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ABSTRACT

Characterization of ORF19.7608(PPPI), a Biofilm-induced Gene Encoding a Protein of

Unknown Function in Candida albicans
Nmerichukwu Iwuchukwu

Biofilms are a major source of pathogenicity in Candida albicans and are connected to about
half the deaths due to systemic candidiasis. Biofilm formation is controlled by a transcriptional
network and involves over a thousand genes including a small gene we have named PPP1
(Punctate Pattern Protein 1). This is a biofilm-upregulated gene encoding an unexamined protein
found only in Candida albicans and its sister species Candida dubliniensis. In this study, we
characterize this protein by analysing its effect on biofilm formation and its cellular localization.
We focus on fluorescent microscopy to identify its subcellular localization and links to other
cellular processes. First, we tagged Ppp1 with the green fluorescent protein (GFP) and imaged
the protein expression pattern. This expression pattern was used to identify subcellular
compartments with similar patterns and direct knockouts and tags of proteins defining these
domains. Next, we screened the mutant and complement strain through stress and invasive
assays and confocal microscopy to identify a distinct phenotype. Disruptions and tagging of Sur7
defining the eisosome and Arc35 defining the actin cytoskeleton suggested that Pppl was not a
component of either the eisosome or actin cytoskeleton. However, tagging Sed5, a Golgi
defining protein, identified colocalization between the puncta. Since there is no clear distinction
between Golgi compartment proteins and secretory proteins, we tagged and analyzed Sap2 and
compared data with results for Pppl. We also tagged Orf19.6274 and Orf19.4654, proteins with
similar characteristics to Pppl and compared their patterns to Ppp1 puncta. These experiments

support a model that Ppp1 is localized in the Golgi.
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Chapter 1: Introduction

Living organisms are grouped into three domains, Eukarya, Bacteria and Archae. Eukarya is
a domain classification for organisms possessing a nucleus [1]. This taxon precedes that of
the kingdom, the foundation of most classifications in recent times. Domain Eukarya can be
classified into four kingdoms: Plantae, Animalia, Fungi, and Protista, each with distinct

features.

Fungi is a kingdom with organisms that can have characteristics similar to both plants and
animals. For example, most fungi are sessile — as are plants - and possess root-like mycelia
which branch out to hyphae resembling plant branches. At the same time, these organisms are
heterotrophs like animals and metabolize their food by secreting digestive enzymes to
degrade substrates for easy absorption [3]. Fungi also possess other distinct characteristics
which distinguish them from other kingdoms and classify them together. A major one is the
chitin-glucan complex cell wall, one of the major features targeted by pharmaceutical
compounds used for anti-fungal treatments [4]. Chitin, an abundant polysaccharide, also
forms the exoskeleton of arthropods while glucans are found in plants as starch, amylose, and

amylopectin [4].

The ecological, biological, and industrial importance of fungi cannot be overemphasized. In
soil, fungal mycorrhiza embedded in the roots of plants help in moisture retention, nutrient
acquisition, and pathogen resistance, thereby improving crop yields [5]. The industrial
applications of fungi includes Saccharomyces yeast involved in the making of bread and
fermented beverages such as beer and wine, as well as various fungi implicated in the
production of different cheeses. Fungi are part of the human microbiome and help build host

immunity [6], but they can also be pathogens and cause superficial or invasive infections.

Fungi can be classified into 8 phyla each with distinct features and relationships [7]. The
ascomycota phylum is home to Saccharomyces cerevisiae, the baker’s, brewer’s and
powerful experimental model yeast, as well as Candida albicans, the most common fungal
pathogen; both belong to the family Saccharomycetaceae [8]. Organisms in the ascomycota
phylum can be either saprophytic or parasitic and can undergo sexual or asexual
reproduction. Some of them are edible mushrooms, some form symbiotic relationships with

other organisms, some cause diseases in plants and others are lethal pathogens [8]. Candida
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species are pathogenic fungi that cause different types of candidiasis sometimes leading to
sepsis (candidemia). Candida albicans is a human commensal in this genus with the highest

prevalence of infection of humans among the Candida spp. [9].

1.1. Candida albicans, a part of normal human flora, can be an opportunistic pathogen
Humans are able to live a healthy life and fight infections in part with the help of
microorganisms located in specific areas of the body. These organisms are called the normal
flora, and they help build the immune system and fight off pathogens entering the body, thus
preventing infections [6]. The body’s microbiota or flora is found in almost all parts of the
body with the exception of internal organs and fluids [6]. This flora is made up of bacteria,
such as Staphylococci, Streptococci, Lactobacilli and even fungi such as Candida [6,10].
These microorganisms are found in the mouth, nose, skin, gastrointestinal tract (GIT), and
the urogenital tract.

Candida as a part of the normal flora is found in the mouth, skin, GIT, and vagina [11]. When
the body’s pH is altered, the microbiota composition is changed or the immune system is
compromised, it can become a pathogen. It is an opportunistic pathogen in the sense that it
will only cause infection when it takes advantage of the imbalance in the host to colonize it
by overgrowing and suppressing the flora, the responses of the flora and even the body’s
immunity. Because it is part of the microbiota of humans, Candida albicans morphology and
biological processes are well adapted to the human body, which help it in evading
immunological responses. It causes both superficial and invasive infections in all age groups
from diaper rash in babies to athlete’s foot, vaginal candidiasis, oral thrush, and systemic
candidiasis affecting the heart, bone, liver, and spleen [14]. Candida spp. like albicans,
tropicalis, and auris cause numerous infections, with albicans accounting for about half of
those [12].

Candida albicans 1s a pathogenic fungus and a leading cause of nosocomial infections, with a
mortality rate as high as 50%. [13]. Most of the nosocomial infections are as a result of
implanted devices such as catheters and prosthesis. These implants provide a conducive
environment for Candida biofilms to grow as the fluids on them are rich in glucose and

proteins. Candida cells attach to these devices as biofilms with the aid of adhesion enzymes,



then invade the patient and cause disease. The combination of Candida albicans as part of
the human microbiome and being able to switch to a lethal pathogen makes it a top priority in
biomedical research. Current efforts have produced 4 classes of antifungals each targeting
different cellular processes in the pathogen. Echinocandins inhibit 1-3, f-D-glucan affecting
the cell wall synthesis; polyenes inhibit ergosterol synthesis needed for cell membrane
formation; azoles inhibit cytochrome P450-dependent 14a-lanosterol demethylase inhibiting

ergosterol biosynthesis and pyrimidine analogs disrupt DNA and RNA synthesis [15,16,17].

1.2 Virulence factors help Candida become pathogenic

Candida albicans can change interaction with its host from commensal to pathogenic
through a variety of environmental factors, cellular processes, genetic responses, and
induction pathways. A major virulence factor is dimorphism, the phenotypic switch from
yeast to hyphae. This morphological change allows cells to adhere to and invade various
tissues and to cause infection as the hyphal form is responsible for disseminated candidiasis.
[12, 18]. It can also switch from the white yeast form to the opaque oval form for mating
(regulated by the Mitogen-activated protein kinase (MAPK) pathway). Other virulence
factors include biofilm formation, hydrolytic enzymes, genome plasticity, adherence and
invasion enzymes, metabolic plasticity, heat shock proteins (HSP), and antifungal resistance

[12].

Hydrolytic enzymes like hemolysins, phospholipases, candidalysin and proteinases are
involved in tissue damage. Hemolysins help Candida acquire iron by breaking down
hemoglobin in the host’s blood [19]. Phospholipases aid virulence by cleaving the ester bond
of the cell membrane leading to cell lysis [20]. Proteinases cleave proteins with a major class
being the secretory aspartyl proteinases (SAPs). Candidalysin (Ecel) a toxin lyses the host

epithelial lining resulting in cell damage and mucosal infections [21].

HSPs are proteins that give Candida metabolic plasticity, cushioning the effect of stress
factors like heat, osmotic stress, oxidative stress, nutrient depletion, and pH changes [22].
They act as chaperones preventing protein denaturation and are upregulated in the yeast form
of Candida [12]. Candida albicans has genes like Pmal that help it adapt to alkalinity by

releasing ammonia [23, 24]. Genome plasticity helps Candida to survive in different
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environments and conditions. The Candida genome is regulated in such a way that specific
genes are induced under certain conditions as an adaptation to the host or to mitigate the
effect of lytic factors. This adaptation helps it evade host immunity, stress factors and

antifungals.

1.2.1 Biofilm formation in Candida albicans

A biofilm is a community of microorganisms attached to a surface and enclosed in an
extracellular matrix [25, 26]. These microorganisms form colonies of cells that can resist the
host’s immune response as well as antimicrobial therapy. Adherence of biofilms to surfaces
like catheters and prostheses make them a major cause of nosocomial infections. Oftentimes,
biofilms are a network of different bacteria and fungi that colonize the host. Many
microorganisms can make biofilms and Candida albicans is among that group. Candida
albicans biofilms affect patients from different categories: immunocompromised individuals
like HIV and cancer patients, elderly patients with dentures, and even young patients with
prostheses and catheters. Biofilm cells are resistant to antifungals and host immunity so pose
a huge problem in healthcare. In the United States, more than 50% of catheters become

infected with Candida biofilms and billions are spent yearly to treat these infections [27].

Candida albicans biofilm formation is regulated by environmental factors like osmotic
stress, oxidative stress, and heat shock, and genetic factors like secondary messengers,
transcription factors, and regulatory RNAs [28, 29]. Other factors like drug efflux pumps,
quorum sensing, host immunity, and extracellular matrix also influence its formation. A
transcriptional network controls biofilm formation and each phase in the developmental cycle
1s regulated by a specific set of genes [30, 31]. Biofilm formation takes between 24 — 48

hours and occurs in four stages as discussed below [32, 30, 33]:

Cell Adherence: Within few hours of inoculation or infection, Candida cells attach to host
tissues or abiotic surfaces forming the basal layer, with the help of adhesion enzymes like the
Als family [32].

Cell Proliferation and Hyphae Formation: After cells have attached properly to host tissues or

implant surfaces, they begin to replicate, increasing their numbers and branch into hyphae so



they can pass through tissues and disseminate infection. This is also called the initiation step
because of the hyphae formation [32, 33].

. Production of Extracellular Matrix (ECM): In this stage, the biofilms are mature having
grown for up to 24 hours. This phase is marked by the formation of an extra polymeric
substance called the ECM which acts as a capsule for the cells [30,32,33].

. Accumulation of ECM and Cell Dispersion: This is the final stage in biofilm formation
where more ECM is produced and some mature biofilm cells dislodge and are dispersed to

other tissues or surfaces to initiate another biofilm [32,33].
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Figure 1: Developmental cycle of biofilm formation in Candida albicans. Life cycle
begins with yeast cells attaching to biotic or abiotic surfaces followed by cell elongation
to hyphae and proliferation. In the third stage, cells have matured and formed the ECM

and the last stage sees the accumulation of ECM and dispersal of mature cells [32].



1.3 Genetic regulation of Candida albicans biofilms

Candida albicans has a regulatory network of genes differentially expressed at different
stages of biofilm formation. In the adherence stage, there is an abundance of adhesins such as
the Als proteins Als2 and Als3 [30]. During hyphae formation, Efgl, Tecl, Suv3, Nup85,
Mds3 and Keml1 are involved [34]. In the third stage where the ECM is produced, negative
regulators such as Zap1 and Adh1 repress formation of B 1,3 glucan and biofilm formation
[30, 35]. Sometimes, expression of these genes and transcription factors are identified in

more than one stage of biofilm formation.

A useful strategy to understanding biological processes is through extensive study of the
genetic networks that drive them [31]. In biofilm formation, investigating the regulatory
network of biofilm formation involves first identifying the key transcription factors (TFs)
and subsequently the genes regulated by them. This approach identifies hundreds of genes
that could otherwise have gone unnoticed [31], and studying these genes has possible clinical
importance as antifungals targeting the products of these genes can be found, improving
antifungal therapy. A study by Nobile et al. 2012 investigated the transcriptional network
regulating Candida albicans biofilms with the aim of mapping these TFs controlling genes
involved in biofilm formation [31]. More than 1000 genes were identified, many of which
have already been extensively studied. However, several such regulated genes are
uncharacterized; one of the uncharacterized genes designated ORF'19.7608, encodes a
protein, found in only Candida albicans and Candida dubliniensis, that has an N-terminal

signal peptide.

1.4 Signal peptides, their role in protein transport, and their distribution in protein

families

Signal peptides are short, typically hydrophobic amino acid sequences in nascent proteins
associated with the secretory pathway, including proteins that are localized in the secretory
organelles like the endoplasmic reticulum (ER) and Golgi, proteins that are secreted, and
proteins localized in other subcellular compartments [36]. They are N-terminal sequences

that help in the transport and secretion of proteins. As the name implies, signal peptides are



recognition signals for the signal recognition particle (SRP) that binds to the ribosome-
nascent chain complex (RNC) [37]. This interaction targets the ribosome-nascent chain-SRP
complex to the ER, where protein translocation occurs [37]. GTP dependence ensures protein
transport to the correct subcellular location by coordinating the presence of a signal sequence
on the ribosome with the availability of a translocon in the membrane [38]. After the proteins
are processed by the ER, they are transported to the Golgi for further processing, packaging,

and transport to their subcellular locations.

Signal peptides are found in the Secretory Aspartyl Proteinases (SAP), a class of secreted
proteins associated with virulence in Candida albicans. SAPs have been linked to proteolysis
[39], cell adhesion [40] and disseminated Candida infection [41]. They are also found in cell
wall proteins like Krel involved in the synthesis of cell wall B 1,6-glucan [42] and Cht3 a

chitinase also involved in cell separation [43].

Signal peptides are also found in proteins of the secretory pathway. In the Golgi, Kex1 and
Kex2, proteins with N-signal peptides are needed for cleaving a-factor to form a mature
protein and Arfl is an ADP-ribosylation factor needed for the hydrolysis of GTP [44]. Some
ER proteins like yeast a-glucosidase I (Cwh41), a type II integral membrane N-glycoprotein
needed for protein glycosylation [45]; Kar2, a heat shock protein in the Hsp70 family with an
ER retention signal at the carboxyl terminus [46]; Mpd1, a member of the protein disulfide
isomerase (PDI) family involved in formation of disulphide bonds for protein folding [47]
and Dpm1 (dolichol phosphate mannose synthase) needed for GPI anchoring, N-
glycosylation, and O-mannosylation [48] also have an N-signal sequence. In the plasma
membrane, proteins like Gasl, a Glycosyl phosphatidylinositol (GPI) anchored cell surface
protein [49] and Ste2, a receptor for a-factor mating pheromone, MF-a also have a signal

peptide.

1.5 The Golgi and its role in biofilm formation

The Golgi is part of the group of organelles that make up the endomembrane system and is
an element of the membrane trafficking system consisting of the Golgi, ER, endosomes,

lysosomes, and the plasma membrane [50]. It lies at the heart of the secretory pathway and is



involved in cellular processes such as protein glycosylation, sorting into vesicles, and
trafficking of newly synthesized membrane and secretory proteins to cellular destinations
[50]. Its location within the membrane trafficking system helps facilitate transport of proteins

to target sites and post translational modification.

This organelle has a clearly defined structure comprising stacks of flattened membrane discs
called cisternae, layered on each other to form what is termed the Golgi stack. Golgi
cisternae mature from the early/cis to the late/trans Golgi network cisternae [51]. This
maturation process allows cargo proteins to transverse the Golgi by remaining within the
maturing cisternae after which they are transported to their target membrane by the vesicles
[51]. Each stage of maturation is characterized by resident proteins, some of which represent
characterized markers defining each phase. The early cisternae are defined by proteins like

SedS5, Vrg4 and the late cisternae by proteins such as Sec7, Sysl1, and Sft2 [51, 52].

Protein trafficking through the Golgi begins with the transport of synthesized proteins from
the ER into the cis-Golgi. These proteins then pass through the Golgi and are either secreted
or retained. Retention of proteins in the Golgi is through iterative rounds of anterograde and
retrograde transport. This is influenced by protein-protein interaction, affinity of proteins for
the Golgi lipid bilayer and binding affinity for the COPI and COPII vesicle coat complexes
[56]. The transport of material in the membrane trafficking system involves the packaging of
proteins into transport carriers called vesicles [50]. This process occurs through vesicular
intermediates that bud from a donor compartment and fuse with an acceptor compartment
[53]. The budding of vesicles and cargo protein selection are mediated by protein coats [54]
while vesicle targeting, and fusion are dependent on SNARE proteins [53]. The final step in
this protein transport is the fusion of the vesicle to the acceptor membrane, mediated by the
SNARE proteins. In this step, a vesicle carrying "v-SNARE" binds to the complementary "t-
SNARE" on the target membrane releasing the cargo [55].

The Golgi does not merely serve as a tunnel for protein transport to target membranes, it is

also involved in post-translational modifications such as glycosylation. Glycosylation helps
in proper folding of protein which makes them functional and aids their proper localization.
The glycosylation process adds sugar residues to the proteins and is critical for the synthesis

of the glycoproteins that make up the ECM of Candida biofilms and are thus a major source



of antifungal and immunological resistance. This process is regulated by glycotransferases
which attach sugar molecules on the nitrogen atom of the side chain of asparagine in N-
glycosylation and the oxygen atom of the side chain of serine and threonine in O-
glycosylation. Other post translational modifications in the Golgi include N-acetylation,

phosphorylation, proteolysis, methylation, lipidation etc.

1.6 Predicting protein localization based on signal sequences is difficult

A signal peptide is a characteristic of newly synthesized proteins representing both secreted

proteins and integral proteins of various subcellular compartments, including the secretory

pathway. It is an N-terminal short hydrophobic region at the start of a protein sequence.
Protein retention in the secretory pathway and sorting to different organelles depends on
various factors like amino acid composition, signal motifs, transmembrane domains,
cytoplasmic tails etc. [56]. It can also depend on protein interactions with transport vesicles,
and integral membrane proteins [56]. Even within a family of proteins, sorting and retention
mechanisms differ [56]. Protein retention within the secretory pathway is a dynamic process

with each protein having its own mechanism.

The secretory pathway and its proteins were initially characterized decades ago. Newly
identified proteins such as Orf19.7608 can find their characterization under the
aforementioned retention mechanisms. On the other hand, secretory proteins like Sap2 have
also been extensively studied but nothing is known about the protein expression pattern and
if this 1s consistent with a group of proteins. To understand the protein localization and
biological function of proteins, visualization techniques can be employed with the goal of

establishing subcellular localization.

1.7 Fluorescent microscopy: a visualization technique to characterize Orf19.7608

Identifying the organelle a protein is localized in is one step in understanding the role of a
protein in a cellular process. Microscopy has been in existence for centuries, advancing from

simple light microscopes to electron microscopes, confocal microscopes, and fluorescent



microscopes [57]. Fluorescent microscopy is an imaging technique that can be used for
characterizing organellular compartmentation. It is used to study the subcellular resolution of
proteins, thus enhancing our understanding of cell physiology [58]. Fluorescent microscopy
involves various techniques like protein localization, ion transport etc. to localize proteins
and understand physiological processes [58]. Wide-field fluorescence microscopy (WFFM),
also called epifluorescence microscopy relies on the absorption and emission of light from
fluorophores like GFP to form a contrast with the background, illuminating the tagged
protein or organelle which is then captured. It elicits fluorescence from the sample using a
light source, a microscope, and excitation and emission filters. This results in emitted light,
of longer wavelength than the excitation which is collected by the objective lens and
observed through the microscope eyepieces or by a camera followed by computer digitization

[58].

During image capturing, light passes through the object and this spreads, giving the captured
image a blurrier resolution, this forms background. Background constitutes an analysis
problem because it can alter the minimum intensity values for the probe signals thereby
significantly affecting colocalization values. Not being able to differentiate between low
intensity signals and background can result in wrong colocalization coefficient values.
Deconvolution is an imaging technique that recreates the image to be most similar to its
parent object using the Point Spread Function (PSF) of the optical system. This procedure
increases contrast, improves resolution, reduces noise to a minimum, eliminates blur and
suppresses background to very low levels allowing for analysis of low intensity signals [59].
This is especially useful for images with low signal to noise ratio (fluorophore signal
intensity 1s low), images with objects of near resolution size [59] and for image analysis
involving pixel intensity or comparing signal overlap. Deconvolution is available in software

like AutoQuant.

Fluorescent microscopy can be used to capture the distribution pattern of proteins. This
pattern can then be compared with markers of subcellular compartments with similar
patterns. To determine if the two proteins are localized in the same organelle, colocalization
experiments are conducted. Colocalization between a novel protein and a compartment

marker can help understand the function of a protein [60]. Colocalization depends on the
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premises that repeated co-occurrence of two probes throughout a cell is an indicator of
colocalization of the two proteins in the same domain [60]. This method of functional

characterization has been used frequently [61, 62].

Colocalization can be visualized through merged images and further quantified through
different statistical analysis parameters. The color of the image produced from merging the
pixels from the two channels can shows if the two proteins colocalize in the same subcellular
compartment such that a secondary color to the channels depicts a perfect colocalization
while individual colors of the channels in the merged image show no colocalization. The
distribution of pixels in both channels can be represented by a scatterplot called a

cytofluorogram.

Colocalization can also be quantified using the Pearson’s Correlation Coefficient (PCC) or
Mander’s Colocalization Coefficient (MCC) [60]. PCC measures the linear relationship
between the pixel intensities of the two tags [60]. This is ideal for experiments where we
know the biology of the signals in the two channels have a linear relationship. MCC on the
other hand measures the fractional overlap of the intensity of one signal with the other [60]
i.e. fractional overlap of A with B and B with A, ideal for experiments that involve

compartmentalization of signals.

1.8 Thesis objective

Candida albicans 1s a fungal pathogen of medical importance. Biofilm formation, a virulence
factor, is a major cause of infections in hospitalized patients, immunocompromised
individuals, and even healthy people. This study aims to understand the role of an
uncharacterized gene upregulated during biofilm formation ORF19.7608. The main

objective is to identify the subcellular location of this protein encoded by this gene,

investigate its biological function and evaluate its role in biofilm formation. To do this,

we made a null mutant of ORF19.7608, a complemented strain of the null mutant by
reintegrating ORF'19.7608 at its native promoter, and a tagged strain where the ORF19.7608
coding sequence was fused to GFP. We investigated the subcellular location of the fusion

protein in strains deleted for components of the eisosome (SUR7) and the actin cytoskeleton
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(ARC35). We also made double tagged strains in ORF'19.7608 for proteins localized to the
Golgi (SEDS), SUR7 and ARC35. This was used to identify the protein expression pattern of
Orf19.7608 and infer its subcellular localization. We compared the Orf19.7608-GFP pattern
to that of the secreted protein Sap2 to verify Orf19.7608 is localized in an organelle and not
passing the secretory pathway. We evaluated the effect of antifungals and stress factors on
biofilm formation and visualized biofilm formation in the mutant and complement strain
using confocal microscopy. We also made tags of similar proteins (small, N-signal peptide
proteins upregulated in biofilm formation) with Orf19.7608 and compared their expression

pattern.
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Chapter 2: Materials and Methods
2.1. Bioinformatic analysis of ORF19.7608

We used database searches to investigate the structure and role of this uncharacterized gene
found highly expressed in biofilms. To begin, an ortholog synteny of ORF19.7608
established by the Butler lab was retrieved through the Candida Genome Database (CGD).
We put the amino acid sequence through NCBI blast to check across all species for proteins
with sequence similarity. We also checked protein databases like Uniprot to see if biological
or functional annotations have been made or other unique characteristics identified. Lastly,

we looked at the predicted 3D structure using AlphaFold.

2.2 CRISPR constructs and strains:

To investigate the role of Orf19.7608 in biofilm formation, a mutant strain, a complemented
strain and a strain with a GFP tagged version of Orf19.7608 were obtained from Dr. Anna
Costa (unpublished data). Other strains were constructed using the transient CRISPR-Cas9
system protocol [64]. We constructed strains N120, N130, N131, N140, N150, N160, N170
(see table 1). Cas9 was PCR amplified from pV1093. Benchling was used to design the
sgRNAs, the repair DNAs and to visualize the designed constructs. The sgRNAs were
chosen using the CRISPR feature which gives a pool of sgRNAs for a selected sequence
showing on and off target scores, an indicator of guide efficiency, and selecting the ones with

the highest on target scores closest to my target.

CRISPR was used to knock out ARC35 and to introduce fusion constructs to selected
encoded proteins. For the disruption, two guide RNAs were chosen from the genomic DNA
region and repair DNA was constructed using upstream and downstream primers suitable to
direct the selectable marker ARG4 to ARC35 (80 nucleotides from ARC35 upstream or

downstream and 20 nucleotides from ARGY).

In the tags, the region of interest (ROI) for fusion was downstream of the gene of interest
(GOI). Guide RNAs were chosen from 200bp downstream these GOlIs. This allowed

integration of the fluorescent protein (FP) without disruption of protein expression of the
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GOL. In preparing the repair DNA for the tags, a selectable marker was linked to the FP by

PCR to enable identification of transformants. To do this, the repair DNA is constructed in

three rounds of PCR similar to the formation of the sgRNA cassette with the first round

involving the amplification of URA3 from pFA-GFP-CaUra3. This forms a single joint

template with Scarlet from CIp10-mScarlet-I IDT in the second round of PCR. The third

round forms the cassette, introducing the homology arms complementary to downstream the

GOL

80bp 80bp
| Arg4 | down

1kb l 1kb
] ARC35 >&Wﬂ_‘

Figure 2: Schematic representation of gene deletion of ARC35 in Orf19.7608-GFP

linker ” Scarlet ‘ Ura3

Repair DNA
repair Ikb
GOI down

Figure 3: Schematic representation of gene tagging in Orf19.7608-GFP and SN148

Table 1: Strains used in this study

Strain Parent Description Source
s
N101 SN148 orf19.7608A::ARG4/orf19.7608A::ARG4 Anna Costa
a/a (unpublished)
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N100 N101 ORF19.7608/ORF19.7608; hisl/hisI; leu2/leu2; Anna Costa
arg4/arg4; ura3::imm434/ura3::imm434; (unpublished)
irol::imm434/irol::imm434 + pV1093-gRNA ARG4

NI110 SN148a/a ORF19.7608-GFP-::HIS1/ORF19.7608-GFP::HISI, Anna Costa
leu2/leu2; arg4/arg4, ura3::imm434/ura3::imm434; (unpublished)
irol::imm434/irol::imm434

N121 N110 ORF19.7608-GFP-::HISI/ORF19.7608-GFP::HISI; Anna Costa
sur7A/LEU2: :sur7A/LEU2; arg4/arg4, ura3:: (unpublished)
imm434/ura3::imm434; irol::imm434/irol::imm434

N120 N110 ORF19.7608-GFP-::HISI/ORF19.7608-GFP::HISI,; This study
SUR7-Scarlet::URA3/ SUR7-Scarlet::URA3;
arg4/arg4, leu2/leu2

N130 N110 ORF19.7608-GFP-::HISI/ORF19.7608-GFP::HIS1 This study
ARC35-Scarlet::URA3/ ARC35-Scarlet::URA3;
arg4/arg4, leu2/leu2

N131 NI110 ORF19.7608-GFP-::HISI/ORF19.7608-GFP::HIS1 This study
arc354/ARG4::arc354/ARG4, leu2/leul; ura3
imm434/ura3::imm434; irol::imm434/irol::imm434

N140 NI110 ORF19.7608-GFP-::HISI/ORF19.7608-GFP::HISI; This study
SED5-Scarlet::URA3/ SED5-Scarlet::URA3;
arg4/arg4, leu2/leu2

N150 SN148a/a SAP2-Scarlet::URA3/ SAP2-Scarlet::URA3; This study
arg4/arg4, leu2/leu2; hisl/hisl

N151 CAl4 A/sap2::hisG/Asap2::hisG::URA3::hisG Hube et al.

1997

N160 N110 ORF19.7608-GFP-::HISI/ORF19.7608-GFP::HISI; This study
PBR1-Scarlet::URA3/ PBRI-Scarlet::URA3;
argd/argd, leu2/leu2

N170 SN148a/a ORF19.4654-Scarlet::URA3/ ORF19.4654- This study

Scarlet::URA3; arg4/arg4, leu2/leu2; hisl/hisl
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2.3 Yeast transformation

PCR products containing CaCAS9, sgRNAs and repair DNA were transformed into Candida
cells using an improved version of the lithium acetate protocol [65]. First, cells were grown
overnight at 30°C in YPD with uridine (10 g yeast extract, 20 g peptone, 20 g glucose, 50mg
uridine, 1L water), shaking at 220rpm. They were then made transformation competent by
growing to log phase (ODg00=0.8), washing 10ml of culture with nuclease free water, and
incubating in 600ul 1x LiAc for 20mins to improve the cell’s ability to absorb foreign DNA.
In an Eppendorf tube, 100ul of the competent Candida cells, 10ul of single stranded salmon
sperm DNA (boiled for 10mins at 98°C), 1ug CaCas9, 1ug sgRNA and 3-6pug repair DNA
was added. 600ul 1xLiAc/40%PEG was also added to the mix, and this was incubated for
3hours at 30°C. Next, the transformation mix was put in a water bath at 44°C for 15mins and
then on ice for Imin. The mix was then centrifuged for 10mins at 6000 rpm and the pellet
washed with sterile nuclease free water. The pellet was then resuspended in 900ul YPD with
uridine and grown for 2hours to allow cell recovery. Another centrifugation was done to
remove the media, cells were washed and resuspended in nuclease free water, and then plated
on selection plates suitable to detect to the marker used in constructing the strain.
Transformants were grown on selection plates at 30°C for 3-4 days. Colony PCR was then

used to screen transformants and identify successful constructs.

2.4 DNA sequencing

The SAP2-SCARLET-URA3 fusion construct was amplified from transformants using
forward primer from S4P2 1kb upstream and reverse primer from SAP2 1kb downstream to
capture the entire fusion construct. The PCR product was purified to an OD2e0/280 ratio of
1.7/1.8. 15ul of 30ng/ul of this amplicon was sent to plasmidsaurus for sequencing to ensure
proper fusion junctions and identify any mutations that could impact translation. This
sequencing data was compared to the genomic sequences of SAP2 in SN148 and SCARLET
in CIp10-mScarlet- I IDT.
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2.5 Yeast carbon base- bovine serum albumin (YCB-BSA) assay

To confirm that tagging Sap2 did not affect its function, colonies of SN148, Sap2-Scarlet and
sap24/4 were grown on YCB-BSA plate (23.4 g yeast carbon base, 4 g BSA per liter, 20g
agar, pH 4.0) [66] at 30°C for 24 hours. Zones of clearance were observed for each strain and

images of the plates were captured using Epson Perfection v500 photo scanner.

2.6 Cellular stress assay

The stress response phenotype of mutants of ORF19.7608 was analyzed by growing cells in
YPD with uridine under different stress conditions. Single colonies of the WT, mutant and
complemented strains were grown overnight in YPD with uridine at 220rpm, 30°C. Cells
were washed twice in 1x PBS and a 1:10 dilution made to take the ODgoo reading.
Calculations were made for ODgoo= 1 and serial dilutions to 10°. 3ul of samples were spotted
on plates and grown at 30°C and 37°C for two days (except caspofungin plates where growth
was for 5 days). Strains were subjected to osmotic stress of CaCl» (400mM), NaCl (500nM),
glycerol (100nM) and oxidative stress of hydrogen peroxide (3mM). Antifungal resistance to
the different classes of antifungals: flucanozole (1ug/ml), 5-flucytosine (0.5ug/ml),
amphotericin B (0.25ug/ml), and caspofungin (0.75ug/ml) was also determined. Growth at
different temperatures sought to analyze the effect of temperature on the strains. Experiments
were repeated three times for each test to evaluate reproducibility. The selected
concentrations of salts, glycerol, hydrogen peroxide and antifungals were determined from
literature review [67,68,69,70]. Images of plates and colonies were scanned by an Epson

Perfection v500 photo scanner.

2.6.2 Invasive assay

Overnight YPD cultures of samples were washed in 1x PBS and diluted 1:10 to take an
0D600 reading. ODgoo=1 was calculated and 1:10 dilutions to 10* were prepared. 3ul of each
sample dilution is spotted on YPD agar plates and grown at 30°C and 37°C for 3 days. Non-
adherent cells were removed by washing plates gently under running water. Colonies that
remain on the agar after washing are considered invasive. Images of plates before and after

washing were taken using the Epson Perfection v500 photo scanner.
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2.6.3 Crystal violet assay

Biomass accumulation in biofilms was measured by the crystal violet assay. WT, mutant and
complement strain were cultured in YPD with uridine overnight at 30°C/220 rpm. Cells were
washed twice with 1x PBS and resuspended in Spider medium. The concentration of cells
were adjusted to ODgoo= 0.5 and 200ul of the inoculum transferred to a 96-well plate with a
non-treated-surface for initial incubation at 37°C for 1.5 h in static conditions to allow cell
adherence. Next, non-adherent cells were washed off with 1x PBS and 200 pul of fresh Spider
medium added to each well. The plates were incubated for 24 h at 37°C/75 rpm in the
shaking incubator. The biofilms were washed once with 1x PBS, air dried for 45 mins and
stained with 0.4% aqueous crystal violet solution for 45 min at room temperature (RT). Next,
the biofilms are washed twice with autoclaved distilled water and then de-stained with 95%
ethanol for 45 mins. The de-stained solution was diluted at 1:10 in 95% ethanol and the
absorbance measured at ODsos (Tecan Infinite M200 Pro, Grodig, Austria). This was done in

triplicates and repeated to minimize experimental errors.

2.7 Biofilm and planktonic growth

To visualize protein distribution of Orf19.7608 under biofilm and planktonic conditions, cells
were grown vegetatively in YPD with uridine media and in in-vitro biofilm conditions with
Spider media. For planktonic growth, cells were grown in 50ml Falcon tubes at 220rpm,
30°C for 12-16 hours. For biofilms, they were grown in 6 well plates at 75rpm, 37°C for 48
hours. Cells were washed twice in 1x PBS to eliminate autofluorescence before being

imaged.

Imaging to determine the phase of biofilm where Orf19.7608-GFP is abundant was done
using prepared slides from biofilm wells at 1.5 hours, 8 hours, 24 hours, and 48 hours time
points representative of the various phases of biofilm formation [73,74]. For filament
induction, cells were grown for 16hours at 220rpm/37°C in YPD supplemented with 10%
FBS, RPMI, GlcNac and Spider media.
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2.8.1. Confocal microscopy
Biofilm growth and imaging:

To assay biofilm formation in a 96-well plate (Greiner 96-well plate; catalog no. 655090),
strains were inoculated to an optical density at 600 nm (OD600) of 0.05 from overnight
cultures into 100ul of prewarmed 0.2% glucose containing RPMI with or without 10% fetal
bovine serum (FBS). First, the cells were incubated in a shaker incubator at 37°C for 90 min
with mild shaking (60rpm) to allow adherence, and then each well was gently washed twice
with 1x PBS. Next, 100ul of prewarmed RPMI with or without 10% FBS was added into
each well, and cells were allowed to form biofilms in a shaker incubator with 60 rpm at 37°C
for 24 hours. At that time, the medium was discarded from each well, and biofilms were
fixed by incubation with 100pl of 4% formaldehyde in 1x PBS for 1 hour and then gently
washed twice with 1x PBS. Biofilms were stained with calcofluor white (200pg/ml in PBS)
overnight at room temperature (RT) with mild shaking (60rpm), and then each well was
gently washed twice with 1x PBS. To clarify biofilms in the 96-well plates, we used 100%
TDE (thiodiethanol), which has a refractive index of 1.521. We removed the PBS from each
well and added 100pl of 50% TDE in PBS. We incubated the 96-well plate at room
temperature for an hour and then removed the solution from each well. Finally, 100ul of
100% TDE solution was added to the wells and incubated at RT for an hour, when the
clarified biofilm was transparent. The biofilms for strains of SN148, N100, and N101 were

imaged using a Keyence BZ-X800E fluorescence microscope [71].
Biofilm image processing:

Optical sections of the biofilms were collected in several series of planes at an 0.45- or 0.85-
um step size. The stacks were concatenated and processed using Fiji [72]. The images were
processed using the Background Subtract plugin. The side view projection images were
obtained by re-slicing the stack and using the maximum intensity Z-projection. The scale of

the stacked side view images was adjusted based on the objective used for the imaging.
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2.8.2. Fluorescent microscopy

Orf19.7608-GFP grown both under biofilm conditions and vegetatively were imaged with a
Leica DM6000 epifluorescent microscope at 1000x with exposures of about 2s for increased
contrast between background and images. Images were taken in DIC and FITC (GFP)
channels using focus drive of 2.0 to capture images from all planes and give a final 3D view
or focus drive of none for a 2D image. The captured images were collected on the volocity
image acquisition software. 3D images were stacked into one using Fiji [72]. In the double

tagged strains, this procedure was adjusted to include the red (RFP) channel.

2.8.3. Colocalization

Images of the double tagged strains were analyzed using Fiji for co-localization between the
green signal from GFP and the red signal from Scarlet. Regions of interests (ROIs) were
selected from the images to minimize background and duplicated. These images were then
split into individual channels and the red and green channels merged to colocalize the pixels
of GFP and Scarlet by the following steps: Image > color > split channels > merge channels.
JACoP plugin in Fiji was used to plot the cytofluorogram of the pixel intensities of the two
channels and quantify colocalization. To quantify colocalization, we used MCC to measure
the overlap of GFP in Scarlet and Scarlet in GFP. A value of 1 shows perfect colocalization, 0
no colocalization and -1 shows signals are inversely related. To do this, GFP and Scarlet
images derived from “split channels” were uploaded and analyzed by JACoP, an ImageJ
plugin. To ensure colocalization was not random, we employed Costes’ randomization which
shuffles pixels for 1000 rounds. For thresholding of signal intensity, Costes’ automatic
threshold which assigns appropriate values per image was used. These two parameters are

contained in the JACoP plugin.
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Chapter 3: Results
3.1 Bioinformatic analysis identifies characteristics of Orf19.7608

A study by Nobile et al. into the transcriptional network of biofilm regulation in Candida
albicans identified more than 1000 genes upregulated in biofilm formation [27]. Many of the
highly upregulated genes, like HWPI, ECEI, and OPT4 have been extensively studied. We
expanded the investigation into other genes, initially ORF19.7608, which exhibits an RNA
seq log 2 score of 8.92 for biofilm-induced-expression, one of the highest upregulated genes
identified [31], but which had not been further analyzed. Subsequent analysis looked at the
protein expression pattern of ORF19.6274 and ORF19.4654, proteins with similar
characteristics to ORF19.7608.

Bioinformatic analysis can provide an efficient way of identifying important characteristics
of unstudied genes and proteins. We consulted the Candida Genome Database (CGD), NCBI
protein blast, Uniprot, and InterPro and performed a Kyte Dolittle plot to establish a basic
characterization of Orf19.7608. Orf19.7608 was defined as an uncharacterized protein with
no known biological function or cellular compartment [75]. The ortholog synteny in figure 4
shows that this gene has only one ortholog, Cd36 35264 in Candida dubliniensis; even the
closely related Candida tropicalis lacks any ortholog and has no gene at the syntenic

location. The Candida albicans gene ORF19.7608 is located on chromosome R.

Searching protein databases gives insight to protein structure, function and evolution as these
repositories have experimental evidence and inferred functionality on proteins. We blasted
our protein sequence against the RefSeq database to identify proteins similar to Orf19.7608.
As with the CGD, the only ortholog found was in Candida dubliniensis with a percentage
identity of 78% [76]. Looking at the protein alignment in Figure 5 we can see 2 amino acid
insertions after the 49™ AA and another 2 insertions after the 91 AA giving Candida

dubliniensis 135 AA as opposed to 131 in albicans.

We investigated GO annotations to help understand a potential role for Orf19.7608 in biofilm
formation. UniProt identified the presence of a signal peptide
MKTSVVLAAALTAMNTANA representing 1-19AA [36]. This was corroborated by Kyte
Dolittle plot in figure 6 [77,78]. Checking the predicted 3D modeling structure with
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AlphaFold as seen in figure 7 gave a structure made up of a-helices, beta sheets and an

abundance of loops [79,80].
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Figure 4: Ortholog synteny of ORF19.7608 showing ORF19.7608 in Candida albicans
and dubliniensis with the locus in tropicalis unoccupied. Flanking genes ORF19.7606,
PGAII and PTP3 have verified orthologs. 35262 and 05848 are orthologs of
ORF19.7606, 35266 and 05841 are orthologs of PGAIl, 35270 and 05820 are orthologs
of PTP3 [75]. WOI same as C. albicans
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conserved hypothetical protein [Candida dubliniensis CD36]
Sequence ID: XP_002422490.1 Length: 135 Number of Matches: 1

Range 1: 1 to 135 GenPept Graphics
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Expect Method Identities Positives Gaps

171 bits(434) 2e-52 Compositional matrix adjust. 105/135(78%) 114/135(84%) 4/135(2%)
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Figure 5: NCBI protein BLAST alignment showing insertions and substitutions
between the amino acid alignments of Orf19.7608 in Candida albicans and Cd36_35264
in Candida dubliniensis |36].
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Figure 6: Kyte Dolittle plot of Orf19.7608 shows a hydrophobic N-terminus (N-signal
peptide) within the first 20 amino acids [77,78]
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0Orf19.7608 in Candida albicans Cd36_35264 in Candida dubliniensis
Low (70 > pLDDT > 50) for the a-helices and f- sheets

- Very low (pLDDT < 50) for the loops

Figure 7: AlphaFold comparing the 3D structure of Orf19.7608 in Candida albicans
with its ortholog Cd36 35264 in Candida dubliniensis. Per-residue confidence score
(pLDDT) are between 0 and 100. Prediction reveals poorly defined 3D structures made
up of mainly loops for both Orf19.7608 and Cd36_35264[79, 80].

3.2.1 Fluorescent microscopy identifies a pattern for Orf19.7608 under biofilm

conditions

Subcellular localization through fluorescent microscopy is one way of understanding a
protein’s function as it visualizes the physiological processes a cell undergoes to annotate
protein function from organellular compartmentalization [58]. We employed this to identify
the organelle where Orf19.7608 is localized and to help suggest its possible functions. We
grew the GFP tagged strain (N110) under biofilm conditions for 48 hours and planktonic
conditions for 16 hours to check if growth conditions affect protein expression. As expected,
N110 gave different protein expression patterns under these different conditions. In the

vegetative cells, the cells were yeast-like green cells and the biofilm cells had distinct puncta
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all over the cells as seen in fig 8b. Because of this protein expression pattern, we named our

uncharacterized gene Punctate Pattern Protein 1 (PPPI).

A)

Planktonic

B)

Biofilm

Figure 8: Fluorescent microscopy images of ORF19.7608-GFP
A) Planktonic conditions: overnight culture in YPD at 220rpm/30°C
B) Biofilm condition: 48hrs growth in Spider at 75rpm/37°C

Images were captured at 1000x. Scale bars represent 10pm.

3.2.2.1 Hyphae cells do not express the puncta distribution of Ppp1 even under filament

inducing conditions

Hyphae cells in the biofilm do not express the punctate pattern of Pppl. We grew N110
overnight in filament inducing conditions to see if the punctate pattern identified in the yeast

cells can be visualized in the hyphae cells. Cells were grown for 16hrs at 37°C in GlcNac,
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RPMI, YPD + 10% serum and spider media. As seen in figure 9, none of the cells expressed

the punctate pattern of Pppl.

DIC GFP DIC GFP

Figure 9: Fluorescent microscopy images of Ppp1-GFP grown in
a) YPD +10% serum, b) Spider, ¢) GlcNac and d) RPMI for 16hrs at 220rpm/37°C.

Images were captured at 1000x. Scale bars represent 10pm.

3.2.2 Analysis of biofilm cells of Ppp1 shows this protein is highly expressed during
ECM production

Although PPPI has been identified as a biofilm upregulated gene and its protein expression
pattern determined, it’s function in biofilm formation and in Candida albicans generally is
still unknown. We approach this issue in the next series of experiments. First, we identify the
stage of biofilm formation where Pppl1 is present by imaging N110 at different time points
representative of the developmental stages of biofilm formation and extrapolating the stage

of biofilm formation that Ppp1 is found in from the protein expression pattern at these time
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points. To do this, N110 is grown as a biofilm for 48 hours in a 6 well plate. Images were
taken at 1000x on LeicaDM6000 at time points representative of the phases of biofilm
formation: 1.5 hours for cell adherence, 8 hours for the cell proliferation and hyphae
formation, 24 hours for ECM production and 48 hours for ECM accumulation and dispersal
of mature biofilm [73,74]. Pppl expression begins at the start of the biofilm cycle. However,
during ECM production as seen in figure 10c and d, we see the puncta expression unique to
the Ppp1 biofilm highly defined.

Figure 10: Ppp1 expressed at the different stages of biofilm formation

a) Cell adherence at 1.5 hours b) Cell proliferation and hyphae formation at 8 hours
¢) Production of ECM at 24 hours

d) ECM accumulation and dispersal at 48 hours

Images were captured at 1000x. Scale bars represent 10pm.
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3.2.3 sur7A/A and arc35 A/ A do not show a different expression pattern for Pppl1

The next set of experiments were aimed at linking Ppp1 to a marker of a subcellular
organelle with a similar protein expression pattern to Pppl. S. cerevisiae, the model yeast,
has most of its subcellular localizations annotated by fluorescent microscopy. It has three
organelles with similar distribution patterns to that of Pppl; the eisosome, the actin
cytoskeleton and the Golgi, represented by Sur7, Arc35 and Sed5 respectively [81,82]. Sur7
is an eisosome defining protein localized in the plasma membrane involved in endocytosis
[81]; Arc35 is localized in the actin cytoskeleton and is involved in hyphae formation [83]

and Sed5 is a Golgi marker that is involved in protein transport [55].

Disruption of a subcellular compartment by deleting one of the domain proteins is one way
of identifying the localization of a gene of interest. In this study, we separately made a
homozygous mutant of sur7 (N121) and arc35 (N131) in N110, visualized the expression
pattern of Ppp1, and compared them to the pattern in the WT N110. This was testing if
deleting a component of a subcellular organelle may disrupt the organelle localization pattern
visualized by microscopy. In our case, disrupting Arc35 or Sur7 did not affect the cell’s
protein expression pattern of Pppl as shown in Figure 11. The puncta look exactly like those
in N110, suggesting that Ppp1 may not be localized in the eisosome or the actin cytoskeleton.
However, a failed disruption of organelle patterning is not conclusive evidence that a protein
is not localized in an organelle; these organelle structures are a result of many proteins, so a
single disruption may not create any phenotypic difference. SEDJ is an essential gene so its

deletion in the tagged Ppp! strain could not be achieved [84].

28



DIC GFP

PPPI-GFP/
PPPI-GFP
sur7A/A

PPPI-GFP/
PPPI-GFP
arc354/4

Figure 11: Fluorescent microscopy imaging of N121 (sur74/4 PPPI1-GFP) and N131
(arc354/4 PPP1-GFP). sur74/4 and arc354/4 GFP signal was the same as PPPI-GFP.
Cells were grown as biofilm and imaged DIC and GFP channels with LeicaDM6000.

Images were captured at 1000x. Scale bars represent 10pm.

3.2.4 Colocalization analysis of Sur7, Arc35 and Sed5 show Ppp1 and Sed5 colocalize

Since deletion of a resident protein in an organelle may not disrupt the protein expression
pattern of that subcellular compartment, we investigated co-localization to establish the
relationship among the fusion proteins. Co-localization depends on the premise that repeated
co-occurrence of two probes within a cell is an indicator of co-localization of the two
proteins in the same compartment [60]. We tagged the organelle markers Sur7, Arc35 and
Sed5 with Scarlet (an RFP) in the GFP tagged strain of Ppp1. Overlap merges the green and
red signal to yield a yellow color which is easily distinguishable, or if the signals are
distributed differently in the cell and do not overlap, the red and green signals remain

distinct.
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Strains N120, N130 and N140 were grown as biofilms and imaged with LeicaDM6000.
Since two proteins have been tagged in each strain, we imaged the cells in FITC for the GFP
signal and RFP for the Scarlet signal. Merging the images from the two fluorescent channels
gave a quick visualization of the signal pattern and it was different for each strain as we can
see in fig 11. In N120, where Scarlet is tagging Sur7, a component of the eisosome, as
expected the Scarlet signals are on the cell’s periphery while the GFP puncta are evenly
distributed within the cell. Consequently, the merged channel shows most of GFP unmerged
with RFP. In N130, where Scarlet is linked to the actin cytoskeleton marker Arc35, the signal
distribution is more dispersed than for the eisosome marker but does not colocalize with the
GFP signal from Pppl. In contrast, in strain N140 where Scarlet is tagging the Golgi marker

Sed5, we can see an almost perfect signal overlap between Scarlet and GFP.

Merge

GFP RFP
SUR7-SCARLETSR Y| \
‘ ..
YN R

SEDS5-SCARLE
PPP]-GFF

Fig 12: Colocalization of the GFP and Scarlet signal of Sur7, Arc35 and SedS suggesting
that Ppp1 colocalizes with SedS. Images were captured at 1000x. Scale bars represent

10pm.
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Colocalization was quantified using the Mander’s Colocalization Coefficient with a value of
1 showing perfect colocalization, 0 no colocalization and -1 inverse relationship. As seen in
fig 13, for SedS, we get a value of about 0.95 for GFP vs Sca and 0.9 for Sca vs GFP. Arc35
has a colocalization value of about 0.6 and Sur7 has a coefficient of 0.7 for GFP vs Sca and

0.6 for Sca vs GFP.

MCC(GFP vs Sca) MCC( Sca vs GFP)
1.0 1.0~

0.8+ 0.8

0.6- 0.6-
0.4

0.2+

Correlation Coefficient
Correlation Coefficient

0.0-

Arc35Sed5 Sur7

Arc35SedS Sur7

Fig 13: Mander’s Colocalization Coefficient (MCC) measuring the colocalization
between GFP in Ppp1 and Scarlet (Sca) in Arc35, SedS and Sur7. Error bars indicate
SEM.

3.3 Sap2, a secretory protein has a different protein expression pattern from Ppp1

A signal peptide is a characteristic of many proteins in the secretory pathway and secretory
proteins. We have examined the protein expression pattern of Pppl and compared it with

components of the secretory pathway using imaging techniques and analysis. Our results
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show that Ppp1 colocalizes with Sed5 in the Golgi. To validate that Ppp1 expression pattern
is as a result of its localization in the Golgi and not just because it is passing through the
secretory pathway, we also tagged a secretory aspartyl protease, Sap2 which has been

characterized as a key player in the Sap family.

3.3.1 Sap2-Scarlet (N150) construct is properly tagged and encodes a functional protein

To confirm that the construct was properly inserted, we performed three colony PCR
reactions which we have named S1 (FW Ext S4P2, RV Int SCA = 979bp), S2 (FW Int URA3,
RV Ext SAP2 =1274bp) and P (FW Ext SAP2, RV Ext SAP2 = 2849bp). In Fig 14A, colony
PCR shows our strain had the correct band size for S1, S2 and P. There was no band for the
WT in S1 and S2 and in P the size was between 850bp and 1000bp using the 1kb plus ruler
(actual size is 877bp).

With the construct confirmed by colony PCR, we then did nanopore sequencing of our whole
construct (Sap2 — Ura). This sequence was selected to check if the repair DNA insertion
introduced some mutations that could affect the gene translation of Sap2. We sent an
amplicon of about 3.3kb containing all of SAP2, SCARLET and URA3 (SAP2 = 1194bp,
linker = 18bp, SCARLET = 699bp, URA3 = 813bp, Clp10-mScarlet-IDT and pFA-GFP-Ura3
plasmids = 593bp) Sequencing data as shown in figure 14C confirms that the construct was
properly inserted but had some mutations. Between Sap2 and Scarlet, there were 7 point
mutations (4 in Sap2 and 3 in Scarlet). Most of the mutations in this amplicon fall between
2kb and 3.3kb in the Ura3 region. Ura3 was placed after Scarlet and only serves as a
selection for this strain so mutations in this region are not important to this study. Upon
sequencing of Sap2 in the WT strain (data not shown), we discovered that only 2 mutations
were as a result of the strain construct, the other two were due to differences in the genomic
sequence and plasmidsaurus sequence data. None of these mutations introduced a stop codon

so we expected our protein to function properly.

To confirm that the Scarlet fusion does not interfere with Sap2 function, we conducted a
YCB-BSA assay. SAP proteins are Secreted Aspartyl Proteinases involved in pathogenicity,

and among this family of proteins, Sap2 is needed to process substrates containing proteins
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as the sole nitrogen source [41]. When cells are grown in YCB-BSA, if Sap2 is non-
functional, the substrate is not degraded, and no zone of clearance is seen on the YCB-BSA
plates. For negative control, we included a sap24/4 (N151) from Hube et al. 1997. As seen in
fig 14B, there was a large zone of clearance for SN148 and N150 and a minimal one for
N151. The negative control confirms that our assay works, and the wild type zone of
clearance from N150 confirms our fusion protein is functional and is properly secreted.
Therefore, the pattern of RFP signal from strain N150 should represent that of a fluorescently
tagged protein passing through the secretory pathway.

SAP2-SCARLET  sap24/4

SN148

A) WT Sap2 Sap2 WT Sap2 Sap2 WT Sap2 Sap2

5000bp &
1500bp

B)

500bp

TTAAAGAATATTTTCATTGCTCTTGCTATTGCTTTATTAGTCGATGCTACTCC
“+ 6 8 10 1.2 14 16 18 20
L K N i El T A i A at A L = v D A i E
no4

SAP2

C) 'I_'ITAAAGAATATTTTCATTGGCCTTGCTATTGCTTTATTAGTCGATGCTACTCCK

I I | I e e R NI NI N

Figure 14: Diagnostic testing of Sap2-Scarlet
A) Colony PCR for Sap2-Scarlet using WT(SN148) as control. S1= FWSap2 - RVSca,
S2=FWUra3 - RVSap2 and P= FWSap2- RVSap2. 1kb plus ladder measures band size
B) YCB-BSA assay for Sap2-Scarlet with SN148 as positive control and sap2A/A as
negative control. Zone of clearance shows degradation of BSA.
C) Sap2-Scarlet-Ura3 sequence by plasmidsaurus. Black box enclose Sap2 mutations,

red box enclose Scarlet mutations and blue box enclose Ura3 mutations.
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3.3.2 Sap2 does not have a punctate distribution similar to that of Ppp1

Upon confirmation that N150 was properly constructed and is functional, we visualized the
tagged protein. We grew a colony of N150 as a biofilm and prepared slides as described in
the materials and methods. Comparison of the distribution of Sap2 (as seen in fig 15) with
Pppl (as seen in fig 8) shows that Sap2 and Ppp1 do not have the same distribution pattern.
Scarlet signal from Sap2 does not form puncta but is instead spread throughout the cell. This
shows that even though both have N-signal peptides, the punctate expression pattern in Ppp1

is characteristic of Golgi resident proteins and not secreted proteins.

DIC RFP

SAP2-SCARLET

Figure 15: Fluorescent microscopy imaging of N150 for Sap2-Scarlet. Sap2-Scarlet was
grown under same conditions as Ppp1 biofilm (48hrs growth in 6 well plate at 37°C,
75rpm). Sap2 does not form puncta like Ppp1-GFP. Cells were imaged in DIC and RFP
channels with LeicaDM6000. Images were captured at 1000x. Scale bars represent

10pm.

3.4.1 Cellular stress and antifungal assays do not show an altered growth for Ppp1

Candida albicans has an environmental response pathway made up of genes that respond to
factors like osmotic and oxidative stress [85]. Osmotic and oxidative stress play an important
role in fungal virulence with osmotic stress increasing the tonicity of the cell thereby causing

water loss [28] and cell size reduction and oxidative stress causing the release of reactive
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oxygen species (ROS) [86]. We tested these stress factors at 30°C and 37°C on strains N101
(deletion mutant) and N100 (complemented strain) to see if loss of PPP] is affecting
response to stress inducers and/or any of the classes of antifungals. These experiments were
done using overnight YPD uridine culture with a starting concentration of 107 cells/ml. Spot
assays of YPD uridine agar supplemented with the appropriate stress-inducing factors were
repeated for consistency in data and cell concentrations from 10° to 10* were analyzed. For
osmotic stress, sodium chloride (NaCl), calcium chloride (CaCl,) and glycerol were used,
while hydrogen peroxide (H20) was used for oxidative stress. To identify distinct
phenotypes in the stress assays, concentrations where cells can grow at varying rates and
morphologies were optimized from literature review: NaCl (500nM), CaCl; (400mM), H>O»
(3mM) and glycerol (100nM) [67]. No altered growth was identified in any of the stress
indicators as seen in figure 16A suggesting that PPP[ does not have any effect on

osmotolerance or oxidative stress.

One of the ways in which biofilms persist in the hospital environment is by resistance to
antifungals. Due to the structure of the biofilm cells and the genes induced, they develop
mechanisms to evade antifungal therapy. In this study, we also monitored the effects of the
four classes of antifungals on strains deleted for PPP1. Testing the four classes of antifungals
on our strains allows the effect of the drugs on different subcellular compartments to be
observed [9]. Caspofungin, an echinocandin, inhibits 1-3 B-D-glucan affecting the cell wall
synthesis; amphotericin B, a polyene, inhibits ergosterol synthesis needed for cell membrane
formation; fluconazole, an azole, inhibits cytochrome P450-dependent 14a-lanosterol
demethylase inhibiting ergosterol biosynthesis, and 5- flucytosine (5-FC), a pyrimidine
analog, disrupts DNA and RNA synthesis [15,16,17]. Like the stress assays, Minimum
Inhibitory Concentrations (MICs) were obtained from literature ensuring that phenotypic
changes can be observed. Concentration of antifungals were as follows: flucanozole
(lug/ml), 5-Flucytosine (5-FC) (0.5ug/ml), amphotericin B (0.25ug/ml), and caspofungin
(0.75ug/ml) [68, 69, 70]. Strains were also grown overnight, diluted to ODsoo=1, and spotted
in dilutions from 10° to 10°. As with the stress assays, we did not also observe any altered
growth in the mutant and complemented strain in comparison with the wildtype (see Figure

16B).
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PPP1/PPPI
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WT
CaCl, NaCl Glycerol H,0,
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ppplA/A
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Fluconazole 5-Flucytosine

Figure 16: Genotoxic and cellular stress assay. A 1:10 serial dilution of overnight
cultures grown in yeast growth conditions were spotted (highest cell concentrations
being 1 x 10° cells/ml and lowest being 1 x 104 cells/ml for stress and 1 x 103 cells/ml for
antifungals) onto YPD agar plates containing different chemicals and were incubated at

300C for 2 days except for caspofungin (5 days). Experiments were repeated three times

for each sample for consistent results. Results were the same at 30°C and 37 C.

(A) Strains were subjected to osmotic stress of CaCl2 (400mM), NaCl (500nM), glycerol
(100nM) and oxidative stress of H O, (3mM)

(B) Determination of resistance to different antifungal drugs: flucanozole (1ug/ml), 5-

Flucytosine (0.5ug/ml), amphotericin B (0.25ug/ml), and caspofungin (0.75ug/ml).

3.4.2 Ppp1 does not influence invasive response

Invasiveness is an adaptation of Candida albicans to host tissues. Since filamentation, one of
the steps in biofilm formation, aids invasiveness, we tested our mutant and complemented
strains for invasiveness using a plate washing assay [67]. Cells were grown overnight in YPD

uridine, diluted to ODgsoo=1 and 3ul plated on YPD and spider media and incubated at 30°C
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and 37°C for 72hours. There were no colonies in the plates after cells were washed to remove

non-adherent cells.

YPD, 30°C YPD, 37°C
BW AW BW AW

WT

ppplaid

PPP1/PPPI
WT
popla/d
PPPL/PPP1

Spider, 30°C Spider, 37°C

Figure 17: Invasiveness of PPPI in Candida albicans. Overnight cultures grown in YPD
uridine were diluted to ODsoo of 1.0. 3ul of samples were spotted on YPD and Spider
media plates and incubated at 30°C and 37°C for 72 hours. Resulting colonies were
washed gently by spritzing water on plates to remove the non-adherent cells, and

invasiveness of the samples was observed. BW = before wash, AW= after wash

3.4.3 Crystal violet assay shows Ppp1 does not have a significant effect on biofilm

formation

Since Ppp1 is highly expressed during biofilm formation, we measured biofilm biomass in
strains N100 and N101. Strains were grown in different biofilm inducing media to identify
potential differences in biofilm biomass based on chemical composition of these media.

Crystal violet assay measures how much of the dye is taken up by the biofilm, providing a

measure of the biofilm biomass. In buffered Spider medium (pH adjusted to 7.2), deletion of
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PPP] did not cause any difference in biofilm production as biomass of all strains are similar.
In unbuffered Spider media biofilm production was also low as for the buffered media. The
mutant produced a little more biofilm than the wildtype but less than the complement strain.
A significantly greater amount of biofilm was formed when cells were grown in RPMI
media. In RPMI, biofilm formation in the mutant strain was a bit lower than others and the
complement produced almost the same amount of biofilm as the WT. These data show that

there is no significant change in biofilm formation when PPP] is deleted.
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Figure 18: Crystal violet assay measuring the biofilm biomass of ppp14/4 (N101) and
PPPI + pV1093 (N100) comparing it to the WT. Experiments were done in triplicates

and repeated for consistence. Error bars represent standard deviation.

3.4.4 Confocal microscopy shows minor effects in the biofilm formed by the

complemented strain

The mutant and complement strain were tested by the Mitchell lab who used confocal
microscopy to analyze the biofilm structure. Side and apical views of the strains were

imaged, and these were compared against the wildtype. As seen in figure 19, there was no
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difference in biofilm formation in the mutant and complement strain compared to the WT in
the side view, but the complement strain had somewhat more biofilm in the apical view
compared to the mutant and wildtype. When 10% FBS was added (fig 20), there was a
substantial increase in biofilm formation, but the complement strain had shorter hyphae and
less biofilm compared to the mutant and WT. In general, deletion of PPPI does not
significantly impact biofilm formation. However, reinsertion of PPP/at it’s native locus does
not exactly return the strain back to the WT, as there are subtle differences in biofilm

formation.

Side view
SN148 pppla/A PPPI

mm

Apical view

Figure 19: Side and apical view confocal microscopy images of SN148 (WT), ppp14/4
and PPPI+ pV1093 (complement strain) grown in RPMI for 24 hours at 37°C. Imaging

was done in duplicates.
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Side view
SN148 pppld/A PPPI

Apical view

Figure 20: Side and apical view confocal microscopy images of SN148 (WT), ppp14/4
and PPPI+ pV1093 (complement strain) grown in RPMI + 10% FBS for 24 hours at

37°C. Imaging was done in duplicates.

3.5 Orf19.6274 and Orf19.4654 proteins with similar characteristics to Ppp1 have a
different distribution pattern to that of Ppp1

Previous experiments identified Pppl as being a Golgi resident protein, but do not identify an
altered growth caused by its deletion. We investigated other proteins with characteristics
similar to Pppl to see if they perhaps belong to a complex and work in tandem to influence
biofilm formation. To explore this genetic network, we looked at Orf19.6274 and
Orf19.4654, proteins with similar characteristics to Pppl. Orf19.6274 (Pbrl) and Orf19.4654
are small proteins with N-signal peptides highly upregulated in Candida albicans biofilms.
Pbrl is a protein of 175aa with orthologs in dubliniensis and tropicalis while Orf19.4654 is a
protein of 109aa with an ortholog only in dubliniensis. Both have no annotated subcellular
location and have similar log2 differential expression in biofilms: 8.79 for Pbr1 and 7.2 for

Orf19.4654. Pbrl is located on chromosome 1 while Orf19.4654 is located on chromosome 4

We tagged these proteins with Scarlet and visualized their expression patterns. As seen in fig
21, neither of these proteins have the same pattern as Ppp1, making Ppp1’s uniqueness all the

more interesting. Pbrl and Orf19.4654 have different localization patterns under biofilm
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conditions with Orf19.4654 having a nuclear like localization similar to Smr1[82] and Pbr1

having a localization similar to Sap2 found in the extracellular matrix.

DIC RFP

PBRI-SCARLET

Figure 21: Fluorescent microscopy images of PBR1-Scarlet and Orf19.4654-Scarlet.
Cells were grown as biofilm and imaged DIC and RFP channels with LeicaDM6000.

Images were captured at 1000x. Scale bars represent 10pm.
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Chapter 4: Discussion

Candida spp. are the third most frequent cause of nosocomial infections and have a major
role in biofilms [87]. Biofilms are a virulence factor of medical importance due to their
prevalence in nosocomial infections especially among patients with implanted devices [33].
They are also the leading cause of infection in immunocompromised patients and can affect
healthy individuals. Due to the nature of biofilm cells, they are resistant to most antifungals.
They can cause systemic candidiasis leading to 30-50% mortality rate in infected patients
[33]. Decades of studies have gone into understanding how Candida albicans biofilms are
formed and defining the network of genes and transcription factors (TFs) involved in this
process. Nobile et al. 2012 identified more than 1000 genes regulated by 6 key TFs (Berl,
Tecl, Efgl, Ndt80, Robl, and Brgl) involved in biofilm formation [31]. Some of the genes
identified like HWP1, ALSI have been extensively studied. ORF19.7608 was one of the most
highly upregulated genes and due to its uncharacterized nature, we decided to study it in-

depth to annotate its function and investigate the localization of the encoded protein.

Orf19.7608 is a small protein of 131aa with an N-terminal signal peptide between aa 1 and
19. Protein sequence alignments of Orf19.7608 reveals an ortholog in only its sister species
Candida dubliniensis with a percentage identity of 78%. Orf19.7608 belongs to the class of
genes called Albicans Specific Genes (ASGs) [88]. This family of 65 genes are found in only
Candida albicans and dubliniensis [88]. As seen in figure 4, looking at the synteny of
Orf19.7608 in relation to its sister species dubliniensis and tropicalis, the next related species
of this genus, Orf19.7608 seems to have dropped into the genome with none of the
neighboring genes highly expressed in Candida albicans biofilms [31]. Although Orf19.7608
belongs to a family of genes with regards to function, it’s locus is not in a cluster in the
genome. The crystalline structure of this protein still remains unknown as the predicted
structure from AlphaFold gives a poor predicted structure made of mostly loops, a non-
preferred 3D structure for a protein. AlphaFold does not distinguish between instrinsically
disordered proteins and poorly ordered predictions, so no insight was given on the structure

of Orf19.7608. Uniprot, InterPro and other protein databases do not have any annotation for
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its biological function and experimentally backed evidence for its localization. These

preliminary analyses provide some information for Orf19.7608.

Fluorescent microscopy can be used for identifying the organelle a protein is localized in
with the aim of understanding its function. It can define the subcellular resolution of proteins
enhancing the understanding of cell physiology [58]. This technique has been used in various
studies on subcellular localization in yeast [89,90]. When Orf19.7608 was tagged with GFP
and visualized, as seen in figure 8, a punctate pattern distributed all over the cell surface was
seen only in biofilm cells hence the name Punctate Pattern Protein 1 (Pppl) for Orf19.7608.
This difference in protein expression follows the pattern we expect from the differential
analysis of biofilm genes [31]. This punctate pattern was specific to the yeast cells and even
when cells were grown in biofilm inducing conditions as seen in figure 9, the punctate
pattern is absent. In figure 10, cells imaged at time points representative of the different
stages of biofilm formation show these unique puncta expression highly defined in the
mature phase where the extracellular matrix (ECM) has formed. This suggest that Pppl is a

mature biofilm protein with a possible role in the formation of the ECM.

The puncta expression pattern of Pppl in yeast cells is consistent with specific organelles in
the model yeast S. cerevisiae namely the eisosome of the plasma membrane, the actin
cytoskeleton, and the Golgi. All these organelles have potential roles in biofilm formation
with the plasma membrane helping in endocytosis so Candida can get nourishment from the
host [81]; the actin cytoskeleton involved in hyphae formation for cells to invade host tissues
and cause infection [80] and the Golgi for protein packaging and transport [55]. The Golgi
also helps in glycosylation for the synthesis of glycoproteins [50] which forms 55% of the
extracellular matrix [64]. Markers of these components were used for analysis of the
subcellular localization of Pppl: Sur7 for the eisosome, Arc35 for the actin cytoskeleton and
Sed5 for the Golgi. Gene disruption and colocalization were used to identify the organelle
Pppl1 resides in. From analysis of knockouts and tags of SUR7, ARC35 and SED5 in PPP1-
GFP, Pppl seems to appear in the same subcellular location as Sed5. Figure 11 shows the

puncta distribution when Sur7 and Arc35 were knocked out. In sur74/ 4 PPP1-GFP, the
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punctate pattern of Pppl remains the same and merging the GFP and Scarlet signals of
SUR7-SCARLET PPPI-GFP shows the scarlet pattern is localized in the periphery of the cell
unlike Pppl. Further analysis shows that these two patterns do not colocalize, indicating
Pppl is not resident of the plasma membrane. The same is true in arc354/4 PPPI-GFP and
ARC35-SCARLET PPPI1-GFP but not Sed5. SEDJ is an essential gene so we were unable to
construct sed54/4 PPP1-GFP. In SED5-SCARLET PPPI-GFP, the GFP and Scarlet signals
overlap forming a yellow color. As seen in fig 12, merging Sed5-Scarlet and Ppp1-GFP
indicating colocalization between the two signals. This was further quantified using the
Mander’s Colocalization Coeftficient (MCC) in figure 13 which measured a value of about
0.95 for the overlap of GFP with Scarlet and 0.9 for the overlap of Scarlet with GFP. This
coefficient values depict perfect colocalization between Pppl and Sed5 suggesting that Pppl
is a Golgi resident protein [91]. The Golgi is involved in protein glycosylation, sorting and
trafficking to cellular destinations [50]. Glycosylation helps in proper folding of protein
which makes them functional and aids their proper localization. This glycosylation process
adds sugar residues to the proteins, critical for the synthesis of the glycoproteins.
Glycosylation also protect transported proteins from rapid proteolytic degradation [92].
Glycoproteins make up more than half of the ECM of Candida biofilms [87]. The ECM acts
as a capsule conferring antifungal and immunological resistance to biofilm cells [87]. These
findings suggest Pppl1 is part of the Golgi and is highly expressed in the maturation stage of
biofilm formation thus annotating its subcellular localization and candidate biological

function.

An N- signal peptide is a characteristic of both secretory proteins and residents of the
secretory pathway. We tagged a secretory protein Sap2 that has an N-signal peptide to
validate our findings on Ppp1’s localization. The choice of Sap2 gave us the opportunity to
rely on extensive studies already done and conclusions made on this secreted protein [41,93].
After confirming that tagging this gene does not have an effect on its function using the
YCB-BSA assay to evaluate growth on nitrogen as the sole protein source, we visualized the
protein pattern and compared to Pppl. From fig 15, we see Sap2 forms neither puncta nor the

evenly distributed pattern of Ppp1, instead its signal is localized in the center of the cell. The
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non-unique protein pattern of Sap2 comes as no surprise as this protein has been extensively
studied decades ago yet there is no publication of its protein expression pattern using
fluorescent microscopy. This difference in protein distribution supports our suggestion that

Pppl is a Golgi resident protein.

Annotation by phenotypic analysis of mutant strains is a powerful, standard technique for
functional characterization of proteins [94]. This can be used to identify drug targets and
study the effect of different stress responses on the cell [95]. In this study, we constructed a
mutant and complemented strain of Ppp1. The complemented strain, PPP] reinserted at its
native locus, helps in determining if phenotypical differences are from Pppl or other genetic
factors such as gene duplication [96]. With the subcellular localization and biological
function of Pppl annotated, we investigated cells lacking PPP1 for responses to antifungals
and environmental factors such as oxidative and osmotic stress (see figure 16A). When cells
were treated with H>0> for oxidative stress, we did not observe an altered growth in the
mutant and complement strain compared to the WT. Under osmotic conditions of NaCl,
CaCly, and glycerol we did not observe any defect in the cell morphology of ppp! 4/4 and
PPPI. Stress factors affect cell wall composition and Candida biofilm virulence [28]. The
absence of altered growth when cells are treated with stress factors suggests that Pppl may

not involved in stress responses in Candida albicans.

Drug resistance is a major area of medical research due to the high mortality rate associated
with Candida infections. Screening Ppp1 with fluconazole, 5-flucytosine, caspofungin and
amphotericin B representing the four classes of antifungals will study the impact of
disrupting various biological processes on the cell integrity and viability of Candida
albicans. In figure 16B, this assay shows that these antifungals did not affect the morphology
and/or viability of Pppl. We also measured biofilm formation when Pppl1 is deleted using the
crystal violet assay. As seen in figure 18, there is no significant difference in biofilm
formation when Pppl is knocked out. Since invasiveness is an important step in
pathogenicity, we measured how invasive the cells are in the absence of Ppp1 using the plate

washing assay [67]. As seen in figure 17, there was no invasiveness in the presence or
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absence of Ppp1. This suggests that the role of Ppp1 in host pathogen interaction is not
invasiveness. We can infer from these results that Pppl independently does not have an
observable effect on the cell and may be part of a network of cells so analysis of only Pppl

may not yield any useful information.

Microscopic analysis of cells can reveal morphological changes that are too small to be
observed in the colonies of biochemical analysis. We used confocal microscopy to observe
biofilm formation in Pppl mutant strains. Deletion of Ppp1 does not have an effect on
biofilm formation but the complement strain shows a slight change in phenotype. In figure
19, PPP1 forms slightly more biofilm formed compared to ppp! 4/4 and WT in RPMI and
when supplemented with 10% FBS in figure 20, it forms less hyphae. This reinforces the idea
that phenotypes expressed by Pppl may be as a result of its genetic network.

To explore the genetic network of Pppl, we looked at Orf19.6274 and Orf19.4654, proteins
with similar characteristics as Pppl. Orf19.6274 (Pbrl) and Orf19.4654 are small proteins
with N-signal peptides highly upregulated in Candida albicans biofilms [36]. Pbrl is a
protein of 175aa with orthologs in dubliniensis and tropicalis while Orf19.4654 is protein of
109aa with an ortholog in dubliniensis [75]. Both have no annotated subcellular location and
have similar log2 differential biofilm expressions: 8.79 for Pbrl and 7.2 for Orf19.4654 [31].
As seen in figure 21, the protein expression pattern of Pbrl and Orf19.4654 do not resemble
Pppl. Although these proteins share similarities to Ppp1, their protein expression patterns

suggest that their localizations are different from Pppl.

Overall, our study provides insight into the localization of the protein product and the
biological function of a biofilm induced gene. We found that Ppp1 forms a punctate pattern
distributed across the cell and this pattern colocalizes with that of Sed5, a Golgi resident
protein. This was validated by protein visualization of Sap2, a secreted protein. We also
identified the maturation stage as the phase of biofilm formation Ppp1 is involved in, thus

speculating its function in glycoprotein synthesis for biofilm ECM. Biochemical assays to
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test antifungal resistance and stress response on pppl A/4 does not identify any alteration in
growth but images from confocal microscopy show morphological differences in the
complemented PPP] strain, suggesting that Pppl may belong to a genetic network. Images
of Pbrl and Orf19.4654, proteins similar to Ppp1 showed a different pattern to Ppp1l. These
findings show that Ppp1 has a pattern specific to the Golgi.

Future directions:

Pppl is a small protein with a signal peptide and no annotated retention motif. To verify that
it is indeed retained in the secretory pathway, we can do a western blot of the supernatant of
Ppp1 and check for post translational modifications like glycosylation on the extracted
protein by treating with deglycosylase and comparing the protein size before and after

treatment.

To further validate the localization of Ppp1, we could do more double tags with other
markers of the Golgi. Getting same colocalization values will further solidify our conclusion
on Ppp1°’s localization. We could also disrupt the Golgi without destroying it by using dCas9
to silence the expression of all other Golgi proteins and see if we still see the punctate pattern

of Pppl.

The Golgi is a complex structure made up of cisternae and lumen and involves SNARE
proteins for intracellular transport. Our scope of analysis does not cover identifying which
part of the Golgi Pppl resides in. This will be useful in further characterization of this protein
and understanding what role it may play in biofilm formation. We could use the high
resolution of electron microscopy to differentiate Golgi structural components and see where
Pppl is localized or a super-resolution technique like photo-activated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) using
immunofluorescence. We could explore its Golgi localization and function further by
identifying when exactly Ppp1 is expressed in the Golgi, either early or late Golgi. Although
our findings localize Ppp1 to the Golgi, radioactive pulse experiment measuring the transport

of this protein will further validating our findings.
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Deletion and complement strains of Ppp1 tested with different antifungals and stress
responses did not show altered growth so we could investigate to see if Pppl is part of a
complex, perhaps a family of proteins and how this affects its responses to different cellular
and environmental factors. We can also investigate how this affects its response to biofilm
formation. Construction of double mutants may provide insight on this, providing distinct

phenotypes that can be identified [97,98].

Candida virulence through biofilm formation is a huge concern in healthcare especially as
these cells are resistant to most antifungals in the market. High throughput subcellular
localization can characterize the Orf biofilm genes uncovering more information like a
biofilm complex starting with Pbrl and Orf19.4654. This information can be relevant in

antifungal therapeutics development specifically targeting and eliminating biofilm cells.
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APPENDIX

Oligonucleotides Used in the Study

Name Sequence (5’ to 3°)

SUR7-SCARLET sgRNA F CGTATATTAAATATACCA AT gttttagagctagaaatagcaagttaaa

SUR7-SCARLET_sgRNA R ATTGGTATATTTAATATACGcaaattaaaaatagtttacgcaagtce

SUR7-SCARLET _repair_F CAGGCGGTATTAGATTCTTCAAAATCAAAAGAAACCAAAAA
GTTTCCGATGATGAATCAGTAggtgctggegcaggtgctatggtcagtaaagg
ggaagc

SUR7-SCARLET _repair_ R TAAAGATTCCAATAATGGTAATACTGATAATAATAATAATAAT
AACAATGATGATTTTAGTAATAGTAGTAACAGT ctgatatcatcgatg
aattcgag

SUR7-SCARLET_diag_ext_F GTCTCATTGCCCTTGCATTCAGTG

SUR7-SCARLET _diag_ext R CACAATCCATATGTAACTCATGTCACG

Diag SCARLET R2 Ggcatttgcacaggtttcttagc

Diag URA3-F1 Gaaactcatgcctcaccagtage

ARC35A/A_sgRNA_F TGGCAGCTCCATTTGAACAAgttttagagctagaaatagcaagttaaa

64




ARC35A/A_sgRNA_R

TTGTTCAAATGGAGCTGCCA caaattaaaaatagtttacgcaagtc

ARC35A/A _repair_F

TTGAAAACTCATAATTTCTCCATTCACCATTAACTTCTAGCA
ACTCATATCAATTGATCTTTTATCCCCTACTACCgaagcttcgtacgcet

gcaggtcga

ARC35A/A _repair_ R

GGTTAGGTTAGGTTAGTTAATATATATCTTGTACATAAATTGA
TACACACATAACATAGTACTCTTTTTTTTTtctgatatcatcgatgaattcg

agctc

ARC35A/A_diag_ext F

TAGTTTTGGTCATAAAAGCCAACCTTTC

ARC35A/A_diag_ext R

TTCTGCATTAAGAAAATGTGCCAGA

Diag ARG4_F

Accaaattttatgactaactgtgggtcg

Diag ARG4_R

Cagcttttctaacacattcaccagatat

ARC35-SCARLET sgRNA1_F

ACACTATTTCTTTCTATTGTgttttagagctagaaatagcaagttaaa

ARC35-SCARLET sgRNA1 R

ACAATAGAAAGAAATAGTGTcaaattaaaaatagtttacgcaagtc

ARC35-SCARLET _sgRNA2 F

AACCTAACCTACACTATTT Cgttttagagctagaaatagcaagttaaa

ARC35-SCARLET sgRNA2 R

GAAATAGTGTAGGTTAGGTTcaaattaaaaatagtttacgcaagtc

ARC35-SCARLET _repair_F

ATGAAGGTAAAGTTATTGAAAATAGAAAAACCGCTAGTGGT
AGAAGATTTGATATTAGAGCGggtgctggcgcaggtgctatggtcagtaaagg

ggaage
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ARC35-SCARLET repair R

TTGTATTGGTTAGAGGTGGTAGAGTTCAAGATGTTCCTGGGG
TTAAATATCATTTGGTTAGAGGTGCTTTTGATtctgatatcatcgatgaa
ttcgag

ARC35-SCARLET diag_ext F

GAATTTGTTGATGCTAGGAAAAGATC

ARC35-SCARLET _diag_ext R

CATTCAATCAAGTTCGTCATTCAT

SED5-SCARLET sgRNA1_F

GACATGGATTGGTCGTGTAAgttttagagctagaaatagcaagttaaa

SED5-SCARLET sgRNA1 R

TTACACGACCAATCCATGTCcaaattaaaaatagtttacgcaagtc

SED5-SCARLET _repair_F

GGTTATTTTTGAAAATATTTGGCGTTTTAATAGTATTTTTCTTCTTAT
GGGTATTAGTTAGTggtgctggcgeaggtgctatggtcagtaaaggggaage

SED5-SCARLET repair_ R

AAAATCTTGAATCTAGTTGATTATTTATCTAAAAAGACAAATGGAA
GATTGAGCGACCAAAAAAAAAAAGAAAATG
tctgatatcatcgatgaattcgag

SED5-SCARLET _diag_ext_F

CCTTCGCAAACACAACAAATGTTACT

SED5-SCARLET _diag_ext R

TTTGATTTGGATGTATTTCCGGGATG

SAP2-SCARLET sgRNA1_F

TTTTACTTACTTGAAAGGAGgttttagagctagaaatagcaagttaaa

SAP2-SCARLET sgRNA1 R

CTCCTTTCAAGTAAGTAAAAcaaattaaaaatagtttacgcaagtc

66




SAP2-SCARLET sgRNA2 F

TTAGTTTTTACTTACTTGAAgttttagagctagaaatagcaagttaa

SAP2-SCARLET sgRNA2 R

TTCAAGTAAGTAAAAACTAAcaaattaaaaatagtttacgcaagtc

SAP2-SCARLET _repair _F

ATAATGAAATTTCTTTGGCTCAAGTCAAATATACTTCTGCTTC
CAGTATTTCTGCCTTGACCggtgctggecgcaggtgctatggtcagtaaagggga

agc

SAP2-SCARLET repair R

TATATATTTCTAAATATATTATGTACTTTTAATTTAAATGGTATT
TTAATGAAATTTAAGAATCGAATCGAAAAAAtctgatatcatcgatgaa
ttcgag

SAP2-SCARLET _diag_ext_F

TCGATGTTCTTGTGGATTCAGGTACCA

SAP2-SCARLET _diag_ext R

ACATAATTTATGGGAAACCGTTGAAACC

ORF19.4654-SCARLET sgRNA1_F

CTTCTCTGTACATTAAGTTAgttttagagctagaaatagcaagttaaa

ORF19.4654-SCARLET sgRNA1 R

TAACTTAATGTACAGAGAAGcaaattaaaaatagtttacgcaagtc

ORF19.4654-SCARLET sgRNA2_F

CTACTCATTGGTTGTTCTAGgttttagagctagaaatagcaagttaaa

ORF19.4654-SCARLET sgRNA2 R

CTAGAACAACCAATGAGTAGcaaattaaaaatagtttacgcaagtc

ORF19.4654-SCARLET _repair_F

ATATTCAATGGAAATTATTATTAGGTTGTTTTTTATTTGCAATT
GTAAGTTTACTTGCAATGggtgctggegcaggtectatggtcagtaaaggggaa

£c
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ORF19.4654-SCARLET repair R

TAGAACTGAATCTGGGTATATTTTTTGTTAATTTCGGTCCGAT
TTAGCTATTTGCTATGGTATTAAGTTCCCCATTtctgatatcatcgatga
attcgag

ORF19.4654-SCARLET diag_ext F

CAGCAACAACATTGTCAACCACCAA

ORF19.4654-SCARLET diag_ext R

CGCGCGTTCTTTTCTCCTCCT

ORF19.6274-SCARLET_sgRNA_F

GTTTAATTAATTGTTAAGTTgttttagagctagaaatagcaagttaaa

ORF19.6274-SCARLET sgRNA_R

AACTTAACAATTAATTAAACcaaattaaaaatagtttacgcaagtc

ORF19.6274-SCARLET _repair_F

ATCTGCCACCAAAGAACTCCTACAAAGTTAGTATCTACGGTC
GTCTCAATTGGGCTGTCTTGggtgctggegeaggtgctatggtcagtaaaggg

gaagc

ORF19.6274-SCARLET _repair_R

TTATATATATATGTACACATAGTATAAGAACTAATAAATAAGCA
ACGAGAAGAAACGAAATAAAACAACGACAACGtctgatatcatcga
tgaattcgag

ORF19.6274-SCARLET_diag_ext F

GATCAAAAGAGTGGTGAAATCAAA

ORF19.6274-SCARLET_diag_ext R

GGGCTCAAGGGTAACTCTTCTTT

*Capital letter represent genomic sequence

*Small letter represent plasmid sequence, marker or linker
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