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Abstract 

Toxoplasma gondii is an obligate intracellular protozoan parasite that causes 

toxoplasmosis in human and warm-blood organisms. Cyclic nucleotide 

signaling is crucial for the successful intracellular survival and replication of the 

parasites. Here, we dissected the physiological and biochemical importance of 

the essential phosphodiesterases (PDEs) in Toxoplasma gondii tachyzoite. By 

C-terminal tagging of 18 PDEs, we detected the expression of 11 PDEs.  

Immunogold staining revealed that TgPDE1, TgPDE2 and TgPDE9 are 

distributed throughout the parasite body, including the inner membrane 

complex, the apical pole, the plasma membrane, the cytosol, dense granules, 

and rhoptry, suggesting the spatial control of signaling within tachyzoites. 

Subsequently, we identified that most enzymes are notorious dual-specific 

phosphodiesterases, and TgPDE2 is cAMP specific differently, whilst T.gondii 

lacks of cGMP specific phosphodiesterase. Our enzyme kinetic data 

demonstrated that the highest affinity to its substrate belongs to TgPDE2, while 

the dual PDEs (TgPDE1, TgPDE7 and TgPDE9) have higher affinity with cGMP 

than cAMP. Inhibition screening of commonly-used PDE inhibitors on TgPDEs, 

signifying TgPDE1 as the target of BIPPO and zaprinast.  

Furthermore, the biological significance revealed TgPDE1 and TgPDE2 are 

individually necessary for parasite growth, and their loss associatively results in 

parasite death, implying their functional redundancy. In addition, we identified 

kinases and phosphatases within the TgPDE1 and TgPDE2 interactomes, 

which may operate the enzymatic activity via protein-protein interactions or 

posttranslational modifications. Collectively, our findings on subcellular 

localization, catalytic function, drug inhibition, and physiological relevance of 

major phosphodiesterases highlight the unforeseeable plasticity and 

therapeutic potential of cyclic nucleotide signaling in T. gondii. 
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The data set of cAMP-binding interactors, which we disclosed in another aspect 

of this study, will provide valuable insight into the pervasive nature of cAMP-

mediated signaling in T. gondii tachyzoites. 

Keywords: Apicomplexa, Phosphodiesterase, cAMP & cGMP signaling, Lytic 

cycle, Tachyzoite. 
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Zusammenfassung 

Toxoplasma gondii ist ein obligat intrazellulärer protozoischer Parasit, der 

Toxoplasmose beim Menschen und bei Warmblütern verursacht. Die 

Signalübertragung durch zyklische Nukleotide ist entscheidend für das 

erfolgreiche intrazelluläre Überleben und die Vermehrung der Parasiten. 

Hier haben wir die physiologische und biochemische Bedeutung der 

wesentlichen Phosphodiesterasen (PDEs) in Toxoplasma gondii 

Tachyzoiten untersucht. Durch C-terminale Markierung von 18 PDEs 

konnten wir die Expression von 11 PDEs nachweisen.  Die Immunogold-

Färbung zeigte, dass TgPDE1, TgPDE2 und TgPDE9 im gesamten 

Parasitenkörper verteilt sind, einschließlich des inneren 

Membrankomplexes, des apikalen Pols, der Plasmamembran, des 

Zytosols, der dichten Granula und der Rhoptry, was auf eine räumliche 

Kontrolle der Signalübertragung innerhalb der Tachyzoiten hindeutet. 

Anschließend stellten wir fest, dass die meisten Enzyme berüchtigte dual-

spezifische Phosphodiesterasen sind, wobei TgPDE2 anders als T.gondii 

cAMP-spezifisch ist, während T.gondii keine cGMP-spezifische 

Phosphodiesterase besitzt. Unsere enzymkinetischen Daten zeigen, dass 

TgPDE2 die höchste Affinität zu seinem Substrat aufweist, während die dualen 

PDEs (TgPDE1, TgPDE7 und TgPDE9) eine höhere Affinität zu cGMP als zu 

cAMP haben. Ein Screening der Hemmung gängiger PDE-Inhibitoren auf 

TgPDEs ergab, dass TgPDE1 das Ziel von BIPPO und Zaprinast ist.  

Darüber hinaus ergab die biologische Bedeutung, dass TgPDE1 und TgPDE2 

einzeln für das Wachstum des Parasiten notwendig sind und ihr Verlust zum 

Tod des Parasiten führt, was auf ihre funktionelle Redundanz hindeutet. 

Darüber hinaus identifizierten wir Kinasen und Phosphatasen innerhalb der 

TgPDE1- und TgPDE2-Interaktome, die die enzymatische Aktivität über 

Protein-Protein-Interaktionen oder posttranslationale Modifikationen steuern 

könnten. Insgesamt unterstreichen unsere Erkenntnisse über die subzelluläre 
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Lokalisierung, die katalytische Funktion, die medikamentöse Hemmung und die 

physiologische Bedeutung der wichtigsten Phosphodiesterasen die 

unvorhersehbare Plastizität und das therapeutische Potenzial der zyklischen 

Nukleotid-Signalübertragung in T. gondii. 

Der Datensatz der cAMP-bindenden Interaktoren, den wir in einem anderen 

Aspekt dieser Studie offengelegt haben, wird wertvolle Einblicke in die 

allgegenwärtige Natur der cAMP-vermittelten Signalübertragung in T. gondii 

Tachyzoiten liefern. 

 

Schlüsselwörter: Apicomplexa, Phosphodiesterase, cAMP & cGMP-

Signalübertragung, Lytischer Zyklus, Tachyzoit. 
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1. Introduction 

1.1. Apicomplexan parasites 

The protozoan phylum Apicomplexa constitutes a large group of more than 

6000 obligate intracellular parasites, which cause the infection of humans and 

livestock1. The apicomplexan parasites are responsible for many diseases as 

Malaria (Plasmodium sp), Toxoplasmosis (Toxoplasma gondii), 

Cryptosporidiosis (Cryptosporidium parvum), etc., that causes significant 

healthcare burden and social-economic impact globally2. Apicomplexan 

organism is characterized by presence of two unique organelles “apical 

complex” and “apicoplast”. Apical complex is an indispensable organelle which 

is required for gliding motility and host cell invasion3,4. It consists of a group of 

secretory organelles (micronemes and rhoptries), that are connected to a polar 

ring3,4. Apicoplast is a plastid-like organelle, surrounded by three or four 

membranes and involve in processes such as lipid and heme biosynthesis, 

which appear necessary for survival5,6.  

Most of the apicomplexan parasites have a complex life cycle, involving both 

asexual and sexual reproduction. Some apicomplexans engage either one 

(e.g., Eimeria and Cryptosporidium) or more (e.g., Plasmodium and 

Toxoplasma) host organisms to complete their development. The infectious 

stage of Apicomplexa is termed zoites forming after sexual (sporozoite) or 

asexual (merozoite, tachyzoite, etc.) propagations. Method of asexual 

reproduction through binary fission in Apciomplexan is known as schizogony 

that includes gamatogony, sporogony, and merogony7. Other forms of asexual 

reproduction are referred as endodyogeny and endopolygeny. Endodyogeny is 

favored by parasites such as Toxoplasma gondii, in which two daughter cells 

are produced inside a mother cell, then consumed by the offspring before their 

separation8.  
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1.2. Apicomplexan Toxoplasma gondii 

1.2.1. Toxoplasma gondii: life cycle and pathogenesis 

One of the most successful pathogens is Toxoplasma gondii, a parasite of the 

protozoa phylum apicomplexan9. Based on serological studies, approximately 

30-50% of the world’s population has been infected by the parasite, although 

seroprevalence varies between countries and regions10. Toxoplasmosis is an 

infectious disease caused by Toxoplasma gondii. There are three stages of 

infection, including tachyzoite, bradyzoite and oocyst environment. Tachyzoite, 

the stage of rapid division, is representative of acute infection. Bradyzoite, a 

stage of slow division within tissue cysts, is responsible for chronic infection 

without obvious clinical signs. Oocyst, a stage of a robust environment, is one 

of animals' and humans' most prevalent infectious agents11. 

As depicted in Figure 1, Toxoplasma gondii has a complex life cycle, comprising 

sexual and asexual phases in different hosts. The sexual phase can occur only 

within the gastrointestinal tract of cats (felids, wild or domestic) after consuming 

contaminated food with tissue cysts12. The bradyzoite is then released from the 

cyst and replicate themselves via several rounds of merogony. Following 

asexual proliferation, the merozoites differentiate into male (micro) and female 

(macro) gametes by gamogony. The micro and macro gametes fuse to form a 

zygote that matures into an environment-resistant oocyst within a five-layered 

wall, containing eight sporozoites (within two sporocysts), which are released in 

the cat feces to the environment13,14.  

The asexual phase initiates when warm-blooded organisms including humans 

ingest oocysts or tissue cysts. The sporozoites (from oocyst) or bradyzoites 

(from tissue cysts) are released by the proteolytic enzyme and subsequently 

differentiate into the fast-replicating stage or tachyzoite15. Tachyzoite is the 

agent of acute infection, characterized by necrosis and inflammatory response. 

Tachyzoites are able to differentiate into slow-replicating bradyzoites, which are 

protected in a cyst that remain viable in the host for entire life16,17. However, 
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when the host has an immature immune system (e.g., neonates) or it becomes 

immunocompromised (e.g., AIDS patient; or organ transplant), the bradyzoite 

can convert into fast-replicating tachyzoite, leading to severe disease in many 

organs (brain, liver, eye, etc.) with a potentially lethal outcome18.  

 

Figure 1. Life cycle of Toxoplasma gondii includes three main phages of 
development. 
The definitive host, where the sexual development occurs only. The environment and 
intermediate host, where the asexual development occur. For each stage, the 
biological events are presented relevant to development phase. The picture was 
modified from Delgado et al.19. 

1.2.2. T. gondii lytic cycle  

Tachyzoite is the most extensively studied stage. Four steps characterize a 

typical tachyzoite lytic cycle: (1) gliding motility, (2) attachment and invasion, (3) 

replication, and (4) egress, which are used as parameters for evaluating the 
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overall growth fitness of tachyzoite (see Figure 1). Gliding motility powers T. 

gondii to reach a potential host cell and successfully invade and egress. This 

process is driven by the actin-myosin system, which is located underneath the 

plasma membrane. The actin-myosin system termed glideosome is formed by 

the interaction of the apical complex, the actin cytoskeleton, myosin motor 

proteins, and the associated proteins20–22. The gliding motility comprises three 

movement types: circular gliding, upright twirling, and helical rotation23,24. 

Following the migration, the parasite attaches to host cells is mediated by the 

actomyosin system25 and the expression of surface antigens (SAGs)26,27 or 

microneme proteins (MICs)28,29. The glideosome machinery enables parasites 

to across the non-permissive biological barrier and rapidly invade the host cells.  

This machinery is described by a hoop-like structure constituted, including the 

secretion of rhoptry neck proteins (RONs) and apical membrane antigen 1 

(AMA1)30,31.  

During the host cell entry, the parasites form a parasitophorous vacuole (PV), 

which originates by the invagination of the host cell plasma membrane32. The 

PV allows tachyzoites to survive while protecting from host cells, as the vacuole 

does not fuse by host acidic lysosomes33. On the other hand, PV provides 

environment for intracellular replication at which T. gondii can modulate the host 

cell transcriptome34, impede the host signaling pathways35, suppress the 

apoptosis by changing the fate of its host36, and escape from host immune 

response37. In addition, the parasites salvage nutrients from the host to PV, 

including sphingolipids and cholesterol38,39 and recruit organelles to their 

proximity, such as the endoplasmic reticulum, mitochondria, centrosome, and 

golgi complex apparatus39–41.  

Tachyzoites replicate within the parasitophorous vacuoles via endodyogeny, 

where two daughter cells are assembled in a mother cell after DNA replication42. 

The process occurs every 6-8 hours until reaching 64 to 128 parasites, causing 

eventual lysis and release the motile parasites (egress)43. Successful egress 

depends on the microneme secretion and dense granule proteins (GRAs) that 
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incite the destabilization of the PV and the host cell plasma membrane44,45. It is 

believed that phosphatidic acid is a signal for egress through the activation of 

protein kinase G (PKG) – inositol triphosphate (IP3) signaling pathways and 

induce Ca2+ release, which subsequent activation of dependent protein kinases 

(CDPKs) and microneme activity46 (Figure 2). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure  2. Geography of cyclic nucleotide signaling, calcium signaling, and IP3 
to control egress and motility.  
The signal transduction initiates when cAMP binds to PKAr (protein kinase A 
regulatory subunits), leading to the unconsociation of PKAr and PKAc1 (protein kinase 
A catalytic subunits). PKAc1 then activates unknown PDEs. Activated PDEs hydrolyze 
cGMP, leading to the downregulation of PKG, which prevents the egress event. In 
converse, PKAc1 was dampened by unascertained stimuli, leading to the activation of 
PKG. PKG stimulates Ca2+ mobilization and phospholipase C (PLC) to produce 
inositol 1,4,5- triphosphate (IP3) and diacylglycerol (DAG). DAG eventually activates 
diacylglycerol kinase 1 (DGK1) to produce phosphatidic acid (PA) and thereby 
stimulate microneme secretion, which powers gliding motility for egress and invasion 
events. The picture is adapted from Jia et al.47
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1.3. Genetic manipulations of Toxoplasma gondii 

The pioneer genetic manipulation of Toxoplasma gondii was first carried out 

using chemical mutagenesis48. This method provided the prior protocol to 

culture, mutagenize, select, and isolate parasite clonal lines by limiting dilution. 

Later then, the protocol for genetic crosses in the cat was established to map a 

phenotype given to a single or multiple genome locus49. Accordingly, the 

reverse genetics approach was used to introduce the exotic DNA into parasites 

by using electroporation50. Electroporation has still been the method of choice 

to transfect DNA into parasites. 

Remarkably, the discovery of a wide range of negative and positive selectable 

markers used for drug selection to isolate transgenic parasites opened an 

avenue for stable transformation51–53. Most common selectable marker genes 

used for T. gondii, such as Chloramphenicol acetyltransferase (CAT) from 

Escherichia coli, allow the drug selection using chloramphenicol54. The negative 

selection is based on the loss of uracil-phosphoribosyl transferase (UPRT), 

metabolizing a toxic substrate analog 5´-fluo-2´-deoxyuridine (FUDR)52. 

Similarly, loss of hypoxanthine-xanthine-guanine phosphoribosyl transferase 

(HXGPRT) gene drives the parasite resistance to 6-thioxanthine (6-Tx)51.  

Conversely, HXGPRT-deficient mutant allows positive selection using the drugs 

mycophenolic acid (MPA)51. Another selection strategy based on a mutated 

dihydrofolate reductase-thymidylate synthase (DHFR-TS) gene from T. gondii 

enable stable transformation using pyrimethamine55. Transgenic parasites can 

also be isolated using fluorescent proteins by fluorescence-activated cell sorting 

(FACS)56, alone or in combination with aforesaid selection markers.  

To enhance the homologous recombination (HR) in T.gondii, a parental strain 

with deleted ku80 gene was generated to suppress the non-homologous end 

joining (NHEJ), resulting in efficient gene endogenous tagging and deletion57. 

Classical homologous recombination based genetic manipulation requires at 

least 500 bp homology arms up and downstream of the gene of interest (GOI) 

to promote the gene insertion or replacement. The efficiency of genetic 
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engineering through classical method used to be quite low57. To overcome 

these limitations, the novel method of clustered regularly interspaced short 

palindromic repeats (CRISPR) was adapted to T. gondii 58,59. CRISPR is the 

unique DNA sequence in the genome of bacteria and archaea, which plays a 

vital role in the antiviral defense system60. Cas9 is an enzyme that utilizes the 

CRISPR sequence as a guide to cleave the double strain of DNA sequence that 

complements the CRISPR sequences. CRISPR and Cas9 together formed the 

state of art technology known as CRISPR/Cas961. The double strain break 

(DSB) mediated by CRISPR/Cas9 can be repaired either by NHEJ or 

homologous direct repair (HDR).  

Genetic manipulation in T. gondii is used to study the function, subcellular 

localization, and essentiality of the parasite genes and the expressed protein. 

Essentiality of a gene is reflected through phenotypic score58. Essential genes 

are refectory to a gene deletion. The strategies, therefore, applied to reveal 

indispensable gene function are engineering the conditional knockout, or trans-

dominant mutants, which can be operated at different levels such as genome 

level, transcription level, and translational level. 

To generate conditional knock down at the genome level, a site-specific 

recombination-based system such as dimerisable Cre-recombinase (DiCre) 

was constituted62. Here, parasite is engineered to express two inactive subunits 

of Cre fused to rapamycin-binding proteins FKBP and FRB. The LoxP sites are 

introduced to the up-and down-stream of GOI.  Additional of the ligand 

rapamycin results in the reconstitution of the functional Cre and excision of the 

GOI flanked by LoxP sites (Figure 3A). 

At the transcription level, the conditional knock down can be generated by using 

tetracycline-inducible system63. To control the expression of the gene of interest 

(GOI), a promoter containing a tetracycline-regulatable repressor (TetR) swaps 

with a native promoter of GOI in the parasite line carrying trans activator 

elements (TATi-1). The additional adding of anhydrotetracycline (aTc) results in  

gene silencing (Figure 3B).  
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Figure  3. Conditional knockout/knockdown systems are commonly used in T. 
gondii. 
 (A) Conditional knockout of GOI by Dicre sytem. The GOI is active (ON) in the 
absence of rapamycin.  The inactivation of GOI (OFF) by applying of rapamycin, which 
drived the dimerization of FKBP and FRB, leading to excision of LoxP sites. (B) 
Transcription control by tetracycline-regulated system. The promoter region of GOI is 
replaced by TetR promoter. Additional adding of aTc leads to transcription repression 
of mRNA. (C) The protein stability regulates by DD-Shield 1 system. The tagging of 
DD motif to N-terminal or C-terminal destabilizes target protein. In contrast, the 
process can be blocked by addition of Shield1 ligand as a “protector” to the POI. (D) 
Scheme to control of protein degradation by auxin-inducible degron (AID) system. The 
AID-3HA domain was fused to C-terminal of GOI in the TIR1 strain. Auxin (IAA) 
treatment initiated the polyubiquitination of AID domain that recruited the proteosome, 
leading to the degradation of POI-AID-3HA following the ubiquitin-dependent pathway. 
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At the protein level (translation level), the popular strategies established for 

conditional knockdown are the destabilization domain (ddFKBP) system64 and 

auxin-inducible degron (AID) system65. In principle, the ddFKBP system based 

on the mutated form of human rapamycin-binding protein-derived 

destabilization domain (ddFKBP) fused to either N-or C-terminal of GOI, 

resulting in fast degradation of targeted protein by the proteasome (Figure 3C). 

In contrast, to retain the stabilization of the targeted protein, the inducer shield 

(Shld-1) (a rapamycin analog) is applied.   

For auxin-inducible degron (AID) system, two transgenic components need to 

be implemented in parasite, first the generation of parasite line expressing plant 

auxin receptor from Oryza sativa called transport inhibitor response 1 (TIR1) 

and second the protein of interest (POI) should be tagged with an AID or mini-

AID (mAID) domain. The treatment of auxin (indole-3-acetic acid (IAA)) 

activated the TIR1 receptor that recognized and polyubiquitinated AID (mAID) 

motif, leading to the degradation of AID-targeted protein following the ubiquitin-

dependent pathway (Figure 3D). 

The development and improvement of conditional systems pave the way for 

elucidating the crucial genes in the lytic cycle of T.gondii. By now, the 

introduction of CRISPR/Cas9 technology has significantly improved the efficient 

genome editing for every strategy, whether it is a knock-in, knockout or 

conditional knockdown. 

1.4. Cyclic nucleotide signaling pathways in mammals 

Cyclic nucleotide signaling pathways are ubiquitous in eukaryotes and regulate 

a myriad of cellular processes. Cyclic adenosine monophosphate (cAMP) and 

cyclic guanosine monophosphate (cGMP) are second messengers that 

regulate many biological processes via respective signal transduction pathways 

(Figure 4). The fluctuation in their subcellular concentration causes a cascade 

of molecular events, eventually leading to a cellular response. Hence, 

intracellular levels of cyclic nucleotides are strictly counterbalanced. cAMP and 

cGMP are synthesized from ATP and GTP respectively by the action adenylate 
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cyclase (AC) and guanylate cyclase (GC) enzymes; Induction cAMP leads to 

activation of protein kinase A (PKA) whereas cGMP is responsible for activaton 

of protein kinase G (PKG). Activated PKA and PKG phosphorylate specific 

substrate proteins that regulate cyclic nucleotide signaling pathways and their 

biological effects66. 

cAMP-dependent protein kinase or protein kinase A (PKA) belongs to a family 

of serine/threonine protein kinases, and its activity depends on the cellular 

levels of cAMP67. PKA has multiple functions in the cell, including regulation of 

glycogen, sugar, and lipid metabolism68. In the inactive stage, PKA holoenzyme 

abides as a tetramer consisting of two regulatory subunits and two catalytic 

subunits. The active phase is initiated when cAMP molecules bind to the 

regulatory subunits, which induces a conformational change, causing the 

detachment and unleashing of regulatory and catalytic subunits. Once freely 

and actively, the catalytic subunits can migrate into the nucleus (where they can 

phosphorylate other proteins in the particular substrate context Arg-Arg-X-

Ser/Thr). In contrast, the regulatory subunits indwell in the cytoplasm67–69.  

cGMP-dependent protein kinase G or protein kinase G (PKG) is a serine 

threonine-specific protein kinase. Following the activation by cGMP, PKG 

phosphorylates the substrate proteins that regulate smooth muscle relaxation, 

cell division, nucleic acid synthesis, platelet function, and sperm metabolism70. 

There are two types of PKG, type 1 (PKG-I) and type II (PKG-II), encoded by 

two PKG genes. The PKG-I and PKG-II are homodimers comprising two 

identical subunits (75 kDa and 85 kDa, respectively). Each subunit consists of 

three functional domains: an N-terminal, a regulatory, and a kinase domain. 

Once cGMP binds to the regulatory domain, that induces a conformation 

change and provokes the phosphorylation of substrate proteins71. PKG-I is 

commonly found in plasma, whereas PKG-II is anchored to the plasma 

membrane by N-terminal myristoylation70,72. 
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Figure  4. Cyclic nucleotide signaling in mammals.  
cAMP is produced by transmembrane adenylate cyclase (tAC) stimulated by G protein 
couple receptors (GPCR) coupled to stimulatory Gαs and inhibited by Gαi , in another 
hand, soluble adenylate cyclase (sAC) are energized by bicarbonate and calcium. 
cGMP is synthesized from the particular guanylyl cyclases (pGCs), which are triggered 
by by natriuretic peptides (NPs), and soluble guanylyl cyclases (sGCs), which are 
activated by nitric oxide (NO). Cyclic nucleotide gated channels (CNGs) are stimulated 
by cAMP and cGMP.  cAMP activates protein kinase A (PKA), exchange protein 
activated (Epac) and popeye domain-containing (POPDC) proteins. cGMP activates 
protein kinase G (PKG). Signalling through either the cAMP or cGMP pathways 
ultimately leads to phosphorylation of a myriad of downstream targets, including the 
transcription factor cAMP response element binding protein (CREB). Cyclic nucleotide 
phosphodiesterases (PDE) hydrolyse cAMP and cGMP to AMP and GMP 
respectively. While some HsPDEs are specific for cAMP (PDE-4, -7, -8), some are 
cGMP-specific (PDE-5, -6, -9), and others exhibit dual specificity (PDE-1, -2, -3, -10, -
11). Figure is adapted from Baillie et al.73.  
 

Cyclic nucleotide phosphodiesterases (PDEs) are a family of 

phosphodiesterases and constitute the enzymes that have ability to hydrolyze 

cAMP and cGMP into AMP and GMP, thereby regulating the intracellular 

concentrations of cAMP and cGMP73. PDEs, therefore, are noticed as the 

protagonist of the downregulation of PKA and PKG activities. Human PDEs 
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(HsPDEs) comprises eleven class I PDEs (HsPDE1-11), which differ regarding 

substrate-specificity, tissue distribution, and intracellular compartments. Most 

HsPDEs are being intensively studied as potential drug targets against various 

diseases, such as dementia, depression, chronic obstructive pulmonary 

disease, rheumatoid arthritis, other inflammatory diseases, diabetes, and 

numerous others74. 

1.5. Cylic nucleotide signaling in Plasmodium falciparum and Toxoplasma  

gondii 

In the protozoan phylum Apicomplexa – a group of >6000 obligate intracellular 

parasites – the aforesaid signaling proteins are required for the pathogenesis, 

persistence, and inter-host transmission of several members46,75. For instance, 

in Plasmodium and Toxoplasma species, the two most prominent members of 

the phylum, cyclic nucleotides govern many events during their lifecycle; such 

as gliding motility, host-cell invasion, intracellular proliferation, stage 

differentiation, sexual development, and lytic egress from host cells, as 

described below. The cyclic nucleotide signaling is mainly conveyed by the 

protein kinases dependent on cAMP (PKA) or cGMP (PKG), which 

phosphorylate a repertoire of effector proteins. Consequently, cAMP and cGMP 

cascade proteins impart excellent drug targets against these clinically-relevant 

parasitic protists. 

In Plasmodium, two adenylate cyclases (ACα and ACβ) have been reported76. 

ACα is required for the apical exocytosis in sporozoites and hepatocyte 

infection77, whereas ACβ is essential for the erythrocyte invasion, but 

dispensable for the subsequent developmental stages78–80. Besides, PfPKA 

was shown to control the invasion of both hepatocytes and erythrocytes77,79,80 

but not the cell cycle79,81. Four potential adenylate cyclases (ACα1, ACα2, ACα3 

and ACβ) have been reported in T. gondii; none of them are essential in the 

tachyzoite stage82, however ACβ was suggested to be involved in regulating 

the host-cell invasion by tachyzoites47. On the other hand, cAMP signaling, 

facilitated by adenylate cyclase and PKA proteins, has been suggested as a 

negative regulator of PKG and associated with Ca2+ homeostasis/signaling47,83. 
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In addition, cAMP is also known to regulate the acute-chronic stage 

differentiation in T. gondii 84–86. 

Similar to cAMP, cGMP in Plasmodium is generated by two guanylate cyclases 

(GCα and GCβ), each linked with a P4-ATPase domain76. Plasmodium GCα 

controls the blood-stage growth87–89, and GCβ is critical for the gliding motility 

and mosquito-midgut invasion by ookinetes88–90.  By contrast, there is only one 

ortholog in T. gondii termed ATPasep-GC or GC, which is essential for the 

motility-driven invasion and egress in tachyzoites82,91. Both parasites have a 

single PKG gene to mediate cGMP signaling92,93. PfPKG is essential for many 

crucial events during the development of P.falciparum75,94,95. Tachyzoites of T. 

gondii on the other hand express TgPKGI and TgPKGII isoforms65,93. 

The counter-regulation of cyclic nucleotide signaling in Plasmodium is 

facilitated by four PDEs (α, β, γ, δ). PDEβ is able to hydrolyze both cAMP and 

cGMP, whereas others are reported as being specific to cGMP75,88,89,96, PDEα 

has two alternatively-spliced isoforms encoded by a single gene, both of which 

are shown to be nonessential for the erythrocytic growth88. PDEβ controls the 

activation of PKA during invasion of erythrocytes by Plasmodium merozoites 

and quells its activity during early intraerythrocytic growth96. PDEγ equilibrates 

cGMP levels during sporozoite development in mosquito and thereby ensure its 

transmission to the mammalian host97. Finally, PDEδ is dispensable for the 

erythrocytic cycle but needed by the sexual stages89,98.  

Unlike Plasmodium, the counterbalancing of cAMP and cGMP levels in T. 

gondii is largely unknown. Previous work has indicated the presence of 18 

phosphodiesterases99. However, none of them have been studied except 

for TgPDE1 and TgPDE2 which were implied to be essential for the lytic cycle 

of tachyzoites based on initial attempts to knockout their genes47. The 

occurrence of several yet-enigmatic PDEs coupled with our interest in 

elucidating the regulation of signaling in tachyzoites of T. gondii prompted us to 

undertake this study. We demonstrate many previously-unknown findings, filling 

a major gap in our understanding of the parasite biology. 
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1.6. The objectives of this study  

The tachyzoite stage is responsible for acute infection. They infect a broad 

range of nucleated host cells in humans and animals. Its lytic cycle comprises 

several steps, such as gliding motility, invasion, proliferation, and egress100. Of 

all factors involved in the lytic cycle, this work focused on cyclic nucleotide 

signaling, which has been identified as a critical regulator of the lytic cycle101. 

Although actively studied in the last decade, little do we know about cAMP and 

cGMP-specific phosphodiesterases in T. gondii, which motivated us to carry out 

this study. We examined the subcellular localization, catalytic function, 

physiological relevance, drug inhibition and spatial distribution of key 

phosphodiesterases in tachyzoites. Our extended assays investigated the 

interaction networks of the selected TgPDEs, and cAMP-binding proteins. 

Following major objectives were addressed within the scope of this thesis. 

(1) Test the endogenous expression and subcellular localization of PDEs in 

parasites by 3’-insertional tagging (3’IT) of TgPDE1-18 genes with smHA-

tag (Spaghetti monster HA tag_High affinity tag) 

(2) Elucidate the catalytic function of TgPDEs, including substrate, kinetics, 

and inhibitor using native enriched enzyme preparations 

(3) Investigate the biological significance of TgPDEs by gene knockout (likely 

nonessential) or conditional mutagenesis (likely essential) 

(4) Explore the spatial distribution and ultrastructural insight into phenotype 

of selected PDE mutants by transmission electron microscopy 

(5) Identify the interactome of TgPDE1 and TgPDE2 by immunoprecipitation 

and mass spectrometry 

(6) Identification of cAMP-binding proteins in tachyzoites 
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2. Materials and Methods 

2.1. Materials 

2.1.1. Biological materials 

2.1.1.1. Organisms  

 

2.2.1.2. Vectors 

 

Description Source 

pU6-Universal  Sebastian Lourido (Whitehead 
Institute) 

pLIC-smHA-CAT Bang Shen (Huazhong Agricultural 
University, Wuhan, China) 

pTUB1-YFP-smHA-HXGPRT Created by Kim Chi 

pTUB1-YFP-mAID-3HA-HXGPRT David Sibley (University of 
Washington) 

pLinker-AID-HA-DHFR-TS  David Sibley (University of 
Washington) 

2.1.1.3.  Antibodies 

 

Antibody Dilution  Source 

α-HA (mouse) 1:10000  Sigma – Aldrich (Germany) 

α-HA (rabbit) 1:2000  Sigma – Aldrich (Germany) 

α-TgGAP45 (rabbit) 1:10000 Dominique Soldati-Favre 
(University of Geneva) 

Cell lines Source 

E. coli XL1Blue Strain Stratagene (Heidelberg, Germany) 

Toxoplasma gondii tachyzoites: 

RHΔku80Δhxgprt 

RHΔku80Δhxgprt-TIR1 

 

David Sibley (University of 
Washington) 

Vern Carruthers (University of 
Michigan) 

Human foreskin fibroblast (HFF) cells Cell Lines Service (Eppelheim, 
Germany) 

E. coli XL-1Blue strain  Stratagene (Heidelberg, Germany)  
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α-TgHSP90 (rabbit) 1:10.000 Sergio O.Angel 
(Chascomús, Prov. Buenos 
Aires, Argentina 

α-TgSAG1(mouse) 1:1000 Thermo-Fisher (Waltham, 
MA) 

α-mouse IgG Alexa Fluor 488 
(goat) 

1:3000 Life Technologies (Waltham, 
MA) 

α-mouse IgG Alexa Fluor 594 
(goat) 

1:3000 Life Technologies (Waltham, 
MA) 

α-rabbit IgG Alexa Fluor 488 
(goat) 

1:3000 Life Technologies (Waltham, 
MA) 

α-rabbit IgG Alexa Fluor 594 
(goat) 

1:3000 Life Technologies (Waltham, 
MA) 

α-mouse IgG IRDye 800CW 
(goat) 

1:10000 LI-COR Biosciences 
(Lincoln, NE) 

α-rabbit IgG IRDye 680RD 
(goat) 

1:10000 LI-COR Biosciences 
(Lincoln, NE) 

α-HA agarose beads (clone 
HA-7) 

 Sigma – Aldrich (Germany) 

 

2.1.1.4. Enzymes 

 

 

 

 

 

Description  Source 

Allin Taq DNA Polymerase HighQu, Germany 

Dream TaqTM Polymerase Fermentas, Germany 

KLD enzyme mix  New England Biolabs, USA 

Proteinase K Sigma Aldrich, Germany 

Phanta Max Super Fidelity DNA 
Polymerase 

Vazyme Biotech Company, China 

Q5-High Fidelity DNA Polymerase New England Biolabs, USA 

Restriction Endonucleases New England Biolabs, USA 

T4 DNA Ligase New England Biolabs, USA 

5´ nucleotidase  Enzo Life Science, USA 
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2.1.1.5. Oligonucleotides 

All oligonucleotide in this study was synthesized from Life Technologies 

(Waltham, MA) and are listed in Table 1. 

Table 1. Oligonucleotides used in this study 
 

Primer name Primer sequence 
Target (Plasmid/ 

Construct) 

1. Creating TgPDEx-smHA mutant strains (x=1-18) 

1.1. CRISPR sgRNA targeting the 3'UTR of TgPDE1-18 

TgPDE1-sgRNA-3´IT-F ATAGATCGATGGATCGTTTGGTTTTA
GAGCTAGAAATAGC 

pU6 universal  

TgPDE2-sgRNA-3´IT-F GCGTTCCGCATTCAGCTCAAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE3-sgRNA-3´IT-F ATAAAAACGGGGCGGTCGAAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE4-sgRNA-3´IT-F ACCGGAAAACTGGTCTTGACGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE5-sgRNA-3´IT-F GCTGTCAGCGAACGCAAATCGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE6-sgRNA-3´IT-F ACAACGACGCCGTAAAGGTTGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE7-sgRNA-3´IT-F GTAAAGCAGTGCCCTGAGAAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE8-sgRNA-3´IT-F GATGGCACCAGAAGAATTCAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE9-sgRNA-3´IT-F GCACAGTGTCAAGAACCTGAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE10-sgRNA-3´IT-F GAGATGAACCATGACACTCGGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE11-sgRNA-3´IT-F ACAGGCATTGGAACGCACGAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE12-sgRNA-3´IT-F AAATGTCCTGCACCTGCCAGGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE13-sgRNA-3´IT-F GATCTACCAACAGCCATTTGGTTTTA
GAGCTAGAAATAGC 

pU6-Universal 

TgPDE14-sgRNA-3´IT-F ATCCTGAAAGCGTTCACTGCGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE15-sgRNA-3´IT-F GGTATTACGAAGAGGATGACGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE16-sgRNA-3´IT-F AAAGTGTGAATGGCACATCGGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 
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TgPDE17-sgRNA-3´IT-F GACGGCTGACGGTAAATTCTGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE18-sgRNA-3´IT-F AAACGAAGTTGGCCCGAGACGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDEx-sgRNA-3´IT-R 
(common to all above 
Forward primers) 

AACTTGACATCCCCATTTAC pU6-Universal 

1.2. Making of the pTUB1-YFP-smHA-HXGPRT Plasmid 

smHA-NheI-F1 CTCATCGCTAGCAAGGGCTCGGGC
TCGA 

pLIC-smHA-CAT 

smHA-NdeI-R1 CTCATCCATATGTTAAGCGTAGTCC
GGG 

pLIC-smHA-CAT 

1.3. Crossover Sequences (COS) for 3´-Insertional Tagging (3'IT) 

TgPDE1-smHA-COS-F GAAGAAGCAGCCAACAAAGTGGAA
GAAGAGTATCTGAAGGCACATCCGC
CGGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE1-smHA-COS-R CCTTTGATCACTCCATATGCATATAC
ATATGCACATATACATATATAGATAT
AGGGCGAATTGGAGCTCC 

TgPDE2-smHA-COS-F TTGTTCTCAGCGAGGAGTTCGACGG
CTATCGACCGCCCAGCTTGGACGTA
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE2-smHA-COS-R 
GAATGTGCACTTAGAAATCGATCTC
CATATAATTTGTCTTATCAAACGCGC
ATAGGGCGAATTGGAGCTCC 

TgPDE3-smHA-COS-F TGTCTCTCAGAAACAAATGGAAATC
CATCATCGATGGGCATGAACGTCGG
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE3-smHA-COS-R AAGAAATTCATGTGCATGCACTCGA
CGCATTCTCACGGATGAGCCGAGCA
ATAGGGCGAATTGGAGCTCC 

TgPDE4-smHA-COS-F CCGGTGTGCCGGAGCTCCGGGCCA
CGCGAATCCATTATCGGAGGTCGAC
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE4-smHA-COS-R GTGGCTGGGGAAACACAGATTCGAT
ATGATGCAATGTCGTGAGTGGGGTC
ATAGGGCGAATTGGAGCTCC 

TgPDE5-smHA-COS-F GAATCGAGTGGAACTCTGCTGAGGC
CCTGCAGGAAGGATTTAAAACGGTC
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE5-smHA-COS-R TGGTGGCGAAGTGCTTGGACACGG
GTTCGGGTTCGAGCAGCTTTTTCTT
GATAGGGCGAATTGGAGCTCC 
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TgPDE6-smHA-COS-F GATCCGACGGCAACACTCCGTGTG
GTGGCGAGGCAAACACCTTGGAGT
CGGGCTCGACGAGGATGTACCC  

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE6-smHA-COS-R TCAAAAATCAGACAAAATTCTGTCGC
GAAAAGTAGACACGACAGCGTCGCA
TAGGGCGAATTGGAGCTCC 

TgPDE7-smHA-COS-F AAGAGCGCCGGGCTTCTCTGGAAC
CGGCTGGTCTAGAAGTTGGAGGAG
CGGGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE7-smHA-COS-R AAGCGCCCGTTCAACAGATAATCCG
GCTGTCTGTCTCTTCTCTCTTGGGT
ATAGGGCGAATTGGAGCTCC 

TgPDE8-smHA-COS-F CCCTTGAGTGTTTTACATCGAATAGT
CTTTTCGATGGGCTTAATCGGTCCG
GCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE8-smHA-COS-R CTGTAGTCTAGCGTTTGTCTGCGCG
ACAGCCATTAGACGTTCACCTCTCT
ATAGGGCGAATTGGAGCTCC 

TgPDE9-smHA-COS-F AGGGAGATGACAGGAAGGACCTTCT
CCATTTCGAATCGCGACTGACGCAT
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE9-smHA-COS-R TTTCAACAAGATCAGCATGTCTTCCT
C 

GACGTTCCAGCTCCTCGCTCTGTAT
AGGGCGAATTGGAGCTCC 

TgPDE10-smHA-COS-F TCTCGATGTGGGAAGGGGCGCAAG
ACGAAGTCGACCAGGCAAGCGCAA
AGGGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE10-smHA-COS-R GTCCCGCACCTCTGTGAAGACTTCA
ACACGCAGACGTCCTCTCTACCTCT
ATAGGGCGAATTGGAGCTCC 

TgPDE11-smHA-COS-F AGACGGCGGTGACGATGAAGAATC
CAGAACACCACGCGTCTCAGAAGCA
AGGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE11-smHA-COS-R GAACCTAGGACTGCATCCCCGACTC
CCGCCGAGCAGGGAGAATGGACGC
TATAGGGCGAATTGGAGCTCC 

TgPDE12-smHA-COS-F GTCTGCAAGAAAGTGCCTGCGAGTC
CCTTAGAGTGGGGCCGCGGGAAGT
GGGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE12-smHA-COS-R ATTGTGAGACACCCTTCTACAGGCT
CCGCCATTTATTCGGCGGACTACGT
ATAGGGCGAATTGGAGCTCC 

TgPDE13-smHA-COS-F AGAGCCAGGGGAAGCGTCGCGACG
AGAAGAAGCCCGAGAAGAGCAAGA
CAGGCTCGACGAGGATGTACCC 
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TgPDE13-smHA-COS-R CTGTATAAATTTGTACGAGAACGCG
CGCAAGTCATTGTGGAAAAATGCCG
ATAGGGCGAATTGGAGCTCC 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE14-smHA-COS-F CTACTCAGCTGCAGAAAAACAGGTG
TGTACCTTTGATTATCTTCCCCACCG
GCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE14-smHA-COS-R ATCATTATCGCGGAAGGGCACCGTT
CGTGTGCGGCATCCTAGTGTTTTTG
ATAGGGCGAATTGGAGCTCC 

TgPDE15-smHA-COS-F TGGCAAGAGTTCAAGATCAAGAACA
AGCGGACTATGCGTATCCAGAAGGT
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE15-smHA-COS-R ATCTTATTACAAGTCGTTATCGGTTT
GATGGAACTATCACACACAGTTAAA
TAGGGCGAATTGGAGCTCC 

TgPDE16-smHA-COS-F TTGTTCTCAGCGAGGAGTTCGACGG
CTATCGACCGCCCAGCTTGGACGTA
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE16-smHA-COS-R ATTTGTAAACATTGAAGCGGTGGAT
ATTCACACATCCCGATACTGTAGTC
ATAGGGCGAATTGGAGCTCC 

TgPDE17-smHA-COS-F GAGGACTCGTCCGGAGGCACCTCA
AACGATGGTCAACGATCTCACCCTG
CGGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE17-smHA-COS-R CTCGAATACAGACTGTCAACTGTAA
CGAAGGCGAAGCAAAGCGGAACAC
AATAGGGCGAATTGGAGCTCC 

TgPDE18-smHA-COS-F GCCTAGAGACGGAACTGTTGCACGT
CGAAAAAAGGGTGTGCGAAACAGTG
GGCTCGACGAGGATGTACCC 

 

pTUB1-YFP-
smHA-HXGPRT 

TgPDE18-smHA-COS-R AGACAGTGTGACCGTTTTTGGTGTC
GCAGTCCTCTCGTTTTGTGCTTTGTA
TAGGGCGAATTGGAGCTCC 

   

1.4. Genomic PCR screening of transgenic strains expressing smHA-tagged 
TgPDE1-18 

TgPDE1-smHA-Scr-F ACACGCACACCTCGTGAAAGCC  

TgPDE2-smHA-Scr-F AACTGCCCAGTGCTTTGGCATT  

TgPDE3-smHA-Scr-F ACAGGTGGCGAACGGAGGTGTG  

TgPDE4-smHA-Scr-F ATTCTTTTGATTATTATAGGTA  

TgPDE5-smHA-Scr-F TCGCAAACCATATGAGACAATG  

TgPDE6-smHA-Scr-F ACAGTAGGAGTCCCTTTCGTCC  

TgPDE7-smHA-Scr-F ACACCTTTGTGTATGCATGCAC  

TgPDE8-smHA-Scr-F ACGCTTATTCAGCAACAGCGCG  
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TgPDE9-smHA-Scr-F ACACCCGAGTGTTCCGGTGGGT  

TgPDE10-smHA-Scr-F GTTCCGGTGGGTCAGGCGCCCC  

TgPDE11-smHA-Scr-F TGAGCGCTGAAGATGTTGTTTC  

TgPDE12-smHA-Scr-F ATAGATGGTCCCGTCAAGCTCT  

TgPDE13-smHA-Scr-F AGATTTGTAAAACGCTGTCGTC  

TgPDE14-smHA-Scr-F TTTGTCTCTTCAGAAAGTACTG  

TgPDE15-smHA-Scr-F AGTAACGTCGCTGATGAAGAGG  

TgPDE16-smHA-Scr-F TCATTCAATGGTGAGCCTCCTC  

TgPDE17-smHA-Scr-F ACGGCTGATGTGTGCGTGTGTG  

TgPDE18-smHA-Scr-F ATCCAACGAGGGCACACGAGAC  

TgPDEx-smHA-R 
(common to all above 
Forward primers) 

GGCTGTTGAAGTTGTATTCCs  

2. Making of ΔTgPDE7/8/9 mutants using the TgPDE7/8/9-smHA progenitor 
strains 

Step 1: CRISPR sgRNA targeting the 5'UTR and 3´UTR of TgPDE7/8/9 

TgPDE7-smHA-5´UTR-
sgRNA-KO-F (Construct 
1) 

GTTCTCCGAGAGACAAATCGGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDE7-smHA-3´UTR-
sgRNA-KO-F (Construct 
2) 

GACCTCGGTTTGACCTTCAGGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDE8-smHA-5´UTR-
sgRNA-FKO- (Construct 
1) 

GAGTGACTTCATTACGTGGGGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDE8-smHA-3´UTR-
sgRNA-KO-F (Construct 
2) 

GATCGCTCCAACAGCTTGAAGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDE9-smHA-5´UTR-
sgRNA-KO-F (Construct 
1) 

GGAGTTCAGGCGCCTCATTGGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDE9-smHA-3´UTR-
sgRNA-KO-F (Construct 
2) 

GATCGCTCCAACAGCTTGAAGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDEx-sgRNA-R 
(common to above 
Forward primers) 

AACTTGACATCCCCATTTAC pSAG1-Cas9-U6-
UPRTsgRNA 

Step 2: Dual CRISPR plasmid (Cloning of TgPDE7/8/9-3´UTR-sgRNA into pSAG1-
Cas9-U6-TgPDE7/8/9-5'UTR-sgRNA vector) 

sgRNA-KpnI-F CGAATTGGGTACCCAAGTAAGCAGA
AGCACGCTG 
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sgRNA-XhoI-R TCGACCTCGAGAATTAACCCTCACT
AAAGG 

 

Crossover Sequences (COS) for deletion of TgPDE7/8/9 in TgPDE7/8/9-smHA 
progenitor strains 

TgPDE7-smHA-KO-
5'COS-DHFR-F 

CTTTTCCCCATTGCCACGCTTTCCA
GTGCTTGTGCGAAAGCAGAAACGC
GTGAGGAAGAAACGGGTCTGAGAG
AATTCGAGCTCGGTACC 

 

 

 

pLinker-AID-HA-
DHFR-TS 

TgPDE7-smHA-KO-
3'COS-DHFR-R 

TGGATGTGGATGCATGCGCCGGTTT
CTGCGTAGACAGGCCGACACCAGC
AAACAGTGAAACGCGAAAACGAACA
GCTATGACCATGATTA 

TgPDE8-smHA-KO-
5'COS-DHFR-F 

CCGAAACAATCGAATCGGCAGGATT
TAAGCTCTTTCGTGTGAATGGATCT
CCTCGTGAGCTGCCCTGAAAGAGAA
TTCGAGCTCGGTACC 

 

 

 

pLinker-AID-HA-
DHFR-TS 

TgPDE8-smHA-KO-
3'COS-DHFR-R 

CAGCGCCCGTCGTCCAGGCGCGCG
AGACGCGGAACAGCCGCTCTTCCA
CAGGCTGTGCAGTGGAGACAAAAAC
AGCTATGACCATGATTA 

TgPDE9-smHA-KO-
5'COS-F 

TGTGTATCCATCACTGTGCCATAGTT
CTGTCACACCCCAGTGCGATTCGCG
ACTTTTCGTCTTTTTGTCTGAGAATT
CGAGCTCGGTACC 

 

 

 

pLinker-AID-HA-
DHFR-TS 

TgPDE9-smHA-KO-
3'COS-R 

CAGCGCCCGTCGTCCAGGCGCGCG
AGACGCGGAACAGCCGCTCTTCCA
CAGGCTGTGCAGTGGAGACAAAAAC
AGCTATGACCATGATTA 

Genomic PCR screening of ΔTgPDE7/8/9 strains 

TgPDE7-KO-5'Scr-F GCTGTGTATGCATGACTGTCTC  

TgPDE7-KO-5'Scr-R GCTTCTCCGCCGCAATGTCTT DHFR-TS S.C 

TgPDE7-KO-3'Scr-F ACACGCATGTCTACACGAACCA DHFR-TS S.C 

TgPDE7-KO-3'Scr-R CTCTCCACGGACAGTGCTTC  

TgPDE8-KO-5'Scr-F TCGGTTGCAACAGGTGTACGTG  

TgPDE8-KO-5'Scr-R GCTTCTCCGCCGCAATGTCTT DHFR-TS S.C 

TgPDE8-KO-3'Scr-F ACACGCATGTCTACACGAACCA DHFR-TS S.C 

TgPDE8-KO-3'Scr-R AGGCTTGGTCTCGTCGTTGTC  

TgPDE9-KO-5'Scr-F ACGAACTTCCGGCTCCTGCT  

TgPDE9-KO-5'Scr-R GCTTCTCCGCCGCAATGTCTT DHFR-TS S.C 

TgPDE9-KO-3'Scr-F ACACGCATGTCTACACGAACCA DHFR-TS S.C 

TgPDE9-KO-3'Scr-R CCATTGTGAACATCCTCAAC  

3. Making of TgPDE1/2/9-mAID-3HA strains 

CRISPR sgRNA targeting the 3'UTR of TgPDE1/2/9 
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TgPDE1-sgRNA-3´IT-F ATAGATCGATGGATCGTTTGGTTTTA
GAGCTAGAAATAGC 

pU6-Universal 

TgPDE2-sgRNA-3´IT-F GCGTTCCGCATTCAGCTCAAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDE9-sgRNA-3´IT-F GCACAGTGTCAAGAACCTGAGTTTT
AGAGCTAGAAATAGC 

pU6-Universal 

TgPDEx-sgRNA-3´IT-R 
(common to all above 
Forward primers) 

AACTTGACATCCCCATTTAC pU6-Universal 

Crossover Sequences (COS) for 3´- mAID Insertional Tagging 

TgPDE1-3´IT-mAID-
COS-F 

GAAGAAGCAGCCAACAAAGTGGAA
GAAGAGTATCTGAAGGCACATCCGC
CGCTAGCAAGGGCTCGGGC 

 

 

pTUB1-YFP-mAID-
3HA-HXGPRT 

TgPDE1-3´IT-mAID-
COS-R 

CCTTTGATCACTCCATATGCATATAC
ATATGCACATATACATATATAGATAT
AGGGCGAATTGGAGCTCC 

TgPDE2-3´IT-mAID-
COS-F 

TTGTTCTCAGCGAGGAGTTCGACGG
CTATCGACCGCCCAGCTTGGACGTA
GCTAGCAAGGGCTCGGGC 

 

 

pTUB1-YFP-mAID-
3HA-HXGPRT 

TgPDE2-3´IT-mAID-
COS-R 

GAATGTGCACTTAGAAATCGATCTC
CATATAATTTGTCTTATCAAACGCGC
ATAGGGCGAATTGGAGCTCC 

TgPDE9-3´IT-mAID-
COS-F 

AGGGAGATGACAGGAAGGACCTTCT
CCATTTCGAATCGCGACTGACGCAT
GCTAGCAAGGGCTCGGGC 

 

 

pTUB1-YFP-mAID-
3HA-HXGPRT 

TgPDE9-3´IT-mAID-
COS-R 

TTTCAACAAGATCAGCATGTCTTCCT
CGACGTTCCAGCTCCTCGCTCTGTA
TAGGGCGAATTGGAGCTCC 

   

Screening of transgenic strains expressing mAID tagged TgPDE1/2/9 

TgPDE1-mAID-Scr-F ACACGCACACCTCGTGAAAGCC  

TgPDE2-mAID-Scr-F AACTGCCCAGTGCTTTGGCATT  

TgPDE9-mAID-Scr-F ACACCCGAGTGTTCCGGTGGGT  

TgPDEx-mAID-R 
(common to all above 
Forward primers) 

CGGCACCACTTCTCGTACTATG  

4. Making of double mutants: ΔTgPDE1/TgPDE2-mAID-3HA and 
ΔTgPDE8/TgPDE9-mAID 

Step 1: CRISPR sgRNA targeting the 5'UTR and 3´UTR of TgPDE1 in TgPDE2-
mAID-3HA strain, and TgPDE8 in TgPDE9-mAID-3HA strain 

TgPDE1-5´UTR-sgRNA-
KO-F (Construct 1) 

AAAGAAATGCGCGTTCACGGGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 
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TgPDE1-3´UTR-sgRNA-
KO-F (Construct 2) 

ATAGATCGATGGATCGTTTGGTTTTA
GAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDE8-5´UTR-sgRNA-
KO-F (Construct 1) 

GAGTGACTTCATTACGTGGGGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

TgPDE8-3´UTR-sgRNA-
KO-F (Construct 2) 

ATTCGCGGGGATCCAACTGGGTTTT
AGAGCTAGAAATAGC 

pSAG1-Cas9-U6-
UPRTsgRNA 

Step 2: Dual CRISPR plasmid (Cloning of TgPDE1/8-3´UTR-sgRNA into pSAG1-
Cas9-U6-TgPDE1/8-5'UTRsgRNA vector) 

sgRNA-KpnI-F CGAATTGGGTACCCAAGTAAGCAGA
AGCACGCTG 

 

 

sgRNA-XhoI-R 

TCGACCTCGAGAATTAACCCTCACT
AAAGG 

 

Crossover Sequences (COS) for deletion of TgPDE1 in TgPDE2-mAID-3HA  

and TgPDE8 in TgPDE9-mAID 

TgPDE1-KO-5'COS-
DHFR-F 

TGGCGGCTCGTTTCCACTCCATTCA
CCGCTCTTGCCGAACGCCGAGCCT
CCCGCACAGCACAGCTGCTTGGAG
AATTCGAGCTCGGTACC 

 

 

 

pLinker-AID-HA-
DHFR-TS 

TgPDE1-KO-3'COS-
DHFR-R 

ACATAGACCGTTCGATATGCCCTTT
GATCACTCCATATGCATATACATATG
CACATATACATATATAGATAACAGCT
ATGACCATGATTA 

TgPDE8-KO-5'COS-
DHFR-F 

CCGAAACAATCGAATCGGCAGGATT
TAAGCTCTTTCGTGTGAATGGATCT
CCTCGTGAGCTGCCCTGAAAGAGAA
TTCGAGCTCGGTACC 

 

 

 

pLinker-AID-HA-
DHFR-TS 

TgPDE8-KO-3'COS-
DHFR-R 

AGACAGTTTGCAAAAATATCATTAGG
CCGTCAGCAAGCGCGAGGCAGAAG
GCTTGCAAAGCGAAGGTCGCAACA
GCTATGACCATGATTA 

Genomic PCR screening of ΔTgPDE1/TgPDE2-mAID-3HA 

and ΔTgPDE8/TgPDE9-mAID strains 

TgPDE1-KO-5'Scr-F GAGTTGACATGGACTGATGC  

TgPDE1-KO-5'Scr-R GCTTCTCCGCCGCAATGTCTT DHFR-TS S.C 

TgPDE1-KO-3'Scr-F ACACGCATGTCTACACGAACCA DHFR-TS S.C 

TgPDE1-KO-3'Scr-R CGCTTCTGCTCTGTGAATAC  

TgPDE8-KO-5'Scr-F AACTTGCCAGTGGTGTCT  

TgPDE8-KO-5'Scr-R GCTTCTCCGCCGCAATGTCTT DHFR-TS S.C 

TgPDE8-KO-3'Scr-F ACACGCATGTCTACACGAACCA DHFR-TS S.C 

TgPDE8-KO-3'Scr-R TCTCGACCGTTGTACACA  
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2.1.2. Chemical materials 

2.1.2.1. Chemical reagents 

 

Name Source 

1,4-Dihydro-5-(2-propoxyphenyl)-7H-
1,2,3- triazolo (4,5-d) pyrimidin-7-one 
(Zaprinast) 

Sigma-Aldrich, Germany 

4’,6’-Diamidino-2-phenylindol-
dihydrochloride (DAPI)/Fluoromount 
G® 

Southern Biotech, USA 

4-[7-[(dimethylamino) methyl]-2-(4-
fluorophenyl) imidazo [1,2-α] pyridin-3-
yl] pyrimidin-2-amine (Compound 2) 

Oliver Billker, Wellcome Trust 
Sanger Institute, UK 102 

5-Benzyl-3-isopropyl-1H-pyrazolo [4,3d] 
pyrimidin-7(6H)-one (BIPPO) 

Philip Thompson, Monash 
University, Melbourne, Australia 
99 

Acetic acid 96% Merck, Germany 

Acrylamide (Rotiphorese gel 30) Carl Roth, Germany 

Ammonium persulfate (APS) Carl Roth, Germany 

Ampicillin Carl Roth, Germany 

Aprotinin  Carl Roth, Germany 

Benzamidine Carl Roth, Germany 

Bovine serum albumin (BSA) Carl Roth, Germany 

Bromophenol blue Merck, Germany 

Crystal violet Sigma-Aldrich, Germany 

Deoxynucleotide-triphosphate(dNTPs) Rapidozym, Germany 

Dimethyl sulfoxide (DMSO) Carl Roth, Germany 

Disodium phosphate (Na2HPO4) Sigma-Aldrich Chemie GmbH, 
Germany 

Dipotassium hydrogen phosphate 
(K2HPO4) 

Sigma-Aldrich Chemie GmbH, 
Germany 

Distilled water (HPLC-purified) Carl Roth, Germany 

Dithiothreitol (DTT) Carl Roth, Germany 

Carl Roth, Germany Thermo Fisher Scientific, 
Germany 

Dulbecco’s Modified Eagle medium 
(DMEM) 

PAN-Biotech, Germany 
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Dulbecco’s phosphate buffered saline 
(PBS) 

PAN-Biotech, Germany 

Ethanol ≥ 99,8% p.a. Roth, Germany 

Ethylenediaminetetraacetic acid 
(EDTA) 

Sigma-Aldrich, Germany 

Ethylene glycol-bis (β-aminoethyl 
ether)-N,N,N′,N′-tetraacetic acid) 
(EGTA) 

Sigma-Aldrich, Germany 

Fetal bovine serum (FBS) PAN-Biotech, Germany 

Gene Ruler DNA-Ladder (1 kb) Thermo Fisher Scientific, 
Germany 

Glycerol Carl Roth, Germany 

Glycine Sigma-Aldrich, Germany 

Isopropanol AppliChem, Germany 

L-glutamine (200mM) PAN-Biotech, Germany 

MEM non-essential amino acids (100x 
stock) 

PAN-Biotech, Germany 

Methanol ≥ 99,9% p.a Carl Roth, Germany 

Milk powder Carl Roth, Germany 

Mycophenolic acid (MPA) AppliChem, Germany 

PageRuler-Prestained protein ladder Thermo Fisher Scientific, 
Germany 

Paraformaldehyde (PFA) Merck, Germany 

Penicillin/Streptomycin (100x) PAN-Biotech, Germany 

Phenylmethylsulfonyl fluoride (PMSF) Carl Roth, Germany 

Phosphatase inhibitor cocktail Sigma-Aldrich, Germany 

Potassium dihydrogen phosphate 
(KH2PO4) 

Carl Roth, Germany 

Pyrimethamine Sigma-Aldrich, Germany 

Roti®Safe-GelStain Carl Roth, Germany 

Sodium chloride (NaCl) Carl Roth, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth, Germany 

Sodium deoxycholate (C24H39NaO4) AppliChem, Germany 

Sodium Fluoride (NaF) AppliChem, Germany 

Sodium orthovanadate (Na3VO4) Sigma-Aldrich, Germany 
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Tris-Hydrochloride Promega, USA 

Triton-X100 Carl Roth, Germany 

Trypsin/ EDTA PAN-Biotech, Germany 

Trypsin inhibitor  Carl Roth, Germany 

Tryptone AppliChem, Germany 

Tween 20 AppliChem, Germany 

Xanthine Sigma-Aldrich, Germany 

Yeast extract AppliChem, Germany 

α-Toxin from Clostridium septicum List Biological Laboratories, USA 

β-mercaptoethanol Carl Roth, Germany 
  

2.1.2.2. Commercial Kits 

Kit  Company 

innuPREP DNA Mini Kit 2.0 Analytik Jena AG, Germany 

innuPREP DOUBLEpure Kit Analytik Jena AG, Germany 

innuPREP Plasmid Mini Kit 2.0 

Q5 site-Directed Mutagenesis kit 

Analytik Jena AG, Germany 

New England Biolabs, USA 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific, Germany 

PDE Activity Assay Kit (Colorimetric) 

(ab139460) 

Abcam, UK  

Cyclic Nucleotide Phosphodiesterase 

assay kit (Colorimetric) 

Enzo Life Science, USA  
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2.1.2.3. Instruments 

Instrument Manufacturer 

Camera system (E.A.S.Y. RH) Herolab, Germany 

Cell counting chamber (Neubauer-
improved 

Carl Roth, Germany 

Centrifuges (5417R, 5424, 5810R) Eppendorf, Germany 

Cryo container (Nalgene, Mr. Frosty) Thermo Fisher Scientific, Germany 

Electric pipetting aid (Accu-jet Pro) Brand GmbH, Germany 

Electrophoresis Power Supply (EPS 
200/300) 

Pharmacia Biotech, Sweeden 

Electroporator (Amaxa Nucleofector Lonza, Switzerland 

ELISA microplate reader Biotek, Germany 

Freezer (-80°C) (UF85-360T) Colora, Germany 

Gel electrophoresis system (Easy 
Phor) 

Biozym, Germany 

Gel documentation system 
(E.A.S.Y.®-CAST) 

Herolab, Germany 

Incubator- CO2 (HERACELL 150i) Thermo Fisher Scientific, Germany 

Incubators (SE200-400) Memmert, Germany 

Infrared imaging system (Odyssey 
FC) 

LI-COR Biosciences, USA 

Microscope-fluorescence (Axio 
Image.Z2) 

Carl Zeiss, Germany 

Microscope-inverted (LABOVERT) Leica, Germany 

Microscope-light optical (DM750) Leica, Germany 

Microwave (M805 Typ KOR-6115) Alaska, Germany 

Mini centrifuge (Sprout® Mini-
Centrifuge) 

Heathrow Scientific, USA 

Mini vertical SDS-PAGE 
electrophoresis system (Hoefer™ 
Mighty Small™ II) 

Hoefer Inc., USA 

Multichannel pipette 
(Transferpipette® -8/-12) (50-200 μl) 

Brand, Germany 

NanoDrop® spectral photometer 
(ND-1000) 

Peqlab, Germany 
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PCR Thermocycler (Flex Cycler Analytic Jena, Germany 

PerfectBlueTM ‘Semi-Dry’ blotter 
(SEDEC M) 

Peqlab, Germany 

Photometer (BioPhotometer) Eppendorf, Germany 

Pipettes Eppendorf, Germany 

pH-meter (pH528 MultiCal®) Xylem Analytics, Germany 

Precision scale (PCB 1000-2) Kern & Sohn, Germany 

Precision scale (BP 110 S) Sartorius, Germany 

Safety workbenches (HERA safe) Heraeus Instruments, Germany 

Shaker (WS5) Edmund Bühler, Germany 

Shaking incubator (Innova 4000) New Brunswick, Germany 

Steam-sterilizer (VARIOKLAV) Thermo Fisher Scientific, Germany 

Ultrasonic bath (Biorupter Sonication 
System) 

Diogenode, Belgium 

UV-transilluminator (UVT-20 M/W) Herolab, Germany 

Thermoshaker (Thermomixer 
comfort/ 5436) 

Eppendorf, Germany 

Vortex (MS 1 shakers) IKA®-Werke, Germany 

Waterbath (1002) GFL, Germany 

Waterbath (U 3/8) Julabo, Germany 

 

2.1.2.4. Plasticware and other disposables 

Consumable items Company 

24 well glass bottom plate-black wall IBL Baustoff+Labor GmbH, Austria 

Cell culture dishes (60x15 mm) Sarstedt, Germany 

Cell culture flasks (T25, T75, T175, 
T300) 

Sarstedt, Germany 

Cell culture plate (6, 24, 96 well) Sarstedt, Germany 

Cell scraper (30 cm) TPPTM, Switzerland 

Centrifugal filters (0.22-µm, Corning 
Costar Spin-X) 

Sigma Aldrich, Germany 

Cryotube preservation tubes (2 ml) Greiner Bio One, Germany 
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Disposable StericanTM blunt end 
needles, (27 G, 23 G) 

Braun, Germany 

DuraSeal laboratory sealing film Diversified Biotech, USA 

Electroporation cuvettes (2 mm) PEQLAB, Germany 

Falcon Tubes (15 ml/ 50 ml), 
CELLSTARTM 

Greiner Bio One, Germany 

Filter (5 μm), Millex® syringe-
compatible 

Merck Millipore, Germany 

Filter sterilizer (0.22 μm) Schleicher Schuell, Germany 

Filter tubes (Amicon Ultra-0.5 ml) Merck Millipore, Germany 

Glass cover slips (10 mm diameter) VWR International, Germany 

Glass slides, microscopic (76x26 mm) Carl Roth, Germany 

Latex gloves AQL 1.5 SempermedTM, Austria 

Microtube (8x0.2 ml) Biozym, Germany 

Microtube lid (8x0.2 ml) Biozym, Germany 

Nitrile gloves AQL 1.5 SempermedTM, Austria 

Nitrocellulose transfer membrane AppliChem, Germany 

Parafilm® Pechiney Plastic Packaging, USA 

PCR-tube-stripes (0.2 ml) Biozym, Germany 

Pipette-pasteur A. Hartenstein, Germany 

Pipette tips (10 µl, 20 µl, 200 µl, 1ml) Sarstedt, Germany 

Protein low bind reaction tube 
(0030108116) 

Eppendorf, Germany 

Reaction tubes (0.2 ml, 0.5 ml, 1.5 ml, 
2 ml) 

Sarstedt, Germany 

RNAase free barrier tips (10-1000 μl) Biozym, Germany 

Rotilab blotting paper Carl Roth, Germany 

Serological pipettes, sterile (5 ml, 10 
ml, 25 ml) 

Sarstedt, Germany 

Size exclusion columns (10-kDa, 30-
kDa cut-off) 

Merck Millipore, Germany 

Syringes Omnifix® (3 ml, 5 ml, 10 ml) B. Braun Melsungen AG, Germany 

UV-cuvettes Carl Roth, Germany 

Whatman paper (3 MM) A. Hartenstein, Germany 



 2. Materials and Methods   

 43 

2.1.2.5. Buffer and medium compositions 

Medium or buffers   Composition 
 
D10 medium  
(T.gondii) 

 
500 ml 
50ml 
5.5 ml 
5.5 ml 
5.5 ml 
5.5 ml 
 

 
DMEM (high glucose 5g/l without L-
glutamine) 
iFCS (heat-inactivated) 
penicillin/streptomycin (100x) 
non-essential amino acids (100x) 
sodium pyruvate (100 mM) 
L-glutamine (200 mM) 

 Freezing medium 

(T.gondii) 

 10% DMSO in heat-inactivated FBS; 
stored at -20 °C 

 
Lysogeny Broth (LB) 
medium 

 
10 g 
5 g 
10 g 
15 g 

 
Tryptone 
yeast extract 
NaCl 
agar (optional for plates) in 1 litter of 
deionized autoclaved water 

 
Super Optimal Broth 
with Catabolite 
repression (SOC) 
medium 

 
20 g 
5 g 
0.5 g 
0.186 g 
0.952 g 
20 mM 

 
tryptone  
yeast extract  
NaCl  
KCl  
MgCl2 
glucose; filter-sterilized with 0.22 µm 
filter 
in 1 litter of deionized water, 
autoclaved 

 
Cytomix  

 
120 mM 
25 mM 
5 mM 
2 mM 
0.15 mM 
10 mM 

 
KCl 
HEPES (pH 7.6) 
MgCl2 
EDTA 
CaCl2 
K2HPO4/KH2PO4 (pH 7.6) 
in deionized autoclaved water 
adjusted to pH: 7.6, filter-sterilized 
with 0.22 µm filter 

 
4% paraformaldehyde 
(PFA) 

 
10 g 

 
PFA  
in 0,25 litter of PBS (heat-treatment 
at 60 °C) adjusted to pH: 7.6 
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TAE-Buffer (1x) 

 
40 mM 
0.1% 
1 mM 

 
Tris-HCl  
acetic acid  
EDTA in deionized water 

 
SDS-loading buffer 
(5x) 

 
0.25% 
0.5 M 
50% 
10% 
0.25 M 

 
bromophenol blue 
dithiothreitol (DTT)  
glycerol  
sodium dodecyl sulfate (SDS)  
Tris-HCl (pH 6.8) in deionized water 

 
 
 
SDS-running buffer 
(5x) 

 
 
 
 
1.25 M 
0.5% 
125 mM 

 
 
 
 
glycine  
sodium dodecyl sulfate (SDS) 
Tris-HCl (pH 8.3); in 1 litter of 
deionized water 

 
5% stacking gel 
(SDS-PAGE) 

 
1.4 ml  
0.33 ml 
0.25 ml  
20 µl 
20 µl  
2 µl 

 
dH2O 
30% acrylamide  
1 M Tris-HCl (pH:6.8)  
10% SDS 
 10% APS  
TEMED 

 
8% resolving gel 
(SDS-PAGE) 

 
2.3 ml  
1.3 ml  
1.3 ml  
50 µl  
50 µl  
3 µl 

 
dH2O  
30% acrylamide  
1.5 M Tris-HCl (pH:8.8)  
10% SDS  
10% APS  
TEMED 

 
Semi-dry blot transfer 
buffer 

 
38 mM  
20%  
0.0037%  
48 mM 

 
glycine  
methanol  
SDS  
Tris-HCl (pH:8.3); in deionized water 

 
TBS buffer (10x) 

 
1.5 M  
0.5 M 

 
NaCl  
Tris-HCl (pH:7.6); in deionized water 
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2.1.3. Biological reagents  

The RHΔku80Δhxgprt 103 and RHΔku80Δhxgprt-TIR165 strains of T. gondii were 

offered by Vern Carruthers (University of Michigan, MI) and David Sibley 

(Washington University, St. Louis, MO), respectively. The pU6-Universal and 

pSag1-Cas9-U6-sgUPRT vectors for expression of Cas9 and single guide RNA 

(sgRNA), and the pTUB1-YFP-mAID-3HA-HXGPRT plasmid, were provided by 

David Sibley (Washington University, St. Louis, USA). The antibodies 

recognizing TgGap45104 and TgHsp90105 were donated by Dominique Soldati-

Favre (University of Geneva, Switzerland) and Sergio Angel (IIB-INTECH, 

Buenos Aires, Argentina), respectively. Other antibodies against the HA epitope 

and TgSag1 were purchased from Takara-Bio (Japan) and Sigma-

Aldrich (Germany). The secondary antibodies (Alexa488, Alexa594; IRDye 

680RD, 800CW) and oligonucleotides (Table 1) were obtained from Thermo 

Fisher Scientific (Germany). The anti-HA mAb-conjugated agarose beads 

(clone HA-7) were procured from Sigma-Aldrich (Germany). The cell culture 

reagents were purchased from PAN Biotech (Germany), and other standard 

chemicals were supplied by Sigma-Aldrich and Carl Roth (Germany). The kits 

for isolation, cloning and purification of nucleic acids were acquired from 

Analytik Jena and Life Technologies (Germany). The PDE assay kits 

(colorimetric) were purchased from Abcam (UK) and Enzo Life Science (USA). 

2.2. Methods 

2.2.1. Host cell and parasite cultures 

The human foreskin fibroblasts (HFFs; Cell Lines Service, Eppelheim, 

Germany) were grown to confluence and harvested for further passaging by 

trypsin-EDTA treatment. Cells were cultured in Dulbecco’s modified Eagle 

medium containing glucose (4.5 g/L), 10% heat-inactivated fetal bovine serum 

(FBS; PAN Biotech), 2 mM glutamine, 1 mM sodium pyruvate, 1x minimum 

Eagle’s medium nonessential amino acids, penicillin (100 U/mL), and 

streptomycin (100 μg/mL) in a humidified incubator (37°C, 5% CO2). The 

tachyzoite stage of T. gondii was maintained by serial culture in confluent HFF 
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monolayers using a multiplicity of infection (MoI) of 3. Parasites for all 

experiments were prepared by squirting infected cultures through a 27G syringe 

(2x) unless stated otherwise. 

2.2.2. Making of transgenic parasites 

To determine the expression and subcellular localization, 3´- insertional tagging 

(3´IT) of TgPDE1-18 genes with smHA-tag was performed. Sequences of all 

parasite PDEs were retrieved from ToxoDB106. Oligonucleotides encoding 

gene-specific sgRNA to target the 3´-end (in the region of 20 nucleotides 

upstream of the stop codon) were designed using the Eukaryotic Pathogen 

CRISPR Guide RNA/ DNA Design Tool (grna.ctegd.uga.edu). The pU6-Cas9-

TgPDExsgRNA (x = 1–18) constructs expressing Cas9 and sgRNA of 

respective PDEs were generated by Q5 site-directed mutagenesis (New 

England Biolabs). The PCR amplicons harboring smHA and HXGPRT selection 

cassette (HXGPRT S. C.) flanked by 5´ and 3´ homology arms of individual 

PDEs were generated by the Phanta Max Super-Fidelity DNA polymerase 

(Vazyme Biotech, China) using pTUB1-YFP-smHA-HXGPRT template. For all 

PDEs, the 5´-homology arm contained 50 nucleotides preceding the stop 

codon, while the 3´-homology arm included 50 nucleotides downstream of the 

sgRNA target region of corresponding PDEs. The transgenic parasites 

expressing smHA tag were isolated by mycophenolic acid (25 μg/mL) and 

xanthine (50 μg/mL)107. 

To generate the TgPDEx-mAID-3HA mutants (x= 1, 2 or 9), we designed pU6-

Cas9-TgPDExsgRNA constructs expressing Cas9 and sgRNA targeting the 

3′UTR of respective genes using Q5 site-directed mutagenesis kit (New 

England Biolabs). The CRISPR-Cas9 constructs were transfected with 

corresponding donor amplicons in the RHΔku80Δhxgprt-TIR1 strain. The 

amplicons harbored mAID-3HA and HXGPRT selection cassette flanked by 

short (50 bp) 5′ and 3′ homology arms for crossovers at the respective PDE 

locus. Tachyzoites expressing mAID-3HA fused to the target PDE protein as 

well as HXGPRT were selected using mycophenolic acid (25 μg/mL) and 
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xanthine (50 μg/mL)107, cloned by limiting dilution. The mutant clones were 

screened by genomic PCR using recombination-specific primers (Table 1). 

To generate the direct knockout of TgPDE1 and TgPDE8 in the conditional 

mutants of TgPDE2-mAID-3HA and TgPDE9-mAID-3HA, respectively, a 

CRISPR-Cas9 vector expressing two sgRNA to target the 5′UTR and 3´UTR 

regions of each gene was constructed. In the first step, we made two separate 

CRISPR-Cas9 vectors for TgPDE1 and TgPDE8 knockout by replacing the 

UPRT sgRNA with gene-specific sgRNAs targeting 5’ or 3’UTR in the pSAG1-

Cas9-U6-sgUPRT plasmid. We then amplified the pU6-sg3´UTR-TgPDE1/8 

region (678 bp) using sgRNA2-KpnI-F and sgRNA2-XhoI-R primers (Table 1) 

and pSAG1-Cas9-U6-sg3´UTR-TgPDE1/8 as templates. The amplicons were 

ligated into KpnI-XhoI-digested pSAG1-Cas9-U6-sg5′UTR-TgPDE1 and 

pSAG1-Cas9-U6-sg5′UTR-TgPDE8 vectors, as applicable. The subsequent 

dual CRISPR-Cas9 plasmids were co-transfected with respective donor 

amplicons. The latter comprised a DHFR-TS selection cassette flanked by 5′- 

and 3′-homology arms (~70 bp) targeting the upstream and downstream 

TgPDE1 and TgPDE8 loci. Transgenic parasites were cloned using 1 μM 

pyrimethamine108 screened by genomic PCR (primers in Table 1). The same 

strategy was applied to create ΔTgPDE7/8/9 mutants using the TgPDE7/8/9-

smHA progenitor strains. 

2.2.3. Indirect immunofluorescence assays  

As described elsewhere109, HFF cultured on glass coverslips were infected with 

tachyzoites for the indicated periods. Samples were fixed with 4% 

paraformaldehyde (15 min) and neutralized by 0.1 M glycine-PBS (5 min). 

Afterward, cells were permeabilized in 0.2% Triton X-100/PBS (20 min), 

followed by blocking with 2% bovine serum albumin (0.2% Triton X-100/PBS) 

for 20 min. Samples were stained with primary antibodies (α-HA, mouse, 

1:3000; αTgGap45, rabbit, 1:3000; α-TgSag1, mouse, 1:1000) for 1 h. They 

were washed 3x with 0.2% Triton X-100/PBS and stained with Alexa488/594-

conjugated antibodies for 45 min. After additional PBS washing, samples were 
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finally mounted in Fluoromount G containing DAPI (Southern Biotech, 

Birmingham, AL) and stored in the dark at 4°C. Images were acquired by 

fluorescence microscopy (Zeiss, Germany). 

2.2.4. Immunoblot analysis 

Tachyzoites were harvested and pelleted (800g, 4°C, 10 min), followed by 

washing with ice-cold PBS and re-pelleting in a 1.5 mL tube (8000 rpm, 3 min, 

4oC). Cells were lysed in 55 μL buffer (10 mM K2HPO4, 150 mM NaCl, 5 mM 

EDTA, 5 mM EGTA, pH 7.4; 0.2% sodium deoxycholate, 1% Triton X-100) and 

protease inhibitors (trypsin inhibitor, 20 µg/mL; aprotinin, 10 µg/mL; 

benzamidine, 500 µg/mL; PMSF, 0.5 mM; Na3VO4, 0.1 mM; NaF, 50 mM). 

Samples were incubated on ice for 30 min and then centrifuged (20000g, 

15 min, 4°C) to collect the cell-free extract (50 μL), which were mixed with 5x 

loading buffer (13 μL, no boiling), followed by SDS-PAGE (6–8%). Proteins 

were blotted onto a nitrocellulose membrane (85 mA/cm2, 2 h, semi-dry) and 

stained overnight at 4°C with the mouse α-HA (1:10000) and rabbit α-TgHsp90 

(1:10000) antibodies diluted in 5% skimmed milk with 0.2% Tween 20/TBS. 

Immunoblot was washed 3x with 0.2% Tween 20/TBS (5 min) and incubated 

with IRDye-conjugated secondary antibodies (680RD and 800CW with 1:15000 

dilution, 1 h). The antibody-stained protein bands were visualized by an 

Odyssey Fc imaging system (LI-COR Biosciences). 

2.2.5. Lytic cycle assay  

The impact of genetic manipulation on the lytic cycle of tachyzoites was 

determined by standard phenotyping methods, as described in our previous 

works110,111. For plaque assay, the confluent HFF monolayers in 6-well plates 

were infected with 200 parasites/well and incubated for 7 to 8 days without 

perturbation. Samples were fixed with ice-cold methanol for 10 min and then 

stained with crystal violet solution for 15 min. Plaques were imaged and scored 

for size and number using the ImageJ software (NIH, Bethesda).  
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To quantify the invasion efficiency, the HFF monolayers on coverslips placed in 

24-well plates were infected with tachyzoites (MoI: 10) for 30 min at 37oC, 

followed by fixation with 4% paraformaldehyde/PBS and neutralization with 

0.1% glycine/PBS. Before permeabilization, samples were stained with the 

mouse α-TgSag1 antibody (1:1000) to visualize the non-invaded/extracellular 

parasites. Cells were washed 3x with PBS, permeabilized with 0.2% Triton X-

100/PBS for 20 min and stained with the rabbit α-TgGap45 antibody (1:10000) 

to score the invaded parasites. The fractions of invaded/intracellular parasites 

were determined to compare the invasion rates across the parasite strains. 

To gauge the intracellular replication of tachyzoites, HFF cells grown on 

coverslips were infected (MoI:1, 40 h). Samples were subjected to 

permeabilization, neutralization, blocking, and staining with the rabbit α-

TgGap45 antibody. The tachyzoite proliferation was assessed by enumerating 

parasitophorous vacuoles harboring a variable number of progenies. For the 

egress assay, the host cells were infected (MoI:1) for 36 h and 60 h, followed 

by immunostaining, as done for the invasion assay. The disrupted vacuoles with 

egressing parasites were quantified by α-TgSag1/Alexa488 staining (green), 

and the fraction of intact vacuoles was scored based on α-TgGap45/Alexa594 

labeling (red).  

To evaluate the gliding motility, parasites (4x105) suspended in Hank’s 

balanced salt solution were incubated to let them settle and glide (30 min, 37 °C) 

on glass coverslips pre-coated with 0.01% BSA (2 h). As mentioned elsewhere, 

samples were stained with α-TgSag1 and Alexa488 antibodies to visualize the 

gliding trails and parasites. The motile fraction was counted on the microscope, 

and trail lengths were quantified by the ImageJ program. 

2.2.6. Immunoprecipitation of PDE proteins 

The cell-free extract was prepared as described above. To precipitate the native 

PDEs, 50 µL of anti-HA agarose beads (A2095, Sigma) were added to the 

tachyzoite extract (2 mg protein/assay). The volume was adjusted to 1 mL by a 

lysis buffer containing protease inhibitors. The pull-down reaction was set with 
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constant rotation (4oC, 4 h). Afterward, protein-conjugated beads were pelleted 

(200g, 30 s), washed 2x with ice-cold lysis buffer with protease inhibitors, and 

then once with the PDE dilution buffer (150 mM NaCl and 10mM Tris-HCl, pH 

7.4)96.  Samples were given a final wash with 10 mM Tris-HCl buffer (pH 7.4) 

before using them for the enzyme assays.  

2.2.7. cAMP pulldown assay 

To pellet the cAMP interactors, 50 µL of cAMP agarose beads (Cat. No.: A 028, 

Biolog) were incubated with tachyzoite extract of PKAr and PKAc1 strains (1 

mg protein/assay). To set up parallel negative controls, excess of free cAMP 

(final concentration at 50mM) was added to the parasite extract of each strain 

(1 mg protein), pre-incubated for 20 min at room temperature to occupy the 

cAMP-binding sites of potential interactors in the lysate, followed by addition of 

50 µL of cAMP agarose beads. The pulldown assays were set on a rotation 

device (4C, 3 h). Subsequently, the protein-conjugated beads were centrifuged 

(200g, 30s), and washed 4x with ice-cold standard lysis buffer (aforesaid) 

containing fresh protease inhibitors, then a final wash with cold PBS to remove 

the lysis buffer and the pellets were stored at -80C for mass spectrometry 

analysis. 

2.2.8. PDE enzyme assay 

The experiment was performed using colorimetric kits (Enzo Life Science, USA; 

Abcam, UK) based on the enzymatic cleavage of 3’5’cAMP/3’5’cGMP to 

5’AMP/5’GMP, which are further hydrolyzed by 5’-nucleotidase to their 

nucleoside and phosphate moieties. The phosphate group is quantified to 

determine the PDE activity. To set up the assay, immunoprecipitated proteins 

(1-10 µg) were suspended in the reaction buffer (50 μL), followed by the 

addition of cAMP or cGMP (200 μM). Samples were incubated at 37°C for 1 

hour and mixed with 100 μL of the green reagent (30 min, room temperature) 

to terminate the reaction. Subsequently, the OD620 was measured to quantify 

the phosphate group. We also included a cAMP-specific PDE from the bovine 
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brain as a positive control and several negative controls (no protein, no 

substrate) for validation purposes. The standards with varying phosphate 

amounts (0.25-4 nmol) provided by the kit were included in all experiments to 

quantify the enzymatic hydrolysis of cAMP and cGMP.  

To determine the kinetic parameters (Km, Vmax, IC50) of selected 

phosphodiesterases (TgPDE1, TgPDE2, TgPDE7, TgPDE9), assays were 

standardized for the protein amount and incubation. The substrate dependence 

was tested in the linear range of reaction period and amount of each PDE. The 

Km and Vmax were calculated by the Michaelis-Menten equation using the 

GraphPad Prism suite. We also attempted to examine the kinetics of TgPDE8 

(dual-specific, apical location); however, its low expression and poor catalytic 

activity prevented us from determining reproducible Km values. Our additional 

assays tested the PDE inhibition by 3-isobutyl-1-methylxanthine (IBMX, 100 

µM), 1,4-Dihydro-5-(2-propoxyphenyl)-7H-1,2,3- triazolo (4,5-d) pyrimidin-7-

one (zaprinast, 300 µM), 5-benzyl-3-isopropyl-1H-pyrazolo (4,3-d) pyrimidin-

7(6H)-one (BIPPO, 100 µM)99 and PF-04957325 (50 µM, Pfizer Inc). For the 

IC50 estimation, different concentrations of BIPPO (1-100 µM) and zaprinast (1-

350 µM) were used. The key reaction parameters (protein amount, time, 

substrate) were optimized to measure the inhibition kinetics of 

phosphodiesterases. 

2.2.9. Proteolytic digestion for mass spectrometry 

As described elsewhere112,113, samples were processed by a single-pot solid-

phase-enhanced preparation method. In brief, anti-HA agarose beads were 

incubated for 15 min at 60°C in an SDS-containing buffer (1% w/v SDS, 50 mM 

HEPES, pH 8.0) to release proteins, which were afterward reduced and 

alkylated by dithiothreitol and iodoacetamide, respectively. They were 

supplemented with 2 µL of carboxylate-modified paramagnetic beads (Sera-

Mag SpeedBeads, GE Healthcare, 0.5 μg solids/μL water), followed by adding 

acetonitrile to a final concentration of 70% (v/v). Beads were allowed to settle 

for 20 min at room temperature. Subsequently, samples were washed twice 
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with 70% (v/v) ethanol in water and once with acetonitrile. Beads were 

suspended in 50 mM NH4HCO3 supplemented with trypsin (Mass Spectrometry 

Grade, Promega) at an enzyme-to-protein ratio of 1:25 (w/w) and incubated 

overnight at 37°C. Acetonitrile was added to the samples to reach a final 

concentration of 95% (v/v), followed by incubation at room temperature for 

20 min. To maximize the yield, supernatants derived from this initial peptide-

binding step were subjected to the peptide purification procedure113. Each 

sample was washed with acetonitrile. Paramagnetic beads from the original 

reaction and corresponding supernatants were pooled in 2% (v/v) dimethyl 

sulfoxide in water and sonicated for 1 min. After centrifugation (12500 rpm, 

4°C), supernatants containing tryptic peptides were transferred into a glass vial 

for mass spectrometry analysis and acidified with 0.1 % (v/v) formic acid. 

Liquid chromatography-mass spectrometry analysis 

Tryptic peptides were separated using an Ultimate 3000 RSLCnano LC system 

(Thermo Fisher Scientific) equipped with a PEPMAP100, C18, 5 µm, 0.3 x 

5 mm trap (Thermo Fisher Scientific) and an HSS-T3 C18, 1.8 μm, 75 μm x 

250 mm analytical reversed-phase column (Waters Corporation). Mobile phase 

A was water containing 0.1 % (v/v) formic acid and 3 % (v/v) DMSO. Peptides 

were separated using a gradient of 2-35% mobile phase B (0.1% v/v formic 

acid, 3% v/v DMSO in acetonitrile) over 40 min at a flow rate of 300 nL/min. The 

total analysis time was 60 min including the wash and column re-equilibration 

(temperature, 55°C). Mass spectrometric analysis of eluting peptides was 

conducted on an Orbitrap Exploris 480 instrument platform (Thermo Fisher 

Scientific). The spray voltage was set to 1.8 kV, the funnel RF level to 40, and 

the capillary temperature was at 275°C. Data were acquired in data-dependent 

acquisition mode targeting the 10 most abundant peptides for fragmentation 

(Top10). Full MS resolution was set to 120000 at m/z 200, and full MS 

automated gain control (AGC) target to 300% with a maximum injection time of 

50 ms. The mass range was adjusted to m/z 350-1500. For MS2 scans, the 

collection of isolated peptide precursors was limited by an ion target of 1x105 

(AGC target value of 100%) and maximum injection times of 25 ms. The 
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fragment ion spectra were acquired at a resolution of 15000 at m/z 200, and the 

intensity threshold was kept at 1E4. The isolation window width of the 

quadrupole was set to 1.6 m/z, and the normalized collision energy was fixed 

at 30%. All data were acquired in profile mode using positive polarity. 

Data analysis and label-free quantification 

The raw data acquired with the Exploris 480 were processed by MaxQuant 

(v2.0.1) suite114,115 using standard settings and label-free quantification (LFQ) 

enabled for each parameter group, i.e., control and affinity-purified samples 

(LFQ min ratio count 2, stabilize large LFQ ratios disabled, match-between-

runs). Data were searched against T. gondii proteome (UniprotKB/TrEMB, 8450 

entries, UP000005641) and common contaminants. For peptide identification, 

trypsin was set as a protease, allowing for two missed cleavages. 

Carbamidomethylation was programmed as fixed, and methionine oxidation 

and acetylation of protein N-termini were set as variable modifications. Only 

peptides with a length of 7 amino acids or more were considered. Peptide and 

protein false discovery rates (FDR) were 1%. In addition, proteins were 

identified by the presence of at least two peptides. Statistical analysis was 

conducted using the student’s t-test, which was corrected by the Benjamini–

Hochberg method for multiple hypothesis testing (FDR, 0.01). Proteins with a 

minimum two-fold enrichment in the affinity-enriched samples were considered. 

2.2.10. Transmission electron microscopy  

Immunogold labeling 

The immunogold analysis was carried out according to Tokuyasu116,117. 

Confluent HFF monolayers infected by parasites (MoI:4, 24 h) were fixed with 

2% paraformaldehyde/0.1% glutaraldehyde in 100 mM sodium phosphate 

buffer (pH 7.4) for 2 h at room temperature. Samples were scraped and pelleted 

by centrifugation (6000 g, 1.5 min). The cell pellets were infiltrated gradually in 

gelatin (1%, 5%, 10% gelatin in 100 mM PB buffer, pH 7.4 at 37oC). 

Subsequently, samples were cooled down on the ice to solidify gelatin and cut 

into small pieces, which were infiltrated overnight at 4oC in 100 mM PB buffer 
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containing 2.3 M sucrose (pH 7.4). Sample blocks (700 µm3) were mounted 

on aluminum pins and placed into the cryo-chamber, precooled to -110°C of a 

cryo-ultramicrotome (UC7, Leica Microsystems, Wetzlar). Ribbons of 60 nm 

thin sections were picked by a Perfect Loop with 1% (w/v) methylcellulose and 

2.3 M sucrose (1:1) in 100 mM PB buffer (pH 7.4). 

For immunolabeling, grids were rinsed with a series of droplets (0.1% glycine in 

PBS, pH 7.4), followed by blocking with 1% BSA in PBS (pH 7.4). Samples were 

incubated for 60 min with the primary antibody (-HA 

mouse, Biolegend 90150), diluted 1:100 in 1% BSA, 0.2% fish skin gelatin in 

PBS (pH 7.4). After washing with 0.1% BSA in PBS (pH 7.4), they were 

incubated for 30 min with rabbit anti-mouse bridge antibody (BioZol original 

from Jackson-Immuno, 315-005-048), diluted 1:100 in 1% BSA, 0.2% fish skin 

gelatin in PBS (pH 7.4). Following washing, grids were treated for 20 min with 

Protein-10 nm A gold (CMC-Utrecht, batch 08-2021), diluted 1:25 in 1% BSA in 

PBS (pH 7.4). Samples were washed (PBS and water) and then stained in 2% 

uranyl oxalate (pH 7.0), followed by 10 min incubation in 1.8% (v/w) 

methylcellulose/0.4% uranyl acetate (pH 4.0, mixed 1+1 on ice in the dark). 

Grids were looped out and dried in the residual thin film of 1.8% 

methylcellulose/0.4% uranyl acetate (pH 4.0). Sections were imaged by 

electron microscopes JEM 2100Plus at 200kV (JEOL, Japan) equipped with a 

XAROSA CMOS 20 Megapixel Camera (Emsis GmbH, Germany) or at 80kV by 

Zeiss TEM 902 (Germany). Quantification of gold labeling in different organelles 

of tachyzoites was performed by analyzing 157 (TgPDE1), 108 (TgPDE2) and 

62 (TgPDE9) images. 

High-pressure freezing and freeze substitution 

HFFs cultured on sapphire disks (3 mm, coated with 0.01% poly-L-lysine) were 

infected (MoI:4, 24 h). For high-pressure freezing (HPF), sapphire disks were 

dipped into 1-hexadecene and placed onto a flat aluminum planchette (3 mm 

diameter) with cells facing upwards, which was then covered with another 

aluminum planchette (3 mm diameter, cavity 40 µm). The planchette sandwich 
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was placed in an HPF holder and frozen using a Wohlwend HPF Compact 03 

high-pressure freezer (Engineering Office M. Wohlwend GmbH, Switzerland). 

The frozen samples were stored in liquid nitrogen until freeze substitution (FS). 

For FS, the aluminum planchettes were opened in liquid nitrogen and separated 

from the sapphire disks, which were then immersed in a substitution solution 

containing 1% osmium tetroxide, 0.1% uranyl acetate and 3% H2O in anhydrous 

acetone pre-cooled to -90°C. The FS was performed in a Leica EM AFS2 

(Germany) following the protocol of 30 h (-90°C), 12 h (-60 °C), 12 h (-30°C) 

and 1 h (0°C). Samples were washed 5x with anhydrous acetone, stepwise 

embedded in EPON 812 mixed with acetone (30%, 60%, 100%) and finally 

polymerized for 48 h at 60°C. Ultrathin sections of 70 nm were prepared using 

a Leica UC7 ultramicrotome (Germany) and a 35º Ultra diamond knife 

(DiATOME, Switzerland). Sections were collected on formvar-coated grids and 

stained for 30 min with 2% uranyl acetate and 20 min with 3% lead citrate (Roth, 

Germany). Images were collected using the JEM 2100Plus system (200kV, 

JEOL, Japan), equipped with a XAROSA CMOS 20MP camera (Emsis, 

Germany). 

2.2.11. Cell sorting by Flow cytometry  

To obtain the reporter lines of GFP-ΔTgPDE1/TgPDE2-mAID-3HA and GFP- 

RHΔku80Δhxgprt-TIR1 strains, we transfected the plasmid pTKO-GFP-DHFR 

into RHΔku80Δhxgprt-TIR1 strain that allows the vector integrated randomly 

into the genome of parasites, which allows GFP expressed under the control of 

pGra1 promoter. Followed by maintaining for two times passaging up to 5 to 6 

days, then the freshly syringe-released parasites were filtered and sorted by the 

BD FACS Aria II Flow Cytometry Cell Sorter (Becton Dickinson (BD™) to isolate 

the positive parasites expressed GFP signal.  
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2.2.12. Live cell imaging 

To induce artificial egress, parasites (MoI:3) were infected in the ibidi 8 well 

plate coverslip with confluent HFF cells and incubated for 24 to 28 hours. The 

live image frame was taken by Zeiss Cell Observer SD (dual-color high-speed 

confocal imaging using the CSU-X1 spinning disc technology from Yokogawa), 

taking 1 image every 3 seconds. 1 min after beginning the image sequence, 

artificial egress was triggered by 2µM A23187, 10 µM BIPPO and delaying this 

process with 2 µM Compound 2. The videos were made by using FIJI software. 

2.2.13. Sequence analysis, phylogenetic cladding, and structure modeling  

The PDE sequences of chosen protozoan and metazoan organisms were 

acquired from the UniprotKB (www.uniprot.org) or Eukaryotic Pathogen 

Database (www.EuPathDB.org)118. Information from different tools was utilized 

to schematize the primary structures of TgPDE1-18 by Illustrator for Biological 

Sciences v1.0.3119. The protein coding sequences were examined by 

TMHMM120, Phobius120 and TMpred121 programs to deduce the number, size, 

orientation and location of the transmembrane helices. Only those TMs with a 

confidence score  670 were considered to discern the membrane topology. 

The NCBI conserved domain search tool122, SMART123 and PFAM v32.0124 

were deployed to assess the PDEase I and other auxiliary domains. The 

primary structure of 18 TgPDEs was depicted using IBS (Illustrator for Biological 

Sequence) software119. The secondary structure of selected PDEs having an 

ancillary domain were constructed using TeXtopo package (v1.4) in LaTeX 

typesetting system125. Sequences were aligned by ClustalW (gap opening 

penalty, 10.00) algorithm, and the Neighbor-Joining method was applied for an 

estimated pairwise distance matrix. Phylogeny of the whole sequence and 

catalytic domains of 105 PDEs was performed using the Maximum Likelihood 

method and JTT matrix model for amino acid substitution in MEGA-X software126. 

The cladograms were visualized by Interactive Tree of Life (iTOL) program127.  

http://www.eupathdb.org/
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Three dimensional models for the catalytic region of TgPDE9 (Ser802–

Ser1113) and TgPDE8 (Leu623-Val937) were generated based on substrate-

bound structures of HsPDE4D (PDB, 2pw3128) and HsPDE9A (PDB, 3dyn129) 

using SWISS-MODEL suite130. The Global Model Quality Estimation (GMQE) 

scores of TgPDE9 models, which reflect the accuracy of homology models, 

were determined as 0.69 (2pw3-based model) and 0.68 (3dyn-based model), 

and the corresponding Quality Model Energy Analysis (QMEAN) scores were 

2.84 and 2.81, respectively. Similarly, the GMQE values for TgPDE8 modeled 

on the 2pw3 and 3dyn crystal structures were determined as 0.72 and 0.71, and 

the corresponding QMEANs were scored as 2.45 and 2.05, respectively. The 

substrate docking was performed using the AutoDock Vina plugin131 in 

CHIMERA software132. cAMP and cGMP were positioned into the catalytic 

pockets of TgPDE8 or TgPDE9 model following their respective location in 

HsPDE4D and HsPDE9A structures. Equally, the binding of TgPDE8 and 

TgPDE9 with PDE inhibitors, BIPPO and PF-04957325, was tested by docking 

of their chemical structures within the catalytic region.  

2.2.14. Data analysis, availability, and presentation 

All assays were executed at least three independent times unless specified 

otherwise. The mass spectrometry data were processed using proprietary 

programs associated with each instrument. The datasets have been deposited 

to the ProteomeXchange Consortium (PXD032173) via the jPOST partner 

repository (JPST001521) (http://proteomecentral.proteomexchange.org, 

doi:10.1093/nar/gkw1080). Other results presented herein were analyzed and 

plotted using the GraphPad Prism v8 software. The error bars in graphs signify 

means with SE. The p-values were computed by Student's t-test (*p≤0.05; 

**p≤0.01; ***p≤0.001; ****p≤0.0001). Images of transgenic strains and 

phenotyping assays (plaque, immunofluorescence, immunoblot, PCR etc.) 

show only a representative of the three or more biological replicates. 

http://proteomecentral.proteomexchange.org/
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3. Results 

3.1. Fundamental structure and evolutionary relationship of PDEs in 

Toxoplasma gondii 

3.1.1 Toxoplasma gondii genome encodes a large repertoire of 
phosphodiesterases 

Our genome search identified 18 cyclic nucleotide-specific PDEs in the parasite 

database (ToxoDB106), as also indicated earlier99. We named them in a 

sequential order from TgPDE1-18 including the formerly-reported TgPDE1 and 

TgPDE247 (Table 2). The pertinent PDE genes are located on different 

chromosomes throughout the genome. TgPDE14 has the shortest coding 

region (936 bp), while TgPDE18 comprises the largest open reading frame 

(10431 bp). The encoded PDE proteins range from 311 to 3476 amino acids, 

corresponding to a molecular weight of 35-kDa (TgPDE14) and 381-kDa 

(TgPDE18), respectively. All parasite PDEs harbor a PDEase domain and 

belong to the class I phosphodiesterase (PDEase I) (Figure 5) – a shared 

feature of metazoan enzymes133.  

The predicted PDEase I domain in Toxoplasma PDEs consists of 230–280 

amino acids except for TgPDE14 (173 aa), TgPDE17 (377 aa) and TgPDE18 

(616 aa). Most of the 16 signature residues reported as conserved in all human 

enzyme families and required for the PDE catalysis were also found in TgPDE1-

18 proteins barring TgPDE4 and TgPDE14, which show many substitutions and 

a large deletion in the catalytic region, respectively (Appendix 2). Each parasite 

PDE was predicted to harbor at least one transmembrane helix (TM), and 

therefore all of them appear to be membraneassociated, resonating with 

Plasmodium PDEs and HsPDE3, but contrasting other human 

orthologs73,75,96,133–135.  

A distinguished feature of most parasite PDEs is the general lack of archetypal 

regulatory domains (Figure 5). Such domains (e.g. calmodulin-binding, GAF, 

PAS or REC) are known to facilitate the subcellular trafficking, substrate affinity 

and catalytic activity of metazoan PDEs73. We identified an ancillary module in 

only 4 out of 18 parasite proteins (Figures 5-6). TgPDE2 possesses a GAF like 
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domain (expect value: 3.43e-04, high probablity), which usually binds cGMP 

and thereby controls the PDE catalysis136. Equally, TgPDE4 harbors a channel-

like ion-transport domain (expect value: 4.53e09, high probablity) embedded in 

three TM helices (Figures 5-6). TgPDE15 has an octamer repeat (OCRE, 42 

aa, expect value: 1.04e-03, high probablity) at the C-terminal, and TgPDE18 

comprises a domain analogous to the merozoite adhesive erythrocytic binding 

ligand (MAEBL, expect value: 3.88e05, high probablity) (Figures 5-6). 

Table 2. Summary of 18 phosphodiesterases present in T. gondii 
 

Gene Name 

(ToxoDB_ID) 
Substrate**** 

Protein Size 

(≈kDa) * 

Growth 

Score 

(Tachyzoite)

** 

Transcript 

(FPKM)*** 

Expression in 

Tachyzoites 

(Immunostaining) 

TgPDE1 (TGGT1_202540) Dual 182 -2,43 27.9 PM and Cytomembranes 

TgPDE2 (TGGT1_293000) cAMP 244 -2,53 10.84 Cytomembranes 

TgPDE3 (TGGT1_233065) -- 92 -0,71 0.13 Not expressed 

TgPDE4 (TGGT1_229405) -- 118 -0,35 0.9 Not expressed 

TgPDE5 (TGGT1_220420) Dual 116 1,23 1.81 
Cytomembranes 

 (Faint signal) 

TgPDE6 (TGGT1_266920) Dual 120 1,63 159.84 Cytomembranes 

TgPDE7 (TGGT1_280410) Dual 122 0,7 14.39 PM and Cytomembranes 

TgPDE8 (TGGT1_318675) Dual  127 0,19 1.33 
Apical and 

Cytomembranes 

TgPDE9 (TGGT1_241880) Dual  142 0,52 38.25 
Apical in Plasma 

Membrane 

TgPDE10 (TGGT1_272650) Dual 141 -0,37 21.79 PM and Cytomembranes 

TgPDE11 (TGGT1_224840) -- 147 0,4 12.22 Not expressed 

TgPDE12 (TGGT1_310520) Dual 174 -0,06 3.05 Cytomembranes (granular) 

TgPDE13 (TGGT1_257080) Dual 180 0,55 21.98 Basal and Cytomembranes 

TgPDE14 (TGGT1_228500) -- 35 -0,33 0.29 Not expressed 

TgPDE15 (TGGT1_233040) -- 195 1,22 0.3 Not expressed 

TgPDE16 (TGGT1_258508) -- 68 -1,19 0.92 Not expressed 

TgPDE17 (TGGT1_257945) -- 254 -1,81 10.03 Not expressed 

TgPDE18 (TGGT1_226755) Dual 381 -1,15 2.37 Cytomembranes 

* Theoretical molecular weight of the open reading frame without any post-translational modification and 

epitope-tagging. 

** CRISPR/Cas9-assisted genome-wide knockout screening137. A negative score means an impaired growth. 

*** FPKM (fragments per kilobase of exon model per million) in tachyzoites106. 

**** Confirmed by PDE enzyme assay (see text). 
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Figure  5. Toxoplasma gondii harbors 18 cyclic nucleotide phosphodiesterases.  
Shown are the primary structure of parasite PDEs. The approximate position of 
PDEase I domain and other modules were predicted by PFAM, SMART and NCBI 
conserved domain search tools. The number and location of transmembrane helices 
are consensus of TMPred, TMHMM and Phobius algorithms. Images were generated 
with proportional scaling in IBS (v1.0.3) software. PDEase I, domain of cyclic 
nucleotide phosphodiesterase; GAF, a domain present in certain cGMP-specific 
PDEs, Adenylyl cyclases and FhlA; OCRE, Octamer repeat; MAEBL, merozoite 
adhesive erythrocytic binding ligand. 
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Furthermore, a palmitoylation site was found in TgPDE15 based on the reported 

palmitome of T. gondii tachyzoites138. Not least, PDEase I and apposite 

secondary domains in TgPDE2, TgPDE15 and TgPDE18 are topologically 

oriented for a mutual functioning of their catalytic and regulatory regions (Figure 

6). 

 

 
Figure  6. Membrane topology of Toxoplasma PDEs containing a secondary 
domain.  
The color-coded illustrations of indicated PDEs highlighting the conserved domains 
were made using TeXtopo (v1.4) program. The portrayed topology is built on the 
number of TM helices predicted herein (Figure 5).  
 

3.1.2. Most apicomplexan PDEs are not related to the metazoan orthologs  

Similar to T. gondii, our search of Eimeria tenella, a related coccidian parasite, 

identified 15 putative PDEs encoded by its genome (Appendix 1), which are 

termed here as EtPDE1-15 based on their pairwise similarities with TgPDE1-18 

proteins.  
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To understand their evolutionary relationship, we performed a phylogenetic 

clading with other phosphodiesterases from protozoan, invertebrate, as well as 

vertebrate organisms (Figure 7). A parsimonious cladogram of the catalytic 

domains resulted in 1 large and 2 small branches of apicomplexan PDEs.  

 
Figure  7. Most Toxoplasma PDEs group with other apicomplexan 
phosphodiesterases.  
A parsimonious phylogenetic tree of the PDEase domains from TgPDE1-18 with their 
orthologs from Homo sapiens (Hs), Drosophila melanogaster (Dm), Danio rerio (Dr), 
Caenorhabditis elegans (Ce), Dictyostelium discoideum (Dd), Cavenderia fasciculata 
(Cf), Leishmania major (Lm), Trypanosoma brucei (Tb), Eimeria tenella (Et) and 
Plasmodium falciparum (Pf). The cladistic analysis was performed using the Maximum 
Likelihood method (1000 bootstraps, gray spheres). Accession numbers (UniprotKB) 
along with the organism abbreviations are indicated in brackets except for human and 
apicomplexan PDEs (see Appendix 1; Tg, red; Et, blue; Pf, green). 
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One such clade included a majority of apicomplexan PDEs (purple color, Figure 

7), illustrating their significant divergence from metazoan orthologs. It consists 

of 4 explicit clusters discounting an outgroup of PfPDE and PfPDE. The first 

cluster grouped PfPDE and PfPDE and some Toxoplasma and Eimeria 

orthologs. The remaining three clusters on the other hand contained only 

coccidian PDEs (yellow colored). Equally, some other PDEs (TgPDE2 and 3, 

EtPDE2, TgPDE14 and 15, EtPDE14 and 15) diverged off the mainstream 

proteins and generated yet-another coccidian-specific clade. Unexpectedly, 

TgPDE4 and TgPDE16 formed a cluster with the slime mold PDEs. 

Phylogenetic analysis of the full-length PDE sequences resulted in a broadly 

similar topology and segregation except for few exceptions (Appendix 3). Here, 

we observed a large protozoan-specific clade, which comprised most 

apicomplexan proteins. Yet again, TgPDE2,3 and TgPDE14,15 along with 

TgPDE17 were separated from the large clade, forming small clusters. Finally, 

the pairwise sequence analysis of TgPDE1-18 proteins resonate rather well with 

aforementioned phylogenetic analyses (Appendix 4). Particularly, we noted that 

TgPDE3 and TgPDE14 are most identical to each other (77%), whereas 

TgPDE4 and TgPDE14 are the most distantly related PDEs (19%) among all 

Toxoplasma proteins. 

3.2. Endogenous expression and subcellular localization of 18 PDEs in 

Toxoplasma gondii 

3.2.1. At least 11 PDEs are expressed during the lytic cycle of T. gondii  

We examined the expression of TgPDE1-18 in tachyzoites following 

CRISPR/Cas9-assisted-3´-genomic tagging with a spaghetti monster-HA 

(smHA)-epitope (Figure 8A), which enables a detection of even poorly-

expressed proteins139. PCR screening with recombination-specific primers and 

subsequent sequencing of amplicons confirmed successful smHA-tagging of 18 

genes in clonal transgenic strains (Figure 8B).  
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Figure  8. TgPDE1-18 are expressed in a broadly stage-specific manner during 
the lifecycle of T. gondii.  
(A) Scheme illustrating the 3´-insertional tagging (3´IT) of TgPDE1-18 genes with 
spaghetti monster (smHA) epitope. For each PDE, a plasmid encoding Cas9 and 
gene-specific guide RNA (pU6-Cas9-TgPDE1-18sgRNA) was constructed and 

transfected along with the corresponding donor amplicon into the RHku80/hxgprt– 
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(parental) strain. Transgenic parasites were selected for HXGPRT expression 
(selection cassette, S.C.) (B) Genomic screening of the clonal strains expressing 
individual TgPDE1-18-smHA3´IT proteins. Screening primers, specified as red-labeled 
arrows in panel A, were used to test gDNA from the transgenic (‘‘T”) and parental (‘‘P”, 
negative control) strains. (C, D) Immuno-dot and western blots of tachyzoites encoding 
smHA-tagged PDEs. The protein extracts were either directly loaded onto blotting 
membrane (C), or first resolved by 8% SDS-PAGE and then blotted (D). In both cases, 
blots were subjected to immunostaining for the HA-tag along with TgHsp90 (loading 
control). Note that the appearance of 4 extra PDEs (TgPDE5, 8, 12 and 18) in the 
western blot is due to 4x higher sample loading than dot blot. Visualization of the bands 
of expected theoretical molecular weight for TgPDE5, 8, 10, 12 and 18 requires a very 
high contrast and exposure, which oversaturates other PDEs including TgPDE6, 7 and 
9. Hence, western blot does not allow a fair comparison of relative expression levels, 
which can be better assessed by dot blot. Sample loading in dot blot follows the PDEs, 
as numbered, and parental strain (‘‘P”) as a negative control. (E) Heat map showing 
transcript expression (FPKM values) of TgPDE1-18 in tachyzoites, tissue cysts and 
entero-epithelial stages (EES1-EES5140). EES1 = very early, EES2 = early, EES3 = 
mixed, EES4 = late, EES5 = very late.  

 

Immuno-dot blot of epitopetagged tachyzoites revealed a strong expression of 

at least 7 PDEs (TgPDE1, 2, 6, 7, 9, 10, 13) (Figure 8C). The western blot 

disclosed the expression of 4 additional proteins (TgPDE5, 8, 12, 18) (Figure 

8D). All of the 11 PDEs displayed a band of their theoretical protein size (see 

asterisk-marks in Figure 8D). The predicted bands of TgPDE5, 8, 10, 12 and 

TgPDE18 were visible only after much high exposure and contrast. In some 

cases (TgPDE2, 6, 9, 12, 13, 18), extra protein bands of lower size were also 

seen that can be attributed to degradation, processing, alternative translation 

and/or splicing variants. Expression of TgPDE3, 4, 11, 14–17 were not evident 

by any immunostaining method. Our protein expression results correlated with 

the transcription of PDEs in tachyzoites (Figure 8E140). As such, transcripts of 

well-stained PDEs are overexpressed, while those not detectable or weakly 

stained by immunoblot are underexpressed during acute stage (Figure 8D-E, 

Table 2). In contrast, proteins absent in tachyzoites displayed much higher 

transcript level during entero-epithelial stages (EES1-5) of the parasite in its 

felid host. Furthermore, transcripts of TgPDE5 and TgPDE6 were markedly 

overexpressed during chronic infection (Figure 8E). 
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3.2.2. Phosphodiesterases expressed in tachyzoites show assorted 
localizations  

To gain added insight into cyclic nucleotide signaling, we localized all PDEs by 

immunofluorescence staining of the transgenic strains expressing smHA-

tagged proteins (Figure 9). As anticipated, only those proteins visible in 

immunoblot showed a fluorescence signal. TgPDE3, 4, 11 and TgPDE14-17 

were not detectable, confirming a lack of their expression in the tachyzoite 

stage. Of remaining 11 proteins, TgPDE2, 5, 6, 12, 13 and TgPDE18 

demonstrated punctate cytosolic (cytomembranes) distribution in tachyzoites, 

whereas TgPDE1, TgPDE7 and TgPDE10 were present at the periphery 

alongside granulated expression throughout the parasite body (Figure 9). 

TgPDE13 was evidently more confined to the basal end. TgPDE8 and TgPDE9 

displayed a conspicuous apical staining. The former also disclosed a punctuate 

cytosolic expression, and it was not expressed in all parasites of a clonal 

population (Appendix 5A). Evenly, the clonal transgenic strains harboring 

TgPDE5 and TgPDE18 exhibited cytomembrane signal, and were not uniformly 

immunostained (Figure 8, Appendix 5A). Importantly, the FPKM values of 

TgPDE5, TgPDE8 and TgPDE18 transcripts range 1-2 in tachyzoites (Table 2), 

which seems to be the sensitivity threshold of high-affinity smHA tagging 

because any other PDEs < 1 FPKM were not detectable at the protein level 

(Figures 8-9). TgPDE11 and TgPDE17 with FPKM >10, yet not detectable by 

immunostaining, were the only exceptions to this observation, which might be 

subjected to post-transcriptional regulation of protein expression in tachyzoites. 

3.2.3. TgPDE8 and TgPDE9 localize in the apical plasmalemma of 
tachyzoites  

A prominent expression of TgPDE8 and TgPDE9 at the apex of tachyzoites 

prompted us to perform additional immunofluorescence assays to define their 

precise localization. As shown in Figure 10A, both PDEs co-localized with inner  

membrane complex sub-compartment protein 1 (TgIsp1) – a bona fide marker 

of the apical region in tachyzoites141 
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Figure  9. Phosphodiesterases expressed in tachyzoites show assorted spatial 
distribution.  
Intracellular parasite strains encoding individual smHA-tagged TgPDE1-18 proteins (TgPDE1-
18-smHA3´IT) were allowed to infect confluent HFF cells (24–36 h post-infection), and then 

immunostained using -HA and -TgGap45 antibodies. The host-cell and parasite nuclei were 

visualized by DAPI (scale, 2 m). Images were acquired using clonal transgenic tachyzoites 
(Figure 8). Panels with no detected smHA staining denote a lack of protein expression. In case 
of TgPDE5, 8 and 18, only a minor fraction of vacuoles was fluorescent that is probably due 
to dependence on the cell cycle and/or low transcript expression (Appendix 5A and Table 2)
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Figure  10. TgPDE8 and TgPDE9 reside in the apical plasmalemma, whereas 
TgPDE1, TgPDE7 and TgPDE10 are located at the periphery of tachyzoites.  
(A) Localization of TgPDE8 and TgPDE9 with an apical marker (TgIsp1). Intracellular 

parasites expressing TgPDE8-smHA3´IT and TgPDE9-smHA3´IT were stained with -

HA and -TgIsp1 antibodies. (B, C) Immunostaining of smHA-tagged TgPDE8 and 
TgPDE9 (B), and of TgPDE1, TgPDE7 and TgPDE10 (C) in tachyzoites treated with 

-toxin. Inner membrane complex and plasma membrane were stained by -TgGap45 

or -TgSag2 antibodies, respectively, after drug-induced uncoupling of the two entities 
(see control assays in Appendix 5B). The merged images include DAPI-stained host 

and parasite nuclei in blue (scale, 2 m).  
 

 

Immunostaining of TgIsp1 completely intersected with TgPDE9 and partially 

overlapped with TgPDE8 (Figure 10A) in accordance with their expression in 

intracellular parasites (Figure 9). Given multiple TMs in TgPDE8 and TgPDE9 

(Figure 5), we tested their association with the plasma membrane (PM) and/or 

inner membrane complex (IMC) following -toxin induced membrane splitting 

in tachyzoites (Figure 10B).  
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As expected, the drug-treated control samples revealed a clear separation of 

IMC and PM, ascertaining the functionality of our assay (Appendix 5B). 

Similarly, a co-staining of TgPDE8 and TgPDE9 with TgSag2 disclosed their 

presence in the plasma membrane (Figure 10B). Using the same technique, we 

investigated the exact membrane distribution of TgPDE1, TgPDE7 and 

TgPDE10, which appeared peripheral in intracellular parasites (Figure 9). 

Indeed, all 3 PDEs co-localized primarily with TgSag2 after -toxin-induced 

membrane splitting, advocating their expression in the plasmalemma and 

suspected IMC (Figure 10C). 

3.3. The structural reveals of apical TgPDE8 and TgPDE9 based on 
homology modelling  

3.3.1. Modelling of TgPDE8 and TgPDE9 suggests a prototypical 3D 
structure  

Subcellular expression of TgPDE8 and TgPDE9 suggested their involvement in 

the apical signalling, which is initiated by apically located P4-ATPase-

conjugated guanylate cyclase46,82. Hence, we first modelled TgPDE8 and 

TgPDE9 based on the crystal structures of well-characterized cGMP-specific 

HsPDE9A and cAMP-specific HsPDE4D to discern their enzymatic features 

(Figure 11, Appendix 6). The tertiary topology of both parasite PDEs was found 

similar to HsPDE9A (Figure 11A, Appendix 6A) and HsPDE4D (Figure 11B, 

Appendix 6B). As known in other class I phosphodiesterases, the catalytic 

domain of TgPDE8 and TgPDE9 comprises 16 -helices with a deep pocket for 

the substrate binding (Appendix 7). The region between helix 6 and 15 contains 

residues dictating the catalytic activity of PDEs133. Indeed, we observed that 

most of the metal-binding and substrate-recognition residues are conserved in 

TgPDE8 and TgPDE9. Moreover, the H-(X)3-H-(X)-25-35-(D/E) signature of class 

I enzymes142 is also present in both PDEs (Appendix 7).  
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Figure  11. TgPDE9 exhibits a typical tertiary structure with a defined substrate 
pocket.  
(A, B) Homology models of TgPDE9 overlaid with the crystal structure of HsPDE9A 
(PDB, 3dyn) (A) and of HsPDE4D (PDB, 2pw3) (B). Human PDEs are depicted in gray 
background and corresponding models of the TgPDE9 catalytic domain are illustrated 
in salmon and blue, respectively.  Zn2+ (purple) and another metal ion (e.g., Mg2+, 
green) bound to the catalytic center are also shown as spheres. (C, D) Inset view of 
the substrate-binding pocket of TgPDE9 with cGMP (C) and cAMP (D), as deduced 
by modeling based on HsPDE9A and HsPDE4D, respectively. Only key residues 
located in the catalytic site are indicated. (E) BIPPO-docked TgPDE9 model (salmon) 
superimposed with cGMP-bound HsPDE9A (gray). (F) Docking of PF-04957325 into 
TgPDE9 model (blue) overlaid with cAMP-bound HsPDE4D (gray). 

Homology models of TgPDE8 and TgPDE9 allowed the docking of cGMP as 

well as cAMP into their substrate-binding pockets (Figure 11C-D, Appendix 6C-

D). The phosphate group of cyclic nucleotides faces the putative catalytic 

center, essentially formed by the histidine and aspartate residues serving metal-

binding and proton-donating roles129. The catalytic centre of TgPDE8 is formed 

by His685, His689, His725, Asp726, His729 and Asp838 residues (Appendix 

6C-D, Appendix 7).  
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Besides, the steric constrain and a polar interaction are realized by Tyr684 and 

its OH-group. In TgPDE9, these residues are identified as Tyr863, His864, 

His868, His904, Asp905 and His908 (Figure 11C-D, Appendix 7). The classical 

invariant glutamine – a hall- mark of cyclic nucleotide 

phosphodiesterases128,143–145 is also present in TgPDE8 (Gln890) (Appendix 

6C-D) and in TgPDE9 (Gln1068) (Figure 11C-D), where it is poised to stabilize 

the purine moiety in cAMP or cGMP via hydrogen-bond networks. Further, the 

substrate-pocket of TgPDE8 and TgPDE9 can accommodate the purine moiety 

via π-stacking with Phe893 and Phe1071, respectively (Appendix 6C-D, Figure 

11C-D, Appendix 7). Although not applicable to all PDE families143, the selection 

of cAMP and/or cGMP in TgPDE8 and TgPDE9 may hinge upon the orientation 

of glutamine, as described elsewhere145. In brief, the conserved topology, 

signature residues, substrate specificity and apical location entail a role of 

TgPDE8 and TgPDE9 in cAMP and cGMP signalling.  

3.3.2. Interaction of PDE inhibitors with TgPDE8 and TgPDE9  

A range of PDE inhibitors have been developed, of which zaprinast and BIPPO 

are widely used to artificially induce cGMP signaling in apicomplexan 

parasites99,135. Using HsPDE9A template, we observed that BIPPO inhibitor 

bound TgPDE9 adopted a conformation similar to HsPDE9A (Figure 11E), as 

shown by Howard et al.99. The purine ring of BIPPO mimics the substrate 

binding and faces parallel to the Phe1071. Furthermore, a hydrophobic pocket 

is formed by Ala1034, Ala1035 and Met1055 residues, accommodating the 

additional benzene moiety of BIPPO. Of note, the smaller side chain of Gly1067 

precludes any steric hindrance. In contrary, the HsPDE4D-based homology 

model did not allow an analogous conformation, confirming that docking of 

inhibitors depends on the previous experimental knowledge of substrate 

specificity and modelling template. BIPPO could also not be docked on TgPDE8 

model with confidence due to bulky Cys889 residue positioned in its catalytic 

pocket (Appendix 6E), which probably prevents the sandwiching of the benzene 

ring as depicted in TgPDE9 (Figure 11E) as well as in PfPDEb models99. The 
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simulated binding of PF-04957325 (inhibitor of cAMP-PDEs) to TgPDE9 model 

with HsPDE4D template showed that the drug could bind via π-stacking with 

Phe1071 similar to the purine moiety of cAMP, and a polar interaction between 

its trifluoromethyl group and Gln1068 should augment the binding (Figure 11F). 

Its bulky side chain would thereby block the substrate entry into its pocket and 

to the catalytic center surrounded by His864, His868 and Asp905. Our 

simulation of TgPDE8 with PF- 04957325 yielded analogous results (Appendix 

6F).  

3.4. Catalytic function of PDEs expressed in T.gondii  

3.4.1. TgPDE2 is cAMP-specific, while other PDEs in tachyzoites can 
hydrolyze cAMP and cGMP 

We performed the colorimetric enzyme assays using enriched preparation of 

the native PDEs. Transgenic tachyzoites encoding smHA-tagged proteins 

under the control of respective promoters were deployed to isolate the 11 PDEs 

expressed during the lytic cycle. As shown (Figure 12A), these proteins were 

immunoprecipitated from the parasite extract, and PDE-enriched samples were 

tested by immunoblot and enzyme assays (Figure 12B-E). We observed a 

protein band of the predicted size besides some proteolytic products (Figure 

12B-D). All enzymes but not TgPDE2 hydrolyzed both substrates, i.e., cAMP 

and cGMP (Figure 12E). TgPDE2 degraded only cAMP with no evident activity 

for cGMP even at a much higher amount of the protein (20 µg) and substrate 

(200 μM). TgPDE2, with a catalytic rate of >0.5 nmol/µg protein, was also 

among the most active enzymes. TgPDE1, TgPDE7 and TgPDE9 were similarly 

efficient in hydrolyzing cGMP and cAMP (Figure 12E). 

The second cohort of enzymes with relatively moderate activity (0.1-0.2 nmol/µg 

protein) included TgPDE6, TgPDE10, TgPDE13, and TgPDE18 (Figure 12E). 

Except for TgPDE13, which was twice as functional with cAMP than cGMP, the 

other three PDEs displayed similar rates of catalysis with both substrates. 
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Figure 12. Catalytic activity of the native phosphodiesterases present in 
tachyzoites of T. gondii.  
(A) Scheme for the α-HA agarose bead-based immunoprecipitation to enrich the 
smHA-tagged PDE proteins from the cell lysate of transgenic parasites. The parental 
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strain (RHΔku80Δhxgprt) was used as a negative control. (B-D) Immunoblots 
confirming adequate precipitation of PDE-smHA proteins. Samples from panel A were 
probed with the mouse α-HA (green) and rabbit α-TgHsp90 (red) antibodies. Note the 
presence of TgHsp90 (a cytosolic marker) in cell-free extract (CFE) and its absence 
in the immunoprecipitated pellet (P). Asterisks, if shown, mark the predicted size of 
smHA-tagged PDEs. (E) Phosphodiesterase activity of PDE-smHA proteins with 
cAMP and cGMP. The colorimetric enzyme assays were set up using 6 μg of PDE 
samples (TgPDE5, 10 μg) and 200 μM substrate (1 h, 37oC). The control reactions run 
alongside lacked the substrate or enzyme. The substrate-free enzyme-only reaction 
was subtracted from samples to quantify the PDE activity (normalized to the protein 
amount). The negative controls indicate the precipitated protein of the parental strain 
(N.D., not detectable). The data show the mean ± SE (n = 3-4 assays).  

 

The third and last set of phosphodiesterases comprising TgPDE5, TgPDE8, and 

TgPDE12 was much less active (<0.1 nmol/µg protein), correlating with their 

weak expression in tachyzoites (Figure 12D). TgPDE5 appeared at least twice 

more active with cAMP than cGMP. At the same time, TgPDE12 hydrolyzed 

cGMP at a 5x higher rate than cAMP. Collectively, these assays revealed the 

catalytic specificity of PDEs expressed in tachyzoites and suggested a 

significant functional redundancy in the counter-regulation of cyclic nucleotide 

signaling. 

3.4.2. Catalytic Kinetics of TgPDE1, TgPDE2, TgPDE7 and TgPDE9 with 
cAMP and/or cGMP 

Given the high activity, distinct subcellular locations, and our ability to isolate a 

sufficient quantity of proteins, we focused on the catalytic rates of TgPDE1, 

TgPDE2, TgPDE7 and TgPDE9 (Figure 14). At first, the protein and time 

dependence of each PDE were assessed under saturating amount of cAMP or 

cGMP (Figure 13). Knowing the linearity of individual reactions, we tested the 

enzyme activity with 1-500 µM of substrates to calculate the Km and Vmax values. 

All four PDEs displayed the typical Michaelis-Menten kinetics showing the 

dependence of their catalysis on the substrate concentration (Figure 14A-E). 

TgPDE1, with a Km of 73 µM for cAMP and 18 µM for cGMP, had a 4-fold higher 

affinity for the latter (Figure 14A). TgPDE2, exhibiting the lowest Km (14 µM) 

among all, was functional only with cAMP (Figure 14B).  
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Figure  13. Effect of incubation time and protein amount on phosphodiesterase 
activity of PDE1, PDE2, PDE7 and PDE9 from T. gondii.  
The native smHA-tagged PDEs were precipitated from extracellular parasites and 
used for the colorimetric assays involving cAMP or cGMP hydrolysis (see Figure 12A). 
Such time- and protein-dependent standardization of each PDE reaction served as a  
basis for the enzyme kinetics (see Figure 14). Graphs depict the mean ± SE from three 
experiments. 
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Figure  14.  Substrate dependence of TgPDE1, TgPDE2, TgPDE7 and TgPDE9 
enzymes.  
(A-D) Michaelis-Menten plots of PDE proteins at different concentrations of cAMP or 
cGMP. The enzyme assays were executed under standard conditions using 
immunoprecipitated PDE-smHA samples (Figure 12A). For the protein and time 
dependence of the PDE activity, refer to Figure 13. (E) The Km and Vmax values of 
PDEs. The kinetic parameters were calculated based on the data presented in panels 
A-D (mean ± SE from 3-5 assays). 

 
TgPDE7 with the Km values of 60 µM and 52 µM for cAMP and cGMP, 

respectively, displayed a similar affinity for both cyclic nucleotides (Figure 14C). 

On the other hand, the hydrolytic activity of TgPDE9 for cAMP (Km, 118 µM) 
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and cGMP (Km, 31 µM) was analogous to TgPDE1 (Figure 14D). As elaborated 

below, these kinetic parameters enabled the interpretation of our mutagenesis 

and phenotyping data besides elucidating their pharmacological relevance in 

the context of known PDE inhibitors 

3.4.3. Effect of PDE inhibitors on the parasite phosphodiesterases  

In extended enzyme assays, we examined the inhibition kinetics of the native 

TgPDE1, 2, 7, and 9 preparations by BIPPO, zaprinast, IBMX, and PF-

04957325 (Figure 15). BIPPO and zaprinast are assumed to inhibit cGMP 

hydrolysis and widely deployed to induce the PKG-dependent egress in 

tachyzoites47,99,135,146,147, whereas IBMX (3-isobutyl-1-methylxanthine) is a 

nonselective drug inhibiting human phosphodiesterases148 and PF-04957325 

specifically blocks the cAMP-specific human PDE8149,150. In our inhibition 

assays using the parasite PDEs (Figure 15A), hydrolysis of both cyclic 

nucleotides by TgPDE1 was strongly inhibited (>90%) in the presence of 

BIPPO. However, zaprinast was more potent in blocking cAMP degradation 

(>80%) compared to cGMP (40%). The effect of IBMX on TgPDE1 was 

moderate. Hydrolysis of cAMP by TgPDE2 was sensitive to partial inhibition by 

IBMX but to none of the other drugs (Figure 15B). On the other hand, TgPDE7-

mediated catalysis of cAMP and cGMP were reduced by >70% upon inclusion 

of only BIPPO (Figure 15C). Interestingly, the activity of TgPDE9 for cAMP was 

inhibited (>75%) by BIPPO, zaprinast as well as IBMX, but its catalytic action 

on cGMP remained largely unaffected (Figure 15D). 

A notably strong effect of BIPPO and zaprinast on TgPDE1 prompted us to 

perform the inhibition kinetics using different concentrations of inhibitors. The 

IC50 of BIPPO for the cAMP and cGMP hydrolysis by TgPDE1 was 0.31 µM and 

0.51 µM (Figure 15E), respectively.  
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Figure 15. Effect of inhibitors on cAMP and cGMP hydrolysis by TgPDE1, 
TgPDE2, TgPDE7, and TgPDE9.  
(A-D) Enzymatic activity of PDEs in the presence of BIPPO (100 µM), zaprinast (300 
µM), PF-04957325 (50 µM), and IBMX (100 µM). The assay was performed under 
standardized conditions at 37oC. DMSO was included as solvent control. Note the 
inhibition of TgPDE1 but not of TgPDE2 by BIPPO and zaprinast. (E-G) Inhibition 
kinetics of cAMP or cGMP hydrolysis by TgPDE1. The IC50 values for each pair of 
substrate-inhibitor were calculated by the log transform of the drug concentration 
versus the normalized enzyme activity. Graphs in panels A-G depict the mean ± SE 
from 3-5 experiments. 
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In contrast, zaprinast exhibited an approximately 5x higher IC50 value (1.49 µM) 

for cAMP (Figure 15F). These data advocate that commonly-used inducers of 

parasite egress can inhibit cAMP as well as cGMP hydrolysis and indicate 

TgPDE1 as the primary target of BIPPO. 

3.5.  Examination the biological significant of PDEs in T. gondii 

3.5.1. TgPDE7, TgPDE8, and TgPDE9 are expendable during the lytic cycle 

Herein, we tested the physiological importance and functional redundancy of 

designated PDEs by CRISPR/Cas9-aided mutagenesis (Figures 16A, 17A, 

18A). The gene-specific knockout constructs with 5’ and 3’ homology arms 

flanking a DHFR-TS selection cassette were transfected into respective 

progenitor parasite strains expressing smHA-tagged PDEs. Transgenic 

tachyzoites were selected by pyrimethamine, and mutants were isolated by 

limiting dilution. The genomic screening of clonal mutants by PCR revealed the 

occurrence of 5’ and 3’-crossover, confirming a successful replacement of the 

TgPDE7, TgPDE8, and TgPDE9 loci by the selection marker (Figures 

16B,17B,18B). The lack of PDE expression in tachyzoites was proven by 

immunofluorescence and immunoblot methods (Figures 16C, 17C, 18C). Unlike 

the matching progenitor strains, no HA signal was observed in the mutants. 

Plaque assays (Figures 16D, 17D, 18D), representing the periodic lytic cycles 

and thus the overall fitness of tachyzoites, disclosed a normal growth in the 

parental and progenitor strains, as expected. Surprisingly, however, none of the 

three mutants (ΔTgPDE7,8,9) exhibited an impaired lytic cycle, as deduced by 

the number and size of plaques. 

We generated a double mutant to investigate the possible redundancy between 

the two apically-located dual-specific PDEs, i.e., TgPDE8 and TgPDE9 (Figure 

19). First, a conditional TgPDE9 mutant was made by 3’-genomic tagging with 

a mini auxin-inducible degron (mAID) using the HXGPRT selection marker 

(Figure 19A). The mAID system enables maintaining viable parasites in the 

absence of indole-3-acetic acid (IAA, a type of auxin) if the gene is essential151.  



 3. Results   

 80 

 

Figure  16. TgPDE7 is not required for the lytic cycle of T. gondii.  
(A) Schematics showing genetic deletion of PDE7 by CRISPR/Cas9-assisted double 
crossover in a progenitor parasite strain with smHA-tagged locus. The clonal mutant 
(ΔTgPDE7) was isolated by pyrimethamine selection. (B) Genomic PCR with 
crossover-specific primers (panel A) to confirm the 5´ and 3´ recombination in the 
knockout strain. (C) Immunofluorescence and immunoblot images illustrating the loss 
of smHA signal in the PDE7 mutant. TgGap45 is a marker of the inner membrane 
complex, and TgHsp90 served as a protein loading control. The parental strain 
(RHΔku80Δhxgprt) was also included as a negative control for immunoblotting. (D) 
Plaque assays indicating the overall fitness of the PDE7 mutant in comparison to the 
progenitor and parental strains. The area of plaques (white) formed on a host-cell 
monolayer (blue) is shown in arbitrary units (a. u.) (n= 3 assays). Abbreviation: S.C., 
selection cassette. 
 

A plasmid expressing Cas9 nuclease and gene-specific sgRNA targeting the 

TgPDE9-3’UTR was transfected with a donor amplicon (5′ and 3′-homology 

arms flanking mAID-3HA and HXGPRT selection cassette) into tachyzoites. 

Immunostaining confirmed the apical localization and protein integrity (Figure 

19B).  
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Figure 17. Deletion of TgPDE8 does not impact the asexual growth of 
tachyzoites.  
(A) Making of the PDE8 mutant by CRISPR/Cas9-assisted double recombination in 
the smHA-tagged progenitor strain. The DHFR-TS selection cassette (S.C.) was 
utilized to isolate the clonal mutant by adding pyrimethamine to cultures. (B) 5’ and 3’ 
genomic PCR of the recombination events in the PDE8 mutant (see panel A for 
primers). (C) Immunofluorescence and immunoblot analyses ratifying the knockout of 
TgPDE8-smHA. TgGap45 was immunostained to visualize tachyzoites. TgHsp90 was 
included as a protein loading control. The parental strain (RHΔku80Δhxgprt) served 
as a negative control for the smHA staining (immunoblot). (D) Plaque assays with the 
ΔTgPDE8, progenitor and parental strains. Graphs display the quantification of 
plaques (n = 3 assays: a. u., arbitrary units). 
 
 

The HA signal was not detectable within 1 h of auxin treatment, ratifying a fast 

and efficient conditional knockdown of TgPDE9 in tachyzoites (Figure 19B). In 

the second step, we deleted TgPDE8 in the TgPDE9-mAID-3HA mutant by 

double homologous crossover and pyrimethamine selection (Figure 19A). The 

eventual strain was screened by genomic PCR (Figure 19C). 
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Figure  18. TgPDE9 is dispensable for the lytic cycle of T. gondii.  
(A) Deletion of the PDE9 locus by CRISPR/Cas9-assisted homologous recombination 
in a progenitor strain expressing the smHA-tagged protein. The mutant was generated 
by drug selection, as indicated. (B) Genomic PCR with knockout-specific primers to 
validate the 5´ and 3´ crossover events in the ΔTgPDE9 strain. (C) Immunostaining to 
reveal the absence of TgPDE9-smHA expression in the mutant. TgGap45 was stained 
to image tachyzoites, whereas TgHsp90 was used for a normalized protein loading. 
The parental (RHΔku80Δhxgprt) strain served as a negative control. (D) Comparative 
plaque growth of the ΔTgPDE9, progenitor and parental strains (n=3 assays). 
Abbreviations: a. u., arbitrary units; S. C., selection cassette. 
 

Compared to the parental strain, neither the TgPDE9-mAID-3HA nor 

ΔTgPDE8/TgPDE9-mAID-3HA mutant was not affected in plaque assays 

regardless of auxin supplementation (Figure 19D-F), suggesting no apparent 

functional overlap between the two enzymes during the lytic cycle of T. gondii. 
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Figure 19. TgPDE8 and TgPDE9 are dispensable individually and do not 
complement each other during the lytic cycle. 
 (A) Schematics for making a double mutant (ΔTgPDE8 in TgPDE9-mAID-3HA strain) 
by CRISPR/Cas9-assisted homologous crossover. In the first step, an auxin-regulated 
mutant of TgPDE9 was generated, which also served as a progenitor strain for deleting 
the TgPDE8 gene. (B) Immunofluorescence and immunoblot showing the 
dependence of TgPDE9 expression on indole-3-acetic acid (IAA). For 
immunofluorescence, parasites were cultured for 24 h without or with IAA before 
staining the HA-tag (green) and TgGap45 (inner membrane complex, red). 
Immunoblots were generated after IAA treatment for the indicated periods. TgHsp90 
served as a loading control. (C) Genomic PCR with recombination-specific primers, 
confirming the 5´ and 3´ recombination events at the TgPDE8 locus in the double 
mutant. For the primer binding sites, see panel A. (D-F) Plaque assays to test the 
growth of the TgPDE9-mAID-3HA and ΔTgPDE8/TgPDE9-mAID-3HA mutants in 
comparison to the RHΔku80Δhxgprt-TIR1 (parental) strain. The white speckles on a 
blue background signify the parasite plaques formed in a host-cell monolayer. Graphs 
show the area (E) and number (F) of plaques, manifesting the fitness of tachyzoites in 
the absence or presence of IAA. For panel E, the size of 150-200 plaques of each 
strain from 3 replicates was scored in arbitrary units (a. u.). 
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3.5.2. TgPDE1 and TgPDE2 are partly redundant but individually needed 
for the parasite growth 

To examine the relevance of TgPDE1 and TgPDE2, we made their conditional 

mutants by mAID-3HA tagging (Figures 20A, 21A). The parasite strains were 

verified for localization and regulation by fluorescence imaging and western 

blotting. Both proteins were not detectable after incubation with IAA (Figures 

20B, 21B).  

 

 
 
Figure 20. Auxin-mediated knockdown of TgPDE1 impairs the tachyzoite 
growth. 
 (A) Strategy for the 3’-tagging of TgPDE1 with a mini auxin-inducible degron and 3HA 
(mAID-3HA) in the parental (RHΔku80Δhxgprt-TIR1) strain. The clonal mutants were 
selected for the expression of HXGPRT. (B) Immunofluorescence and immunoblot 
images showing regulation of TgPDE1-mAID-3HA by IAA. For immunofluorescence, 
parasites were cultured for 24 h without or with IAA before staining the HA-tag (PDE 
signal, green) and TgGap45 (inner membrane complex, red). Immunoblots were 
prepared after treating parasite cultures with IAA for the indicated periods. TgHsp90 
served as a protein loading control. (C) Plaques formed by lytic cycles of the TgPDE1-
mAID-3HA and parental strains. (D-E) Quantification of plaques (150-200 
plaques/strain, *p≤0.05; **p≤0.01). Abbreviations: a. u., arbitrary units; S. C., selection 
cassette. 
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Depleting TgPDE1 and TgPDE2 compromised the growth of mutants’ by ~56% 

and ~88% compared to the respective controls (Figure 20C-D). A moderate but 

significant decline in plaque size was also observed (Figure 20E), confirming a 

requirement of each enzyme for the optimal reproduction of tachyzoites. 

Nonetheless, the residual growth of the conditional strains encouraged us to 

make a double mutant of TgPDE1 and TgPDE2 and test their physiological 

cooperativity (Figure 21A), as described above for TgPDE8 and TgPDE9 

(Figure 19).  

Our attempts to ablate the TgPDE2 locus in the TgPDE1-mAID-3HA strain were 

futile; however, we could delete the TgPDE1 gene in the TgPDE2-mAID-3HA 

mutant (Figure 21C). As anticipated, in plaque assays (Figure 21D-F), the 

parental strain was not affected. In contrast, the TgPDE2-mAID-3HA mutant 

showed strongly reduced growth (~80%) upon IAA exposure. Equally, deletion 

of TgPDE1 in the TgPDE2-mAID-3HA strain impaired the ΔTgPDE1/TgPDE2-

mAID-3HA mutant (-IAA sample, Figure 21D-F). Importantly, a collective loss 

of both proteins aborted the parasite growth, as judged by the absence of 

plaques in the auxin-exposed double mutant (+IAA, Figure 21D-F). 

We next performed detailed phenotyping of the ΔTgPDE1/TgPDE2-mAID-3HA 

strain to evaluate the lytic cycle events, such as gliding motility, invasion, 

replication, and egress (Figure 22). In contrast to the parental and TgPDE2-

depleted strains, the double mutant's motile fraction, trail length, and invasion 

efficiency were strongly reduced after auxin treatment (Figure 22A-C). Notably, 

the deletion of TgPDE1 (-IAA sample) exerted no evident defect across these 

features. In addition, knockdown of TgPDE2 alone only moderately attenuated 

the parasite replication; however, the double mutant treated with auxin showed 

an extreme decline in the number of proliferating parasites, as scored by the 

size of parasitophorous vacuoles (Figure 22D). 
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Figure  21. TgPDE1 and TgPDE2 are required for the lytic cycle, and the loss of 
both proteins is lethal to tachyzoites.  
(A) The graphics for making the ΔTgPDE1/TgPDE2-mAID-3HA strain by 
CRISPR/Cas9-assisted recombination. As illustrated, first, a conditional (auxin-
regulated) mutant of TgPDE2 was constructed, which was deployed as a progenitor 
strain for the TgPDE1 deletion. (B) Immunofluorescence and immunoblot images 
depicting a depletion of TgPDE2 by IAA. Tachyzoites were cultured for 24 h (+/-IAA) 
before anti-HA and anti-TgGap45 immunostaining. For immunoblots, parasites were 
treated with IAA, as shown (TgHsp90, loading control). (C) Genomic screening of the 
double mutant using 5’ and 3’-crossover-specific primers confirming the deletion of 
TgPDE1. (D-F) Plaque assays to test the relative growth of the TgPDE2-mAID-3HA, 
ΔTgPDE1/TgPDE2-mAID-3HA, and RHΔku80Δhxgprt-TIR1 (parental) strains. The 
plaque area (E) and number (F) in the absence or presence of IAA are also depicted. 
The size of 150-200 plaques of each strain from 3 experiments were quantified in 
arbitrary units (a. u.) (*p≤0.05; **p≤0.01; ****p≤0.0001). 
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Figure  22. A collective loss of TgPDE1 and TgPDE2 disrupts the lytic cycle. 
(A-B) Gliding motility of the TgPDE2-mAID-3HA and ΔTgPDE1/TgPDE2-mAID-3HA 
mutants compared to the parental (RHΔku80Δhxgprt-TIR1) strain. The motile fraction 
(700 parasites) and trail length (150-250 trails) of each parasite strain (+/- IAA) were 
scored by the ImageJ program. (C) Invasion efficiency of the shown strains in the 
absence or presence of IAA. 1500-2000 parasites of each strain were imaged to 
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compute the invasion rates. (D) Intracellular replication (40 h infection). Cell division 
was scored by counting tachyzoites within their parasitophorous vacuoles (600-700). 
(E) Natural egress from the host cells. The phenotype was measured by calculating 
the fraction of ruptured vacuoles (500-600) 36 h and 60 h post-infection. (F, G) Effect 
of A23187 (Ca++ ionophore, 2 µM), BIPPO (PDE inhibitor, 10 µM), H89 (PKA inhibitor, 
100 µM), and Compound 2 (C2, PKG inhibitor, 2 µM) on the egress of tachyzoites 
(MoI, 3; 24 h infection). Treatment with IAA, as applicable, was initiated 24 h before 
setting up the motility and invasion assays, whereas it was added 2 h post-infection 
during the replication and egress experiments to alleviate the effect of motility and 
invasion defects. Graphs display the mean ± SE (n = 5 for A-C, n = 6 for D, n = 3 for 
E-G; *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001). 

 
Intriguingly, the depletion of TgPDE2 in the ΔTgPDE1/TgPDE2-mAID-3HA 

strain exerted opposing effects on the parasite egress in early and late cultures 

(Figure 22E), which was increased 36 h post-infection but declined after 60 h. 

No egress defect was observed in the TgPDE2-mAID-3HA strain at any tested 

time points. These phenotypic assays underpin the singular and collective 

significance of TgPDE1 and TgPDE2 enzymes and highlight their mutual 

interplay during the lytic cycle. 

3.5.3. The ΔTgPDE1/TgPDE2-mAID-3HA strain is refractory to BIPPO-
induced egress 

To further understand the role of signaling during egress, we deployed a 

chemogenetic approach utilizing a calcium ionophore (A23187) and inhibitors 

of “cGMP-specific PDE” (BIPPO), PKA inhibitor (H89), as well as PKG inhibitor 

(Compound 2), all of which are widely used to understand the biology of T. 

gondii. We tested their impact on egress of the parental, TgPDE2-mAID-3HA 

and ΔTgPDE1/TgPDE2-mAID-3HA strains cultured without or with auxin 

(Figure 22F-G). As envisaged, A23187, an ionophore activating calcium 

signaling downstream of cyclic nucleotides152–155, triggered a complete egress 

of the three strains irrespective of the IAA treatment (Figure 22F). Equally, 

BIPPO induced almost total lysis of all samples but the auxin-treated double 

mutant, which responded by only 20-25% egress (Figure 22G). In light of 

enzyme inhibition assays (Figure 15A), these data entail TgPDE1 as a primary 

target of BIPPO. The resistance of auxin-treated double mutant to this drug 

appeared to be a combined outcome of TgPDE1 deletion (i.e., the absence of 
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drug target) and rise in cAMP after knockdown of TgPDE2, leading to 

suboptimal activation of PKG and hyper-activation of PKA. We, therefore, 

examined the effect of PKA inhibitor (H89)156,157 and PKG inhibitor Compound 

2 (C2)158 on BIPPO-induced egress (Figure 22G). The residual egress of the 

auxin-treated double mutant was indeed blocked entirely by Compound 2, not 

H89, suggested the process is mediated by PKG-dependent pathway. Besides, 

we also performed the live cell imaging to endorse for these phenotypic events 

(Videos compressed in pptx file). 

3.6. Expanding exploration in spatial distribution and interaction networks 

of TgPDEs. 

3.6.1. Ultrastructural imaging of intracellular tachyzoites 

We performed the transmission electron microscopy of the ΔTgPDE1/TgPDE2-

mAID-3HA strain to gain ultrastructural insight into the phenotype (Figure 23). 

The double mutant cultured without auxin had a normal morphology with intact 

organelles, excluding a detrimental effect of TgPDE1 deletion (Figure 23A). In 

contrast, a knockdown of TgPDE2 resulted in an aberrant/distorted shape of 

tachyzoites (Figure 23B). Besides a much lower number of parasites per 

vacuole, we noted enlarged vacuolar space and impaired budding of progeny. 

The endodyogeny was apparently arrested in auxin-treated cultures (Figure 

23C). We also observed a population of abnormal-shaped tachyzoites with 

constricted terminal regions (see red arrow in Figure 23D).  

In further assays, we utilized immunogold labeling of TgPDE1 and TgPDE2 to 

decipher their spatial distribution. Given the distinct apical presence of TgPDE9, 

we included it as a control for potential sample processing artifacts that may 

cause mislocalization of PDEs (Figure 24A). The observation of images 

disclosed that a majority of parasites expressed TgPDE9-smHA in the conoid 

region at the apical pole near the plasmalemma (Figure 24A). TgPDE1-smHA 

was detected mainly at the cytosolic periphery and inner membrane complex 

(Figure 24B), whereas TgPDE2-smHA was expressed in the cytosol, dense 

granules and rhoptries (Figure 24C). 
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3.6.2. TgPDE1 and TgPDE2 may be regulated by a specific kinase and 

phosphatase network 

Our final assays explored the interaction network of TgPDE1 and TgPDE2 in T. 

gondii (Figure 25). We precipitated PDEs and their protein binding partners 

using α-HA agarose beads and subjected them to liquid chromatography-mass 

spectrometric analysis. The parental strain was included as a negative control. 

The principal component analysis endorsed the proteomic dataset’s technical 

and biological reproducibility, as illustrated by the grouping of samples in each 

cohort (Figure 25A). The heatmap also displayed evident clusters of proteins 

binding to TgPDE1 and TgPDE2 but absent in the control sample (Figure 25B).  

We detected 143 and 22 unique interactors of TgPDE1 and TgPDE2, 

respectively (p≤0.01, at least two-fold enriched compared to the parental 

control). In total, 38 proteins were bound to both phosphodiesterases (Figure 

25C). Importantly, no other PDE except the bait was present in 

immunoprecipitated samples (Appendix 8), validating the quality of enzyme 

assays involving TgPDE1 and TgPDE2. Based on our current understanding of 

PDEs in other model organisms and their contextual relevance to signaling in 

apicomplexan parasites, we shortlisted interacting proteins, including a group 

of kinases and serine/threonine phosphatases (Figure 25D). We suspect that 

some of the proteins identified herein as potential interaction partners may be 

involved in regulating TgPDE1 and TgPDE2 catalysis (for a complete list, see 

Appendix 8).  
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Figure  23. Ultrastructural imaging of the ΔTgPDE1/TgPDE2-mAID-3HA mutant 
by transmission electron microscopy.  
(A) Intracellular tachyzoites cultured without IAA (control). (B-D) Tachyzoites of the 
double mutant after treatment with IAA (24 h). Scale bar: 500 nm. Abbreviations: PV: 
parasitophorous vacuoles; IMC: inner membrane complex; PM: plasma membrane; 

Nu: Nucleus. 
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Figure  24. Immunogold transmission electron microscopy of TgPDE1, TgPDE2 
and TgPDE9.  
Shown are the ultrastructural images of transgenic parasites expressing smHA-tagged 
PDE9 (A), PDE1 (B) and PDE2 (C). Immunogold-stained tachyzoites (MoI:4; 24 h 
infection) growing within their host cells were evaluated for gold particle labeling. 
TgPDE1 localizes mainly in the inner membrane complex (IMC) and cytosol, whereas 
TgPDE2 resides in the dense granule (DG) and rhoptry (R). TgPDE9 is expressed in 
the conoidal region (C) at the apical pole near the plasma membrane (PM). Scale bar, 
500 nm. 
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Figure  25. Proteins binding to TgPDE1 and/or TgPDE2 in tachyzoites.  
Principal component (PC) analysis of the parental (control), TgPDE1-smHA and 
TgPDE2-smHA datasets after anti-HA precipitation and mass spectrometry (n= 3 
independent assays, each performed with 3 technical replicates). (B) Heat map 
illustrating the hierarchical grouping of samples and differential detection of TgPDE1- 
and/or TgPDE2-interacting proteins. (C) Venn diagram to show the unique and shared 
interactors of PDE1 and PDE2 based on the statistical significance (p ≤0.01). (D) 
Proteins selected from panel C based on contextual relevance to cyclic nucleotide 
signaling. For a comprehensive list of all binding partners (Appendix 8). 
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3.7. Identification of cAMP- binding proteins in T.gondii tachyzoite 

We performed the cAMP-agarose-mediated precipitation using the TgPKAr-3Ty 

and TgPKAc1-3Ty strains47 to identify its interaction partners in tachyzoites 

(Figure 26A). To endorse the method, we exploited the natural binding of PKAr. 

cAMP-agarose beads bind to PKAr, enabling its pulldown in the protein pellet 

along with other direct or indirect interactors (Figure 26A). Likewise, no binding 

to PKAc1 with cAMP was expected; hence it appeared in the supernatant. Each 

strain also included a negative control with an excess of free cAMP (50 mM), 

which would compete for binding to the cAMP-binding sites of interactors. 

Western blot analysis confirmed the expression of both PKAr and PKAc1 in the 

lysate. After pulldown, PKAc1 was absent in the bead pellets due to the physical 

dissociation of PKAr and PKAc1 in the active stage (Figure 26B). Besides, as 

expected, PKAr and PKAc1 were absent in the negative control samples (Figure 

26B). The pellet from all 4 samples, including negative controls, were subjected 

to liquid chromatography-mass spectrometry to detect the cAMP-binding 

proteins. The principal component analysis (PCA) and heat map (Figure 26C-

D) confirmed distinct clusters of samples compared to the negative control, 

endorsing the assays’ technical and biological reproducibility. The negative 

controls of both strains formed a common cluster, whereas PKAr and PKAc1 

samples grouped together. 

Given the last number of cAMP-binding proteins detected in PKAr and PKAc1 

strains, we made the Venn diagram to identify a consolidated set of interactors 

in both strains (Figure 26E). The subsequent 460 shared interactors of cAMP 

were used for the gene ontology (GO) enrichment analysis. In brief, interactors 

belonged to 60 molecular functions (Appendix 9A), 106 biological processes 

(Appendix 9B), and 76 cellular components (Appendix 9C), and which implied 

a pervasive role of cAMP beyond the classic PKA-mediated signaling. Among 

others, we detected several kinases, serine/threonine-specific phosphatases, 

and cAMP-binding domain-containing proteins (Appendix 10). PKA and cyclic 

nucleotide domain-containing proteins create two connected interaction 
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networks, naming cyclic nucleotide-dependent kinase activity and cGMP-

dependent protein kinase activity (Appendix 9A), signifying the crosstalk and 

interplay between cAMP and cGMP in the cyclic nucleotide signaling pathway 

in T.gondii. These two activity networks aforesaid link to protein disulfide 

isomerase activity, which comprise three proteins (TGGT1_211680, 

TGGT1_238040A, TGGT1_249270); and diphosphate-fructose-6-phosphate 

phosphotransferase activity which comprise two proteins (TGGT1_226960, 

TGGT1_281400) (Figure 26F and Appendix 9A). 
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Figure  26. Identification of cAMP interactors in tachyzoites.  

(A) The scheme illustrates the principle of cAMP pulldown assay using cAMP-agarose beads. 
In the lysate (cell-free extract) of tested strains, total proteins contain either PKAr or PKAc1 
tagged with 3xTy tag. PKAr and PKAc1 exist as the holoenzyme in the inactive stage. 
Activation by binding of cAMP to PKAr causes a dissociation of the complex. (B) WB confirms 
the presence of PKAr and PKAc1 in the lysate and the absence of PKAc1 in protein-bound 
beads (pellet). Negative control discloses nonappearance of either PKA or PKAc1. (C) and 
(D) PCA plot and heatmap, respectively, clustering of 5 PKAr biological replications and 5 
PKAc1 biological replications versus their negative controls. (E) Venn diagram shows the 

exclusive and shared interactors of PKAr and PKAc1 based on the statistically significant p  
0.01. (F) Selected interactors, which classified into cyclic nucleotide-dependent kinase activity 
(TGGT1_209985, TGGT1_219070, TGGT1_242070, TGGT1_311360), cGMP-dependent 
protein kinase activity (TGGT1_219070, TGGT1_242070, TGGT1_311360), protein disulfide 
isomerase activity (TGGT1_211680, TGGT1_238040A, TGGT1_249270), and diphosphate-
fructose-6-phosphate 1- phosphotransferase activity (TGGT1_226960, TGGT1_281400).  
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4. Discussion 

4.1. PDE profiles in T. gondii tachyzoites  

Cyclic nucleotide phosphodiesterase is a central enzyme in cyclic nucleotide 

signalling, and it has been extensively studies in human cells74. Nonetheless, 

little is known about its counter-regulation in parasite organisms, which have 

distinct lifestyles that necessitate for complex regulation159. It's interesting to 

note that all 18 TgPDEs were forecast to be membrane-associated proteins, 

and the majority of them lack the defined regulatory domains. TgPDE2, one of 

four PDEs with an auxiliary module, has a GAF domain, which is often a 

distinguishing feature of cGMP and dual-specific human PDEs and is involved 

in allosteric modulation of the catalytic activity136. TgPDE4 has an apparent 

unique feature - an ion transport domain that resembles cation channels that 

suggests cyclic nucleotide signaling and cation transport are coordinated.  

Similar to this, OCRE and MAEBL motifs are found in TgPDE15 and TgPDE18, 

respectively. While the former module's function is mostly unknown, it has been 

demonstrated that the MAEBL protein in Plasmodium is crucial for sporozoite 

infection of both the mosquito salivary gland and the hepatocytes of 

mammals160–162. Our phylogenetic study revealed that TgPDE3 and TgPDE14, 

two parasite PDEs without a second domain, clustered together, and are 

probably produced during sexual development. TgPDE14 has a partial deletion 

in the catalytic area (Figure 6), casting doubt on its enzymatic activity while 

arguing that TgPDE3 serves as a functional substitute.  

Intriguingly, we found in this research that among the 18 class I PDE proteins 

in Toxoplasma gondii, at least 8 PDEs are expressed continuously during the 

lytic cycle of tachyzoites, while the expression of 3 additional PDEs appears to 

fluctuate. Generally, our findings are in agreement with Moss et al's report163 

that found expression of 10 out of 18 PDEs; however, the non-expressed 

TgPDE8 in tachyzoite reported by Moss et al with 3xHA epitope tagging is 

discrepancy with our findings, which show oscillatory expression with smHA 

(high affinity tag). 
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In a spatiotemporal manner, the apical-located TgPDE8 and TgPDE9 appear 

to function cooperatively to offset cAMP and cGMP signalling and control 

motility and invasion. Further, TgPDE8 and TgPDE9 exhibit a surprising tertiary 

topology, despite being phylogenetically distinct from human PDEs. However, 

the plaque assays revealed non redundancy in the function of TgPDE8 and 9 

despites of structural similarities. In future the possibilities of redundancy 

between TgPDE9 and others PDEs should be investigated. 

There is significant plasticity in the regulation of parasite signaling, as evidenced 

by the redundancy in expression, localization, and catalytic substrate 

specificities of tachyzoite-encoded PDEs. A similar plasticity can also be 

observed in the genus Eimeria which possesses 15 diversifying PDEs. Due to 

their large spectrum of PDEs, coccidian parasites have possibly redundant and 

specialized functions throughout their life cycle, unlike those in other 

apicomplexan.    

While the CRISPR/Cas9-assisted genome-wide mutagenesis screen reveals 

multiple PDEs as nonessential in tachyzoites137 (Table 2), and the 

transcriptome data of the key lifecycle phases of T. gondii demonstrate stage-

specific expression of various PDEs140. Our research showed that these 

transcriptome and phenotypic datasets are generally consistent with the 

expression of the majority of PDEs. Aside from TgPDE1 and TgPDE2, ablation 

of other PDEs, including TgPDE7,8, and 9, demonstrates no growth defect in 

tachyzoites. In a study on coordinated regulation of PKA and PKG activity, 

TgPDE1 and TgPDE2 were predicted to be essential genes47. Because 

TgPDE16 and TgPDE17 are not expressed in tachyzoites, their low phenotypic 

scores are somewhat unexpected; however, they may play a part in merogony 

and gametogenesis, though, as shown by the felid host's transcriptional 

upregulation. In a similar manner, chronic infection may call for TgPDE5 and 

TgPDE6. 
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More significantly, our study documents the catalytic activity of 11 enzymes 

expressed in the tachyzoite stage. Unlike TgPDE2, which only hydrolyzes 

cAMP, other promiscuous dual-specific proteins also degrade cAMP and 

cGMP. T. gondii, therefore, has a much larger collection of dual-specific 

enzymes than either its mammalian host74,164 or the similar parasite P. 

falciparum 96,165 (Figure 27). 

 

Figure 27. HsPDEs and PfPDEs classification based on their substrate 
specificity.  
(A) 11 PDE families in human can be grouped into three categorized. While some 
HsPDEs are specific for cAMP (PDE-4, -7, -8), some are cGMP-specific (PDE-5, -6, -
9), and others exhibit dual specificity (PDE-1, -2, -3, -10, -11). (B) Plasmodium 

falciparum encodes 4 PfPDEs. cGMP specific was given to PDE𝛼, PDE𝛾, PDE𝛿, 

meanwhile PDE is dual specific substrates. Plasmodium falciparum lacks cAMP- 
specific PDE. 

 

Out of 11 PDEs, four TgPDEs (1, 2, 7, and 9) demonstrated the highest catalytic 

activity, suggesting their significant contribution in the counter-regulation of 

cyclic nucleotide signaling. According to an independent  research166, 

TgPDE1,2,7, and 9 possess differentially regulated phosphorylation sites, 

indicating their importance for cyclic nucleotide monophosphate signaling. This 

finding supports the precision and reliability of our enzyme activity assay. 

Surprisingly, however, the scientists were unable to identify cAMP activity in 

TgPDE1, 7, or 9166. While Moss et al. demonstrated the same outcome in 

TgPDE1 and TgPDE2 as our findings163.  
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Additionally, we discovered that TgPDE1 has a 4x greater affinity for cGMP than 

cAMP. TgPDE1 and TgPDE2 cooperate functionally during the lytic cycle, 

according to the mutagenesis, phenotyping, and localization datasets. Some of 

the conclusions from the aforementioned research overlap with those of our 

reported work167  and a recent study163. TgPDEs have a Km range of 14–118 

µM, which is similar to that of the majority of class I phosphodiesterases. For 

instance, of the 11 human PDE families, HsPDE3 to HsPDE11 have Km values 

between 0.04 – 9 µM, while HsPDE1 and HsPDE2 have values between 10 – 

100 µM168. Additionally, another class I phosphodiesterase PfPDE1 of 

Plasmodium falciparum, whose Km value for cGMP was established at 0.65 

µM135. Conversely, a class I GIPDE of Giardia lamblia degraded cAMP with a 

Km of 408µM169, while the same class I TbPDE1 of Trypanosoma bruce 

exhibited a Km value of 600 µM for cAMP170.  Compared to most class I PDEs 

in low level eukaryotes, TgPDEs interact with CAMP and cGMP with higher 

affinity. 

Again, highlight that our work disclosed TgPDE1,7, and 9 have a lower affinity 

for cAMP substrate than cGMP, which suggests that for the enzyme activity to 

be recognized and to achieve maximum velocity, cAMP substrate concentration 

must be higher than cGMP. It is, therefore, our enzyme kinetic dataset enables 

to explain for the lack of cAMP-PDE1,7,9 activity in Nofal et al.´s study166, at 

which the cAMP concentration of 1µM was deployed only, indicating the 

insufficient substrate for an accurate detection.  

Our research also clarifies the operating principles of PDE inhibitors, which are 

often utilized in parasitology studies. We found that TgPDE1 and TgPDE7 could 

be effectively inhibited by BIPPO from hydrolyzing cAMP and cGMP; In 

addition, BIPPO and zaprinast are ineffective at inhibiting TgPDE2, another 

physiologically important enzyme. The dispensability of TgPDE9 prevents it 

from being a therapeutic target in tachyzoites, despite the fact that both drugs 

can inhibit this protein's catalysis of cAMP. Because of their different affinities 

(Km) for both substrates, BIPPO and zaprinast treatment of TgPDE1 and 
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TgPDE9 resulted in greater decrease in hydrolyzing activity of cAMP compared 

than cGMP.  

Our enzyme assays suggest that the two purported cGMP-specific PDE 

inhibitors also disrupt the cAMP pathway in addition to cGMP signaling, which 

is consistent with homology modeling of the Toxoplasma PDEs99,167 and 

phenotypic studies carried out in Plasmodium falciparum96. Therefore, the 

enzyme kinetics and chemogenetic phenotyping discussed in our work provide 

a fresh opportunity for the creation of brand-new PDE inhibitors and parasite-

specific therapies. 

Through the catalysis and mutagenesis of the proteins TgPDE1, 2 and TgPDE7, 

9, this research reveals extraordinary plasticity in the counter-regulation of 

cyclic nucleotide signaling. Tachyzoites can retain their survival in the absence 

of the enzymes TgPDE7, TgPDE8, and TgPDE9, however they rely on the 

cooperation of TgPDE1 and TgPDE2 to carry out specific events during their 

asexual growth. Notably, neither the knockout nor the knockdown of TgPDE1 

nor TgPDE2 alter motility and invasion, but the loss of either diminishes these 

properties. Surprisingly, the TgPDE1/TgPDE2-mAID-3HA mutant displayed a 

greater (premature) egress at 36 hours, which turned into a modest impairment 

at 60 hours, suggesting that cAMP and cGMP signalling crosstalk is pre-

programmed to occur when the parasite approaches to the end of its lytic cycle. 

Individual mutagenesis of TgPDE1 and TgPDE2 had little impact on parasite 

replication, but the combined deletion of both phosphodiesterases resulted in 

parasite death. We were unable to knock out TgPDE2, in contrast to TgPDE1, 

indicating that any additional orthologs cannot completely replace the 

physiological function of the latter enzyme. The parasite cytosol's dominating 

expression of TgPDE1 and TgPDE2 could be the cause of their partial 

functional redundancy. 

In Toxoplasma gondii, the morphological alteration of ultrastructure has not 

been well investigated. The focus of the extensive research is on the 

modifications of specific organelles, such as apicoplast, endoplasmic reticulum 
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(ER), mitochondria, etc. The apicoplast has a variety of metabolic pathways and 

housekeeping processes that show a clear connection to the intracellular 

survival of parasites, making them excellent targets for pharmacological 

therapy171–173. On the other hand, the endoplasmic reticulum (ER) is regarded 

as the main Ca2+ store and important elements of the lytic cycle of 

parasites174,175 or mitochondria is critical for the survival of apicomplexans and 

several essential drugs target proteins that function in this organelle176,177. 

Notably, our discovery of the altered morphology of the double mutant 

ΔTgPDE1/TgPDE2-mAID-3HA strain indicated that dysregulation in cell 

division could not only prevent or delay parasite growth, but also lead to 

defective replication by stimulating cell endodyogeny without nuclear division. 

This observation added to our understanding of how aberrant endodyogeny in 

Toxoplasma tachyzoite division may happen. Opening the role of cAMP and 

cGMP is crucially important for the replication event. 

Tachyzoites' diverse intracellular localization of PDEs reveals a 

compartmentalized control of cyclic nucleotide signaling. The IMC plays a 

number of crucial roles in the intricate life cycles of apicomplexan parasites, 

such as structural stability, serving as a necessary scaffold for the generation 

of daughter cells, or being a crucial element in parasite movement and host cell 

invasion141,178  . Moreover, IMC committed its dynamic composition throughout 

the cell division and maturation179,180. Additionally, it has been demonstrated 

that Toxoplasma gondii secretory organelles such rhoptry and dense granule 

play crucial roles in cell invasion, intracellular survival, and pathogenesis181,182. 

Therefore, the collective loss of membrane-associated TgPDE1 and rhoptry-

dense granule-cytosol TgPDE2 could derive the severely defective replication 

event. On the other hand, since depletion of TgPDE1 and TgPDE9 individually 

disclosed no apparent negative impact, indicating the possibly excellent 

cooperation between the IMC-cytomembrane-associated TgPDE1 and apical-

conoid-located TgPDE9 for warranting further study of parasite motility and 

invasion.  
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4.2. cAMP-binding interactors in T.gondii tachyzoites 

cAMP-mediated signaling controls diverse cellular responses183. In mammalian 

cells, cAMP binds to a set of mediator/effector proteins, e.g., PKA, the exchange 

factor activated by cAMP (EPAC), hyperpolarization channels activated by 

cyclic nucleotides (HCN), and Popeye domain-containing (POPDC) proteins, 

each involved in a range of functions73. In T. gondii, so far on PKA pathway has 

been described47. PKAr and a number of other cyclic nucleotide-binding 

domain-containing proteins were present in our cAMP pulldown assay, as was 

to be expected; nevertheless, PKG was also surprising to find (Figure 26F).  

Besides, to validate whether EPAC, HCN and POPDC are present in cAMP-

binding interactors, we need further examination. Strikingly, all selected 

candidates are predicted to be essential genes based on the negative 

phenotype score (Figure 26F).  PKA and PKG have also been studied in T. 

gondii. Other proteins mentioned above must be examined for their roles and 

relationship with cAMP signaling. 

Regarding PKA substrates in humans, Imamura et al.184 have identified 39 

putative substrates of PKA by quantitative phosphoproteomics and primary 

sequence-based scoring. In this regard, PKA substrates in T. gondii may differ 

from human ortholog. Therefore, screening for the putative PKA motif binding 

in proteins identified here may provide clues to additional mediators of cAMP 

signaling in T. gondii.  

Study of PDE function eventually led to the development of our knowledge of 

TgPDEs with regard to substrate specificity, enzyme kinetics, physiological 

function and inhibition. There is still a big gap we need to fill after extensively 

studying the cAMP-binding interactors. The simultaneous elucidation of the 

PDE interactomes, cAMP-binding interactors, or cGMP interactors is an 

intriguing idea that could reveal the specific mechanism that controls cyclic 

nucleotide signaling in T. gondii tachyzoite. 
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5. Conclusions and Perspectives works 

This work revealed the various distribution and subcellular localization of PDEs 

in T.gondii tachyzoite stage, advocating the compartmentalized function of 

TgPDEs in regulating cyclic nucleotide signaling. Notably, apart from cAMP-

specific PDE2, most PDEs are able to hydrolyze cAMP and cGMP, which 

proclaims the significant functional redundancy in cAMP and cGMP counter-

regulation.  

Moreover, the enzymatic activity, pharmacological inhibition, physiological 

relevance, and spatial distribution of 4 vital TgPDEs were also investigated 

during the lytic cycle of T. gondii, contributing valuable insight for interpreting 

the phenotypic events mediated by cAMP and cGMP-dependent signaling. Last 

but not least, we demonstrate TgPDE1 and TgPDE2 as potential drug targets 

to control the acute infection of T. gondii.  

Taken together, our work suggests the plasticity and therapeutic potential of 

cAMP and cGMP-specific phosphodiesterases in Toxoplasma gondii. The 

graphic pictures below (Figure 28) depict the key findings in the context of this 

study.  

However, there are still some further works needs to be addressed. 

(1)  Analyze the crystal structure of TgPDE1 and TgPDE2 and develop their 

highly specific inhibitors against them.  

(2) Examine the functional redundancy of TgPDE1, 2, 7 and 9 in different 

combination (1&7, 1&9, 2&7, 2&9, 7&9) 

(3) Develop the optogenetic toolbox to control cAMP and cGMP intracellular 

levels in T.gondii. 

(4) Examine the PDE expression during the differential transition from 

Tachyzoite to Bradyzoite stages. 

(5) Examine two cyclic nucleotide binding domain containing proteins 

(TGEM49_242070 and TGEM49_219070) to uncover their importance in 

cAMP signaling.  
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Figure  28. Summary of key findings in the context of this study. 
 (A) 11 PDEs in T. gondii are categorized into two groups. The dual-specific PDEs, 
including TgPDE1, 5-10,12-13, and 18. There is only cAMP-specific PDE2 recognized. 
T. gondii lacks cGMP-specific PDE. (B) 4 PDEs (1,2 and 7,9) significantly contribute 
their counter-regulation to cyclic nucleotide signaling in the context of hydrolyzing 
activity. The potential BIPPO inhibitor affects entirely TgPDE1, almost to TgPDE7 and 
partly to TgPDE9. PKA and PKG levels increased by BIPPO treatment, triggering 
artificial egress. This event was blocked completely by C2, not H89, referring to the 
egress indeed triggered by a PKG-dependent pathway. (C) TgPDE9 and TgPDE8 
signified their localization at the apical pole and no compartmentation control. While 
TgPDE1 and TgPDE2 were identified as partly redundant. The double ablation of the 
IMC-plasma membrane TgPDE1 and the rhoptry-dense granule TgPDE2 (+IAA) 
manifested extraordinary defective proliferation.
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Appendixes 

Appendix 1. Accessory number from Apicomplexan PDEs and Human PDEs 
deposited to GenBank in this study. 

 

Apicomplexan 
PDEs 

Designation Organism Accession Number 

TgPDE1 Toxoplasma gondii TGGT1_202540 

TgPDE2 Toxoplasma gondii TGGT1_293000 

TgPDE3 Toxoplasma gondii TGGT1_233065 

TgPDE4 Toxoplasma gondii TGGT1_229405 

TgPDE5 Toxoplasma gondii TGGT1_220420 

TgPDE6 Toxoplasma gondii TGGT1_266920 

TgPDE7 Toxoplasma gondii TGGT1_280410 

TgPDE8 Toxoplasma gondii TGGT1_318675 

TgPDE9 Toxoplasma gondii TGGT1_241880 

TgPDE10 Toxoplasma gondii TGGT1_272650 

TgPDE11 Toxoplasma gondii TGGT1_224840 

TgPDE12 Toxoplasma gondii TGGT1_310520 

TgPDE13 Toxoplasma gondii TGGT1_257080 

TgPDE14 Toxoplasma gondii TGGT1_228500 

TgPDE15 Toxoplasma gondii TGGT1_233040 

TgPDE16 Toxoplasma gondii TGGT1_258508 

TgPDE17 Toxoplasma gondii TGGT1_257945 

TgPDE18 Toxoplasma gondii TGGT1_226755 

PfPDEα Plasmodium falciparum PF3D7_1209500 

PfPDEβ Plasmodium falciparum PF3D7_1321500 

PfPDEγ Plasmodium falciparum PF3D7_1321600 

PfPDEδ Plasmodium falciparum PF3D7_1470500 

EtPDE1 Eimeria tenella ETH_00038075 

EtPDE2 Eimeria tenella ETH_00002270 

EtPDE3 Eimeria tenella ETH_00020280 

EtPDE4 Eimeria tenella ETH_00011905 

EtPDE5 Eimeria tenella ETH_00030720 

EtPDE6 Eimeria tenella ETH_00022545 

EtPDE7 Eimeria tenella ETH_00003655 

EtPDE8 Eimeria tenella ETH_00011900 

EtPDE9 Eimeria tenella ETH_00005975 

EtPDE10 Eimeria tenella ETH_00020285 

EtPDE11 Eimeria tenella ETH_00018160 

EtPDE12 Eimeria tenella ETH_00012515 

EtPDE13 Eimeria tenella ETH_00039715 

EtPDE14 Eimeria tenella ETH_00016360 

EtPDE15 Eimeria tenella ETH_00005055 

Human PDEs 

HsPDE1A Homo sapiens P54750-1 

HsPDE1B Homo sapiens Q01064-1 

HsPDE1C Homo sapiens Q14123-1 
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HsPDE2A Homo sapiens O00408-1 

HsPDE3A Homo sapiens Q14432-1 

HsPDE3B Homo sapiens Q13370-1 

HsPDE4A Homo sapiens P27815-1 

HsPDE4B Homo sapiens Q07343-1 

HsPDE4C Homo sapiens Q08493-1 

HsPDE4D Homo sapiens Q08499-1 

HsPDE5A Homo sapiens O76074-1 

HsPDE6A Homo sapiens P16499-1 

HsPDE6B Homo sapiens P35913-1 

HsPDE6C Homo sapiens P51160-1 

HsPDE7A Homo sapiens Q13946-1 

HsPDE7B Homo sapiens Q9NP56-1 

HsPDE8A Homo sapiens O60658-1 

HsPDE8B Homo sapiens O95263-1 

HsPDE9A Homo sapiens O76083-1 

HsPDE10A Homo sapiens Q9Y233-1 

HsPDE11A Homo sapiens Q9HCR9-1 
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Appendix 2. TgPDE1-18 alignment with substrate-specific consensus 
sequences of human PDEs.  
Of 21 human PDEs, the groups of cAMP- (PDE4, 7, 8), cGMP- (PDE5, 6, 9) and dual- 
(PDE1, 2, 3, 10, 11) specific PDEs were separately aligned to obtain consensus 
sequences. The PDE signature residues broadly well-conserved across TgPDE1-18 
are marked by inverted yellow triangles, whereas three (somewhat) divergent residues 
are labeled by upright green triangles. The stretches of low homology region in 
TgPDE17 and 18 were trimmed to improve the visualization. Also note that TgPDE4 
shows a high deviation from the signature amino acids, and TgPDE14 contains a 
deletion in the catalytic region. The blue–red gradient scale features the conservation 
of residues throughout PDEs.  
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Appendix 3. A cladogram of the full-length TgPDE1-18 proteins with their 
orthologs from Homo sapiens (Hs), Drosophila melanogaster (Dm), Danio rerio 
(Dr), Caenorhabditis elegans (Ce), Dictyostelium discoideum (Dd), Cavenderia 
fasciculata (Cf), Leishmania major (Lm), Trypanosoma brucei (Tb), Eimeria 
tenella (Et) and Plasmodium falciparum (Pf).  

The clading analysis was performed using the Maximum Likelihood method 
(1000 bootstraps, gray spheres). The UniprotKB accession numbers along with 
organism abbreviations (in bracket) are indicated except for the human and 
apicomplexan PDEs (see Appendix 1; Tg, red; Et, blue; Pf, green). A 
comparable cladogram of the catalytic domains of represented PDEs can be 
seen in Figure 7. 
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Appendix 4. Identity (A) and similarity (B) matrix of the catalytic regions of 
TgPDE1-18.  
Homology levels of PDE enzymes are depicted in percentage to reflect their 
evolutionary relatedness.  
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Appendix 5. Immunostaining of TgPDE5, TgPDE8 and TgPDE18, and α-toxin-
induced splitting of plasma membrane and inner membrane complex in T. 
gondii. 
 (A) Intracellular tachyzoites expressing smHA- tagged PDE proteins (30 h infection) 
were stained with α-HA and α-TgGap45 antibodies. Nuclei were visualized by DAPI 
(scale, 20 μm). Images were obtained using transgenic strains as described in Figure 
8A. Note that not all parasitophorous vacuoles in the designated strains were stained 
for HA. (B) α-toxin treatment of extracellular tachyzoites. The parasite strains 
expressing specified smHA- tagged PDEs were treated with the drug to disband the 
inner membrane complex and plasmalemma and then immunostained. The parasite 
nuclei were stained using DAPI (scale, 2 μm).  
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Appendix 6. The topology of TgPDE8 and docking of substrates and inhibitors.  
(A-B) Homology models of TgPDE8 superimposed with the structure of HsPDE9A 
(PDB, 3dyn) (A) HsPDE4D (PDB, 2pw3) (B). Human PDEs are shown in gray and 
corresponding 3D models of the TgPDE8 catalytic domain are in salmon and blue. 
Metal ions, Zn2+ (purple) and Mg2+(green) bound to the catalytic center are also shown. 
(C-D) Substrate-binding region of TgPDE8 in cGMP- (C) and cAMP- (D) bound states, 
as deduced from the homology models based on HsPDE9A and HsPDE4D 
respectively. (E) Docking of BIPPO into TgPDE8 model (salmon) overlaid with cGMP-
bound HsPDE9A (gray). (F) Simulation of PF-04957325 interaction with TgPDE8 
(blue) superimposed with cAMP-bound HsPDE4D (gray).  
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Appendix 7. The catalytic region of TgPDE8 and TgPDE9 aligned to HsPDE4D 
and HsPDE9A. 
Selected residues are marked with color-coded triangles to specify their importance 
for the phosphodiesterase activity. Alpha-helices are depicted following the tertiary 
models in Figure 11 and Appendix 6. The numbering of human PDEs, as indicated, is 
based on the position of glutamine (Q) switch reported in the crystal structures of 
HsPDE4D (Q369) and HsPDE9A (Q453). The sequence conservation is reflected by 
a blue-red gradient.  
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Appendix 8.  The exclusive and common interactors of PDE1 and PDE2 in 
Toxoplasma gondii 

 
143 elements 
included 
exclusively in 
"PDE1" 

Gene ID Protein name 

A0A125YFQ6 TGGT1_218820  Alba 2  

A0A125YFT3 TGGT1_309810 Ribosomal protein RPP2 

A0A125YG48 TGGT1_233460  SAG-related sequence SRS29B  

A0A125YGX8 TGGT1_232230  Ribosomal protein RPL30  

A0A125YH17 TGGT1_209030  Actin ACT1  

A0A125YHS1 TGGT1_238250  60S ribosomal protein L36  

A0A125YHZ1 TGGT1_213350  Ribosomal protein RPS15  

A0A125YIS7 TGGT1_263180  Myosin D  

A0A125YJ16 TGGT1_295110  Rhoptry protein ROP7  

A0A125YJ59 TGGT1_205470 
 Putative translation elongation factor 2 
family protein  

A0A125YJG1 TGGT1_266060  40S ribosomal protein SA  

A0A125YJG4 TGGT1_311720  Chaperonin protein BiP  

A0A125YJN6 TGGT1_215470  Ribosomal protein  

A0A125YJQ7 TGGT1_227280  Dense granule protein GRA3  

A0A125YK19 TGGT1_201780  Microneme protein MIC2  

A0A125YLT8 TGGT1_250710  Microneme protein MIC10  

A0A125YM50 TGGT1_363030  Rhoptry protein ROP8  

A0A125YMA6 TGGT1_221380  Alba 1  

A0A125YN62 TGGT1_205340  40S ribosomal protein S12  

A0A125YNG1 TGGT1_306060  Rhoptry neck protein RON8  

A0A125YNL0 TGGT1_315610  Uncharacterized protein  

A0A125YNT8 TGGT1_260630  DnaJ family Sec63 protein  

A0A125YP10 TGGT1_208030  Microneme protein MIC4  

A0A125YP12 TGGT1_273760  Heat shock protein HSP70 

A0A125YPV3 TGGT1_256760  Pyruvate kinase  

A0A125YQA8 TGGT1_205250  Rhoptry protein ROP18  

A0A125YQT9 TGGT1_225080  Ribosomal protein RPS18  

A0A125YRV6 TGGT1_270250  Dense granule protein GRA1  

A0A125YS28 TGGT1_249240  Calmodulin 

A0A125YSI6 TGGT1_226250  RNA helicase 

A0A125YSU4 TGGT1_297470  Putative myosin light chain 2  

A0A125YT25 TGGT1_305050  Putative calmodulin  

A0A125YTH4 TGGT1_309820  Ribosomal protein RPL11  

A0A125YUA9 TGGT1_228210  26S proteasome regulatory subunit  

A0A125YVB8 TGGT1_203310  Dense granule protein GRA7  

A0A125YVE2 TGGT1_273460 
 Eukaryotic translation initiation factor 3 
subunit L  

A0A125YW74 TGGT1_261570  60S ribosomal protein L7a  
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A0A125YWZ1 TGGT1_260260  Ribosomal protein RPP1  

A0A125YX85 TGGT1_308090  Rhoptry protein ROP5  

A0A125YYD3 TGGT1_257680  Myosin light chain MLC1  

A0A125YYH7 TGGT1_320050  Ribosomal protein RPL5  

A0A125YZT0 TGGT1_277000  Putative transport protein Sec24  

S7UGV9 TGGT1_300100  Rhoptry neck protein RON2  

S7UQY0 TGGT1_237180  Uncharacterized protein  

S7UT16 TGGT1_310010  Rhoptry neck protein RON1  

S7UT35 TGGT1_311240  Putative DnaJ family chaperone  

S7UT91 TGGT1_310780  Dense granule protein GRA4  

S7UWC7 TGGT1_234450  Ribosomal protein RPS15A  

S7UWI4 TGGT1_224850  Polyadenylate-binding protein  

S7UXS8 TGGT1_227620  Dense granule protein GRA2  

S7UY71 TGGT1_263040  Ribosomal protein RPS16  

S7UZI5 TGGT1_278870  Myosin F  

S7V0H2 TGGT1_248810  Nuclear factor NF7  

S7V1D9 TGGT1_218520  Microneme protein MIC6  

S7V1J5 TGGT1_217680  Uncharacterized protein  

S7V1S3 TGGT1_219320  Acid phosphatase  

S7V2K1 TGGT1_229480  Putative calcium binding protein  

S7V3B5 TGGT1_232300  Ribosomal protein RPS3 

S7V482 
MAG1 
TGGT1_270240  MAG1 protein  

S7V498 TGGT1_270380  Ribosomal protein RPS13  

S7V581 TGGT1_268570 
 Zinc finger (CCCH type) motif-containing 
protein  

S7VNC9 TGGT1_411760  Actin  

S7VSV0 TGGT1_319560  Microneme protein MIC3 

S7VXI3 TGGT1_291890  Microneme protein MIC1  

S7VY87 TGGT1_288650  Dense granule protein GRA12  

S7W358;S7UIZ8 TGGT1_286420A  Elongation factor 1-alpha (Fragment) 

S7W4G4 TGGT1_294800A  ATPase, AAA family protein 

S7W5Z1 TGGT1_234420  Putative IWS1 transcription factor  

S7W631 TGGT1_227560  MIR domain-containing protein  

S7W634 TGGT1_228630  Myosin A  

S7W7N0 TGGT1_235470  Uncharacterized protein  

S7W8Q7 TGGT1_258850  Rhoptry neck protein RON5  

S7WI53 TGGT1_311470  Apical membrane antigen AMA1  

A0A125YVU5 TGGT1_255260  SAG-related sequence SRS34A  

A0A125YY12 TGGT1_271050  Serine/threonine-protein phosphatase  

S7VSL4 TGGT1_310700 
 Cold-shock DNA-binding domain-
containing protein  

S7VT14 TGGT1_320600  Uncharacterized protein  

S7W330 TGGT1_320010  NAC domain-containing protein  
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S7WB14 TGGT1_205558 
 Putative eukaryotic initiation factor-3 
subunit 10 (Fragment)  

S7WEL7 TGGT1_201680  40S ribosomal protein S21  

A0A125YM06 TGGT1_259240  MIC2-associated protein M2AP  

A0A125YGU3 TGGT1_214940  Uncharacterized protein  

A0A125YQI9 TGGT1_208830  Protein disulfide-isomerase  

S7W5X8 TGGT1_211680 
 Rhoptry kinase family protein ROP11 
(Incomplete catalytic triad)  

S7UUD9 TGGT1_227810  Rhoptry protein ROP12 

A0A125YIP7 TGGT1_203990  Ribosomal protein RPS10  

S7UGK0 TGGT1_275810  NTPase II (Fragment)  

S7UI50 TGGT1_277270  Rhoptry protein ROP4  

S7W6R0 TGGT1_295125  Putative chaperonin cpn60  

A0A125YQJ5 TGGT1_240600  Toxofilin  

S7V5D6 TGGT1_214080 
 HTH La-type RNA-binding domain-
containing protein 

S7W1P0 TGGT1_268950  Putative anonymous antigen-1  

A0A125YG44 TGGT1_312630  Putative elongation factor 1-gamma  

A0A125YGM0 TGGT1_300140 
 Putative coatomer protein complex, 
subunit alpha  

A0A125YI20 TGGT1_240650  Uncharacterized protein  

A0A125YIS3 TGGT1_244280  Eukaryotic translation initiation factor 5A  

A0A125YIY0 TGGT1_251810  T-complex protein 1 subunit gamma  

A0A125YJ01 TGGT1_205440  CCT-alpha  

A0A125YJ74 TGGT1_229990  RNA recognition motif-containing protein  

A0A125YJS7 TGGT1_268200  Casein kinase II subunit beta  

A0A125YN38 TGGT1_272400  Putative peptidase M16, alpha subunit  

A0A125YNH9 TGGT1_202680  Uncharacterized protein 

A0A125YRG2 TGGT1_212300  Prohibitin OS=Toxoplasma gondii  

A0A125YRJ9 TGGT1_243950  Uncharacterized protein  

A0A125YSA2 TGGT1_200360 
 Sarco/endoplasmic reticulum Ca2+-
ATPase  

A0A125YSC0 TGGT1_230420  Actin like protein ALP1  

A0A125YSZ9 TGGT1_219280 
 Putative 26S protease regulatory subunit 
4  

A0A125YT45 TGGT1_267080  Ribosomal protein RPL22  

A0A125YU69 TGGT1_239760  Small nuclear ribonucleoprotein G  

A0A125YU72 TGGT1_314790  SAG-related sequence SRS57  

A0A125YUH5 TGGT1_308020  FFD and TFG box motifs protein  

A0A125YWK6 TGGT1_269650  Glucose-6-phosphate 1-dehydrogenase  

A0A125YXU7 TGGT1_294200  Ubiquitin interaction motif family protein  

A0A125YY67 TGGT1_223960  Uncharacterized protein  

A0A125YZM3 TGGT1_307810  PCI domain-containing protein  

A0A125YZN8 TGGT1_292220  Uncharacterized protein  

S7UFS3 TGGT1_289540  CCT-beta  
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S7UGQ9 TGGT1_243710 
 Putative eukaryotic translation initiation 
factor 3 subunit 7  

S7UGY0 TGGT1_317720 
26S proteasome regulatory subunit, S6a 
family AAA ATpase  

S7UH01 TGGT1_300310  Uncharacterized protein 

S7UHN0 TGGT1_220240  Uncharacterized protein  

S7UII2 TGGT1_279420  Uncharacterized protein  

S7UJG3 TGGT1_209440 
 Transporter, major facilitator family 
protein  

S7UKG7 TGGT1_320020  Coatomer subunit delta 

S7UKG9 TGGT1_221522  SWI2/SNF2-containing protein RAD5  

S7UPG8 TGGT1_318480  CCT-theta  

S7UPZ2 TGGT1_287500  Putative sortilin  

S7UTB2 TGGT1_290160  Uncharacterized protein  

S7UY70 TGGT1_310420 
 Proteasome/cyclosome repeat-
containing protein (Fragment)  

S7UZZ8 TGGT1_263060 
 Eukaryotic translation initiation factor 3 
subunit H  

S7V1R0 TGGT1_251500  DnaK family protein  

S7V2L7 TGGT1_219310 
 Tetratricopeptide repeat-containing 
protein  

S7V3B1 TGGT1_229490  T-complex protein 1 subunit delta  

S7V3B9 TGGT1_272910  Catalase  

S7V4D5 TGGT1_232250  Small nuclear ribonucleoprotein Sm D2  

S7W107 TGGT1_270830  SAG-related sequence SRS51  

S7W432 TGGT1_308840  RNA recognition motif-containing protein  

S7W5P1 TGGT1_291930  Uncharacterized protein  

S7W5Q5 TGGT1_226380 
 Putative hypoxia-inducible factor prolyl 
hydroxylase (Phd2)  

S7W941 TGGT1_214620 
 Glutamate/leucine/phenylalanine/valine 
dehydrogenase family protein  

S7WBY8 TGGT1_249390  SAG-related sequence SRS29C  

S7WI35 TGGT1_233480  Myosin C  

S7W3K2 TGGT1_202540  Phosphodiesterase (TgPDE1) 
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22 elements 
included 
exclusively in 
"PDE2" 

Gene ID Protein name 

S7UM80 TGGT1_216750 
Paf1/RNA polymerase II complex 
component LEO1 

S7UQ91 TGGT1_214260  Putative alpha-glucan water dikinase 1  

S7UWU6 TGGT1_226910  Amylo-alpha-1,6-glucosidase  

A0A125YIG2 TGGT1_230960  Putative splicing factor 3b, subunit 3  

A0A125YP80 TGGT1_300200  Histone H2A  

S7UGF6 TGGT1_245432  Uncharacterized protein (Fragment)  

A0A125YI34 TGGT1_261620  Uncharacterized protein  

A0A125YYJ7 TGGT1_245470 
 Mitotic checkpoint protein, BUB3 family 
protein  

A0A125YIN4 TGGT1_262380  Elongation factor Tu  

A0A125YMA7 TGGT1_214930  Uncharacterized protein  

S7UPA7 TGGT1_213030  Clathrin light chain  

A0A125YSW3 TGGT1_269980  Putative preprotein translocase Sec61  

S7UFN1 TGGT1_300280  LSM domain-containing protein  

S7UM15 TGGT1_316520  1,4-alpha-glucan branching enzyme  

S7UP69 TGGT1_290270  SPRY domain-containing protein  

S7UYL3 TGGT1_260190  Microneme protein MIC13  

S7V0E9 TGGT1_251850  Serine/threonine-protein phosphatase  

S7V0V2 TGGT1_246690 
 Alpha amylase, catalytic domain-
containing protein  

S7V1Q8 TGGT1_219590  RuvB-like helicase 

S7V2G5 TGGT1_230000  Rav1p_C domain-containing protein  

S7V3G9 TGGT1_273800 
 WD domain, G-beta repeat-containing 
protein  

S7UHU3  TGGT1_293000 Phosphodiesterases (TgPDE2) 

 
 
 

38 common 
elements  
in "PDE1" and 
"PDE2" 

Gene ID Protein name 

A0A125YLJ3 TGGT1_263090  14-3-3 protein  

A0A125YMW0 TGGT1_289530  Ribosomal protein RPL19  

A0A125YNF8 TGGT1_242330  Ribosomal protein RPS5  

A0A125YP61 TGGT1_321500 
 RNA recognition motif-containing 
protein  

S7UT34 TGGT1_310670 
 Alpha-1,4 glucan phosphorylase 
(Fragment)  
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A0A125YLR7 TGGT1_318410  Putative TCP-1 chaperonin  

A0A125YLV4; 
A0A1 
25YK05 TGGT1_268850  Phosphopyruvate hydratase   

A0A125YMY8 TGGT1_268860  D-3-phosphoglycerate dehydrogenase  

A0A125YPQ6 TGGT1_239820  Ribosomal protein RPL35A  

A0A125YQR1 TGGT1_249250 
 Eukaryotic translation initiation factor 3 
subunit E  

A0A125YS34 TGGT1_273520 
 Small nuclear ribonucleoprotein Sm 
D3 

A0A125YT32 TGGT1_309740  Putative tat-binding family protein  

A0A125YT48 TGGT1_261010  Ribosomal protein RPL12  

A0A125YWK4 TGGT1_254440  Dense granule protein GRA9  

S7UHC3 TGGT1_251540  Coatomer subunit beta  

S7UIQ6 TGGT1_266990 Profilin 

S7UJM8 TGGT1_293690 
 Helicase associated domain (Ha2) 
protein  

S7USW1 TGGT1_318440 
 Zinc knuckle domain-containing 
protein  

S7UT11 TGGT1_244840 
 WD domain, G-beta repeat-containing 
protein  

S7UT46 TGGT1_311400  Uncharacterized protein  

S7UVW7 TGGT1_309600  Putative COPI protein  

S7UYP6 TGGT1_235020  Uncharacterized protein  

S7UYU8;S7W7E3 TGGT1_260520  Uncharacterized protein (Fragment)  

S7V273 TGGT1_258870A  40S ribosomal protein S25  

S7V2A6 TGGT1_258870B  Prolyl-tRNA synthetase  

S7V2Q6 TGGT1_231140  Myosin I  

S7V463 TGGT1_219850 
 Rhoptry metalloprotease toxolysin 
TLN1 (Fragment) 

S7VP87 TGGT1_230980  SAG-related sequence SRS44  

S7VU98;S7UGI9;S 
7UG13 TGGT1_269885B 

 Putative transmembrane protein  
Uncharacterized protein  

S7VWJ7 TGGT1_264660 
 Serine/threonine specific protein 
phosphatase  

S7VXT3 TGGT1_410370 

 NAD/NADP octopine/nopaline 
dehydrogenase, alpha-helical domain-
containing protein  

S7W054 TGGT1_279100  Uncharacterized protein  

S7W275 TGGT1_411470  Emp24/gp25L/p24 family protein  

S7W4M7 TGGT1_304955 
 Putative activating signal cointegrator 
1 complex subunit 3 family 1 ASCC3L1  

S7W5K4 TGGT1_290200  SAG-related sequence SRS67  

S7W7F1 TGGT1_240060  Putative myosin heavy chain  

S7WDJ3 TGGT1_310750  Uncharacterized protein  

S7WDT1 TGGT1_223390  CMGC kinase, CK2 family  
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Appendix 9. cAMP-binding interactors were analyzed using ToxoDB 
GO enrichment analysis for 460 cAMP-binding proteins arranged in the molecular 
function (MF) (A), the biological process category (BP) (B), and the cellular component 
category (CC) (C). The analysis was applied to Toxo gene sets in ToxoDB.  
Significantly enriched GO categories were highlighted with different color levels 
representing different significance levels. The number of genes correlates to each 

circle´s size. Show are the interactive graphs, p  0.05. For details on the assay, refer 
to Figure 26. 
 

(A) 
 

 
 
 
 
 



 Appendixes     

 131 

(B) 
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(C) 
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Appendix 10.  Selected interactors among 460 cAMP-binding proteins 
 

Protein name 
Gene ID 

5'-nucleotidase, C-terminal domain-containing protein  
TGGT1_216810 

Nuclear transport factor 2 (Ntf2) domain-containing protein  
TGGT1_243960 

Dense granule protein DG32  
TGGT1_297880 

Nucleoside diphosphate kinase  
TGGT1_295350 

Rhoptry kinase family protein ROP37 (Incomplete catalytic triad)  
TGGT1_294560  

Protein kinase G AGC kinase family member PKG  
TGGT1_311360  

RNA recognition motif-containing protein  
TGGT1_321500 

cAMP-dependent protein kinase regulatory subunit  
TGGT1_242070 

Splicing factor U2AF family snRNP auxilary factor large subunit, 
RRM domain-containing protein  

TGGT1_319850 

Zinc finger (CCCH type) motif-containing protein  
TGGT1_268570 

Trypsin domain-containing protein  
TGGT1_262920 

RNA recognition motif-containing protein  
TGGT1_262620 

S1 RNA binding domain-containing protein  
TGGT1_211670 

RNA recognition motif-containing protein  
TGGT1_270880  

RNA recognition motif-containing protein  
TGGT1_291330  

Ribosomal-ubiquitin protein RPL40  
TGGT1_289750 

Serine/threonine specific protein phosphatase  
TGGT1_205290  

Polyadenylate-binding protein  
TGGT1_224850 

Zinc knuckle domain-containing protein  
TGGT1_244840 

bMG10 domain-containing protein  
TGGT1_215910 

Cold-shock DNA-binding domain-containing protein  
TGGT1_320600 

Calcium-dependent protein kinase CDPK6  
TGGT1_218720 

CMGC kinase, CK2 family  
TGGT1_263070 

Ribosomal protein RPL13A  
TGGT1_292130 

bMG10 domain-containing protein  
TGGT1_288000 

Protein kinase (Incomplete catalytic triad)  
TGGT1_234950  

RNA recognition motif-containing protein  
TGGT1_268200  

Guanine nucleotide-binding protein  
TGGT1_216880 

RNA recognition motif-containing protein  
TGGT1_305850  

GYF domain-containing protein  
TGGT1_315700  

Adenosine/AMP deaminase domain-containing protein  
TGGT1_205720 

Thioredoxin domain-containing protein  
TGGT1_204480 

N2227 domain-containing protein  
TGGT1_241150 
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Zinc finger (CCCH type) motif-containing protein  
TGGT1_309200 

Myb family DNA-binding domain-containing protein  
TGGT1_213890 

Casein kinase I  
TGGT1_240640 

SPRY domain-containing protein 
TGGT1_290270  

CBS domain-containing protein  
TGGT1_239870 

PEP-carboxykinase I  
TGGT1_289650  

Non-specific serine/threonine protein kinase  
TGGT1_268370  

LsmAD domain-containing protein  
TGGT1_231440  

Nup54 domain-containing protein  
TGGT1_248500 

EF hand domain-containing protein  
TGGT1_255660  

Glutathione s-transferase, n-terminal domain containing protein  
TGGT1_306030 

XPG N-terminal domain-containing protein  
TGGT1_212250  

WD domain, G-beta repeat domain containing protein  
TGGT1_320210 

Spatacsin_C domain-containing protein  
TGGT1_224870 

RNA recognition motif-containing protein  
TGGT1_217540  

Protein disulfide-isomerase domain-containing protein (Fragment)  
TGGT1_238040A  

Rhoptry kinase family protein ROP24 (Incomplete catalytic triad)  
TGGT1_252360 

CNH domain-containing protein  
TGGT1_315530 

Rhoptry kinase family protein ROP11 (Incomplete catalytic triad)  
TGGT1_227810 

ATG C terminal domain-containing protein  
TGGT1_304630 

SWIM-type domain-containing protein  
TGGT1_304720  

G-patch domain-containing protein  
TGGT1_214820 

Glutaredoxin domain-containing protein  
TGGT1_238070 

Ig-like domain-containing protein  
TGGT1_242780  

MIF4G domain-containing protein  
TGGT1_254940 

Cnd1 domain-containing protein  
TGGT1_255240  

Prenylcys_lyase domain-containing protein  
TGGT1_248990  

Starch binding domain-containing protein  
TGGT1_314910  

Phosphatidylinositol-4-phosphate 5-Kinase  
TGGT1_256920 

DRIM domain-containing protein  
TGGT1_216210  

WD domain, G-beta repeat-containing protein  
TGGT1_201700 

WWE domain-containing protein  
TGGT1_215440  

DnaJ domain-containing protein 
TGGT1_313400  

Phosphofructokinase domain-containing protein  
TGGT1_281400  

NIMA-related protein kinase NIMA1  
TGGT1_292140  

Non-specific serine/threonine protein kinase  
TGGT1_313900  
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Pyridine nucleotide-disulfide oxidoreductase domain-containing 
protein  

TGGT1_207620 

DEAD/DEAH box helicase domain-containing protein  
TGGT1_285660C 

RMI1_N domain-containing protein  
TGGT1_220260 

Sushi domain (Scr repeat) domain-containing protein  
TGGT1_223480 

EF hand domain-containing protein  
TGGT1_216620 

LSM domain-containing protein  
TGGT1_300280  

Formin domain-containing protein  
TGGT1_462965 

Dual specificity phosphatase, catalytic domain-containing protein  
TGGT1_268770 

DEAD/DEAH box helicase domain-containing protein (Fragment)  
TGGT1_285660B  

DnaJ domain-containing protein  
TGGT1_259980  

EF hand domain-containing protein  
TGGT1_315860  

Btz domain-containing protein  
TGGT1_229470 

cAMP-dependent protein kinase (Fragment)  
TGGT1_209985 

C3H1-type domain-containing protein  
TGGT1_308870 

OB-fold nucleic acid binding domain-containing protein  
TGGT1_203170 

Thioredoxin domain-containing protein  
TGGT1_269950  

Kinase 
TGGT1_246220 

Cyclic nucleotide-binding domain-containing protein  
TGGT1_219070 
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Appendix 11. Vector sequences 
 

(A) pU6-Universal-PDEx (x=1-18) (Partially)  
For creating niches using CRISPR/Cas9 on the genome to assist 3´instertional 
tagging.  
 
 
  
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC

GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTATA
GATCGATGGATCGTTTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTA

TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC

GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGCG
TTCCGCATTCAGCTCAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTA

TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC

GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTATA
AAAACGGGGCGGTCGAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTT

ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 

pU6 promoter sgRNA-PDE1-
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE2 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE3 
3´IT 

 

sgRNA-backbone 

pU6 promoter sgRNA-PDE4 
3´IT 

sgRNA-backbone 
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ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTACCG
GAAAACTGGTCTTGACGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC
TTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGCTG
TCAGCGAACGCAAATCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTACAA
CGACGCCGTAAAGGTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGTAA
AGCAGTGCCCTGAGAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTT 
 
 
 
 
 

pU6 promoter sgRNA-PDE5 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE6 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE7- 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE8-
3´IT 

sgRNA-backbone 
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ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGATG
GCACCAGAAGAATTCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGCAC
AGTGTCAAGAACCTGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGAGA
TGAACCATGACACTCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTACAG
GCATTGGAACGCACGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 

pU6 promoter sgRNA-PDE9 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE10 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE11 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE12 
3´IT 

sgRNA-backbone 
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ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTAAAT
GTCCTGCACCTGCCAGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGATC
TACCAACAGCCATTTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC
TTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTATCC
TGAAAGCGTTCACTGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGGTA
TTACGAAGAGGATGACGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 

pU6 promoter sgRNA-PDE13 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE14 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE15 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE16 
3´IT 

sgRNA-backbone 
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ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTAAAG
TGTGAATGGCACATCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGACG
GCTGACGGTAAATTCTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC
TTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTAAAC
GAAGTTGGCCCGAGACGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 

 

(B) pTUB1-YFP-smHA-HXGPRT (Partially)  
Serve as a template for PCR-based smHA-insertional tagging. 
 
 
 
 
 
ATGTACCCTTATGATGTGCCCGATTATGCTGGCTACCCTTATGATGTTCCTGATTACGCCGGATA
TCCGTATGACGTGCCAGACTACGCGGGAGGTGTGAGCAAGGGAGAGGAGTTGTTTACCGGCGT
GGTCCCCATACTGGTGGAGTTGGATGGCGACGTTAATGGACATAAATTCTCGGTCCGCGGCGAG
GGAGAGGGAGACGCCACCAATGGCAAGCTGACGCTTAAGTTCATTTGCACGACTGGAAAATTGC
CTGTCCCCTGGCCGACCCTGGTCACCACACTGACCTACGGAGTGCAGTGCTTCTCCCGTTACCC
AGACCACATGAAGCAGCACGATTTCTTCAAGAGCGCAATGCCGGAGGGATACGTGCAAGAACGG
ACTATTTCCTTCAAGGATGACGGAACCTATAAGACCCGTGCGGAGGTCAAATTCGAGGGTGACA
CCCTGGTGAACCGAATTGAACTCAAAGGAATCGATTTCAAGGAGGATGGAAATATTCTGGGTCAC
AAGCTGGAATACAACTTCAACAGCCATAATGTGTACATTACGGCTGATAAGCAGAAGAACGGCAT
TAAGGCCAATTTCAAGATCCGCCACAACGTTGAGGGTGGATATCCCTACGACGTGCCCGATTAT
GCGGGCGGATATCCGTATGATGTTCCAGATTATGCTGGTGGTGGAGGCTATCCCTATGATGTCC

smHA GRA1-3´UTR HXGPRT S.C 

T
A

A
 

L
o

x
P

 

L
o

x
P

 

pU6 promoter sgRNA-PDE17 
3´IT 

sgRNA-backbone 

pU6 promoter sgRNA-PDE18 
3´IT 

sgRNA-backbone 



 Appendixes     

 141 

CCGACTACGCCGGAGGTTACCCATACGATGTGCCCGACTACGCTGGAGGCGATGGCAGCGTGC
AGCTGGCAGATCATTATCAACAGAATACCCCCATAGGTGATGGCCCCGTTCTGCTTCCAGATAAT
CACTACCTTTCCACCCAGAGCGTGCTTTCGAAAGACCCGAACGAAAAGCGTGATCACATGGTCC
TGCTGGAGTTTGTGACCGCGGCTGGAATCACCCTGGGTATGGACGAACTCTACAAGGGTGGCTA
CCCCTACGATGTGCCGGATTACGCTGGATATCCGTATGACGTACCGGACTATGCCGGTTACCCG
TACGATGTCCCGGACTACGCTTAACATATGTAGAAAAGTTGTAACGTTAGTAAACGTAACACACG
GGTATAATAGCCATTTAATGGCGCCGTATATTTTTCACTCCCCCTCTCCGATAGGAGGAAGAAAG
ACGATCCGTCTGCGAATGTATATTACATCGACCGGCCATAGTACGAGAAGTGGTGCCGGTATTG
TTCTGTCCGGGGGGTGTACCATCCTATTTTTTGTATATGTCGTTCTTGTCGGGGAGCAACAGCCC
ATCTTCCGGCTATTGTCTCGTATCAGTTGTGAAACAGACTGCGTTTTGCCGAAAATGAGTCCTAT
GTCCGATGGCTATTTGTACCGCTTCGTACCATTTCGCTTGTCAGCTGTAATCAACCGAATTCATTT
GGCGAGACATGATTCCGATTAAATTCTTTACTGCGCGTGCTCGGATCCACTAGTTCTACTCGAGG
TCGACGGTATCGATAAGCTTATAACTTCGTATAGCATACATTATACGAAGTTATCAGCACGAAACC
TTGCATTCAAACCCGCCCGCGGAAGATCCGATCTTGCTGCTGTTCGCAGTCCCAGTAGCGTCCT
GTCGGCCGCGCCGTCTCTGTTGGTGGGCAGCCGCTACACCTGTTATCTGACTGCCGTGCGCGA
AAATGACGCCATTTTTGGGAAAATCGGGGAACTTCATTCTTTAAAAGTATGCGGAGGTTTCCTTTT
TCTTCTGTTCGTTTCTTTTTCTCGGGTTTGATAACCGTGTTCGATGTAAGCACTTTCCGTCTCTCC
TCCGTGCTTTGTTCGACATCGAGACCAGGTGTGCAGATCCTTCGCTTGTCGATCCGGAGACGCG
TGTCTCGTAGAACCTTTTCATTTTACCACACGGCAGTGCGGAGCACTGCTCTGAGTGCAGCAGG
GACGGGTGAAGTTTCGCTTTAGTAGTGCGTTTCTGCTCTACGGGGCGTTGTCAGATCCAGCAAA
ATGGCGTCCAAACCCATTGAAGACTACGGCAAGGGCAAGGGCCGTATTGAGCCCATGTATATCC
CCGACAACACCTTCTACAACGCTGATGACTTTCTTGTGCCCCCCCACTGCAAGCCCTACATTGAC
AAAATCCTCCTCCCTGGTGGATTGGTCAAGGACAGAGTTGAGAAGTTGGCGTATGACATCCACA
GAACTTACTTCGGCGAGGAGTTGCACATCATTTGCATCCTGAAAGGCTCTCGCGGCTTCTTCAAC
CTTCTGATCGACTACCTTGCCACCATACAGAAGTACAGTGGTCGTGAGTCCAGCGTGCCCCCCT
TCTTCGAGCACTATGTCCGCCTGAAGTCCTACCAGAACGACAACAGCACAGGCCAGCTCACCGT
CTTGAGCGACGACTTGTCAATCTTTCGCGACAAGCACGTTCTGATTGTTGAGGACATCGTCGACA
CCGGTTTCACCCTCACCGAGTTCGGTGAGCGCCTGAAAGCCGTCGGTCCCAAGTCGATGAGAAT
CGCCACCCTCGTCGAGAAGCGCACAGATCGCTCCAACAGCTTGAAGGGCGACTTCGTCGGCTT
CAGCATTGAAGACGTCTGGATCGTTGGTTGCTGCTACGACTTCAACGAGATGTTCCGCGACTTC
GACCACGTCGCCGTCCTGAGCGACGCCGCTCGCAAAAAGTTCGAGAAGTAAACCCTGCATAGC
CCACAGAAGCTGCCCGTCTCTCGTTTTCCTCTCTTTTCGGAGGGATCAGGGAGAGTGCCTCGGA
TCGGAGAGAGCTGACGAGGGGGTGCCAGAGACCCCTGTGTCCTTTATCGAAGAAAAGGGATGA
CTCTTCATGTGGCATTTCACACAGTCTCACCTCGCCTTGTTTTCTTTTTGTCAATCAGAACGAAAG
CGAGTTGCGGGTGACGCAGATGTGCGTGTATCCACTCGTGAATGCGTTATCGTTCTGTATGCCG
CTAGAGTGCTGGACTGTTGCTGTCTGCCCACGACAGCAGACAACTTTCCTTCTATGCACTTGCAG
GATGGTGCAGCGCAAACGACGGAGAGAAAGGAGCACCCTCTCAGTTTCCCTACGATGTGCTGTC
AGTTTCGACTCTTCACCGCGAACGATTGGCGATACGTCTCTGTTGACTTGTTAGGCTCCGACCAC
GAAGCTCCCTTAACTAGATAAGCCGCGACACCTAAGTGTACACCATTTGCAGATCGATAATCTGC
GACCGCTGAATCCGTCCAGATCAGTAAAACCGCACCACCTAAGTGTAAACCTTGTTTAGGTCGAT
AAAATGCTACCAACCCCCACCCACAATCGAGCCTTGAGCGTTTCTGCGCACGCGTTGGCCTACG
TGACTTGCTGATGCCTGCCTCTGGCCATTCATGCCAGTCAGTGCGCATAAAAATGTGGACACAGT
CGGTTGACAAGTGTTCTGGCAGGCTACAGTGACACCGCGGTGGAGGGGGATCATTGAAATAACT
TCGTATAGCATACATTATACGAAGTTAT 

 
 

(C) pTUB1-YFP-mAID-3HA-HXGPRT (Partially)  
Serve as a template for PCR-based mAID-insertional tagging 
 
         
 
 
 
GAGAAGAGCGCGTGTCCTAAAGATCCCGCTAAGCCGCCTGCCAAGGCCCAGGTGGTTGGCTGG
CCCCCGGTTAGGAGTTACCGCAAGAACGTGATGGTCTCTTGCCAGAAGTCTAGTGGTGGCCCTG
AGGCGGCGGCATTCGTTAAAGTCTCCATGGACGGAGCGCCGTACCTGCGAAAGATTGATTTGCG
AATGTATAAAAGTGGCGGCGGCGGCTCTTACCCGTACGACGTCCCGGACTACGCTGGCTATCCC
TATGATGTGCCCGATTATGCGTATCCTTACGATGTTCCAGATTATGCCTAACATATGTAGAAAAGT
TGTAACGTTAGTAAACGTAACACACGGGTATAATAGCCATTTAATGGCGCCGTATATTTTTCACTC
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CCCCTCTCCGATAGGAGGAAGAAAGACGATCCGTCTGCGAATGTATATTACATCGACCGGCCAT
AGTACGAGAAGTGGTGCCGGTATTGTTCTGTCCGGGGGGTGTACCATCCTATTTTTTGTATATGT
CGTTCTTGTCGGGGAGCAACAGCCCATCTTCCGGCTATTGTCTCGTATCAGTTGTGAAACAGACT
GCGTTTTGCCGAAAATGAGTCCTATGTCCGATGGCTATTTGTACCGCTTCGTACCATTTCGCTTG
TCAGCTGTAATCAACCGAATTCATTTGGCGAGACATGATTCCGATTAAATTCTTTACTGCGCGTGC
TCGGATCCACTAGTTCTACTCGAGGTCGACGGTATCGATAAGCTTATAACTTCGTATAGCATACA
TTATACGAAGTTATCAGCACGAAACCTTGCATTCAAACCCGCCCGCGGAAGATCCGATCTTGCTG
CTGTTCGCAGTCCCAGTAGCGTCCTGTCGGCCGCGCCGTCTCTGTTGGTGGGCAGCCGCTACA
CCTGTTATCTGACTGCCGTGCGCGAAAATGACGCCATTTTTGGGAAAATCGGGGAACTTCATTCT
TTAAAAGTATGCGGAGGTTTCCTTTTTCTTCTGTTCGTTTCTTTTTCTCGGGTTTGATAACCGTGTT
CGATGTAAGCACTTTCCGTCTCTCCTCCGTGCTTTGTTCGACATCGAGACCAGGTGTGCAGATCC
TTCGCTTGTCGATCCGGAGACGCGTGTCTCGTAGAACCTTTTCATTTTACCACACGGCAGTGCG
GAGCACTGCTCTGAGTGCAGCAGGGACGGGTGAAGTTTCGCTTTAGTAGTGCGTTTCTGCTCTA
CGGGGCGTTGTCAGATCCAGCAAAATGGCGTCCAAACCCATTGAAGACTACGGCAAGGGCAAG
GGCCGTATTGAGCCCATGTATATCCCCGACAACACCTTCTACAACGCTGATGACTTTCTTGTGCC
CCCCCACTGCAAGCCCTACATTGACAAAATCCTCCTCCCTGGTGGATTGGTCAAGGACAGAGTT
GAGAAGTTGGCGTATGACATCCACAGAACTTACTTCGGCGAGGAGTTGCACATCATTTGCATCCT
GAAAGGCTCTCGCGGCTTCTTCAACCTTCTGATCGACTACCTTGCCACCATACAGAAGTACAGTG
GTCGTGAGTCCAGCGTGCCCCCCTTCTTCGAGCACTATGTCCGCCTGAAGTCCTACCAGAACGA
CAACAGCACAGGCCAGCTCACCGTCTTGAGCGACGACTTGTCAATCTTTCGCGACAAGCACGTT
CTGATTGTTGAGGACATCGTCGACACCGGTTTCACCCTCACCGAGTTCGGTGAGCGCCTGAAAG
CCGTCGGTCCCAAGTCGATGAGAATCGCCACCCTCGTCGAGAAGCGCACAGATCGCTCCAACA
GCTTGAAGGGCGACTTCGTCGGCTTCAGCATTGAAGACGTCTGGATCGTTGGTTGCTGCTACGA
CTTCAACGAGATGTTCCGCGACTTCGACCACGTCGCCGTCCTGAGCGACGCCGCTCGCAAAAAG
TTCGAGAAGTAAACCCTGCATAGCCCACAGAAGCTGCCCGTCTCTCGTTTTCCTCTCTTTTCGGA
GGGATCAGGGAGAGTGCCTCGGATCGGAGAGAGCTGACGAGGGGGTGCCAGAGACCCCTGTG
TCCTTTATCGAAGAAAAGGGATGACTCTTCATGTGGCATTTCACACAGTCTCACCTCGCCTTGTTT
TCTTTTTGTCAATCAGAACGAAAGCGAGTTGCGGGTGACGCAGATGTGCGTGTATCCACTCGTG
AATGCGTTATCGTTCTGTATGCCGCTAGAGTGCTGGACTGTTGCTGTCTGCCCACGACAGCAGA
CAACTTTCCTTCTATGCACTTGCAGGATGGTGCAGCGCAAACGACGGAGAGAAAGGAGCACCCT
CTCAGTTTCCCTACGATGTGCTGTCAGTTTCGACTCTTCACCGCGAACGATTGGCGATACGTCTC
TGTTGACTTGTTAGGCTCCGACCACGAAGCTCCCTTAACTAGATAAGCCGCGACACCTAAGTGTA
CACCATTTGCAGATCGATAATCTGCGACCGCTGAATCCGTCCAGATCAGTAAAACCGCACCACCT
AAGTGTAAACCTTGTTTAGGTCGATAAAATGCTACCAACCCCCACCCACAATCGAGCCTTGAGCG
TTTCTGCGCACGCGTTGGCCTACGTGACTTGCTGATGCCTGCCTCTGGCCATTCATGCCAGTCA
GTGCGCATAAAAATGTGGACACAGTCGGTTGACAAGTGTTCTGGCAGGCTACAGTGACACCGCG
GTGGAGGGGGATCATTGAAATAACTTCGTATAGCATACATTATACGAAGTTAT 
 

 

(D) pSAG1-Cas9-U6-SgPDEx vector (x=1, 7,8,9) (Partially)  
For creating niches using CRISPR/Cas9 on the genome to assist gene knockout  
 
Deletion of TgPDE7 in TgPDE7-smHA strain  
 
  
 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT

pU6 promoter sgRNA-PDE75´UTR  
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pU6 promoter sgRNA-PDE73´UTR  
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TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGTTC
TCCGAGAGACAAATCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTTCTTTT……………………………………………
………………………………………………………………………………………………………………………
…………………………………………….ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGA
TTTCAAATTAACGTACCCAAACGCGAAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAAC
CATCGAGAGGCGGAGAGCGATAAGTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTG
CACTGTGAATTGGGCGCCAATATTGCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACA
CTGGGATATGTAGAGCCAAGGGGGAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCAT
ATTTCCATCAGTTCTGTCAGATTTTCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGC
TCTTCGAAGGGGCTTTCTGTCGCGCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGG
TAAATGGGGATGTCAAGTTGACCTCGGTTTGACCTTCAGGTTTTAGAGCTAGAAATAGCAAGTTA
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 

 
Deletion of TgPDE8 in TgPDE8-smHA strain  
 
 
  
 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGAGT
GACTTCATTACGTGGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTTCTTTT……………………………………………
………………………………………………………………………………………………………………………
…………………………………………….ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGA
TTTCAAATTAACGTACCCAAACGCGAAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAAC
CATCGAGAGGCGGAGAGCGATAAGTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTG
CACTGTGAATTGGGCGCCAATATTGCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACA
CTGGGATATGTAGAGCCAAGGGGGAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCAT
ATTTCCATCAGTTCTGTCAGATTTTCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGC
TCTTCGAAGGGGCTTTCTGTCGCGCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGG
TAAATGGGGATGTCAAGTTGATCGCTCCAACAGCTTGAAGTTTTAGAGCTAGAAATAGCAAGTTA
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 

 
Deletion of TgPDE9 in TgPDE9-smHA strain  
 
 
  
 
 
 
 
 

pU6 promoter sgRNA-PDE85´UTR  
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pU6 promoter sgRNA-PDE83´UTR  
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ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGGA
GTTCAGGCGCCTCATTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA
ACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTTCTTTT…………………………………………
………………………………………………………………………………………………………………………
……………………………………………….ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAA
GATTTCAAATTAACGTACCCAAACGCGAAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGA
ACCATCGAGAGGCGGAGAGCGATAAGTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGC
TGCACTGTGAATTGGGCGCCAATATTGCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGA
CACTGGGATATGTAGAGCCAAGGGGGAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATC
ATATTTCCATCAGTTCTGTCAGATTTTCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGC
GCTCTTCGAAGGGGCTTTCTGTCGCGCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCT
GGTAAATGGGGATGTCAAGTTGATCGCTCCAACAGCTTGAAGTTTTAGAGCTAGAAATAGCAAGT
TAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 
 

 
Deletion of TgPDE8 in TgPDE9-mAID-3HA strain  
 
 
  
 
 
 
 
 
 
 
 
ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGAGT
GACTTCATTACGTGGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTTCTTTT……………………………………………
………………………………………………………………………………………………………………………
…………………………………………….ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGA
TTTCAAATTAACGTACCCAAACGCGAAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAAC
CATCGAGAGGCGGAGAGCGATAAGTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTG
CACTGTGAATTGGGCGCCAATATTGCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACA
CTGGGATATGTAGAGCCAAGGGGGAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCAT
ATTTCCATCAGTTCTGTCAGATTTTCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGC
TCTTCGAAGGGGCTTTCTGTCGCGCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGG
TAAATGGGGATGTCAAGTTATTCGCGGGGATCCAACTGGGTTTTAGAGCTAGAAATAGCAAGTTA
AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTTCTTTT 

 
 

pU6 promoter sgRNA-PDE85´UTR  
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Deletion of TgPDE1 in TgPDE2-mAID strain  
 
 
  
 
 
 
 

 
 
 

ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGATTTCAAATTAACGTACCCAAACGCG
AAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAACCATCGAGAGGCGGAGAGCGATAA
GTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTGCACTGTGAATTGGGCGCCAATATT
GCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGG
GAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTT
TCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGC
GCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTAAAG
AAATGCGCGTTCACGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAA
CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTTCTTTT……………………………………………
………………………………………………………………………………………………………………………
…………………………………………….ATGTTGGAGACACTGAGGGCACACGGGAAACGCGAAAGA
TTTCAAATTAACGTACCCAAACGCGAAAGCTTGCGCAGCATACACTCGAAGCGAACATCCCGAAC
CATCGAGAGGCGGAGAGCGATAAGTCTTTCACGCTGCGAAGTGTTGCGACGGCTGCGCCGCTG
CACTGTGAATTGGGCGCCAATATTGCATCCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACA
CTGGGATATGTAGAGCCAAGGGGGAAACCTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCAT
ATTTCCATCAGTTCTGTCAGATTTTCAAATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGC
TCTTCGAAGGGGCTTTCTGTCGCGCAGGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGG
TAAATGGGGATGTCAAGTTATAGATCGATGGATCGTTTGGTTTTAGAGCTAGAAATAGCAAGTTAA

AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTT TCTTTT 
 

 
(E) pLinker- AID- DHFR loxP vector (Partially)  
Serve as a template for PCR-based DHFR selection marker for gene knockout  
 
 
 
 
 
ATAACTTCGTATAGCATACATTATACGAAGTTATAAGCTTCGCCAGGCTGTAAATCCCGTGAGTC
GTCCTCACAAATCATCAAGCAGGTGTCCTCAGGGAGACTGCCTGACTGAGTTATGCTAATTCCTT
TCTACTTTGGCGTGGTAACGGGCGCGCCGGATCCTTAATTAAGTCTAGCATGTCATTCGATTTTC
ACCCCCCGCGTAGTTCCTGTGTGTCATTCGTTGTCGAGACAACTCTGTCCCGCCCCGGTGCTGT
TCCATATGCGTGACTTTCCCGCAATTTTTTCAGACTTTCAGGAAAGACAGGCTCCGGAACGATCT
CGTCCATGACTGGTAAATCCACGACACCGCAA´´TGGCCCCCAGCACCTCTATCTCTCGTGCCAG
GGGACTAACGTTGTATGCGTCTGCGTCTTGTCTTTTTGCATTCGCTTTCCAAAAAAGAGAGCCAT
CCGTTCCCCCGCACATTCAACGCCGCGAGTGCGGTTTTTGTCTTTTTTGAGTGGTAGGACGCTTT
TCATGCGCGAACTACGTGGACATTAAGTTCCATTCTCTTTTTCGACAGCACGAAACCTTGCATTCA
AACCCGCCCGCGGAAGATCCGATCTTGCTGCTGTTCGCAGTCCCAGTAGCGTCCTGTCGGCCG
CGCCGTCTCTGTTGGTGGGCAGCCGCTACACCTGTTATCTGACTGCCGTGCGCGAAAATGACGC
CATTTTTGGGAAAATCGGGGAACTTCATTCTTTAAAAGTATGCGGAGGTTTCCTTTTTCTTCTGTT
CGTTTCTTTTTCTCGGGTTTGATAACCGTGTTCGATGTAAGCACTTTCCGTCTCTCCTCCGTGCTT
TGTTCGACATCGAGACCAGGTGTGCAGATCCTTCGCTTGTCGATCCGGAGACGCGTGTCTCGTA
GAACCTTTTCATTTTACCACACGGCAGTGCGGAGCACTGCTCTGAGTGCAGCAGGGACGGGTGA
AGTTTCGCTTTAGTAGTGCGTTTCTGCTCTACGGGGCGTTGTCGTGTCTGGGAAGATGCAGAAA
CCGGTGTGTCTGGTCGTCGCGATGACCCCCAAGAGGGGCATCGGCATCAACAACGGCCTCCCG
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TGGCCCCACTTGACCACAGATTTCAAACACTTTCGTCGTGTGACAAAAACGACGCCCGAAGAAG
CCAGTCGCCTGAACGGGTGGCTTCCCAGGAAATTTGCAAAGACGGGCGACTCTGGACTTCCCTC
TCCATCAGTCGGCAAGAGATTCAACGCCGTTGTCATGGGACGGAAAAACTGGGAAAGCATGCCT
CGAAAGTTTAGACCCCTCGTGGACAGATTGAACATCGTCGTTTCCTCTTCCCTCAAAGAAGAAGA
CATTGCGGCGGAGAAGCCTCAAGCTGAAGGCCAGCAGCGCGTCCGAGTCTGTGCTTCACTCCC
AGCAGCTCTCAGCCTTCTGGAGGAAGAGTACAAGGATTCTGTCGACCAGATTTTTGTCGTGGGA
GGAGCGGGACTGTACGAGGCAGCGCTGTCTCTGGGCGTTGCCTCTCACCTGTACATCACGCGT
GTAGCCCGCGAGTTTCCGTGCGACGTTTTCTTCCCTGCGTTCCCCGGAGATGACATTCTTTCAAA
CAAATCAACTGCTGCGCAGGCTGCAGCTCCTGCCGAGTCTGTGTTCGTTCCCTTTTGTCCGGAG
CTCGGAAGAGAGAAGGACAATGAAGCGACGTATCGACCCATCTTCATTTCCAAGACCTTCTCAGA
CAACGGGGTACCCTACGACTTTGTGGTTCTCGAGAAGAGAAGGAAGACTGACGACGCAGCCACT
GCGGAACCGAGCAACGCAATGAGCTCCTTGACGTCCACGAGGGAGACAACTCCCGTGCACGGG
TTGCAGGCTCCTTCTTCGGCCGCAGCCATTGCCCCGGTGTTGGCGTGGATGGACGAAGAAGAC
CGGAAAAAACGCGAGCAAAAGGAACTGATTCGGGCCGTTCCGCATGTTCACTTTAGAGGCCATG
AAGAATTCCAGTACCTTGATCTCATTGCCGACATTATTAACAATGGAAGGACAATGGATGACCGA
ACGGGCGTTGGTGTCATCTCCAAATTCGGCTGCACTATGCGCTACTCGCTGGATCAGGCCTTTC
CACTTCTCACCACAAAGCGTGTGTTCTGGAAAGGGGTCCTCGAAGAGTTGCTGTGGTTCATTCG
CGGCGACACGAACGCAAACCATCTTTCTGAGAAGGGCGTGAAGATCTGGGACAAGAATGTGACA
CGCGAGTTCCTCGATTCGCGCAATCTCCCCCACCGAGAGGTCGGAGACATCGGCCCGGGCTAC
GGCTTCCAGTGGAGACACTTCGGCGCGGCATACAAAGACATGCACACAGACTACACAGGGCAG
GGCGTCGACCAGCTGAAGAATGTGATCCAGATGCTGAGAACGAATCCAACAGATCGTCGCATGC
TCATGACTGCCTGGAATCCTGCAGCGCTGGACGAAATGGCGCTGCCGCCTTGTCACTTGTTGTG
CCAGTTCTACGTGAACGACCAGAAGGAGCTGTCGTGCATCATGTATCAGCGGTCGTGCGATGTC
GGCCTCGGCGTCCCCTTCAACATCGCTTCCTATTCGCTTTTGACGCTCATGGTTGCACACGTCTG
CAACCTAAAACCTAAGGAGTTCATTCACTTCATGGGGAACACGCATGTCTACACGAACCATGTCG
AGGCTTTAAAAGAGCAGCTGCGGAGAGAACCGAGACCGTTCCCCATTGTGAACATCCTCAACAA
GGAACGCATCAAGGAAATCGACGATTTCACCGCCGAGGATTTTGAGGTCGTGGGCTACGTCCCG
CACGGACGAATCCAGATGGAGATGGCTGTCGGTGACGAGCTGTACAAGTAGATGGAGATGGCT
GTCGGTGACGAGCTGTACAAGTAAGCTGAGCATAACTTCGTATAGCATACATTATACGAAGTTAT
CGGAAATACAGAAGCTGCCCGTCTCTCGTTTTCCTCTCTTTTCGGAGGGATCAGGGAGAGTGCC
TCGGGTCGGAGAGAGCTGACGAGGGGGTGCCAGAGACCCCTGTGTCCTTTATCGAAGAAAAGG
GATGACTCTTCATGTGGCATTTCACACAGTCTCACCTCGCCTTGTTTTCTTTTTGTCAATCAGAAC
GAAAGCGAGTTGCGGGTGACGCAGATGTGCGTGTATCCACTCGTGAATGCGTTATCGTTCTGTA
TGCCGCTAGAGTGCTGGACTGTTGCTGTCTGCCCACGACAGCAGACAACTTTCCTTCTATGCACT
TGCAGGATGGTGCAGCGCAAACGACGGAGAGAAAGGAGCACCCTCTCAGTTTCCCTACGATGT
GCTGTCAGTTTCGACTCTTCACCGCGAACGATTGGCGATACGTCTCTGTTGACTTGTTAGGCTCC
GACCACGAAGCTCCCTTAACTAAATAAGCCGCGACACCTAAGTGTACACCATTTGCAGATCGATA
ATCTGCGACCGCTGAATCCGTCCAGATCAGTAAAACCGCACCACCTAAGTGTAAACCTTGTTTAG
GTCGATAAAATGCTACCAACCCCCACCCACAATCGAGCCTTGAGCGTTTCTGCGCACGCGTTGG
CCTACGTGACTTGCTGATGCCTGCCTCTGGCCATTCATGCCAGTCAGTGCGCATAAAAATGTGG
ACACAGTCGGTTGACAAGTGTTCTGGCAGGCTACAGTGACACGGGGAAATCGTTTCTGAGAGAG
CACCAAAACCTTTTAGCTGTCACCATCTTCTTCGCTTGCTACGTTGTCTGATTTGTCGTTTTTCCT
CTCGGTGTGAAGCGTTTTTCGTAACGTCAATCGACCCAGGACACTGCTTCCAGCTGTCTGTGCC
GTCCTGTCGTGACCAGTTTGTCGCCGCGACTTTATGAGCTTTTTCCTGTT 
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angefertigt und keine anderen als die angegebenen Hilfsmittel verwendet zu 

haben.  

 

 

  

                  Ort, Datum                               Unterschrift  

 

 


	Abstract
	Zusammenfassung
	Table of Contents
	List of Figures, Tables, and Appendixes
	List of Abbreviations
	1. Introduction
	1.1. Apicomplexan parasites
	1.2. Apicomplexan Toxoplasma gondii
	1.2.1. Toxoplasma gondii: life cycle and pathogenesis
	1.2.2. T. gondii lytic cycle

	1.3. Genetic manipulations of Toxoplasma gondii
	1.4. Cyclic nucleotide signaling pathways in mammals
	1.5. Cylic nucleotide signaling in Plasmodium falciparum and Toxoplasma  gondii
	1.6. The objectives of this study

	2. Materials and Methods
	2.1. Materials
	2.1.1. Biological materials
	2.1.1.1. Organisms
	2.2.1.2. Vectors
	2.1.1.3.  Antibodies
	2.1.1.4. Enzymes
	2.1.1.5. Oligonucleotides

	2.1.2. Chemical materials
	2.1.2.1. Chemical reagents
	2.1.2.2. Commercial Kits
	2.1.2.3. Instruments
	2.1.2.4. Plasticware and other disposables
	2.1.2.5. Buffer and medium compositions
	2.1.3. Biological reagents

	2.2. Methods
	2.2.1. Host cell and parasite cultures
	2.2.2. Making of transgenic parasites
	2.2.3. Indirect immunofluorescence assays
	2.2.4. Immunoblot analysis
	2.2.5. Lytic cycle assay
	2.2.6. Immunoprecipitation of PDE proteins
	2.2.7. cAMP pulldown assay
	2.2.8. PDE enzyme assay
	2.2.9. Proteolytic digestion for mass spectrometry
	2.2.10. Transmission electron microscopy
	2.2.11. Cell sorting by Flow cytometry
	2.2.12. Live cell imaging
	2.2.13. Sequence analysis, phylogenetic cladding, and structure modeling
	2.2.14. Data analysis, availability, and presentation


	3. Results
	3.1. Fundamental structure and evolutionary relationship of PDEs in Toxoplasma gondii
	3.1.1 Toxoplasma gondii genome encodes a large repertoire of phosphodiesterases
	3.1.2. Most apicomplexan PDEs are not related to the metazoan orthologs

	3.2. Endogenous expression and subcellular localization of 18 PDEs in Toxoplasma gondii
	3.2.1. At least 11 PDEs are expressed during the lytic cycle of T. gondii
	3.2.2. Phosphodiesterases expressed in tachyzoites show assorted localizations
	3.2.3. TgPDE8 and TgPDE9 localize in the apical plasmalemma of tachyzoites

	3.3. The structural reveals of apical TgPDE8 and TgPDE9 based on homology modelling
	3.3.1. Modelling of TgPDE8 and TgPDE9 suggests a prototypical 3D structure
	3.3.2. Interaction of PDE inhibitors with TgPDE8 and TgPDE9

	3.4. Catalytic function of PDEs expressed in T.gondii
	3.4.1. TgPDE2 is cAMP-specific, while other PDEs in tachyzoites can hydrolyze cAMP and cGMP
	3.4.2. Catalytic Kinetics of TgPDE1, TgPDE2, TgPDE7 and TgPDE9 with cAMP and/or cGMP
	3.4.3. Effect of PDE inhibitors on the parasite phosphodiesterases

	3.5.  Examination the biological significant of PDEs in T. gondii
	3.5.1. TgPDE7, TgPDE8, and TgPDE9 are expendable during the lytic cycle
	3.5.2. TgPDE1 and TgPDE2 are partly redundant but individually needed for the parasite growth
	3.5.3. The ΔTgPDE1/TgPDE2-mAID-3HA strain is refractory to BIPPO-induced egress

	3.6. Expanding exploration in spatial distribution and interaction networks of TgPDEs.
	3.6.1. Ultrastructural imaging of intracellular tachyzoites
	3.6.2. TgPDE1 and TgPDE2 may be regulated by a specific kinase and phosphatase network

	3.7. Identification of cAMP- binding proteins in T.gondii tachyzoite

	4. Discussion
	4.1. PDE profiles in T. gondii tachyzoites

	5. Conclusions and Perspectives works
	References
	Appendixes
	List of Conferences, Publications and Soft skill courses
	Acknowledgment
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