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GENE TARGETING STUDIES OF THE MALARIA PARASITE DNA
PHOTOLYASE GENE USING CRISPR-CAS9 GENOME EDITING
TECHNOLOGY

SUMMARY

Ultraviolet (UV) light damages DNA by converting two adjacent thymine bases into
pyrimidine dimers. In all organisms, except mammals, this damage is repaired by the
photolyase enzyme [1, 2]. Prof. Dr. Aziz SANCAR has won the Nobel Prize for the
characterization of the role of a homolog of the photolyase enzyme in higher
eukaryotes in the control of the circadian rhythm. Surprisingly, no research has been
conducted on the photolyase gene of the malaria parasite or of any other parasitic
protozoa. Recently, it was confirmed that a genetically- regulated circadian rhythm
tightly controls the development and growth of malaria parasites according to external
light stimuli [3]. However, the genetic factors that control this system have not yet
been discovered.

In order to investigate the role of the malaria parasite DNA Photolyase enzyme in the
mechanism of the circadian rhythm regulation of the malaria parasite, in addition to its
putative function as a DNA repair enzyme, we utilized a novel CRISPR-Cas9 system
with enhanced-specificity Cas9 function, to limit the genome off-target endonuclease
activity, to investigate the function of DNA Photolyase by targeted gene knock-out
deletion and knock-in tagging.

The DNA photolyase knock-out parasites failed to grow normally compared to
wildtype (WT) parasites, with even more severe growth attenuation when
perturbations of ambient light conditions were applied.

Thus, we are initially confirming the role of malaria parasite DNA photolyase in the
regulation of the responses to the light/ dark cycle, and an additional function in DNA
repair due to UV light exposure. Therefore a more in-depth investigation is needed to
detail the molecular function of the DNA Photolyase in the malaria parasite and in
other pathogenic microorganisms.

Keywords: Malaria, Plasmodium berghei, DNA Photolyase, UVB DNA Damage,
Circadian Rhythm, CRISPR-Cas9

XV



CRISPR-CAS9 GENOM DUZENLEME TEKNOLOJiSI KULLANILARAK
MALARYA PARAZITI DNA FOTOLIYAZ GENI iCIN GEN HEDEFLEME
CALISMALARI

OZET

Ultraviyole (UV) 151k, iki timin bazini pirimidin dimerlerine doniistiirerek DNA'ya
zarar verir. Memeliler disindaki tiim organizmalarda bu hasar fotoliyaz enzimi
tarafindan onarilir [1, 2]. Prof. Dr. Aziz SANCAR, sirkadiyen ritmin kontroliinde
yiiksek okaryotlarda fotoliyaz enziminin homologunun fonksiyon karakterizasyonu ile
Nobel Odiilii'nii kazanmistir. Sasirtic1 bir sekilde, sitma parazitinin veya herhangi bir
baska parazitik protozoanin fotoliyaz geni iizerinde hicbir arastirma yapilmamuistir.
Yakin zamanda, genetik olarak diizenlenmis bir sirkadiyen ritmin sitma parazitlerinin
gelisimini ve bilylimesini dis 151k uyaranlarina gore siki bir sekilde kontrol ettigi
dogrulanmigtir [3]. Ancak bu sistemi kontrol eden genetik faktorler heniiz
kesfedilmemistir.

DNA onarim enzimi olarak varsayilan islevine ek olarak kemirgen sitma paraziti DNA
Fotoliyaz enziminin parazit sirkadiyen ritim diizenlenleme mekanizmasindaki roliinii
arastirmak i¢in, genomda hedef dis1 endonukleaz aktivitesini sinirlandirma ve DNA
Fotoliyaz geninin fonksiyonunu arastirma amaciyla gen delesyonu ve insersiyonu,
etikletlenmesi igin gelismis 6zgiilliikk 6zelligine sahip yeni bir CRISPR-Cas9 sistemi
kullaniimstir.

DNA Fotoliyaz nakavt parazitleri, dogal tip (WT) parazitlere kiyasla normal olarak
kan-evre asamasinda parazit cogalmasinda basarisiz olmustur, ortam 1181 kosullarinin
bozulmalari uygulandiginda parazit gogalmasinda daha siddetli azalma olmustur.

Boylece, baslangigta sitma parazit DNA fotoliyaz geninin, 1sik / karanlik dongiisiine
verilen yanitlarin diizenlenmesindeki roliinii ve UV 1g18ina maruz kalma nedeniyle
DNA onariminda ek bir islevi dogruluyoruz. Bu nedenle, sitma parazitindeki ve diger
patojenik mikroorganizmalardaki DNA Fotoliyaz geninin molekiiler islevini
ayrintilandirmak i¢in daha derinlemesine bir arastirma yapilmasma ihtiyag
duyulmaktadir.

Anahtar Kelimeler: Malarya, Plasmodium berghei, DNA Fotoliyaz, UVB DNA
Hasari, Sirkadiyen Ritim, CRISPR-Cas9
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1. INTRODUCTION

1.1 Hypothesis

DNA Photolyase plays a very important role in DNA repair mechanisms. In this thesis,
the importance of the photolyase gene for the development and life of the malaria
parasite emphasized by providing deletion and insertion of the malaria parasite DNA
Photolyase gene, which has not been investigated before. The deletion of this gene in
the rodent malaria parasites and creating mutations by UVB light can find different
knowledge about parasite life cycles or unknown genes. Also, in this thesis, by
integrating phototransformable fluorescent proteins in the Plasmodium parasite we are

having a novel powerful fluorescent biological model system.

The hypothesis is in the absence of the DNA Photolyase gene, malaria parasites
accumulate massive number of mutations in their DNA while inside their mammalian

or mosquito host.

1.2 Purpose of the Thesis

In this effort, we aimed to generate a CRISPR-Cas9-based vector specific for targeting

genes in rodent malaria parasites.
Specific aims of our study;

We aim to utilize CRISPR-Cas9 technology to genetically characterize the DNA
photolyase enzyme (that Prof. Dr. Aziz SANCAR has first characterized in higher

eukaryotes) in the rodent malaria parasite species P.berghei by performing,

Gene knock-out, to study the loss of function phenotype of the malaria parasites under
exposure of normal and UV light [4].

Gene knock-in-tagging, to study the subcellular localization of the photolyase and as
a control for the knock-out to determine the chromosomal locus accessibility if the

gene cannot be deleted.



To date, no research has been performed for the DNA Photolyase gene in malaria
parasites or pathogens. The main objective of our study is to determine the function of
deletion and insertion of the DNA Photolyase gene by using Plasmodium berghei
rodent (mouse model) malaria parasite using CRISPR-Cas9 technology, to detect
unknown genes of the parasite by detecting DNA mutations by using UV light and to
determine the significance of the parasite. We generated transgenic malaria parasite
species by parasite transfection of knock-out, knock-in, which we created for detailed
function research of the gene. We applied the UVB light to the transgenic species and
monitored the effect of the parasite genome change and the struggle of the parasite in
the mosquito-stage and mouse blood-stage. Photolyase gene deletion (knock-out) to
examine phenotype change with the loss of function of malaria parasites exposed to
normal and UVB light.

We made DNA Photolyase gene insertion and labeling as a control of the knock-out
plasmid to examine the subcellular localization of Photolyase to determine the
availability of the chromosomal locus if the gene is not detected. For the gene insertion
study, we labeled the malaria parasite vector, the bright green to red photoconvertible

mEOS4b fluorescent proteins.

After the deletion of this gene, we applied the UVB light to cause a pause or weakening
in the life cycle of the rodent malaria parasite. This will give us the chance to design
an ideal vaccine for malaria disease. At the same time, we can say that the absence of
this gene in humans will only affect the parasite, not the normal cells of the infected
people. By applying UV light, mutations in the parasite DNA will allow us to discover
the function of an unknown gene. Photo-convertible fluorescent proteins are widely
used for plastid dynamics, monitoring peroxisomes, protein dynamics in cilia,
mitochondrial dynamics, and autophagy activity sensors. Thus, in this project, we have
a new and powerful fluorescent biological model system by integrating photo-
convertible fluorescent proteins into the knock-out vector. We examined the
development of the parasite in the Anopheles stephensi, mosquito abdomen or in the
salivary glands, the infected BALB/c mouse blood, and any problems that occur there
can be visibly observed through the photoconvertible protein. Parasitic cytocidal (light
green, light pink glow), cytotoxic (red glow, parasite death), or green glow (normal)
will determine the direction of our research by making the case. In the future, we will

investigate the function of photolyase transgenic parasite strains exposed to UV (480



nm) light exposure in the salivary gland and BALB-c liver-blood stages in the
Anopheles mosquito midgut lumen, using UV light in transgenic rodent malaria

parasites we designed [5].

1.3 Expectations on Hypothesis

1.3.1 Novelty

DNA Photolyase, an important repair protein in damaged DNA repair, is still a
question mark for malaria parasites. Although recent research has shown that the
presence of circadian rhythm in malaria parasites and their phenotypic genes play a
role in activation times, little is known about the name and functional and biological
roles of this gene. Therefore, in this thesis, we aim to genetically characterize the
DNA Photolyase protein in the regulation of malaria parasite DNA dimers. As far as
we know, this is the first of its kind to focus on systematically functioning
characterizing as a role in the life cycle of an important pathogen with DNA damage.

Therefore, innovation for this project can be summarized as follows:

1- Thisis the first study for the genetic characterization of the plasmodium DNA

Photolyase gene in any mouse malaria model.

2- This is the first study to control the role of gene deletion at different stages of
the malaria parasite life cycle.

3- The first study to suggest that the parasite vector be labeled with

photoconvertible markers.
4- 1t is the first study of its kind to discover unknown genes in malaria parasites
by applying UV light.
1.3.2 Innovation

The experimental procedures include the use of innovative state of the art technologies

to achieve the specific aims of this project. These innovative approaches include;

1- The use of novel enhanced-specificity Cas9, that nearly abolishes off-target

double strand breaks, in transfection experiments of the malaria parasite.

2- Using CRISPR-Cas9 gene editing technology to label the parasite DNA

Photolyase gene without using a positive drug selection marker.



3- The use of the most advanced fluorescent protein marker, mEos4b.

1.3.3 Impact

The knowledge accrued from this novel and innovative project will have multiple

positive future outcomes like:

1- The study will help in the identification of key proteins required in different

life cycle stages of the malaria parasites.

2- The outcome of the study may help in designing novel targeted therapies for
the effective treatment of malaria and other diseases caused by eukaryotic
pathogens, which can be explored in many collaborating laboratories mainly

inside but also outside of Turkey.
3- The findings of the study are expected to be published in high impact journals.

If we lack the gene repair mechanism we target, we will prevent parasite reproduction
and weaken the parasite. Thus, vaccine and drug candidates that can be tried on the

mouse in the first place can be created.
Feasibility of the thesis study

The experimental models, facilities and trained personnel that are required for the
success of these experiments have been fully established in the lab of Dr. Aly (Advisor
of the study and PI of the lab) at the Beykoz Institute of Life Sciences and
Biotechnology. We have published a video article in JOVE, which features our current

experiments with the mouse and mosquito models [6].



2. THEORICAL INFORMATIONS

2.1 Malaria Disease

Malaria is a contagious and deadly disease spread by female Anopheles mosquitoes
[6]. Half of the almost 3.3 billion people population in Sub-Saharan Africa are at risk
of malaria due to lifestyle conditions [7]. The mild climate (over 19-20°C) and long
wet seasons in Africa create areas of standing water ideal for mosquitoes to breed [8].
The bad habitats of people in these areas (houses without doors and windows open)
increase the likelihood of mosquitoes coming into contact with humans [9]. Some

homes are close to forests that provide ideal habitats for mosquito species [10].

Figure 2.1 shows that the highest malaria levels are between the Tropic of Cancer and
Tropic of Capricorn. People traveling from Europe and Asia to malaria-endemic
regions have a 70 % or more risk of developing the disease [11]. People visiting these
areas, such as vacationers and migrant workers, are vulnerable to infections as they are
not immune to disease [12]. Most malaria deaths occur in children under the age of
five [13]. Pregnant women are more vulnerable to malaria, as they have low natural
immunity. The effect of the disease may have negative consequences in the unborn

babies of pregnant women exposed to malaria.

Figure 2.1 : The map shows areas where Plasmodium falciparum is endemic
around the world [14].



Premature birth or miscarriage may occur in pregnant women with the effect of illness.
Placental infections cause low infant mortality. 11 million pregnant women were
infected with malaria in 2018 [14]. Even though mosquito nets treated with
insecticides are considered an alternative method of protecting pregnant women,
preventive malaria medications are not tested by 40 % of patients and are not handled
by a trained healthcare professional [15]. Anti-malaria drugs kill the malaria parasite
at a certain rate, but these drugs do not sufficiently prevent the patient from being re-
infected [16]. The use of malaria medications in the early stages of the disease shortens
the duration of infection and prevents potentially fatal complications [17].
Unfortunately, an effective drug against the disease or a vaccine for immunization has
not yet been developed. Malaria is a fatal disease in developing countries, particularly
in damp and hot areas of the world, affecting women and children [18]. Malaria causes
illness in 290 million people and approximately 435,000 people die annually [19].
Since there is no effective treatment for the disease, there is an urgent need for a
vaccine that provides sterile protection against pathogenic blood forms of malaria
parasites. To be used as a vaccine, microorganisms must be killed or completely
weakened. One of the strategies of attenuation is the inactivation of critical pathogenic
metabolic pathways [20]. However, the function of many genes belonging to malaria
parasites has not been discovered. Therefore, DNA fractures and pyrimidine dimers
that we create by using UV radiation may cause loss of function of a gene that we do
not know the name of and may cause the development of parasite can be blocked or it
may cause attenuated parasites. The proliferation of parasite clones resistant to
antimalarial drugs limits the classes of chemicals that can be further developed to
combat drug resistance. Therefore, there is a great need for studies to identify novel
classes of inhibitors in the metabolic functions of parasites and to identify new classes
of inhibitors that can target these metabolic functions in a specific and selective way
and prevent the development of parasites at different stages of the life cycle [21].

2.1.1 Physical syndrome of malaria disease

Symptoms of severe malaria include loss of consciousness, prostration (inability to sit
without assistance), multiple convulsions, cerebral malaria coma, abnormal bleeding,
jaundice, severe anemia, renal failure, hypoglycemia, hyperparasitemia, hyperpyrexia,
respiratory distress, and circulatory collapse [22]. Studies show that malaria patients

generally have complaints of fever, headache, nausea, vomiting, and muscle pain [23].



Fever, night sweats, chills and weakness are seen in children within a week. Weight
loss is seen under their age. There is a slight increase in heart and respiratory rates, and
enlarged lymph nodes on both sides of the neck [24]. In a 40-year-old adult, with chills,
and fever, malaria starts, jaundice and severe substernal chest pain may occurs six
hours later [25].

2.1.2 Diagnosis of malaria disease

Today, malaria infections are diagnosed by microscopy and rapid diagnostic tests
(RDT). In Africa, microscopy diagnostic methods can only be used in laboratories with
electrical and trained medical personnel. In microscopic diagnosis, a thin smear of a
drop of blood is used to determine the presence of malaria parasites in a patient
suspected of malaria infection [26]. The second diagnostic method is RDT tests. RDTs
are rapid tests using a drop of blood from the fingertip to determine whether it is
evaluative malaria. The tests are sensitive to antigens (proteins produced by the
parasite) that bind with a dye to create a colored stripe that indicates the presence of
parasites in the blood. The time required for the result of an RDT test is 15 minutes
[27].

A thin smear is created by spreading the blood cells in a drop on the slide in a single
row. After the cells are fixed with methanol and stained with Giemsa, the parasite
appears as a purple-blue ring in the red blood cell in malaria-positive people. The
purple part indicates the nucleus of the parasite and the blue ring indicates the
cytoplasmic membrane. In a thick smear, the blood cells in a drop on the slide are
exploded and the parasite is exposed. However, as the vacuolar cavity of the parasite
is damaged, only the parasite nuclei appear as purple spots after Giemsa staining. (see
Figure 2.2) [28].
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Figure 2.2 : The image shows a thin (left) and thick (right) smear in Malaria
positive patient.

2.1.3 Parasites of malaria disease

Malaria is caused by a unicellular eukaryotic protist. The parasite belongs to a genus
known as the Plasmodium. Five Plasmodium species infect humans: Plasmodium
vivax, Plasmodium ovale walkeri, Plasmodium ovale curtisi, Plasmodium malariae
and Plasmodium knowlesi [29]. Plasmodium falciparum causes serious complications
and, if left untreated, has fatal consequences. It is responsible for most deaths due to

malaria. Plasmodium vivax is located in Turkey's Southeastern Anatolia Region [30].

2.1.3.1 Human malaria parasite P. falciparum

Plasmodium falciparum belongs to the phylum Apicomplexan and is characterized by
the presence of apicoplasts [31]. The P. falciparum (Pf) malaria parasite reinstates the
surface of the infected red blood cell with a feature called cytoadherans (“adhesive
cell™), creating a sticky phenotype that removes the parasite from circulation during
almost half of its asexual life cycle [32]. In the human host, male and female
gametocytes are produced in blood-stage Plasmodium falciparum parasite
development. Gametocytogenesis in this parasite requires a relatively long time (8-12
days) than other human malaria parasite species. It is found in the peripheral blood
where gametocytes take an additional 3 days to become infectious to mosquitoes [33].
P. falciparum can express allelic variants of hundreds of different versions of

erythrocyte surface antigens [34].



2.1.3.2 Human malaria parasite P. knowlesi

P. knowlesi (Pk) malaria parasite is found in Southeast Asian countries
Malaysia/lndonesia Borneo. The disease occurs when exposed to mosquitoes that feed
on long-tailed or pig-tailed macaques [32]. Some of its features are the same as those
of P. falciparum. These; morphological features are delicate ring forms, two ring forms
per cell, and double chromatin spots. Parasitized red blood cells are not enlarged. A
common problem is the misidentification of P. knowlesi as P. malariae, especially as

both parasites produce band form trophozoites [35].

2.1.3.3 Human malaria parasite P. vivax

Plasmodium vivax is the most common causative agent of malaria worldwide.
Infections are rarely fatal but have significant health and economic impacts on
populations affected by the disease. The P. vivax episode is due to hypnozoite stages
in the liver that have been immobilized from previous infections [36]. Plasmodium
vivax parasites are divided into two in terms of the length of their life cycles and differ
primarily in the symptoms of the disease. Elimination of the Plasmodium vivax
parasite is thought to occur at least two years after the elimination of the plasmodium
parasite [37]. P. vivax differs from other human malaria parasites in that it infects
reticulocytes (newly formed blood cells). Reticulocytes are present in the circulation
at a rate of 1-2 %. Since Plasmodium vivax parasite could not be cultured in vitro, the

mechanism of early blood-stage infection could not be elucidated [38].

2.1.3.4 Human malaria parasite P. malariae

P. malariae can be found in tropical and subtropical regions. Due to its phenotypically
similar characteristics to Plasmodium falciparum, it is difficult to determine the
species correctly in sub-Saharan Africa unless molecular techniques such as
polymerase chain reaction (PCR) are used for diagnosis. P. malariae infection may
relapse late years later. However, the absence of hypnozoites in liver cells after
infection eliminates the possibility of the parasite being re-infected [39]. P. malariae
and P. ovale spp. are less common and there are limited studies on them. The
development of molecular methods on parasite detection has enabled the parasite

species to be identified correctly [40].



2.1.3.5 Human malaria parasite P. ovale

P. ovale spp, a species of malaria parasite, is rarely found in Africa and some islands
of the Western Pacific. This species is morphologically similar to P. vivax. As a result
of molecular genotyping by PCR, P. ovale spp. is divided into two different
subspecies: P. ovale curtis (Poc) and P. ovale wallikeri (Pow). Poc and Pow parasites
are morphologically similar but genetically different from each other [40]. The
possibility of severe disease or death in patients infected with P. ovale parasite is rare
[41].

2.1.3.6 Rodent malaria parasite P. berghei

P. berghei malaria-causing parasite in rodents isolated from bush mice in central of
Africa. Four malaria parasite species Plasmodium chabaudi, Plasmodium vinckei and
Plasmodium yoelii with P. berghei have been identified in African rodents [42].
P.berghei, a mouse model of the malaria parasite, is used in all studies on malaria, due
to the immune system and organ similarities of human and murine rodents. Generally,
P. berghei ANKA infection in CBA or C57BL/6 mice is the most widely used malaria
model. Plasmodium berghei ANKA is the species with the highest ability to sequester
within the microcirculation, which is the cause of severe malaria. P. berghei infections
may cause cerebral complications in experimental mice. It is similar to Plasmodium
falciparum because of these symptoms [43]. P. berghei has been shown to infect
Anopheles stephensi mosquitoes under laboratory conditions [44]. The P. berghei

genome is a strain suitable for genetic manipulation [45].

2.1.3.7 Rodent malaria parasite P. yoelii

Plasmodium yoelii has been used to infect experimental mice in the laboratory as a
model of human malaria because the immune response of the rodent malaria parasite
is similar to that of the human immune response [46]. The sporozoites of the rodent
parasite Plasmodium yoelii transform into oocyst form approximately 10 to 12 days
after fertilization [47]. The most suitable animal for investigating Plasmodium yoelii
infection is BALB/c type mice [48].

2.1.3.8 Rodent malaria parasite P. chabaudi

P. chabaudi rodent malaria parasite discovered by infecting bush mouse, since the
scrub mouse is not suitable for the laboratory environment, the P. chabaudi chabaudi
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(AS) clone is studied in vitro in experimental mice [49]. P. chabaudi chabaudi
resembles human malaria due to pathologies such as anemia, hypoglycemia, changes
in body temperature, weight loss, and death in experimental mice [50]. In P. chabaudi
(AS) BALB/c or C57BI/6 test mice infection, the course of the disease lasts for at least
three months. In this respect, it resembles P. falciparum infection (infection lasts up to
1 year) [51]. Another feature of P. chabaudi similar to P. falciparum infects

normocytes [52].

2.1.4 Development of malaria parasite

Malaria infection in humans begins with an infected female Anopheles mosquito biting
the human dermis [53]. During the bite, the human malaria parasite from the mosquito
salivary glands enters the human bloodstream in sporozoite form (sickle single-cell
form) [54]. Sporozoites reach the liver and infect liver cells, hepatocytes. This stage is
called the Liver Stage (LS) [55]. The liver stage (LS) parasite is separated from the
hepatocyte infected by a selective parasitofor vacuolar membrane (PVM) originating
from the host hepatocyte plasma membrane. The growing LS parasite draws nutrients
from the host hepatocyte and also prevents its apoptosis. Each infected hepatocyte can
produce tens of thousands of merozoites, which then break off from the liver and start
the pathogenic blood stage of the infection [19]. Figure 2.3. shows life cycle of malaria
parasite. The plasmodium parasite performs part of its life cycle in the human host and
the other part in the mosquito vector. There are essentially five basic stages in the life
cycle. Anopheles mosquito infects Plasmodium parasite (long, thin, a form of
sporozoite that can move between cells and inside) by biting the human. The
sporozoites reach the liver through the portal vein blood circulation and occupy it to
multiply. In the liver, it turns into thousands of new parasites known as merozoites.
Merozoites invade red blood cells and begin to multiply in the blood cell. (Each
merozoite enters a red blood cell and after it enters, it divides asexually to form up to
20 new merozoites). Merozoites invade neighboring red blood cells by detonating
blood cells. This whole process takes about 48 hours. Some parasites do not form
merozoites but turn into a sexual phase of the life cycle called gametocyte. These are
taken by a mosquito when they feed on an infected person. After entering the mosquito
intestines, gametocytes turn into mature gametes (eggs and sperm) that melt and turn
into an ookinete. The ookinete passes through the lining of the mosquito gut wall,

where it forms an oocyst, in which tens of thousands of sporozoites are formed. They
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burst from the oocyst and go to the salivary gland of mosquitoes, where the cycles
restart [56].

Salivary gland
infected with
sporozoites

BREAKING
THE CYCLE
WITH VACCINES

BLOOD-
STAGE
VACCINES

Figure 2.3 : Malaria parasite life cycle [57].

2.1.5 Current treatments for malaria infections

The first defense mechanism developed against malaria infection is that individuals
wear mosquito nets inside or provide personal protection against mosquito bites by
using insect repellents. Pesticide treated nets (ITNs) and long-term pesticide
impregnated nets (LLINs) form a physical and chemical barrier against mosquitoes.
LLINs are the preferred form of pesticide-treated networks for public health and are
recommended by the World Health Organization for 3-5 years of effectiveness [58].
Another developed way to prevent malaria transmission is residual spraying with
insecticides (IRS). Depending on the insecticide and surface type, this method can be
effective for 3 to 6 months [59]. Another method that can be used against malaria is
the use of DTT. DTT can be effective for 9 to 12 months. However, long-lasting
insecticide-impregnated nets (LLINS), pesticide-treated nets (ITNs), indoor spraying,
mosquito repellents, and preventive drug treatments do not provide long-term and
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effective solutions. Travelers use drugs such as chemoprophylaxis that block the
blood-stage stage of the malaria parasite. However, since these drugs cannot prevent
the parasite from entering the body, the parasites that settle in the liver cannot prevent
the recurrence of the infection in the future [60]. Intermittent Preventive Treatment
(IPTp) is applied during pregnancy in order to reduce possible complications such as
severe anemia and placental infections due to malaria infection that can threaten the
life of the mother and child [61]. WHO recommends combination treatments (ACT)
of artemisinin to treat Plasmodium falciparum infections. Medicines such as
chloroquine and primaquine are recommended for Plasmodium vivax malaria [62].
Anti-malarial drugs kill the parasite but do not prevent the patient from reinfecting.
Early and effective treatment of malaria with anti-malaria drugs can shorten the
duration of the infection. Uncontrolled use of single-drug treatments such as
chloroquine in the past has led to the parasite developing drug resistance. Malaria
parasites have developed resistance to today's malaria drugs [63]. Discovered in the
1990s, Artemisinin is used in combination with other drugs to prevent Plasmodium
falciparum infections. Artemisinin is recommended by the World Health Organization

as the first-line treatment for malaria [64].

2.2 DNA Photolyase Gene

In his doctoral studies, Prof. Dr. Aziz Sancar acquiesced the bacterium to produce
Photolyase enzyme extraordinary, separately from the genome by cloning the gene
sequence into the expression vector to obtain the Photolyase gene function, which
repairs UV damaged pyrimidine dimers in bacterial DNA. Professor Dr. Aziz Sancar
demonstrated the existence of the enzymatic DNA repair mechanism of the DNA

Photolyase gene in bacteria. Hence he explained the photo-activation mechanism [65].

Figure 2.4 shows Prof. Dr. Aziz Sancar and his supervisor Dr. Rupert. In the upper
right corner of the figure, photo-activation in E. coli is indicated. Below the figure, the
general model for DNA Photolyase based on Dr. Rupert's pioneering work is shown.
UV induces the construction of a cyclobutane thymine dimer (T <T), binds to the

pyrimidine dimer, absorbs the blue light photon, and its dimer converts into two tenets.
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Figure 2.4 : DNA Photolyase gene discovery by Prof. Dr. Aziz SANCAR [1].

Figure shows the crystal structure of E. coli Photolyase. The strip diagram
representation is given on the left, the surface potential representation is given on the
right. Positively and negatively charged residues are highlighted in blue and red. The
phosphodiester bond of the damaged thread is attached to the positively charged
diagonal groove on the enzyme surface. The dashed box shows the hole leading to the
FADH catalytic cofactor [1].

Figure 2.5 (left) shows the electron micrograph of the phr plasmid containing the
Photolyase gene of E.coli bacteria. The enzyme was found to be bright blue when
purifying (right). The blue color of the enzyme means it absorbs light. The enzyme
does this by using methyltetrahydrofolate (folate) and the cofactor flavin adenine
dinucleotide (FADH-), which absorbs two blue light. It has been discovered that the
enzyme exhibits purple to orange colors depending on the redox state of the flavin
cofactor. The purified photolyase enzyme shows a blue color due to the flavin neutral
radical cofactor of the enzyme. Color ranges from sky blue to dark blue depending on

enzyme concentration [1].
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Electron micrograph of the Purified photolyase protein
plasmid containing Phr has bright blue color
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Figure 2.5 : Characterization and over production of DNA photolyase enzyme in
E.coli [1].

In eukaryotes, UV radiation induces photoreactions that can cause serious biological
consequences for mutagenesis or cell death if not repaired by disrupting the double
helix structure of the DNA molecule [2, 66]. UV light from the sun damages DNA by
stimulating photoisomerization of the sequential pyrimidine base present in the DNA.
UVB (~ 295-320 nm) has been shown to play a more active role in the formation of
the pyrimidine dimer in the DNA structure [67]. In single-celled organisms such as E.
coli, S. cerevisiae, Photolyase is characterized by wavelengths of visible light (300-
390 nm) that are not efficiently absorbed by nucleic acids or polypeptides in the UV
or visible regions of the spectrum [68]. UVB radiation, the most energetic and
mutagenic component of solar radiation, is directly absorbed by DNA and induces
dimeric photoproducts between adjacent pyrimidine bases, namely cyclobutane
pyrimidine dimers (CPDs) and pyrimidine (6-4PP) photoproducts [69]. Photolyases
are DNA repair enzymes (photo-activation) that use light as an energy source for
repairing UV-damaged DNA. To achieve this, it binds flavin adenine dinucleotide
(FAD) and an additional chromophore, which generally functions as an antenna
pigment, such as methyltetrahydrofolate (MTHF). With the photoactivation of the
antenna molecule, the energy that enables electron transfer to the pyrimidine dimer is
transferred to the fully reduced FAD (FADH), which causes the split in monomers
[70]. Cyclobutane pyrimidine dimer (CPD) PHR binds flavin adenine dinucleotide
(FAD) as a cofactor and repairs CPD lesions in double-stranded DNA [71]. The

researchers realized that UV radiation facilitates electron injection from mitochondrial
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transcription factor A to DNA using a photo-reactive thymine analog, 5-Bromouracil,
to investigate electron transfer in DNA. They have also observed that this electron
injection can lead to the repair of thymine-thymine dimer [72]. Many organisms have
a rapid DNA repair system using photolyase which active in visible light convert DNA
to the pyrimidine dimer formed by the transfer of the electron from the cofactor of a
single UV-induced photoproduct [71]. Photolyase repairs UV-induced DNA damages
of cyclobutane pyrimidine dimer (CPD) and pyrimidine-pyrimidone (6-4)
photoproducts using blue-light as an energy source and it belongs to the
cryptochrome/photolyase protein family (CPF) which perform different functions such
as DNA repair, circadian photoreceptor, and transcriptional regulation [2, 73]. There
are two different types of photolyases; These are classified as CPD photolyase and (6-
4) photolyase according to the photo product class they repair. Although they are
structurally similar, two photolyase is very evident in their actions against one or other
type of photo product they repair [69]. With the 6-4 Photolyase-like preserved folded
structure motif, the bifurcated electron transfer paths initially work as in CPD
photolyase, and then a critical proton transfer is required to transfer hydrogen and then
oxygen atoms between the two damaged bases. This proton comes from an active site
histidine residue, and therefore the photolyase enzyme is part of the key repair
additives [74]. Under physiological conditions, photolyase has adopted the optimized
orientation of the photopigment to efficiently convert solar energy for the repair of
damaged DNA [75]. Close relatives, cryptochromes have lost DNA repair
functionality and often act as signal proteins; the growth and development of the plant
are used as triggers for the initiation of flowering or the drag of the circadian rhythms
in plants and animals [76]. Figure 2.6 shows homologous region of the photolyase and

the cryptochrome genes.
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* Humans do not have photolyase
Li YF, et al (1993) PNAS 90:4389-93
« Humans have a photolyase homolog
Adams MD, et al (1995) Nature 377:3-174
« Humans have 2 photolyase paralogs
Hsu DS, et al (1996) Biochemistry 35:13871-77
472
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Brautigam CA, et al (2004) PNAS 101:12142-47

Figure 2.6 : Homologous region of Photolyase and Cryptochrome gene [1].

The human Cryptochrome gene functions as photoreceptors or integral components of
the circadian clock by taking part in the regulation of the circadian rhythm [77]. CRY's
are divided into I and 11 animal types, CRYs, and CRY-DASH photoreceptors (DASH:
Drosophila, Arabidopsis, Synechocystis, Homo). BcCRY1 is a cyclobutane
pyrimidine dimer (CPD) photolyase and does not have an important role in signaling
as the main enzyme of photoreactivation. On the contrary, BCCRY?2 is expressed as a
photoactivation enzyme, but it fulfills regulatory functions by suppressing conjugation
in white and especially black/NUV light [78]. Some studies determined that
cryptochrome genes which belong to photosynthetic algae, where they may act not
only in signaling but also as photolyases [76]. Animal cryptochromes (Photolyase-
like) are thought to have evolved from the Photolyase gene, an ancestor associated
with DNA repair. It provides circadian rhythm control by losing its gene repair
function. Animal cryptochromes can be non-photoreceptive that provide direct light
entry into the circadian clock or possibly act as transcriptional suppressors of the clock
genes [79]. People with other DNA repair mechanisms, such as nucleotide excision
repair (NER) pathways, which have been reported to repair UV-induced DNA damage,
do not have photolyase. The researchers found that the Type Il photolyase genes of the

Shope-broma virus and Myxoma virus genome were transfected into the knock-out

17



E.coli bacteria, repairing the DNA of the virus gene with UV light damage by 70 %.
In the same way, they found that the photolyase enzymes of the virus protect the virus
genomes by working only in a cytosolic environment [80]. In 1940, Dr. Albert Kelner
discovered that "visible light has a healing effect against UV damage" and called this
phenomenon Photoreactivation [81]. Dr. Renato Dulbecco’s "Photo-reactivation can
be an enzymatic process dependent on light." recommended his hypothesis. Dr. Stan
Rupert (Supervisor of Dr. Aziz Sancar) has confirmed this theory, which they
announced “Photolyase” [82]. Photolyase is a flavoprotein [83]. The two
chromophores in photolyase contain reduced FADH and Folate group cofactors [84].
Photolyase is stimulated by a regional free radical mechanism. It has been discovered
that electron transfer occurs by absorbing light at 300-500 nm wavelength [2].
Pyrimidine dimers are molecular contusions formed by photochemical reactions from
thymine or cytosine bases in DNA [85]. Ultraviolet light causes the pattern of covalent
bonds with localized reactions in C = C double bonds [70]. These lesions change the
structure of DNA and consequently inhibit polymerases and stop replication [86].
Photolyase performs different functions such as DNA repair, circadian photoreceptor,
and transcriptional regulation. It belongs to the cryptochrome/photolyase protein
family (CPF) [87]. Photolyase is responsible for repairing DNA damage caused by UV
(cyclobutane pyrimidine dimer, CPD, and pyrimidine-pyrimidone (6-4)
photoproducts) by activating the blue light wavelength from daylight [88]. This
enzyme has two chromophores: a flavin adenine dinucleotide (FAD) as a cofactor and
a photoanthenna such as a methyltetrahydrofolate (MTHF). FAD is required for the
catalysis of DNA repair. To increase the repair efficiency of the enzyme, the second
chromophore absorbs photons in the blue light spectrum and transfers energy to FADH
[76]. Photolyase enzyme attaches to DNA and the enzyme-DNA complex is formed
[89]. Thymidine dimers are monomerized after the enzyme activation is achieved by
the absorption of visible light of the repair. Based on biochemical experiments, folate
is like a solar panel that absorbs light and then transfers light energy to the flavin
cofactor in the enzyme's core to catalyze it [90]. The DNA Phatolyase 3D structure

shown in Figure 2.7.
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Figure 2.7 : DNA Photolyase enzyme 3D [1].

Photolyase binds DNA T<>T alters the backbone of the DNA. Upon binding to
damaged DNA, ionic interactions between the positively charged groove on the
photolyase surface and negatively charged DNA phosphodiester backbone the enzyme
pulls the T<>T out from within the helix and into the core of the enzyme so that the
T<>T is within Van der Walls contact with FADH- [91]. The enzyme makes ionic
bonds with the phosphate residues of the damaged DNA strand and flips out the
thymine dimer dinucleotide into the active site cavity so that the T<>T is within Van
der Waals contact with FADH-. The catalytic reaction is proposed by the absorption
of a photon (300-500 nm) by the folate (MTHF). The MTHF excited singlet state
assigns the excitation energy to FADH- by Forster Resonance Energy Transfer
(FRET). The excited FADH- divides the cyclobutane ring by cyclic redox reaction to
convert T<>T to T-T and the repaired DNA alienated from the enzyme. All these
photochemical reactions total 1ns. takes place in the process [92]. The import shows
the distances among the designated atoms of FADH- and the cyclobutane pyrimidine
dimer (CPD) [1]. Prof. Dr. Aziz Sancar discovered the working mechanism of DNA
photolyase enzyme for the in vitro reaction of E. coli DNA photolyase, the reduction
of the FAD radical cofactor by light, followed by the transfer of electrons from the
induced singlet state of reduced FADH to the dimer [93]. DNA Photolyase gene comes

from the photolyase/cryptochrome superfamily. Members of this superfamily, the
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FAD-binding sites, and their antennas are functionally preserved. However,
photolyase and cryptochrome genes have different functions [94]. The DNA
Photolyase gene is not found in the human mammal genome. Instead, because
cryptochromes are semi-reduced, they perform photomorphogenesis, circadian rhythm
regulation, photo-magnetoreception. It cannot perform DNA repair [69]. Symptoms
due to malaria disease occur when red blood cells containing parasites are
synchronized to release parasites. Therefore, it is thought that Plasmodium parasites
causing malaria must have internal circadian clocks to be synchronized in this way [3].
In recent studies, the malaria cell cycle and gene expression have been closely linked
to daily rhythms, so the malaria parasite has also been shown to have an internal
timekeeping mechanism, rather than just responding to host cues [95]. These enzymes
have been used in multiple studies to determine their functions. However, the
characterization of the DNA Photolyase gene of the malaria parasite and its effect on
the development of the malaria parasite has never been investigated. Our aim in this
study was to determine and characterize the function of DNA Photolyase in a rodent

malaria parasite.

2.3 CRISPR-Cas9 Gene Editing Technology

The Cas9 nuclease of the Streptococcus pyogenes microorganisms is complementary
to the twenty nucleotides of the 20-nucleotide long-chain RNA (sgRNA) and can bind
to a target DNA sequence adjacent to a protospacer contiguous motif (PAM) shown in
Figure 2.8. DNA double chain breaks induced by Cas9 are repaired in mammalian
cells by non-homologous splice (NHEJ) or homology repair (HDR), thereby enabling
targeted genome editing [96]. CRISPR-Cas9 has become one of the powerful and
adaptable platforms of recent times in genetic engineering and once again emphasizes
the importance of basic science research. CRISPR-Cas, based on the prokaryotic viral
defense system, especially the Cas9-based Type Il system, allows deletion or insertion
to occur by binding to any desired DNA region with sgRNA [97]. CRISPR-Cas9,
which provides acquired immunity against specific and exogenous genetic elements
identified in the immune system of bacteria, can be adapted [98]. CRISPR and Cas9
genes in bacteria and archaea can regularly adapt to nucleic acid-based immune
systems [99]. It has been demonstrated by genetic studies with Streptococcus

thermophilus that Cas9 (also called Cas5, Csnl, or Csx12) is the only enzyme that cuts
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target DNA in case gene clusters [100]. Non-coding trans-activating crRNAs
(tracrRNAs) were uncovered that associate with crRNA, a key integral in the
processing and genesis of crRNAs in CRISPR Type Il systems, and simplify RNA
targeting of Cas9 [101]. This binate RNA hybrid formed by Cas9 and endogenous
RNAase 111 is needed for the process of transcription of the CRISPR sequence into
mature crRNAs [102]. Studies have reported that at least three components (Cas9,
mature crRNA, tracrRNA) are required for the CRISPR Type Il system [103].
Researchers showed for the first time in 2011 that the type Il CRISPR is a transferable
system. Therefore, it has been shown that CRISPR intervention can be rearranged in
different bacterial strains by transplantation of the type Il CRISPR region from
Streptococcus thermophilus to Escherichia coli. [104]. In 2013, two separate studies
successfully engineered CRISPR systems from Streptococcus thermophilus and
Streptococcus pyogenes for genome editing in mammalian cells. Thus, the CRISPR-
Cas9 system was used in genome editing [105]. CRISPR activity lacks the existence
of CRISPR-related (Cas) genes that are generally found contiguous to CRISPR
sequences and encode proteins for immune response. These characteristic CRISPR
sequences are created by counting non-repeating sequences acquired from the short
section of foreign genetic material into repeating sequences [106].

Guide RNA

CRISPR/Cas9
rotein

Target
DNA Strand

4 L8 0%
/ w PAM Sequence
Non-Target

DNA Strand

Figure 2.8 : CRISPR-Cas9 protein 3-step working mechanism.

(1) The PAM-carrying DNA region of the virus infecting the bacteria is inserted into
the CRISPR locus with the repetitive regions, (2) CRISPR RNA (crRNA) biogenesis

in which small crRNA sequences are formed by expressing and processing CRISPR
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sequences, (3) Targeting the crRNA corresponding to the virus DNA by combining
with Cas proteins and cutting the DNA.

CRISPR regions are the existence of conserved sequences that are called leaders
fundament CRISPR according to the direction of transcription. CRISPR-Cas9
technology performs a function in the cell in three steps (Figure 2.1). The first step is
the adoption where spacers from exogenous nucleic acid are arranged in the CRISPR
region. In this step, the election of intervals is obstinate by the specific recognition of
proto-spacing adjoining motifs (protospacer contiguous motif PAM) initiate in the
invading plasmid and phage genomes [98]. PAMs are highly conserved sequence
motifs consist of 2-5 nucleotides. PAM sequenced alien DNA spacer is inserted into
the CRISPR region with repetitive genes. The absence of PAM recognition sequences
in repeats in the bacterial CRISPR region eliminates the possibility of targeting and
self-cutting of CRISPR Cas systems in the second step [107]. The last step is targeting.
In this step, invasive nucleic acids are targeted using crRNA and Watson-Crick base
pairing, and replication of viruses and plasmids is prevented by truncating homologous
sequences with Cas nucleases [108]. Cas proteins are very diverse and interact with
nucleic acids such as nucleases, helicases, and RNA binding proteins. Casl and Cas2
proteins play a role in adaptation and these proteins are found in all CRISPR-Cas
systems [109]. The variety of Cas proteins, and the existence of multiple CRISPR
regions make it difficult to classify CRISPR-Cas systems due to the transition between
living things [110]. According to the organization of the CRISPR region and the
content of Cas genes, CRISPR-Cas systems have three main types (I, Il and 111), and
11 subtypes (IA - IF, 1I-A - 1I-C and 1lI-A - 111-B). Because the Cas proteins are
responsible for crRNA biogenesis and recognition and destruction of invasive nucleic
acids, the molecular mechanism of each CRISPR type is different. In Type I, and Type
I11 systems, endoribonucleolytic cleavage of repetitive sequences of pre-crRNAs to
produce small mature crRNAs is based on the Cas6 nuclease family. In the Type |
system, the crRNA molecule formed combines with Cascade and Cas3 proteins to cut
foreign DNA, while in the Type Il system, crRNA consisting of pre-crRNA forms a
complex with Cmr / Cas10 or Csm / Cas10 proteins and Cas. Proteins in the complex
cut foreign DNA. Type Il system is the most studied and most illuminated system
among these systems. In the Type Il system, together with a second non-coding RNA
(trans-activating CRISPR RNA (tracrRNA), crRNA forms a ribonucleoprotein
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complex with endonuclease Cas9 and recognizes and cuts invading DNA [111].
Internal of the cell, the Cas9 system requires the enzyme RNaselll along with crRNA
and tracrRNA to cleavage the target DNA. All these requirements can be eradicated
by the establishment of sgRNA, a combination of tracrRNA and crRNA, known as
single-guided RNA (sgRNA). The crRNA in the generated sgRNA retains its guide
role, and the secondary structure of the SgRNA was designed in accordance with Cas9
to cut the target site [112]. Cas9 has the HNH and RuvC nuclease domains needed to
cut the double looped DNA, and the alpha-helical lobe that allows it to interact with
the sgRNA [113]. Alongside the sgRNA consisting of 20 nucleotides, the PAM
sequence is needed for the Cas9 protein to recognize the target DNA. The Cas9-
SgRNA complex is acutely stable when constrained to DNA, and in vitro binding
Kinetics studies have shown that binding amid the Cas9-sgRNA complex and target
DNA is virtually irreversible over a long duration of time [112]. The most important
feature of the Cas9-based CRISPR system in gene editing is that it is programmable.
The Cas9 enzyme can be directed to any region of the PAM sequence by changing the
base sequence of the sgRNA. In addition to the use of Cas9 nuclease in genome editing,
the catalytically inactive dCas9 (dead Cas9) enzyme, which cannot break down

double-loop DNA, is also used to activate or suppress gene expression [114].

2.4 Photoconvertible Protein (mEos4b)

For decades, fluorescent proteins with phototransformation have revolutionized the
field of cell biology. These fluorescent proteins change their excitation and emission
spectra after exposure to light of a certain wavelength [115]. The application of these
proteins in cellular motion, differentiation, cellular dynamics, protein-protein
interactions, and a few others has made these proteins of particular interest. Therefore,
in the thesis study, it was aimed to develop a new biological model system by
integrating the mEos4b protein into the genome of the Plasmodium berghei parasite
with the help of the CRISPR-Cas9 technique. This will be the first model system of
this kind, to the best of our knowledge, in Turkey which will help in designing novel
strategies to treat malaria as well as other life-threatening infectious diseases [115].
The beauty of phototransformable fluorescent proteins (PtFPs) is that some of the
fluorescence properties can be controlled by light [116]. PtFPs which change from one

color to another is known as photoconvertible fluorescent proteins (PcFPs) and the
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PtFPs that irreversibly activated from non-fluorescence to fluorescence state are
termed as photoactivatable fluorescent proteins (PaFPs). The first successful
irreversible photoactivatable fluorescent protein reported was Pa-GFP. It was derived
from Jellyfish (Aequorea victoria) GFP (WtGFP) by mutating Threonine 203 to
Histidine [117]. Simulate Pa-GFP, scientists later developed red fluorescent
photoactivatable fluorescent protein with several rounds of random mutagenesis. Pa-
mCherry and Pa-mRFP1 were derived from DsRed and mRFP, respectively. When
illuminated with purple light, both of those proteins are photo transformed into forms
that emit brighter red fluorescence [4, 118].

Which after exposure to UV light photoconverts from green fluorescence
(Excitation/emission of 505/516 nm) to red fluorescence (Excitation/emission of
569/581 nm). Another class of Pa-FPs is mEosFP which is a photoconvertible
fluorescent protein switches from green to red fluorescence. Figure 2.9 explains the
excitation and emission spectra of green to red mEosFP [119]. In the knock-out study,
we ensured the deletion of the DNA Photolyase gene by integrating the photo-
convertible mEOS4b gene with the plasmid. A wide variety of photoformable
fluorescent proteins have been developed in recent years, including photoactive,
photo-convertible, and photo-exchangeable fluorescent proteins. PtFPs that vary from
one color to another is known as photo-convertible fluorescent proteins (PcFPs), and
PtFPs that are irreversibly activated from non-fluorescence to fluorescent state are
called photoactivatable fluorescent proteins (PaFPs) [4]. One class of Pa-FPs is
mEosFP, which is a photo-convertible fluorescent protein. Describes activities in
transgenic malaria parasite after UV light. Thanks to the EOS4b protein, the
conversion of the green fluorescent protein to blue and red fluorescent protein under
UV light observed and the characterization of the gene determined by examining the
cytotoxic activity of the parasite in the developmental stage. Due to its color-changing
properties, the class of fluorescent proteins (FP) such as EosFP, 2 DendFP, mcavRFP,
and r-oRFP and others have become an important tool in the development of super-
resolution microscopic techniques for imaging subcellular biological structures with

unprecedented detail.
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Figure 2.9 : mEos4b a phototransformable fluorescent protein.

Green-to-red (G/R) photo-transformable proteins form a GFP-like protein class that
can undergo a light-dependent color transformation. The green form (emission at ~518
nm) is irreversibly converted to a red radiation form (emission at 582 nm) when
exposed to UV or purple radiation [120]. The phenotype, which can be converted from
green to red, appears to be caused by a common green ancestor with the migration of
a knob-like fixation region crosswise from the active site to the fold of the beta-barrel.
Allosterically linked mutation sites provide active conformational mobility through
the epistasis [121]. Several other phototransformable fluorescent proteins have been
discovered e.g; Kaede, PS-CFP2, Dronpa, etc and are being applied in numerous
biological applications. The phototransformative property of these phototransformable
fluorescent proteins has allowed researchers to highlight and tracking of
subpopulations of cells, organelles and, also proteins in living systems. Additionally,
phototransformable fluorescent proteins open new ways for superresolution
fluorescence microscopy and optogenetics modifications of proteins [115]. Mutoh et
al. showed in the mouse neonatal brain, the use of Kaede eased monitoring movement
of a progenitor cell between different compartments while permitting visualization of
the division of the same cell [122]. Karbowski et al. were able to visualize and quantify
the fusion dynamics of mitochondria in healthy and apoptotic cells by engineering Pa-

GFP tagged to a mitochondrial matrix protein [123]. PtFPs are helpful to the
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understanding of insulin secretion. Baltrusch et al. explain the role of Pa-GFP or
Dendra2 followed by photoactivation or photoconversion, respectively, in long-
distance tracking of individual granules through the cytoplasm until their fusion with
the plasma membrane and subsequent insulin release [124]. Photoconvertible
fluorescent proteins like mEosFP, mEos2, Dendra2 are being used for plastid
dynamics, tracking peroxisomes, and monitoring protein dynamics in cilia,
mitochondrial dynamics, and in several other applications [125, 126]. Dronpa which
is a photoswitchable fluorescent protein (PsFP) is used for manipulation of protein-
protein interactions by light and monitoring protein exchange among different cellular
compartments [127]. A plasmid vector was used as a donor vector for homologous
recombination to repair the double strand breaks in our study. For thesis study
phototransformable mEos4b fluorescent marker and a drug resistance marker hDHFR
were used. CRISPR-Cas9 members were added to the AA20 vector. Additionally,
CRISPR-Cas9 is designed with the Turg2 fusion protein for fluorescence detection.
Donor plasmid DNA was placed in AA20 plasmid. In future work, this model system
will be used to study the cytocidal and cytostatic activity of chemical compounds. The
model system will also be used in the mechanical characterization of key molecular
players to gain clear insight into the development of resistance to anti-malarial drugs
that will help develop more precise chemotherapeutic strategies and successful

treatment of malaria.

26



3. MATERIAL AND METHOD

3.1 Materials

3.1.1 Working places

Genetic engineering and cloning studies of this thesis were carried out in Dr. Bedia
Laboratory (Istanbul University Department of Molecular Biotechnology and Genetic,
Beyazit). Mosquito, mouse, transfection experiments were performed at the Dr. Aly
Laboratory (Bezmialem Vakif University Institute of Life Sciences and

Biotechnology, Beykoz).

3.1.2 Devices

Analytical scales (Ohaus Pioneer, PA4102C - 0.01- 4100 g, USA, Ohaus Pioneer,
PA413 - 0.001 - 410 g, USA, Sartorious, Quintix 224 - 1S, GERMANY) were used
for weighing chemicals used for the preparation of stock, solution, medium, and media.
Agarose gel casting apparatuses (Biorad, Mini subcell GT, USA, Biorad, Wide mini
subcell GT, USA, GE Healthcare, HE99 X, USA) were used for gel electrophoresis.
Autoclave (Eryigit SPR55105, TURKEY) was used for sterilization of solids and
liquids. Bench centrifuge (ThermoScientific, MicroCL21R, USA) was used to
precipitate molecular materials in small liquids. A cooled bench centrifuge (Beckman
Coulter, Allegra X30R, USA) was used to precipitate biological materials in large
liquids under cold conditions. A confocal laser scanning microscope (Leica, SP8,
GERMANY) was used for detailed imaging of the transgenic parasite. Electroporator
(Lonza, Nucleofactor 2b, SWITZERLAND) was used to transform the prepared vector
into the parasite. Freezer -20°C (ThermoScientific, FFGL2320V, USA) was used for
the storage of DNA, enzymes, and primers. Freezer -80°C (ThermoScientific,
8940086V, USA) was used for storage of parasite blood stocks, competent bacterial
cells. Gel documentation system (Vilber, Fusion Solo S, SOUTH KOREA) was used
to detecting the size of the DNA in agarose gel, it was used to obtain data from the
computer environment using UV light. Ice machine (Scotsman AF 80, USA) was used

to eliminate the need for ice in processes related to transformation and DNA. A small
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Incubator (ThermoScientific, Heraterm IMC 18, USA) was used for the growth of
bacterial clones into the plates at 37 °C. Shaker Incubator (Infors HT, Multitron
Standard, SWITZERLAND) was used for growing bacteria in 37 °C by shaking 180-
260 rpm. CO2, N, O2 incubator (ThermoScientific, FORMA Steri-cycle 1160, USA)
with shaker (Infors HT, S-30126075, SWITZERLAND) were used for P. berghei
parasite growth into the blood culture in 37 °C for transfection. Heating block
(ThermoScientific, DryBathStdrd 4-black, USA) was used for DNA isolation from the
gel, pure water heating, etc. have been used in experiments. Light microscope (Nikon,
Eclipse E100, JAPAN) was used to obtain parasite in Giemsa stained thin blood smear
slides with 1000X objective. A magnetic stirrer (Biorad, Digital hot plate stirrer, USA)
was used for dissolving mixtures. Microwave (Arcelik, MD674S, TURKEY) was for
agarose gel preparation. Mosquito adults cage (BioQuip Products Inc, Collapsible
Cage, USA) was used for mosquito feeding and production. PCR machine (BioRad,
T100 Thermal Cycler PCR, USA) was used for amplification of insert DNA. pH-Meter
(HANNA, Edge pH, ITALY) was used to calculate pH for specific solutions.
Refrigerator (Liebherr Mediline, Schrank vorb Weiss, GERMANY) was used for
storage of LB, TB media and plates, cultures. Biosafety Cabinet (ThermoScientific,
Maxi safe2020 1.5, USA) was used to prepare solutions and cultures in sterile
conditions. UV-Lamp (Esterilizador Kill Virus Sterilizer Lampara UV, China) was
used to damage DNA for wild type and knock-out parasites. Vortex (Isolab, 1P42,
GERMANY) was used for primer, cut smart mix. Water bath (ThermoScientific,
TSGP15D, USA) was used for transformation and incubation experiments. Flow
Cytometry (Biorad S3e Cell Sorter, USA) was used to sort transgenic parasites and
detect parasitemia percentage. A cell imaging system (Biotek Cytation 5 Elx 808,
USA) was used for imagining transgenic parasites with blue, green, and red filters.
Dishwasher (Smeg, 6W4060, ITALY) was used for clean solid materials. A double
distilled water device (Sartorious, Arium comfort, GERMANY) was used for users to
obtain pure water in molecular experiments and in the preparation of solutions. An
electrophoresis device (Biorad, Power Pac Basic, USA) was used for determining the
presence and size of DNA. Electrophoresis tank apparatus (Biorad, All Size, USA)
was used for the run gel to which the electric current in the buffer. A vacuum (KNF,
NO 22 AN.18, USA) was used to collect mosquitoes. Vacuum manifold (Qiagen,
QIAvac 24 Plus, GERMANY) was used miniprep columns. A big incubator (HiPoint,
740FH, TAIWAN) was used to incubate mosquitoes. Spectrophotometers (Hitachi, U-
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5100, JAPAN, BioTek, Eon, USA) was used to measure bacterial cell density. Mini
centrifuge (FischerScientific, 05-090-100, USA) was used to collect small liquids into
the bottom of the eppendorf tube or remove bubbles from PCR tubes. Nanodrop
(ThermoScientific, 8000-Spectrophotometer, USA) was used to measure DNA
concentration. A phase-contrast microscope (Leica, DM 2500 Led, GERMANY) was
used to observe parasites in the blood cells.

3.1.3 Experimental stuffs

Lorem 8-well chamber slides (Labtek, Turkey) were used to for account the number
of sporozoites. Cryo-freezing tubes (Nest, South Africa) used for frozen parasite
bloodstock storage. Disposable cuvettes (Isolab, Germany) were used to measure cell
density in the spectrophotometer. Electroporation cuvettes (BioRad, Miinchen) were
used for transfection DNA into the parasite. Falcon blue cap (50 ml and 15 ml, Nest,
SA) was used for general experiments. Glass slides (Isolab, Germany) was used for
thin blood smears. Syringes and needles (BD Diskardit, Becton Dickinson) were used
for mice injections and tail smears. Parafilm (Isolab, 100 x 38 mm, Germany) was used
for LB plate storage. Pasteur pipettes (Isolab, Germany) were used for general
experiments. PCR tubes (Isolab, Germany) were used for PCR reactions. Petri-dishes
(Isolab, 90x17mm, Germany) were used for LB agar plates. Pipettes tips (with sterile
filtered, Isolab Tips RNase/DNase/Endotoxin-free, Germany) 10, 20, 200, 1000 ul
were used for molecular experiments. Pipettes (Eppendorf Research Plus, Merck
KGaA, Darmstadt, Germany) 0.1-2.5 ul, 2-20 ul, 20-200 pul 100-1000 pl calibrated
were used for molecular experiments. Serological pipettes (5 ml,10 ml, and 25 ml,
Grenier Cell STAR, Merck, Germany) were used for general experiments. Sterile
Filter (0.2 pwm, 0.4 pm, ThermoScientific, USA) was used for ampicillin stock
preparation. Sterile Filter (Millipore, Sterile filtration units, 500 ml, Merck, Germany)
was used for transfection culture preparation. Filter paper (Whatman™ 3MM paper
Whatman paper company, Merck, Germany) was used for egg dish insertion of
mosquitoes. Eppendorf centrifuge tubes (Isolab 1,5, 2 ml, Germany) were used for
more molecular experiments. Measure (Isolab 50 ml, 100 ml, 250 ml, 500 ml,
Germany), per glass (Isolab, 50 ml, 100 ml, 600 ml, 1000 ml, Germany), Arlen nuge
glass with glass water inlet tube (Isolab, 500 ml, Germany), erlen glass (Isolab, 100
ml, 500 ml, 1000 ml, 2000 ml, Germany), bottle (Isolab, borosilicate glass, amber or

transparent, screw cap, 100 ml, 250 ml, 500 ml, 1000 ml, Germany) were used for
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general experiments. Digital thermometer, digital thermohygrometer, thermometer
maximum/minimum — electronic (Isolab, Germany) were used for the hot room and
incubator degree confirmation. Scissors, gloves (Isolab, Germany), magnetic fish
(Isolab, 20x6 mm, 30x6 mm, 40x8 mm, 50x8mm), tube stand (Isolab, for 15, 50 ml,
Germany), Alarm Watch (Isolab, Germany) were used for general experiments. Sterile
toothpick (Montopack, USA) was used for pickup single bacteria colonies. Rack for
minus twenty (Interlab, Turkey) was used for store enzymes. Minus twenty boxes,

minus eighty boxes (Interlab, Turkey) were used for store reagents in eppendorf tubes.

3.1.4 Software

EndNote X9 (Clarivate Analytics, USA) was used for thesis reference writing. Clone

Manager 8.0 (Sci Ed Central Software, USA) was used for primer designing.

3.1.5 Chemicals

For the mosquito feeding solution, 4-Aminobenzoic acid (SIGMA,100 g) was used as
received. For the transfection experiments, Accudenz ® A.G. Cell Separation Media
(Accudenz Accurate Chemicals, 500 g) was used as received. For the gel
electrophoresis experiments, Agarose LE (Benchmark Scientific, 500 g) used as
received. For frozen parasite stocks, Alsever’s Solution (Sigma, Taufkirchen) was
used as received. For the culture preparation experiments, Albumin from Bovine
Serum (SIGMA, 50 g) was used as received. For the bacteria, selective culture
preparation Ampicillin sodium salt for biochemistry (Biofroxx, 10g) was used as
received. For the bacteria, culture plate preparation Bacto-agar (BD Diskardit, Becton
Dickinson) was used as received. For the SOC medium preparation, Bacto-tryptone
(BD Diskardit, Becton Dickinson) was used as received. For the SOC medium
preparation, Bacto-yeast extract (BD Diskardit, Becton Dickinson) was used as
received. For the competent cell stock preparation, Calcium chloride anhydrous
(SIGMA Taufkirchen, 50 g) was used as received. For the molecular experiments Cell
Culture Water Pyrogen Free (Biosera, 100 ml) was used as received. For the parasite,
genomic DNA isolation Cellulose (SIGMA, 250 g) was used as received. For the
parasite culture preparation, DMEM-medium (GibcoBRL, Karlsruhe) was used as
received. For the TAE buffer preparation, EDTA Disodium Salt Dihydrate (Genaxxon,
5009) was used as received. For the gel electrophoresis Ethidium bromide (Sigma,

Taufkirchen) was used as received. For the DNA extraction and sterilization Ethanol
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Absolute (ISOLAB, 2.5 L) was used as received. For the culture experiments, FCS,
certified (USA Gibco Invitrogen, Karlsruhe) was used as received. For the culture
experiments, Gentamicin Sulfate (Lonza, 10 ml) was used as received. For the TAE
buffer preparation Glacial Acetic Acid >99.0% (Isolab, 2.5 L) was used as received.
For the staining of the slides, Giemsa (SIGMA, 1 L) was used as received. For the
mosquito feeding Glucose (Merck, Darmstadt) was used as received. For the freezing
solution preparation, Glycerol (Isolab, 1L) was used as received. For the miniprep
buffer, preparation Guanidine hydrochloride (Glentham, 1 kg) was used as received.
For the take blood from mouse heart Heparin (Braun, Melsungen) was used as
received. For the adjusted pH Hydrochloric Acid %37 (Merck, 2.5 L) was used as
received. For the visual staining slides under 1000X objective of light microscope
Immersion Oil (Merck, 100 ml) was used as received. For the bacterial culture growth,
LB Agar ( Multicell, 500 g) was used as received. For the bacterial culture inoculation,
LB Broth Miller (Merck, 500 g) was used as received. For the cell fixation on the glass
slide Methanol %99.9 HPLC (Isolab, 2.5 L) was used as received. For the competent
cell buffer, preparation Magnesium Chloride (Glentham,100 g) was used as received.
For the mosquito dissection experiments, PBS Tablets (MP Biomedicals, LLC, 100
Tab) was used as received. For the DNA precipitation Potassium Acetate, 98 %
(Glentham, 500 g) was used as received. For the miniprep buffer, preparation of
Potassium Chloride ( SIGMA,5009) was used as received. For the transfected parasite,
selection Pyrimethamine ( MP Biomedicals, LLC, 25 g) was used as received. For the
parasite, genomic DNA extraction Saponin, from quillaja bark (SIGMA,25g) was used
as received. For the DNA precipitation, Sodium Acetate Anhydrous (Glentham, 5009)
was used as received. For the competent cell buffer, preparation of Sodium chloride
(Merck, 500g) was used as received. For the prepared miniprep buffer, preparation
Sodium Dodecyl Sulfate (SIGMA, 100g) was used as received. For the adjusted pH
Sodium Hydroxide Pellets Pure %99 (Isolab, 1 kg) was used as received. For the
adjusted pH, Sodium Hydroxide Solution (Titripor, 1L) was used as received. For the
bacterial cell culture preparation, Terrific Broth (Multicell, 1 kg) was used as received.
For the TAE buffer preparation Trisma Base, Primary Standard, and Buffer >99,
crystalline (SIGMA, 1L) was used as received. For the parasite transfection culture
preparation Tryptone (Biolife, 250 g) was used as received. For the parasite
transfection culture preparation Tryple Express 1x (Gibco, 100 ml) was used as

received. For the SOC medium preparation Yeast Extract (Biolife, 500g) was used as
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received. For the mosquito dissection, sporozoite extraction, transfection culture
preparation experiments RPMI 1640-medium (GibcoBRL, Karlsruhe) was used as
received. For the mounting gel preparation, Hoesct (33342, Trihydroclorid, 10 mg/ml,
Invitrogen, USA) was used as received. For the pyrimethamine solution preparation,
DMSO (Isolab, 2,5 L, Germany) was used as received. For the mice experiments
Ketamin(Ketasol, Richter pharma ag, Wells, Austria), Xylazine (5g, Merck,

Germany), Rompun (%2, Bayer, Turkey) were used as received.
3.1.6 Stocks

3.1.6.1 Antibiotic stock

Ampicillin Stock Preparation: 1000 mg of ampicillin powder was added into a 15 ml
falcon tube. The solution was prepared with double distilled water and completed to
10 ml. All supplies were wiped with %70 ethanol and placed into a biosafety cabinet.
The ampicillin solution was sterilized by 0.22 um filter and 15 ml syringe. The
ampicillin solution was distributed 500 pl into the dark 500 pul centrifuge tubes. The
ampicillin stocks were stored at minus twenty fridges. Working antibiotic dilutions are

all 1:1000 from stock solutions in LB or TB medium.

3.1.6.2 Competent cell stock

Chemically Competent Cells Preparation: 25 ul of Topl0 bacteria cell (from the
company) was planted with a disposable spreader into two Petri dishes containing
previously prepared ampicillin-free LB agar. Plates were incubated in a 37 °C
incubator overnight. The colony was inoculated into 4 ml TB medium without
ampicillin and placed into a shaker at 37 °C, 220 rpm for five hours. 3 ml of inoculation
was inoculated into 250 ml of ampicillin-free Terrific broth into 260 rpm, 37 °C shaker
for an hour. The optimal density (OD) value was measured at 600 nm every half an
hour for bacterial culture. TB was used as a blank solution. Incolutaion was ended
when the OD value reached 3.5. Experiments were settled into an ice pack. 250 ml
bacterial culture was distributed into 5 pieces 50 ml falcon tube. Balances were
adjusted and tubes were centrifugated at 4 °C, 300 rpm for 15 minutes. The
supernatants were discarded and the pellet chilled 20 ml of MgCl. buffer. Cells were
combined and distributed into 2 tubes. Tubes were balanced and centrifugated at 4 °C,

3000 rpm for 15 min. The supernatants were discarded and the pellets were chilled
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with 25 ml of CaCl, buffer. The tubes were left on ice for 20 minutes. 50 Eppendorf
tubes were labeled and placed into an ice pack. The cells are centrifugated at 4 °C,
3000 rpm for 15 minutes. The supernatant was discarded and the pellets were dissolved
with 600 ul CaCl, with %15 glycerol solution. 50 pl cells distributed prechilled
Eppendorf tubes. The stock competent cells were stored in a minus eighty freezer.
3.1.6.3 Frozen malaria parasite stock

* P.berghei ANKA WT-G2 900 ul Black6

* 1Y04 - bFOTO ko Tf3-G9 900 nul Sorted Black6

* YOS5 - bFOTO tag Tf5-G3 900 ul Black6

Preparation of frozen stock: Previously frozen parasite blood was injected
intraperitoneal into Black6é mouse. Heart puncture was applied when parasitemia
reached % 30 into mouse blood. Collected blood distributed 300 pl into cryotubes and
completed with 600 ul freezing solution to 900 ul. Blood stocks were marked and
stored in a minus eighty freezer.

3.1.7 Solutions

3.1.7.1 Mosquito-breeding solution

* Mosquitoes breeding water (for larvae and pupae): 0.1 % Sea salt in ddH-O.
* Sucrose adults feeding solution: 10 % Sucrose, 0.01% pABA, add ddH20.
3.1.7.2 Freezing solution

* Freezing-Solution (for blood parasites): Glycerol: Alsever’s solution (1:9)

3.1.8 Media

3.1.8.1 Bacterial media
Terrific broth

Terrific Broth (TB) medium preparation: 23.8 mg of Terrific Broth was placed into a
1 L glass bottle. 400 ml double distilled water was added and the solution was mixed
on a stirrer with magnetic fish. After dissolve the solution was completed to 500 ml

with double distilled water. The solution was autoclaved at 121 °C, 15 minute liquid
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mode. The sterile solution was cooled, and 515 pl 1000X ampicillin was added. LB
Broth with ampicillin stored in a 4 °C fridge.
LB-agar

LB-Agar Preparation: 17.5 g Luria Bertani-Agar was added into a 1-liter glass bottle
and completed to 500 ml with double distilled water. The solution placed on stirrer
and heater machine agar was dissolved using magnetic fish. The solution was placed
into autoclave machine liquid mode for 121 °C , 15 min. The sterile LB agar solution
was stirred at low temperature for 10 minutes. 515 pl 1000 X ampicillin was added
into the solution at 60 °C temperature in sterile conditions. The nutrient was distributed
into plates equally, marked, and parafilm. Plates were stored in a 4°C fridge.

SOC medium

200 mg of Tryptone, 50 mg of Yeast Extract, and 58.44 mg of NaCl were mixed into
80 ml double distilled water. PH was adjusted to 7 by NaOH. The solution was
completed to 100 ml. 10 mM, 100 ml MgCl autoclaved, 2 M, 5 ml of Glucose was
autoclaved. 500 ul of MgCl, and 1 ml of Glucose were added to the mixture. The
solution was distributed into 2 ml Eppendorf tubes and stored in a 4 °C fridge.
3.1.8.2 Parasite media

Plasmodium berghei transfection culture medium (total 175 ml for 1 culture):

149 ml of RPMI medium was mixed with 35 ml of (20%) FCS (heat-inactivated) and
50ul of Gentamycin. The mixture was filtered with a 500 ml filter bottle.

3.1.8.3 Mosquito dissection medium

3% of Bovine albumin serum was added in RPMI.
3.1.9 Buffers

3.1.9.1 Buffers for DNA purification and analysis
0.5 M EDTA Preparation:

93.06 g of EDTA (MW:372.24 g/mol) was added to the 1 L glass bottle. The powder
chemical was dissolved with 400 ml ddwater. Solid NaOH pellet was added and pH
was adjusted 8.0 during stirrer by magnetic fish. The solution was completed to 500

ml with ddwater.
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50 X TAE Electrophoresis Running Buffer Preparation:

484 g Trisma Base powder was added into the 2L glass bottle and mixed with 1 L
water. 200 ml 0.5 M, pH:8 EDTA solution was added to the mixture. 114.2 ml Glacial
Acetic Acid was added into the solution under the hood. The mixture was completed
to 2 L with ddwater.

1 X TAE Electrophoresis Running Buffer Preparation:
20 ml of 50 X TAE buffer was completed to 1 L with 980 ml ddwater.
% 1 Agarose Gel Preparation:

1 g agarose was mixed with 99 ml 1 X TAE buffer and placed into the microwave for
2:30 minutes. 4 ul EtBr solution was added to the mixture. The agarose gel was poured
into the tank and the appropriate comb was placed according to the number of samples.
After gel dry, the comb was removed and gel placed into the electrophoresis tank
which was filled with 1X TAE buffer. Table3.1 shows amounts of %1 agarose gel
preparations.

Table 3.1 : %1 Agarose gel reagents.

Volume of Gel Agarose EtBr Comb
(ml) (mg) (12)) (cell)
40 400 3 8-16
70 700 35 16
100 1000 4 16

% 0.9 Agarose Gel Preparation:

0.9 g agarose was mixed with 99.1 ml 1 X TAE buffer and placed into the microwave
for 2:30 minutes. 4 pl EtBr solution was added to the mixture. The agarose gel was
poured into the tank and the appropriate comb was placed according to the number of
samples. After gel dry, the comb was removed and gel placed into the electrophoresis
tank which was filled with 1X TAE buffer. Table3.1 shows amounts of % 0.9 agarose

gel preparations.

Table 3.2 : % 0.9 Agarose Gel Reagents

Volume of Gel Agarose EtBr Comb
(ml) (mg) (12)) (cell)
40 360 3 8-16
70 630 3.5 16
100 900 4 16
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PB Binding Buffer Preparation:

47.79 g of Gu-HCI were dissolved in 20 ml ddwater. 30 ml of isopropanol was added
to the solution. The solution was completed to 100 ml with ddwater. The solution was
sterilized via autoclave. This buffer was used only for DNA isolation with Qiagen

miniprep columns.
PE Wash Buffer Preparation:

121.2 g of Tris-HCI were dissolved in 15 ml ddwater. The PH was adjusted to 7.5 with
HCI. 80 ml of ethanol was added to the solution. The solution was completed to 100
ml with ddwater. The solution was sterilized via autoclave. This buffer was used only
for DNA isolation with Qiagen miniprep columns.

P1 Suspension Buffer Preparation:

0.60 g HCI was added into 20 ml ddwater. pH was maintained to 8.0. 2 ml of (0,5 M)

was added. The solution was completed to 100 ml with ddwater.
P2 Lysis Buffer Preparation:

0.79 g of NaOH was added into 20 ml ddwater. 1 g of SDS was added. The solution

was completed to 100 ml with ddwater.
N3 Neutralization Buffer Preparation:

80 g of GUHCI was added into 100 ml ddwater. 17.664 g of Potassium acetate was
added. 0.37 % Fuming HCI was added to adjust pH to 4.8. The solution was completed
to 200 ml with ddwater.

QC Buffer Preparation for Gel Extraction:

300 mg of Trisma Base was mixed wih 81.29 g Guanidine thiocyanate and the mixture
was completed to 50 ml with ddwater. pH was adjusted to 6.6.

3.1.9.2 Buffers for competent cell preparation

100 mM CaCl2 Preparation:

5.55 g CaCl, powder was mixed with 494 ml ddwater. The solution was autoclaved.
Stored in 4 °C fridge.
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85 mM CacClz with %15 glycerol preparation:

1.11 g of CaCl> powder and 20 ml of ddwater were dissolved in glass bottle. 15 ml

glycerol was added. The mixture was completed to 100 ml with ddwater.

100 mM MgCl2 Preparation:

4.76 g of MgCl, powder was mixed with 494 m| ddwater. The solution was autoclaved
and stored in 4 °C fridge.

3.1.10 Molecular biological reagents

3.1.10.1 Enzymes

Klenow blunt end DNA polymerase (New England Biolabs, USA), T4-DNA-Ligase
(NEB,USA), T4 Ligase Buffer (NEB, USA), BamH1-HF (NEB,USA), Cut Smart
(NEB, USA), EcoR1-HF(NEB, USA), Hindlll-HF(NEB, USA), Kpnl-HF(NEB,
USA), Sac2(NEB, USA), Bbsl (NEB, USA), T4 PNK(NEB, USA), Antartic
Phosphatase (NEB, USA), Anthartic Phosphat Reaction Buffer(NEB, USA),
Spel(NEB, USA), Nhel (NEB,USA), Xhol (NEB, USA), EcoRV (NEB, USA), g5
Reaction Buffer(NEB, USA), 1X dNTP mix(NEB, USA), g5 PCR enzyme (NEB,
USA), Red enzyme mix for PCR(2X BioMix, Turkey).

3.1.10.2 Molecular biological kits

* QIAgen PCR Purification Kit QTAGEN, Hilden

* QIAprep Spin Miniprep Kit QIAGEN, Hilden

* HiSpeed Plasmid Maxi Kit QIAGEN, Hilden

* QIAamp DNA-Blood Mini Kit QIAGEN, Hilden

* QIAgen Gel Extraction Kit, Hilden

3.1.10.3 Molecular markers for gel electrophoresis

* 1 kb DNA-Ladder, GeneRuler, ThermoScientific

* Purple 6 x loading dye, NEB
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3.1.11 Biochemical and cellular biological reagents

3.1.11.1 Pyrimethamine drug solution preparation

60 mg of Pyrimethamine drug was dissolved with 594 ml ddwater. 7 ml of DMSO was
added to the drug solution. pH was adjusted to 3.30. The solution was stored in a dark

bottle at room temperature.

3.1.11.2 1X Heparin preparation

42 mg of 10 X heparin was dissolved with 10 ml of RPMI. 1 ml of 10X was used for
1X heparin with 9 ml RPMI. The solutions were stored in fridge.

3.1.11.3 Blood sample preparation for Flow Cytometry

2.5 pl of mouse blood containing transgenic parasite was mixed with 2.5 ul 1X heparin
solution. To prepare 1:200 dilution 495 ul of PBS solution were added. To prepare a
1:500 dilution 1245 ul of PBS solution was added.

3.1.11.4 Ketamine/ Xylasine preparation
600 ul of Ketasol was added into 400 ul of Rompun solution.

3.1.11.5 Mounting gel preparation

PBS solution was prepared with one tablet PBS into 200 ml ddwater. 25 ml Glycerol
was added into a 50 ml sterile falcon tube. 25 ml of PBS solution was added into
glycerol. 20.5 ul Hoesct was added into the mixture. The mounting gel was stored in

dark conditions in a 4 °C fridge.
3.1.12 Biological materials

3.1.12.1 Experimental live organisms and cells
Bacterial Strains (Escherichia coli)

Stbl3 (Thermofischer, USA) was used for transformation of ligated plasmid vectors.
XL10-Gold (Thermofischer, USA) was used for transformation of ligated plasmid
vectors. Top10 (Thermofischer, USA) was used for transformation of ligated plasmid
vectors. Omnimax (Thermofischer, USA) was used for transformation of ligated

plasmid vectors.
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3.1.12.2 Experimental animals

Mice: Mus musculus: BALB/c (Bezmialem Research Center), Black6 (Bezmialem
Research Center) 6 weeks, female were used for transfection and light application

studies.

Rats: Rattus norvegicus: Wistar (WIST), Sprague-Dawley (SD) 6 weeks, female were
used as a donor for P. berghei parasite clonning.

3.1.12.3 Mosquitoes

Anopheles stephensi Nijmegen, Netherlands, Anopheles stephensi mosquitoes were
raised under 14 h light/ 10 h dark cycle, 75% humidity, and at 28°C or 20°C, for
uninfected and infected mosquitoes, respectively.

3.1.12.4 Parasite strains

Plasmodium berghei ANKA
3.1.13 Nucleic acids

3.1.13.1 Oligonucleotids

Plasmodium berghei strain ANKA genomic DNAs was used as templates for specific

sequences amplification. All primers were obtained from Sentebiolab custom primers,
Right arm primers of Photolyase

nbFOTO_ko3 forward (HindllI)

5" TGCCAAGCTTGATAATTTTAATGGAGCCAAGGATTGGGCAAAAG 3°
nbFOTO_ko4 reverse (Kpnl)

5" TCCGGTACCACCCAATATGCATTAATATTTTTCAAACCCCAT 3’

Left arm primers of Photolyase

nbFOTO_ko1l forward (Sac2)

5> GGCCGCGGGTAGTAATAAAACATTGTGATTTGTGATAACAA 3’

nbFOTO_ko2 reverse (BamH1)

5’ TCCGGATCCCATGTTAACCAACATTTGGTTTTGTTTCATTCAT 3’
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Tagging primers for Photolyase

mEos4b_test forward

5" GTGAGTGCGATTAAGCCAGACATGAGGATCAAA 3’
mEos4b_test reverse

5" ACGTCTAGCATTATCAGGCAATCCAGAATGAGC 3’
nbFOTO_+tagl (Sac2) forward

5’GGCCGCGGAAATTTTGTATGTACCGAAAAAAAAGCCAAGGAGATCTTA
GAAAATTTTTGCAAAAA 3’

bFOTO tagl forward (Sac2)
5’GGCCGCGGCTATAAAGCCCAAAATACAAACTCACTTATCTTC 3
bFOTO tag2_sgRNA reverse

S’TGATTAACAAATCGTCATTAAAATATTCTTTCCCGCTCGAAGCATGAAT
A3

bFOTO tag3_sgRNA forward

S’TAACAAATATGCTCTGCAATTTCCTTCTATTCATGCTTCGAGCGGGAAA
G3

bFOTO tag4 reverse (EcoR1)
S’TCCGAATTCGTTTAACTTCGTATCAATTTTCACCTCCTTATC 3°
bFOTO_5testF 5> TACATACACTTACAAAGACGGGGAAATGTAACT 3°

bFOTO_3testR 5> ATCACACAATTTGCACCCATATTAGTTATTCCT 3°

bFOTO_orfF 5" GAATTCATGAAATAAAAACAGTTGTCTGTGATT 3°
bFOTO_orfR 5" CTGCTAATTCTTTCTTGATTAACAAATCGTCAT 3°
mEos4b testR 5° ATCAATTACAAAATGATGTCCGTTTACATTGCC 3°

nbFOTO_gRNA2+F 5° TATTGAGCATGTGAATGGCAAATA 3’

nbFOTO_gRNA2+R 5> AAACTATTTGCCATTCACATGCTC 3’
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CAS9 plasmid primers
T2A- Turg2 forward (spel)

5’GAAGGTAGAGGAAGCCTTCTAACATGTGGAGATGTAGAAGAAAATCCT
GGACCTACTAGTATGGTGAGCAAGGGCGAAGAACTATTTACT 3°

Turg?2 reverse (Xhol)

5’TGGTGGCTCGAGTTACTTGTACAGCTCGTCCATGCCGAGAGTGAT 3’
Cas9_seq44 forward

5" GCTATTAAGAAGGGTATTCTACAAACAGTA 3’

Cas9_p2a forward (afl2)

5’ GGTGGTCTTAAGAAAATGGACTATAAGGATCATGATGGAGAT 3°
Cas9_p2a reverse (afl2)
5’GGACTAGTGAGCATATAGAAAGCCATATTCAAC 3°
hDHFR test forward-17
S’GTGTTCTTTCTGATGTTCAAGAAGAAAAAGGTA 3’
hDHFR-T2A forward (Afl2)

5" GGCTTAAGAAAATGGTTGGTTCACTAAATTGTATTGTTGCT 3°
hDHFR-T2A reverse (Xhol)

5" TGCCTCGAGACTAGTAGGTCCAGGATTTTCTTCTACATCTCC 3°
Cas9_fragl forward (EcoR1)

5" GGGAATTCAAAATGGACTATAAGGATCATGATGGAGATTATAAG 3°
Cas9_fragl reverse (EcoRb5)

5’ TGCGATATCGCTAGCGGCGCCCTTGTCCACCACTTCCTCGAAGTT 3’

DHFR-T2A forward (EcoR1)

5" GGGAATTCAAAATGGTTGGTTCACTAAATTGTATTGTTGCT 3°

DHFR-T2A reverse (EcoR1)

5’ TGCGAATTCAGGTCCAGGATTTTCTTCTACATCTCCACATGT 3’
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Cas9_seqlF TACCATGAGAAGTACCCTACTATTTATCAT 3’
Cas9_seq2F GTCTGATGCTATTCTGCTGAGTGATATTCT 3’
Cas9_seq3F GATTCGCCTGGATGACCAGAAAGAGCGAGG 3’
Cas9_seqdF GCTGATTAACGGCATTCGGGATAAGCAGTC 3’
Cas9_seqSF GTGCCTTCTGAAGAGGTCGTGAAGAAGATG ¥’
Cas9_seq6F GGGTCGGGATTTTGCTACTGTGCGGAAAGT 3’
Cas9_seq44F GCTATTAAGAAGGGTATTCTACAAACAGTA Y

Cas9_p2a_afl2F
5’GGTGGTCTTAAGAAAATGGACTATAAGGATCATGATGGAGAT 3°

3.1.13.2 Transfection vectors

The plasmid was derived from the pBluescript plasmid that contains the ampicillin
resistance marker. Besides, it contains the pyrimethamine-resistance marker DHFRU/
Ts from P. berghei. The expression of the selection marker is under the control of the
endogenous 5’ and 3° UTRs. Depending on the selection of the linearization enzymes,
the original b3d plasmid was modified by endonucleases digestion, Klenow enzyme
filling, and re-ligation. The newly-generated plasmid pbAA20 lacks the three
restriction enzymatic sites BamHI, EcoRI, and EcoRV, which can instead be used as
linearization restriction sites. The second vector used for the replacement (deletion)
transfection strategy is the PbDHFR derived from the pUC19 that contains the
ampicillin resistance gene. It contains the pyrimethamine and WR99210 drug
resistance selection marker gene DHFR from humans under the regulation of
P.berghei regulatory elements (5’UTR and 3’UTR). Using the AA20 vector generated
by Dr. Ahmed ALY (AA), it was planned to design the DNA Photolyase knock-
out/knock-in plasmid. The AA20 plasmid map given in Figure 3.1.
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Figure 3.1 : AA20 Plasmid used for knock-out, knock-in vector.
The constructs informations are given in the table 3.3 below.

Table 3.3 : Transgenic vector names created by Ilknur Yilmaz (1Y).

Insert
Vector Vector Digested Digested Restr. Insert
Type Name Vector Insert Enzymes Future
Kg‘fﬁ"' AA31 AA20 mEosdb  EcoR1-ECORV  Label
KO 1Y03 AA31 Right Hindlll-Kpnl ~ Homolog
arm
KO Y04 Y03 Left arm Sacll-BamH1  Homolog
KO Y10 Y04 hDHFR- Klenow-Nhel- Remove
Xhol resistant
Knock- Y05 Y03 Pb. Photo  Sac2-EcoR1 Gene
in overlap Tag
Cas9 Y26 UKO06 Pb. Photo Bbs1 Crispr-
Cas9

SgRNA
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3.2 Method

The experiments were completed by following the work plan shown in Figure 3.2.

Design of DNA Photolyase Knock-Out Construct using CRISPR-Cas9 Element with
mEOS4b without hDHFR Selective Marker Gene

¢

Design of DNA Photolyase Knock-in Constructs for Homologous Recombination with
mEOS4b Selective Marker Gene

¢

Parasite Cell Culture and Transfection, Parasite Cloning and Genotyping

¢

Phenotypic Analysis of Knock-out and Knock-in/tagging Transgenic Parasite

s

Light Applications of the Transgenic Tagged Parasites
(Three different light conditions, UVB exposured, Fully Dark, Normal Light)

(-

Development Analysis of Trange nic Parasite in
Three Different Stage
(Mosquito Salivary Gland, Mosquito Midgut, Mouse Blood)

¢

Detailed Subcellular Localization of the Protein by Cytosidal Cytotoxic Status
Analysis in Photo-transformable Protein-tagged Parasite Strain by Live
Fluorescence Cell Imaging using Confocal Microscopy and Cytation

Figure 3.2 : Study plan.

The DNA Photolyase gene is found in some unicellular organisms, such as malaria
parasites, in some vertebrate animals in plants but not in mammals and the human
genome. In this study, we have designed knock-out knock-in plasmids using the
CRISPR-Cas9 system. Rodent transgenic malaria parasite P.berghei which has
produced by transfections of the plasmids into rodent malaria parasites detected the
anomalies in the parasite development cycle in mosquito, mouse and the vital
importance of the function of the gene for the parasite determined. With the possibility
of blocking the development of gene deletion parasites, a gene inhibitor can be

designed for the treatment of malaria-infected patients in the future, and the
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reproduction of the parasite in the blood can be prevented. Gene targeting is a process
in which different strategies may be applied to alter or eliminate the function of a gene.
These modifications can be obtained through deletion, insertion, or replacement of
endogenous sequences with alternative sequences. Recently, the CRISPR-Cas9 system
has emerged as a precise and powerful tool for gene targeting. Targeted gene
disruption is created by Cas9 protein directed by guide RNA (gRNA). Cas9 nuclease
creates a double-strand break in the targeted gene sequence [128]. The experiment was
initiated with a vector design. Cloning of the photolyase gene homologous arms
flanking a cassette expressing a photo-transformable mEOS4b gene that can transform
from green fluorescence to red fluorescence under blue light exposure was performed
for the knock-out vector. Another vector expressing another Turquoise fluorescence
marker (Turg?2) is carrying the enhanced-specificity Cas9 gene and the U6 cassette that
expressed the sgRNA of the Photolyase gene. The vectors were transfected into the
rodent malaria parasite Plasmodium berghei ANKA strain. We used the drug
resistance gene hDHFR to select the transgenic parasite by pyrimethamine drug
administration in mice. Transgenic parasites were detected and sorted out by Flow
cytometry. Diagnostic PCR was performed by isolating the parasite genome from the
blood. The deletion and marking of DNA photolyase gene by using CRISPR-Cas9.
Plasmodium berghei DNA Photolyase gene left arm and right-arm amplification, and
integration of donor plasmid DNA with CRISPR-Cas9 technology, design, and
synthesis of CRISPR-Cas9 elements, EOS4b marking with a fluorescent protein
shown in Figure 3.3.

STOP

Start codon
EndogenousLocus
Photolyase 5’ UTR r Photolyase Target Gene r Photolyase 3’ UTR

Knock-Out Plasmid

lTl ansfection
KO- Recombmant Locus

PYSUTR —————{ swon | z0s#> | PBIUIR

Figure 3.3 : Knock-out study construct.
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Knock-in-tagging Study Construct Plasmodium berghei DNA Photolyase gene
insertion into AA20 vector by using CRISPR-Cas9 and labeling with mEos4b

fluorescent protein shown in Figure 3.4.

Start codon S0k

—> Endogenous Locus
Pb5 UTR Photolyase Target Gene Pb3’ UTR
STOP
| BSUR ] PhPhotolyase Gene B0S4b r 3 UIR
=] L o
Knock-In Plasmid

l Transfection

KO - Recombinant Locus

PbS'UTR ' PhPhotolyase Gene E0S4b Pb3’UTR

|

Figure 3.4 : Knock-in tagging study construct.

Design, synthesis and cloning of photoconvertible gene mEos4b:

Clone Manager software for the design and codon optimization of photo-transformable
mEos4b gene sequences. One generation of primers was sent to integrate the right and
left strands of the Pb Photolyase gene containing the restriction enzyme region
sequences into the AA20 plasmid. For homologous recombination of the genetic
double crossover, the left and right arms (5 'UTR and 3' UTR) inserts were amplified
and cloned into the AA20 plasmid vector surrounding the GFP and hDHFR cassettes.

The GFP region mEos4b was replaced with the amplified insert marker gene.

3.2.1 Amplification of the DNA sequences by PCR

The polymerase chain reaction (PCR) was used to amplify specific DNA sequences
from P. berghei wild type or mutant genomic DNA. The specificity of the
amplification is largely dependent on the careful selection of the primer sequences to
be amplified, which will allow the specific binding to the template. Primers that are
too short will increase the probability of unspecific primer binding. If too long, primers
may not bind at a suitable annealing temperature. Therefore, the length of the primers
was always selected between 20 and 40 bp. The total GC content is also an important

factor that affects the specific binding of primers to their template. The melting
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temperature formula Tm = 59.9 + 41 [%GC] — [675/ length of the primer] is an
indicator of the right annealing temperature. In practical terms, several trials have
shown that the GC content should be above 30%. The annealing temperature controls
the primer binding specificity as well. Low annealing temperatures allow unspecific
binding, which either precludes the extension of the primers or amplifies other
unspecific target sequences. The specific annealing temperature in my experiments
was typically confined to 55°C. The amplification success, as well as specificity, can
be tested on standard 1% agarose gel electrophoresis. Two PCR method was used for
PCR of inserts that are red enzyme PCR and g5 PCR. For knock-out vector of
Photolayse gene inserts were amplified with Red enzyme PCR. The general method
and device program of PCRs made with the red PCR enzyme mix is given in Figure
3.5.

: Degree  94°C

3:00 0:30

Figure 3.5 : Red enzyme PCR program.

Denaturation of plasmid DNA (3 min, 94°C), elongation period (30 sec 94°C, 30 sec
55°C, 3-10 min 60°C) for 30-35 cycles. Each cycle consists of denaturation, annealing,

and extension steps. The final extension (8-12 min 68°C).

The standard reaction components throughout the experiments were mixed as follows:
0.5-2 pl Template DNA

0.5-1 pl Primer forward (100 pM)

0.5-1 pl Primer reverse (100 uM)

25 pl Red Enzyme Mix
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ddH20 complete to 50 pul

The red enzyme PCR reaxtions for Photolyase Knock-Out Vector:

Left Arm Insert PCR reax ( Sac2-Bamh1l)
Pb ANKA Genomic DNA.... 1 ul
Primerl Forward: Sac2....... Il
Primer2 Reverse: BamH1.....1 pul

Red Enzyme: 25 pl

ddwater: 22 ul

Right Arm Insert PCR reax ( Hind 111, Kpnl)
Pb ANKA Genomic DNA.... 1 pul
Primer1 Forward: HindIII....... Il
Primer2 Reverse: Kpnl.....1 ul

Red Enzyme: 25 pl

ddwater: 22 pl

Preparation of sgRNA:

sgRNA Primer Forward 100uM........... 1 ul
sgRNA Primer Reverse 100 uM.......... 1l
T4 ligase buffer ... 1 pl
T4 PNK enzyme..........coovviiiiiiin, 1 ul
ddwater.........cooooviiiiiiiiii 10 pl

PCR programme for sgRNA

37°C........ 30 min

9%B°C......... 5 min

Ramped down to 25 °C slowly (0.1 °C /sec)
25°C........ 30 min

Placed into ice package. 1:300 diluted with water.
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The g5 enzyme PCR reaxtions for Photolyase Knock- In Vector:

For Knock-in vector of Photolayse inserts were amplified with high accuracy g5 PCR.

The programme was shown in Figure 3.6.

| | | | |
| Degree  98°C | 98°C | ; ,
i | i | [
i | | i i
| ! i | '
i | | | |
I i i j |
| [ I | I
i i i i i
! ' | | |
i i i i I
i i cycle | i 30X |
! [ = 1 '
Time 100 | 010 | 030 | 1:00 |

Figure 3.6 : Q5 PCR program.

Denaturation of plasmid DNA (1 min, 98°C), elongation period (10 sec 98°C, 30 sec
55°C, 1 min 68°C) for 30-35 cycles. Each cycle consists of denaturation, annealing,

and extension steps. The final extension (8-12 min 68°C).

The standard reaction components throughout the experiments were mixed as follows:
0.5-2 pl Template DNA

2.5 ul Primer forward (100 uM) 1:10 diluted

2.5 pl Primer reverse (100 uM) 1:10 diluted

1ul1 X DNTP

10 ul Q5 Reaxtion Buffer

0.5 ul Q5 Enzyme

ddH20 complete to 50 pl

To prepare knock-in vector Plasmodium berghei DNA photolyase gene was produced
via overlap PCR. 4 primer designed, 2 for half of the length of the DNA Photolyase
gene and 2 for another half of the gene produced with g5 PCR. For final DNA
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photolyase full length 1. And 4. The primer was used with the first two PCR products
as a template see Figure 3.17.

1-bFOTOtag1Sac2F 3-bFOTOtag-sg3F

—_— >
J
|

codon optimized sgRNA sequence

|
J

&

2-bFOTOtag2-sgR 4-bFOTOtagdEcoR1R

1+2 PCR
3+4 PCR

1+4 PCR

Figure 3.7 : Overlap PCR for Pb DNA Photolyase gene.

The usage of the PCR amplification throughout the experiments can be classified into

three categories:
1. Amplification of DNA fragments for cloning in plasmid vectors

For this application, primers are designed to contain additional specific restriction
sites, which will facilitate the cloning into target plasmid vectors. The elongation step
at the end of the PCR aims at completing the ends of the primers, to increase the
subsequent endonuclease digestion efficiency. The template, in this case, is mostly
wild type genomic DNA. The amplified sequences need to be purified with the kit

(Qiagen), and eluted in sterile ddH-0, before proceeding with the enzymatic digestion.
2. Amplification of DNA fragments for verifying the transfection success

For this application, additional restriction sites can typically be omitted. The resulting
amplified DNA fragments verify the integration of the foreign DNA sequence into the
endogenous locus. Therefore, master mixes of all components except for template
DNAs of the tested strains are prepared for each primer combination separately. To

verify the presence or absence of the tested DNA sequences, wild type genomic DNA
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and circular transfection plasmid vector are included as template controls, in addition
to the genomic DNA from transfected parasite populations. The extra elongation step

of the PCR reaction, a very low number of transcripts.

Diagnostic PCR for knock-out and knock-in genomic DNA:

Plasmodium berghei WT genomic DNA was used as a control. 1'Y10 Tf (1% generation)
and 1Y10 Tf4 (4" generation) two genotype were used for Knock-Out genomic DNA
template. 1'YO5 Parental (1% generation) and 1'Y05 Par3 (3" generation) two genotype
were used for Knock-in genomic DNA template. 0.5 ul of genomic DNA were added

into the PCR tubes. Three region were sellected for aplications for all templates;
1- 5’ UTR Primers ( 5° Test Forward- HSP70 Reverse)
2- 3’ UTR Primers ( 5° Test Forward- 3’ Test Reverse)
3- Open reading frame Primers ( orf Forward- orf Reverse)

Red enzyme PCR reaction was proceed with red enzyme PCR program.
3.2.2 Analysis and purification of the DNA molecules

3.2.2.1 Analysis of DNA molecules by agarose gel electrophoresis

Agarose gel electrophoresis is now widely used to characterize and separate DNA
molecules. It depends on the electric mobilization of the negatively charged DNA
molecules through the pores of the agarose gel, which in turn is dependent on the
length of the molecules, transported through the gel (i.e. short DNA fragments move
faster within the gel than longer ones). The gel is prepared from 0.8-1% agarose in 40—
100 ml 1X TAE buffer. After boiling for 1 minute and cooling down to 50 60°C,
ethidium bromide is added and mixed well (10pg/100ml) before pouring the gel
solution. The agarose DNA electrophoresis is normally run for 1 hour at 90 V.
Ultraviolet light is used to visualize the separated DNA molecules. A gel
documentation system saves a picture of the gel for further analysis of the results. To
facilitate the determination of molecular sizes, a 1kb DNA marker (NEB) is loaded on

lateral lanes.
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3.2.3 Purification of the DNA by the PCR purification kit

This method is used to purify and/or concentrate DNA molecules on a small scale. In
general, digestion reaction and PCR amplified sequences for cloning are purified by
this method. For a detailed description of procedures and reagents, see the Qiagen PCR

purification Kit manual.

3.2.4 Purification of the DNA by the ethanol precipitation

This method is used to purify and/or concentrate DNA molecules in a smaller volume
than the starting one. This method is used with high solution volumes and/ or large
amounts of DNA molecules. After the addition of sodium acetate (pH 4.8) to the
solution, the DNA is precipitated by ice-cold 100% ethanol. Sodium acetate and cold
ethanol are added 0.1x and 2x to the starter solution volume, respectively. After 30
minutes incubation at -80°C, the precipitated DNA is harvested by centrifugation for
20 to 30 at maximum speed minutes at 4°C. The DNA is then washed with 70% cold
ethanol and again centrifuged for 10 minutes at full speed also at 4°C. Afterward the
pellet is left to be air-dried at room temperature and finally eluted in the appropriate
volume of ddH:O or TE buffer.

3.2.5 Determination of the DNA concentration

For further processing of the DNA preparation, the concentration of DNA solution
must first be determined. In addition to the empirical estimation on agarose gel
electrophoresis, a mass spectrophotometer is used to determine the concentration of
DNA in solutions. The nanodrop is used for the calculation of DNA concentration.

Figure 3.8 shows an example of nanodrope results.

According to the graph in Figure 3.8, nanodrop measurement results for ng/ul unit
A260 is 2,873, A280 is 1,551, nm 1 abs. is 2.866, A260/280 is 1.85, A260/230 is 2.34.
The concentration is 143.6 ng/ul.
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Figure 3.8 : An example for nanodrop result of DNA concentration.

The optical density at 260nm (OD260) is used for calculation of DNA solutions by the
following formula: (OD260 x dilution factor x 50) /1000 = DNA concentration in
ng/ul. For example, an OD260 measurement of 1.0 corresponds to a DNA

concentration of 50ng/ul.

3.2.6 Digestion of inserts after PCR purification

Cloning starts with the preparative digestion of both the DNA fragments and the
vectors with the respective enzymes. Typically, a restriction reaction with one enzyme
unit is sufficient to digest 1ug DNA under optimal conditions. One unit of
endonuclease enzyme corresponds to the amount of enzyme required to digest 1 pg of
A DNA in an hour at 37°C in a total reaction volume of 50 pl. For more details, see
NEW England Biolabs endonuclease enzyme catalog. Optimal conditions include
incubation for 2-20 hours at 37°C and use of the proper enzyme buffer. The standard
endonuclease digestion reaction used for cloning consists of the following: 1-2 pg
DNA 1-2 U/ml restriction enzyme BSA (bovine albumin serum; needed for many
enzymes for optimal digestion), Enzyme buffer, ddH2O. This scheme is applied for
most digestion reactions of DNA fragments or plasmid vectors. Digestion with two
restriction enzymes can be done in one reaction vial if one suitable enzyme buffer for

both enzymes is available. After digestion with the respective enzymes, all DNA
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molecules must be purified with the PCR purification kit (Qiagen), and eluted in warm
ddwater, before proceeding with ligation.

3.2.6.1 Left arm of PbDNA Photolyase gene insert digestion and purification

64 ul of purified PCR KO 1-2 product was mixed with 8 ul of Cut smart and 2 ul of
Sac2, BamH1 digestion enzymes. The reaxtion was completed to 80 ul with pyrogen
free pure water. The soultion was incubated in 37 °C for 1 and half hour. Second time
2 ul of same digestion enzymes added into the reaction. And it is incubated for
additional an hour. The reaxtion was stopped at 85 °C for fifteen minutes. Purified
with giagen PB (5X) and PE (750 pul) buffers with it’s colums. Eluted with 40 ul of

pure water. The concentration was measured using nanodrop.
3.2.6.2 Right-arm of PbDNA Photolyase gene insert digestion and purification

64 ul of purified PCR KO 3-4 product was mixed with 8 pl of Cut smart and 2 pl of
Hindlll, Kpnl digestion enzymes. The reaxtion was completed to 80 ul with pyrogen
free pure water. The soultion was incubated in 37 °C for 1 and half hour. Second time
2 ul of same digestion enzymes added into the reaction. And it is incubated for
additional an hour. The reaxtion was stopped at 85 °C for fifteen minutes. Purified
with giagen PB (5X) and PE (750 ul) buffers with it’s colums. Eluted with 40 pul of

pure water. The concentration was measured using nanodrop.
3.2.7 Gel Extractions

3.2.7.1 Gel extraction and digestion of Pb Photolyase overlap PCR product
(iy05)

Overlap PCR products were loaded on 0.9 % agarose gel. The gel was run at 90 V for
an hour. Upper band was taken into 2 ml Eppendorf tubes. The tubes were measured.
3X concentration QC buffer (gel extraction kit) was added into the gels. The tubes
were kept at 56 °C incubator for 10 minute. The tubes were vortex each 3 minute
during 10 minute incubation. After gel is melted 1 X concentration of 100%
isopropanol was added and the solutions passed through giagen columns. DNA
purified and eluted with 90 ul of warm ddwater. The insert DNA was digested with

Sac2, EcoR1. Please see the digestion protocol above.
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3.2.7.2 Gel extraction and digestion of MKO1 mEos4b gen region (iy03)

MKOL1 vector which contain mEos4b gene was digested with EcoR1 and EcoR5
restriction enzymes. The reaction was loaded on 0.9 % agarose gel. The gel was run at
90 V for an hour. Upper band was taken into 2 ml Eppendorf tubes. The tubes were
measured. 3X concentration QC buffer (gel extraction kit) was added into the gels.
The tubes were kept at 56 °C incubator for 10 minute. The tubes were vortex each 3
minute during 10 minute incubation. After gel is melted 1 X concentration of 100%
isopropanol was added and the solutions passed through giagen columns. DNA

purified and eluted with 40 pl of warm ddwater.
3.2.8 Digestion and dephosphorylation reactions of plasmids
3.2.8.1 Digestion and dephosphotylation of AA20 Vector

85 ul of AA20 plasmid was mixed with 10 ul of Cut smart and 3 ul of ECoR1, EcoR5
digestion enzymes. The reaxtion was completed to 100 ul with pyrogen free pure
water. The soultion was incubated in 37 °C for 1 and half hour. Second time 1.5 pl of
same digestion enzymes added into the reaction. And it is incubated for additional an
hour. The reaxtion was stopped at 85 °C heat inactivated mixture in addition to 5 ul of
Phosphatase enzyme. The solution was incubated in 37 °C incubator for an hour. 1.5
ul of Phosphatase enzyme was added in solution and incubated for another an hour.
The mixture was heat inactivated in 85 °C for 15 minutes. Purified with giagen PB
(5X) and PE (750 pl) buffers with it’s colums. Eluted with 40 pul of pure water. The

concentration was measured using nanodrop.
3.2.8.2 Digestion and dephosphotylation of AA31 Vector

85 ul of AA31 plasmid was mixed with 10 pl of Cut smart and 3 ul of Hind3, Kpnl
digestion enzymes. The reaxtion was completed to 100 ul with pyrogen free pure
water. The soultion was incubated in 37 °C for 1 and half hour. Second time 1.5 pl of
same digestion enzymes added into the reaction. And it is incubated for additional an
hour. The reaxtion was stopped at 85 °C for fifteen minutes. 12 ul of Antartic Phospate
Buffer was added into heat inactivated mixture in addition to 5 pl of Phosphatase
enzyme. The solution was incubated in 37 °C incubator for an hour. 1.5 pl of

Phosphatase enzyme was added in solution and incubated for another an hour. The
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mixture was heat inactivated in 85 °C for 15 minutes. Purified with giagen PB (5X)
and PE (750 pl) buffers with it’s colums. Eluted with 40 pl of pure water. The

concentration was measured using nanodrop.
3.2.8.3 Digestion and dephosphotylation of 1'Y03 Vector

85 ul of I'YO3 plasmid was mixed with 10 ul of Cut smart and 3 ul of Sac2, BamH1
digestion enzymes. The reaxtion was completed to 100 ul with pyrogen free pure
water. The soultion was incubated in 37 °C for 1 and half hour. Second time 1.5 ul of
same digestion enzymes added into the reaction. And it is incubated for additional an
hour. The reaxtion was stopped at 85 °C for fifteen minutes. 12 ul of Antartic Phospate
Buffer was added into heat inactivated mixture in addition to 5 pl of Phosphatase
enzyme. The solution was incubated in 37 °C incubator for an hour. 1.5 pl of
Phosphatase enzyme was added in solution and incubated for another an hour. The
mixture was heat inactivated in 85 °C for 15 minutes. Purified with giagen PB (5X)
and PE (750 ul) buffers with it’s colums. Eluted with 40 ul of pure water. The

concentration was measured using nanodrop.

For Knock-In

85 ul of I'YO3 plasmid was mixed with 10 ul of Cut smart and 3 ul of Sac2, EcoR1
digestion enzymes. The reaxtion was completed to 100 ul with pyrogen free pure
water. The soultion was incubated in 37°C for 1 and half hour. Second time 1.5 ul of
same digestion enzymes added into the reaction. And it is incubated for additional an
hour. The reaxtion was stopped at 85 °C for fifteen minutes. 12 ul of Antartic Phospate
Buffer was added into heat inactivated mixture in addition to 5 pl of Phosphatase
enzyme. The solution was incubated in 37 °C incubator for an hour. 1.5 pl of
Phosphatase enzyme was added in solution and incubated for another an hour. The
mixture was heat inactivated in 85 °C for 15 minutes. Purified with gaigen PB (5X)
and PE (750 ul) buffers with it’s colums. Eluted with 40 ul of pure water. The

concentration was measured using nanodrop.
3.2.8.4 Digestion and dephosphotylation of 1'Y04 Vector

85 ul of 1'YO4 plasmid was mixed with 10 pl of Cut smart and 3 pl of Nhel-Xhol

digestion enzymes. The reaxtion was completed to 100 ul with pyrogen free pure
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water. The soultion was incubated in 37 °C for 1 and half hour. Second time 1.5 pl of
same digestion enzymes added into the reaction. And it is incubated for additional an
hour. The reaxtion was stopped at 85 °C for fifteen minutes. 12 ul of Antartic Phospate
Buffer was added into heat inactivated mixture in addition to 5 pl of Phosphatase
enzyme. The solution was incubated in 37 °C incubator for an hour. 1.5 pl of
Phosphatase enzyme was added in solution and incubated for another an hour. The
mixture was heat inactivated in 85 °C for 15 minutes. Purified with giagen PB (5X)
and PE (750 ul) buffers with it’s colums. Eluted with 40 ul of pure water. The

concentration was measured using nanodrop.

Klenow Application

5.5 ul of digested 1'Y04 was mixed with 1.5 ul of Klenow enzyme, 2 ul of T4 Ligase
buffer, 1 ul of dNTPs and the reaction was completed to 20 pl with 10 ul of ddwater.
The reaction was kept in room temparature for 40 minutes. Heat inactivated at 85 °C
15 minute and purified with Qiagen purification kit. The DNA was eluted into 40 pl

ddwater.

3.2.8.5 Digestion and dephosphotylation of UKO6 Vector

88 ul of UKOG plasmid was mixed with 10 ul of Cut smartand 1.5 ul of Bbs1 digestion
enzyme. The reaxtion was completed to 100 ul with pyrogen free pure water. The
soultion was incubated in 37 °C for 1 and half hour. Second time 0.5 pul of same
digestion enzymes added into the reaction. And it is incubated for additional an hour.
The reaxtion was stopped at 85 °C for fifteen minutes. 12 ul of Antartic Phospate
Buffer was added into heat inactivated mixture in addition to 8 ul of Phosphatase
enzyme. The solution was incubated in 37 °C incubator for an hour. 2 ul of
Phosphatase enzyme was added in solution and incubated for another an hour. The
mixture was heat inactivated in 85 °C for 15 minutes. Purified with giagen PB (5X)
and PE (750 ul) buffers with it’s colums. Eluted with 40 pl of pure water. The

concentration was measured using nanodrop.

3.2.9 Designing CRISPR-Cas9 vector

The high-fidelity CRISPR-Cas9 elements designed and introduced into high-
efficiency transfection vectors in Figure 3.9. The codon-optimized Cas9 endonuclease
and sgRNA sequences are ordered from a gene synthesis company. The AA20 vector
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(Dr. Aly at Tulane University developed these transfection plasmids) be used for the
introduction of the synthesized sequence. Another improved AA20 plasmid used for
the introduction of knock-in donor DNA for homologous recombination. UKO6 vector
is include U6 promoter scaffold U6 terminator, HSP70 promoter, Cas9 and HSP70
UTR. In addition it has Turg2 marker gene with hDHFR sellective gene. Only the Cas9
plasmid contains the hDHFR (human dihydrofolate reductase) cassette which is used
as a positive selection marker conferring the resistance against the well-known
antimalarial drug Pyrimethamine. Pb Photolyase gRNA dimer was produced and

inserted into UKOG cassette.

bbs1

HSP70 8'UTR

UKO6 + PbPhotolyase sgRNA dimer 1Y 26 vector ’ @
\ J | /

-~ ampicillin -

Figure 3.9 : Designed UKO06 Cas9 expression vector for Photolyase knock-out.

3.2.10 Ligations

T4 ligase enzyme and ligase buffer is used for ligation of the digested DNA 5’ to 3’
ends at room temperature for 2-4 hours. The standard ligation reaction consists of the
following: 1.5 ul plasmid vector 7 pl amplified DNA target sequence 1 pl ligase buffer
0.5 pl ligase enzyme. Afterwards, the ligation reaction is kept on room temperature,
and is not purified before transformation into competent bacterial cells. Digested
AA20 vector was ligated with digested iy03 (mEos4b) insert for AA32. Digested
AA32 vector was ligated with digested iy02 (right arm) insert for 1'Y03. Digested 1'Y03
vector was ligated with digested iy01 (left arm) insert for 1'Y04. Digested 1'Y04 vector
was ligated into itself (no hDHFR) for 1'Y10. Digested 1'Y03 vector was ligated with
digested iy05 (Pb photo with left arm) for I'Y05. Digested UKO6 vector was ligated
with gRNA dimer for 1'Y26.

58



3.2.11 Transformation of recombinant plasmid vectors

Ligated plasmids are transformed into the heat-shock transformable E. coli strain
Stbl3, Omnimax, XL10 Gold. The principle of plasmid acquisition by heat shock
depends on the opening of pores in the plasma membrane of the bacteria following
rapid temperature elevation to 42°C. p-mercaptoethanol facilitates this
permeabilization process and therefore is added to the pre-incubated competent cells,
followed by the addition of ligated recombinant plasmids. The initial volume of the
bacterial cells suspension determines the volume of both B-mercaptoethanol and
ligation reaction mixture and normally the amounts used are 40 pl, 0.68 ul, and 2 pl,
respectively. For a detailed description of the transformation protocol, see the
stratagene XL-10 Gold competent cells transformation manual. The bacterial cells
containing the recombinant plasmids are selected on agar plates containing ampicillin,
to which the cells that contain the recombinant plasmid are resistant. Following the
spreading of all of the transformation suspension on LB-agar plates and incubation at
37°C for 16-20 hours, single colonies growing on the LB-agar plates are picked up to
be cultured separately (Exmp. Figure 3.10). Thereafter, recombinant plasmids are

isolated and tested further.

Figure 3.10 : E.coli colony image for AA31 transgenic stbl3 cells.

3.2.12 Isolation of the recombinant plasmids

In order to screen for recombinant plasmids among the isolated single colonies, the

colonies are re-suspended in 5 ml LB containing ampicillin and are cultured at 37°C
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for 16-20 hours in a shaking incubator. The isolation of the plasmids from the bacterial
cells follows the principle of alkaline lysis of the bacterial cell wall and plasma
membrane. Next, proteins, lipids and genomic DNA are precipitated with acetic acid.
Circular plasmids are not precipitated and therefore remain in the soluble supernatant
fraction after centrifugation. The QlAprep Spin Miniprep Kit (Qiagen) was used to
isolate the recombinant plasmids from 3 ml of the overnight bacterial mini culture. The
plasmids were finally eluted in 50 pul ddH20. For a detailed description of the isolation
procedures, see the Qiagen QIAprep spin miniprep manual. The recombinant plasmids
are then tested by digestion with the appropriate restriction enzymes. The digestion
reactions are then loaded onto a 0.8-0.9% agarose gel and separated by gel
electrophoresis. The bacterial cell line containing the right recombinant plasmids is
cultured and spread onto ampicillin LB-agar plates for further high scale DNA
purification of the recombinant plasmids by Qiagen HiSpeed Plasmid Maxi DNA Kit.
Eventually, the recombinant bacterial cell line is preserved for long-term storage by
mixing 500 pl 30% glycerol with 500 pl of freshly inoculated bacterial cell suspension
from freshly streaked LB-agar plate. Afterwards the vials can be stored in fluid

nitrogen or in the -80°C freezer.

3.2.13 Large-scale DNA preparation of recombinant plasmid vectors

To obtain large amounts of plasmid DNA from the recombinant bacterial cell line,
large-scale cultivation of a 250 ml LB maxi culture is needed. Inoculation of the maxi
culture from numerous re-suspended colonies is done from a freshly streaked LB agar
plate of the recombinant bacterial cell line. After incubation for 16-20 hours in a
shaking incubator at 220 rpm at 37°C, the bacterial cells are harvested and lysed. The
same alkaline-lysis and acidic precipitation principle described above is also applied
here. The HiSpeed Plasmid Maxi Kit (Qiagen) was used to isolate the recombinant
plasmids, which were eluted in 1ml TE buffer. For a detailed description of the maxi
DNA preparation, see the Qiagen HiSpeed Plasmid Maxi Kit manual.

3.2.14 Transfection of Plasmodium berghei parasites

3.2.14.1 Transfection culture preparation

Pyrimethamine-sensitive 200 ul of frozen stock P. berghei blood stage parasites (Pb
ANKA) are injected inter-peritoneally into Wistar Rats (100-150g). After 3 to 4 days,
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the parasitemia should be between 2 and 3% with almost no or very few gametocytes.
The rats are bled via heart puncture with heparinized-syringes, and the blood from one
rat is added to pre-warmed 10 ml transfection culture medium containing 250ul
heparin in PBS. After centrifugation for 8 minutes at 1000 rpm (with no brake) at room
temperature, the erythrocytes pellet is re-suspended in 50 ml transfection culture
medium and then added to pre-warmed 100 ml culture medium in a flask. The flask
with the 150 ml transfection culture is shaken for 15-16 hours at 77-80 rpm at 37°C in
a mixed-gas incubator. The gas mix was 10 % Oz, 5 % COz, and 85 % N>. During this
time, nearly all erythrocytic stages mature and turn into to late schizonts. The quality
of the infected erythrocytes must be checked by smearing a drop of the transfection

culture and microscopical examination.

3.2.14.2 Isolation of the mature schizonts

The late schizonts are collected from the overnight culture using a density gradient, in
PBS. Four 50 ml falcon tubes are filled each with 35 ml transfection culture.
Underneath each culture fraction 10 ml density gradient solution is carefully pipetted.
After centrifugation for 25 minutes at 1000 rpm (with no brake) at room temperature,
the schizont-infected erythrocytes are concentrated in a ring phase between the culture
medium and the remaining erythrocytes (ring-trophozoite stages infected erythrocytes,
and uninfected erythrocytes). This ring of schizonts is carefully collected and
centrifuged for 10 minutes at 1000 rpm (with no brake). The resulting 100ul pellet
should contain mainly pure schizonts. The quality of the culture was controlled by a
Giemsa stained smear. Accudenz stock solution was added to PBS to make a density
gradient. Culture suspension prepared and added 60% Accudenz/PBS gradient at the
bottom of each tube including culture. Then, tubes centrifuged for 25 minutes at 200g
in a swinging rotor. The ring of schizonts (~5ml) at the phase interface of each tube
collected with a Pasteur pipette to a new falcon tube. After adding a culture medium,
tubes centrifuged for 10 minutes at 200g in the swinging rotor. The supernatant

discarded. Schizonts pellets collected together.

3.2.14.3 Preparation of transfection plasmids

60-70 pg of the plasmid to be transfected is digested with the respective linearizing

enzyme and incubated for at least 2 hours at 37°C. Afterwards, the linearized construct
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is purified by ethanol precipitation and eluted in 300 ul sterile PBS. This solution is
ready for electroporation.

3.2.14.4 Electroporation

100 pl schizont pellet is mixed with 300 pl transfection plasmid in a pre-cooled
cuvette. Electroporation is done with a 800 V and 25 pFD electric pulse. Thereby, 108
electroporated schizonts will liberate 109 merozoites, some of which will acquire the
linearized plasmids during the electric pulse. Thereafter, the transfected merozoites are

quickly injected intravenously in two Wistar rats (50-60 g).

3.2.15 Positive selection of recombinant parasites

Pyrimethamine drugs are used to select for the recombinant parasite strains that
express the mutated, drug resistant form of P.berghei dihydrofolate reductase (DHFR).
Treating the infected animals with pyrimethamine (in addition to WR99210 in case of
the human DHFR resistance marker) results in clearance of the drug-sensitive asexual
stages and will select for the resistant transfected parasites. To a lesser extent, parasites
that carry undigested transfection plasmids (episomal transfection), or parasites that
were mutated spontaneously within their endogenous DHFR locus, can be selected for.
The parasitemia of the infected rats is examined by daily blood smears beginning from
day 1 post transfection. The animals are injected interperitoneally with pyrimethamine
(25mg/kg animal weight) if any blood stage parasites during the first days after the
transfection are detected. Normally, asexual stages are undetectable at day 3 post
transfection after pyrimethamine treatment, whereas gametocytes can be detected till
days 4 or 5 post transfection. Afterwards all blood stage parasites are undetectable for

2 to 4 days. During this period no pyrimethamine treatment is applied to the animals.

3.2.16 Long-term storage of blood stage parasites

After the confirmation of transgenic parasite via diagnostic PCR the blood of infected
mouse was store in minus eighty fridge for future injections. Each infected Balb/c mice
gives 1 ml blood by heart puncture. The blood was shared 250 or 300 microliters. The
blood was mixed 1:3 ratio of freezing solution (750 or 600) in cryotubes and tag with

the name of parasite and generation number of clonning.
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3.2.17 Isolation of parasite genomic DNA from infected blood

In order to avoid contamination with the rodents’ leukocyte and thrombocyte genomic
DNA, self-made columns are assembled to separate efficiently the erythrocytes from
the rest of the blood. The column is assembled from an opened 5 ml syringe (for mice
blood), or from a 20 ml syringe (for rats blood) and filled with a cotton pad, cellulose
powder and glass beads. The column is washed with PBS before use. Thrombocytes
and leukocytes bind strongly to the glass beads and cellulose powder, respectively.
The erythrocytes are eluted from the column with PBS and centrifuged for 8 minutes
at 1500 rpm at room temperature. The erythrocyte pellet is resuspended in 0.2%
Saponin/ PBS, which disrupts the plasma membrane of the erythrocytes and thereby
releases the parasites into the medium. Lysis is followed by centrifugation for 8
minutes at 3000 rpm. The parasite pellet is re-suspended in 1 ml PBS and centrifuged
for 3 minutes at 7000 rpm in a bench centrifuge at room temperature. This washing
step is repeated until the supernatant is clear with no apparent hemoglobin
contamination. Thereafter, the QIAamp DNA-Blood Mini Kit (Qiagen) was used to
isolate and purify the genomic DNA of the parasites in a volume of 150-200 ul ddH20.
For a detailed description of the procedures and the reagents used, see the Qiagen
QlAamp DNA-Blood Mini Kit manual.

3.2.18 Parasite cloning

In a typical Plasmodium transfection experiment, the selected resistant population
contains the recombinant and a proportion of resistant wild type or episomally
transfected parasites. Therefore, reselection for the recombinant clonal population is
done by limited dilution. This involves serial dilutions of the parasite population to
obtain an end dilution that contains statistically one single parasite. The following
formula was used to calculate the number of parasites needed to be injected per rodent
from uninfected blood: 7 x 10° (total number of erythrocytes per ul blood) x
parasitemia x 102 parasites = number of parasitized erythrocytes per pl blood. A series
of six subsequent ten-fold dilutions were made with fresh isolated infected blood and
RPMI. Thereby, the last dilution contains only one parasite in a volume of 10 to 90 pl.
By injecting these single-parasite dilutions intravenously in a number of mice, patent
mice are obtained within 8 t010 days post-infection. Bleeding of the patent mice by

heart puncture and genotyping the asexual parasite clones results in the selection of
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pure recombinant parasite lines. This stage called first generation of transgenic
parasite. This experiments repeat by re-infecting the recipient naive mice via dilutions
of donor blood. The generation number increase with each repeat of injection to new
naive Balb/c mice. The desired parasite clone is then tested in the phenotypical analysis
of the respective genotype. Similarly, more than one blood parasite in a defined
volume can be obtained by applying the same formula. Intravenous injection of
defined numbers of blood stage parasites is used in the phenotypical analysis of

asexual blood parasites to screen for differences between clones.

3.2.19 Parasite genotyping

Transgenic parasites were genotyped with oligonucleotide primers to confirm mEos4b
integration into the P. berghei genome. Integration at 5 ends, the genomic sequence
was determined by PCR amplification using primers connected to the integration site
at the 5 'end. 3’-end integration was determined by PCR using primers annealed in the

integration site at sequence 3 'end.
The oligonucleotides are;
PbFOTO_5’ F primer- mEos4b_testR
mEos4b_test F- PbFOTO 3’ R

mEos4b_test F — mEos4b_testR

3.2.20 Phenotypical analysis of the parasites

After genetically engineered parasites are obtained, these parasites must be analyzed
throughout their life cycle for any behavioral or morphological differences to the wild
type parasites. This behavioral and morphological analysis requires the simultaneous
use of the wild type parasite as controls. The methods for the phenotypical analysis

depend largely on the stage being studied.

3.2.21 Mosquito breeding

Anopheles stephensi mosquito eggs were brought from abroad in a 50 ml falcon tube
in water. Eggs were distributed in trays filled with drinking water. 1 mg of powdered
fish meal was dispensed into each tray. The trays were kept in a warm room. A day

later, the larvae hatched. The feeding continued with fish food. Figure 3.11 shows the
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mosquito larvae and pupae we have produced in the left picture tray. The picture on
the right shows the mosquito pupae collected from the tray into the beaker.

Figure 3.11 : Pupa collection.

When the larvae turned into pupa form, pupae were collected in a small flask with
sterile disposable plastic pipettes with some water. Cones were placed in the sterilized
mosquito cage. When the mosquitoes became adults, the dish was carefully removed
from the cage. The feeding of mosquitoes was provided by leaving cotton pads
containing sucrose solution on the cage. Figure 3.12 shows the egg plate we laid inside
the mosquito cage and the black mosquito eggs collected in it. White filter paper was
placed inside the plate and filled with a small amount of drinking water. Adult
Anopheles stephensi mosquitoes are observed inside the plate and on the walls of the

cage. Mosquito eggs cluster together in the water on the plate.
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Figure 3.12 : Mosquito cage with eggs into dish.

Adult mosquitoes were collected in two cages. Colony cage 2 old uninfected BALB /
¢ mice were fed with their blood by fainting. After feeding, a plate was placed in the
cage, and some water was left in it. The eggs collected on the plate were distributed
on trays and fed in the warm room in water for the next mosquito generation. Adult
mosquitoes in the colony cage were terminated by spraying 70% ethanol. Mosquitoes
in the infection cage were fed mice infected with transgenic malaria parasite by
fainting and lying on the cage. After being fed with blood, they were placed in the
large incubator and kept until the extraction process with cotton containing only water.
The eggs in the collected colony cage were distributed to trays filled with water and
fed with fish food. Figure 3.13 shows the mobile mosquito larvae in the water-filled

facility.
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Figure 3.13 : Larva and pupa of Anopheles stephensi mosquitoes.

3.2.22 Phenotypical analysis of the midgut oocysts

The morphology of P. berghei strain ANKA wild type blood stages have been already
described. The replication and growth rates of the parasites are determined by
screening microscopically the parasitemia in daily blood smears of the infected
animals. Calculating parasitemia along the course of infection could display any
differences in the ability of the asexually replicating parasites to grow normally inside

their host erythrocytes.

3.2.23 Midgut extraction for oocysts observation

Sexual stage parasites are gametocytes that originate from intra-erythrocytic asexual
parasites. The process that generates gametocytes is termed gametocytogenesis and is
monitored through optical observation of the developing mature gametocytes in
peripheral blood of mice. On the other hand, the process that results in fertile gametes
within the midgut of blood feeding female mosquitoes is termed gametogenesis. The
critical parameter to measure the capacity of the parasites to undergo this vital process
is the male gamete exflagellation. Exflagellation is a process by which eight motile
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gametes emerge from one microgametocyte upon activation. The motile gametes
search for the female gamete to fertilize it and form the zygote. Therefore, the
phenotypical analysis of this important feature is an indicator of the transmission
efficiency to the invertebrate vector. Figure 3.14 shows the infection of mosquitoes
with PbPhoto (-) transgenic parasites. Pure BALB/c mice were infected with
Photolyase knock-out frozen blood stock. Mosquitoes were fed infected mice. The
mosquito salivary gland and midgut were dissected for the parasite oocyst and
sporozoite forms. 2 BALB/c mice were infected with Pb photo knock-out parasite by

injecting IP. The mice were injected with 150 ul of Ketamine/Xylazine mixture IP.

5 donor mice infected with P bergliei
Sleep with Ketamine/ Xylazine

f Natural infection to the mosquito
\2,
/ 7 L \, A 2 -
/s € WF \/ N 9 15 minute feeding
S8 e AW, hd
Ay £
LT A
N\
e m =—> Maximum 150 mosquito
| After 2 week —>

I
Mosquito Cages

Dissection of all mosquitos
Extraction of sporozoites from mosquitos salivary glands

Figure 3.14 : Mosquito infection.

Anopheles stephensi mosquitoes, which were constantly cloned before, were bred in a
cage of 150. The knocked-out mice were laid on the cage and the mosquitoes were fed
with blood. The mice were resuscitated and resumed in normal living conditions. 10
piece of infected mosquitoes were collected in a 15 ml falcon tube which has 1 ml of
%70 Ethanol. The mosquitoes were places into 1 X PBS solution. The mosquito’s head
was separated from abdoman and midgut was extracted. The midgusts of mosquitoes
were laid on a glass slide and covered. The oocyst were observed under flurescent

microscope.
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3.2.24 Isolation and determination of sporozoite numbers

The mean oocyst sporozoite number per infected mosquito midgut is an important
qualitative and quantitative tool to measure the completion of oocyst development and
the proper production of sporozoites. Starting from day 14 post mosquito feeding, the
female mosquitoes are dissected and the isolated whole midguts are collected in a test
tube with dissection medium, with a minimum total of 10 isolated midguts. The whole
midguts are then thoroughly mechanically grinded to free the sporozoites from the
oocysts in the medium. The sporozoites are then measured in a Neubauer counting
chamber after ten fold dilution of the oocyst sporozoites suspension. Afterwards, the
total number of oocyst sporozoites in the suspension and the mean oocyst sporozoites
number per infected midgut are calculated. In protein extraction probes, the probes are
washed at least 3 times with RPMI to avoid extensive contamination with the bovine
albumin serum, contained within the dissection medium. Washing is done by
centrifugation for 2 minutes at 7000 rpm at 4°C, followed by discarding the
supernatant and re-suspension in new RPMI medium. Alternatively, the sporozoites
are dissected and isolated in RPMI medium, to completely avoid contamination with
BSA. The midguts were placed on glass slide and covered with cover sleep for

confocal examinations.

3.2.25 Exflagallation assay

Infected mouse one drop of blood was taken with needle from mouse tail. The blood
was covered with lamella on glass slide and waited for 10 minute. The inversion
microscope was settled 4X lambda pH1 and blood cells were observed. The
microscope settle with 40X labda pH2 filter and sporozoites were observed between

blood cells by shaking the cells.

3.2.26 Determination of salivary gland sporozoite numbers

Salivary gland sporozoites are isolated from salivary glands of female mosquitoes
starting from day 15 post mosquito feeding. Salivary glands are collected in dissection
medium in a test tube and incubated on ice. Thereafter, the salivary glands are grinded
thoroughly to release the sporozoites into the medium. Because of the contamination
with mosquito debris, the sporozoites are washed twice with dissection medium after
spinning down for 2 minutes at 800 rpm at 4°C. After this gentle centrifugation, the

sporozoites are recovered from the supernatant, which now is less contaminated with
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debris materials. The combined supernatants are then suitable for calculation of
sporozoite numbers and for further sporozoite phenotypical analysis. After counting
in a Neubauer chamber the total sporozoite number and the mean sporozoite number
per female mosquito can be determined. The sporozoites were placed on glass slide

and covered with cover sleep for confocal examinations.
3.2.27 General phenotypical analysis of rats with sporozoites

3.2.27.1 Intravenous injection of rats with sporozoites

Susceptible Wistar rats are infected with sporozoites through the intravenous route of
infection by injection of defined amounts of sporozoites through the tail veins. Before
injection, the sporozoites are incubated on ice within the dissection medium for at least
one hour, in order to be activated. Starting from day 3 post sporozoite infection, daily
blood smears of infected rats are screened for the presence of blood stage parasites.
The time till the first detection of any blood stage parasite is termed the pre-patent

period.

3.2.28 UVB studies

Pb WT and 1'Y04 enfected mice were bled for parasite culture bloods. The bloods were
incubated in 37 °C via 30 minutes UVB (298 nm) irradiation. The blood was 1V
injected into three BALB/c mice for WT and knock-out parasites. Parasitemia
pecentages were calculated by taking blood smears every 24 hour from mouse tail. The
smears were stained with Giemsa and examined 1000X objective of light microscopy.
The results were compared with the negative control (Pb WT). Parasite cells
expressing the EOS4b fluorescent protein will began to produce a red glow when
exposed to UV or blue light for a minimum of 30 minutes while they are radiating

green. UVB study performed is schematically represented in Figure 3.15.
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UVB Light

Transfected parasite blood culture

Figure 3.15 : The UVB application study after parasite transfection.

3.2.29 Confocal microscopy studies

Confocal microscopy to detect photoconversion: After the confirmation of mEos4b
integration into the parasite genome, the photo-transformable feature of mEos4b was

confirmed by confocal microscopy.

Confirmation of mEos4b genetic integration, and its cellular localization: We
performed fluorescence microscopy for the cellular localization of mEos4b protein.
Briefly, cells are mounted on a glass slide with a 50% glycerol mounting medium in
PBS along with Hoechst stain. Slides are incubated for one hour in dark and then the
conversion of fluorescence states (green fluorescence to red fluorescence) are observed
by exposing the cells to blue light for 5-10 minutes. The images were captured using

Confocal Laser Scanning Microscope Leica TCS SP8 at a specific wavelength.

3.2.30 Dark- light studies

Intraperitoneal injection with P. berghei strain was performed for 2 Wistar rats as
donors. The blood culture was produced a parasite culture for 16 hours. The generated
parasites were used in molecular studies to produce knock-out and labeled knock-in in
the gene of interest. Genetically modified DNA by electroporation was transfected into
the corresponding microorganism. Mouse infections and transgenic rodent malaria
parasitemia study. In the sub-items of this assays, for rats and mouse procedures, intra-

peritoneal injection of frozen blood stocks, microscopic examination with a drop of
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blood from the tail, and ultimately, blood collection with the uptake. Figure 3.16 shows
the animal study performed.

A —
IP Infection of donor rat with
l Plasmodium berghei
A Overnight Parasite Culture
Photolyase / l \ &
2 Transfection of Pb Photo (-) vector
Knock-Out J ‘ J
B — B e ~ . ~< IVinjection, BALB/c mice
\L \ Clonning
H H i
l \L \L UVB light application
(o
Dark Normal uvB
Condition Condition Condition

Blood parasitemia % estimation

Figure 3.16 : Animal study A. Two Wistar rat has been used as donor for
berghei parasite development for trasfection parasite culture. B. Three Balb/c mice
as been used for each Knock-out, Knock-in strain for parasite genotyping via drug
sellection. C. Three Balb/c mice used for each transgenic strain under three light

applications.

Same amount has been used for wild type parasite as a control. UVB was applied on
parasite blood culture on the conditions 30 minute, 37 °C incubation period. After
validation of the designed knock-out vectors by sequencing, transfection was
performed using two Wistar rats as P. berghei cloning donors. After detecting a high
rate of parasitemia in rat blood, 5 ml of blood was taken from the heart. The culture
was prepared in a sterile environment with blood RPMI and pen strep. The culture was
shaken overnight in the Carbon Nitrogen and oxygen incubator. The schizont form the
malaria parasite was isolated and combined with vectors. Transfection was performed
with the Lonza nucleofection device. Blood transfers for the cloning study were
performed three times in a row using Black6 and BALB/c mice. The parasite genome
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was obtained and vectors were verified by diagnostic PCR. KO, WT parasites exposed
to Knock-out, Wild type and UVB were injected into three Balb-c mice each. The PB
WT and Knock-out mice were kept under completely dark or normal light conditions
and blood was taken from dry blood under normal daylight conditions, and thin smears
were taken Daily between 24 hours, and the rate of parasitemia after Giemsa staining
was monitored by light microscopy.

3.2.31 Parasitemia pecentage calculations

To calculate the parasite percentage, a drop of blood was taken from the infected
mouse tail and a thin smear was made. 3.5 ml of concentrated Giemsa dye was
completed to 50 ml with ddwater. The top of the slide was covered with methanol. It
was fixed for 1 minute. The slide was purged of methanol with distilled water. It was
stained with diluted Giemsa for 15 minutes. The slide was purged of giemsa with
distilled water. The slide was viewed under a light microscope with an immersion oil
under 1000 X objective.

Red blood cells infected with the malaria parasite were scanned. The area with the
infected cell was selected as the first area and all red blood cells in the area were
counted. The number of infected cells in 30 different areas was determined, including
the infected cells in the first area, on the same route. The percentage of parasitemia

was calculated by the following formula.

Parasitemia Percentage (%) =

(All infected blood cells in 30 field / First Field Blood Cells x30) x100
Example:

First Field All Blood Cells: 500

Infected blood cells in 30 fields: 35

Parasitemia Percentage = (35/ 30x500)x100 = % 0.23
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4. RESULTS AND DISCUSSION

With the CRISPR-Cas9 system, we aimed to create the rodent malaria parasite
Plasmodium berghei DNA photolyase gene deletion and replace the gene with the new
fluorescent photoswitchable marker EOS4b gene in the background. We designed the
improved specificity Cas9 endonuclease (plasmid with very low non-genome targets,
designed and developed by Dr. Ahmed ALY) by optimizing the sgRNA sequence
codon. In our study, this plasmid was created to carry the Cas9 and sgRNA cassettes.
The other plasmid was designed and implemented to carry the homology arm to be
integrated into the chromosomal locus. The Cas9 plasmid contains an hDHFR (human
dihydrofolate reductase) cassette resistant to Pyrimethamine, a well-known
antimalarial drug to be used as a positive selection marker. We were able to create the
Knock-out Photolyase vector containing the EOS4b gene. Targeted insertion of the
mEos4b gene was accomplished by a dual genetic transition strategy driven by
homologous recombination. P. berghei genomic DNA (gDNA) was used as a template
to replicate the 5’'UTR and ORF 5 'end fragments. The amplified fragment was inserted
into the transfection plasmid AA20 between Sacll and BamHI restriction enzyme sites.
Fragments from the 3'UTR and 3 'end of ORF were duplicated from P. berghei gDNA
as a template and placed between the Kpnl and Hindlll restriction sites in the AA20
plasmids. The fragments cloned for mEos4b were designed not to interfere with the
coding sequences of any upstream or downstream neighboring gene, and the structure
of these fragments was controlled by sequencing to ensure that unknown 5 'or 3'
promoter signals were not altered. The final plasmid was linearized with Sacll and
Kpnl before transfection. Transfection of P. berghei parasites with the Lonza
Nucleofector Il device was performed on parasite cultures from donor mice. HDHFR

was used as the selection marker of transfected parasites.
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4.1 Gel Results

4.1.1 PCR gel results of Photolyase knock-out inserts

Plasmodium berghei DNA photolyase gene sequence was obtained from the plasmodb
website and ordered by designing forward and reverse primers adding Sac2, BamH1
restriction enzyme cut sequences for the left homologous arm in the Clone Manager
program. Left arm wild type P. berghei genomic DNA was used as template and left
arm of the gene was amplified by red enzyme PCR method. Figure 4.1 shows the result
of gel electrophoresis of the PCR product. The sample was loaded into 1% 40 ml
agarose gel and DNA was run at 90 V for 1 hour. Compared to the sample DNA ladder,
it was determined that the left arm was the same size of 1 kb as the DNA sequence

length. Left-arm amplification was successfully performed.

Figure 4.1 : PCR gel result of Plasmodium berghei DNA Photolyase 5’ UTR (left
arm).

Plasmodium berghei DNA photolyase gene sequence was obtained from the plasmodb
website and ordered by designing forward and reverse primers adding Hindlll, Kpnl
restriction enzyme cut sequences for the right homologous arm in the Clone Manager
program. Left-arm wild type P. berghei genomic DNA was used as template and the

left arm of the gene was amplified by the red enzyme PCR method.

Figure 4.2 shows the gel electrophoresis result of the PCR product. Sample was loaded
into 1%, 40 ml agarose gel and DNA were run at 90 V for 1 hour. Compared to the
sample DNA ladder, it was determined that the right arm was the same size 1.1 kb as

the DNA sequence length. Left arm amplification was successfully performed.
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Figure 4.2 : PCR gel result of Plasmodium berghei DNA Photolyase 3> UTR
(right arm).

mEos4b gene integration was obtained via red enzyme PCR. Plasmodium berghei
Photolyase knock-out 3" generation and 4™ genomic DNA and wild type P. berghei
genomic DNA was used as template. Right and the left arm of the gene was selected
to introduce with mEos4b gene forward or reverse test primers. For 5’ region a forward
primer selected with mEos4b_test reverse primer. For 3’ region a reverse primer
selected with mEos4b_test forward primer. For confirmation of DNA Photolyase gene
deletion open reading frame forward and reverse primers selected from coding
sequence. Gel was run at 90 V for one hour. Gel results indicates existence of mEos4b
gene in knock-out vector with left and right arm of Pb Photolyase gene. Open reading

frame exist only in the wild-type genomic DNA.

A WT Test
1
1
1
H
Pb 5’UTR mEOS4b Pb 3’UTR ]
5’ Integration Test 3’ Integration Test

Recombinant Locus —-S'UTR I mEOS4b I Pb 3-—

Photolyase

Photolyase Photolyase
(-) =

5’Test 3’Test WT Test

Figure 4.3 : PCR gel result of mEos4b gene integration into the knock-out vector.

A) Scheme for expected mEos4b integration. B) Gel result for 5° Test (5’Forward

primer with mEos4b R primer), 3’ Test (mEos4b F primer with 3’ R primer) and
PbPhoto open reading frame.
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4.1.2 PCR gel results of Photolyase knock-in inserts

In order to integrate the knock-in Plasmodium berghei DNA Photolyase gene and mark
it with mEos4b, the gene was generated with overlap PCR method by changing the

SsgRNA sequence of the DNA Photolyase gene via codon optimization.

As shown in Figure 4.4, a forward primer (1) was designed in the clon manager
program by adding the Sac?2 restriction cut enzyme sequence to the beginning of the
start codon. A reverse primer was chosen from the middle of the gene. (2) Another
forward primer (3) with sequences similar to the reverse primer and its continuation
was chosen. Finally, the last reverse primer (4) was designed by adding the EcoR1
restriction sequence before the stop codon of the gene. Since the expression of the
DNA photolyase gene is important, the gene was amplified with high accuracy using
g5 PCR. Primer 1 and Primer 2 were paired to replicate half of the gene. Primers 3 and
4 were again amplified with g5 to generate the other half of the gene. Using 1-2 and
3-4 PCR products as template, the whole Pb Photolyase gene was amplified by g5 PCR

with primers 1 and 4.

1-bFOTOtagl1Sac2F 3-bFOTOtag-sg3F
—>

W

codon optimized sgRNA sequence

.

2-bFOTOtag2-sgR 4-bFOTOtagdEcoR1R

1+2 PCR 3+4 PCR

1+4 PCR

Figure 4.4 : The scheme of overlap PCR for Plasmodium berghei DNA
Photolyase gene amplification.

Figure 4.5, 1-2 shows the result of 3-4 PbPhoto g5 PCR gel. The products were run in
100 ml 1% agarose gel at 90 V for 1 hour. The correct size 600 bps band was obtained
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according to the DNA ladder. Q5 PCR products were used for overlap PCR. In the gel
sequence, the first two bands indicate g5 1-2. The weak radiation of the bands shows
that the products produced with g5 at 68 °C Extention are not sufficiently reproduced.
The two bright bands next to it are the product of g5 1-2. This time the PCR was
generated with 64 °C of extention. The next two bands are the red enzyme PCR
product, amplified for control. The band brightness to be expected is as for the red
enzyme. The g5 PCR was produced several times in the 64 °C PCR program for the
product at sufficient concentration for cutting. The two bands to the left of the ladder
indicate product g5 3-4. The correct band size, 650 bps 3-4, 68 °C of extention could
be reproduced with g5 PCR program. It did not give products at 64 °C.

Al A2 Bl B2 B3 B4 Cl1 D1 D2 D3 D4 E1 E2

—--.q -
e - - .o

Figure 4.5 : Q5 PCR result of 1-2 insert and 3-4 insert. L: DNA Ladder, A: Q5
PCR products of 1-2 insert at 68 °C extension, B: Q5 PCR products of 1-2 insert at
64 °C extension, C: Red enzyme PCR product of 3-4 insert as control, D: Q5 PCR

products of 3-4 insert at 64 °C extension, E: Q5 PCR products of 3-4 insert at 68

°C extension.

Finally, using 12-34 PCR products as a template, the Pb Photolyase gene was produced
using g5 PCR 68 °C extension shown in Figure 4.6. The gene was isolated and purified
from the corresponding size 1.2 kb band gel. Thus, we report that we have successfully

completed gene amplification with overlap PCR.
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Figure 4.6 : Q5 Overlap PCR result of Plasmodium berghei DNA Photolyase
gene.

4.1.3 Test digestion gel results of smallscale DNA productions

Plasmids of selected colonies that were inoculated using the Qiagen miniprep kit were
isolated and then test cuts were made with Hind 11l and Kpnl. The cutting reactions,
totaling 20 ul, were mixed with 4 ul of 6X Loading dye and loaded onto 100 ml of 100
ml agarose gel with 1%. It was run at 90 V for 1 hour. Figure 4.7 shows the gel result.
The gel result shows us that 6 miniprep DNAs have the desired insert DNA (AA3l e
PbPhoto right arm insertion). M1, M2, M4, M5, M6, M7 minipreps were evaluated as
positive according to the gel result.

Figure 4.7 : Test digestion gel result of 1'Y03 minipreps.The minipreps were cut
with HindIl1-Kpn1 restriction enzymes.
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Similarly, minipreps DNA were isolated and cut with Sac2 and BamHI restriction
enzymes and were run in agarose gel. According to the gel result shown in Figure 4.8,
the 1'YO3 vector came together with the left arm iy01 insert to form the knock-out pre-
vector. M2, M3, M4, M5, M6, M9, M11, M13, M14 minipreps were evaluated as

positive according to the gel result.

M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 Mi4

Figure 4.8 : Test digestion gel result of 1'YO4 minipreps. The minipreps were cut
with Sac2-BamHL1 restriction enzymes. L: DNA Ladder, M: Miniprep

4.1.3.1 Test digestion result for knock-out construct

Three different digestion reactions were performed to I'Y10 knock-out vector,
respectively. Reactions are first Sac2-BamHI, Second Hindl11-Kpnl, Third Sac2-Kpnl.
Figure 4.9 shows the gel results according to the reaction order. Band sizes are the
same as expected; 1.1 kb for the first two digestions with sac2-bamh1 and hind3-kpn1,
and 3 kb for the third digestion with sac2-kpnl. The gel result shows that the knock-

out vector was completed successfully.
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Figure 4.9 : Test digestion gel result of PbPhoto(-) construct. L: DNA Ladder 1)
Sac2-Bamhl digestion of 1'Y10 vector, 2) Hindll1-Kpn1 digestion of 1'Y10 vector,
3) Sac2-Kpn1 digestion of 1'Y10 knock-out vector.

4.1.3.2 Test digestion result for knock-in construct

IYO5 Pb Photo (+) miniprep and maxiprep DNA were allowed to react with the
restriction enzymes Sac2-EcoR1. As a result of the gel shown in Figure 4.10, after the
DNA ladder, I'YO5 miniprep Sac2-EcoR1 cutting result, I'YO5 maxiprep Sac2-Ecorl
cutting result showing a band of 1.2 kb size confirms to the expected dimensions. Our
knock-in vector has been found suitable for transfection.

Figure 4.10 : Test digestion gel result of PbPhoto (+) a) miniprep (small scale
DNA production) and b) maxiprep (large scale DNA production) of 1'Y05 vector.
L: DNA Ladder.
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4.1.3.3 Test digestion result for sgRNA construct

The designed sgRNA primers were inserted in the form of dimerized gRNA and
inserted into the UK06 Cas9 vector. Figure 4.11 shows the gel results of 'Y26 miniprep
plasmids cut with bbs1 enzyme. Samples on the gel were loaded from left to right after
ladder minipreps with bbsl cut and uncut side by side. In the cut with Bbsl, the
miniprep plasmid should be the same size as the uncut miniprep plasmid. Since the
band sizes of the gel result are the same, I can say that our vector contains the gRNA
insert. If gRNA is inside there is no cut of bbsl because the recognition site for bbsl
was abolished. M2, M3, M4 and M6 minipreps were evaluated as positive according
to the gel result.

Figure 4.11 : Test digestion results of 1'Y26 (QRNA+ Cas9) minipreps. L: DNA
Ladder, M: Miniprep (small scale DNA product of one colony).

4.1.4 Diagnostic PCR gel result of knock-out parasite genomic DNA

Targeted deletion of the DNA Photolyase gene into P. berghei parasite with CRISPR-
Cas9 technology. The diagnostic PCR for PbPhoto (-) confirmation gel picture
indicates 5’UTR and 3’UTR of Pb DNA Photolyase gene integration into the knock-
out vectors. Thus we confirm CRISPR-Cas9 targeting was successfully completed for
DNA Photolyase gene deletion. You can see the results of the knock-out parasite
genome diagnostic PCR in Figure 4.12. The sample order in the gel was determined
as 3rd generation knock-out genomic DNA, 4th generation knock-out DNA, and wild-
type DNA. The first two bands show the 5 UTR region, the left arm of the photolyase
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gene integrated into the knock-out genome. Not available in WT genome. The two
bands in the middle indicate that the 3° UTR region is present in the knock-out
genomes and not in the wild type genome. The band seen to the right of the gel
indicates the wild-type open reading frame region. ORF is not available in knock-out

vectors.
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Figure 4.12 : Targeted deletion of the DNA Photolyase gene into P. berghei
parasite with CRISPR-Cas9 technology. Gel result of diagnostic PCR. (Pink dot
shows knock-out parasite genomes, grey dot showes Pb WT genome)

4.1.5 Diagnostic PCR gel result of knock-in parasite genomic DNA

Targeted insertion of the DNA Photolyase gene into P. berghei parasite with CRISPR-
Cas9 technology. The diagnostic PCR for PbPhoto (+) confirmation gel picture
indicates 5’UTR and 3’UTR of Pb DNA Photolyase gene integration into the knock-
in vectors. Thus we confirm CRISPR-Cas9 targeting was successfully completed for
DNA Photolyase gene insertion. You can see the results of the knock-in parasite
genome diagnostic PCR in Figure 4.13. The sample order in the gel was determined
as 3rd generation of knock-out genomic DNA, 3rd generation knock-in DNA, and
wild-type DNA. The first two bands show the 5> UTR region, the left arm of the
photolyase gene integrated into the knock-out and knock-in genomes. Not available in
WT genome. The two bands in the middle indicate that the 3 UTR region is present
in the knock-out and knock-in genomes and not in the wild type genome. The band
seen to the right of the gel indicates the wild-type open reading frame region. ORF is
not available in knock-out vector but available in knock-in and wild-type genomes.
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Figure 4.13 : Targeted insertion of the DNA Photolyase gene into P. berghei
parasite with CRISPR-Cas9 technology. Gel result of diagnostic PCR. (Pink dot
shows knock-out and knock-in parasite genomes, grey dot showes Pb WT genome)

4.2 Nanodrop Concentration of Vectors and Inserts

DNA concentrations were measured using the nanodrop device. 1.5 ul of water was
loaded as a blank. The measurement was made by loading the same amount of DNA.
Measurement results are given in Table 4.1-4.4. According to the measurement results,
it was determined that the samples were pure because the DNA purity (A260/A280)
was about 2. Miniprep results generally range between 100-300 ng / ul.

Table 4.1 : Results for digested inserts.

Insert Rest.Enzyme A260 A260/280
Name Name ng/ul
iy01 Sac2-BamH1 208.2 1.9
iy02 Hind 111-Kpnl 219.2 2
iy03 EcoR1-R5 69.25 1.98
iy05 Sac2-EcoR1 77.34 2.01

Table 4.2 : Results for digested vectors.

Vector Rest.Enzyme A260 A260/280
Name Name ng/ul
AA31l Sac2-BamH1 360 1.9
Y03 Hind I11-Kpnl 630 2
Y04 EcoR1-R5 250 1.98
Y04 Sac2-EcoR1 220 2.01
Y04 Nhel-Xhol 189 2
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Table 4.3 : Results for maxipreps.

Vector Features A260 A260/280
Name ng/ul

AA31 AA20(eos4b) 360 1.88
Y03 Right arm 630 1.98
Y04 Left arm 427 1.98
Y10 (-) hDHFR 869 2
Y05 Pb Photo 575 2.4
Y26 gRNA 500 2

Table 4.4 : Results for linearized precipitated DNA.

Vector Features A260 A260/280
Name ng/ul
Y10 KO 1148 1.98
Y10 KO 1128 2.05
Y05 KN 1942 1.85
Y05 KN 1194 2

4.3 Flow Cytometry Results of Transgenic Parasites

4.3.1 FACs result for Photolyase knock-out parasites

2.5 ul of blood was collected from the tail of the infected mouse to determine the
presence of knock-out parasites after transfection. It was diluted 1:250 with PBS.
Green luminescent parasite cells were detected using flow cytometry device. In Figure
4.14, the graphic R3 shows all blood cells in the flow on the left and the infected blood

cells emitting a green glow in the selected region of R2 on the right.
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Figure 4.14 : Flow cytometry result for PbPhoto(-) parasites.
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The red dots seen in R2 indicate that the transfection was a positive and the parasites
had a knock-out vector. According to the FACs result, 7.694 transgenic parasites were
counted in 224.993 blood cells. For the cloning and genotyping studies of transgenic
parasites, parasites were sorted in 100% efficiency and enrich mode by the FACs
device. The values are shown in the Table 4.5. At around 449.445 parasites we
transfected only in PBS were made ready for injection into the new BALB/c mouse.

Table 4.5 : FACs sort statistics for PbPhoto(-) IV injection.

Statictics Left Sort Right Sort
Sort Logic R1&R2 -
Mode Enrich None
Current Target 1 2
Sort Count 449.445 0
Sort Volume-ml 2.5094 0
Abort Count 0 0
Sorts Per Second 1275 0
Aborts Per Second 0 0
Sort % % 3.41 % 0
Abort% % 0 % 0
Efficiency %100 % 0
Event Rate Total Events
38267 13.188.217

4.3.2 FACs result for Photolyase knock-in parasites

2.5 ul of blood was collected from the tail of the infected mouse to determine the
presence of knock-out parasites after transfection. It was diluted 1:250 with PBS.

Green luminescent parasite cells were detected using flow cytometry device.

In Figure 4.15, the graphic R3 shows all blood cells in the flow on the left and the
infected blood cells emitting a green glow in the selected region of R2 on the right.
The red dots seen in R2 indicate that the transfection was a positive and the parasites
had a knock-in vector. According to the FACs result, 5.890 transgenic parasites were
counted in 172.572 blood cells counted.
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Figure 4.15 : Flow cytometry result for PbPhoto(+) parasites.

4.4 Light Microscopy Results for Knock-Out Parasites

Blood was taken from the tail of mice infected with knock-out parasites and a thin
smear was made on the slide. Blood cells were fixed by covering them with 100%
methanol for 1 minute. The cells were stained by completing 50 ml with 3.5 ml Giemsa
ddwater and pouring on the slides for fifteen minutes. Parasites stained with Giemsa
were viewed with immersion oil in a 1000X objective, and the parasites were imaged.
Wild type P. berghei trophozoite cells marked with Giemsa staining are shown in the
picture in figure 4.16. The ring-shaped parasite image is a pink-purple colored parasite
nucleus, and the hollow part in the middle is a parasitic vacuole with an annular

membrane around the cytoplasm membrane.
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Figure 4.16 : Giemsa stained PbWT (Plasmodium berghei wild-type) throphozoite
form of parasite enfected blood cells thin smear result under light microscopy.

The image of DNA Photolyase Knock-out P. berghei parasites is shown in Figure 4.17.
Only the pink-purple nucleus is shown, the vascular membrane has shrunk and is

almost invisible.
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Figure 4.17 : Giemsa stained PbPhoto(-) throphozoite form of parasite enfected
blood cells thin smear result under light microscopy.

4.5 Confocal Fluorescent Microscopy Results

4.5.1 Confocal fluorescent microscopy results for knock-out parasites

4 ul of blood was drawn from the tail of mice infected with the knock-out parasite.

The mounting gel containing 10 pul of hoesct was added to the blood cells and the cells
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were covered with a coverslip. Knock-out parasites carry the green fluorescent protein
mEos4b. Unless the parasite interacts with the blue light, the green-luminescent
protein is clustered in the parasite's cytoplasm to the size of the parasite. Figure 4.18
shows that the parasites have the marker gene and the gene is successfully expressed
in the confocal microscope. The figure shows squares of blood cells with bright-field,
blue-light fluorescent DAPI, red-light fluorescent, and green-light fluorescent filters
applied.

Figure 4.18 : Confocal fluorescent result P. berghei DNA Photolyase knock-out
parasites. a) 40X, DAPI, b) 40X, GF, c) 40X, Bried-field, d) 40X, RF

4.5.2 Confocal fluorescent microscopy results for knock-in parasites

In knock-in parasites, the P. berghei DNA Photolyase gene is labeled with the mEos4b
marker gene. It is known that the photolite ship gave green glow by explaining the
marker gene at the same location. Figure 4.19 shows the bright field, DAPI, and green
light fluorescence results. Bright field image shows 8 parasites in one of the 4 blood
cells. When the parasite cells that give a green glow are examined carefully, it is
understood that the protein of the marker gene, Photolyase enzyme, is expressed in the

parasite nucleus.
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Figure 4.19 : P. berghei DNA Photolyase knock-in-tagging parasites.

Observation of the DNA photolyase enzyme, which acts as a restorative of the DNA
pyrimidine dimer, in the nucleus where the DNA is located shows that we have

successfully achieved the functional characterization of the gene.

4.5.3 Confocal fluorescent microscopy results for mEos4b model

Knock-out parasites that we marked with the mEos4b photo-transformable gene were
first detected by checking the bright field and green glow in confocal microscopy. The
first green glow of the parasites identified in Figure 4.20 is given at the top of the
figure. The gene was excited by giving blue light to living parasites in the blood cells
in the lambda in the confocal microscope for one minute. When looking at the same
parasites with a green light filter, it was noticed that they did not glow green, and it is
shown at the bottom of the figure that red fluorescent proteins are active when the red
filter is held.
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Figure 4.20 : PbPhoto(-) parasites a) before and b) after one minute of blue light
application.

Bright field, DAPI, GFP, RFP confocal images of mouse blood cells infected with
malaria parasite are given in the picture, respectively. The image of parasites in blood
cells selected from another area before blue light application is shown in Figure 4.21.

In knock-out parasites, mEos4b proteins appear to glow green.

Para5|t8
: 60X, DAPI 60X, Green F. 60X, Red F.

Figure 4.21 : PbPhoto(-) parasites before blue light application. Blood cells
captured with brield-field, DAPI, green and red fluorescence.

The image of the excited parasite cell mEos protein 30 seconds after the application of
blue light for one minute is shown in Figure 4.22. After 30 seconds, green and red

fluorescence is at the same rate. With the disappearance of the blue light, the parasites
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that make red glow start to glow green again. Thus, phototransformation of the
mEos4b gene in the parasite was verified using the confocal microscope.

60X, Green Filter 60X, Red Filter

Figure 4.22 : PbPhoto(-) parasites after 30 seconds of blue light application blood
cells captured with brield field, green and red green and red fluorescence.

4.6 Results of Mosquito Studies

Anopheles stephensi mosquitoes were grown in mineral drinking water at 75%
humidity under a 14 h light / 10 h dark cycle. A minimum of 150 was collected in
cages. BALB / ¢ mice infected with PbPhoto (-) were fed with blood and infected.
Midgut and salivary gland extractions were performed with infected mosquitoes in 1
X PBS.

Sporozoites extracted from the mosquito salivary gland were placed on a glass slide
and covered with a coverslip. A green fluorescence image was taken with the Biotek
Cytation 5 device. Sporozoites producing mEos 4b protein are shown in Figure 4.23.

There was no change in the size and structure of sporozoites.
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Figure 4.23 : Pb Photolyase (-) sporozoites exctracted from a Anopheles stephensi
mosquito salivary gland.

The image of oocysts in the abdominal cavity of mosquitoes infected with the
Photolyase knock-out parasite labeled with the P. berghei mEos4b gene is given in
Figure 4.24. Parasitic oocysts with gene deletions were found to be normal as in the
wild type. The photolyase gene deletion did not cause a change in the stages of parasite
mosquito development. 150 mosquitoes were dissected.

Figure 4.24 : Pb Photolyase (-) oocysts in midgut of a Anopheles stephensi
mosquito.

The sporozoites were counted under the inversion microscope. P. berghei WT
sporozoite count is 8.400.000 per 420 pl. Pb. Photo (-) The number of 150 mosquito
sporozoites was found to be 8.399.950. The results show that the DNA photolyase
deletion has no effect on the life cycle of the parasite in mosquitoes.
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4.7 Results of Mouse Studies

BALB/c mice were infected by 1V injection of 1 million parasites WT-KO and KN
parasites prepared in 150 pul RPMI solution. (Three BALB/c were used for each
parasite species. PbWT parasites were selected as controls for blood-stage
development. The mice were placed under dark and light conditions. Three mice were
infected with UVB treated (30 minutes) 1 million parasites. One drop of blood was
collected from the tail 24 hours after infection and the slide was sampled by thin smear.
Tail blood was taken at 24-hours intervals every day. Parasitemia percentage was
calculated by counting the parasites in the inversion microscope after Giemsa staining.
Tables 4.6 show the daily (November 18, 2020 - November 30, 2020) parasitemia
percentages of mice affected by normal-dark-UVB light. The results are also shown in
the Figure 4.25 and 4.26. Since 30 minutes of UVB application killed the parasites,

the UV experiment did not result as desired.
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Table 4.6 : Animal normal light- dark, UVB light study parasitemia (%) results. (Red- Green: WT, Blue- Black: KO).

Mouse Tag 18-21 22 23 24 25 26 27
November November November November November  November November
Normal Light
Red 4 - 0.1 0.22 0.9 1.3 75 alive
Red 5 - 0.2 0.24 0.98 2.2 8.3 alive
Red 6 - - 0.03 1.35 3.7 10.6 died
Blue 4 - 0.01 1.11 0.75 1.9 0.8 died
Blue 5 - 0.06 0.54 0.90 1.76 1.7 alive
Blue 6 i 0.02 0.11 0.8 1.45 1.6 died
Completely Dark
Red 1 - 0.04 0.2 0.3 3.2 0.12 died
Red 2 i - 0.06 3.2 1.65 3.48 died
Red 3 - - 0.04 3.33 3.48 8.3 died
Blue 1 i 0.005 0.1 0.3 0.35 0.9 alive
Blue 2 - 0.01 0.5 0.9 0.84 0.48 alive
Blue 3 - 0.01 0.01 0.9 0.48 1.08 alive
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Table 4.6 (continue): Animal normal light- dark, UVB light study parasitemia (%) results. (Red- Green: WT, Blue- Black: KO).

Mouse Ta 18-21 22 23 24 25 26 27

g November November November November November November November
UVB Light
(30 min)
Green 1 - : - - - - alive
Green 2 } } - - - - alive
Green 3 - - ) i ) i alive
BlaCk 1 = = _ _ _ _ alive
Black 2 - - ) i ) i alive
Black 3 - - ) i ) i alive
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Targeted deletion of DNA Photolyase in P. berghei has an important effect on blood-
stage parasite development. The graph shows the average blood-stage parasitemia (%
infected erythrocytes out of >5000 cells counted) in groups of three BALB/c mice per
strain in Figure 4.25. The strains are wild type (WT) P. berghei parasites under normal
light conditions and Pb Photolyase knock-out parasites under the normal light
conditions. This experiment confirmed that the deletion of PbPhoto (-) lead to a
statistically significant reduction in blood-stage parasitemia compared to WT under

normal light conditions.
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Figure 4.25 : Parasitemia percentage of PoOWT vs. PbPhoto(-) light condition.

Targeted deletion of DNA Photolyase in P. berghei has an important effect on blood-
stage parasite development. The graph shows the average blood-stage parasitemia (%
infected erythrocytes out of >5000 cells counted) in groups of three BALB/c mice per
strain in Figure 4.26. The strains are wild type (WT) P. berghei parasites under
completely dark condition and Pb Photolyase knock-out parasites under the
completely dark conditions. This experiment confirmed that the deletion of PbPhoto
(-) lead to a statistically significant reduction in blood-stage parasitemia compared to
WT under dark conditions. Besides, it was observed that the wild type P. berghei
malaria parasite breeding under normal light conditions decreased by half in dark

conditions.
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Figure 4.26 : Parasitemia percentage of PoWT vs. PbPhoto(-) dark condition.
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5. CONCLUSION

Rodent malaria parasite Plasmodium berghei DNA Photolyase gene knock-out and
knock-in vectors were designed. Designed knock-out and knock-in vector cloning
studies were performed at 99.9 % accuracy, and the vectors were produced purely in
the desired amount in multiple copies. DNA Photolyase gene deletion and gene
insertion were successfully performed with CRISPR-Cas9 technology and the deletion
was confirmed by diagnostic PCR. In addition to diagnostic PCR confirmation, the
vectors were sequenced via a sequencing company. The sequencing results were
matched 99.9 % with designed vectors. The presence of the marker gene mEOS4b,
which | added to the knock-in and knock-out vectors, was detected by applying blue
light for one minute to infected cells examined under confocal microscopy. The
mEOS4b photoconvertible marker gene transformed from green to red after exposured
to blue light, showed that the transfection of the vectors we created to P. berghei
parasites were accomplished successfully. It has been determined that the mEos4b
gene integrated vector, which we can use in future studies, can lead as a model in many
cytotoxicity studies. With the gene deletion, no defect in parasite development was
observed in mosquito stages but only in blood stages, there was a defect in the
development of synchronous blood stages compared to the wild type. The DNA
Photolyase knock-out parasites failed to recover after UV light exposure similar to
P.berghei wild-type parasites. In the normal light mouse study, parasite blood-stage
growth was significantly lower in knock-out parasites than wild-type parasite growth.
In the completely dark condition mouse study, the growth of knock-out parasites
occurred at a lower rate compared to knock-out mice that breed in normal light. Thus,
it has been determined that the DNA Photolyase gene plays a vital role in the successful
realization of parasite reproduction and replication at the blood stage. Mice infected
with PbWT visibly displayed signs of the disease within fourteen days, while mice
infected with the PbPhoto (-) knock-out parasite did not show phenotypic signs of the
disease. In the advanced stages of the disease, shivering, inability to socialize, limited
mobility, and stagnation in eating and drinking were observed in control mice. Social

activity, eating, drinking, and movements were observed as normal in transgenic DNA
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Photolyase gene knock-out mice, which had a high rate of parasitemia in the blood.
They showed no phenotypic signs of malaria. On the contrary, it was not different from
a normal mouse without disease. They also survived one week longer than mice
infected with the wild-type parasite. The rate of parasitemia in mice in complete
darkness, infected with the wild-type Plasmodium berghei parasite, was less than the
rate of parasitemia in mice under normal light. Thus, we initially confirmed that light
plays an important role in the DNA Photolyase gene functioning and reproduction of
the malaria parasite. In the confocal image of the knock-in transgenic parasite, the
mEos4b green light protein fluorescence was observed only in the parasite nucleus. It
Is thought that the enzyme localization takes place in the nucleus so that the photolyase
enzyme provides genome repair. Since the photolyase gene is not found in humans, if
an inhibitor for the parasite photolyase gene is designed, the reproduction of the
parasite in the blood stage can be slowed down. Application of the UVB experiment
with exposure times of 10 seconds and 30 seconds result in primer dimers in the exon
or intron in the parasite DNA. Thus, parasite development can be stopped at a certain
stage or the function of an unknown gene can be determined. Therefore a more in-
depth investigation is needed to detail the molecular function of the DNA photolyase

in the malaria parasite and in other pathogenic microorganisms.
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