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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 gondinas
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. gondiifor 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.



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 | PKS. Chapter 4 further emphasizes the unique
attributes of TgPKS2, delving into a never before characterized chain rdease mechanism
while Chapter 5 compares TJPKS2 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. gondiilife 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. | ntroducti on

Portions of this chapter are adapted from the publication "Examination of Secondary
Metabolite Biosynthesis in ApicomplekaBy # z OE U O U B (keelerd A.B.*; 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.*4 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.*° 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®4 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.'#21 Polyketide synthases (PKS) are multrmodular megaproteins that are
responsible for the formation of many pharmaceutically important natural products, such

as erythromycin A, epothilone B, and avermectin .2%24|n fact, over half of all commercially

available drugs are either natural products or inspired by natural product scaffolds .1825



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.282° 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
sources331Given 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 inCryptosporidiumparvum, 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

PKSs3233

1.1 Apicomplexan Phylum

The protistan phylum Apicomplexa consists of multiple obligate intracellular
pathogens, including Plasmodium falciparumCryptosporidium parvum and Toxoplasma
gondii, the causative agents of malaria, cryptosporidiosis, and toxoplasmaosis respectively

(Figure 1).26 These parasites have finely evolved to reproduce and cause infection while



evading the immune system and are significant global health burdens that contribute

millions of infections per year. 8°

Heamosporida

:LApicomplean

Toxoplasma

Cryptosporidium Eimeria
\ne
ega""
pugrl ®Patozq,,
o oj,o/ Coccidia
N i)

Gregarine

Figure 1. The phylum Apicomplexa. Over-simplified phylogenetic representation of the
apicomplexan phylum showing the 3 classes and representative genus within each. Classe
that form infective oocysts during their lifecycle are colored red.

The apicomplexan parasite T. gondiiis 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.”3437 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
3



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.3839

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 gondis the causative agent
of toxoplasmosis, an often neglected foodborne iliness with widespread infection rates. T.
gondiiis able to infect essentially any warm -blooded host and thus is a significant threat
in livestock and can cause severe complication or death inET YI OOxDOdrw i 1 OUU
immunocompromised individuals, such as those with HIV/AIDS. 7.3637Additionally, there
are few drugs that treat toxoplasmaosis, 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 tdifficulties in completely clearing the disease

and thus, relapses of infection 443



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 Plasmodiumor Eimeria spp#46 This ability to be utilized as a model apicomplexan
organism has prompted significant research and characterization of genes in T. gondiithat
are homologous to those in more difficult organisms such as Plasmodium Additionally,
multiple genome editing methods have been developed and utilized in T. gondiiincluding
transcription effector nucleases and the CRISPR/Cas9system, which allow for finely

tuned genetic manipulation. 344#50
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Figure 2. The apicomplexan parasite Toxoplasma gondii. (A) Simplified cartoon
representation of T. gondiiwith important features labeled. (B) T. gondiitissue cysts car
contain hundreds to thousands of infective parasites that evade the immune system and
can reactivate to repeat infection.

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

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



2A).51 T. gondiimoves 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 molecules52 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. gondiisurvival and participates in
lipid biosynthesis. 5357

During the life stages of T. gondiOw Ei Ul UwUOUEY]I UUEQwUOwWUT 1 wi
parasite goes through differentiation from the fast -growing tachyzoite stage to the more
slowly -growing bradyzoite stage and forms latent tissue cysts primarily in muscle and
central nervous system tissue, where cell replacement is slower figure 2B).%® This
differentiat ion process can be induced and studiedin 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 aspectshow why T. gondiiis often used asa 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



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 felinethat 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

Fecal Definitive Feline
Oocysts Host Ingestion

Cyst
Formatlon
Contaminated O f— ) Injestion
Food and Water 7 { J

Sh

Figure 3. The T. gondii lifecycle. Overview of the T. gondiilifecycle. 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. 5861 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 tissie cysts can then be ingestedy 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).6263

Bradyzoite cysts are of significant concern asthey are unable to be targeted bythe
current frontline treatments for toxoplasmosis. Recently, a master regulator of tachyzoite
to bradyzoite differentiation was discovered through Cas9 genetic screens that asingle
gene, BFD1, binds at the transcriptional start of multiple upregulated genes during
differentiation, and is required for this process. 4 However, it 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-to-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 deatl¥* How these bradyzoite tissue cysts evade the



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 8465

T. gondiiis amember of the coccidian apicomplexans, a group that includes Eimeria
sp., Neosporasp., Hammondiasp., and Cryptosporidiumsp, named for their ability to
replicate and produce oocysts in the intestine of the definitive host, which are shed into
the environment via feces3.6”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 tothe lipid -rich cell walls
found in various species of mycobacteria such as Mycobacterium tuberculosisRecent
lipidomic analysis showed that the oocyst walls of T. gondiiand other coccidians contain
a 2-layer acid-fast lipid cell wall that is in a similar pattern to those in Mycobacteriun:f4.68
Mycolic acids are the most well-known of these lipids and contribute to the pathogenesis
of many pathogenic mycobacteria, including Mycobacterium tuberculosighe causative
agent of tuberculosis.®8% 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 arenot essential for the survival of the

producing organism unlike primary metabolites such as lpids, amino acids, etc267



However, these natural products often confer specific advantages to the producing
organism through defense?72 signaling’75, or by providing structural integrity 7678
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
| PKSs are multimodular megaenzymes made up of individual domains, type |l PKSs are
complexes of individual catalytic domains, and type Ill PKSs are single homodimers
commonly found in plants. Type | PKSs are further divided into modular and iterative

PKSs based on the repeat usage of domains during a chain elongation cyclé&?.8
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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.

Modular type | PKSs are organized into modules containing at a minimum
acyltransferase (AT), ketosynthase (KS), and acyl carrier protein (ACP) domains. These
0001 EUOEUVUWEUUI OECawODPOl UwEUI wbOPUPEUI EwbkT 1 OQwUl
AT domain and trans -acylated onto the cognate ACP. This substrateloaded ACP then
undergoes a Claisenlike condensation with a KS domain to extend the growing carbon
chain. During this reaction cascade, proper domaint domain interfaces are critical for PKS
function and correct product formation. 8182The most well-studied and characterized
modular type | PKS is the 6-deoxyerythronolide (DEBS) synthase from Saccharopolyspora
erythraeawhich forms the precursor to the broad -spectrum antibiotic erythromycin A
(Figure 5).8384 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
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Figure 5. DEBS polyketide synthesis. Domain and module organization of the model

DEBS type | PKS from S. erythraeavhich 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.

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 distincphyl a, little is still known
about these megaenzymes in diverse organisms such as protistsleaving a significant gap
in our understanding .2 In fact, upon analysis of all 2,502 gene clusters inthe Minimum
Information about a Biosynthetic Gene Cluster (MIBIG) repository showed that 79% of

12



characterized clusters belong to bacterial species, and17.86 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).8°

= Bacteria (1969)
== Fungi (438)
MI BiG BGC Analysis : i:_ip\;g?ga)
— B Unknown (46)
wpapPupPP mm Chromista (1)

Total = 2502 BGCs

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 all2,502gene clusters from the database, with thenumber and color
for each displayed on the right.

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
PKSshave not been elucidated?”8%8”While PKSs have been predicted to be present in
apicomplexans for decades no products have yet been characterized.For example, the
apicomplexan parasite T. gondiicontains multiple PKSs with yet unknown functions

suggesting the ability for Apicomplexa to produce complex natural products. 6588.89
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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 secondaryendosymbiotic event
involving the engulfment of ancient cyanobacteria likely gave rise to the double
membrane-bound plastid organelle.253 Apicomplexan parasites are defined by the
presence of an ancient algal remnant ofthis 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%91The current hypothesis of modular
type | PKS formation suggests that they arose fromthe fusion of type Il enzymes, possibly
from FASII or PKSII genesfrom 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 thesegenes?992

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. tenellahave been shown to contain putative type |
PKS gene clusters, they likely play important roles in the life cycle of these organisms.327°

As all PKS-containing Apicomplexa belong to the Coccidia sub -class, characterized by

14



their ability to form dormant lipid -walled tissue cysts, many researchers have
hypothesized the role of PKSs in cyst or oocyst wall formation. ¢ In fact, a transcriptomic
analysis during the C. parvumlife 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. 2 A more
recent study by Lourido and colleaguesidentified a regulator of tachyzoite to bradyzoite
differentiation as well as several stage-specific genes*” Within their RNA -sequencing data
was apartial 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 gPCR analysis performed on all predicted T. gondiiPKS clustersin
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Figure 7. Differential expression of PKS genes in T. gondii. Relative transcription levels
of TgPKS1land TgPKS2from 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). Significancevas determined using
atwo-PEaw -.5 wbbPUIl w2PEEOzUwOUOUDXxOI wUI UU
****%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. % Characterizing PKS gene
clusters in apicomplexans, as well as more sequencing studies during the cyst-forming
stagewill 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.®*49%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 isantiSMASH/fungiSMASH which allows
for the input of any genome and will predict the presence of secondary metabolite
clusters.®¢ 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. gondiiGT1 genomewas performed

PKSclusters, termed TgPKS1 and TgPKS226:88 TgPKS1is 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 inTgPKS2 were originally
detected, resulting in an inability to accurately predict protein domain architecture . These
gaps were resolved by sanger sequencing using the type IT. gondiiRH strain (Hannah K.
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Figure 8. Bioinformatic analysis within Apicomplexa.  With increased genome sequencing
efforts, bioinformatic analysis has beenused to screen for BGCsand 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

TgPKS2

18.8 kb

Loading Module 1 Module 2 Module 3 Release

Figure 9. Domain architecture of TgPKS2. The 18.8 kb type | PKS TgPKS2 contains 3
defined modules (containing at least KS, AT, and ACP domains) as well as interesting
loading and release di-domains.

within modules indicating the production of aketide with varying levels of reduction.

To date, the only other resolved apicomplexan type | PKS is from C. parvum
(CpPKS1) CpPKS1 is comprisedof 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 maodification. 3233 TgPKS2 and
CpPKS1 both share a reductive release mechanismbhut CpPKS1 does notpossessa KSTR
di-domain and instead utilizes the more common ACP -TR arrangement for substrate
release. The differences in ORF size and domain architecture betweenTgPKS2 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.
18



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 hasshown

TgPKS2

—

18.8 kb

= = < S

Loading Module 1 Module 2 Module 3 Release

CpPKS1

—
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Loading Module 1 Module 2 Module 3 Module 4 Module 5 Module 6 Module 7 Release

Figure 10. Domain architecture of TgPKS2 compared to CpPKS1l. 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 respectivex E U E U
lifecycle.

a preference for long chain fatty acids, specifically arachidic acid (C20:0), although
substantial promiscuity was observed. 3233This loading mechanism suggests a lipid-based
polyketide metabolite is produced by CpPKS1.Zhu and colleagues also suggested a
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 PKSs3

However, to this point no other domains of CpPKS1 have been characterized and no
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metabolite products have been determined, emphasizing the difficulty of working with

these parasitic systems for natural products characterization .

20



2 . Exploring Acyltransf r agendicit
PKST,®PKS?2

Portions of this chapter are adapted from the publication "A single amino acid residue
controls acyltransferase activity in a polyketide synthase Trokoplasma gondii By

# 7z OE UB.K.B Ganley, J.G¥; Keeler, A.M. ; and Derbyshire, E.R.

2.1 Introduction

Modular type | 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. 8 Diversity within modular type | PKSs
a research focus has been on engineering the specificity of these domain for unnatural or
unique CoA substrates as a way to generde novel pseudo natural products. 97103
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.108108 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, AM. (AMK); #z OEUOUPOOw' 6*8wamp *#AOw &EOOI 3
#1 UEaUT PUT Ow$618wps1l#Adw wWEI UEPOI EWEEEOUOUWOI

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 | PKS, which we termed TgPKS288 Several sequencing gaps existed in the
T. gondiiassembly, complicating initial analysis of the cluster. These gaps were resolved

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

TgPKS2
M1 M2 M3
@ @O
AT1 AT2 AT3

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
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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 expressed
and purified each protein to homogeneity. During this process, | observed that AT2 and
AT3 were readily purified with significant yields. Given that our initial analysis showed
that these T. gondiiAT domains are phylogenetically distinct from charac terized bacterial
and fungal systems | originally attempted to solve the crystal structure of AT3. Through
the assistance ofDr. Nathan Nicely at the UNC Crystallography Core, | performed

commercially available SLICE pH screensthrough the sitting drop crystallization method

A B
Sitting Drop
(Protein + Precipitant)

A

|~ Reservoir

Precipitant Solution

Figure 12830/ * 2| WEB & WUEOWPPA &HDDIOIOOGEUDE wOi wli T wUE
' Aw/ UOOPUDPOT wEUAUUEOU WOl w 3+t wybUUEODPAI E
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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 inE. coli AT1 on the other
hand showed exceptionally poor expression. Through significant optimization, |
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 thepredicted 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 domains 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,
OO0OOPOWEUW?I POT T UxUPOUwWUI UPEUI U2 Ot HrdiYtheaseE1 1 Ow x
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).0001100 Op| YI UOwUT PUwUI O1 EUPYPUAwWPUwWOOOA WEWxUI EPE
there may be other unforeseen factors effecting substrate specificity in these apicomplexan

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

—
-_— _— —
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Domain Sequence Prediction
AT1 ...GHSLG---//---HAFH... Malonyl-CoA
AT2 ...GHSLG---//---HAFH... Malonyl-CoA
AT3 ...GHSLG---//---HAFH... Malonyl-CoA

Figure 1353uf * 21 w 3w EOOEDPOw x Ul &8 B EQuiE U iwG GEUER Y
EOOEDOUWEOEwWx Ul BPEDD ERADEIWUVEWLIWEET WEOOE
i OUwl EET wEOOEPOWPUWUOET UODOI EB

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 assaydeveloped by Khosla and colleagues.®’ 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 Y-

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

dinucleotide (NAD+) is reduced to NADH which can be continuously monitored by
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fluorescence emission at 460 nm after excitation at 360 m (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]o.

Each of the 3 distinct TJPKS2 AT domains were tested for hydrolysis activity with
the two most commonly used substrates in studied modular type | 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 ofapproximately 3t 11 mintb | DOl wOOWEEUDPYPUAWEEOYI wOT 1
to noise ratio was observed for mmCOoA. Interestingly, AT3 showed no activity with either
substrate even at very high substrate concentrations (L50 pM). 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 indomain boundaries have been shown to have

an effect on catalytic activity . Previous work has demonstrated that the ~80-100residue
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ordered linker domain (LD) betweenaKS and AT domain is important for proper activity
of the AT domain. 11#114 Gjven this, we analyzed Alphafold2 homology models generated
for KS-AT di-domains from TgPKS2 compared to crystallized structures and the
prototypical DEBS modular type | 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 eachAT domain. 113117

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

w
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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
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small anti-parallel beta sheetfrom the C-terminal of the KS domain. We have termed this
construct PATX-extended? 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, ATLE, 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 changein 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
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those from the DEBS, pikromycin, and rapamycin synthases®’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
GIn 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 | 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.

3T PUWEXxxT EUVUWUOWET wEwWwOOYI Owll ET EOPUOwWCifwbOEE U

UPPUET » wi OUWEEUDPYDPUaAS w( OwOOUUwWOUT T UwUUUEDPI EwUa
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to be inactive it typically is due to a mutation of a catalytic residue which makes our
observations unigue.11%122 Tg 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

A 62 * 79
ATl MVWLEFTGQGSQYVNMAKS
AT2 MVWLEFTGQGSQYVNMAKS
AT3 MVWLEFTGQGSHYVNMAKS
* Kk kkkkhkkxk . * Kk kK k k%
B
Site-Directed Linker
—> AT
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AT3-E AT3-E
WT H72Q
C

et B e f

-

-E + AT3-E + AT3-E
WT H72Q
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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 asignificant distance away from the catalytic serine residue of
AT3, DOWE w? 00O x » wU x UBHO O b BRubihitEl @wLightsi outhe 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 | 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 | 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
UT EQwOT T wOOOxwUI 1 DPOOWEOOUEDPODOT w PUAI *y&OOA |l wuUI
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
31



18B).123125 This analysis showed that the AT3 WT structure had decreasedstability and
increasedflexibility within this loop region compared to the H72Q mutant. To analyze the
effect of this movement on the catalytic residues of AT3 | 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 of4.79 Acompared to 5.19A 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
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the formation of an oxyanion hole is required to stabilize the acyl -CoA substrate for
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nucleophilic attack by the catalytic serine.12126127Qur 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).1120f 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 molution. 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 obsewed hydrolytic

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

Figure 19653ul 1 @t@OKMU PB O wOOOxwUI T POOwWOI w 3t wa
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Ux OOwOUUEUPOOWUOW&OOAI w?20UUOI EwOO> wEEUDYPUaAWI
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 GIn72. 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. gondiiRH genome showed 3 distinct AT domains present
with assembly gaps surrounding these domains (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

] BROUUEEU]I EWEQOEWE#- wUadUll i UPAl EWEEEDMNEWRT wUOwU]
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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 andwere 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-Hise TgAT1 Expression Vector (AMP Resistance) This Study
pET-21a(+)
TgAT2-Hiss TQAT 2 Expression Vector (AMP Resistance) This Study
pET-30b(+)
T7-TgAT3-Hiss TQgAT 3 Expression Vector (AMP Resistance) This Study
pET-21a(+)
T7-TgAT1-E-Hiss TgAT1-E Expression Vector (AMP Resistance) This Study
pET-21a(+)
TQAT 2-E-Hiss TgAT 2-E Expression Vector (AMP Resistance) This Study
pPET-30b(+)
T7-TgAT 3-E-Hiss TgAT 3-E Expression Vector (AMP Resistance) This Study
pET-21a(+)

TgAT2-E Q72H-  TgAT2-E Q72H Expression Vector (AMP Resistance) This Study
Hiss
PET-30b(+)

T7-TgAT3-E TgAT 3-E H72Q Expression Vector (AMP Resistance) This Study
H72Q-Hiss
pET-21a(+)

Primers
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AT1 FOR Eton
AT1 REV Bioscience

k -AGCCGGATCCATGGTGTGGCTGTTTACTGGT - 7z
k -ATGAAGCTTGCAGCAATTCGGACCTAAGTG -t 7

AT1-EFOR Eton
AT1-E REV Bioscience
k AGCCGGATCCATGGCCGGTGAAAAGACG - 7
k ATGAAGCTTACAGCAATTCGGCCCCAA -t 7 Eton
AT2 FOR Bioscience
AT2 REV

k TATAGCCATATGATGGTGTGGTTATTCACGG -t 7

k FATCGCCTCGAGATCTGCTCCCGAATCAC -t 7
AT2-EFOR Eton

AT2-E REV Bioscience
k FATAGCCATATGATGCATCTTATGGCAGGTGAAAAAACA - 7
TATCGCCTCGAGATCTGCTCCCGAATCAC -t 7
AT3 FOR Eton
AT3 REV Bioscience

k TGCCGGATCCATGGTGTGGTTATTTACCGGGC -t 7
k ATGAAGCTTCCCAATGTTGGCAAGTGTACGT -t 7

AT3-E FOR Eton
AT3-E REV Bioscience
k - AGCAAATGGGTCGCGGATCCCTAATGACCGGCGAGAAGAC -t 72
k LTCGAGTGCGGCCGCAAGCTTAGCTCCATTGACGTAGGCGG -t 2
AT2-E Eton
(Q72H) Bioscience
Site-directed
mutagenesis k FATTAACGTAATGGGATCCTTGC - 7
k FGGCCAAAAGTCTGTACG - 7
AT3-E Eton
(H72Q) Bioscience
Site-directed
mutagenesis k FCAGGGATCCCAATACGTAAATATG -+ 2

k €£CCGTGAATAGCCAAACC -+ 7

2.7.2 Protein Expression and Purification

AT1 - E. colicodon-optimized DNA encoding AT1 was transformed into E. coliBL21(DE3)
cells and plated on LB medium supplemented with 100 pg/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 ug/mL ampicillin. The culture was grown to midlog phase (OD 600
~0.6)at37 WEOEwWDPOEUEI EwE a wE E E b U B-4-Miegalactopyy@mosidd, w( U O x U
(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,

30min) and the cell pellet was resuspended in lysis buffer (50 mM KH 2POs4, 200 mM NacCl,

huwO, w! 1 OAEOPEDPOI Owk U wi-Meikcéplodihardlud M Mida&deusHw O, wd
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, 3h). The his-tagged proteins were purified from the
supernatant by Ni2*column chromatography using Ni -IDA Profinity resin (BioRad). The

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

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

and subjected to anion exchange chromatography using a HQ/10 column (Applied
Biosciences). Pure protein was concentrated using a 1€kDa cut-off centrifugal filter device

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

AT1-E - E. colicodon-optimized plasmid DNA encoding AT1 -E was transformed into E.

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

pg/mL ampicillin , primers are included in Table 1. A 1 mL preculture was used to
inoculate 4 liters of LB medium supplemented with 100 pg/mL ampicillin. The culture

was grown to midlog phase (OD s ~ 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,
30min) and the cell pellet was resuspended in lysis buffer (50 mM Tris pH 7.5, 0.1 M NacCl,
1mg/ml lysozyme, 10 mM Imidazole, pH 7.5) supplemented with 1 cOmplete protease
inhibitor tablet (Roche). Resuspended cells werelysed 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 ¢ 150 mM) in lysis buffer at a flow rate of 1.50 mL/min. Pure
fractions, as determined by SDSPAGE were pooled and subjected to size exclusion
chromatography using a HiLoad 16/600 superdex 200 pg column (Cytiva). Pure protein
was concentrated using a 10kDa cut-off centrifugal filter device (Vivaspin) and stored in
25% glycerol at-80°C.

AT2 and AT2-E - E. colicodon-optimized plasmid DNA encoding AT3 was transformed
into E. coliBL21(DE3) cells and plated on LB medium supplemented with 100 pg/mL
ampicillin , primers are included in Table 1. A 1 mL preculture was used to inoculate 4
liters of LB medium supplemented with 100 pg/mL ampicillin. The culture was grown to
midlog phase (ODsoo~ 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
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cell pellet was resuspended in lysis buffer (50 mM KH2:POs, 200 mM NaCl, 1 mM
1 OAEOPEDOI Owk 0 wi O aMerthfia@ilamol, 40 niVAIQidakola, pH 1)
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 t+ 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 10kDa cut-off centrifugal filter device (Vivaspin) and stored in 25% glycerol at -80°C.
AT3 and AT3-E - E. colicodon-optimized plasmid DNA encoding AT3 was transformed
into E. coliBL21(DE3) cells and plated on LB medium supplemented with 100 pg/mL
ampicillin , primers are included in Table 1. A 1 mL preculture was used to inoculate 4
liters of LB medium supplemented with 100 pg/mL ampicillin. The culture was grown to
midlog phase (ODsoo~ 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 KH2POs, 200 mM NaCl, 1 mM

'l OAEOPEDOI Owk i wi Oa Mertafic@tnepo, 0/niVKIDidakole, pH G16)
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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, 3h). The his-tagged proteins were purified from the
supernatant by Ni2*column chromatography using Ni -IDA Profinity resin (BioRad). The
bound protein was eluted with a linear imidazole gradient (25 ¢t 150 mM) in lysis buffer
at a flow rate of 1.50 mL/min. Pure fractions, as determined by SDSPAGE 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 10kDa 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.
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2.7.3 Hydrolytic Activity Coupled-Enzyme Assays

The hydrolytic activity of AT domains was determined as previously described.97.118.128129
Briefly, reactions were run with 200nM purified recombinant AT with varying acyl -CoA
concentrations (Ot 150uM). 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 final 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 uL of solution
1, 25 pL of solution 2, and 50 pL of solution 3 were added to a black polystyrene costar
96-well plate (Corning) to a final volume of 100 pL. 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 15t 20 min. Data analysis and determination of kinetic values 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
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 62 366130.131
MD simulations were all performed with AMBER20 .123132 The ff14SB force field was
applied to each protein which was immersed into a periodic TIP3P water box containing

150 mM NacCl, extended 10 A from any solute atom.!2* 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? First, 500 cycles of steepest descent and 500 cycles of
conjugate gradient with 50 kcal/mol/A2 restraint on backbone carbons totaling 1000 cycles
of minimization were performed. Next, the same 1000 minimization cycles were
performed with a 10 kcal/mol/A2 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 50ps with 2.0 kcal/mol/A2 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 simulation3#

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

analyzed the data.
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3Charact er iUnetxipcerc ted y5alti on Act
I TP KS2

Portions of this chapter are adapted from the publication "Characterization of Unexpected
SeltAcylation Activity of Acyl Carrier Proteins in a Modular Type | Apicomplexan Polyketide

Synthase' By Keeler, AM.Ow# 7 OEUOUPOOwW' 6* 8OW&EOOI aOw) 8&6 0w

3.1 Introduction

Polyketide synthases (PKSs) are divided into three distinct types, type | PKS are
megaenzymes subdivided into modules composed of individual domains linked by short
amino acid sequences. Type Il PKS are individual catalytic domains that come together to
form functional complexes while type Ill PKS are commonly found in plants and are
individual homodimers. Type | PKSs can be further divided by the repeat use of domains
as either iterative or modular.

Modular type | 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
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. 13%137

ACPs are small, alpha helical, highly ubiquitous proteins found in every branch of
life. These proteins require a posttranslational modification (PTM) of attachment of a 4-

48



phopshopantetheine (ppant) group to a conserved serine residue on helix Il by a 4~
phopshopantatheinyl transferase for activity .138141 |In nearly every situation, an AT
domain is required to load CoA-substrates onto the cognate ACPand start the PKS
process some ACPsare known to self-acylate (i.e., acylate without the AT domain), as has
been described in type 1l PKS and type Il 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 | was
responsible for this activity in other type | | systems.142143Tg this point, there are no reports
of this activity in a modular type | PKS to the best of our knowledge.

Here, we elucidate the domain architecture of a modular type | PKS from the
apicomplexan parasite Toxoplasma gondinamed TgPKS2, andfind that ACPs from this
protein exhibit self -acylation activity. Three TgACPs (TgACP2t4) were found to be
capable of selfacylation to varying degrees while the ACP in the loading module
(TgACP1) was inactive. Additionally, TgACP2t4 showed activity toward a less common
¢-keto ester substrate, succinytCoA, however, no activity was observed with acetoacetyl -
ACP. To investigate the basis for this activity, every acidic residue proximal to the ppant
arm of TJACP3 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. gondiiand other protists.
Design and execution of experiments have been conducted through a collaborative
effort by Keeler, AM. (AMK); #z OEUOUPOOw' 6*8wamp *#AOw &EOOI 3
#1 UEaUT PUT Ow$618wps1l#Adw wWEI UEPOI EWEEEOUOUWOI

end of this chapter.

3.2 Resolution of the TgPKS2 Sequence and Domain Architecture

Bioinformatic analysis using fungiSMASH of the T. gondiiGT1 genome shows a
putative type | 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. 126 To address this, extensive
primer -based Sanger sequencing efforts were conducted usingT. gondiicDNA generated
from mRNA extracted from type | T. gondiiRH cultures propagated in Vero cells.199128Thjs
method allowed for elucidation of the entire 18.8 kb TgPKS2gene sequence, and the
subsequent analysis of the protein domain architecture by fungiSMASH and BLASTP
(Figure 20A). Our analysis indicates that TgPKS2 contains an acyltransferasedevoid
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 TJACP Constructs
Given the central role of ACPs in polyketide biosynthesis, we sought to investigate
these TgPKS2 domains. TgPKS2 contains four predicted ACP domains (ACP114).%6128The
minimum boundaries of these domains were identified and each ACP was cloned into
expression plasmids harboring a Hises 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. subtilisthat converts ACPs to their holo
(active) form. 44 Proteins were purified by Ni -NTA affinity chromatography followed by
EOPOOwI BRET EOT T wEl UOOEUOT UExT awlUOwl OOPAGEOT PUa w
(Figure 20B). Purified TgACP yields ranged from 0.5¢1.0 mg/L. All holo -ACPs were
validated by MALDI -TOF MS. To assess protein quality, gel filtration was completed on
TgACP1. TgACPL eluted as a single peak without aggregates. To further probe secondary
structure and protein folding, TgACP1t4 were evaluated by circular dichroism (CD)
spectroscopy. All four TJACPs | BT PEPUwUx|I EUUEWEOOUDP Welicad Uw bP DU T

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.81.82143\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 thal'gPKS2 ACPs in our assays were capable of

51



w

A Elucidated TgPKS2 Architect

Loading Module 1 Module 2 Module 3 Release 10 10 10

DEBS Holo-ACP3 Holo-TgACP1 Holo-TgACP2  Holo-TgACP3  Holo-TgACP4
13.2kDa 11.2 kDa 12.7 kDa 9.9kDa 11.4 kDa
C DEBS ACP3 TgPKS2 ACP1 TgPKS2 ACP2 TgPKS2 ACP3 TgPKS2 ACP4
@ =
(0]
| J\ ‘_J\_, }\
T T T T T T T 1 T T T 1 T T T 1 T T T 1
13100 13200 13300 13400 11100 11200 11300 11400 12600 12700 12800 12900 9800 9900 10000 10100 11300 11400 11500 11600
miz miz miz miz miz
| — -mCoA + mCoA |

Figure 20.37 * 21 w "/ Uwi EFEAPEUODODmEE ZBDOBDOIUEUE
37T *21 wii OlBWEE@IWEABULEDOUwI OULwU OBAW @UOEL
OOEEDOT wOOEUOI OWOOEUOT whDANDEHHERI O lulul OWEO Ew

" UwiBlOeQw wg "/ KABEQESOPW & /AMABDETOF trace of ACPs
incubated with either buffer (black trace) or 150 pM mCoA (grey trace), masse
corresponding to holoACP (blue) and decarboxylated malonylated product (red) are
highlighted.

self-acylating CoA substrates. To further validate this, each holo-ACP was incubated in
the presence of mMCoA and mmCoA for 20 hr at 37 °C (Figure 20C) and compared to the
well-characterized modular type | PKS from the Saccharopolyspora erythraeé
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, theTQACP24 4 spectra contained
peaks that correspond to the decarboxylated acylACP 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
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substrate selfmalonylated TQACP3 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 TJACP3 and TgACP4, and zero acyFACP product was observed for

either TJACP1, 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

EawElI EEUEORAOEUDPOOwWOOWE E E O UKeto aclds +80f hote/self UOE Owb
acylation was not observed without exogenous substrate addition, suggesting the reaction

did not occur in E. colicells.
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A free thiol on the ACP ppant arm is known to be critical for transacylation and
self-acylation activity (Figure 21).142143147Tg probe the role of thiols in the observed
TgACP24 4 self-acylation reaction, iodoacetamide was used to alkylate sulfhydryl groups
of TYJACP3 and then assess activity with mCoA using a previously described fluorescent

coupled-enzyme assay?”.118128.128riefly, nucleophilic attack of CoA -thioesters releases free
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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 dosedependent decrease inTgJACP3 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
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3.5 Kinetic Parameters and Substrate Specificity of TJACPs

Self-acylation thus far has exclusively been studied in type Il systems, therefore
this activity in a type | 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 uM of each purified protein was incubated with varying

concentrations of mCoA. The rate of NADH production was determined at each mCoA
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concentration using the aforementioned coupled -enzyme assay?*23 Initial burst reaction

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

linear regression (Figure 24A). Based on these saturation curves, TgJACP2t4 showed

55



comparable kinetic values to each other with observed catalytic efficiency ( keaf Km) values
of 24 + 11 nMimin-, 6.4 + 3.2 nM: min-1, and 2.6 £ 1.6 nM min -, respectively. Although
TgACPs lack high sequence identity to known self-acylating ACPs (~1420% identity),
determined kinetic parameters are comparable to previously characterized type Il ACPs
from PKS and FAS systems Figure 24B).

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

substrate pool, showing activity with only malonyl, succinyl, and glutaryl

type Il PKS ACPs can also use methylmalonylCoA and acetoacetyFCoAs.142143 To

Relevant Kinetic Values
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investigate the substrate scope of TgPKS2 ACPs, single point activity assays were
performed using 150 uM of each respective acytCoA and 10 uM of each holo-ACP. From
this, we observed that TQACP2t 4 showed significant activity with  mCoA, mmCoA, and

succinyl-CoA (Figures 25A425B) while no activity was seen with acetoacetyl-CoA.
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(Figure 25C). Moretto et al.previously demonstrated that Helix -0 (HO) of ACPs can affect

protein folding and thus may alter subsequent activity. 148 Our designed TgACP1 omits

HO, therefore we generated an additional construct (TQACP1 long) that contains this HO

by extending 15 amino acids at the N-terminus. TgACP1 long was purified to

homogeneity and assessed for seKacylation activity using the coupled -enzyme assay.
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TgACPL1 long was inactive with our substrate scope, indicating that HO does not influence

the observed inactivity.

3.6 Mutational Analysis of TQACP3

Previous studies on the type Il FAS PfACP identified a single acidic residue
between helix | and helix I, E20, that was critical for self-acylation activity. 142 PfACP E20
does not align with a TQJACP3 acidic residue but the protein contains seven acidic residues
on helix Ithelix 1V, 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, sitedirected mutagenesis of these selectedTgACP3
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, TJACP3 E31A showed the most significant decrease

in activity compared to the wild -type protein for both substrates, with decreases of 0.5
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and 0.6-fold for mCoA and mmCoA, respectively. TgACP3 E30A and D35A both showed
an over 1.5fold increase in activity with mCoA and no change in activity with mmCoA.
TgACP3 E50A showed a 1.8fold increase in activity for mCoA, similarly to the E30A and
D35A mutations, but displayed a decrease in mmCoA activity. TJACP3 D57A and D60A
exhibited slightly altered activity with  mCoA and mmCoA. No change in activity for
either substrate was observed for TJACP3 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 TQJACP3.
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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.2127326479For 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 .3 TgPKS2 is expressed in infectiousT. gondiilife 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.’?2¢ 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 malonytCoA 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 Il systems to date. However, recent data suggests that all PKSs are

evolutionarily related and type | PKSs emerged due to mutation, gene fusion, and
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duplication events of type Il enzymes. This suggests that proposed type Il-specific
mechanisms might be more phylogenetically widespread and highlights the needs to
assess more divergent type | enzymes’® Specifically, TgPKS2 ACP2 4 self-acylate with
mCoA and mmCoA, but ACP1 does not. ACP1 is unable to self-acylate with or without
HO, 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 | system to
date, we sought to characterize this activity within TgPKS2 ACPs.

We determined that TJACP2t 4 had comparable activity to type Il 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, TQACP1 showed no self-acylation activity with any substrate
tested. Based on our bioinformatic analysis TJACPL1 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
NocardiaPKS 4 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
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inactive for self-acylation. These differences highlight the need to further explore the
TgPKS2 loading mechanism. InTgPKS2, 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 Il PFACP demonstrated that a single
acidic residue between helix | and helix 1l, E20, was found to impart self -acylation
activity. 192 PfACP and TgACPs have ~30% identity to one another and multiple sequence
alignments did not suggest a rational specific residue(s) as responsible for selfacylation
activity (i.e. present in ACP2¢4 but not ACP1). Therefore, we evaluated seven acidic
residues in reasorable proximity to S45, the site of ppant arm attachment. In particular,
TgACP3 E31A exhibited decreased selfacylation towards both substrates when compared
to the wild -type protein. Comparing homology models of PfACP and TgACP3 suggests
that TJACP3 E31 is located at a similar structural position to E20 of PTACP. 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
E U U E E-ketoédteragbstrates.

In contrast to the PACP 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 seffcylation
but does not have an acidic residue that aligns with TJQACP3 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 thesereactions.

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. 1 Such a selfacylation
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 pM) for
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mMCoA appears to be much greater than the affinity of TQACP3 for this substrate (Km= 14
UM), 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. 150151 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 | 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. gondiitype | strain RH tachyzoite cultures were maintained as described previously in

a standard tissue culture incubator at 37 °C#8 Parasites were grown for 72 hr and then

mechanically released from Vero host cell monolayers by passage through a 20gauge

needle and filtered through a 3 um polycarbonate membrane (ThermoFisher Scientific).

Parasites were pelleted by centrifugation (4000g, 10 min) and mRNA was extracted using

aQuick-1 - w, DOPx Ul xwOPUwm- $! AWEEEOUEDPOT wOOwWUT T whE
ng) was mixed with 1 uL of random primer solution (5 uL 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)

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 afgPKS2, regions
surrounding and overlapping the assembly gaps were PCR amplified from the RH strain

of T. gondiicDNA 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 ofTgPKS2 are located inTable 4. TQPKS2 accession numberOR052131

Table 3. Plasmids and cloning primers used in Chapter 3.

Name Description Source
Plasmids
T7-TgACP1-Hise TgACP1 Expression Vector (AMP Resistance) This Study
pET-21a(+)

T7-TgACP1 Long- TgACP1 Long Expression Vector (AMP Resistance) This Study
Hise
pET-21a+)

T7-TgACP2-Hiss TgA CP2Expression Vector (AMP Resistance) This Study
pET-21a(+)

T7-TgACP3-Hiss TgACP3 Expression Vector (AMP Resistance) This Study
pET-21a(+)

T7-TgACP4-Hise TgA CP4 Expression Vector (AMP Resistance) This Study
pET-21a(+)

T7-DEBS ACP3 DEBS ACP3Expression Vector (AMP Resistance)  This Study

Hiss
pET-21a(+)
Primers
ACP1FOR k -‘AGTGGATCCGAGGCGGTACAGACCCTA + 7 Eton
ACP1REV k ATGAAGCTTCAGTTTCTGGGCCAGAAA -t Bioscience
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Table 46 WD OOWEEDPEWEOEWOUEOB OB REE |

ACP1 Long
FOR k -AGCAAATGGGTCGCGGATCCGAGCCTGACCAGATGGC - 7 Eton

k -AAGCTTGCGGCCGCACTCGACAGTTTCTGGGCCAGAAAGC -t 7

ACP1 Long Bioscience
REV
ACP2EOR k AGCCGGATCCAGTTGTCATCAGAGTCAA - Eton
ACP2REV k ATGAAGCTT GCTTATAAAGTGGCTCAG -+ 2 Bioscience
ACP3FOR k TGCTTACATATG ATGGCTTCTATGGCTCCG- 7 _Eton
ACP3REV k -TAAGAC CTCGAGTAGGTGATCGCTGACAG - 7 Bioscience
ACP4EOR k AGCCGGATCCATGCACGGAAGCATGGAC - Eton
ACP4 REV k ATGAAGCTT CATTATAAACTGGATAAT - 7z Bioscience
DEBS ACP3 k AAGC GGATCCGAGCCTGCCCAACGTCTT + 2 _Eton
FOR k AGCTAAGCTTAGCGTCACCGACAAGGC - 7 Bioscience
DEBS ACP3
REV

wUl gUI OET Uwi OUw

EOI W W W W W W W w W w w2uiwu@auiu@uEuivg ww wwww W ww W ww w w U
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