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Abbreviations and unit abbreviations

Abbreviations

A AAT Aspartate aminotransferase gene
Aaat A mutant strain of deleted AAT gene in
wild-type T. gondii parasite
AIAAT Alanine transaminase gene
APAD 3-Acetylpyridine adenine dinucleotide
APADH 3-(aminomethyl) cyclobutane-1-carboxylic
acid hydrochloride
B BSA Bovine serum albumin
C CAR Carboxymethoxylamine
Cas9 Clustered regularly interspaced short

palindromic repeats-associated protein

CCKs8 Cell counting kit-8

cDNA Complementary deoxyribonucleic acid

ComAAT A complementary strain of AAT gene in
/Aaat parasite

Ct Cycle threshold values

CRISPR Clustered regularly interspaced short

palindromic repeats

CytB Toxoplasma mitochondrial genome
cytochrome b gene

D DAPI 4',6-diamidino-2-phenylindole
DDW Double distilled water
DHFR Dihydrofolate reductase gene
DMEM Dulbecco's modified eagle’s medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid



Abbreviations and unit abbreviations

dpi Day post-infection

EDTA Ethylenediaminetetraacetic acid

E. coli Escherichia coli

ELISA Enzyme-linked immunosorbent assay

EF-Tu Apicoplast genome elongation factor Tu

EMEM Eagle’s minimum essential medium

GABA y-aminobutyric acid

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase gene

GDH Glutamate dehydrogenase gene

GFP Green fluorescent protein

GRAs Dense granule organelles

gRNA Guide ribonucleic acid

GST Glutathione S-transferase

HFF Human foreskin fibroblast

HRP Horseradish peroxidase

HXGPRT Hypoxanthine xanthine guanosine
phosphoribosyl transferase gene

HYD Hydroxylamine

ICs0 Half maximal inhibitory concentration

IFAT Immunofluorescent antibody test

IFN-y Interferon gamma

19G Immunoglobulin G

IL-10 Interleukin-10

IL-12 Interleukin-12

INOS Inducible nitric oxide synthase

i.p. Intraperitoneal injection
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Km Michaelis constant

LDso Median lethal dose

LD1oo Absolute lethal dose

ME49 Low virulent T. gondii type 1l strain

NK Natural killer cell

NLS Nuclear localization signal

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PLK Low virulent T. gondii type Il strain

Pru Low virulent T. gondii type 1l strain

PV Parasitophorous vacuole

PVM Parasitophorous vacuole membrane

gPCR Quan_titative real-time polymerase chain
reaction

r Recombinant

RB Enzyme activity test control group

RH Highly virulent T. gondii type I strain

RNA Ribonucleic acid

RT Room temperature

RT-PCR Reve_rse transcription polymerase chain
reaction

SAGs Surface antigens

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

SI Selectivity index

SEM Standard error of mean

B Enzyme activity test control group

TCA Tricarboxylic acid cycle
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General introduction

General introduction

1. Toxoplasma gondii

Toxoplasma gondii is an obligate intracellular parasite that belongs to the
Apicomplexan protozoa, which is widely distributed throughout the world (Montoya
and Liesenfeld, 2004; Weiss and Dubey, 2009; Saadatnia and Golkar, 2012). T.
gondii is a very important food-borne zoonotic pathogen that can infect almost all
warm-blooded animals, including humans (Montoya and Liesenfeld, 2004; Weiss
and Dubey, 2009; Elmore et al., 2010; Saadatnia and Golkar, 2012). This pathogen
can complete its life cycle in cats, the definitive host, by sexual reproduction and in
humans or other intermediate hosts by asexual reproduction (Fig. 1) (Dubey, 1998,
2009a; Hunter and Sibley, 2012; Halonen and Weiss, 2013; VanWormer et al., 2013;
Aguirre et al., 2019). There are various pathogenic forms that infect the hosts, fast-
growing tachyzoites, slow-growing bradyzoites or cysts, oocysts, etc (Halonen and
Weiss, 2013). Humans can be infected through ingestion of infectious oocysts or
tissue cysts from food or water, and congenital infections through vertical

transmission (Montoya and Liesenfeld, 2004; Dubey et al., 2005).

T. gondii lytic cycle starts with an energy-dependent extracellular tachyzoite
invasion into host cells, which is followed by formation of the parasitophorous
vacuole membrane (PVM). Parasites undergo several rounds of the lytic cycle
following rapid intracellular tachyzoite replication, egress, and reinvasion of
neighboring cells, a destructive process within the host cells can be observed by
checking plague formation in vitro (Fig. 2) (Black and Boothroyd, 2000). During a T.

gondii infection, most of the fast-lytic tachyzoites can be transformed into the form



General introduction

of slow-bradyzoites resulting in chronic infection (Matsubayashi and Akao, 1963;

Soete et al., 1993).
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Fig. 1. Life cycle of T. gondii and transmission in humans, domestic animals,

wildlife and ecosystems.
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Attahment
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(Hortua Triana et al., 2018)

Fig. 2. The T. gondii lytic cycle. The five steps of T. gondii lytic cycle from
extracellular tachyzoite invasion into host cells, to formation of PVM, rapid
intracellular tachyzoite replication, egress, reinvasion of neighboring cells, and

parasites undergoing several rounds of the lytic cycle.
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2. Toxoplasmosis

Toxoplasmosis is a zoonotic parasitic disease caused by the obligate intracellular
protozoan T. gondii. The disease threatens a range of warm-blooded mammals
including humans. Toxoplasmosis has a worldwide distribution, and is very harmful
to both human health and the livestock industry. It is reported that one-third of the
population of the world is estimated to be infected with T. gondii (Halonen and
Weiss, 2013; Wong et al., 2020), but the infection is usually asymptomatic in
immunocompetent individuals, while immunocompromised people may acquire
acute toxoplasmosis or even severe to fatal complications. In animal husbandry,
toxoplasmosis caused by T. gondii infection is economically important in animals,
such as pigs and sheep. The infection leads to abortion or stillbirth, reduction in
quality of milk, meat or other animal products, resulting in huge economic losses.
Moreover, there is a risk of transmitting the infection to humans through the
consumption of contaminated animal products (Montoya and Liesenfeld, 2004;

Dubey et al., 2005; Dubey, 2009b).

T. gondii infection causes varying degrees of threat to the hosts, the development
of acute or chronic toxoplasmosis, mainly depends on the pathogenicity of the
different T. gondii strains. In a mouse model, early research found that the genotypes
of T. gondii causing toxoplasmosis in North America and Europe are mainly divided
into classes I, 11, and Il (Howe and Sibley, 1995; Khan et al., 2011). The difference
between these three types of T. gondii is the virulence, that is to say, the type | strains
are the most virulent (RH strain, LD1go > 1 tachyzoite), type II strains are moderately
virulent (ME49, PLK, and Pru strains, LDsp = 103-10° tachyzoites), and type Il
strains are the weakly virulent (VEG strain, usually 10° tachyzoites in mice are also

4
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rarely killed) (Howe and Sibley, 1995; Khan et al., 2011). These studies have shown
that there are differences in the virulence or pathogenicity of clinical isolates with
different genotypes in the mouse model. Human infection with different genotypes of
T. gondii can also show varying degrees of disease from mild toxoplasmosis which
can be asymptomatic or present with mild flu-like symptoms to severe or acute
toxoplasmosis or even death. The infection may be even become chronic infection

leaving the patient a long-term carrier of this parasite.

3. Treatment of toxoplasmosis

To develop effective treatment for T. gondii infection, key enzymes, involved in
metabolism, growth, synthesis of essential substances or virulence, are considered as
an ideal target, and inhibitors (small molecular compounds) of these enzymes have
been discovered as an effort towards control of toxoplasmosis (Cowell and Winzeler,
2019; Wang et al., 2019a). Drugs like pyrimethamine, which inhibit dihydrofolate
reductase, an important enzyme in DNA synthesis of T. gondii, have been approved
for treatment of toxoplasmosis (Brun-Pascaud et al., 1996; Lapinskas and Ben-Harari,
2019). Sulfadiazine (another approved drug), inhibits dihydrofolic acid synthetase
which is a key enzyme in the synthesis of purines (Dantas-Leite et al., 2004; Salin et
al., 2020). Recently, a combination of pyrimethamine and sulfadiazine or other
compounds has been used to treat active toxoplasmosis in animals or humans (Alday
and Doggett, 2017; Dunay et al., 2018). The limitations to the efficacy of this
combination are the severe side effects, adverse drug reactions, and limited or no
significant therapeutic efficiency on the bradyzoites. Therefore, these limit the

effectiveness of toxoplasmosis treatment (Wei et al., 2015; Dunay et al., 2018).



General introduction

On the other hand, in addition to the current unsatisfactory status in drug treatment
of toxoplasmosis, there is the inability of eliminating tissue cysts within the host.
There is an urgent need to identify ideal targets and develop the compounds which not
only treat acute but also chronic toxoplasmosis. In this case, calcium-dependent
protein kinase 1, plays an important role in the development of acute or chronic T.
gondii infection in animals, for this reason, it has identified as potentially one of the
most promising therapeutic targets towards the control of both acute and chronic
toxoplasmosis (Lourido et al., 2010; Johnson et al., 2012; Cardew wt al., 2018;

Lapinskas and Ben-Harari, 2019).

Recently, studies have shown that both innate and adaptive immune responses
show a important role during controlling T. gondii infection (Pifer and Yarovinsky,
2011; Hunter and Sibley, 2012; Yarovinsky, 2014; Sasai et al., 2018; Lima and
Lodoen, 2019; Sasai and Yamamoto, 2019), and that full protective immunity of host
against its infection is a combination of both cellular and humoral immunity (Sayles
et al., 2000; Spellberg and Edwards, 2001; Pifer and Yarovinsky, 2011; Xia et al.,
2018b; Yang et al., 2019; Liang et al., 2020). Therefore, focus on immune response
studies such as screening of the IFN-y-dependent inhibitors of the growth of T.
gondii, have become the basis for designing effective toxoplasmosis treatment

strategies (Radke et al., 2018).

With the advent of the genomic era, the widespread application of the
CRISPR/Cas9 system has permitted precise and efficient genetic manipulations in T.
gondii. Manipulations: such as gene editing and gene deletion result in the
development of gene-point mutations which can be easy selection and search for the
active sites or targets of selected compounds (Shen et al., 2017). Hence, the screening

of potential drug candidates for anti-T. gondii using CRISPR/Cas9 system and small
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molecule compound synthesis has been developed. Most drug screening studies have
targeted key enzymes of T. gondii, such as uracil phosphoribosyltransferase and
adenosine kinase (Salin et al., 2020). In recent years, some compounds isolated from
plants or bacteria have also been used to design and identify novel treatments for
toxoplasmosis (Dittmar et al., 2016; Leesombun et al., 2016; McFarland et al., 2016;
Alday and Doggett, 2017; Montazeri et al., 2017; Montazeri et al., 2018a; Adeyemi et
al., 2019; Deng et al., 2019; Wang et al., 2019a). Although these compounds have
achieved significant effects in vitro and in vivo, no clear targets of drug actions

confirmed and these compounds have not been used clinically.

Overall, although the public health problems and agricultural economic losses
caused by T. gondii infections are known worldwide, the challenges to control T.
gondii infection and treat toxoplasmosis have been arduous, not only because of the
complex life cycles and multiple routes of transmission, but also because of the
diverse population of T. gondii strains. To date, safe and effective drug treatment
against toxoplasmosis remains a challenge. Therefore, the search for and
development of effective and safe drug treatments controling toxoplasmosis in

humans and animals is needed.

4. Aim of the present study

The CRISPR-Cas9 editing system in T. gondii has been widely used in type | RH
and type Il ME49 and PLK or other strains. This system can efficiently and accurately
perform genetic operations, such as gene knockout, complementary, and mutation.
Metabolic enzymes play crucial roles in growth and development of T. gondii

parasites, so these enzymes can be used as potential drug targets for designing



General introduction

toxoplasmosis treatment. Hence, in order to develop safer and more effective
therapeutic drugs, CRISPR-Cas9 editing system was used to find a drug target in this
study, and further assess the inhibitory effects of selected compounds in vitro or in

Vivo.

The objectives of this study are as follows: (1) to sequence the aspartate
aminotransferase (AAT) genes both in T. gondii type | RH and type Il PLK strains,
and then to assess the enzyme activity; (2) to perform the functional analysis of AAT
in both T. gondii type | RH and type Il PLK strains using the CRISPR/Cas9 gene-
editing system; (3) to evaluate the potential of AAT as a drug target, and determine the
inhibitory effects of hydroxylamine (HYD) and carboxymethoxylamine (CAR) on T.

gondii in vitro and in vivo.
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Chapter 1

Characterization of aspartate aminotransferase of

Toxoplasma gondii

1-1. Introduction

The phylum Apicomplexa comprises a grand group of intracellular parasites that
have been implicated in many important human and veterinary diseases. The
Plasmodium spp. and Toxoplasma gondii are the most representative and best studied
members of this large phylum (Jacot et al., 2016). T. gondii is an obligate intracellular
protozoan parasite which causes toxoplasmosis in warm-blooded animals, including
humans (EI Mouhawass et al., 2020). Majority of the isolates from North America and
Europe belong to one of three distinct lineages based on the laboratory mouse model:
acutely virulent type | strains, while intermediate type Il, and avirulent type Il (Howe
and Sibley, 1995; Sibley and Ajioka, 2008; Guo et al., 2019). One-third of the
population of the world is estimated to be infected with T. gondii (Halonen and Weiss,
2013; Wong et al., 2020), but the infection is usually asymptomatic in
immunocompetent individuals, while immunocompromised people may be occur
acute toxoplasmosis or even be severe complications to fatal. Unfortunately, although
the gold-standard medicine for treating toxoplasmosis uses a combination of
sulfonamide and pyrimethamine drugs (Leesombun et al., 2016), treatments for T.
gondii infections are suboptimal (Wei et al., 2015; Scheele et al., 2018), as synergistic
activity could only be observed against tachyzoites but not against bradyzoites, and

severe side effects and adverse drug reaction are reported.
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Metabolic enzymes play crucial roles not only in parasite proliferation but also in
pathogenicity, which contribute to the virulence of parasites in mice models and used
as potential drug targets (MacRae et al., 2012; Oppenheim et al., 2014; Zheng et al.,
2015; Xia et al., 2018a; Xia et al., 2019). T. gondii genome contains only enzyme, the
aspartate aminotransferase (AAT), as in Plasmodium, which catalyzes the reversible of
conversion of oxaloacetate and glutamate to aspartate and a-ketoglutarate (Wrenger et
al., 2011; Wrenger et al., 2012; Jacot et al., 2016). Here, the characterization of the
predicted AAT genes was performed both in T. gondii type | RH and type Il PLK
strains to assess its enzyme activity and further evaluate the potential which could be

used as a drug target.

1-2. Materials and methods
Animals

Female ICR and BALB/c mice with a six-week-old were purchased from the Clea
Japan to generate the polyclonal antibodies targeting specific proteins in T. gondii.
These experimental mice were maintained in the animal facility in the National
Research Center for Protozoan Diseases, Obihiro University of Agriculture and
Veterinary Medicine with adequate temperature (25+2°C) and luminosity (12-h light,
12-h dark), under specific pathogen-free conditions, and free access to food and water.
All animal experiments started one week after habituation. This study strictly
followed the recommendations of the Guide for the Care and Use of Laboratory
Animals of Obihiro University of Agriculture and Veterinary Medicine, Japan. The

current protocol was approved by the Committee on the Ethics of Animal

10
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Experiments of Obihiro University of Agriculture and Veterinary Medicine, Japan

(permission number: 201711).
Parasites culture

T. gondii hypoxanthine-xanthine-guanine phosphoribosyl transferase (HXGPRT)
deleted-RH strain (type I), and PLK strain (type Il) were used in this study. The
parasites were cultured in monkey kidney adherent epithelial (\Vero) cells cultured in
Eagle’s minimum essential medium (EMEM) (Sigma, USA) with 8% fetal bovine
serum (FBS, Biowest, Japan), 100 U ml penicillin and 100 mg ml* streptomycin (PS,
Sigma, USA) at 37<C and 5% CO-, as described previously (Guo at al., 2019). To
purify T. gondii tachyzoites, the host cells with the parasites were washed with sterile
phosphate-buffered saline (PBS) and peeled from the plate with a cell scraper (BD
Bioscience, USA). Then parasites were counted after passing through the 27-gauge
needle syringe and filtering through the 5.0-um pore filter (Millipore, USA). All
procedures of pathogen experiments were carried out following with the guidelines of
Obihiro University of Agriculture and Veterinary Medicine (permission number:

2018728).
Chemicals

Hydroxylamine (HYD) and carboxymethoxylamine hemihydrochloride (CAR)
known as inhibitors of AAT were purchased from Sigma (catalog no. 7803-49-8 and
86-08-8). The inhibitors were dissolved in double distilled water (DDW) and dimethyl
sulfoxide (DMSO), respectively, and stored at -30<C until use.

Sequencing analysis

The TgAAT genes of RH strain (Toxoplasma Genomics Resource TGGT1_248600)

and PLK strain (Toxoplasma Genomics Resource TGME49_248600) were amplified

11



Chapter 1

by PCR from cDNA of T. gondii RH and PLK parasites, respectively. Primers include
the forward primer 5’-ACGC GTCGAC ATG TTT CCA ACT CTT AGT GAG AAC
C-3’ and the reverse primer 5’-ATAAGAAT GCGGCCGC TTAGCT TGC AGG AAC
TGC CCG CAC CA-3” were used. The PCR products were purified using QIAquick
Gel Extraction Kit (QIAGEN, Germany) and cloned into Escherichia coli DH5a
using the pGEM-T Easy Vector System (Promega, USA). Then the Dye Terminator
Cycle Sequencing Kit (Applied Biosystems, USA) were used to do sequencing
analysis of the positive clones using an ABI PRISM 3100 Genetic Analyzer (Applied
Biosystems, USA). The obtained positive sequences were developed the BLASTn
search analysis. The phylogenetic tree based on AAT genes was constructed using
obtained TgAATSs sequences of RH and PLK compared with AATs from other species
using MEGATY: Molecular Evolutionary Genetics Analysis version 7.0 for bigger

datasets (Kumar et al., 2016).
Production of recombinant proteins and polyclonal antibodies

The TgAAT genes of RH and PLK strain were amplified by PCR from cDNA of T.
gondii RH and PLK parasites, respectively. Primers used included a Sal | site
(underlined) in the forward primer 5’-ACGC GTCGAC ATG TTT CCA ACT CTT
AGT GAG AAC C-3’ and an Not I site (underlined) in the reverse primer 5’-
ATAAGAAT GCGGCCGC TTA GCT TGC AGG AAC TGC CCG CAC CA-3’. The
PCR products digested with Sal I and Not I, were inserted into the pGEX-4T-1
plasmid vector treated with the same restriction enzymes (Roche, Switzerland). The
fragments were sequenced and checked by using Big Dye Terminator Cycle
Sequencing Kit (Applied Biosystems, USA) in ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems, USA), as described previously (Guo at al., 2019). On the other

hand, the pGEX-4T-3-SAG1 (Kimbita et al., 2001) and pGEX-4T-3-GRA7 (Masatani

12
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et al., 2013) plasmids were used to produce recombinant TSAG1-GST and TgGRA7-
GST proteins. Recombinant pGEX-4T-1-AAT, pGEX-4T-3-SAG1 and pGEX-4T-3-
GRAT7 were expressed in E. coli BL21 (DE3) (New England BioLabs, USA) with
glutathione S-transferase (GST) fusion protein and purified by using the Glutathione
Sepharose 4B beads (GE Healthcare Life Sciences, USA), according to the
manufacturer’s instructions. Purified recombinant protein TJAAT-GST (100 pg) and
TgSAG1-GST (100 pg) emulsified in the Freund’s complete adjuvant (Sigma, USA)
were intraperitoneally injected (i.p.) into BALB/c mice to induce T. gondii specific
polyclonal antibodies of mouse anti-TQJAAT and anti-TgSAG1. Meanwhile, the
purified recombinant proteins of TgSAG1-GST (1 mg) and TgGRA7-GST (1 mg)
were subcutaneously injected into the female Japanese white rabbits to prepare rabbit
anti-TgSAG1 and anti-TQGRA7 polyclonal antibodies, as described previously (Guo

at al., 2019).
Western blot analysis

In this study, these concentrations of all protein samples were confirmed by
Pierce™ BCA Protein Assay Kit (Thermo Scientific, USA), and then SDS-PAGE and
Western blot analysis were developed. The anti-AAT, anti-SAG1 and anti-GRA7 sera
were used as primary antibodies. The goat anti-mouse or anti-rabbit immunoglobulin
G (IgG) conjugated Horseradish peroxidase (HRP) (Amersham Pharmacia Biotech,
USA) was used to be the secondary antibody to develop the reaction and measure the

results by the VersaDoc™ imaging system (Nippon Bio-Rad Laboratories, Japan).
Enzyme activity assay

Enzyme-coupled assay were performed as described previously (Wrenger et al.,

2011), and shown as Fig. 3 and Table 1. The concentration of soluble rTgAAT-fused

13
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GST was determined as 1 pg, which was used to process enzyme-coupled assay with
specific substrate L-aspartate and a-ketoglutarate (Sigma, USA). The basic reaction
principle is that L-aspartate and o-ketoglutarate were catalyzed to glutamate by
I'TgAAT, then glutamate with 3-Acetylpyridine adenine dinucleotide (APAD, Sigma,
USA) are converted to APADH by Glutamate Dehydrogenase (GDH, Sigma, USA),
which the absorbance of supernatant was determined at 363 nm. Two reported specific
enzymatic inhibitors including HYD and CAR (Sigma, USA) were used to determine
inhibitors assay (Wrenger et al.,, 2011). All experiments were tested 3 times

independently, and single GST was used as control.
Statistical analysis

The GraphPad Prism 7 software (GraphPad Software Inc., USA) was used to graph
and analyze the data. Statistical analyses were performed in this study by using an
unpaired Student’s t-test analysis. Data represent the mean =+ Standard Error of Mean.

A p value < 0.05 was considered statistically significant (* p < 0.05, ** p < 0.01, ***

p < 0.001 or **** p < 0.0001).

1-3. Results

Characterization of aspartate aminotransferase in T. gondii type I RH and type

Il PLK strains

In this study, the gene encoding TgAAT from the Tg type | RH and type Il PLK
strains were amplified and sequenced, indicating TgAATs sequences were 1,794 bp
long and coding 597 amino acid sequences. The TgAATs sequence, amino acid
sequence alignment was analyzed, and the phylogenetic tree was constructed with

AATs from other species including Homo sapiens (AAC28622.1), Mus musculus

14
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(NP_034454.2), Plasmodium falciparum (KNG76684.1), Babeisa microti
(XP_012650011.1), Eimeria tenella (XP_013230025.1), Trypanosoma brucei

(AAK73815.1), Giardia intestinalis (AAK73817.1) and Escherichia coli
(AHG10759.1) (Fig. 4A and B). It revealed that although they contain several
conserved sequences in AATs, TgAATs were distantly related to the predicted Homo
sapiens with 46%, Mus musculus with 46%, P. falciparum with 33% and Neospora
caninum with 75% identities. Meanwhile, compared the sequences between RH and
PLK, although six different amino acids of the sequences were found in two strains
(Fig. 5A), the Western blot analysis revealed that the expression levels of native AAT
protein in RH and PLK strains was not significantly different (Fig. 5B and C),

suggests TQJAAT may play a similar role in both strains.
Enzyme activity of rTgAAT

To determine the enzyme activity of rAAT from Toxoplasma, the soluble
rTgRHAAT and rTgPLKAAT were expressed (Fig. 6A) and used to generate the
enzyme-coupled assay as described previously (Fig. 2 and Table 1) (Wrenger et al.,
2011). Soluble rTgAAT (1 pg) was used to conduct enzyme reaction with specific
substrate L-aspartate. The results showed that L-aspartate is the preferred substrate of
both rTgAATSs (Fig. 6B, C and D). Meanwhile, the enzyme kinetic parameters were
determined both two AATs from RH and PLK strains using increasing concentration
of L-aspartate. The results showed that although there was no significant difference,
the Vmax and Km values of rTgPLKAAT were higher than rTgRHAAT protein (Fig.
6E), which were consistent with that native AAT expression in PLK parasites was
slightly higher than that the level in RH parasites. Furthermore, as expected, the
reaction of 1 pg rTgAAT was inhibited by HYD and CAR treatment with the 50%

inhibitory concentration value of 0.4158 and 0.0035 pg/ml, respectively (Fig. 6F).

15



Chapter 1

1-4. Discussion

In this study, AAT genes from T. gondii type | RH and type Il PLK strains were
amplified and sequenced. The results show that TgAATs contain the 1,794 bp long
nucleotide coding 597 amino acid sequences, and are single copies both in two
different strains, which are consistent with the predicted sequences (ToxoDB:
TGGT1_248600 and TGME49_248600). Compared with two AAT genes from RH
and PLK sequences, it found that there are six different amino acids, however, this did
not result in a significant difference in their expression levels in native parasites. This
result suggests that AAT plays at least a similar role in RH and PLK strains.
Importantly, the further determination of enzyme activity of rTgRHAAT and
rTgPLKAAT proved the speculation, that they both could use the L-aspartate as a
substrate to catalyze the reaction to produce glutamate without significant difference
of activity, which is also consistent with the function of this enzyme in other parasites
(Berger et al., 2001; Wrenger et al., 2011; Wrenger et al., 2012; Manchola et al.,

2018).

Some enzymes from parasites have been characterized and identified to develop
novel targets for chemotherapy in recent studies, and their inhibitors were widely used
to control parasite infection (MUler and Hemphill, 2016; Montazeri et al., 2018b;
Siqueira-Neto et al., 2018; Xie et al., 2019). Hence, in this present study, two
compounds were tested in enzyme activity of rTgRHAAT and rTgPLKAAT, that of
two inhibitors of AATSs, namely HYD and CAR, abolished the transamination activity
of rPfAAT (Wrenger et al., 2011; Wrenger et al., 2012). As expected, HYD and CAR
also significantly inhibited the transamination activity of rTgAAT. Importantly,
although the enzyme activity of AATs from human and mouse did not determine in

16
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this study, the distant relationship of identities with humans and mice was found in
TgAAT sequences from RH and PLK. These led me to consider whether AAT can be
used as a key drug target and whether these two inhibitors can also specifically inhibit
the growth of T. gondii without affecting the host, which needs to be proved by the

next experiment.

1-5. Summary

In summary, a gene, AAT, was sequenced and characterized in T. gondii type | RH
and type Il PLK strains. Meanwhile, the ability of rTJAAT for using the L-aspartate
as a substrate was investigated, which is consistent with my predictions and the results
in AAT activity from Plasmodium. Importantly, two reported inhibitors were further
tested and found that they could indeed inhibit the activity of this enzyme
(rTgRHAAT and rTgPLKAAT). Therefore, it is possible that these two drugs could
also inhibit the growth of T. gondii to control toxoplasmosis and may through the

pathway of TQAAT, but it remains to be proved by further experiments.
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Table 1. Enzyme-coupled assay.

Amount of addition

Reagents

Enzyme GST TB RB
ITgRH/PLKAAT-GST 1ug - 1pg -
GST -- 1pg - -
L-Aspartate 10 mM 10 mM -- --
a-ketoglutarate 20 mM 20 mM -- -
1 M Tris-HCI (PH8.0) 50 mM 50 mM 50 mM 50 mM

300 pl, mix, 37°C for 30 min, boiling the samples for 1 min stop the enzymatic reaction

APAD 0.5 mM 0.5mM 0.5mM 0.5 mM
Glutamate dehydrogenase 7 U 7U 7U 7U
50 mM Tris-HCI (PH8.0) 50 mM 50 mM 50 mM 50 mM

The final volume of 1 ml, mix, 37°C for 1 h, 14000g for 1 min, the absorbance of supernatant was

determined at 363 nm
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A

rAAT-GST
L-Aspartate +o-ketoglutarate > L-Glutamate

Inhibitors

r. =T
L-Aspartate +o-ketoglutarate L-Glutamate

Fig. 3. Schematic diagram of enzyme activity (A) and inhibitory assay (B) of the

ITgAAT.
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Fig. 4. Analysis of AATs in different species. (A) Amino acid sequence analysis of

TgAAT in type | RH and type Il PLK strains (ToxoDB: TGGT1 248600 and
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TGME49 _248600) compared with AATs from other species including Homo sapiens
(AAC28622.1), Mus musculus (NP_034454.2), Plasmodium falciparum
(KNG76684.1), Babeisa  microti  (XP_012650011.1), Eimeria  tenella
(XP_013230025.1), Trypanosoma brucei (AAK73815.1), Giardia intestinalis

(AAK73817.1) and Escherichia coli (AHG10759.1). (B) Phylogenetic tree of AATS

from different species.
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Fig. 5. Analysis of AATs in T. gondii. (A) Sequence analysis of TJAAT between type |
RH and type Il PLK strains. (B and C) Expression levels of native AAT protein in RH
and PLK strains. Means = SEM of three independent experiments are shown,

unpaired Student’s t-test.
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Enzyme-coupled assay
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Fig. 6. Analysis of enzyme activity of rTgAAT. (A) Soluble rTgRH/PLKAAT protein
expressions. The concentration of soluble rTgAAT-fused GST was determined. (B)
Generation of enzyme-coupled assay. Expressed GST was used as a control. (C, D

and E) Enzyme reaction. Enzyme activity of catalysis aspartate and a-ketoglutarate
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into glutamate was determined using 1 pg rTgAAT. The enzyme activity, specific
activity and enzyme Kkinetic parameters were determined both two rAATs from RH
and PLK strains. (F) Inhibitor assay. Enzyme reaction was inhibited with increasing

amount of Hydroxylamine (HYD) and Carboxymethoxylamine (CAR).
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Chapter 2

Functional analysis of aspartate aminotransferase

from Toxoplasma gondii in vitro and in vivo

2-1. Introduction

Toxoplasma gondii lytic cycle develops to start from the extracellular tachyzoite
invasion with energy-dependent into host cells, then that is followed by rapid
intracellular tachyzoite replication, egress, and reinvasion of neighboring cells
(Nitzsche et al., 2016). In these stages, not only glucose, but also glutamine can enter
the mitochondria as carbon source (Fleige et al., 2007; Fleige et al., 2008; MacRae et
al., 2012; Blume et al., 2015; Nitzsche et al., 2016), wherein glutamine can be utilized
as carbon skeletons to the tricarboxylic acid cycle (TCA cycle) via either the
conversion of intermediate glutamate to a-ketoglutarate or the y-aminobutyric acid
(GABA) shunt (MacRae et al., 2012). T. gondii genome contains enzymes allowing
speculation on a possible architecture of a-ketoglutarate pathway (Jacot et al., 2016),
which includes an aspartate aminotransferase (AAT). AAT, as metabolic enzyme,
catalyzes the reversible of conversion of oxaloacetate and glutamate into aspartate and
a-ketoglutarate, and subsequently a-ketoglutarate as an intermediate can entry into the
TCA cycle used for T. gondii proliferation (Jacot et al., 2016). Hence, this study
focused on the pathway of the conversion intermediate glutamate to a-ketoglutarate in
glutaminolysis related to AAT, and performed the functional analysis of the predicted
AAT genes of these in both T. gondii type | RH and type Il PLK strains using the

CRISPR/Cas9 gene-editing system.
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2-2. Materials and methods
Animals

Female BALB/c mice with a six-week-old were purchased from the Clea Japan for
survival assay. Mice were maintained in the animal facility under specific pathogen-
free conditions, and free access to food and water, as described above. All animal
experiments started one week after habituation. All animal and pathogen experiments
have strictly followed the Committee on the Ethics of Animal Experiments or
Pathogen Experiments of Obihiro University of Agriculture and Veterinary Medicine,

Japan, as described above.
Parasites culture

T. gondii type | hypoxanthine-xanthine-guanine phosphoribosyl transferase
(HXGPRT) deleted-RH strain and type Il PLK strain were used in this study. The
Vero cells cultured in EMEM were used to maintain T. gondii, as described above.
Meanwhile, the parasites were maintained in human foreskin fibroblast (HFF) cells
cultured using Dulbecco's modified Eagle’s medium (DMEM, Sigma) supplemented
with 10% FBS, as well as 100 U mI penicillin and 100 mg ml streptomycin in a 5%
CO2 atmosphere of 37 <C. For the purification of tachyzoites, a cell scraper, 27-gauge

needle and 5.0-pum pore filter were used as described above.
Knockout AAT gene on RH and PLK strains

All the primers used in the present study are listed and showed in Table 2. T. gondii
aspartate aminotransferase-targeting guide RNA (gRNA) was designed and selected
in the E-CRISP (E-Crisp.org). The TgAAT-specific CRISPR knockout plasmids (pDF-

Cas9-sgRH/PLKAAT, Fig. 7A) containing Cas9, GFP, guide RNA and dihydrofolate
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reductase (DHFR) expression cassettes were generated by replacing the original
targeting gRNA in pDF-PLK-GRA9 plasmid (Guo et al., 2019). RH and PLK of 10’
tachyzoites were transfected with 10 pg of the pDF-Cas9-sgRH/PLKAAT plasmids,
respectively, as previously described (Soldati and Boothroyd, 1993). The stable
transformants based on pyrimethamine (1 uM) was selected as described previously
(Donald and Roos, 1998; Reynolds et al., 2001). The stable knockout lines (41RHaat
and A4PLKaat strains) were isolated by limiting dilution in 96-well plates, and

confirmed by PCR, Western blot and indirect fluorescent antibody test (IFAT).
Complement of AAT gene on 4RHaat and 4 PLKaat strains

To complement the AAT gene in knockout strains, the full TgAAT fragment
containing synonymous codons mutated at target sites of AAT for gRNA was
amplified from RH and PLK cDNA by overlap PCR to generate the complemented
AAT plasmids (pB-synoRHAAT and pB-synoPLKAAT, Fig. 7B) as described
previously (Guo et al., 2019), respectively. The 4RHaat and APLKaat parasites (10’
tachyzoites) were transfected with pHX-UPRT and linearized pB-synoRHAAT or pB-
synoPLKAAT by Sac | (mass ratio, 1:5) (Roche, Switzerland) to generate
complemented strains (COmRHAAT and ComPLKAAT strains) by insertion at the
UPRT locus as described previously (Guo et al., 2019). Then the parasites were
screened and selected with 10 uM 5-Fluorouracil compound (Sigma, USA). Stable
complemented lines (ComRHAAT and ComPLKAAT strains) were isolated in 96-
well plates with a limiting dilution, and confirmed by PCR, Western blot and IFAT.
Positive clones were confirmed. All the plasmids obtained in th present study were

verified and confirmed using DNA sequencing before use.

Plaque assay
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To determine the effect on parasite growth after loss of AAT on RH and PLK strains,
all strain parasites including wild-type, 4aat and ComAAT were used to perform the
plaque formation, extracellular invasion, intracellular replication and egress assay in
vitro, as well as virulence assay in vivo as described followed. All experiments were
conducted in triplicate and repeated at least three times. The fresh purified tachyzoites
(150 of RH and 300 of PLK per well) were inoculated onto monolayers of Vero cells
or HFF in 12-well plate and grown for 8 days for RH and 12 days for PLK parasites at
37°C in 5% COz. Subsequently, the samples were fixed by using 4%
paraformaldehyde, stained with 0.1% crystal violet, and imaged on a scanner to
analyze the plaque numbers and relative sizes, as described previously (Shen and

Sibley, 2014).
Invasion assay

The invasion assay was performed by IFAT (Wang et al., 2017b). Vero cells (1 x
10° per well) were used to plate on 12-well cultured for 24 h. Fresh purified
tachyzoites (2 > 10° per well) were inoculated onto cell monolayer for 2 h infection
under normal growth conditions. The coverslips were washed with PBS 6 times to
remove extracellular parasites and fixed. Then mouse anti-SAG1 polyclonal antibody
diluted 1:500 and Alexa Fluor 594-conjugated goat anti-mouse 1gG (Sigma, USA)
diluted 1:1000 were used to count the number of attached parasites. After
permeabilizing with 0.3% Triton X-100/PBS, rabbit anti-SAG1 polyclonal antibody
diluted 1:500 and Alexa Fluor 488-conjugated goat anti-rabbit 1gG with 1:500 dilution
(Sigma, USA) were used to count the number of invading parasites as described
previously (Guo et al.,, 2019). Samples were observed using the All-in-one
Fluorescence Microscope (BZ-900, Keyence, Japan). The stained parasites with both

red and green were noted as attached tachyzoites, while stained parasites with only in
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green were noted as invaded tachyzoites. Ten fields were randomly counted for each
sample of coverslip. All experiments of invasion assay were developed in triplicate

and repeated at least three times.
Intracellular replication assay

The intracellular replication was determined by checking the number of tachyzoites
each vacuole as previously described (Wang et al., 2017b). Vero cells (1 > 10° per
well) were used to plate on 12-well cultured for 24 h. Fresh purified tachyzoites (2 %
10° per well) were inoculated onto cell monolayer for 2 h infection. Every well was
washed with PBS 6 times to remove extracellular parasites and then cultured for 24 h
or 32 h. Tachyzoites in vacuoles were stained with mouse anti-SAG1 antibody by the
IFAT at 24 or 32 h post-infection and counted in at least 100 vacuoles. All
experiments of replication were performed in triplicate and repeated at least three

times.
Egress assay

Vero cells (1 x10° per well) were used to plate on 12-well cultured for 24 h. Fresh
purified tachyzoites (2 > 10° per well) were inoculated onto cell monolayers for 32 h
infection under normal growth conditions as previously described (Guo et al., 2019).
Firstly, the extracellular parasites will be removed by washing with PBS 5 times, and
then 3 uM A23187 (Sigma, USA) was used to incubate cells. Followingly, fixed and
IFAT was developed by using T. gondii specific antibodies including mouse anti-
SAGL1 and rabbit anti-GRA7. At least 300 vacuoles in this experiment were counted
each well overslip to measure the rate of egressed PVs. All experiments of egress

assay were conducted in triplicate and repeated at least three times.

Virulence tests in mice model
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To determine the effect on parasite virulence after loss of AAT on RH and PLK
strains, all six strain parasites including wild-type, 4aat and ComAAT were used to
perform survival assay in mice. Fresh tachyzoites were purified and counted as
described above, and then the different doses were used to inject into 7-week-old
female BALB/c mice by intraperitoneal injection. Daily observations of mice were
noted, such as body weight, morbidity, mortality and clinical signs. To record clinical
symptoms, the clinical scores varied from 0 to 10, no signs, all sigs, respectively. In
brief, the clinical symptoms included hunching, piloerection, worm-seeking, behavior,
ptosis, sunken eyes, ataxia, the latency of movement, deficient evacuation and touch
reflexes, and lying on belly (Leesombun et al., 2016; Guo et al., 2019). Surviving
mice were monitored for 30 days and blood was drawn at day 30 to confirm infection
using ELISA assay, as well as tissues were collected to determine parasite burdens
through targeting of TgB1 gene by quantitative PCR (gPCR). GraphPad Prism 7
(GraphPad Software, USA) was used to graph cumulative mortality as Kaplan—Meier

survival plots and analyzed.
Metabolic treatment assay on A4aat in vitro

For metabolic treatment assay, a-ketoglutarate is dissolved in EMEM with 8% FBS,
100 U ml* penicillin and 100 mg mlI streptomycin to a final concentration of 400 uM
or 2 mM. The parasites were cultured in Vero cells in EMEM containing o-
ketoglutarate or normal EMEM to perform intracellular replication assay of 24 or 32
hour post-infection and plaque assay as described above, respectively. Subsequently,

different phenotypes will be recorded and analyzed.

DNA isolation and quantitative PCR (QPCR) of parasite burdens in infected mice

tissues
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DNA was extracted from the tissue samples (brain, liver and spleen) of parasite
challenged mice by DNeasy Blood & Tissue Kit (Qiagen, Germany), according to the
manufacturer's instructions. The 200 ng tissues DNA was then amplified with specific
primers targeting to the T. gondii B1 gene (forward primer 5’- AAC GGG CGA GTA
GCA CCT GAG GAG -3’, the reverse primer 5’- TGG GTC TAC GTC GAT GGC
ATG ACA AC -3’) by qPCR. The standard curve was generated by using 10-fold
serial dilutions of T. gondii DNA extracted from 10° parasites; thus, the curve ranged
from 0.01 to 10,000 parasites. The parasite number was tested by using this standard
curve. The amplification was performed with DNA, 1 x<PowerUp™ SYBR™ Green
Master Mix (Thermo Fisher Scientific, MA) and 500 nM gene-specific primers in 10
ul total reaction volume by a standard protocol recommended by the manufacturer (2
min at 50<C, 10 min at 95<C, then 40 cycles of 95<C for 15 s and 60<C for 1 min).
Amplification, data acquisition, and data analysis were carried out in the ABI Prism
7900HT Sequence Detection System (Applied Biosystems, USA), and the cycle

threshold values (Ct) were calculated as described previously (Mahmoud et al., 2015).
Total RNA extraction and gPCR analysis of gene expression

Total RNA was extracted from homogenized tissues (brain, liver and spleen) using
TRI Reagent (Sigma, USA). The cDNA was amplified by Reverse transcription of
800ng RNA with PrimeScript™ RT Master Mix (Perfect Real Time) (TaKaRa Bio,
Japan) according to the manufacturer’s instructions. qPCR was carried out as
described above. All primers were used in this study are listed in Table 3. The
expression levels of target genes were normalized to Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) mRNA levels using the 244" method.

Cytokine ELISA
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Previous studies reported that anti-Toxoplasma defense mechanisms depend largely
on the interferon gamma (IFN-y) production by immune cells (Yarovinsky and Sher,
2006). As well as, the tumor necrosis factor alpha (TNF-a) as a critical pro-
inflammatory cytokine, is involved in the host’s immune responses against parasites
(Dégbéet al., 2018; Yang et al., 2018), and mediates apoptosis for T cells and NK
cells predominantly (Mordue et al., 2001). Therefore, to explain currently enhanced
acute virulence whether the AAT-deleted parasites in mice are associated with
overstimulation of Th1 cytokines which led to lethal infections (Mordue et al., 2001),
mouse serum was collected for measurement of IFN-y and TNF-a levels using Mouse
IFN gamma ELISA and TNF alpha mouse ELISA kit (Thermo Fisher Scientific, MA)

according to the manufacturer’s recommendations.
Statistical analysis

The GraphPad Prism 7 software (GraphPad Software Inc., USA) was used to graph
and analyze the data. An unpaired Student’s t-test, Tukey's Multiple Comparison Test,
Chi-squre Test and one-way ANOVA plus Tukey-Kramer post hoc analysis were
performed to do the statistical analyses in this study. Survival curves were analyzed
using the Kaplan-Meier method and statistical comparisons developed with the log-
rank method. Data represent the mean =+ Standard Error of Mean. A p value < 0.05

was considered statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001 or ****

p < 0.0001).

2-3. Results

Knockout TgAAT on RH and PLK strains
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To investigate AAT in T. gondii, | proceeded to generate two knockout strains
(4RHaat and APLKaat strains) using pDF-Cas9-sgAAT plasmid (Fig. 7A), and two
complemented strains (ComRHAAT and ComPLKAAT strains) using pB-
synoRHAAT or pB-synoPLKAAT plasmids (Fig. 7B) containing codons synonymous
to TgAATs by the CRISPR/Cas9-mediated genome editing, respectively. Diagnostic
polymerase chain reactions (PCRs) were developed to confirm single clones, and to
check the gene deletions and complements. The AAT and UPRT genomic fragments
were not amplified in knockout (Fig. 8A) and complemented (Fig. 8B) parasites while
different fragments within plasmids were detected, respectively. After selection,
ARHaat and 4PLKaat, COmRHAAT and ComPLKAAT, and the wild-type strains
were all verified by Western blot analysis (Fig. 8C). Protein bands were observed in
the lysate of RH/PLK and ComRH/PLKAAT lines using specific anti-TgQAAT
antibody, but not in the knockout strains. IFAT assay demonstrated that TQAAT was
expressed in the wild-type and complemented parasites but not in the mutant strains
(Fig. 8D). These data confirmed loss of AAT both in RH and PLK strains, and
homologous integration and insertion of synoAAT in UPRT site in representative

complement.
Disruption of AAT on RH and PLK strains slows parasite growth in vitro

To estimate the impact of AAT disruption on parasite growth in vitro, all strains
were used to determine the production of plaques on Vero cells monolayers. Results
showed that all strains were able to form plaques (Fig. 9A and C). Significantly
smaller of plaque sizes were present in 4PLKaat compared to PLK parasites whereas
plaques of 41RHaat and RH parasites showed no significant differences (Fig. 9B and

D).
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To better understand the phenotype related to the loss of AAT, the effects in the
invasion, intracellular replication and egress was evaluated in vitro, which was
compared to parental parasites growth under standard tachyzoite growth conditions.
As shown in Fig. 9E, the deletion of AAT in RH strain significantly inhibited the
parasite ability of invasion, replication and egress in vitro. Similar results were
present in the loss of AAT in PLK (Fig. 9F). These results indicate that AAT is
dispensable for the intracellular growth of parasites, but that the ability of parasites to
spread in vitro is significantly impaired after deletion of AAT in both RH and PLK

strains.

Treatment with o-ketoglutarate rescues the growth defect in AAT-deleted

mutants

TQAAT catalyzes glutamate into a-ketoglutarate, an important intermediate of
carbon metabolism in mitochondria. To investigate whether the supplementation with
a-ketoglutarate could rescue the defect of parasite growth in AAT-deleted parasites,
rates of intracellular parasite replication under with or without a-ketoglutarate culture
conditions were compared. The results showed that a-ketoglutarate supplementation
(400 uM) significantly increased the 24 h replication rates in AAT-deficient parasites
of RH strain (Fig. 10A) and PLK strain (Fig. 10B). A lack of more profound
improvement by a-ketoglutarate may be due to poor uptake of this nutrient. Indeed,
plaque formation was also examined, which resulted in the AAT-deleted PLK mutant
forming significantly larger plaques in the presence of exogenous a-ketoglutarate (Fig.
10C and D). Interestingly, the high concentration of a-ketoglutarate (2 mM) led to
faster intracellular replication of AAT-deficient parasites compared to parental PLK in
vitro (Fig. 10E). Taken together, rescue of AAT-deleted mutants by a-ketoglutarate

suggests that AAT plays an important role during T. gondii the nutrient uptake.
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Loss of AAT in PLK strain does not abolish the virulence of parasites in vivo

To assess the degree of virulence of the daat mutants, mice were infected with
increasing doses (10,000, 30,000, and 50,000 in PLK group parasites per mouse, and
100 in RH group parasites per mouse, respectively) of tachyzoites. At the infection
dose of 100 tachyzoites per mouse, RH, 4RHaat and COmRHAAT parasites caused
all 100% mortality in 9 dpi with similar body weight (%) (Fig. 11A and B) and no
differently acute symptoms (data not show). The infection dose of 1 x10* PLK group
tachyzoites did not lead mice to died, whereas at the dose of 3 x 10* and 5% 10*
APLKaat caused 100% mortality with significant reduction of body weight (Fig. 11C

and D). The virulence is even higher than wild-type PLK and ComPLKAAT.
Absence of AAT in PLK strain does not decrease parasite burdens in mice

To better clarify the virulence on APLKaat parasites in mice, the dose of parasites
was increased to 5 x 10* tachyzoites in the survival assay, and meanwhile determined
the IFN-y and TNF-a level in mouse sera at 2, 4, 6 and 8 days post-infection (dpi). All
APLKaat infected mice died at 7 and 8 dpi, while 83.3% mortality was obtained in
PLK-infected mice however even at the highest infection dose of 5 % 10* tachyzoites
per mouse (Fig. 11C and D). In addition, IFN-y and TNF-a levels in sera from mice
with APLKaat infection were present in higher level at 2 and 4 dpi, and in
significantly elevated levels at 6 and 8 dpi, compared to that of with PLK infection
(Fig. 12A and B). Collectively, these current results indicated that loss of AAT in PLK
caused a stronger as well as more serious immune response in mice during infection

correlating with lethality.

The above results revealed that AAT inactivation causes enhanced virulence in

mouse models. To elucidate the mechanisms underlying the changes, mouse models
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were injected with 1 x 10° purified parasites challenge of either PLK, mutant or
ComPLKAAT strains by i.p. to promote acute infection. At 3 and 6 dpi, tissue samples
(brain, liver and spleen) were collected, and the number of parasites contained was
detected using the quantitative PCR (gQPCR) targeting TgB1 gene using extracted
DNA. As shown in Fig. 12C, the 200 ng tissues DNA were used to determine the
number of parasites in brain, liver and spleen tissues during different tachyzoites
infection, revealing that the number of PLK, 4PLKaat and CoOmPLKAAT parasites
found in all three tissues of infected mice with different loads on 3 and 6 dpi.
Although the parasite number in liver increased to 580.2177 parasites at 6 dpi from
14.467 parasites at 3 dpi, parasite loads of 4PLKaat-infected mouse liver (8960.715
parasites per 200 ng DNA) was 15.44 times than that of the PLK-infected mouse at 6
dpi. Nonetheless, the parasite load in 4PLKaat mouse spleen (408.7724 parasites per
200 ng DNA) was similar to wild-type (414.663 parasites per 200 ng DNA) at 6 dpi.
These data suggest that loss of AAT in PLK strains resulted in increasing parasite
burdens in tissues during acute infection. Subsequently, high burdens led to up-
regulated mRNA expression levels of interleukin-12p40 (1L12p40), IFN-y, TNF-q,
IL10 and inducible nitric oxide synthase (iNOS) activities (Fig. 12D). In particular, the
expression of IFN-y in APLKaat mice liver was 4.44-fold than that PLK mice at 6 dpi
and 21.4-fold than that of 4PLKaat-infected mice at 3 dpi. Moreover the iNOS of
APLKaat mouse liver was up-regulated by 9.44-fold compared to that of PLK mouse
liver at 6 dpi. Taken together, mice were infected with AAT-deficient parasites resulted
to increased parasite numbers leading to up-regulate expression of inflammatory
cytokines or iINOS in tissues as infection progressed, which induced overexpression of

IFN-y and TNF-a until a lethal outcome.
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2-4. Discussion

With the advent of the genomic era, the widespread application of the
CRISPR/Cas9 system has permitted precise and efficient genetic manipulations in T.
gondii (Shen et al., 2017), such as gene editing and gene deletion, the purpose and
significance are to identify specific genes with the important functions in the growth
development of T. gondii or involved in the virulence or metabolic pathways, as well
as to design and find important specific targets for drug action and safe vaccine
antigen candidates. Therefore, the CRISPR/Cas9 system was used in current study to

functionally analyze T. gondii AAT gene on type | RH and type Il PLK strains.

In this study, two knockout strains and two complemented strains were successfully
generated focusing on TQAAT. It is known that the asexual growth of T. gondii
involves complete rounds of lytic cycles, which comprise invasion, replication, egress,
and reinvasion of neighboring host cells (Nitzsche et al., 2016). Current results
revealed that loss of AAT both in RH and PLK strains changed the development of
complete rounds of lytic cycles observed in decreasing growth of parasites in vitro.
Furthermore, the previous sequence alignment of predicted amino acid showed that
several different amino acids present in the sequence of AAT between RH and PLK
strains, whereas the expression level was similar in two parasite strains, indicating
that AAT is encoded in both strains with similar role. As expected, the results showed
similar growth phenotypes were determined in AAT-deficient parasites between in RH
and PLK in vitro, suggesting a similar role of AATs for parasite growth present in

native parasites of two type strains.

On the other hand, above results showed that the T. gondii AAT protein catalyzes
the reversible of conversion of oxaloacetate and glutamate to aspartate and o-
ketoglutarate as in Plasmodium. In T. gondii, AAT might mainly involve in
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transforming glutamate into a-ketoglutarate, an important intermediate of carbon
metabolism in mitochondria. To investigate whether a-ketoglutarate supplementation
can rescue the growth defect in AAT-deleted parasites, levels of intracellular
replication under culture conditions with the different doses of a-ketoglutarate were
compared. Interestingly, the growth defect due to loss of AAT was significantly
rescued by treatment with a-ketoglutarate (400 uM). Furthermore, the high
concentration (2 mM) of a-ketoglutarate led to faster intracellular replication of AAT-
deficient parasites compared to parental PLK in vitro. This denotes that loss of AAT in
T. gondii impairs o-ketoglutarate homeostasis which is related to parasite growth in
vitro. This finding may also explain why deficiency of AAT in PLK caused parasites
to proliferate faster in mice (Fig. 12), considering that mice have higher metabolic a-
ketoglutarate. High parasite burdens led to unexpected upregulation of cytokines and
a lethal outcome, attributed to the enhanced virulence of PLK in vivo, in accordance
with previous investigations (Suzuki et al., 1988; Mordue et al., 2001). All findings
indicate that although AAT is not essential to the parasite growth under standard
culture conditions, it plays a central role in the complex metabolic balance of a-
ketoglutarate metabolism, which is largely involved in the carbon skeletons via
glutamine metabolism as in P. falciparum (Berger et al., 2001; Jain et al., 2010;

Wrenger et al., 2011; MacRae et al., 2012; Jacot et al., 2016).

However, the virulence assay demonstrated that the disruption of AAT on RH and
PLK strain did not abolish parasite virulence in vivo. Regrettably, the results showed
the different phenotypes of PLK AAT-deleted mutants between in vivo and in vitro is
that although loss of AAT in PLK parasite significantly reduced parasite growth, the
AAT-deficient mutant parasites did not abolish the acute virulence in BALB/c mice

was observed. This confirmed the fact that the deleted AAT parasite growth under
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different culture conditions between in vitro and in vivo will show the different
phenotypes. It is also questionable whether two inhibitors (hydroxylamine and
carboxymethoxylamine) could specifically target AAT, although above studies also
observed that the inhibitors can inhibit specifically rTgAAT enzymatic activity in
vitro. To explain the difference, considering that the AAT-deficient parasites in type Il
strains present faster replication than wild-type parasite in infected mice, and this led
mouse to induce excessive inflammatory reaction probably causes lethal
toxoplasmosis. However, current studies could not explain why the absence of AAT
caused much higher parasite burdens in mice, but it may assume that AAT-deficient
may lead PLK parasites preferring to enter the more metabolically nutrient
environment for proliferation, such as liver, which is consistent with the high
concentration of o-ketoglutarate causes faster intracellular replication of AAT-

deficient parasites than parental PLK in vitro.

2-5. Summary

In summary, the pathway of the conversion intermediate glutamate to a-
ketoglutarate in glutaminolysis was focused in this study. T. gondii genome contains
one the aspartate aminotransferase (AAT) enzyme to involve in speculation on a
possible architecture of the pathway. Here, the functional analysis of the predicted
AAT enzymes of these in both T. gondii type | RH and type Il PLK strains was
performed using the CRISPR/Cas9 gene-editing system. Current study indicates that
although AAT is not essential to the parasite growth under optimal culture conditions,
it plays an important role at least in a-ketoglutarate metabolism of glutamine pathway.
Furthermore, although the present results confirm that deficiency of AAT both in RH
and PLK inhibited the parasite ability of invasion, replication, egress and plaque
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formation in vitro, the PLK AAT-deleted mutant parasites did not decrease the acute
virulence in mice, which might be explained by the parasites grow under different
cultural conditions between in vitro and in vivo leading to the different phenotypes of

the AAT-deleted mutant parasites.
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Table 2. Primers used for generation of ARH/PLKaat and ComRH/PLKAAT strains.

Primer name

Sequence(5'— 3')

Use

RH/PLKAATgRNA-KOF1

RH/PLKAATgRNA-KOR1

RH/PLKAATgRNA-KOF2

RH/PLKAATgRNA-KOR2

RH/PLKsynoAAT-COF1

RH/PLKsynoAAT-COR1

RH/PLKsynoAAT-COF2

RH/PLKsynoAAT-COR2

ARH/PLKaat-CheckP1

ARH/PLKaat-CheckP2

ARH/PLKaat-CheckP3

ARH/PLKaat-CheckP4

ComRH/PLKAAT-CheckP5

ComRH/PLKAAT-CheckP6

ComRH/PLKAAT-CheckP7

ComRH/PLKAAT-CheckP8

ComRH/PLKAAT-CheckP9

ComRH/PLKAAT-CheckP10

CGAATTGGAGCTCCACCGCGGGAGCTCCAAGTAAGCAGAAG

AGGTTCACTTTTCTTGGGTCAACTTGACATCCCCATTTAC

GACCCAAGAAAAGTGAACCTGTTTTAGAGCTAGAAATAGC

TCTAGAGCGGCCGCCACCGCGGGAGCTGATACCGCTCGCC

CTTTGAAGAAATCAAGCAAGGAATTCATGTTTCCAACTCTTAGTGA

AGATTGACTTTTCTTGGGTCTTGGTCTGCCCTGAACGCGA

GACCCAAGAAAAGTCAATCTCGGCATCGGAGCCTACCGAA

TTAAGCGTAATCTGGAACATCGTATGGGTACATGCTTGCAGGAACTGCCCGCA

GCACTCAACAGAGGGTATTT

CACCCGAGCTGGCTTGCTTA

CGAATTGGAGCTCCACCGCGGGAGCTCCAAGTAAGCAGAAG

TCTAGAGCGGCCGCCACCGCGGGAGCTGATACCGCTCGCC

TCTTCTACGCCGACCGCCTGATT

CAGGCAGCTTCTCGTAGATCAG

TTCAGACTCTCTGTGGTCGGCGAG

ATGGTCAACAAAACAGCATATTCCTCCC

GTAGAGAGGACCAAAAGACGATTGC

CGAACCGATATAAATGCATGGCAT

Construction of pDF-Cas9-sgRH/PLKAAT

Construction of pDF-Cas9-sgRH/PLKAAT

Construction of pDF-Cas9-sgRH/PLKAAT

Construction of pDF-Cas9-sgRH/PLKAAT

Construction of pB-synoRH/PLKAAT

Construction of pB-synoRH/PLKAAT

Construction of pB-synoRH/PLKAAT

Construction of pB-synoRH/PLKAAT

Validation of daat, PCR1

Validation of daat, PCR1

Validation of daat, PCR2

Validation of Adaat, PCR2

Validation of ComRH/PLKAAT, PCR3

Validation of ComRH/PLKAAT, PCR3

Validation of ComRH/PLKAAT, PCR4

Validation of ComRH/PLKAAT, PCR4

Validation of ComRH/PLKAAT, PCR5

Validation of ComRH/PLKAAT, PCR5
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Target gene

Forward Primer (5'— 3

Reverse Primer (5'— 3")

T. gondii

Mouse

Bl

IL-12p40

IFN-y

TNF-a

IL10

iNOS

GAPDH

AACGGGCGAGTAGCACCTGAGGAG

GAGCACTCCCCATTCCTACT

GCCATCAGCAACAACATAAGCGTC

GGCAGGTCTACTTTGGAGTCATTGC

TGGACAACATACTGCTAACCGAC

ACCCCTGTGTTCCACCAGGAGATGTTGAA

TGTGTCCGTCGTGGATCTGA

TGGGTCTACGTCGATGGCATGACAAC

ACGCACCTTTCTGGTTACAC

CCACTCGGATGAGCTCATTGAATG

ACATTCGAGGCTCCAGTGAA

CCTGGGGCATCACTTCTACC

TGAAGCCATGACCTTTCGCATTAGCATGG

CCTGCTTCACCACCTTCTTGAT
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A DH pro GRA1lpro, GRA2 ter Toxo U GRAlpro, GRA2 ter
— —_— [—— —
5 — DHFR - Cas9 —ERNAN—(NGEE— 3’  pDF-Casd-sgRH/PLKAAT
Tg RH/PLK AAT genomic sequence 5 3'
PAM
-CAGACCAAGACCCAAGAAAAGTGAACCTCGGCATCG-
TgRH/PLKAAT target gRNA
B GRA1l pro, GRA2 ter Toxo Ut
— —
. B ST — S PR
UPRT locus .

_ TgRH/PLKAAT complementing construct
1Kb 3 kb
UPRT:AAT [ Gusum cusn |

PAM

Target DNA sequence GACC {.AAGAAAAGTC;AA:C CTCGG

Replacement of synonym codon GACCCAAGAAAAGTCAATCTCGG
Fig. 7. Knockout TgAAT on RH and PLK strains. (A) Schematic illustration of
knocking out AAT by CRISPR/Cas9 system both in RH and PLK strains, including
Cas9, GFP, guide RNA and dihydrofolate reductase (DHFR) expression cassettes
expressed in different colors. (B) Schematic of CRISPR/Cas9 strategy for insertion of
synoAAT in UPRT locus. The blue bar in UPRT gene represents the region targeted by

the gRNA.
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Fig. 8. Confirmation of strains among ARHaat, APLKaat, ComRHAAT and
ComPLKAAT compared with wild-type RH and PLK strains. (A and B)
Confirmation of knockout by PCR. PCR1/PCR2 denotes the amplification products of
diagnostic polymerase chain reactions (PCRs) from 4RHaat and 4PLKaat parasites.
PCR3/PCR4/PCR5 denotes the amplification products of PCRs from ComRHAAT
and ComPLKAAT parasites. (C) Western blot analysis of Adaat and ComAAT
parasites. Wild-type strains RH and PLK were used as control. (D) IFAT analysis of
Aaat and ComAAT parasites. Wild-type strains RH or PLK were used as control.

Mouse a-TgRH/PLKAAT and rabbit a-TgSAG1 antibody was used for staining.
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Fig. 9. AAT-deficiency slows down RH and PLK parasite growth in vitro. (A) Plaque

assay. The growth of 150 daat or ComAAT tachyzoites in vitro was compared with

the parental RH strains. Plaque was visualized by staining with 0.1% crystal violet. (B)
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Relative size of plaques in A. The data are presented as the mean = SEM of three
independent experiments. (C) Plaque formation of 4PLKaat in vitro. Vero cells were
infected by 300 tachyzoites, cultured for 12 days. (D) Relative size of plaques in panel
C. The data are presented as the mean =SEM of three independent experiments. *** p
< 0.001, one-way ANOVA plus Tukey-Kramer post hoc analysis. (E and F) Invasion,
replication and egress assay of mutants compared to parental and complemented
strains in RH (E) and PLK (F) lines. The data are presented as the mean =SEM of at
least three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, determined by Chi-square Test (invasion and egress assay) and Tukey's

Multiple Comparison Test (replication assay).

47



A
< 100-
E’ 24h
g mm 16/>16
o
S — 8
% 90 ==
Q
G = 2
©
5 -1
o

0-
-Keto - + - + - +

APLKaat ComPLKAAT

- . ‘ ’
o ‘ ‘ .

3 100
;’ 32h
[ = 16/>16
Q
g — 8
% 99 - 4
-]
‘B 2
o
© - 1
o

LB

PLK APLKaat

a-Keto - + o+ - + o+

93]

Relative plaque size

Parasites / vacuole (%)

2000+

-

o

o
1

o
o
1

1500+

1000+

5004

Chapter 2

hh ’_‘
P
24h
= 16/>16
c 8
= 4
= 2
-1
L S
Q\/ Q\r «b +’b
& dyydyy
¥ &8
[
- + - + - +

a-Ketoglutarate

Fig. 10. Supplementation with a-ketoglutarate (a-Keto) rescues growth defects in

Aaat. (A) Supplementation assay with a-ketoglutarate (400 uM) on type 1 strain RH.
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The tachyzoites growth with or without a-ketoglutarate 24 hour post-infection, and
the number of parasites in each PV were then determined. (B) PLK replication rescues
by a-ketoglutarate (400 uM). Infected tachyzoites were cultured in Vero cells with or
without a-ketoglutarate for 24 h, and then the number of parasites in each PV was
determined. (C) Plaque formation of 4PLKaat under a-ketoglutarate supplementation
conditions. (D) Relative size of plaques in panel C. (E) The high concentration of a-
ketoglutarate (2 mM) led to faster replication of AAT-deficient parasites compared to
parental PLK in vitro. The data are presented as the mean =SEM of three independent
experiments. — no treatment with a-ketoglutarate, + treatment by low concentration of
400 pM, ++ treatment by high concentration of 2 mM. * p < 0.05, ** p < 0.01, *** p
< 0.001, one-way ANOVA plus Dunnett's multiple comparisons test (replication

assay) and one-way ANOVA plus Tukey-Kramer post hoc analysis (plaque assay).
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Fig. 11. Virulence tests of Aaat in mice. (A and B) Body weight % (A) and survival

rate (B) during 4RHaat infection. Mice were infected by intraperitoneal injection with

100 tachyzoites of RH (n = 11), 4RHaat (n = 11) and ComRHAAT (n = 6). (C) Body

weight during 4PLKaat infection. Six mice were infected with 10,000, 30,000 and

50,000 tachyzoites by intraperitoneal injection. (D) The survival rate of PLK AAT-

deficiency parasite infection in mice. Survival curves of mice infected with 4PLKaat

tachyzoites was noted until day 30. * p < 0.05, ** p < 0.01, Log-rank (Mantel-Cox)

test.
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Fig. 12. 4PLKaat infection causes higher parasite burdens in mice. (A and B) Serum
IFN-y (A) and TNF-o (B) level of 50,000 A4PLKaat tachyzoites challenge by
intraperitoneal injection. Mouse sera were collected at 2, 4, 6 and 8 dpi by Tail tip.
IFN-y and TNF-a was detected by ELISA. * p < 0.05, ** p < 0.01, *** p < 0.001,
one-way ANOVA plus Tukey-Kramer post hoc analysis. (C) Parasite burdens during
acute infection. Six mice were infected by intraperitoneal injection with 100,000
tachyzoites, and then tissues including brain, liver and spleen were collected at 3 or 6
dpi. Parasite burdens were determined from tissues DNA by qPCR. # p < 0.05 vs. day
6 4PLKaat group; & p < 0.05 vs. day 6 PLK group, one-way ANOVA plus Tukey-
Kramer post hoc analysis. (D) The expression of inflammatory cytokines and iNOS
during acute 4PLKaat infection in mice. * p < 0.05 vs. no-infection group; # p < 0.05

vs. day 6 4PLKaat group, one-way ANOVA plus Tukey-Kramer post hoc analysis.
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Chapter 3

Hydroxylamine and carboxymethoxylamine inhibit
Toxoplasma gondii growth through an aspartate

aminotransferase-independent pathway

3-1. Introduction

Previous studies demonstrated that AAT of Plasmodium falciparum catalyzes the
reversible reaction of aspartate and a-ketoglutarate to glutamate (Wrenger et al., 2011;
Wrenger et al., 2012; Jacot et al., 2016), which are important intermediates to develop
carbon metabolism and amino acid cycle for parasite surviving. Hydroxylamine
(HYD) and carboxymethoxylamine (CAR), are inhibitors of AATS, abolish almost the
transamination activity of rPfAAT and interfere with the proliferation of the parasite
(Markovi¢-Housley et al., 1996; Berger et al., 2001; Wrenger et al., 2011; Wrenger et
al., 2012). The PfAAT was believed to be good drug targets. However, effects of HYD

and CAR, and their relationship with AAT on Toxoplasma gondii remain unclear.

Although the above studies reveal that the deleted AAT parasites obtained showed
different phenotypes under different culture conditions between in vitro and in vivo,
the inhibition of reaction of rTJAAT by HYD and CAR treatment was found. Hence,
the anti-T. gondii potential of HYD and CAR in vitro and in vivo was evaluated in this
chapter. The data indicated that HYD and CAR have the potential for treating

toxoplasmosis even acute T. gondii infection through an AAT-independent pathway.
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3-2. Materials and methods
Animals

Female BALB/c mice with a six-week-old were purchased from the Clea Japan for
survival assay. Mice were maintained in the animal facility in the National Research
Center for Protozoan Diseases, Obihiro University of Agriculture and Veterinary
Medicine, as described above. All animal and pathogen experiments have strictly
followed the Committee on the Ethics of Animal Experiments or Pathogen
Experiments of Obihiro University of Agriculture and Veterinary Medicine, Japan, as

described above.
Parasites culture

T. gondii type | RH-GFP strain (a RH strain with green fluorescent protein
expressing) (Nishikawa et al., 2003), type | RH strain with hypoxanthine-xanthine-
guanine phosphoribosyl transferase (HXGPRT) deficiency, PLK strain (type II),
ARHaat, COmRHAAT, 4APLKaat, and ComPLKAAT were used in the present study.
All parasites were cultured in Vero or HFF cells, and purified using 27-gauge needle

syringe and 5.0-pum pore filter, as described above.
Chemicals

Hydroxylamine (HYD) and carboxymethoxylamine hemihydrochloride (CAR)
were purchased from Sigma (catalog no. 7803-49-8 and 86-08-8). The inhibitors were
dissolved in double distilled water (DDW) and dimethyl sulfoxide (DMSO),

respectively, and stored at -30<C until use.
Cytotoxicity analysis of HYD and CAR on HFF and Vero cells

Cytotoxicity of the two compounds were determined both on HFF and Vero cells

using Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Japan)
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according to the manufacturer’s instructions. Briefly, cells were plated in 96-well
plates at a density of 1 x<10* cells per well of HFF or 1 x10° of Vero, then incubated

for 48 h (HFF cells) or 24 h (Vero cells) at 37 “C in a 5% CO> atmosphere. Then cells

were exposed to the compounds with the final concentrations of 1, 5, 10, 25, 50, 100,
200, 400, 800 and 1000 ug/ml for 24 h, added with CCK-8 reagent react for 4 h. The
absorbance of the supernatant was measured at 450 nm by an MTP-120 micro plate
reader (Corona Electric, Japan). Cell viability (%) was calculated in three independent

experiments together.
Inhibition assay of HYD and CAR on T. gondii in vitro

To evaluate anti-T. gondii potential in vitro, growth inhibition assay was performed
with the two inhibitors and sulfadiazine (Sigma-Aldrich, USA). Purified 5 x 10%/well
RH-GFP tachyzoites were used and added into 96-well plates where HFF cells were
seeded (1 > 10* cells/well) and cultured for 48 h. After 4 h, extracellular parasites
were washed out. Then, the compounds at final concentrations of 1, 3.125, 6.25, 12.5,
25 and 50 pg/ml in HYD cultures or 1, 5, 10, 15, 20, 25, 50 and 100 pg/ml in CAR
cultures were added, respectively. Medium and sulfadiazine (1 mg/ml) were used as
negative and positive controls, respectively. The fluorescence intensity of RH-GFP
parasites was measured using a microplate reader (SH-900, Corona Electric Co., Ltd,
Ibaraki, Japan) after 72 h of incubation. Each concentration was determined in three
independent experiments, together to calculate the half maximal inhibitory
concentration (ICso) values on T. gondii by GraphPad Prism 7 software (GraphPad

Software Inc., CA).

Plague assay
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To examine the effects of compounds on parasite growth, in this study, the final
concentration of 2-fold or 4-fold 1Cso compounds, DMSO and sulfadiazine (1 mg/ml)
were used to perform plaque formation, extracellular invasion, intracellular
replication and egress assay on RH parasites as follows. The fresh purified tachyzoites
(150 of RH) were inoculated onto monolayers of Vero cells or HFF in 12-well plate,
and for compounds assay, after 2 h post parasites infection, old medium was replaced
by the new medium with 2-fold or 4-fold ICso values of compounds and DMSO, and
were cultured for 8 days at 37°C in 5% COz. Subsequently, samples were fixed by 4%
paraformaldehyde, stained with 0.1% crystal violet, and imaged on a scanner to
analyze the number and relative size of plaques, as described above. All assays were

conducted in triplicate and repeated at least three times.
Invasion assay

Vero cells (1 < 10° per well) were used to plate on 12-well cultured for 24 h. For
compounds assay, tachyzoites (2 > 10%) were pretreated with either of the two
compounds of 2-fold or 4-fold 1Cso values, sulfadiazine (1 mg/ml), or DMSO for 1 h
at 37<C, and then cultured for 2 h. The stained parasites with both red and green were
noted as attached tachyzoites, while stained parasites with only in green were noted as
invaded tachyzoites. Ten fields of per coverslip were randomly counted. All assays

were preformed in triplicate and repeated at least three times.
Intracellular replication assay

Vero cells (1 <10° per well) were used to plate on 12-well cultured for 24 h. Fresh
purified tachyzoites (2 = 10° per well) were inoculated onto cell monolayer for 2 h
infection under normal growth conditions. In the assay of examination of compounds

effects for replication, after 2 h post-infection under standard growth conditions, the
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new medium with 2-fold or 4-fold 1Cso of compounds was added into cell well,
cultured for 24 h. The number of tachyzoites in vacuoles were marked by using
specific antibody of mouse anti-SAG1 staining by IFAT at 24 or 32 h post-infection
and then counted in at least 100 vacuoles. All assays of this experiment were

developed in triplicate and repeated at least three times.
Egress assay

Vero cells (1 x10° per well) were used to plate on 12-well cultured for 24 h. Fresh
purified tachyzoites (2 > 10° per well) were inoculated onto cell monolayers for 32 h
infection under normal growth conditions as described above. For HYD and CAR
assay, infected cells were treated by 2-fold and 4-fold ICso value of compounds for 10
min before incubating with 3 uM A23187. And next, the wells were fixed and IFAT
was stained with T. gondii specific antibodies of mouse anti-SAG1 and rabbit anti-
GRAY7 to evaluate egressed PV rates. At least 300 vacuoles were counted per slip as
described above. All assays were performed in this experiment in triplicate and

repeated at least three times.
Treatment assay in mice model

Fresh tachyzoites were purified and counted as described above and then used to
inject into 7-week-old female BALB/c mice by intraperitoneal injection. For
treatment by HYD and CAR assay, at 24 hour post-infection, acute infected mice
were intraperitoneally (i.p.) injected with the compounds at either, 5 and 20 mg/kg
HYD, 10, 25 and 50 mg/kg CAR, or PBS for 7 days. Daily observations of mice were
noted, such as body weight, morbidity, mortality and clinical signs. Surviving mice
were monitored for 30 days and blood was drawn at day 30 to confirm infection using

ELISA assay, as well as tissues were collected to determine parasite burdens through
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targeting of TgB1 gene by quantitative PCR (gQPCR). GraphPad Prism 7 (GraphPad
Software Inc., La Jolla, CA, USA) was used to graph cumulative mortality as Kaplan—

Meier survival plots and analyzed.
DNA isolation and quantitative PCR (qPCR) detection of T. gondii

DNA was extracted from the brains of HYD, CAR or PBS-treated surviving mouse
on day 30 by DNeasy Blood & Tissue Kit (QIAGEN, Germany), according to the
manufacturer's instructions. The brain DNA was then amplified with specific primers
targeting to the B1 gene of T. gondii. In the present study, the standard curve was
constructed by using 10-fold serial dilutions of T. gondii DNA extracted from 10° T.
gondii tachyzoites; thus, the curve ranged from 0.01 to 10,000 parasites, as above.
The parasite burdon was counted by using this generated standard curve. Likewise,
DNA was extracted from the 2 < 107 tachyzoites treated with 0.25-fold, 0.5-fold and
1-fold ICso values of HYD and CAR or sulfadiazine (1 mg/ml). DNA from each
tachyzoite sample (30 ng) which were treated with 1/4, 1/2 and ICso concentration of
HYD and CAR were used to amplify fragments of Toxoplasma mitochondrial genome
cytochrome b (CytB) (forward primer 5°- TAC CGC TTG GAT GTC TGG TT -3°, the
reverse primer 5’- AAC CTC CAA GTA GCC AAG GT -3’) and apicoplast genome
elongation factor Tu (EF-Tu) (forward primer 5’- TGT GCT CCT GAA GAA ATAGC
-3’, the reverse primer 5’- CAT TGG CCC ATC TAC AGC AG -3°), respectively, as
previously described (Korsinczky et al., 2000; Uddin et al., 2018). The expression
levels of target genes were normalized to Tg f-tubulin (forward primer 5°- CAC TGG
TAC ACG GGT GAA GGT -3°, the reverse primer 5’- ATT CTC CCT CTT CCT
CTG CG -3’) mRNA levels using the 244" method. The amplification, data

acquisition, and data analysis were carried out in the ABI Prism 7900HT Sequence
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Detection System (Applied Biosystems, USA), and the cycle threshold values (Cy)

were calculated as described above.
Statistical analysis

The GraphPad Prism 7 software (GraphPad Software Inc., USA) was used in this
study to graph and analyze the results. The statistical analyses were developed in the
present study by an unpaired Student’s t-test, Chi-squre Test, Tukey's Multiple
Comparison Test, and one-way ANOVA plus Tukey-Kramer post hoc analysis. For
the survival curves, the Kaplan-Meier method and statistical comparisons were
developed by the log-rank method. Data represent the mean +Standard Error of Mean.

A p value < 0.05 was considered statistically significant.

3-3. Results
HYD and CAR inhibit T. gondii growth in vitro

First, the toxicity of HYD and CAR on host cells in vitro was analyzed using the
CCK-8 cell counting kit. HFF cells were exposed to 100 pg/ml of HYD for 24 h, and
then the rate of cell proliferation was 109.02%, while when exposed to 200 pg/ml of
HYD, the proliferation rate of HFF cells was fall to 54.51% (Fig. 13A). The cytotoxic
50% inhibitory concentration (ICso) value was determined as 210.2 pg/ml (Fig. 13B).
However, when HFF cells were treated with CAR even at a high concentration of
1000 pg/ml, the proliferation rate was over 95.89% (Fig. 13A). Therefore, the safe
concentration of compounds for HFF cell was considered to be < 100 pg/ml (HYD)
and 1000 pg/ml (CAR) in this study, respectively. For Vero cells exposed to 200
ug/ml of HYD, the proliferation rate was 101.11% while exposed to 400 pug/ml was

only 6.94% (Fig. 13C). The ICso value of HYD against Vero cells was 296.6 ug/ml
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(Fig. 13D). A proliferation rate of 97.78% was noted on Vero cells treated with 1000
ng/ml CAR (Fig. 13C). Therefore, the safe concentration of compounds for Vero cells
were considered to be < 200 pg/ml HYD and 1000 pg/ml CAR in this study,

respectively.

To evaluate the potential of anti-Toxoplasma of compounds in vitro, the
fluorescence intensity of RH-GFP on HFF cells was examined after treatment with
HYD, CAR, DMSO (negative control) and sulfadiazine (positive control). RH-GFP
parasite growth was inhibited by 50 ug/ml CAR with little fluorescence (Fig. 13E),
while the GFP signal was still detected even at the highest concentration of
sulfadiazine (1 mg/ml). Both compounds were able to inhibit parasite growth, with the
ICso values of 4.286 pg/ml of HYD and 23.11 pg/ml of CAR on RH-GFP (Fig. 13F
and G). Meanwhile, selectivity indices (SI) of HYD and CAR for RH-GFP on HFF

cells was 49.04 and > 43.27, respectively.
T. gondii lytic cycle is impaired by HYD and CAR in vitro

T. gondii lytic cycle starts from the energy-dependent extracellular tachyzoite
invasion into host cells, followed by the rapid intracellular tachyzoite replication,
egress, and reinvasion of neighboring cells (Nitzsche et al., 2016). Studies on plaque
formation can result the complete rounds of T. gondii lytic cycle in vitro (Lourido et
al., 2012; Shen and Sibley, 2014). Therefore, to analyze the effects of HYD and CAR
on the lytic cycle of T. gondii, two-fold or four-fold 1Cso values of either of the
compounds were used to perform attachment and invasion, replication and egress
assays on Vero cells, as well as two fold ICso values of compounds were used to

conduct plague formation assay on HFF cells.

60



Chapter 3

For parasite invasion, two-fold 1Cso values of HYD or CAR decreased the
percentage of invaded parasites, although non-significant. Remarkably, when treated
by 4-fold of the 1Cso values, the invasion was significantly reduced by 46.03% in
HYD and 43.36% in CAR, whereas just 12.41% reduction of tachyzoite invasion was
determined even at the high concentration of sulfadiazine (1 mg/ml) treatment (Fig.

14A).

To determine the effects of HYD and CAR on intracellular replication in vitro, Vero
cells were infected with fresh tachyzoites for 24 h in presence of 2-fold or 4-fold ICso
values of either of the compounds and 1 mg/ml sulfadiazine. Parasite replication was
impaired when treated with 2-fold ICso values of HYD or CAR, and replication was
almost completely abolished by treatment with 4-fold 1Cso values of the compounds

(Fig. 14B and C). Notably, HYD showed a stronger inhibitory effect than CAR.

For the egress assay, both HYD and CAR pretreatment significantly decreased the
egressed rate compared to DMSO pretreatment (Fig. 14D), suggesting that the ability

of tachzoite egress from host cells was impaired.

Furthermore, a plaque assay was conducted to observe the complete round of lytic
cycle (Fig. 14E). In the presence of HYD or CAR, parasites formed smaller plaque
sizes with less plaque numbers than DMSO treatment (Fig. 14F and G). These results

suggested that T. gondii lytic cycle is impaired by HYD and CAR in vitro.
Treatment with the HYD and CAR control acute toxoplasmosis in the mice

To assess the inhibitory effects of compounds on T. gondii in vivo, female BALB/c
mice were injected intraperitoneally (i.p.) with an acute dose of 5 % 10* type 1l PLK
strain tachyzoites and treated by i.p. with 5 or 20 mg/kg of body weight HYD, 10, 25

or 50 mg/kg of body weight CAR, or PBS once daily from day 1 to day 7 post-
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infection. Body weight, clinical signs, and survival rates were recorded. As expected,
treatment with 20 mg/kg HYD and 10 mg/kg CAR significantly increased survival
rate during acute infection with slight body weight reduction and lower clinical scores
compared to PBS treatment (Fig. 15A, B and C). However, the higher clinical scores
were seen in the 25 and 50 mg/kg CAR-injected mice from 2 days post infection (dpi).
Moreover, 50 mg/kg CAR-treated mice died at 7 and 8 dpi, earlier than PBS,
suggesting that although CAR can control acute toxoplasmosis, high concentrations
can be toxic to mice. On the other hand, the parasite burdens in survival mice brain
tissues were examined by gPCR, where | observed significantly lower loads on HYD
and CAR treated brains than PBS (Fig. 15D). Collectively, HYD and CAR treatment
controlled acute T. gondii infection in mice model, although parasites were detected in

brains.
HYD and CAR inhibit T. gondii growth through an AAT-independent pathway

The aforementioned results revealed that HYD and CAR controlled acute T. gondii
infection in mice, however, AAT-deficiency did not abolish the virulence of PLK or
RH in vivo. Therefore, HYD and CAR might inhibit T. gondii growth through AAT-
independent pathway. To evaluate this, AAT-deleted parasite was treated with either
HYD or CAR to determine extracellular invasion and intracellular replication of
parasites. The result showed that treatment with as high as 4-fold of ICso values of
HYD and CAR, invasion rates of mutant parasites were not significantly different
among HYD, CAR and DMSO, compared to the wild-type and complemented
invasion rates (Fig. 16A and B). Interestingly, as presumed, intracellular replication of
AAT-deficient parasites was also slowed down by both 2-fold and 4-fold 1Cso values
of HYD and CAR, compared to parental parasites (Fig. 16C). On the other hand,

above mentioned showed that a-ketoglutarate supplementation significantly rescued
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defects due to loss of AAT, so whether HYD- or CAR-impaired growth can be rescued
by a-ketoglutarate was also determined. The experiment revealed that presence of a-
ketoglutarate in HYD- or CAR-treated RH-infected cells slightly increased parasite
replication (Fig. 16D). Altogether, HYD and CAR inhibit T. gondii growth that is
largely independent of AAT pathway. Further, using 0.25, 0.5 or 1-fold ICso
concentration of HYD and CAR to treat RH parasite growth for 5 days, showed that
relative transcription level of mitochondrial genome (CytB gene) was reduced
followed increasing compounds (Fig. 16E), suggesting that compounds impaired

parasite lytic cycle may relate to mitochondria function.

3-4. Discussion

The present studies reveal that HYD and CAR inhibited T. gondii growth by
impairing the rounds of lytic cycle, including inactivated extracellular invasion or
reinvasion, slowed intracellular replication and inhibited egress resulting in unformed
plaques. Importantly, HYD and CAR also had anti-Toxoplasma activity in vivo. As
for the inhibition of asexual stages, it is not surprising that acute infection of T. gondii

was controlled by both compounds in mice.

A previous study reports that parasitic 1Cso value of sulfadiazine anti-T. gondii type
| parasites (RH strain) on HFF cell was 70 pg/ml (de Oliveira et al., 2009). However,
lower ICsg values of HYD (4.286 ug/ml) and CAR (23.11 ug/ml) on type | RH-GFP
strain in HFF cells were obtained in the present study. Regarding pyrimethamine, this
study did not test the effects due to the currently used RH-GFP parasites which have
the pyrimethamine-resistant gene (DHFR) (Nishikawa et al., 2003; Nishikawa et al.,

2008; Leesombun et al., 2020). However, a published study reveals that 1Cso value of
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pyrimethamine against T. gondii is 0.84 pg/ml, and an Sl value of more than 11.9
(Abugri et al., 2018). Obtained 1Csos of HYD and CAR on type | strain (RH-GFP) are
between the values of sulfadiazine and pyrimethamine, and current results examined
the high selectivity indices of 49.04 and more than 43.27 against T. gondii,
confirming that HYD and CAR should be safe and efficient at inhibiting the growth of

T. gondii.

It has been reported that HYD and CAR inhibited AAT activity in P. falciparum
which is responsible for the reversible reaction of aspartate and a-ketoglutarate into
oxaloacetate and glutamate (Berger et al., 2001; Wrenger et al., 2011). Compared
with the above study, although the reaction of transamination of rTgAAT, which
catalyzes aspartate and a-ketoglutarate to glutamate, was inhibited by HYD and CAR
treatments, more than 10-fold differences in 1Cso values of HYD or CAR against
cultured type | T. gondii parasites versus rTgRHAAT enzyme was recorded. This
weakens the argument that these compounds inhibited T. gondii parasites by targeting
AAT. Current findings are in contrast to a previous work in P. falciparum which
displayed a parasitic ICso value in the same range that of HYD for the rPfAAT
enzyme in vitro (Wrenger et al., 2011). TgAATSs are distantly related to the predicted P.
falciparum AATSs with a relatively low 33% identity, thus it is possible that the AATs
in two apicomplexan parasites have different functions and different sites of drug
action may occur. In a previous study, Berger et al. (2001) found that AATSs also play
a role in the final step of methionine regeneration from methylthioadenosine in
parasitic protozoa, but since this reaction is dependent on transamination, it was not

investigated in the current study.

As expected, current results confirm that deficiency of AAT both in RH and PLK

inhibited the parasite ability of invasion, replication, egress and plaque formation in

64



Chapter 3

vitro consistent with the inhibition of T. gondii lytic cycle by HYD and CAR,
although loss of AAT did not completely abolish parasite growth. However, the
intracellular replication of AAT-deficient parasites was inhibited with HYD or CAR
similar to parental parasites. This suggests that another pathway might be the target of
these compounds. HYD and CAR treatment did not significantly slow down invasion
rates of mutant parasites compared to parental parasites, which may imply that
compounds have slight activity for inhibition of invasion by AAT reaction, consistent
with the current catalytic inhibitors assay. Collectively, HYD and CAR inhibit

parasite growth largely through other substrates in T. gondii.

However, although the growth defect due to loss of AAT was significantly rescued
by treatment with o-ketoglutarate, current data show that the impaired replication
caused by HYD and CAR treatment was not rescued through a-ketoglutarate
supplementation. These denote that the inhibition activity of HYD and CAR may not
be because of the association of a-ketoglutarate mechanism to AAT or other
metabolic enzymes of a-ketoglutarate pathway (MacRae et al., 2012; Jacot et al.,
2016). Additionally, this impairment of a-ketoglutarate homeostasis in T. gondii by
loss of AAT enhanced the PLK parasitic virulence in vivo. Therefore, | doubt whether
a-ketoglutarate re-uptake affects the virulence of type Il PLK parasites in vivo, and
assume that the metabolic enzymes directly related to a-ketoglutarate uptake may not
effective drug targets against T. gondii. Overall, the current data suggest that control
of parasite growth by HYD and CAR is not a result of the inhibition of a-
ketoglutarate pathway on T. gondii in vitro and in vivo. Taken together, all these
indicated that HYD and CAR inhibiting T. gondii growth and controlling

toxoplasmosis can occur in an AAT-independent pathway.
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3-5. Summary

In summary, T. gondii is an obligate intracellular protozoan parasite and a
successful parasitic pathogen in diverse organisms and host cell types.
Hydroxylamine and carboxymethoxylamine have been reported as inhibitors of AATS,
and interferes with the proliferation in P. falciparum. Therefore, AATs are suggested
as drug targets against Plasmodium. T. gondii genome encodes only one predicted
AAT in both T. gondii type | RH and type Il PLK strains. However, effects of HYD
and CAR, and their relationship with AAT on T. gondii remain unclear. In this study,
the results revealed that HYD and CAR impaired the lytic cycle of T. gondii in vitro,
including the inhibition of invasion or reinvasion, intracellular replication and egress.
Importantly, HYD and CAR had the ability of controlling acute toxoplasmosis in vivo.
Further studies showed that HYD and CAR could inhibit the transamination activity
of rTQAAT in vitro. However, the results confirmed that deficiency of AAT in both
RH and PLK did not reduce the virulence in mice, although the growth ability of the
parasites was affected in vitro. HYD and CAR could still inhibit the growth of AAT-
deficient parasites. All these indicated that HYD and CAR inhibiting T. gondii growth
and controlling toxoplasmosis can occur in an AAT-independent pathway. Overall,
further studies focusing on the elucidation of the mechanism of inhibition is warranted.
This study hints at new substrates of HYD and CAR as potential drug targets to

inhibit T. gondii growth.
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50% inhibitory concentration was examined. (C) Vero cell viability treated with HYD
and CAR. (D) Inhibition of Vero cell growth by HYD treatment. (E) The fluorescence
intensity of RH-GFP on HFF cells after treatment with increasing concentration of
CAR or sulfadiazine. (F and G) Inhibition of RH-GFP parasites after HYD (F) and

CAR (G) treatment. 1Cso and selectivity index were determined.
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Fig. 14. T. gondii lytic cycle is impaired by HYD and CAR in vitro. (A) Invasion

assay. Purified tachyzoites were pretreated with either of the two compounds of 2-fold

or 4-fold 1Cso values, sulfadiazine (1 mg/ml), or DMSO for 1 h at 37 <C, then allowed

invasion for 2 h, and dual staining to determine the percentage of invaded parasites.

(B and C) Intracellular replication assay. HYD and CAR of 2-fold (B) or 4-fold (C)
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ICso values were allowed to treat infected RH parasites for 24 h, and the number of
parasites in 100 random vacuoles was counted and plotted. (D) Egress assay. Infected
cells were treated with compounds of 2-fold and 4-fold ICso values for 10 min before
incubating with 3 uM A23187. After incubation, mouse anti-SAG1 and rabbit anti-
GRA7 were used to determine the rate of staining egressed PVs. The vacuoles of at
least 300 were counted each slip. (E) Plaque formation assay. Fresh 150 tachyzoites of
RH strain were used to infect HFF cell monolayer, and allowed to grow for 8 days
with HYD or CAR of 2-fold ICso value, and then 0.1% crystal violet was used to stain.
(F and G) Relative plague number (F) and plaque size (G) in panel D. The data are
presented as the mean =SEM of at least three independent experiments. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, compared with DMSO treatment,
determined by Chi-square Test (invasion and egress assay), Tukey's Multiple
Comparison Test (replication assay, deep asterisk stands for HYD vs. vehicle, and
light asterisk stands for CAR vs. vehicle) and one-way ANOVA plus Tukey-Kramer

post hoc analysis (plaque assay).
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Fig. 15. HYD and CAR control acute T. gondii infection in mice. Female BALB/c
mice were infected by i.p. with an acute dose of 50,000 PLK tachyzoites and treated
by i.p. from day 1 to day 7 post-infection with 5 and 20 mg/kg HYD, 10, 25 and 50
mg/kg CAR, or PBS once daily, and body weight, morbidity, mortality and clinical
signs were noted. (A) Body weight %. (B) Mean clinical scores. The scores varied
from 0 (no signs) to 10 (all signs). (C) Survival rates. * p < 0.05, Log-rank (Mantel-
Cox) test. (D) Parasite burdens of survival mice brains. At day 30 post-infection, the
brains were collected and DNA was extracted, 800 ng DNA was used to detect the

number of parasites. *** p < 0.001, one-way ANOVA plus Tukey-Kramer post hoc

analysis.
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of HYD and CAR treatment for AAT-deficient parasite replication. The 2-fold or 4-
fold of ICso values of HYD and CAR were used to treat three strains parasites
replication. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, deep asterisk
stands for HYD vs. vehicle, light asterisk stands for CAR vs. vehicle, determined by
Tukey's Multiple Comparison Test. (D) o-ketoglutarate (a-Keto) assay. o-
ketoglutarate supplementd to the HYD and CAR treatment medium, and then
replication was determined at 24 h post-infection. *** p < 0.001, **** p < 0.0001,
determined by Tukey's Multiple Comparison Test. (E) Effects of HYD and CAR on
mitochondrial genome and apicoplast genome. The 2 x 10’ tachyzoites were treated
by 0.25-fold, 0.5-fold and 1-fold of ICsp values of HYD and CAR, or sulfadiazine (1
mg/ml) for 5 days, to investigate the expression of CytB and EF-Tu gene by qPCR. *

p <0.05, *** p < 0.001, one-way ANOVA plus Dunnett's multiple comparisons test.
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General discussion

Toxoplasma gondii lytic cycle starts from the invasion of extracellular tachyzoite
into host cells, and following intracellular tachyzoite replication, egress from the cells,
and reinvasion of neighboring cells (Nitzsche et al., 2016). This parasite needs to
develop the carbon metabolism for survival in the tachyzoite stage, such as glycolysis,
tricarboxylic acid (TCA) cycle, gluconeogenesis, and pentose phosphate shunt
(Kissinger et al., 2003; Fleige et al., 2007; Fleige et al., 2008). Although the carbon
sources are largely different in various stages of T. gondii development, the glucose
and glutamine can both be utilized as carbon sources while either glucose or
glutamine is sufficient to guarantee T. gondii survival (MacRae et al., 2012; Blume et
al., 2015; Nitzsche et al., 2016). Previous studies have reported how glucose-derived
carbon enters the mitochondrial TCA cycle and some metabolic enzymes play critical
roles for intermediate homeostasis, parasite growth and virulence as judged by stable
isotope labelling, metabolomic analysis and genome editing (Blume et al., 2009;
MacRae et al., 2012; Blume et al., 2015; Shukla et al., 2018; Xia et al., 2018a; Xia et
al., 2019). Several studies also found that in T. gondii, glutamine, which can enter the
mitochondria by glutaminolysis, can be utilized as carbon skeletons to the TCA cycle
either via the conversion of intermediate glutamate to o-ketoglutarate or via the
GABA shunt (Blume et al., 2009; MacRae et al., 2012). Additionally, some studies
showed that the enzymes in these pathways also contribute to the virulence of
parasites and could be used as potential drug targets for toxoplasmosis treatment

(MacRae et al., 2012; Oppenheim et al., 2014; Xia et al., 2018a; Xia et al., 2019)
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This study focused on the glutamine pathway in the conversion of intermediate
glutamate to o-ketoglutarate in glutaminolysis. T. gondii genome contains three
enzymes which allow speculation on the possible architecture of the pathway, the
aspartate aminotransferase (AAT), glutamate dehydrogenases (GDHs) and alanine
transaminase (AIAAT) (Jacot et al., 2016). Here, AAT gene, was chosen, as this has
been reported to be a drug target against Plasmodium. Further studies were developed
to perform functional analysis on this predicted enzyme in both T. gondii type | RH
and type Il PLK strains, and to assess the potentials of reported inhibitors of AATSs for

treating toxoplasmosis, as well as their relationship with TQJAAT.

The results showed that the recombinant TQJAAT protein could use the L-aspartate
as a substrate, which was determined according to the previous methods (Wrenger et
al., 2011; Wrenger et al., 2012). This is consistent with expected result and the
transamination activity in Plasmodium rAAT (Wrenger et al., 2011; Wrenger et al.,
2012; Jacot et al., 2016), wherein the T. gondii rAAT catalyzes the reversible
conversion of oxaloacetate and glutamate to aspartate and o-ketoglutarate. Further
study indicates that although loss of AAT in RH and PLK strains significantly reduced
parasite growth in vitro, AAT is not essential to the parasite growth under optimal
culture conditions. Importantly, o-ketoglutarate supplementation could rescue the
growth defect in AAT-deleted parasites, suggesting that it plays an important role at
least in a-ketoglutarate metabolism of glutamine pathway which is consistent with the
expectations. Regrettably, the results showed different phenotypes of PLK AAT-
deleted mutants between in vivo and in vitro. Although loss of AAT in PLK parasite
significantly decreased parasite growth in vitro, the AAT-deficient mutant parasites
did not abolish acute virulence but even enhanced the virulence as observed in

BALB/c mice. These unexpected results brought me to consider whether the cultured
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parasites under different in vitro and in vivo conditions, such as different a-
ketoglutarate concentrations, resulted in different phenotypes of deleted AAT parasites

in vitro and in vivo.

On the other hand, the current data revealed that hydroxylamine (HYD) and
carboxymethoxylamine (CAR), reported inhibitors of AATSs, controlled acute
toxoplasmosis in mice and inhibited T. gondii growth in vitro, but two compounds
remains to inhibit the replication of AAT deleted parasites in vitro. Hence, HYD and
CAR might be acting on T. gondii through a manner independent of the AAT pathway
in vitro and in vivo, and instead in another pathway. The fact that a-ketoglutarate
supplementation did not rescue the growth inhibitions caused by HYD and CAR,
indicates that HYD and CAR are not results of the inhibition of a-ketoglutarate
pathway. Interestingly, these two compounds exhibited similar inhibitory activities in
different tests, which may be because of the hydroxylamine unit in the structure of
CAR. Hydroxylamine and its compounds have the potential to inhibit the activity of
some enzymes in viruses, bacteria, fungi, and protozoa (Gross, 1985; Sarojini and
Oliver, 1985). Importantly, the current study revealed that HYD and CAR impairment
of the parasite lytic cycle may be associated with the inhibition of mitochondria
function of a-ketoglutarate-independent pathway (Korsinczky et al., 2000; Uddin et
al., 2018). However, further studies focusing on the elucidation of the mechanism of
inhibition is warranted. The present study hints at new substrates of HYD and CAR as

potential drug targets to inhibit T. gondii growth.

In this study, the AAT gene was identified and analyzed in T. gondii using gene-
deficient strains, and two inhibitors were tested as effective and safe compounds for
controlling toxoplasmosis. However, this study still has some unsolved queries: (1)

although the current study proves that AAT may be involved largely in the a-
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ketoglutarate pathway, other pathways may also be involved in the growth reduction
of T. gondii parasites caused by AAT deletion; (2) why do the AAT-deficient strains
showed faster replication than wild-type infection in vivo? Because this study found
that a high concentration of a-ketoglutarate caused the growth of mutant parasites
faster in vitro, could it be that the high concentration of a-ketoglutarate nutrients in
animals explains this finding in vivo? (3) this research determined the safety and
effectiveness of HYD and CAR in inhibiting the growth of T. gondii, however, they
don’t seem to depend only on a specific pathway, AAT, to develop inhibition. Overall,

future research is needed to explain these scientific problems.
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General summary

Toxoplasma gondii is a protozoan parasite of which cats are the final host and
humans or other animals are the intermediate hosts. Toxoplasmosis, caused by T.
gondii, is an important zoonotic disease spreading worldwide, that threatens human
health and causes economic losses in livestock industry. However, there is no
effective vaccine, and a combination of compounds, pyrimethamine and sulfadiazine,
is commonly used for treatment, but there are concerns about side effects and drug
resistance problems. Hence, there is a strong demand for the development of safer and
more effective therapeutic drugs. In this study, the function of aspartate
aminotransferase (AAT) of T. gondii was analyzed, and the potentials of reported

inhibitors of AATS for treating toxoplasmosis were assessed.

In chapter 1, AAT gene was characterized in T. gondii type | RH and type Il PLK
strains. The results showed that TJAATs were 1,794 bp nucleotide sequences coding
597 amino acid sequences. The sequencing analysis indicated that TJAAT has distant
identities of 46% with that in Homo sapiens and Mus musculus. Furthermore, the
ability of rTgAAT for using the L-aspartate and a-ketoglutarate as the substrates in
the transamination reaction was confirmed and this is consistent with the predictions
and with the results in Plasmodium. Importantly, two compounds, hydroxylamine
(HYD) and carboxymethoxylamine (CAR), known as AATS inhibitors were found
that they could indeed inhibit the activity of this enzyme. These data suggest that
these two compounds could have potential to inhibit the growth of T. gondii through

the pathway of AAT, but it remains to be confirmed by further experiments.
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In chapter 2, the deficient lines of the AAT gene in T. gondii type | RH and type 1l
PLK strains were generated and characterized. The AAT genes were identified from
the T. gondii genome database, and the deficient strains (daats) targeted were
developed using the CRISPR/Cas9 genome-editing system. In addition, the
functionally complemented strains (ComAATS) in which AAT was restored were also
prepared. Through a series of experiments, data demonstrated that the AAT gene was
deleted as expected in the TgAaat strains, and that the AAT gene was restored as
expected in the ComAAT strains. Furthermore, the functions of the AAT gene were
identified by comparing with wild-type strains, daat strains, and ComAAT strains.
Results showed that AAT gene-deficient parasites had a markedly reduced growth rate
in vitro compared with the wild-types, and this growth damage in Aaat lines was
restored by reversion to AAT. Importantly, this study found that the defect of growth
caused by loss of AAT could be rescued by supplementary a-ketoglutarate, suggesting
that AAT plays a role in a-ketoglutarate metabolism in T. gondii. On the other hand,
no significant reduction was observed in the pathogenicity of AAT gene-deficient
strains in vivo. Overall, these results suggest that the metabolic system controlled by

AAT plays an important role in the in vitro growth of parasites.

In chapter 3, the inhibitory effects of HYD and CAR, were investigated on the
growth of wild-type strains. This study found that HYD and CAR impaired the lytic
cycle of T. gondii in vitro, and had the ability to control acute toxoplasmosis in vivo.
However, even in AAT gene-deficient parasites, these growth-inhibitory effects were
not significantly attenuated, suggesting that the inhibitory actions of HYD and CAR
are AAT-independent. In the future, it will be required to search for other inhibitors of

AAT and to elucidate the anti-T. gondii mechanisms of HYD and CAR.
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In summary, the AAT gene was identified for the first time in T. gondii and its
function was analyzed using gene-editing system, and that AAT plays an important
role in the growth of parasites. On the other hand, the current data suggest that HYD
and CAR can be safe and effective drug candidates for inhibiting the growth of T.
gondii. Further studies targeting the mechanisms of action of HYD or CAR are
warranted, which is expected to contribute to the development of new therapeutic

methods for toxoplasmosis.
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