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ABSTRACT: Polyketide synthases (PKSs) are megaenzymes that form chemically diverse polyketides and are found within 
the genomes of nearly all classes of life. We recently discovered the type I PKS from the apicomplexan parasite Toxoplasma 
gondii, TgPKS2, which contains a unique putative chain release mechanism that includes ketosynthase (KS) and thioester 
reductase (TR) domains. Our bioinformatic analysis of the thioester reductase of TgPKS2, TgTR, suggests differences in puta-
tive apicomplexan reductase domains compared to other systems and hints at a possibly conserved release mechanism within 
the apicomplexan subclass Coccidia. To evaluate this release module, we first isolated TgTR and observed that it is capable of 
4 electron (4e-) reduction of octanoyl-CoA to the primary alcohol, octanol, utilizing NADH as a cofactor. TgTR was also capable 
of generating octanol in the presence of octanal and NADH, but no reactions were observed when NADPH was supplied as a 
cofactor. To biochemically characterize the protein, we measured the catalytic efficiency of TgTR using a fluorescence assay 
and determined the TgTR binding affinity for cofactor and substrates using isothermal titration calorimetry (ITC). We addi-
tionally show that TgTR is capable of reducing an acyl carrier protein (ACP)-tethered substrate by liquid chromatography 
mass spectrometry and determine that TgTR binds to holo-TgACP4, its predicted cognate ACP, with a KD of 5.75 ± 0.77 µM. 
Finally, our transcriptional analysis shows that TgPKS2 is upregulated ~4-fold in the parasite’s cyst-forming bradyzoite stage 
compared to tachyzoites. Our study identifies features that distinguish TgPKS2 from well-characterized systems in bacteria 
and fungi, and suggests it aids the T. gondii cyst stage. Together, this work increases our knowledge of PKS thioester reductase 
domains and advances our understanding of unconventional polyketide chain termination mechanisms. 

INTRODUCTION 

Natural products comprise a large class of bioactive molecules 
with uses ranging from anti-cancer and anti-parasitic thera-
peutics to biofuels and insecticides.1–6 As such, the biomachin-
ery responsible for these compounds is exceptionally diverse. 
Polyketides, formed by polyketide synthases (PKSs), comprise 
the carbon scaffolds of many pharmaceutically important com-
pounds.1 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 do-
mains tethered by short amino acid linkers. Each module func-
tions to extend the polyketide chain through acylation of a 
starter unit by an acyltransferase (AT) domain followed by sub-
strate transacylation onto a cognate acyl carrier protein (ACP) 
and finally a Claisen-like condensation with a ketosynthase 
(KS) domain.7,8 Additional tailoring enzymes can be present 
that modify the growing backbone metabolite. At the end of 
these assembly-line PKSs, substrate release must occur to lib-
erate the completed 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), oxygenases, FabH-
like enzymes, standalone cyclases, and KS or AT-mediated 
chain release.9–13 Of particular importance are thioester reduc-
tase domains (TR) which release the completed metabolite 
through either a two electron (2e-) or four electron (4e-) reduc-
tion of an acyl-thioester to an aldehyde or primary alcohol, re-
spectively.14 Given these tail groups, natural products pro-
duced by TR domains often have significant biological rele-
vance and activity such as leupeptin (protease inhibitor), myx-
ochelin A (siderophore), and azinomycin B (DNA alkylating 
agent), and many can undergo further functionalization by 
post-processing enzymes.15–17 However, few TR domains have 
been biochemically characterized to date, causing a lack of 
knowledge on their conserved properties, particularly in atyp-
ical systems.18–20 

Structural studies of TR domains have demonstrated that they 
belong to the superfamily of short-chain dehydrogenase/re-
ductase (SDR) enzymes involving a tyrosine-dependent cataly-
sis mechanism and conserved Rossman fold.9,14 TR domains 
typically consist of a Ser/Thr-Tyr-Lys catalytic triad and their 
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structures can be broken down into two domains. The more 
conserved N-terminal domain, which harbors a Rossman fold 
with a glycine repeat, GxxGxxG motif, is responsible for 
NAD(P)H cofactor binding. The more divergent C-terminal do-
main, which has a more flexible structure, is involved in sub-
strate and protein binding. Previous structural and biochemi-
cal studies have shown that catalysis proceeds through a 
nonprocessive mechanism, where the substrate and used co-
factor must leave the active site after a reduction step.18,19 If a 
second reduction step occurs, substrate and another cofactor 
must bind before the reaction proceeds. As some TR domains 
catalyze a two-step reduction to a primary alcohol, while oth-
ers only catalyze a reduction to an aldehyde, it is difficult to pre-
dict the product formed by these domains from primary se-
quence analysis. Leys and coworkers determined in a related 
carboxylic acid reductase (CAR) domain that specific C-termi-
nal motions induce backbone reorientations that block the ac-
tive site in the absence of acyl-thioester substrates. Thus, this 
movement prevents unwanted additional aldehyde reductions 
within the active site. They further showed that the movement 
of a key aspartate residue near the cofactor binding site, facili-
tated by C-terminal domain dynamics caused by phosphopan-
tetheine (ppant) arm interactions, prevented aldehyde reduc-
tion.21 However, it remains unclear if this mechanism is specific 
to CAR domains or more generally conserved. While important 
studies have investigated this domain in bacterial and fungal 
systems, to the best of our knowledge there have been no 

biochemically characterized TR domains from a protist. 
Apicomplexans, which include the parasites responsible for 
malaria, toxoplasmosis, and cryptosporidiosis, encode polyke-
tide synthases with predicted TR domains that have yet to be 
characterized. For example, the apicomplexan parasite Toxo-
plasma gondii encodes two type I PKSs, TgPKS1 and TgPKS2.22 
We recently elucidated the domain architecture of the 18.8 kb 
TgPKS2 (Figure 1A).23 TgPKS2 has an intriguing putative sub-
strate release containing a KS and TR domain, an arrangement 
that is rarely observed.24,25  

Herein, we sought to investigate the TgPKS2 thioester reduc-
tase domain, termed TgTR, given the importance of release 
mechanisms in polyketide formation. Our bioinformatic analy-
sis indicates large differences in putative apicomplexan reduc-
tase domains, like TgTR, when compared to better character-
ized 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 NADH 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. We further show that the TgPKS2 
gene cluster is upregulated in the bradyzoite stage of T. gondii 
infection, suggesting a role in cysts. Collectively, these findings 

Figure 1. Phylogenetic analysis of TE and TR domains aligned by ClustalW. (A) Domain architecture of TgPKS2 gene cluster. TgPKS2 
C-terminus contains a putative thioester reductase (TR) domain that is predicted to release metabolites. (B) Phylogenetic tree of 
representative TE and TR proteins from known type I and II PKS gene clusters labeled by domain name, TgTR is denoted by a star. 
Apicomplexan TRs appear to be distinct from previously described systems. (C) Bootstrap consensus tree, using MEGA11, of puta-
tive apicomplexan Coccidia TR domains, color denotes percent identity of each domain to TgTR.  
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demonstrate that TgPKS2 is distinct from previously character-
ized systems in bacteria and fungi and paves the way for fur-
ther study of PKSs in atypical sources such as apicomplexans 
and other protists. 

RESULTS 

Bioinformatic Analysis of TgTR. The minimum boundaries of 
the TgTR domain (5775–6177 amino acids) from TgPKS2 were 
identified with BLASTP analysis and evaluation of a homology 
model. We conducted a phylogenetic analysis of TgTR, compar-
ing it to other organisms that encode terminal TR domains. We 
found that apicomplexan PKS TRs appear to be phylogenet-
ically distinct from those in bacterial and fungal systems (Fig-
ure 1B). From this we observed that TgTR was most similar to 
the TR domains from the related apicomplexans Neospora cani-
num 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.23,26,27 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 com-
pared putative protein identity to TgTR (Figure 1C). Each pro-
spective TR domain had significant similarity (89–30%) to 
TgTR.  

Cloning, Expression, and Purification of TgTR. The pre-
dicted TgTR domain was analyzed to ensure that the construct 
contained all previously reported requisite motifs and folds 
(Figure 2A).28 This TR construct was cloned from an E. coli co-
don optimized sequence into an expression vector harboring 
an N-terminal maltose binding protein (MBP) and C-terminal 
His6-tag. This construct was expressed in E. coli BL21(DE3) 
where we observed the MBP-tag was requisite for the expres-
sion of soluble protein. After expression, TgTR was purified by 
Ni-NTA affinity chromatography followed by anion exchange 
chromatography to homogeneity (≥95%). Protein purity was 
determined by SDS-PAGE and identity was confirmed by west-
ern blot (Figure 2B). Purified TgTR yield was 0.5 mg/L.  

TgTR Utilizes the Cofactor 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, as previously reported.19 Briefly, 
reduction of OCoA by 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 3). Interestingly, a reduction of NADPH was not ob-
served in the presence of TgTR and OCoA. Reactions with TgTR 
and the corresponding aldehyde, octanal, demonstrated simi-
lar reduction of NADH but not NADPH over time (Figure S1). 
Thus, TgTR solely utilizes NADH as a hydride source and ap-
pears capable of reducing non-native substrates, OCoA and oc-
tanal, indicating some level of promiscuity as has been previ-
ously observed for TR domains.18–20  

TgTR Catalyzes 4e- Reduction in vitro. To validate the reduc-
tion 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 ex-
tracted with CHCl3, derivatized with N,O-Bis(trimethylsilyl)ac-
etamide (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.19 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 control reaction that was run in parallel (Figure 4A). 

Figure 2. TgPKS2 thioester reductase (TR) domain. (A) Al-
phafold2 homology model of TgTR (cartoon), active site re-
solved by alignment of NADPH (sticks, from PDB ID: 4U7W).  
Inset shows the predicted catalytic triad residues. Annotated 
motifs and important regions of TgTR are shown below the 
structure. (B) SDS-PAGE gel (left panel) and western blot 
(right panel) of purified TgTR. Lane 1, BenchMark ladder; Lane 
2, purified TgTR.    
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Further, we incubated TgTR with octanal under the same reac-
tion conditions and observed a similar reduction to octanol. 
Again, this reduction of octanal was not observed in a boiled 
enzyme control reaction (Figure 4B). These experiments indi-
cate that TgTR can perform the 4e- reduction of octanoyl-CoA 
to octanol and the 2e- reduction of octanal to octanol in vitro.  

Kinetic Parameters and Substrate Binding Affinity to 
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 stand-
ards (Figure S2A). We confirmed that NADH consumption was 
linear with respect to time for OCoA and octanal (Figure S2B 
and S2C). Initial burst reaction velocities were plotted as a 
function of the substrate concentration and subsequently fit to 
a non-linear regression (Figure 5A). Based on these saturation 
curves, TgTR exhibited an observed kcat = 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 se-
quence similarity (~24% similarity) to previously character-
ized Mycobacterium spp. TR and CAR domains, their kinetic pa-
rameters are comparable.18,20,21 To further explore the 

Figure 4. Reduction of thioester and aldehyde substrates by TgTR. (A) GCMS extracted ion chromatogram at 187.20 m/z of the 
4 electron reduction of octanoyl-CoA to octanol using NADH, followed by BSA derivatization. An authentic standard of BSA-de-
rived octanol (black trace), BSA-derivatized products with 10 µM TgTR (red trace), and a negative control reaction containing 
boiled enzyme (grey trace) are shown. * denotes an unidentified impurity present in octanoyl-CoA. (B) GCMS extracted ion chro-
matogram at 187.20 m/z of the 2 electron reduction of octanal to octanol using NADH, followed by BSA derivatization. An au-
thentic standard of BSA-derived octanol (black trace), BSA-derivatized products with 10 µM TgTR (red trace), and a negative 
control reaction containing boiled enzyme (grey trace) are shown. Corresponding reactions schemes shown under spectra.  

 

A B 

Figure 3. Octanoyl-CoA reduction by TgTR. Normalized fluo-
rescence of NADH control without enzyme (blue trace), 
NADPH with TgTR (green trace), NADH with TgTR (red trace), 
and NADH with boiled TgTR (purple trace) monitored 0–16 
min. All reactions contained 500 µM octanoyl-CoA and 10 µM 
TgTR, where indicated. Samples were normalized to the no en-
zyme control. 
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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 5B). 

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 substrate addition. We observed that 
NADH, octanoyl-CoA, and octanal increased the TgTR Tm com-
pared to the DMSO control, which is indicative of a binding in-
teraction that stabilizes the protein (Figure S3A and S3B). 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.18,29 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, respec-
tively, when titrated into TgTR in the presence of excess NADH 
(Table 1). Of note, we observed the strongest isotherms in the 
presence of excess cofactor, consistent with a previous study 
on ketoreductase domains from Mycobacteria ulcerans.30 

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 pos-
sible 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.30–33 ITC data is included in Table 1 and Fig-
ures S4A–E.  

TR domains have been shown to make protein-protein interac-
tions that allow for insertion of the ACP ppant arm into the ac-
tive site. To better explore this, we modeled this protein-pro-
tein interaction first by TgTR electrostatics and then with HAD-
DOCK docking software (Figure 6A).34,35 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 inter-
actions.32,36–38 TgACP4 makes numerous predicted electro-
static interactions with the N- and C-terminal domain of TgTR, 
particularly via residues within the interhelical region between 
helix II and III (Figure 6B). The serine (S41) residue where at-
tachment of the 4´-ppant arm occurs on 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 myx-
alamid system.20 

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 charac-
terize 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 oc-
tanoyl-CoA and purified Sfp phosphopantetheinyl transferase 
to attach the octanoyl moiety (Figure S5A–C) at 37 °C for 3 hr. 
This reaction generated octanoyl-S-TgACP4 (predicted 
11,540.1 m/z), which was confirmed by the LCMS ion at 
11,540.8 m/z (Figure S6). Octanoyl-S-TgACP4 was next incu-
bated with TgTR and NADH overnight at room temperature 
and the reactions were analyzed by LCMS. We observed a de-
crease 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 7). These observations suggest that 
TgTR can reduce ACP-bound substrates in vitro.  

 Table 1. Binding affinity to TgTR. Binding dissociation (KD) 
values for possible TgTR substrates and cofactors determined 
by ITC. Values shown as average ± SEM (n=2-4 independent 
measurements). N.O. = not observed.  

A 

B 

Figure 5. Kinetics of substrate reduction by TgTR. Saturation 
curve for TgTR in the presence of octanoyl-CoA (red), octanal 
(black), or decanal (blue). Each reaction contained 10 µM 
TgTR and 100 µM NADH. (B) Kinetic parameters of substrate 
reduction. Data are shown as the average ± SEM (n≥3). 
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Probing TgKS5 Activity. Our sequence alignments and homol-
ogy models indicate that the KS domain proceeding 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 KSQ domains.39 We first 
cloned, expressed and purified TgKS5 (Figure S5D). 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 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 S7). We addi-
tionally incubated TgKS5 with octanoyl-TgACP4 with and with-
out TgTR, but saw no significant change by LCMS (data not 
shown). 

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 puta-
tive 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 (Figure S8). Interestingly, all TR do-
mains retained the critical tyrosine residue, but Coccidia TR do-
mains 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 in some apicomplexan TR domains (Figure S8 
and 8A). 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 as-
sessed the ability of TgTR N147T to utilize cofactors. Using a 
fluorescence assay with octanal substrate, we observed signif-
icant consumption of NADH by TgTR N147T (10 µM) and a 
slight consumption of NADPH (Figure 8B). This ability to uti-
lize 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 and NADH con-
centrations. We observed that TgTR N147T exhibited a signifi-
cant increase (~4-fold) in activity with OCoA compared to WT 

Figure 7. Reduction of ACP-tethered substrate. Representa-
tive LCMS extracted ion chromatograms of 13+ charge state 
for octanoyl-S-TgACP4 and holo-TgACP4 with (red trace) and 
without (black trace) incubation with TgTR. Reactions with 
boiled TgTR (grey trace) were included for both substrates. 
Reaction scheme shown below spectra. 

A B 

Figure 6. TgTR and TgACP4 docking interactions. (A) HADDOCK 2.4 protein-protein docking model of TgACP4 (pink) and TgTR 
(grey). Location of conserved serine where attachment of 4´-ppant arm occurs is denoted by a star, the catalytic triad of TgTR is 
circled. All analysis was completed on models generated in AlphaFold2. (B) Electrostatic interactions of TgACP4 residues (green 
sticks) with TgTR residues (grey sticks) relative to the catalytic triad (orange triangle). Predicted interactions are shown as dotted 
black lines, proteins are depicted as ribbons. Measurement is shown of TgACP4 S41 residue where attachment of the 4´-ppant arm 
occurs to the center of mass (orange triangle) of the predicted catalytic triad: N147, Y193, K197, shown as sticks. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2023. ; https://doi.org/10.1101/2023.05.23.541938doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.23.541938
http://creativecommons.org/licenses/by/4.0/


 

 

7 

TgTR, but no significant change was observed with octanal 
(Figures 8C and 8D).  

Differential Expression of TgPKS2. T. gondii undergoes sev-
eral different developmental stages during its lifecycle differ-
entiating from the fast-growing tachyzoite into the latent en-
cysted bradyzoite (Figure S9). As PKS genes have only been 
discovered in Coccidia Apicomplexa, which are defined by their 
ability to generate cysts, we sought to understand if either PKS1 
or PKS2 gene expression is associated with this life stage using 
qRT-PCR. T. gondii tachyzoites were maintained in continuous 
culture and then differentiated into bradyzoites by alkaline 
stress. Three days post-differentiation, mRNA was extracted 
from both bradyzoite and tachyzoites cultures, cDNA was syn-
thesized, and qRT-PCR using primers targeting TgPKS1, 
TgPKS2, and the bradyzoite stage-specific gene SAG2D was per-
formed. As expected, SAG2D expression increased in bradyzo-
ite cultures, confirming successful stage transition. TgPKS2 ex-
pression levels increased ~4-fold in bradyzoite cultures 
(p=0.03) compared to tachyzoites, while no significant change 
(p=0.46) was observed in TgPKS1 (Figure 9). This result is con-
sistent with a previous RNA-seq study where a partial gene 
fragment that we attribute to TgPKS2 is upregulated 4-fold in 
bradyzoites when compared to tachyzoites.40 

DISCUSSION 

While the presence of PKS biosynthetic gene clusters in 
apicomplexans has been known for over 20 years, no PKS prod-
ucts have been characterized.26,27 This represents a significant 
gap in our understanding of secondary metabolism in these or-
ganisms and the function of molecules they generate. We pre-
viously resolved the predicted architecture of T. gondii PKS2 
and investigated functional domains. The protein contains 
three defined modules and hypothetical loading and release di-
domains. Biochemical characterization of the AT and ACP do-
mains revealed unexpected activities.23,41 For instance, a 
unique self-acylation activity is observed with three of the four 
TgPKS2 ACP domains (TgACP2–4). These self-acylating ACPs 
are capable of loading a large scope of CoA substrates onto their 
ppant arms without an AT domain, which is conventionally re-
quired for this activity.41 The TgPKS2 putative release di-do-
main is also unusual as it contains a KS and TR domain. Pre-
dominantly 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 para-
sites. In fact, BLASTP analysis suggests the presence of a KS do-
main preceding these TR domains is widespread in apicom-
plexans; however, this is not the case for TgPKS1 which ap-
pears to lack a classical release mechanism altogether. Thus, 
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 the release mechanisms in PKSs influence 
the structure and activity of the final metabolite, we sought to 
characterize TgTR. 

TgTR only utilizes NADH, not NADPH, as the cofactor hydride 
source for reduction. Interestingly, TgTR N147T, which re-
places Asn to mimic the catalytic triad in bacteria, was capable 
of NADPH reduction, though this activity was limited compared 
to NADH reduction. These results are interesting as the threo-
nine residue within the catalytic triad is predicted to only play 
a role in stabilizing the substrate carbonyl through hydrogen 
bonding, and the asparagine residue would also contain free 
hydrogen atoms capable of this function. Potentially, this 

Figure 8. Characterization of TgTR N147T. (A) Catalytic triad 
identity of 8 representative bacterial/fungal TR sequences 
(left panel) and 8 representative apicomplexan coccidian TR 
sequences (right panel). The prevalence of each amino acid (1 
letter code) in the sequences is shown as a percentage. (B) 
Normalized fluorescence of NADH control without enzyme 
(blue trace), NADPH with TgTR N147T (green trace), NADH 
with TgTR N147T (red trace). All reactions contained 500 µM 
octanoyl-CoA and 10 µM TgTR N147T, where indicated. Sam-
ples were normalized to the no enzyme control. (C) Relative 
rates of reduction between WT TgTR and TgTR N147T with 
saturating octanoyl-CoA (2.5 mM). Data shown as the average 
± SEM (n≥3). (D) Relative rates of reduction between WT TgTR 
and TgTR N147T with saturating octanal (2.5 mM). Data 
shown as the average ± SEM (n=3). Significance was deter-
mined using an unpaired t-test; ***p < 0.001; ns: not signifi-
cant. 

A 

B C D 

Figure 9. Differential expression of PKS genes in T. gondii. Rel-
ative transcription levels of TgPKS1 and TgPKS2 from tachyzo-
ite or bradyzoite cultures 3 days post-differentiation. The 
bradyzoite specific gene, SAG2D, is included as a marker of 
stage differentiation. Data shown as the average ± SEM (n=2). 
Significance was determined using a two-way ANOVA with 
Sidak’s multiple test comparison of duplicate measurements; 
****p < 0.0001; *p<0.05; ns: not significant.  
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mutation to the smaller amino acid, threonine, opens the bind-
ing pocket to accommodate NADPH, or perhaps it repositions a 
basic residue to stabilize the phosphate moiety. 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 ver-
sus WT TgTR. Our findings suggests that the triad aids in 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 pro-
teins exhibit significant structural and mechanistical variability 
which is often observed within the SDR family of enzymes, or 
these enzymes might be specifically tuned to accommodate 
their native substrate scaffolds.42 

TgTR was able to use octanoyl-CoA, an 8-carbon thioester, as a 
substrate and catalyze its 4-electron reduction to the primary 
alcohol, octanol, at a rate comparable to previously character-
ized reductase enzymes.18,20,21 From primary sequence analy-
sis, 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 se-
quence 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.21,43,44 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 bi-
osynthesis of tropolone.45,46 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 sub-
strate. The determined catalytic efficiency values show a ~4-
fold increase in the reduction rate of octanal compared to oc-
tanoyl-CoA, suggesting that the first reduction step is rate-lim-
iting. This is similar to other characterized TR systems and is 
proposed to stem from the difference in electrophilicity be-
tween the thioester and aldehyde.47 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. Although the identity of the native 
substrate of TgTR is unknown, these findings indicate it can ac-
commodate polyketides between 8–10 carbons in length. En-
zymes in this family often exhibit promiscuity, but this sub-
strate 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 sub-
strate reduction and are unable to reduce CoA-tethered sub-
strates.20,21 While ACP binding is not requisite for TgTR activ-
ity, we demonstrated that TgTR binds to TgACP4 and it is capa-
ble 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 reac-
tion. 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 re-
lease 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 bi-
osynthesis of stipitatic acid and xenovulene A, or a sulfotrans-
ferase domain preceding a thioesterase domain in the curacin 
A PKS from Lyngbya majuscula.46,48,49 However, further investi-
gation is necessary to determine the role of this unique di-do-
main and its influence on the polyketide structure and function. 

While the function of the metabolite generated by TgPKS2 is 
unknown, we show that this gene cluster is transcriptionally 
upregulated in the bradyzoite stage. Interestingly, PKS1 is not 
upregulated during this stage, suggesting they have distinct 
functions. Among Apicomplexa, PKS gene clusters are re-
stricted to the cyst-forming coccidian sub-class. This associa-
tion as well as the upregulation of TgPKS2 during the cyst-
forming bradyzoite stage, suggests a potential role of the me-
tabolite(s) produced in the cyst lipid wall make up.22 In C. par-
vum, a related coccidian parasite, putative PKS and FAS en-
zymes are upregulated at the lipid-walled oocyst stage, further 
supporting this proposal50, but the structure and function of 
polyketide specialized metabolites in apicomplexan remains 
unknown. Currently, treatments with efficacy toward the latent 
cyst stage of toxoplasmosis are lacking, therefore TgPKS2 or 
other similar biosynthetic gene clusters in Coccidia may be in-
teresting therapeutic targets.  
 
Altogether, these studies demonstrate the activity of the TR do-
main in TgPKS2 and deepen our understanding of chain release 
mechanisms in atypical organisms such as apicomplexan para-
sites. Our biochemical studies further highlight distinctions in 
this system from previously characterized PKSs. Further stud-
ies on the function of the KS-TR di-domain and the TgTR reduc-
tion reaction (2e- vs 4e-) in parasites will advance our mecha-
nistic understanding. These may aid in the outstanding ques-
tions 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. 
Further, TgPKS2 is upregulated in the bradyzoite cyst stage, 
which is technically challenging to work with.40 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. 
 
MATERIALS & METHODS 

General. All reagents were purchased from Sigma-Aldrich (St. 
Louis, MO) unless otherwise indicated. Homology modeling 
was performed using Deepmind’s Alphafold2 with MMseqs2.28 
TgTR and TgACP4 were run separately through the Google 
Colab notebook, ColabFold: AlphaFold2 w/MMseqs2, with tem-
plates and a homooligomeric state of 1.51 Protein-protein dock-
ing was performed using HADDOCK 2.4.34,35 Interface area be-
tween TgTR and TgACP4 was calculated using the PISA 
server.52 All molecular visualizations were generated using 
PyMOL (Schrödinger).53  
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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.24,25 An Alphafold2 homology 
model of the proposed domain was evaluated structurally with 
PyMOL.53 E. coli codon optimized TgTR was cloned into a 
pMAL-c2X expression vector (kind gift of Paul Riggs, Addgene 
#75286) containing an N-terminal maltose binding protein 
(MBP) tag and a C-terminal His6 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 chlo-
ramphenicol. 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 1.0, the temperature was re-
duced to 20 °C and protein expression was induced with 0.1 
mM IPTG. After 20 hr at 20 °C cells were collected by centrifu-
gation (4300 g, 30 min) and resuspended in lysis buffer (50 mM 
KH2PO4, pH 8.0, 200 mM NaCl, 1 mM benzamidine, 5% glycerol 
(v/v%), 5 mM β-mercaptoethanol, 10 mM imidazole) supple-
mented 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. Af-
ter stringent washes with buffer containing 10 mM imidazole, 
bound protein was eluted with a linear imidazole gradient (25–
150 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 purified TgTR were 
pooled, reapplied to the anion exchange HQ/10 column (Ap-
plied Biosciences) and eluted with a linear salt gradient. Pro-
tein purity (≥ 95%) was assessed by SDS-PAGE and protein 
concentration was determined using the Pierce Coomassie Plus 
Bradford Assay Reagent (Thermo Fisher Scientific). Approxi-
mate protein yield was ~0.5 mg/L for TgTR. Protein was con-
centrated and stored as 25% glycerol stocks at -80 °C.  

Expression and Purification of Other Protein Constructs. 
TgACP4 was cloned into a pET21a(+) expression vector con-
taining an N-terminal T7 tag and a C-terminal His6 tag. Sfp was 
cloned into a pET15b expression vector containing an N-termi-
nal His6 tag. TgKS5 was cloned into a pMAL-c2X expression vec-
tor (kind gift of Paul Riggs, Addgene #75286) containing an N-
terminal maltose binding protein (MBP) tag and a C-terminal 
His6 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-TgACP4.54 After 
transformation, all cell were plated on LB agar with appropri-
ate 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 OD600 0.6, the temperature was re-
duced to 20 °C and protein expression was induced with 0.5 
mM IPTG. After 20 hr at 20 °C cells were collected by centrifu-
gation (4300 g, 30 min) and resuspended in lysis buffer (50 mM 
KH2PO4, pH 8.0, 200 mM NaCl, 1 mM benzamidine, 5% glycerol 
(v/v%), 5 mM β-mercaptoethanol, 10 mM imidazole) supple-
mented 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. Af-
ter stringent washes with buffer containing 10 mM imidazole, 
bound protein was eluted with a linear imidazole gradient (25–
150 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 
eluted with a linear salt gradient. Protein purity (≥ 95%) was 
assessed by SDS-PAGE, and protein concentration was deter-
mined 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% glyc-
erol stocks at -80 °C. Amino acid sequences for all protein con-
structs are shown in Supplemental Table S1. SDS-PAGE gels 
of purified constructs are shown in Figure S5.  

Monitoring NAD(P)H Consumption by TgTR. Analysis of 
NAD(P)H consumption was performed as described previously 
with minor differences.18,19 Briefly, 500 µM octanoyl-CoA (Cay-
man Chemical), was incubated with 100 µM NADH or NADPH 
in assay buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5% glyc-
erol (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 were 
normalized to NADH control. Data analysis was performed us-
ing Prism GraphPad. 

GCMS Analysis of Octanoyl-CoA and Octanal Reduction by 
TgTR. The reduction of octanoyl-CoA and octanal by TgTR was 
analyzed using GCMS as similarly described elsewhere.19 
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 temperature for 20 hr. After 
incubation, 500 µL CHCl3 was added to extract the reaction 
products and the reactions were vortexed and centrifuged 
briefly. The CHCl3 layer was extracted, dried with Na2SO4, and 
filtered through cotton wool. 10 µM N,O-Bis(trimethylsilyl)ac-
etamide (BSA) was added to derivatize the reaction products 
and the samples were analyzed by GCMS (GCMS-QP2010, Shi-
madzu). Samples were injected (1 µL) through a HP-5MS Ui col-
umn (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 stand-
ard of octanol was used as a positive control comparison. 

TgTR Fluorescence Kinetic Assays. Activity of TgTR was as-
sessed as previously described, with slight modifications.18,21 
Briefly, reactions were run with 10 µM purified recombinant 
TgTR with varying octanoyl-CoA, octanal, or decanal concen-
trations (0–5000 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 (Corn-
ing) 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 En-
vision Multimode Plate Reader (PerkinElmer). Measurements 
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were taken over a period of 15–20 min and background NADH 
consumption was subtracted at each timepoint. Data were fit to 
a nonlinear equation using GraphPad Prism. A calibration 
curve was completed with known NADH standards (Figure 
S2A). 

Substrate Binding to TgTR by Thermal Shift Assay (TSA). 
Protein thermal shift assays were performed by incubating pu-
rified 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 – 85 °C with a 0.06 (°C/s) ramp rate, 10 
acquisitions per °C. Melting temperatures (Tm) were deter-
mined by taking the first derivative of each thermal profile us-
ing Prism GraphPad. 

Substrate Binding to TgTR by Isothermal Titration Calo-
rimetry (ITC). Isothermal titration calorimetry (ITC) was uti-
lized 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 in-
jections of either 150 or 400 seconds. Control titrations of lig-
and into 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. How-
ever, 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 co-
factor, a phenomenon that is similar to what was observed in a 
related system.30 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 sin-
gle binding site model and visualized using Prism GraphPad. 
For all isotherm fitting, the stoichiometry, N, was fixed at 1.    

In vitro Analysis of Release Domain by LCMS. Sfp was uti-
lized to form malonyl-S-TgACP4 and octanoyl-S-TgACP4 as de-
scribed similarly.20,39 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 MgCl2, 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. Sam-
ples were then analyzed by LCMS (Agilent 6460 Triple Quadru-
pole) equipped with a diode array, using a Phenomenex 
Kinetex EVO C18 100 Å column (2.6 µm, 100 x 3 mm). The mo-
bile 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 follow-
ing method: 0–0.5 minutes, 100% A; 0.5–8 minutes, linear gra-
dient from 0–100% B; 8–9 minutes, 100% B; 9–15 minutes, 
100% A. All MS data was collected in positive ion mode. MS data 
was analyzed by MassHunter Qualitative Analysis software 
(Agilent). 

Phylogenetic Tree Construction. A maximum likelihood phy-
logenetic tree of TE/TR domain protein sequences from vari-
ous organisms were compiled, including 4 plant FASII TE se-
quences, 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 se-
quences used are listed in Supplemental Table S2, TR/TE re-
gions were determined by antiSMASH or fungiSMASH and 
BLASTP.24,25 Sequences were aligned using MEGA11 by the 
ClustalW algorithm and used to construct a neighbor-joining 
tree using the bootstrap method with 1000 replicates.55,56 The 
bootstrap consensus tree was subsequently visualized in 
iTol.56,57 

Site-Directed Mutagenesis of TgTR. TgTR N147 was mutated 
to threonine using the Q5 Site-Directed Mutagenesis Kit (NEB) 
per the manufacture’s protocol. Primers are included in Sup-
plemental Table S3. The TgTR N147T mutant was verified by 
sequencing (Eton Bioscience) and protein was purified as de-
scribed above. 

T. gondii Growth, RNA Extraction and cDNA Synthesis. Tox-
oplasma gondii type I strain RH tachyzoite cultures, a kind gift 
from Prof. Sebastian Lourido; were propagated in Vero cells 
(ATCC, CCL-81) as described previously in a standard tissue 
culture incubator at 37 °C.22,39 Parasites were grown for 72 hr 
in Dulbecco's Modified Eagle Medium (DMEM) (Thermo Fisher 
Scientific) supplemented with 10% heat-inactivated fetal bo-
vine serum (HI-FBS) (v:v), 1% antibiotic-antimycotic (Thermo 
Fisher Scientific). and subsequently released from Vero cell 
monolayers by passage through a 20-gauge needle and filtered 
through a 3 μm polycarbonate membrane (Thermo Fisher Sci-
entific). Parasites were collected by centrifugation (4000 xg, 10 
min) and mRNA was extracted using a Quick-RNA Miniprep kit 
(NEB) according to the manufacturer’s protocol. mRNA (500 
ng) was mixed with 1 μL of random primer solution (Thermo 
Fisher Scientific), to a final volume of 5 μL, heated to 70 °C for 
5 min, and then incubated on ice for 5 min. cDNA was synthe-
sized from each reaction mixture using the GoScript Reverse 
Transcription System (Promega) per the manufacturer’s proto-
col. 

T. gondii Bradyzoite Differentiation. Vero cells were seeded 
to 90-100% confluency 1 day prior to infection with T. gondii 
tachyzoites in T-150 cm2 cell culture flasks (Corning) in DMEM 
supplemented with 10% HI-FBS (v:v), 1% antibiotic-antimy-
cotic (Thermo Fisher Scientific). Host cells were infected with 
50 million T. gondii tachyzoites and grown for 6 hours in a 
standard tissue culture incubator (37°C, 5% CO2). After 6-
hours, media was removed from the infected flasks, and re-
placed with RPMI-1640, supplemented with L-glutamine 
(Gibco), 10% HI-FBS (v:v), 1% antibiotic-antimycotic (Thermo 
Fisher Scientific) and buffered with 50 mM HEPES adjusted to 
pH 8.1 with NaOH. To allow differentiation to occur, these cul-
tures were grown at 37°C with no CO2 injection, to maintain an 
alkaline pH for 72 hours.   
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qRT-PCR Analysis of Differential Gene Expression. RT-PCR 
was completed using Taq DNA polymerase (Taq PCR kit, NEB), 
according to the manufacturer’s protocol. Relative abundance 
of T. gondii bradyzoite-specific gene SAG2D (TGGT1_207150), 
TgPKS1, and TgPKS2 were quantified using SYBR Green I Mas-
ter reagents with a LightCycler 480 Instrument II (Roche). T. 
gondii SAG2D, TgPKS1, and TgPKS2 expression in the bradyzo-
ite cultures was compared to the tachyzoite cultures and nor-
malized to the T. gondii GAPDH (TGGT1_289690) housekeeping 
gene. RNA was isolated from 2 biological replicates and qRT-
PCR analysis was run in technical triplicates for all samples. All 
primers used are listed in Supplemental Table S4. 

ASSOCIATED CONTENT  

Includes supplementary tables, supplementary figures, amino 
acid sequences, phylogenetic tree sequences, and supplemen-
tary results.  
This material is available free of charge via the Internet at 
http://pubs.acs.org.  

AUTHOR INFORMATION 

Corresponding Author 

*Emily R. Derbyshire (emily.derbyshire@duke.edu) 

Author Contributions 

A.M.K, P.E.P, E.G.B, and H.K.D performed all experiments. 
A.M.K and E.R.D wrote the manuscript. All authors edited the 
manuscript and have given approval to the final version.  

Funding Sources 

This study was supported in part by a Sloan Research Fellow-
ship, the Camille Dreyfus-Teacher Scholar Award (E.R.D), and 
the IBIEM graduate training program (A.M.K).  

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  

We thank C. Khosla (Stanford University) for providing E. coli 
BL21(DE3) BAP1 cells. We thank P. Silinski (Duke University) 
for ITC, GCMS, and LCMS assistance. We thank J. Ganley for 
helpful discussion. We thank the members of the Derbyshire 
lab for reviewing the manuscript. 

ABBREVIATIONS 

PKS, polyketide synthase; TE, thioesterase; TR, thioester reduc-
tase; ACP, acyl carrier protein; KS, ketosynthase; ppant, phos-
phopantetheinyl; mCoA, malonyl-CoA; OCoA, octanoyl-CoA; 
DTT, dithiothreitol; MeOH, methanol; MeCN, acetonitrile. 

REFERENCES 

(1) Newman, D. J., and Cragg, G. M. (2020) Natural Products as Sources 
of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019. 
J. Nat. Prod. 83, 770–803. 
(2) Demain, A. L., and Vaishnav, P. (2011) Natural products for cancer 
chemotherapy. Microb. Biotechnol. 4, 687–699. 
(3) Garcia-Bustos, J. F., Sleebs, B. E., and Gasser, R. B. (2019) An 
appraisal of natural products active against parasitic nematodes of 
animals. Parasites and Vectors. 12, 306. 
(4) Kayser, O., Kiderlen, A. F., and Croft, S. L. (2003) Natural products 
as antiparasitic drugs. Parasitol. Res. 90, S55–S62. 
(5) Cai, W., and Zhang, W. (2018) Engineering modular polyketide 

synthases for production of biofuels and industrial chemicals. Curr. 
Opin. Biotechnol. 50, 32–38. 
(6) Yan, Y., Liu, Q., Jacobsen, S. E., and Tang, Y. (2018) The impact and 
prospect of natural product discovery in agriculture. EMBO Rep. 19, 
e46824. 
(7) Nivina, A., Yuet, K. P., Hsu, J., and Khosla, C. (2019) Evolution and 
Diversity of Assembly-Line Polyketide Synthases. Chem. Rev. 119, 
12524–12547. 
(8) Dutta, S., Whicher, J. R., Hansen, D. A., Hale, W. A., Chemler, J. A., 
Congdon, G. R., Narayan, A. R. H., Håkansson, K., Sherman, D. H., Smith, 
J. L., and Skiniotis, G. (2014) Structure of a modular polyketide 
synthase. Nature 510, 512–517. 
(9) Little, R. F., and Hertweck, C. (2022) Chain release mechanisms in 
polyketide and non-ribosomal peptide biosynthesis. Nat. Prod. Rep. 39, 
163–205. 
(10) Kotowska, M., and Pawlik, K. (2014) Roles of type II thioesterases 
and their application for secondary metabolite yield improvement. 
Appl. Microbiol. Biotechnol. 98, 7735–7746. 
(11) Sun, Y., Hahn, F., Demydchuk, Y., Chettle, J., Tosin, M., Osada, H., and 
Leadlay, P. F. (2010) In vitro reconstruction of tetronate RK-682 
biosynthesis. Nat. Chem. Biol. 6, 99–101. 
(12) Jensen, K., Niederkrüger, H., Zimmermann, K., Vagstad, A. L., 
Moldenhauer, J., Brendel, N., Frank, S., Pöplau, P., Kohlhaas, C., 
Townsend, C. A., Oldiges, M., Hertweck, C., and Piel, J. (2012) Polyketide 
proofreading by an acyltransferase-like enzyme. Chem. Biol. 19, 329–
339. 
(13) Yun, C. S., Motoyama, T., and Osada, H. (2015) Biosynthesis of the 
mycotoxin tenuazonic acid by a fungal NRPS-PKS hybrid enzyme. Nat. 
Commun. 6, 1–9. 
(14) Mullowney, M. W., McClure, R. A., Robey, M. T., Kelleher, N. L., and 
Thomson, R. J. (2018) Natural products from thioester reductase 
containing biosynthetic pathways. Nat. Prod. Rep. 35, 847–878. 
(15) Hori, M., Hemmi, H., Suzukake, K., and Hayashi, H. (1978) 
Biosynthesis of leupeptin. J. Antibiot. (Tokyo). 31, 95–98. 
(16) Li, Y., Weissman, K. J., and Müller, R. (2008) Myxochelin 
biosynthesis: Direct evidence for two- and four-electron reduction of a 
carrier protein-bound thioester. J. Am. Chem. Soc. 130, 7554–7555. 
(17) Zhao, Q., He, Q., Ding, W., Tang, M., Kang, Q., Yu, Y., Deng, W., Zhang, 
Q., Fang, J., Tang, G., and Liu, W. (2008) Characterization of the 
Azinomycin B Biosynthetic Gene Cluster Revealing a Different Iterative 
Type I Polyketide Synthase for Naphthoate Biosynthesis. Chem. Biol. 15, 
693–705. 
(18) Chhabra, A., Haque, A. S., Pal, R. K., Goyal, A., Rai, R., Joshi, S., 
Panjikar, S., Pasha, S., Sankaranarayanan, R., and Gokhale, R. S. (2012) 
Nonprocessive [2 + 2]e - off-loading reductase domains from 
mycobacterial nonribosomal peptide synthetases. Proc. Natl. Acad. Sci. 
109, 5681–5686. 
(19) Awodi, U. R., Ronan, J. L., Masschelein, J., De Los Santos, E. L. C., and 
Challis, G. L. (2016) Thioester reduction and aldehyde transamination 
are universal steps in actinobacterial polyketide alkaloid biosynthesis. 
Chem. Sci. 8, 411–415. 
(20) Barajas, J. F., Phelan, R. M., Schaub, A. J., Kliewer, J. T., Kelly, P. J., 
Jackson, D. R., Luo, R., Keasling, J. D., and Tsai, S.-C. (2015) 
Comprehensive Structural and Biochemical Analysis of the Terminal 
Myxalamid Reductase Domain for the Engineered Production of 
Primary Alcohols. Chem. Biol. 22, 1018–1029. 
(21) Gahloth, D., Dunstan, M. S., Quaglia, D., Klumbys, E., Lockhart-
Cairns, M. P., Hill, A. M., Derrington, S. R., Scrutton, N. S., Turner, N. J., 
and Leys, D. (2017) Structures of carboxylic acid reductase reveal 
domain dynamics underlying catalysis. Nat. Chem. Biol. 13, 975–981. 
(22) D’Ambrosio, H., Keeler, A., and Derbyshire, E. (2023) Examination 
of Secondary Metabolite Biosynthesis in Apicomplexa. ChemBioChem. 
e202300263. 
(23) D’Ambrosio, H. K., Ganley, J. G., Keeler, A. M., and Derbyshire, E. R. 
(2022) A single amino acid residue controls acyltransferase activity in 
a polyketide synthase from Toxoplasma gondii. iScience 25, 104443. 
(24) Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., Van 
Wezel, G. P., Medema, M. H., and Weber, T. (2021) AntiSMASH 6.0: 
Improving cluster detection and comparison capabilities. Nucleic Acids 
Res. 49, W29–W35. 
(25) Johnson, M., Zaretskaya, I., Raytselis, Y., Merezhuk, Y., McGinnis, S., 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2023. ; https://doi.org/10.1101/2023.05.23.541938doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.23.541938
http://creativecommons.org/licenses/by/4.0/


 

 

12 

and Madden, T. L. (2008) NCBI BLAST: a better web interface. Nucleic 
Acids Res. 36, 5–9. 
(26) Ganley, J. G., Toro-Moreno, M., and Derbyshire, E. R. (2018) 
Exploring the Untapped Biosynthetic Potential of Apicomplexan 
Parasites. Biochemistry 57, 365–375. 
(27) Zhu, G., LaGier, M. J., Stejskal, F., Millership, J. J., Cai, X., and Keithly, 
J. S. (2002) Cryptosporidium parvum: The first protist known to encode 
a putative polyketide synthase. Gene 298, 79–89. 
(28) Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., 
Ronneberger, O., Tunyasuvunakool, K., Bates, R., Žídek, A., Potapenko, 
A., Bridgland, A., Meyer, C., Kohl, S. A. A., Ballard, A. J., Cowie, A., Romera-
Paredes, B., Nikolov, S., Jain, R., Adler, J., Back, T., Petersen, S., Reiman, 
D., Clancy, E., Zielinski, M., Steinegger, M., Pacholska, M., Berghammer, 
T., Bodenstein, S., Silver, D., Vinyals, O., Senior, A. W., Kavukcuoglu, K., 
Kohli, P., and Hassabis, D. (2021) Highly accurate protein structure 
prediction with AlphaFold. Nature 596, 583–589. 
(29) Haque, A. S., Patel, K. D., Deshmukh, M. V., Chhabra, A., Gokhale, R. 
S., and Sankaranarayanan, R. (2014) Delineating the reaction 
mechanism of reductase domains of Nonribosomal Peptide 
Synthetases from mycobacteria. J. Struct. Biol. 187, 207–214. 
(30) Moretto, L., Vance, S., Heames, B., and Broadhurst, R. W. (2017) 
Dissecting how modular polyketide synthase ketoreductases interact 
with acyl carrier protein-attached substrates. Chem. Commun. 53, 
11457–11460. 
(31) Tran, L., Tosin, M., Spencer, J. B., Leadlay, P. F., and Weissman, K. J. 
(2008) Covalent Linkage Mediates Communication between ACP and 
TE Domains in Modular Polyketide Synthases. ChemBioChem 9, 905–
915. 
(32) Miyanaga, A., Iwasawa, S., Shinohara, Y., Kudo, F., and Eguchi, T. 
(2016) Structure-based analysis of the molecular interactions between 
acyltransferase and acyl carrier protein in vicenistatin biosynthesis. 
Proc. Natl. Acad. Sci. U. S. A. 113, 1802–1807. 
(33) Javidpour, P., Bruegger, J., Srithahan, S., Korman, T. P., Crump, M. 
P., Crosby, J., Burkart, M. D., and Tsai, S.-C. (2013) The Determinants of 
Activity and Specificity in Actinorhodin Type II Polyketide 
Ketoreductase. Chem. Biol. 20, 1225–1234. 
(34) van Zundert, G. C. P., Rodrigues, J. P. G. L. M., Trellet, M., Schmitz, 
C., Kastritis, P. L., Karaca, E., Melquiond, A. S. J., van Dijk, M., de Vries, S. 
J., and Bonvin, A. M. J. J. (2016) The HADDOCK2.2 Web Server: User-
Friendly Integrative Modeling of Biomolecular Complexes. J. Mol. Biol. 
428, 720–725. 
(35) Honorato, R. V., Koukos, P. I., Jiménez-García, B., Tsaregorodtsev, 
A., Verlato, M., Giachetti, A., Rosato, A., and Bonvin, A. M. J. J. (2021) 
Structural Biology in the Clouds: The WeNMR-EOSC Ecosystem. Front. 
Mol. Biosci. 8, 708. 
(36) Lohman, J. R., Ma, M., Cuff, M. E., Bigelow, L., Bearden, J., Babnigg, 
G., Joachimiak, A., Phillips, G. N., and Shen, B. (2014) The crystal 
structure of BlmI as a model for nonribosomal peptide synthetase 
peptidyl carrier proteins. Proteins Struct. Funct. Bioinforma. 82, 1210–
1218. 
(37) Nguyen, C., Haushalter, R. W., Lee, D. J., Markwick, P. R. L., 
Bruegger, J., Caldara-Festin, G., Finzel, K., Jackson, D. R., Ishikawa, F., 
O’Dowd, B., McCammon, J. A., Opella, S. J., Tsai, S.-C., and Burkart, M. D. 
(2014) Trapping the dynamic acyl carrier protein in fatty acid 
biosynthesis. Nature 505, 427–431. 
(38) Frueh, D. P., Arthanari, H., Koglin, A., Vosburg, D. A., Bennett, A. E., 
Walsh, C. T., and Wagner, G. (2008) Dynamic thiolation–thioesterase 
structure of a non-ribosomal peptide synthetase. Nature 454, 903–906. 
(39) Khosla, C., Yuet, K. P., Liu, C. W., Lynch, S. R., Kuo, J., Michaels, W., 
Lee, R. B., McShane, A. E., Zhong, B. L., and Fischer, C. R. (2020) Complete 
Reconstitution and Deorphanization of the 3 MDa Nocardiosis-
Associated Polyketide Synthase. J. Am. Chem. Soc. 142, 5952–5957. 
(40) Waldman, B. S., Schwarz, D., Wadsworth, M. H., Saeij, J. P., Shalek, 
A. K., and Lourido, S. (2020) Identification of a Master Regulator of 
Differentiation in Toxoplasma. Cell 180, 359-372.e16. 
(41) Keeler, A. M., D’Ambrosio, H. K., Ganley, J. G., and Derbyshire, E. R. 
(2023) Characterization of Unexpected Self-Acylation Activity of Acyl 
Carrier Proteins in a Modular Type I Apicomplexan Polyketide 
Synthase. ACS Chem. Biol. 18, 785–793. 
(42) Kavanagh, K. L., Jörnvall, H., Persson, B., and Oppermann, U. (2008) 
Medium- and short-chain dehydrogenase/reductase gene and protein 

families. Cell. Mol. Life Sci. 65, 3895. 
(43) Golakoti, T., Yoshida, W. Y., Chaganty, S., and Moore, R. E. (2001) 
Isolation and Structure Determination of Nostocyclopeptides A1 and 
A2 from the Terrestrial Cyanobacterium Nostoc sp. ATCC53789. J. Nat. 
Prod. 64, 54–59. 
(44) Evans, B. S., Ntai, I., Chen, Y., Robinson, S. J., and Kelleher, N. L. 
(2011) Proteomics-Based Discovery of Koranimine, a Cyclic Imine 
Natural Product. J. Am. Chem. Soc. 133, 7316–7319. 
(45) Huang, W., Kim, S. J., Liu, J., and Zhang, W. (2015) Identification of 
the Polyketide Biosynthetic Machinery for the Indolizidine Alkaloid 
Cyclizidine. Org. Lett. 17, 5344–5347. 
(46) Davison, J., Al Fahad, A., Cai, M., Song, Z., Yehia, S. Y., Lazarus, C. M., 
Bailey, A. M., Simpson, T. J., and Cox, R. J. (2012) Genetic, molecular, and 
biochemical basis of fungal tropolone biosynthesis. Proc. Natl. Acad. Sci. 
U. S. A. 109, 7642–7647. 
(47) Yang, W., and Drueckhammer, D. G. (2001) Understanding the 
relative acyl-transfer reactivity of oxoesters and thioesters: 
Computational analysis of transition state delocalization effects. J. Am. 
Chem. Soc. 123, 11004–11009. 
(48) Schor, R., Schotte, C., Wibberg, D., Kalinowski, J., and Cox, R. J. 
(2018) Three previously unrecognised classes of biosynthetic enzymes 
revealed during the production of xenovulene A. Nat. Commun. 9, 1963. 
(49) Gu, L., Wang, B., Kulkarni, A., Gehret, J. J., Lloyd, K. R., Gerwick, L., 
Gerwick, W. H., Wipf, P., Håkansson, K., Smith, J. L., and Sherman, D. H. 
(2009) Polyketide Decarboxylative Chain Termination Preceded by O -
Sulfonation in Curacin A Biosynthesis. J. Am. Chem. Soc. 131, 16033–
16035. 
(50) Tandel, J., English, E. D., Sateriale, A., Gullicksrud, J. A., Beiting, D. 
P., Sullivan, M. C., Pinkston, B., and Striepen, B. (2019) Life cycle 
progression and sexual development of the apicomplexan parasite 
Cryptosporidium parvum. Nat. Microbiol. 4, 2226–2236. 
(51) Mirdita, M., Schütze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S., and 
Steinegger, M. (2022) ColabFold: making protein folding accessible to 
all. Nat. Methods 19, 679–682. 
(52) Krissinel, E., and Henrick, K. (2007) Inference of Macromolecular 
Assemblies from Crystalline State. J. Mol. Biol. 372, 774–797. 
(53)  The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 
LLC. 
(54) Pfeifer, B. A., Admiraal, S. J., Gramajo, H., Cane, D. E., and Khosla, C. 
(2001) Biosynthesis of complex polyketides in a metabolically 
engineered strain of E. coli. Science 291, 1790–1792. 
(55) Tamura, K., Stecher, G., and Kumar, S. (2021) MEGA11: Molecular 
Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. (Battistuzzi, 
F. U., Ed.) 38, 3022–3027. 
(56) Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., 
Lopez, R., McWilliam, H., Remmert, M., Söding, J., Thompson, J. D., and 
Higgins, D. G. (2011) Fast, scalable generation of high-quality protein 
multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 7. 
(57) Letunic, I., and Bork, P. (2021) Interactive tree of life (iTOL) v5: An 
online tool for phylogenetic tree display and annotation. Nucleic Acids 
Res. 49, W293–W296. 

 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 23, 2023. ; https://doi.org/10.1101/2023.05.23.541938doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.23.541938
http://creativecommons.org/licenses/by/4.0/

