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ABSTRACT

Plasmodium falciparum is the causative agent of the most severe form of human malaria,
a mosquito-borne disease that remains a major global health problem. The efforts to
create new antimalarial drugs and effective vaccines have been significantly hindered by
the lack of robust tools for performing functional genetics in P. falciparum. The
identification and characterization of essential functions for parasite survival are
fundamental steps towards the creation of effective antimalarial therapies. In this work,
we developed an integrated set of gene editing and functional gene regulation tools that
enable the study of essential and non-essential genes in blood stage parasites. We first
created a robust and versatile conditional expression system that uses a fusion of
endogenous translational regulatory elements and synthetic RNA-protein modules to
regulate gene expression in the parasite. Using this system, we achieved tight regulation
of expression of reporter and essential antimalarial genes. Next, we created an integrated
strategy that utilizes our conditional system together with a CRISPR-Cas9 gene editing
system to identify and characterize the function of an essential RNA-Binding protein
(RBP). We first determined the essentiality of our target protein using a two-step
approach, in which a merodiploid line conditionally expresses an ectopic copy of the
RBP and the native gene is disrupted using CRISPR technologies. This approach was
next streamlined into a single-step methodology to genetically modify native loci to
regulate expression from their promoters. We performed biochemical and biological
characterization of this essential protein, and established the role of this RBP in cell cycle
progression and parasite schizogony. Finally, to expand the repertoire of P. falciparum
target loci, we implemented the editing activity of CRISPR-Cpfl1, and showed high
efficiency in the disruption of non-essential genes and genes located in AT-rich regions.
We also integrated the Cpfl editing activity with our conditional system to achieve
conditional regulation of native loci. This work combines genome-engineering
technologies and regulatory systems designed to provide a robust platform for the
identification and characterization of essential functions in human malarial parasites.

Thesis Supervisor: Jacquin C. Niles
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Malaria burden and pathogenesis

Malaria is a mosquito-borne disease that affects over 212 million persons around the
world, especially pregnant women and children under five years old. Nearly half of the
global population is at risk for acquiring malaria, most of them inhabitants of 91

countries where active transmission has been reported (WHO, 2016). The parasite
Plasmodium falciparum is the causative agent of the most severe form of human malaria,
which can be accompanied by complications including cerebral malaria, severe malarial
anemia and placental malaria (Rasti et al., 2004). Cerebral malaria and severe malarial
anemia can also lead to lactic acidosis (an excessive lactate production and decrease in
the pH of the tissues), causing respiratory distress and reducing oxygen delivery to tissues.
This complication is often fatal in children (English et al., 1997). Although P. falciparum
is the most clinically relevant agent of malaria, other Plasmodium species including P.
vivax, P. ovale, P. malariae, P. knowlesi cause disease in humans, with P. vivax being the

most broadly distributed species.

The principal clinical manifestations of malaria are a consequence of the parasite’s
invasion of human red blood cells. P. falciparum-infected red blood cells (iRBCs)
become cytoadherent, stiffer, adopt a rounded form, and experience changes in the
permeability of their membrane (Dondorp et al., 2000; Tiburcio et al., 2012). Changes in
iRBCs are recognized as an abnormality by the host and those cells can be cleared in the
spleen. However, iRBCs can bind to uninfected red blood cells (uURBCs) facilitating
formation of rosettes and can also bind to the host endothelium causing obstruction of the
of the microvasculature, and reduced blood flow to different tissues (Rasti et al., 2004).
Consequently, oxygen levels are reduced in tissues leading to respiratory distress, anemia,

and coma.

P. falciparum is an ancient parasite that has adapted to its human host for millions of

years (Joy et al., 2003). Among these adaptations is the parasite’s ability to avoid
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clearance by the host immune system. Parasite ligands, such as the P. falciparum
erythrocyte membrane 1 (PfEMP1), the repetitive interspersed families of polypeptides
(RIFINSs) and subtelomeric variable open reading frame (STEVOR), mediate adherence
to host vascular endothelium and interactions with uRBCs and have been implicated in
severe malaria (Wahlgren et al., 2017). These parasite ligands have a role in virulence
and immunogenicity as they encode for antigenic variants expressed at the surface of
iRBCs. For example, PEEMP1 is a membrane protein family that is inserted into knob-
like projections on the surface of iRBCs that mediate adhesion (Kilejian, 1979). This
protein is encoded by a group of 60 var genes (Gardner et al., 2002), but only one var
gene is expressed at a time through a switching expression mechanism that the parasite
uses to promote antigenic variation (Chen et al., 1998). The parasite’s antigenic variation
inhibits an effective immune response, enabling parasites to establish infection, replicate
and induce pathogenesis. Nonetheless, after several rounds of parasite antigen exposure,
the host can develop non-sterilizing clinical immunity due to the generation of a
subclonal population of antibodies that can cross-react against the parasite receptors and
confer protection (Chattopadhyay et al., 2003). Despite this response, the host is often not
able reach the desired level of immunity, particularly in the case of infected children, who

consequently may not survive the parasite infection.

Efforts to eradicate malaria through different control programs have been focused on
clinical treatment using front-line antimalarial therapies. Despite the continous efforts to
reduce the global burden of malaria over the last decade, the continuous emergence of
parasite drug resistance, a lack of effective vaccines, and increases in insecticide
resistance are responsible factors for the remaining 438,000 deaths per year (Achieng et
al., 2017). New strategies and the development of more effective drugs and vaccines are
urgently needed for immediate implementation in malaria eradication and control

programs.
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Biology of the P. falciparum life cycle

P. falciparum is transmitted by mosquito females of the genus Anopheles. This parasite
has a complex life cycle, which involves the invasion of different cell types that require
specific parasite-stage morphologies and adaptations (Fig 1-1). The cycle begins when
sporozoites are released into the human host. Tens to hundreds of motile sporozoites are
injected via mosquito bite into the blood stream to reach the liver. At this stage, there is
minimal acquired immune response against sporozoites, probably due to the small
number of parasites that are injected (Bijker et al., 2015). Once sporozoites reach the
liver, they invade hepatocytes to initiate liver stage infection. Proteins such as SPECT
(sporozoite microneme protein essential for traversal) (Ishino et al., 2004), SPECT2
(perforlin-like protein 1, PLP1) (Risco-Castillo et al., 2015), CeITOS (Cell traversal
protein for ookinetes and sporozoites) (Bhanot et al., 2005) and GEST (gamete egress
and sporozoite traversal protein) play roles in cell traversal, a process that parasites use to
glide through the blood vessels and reach the liver. Once parasites are in the liver tissue,
the circumsporozoite protein (CSP) and type I thrombospondin repeat protein (TSR)
mediate an active process of parasite hepatocyte invasion (Herrera et al., 2015). In
hepatocytes, infection progreses over a period of days until vesicles filled with about

40,000 merozoites are released into the blood stream (Sturm et al., 2006).

Once free merozoites are released into bloodstream, parasites rapidly invade erythrocytes
starting the erythrocytic cycle. This invasion process consists of three steps: pre-invasion,
active invasion and echinocytosis, which, all together, take place in about two minutes
(Weiss et al., 2015). During the pre-invasion phase, the Merozoite Surface Protein-1
(MSP1) mediates binding to the erythrocyte (Lin et al., 2016). Pre-invasion also involves
host cell cytoskeleton deformation, which is activated by the parasite’s actomyosin
(Weiss et al., 2015). At this step, proteins that belong to a group of erythrocyte binding-
like proteins (EBLs) and P. falciparum reticulocyte-binding protein homologs (PfRhs)
are required to interact with host cell receptors such as glycophorins A, B, C and the

complement receptor (CR1). Although the function of EBLs and PfRHs appear to be

17



redundant, some members of these families play additional essential roles in subsequent
steps of invasion, such as the mediation of the release of organelles called rhoptries
(EBA-175, an EBL-family protein) and the activation of Ca** signaling pathways
(PfRHs). (Cowman et al., 2016; Gao et al., 2013). After host cell deformation and
parasite attachment, PfRhS protein interacts with the host receptor Basigin. This
interaction leads to parasite reorientation to the erythrocyte membrane and Ca®* influx
into the host cell, processes which are are essential for parasite invasion. Following
parasite attachment and reorientation, proteins such as AMA1 and RON play a role in the
irreversible attachment between the parasite and the erythrocyte. The RON complex
binds to AMAL1 on the surface of the merozoite (Besteiro et al., 2011), while rhoptry
proteins are released into the host cell, mediating parasitophorous vacuole formation, and
the merozoite is pushed in using its own actomyosin motor (Riglar et al., 2011). After
invasion is completed, the parasite enters the parasitophorous vacuole and the membranes
seal behind it. During the final step of echinocytosis, the iRBC morphology changes
during several minutes, probably due to Ca®* influx, forming spicules on the cell

membrane and finally the iRBC resumes to its normal shape (Gao et al., 2013).
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Figure 1-1: Life cycle of P. falciparum in the human host and the mosquito vector
After inoculation of sporozoites into the human blood stream, A) the parasites invade liver hepatocytes and
replicate via mitosis, producing thousands of merozoites. Merozoites are released into the bloodstream to
start the intraerythrocytic developmental cycle (IDC). B) The merozoites invade the erythrocytes forming
the initial stage of the IDC, a ring during a “G1” phase. The parasite progresses through the cell cycle, goes
through DNA synthesis at trophozoite stage (S phase) and then replicates through multiple rounds of
mitotic divisions (M) during schizogony, causing a rupture of the iRBC. A portion of the merozoites start a
new invasion cycle when colonizing another uRBC. Another portion of the merozoites released commit to
sexual development producing gametes to start the sexual cycle. C) The mosquito ingests infectious
gametocytes during a blood meal and the cycle in the mosquito vector begins. Gametocyte fertilization
occurs within the mosquito and new sporozoites are produced and migrate to the salivary glands of the
mosquito to start a new life cycle. Figure adapted from (Klein, 2013).

After erythrocytic invasion, the intraerythrocytic cycle begins. The most common clinical
symptoms of malaria are associated with this stage of the life cycle, and include fever,
anemia and neurological manifestations (Schoficld, 2007). When a single merozoite
invades an RBC and ecstablishes an infection, it is called a ring. This ring contains a single
copy of the genome (1N), and progresses through its cell cycle to become a trophozoite

stage parasite by ~20 hours post-invasion. Onset of S phase occurs around 24 hours, and
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is accompanied by DNA synthesis and an increase in the uptake of purine nucleobase
precursors (Arnot et al., 2011). DNA synthesis and multiple rounds of nuclear division
(within the same nuclear membrane) ensue, and lead to formation of multiple merozoites
in subsequent phases. This process occurs over a ~6-10 hour window until the parasite
progresses into schizogony. During schizogony, between 33-37 hours post-invasion,
nuclei and organelles assemble during the M phase of the cell cycle. Late schizonts are
produced around 38-42 hours after invasion. At this time, schizonts undergo nuclear
fragmentation and the host cell membrane ruptures to release 16-22 merozoites into the
blood stream to start a new invasion cycle (Bannister et al., 2000). The whole
intraerythrocytic cycle takes 45-48 hours, although this time might vary depending on the
parasite strain. The intraerythrocytic developmental cycle (IDC) constitutes one

generation of the asexual stage of P. falciparum.

During the intraerythrocytic cycle, a portion of the parasites become committed to sexual
differentiation and form female and male gametocytes. The molecular mechanisms that
underlie this commitment are not well understood; however, it appears that during
schizogony, merozoite daughter cells commit to either gametocyte development or
remaining in the asexual form. Environmental stimuli, such as high parasitemia or
exposure to drugs, seem to be sensed by the parasites, leading them to favor sexual
commitment (Cowman et al., 2016). Epigenetic control and transcriptional regulation
executed by the gametogenesis “master regulator” AP2-G, contribute to sexual
differentiation (Kafsack et al., 2014). Gametocyte maturation takes about 11 days, during
which parasites are sequestered in the bone marrow to avoid clearance by the immune
system (Joice et al., 2014). When a mosquito bites an infected host with circulating
mature gametocytes, the parasites return to the mosquito host, which allows them to
begin their sexual cycle and the production of sporozoites to infect a new human host,

thus starting the life cycle anew (Meibalan and Marti, 2017).
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Antimalarials and drug resistance

Over the last century, chloroquine and Sulfadoxine-pyrimethamine were standard
antimalarials included in malaria control programs. However, during the last few decades,
they have proven ineffective due to widespread resistance (Trape et al., 1998). As a
response to this, potent Artemisinin combination therapies (ACTs) were introduced as the
WHO-recommended frontline treatment (WHO, 2016). Despite the effectiveness of ACT
in reducing malaria burden, resistance in different countries of South Asia has been

recently reported (Dondorp et al., 2010).

Existing antimalarials target metabolic pathways related to the asexual stages of the
parasites. For example, quinolines such as chloroquine and amodiaquine interfere with
hemozoin formation, a detoxification product made by crystallization of heme released
during degradation of hemoglobin by the parasite to make available amino acids for
protein synthesis. Chloroquine binds to heme to inhibit hemozoin to induce parasite
toxicity, presumably via damage to cellular components (e.g. lipid cell membranes)
caused by an increase in labile heme/chloroquine-heme complexes (Combrinck et al.,
2013). Chloroquine-resistant parasites display mutations in the cloroquine resistance
transporter (PfCRT) that localizes to the membrane of the digestive vacuole (Pascual et
al., 2013). Other antimalarials that target metabolic processes at the asexual stage inhibit
folate synthesis, the mitochondrial transport chain for pyrimidine biosynthesis, and

protein synthesis in the apicoplast, a relic plastid organelle (Blasco et al., 2017).

Artemisinin (ART) is a sesquiterpene trioxane lactone derived from the leaves of the
chinese wormwood plant Artemisia annua (Achieng et al., 2017). ACTs contain ART
derivatives such as artemether, artesunate or dihydroartemisinin that act together by
reducing parasite biomass by up to 10,000 fold every 48 hours. Dihydroartemisinin has a
short half-life (1 hour) and multiple doses per day for few consecutive days might be
required to eliminate the total number of parasites in an adult. Increasing the dose of ART

as monotherapy could lead to the emergence of resistant parasites and thus the
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combination with other drug components with better pharmacokinetics properties was
adviced to stabilize the ART derives half-life to last longer until parasite clearance is
achieved (Dondorp et al., 2009; Dondorp et al., 2010). Synthetic ART derivatives have
shown activity on all erythrocytic parasite stages, including gametocytes (White et al.,
2014). ART or ART-derivatives are presumably activated in the parasitophorous vacuole
by the reduction of Fe** released from Heme from the human red blood cell hemoglobin,
the major source of iron for parasites, to Fe**. ART activation generates carbon-centered
radicals that can react with some of the parasite biomolecules, including heme that can
trigger oxidative damage in the intracellular compartments, resulting in cell damage
(Tilley et al., 2016). Studies of the mechanism of action of ART in asexual stages suggest
that ART is highly active in the presence of Fe** heme species produced by hemoglobin
degradation, especially at the trophozoite stage, during which hemoglobin degradation is
highly active (Blasco et al., 2017). In contrast to other antimalarial drugs, ART is also
active against ring forms, during which the hemoglobin degradation process is thought to
begin (Xie et al., 2016). The activity of ART and ART-derivatives on trophozoite and
ring stages indicates that this therapy could be used for both uncomplicated and severe
malaria (White et al., 2014).

Emergence of ACT resistance was detected for the first time more than 10 years ago in
Cambodia where resistant parasites showed a longer rate of clearance in patients treated
with ACT (Noedl et al., 2008). Interestingly, clinical, epidemiological and in vitro studies
showed resistance to ACT during ring stage, but not in trophozoites (Ashley et al., 2014;
Miotto et al., 2015; Witkowski et al., 2013). Genome-wide studies showed a single point
mutation in the Kelch-like protein K13 that is associated with resistant parasite isolates
(Ariey et al., 2014). Moreover, gene-editing studies in cultured parasites demonstrated
that introduction of mutations on PfK13 on wild type (and sensitive) parasites conferred a
resistant phenotype to ART (Straimer et al., 2015). Compared to Asian isolates, the
frequency of K13-mutations in Africa is very low and resistant parasites associated with
the K13 mutation have not yet been established, perhaps due to acquired immunity and

polyclonal infections that dominate over drug resistant parasites in the African population
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(Menard et al., 2016). ART resistance associated with the PfK13 point mutation has
spread on different genetic backgrounds. Furthermore, additional variants associated with
different mutations have shown different degrees of ART resistance and different fitness

costs (Takala-Harrison et al., 2015).

In Asia, ACT was replaced by artesunate-mefloquine therapy, however Asian parasites
developed resistance to the artesunate-mefloquine therapy via expression of multiple
copies of the pfindrl gene, PIMDR1 is an ATP-binding cassette transporter located at the
membrane of the parasite digestive vacuole that transports nutrients from the parasite’s
cytoplasm to the vacuole (Rohrbach et al., 2006). Overexpression of this gene and
sequence variations have now been associated with mefloquine resistance (Uhlemann et
al,, 2007; Veiga et al., 2016). Consequently, a combination of dihydroartemisinin with
piperaquine is currently the first line antimalarial combination used in Cambodia.
Piperaquine is similar to chloroquine except for the presence of two chloroquine-like 4-
aminoquinoline parts with a central linker (Blasco et al., 2017). Piperaquine is usually

effective on chloroquine-resistant parasites.

Interestingly, a number of antimalarial drugs have targeted hemoglobin catabolism,
which is both an essential pathway in the parasite for protein synthesis and at the same
time a potentially toxic process for the parasite. Unfortunately, the consistent targeting of
this key pathway appears to have led to the development of cross-resistance between
different classes of drugs. The extensive use of drugs, such as chloroquine, has favored
the selection of pfcrt mutant alleles that have spread globally and affected the efficiency
of other antimalarial drugs. Mutations associated with PfCRT induce H"-dependent
efflux of the drug out of the digestive vacuole, which prevents chloroquine from binding
to heme (Lehane et al., 2008). This effect can also inhibit the action of other drugs that
target the same pathway, making parasites resistant to other drugs that target the same
pathway (Ecker et al., 2012). Similarly, new mutations and variants observed in

mefloquine-resistant parasites have been shown to inhibit the action of other antimalarials
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and increase the level of resistance to chloroquine (Veiga et al., 2016). Recent genome-
wide studies have produced evidence of novel mutations in the pfcrt and pfindr1 alleles of
resistant parasites in Asia and Africa, suggesting that ACT is selecting for new
multidrug-resistant parasites (Malaria, 2016), which might ultimately require replacement

of ACT with new and more effective drugs.

Current efforts to identify new antimalarial drugs that target other essential metabolic
pathways in the parasites are underway. High-throughput screening of chemical
compounds from diverse libraries is a new approach that pharmaceutical companies and
academic institutions have adopted to identify new compounds with antimalarial activity.
Some promising compounds for which the molecular target has been identified include:
Imidazopyrazines, DDD107498, Spiroindolones and Imidazolopiperazine.
Imidazopyrazines targets a phosphatidylinositol 4-kinase type IiI beta (PI4KIIIB), an
enzyme that converts phosphatidylinositol (PI) to phosphatidylinositol 4-phosphate
(PI4P). PI4P is essential for membrane integrity (McNamara et al., 2013). DDD107498 is
a synthetic derivative of the 2,6-disubstituted quinoline-4-carboxamide and it targets the
translation elongation factor 2 (PfeEF2), inhibiting protein synthesis (Baragana et al.,
2015). Spiroindolones (e.g. NITD6090 target the P-type cation transporter ATPase4
(PfATP4). PfATP4 is a membrane transporter that regulates Na* homeostasis (Rottmann
et al., 2010). GNF179 is an analog of imidazolopiperazine, a compound that showed
activity against P. falciparum that potentially targets the cyclic amine resistance locus
(PfCARL). PfCARL is a protein localized on the cis-Golgi apparatus involved in protein
sorting and membrane trafficking. The mechanism of resistance to imidazolopiperazine

was associated to this particular gene (Wu et al., 2011).

In spite of the progress on the identification of new compounds with antimalarial activity,
the exact mechanism of action and potential for resistance to these compounds is not
known. The lack of robust molecular tools to manipulate P. falciparum continues to be a

challenge for forward genetic approaches. The validation of the discovered compounds
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with antimalarial activity and the dissection of the biological aspects of their molecular

targets are necessary to introduce a new effective therapeutic drug.

Advances in molecular tools to manipulate P. falciparum

The P. falciparum genome was sequenced in 2002 from a clone of the 3D7 strain
(Gardner et al., 2002). The parasite genome is stored in 14 chromosomes and has a size
of 22.8 Mb. The overall AT-composition is 80.6% and increases to 90% in intergenic
regions. About 5,300 genes were predicted to encode for protein products, 54% of which
were predicted to contain at least one intron. The mean genes length is about 2.3 kb,
which is unexpectedly long compared to other organisms with a similar genome size,
such as S. cerevisiae (Gardner et al., 2002). In addition, a mitochondrial genome of 6 kb
was identified and a circular 35 kb plastid genome, encoding 30 proteins that correspond
to the apicoplast. About 60% of the coding sequences do not show sequence homology to
genes in other organisms, which has hampered the assignment of their putative functions.
In addition, subtelomeric regions are observed in the chromosomes, which is a conserved
feature in all Plasmodium spp. These regions encode for antigenic variants associated

with the erythrocyte surface, such as the var genes (Rasti et al., 2004).

Recent advances in the study of the transcriptome and proteome of this parasite have
helped to reveal information on the expression profile of specific genes at each stage of
the asexual cycle. This information has provided a platform to interpret putative gene
functions and has helped to push forward reverse genetics approaches in P. falciparum to
investigate the molecular functions of gene products and their contribution to the
parasite’s infection biology. A more complete understanding of the parasite biology
would facilitate identification of new targets for therapeutics and would increase our
knowledge about drug resistance mechanisms. Approximately 50% of the genes in P.
Jalciparum have no known function, and it is possible that a good fraction plays essential

roles in the parasite. Hence, establishing more robust and versatile tools for inducible
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gene regulation and gene-editing is necessary to decipher the function of the complete set

of P. falciparum genes.

The following are the most relevant advances in the development of molecular tools in P.

Jfalciparum during the last few years, and their advantages and disadvantages.

DNA transfection of in vitro cultured asexual stages

P. falciparum can be transfected using plasmid and other DNA and electroporation.
However, not much less progress has been in delivering other macromolecules, such as
RNA and protein. Transfections are performed by direct electroporation of uninfected
RBCs with plasmid DNA (Wu et al., 1995), and are relatively inefficient (Hasenkamp et
al., 2012). Drug resistance genes (e.g. human dihydrofolate reductase (DHFR),
Blastidicidin S deaminase (BSD), Yeast dihydroorotate dehydrogenase (yYDHODH),
neomycin phosphotransferase II from transposon Tn 5 (geneticin-G418)) can be used to
select for stably transformed lines. The low transformation efficiency contributes to
making this process relatively time consuming and subject to increased failures. In
addition, the AT-richness of the parasite’s genome poses a challenge in the construction
of circular plasmid vectors because unwanted recombination events can happen between
low complexity regions during cloning procedures. Upon transfection, DNA plasmids
replicate as episomes, eventually forming large, episomally-maintained concatamers
(O'Donnell et al., 2002). Plasmid segregation is uneven, which leads to heterogeneous
expression of the plasmid content. There is also paucity of available drug markers and
validated promoters for gene expression, and global transcription start and stop sites are

largely unknown.

It is also possible to introduce, replace or mutate a specific gene. For this purpose, a
homologous template must be introduced in the plasmid to drive chromosomal

integration via recombination. Unfortunately, this process is inefficient and the parasites
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have to be cycled on and off drug selection for several months to select for stable single-
crossover events and eliminate episomes (Crabb et al., 2004). Fortunately, novel gene-
editing techniques have accelerated this process significantly as we will discuss later on
in this section. Spontaneous double-crossover recombination is an alternative to achieve
gene modification. However, this occurs at low frequency, and requires the use negative
selection markers, which do not work consistently in P. falciparum (de Koning-Ward et
al., 2015). In P. berguei, linear DNA is used to increase the efficiency of single and
double-crossover recombination events (Janse et al., 2006). Linearized plasmids may
increase the recombination efficiency, although this has not been thoroughly addressed in

P. falciparum.

In spite of the advances during the last 20 years to create and optimize genetic techniques,
only about 500 out of the 5300 genes, have been successfully disrupted to study their
function (de Koning-Ward et al., 2015). It is presumed that a large fraction of the genes
that remain to be studied accomplish essential functions. Due to the haploid nature of the
genome during blood stages, disruption and characterization of the function of essential
genes requires the development of conditional expression systems that enable the
controlled production of a particular gene product, as complete disruption of these genes

result in inviable parasites.

Conditional expression systems

In some eukaryotic systems—including the parasitic trypanosomes responsible for causing
African sleeping sickness—RNA interference has provided an effective and generalizable
strategy for studying gene function globally (Shi et al., 2000). However, the absence of a
native RNA interference machinery in P. falciparum (Baum et al., 2009) precludes using
this approach, for characterizing gene function in the parasite. To overcome the
limitations in targeting potentially essential genes, a few conditional gene expression
systems have been developed (Fig 1-2). Despite their usefulness for initial gene function

characterization efforts, these systems are limited in their ability to unrestrictedly regulate
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any desired gene. Here, we summarize some of the most relevant conditional systems that

were developed in P. falciparum (Fig 1-2).

The first transcriptional-level regulatory system described for P. falciparum was reported
more than 10 years ago (Meissner et al., 2005). This strategy adopted a tetracycline-
responsive transcriptional activator previously used in Toxoplasma gondii to regulate the
transcriptional activity of the target gene (Fig 1-2A) (Meissner et al., 2005). The principal
limitations of this system include high heterogeneity in the expression and an
unpredictable loss of regulatory behavior (Meissner et al., 2005). Another conditional
system that has been used to regulate expression at the transcriptional level in P.
Jfalciparum is the Tet-OFF system, which employs a transcriptional transactivator domain
(TRAD). In this system, a TRAD-minimal promoter-TetO sequence module is installed
at the S’UTR of the gene of interest. TRAD, driven by expression from the targeted gene
promoter binds to the TetO sequence in the absence of aTc and the targeted gene is
transcribed. In the presence of aTc, TRAD cannot bind and transcription shuts off (Fig 1-
2B) (Gilson et al., 2008; Meissner ct al., 2005). This system was shown to be effective on
episomes, but not for knockdown of native genes, probably due to inefficiency of the
transactivators. Some efforts to improve this tool have been made, however the
characterized 7. gondii or mammalian transactivators do not work in P. falciparum. Thus,

further studies might be required to identify endogenous transactivators.

Different approaches have been developed to abrogate expression of target protein by
creating conditional deletions at chromosomal locations. In this approach a Cre
recombinase or a site-specific FLP enzyme are expressed that have the ability to
irreversibly excise genetic elements through the recombination of /oxP (for Cre enzymes)
or frt (for FLP enzymes) sequence sites flanking the target region (O'Neill et al., 2011).
Both of these systems have shown spontancous excision when the recombinases are
constitutively expressed, so an inducible version in which the expression of Cre is
regulated was developed using a diCRE system (a split version of CRE that can be
dimerized using rapamycin) (Jullien et al., 2007) (Fig 1-2C). This system was applied to
identify the function of the essential invasion protein AMA1 (Yap et al., 2014) and to
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regulate the expression of SERAS, which is a protease secreted into the parasitophorous
vacuole and possibly involved in merozoite egress (Yap et al., 2014). Both studies
showed leaky expression or a low reduction in the amount of protein. The regulatory
outcome, and thus the phenotype being investigated, of this system is likely dependent on
where in the genome the recombination sites are installed and on the amount of

recombinase expressed.
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Figure 1-2: Conditional expression systems used in P. falciparum

A) Conditional regulation using a Tetracycline-analogue transgene expression system in P. falciparum. A T.
gondii transactivating domain is N-terminal fused to a Tet Repressor (TaTi) to regulate the expression of a
reporter gene (Rgene) from an aTe-regulatable PfCam minimal promoter. The construct includes an
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hDHFR selective marker. Regulation is achieved on an episomal stable parasite population when in the
absence of aTc, the transactivator TaTi interacts with the Tet Operator (TetO) and transcription of the
reporter gene activated. In contrast, in the presence of aTc TaTi cannot interact with the operator sequence
and the expression of the reporter gene is low. B) A conditional gene deletion system using an inducible
Cre Recombinase (diCre)-lox recombination. A targeting construct includes a recoded version of the gene
of interest (GOI-Purple) and a selective marker (hDHFR) flanked by loxP sites. The construct can be
integrated into the genome using homologous regions to the UTRs of the gene of interest (GOI-Blue). A
second plasmid is built with two separate cassettes driving the expression two separate inactive polypetides
of Cre (Crel and Cre2). Each of them is fused to different rapamyicin proteins: FKPB (FK506-binding
protein) and FPB (fibronectin binding protein). When rapamyicin is added the Cre polyptides form a
functional and active Cre recombinase and this results in the excision of the GOI-hDHFR region between
the loxP sites. C) Transcriptional knockdown using an aTc-inducible system and a transcriptional
transactivation domain (TRAD). The targeting construct includes the TRAD gene and a human DHFR
(hDHFR) selective marker. In addition, an inducible promoter that consists in a P. falciparum minimal
promoter and a Tet Operator (TetO) sequence. The construct can be integrated via HR using homologous
regions flanking TRAD-hDHFR and the inducible promoter. The left homologous region targets the 5S’UTR
of the gene of interest (GOI) and the right homologous region targets the 5’ end of the GOI coding region.
When the construct is integrated, the GOI native promoter regulates the expression of the TRAD-hDHFR
cassette. In the other hand, the inducible promoter controls the GOI. In the absence of aTc, TRAD interacts
with TetO and the GOI transcription increases. In contrast, in the absence of aTc cannot longer bind to
TetO and the GOI transcription goes down. D) Post-transcriptional knockdown regulation using self-
cleaving rybozymes. A targeting construct includes the glmS ribozyme downstream from a HA-tag to be
installed after the stop codon of the gene of interest (GOI). The construct is integrated into the genome
through single crossover with a homologous region that targets the 3’ of the GOI so that the glmS is
installed between the stop codon and the 3°UTR of the GOI. Addition of GIcN-6P activates the ribozyme
and after self-cleavage the 3°UTR is detached from the mRNA, which leads to mRNA degradation. E)
Post-transcriptional knockdown using the protein-RNA synthetic module TetR-DOZi-aptamer. The
targeting construct includes the TetR-aptamers array (10X) downstream from a HA-tag to confirm protein
regulation. In addition, it contains an expression cassette with the TetR/Dozi fusion protein, a renilla
luciferase reporter gene and blasticidin (BSD) drug marker separated. The three genes are separated by a
self-cleavable T2A peptide for polycistronic translation. The construct is integrated into the parasite’s
genome using a single homologous region that targets the 3’ of the GOI, via single crossover. The aptamers
and the regulatory machinery are installed downstream from the last amino acid of the protein. After
transcription, the secondary structures of the TetR-aptamers interact tightly with the synthetic TetR-DOZI
module and translation goes off. However, in the presence of aTc TetR looses the affinity for the aptamer
and translation goes on. f) Post-translational knockdown using destabilization domains. A targeting
construct includes the destabilization domain (DD) that can be fused to either the N or C terminus of the
GOI. This DD is a mutant version of the rapamycin-FKB 12 domain. The construct is integrated into the
genome through single crossover with a homologous region that targets the 3’ of the GOI. When the gene is
translated, Shield interacts with the DD and stabilizes the protein of interest (POI). However, if Shield is
removed degradation of the protein is induced.

A conditional system that uses self-cleaving ribozymes to post-transcriptionally regulate
mRNA in P. falciparum has also been reported. This system requires installation of a
gImS ribozyme downstream of the stop codon of the gene of interest, which undergoes
self-cleaveage when the inducer glucosamine-6-phosphate (GlcN-6P) is added. This
leads to 3’UTR removal and mRNA degradation (Fig 1-2D) (Prommana et al., 2013).

The glmS system was observed to be efficient for knocking down reporter genes and for
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targeting the translocon component PTEX150 (Elsworth et al., 2014). However, GIcN-6P
can be toxic to parasites and like the previous inducible system described, the glmS

inducible tool shows leaky expression and only 50-60% of knockdown is achieved.

Regulation at the post-translational level has also been attempted to inducibly regulate
gene expression in P. falciparum. Conditional degradation of proteins can be achieved
when the target protein is fused to a protein destabilization domain based on either
FK506-binding protein (DD system) or the Escherichia coli DHFR destabilizing (DDD
system). These domains are unstable and are readily degraded by the proteasome. This
degradation can be reversed by the small molecule Shield 1 (for DD fusions) or folate
analogue trimethoprim (for DDD fusions) (Armstrong and Goldberg, 2007; Muralidharan
etal., 2011) (Fig 1-2E). These systems are reversible, and P. falciparum gene expression
can be knocked down using these approaches (Azevedo et al., 2013; Beck et al., 2014;
Dvorin et al., 2010; Farrell et al., 2012; Muralidharan et al., 2011; Muralidharan et al.,
2012; Russo et al., 2009). Though promising, these tools have certain disadvantages.
Leaky expression is observed, and application is mostly limited to cytosolic and nuclear
proteins (non-exported or organellar) and/or proteins that tolerate N/C-terminal peptide
fusions. In addition, some of these systems require use of specific parasite strain
backgrounds. For instance, for the DDD system in the parental strain must be resistant
(either naturally or through transgenic expression of the human DHFR gene) because

trimethoprim is naturally toxic to the parasites.

Genome editing tools

The inefficiency of transfections in P. falciparum causes a delay in the selection of stable
transfectant parasites. This time can be prolonged when selecting for epsiomal resistance
makers, due to uneven segregation. To tackle this problem, advances to promote plasmid
integration within the parasite genome have been implemented in P. falciparum. The
Bxb1 integrase system was developed for stable heterologous gene expression or

complementation of gene knockouts because it involves modification of the same
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dedicated locus every time. The Bxb/ integrase catalyzes recombination between an attB
site engineered into the parasite’s genome and an attP site on a plasmid containing the
transgene of interest (Nkrumabh et al., 2006). This system requires the generation of a
parental strain to introduce the a#tB site at a neutral locus (e.g. the cg6 locus is commonly

used for blood stage parasites).

Zinc Finger Nucleases (ZFN) have also been used in P. falciparum. These enzymes
induce double strand-breaks in the genome that are preferentially repaired via
homologous recombination due the absence of the canonical non-homologous end joining
(NHEJ) pathway in the parasite’s genome. The ZFN system was used to target the PfCRT
locus, and resulted in rapid integration (2 weeks) of a homologous template (Straimer et
al., 2012). Recently this gene-editing system was used to introduce mutations in the kelch

protein K13 to study the mechanism of artemisinin resistance (Straimer et al., 2015).

A high-throughput genetic screening system based on a piggyBac transposable element
has also been adapted to perform genetics in P. falciparum. This system requires the co-
transfection of a plasmid that contains a selectable marker and inverted terminal repeats
of the piggyBac element and a second plasmid that expresses the piggyBac transposase.
The piggyBac element is excised and randomly inserted in the parasite’s genome at
TTAA target sites, which occur at high frequency in the P. falciparum genome (Balu et
al., 2005). The outcome of this transfection is a parasite library that should contain at
least one insertion per genome per clone. The disrupted locus can be identified via PCR
using the inverted repeats as landing region. The efficiency of this screening is extremely

low, with 1-10 clones recovered, targeting only non-essential genes.

Finally, CRISPR/Cas9 technologies have been a truly revolutionary approach to perform
functional genetics in P. falciparum. The heterologous system expresses a Streptococcus

pyogenes Cas9 endonuclease and a targeting single guide RNA (sgRNA). Cas9 induces a
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single strand break that is repaired via homologous recombination when a template is
provided. Two different systems have been proposed to transcribe the sgRNA in the
parasite; one of them utilizes the U6 promoter (Ghorbal et al., 2014), which has
previously not been used as an orthogonal system in P. falciparum, and the T7 promoter,
which has been proven to robustly deliver non-coding RNA in the parasite (Wagner et al.,
2014). Both systems have been used to target or introduce point mutations in native genes
in blood stages of the parasite, showing high efficiencies (Bansal et al., 2016; Bryant et
al., 2017; Cobb et al., 2017; Crawford et al., 2017; Ghorbal et al., 2014; Ng et al., 2016;
Sidik et al., 2016; Sonoiki et al., 2017; Vanaerschot et al., 2017; Wagner et al., 2014).
Compared to ZFN, the CRISPR/Cas9 technology represents a simpler approach, is more
cost-effective, and more efficient. This system will likely replace other gene-editing
techniques in P. falciparum in the near future, and we will expand upon the topic in the

following section.

CRISPR basics and Class II systems

The diversity of bacteriophages, bacteria, and archaeal organisms and their constant
interaction has led to the development of defense mechanisms within prokaryotes that
include restriction-modification system and the recently characterized CRISPR system
(Barrangou and Horvath, 2017). Unlike other defense mechanisms, CRISPR (clustered
regularly interspaced short palindromic repeat) is an adaptive form of immunity. In
bacteria, the system encompasses 3 stages: acquisition of foreign DNA, CRISPR
(crRNA) biogenesis, and target interference (Sorek et al., 2013). During the acquisition
stage, the foreign DNA is recognized, captured and incorporated as a new “spacer” next
to the repeat sequences in the CRISPR locus. Small nucleotide sequences adjacent to the
spacers (also known as protospacers) called PAMs (protospacer adjacent motif play an
important role in the DNA acquisition stage. CRISPR loci belong to a highly diverse
family, in which each CRISPR array contains short (usually conserved) repeat sequences
and hypervariable spacers that defend the host from different phages and plasmids. The

repeat sequences are usually 20-50 bp long, but the sequences and the length vary in
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different CRISPR loci (Kunin et al., 2007). In addition to the repeat sequence and the
spacer, there is also a diversity of cas genes adjacent to the CRISPR arrays. The different
CRISPR/Cas systems can be placed into two distinct classes based on the effector protein,
casl and cas2, that are universally conserved (Haft et al., 2005). At the second stage the
RNA Polymerase transcribes the CRISPR locus producing a pre-crRNA that further is
processed into active crRNAs by the endonucleases activity. Lastly, during the third stage
the crRNA forms a complex with the effector protein that can then recognize regions of
incoming foreign DNA with high specificity by complementarity. This complex cleaves
the foreign DNA acquiring and maintaining immunity against that particular phage or
plasmid (Brouns et al., 2008). In contrast, if there is not complete pairing between the
sequences or the PAM is absent, the phage can infect the host leading to lysis (Bhaya et
al., 2011).

Selective pressure has driven the evolution of CRISPR-Cas systems and has diversified
the structure and function of their cas genes into two main classes, Class I and Class II.
The main difference between the two classes is the presence of a single (Class II) versus
multiple subunit complexes (Class I). These two classes are divided into six types,
depending on the Cas protein features and further subdivided into 32 sub-types (Koonin
et al., 2017). The first characterized Class Il CRISPR system includes the Cas9 effector
protein that binds and cleaves double-strand DNA when its guide crRNA identifies a
region of complementarity (Gasiunas et al., 2012; Jinek et al., 2012). Since the discovery
and characterization of Cas9, it has been utilized extensively as a very powerful
genome-editing technology in a wide diversity of organisms (Hsu et al., 2014). The
successful outcome of a variety of Cas9 applications prompted exploration of other
Class II systems. In the last two years, emergent Class II types and subtypes of CRISPR
systems have been identified and characterized. Some of those systems have even shown
gene-editing activity in eukaryote systems. These systems include: Type V with the
Casl2 (also known as Cpfl and C2cl) effectors, which have the ability to target DNA
(Zetsche et al., 2015); and Type IV with Cas13 (also known as C2c2) effectors, which
have the ability to target RNA (Shmakov et al., 2015).
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In addition to differences in the organization of subunit complexes, there are also
mechanistic differences between Type I and Type II CRISPR systems. The Cas9
ortholog from Streptococcous pyogenes (SpCas9) is the most studied effector protein in
Type II systems. Cas9 is a multidomain protein that cleaves both strands of the DNA
using the activity of the HNH and RuvC nuclease domains (Gasiunas et al., 2012). Cas9
is guided to target DNA when it finds a complementary strand to its crRNA. Cas9 also
requires a trans-acting ctRNA (tracrRNA) for its editing activity (Deltcheva et al., 2011).
In bacteria, transcription of the CRISPR locus array generates a long precursor RNA
(pre-crRNA). When the repetitive regions of this transcript interact by base pairing with
the tracrRNA, they form an RNA duplex that is recognized by a host RNaselll to
process them into mature RNAs. The mature RNAs correspond to the sgRNAs or
spacers that did not base pair with the tracrRNA; both tracRNA and sgRNA are needed
to activate Cas9 (Fig 1-3) (Deltcheva et al., 2011; Murugan et al., 2017). When Cas9 is
activated, it finds its target DNA by first recognizing the PAM site downstream from the
non-complementary strand (Sternberg et al., 2014). After PAM recognition, the double
stranded DNA target (dsDNA) unwinds to base pair with the incoming crRNA. If there
is complementarity between the target DNA and the crRNA, a R-loop is formed
upstream from the PAM site, followed by DNA cleavage. Cas9 remains bound to its
target DNA until complementarity is confirmed by complete base pairing of the first 8-
10 nucleotides at the 5° of the sgRNA and base pairing with the PAM site (Dagdas et al.,
2017). Cas9 changes its catalytic conformation with its mobile HNH domain (Anders et
al., 2014) and the RuvC domain regulates cleavage (Sternberg et al., 2015).

Type V systems have been classified into five sub-types according to their effector
protein (Type V-A-E) (Koonin et al., 2017). These proteins are all variants of the Cas12
effectors, although only Cas12a (Cpfl) and Cas12b (C2c1) have been characterized
(Yang et al., 2016; Zetsche et al., 2015). Type V effectors contain a RuvC domain;
however, unlike the Type II systems, they lack an HNH domain. It is possible that an
uncharacterized nuclease domain (Nuc) substitutes for the HNH domain in these
proteins. (Yamano et al., 2016). Aside from the absence of the HNH domain, the

structure of the Cas9 and Cas12 proteins are very similar. Both form a negatively
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charged crRNA: DNA target heteroduplex and they both have domains for PAM

recognition, although their structure and sequence differ.

Although two of the characterized Type V CRISPR systems subtypes (Cas12b and
Casl2e), like Cas9, require a tractrRNA for activation, Cas12a (Cpfl) has no such
requirement. Instead, Cpfl needs only a single ~44 nt crRNA for activation (Zetsche et
al., 2015). Furthermore, it has been demonstrated that Cpf1 processes its own pre-
crRNA (Fonfara et al., 2016). Similar to Cas9, Type V effectors locate and locally
unwind their DNA target upon recognition of a PAM site. Type VA and VB recognize a
T-rich PAM located upstream of the non-complementary strand of the target (Fig 1-3).
An R-loop is also formed when the Cpfl crRNA interacts with the non-target strand of
DNA to prevent reannealing. However, unlike Cas9, it has been observed that Cpf1-R-
loop formation is less energetically stable than the Cas9, probably due to instability of
the interaction between the effector protein and the non-target strand, in spite of the
stable interaction that occurs at the distal region of the PAM site (Swarts et al., 2017;
Yang et al., 2016). This might explain why some genome-editing studies have suggested
more specific activity and reduced off-target effects during editing with Cpf1 as
compared to Cas9 (Kim et al., 2016). Another difference between Cas9 and Cas12
endonucleases is the type of cleavage of the target DNA. Cas9 leaves a blunt end after
cleavage proximal to the PAM site. In contrast, both Cas12a (Cpfl) and Cas12b
generate a staggered cut at the end far (18 nt) from the PAM site (Yang et al., 2016;
Zetsche et al., 2015). However, it remains unclear how Cpfl cleaves both DNA strands

using a single active site.
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Figure 1-3: Mechanistic differences between Class II CRISPR-Cas systems and their

main effector proteins, Cas9 and Cpfl

Top panel: After the pre-crRNA is transcribed from a CRISPR array is processed into mature crRNA by a
host RNaselll when it base pairs with the trans-acting crRNA (tracrRNA). The dual RNA complex
interacts with Cas9 and guides it to its target DNA when it finds a “NGG” PAM binding site. Cas9 remains
bound to the DNA target until both PAM site and spacer gRNA (sgRNA) complementary is confirmed and
cleavage is induced. In contrast to Cas9, the pre-crRNA is self-processed by Cpfl. Cpfl does not need a
tracrRNA and the mature and single crRNA interacts with Cpfl. Cpfl is guided to the target DNA when it
recognizes a “TTTN” PAM binding site. Recognition of sgRNA complementarity leads to double strand
break. Bottom panel: Implementation of Class [I CRISPR-Cas9 systems to edit the P. falciparum genome.
Cas9 and Cpf1 genes are expressed from a plasmid-based system using parasite 5’UTRs. Both the crRNA
for Cas9 and Cpfl are expressed from an orthogonal and validated T7 promoter in the parasite. Figure

adapted from (Murugan et al., 2017).
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Type I1 CRISPR applications

Differences in the mechanisms of action of the Class I systems, Cas9 and Cpfl, make
them complementary tools for genome-editing purposes, especially in eukaryotes. The
CRISPR-Cas9 system has been extensively used to edit mammalian cells, using both
Streptococcus thermophilus and Streptococcus pyogenes Cas9 (Cong et al., 2013). It is
possible to synthetically introduce all the different CRISPR-Cas9 components for DNA
targeting. Starting from finding optimal strategies to express and deliver Cas9 in the cells
to gateway strategies for the delivery and synthesis of one of multiple tracrRNA and
sgRNAs. Endogenous Pollll promoters such as the U6 promoter and the H1 promoter
have been used to express sgRNAs (Ranganathan et al., 2014). In mammalian cells,
double-strand breaks are preferentially repaired via NHEJ (except during S-phase) rather
than via homologous recombination (HR). However, recent studies have shown attempts
to integrate foreign DNA using both pathways, showing extremely low rates of insertion
when using the NHEJ pathway (Bachu et al., 2015). To increase the HR frequency, NHEJ
major factors such as KU70 and DNA ligase IV are inhibited (Chu et al., 2015).

Advances in the establishment of CRISPR-Cas as a tool have expanded the repertoire of
applications in biological systems. Important progress in this technology has been
reported, especially in different mammalian cell lines in the last few years. These efforts
have been oriented towards the development of a genome-engineering platform to target
loci involved in human diseases for therapeutic purposes. Differences in the mechanisms
of action between Cas9 and Cpfl CRISPR systems make these two technologies
complementary to each other. Cpfl has shorter sgRNAs compared to Cas9, which makes
Cpfl-sgRNA synthesis simpler. In addition, the Cpfl PAM recognition site has a
different sequence composition, which increases the range of genomic loci that can be
targeted. Differences in the cleavage site and in how the cleavage is performed create
another layer of additional applications in Cpfl. In contrast to Cas9, Cpfl produces a
staggered cut similar to the “sticky ends” of traditional restriction enzymes. This feature

may allow an increase in the HR events compared to NHEJ and the disruption at the cut
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site might contain fewer indels for further modifications using the same cut site (Zetsche
et al., 2015). Another feature of Cpfl is its ability to self-process its crRNA, which
facilitates multiplex gene editing applications. This application has been demonstrated in
mammalian cells (Zetsche et al., 2017) plants (Wang et al., 2017) and yeast (Verwaal et
al., 2017)

The CRISPR-Cas9 system has become a very powerful technology to disrupt genes in the
apicomplexa P. falciparum. As mentioned before, the genetic manipulation of this
parasite is challenging and the availability of robust genetic tools is relatively lacking. As
a consequence, the function of the majority of genes encoded by this parasite remains
unknown. Efforts to implement and optimize the CRISPR-Cas9 technology have shown
high efficiency gene disruption and have contributed to unveiling the function of different
genes (Bansal et al., 2016; Bryant et al., 2017; Cobb et al., 2017; Crawford et al., 2017;
Ghorbal et al., 2014; Ng et al., 2016; Sidik et al., 2016; Sonoiki et al., 2017; Vanaerschot
et al., 2017; Wagner et al., 2014). On the other hand, genome editing using Cpf1 has not

- yet been reported in this parasite. Intriguingly, the P falciparum genome is highly AT-

rich, a feature that could favor application of this technology in this organism.

In mammalian cells a recombinant system to express Cas9 has made this alternative the
preferred method to efficiently edit loci, as plasmid-based expression systems have not
shown the same efficiency. In P. falciparum, on the other hand, Cas9 is usually expressed
from an expression plasmid since direct transfection of recombinant proteins or mRNA
has not been efficient in this parasite. Using this method, high disruption effictencies
have been observed, even within the first intraerythrocytic cycle after transfection. The
delivery of the other CRISPR components, such as the tracrRNA and sgRNA are also
plasmid mediated. Similar to mammalian systems, the U6 promoter has been
implemented (Ghorbal et al., 2014), but the orthogonal and broadly used T7 promoter
(Wagner et al., 2014) has also shown strong activity in P. falciparum (Fig 1-3). In

addition, it is possible to insert foreign DNA at the repair site, as HR is the dominant
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mechanism for DNA repair in the absence of NHEJ-pathway proteins. A similar
approach could be used to express Cpfl and demonstrate its editing activity in the

parasite (Fig 1-3)

Rationale and Overview

The overarching goal of this thesis is to develop an integrated set of molecular tools that
enable the study of gene function in P. falciparum. Our work seeks to expand the genetic
toolkit that is available for P. falciparum by using previous and newly developed
technologies of the Niles lab. We focus our efforts on the creation of gene editing and
conditional regulation systems that are designed to provide a robust platform for the

identification and characterization of essential functions in the parasite.

In Chapter 2, we address the challenge of creating a robust and versatile conditional
expression system in P. falciparum. We describe the generation of a system that regulates
the expression of a native locus by fusing endogenous translational regulatory elements
from the parasite to a synthetic RNA-protein module. This system is first validated using
reporter genes in the parasite, which show that tight regulation of gene expression
throughout the intraerythrocytic cycle is possible. Next, we demonstrate that the system is
suitable to achieve stringent regulation of an important essential gene product, believed to
be the target inhibited by the recently described spiroindolone antimalarial drug class.
Furthermore, we demonstrate that, using this system, we are able achieve regulation of
target genes independent of their subcellular localization, biochemical properties, and

transcript levels.

Next, in Chapter 3, we seek to create an integrated strategy that uses the conditional
system developed in Chapter 2 together with a CRISPR-Cas9 gene editing system to
study the function of a putative RNA-binding protein (RBP). We first investigate the
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essentiality of this RBP using a two-step approach that involves creation of a merodiploid
line. In this approach, the native copy of the RBP is disrupted after a synthetic copy of
the gene is conditionally expressed from an ectopic locus using a conditionally-regulated,
synthetic promoter. Having proved the efficacy of the two-step approach, we go on to
streamline this process by creating a single-step methodology to genetically modify the
native locus of the protein and regulate its expression from its native promoter. The
successful implementation of these technologies enables us to perform biological
characterization of the function of this RBP, which include demonstrating its RNA-
binding activity, subcellular localization, and phenotype when the protein is depleted.
These experiments allow us to confirm the essentiality of this gene for blood stage
parasites and further characterize its role in parasite schizogony and cell cycle

progression.

The robustness and efficiency of CRISPR-Cas technologies motivated us to explore other
genome-editing technologies that could expand the ability to manipulate the highly AT-
rich P. falciparum. In particular, we became interested in the novel Cpfl CRISPR
endonuclease described by the Zhang lab, as this enzyme uses an AT-rich binding matrix
for identification of its DNA target. We hypothesized that this feature might be useful for
targeting P. falciparum genes located in extremely AT-rich loci. Therefore, in Chapter 4,
we explore the the opportunities for expanding target loci manipulation in P. falciparum
by validating the activity of various orthologs of the Cpfl endonuclease. We describe
efficient, Cpfl-mediated genome editing in P. falciparum, and show that this allows
efficient disruption of non-essential genes and genes located in AT-rich regions. In
addition, we integrate the Cpfl editing activity with our conditional system from Chapter
2 to target and regulate native loci in the parasite using a similar approach described for
Cas9 in Chapter 3. Finally, we perform bioinformatic analyses to demonstrate that the
AT-rich binding matrix of Cpfl expands the coverage of potential targets compared to
Cas9. We conclude that Cpfl and Cas9 are complementary CRISPR-Cas class 11
technologies that operate using different target site selection rules and that these

differences can broaden genome engineering applications in P. falciparum.

41



Overall, this work establishes several new molecular tools to genetically manipulate
blood stage P. falciparum. This work describes a genetic toolkit that can be used to
assign function to many of the putative genes annotated in the P. falciparum genome,
including essential and non-essential genes. The different technologies generated in this
work are meant to aid in our understanding of basic parasite biology as well as help
validate molecular targets with potential relevance for antimalarial drug and vaccine

development.
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ABSTRACT

Synthetic post-transcriptional regulation of gene expression is important for
understanding fundamental biology and programming new cellular processes in synthetic
biology. Previous strategies for regulating translation in eukaryotes have focused on
disrupting individual steps in translation, including initiation and mRNA cleavage. In
emphasizing modularity and cross-organism functionality, these systems are designed to
operate orthogonally to native control mechanisms. Here, we introduce a broadly
applicable strategy for robustly controlling protein translation by integrating synthetic
translational control via a small molecule-regulated RNA-protein module with native
mechanisms that simultaneously regulate multiple facets of cellular RNA fate. We
demonstrate that this strategy reduces ‘leakiness’ to improve overall expression dynamic
range, and can be implemented without sacrificing modularity and cross-organism
functionality. We illustrate this in S. cerevisae and the non-model human malarial
parasite, Plasmodium falciparum. Given the limited functional genetics toolkit available

for P. falciparum, we establish the utility of this strategy for defining essential genes.
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INTRODUCTION

The ability to precisely, reversibly and temporally regulate gene expression is essential
for gaining insights into how biological systems function as well as designing biological
circuits that direct novel cellular behaviors in synthetic biology applications. In model
eukaryotic systems, this can be flexibly achieved at the transcriptional, translational and
post-translational levels. When available, transcription-based regulatory systems are
favored, as they provide access to large dynamic ranges that allow gene expression to be
titrated to a level appropriate for the specific application (Forster et al., 1999; No et al.,
1996; Ronicke et al., 1997). Increasingly, translational and post-translational control
systems are being used to diversify the gene regulation toolkit and fine-tune expression.
However, compared with transcription-based systems, the dynamic ranges attainable with
these systems are relatively modest, and higher basal expression levels are observed in
the repressed state (Ausldnder et al., 2014; Goldfless et al., 2012; Suess et al., 2003; Win
and Smolke, 2007; Wittmann and Suess, 2011). This limits their utility as robust and
general solutions for controlling gene expression. Thus, straightforward strategies that
extend the dynamic range of post-transcriptional control systems would significantly

increase the flexibility with which these systems can be broadly used as effective tools.

Toward this goal, we have focused on enhancing the regulatory dynamic range attainable
during synthetic control of translation. Current designs emphasize achieving function
independent of host cell regulatory mechanisms. Thus, small molecule-regulated
aptamers and riboswitches that directly block translation initiation, and natural or
engineered ribozymes that induce cis-cleavage of target transcripts have dominated
system design (Ausldnder et al.,, 2014; Suess et al., 2003; Win and Smolke, 2007;
Wittmann and Suess, 2011). These approaches enable modular systems that function
independently of host cell mechanisms, and in principle, are broadly applicable in
different organisms and cell types. While conceptually simple, this framework is
restrictive, as it limits opportunities to achieve improved functionality through direct
integration of synthetic parts with the diverse mechanisms cells have evolved to robustly

regulate translation.
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Natively, translation is controlled at multiple levels. Initiation via cap-dependent
recruitment of factors critical for ribosome assembly, mRNA subcellular sequestration
and turnover are key and highly regulated steps. Many proteins that play key roles in
regulating these processes have been previously characterized (Besse and Ephrussi, 2008;
Rocak and Linder, 2004). For example, eukaryotic translation requires recognition of the
mRNA cap structure by elF4E, which recruits the eIF4F complex and leads ultimately to
ribosome assembly and translation. However, the efficiency of this process is modulated
by elF4E-binding proteins (4E-BPs), which block elF4F recruitment and inhibit
translation. Similarly, de-capping and de-adenylation enzymes, such as Dcplp and Pop2p,
respectively, in S. cerevisiae, control mRNA turnover have been characterized (Decker
and Parker, 2012). In many instances, homologs of these characterized factors are found
widely across eukaryotes, suggesting they play highly conserved roles. Thus, synthetic
gene regulation schemes can potentially be significantly enhanced if effective strategies
for integration with native translation control components can be devised. Furthermore,
conservation of the core translation machinery and regulatory components across diverse
organisms suggest that this should be attainable without sacrificing design modularity

and portability between different cell types and organisms.

Herein, we describe a straightforward strategy for directly integrating synthetic and
native translation regulatory components to achieve improved inducible control of gene
expression. By fusing the Tet repressor protein (TetR) to various translation regulatory
effectors, we achieve robust anhydrotetracycline (aTc)-dependent regulation of target
transcripts via genetically-encoded TetR aptamers in either their 5°- or 3’- UTRs. The
regulatory dynamic ranges achieved approach that of some transcription based
approaches when these aptamer elements flank the target ORF. We also illustrate the
generality of our approach across two unrelated organisms, namely the model yeast .S.
cerevisiae and the human malarial parasite, P. falciparum. In the latter organism, where
few tools are available for studying gene function, we show that this technology can be

used to stringently classify genes essential for parasite survival.
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RESULTS AND DISCUSSION

Molecular design principles

Existing strategies for achieving synthetic control of eukaryotic translation rely mostly on
aptamer-small molecule interactions (Suess et al., 2003), inducible ribozymes (Win and
Smolke, 2007; Wittmann and Suess, 2011) and RNA-protein interactions (Auslidnder et
al., 2014; Goldfless et al., 2012; Saito et al., 2010). These control systems are ‘uni-
dimensional’ in design in that the required RNA/aptamer element is strategically
positioned within a target transcript to predominantly direct a single outcome, such as
disruption of translation initiation or induced RNA degradation (Fig. 2-1A). Such designs
emphasize modularity and portability, but likely at the expense of achieving maximal
robustness, by limiting intimate coupling between the synthetic module and native

regulatory mechanisms.
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Figure 2-1. Achieving inducible gene expression by integrating a synthetic protein-

RNA interaction module with native translation control mechanisms

(A) Several previously implemented approaches for post-transcriptional regulation of gene expression in
eukaryotes are summarized. These are classified as ‘uni-dimensional” since primarily one activity
determines the availability or accessibility of a target transcript for translation. (B) Schematic of the
proposed strategy for integrating a synthetic RNA-protein module with host cell translation control
mechanisms to achieve ‘multi-dimensional’, post-transcriptional regulation of gene expression. Fusing the
regulatory protein in the synthetic module to host cell factors involved in controlling RNA turnover,
degradation and sequestration is proposed as an approach for extending the dynamic range and reducing
leaky expression of the synthetic system. Direct control of gene expression is achieved by toggling the
synthetic RNA-protcin interaction via a small molecule inducer.

Examination of natural translation control mechanisms, however, reveals that a diverse
set of activities simultaneously converge on a regulated transcript to achieve stringent
control over its translation (Besse and Ephrussi, 2008; Rocak and Linder, 2004). We
hypothesized that synthetic translation control systems that more closely recapitulate
nature’s ‘multi-dimensional’ strategy might inherently be more robust, and achieve
significantly improved regulatory outcomes than existing uni-dimensional designs. To
establish proof-of-concept, we reasoned that a broadly useful framework should consist
of a foundational RNA-protein interaction module in which: (1) a small molecule directly
controls the interaction, and allows for transcription-independent translational control;
and (2) the protein component is readily engineered to create fusions that bridge the
foundational RNA-protein module with native cellular translation control components
(Fig. 2-1B). Successfully validating this approach would provide immediate access to
diverse mechanisms used natively to stringently control the cellular fate of RNA, and
establish a new and easily adaptable paradigm for designing multi-dimensional

translation control systems with improved functional characteristics.

TetR fusion proteins conditionally regulate translation

We selected a previously defined aptamer-TetR protein module that is regulated by
tetracycline analogs (Belmont and Niles, 2010) as the foundational framework for this
study. This module has been used in a uni-dimensional context (Fig. 2-1A, right panel) to
control translation in the model organism, S. cerevisiae (Goldfless et al., 2012) and the

unrelated human malarial pathogen, Plasmodium falciparum (Goldfless et al., 2014). As

59



such, direct quantitative comparisons between uni- and multi-dimensional
implementation can be made to rigorously quantify improvements in functionality
achieved via the latter design. Critical to addressing generalizability of this concept, this
selection also facilitates assessment of this multi-dimensional regulatory framework to

deliver enhanced translational control in an unrelated organism.

In selecting TetR fusion partners, we emphasized two criteria that the selected proteins
must satisfy. Namely, these must have: (1) been previously implicated in regulating
translation initiation, mRNA stability and/or turnover or mRNA sequestration; and (2)
clearly identifiable homologs in other eukaryotes, and in particular, P. falciparum. The
latter criterion provides a stringent test of our central principle in a non-model organism
where very little basic mechanistic evidence supporting specific post-transcriptional and

translational regulatory mechanisms has been directly elucidated.

The success of this approach is predicated on identifying fusion proteins that preserve
both the inducible interaction between TetR and its aptamer, and the partner’s native role
in regulating translation. We performed a focused screen in S. cerevisiae to identify
potential candidates by creating fusions of TetR to Dcplp, Dhhlp, Hrplp, Pop2p, Upf3p,
Caf20p, Eaplp and Cdc33p, which have all previously been implicated in some aspect of
native translational regulation in yeast (Cosentino et al., 2000; de la Cruz et al., 1997,
Decker and Parker, 2012; He and Jacobson, 2001; Kessler et al., 1997). We made a
reporter construct in which either five or ten tandem TetR aptamers (referred to hereafter
as 5x and 10x aptamer arrays) were positioned within the 3’UTR of a Venus YFP (vYFP)
coding sequence (Belmont and Niles, 2012) (Fig. 2-2A) to identify TetR fusions that
mediated doxycycline (Dox)-inducible changes in vYFP expression relative to TetR
alone. Notably, TetR by itself displays no inherent inducible behavior when its cognate
aptamers are installed in a 3’UTR context (Fig. 2-2A). This is consistent with studies of
native translational control mediated by protein binding within the 3°’UTR, where factors

that modulate cap-dependent translation initiation, decapping,
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polyadenylation/deadenylation or mRNA sequestration, as examples, must be recruited to
achieve a regulatory outcome (Besse and Ephrussi, 2008; Kuersten and Goodwin, 2003).
We did not examine the effects of placing tandem aptamers within the 5’UTR, since our
previous data indicated that increasingly stable secondary structure within this region
significantly decreases maximal expression without substantially improving the

regulatory dynamic range (Goldfless et al., 2012).
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Figure 2-2. Various TetR fusion proteins enhance TetR aptamer-mediated

translational regulation in both S. cerevisiae and P. falciparum

(A) In S. cerevisiae, various proteins fused to TetR were evaluated for their ability to enhance doxycycline-
dependent regulation of a vYFP reporter via either five or ten tandem TetR aptamers positioned within the
3’-UTR. (B) In P. falciparum, regulated expression of a FLuc reporter by TetR and the TetR-DOZI fusion
was tested. Three reporter contexts were examined, namely: (i) single TetR aptamer in the 5°-UTR only;
(ii) single mutated TetR aptamer in the 5’-UTR and 10x TetR aptamers in the 3’-UTR; and (iii) single TetR
aptamer in the 5°-UTR and 10x TetR aptamers in the 3°-UTR. Functional and mutated (no binding to TetR)
aptamers are illustrated as green and red lollipops, respectively. In both panels, fold-induction is calculated
as the ratio of reporter expression in the induced state (+ aTc) relative to that in the repressed state (- aTc).
Data shown is the mean = s.d. from biological triplicates, and is representative of 2 (S. cerevisae) and 3 (P.
falciparum) independent experiments. * =P < 0.05; and *** = P <0.0001 by t-Test.

In the 5x aptamer array reporter context, only TetR-Pop2p resulted in significant Dox-
dependent regulation (~3-fold relative to TetR). In the 10x aptamer array reporter context,
however, TetR-Dcplp, TetR-Dhhlp and TetR-Pop2p all exhibited Dox-dependent
regulation of vYFP expression (~2-4 fold relative to TetR). All fusions did not yield
improved regulation, indicating that simply fusing any protein to TetR is insufficient to
achieve an improvement in translational regulation. Overall, these screening data indicate
that fusing specific proteins natively involved in regulating translation to TetR can
significantly improve the regulatory dynamic range beyond that attainable with TetR
alone, while preserving tetracycline analog-dependent control. These findings provided
initial validation that integrating our synthetic RNA-protein module with host regulatory
mechanisms could yield improved regulatory outcomes beyond that of the RNA-protein

module alone when tested in the identical reporter context.

Enhanced regulation of gene expression in P. falciparum

We focused next on systematically understanding how a selected TetR fusion protein that
improved translational regulation outcomes in a model system would function in the non-
model eukaryotic pathogen, P. falciparum. Our rationale for this approach was twofold.
First, native translational regulation in this organism is poorly understood. We reasoned
that this choice would provide important insights into the broader applicability of our
concept without a need for detailed prior knowledge of fundamental translation control

mechanisms in the host organism. Secondly, the toolkit for robust conditional gene
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expression in P. falciparum is small, with limitations in both dynamic range and basal
leakiness (Armstrong et al., 2007; Goldfless et al., 2014; Meissner et al., 2005;
Prommana et al., 2013) We reasoned, therefore, that a host-integrated synthetic control
module with substantially enhanced regulatory dynamic range would also have

immediate practical value as a functional genetics tool in this organism.

Of the three functional fusions identified during our yeast screens, we selected the TetR-
Dhhlp context for detailed evaluation in P. falciparum. Several factors influenced this
decision. First, we wished to use the P. falciparum homolog rather than assuming the
yeast protein functions equivalently in P. falciparum. BLAST sequence analysis
comparing the yeast and P. falciparum homologs of Dcplp, Dhhlp and Pop2p revealed
that Dhhlp and PF3D7 0320800 (DOZI) had very high sequence identity and similarity

(68 % and 80%, respectively), and were similar in size (506 versus 433 amino acids,

respectively) (Fig. S-1A). In contrast, Dcplp and Pop2p and their P. falciparum
homologs are much less conserved (Fig. S1B-C). The P. falciparum homologs are also
large proteins with poorly conserved regions that potentially encode functionally
important regulatory information. Therefore, creating functional fusions based on these
proteins might entail initial screens to identify suitable fragments that preserve all critical
biochemical information for efficient integration with the native machinery and TetR
function upon fusion. We reasoned that a TetR-DOZI fusion closely reflected the context
validated in yeast, and, together with its compact size, would be an ideal primary

candidate to test in P. falciparum.

Second, the Dhh1p homolog from the related rodent malarial parasite, P. berghei, has
been implicated in translational regulation. Deleting this protein (referred to as
development of zygote inhibited or DOZI based on the observed phenotype) dysregulates
the stability of many transcripts that are normally repressed during asexual stage
development in blood and derepressed during sexual stage development in the mosquito

vector (Mair et al., 2006). A detailed mechanism of how DOZI functions in this process
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is lacking, though in vitro translation studies using the P. falciparum DOZI suggests a

role in regulating elF4E-dependent translation (Tarique et al., 2013). This is likely only a
partial explanation of this protein’s function in situ, however, since it seems to operate
within a larger regulatory protein complex that is still to be functionally defined (Mair et
al., 2010). Furthermore, the DDX6 helicase protein family, to which Dhh1lp and DOZI
belong, is implicated in regulating diverse aspects of RNA biology including decapping,
degradation and sequestration (Decker and Parker, 2012; Ernoult-Lange et al., 2012;
Rouya et al., 2014). Last, Dhh1p homologs in several model organisms including C.
elegans, D. melanogaster, X. laevis and humans are all very highly conserved (Fig. S-1A).
Therefore, proof-of-concept with this TetR fusion would support broad applicability

beyond our two primary test organisms.

We first assessed whether TetR-DOZI functions to regulate translation in P. falciparum,
and created several dual expression cassette reporter plasmids (Fig. 2-2B). One cassette
uses a calmodulin promoter (PfCAM) to transcribe a mRNA encoding firefly luciferase
(FLuc) with regulatory TetR aptamers in the 5’UTR only, 3’UTR only or both 5’- and 3’-
UTRs to test TetR-dependent translational regulation. The second cassette drives
expression of TetR or TetR-DOZI, Renilla luciferase (RLuc), and the Blasticidin S
deaminase (bsd) selection marker from a multi-cistronic transcript using the viral T2A
‘skip’ sequence (Wagner et al., 2013). The RLuc is used as an internal reference signal in
our quantitative luciferase assays. We site-specifically integrated (Nkrumah et al., 2006)
these reporter plasmids at the cg6 chromosomal locus in P. falciparum NF54™® (Adjalley
et al., 2011), and obtained clonal parasites by limiting dilution. We grew parasites either
in the absence or presence of anhydrotetracycline (aTc), and measured inducible FLuc

expression in the various regulatory contexts described.

These data showed that both TetR and TetR-DOZI regulated FLuc expression by ~5 fold
in an aTc-dependent manner when a single aptamer is present within the 5’UTR (Fig. 2-

2B, Context A). Thus, TetR-DOZI functions indistinguishably from TetR in this context.
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Next, we examined the degree of regulation achieved with TetR or TetR-DOZI when a
10x aptamer array is placed within the 3’UTR, and a non-functional mutated aptamer is
placed in the 5’UTR of the FLuc reporter (Fig. 2-2B, Context B). With TetR, we

observed no detectable aTc-dependent regulation of FLuc expression (fold regulation ~1),
which is consistent with our observation in the yeast experiments (Fig. 2-2A). With TetR-
DOZI, however, aTc regulated FLuc expression by ~19-fold (Fig. 2-2B). Thus, TetR-
Dhhlp in yeast and TetR-DOZI in P. falciparum both substantially enhance aTc-

inducible regulation of gene expression beyond what is attainable with TetR by itself.

Next, we tested whether combining regulation by a single aptamer in the 5’UTR and a
10x aptamer array in the 3°UTR (Fig. 2-2B, Context C) would synergize to increase the
overall dynamic regulatory range attainable. With TetR alone, we observed ~8-14 fold
aTc-dependent regulation of FLuc expression. This represented a ~2-3-fold increase in
dynamic range over that observed during TetR regulation mediated via a single aptamer
in the 5’UTR. Thus, while TetR did not directly mediate regulation via aptamers in the
3’UTR alone (Fig. 2-2B), an increase in fold-regulation occurred when 5°- and 3’-
aptamers flank the reporter gene. Bridging interactions are believed to bring the 5’- and
3’- UTRs of eukaryotic transcripts into close proximity with each other during translation
(Wells et al., 1998). This finding could reflect increased TetR recruitment by the 10x
aptamer array to create locally high TetR concentrations in proximity to the 5’UTR, such
that the fractional occupancy of the regulating 5’aptamer by TetR is higher than when no
3’UTR array is present and TetR can only be recruited from a relatively dilute
cytoplasmic pool. Intriguingly, with TetR-DOZI, aTc-dependent regulation increased
substantially to ~45-70 fold in the dual aptamer configuration (Fig. 2-2B). The improved
regulatory outcome seen with TetR-DOZI relative to TetR is consistent with the gain of
translation regulation via the 3’UTR aptamer array enabled by the DOZI component of

the fusion protein.
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Enhanced regulation is independent of 5’UTR context

Many genes exhibit highly regulated and presumably functionally important temporal
expression profiles during the parasite’s 48 hour intra-erythrocytic developmental cycle
(IDC) (Bozdech et al., 2003; Le Roch et al., 2003). Therefore, we examined whether
enhanced regulation is achieved at different time points within the IDC while using
promoters having distinct temporal expression profiles. We selected the P. falciparum
chloroquine resistance transporter (PfCRT; PF3D7_0709000) and PfCAM

(PF3D7_1434200) promoters as representative candidates. These exhibit peak

transcriptional activity in early (ring)- to mid- (trophozoite), and late (schizont) stages,

respectively (Fig. 2-3A).
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Figure 2-3. TetR-DOZI-aptamer module provides robust control of gene expression

across the P. falciparum intraerythrocytic developmental cycle

(A) RNA-Seq data from PlasmoDB showing the stage-dependent transcription profile for two native
parasite promoters, PfCRT (PF3D7_0709000) and PACAM (PF3D7_1434200). (B) Stage-dependent FLuc
expression normalized to RLuc expression (non-regulated internal reference) in the absence and presence
of aTc for both P/CRT (top) and PfCAM (bottom) promoter contexts. The regulatory dynamic range (ratio
of aTc-induced to basal expression) is shown in red for ring, trophozoite and schizont stage parasites. (C)
Stage-dependent mean YFP expression in the absence and presence of aTc for both PACRT (top) and
PfCAM (bottom) promoter contexts. Both the FLuc and YFP reporters are controlled by a single TetR
aptamer in the 5’UTR and ten tandem TetR aptamers in the 3’UTR. Fold-induction values were not
calculated from the fluorescence reporter expression data as the signal-to-noise is relatively low, and in the
repressed state the fluorescence signal is effectively at the autofluorescence background level. Data shown
is the mean = s.d. from biological triplicates, and is representative of 2-4 independent experiments. * = P <
0.001 by t-Test.
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With both promoters, substantially enhanced regulation was observed when TetR
aptamers in the 5'- and 3’- UTRs arc used together. With the PACAM promoter, fold-
expression upon aTc induction ranged from 20-70 fold across the IDC. Intriguingly, in
the PCRT promoter context, the observed fold-expression was much higher and ranged
from ~50-300 fold across the IDC (Fig. 2-3B). In general, the fold regulation was lowest
in early stage parasites, but regulation by the TetR-DOZI fusion exceeded that by TetR
alone (Goldfless et al., 2014). Interestingly, regulation increased more substantially in
later stage parasites. This pattern of regulation is likely not simply due to delayed
expression of the regulatory TetR-DOZI fusions, as the PAHSP86 promoter driving
expression of this construct is constitutively high across the IDC. We hypothesize that
this phenomenon might instead be linked to stage-dependent activation of the native
parasite translational regulatory pathway(s) in which the DOZI component of our fusion
operates (Bozdech et al., 2003; Le Roch et al., 2003). Further studies will be required to
precisely delineate the DOZI-dependent regulatory pathways in P. falciparum. However,
it is worth emphasizing that even without a detailed fundamental understanding of these
native mechanisms, we consistently achieve substantially enhanced regulation by

integrating our synthetic system with this native host translational regulatory mechanism.

We also replaced FLuc with an EYFP reporter gene in both the PfCRT and P{CAM
promoter contexts to confirm that other genes could stringently be regulated in this
framework. In the repressed state (— aTc), no EYFP signal above background could be
detected by flow cytometry for both PfCRT and PfCAM promoter contexts at any point
during the IDC. However, aTc induction produced a substantial increase in EYFP signal
at all IDC stages (Fig. 2-3C and Fig. 2-S2). In contrast, a single 5’-aptamer within the
PjCAM promoter context regulated by TetR alone results in noticeable fluorescence
signal above background in the repressed state (Goldfless et al., 2014). Thus, the dual
aptamer configuration with a host-integrated TetR-DOZI regulatory module stringently
represses an orthogonal reporter beyond what is attainable with the standalone TetR
module. These data indicate that: (1) DOZI-enhanced translational regulation is not

restricted to a specific IDC stage; (2) enhanced regulation is achieved independent of the
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promoter context and expression profile; and (3) adequate concentrations of TetR-DOZI

are produced throughout the IDC to achieve robust regulation.

Leaky expression is reduced with the TetR-DOZI system

A frequent limitation of post-transcriptional regulatory schemes is the challenge of
reducing leaky expression, as this can adversely impact the practical utility of these tools
for both functional genetics and synthetic biology applications. Given the substantial
increase in regulatory dynamic range associated especially with the dual aptamer

configuration, we closely analyzed the basis for this outcome.

We observed that inclusion of a 10x aptamer array within the 3’UTR of the target
transcript reduced maximal reporter expression by ~2-3 fold (Fig. 2-4A). This was
independent of whether TetR or TetR-DOZI functioned as the regulator, and likely
reflects the change introduced into the target transcript. We then compared fold reduction
in FLuc expression in the repressed state (- aTc) using TetR with a single 5°UTR aptamer
as a reference (Fig. 2-4B), and found that substituting TetR for TetR-DOZI in this context
had no impact on leaky expression. In the 5’-mutant aptamer and 10x aptamer in the
3’UTR context, no reduction in leaky expression is observed with TetR as the regulator.
In contrast, leaky expression is reduced 6-12 fold with TetR-DOZI. In the dual aptamer
context, we observed a 7-10 fold reduction in leaky expression with TetR. In contrast,
when TetR-DOZI is used as the regulator in this context, we observed a 17-30 fold
reduction in leaky expression. Taken together, these data show that integrating the TetR-
aptamer module with host translational mechanisms mediated through DOZI results in
substantially improved regulation of gene expression, and this is predominantly achieved
through a reduction in leaky expression. This feature is especially valuable in functional
genetics applications where residual protein expression can mask phenotypes mediated
by truly essential genes, or in synthetic biology applications where levels of critical
components must be stringently regulated to achieve desired circuit performance. In these

applications, the reduction in maximal protein expression observed by installing aptamer
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arrays within the 3°-UTR can be further contextualized. In synthetic designs, the desired
protein expression levels can be achieved by choosing appropriate pron{oters to pair with
the aptamer-regulated 3’-UTR. In functional genetics applications, it is conceivable that
installing a 3’-aptamer array in the context of a fixed, native promoter may prevent
adequate maximal expression of essential genes and preclude recovery of viable
organisms for further study. The extent to which this scenario is encountered will only be
evident upon broader application of our technology. If encountered, this can be addressed
by engineering 5’- and 3’-UTR aptamer regulated contexts wherein quantitatively
appropriate promoter strength is selected to simultaneously afford functionally adequate
maximal gene expression and stringently tunable regulation (Figs. 2-2 and 2-3). However,
our PfATP4 data indicate that this system will be relevant for targeting and studying

essential parasite genes, via engineering aptamer arrays into the 3’-UTR alone.
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Figure 2-4. Multi-dimensional synthetic control of translation achieves significant
reduction in leaky expression

(A) FLuc expression levels in the absence and presence of aTc normalized to RLuc expression (non-
regulated internal reference) when TetR— and TetR-DOZI- are used to regulate FLuc expression via
aptamers positioned within the 5’UTR, 3’UTR or both as shown. (B) Fold change in maximal FLuc
expression upon induction (plus 0.5 pM aTc) and in basal FLuc expression (minus aTc) is shown relative to
the context in which TetR regulates FLuc expression via a single aptamer in the 5’UTR. Data shown is the

mean = s.d. from biological triplicates, and is representative of 2-4 independent experiments. * = P < 0.001
by t-Test.

Our studies, along with previous data, also suggest a possible model for how regulation
might be achieved in this system. We previously showed that a functional aptamer

capable of interacting with TetR is absolutely required for aTc-dependent regulation of
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gene expression, as when a mutated aptamer that does not interact with TetR is used, no
aTc-dependent regulation is observed (Goldfless et al., 2012). Alternatively, if expressing
the TetR fusion protein alone were sufficient to repress reporter gene expression, this
would not be aTc-dependent. Furthermore, for the same TetR aptamer configuration,
absolute FLuc expression levels in the presence of aTc were indistinguishable in the
presence of TetR or TetR-DOZI (Fig. 2-4A). This indicates that any repression by direct
interaction of the DOZI fusion component with the reporter is either minimal or does not
have a significant effect on expression. This observation is analogous to our previous
study in which TetR fusions to She2p and She3p in yeast were used to conditionally
localize target transcripts to daughter cells in yeast (Belmont and Niles, 2012). Taken
together, these data support a model in which TetR aptamers in a target transcript recruit
the TetR-DOZI (or other fusion partner), and this facilitates downstream regulatory
outcomes mediated through the fusion partner to occur in a transcript-specific manner.
Future studies will be needed to quantitatively dissect which combination(s) of the
various translational regulatory roles mediated by DOZI/DDX6 family proteins—such as
degradation, deadenylation, and sequestration—contribute most to the TetR-DOZI-
dependent regulation of targeted transcripts. This information could be useful for
designing even more efficient and broadly applicable regulators, in addition to expanding
pour currently poor fundamental understanding of translational regulation in asexual

stage parasites specifically.

Another native Plasmodium protein implicated in translational regulation in diverse
organisms also mediates enhanced conditional regulation of translation.

We next examined whether the extended regulatory dynamic range observed with the
TetR-DOZI fusion in P. falciparum was limited to DOZI. We selected the P. falciparum
CAR-1/Trailer Hitch Homolog (CITH) as another fusion partner to test for three key
reasons. First, CAR-1 and Trailer Hitch in C. elegans and D. melanogaster, respectively,
have been implicated as key translational regulators, and this protein family is widely
conserved across eukaryotes (Decker and Parker, 2006). Second, like DOZI, CITH has

been implicated in regulating translation in Plasmodium berghei. Both proteins seem to
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function within the same translation regulatory complex, though additional orthogonal
pathways cannot be excluded (Mair et al., 2010). Third, from a practical standpoint,
CITH homologs are relatively small proteins, which we reasoned should produce fairly

compact and biochemically well-behaved fusions to TetR.

We generated a reporter plasmid in which we replaced TetR-DOZI with a TetR-CITH
fusion, and FLuc expression was regulated by aptamers in both 5’-and 3’-UTRs. We then
compared aTc-dependent regulation achieved by TetR/5’-aptamer only (benchmark), and
TetR, TetR-DOZI and TetR-CITH in the dual aptamer context. Our data show that TetR-
DOZI and TetR-CITH both produced substantially improved translational regulation over
TetR alone in either the single or dual aptamer context (Fig. 2-S3). These data show that
translational regulators from distinct protein families can be successfully incorporated
into our conceptual framework for successfully integrating synthetic and native
translational regulation to achieve substantially improved conditional control over target

gene expression.

Establishing gene essentiality in Plasmodium falciparum

Having established quantitative proof-of-concept for our proposed strategy, we sought to
establish that this approach could have useful applications. To demonstrate this, we used
our framework to directly establish for the first time the essential function of a difficult-

to-study P. falciparum membrane protein, PFATP4 (PF3D7_1211900), which is of

increasing interest as a new antimalarial drug target/resistance mechanism. This P-type
ATPase protein has been proposed as the putative target of a new, potent and clinically
promising antimalarial drug class, the spiroindolones (Rottmann et al., 2010; Spillman et
al., 2013). However, the available evidence does not definitively demonstrate that loss of
PfATP4 function should, in fact, impair parasite survival. Thus, a critical piece of
information required for rigorously assigning mechanism of action for a new drug target
could not be easily satisfied due to technological limitations. The availability of this

information assumes even greater significance given recent data indicating that many
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diverse chemical scaffolds converge on PfATP4 as a common direct or indirect
mechanism of parasite sensitivity and/or resistance to these compounds (Flannery et al.,
2014; Lehane et al., 2014).

To begin addressing this knowledge gap, we implemented our TetR-DOZI system to
achieve conditional regulation of PfATP4 expression. Given the large size (~3.8 kb) of
PfATP4, we genetically encoded a 10x TetR aptamer array in a 3’UTR context at the
native locus as illustrated (Fig. 2-5A). Clonal parasites were genotyped by PCR (Fig. 2-
5B) and sequencing of the diagnostic products, and Southern analysis (Fig. 2-5C). We
also confirmed stringent aTc-dependent regulation of PFATP4 expression by Western blot
analysis (Fig. 2-5D). Altogether, these data confirmed that we had successfully modified
the PfATP4 genomic locus and could stringently control the expression of this integral

membrane protein target (Rottmann et al., 2010).
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Figure 2-5. Establishing essentiality of a native parasite gene using TetR-DOZI with
a genetically-encoded 10x aptamer array in the 3’°UTR

(A) Schematic of the single crossover event to modify the native PFATP4 chromosomal locus to install a C-
terminal epitope tag, a 10x aptamer array and the regulatory TetR-DOZI expression cassette in a single step.
Diagnostic PCR primers to assess the status of the locus are designated p/-p3, and the expected sizes of
PCR products derived from the native and modified locus are indicated. The blue bar corresponds to the
probe used in Southern blot experiments in which genomic DNA was digested simultaneously with EcoR1
(E) and Pst1 (P). The expected diagnostic band sizes for the native and modified loci are indicated. (B)
Diagnostic PCR analysis of two isolated clones (G2 and 8c) with modified PFATP4 loci. The
malate:quinone oxidoreductase (MQO) gene is used as a positive control for the presence of genomic DNA
in all samples tested. (C) Southern blot analysis for the parental NF54™® strain and clones G2 and 8c. (D)
Western blot using anti-cMyc antibody to detect aTc-dependent expression of PFATP4 in clones G2 and 8c.
The parental NF54™® strain (no cMyc-tagged PFATP4) is included as a negative control. (E) ATc-
dependent growth of the parental NF54*"® strain and Clones G2 and 8c over multiple generations. Data
shown is the mean =+ s.d from biological triplicates, and is representative of three independent experiments.
*=P <0.001 by t-Test.

We next determined whether down-regulating PFATP4 expression adversely impacted
parasite growth. We selected two isogenic clones that had been grown continuously in the
presence of aTc to ensure maximal PFATP4 expression, and split these into minus and
plus aTc conditions to monitor parasite growth over multiple IDCs. Over the first two
IDCs, we observed no significant aTc-dependent difference in growth between the G2
and 8c clones. However, beginning in the third IDC and continuing thereafter, there was

a significant decrease in growth of the G2 and 8c clones in the no aTc condition
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compared to when aTc was present (Fig. 2-5E). As the parental NF54 line grew similarly
both in the absence and presence of aTc, this eliminates an inherent proliferative effect of
aTc on parasites as the explanation for the growth phenotype. Altogether, these findings
establish, for the first time, that loss of PFATP4 function is indeed deleterious to blood

stage parasite growth.

Here we demonstrate that synthetic RNA-protein modules can be effectively integrated
with native cellular mechanisms for controlling translation, and in so doing, more robust
regulation of target gene expression can be achieved. While preservation of modularity
and cross-organism compatibility criteria have typically motivated designs intended to
minimize interactions with native control mechanisms, we show that these properties can
be preserved even while intentionally pursuing host cell integrated designs. A key
outcome of this conceptual framework is a substantial reduction in leaky/basal expression,
which has been a major challenge in leveraging robust translation control tools for

functional genetics and synthetic biology applications in eukaryotes.

We envision this strategy will be broadly useful as the principles for implementation are
straightforward and apply in unrelated organisms, as illustrated here. Many post-
transcriptional regulatory proteins operating either through the same or distinct
mechanisms have been described (Decker and Parker, 2012). These can serve as potential
library components that can be systematically evaluated to establish a core set that can
serve as ‘gateways’ for efficiently accessing specific modes of native translational
regulation. By focusing on components with high protein sequence conservation and
presumably regulatory mechanism(s) across different genera, a high rate of successful
portability amongst organisms should be attainable. Novel and orthogonally regulated
synthetic RNA-protein interaction pairs can be efficiently discovered using existing
methods (Ausldnder et al., 2014; Belmont and Niles, 2010). We envision that
implementing such orthogonal units using the framework validated here will facilitate

multiplexed, stringent and directly tunable control of translation to motivate increasingly
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sophisticated and robustly controlled functional genetics and synthetic biology

applications.
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METHODS

Molecular cloning

Plasmids used in this study were cloned either by restriction/ligation, yeast homologous
recombination, or Gibson assembly methods (Wagner et al., 2013). All restriction
enzymes were purchased from New England Biolabs and reagents were from Sigma-
Aldrich, Research Products International, GoldBio Technology, or Alfa Aesar, unless
otherwise specifically mentioned. PCR amplification of parasite DNA was performed on
either crude lysates from the parasite fractions or purified DNA templates using Hemo
KlenTaq mixed 15:1 (v:v) with PfuTurbo (Agilent). Tables 2-S1 and 2-S2, respectively,
summarize the plasmids and primers used in this work. Plasmid DNAs for transfections
were prepared using the Xtra Midi Kit (Clontech). Plasmids were propagated in DH5a
bacteria, and grown on solid or in liquid media at 30 °C to minimize the potential for

spontaneous truncations of the 3°-UTR TetR aptamer arrays.

Plasmid DNA constructs sequences and sources
GenBank files for the constructs used in this study are provided as supplementary files.
FLuc is wild-type firefly luciferase DNA carrying the K549E mutation for cytosolic

targeting in yeast.

Yeast inducible expression assays

The various TetR-containing regulatory proteins were cloned as C-terminal fusions to
TetR in the YCpSUP yeast expression vector (Goldfless et al., 2012). We created a vYFP
reporter plasmid with either 5 and 10 tandem repeats of the TetR aptamer 5-1.2 in the 3°-
UTR by replacing the non-fluorescent VYFPA in vYFPA-5-1.2(5x) and vYFPA-5—-
1.2(10x)(Belmont and Niles, 2012), respectively, with vYFP. S. cerevisiae W303-1B
cells harboring both a repressor and an appropriate reporter plasmid were grown to
saturation at 30 °C in Synthetic Defined Media #1 (SD1) [6.7 g/l yeast nitrogen base
without amino acids (RPI), 20 mg/l adenine, 30 mg/I lysine, 100 mg/l leucine, 20 mg/l
histidine] + 20g/1 glucose. Cells were diluted 1:80 into SD1 + 20 g/l raffinose and grown

for 4 h. Glucose (to repress TetR or TetR fusion protein expression) or galactose (to

77



induce TetR or TetR fusion expression) was added to 20 g/1, and cells were grown 16 h at
30 °C with shaking before measurement. To measure vYFP expression by flow
cytometry, cells were grown in triplicate either in the presence of glucose (+ 22 uM
doxycycline) or galactose (+ 22 uM doxycycline), and analyzed on a C6 Flow Cytometer
(Accuri). For all samples, ~50,000 events were captured and vYFP fluorescence

measured in the FL1 channel.

P falciparum culture and transfection

The P. falciparum NF54**® parasites were a gift from David Fidock (Columbia
University). These were grown in human erythrocytes at 5% hematocrit under 5% O; and
5% CO; in RPMI 1640 media supplemented with 5 g/l Albumax II (Life Technologies), 2
g/ NaHCOs, 25 mM HEPES-K pH 7.4, | mM hypoxanthine and 50 mg/l gentamicin. For
transfections, we used 50-60 ug of each plasmid per 200 pl packed red blood cells,
adjusted to 50% hematocrit. We used a Bio-Rad Gene Pulser Il to either directly
electroporate DNA into ring stage parasites (Wu et al., 1995) or preload uninfected red
blood cells (Deitsch et al., 2001). For direct electroporation of ring stage parasites, 0.2 cm
electroporation cuvettes were loaded with 0.3 ml of parasitized RBCs at 50% hematocrit
and 50 pg of plasmid DNA in incomplete cytomix solution which contains 120 mM KCl,
0.15 mM CaCl,, 10 mM K>HPO4/KH,POs, 25 mM HEPES, 2 mM EGTA, 5 mM MgCl.
Electroporation conditions were 0.31 kV and 960 pF. For spontaneous DNA uptake, 8
square-wave pulses of 365 V for 1 ms, separated by 100 ms was used. Transfected
parasites were selected with 2.5 mg/1 Blasticidin-S beginning 4 days after transfection. In
the case of BxbI-mediated integration, no selection for the integrase-expressing plasmid
was applied. In allelic replacement experiments, drug on/off cycles (28 days each) were
completed until the desired integration event was detectable by PCR. Parasites were
cloned by limiting dilution thereafter and genotyped by PCR, sequencing of the

diagnostic product and Southern analysis.
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Induction experiments and luciferase assays

Ring-stage parasites were tightly synchronized using 0.3 M alanine for three consecutive
intra-erythrocytic developmental cycles (IDCs) before induction. Synchronized parasites
were induced using 0.5 uM aTc at ring stage and allowed to go through a complete IDC
prior to collecting ring, trophozoite and schizont stage samples for luciferase assays.
Firefly and Renilla luciferase measurements were made with the Dual Luciferase Assay

kit (Promega) on a GloMax 20/20 luminometer (Turner Biosystems).

Western blot

Approximately 10° late trophozoite stage parasites were lysed by saponin treatment (0.5
g/L saponin in phosphate-buffered saline). These lysates were prepared for western blot
by heating in Laemmli sample buffer at 95 °C for 10 min. After separation by SDS-
PAGE, proteins were transferred to a PVDF membrane and probed with a rabbit
monoclonal antibody (71D10) against the c-Myc tag (Cell Signaling Technology, Catalog
# 2278S; 1:2,000 dilution), or rabbit polyclonal antibody against GAPDH (Abcam,
ab9485; 1:1,000 dilution). Blots were imaged using a horseradish peroxidase-coupled
secondary antibody and SuperSignal West Femto substrate (Thermo Scientific, Catalog #
34095).

Flow cytometry

Ring-stage parasites were synchronized and analyzed by flow cytometry at the
trophozoite stage. Cells were stained for nucleic acid content with 1 uM SYTO 61 (Life
Technologies) and analyzed using an Accuri C6 flow cytometer (BD Biosciences).
Enhanced YFP (EYFP) and SYTO 61 signals were monitored in the FL1 and FL4
channels, respectively. Parasites were selectively analyzed by gating on events with high
FL4 signal intensity. Adding 0.5 uM aTc to either uninfected red blood cells or parasites
not expressing EYFP had no effect on FL1-H signal intensity.
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Southern blot

Southern blots were carried out using gDNA isolated from schizont stage parasites at ~2-
5% parasitemia in a 30 ml, at 2% hematocrit culture using the QIAamp DNA blood mini
kit (Qiagen). Red blood cells were lysed using a 0.1% saponin solution. Between 2-3 pg
of gDNA was restriction enzyme—digested overnight with Pst/ and EcoRI (New England
Biolabs) and probed with a PFATP4 PCR product obtained using primers pMG291 and
pMG292. The probe was labeled with biotin-11-dUTPs using the Pierce Biotin Random
Prime kit (Thermo Scientific). Blots were processed using the TurboBlotter kit

(Whatman) for transfer and the North2South kit (Thermo Scientific) for development.

Growth assays

Parasites were synchronized to rings using 0.3 M alanine in 10 mM HEPES (pH 7.4) at
Day 0, adjusted to 1% parasitemia, and seeded in 96-well microtiter plates in
quadruplicate at 2% hematocrit in 200 pl of RPMI Complete media in the presence or the
absence of aTc (0.5 pM). The parental NF54**® strain and engineered PFATP4 lines were
all included in the assay. Expansion was measured over six IDCs, and samples were
analyzed every 48 hours to determine parasitemias at the end of each IDC. After each
measurement, all cultures were split by the same dilution factor required to keep the pre-
invasion parasitemia of the’control lines below 2% to avoid culture over-expansion.
Parasitemias were measured by incubating the cells with 1:1000 dilution of SYBR Green
I for 15 minutes at 37 °C, prior to flow cytometry on an Accuri C6 instrument (BD

Biosciences) and analysis of data collected in the FL1 channel.
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Figure 2-S1. Sequence comparison of several protein homologs from various model

and non-model organisms that have been implicated in translational regulation
MUSCLE alignments of the (a) Dhhlp, (b) Dcplp and (c) Pop2p homologs from S. cerevisiae with those
from C. elegans, D. melanogaster, H. sapiens, P falciparum and X. laevis.
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aTc- dependent EYFP expression controlled by TetRDOZI
(A) PfCRT and (B) PfCAM promoters were used to drive expression of an EYFP reporter gene flanked by
a single aptamer within the 5’UTR and ten tandem aptamers in the 3°-UTR.
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Figure 2-S3. TetR fused to the P. falciparum CITH homolog improves the regulatory

dynamic over TetR alone

TetR-CITH regulation expression is compared with that of TetR and TetR-DOZI using a FLuc reporter flanked by a
single aptamer within the 5’-UTR and ten tandem aptamers in the 3’-UTR. Regulation of FLuc by TetR via a single
aptamer in the 5’UTR is included for reference.
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Plasmid

Description

GenBank
Accession

pMG32

PfCAM promoter driving a FLuc reporter with a single
aptamer in the S"UTR; TetR-DOZLaARLuc;ABSD

pMG53

PfCAM promater driving a FLuc reporter with a single
aptamer in the 5"UTR and 10 tandem aptamers in the 3'UTR;
TetR2aRLuc24BSD

pMG34

PfCAM promoter driving a FLuc reporter with a single
mutant aptamer in the 5’UTR and 10 tandem aptamers in the
3'UTR; TetR2aRLueaBSD

pMG56

PfCAM promoter driving a FLuc reporter with a single
aptamer in the 5’UTR and 10 tandem aptamers in the 3’UTR;
TeR-DOZI;ARLuc24BSD

pMGs7

PfCAM promoter driving a FLuc reporter with a single
mutated aptamer in the 5’UTR and 10 tandem aptamers in the
3'UTR; TetR-DOZILsRLuc:aABSD

pMG62

PICRT promoter driving a FLuc reporter with a single
aptamer in the 5"UTR and 10 tandem aptamers in the 3’UTR;
TetR-DOZI;aRLuc24aBSD

pMG83

PFCAM promoter driving a FLuc reporter with a single
aptamer in the S’UTR and 10 tandem aptamers in the 3’UTR;
TetR-CITH23RLuc:aBSD

pMG84

PfCRT promoter driving an EYFP reporter with a single
aptamer in the 3’UTR and 10 tandem aptamers in the 3’UTR;
TetR-DOZI2aRLuc2ABSD

pMG92

PfCAM promoter driving an EYFP reporter with a single
aptamer in the S’"UTR and 10 tandem aptamers in the 3’UTR;
TetR-DOZIL:sRLuc>ABSD

=
2
)
-
19/

Allelic replacement plasmid to install a C-terminal epitope
tag and 10 tandem aptamers ina 3’UTR context at the
PfATP4 chromosomal locus to achieve regulated PFATP4
expression by TetR-DOZL

pSG372

PtCAM promoter driving a FLuc reporter with a single
aptamer in the S’"UTR: TetR2aRLuc2aBSD

Table 2-S1. List of plasmids used in this study

88




Primer Sequence | Use
SMG305 tgtggtgatgttgaagaasatccaggtecal gg CCAGTGAGC | Forward primer
AAGGGCGAGGAGCTGTTC used to clone EYFP
mto pMG84
SMG293 gatctteticgetaateagittetgitegglancc TTACTTGTAC | Reverse primer
AGCTCGTCCATGCCGAGAG used to clone EYFP
mto pMG84
SMG307 | GTATTAATGGAACAGAAGTAGCTAAAGGA | Forward primer for
GCATC detecting
mtegration a the
PFATP4 locus
SMG291 ctaaatatal aiccantggeccctitecgggegegecttaagCTCA | Forward primer for
AATATTCAAAAATTTGT ATG TTT CTT GCT | cloning the PFATP4
TG homologous region
SM@G292 cacagatctteticgetaatcagtitet giteg gtaacege ATTCTT | Reverse primer for
AATAGTCATATATTITCTTCTATATATAACC | cloning the PfATP4
homologous region
SM(286 | GTCAATTTTTAGAAGAAAGATATCCTGTAT | Forward primer for
TTAGA amplifyng the
housekeeping MQO
s gene
SMG358 ATGAAT AAGTGGAACATATGGAATAGATA - Reverse primer for
AG anplifymg the
housekeeping MQO
gene
SMG357 AAAAACAAGCAAAATTTTTACCACATGTA Reverse primer for
C detectmg native
PFATP4 locus
SMG342 actaaat atatatccantggeccctitecgggepcgecCATTITTG | Forward primer for
TAAAAAAAATTAAAATATATTTATATAATA | anplifying PICAM
TTAT promoter/5"UTR
SMG343 cegtecgtategacctitetetgectggattgctaagT GATATAT | Reverse primer for
TTCTATTAGGTATTTATTATTATAAAATATA | amphfying PFCAM
AATC | promoter/S'UTR
SM(255 actaaa alatatecaatggecedtteegggegegec TAGTAGT - Forward primer for
TGAGTGATTCTATATACATATAC . amplifying the
PtCRT promoter
SMG256 cegtecgtategacetitetetgectggattgataag TGTTATAT | Reverse primer for
GTAAGAAATTAAAAAAAACAAAATAATAA | amplifying the
ATGAATG  PECRT promoter
SMGIT3 | ctgglagtestgategtgsteetegigtactagt AGTTATAA  Forward primer
AACCAATTGTACGAACT | used to amplify
dozi gene
SMGI74 | gttaatastgaicetdaceticaccactacegdageGGTATAT | Reverse primer
AAGGATGGGTCAATTTCG used to amplify
dozi gene
SMG164 Forward primer
stgetagatpstgtgglgptegtggtogiggtactagtTCATC | used to amplify cith
TGTGTCAACCTTACCTTA gene
SMGl165 catgitaataat gatectctaceticaccactacegetage Reverse primer
ATATGOTGGATATCTATTAAAAGGATTTTG | used to amplify cith
ATTC gene

Table 2-S2. List of primers used in this study

Nucleotides shown in lowercase correspond to the homologous region needed for Gibson Assembly Cloning.

Nucleotides in uppercase are complementary with the target gene/region.
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CHAPTER 3

Probing the function of an essential RNA-binding protein in P. falciparum
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ABSTRACT

RNA Binding Proteins (RBPs) play critical roles in regulating various post-
transcriptional processes required for cell survival. Whole-genome studies have revealed
that RBPs are highly abundant in P. falciparum, highlighting the importance of RNA
metabolism and post-transcriptional regulation of gene expression in the biology of this
parasite. Since RBPs participate in processes essential for survival in the majority of the
cells, they may represent a novel class of therapeutic targets. However, the roles and
essentiality of most of the annotated RBPs in the parasite genome are unknown. To
address this, we used a highly efficient CRISPR/Cas9 genome editing method together
with an anhydrotetracycline (aTc)-inducible TetR-aptamer translation control system to
achieve conditional regulation of a putative RBP candidate gene as an initial proof-of-
concept. The expression of this protein showed inducible regulation in the presence or in
the absence of aTc when expressed from a synthetic promoter or from its native promoter.
Knockdown of our RBP results in a severe impaired parasite growth in aTc-withdrawal
growth assay, indicating this protein is essential for intraerythrocytic development. This
phenotype is consistent with that observed in Toxoplasma gondii for the orthologous
protein. However, while a global defect in splicing is observed upon disrupting this
protein’s function in 7. gondii, no such defect is observed in P. falciparum. Knocking
down expression of this protein in asexual blood stages of P. falciparum results in cell
cycle arrest at late trophozoite stage, as determined by morphology, quantification of
DNA content and analysis of nuclear markers. This protein has a nucleocytoplasmic
distribution in parasites, and preliminary evidence suggests it associates with RNA in
parasites, though the specific RNAs remain to be identified. Taken together, these data
suggest that this is an essential RBP for blood stage parasites and it is crucial for parasite
schizogony. More generally, we believe that integrative use of genome editing and
conditional perturbation studies can be a useful approach for classifying RBP essentiality
and opening avenues for detailed functional characterization of this important class of

regulatory proteins.
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INTRODUCTION

P. falciparum exhibits a complex life cycle that involves several phenotypic changes in
the mosquito vector and the human host. Those changes are mediated by a tight
regulation of cell-cycle dependent gene expression patterns (Le Roch et al., 2003). The
enormous complexity of this parasite’s life cycle is achieved with a small set of genes
compared to other simpler organisms that harbor greater number of genes (Limenitakis
and Soldati-Favre, 2011). To successfully achieve these multitasking functions, the
parasite employs elaborate regulatory molecular mechanisms that facilitate the precise
coordination of gene expression. Regulation of gene expression can operate at different
levels, including transcriptional, post-transcriptional and translational regulation. The
core transcriptional machinery is highly conserved with other eukaryote systems, but
there is a relatively low number of transcription factors relative to the parasite’s genome
(Coulson et al., 2004; Hughes et al., 2010). Twenty-seven transcriptional factors that
belong to the Apicomplexan-specific family (ApiAP2) have been described in P.
Jalciparum, although it has been demonstrated that they do not significantly contribute to
the global gene expression control (Coulson et al., 2004; De Silva et al., 2008; Painter et
al,, 2011).

Comparative studies between the parasite’s transcriptional and proteomic profiles reveal
disparities in RNA to protein concordance, suggesting that post-transcriptional
mechanisms might play an important role in gene expression control (Bunﬁik etal., 2013;
Foth et al., 2008). RNA-Binding Proteins (RBPs) are central to the different post-
transcriptional processes of RNA metabolism from pre-mRNA splicing and
polyadenylation to RNA modification, transport, translation and turnover. About 50% of
the P. falciparum genes contain introns and only a small fraction of them (~4-5%) exhibit
alternative splicing during the intraerythrocytic developmental cycle (Otto et al., 2010;
Sorber et al., 2011). This again suggests that, post-transcriptional mechanisms must play
an important role in expansion of the proteomic repertoire in the parasite. Recently, a

total of 988 RBP candidates have been identified in the parasite’s genome, however the
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function of the majority of them is not known (Bunnik et al., 2016). In spite of their
potential role in cell survival and that they are found in great abundance in the P.
Jalciparum genome, this group of proteins remains understudied. In addition, whether this

group of proteins has a functional redundancy in the parasite is not very well understood.

The majority of studies on RBPs in P. falciparum have assigned some of these proteins
into the translational regulators category, with potential involvement in parasite
development, sexual differentiation, gametogenesis and zygote formation. The Puf
(Pumilio and fem-3 binding factor homolog), DOZI-CITH and Bruno/CELF proteins
have been proposed to act as putative translational repressors during sexual stages based
on their homology to translational repressors in P. berguei and low experimental
evidence (Mair et al., 2006; Mair et al., 2010; Miao et al., 2010; Reddy et al., 2015;
Wongsombat et al., 2014). However, the function of these proteins in the asexual stage is
not understood yet. Recently, our group showed the contribution of PfDOZI to enhancing
translational regulation when fused to a synthetic module using TetR-aptamer arrays in
an aTc-dependent manner. The PfDOZI-TetR fusion showed an improvement of gene
control regulation and less leaky expression in the system compared to TetR alone
(Goldfless et al., 2014) in P. falciparum asexual stages. This might suggest addition of a
translational partner to TetR could have facilitated the recruitment of TetR-transcripts
complexes that showed a downstream improvement in the regulatory outcome (Ganesan
et al., 2016). However, the mechanism of how specifically DOZI contributed to this
regulation remains unknown. Other P. falciparum RBPs have been proposed as potential
splicing and alternative splicing factors and their potential function associated to parasite
development during asexual and sexual stages (Blythe et al., 2004; Eshar et al., 2012;
Mubhia et al., 2003; Singh et al., 2004). Despite these efforts, the molecular mechanisms

of how these proteins can directly affect parasite development is not known.

To ensure progression through the different stages of their life cycle and final

transmission, apicomplexans such as P. falciparum and the related Toxoplasma gondii,
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utilize a very coordinated cell cycle division program that consists in iterative cycles of
the G1, S and internal mitotic phases (Behnke et al., 2010). While 7. gondii replicates
intracellularly during the asexual stage following standard and synchronous G1/S/M
phases that results in two daughter parasites after internal division (Gubbels et al., 2008),
in P. falciparum the cycle phases are not clearly demarcated into distinct G1/S/M.
Nuclear division in P. falciparum is asynchronous and consequently there is not binary
division after each round of replication. It is known the parasites go through a G1 phase,
followed by a DNA synthesis phase and later undergo multiple rounds of mitosis,
however the exact timing of those phases is not well defined (Arnot et al., 2011). The
parasite nucleus multiples several times to produce ~20-32 nuclei within a shared single
cytoplasm to give rise to a multinucleated cell. This process is called schizogony. During
late schizogony there is a rupture of the nuclear envelope, which releases new parasite
daughters to start a new invasion cycle. The division rate of each nucleus within the
nuclear envelope is not the same, and thus the outcome in the number of parasites
produced in each division cycle varies. Recent studies have shown that Plasmodium
cyclin kinases (PfCKs) are key players in regulating the cell cycle in asexual stages of P.
Jalciparum (Solyakov et al., 2011; Tewari et al., 2010). Indirect or direct inhibition of
certain PfCKs is associated with defects in schizogony and parasite development in the
mosquito vector (Ganter et al., 2017). As of this date, no RBPs have been implicated in

the regulation of schizogony in asexual stages of P. falciparum.

Recently, 7gRRM1 was identified as a novel and essential RBP involved in cell cycle
regulation and splicing in asexual stages of 7. gondii (Suvorova et al., 2013).
Temperature sensitive mutants of TgRRM1 showed an arrested phenotype in G1 phase,
and this was associated with a global splicing defect (Suvorova et al., 2013). As
TgRRM1 interacts with the U4/U6.U5 tri-snRNP (small nuclear ribonucleo proteins)
complex, disruption of its function within this complex may underlie the observed
acdumulation of unspliced mRNA (Suvorova et al., 2013). TgRRM1 contains a single
and a highly conserved RRM (RNA-Recognition Motif domain) with other cukaryotes,
including an RRM 1-ortholog protein in P. falciparum (Fig 3-1A,B). Besides the N- and
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C- terminal tails of the protein, the RRM domain has 93% of similarity with a putative
RBP in P. falciparum (Suvorova et al., 2013), that we will name PfRRM1

(PF3D7 _1360100). This protein is annotated in the P. falciparum genome as a “putative
RNA-Binding protein” with unknown function (Aurrecoechea et al., 2009). No previous
reports in the literature have described the function of this protein in blood stage P.

Jfalciparum.
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P. falciparum RRM1

Figure 3-1: Sequence similarity and subdomain structure conservation of TgRRM1

and PfRRM1

A) Primary sequence similarity observed between the RRM1 domains of P. falciparum (Pf) and T. gondii
(Tg). Black boxes indicate identities and gray boxes similarities between residues of the two orthologs. B)
Predicted tertiary structure of the conserved RRM1 domain of the PfRRM!1 protein. Conserved binding
sequences are indicated in the blue and green boxes. The model was predicted using the primary sequence
of the conserved RRM1 domain located at the 51-226 residues of the PFRRM1 protein using the best
matching template 2mpu.1.A (37% similarity) in (http://swissmodel.expasy.org/) and edited on Chimera
v1.11.1. This template was modeled using the HvGR-RBP1 protein, a glycine-rich RNA binding protein
implicated in the regulation of barley leaf senescence and environmental adaptation in plants (Tripet et al.,
2014). The structure shows the conserved four beta-sheets and two alpha-helixes observed in the TgRRMI1
of T. gondii (Suvorova et al., 2013).

95



The level of conservation between the 7. gondii and P. falciparum orthologs suggests that
both proteins might have a similar function in these two closely related parasites. To
demonstrate the functional similarity, Suvorova et al. performed complementation assays
using wild type PfRRM1 and the human ortholog (RBM42) in mutant 7gRRM]1 lines.
Interestingly, the human ortholog, but not PfRRM 1, restored the expected wild type
phenotype to levels similar to the control experiment using native 7. gondii copy.
However, by creating a chimeric P/RRM1 that included the N- and C- terminal
extensions of 7gRRMI, rescue of the wild type phenotype was possible (Suvorova et al.,
2013). These results suggest that although the principal RRM1 domain is highly
conserved, other structural features of these orthologs are required to accomplish their
function in their native hosts. More direct evidence of a possible essential role of
PfRRM1 in P. falciparum comes from examination of a piggybac mutant containing an
insertion into the 5’UTR of PfRRM. These parasites exhibit an attenuated asexual blood
stage growth phenotype (Balu et al., 2010), but this mutant was not characterized further.

Defining the essentiality of a gene in P. falciparum is difficult due to the limited
availability of generalizable tools for studying genes that are required to parasite survival
in blood stages. The development of new technologies to control the expression of
essential genes is crucial for a greater understanding of essential cellular processes of the

parasite that ultimately could lead to the identification of new therapeutic targets.

Here we demonstrate the function of PfRRM1 as an essential RBP involved in cell cycle
progression during the intraerythrocytic parasite development. We integrate use of
CRISPR/Cas9 gene-editing and TetR aptamer conditional expression technologies to
regulate PFRRM1 expression for further functional studies. We show that we can regulate
the expression of PIRRM1 from either a synthetic promoter or its native promoter, and
validate that PFRRMI1 is essential for parasite survival. In addition, we determined that
PfRRM1 regulates schizogony. We show that depletion of PFRRM1 does not cause a

global splicing defect, which contrasts with the observation accompanying with loss of
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TgRRMI function in T. gondii. From a technical standpoint, we also showed how we
streamlined our technology from a two-step approach to a single-step methodology to
efficiently perform functional screens in P. falciparum that target essential and non-
essential genes. Our integrated technology has the potential to serve as a platform for
determining gene essentiality and performing downstream functional studies in P.

Jalciparum.
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RESULTS

PfRRM1 shows inducible regulation and essentiality in engineered merodiploid
parasite line

Previous reports indicate that PFRRM1 might be an essential gene for P. falciparum
blood stages (Balu et al., 2010; Suvorova et al., 2013). In addition, unsuccessful attempts
to disrupt this gene in our group using conventional genetic tools suggest that this protein
might be crucial for parasite survival, thus we hypothesized that PFRRM1 is essential.
The genetic manipulation of this parasite is challenging due the lack of robust and
efficient technologies to target essential genes. In addition the haploid genome of blood
stage parasites constrains a straightforward methodology to target essential genes. Hence,
before attempting disruption of the native PERRM1, we engineered a merodiploid parasite
line on a parental line that contains an attB site at the neutral cg6 locus that allows
chromosomal site-specific integration mediated by a Bxb1 integrase (Nkrumabh et al.,
2006). The merodiploid line expresses a TetR-DOZI-regulated copy of PIRRM1
expressed from the PfCRT promoter/5°’UTR integrated at the c¢g6 locus. Previously, we
characterized the inducible activity of the P. falciparum chloroquine resistance
transporter promoter (PfCRT; PF3D7_0709000). Using fluorescent and luminescence
reporter genes, it was shown that the PfCRT promoter exhibited peak expression activity
during trophozoite stages (24-32 hours post-invasion) (Ganesan et al., 2016). This pattern
of expression is consistent with that predicted for PERRM1 (24 hours post-invasion based
on transcriptome profiling data available via PlasmoDB (Aurrecoechea et al., 2009). For
this reason, we decided to use the PfCRT promoter to drive the transcription of the
merodiploid copy of PIRRMI.

To do this, we built the pMG79:PfCRT-PfRRM1 construct to overexpress a recoded
version of PIRRM1 under the activity of the PfCRT promoter. This PfRRM1 synthetic
copy is flanked at the 5 and at the 3” end by a single TetR-aptamer and a 10x array TetR-

aptamer respectively. In addition, a HA-epitope was included to tag the protein at the N-
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terminus region. Previously, we showed the enhanced regulatory outcome, when using
the TetR-DOZI module and the double aptamer regulation context (Ganesan et al., 2016).
On the same construct a TetR/DOZI/Renilla Luciferase/Blasticidin cassette is expressed
from the 5’UTR Hsp86 promoter (Fig 3-2A). The Renilla Luciferase reporter gene is
used as an internal reference reporter to monitor transfections growth and for further

quantitative parasite growth assays.

Next, we integrated the PfCRT: PfRRM1 construct into the NF54attB parental strain
using a second Bxbl-expressing vector (Fig 3-2A) and obtained parasite clones via
limiting dilution to assess conditional expression of PFCRT:PfRRM1. We confirmed
integration of the plasmid at the ¢g6 locus by PCR with sequencing (Fig 3-S1) and grew
parasites either in the absence or presence of anhydrotetracycline (aTc) to perform
western blot analysis. We confirmed stringent, aTc-dependent regulation of

PfCRT_ PfRRMI1 expression, similar to what it was observed on the quantitative reporter
gene assays (Fig 3-2B) (Ganesan et al., 2016). To rule out any possible fitness cost
associated with overexpression of PIRRM1, we performed growth assays in the presence
or absence of aTc. Using flow cytometry to quantify parasitemia over 5 cell divisions, we

did not observe any growth defect when over-expressing PIRRM1 (Fig 3-2C).
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Figure 3-2: Inducible regulation of PfRRM1 on an engineered merodiploid parasite
line

A) A genetically encoded system was designed to express a regulated recoded copy of PIRRM I transcribed
from the synthetic PfCRT promoter. A synthetic fragment encoding PfRRM1 was cloned between a 1X and
a 10X TetR-aptamer array at the 5° and at the 3 respectively. The TetR/DOZI-Renilla Luciferase-
Blasticidin expression cassette was included and it is driven by the promoter PFHSP86 on the sample
plasmid. A 1X-HA tag was included at the N-terminus of the protein to confirm expression profile. For
site-specific chromosomal integration an a#tP site was incorporated on the plasmid to recombine at the
engineered and pre-existent artB site at the neutral cg6 locus (Nkrumah et al., 2006). B) Western blot
protein profiling shows a tight inducible regulation of PfCRT:PfRRM1 in an aTc dependent-manner. An
anti-HA antibody was used to detect tagged PIRRM1 (21kDa) and an anti-GAPDH was used to detect
endogenous GAPDH (36kDa) as a loading control. C) Overexpression of a putative essential RBP did not
confer a fitness cost to the parasites when both PECRT:PfRRM1 (in the presence of aTc) and native
PfRRM1 were expressed. Synchronized ring parasites were exposed to — and +aTc conditions and growth
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was monitored for 5 generations. Wild type parasites were used as a control. D) PFCRT:PfRRM1 shows
RNA-Binding activity. UV cross-linked parasites were subject to pull down assays using conjugated anti-
HA agarose beads. Recovered RNA-protein complexes were P> labeled and transferred to a nitrocellulose
membrane to detect RNA binding activity. An HA-tagged non-RNA Binding protein and wild type parasite
(with no HA tags) lysates were included as negative controls. The RNA-protein complex is about 41kDa in
size, 20kDa bigger than PfRRM1 alone (21kDa).

PfRRM1 has been annotated as a putative RNA-binding protein, although the RNA-
binding activity of this protein has not yet been established. To determine whether
PfRRM1 interacts with RNA in parasites, we performed anti-HA pull-down assays on the
engineered PARRM]I to determine if PFRRM1 displays RNA-binding activity. In addition
to the PFCRT:PfRRMI1 parasites, we included two negative controls in the experiment; a
HA-tagged membrane protein previously characterized in our lab that should not have
RNA-binding activity and a wild type negative control with no HA-tag. Parasite cultures
at late stage were irradiated with UV light to preserve nucleic acid-protein interactions
and a pull down was performed using HA-conjugated agarose beads to enrich for the
PfRRMI1-RNA complex. The pull-down complex from the three samples was
radiolabelled and transferred to a nitrocellular membrane to detect RNA binding activity.
RNA-binding activity was detected in the PARRM]I lane, not in the negative controls lines
(Fig 3-2D). These results confirmed the PFRRM1 RNA-binding activity in the parasites,
however the identity of the RN A-interacting species with this protein is yet to be

determined.
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Figure 3-3: Native PFRRM1 disruption using CRISPR/Cas9 on engineered

merodiploid line background

A) A genetically encoded system was designed to constitutively express Cas9 and TTRNAP from a single
expression plasmid. Using a pfYc base plasmid, TTRNAP and hDHFR coding regions were cloned under
the control of the PcDT promoter and Cas9 was expressed from PFCAM with a strong promoter activity. A
pUF-based donor plasmid was used to clone a homologous template to repair Cas9 double-strand break
using left and right regions that target the endogenous PfRRM1. A crRNA expression cassette was included
on the same vector to deliver the PFRRM1-sgRNA using the T7 promoter. Cas9-expression and donor
plasmids are co-transfected on late stage PFCRT:PfRRMI1 clonal population parasites in the presence of
aTc. B) Endogenous PfRRMI gene is edited using Cas9. Intégration event on stable parasite line was
selected using DSM1 to obtain yDHODN resistant parasites. Specific primers hybridize on the yDHODh
coding region and outside of the designed PFRRM1 homologous regions. Integration events at the 5* and 3’
ends confirmed the disrupted locus of PFRRM1 in edited parasites but not in wild type parasites (negative
control). C) Cas9 editing efficiency to target PFRRM1 was confirmed in 100% of the population using
southern blot as a proxy for the frequency loci in the population. Edited PFRRM1, non-edited
PfCRT:PfRRM1 merodiploid and wild type parasite gDNA samples were enzyme-digested and subject to
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biotin-labeled probe hybridization. Editing was confirmed only on PFRRM1 Cas-edited parasites by
showing a shift on the band size (4.4 kb edited PFRRM1, 1.8kb wild type) that represents the integration
event of the donor plasmid after DNA repair. D) PRRMI is essential for parasite proliferation in asexual
stages. Parasite growth was monitored via flow cytometry after aTc was withdrawn from PfRRM1 ring
stage-edited parasites. A growth defect was observed during the second cell division and with no evidence
of parasite expansion after 5 cell divisions. Dotted line indicates the detection limit for flow cytometry. E)
PfRRM1 protein knockdown is observed after 72 hours of aTc withdrawal, which is consistent with the
timing of the parasite’s growth defect starting at the second cell division. A time course experiment using —
aTc conditions showed PfRRM1 protein knockdown at different time points after 72 hours of aTc
withdrawal on edited parasites. Protein profile was compared to PFCRT-PfRRM1 non-edited (and parental
strain) in — and + aTc conditions and wild type parasites (negative control). An anti-HA antibody was used
to detect tagged PFRRM1 (21kDa) and an anti-GAPDH was used to detect endogenous GAPDH (36kDa) as
a loading control.

CRISPR-Cas9 mediated disruption of the PFRRMI1 locus reveals its essentiality in
blood stage parasites.

We used a CRISPR/Cas9 approach (Wagner et al., 2014) to delete the native PfRRMI
locus in our merodiploid line (Fig. 3-3A). The recoded second copy of P/RRM] is
immune to Cas9 cleavage by the sgRNA used to target the native locus. Edited parasites
were recovered from the transfection and disruption of the P/RRM1 native locus was
confirmed by the amplification of the donor-vector integration event at the 5’ and 3’-ends
of the recombination sites (Fig 3-3B). To determine Cas9-efficiency on the Pf/RRM1
edited population, we performed a southern blot analysis on the parental NF54*®,

PfCRT PfRRMI merodiploid and P/RRM]I knockout parasite gDNA lines, and confirmed
that ~100% of the population was edited at the native locus (Fig 3-3C). These results are
consistent with the previously documented Cas9-efficiency when targeting non-essential

genes in P. falciparum (Ghorbal et al., 2014; Wagner et al., 2014)

To determine the essentiality of PfRRM1, we performed growth assays aimed at
detecting a possible fitness cost/loss of viability associated to with PFRRM1 knockdown
in clonal parasites. We synchronized parasites to ring stage, split them into —aTc

(PfCRT_PfRRM!I is no longer expressed) and +aTc conditions, and monitored parasite
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growth over multiple cell cycles using flow cytometry. We observed a slight growth
defect after one cell cycle, but a more severe defect after two cell cycles for parasites
grown without aTc compared to with aTc (Fig 3-3D). The timing of when the phenotype
of the edited parasites is observed on the growth assays is positively correlated with the
knockdown of the protein ~72 hours after aTc withdrawal, when the protein is no longer
detected (Fig 3-3E). These results confirmed that PFRRM1 is essential for growth of
blood stage P. falciparum.

Here we showed how we have combined a post-transcriptional regulation system with a
CRISPR-Cas9 genome-editing technology to identify and study an essential RNA-
binding protein in P. falciparum. Other RBPs have been shown to be essential role for
asexual proliferation of blood stage parasites (Eshar et al., 2012; Vembar et al., 2015),
however to our knowledge PfRRMI is the first essential RBP that has been edited using
CRISPR-Cas9 technologies in asexual stages of P. falciparum. This new strategy can be
implemented to study other essential genes on this parasite, overcoming the limitation of
genome-editing tools to target only non-essential genes on the haploid genome of the
parasite. This approach also serves as a versatile and convenient method to describe
physicochemical and biochemical features of essential and non-essential proteins in the

parasite.

Efficient disruption and conditional regulation of PfRRM1 at the native promoter
reveals a consistent essential phenotype on P. falciparum blood stages.9

The approach described above is a two-step strategy that requires the incorporation of a
recoded copy of the putative essential gene driven by a synthetic promoter in an ectopic
location. Although this strategy is highly valuable and offers a valid method to identify
essential genes, the fact that the copy is in a genomic context different than the native
locus affects the interpretation of the mechanisms that underlie its essentiality. To
overcome this limitation, we developed an integrated technology that targets and

regulates the expression of a gene at its native locus in a single editing step. For this
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purpose, we created a P. falciparum strain derivative of NF54attB that constitutively
expresses the Cas9 endonuclease and the ADHFR-T7RNAP gene fusion from the cg6
locus, which eliminates the need of co-transfecting an expression plasmid when
performing gene disruption, To achieve a one-step gene editing that involves the
introduction of the inducible regulation elements in the native locus is necessary to
incorporate in a single construct all the elements previously present in the donor plasmid
in addition to the TetR-DOZI/Blasticidin (BSD)/Renilla (Rluc) luciferase expression
cassette and the 10X aptamer array (Fig. 3-4A). Due to the AT-richness of the P.
falciparum genome, the use of large conventional circular plasmids often results in
unwanted recombination and/or deletions events. To circumvent this problem, we
combined all the CRISPR-Cas9 elements and the TetR/DOZI components in a single and
stable pJazz linear vector that allows efficient cloning of low complexity regions,
fragments with expanded repeats and stably maintains up to 30-40kb inserts (Godiska et
al., 2010). The pJazz system consists of a linear plasmid, originally isolated from a
lysogenic phage, that stably replicates in E. coli and prevents supercoiling and
concatamer formation. The pJazz system has been used in eukaryote systems, such as
mammalian cells, showing robust expression of several transcription units in a single

linear construct (Guye et al., 2013).
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Figure 3-4: Development of integrated technology to target and inducibly regulate
PfRRM1 at its native locus reveals consistent essential phenotype in P. falciparum

blood stages

A) Development of a new strategy that integrates the TetR-DOZI-aptamer system and CRISPR/Cas9
elements into a single unit. The TetR-DOZI/Renilla Luciferase/Blastidicidin expression cassette and the
10X TetR-aptamer array were transferred in a single step from our previous conventional circular vector
into the pJazz linear vector. A base plasmid was built (pSN053) with modular features to easily adapt this
new donor plasmid to target any P. falciparum gene.. Left homologous region was ligated to a synthetic
recoded DNA fragment homologous to approximately ~200 bp of the 3’ end of the gene to prevent Cas9-
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recutting. A 3X-HA tag was included upstream of the TetR-aptamer array to tag the protein at the C-
terminus. Right homologous region is homologous to the 3°’UTR of the native gene. The Cas9 T7 cRNA
cassette was built into the donor vector first outside of the homologous region, to clone any sgRNA into a
unique restriction site using a pair of oligos. B) Integrating Cas9 genetic components and inducible system
in blood stage parasites to edit the endogenous copy of PFRRM1. The pSN053-PfRRM1 donor plasmid was
transfected into a previously developed Cas9/T7RNAP-integrated parasite line. Renilla luciferase signal
was monitored regularly along the time of the transfection. C) Cas9 shows editing activity on the PFRRM1
endogenous locus. Top panel: edited PFRRMI locus with integration event of the donor plasmid. The
coordinates of primer hybridization sites and the expected PCR integration products at the 3” end of the
targeted region are indicated. Botfom panel: Amplification products that correspond to the editing event on
the PIRRM1 locus are shown at the expected size. The experiment was performed in 3 (Replicates 1-3)
independent transfections that showed the same results. The integration event was detected for the first time
2 weeks post-transfection. D) Western blot protein profiling demonstrates a tight, aTc-dependent regulation
of PFRRM1 on edited parasites. An anti-HA antibody was used to detect tagged PfRRM1 (21kDa) and an
anti-GAPDH was used to detect endogenous GAPDH (36kDa) as a loading control. E) Edited PFRRM1
parasites showed a growth defect phenotype 72 hours after aTc withdrawal, consistent with the previous
phenotype described using PfCRT: PfRRM1 edited parasites. Synchronized ring parasites were exposed to
— and + aTc conditions and renilla luciferase signal was monitored for 3 cell divisions (CD), starting 72
hours after the aTc withdrawal.

Our group has shown stable site-specific chromosomal integration of linear vectors and a
robust translational regulation in an aTc-dependent manner along the parasite life cycle
using reporter genes (Fig 3-S2), similar to the regulation observed using conventional
plasmids (Ganesan et al., 2016). We set out to target the native PFRRM1 locus using the
CRISPR-Cas9 system and a pJazz-based vector as a donor plasmid, to integrate the
TetR/DOZI components during DNA repair at the Cas9 cut site, and regulate the
expression of PFRRM1 when expressed from its native promoter. For this, we created a
pSNO53 linear vector derivative that includes homologous regions that target the native
PfRRM1. The homologous regions flank the TetR-DOZI/aptamer regulatory machine and
a Cas9 PfRRM1-sgRNA was cloned into a pre-existent T7 promoter expression cassette
outside of the homologous regions (Fig 3-4A). In addition, a 3X-HA tag was included
upstream of the aptamer array to tag the protein at the C-terminus and facilitate further
identification. The resulting plasmid was 21kb in size and displayed stable replication in

E. coli with no evidence of deletions or genomic rearrangements.

To test the one-step editing system we transfected the pSNO53-PfRRM1 donor plasmid
into late blood stage parasites in the presence of aTc (Fig 3-4B). Integration events were

observed in stable BSD and Rluc-positive parasite lines from different experimental
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replicates as early as two weeks post-transfection. PCR analysis and sequencing of the 5’
and the 3’ ends of the disrupted PfRRM1 locus confirmed the effectiveness of the system
in introducing regulatory elements at the native locus in a single editing step (Fig 3-4C)
Protein profiling of the edited parasite lines revealed a tight regulation of PFRRM1
expression from its native promoter, similar to the regulation observed in the merodiploid
line using the synthetic promoter (Fig 3-4D). In spite of the tight regulation, a faint band
of the PIRRM!1 protein is observed in the —aTc conditions. This leaky expression is
expected due to the presence of only one TetR-aptamer array installation at the 3’ end of
the targeted gene. Higher levels of repression might be achieved by installing TetR-
aptamer arrays at both the 3° UTR and 5° UTR regions of the gene (Ganesan et al., 2016).

We first demonstrated the essentiality of the PFRRM1 protein for asexual proliferation by
using a PfRRM1 knockdown merodiploid line. Those parasites showed a growth defect at
the second IDC when aTc was withdrawn at ring stage. We hypothesized that our new
parasite line targeting the native PfRRM1 with regulation at its native promoter should
show the same essential phenotype. To confirm this finding, we performed an aTc
withdrawal growth assay using synchronized ring stage parasites where we monitored
parasite growth during 3 cell divisions using the renilla luciferase signal. Consistent with
our previous observations, PfRRM1 knockdown parasites showed a growth defect 72
hours after aTc withdrawal, confirming the essentiality of PFRRM1 for intraerythrocytic
developmental growth in P. falciparum (Fig 3-4E). These results demonstrate that Cas9-
based gene editing technologies can be used to probe the essentiality of genes in P.
Jalciparum by the incorporation of translational regulatory elements into the native locus
of the gene. In this case, the construction of a stable line of parasites where inducible
regulation of the PIRRM1 gene is possible enables us to perform experiments that
generate data from a more relevant biological context, and consequently allows a more
meaningful interpretation of the mechanism of action of this protein in asexual stages in

P. falciparum.
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PfRRM1 is essential for schizogony development in P. falciparum blood stage
parasites

The T. gondii ortholog (TgRRM1) of PfRRM1 showed an essential phenotype in asexual
tachyzoite forms of the parasite. Further characterization of this phenotype using
temperature-sensitive mutants of TgRRM1 demonstrated that this RBP is an essential cell
cycle regulator for 7. gondii (Suvorova et al., 2013). TgRRM1 mutants showed an
arrested phenotype during G1 phase, which is characterized by the appearance of high
proportion of haploid parasites (1N) with no evidence of DNA duplication(Suvorova et
al., 2013). Although there is a high conservation in the secondary structure of the RRM
domains of the 7.gondii and the P. falciparum RRM1 proteins (Fig 3-1B),
complementation assays in 7. gondii with PfRRM1 failed to restore the wild type
phenotype, which suggests that even thought these two proteins are homologous and are
essential for survival, they might accomplish regulatory functions of cell cycle in
different ways (Suvorova et al., 2013). We already have shown the essentiality of this
protein for blood stage parasites and to move forward into establishing the function of
this protein, we hypothesized that PFRRM1 plays a role in cell cycle regulation in asexual

stages of P. falciparum.

The mechanisms of cell cycle division and regulation of cell cycle progression in P.
Jfalciparum are largely unknown, especially the timing of transition between the different
phases that occur throughout the intraerythrocytic cycle. Some nuclear markeré such as a-
tubulin and telomerase-based markers have been described to show nuclear division and
mitotic divisions. The use of these nuclease markers have helped to find an association
between the dynamic parasite nuclear morphology, cytokinesis and the different cell
cycle phases that P. falciparum undergoes during the asexual stage (Arnot et al., 2011;
Ganter et al., 2017). Some Plasmodium cycline or cycline-dependent kinases have shown
to have a role in cell cycle regulation during the asexual proliferation (Solyakov et al.,
2011; Tewari et al., 2010). In particular, some of those cycline-dependent kinases

(PfCKs) have shown to be essential for schizogony and development in the mosquito
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vector (Ganter et al., 2017; Kern et al., 2014). Others have shown inhibition of the
isoprenoid biosynthesis also causes intracellular parasites to arrest during schizogony
(Howe et al., 2013). Even though there is not much evidence about direct or indirect
inhibition of cell cycle regulators in P. falciparum that affect cell cycle progression, it
seems that presumably a multifactorial network of elements involved in different
pathways might be contribute to the different checkpoint pathways that govern cell cycle

regulation in P. falciparum.

To get insights into the role of PIRRM1 in cell cycle regulation, we first determined the
cellular localization of this protein using immunofluorescence microscopy. PfRRM1-
3XHA localizes at the nuclear periphery of the parasite, showing a partial co-localization
with DAPI - a nuclear stain- at rings and trophozoite stages. As the parasites progress into
the schizont stage, the protein showed a more co-localized diffuse signal that overlaps
with the nucleus (Fig 3-5A). These findings are consistent with the localization of
TgRRMI and the PfCKs involved in schizogony development. This localization is also
consistent with the localization of the human ortholog RBM42 (Fukuda et al., 2009).
Other RBPs in P. falciparum have also been localized to the nuclear compartment or
have been described as shuttle proteins that move between the cytoplasm and the nucleus
(Eshar et al., 2012; Vembar et al., 2015). This dual-compartment pattern is similar to
what has been reported for some RBPs in mammalian cells (Caceres et al., 1997). The
dynamics of localization of the PFRRM1 protein during cell cycle transitions suggest an

involvement of this protein in nuclear processes.

Growth assays on PIRRM1 knockdown parasites showed a growth defect during the
second cell division when aTc is withdrawn at ring stage after parasites invade (Fig. 3-
4E). Immunofluorescence experiments for cellular localization of PfRRM1 revealed high
abundance of the protein during ring stage, which indicated a relatively high abundance
of the protein during the stage of aTc-removal in our standard growth assays. This

residual protein expression might allow the parasites to progress and survive during the
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first cycle and only when they start a new invasion cycle, the parasites show a lethal
phenotype. This hypothesis was confirmed after we performed aTc-removal growth
assays at different time points after parasite invasion during the first IDC, which resulted
in a growth defect at the same 72 hours in the second cycle showing a relative standard

stability of the protein along the cell cycle (Fig 3-S3).

To determine the role PFRRMI1 at a specific phase of the cell cycle, we modified our
growth assays by removing aTc before parasite invasion so no PPRRM1 protein would
have been synthesized by moment of infection. In this way we were able to monitor
growth during the next two IDCs and identify the exact point at which the arrest happens.
To do this, we tightly synchronized and perfomed percoll purification of late stage
parasites at 39 hours post-invasion, right before they start a new invasion cycle. Also at
this point aTc was removed to prevent further expression of PfRRM1. Parasite growth
was monitored at different time points that corresponded to the main asexual stages along
two cell divisions (6, 18, 25, 38, 56 and 82 hours after aTc-removal) using giemsa smears
and quantifying DNA content by flow cytometry as previously reported (Ganter et al.,
2017; Theron et al., 2010). PFRRM1 knockdown displayed an arrested phenotype 38
hours after invasion; this time the growth defect was observed during the first cell
division possibly due to the absence of residual PPRRM1 from the previous cycle (Fig 3-
5B). This arrested phenotype was confirmed by observing morphological changes (Fig 3-
S4) and differences in DNA content (frequency of 1N parasites vs >1N parasites)
between — and +aTc conditions (Fig 3-5B). Nuclear division (>1N) in P. falciparum
should occurs at S phase, around ~30 hours post-invasion. This division should continue
for about 10 hours, until the multinucleated cell enters into schizogony and fragments the
nuclear membrane into individual 1N nuclei at around 42 hours post-invasion (Arnot et
al., 2011). PfRRM1 knockdown parasites showed an increase of >1N parasites 38 hours
post-invasion, however they get arrested at that time point without progressing into
schizogony. Hence, no individual nuclei and subsequent mitotic cell daughters are
released to start a new invasion cycle, contrary to what was observed in parasites in the

presence of aTc.
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An arrested phenotype during the first cell division contrasts with our previous
observations of a lcthal phenotype displayed during the second cell divison on PfRRM1
knockdown parasites when aTc is removed at ring stage after invasion. To confirm our
cell cycle experiment results and the PFRRM1 knockdown phenotype during the first cell
division, we repeated the cell cycle experiment and monitored growth at a higher
resolution by taking samples at more frequent time points after aTc withdrawal only
during the first cell division. Similar to our previous experiment, we monitored parasite
morphology and quantified DNA content along the first cell division but this time at 6, 20,
25, 20 and 42 hours post-invasion. PPRRM 1 knockdown parasites showed an arrested
phenotype at the trophozoite-to-schizont transition, with parasites failing to enter into the
schizogony phase, 42 hours post invasion (Fig 3-5 C)l, confirming our results frém the
previous cell cycle experiment. PFRRM1 parasites at —aTc conditions failed to perform
nuclear separation and to progress into further mitotic division of schizogony, even
though the parasites seemed to go through nuclear division during 30-38 hours post-
invasion. These results suggest that PPRRM1 might play an important role during

schizogony development in asexual stages of P. falciparum
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Figure 3-5: PFRRMI1 is involved in nuclear processes and is essential for schizogony

development

A) Immunofluourescence detection of PFRRM1 in asexual stages of P. falciparum. The protein localizes to
the periphery of the nucleus in ring and trophozoite stages, however the signal overlaps with the entire
nucleus during schizont stage. DIC=differential interference contrast. B) PfRRM1 edited parasites show an
arrested phenotype before entering into schizogony at 38 hours post-invasion. Higher resolution cell cycle
experiments to quantify the DNA content at each IDC during 2 generations were performed. Synchronous
late stage parasites (~39 hours post-invasion) were percoll-purified and aTc was withdrawn before invasion.
DNA content was monitored in subsequent time points using flow cytometry for the — and +aTc conditions
during 2 IDCs. DNA synthesis and nuclear division was confirmed 25 hours post-invasion in PIRRM1
knockdown parasites, however they failed to enter into the schizogony phase (38 hours) and to produce
individual daughter cells (IN) to start a new invasion cycle, compared to parasites in +aTc conditions. C)
PfRRM1 parasites showed a stalled phenotype within the first IDC after aTc is withdrawn before invasion
in —aTc conditions. Top panel: Knockdown parasites enter into S phase and go through at least one round
of nuclear division without progressing into schizont stage at 38-42 hours post invasion. Parasite samples at
—and + aTc conditions were monitored during several time points and split each time for flow cytometry
and giemsa smears. Botfom panel: Parasite morphology on giemsa smears revealed arrested phonotype at
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late trophozoite stage with no sign of nuclear fragmentation in schizont stage. D) Immunofluorescence
detection of spindle structures in PARRM1 knockdown parasites. Nuclear distortion and nuclear division
(2N) is observed in stalled trophozoites of knockdown parasites 42 hours post-invasion compared to
schizonts in +aTc conditions. Schizonts in +aTc conditions showed the expected punctuated pattern on the
anti-tub antibody that confirms nuclear fragmentation. E) Exon transcripts analysis in trophozoites subject
to —and + aTc conditions showed a difference in expression of merozoite-surface proteins (MSP) and
rophtries, a group of proteins that serve as a dynamic marker of cell cycle progression. These proteins are
required for invasion. These results are consistent with an arrested phenotype at trophozoite stage.

An arrested phenotype at the S-M transition phase of the intracellular cell cycle in
PfRRM1 knockdown parasites differs from the G1 phase arrested-phenotype observed in
the ortholog TgRRM1 mutant parasites in 7.gondii. These two ortholog proteins are
highly conserved, they both displayed essential phenotypes and similar localization
characteristics in the cell. In spite of these similarities, the timing of when these cell cycle
regulators are required during cell cycle progression is different. The discrepancy might
be due to the differences in the transcriptional and post-transcriptional regulation
mechanisms that exist in both parasites, reflected on the phenotypic responses that that
these parasites display when these factors are depleted. In fact, TgRRM1 was
characterized as a splicing factor, showing a severe splicing defect in about ~70% of the
transcripts during the G1-S transition phase when TgRRM!1 is depleted in 7.gondii
parasites (Suvorova et al., 2013). To investigate a potential similar effect on splicing, we
analyzed differences in the Intron/Exon ratio between transcripts of RNA isolated from
late trophozoite stage parasites under — and + aTc conditions. Our preliminary results
showed no significant perturbation on splicing in PERRM1 knockdown parasites
displayed by an equivalent ratio of number of intron to exon reads (Fig S5). These results
suggest PFRRM1 might not have a direct effect on splicing functions of the parasite. The
depletion of this factor does not result in a splicing defect presumably because P.
Jalciparum might stop the transcriptional machinery when PfRRM1 is not present before

transcripts are misspliced. This is a hypothesis that will be investigated in future work.

Previous reports have shown the essential role of other cell cycle regulators during the
asexual stage of P. falciparum that mirror the phenotype observed in the PFRRM1
knockdown parasites. Inhibition of cyclin-dependent kinases, such as PFCRK4 or Cyclin-
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dependent kinase-like kinases (PfCLKs) has shown defects on DNA replication during
schizogony in asexual P. falciparum parasites (Ganter et al., 2017; Kern et al., 2014).
Specifically, depletion of PFCRK4 showed abnormalities on nuclear markers staining
analyzed when establishing schizogony arrestment on PfCRK4 depleted parasites. Thus,
we examined the fluorescent nuclear o-tubulin marker to detect spindle structures and
duplication of centriole plaques (CP) to determine nuclear division and nuclear integrity
along the P. falciparum cell cycle, as it has been previously described (Arnot et al., 2011).
PfRRM1 knockdown parasites showed a nuclear distortion and a lack or only a single CP
division in stalled trophozoites compared to the multiple CP observed in the progressed
schizonts at +aTc conditions, in parasites analyzed 42 hours post-invasion after aTc
removal (Fig 3-5D). The first two top panels showed the nuclear distortion with absence
of CP division in the —aTc parasites, the last top panel showed a single round of division
in those parasites (2N) compared to the panel below with multiple CPs in the progressed
schizont parasite. The single round of division probably corresponds to the >IN parasites
detected on the DNA content experiment. The nuclear distortion and lack of CP division
phenotype using the a-tubulin nuclear marker phenotype is similar to the one observed
for P. falciparum PfCRK4 depleted parasites, which fail to enter into schizogony (Ganter
et al., 2017) and is also similar to the TgRRM1 mutant parasites of 7"gondii that display
arrested division in the centrosome nuclear marker during the G1-S phase transition

(Suvorova et al., 2013).

Expression of merozoite-surface proteins (MSP) and rophtries are a dynamic cellular
marker that characterize schizogony in P. falciparum. Transcripts that encode for MSPs
and rophtries are highly abundant during schizont stage, as they are important invasion
organelles, and they are used to identify the parasite stage (Bozdech et al., 2003). We
performed an RNA-seq experiment on late trophozoite stage parasites to analyze the
expression of the MSPs and rhoptries genes and we observed a marked fold change in the
transcripts of those genes in PfRRM parasite at — and +aTc conditions (Fig 3-5E). These
results confirmed the arrested phenotype at the trophozoite-to-schizont we observed using

nuclear and cellular markers. Interestingly, PfCRK4 depleted parasites also lacked MSPs
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and rhoptries organelles at the ultrastructre of electron microscopy images (Ganter et al.,

2017), confirming the absence of schizogony on the arrested parasites.
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DISCUSSION

The development of genetic tool kits that integrate different technologies to study a
broader set of genes in the parasite genome is urgently needed to identify new therapeutic
targets. Here we identified a new essential RNA-Binding Protein for asexual proliferation
and schizogony in P. falciparum using an approach that combines gene-editing
technologies and a conditional regulation system. CRISPR/Cas9 technologies have been
extensively used to efficiently edit genomes of different eukaryote systems. Our group
implemented the Cas9 system to efficiently edit non-essential genes showing complete
gene-disruption in 100% of the population (Wagner et al., 2014). Here, we showed the
Cas9-editing activity on an essential gene at a similar efficiency, and in addition we
incorporated regulatory elements of our previously developed inducible system (Ganesan
et al., 2016). The TetR-DOZI system has shown consistent tight regulation of gene
expression along the parasite’s asexual life cycle using reporter and native genes. In this
study we showed tight regulation of PFRRM1 using double TetR-aptamer and single-
aptamer installation that shows consistent levels of regulation in each case. The level of
translational control achieved by this system in vivo proves to be a high precision tool to

study genes involved in essential processes for the malaria parasite.

Our genetic tool kit has evolved from the generation of an engineered merodiploid
parasite line expressing a regulated, synthetic and functional copy of an essential gene
that serves as a platform for forward genome engineering applications, into an integrated
circuit with editing and regulatory capacities to target an essential gene (or any other
gene) and regulate its expression at its native locus. Both approaches revealed the
essentiality of PFRRM1 for asexual stages of P. falciparum consistently. This finding is
also consistent with the phenotype associated to 7.gondii mutant parasites for the
essential RNA-Binding protein TgRRM1 (Suvorova et al., 2013), which shows high
levels of similarity with PERRM1 including its RNA-binding activity.
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The implementation of linear vector systems that helped us to transition into our
integrated approach allowed us to incorporate various expression cassettes and elements
into a single construct. We did not observe genomic rearrengements or deletions during
plasmid construction, even when the cloning included low complexity regions such as the
Plasmodium UTRs or secondary structures such as the aptamer arrays or the T7
terminator from the crRNA expression cassette. The utilization of linear plasmid
technologies to build large circuits overcomes some of the challenges associated to the
genetic manipulation of P. falciparum and facilitates the construction of new integrated
technologies that provide more reliable genetic platforms for genetic screenings. For
instance, our integrated technology using CRISPR/Cas9 and TetR-DOZI will serve as a
screening platform to characterize other RBPs in P. falciparum and have a better

understanding of the post-transcriptional mechanisms in the parasite.

P. falciparum has a very complex life cycle that includes many stages in the mosquito
vector and in the human host. The parasites relies post-transcriptional mechanisms to
expand its proteomic repertoire and adapt to the different environment using a relatively
small genome. RBPs are key role players during these processes, yet the function of the
majority of these proteins is unknown, even though they comprise ~20% of the coding
parasite genome. Certain RBPs have been found to be associated to cell cycle progression
in sexual and asexual stages (Blythe et al., 2004; Eshar et al., 2012; Muhia et al., 2003;
Singh et al., 2004), nonetheless some aspects of the mitotic cycle in the asexual stage are
not yet well understood. In this work, we demonstrate that PERRM1 is an essential RBP
for asexual proliferation in P. falciparum and depletion of this protein causes impairment
in schizogony development. To our knowledge, this is the first report of an RBP involved

in schizogony in P. falciparum.

The mitotic cell cycle during asexual stages in P. falciparum differs from other systems,
including 7. gondii, in spite of the relatedness of these two apicomplexa. During P.

Jfalciparum mitosis the nuclear envelope is retained (closed mitosis) until all the daughter
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genomes are formed, during the M phase, after multiple rounds of mitotic events (De
Souza and Osmani, 2009). This structure will generate a single multinucleated cell that
eventually will form individual daughter cells or merozoites with their own nuclear and
cell membrane. However, in contrast to the closed mitosis in T.gondii, as the
multinucleated cell develops the nuclei do not divide synchronously and the outcome on
the number of cell daughters does not follow a simple geometric expansion. These
characteristics on the P. falciparum cell cycle make the assignment of conventional
mitotic phases on this parasite very challenging specially the timing at which each of
these phases occur (Arnot et al., 2011; Bannister et al., 2000; Gerald et al., 2011).
Transcriptome data along the blood stage cycle and more recently the identification of
nuclear markers have helped to describe and identify the major P. falciparum cell cycle
phases (Arnot et al., 2011; Bozdech et al., 2003). On the other hand, the asexual mitotic
cell cycle that occurs in T.gondii is very simple as it follows a traditional G1, S and
mitotic phase in which two parasite daughters are generated in each mitotic division
(Gubbels et al., 2008). This synchronicity has helped to define major cell cycle
checkpoints on this parasite (Gubbels et al., 2008). In this study, we applied the nuclear
markers previously defined to identify the contribution of PFRRMI to cell cycle

progression and to define the specific timing when this RBP might have an important role.

Cell cycle checkpoints in P. falciparum have not been very well defined, yet schizogony
progression seems to be an important transition during the cycle that might require the
operation of many factors from different pathways to check for the fidelity of this process.
To this date, evidence shows that PfCKs seem to be major contributors of schizogony
regulation in P. falciparum. In contrast, the synchronicity of 7.gondii cell cycle

regulation has facilitated the definition of major cell cycle checkpoints on this parasite.
TgRMM1 is a major regulator of the G1-S checkpoint in T.gondii (Suvorova et al., 2013).
We speculate PFRRM1 could function under the pathway of a major schizogony
checkpoint and could represent a major determinant factor in cell cycle progression in

asexual stages in P. falciparum.
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Differences in the regulation of post-transcriptional processes such as splicing, between
the apicomplexa 7. gondii and P. falciparum might have also contributed to the
differences found between TgRRMI1 and PfRRM1. P. falciparum has a larger repertoire
of RBPs diversity than 7.gondii (Bunnik et al., 2016), which might also contribute to
differences in RNA processing in response to certain stimuli that maintain RNA
homeostasis in the cell. Despite the conservation of most of the splicing machinery
between both organisms, there are certain splicing-associated factors in 7. gondii that are
missing in P. falciparum, a feature that might account for the observed differences in
addition to the low similarity between the splicing factor proteins of both organisms
(Suvorova and White, 2014). Disruption of splicing at G1 phase in TgRRM1 mutant
parasites was a surprising outcome, since this contrasts with the constitutive splicing that
occurs in the majority of eukaryotic systems (Braunschweig et al., 2013; Suvorova and
White, 2014). Furthermore, TgRRM1 directly interacts with the U4/U6.U5 complex and
when TgRRM1 is depleted this complex could be destabilized and interrupt splicing,
however this interruption does not explain the arrested phenotype observed in the
parasites at G1 phase in T.gondii parasites (Suvorova et al., 2013; Suvorova and White,
2014). In P. falciparum the majority of the splicing events and the mRNA processing
factors seem to be abundantly expressed during the S phase or after (Bunnik et al., 2016)
including PfRRM1. The fact we did not observe a splicing defect when PfRRM1 is
knockdown might be explained with the differences in splicing machinery and splicing
regulation found in P. falciparum compared to T.gondii. We do not discard the possibility
that PFRRMI1 is a splicing factor, however it might not have a direct effect on the global
splicing on P. falciparum when this factor is depleted and the response on splicing

processes might be operating at a different level of regulation.

In P. falciparum cyclin kinases have been found to be important regulators or to be part
of the main components of the mitotic spindle division in P. falciparum, a requirement
for nuclear division and schizogony development, such as PfCKs, centrin proteins
NIMA-related kinases and Aurora-A-related kinases (Doerig et al., 2002; Halbert et al.,
2010; Mabhajan et al., 2008; Reininger et al., 2009; Reininger et al., 2011). Most of these
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proteins are potentially essential for blood stage parasites and the function of those genes
has not been elucidated. In 7'.gondii, RBPs such as TgRRM1 might be directly
influencing cyclin kinases pathways that regulate cell cycle on this parasite (Suvorova
and White, 2014) and since TgRRMl directly interacts with the spliceosome of this
parasite, splicing was compromised when this factor was depleted. In P. falciparum, the
PfRRM1 interacting molecules remain unknown but no effect on splicing is observed.
Whether this protein operates upstream or downstream of PfCKs regulators or whether

PfRRMI can directly affect the mRNA homeostasis in the cell is currently unknown.

The identification of protein and RNA interacting molecules of PFRRMI is essential to
determine the molecular mechanism of action of this protein. The application of
conditional systems to study the genes that interact with this factor is required for further
biological characterization. In this study, we targeted and regulated the expression of an
essential cell cycle RBP and the technology developed could be broadly used to target
other essential cell cycle regulators. The biochemical and biological evidence we showed
and the phenotype we established when PfRRM1 is knockeddown using our integrated
platform, enabled us find certain similarities with the function of other cell cycle
regulators such as with its ortholog TgRRMI or with the PfCKs to extrapolate the
function of PIRRM1 in asexual stages of P. falciparum. However, further
characterization of PFRRM1 is required to define the molecular mechanism of action of

this protein.
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METHODS

PfRRM1 alignment and model prediction

PfRRMI1 is a putative RNA-Binding P.falciparum with unknown function that has been
annotated on the PlasmoDB database (PF3D7_1360100). The protein sequence
RRM1_RNAT1 recognition motif (positions 51-226) was downloaded from the database
and the sequence was compared to the TgRRM1 domain obtained in the ToxoDBA
database (TGGTI1_203080), residues 123-206. The two sequences were aligned in
Genious v8 using a global alignment with free end gaps and the Blossom62 matrix cost.
The predicted tertiary structure of PfRRM1 was modeled in Swiss-

Model (http:/swissmodel.expasy.org/) using the best matching template,2mpu.1.A. The

predicted structure was visualized and edited on Chimera v1.11.1.

Plasmid construction

- PfCRT:PfRRMI merodiploid generation
The base vector pMG79 was used as a starting point to generate a PFCRT:PfRRM1
expression vector. The list of primers used for the PFCRT:PfRRM!1 construction is listed
on Table 3-S1. Briefly, the pMG79 base vector contained the TetR-DOZI/RIluc/BSD
expression cassette under the control the PfHsp86 promoter. The pMG79 configuration
was arranged in a head-to-head context and contained modular features for a second
expression in which the PfCRT promoter was included upstream from pre-existent TetR
57 and 310X aptamer arrays. A synthetic DNA fragment (IDT gblock) was cloned into

the unique Ncol and BstEII restriction sites via Gibson.

- Cas9-T7RNAP expression plasmid
The Cas9 expression plasmid was previously built in our lab. To generate the Cas9
expression plasmid, we used our pfYC3-base vector (Wagner et al., 2013) with an
hDHFR (Human dihydrofolate reductase) to clone the Cas9 gene. The Cas9 gene was
subcloned from a plasmid provided by Feng Zhang’s group, into the Xhol and Fsel
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unique restriction sites of the base-plasmid, using Gibson assembly, under the 5’UTR

PfCAM promoter (P.falciparum calmodulin). TTRNAP was cloned previously,

downstream from hDHFR marker using a T2A self-cleavage peptide for multi-cistronic

protein expression, under the control of the 5’UTR PcDT. The Cas9 and hDHFR-2A-

T7RNAP expression cassettes were cloned using the previously described head-to-head

arranged configuration on the plasmid to optimize transcriptional activity (Wagner et al.,

2013). An aTTP site was included into the Sall unique restriction site for cg6

chromosomal integration. The Cas9 integrated line was generated in previous work in our
lab (unpublished work).

-PfRRM1 donor plasmids and Cas9-crRNA synthesis

1.

pUF-1-based donor plasmid construction: a donor plasmid targeting the PfRRM1

native locus was built using the pUF-1 base plasmid (Ganesan et al., 2011) as a
starting point. Homologous regions used as a template to repair Cas9-induced
cleavage were amplified from parasite gDNA. PCR amplification reactions were
performed using a 15:1 (v:v) mixture of Hemo KlenTaq polymerase and Vent
polymerase (New England BioLabs) in Hemo KlenTaq Buffer. Elongation was
carried out at 60 °C for 2 min/kb of DNA to be amplified and PCR products were
confirmed on a 1% agarose gel. Left homologous region for PIRRM1 was
purified and cloned into the Sacll and Spel unique réstriction sites of the plasmid
using Gibson assembly, using oligos listed on Table 3-S1. The right homologous
regions were amplified and cloned into the EcoRI and Ncol unique restriction
sites. The Cas9-crRNA was cloned using a pair of complementary oligos in a
Klenow Fragment (3'-—5' exo-) NEB and cloned into a unique NotI restriction site
of the pUF-1 base plasmid. Oligos used to synthesize and clone homologous
regions and gene specific-sgRNA are listed on Table 3-S1.

pSNO053-based donor plasmid construction: donor plasmid to target native

PfRRM1 was built into the pSN053 base plasmid (unpublished work). This base

plasmid contained an expression cassette driving the expression of a single

transcript encoding for TetR/DOZI/Renilla Luciferase/Blastocidin selective
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marker for multi-cistronic protein expression using the 5’UTR and 3’UTR
PfHSP86. Our group has previously shown the functionality of this expression
cassette to regulate the expression of reporter and native P. falciparum genes
using this plasmid on BSD-resistant and Renilla luciferase positive parasites. The
plasmid was designed with modular features to easily assemble and replace gene-
specific pieces to target any parasite locus. Left homologous regions were first
amplified and gel-purified, followed by a Gibson that included the purified PCR
product and a synthetic DNA fragment (IDG gblock) containing a recoded portion
of the 3” end of the gene that prevented Cpfl from recutting at the target site.
Gibson reaction with the assembled product was then re-amplified and the
purified prouct was cloned into the Fisel and BsiW1I restriction sites of the base
plasmid. Right homologous regions correspond to the 3° UTR of each locus and
were amplified, purified and cloned into I-Ceul unique restriction site of the
pSNO053 base plasmid. Oligos used to amplify left and right homologous regions
of each locus are listed on Table 3-S1. Cas9-sgRNA was cloned using
complementary oligos into an AfIII restriction site at the pre-existent T7 promoter

expression cassette included in the pSN053-base plasmid.

Parasite culture and transfections

P. falciparum parental parasite strain NF54attB and Cas9-T7RNAP integrated line were
grown in 5% O,, 5%CO,and 37C conditions in RPMI-1640 medium supplemented with
2.5g/L AlbumaxlI (Life Technologies), 2g/L. sodium bicarbonate, 25mM HEPES, pH 7 4,
ImM hypoxanthine and 50mg/L gentamicin. The Cas9-T7RNAP was maintained on drug
selection using WR99210 at 2.5uM. Single and double plasmid transfections were
performed in late stage parasites using the spontaneous uptake method (Deitsch et al.,
2001) with 50ug of maxi-prepped DNA of each plasmid and eight square-wave
electroporation pulses of 365 V for 1 ms each, separated by 0.1 s. Single and double drug
selection was applied on the fourth day after transfection using 2.ug/mL of BSD
(Blasticidine S), 1.5 uM DSM1 and 2.5 uM of WR99210, depending on the plasmids
uscd on each experiment. DSM1 is a Plasmodium DHODH-specific inhibitor (Phillips et
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al., 2008), BSD has also been shown to be a P. falciparum selective marker when using
the blasticidin S deaminase of Aspergillus terreus (Mamoun et al., 1999) and WR99210

is an antifolate and pyrimethamine analog that inhibits the dihydrofolate reductase
enzyme (DHFR) . Co-transfections on the PfFCRT-PfRRM1 merodiploid parasites and
single transfections on the Cas9-T7RNAP parasites transfected with pSN053 donor
plasmid, were maintained on 0.5 uM of aTc (anhydrotetracycline) at all times and Renilla
Luciferase signal was monitored periodically during the transfection period until it
reached ~10° Renilla Luciferase Units (RLUs), at which parasites were detectable by
Giemsa smear. Renilla Luciferase signal was measured using the Promega Renilla Glo kit,
following the manufacturer’s instructions on a GloMax 20/20 luminometer (Turner

Biosystems). Stable parasite lines were further analyzed for specific editing events.

Luciferase assays

Renilla luciferase signal was measured by lysing infected red biood cells with 1X of the
passive lysis buffer and exposing them to the specific Renilla Luciferase substrate
included in the Renilla luciferase Assay kit (Promega). Signal was measured on a
GloMax 20/20 luminometer (Turner Biosystems) or in a Promega Glomax plate reader

using 5 seconds of exposure time.

Analysis of PfRRM1 edited parasites

Parasite genomic DNA (gDNA) was isolated from stable parasite lines. The samples
were purified using the QIAamp DNA blood mini kit (Qiagen). Identification of editing
events in each DNA sample was performed using PCR and the Hemo KlenTaq
polymerase (New England BioLabs) in Hemo KlenTaq Buffer Oligos. The expected
integration events at the 5° and the 3’ ends after recombination at the target site, were
amplified using P1 (hybridizes upstream to the left homologous region of the targeted
gene on the native locus) and P3 (hybridizes on the yYDHODh or TetR/DOZI/Rluc/BSD
expression cassettes) paired oligos, and P2 (hybridizes on the yDHODh or
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TetR/DOZI/Rluc/BSD expression cassettes) and P4 paired oligos (hybridizes downstream
to the right homologous region of the targeted gene on the native locus). Oligos to

amplify 5° and 3’ integration events at each targeted site are listed on Table 3-S2.

Southern Blot

Southern blot were carried out using genomic DNA isolated from a 50mL flask at 2%
hematocrit and ~15-20% parasitemia, using the QIAamp DNA blood mini kit (Qiagen).
RBCs were lysed using a 0.15% saponin solution. Between 2-3 ug of genomic DNA was
enzyme digested overnight Ncol (New England Biolabs), and probed with a PFRRM1
PCR prouduct using primers AF138 and AF139. The probe was labeled with biotin-11-
dUTPs using the Pierce Biotin Random Prime kit (Thermo Scientific). Blots were
processed using the Turboblotter kit (Whatman) for transferring and the North2South kit

(Thermo Scientific) for development.

Western Blot

To establish inducible regulation of PFCRT:PfRRM1 and PfRRMI1 parasites,
approximately 10° late stage parasites were lysed using 0.15% saponin in 1X PBS after
being grown for at least one IDC in the presence or absence of aTc (except during the
PfCRT:PfRRM1 time course experiment). NF54attB WT parasites were included as
negative controls. Lysates were prepared for western blot by heating in Laemmli sample
buffer at 95 °C for 10 min. After separation by SDS-PAGE, proteins were transferred to a
PVDF membrane and probed with a mouse monoclonal antibody against HA-tag clone
6E2 (Cell Signaling Technology) at a 1:1000 dilution, or rabbit polyclonal antibody
against GAPDH (Abcam, ab9485) at a 1:1000 dilution. Blots were imaged using a
horseradish peroxidase-coupled secondary antibody (1:5000 dilution) and SuperSignal
West Femto substrate (Thermo Scientific, Catalog # 34095).
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Growth Assays
- Flow cytometry-based assays

Ring-stage parasites were tightly synchronized using 0.3 M alanine in 10mM HEPES
(pH 7.4) at day 0. Parasites were adjusted to 1% parasitemia and seeded in 96-well
microtiter plates in quadruplicate at 2% hematocrit in 200ul. of RPMI complete media in
the presence or in the absence of aTc (0.5uM). Expansion of parasitemia was measured
for 5 IDCs and samples were analyzed every 48 hours. After each measurement, all
cultures were split by the same dilution factor required to keep the pre-invasion
parasitemia belo 2% to avoid culture over-expansion. Parasites were stained for nucleic
acid content with SYBR green [ using a dilution 1:5000 for 15 min at 37C. Parasites were
selectively analyzed on an Accuri C6 Instrument (BD Biosciences) by gating on events
with high FL1 signal intensity. A sample of uninfected red blood cells was included as

control to get for the infected population.

-Renilla Luciferase-based assay

Ring-stage parasites were tightly synchronized using a sorbitol 5% solution. On day 0
parasites were adjusted to ~1000 RLUs and were washed at least 3 times with RPMI
complete media and seeded in 96-well microtiter plates in triplicate at 0.5% hematocrit in
200uLL of RPMI complete media in the presence or in the absence of aTc (0.5uM).
Parasites from each time point were seeded on different plates and were incubated
without disruption for the time assigned to each plate (IDC 1, 2 or 3). Parasitemia was
analyzed lysing infected red blood cells with 1X of the passive lysis buffer and exposing
them to the specific Renilla Luciferase substrate included in the Renilla luciferase Assay
kit (Promega). Renilla luciferase signal was measured on the plate using the Promega

Glomax plate reader using 5 seconds of exposure time.
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Crosslinked Immunoprecipitation assays to detect RNA-Binding Activity

Parasites were expanded to 4x50mL large flasks and maintained at 2% hematocrit.
Parasites were extracted using 0.15% saponin and washed with 1X PBS. Parasites were
resuspended in ~2-3mLs of PBS and transferred to a petri dish. Total protein
concentration (used as an input the crosslinking experiment) was calculated using the
BCA method. Parasite lysates were UV irradiated on ice using 600,000 uJ/cm?2. Parasite
lysate was washed with cold 1X PBS and lysed using NET-2 lysis buffer (SOmM Tris-
HCI, 150mM NaCl, 1% IGEPAL, 2 mM DTT, 1X of 7X cocktail Protease inhibitor
Roche, Ribolock, 0.05% SDS, 0.5% Triton) and samples were incubated on ice for 1 hour.
After lysis, a pre-clearing of the parasite lysate was carried out using a secondary and
non-specific IgG anti-rabbit antibody to avoid unspecific binding. The lysate was
incubated with the antibody for 1 hour at 4C. Beads were washed and conjugated first
with a rabbit anti-Rat for 2 hours, then were conjugated rat anti-HA for another two hours
at 4C. Removal of non-conjugated was performed using a buffer exchange with the
NET?2 lysis buffer. Parasite lysate was incubated with the conjugated beads in the
presence of RNase (to remove unprotected RNA) and DNase, as well as with protease
inhibitors. Incubation of the parasite lysate with the conjugated beads was performed
overnight at 4C. After protein-RNA pull down, several beads washings are performed
along with a second DNase treatment. RNA labeling: Conjugated beads bound to protein-
RNA complexes were treated with PNK, PNK buffer and p32 isotope for 20 mins at 37C.
Next, beads were prepared with loading buffer to run into a SDS-Page gel. Samples were
run and then transfer into a nitrocellulose membrane. Blot was exposed to film. RNA
Binding activity was detected only on the lane with PFRRM1 parasite sample but not in

the negative controls.

Immunofluorescence assays

Immunofluorescence assays were carried out as described previously (Tonkin et al.,
2004). Briefly, blood stage parasites were fixed using 4% paraformaldehyde, 0.0075%
glutaraldehyde in 1X PBS for 30 mins at room temperature. Fixed cells were washed
once with PBS and then permeabilized with 0.1% Triton X-100/PBS for 10 min NS
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washed once with PBS. Next, cells were blocked with 3% BSA/PBS for one hour. After
blocking, cells were exposed to a mouse monoclonal antibody against HA-tag clone 6E2
(Cell Signaling Technology) at a 1:500 dilution or to a mouse anti-a-tubulin (1:2,000,
Sigma-Aldrich, clone B-5-1-2) in blocking solution and were incubated at room
temperature for 1 hour. Cells were washed at least 3 times with PBS and then incubated
with an anti-mouse IgG (H+L), F(ab")2 Fragment (Alexa Fluor® 488 Conjugate) from
Cell Signaling Technology at a 1:500 dilution in blocking solution for 45mins at room
temperature in dark conditions. Cells were washed at least 3 times with PBS and were
incubated with DAPI (4’6-diamidino-2-phenylindole) at a 1:1000 dilution in PBS for 10
mins. Finally, cells were spotted onto pre-coated slides with 0.1% of polyethyleneimine
and incubated at room temperature for 30 mins. Once the cells were attached to the slide,
they were mounted with Prolong media and covered with a #1.5 coverslip. Samples were
let dry overnight before imaging on a GE HC DeltaVision Elite Widefield Deconvolution
system with a X100 objective. For each field, a 30-image-Z-stack was deconvoluted with
the Softworx software and maximum intensity of Z-projections, false coloring and image

merging were performed with Fiji software.

DNA content analysis and cell cycle experiments

Tightly synchronized parasites using sorbitol 5% at each parasite cycle before the
experiment were purified using percoll-gradient, previously described (Rivadeneira et al.,
1983). Briefly, late stage parasites (39 hours post-invasion) from a 50mL flask at 2%
hematocrit were pelleted and deposited on a solution of 65% Percoll in wash media. A
gradient centrifugation was performed at 1500g for 10 mins with no break to achieve
effective separation of the different parasite stages from the uninfected red blood cells in
the percoll solution. Late stage parasites were removed from the top of the multilayer
solution and transferred to a new tube for washes with RPMI to remove excess of Percoll
(and remove aTc for growth assays). Resuspended and purified late stage parasites were
confirmed on a giemsa smear. Next, parasites were added to a new fresh 10mL cultures
in — and +aTc conditions and the parasites were allowed to invade for ~4-5 hours. After

the invasion, parasites were treated with 5% sorbitol and remove residual late stage
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parasites and tightly synchronize the culture to rings. The sorbitol synchronization time
was taken as Time 0 in cell cycle experiments and a sample for giemsa staining and flow
cytometry were taken from the culture. Typically a sample of ~0.5mL from the culture
was taken at each time point for flow cytometry and cells were fixed in 4%
paraformaldehyde/PBS for at least 24 hours at 4C. At the end of the experiment after all
time points were collected, fixed samples for flow cytometry were washed with 0.1%
Triton-X100/PBS for 1 hour at room temperature. Cells were washed after for at least 3-4
times with PBS and incubated for 20 mins at each wash to remove excess of hemoglobin.
After washing is complete, cells were resuspended in ~200 uL. of PBS and were seeded in
a 96-well microtiter plate and stained with SYBR green I at a 1:5000 dilution. Cells were
incubated for 15 mins at 37C and were selectively analyzed on an Accuri C6 Instrument
(BD Biosciences) by gating on events with high FL1 signal intensity. Gated infected red
blood cells could be separately gated for IN vs >1N parasites based on the fluorescent

signal of their DNA content.

RNA isolation for RNA-seq experiments

Parasites were tightly synchronized for several cycles using sorbitol 5% and expanded to
~4 x 50mL large flasks at ~15% parasitemia at 2% hematocrit. Late stage parasites were
washed from aTc and cultures at — and + aTc were allowed to progress until trophozoite
stage of the second IDC. Two large flasks per condition per strain were used for RNA
isolation. Parasites were pelleted and resuspended in 5 volumes of pre-warmed TRIzol®
LS (37°C, Life Technologies 10296-010). Next, samples were incubated at 37°C for 5
min to ensure the complete de-proteinization of nucleic acids. Samples were stored at -
80C until further processing. For processing, samples were thawed on ice and for each 5
mL of TRIzol® LS that was used, we added 1 mL of chloroform. After a centrifugation
for 30 mins at 12,000g at 4C, the upper aqueous layer was transferred to a clean tube and
0.8 volume of pre-chilled isopropanol were added to precipitate the RNA. Next, samples
were spinned at 12,000 for 30 mins at 4C and the supernatant was removed. The pellet
was washed with 75% ethanol and air-dried for 5 min. Finally the pellet was resuspended

in 30-100 pL of RNase-free non-DEPC treated water (Ambion AM9930) and the samples

130



were heated at 60°C for 10 min. RNA concentration was confirmed in the nanodrop and
integrity of the RNA was analyzed in a BioAnalyzed. DNase treatment and ribosomal
RNA depletion were performed before cDNA library preparation. Library preparation,
sequencing and data analysis were performed in collaboration with Maggie Lu and
Karine LeRoch at the facilities of University of California-Riverside and methods used

were described previously (Lu et al., 2017).
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SUPPLEMENTARY INFORMATION
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Figure 3-S1: Site-specific integration of the PFCRT:PfRRM1 expression plasmid

into the chromosomal cg6 locus

Top panel: cg6-modified locus upon PFCRT:PfRRM1 plasmid integration via Bxbl integrase. Specific
primers were designed to hybridize on either the plasmid backbone or the native locus. Bottom panel:
Parasites were co-transfected with the PFCRT:PfRRM1 and a marker-free Bxbl integrase expression
plasmids. Integration event was confirmed on the parasite stable population and subsequently parasites
were cloned via limiting dilution. All clonal populations show the expected integration event at the cg6
locus when compared to a positive control (PfCRT:YFP integrated plasmid (Ganesan et al., 2016) and a

negative wild type gDNA.
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Figure 3-S2: Chromosomal integration of new linear vector with the TetR-Dozi-

aptamer regulatory components shows inducible regulation

Previous work in our lab has showed that the transfer of the inducible regulatory components into the new
plazz system shows consistent and stable expression of the different elements. A YFP-fluorescent reporter
was cloned into the pSN054 base plasmid and it was flanked by the dual-aptamer configuration. The YFP
gene is expressed from a PfCRT promoter with major activity during trophozoite stages. The pSN054-
PfCRT-YFP plasmid was rescued into a circular BAC system for site-specific chromosomal integration
into the engineered aTTRB site using the Bxbl integrase (Nkrumah et al., 2006). An integrated parasite
population was rescued after selection and cloned via limiting dilution. The clonal population was
confirmed for positive YFP expression, showing tight inducible regulation in — and + aTc conditions
consistently along the parasite cycle.
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Figure 3-S3: PFRRM1 knockdown parasites show arrested phenotype 72 hours post-

invasion after aTc-withdrawal at Sh, 14h and 30h post-invasion

Renilla luciferase-based growth assays were performed on PfRRM 1 edited parasites in — and + aTc
conditions with aTc withdrawn at different time points post-invasion. Growth was monitored for more than
3 cell divisions and an arrested phenotype was confirmed at 72 hours post-invasion in all cases.
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Figure 3-S4: PFRRM1 knockdown parasites display an arrested morphology 38

hours post-invasion at late throphozoite stage

Parasite morphology on giemsa smears was monitored at different time points after aTc-withdrawal during
2 cell divisions (in a parallel experiment to the cell cycle and DNA quantification experiment) and an
arrested phenotype was observed 38 hours post-invasion. Parasites were stalled at late throphozoite stage
without progressing to schizont stage. No signs of nuclear fragmentation or newly invaded red blood cells
on the next cycle were observed in PFRRM1 knockdown parasites.
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Figure 3-S5: PFRRM1 knockdown parasites do not show a splicing defect in

trophozoite stage

Intron analysis was carried out at trophozoite stage parasites in — and + aTc conditions. No differences were
observed in intron retention in the transcripts analyzed at both conditions. Transcripts from untranlated
regions (UTRs), intergenic regions along with mRNA transcripts were included in the analysis.
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Oligo Name  |Sequence (5°-37) |Description
SMG145 catacccatacgatgttccagattacgetgttaacatgegagagaacgataacactgaac Fwd oligo to clone synthetic and recoded PfRRM1 into pMG79.
SMG146 ttcticgetaatcagtitetgticggtaaccitagticagtgtatetttgtigatgagee Rv oligo to clone synthetic and recoded PARRMI into pMG79.
AFPIRRMIK [tccaatggeecctitcegeggtitigtateictaattattitattaataaatatanatatanatataaatttttttetettttttttttttttanatga |JFwd Gibson oligo to amplify and clone PFRRM1 left homologous into
O1-L ¢ the pUF-1 base plasmid
AFPIRRMIK aaaatgcttaagacagatcttcggactagtatttgitgttciglattateattitcecte Ry Gibsonoligy to arr.lphty and clone EIERM), lef hamologous intn
02-L the pUF-1 base plasmid
AFPIRRMIK | et o ) taslancanzangglataaacanstasitiatacasig ?wd Gibson oligo to umph_fy and clone PfRRM right homologous
O1-R ° into the pUF-1 base plasmid
AFPfRRMIK T — i Rv Gibson oligo to amplify and clone PFRRMI right homologous into
02-R agececcageclaggagliccatosage B the pUF-1 base plasmid
AFPfRRM | gRJtaatacgactcactataggatcagatatgac: caagttttagagctagaaat: gitaaaataaggelagteegttat |Fwd Gibson oligo to synthesize and clone PFRRM1 gRNA into pUF-
NA-F caact base plasmid
AFPfRRM I gR |caaaaaaccectcaagaccegtttagaggecceaaggggttatgetageaccgacteggigecacttiticaagiigataacgg Rv Gibson oligo to synthesize and clone PIRRM| gRNA
NA-R actagcct
Fwd Gibson primer to amplify and clone left homologous region of
5 T — i i
AF550 tgtigaagaaaatccaggiccagegatcgelcaaaggalgaaaaalctaataacaaaaag PARRM1 into pSN053 base plasmid
Rv Gibson primer to amplify and clone left homologous region of
AF551 ragtgcatccageat: aggatc 5o - 5
tigagtgcatccageatatecigaggateactaagactaacgaaaccatatectitggtc PFRRM | 1_mo pSNO53 base plasmid
’ . I N o Fwd Gibson primer to amplify and clone right homologous region of
AF554 tatacgaagttatcgtaactataacttatataacgatattg| naaaatatatcatc PRRM1 into pSNOS3 base plasmid
AF555 edtoliis st T [Rv Gibson primer to amplify and clone right homologous region of
: e e P{RRM 1 into pSNO33 base plasmid
Fwd Gibson oligo to synthesize and clone PFRRM1 gRNA into
5 agcraataataceactea " i
AF556 Ig1ggtc(.t.mggm;,q,.maaluq,d(.tmciala(aaccgmauagaag(aga pSNOS3-base plasmid
e 7 = - n 053
AF557 gactagecttattttaacttgetatitctagetctaaaactetactictittiacggtia E;S:;::;;g'w to Synthesize.and clone PIRRMLERNA intgpSt053

Table 3-S1: List of Oligos for plasmid construction
*Bold font corresponds to the PFRRM1 Cas9-gRNA.

Oligo Name Sequence (5'-3") Description
Fwd oligo to check for PIRRMI disruption on the PICRT:PfRRM] line at the 5" of the PIRRM 1
AF148 ggatg! galgticcagattacgs geageg aae |
= - - = T -
AF3123 tasatgetgticancticeeac Rv oligo specific to the yYDHODh selective marker to detect integration at the 5° end using when

using l_!le pUF:PIRRM1 donor Elasmid.

AF192

taatetilc Rv oligo to check for PIRRM1 disruption on the PICRT:PIRRM line at the 3’ of the PIRRM1 locus

&

Fwd oligo specific to the yYDHODh selective marker to detect integration at the 3' end using when

AF324 acagccagtitaactaccaaglictig using the pUF:PIRRM! donor vector

AF651 Fwd oligo to check for PIRRM1 disruption at the 5" end of locus

Rv oligo specific to the TetR/DOZI backbone to detect integration at the 5' end when using pSN053

AF412 ccctitalcatcatcalctitataatcg based doror plasmuids

AF652 gtaaggeagctatgattiatiigtattctig Rv oligo to check for PIRRMI disruption at the 3" end of locus

AF266 '@cmatalalatccaatggcc:c ;:;:;:;g::r;gg;l;lthellU]JOZl backbone to detect integration at the 3' end when using pSN053
AF08 Icalttgnauaugclcaacgct Fwd P2 primer to check for integration at the cg6 locus (Nkrumah et al., 2006)

AF23 Lgclcgn.attc:ggglllglac: Rv P4 primer to check for integration at the cgé locus. Hybridizes on the plasmid backbone.

AF138 cttaalggetacicataatce IFwd primer to synthesize southem blot probe from gDNA.

AF139 alaaattatacatatatigtiatatacage IRv primer to synthesize southern blot probe from gDNA.

Table 3-S2: List of oligos used to detect integration events
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CHAPTER 4

Expanding the coverage of CRISPR-gene targets in P. falciparum using Cpfl
endonucleases
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ABSTRACT

Robust genetic tools are needed to perform functional genetics at a large scale on malaria
parasites and identify potential antimalarial targets. CRISPR/Cas class Il systems are
powerful, single-effector protein editing tools that that can efficiently target DNA. Cas9-
utilizing approaches have been widely characterized as high efficiency-editing systems in
a wide variety of organisms, including Plasmodium falciparum. Cas9 requires an NGG
motif for inducing targeted DNA strand breaks. However, the P. falciparum genome is
~80-90% AT-rich, and this can place constraints on finding suitable Cas9 cleavage sites
compatible with the desired genomic manipulation. Recently, the Cpfl endonuclease
from novel class II CRISPR systems was characterized as an effector protein having a
TTTN- binding motif. This opens the possibility for leveraging this system to increase the
flexibility with which a wider range of target sites in the AT-rich P. falciparum genome
can be accessed/manipulated. Here we report using Cpfl to edit different P. falciparum
loci with high efficiency, and independently of target sequence composition. Through
bioinformatics analyses, we show on a genome-wide scale there is significantly more
high specificity Cpfl- compared to Cas9- binding sites in the P. falciparum genome.
Many sites are located proximal to the 5°- and 3’-termini of coding sequences, which
should enable functional manipulations, such as epitope tagging and installation of
genetically-encoded elements to regulate protein expression. We illustrate this by using
Cpfl-editing technology to simultaneously install TetR-aptamer and epitope tags at the
3’-end of selected gene loci. Altogether, Cpfl and Cas9 are highly complementary in
accessing diverse loci for genome editing applications given the highly skewed AT-rich P.

falciparum genome composition.
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INTRODUCTION

The ability to genetically manipulate P. falciparum is key for the identification and
characterization of essential genes for parasite survival and for understanding the
molecular basis of drug resistance. Available genetic tools for the targeted manipulation
of genes in this parasite include conventional single and double crossover recombination
methods, site-specific genomic integration in the ¢g6 locus via Bxbl integrase 55
(Nkrumabh et al., 2006), Zinc-finger nucleases (Straimer et al., 2012) and more recently
the CRISPR-Cas9 system from Streptococcus pyogenes (Ghorbal et al., 2014; Wagner et
al., 2014). The latter has shown to be cost-effective and more efficient compared to the
other genetic approaches and, therefore, has been become an important tool for P.
falciparum genetic studies during the last years (Bansal et al., 2016; Bryant et al., 2017;
Cobb et al., 2017; Crawford et al., 2017; Ghorbal et al., 2014; Ng et al., 2016; Sonoiki et
al., 2017; Vanaerschot et al., 2017; Wagner et al., 2014).

Genetic manipulation of blood stages in P. falciparum using conventional genetic tools
has been challenging compared to other more tractable parasite model systems. Low
efficiency in transfections, paucity of robust selection markers, uneven segregation of
episomes, concatamer formation and inefficiency to maintain linear plasmid that favors
chromosomal integration (de Koning-Ward et al., 2015; O'Donnell et al., 2001) are
contributing factors that hamper the establishment of stable cell lines, making the process
highly time consuming and laborious. The recent development of CRISPR-Cas9
technologies for this parasite has overcome some of those factors making gene disruption
more efficient (Ghorbal et al., 2014; Wagner et al., 2014). This technology has helped to
unveil the function of many genes since its implementation in asexual blood stage
parasites (Bansal et al., 2016; Bryant et al., 2017; Ng et al., 2016; Sidik et al., 2016;
Sonoiki et al., 2017). The effector protein Cas9, which belongs to the class I[I CRISPR
bacterial system, needs to recognize an NGG motif on the target DNA that precedes the
binding site of the 20-base CRISPR RNA (crRNA) to induce a double-strand break (Mali
ctal., 2013). In spite of the demonstrated utility of Cas9 for gene editing in this parasite,

146



the overall AT-content of its genome ranges from 80-90% (Gardner et al., 2002) and the
identification of optimal NGG motifs within target genes of interest constrains the use of

Cas9-based editing technologies in P. falciparum.

Class II CRISPR endonucleases are broadly distributed in diverse bacterial and archaeal
lineages. However, only few of them have shown in vivo editing properties in eukaryotes
(Koonin et al., 2017). The robustness and efficacy of protein effectors such as Cas9 to
genetically manipulate a broad variety of biological systems, has led to the exploration of
additional protein effectors within the Class II category. Recently, another endonuclease
with gene-editing capabilities was recently described. Cpfl is an enzyme that belongs to
the subtype V of the Class II category (Zetsche et al., 2015). There are some mechanistic
differences between Cas9 and Cpfl. Cpfl does not require a trans-activating crRNA
(tracrRNA) and it is activated using only a single guide RNA (sgRNA). In addition, Cpfl
recognizes a different binding site or PAM (Protospacer adjacent motif) in the genome.
While Cas9 recognizes a “NGG” PAM motif Cpfl recognizes a “TTTN” binding matrix,
an important feature that could be leveraged to facilitate applications in engineering AT-
rich genomes, such as in P. falciparum. Cpfl cleaves DNA to produce a staggered cut
with a 5 nucleotide (nt) 5’ overhang, another major difference with Cas9 blunt cleavage.
The Cpfl cleavage site is more distal to the PAM (18 nt on the non-targeted strand from
the PAM and 23 nt from the targeted strand) (Zetsche et al., 2015), than the Cas9 cut site,
which is 3 nt upstream from the PAM) (Jinek et al., 2012). In contrast to Cas9, Cpfl is
able to self-process its pre-crRNAs into a mature and functional crRNAs (Zetsche et al.,

2017), another major mechanistic difference with Cas9.

Sequence and structural requirements between Cpfl and Cas9 also differ. Compared to
the elaborated secondary RNA structure of sgRNA that interacts with Cas9, the Cpfl-
interacting sgRNA is simpler. This sgRNA forms a single stem loop structure in the
direct repeat region (DR) that Cpf1 requires for binding. Mutations in the DRs are
tolerated as long as they do not disrupt the RNA duplex they form. These direct repeats
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are structurally conserved among different bacterial species. However, each Cpfl-
endonuclease has its cognate direct repeat sequence. Given the strong conservation, these
direct repeats can be used interchangeably, as shown most extensively for Cpfl isolated
from Francisella novicida (Zetsche et al., 2015). This property together with the pre-
crRNA self-processing mechanism that Cpfl is able to perform, has facilitated
applications on multiplex editing in mammalian cells (Zetsche et al., 2017), plants (Wang

et al., 2017) and yeast (Verwaal et al., 2017).

The genetic manipulation of P. falciparum relies in the generation of double-strand
breaks (DSB) that endonucleases such as Cas9 and Cpfl make in the genome. In most of
the eukaryotes, those DSBs can be repaired through either a homologous recombination
(HR) pathway or an “error-prone” non-homologous end-joining (NHEJ) pathway. Each
of those pathways requires a set of specialized proteins and substrates to complete a
specific series of tasks during the DSBs repair. The HR pathway utilizes a homologous
template as substrate, such as a sister chromatid or a donor plasmid (Lee et al., 2014).
The P. falciparum genome contains almost all the conserved ortholog proteins involved
in a canonical HR pathway when compared to humans or yeast. For instance, the
complex Rad51-Mrel 1 that initially senses DSBs has homologous proteins is present in
the parasite’s genome. On the other hand, the NHEJ pathway does not require a
homologous template and it ligates broken ends together, increasing the chance of
generation of indels. Bioinformatic analyses have confirmed the absence of NHEJ
associated proteins in the P falciparum genome (Gardner et al., 2002). Moreover, in vivo
studies have supported those findings showing the absence of NHEJ products after
parasites were treated with endonucleases (Straimer et al., 2012). Conserved and crucial
proteins such as the heterodimer Ku70/80 that binds broken ends in other systems are
absent in the parasite’s genome. A recent study suggested that P. falciparum might repair
DSBs using an alternative mechanism such as a microhomology-mediated end joining
(MME]J) pathway, which is NHEJ-independent (Heinberg et al., 2013). However, the
frequency of those events is very low and larger deletions besides the locus analyzed,

were not examined (Lee et al., 2014)
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Here we describe the use of Cpfl as an alternative genome-editing tool to manipulate
native loci in P. falciparum asexual blood stages. We test the activity of Cpfl orthologs
from Lachnospiraceae bacterium (LbCpfl) and Francisella novicida (FnCpfl) and show
that highly efficient editing occurs when a homologous template is provided, and is
detectable within a single cellular division cycle. Importantly, we demonstrate that
CRISPR-Cpfl can successfully target highly AT-rich regions that could not previously be
modified using CRISPR-Cas9. Through genome-wide bioinformatics analyses, we
predict that Cpfl has a larger number of specific target sites compared to Cas9 that can be
used to achieve various genetic modifications. Altogether, we show that CRISPR-Cpfl is

a useful complement to the P. falciparum functional genetics toolkit.
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RESULTS

In vivo editing of native P. falciparum loci using Cpfl endonucleases

We used a two-plasmid system to facilitate: (1) expression of CRISPR-Cpfl
endonuclease components; and (2) simultaneously provide a DNA template for homology
directed repair (Fig 1a). The first plasmid is a pfYC3-based vector (Wagner et al., 2013)
that uses human dihydrofolate reductase (#DHFR) as a selection marker. This expression
plasmid utilizes a P. falciparum calmodulin 5’UTR (CAM) to express the Cpfl orthologs
and a PcDT 5’UTR (Crabb et al., 1997) to polycistronically express the T7 RNA
polymerase (T7TRNAP) and human DHFR (A#DHFR) selective marker (Fig. 4-1A). The
second plasmid is based on the pUF-1 vector for P. falciparum (Ganesan et al., 2011) and
serves as a donor vector to repair the Cpfl-gRNA-induced DNA double-strand break. For
this, regions homologous to the 5’- (left homologous region) and the 3’- (right
homologous region) ends of the target gene flank a ydhodh expression cassette were
included. The selective marker allows for selection of editing events as well as for
remaining non-integrated episomes. In addition, the donor plasmid contains a T7
promoter-dependent expression cassette for producing Cpfl-sgRNA (Fig 4-1A). Our
group has previously established the orthogonal transcriptional activity of T7 RNAP in P.
Jalciparum and that the stem-loop of the T7 terminator does not interfere Cas9 cleavage

in vitro or in vivo (Wagner et al., 2014).
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Figure 4-1. Cpfl editing activity on the PfEBA-175 locus in P. falciparum blood

stage parasites

A) Genetically encoded system to edit non-essential genes composed of a Cpfl1-T7RNAP expression
plasmid and a crRNA donor plasmid. The Cpfl1-T7RNAP plasmid includes the genes that encode for either
FnCpfl or LbCpf1 bacterial orthologs, and the TTRNAP gene to transcribe the Cpfl-sgRNA. The donor
plasmid contains homologous regions flanking a yDHODH expression cassette to repair Cpfl-double
strand break and a T7 promoter expression cassette driving the transcription of a Cpfl-specific Direct
Repeat (DR), the sgRNA and the T7 terminator. This plasmid was used a base-plasmid with modular
features to replace variable pieces and target different parasite loci. Coordinates indicating Cpfl-cut site on
the PfEBA175 locus and the designed homologous regions are indicated on the native locus diagram. B)
Integrating Cpfl genetic components in blood stage parasites to induce Cpfl-editing on the PfEBAI75
locus. Late stage NF54attB parasites are co-transfected with either the FrCpf1 expression vector and the
Fn-EBA-175 or Lb-EBA-175 donor plasmids, or with the LbCpfI expression vector and the Lb-EBA-175
donor plasmid. Genomic DNA from transient and stable parasite lines of each line was isolated for further
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analysis. C) Transformant parasites show editing on the P/EBA175 locus with either FnCpfl or LbCpf1
endonucleases using their cognate DR. Top panel: Edited PfEBA-175 locus and coordinates of primer
hybridization locations and expected PCR products to confirm homologous recombination at the 5” and at
the 3’ end of the targeted region are indicated on the diagram. Botfom panel: Amplification products that
correspond to the editing events on the PfEBA-175 locus at the 5” end (/eft panel) or 3’ end of the targeted
locus (right panel) using FnCpfl or LbCpfl and their cognate DR on the donor plasmids, but not on the no
crRNA or wild type control lanes (no Cpfl, no crRNA). D) Cpfl editing activity on the P/EBA-175 locus
using interchangeable DR. FnCpfl and LbCpf1 expression vectors show editing activity at the 5 and at the
3’ ends using LbDR on the donor plasmid to target the P/EBA-175, but not when there is no crRNA
(negative control). The experiment was repeated at least three times in independent transfections,
confirming the editing activity of LbCpfl and FnCpfl on the EBA-175 locus.

To demonstrate the editing activity of Cpfl, we chose a previously Cas9-validated target
as a proof-of-concept (Wagner et al., 2014). The erythrocyte-binding antigen (PfEBA-
175; PF3D7_0731500) is a non-essential parasite invasion ligand that binds to
glycophorin A on erythrocytes (Mayer et al., 2001). Donor plasmids targeting EBA-175
were built using homologous regions of ~500bp, and a sgRNA targeting positions 723-
742 bp from the start codon on the non-targeted strand selected. The left and right
homologous regions were 225 bp upstream and 22 bp downstream from the cut site,
respectively. Cpfl endonuclease cleavage activity depends on the recognition of the DR
stem loop that preserves the RNA duplex for DNA cleavage. Previous studies have
described cognate DR sequences for each bacterial Cpfl orthologs (Zetsche et al., 2015).
To test the activity of the two Cpfl orthologs, we built donor plasmids with Lb-DR (Lb-
EBA-175 plasmid) and Fn-DR (Fn-EBA-175 plasmid) sequences and the same gRNA
targeting the EBA-175 locus.

We defined an editing event as integration of a selection marker cassette at the cut site of
the target gene when DNA is repaired via HR. Late blood stage NF54attB P. falciparum
parasites were co-transfected with each variant of Cpfl-T7RNAP expression plasmid and
their cognate donor plasmid (Fig 4-1B). Transfections showed evidence of editing by
days 2 and 4 post-transfection only when FnCpfl or LbCpfl and a sgRNA that
recognizes the EBA-175 locus was used, but not when parasites where co-transfected

with a plasmid lacking sgRNA (Fig 4-1C). Editing at the EBA-175 locus was verified by
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amplifying and sequencing a region corresponding to the ydhodh expression cassette and

flanking regions at the 5° and the 3’ ends of the targeted locus (Fig 4-1C).

In vitro and in vivo studies showed the strong structural conservation of the Cpfl DR
sequences and demonstrated the nuclease activity of FnCpfl and LbCpf1 when the DR
sequence is interchanged with others Cpfl-ortholog DR (Verwaal et al., 2017; Wang et
al., 2017; Zetsche et al., 2015; Zetsche et al., 2017). Hence, we tested the editing activity
of LbCpfl and FnCpfl using only the LbCpfI DR sequence in the crRNA (Lb-EBA-175
plasmid) to target the EBA-175 locus (Fig. 4-1B). Editing activity of the EBA4-175 locus
was observed with either cognate or non-cognate DR sequences, consistent with previous
studies showing interchangeable use of Cpfl DR sequences (Fig.4-1D). To simplify our

experimental design, we decided to use Lb-DR sequences for subsequent experiments.

To assess the efficiency of EBA-175 locus disruption by LbCpfl and FnCpfl, we
obtained individual clones by limiting dilution and determined the frequency of edited
parasite clones. Remarkably, all clones tested (21/21 from each endonuclease
transfection) showed editing of the EBA-175 locus FnCpfl, confirming a high frequency
editing at the population level (Sup Fig 4-S1). Taken together, these results we
demonstrated that both LbCpfl and FnCpfl endonucleases are functional in P.
falciparum blood stages, and can be used successfully to directly disrupt non-essential
target loci. Importantly, we detected editing events during the first cell cycle post-
transfection, and achieved high gene disruption frequencies, comparable to those
observed previously for the Cas9 endonuclease in P. falciparum (Sup Fig 4-S2) (Ghorbal
et al., 2014; Wagner et al., 2014).
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Cpfl displays efficient editing activity in AT-rich regions

The Cpfl binding matrix is characterized by the presence of a TTTN PAM motif, which
is highly frequent motif in the AT-rich P. falciparum genome. Given the frequency of
these regions, we chose a highly AT-rich target for which previous attempts of gene
editing using the CRISPR-Cas9 system had proven unsuccessful. A separate ongoing
Cas9-screening project in our lab to target RNA-Binding Proteins in the parasite, showed
a particular uneditable AT-rich gene (unpublished work). The recalcitrant locus encoded
for the pentatricopeptide repeat domain-containing protein (PPR). This protein belongs to
a large family of RNA-binding proteins involved in several aspects of RNA metabolism,
such as splicing, editing, RNA processing, stability and translation (Manna, 2015). PPR
proteins act as important post-transcriptional regulators and play key roles in gene
expression control, especially in plants chloroplast (Small et al., 2013). However, while
the P. falciparum genome encodes two PPRs, their function(s) are unknown. One of the
PfPPR (PF3D7_1406400) proteins is annotated in the parasite genome as a putative RNA
binding protein with no homology to other organisms and possible function in organellar
compartments. PfPPR is a 608 aa protein encoded in a region that has 80% AT content
and for which no successful disruption attempts have been reported in P. falciparum or
other Plasmodium species. We decided to test the ability of our Cpfl editing tool to
target and edit the PfPPR gene as a proof of concept of the usefulness of this system for
targeting AT-rich regions.

The homology-direct repair pathway we use in the parasite to repair Cpfl DSBs, offers
the possibility of installing additional DNA elements at a target DNA locus that can be
useful for studying gene function. To achieve this, we changed the configuration of the
donor vector to include the components of our previously reported anhydrotetracycline-
inducible TetR-DOZI-aptamer translation control system (Ganesan et al., 2016), which
enables regulation of gene expression (Fig 4-2A). This donor vector contains left and
right homologous regions that were designed 327 bp and 115 bp away from the cut site
and that will repair Cpfl-induced double strand breaks via homologous recombination,

similar to our EBA-175 donor plasmid. The left homologous region was designed to be a
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chimeric DNA fragment made of parasite gDNA and a synthetic DNA sequence recoded
to prevent Cpfl from re-cutting the edited locus. The right homologous region
corresponds to the native 3°UTR of the PPR gene. Both of these homologous regions
flank the TetR-DOZI regulatory elements and the Blasticidin S resistance marker
expression cassette (Fig 4-2A). In addition, a 10x TetR-aptamer array was included in the
donor vector to be installed at the 3° end of the gene after the last amino acid of the
targeted protein. The Cpfl-sgRNA was designed at the 3’ end of the PPR gene, at a
region close to where previous Cas9-sgRNAs were designed. The Cpfl-sgRNA was
designed at position 1713 from the start codon to facilitate the aptamer installation at the
end of the gene during DNA repair. The PPR-crRNA expression cassette was included
outside of the homologous regions and the sgRNA was designed on position 1714 - 1724
from the start codon of the PPR gene (Fig 4-2A).

To demonstrate the ability of Cpfl to target AT-rich regions and our capacity to install

additional regulatory elements during recombination repair, NF54“2

parasites (Nkrumah
et al., 2006) were co-transfected with the LbCpfl1-T7RNAP expression plasmid and the
Lb-PfPPR donor vector in the presence of anhydrotetracycline (aTc) (Fig 4-2B). PCR
analysis of stable Blasticidin-resistant parasites confirmed the expected integration event
of the donor plasmid at the 5° and 3’ ends of the recombination events on the disrupted
PfPPR native locus (Fig 4-2C). The experiment, repeated 3 times in independent
transfections, yielded in every instance stable parasite lines that were edited at this locus,
which demonstrates the reproducible use of Cpfl to edit an AT-rich region that could not
be modified using Cas9. Furthermore, this experiment demonstrates that, as with Cas9,
CRISPR-Cpf1 facilitates installation of additional genetic information during DNA repair.
Future experiments aimed at the identification of a phenotype associated to the PfPPR

disruption will shed the light on the function of this protein in parasite development.
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Figure 4-2: Cpfl shows editing activity in AT-rich regions and can mediate

translational control on targeted genes

A) Genetically encoded system using an integrated platform of a new donor plasmid configuration to
inducibly control gene expression on Cpfl-disrupted genes. A TetR/DOZI linear donor plasmid was
designed with homologous regions to target either the P/PPR and PfUDG loci that are flanking the
regulatory machinery for translational control. Late stage NF54attB parasites are co-transfected with an
LbCpfl expression plasmid and Lb-PPR donor plasmid to target the P/PPR locus and with an FnCpf1l
expression plasmid and Lb-UDG donor plasmid to target the PFUDG locus. At the Cpfl-cut site, the 10X
TetR-aptamer array and the TetR/DOZI/BSD/Rluc expression cassette, included in the donor plasmids are
integrated during DNA repair via homologous recombination. To characterize the function of the targeted
genes, the expression of the native promoter of each gene can be controlled in either a repressed state (-
aTc) when the TetR/DOZI synthetic module interacts with the 10X TetR-aptamer array or the induced state
(+aTc) when the TetR/DOZI module is removed. The Rluc gene is used to monitor parasite growth. The T7
promoter expression cassette driving the transcription of a Cpfl-specific Direct Repeat (DR), the sgRNA
and the T7 terminator is outside of the homologous region. Coordinates indicating Cpfl-cut site and the
designed homologous regions are indicated on the native locus diagram. B) Integrating Cpfl genetic
components and inducible system in blood stage parasites to edit low complexity regions and control the
expression of a putative antimalarial target. Top panel: LbCpfl expression plasmid is co-transfected with
an Lb-PPR donor plasmid and Bottom panel: FnCpfl expression plasmid is co-transfected with an Lb-UDG
donor plasmid. Genomic DNA from BSD-resistant parasites was isolated for further analysis. C) LbCpfl
shows editing activity on the PfPPR low complexity region. Top panel: edited PfPPR locus with integration
event. The coordinates of primer hybridization locations and expected PCR products to confirm
homologous recombination at the 5’ and at the 3’ end of the targeted region are indicated. Botfom panel:
Amplification products that correspond to the editing event on the P/PPR locus are shown at the expected
size. D) FnCpfl-mediated cleavage integrates regulatory elements at the disrupted PfUDG gene. Top panel:
edited PfUDG locus with integration event. The coordinates of primer hybridization locations and expected
PCR products to confirm homologous recombination at the 5° and at the 3” end of the targeted region are
indicated. Bottom panel: Amplification products that correspond to the editing event on the PfUDG locus
are shown at the expected size. E) Western Blot showing inducible regulation of the PfUDG expression in
—aTc and +aTc conditions using an anti-myc antibody, a tag included at the C-terminus of the protein. The
GAPDH loading control was included in each sample. F) PfUDG is not essential for P. falciparum blood
stages. Renilla luciferase-based growth assay on PfUDG edited parasites in -aTc and +aTc conditions.
Parasites were monitored during 3 IDCs starting at synchronous ring stage parasites.

Achieving inducible regulation of a native locus using Cpfl editing activity

Previous work from our group has shown how CRISPR-Cas9 editing technologies can be
integrated with our TetR-DOZI-aptamer inducible system to regulate the expression of
native P. falciparum loci throughout intra-erythrocytic parasite development (Ganesan et
al., 2016). Our group has used this integrated system to target and regulate a variety of
proteins in the parasite, and determine their essentiality for parasite survival. Features
included in the developed TetR-DOZI-aptamer system, such as the constitutive
expression of a renilla luciferase, enable monitoring of parasite expansion in aTc removal
growth assays. In the presence of aTc, the native targeted locus is expressed and thus the

renilla luciferase signal is high, indicating active protein translation and thus parasite
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viability. In contrast, in the absence of aTc the TetR-DOZI module remains bound to the
RNA aptamer blocking protein translation and if the protein is essential for parasite, the
renilla luciferase signal should decrease, suggesting a growth defect associated to the
protein knockdown. Therefore, we sought to establish that Cpfl could also efficiently
substitute into our framework for installing a 10x-TetR aptamers at the 3° end of native
parasite genes to regulate their expression as a first step towards studying their more

detailed biology.

As a proof-of-concept, we selected the P. falciparum uracil DNA glycosylase (Pfung).
The PfUNG is a key enzyme for DNA repair involved in base excision repair (BER),
however disruption of UNG enzymes has not shown essentiality in other organisms
(Robertson et al., 2009). BER corrects DNA damage by recognizing DNA lesions such as
mismatched bases (Krokan and Bjoras, 2013). The BER is presumably an essential
pathway for parasite survival as it prevents the accumulation of mutations during DNA
replication. In P. falciparum, only one ung has been identified, and the function of this
protein has not yet been investigated in detail. Previous studies suggest that this protein
could be a potential target for the design of new antimalarial drugs, as a bacteriophage
Uracil glycosylate inhibitor-PBS1, a known UNG inhibitor in bacteria inhibited parasite
growth (Suksangpleng et al., 2014). However, no detailed efforts were made to establish
that inhibition of Pfung function is the dominant cause of parasite death upon treatment
with PBS1.

To achieve inducible regulation of Pfung, we designed a donor vector for homology-
directed repair similar to the design used in the section above. The left homologous
region amplified was a 528 bp DNA fragment and it was designed 20 bp upstream from
the Cpfl-cut site. The right homologous region was a 496 bp fragment located 464 bp
downstream from the cut site. To facilitate protein detection by Western blot and
regulation of expression, a myc tag upstream of the 10X-aptamer array was included in

the construct to be installed at the C-terminus of the PAUNG protein. The T7 UDG-
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crRNA cassette was designed to target the +549-569 nt region from the start codon of the
gene (Fig 4-2A). Late stage NF54“® parasites were co-transfected with the FnCpfl-
T7RNAP expression plasmid and the Pfung donor plasmid in the presence of aTc. PCR
analysis of stable Blasticidin S-resistant parasites and sequencing to confirm the junctions
between the native locus and the repair construct demonstrated successful targeting of the
Pfung locus (Fig 4-2B and 2D). We confirmed that aTc-dependent regulation of PETUNG
protein expression is achieved as expected by the genetic modifications installed (Fig 4-
2E).

To determine the essentiality of Pfung in blood stage parasites, we performed knockdown
(aTc-withdrawal) growth assays over at least 3 cell divisions. Parasite survival in the
presence or absence of aTc was monitored using constitutively expressed Renilla
luciferase reporter signal introduced with the donor vector (Fig 4-2A) (Ganesan et al.,
2016). Interestingly, we observed no defect in parasite growth under knockdown
conditions, even though P/UNG protein levels were substantially depleted (Fig. 4-2F).
These results indicate that depletion of PfUDG does not lead to an obvious growth defect
in short-term viability assays performed under normal cell culture conditions. Further
experiments will be required to determine whether there are long-term fitness costs
associated with PFUNG knockdown, or if loss of PFUNG expression results in parasites
becoming hypersensitive to conditions favoring increased uracil incorporation into
genomic DNA. The stable parasite lines constructed here will be useful for future

experiments aimed at determining the role of this protein in DNA damage repair.

The validation of Cpfl-genome editing in P. falciparum genome holds promise to
significantly expand the available toolkit for performing functional studies by increasing
the flexibility with which different genomic regions can be specifically manipulated. This
will facilitate better identification and characterization of essential genes, towards the

goal of discovering novel antimalarial therapeutic targets.
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Cpfl sgRNAs binding sites show a larger genome-wide coverage in P. falciparum
than Cas9 sgRNAs

We have shown that Cpfl can be implemented in P. falciparum to edit native loci with
efficiencies and kinetics similar to Cas9. Given that AT-rich genomic regions in the
parasites could be selectively targeted for modification by Cpfl, we wished to gain a
comparative understanding of the genome-wide availability of Cpfl versus Cas9 target
sites in the ~80% AT-rich P. falciparum genome. Previously, no systematic comparative
analysis of Cas9 and Cpfl has been reported for P. falciparum, thus we anticipate such an
analysis will help facilitate selection of Cpf1-gRNA versus Cas9- sgRNA designs for

achieving different genome manipulation outcomes while aiming to maximize specificity.

We performed a genome-wide computational analysis to characterize potential Cas9 and
Cpfl target sites across the P. falciparum genome. We started the analyses by defining
specific criteria that would help to select good quality Cpfl sgRNAs. A total of 5,712
genes from the P. falciparum genome database were analyzed and Cpfl- and Cas9-
binding sites were identified at the 5 and at the 3’ —ends of each gene. We delimited the
regions at those ends by taking only the 500bp region upstream and downstream from the
start and from the stop codon. We rationalized those were the regions of our interest to
install and introduce DNA modifications at each target gene for regulatory purposes. A
collection of 1,098,142 possible sgRNAs was identified based on each endonuclease
canonical PAM recognition site and the information regarding to their sequence
composition and coordinates of their location were stored in a new P. falciparum sgRNA
database (Fig 4-3). We found that the number of Cpfl sgRNAs outnumbered
outnumbered the Cas9 sgRNAs (Fig 4-3A). The total of sgRNAs identified for Cas9 and
Cpfl were equally distributed around the 5’ and 3’ ends of each gene analyzed.
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Figure 4-3. Global sgRNA binding analysis on the P. falciparum genome
Cpfl shows a larger number of binding sites on the parasite’s genome than Cas9. Bars above the horizontal
axis indicate sgRNAs on the sense strand and bars below the horizontal indicate sgRNAs on the antisense
strand. Dotted lines indicate averages of the given data series. A) A total of 1,098,142 sgRNAs with Cas9
or Cpfl PAM sequences were found within the -/+ 500bp ranges at the 5° and the 3’ ends of each target. B)
Total of all selected Cas9 and Cpfl sgRNAs within the 30-70% GC content, top 25% Hsu off-target score
and top 50% on-target score. Percentage of GC content in all C) and selected gRNAs, on the top 25% off-
target and 50% on target scores D). Distribution of off-target scores in all E) and selected gRNAs after GC
content filtering F). Distribution of on-target scores in all (E) and selected gRNAs after GC content

filtering
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To predict the specificity of the identified sgRNAs for both Cas9 and Cpfl endonucleases
on the P. falciparum genome, we used criteria previously characterized for Cas9 and
Cpfl sgRNAs on mammalian cells since no on-target or off-target scoring systems have
been characterized for P. falciparum sequences. We used the following criteria to score
and select specific Cas9/Cpfl sgRNAs: 1) Sequences with 30-70% GC content; 2) top
with 25% Hsu (Hsu et al., 2013) or CFD (Doench et al., 2014) off-target score system;
and 3) the 50% Azimuth (Doench et al., 2016) and CINDEL (Kim et al., 2017b) on-target
score. Importantly the Azimuth on-target score system was developed for Cas9 sgRNAs
and the CINDEL on-target score system was developed for Cpfl sgRNAs. Both off-
target scoring systems here (Hsu and CFD) were originally developed for Cas9. No

reports to quantify Cpfl-off target effects are available yet.

The different scoring systems included in our algorithm were developed using different
approaches to examine the Cas9 activity on mammalian cells. Each of those algorithms
utilizes a different experimental framework to assign values and quantify either the on-
target or the off-target effect of Cas9, based on predetermined criterion established during
experimental set up. The Hsu system was developed based on the Cas9 cleavage activity
that results from a sgRNA with single (or multiple) mismatches and the resulting number
of indels on different on undesired targets, which in this case would be counted as the
off-target effect (Hsu et al., 2013). In contrast, the CFD system was developed correlating
the sequence and distribution preferences of the sgRNA to generate either an on-target or
an off-target effect (Doench et al., 2014). The Azimuth on-target scoring system
quantifies the Cas9 off-target activity from an sgRNA library generated after a positive
and negative selection screens on human and mouse cells. The off-target activity is
incorporated into an algorithm to optimize sgRNA libraries and maximize on-target
activity (Doench et al., 2016). Lastly, the CINDEL system was recently developed to
assess Cpfl-editing activity on human cells using AsCpfl and LbCpf1 (orthologs
commonly used on human cells). This system records indel frequencies from a library of

>11,000 sgRNAs delivered into human cells (Kim et al., 2017b).
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We developed a platform that includes those criteria to rank optimal Cas9 and Cpfl
sgRNAs as it compares the results of the selected sgRNAs from each scoring system. Our
experimental evidence using Cas9 and Cpfl sgRNAs designed on platforms that utilize
algorithms implemented on human cells suggests that these scoring systems can be

applied to the P. falciparum genome.

Using the 1,098,142 sgRNAs database as input, we selected 63,113 sgRNAs by applying
the above criteria, resulting in 97% reduction (Figure 4-3B). Table 4-S1 shows quartile
ranges for the on-target and off-target scores of the different sgRNA database subsets.
Values of the on-target and off-score included in the quartiles were calculated after
selecting sgRNAs with the 30-70% GC content. Selected sgRNAs were within top 25%
off-target score and top 50% on-target quartiles. Interestingly, when using the CFD score
or the single Hsu score off-target to select sgRNAs for either Cpfl or Cas9, we found no
significant differences in the selected sgRNAs (Sup Fig 4-S3). The number of sgRNAs
around the 5° end resulted in a larger reduction possibly because of the AT-richness of
the promoter sequences in that region and the selected sgRNAs were low-scored due to
the low GC content. Low quality on Cas9 sgRNAs associated with low GC content has
been previously established (Brick et al., 2008; Hsu et al., 2013; Ruvalcaba-Salazar et al.,
2005).

To identify differences between Cas9 and Cpfl binding sites at each DNA strand, we
analyzed each DNA strand independently. Our analysis showed that Cas9 binding sites
are more frequently found in the sense strand, while Cpfl sgRNAs were more abundant
in the antisense strand. The trend of Cas9 and Cpfl binding sites can be appreciated in all
panels of Fig 4-3. This behavior can be partially explained based on the P. falciparum
codon usage within the coding regions, consulted in the HIVE-CUTs database (Athey et
al., 2017). Given the abundance of TAAN PAM regions in the antisense strand, we
observed that in the P. falciparum genome AA-containing codons are more frequent

(34.697% of total codons) compared to TT-containing codons (15.919%) and the AAA
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codons nearly triple the TTT codons (9.569% to 3.646%, respectively). On the other hand,
the frequencies of GG- and CC-containing codons are almost equally distributed in the
parasite’s genome (3.188% and 3.779%, respectively). This could explain the difference
in strand preference of Cas9 sgRNAs with respect to Cpfl sgRNAs binding sites. In
addition, previous reports have shown the notable bias in the P. falciparum genome for G
nucleotides in the first (G: 22.19%, C: 9.58%) and third (G: 9.58%, C: 7.82%) bases of
each codon (Saul and Battistutta, 1988). This composition makes the sense-strand NGG
PAM sequences span in two codons at a higher probability.

Overall Cas9 sgRNAs showed a higher average GC content than the Cpfl sgRNAs
overall (Fig 4-3C,D), an expected result based on the binding sites that this endonuclease
recognizes. After applying off-target and on-target filters, the GC content of both Cas9
and Cpfl increased since the algorithms consider a 30-70% GC content as a parameter to
select good quality sgRNAs. Hence, high GC content sgRNAs are less likely to have

similar sequences on this particular genome reducing the predicted off-target effect.

Off-target scores using the Hsu and CFD algorithms had an approximate maximum of
100 (all the scores were normalized to 100, being 100 the best score) for both Cpfl and
Cas9 sgRNAs (Fig 4-3E,F). Both the Hsu and CFD scoring algorithms assign weights to
the number and position of mismatches, while the CFD algorithm adds penalties for each
mismatched nucleotide (Doench et al., 2016). Hence, when applying the CFD scores,
sgRNAs showed a larger distribution in the lower percentiles than the Hsu score system.
Although the CFD and the Hsu scoring systems were developed to assign values to Cas9-
edited mammalian cells, in general the scores are heavily influenced by the number of
similar sequences in each genome’s off-target sgRNA database. As a consequence, the
distribution of the sgRNAs with their off-target scores without filtering for GC content
resulted in an additional peak of scores near the minimum score for both scoring systems,
corresponding mostly to AT-rich repetitive sequences. For this reason, we included in our

analysis an organism- and enzyme-unweighted metric based solely on the number of
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mismatches using the Hsu algorithm with an equal-valued position mismatch matrix for
use with Cpfl guides (Fig 4-S4). Importantly, our group has empirically validated the
Hsu scores in the design of Cas9 and Cpfl sgRNAs in P. falciparum (scoring system

implemented by default on Benchling (www.benchling.com) (unpublished work). For

Cpfl sgRNAs, the Hsu score was calculated with unweighted position matrices.
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the top 30-70% GC content, top 25% off-target scores, and top 50% on-target scores. Number of total
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gRNAs at the 5’ (G) and at the 3’ end (H).
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On-target scores were also normalized to 100. The Azimuth on-target scores increase for
Cas9 sgRNAs when filtering for their GC content (Fig 4-3G), given that the GC content
is associated with on-target activity (Doench et al., 2016; Doench et al., 2014).
Conversely, the GC content filter decreased the CINDEL on-target scores of Cpfl
sgRNAs (Fig 4-3H). Importantly, for Cpfl gRNAs, higher scores outside of the 30-70%
GC content range is likely to be an artifact of the CINDER algorithm, as the authors note
that the score calculation was developed solely on 30-70% GC sgRNAs, and caution
against use of this metric with other sgRNA compositions (Kim et al., 2017b).
Interestingly, the two on-target scores included in our analysis for both Cas9 and Cpfl
sgRNAs skewed in opposite directions on the x-axis, reflecting opposite score trends for
each algorithm (Fig 4-3G,H). This might be due to the fact AT-rich Cpfl sgRNAs are
more abundant, but have lower quality, which gives low on-target CINDEL scores, while
the opposite is true for Cas9 sgRNAs. However, the two on-target score algorithms are
not comparable since they use different metric systems, thus the percentile value (instead

of the score value) was used as a cutoff to select good on-target sgRNAs in our database.

Another aspect we analyzed for our selection of Cpfl and Cas9 sgRNAs was the
distribution of the binding sites within genes and across all genes in the parasite’s
genome (Fig 4-4). We first analyzed the distribution of the total number of sgRNAs for
both Cpfl and Cas9 with respect to the 5° (Fig 4-4A) and 3’ (Fig 4-4B) ends of each

target region. Next, we selected sgRNAs using our described criteria at the

5’ (Fig 4-4C) and 3’ ends (Fig 4-4D) of the target regions. Comparable to our previous
analyses, we observed an overall reduction in the number of sgRNAs after selection. The
distribution of Cpfl sgRNAs was augmented around the 3’ end of the coding region and
outside of it, compared to the distribution of Cas9 sgRNAs. The distribution of the
selected Cas9 sgRNAs was higher within the coding region, given its higher GC content.

Overall, we were able to confirm that the number of Cpfl PAM motifs associated to

sgRNA sequences exceeds the number of Cas9 sgRNAs in the P. falciparum genome,
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even after applying quality filters. Ata final count, we found 4,080 genes (71.43% of
total genes) that contain at least one Cas9 sgRNA fulfilling the characteristics of 30-70%
GC content, top 25% off-target scores, and top 50% on-target scores included in our
analysis. In contrast, 5,673 genes (99.32% of total genes) were found to contain at least
one Cpfl sgRNA. Only 23 genes (0.3909 %) contained no satisfactory sgRNAs binding
sites by either enzyme (either at the 5° or 3’ end of the target region) (Fig 4-4 E,H). Those
genes include 10 conserved proteins with unknown function, 6 apicoplast ribosomal
proteins, 2 tRNAs sequences, 1 5S ribosomal RNA, 1 small nucleolar RNA, and 1
unspecified product. Graphs including the information for all 5712 genes can be viewed

online as supplementary files, available at http;//bit.ly/2eVme4C.

The criteria used in our analysis showed that the quality of Cpfl gRNAs might be lower
compared the Cas9 sgRNAs. However, our results suggest that the high abundance of
Cpfl binding sites across the P. falciparum genome offers more opportunities to edit a
higher number of loci using this nuclease compared to Cas9. Our genome-wide in silico
prediction analysis identifies Cpfl sgRNAs that have a predicted greater probability of
mediating a specific editing outcome. However, other sgRNAs rejected by the applied
filters may also mediate specific genome-editing outcomes. Importantly, the experimental
data used to inform our predictions are obtained from mammalian cells, which have
distinct genome composition and DNA repair mechanisms than P. falciparum. A
systematic analysis, combining large-scale experimental data from P. falciparum with
computational analysis, would help refine our Cpfl and Cas9 sgRNA prediction models

to facilitate providing more accurate guidelines for sgRNA selection in P. falciparum.
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DISCUSSION

CRISPR-Cas systems have become the method of choice for genetically modifying
different types of cells and even multicellular organisms. CRISPR-Cas9 utilizes a single
effector protein to target DNA. The Cas9 endonuclease has been also used to inhibit or
activate genes, modify epigenetic marks and more recently, this protein has been
engineered to inducibly control its editing function (Nunez et al., 2016). CRISPR-Cas9 is
a powerful gene-editing tool that has accelerated gene function studies in large scale,
especially in challenging organisms with limited genetic tools available, including P.
falciparum. The CRISPR-Cpf1 system has been recently described as an alternative DNA
editing tool that recognizes a different PAM, making it more suitable for organisms with
an AT-rich genome. Nevertheless, in organisms such as marine bacteria, plants and
human cells, Cpfl has shown some advantageous features over Cas9, such as having less
toxicity and reduced off-target effects (Jiang et al., 2017; Kim et al., 2017a; Kleinstiver et
al., 2016; Ungerer and Pakrasi, 2016) while other reports have shown Cpfl to be is as
effective as Cas9 technologies (Yin et al., 2017).

We have established the CRISPR-Cpf1 system, as an alternative tool to edit native loci
independent of their sequence complexity in blood stages of P. falciparum. We have
demonstrated that Cpf1 DNA editing is as effective as Cas9 in this parasite when editing
the parasite receptor PfEBA-175. Similar to Cas9, Cpfl acts within the first cell division
cycle of the parasite and yields virtually complete editing of a cell population based on
surveying isolated clones. We observed editing activity using both LbCpfl and FnCpfl.
LbCpfl1 has shown robust genome editing activity in mammalian cells (Agudelo et al.,
2017; Kim et al., 2017b; Kim et al., 2016; Kleinstiver et al., 2016; Zetsche et al., 2015),
whereas FnCpf1l has been more broadly used as an editing tool in plants and other
organisms (Endo et al., 2016; Jiang et al., 2017; Ungerer and Pakrasi, 2016; Zaidi et al.,
2017). Additionally, we showed that Cpf1-DRs are interchangeable between LbCpf1 and
FnCpfl and editing efficiency is not affected, consistent with previous studies (Zetsche et

al., 2015). Using an approach for co-transfecting Cpfl with homology-directed repair
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donor vectors, we have shown the ability of this system to target native loci, at least one
of which occurred in a low complexity region and was recalcitrant to editing using Cas9.
Operationally, donor-vector assembly for Cpfl is simpler than Cas9. Since the crRNA is
shorter, we are able to generate T7 sgRNA expression cassettes using a single synthetic

DNA fragment, which streamlines donor-vector construction.

Based on our in silico modeling we showed that the ability of Cpfl to recognize AT-rich
PAM motifs increases the number of potential binding sites across the genome at a
similar specificity with respect to Cas9, expanding the coverage of genes that can be
targeted. This newly implemented system will facilitate genome editing and pave the way

to study gene function in a large-scale platform.

CRISPR-Cpf1 represents a powerful genome-editing tool to perform functional genetic
screenings in P. falciparum and it offers an alternative platform in addition to existing
Cas9 based-technologies to conduct reverse genetics on this parasite. Our group has
recently shown how we can we efficiently integrate the editing activity of CRISPR-Cas9
systems using our TetR-aptamer translation control system to target and conditionally
regulate the expression of any native gene (unpublished work). In this work, we showed
how using Cpfl editing activity, we were able to introduce DNA modifications at the cut
site of the gene target via homologous recombination and inducibly regulate its
expression. Such DNA modifications can be built during donor vector assembly and they
were included within the homologous regions used to repair DNA cleavage. Elements
such as peptide tags, TetR-aptamer arrays and TetR-DOZI cassette are necessary to
profile protein expression and study the function of the selected gene. The
implementation of this new Cpfl-integrated strategy to target native loci independent of
their sequence complexity constitutes an important achievement to study a broader
spectra of loci that will help to study essential aspects of the parasite biology, validate
compounds with antimalarial activity and establish a new platform for the discovery of

new targets for the development of new drugs and vaccines.
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Genome-wide analysis showed how we could optimize Cpfl-sgRNAs design on the P.
falciparum genome using criteria adopted from Cas9-based algorithms that might help to
obtain a positive editing outcome with a higher on-target and lower off-target effects. Our
Cpfl library with selected sgRNAs showed a larger number of binding sites across the
genome and that those sgRNAs were preferentially found at the anti-sense strand of the
coding genes and skewed towards the 3’ end of the targets. Interestingly, the majority of
our successful editing events included in experimental data, were performed using Cpfl-
sgRNAs designed on the anti-strand showing better on-target scores than other sgRNAs.
However, other Cpf1-sgRNAs experimentally tested, were found on different regions of
the target gene, out of the pattern showed by typical Cpfl-binding sites and some of them
outside of the stringent parameters implemented, equally effective. This fact showed the
feasibility of using this the Cpfl editing system in genomes such as the one found in P.
falciparum, where the frequency of available binding sites is so large that even after
applying filters to select high quality sgRNAs the number of reminding cut sites is

superior compared to Cas9-binding sites.

Our method offers a source to design improved sgRNAs that increase the probability of
having a positive editing event. Our library of selected sgRNAs with good targeting
scores could be highly valuable to perform large-scale screens gene editing experiments
on this parasite at a higher success rate. Multiplex editing experiments could be one of

the applications when using a P.falciparum-specific Cpfl library of sgRNAs.

The demonstration of the Cpfl-efficacy enhances the utility of CRISPR-Cas class 11
systems in P. falciparum to perform functional genetics on blood stages on this parasite.
The implementation of Cpfl-editing technologies complements our previous findings
using Cas9 for genome engineering and presents an alternative system to target and
regulate the expression of native loci that is independent of their sequence composition,
protein-cellular localization and biochemical properties. We envision the potential of our

complete genetic-tool kit as a highly robust and scalable platform to achieve high-
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throughput genetic screenings associated with a specific phenotype in the parasite

towards the identification of essential genes for parasite development.
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METHODS

Genome-wide survey for Cas9 and Cpfl sgRNA analysis

Genomic DNA sequences for the Plasmodium falciparum 3D7 genome (v.3.0, building
on the work of Gardener et al., (Gardner et al., 2002) were obtained from the PlasmoDB
project repository (Aurrecoechea et al., 2009). All gene sequences in the genome,
including genomic sequences from mitochondrial and apicoplast chromosomes, were
included in the analysis. For every gene sequence, regions between 500 bp upstream and
500 bp downstream of both the start and stop of the coding sequence —the target region
for CRISPR-mediated editing— were searched for single guide RNAs (sgRNAs). Each of
the noncoding regions, were taken target region independently, and the 5° and 3” ends of
the sequence were taken as extremes. Searching was performed by identifying the
frequency of Protospacer Adjacent Motif (PAM) sequences on the form of NGG for Cas9
sgRNAs (Doench et al., 2016; Doench et al., 2014) and TTTV for Cpfl sgRNAs (Kim et
al., 2017b; Zetsche et al., 2015). Each sgRNA was characterized using a variety of
metrics, including position with respect to the start or stop of the target region, strand
orientation with respect to coding strand of the gene, GC content and different on-target
and off-target scores. On-target scoring for Cas9 sgRNAs was calculated using the
Azimuth algorithm, based on experimental Streptococcus pyogenes Cas9 (SpCas9)
activity data from the work of Doench et al. (Doench et al., 2016) in murine and human
cells. The CINDEL algorithm, developed by Kim et al. (Kim et al., 2017b) through
logistic regression of similar Acidaminococcus sp. BV3L6 Cpfl activity data in human
cells, was used for Cpfl sgRNAs. To calculate off-target scores, a genome-wide sgRNA
database for P. falciparum was generated, including sequences for alternative PAMs
sequences shown to display measurable off-target activity such as NAG for Cas9 (Hsu et
al., 2013) and CTTV for Cpfl (Kim et al., 2017b). Two different algorithms were used to
calculate Cas9 off-target scores of P. falciparum sgRNAs. The first, developed by Hsu et
al. (Hsu et al., 2013) and it is based on human cell targeting specificity data using SpCas9.
The second, the Cutting Frequency Determination (CFD) score developed by Doench et

al. (Doench et al., 2016), and it is based on the same data as the Azimuth on-target metric.
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To the best of our knowledge, no metric for sgRNA off-target activity has been
developed based on Cpfl experimental data. Hence, Cas9 sgRNA off-target algorithms
were used to calculate Cpfl-specific metrics. Both the Hsu and CFD scoring algorithms
assign weights to the number and position of mismatches, and the CFD algorithm
includes mismatch identity into the calculation as well. Even though these weights are fit
to data from mammalian cells edited with SpCas9, the number of similar sequences in
each genome’s off-target sgRNA database heavily influences the score calculation. Thus,
an organism- and enzyme-agnostic scoring metric, based solely on the number of
mismatches, was also included in the calculation using the Hsu algorithm with an equal-
valued position mismatch matrix to calculate the off-target score on Cpfl sgRNAs.
Sequences, location, and metrics for all sgRNAs were stored to generate a P. falciparum
sgRNA database. A second database of selected sgRNAs was created by choosing
sgRNAs with 30—-70% GC content, top 25% off-target Hsu scores and on-target scores in
the top 50%. Given that off-target and on-target scoring metrics are largely derived from
potentially useful sgRNAs with 30-70% GC content, the scoring percentile values were
calculated from the results of the GC filter and not the total database. Hsu scores have
been empirically validated in designing successful sgRNA guides in P. falciparum
(unpublished work). For Cpfl sgRNAs, the Hsu score was calculated using unweight
position matrices. Additionally, sgRNAs were aggregated by gene, and the number of
sgRNAs for each was calculated to generate a gene sgRNA database. All sequence
manipulation and analyses were implemented in Python (v.2.7.8), while graphical and
statistical analyses were done using R (v.3.4.1). The source code for the entire pipeline

will be made available at https://github.com/pablocarderam/Pfal CRISPR.

Plasmid construction

Cpfl expression plasmids

To generate the different Cpfl orthologs expression vectors, we used our pfYC3-base

vector (Wagner et al., 2013) with an ADHFR (Human dihydrofolate reductase) to clone
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the genes encoding the FnCpfl and LbCpf1 proteins. Both genes were subcloned from
plasmids provided by Feng Zhang’s group, into the X#o/ and Fsel unique restriction sites
of the base-plasmid, using Gibson assembly, under the 5°UTR PfCAM promoter
(P.falciparum calmodulin). To clone the Cpfl genes, we used synthetic adaptors with
homologous regions to the 5’ and 3’ ends of each Cpfl coding sequence and a unique
Apal restriction site to avoid PCR reactions on a long gene and to prevent possible
introduction of mutations during the amplification. To build the synthetic adaptors, we
used complementary oligos, through a Klenow Fragment (3'—5' exo-) NEB reaction
reaction. Annealed oligos and DNA synthesis were confirmed on an agarose gel
electrophoresis and purified using the Qiaex II gel extraction kit. The purified synthetic
DNA fragment was cloned via Gibson into the XAol and Fsel, followed by a sequencing
confirmation. Next, the pfYC3-plasmid was digested with Apal included in the adaptor to
receive purified Cpfl gene fragments released from huFnCpfl and huLbCpfl plasmids
provided by the Zhang group, and the fragments were assembled via Gibson (see list of
oligos Table S2). TTRNAP was cloned previously, downstream from hDHFR marker
using a T2A self-cleavage peptide for multi-cistronic protein expression, under the
control of the 5’UTR PcDT. The Cpfl and hDHFR-2A-T7RNAP expression cassettes
were cloned using the previously described head-to-head arranged configuration on the

plasmid to optimize transcriptional activity (Wagner et al., 2013).

Donor plasmids and crRNA synthesis

1. pUF-1-based donor plasmids construction: donor plasmids targeting the PfEBA-
175, PfFC and PfHRPII native loci were built using the pUF-1 base plasmid

(Ganesan et al., 2011) as a starting point. Homologous regions used as a template

to repair Cpfl-induced cleavage were amplified from parasite gDNA. PCR
amplification reactions were performed using a 15:1 (v:v) mixture of Hemo
KlenTaq polymerase and Vent polymerase (New England BioLabs) in Hemo
KlenTaq Buffer. Elongation was carried out at 60 °C for 2 min/kb of DNA to be
amplified and PCR products were confirmed on a 1% agarose gel. Left

homologous regions for all the targeted loci were purified and cloned into the
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Sacll and Spel unique restriction sites of the plasmid using Gibson assembly,
using oligos listed on Table S2. The right homologous regions were amplified
and cloned into the EcoRI and Ncol unique restriction sites. The Cpfl-spacer
(sgRNA) to target FC and HRPII loci were cloned in a single step using self-
complementary oligos in a Klenow Fragment (3'—5' exo-) NEB and cloned into a
unique BsmBI restriction site generated in a previously incorporated T7-Cpfl
expression cassette that included Cpfl-Direct Repeat sequences, T7 promoter and
T7 terminator, as part of the pUF-1 base vector. To clone and synthesize EBA-
175 sgRNA we used longer complementary oligos using the same Klenow
synthesis reaction that included all the expression components including; T7
promoter, Cpfl-direct repeat sequence, EBA-175 sgRNA and T7 terminator. We
cloned the synthetic fragment generated into the NotI unique restriction site of the
pUF-1 vector. Oligos used to synthesize and clone gene specific-sgRNA are listed
on Table S2.

. pSNO053-based donor plasmids construction: donor plasmid to target native Pf/PPR
and PfUNG were built into the pSN053 base plasmid (unpublished work). This

base plasmid contained an expression cassette driving the expression of a single
transcript encoding for TetR/DOZI/Renilla Luciferase/Blastocidin selective
marker for multi-cistronic protein expression using the 5’UTR and 3°’UTR
PfHSPS86. Our group has previously shown the functionality of this expression
cassette to regulate the expression of reporter and native P. falciparum genes
using this plasmid on BSD-resistant and Renilla luciferase positive parasites. It
was designed with modular features to easily assemble and replace gene-specific
pieces to target any parasite gene. Left homologous regions were first amplified
and gel-purified, followed by a Gibson that included the purified PCR product
and a synthetic DNA fragment (IDG gblock) containing a recoded portion of the 3’
end of the gene that prevented Cpfl from recutting at the target site. Gibson
reaction with the assembled product was then re-amplified and the purified prouct
was cloned into the Fsel and BsiW1 restriction sites of the base plasmid. Right

homologous regions correspond to the 3 UTR of each locus and were amplified,

176



purified and cloned into I-Ceul unique restriction site of the pSN053 base plasmid.
Oligos used to amplify left and right homologous regions of each locus are listed
on Table S2. T7-Cpfl expression cassettes with all the components were
synthesized in a single IDT gblock and cloned in a single step at the I-Ceul
reconstituted from the right homologous regions and the /-Scel unique restriction
sites of the plasmid, via Gibson. Designed sgRNAs sequences to target P/PPR

and PfUNG loci included on oligos used to synthesize donor plasmids (Table S2).

Parasite culture and transfections

P. falciparum parental parasite strain NF54attB was grown in 5% O,, 5%CO;and 37C
conditions in RPMI-1640 medium supplemented with 2.5g/L. AlbumaxlII (Life
Technologies), 2g/L sodium bicarbonate, 25mM HEPES, pH 7.4, ImM hypoxanthine and
50mg/L gentamicin. Double plasmid co-transfections were performed in late stage
parasites using the spontaneous uptake method (Deitsch et al., 2001) with 50ug (and 25ug
for multiplex editing experiments) of maxi-prepped DNA of each plasmid and eight
square-wave electroporation pulses of 365 V for 1 ms each, separated by 0.1 s. Single
selection on the co-transfected parasites was applied on the fourth day after transfection
using 1.5 uM DSM1 or 2.ug/mL of BSD (Blasticidine S), depending on the donor
plasmid used in each experiment. DSM1 is a Plasmodium DHODH-specific

inhibitor (Phillips et al., 2008) and BSD has also been shown to be a P. falciparum
selective marker when using the blasticidin S deaminase of Aspergillus terreus (Mamoun
et al., 1999). Parasites transfected with pSN053 donor plasmid, were maintained on 0.5
uM of aTc (anhydrotetracycline) at all times and Renilla Luciferase signal was monitored
periodically during the transfection period until it reached ~10® Renilla Luciferase Units
(RLUs), at which parasites were detectable by Giemsa smear. Renilla Luciferase signal
was measured using the Promega Renilla Glo kit, following the manufacturer’s
instructions on a GloMax 20/20 luminometer (Turner Biosystems). Parasites that were

transfected with pUF-1 plasmids, were monitored only by Giemsa smear within a typical
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4- to 6-week transfection period, stable parasite lines were further analyzed for specific

editing events.

Analysis of Cpfl-edited parasites

Parasite infected red blood cells from transient transfections (Day 2 and day 4 post-
transfection) and from stable lines were lysed using 0.15% Saponin in 1X PBS. Parasite
genomic DNA (gDNA) was isolated and purified using the QIAamp DNA blood mini kit
(Qiagen). Identification of editing events in each DNA sample was performed using PCR
and the Hemo KlenTaq polymerase (New England BioLabs) in Hemo KlenTaq Buffer
Oligos. The expected integration events at the 5° and the 3’ ends after recombination at
the target site, were amplified using P1 (hybridizes upstream to the left homologous
region of the targeted gene on the native locus) and P3 (hybridizes on the yDHODh or
TetR/DOZI/RIuc/BSD expression cassettes) paired oligos, and P2 (hybridizes on the
yDHODAh or TetR/DOZI/Rluc/BSD expression cassettes) and P4 paired oligos
(hybridizes downstream to the right homologous region of the targeted gene on the native
locus). Oligos to amplify 5 and 3’ integration events at each targeted site are listed on
Table S3. For multiplex editing experiments, PCR reactions were performed on each

DNA sample for each individual expected edited gene.

Samples with no-gRNA and NF54 negative controls were included in all 5° and 3°- end

PCR reactions.

Renilla luciferase-based growth assays

To determine differences in growth rate between Cpfl-edited parasites at the PFUNG
locus and establish gene essentiality, blood stage parasites were synchronized to rings
using 5% Sorbitol. Parasites were washed off aTc at least 4-5 times using regular RPMI-
supplemented media with no aTc. After washing, parasites were diluted and adjusted to
~10° RLUs and seeded in a 96-well microtiter plates in triplicate at 0.5% hematocrit in

200 pl of RPMI Complete media in the presence or the absence of aTc (0.5 uM). Four
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different plates were set for the different time points of collection, including Time 0, IDC
1, 2 and 3 so the parasites would not get disturbed during the course of the experiment.
All samples were processed simultaneously at the end of the experiment and the Renilla

Luciferase signal was measured on a Promega Glomax plate reader.

Western Blot

To establish inducible regulation in the expression of the PAUNG edited parasites,
approximately 10° late stage parasites were lysed using 0.15% saponin in 1X PBS after
being grown for at least one IDC in the presence or absence of aTc. NF54attB WT
parasites were included as negative controls. Lysates were prepared for western blot by
heating in Laemmli sample buffer at 95 °C for 10 min. After separation by SDS-PAGE,
proteins were transferred to a PVDF membrane and probed with a rabbit monoclonal
antibody against Myc-tag (used to tag the UNG protein) Cell signal (71D10) at a 1:2000
dilution, or rabbit polyclonal antibody against GAPDH (Abcam, ab9485) at a 1:1000
dilution. Blots were imaged using a horseradish peroxidase-coupled secondary antibody
(1:5000 dilution) and SuperSignal West Femto substrate (Thermo Scientific, Catalog #
34095).
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Figure 4-S1: Efficiency of Cpfl-editing activity on the PFEBA-175 locus
EBA-175 edited parasites using either FnCpf1 or LbCpf1 were cloned using limited dilution. All the clones
(21/21) using both endonucleases show the expected integration event at the 5’ (Expected amplification

product of 2.5 kb) and 3” (Expected amplification product of 2.1 kb) of the disrupted locus, which confirms
editing on 100% of the population.
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Figure 4-S2: Comparable results between Cpfl and Cas9-editing activities to target
PfEBA-175 during transient transfections

Late stage NF54attB parental strain parasites were co-transfected with the LbCpfl expression plasmid and
Lb-EBA-175 donor plasmid or a no-crRNA plasmid (negative control). Similarly, a Cas9-EBA-175 donor
plasmid was transfected on a Cas9-integrated parasite line, generated in our group or a no-gRNA plasmid
(used as a control). Genomic DNA was isolated at Day 2 post-transfection and the agarose gel shows
amplification products of the expected editing event at the 3’ end of the disrupted PfEBA-175 with the
yDHODH expression cassette integrated.
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Figure 4-S3: Comparison of different off-target scoring algorithms on filter
stringency

Bars above the horizontal axis indicate sgRNAs on the sense strand of the gene they are found on, while
bars below the horizontal indicate sgRNAs on the antisense strand. Hsu scoring system resulted in a
slightly more stringent filter than CFD scores for sgRNAs around both the 5” (A) and 3’ (B) ends,
particularly for Cas9 sgRNAs. However, Cpfl sgRNAs outnumbered Cas9 sgRNAs by a similar amount,
independently of the algorithm used. Normal (weighted) and unweighted position matrices did not affect
filtering when using Hsu scores.
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Figure 4-S4: Distribution of off-target scores in total sgRNA database on total
sgRNA binding sites analysis on P.falciparum

Bars above the horizontal axis indicate sgRNAs on the sense strand of the gene they are found on, while
bars below the horizontal indicate sgRNAs on the antisense strand. Dotted lines indicate averages of the
given data series. Off-target sgRNA scores concentrate towards the two extremes of the distribution for
both the Hsu (A) and CFD (B) algorithms.
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Enzyme  GC Content Score Algorithm 0% 25% 50% 5%

Cas9 All Azimuth -9.598 31.03 41.62 52:12
Cpfl All CINDEL 1.224 15.71 25.36 39.38
Cas9 All Hsu 0.0152 66.58 93.76 98.95
Cpfl All Hsu agnostic 0.01548 59.16 96.15 99.8

Cas9 30> GC>70 Azimuth -5.302 39.84 49.5 57.48
Cpfl 30= GC>70 CINDEL 1.224 12.38 20.44 31.73
Cas9 30> GC>70 Hsu 0.0866 97.95 99.47 99.94
Cpfl 30> GC>70 Hsu agnostic 0.7697 99.39 100 100

Table 4-S1: Reference of the percentiles of On-Target and Off-Target Scores to
select Cpfl and Cas9 sgRNAs from the general database.

Table §2: List of oligos used for plasmid construction

Oligo Name Sequence (5'-3') Description
AF276 cctaatagaaatatatcaggatcectegagatgageaagetggagaagtttacaaactgetactcgggeccattatg Fwd oligo of synthetic adaptor fragment to clone LbCpf1 into pFGNr-T7 plasmid
AF277 gegagcatcagtcatggaattcggeeggecggeatagteggggacatcatatgggtatgeataatgggeccgagtageag Rv oligo of synthetic adaptor fragment to clone LbCpf1 into pFGNr-T7 plasmid
AF350 cctaatagaaatatatcaggatcectcgagatgageatctaccaggagttcgtcaacaagtattcgggeccattatg Fwd oligo of synthetic adaptor fragment to clone FnCpf1 into pFGNr-T7 plasmid
AF351 ggpagcatcagtcatggaattcggecggecttaggeatagtcggggacatcatatgggtatgeataatgggeccgaatacttg Rv oligo of synthetic adaptor fragment to clone FnCpf1 into pFGNr-T7 plasmid
eba-175_LH_Forw tatagaatactcaagcttggggggatcctctagagtcgacgttatggaactccagataat Fwd Gibson oligo to amplify and clone EBA-175 left homologous in pUF-1 plasmid [25108687)]
eba-175_LH Rev  cctctaccttcaccactacccatageaagatgtecataat Rv Gibson oligo to amplify and clone EBA-175 left homologous in pUF-1 plasmid [25108687]
eba-175_RH_Forw ttctcaaaaatgaacaataattattcaactaaggcagaaa Fwd Gibson oligo to amplify and clone EBA-175 right homologous in pUF-1 plasmid [25108687]
eba-175_RH_Rev  agtgtagttaattcatcaaatageatgectgcaggtcgacaatattcageatcacaatta Rv Gibson oligo to amplify and clone EBA-175 right homologous in pUF-1 plasmid [25108687]
AF299 getgacactatagaatactcgeggcegetaatacgactcactatagggtaatttctactaagtgtagatceatagcaagatgtecataa  Fwd klenow/gibson oligo to synthesize and clone EBA-175 T7 prom, DR seq, sgRNA and T7 term
AF300 acttttcttcttcagggtaggeggccgecaaaaaaccectcaagaccegtttagaggecccaaggggttatgetattatggacatcttgctatgy Rv klenow/gibson oligo to synthesize and clone EBA-175 T7 prom, DR seq, sgRNA and T7 term
AF236 ttattggttttcaaacttcattgactgtgeeggeeggeectataatteataataatatgg Fwd Gibson oligo to amplify and clone PPR chimeric left homologous region into pSN053 plasmid
AF216 ctctttgaagagtttaaacgcttictcataattatctatgtgactataaatttttaac Rv oligo to amplify native PPR and assemble PCR product with synthetic PPR DNA fragment
AF230 actcacagatcttcttcgetgatgagtttctgticegtacggtagttcteegtcteagaa Rv Gibson oligo to amplify and clone PPR chimeric left homologous region into pSN053 plasmid
AF431 ttcaaacttcattgactgtgeeggeeggecatgaataatecaacaatteag Fwd Gibson oligo to amplify and clone UNG chimeric left homologous region into pSN053 plasmid
AF432 gataggcacggagaagcaaaggeecatggettgatcetttttgatgataagg Rv oligo to amplify native UNG and assemble PCR product with synthetic UNG DNA fragment
AF437 acagatcttcttcgetgatgagtttetgttecgtacgttgeggeagtteecacttgattg Rv Gibson oligo to amplify and clone UNG chimeric left homologous region into pSN053 plasmid
AF217 attatacgaagttatcgtaactataacttattcactgtataaaggaatc Fwd Gibson oligo to amplify and clone PPR right homologous region into pSN053 plasmid
AF218 gtgagtcptattattcgetaccttaggaccttacataaggagacagaage Rv Gibson oligo to amplify and clone PPR right homologous region into pSN053 plasmid
AF333 ttatgtaaggtcctaaggtagcgaataatacgactcactatagggtaatttctactaagtgtaga gaaacatagc Fwd klenow/gibson oligo to synthesize and clone PPR sgRNA
AF334 cctaacctagggataacagggtaatcaaaaaaccectcaagaccegtttagaggecccaaggggttatgetatgtitcatattitaatt Rv klenow/gibson oligo to synthesize and clone PPR sgRNA
AF444 agcatacattatacgaagttatcgtaactataacatatatatatatatattatgteacgtgatic Fwd Gibson oligo to amplify and clone UNG right homologous region into pSNO53 plasmid
AF445 tegtattattegetaccttaggacegtataaatatatatatataacaccttg Rv Gibson oligo to amplify and clone UNG right homologous region into pSN053 plasmid
AF448 gegaataatacgactcactatagggtaattictactaagtgtagattgticctataggag Fwd klenow/gibson oligo to synthesize and clone UNG sgRNA
AF449 aagacccgtitagaggeeccaaggppttatgetatttitactcctataggaacaatctac Rv klenow/gibson oligo to synthesize and clone UNG sgRNA

Table 4-S2: List of oligos used for plasmid construction
*Bold font: corresponds to the gene-specific sgRNA sequence
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Table $3: List of oligos used to confirm editing

Oligo Name Sequence (5'-3') Description

AF324 acagccagtttaactaccaagticttg P3 Fwd oligo specific to the yDHODh selective marker to detect integration at the 3' end when using pUF-1 based donor plasmids
AF323 ttaaatgctgttcaacttcccac P2 Rv oligo specific to the yDHODh selective marker to detect integration at the 5" end when using pUF-1 based donor plasmids
AF346 gaaatatggaaatgttcaaaaaactgataag P1 oligo to detected PFEBA175 edited event at the 5' end

AF347 aaatcatctaaatcaatatgttcacgcttttce P4 oligo to detected PFEBA175 edited event at the 3' end

AF678 cctcgagttgtaaaattgaacagg P1 oligo to detected PfFC edited event at the 5' end

AF679 atttttaatcattttttttcgcttatggatttacacc P4 oligo to detected PfFC edited event at the 3' end

AF680 tttcctictcaaaaaataaagtattatceg P1 oligo to detected PfHRPII edited event at the 5' end

AF729 acatgttttagctcaaattaatgtgtacage P4 oligo to detected PFHRPII edited event at the 3" end

AF285 tcataaggatacgtacgctcacagatc P2 Rv oligo specific to theTetR/DOZI backbone to detect integration at the 5’ end when using pSN053 based donor plasmids
AF266 ggaatactaaatatatatccaatggecce P3 Fwd oligo specific to theTetR/DOZI backbone to detect integration at the 3' end when using pSN053 based donor plasmids
AF342 gcaaaaacgggaaatggatataagge P1 oligo to detected PfPPR edited event at the 5' end

AF343 gaatgttatttacatttacatg; aatatttaattcatcc P4 oligo to detected PfPPR edited event at the 3' end

AF495 tttataagatattattttaaatatttataca aatctga atatgtcce P1 oligo to detected PfUNG edited event at the 5’ end

AF496 gtttgattacgtgtaaggttaattatccg P4 oligo to detected PUNG edited event at the 3' end

Table 4-S3: List of oligos used to detect integration events
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS
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The burden of malaria around the world takes a toll of nearly half million deaths,
especially in children and pregnant women. Despite some progress in reducing the
number of cases in areas of seasonal or sporadic malaria by the use of first-line
antimalarials, the emergence of drug-resistant P. falciparum strains has substantially
increased the malaria morbidity and mortality. A better understanding of the parasite’s
biology and the systematic identification of proteins that accomplish essential functions
for infection and survival of the parasite represent a promising strategy for the inclusion
targets for the development of the novel therapeutics. The work presented here introduces
the development of new genetic and molecular tools to manipulate P. falciparum. These
tools were developed as single modules that could be integrated within a single genetic
toolkit to accomplish broader tasks in parallel and effectively overcome the potential
limitations of one or another. The genetic toolkit described in this work provides a robust
and versatile way to identify and characterize essential and non-essential genes in asexual
stages of the parasite. As a demonstration of its utility, I applied this technology to study
the biological function of a previously unknown essential gene and characterized the
involvement of this gene product in the parasite’s life cycle. The principal contributions

and findings of this work, as well as the outlook for future research include the following:

Synthetic post-transcriptional regulation for inducible control of gene expression in

blood stages of P. falciparum

In this work we developed a RNA-protein synthetic module to inducibly regulate gene
expression in P. falciparum. Previous work in our lab focused on the engineering of a
system for inducible translational control in eukaryotes, including P. falciparum
(Goldfless et al., 2012; Goldfless et al., 2014). This system demonstrated to be versatile
to control the expression of native genes in P. falciparum independent of its
transcriptional control, protein sequence or localization of the targeted protein in the cell
(Goldfless et al., 2014). To improve translational control and enhance the dynamic range
to fine-tune regulation of gene expression in the parasite, on Chapter 2 we developed an
integrated strategy between native translational machinery and an already established

synthetic RNA-protein module. Different translational regulator protein effectors were
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fused to TetR and they showed effective and enhanced inducible regulation in an aTc-
dependent manner consistently in yeast and P.falciparum. We focused our work on the
TetR-DOZI fusion to control gene expression in the parasite, which showed steady
regulation along the parasite life cycle when a gene of interest is flanked by a dual-

aptamer arrangement.

By installing regulatory TetR-DOZI/aptamer machinery at a reporter or at a native locus
we achieved tight gene regulation with a substantial increase in the dynamié range and
reduced leaky expression compared to what was observed previously without DOZI.
Although the TetR-DOZI tool has been proven to tightly regulate gene expression in the
parasite, the molecular mechanism of DOZI in blood stage parasite remains elusive.
Additional biochemical and biological studies are required to understand the contribution
of DOZI in P. falciparum post-transcriptional processes in asexual and sexual stages. In
addition we showed that when TetR is fused to the translational regulator CITH, the
translation regulation of target genes is also improved by employing a dual-aptamer
context. This data suggests that our tool could serve as a platform to determine the roles
of other translational regulator effectors in blood stage parasites. Some translational
regulators have been identified in the P. falciparum genome and their potential function
in parasite development has been described (Bunnik et al., 2016; Chene et al., 2012; Miao
etal., 2013; Reddy et al., 2015; Shrestha et al., 2016; Vembar et al., 2016; Vembar et al.,
2015), however their role in blood stage parasites has not been shown and we envision
that our synthetic RNA-protein module could be utilized to establish their contribution to

translational regulation in asexual stages of P. falciparum.

Another important feature of our work is the modularity and the orthogonality of the
system. Our gene regulation tool demonstrated its functionality for translational
regulation in yeast and in P. falciparum. For this reason, our RNA-protein module might
hold potential to be implemented in other organisms that lack a system for orthogonal

translational regulation. The synthetic module could be adapted to a particular system by
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fusing TetR to any endogenous translational regulator effector proteins that could
improve the dynamic range of the regulation and move functional genetics forward in

other biological systems.

We demonstrated that our strategy is suitable to conditionally regulate essential genes, a
task that is of paramount importance when characterizing candidate target genes for
antimalarials. We showed the versatility and stability of our system along the erythrocytic
cycle. Our tool could be used to regulate the expression of other genes, independent from
their transcriptional activity, biochemical properties and localization in the cell and
determine their essentiality in asexual stages of the parasite. In addition, this tool could be
applied to regulate the expression of genes that are presumed to be the targets of
compounds with antimalarial activity. In many instances, the resistance mechanisms to
antimalarials are not defined due to the technological limitations to target the potential

target genes.

Another application of this technology could be to achieve multiple gene regulation in the
parasite, an inexistent feature in other inducible systems described in P. falciparum. TetR
belongs to a family of translational repressors that have been identified in other bacterial
species. These proteins respond to different environmental stimuli and the
characterization of their tridimensional structure has helped to identify their specific
ligands that modify their response (Ramos et al., 2005). By identifying the interacting
RNA molecules for each of these TetR-homologs, we could build a regulatory network to
control different loci with diverse synthetic modules in response to different small
molecules. This strategy will enable scaling up the number of genes that could be studied
in a high-throughput manner. A similar strategy has recently been developed in
mammalian cells using repressor components to regulate gene expression at the

transcriptional level (Stanton et al., 2014).
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Study of an essential RNA-Binding protein using an integrated CRISPR-Cas9 technology

The development of an integrated technology that combines editing technologies with an
inducible system enabled the identification of a novel essential RNA-binding protein for
parasite survival during the erythrocytic cycle. The strategy we implemented to develop a
final integrated tool to target an essential gene required the validation of individual
modules we previously developed, which were used first to conditionally regulate the
expression of a putative essential gene and then to disrupt the native locus to further

investigate its function.

In chapter 3, we presented the applications of previous tools we have developed in our
lab to study the biology of an essential gene with unknown function in blood stages of the
parasite. PfRRM1 is a protein that belongs to a RRM1 family and it is characterized by
the presence of a single RNA-recognition motif (RRM). In P. falciparum, 28 genes have
been found within this family; however the function of the majority of the proteins those
genes encode for is not known (Reddy et al., 2015). Previous attempts in our lab to target
this protein using conventional genetic tools failed, suggesting PFRRM1 could be an
essential gene. Later on, we presented evidence from different studies that indicated the
possible essential role of this protein in apicomplexan parasites. Leveraging effective
applications of a translational control module and genome-engineering technologies we

determined the essentiality of PfRRM1 and its role in parasite cell cycle progression.

Using the principles learned from the inducible regulatory capabilities from our
TetR/DOZI-aptamer system (Ganesan et al., 2016), we implemented the PfCRT module
characterized on Chapter 2 to regulate the expression of PfRRM1. We confirmed tight
regulation of the protein demonstrating the versatility of our tool using the dual aptamer
context to regulate native genes in the parasite. In parallel in our lab, the efficiency of the
CRISPR/Cas9 to edit genes in P. falciparum was demonstrated on non-essential genes
(Wagner et al., 2014). In this work, for the first time we showed the editing activity of

Cas9 to target an essential gene in the parasite at a similar efficiency. This data served to
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create the foundation of the fundamental principles that we currently use in our lab to
target multiple essential genes in P. falciparum. The development of this robust platform
provides significant tools that can be applied towards the understanding of the biology of

the parasite and to the discovery of new therapeutic targets.

The contribution of this work to the general knowledge of RBP biology in P. falciparum
is highly relevant. We demonstrate that this is the first essential RRM1 protein that
showed a role in parasite schizogony. Although the information derived from the
biochemical and biological experiments conducted in this work provided fundamental
evidence for the assignment of the function of this protein, additional proteomics and
RNA sequencing experiments are required to determine the exact molecular mechanism
of action and the pathways this protein could be potentially involved with. In addition,
our tool could be used to target and regulate other genes that are presumed to be
interacting partners of PFRRM1 and that could operate upstream or downstream of this
RBP to determine whether PfRRM1 is a master regulator of cell cycle in P. falciparum.
On a top layer on the evolution of our technology, the development of a multiplex
CRISPR/Cas9 system on this parasite would enable a more effective targeting strategy to
identify those interacting partners on the PfRRM1 pathway and determine their
contribution to post-transcriptional processes in cell cycle regulation of asexual stages of

P. falciparum.

Our current work with the CRISPR/Cas9 system is limited to the use of a constitutive
expression of the effector protein in the parasite. Inducible systems to regulate the
expression of Cas9 have been developed in other systems to modulate the expression of
this protein spatially and temporary in the cell. This strategy enables this protein to
respond to a particular stimuli and, for instance, reprogram cell fate as an outcome (Dai et
al., 2017). The ability to induce machinery of editing technologies is lacking in P.
falciparum. The benefit of having an inducible version of Cas9 in the parasite would

serve to expand the control we currently have with our inducible system and will further

196



control the timing of editing on stage-specific genes. This higher level of temporal
control might serve to determine the role of those genes in each phase of the parasite life
cycle. For example, the inducible targeting of RBPs that regulate large cascades of post-
transcriptional processes involved in parasite cell cycle progression would enable us to
directly dissect their biology and to determine the different pathways they control in the
cell. If true, RBPs that operate as master regulators could serve as ideal drug targets
under the assumption that the disruption of those gene products would also interrupt
transmission by inhibiting not only cell cycle progression but also other downstream

processes.

A novel genome editing tool to target AT-rich regions

Some of the genes that we attempted to target and regulate using the integrated Cas9
technology developed in chapter 3 were recalcitrant to the Cas9 editing activity. Those
genes had an AT-composition of about 80%, which represented a challenge for the design
of optimal Cas9 sgRNA and ultimately editing on those genes was precluded. At the time,
a novel CRISPR-class II system was characterized with an effector protein capable of
recognizing AT-rich sequences using a much simpler crRNA assembly system (Zetsche
etal., 2015). In this work, we implemented the editing activity of Cpfl endonucleases to
first assess their efficiency on a non-essential gene using a previously targeted gene with
Cas9. In this experiments we showed an efficiency of 100% in the editing of the PfEBA-
175 locus and demonstrated that the Cpfl activity is observable during the first cycle of
the parasite after transfection. These results on the efficiency and dynamics of targeting

are similar to what we have observed for Cas9 in P. falciparum.

In an important advance, we demonstrated the effective targeting of low complexity
regions and the ability to perform inducible regulation at a native locus using the Cpf1l
system. We successfully disrupted a target of 80% AT composition and introduced via
homologous recombination regulatory elements at the Cpfl-cute site that could be used to

regulate this target’s expression. In addition, we succeeded in the disruption and
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inducible regulation of a target that is of high interest as an antimalarial drug target. This
feat was achieved by coupling the Cpfl editing activity and the regulatory activity of our
TetR-DOZI/aptamer system, adopting a similar integrated strategy used in chapter 3 with
Cas9. This antimalarial target did not show an essential phenotype when the protein is
knockdown at least during the first 3 IDCs that were monitored. Additional drug-
sensitivity assays and biochemical experiments are needed to determine a phenotype
associated to the knockdown of this protein in blood stage parasites. The incorporation of
Cpfl in our genetic toolkit expands the repertoire of targetable genes in P. falciparum to

assess their function and dissect more aspects of the biology of this parasite.

Multiplex editing capabilitics using Cpfl have been recently described in mammalian
cells (Zetsche et al., 2017), plants (Wang et al., 2017) and yeast (Verwaal et al., 2017).
Cpf1 can process its own crRNA and also the Cpfl-crRNA cassette assembly is simpler
than the Cas9 one. These features are relevant as they provide a more straightforward
strategy to target multiple loci at the same time. Further advances that would enable the
construction of donor vectors with more complex designs that include multiple
homologous templates will make possible Cpfl-mediated multiplex editing in P.
Jalciparum. We showed that almost every gene on the P. falciparum genome has a Cpfl-
binding site, with this we can envision the establishment of a multiple editing platform to

target this parasite’s genome using Cpfl endonucleases.

As a proof of concept, we utilized a co-transfection-based method to express Cpfl and
repair cleavage with a second donor plasmid. The generation of integrated lines with a
constitutive expression of Cpfl and TTRNAP might facilitate single and multiple editing
experiments. Our preliminary data on Cpfl integrated lines indicate they can tolerate
constitutive expression of the protein, however additional modifications on the cell lines
might be required to achieve consistent gene editing on stable lines. For instance, the
development of an inducible system to regulate the expression of Cpfl and to activate its

editing activity at a specific time on stable lines is an alternative we have considered in
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our framework. Similarly, our orthogonal T7 promoter expression cassette could be

engineered to inducible transcribe the sgRNA.

This work showed the first evidence of the Cpfl editing activity in P. falciparum. This
new genetic tool brought an enormous benefit to the Plasmodium genetics field by
covering the complexity of its AT-rich genome. Cpfl editing technologies represent a
complementary alternative to the existing Cas9 technologies so now a more complete and
flexible genetic network can be implemented to expand the number of genes can be
targeted on the P. falciparum or other Plasmodium species. This will favor a more
efficient pathway to identify new essential targets and dissect the parasite biology

towards the discovery of new therapies and malaria eradication.
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