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Abstract 

The phylum Apicomplexa encompasses multiple obligate intracellular parasites 

that pose significant burdens to human health including the causative agents of malaria, 

toxoplasmosis, and cryptosporidiosis  which infect millions of humans and cause 

hundreds of thousands of deaths each year. During their complex life cycles, 

apicomplexan parasites coordinate the function of specific proteins to both evade the host 

immune system and thrive under stressful conditions. Notably, Toxoplasma gondii has 

been found to harbour multiple polyketide synthase (PKS)  genes by bioinformatic 

analysis, suggesting they can produce secondary metabolite polyketides. While secondary 

metabolite biosynthetic gene clusters (BGCs) have been known in Apicomplexa for over 

two decades, limited studies on these enzymes have been completed to date and there 

have been no characterized products, leaving a void in our understanding of the role of 

these enzymes in parasite biology. Therefore, characterization of these proteins may aid 

in our ability to target these biosynthetic enzymes as sources of potential therapeutic 

candidates in Apicomplexa.  

While protists are underexplored for biosynthetic potential, research points to this 

kingdom as an untapped potential for new chemical space. T. gondii for instance possesses 

multiple putative PKS biosynthetic gene clusters (BGCs) however there have been no 

secondary metabolite products elucidated thus far. Therefore, our work explores a T. 
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gondii PKS, TgPKS2, and investigates the architecture, predicted structures, and activity 

of multiple domains within this synthase. Subsequently, Chapters 2 and 3 describes our 

initial studies on TgPKS2 including hydrolysis activities of acyltransferase (AT) domains, 

mutagenesis studies, and a first of its kind self-acylation activity of acyl carrier protein 

(ACP) domains in a modular type I PKS. Chapter 4 further emphasizes the unique 

attributes of TgPKS2, delving into a never before characterized chain release mechanism, 

while Chapter 5 compares TgPKS2 transacylation activity to well -characterized bacterial 

and fungal systems. Combined, these chapters describe our work to biochemically explore 

TgPKS2, discover the role it plays within the T. gondii life cycle, and further  our work to 

elucidate the metabolite(s) produced by this synthase.  

Altogether, this research lays the ground work for exploring other apicomplexan 

and eukaryotic polyketide synthases and significantly increases our knowledge of the 

biochemical properties of these unique proteins. 
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1. Introduction 

Portions of this chapter are adapted from the publication " Examination of Secondary 

Metabolite Biosynthesis in Apicomplexa."  By #ɀ ÔÉÙÖÚÐÖɯ 'ȭ*ȭ*; Keeler, A.M.*; and 

Derbyshire, E.R.  

The Protozoan Apicomplexa phylum is distinct in that all members are obligate 

intracellular parasites and most can infect virtually any warm -blooded host.1ɬ4 Members 

of this phylum are the causative agents of diseases such as malaria, cryptosporidiosis, and 

toxoplasmosis that cause hundreds of thousands of deaths per year and contribute to 

significant decreases in gross domestic product for many low-income countries.5ɬ9 These 

parasites have developed specific ways to evade the host immune system and can lie 

dormant for long periods of time  before an acute infection occurs.10ɬ14 Therefore, obtaining 

a greater understanding of these organisms can contribute to the development of novel 

therapeutic targets. For example, characterizing their bio synthetic gene clusters would 

advance our understanding of how they use specialized metabolites to facilitate survival.  

 Natural products are critical chemical agents for organisms but have also been 

harvested by humans to play prominent roles in energy, agriculture and drug 

discovery.15ɬ21 Polyketide synthases (PKS) are multi-modular megaproteins that are 

responsible for the formation of many pharmaceutically important natural products, such 

as erythromycin A, epothilone B, and avermectin .22ɬ24 In fact, over half of all commercially 

available drugs are either natural products or inspired by natural product scaffolds .18,25 
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The vast majority of our knowledge of PKS biochemistry is almost exclusively derived 

from the study of bacterial, fungal and plant PKS systems, thus little is known about the 

structure and function of these megasynthases in organisms from different kingdoms .26,27 

Additionally, the reduced numbers of natural products discovered in recent years from 

traditional systems has prompted a search for PKSs in atypical organisms.28,29 Eukaryotic 

organisms such as protists represent an underexplored potential source of natural 

products and even though secondary metabolite biosynthetic gene clusters (BGCs) are 

known  within this kingdom , very few natural products have been linked to their  genetic 

sources.30,31 Given the current global health burden of increased drug resistance for many 

of the frontline antiparasitic and antibiotic therapies, new small molecule and druggable 

targets are in urgent need. While the presence of natural product BGCs in Apicomplexa, 

since the initial discovery of CpPKS1 in Cryptosporidium parvum, has been known for more 

than two decades there are still no known metabolite products within this phylum  and 

very little biochemical  data, therefore there is pressing need to fully characterize these 

PKSs.32,33   

1.1 Apicomplexan Phylum 

The protistan phylum Apicomplexa consists of multiple obligate intracellular 

pathogens, including Plasmodium falciparum, Cryptosporidium parvum, and Toxoplasma 

gondii, the causative agents of malaria, cryptosporidiosis, and toxoplasmosis respectively 

(Figure 1).2,6 These parasites have finely evolved to reproduce and cause infection while 
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evading the immune system and are significant global health burdens that contribute 

millions of infections per year. 8,9  

The apicomplexan parasite T. gondii is estimated to have infected over one-third 

of all humans and while  infection is generally asymptomatic for most, 

immunocompromised individuals, such as those with HIV/ AIDS, or developing fetuses 

are of significant risk and symptoms can be fatal.7,34ɬ37 Interestingly , T. gondii can form 

dormant tissue cysts, primarily in the central nervous system, that can reactivate or 

relapse at unknown times even years after initial infection , and few clinical therapeutics 

 Figure 1. The phylum Apicomplexa. Over-simplified phylogenetic representation of the 

apicomplexan phylum showing the 3 classes and representative genus within each. Classes 

that form infective oocysts during their lifecycle are colored red.  

Figure 1. The phylum Apicomplexa.  
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exist that target T. gondii. Additionally, T. gondii and other coccidian apicomplexans 

spread through resistant oocysts that can survive for long periods of time in unfavorable 

environments and can be activated by ingestion of a suitable host, making it extremely 

difficult to limit the spread of these paras ites.38,39  

In spite of the widespread burden of apicomplexan diseases there are still many 

unknown aspects of the biochemical mechanisms employed by these parasites. 

1.2 The Toxoplasma gondii Parasite 

The eukaryotic obligate coccidian parasite Toxoplasma gondii is the causative agent 

of toxoplasmosis, an often neglected foodborne illness with widespread infection rates. T. 

gondii is able to infect essentially any warm -blooded host and thus is a significant threat 

in livestock and can cause severe complication or death in ËÌÝÌÓÖ×ÐÕÎɯ ÍÌÛÜÚɀɯor 

immunocompromised individuals, such as those with HIV/AIDS. 7,36,37 Additionally, there 

are few drugs that treat toxoplasmosis, and those that are approved such as the folic acid 

antagonist pyrimethamine only target the fast -growing tachyzoite stage and have no 

effect on tissue encysted parasites, leading to difficulties in completely clearing the disease 

and thus, relapses of infection.40ɬ43 
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T. gondii is unique in the apicomplexan phylum in that it can be cultured 

continuously in a laboratory setting  and has a very high infection rate (>70%) enabling use 

as a model organism for the study of more complex human and veterinary parasites such 

as Plasmodium or Eimeria spp.44ɬ46 This ability to be utilized as a model apicomplexan 

organism has prompted significant research and characterization of genes in T. gondii that 

are homologous to those in more difficult organisms such as  Plasmodium. Additionally, 

multiple genome editing methods have been developed and utilized in T. gondii including 

transcription effector nucleases and the CRISPR/Cas9 system, which allow for finely 

tuned genetic manipulation. 34,47ɬ50  

T. gondii tachyzoites are approximately 5 µm long and 2 µm wide and contain 

several secretory organelles including micronemes, rhoptries, and dense granules (Figure 

A B 

Figure 2. The apicomplexan parasite Toxoplasma gondii . (A) Simplified cartoon 

representation of T. gondii with important features labeled. (B) T. gondii tissue cysts can 

contain hundreds to thousands of infective parasites that evade the immune system and 

can reactivate to repeat infection.  
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2A).51 T. gondii moves via a gliding mechanism and penetrates a host cell using the apical 

complex followed by formation of a parasitophorous vacuole (PV) once inside. This PV is 

decorated with parasite proteins and is porous enabling the free diffusion of medium to 

large molecules.52 T. gondii like other apicomplexans contains an additional double 

membrane-bound organelle, the apicoplast, a likely remnant of an ancient algal 

endosymbiotic event. This organelle is essential to T. gondii survival and participates in 

lipid biosynthesis. 53ɬ57 

During  the life stages of T. gondiiȮɯÈÍÛÌÙɯÛÙÈÝÌÙÚÈÓɯÛÖɯÛÏÌɯÏÖÚÛɀÚɯÎÜÛɯÖÊÊÜÙÚȮɯÛÏÌɯ

parasite goes through differentiation from the fast -growing tachyzoite stage to the more 

slowly -growing bradyzoite stage and form s latent tissue cysts primarily in muscle and 

central nervous system tissue, where cell replacement is slower (Figure 2B).58 This 

differentiat ion process can be induced and studied in vitro  by well -established methods 

including increasing the pH above 8, stressing the tachyzoites by heat shock, or in the 

presence of nitric oxide.59,60 

Combined, these aspects show why  T. gondii is often used as a model organism for 

the study of other parasitic organisms and increasing our knowledge of pathogen -host 

interactions is necessary to develop new therapeutics targeting T. gondii. 
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1.2.1 The Life Cycle of T. gondii  

T. gondii undergoes a complex life cycle traversing from a sexual development 

stage in the definitive host, felines (Felidae), to an asexual stage within a host cell. First, 

unsporulated oocysts are shed from an infected feline that are very resistant to external 

stresses and can remain viable for long periods of time outside of a suitable host. 

Typically, infected felines only shed oocysts for 2 weeks but millions  of oocysts can be 

Figure 3. The T. gondii  lifecycle.  Overview of the T. gondii lifecycle. Sexual reproduction 

occurs in the definitive feline host, where oocysts are shed that can be taken up by 

virtually any warm -blooded host leading to development of latent tissue cysts.  
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shed during this short time. 58,61 These oocysts can be taken up by a host through 

consumption of contaminated food or water where they mature into sporozoites that 

infect the intestine epithelium and differentiate into crescent -shaped tachyzoites. These 

fast-growing tachyzoites then can spread throughout the body causing the symptoms of 

acute infection. Tachyzoites can differentiate into bradyzoites and form latent tissue cysts 

primarily in muscle and central nervous system tissues that can last for the entire life of 

the host. These tissue cysts can then be ingested by another host and re-differentiated  back 

into tachyzoites to cause acute infection, or if the host is a feline can undergo sexual 

reproduction  in the intestine, completing the lifecycle (Figure 3).62,63 

Bradyzoite cysts are of significant concern as they are unable to be targeted by the 

current frontline treatments for toxoplasmosis. Recently, a master regulator of tachyzoite 

to bradyzoite differentiation  was discovered through Cas9 genetic screens that a single 

gene, BFD1, binds at the transcriptional start of multiple upregulated genes during 

differentiation, and is required for this process. 47 However, i t is still unclear what causes 

de-differentiation  of encysted bradyzoites back into tachyzoites and relapses of acute 

infection. Research has suggested that hosts with a deficient IFN-ϖ-dependent cell 

mediated immune response, such as immunocompromised individuals, show inhibited 

release of nitric oxide that facilitates the de-differentiation and relapse of acute infection 

that can lead to severe disease and death.34 How these bradyzoite tissue cysts evade the 
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immune response is still unknown , but it is likely that the lipid composition of the cyst 

wall and parasite protein decorations play a large role in this process.64,65  

 T. gondii is a member of the coccidian apicomplexans, a group that includes Eimeria 

sp., Neospora sp., Hammondia sp., and Cryptosporidium sp., named for their  ability to 

replicate and produce oocysts in the intestine of the definitive host , which are shed into 

the environment via feces.38,66,67 These lipid-walled oocysts allow the parasite to survive 

for long periods of time in the external environment until a suitable host is found .47,61,64  

The cell walls observed in Coccidia have often been compared to the lipid -rich cell walls 

found in various species of mycobacteria such as Mycobacterium tuberculosis. Recent 

lipidomic analysis showed that the oocyst walls of T. gondii and other coccidians contain 

a 2-layer acid-fast lipid cell wall that is in a similar pattern to  those in Mycobacterium.64,68 

Mycolic acids are the most well -known of these lipids and contribute to the pathogenesis 

of many pathogenic mycobacteria, including Mycobacterium tuberculosis, the causative 

agent of tuberculosis.68,69 Therefore, increasing our knowledge of cyst and oocyst wall 

components in Coccidia could provide a means to understand their role in immune 

evasion and could help to develop therapeutics to target these latent parasite life stages.  

 

1.3 Secondary Metabolite Biosynthesis in Apicomplexa  

Secondary, or specialized, metabolites are not essential for the survival of the  

producing  organism unlike  primary metabolites  such as lipids, amino acids, etc.26,70 
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However, these natural products often confer specific advantages to the producing 

organism through defense71,72, signaling 73ɬ75, or by providing structural integrity 76ɬ78 

among others. Secondary metabolites have historically been fruitful therapeutics, in fact 

it is estimated that nearly 60% of all FDA-approved drugs are natural products  or natural -

product derived molecules. 18 Therefore, it is of great need to understand how these 

molecules are created and modified, and the capacity for atypical organisms to produce 

these molecules. This will help to increase the chemical space and diversity and facilitate 

the search for new potential drug -like compounds.  

Polyketides generated by multimodular megaproteins termed polyketide 

synthases (PKSs) are structurally complex natural products that include many 

pharmaceutically important molecules . Broadly, PKSs utilize coenzyme-A extender units, 

often derived from fatty -acid biosynthesis, and function as molecular machines to stitch 

together completed metabolites (Figure 4). PKSs are divided into three distinct types: type 

I PKSs are multimodular megaenzymes made up of individual domains, type II PKSs are 

complexes of individual catalytic domains, and type III PKSs are single homodimers 

commonly found in plants. Type I PKSs are further divided into modular and iterative 

PKSs based on the repeat usage of domains during a chain elongation cycle.79,80 
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Modular type I PKSs are organized into modules containing at a minimum 

acyltransferase (AT), ketosynthase (KS), and acyl carrier protein (ACP) domains. These 

ÔÖÓÌÊÜÓÈÙɯÈÚÚÌÔÉÓàɯÓÐÕÌÚɯÈÙÌɯÐÕÐÛÐÈÛÌËɯÞÏÌÕɯÚÜÉÚÛÙÈÛÌÚɯÈÙÌɯÚÌÓÌÊÛÌËɯÉàɯÛÏÌɯɁÎÈÛÌÒÌÌ×ÌÙɂɯ

AT domain and trans -acylated onto the cognate ACP. This substrate-loaded ACP then 

undergoes a Claisen-like condensation with a KS domain to extend the growing carbon 

chain. During this reaction cascade, proper domainɬdomain interfaces are critical for PKS 

function and correct product formation. 81,82 The most well-studied and characterized 

modular type I PKS is the 6-deoxyerythronolide (DEBS) synthase from Saccharopolyspora 

erythraea which forms the precursor to the broad -spectrum antibiotic erythromycin A 

(Figure 5).83,84 Since the initial discovery and characterization of PKSs, research has 

progressed to modify these assembly lines to produce novel natural products or screen 

atypical organisms for PKS biosynthetic genes and metabolites. However, to this point the 

Figure 4. Overview of Polyketide Synthases (PKSs).  PKSs are megaenzymes that utilize 

coenzyme-A (CoA) building blocks to form highly complex macrocyclic molecules often 

with potent biological activity.  
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vast majority of knowledge on PKSs comes from the study of bacteria and fungi and while 

these genes have been predicted or observed in several distinct phyl a, little is still known 

about these megaenzymes in diverse organisms such as protists, leaving a significant gap 

in our understanding .26 In fact, upon analysis of all 2,502 gene clusters in the Minimum 

Information about a Biosynthetic Gene Cluster (MIBiG)  repository  showed that 79% of 

Figure 5. DEBS polyketide synthesis.  Domain and module organization of the model 

DEBS type I PKS from S. erythraea which produces 6-deoxyerythronolide that is further 

modified by tailoring enzymes to erythromycin A. AT, acyltransferase; ACP, acyl carrier 

protein; KS, ketosynthase; KR, ketoreductase; ER, enoylreductase; DH, dehydratase; TE, 

thioesterase. 
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characterized clusters belong to bacterial species, and 17.5% to fungal species. The 

remaining ~3.5% belongs to plant or unknown organisms, while Archaea and Chromista 

only make up 0.15% of that total (Figure 6).85 

Protists are abundant eukaryotic single -celled organisms that have previously 

been demonstrated to contain immense potential for natural product production by 

bioinformatic analysis. D inoflagellates for instance have been found to produce highly 

complex polyketide -based metabolites, like brevetoxins produced by Karenia brevis 

responsible for the harmful red tides , but the biosynthetic genes responsible for these 

PKSs have not been elucidated.27,86,87 While PKSs have been predicted to be present in 

apicomplexans for decades no products have yet been characterized. For example, the 

apicomplexan parasite T. gondii contains multiple PKSs with yet unknown functions  

suggesting the ability for Apicomplexa to produce complex natural products. 65,88,89 

 

Figure 6. Distribution of secondary metabolite BGCs.  The Minimum Information about 

a Biosynthetic Gene Cluster (MIBiG) repository  contains 2,502 BGCs. The pie chart 

depicts the source of all 2,502 gene clusters from the database, with the number and color 

for each displayed on the right . 
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1.3.1 Evolution of Polyketide Synthase Genes in Apicomplexa  

Eukaryotic organisms arose from the ancient uptake of prokaryotic cells by a 

process  known as endosymbiosis. In plants and algae, a secondary endosymbiotic event 

involving the engulfment  of ancient cyanobacteria likely  gave rise to the double 

membrane-bound plastid organelle.27,53 Apicomplexan parasites are defined by the 

presence of an ancient algal remnant of this endosymbiotic event, termed the apicoplast. 

Evolutionary research has shown that the apicoplast was derived from a red algae 

ancestor likely from the phylum Chromerid a.53,90,91 The current hypothesis of modular 

type I PKS formation suggests that they arose from the fusion of type II enzymes, possibly 

from  FASII or PKSII genes from cyanobacteria that were incorporated into the genome  

after initial uptake . However,  while an evolutionarily recent horizontal gene transfer from 

bacteria or fungi is less likely, it is possible that modular PKS genes were acquired from a 

more ancient horizontal gene transfer event with bacteria , or a combination of both events 

as it is still unclear the exact origins of these genes.79,92  

 As Apicomplexa, these obligate intracellular parasites contain a highly -condensed 

genome to facilitate rapid reproduction within a host, thus unused or duplicate genes 

have been eliminated through evolution . Therefore, since several apicomplexans 

including T. gondii, C. parvum, and E. tenella have been shown to contain putative type I 

PKS gene clusters, they likely play important roles in the life cycle of these organisms.32,79 

As all PKS-containing Apicomplexa belong to the Coccidia sub -class, characterized by 
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their ability to form dormant lipid -walled tissue cysts, many researchers have 

hypothesized the role of PKSs in cyst or oocyst wall formation. 65 In fact, a transcriptomic 

analysis during the C. parvum life cycle shows an upregulation of genes corresponding to 

putative PKS and FAS enzymes in the sexual stage and downregulation during asexual 

reproduction, potentially correlating with the formation of the oocyst wall. 93 A  more 

recent study by Lourido  and colleagues identified  a regulator of tachyzoite to bradyzoite  

differentiation as well as several stage-specific genes.47 Within their RNA -sequencing data 

was a partial gene fragment that we attribute to a PKS from T. gondii, TgPKS2, which was 

upregulated ~4-fold in bradyzoites when compared to tachyzoites.  This upregulation was 

further confirmed by a qPCR analysis performed on all predicted T. gondii PKS clusters in 

our lab Éàɯ'ÈÕÕÈÏɯ*ȭɯ#ɀ ÔÉÙÖÚÐÖ (Figure 7). This potentially  implicates that TgPKS2 and 

Figure 7. Differential expression of PKS genes in T. gondii . Relative transcription levels 

of TgPKS1 and TgPKS2 from tachyzoite or bradyzoite cultures 3 days post -differentiation. 

The bradyzoite specific gene, SAG2D, is included as a marker of proper stage 

differentiation. Data shown as the average ± SEM (n=2). Significance was determined using 

a two-ÞÈàɯ -.5 ɯÞÐÛÏɯ2ÐËÈÒɀÚɯÔÜÓÛÐ×ÓÌɯÛÌÚÛɯÊÖÔ×ÈÙÐÚÖÕɯÖÍɯËÜ×ÓÐÊÈÛÌɯÔÌÈÚÜÙÌÔÌÕÛÚȰɯ

****p < 0.0001; *p<0.05; ns: not significant.  
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its metabolic product  are important  in the bradyzoite life stage possibly with stage 

differentiation or as a structural feature in the wall itself. 65 Characterizing PKS gene 

clusters in apicomplexans, as well as more sequencing studies during the cyst-forming 

stage will help to further elucidate the role of these genes and could provide therapeutic 

targets for encysted parasites which are traditionally difficult to eliminate.  

1.3.2 Exploration of TgPKS2 from T. gondii  

Bioinformatic analysis has been a fruitful tool to predict the presence of BGCs 

within the genome of an organism and provide a preliminary prediction of the product(s) 

produced.94,95 Bioinformatic  analysis can be completed on any organism with a sequenced 

genome, and as sequencing technology increases, more and more atypical organisms can 

be assessed for natural product capability (Figure 8). Multiple software exist to predict 

BGCs, and perhaps the most common of them is antiSMASH/fungiSMASH  which allows 

for the input of any genome and will predict the presence of secondary metabolite 

clusters.96 In recent years for example, analysis of eukaryotic genomes, which have long 

been considered to contain no natural product clusters were found to have multiple BGCs 

suggesting their  capability to produce secondary metabolites.  
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An initial analysis using fungiSMASH of the T. gondii GT1 genome was performed 

ÐÕɯÖÜÙɯÓÈÉɯȹ'ÈÕÕÈÏɯ*ȭɯ#ɀ ÔÉÙÖÚÐÖȮɯ)ÈÊÒɯ&ȭɯ&ÈÕÓÌàȺ which revealed two putative type I 

PKS clusters, termed TgPKS1 and TgPKS2.26,88 TgPKS1 is much more ambiguous and will 

only be discussed briefly in this dissertation, therefore the majority of this document will 

discuss our more fruitful work on TgPKS2. Sequencing gaps in TgPKS2 were originally 

detected, resulting in an inability to accurately predict protein domain architecture . These 

gaps were resolved by sanger sequencing using the type I T. gondii RH strain (Hannah K. 

#ɀ ÔÉÙÖÚÐÖȺɯÛÖɯÙÌÝÌÈÓɯÛÏÌɯƕƜȭƜɯÒÉɯÊÖÔ×ÓÌÛÌɯÎÌÕÌɯÊÓÜÚÛÌÙɯȹFigure 9).89  Analysis of TgPKS2 

Figure 8. Bioinformatic analysis within Apicomplexa.  With increased genome sequencing 

efforts, bioinformatic analysis has been used to screen for BGCs and predict secondary 

metabolites within Apicomplexa.   
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shows 3 distinct modules containing at least KS, AT, and ACP domains along with unique 

loading and release domains. Additionally, multiple reductive domains are present 

within modules indicating the production of a ketide with varying levels of reduction.  

To date, the only other resolved apicomplexan type I PKS is from C. parvum 

(CpPKS1). CpPKS1 is comprised of 7 modules, making it  significantly larger than TgPKS2 

(Figure 10), and contains an unusual adenylate-forming enzyme loading mechanism  that 

is not shared with TgPKS2, which  relies on an acyl-ACP ligase and adjacent ACP domain 

to load fatty acid substrates for chain elongation and modification. 32,33 TgPKS2 and 

CpPKS1 both share a reductive release mechanism, but CpPKS1 does not possess a KS-TR 

di -domain and instead utilizes the more common ACP -TR arrangement for substrate 

release. The differences in ORF size and domain architecture between TgPKS2 and 

CpPKS1 indicate the diversity within apicomplexan PKSs. Broader efforts to resolve the 

genomes of more members within this phylum may provide insights in the prevalence of 

PKSs and their diversity . 

Figure 9. Domain architecture of TgPKS2. The 18.8 kb type I PKS, TgPKS2, contains 3 

defined modules (containing at least KS, AT, and ACP domains) as well as interesting 

loading and release di-domains. 



 

19 

From its initial discovery over 20 years ago, CpPKS1 has been only minimally 

characterized to date, and the large majority of this research is solely on the adenylation 

loading di -domain. Previous work by Zhu and colleagues on this adenyl ligase has shown 

a preference for long chain fatty acids, specifically arachidic acid (C20:0), although 

substantial promiscuity was observed. 32,33 This loading mechanism suggests a lipid-based  

polyketide  metabolite is  produced by CpPKS1. Zhu and colleagues also suggested a 

ɁËÐÝÐËÌɯÈÕËɯÊÖÕØÜÌÙɂɯÈ××ÙÖÈÊÏɯÛÖɯÊÏÈÙÈÊÛÌÙÐáÌɯCpPKS1 as they noted that expression and 

purification of parasitic proteins is much more difficult than in bacteria or fungi and thus 

individual domains often have to be assessed instead of whole modules or PKSs.33 

However, to this point  no other domains of CpPKS1 have been characterized and no 

Figure 10. Domain architecture of TgPKS2 compared to CpPKS1. TgPKS2 shows 

significant differences in domain architecture and modular organization compared to 

CpPKS1. Specifically, TgPKS2 lacks a loading ligase domain and is much smaller in size, 

consisting of only 3 defined modules compared to the 7 predicted in CpPKS1. These 

differences suggest that these PKSs may play different roles in the respective ×ÈÙÈÚÐÛÌɀÚ 

lifecycle. 
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metabolite products have been determined, emphasizing the difficulty of working with 

these parasitic systems for natural products characterization .  
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2. Exploring Acyltransferase Activity of a Novel T. gondii 
PKS, TgPKS2 

Portions of this chapter are adapted from the publication " A single amino acid residue 

controls acyltransferase activity in a polyketide synthase from Toxoplasma gondii."  By 

#ɀ ÔÉÙÖÚÐÖ, H.K.*; Ganley, J.G.*; Keeler, A.M. ; and Derbyshire, E.R.  

2.1 Introduction 

Modular type I PKS s have historically been the most studied, due in part to their 

assembly line-like mechanism that often enables product prediction. In these systems, the 

acyltransferase (AT) domain selects the metabolite extender unit, typically a CoA -linked 

molecule, to be added next to the growing chain. 84 Diversity within modular type I PKSs 

ÐÚɯÖÍÛÌÕɯËÌÙÐÝÌËɯÍÙÖÔɯÊÏÈÕÎÌÚɯÐÕɯÚÜÉÚÛÙÈÛÌɯÚ×ÌÊÐÍÐÊÐÛàɯÖÍɯÛÏÌÚÌɯɁÎÈÛÌÒÌÌ×ÌÙɂɯÌÕáàÔÌÚɯÈÕËɯ

a research focus has been on engineering the specificity of these domain for unnatural or 

unique CoA substrates as a way to generate novel pseudo natural products. 97ɬ103 

Therefore, if the substrate loaded by the AT domain is determined, insights into the 

structure and therefore the likely function of the PKS can be predicted. 

Traditionally, acyltransferase domains have been explored and characterized in 

both bacterial and fungal systems. Interestingly, specific non-catalytic amino acid motifs 

have been discovered that may control for the selectivity observed in AT domains. 101,104,105 

This has enabled increased prediction by bioinformatic software and allowed for AT 

domain mining and replacement in assembly line PKSs.106ɬ108 However, to this point 

research has been limited and there have been no studies or characterization of these 
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domains in any Protozoan PKS leaving a lack of knowledge on these domains from 

atypical PKSs. 

Design and execution of experiments have been conducted through a collaborative 

effort by Keeler, A.M. (AMK); #ɀ ÔÉÙÖÚÐÖȮɯ 'ȭ*ȭɯ ȹ'*#ȺȰɯ &ÈÕÓÌàȮɯ )ȭ&ȭɯ ȹ)&&ȺȰɯ ÈÕËɯ

#ÌÙÉàÚÏÐÙÌȮɯ$ȭ1ȭɯȹ$1#Ⱥȭɯ ɯËÌÛÈÐÓÌËɯÈÊÊÖÜÕÛɯÖÍɯÌÈÊÏɯÈÜÛÏÖÙɀÚɯÊÖÕÛÙÐÉÜÛÐÖÕɯÐÚɯÎÐÝÌÕɯÈÛɯÛÏÌɯ

end of this chapter.  

2.2 Preliminary Sequencing and Elucidation of TgPKS2 

A preliminary bioinformatic analysis of the GT1 strain of T. gondii using 

fungiSMASH was performed by our lab (HKD, JGG). This revealed the presence of a 

putative type I PKS, which we termed TgPKS2.88 Several sequencing gaps existed in the 

T. gondii assembly, complicating initial analysis of the cluster. These gaps were resolved 

by sanger sequencing of cDNA isolated from T. gondii RH parasites cultured in Vero cells 

Éàɯ'ÈÕÕÈÏɯ#ɀ ÔÉÙÖÚÐÖ.109 This allowed for the resolution of specific gaps between KS 

and AT domains and allowed for the determination of 3 putative AT domains in TgPKS2, 

termed AT1, AT2, and AT3 (Figure 11). Further sequencing is still necessary to resolve the 

Figure 11ȭɯ3Î/*2Ɩɯ 3ɯËÖÔÈÐÕÚȭɯ3Î/*2ƖɯÊÖÕÛÈÐÕÚɯƗɯËÐÚÛÐÕÊÛɯ 3ɯËÖÔÈÐÕÚȮɯ 3ƕȮɯ 3ƖȮɯÈÕËɯ

 3ƗɯÍÙÖÔɯÔÖËÜÓÌɯƕɯȹ,ƕȺȮɯÔÖËÜÓÌɯƖɯȹ,ƖȺȮɯÈÕËɯÔÖËÜÓÌɯƗɯȹ,ƗȺȭ 
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complete coding sequence although the domain architecture can currently be 

approximated  and appears to consist of 3 distinct modules with minimum requirements.    

2.3 Expression and Purification of TgPKS2 Acyltransferase 
Domains 

To begin to characterize TgPKS2, we first attempted to screen all 3 distinct 

acyltransferase domains for substrate specificity as this imparts a great deal of knowledge 

on the product(s) produced by a PKS and thus the potential function of the cluster. We 

cloned AT1, AT2, and AT3 into expression vectors (with HKD and JGG), and expr essed 

and purified each protein to homogeneity.  During this process, I observed that AT2 and 

AT3 were readily purified with significant yields. Given that our initial analysis showed 

that these T. gondii AT domains are phylogenetically distinct from charac terized bacterial 

and fungal systems I originally attempted to solve the crystal structure of AT3. Through 

the assistance of Dr. Nathan Nicely at the UNC Crystallography Core, I performed 

commercially available SLICE pH screens through the  sitting drop crystallization method 

Figure 12ȭɯ3Î/*2Ɩɯ 3ƗɯÊÙàÚÛÈÓÓÐáÈÛÐÖÕȭɯȹ Ⱥɯ2ÊÏÌÔÈÛÐÊɯÖÍɯÛÏÌɯÚÐÛÛÐÕÎɯËÙÖ×ɯÔÌÛÏÖËɯÜÛÐÓÐáÌËȭɯ

ȹ!Ⱥɯ/ÙÖÔÐÚÐÕÎɯÊÙàÚÛÈÓÚɯÖÍɯ 3ƗɯÝÐÚÜÈÓÐáÌËɯÉàɯÞÏÐÛÌɯÓÐÎÏÛɯȹÛÖ×ȺɯÈÕËɯ45ɯȹÉÖÛÛÖÔȺȭ 

A B 
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and promising conditions were optimized  (Figure 12A ). This resulted in the eventual 

yield of crystals at 8 mg/mL AT3 with 1 M glycine (pH 8.90) precipitant and 0.5 M NaCl 

reservoir, verified by both crush test and birefringence (Figure 12B). These crystals were 

cryoprotected and subjected to X-ray diffraction, however no viable diffraction patterns 

were observed. 

While TgPKS2 AT2 and AT3 showed great expression in E. coli, AT1 on the other 

hand showed exceptionally poor expression. Through significant optimization, I 

discovered that AT1 expression was best in a smaller scale reaction volume and in 

unbaffled flasks. An eventual yield of 0.00125 mg/L was achieved through this 

optimization  which emphasizes the difficulty in purification of parasitic proteins and 

potentially suggests that the predicted domain boundaries of AT1 may not be completely 

correct.    

2.4 Hydrolytic Activity of Acyltransferase Domains 

With the expression and purification of all 3 distinct AT domain s from TgPKS2 

achieved, we then attempted to determine the substrate specificity of each. Previous work 

has shown that in bacterial and fungal AT domains  specific non-catalytic amino acids, 

ÒÕÖÞÕɯ ÈÚɯ ɁÍÐÕÎÌÙ×ÙÐÕÛɯÙÌÚÐËÜÌÚɂȮɯ ÏÈÝÌɯ ÉÌÌÕɯ ×ÙÌËÐÊÛÖÙÚɯ ÖÍɯ Ú×ÌÊÐÍÐÊÐÛàȭ104 From these 

analyses, AT domains that contain a GHS(X)G motif, where X is a valine, isoleucine, or 

leucine residue and contain the HAFH secondary motif have shown selectivity for 

malonyl -CoA. All 3 AT domains  from TgPKS2 contain GHS(L)G and HAFH  motif 
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sequences, indicating that they likely incorporate malonyl -CoA extender units (Figure 

13).101,110 'ÖÞÌÝÌÙȮɯÛÏÐÚɯÚÌÓÌÊÛÐÝÐÛàɯÐÚɯÖÕÓàɯÈɯ×ÙÌËÐÊÛÐÖÕɯÉÈÚÌËɯÖÕɯɁÍÐÕÎÌÙ×ÙÐÕÛɯÙÌÚÐËÜÌÚɂɯÈÕËɯ

there may be other unforeseen factors effecting substrate specificity in these apicomplexan 

AT domains as they appear to be evolutionarily distinct from previously characterized 

AT domains.  

In order to determine the substrate specificity as well as compare the enzymatic 

activity of these domains to previously characterized systems we employed a well -

described coupled enzyme assay developed by Khosla and colleagues.97 In this assay, the 

attack by the catalytic serine of an AT domain on an acyl-CoA substrate releases free 

coenzyme A (CoASH) which is coupled to the formation of succinyl -CoA by ϔ-

ketoglutarate dehydrogenase (ϔKGDH). During this reaction, nicotinamide adenine 

dinucleotide (NAD+) is reduced to NADH which can be continuously monitored by 

Figure 13ȭɯ3Î/*2Ɩɯ 3ɯËÖÔÈÐÕɯ×ÙÌËÐÊÛÌËɯÚÌÓÌÊÛÐÝÐÛàȭɯ2ÌØÜÌÕÊÌɯÔÖÛÐÍÚɯÍÖÙɯÈÓÓɯƗɯ 3ɯ

ËÖÔÈÐÕÚɯÈÕËɯ×ÙÌËÐÊÛÌËɯÚÜÉÚÛÙÈÛÌɯÚ×ÌÊÐÍÐÊÐÛàɯÍÖÙɯÌÈÊÏɯËÖÔÈÐÕȭɯ3ÏÌɯÊÈÛÈÓàÛÐÊɯÚÌÙÐÕÌɯÙÌÚÐËÜÌɯ

ÍÖÙɯÌÈÊÏɯËÖÔÈÐÕɯÐÚɯÜÕËÌÙÓÐÕÌËȭ 
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fluorescence emission at 460 nm after excitation at 360 nm (Figure 14). Raw fluorescence 

can be converted to [NADH] produced using a calibration curve and the velocity (slope) 

of the curve is divided by the concentration of enzyme to yield V/[E]0. 

Each of the 3 distinct TgPKS2 AT domains were tested for hydrolysis activity with 

the two most commonly used substrates in studied modular type I PKS s, malonyl -CoA 

(mCoA) and methylmalonyl -CoA (mmCoA) using the aforementioned coupled enzyme 

assay. AT1 and AT2 were found to have significant activity with mCoA exhibiting 

reaction rates of approximately 3ɬ11 min-1 ÞÏÐÓÌɯÕÖɯÈÊÛÐÝÐÛàɯÈÉÖÝÌɯÛÏÌɯÐÕÚÛÙÜÔÌÕÛɀÚɯÚÐÎÕÈÓɯ

to noise ratio was observed for mmCoA. Interestingly, AT3 showed no activity with either 

substrate even at very high substrate concentrations (150 µM). This was unexpected given 

the high sequence identity between each AT domain (~90%) and the presence of all 

requisite catalytic residues and consensus regions.  

In other PKS systems, differences in domain boundaries have been shown to have 

an effect on catalytic activity . Previous work has demonstrated that the ~80-100 residue 

Figure 14. 'àËÙÖÓàÚÐÚɯÈÊÛÐÝÐÛàɯÈÚÚÈàȭɯ2ÊÏÌÔÈÛÐÊɯÖÍɯÛÏÌɯϔɪÒÌÛÖÎÓÜÛÈÙÈÛÌɯËÌÏàËÙÖÎÌÕÈÚÌɯ

ȹϔ*&#'Ⱥɯ ÊÖÜ×ÓÌËɯ ÒÐÕÌÛÐÊɯÌÕáàÔÌɯÈÚÚÈàɯ ÜÚÌËɯÛÖɯËÌÛÌÙÔÐÕÌɯ 3ɯ ËÖÔÈÐÕɯ ÏàËÙÖÓàÚÐÚɯ

ÈÊÛÐÝÐÛàȭɯ!ÙÐÌÍÓàȮɯÈÛÛÈÊÒɯÖÍɯ"Ö ɯÚÜÉÚÛÙÈÛÌÚɯÉàɯÈÕɯ 3ɯËÖÔÈÐÕɯÙÌÓÌÈÚÌɯÍÙÌÌɯ"Ö 2'ɯÛÏÈÛɯÐÚɯ

ÊÖÜ×ÓÌËɯÛÖɯÍÖÙÔÈÛÐÖÕɯÖÍɯ- #'ɯÛÏÈÛɯÐÚɯÊÖÕÛÐÕÜÈÓÓàɯÔÖÕÐÛÖÙÌËɯÉàɯÍÓÜÖÙÌÚÊÌÕÊÌȭ 
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ordered linker domain  (LD) between a KS and AT domain is important for proper activity 

of the AT domain. 111ɬ114 Given this, we analyzed Alphafold2 homology models generated 

for KS-AT di -domains from TgPKS2 compared to crystallized structures and the 

prototypical DEBS modular type I PKS ( Figure 15A-C). From this, it appears that TgPKS2 

KS-AT LDs are much smaller, less ordered, and show little sequence similarity with 

known structures which confounded our efforts to accurately determine the N-terminal 

boundary of each AT domain. 115ɬ117  

Therefore, we initially attempted to purify and assay an entire KS-AT didomain  

from TgPKS2, KS-AT2, which was cloned and expressed in E. coli (JGG). Upon attempted 

purification, a  C-terminal truncation (~41 kDa) of the KS-AT2 di -domain was solely 

observed and confirmed by MALDI -TOF MS (JGG). Homology m odeling  of this 

truncation predicted that it was the complete AT2 domain plus the linker domain and a 

Figure 15ȭɯ*2ɪ 3ɯËÐɪËÖÔÈÐÕÚȭɯȹ Ⱥɯ"ÙàÚÛÈÓɯÚÛÙÜÊÛÜÙÌɯÖÍɯÈɯ#$!2ɯ*2ɪ 3ɯËÐɪËÖÔÈÐÕɯȹ/#!ɯ(#ȯɯ

Ɩ'&ƘȺȮɯ*2ɯËÖÔÈÐÕɯȹÖÙÈÕÎÌȺȮɯÓÐÕÒÌÙɯËÖÔÈÐÕɯȹÉÓÈÊÒȺȮɯ 3ɯËÖÔÈÐÕɯȹÊàÈÕȺȭɯȹ!Ⱥɯ/ÓÖÛɯÖÍɯ*2ɪ 3ɯ

ÈÊÛÐÝÌɯÚÐÛÌɯÙÌÚÐËÜÌɯËÐÚÛÈÕÊÌɯÍÖÙɯÊÙàÚÛÈÓÓÐáÌËɯÚÛÙÜÊÛÜÙÌÚɯÈÕËɯÈÓÓɯƗɯËÐÚÛÐÕÊÛɯ*2ɪ 3ɯ3Î/*2ƖɯËÐɪ

ËÖÔÈÐÕÚȭɯ2ÐÎÕÐÍÐÊÈÕÊÌɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÜÚÐÕÎɯÈÕɯÜÕ×ÈÐÙÌËɯÛɪÛÌÚÛȰɯɖɖ×ɯǾɯƔȭƔƕȭɯȹ"Ⱥɯ Ó×ÏÈÍÖÓËƖɯ

ÚÛÙÜÊÛÜÙÌɯÖÍɯ3Î/*2Ɩɯ*2ɪ 3ƖɯËÐɪËÖÔÈÐÕȮɯ*2ɯËÖÔÈÐÕɯȹÖÙÈÕÎÌȺȮɯÓÐÕÒÌÙɯËÖÔÈÐÕɯȹÉÓÈÊÒȺȮɯ 3ɯ

ËÖÔÈÐÕɯȹÊàÈÕȺȭ 

A B C 
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small anti -parallel beta sheet from the C-terminal of the KS domain. We have termed this 

construct ɁATX-extendedɂ and we predicted that these proteins should contain more than 

sufficient N -terminal amino acids to be hydrolytically active. We cloned and purified all 

3 AT-E proteins to homogeneity (with HKD and JGG).  

All constructs were then screened for hydrolytic activity with mCoA and mmCoA 

using the aforementioned coupled enzyme assay. This data showed that AT1, AT1-E, AT2, 

and AT2-E were all active for mCoA and showed no activity for mmCoA. This is in 

confirmation with our bioinformatic prediction of specificity. We also determined that 

there was no change in the hydrolysis rate for AT1/AT1 -E and AT2/AT2-E indicating that 

this N -terminal activity is not required for catalysis. Additionally, the mCoA hydrolysis 

activity of AT1 and AT2 is comparable to previously studied PKS AT domains such as 

Figure 16ȭɯ'àËÙÖÓàÚÐÚɯÈÊÛÐÝÐÛàɯÖÍɯ3Î/*2Ɩɯ 3ɯËÖÔÈÐÕÚȭɯ3ÈÉÓÌɯÖÍɯÏàËÙÖÓàÚÐÚɯÈÊÛÐÝÐÛàɯÍÖÙɯ

ÌÈÊÏɯ 3ɯËÖÔÈÐÕɯÈÕËɯ 3ɪÌßÛÌÕËÌËɯËÖÔÈÐÕɯȹÛÖ×Ⱥȭɯ 3ƗɯÈÕËɯ 3Ɨɪ$ɯÞÌÙÌɯÍÖÜÕËɯÛÖɯÉÌɯÐÕÈÊÛÐÝÌɯ

ÍÖÙɯÈÓÓɯÚÜÉÚÛÙÈÛÌÚɯÛÌÚÛÌËȭɯ*ÌàɯÖÍɯ 3ɯÈÕËɯ 3ɪ$ɯËÌÚÐÎÕÈÛÐÖÕÚɯȹÉÖÛÛÖÔȺȮɯ 3ɪ$ɯËÌÕÖÛÌÚɯÛÏÌɯ 3ɯ

ËÖÔÈÐÕɯÞÐÛÏɯÛÏÌɯ*2ɪ 3ɯÓÐÕÒÌÙɯËÖÔÈÐÕɯÐÕÊÓÜËÌËȭ 
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those from the DEBS, pikromycin, and rapamycin  synthases.97,118  Interestingly, AT3 and 

AT3-E were both inactive for mCoA and mmCoA hydrolysis  (Figure 16).88  

2.4.1 A Single Amino Acid Confers Acyltransferase Activity 

Due to the lack of hydrolytic activity for TgPKS2 AT3 and AT3-E constructs we 

then attempted to explore a molecular basis for this phenomenon. Sequence alignments 

were performed for all 3 AT domains and remarkably we noticed a single amino acid 

change in the N-terminal region that was present in AT3 but not in AT1 or AT2 ( Figure 

17A ). Specifically AT3 exhibited a His at position 72 whereas AT1 and AT2 encode for a 

Gln at this position. Given that this was the only amino acid difference within the main 

protein structure between each AT domain we hypothesized that this amino acid might 

be crucial for hydrolytic activity. To test this I performed site -directed mutagenesis to 

mutate AT3-E WT to AT3-E H72Q and purified this protein to homogeneity ( Figure 17B). 

The analogous mutation was made in AT2-E WT to AT2-E Q72H and this protein was also 

expressed and purified (JGG). We then tested these mutants for hydrolytic activity with 

mCoA and mmCoA and observed that AT3 -E H72Q now showed activity with mCoA 

comparable to AT2-E (Figure 17C). In contrast, AT2-E Q72H now exhibited no hydrolytic 

activity with either substrate. Thus, these results suggest that Q72 is necessary for 

hydrolytic activity in TgPKS2 AT domains and a His at this position leads to inactivity. 

3ÏÐÚɯÈ××ÌÈÙÚɯÛÖɯÉÌɯÈɯÕÖÝÌÓɯÔÌÊÏÈÕÐÚÔɯÖÍɯÐÕÈÊÛÐÝÐÛàɯÓÌÈËÐÕÎɯÛÖɯÛÏÌɯÈÕÈÓÖÎàɯÖÍɯÈÕɯɁÖÕ-off 

ÚÞÐÛÊÏɂɯÍÖÙɯÈÊÛÐÝÐÛàȭɯ(ÕɯÔÖÚÛɯÖÛÏÌÙɯÚÛÜËÐÌËɯÚàÚÛÌÔÚɯÞÏÌÕɯ 3ɯËÖÔÈÐÕÚɯÐÕɯÈɯ/*2ɯÈÙÌɯÍÖÜÕËɯ
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to be inactive it typically is due to a mutation of a catalytic residue which makes our 

observations unique.119ɬ122 To the best of our knowledge, a phenomenon like this has not 

been previously observed in any other system. While the role of this mutation in AT3 is 

still unclear it could be that AT3 is programmed to be inactive and may employ more of 

Figure 17ȭɯ 3Ɨɯ'ƛƖ0ɯÔÜÛÈÛÐÖÕɯÛÜÙÕÚɯÖÕɯÈÊÛÐÝÐÛàȭɯȹ Ⱥɯ2ÌØÜÌÕÊÌɯÈÓÐÎÕÔÌÕÛɯÖÍɯÈÓÓɯƗɯ3Î/*2Ɩɯ

 3ɯËÖÔÈÐÕÚȭɯ'ÐÚƛƖɯÐÚɯËÌÕÖÛÌËɯÉàɯÈɯÚÛÈÙȭɯȹ!Ⱥɯ 3Ɨɪ$ɯ'ÐÚƛƖɯÞÈÚɯÔÜÛÈÛÌËɯÛÖɯ&ÓÕɯÉàɯÚÐÛÌɪ

ËÐÙÌÊÛÌËɯÔÜÛÈÎÌÕÌÚÐÚɯȹ2#,Ⱥȭɯȹ"Ⱥɯ1ÈÞɯ×ÓÈÛÌɯÙÌÈËÌÙɯÊÖÜ×ÓÌËɯÌÕáàÔÌɯÈÚÚÈàɯÊÜÙÝÌÚɯÖÍɯÕÖɯ

ÌÕáàÔÌȮɯÈËËÐÛÐÖÕɯÖÍɯƖƔƔɯÕ,ɯ×ÜÙÐÍÐÌËɯ 3Ɨɪ$ɯ63ȮɯÈÕËɯÈËËÐÛÐÖÕɯÖÍɯƖƔƔɯÕ,ɯ×ÜÙÐÍÐÌËɯ 3Ɨɪ$ɯ

'ƛƖ0ɯÞÐÛÏɯÔÈÓÖÕàÓɪ"Ö ȭɯ-ÖɯÈÊÛÐÝÐÛàɯÞÈÚɯÚÌÌÕɯÞÐÛÏɯÛÏÌɯÞÐÓËɪÛà×ÌɯÌÕáàÔÌȮɯÞÏÐÓÌɯÛÏÌɯ

'ƛƖ0ɯÔÜÛÈÕÛɯÌßÏÐÉÐÛÌËɯÈÊÛÐÝÐÛàȭ 

A 

B 
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a proofreading activity or AT3 may use a currently unknown or aty pical substrate. 

Therefore, determining the product(s) produced by TgPKS2 will help us to unravel the 

role of this domain in this system.  

2.5 Investigating Dynamics of Acyltransferase Domains by 
Molecular Dynamics  

His72 is located a significant  distance away from the catalytic serine residue of 

AT3, ÐÕɯÈɯɁÓÖÖ×ɂɯÙÌÎÐÖÕɯÞÐÛÏÐÕɯÛÏÌɯ×ÙÖÛÌÐÕɀÚɯÊÖÙÌ. Our initial thoughts on the hydrolytic 

inactivity of AT3 is that His72 causes a potential conformational change within this loop 

region that disrupts or blocks the active site from substrate attack. A crystal structure of 

AT3 would significantly help to determine structural perturbations unfortunately, my 

crystallization efforts have been unsuccessful thus far. Therefore, to evaluate this 

hypothesis I conducted in silico molecular modeling as well as molecular dynamic (MD) 

simulations.  

Duplicate independent long -scale (100 ns) MD simulations using AMBER were 

performed on AT3 WT and AT3 H72Q structures. Over the entire simulation I generated 

a time-averaged structure to give insight into the average position of specific residues and 

the overall structure over time. When these averaged structures were aligned we observed 

ÛÏÈÛɯÛÏÌɯÓÖÖ×ɯÙÌÎÐÖÕɯÊÖÕÛÈÐÕÐÕÎɯ'ÐÚƛƖɤ&ÓÕƛƖɯÙÌÔÈÐÕÚɯÐÕɯÈɯ×ÖÚÐÛÐÖÕɯÈËÑÈÊÌÕÛɯÛÖɯÛÏÌɯÌÕáàÔÌɀÚɯ

active site and there appeared to be significant movement in this loop in the WT vs H72Q 

mutant ( Figure 18A ). To quantify this movement, the root mean square deviation (RMSD) 

of this loop region (residues 67-78) was calculated over the entire simulation ( Figure 
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18B).123ɬ125 This analysis showed that the AT3 WT structure had decreased stability and 

increased flexibility within this loop region compared to the H72Q mutant. To analyze the 

effect of this movement on the catalytic residues of AT3 I measured the distance between 

the catalytic serine (S166) and the histidine (H272) responsible for deprotonation and 

activation of this serine in the WT structure compared to the H72Q mutant during the 

length of the simulations ( Figure 18C). From this it appears that the distance between the 

catalytic dyad was decreased in the hydrolytically active H72Q structure showing an 

average of 4.79 Å compared to 5.19 Å in the WT structure.  This implies a higher flexibility 

in the WT structure compared to the mutant which could prevent proper catalysis from 

occurring and hence the observed inactivity.  

 Previous work on other AT domains from different systems have emphasized that 

the formation of an oxyanion hole is required to stabilize the acyl -CoA substrate for 

A B C 

Figure 18. ,ÖÓÌÊÜÓÈÙɯËàÕÈÔÐÊÚɯÖÍɯ 3Ɨȭɯȹ Ⱥɯ1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯÛÐÔÌɪÈÝÌÙÈÎÌËɯÚÛÙÜÊÛÜÙÌÚɯÍÖÙɯ

 3Ɨɪ$ɯÞÐÓËɪÛà×ÌɯȹÔÈÎÌÕÛÈȺɯÈÕËɯ 3Ɨɪ$ɯ'ƛƖ0ɯȹÊàÈÕȺɯËÌÙÐÝÌËɯÍÙÖÔɯÛÏÌɯÓÈÚÛɯƜƔɯÕÚɯÖÍɯ,#ɯ

ÚÐÔÜÓÈÛÐÖÕÚȭɯ3ÏÌɯÈÔÐÕÖɯÈÊÐËɯÖÍɯÐÕÛÌÙÌÚÛɯÐÚɯÏÐÎÏÓÐÎÏÛÌËɯȹÞÏÐÛÌɯÉÖßȺȭɯ3ÏÌɯÚÛÈÙÛÐÕÎɯÞÐÓËɪÛà×Ìɯ

ÚÛÙÜÊÛÜÙÌɯÐÚɯÚÏÖÞÕɯȹÛÙÈÕÚ×ÈÙÌÕÛȺȭɯȹ!Ⱥɯ1,2#ɯÖÍɯÛÏÌɯ"ϔɯÍÙÖÔɯÓÖÖ×ɯÙÌÎÐÖÕɯÙÌÚÐËÜÌÚɯƚƛɬƛƜɯÍÖÙɯ

 3Ɨɪ$ɯÞÐÓËɪÛà×ÌɯȹÔÈÎÌÕÛÈȺɯÈÕËɯ 3Ɨɪ$ɯ'ƛƖ0ɯȹÊàÈÕȺɯÖÝÌÙɯÛÏÌɯÌÕÛÐÙÌɯÚÐÔÜÓÈÛÐÖÕȭɯȹ"Ⱥɯ!Ößɯ

×ÓÖÛÚɯÚÏÖÞÐÕÎɯÛÏÌɯËÐÚÛÈÕÊÌɯÉÌÛÞÌÌÕɯÙÌÚÐËÜÌÚɯÖÍɯÛÏÌɯÊÈÛÈÓàÛÐÊɯËàÈËɯȹ2ÌÙƕƚƚɯÈÕËɯ'ÐÚƖƛƖȺɯ

ÊÈÓÊÜÓÈÛÌËɯÍÖÙɯÛÏÌɯÍÐÕÈÓɯƜƔɯÕÚɯÖÍɯ,#ɯÚÐÔÜÓÈÛÐÖÕÚȮɯÌÝÌÙàɯƔȭƕɯÕÚɯȹÕǻƜƔƔȺȭɯ2ÐÎÕÐÍÐÊÈÕÊÌɯ

ËÌÛÌÙÔÐÕÌËɯÉàɯÜÕ×ÈÐÙÌËɯÛɪÛÌÚÛȮɯɖɖɖɖ×ɯǾƔȭƔƔƔƕȭ 
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nucleophilic attack by the catalytic serine.112,126,127 Our molecular modeling and alignment 

of the AT3 structure with malonate (PDB ID: 4AMP) predicts that two residues, Q69 and 

L167, are poised to form the oxyanion hole (Figure 19).112 Of note, Q69 lies on the flexibile 

loop region and due to the higher movement of this region during our MD simulations 

there is potential that AT3  WT cannot form this oxyanion hole whereas the decerased 

flexibility  of this loop with the AT3 H72Q mutant may now allow for formation of the 

oxyanion hole and thus the observed hydrolytic activity. However, crystal structure 

modeling and further biochemical studies of AT3 with a wider substrate scope may 

increase our knowledge of this domain and the importance o f this mutation.  
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2.6 Discussion 

From our preliminary analysis of TgPKS2 from T. gondii we determined the 

presence of 3 distinct AT domains and characterized the hydrolytic activity of each. This 

work is the first to characterize a domain outside of a loading module in an apicomplexan 

PKS and sets the stage for future studies and sequence resolution. These studies 

elucidated that AT1 and AT2 showed comparable hydrolytic activity with mCoA to other 

studied domains from bacteria and fungi while no activity was observed with mmCoA, 

matching our predictions based on non -catalytic motifs.  We observed hydrolytic 

inactivity of AT3 with our substrate scope and identified a single amino acid His72 that 

Figure 19ȭɯ3ÏÌɯ 3ƗɯÓÖÖ×ɯÙÌÎÐÖÕȭɯ3ÏÌɯÓÖÖ×ɯÙÌÎÐÖÕɯÖÍɯ 3ƗɯȹÚÏÖÞÕɯÐÕɯÎÙÌÌÕȺȮɯÔÈÓÖÕÈÛÌɯ

ȹÖÝÌÙÓÈÐËɯÍÙÖÔɯ/#!ɯ(#ȯɯƘ ,/ȺɯÐÚɯÚÏÖÞÕɯÐÕɯ×ÜÙ×ÓÌȮɯÛÏÌɯÊÈÛÈÓàÛÐÊɯÚÌÙÐÕÌȮɯ2ƕƚƚȮɯÈÕËɯÛÞÖɯ

×ÙÌËÐÊÛÌËɯÙÌÚÐËÜÌÚɯÛÏÈÛɯÔÈàɯÍÖÙÔɯÛÏÌɯÖßàÈÕÐÖÕɯÏÖÓÌɯÜ×ÖÕɯÕÜÊÓÌÖ×ÏÐÓÐÊɯÈÛÛÈÊÒɯ0ƚƝȮɯÈÕËɯ

+ƕƚƛȮɯÈÙÌɯÚÏÖÞÕɯÈÚɯÚÛÐÊÒÚȭɯ'ƛƖɯÐÚɯÈÓÚÖɯËÌ×ÐÊÛÌËɯÈÚɯÚÛÐÊÒÚȭ 
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Ü×ÖÕɯÔÜÛÈÛÐÖÕɯÛÖɯ&ÓÕƛƖɯɁÛÜÙÕÌËɯÖÕɂɯÈÊÛÐÝÐÛàɯÍÖÙɯ 3Ɨȭɯ,ÖÓÌÊÜÓÈÙɯÔÖËÌÓÐÕÎɯÈÕËɯ,#ɯ

simulations suggested that the loop region containing His72 is inherently more flexible 

possibly disallowing formation of an oxyanion hole, and exhibits increased stability when 

mutated to Gln72. Additionally, the distance between the catalytic Ser -His dyad of AT3 

was larger in the WT enzyme compared to the H72Q mutant providing further evidence 

of this prediction. However, additional research, specifically structural and biochem ical 

studies, is needed to confirm this hypothesis.  

This work shows the distinct properties of TgPKS2 domains compared to studied 

systems and prompts continued work to characterize other domains within this PKS and 

hopefully uncover the product(s) produced by this megaenzyme.  Increasing our 

knowledge of atypical PKSs can allow for exploration of novel chemical space and 

biochemical properties and lays crucial groundwork for studying other systems in 

Apicomplexa.   

2.7 Materials and Methods  

2.7.1 TgPKS2 Sequencing Analysis and Modeling 

FungiSMASH  analysis of the T. gondii RH genome showed 3 distinct AT domains present 

with assembly gaps surrounding these domai ns (HKD and JGG). To resolve these gaps, 

regions surrounding and overlapping the assembly gaps were PCR amplified from the 

RH strain of T. gondii cDNA  (HKD) . mRNA from tachyzoite T. gondii cultures was 

ÌßÛÙÈÊÛÌËɯÈÕËɯÊ#- ɯÚàÕÛÏÌÚÐáÌËɯÈÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌɀÚɯ×ÙÖÛÖÊÖÓs. cDNA was 
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used as a template for PCR amplification using Q5 High-Fidelity DNA Polymerase (NEB). 

Amplicons were run on a 1% agarose gel and were subsequently extracted and purified 

using the NEB Monarch® DNA Gel Extraction Kit according to the manufacturers 

protocol. Purified samples underwent Sanger sequencing by Eton Bioscience (HKD). 

Table 1. Plasmids and primers used in Chapter 2. 

          Name             Description    Source 

        Plasmids   

 

T7-TgAT1-His6 

pET-21a(+) 

 

TgAT2-His6 

pET-30b(+) 

 

T7-TgAT3-His6 

pET-21a(+) 

 

T7-TgAT1-E-His6 

pET-21a(+) 

 

TgAT2-E-His6 

pET-30b(+) 

 

T7-TgAT3-E-His6 

pET-21a(+) 

 

TgAT2-E Q72H-

His6 

pET-30b(+) 

 

T7-TgAT3-E 

H72Q-His6 

pET-21a(+) 

 

 

TgAT1 Expression Vector (AMP Resistance) 

 

 

TgAT2 Expression Vector (AMP Resistance) 

 

 

TgAT3 Expression Vector (AMP Resistance) 

 

 

TgAT1-E Expression Vector (AMP Resistance) 

 

 

TgAT2-E Expression Vector (AMP Resistance) 

 

 

TgAT3-E Expression Vector (AMP Resistance) 

 

 

TgAT2-E Q72H Expression Vector (AMP Resistance) 

 

 

 

TgAT3-E H72Q Expression Vector (AMP Resistance) 

 

 

This Study 

 

 

This Study 

 

 

This Study 

 

 

This Study 

 

 

This Study 

 

 

This Study 

 

 

This Study 

 

 

 

This Study 

 

        Primers    
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AT1 FOR 

AT1 REV 

 

 

AT1-E FOR 

AT1-E REV 

 

 

AT2 FOR 

AT2 REV 

 

 

AT2-E FOR 

AT2-E REV 

 

 

AT3 FOR 

AT3 REV 

 

 

AT3-E FOR 

AT3-E REV 

 

 

AT2-E 

(Q72H)  

Site-directed 

mutagenesis 

 

AT3-E 

(H72Q)  

Site-directed 

mutagenesis 

 

ƙɀ-AGCCGGATCCATGGTGTGGCTGTTTACTGGT -Ɨɀ 

ƙɀ-ATGAAGCTTGCAGCAATTCGGACCTAAGTG -Ɨɀ 
 

 

 

ƙɀ-AGCCGGATCCATGGCCGGTGAAAAGACG -Ɨɀ 

ƙɀ-ATGAAGCTTACAGCAATTCGGCCCCAA -Ɨɀ 
 

 

 

ƙɀ-TATAGCCATATGATGGTGTGGTTATTCACGG -Ɨɀ 

ƙɀ-TATCGCCTCGAGATCTGCTCCCGAATCAC -Ɨɀ 

 

 

ƙɀ-TATAGCCATATGATGCATCTTATGGCAGGTGAAAAAACA -Ɨɀ 

TATCGCCTCGAGATCTGCTCCCGAATCAC -Ɨɀ 

 

 

 

ƙɀ-GCCGGATCCATGGTGTGGTTATTTACCGGGC -Ɨɀ 

ƙɀ-ATGAAGCTTCCCAATGTTGGCAAGTGTACGT -Ɨɀ 

 

 

ƙɀ-AGCAAATGGGTCGCGGATCCCTAATGACCGGCGAGAAGAC -Ɨɀ 

ƙɀ-CTCGAGTGCGGCCGCAAGCTTAGCTCCATTGACGTAGGCGG -Ɨɀ 

 

 

 

ƙɀ-TATTAACGTAATGGGATCCTTGC -Ɨɀ  

ƙɀ-TGGCCAAAAGTCTGTACG -Ɨɀ 

 

 

 

 

ƙɀ-TCAGGGATCCCAATACGTAAATATG -Ɨɀ 

ƙɀ-CCCGTGAATAGCCAAACC -Ɨɀ 

 

Eton 

Bioscience 

 

 

Eton 

Bioscience 

 

Eton 

Bioscience 

 

 

 

Eton 

Bioscience 

 

 

Eton 

Bioscience 

 

Eton 

Bioscience 

 

 

Eton 

Bioscience 

 

 

 

Eton 

Bioscience 

 

 

2.7.2 Protein Expression and Purification  

AT1 - E. coli codon-optimized DNA encoding AT1 was transformed into E. coli BL21(DE3) 

cells and plated on LB medium supplemented with 100 µg/mL ampicillin , primers are 

included in Table 1. A 1 mL preculture was used to inoculate 8 liters of LB medium 
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supplemented with 100 µg/mL ampicillin. The culture was grown to midlog phase (OD 600 

~ 0.6) at 37 °"ɯÈÕËɯÐÕËÜÊÌËɯÉàɯÈËËÐÛÐÖÕɯÖÍɯƔȭƙɯÔ,ɯ(ÚÖ×ÙÖ×àÓɯϕ-d-1-thiogalactopyranoside 

(IPTG). Immediately after induction, the temperature was lowered to 18 °C and the cells 

were allowed to express overnight. The cells were harvested by centrifugation (4,300 x g, 

30 min) and the cell pellet was resuspended in lysis buffer (50 mM KH 2PO4, 200 mM NaCl, 

ƕɯÔ,ɯ!ÌÕáÈÔÐËÐÕÌȮɯƙǔɯÎÓàÊÌÙÖÓɯȹÝɤÝǔȺȮɯƙɯÔ,ɯϕ-Mercaptoethanol, 10 mM Imidazole, pH 

8.0) supplemented with 1 cOmplete protease inhibitor tablet (Roche). Resuspended cells 

were lysed using a FB120 Sonic Dismembrator (Fisher Scientific) and cellular debris was 

removed by centrifugation (4,300 x g, 3 h). The his-tagged proteins were purified from the 

supernatant by Ni 2+ column chromatography using Ni -IDA Profinity resin (BioRad). The 

bound protein was eluted with a linear imidazole gradient (25 ɬ 150 mM) in lysis buffer 

at a flow rate of 1.50 mL/min. Pure fractions, as determined by SDS-PAGE were pooled 

and subjected to anion exchange chromatography using a HQ/10 column (Applied 

Biosciences). Pure protein was concentrated using a 10-kDa cut-off centrifugal filter device 

(Vivaspin) and stored in 25% glycerol at -80 °C. 

AT1-E - E. coli codon-optimized plasmid DNA encoding AT1 -E was transformed into E. 

coli BL21(DE3) cells and plated on lysogeny broth (LB) medium supplemented with 100 

µg/mL ampicillin , primers are included in Table 1. A 1 mL preculture was used to 

inoculate 4 liters of LB medium supplemented with 100 µg/mL ampicillin. The culture 

was grown to midlog phase (OD 600 ~ 0.6) at 37 °C and induced by addition of 0.5 mM 
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IPTG. Immediately after induction, the temperature was lowered to 18 °C and the cells 

were allowed to express overnight. The cells were harvested by centrifugation (4,300 x g, 

30 min) and the cell pellet was resuspended in lysis buffer (50 mM Tris pH 7.5, 0.1 M NaCl, 

1mg/ml lysozyme, 10 mM Imidazole, pH 7.5) supplemented with 1 cOmplete protease 

inhibitor tablet (Roche). Resuspended cells were lysed using a FB120 Sonic Dismembrator 

(Fisher Scientific) and cellular debris was removed by centrifugation (4,300 x g, 3 h). The 

his-tagged proteins were purified from the supernatant by Ni 2+ column chromatography 

using Ni -IDA Profinity resin (BioRad). The bound protein was eluted with a li near 

imidazole gradient (25 ɬ 150 mM) in lysis buffer at a flow rate of 1.50 mL/min. Pure 

fractions, as determined by SDS-PAGE were pooled and subjected to size exclusion 

chromatography using a HiLoad 16/600 superdex 200 pg column (Cytiva). Pure protein 

was concentrated using a 10-kDa cut-off centrifugal filter device (Vivaspin) and stored in 

25% glycerol at -80 °C. 

AT2  and AT2-E - E. coli codon-optimized plasmid DNA encoding AT3 was transformed 

into E. coli BL21(DE3) cells and plated on LB medium supplemented with 100 µg/mL 

ampicillin , primers are included in Table 1. A 1 mL preculture was used to inoculate 4 

liters of LB medium supplemented with 100 µg/mL ampicillin. The culture was grown to 

midlog phase (OD600 ~ 0.6) at 37 °C and induced by addition of 1.0 mM IPTG. Immediately 

after induction, the temperature was lowered to 18 °C and the cells were allowed to 

express overnight. The cells were harvested by centrifugation (4,300 x g, 30 min) and the 



 

40 

cell pellet was resuspended in lysis buffer (50 mM KH 2PO4, 200 mM NaCl, 1 mM 

!ÌÕáÈÔÐËÐÕÌȮɯƙǔɯÎÓàÊÌÙÖÓɯȹÝɤÝǔȺȮɯƙɯÔ,ɯϕ-Mercaptoethanol, 10 mM Imidazole, pH 8.0) 

supplemented with 1 cOmplete protease inhibitor tablet (Roche). Resuspended cells were 

lysed using a FB120 Sonic Dismembrator (Fisher Scientific) and cellular debris was 

removed by centrifugation (4,300 x g, 3 h). The his-tagged proteins were purified from the 

supernatant by Ni 2+ column chromatography using Ni -NTA  resin. The bound protein was 

eluted with a linear imidazole gradient (25 ɬ 150 mM) in lysis buffer at a flow rate of 1.50 

mL/min. Pure fractions, as determined by SDS-PAGE were pooled and subjected to 

subjected to anion exchange chromatography  using a HQ/10 column (Applied 

Biosciences) and eluted with a linear salt gradient.  Pure protein was concentrated using 

a 10-kDa cut-off centrifugal filter device (Vivaspin) and stored in 25% glycerol at -80 °C. 

AT3  and AT3-E - E. coli codon-optimized plasmid DNA encoding AT3 was transformed 

into E. coli BL21(DE3) cells and plated on LB medium supplemented with 100 µg/mL 

ampicillin , primers are included in Table 1. A 1 mL preculture was used to inoculate 4 

liters of LB medium supplemented with 100 µg/mL ampicillin. The culture was grown to 

midlog phase (OD600 ~ 0.6) at 37 °C and induced by addition of 1.0 mM IPTG. Immediately 

after induction, the temperature was lowered to 18 °C and the cells were allowed to 

express overnight. The cells were harvested by centrifugation (4,300 x g, 30 min) and the 

cell pellet was resuspended in lysis buffer (50 mM KH 2PO4, 200 mM NaCl, 1 mM 

!ÌÕáÈÔÐËÐÕÌȮɯƙǔɯÎÓàÊÌÙÖÓɯȹÝɤÝǔȺȮɯƙɯÔ,ɯϕ-Mercaptoethanol, 10 mM Imidazole, pH 8.0) 
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supplemented with 1 cOmplete protease inhibitor tablet (Roche). Resuspended cells were 

disrupted using a FB120 Sonic Dismembrator (Fisher Scientific) and cellular debris was 

removed by centrifugation (4,300 x g, 3 h). The his-tagged proteins were purified from the 

supernatant by Ni 2+ column chromatography using Ni -IDA Profinity resin (BioRad). The 

bound protein was eluted with a linear imidazole gradient (25 ɬ 150 mM) in lysis buffer 

at a flow rate of 1.50 mL/min. Pure fractions, as determined by SDS-PAGE were pooled 

and subjected to subjected to size exclusion chromatography using a HiLoad 16/600 

superdex 200 pg column (Cytiva). Pure protein was concentrated using a 10-kDa cut-off 

centrifugal filter device (Vivaspin) and stored in 25% glycerol at -80 °C. 

Amino acid and nucleotide sequences for all constructs utilized in Chapter 2 is shown in 

Table 2 below. 

Table 2. Amino acid and nucleotide sequences for all plasmid constructs in Chapter 2.  

-ÈÔÌ ɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯ2ÌØÜÌÕÊÌ 

×$3ƖƕÈȹǶȺ 

3ƛɯ3ÈÎɪ

 3ƕɪ

ƚß'ÐÚ 

, 2,3&&00,&1&2,56+%3&0&2085-, *2+8$3$$2%1035*$"2 8+

 3$*++/3$&/22+$#((8/&0# # $$ $'++,0308205 (%55$+ +315+*

$1&+1/  5+&'2+&$8   53 &5%261# +155 51 1(,2$0#/0#&5,

  "1+2  $50  +#2#+*-+*25 5  #-&/125552&112$5$$5+2%%2(2

&1 1%+152' %'2/+, & 5$/521+%$15$%2$/ (/%(22 1&1+3(3-$+&#

2,86&005 5/(*%1$ (  5$25%&2 25'%5$5&/" 5+5'+&/-""*+  

 +$''''''ɖ 

 3&&"3 &" 3& "3&&3&& " &"   3&&&3"&"&& 3"" 3&&3&3&

&"3&333 "3&&3" &&&&3" " &3 "&3&  3 3&&"&  &3" "3&3 

"& & "&&  & &3"&33""&&" & "&&3"  && &3&3 &3&"&3 33

3&&"" "3& &   33&"33""3 "&& &&&&""&3"3 &""3&& && 3

 3" 3"3 3""3&&&"  & 3&"3& 3&" &  &  &"&& &" ""3333&

 3&" & """  3 33"&" &&3&&"" 3"333&3"&3 &  33 &"""3"

 " "&3&3&33&   &  "&3&&3"3&"&&""3&"3&""&3""3&&&"" 

33"&"33&&3& &3 3&" &"3&" &3" "&&"&&&3&333333""3&&"&3

& 3&"""33"&&&3"&3 &" &3 "&3&" "&3 33 3&3" & &" && "
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""3"  & "&&&&33 3&&"&&" 3&3"&"33& &"&"3&"&&  &3&" 

 &" &"333&& 33""& ""3"  &  3"33   3"&&33&""&33&"&&"

 & "  3&&&""3"&3 &3&3"&33&3 3" &&3"&&"&3 &3& &&3&& 

 &  &3&"333"&33333" &" 33 &3&&&"&"&"""&333""33"&&&3&

3""" "&"&333" 3 &3"" "3& 3&&"&&&3&"3&3"& &""3&3&3"&

"&""3&333&  "&3&33& &33" &"& &""3&"3 33""&333 3"3"&3

""&" "&&&&&"&""3" "& 33 ""  "& &"3&&&&& 33"& 3&3 3

3&&&&&"  "  &33&" &33""  3"  &33""&"& &&"3 3"&"&&"

"&3 &  3"&&3&33"&&33" &""3"&&3"" 333"&33&  &33&&&""

&3&"&" &3&33 &33" "33 &&3""&  33&"3&"  &"33&"&&""&"

 "3"& &" "" "" "" "" "" "3&  

×$3ƖƕÈȹǶȺ 

3ƛɯ3ÈÎɪ

 3ƕɪ$ɪ

ƚß'ÐÚ 

, 2,3&&00,&1&2, &$*3$ ++& 522%&%&&2- ' (5$5/ 10&/3&

1#  8 &+1& #  3$ '0/,56+%3&0&2085-, *2+8$3$$2%1035*

$"2 8+ 3$*++/3$&/22+$#((8/&0# # $$ $'++,0308205 (%55$+ 

+315+*$1&+1/  5+&'2+&$8   53 &5%261# +155 51 1(,2$0#/

0#&5,  "1+2  $50  +#2#+*-+*25 5  #-&/125552&112$5$$5

+2%%2(2&1 1%+152' %'2/+, & 5$/521+%$15$%2$/ (/%(22 1&1+3(3

-$+&#2,86&005 5/(*%1$ (  5$25%&2 25'%5$5&/" 5+5'+&/-"

"*+   +$''''''ɖ 

 3&&"3 &" 3& "3&&3&& " &"   3&&&3"&"&& 3"" 3&&""&&

3&    & "&&  &" "3&"3&&&3&"&&3" &" &"33"&& 333&&"&

&&3""  "&" " 3&"& 33&3"& &&3"""&&"  &&"  &&3""& ""

&&""&3& 3&""&"33 3&"3&&&33&"&3&&&&"&& "&" &"3 ""& 

 &" " "" &""  3&&3 3&&33 33" "3&&3" &&&" &""  3 3&3

"  " 3&&"&   3"""3 3 "&   " &  &  3""333"&3" & ""&

3"  && &3&"3""&"&3 3"33&"  " & &   "3 33 ""& " & &

&& """3"  &""3&& && 3 33 3"3 3""3&&3" && "&" & 3&"&

&  &  &"&&  " ""3&"3  3&" & "3" &3 "3"3" &&33&"& 3

"33"&3"&3 & &33 &"&33  "&"&3&3 "33   & &"&3&&"33& &

&""&&""&""&3 "3 &&"" " &"33&&&"& &3 "&""&" &"3&3" 

"&&"&&&&&3"3333"33&& &&& 3&"333 "&3&3 &3"&" &3& &&&

"  &  3  3&3"3&  " && """&"  & 3&&&&3" 3&&"3&""3&3

 &&"3& &3&""&" & &&33"  &" &" 33 & "3" & "33   &  

333    3""&33&"&&3"&" &" & 3  "&&3""""&33" &33&3"&3

" &3&&  &&"&33"3&  &3"&  & &&3333 3"333"333 &" 3 3" 

&&""&3&"& & 33""3  &&&3"3" " "&"333"" 33"3""3"3  3&&

"3&&&&"3&3"&  "" &333"3 & 33 33"&   &&&3 &  333 &3&

  "" &"  33""&33" 3"3"" &3&"  & &&  &&33& "& 3  ""

  3&  33&&&&& 33"" 3&3 33&&&&3"  " &&3 &" &33""3 3 

  &333 & & &&"  3"&"3&"&&3"& & &"&3 333&&  &"&"& &

"&3"" "333&3&& &&3 &&""" 3&"&"&&3""3 &33" "33&&&&""

&  33&"3&3  &"33&"&&""&" "3"& &" "" "" "" "" "" "3

&  
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×$3ƗƔÉȹǶȺ 

 3Ɩɪ

ƚß'ÐÚ 

,,56+%3&0&2085-, *2+8$3$$2%1035*$"2 8+ 3$*++/3$&/22+$#

((8/&0# # $$ $'++,0308205 (%55$+ +315+*$1&+1/  5+&'2+&

$8   53 &5%261# +155 51 1(,2$0#/0#&5,  "1+2  $50  +

#2#+*-+*25 5  #-&/125552&112$5$$5+2%%2(2&1 1%+152' %'2/

+, & 5$/521+%$15$%2$/ (/%(235+&1+ 5&2$+2# +862$0(3*/51%1$

 ('  32&$%2 ,0 8($5&/215+  ,&1#"#2& #+$''''''ɖ 

 3&&3&3&&33 33" "&&&&"  && 3"""  3 "&33  3 3&&""   

 &3"3&3 "& & "&&  & &3"333""&3" & "&&3&   &  3&3 &

"&"&3 3"3&&"& "3&     33 "33""& " & &&&""" 3"33"&"3

&& && 3 3" 3"3 """"&& "  & 3&" & "&""&  & &&""&  

" 333&33& 3&" & " "  3 33"&" &&3&&"  3"33"&3&&33&  

"3&&"""3& " "&"&3&"3&  &&  "&3&& 33&"&3"" &"&&""&3

 33&&&&" 3 &""33&& &  3 3&""&" &"3&3  " &""&&3&3333

33" 3&&"&"& 3&"333 "&3&3"&3 &""&33"&3&"&"&3 3" 3& &"

& &" && 3""&" && "&&&&3" 3&&" &"&3&3"&3"3& &"&"&&

" &  &3 " &&" &"333&& "3"&& 3"3&  &  3"3&  & &"&3"

&"3&3"&"&&"&& 3  "&& ""3"&33"3&3"&33&3&3"&&&3"&""&3

 &3& &&3&&  &  &3&33&3"333"33" &3 33 &"&&&"&"&"3"&"

33"33 "&3&3&3" " "&""33"" " &"""""3& 3&&"3&&&&" &3&

& &"" &3&3"&"&"33&33"&  "&3&33& &3333"3& &"" &"  3"

"" 33" 333"  ""&3&"33&& "&3"33&"3&3"&&33""& &33  &"&

 3&"""333 "3&&3"3&  "   3" "&   ""&&3&"&"333"&3&  &

"" 33" 3&" &"  "33"&&& & &33" &3&"  3&" &&"&3 3 3"&

 &&3&&& ""&3"&"&"&3 33 &"&&"  3&&& "&"& "3&3& 33"&

&& &" & 3"3"& &" "" "" "" "" "" "3&  

×$3ƗƔÉȹǶȺ 

 3Ɩɪ$ɪ

ƚß'ÐÚ 

,,'+, &$*3$ ++& 522%&%&&2- ' (5$5/ 10&/3&1#  8 &+1&

 #  3$ '0/,56+%3&0&2085-, *2+8$3$$2%1035*$"2 8+ 3$*+

+/3$&/22+$#((8/&0# # $$ $'++,0308205 (%55$+ +315+*$1&+1

/  5+&'2+&$8   53 &5%261# +155 51 1(,2$0#/0#&5,  "1+

2  $50  +#2#+*-+*25 5  #-&/125552&112$5$$5+2%%2(2&1 1%

+152' %'2/+, & 5$/521+%$15$%2$/ (/%(235+&1+ 5&2$+2# +862

$0(3*/51%1$ ('  32&$%2 ,0 8($5&/215+  ,&1#"#2& #+$'''

'''ɖ 

 3& 3&" 3"33 3&&" &&3&      " & &&""33 "33&&&&"3&3 

 &3 &3333&&&33"&& && 3"3  3&" " "&"& 33&33&  &3 ""3

&"&"&"" &&&3""" ""&& "&"& 3&""&"&3 "&"&&&"33&"&3&&

3&" & 3&""&"" "3&  &"&" 3" &""& 3&&3&3&&33 33" "&&&

&"  && 3"""  3 "&33  3 3&&""    &3"3&3 "& & "&&  &
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2.7.3 Hydrolytic Activity Coupled-Enzyme Assays 

The hydrolytic  activity of AT domains  was determined as previously described.97,118,128,129 

Briefly, reactions were run with 200 nM purified recombinant AT with varying acyl -CoA 

concentrations (0ɬ150 µM). A control reaction without AT was run in parallel. Each assay 

reaction consisted of three different solutions all prepared in assay buffer (50 mM sodium 

phosphate, pH 7.6, 1 mM EDTA, 1 mM TCEP, 10% glycerol). Solution 1 contained 

aKGDH, NAD+, TPP, and alpha-ketoglutaric acid (4X the f inal concentration). Solution 2 
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contained the acyl-CoA substrate (4X the final concentration). Solution 3 contained the AT 

(2X the final concentration) and 0.1 mg/mL BSA. To initiate the reaction, 25 µL of solution 

1, 25 µL of solution 2, and 50 µL of solution 3 were added to a black polystyrene costar 

96-well plate (Corning) to a final volume of 100 µL. The final reaction co ntained 50 mM 

sodium phosphate, pH 7.6, 10% glycerol, 1 mM TCEP, 1 mM EDTA, 0.4 mU/mL aKGDH, 

0.4 mM NAD+, 0.4 mM TPP, 2 mM alpha-ketoglutaric acid, 0.05 mg/mL BSA, and varying 

acyl-CoA concentrations. Fluorescence signals were measured at 460 nm with excitation 

at 360 nm on an Envision Multimode Plate Reader (PerkinElmer). Measurements were 

taken over a period of 15ɬ20 min. Data analysis and determination of kinetic va lues were 

performed using Prism GraphPad. A calibration curve was completed with known 

NADH standards.  

2.7.4 Site-Directed Mutagenesis of AT3-E H72Q 

TgAT3-E H72Q was mutated to glutamine  using the Q5 Site-Directed Mutagenesis Kit 

ȹ-$!Ⱥɯ×ÌÙɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌɀÚɯ×ÙÖÛÖÊÖÓȭɯ/ÙÐÔÌÙÚɯÈÙÌɯÐÕÊÓÜËÌËɯÐÕɯTable 1. TgAT3-E H72Q 

was verified by sequencing (Eton Bioscience) and protein was purified as described above. 

2.6.5 Molecular Dynamic Simulations 

Alphafold2 was used to build h omology models of TgAT3-E from residues 62ɬ366.130,131 

MD simulations were all performed with AMBER20 .123,132 The ff14SB force field was 

applied to each protein which was immersed into a periodic TIP3P water box containing 

150 mM NaCl, extended 10 Å from any solute atom.124 A three-step minimization was 
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performed for each protein and the Particle Mesh Ewald (PME) method was applied to 

handle long-range electrostatics.125 First, 500 cycles of steepest descent and 500 cycles of 

conjugate gradient with 50 kcal/mol/Å2 restraint on backbone carbons totaling 1000 cycles 

of minimization were performed. Next, the same 1000 minimization cycles were 

performed with a 10 kcal/mol/Å2 restraint on backbone carbons. Then 5000 cycles of 

minimization were performed without restraint, including 1000 cycles of steepest descent 

and 4000 cycles of conjugate gradient. Afterward, the temperature of each system was 

elevated from 0 to 300 K in 50 ps with 2.0 kcal/mol/Å2 restraint on backbone carbons, and 

finally 100 ns NPT (T = 300 K and P = 1 atm) MD simulation was performed with a 2 fs 

time step. The SHAKE algorithm was used to handle all hydrogen bonded atoms .133 Each 

simulation was repeated with a different random seed to support observations. All 

analyses were performed using CPPTRAJ over the final 80 ns of each simulation.134 

2.8 Individual Contributions of Collaborators 

AMK, HKD, and JGG performed protein purification and hydrolysis kinetic assays. AMK  

and JGG performed molecular modeling  and sequence alignments. AMK performed 

molecular dynamic simulations. HKD performed T. gondii culturing, cDNA extractions, 

and TgPKS2 sequencing analyses. AMK, HKD, JGG, and ERD designed experiments and 

analyzed the data.  
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3. Characterization of Unexpected Self-Acylation Activity 
in TgPKS2 

Portions of this chapter are adapted from the publication "Characterization of Unexpected 

Self-Acylation Activity of Acyl Carrier Proteins in a Modular Type I Apicomplexan Polyketide 

Synthase."  By Keeler, A.M.Ȱɯ#ɀ ÔÉÙÖÚÐÖȮɯ'ȭ*ȭȰɯ&ÈÕÓÌàȮɯ)ȭ&ȭȰɯÈÕËɯ#ÌÙÉàÚÏÐÙÌȮɯ$ȭ1ȭ 

3.1 Introduction 

Polyketide synthases (PKSs) are divided into three distinct types, type I PKS are 

megaenzymes subdivided into modules composed of individual domains linked by short 

amino acid sequences. Type II PKS are individual catalytic domains that come together to 

form functional complexes while type III PKS are commonly found in plants and are 

individual homodimers. Type I PKSs can be further divided by the repeat use of domains 

as either iterative or modular.  

Modular type I PKSs, also known as assembly-line PKS, utilize each domain once 

per each round of elongation. In a minimal module, substrate acylation first occurs by the 

ɁÎÈÛÌÒÌÌ×ÌÙɂɯ ÈÊàÓÛÙÈÕÚÍÌÙÈÚÌɯ ËÖÔÈÐÕɯ ȹ 3Ⱥɯ ËÖÔÈÐÕɯ ÞÏÐÊÏɯ ÚÌÓÌÊÛÚɯ ÛÏÌɯ "Ö -tethered 

substrate to be loaded, this is followed by transacylation of this substrate from the AT to 

a cognate acyl carrier protein (ACP) domain. The ACP-tethered substrate must then 

undergo a Claisen-like condensation reaction with a ketosynthase (KS) domain to extend 

the growing carbon chain. During this reaction cascade, multiple transient protein -protein 

interfaces are crucial to proper product formation. 135ɬ137  

ACPs are small, alpha helical, highly ubiquitous proteins found in every branch of 

life. These proteins require a post-translational modification (PTM) of attachment of a 4 -́
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phopshopantetheine (ppant) group to a conserved serine residue on helix II by a 4 -́

phopshopantatheinyl transferase for activity .138ɬ141 In nearly every situation, an AT 

domain is required to load CoA-substrates onto the cognate ACP and start the PKS 

process, some ACPs are known to self-acylate (i.e., acylate without the AT domain), as has 

been described in type II PKS and type II fatty acid synthase (FAS) systems. This activity 

is proposed to occur due to deprotonation of the ppant arm followed by nucleophilic 

attack, and it was previously observed that a conserved acidic residue on helix I was 

responsible for this activity  in other type I I systems.142,143 To this point, there are no reports 

of this activity in a modular type I PKS to the best of our knowledge.  

Here, we elucidate the domain architecture of a modular type I PKS from the 

apicomplexan parasite Toxoplasma gondii, named TgPKS2, and find  that ACPs from this 

protein exhibit self -acylation activity. Three TgACPs (TgACP2ɬ4) were found to be 

capable of self-acylation to varying degrees while the ACP in the loading module 

(TgACP1) was inactive. Additionally, TgACP2ɬ4 showed activity  toward a less common 

ϕ-keto ester substrate, succinyl-CoA, however, no activity was observed with acetoacetyl -

ACP. To investigate the basis for this activity, every acidic residue proximal to the ppant 

arm of TgACP3 was mutated to alanine. This effort identified residues that influence self -

acylation activity and shift substrate specificity between mCoA and mmCoA. Our 

findings demonstrate the unusual properties of domains from the apicomplexan TgPKS2 
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enzyme, highlighting the importance of enhancing our understanding of these proteins to 

support future studies to uncover polyketides from T. gondii and other protists.  

Design and execution of experiments have been conducted through a collaborative 

effort by Keeler, A.M. (AMK); #ɀ ÔÉÙÖÚÐÖȮɯ 'ȭ*ȭɯ ȹ'*#ȺȰɯ &ÈÕÓÌàȮɯ )ȭ&ȭɯ ȹ)&&ȺȰɯ ÈÕËɯ

#ÌÙÉàÚÏÐÙÌȮɯ$ȭ1ȭɯȹ$1#Ⱥȭɯ ɯËÌÛÈÐÓÌËɯÈÊÊÖÜÕÛɯÖÍɯÌÈÊÏɯÈÜÛÏÖÙɀÚɯÊÖÕÛÙÐÉÜÛÐÖÕɯÐÚɯÎÐÝÌÕɯÈÛɯÛÏÌɯ

end of this chapter.  

3.2 Resolution of the TgPKS2 Sequence and Domain Architecture 

Bioinformatic analysis using fungiSMASH of the T. gondii GT1 genome shows a 

putative type I PKS with multiple assembly gaps, which we have termed TgPKS2. We 

previously resolved all AT sequences of TgPKS2 using primer-based Sanger sequencing, 

but the full domain architecture remained unresolved. 128 To address this, extensive 

primer -based Sanger sequencing efforts were conducted using T. gondii cDNA generated 

from mRNA extracted from type I T. gondii RH cultures propagated in Vero cells.109,128 This 

method allowed for elucidation of the entire 18.8 kb TgPKS2 gene sequence, and the 

subsequent analysis of the protein domain architecture by fungiSMASH and BLASTP 

(Figure 20A ). Our analysis indicates that TgPKS2 contains an acyltransferase-devoid 

loading module, three defined modules, and a predicted thioester reductase to release the 

polyketide.  
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3.3 Cloning, Expression, and Purification of TgACP Constructs 

Given the central role of ACPs in polyketide biosynthesis, we sought to investigate 

these TgPKS2 domains. TgPKS2 contains four predicted ACP domains (ACP1ɬ4).96,128 The 

minimum boundaries of these domains were identified and each ACP was cloned into 

expression plasmids harboring a His 6 tag. All constructs were expressed in the E. coli 

BL21(DE3) BAP1 cell line, which contains a chromosomally expressed 4-́

phosphopantetheinyl transferase (Sfp) from B. subtilis that converts ACPs to their holo 

(active) form.144 Proteins were purified by Ni -NTA affinity chromatography followed by 

ÈÕÐÖÕɯÌßÊÏÈÕÎÌɯÊÏÙÖÔÈÛÖÎÙÈ×ÏàɯÛÖɯÏÖÔÖÎÌÕÌÐÛàɯȹȁƝƙǔȺɯÈÚɯËÌÛÌÙÔÐÕÌËɯÉàɯ2#2-PAGE 

(Figure 20B). Purified TgACP yields ranged from 0.5ɬ1.0 mg/L. All holo -ACPs were 

validated by MALDI -TOF MS. To assess protein quality, gel filtration was completed on 

TgACP1. TgACP1 eluted as a single peak without aggregates. To further probe secondary 

structure and protein folding, TgACP1ɬ4 were evaluated by circular dichroism (CD) 

spectroscopy. All four TgACPs ÌßÏÐÉÐÛɯÚ×ÌÊÛÙÈɯÊÖÕÚÐÚÛÌÕÛɯÞÐÛÏɯÍÖÓËÌËȮɯÏÐÎÏÓàɯϔ-helical 

proteins.  

3.4 TgACPs Exhibit Self-Acylation Activity 

The AT domain within a PKS module catalyzes substrate transacylation onto an 

ACP to enable metabolite elongation.81,82,145 While attempting to characterize AT -mediated 

transacylation, our results were convoluted due to formation of acyl -ACP products in the 

absence of AT enzymes. This suggested that TgPKS2 ACPs in our assays were capable of 

A B 
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self-acylating CoA substrates. To further validate this, each holo-ACP was incubated in 

the presence of mCoA and mmCoA for 20 hr at 37 °C (Figure 20C) and compared to the 

well -characterized modular type I PKS from the Saccharopolyspora erythraea 6-

deoxyerythronolide B synthase (DEBS) using MALDI -TOF MS. Analysis of these spectra 

indicated only the holo -ACP was present in DEBS ACP3, observed at 13256.4 Da  

(predicted = 13256.8 Da), with either substrate. However, the TgACP2ɬ4 spectra contained 

peaks that correspond to the decarboxylated acyl-ACP thioesters for both mCoA and 

mmCoA. For example, the control reaction containing only recombinant holo -TgACP3 

had one peak observed at 9903.6 Da (predicted = 9903.9 Da), but in the presence of 

Figure 20. 3Î/*2Ɩɯ "/ÚɯÌßÏÐÉÐÛɯÚÌÓÍɪÈÊàÓÈÛÐÖÕɯÈÊÛÐÝÐÛàȭɯȹ Ⱥɯ#ÖÔÈÐÕɯÈÙÊÏÐÛÌÊÛÜÙÌɯÖÍɯ

3Î/*2ƖɯÎÌÕÌɯÊÓÜÚÛÌÙȭɯ3Î/*2ƖɯÊÖÕÛÈÐÕÚɯÍÖÜÙɯÜÕÐØÜÌɯ "/Úɯȹ "/ƕɬ "/ƘȺɯÍÖÜÕËɯÞÐÛÏÐÕɯÛÏÌɯ

ÓÖÈËÐÕÎɯÔÖËÜÓÌȮɯÔÖËÜÓÌɯƕȮɯÔÖËÜÓÌɯƖȮɯÈÕËɯÔÖËÜÓÌɯƗȭɯȹ!Ⱥɯ2#2ɪ/ &$ɯÎÌÓÚɯÖÍɯ×ÜÙÐÍÐÌËɯÏÖÓÖɪ

 "/ÚɯÍÙÖÔɯ3Î/*2Ɩɯȹ "/ƕɬ "/ƘȺɯÈÕËɯ$ȭɯÊÖÓÐɯ#$!2ɯ "/Ɨȭɯȹ"Ⱥ MALDI-TOF trace of ACPs 
incubated with either buffer (black trace) or 150 µM mCoA (grey trace), masses 
corresponding to holo-ACP (blue) and decarboxylated malonylated product (red) are 
highlighted. 

A B 

C 



 

53 

substrate self-malonylated TgACP3 was observed at 9945.1 Da (predicted = 9945.9 Da) and 

self-methylmalonylated TgACP3 was observed at 9959.9 Da (predicted = 9959.9 Da). The 

ratio of these peaks to the holo-ACP varied for each protein, where the greatest conversion 

was observed for TgACP3 and TgACP4, and zero acyl-ACP product was observed for 

either TgACP1, which is in the loading module, or DEBS ACP3. This observation of 

covalent attachment of decarboxylated thioesters is likely due to self-acylation follow ed 

ÉàɯËÌÊÈÙÉÖßàÓÈÛÐÖÕɯÖÕɯÈÊÊÖÜÕÛɯÖÍɯÛÏÌɯÛÏÌÙÔÈÓɯÐÕÚÛÈÉÐÓÐÛàɯÖÍɯϕ-keto acids.143,146 Of note, self-

acylation was not observed without exogenous substrate addition, suggesting the reaction 

did not occur in E. coli cells. 

A free thiol on the ACP ppant arm is known to be critical for transacylation and 

self-acylation activity  (Figure 21).142,143,147 To probe the role of thiols in the observed 

TgACP2ɬ4 self-acylation reaction, iodoacetamide was used to alkylate sulfhydryl groups 

of TgACP3 and then assess activity with mCoA using a previously described fluorescent 

coupled-enzyme assay.97,118,128,129 Briefly, nucleophilic attack of CoA -thioesters releases free 

Figure 21. /ÙÖ×ÖÚÌËɯ ÔÌÊÏÈÕÐÚÔɯ ÖÍɯ ÚÌÓÍɪÈÊàÓÈÛÐÖÕȭ  Õɯ ÈÊÐËÐÊɯ ÙÌÚÐËÜÌɯ ȹÎÓÜÛÈÔÈÛÌȮɯ

ÈÚ×ÈÙÛÈÛÌȺɯÐÚɯ×ÙÖ×ÖÚÌËɯÛÖɯËÌ×ÙÖÛÖÕÈÛÌɯÛÏÌɯ××ÈÕÛɯÈÙÔɯÖÍɯÛÏÌɯ "/ɯËÖÔÈÐÕɯȹƕȺɯÈÓÓÖÞÐÕÎɯÍÖÙɯ

×ÈÙÛÐÊÐ×ÈÛÐÖÕɯÐÕɯÕÜÊÓÌÖ×ÏÐÓÐÊɯÈÛÛÈÊÒɯÖÍɯ"Ö ɪÛÌÛÏÌÙÌËɯÚÜÉÚÛÙÈÛÌÚɯȹƖȺȭ 
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CoA-SH, which is coupled to the reduction of NAD+ to NADH. NADH  formation is then 

continually monitored by fluorescence on a plate reader. We confirmed that self -acylation 

was linear with respect to time and dependent on the enzyme concentration. Using this 

assay, a dose-dependent decrease in TgACP3 self-acylation activity was observed with 

increasing concentrations of iodoacetamide (Figure 22A). We additionally mutated the 

serine (S45A) residue where attachment of the 4-́ppant arm occurs on TgACP3. This 

mutant was unable to be modified to the holo -ACP by Sfp and was inactive for self-

acylation by MALDI -TOF MS (Figure 22B). These results indicate that the serine that is 

post-translationally modified with the ppant arm is critical to TgACP3 self-acylation, 

consistent with the proposed enzymatic reaction. 142   

Figure 22. /×ÈÕÛɯÈÙÔɯÐÚɯÙÌØÜÐÙÌËɯÍÖÙɯ3Î "/ƗɯÚÌÓÍɪÈÊàÓÈÛÐÖÕȭɯȹ Ⱥɯ!ÓÖÊÒÐÕÎɯÖÍɯÍÙÌÌɯÛÏÐÖÓɯȹɪ

2'ȺɯÖÍɯ3Î "/ƗɯÜÚÐÕÎɯÐÖËÖÈÊÌÛÈÔÐËÌȭɯ3Î "/ƗɯÞÈÚɯÐÕÊÜÉÈÛÌËɯÞÐÛÏÖÜÛɯÐÖËÖÈÊÌÛÈÔÐËÌɯȹ( Ⱥɯ

ÈÕËɯÞÐÛÏɯƕƔƔɯÖÙɯƙƔƔɯϟ,ɯ( ɯÈÕËɯÚÌÓÍɪÈÊàÓÈÛÐÖÕɯÈÊÛÐÝÐÛàɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÞÐÛÏɯƕƙƔɯϟ,ɯ

ÔÈÓÖÕàÓɪ"Ö ȭɯ#ÈÛÈɯÚÏÖÞÕɯÈÚɯÛÏÌɯÈÝÌÙÈÎÌɯǷɯ2$,ɯȹÕǻƖȺȭɯȹ!Ⱥɯ3Î "/Ɨɯ2Ƙƙ ɯ, +#(ɪ3.%ɯ

,2ɯÛÙÈÊÌɯÖÍɯ×ÜÙÐÍÐÌËɯ×ÙÖÛÌÐÕɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯÉÜÍÍÌÙɯȹÙÌËȺȮɯƕƙƔɯϟ,ɯÔÈÓÖÕàÓɪ"Ö ɯȹÉÓÜÌȺȮɯƕƙƔɯ

ϟ,ɯÔÌÛÏàÓÔÈÓÖÕàÓɪ"Ö ɯȹÎÙÌÌÕȺȮɯƕƙƔɯϟ,ɯÚÜÊÊÐÕàÓɪ"Ö ɯȹ×ÜÙ×ÓÌȺȮɯÖÙɯƕƙƔɯϟ,ɯÈÊÌÛÖÈÊÌÛàÓɪ

"Ö ɯȹÖÙÈÕÎÌȺɯÍÖÙɯƖƔɯÏÙɯÈÛɯƗƛɯȘ"ȭɯ3Î "/Ɨɯ2Ƙƙ ɯȻ,Ƕ'ȼǶɯÔɤáɯȹ×ÙÌËÐÊÛÌËȺɯǻɯƝƙƘƜȭƜȮɯ

ȹÖÉÚÌÙÝÌËȺɯǻɯƝƙƘƝȭƙȮɯÞÐÛÏÐÕɯÐÕÚÛÙÜÔÌÕÛɯÌÙÙÖÙȭ 

A B 
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3.5 Kinetic Parameters and Substrate Specificity of TgACPs 

Self-acylation thus far has exclusively been studied in type II systems, therefore 

this activity in a type I PKS system was unexpected. Additionally, apicomplexan PKS 

ACPs appear to be phylogenetically distinct from bacterial and fungal systems and distant  

from known self -acylating ACPs (Figure 23). To further characterize self-acylation activity 

of TgPKS2 ACPs, 10 µM of each purified protein was incubated with varying 

concentrations of mCoA. The rate of NADH production was determined at each mCoA 

concentration using the aforementioned coupled -enzyme assay.20-23 Initial burst reaction 

velocities were plotted as a function of mCoA concentration and subsequently fit to a non -

linear regression (Figure 24A ). Based on these saturation curves, TgACP2ɬ4 showed 

Figure 23. /ÏàÓÖÎÌÕÌÛÐÊɯÊÖÔ×ÈÙÐÚÖÕɯÖÍɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ "/ɯËÖÔÈÐÕÚɯÍÙÖÔɯÛà×Ìɯ(ɯÈÕËɯ((ɯ

ÚàÚÛÌÔÚȭɯ/ÙÖÛÌÐÕÚɯÍÙÖÔɯÒÕÖÞÕɯ/*2ɤ% 2ɯÎÌÕÌɯÊÓÜÚÛÌÙÚɯÈÙÌɯÓÈÉÌÓÌËɯÉàɯËÖÔÈÐÕɯÕÈÔÌȮɯÈÕËɯ

 "/ÚɯÞÐÛÏɯÊÏÈÙÈÊÛÌÙÐáÌËɯÚÌÓÍɪÈÊàÓÈÛÐÕÎɯÈÊÛÐÝÐÛàɯÈÙÌɯËÌÕÖÛÌËɯȹÚÛÈÙȺȭɯ3Î/*2Ɩɯ "/ÚɯÈ××ÌÈÙɯ

ÛÖɯÉÌɯËÐÚÛÐÕÊÛɯÍÙÖÔɯ×ÙÌÝÐÖÜÚÓàɯÒÕÖÞÕɯÚÌÓÍɪÈÊàÓÈÛÐÕÎɯ "/Úȭɯɯ 



 

56 

comparable kinetic values to each other with observed catalytic efficiency ( kcat/Km) values 

of 24 ± 11 nM-1 min -1, 6.4 ± 3.2 nM-1 min -1, and 2.6 ± 1.6 nM-1 min -1, respectively. Although 

TgACPs lack high sequence identity to known self -acylating ACPs (~17ɬ20% identity), 

determined kinetic parameters are comparable to previously characterized type II ACPs 

from PKS and FAS systems (Figure 24B).  

It has been previously shown that FASII self-acylating ACPs have a limited 

substrate pool, showing activity with only malonyl, succinyl, and glutaryl -CoAs, while 

type II PKS ACPs can  also use methylmalonyl-CoA and acetoacetyl-CoAs.142,143 To 

investigate the substrate scope of TgPKS2 ACPs, single point activity assays were 

performed using 150 µM of each respective acyl-CoA and 10 µM of each holo-ACP. From 

this, we observed that TgACP2ɬ4 showed significant activity with mCoA, mmCoA, and 

succinyl-CoA (Figures 25Aɬ25B) while no activity was seen with acetoacetyl -CoA. 

Figure 24.ɯ*ÐÕÌÛÐÊÚɯ ÖÍɯ ÚÌÓÍɪÔÈÓÖÕàÓÈÛÐÖÕȭɯȹ Ⱥɯ 2ÈÛÜÙÈÛÐÖÕɯ ÊÜÙÝÌɯ ÍÖÙɯ3Î "/Ɩɯ ȹ×ÐÕÒȺȮɯ

3Î "/ƗɯȹÉÓÜÌȺȮɯÈÕËɯ3Î "/ƘɯȹÎÙÌÌÕȺɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯÔ"Ö ȭɯ#ÈÛÈɯÈÙÌɯÚÏÖÞÕɯÈÚɯÛÏÌɯ

ÈÝÌÙÈÎÌɯǷɯ2$,ɯȹÕǻƖȺȭɯȹ!Ⱥɯ*ÐÕÌÛÐÊɯ×ÈÙÈÔÌÛÌÙÚɯÖÍɯÚÌÓÍɪÈÊàÓÈÛÐÖÕɯÞÐÛÏɯÔ"Ö ɯÖÍɯ3Î "/Úɯ

ÊÖÔ×ÈÙÌËɯÛÖɯ×ÙÌÝÐÖÜÚÓàɯÊÏÈÙÈÊÛÌÙÐáÌËɯÚàÚÛÌÔÚȭɯ#ÈÛÈɯÈÙÌɯÚÏÖÞÕɯÈÚɯÛÏÌɯÈÝÌÙÈÎÌɯǷɯ2$,ɯ

ȹÕǻƖȺȭɯ-ȭ#ȭɯǻɯÕÖÛɯËÌÛÌÊÛÌË 

A B 
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Interestingly, TgACP1, from the loading module of TgPKS2, as well as DEBS ACP3 

ÚÏÖÞÌËɯÕÖɯÈÊÛÐÝÐÛàɯÈÉÖÝÌɯÛÏÌɯÐÕÚÛÙÜÔÌÕÛɀÚɯÚÐÎÕÈÓɯÛÖɯÕÖÐÚÌɯÞÐÛÏɯÈÕàɯÖÍɯÛÏÌɯÛÌÚÛÌËɯÚÜÉÚÛÙÈÛÌÚɯ

(Figure 25C). Moretto et al. previously demonstrated that Helix -0 (H0) of ACPs can affect 

protein folding and thus may alter subsequent activity. 148 Our designed TgACP1 omits 

H0, therefore we generated an additional construct (TgACP1 long) that contains this H0 

by extending 15 amino acids at the N-terminus. TgACP1 long was purified to 

homogeneity and assessed for self-acylation activity using the coupled -enzyme assay. 

A B 

C 

Figure 25. ϕɪ*ÌÛÖÌÚÛÌÙɯÚÜÉÚÛÙÈÛÌɯÚ×ÌÊÐÍÐÊÐÛÐÌÚɯÖÍɯ3Î "/Úȭɯȹ Ⱥɯ1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯÚÐÕÎÓÌɯ×ÖÐÕÛɯ

ÙÈÛÌÚɯÍÖÙɯÌÈÊÏɯÚÜÉÚÛÙÈÛÌɯȹƕƙƔɯϟ,ȺɯÍÖÙɯ3Î "/ƕɯÈÕËɯ3Î "/ƖȮɯÙÈÛÌÚɯÚÏÖÞÕɯÈÚɯÛÏÌɯÈÝÌÙÈÎÌɯǷɯ

2$,ɯȹÕǻƖȺȭɯȹ!Ⱥɯ"ÏÌÔÐÊÈÓɯÚÛÙÜÊÛÜÙÌÚɯÖÍɯ"Ö ɯÚÜÉÚÛÙÈÛÌÚɯÛÌÚÛÌËȭɯȹ"Ⱥɯ3ÈÉÓÌɯÚÜÔÔÈÙÐáÐÕÎɯÚÜÉɪ

ÚÛÙÈÛÌɯÚÊÖ×ÌɯÖÍɯ3Î "/ÚɯÊÖÔ×ÈÙÌËɯÛÖɯÒÕÖÞÕɯÚÌÓÍɪÈÊàÓÈÛÐÕÎɯ "/Úɯȹ ÊÛ "/ɤ/Í "/ȺɯÈÕËɯ

ÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯÛà×Ìɯ(ɯÔÖËÜÓÈÙɯ/*2ɯ#$!2ɯ "/Ɨɯȹ# "/ƗȺȭɯƕ'ÐÛÊÏÔÈÕȮɯ3ȭ2ȭɯÌÛɯÈÓȭɯȹƕƝƝƜȺɯ

"ÏÌÔȭɯ!ÐÖÓȭɯƙȮɯƗ5ɬ47ȭɯƖ,ÐÚÙÈȮɯ ȭɯÌÛɯÈÓȭɯȹƖƔƔƛȺɯ"ÏÌÔȭɯ!ÐÖÓȭɯƕƘȮɯƛƛ5ɬ783. 
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TgACP1 long was inactive with our substrate scope, indicating that H0 does not influence 

the observed inactivity.  

3.6 Mutational Analysis of TgACP3 

Previous studies on the type II FAS PfACP identified a single acidic residue 

between helix I and helix II, E20, that was critical for self -acylation activity. 142 PfACP E20 

does not align with a TgACP3 acidic residue but the protein contains seven acidic residues 

on helix Iɬhelix IV, three of which are glutamate and the remaining four are aspartate 

residues (Figure 26A ). To investigate if a similar mechanism is responsible for self-

acylation activity of TgPKS2 ACPs, site-directed mutagenesis of these selected TgACP3 

amino acids was performed. Specifically, these acidic residues were individually mutated 

to alanine and the self-acylation activity with mCoA and mmCoA was analyzed through 

MALDI -MS and compared to the wild -type activity ( Figure 26B).   
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Among the proteins tested, TgACP3 E31A showed the most significant decrease 

in activity compared to the wild -type protein for both substrates, with decreases of 0.5- 

and 0.6-fold for mCoA and mmCoA, respectively. TgACP3 E30A and D35A both showed 

an over 1.5-fold increase in activity with mCoA and no change in activity with mmCoA. 

TgACP3 E50A showed a 1.8-fold increase in activity for mCoA, similarly to the E30A and 

D35A mutations, but displayed a decrease in mmCoA activity. TgACP3 D57A and D60A 

exhibited slightly altered activity with mCoA and mmCoA. No change in activity for 

either substrate was observed for TgACP3 D70A compared to the wild -type protein 

(Figure 26B). This study indicates that mCoA and mmCoA reactivity can be differentially 

affected by alteration of specific acidic residues on TgACP3. 

Figure 26ȭɯ,ÜÛÈÛÐÖÕÈÓɯÈÕÈÓàÚÐÚɯÖÍɯ3Î "/Ɨȭɯȹ Ⱥɯ Ó×ÏÈÍÖÓËƖɯÚÛÙÜÊÛÜÙÌɯÖÍɯ3Î "/ƗɯÞÐÛÏɯÛÏÌɯ

Ƙɺɪ×ÏÖÚ×ÏÖ×ÈÕÛÌÛÏÌÐÕàÓɯÈÙÔɯËÖÊÒÌËɯÛÖɯÛÏÌɯÊÖÕÚÌÙÝÌËɯÚÌÙÐÕÌɯÙÌÚÐËÜÌȮɯÌÈÊÏɯÈÊÐËÐÊɯÙÌÚÐËÜÌɯ

ÐÕɯÏÌÓÐßɯ(ɬ(5ɯÐÚɯÓÈÉÌÓÌËɯÈÕËɯÚÏÖÞÕɯÐÕɯÚÛÐÊÒÚȭɯȹ!Ⱥɯ'ÌÈÛɯÔÈ×ɯÚÏÖÞÐÕÎɯÍÖÓËɯÈÊÛÐÝÐÛàɯÞÐÛÏɯ

Ô"Ö ɯÈÕËɯÔÔ"Ö ɯÖÍɯÌÈÊÏɯÈÓÈÕÐÕÌɯÔÜÛÈÕÛɯÊÖÔ×ÈÙÌËɯÛÖɯÞÐÓËɪÛà×Ìɯ3Î "/Ɨȭɯ 

A B 
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3.7 Discussion 

Polyketide synthases from atypical eukaryotic sources have been understudied 

despite compelling evidence that they are unique from previously characterized bacterial, 

fungal, and plant systems.21,27,32,64,79 For example, the apicomplexan parasite T. gondii 

contains multiple PKSs, including TgPKS2, with yet unknown functions. PKSs have been 

predicted to be present in apicomplexans for decades but no products have yet been 

characterized.32 TgPKS2 is expressed in infectious T. gondii life stages, but its mechanism 

and the polyketide product(s) it produces is unknown. 128  

TgPKS2 is a multidomain protein that contains 3 predicted modules with 

hypothesized noncanonical loading and release domains.128 A route to obtaining a 

mechanistic understanding of a PKS is through the isolation and characterization of its 

functional domains, where establishing substrate specificities offer clues to the final 

metabolite generated. To this end, we have previously demonstrated that 2 AT domains 

within  TgPKS2 are capable of malonyl-CoA hydrolysis in vitro, while wild -type AT3 was 

inactive (as a domain) or has a yet unknown substrate.128 In the current work, we sought 

to investigate the transfer of substrate from these AT domains to their cognate ACP 

domain. However, we observed a self-acylation reaction that complicated our initial goal 

to measure transacylation. This finding was unexpected in this system since it has only 

been reported in type II systems to date. However, recent data suggests that all PKSs are 

evolutionarily related and type I PKSs emerged due to mutation, gene fusion, and 

A B 
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duplication events of type II enzymes. This suggests that proposed type II -specific 

mechanisms might be more phylogenetically widespread and highlights the needs to 

assess more divergent type I enzymes.79 Specifically, TgPKS2 ACP2ɬ4 self-acylate with 

mCoA and mmCoA, but ACP1 does not. ACP1 is unable to self-acylate with or without 

H0, which has been shown to influence ACP folding in a previous system. 148 With the 

relatively high sequence similarity among TgPKS2 ACPs (~50%) this difference in activity 

is intriguing. Through chemical inhibition and mutational analyses, we confirmed that 

self-acylation is dependent on the sulfhydryl group on the ppant arm, consistent with the 

proposed mechanism. Given that this activity has not been observed in a type I system to 

date, we sought to characterize this activity within TgPKS2 ACPs. 

We determined that TgACP2ɬ4 had comparable activity to type II systems for self-

malonylation and exhibited activity with all substrates tested aside from acetoacetyl -CoA. 

Thus, TgPKS2 ACP domains may require a terminal carboxyl moiety for self -acylation. 

Perhaps the moiety allows for positioning of the substrate for nucleophilic attack by the 

ppant arm. Remarkably, TgACP1 showed no self-acylation activity with any substrate 

tested. Based on our bioinformatic analysis TgACP1 is in the loading module and lack s a 

definitive cognate AT domain; therefore it is difficult to assess TgACP1 transacylation in 

vitro. This unique loading module arrangement (KS -ACP) has also been observed in a 

Nocardia PKS.149 In this system the stand-alone ACP domain from the loading module is 

modified with malonyl -CoA substrate, whereas in our system ACP1 appears to be 



 

62 

inactive for self -acylation. These differences highlight the need to further explore the 

TgPKS2 loading mechanism. In TgPKS2, it seems relevant that the only ACP domain that 

cannot self-acylate is in the loading module, though further investigation is necessary to 

understand the significance of this observation.  

Previous biochemical studies on the FAS II PfACP demonstrated that a single 

acidic residue between helix I and helix II, E20, was found to impart self -acylation 

activity. 142 PfACP and TgACPs have ~30% identity to one another and multiple sequence 

alignments did not suggest a rational specific residue(s) as responsible for self-acylation 

activity (i.e. present in ACP2ɬ4 but not ACP1). Therefore, we evaluated seven acidic 

residues in reasonable proximity to S45, the site of ppant arm attachment. In particular, 

TgACP3 E31A exhibited decreased self-acylation towards both substrates when compared 

to the wild -type protein. Comparing homology models of PfACP and TgACP3 suggests 

that TgACP3 E31 is located at a similar structural position to E20 of PfACP. While these 

residues are predicted to be a significant distance from the conserved serine, it is possible 

that flexible loop regions between the more rigid alpha helices of these ACPs could allow 

them to participate in thiol deprotonation and activate  the ppant arm for nucleophilic 

ÈÛÛÈÊÒɯÖÍɯϕ-ketoester substrates. 

In contrast to the PfACP study, we did not observe complete elimination of self -

acylation activity after mutation of E31. This difference may be due to the different assay 

methods/conditions utilized in our study or possibly, more factors may be critical to 
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enabling self-acylation activity in TgPKS2 ACPs. Of note, ACP4 is capable of self-acylation 

but does not have an acidic residue that aligns with TgACP3 E31. This suggests that these 

proteins have yet unknown mechanisms responsible for this activity. Interestingly, 

mutation of E30A and D35A on TgACP3 increased activity toward malonyl -CoA with a 

negligible effect on methylmalonyl -CoA activity compared to the wild -type protein. 

Future studies comparing the molecular structures of TgPKS2 ACPs or scanning 

mutagenesis studies could reveal attributes critical to substrate recognition and self-

acylation. It is likely that this activity is due to a number of factors and a cooperative 

nature may exist between substrate binding and self-acylation within these domains. 

Therefore, it would be interesting in future studies to examine the effect of pH and high 

salt (0.5 M) concentration on these reactions. 

Currently, the importance of ACP self -acylation within the context of TgPKS2 

remains unknown. If ACPs exhibit this activity in the full -length protein, it could broaden 

the substrate scope by potentially overriding the selectivity of the AT domains. A self -

acylation mechanism would also circumvent inactive AT domains. The late r point has 

relevance for TgPKS2 AT3, which was found to be inactive as an isolated domain despite 

our prediction that it is active in the context of module 3. 19 Such a self-acylation 

mechanism could also be useful when mCoA pools are low or if structural diversity 

among the molecules is relevant to their molecular function, though these possibilities 

remain to be established. Alternatively, since the affinity of TgPKS2 AT2 (Km = ~ 1 µM) for 
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mCoA appears to be much greater than the affinity of TgACP3 for this substrate (Km =  14 

µM), it is likely that self -acylation would only be relevant under specific conditions. Since 

PKSs have been shown to undergo conformational changes upon substrate binding, self-

acylation could potentially be imparting a regulatory control mechanism to determine the 

product at high concentrations. 150,151 Of note, self-acylation was not observed after 

expression in E. coli, but instead required addition of excess substrate. This further 

highlights the need to explore this activity in a cellular environment to assess its relevance 

to metabolite production. Efforts to understand self -acylation in the context of PKS 

modules are currently underway.  

Altogether, these results demonstrate for the first time the presence of ACP self-

acylation in a type I PKS and pave the way toward a better understanding of these 

proteins in apicomplexan and other eukaryotic systems. Further studies are critical to 

determine if this activity is observed with full -length TgPKS2 and if it influences the 

structure of the generated metabolite. Many challenges exist with these studies such as 

large module size and difficulty in expression of parasitic proteins. Our efforts to 

biochemically characterize domains within this unique protein remain critical to advance 

our understanding of apicomplexan PKSs and set a foundation to resolve the structure 

and function of the final product(s) they produce.  
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3.8 Materials and Methods 

3.8.1 T. gondii RNA Extraction and cDNA Synthesis  

T. gondii type I strain RH  tachyzoite cultures were maintained as described previously in 

a standard tissue culture incubator at 37 °C.88 Parasites were grown for 72 hr and then 

mechanically released from Vero host cell monolayers by passage through a 20-gauge 

needle and filtered through a 3 µm polycarbonate membrane (ThermoFisher Scientific). 

Parasites were pelleted by centrifugation (4000 g, 10 min) and mRNA was extracted using 

a Quick-1- ɯ,ÐÕÐ×ÙÌ×ɯÒÐÛɯȹ-$!ȺɯÈÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌɀÚɯ×ÙÖÛÖÊÖÓȭɯÔ1- ɯȹƙƔƔɯ

ng) was mixed with 1 µL of random primer solution (5 µL total) (ThermoFisher Scientific), 

heated to 70 °C for 5 min, and then incubated on ice for 5 min. cDNA was synthesized 

from each reaction mixture using the GoScript Reverse Transcription System (Promega) 

ÉÈÚÌËɯÖÕɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌɀÚɯ×ÙÖÛÖÊÖÓȭɯ 

3.8.2 Sequencing of TgPKS2 Assembly Gaps  

The annotated genome of the RH strain of T. gondii contains several sequencing gaps 

(GenBank assembly accession: GCA_001593265.1). Therefore, the genome of the closely 

related GT1 strain of T. gondii (GenBank assembly accession: GCA_000149715.2) was used 

as a reference for our sequencing analysis. To resolve sequencing gaps of TgPKS2, regions 

surrounding and overlapping the assembly gaps were PCR amplified from the RH strain 

of T. gondii cDNA using Q5 High -Fidelity DNA Polymerase (NEB). Reactions were run 

on 1% Tris Acetate-EDTA (TAE) agarose gels containing ethidium bromide. Amplicons 
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were extracted and purified using a Monarch® DNA Gel Extraction Kit (NEB), and 

submitted for Sanger sequencing (Eton Bioscience). All primers used for sequencing were 

ordered from Eton Bioscience (Table 3). The complete nucleotide and amino acid 

sequence of TgPKS2 are located in Table 4. TgPKS2 accession number: OR052131. 

Table 3. Plasmids and cloning primers used in Chapter 3. 

          Name             Description    Source 

        Plasmids   

 

T7-TgACP1-His6 

pET-21a(+) 

 

T7-TgACP1 Long-

His6 

pET-21a(+) 

 

T7-TgACP2-His6 

pET-21a(+) 

 

T7-TgACP3-His6 

pET-21a(+) 

 

T7-TgACP4-His6 

pET-21a(+) 

 

T7-DEBS ACP3-

His6 

pET-21a(+) 

 

 

 

TgACP1 Expression Vector (AMP Resistance) 

 

 

TgACP1 Long Expression Vector (AMP Resistance) 

 

 

 

TgACP2 Expression Vector (AMP Resistance) 

 

 

TgACP3 Expression Vector (AMP Resistance) 

 

 

TgACP4 Expression Vector (AMP Resistance) 

 

 

DEBS ACP3 Expression Vector (AMP Resistance) 

 

 

 

 

This Study 

 

 

This Study 

 

 

 

This Study 

 

 

This Study 

 

 

This Study 

 

 

This Study 

 

 

 

 

        Primers    

 

ACP1 FOR 

ACP1 REV 

 

 

 

ƙɀ-AGTGGATCCGAGGCGGTACAGACCCTA -Ɨɀ 

ƙɀ-ATGAAGCTTCAGTTTCTGGGCCAGAAA -Ɨɀ 
 

 

 

 

Eton 

Bioscience 
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ACP1 Long 

FOR 

ACP1 Long 

REV 

 

 

ACP2 FOR 

ACP2 REV 

 

 

ACP3 FOR 

ACP3 REV 

 

 

ACP4 FOR 

ACP4 REV 

 

 

DEBS ACP3 

FOR 

DEBS ACP3 

REV 

 

 

 

ƙɀ-AGCAAATGGGTCGCGGATCCGAGCCTGACCAGATGGC -Ɨɀ 

ƙɀ-AAGCTTGCGGCCGCACTCGACAGTTTCTGGGCCAGAAAGC -Ɨɀ 
 

 

 

 

ƙɀ-AGCCGGATCCAGTTGTCATCAGAGTCAA -Ɨɀ 

ƙɀ-ATGAAGCTT GCTTATAAAGTGGCTCAG -Ɨɀ 

 

 

 

ƙɀ-TGCTTACATATG ATGGCTTCTATGGCTCCG-Ɨɀ 

ƙɀ-TAAGAC CTCGAGTAGGTGATCGCTGACAG -Ɨɀ 

 

 

ƙɀ-AGCCGGATCCATGCACGGAAGCATGGAC -Ɨɀ 

ƙɀ-ATGAAGCTT CATTATAAACTGGATAAT -Ɨɀ 

 

 

 

ƙɀ-AAGC GGATCCGAGCCTGCCCAACGTCTT -Ɨɀ 

ƙɀ-AGCTAAGCTTAGCGTCACCGACAAGGC -Ɨɀ 

 

 

 

 

 

 

Eton 

Bioscience 

 

 

 

Eton 

Bioscience 

 

 

Eton 

Bioscience 

 

 

Eton 

Bioscience 

 

Eton 

Bioscience 

 

Table 4ȭɯ ÔÐÕÖɯÈÊÐËɯÈÕËɯÕÜÊÓÌÖÛÐËÌɯÚÌØÜÌÕÊÌÚɯÍÖÙɯ3Î/*2Ɩȭ 

-ÈÔÌ ɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯɯ2ÌØÜÌÕÊÌ 

3Î/*2Ɩ 

, 2#+30 ++2"+$ 53$/#2$#3/-013# $81%" 510##(3% $%+-15250

%$5/(&/+  *#8$2%22%5%'("$+**$*05-5*322''(('13-1823$-$* 2(2

(5&( "1+/&- *-/&#%635+5$&(# (5/(/2*16-'*$%2$&'2$1&3(85*$
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3.8.3 Expression and Purification of TgACP Constructs  

Domain boundaries for TgACPs were determined through fungiSMASH and BLASTP 

analysis of the TgPKS2 biosynthetic gene cluster and Alphafold2 homology models of 

these proposed domains were evaluated structurally with PyMOL. 96 TgACP1 (TgACP1 

and TgACP1 Long), TgACP2, and TgACP4 were cloned into a pET21a(+) expression vector 

containing an N -terminal T7 tag and a C-terminal His 6 tag. TgACP3 was cloned into a 

pET30b(+) expression vector containing a C-terminal His 6 tag. All plasmids were 

confirmed by sequencing, transformed into E. coli BL21(DE3) BAP1 cells (kind gift of Prof. 

Chaitan Khosla), and then plated on LB agar with 100 µg/mL ampicillin ( TgACP1, 
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TgACP2, TgACP4) or 50 µg/mL kanamycin (TgACP3).144 For expression, cells were grown 

in 4 Fernbach flasks containing 1 L of LB media with appropriate antibiotics at 37 °C and 

250 rpm. At OD600 0.6, protein expression was induced with 0.5 mM IPTG. After 20 hr at 

20 °C cells were collected by centrifugation (4300 g, 30 min) and resuspended in lysis 

buffer (50 mM KH 2PO4, pH 8.0, 200 mM NaCl, 1 mM benzamidine, 5% glycerol (v/v%), 5 

Ô,ɯϕ-mercaptoethanol, 10 mM imidazole) supplemented with 1 cOmplete protease 

inhibitor tablet (Roche). Cells were lysed using a FB120 Sonic Dismembrator (Fisher 

Scientific) and centrifuged (4300 g, 3 hr). The supernatant was incubated overnight with 

Ni -NTA resin (Invitrogen) at 4 °C. After stringent washes with 10 mM imidazole, bound 

protein was eluted with a linear imidazole gradient  (25ɬ150 mM). Fractions containing 

TgACP were exchanged into a low salt buffer (25 mM triethanolamine, pH 8.0, 25 mM 

NaCl, 1 mM DTT, 5% glycerol), applied to an anion exchange HQ/10 column (Applied 

Biosciences) and eluted with a linear salt gradient. Protein purity was assessed by SDS-

PAGE and the identity was confirmed with MALDI. Protein concentration was 

determined using Pierce Coomassie Plus Bradford Assay Reagent (ThermoFisher 

Scientific). Protein yield ranged from 0.5ɬƕȭƔɯÔÎɤ+ȭɯ/ÜÙÌɯ×ÙÖÛÌÐÕɯȹȁɯƝƙǔȺɯÞÈs concentrated 

and stored as 25% glycerol stocks at -80 °C. Amino acid sequences for all ACP constructs 

are shown in Table 5.  

 

Table 5ȭɯ ÔÐÕÖɯÈÊÐËɯÈÕËɯÕÜÊÓÌÖÛÐËÌɯÚÌØÜÌÕÊÌÚɯÍÖÙɯÈÓÓɯ×ÓÈÚÔÐËɯÊÖÕÚÛÙÜÊÛÚɯÐÕɯ"ÏÈ×ÛÌÙɯƗȭ 
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3.8.4 Expression and Purification of DEBS ACP3 

E. coli codon optimized DEBS ACP3 was synthesized (Twist Bioscience) and cloned into a 

pET21a(+) expression vector containing an N-terminal T7 tag and a C-terminal His 6 tag. 

The plasmid was confirmed by sequencing, transformed into E. coli BL21(DE3) BAP1 cells, 

and plated on LB agar with 100 µg/mL ampicillin. For expression, cells were grown in 4 

Fernbach flasks containing 1 L of LB media with 100 µg/mL ampicillin at 37 °C and 250 

rpm. At OD 600 0.6, protein expression was induced with 0.5 mM IPTG. After 20 hr at 20 

°C, cells were collected by centrifugation (4300 g, 30 min) and resuspended in lysis buffer 

(50 mM KH 2PO4, pH 8.0, 200 mM NaCl, 1 mM benzamidine, 5% glycerol (ÝɤÝǔȺȮɯƙɯÔ,ɯϕ-

mercaptoethanol, 10 mM imidazole) supplemented with 1 cOmplete protease inhibitor 

tablet (Roche). Cells were lysed and DEBS ACP3 was purified as described for TgACPs. 

Protein purity was assessed by SDS-PAGE and identity was confirmed with MALDI. 
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Protein concentration was determined using Pierce Coomassie Plus Bradford Assay 

1ÌÈÎÌÕÛɯȹ3ÏÌÙÔÖ%ÐÚÏÌÙɯ2ÊÐÌÕÛÐÍÐÊȺȭɯ/ÜÙÌɯ×ÙÖÛÌÐÕɯȹȁɯƝƙǔȺɯÞÈÚɯÊÖÕÊÌÕÛÙÈÛÌËɯÈÕËɯÚÛÖÙÌËɯÈÚɯ

25% glycerol stocks at -80 °C. 

3.8.5 Circular Dichroism Spectroscopy  

CD spectra were collected using an Aviv Model 435 Circular Dichroism Spectrometer 

(Aviv Biomedical, Inc.). Spectra were collected over a wavelength range of 350 nm to 200 

nm at 25 °C in 10 mM sodium phosphate, pH 7.0, 50 mM NaCl. Protein concentrations 

used were 5ɬ10 µM and all spectra were subtracted from a buffer blank. CD millidegree 

signal was subsequently converted to molar ellipticity.  

3.8.6 Detection of Self-Acylation Products by MALDI-TOF MS  

MALDI -TOF MS was utilized to characterize self-acylation products. 10 µM of each ACP 

was incubated with 150 µM of each acyl-CoA in assay buffer (50 mM sodium phosphate, 

pH 7.6, 1 mM EDTA, 1 mM TCEP, 10% glycerol) for 20 hr at 37 °C. After incubation, 1% 

formic acid was added to quench the reaction and 1 µL of this reaction mixture was added 

to 5 µL HCCA matrix. Samples were spotted on a 384-well MALDI plate and analyzed in 

positive ion mode using a Bruker Autoflex Speed LRF MALDI -TOF System (Bruker 

Daltonic s). For each sample, holo-ACP peak intensity was divided by acyl -ACP peak 

intensity and this ratio was compared to wild -type TgACP3 to determine the fold change 

in activity.  
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3.8.7 Phylogenetic Tree Construction  

A maximum likelihood phylogenetic tree of ACP domain protein sequences from various 

organisms were compiled, including 2 apicomplexan FASII ACP sequences, 3 plant FASII, 

8 bacterial PKSII, 2 mammalian FASI ACPs, 5 fungal iterative PKSI ACPs, 5 apicomplexan 

PKSI sequences, 8 bacterial PKSI, and the E. coli AcpP FASII sequence as an outgroup. All 

sequences used are listed in Table 6, ACP regions were determined by antiSMASH or 

fungiSMASH. 96 Sequences were aligned using Clustal Omega to construct a maximum 

likelihood tree and visualized in iTol. 152,153 

Table 6. Domain name and amino acid sequence of ACPs used to construct 

phylogenetic tree  in Chapter 3.  

Name Amino Acid Sequence  

AcpP 
MSTIEERVKKIIGEQLGVKQEEVTNNASFVEDLGADSLDTVELVMALEEEF

DTEIPDEEAEKITTVQAAIDYINGHQA  

ActACP  
MATLLTTDDLRRALVECAGETDGTDLSGDFLDLRFEDIGYDSLALMETAA

RLESRYGVSIPDDVAGRVDTPRELLDLINGALAEAA  

TetACP 
MPQIGLPRLVEIIRECAGDPDERDLDGDILDVTYQDLGYDSIALLEISAKLE

QDLGVSIPGEELKTPRHTLHLVNTETAGEVA  

OxyACP 
MTLLTLSDLLTLLRECAGEEESIDLGGDVEDVAFDALGYDSLALLNTVGRI

ERDYGVQLGDDAVEKATTPRALIEMTNASLTGASPSAGGAARDK  

FrenACP 
MSALTVDDLKKLLAETAGEDDSVDLAGELDTPFVDLGYDSLALLETAAV

LQQRYGIALTDETVGRLGTPRELLDEVNTTPATA  

BnACP 

MSTTFCSSVSMQATSLAATTRISFQKPGLVSRTNLSFNLRRSIPTRLSVSCAA

KPETVEKVSKIVKKQLSLKDDQKVVAETKFADLGADSLDTVEIVMGLEEE

FDIEMAEEKAQKIATVEEAAELIEELVQAKK  

CasACP 

MASVTGTSISMASFKASLAPSRVSNLRSVSLPIKGKSFAPLRMRSARFVVCC

AAKPETVEKVCAIVKKQLALPDDSAVTGESKFATLGADSLDTVEIVMGLE

EEFGINVEEESAQSIATVQDAADLIEKLIEKKSG  

SpnACP 

MASITGSSVSFKCAPLQSSFNSKNYALKSSVTFWRRTPVMPRGLSVSCAAK

PEMVTKVSDIVKSQLALAEDAKVTGETKFSEIGADSLDTVEIVMKLEEEFG

VTVEEENAQTITTIQEAADMIEALQQNK  
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PfACP 

MKILLLCIIFLYYVNAFKNTQKDGVSLQILKKKRSNQVNFLNRKNDYNLIK

NKNPSSSLKSTFDDIKKIISKQLSVEEDKIQMNSNFTKDLGADSLDLVELIM

ALEEKFNVTISDQDALKINTVQDAIDYIEKNNKQ  

TgACP 

MEMHPRNAGRKTLLALALFMATSIASSYGFVSPGLIRFNYRYGTCPNMSS

GVCATPSTASLGTLGQPAGTVARRPGPFRSVSANVIGSPSSALFAADEASS

DDRPLLERVKDVVADQLGVDRARINPESNFIKDLDADSLDSVELVMAFEE

KFGVSIPDEEASKIATVQDALSYIEKAKSATA  

TgPKS2 ACP1 
EAVQTLVLQTVRQILKEAVSIHRDVSLKTLGIDSLAAVEFRDSLQESLGISLP

ASLIFDFPTIDDVCGFLAQKL  

TgPKS2 ACP2 
SCHQSQSLRKTYTHDELIRLVTEACRRVIGTDSEPDVRTPLQELGIDSLGAV

AFRDALEDTFHLKFPATILFDHPHLDALSHFIS  

TgPKS2 ACP3 
MASMAPDELRALIQATVSGAAKQVLGTAEEPPADAPLQALGIDSLGAVE

FRNAVQDAFDIRLSATLLFDYPSVQAVSDHL  

TgPKS2 ACP4 
MHGSMDIQGVESAVIDVARRLCGAEGIVSASTEISSLGLDSLGAVEFRNAL

QEALKIKLPASLLVEYACLKDIIQFIM  

EtPKS1 ACP1 
SMTPEQLKEHVTKVVIDTARQVLGAAEVPPLDSPLQELGIDSLGAVELRN

GLAQRLGVKLSATTLFDYPTIGAIINYIQNQ  

HsACP 
RDSQRDLVEAVAHILGIRDLAAVNLDSSLADLGLDSLMSVEVRQTLEREL

NLVLSVREVRQLTLRKLQELSSKADEAS 

MmACP  
HGDGDTQRDLVKAVAHILGIRDLAGINLDSTLADLGLDSLMGVEVRQILE

REHDLVLPMREVRQLTLRKLQEMSSKTDSAT  

Alt5 ACP  
EAVQLITAAIAQRLASLMMIPEADIDAGRPLSAYGVDSLVAVEVRNWVA

REMAVEVSVFDVMQNVPMTQLAQNLAEKS  

Dep5 ACP 
SLVRDHFISKLARVLLLDQDEFDDDGSGRSIASYGIDSMIGAELRNWIFKEL

GLDVAFQQLLSPSLTISKFAELVCAAQ  

LovB ACP 
QIVIDGLSAKLQVTLQIPDGESVHPTIPLIDQGVDSLGAVTVGTWFSKQLYL

DLPLLKVLGGASITDLANEAAARL  

FusA ACP1 
FCTKLERLLQAEAGSVKTSQSLLGLGVDSLVAAEIRSWFLKELEVDTPVLEI

LNTASITELCS 

PikAIII ACP  
PALLTLVRTHAAAVLGHSSPDRVAPGRAFTELGFDSLTAVQLRNQLSTVV

GNRLPATTVFDHPTPAALAAHLHEAY  

EryAII ACP1  
LELVANAVAEVLGHESAAEINVRRAFSELGLDSLNAMALRKRLSASTGLR

LPASLVFDHPTVTALAQHLRARL  

MlaA1 ACP1 
LELVRLRTAIVLGHLSTDTVEVGQAFRELGMDSTMAVQLRQNLVNITGLN

LPETVVFDHPSPSRLARRLIE 

BecA ACP1 
LAGLPADERSREALELVRLRTAIVLGHLSTDGVDVGQAFRELGMDSTMA

VQLRQNLVDITGLALPETVVFDYASPSRLASRLCE  

NorB ACP 
ELVRGQVAAVLGHPTAETVDPQRPFKELGFDSLTAVELRNRLGAMTGLT

LPSTLVFDHPTPDALTDAIEARL  

AsuC5 
ILKEILDEVAEIPADQVALESSFVDDLELDSLSIVSVFVLVQRRFGVEVPNEI

FDRLSTVGRAVAYL  

ColC5 
DEIREIVAEALEIEPEEMTETSSFVDDHDGDSLRAIEILARLEKRYGVEIPQSE

LPKMGNLRAVYD  
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EncC 
ILSECSGDEQALAQGDDILDREFEVLGYDSLVLLETSAQLKHRYDIDIPEDV

IRDLKTPRAVLEYVN  

OvmS 
ESVDLDSADFLDSEFEALGYESLALLETGGRIEREFGITLDDTALTDATTPR

ALIEVVNA  

 

 

3.8.8 Self-Acylation Activity Assays 

The self-acylation activity of ACPs was determined as previously described. 97,118,128,129 

Briefly, reactions were run with 10 µM purified recombinant ACP with varying acyl -CoA 

concentrations (0ɬ150 mM). A control reaction without ACP was run in parallel. Each 

assay reaction consisted of three different solutions all prepared in assay buffer (50 mM 

sodium phosphate, pH 7.6, 1 mM EDTA, 1 mM TCEP, 10% glycerol). Solution 1 contained 

aKGDH, NAD+, TPP, and alpha-ketoglutaric acid (4X the final concentration). Solution 2 

contained the acyl-CoA substrate (4X the final concentration). Solution 3 contained the 

ACP (2X the final concentration) and 0.1 mg/mL BSA. To initiate the reaction, 25 µL of 

solution 1, 25 µL of solution 2, and 50 µL of solution 3 were added to a black polystyrene 

costar 96-well plate (Corning) to a final volume of 100 µL. The final reaction contained 50 

mM sodium phosphate, pH 7.6, 10% glycerol, 1 mM TCEP, 1 mM EDTA, 0.4 mU/mL 

aKGDH, 0.4 mM NAD+, 0.4 mM TPP, 2 mM alpha-ketoglutaric acid, 0.05 mg/mL BSA, 

and varying acyl -CoA concentrations. Fluorescence signals were measured at 460 nm with 

excitation at 360 nm on an Envision Multimode Plate Reader (PerkinElmer). 

Measurements were taken over a period of 15ɬ20 min. Data analysis and determination 
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of kinetic values were performed using Prism GraphPad. A calibration curve was 

completed with known NADH standards.  

3.8.9 Iodoacetamide Inhibition of TgACP3  

Free thiols (-SH) on TgACP3 were selectively blocked using iodoacetamide. 10 µM 

TgACP3 was incubated with 100 µM or 500 µM iodoacetamide for 30 min at room 

temperature in the dark. Activity was subsequently assessed using the fluorescent 

coupled-enzyme assay as described above. 

3.8.10 Site-Directed Mutagenesis of TgACP3  

All  acidic residues near the ppant arm and S45 of TgACP3 were individually mutated to 

alanine using the Q5 Site-#ÐÙÌÊÛÌËɯ,ÜÛÈÎÌÕÌÚÐÚɯ*ÐÛɯȹ-$!Ⱥɯ×ÌÙɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌɀÚɯ×ÙÖÛÖÊÖÓȭɯ

Primers are included in Table 7. All constructs (TgACP3 E30A, TgACP3 E31A, TgACP3 

D35A, TgACP3 S45A, TgACP3 E50A, TgACP3 D57A, TgACP3 D60A and TgACP3 D70A) 

were verified by sequencing (Eton Bioscience) and protein was purified as described 

above. 

Table 7. TgACP3 site-directed mutagenesis primers used in Chapter 3.  

Primer Name  Sequence 

ACP3 E30A FOR 5 -́ACAGCCGCAGAGCCGCC -3  ́

ACP3 E30A REV 5 -́CCCAAGGACTTGCTTTGCT -3  ́

ACP3 E31A FOR 5 -́GACGCTCCACTTCAAGCCCTAGG -3  ́

ACP3 E31A REV 5 -́GGCTGGCGGCGCTTCGGCTGT-3  ́
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ACP3 D35A FOR 5 -́CCAGCCGCAGCTCCACTTC -3  ́

ACP3 D35A REV 5 -́CGGCTCTTCGGCTGTCCC-3  ́

ACP3 S45A FOR 5 -́AGGTATCGACGCATTAGGTGCTGTTG -3  ́

ACP3 S45A REV 5 -́AGGGCTTGAAGTGGAGCG -3  ́

ACP3 E50A FOR 5 -́GGTGCTGTTGCATTTAGGAATGC -3  ́

ACP3 E50A REV 5 -́TAAACTGTCGATACCTAGGGC -3  ́

ACP3 D57A FOR 5 -́CCGTTCAGGCAGCTTTCGACATTAG -3  ́

ACP3 D57A REV 5 -́CATTCCTAAACTCAACAGCAC -3  ́

ACP3 D60A FOR 5 -́GGACGCTTTCGCAATTAGGTTGTC -3  ́

ACP3 D60A REV 5 -́TGAACGGCATTCCTAAACTC -3  ́

ACP3 D70A FOR 5 -́TACGCTTCTTTTTGCATATCCAAGCGTC -3  ́

ACP3 D70A REV 5 -́GCGGACAACCTAATGTCGAAAG -3  ́

 

3.9 Individual Contributions of Collaborators 

AMK and JGG performed protein purification and hydrolysis kinetic assays. AMK 

performed molecular modeling, phylogenetic analysis, site -directed mutagenesis, 

MALDI -TOF MS assays, sequence alignments, and circular dichroism spectroscopy. HKD 

performed T. gondii culturing, cDNA extractions, and TgPKS2 sequencing analyses. AMK 

and ERD designed experiments and analyzed the data.  
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4. Exploring the Chain Release Mechanism of TgPKS2 

Portions of this chapter are adapted from the publication " Exploring the Chain Release 

Mechanism from an Atypical Apicomplexan Polyketide Synthase."  By Keeler, A.M.; 

Petruzziello , P.E.; Boger, E.G.; #ɀ ÔÉÙÖÚÐÖȮɯ'ȭ*ȭȰɯand Derbyshire, E.R. 

4.1 Introduction 

Natural products comprise a large class of bioactive molecules with uses ranging 

from anti -cancer and anti-parasitic therapeutics to biofuels and insecticides.16ɬ18,154ɬ156 As 

such, the biomachinery responsible for these compounds is exceptionally diverse. 

Polyketides, formed by polyketide synthases (PKSs), comprise the carbon scaffolds of 

many pharmaceutically important compounds. 18 Among PKSs, modular type I PKSs are 

perhaps the most well-characterized. These proteins are megaenzymes that are organized 

into distinct modules composed of enzyme domains tethered by short amino acid linkers.  

Additional tailoring enzymes are often present that modify the growing backbone 

metabolite. At the end of these assembly-line PKSs, substrate release must occur to liberate 

the product which can be further derivatized by post -PKS enzymes.  

Multiple chain -release mechanisms are known to exist such as canonical type I and 

II thioesterases (TEs), thioester reductases (TRs), oxygenases, FabH-like enzymes, 

standalone cyclases, and KS or AT-mediated chain release.157ɬ161 The most common release 

mechanisms present in PKSs are TE and TR domains which operate in very difficult 

mechanisms to release completed metabolites. TE domains for instance take the growing 

metabolite from the adjacent carrier protein domain by way of a c onserved serine residue, 

forming a covalent bond. After this, an intra or intermolecular nucleophile can undergo 
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an attack of the ester to release the metabolite from the TE domain often as a carboxylic 

acid or lactone (Figure 27).157,162  

 TR domains on the other hand do not covalently attach to the growing metabolite 

but instead make a non-covalent interaction with the adjacent carrier protein and 

coordinates both the tethered metabolite and NAD(P)H into the active site  using a 

Thr/Ser-Tyr -Lys catalytic triad  (Figures 28AɬB). TR domains can undergo one or two 

rounds of reduc tion to release either an aldehyde (2e- reduction) or primary alcohol  (4e- 

reduction) , which can then undergo additional reactions by accessory enzymes.162 Given 

the tail groups  afforded by TR domains , natural products produced by these enzymes 

often have significant biologically relevant activity such as leupeptin (protease inhibitor), 

myxochelin A (siderophore), and azinomycin B (DNA alkylating agent), and many can 

undergo further functionalization by post -processing enzymes.163ɬ165 However, few TR 

Figure 27. .ÝÌÙÝÐÌÞɯÖÍɯÛÏÐÖÌÚÛÌÙÈÚÌɯȹ3$ȺɯËÖÔÈÐÕÚȭɯ&ÙÖÞÐÕÎɯÔÌÛÈÉÖÓÐÛÌÚɯÈÙÌɯÛÙÈÕÚÍÌÙÙÌËɯ

ÊÖÝÈÓÌÕÛÓàɯÍÙÖÔɯÈÕɯÈÊàÓɯÊÈÙÙÐÌÙɯ×ÙÖÛÌÐÕɯÛÖɯÛÏÌɯ3$ɯËÖÔÈÐÕɯÛÏÙÖÜÎÏɯÈɯÊÖÕÚÌÙÝÌËɯÊÈÛÈÓàÛÐÊɯ

ÚÌÙÐÕÌɯÙÌÚÐËÜÌȭɯ3ÏÌɯÊÖÔ×ÓÌÛÌËɯÔÌÛÈÉÖÓÐÛÌɯÐÚɯÛÏÌÕɯÙÌÓÌÈÚÌËɯÉàɯÐÕÛÙÈɯÖÙɯÐÕÛÌÙÔÖÓÌÊÜÓÈÙɯ

ÕÜÊÓÌÖ×ÏÐÓÐÊɯÈÛÛÈÊÒɯÖÍÛÌÕɯÉàɯÞÈÛÌÙȭ 
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domains have been biochemically characterized to date, causing a lack of knowledge on 

their conserved properties, particularly in atypical systems. 166ɬ168 

Herein, we sought to investigate the TgPKS2 thioester reductase domain, termed 

TgTR, given the importance of release mechanism s in polyketide formation. Our 

bioinformatic analysis indicates large differences in putative apicomplexan reductase 

domains, like TgTR, when compared to better characterized bacterial and fungal systems. 

TgTR contains an atypical predicted catalytic triad, and we demonstrate that it is capable 

of 4-electron (4e-) reduction in vitro  of a thioester substrate mimic solely utilizing NA DH 

as a cofactor. We also establish an interaction between TgTR and the predicted cognate 

ACP, TgACP4, where TgTR binds to the ACP and reduces an ACP-tethered substrate in 

vitro. Collectively, these findings demonstrate that TgPKS2 is distinct from previously 

characterized systems in bacteria and fungi and paves the way for further study of PKSs 

in atypical sources such as apicomplexans and other protists. 

Figure 28. .ÝÌÙÝÐÌÞɯÖÍɯÛÏÐÖÌÚÛÌÙɯÙÌËÜÊÛÈÚÌɯȹ31ȺɯËÖÔÈÐÕÚȭɯȹ Ⱥɯ3ÏÌɯÈËÑÈÊÌÕÛɯÈÊàÓɯÊÈÙÙÐÌÙɯ

×ÙÖÛÌÐÕɯÔÈÒÌÚɯÕÖÕɪÊÖÝÈÓÌÕÛɯÐÕÛÌÙÈÊÛÐÖÕÚɯÞÐÛÏɯÛÏÌɯ31ɯËÖÔÈÐÕɯÛÖɯÐÕÚÌÙÛɯÛÏÌɯÛÌÛÏÌÙÌËɯ

ÔÌÛÈÉÖÓÐÛÌɯÐÕÛÖɯÛÏÌɯÈÊÛÐÝÌɯÚÐÛÌɯÞÏÌÙÌɯƕɪƖɯÙÖÜÕËÚɯÖÍɯÙÌËÜÊÛÐÖÕɯÖÊÊÜÙÚɯÜÚÐÕÎɯ- #ȹ/Ⱥ'ɯÈÚɯÈɯ

ÊÖÍÈÊÛÖÙɯÛÖɯÎÌÕÌÙÈÛÌɯÈÕɯÈÓËÌÏàËÌɯÖÙɯ×ÙÐÔÈÙàɯÈÓÊÖÏÖÓȭɯȹ!Ⱥɯ3ÏÌɯ31ɯÊÈÛÈÓàÛÐÊɯÛÙÐÈËɯÐÚɯ

ÊÓÈÚÚÐÊÈÓÓàɯÊÖÔ×ÖÚÌËɯÖÍɯ3ÏÙɤ2ÌÙɪ3àÙɪ+àÚɯÙÌÚÐËÜÌÚɯÛÏÈÛɯÊÖÖÙËÐÕÈÛÌɯ- #ȹ/Ⱥ'ɯÈÕËɯÚÜÉÚÛÙÈÛÌɯ

ÍÖÙɯÙÌËÜÊÛÐÖÕȭɯ 

A B 
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Design and execution of experiments have been conducted through a collaborative 

effort by Keeler, A.M. (AMK); Petruzziello, P.E. (PEP); Boger, E.G. (EGB); #ɀ ÔÉÙÖÚÐÖȮɯ

'ȭ*ȭɯȹ'*#ȺȰɯÈÕËɯ#ÌÙÉàÚÏÐÙÌȮɯ$ȭ1ȭɯȹ$1#Ⱥȭɯ ɯËÌÛÈÐÓÌËɯÈÊÊÖÜÕÛɯÖÍɯÌÈÊÏɯÈÜÛÏÖÙɀÚɯÊÖÕÛÙÐÉÜÛÐÖÕɯ

is given at the end of this chapter. 

 

4.2 Bioinformatic Analysis of TgTR 

The minimum boundaries of the TgTR domain (5775ɬ6177 amino acids) from 

TgPKS2 (Figure 29A ) were identified with BLASTP analysis and evaluation of a homology 

model. We conducted a phylogenetic analysis of TgTR, comparing it to other organisms 

that encode terminal TR domains. We found that apicomplexan PKS TRs appear to be 

phylogenetically distinct from those in bacterial and fungal systems ( Figure 29B). From 

this we observed that TgTR was most similar to the TR domains from the related 

apicomplexans Neospora caninum and Besnoitia besnoiti (~89% and ~71%, respectively). 

With this knowledge, we performed a comparative analysis within the apicomplexan 

phylum. Although PKS genes are known to exist in many species of apicomplexan, they 

appear restricted to the Coccidia sub-class.26,32,128 These species include Cryptosporidium 

spp., Eimeria spp., and Neospora spp. among others. Using BLASTP and fungiSMASH we 

analyzed the best assembled genomes for several species of Coccidia and compared 
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putative protein identity to TgTR (Figure 29C). Each prospective TR domain had 

significant similarity (89 ɬ30%) to TgTR. 

4.3 Cloning, Expression, and Purification of TgTR 

The predicted TgTR domain was analyzed to ensure that the construct contained 

all previously reported requisite motifs and folds (Figure 30A ).130 This TR construct was 

cloned from an E. coli codon optimized sequence into an expression vector harboring an 

Figure 29ȭɯ/ÏàÓÖÎÌÕÌÛÐÊɯÈÕÈÓàÚÐÚɯÖÍɯ3$ɯÈÕËɯ31ɯËÖÔÈÐÕÚɯÈÓÐÎÕÌËɯÉàɯ"ÓÜÚÛÈÓ6ȭɯȹ Ⱥɯ

#ÖÔÈÐÕɯÈÙÊÏÐÛÌÊÛÜÙÌɯÖÍɯ3Î/*2ƖɯÎÌÕÌɯÊÓÜÚÛÌÙȭɯ3Î/*2Ɩɯ"ɪÛÌÙÔÐÕÜÚɯÊÖÕÛÈÐÕÚɯÈɯ×ÜÛÈÛÐÝÌɯ

ÛÏÐÖÌÚÛÌÙɯÙÌËÜÊÛÈÚÌɯȹ31ȺɯËÖÔÈÐÕɯÛÏÈÛɯÐÚɯ×ÙÌËÐÊÛÌËɯÛÖɯÙÌÓÌÈÚÌɯÔÌÛÈÉÖÓÐÛÌÚȭɯȹ!Ⱥɯ/ÏàÓÖÎÌÕÌÛÐÊɯ

ÛÙÌÌɯÖÍɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ3$ɯÈÕËɯ31ɯ×ÙÖÛÌÐÕÚɯÍÙÖÔɯÒÕÖÞÕɯÛà×Ìɯ(ɯÈÕËɯ((ɯ/*2ɯÎÌÕÌɯÊÓÜÚÛÌÙÚɯ

ÓÈÉÌÓÌËɯÉàɯËÖÔÈÐÕɯÕÈÔÌȮɯ3Î31ɯÐÚɯËÌÕÖÛÌËɯÉàɯÈɯÚÛÈÙȭɯ ×ÐÊÖÔ×ÓÌßÈÕɯ31ÚɯÈ××ÌÈÙɯÛÖɯÉÌɯ

ËÐÚÛÐÕÊÛɯÍÙÖÔɯ×ÙÌÝÐÖÜÚÓàɯËÌÚÊÙÐÉÌËɯÚàÚÛÌÔÚȭɯȹ"Ⱥɯ!ÖÖÛÚÛÙÈ×ɯÊÖÕÚÌÕÚÜÚɯÛÙÌÌȮɯÜÚÐÕÎɯ,$& ƕƕȮɯ

ÖÍɯ×ÜÛÈÛÐÝÌɯÈ×ÐÊÖÔ×ÓÌßÈÕɯ"ÖÊÊÐËÐÈɯ31ɯËÖÔÈÐÕÚȮɯÊÖÓÖÙɯËÌÕÖÛÌÚɯ×ÌÙÊÌÕÛɯÐËÌÕÛÐÛàɯÖÍɯÌÈÊÏɯ

ËÖÔÈÐÕɯÛÖɯ3Î31ȭɯȹ!ɪ"Ⱥɯ-ÜÔÉÌÙÚɯÈÛɯÉÙÈÕÊÏɯ×ÖÐÕÛÚɯÈÙÌɯÊÖÕÍÐËÌÕÊÌɯ×ÌÙÊÌÕÛÈÎÌɯÝÈÓÜÌÚɯÖÍɯ

ÌÈÊÏɯÊÓÈËÌɯÜÚÐÕÎɯÛÏÌɯÉÖÖÛÚÛÙÈ×ɯÔÌÛÏÖËɯȹÕǻƕƔƔƔȺȭɯ 

A 

B C 
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N-terminal maltose binding protein (MBP) and C -terminal His 6-tag. This construct was 

expressed in E. coli BL21(DE3) where we observed the MBP-tag was requisite for the 

Figure 30ȭɯ3Î/*2ƖɯÛÏÐÖÌÚÛÌÙɯÙÌËÜÊÛÈÚÌɯȹ31ȺɯËÖÔÈÐÕȭɯȹ Ⱥɯ Ó×ÏÈÍÖÓËƖɯÏÖÔÖÓÖÎàɯÔÖËÌÓɯÖÍɯ

3Î31ɯȹÊÈÙÛÖÖÕȺȭɯ3ÏÌɯ×ÜÛÈÛÐÝÌɯÈÊÛÐÝÌɯÚÐÛÌɯÖÍɯ3Î31ɯÞÈÚɯÐËÌÕÛÐÍÐÌËɯÉàɯ×ÌÙÍÖÙÔÐÕÎɯÈɯÚÛÙÜÊÛÜÙÈÓɯ

ÈÓÐÎÕÔÌÕÛɯÞÐÛÏɯÛÏÌɯÔàßÈÓÈÔÐËɯÙÌËÜÊÛÈÚÌɯËÖÔÈÐÕɯȹ/#!ɯ(#ȯɯƘ4ƛ6ȺȮɯ- #/'ɯÐÚɯÙÌÛÈÐÕÌËɯ

ÍÙÖÔɯÛÏÌɯ/#!ɯÚÛÙÜÊÛÜÙÌɯȹÚÛÐÊÒÚȺȭɯ(ÕÚÌÛɯÚÏÖÞÚɯÛÏÌɯ×ÙÌËÐÊÛÌËɯÊÈÛÈÓàÛÐÊɯÛÙÐÈËɯÙÌÚÐËÜÌÚɯÖÍɯ3Î31ȭɯ

 ÕÕÖÛÈÛÌËɯÔÖÛÐÍÚɯÈÕËɯÐÔ×ÖÙÛÈÕÛɯÙÌÎÐÖÕÚɯÖÍɯ3Î31ɯÈÙÌɯÚÏÖÞÕɯÉÌÓÖÞɯÛÏÌɯÚÛÙÜÊÛÜÙÌȭɯȹ!Ⱥɯ2#2ɪ

/ &$ɯÎÌÓɯȹÓÌÍÛɯ×ÈÕÌÓȺɯÈÕËɯÞÌÚÛÌÙÕɯÉÓÖÛɯȹÙÐÎÏÛɯ×ÈÕÌÓȺɯÖÍɯ×ÜÙÐÍÐÌËɯ3Î31ȭɯ+ÈÕÌɯƕȮɯ!ÌÕÊÏ,ÈÙÒɯ

ÓÈËËÌÙȰɯ+ÈÕÌɯƖȮɯ×ÜÙÐÍÐÌËɯ3Î31ȭɯɯɯɯ 

A 

B 
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expression of soluble protein. After expression, TgTR was purified by Ni -NTA affinity 

ÊÏÙÖÔÈÛÖÎÙÈ×ÏàɯÍÖÓÓÖÞÌËɯÉàɯÈÕÐÖÕɯÌßÊÏÈÕÎÌɯÊÏÙÖÔÈÛÖÎÙÈ×ÏàɯÛÖɯÏÖÔÖÎÌÕÌÐÛàɯȹȁƝƙǔȺȭɯ

Protein purity was determined by SDS -PAGE and identity was confirmed by western 

blot (Figure 30B). Purified TgTR yield was 0.5 mg/L.  

4.4 TgTR Utilizes NADH for Reduction  

We sought to determine the identity of the TgTR cofactor and probe the ability of 

the domain to utilize a non -native substrate. To this end, we employed a fluorescence 

assay using octanoyl-CoA (OCoA) as a substrate analog. This non-native substrate was 

selected because it has previously been utilized to characterize a TR domain in a related 

system and the native substrate of TgTR is unknown. 167 Further, given the modular 

organization of TgPKS2 and the often observed promiscuity of TR domains, we predicted 

the protein could utilize a 8 -10 membered substrate. In this assay, reduction of OCoA by 

Figure 31. .ÊÛÈÕÖàÓɪ"Ö ɯÙÌËÜÊÛÐÖÕɯÉàɯ3Î31ȭɯ-ÖÙÔÈÓÐáÌËɯÍÓÜÖÙÌÚÊÌÕÊÌɯÖÍɯ- #'ɯÊÖÕÛÙÖÓɯ

ÞÐÛÏÖÜÛɯÌÕáàÔÌɯȹÉÓÜÌɯÛÙÈÊÌȺȮɯ- #/'ɯÞÐÛÏɯ3Î31ɯȹÎÙÌÌÕɯÛÙÈÊÌȺȮɯ- #'ɯÞÐÛÏɯ3Î31ɯȹÙÌËɯ

ÛÙÈÊÌȺȮɯÈÕËɯ- #'ɯÞÐÛÏɯÉÖÐÓÌËɯ3Î31ɯȹ×ÜÙ×ÓÌɯÛÙÈÊÌȺɯÔÖÕÐÛÖÙÌËɯƔɬƕƚɯÔÐÕȭɯ ÓÓɯÙÌÈÊÛÐÖÕÚɯ

ÊÖÕÛÈÐÕÌËɯƙƔƔɯϟ,ɯÖÊÛÈÕÖàÓɪ"Ö ɯÈÕËɯƕƔɯϟ,ɯ3Î31ȮɯÞÏÌÙÌɯÐÕËÐÊÈÛÌËȭɯ2ÈÔ×ÓÌÚɯÞÌÙÌɯ

ÕÖÙÔÈÓÐáÌËɯÛÖɯÛÏÌɯÕÖɯÌÕáàÔÌɯÊÖÕÛÙÖÓȭ 
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TgTR utilizing NADH or NADPH causes cofactor oxidation to NAD+ or NADP+, 

respectively, which can be continuously monitored by a decrease in fluorescence on a 

plate reader. Using this assay, we observed consumption of NADH by TgTR (10 µM) in 

the presence of OCoA substrate, and no activity is seen in a parallel boiled enzyme control 

reaction (Figure 31). Interestingly, a reduction of NADPH was not observed in the 

presence of TgTR and OCoA. Reactions with TgTR and the corresponding aldehyde, 

octanal, demonstrated a similar  reduction of NADH but not NADPH over time . Thus, 

TgTR solely utilizes NADH as a hydride source and appears capable of reducing non-

native substrates, OCoA and octanal, indicating some level of promiscuity as has been 

previously observed for TR domains. 166ɬ168  

4.5 TgTR Catalyzes 4e- Reduction in vitro  

To validate the reduction of OCoA and determine whether TgTR can perform two 

rounds of reduction to form the primary alcohol we employed gas chromatography mass 

spectrometry (GCMS). Purified TgTR (10 µM) was incubated with 500 µM OCoA or 

octanal for 20 hr at room temperature. Reactions were quenched and extracted with 

CHCl 3, derivatized with N,O-Bis(trimethylsilyl)acetamide (BSA), and then analyzed by 

GCMS. We observed that the authentic BSA-derivatized octanol eluted at ~6.7 minutes 

with a m/z of 187.20, which corresponds to neutral loss of a methyl group. 167 In our 

reaction with TgTR and octanoyl-CoA, a peak with an identical retention time and mass 

to the octanol standard was observed. This peak was not observed in a boiled TgTR 
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control reaction that was run in parallel ( Figure 32A ). Further, we incubated TgTR with 

octanal under the same reaction conditions and observed a similar reduction to octanol. 

Again, this reduction of octanal was not observed in a boiled enzyme control reaction 

(Figure 32B). These experiments indicate that TgTR can perform the 4e- reduction of 

octanoyl-CoA to octanol and the 2e- reduction of octanal to octanol in vitro.  

 

Figure 32. 1ÌËÜÊÛÐÖÕɯÖÍɯÛÏÐÖÌÚÛÌÙɯÈÕËɯÈÓËÌÏàËÌɯÚÜÉÚÛÙÈÛÌÚɯÉàɯ3Î31ȭɯȹ Ⱥɯ&",2ɯÌßÛÙÈÊÛÌËɯ

ÐÖÕɯÊÏÙÖÔÈÛÖÎÙÈÔɯÈÛɯƕƜƛȭƖƔɯÔɤáɯÖÍɯÛÏÌɯƘɯÌÓÌÊÛÙÖÕɯÙÌËÜÊÛÐÖÕɯÖÍɯÖÊÛÈÕÖàÓɪ"Ö ɯÛÖɯÖÊÛÈÕÖÓɯ

ÜÚÐÕÎɯ- #'ȮɯÍÖÓÓÖÞÌËɯÉàɯ!2 ɯËÌÙÐÝÈÛÐáÈÛÐÖÕȭɯ ÕɯÈÜÛÏÌÕÛÐÊɯÚÛÈÕËÈÙËɯÖÍɯ!2 ɪËÌÙÐÝÌËɯ

ÖÊÛÈÕÖÓɯȹÉÓÈÊÒɯÛÙÈÊÌȺȮɯ!2 ɪËÌÙÐÝÈÛÐáÌËɯ×ÙÖËÜÊÛÚɯÞÐÛÏɯƕƔɯϟ,ɯ3Î31ɯȹÙÌËɯÛÙÈÊÌȺȮɯÈÕËɯÈɯ

ÕÌÎÈÛÐÝÌɯÊÖÕÛÙÖÓɯÙÌÈÊÛÐÖÕɯÊÖÕÛÈÐÕÐÕÎɯÉÖÐÓÌËɯÌÕáàÔÌɯȹÎÙÌàɯÛÙÈÊÌȺɯÈÙÌɯÚÏÖÞÕȭɯɖɯËÌÕÖÛÌÚɯÈÕɯ

ÜÕÐËÌÕÛÐÍÐÌËɯÐÔ×ÜÙÐÛàɯ×ÙÌÚÌÕÛɯÐÕɯÖÊÛÈÕÖàÓɪ"Ö ȭɯȹ!Ⱥɯ&",2ɯÌßÛÙÈÊÛÌËɯÐÖÕɯÊÏÙÖÔÈÛÖÎÙÈÔɯÈÛɯ

ƕƜƛȭƖƔɯÔɤáɯÖÍɯÛÏÌɯƖɯÌÓÌÊÛÙÖÕɯÙÌËÜÊÛÐÖÕɯÖÍɯÖÊÛÈÕÈÓɯÛÖɯÖÊÛÈÕÖÓɯÜÚÐÕÎɯ- #'ȮɯÍÖÓÓÖÞÌËɯÉàɯ!2 ɯ

ËÌÙÐÝÈÛÐáÈÛÐÖÕȭɯ  Õɯ ÈÜÛÏÌÕÛÐÊɯ ÚÛÈÕËÈÙËɯ ÖÍɯ !2 ɪËÌÙÐÝÌËɯ ÖÊÛÈÕÖÓɯ ȹÉÓÈÊÒɯ ÛÙÈÊÌȺȮɯ !2 ɪ

ËÌÙÐÝÈÛÐáÌËɯ×ÙÖËÜÊÛÚɯÞÐÛÏɯƕƔɯϟ,ɯ3Î31ɯȹÙÌËɯÛÙÈÊÌȺȮɯÈÕËɯÈɯÕÌÎÈÛÐÝÌɯÊÖÕÛÙÖÓɯÙÌÈÊÛÐÖÕɯ

ÊÖÕÛÈÐÕÐÕÎɯÉÖÐÓÌËɯÌÕáàÔÌɯȹÎÙÌàɯÛÙÈÊÌȺɯÈÙÌɯÚÏÖÞÕȭɯ"ÖÙÙÌÚ×ÖÕËÐÕÎɯÙÌÈÊÛÐÖÕÚɯÚÊÏÌÔÌÚɯ

ÚÏÖÞÕɯÜÕËÌÙɯÚ×ÌÊÛÙÈȭ 

A B 
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4.6 Kinetic Parameters and Substrate Specificity of TgTR  

To further characterize TgTR, purified protein (10 µM) was incubated with 

varying concentrations of substrate, OCoA or octanal, and the NADH signal was 

monitored over time. The rate of NADH consumption was determined at each substrate 

concentration using the aforementioned fluorescence assay and quantitated using a 

calibration curve with known standards . We confirmed that NADH consumption was 

linear with respect to time for OCoA and octanal . Initial burst reaction velocities were 

plotted as a function of th e substrate concentration and subsequently fit to a non-linear 

regression (Figure 33A ). Based on these saturation curves, TgTR exhibited an observed kcat 

Figure 33. *ÐÕÌÛÐÊÚɯÖÍɯÚÜÉÚÛÙÈÛÌɯÙÌËÜÊÛÐÖÕɯÉàɯ3Î31ȭɯ2ÈÛÜÙÈÛÐÖÕɯÊÜÙÝÌɯÍÖÙɯ3Î31ɯÐÕɯÛÏÌɯ

×ÙÌÚÌÕÊÌɯÖÍɯÖÊÛÈÕÖàÓɪ"Ö ɯȹÙÌËȺȮɯÖÊÛÈÕÈÓɯȹÉÓÈÊÒȺȮɯÖÙɯËÌÊÈÕÈÓɯȹÉÓÜÌȺȭɯ$ÈÊÏɯÙÌÈÊÛÐÖÕɯÊÖÕÛÈÐÕÌËɯ

ƕƔɯϟ,ɯ3Î31ɯÈÕËɯƕƔƔɯϟ,ɯ- #'ȭɯȹ!Ⱥɯ*ÐÕÌÛÐÊɯ×ÈÙÈÔÌÛÌÙÚɯÖÍɯÚÜÉÚÛÙÈÛÌɯÙÌËÜÊÛÐÖÕȭɯ#ÈÛÈɯÈÙÌɯ

ÚÏÖÞÕɯÈÚɯÛÏÌɯÈÝÌÙÈÎÌɯǷɯ2$,ɯȹÕȁƗȺȭ 

A 
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= 0.15 min-1 with an observed kcat/Km = 1.1 ± 0.5 nM-1 min -1 for octanoyl -CoA. The observed 

TgTR catalytic efficiency value was slightly improved (~4 -fold) for octanal, where the 

determined kcat = 0.64 min-1 and kcat/Km = 4.1 ± 0.6 nM-1 min -1. While TgTR lacks high 

sequence similarity (~24% similarity) to previously characterized Mycobacterium spp. TR 

and CAR domains, their kinetic parameters are comparable.166,168,169 To further explore the 

substrate pocket size we evaluated TgTR activity with the 10 -carbon aldehyde, decanal. 

The determined saturation curves show that TgTR exhibited an observed kcat = 0.34 min-1 

with an observed kcat/Km = 1.5 ± 0.3 nM-1 min -1 for decanal (Figure 33B). Thus far, relatively 

little is known about the binding affinity of OCoA and octanal, commonly used non -

native substrates, to TR domains. Therefore, we first conducted a thermal shift assay 

(TSA) to determine if a shift in TgTR melting temperature (Tm) occurs upon cofactor or 

Figure 34. 3Î31ɯ3ÔɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯÊÖÍÈÊÛÖÙɯÖÙɯÚÜÉÚÛÙÈÛÌȭɯȹ Ⱥɯ,ÌÓÛÐÕÎɯÛÌÔ×ÌÙÈÛÜÙÌɯ

ȹ3ÔȺɯÖÍɯ3Î31ɯÞÐÛÏɯÊÖÍÈÊÛÖÙɯÈÕËɯÚÜÉÚÛÙÈÛÌɯÔÐÔÐÊÚȭɯ3ÔɯÞÈÚɯÊÈÓÊÜÓÈÛÌËɯÉàɯÛÈÒÐÕÎɯÛÏÌɯÍÐÙÚÛɯ

ËÌÙÐÝÈÛÐÝÌɯ ÖÍɯ ÛÏÌɯ ÍÓÜÖÙÌÚÊÌÕÊÌɯ ÝÈÓÜÌÚɯ ÍÙÖÔɯ Èɯ ÛÏÌÙÔÈÓɯ ÚÏÐÍÛɯ ÈÚÚÈàɯ ÞÐÛÏɯ ÙÌÚ×ÌÊÛɯ ÛÖɯ

ÛÌÔ×ÌÙÈÛÜÙÌȭɯ#ÈÛÈɯÈÙÌɯÚÏÖÞÕɯÈÚɯÛÏÌɯÈÝÌÙÈÎÌɯǷɯ2$,ɯȹÕǻƗȺȭɯɖ×ɯǾɯƔȭƔƙȭɯȹ!Ⱥɯ1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯ

ËÌÙÐÝÈÛÐÝÌɯËÈÛÈɯÜÚÌËɯÛÖɯÊÈÓÊÜÓÈÛÌɯÛÏÌɯ3ÔɯÍÖÙɯÌÈÊÏɯÊÖÕËÐÛÐÖÕȭɯ3ÔÚɯÈÙÌɯÐÕËÐÊÈÛÌËɯÉàɯÝÌÙÛÐÊÈÓɯ

ÓÐÕÌÚȭ 

A B 
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substrate addition. We observed that NADH, octanoyl -CoA, and octanal increased the 

TgTR Tm compared to the DMSO control, which is indicative of a binding interaction that 

stabilizes the protein (Figures 34AɬB).  

We then used isothermal titration calorimetry (ITC) to measure the dissociation 

constants (KD) of cofactor and substrates to TgTR. We observed that NADH binds to TgTR 

with a KD of 7.64 ± 0.59 µM, comparable to other TR domains.166,170 In contrast, no 

significant heat change was observed with NADPH, indicating it does not bind to TgTR. 

Octanoyl-CoA and octanal were found to have KD values of 89.6 ± 3.9 µM and 146 ± 31 

µM, respectively, when titrated into TgTR in the presence of excess NADH (Figure 35). 

Of note, in the absence of cofactor only small heats of substrate binding were observed 

such that a poor signal-to-noise ratio made the ITC data challenging to fit. This 

observation is consistent with a previous study on ketoreductase domains from 

Mycobacteria ulcerans, where substrate binding was also measured in the presence of 

excess cofactor.171 

Figure 35. !ÐÕËÐÕÎɯÈÍÍÐÕÐÛàɯÛÖɯ3Î31ȭɯ!ÐÕËÐÕÎɯËÐÚÚÖÊÐÈÛÐÖÕɯȹ*#ȺɯÝÈÓÜÌÚɯÍÖÙɯ×ÖÚÚÐÉÓÌɯ3Î31ɯ

ÚÜÉÚÛÙÈÛÌÚɯÈÕËɯÊÖÍÈÊÛÖÙÚɯËÌÛÌÙÔÐÕÌËɯÉàɯ(3"ȭɯ/ÙÌÐÕÊÜÉÈÛÐÖÕɯÞÐÛÏɯÌßÊÌÚÚɯ- #'ɯÊÖÍÈÊÛÖÙɯȹƕɯ

Ô,ȺɯÉÌÍÖÙÌɯ(3"ɯÛÐÛÙÈÛÐÖÕɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯÞÏÌÙÌɯÕÖÛÌËȭɯ5ÈÓÜÌÚɯÚÏÖÞÕɯÈÚɯÈÝÌÙÈÎÌɯǷɯ2$,ɯ

ȹÕǻƖɪƘɯÐÕËÌ×ÌÕËÌÕÛɯÔÌÈÚÜÙÌÔÌÕÛÚȺȭɯ-ȭ.ȭɯǻɯÕÖÛɯÖÉÚÌÙÝÌËȭɯ 
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4.7 TgTR Binds to the Cognate Acyl Carrier Protein  

TR domains do not covalently bind to the growing metabolite directly, as opposed 

to TE domains; therefore, we sought to evaluate a possible protein-protein interaction 

between TgTR and the final ACP in TgPKS2, the predicted cognate domain to TgTR, holo-

TgACP4. Using ITC, we observed that holo-TgACP4 had a KD value of 5.75 ± 0.77 µM to 

TgTR in the presence of excess NADH. This binding affinity is similar to that of ACPs to 

PKS domains in other systems.82,171ɬ173 ITC data is included in Figure 35.  

TR domains have been shown to make protein-protein interactions that allow for 

insertion of the ACP ppant arm into the active site. To better explore this, we modeled this 

protein -protein interaction first by TgTR electrostatics and then with HADDOCK docking 
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software (Figure 36A ).174,175 From this model, the interface area was calculated as ~1012 Å2 

using PISA, which is 19.7% of the surface area of TgACP4 and 5.1% of the surface area of 

TgTR. This contact area is similar in size to other ACP-complexes and emphasizes the 

transient nature of these interactions.82,176ɬ178 Further, TgACP4 binding appears to block 

the TgTR active site, indicating that the complex must dissociate before substrate and 

cofactor could be released and a second round of reduction can be performed. TgACP4 

makes numerous predicted electrostatic interactions with the N - and C- terminal domain 

of TgTR, particularly via residues within the interhelical region between helix II and III 

(Figure 36B). The serine (S41) residue where attachment of the 4-́ppant arm occurs on 

Figure 36. 3Î31ɯÈÕËɯ3Î "/ƘɯËÖÊÒÐÕÎɯÐÕÛÌÙÈÊÛÐÖÕÚȭɯȹ Ⱥɯ' ##."*ɯƖȭƘɯ×ÙÖÛÌÐÕɪ×ÙÖÛÌÐÕɯ

ËÖÊÒÐÕÎɯÔÖËÌÓɯÖÍɯ3Î "/Ƙɯȹ×ÐÕÒȺɯÈÕËɯ3Î31ɯȹÎÙÌàȺȭɯ+ÖÊÈÛÐÖÕɯÖÍɯÊÖÕÚÌÙÝÌËɯÚÌÙÐÕÌɯÞÏÌÙÌɯ

ÈÛÛÈÊÏÔÌÕÛɯÖÍɯƘɺɪ××ÈÕÛɯÈÙÔɯÖÊÊÜÙÚɯÐÚɯËÌÕÖÛÌËɯÉàɯÈɯÚÛÈÙȮɯÛÏÌɯÊÈÛÈÓàÛÐÊɯÛÙÐÈËɯÖÍɯ3Î31ɯÐÚɯ

ÊÐÙÊÓÌËȭɯ ÓÓɯÈÕÈÓàÚÐÚɯÞÈÚɯÊÖÔ×ÓÌÛÌËɯÖÕɯÔÖËÌÓÚɯÎÌÕÌÙÈÛÌËɯÐÕɯ Ó×ÏÈ%ÖÓËƖȭɯȹ!Ⱥɯ$ÓÌÊÛÙÖÚÛÈÛÐÊɯ

ÐÕÛÌÙÈÊÛÐÖÕÚɯÖÍɯ3Î "/ƘɯÙÌÚÐËÜÌÚɯȹÎÙÌÌÕɯÚÛÐÊÒÚȺɯÞÐÛÏɯ3Î31ɯÙÌÚÐËÜÌÚɯȹÎÙÌàɯÚÛÐÊÒÚȺɯÙÌÓÈÛÐÝÌɯÛÖɯ

ÛÏÌɯÊÈÛÈÓàÛÐÊɯÛÙÐÈËɯȹÖÙÈÕÎÌɯÛÙÐÈÕÎÓÌȺȭɯ/ÙÌËÐÊÛÌËɯÐÕÛÌÙÈÊÛÐÖÕÚɯÈÙÌɯÚÏÖÞÕɯÈÚɯËÖÛÛÌËɯÉÓÈÊÒɯÓÐÕÌÚȮɯ

×ÙÖÛÌÐÕÚɯÈÙÌɯËÌ×ÐÊÛÌËɯÈÚɯÙÐÉÉÖÕÚȭɯ,ÌÈÚÜÙÌÔÌÕÛɯÐÚɯÚÏÖÞÕɯÖÍɯ3Î "/Ƙɯ2ƘƕɯÙÌÚÐËÜÌɯÞÏÌÙÌɯ

ÈÛÛÈÊÏÔÌÕÛɯÖÍɯÛÏÌɯƘɺɪ××ÈÕÛɯÈÙÔɯÖÊÊÜÙÚɯÛÖɯÛÏÌɯÊÌÕÛÌÙɯÖÍɯÔÈÚÚɯȹÖÙÈÕÎÌɯÛÙÐÈÕÎÓÌȺɯÖÍɯÛÏÌɯ

×ÙÌËÐÊÛÌËɯÊÈÛÈÓàÛÐÊɯÛÙÐÈËȯɯ-ƕƘƛȮɯ8ƕƝƗȮɯ*ƕƝƛȮɯÚÏÖÞÕɯÈÚɯÚÛÐÊÒÚȭ 

A B 
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TgACP4 is located in reasonable proximity, 12.0 Å, from the center of mass of the 

predicted catalytic triad: N147, Y193, and K197. This distance is similar to that previously 

obtained from a model of the myxalamid system. 168  

4.8 TgTR Catalyzes Reduction of an ACP-Tethered Substrate 

We demonstrated that TgTR can recognize and reduce both a CoA-tethered 

substrate and free aldehyde. To further characterize this enzyme, we probed whether 

TgTR can reduce a ppant-tethered substrate attached to the predicted cognate TgACP4. 

We incubated purified apo -TgACP4 (10 µM), with octanoyl -CoA and purified Sfp 179 

phosphopantetheinyl transferase to attach the octanoyl moiety  at 37 °C for 3 hr. This 

reaction generated octanoyl-S-TgACP4 (predicted 11,540.1 m/z), which was confirmed by 
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the LCMS ion at 11,540.8 m/z. Octanoyl-S-TgACP4 was next incubated with TgTR and 

NADH overnight at room temperature and the reactions were analyzed by LCMS. We 

observed a decrease in the peak corresponding to octanoyl-S-TgACP4 upon incubation 

with TgTR but no apparent decrease of this peak in buffer or a boiled enzyme control 

reaction. Concurrently, we observed an increase in holo-TgACP4 upon incubation with 

TgTR but no apparent increase in buffer or the boiled enzyme control reaction (Figure 37). 

These observations suggest that TgTR can reduce ACP-bound substrates in vitro . 

Figure 37. 1ÌËÜÊÛÐÖÕɯÖÍɯ "/ɪÛÌÛÏÌÙÌËɯÚÜÉÚÛÙÈÛÌȭ 1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯ+",2ɯÌßÛÙÈÊÛÌËɯÐÖÕɯ

ÊÏÙÖÔÈÛÖÎÙÈÔÚɯÖÍɯƕƗǶɯÊÏÈÙÎÌɯÚÛÈÛÌɯÍÖÙɯÖÊÛÈÕÖàÓɪ2ɪ3Î "/ƘɯÈÕËɯÏÖÓÖɪ3Î "/ƘɯÞÐÛÏɯȹÙÌËɯ

ÛÙÈÊÌȺɯÈÕËɯÞÐÛÏÖÜÛɯȹÉÓÈÊÒɯÛÙÈÊÌȺɯÐÕÊÜÉÈÛÐÖÕɯÞÐÛÏɯ3Î31ȭɯ1ÌÈÊÛÐÖÕÚɯÞÐÛÏɯÉÖÐÓÌËɯ3Î31ɯȹÎÙÌàɯ

ÛÙÈÊÌȺɯÞÌÙÌɯÐÕÊÓÜËÌËɯÍÖÙɯÉÖÛÏɯÚÜÉÚÛÙÈÛÌÚȭɯ1ÌÈÊÛÐÖÕɯÚÊÏÌÔÌɯÚÏÖÞÕɯÉÌÓÖÞɯÚ×ÌÊÛÙÈȭ 
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4.9 Probing TgKS5 Activity 

Our sequence alignments and homology models indicate that the KS domain 

preceding TgTR, TgKS5, contains a conventional Cys-His-His catalytic triad and therefore 

is predicted to be active. To test this, we examined its capability to perform substrate 

decarboxylation as previously reported for other loading KS and KS Q domains.149 We first 

cloned, expressed and purified TgKS5. We also generated malonyl-S-TgACP4 by 

incubating TgACP4 with Sfp and malonyl -CoA. TgKS5 was then incubated the malonyl-

S-TgACP4 for 3 hr at room temperature and the reaction was evaluated using LCMS. We 

Figure 38. In vitro  investigation of TgKS5 domain.  Representative LCMS extracted ion 

chromatograms of 13+ charge state for malonyl-S-TgACP4 and acetyl-TgACP4 with (red 

trace) and without (black trace) incubation with TgTR. Reactions with boiled TgTR (grey 

trace) included as a control. No increased formation of acetyl-TgACP4 was observed. 

Reaction scheme shown below plots. 
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did not observe formation of acetyl -S-TgACP4 as the LCMS trace with enzyme was the 

same as that from the boiled enzyme control reaction (Figure 38). We additionally 

incubated TgKS5 with octanoyl -TgACP4 with and without TgTR, but saw no significant 

change by LCMS (data not shown).  

4.10 Mutational Analysis of TgTR 

All previously characterized TR domains from bacteria and fungi contain a highly 

conserved Thr-Tyr -Lys catalytic triad. Intriguingly, TgTR contains a putative Asn-Tyr -Lys 

catalytic triad. To investigate how ubiquitous this motif may be, we generated a multiple 

sequence alignment of TgTR with other characterized TR domains and predicted 

coccidian TR domains. Interestingly, all TR domains retained the critical tyrosine residue, 

but Coccidia TR domains have amino acid replacements within the catalytic triad. 

Specifically, the canonical threonine residue was replaced by asparagine or glutamate and 

the lysine residue was replaced with arginine i n some apicomplexan TR domains (Figure 

39A ). To explore the importance of the catalytic Asn, we generated, expressed, and 

purified a TgTR N147T mutant to mimic the catalytic triad from bacteria and fungi. We 

then assessed the ability of TgTR N147T to utilize cofactors. Using a fluorescence assay 

with octanal substrate, we observed significant consumption of NADH by TgTR N147T 
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(10 µM) and a slight consumption of NADPH ( Figure 39B). This ability to utilize NADPH 

was not seen with the wild -type (WT) enzyme. 

To explore differences in the catalytic activity of the TgTR N147T mutant, we 

determined single-point binding activity with OCoA and octanal at saturating substrate 

Figure 39. "ÏÈÙÈÊÛÌÙÐáÈÛÐÖÕɯ ÖÍɯ3Î31ɯ -ƕƘƛ3ȭɯȹ Ⱥɯ "ÈÛÈÓàÛÐÊɯ ÛÙÐÈËɯ ÐËÌÕÛÐÛàɯ ÖÍɯ Ɯɯ

ÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ ÉÈÊÛÌÙÐÈÓɤÍÜÕÎÈÓɯ 31ɯ ÚÌØÜÌÕÊÌÚɯ ȹÓÌÍÛɯ ×ÈÕÌÓȺɯ ÈÕËɯ Ɯɯ ÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ

È×ÐÊÖÔ×ÓÌßÈÕɯÊÖÊÊÐËÐÈÕɯ31ɯÚÌØÜÌÕÊÌÚɯȹÙÐÎÏÛɯ×ÈÕÌÓȺȭɯ3ÏÌɯ×ÙÌÝÈÓÌÕÊÌɯÖÍɯÌÈÊÏɯÈÔÐÕÖɯÈÊÐËɯȹƕɯ

ÓÌÛÛÌÙɯÊÖËÌȺɯÐÕɯÛÏÌɯÚÌØÜÌÕÊÌÚɯÐÚɯÚÏÖÞÕɯÈÚɯÈɯ×ÌÙÊÌÕÛÈÎÌȭɯȹ!Ⱥɯ-ÖÙÔÈÓÐáÌËɯÍÓÜÖÙÌÚÊÌÕÊÌɯÖÍɯ

- #'ɯÊÖÕÛÙÖÓɯÞÐÛÏÖÜÛɯÌÕáàÔÌɯȹÉÓÜÌɯÛÙÈÊÌȺȮɯ- #/'ɯÞÐÛÏɯ3Î31ɯ-ƕƘƛ3ɯȹÎÙÌÌÕɯÛÙÈÊÌȺȮɯ

- #'ɯÞÐÛÏɯ3Î31ɯ-ƕƘƛ3ɯȹÙÌËɯÛÙÈÊÌȺȭɯ ÓÓɯÙÌÈÊÛÐÖÕÚɯÊÖÕÛÈÐÕÌËɯƙƔƔɯϟ,ɯÖÊÛÈÕÖàÓɪ"Ö ɯÈÕËɯ

ƕƔɯϟ,ɯ3Î31ɯ-ƕƘƛ3ȮɯÞÏÌÙÌɯÐÕËÐÊÈÛÌËȭɯ2ÈÔ×ÓÌÚɯÞÌÙÌɯÕÖÙÔÈÓÐáÌËɯÛÖɯÛÏÌɯÕÖɯÌÕáàÔÌɯÊÖÕÛÙÖÓȭɯ

ȹ"Ⱥɯ1ÌÓÈÛÐÝÌɯÙÈÛÌÚɯÖÍɯÙÌËÜÊÛÐÖÕɯÉÌÛÞÌÌÕɯ63ɯ3Î31ɯÈÕËɯ3Î31ɯ-ƕƘƛ3ɯÞÐÛÏɯÚÈÛÜÙÈÛÐÕÎɯ

ÖÊÛÈÕÖàÓɪ"Ö ɯȹƖȭƙɯÔ,ȺɯÈÕËɯ- #'ɯȹƕƔƔɯϟ,Ⱥȭɯ#ÈÛÈɯÚÏÖÞÕɯÈÚɯÛÏÌɯÈÝÌÙÈÎÌɯǷɯ2$,ɯȹÕȁƗȺȭɯ

ȹ#Ⱥɯ1ÌÓÈÛÐÝÌɯÙÈÛÌÚɯÖÍɯÙÌËÜÊÛÐÖÕɯÉÌÛÞÌÌÕɯ63ɯ3Î31ɯÈÕËɯ3Î31ɯ-ƕƘƛ3ɯÞÐÛÏɯÚÈÛÜÙÈÛÐÕÎɯ

ÖÊÛÈÕÈÓɯȹƖȭƙɯÔ,ȺɯÈÕËɯ- #'ɯȹƕƔƔɯϟ,Ⱥȭɯ#ÈÛÈɯÚÏÖÞÕɯÈÚɯÛÏÌɯÈÝÌÙÈÎÌɯǷɯ2$,ɯȹÕǻƗȺȭɯ

2ÐÎÕÐÍÐÊÈÕÊÌɯÞÈÚɯËÌÛÌÙÔÐÕÌËɯÜÚÐÕÎɯÈÕɯÜÕ×ÈÐÙÌËɯÛɪÛÌÚÛȰɯɖɖɖ×ɯǾɯƔȭƔƔƕȰɯÕÚȯɯÕÖÛɯÚÐÎÕÐÍÐÊÈÕÛȭ 

A 

B C D 
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and NADH concentrations. We observed that TgTR N147T exhibited a significant increase 

(~4-fold) in activity with OCoA compared to WT TgTR, but no significant change was 

observed with octanal (Figures 39C and 39D ).  

4.11 Discussion  

The presence of PKS biosynthetic gene clusters in apicomplexans has been known 

for over 20 years, but no PKS products have been characterized.26,32 This represents a 

significant gap in our understanding of secondary metabolism in these organisms and the 

function of the molecules they generate. TgPKS2 contains a putative release di-domain 

that is unusual as it contains a KS and TR domain. Predominantly a thioester reductase or 

thioesterase is preceded by an ACP domain. TR domains such as the terminal reductase 

domain of TgPKS2, appear highly conserved in coccidian parasites. In fact, BLASTP 

analysis suggests the presence of a KS domain preceding these TR domains is widespread 

in apicomplexans; suggesting that while  these domains are distinct from previously 

characterized systems, our bioinformatic analysis suggests there may be a conserved 

mechanism for substrate release by PKSs within these organisms. As PKS release 

mechanisms influence the structure and activity o f the final metabolite, we sought to 

characterize TgTR. 

TgTR only utilizes NADH, not NADPH, as the cofactor hydride source for 

reduction of both CoA and aldehyde substrates. Interestingly, TgTR N147T, which 

replaces Asn to mimic the catalytic triad in bacteria, was capable of NADPH reduction, 
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though this activity was limited compared to NADH reduction. These results are 

interesting as the threonine residue within the catalytic triad is predicted to only play a 

role in stabilizing the substrate carbonyl through hydrogen bonding, and the asparagi ne 

residue would also contain free hydrogen atoms capable of this function. Potentially, this 

mutation to the smaller amino acid, threonine, opens the binding pocket to accommodate 

NADPH, or perhaps it repositions a basic residue to stabilize the phosphate moiety. Of 

note, WT TgTR shows no activity with NADPH for either CoA or aldehyde substrates, 

ÚÜÎÎÌÚÛÐÕÎɯÛÏÈÛɯÛÏÌɯ"Ö ɯÎÙÖÜ×ɯÐÚɯÕÖÛɯÙÌÚ×ÖÕÚÐÉÓÌɯÍÖÙɯÛÏÌɯÐÕÊÖÔ×ÈÛÐÉÐÓÐÛàɯÞÐÛÏɯÛÏÌɯƖɀ-

phosphate. Alternatively, threonine may be positioned to better stabilize the thioester 

carbonyl as opposed to asparagine, facilitating the initial rate -limiting reduction to the 

aldehyde. This could account for the increase in the octanoyl-CoA reduction rate in the 

mutant versus WT TgTR. Our findings suggests that the triad aids i n TgTR cofactor 

selectivity, but biochemical and structural data on TRs with non -typical catalytic residues 

are critical to establish their selectivity and mechanisms. It remains possible that these 

proteins exhibit significant variability which has been obser ved within the SDR family, or 

these enzymes might be specifically tuned to accommodate their native substrate 

scaffolds.180 

TgTR was able to use octanoyl-CoA, an 8-carbon thioester, as a substrate mimic 

and catalyze its 4-electron reduction to the primary alcohol, octanol, at a rate comparable 

to previously characterized reductase enzymes.166,168,169 From primary sequence analysis, 
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we were unable to distinguish previously characterized TR domains that undergo 4 -

electron versus 2-electron reduction of substrates. It is likely that the ability to halt 

reduction after generation of the aldehyde is more subtle than primary sequence analysis 

of this domain can discern. For example, there could be structural features such as domain 

movements during catalysis or intramolecular cyclization like the iminopeptides 

nostocyclopeptide M1 and koranimine. 169,181,182 Alternatively, other enzymes may be 

present that can sequester the aldehyde. In the biosynthesis of cyclizidines, transaminases 

react with the aldehyde, while oxidases react with the aldehyde in the biosynthesis of 

tropolone. 183,184 Thus while TgTR is capable of 4-electron reduction, it is possible that T. 

gondii contains other stand-alone domains that limit reduction to the aldehyde that we 

have yet to identify.  

In addition to octanoyl -CoA, TgTR can reduce free aldehydes (octanal and 

decanal) as well as react with a CoA-tethered substrate. The determined catalytic 

efficiency values show a ~4-fold increase in the reduction rate of octanal compared to 

octanoyl-CoA, suggesting that the first reduc tion step is rate-limiting. This is similar to 

other characterized TR systems and is proposed to stem from the difference in 

electrophilicity between the thioester and aldehyde. 185 Interestingly, TgTR binds to 

octanoyl-CoA with greater affinity than octanal, suggesting interactions between the CoA 

arm and the reductase binding channel. TgTR can also accommodate a 10-carbon substrate 

but the catalytic efficiency for decanal was ~2.7-fold lower when compared to octanal. 
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Although the identity of the native substrate of TgTR is unknown, these findings indicate 

it can accommodate polyketides between 8ɬ10 carbons in length. Enzymes in this family 

often exhibit promiscuity, but this substrate length is rational given the modular 

organization of TgPKS2. Additional studies in T. gondii parasites will be critical to 

definitively determine the native substrate.  

Several previously characterized TR domains necessitate the initial binding of the 

cognate ACP domain to coordinate substrate reduction and are unable to reduce CoA-

tethered substrates.168,169 While ACP binding is not requisite for TgTR activity, we 

demonstrated that TgTR binds to TgACP4 and it is capable of reacting with octanoyl -S-

TgACP4. We further sought to understand the role of the KS domain in this reaction as 

the KS-TR di-domain is unusual. In our hands, TgKS5 was inactive in vitro  using a well -

established assay. This suggests that TgKS5 is not capable of a decarboxylative Claisen 

condensation reaction. This inactivity is not surprising based on its presence at the 

terminal end of TgPKS2, where decarboxylation of an ACP-tethered substrate would 

likely be non -productive. It remains possible that TgKS5 is a tailoring enzyme that 

interacts with the mature TgACP4-tethered substrate before reductive release by TgTR. In 

fact, there are several examples of tailoring domains that occur immediately before a 

release domain, such as methyltransferase domains preceding TR domains in the 

biosynthesis of stipitatic acid and xenovulene A, or a sulfotransferase domain preceding 

a thioesterase domain in the curacin A PKS from Lyngbya majuscula.184,186,187 However, 
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further investigation is necessary to determine the role of this unique di -domain and its 

influence on the polyketide structure and function.  

Altogether, these studies demonstrate the activity of the TR domain in TgPKS2 and 

deepen our understanding of chain release mechanisms in atypical organisms such as 

apicomplexan parasites. Our biochemical studies further highlight distinctions in this 

system from previously characterized PKSs. Further studies on the function of  the KS-TR 

di -domain and the TgTR reduction reaction (2e- vs 4e-) in parasites will advance our 

mechanistic understanding. These may aid in the outstanding questions concerning the 

TgTR native substrate and the metabolite generated by TgPKS2. Significant challenges 

exist to answering these questions in the obligate intracellular pathogen T. gondii. Thus 

efforts to biochemically characterize domains within this megaprotein are important steps 

to lay the ground work to elucidate the structure and function of the secondary metabolite 

product(s) from this apicomplexan PKSs. 

4.12 Materials and Methods 

4.12.1 Expression and Purification of TgTR  

Domain boundaries for the TgTR were determined through fungiSMASH and 

BLASTP analysis of the TgPKS2 biosynthetic gene cluster against other thioester reductase 

domains.96,188 An Alphafold2 homology model of the proposed domain was evaluated 

structurally with PyMOL. 189 E. coli codon optimized TgTR was cloned into a pMAL -c2X 

expression vector (kind gift of Paul Riggs, Addgene #75286) containing an N-terminal 
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maltose binding protein (MBP) tag and a C-terminal His 6 tag. Plasmids were confirmed 

by sequencing (Eton Bioscience) and co-transformed into E. coli BL21(DE3) with pACYC -

GroES/EL-TF (kind gift of Karl Griswold, Addgene #83923) containing GroES/EL and 

Trigger Factor protein folding chaperones. Cells were plated on LB agar supplemented 

with 100 µg/mL ampicillin and 25 µg/mL chloramphenicol. For expressi on, cells were 

grown in 4 Fernbach flasks containing 1 L of LB media with appropriate antibiotics at 37 

°C and 250 rpm. At OD 600 1.0, the temperature was reduced to 20 °C and protein 

expression was induced with 0.1 mM IPTG. After 20 hr at 20 °C cells were collected by 

centrifugation (4300 g, 30 min) and resuspended in lysis buffer (50 mM KH 2PO4, pH 8.0, 

ƖƔƔɯÔ,ɯ-È"ÓȮɯƕɯÔ,ɯÉÌÕáÈÔÐËÐÕÌȮɯƙǔɯÎÓàÊÌÙÖÓɯȹÝɤÝǔȺȮɯƙɯÔ,ɯϕ-mercaptoethanol, 10 mM 

imidazole) supplemented with 1 cOmplete protease inhibitor tablet (Roche). Cells were 

lysed using a FB120 Sonic Dismembrator (Fisher Scientific) and centrifuged (4300 g, 3 hr). 

The supernatant was incubated overnight with Ni -NTA resin (Invitrogen) at 4 °C. After 

stringent washes with buffer containing 10 mM imidazole, bound protein was eluted with 

a linear imidazole gradient (25ɬ150 mM). Fractions containing TgTR were exchanged into 

a low salt buffer (25 mM triethanolamine, pH 8.0, 25 mM NaCl, 1 mM DTT, 5% glycerol 

(v/v%)), applied to an anion exchange HQ/10 column (Applied Biosciences) and eluted 

with a linear salt gradient. Fractions containing partially purif ied TgTR were pooled, 

reapplied to the anion exchange HQ/10 column (Applied Biosciences) and eluted with a 

ÓÐÕÌÈÙɯÚÈÓÛɯÎÙÈËÐÌÕÛȭɯ/ÙÖÛÌÐÕɯ×ÜÙÐÛàɯȹȁɯƝƙǔȺɯÞÈÚɯÈÚÚÌÚÚÌËɯÉàɯ2#2-PAGE and protein 
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concentration was determined using the Pierce Coomassie Plus Bradford Assay Reagent 

(Thermo Fisher Scientific). Approximate protein yield was ~0.5 mg/L for TgTR. Protein 

was concentrated and stored as 25% glycerol stocks at -80 °C. All primers used for cloning 

were ordered from Eton Bioscience (Table 8). 

4.12.2 Expression and Purification of all Other Protein Constructs  

TgACP4 was cloned into a pET21a(+) expression vector containing an N-terminal 

T7 tag and a C-terminal His 6 tag. Sfp was cloned into a pET15b expression vector 

containing an N -terminal His 6 tag.179 TgKS5 was cloned into a pMAL-c2X expression 

vector (kind gift of Dr. Paul Riggs, Addgene #75286) containing an N-terminal maltose 

binding protein (MBP) tag and a C -terminal His 6 tag. Plasmids were transformed into E. 

coli BL21(DE3) cells for apo-TgACP4, Sfp, and TgKS5 or BL21(DE3) BAP1 cells (kind gift 

of Prof. Chaitan Khosla) for holo -TgACP4.144 After transformation, all cell were plated on 

LB agar with appropriate antibiotics. For expression, cells were grown in 4 Fernbach flasks 

containing 1 L of LB media with appropriate antibiotics at 37 °C and 250 rpm. At OD 600 

0.6, the temperature was reduced to 20 °C and protein expression was induced with 0.5 

mM IPTG. After 20 hr at 20 °C cells were collected by centrifugation (4300 g, 30 min) and 

resuspended in lysis buffer (50 mM KH 2PO4, pH 8.0, 200 mM NaCl, 1 mM benzamidine, 

ƙǔɯÎÓàÊÌÙÖÓɯȹÝɤÝǔȺȮɯƙɯÔ,ɯϕ-mercaptoethanol, 10 mM imidazole) supplemented with 1 

cOmplete protease inhibitor tablet (Roche). Cells were lysed using a FB120 Sonic 

Dismembrator (Fisher Scientific) and centrifuged (4300 g, 3 hr). The supernatant was 
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incubated overnight with Ni -NTA resin (Invitrogen) at 4 °C. After stringent washes with 

buffer containing 10 mM imidazole, bound protein was eluted with a linear imidazole 

gradient (25ɬ150 mM). Fractions containing partially purified protein  were exchanged 

into a low salt buffer (25 mM triethanolamine, pH 8.0, 25 mM NaCl, 1 mM DTT, 5% 

glycerol (v/v%)), applied to an anion exchange HQ/10 column (Applied Biosciences) and 

ÌÓÜÛÌËɯÞÐÛÏɯÈɯÓÐÕÌÈÙɯÚÈÓÛɯÎÙÈËÐÌÕÛȭɯ/ÙÖÛÌÐÕɯ×ÜÙÐÛàɯȹȁɯƝƙǔȺɯÞÈÚɯÈÚÚÌÚÚÌËɯÉàɯSDS-PAGE, and 

protein concentration was determined using the Pierce Coomassie Plus Bradford Assay 

Reagent (Thermo Fisher Scientific). Approximate protein yield was 0.5 mg/L for TgACP4 

(apo and holo), 2 mg/L for Sfp, and 0.5 mg/L for TgKS5. Protein was concentrated and 

stored as 25% glycerol stocks at -80 °C. Amino acid sequences for all protein constructs 

are shown in Table 9.  

Table 8. Plasmids and cloning primers used in Chapter 4. 

          Name             Description    Source 

        Plasmids   

MBP-TgTR-His6 

pMAL -c2X 

 

 

T7-TgACP4-His6 

pET-21a(+) 

 

 

His6-TEV-Sfp 

pET-15b(+) 

 

MBP-TgKS5-His6 

pMAL -c2X 

 

 

TgTR Expression Vector (AMP Resistance) 

 

 

 

TgACP4 Expression Vector (AMP Resistance) 

 

 

Sfp Expression Vector (AMP Resistance) 

 

 

TgKS5 Expression Vector (AMP Resistance) 

 

This Study 

 

 

Keeler, A.M. et. al 

2023, ACS Chem. 

Biol. 18, 785-793 

 

This Study 

 

 

This Study 

 

        Primers    
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TR FOR 

TR REV 

 

 

ACP4 FOR 

ACP4 REV 

 

 

Sfp FOR 

Sfp REV 

 

 

KS5 FOR 

KS5 REV 

 

 

 

ƙɀ-GGATCGAGGGAAGGATTTCAAGCGTTTTCTTAACCGGTGC -Ɨɀ 

ƙɀ-TGGTGGTGGTGCTCGAGGGAGGCAAGTGACGGAAAAGTCG -Ɨɀ 
 

 

 

ƙɀ-AGCCGGATCCATGCACGGAAGCATGGAC -Ɨɀ 

ƙɀ-ATGAAGCTT CATTATAAACTGGATAAT -Ɨɀ 
 

 

ƙɀ-AGTCCATGGATGAAGATTTACGGAATTTAT -Ɨɀ 

ƙɀ-ATGAAGCTTTAAAAGCTCTTCGTACGA -Ɨɀ 

 

 

ƙɀ-GGATCGAGGGAAGGATTTCA GCGGTCGTTGGTATGGGGTGC-

Ɨɀ 

ƙɀ-

TGGTGCTCGAGTGCGGCCGCCACCATGTGGTAGTTCTTGACACA

ATATG -Ɨɀ 

 

 

Eton 

Bioscience 

 

 

Eton 

Bioscience 

 

Eton 

Bioscience 

 

 

Eton 

Bioscience 

 

 

Table 9.  ÔÐÕÖɯÈÊÐËɯÈÕËɯÕÜÊÓÌÖÛÐËÌɯÚÌØÜÌÕÊÌÚɯÍÖÙɯÈÓÓɯ×ÓÈÚÔÐËɯÊÖÕÚÛÙÜÊÛÚɯÐÕɯ"ÏÈ×ÛÌÙɯƘȭ 
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Ð-!,Ȥ

Ãς8 -"0 

4ÁÇȤ

&ÁÃÔÏÒ 

8ÁȤ4Ç42Ȥ

φØ(ÉÓ 

-+)%%'+,6)7).'$+'9.',!%6'++&%+$4')+646%(0$+,%%+&016!!4'

$'0$))&7!($2&''9!13',,!%)40$+!&1$+,90&47$!629.'+,)!90)!6%

!,3,)9.+$,,0.00+47%%)0!,$+%,+!+'+3!,-&.,1%09&470,)!!$''9
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!4'!!!!4#'!!'!!''4!!!#4''4!!4#4''!44!!#''#'!4!!!''#4!4!!
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4.12.3 Monitoring NAD(P)H Consumption by TgTR 

Analysis of NAD(P)H consumption was performed as described previously with 

minor differences. 166,167 Briefly, 500 µM octanoyl -CoA (Cayman Chemical), was incubated 

with 100 µM NADH or NADPH in assay buffer (10 mM Tris -HCl, pH 8.0, 50 mM NaCl, 

5% glycerol (v/v%)). Reactions were initiated by addition of 10 µM TgTR to a final volume 

of 25 µL in a black polystyrene costar 384-well plate (Corning). Fluorescence signals were 

measured at 460 nm with excitation at 360 nm on an Envision Multimode Plate Reader 

(PerkinElmer). An identical reaction containing boiled TgTR was used as a negative 

control. All samples we re normalized to NADH control. Data analysis was performed 

using Prism GraphPad. 

4.12.4 GCMS Analysis of Reduction by TgTR 

The reduction of octanoyl -CoA and octanal by TgTR was analyzed using GCMS 

as similarly described elsewhere.167 Briefly, 500 µM octanoyl -CoA or octanal was 

incubated with 200 µM NADH and 10 µM TgTR in assay buffer (10 mM Tris-HCl, pH 8.0, 

50 mM NaCl, 5% glycerol (v/v%)) to a final volume of 500 µL and incubated at room 
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temperature for 20 hr. After incubation, 500 µL CHCl 3 was added to extract the reaction 

products and the reactions were vortexed and centrifuged briefly. The CHCl 3 layer was 

extracted, dried with Na 2SO4, and filtered through cotton wool. 10 µM N,O-

Bis(trimethylsilyl)acetamide (BSA) was added to derivatize the reaction products and the 

samples were analyzed by GCMS (GCMS-QP2010, Shimadzu). Samples were injected (1 

µL) through a HP -5MS Ui column (Agilent) using helium as the carrier gas. Temperature 

was held constant at 70 °C for 2 min and then ramped to 225 °C at a rate of 20 °C/min, the 

temperature was then held at 225 °C for 2.5 min. An identical reaction containing boiled 

TgTR was used as a negative control. A BSA-derivatized authentic standard of octanol 

was used as a positive control comparison. 

4.12.5 TgTR Fluorescence Kinetic Assays  

Activity of TgTR was assessed as previously described, with slight 

modifications. 166,169 Briefly, reactions were run with 10 µM purified recombinant TgTR 

with varying octanoyl -CoA, octanal, or decanal concentrations (0ɬ5000 µM) and 100 µM 

NADH. A control reaction without substrate was run in parallel. All assay components 

were added to a black polystyrene costar 384-well plate (Corning) to a final volume  of 25 

µL in assay buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5% glycerol (v/v%)). 

Fluorescence signals were measured at 460 nm with excitation at 360 nm on an Envision 

Multimode Plate Reader (PerkinElmer). Measurements were taken over a period of 15ɬ20 

min and background NADH consumption was subtracted at each timepoint. Data were 
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fit to a nonlinear equation using GraphPad Prism. A calibration curve was completed with 

known NADH standards . 

4.12.6 Substrate Binding by Thermal Shift Assay  

Protein thermal shift assays were performed by incubating purified TgTR (3 µM) 

into assay buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5% glycerol (v/v%)) and 

dispensed into white 96-well plates (Roche). Compound (1 mM) or DMSO was added to 

each well followed by SYPRO orange dye, 5X (Thermo Fisher Scientific) to a final volume 

of 15 µL. Plates were sealed with clear foil, briefly shaken and centrifuged (1100 rpm x 2 

min). Plates were then analyzed using a LightCycler 480 Instrument II (Roche), from 20 

°C ɬ 85 °C with a 0.06 (°C/s) ramp rate, 10 acquisitions per °C. Melting temperatures (Tm) 

were determined by taking the first derivative of each thermal profile us ing Prism 

GraphPad. 

4.12.7 Substrate Binding by Isothermal Titration Calorimetry  

Isothermal titration calorimetry (ITC) was utilized to determine the binding 

affinity of each substrate to TgTR. ITC experiments were carried out using a MicroCal 

PEAQ-ITC (Malvern Panalytical). The reference cell (300 µL) was filled with water for all 

experiments. TgTR and all ligands and cofactors were dialyzed into the same buffer (25 

mM Tris -HCl, pH 7.6, 25 mM NaCl). A first injection of 0.4 uL was not used in data 

analysis and was followed by 18 injections of 2 uL, using a stirring speed of 750 rpm, and 

delay time between injections of either 150 or 400 seconds. Control titrations of ligand into 
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buffer were performed for each substrate. Initially, very small heats (<0.1 µCal/sec per 

injection) were observed with titration of substrates, preventing isotherm fitting. 

However, when TgTR was incubated with excess NADH (1 mM) for 20 minutes and then 

loaded into the sample cell and titrated with ligand, significant heats were observed that 

could then be fit. This suggests that the interaction with injectant and ligand is isothermic 

under these experimental conditions without cofactor, a phenomenon that i s similar to 

what was observed in a related system.171 Therefore, the sample cell (300 µL) was filled 

with 10 µM TgTR and 1 mM NADH cofactor (where noted) and the syringe (70 µL) was 

filled with substrate; NAD(P)H at 400 µM, octanoyl -CoA at 2000 µM, octanal at 2000 µM, 

or holo-TgACP4 at 400 µM. Data analysis was performed with MicroCal PEAQ -ITC 

Analysis Software (Malvern Panalytical) using a single binding site model and visualized 

using Prism GraphPad. For all isotherm fitting, the stoichiometry, N, was fixed at 1.  

4.12.8 LCMS Analysis of TgPKS2 Release Domain 

Sfp was utilized to form malonyl -S-TgACP4 and octanoyl-S-TgACP4 as described 

similarly. 149,168,179 Briefly, 10 µM purified apo -TgACP4 was incubated with 2 µM Sfp, 1 mM 

malonyl -CoA or octanoyl -CoA, and reaction buffer (50 mM HEPES, pH 7.4, 12.5 mM 

MgCl 2, 1 mM DTT) to a total volume of 250 µL. Reactions were incubated for 3 hr at 37 

°C. Afterward, 10 µM purified TgTR and 100 µM NADH or 10 µM purified TgKS5 was 

added, and the reaction was incubated for an additional 3 hr at room temperature. 

Samples were then analyzed by LCMS (Agilent 6460 Triple Quadrupole) equipped with 
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a diode array, using a Phenomenex Kinetex EVO C18 100 Å column (2.6 µm, 100 x 3 mm). 

The mobile phases used were as follows: 100:3 (v:v) H2O:MeOH with 0.3% formic acid (A) 

and 100:3 (v:v) MeCN:H2O with 0.3% formic acid (B) with a flow rate of 0.5 mL/min, with 

the following method: 0ɬ0.5 minutes, 100% A; 0.5ɬ8 minutes, linear gradient from 0ɬ100% 

B; 8ɬ9 minutes, 100% B; 9ɬ15 minutes, 100% A. All MS data was collected in positive ion 

mode. MS data was analyzed by MassHunter Qualitative Analysis software (Agil ent). 

4.12.9 Phylogenetic Tree Analysis of Reductive Domains  

A maximum likelihood phylogenetic tree of TE/TR domain protein sequences 

from various organisms were compiled, including 4 plant FASII TE sequences, 4 bacterial 

TE sequences, 5 fungal TE sequences, 7 bacterial/fungal TR sequences, 1 chromerida 

putative PKS TR sequence, and 11 apicomplexan putative PKS sequences. All sequences 

used are listed in Table 9, TR/TE regions were determined by antiSMASH or 

fungiSMASH and BLASTP. 96,188 Sequences were aligned using MEGA11 by the ClustalW 

algorithm and used to construct a neighbor -joining tree using the bootstrap method with 

1000 replicates.152,190 The bootstrap consensus tree was subsequently visualized in 

iTol. 152,153 

Table 10. Domain name and amino acid sequence of TE/TR Domains  used to construct 

phylogenetic tree  in Chapter 4.  

Name Amino Acid Sequence 

Cinnamomu
m camphora 

TE (FAS) 

MATTSLASAFCSMKAVMLARDGRGMKPRSSDLQLRAGNAQTSLKMINGTKFSYTESLKK
LPDWSMLFAVITTIFSAAEKQWTNLEWKPKPNPPQLLDDHFGPHGLVFRRTFAIRSYEV
GPDRSTSIVAVMNHLQEAALNHAKSVGILGDGFGTTLEMSKRDLIWVVKRTHVAVERYPA
WGDTVEVECWVGASGNNGRRHDFLVRDCKTGEILTRCTSLSVMMNTRTRRLSKIPEEVR
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GEIGPAFIDNVAVKDEEIKKPQKLNDSTADYIQGGLTPRWNDLDINQHVNNIKYVDWILE
TVPDSIFESHHISSFTIEYRRECTMDSVLQSLTTVSGGSSEAGLVCEHLLQLEGGSEVLRAK
TEWRPKLTDSFRGISVIPAESSV 

Carthamus 
tinctorius 
TE (FAS) 

MLSRPLPTTAAAATTTTNNCNGVNSRGALPHSRSVGFASIRKRSTGSLCNSPPRTVAPVM
AVRTGEQPTGVAVGLKEAEAEVEKSLADRLRMGSLTEDGLSYKERFIIRCYEVGINKTATV
ETIANLLQEVGGNHAQSVGFSTDGFATTTTMRKLHLIWVTSRMHIEIYRYPAWSDVVEIE
TWCQSEGRIGTRRDWIMKDHASGEVIGRATSKWVMMNEDTRRLQKVNDDVRDEYLVF
CPKTPRLAFPEKNTSSLKKIAKLEDPAEYSTLGLVPRRADLDMNKHVNNVTYIGWVLESI
PQEVIDTHELQTITLDYRRECQHDDIVDSLTSSESLLDDAAISKLEGTNGSSVPKKDETDLS
RFLHLLRSSGDGLELNRGRTEWRKKPAKK 

Brassicajunc
ea TE (FAS) 

MLKLSCNVTNHLHTFFFSSDSSLFIPGNRRTIAVSSSQPRKPALDPLRAVISADQGSISPVN
SYTPADRFRAGRLMEDGYSYKEKFIVRSYEVGINKTATVETIANLLQKVACTHVQNVGFST
DGFATTLTMRKLHLIWVTARMHIEIYRYPAWSDVVEIETWCQSEGRIGTRRDWILRDSAT
NEVIGRATSKWVMMNQDTRRLQRVTDEVRDEYLVFCPREPRLAFPEENNSSLKKIPKLE
DPAQYSMLELKPRQADLGMNQHVNNVTYIGWVLESIPQEIIDTHELQVITLDYRRECQQD
DIVDSLTTSEIPDDPISKLTGTNGSATSRVQGHNESQFLHMRLSENGQEINRGRTQWRKKS
PR 

Arabidopsis 
thaliana TE 

(FAS) 

MLKLSCNVTDSKLQRSLLFFSHSYRSDPVNFIRRRIVSCSQTKKTGLVPLRAVVSADQGSV
VQGLATLADQLRLGSLTEDGLSYKEKFVVRSYEVGSNKTATVETIANLLQEVGCNHAQSVG
FSTDGFATTTTMRKLHLIWVTARMHIEIYKYPAWGDVVEIETWCQSEGRIGTRRDWILK
DSVTGEVTGRATSKWVMMNQDTRRLQKVSDDVRDEYLVFCPQEPRLAFPEENNRSLKK
IPKLEDPAQYSMIGLKPRRADLDMNQHVNNVTYIGWVLESIPQEIVDTHELQVITLDYRR
ECQQDDVVDSLTTTTSEIGGTNGSATSGTQGHNDSQFLHLLRLSGDGQEINRGTTLWRKK
PSS 

Equisetin 
Fusarium 

heterosporu
m TR (PKS-

NRPS) 

VLLTGSSGYLGRHLLSSLLNDHRVAQVHCLCRNLNDHQVVENPSSKVRVLQSDLAQHKLG
LPDSTYSQLATEVDVIIHCAANRSFWDRYEALKADNLESTKELVKLVVSSGRAIPLHFLSS
GAVIKYNSGLAPPADGGDGYVATKWASEAFLRQAVDSINLPVFSHRPVACESVQQSEEEDI
SILNELIQIVKLLGCRPSFDGVGGFVDVMPVNEVVEAI 

Hancockiam
ides 

Aspergillus 
hancockii 
TR (NRPS) 

RVFLTGATGFVGAFLLSDMLKMPGIHQVGCLVRAPDEATGVRRLRHALEKYNLWREEYL
PKLLPLCGKLEDPWLGLGEQRFREIADWASVIFHLGALVNYTQPYSWHRPANIEGTVNV
VRLACTGRSKALHYCSSISCFGPTGIINGTKVVHEDGALMPHLNALPYDHGYAQSQWVAE
ELLRRLIHRRFPIAVYRPGFITGHSETGACNPDDFFSRLIRACSSIGCYPGLPNQRKEFVPID
YVTSTMIHIASSSLSLGHAFHIVPPTREESPEMNDTMSLIGELTGTSIQPVSYREWIEQLSS
TKDLSLQPLLPMLAEVVIDGMTRWEMYENMPTYENTNTLRALASCPDLPKFPMVDEAL
LRKYLDYLA 

Nostocaceae 
sp. TR 
(NRPS) 

KVFLTGGTGFLGAFLIRELLQQTQADVYCLVRAADAQAGKAKIQTNLEGYAIWQEEYESRII
PVVGDLAEPLLGLSSTQFQALAAEIDTIYHSGALLNYVFPYSALKAANVLGTQEVLRLACQ
IKVKPVHYVSSVAVFESPVYAGKVVKESDDFSHWEGIFLGYSQTKWVAEKLVKIAGDRGLP
VTIHRPPLIGGDSETGIGNTHDFINLMVKGCLQMGCFPDVEYMLDMSPVDYVSKAIVHLS
MQKESLGKAFHLQHPEPVSLSVLVDWVRSFGYEIKTLPYEEWQAELINNATSVDNPLYTL
RPFLLERWSDEQLTIPDLYLKAKRPHISCQDTLKALAGTSIGCPPIDGKLFMTYTAYLIQTG
FL 
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Azinomycin 
Streptomyce
s sahachiroi 

TR          
(PKS-NRPS) 

VLLTGATGFVGRFVLAELLAAGARVICLLRGGTARREELVAGMADLGLWHEEHAARLELV
DGDIAEPGLGLAGPDRDRLADRAGRIIHAAAWVNHVYPYERLAAANTHCMAGLLELAA
RGRRSALTVVSTSSVADSAAYPPGSTVPPGPLKALPSAANGYVRSKAVAEQYLHLAAELDV
PAAVIRIPSVFGDQRRYQINPADAVWSWCRAMIETSGFPESFAQPGNELFQALPADAVARA
V 

 

Lyngbyatoxi
n Lyngbya 
majuscula 
TR (NRPS) 

MTNPFADPSRDYWVLCNAEGQYSLWPTSLEIPEGWQTAFGPESWQNCLDNVEKNWTD
MRPLSLLGQRKCPVPYPFREYVALNMDPIYASLQQRDEMLRISVPYGDDAWLASSYKHVK
CVIQDTRFSRETTKYDEARLTPIPIRTSVLGMDPPDHTRLREALAAALTPSHVEQMKPWI
TSMTEQLIDDFVAQGPPADLVEQFALPFTGHITCELMGIPLEDRPQFKAWCDGFSSTSSLT
KEEVEVRMQAMYTYITELVGRRRESPSDDIISKLLQPEDKRLELSEIELIDLATILLLAGYD
STAMELANAIFVLLTHPEQTQLIREQPKLMPQAVQELLRYIPIDAHVTFARYATEDVQVGN
TLVRTGDAILASFPSANHDPAIFEDPHTFNIMRPRKPNFGLGTGIHSCAGKLLAVVELEIAL
SVLIRRLPTLRLAIPAEEVPWQPGSLLRSTSKLPAEW 

Myxalamid  
Stigmatella 
aurantiaca 

TR          
(PKS-NRPS) 

DVTVEMEADAVLDAEIALGKALPPVTGALRTILLTGATGFLGAFLLEELCRRTDARIYCLV
RSKTEQEGMNRIRKNLESYSLWNEALAPRIVPVRGDIGQPLLGLSEKEFQRLSEEIDAIYH
NGALVNFLYPYESMRAANVLGTREILRLATRTRIKPLHYVSTVSVLPLGRKAPIREDEPLE
GPSSLVGGYAQSKWVAEKLVREASRRGLPVTILRPGRVTGHSRTGAWNTDDLVCRTLKGC
VRMGVAPSVDALLDLTPVDYVSSAIVDLSMRPESIGQTYHLVNPQFVRADEMWNYMRAF
GYGLRVLPYDQWLSELGSAASSDSELGDLLMFLQQVPPEDRSVGGPRMVVCDSGDTLKA
LGGTGTSCPSVDASLISTYLSSLVHRGFLKAPE 

Myxochelin 
A 

Stigmatella 
aurantiaca 
TR (NRPS) 

EQHSVEGEGISKAMLADAELPEEIVPRLPTPGAEAPLAPSPGPAAPLRQVLLTGATGFVGA
HLLDQLLRQTQAKVVCLVRARDEAHAMERLREAMTSQRLSTASLSERVLALPADLGQPW
LGLSSARFHGLAAECDMILHNAAVVSVVREYGSLQATNVRGTRELLRLAASVRPKPLHYV
STLAVAPQANLSPEVPEAFVPAHPGLRDGYQQSKWAAERLVEQASERGLPVTVYRLGRVS
GALDSGIVNPQDLVWRILLAGIPAGALPQLDVGEVWTPVDYVARALVRLSLVPRPGTVFN
LTPAPEVRLSEVFGWVQDYGYPVALCPVPEWRTRVAQSTGSAENSTTLAFFDLRAGAAEP
TFGLGTIRSERVLQALSDTGISCPRTDRPLLHRYLDYCVGQ 

Glarea 
lozoyensis 
TE (NRPS-

PKS)  

HLWMVPDGSGSATSYTEISEIGPNVAVWGLNSPYMKVPEEYKCGVIGMASSFISEIKRRQP
VGPYLLAGWSAGGVIAFEAVNQLIKNGDEVEQLIIIDAPCPDIIEPLPASLHRWFGEIGLLG
DGDLSKLPKWLLPHFAASVTALSNYSAELIDPKKSPFVTAIWCEDGVCHLPTDPRPDPFP
YGHAQFLLDNRTDFGPNLWDKYLNGERFVTKHMPGNHFSMMK 

Pochonia 
chlamydosp

oria TE 
(PKS) 

LIADGTGSIATYLHLPPHINTKMTIYGVDSPYLHCPSRLTPDVGIPGIAKLIVDELVKRQPQ
GVPFWLGGFSGGAMIAYEIARQLSALGHVIDSLLLIDMCPPRQIQAQRYDDELGLAMFDAI
SGNDDSGVWESSDKTHQHLKA 

Naphthopyr
one 

Aspergillus 
nidulans TE 

(PKS)  

TLFLFPDGSGSATSYATIPGVSPNVAVYGLNCPYMKAPEKLTCSLDSLTTPYLAEIRRRQPT
GPYNLGGWSAGGICAYDAARKLVLQQGEIVETLLLLDTPFPIGLEKLPPRLYSFFNSIGLFG
EGKAAPPAWLLPHFLAFIDSLDAYKAVPLPFNEQEWKGKLPKTYLVWAKDGVCPKPGDP
WPEPAEDGSKDPREMVWLLSNRTDLGPNGWDTLVGKENIGGITVIHDANHFTMTKGEK
AKELATFMKN 

Sterigmatoc
ystin 

Aspergillus 
ILFMLPDGGGSASSYLTIPRLHADVAIVGLNCPYARDPENMNCTHQSMIQSFCNEIKRRQP
EGPYHLGGWSSGGAFAYVTAEALINAGNEVHSLIIIDAPVPQVMEKLPTSFYEYCNNLGLF
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nidulans TE 
(PKS) 

SNQPGGTTDGTAQPPPYLIPHFQATVDVMLDYRVAPLKTNRMPKVGIIWASETVMDEDN
APKMKGMHFMVQKRWDFGPDGWDVVCPGAVF 

Gulmirecin 
A 

Pyxidicoccus 
fallax TE 

(PKS) 

RLLCFPHGGAGASAFQGWWQQFPDTVEVLTFQPPGREERLQEEPERDMGAYASAIVEEL
QPLLDLPFAVFGYSLGGLTGFATVAELRRRNRVTPRHLFVSSAFAPHIPFSETTLARVSTQT
SALKAMAFYQSTPDSVFKDPEMQALLARSMDADNSVVESYRFGAEKPLDCPITAFAGRQ
DDLAPLHEQLRWKELTTQAFELRPFEGDHFFFLRDK 

Aflaxtoxin 
Aspergillus 
ochraceoros

eus TE 
(PKS)  

RTLFMLPDGGGSASSYITIPRLQSDVAIVGLNCPYARDPENMQCTHQAMIQSFCNEIKRRQ
PQGPYHLGGWSSGGAFAYVTAEALVNMGEDVHSLIIIDAPVPQVMEKLPTSFYEYSNNIGL
FANQPGSNTDGAAQPPPYLIPHFQATVDVMLDYRVAPLKTPRMPKVGIIWAATTVMEEA
NAPKMKGMHFMVQKRTDFGPDGWDTVLPGAEF 

Aureothin 
Streptomyce
s thioluteus 

TE (PKS) 

KLICFPTFAGGSGAHQYARLAAVSGGERDIWVLPAPGFTWQESLPASVETLARLQADSVE
ACADGGPVVLLGYSAGGWIAQATATALQERGIAPAAVVLLDSHRPDSAMLPHLHAHIDGA
REDVLWTAGTGDDAYLTAMAHYAHLFHTWTPKETGTPTLLVRASDRPFDEAPTDWQPH
WPLPHTAVDTAGTHFSIIREHSGPTLQAVHAWL 

Pseudomon
as 

cannabina 
TE (PKS) 

TYQRLSRELKGHYDMATLPLPGYDNGPLPASAEAVAVALAHAVEACAAGRPFTLLGFSTG
GLVAYAVAELLQQRGIHPAALCLIDTYPPAAMRSAVLKEVLSDWLESRSDFWSTDDDGLSA
MAYYLELFGRWSPLPLEAPVLLLQAEQASAAGASDTWPQLWPRLTQVVKTSGRHFALLS
DEVQQTAQHLI 

Streptomyce
s aizunensis 

TE (PKS) 

LVCFSSILSISGPHQYARFASAFRGRRDVHALGAPGFLRGEQLPSATDAVIEAQAEAVLRHA
DGAPFVLLGHSSGGMLAHAVAGRLESEGVFPQALVMIDIYSHDDDAIIGIQPGLSEGMDER
QDTYVPVDDNRLLAMGAYFRLFGGWKPEVVKTPTLLVRAGERFFDWTRSTDGDWRSY
WDLDHTALDVPGNHFTMMEEHAPTTAQAVEGWL 

Erythromyci
n A EryAIII 
TE (PKS) 

VCCAGTAAPSGPHEFARLAAALDGSWSVLGLPQPGYLAGEPLPASMEALAAAQAATVLRA
VAARPVVLVGHSAGGLMSHALATALTQQGHRPDGVVLLDSYPPGRQDAVEGWIDVLTRR
LLDLETVPLDDTRLTAMGAYDRMLGGWVPDDQQVATLLVRAVDPIAAWPDDDWRASW
PFAHATADVPGDHFTMMQEHAGQVAARITDW 

Vitrella 
brassicafor

mis TR 
(Putative 

PKS) 

VRHVLLTGVTGFVGRLQLVCLLNRPGGDNLTVHCLVRANNEKHAMQRIREACIEAKVWK
EEYASRIVALLGDFTKEDLGVGEDKFMELCRTIDMVHHTGGDVGLLSNYARLRATNTLAL
KGVLRLCTTYRLKSLHHASTLGIFPAFFACFSQDFDDRLITEDSSPDPKEMQKFFPPLRMG
YPWSKWAAEQVLRKARDMGLPVCVYRLPNTFVAWRTGYTNKGDYATALTISSIEEGMFP
VGASAAPFTPVDTIAEMLVELSFLERRKHWLYHLINTTVVTQAQSKAWADELGIKYYGVK
IDTFLDAVKKHGPESPVFKFVPLMQHWRSYWFDCDERTEPLPIRTQNIFDELP 

Toxoplasma 
gondii 
TgPKS2 

TgTR (PKS) 

SVFLTGATGFIGSQVLFHLLQVKRQDPKLGTEDKKLTIYCLVRARDRAHGIYRIRDSLVGRG
IEWKHEFDQQVIPVIGNLEEGENMGLGPKQMQYLEQTVDAVYHAADYVNFAAPYDALR
KSNVLSLIPILKLCTTYVAKPLHLVSNFAHHLQYFAGFSEDLNIAVDETVSPPLSPASIDRLE
QQMPAGIIGYPWTKWAVEEIIGRMKDVLHERCEEEGQRVSMEESEKNDILSKFQVTVYRL
PNSCVYYNNGYTNFANASLSLVLASAQERMIPPGVLPVGAPFLTTPVDLITGILVKLSMTE
GKRHHVYHLVSLRVARRKHVVQAIKWLFPDSVECTADELFRRIDENKENSPAHPLRAAM
RFWRRYWYSSDTDRDSPFPVAVNNVEDDLPGVMATFPSLA 

Eimeria            
acervulina 

VSEIFLTGATGLTGSRILLSLLEQQVDGRNDGRKGFPRIYCLVQARDRMHAMYRIVDAVVG
RGNQWKQRFFEQVVPVVGDLRAQRLGLSQKTFDELANKVEAVYHAGRVVDFALPYEAIR
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TR (Putative 
PKS) 

KANVLSLLPLVELCTTGKAKHLHVLSDFAAHIQYFGAFAGDLNQPILEELSVPQPLMDRM
ENQMPASVMGYPWARWAVEEVLAKCQSWMGNLHASAGGDFHDIKTKFRFTIYRLPNSA
VYFDNGRVDFLNPFFTITMAALQQGLIPPGVLPVGPPFLSTPIDISADILVKLSRLPHRPTV
MHIVNPVGVRREAVNQTLLALKIPFRESCEDEFLRGIENNQNGSAAYTLLPVMRFWRRY
WFSEDLDRSDAFPLSTANVEACLPNALNQFP 

Eimeria       
catenella TR 

(Putative 
PKS) 

VSEIFLTGATGLTGSRILFGLLEQRIDCGKEVQSRFPRIYCLVQARDRMHAMYRIVDAAVGR
GQKWKARFFEQIVPVVGDLKAPRMGLSSKTFETLATRVEAVYHAARVVDFAQPYEKIRK
ANVLSLLPLIELCTTGIAKHFHVLSDFAAHIQYFGAFAGDLNVSLPEQLSVPDELVCRMEN
QMPASIIGYPWARWAVEEVLLKCQQRLDELKKSATGSSHDIENKFAFTVYRIPNSAVYFN
NGRIEFSNSFFAIVMAALQEGIVPPGVLPVGPPFLTTPIDISADILVNISRCPERPTVIHIVNP
TGVRRSAIIEALQSLGIPFRESCEDELFRGIEKNQNGSCAYSLLPIMRFWRRYWFSEDLDR
EAFPIEIANVEACLPHALKRFPS 

Eimeria             
necatrix TR 
(Putative 

PKS) 

SEIFLTGATGLTGSRILFSLLEQRIDCGKGAQSRFPRIYCLVQARDRMHAMYRIIDAAVGRG
QKWKARFFEQIVPVVGDLKAPRMGLSSKTFETLATRVEAVYHAARVVDFAQPYEKIRKA
NVLSLLPLIELCTTGIAKHFHVLSDFAAHIQYFGAFAGDLNVSLPEKLSVPDDLVGRMENQ
MPASIIGYPWARWAVEEVLSKCQQRLDELKKSATGSSHDIENKFAFTVYRIPNSAVYFNNG
RIEFSNSFFAISMAALQEGIVPPGVLPVGPPFLTTPIDISADILVDISRCPERPTVIHIVNPTG
VRRSAIIQALQSFGIPFRESCEDELLRGIEKNQNGSCAYSLLPVMRFWRRYWFSEDLDREA
FPIETANLEACLPNALKRFPS 

Eimeria             
mitis TR 
(Putative 

PKS) 

VSEIFLTGATGLTGSQILLSLLEQQIDCGRDGQKRFPRIYCLVQARDRMHAMYRIVDAVIGR
GGQWKQRYFEQVVPVVGDLRAPRLGLSQKTFDALTSTVEAVYHAGRVVDFALPYEAIRKA
NVLSLLPLVEMCTTGKAKHLHVLSDFAAHIQYFAAFAGDLNQPISEELSVSQPLMDRMEN
QMPASIMGYPWARWAVEEVLAKCQDWIDKLHASAADDLQDAKTKFNFTIYRLPNSAVY
FNNGRVEFLNPFFAITMTALQQGVVPPGVLPVGPPFLTTPIDISADILVRISRRLHRPTVIHI
VNPVGVRREALNQTLLALKIPFRESCEDEFLRGIEKNQNSSAAYTLLPVMRFWRLYWFSE
DLDRKDAFPIVTANIEACLPNALKQFP 

Cryptospori
dium ryanae 
TR (Putative 

PKS) 

LLTGVTGFVGRILLIKLAEQFKDMKIVCLVRAKDEETALQRIINVCKEAEVWNQSLISRIVV
ECGDFEKEYLGLSKERYEKLSVEVDVVYHIGGDVNLLSNYKRLRRTNTLSLIGIIDFCCKGR
LKHLHFSSTLGQFPAFFSMFTREFENYVVKESECPSTREMSRLFPPTRQGYPWSKWAAE
QILEIARDQGLCVSIYRLPNTYIASDTGYTNKTDYATALLISSITEKMFPIGSSTAPLTPVNTI
CDIIIAASKKKMRKHWRYNLIDTRVINTNDFEAWGSQLGIKEYKGVLIDEFFTVIKNRGPE
SPIFKFVPLMKYWRHYWFDNVQRTTPFPVDTSNVLEDFPEI 

Cryptospori
dium bovis 

TR (Putative 
PKS) 

LLTGVTGFVGRILLIKLAEQFKDMKIVCLVRAKNEEVALQRIINVCEEAEVWDQSLVSRIVV
ECGDFEKEYLGLSKKRYEELSLEVDVVYHIGGDVNLLSNYKRLRKTNTLSLIGIIDFCCRGR
LKHLHFSSTLGQFPAFFSMFTREFENYVVTETECPSTKEMSRLFPPTRQGYPWSKWAAE
QILEIARDQGLRVSIYRLPNTYIASNTGYTNKTDYATALLISSITEKMFPIGSSTAPLTPVNTI
CDIIIAASKKKMRKHWRYNLIDTRVINTSDFELWGSQLGIKEYKGVLIDEFFTVIKNRGPE
SPIFKFVPLMKYWRHYWFDNVQRTTPFPVDTSHVLEDFPEI 

Cryptospori
dium felis 

TR (Putative 
PKS) 

KTALLTGVTGFVGRVLLSKLINQFDDLQIVCLVRAKTQEKGMERIISVCEEAEIWDSSFASRI
VVECGDFEEEYLGLSKERYYELCAEIDVVYHIGGDVNLLSNYKRLRKTNTLSLTGIIEFCST
TKLKHLHFSSTLGQFPAFFAIFTREFENSVVKETEGPSTREMSRLFPPTRQGYPWSKWAA
EQILEAAFKQGLPVSIYRLPNTYVASDTGYTNKTDYATALLIASILEGIFPMGSSTAPLTPVN
TICDIIVSASKKKKRLHWRYNLIDTRIVSTKNIEVWASQLGIGNYKGVGVDDFFTAIKERGP
ESPIFKFVPLMQYWRHYWFDNIERTEPFPVDTSNVSDDIPEI 
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Neospora       
caninum TR 

(Putative 
PKS) 

VFLTGATGFIGSQVLFHLLQVKRQDTKLGTDGAKLTIFCLVRARDRAHGMYRIRDSLAGRG
IEWNPDFDQQVIPVVGNLEEGENMGLGPKQMQYLEQTVDAVYHAADYVNFALPYDALR
KANVLSLVPILKLCTTHVAKPLHLVSNFAHHLQYFAGFSEDLNVAVDETVSPPLTPGFVDR
LEQQMPAGIMGYPWTKWAAEEIIG 

Besnoitia 
besnoiti TR 
(Putative 

PKS) 

MRSVFVTGATGFIGSQLLFHLLQARCGDLELGEERGKLQIYCLVRARDRAHALYRIKDAFV
GRGIEWDPDYNRRVIPVVGDLEENENMGLGVRQLDFLTRVIDAVYHAADNVNFAAPYDE
LRKTNVTSLIGILKLCTTFVAKPLHLISNFSHHLQYFAAFSNDLNIPVEETISPPLKPDMVK
RLEQQMPAGIVGYPWTKWAVEEIVGRMKDVLQHRCKEDSVDKPDTDAILSKFQVVVYRL
PNSCVYYRNGYTNFGNASLALVLACAQERMLPPGVPPVGAPFLTTPVDLTTEIVVKLSMT
KERQHDVYHLVSLRAARRDNILQVAKWLFSDISECTVDELLRRVDANKENSPAHNLRAA
MRFWRSYWYCPDTDRENAFPIMTGHIEDDIPGITTAFPHLA 

Cyclospora     
cayetanensis 
TR (Putative 

PKS) 

IFLTGATGLTGSQILCSLLEQRTCNRTQKENGFLRIYCLVQARDRMHAMYRIVDAVVGRGQ
RWKPRYFKQIIPVVGDLKAPRLGLSPQNFATLARTIDAVYHAGRDVDFGLPYEAIRKANVL
SLLPLVELCTKGKAKPLHVLSDFAAHIQYFAAFGDDLNRPLPEELSVPRELIDRMENQMP
ASVVGYPWARWAVEEVLANC 

 

4.12.10 Site-Directed Mutagenesis of TgTR 

TgTR N147 was mutated to threonine using the Q5 Site-Directed Mutagenesis Kit 

ȹ-$!Ⱥɯ×ÌÙɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌɀÚɯ×ÙÖÛÖÊÖÓȭɯ/ÙÐÔÌÙÚɯÈÙÌɯÐÕÊÓÜËÌËɯÐÕɯTable 10. The TgTR N147T 

mutant was verified by sequencing (Eton Bioscience) and protein was purified as 

described above. 

Table 11. TgTR site-directed mutagenesis primers used in Chapter 4. 

Primer Name  Sequence 

TgTR N147T FOR 5´-CTTAGTCTCGACATTCGCTCACCATCTCCAATAC-3  ́

TgTR N147T REV 5´-TGAAGAGGCTTGGCCACA-3  ́

 

4.13 Individual Contributions of Collaborators 

AMK , PEP, and EGB performed protein purification , kinetic assays, and ITC. AMK 

performed GCMS, LCMS, phylogenetic analysis, site-directed mutagenesis, and sequence 
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alignments. H.K.D. performed T. gondii culturing, cDNA extractions, and qPCR analysis. 

AMK and ERD designed experiments and analyzed the data.  
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5. Probing Transacylation Activity of TgPKS2  

5.1 Introduction  

During the complex reaction cascade within type I PKS modules, multiple 

transient protein -protein interactions are made that ensure proper product 

formation .81,116,150,191 For instance, after acylation of the AT domain with acyl -CoA 

substrate, the AT domain must dock with its cognate ACP domain to transfer the substrate 

onto the ppant arm, a process which is known as transacylation. The ACP must then make 

contact with the K S domain to perform a Claisen-like decarboxylation reaction with the 

growing backbone to extend the metabolite during chain elongation  (Figure 40).114,192,193  

Increasing our knowledge of protein interactions during biosynthesis would aid 

in protein engineering efforts to  modify PKSs to form novel metabolites or alter existing 

products. For example, the mechanism of transacylationɭsubstrate transfer from AT  to 

ACP domain sɭhas recently been studied in bacterial and fungal systems where 

researchers have discovered that the negatively charged ϔ-helix 2 of the cognate ACP 

Figure 40. "ÏÈÐÕɯÌßÛÌÕÚÐÖÕɯÐÕɯÈɯÔÖËÜÓÈÙɯ/*2ȭɯ ɯÔÐÕÐÔÜÔɯÔÖËÜÓÈÙɯ/*2ɯÊÖÕÛÈÐÕÚɯÈɯ

ÒÌÛÖÚàÕÛÏÈÚÌɯȹ*2ȺȮɯÈÊàÓÛÙÈÕÚÍÌÙÈÚÌɯȹ 3ȺȮɯÈÕËɯÈÊàÓɯÊÈÙÙÐÌÙɯ×ÙÖÛÌÐÕɯȹ "/ȺɯÛÏÈÛɯÍÜÕÊÛÐÖÕɯÛÖɯ

ÌßÛÌÕËɯÛÏÌɯÎÙÖÞÐÕÎɯÒÌÛÐËÌɯÊÏÈÐÕȭ 
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docks specifically with the small domain of the AT, extending the ppant arm into the 

active site, to transfer substrate.82,97 Others have additionally show n the necessity of the 

ordered KS-AT linker domains for KS -mediated chain elongation.194,195 We have 

previously demonstrated that KS -AT di -domains in TgPKS2 do not contain a prototypical 

linker domain but instead are predicted to have a non-homologous, much shorter, and 

more disordered linker s. As this is distinct from well -characterized systems, we are 

interested in understanding  how this megaenzyme performs substrate transacylation.88 In 

our initial attempts to measure transacylation in this system we discovered an unexpected 

self-acylation activity present within TgPKS2 ACP domains that we thoroughly 

characterized.89 With this accomplished, we then sought to  better understand this 

phenomenon and determine its physiological relevance through characterizing  

transacylation with AT -ACP pairs within this system.  

In this chapter, we evaluate interactions between TgPKS2 cognate and non-

cognate AT-ACP pairs and compare these to the DEBS model bacterial type I  PKS. We 

find that a TgPKS2 cognate pair, AT2-E and ACP3, show an unusual apparent inhibitory 

interaction and the KS-AT linker domain appears to have no effect on this this process in 

vitro. No interaction is observed with a TgPKS2 non-cognate pair, suggesting the inhibitor 

interaction is specific for the cognate pair. We additionally provide a structural rationale 

for this observation using molecular modeling to explore possible interactions. As a 

whole, these findings help to increase our knowledge of domain interfaces with in this 
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system as well as in other systems with noncanonical linker domains. It also further  

highlight s the unusual properties of TgPKS2 that cannot be predicted based on knowledge 

from bacterial and fungal systems. 

Design and execution of experiments have been conducted through a collaborative 

effort by Keeler, A.M. (AMK); #ɀ ÔÉÙÖÚÐÖȮɯ'ȭ*ȭɯȹ'*#ȺȰɯGanley J.G. (JGG); Boger, E.G. 

(EGB); ÈÕËɯ#ÌÙÉàÚÏÐÙÌȮɯ$ȭ1ȭɯȹ$1#Ⱥȭɯ ɯËÌÛÈÐÓÌËɯÈÊÊÖÜÕÛɯÖÍɯÌÈÊÏɯÈÜÛÏÖÙɀÚɯÊÖÕÛÙÐÉÜÛÐÖÕɯÐÚɯ

given at the end of this chapter.  

5.2 Mechanism of Transacylation in Bacteria and Fungi  

Substrate transacylation from an AT domain to an ACP is critical for proper 

polyketide chain elongation, a process we aimed to investigate in TgPKS2. Previous work 

in bacterial systems has shown that transacylation is 5ɬ10 orders of magnitude faster in 

the presence of an ACP when compared to basal AT hydrolysis. 97 Additionally, bacterial 

Figure 41. 3Î/*2Ɩɯ 3ɪ "/ɯÐÕÛÌÙÈÊÛÐÖÕÚȭɯȹ Ⱥɯ#$!2ɯ*2ɪ 3ɯÊÙàÚÛÈÓɯÚÛÙÜÊÛÜÙÌɯȹ/#!ɯ(#ȯɯ

Ɩ'&ƘȺɯÞÐÛÏɯ×ÙÌËÐÊÛÌËɯÊÖÎÕÈÛÌɯ "/ɯÉÐÕËÐÕÎȭɯ*2ɯËÖÔÈÐÕɯȹÖÙÈÕÎÌȺȮɯÓÐÕÒÌÙɯËÖÔÈÐÕɯȹÉÓÈÊÒȺȮɯ

 3ɯËÖÔÈÐÕɯȹÊàÈÕȺȮɯ "/ɯËÖÔÈÐÕɯȹÎÙÌÌÕȺȭɯȹ!Ⱥɯ"ÓÜÚ/ÙÖɯËÖÊÒÌËɯÚÛÙÜÊÛÜÙÌɯÖÍɯ3Î/*2Ɩɯ*2ɪ 3Ɩɪ

 "/Ɨɯ×ÙÌËÐÊÛÐÕÎɯÕÖÕɪÊÈÕÖÕÐÊÈÓɯÐÕÛÌÙÈÊÛÐÖÕÚȭɯ*2ɯËÖÔÈÐÕɯȹÖÙÈÕÎÌȺȮɯÓÐÕÒÌÙɯËÖÔÈÐÕɯȹÉÓÈÊÒȺȮɯ

 3ɯËÖÔÈÐÕɯȹÊàÈÕȺȮɯ "/ɯËÖÔÈÐÕɯȹÎÙÌÌÕȺȭ 

A B 
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ATs show >20-fold specificity toward their cognate  (from the same module) ACP when 

compared to a non-cognate (from a different module)  ACP.97,196 We recently determined 

that TgPKS2 KS-AT domains appear to lack the typical  ~80-100 amino acid ordered linker 

domain between the KS and AT that facilitates ACP recognition in other characterized 

systems (Figure 41A ). Consequently, we previously demonstrated that the distance 

between KS-AT active site residues in TgPKS2 is predicted to be significantly less than 

known systems.88 To further understand this, we visualized both TgPKS2 AT-ACP and 

KS-AT-ACP homology model complexes using Alphafold2  and ClusPro. These models 

suggest a potentially novel interaction interface between domains and our  KS-AT-ACP 

model for TgPKS2 module 2 places the ACP between the KS and AT domains in a unique 

structural position ( Figure 41B), though this prediction requires experimental validation.  
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In addition, phylogenetic analysis emphasizes the divergence and uniqueness of 

this apicomplexan PKS. A multiple sequence alignment of KS-AT domains from different 

systems was conducted and results were mapped to our Alphafold2 structure of KS -AT2. 

Each residue in TgPKS2 KS-AT2 was evaluated for conservation compared to all other 

sequences and colored by percent conservation (Figure 42).197 From this, apicomplexan 

KS-AT di -domain have a relatively low sequence conservation to other known systems, 

particularly in non -catalytic regions of the AT domain and the small linker connecting the 

two domains. As this is the first time these di-domains are being explored in a protist , to 

the best of our knowledge, these findings may be atypical compared to canonical systems 

and provide an initial path to future studies of other divergent PKSs.  

Figure 42. 3Î/*2Ɩɯ*2ɪ 3ƖɯÊÖÕÚÌÙÝÈÛÐÖÕȭɯ Ó×ÏÈÍÖÓËƖɯÔÖËÌÓɯÖÍɯ3Î/*2Ɩɯ*2ɪ 3ƖɯÊÖÓÖÙÌËɯ

ÉàɯǔɯÊÖÕÚÌÙÝÈÛÐÖÕɯÖÍɯÌÈÊÏɯÙÌÚÐËÜÌɯÊÖÔ×ÈÙÌËɯÛÖɯÙÌ×ÙÌÚÌÕÛÈÛÐÝÌɯ*2ɪ 3ɯËÐɪËÖÔÈÐÕÚɯÍÙÖÔɯ

ÉÈÊÛÌÙÐÈÓɯÈÕËɯÍÜÕÎÈÓɯÚàÚÛÌÔÚȭɯ.ÍɯÕÖÛÌɯÛÏÌɯÓÐÕÒÌÙɯÙÌÎÐÖÕɯÈÕËɯ 3ɯËÖÔÈÐÕɯÚÏÖÞɯÚÐÎÕÐÍÐÊÈÕÛɯ

ËÐÝÌÙÎÌÕÊÌɯÍÙÖÔɯÊÓÈÚÚÐÊÈÓɯÚàÚÛÌÔÚȭ 
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During transacylation  within a module , the loading of an electrophilic acyl -CoA 

substrate creates an acyl-AT intermediate, which is then transferred to an ACP domain by 

nucleophilic attack by the thiol on the ppant arm. This mechanism occurs by a ping -pong 

bi bi mechanism and enables for the continuous monitoring of this activity using an 

analogous coupled enzyme assay, similarly to what we used to evaluate hydrolysis within 

TgPKS2 (Figure  43).113 

Figure 43. 3ÙÈÕÚÈÊàÓÈÛÐÖÕɯÈÊÛÐÝÐÛàɯÈÚÚÈàȭɯ2ÊÏÌÔÈÛÐÊɯÖÍɯÛÏÌɯϔɪÒÌÛÖÎÓÜÛÈÙÈÛÌɯËÌÏàËÙÖÎÌÕÈÚÌɯ

ȹϔ*&#'ȺɯÊÖÜ×ÓÌËɯÒÐÕÌÛÐÊɯÌÕáàÔÌɯÈÚÚÈàɯÜÚÌËɯÛÖɯËÌÛÌÙÔÐÕÌɯ 3ɪ "/ɯÛÙÈÕÚÈÊàÓÈÛÐÖÕȭɯ

!ÙÐÌÍÓàȮɯÈÛÛÈÊÒɯÖÍɯ"Ö ɯÚÜÉÚÛÙÈÛÌÚɯÉàɯÈÕɯ 3ɯËÖÔÈÐÕɯÙÌÓÌÈÚÌÚɯÍÙÌÌɯ"Ö 2'ɯÛÏÈÛɯÐÚɯÊÖÜ×ÓÌËɯÛÖɯ

ÍÖÙÔÈÛÐÖÕɯÖÍɯ- #'ɯÛÏÈÛɯÐÚɯÊÖÕÛÐÕÜÈÓÓàɯÔÖÕÐÛÖÙÌËɯÉàɯÍÓÜÖÙÌÚÊÌÕÊÌȭ 
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5.3 Acyltransferase and Acyl Carrier Protein Interactions   

Purified  AT and ACP domains were analyzed for transacylation with their cognate 

ACP domains and known acyl -CoA substrates using the previously established coupled 

enzyme assay.88,89,97 This assay allow s for kinetic parameter such as the Km values for 

substrate and ACP to be determined. In this chapter, we utilize d the previously 

characterized DEBS AT3 and DEBS ACP3 cognate pair from module 2 of the DEBS 

Figure 44.ɯ#ÖÔÈÐÕÚɯÜÚÌËɯÛÖɯÈÚÚÌÚÚɯÛÙÈÕÚÈÊàÓÈÛÐÖÕȭɯȹ Ⱥɯ#$!2ɯ 3ƗɯÈÕËɯÊÖÎÕÈÛÌɯ "/Ȯɯ#$!2ɯ

 "/ƗɯÍÙÖÔɯ$Ùà (ɯÖÍɯÛÏÌɯ#$!2ɯ/*2ɯÞÌÙÌɯÜÚÌËɯÈÚɯÈɯÊÖÕÛÙÖÓȭɯȹ!Ⱥɯ3Î/*2Ɩɯ 3Ɩɪ$ɯÈÕËɯÊÖÎÕÈÛÌɯ

 "/Ȯɯ "/ƗɯɯÍÙÖÔɯÔÖËÜÓÌɯƖɯÞÌÙÌɯÈÚÚÌÚÚÌËɯÍÖÙɯÈÊÛÐÝÐÛàȭ 

A 

B 
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modular type I PKS as a control to validate our approach (Figure 44A ). Within TgPKS2, 

we utilize d the best expressing cognate pair, AT2-E and ACP3, from module 2 ( Figure 

44B). Specificity of the protein -protein interactions were accessed by testing both cognate 

and non-cognate ACPs. From previous work, we  anticipated transacylation would  occur 

with TgPKS2 AT2-E and KS-AT2-E to TgACP3 with malonyl -CoA, and the reaction would 

be faster than the competing hydrolysis . This approach would allow  for insight s into a 

potentially novel ACP recognition interface  in TgPKS2 and for comparison of enzymatic 

parameters to known systems.  

5.3.1 Transacylation of DEBS AT3 and ACP3  

 The DEBS modular type I PKS from S. erythraea  has been very well-characterized 

in the past two decades and in fact nearly all of the structural information present about 

this class of megaenzymes comes from this one synthase. Dunn and colleagues have 

previously  characterized transacylation within this system using  DEBS AT3, and have 

studied the effect of cognate and non-cognate ACP pairs on this activity. 97 They observed 

that the cognate AT-ACP pair (DEBS AT3 and DEBS ACP3) showed a significant increase 

over the base hydrolysis rate, likely due to differences in AT domain turnover. 

Additionally, DEBS AT3 was found to prefer its cognate ACP, ACP3 by ~25-fold ( kcat/Km = 

1.0 ± 0.5 µM -1 min -1) compared to a non-cognate ACP from DEBS module 6, ACP6 (kcat/Km 

= 0.04 ± 0.1 µM -1 min -1), by ACP-limited transacylation, which emphasizes the 

discriminatory properties of these AT -ACP interactions.97,196 
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 As an initial control for  our transacylation assays, we purified DEBS AT3 and 

DEBS ACP3 using previously known domain boundaries and performed ACP-limited 

transacylation with constant AT concentration and increasing concentrations of ACP. We 

observed that reactions containing DEBS ACP3 and methylmalonyl -CoA substrate 

without AT domain showed no increase in NADH production as compared to a no 

enzyme control over all ACP concentrations. This indicat es no self-acylation activity was 

occurring , as expected. Reactions containing both the AT and ACP domain showed dose-

Figure 45. #$!2ɯ 3Ɨɤ#$!2ɯ "/ɯÛÙÈÕÚÈÊàÓÈÛÐÖÕɯÈÚÚÈàȭɯȹ Ⱥɯ1ÈÞɯ×ÓÈÛÌɯÙÌÈËÌÙɯÊÜÙÝÌÚɯÜÚÐÕÎɯ

ÛÏÌɯϔɪÒÌÛÖÎÓÜÛÈÙÈÛÌɯËÌÏàËÙÖÎÌÕÈÚÌɯȹϔ*&#'ȺɯÊÖÜ×ÓÌËɯÒÐÕÌÛÐÊɯÌÕáàÔÌɯÈÚÚÈàɯÞÐÛÏɯƖƔƔɯÕ,ɯ

#$!2ɯ 3ƗɯÈÕËɯÐÕÊÙÌÈÚÐÕÎɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯȹƔɪƕƔƔɯϟ,ȺɯÖÍɯÊÖÎÕÈÛÌɯ "/Ȯɯ#$!2ɯ "/Ɨȭɯȹ!Ⱥɯ

1ÈÛÌɯȹ5ɤȻ$ȼƔȺɯÖÍɯÛÙÈÕÚÈÊàÓÈÛÐÖÕɯÉÌÛÞÌÌÕɯƖƔƔɯÕ,ɯ#$!2ɯ 3ƗɯÈÕËɯÐÕÊÙÌÈÚÐÕÎɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯ

ȹƔɪƕƔƔɯϟ,ȺɯÖÍɯ#$!2ɯ "/ƗɯÞÐÛÏɯÔÌÛÏàÓÔÈÓÖÕàÓɪ"Ö ɯȹƕƙƔɯϟ,Ⱥȭɯ2ÐÎÕÐÍÐÊÈÕÊÌɯËÌÛÌÙÔÐÕÌËɯ

Éàɯ ÖÕÌɪÞÈàɯ ÕÖÝÈɯ ȹ#ÜÕÕÌÛÛɀÚɯ ÔÜÓÛÐ×ÓÌɯ ÊÖÔ×ÈÙÐÚÖÕÚɯ ÛÌÚÛȺȰɯ ÕÚȮɯ ÕÖÛɯ ÚÐÎÕÐÍÐÊÈÕÛȰɯ ɖɖɖɖȮɯ

×ǾƔȭƔƔƔƕȭɯ #ÈÛÈɯ ÚÏÖÞÕɯ ÈÚɯ ÛÏÌɯ ÈÝÌÙÈÎÌɯ Ƿɯ 2$,ɯ ȹÕǻƖȺȭɯ ȹ"Ⱥɯ 1Ì×ÙÌÚÌÕÛÈÛÐÝÌɯ ÙÈÛÌÚɯ ÖÍɯ

ÔÌÛÏàÓÔÈÓÖÕàÓɪ"Ö ɯȹƕƙƔɯϟ,Ⱥɯ 3ɪ "/ɯÛÙÈÕÚÈÊàÓÈÛÐÖÕɯÞÐÛÏɯÐÕÊÙÌÈÚÐÕÎɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯ

#$!2ɯ "/Ɨȭɯ 

A B 

C 


