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Abstract of Dissertation

Generation and Implementation of a whole-genome Gain-of-Function Library in
Trypanosoma brucei: Insights into Melarsoprol Resistance

Trypanosoma brucei and kinetoplastida relatives are early branching eukaryotic protozoa
with highly divergent genomes from established model eukaryotes. Forward genetics
approaches are the best tools for uncovering novel aspects Trypanosomatid biology,
pathogenesis, and therapeutic approaches against this family of parasites that effects the
health of 1 billion people on Earth. Here we have generated a 7. brucei cloned ORFeome
consisting of over 90% of the targeted genome and used it to make an inducible Gain-of-
Function library for broadly applicable forward genetic screening. Treating parasitic
infections requires the identification of medicines that target aspects of their biology that
are distinct from the host. One such pathway that has been widely investigated for drug
development and is shared among Trypanosomatids is the biosynthesis of trypanothione,
a form of glutathione critical in Trypanosomatid redox metabolism. Melarsoprol is a
classic drug of last resort against African trypanosomiasis inhibits trypanothione, yet its
mode of cell killing has remained unclear. It is widely speculated that melarsoprol killing
arises from its effects on more than one cellular target. Thus, we conducted an ORFeome-
based Gain-of-Function genetic screen to identify genes whose induced expression can
promote survival in the presence of melarsoprol. Gain-of-Function library induction
resulted in the isolation of robust survivor populations in all three biological replicates.
57 genes were overrepresented in survivor populations compared to input library
controls. Among the most highly overrepresented genes was y-glutamylcysteine

synthetase, a biosynthetic precursor of trypanothione whose overexpression promotes



melarsoprol resistance in vitro. Additionally, we found that GSH1 overexpression
alleviates melarsoprol’s cell cycle stall phenotype and restores the actively replicating
cell population. This result provides critical proof of Gain-of-Function library
functionality and further supports the importance of trypanothione as a key target of
melarsoprol. In addition, we found significant clusters of genes that function in gene
expression regulation and largely unstudied genes that localized to either the
mitochondria or flagellum. Single gene overexpression constructs for the top
mitochondrial, flagellum, and gene expression hits promoted melarsoprol resistance in
vitro. It is unclear at this time if mitochondrial and flagellar hits arising from the gain-of-
function screen protect the cell from melarsoprol by way of the trypanothione pathway,
alternative redox pathways, or complex indirect effects (such as transport). Thus, this
study has produced two powerful new tools for kinetoplastida research, a 7. brucei
cloned ORFeome and an inducible Gain-of-Function library. Collectively, the tools and
discoveries described herein are expected to promote major advances in kinetoplastida

biology and therapeutic development in the years to come.

Vi
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Chapter 1: Trypanosomatid biology and genetics



1.1 Cell biology of Trypanosomatids

Trypanosomatids are a major parasitic lineage that include the African trypanosomes,
American trypanosomes, and Leishmania spp. (family Trypanosomatidae, order
Kinetoplastida), which collectively cause death and disease in millions of people living in
tropical and sub-tropical regions. Kinetoplastids are a monophyletic group that are
distinguished from other protozoans by the presence of the kinetoplast, a dense, modified
mitochondrial genome located within the mitochondrion and attached to the base of the
flagellum at the posterior end of the cell (Figure 1.1). The three distinct kinetoplastids,
listed above, cause disease in humans. Trypanosoma brucei (African trypanosomes, human
African trypanosomiasis), Trypanosoma cruzi (American trypanosomes, Chagas disease),
and Leishmania spp. (leishamaniasis) are recognized as neglected tropical diseases by the
World Health Organization. These parasites are found in the blood and tissues of infected
hosts and transmitted by arthropod vectors. But they are not all transmitted by the same
arthropod; Leishmania is transmitted by phlebotomine sandflies, 7. cruzi by Reduviidae

vectors, and 7. brucei by tsetse vectors (Glossina spp.).

Flagellar Pocket

Tripartite
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Complex

Mitochondria
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Figure 1.1 — Trypanosome cell architecture. A simplified rendering of the major organelles and
structures of the cell.

These organisms are of biological interest because they are able to rapidly differentiate
according to their current environment through reversible cell transformation and possess
structures not found in their mammalian hosts. A defining feature of these parasites is the
presence of a single, elaborate mitochondrion that extends the entire length of the cell.
Within the mitochondrion, is the kinetoplast DNA. The kinetoplast DNA (kDNA) is
comprised of dense catenated mini- and maxicircles that can be visualized with the
genomic DNA (gDNA) using standard DNA staining techniques (1). During cell cycle the
kinetoplast and flagellum attachment complex must replicate before nuclear replication and
binary fission can occur (2). Therefore, cell cycle progression can be monitored by

observing the kDNA and gDNA ratios.
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Figure 1.2. Life cycle of African trypanosomes. 7. brucei alternates between insect host the tsetse
vector (Glossina spp) and mammalian hosts (humans, cattle, domesticated mammals). Depicting
most studied life cycle forms. Trypanosomes are transmitted to mammalian hosts through the bite
of a tsetse vector where metacyclic non-dividing trypanosomes enter the skin and rapidly
differentiate into the bloodstream form. The bloodstream form proliferates throughout the
circulatory system where it changes its dense VSG coat to evade the host immune system. At a
certain density load, some bloodstream form cells differentiate to the non-proliferative stumpy form
cells that are transmitted back to the fly host after taking a bloodmeal containing trypanosomes.
The stumpy form cells rapidly differentiate into the procyclic form cells that initiate infection in

the fly midgut. Procyclic cells proliferate in the midgut and begin migration to the salivary glands.
All Trypanosomatids possess a flagellum that emerges from the flagellar pocket, an
invagination in the cell membrane that anchors the flagellum. The flagellar pocket is the
only extracellular region without an extensive network of microtubules and where the
majority of where endo- and exocytosis occurs. In 7. brucei, it is the sole site (3).

Endocytosis rates are approximately 10 times higher in human infectious form of 7. brucei



due to the fact that flagellar beating influences trafficking to the pocket since it comes into
host antibodies and a constant need to recycle its outer coat protein (discussed further
below)(4). Flagellum length and position differs dramatically during the life cycle.
Typically, the trypomastigote form, usually found in the peripheral blood of the mammal
host, have a long flagellum attached along the side of the cell. The flagellum possesses a
complex of highly organized filaments known as the paraflagellar rod and shows a 9+2
basic pattern of axonemal microtubules. Motility is essential to these parasites.
Interestingly, the flagellum replication is synchronized with kinetoplast replication.

Flagellum assembly is one of the earliest stages of cell cycle (5).

T. brucei, T. cruzi, and Leishamnia have a specialized peroxisome organelle called the
glycosome where steps of glycolysis occur. The glycosome does not possess a genome so
all glycosomal proteins are encoded in the nucleus and transported to the organelle. These
proteins can have the classic peroxisomal targeting signal (SerLysLeu) and more variable
signals specific to Trypanosomatids (6). Glycolysis is especially important of 7. brucei,
who’s proliferative trypomastigote form lives extracellularly in the glucose rich
environment of its host. It primarily generates energy through glycolysis in this specialized

organelle instead of mitochondrial-based respiration (7).

Despite the interesting research questions that these parasites pose, more than 500,000,000
people are at risk for contracting these diseases with an estimated 20,000,000 individuals
infected per year (8). However, the drugs to treat these diseases all have caveats ranging
from long administration course, lack of specificity, and high toxicity. To date, there are

currently no approved vaccines for these three kinetoplastid parasites (9). We must



understand the biology of these parasites at a molecular, cellular, and clinical level to

develop tools and therapeutics to combat these diseases.

1.2 Life cycle of African trypanosomes

Trypanosomes have a complex life cycle with dynamic differentiation processes to rapidly
adapt to different host environments. African trypanosomes are transmitted between
mammalian hosts and the tsetse fly (Glossina spp). After a tsetse fly bite, the trypanosome
migrates to the bloodstream where it differentiates into the bloodstream form (BSF) and
proliferates (Figure 1.2). In the mammalian host, the parasite largely remains in the
bloodstream exposed to the full force of the host’s immune system, though more recent
studies have shown trypanosomes migrating out of the bloodstream into different tissues
(10). The parasite evades antibody detection through a sophisticated immune evasion
protocol known as antigenic variation. The outer membrane contains a dense protein coat
of antigenically distinct proteins known as variable surface glycoproteins (VSGs) that can
shield invariant membrane proteins. VSGs are linked to the membrane through a
glycosylphophatidylinositol (GPI) anchor and are continuously expressed and replaced in
BSF parasites (11). BSF have a large repertoire of VSGs comprised of ~ 2,000 genes (12).
The mitochondrion undergoes extensive transformation during the life cycle to acclimate
to different host environments and utilize available substrates for energy metabolism. In
mammalian bloodstream, trypanosomes have access to large amounts of glucose and
therefore derive the majority of their energy through glycolysis in specialized organelles
called glycosomes(13). It does not rely on mitochondrial-based energy metabolism and is
reflected by a single tube with little branching throughout the BSF cell. As bloodstream

form parasites proliferate throughout the circulatory system the parasite differentiates into



the cell-cycle arrested, non-proliferative stumpy form(13). The differentiation is
potentiated by an unidentified stumpy inducing factor when parasitemia reaches a
threshold. Stumpy form cells are arrested in G1 phase for coordinated re-entry into cell
cycle once taken-up in a bloodmeal for the tsetse fly(14). This infection establishes in the
mid-gut of the fly. The stumpy form cells rapidly differentiate into the procyclic form.
Procyclic form (PCF) cells are proliferative in the midgut and are defined by a procyclin
coat which is also linked to the membrane through a GPI anchor. A defining feature of the
procyclic form cells is the highly elaborated mitochondrion because it generates energy
through an alternative citric acid cycle and oxidative phosphorylation(13). Procyclic form
cells begin to migrate to the salivary gland. Once in the salivary gland the cells have
differentiated into the metacyclic form. The metacyclic form is defined by the expression
of metacyclic VSG from a defined sub-telomeric expression site and is the life cycle stage

that is transmitted to the mammalian through the tsetse bite(15). Thus, continuing the cycle.

1.3 Comparative genomics and gene expression in trypanosomes

Trypanosoma brucei brucei diploid genome, the relevant genome for laboratory studies,
has a 26-megabase genome containing 9,068 predicted genes on 11 chromosomes and ~100
mini-chromosomes(16). It has traditionally been the most genetically tractable of the
Trypanosomatid parasites. Discoveries made in 7. brucei have provided critical
understanding to the biology of other kinetoplastida as well as providing insights into
eukaryotic evolution (17-20) and uncovered broadly significant biological processes, such
as GPI-anchors and mitochondrial RNA-editing (21-23). These evolutionarily ancient
eukaryotes have highly divergent genomes from well-established model organisms with

more than 50% of open reading frames (ORFs) annotated as hypothetical(24).



Trypanosomatid parasites appear to have diverged from a shared ancestor around 100
million years ago yet have retained a high proportion of orthologous gene clusters and
chromosomal synteny. Of the 9,068 genes in the 7. brucei (African trypanosome) genome,
6,158 are orthologous with both Trypanosoma cruzi (American trypanosome) and
Leishmania major (24). Many of the nonsyntenic regions of the genome appear to be
directly associated with organism specific aspects of parasitism, such as surface antigen
variation, leaving many biological functions highly conserved among kinetoplastida
parasites (24). Advances and utilization of genetic tools to study kinetoplastid biology will

be reviewed further in Chapter 2.

As early divergent members of Eukaryotae, Trypanosomatids have unique aspects to gene
expression. They utilize polycistronic transcription for most of their genomes mediated by
RNA polymerase I for protein-coding genes(25). Gene organization is similar to bacterial
operons in that protein coding genes are densely packed within directional clusters that are
separated by strand switch regions. The polycistronic pre-mRNA are extensively processed
with a trans-spliced 39 nt splice leader sequence, identical on all transcripts, at the 5° end
and poly-adenylated at the 3’ end for each protein coding sequence(26). Very few
transcriptional regulators and promoters have been identified for protein-coding sequences.
Due to this unique transcription process, gene expression is regulated through post-
transcriptional modifications directed by the 5’ and 3’ untranslated regions (27). This has

further implications in the development of forward genetic tools elaborated in Chapter 2.



Table 1.1 — Drugs used in the treatment of human African trypanosomiasis.

Subspecies Stage Drug Mode of Application Year Approved

1 Pentamidine IM, IV 1940
1 &2 [Fexinidazole PO 2019
T b. gambinense 2 Eflornithine — -thl.v N 1990
- Eflornithine, Nifurtimox
2 NECT PO - Nifurtimox 2009
2 Melarsoprol [\ 1949
. 1 Suramin \Y) 1922
T.b. rhodesiense
' 2 | Melarsoprol I 1949

1.4 Human African trypanosomiasis

Human African trypanosomiasis (HAT), also known as sleeping sickness, is transmitted
by the blood-feeding tsetse vector. There are predominantly four species of Trypanosoma
found in Africa, but only 7. brucei subspecies cause human disease 7. b. rhodesiense
(tHAT) and T. b. gambiense (gHAT). All four species of African trypanosomes can cause
disease in domesticated mammals not limited to cattle, horses, pigs, and sheep (28). This
disease is known as “nagana” or wasting sickness which results in restricted agriculture
economic growth and significantly contributes to poverty in endemic areas. HAT occurs in
two distinct stages: a hemolymphatic stage and a meningoencephalitic stage. The
hemolymphatic stage (stage one) is characterized by the present in the bloodstream with
intermittent fevers correlated with waves of parasitemia, malaise, and lymphadenopathy.
The meningoencephalitic (stage two) is characterized by the presence of trypanosomes in
the central nervous system (CNS) and crossing the blood-brain barrier with neurological

symptoms including daytime somnolence, persistent headaches, ataxia, and nocturnal



insomnia. If untreated, the patient can become comatose and death occurs ~1-2 years

following the presentation of neurological symptoms.

A) B)
) o Mel Tx
Country Year Relapse (%) Reference
o N { L T.b. gambiense
M > & Cameroon 1951 3.0% Friedheim (1951)
L (S Y Democratic Republic of Congo 1984 3.0% Pepin & Milord (1994)
HE h : Ivory Coast 1992 3.7% Doua & Yapo (1993)
! . Democratic Republic of Congo 1994 6.2% Pepin et al. (1994)
Uganda 1999 30.4% Legros et al. (1999)
South Sudan 2000 20.0% Mocre & Richer (2001)
Democratic Republic of Congo ~ 2001-2003  19.5%  Robays (2008)
Angola 2001 25% Stranghellini & Josenande (2001)

Democratic Republic of Congo  2005-2008 50.0% Fairlamb & Horn {2018)

T.b. rhodesiense

Tanzania 1957 10.0% Pepin & Milord (1994)
Kenya 1958 6.0% Taube & Nixon (1958)
Kenya 1963 3.8% Robertson (1963)
Uganda 1963 50%  Pepin & Milord (1994)
Zambia 1975 5.0% Pepin & Milord (1994)
Kenya 1997 41% Harrison et al. (1897)
Tanzania 2000-2002 57%" Kibona et al. (2006)

* 2135 clanes determined melarsoprol resistant

Highest % Relapse

3 50

Figure 1.3 Growing melarsoprol relapse in sub-Saharan Africa. A) Geographical distribution
of documented melarsoprol relapse patients in sub-Saharan Africa. Reporting the highest percent
relapse documented for single country. B) Table of documented melarsoprol relapse patient
categorized by subspecies infection, country, year, percent relapse, and references of studies

conducted (29-40).

gHAT is the most prevalent subspecies infection in West Africa and is characterized by a
chronic infection where the incubation period could be from months to years. During this
time the host can experience a variety of non-specific symptoms include periodic fevers,
malaise, and headaches. gHAT accounts for 97% of the total burden of HAT (28).
Following a tsetse bite the parasite progresses from the inoculation chancre in the skin into
the bloodstream. For gHAT this chancre usually goes unnoticed and takes on average one
year for non-specific symptoms to present. Progression to stage two with prominent

neurological symptoms can vary in time that the disease progresses.
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rHAT infections are more prominent in East Africa and is characterized by a rapid
progression of disease. The inoculation chancre is usually still present at the onset of
symptoms. Once symptoms begin parasitemia is usually high and can occur within days to
weeks of the initial bite. At high parasitemia, multiorgan failure and acute myocarditis may
develop at any time (41). Progression to neurological symptoms may occur within weeks
presenting as subacute meningoencephalopathy and death within 6 months (41).
Phenotypes can differ dramatically due to the genetic diversity of 7.b. rhodesiense strains

(42).

Within the Trypanosoma species, the human infective forms, 7. b. rhodesiense and
gambiense, have evolved other evasion mechanisms to avoid attack from the immune
system. T. b. brucei, the strain we cultivate in the lab, is an important veterinary pathogen,
but does not infect humans because it is lysed by trypanolytic factors (TLFs)(43). T. b.
rhodesiense has serum resistance associated (SRA) protein which binds and neutralizes
TLFs (44). T. b. gambiense does not have the SRA protein and thus reduces the amount of
TLF uptake by limited expression of the haptoglobin-haemoglobin receptor and increased
lysosomal activity(45). Therefore, therapeutic intervention is required to treat these

infections.

1.5 Anti-trypanosomal chemotherapeutics and the rise of melarsoprol drug resistance

Diagnosis of HAT and stage identification are critical to treatment because anti-
trypanosomal chemotherapeutics are toxic, difficult to administer, and are potentially fatal.
There are a handful of drugs to treat both stages of both human-infectious 7rypanosoma
species (Table 1.1). Stage one treatments include suramin for rtHAT and pentamidine for

gHAT. For stage two, treatments include NECT (nifurtimox/eflornithine combined
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therapy) for gHAT and melarsoprol as the only stage two treatment for rHAT. Melarsoprol
is also used for NECT treatment relapse patients. Recently a new drug, fexinidazole, has
been approved for the treatment of 7. b. gambiense second stage infection, which is
expected to vastly diminish the usefulness of melarsoprol (46). Yet, melarsoprol has
ongoing significance toward our understanding of Trypanosomatid basic biology and

essential druggable pathways.

Melarsoprol is an arsenical-based drug that was first introduced in the 1940s when other
treatment failures grew to over 80%(29). The therapeutic potential of this classic arsenical
drug is diminished by challenging treatment regimens, high levels of host toxicity, and
emerging drug resistance. There are serious toxicity problems and adverse side effects from
melarsoprol treatment (5-10% result in post-treatment reactive encephalopathy) (47). This
form of encephalopathy is said to occur by the lysis of trypanosomes in the CNS and is

characterized by mental defects, coma, and in some cases convulsions and death (47).

Parts of how melarsoprol functions within a trypanosome cell is known. Following
melarsoprol uptake, by the parasite-specific P2 adenosine transporter (AT1 gene) and
aquaglyceroporin transporter (AQP2 gene), melarsoprol is converted to melarsen oxide and
the primary action appears to be its interaction with trypanothione in a 1:1 complex called
MelT (48). Trypanosomatid thiol redox homeostasis, unlike most eukaryotic organisms, is
based in trypanothione [bis(glutathionyl) spermidine]. Trypanothione itself is synthesized
from glutathione and cystine by y-glutamylcysteine synthetase (GSH1) and glutathione
synthetase (GSH2) enzymes (49). MelT is a competitive inhibitor of trypanothione
reductase, and knock-down of GSH1/2 encoding genes supports MelT toxicity, yet the

definitive evidence that trypanothione based redox metabolism is the mechanism leading
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to melarsoprol cell death is lacking (36). In addition, loss of motility has been reported in
bloodstream form 7. brucei treated with melarsen oxide, yet the cause of this phenotype is
unknown. Thus, the target of melarsoprol may have more than one intracellular target and

the putative target responsible for rapid cell lysis remains to be identified (36).

Melarsoprol is the only anti-HAT therapeutic for which drug resistance has been confirmed
and treatment failures have been reported since the 1950s and more prevalently in the 1990-
2000s (Figure 1.3)(36). In laboratory experiments, genetic alteration of AT1 and AQP2
both can result in increased resistance to melarsoprol (50, 51). In addition, isolation of
laboratory-acquired melarsoprol resistant cell lines arose predominantly from either
complete loss of AQP2 or the formation of AQP2/3 gene chimeras (52-54). Analysis of
melarsoprol resistant clinical isolates of human infectious 7. brucei subspecies are
commonly associated with AQP2 mutations (54, 55). Yet, numerous melarsoprol treatment
failures, which may or may not arise directly from drug resistance, have not been fully
explained (56). Conversely, in the laboratory, overexpression of ABC transporter
multidrug resistance protein A (MRPA, 76927.4.2510) can result in laboratory drug
resistance but had not been identified in clinical samples(57). Overexpression of both
GSHI1 and ornithine decarboxylase (ODC), required for spermidine production in the
biosynthesis of trypanothione, can result increased melarsoprol resistance in 7. brucei and
Leishmania species under laboratory conditions (57).These studies show that melarsoprol
is a clinically relevant drug, for which resistance and treatment failure are widely reported,
and the overexpression of specific genes can promote drug resistance under laboratory
conditions. However, the exact mechanism that leads to cell death and other intracellular

targets for melarsoprol remain unknown.
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Chapter 2: Methods
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2.1 Cultivation and maintenance of 7. brucei cell lines and clones.

Cell lines were generated from Lister427 bloodstream-form trypanosomes derived from
the ‘single marker’ (SM) line (58) and maintained in HMI-9 medium (59) under
appropriate drug selection when indicated (Table below). A landing pad (LP) cell line was
generated using plasmids gifted to us by the Alsford Lab and validated for inducible gene
expression, prior to transfection with pRPaSce* as described (60, 61). LP parasites
harboring the I-Scel restriction site and enzyme in the targeted rDNA spacer are
doxycycline induced to permit I-Scel cutting prior to pTrypLib ORFeome transfection by
AMAXA Nucleofector (62). To generate the 7. brucei GoF library described here, four
100ml flasks grown to ~1 million cells/mL were AMAXA transfected in four separate
transfection reactions, which were then pooled into a single cell population in 500 mL of
HMI-9 containing blasticidin and recovered in a large roller flask. An additional four
transfections were completed in parallel with TE (Mock) to compare outgrowth with GoF
Library transfection. The resulting blasticidin recovered GoF Library population was
expanded to an 800 mL culture at ~1 million cells per mL and saved in aliquots of 100
million cells per vial for future genetic screens. Cells were also sampled prior to freezing
for NSG analysis (‘GoF library’, described below) and after freeze thaw (INPUT1).

Single gene overexpression cell lines were generated by cloning ORFs of interest into
pLEW100v5-BSD (https://www.addgene.org/27658/), which following validation were

digested with Notl and transfected into SM by AMAXA.

Selectable Marker Concentration

Blasticidin (BSD) 5 ug/mL
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Puromycin (PUR) 1 png/mL

Hygromycin (HYG) 5 ug/mL

2.2 Oligo design and PCR amplification of the ORFeome

In order to design oligos for the ORFeome, we used gene annotations generated from
ribosome profiling data (63). We first filtered out genes that were either < 100 bp in size
or >4,500bp in size. We then filtered out any genes annotated as pseudogenes, hypothetical
protein unlikely, VSG, ISG, ESAG, GRESAG, or ribosomal protein. Following this
procedure, we used custom python scripts to design forward and reverse primers. If the
first 30bp of the ORF had a Tm >55, this primer was used. Otherwise, a nucleotide was
added one at a time until the primer had a Tm of greater than 55. A reverse primer was
designed using the same procedure for the reverse complement of the last 30 nucleotides.
Many genes in the 7. brucei genome have identical beginnings and ends, and we did not
wish to order duplicate sets of primers that were identical to each other. For this reason,
only one primer pair was kept for duplicated or highly similar genes, and a record was
made of any pair that was eliminated based on duplication. All excluded ORFs are listed
in SUP. 14. Finally, the ATT cloning sequences 5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCT and 5’-
GGGGACCACTTTGTACAAGAAAGCTGGGT were added to the forward and reverse

primers, respectively.

Each 384-well plate containing mixed forward and reverse primer pairs were diluted to 10
mM in primer dilution plates. PCR plates were filled with a master mix for KOD Hotstart

(Novagen #71086) PCR reactions containing Lister427 gDNA according to manufacturer’s
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specifications and primer pairs specific to each ORF were transferred into the associated
well number for each plate by TECAN Freedom EVO 150 pipetting instrument. PCR
reaction conditions followed manufacturers specifications for 25 pL reactions with
annealing temperature of 55°C and elongation times ranging from 10-60 seconds
depending on the anticipated lengths of products in each plate. Following PCR reaction
completion SYBR Green I (Invitrogen S-7563) was added to each well at 1:10 PCR volume
for a final concentration of 10x SYBR and relative fluorescence units (RFU) were
measured on a BioTek Synergy H4 Hybrid Multi-Mode Microplate reader in comparison
to a standard dilution of known DNA concentration. The resulting PCR reactions from all
wells of each 384-well plate were then pooled prior to agarose gel separation and DNA
extraction. PCR reactions called ‘negative’ based on SYBR (less than 10,000 RFU) were
revisited by isolating primer pairs from original 384-well plates, using a Perkin-Emer Janus
Automated Workstation, into two new PCR plates (NEG PICKS #1 and
NEG_PICKS #2), which were then amplified using KOD Hotstart specifications and
extracted from agarose gels as described. The resulting extracted DNAs from each PCR

product pool were utilized in subsequent gateway cloning reactions.

2.3 Gateway cloning and plasmids

The pENTR library was generated by cloning each size-sorted PCR product pool into
pENTR 221 Gateway Entry vector according to manufacturer’s specifications
(https://www.thermofisher.com/us/en/home/life-science/cloning/gateway-cloning.html)

and transformed into One Shot ccdB Survival Competent Cells by electroporation. The
resulting transformants were plated on large luria broth plates, assessed for efficiency of

transformation, and bacterial colonies isolated from plates into LB liquid, which was split
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for maxi preps of plasmid and storage at —80°C in glycerol stocks. A T. brucei specific
pDEST vector, pPSUN6 was generated by introducing a ccdB gateway cassette into a p LEW
type vector (64) for incorporation into the 7. brucei genome based on rDNA spacer
homology, blasticidin selection, and ORF transcription from an rDNA spacer promoter
repressed by two tetracycline operators. Pools of pENTR plasmids harboring size-sorted
ORF populations were combined with pSUNG6 in LR clonase reactions and transfected into
ccdB Survival Competent Cells following manufacturers guidelines as described. The
resulting transformants were plated on large LB plates, assessed for efficiency of
transformation, and bacteria and DNA isolated as described for pENTR steps above. The
resulting extracted DNAs from both pENTR and pDEST ORFeome gateway cloning steps
were assessed by NGS, described below. Following the initial assessment of ‘missing’
ORFs from both pENTR and pDEST cloning reactions, ‘missing’” PCR products were
isolated from original plates, using a Perkin-Emer Janus Automated Workstation, to
generate 8 new pools of size sorted PCR reactions, which underwent the same series of
pENTR and pDEST (pSUNG6) cloning reactions described above and subjected to NGS
analysis. The final set of ORFeome NGS validated pDEST vectors are pooled to generate

a single pTrypLib ORFeome for introduction into the 7. brucei genome

2.4  Quantitative @ PCR  assessment of individual ORF induction
Individual cloned ORFs were selected randomly from pDEST colonies plated on LB
originating from the pool ‘2 known’, ORFs confirmed by traditional DNA sequencing,
and DNAs arising from 6 individual ORF harboring pDEST vectors were transfected into
LP harboring pRPaSce* by AMAXA as described above. This generated a ‘Mini-Library’

following transfection and recovery, which was split into No Dox and +Dox conditions for
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24 hours, RNA extracted, and cDNA prepared by Superscript III (ThermoFisher
#18080044), prior to qPCR analysis. Quantitative PCR data was produced on a Bio-Rad
CFX96 Real-Time PCR Detection System with iTaq Universal SYBR Green Supermix
(Bio-Rad, #1725121) reagent using a forward primer unique to cloned ORFeome genes
(5°-GGGGACAAGTTTGTACAAAAAAGCAGGCT) and reverse primer to each gene
analyzed: Tb927.8.2230 (PRIMER: 5’-CACGGTTTTTGCCCATTCGT), Tb927.1.4830
(PRIMER: 5’-ATTTTTGCCGAAGCGCTTGA), Tb927.10.12940 (PRIMER: 5’-
CCGTGATTCCCTGTCGACAT), and Tb927.11.15810 (PRIMER: 5’-
CACCACCCGATGTACGGTAG). With these primer combinations only transcripts
arising from the exogenous ORFeome copy were measured with and without Dox

induction.

2.5 gDNA isolation for next generation sequencing

Genomic DNA was extracted to prepare samples for [llumina next generation sequencing
on a HiSeq or MiSeq. Approximately 100-200e6 cells were centrifuged for at 4°C 10
minutes at 1,500 xg in a sterile conical tube. The supernatant was poured off, and cells were
resuspended in 1 mL of sterile PBS. This mixture was transferred to sterile microcentrifuge
tube and centrifuged for 4 minutes at 5,200 rpm. Supernatant was removed with a filtered
pipette and washed again with 1 mL of sterile PBS. Cell pellet was centrifuged for 4

minutes at 5,200 rpm. Total supernatant was removed with a filtered pipette.

Cell pellet was lysed using DNAzol (Invitrogen Ref#10503027) according to
manufacturer’s protocol including the extra transfer step. DNA pellet was resuspended in
500 pl of Tris-HCI (10 mM, pH 8). The DNA was subjected to a proteinase K (Qiagen Mat

No. 1016333) treatment at 50°C for 1 hour at a final concentration of 0.4 mg/ml. This slurry
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was transferred to a MaXtract High Density tube (Qiagen, #129056) with the addition of
100 pl of chloroform. The tube was centrifuged according to manufacturer’s protocol and
the aqueous phase was transferred to a new microcentrifuge tube. The DNA solution was
treated with DNase, protease-free RNase A (Thermo Scientific, #EN0531) at a final
concentration of 0.2 pg/ml. The treated DNA solution was transferred to another MaXtract
High Density tube with 100 ul of chloroform. The tube was centrifuged according to
manufacturer’s protocol and the aqueous phase was transferred to a new microcentrifuge

tube.

The gDNA was precipitated by adding 3M sodium acetate for a final concentration of 0.3M
and 1 volume of 100% ethanol. This mixture was incubated for 1 hour at -80°C and then
centrifuged for 1 hour at 4°C at 14,000 rpm. The supernatant was removed, and the pellet
washed with 1 ml of 70% ethanol. The pellet is centrifuged for 15 minutes at 4°C at 14,000
rpm. The supernatant was removed and the pellet air dried. The pellet was resuspended in

50 pl Tris-HCI (10 mM, pH 8.0). The DNA was stored at -20°C until ready to process.

2.6 Sample Preparation for Illumina HiSeq/MiSeq

Libraries for the pENTR and pDEST (pTrypLib) ORF plasmid libraries were prepared for
next generation Illumina sequencing using tagmentation kits from Illumina (Nextera XT
kit) according to the manufacturer’s instructions. Sequencing was performed either on an
[llumina HiSeq 2500 or an Illumina MiSeq. Reads were trimmed for quality using trim
galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) using this
command: trim_galore --nextera --stringency 3. Reads were aligned to the Tb927v5.1
genome using bowtie (65) requiring unique alignments: bowtie --best --strata -t -v 2 -a -m

1, or allowing multiple alignments: bowtie --best --strata -t -v 2 -a -m 10. RPKM values
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were calculated using SeqMonk from Babraham Bioinformatics

(http://www .bioinformatics.babraham.ac.uk/projects/seqmonk).

For quantification of introduced ORFs following transfection into the 7. brucei to generate
the GoF library, genomic DNA was isolated from 100-200 million transfected parasites
and fragmented by sonicating water bath (Bioruptor). The NEBNext Ultra II DNA library
prep kit was then used to prepare libraries for high throughput sequencing according to the
manufacturer’s instructions with the following exception: a custom universal primer
containing the ATT cloning site was used for 5’ indexing and PCR enrichment (5°-
AATGATACGGCGACCACCGAGATATATAACAAGTTTGTACAAAAAAGCAGGC
TATG). Kappa Biosystems Illumina Library Quantification kit was used to determine the
concentration of library specific reads. We utilized the provider Illumina specific primers
in addition to GoF library specific qPCR primers to compare concentrations. A custom
sequencing oligo (5’-GGGACAAGTTTGTAC AAAAAAGCAGGCTATG) is loaded on
to the Illumina sequencing platform to sequence only GoF library containing reads.
Analysis and raw counts were calculated using SeqMonk from Babraham Bioinformatics
(http://www .bioinformatics. babraham.ac.uk/projects/seqmonk). Sequencing reads were
trimmed for quality and aligned to the genome using the same parameters described above.
Raw counts were calculated for reads aligning exclusively to the first 100 bp of the ORF
using SeqMonk from Babraham Bioinformatics. DESeq2 was used to calculate the

normalized read counts between sequencing libraries (66).
2.7 Melarsoprol GoF Genetic Screening

For melarsoprol selective screening, GoF library cells were seeded for each condition at

1x10° cell/ml, induced with doxycycline (1pg/mL) 24 hours (when appropriate), and
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grown in HMI-9 medium containing Dox (when appropriate) plus melarsoprol at 17 nM,
26 nM, or 35 nM melarsoprol (BoC sciences, CAS 494-79-1). Melarsoprol stocks were

diluted in DMSO.
2.8 Bioinformatic analysis platforms for ORF identification and hit calling pipeline

In order to call which genes were overrepresented in the melarsoprol selected libraries, we
exclusively counted reads that fell within the first 100bp of the gene. DeSeq (66) was then
used to identify genes that were ‘differentially expressed’ in the melarsoprol selected
libraries with a multiple testing corrected p value of less than 0.05. Using normalized read
counts, we then calculated the fold change between each pair of melarsoprol selected and
unselected replicates (3 total) for every statistically significant gene called by DESeq,
provided that gene had a normalized read count of 5 or greater in the minimally propagated
samples. If all 3 replicates showed a > 4-fold change for a particular gene, that gene was
considered significantly overrepresented. Because we had two sets of replicates for
unselected libraries and two sets of replicates for melarsoprol selected libraries, we ran the
pipeline described above for all 4 comparisons of selected and unselected sets of replicates.
Only those genes that were called as hits in all 4 comparisons were reported in the final hit

list.
2.9 Flow cytometry

Approximately 2 x 10° cells were pelleted, washed once with PBS and fixed in 1 ml of 70%
ethanol in 1 X PBS and stored at 4 °C overnight. Following a PBS wash, samples were
incubated with 10 pg/ml Propidium iodide (Sigma) and 9.6 pg/ml of RNAseA (Sigma) at

37 °C for 45 min. Samples were analyzed on a Celesta analyzer (BD) collecting 100,000
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gated events, and data processed in FlowJo Software (https://www.flowjo.com/) using
doublet discrimination and automatic assignment of cell cycle boundaries according to the

Propidium iodide intensity.

Live cell staining for endogenous GFP staining, 1 x 10° cells were pelleted and resuspended
in PBS with glucose. Samples were analyzed on a Celesta analyzer (BD) collecting 100,000
gated events, and data processed in FlowJo Software (https://www.flowjo.com/) using

doublet discrimination.
2.10 ECso determination by alamarBlue

For ECso determination, induced and uninduced cells were plated across a melarsoprol
dilution series and assessed viability after 72 hours using alamarBlue (ThermoFisher) as
previously described (67). All experiments were performed in biological triplicate and

visualized on a Varioskan Lux Microplate Reader.
2.11 Biosafety guidelines and standards

Cultured trypanosomes are a Class 2 Biohazard and care should be taken when working
with these biological samples. All assays with live cells were performed in a Biosafety
Level (BSL) 2 facility and personal protective equipment was worn at all times, including,
but not limited to, gloves, clean lab coats, and eye protection. All solid waste was sprayed
with 70% ethanol before removal from BSL2 facility. All liquid waste was inactivated with

bleach for at least 30 minutes before disposal.
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Chapter 3: Generation of 7. brucei ORFeome for
development of forward genetic tools
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3.1 Introduction

Trypanosomatids are evolutionarily ancient eukaryotes have highly divergent genomes
from well-established model organisms with more than 50% of open reading frames
(ORFs) annotated as hypothetical (24). Trypanosomatid parasites appear to have diverged
from a shared ancestor around 100 million years ago yet have retained a high proportion
of orthologous gene clusters and chromosomal synteny. Of the 9,068 genes in the
Trypanosoma brucei (African trypanosome) genome, 6,158 are orthologous with both
Trypanosoma cruzi (American trypanosome) and Leishmania major (24). Many of the non-
syntenic regions of the genome appear to be directly associated with organism specific
aspects of parasitism, such as surface antigen variation, leaving many biological functions
highly conserved among kinetoplastida parasites (24). Trypanosomatids share essential
subcellular structures, such as the flagellum, glycosomes (specialized organelles of
glycolysis), and the kinetoplast (a network of mitochondrial DNA). While reverse genetics
based on well-established models can promote discrete advances, forward genetics
approaches have the potential to uncover important aspects of kinetoplastida biology

shared among orthologous genes.
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Figure 3.1 ORFeome cloning strategy: attBl site addition to 7. brucei ORFs during PCR
amplification, Gateway cloning into pENTR to generate the pPENTR ORFeome, and Gateway
cloning into 7. brucei specific pDEST type vector (pSUNG6) to generate the complete pTrypLib
ORFeome. Blue arrows indicate T7 promoter. Black arrows indicate 7. brucei rRNA promoter.

Black circle on pSUN6 and pTrypLib indicates two tetracycline operators

T. brucei, the causative agent of HAT, has traditionally been the most genetically tractable
of the Trypanosomatid parasites. Discoveries made in 7. brucei have provided critical
understanding to the biology of other kinetoplastida, providing insights into eukaryotic
evolution (17-20), and uncovered broadly significant biological processes, such as GPI-
anchors and mitochondrial RNA-editing (21-23).For the past decade a whole-genome

interfering-RNA (RNA1) knock-down library has been the primary forward-genetics tool
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in 7. brucei resulting in identification of essential genes and genes associated with drug
resistance and pathogenesis, to name a few (61, 68, 69). A strength of the RNAI library
and associated RNA-Interference Targeted (RIT)-seq approaches is the identification of
genes that result in a loss-of-fitness phenotype (70). However, knockdown strategies may
fail when screening for a cellular event that requires a specific gene to be turned on rather
than turned off. Furthermore, they preclude identification of essential genes associated with
key processes (70). A Gain-of-Function library approach may be more effective in the
identification of genes whose expression is critical to the initiation of the event. For
example, Gain-of-Function screens have been employed to identify drug targets, as well as
resistance mechanisms (71-73), and in areas of basic biology have been critical for
discoveries in the areas of chromosome segregation and cell cycle, signal transduction,
transcriptional regulation, cell polarity, and stem cell biology (74). Thus, Gain-of-Function
screens are a powerful tool that can be used as a complement to loss-of-function screening

to uncover new biology in diverse areas.

27



Table 3.1. 384-well oligo plates. Plate names, ORF size ranges, and number of oligo pairs per plate

are indicated.

Plate name Min length (bp) Max length (bp) # ORFs per plate

0_hypothetical 102 375 373
0_known 147 591 315
1_hypothetical 375 522 374
1_known bo4 849 3656
2_hypothetical 522 666 372
2_known 849 1056 363
3_hypothetical 669 822 382
3_known 1056 1287 367
4_hypothetical 822 993 372
4_known 1287 1524 348
5_hypothetical 993 1155 365
5_known 1524 1857 342
6_hypothetical 1158 1365 375
6_known 1857 2337 362
7_hypothetical 1368 1635 378
7_known 2340 3504 376
8_hypothetical 1635 1953 381
9 hypothetical 1853 2508 381
10_hypothetical 2508 3501 381
hypothetical_|ast 3504 4488 135
known_last 3507 4497 138
7245

Traditional methods of inducible gene library formation by cDNA synthesis and cloning
are not viable for 7. brucei as most gene expression regulation in kinetoplastida occurs
post-transcriptionally, with 5’ and 3’ untranslated regions (UTRs) playing a major role in

determining steady state levels of their associated transcripts (75). Existing overexpression
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libraries for 7. brucei, generated by whole-genome fragmentation methods have
demonstrated the usefulness of this approach, for example, in the identification of the
benzoxaborole drug target (polyadenylation specificity factor, CPSF3), despite their
somewhat limited ability to control individual ORF expression (76-79). ORF expression is
limited by these approaches because the ORFs will carry their native UTRs making
significant overexpression difficult to administer uniformly. Another limitation of random
genomic shearing method leads to incomplete ORFs or multiple ORFs being overexpressed
in a cell. Therefore, we sought to generate an ORF-based cloning approach to generate a
whole-genome Gain-of-Function (GoF) library. Generation of an ORFeome (complete set
of ORFs in a genome) provides a tool that can be applied to the downstream generation of
multiple whole-genome methodologies including yeast 2-hybrid libraries, tagging libraries,
inducible expression libraries for Gain-of-Function studies, and complementation for loss-
of-function mutant phenotypes (80-83). A T. brucei ORFeome would permit production of
an inducible Gain-of-Function library, which is expected to be an ideal design for the
identification of novel gene functions based on observable phenotypes in large scale

screens.
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Figure 3.2. ORFeome PCR assessment. A) Assessment of PCR amplification by SYBR Green
Relative Fluorescence Units (RFU). Each dot represents an individual PCR reaction, each color
represents one of the 21, 384-well plates, graph is of SYBR Relative Fluorescence Units (RFU) vs.
384-well plate position. B) Percent of PCR positive wells (SYBR assessment) for each of the 21,

29



384-well plates, from the first amplification pass. C) Agarose gel bands from each of the 21, 384-
well PCR plates pooled prior to gel extraction and cloning, from the first amplification pass,

compared to 1 Kb ladder DNA ladder.

3.2 PCR Amplification of selected protein-coding ORF's

T. brucei and others in the class kinetoplastida primarily regulate gene expression post-
transcriptionally based on transcript stability mediated by 5° and 3’ UTRs (75). Previous
overexpression libraries used whole-genome fragmentation techniques (77, 84)cannot
ensure that full-length individual ORFs. Additionally, the genes cannot be activated
similarly since they contain their native UTRs. To mitigate these problems, the 7. brucei
ORFeome was produced using PCR amplification, which ensures the placement of each
ORF under the same inducible gene regulation system. ORF start and stop sites for all 7.
brucei genes were obtained from available TREU927 ribosomal profiling data for 9,200

genes (63)

The targeted 7. brucei ORFeome filtered out 1956 ORFs. The filtered genes met one or
more of the following criteria: a size of less than 100 bp or greater than 4,500 bp, a gene
class of VSG or ESAG, annotated as a pseudogene or hypothetical unlikely, and known
multi-drug resistance channels. Multi-drug resistance channels would overpower any
genetic screen trying to identify other genes involved in drug tolerance. MRPA is a known

ABC transporter that results in melarsoprol resistance in vitro, but not in vivo (84, 85).

Table 3.2. ORFeome PCR Amplification Tracking
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# Positive % Positive

Plate name Min length* Max length*  # Anticipated {SYBR) Missing (SYBR)
0_hypothetical 102 375 373 369 4 99%
0_known 147 591 315 308 7 98%
1_hypothetical 375 522 374 362 12 97%
1_known 594 849 365 355 10 97%
2_hypothetical 522 666 372 343 29 92%
2_known 849 1056 363 351 12 97%
3_hypothetical 669 822 382 374 8 98%
3_known 1056 1287 367 333 34 91%
4_hypothetical 822 993 372 344 28 92%
4_known 1287 1524 348 344 4 99%
5_hypothetical 993 1155 365 346 19 95%
5_known 1524 1857 342 283 59 83%
6_hypothetical 1158 1365 375 353 22 94%
6_known 1857 2337 362 331 31 91%
7_hypothetical 1368 1635 378 314 64 83%
7_known 2340 3504 376 310 66 82%
8_hypothetical 1635 1953 381 375 6 98%
9_hypothetical 1953 2508 381 380 1 100%
10_hypothetical 2508 3501 381 378 3 99%
hypothetical_last 3504 4488 135 132 3 98%
known_last 3507 4497 138 135 3 98%
*base pairs ORFs 7245 6820 425 94.3%
REDO PCR REACTIONS FINAL TOTALS
NEGATIVE PICKS Total # # Positive # Missing TOTAL ORFs 7245
NEG_PICKS_#1 252 130 122 Total Missing 201
NEG_PICKS #2 177 98 79 Total Positive 7044
Total 429 228 201 Percent 97.2%
Positive

PCR primers for the resulting 7,245 targeted ORFs were designed in silico with matched
melting temperatures and attB1 cloning sites added to both forward and reverse primers
for subsequent Gateway cloning (Figure 3.1). The resulting 7,245 primer pairs for
ORFeome amplification were synthesized and resuspended in 21 separate 384-well plates
that were organized by ORF size and gene annotations as either ‘known’ or hypothetical’
(Table 3.1). Each gene of the ORFeome was PCR amplified in 384-well format from
Lister427 genomic DNA. The general quality of the PCR reactions was assessed by the
addition of SYBR green and measurement of the resulting Relative Fluorescence Units
(RFU) (Figure 3.2 A). Based on the SYBR green assessment, the initial PCR reactions
resulted in the successful amplification of 94% of the ORFeome (6,820/7,245 ORFs)

(Figure 3.2 B, Table 3.2). Most PCR plates resulted in >90% amplification and only three
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of the 384-well plates between 80-90%. To increase coverage, 429 failed PCR reactions
were reamplified which resulted in 228 products. A total of 7,039 PCR products amplified

(97.2% of the targeted genome).
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Figure 3.3. Assessment of pENTR and pTrypLib plasmid libraries. A) Bar graph showing the
number of targeted ORFs with zero detectable aligned reads from the first round of cloning
(pENTR 1 and pDEST 1) and after both rounds of cloning (pENTR_Final and pDEST _ Final)
using analysis generated from both uniquely and multiply aligned reads. B) Histogram showing the
distribution of normalized read counts for each ORF in the pooled pDEST (pTrypLib) plasmid
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libraries (Uniquely aligned reads shown, SUP. 6 both uniquely and multiply aligned reads). C)
Histograms showing the distribution of ORF lengths for the target gene list (red) and the set of
ORFs with zero detectable aligned reads after both rounds of cloning (labeled as missing). Analyses
from unique (dark blue) and multiply (light blue) aligned reads are shown. Inset graph, target ORF
lengths have been left out to better visualize the lengths of the missing ORFs

3.3 Gateway cloning and plasmids

The PCR reactions from each 384-well plate were pooled (10 pul from each well) into 21
corresponding PCR product sets, irrespective of the SYBR result, which maintained the
product size range associated with each plate (Table 3.1). Each resulting size-sorted PCR
pool was run on agarose gels and gel purified prior to gateway cloning (Figure 3.2 C).
Thus, the DNA bands visualized on gels in Figure 3.2 C represent hundreds of similarly
sized PCR products arising from the same PCR plate, which were gel extracted prior to

gateway cloning.
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#_MISS  ORF#!/

Plate name Min length* Max length* Total missing _PLATE MISS_ Plate
0_hypothetical 102 375 373 124
0_known 147 591 315 51
1_hypothetical 375 522 374 72
1_known 522 666 385 64 1 31
2_hypothetical 594 849 372 111
2_known 849 1066 363 77
3_hypothetical 669 822 382 89 2 277
3_known 822 993 367 226
4_hypothetical 893 1155 372 105 3 331
4_known 1056 1287 348 171
5_hypothetical 1287 1524 365 104
5 known 1158 1365 342 94 4 369
6_hypothetical 1524 1857 375 158
6_known 1388 1635 382 173 5 331
7_hypothetical 1857 2337 378 106
7_known 1635 1853 378 117
8_hypothetical 1853 2508 381 147 3 370
9_hypothetical 2340 3504 381 195
10_hypothetical 2508 3501 381 141 7 336
hypothetical_last 3504 4488 135 58
known_last 3507 4497 138 67 8 125
NEG_PICKS_#1 102 1365 252 122
NEG PICKS #2 1857 4497 177 79
1_MISS 102 666 3N
2_Miss 594 822 277
3_MISS 822 1155 331
4_MISS 1056 1365 369
5_MISS 1524 1635 331
6_MISS 1857 2508 370
7_MISS 2340 3501 336
8 _MISS 3504 4497 125

21 Pools of original ORFs from oligo plates.
2 Pools of PCR NEG_PICKs_Redo PCR reactions

8 Pools of MISSING ORFs from original 21 PCR plates.
Were identified as "Missing” from first ORFeome
assesments (pENTR & pDEST). Isolated from PCR plates to
form new sets of ORFS for an additional 8 gateway clonings.

31 Total Pools for final pENTR followed by pDEST {(pSUNB) transfections

Table 3.3. All final ORF pools used to make the pENTR ORFeome. Following the first
pENTR 1 and pDEST 1 ORFeome assessments, ORFs missing from libraries were identified and
reselected from original 21 PCR plates to form an additional 8, size sorted pools. The original 21
pools, 2 pools of PCR reamplifications (NEG PICKS) and 8 ‘missing’ ORF pools (1-8 MISS)
collectively result in 31 pools for pENTR cloning. The size ranges and total number of ORFs per

pool are indicated.

Gateway cloning occurred in two steps using standard protocols: 1) introduction of ORFs
into the general pENTR vector, which can function as a useful repository for the pENTR
ORFeome, and 2) transfer of ORFs into a pDEST vector designed for ORF integration into
T. brucei. T. brucei is unable to maintain plasmids and requires genomic integration via

homologous recombination. One of the most common integration sites is the rDNA spacer
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region. pSUNG6 (Figure 3.1) has sequence homology to the genomic location when
linearized with Notl enzyme. This plasmid has the ORF under the rRNA promoter and
tetracycline inducible gene regulation (Figure 3.1). For the purpose of this study, the entire
set of cloned ORFs is referred as the pPENTR ORFeome and the resulting set of pDEST
(pSUNG derived) libraries ready for transfection into the 7. brucei genome as the pTrypLib

ORFeome.

3.4 Additional Gateway cloning to capture missing amplified ORFs

The resulting 7. brucei pENTR and pTrypLib ORFeome harboring plasmids were each
pooled and prepared for [llumina sequencing by tagmentation. In order to assess which of
the 7,245 targeted ORFs were not present in the pENTR and pTrypLib ORFeome harboring
plasmids, sequencing reads were aligned to the trypanosome genome, PCR duplicates were
removed, and the number of reads corresponding to each targeted gene were counted.
Because we knew that some of the targeted genes were highly similar or duplicated, we
aligned the reads under two modes, one that required unique alignments and one that
allowed multiple alignments. Both datasets were then assessed to determine how many
genes were ‘missing’ from each library; defined as any targeted gene with zero aligned
reads. The analysis of uniquely aligned reads determined that 1,845 genes were missing
from the pENTR library and 2,593 ORFs were missing from the pTrypLib ORFeome. For
reads that were multiply aligned, 1,656 ORFs were missing from the pENTR library and

2,420 ORFs were missing from the pTrypLib ORFeome (Figure 3.3).

The analysis indicated that many of the ‘missing’ ORFs were positive by SYBR analysis
following PCR and showed appropriately sized bands when randomly selected missing

ORFs were run on agarose gels (approx. 100 PCR products visualized). Thus, we predicted
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that our DNA input was exceeding the functionality of the gateway system in these cloning
stages and that the largest losses arose during the formation of the pPENTR ORFeome. To
address this limitation, PCR products representing each missing ORF were isolated from
the original PCR plates (using a Perkin-Emer Janus Automated Workstation to select 2,450
PCR products) and produced 8 additional size-sorted ORF sub-pools (Table 3.3), which
were gel purified and gateway cloned. These 8 new plasmid pools were then combined

with the previous pools and sequenced by tagmentation, as described above.

3.5 Validation of ORFeome plasmid libraries

Final ORFeome analysis indicated that 457 and 292 ORFs were missing after both rounds
of cloning in the pENTR vector using unique or multiply aligned reads, respectively.
Gateway cloning into the final pDEST vector to form the pTrypLib ORFeome resulted in
636 and 442 missing ORFs using unique or multiple alignments, respectively (Figure 3.3
A). Thus, the final pTrypLib ORFeome contains between 6,609 and 6,803 (depending on
the type of analysis used) 7. brucei ORFs, resulting in the successful inclusion of 91-94%

of the targeted ORFs.

The resulting sequencing data was used to assess both the overall coverage of ORFs in the
library and whether specific ORF characteristics (length or annotation) resulted in biases
during ORFeome generation. First, we analyzed the coverage of each ORF in the pTrypLib
ORFeome. For ORFs that were present in the plasmid libraries (based on reads aligned),
we analyzed the count distribution in the sequenced pDEST plasmids for both uniquely
and multiply aligned reads. This analysis showed that most ORFs resulted in Log>(RPKM)
values between 0 and 10 (Figure 3.3 B and Figure 3.4, Top). The number of poorly

represented ORFs (RPKM < 1) is 195 for uniquely aligned reads and 369 for multiply
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aligned reads, representing 3% or 5% of all ORFs in the library, respectively. The
Log>(RPKM) value was then plotted against each corresponding ORF length to determine
if gene length affected their representation in the ORFeome (Figure 3.4, Bottom). No
strong correlation was observed between ORF length and coverage in the pTrypLib
ORFeome, with a best fit line showing a small negative slope for both unique and multiply
aligned reads (—.000673 and —.000778, respectively). Thus, in general, shorter ORFs do

not display a significantly higher representation than longer ORFs.

Next, we sought to determine if there were patterns in the properties of genes missing from
the pTrypLib ORFeome. Histograms of ORF length were generated for targeted genes and
compared to histograms of ORF lengths that were missing from the pDEST library. The
distribution of ORF lengths in the targeted library are similar to those missing from the
pDEST library. These results indicated the successful cloning of the ORFeome into pDEST
and that the resulting libraries were not skewed toward larger or smaller ORFs (Figure 3.3
C). Thus, we have generated both pENTR ORFeome and pTrypLib ORFeome genetic tools

that will broadly support progress in Trypanosomatid research.

3.6 Discussion and individual contribution to the validation of the ORFeome

To unlock potential discoveries in Trypanosomatids, here we have generated two powerful
tools for forward genetics and unbiased studies based on the 7. brucei genome (TREU927):
the pENTR and pTrypLib ORFeome. We have designed these plasmid constructs
specifically for our research purposes, but they can be easily manipulated to answer
questions about Trypanosomatid biology. The pENTR ORFeome is the most flexible tool
that can be re-engineered to be used for protein arrays, yeast two-hybrid systems,

expression profiling, crystallography, dominant negative studies, and generating tagging
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libraries. Additionally, the pDEST vector can be modified for genomic integration into
other kinetoplasts. Since 6,158 gene clusters are shared among Leishmania, American
trypanosomes, and African trypanosomes utilization of the pENTR ORFeome into a
species specific pDEST vector would still be informative for that parasite. Our lab sought

to generate an inducible, whole-genome GoF library in 7. brucei.
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Figure 3.4. Assessment of the pTrypLib ORFeome. Top - Histograms showing the distribution
of normalized read counts in the pTrypLib ORFeome in analyses using uniquely aligning reads
(left) and allowing multiple alignments (right). Bottom - The length of each ORF in the pTrypLib
Orfeome was plotted against the normalized read count of the ORF. A best fit line was calculated
using linear regression (shown in white). For uniquely aligned reads this was y = 7.623751 -

0.000673x and for multiply aligned reads this was y = 7.306181 -0.000778x.
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The development of the ORFeome and the GoF library began in 2013, 3 years before I
began in the Hovel-Miner Lab. Data in this chapter was generated in part by myself and
several other project members. I specifically joined the lab after the second pass of gateway
cloning. I aided other lab members in making the Illumina sequencing tagmentation
libraries and organized the sequencing data for our bioinformatics collaborator, Danae
Schulz, Ph.D. With the pTrypLib in hand and validated, I developed and optimized the

strategy to transfect the pooled pTrypLib into 7. brucei brucei Lister427.
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Chapter 4: Developing the Gain-of-Function
library utilization and assessment
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4.1 Introduction

T. brucei is a genetically tractable organism and has been used as a model organism for
other kinetoplastida. These parasites cannot maintain plasmids and therefore require
integration into the genome. Advances and strategies specifically in the last 20 years have

made this a robust, efficient process.

Gain of Function (GoF) libraries have been established in 7. brucei using random shotgun
or enzymatic shearing of genomic DNA (77, 84). As previously discussed, there are clear
limitations to those approaches such as incomplete ORFs, need for increased complexity,
and size restrictions of fragment inserts. There are additional considerations to determine
how the overexpression constructs are integrated into the genome. Both groups used a high-
efficiency transfection system which involves I-Scel meganuclease-mediated induction of
a break at the chromosomal integration target site for the linearized overexpression
constructs (77, 84, 86). This strategy increases transfection efficiency ~250-fold in
procyclic and bloodstream trypanosomes. The region of chromosomal integration is the
rDNA spacer site. 7.brucei is arranged in large polycistronic gene clusters, therefore, ideal
genomic integration sites should be isolated away from native genes. Non-transcribed
RRNA loci have become popular for targeting (87). There are 15-25 identical rDNA spacer
regions that the overexpression constructs could recombine into with inherently varied
levels of gene expression since transcription at these loci are not fully understood (88,
89).Previously, Alsford et al. generated a strategy to insert a locus with a unique sequence
that would allow constructs to be reproducibly inserted into the same genomic location

(90).
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Table 4.1 ORFeome primer plate information for pooling pTrypLib

Median  Concentration Volume of Pool Pool Pool
Plate name
Length {ng/ul) (ul) (ng)  (pmol)
0_hypothetical 291 300 170 51000 10
0_known 435 300 120 35000 10
1_hypothetical 453 300 110 33000 10
1_known 726 300 70 21000 10
2_hypothetical 591 300 90 27000 10
2_known 957 300 55 16500 10
3_hypothetical 744 300 70 21000 10
3_known 1164 300 45 13500 10
4 hypothetical 909 300 55 16500 10
4 _known 1404 300 35 10500 10
5_hypothetical 1065 300 50 15000 10
5_known 1694 300 30 9000 10
6_hypothetical 1263 300 40 12000 10
6_known 2067 300 25 7500 10
7_hypothetical 1485 300 35 10500 10
7_known 2745 300 18 5400 10
8_hypothetical 1773 300 30 9000 10
9_hypothetical 2202 300 23 6900 10
10_hypothetical 2889 300 18 5400 10
hypothetical_last 3879 300 13 3900 10
known_last 3804 300 14 4200 10
Plate 22 Mix 1561 300 33 9900 10
MISS_1 402 300 130 39000 10
MISS_2 783 300 65 19500 10
MISS_3 957 300 55 16500 10
MISS 4 1257 300 42 12600 10
MISS 5 1593 300 33 9900 10
MISS_6 2091 300 25 7500 10
MISS_7 2927 300 18 5400 10
MISS 8 3879 300 13 3900 10

Here we sought to produce a stable cell line GoF Library in 7. brucei and validate its
function and genome coverage. Following PCR amplification and cloning, the resulting
ORFeome includes more than 90% of the targeted 7. brucei ORFs (>6,500/7,245). The
ORFeome is then introduced into the bloodstream 7. brucei (Lister427) and optimized
through a specific site-targeted transfection strategy. Following this introduction, through
a GoF Library adapted Illumina protocol genome coverage was assessed 5,818 ORFs were
present in initially transfected cells and between 4,269 and 4,360 ORFs from glycerol
stored cells. Induced gene expression was evaluated by completing RT-PCR on a low
complexity GoF Library, which demonstrated increased mRNA concentration in

populations that were induced for 12 or 24 hours with doxycycline. Melarsoprol genetic
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screen parameters were tested and optimized prior to utilization of the GoF Library in a
melarsoprol genetic screen. Collectively, these findings support the usefulness of the 7.

brucei GoF Library as a new forward genetic tool.
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Figure 4.1 Transfection strategy for generating the GoF Library and analysis on ORF
representation variance. A) I-Scel cell lines were induced and underwent three separate
transfections that were selected in blasticidin separately. Each biological replicate was split into
doxycycline induced (1 pg/ml) or uninduced cultures and expanded. Genomic DNA was harvested
and sequenced with modified Illumina protocols. B) Biological replicates were analyzed to
determine which ORFs had a >2-fold differential representation (y-axis) compared to the reference
sample (x-axis). C) Technical Illumina sequencing replicates within a biological replicate was
compared to each other to determine the number of ORFs differential representation (y-axis) for

each fold change cut-off (x-axis).
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4.2 Results
4.2.1 Reducing variance through optimized transfection strategy

In order to incorporate the pTrypLib into the 7. brucei genome, we determined each
gateway cloning plate median ORF length (bp) and pooled equimolarly (Table 4.1). This
results in 10 pM concentration from each plate. 10 pg of pooled, Notl digested pTrypLib

is used for each transfection into 7. brucei regardless of approach described below.
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Figure 4.2 Revised transfection strategy and analysis of ORF variance. A) I-Scel cell lines
were induced and underwent three separate transfections that were selected in blasticidin as a single

population. Biological replicates were split from a single pool of cells in doxycycline induced (1

44



pug/ml) or uninduced cultures and expanded. Genomic DNA was harvested and sequenced with
modified Illumina protocols. B) Biological replicates were analyzed to determine the count of
ORFs that had >2-fold differential representation (y-axis) when compared to the reference samples

(x-axis).

For efficient pTrypLib transfection, the creation of an inducible I-Scel expressing cell
line is required. The parental cell line used was Single Marker (91), which contains a T7
polymerase and tetracycline repressor already integrated into the genome. Following the
established protocols, we generated an I-Scel cell line that proved to have inducible I-
Scel expression by PCR. Following induction of the I-Scel cell line, pooled pTrypLib
was transfected in biological triplicates (Figure 4.1A). Each transfection recovered for 12
hours and was selected with blasticidin for 48 hours separately. Each biological replicate
was then split into Dox induced and uninduced cultures. Cultures were grown and
expanded until they reached >1.0e6 cells/ml in 200 ml. Cell pellets were harvested for
DNA extraction. Upon Illumina sequencing (specific for GoF library ORF, further
discussed in section 4.2.3), ORF representation was assessed and ORFs that were greater
than 2-fold increase in representation compared to the other replicates were counted.
There was considerable variance in the number of ORFs with greater than 2-fold
representation between the three biological replicates in the No Dox control cultures
(Figure 4.1 B). Between 1,424 — 1,625 ORFs were differentially represented when
comparing biological replicates, which represents 20.2-23.1% of the ORFs successfully
transfected. However, when comparing the number of ORFs with greater than 2-fold
increased representation among technical replicates of the biological replicates, there is

substantially less variance. Thus, the transfection strategy is likely the source of variation.

45



Having the control biological replicates so vastly different makes it impossible to

accurately assess any treated conditions.

To refine the transfection protocol, separate transfections were pooled and selected with
blasticidin as a single population (Figure 4.2 A). Following recovery and selection,
biological replicates were split into induced and uninduced cultures. The No Dox
sequenced samples were analyzed again using the same parameters. Variance reduced to
110-135 OREFs differentially represented greater than 2-fold (Figure 4.2 B). While the
transfection strategy reduced variation in ORF representation, this strategy still does not

account for varied gene expression through integration of the different rDNA spacer sites.
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Figure 4.3 Targeting a single rDNA spacer locus strategy. A) Schematic of rDNA spacer site.
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B) Visualization of the four-step transfection strategy to screen rDNA spacer sites with a reporter

(1), generate a landing pad cell line that can be targeted for subsequent transfections (2), insert I-
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Scel expression cassette to increase transfection efficiency (3), and final integration of pooled
pTrypLib (4). Plasmids used for each step are in parentheses. Black arrow — RNA polymerase 1

promoter. Blue arrow — T7 polymerase promoter.

4.2.2 Creating stable cell line by targeting a single genomic integration site

Previously, high-throughput RNAI library was generated through a targeted transfection
strategy that screens rDNA spacers for their inducible expression and then targets that site
for subsequent transfections (92).This system was developed for a procyclic lab strain of
T. brucei and was adapted this system for integration in the bloodstream form lab strain
T.b. brucei Lister 427. Briefly, rDNA spacers (Figure 4.3 A) are screened using a GFP
reporter. The identified rDNA spacer is then targeted for subsequent transfections and

ultimately the GoF Library is integrated into that specific site (Figure 4.3B)
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Figure 4.4 Analysis of rDNA spacer screening and incorporation of the Landing Pad. A)

Schematic of the GFP reporter cassette. Hyg- hygromycin resistance gene, black arrow — RNA

polymerase I promoter, Tet O — two tetracycline operator sequences, GFP — green fluorescence

protein, and rDNA — homology to the rDNA spacer region. B) Histogram plots representing the

GFP signal following 24-hour induction of clones. Grey- parental cell line, single marker, blue-

uninduced clone A4, green — doxycycline induced clone A4. C) Schematic of landing pad cassette.

HygAstart — hygromycin resistance gene with start codon removed, black arrow — RNA polymerase

I promoter, PURO — puromycin resistance gene. D) PCR for selected clone and plasmid DNA

amplifying promoter region and C-terminus of the puromycin resistance gene.

4.2.2.1 Screening rDNA spacer sites for GFP induction and expression
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Single Marker cell line is a 7. brucei brucei Lister427 cell line that expresses T7
polymerase and TetR from the tubulin locus in the genome. This strategy aims to find an
rDNA spacer site that has Dox-controlled expression of a reporter gene, in this case GFP.
The plasmid pRPhyg-S23gfp when linearized with Notl recombines into any of the 15-25
identical rDNA spacer sites and upon induction expresses GFP (Figure 4.4 A). pRPhyg-
S23gfp was transfected into SM using standard AMAXA nucleofector protocols (62)
recovered for 12 hours and selected in hygromycin (5 pg/ml). Ten clones exhibited
hygromycin resistance. These clones were expanded and split into Dox induced (1 pg/ml)
and uninduced cultures for 24 hours. Live cell flow cytometry was performed on parent,
uninduced, and Dox cultures for all clones. The clone ultimately picked for following steps
depicted in a GFP histogram (Figure 4.4 B). This clone exhibited increased GFP signal
when clone was induced with Dox and the uninduced culture had minimal background

GFP signal.
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Figure 4.5 Screening I-Scel clones expression profiles. A) Schematic of transfection of pRPa-
Sce into Landing Pad. HygAStart is reconstituted with full length hygromycin gene. I-Scel — 18 bp
cut site for I-Scel megaendonuclease, black arrow — RNA polymerase I promoter, blue arrow- T7
polymerase promoter. B) 72 hour cumulative growth curve of parent (Landing Pad, black lines)
and I-Scel expressing clones (grey dashed). Clone chosen for further analysis and subsequent
transcription (blue line). C) Semi-quantitative PCR of Clone AS. D) RT-qPCR analysis of Clone

A5 Dox induced compared to uninduced populations.

4.2.2.2 Incorporation of a targeting sequence into a single rDNA spacer site

The next step replaces the GFP reporter cassette with pH3Ep by using the 5’portion of
hygromycin resistance gene as a site for homologous recombination (Figure 4.4 C). This
step truncates the hygromycin gene by removing the 3’ end, making it non-functional and
resistant to puromycin only. This cell line can be used for any other subsequent
transfections by restoring the full length hygromycin gene and will be referred as Landing

Pad (LP) and serves as the parent cell line to the GoF Library.

50



A) B) o |

TrypLib a1 2182 | pTrypLib DNA Pooled ! 107
TyplLi I-Scel Digested
Cloned ORE l rONA |— BSD rDNAJ ¢ gested)

v

o o

|
{ I-Scel Induced |
|

|
| K |

Y = . ! Transfaction
Landing Pad (LP |

9 Pad (LF) ﬂ_ 1DNA | (4x Pooled)
pRPa-Sce e |

I
'ORF Genomic Integration : J Blasticidin

Concentation {cells/mL)

Recovery

aliB1 5il62

I
Gain-of-Function | | 10°%
(GoF) — rDNA '— BSD DNA — ! ) ; i o 50 100 150
Tl t T. brucei GoF Library I Hours Post Transfection
Library ! |
$000
C) 1o =+ GoF Library D)
GoF Library Dox+ =
2
<

@

E 1910 L 4000
S £
s S
= s

2 10 3 2000
5 £
© =
z

0 o

o 2 4 6 8 10 GoF Library INPUT1 INPUT2

Figure 4.6 Transfection, recovery, and analysis of GoF library. A) Transfection of pTrypLib
ORFeome into parental Landing Pad (LP) cell line harboring pRPa-Sce* plasmid for I-Scel induced
enzymatic cleavage of a single rDNA spacer site. B) Generation of the pTrypLib ORFeome based
GoF library. Procedure shown in flow diagram on the left. Graph indicates the recovery of GoF
library harboring cells (blue line) compared to mock transfection (red line) in blasticidin. C)
Cumulative growth of thawed Dox induced GoF Library (blue line) and uninduced GoF Library
(pink line) over nine days of passage. D) Assessment of the number of ORFeome genes present in
the GoF library following initial transfection (GoF library), in INPUT1 (following freeze thaw and
minimal propagation), and INPUT2, which used an alternative NGS protocol.

pH3Ep digested with Ascl was transfected into the GFP expressing line. Eight clones were
confirmed by selection in puromycin (1 pg/ml) and by plating in hygromycin (5 pug/ml) to
ensure that the previous selectable marker has been truncated and non-functional. PCR was
also completed for the promoter region and inside the puromycin gene. 6 clones were
positive in both PCR assays — selected clone depicted with plasmid DNA used for positive
control (Figure 4.4 D). The LP cell line is ready for the next steps of transfection to make

the GoF Library.

4.2.2.3 Transfection of I-Scel enzyme and cut site into targeted rDNA spacer site
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Site-specific DNA double-stranded breaks, mediated by I-Scel, initiates homologous
recombination repair using the linearized plasmid as a template, thus increasing
transfection efficiency in 7. brucei (86). The pRPa-Sce plasmid utilizes the truncated
hygromycin gene as a site of homology to ensure that the construct goes into the determined
rDNA spacer location (Figure 4.5 A). pRPa-Sce was transfected into LP and clones were
selected for using hygromycin (5 pg/ml). Transfections into rDNA spacers are inherently
leaky. Since the cassette encodes the I-Scel endonuclease and the associated cut site, the
cell line is constantly having to repair double-stranded DNA breaks. This repair stalls cell
cycle which increases the doubling time of the parasite. Three-day growth curves were
completed to determine which clone will be used for the GoF Library transfection (Figure
4.5 B). Clone A5 (blue line) was selected with a doubling time of 9.09 hours compared to
SM (black line) at 7.23 hours. Next, we needed to ensure that this clone was capable of
inducible I-Scel expression in Dox induced (1 pg/ml) samples. Therefore, the clone was
Dox induced for 4, 8, 16, and 24 hours, included matched uninduced samples. Following
Dox induction cells were harvested and RNA extracted. I-Scel expression was evaluated
by semi-quantitative RTPCR, where each time matched set were amplified for 25, 30, and
35 cycles using I-Scel specific primers and included a tubulin and no reverse transcription
control. At 25 and 30 cycles there was an increased concentration of I-Scel enzyme in the
Dox induced sample compared to uninduced sample at all time points (Figure 4.5 C). This
confirmed that this clone was appropriate for GoF Library transfection. Later, a qPCR
assay was developed to evaluate I-Scel expression. Using the same RNA isolated for semi-
quantitative RTPCR in Figure 4.5 C, we evaluated the fold-change of Dox induced samples

over no Dox samples at 4, 8, 18, and 24 hours (Figure 4.5 D). The results show that even
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at the early time point of 4 hours, we see increased level of I-Scel transcripts in the Dox

samples.
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Figure 4.7 Sequencing strategy and results from transfected libraries. A) Library preps from
pTrypLib transfected parasites proceed by first fragmenting genomic DNA, ligating Illumina
adaptors, and amplifying library introduced ORFs using a primer complementary to
complementary to the attB1 Gateway cloning sequence and the standard Illumina barcoded reverse
primer. Sequencing proceeds using a custom forward primer complementary to the attB1 Gateway
cloning sequence. B) Red rectangles in the first row represent annotated genes from a section of

the 7. brucei chromosome 5. Bars in subsequent rows represent reads that align to the genes in the
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first row. Most reads align to the first 100bp of the gene, as expected from the library prep and

sequencing strategy.

4.2.2.4 Induction of I-Scel break and incorporation of pTrypLib

In screening I-Scel expressing clones, as little as 4 hours showed the presence of I-Scel
RNA. Increased transfection efficiency using this system requires functional I-Scel
inducing a double stranded break. Following the break, the linearized pTrypLib is used as
an exogenous DNA template to repair the cut (Figure 4.6 A). The I-Scel expressing cell
line was Dox induced 6 hours prior to the GoF Library transfection. To increase overall
coverage, four transfections with 10 pg of linearized and pooled pTrypLib were completed
simultaneously (Figure 4.6 B). These transfections were pooled together to recover as a
single population. A mock transfection (red line) with the same volume of TE was used to
compare GoF Library recovery (blue line) (Figure 4.6 B). After an initial recovery in HMI-
9 media for 12 hours, blasticidin (5 pg/ml) was added to select for GoF Library cells. After
72 hours of selection, all cells in the mock transfection were dead and approximately 60
million cells survived (Figure 4.6 B). These surviving cells were then propagated to 960
million cells total over 3 days to generate the 7. brucei GoF Library. The GoF Library was
made into glycerol stock with approximately 27 million cells per vial to maintain the

complexity of the library.

4.2.3.5 Determining viability of glycerol stored library

Following a week of glycerol storage at -80°C, a vial of GoF Library was thawed,
recovered, and selected in blasticidin. Triplicate samples were grown in the presence and

absence of Dox for 9 days (Figure 4.6 C). There was no significant difference in doubling
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times between the Dox induced populations (blue line) and uninduced populations (pink

line), 7.51 hr and 7.56 hr respectively (P=0.40, one-way ANOVA).

Next, we wanted to analyze coverage immediately following transfection and after a
freeze-thaw. Following initial transfection triplicate cultures were grown for an additional
24 hours and had DNA extracted. The ‘INPUT’ library arose from 3 days of propagation
in the absence of Dox from a thawed glycerol vial. The INPUT library represents the full
complement of ORFs present before a screening condition is applied. GoF Library
immediately following transfection consisted of 5,818 ORFs and then between 4,269 and
4,360 ORFs for two INPUT libraries (Figure 4.6 D). It is unclear if the apparent loss of
1,459 genes arose through an artifact associated with a relatively low clustering of NGS
reads returned from those samples or a true loss of content between library transfection and

the subsequent thawing of frozen library.
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Figure 4.8 Optimizations to GoF Library-specific Illumina sequencing. A) Comparison of
forward indexing primer sequence. Green — P5 Illumina flow cell annealing sequence, Blue —
attblsite, and orange — start codon. B) Left, indexing amplification protocol as described in the
NEBNext Ultra II Illumina Sequencing protocol. Right, modified touchdown PCR indexing
amplification protocol. C) Quantification results graph from qPCR results in technical triplicates
and calculated Cq mean. Green — optimized forward primer amplified with touchdown protocol,
orange — initial forward primer amplified with touchdown protocol, pink — optimized forward
primer amplified with [llumina protocol, and blue — initial forward primer amplified with Illumina

protocol.
4.2.3 Developing a custom targeted next-generation sequencing approach for Gain-

of-Function library samples

Assessment of the resulting GoF libraries by Illumina sequencing requires a specialized

procedure to ensure that only the introduced pTrypLib ORFs are sequenced and not the
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endogenous gene copies. Immediately upstream of the GoF ORF remains a gateway
cloning attB1 site. The attB1 site is not found in the 7. brucei genome making it a useful
sequence to exploit. We utilized a standard procedure for making Illumina HiSeq Libraries
using NEBNext Ultra II kit, but with custom primers for the 5’ indexing step and a custom

sequencing oligo loaded on to the HiSeq.

DNA isolated from GoF Libraries underwent purification steps including proteinase K and
RNAse A treatment. DNA was then subjected to fragmentation by sonication on a
Bioruptor. Illumina adaptor were added following standard protocol with a 1:25 dilution.
For indexing and amplification, an initial forward primer was designed to target the attB1
sequence and used with a standard Illumina barcoded reverse primer (Figure 4.7 A). A
similar custom sequencing primer complementary to the attBl site upstream of the
introduced ORF was used for loading on to the sequencer. Thus, the resulting sequencing

reads primarily correspond to the 5’ ends of the introduced ORF (Figure 4.7 B).

There were several sequencing attempts with low amplification and low clustering errors.
Therefore, we sought to optimize the PCR amplification step by designing a more direct
forward primer and modifying the PCR thermocycling program. The optimized primer
adds the P5 sequence required for Illumina flow cell annealing, simplifies the linker
sequence, includes the attB1 sequence, and adds an “ATG” codon to ensure that the ORF
is present (Figure 4.8 A). The attB1 sequence has a calculated annealing temperature of
55°C, but the suggested Illumina protocol has the annealing and extension temperature
occur at 65°C. A touchdown program where the first 5 cycles occur at 55°C to ensure the
attB1 site anneals and then increasing the temperature back to 65°C for the remaining 10

cycles. Both primers and PCR programs were compared with the same input material and
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concentration in a qPCR assay. The qPCR used an attB1 forward oligo and a P7 reverse
oligo (sequence on the barcoded reverse primer). Using the optimized primer and
touchdown program resulted in increased efficiency of amplification compared to other
conditions (Figure 4.8 C). The touchdown program outperformed the standard program for

both primer sets.

Finally, to ensure the Illumina library prep contained only GoF Library containing
fragments we developed a qPCR assay. This assay simply tests the relative concentration
of GoF Library containing fragments with the concentration of P5/P7 fragments that would
anneal to the Illumina flow cell (Figure 4.9 A). Illumina libraries were tested with both sets
of primers with a standard iTaq (2x) SYBR protocol with an annealing temperature of 58°C
against a known standard (Figure 4.9 B). Libraries that have similar Cq values for both
primer sets proceed to Illumina sequencing. Additionally, we can accurately calculate the

amount of library to pool derived from the known set of standards.
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Figure 4.9 qPCR assay for Illumina Library pooling. A) Schematic of theoretical [llumina
library fragment derived from GoF Library containing DNA. Purple — P5 Illumina 5 flow cell
annealing sequence, attbl — gateway cloning site, Gene — ORF fragment following fragmentation,
gold — 3’ Illumina adapter sequence, green — unique identifying barcode sequence, dark purple —
P7 Tllumina 3’ flow cell annealing sequence. Arrows represent amplification primers for gPCR
assay. Blue arrows —P5 forward primer and complementary P7 primer. Pink arrows — attB1 forward
primer and complementary P7 primer. P7 primer sequences are identical. B) qPCR quantification
amplification results measured by SYBR relative fluorescent units. Grey standards — set of known
DNA standards provided by Kappa Biosystems Illumina Library Quantification Kit using custom
P5/P7 primer set. Pink — GoF Library Illumina sequencing library sample amplified with GoF/P7
primer set. Blue — GoF Library Illumina sequencing library sample amplified with P5/P7 primer

sets.

4.2.4 Evaluating induced expression with a low complexity library

Validating inducible ORF transcription from a whole-ORFeome transfection would be

challenging to detect due to the overall complexity of the resulting cell populations

59



(harboring approx. 6,500 ORFs in multiple copies). Thus, we sought to verify that the
transcription of individual ORFs within this library would be inducible and highly
transcribed. Toward this goal we generated a subset ‘mini-library’, in which one pDEST
bacterial pool was plated (“2 Known”, ORF length range 849-1056 bp). Six random
individual colonies were isolated, plasmid DNA prepared, and Sanger sequenced to
identify the ORF harbored in each pDEST vector (Figure 4.10 A). The resulting plasmids
were pooled equimolarly, transfected into 7. brucei, recovered as a single population of
parasites (the ORFeome ‘mini library’) in addition to a mock transfection (Figure 4.10 B).
Once recovered the mini library was grown with and without Dox induction for 12 or 24
hours prior to RNA extraction. To develop a RT-qPCR assay for the mini-library, attbl
forward oligo allowed for the specific identification of GoF ORF copy and a reverse oligo
specific to the individual ORF. Because these oligo pairs can amply the ORFs in the
ORFeome library (exogenous) and not endogenous ORF, we can measure the inducibility
of our ORFeome library. Levels of ORF transcripts were compared between uninduced
and Dox induced cultures in triplicate. All ORFs showed increased transcript levels
following Dox induction at 12 and 24 hours, 3 of the 4 ORFs resulted in approximately 10-
30-fold increased after 12 hours and 50-600-fold increased after 24 hours (Figure 4.10 C).
Thus, the overall strategy of ORFeome exogenous transcription induction from pTrypLib

cloned ORFs is viable.
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Figure 4.10 Low complexity library evaluates inducible expression. A) Strategy for the
generation of the low complexity library. B) Recovery and growth following the transfection of the
low complexity library compared to mock transfection (TE, no DNA). C)Inducible expression of a
Low Complexity GoF Library measured by RT-qPCR following 12 and 24 hours of doxycycline

induction compared to uninduced cells (No Dox)
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4.3 Discussion

The GoF Library tool addresses an urgent need to extend genomic functional
characterization of 7. brucei and its kinetoplastida relatives. More than 30 years of genetic
and biochemical studies in Trypanosomatids, 10 of which included the extensive use of an
RNAi-based loss-of-function library, have produced key discoveries in parasitology and
basic biology. Yet, with the functions of more than 50% of Trypanosomatid encoded genes
largely unknown, many mysteries remain unsolved, and very few functional pathways have
been delineated. To unlock potential discoveries in Trypanosomatids, here we have
generated two powerful tools for forward genetics and unbiased studies based on the 7.
brucei genome (TREU927): an ORFeome consisting of over 6,500 ORFs and an inducible
Gain-of-Function library harbored in 7. brucei parasites (Lister427) for genetic screening.
These tools can be manipulated to fit the needs and scope of research for other strategies
and kinetoplasts. For instance, 7. brucei, L. major, and T. cruzi share 6,158 gene clusters
(24), thus re-designing the pDEST cassette to specifically integrate into a different
Trypanosomatid is active research being currently completed by collaborators at the

University of Washington.

Additionally, we have created a stable cell line (Landing Pad) that allows us to integrate
other types of cassettes into a known rDNA spacer site. Other iterations of the GoF Library
(tagged, barcoded, dominant negative, etc), single gene overexpression constructs, and
RNAI1 knock-down cassettes can be incorporated into the same rDNA spacer that has been

specifically screened for these genetic experiments.
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With the GoF library in hand, we were ready to test its ability in a survivor genetic screen.
Due to melarsoprol’s importance and increasing rate of treatment failure, we pursued a

proof-of-concept genetic screen using sub-lethal concentration of melarsoprol (17 nM).
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Chapter S: T. brucei Gain-of-Function library
enables identification of genes that promote
melarsoprol drug tolerance

64



5.1 Introduction

Melarsoprol is an arsenical-based chemotherapeutic that was first introduced in the 1940s
when other drug treatment failures grew over 80% (68).1t is used to treat second stage —
characterized by presence of trypanosomes in the central nervous system - for 7. b.
rhodesiense infections primarily and 7. b. gambiense infections when other treatments fail
to clear the infection. While it has been effective, there are serious toxicity concerns and
adverse side effects (5-10% result in post-treatment reactive encephalopathy) (93). This
form of encephalopathy results in death to half of patients who suffer from this side effect
and is thought to occur due to an autoimmune reaction from a release of trypanosome
antigens (94), direct arsenic toxicity (95, 96), or pro-inflammatory responses against

trypanosomes following the clearance of the parasite (97).

In addition, there have been increased reports of melarsoprol resistance and treatment
failures in sub-Saharan Africa since the 1990s, only some of which have been explained
by transporter mutations (52-55). Melarsoprol has been widely studied, with both known
and unknown genes associated with its cytotoxicity and treatment failures. However, it is
thought to kill trypanosomes through complex mechanisms that have not been fully
elucidated. Previous RNAi screens and biochemical studies have identified the transporters
of melarsoprol and key enzymes that interact with melarsoprol products. Following
melarsoprol uptake by the parasite specific P2 adenosine transporter (AT1 gene) and
aquaglyceroporin transporter (AQP2 gene), intracellularly metabolized melarsoprol
interacts with trypanothione in a 1:1 complex known as MelT (36), which can then be
pumped out of the cell by MRPA, an ABC transporter. Trypanothione is a kinetoplastida

specific form of glutathione required for thiol based redox metabolism (49). Melarsoprol
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resistance due to gene mutations and fusions in the AQP2 transporter have been confirmed
in vitro and identified in patients that have experienced melarsoprol treatment failure (54,
98, 99). Overexpression of MRPA results in melarsoprol resistance in vitro but does not in
mouse models (100). Trypanothione reductase is inhibited by the MelT complex.
Trypanothione reductase levels are significantly less in melarsoprol resistant clones
(10T)proving that MelT is a toxic complex to the cell. While the inactivation of
trypanothione by melarsoprol has been demonstrated, and effects on cellular redox
metabolism are known, it is has remained unclear if melarsoprol has more than one
intracellular target and if inactivation of trypanothione is responsible for cell
lysis(36).Therefore, there is still a need to elucidate the entire melarsoprol pathway to better
understand the melarsoprol pathway and mechanisms of resistance. Additionally,
trypanothione is critical to maintain redox homeostasis which affects several important
processes including thiol redox, reactive oxygen species (ROS) stress, ANTP synthesis, and
protein repair. However, melarsoprol’s specific effects on redox biology remain unknown.
Inhibiting trypanothione function with melarsoprol could allow us to probe

Trypanosomatid redox biology and further elucidate the melarsoprol pathway.
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Figure 5.1 Melarsoprol effect on Landing Pad cell growth A) Cell count of Landing Pad (LP)
parental cell line in 17 nM (blue line), 26 nM (silver line), 35 nM (red line), or no (black line)
melarsoprol treatment over 14 days. B) Cumulative growth of Landing Pad (LP) parental cell line
in 17 nM (blue line), 26 nM (silver line), 35 nM (red line), or no (black line) melarsoprol treatment

over 14 days.
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5.2 Results
5.2.1 Optimizing screening parameters for melarsoprol genetic screen

To identify ORFs whose induced expression promote survival in the presence of lethal
doses of melarsoprol, we tested three concentrations of melarsoprol on the LP parental cell
line. Similar to previous reports, we observed that 7. brucei LP cells died after 3 days in
35 nM, 5 days in 26 nM, and 7 days in 17 nM melarsoprol (Figure 5.1 A — cell count,
Figure 5.11 B — cumulative growth). 17 nM is 2.2 times the published effective
concentration 50 (ECso) (98). Cultures were seeded at 1.0x10° cells/ml in 10 mL. We found
that smaller cultures (in 96-well plates) did not scale up and replicate the growth and killing
dynamics that we see in 100 ml cultures. We predicted that the progression of cell killing
might be a critical factor in design of the GoF Library melarsoprol resistance screen. That
is cells that die too quickly might not have the opportunity to successfully activate ORFs

that confer resistance.

5.2.2 Application of the GoF library toward a melarsoprol survivor genetic screen (17

nM)

From the previous optimization experiments in Figure 5.1, we chose 17 nM to allow more
time for ORFs to undergo transcription and translation. The experimental steps for the 17
nM melarsoprol GoF genetic screen, including 24-hour pre-induction of all Dox treated
cultures (Day -1), are shown under the graph of Figure 5.2 A. A freezer vial containing ~27
million GoF library harboring cells was thawed and propagated for less than 3 days before
splitting it into triplicate samples for the following conditions: GoF ‘INPUT’ (grown for 3

days without melarsoprol selection, solid black line), GoF 17 nM No Dox (uninduced

68



library maintained in melarsoprol), and GoF 17 nM +Dox (Dox induced library maintained
in melarsoprol) (Figure 5.2 A). The parental cell line (LP) was maintained in melarsoprol
alongside GoF library cultures and were below the limit of detection (Figure 5.2 A — grey
dashed line at 1x10? cells/mL) on day 4 with complete cell death observed from day 5 until
the completion of the screen on day 10 (Figure 5.2 A — solid silver line). In contrast,
uninduced (No Dox) GoF Library harboring cells showed partially delayed melarsoprol
killing, with counts below detection at day 5, but some observable surviving cells in culture
until day 8, after which all cells appeared dead (Figure 5.2 A — blue open circle, dashed

line).

The melarsoprol treated, Dox induced GoF library was distinct from LP parent by day 3,
and by day 5 populations of survivors emerged and grew similarly well in all three induced
GoF (+Dox) biological replicates (Figure 5.2 A — blue circle, solid line). At day 7 the
biological replicates of induced (+Dox) GoF library melarsoprol survivor cultures were
split into media with and without Dox during continued treatment with 17nM melarsoprol
(Figure 5.2 A — red lines). The uninduced (no Dox) cultures died rapidly over the next 2
days (red open square, dashed line), whereas the induced GoF library, once again, survived
and grew robustly (red square, solid line) in the presence of melarsoprol. Thus, survival in
the presence of melarsoprol was dependent on GoF library induction. Biological triplicate
cultures of melarsoprol survivors were harvested from both GoF ‘MEL-1x’ and GoF
‘MEL-2x’ (resulting from the day 7 split) on day 9 and day 10 respectively (Figure 5.2 A
— blue and red solid lines, circles indicate the date of harvest). Genomic DNA from

biological triplicate cultures of untreated INPUT (day 3, black line and circle), GoF ‘MEL-
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1x’, and GoF ‘MEL-2x’ cultures (9 cultures total grown to ~1 million cells per mL 200

mL each) was prepared for NGS analysis.
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Figure 5.2 Isolation of melarsoprol survivor populations from a GoF Screen. A) GoF genetic
screen in 17 nM melarsoprol is shown as a time course at the bottom and graph of cell growth:
INPUT, untreated GoF library harboring cells grown for 3 days (black line), LP parental cell line
(silver line), uninduced GoF library (open blue circle, dashed), induced GoF library (blue circle,
solid), harvested on Day 9 (blue circle on blue line) to produce MEL-1x. On day 7, biological

triplicates from induced GoF library (blue circles on solid line) were split into two sets of triplicate
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samples, both with 17 nM melarsoprol, one of which was not further induced (red square, dashed).
The other continued to be induced (red square, solid) and was harvested on Day 10 to produce
MEL-2x (red circle). + symbols refer to whether Dox or melarsoprol was added to the appropriate
cultures. Dashed grey line represent threshold for detection. Dots on threshold line represent
survivors seen in cultures, but unable to accurately count density. B) Principle Component Analysis
(PCA) comparing INPUT libraries (1 and 2) with libraries arising following 2 weeks of continuous

melarsoprol selection (MEL-1x and MEL-2x) allowing for unique and multiple alignments
5.2.3 Identification and analysis of overrepresented GoF library ORFs in

melarsoprol survivors

To identify the pTrypLib ORF incorporated into the GoF library harboring cells recovered
from each replicate and condition (INPUT, GoF MEL-1x, and GoF MEL-2x), genomic
DNA was fragmented and prepared for ORFeome specific Illumina sequencing (shown in
Figure 3.7). During PCR index amplification steps, INPUT samples were prepared in two
ways: long elongation time (INPUT1, 75 seconds) and shorter elongation time (INPUT?2,
20 seconds). Sequencing data was obtained in biological triplicate from the two sets of
INPUT libraries (no melarsoprol treatment) and the two sets of melarsoprol selected
parasites (MEL-1x and MEL-2x). We performed principle component analysis on the
sequencing data from both unique and multiple alignment datasets (Figure 5.2 B). The PCA
analysis shows two clearly separated clusters for untreated and melarsoprol treated
samples, with most biological replicates clustering proximal to one another. Melarsoprol
treated samples were distinct from INPUT and show more variation between samples

(Figure 5.2 B).
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Figure 5.3 Read normalization and analysis on variance and bias. A) The number of genes with
a fold change > 1.5, 2, or 4-fold is given for all three replicates of INPUT2 allowing for multiple
and unique alignments. B) The length of each ORF in the pTrypLib Orfeome was plotted against
the normalized read count for the INPUT1 sequencing library. A best fit line was calculated using
linear regression (shown in white). For uniquely aligned reads this was y = 6.046291 -0.000423x
and for multiply aligned reads this was y = 6.083779 - 0.000452x. C) Histograms showing the
distribution of normalized read counts in the sequencing libraries from INPUT 1 in analyses using

multiple aligning reads (left) and unique alignments (right).
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We reasoned that any gene whose induction contributed to melarsoprol resistance should
be overrepresented in libraries generated from melarsoprol survivor populations. The
designation ‘overrepresented’ indicates that the normalized read count for a particular ORF
in the presence of melarsoprol is higher in libraries arising from doxycycline induced
parasites harboring the GoF library (MEL-1x and MEL-2x) when compared with the
untreated GoF library (INPUT), which suggests that overrepresented genes have enhanced
survival in the presence of drug. To determine the fold change that represents a valid
difference between melarsoprol treated and untreated conditions, we compared each of the
three biological replicates of INPUT?2 to one another and counted the number of ORFs with
a 1.5, 2.0, or 4.0-fold in normalized read count using unique and multiple
alignments(Figure 5.3 A). By evaluating the biological variation between similarly treated
replicates we found that while many ORFs varied in normalized read count by greater than
1.5-fold between replicates (more than 300), very few ORFs varied by greater than 4-fold
(Figure 5.3 A, similar results obtained from INPUT 1, data not shown). Thus, we used a 4-
fold change in normalized read count between melarsoprol treated and untreated samples

as the minimum threshold for identifying an ORF as overrepresented (a ‘hit’) in this study.

73



A) B)

Count Reads that DESeq Filter- . .
Normalize fall within first 100 bp Differental Unigue Alignments - INPUT2 vs MEL-1x
Read Counts {every gene, Representation 1001 4fold reference line
| overy sample) (FOR<0.05) | o o pie
] ® common to all comparisons |
l % 80
k)
B -
g 40 .
Replicate 1 Replicate 2 Replicate 3 o c . N
2 . 4‘_ M
Mel Treatment Mel Treatment Mel Treatment - K :..‘W
. . . 0
~ ~ ~ 15 0 5 0 5 10 15
Input Input Input Logz {Feld Change Normalized Gounts MEL-1x / INPUT 2)
Multiple Alignments - INPUT2 vs MEL-1x
1007 - 4 fold reference line

P> 05 or fold change <4
p< O5andfoldchange >4 |
commen ta all comparisans |

Genes Common to Four Comparisons
(Unigue Alignments, Greater than 4-Fold)

INPUT2_MEL-2x INPUT1_MEL-1x

INPUT2_MEL-1x 7 INPUT1_MEL-2x

-Log,, P Adjusted Yalue

2 L4 RN
. .yﬁ" I

o . e o
-5 0 5 10 15
Logz {Fold Change Normalized Counts MEL-1x/ INPUT 2)

-15 -10

Figure 5.4 Identification of significantly overrepresented ORFs in melarsoprol GoF survivor
populations. A) Hit calling pipeline to identify genes overrepresented in melarsoprol survivor
populations. Following read count normalization and alignment to the first 100 bp of each gene in
every sample, DESeq was used to filter for differential representation using a P adjusted cutoff of
<0.05. Each melarsoprol treated replicate was compared with each untreated INPUT replicate and
those with 4-fold or greater change of melarsoprol selected over unselected in all three comparisons
were called as preliminary hits. Preliminary hits were determined for INPUT1 vs. MEL-1x,
INPUT2 vs. MEL-1x, INPUT1 vs. MEL-2x, and INPUT2 vs. MEL-2x. The final list of 57 hits
represent genes common to all four comparisons. Venn Diagram illustrates the significantly
overrepresented genes common to each comparison and shared among all comparisons, resulting
in 57 overrepresented hits identified in melarsoprol survivor populations compared to input
populations B) Volcano plot showing the —Log10(P adjusted value) vs. Log2 (Fold Change in
normalized counts for the comparison of melarsoprol selected MEL-1x/INPUT?2) for each ORF in
the targeted library using unique and multiple read alignments. Red dots represent fold changes >4
with a P adjusted significance of <0.05 and blue dots represent overrepresented ORFs common to

all four comparisons described in A
To check whether ORF length influenced the level of coverage in the genomic INPUT

libraries, we analyzed whether ORF representation in the INPUT libraries correlated with
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ORF length. We observed, at best, a weak negative association between gene length and
normalized read count (slopes of —.00042 and —.00045 for unique and multiple alignment

analysis, respectively), indicating that ORF representation in the library is largely

independent of ORF length (Figure 5.3 B)
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Table 5.1 Table of categorization and localization of gene overrepresented in melarsoprol
survivor populations.

In order to identify ORFs overrepresented in melarsoprol survivor populations, we aligned
reads from each of the 12 samples (3 reps of each: INPUT1, INPUT2, MEL-1x, and MEL-
2x) to the genome, and then calculated the number of reads that fell within the first 100bp
of each of the ORFeome targeted ORFs. DESeq was used to normalize read counts between
libraries (66). We performed this analysis for uniquely aligned reads and multiple

alignments (Figure 5.3 C). DESeq was used to identify genes that were ‘differentially
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expressed’ between melarsoprol selected samples and INPUT samples with a p adjusted
value of < 0.05 (Figure 5.4 A) (66). In this context, ‘differential expression’ simply refers
to an ORF being overrepresented or underrepresented in the melarsoprol selected samples.
To be considered as a potential hit, we required a minimum normalized read count of 5 in
INPUT samples to avoid ORFs being called as overrepresented that were simply poorly
covered. To identify putative hits, we then asked which of the differentially represented
ORFs with p adjusted value < 0.05 had a normalized read count > 4-fold higher in 3
biological replicates of melarsoprol treated populations (MEL-1x and MEL-2x) compared
to untreated populations (INPUT1 and INPUT2). Four different comparisons were
analyzed using this pipeline: INPUT1 vs. Mel-1x, INPUT1 vs. Mel-2x, INPUT2 vs. Mel-
1x, and INPUT2 vs. Mel-2x (Figure 5.4 A). Figure 5.4 B shows volcano plots of DESeq
generated significance values compared with fold change for the comparison between
INPUT2 and MEL-1x, using multiple and unique alignments. After hits had been called
for each individual comparison, we identified the hits common between all 4 comparisons
for both uniquely and multiply aligned reads (Figure 5.4 A). These analyses resulted in the
identification of 57 overrepresented ORFs (uniquely aligned) in the GoF melarsoprol
survivor populations compared to INPUT populations (Table 5.1). In the comparison of
INPUT?2 vs. MEL-1x depicted in a volcano plot, we observe that these 57 ORFs common
to all the comparisons were among the most highly overrepresented genes and with some
of the lowest P adjusted values determined by DESeq (Figure 5.4 B top). Similar results
were obtained for all comparisons between melarsoprol selected and input samples. We

conclude that our analysis is reasonably robust at identifying the most consistent,
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statistically significant, highly overrepresented genes in melarsoprol treated samples

compared to untreated samples.

5.2.4 Application of the GoF library toward a melarsoprol survivor genetic screen (26

and 35 nM)

Two other concentrations were attempted for GoF library screening following the same
procedures above for setting up the screen in triplicate. In Figure 5.5 A, we attempted a 35
nM (5x ECso) genetic screen concurrently with the 17 nM screen and share the same input
library. LP (silver line) cultures completed died on day 2. Dox induced (solid blue line)
and uninduced (dashed blue line) cell lines delayed death by one day compare to LP on
day 3, yet no survivor population emerged. The treatment schedule described below graph

(Figure 5.5 A).

Following the genetic screen for 17 and 35 nM melarsoprol, we attempted a 26 nM
melarsoprol screen (3.5x ECso). It took LP 5 days to complete die in the optimization
experiments (Figure 5.1). Similarly, LP treated with melarsoprol was below limit of
detection at day 3 and no survivors in culture day 5 (purple line) (Figure 5.5 B). GoF Input
(black line) was grown for 3 days and harvested. GoF Library No Dox was maintained in
melarsoprol 26 nM with no doxycycline induction (dashed red line). “GoF 26 nM No Dox”
was below the limit of detection on day 3, presumed completely dead on day 5, but
rebounded on day 6 still below limit of detection (Figure 5.5 B). This is most likely due to
human error in checking these cultures. Finally, on day 11 GoF 26 nM No Dox cultures
were dead and remained dead until the end of the screen. “GoF 26 nM + Dox” was pre-
induced for 24 hours prior to melarsoprol treatment (Figure 5.5 B, below graph). Dox

induced libraries followed a similar phenotype to the GoF No Dox replicates. By day 3,
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samples were below the limit of detection (solid red line). However, on day 7 a survivor

population emerged. Its outgrowth rate was varied between replicates, more so than the 17

nM set. On day 13, the triplicate samples were harvested for DNA extraction (circled

point). For this screen we isolated DNA from GoF Input on day 3 and GoF 26 nM + Dox

on day 13.
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Figure 5.5 Melarsoprol genetic screen at 35 and 26 nM. A) GoF genetic screen in 35 nM
melarsoprol is shown as a time course at the bottom and graph of cell growth: LP parental cell line
(solid purple line), uninduced GoF library (open pink circle on dashed light pink line), induced GoF
library (pink circles on solid line). + symbols refer to whether Dox or melarsoprol was added to the
appropriate cultures. Dashed grey line represent threshold for detection. Dots on threshold line
represent survivors seen in cultures, but unable to accurately count density. B) GoF genetic screen
in 26 nM melarsoprol is shown as a time course at the bottom and graph of cell growth: INPUT,
untreated GoF library harboring cells grown for 3 days (black line), LP parental cell line (solid
purple line), uninduced GoF library (open blue circle on light green line), induced GoF library
(green circles on solid line), harvested on Day 13 (pink circle on green line). + symbols refer to
whether Dox or melarsoprol was added to the appropriate cultures. Dashed grey line represent
threshold for detection. Dots on threshold line represent survivors seen in cultures, but unable to

accurately count density.

5.3 Discussion

57 ORFs were identified in the Dox induced GoF library populations from the 17 nM
melarsoprol genetic screen. These hits range from 6-fold to 597-fold change and ~45% of
the genes are annotated as a hypothetical protein. While these hits were identified in the
screen, it does not necessarily mean that each gene when overexpressed by itself leads to
melarsoprol resistance. This could be due to a few factors. One of the overexpressed genes
could secrete a factor that boosts the survival of cell in its environment. Additionally, a
gene could be melarsoprol resistant at this sub-lethal level, but not provide a survival
advantage at higher or physiological levels. Further interrogation of the hits and single gene

validation studies will elucidate the gene’s role in the melarsoprol pathway.

As for the other melarsoprol screens, we have not pursued sequencing these additional
samples yet. We hypothesize that 26 nM concentration allowed less time to active genes to
respond to melarsoprol. Therefore, only genes that support robust survival will be
identified within the survivor replicates. It would be very interesting to compare the ORFs
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identified in the 26 nM survivors versus the 17 nM survivors. Another hypothesis is that
there is a common set of genes that may promote a more “universal” drug resistance. For
instance, a gene that generally helps maintain mRNA may allow for continued translation
of a drug target. This could be tested with the 26 nM melarsoprol data set and other anti-
trypanosomal drug screens. A set of genes identified as “pan drug resistant” would be

helpful in developing new therapeutics with specific drug targets.
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Chapter 6: Interrogation of overrepresented
ORFs in melarsoprol survivor screen and
implications to Trypanosomatid biology
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6.1 Introduction

57 genes were identified as overrepresented in melarsoprol survivor populations (Table
5.1). Among these genes 25 genes are annotated as hypothetical proteins. Even among the
genes with annotations, most only have a putative functional assignment with no further
backing evidence. Evaluation of the hypothetical genes represents a chance to understand
new biology in the trypanosome. We utilized publicly available resources (tritrypdb.org
and tryptag.org) to understand and prioritized which genes will be investigated further to
understand their contribution to melarsoprol resistance and Trypanosomatid biology. These
investigations enabled the categorization of the genes based on subcellular localizations

and published protein functions (Figure 6.1).
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Figure 6.1 Categories of overrepresented genes in melarsoprol GoF screen survivor
populations. An illustrative diagram of a 7. brucei cell is shown with relevant features highlighted.
Boxes of gene numbers indicate major functional or localization categories for the genes

overrepresented in melarsoprol survivor populations.
We found that most overrepresented genes encoded proteins that localize to the

mitochondria and kinetoplast (10 genes, shown in Table 6.1) or the flagellum (9 genes,
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shown in Table 6.2). The prevalence of mitochondrial and flagellar proteins arising from
the melarsoprol GoF screen may implicate previously unidentified melarsoprol drug targets
or pathways of drug tolerance. Here we describe bioinformatic and experimental analysis
of selected hits and implications in the melarsoprol pathway and greater Trypanosomatid

biology.

Table 6.1 Melarsoprol GoF hits with mitochondrial localization. Key: + From localization
data, o Proteomic data, * both localization and proteomics, or # published.

Fold
Gene ID Category Description Localization Change
Strong mitochondrial signal, some

75927.11.590 Mitochondrial* hypothetical protein, conserved | enrichment around the kinetoplast 350

T6927.10.12050 | Mitochondrial* hypothetical protein, conserved | kinetoplast, mitochondrion 31

15927.9.7200 Mitochondrial* hypothetical protein, conserved | kinetoplast, mitochondrion 31

Mitochondrial &

76927.9.7080 ER® hypothetical protein, conserved | Cytoplasm (patchy, points) 23
3-oxoacyl-ACP reductase,

Tb927.2.5210 Mitochondrial# putative mitochondrion, kinetoplast(strong) 23
phosphoglycerate mutase, mitochondrion (75%) kinetoplast

156927.11.2910 Mitochondrial* putative (iPGAM) (75%) 23
Mitochondrial ribosomal

Tb927.10.6850 Mitochondrial# protein S18, putative cytoplasm(reticulated) 16
zinc finger domain, LSD1

T6927.8.7790 Mitochondrial subclass, putative ND 13
Archaic Translocase of outer

T6927.11.5600 Mitochondrial# membrane 14 kDa subunit mitochondrion 8

Tb927.3.5190 Mitochondrial+ hypothetical protein, conserved | mitochondrion 7

6.2 Results

6.2.1 Biosynthetic His

One of the known targets of melarsoprol is trypanothione, a major redox carrier that
replaces glutathione in kinetoplastids. Trypanothione is made up of two glutathione
molecules connected by a spermidine linker. Trypanothione is unique and essential to the
parasite’s survival. Trypanothione the most powerful reducing agent in the cell involved in
a multitude of functions (Figure 6.2). Therefore, the enzymes that synthesize and utilize

trypanothione are of interest in developing new, targeted antitrypanosomal drugs (36).
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Melarsen oxide is the active metabolite of melarsoprol in the cell. The arsenic molecule
binds to the two sulfur groups on trypanothione forming a stable adduct known as MelT.
MelT lowers the concentration of trypanothione and acts as a competitive inhibitor of
trypanothione reductase, a flavoenzyme that catalyzes the reduction of trypanothione

disulfide (TS>) into the dithiol trypanothione (T(SH)>)(102).

Table 6.2 Melarsoprol GoF hits with flagellar localization. Key: + From localization data, o
Proteomic data, * both localization and proteomics, or # published.

Fold
Gene ID Category Description Localization Change
T76927.11.11435 | Flagellar+ dynein light chain lc6 Strong flagellum axoneme signal 120
Weak axoneme signal, and weak
reticulated signal through the
76927.9.15020 Flagellar+ hypothetical protein, conserved cytoplasm 31
Ring finger domain containing protein,
Th927.11.1810 Flagellar + | putative flagellar pocket(ring) 16
76927.10.390 Flagellar* hypothetical protein, conserved Flagellum Matrix Proteome (BSF) 14
Tb927.5.4150 Flagellar* hypothetical protein, conserved paraflagellar rod 13
heat shock 70 kDa protein, putative cell tip(anterior), cytoplasm, flagellar
16927.7.710 Flagellar * (HSP70) cytoplasm 10
Tb927.10.9060 Flagellar + | hypothetical protein, conserved basal body 8
T6927.1.1020 Flagellar + | leucine-rich repeat-containing protein hook complex 8
T6927.6.3980 Flagellar + | hypothetical protein, conserved Flagellum, axoneme 6

Among the top 5 overrepresented hits we identified the gene encoding y-glutamylcysteine
synthetase (GSH1, Tb927.10.12370) which was 191-fold higher among melarsoprol
survivors when compared with input control. GSHI is the first enzyme catalyst in the
glutathione biosynthesis pathway which converts glutamate and cysteine together to make
v-glutamylcysteine (Figure 6.2, blue pathway). GSHI1 is conserved and essential in all
Trypanosomatids. GSH1 and Ornithine Decarboxylase (ODC, Figure 6.2, red pathway) are
the rate-limiting enzymes in the generation of glutathione and spermidine, respectively.
Overexpression of GSHI is known to result in 4-fold increase in melarsoprol ECso in 7.
brucei and in Leishmania (85). Additionally, overexpression of GSH1 from an rDNA
spacer region results in the increased production of GSH1 enzyme and results in twice the

concentration of trypanothione measured inside cell extracts (85). The identification of
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GSH1 supports the role of trypanothione as one of the major intracellular targets of

melarsoprol and the usefulness of the GoF library in the direct identification of drug targets.
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Figure 6.2 Trypanothione biosynthesis and downstream pathways. Blue enzymes (circled) and
products depict the glutathione biosynthesis pathway. Red enzymes (circled) and products depict
the spermidine synthesis pathway. Black enzymes (circled) and products depict the synthesis of
trypanothione and direct interacting enzymes. Gold text refers to pathways that trypanothione redox

contributes to functionally
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6.2.2 Flagellar Hits

Melarsoprol enters 7. brucei through two transporters a P-2 adenosine transporter (TbAT1)
and aquaglyceroporin 2 (TbAQP2). TbAQP2 deletions and chimeric rearrangement with
AQP2-AQP3 have been identified in clinical isolates in melarsoprol relapsed patients and
demonstrated as a principal determinant of melarsoprol resistance (98, 99, 103, 104).
Interestingly, TbAQP2 localizes in the flagellar pocket in bloodstream form parasites, the
relevant stage for mammalian infection (Figure 6.3). The flagellar pocket is an important
area for trypanosome biology, all endo- and exocytosis occurs through the flagellar pocket
(105). Additionally, the kinetoplast (dense, circularized mitochondrion DNA) and the
mitochondrion is anchored to the flagellar pocket structures (basal body) through the
tripartite attachment complex (106). Important for cell division, these structures and the

kinetoplast must replicate before nuclear replication and cytokinesis can occur.
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Flagellum

Flagellar Pocket

Kinetoplast

Mitochondria

Figure 6.3 Diagram of flagellar -mitochondrion interaction zone. In bloodstream form cells,
aquaglyceroporin protein 1 (yellow) is localized to the flagellum, aquaglyceroporin protein 2 (blue)
is localized to the flagellar pocket, aquaglyceroporin protein 3 (green) is localized to cell

membrane. The yellow box highlights the tripartite attachment complex.

Nine genes classified as flagellar proteins were overrepresented in melarsoprol survivor
populations compared to input. The flagellar proteins have diverse localizations in
procyclic form (insect stage) parasites, that include localization to the flagellar pocket and
along the body of the organelle (axonemal and paraflagellar rod, specifically) (Figure 6.4).
One could speculate that overexpression of a protein that interferes with drug transport in
this region might enhance resistance. Two of the overrepresented flagellar genes, one
axonemal (Tb927.5.4150, 13-fold overrep.) and one localized to the hook complex
(Tb927.1.1020, 8-fold overrep.), were associated with a loss of fitness in RNA interference
target sequencing screens, which is indicative of their essentiality (70). Another

hypothetical protein localized along the axoneme (Tb927.6.3980, 6-fold overrep.) and was
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identified as a hit in a Nifurtimox RNAi screen (98). Two flagellar genes (Tb927.10.15020
and Tb927.11.1810) were selected for single gene overexpression cell line generation

(Table 6.3). It will be the subject of future studies to determine how flagellar proteins might

contribute to drug resistance or if they are viable drug targets.

Table 6.3 Genes selected for single gene overexpression cell line generation. Key: + From

localization data, © Proteomic data, * both localization and proteomics, or # published.

Fold
Gene ID Category Description Localization Change
Tb927.4.4810 Endocytict+ hypothetical protein, conserved cytoplasm (points, weak), endocytic 597
Strong mitochondrial signal, some
T6927.11.590 Mitochondrial* | hypothetical protein, conserved enrichment around the kinetoplast 350
Gene

15927.7.2780 Expression# hypothetical protein, conserved ND 322
gamma-glutamylcysteine

75927.10.12370 | Biosynthetic# synthetase nucleoplasm 191

Tb927.8.3820 Stress Granule* | Stress granule protein Localization to starvation stress granules 53
tRNA-specific adenosine

T6927.11.15280 | Biosynthetic deaminase (ADAT3) cytoplasm (reticulated, weak) 37

Weak axoneme signal, and weak

7b927.9.15020 Flagellar+ hypothetical protein, conserved reticulated signal through the cytoplasm 31

756927.10.12050 | Mitochondrial* | hypothetical protein, conserved kinetoplast, mitochondrion 31
exosome-associated protein 3,3' = Nucleoplasm, tendency to be a little
exoribonuclease, putative punctate, tendency to be around the

15927.7.5460 Endocytic# (EAP3) nucleolar periphery 28
3-oxo0acyl-ACP reductase,

76927.2.5210 Mitochondrial# | putative mitochondrion, kinetoplast(strong) 23
ANI1-like Zinc finger containing = Cytoplasm, nuclear lumen, and flagellum

Tb927.11.7475 Zinc finger# protein, putative cytoplasm 20
Ring finger domain containing

T6927.11.1810 Flagellar + protein, putative flagellar pocket(ring) 16

6.2.3 Mitochondrial Hits

Connections between T(SH)> and mitochondrial redox reactions have been widely
established (49, 107) and the anti-Trypanosomatid drugs pentamidine and nifurtimox have
been linked to specific mitochondrial functions (108, 109). Yet, the data arising from the
GoF screen described herein represent the first genetic links between melarsoprol and the
mitochondria. Furthermore, since the majority of the GoF proteins that localize to the
mitochondria are hypothetical or have only putative functions, the 10 mitochondrial genes
identified here have the potential to uncover novel biology in the mitochondria and

kinetoplast. Among them, the best studied gene encodes PB-ketoacyl-ACP reductase
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(Tb927.2.5210, 23-fold overrep.), a key member of the Type II Fatty Acid Biosynthesis
(FAS) pathway in the mitochondria (Table 6.3). Interestingly, lipoic acid, whose
biosynthesis arises from Type II FAS, is an alternative redox low molecular mass thiol to

T(SH), (49, 110).
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Figure 6.4 — Representative images of flagellum localization from TrypTag.com. PCF cells are
tagged with GFP in sifu. Tb927.6.4150 depicts axoneme localization, Tb927.11.1810 depicts
flagellar pocket localization, Tb927.10.9060 depicts basal body localization, and Tb927.1.1020
depicts flagellar hook complex.

Analysis of the mitochondrial genes identify seven of the genes contain mitochondrial
translocation sequence two of which predicted to be membrane bound, predicted by
DeepLoc (111). One of the membrane-bound genes encodes the Alternative Translocase
of Outer membrane 14 kDa (Tb927.11.5600, ATOMI14) which is involved in
mitochondrial protein import and required for normal growth in procyclic and bloodstream
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form cell lines. ATOM14 is a distant orthologue of human and yeast TOM22. The other
transmembrane protein (Tb927.3.5190, 7-fold overrep.) is a hypothetical protein conserved
across Trypanosoma, Leishmania, and Crithidia species. Transmembrane prediction
programs Octopus and TMHMM v.20 have the N-terminus inside the mitochondrion, three
transmembrane domains, and the C-terminus facing the cytosol (Figure 6.5). There is
evidence of a trypanothione-based system in the mitochondria (107). Interestingly, the
transporter that would import trypanothione into the mitochondria remains unknown (107).
Further studies will be needed to determine the function of this transmembrane protein.
Additionally, this study highlights a mitochondrial-specific oxidoreductase and other
regulatory elements of the pathway that have yet to be identified. Therefore, we
investigated the other three hypothetical, mitochondrial genes for conserved domains and
other secondary structures of the protein sequence. These three genes are hypothetical and
conserved across Trypanosoma, Leishmania, and Crithidia. First the top mitochondrial hit
(Tb927.11.590, 350-fold overrep.) contains a signal peptide, N-linked glycosylation site,
and a putative membrane interaction site predicted by the PSIPRED workbench server.
Using the NCBI conserved domain database, this hit contains a partial P-loop
nucleosidetriphosphate (NTP) hydrolase domain, however, it does not contain other walker

motifs (GxxxxGKS/T).
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Figure 6.5 Putative protein diagram for five mitochondrial proteins. White horizontal bars
represent the amino acid sequence for each protein, sequence length indicated by tick at the end of
each bar. Signal peptides (red boxes) were predicted by PSIPRED 4.0 workbench (1) and SignalP
v. 5.0 (2). N-linked Glycosylation sites (up-tick on glycosylated AA) were predicted by the online
server NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/). Membrane interaction domains
(orange boxes) were predicted by PSIPRED 4.0 (1). Functional domains were predicted by the
NCBI Conserved Domain Database Search (3-4) which predicted the P -loop NTP hydrolase (blue
box), large mitochondrial ribosomal unit (teal box), RasGTPase Activating Domain (dark blue
box), and SDR Family (purple box). The coiled-coil domain (pink box) was predicted by the Coils
server (5). Serine/Threonine and Tyrosine phosphorylated binding motifs (green boxes) were
predicted by PhosphoMotif Finder (6). Transmembrane alpha helices (yellow boxes) were
predicted by MEMSAT (7) and Octopus (8).

canonical of mammalian NTP hydrolases (Figure 6.5). Trypanosomatids are genetically
divergent from other well-established model organisms therefore, further investigation to
determine its true function in the mitochondrion is needed. Tb927.10.12050 (31-fold

overrep.) underwent the same prediction analysis as the previous mitochondrial hit. This
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hit contains a signal peptide and a membrane interaction domain. It also contains a large
mitochondrial ribosomal subunit domain with a nestled coiled-coil domain (Figure 6.5).
This gene was identified as a low statistical hit in the melarsoprol RNAi knockdown screen
(98). Overexpression of this gene could increase translation stability. It is unclear if this is
a melarsoprol specific effect or an artifact of the GoF library having a nonspecific effect.
The final hypothetical, conserved mitochondrial hit (Tb927.9.7200, 31-fold overrep)
contains a partial Ras-GTPase Activating Domain with a WW domain binding motif,
canonical of Ras-GTPase activating protein. This gene could be involved in mitochondrial
regulation and signaling. Further studies will be required to determine if overexpression of
these known mitochondrial genes and other novel mitochondrial proteins promote
melarsoprol resistance either through their redox potential or other functions in the
mitochondria. Three mitochondrial genes (Tb927.11.590, Tb927.10.12050 and

Tb927.2.5210) were included for single gene overexpression cell line experiments.

6.2.4 Additional Hits

Using available functional annotations (tritrypdb.org), we found that 15 of the 57
overrepresented hits are either known or implicated in gene expression regulation. It is not
clear at this time if this is a true aspect of melarsoprol functionality or whether this is an
artifact arising from the nature of the GoF library; namely increased transcript stability and
translation of diverse proteins having a nonspecific effect on cell viability in the presence
of drug. Only through further GoF library validation will we know if gene expression is
truly associated with melarsoprol resistance. Notably, one of the overrepresented genes
associated with post-transcriptional gene expression regulation (Tb927.10.1490, MKTIL,

12-fold overrep.) was also a high significance gene in identified in melarsoprol RNAi
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knockdown screening (98). The top gene expression hit (Tb927.7.2780) was included for

single gene overexpression cell line experiments.

The top overall hit (Tb927.4.4810) was categorized as part of the endocytic system. Like
the other flagellar hits, melarsoprol enters in through the flagellar pocket into the endocytic
system. Overexpression of endocytic proteins could manipulate melarsoprol entering or
exiting of melarsoprol metabolites. Two endocytic genes (Tb927.4.4810 and

Tb927.7.5460) were included for single gene overexpression cell line experiments.
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Figure 6.6 Transfection of single gene overexpression constructs into rDNA spacer region.
Linearized plasmid capable of inducible expression is integrated into any rDNA spacer site. Black
arrow rRNA promoter, blue arrow T7 promoter, BSD — blasticidin resistance gene, TetO —

tetracycline operator.

6.2.5 Cloning single gene inducible expression cell lines and evaluating melarsoprol
resistance

GoF library induction in the presence of melarsoprol resulted in the isolation of survivor
populations harboring a consistent set of overrepresented genes. The growth environment
arising from the induced expression of many genes is likely distinct from cell populations
overexpressing only one gene and may influence population survival through the secretion
of unknown factors or other events. To determine if the overexpression of individual genes

identified among the 57 overrepresented hits can contribute to melarsoprol resistance, we
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cloned a subset of genes in to the pLEW100v5-BSD vector, which permits Dox inducible
gene expression in a manner similar to the GoF library itself (Figure 6.6). Bloodstream
form 7. brucei (SM) were transfected with linearized plasmids harboring individual genes
for overexpression from the prioritized list of hits (Table 6.3). The table of prioritized hits
was assembled by looking at genes with the highest fold change, interesting known

functions, and organelles with novel association to the melarsoprol pathway.
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Figure 6.7 AlamarBlue was used measure cell viability during melarsoprol treatment for
Single Marker (SM) cell line in comparison with cell lines inducing the expression of genes
identified in GoF genetic screen, as indicated, to determine the ECsy. A-D) Cell lines inducing
the expression of each gene shown were induced with 1 pg/ml Dox 24 hours prior to, and during,
72 hours of melarsoprol treatment. Error bars represent the standard deviation among 3 biological
replicates. E) The relative ECso compared with SM (parental) cell line, normalized to 1.0, are shown
for each induced gene replicate with mean and standard deviation error bars shown. P values were
derived from one-way Anova analysis with Dennett’s multiple comparison test (* P<0.05, **

P<0.01, *** P<0.001).

Following transfection recovery, the cell lines were assayed to determine if overexpression
results in a change of melarsoprol sensitivity by alamarBlue assays. As anticipated induced
overexpression of GSHI1 resulted in a significant increase in the relative ECso of
melarsoprol by 1.5-fold (Figure 6.7 A) suggesting that increased expression of components
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of this pathway can produce more trypanothione and diminish the efficacy of melarsoprol.
Overexpression of the top mitochondrial hit (Tb927.11.590) similarly resulted in a
significant 1.5-fold shift in relative ECso (Figure 6.7 B). The functional role of
Tb927.11.590 within the mitochondrion remains to be elucidated and how its
overexpression contributes to melarsoprol resistance. Tb927.11.590 strong localization to
the mitochondrion in PCF cells and presence in the BSF mitoproteome is the first link of
the mitochondrion involved in melarsoprol resistance. Overexpression of the hypothetical
conserved gene Tb927.7.2780 resulted in a 2-fold shift in ECso (Figure 6.7 C). The protein
encoded by Tb927.7.2780 is a predicted post-transcriptional activator associated with
mRNA stability or increased translation (112) and is annotated as an essential gene based
on RIT-seq analysis (98). Whether melarsoprol resistance associated with Tb927.7.2780
arises from direct effects on gene expression of known pathways, such as trypanothione
biosynthesis enzymes, or more general effects on global gene regulation remains to be
determined. A similar shift in ECso was also observed upon overexpression of
Tb927.9.15020 (Figure 6.7 D) which encodes a hypothetical protein of unknown function
that we categorized as flagellar. As stated above, the main transporter of melarsoprol enters
through AQP2 which is localized in the flagellar pocket of BSF parasites. All relative ECsos
for overexpression cell lines plotted against parent cell line in triplicate is depicted in

Figure 6.7 E.

6.2.6 y-glutamylcysteine synthetase alleviates melarsoprol induced effects

GSH1 overexpression results in increased intracellular trypanothione. Trypanothione and
tryparedoxin (TXN) are direct reducing agents for ribonucleotide reductase (RR). RR is

responsible for catalyzing the reduction of ribonucleotides into dexoxyribonucelotides
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(ANTP). The RR is homologous to other eukaryotic RRs but utilizes trypanothione and
TXN instead of glutathione for reducing power. Trypanosomes depleted in TXN and
trypanothione resulted in a decreased proliferation rate in culture conditions (113). The
generation of ANTPs by the action of RR has known effects on kKDNA replication (114)
and melarsoprol treatment was recently shown to stall cell cycle (108), which might
suggest inhibition of DNA synthesis as a mechanism of cell killing. We investigated
whether increased expression of trypanothione would alleviate the observed cell cycle stall
during melarsoprol treatment. Utilizing the overexpressing GSH1 (OE-GSH1) cell line and
the parental cell line (SM), we analyzed cell cycle for increasing concentrations of
melarsoprol treatment over a 24-hour period. Starting at 17 nM we observed a decreasing
S and G2 peak in SM cell line (black histogram) that became more dramatic at higher
concentrations of melarsoprol (Figure 6.8 A). The induced expression of OE-GSH1 (blue
histogram) alleviated this phenotype and maintain a cell cycle profile similar to the
untreated control. To ensure we were seeing increased expression of GSH1in our cell lines,
we utilized GSH1 specific qRTPCR primers to analyze 24-hour growth sample following
Dox induction compared to uninduced and SM cell line matched samples. Dox induced
OE-GSHI1 cell line had a 4.7-fold and 24.7-fold increase in GSH1 transcripts compared to
uninduced and SM cell line samples, respectively (Figure 6.8B). 24-hour growth kinetics
for the different melarsoprol conditions was also observed between SM cell line and
induced OE-GSH1 (Figure 6.8C). The induced OE-GSHI1 cell line had overall greater
survival compared to SM at each melarsoprol concentration. It was statistically significant
for 26 and 35 nM (p= 0.0098 and p=0.0099, respectively using two-way ANOV A analysis

for multiple comparisons). Next, we utilized a flow-based BrdU incorporation assay to
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determine the percentage of cells in active replication phase (115). Cells were grown in
their respective treatments for 23 hours, then pulsed with 200uM BrdU for 1 hour and
harvested for staining and analysis. In SM cells, we observed a 50% loss of DNA
synthesizing cells after treatment with 17nM melarsoprol (Figure 6.8 D). After treatment
with 26nM and 35nM Melarsoprol, we see nearly complete loss of the synthesizing
populations. In GSH1 induced cells, treatment with 17nM, 26nM, and 35nM respectively
resulted in only a 10%, 33%, and 70% loss respectively, summarized in Figure 6.8E. Thus
we conclude that melarsoprol treatment is inhibiting DNA synthesis, and GSH1 induction
partially recovers the effect. Future experiments are needed to investigate whether the
dNTP pool is being depleted and whether RR is being directly affected by melarsoprol

treatment.
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Figure 6.8 GSH1 overexpression alleviates melarsoprol effects on cell cycle and DNA
replication. A) Cell cycle analysis of increasing concentrations of Melarsoprol after 24-hour
treatment for both parental SM cells (black) and OE-GSHI1 (blue) induced cells. B) quantitative
RTPCR comparing GSH1 expression in OE-GSH]1 induced cells to uninduced cells (black) and
GSHI1 expression in OE-GSH1 induced cells to parental SM cells (blue, p=.0056). C) Growth
inhibition of SM and OE-GSHI1 induced cells with increasing melarsoprol treatment. Statistically
significant for 26 and 35 nM melarsoprol treatment (p= 0.0098 and p=0.0099, respectively using
two-way ANOVA analysis for multiple comparisons). D) BrdU analysis of increasing
concentrations after 24-hour treatment for both parental and GSH1 induced cells. Gatings were

drawn around the untreated, unpulsed, and stained populations for each cell line. E) Graphical
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representation of the percent of BrdU positive cells in each treatment for both parental (black) and
OE-GSHI1 (blue) induced cells (n=3). GSH1 induction provided a significant increase in the percent
of BrdU cells at 17nM (p=0.0182), and 26nM (p=0.0027), but not at 35nM (p=.1185). * denotes
p<0.05, ** denotes p<0.01

For these sets of experiments, I generated the OE-GSHI1 cell line which was also used for
the alamarBlue assays. Additionally, I performed the qPCR on the OE-GSHI cell lines in
Figure 6.8B. Mr. Larson, another member in the lab, generated the cell cycle, growth
experiment, and BrdU data. This line of questioning to tease out melarsoprol’s effect on
dNTP synthesis, replicating cells, and cell cycle stall was a direct outcome from our
melarsoprol genetic screen. It is also the subject of another manuscript forthcoming from

the lab in which I will be the second author.
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Chapter 7: Discussion and Future Directions
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7.1 Summary and Discussion

The forward genetics tools generated here address an urgent need to extend genomic
functional characterization in 7. brucei and its kinetoplastida relatives. More than 30 years
of genetic and biochemical studies in Trypanosomatids, 10 of which included the extensive
use of an RNAi-based loss-of-function library, have produced key discoveries in
parasitology and basic biology resulting in identification of essential genes and genes
associated with drug resistance and pathogenesis, to name a few (61, 68, 69). However,
knockdown strategies may fail when screening for a cellular event that requires a gene to
be turned on rather than turned off. Furthermore, they preclude identification of essential

genes associated with key processes (70).

Here we described the development and utilization of new forward genetics tools used to
further probe 7. brucei biology using an unbiased approach. We generated a pENTR
ORFeome that can be applicable to other kinetoplastids, a pTrypLib ORFeome that is
applicable to 7. brucei species, and a GoF Library harbored in 7. brucei brucei (Lister427)
parasites. Additionally, we optimized a directed integration strategy for the GoF library
into 7. b. brucei that could be modified and applied in other kinetoplasts. One of the biggest
hurdles in generating the stable GoF library cell line was to develop the strategy to
sequence GoF library copy of genes efficiently at a population level. This was
accomplished by utilizing remnant gateway cloning sites and enriching DNA fragments
that contained this sequence. We also used these sites to evaluate our Illumina sequencing
libraries and to ensure we were sequencing GoF Library containing sequencing reads. With
all optimizations made to the GoF library, we validated the functionality of the GoF library

by conducting a genetic screen using the troublesome drug melarsoprol and identified both
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an anticipated target as well as novel genes that may reveal new facets for melarsoprol’s

mechanism of action.

Melarsoprol has a complex history dating back to early uses of arsenic treatment of HAT,
treatments which are of specific significance because of their ability to cross the blood-
brain barrier and treat second stage infections (36). In vivo melarsoprol is rapidly
metabolized to other trypanocidal metabolites, including melarsen oxide, which interacts
with trypanothione to form MelT, a potent inhibitor of trypanothione reductase (68). Yet,
the precise mechanism of melarsoprol cell killing has remained unclear and the complex
forms of metabolized melarsoprol may have additional intracellular targets. Melarsoprol
drug resistance and treatment failures have been on the rise since the 1990s and while most
resistance has been connected to mutations in aquaglyceroporin transporters, numerous
treatment failures remain unexplained (36). The trypanothione biosynthetic precursor, y-
glutamylcysteine synthetase (GSH1, Tb927.10.12370), was among the most
overrepresented genes in melarsoprol survivors and is known to result in melarsoprol
resistance upon laboratory overexpression (116, 117). Upon deeper excavation of the
melarsoprol GoF screen data, we observed that a number of genes upstream and
downstream of T(SH), with enriched reads in melarsoprol survivors but did not meet the
criteria to be called overrepresented (Table 7.1). For instance, both of the T(SH)>
biosynthetic precursors ornithine decarboxylase (ODC, Tb927.11.13730) and glutathione
synthetase (GSH2, Tb927.7.4000) were partially overrepresented in some cultures of
melarsoprol survivors (but not all). Downstream from T(SH)>, we saw increased levels of
trypanothione reductase (TR, Tb927.10.10390), a trypanothione dependent peroxidase

(Tb927.7.1140), and ribonucleotide reductase (RR, Tb927.11.7840), in some survivor
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cultures. The generation of dANTPs by the action of RR has known effects on kDNA
replication (114) and melarsoprol treatment was recently shown to stall cell cycle (108),
which might suggest inhibition of DNA synthesis as a mechanism of cell killing. We
explored this hypothesis by generating a cell line that incorporates an additional inducible
copy of GSH1. GSHI1 overexpression is known to result in melarsoprol resistance and
increased intracellular levels of trypanothione. In our hands, overexpression of GSHI
resulted in a 1.5-fold increase in melarsoprol ECso compared to the parental cell line and
ameliorated the cell cycle defect during melarsoprol treatment up to five times the
published ECso. We observed that melarsoprol treatment of parasites results in a stall of
cells in S-phase. Investigations by our lab using BrdU assays demonstrated that there are
fewer actively replicating parasites. Again, overexpression of GSHI1 alleviated the
melarsoprol phenotype and had increased cells actively replicating, comparatively. One
could deduce that melarsoprol stalls replication due to the lack of ANTPS thus halting cell
cycle, as stated above. Direct analysis of ANTP pools and functionality of ribonucletotide
reductase activity in the presence of melarsoprol would further confirm this hypothesis and
is actively being investigated by our lab. Collectively these findings may further support

the trypanothione pathway as a primary target of melarsoprol-based cell killing.

Table 7.1 — Trypanothione pathway proteins’ fold change of survivor populations compared
to input controls.
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Among the 57 significantly overrepresented genes approximately 45% are annotated as
hypothetical. The majority of overrepresented genes with functional predictions are
associated with gene expression (15 genes) with the largest groups associated post-
transcriptional regulation (6 genes) or splicing factors (5 genes). Notably, one of the
overrepresented genes associated with post-transcriptional gene expression regulation
(Tb927.10.1490, MKTIL) was also a high significance gene in melarsoprol RNAi
screening (98). Additionally, the top gene expression hit Tb927.7.2780 resulted in an
almost 2-fold increase in melarsoprol ECso. It is unclear if the gene expression hits increase
melarsoprol tolerance through stabilized translation of trypanothione biosynthesis proteins
or have a general, non-specific effect on stabilized transcription and translation. Further
investigations comparing multiple GoF library genetic screens would provide more insight

onto this question.

For overrepresented genes without functional annotations we focused on the cellular
localization of the encoded proteins (tritrypdb.org and tryptag.org) and identified a
preponderance of proteins that localize to either the mitochondria (10 genes) or flagellum
(9 genes) (Figure 6.1). The flagellar proteins have diverse localizations in procyclic form
(insect stage) parasites, that include localization to the flagellar pocket and along the body
of the organelle (axonemal and paraflagellar rod, specifically). Since the melarsoprol
transporter AQP2 is specifically localized to the flagellar pocket in bloodstream form
parasites (99), one could speculate that overexpression of a protein that interferes with drug
transport in this region might enhance resistance. Overexpression of a putative flagellar hit,

Tb927.9.15020, resulted in a 1.5-fold increase in melarsoprol ECso. It will be the subject
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of future studies to determine how flagellar proteins might contribute to drug resistance or

if they are viable drug targets.

Connections between T(SH)» and mitochondrial redox reactions have been widely
established (49) and the anti-Trypanosomatid drugs pentamidine and nifurtimox have been
linked to specific mitochondrial functions (108, 109). Yet, the data arising from the GoF
screen described herein represent the first genetic links between melarsoprol and the
mitochondria. Furthermore, since the majority of the GoF proteins that localize to the
mitochondria are hypothetical or have only putative functionality, the 10 mitochondrial
genes identified here have the potential to uncover novel biology in the mitochondria and
kinetoplast. Among them, the best studied gene encodes PB-ketoacyl-ACP reductase
(Tb927.2.5210, 23-fold overrep.), a key member of the Type II Fatty Acid Biosynthesis
(FAS) pathway in the mitochondria. Interestingly, lipoic acid, whose biosynthesis arises
from Type II FAS, is an alternative redox active low molecular mass thiol alternative to
T(SH)2 (49, 110). Overexpression of the top mitochondrial hit, Tb927.11.590, resulted in
a 1.5-fold increase in melarsoprol ECso. This gene is annotated as a hypothetical protein
that is conserved across all Trypanosomatids. It is unclear how this gene contributes to
melarsoprol resistance. Recently, trypanothione was found to promote cytosolic and
mitochondrial redox homeostasis through the use of genetically encoded fluorescent
biosensors in PCF parasites (107).These studies highlighted that there are missing
mitochondrial oxidoreductases, regulatory proteins, and small molecule transporters (107).
Conserved domain analysis on the hypothetical mitochondrial proteins we identified
proteins with putative oxidoreductase, protein signaling, and transmembrane domains.

Despite the known interaction of melarsoprol with trypanothione, there is currently no
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studies evaluating melarsoprol’s specific effects on cytosolic and mitochondrial redox.
Further studies will be required to determine if overexpression of [B-ketoacyl-ACP
reductase and other novel mitochondrial proteins promote melarsoprol resistance either
through their redox potential or other functions in the mitochondria using real-time

readings from BSF genetically encoded fluorescent biosensors.

The functionality of the 7. brucei ORFeome could be extended to generate additional
genetic tools, such as, yeast two-hybrid libraries, tagging libraries, and in dominant
negative genetic screening approaches (78, 81, 82, 118). Based on the conservation of
orthologous gene clusters among kinetoplastida (24), we also predict the ORFeome could
be used in other Trypanosomatids to generate orthologous Gain-of-Function libraries and
other tools. 86% of genes overrepresented in melarsoprol survivor populations are
conserved among sequenced kinetoplastida genomes. This supports the use of these tools
to broadly expand our understanding of gene functions in this family of parasites. Notably,
approximately 25% of all genes overrepresented in melarsoprol survivors were identified
as resulting in loss-of-fitness in specific life cycle stages or essential in all using RIT-Seq
screening, which validates the usefulness of the GoF library tool in identifying essential
genes, an acknowledged limitation of RNAi based screening (70, 98). Additionally, we
found genes overrepresented in the melarsoprol GoF screen that were also identified in
nifurtimox and melarsoprol RNAi based screens (98). Thus, we see the GoF library as a
powerful new tool, complementary to RNAi knock-down approaches, to expand our
understanding of drug targets and pathways of resistance. Additionally, many of the current
anti-Trypanosomatid therapeutics work through the trypanothione pathway (Figure 7.1).

In future drug resistance screens, it will be useful to determine if certain sets of genes are

106



commonly overrepresented in survivor populations and contrast that with genes that appear
uniquely associated with an individual treatment to delineate mechanisms of resistance in
the parasites. Currently, the GoF Library is easily implemented in survivor screens. More
nuanced screens in which control and experimental populations survive would require

additional optimizations and considerations before implementing.

The tools and discoveries arising from this study are expected to support broad advances
in basic biology, pathogenesis, pathways of drug resistance, and the discovery of new

therapeutic targets in Trypanosomatid parasites.
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functionally. Pentamidine and melarsoprol enter the cell through TbAT1 and TbAQP2. Eflornithine
and Suramin are transported into the cell though TbAAT transporters. Eflornithine directly inhibits
ornithine decarboxylase (ODC) activity. Berenil and Pentamidine block the functionality of S-
adenosylmethionine decarboxylase (SAMdc). Suramin resistance occurred when any enzyme in
the spermidine synthesis pathway was inhibited through RNAi screening. Melarsoprol binds
trypanothione blocking the functionality of trypanothione reductase (TR). Benzidazole and

Nifurtimox affect downstream pathways that trypanothione is involved in activating.

7.2 Concluding Remarks

Understanding these early-divergent eukaryotic parasites could lead to interesting findings
in the evolution of eukaryotic pathways and could serve as model of an organism that has
many commonalities with bacteria and higher-order eukaryotes. It is important and critical
to have more early divergent eukaryotic model organisms to understand and anticipate
pathogen evolution. 7. brucei has been proposed to be a model micro-organism for the
study of phospholipid biosynthesis since it is capable of de novo synthesis, shares pathway
homology with humans, is the only eukaryote to synthesis all three sphingophospholipid
classes, and has many genetic tools to manipulate this pathways (119). Additionally, it has
been proposed as a model organism to study autophagy, organelle biogenesis, and protein
trafficking (120). T. brucei has many advantages for being a model organism. It is the most
genetically tractable of the kinetoplastid parasites with numerous established genetic
toolkits already in place. They can be cultured in laboratory settings, possess many
organelles found in all eukaryotes, and some distinct to its class. As more is understood
about trypanosomes, the more we can use these organisms to understand more about our

own biology in a controlled research environment.

The burden of human trypanosomiasis has diminished over the past decade, but still

remains an economic threat as a zoonotic pathogen. However, waves of infections are
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possible as drug resistance develops and precautionary methods are not vigilantly
implemented, which has been seen in the past. Neglected tropical diseases
disproportionately affect those who are in lower socio-economic classes. An estimated 57
million disability-adjusted life-years (DALYs) are lost every year to neglected tropical
disease, of which includes Chagas disease (7. cruzi), HAT (T. brucei) and Leishmaniasis.
It is important to pursue and diminish the burden of these disease through research, drug

development, and public health efforts.
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