (Sutton et al.,
2017). Also, a whole-genome transcriptional analysis post aurone SH1009 and SH9051
treatments of the C. albicans SC5314 strain was performed using RNA-seq technique.
Accordingly, a reverse genetic approach was also applied to generate C. albicans
deletion strains in order to validate the repressed target pathway of each aurone.
Quantitatively biochemical assays for specific cellular products were performed to
precisely detect the cellular effects of the functional groups in the activity of each
aurone. The results of this work improve the concept of structure-activity relationship
for the aurones, providing a molecular and biochemical basis towards a comprehensive
understanding of the mechanisms beyond the antifungal activity of aurones against C.

albicans.

MATERIALS AND METHODS

Materials and Reagents

Candida albicans SC5314 strain was purchased from the American Type Culture
Collection (Manassas, VA, USA). Candida albicans MET4A mutant (SFY39) was
prepared by Aaron Mitchell and obtained from the FGSC (University of Missouri,

Kansas City, MO). YPD agar and broth, 3-(N-morpholino) propanesulfonic acid
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(MOPS) buffer, dimethyl sulfoxide (DMSO), BeadBug™ prefilled tubes, dithiothreitol
(DTT), nourseothricin sulfate (NAT), and ampicillin (AMP) were all purchased form
MilliporeSigma (St. Louis, MO, USA). RPMI-1640 medium was purchased from
Corning Incorporated (Corning, NY, USA). PrestoBlue, TRIzol™ Reagent, phosphate
buffered saline (PBS), salmon sperm DNA, lithium acetate (LiAc), polyethylene glycol
(PEG) 3350, RiboPure™- DNase I Treatment, CM-H2DCFDA (Oxidative Stress
Indicator), and Amplex™ Red Glucose/Glucose Oxidase Assay Kit were purchased
from Life Technologies Corporation (Carlsbad, CA, USA). CutSmart Buffer, NgoMIV,
Pacl, Xhol restriction enzymes, Phusion high-fidelity (HF) DNA polymerase, 2%
Gibson assembly mix, and Chemically competent DHSa Escherichia coli cells were
purchased from New England BioLabs (Ipswich, MA, USA). The RNase-Free DNase
Kit, Miniprep plasmid extraction kit, Gel extraction kit, and PCR purification kit were
purchased from QIAGEN (Germantown, MD, USA). The E. coli bacterial culture
containing the CaCAS9 plasmid (reference number 89576) was purchased from
Addgene Headquarters (Watertown, MA, USA). The trehalose assay kit and total
sulfite assay kit were purchased from Megazyme Inc. (Chicago, IL, USA). The iron
assay kit (colorimetric) was purchased from Abcam (Cambridge, MA, USA). Drop-out
mix synthetic growth meduium, minus methionine and cysteine was purchased from
USBiological Life Sciences (Salem, MA, USA).

Checkerboard assays

Stock solutions of aurone SH9051 and SH1009 were prepared in dimethyl sulfoxide
(DMSO) at a high concentration of 40 mM. Aurone interactions were carried out in
RPMI 1640 medium (adjusted to pH 7.0 with 0.165 M of MOPS buffer) in 96-well flat-
bottomed microtitration plates using broth microdilution checkerboard assays as

described previously (Shrestha et al., 2015). Two-fold serial dilutions were initially
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prepared at four times the desired final concentrations (3.125 pM - 200 uM) of aurones.
Aliquots of 50 pL of each concentration of SH9051 were added to columns 1 to 7, and
then 50 pL of SH1009 was added to rows A to G. Row H and column 8 contained the
2-fold serial dilutions of SH9051 and SH1009 alone, respectively. Column 9 was the
drug-free well that served as negative control. The inoculum culture of C. albicans
SC5314 strain was prepared as described previously (Alqahtani et al., 2019). The final
concentrations of SH9051 and SH1009 after adding 100 uL of the prepared inoculum
(0.5-2.5 x 10°* CFU /mL) ranged from 200 uM to 3.125 uM. The microtiter plates were
incubated at 35°C for 24 h. PrestoBlue reagent was used to detect the percentage of
fluorescent-viable cells in each well using a SpectraMax MS5e spectrophotometer
(Molecular Devices, LLC, USA). The minimum inhibitory concentration (MIC) was
defined as the concentration that reduced the growth by 90%. The assay was performed
in triplicate and the ICso values were calculated using GraphPad Prism (GraphPad
Software, USA). Drug interaction was estimated by fraction inhibitory concentration
index (FICI) model. This model was determined according to the formula: FIC SH1009
= MIC SH1009 in combination / MIC SH1009 alone. FIC SH9051 = MIC SH9051 in
combination / MIC SH9051 alone. FIC index = FIC SH1009 + FIC SH9051. FICI value
was interpreted to characterize aurone compounds interactions as; FIC index < 0.5 =
synergy, FIC index 0.5 - <1.0 = additivity, FIC index 1.0 - < 4.0 = indifference, FIC
index > 4.0 = antagonism.

Cytotoxicity assay.

Three human cell lines (A549 human lung carcinoma epithelial, human monocytic
THP-1, and HepG2 human liver carcinoma epithelial cells) were used to assay the
toxicity of aurone SH9051. Human cell lines were grown, maintained and seeded into

96-well microtiter plates at a density of 10,000 viable cells/well as described previously
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(Algahtani et al., 2019). After seeding, the cells were treated with two-fold serial
dilutions (3.125 uM— 200 pM) of aurone SH9051. After incubation for 24h at 37 'C with
5% COz in a humidified incubator, the cell viability was evaluated using 20 pL of
PrestoBlue. The assay for each cell line was performed in triplicate. The 50%
cytotoxicity concentration values were calculated using GraphPad Prism (GraphPad
Software, USA).

Genome-wide transcriptional analysis

RNA extraction, processing and sequencing. After growing C. albicans SC5314 cells
at 30°C in YPD broth for 12 h, the culture was diluted 1:200 and allowed to grow with
agitation at 30°C until reaching early exponential phase (ODs3o = 0.15). The cell
cultures (~1.5-1x107 CFU/mL) were treated with aurone SH1009 or SH9051 at the
concentration that caused ~30% inhibition (400 uM and 200 pM, respectively)
followed by incubation for an additional 1 h. Solvent (DMSO) was added to the
negative control culture to reach the concentration of 1%. After harvesting the cells by
centrifugation, yeast cells were disrupted mechanically with BeadBug™ prefilled
tubes, containing glass beads. Afterward, the total RNA were extracted according to
TRIzol™ reagent protocol (Rio et al., 2010) and treated with RiboPure™- DNase |
reagent to remove any residue of chromosomal DNA. Total RNA from nine biological-
independent replicates of SH1009-treated samples (3 replicates), SH9051-treated
samples (3 replicates) and untreated samples (3 replicates) were checked for their
quantities, qualities, and integrities using NanoDrop™ Lite Spectrophotometer
(ThermoFisher Scientific, MA, USA), agarose gel electrophoresis, and Bioanalyzer
2100 system (Agilent Technologies, CA, USA). Volumes of ~20 pL of high-quality
total RNA of all samples were sent to Novogene Corporation Inc. (Sacramento, CA.

USA) for library preparation and RNA sequencing.
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RNA-seq data analysis. An average of ~26873797 paired-end reads per sample (150
bp length) were received in Fastq files. Pre-processing quality control, mapping,
quantification, and statistical summarizing of sequence reads were accomplished using
web-based tools through the stand-alone platform, Galaxy server (Goecks et al., 2010).
To enhance mappability, raw sequence reads were filtered by trimming low quality
reads (Qscore < 20), adaptor sequences, and sequences containing N using FastQC
(Leggett et al., 2013) and Trimmomatic (Bolger et al., 2014). Clean reads (~98.55 % of
raw reads) were deposited at the Gene Expression Omnibus (GEO) database under the
accession numbers GSE158472. The processed sequence reads were aligned to
reference C. albicans genome SC5314 A21 using HISAT2 (Kim et al., 2015). The
alignments for each sample was assembled using the
C albicansSC5314  A21 features.gff annotation file with StringTie (Pertea et al.,
2015). The alignments with mapping quality < 20 scores were excluded. After
assembling all samples, assembled transcripts were merged together by StringTie-
merge in order to create a uniformly new set of transcripts for all the samples and restore
any missing exon in any transcript in one sample due to the possibility of lacking
sufficient coverage (Pertea et al., 2016). The merged transcripts were used as an input
file to quantify the transcripts in each sample using featureCounts (Liao et al., 2014).
Then, the Limma-voom tool compared the transcripts level of SH1009-treated and
SH9051-treated samples to the transcripts level in untreated samples (Law et al., 2014).
The count data were normalized with trimmed mean of M value (TMM) method after
filtering out the genes (unexpressed genes) with < 1 count per million reads.
Differentially expressed genes were determined for each treatment as = 1.5 fold change

with corrected P values that control the false discovery rate at 5%. The GO enrichment
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analysis was conducted with the Candida Genome Database GO TermFinder (Boyle et
al., 2004) and FungiDB data base (Basenko et al., 2018).

CRISPR/Cas9 mediated gene deletion strain construction

The CRISPR/Cas9 gene editing was used to delete the TYE7 (C2_04060C) allele based
on the gene drive platform as described previously with minor modifications (Halder
et al., 2019). Briefly, sequences of gene drive constructs, that contain synthetic guide
RNAs (sgRNAs), repair templates, and SNR52 RNA polymerase I1I promoter, and their
verification primers are listed in (Appendix A). The CaCAS9 plasmid contains a
cassette of the Candida codon-optimized CAS9 endonuclease gene, Nourseothricin
sulfate (NAT), and ampicillin (AMP) cassettes (selective markers), gene drive cloning
site, and NEUTS locus sequences for genomic integration. After digesting the CaCas9
plasmid with NgoMIV, ~1000 bp Oligo pairs of TYE7-gene drive were cloned
separately to CaCas9-digested plasmid using Gibson assembly master mix. Then, 1 puL
of ligation reactions were introduced into chemically competent DH5a E. coli cells
according to the manufacturer’s transformation protocol. Transformants were selected
on LB agar + ampicillin. Plasmids with corrected-orientation inserts were verified by
amplifying the insert region with universal primers (PAC6725 F and PAC6389 R) and
with plasmid fingerprinting using Xhol. After digesting with Pacl to linearize the
plasmids, ~1.5 pg were transformed into C. albicans cells (SC5314 background) with
the LiAc/ssDNA/PEG/DTT method. Fungal cells were recovered in YPD broth for 4 h

and then plated on YPD agar supplemented with 250 pg/mL of NAT. After incubation
for 4 days at 30 °C, NATR transformants were plated again onto fresh YPD agar+NAT

plates. NATR mutants were validated for their desired gene deletions using colony PCR

and gel electrophoresis.
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Growth rate assay

The inocula of C. albicans SC5314 wild type, TYE7A, and MET4A cells were prepared
in YPD broth media at working concentrations of 1-5 x 103 CFU /mL, and 100 pL were
added into the wells of 100-well Bioscreen honeycomb plate. Then, 100 pL of SH1009
or SH9051 were added to respective wells to reach the final concentrations of the 1Cso,
16 uM and 90 uM, respectively, with or without the supplements of methionine,
cysteine, and iron(Il) chloride. Plates were placed into the Bioscreen C instrument with
Bioscreen software (Growth Curves USA, Piscataway, NJ, USA) at a temperature of
30 C with continuous shaking for 24h. The optical density reads (ODs30) were measured
every 30 min interval to monitor the growth curves.

Measurement of ROS levels

C. albicans, TYE7A, and MET4A cells from an overnight culture were diluted in fresh
YPD to an ODs30 of 0.12 and allowed to grow to the early exponential phase (ODs30 =
0.15). Cells were pelleted in 96-wells plate at concentration of (2.5-5 x 10° CFU /mL)
and treated with 200 uM of SH1009, SH9051, and phenyl aurone and incubated for one
hour at 30°C. ROS levels were assessed using the fluorescent dye chloromethyl-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) at final concentration of 20
uM. Cells were incubated at 37 °C for 1 h. The fluorescence intensity was measured
with a 485 nm excitation and 535 nm emission using SpectraMax MS5e
spectrophotometer (Molecular Devices, LLC, USA). ROS accumulation was calculated

with respect to background fluorescence.

Intracellular iron content and trehalose determination
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Cultures of strains SC5314 and TYE7A were (MET4A mutant was excluded because of
the limited resources) grown until reaching the exponential phase (as descried in
measurement of ROS levels experiment) and plated in 12-wells plate at concentration
of (1 x 107 CFU /mL) and treated with 200 uM of SH1009, SH9051, and phenyl aurone,
and incubated for one hour at 30°C. After treatment, cells were washed once with water,
and resuspended in water. Afterward, cells were lysed mechanically with
BeadBug™ prefilled tubes, containing glass beads. 50 puL of each sample was plated in
96-wells plate for intracellular ferrous iron (Fe?") and ferric iron (Fe*) ions
determination according to the instructions of Abcam iron assay kit (colorimetric).
For trehalose determination, yeast cell lysates were prepared by incubation at 95°C for
30 min after which 200 pL supernatants were used for enzymatic analysis (Megazyme
Trehalose Assay Kit) following the manufacturer’s procedure with modifications.
Briefly, 10 pL of solution 2 (NADP+ and adenosine 5'- triphosphate), 20 pL of solution
1 (buffer), and 2 pL of suspension 3 (hexokinase and glucose-6-phosphate
dehydrogenase enzymes) were added to the wells to convert the glucose to gluconate-
6-phosphate. After incubation with constant shaking for 60 min at 30°C to remove
glucose, the reaction was sealed and heated at 90°C for 15 min to inactivate the
enzymes. After cooling, 2 pL of suspension 4 (trehalase enzyme) was added, and
incubated at room temperature for 8 min. The released glucose monomers were assayed
fluorometrically using Amplex™ Red Glucose/Glucose Oxidase Assay Kit.
Fluorescence readings were converted to absolute concentrations of trehalose based on
an internal calibration curve of nmol trehalose standards and normalized for the cell
protein concentration (mg) using the BCA protein assay.

Detection of sulfite
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A commercially available total sulfite detection kit (Megazyme) was used for sulfite
identification in C. albicans and MET4A cultures. In brief, cultures of strains SC5314
and MET4A were grown in YPD media (as descried in the measurement of ROS levels).
After reaching exponential phase, cells were treated with 200 uM of each aurone, 20
mM methionine, and 10 mM cysteine for one hour at 30°C. Afterward, sulfite
concentrations were measured according to the instructions of the manufacturer. All
sample measurements were normalized to its respective background blank media.
RESULTS

Antifungal assessments of aurones SH1009 and SH9051.

Aurones SH1009 and SH9051 possess an identical core of their chemical
structure with different functional groups, but they exhibited different half maximal
inhibitory concentration (ICso) values against C. albicans (Fig. 1A and 1B). Therefore,
the potential of any synergistic interaction of their combination was investigated using
a classical checkerboard microdilution assay. The fractional inhibitory concentration
index (FICI) value between SH1009 and SH9051 was observed to be an indifferent
effect (FICI = 1.25) against C. albicans SC5314 (Fig. 1C). The growth inhibition by
both compounds in combination was more than 90% at the concentrations of 25 uM for
SHO009 and 100 uM for SH9051, which is in the zone of indifference, suggesting
different modes of toxicity (Fig. 1D).

Cytotoxic effects of aurone SH1009 in mammalian cells was reported
previously, indicating a selective antifungal toxicity toward pathogenic C. albicans
SC5314 strain (Algahtani et al., 2019). The cytotoxic effects of aurone SH9051 on the
same human cell lines (THP-1, HepG2, and A549) was carried out to examine the
selectivity toward fungal cells. Appendix B shows the cytotoxic concentrations of

SH9051 that caused 50% loss of cell viability for each cell line, with SH9051 showing
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high CCso values for each cell line. Since the ICso of aurone SH9051 against C. albicans
was 91.05 uM, low selective index values were obtained for THP-1 and HepG?2 cells,
but the difference between the CCso of A549 cells and ICso of fungal cells was 2-fold.
Conversely, aurone SH1009 demonstrated highly selective toxicity toward C. albicans
cells. The concentration of 25 uM of SH1009 caused significant inhibition on C.
albicans growth (> 90% inhibition) while the cell viabilities for the human cells
remained high at this concentration (Alqgahtani et al., 2019). Here, a concentration of
100 uM of SH9051 showed the same inhibitory effects on C. albicans as 25 pM of
SH1009, although this concentration of SH9051 decreased cell viabilities for the human
cell lines (Appendix C). These disparities in inhibitory concentrations and the
indifference in the checkerboard results suggest that aurones SH1009 and SH9051
could target different biological pathways. Therefore, genome-wide gene expression

analyses of C. albicans cells in response to aurone treatments were performed.
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Figure 1: Antifungal assessments of aurones SH1009 and SH9051 against C.
albicans SC5314 strain. A) The chemical structure of aurones SH1009 and B)
SH9051. C) The checkerboard microdilution assay in 96-well plate format. Each cell
represents the inhibition percentage of C. albicans (2.5-0.5 x 103> CFU/mL) growth
during aurone SH9051 and SH1009 treatments (3.125 uM — 200 uM) in RPMI-1640
medium for 24 hours at 35°C either in combination or alone. D) Graphing the nonlinear
regression of the cell viability readings based on the fluorescence intensity of
PrestoBlue reagent using GraphPad Software to calculate the ICso (concentration
causing 50% growth inhibition) values of SH1009, SH9051, and SH1009+SH9051
combination after transforming the molar concentrations of the aurones into the
logarithmic form. The cell viability readings of SH1009+SH9051 combination were
obtained from the bold squares in the checkerboard plate.
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Transcriptional analysis of SH1009- and SH9051-treated C. albicans cells.

The effect of aurone treatments on C. albicans SC5314 transcriptional
responses was investigated after 1 h incubation with sub-inhibitory concentrations. A
high quality of total RNAs (> 1.5 ug and an A260/A280 ratio > 2.0) with high RNA
integrity number (RIN > 9.7) (Appendix D) were recovered for SH1009-treated,
SH9051-treated and untreated cells. Genome-wide transcriptional analysis was
performed using transcriptome sequencing (RNA-seq). The pre-analysis of RNA-seq
computational analyses is a major step to detect any technical biases that may alter the
biological differences. Therefore, diagnostic plots showed high-quality RNA-seq data
regarding the alignment accuracy, sequencing depth, and filtered and normalized
counts distribution (Appendix E). The reproducibility among the conditional groups
and the within technical replicates demonstrated different gene expression profiles with
no impact of batch effects. Notably, the two-dimensional plot of principal component
analysis showed a distinct separation with greater variability between experimental
groups by the first component, indicating that the treatment with aurones was the major
source of differences (Fig. 2A). In addition, the variability of gene expression profiles
of SH1009-treated and SH9051-treated cells was increased to 86% variance when
comparing these profiles to each other only, suggesting different modes of action of
different aurones and supporting the checkerboard assay results (Fig. 2B). The
hierarchical clustering with pairwise correlations showed similar clustering that
identified three groups of samples based on the treatment with dramatically different
patterns of transcriptional profiles (Fig. 2C). Treatment with SH1009 and SH9051
resulted in 1249 and 1085 differentially expressed genes between treated and untreated
samples (P (FDR) < 0.05 and fold change > 1.5), respectively. A total of 585 genes

were upregulated, and 664 genes were downregulated upon SH1009 treatment, whereas
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689 genes were upregulated, and 396 genes were downregulated upon SH9051
treatment compared to their regulation in C. albicans under untreated conditions (Fig.

2C and E).
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Figure 2: The reproducibility and the differential expression analyses of SH1009-
treated, SH9051-treated and untreated C. albicans samples. A) and B) The principal
component analysis plots of log-transformed counts where the x-axis represents the first
dominant principal component (PC1) to measure the variance between experimental
conditions and the y-axis represents the second dominant principal component (PC2)
to measure the variance among the replicates within each sample. C) The Hierarchical
clustering with heatmap to measure sample-to-sample distances where the depth of the
blue color indicates the correlation values. D) and E) The mean dot (MD) plots of the
log (fold change > 1.5) for statistically significant genes (FDR < 0.05) that are
upregulated (red dots) and downregulated (blue dots) after 1h exposure to aurones
SH1009 and SH9051, respectively.
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To elucidate the transcriptional response of C. albicans SC5314 during aurone
treatment, the induced and repressed genes were examined for clustered analysis of
over-represented functionally annotated KEGG pathways and gene ontology (GO)
terms in SH1009 and SH9051 transcriptomes. GO enrichment analyses showed that a
large subset of down-regulated genes were significantly (P (FDR) values < 0.0001)
enriched in response to the transporters and cell regulations that are associated with
metabolic processes (carbon metabolism for SH1009 and sulfur metabolism for
SH9051), suggesting that the exposure to chemically different structure of aurones
robustly alters the nutrient availability in which the expression of genes that are
involved in cellular metabolism and nutrient uptake are distinctively repressed.
However, for up-regulated genes that were responsive to aurone treatment, GO
enrichment analysis showed (P (FDR) < 0.0001) genes that are associated with RNA
processing and ribosomal biogenesis in both aurone profiles in addition to uniquely
induced responses for each aurone profile (iron ion homeostasis for SH1009 and
arginine biosynthesis for SH9051), suggesting common aspects of detoxification
mechanisms for C. albicans with specifically induced routes of adaptations in order to

buffer the effects of particular nutrient deprivations (Fig. 3).
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Different metabolic pathways are significantly enriched by growth with different
aurones.

To obtain a clearer view of the sequential changes in gene expression patterns
of C. albicans cells after SH1009 or SH9051 treatment, a gene regulatory network for
the targeted pathway of each transcriptome profile is summarized in Fig. 4A for
SH1009 and 4B for SH9051. As aforementioned, SH1009 caused a repression in the
carbon metabolism pathway which is tightly regulated by the Rasl/cAMP/protein
kinase A (PKA) pathway (Sabina & Brown, 2009). The glucose G-protein receptor
gene GPRI, for which expression was down-regulated by -1.5-fold, controls the
production of cAMP from ATP by activating the downregulated GTPase gene RASI
(by -1.48-fold). In addition to Rasl, other key components of the Rasl/cAMP/PKA
pathway were differentially expressed by the treatment. The up-regulated genes
GTPase RAS2 (by 2.2-fold) and phosphodiesterase PDE2 (by 2.6-fold) primarily
reduce the cellular level of cAMP, which is required for inactivation of the inhibitory
subunit Beyl of PKA. The PDEI gene, which was down-regulated (by -1.49-fold), acts
as the substrate for the PKA complex and provides negative feedback in carbohydrate
signaling and regulation. When cAMP binds to the inhibitory subunit of the PKA
complex, it releases its catalytic subunits, 7PK1, which was up-regulated by 1.6-fold
and is involved in stress response, and 7PK?2, which was down-regulated by -1.56-fold
and involved in trehalose synthesis and iron uptake (Lin & Chen, 2018; Robertson et
al., 2000). Activated PKA phosphorylates a series of transcription factors that control
carbon metabolism, stress adaptation, cell cycle, and other functions, but the terminal
point of the Rasl/cAMP-PKA pathway in C. albicans activation is the master
transcription factor Efglp. This transcription factor, for which expression was

downregulated by -2.4-fold, promotes yeast-to-hyphal transition through controlling
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carbon metabolism by directly regulating expression of the major glycolytic activator
Tye7p that was downregulated by -2.2-fold as well (Robertson et al., 2000).

The transcriptional factors in the downregulated genes set for the SH1009-
treated transcriptome were ranked based on the percentage of transcriptome regulation
using the PathoY eastract database (Monteiro et al., 2017). The transcriptional regulator
Tye7p was the top transcriptional factor that plays a key role in cellular response to
SH1009 by regulating 44% of downregulated genes. Tye7p regulates the
downregulated genes TPS! (by -2.3-fold), TPS2 (by -2.5-fold), TSP3 (by -2.4-fold),
ATCI (by -1.5-fold), and NTHI (by -1.5-fold), involved in the most significantly
enriched biological process in the SH1009 repressed transcriptome, the trehalose
metabolic process (Askew et al., 2009). Moreover, genes that are associated with
glucose, glycogen, and galactose biosynthesis were found dysregulated by SH1009
treatment, consequently resulting in a poor supply of carbohydrate, which is the
preferred source of energy in C. albicans, for glycolysis and the tricarboxylic acid
(TCA) cycle. The dysregulation of the TCA cycle attenuates the production of ATP,
leading to a low intracellular level of cAMP, which dramatically affects the activation
of Rasl/cAMP-PKA pathway (Tao et al., 2017), supporting our previous results that
suggested the modulatory effect of SH1009 on the ATP-binding cassette (ABC) efflux
pumps which drive the fluconazole resistance mechanism (Algahtani et al., 2019).
Significantly, the top downregulated gene in the SH1009 transcriptomic profile (by -
32-fold), HSP21, lies downstream of the Rasl/cAMP-PKA pathway (Gong et al.,
2017). The deletion of this small-heat shock protein, Hsp21, weakens C. albicans
resistance to oxidative and thermal stresses by accumulating significantly lower
intracellular levels of trehalose sugar which is considered an oxidative stress protectant

(Mayer et al., 2012). The involvement of Hsp21 in the regulation of trehalose
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homeostasis and the tight control of trehalose level by G protein receptor (Gprl)
suggest that Hsp21 is a possible link between the Rasl/cAMP-PKA pathway and
trehalose biosynthesis (Serneels et al., 2012). Additionally, SH1009 downregulates the
basic carbon metabolism that controls trehalose biosynthesis, the key nutritional and
protectant cue for carbohydrate regulation and oxidative resistance in C. albicans.

C. albicans cells exhibited a different repressed transcriptomic profile in
response to SH9051 (Fig. 4B). Organic sulfate compounds may be transported into the
cells by the putative sulfate transporter (Seol) for which expression was downregulated
by -2.06-fold. Sulfate, then, should be reduced through the sulfate assimilation pathway
genes, MET3, METI14, MET16, ECM17 (or METI0) that were among the top
downregulated genes (by -10, -11, -12, and -1.7-fold, respectively), to sulfide which
would afterward be incorporated into the formation of homocysteine by downregulated
gene METI5 (by -1.9-fold) along with O-acetylhomoserine derived from homoserine
by the MET2 gene (downregulated by -1.7-fold). In addition, expression of genes
involved in sulfur amino acid (methionine and cysteine) biosynthesis pathways were
downregulated. Homocysteine is converted to methionine by MET6 (downregulated by
-2 fold) and to S-adenosylmethionine (SAM) in the methyl cycle by SAM2, SAM4, and
SAH1 (downregulated by -1.5, -2, and -1.6-fold, respectively). CYSI and CYS4, which
convert homocysteine to cysteine in the two steps of the transsulfuration process, were
downregulated by -2 and -1.9-fold, respectively. In S. cerevisiae, the levels of
methionine, cysteine, and SAM negatively control the activity of transcription factor
Metdp (expression downregulated by -3-fold) that controls the activity of sulfur
metabolism pathway by positively regulating the activity of MET genes (Ljungdahl &
Daignan-Fornier, 2012). These findings indicate that SH9051 downregulates the sulfur

metabolism pathway which dysregulates the methionine and cysteine biosynthesis
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processes. Taken together, both repressed transcriptomic profiles of SH1009 and
SH9051 demonstrated significantly and distinctively major perturbations of different

metabolic pathways in C. albicans cells, suggesting different molecular targets.
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Figure 4: Visualization of the impact of aurone treatment on the central
metabolism of significantly enriched KEGG pathways. The changes in gene
expression in central carbon and sulfur metabolic pathways in response to SH1009 (A)
and SH9051 (B) treatments, respectively. Detected genes are colored based on their
values of log fold change, green and red colors indicate downregulated and upregulated
genes, respectively, while a gray color indicates undetected genes. Pathway annotations
and gene names are customized from different studies on C. albicans or based on their
homology in S. cerevisiae and created with BioRender.com. Stars indicate genes that
are directly activated by the major transcriptional activators Tye7p for carbon
metabolism and Met4p for sulfur metabolism.
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Cross-transcriptome profiling reveals overlapping biological processes.

To detect any potentially synergistic or antagonistic interaction between
SH1009 and SH9051 at the molecular level, a Venn intersections diagram was
constructed to compare the repressed and induced transcriptomic profiles (Fig. 5).
Although ~197 genes were commonly downregulated in both repressed datasets of
SH1009 and SH9051, 44% of these genes were enriched for unknown biological
process while only 11 genes were enriched insignificantly (P (FDR) value < 0.07) for
carbohydrate metabolic processes, especially genes that are involved in drug stress
response, indicating no synergistic interaction for repressed transcriptomic responses.
Comparing the upregulated genes for SH9051 and the downregulated genes for SH1009
detected 53 commonly dysregulated genes that are not enriched for any GO term. By
way of contrast, a low number of overlapped genes (only 14) for iron ion transport and
sulfur amino acid metabolic processes are significantly enriched between the
upregulated genes for SH1009 and the downregulated genes for SH9051. The
upregulated genes for sulfur amino acid metabolic processes (MET4, MET3, METI5,
and CYS1) in the induced transcriptome of SH1009 could be attributed to carbohydrate
starvation, which subsequently causes the cells to utilize amino acids as alternative
sources of carbon (Miramoén & Lorenz, 2017). The downregulation of genes for iron
ion transport (RBTS5, FET34, FTRI, and CFL4) in the repressed transcriptome of
SH9051-treated cells could be attributed to elevated levels of organic sulfur compounds
as a consequence of sulfur amino acid catabolism. This might be concomitant with
repression in iron ion import in order to hinder the synthesis of iron—sulfur (Fe-S)
proteins (Petti et al., 2012). Nevertheless, this low level of antagonistically differential

expression of a small number of genes cannot be interpreted as a fundamentally
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antagonistic interaction between the aurone modes of action because these antagonistic
processes seemed to be secondary effects of the essentially targeted pathways.

However, the induced transcriptome in both SH1009 and SH9051 profiles was
remarkably comparable. A large set of genes (~299) were commonly upregulated upon
SH1009 and SH9051 treatments. These genes were significantly enriched (P (FDR)
values < 0.0001) for RNA processing, ribosomal biogenesis, mitochondrial RNA
processing, and cleavages involved in rRNA processing. High transcript levels for
rRNA processing and ribosomal biogenesis in S. cerevisiae after exposure to high lethal
concentration of H>O» has been observed previously, suggesting an urgent need to
accelerate the rRNA processing and ribosomal biogenesis that are required for
synthesizing oxidative stress response proteins or to replace the TRNA that was
damaged by oxidative stress (Shenton et al., 2006). Additionally, nutrient depletion has
been associated with ribosomal stress by inducing ribosomal degradation and formation
of free ribosomal proteins that can eventually accumulate in the nucleoplasm (Zhou et
al., 2015).

In addition to commonly induced genes in response to either SH1009 or SH9051
treatments, uniquely upregulated genes in response to each aurone have been
significantly enriched for prominent biological processes. For SH1009, a set of genes
was uniquely induced and enriched for iron ion transport. Most of these genes
(C4_03340C_A, 11-fold; CFL2, 9-fold; RBTS, 7.9-fold; CFL4, 7.2-fold; FRE9, 4.5-
fold; FTRI1, 4.5-fold; FTHI, 3.6-fold; CFLS5, 3.4-fold; SIT1, 3-fold; FREI0, 3-fold;
FRP1,?2.8-fold; FRE30,2.7-fold; C7_00430_A, 2.6-fold; FRE7, 2.4-fold; FET34, 1.9-
fold; CTR1, 1.67-fold; and CFL1, 1.5-fold) were among the top upregulated genes. The
expression of iron ion acquisition genes in C. albicans is regulated by the induced

transcriptional repressor (Hap43p, 2fold), which responds to low intracellular levels of
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iron by inhibiting the transcriptional activator of iron utilization, Sfulp which was
downregulated by -1.86 fold. The Sfulp transcription factor represses genes encoding
iron uptake through direct inhibition of a third transcription factor Seflp, for which
expression was upregulated 3-fold, and indirect inhibition of Hap43p expression, since
Seflp regulates the activity of Hap43p (Chen et al., 2011). This strict regulation of iron
acquisition and utilization reflects the significance of maintaining ordinary intracellular
iron homeostasis to thereby prevent the iron toxicity that leads to severe oxidative
stress. Overabundance of iron catalyzes the production of reactive oxygen species
(ROS) by the Fenton reaction, resulting in oxidative damage in biomolecules (Missall
et al., 2004). A recent study has reported that iron overload is the major determinant of
the oxidative stress associated with rRNA cleavage and degradation through promoting
stress-strand breaks in rRNA by ribosome-bound iron (Zinskie et al., 2018).

For SH9051, a set of genes that are involved in the arginine biosynthetic process
was uniquely induced (DURI,2, 8.4-fold; GDH1, 5.9-fold; AFP99, 3.6-fold; ARG,
2-fold; ARGS, 2-fold; ARGI, 1.89-fold; ECM42, 1.9-fold; CARI, 1.75-fold; CAP2,
1.65-fold; ARGS, 1.6-fold; and CAPI, 1.56-fold) in response to the aurone. The
induction of the arginine biosynthetic pathway has been reported previously as
transcriptional responses in C. albicans to oxidative stress resistance (Issi et al., 2017).
Additionally, as a defense mechanism against host-phagocytosed cells, C. albicans
induces the arginine biosynthetic pathway to resist macrophage-derived antimicrobial
ROS (Jiménez-Lopez et al., 2013). These findings indicate that both aurones could
induce cellular oxidative stress; however, uniquely upregulated mechanisms also

suggest key roles for the functional groups in the chemical structure of each aurone.
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Figure 5: Comparisons between induced and repressed transcriptomic profiles of
aurones SH1009 and SH9051. The Venn diagram shows the number of commonly or
uniquely dysregulated genes between four datasets: downregulated-SH1009,
downregulated-SH9051, upregulated-SH1009, and upregulated-SH9051 dataset.
Heatmaps demonstrate the differential gene expression of sets of genes that are
clustered and enriched for significant GO terms in each overlap. The corrected P values
(FDR) are indicated for each GO term. The heatmaps were generated to visualize the
comparisons of differential gene expression across the SH1009- and SH9051-treated
and untreated samples using the shinyheatmap tool by which the expression of genes
were scaled per row based on the Z-score of standard deviations (positive or negative)
and plotted on a red-green color scale where the high level of expression is colored red
and the low level of expression is colored green.
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By linking the transcriptional responses of aurones SH1009 and SH9051 to their
core chemical structures and functional groups, three critical hypotheses can be
proposed. First, the hydroxyl groups and/or methoxy group in aurone SH1009 can react
with transition metal ions (iron), which produces high levels of toxic ROS that would
result in TRNA cleavage and degradation along with ribosome stress, resulting in a
potent prooxidant activity. Additionally, these functional groups could uniquely affect
the accumulation level of the oxidative protectant, trehalose (Gencer et al., 2018),
which in turn downregulates the Rasl/cAMP-PKA pathway and negatively impacts
carbon metabolism and its regulation (Perfect et al., 2017) (Fig. 4A). Second, since C.
albicans utilizes amino acids as a nitrogen source, the nitrogen atom in aurone SH9051
could interfere with the negative regulation of transcriptional factor Met4p, simulating
a high level of methionine and cysteine supply resulting in inactivation of MET genes,
thus suppressing the sulfate assimilation pathway (Hébert et al., 2013) and inducing
sulfur amino acid catabolism (Fig. 4B). Third, the C ring structure of both aurones
could contribute to generating more ROS, which results in the common upregulation
processes (rRNA processing and ribosomal biogenesis). This would provide SH9051 a
mild prooxidant activity, but it is lower than that of SH1009 which can be observed
from the depth of the red color of the heatmap in the SH1009 gene expression profile
compared to that for SH9051 (Fig. 5). Therefore, a reverse genetics approach and
quantitative biochemical assays were applied to validate the transcriptional signatures

of aurones SH1009 and SH9051 and to establish the structure-activity relationship.
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Aurones SH1009 and SH9051 inhibit distinctive carbon and sulfur amino acid
metabolic pathways.

The enrichment analysis of differentially regulated genes upon aurone treatment
indicated carbon and sulfur metabolism as the most significantly downregulated
pathways. Accordingly, engineering of C. albicans deletion strains was attempted using
the CRISPR-Cas9 gene editing technique in order to validate that the trehalose and
sulfur amino acid biosynthetic metabolic pathways are the primary targets of aurones
SH1009 and SH9051, respectively (Fig. 6A and B). We reasoned that if the
transcriptional factors of carbon metabolism, Tye7p, and sulfur metabolism, Met4p, are
absent, then the aurones would not be active against the mutants. Appendix F depicts
the genetic modification of a TYE7A mutant from C. albicans SC5314 strain
background by introducing double-strand breaks in which two gRNAs guide Cas9
nuclease to catalyze the cleavages at the 5’ and 3’ ends of the open reading frame (ORF)
of the targeted gene TYE7 and replace the gene sequence with the gene drive cassette
(Halder et al., 2019). Although the gene drive system harbors two single gRNAs
sequences and SNR52 RNA polymerase III promoter, allowing the gene drive to
transcript and propagate to any wild-type locus for deletion, the platform failed to
generate a MET4A mutant even with multiple rounds of transformations using three
different gene drive systems containing three different dual gRNAs which target
different sites on the MET4 gene sequence. Therefore, a MET4A deletion mutant was
obtained from the Fungal Genetics Stock Center (FGSC, University of Missouri,
Kansas, USA), and the absence of the MET4 gene sequence was verified by colony
PCR (Appendix F).

The TYE7A mutant was documented previously for higher storage carbohydrate

levels (trehalose and glycogen) as a result of severely reduced glycolytic flux due to the
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repressed expression of the genes encoding the glycolytic-committing enzyme
phosphofructokinase (PFK1 and PFK?2). This gives Tye7p the role to regulate the flux
between carbohydrate storage and production at the glucose-6-phosphate branch point
in order to avoid futile glycolysis cycling (Fig. 4) (Askew et al., 2009). Consequently,
while the growth of C. albicans SC5314 was inhibited by ~4-fold during the
exponential phase of the growth curve under the ICso concentration of SH1009 (16 uM),
the TYE7A mutant showed evident SH1009-resistant growth (Fig. 6C), suggesting that
the greater storage of oxidative stress protectant (trehalose) could rescue 7YE7A from
the proposed prooxidant activity of SH1009. Additionally, it has been reported that
exposing C. albicans to extracellular ~30 pM iron led to accumulation of more ROS,
which could cause a synergistically inhibitory activity with SH1009 (Kaba et al., 2013).
However, supplying growth media with different concentrations of extracellular iron
did not increase the inhibitory activity of SH1009 (Appendix G). In fact, it marginally
reversed the inhibitory activity which could support the claim that the uniquely
upregulated genes for iron ion uptake signifies the low intracellular level of iron ions
upon SH1009 treatment. Because C. albicans possess a sophisticated system of
regulation of iron ion transport due to the potential toxicity of iron by generating ROS,
it could be speculated that the impact of SHI009 on the level of iron ions was
endogenous and it cannot be affected exogenously.

Treatment of the MET4A mutant with SH9051 resulted in significantly more
susceptible response compared to the wild type indicating a potential secondary effect
or pleiotropic effects of the mutation (Fig. 6D). Interestingly, unlike the strict
methionine auxotrophic phenotype of the S. cerevisiae MET4A mutant, but like the
Schizosaccharomyces pombe ZIP1A transcription factor mutant (Harrison et al., 2005),

C. albicans MET4A is not auxotrophic for sulfur amino acids (methionine or cysteine)
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(Appendix F). Also, the additional supplements of cysteine or methionine were not
able to restore the fitness of MET4A without any stress. In addition to the SH9051
stress, addition of sulfur amino acids further inhibited the growth of MET4A (Fig. 6E
and F). This could support the hypothesis from RNA-seq data where SH9051 treatment
stimulated a toxic supply of sulfur amino acids, suggesting a synergistically toxic effect
between the SH9051 and these amino acids through sulfur amino acid catabolism. For
this reason, most of methionine and cysteine that was taken up by MET4A cells might
be degraded thus reducing SH9051 toxicity even in the lack of de novo biosynthesis of
these amino acids. Therefore, in order to further investigate the cellular responses of
the wild type and relevant mutants during aurone SH1009 and SH9051 treatments,

quantitative biochemical assays were conducted.
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Figure 6: The most repressed transcriptional responses of aurones SH1009 and
SH9051 treatments. (A and B) Aurone SH1009 and SH9051 treatments resulted in
downregulation of trehalose and sulfur amino acid metabolic processes. The relative
expression of the genes of these processes was illustrated by green-red color scale in
heatmap. (C and D) The growth curves of C. albicans SC5314 wild-type strain, TYE7A,
and MET4A mutants under the ICso concentrations of aurone SH1009 (16 uM) and
SH9051 (90 uM), respectively. (E and F) The growth curves of C. albicans SC5314
wild-type strain and the MET4A mutant under the ICso concentration of aurone SH9051
(90 uM) with supplements of 20 mM methionine and 10 mM cysteine, respectively.
The growth conditions were carried out in YPD broth media using the Bioscreen C
growth curve instrument and the ODs3o reads were recorded at 30 min intervals for 24
h incubation at 30 C.
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Biochemical assays specify the structure-activity relationship of each aurone.

Comparisons between the repressed and induced transcriptomic profiles of C.
albicans cells treated with aurones SH1009 and SH9051 indicated a common feature
in the aurone chemical structures could contribute to elevate the intracellular ROS
levels. Additionally, distinct functional groups in each aurone indicated uniquely
upregulated and downregulated pathways (Fig. 5). Accordingly, the core chemical
structure of an aurone without any functional group (phenyl aurone, Fig. 7A) was
included in cellular metabolism assays to quantitively measure the structure-activity
relationships of the aurone core and functional groups. The cell viability assay for the
phenyl aurone showed that inhibition of C. albicans SC5314 at the highest
concentration of 200 uM was approximately 28%, predicting that approximately one
third of any aurone inhibitory activity was proportionally derived from this basic
chemical structure (Fig. 7A).

Since the core chemical structure was the only common feature between
aurones SH1009 and SH9051, we hypothesized that the C ring structures, comprised of
the oxygen double bound, oxygen atom, and/or the extended conjugation that connects
the benzofuranone heterocyclic ring with the phenyl group (Fig. 7A), could contribute
in generating ROS. Therefore, the exponential growth of C. albicans SC5314 wild-
type, TYE7A, and MET4A cells was perturbed by 200 uM of each aurone for one hour,
after which yeast cells were stained with the oxidative stress indicator, CM-H.DCFDA,
that is oxidized by ROS to a fluorescent molecule (Hassani & Dupuy). Intracellular
ROS accumulation relative to fluorescence intensity illustrated that the highest
oxidative stress was caused by SH1009 with a 77.4% significant increase (P value <

0.001) in ROS levels compared to the untreated sample, confirming the prooxidant
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activity of this aurone against C. albicans cells. In comparison, the prooxidant activity
of the phenyl aurone raised the ROS level significantly by 45.4% (P value < 0.01)
relative to the untreated sample. It was statistically significant that the basic structure
was responsible for 24.2% and 48.1% of (ROS) generation in SH1009 and SH9051,
respectively, relative to untreated sample (Fig. 7B).

Because aurone SH1009 uniquely induced expression of iron ion transport
pathways, it was speculated that treated cells would have low intracellular iron ion
levels due to the catalyzing of these stress ions by the SH1009 structure, promoting the
prooxidant activity. There are two intracellular states of transition metal iron, the
oxidized form of iron, ferric (Fe**) ions, which react with oxygen to form oxides with
relatively low solubility, and the reduced form of iron, ferrous (Fe?*) ions, which react
with oxygen to form ROS through Fenton reactions (Fourie et al., 2018a). Typically,
the reduction of ferric iron(Ill) to ferrous iron(I) by reductases increases the
availability and solubility of iron. However, compromising the efficiency of the
network controlling iron homeostasis or changing the availability of ferrous ions are
highly related to toxic ROS production (Gammella et al., 2016). Therefore, the levels
of Fe** and Fe?" iron ions were determined using an iron probe assay (iron chromogen)
after treating C. albicans wild type and TYE7A cells with aurones.

Fig. 7C demonstrates the concentrations of Fe3" and Fe?" where the ratio of
Fe?*/ Fe*" in C. albicans SC5314 wild type cells treated with SH1009 was the highest
(3.7) compared to treatments with SH9051 (2.2) and phenyl aurone (2.03) in wild type
cells. This validates the transcriptional signature of SH1009 and support the proposed
prooxidant activity and the results of the ROS generation assay. Although the Fe**/ Fe3*
ratio of SH1009 in TYE7A mutant was 6.0, this strongly underscores the role of

trehalose in protecting the cells since the 7YE7A mutant showed an intrinsically
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resistant phenotype against SH1009 (Fig. 6C). SH9051 treatment resulted in a 2.2
higher Fe?*/ Fe** ratio in the wild type compared with a ratio of 2.03 in response to the
phenyl aurone, suggesting that most of the ferric ion reduction trait in SH9051 (~89.3%)
could be the impact of the C ring structure. This impact contributes to (~54%) the ability
of SH1009 in catalyzing the reaction with metal ion stress (iron) which poses a question
about the role of the hydroxyl groups and/or methoxy group in the trehalose level.
Intracellular trehalose levels were determined enzymatically based on
hydrolysis of trehalose by trehalase into two glucose monomers after eliminating the
original glucose from the samples. The glucose concentration, which is directly
proportional to the trehalose concentration, was detected fluorometrically by coupling
the oxidation of glucose to peroxidation of the fluorogenic substrate, Amplex Red
(Carillo et al., 2013). This method overcomes the previous limitation of colorimetric
detection which did not have the sensitivity to detect the low trehalose levels in
exponentially growing yeast cells (Askew et al., 2009). We observed significantly
increased levels of trehalose in the wild type and TYE7A cells under all treatments
except the SH1009-treated wild type sample (Fig. 7D). As expected and documented
before (Askew et al., 2009), trehalose level was two times higher (P < 0.001) in
untreated TYE7A mutant compared to untreated wild type cells which provides the
TYE7A cells protection from the SH1009-prooxidant effect. SH1009 treatment
considerably decreased the trehalose level in wild type cells 7.7 times (P < 0.001)
relative to untreated-wild type sample and 10.6 times (P < 0.0005) relative to SH1009
treated-TYE7A sample, demonstrating SH1009 resistance via higher trehalose storage
in the TYE7A mutant. Additionally, a significant observation was the failure of phenyl
aurone to suppress trehalose synthesis with insignificant differences in trehalose

concentrations compared with untreated samples either in wild type or mutant cells.
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This suggests that suppression of trehalose synthesis could be almost entirely attributed
to the functional groups in SH1009 aurone, hydroxyl groups and/or methoxy group.
The impact of the nitrogen functional group of aurone SH9051 was not only
inactivation of sulfur amino acid biosynthesis, but also activation of degradation of
these amino acids, simulating a high exogenous supply of methionine or cysteine
(Hennicke et al., 2013; Xu et al., 2018) (Fig. 4B). According to previous studies, the
end products of methionine catabolism are volatile organic sulfur-containing
compounds (VOSCs) such as thioesters, thioethers, dimethyl trisulfide (DMTS), and
dimethyl disulfide (DMDS) (Landaud et al., 2008). In C. albicans, large quantities of
sulfite have been reported as a consequence of cysteine catabolism (Hennicke et al.,
2013). To determine the role of the aurones in sulfur amino acid catabolism, total sulfite
was measured based on the sulfite-triggered cleavage of the disulfide bond in Ellman’s
reagent, which also reacts with compounds containing free thiols, such as VOSCs
(Coulomb et al., 2017). SH9051 was the only aurone treatment that significantly (P <
0.0001) elevated the sulfite levels (Fig. 7E) while the values produced by SH1009 and
phenyl aurone treatment of cells were nearly zero, similar to untreated cells. The
overproduction of sulfite associated with SH9051 treatment demonstrated the impact
of nitrogen atom on the uniquely transcriptional responses to SH9051. In addition,
combining SH9051 with methionine or cysteine indicated their synergistic effects on
C. albicans growth (Fig. 6E and F) by considerable overproduction of sulfite and
VOSCs which were more significantly produced (P < 0.0001) in MET4A mutant than
wild type cells, demonstrating the hypersensitivity of MET4A toward SH9051 (Fig.
6D). These observations indicate that Metdp activity in C. albicans might not only be
involved in sulfur metabolism but also participate in defense against several stresses,

including oxidative stresses.
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Figure 7: C. albicans cellular growth and metabolism responses to SH1009,
SH9051, and phenyl aurones. A) The inhibitory activity of SH1009, SH9051, and
phenyl aurones on C. albicans SC5314 cell suspensions (0.5 — 2.5 x10* CFU/mL) with
treatments of 2-fold serial dilutions of each aurone (3.125uM — 200uM) in RPMI-1640
medium for 24 hours at 35 C. PrestoBlue reagent was used to assay the cell viability. C
ring structure is highlighted in yellow color in the phenyl aurone where the
benzofuranone heterocyclic A and C rings are connected to the phenyl B ring by
extended conjugation. B) Changes in ROS production after one hour treatment of 200
uM of each aurone (H20> was used as positive control) on exponentially growing C.
albicans SC5314, TYE7A, and MET4A cells in YPD media using the fluorescent dye
CM-H>DCFDA. C) Determination of intracellular ferrous (Fe?*) ions in C. albicans
SC5314 and TYE7A mutant cells based on the formation of a complex between Fe?
and an iron chromogenic substrate; ferric (Fe**) ions were determined using an iron
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reducer on separate samples to determine the total iron content and then subtracting the
Fe?* ions from total iron to determine the Fe*" ion concentration. D) The intracellular
trehalose content of wild type C. albicans SC5314 and TYE7A at logarithmic phases
were measured enzymatically following aurone treatment using trehalase coupled with
Amplex red reagent as described in the Materials and Methods section. E) Total sulfite
production was measured in wild type C. albicans SC5314 and MET4A based on the
reaction with Ellman’s reagent after treating cells with aurones and amino acids, 20
mM methionine or 10 mM cysteine. All data points are mean + SD (n= 3).
Significances were calculated using two-way ANOVA for multiple comparisons. The
asterisks indicate the difference was significant. P values: (**** P < 0.0001), (** P <
0.001), (* P<0.01).
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DISCUSSION

The aim of our study was to comprehensively understand the modes of action
for aurones SH1009 and SH9051 treatment in C. albicans SC5314 using the global
transcriptional signature and leveraging the power of the RNA-seq technique. Our gene
expression analysis showed that aurone SH1009 and SH9051 led to the dysregulation
of a staggering number of diverse genes (1249 and 1085 genes, ~21% and 19% of the
genome, respectively for SH1009 and SH9051). These genes are primarily enriched for
different metabolic pathways, carbohydrate and sulfur metabolisms in response to
SH1009 and SH9051, respectively. The pathogenicity of C. albicans is strictly linked
to metabolic processes to support the bioenergetic requirements of infectious growth.
Thereby, one of the most important metabolic contributors to the pathogenicity of this
opportunistic fungus is stress adaptation by synthesizing the disaccharide, trehalose
(Brown et al., 2014).

The transcriptional response of aurone SH1009 treatment showed that the
trehalose metabolism was the most significantly repressed biological process. This non-
reducing sugar is not only carbohydrate storage in fungal cells, but also accumulates in
response to thermal and oxidative stresses. Due to its physical interaction with proteins
and phospholipids as a highly hydrophilic molecule, trehalose plays a critical role in
stabilizing enzyme activities and protecting cellular membranes during stress.
Trehalose acts as a free radical scavenger under ROS-induced conditions, supporting
the fungal pathogenicity against the human immune system defense by accumulating
this stress protectant by upregulating the trehalose biosynthesis genes (Missall et al.,
2004). Trehalose biosynthesis and storage are tightly linked to the glycolytic pathway
and controlled by transcriptional regulator Tye7p (Askew et al., 2009). The uniquely

repressed effect of aurone SH1009 on the transcription regulator Tye7p as evidenced
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by RNA-seq data showed by far the greatest impact as a regulator of 44% of
downregulated genes. The result of deleting this transcription factor (TYE7A) was an
SH1009 resistant mutant (Fig. 6C) that uses the higher storage of oxidative stress
protectant (trehalose) as an intrinsic line of defense (Fig. 7D). Previous studies have
been shown that the disruption of the trehalose biosynthesis pathway results in
dysregulation of the central carbon metabolism and alteration in stress response and
virulence. In C. albicans, disruption of Tpsl or Tps2 increased the susceptibility to
oxidative stress and attenuation of virulence in a systemic mouse model (Perfect et al.,
2017; Thammahong et al., 2017). Furthermore, in trehalose-deficient mutants, the
enzymatic antioxidant activities were synergistically induced during exposure to
oxidative stress inducer H>O2 (Gonzalez-Parraga et al., 2003).

Typically, treating C. albicans with H2O:> leads to increased trehalose content
and up-regulation of enzymatic antioxidant activities that are considered oxidative
stress defenses (Pedrefio et al., 2006). These defenses include a single catalase gene for
conversion of H»O» to water and oxygen (Wysong et al., 1998), six superoxide
dismutase SOD genes that convert superoxide anions to hydrogen peroxide
subsequently processed by catalase (Hwang et al., 2003), four glutaredoxins GRX
genes (Chaves et al., 2007), and two thioredoxin TRX genes, all of which are involved
in the oxidative stress response (Dantas et al., 2010). However, none of these
antioxidant enzymes were differentially expressed upon SH1009 treatment.
Nonetheless, these antioxidant enzymes were modulated by the prooxidant activity of
SH1009 because, in C. albicans, these enzymes are regulated by iron availability
(Chakravarti et al., 2017). SH1009 uniquely upregulated Hap43p, which has been
recorded as the sole transcriptional regulator responsible for iron-dependent oxidative

stress response. Under iron deprivation conditions, it acts as a transcriptional activator
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for iron ion uptake genes (Hsu et al., 2011) and as a repressor of numerous genes
encoding enzymes that utilize iron as a cofactor, including antioxidant enzymes (Catl,
Sod4, Grx5, and Trx1), possibly to permit the utilization of iron in more essential
processes (Chakravarti et al., 2017).

The prooxidant activity has been identified as the ability to reduce transition
metal ions ferric(IIT) to lower oxidation states ferrous(Il), which increase the production
of ROS (Truong et al., 2020), which can be used in cell signaling depending on context
and concentration. However, ROS are highly reactive molecules and can inflict damage
to cellular macromolecules (Shcherbik & Pestov, 2019) like cleavages involved in
rRNA and ribosomes by stress-strand breaks via ribosome-bound iron (Zinskie et al.,
2018) which was the commonly upregulated process for both SH1009 and SH9051
treatments. The structure-activity relationship metabolic assays evidenced the role of
the C ring structure in generating ROS through disruption of iron homeostasis. Based
on the phenyl aurone treatments, the core chemical structure contributes to 24.2% of
SH1009 activity for generation of ROS and 51.3% for catalyzing iron ions. Our results
support prior studies that suggested the role of oxygen atoms and the double bond of
the C ring structure in increasing prooxidant potential in flavonoids. Also, the number
of hydroxyl groups, their positions, and methoxylated B ring were important factors for
the structure-prooxidant activity (Baldim et al., 2017; Eghbaliferiz & Iranshahi, 2016).
These functional groups complete the residual prooxidant potency of SH1009 by
contributing 75.8% to ROS generation, 48.7% to catalyzing iron ions, and most
significantly, 100% of the impact on trehalose protection in C. albicans.

Although flavonoid compounds are naturally synthesized as antioxidant
metabolites in plants, the prooxidative properties of these compounds can be enhanced

in the presence of iron (III) or copper (II) ions mainly because of their ability to reduce
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metal ions based on Fenton-type reaction and generate ROS (Eghbaliferiz & Iranshabhi,
2016). This property allows flavonoids to selectively target particular cells with
characteristics such as extra quantities of redox metal ions. For example, it has been
observed that flavonoids can boost cellular levels of ROS to cytotoxic ranges in cancer
cells but not in normal cells due to the higher concentration of copper(Il) ions in the
metabolically active cancer cells (Eghbaliferiz & Iranshahi, 2016; Jomova et al., 2019).
In this regard and supporting our previous work showing the selective toxicity of
SH1009 for C. albicans over human cells (Algahtani et al., 2019), the selectively
prooxidant potency of SH1009 could be attributed to the naturally high redox metal
iron ions inside C. albicans cells. Whereas the iron ions in the host are largely
unavailable as it is constantly sequestered by iron-binding protein like heme and
ferritin, C. albicans, as a commensal opportunistic pathogen, has evolved sophisticated
iron acquisition and storge systems which enable this fungus to scavenge iron from the
host and store it in compartments such as vacuoles and mitochondria (Fourie et al.,
2018b). The pathway that controls the intracellular iron mobilization and storage has
been identified in C. albicans. The two vacuolar transporters Cccl and Smf3 were
dysregulated upon SH1009 exposure where Cccl (expression upregulated by 2.14 fold)
increases vacuolar storage of iron and Smf3 (expression downregulated by -1.8 fold)
appears to play a role in vacuolar export (Xu et al., 2014). Seemingly, C. albicans,
under SH1009 exposure, conceals free iron ions from the cytoplasm by storage in
vacuoles as a detoxification mechanism to avoid the iron(III)-SH1009 reduction effect.
Furthermore, the genes, CCCI and SMF3, controlled by the upregulated Hap43p,
indicating that regulation of iron ion uptake was not only for acquiring iron from
external sources but also to control intracellular iron homeostasis (Monteiro et al., 2020;

Singh et al., 2011).
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The structure-activity relationship also indicated that aurone SH9051 induces a
mild prooxidant activity by generating ROS through catalyzing iron ions. Even though
SH9051 reduction of metal ions was primarily (86.3%) derived from the C ring
structure, SH9051 generation of ROS was much higher than the phenyl aurone (51.4%),
indicating that another factor increases ROS generation with SH9051 treatment. It has
been shown that growth inhibition of C. albicans occurs after addition of sulfite as
reactive sulfur species (RSS), suggesting an increase in the intracellular oxidative stress
(Ogasawara et al., 2008). Previous work on S. cerevisiae also documented induction of
ROS levels in volatile sulfur compound (SO-)-challenged cells (Lage et al., 2019). This
leads us to conclude that the increased effects of ROS generation in SH9051 compared
to the phenyl aurone was due to higher accumulation of sulfite and VOSCs as
byproducts of sulfur amino acid catabolism, which is essentially the unique impact of
the nitrogen atom in SH9051.

Although methionine catabolism has not yet been intensively studied in C.
albicans, based on previous studies in the industrial yeasts Kluyveromyces lactis
(Kagkli et al., 2006), Yarrowia lipolytica (Hébert et al., 2013), and the myco-parasitic
fungus Clonostachys rosea (Xu et al., 2018), methionine can be degraded cellularly
through Ehrlich and demethiolation pathways into VOSCs by different steps (Kagkli et
al., 2006). Even with poor enrichment of the genes that encode the enzymes of the
Ehrlich pathway in C. albicans, essential genes in this pathway were detected in the
RNA-seq data, including the upregulated aminotransferases (AROS, 3-fold and ARQO9,
2.4-fold) and oxidoreductases (ADHS, 2-fold and ADH4, 102.3-fold) (Fig. 4B).
Cysteine catabolism was investigated previously in C. albicans in which the cells
responded to high levels of cysteine by activation of the transcription factor Zcf2p

(expression upregulated 3.46-fold) which regulates the cysteine dioxygenase Cdgl
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(expression upregulated 3.5-fold) to convert cysteine to sulfite. As a result, the toxic
accumulation of sulfite is exported via the highly upregulated sulfite flux pump, Ssul
(expression upregulated 32-fold) (Fig. 4B) (Hennicke et al., 2013).

Sulfur amino acid biosynthesis and catabolism are regulated by Met4p, which
is naturally inactivated by excess levels of methionine and cysteine. The MET4A mutant
was inhibited by SH9051 treatment even with methionine and cysteine additions (Fig
6D-F), indicating that the SH9051 caused the same effects of excess levels of these
amino acids. Because methionine intracellularly shuttles organic nitrogen and the
amino acids play a key role in intracellular nitrogen availability in eukaryotic cells
(Pratelli & Pilot, 2014), SH9051, as a nitrogenous compound, could increase
intracellular nitrogen overabundance. The upregulation of nitrogen catabolite
repression pathway genes, which control the detoxification of poor nitrogen supply,
GATI, GZF3, and UGA3 (upregulated by 1.77-, 2.02-, and 1.52-fold, respectively) was
detected. The activation of this pathway has also been reported as a response to high-
toxic level of ammonium in S. cerevisiae by increasing amino acid excretion (Hess et
al., 2006). In C. rosea, the activation of the Ehrlich pathway and demethiolation in
response to highly exogenous methionine was regulated by nitrogen catabolite
repression (Xu et al., 2018). For C. albicans, in addition to upregulation of the nitrogen
catabolite repression pathway that is associated with sulfur amino acid catabolism
(Chebaro et al., 2017), the arginine biosynthesis pathway has been linked to the urea
cycle (Jastrzebowska & Gabriel, 2015). Under poor nitrogen supply, the arginine
biosynthesis pathway is induced in order to regulate the urea amidolyase, Durl,2
(expression upregulated by 9-fold), which converts the excess nitrogen to CO> and

ammonia in order to export the later out of the cell through the upregulated ammonia
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transport pumps (DUR3 1.8- fold, MEP1 3- fold, ATOS5 4.7- fold, TOP2 1.8- fold, TPO4
1.6- fold, FLUI 2.6-fold, RTA2 6.8-fold) (Vylkova et al., 2011).
CONCLUSION

In this study, the RNA-seq technique comprehensively presented the molecular
mechanisms behind the inhibitory activity of aurones SH1009 and SH9051 against C.
albicans cells and interpreted the selectivity of SH1009 against fungal cells. The
diminished trehalose levels combined with elevated intracellular ROS content
synergistically contribute to cell damage, ultimately affecting RNA processing and
ribosome biogenesis, which could be a promising therapeutic strategy by making C.
albicans more vulnerable to the host immune oxidative burst. Targeting the trehalose
metabolic biosynthesis pathway has been identified as an attractive target for antifungal
drug development, not only because of the important role of trehalose in progressing
the Candida infection (Perfect et al., 2017), but also because of the absence of any
functional trehalose synthase gene in vertebrates (Argiielles, 2017), which makes
SH1009 relatively non-toxic for human cells (Algahtani et al., 2019). The sulfate
assimilation pathway has also been recognized as a favorable antifungal target since
humans cannot synthesize methionine like yeasts (Jastrzgbowska & Gabriel, 2015).
However, the nitrogen atom in SH9051 could increase urea levels in human cells as a
nitrogenous waste product because, in mammals, excess nitrogen is excreted as urea
(Wright, 1995), which could explain the low selectivity index of SH9051. The
paralleled analysis of the transcriptional responses of the aurone SH1009 and SH9051
simultaneously allowed us to examine the overlapping enrichment terms between the
repressed and induced transcriptomic profiles, clarifying the antifungal roles for the C
ring structure and functional groups. The knowledge gathered in this work can be used

for development and design of more efficient aurone compounds with highly selective
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toxicity and pave the way for a better understanding of how the molecular mechanisms

exerted by these compounds can be exploited for a therapeutic approach.
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APPENDIX A

List of gene drive construct and primers.
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Name Seq (5'->3") Note Reference
GAGATCCAGAAAACTGAATTGTGCTTGAATACCACTTGTTT
AGCCATGAGTTCATTCCAGCAAGAAAATCAATTGAACGCT
AACAACAACAACAACAATGTCATGAATGAATATATTAGCT
ATTCGGTTCCATTATCTCCTGTCACTACAAACGAAAACCCT
CAAGATTATTGGATGAACGGTTTGATTGCAAATTCTGTTCC
GATCTCGCAAACCACAAGCAACTCCGATATCAATTATAGC
CAACCACCAAATCCTATTAACTTCAATTAAAAGTCATTGGT
CAATAACTATACTCGAGTATTGCCTCATCAAAGAAACAAT
CAAATATTATAGATACTCACTCCATCACGTGATAATTTCAC
TGGTATGGAAAAGTGGAAAATTTTATAAAAAAAAATTTGA
TGCCTTTGGCATAGCTGAAACTTCGGCCCAATAGGATTGGA

TYE7 GAATATGTTTTCGCAGCGTTCTTACAATTAAATTGTGGTGG .

- gene drive construct to .
Gene_  AAGTTCGAGACTTGCGTAAACTATTTTTAATTTGTTGCGCA clone the plasmid This study
Drive ATACTGTCTGATGGTTTTAGAGCTAGAAATAGCAAGTTAA

AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCG
AGTCGGTGGTGCGCTCATAACAAAATTGAAAAGGTTTITAG
AGCTATGCTGAAAAGCATAGCAAGTTAAAATAAGGCAGTG
ATTTTTAATCCAGTCCGTACACAACTTGAAAAAGTGCGCAC
CGATTCGGTGCTTTTTTTTGCTTTTGAAAAGACTGCTTTTGA
AACTGGTGAAGAAAATGAAACTGAAGCTGAAGCCAAGAA
TAATACTAGACTTAATAAGTCGATGATCTTGGAGAAAGCT
ACTGAGTATATTCTTCATTTACAGAAAAAGGAAGAAGAAT
ACATGGCTGAAAATCAAAAATTAAGAGAACAAGTTATTAA
ATTGGGTGGTGAAATATGAGGCGAACGTGGCGAGAAAGG
AAGGGAAGAAAGCGAAAGGAGCGGGCGCTAG
Forward universal primer
PAC67 TCAGTAACATCAAGAGAAAGAAACTGA Sagger sequencipg to Shapiro et al,
25_F validate gene drive 2019
integration into plasmid
Reverse universal primer

PACO3 | CAGTTGCGTAGCCTGAATG Sanger sequencing to

89_R validate gene drive

integration into plasmid

oRS11 Forward p‘rimer to test for Shapiro ct al

0F ACTATTAAAGAACGTGGACTCCAACGTCA NEUTSL integration of the 2019 ?

= plasmid

oRS11 Reverse prim;r to test for

8 R CAAGTTTGCACTCTTTTGTCTA NEUTS5L 59 integration of

- the plasmid

oRTY Forward primer to test for

E70U GGCCATGCATAAAACTCTTGCT TYE7 deletion placed Primer Blast

T_F outside the ORF

oRTY Reverse primer to test for

E70U TCTCTGTTAACCCTGAACGAGT TYET7 deletion placed

T_R outside the ORF

oRTY Forward primer to test for Asckw et al

E7- GCTTTGGAATTCGCTTTTGA TYE7 deletion placed 2009 ’

in_F inside the ORF

oRTY Reverse primer to test for

E7- CCACCCAAGGAATGATTTTC TYE7 deletion placed

in_R inside the ORF

oRME Forward primer to test for

T4- CAGGAAATTGGCAGTAGC MET4 deletion placed Lietal, 2013

in_F inside the ORF

oRME Reverse primer to test for

T4- GTGAAGCAAGAAGGGAAG MET4 deletion placed

in_R inside the ORF
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Selectivity index of SH9051.

Table 1: The CCs (cytotoxicity concentration of aurone SH9051 that results in 50%
cell inhibition) and the selectivity index (SI) as a fraction between the CCso for the
human cell lines divided by the ICso value (91.05 uM) against C. albicans SC5314.

Human cell line CCso(nM)
THP-1 (ATCC, TIB-202) 111.2+£3.4*
HepG2 (ATCC, HB-8065) 115.4+1.16
A549 (ATCC, CCL-185) 199.2+0.6

*MeantSEM.

SI

1.22

1.26

2.18
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APPENDIX C
Cytotoxicity assay of SH9051.

The cytotoxic effects of aurone SH9051 on C. albicans SC5314 and human cell lines
(THP-1, HepG2, and A549). A) Significance was calculated using two-way ANOVA
to compare the cell viability of C. albicans to the viability of human cell lines. P values
(*** P < 0.001), (** P <0.01), (* P <0.05). B) Dose-response curves of SH9051
(logarithmic form of molar concentrations) treatment against C. albicans SC5314 and
human cell lines (THP-1, HepG2, and A549) by graphing the cell viability reading as
nonlinear regression using GraphPad Software.

-e- C. albicans SC5314
-+ THP-1
-# HepG2
-+ A549

W C. albicans SC5314
I THP41

Il HepG2

[ AS549

Cell Viability
3

Cell Viability

. T . Py fy
K 3 i & o
$ S $ A $

[Aurone SH9051 Conc. Log], M

N S N o
5 ) ¢ v v

[Aurone SH9051 Conc.], uM
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APPENDIX D
RNA samples quantity and integrity.

A) 1% agarose along with 1% v/v bleach TAE gel. Each well was loaded with 2 pL. 6x
DNA Loading dye + 10 pL of > 1.5 pg of total RNA isolated from SH1009- and
SH9051-treated, and untreated Candida albicans SC5314 cells. All samples were run
for ~30 min at a constant 120V in 1% TAE buffer. The presence of clean 2:1 ratios of
28S and 18S ribosomal RNA (rRNA) bands suggested intact RNA samples without
DNA contamination. B) Agilent Bioanalyzer analysis of RNA integrity. The
fluorescence signal generated by the Agilent Bioanalyzer instrument indicated intact
RNA samples with RIN (RNA Integrity Number) values range from 9.7 to 10 with two
discrete peaks corresponding to 18S and 28S rRNA bands on the gel.

A)
14 13 12 11 10 9 8 7 6 S 4 3 2

s Lane 2: SH1009_1
& Lane 3: SH1009 2
Lane 4: SH1009_3

Lane 1: Ladder.

Lane 7: SH9051_4
Lane 8: SH9051_5
Lane 10: SH9051 3

Lane 12: Untreated_1
Lane 13: Untreated 2
Lane 14: Untreated_3

T e e e e e

[ - e
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B)
‘ Sample | s Sample 2 ‘ = i Sample 3 = Sample Nr. Sample Name Amt. (ng) | 260/280rai, | RIN
] k ‘ L] \ h \ ‘ L 1 SH1009_1 2550 2.00 10
T SHI009_2 1.890 206 | 10
- B S SH1009_3 2340 210 10
| sompied C ) sampies  Semple6 N
| ‘ 1 ‘ ’ o \ 1 L 4 SH9051 _1 1.750 2.08 9.9
L | iy \ E SHO051 2 1550 200 | 10
i e ) P SH9051_3 1,630 203 10
e " - Sample l - Sample ‘ | : 7 Untreated_1 2620 2.10 97
“ 1 | 4 ‘ | 8 Untreated 2 1.770 200 10
e L b Tl T Untreated_3 1900 206 10
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APPENDIX E
Diagnosis plots of RNA-seq data quality.

A) The quality assessment of mapped reads showed high alignment accuracy with an
average of 94.88% mapping rate, HISAT2 tool. B) The distribution of fragment
coverage for all the 9 samples showed that < 10% of sampled base pairs have up to
1000 overlapping reads, indicating a uniformly sufficient sequencing depth,
plotCoverage tool. C) The distribution of filtered counts, using a counts per million
(CPM) threshold of one to remove low-count genes, showed consistent frequency
profiles for all the samples, indicating high quality of RNA purification and library
preparation steps with no difference in RNA composition among the samples, Limma-
voom tool. D) The distribution of normalized counts showed a straight blue line crosses
the gene expression at the median level evenly, indicating a proper normalization

method, Limma-voom tool.
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APPENDIX F
Verification of mutant genotypes.

A) Confirmation of generation of TYE7A mutant by PCR and gel electrophoresis where
the TYE7A! band (~ 478 bp) confirmed the replacement of TYE7 gene sequence with
the gene drive cassette, WT? band (~ 221 bp) confirmed the presence of TYE7 gene in
wild type and the deletion of TYE7 gene sequence in TYE7A mutant, TYE7A3 band (~
747 bp) confirmed the integration of Cas9 plasmid into C. albicans genome at the
NEUTS5L locus. B) Confirmation of MET4A genotype by PCR and gel electrophoresis
where the WT* band (~ 224 bp) confirmed the presence of MET4 gene in wild type and
the deletion of MET4 gene sequence in MET4A mutant. C) Growth of C. albicans
SC5314 wild type and MET4A mutant in rich agar media (YPD), Minimal Media
(MM), and Complete Minimal (CM) dropout media (synthetic mix minus methionine
and cysteine) with or without addition of methionine and/or cysteine at 40 ug/mL final
concentration. D) The integrated-plasmid NEUTS5L did not show a defective effect on
fungal fitness.

A) TYE7A genotype C) MET4A auxotrophy

YPD agar

TYE72® WT TYE7A wt2 TYE7a? WT Ladder

1000 bp
850 bp

650 bp

500 bp

400 bp
300 bp v ag MM+ Met

MM + Cys  MM+Met/Cys
> -

200 bp
100 bp

WT Met4A WT MetdA WT Met4A WT Met4A

~CM agar CM + Met CM + Cys CM+MetIC S
B) MET4A genotype =

Ladder w4 WT* MET4A MET4A

WTMet4A WT Met4A WT Met4dA WT Met4A

D) Growth of Candida albicans SC5314
with Cas9 insert

200 bp -
100 bp

51 - WT

4 -~ WT +CAS9 insert

(NEUTSL)

2 4 6 8 10 12 14 16 18 20 22 24
Time (hs)
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APPENDIX G

Growth curves of SH1009+FeCls treatments.

(A, B, and C) The growth curves of C. albicans SC5314 wild-type strain and the
TYE7A mutant under the ICso concentration of aurone SH1009 (16 pM) with
supplement of different concentrations of FeCls (50, 25, and 12,5 pM). The growth
conditions were carried out in YPD broth media using the Bioscreen C growth curve
instrument and the ODs30 reads were recorded at 30 min intervals for 24 h incubation
at 30 C. D) The growth curves of C. albicans SC5314 wild-type strain and the MET4A
mutant under the ICso concentration of aurone SH9051 (90 uM) with supplement of 20
mM cysteine showed insignificant differences in growth for the wild type and mutant
strain in contrast to treatment with 10 mM cysteine (in the main manuscript) that
produced more susceptible growth for the MET4A mutant (Figure 6F).

A) B)

61 6
1C,5,[SH1009] Al & Untreated WT 1C4,[SH1009]
54

- Untreated WT

-0~ SH1009-treated WT -~ SH1009-treated WT

> 50 uM FeClytreated WT 4+ > 25 M FeClytreated WT
8 - SH1009 + 50 M FeCly- g, - SH1009 + 25 uM FeCl,-
8 treated WT g treated WT
-4 Untreated TYE7A 24 -+ Untreated TYE7A
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CONCLUSION

As an initial step in the drug discovery of novel antifungal agents against the
most prevalent causal agents (Candida spp.) of healthcare-associated invasive fungal
infections, this study aimed to assess the antifungal activity and selectivity of bioactive
aurone compounds SH1009 and SH9051, and to study the cellular and molecular

mechanisms of these aurones against C. albicans.

Therefore, aurone SH1009 was investigated for antifungal activity and
pharmacodynamic properties to indicate selectively fungistatic-inhibitory activity
against Candida spp., including resistant isolates. These studies highlighted this aurone
as modulating the resistant mechanisms of these resistant strains. Cellular responses of
haploinsufficiency and homozygous S. cerevisiae genome-wide mutant collections
under SH1009 treatment suggested that SH1009 targets cell cycle-dependent
organization of the actin cytoskeleton. Accordingly, phenotypic studies were conducted
in C. albicans, demonstrating G1 phase-cells accumulation of abnormally depolarized
actin cytoskeleton. These observations were further validated by quantifying
differential expression in cell cycle and actin polarization genes under SH1009

treatment.

In the second chapter of this work, the project was expanded by including
SH9051 as a bioactive aurone with a different functional group to explore the impact
of different aurone derivatives on aurone inhibitory activity. First, we investigated the
possibility of any antifungal synergy since both aurones possess the same chemical-
core structure. The checkboard assay resulted in a neutral interaction, suggesting
different mode of actions for the aurones. In addition, the toxicity rate of these aurones

showed selective inhibitory activity of SH1009 toward C. albicans cells with high
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selectivity indexes, ranging from 8.6 to more than 12 times difference in 50% cell
viability loss between the fungal and human cells. In contrast, SH9051 showed poor
selectivity indexes (1.22-2.18), supporting the observation from the checkboard assay

of targeting different molecular pathways.

RNA-sequencing comprehensively presented the cellular effects and the
molecular targets behind the inhibitory activity of aurones SH1009 and SH9051 against
C. albicans cells, and most importantly, interpreted the selectivity differences between
SH1009 and SH9051 toward fungal cells. The paralleled analysis of the transcriptional
responses to aurones SH1009 and SH9051 in C. albicans cells allowed us to statistically
examine the variability in gene expression profiles which demonstrated high variance
between SH1009- and SH9051-treated groups and indicated independent
transcriptional responses. Enrichment analyses showed uniquely repressed alterations
in different metabolic pathways, carbon versus sulfur metabolism in SH1009 and
SH9051 treatments, respectively. Furthermore, cross-transcriptomic profile analyses
revealed overlapping enrichment terms between the repressed and induced genes,
which aided in speculation on the molecular effects of C ring structures as the base of

any aurone skeleton and the respective impact of different functional groups.

Additional genetical and biochemical experimental analyses determined that
functional groups in aurone SH1009 uniquely targeted the trehalose biosynthesis
pathway, rendering C. albicans more vulnerable to ROS and resulting in more
cleavages in ribosomal RNA. However, the functional group in SH9051 uniquely
increased nitrogen overabundance, leading to sulfur amino acid catabolism and
increasing sulfite production. In addition to the roles of functional groups in both

aurones in generating ROS, studying the phenyl aurone evidenced the central role of
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the C ring structures in ROS production via catalyzing iron ions, thus highlighting

prooxidative stress as a common cellular effect for aurone compounds.

The results of this project concluded that aurone SH1009 has high eligibility as
a promising antifungal by selectively targeting the most desirable target in the
antifungal drug discovery field, the oxidative stress protectant (trehalose biosynthesis
pathway). The functional groups of aurone SH1009 and their positions can be used in
the future as fundamental structures for chemical modification to increase antifungal
activity and/or selective toxicity for human cells. The current study provides
experimental frameworks for future mechanistic studies that could be used to
investigate the bioactivity of a large number of aurone compounds with different
functional groups and the search for novel molecular mechanisms in fungi with

favorable selectivity for survival of human cells.
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