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ABSTRACT OF THE DISSERTATION 
	

Decoding Polyketide Synthase Specificity through Structural Informatics and Biochemical 
Reconstitution 

 
by 

 
Fanglue Ni 

 
Doctor of Philosophy in Biological Sciences 

 
University of California, Irvine, 2025 

 
Professor Shiou-Chuan (Sheryl) Tsai, Chair 

  
 Natural products have a long history of use in traditional and modern medicine due to 

their inherent bioactivity. Some medicinal activities include antibiotic, antifungal, anticancer, 

antiviral, antihypercholestrolemic, and immunosuppressant. One of the largest classes of 

bioactive natural products are polyketides, produced by polyketide synthases (PKS). PKS are 

closely related to fatty acid synthases (FAS), sharing core biosynthetic logic that uses simple 

precursor molecules, but there are key differences in PKS that lead to the incredible diversity of 

structure observed in nature. Polyketide biosynthesis can be grouped into initiation, extension, 

reduction, aromatization and cyclization, and tailoring steps. Changes at each step have the 

potential to produce many variations in structure and this has sparked incredible interest in 

studying PKS chemistry to engineer these systems to produce novel medicinal compounds. 

Early engineering attempts mixed PKS components which could produce new polyketides but 

suffered from reduced yields and low fidelity. Furthermore, it was common for some 

combinations to not work at all, indicating that more investigation is necessary to improve 

engineering success. 
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Three major challenges are addressed in this dissertation span natural product drug 

discovery and PKS biosynthesis. The first challenge is COVID-19’s ongoing threat to human 

health. While COVID-19 does not have the case fatality rate of its predecessors, SARS and 

MERS, its ability to spread quickly led to global shutdowns. Currently, several effective 

vaccines are available but small molecule drugs, while maintaining effectiveness across 

multiple viral strains, are limited in scope. Therefore, there is a pressing need to find new 

compounds that effectively inhibit SARS-CoV-2 infection. The intrinsic bioactivity displayed 

by natural products makes them an excellent source for new drugs therefore, molecular 

docking was employed (chapter 2) to identify promising compounds for further study from a 

library of over 200. 

The second two challenges are from polyketide biosynthesis at the initiation and 

reduction steps. Initiation begins polyketide biosynthesis, and one or more enzymes can be 

involved to select a particular chemical moiety as a polyketide’s first building block. The most 

common enzyme is the priming ketosynthase, but the molecular factors that determine its 

selectivity for the first building block remain unclear. At the reduction step, the substrate is a 

long, poly-β-ketone chain that is prone to spontaneous cyclization. This precludes structurally 

characterizing the ketoreductase responsible for regiospecific reduction at the ninth carbon 

and C7-C12 first ring cyclization with the native substrate. To elucidate initiation selectivity, 

three structures of the priming ketosynthase ZhuH from the R1128 system were solved with 

different acyl groups bound to the active site cysteine. How these acyl chains interact with 

active site residues elucidated the role of ZhuH in selecting its building block (chapter 3). 

Substrate reactivity at the reduction step was overcome by co-crystallizing the actinorhodin 

ketoreductase with two generations of substrate mimic. The resulting structures provided the 

first insight into how the substrate is positioned in the active site (chapter 4).
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Chapter 1 
 

Natural product impact on medicine and polyketide 
biosynthetic logic 

 
1.1 Natural product 
 

Natural products (NPs) have played a central role in human society for millennia, 

spanning uses from spices and dyes to therapeutic agents. Written records of medicinal natural 

products—primarily derived from plants—can be traced back to 2600 B.C. in Mesopotamia1. 

Their importance continued throughout more recent history, exemplified by the use of 

Digitalis purpurea for dropsy in 1775, the isolation of morphine from Papaver somniferum in 

1816, and the purification of quinine from Cinchona spp. in 1820 as a treatment for malaria1,2. 

Despite the long-standing reliance on traditional medicines, systematic drug discovery efforts 

focused specifically on isolating natural products did not take form until the mid-20th century. 

The discovery of penicillin by Alexander Fleming in 1928 represented a turning point, marking 

the first clear case of a natural product being extracted from its producing organism. Although 

penicillin initially received limited attention, renewed interest emerged in 1939 following the 

success of sulfa drugs3. Early demonstrations of penicillin’s therapeutic efficacy in infected 

mice and in a critically ill patient further accelerated its development3. 

During World War II, the urgent need to scale production of Penicillium notatum 

cultures prompted major industrial involvement from companies including Merck, Pfizer, 

Squibb, and Lilly, ultimately enabling large-scale penicillin manufacture and dramatically 

reducing treatment costs3. This industrial success established the foundation for sustained 

corporate investment in natural product–based drug discovery, ushering in the “Golden Age” 

of natural products research from the 1940s through the 1970s1,4,5. 
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This Golden Age was characterized by extensive screening campaigns in which soil samples 

from diverse environments were cultured, extracted, and tested for bioactivity using 

straightforward cell-death assays4,5. Compounds exhibiting activity were then purified and 

structurally characterized. This paradigm continued into the subsequent era of natural product 

discovery (1970s–1990s), which benefited from expanded biochemical assays, broader 

ecological sampling, assay miniaturization, and major advances in dereplication enabled by 

HPLC, MS, and NMR “fingerprints” that facilitated rapid recognition of known compounds4–6. 

The late 20th century also saw transformative developments in molecular biology. Advances in 

recombinant DNA technology enabled the first cloning of an entire biosynthetic gene cluster 

(BGC) from Streptomyces coelicolor, followed shortly by the generation of hybrid molecules 

through combining elements from three distinct BGCs7,8. Additional BGCs—including those for 

frenolicin, jadomycin, tetracenomycin, oxytetracycline, and doxorubicin—were subsequently 

cloned into more tractable hosts for heterologous expression9–13. These efforts culminated in 

the emergence of “combinatorial biosynthesis,” in which modules from disparate BGCs were 

mixed and matched to generate novel compounds14–24. Although scientifically promising, 

industrial enthusiasm declined with the rise of combinatorial chemistry, which offered far 

higher throughput than traditional natural product workflows1,4–6,25. 

However, the initial promise of combinatorial chemistry proved overstated. Despite the 

screening of millions of synthetic compounds, only two de novo molecules reached 

commercialization between 1981 and 20195,26. This limited success has been attributed largely 

to early library designs that lacked structural diversity and were heavily biased toward similar 

scaffolds1. Subsequent redesign of libraries, guided by natural product-like structural 

complexity, has improved discovery outcomes1,27,28. Nonetheless, these shortcomings—and the 

inherently low biological relevance of many synthetic compounds—have contributed to the 
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renewed emphasis on natural products as privileged scaffolds shaped by evolutionary 

selection29. Concurrently, dramatic reductions in DNA sequencing costs and the surge of 

available microbial genomes have reinvigorated interest in natural products, particularly 

through mining metagenomic datasets for previously unknown BGCs29,30. 

Modern genome-based discovery has accelerated rapidly with the development of 

computational tools capable of identifying and predicting BGC function31. AntiSMASH, now in 

its 7th major release, remains the most widely used platform for rule-based annotation of 

BGCs, supported by its extensive accompanying database32,33. Parallel advances in machine 

learning have produced more flexible and generalizable predictive frameworks34. Databases 

such as MIBiG, DoBISCUIT, and the large but less curated IMG-ABC collection—which 

contains more than 330,000 BGCs—further support genome-driven natural product discovery35–

37. These resources expand the search space beyond the small fraction of culturable organisms, 

enabling systematic exploration of the genetic diversity underlying natural product 

biosynthesis. 

Even with these advances, genome-mined BGCs represent only one of three major 

natural product reservoirs: (i) gene clusters that are identified computationally, (ii) BGCs from 

organisms whose genomes remain unsequenced, and (iii) silent or cryptic BGCs in known 

organisms that remain transcriptionally inactive under standard laboratory conditions38,39. 

Recent improvements in synthetic biology have enhanced access to all three reservoirs. DNA 

engineering approaches—including homologous recombination, full-cluster synthesis, 

promoter refactoring, global and pathway-specific regulator engineering, and strategic deletion 

of competing pathways—have enabled more robust and tunable expression of BGCs in 

heterologous hosts40,41. Advances in culturing methods, extraction workflows, and high-
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throughput metabolomics further streamline compound detection, dereplication, and 

functional screening6,41–44. 

From 1981 to 2019, natural products and their derivatives accounted for nearly 70% of 

all newly approved small-molecule therapeutics26. These include unmodified natural products, 

semisynthetic derivatives, synthetic molecules inspired by natural product pharmacophores, 

and natural product mimics. Recently approved natural-product–derived drugs include 

Eribulin(Metastatic breast cancer), Trabectedin(Soft tissue sarcoma), Romidepsin(Cutaneous 

and peripheral T-cell lymphoma), Fingolimod(Multiple sclerosis), and 

Lovastatin(Hypercholesterolemia) (Table 1.1). Their therapeutic applications span antibacterial, 

antifungal, anticancer, antiviral, antimalarial, and immunosuppressive indications—core pillars 

of modern medicine. 

Given their historical success, broad biological relevance, and the rapidly expanding 

genomic and synthetic tools available, natural products remain an essential—and continually 

growing—source of therapeutic innovation. With vast chemical space still unexplored, the 

future of natural product research is poised to deliver an even deeper impact on human health. 
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Drug Source Clinical Use Structure 

Eribulin 
Synthetic analog of halichondrin 

B 

Metastatic breast cancer 

 

Trabectedin Ecteinascidia turbinata Soft tissue sarcoma 

 

Romidepsin Chromobacterium violaceum Cutaneous and peripheral T-cell 

lymphoma 

 

Fingolimod Isaria sinclairii Multiple sclerosis  

 

Lovastatin Aspergillus terreus Hypercholesterolemia 

 

Table 1.1: Recent drugs that are natural products or derived from natural products. 



 

11 
 

1.2 PKS Architectures and Biosynthetic Overview  
 

Polyketide synthases (PKSs) display three major architectural classes—type I, type II, and 

type III—each defined by distinct organizational and mechanistic features (Figure 1.1). Type I 

PKSs are large, multifunctional polypeptides composed of covalently linked catalytic domains. 

They are subdivided into modular and iterative forms. Type I iterative PKSs contain a single 

module in which each domain may act multiple times during chain extension, whereas type I 

modular PKSs contain multiple sequential modules, with each domain typically acting once per 

module45–49. In contrast, type II PKSs are dissociated systems composed of mono- or di-domain 

enzymes that assemble transiently during biosynthesis150. The final architecture, type III PKSs, 

consists of a homodimeric ketosynthase (KS) capable of catalyzing chain initiation, extension, 

and cyclization in a single active site without the need for accessory domains51,52. 
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Figure 1.1. Cartoon representation of the major polyketide synthase (PKS) architectures. 
PKSs are classified into three distinct architectural types: type I modular, type I iterative, type II, and type 
III systems. Type I PKSs consist of multiple catalytic domains located on a single polypeptide chain. In 
type I modular PKSs, each module contains the full set of domains required for one cycle of chain 
extension and modification before the intermediate is passed to the next module. In contrast, type I 
iterative PKSs contain domains resembling a single module, but these domains act multiple times during 
synthesis, and the rules governing the timing and order of domain use remain incompletely understood. 
Type II PKSs are composed of individual mono- or didomain proteins that assemble non-covalently into 
functional complexes to carry out polyketide chain initiation and elongation. Type III PKSs function as 
homodimeric ketosynthases, where a single active site catalyzes substrate loading, chain extension, and 
cyclization. 

 

Polyketide biosynthesis begins with initiation, a decarboxylative Claisen condensation 

between a priming unit and an extender unit53–56. While diverse starter molecules can be used, 

acetate is the most common priming substrate, and malonate is the predominant extender 

unit55,57–59. Malonyl loading is mechanistically conserved across PKS systems: a malonyl-

CoA:ACP transferase (MAT/MCAT) or acyltransferase (AT) transfers malonyl-CoA onto a 

phosphopantetheine-modified acyl carrier protein (ACP), which delivers the extender unit to 

the KS for condensation (Figure 1.2). 
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Figure 1.2. Overview of key reactions in PKS biosynthesis with a focus on type II PKS.  

 

Initiation strategies vary across PKS architectures. In type II PKSs, chain initiation may 

be catalyzed directly by the KS/CLF heterodimer, as seen in actinorhodin and tetracenomycin 

biosynthesis, or by a discrete priming KS homodimer, as in frenolicin and R1128 biosynthesis, 

where non-acetate primers are incorporated9,53,60,61. Type I PKSs generally lack a dedicated 

priming KS. Instead, modular systems rely on a specialized loading AT/ACP to deliver the 

starter unit to the first module132, while type I iterative PKSs use a starter-unit:ACP 

transacylase (SAT) domain to select and load the priming substrate56,62. 

After initiation, the biosynthetic logic diverges according to architecture, although the 

core reactions—condensation, optional reduction, aromatization, and cyclization—remain 

conserved. Each condensation introduces a β-ketone and an α-methyl group to the growing 

chain. In highly reducing (HR) type I iterative PKSs, this β-ketone may undergo varying levels 

of reduction, depending on kinetic partitioning among KR, DH, and ER activities63. Type I 

modular PKSs also generate partially reduced intermediates, but the presence or absence of 

reducing domains within each module dictates the reduction pattern46,64. In contrast, non-

reducing (NR) type I iterative and type II PKSs extend the chain repeatedly without β-keto 

reduction until the KS or KS/CLF defines the final chain length26,65,66. This produces a highly 
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reactive poly-β-keto intermediate that can spontaneously cyclize or rearrange, giving rise to 

substantial structural complexity16,26,65,67–69. Cyclization may involve aldol condensations, 

Claisen rearrangements, or even Diels–Alder cycloadditions within the growing chain70,71. 

Cyclization logic is a major determinant of structural diversity in PKS systems. Type I 

modular PKSs typically release and cyclize intermediates through TE-catalyzed lactonization, 

as exemplified by 6-deoxyerythronolide B, or through enzyme-catalyzed Diels–Alder reactions 

in specialized cases such as spinosyn46,64,71. Type I iterative PKSs employ different mechanisms 

depending on their reductive class: HR systems can catalyze intramolecular Diels–Alder 

reactions, as reported in lovastatin, equisetin, and solanapyrone, whereas NR systems typically 

use TE-mediated Dieckmann condensation for chain release65,70,72–74. NR type I iterative PKSs 

contain a product template (PT) domain that precisely orients the poly-β-keto intermediate to 

direct regio- and stereospecific cyclizations65,75. This is functionally analogous to the 

aromatase/cyclase (ARO/CYC) enzymes that govern ring formation in type II PKSs, including 

the actinorhodin pathway20,76–79. 

Following carbon-skeleton formation, polyketides frequently undergo extensive 

tailoring modifications, which expand chemical diversity and biological activity. These 

transformations may include glycosylation, methylation, epoxidation, oxidative rearrangement, 

halogenation, and further reductions80. Because tailoring reactions vary widely among PKS 

pathways, they are not discussed in detail here; numerous comprehensive reviews describe 

these steps extensively81–84. Subsequent sections will instead focus on the core biosynthetic 

logic of type II PKSs, emphasizing mechanistic diversity, structural determinants, and 

engineering potential. 
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1.2.1 Biosynthetic Logic: Elongation 

Elongation constitutes the central chemical logic that underpins polyketide assembly, 

wherein malonyl-ACP is iteratively condensed with the growing acyl intermediate. In type II 

PKS systems, this process is mediated by the minimal PKS, composed of KS/CLF, ACP, and 

MAT (Figure 1.2)85. Successive rounds of decarboxylative Claisen condensation generate a 

highly reactive poly-β-keto intermediate that readily undergoes spontaneous cyclization, a 

phenomenon demonstrated through both in vivo and in vitro reconstitution studies22,67–69,86,87. 

Figure 1.3. A) Structure of the actinorhodin KS/CLF (green/marine) B) Structure of the actinorhodin 
KS/CLF (green/marine) with the amphipathic tunnel defining polyketide chain length in gray. C) 
Second view of ActKS/CLF showing the tunnel defining polyketide chain length. The chain length 
control residues Phe 109, Tyr 112, Phe 116 and Phe 133 shown in orange with label. 

 

The elongating ketosynthase is a heterodimeric KS/CLF complex (Figure 1.3A), in 

which the KS subunit provides catalytic function while the CLF subunit, although lacking 

catalytic residues, is essential for structural stabilization and productive chain extension60,88–90. 

Although rare cases of KS/CLF subunit exchange have been observed, CLF partners are 

generally not interchangeable across systems, highlighting strict specificity at the heterodimer 

interface91,92. The KS subunit employs a Cys-His-His catalytic triad, together with a conserved 
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lysine residue, all of which are required for efficient chain extension93. Despite architectural 

differences relative to priming ketosynthases, the underlying chemical mechanism is 

conserved: decarboxylation of malonyl-ACP produces an enolate nucleophile that undergoes 

Claisen condensation with the KS-bound acyl intermediate¹³⁰. Repeated condensations elongate 

the polyketide chain within a tunnel formed at the KS/CLF interface (Figure 1.3B,C)90,94,95. 

Chain-length determination is primarily governed by the CLF subunit, as shown by mutational 

studies capable of shifting polyketide length and by observations that extended priming units 

still yield products of native chain length66,96. Structural characterization of KS/CLF complexes 

remains sparse due to expression challenges; only three crystal structures have been reported, 

each displaying a conserved KS fold and dimeric interface but notable variation in CLF size, 

spanning from the 383-residue actinorhodin CLF to the 211-residue aryl-polyene CLF90,94,95. 

The ACP is a small, ~90-residue four-helix bundle bearing a conserved serine residue 

that is post-translationally modified with a 4′-phosphopantetheine arm 97–100. This prosthetic 

group forms thioester linkages with malonyl and polyketide intermediates, enabling their 

controlled trafficking among PKS enzymes. ACP is indispensable for product formation, as no 

polyketide is generated in its absence101. Structural and biochemical studies have revealed a 

predominantly acidic ACP surface, whereas partner enzymes—including KS/CLF and MAT—

present electropositive regions near their active-site entrances 45,102–106. These observations 

support electrostatic complementarity as a major determinant of ACP–enzyme recognition. 

The partial interchangeability of ACPs across systems further supports this model, though 

many ACP–partner combinations remain incompatible101,107–109. ACP also contributes to 

intermediate protection.  

The third component of the minimal PKS, the malonyl-CoA:ACP transacylase (MAT), 

catalyzes the transfer of malonyl groups onto ACP. Notably, MAT is not strictly required, as 
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type II ACPs can undergo self-malonylation110–112. Most type II PKS gene clusters do not encode 

a dedicated MAT, and polyketide production remains functional in heterologous hosts, 

indicating that the endogenous fatty acid synthase MAT typically provides malonyl transfer85. 

When cluster-encoded acyltransferases are present, they often fulfill specialized roles distinct 

from malonyl transfer, as exemplified by ZhuC, EncL, and GilQ, each of which displays poor 

malonylation activity relative to its native substrate113–115. A solved structure for the S. 

coelicolor MAT from the actinorhodin minimal PKS shows the canonical acyltransferase fold 

116. Attempts to alter MAT specificity toward methylmalonyl-CoA—an extender unit common 

in type I PKSs—have been unsuccessful, with malonyl-CoA remaining strongly preferred110. 

Given the essential role of MAT in fatty acid metabolism, engineering of MAT is further 

constrained by physiological limitations that likely contribute to the near-universal use of 

malonyl-CoA as the extender unit in type II PKSs59. 

Engineering of the elongation machinery has thus proven challenging. Mix-and-match 

strategies targeting KS/CLF subunits have generally failed due to interface incompatibility, 

while mutational modifications of elongation-tunnel residues in actinorhodin and 

tetracenomycin systems have produced altered chain lengths, such as decaketides in normally 

octaketide-producing systems66. However, substantial quantities of native-length products 

typically persist. Extensive mutagenesis of the fredericamycin KS/CLF (48 variants) similarly 

failed to generate new chain lengths, yielding only wild-type products117. These findings 

underscore that chain-length determination arises from the interplay of structural constraints, 

reaction kinetics, and ACP–KS interaction dynamics. Engineering of ACP has largely involved 

helix-swap studies between incompatible ACPs, such as actinorhodin ACP and E. coli ACP²²⁸; 

although replacement of helix II enabled weak binding to E. coli FabF, overall affinity was 

reduced seven- to ten-fold, highlighting the distributed and dynamic nature of ACP–partner 
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recognition105. MAT engineering has been attempted by various groups and was similarly 

unsuccessful110. Collectively, these studies indicate that the elongation machinery of type II 

PKS systems is shaped by tightly integrated structural, electrostatic, and kinetic parameters. As 

a consequence, rational engineering of these components remains difficult and requires 

consideration of multiple layers of molecular specificity beyond primary enzyme structure. 

1.2.2 Biosynthetic Logic: Ketoreduction 

Figure 1.4. Structure The ketoreduction pathway of type II PKSs, using actinorhodin PKS(A) and 
hedamycin PKS(B) as an example.  

 

Following full extension of the poly-β-ketone intermediate by the minimal PKS, many 

type II pathways recruit an NADPH-dependent ketoreductase (KR) to reduce the C9 carbonyl 

to an alcohol, when such an enzyme is present (Figure 1.4AB)10,109,118–121. These C9-reducing KRs 

adopt a classical Rossmann-fold architecture, consisting of a twisted parallel β-sheet flanked by 

α-helices, in which NADPH binds to a conserved TGxxxGxG motif located at the C-terminal 

ends of the β-strands (Figure 1.5A, 1.5B)120,122–124. The catalytic machinery comprises a Tyr-Lys-

Ser-Asn tetrad that mediates hydride transfer and subsequent proton release to bulk solvent, 

with crystallographic waters supporting the proposed mechanism123,125. The active site cleft is 

formed by residues on helices surrounding the central β-sheet and features two α-helices (6–7) 

that create a lid-like structure hinged for conformational mobility (Figure 1.5A). Despite this 
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detailed structural information, the mode of substrate entry, positioning, and orientation 

within the KR active site remains unresolved, especially given that C9 reduction occurs only 

after the full-length poly-β-ketone has been generated by the minimal PKS. This obscurity also 

complicates understanding of KR substrate specificity, which appears highly variable among 

homologs. For example, the actinorhodin KR (ActKR) reduces poly-β-ketones spanning 

hexaketides to dodecaketides, whereas the hedamycin KR (HedKR/HedE) acts on tetra-, 

undeca-, and dodecaketides14,19,78,109,126,127. The daunorubicin C9 KR DpsE, in contrast, cannot 

reduce octaketides generated by the actinorhodin minimal PKS but successfully reduces 

decaketides produced by the daunorubicin PKS or by the tetracenomycin minimal PKS²⁴. 

Moreover, C9 reduction is tightly associated with C7–C12 first-ring cyclization, although the 

mechanistic basis for this coupling remains unclear16,128–131. 
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Figure 1.5. A) Side view of the actinorhodin ketoreuctase (ActKR). α-helices are colored cyan, β-strands 
red, and loops purple. NADPH is represented as spheres with carbons colored gray. Asn-Ser-Tyr-Lys 
form the catalytic tetrad of ActKR. The open conformation is depicted in this image. (B) DM-ActKR co-
crystal structure bound with the octaketide-phosphopantetheine mimic identified front-patch, formed by 
R38, R65, R93. (C) DM-ActKR co-crystal structure bound with the tetraketide-pantetheine mimic 
identified back-patch, formed by Q149, R220, N260. The mimics are displayed in cyan, front and back-
patched are displayed in blue. 

 
 

Much of the current mechanistic understanding derives from studies of ActKR. ActKR 

displays strong preference for bicyclic substrates, with trans-1-decalone and α-tetralone 

serving as productive substrates in vitro, indicating that the initially linear poly-β-keto 

intermediate undergoes spontaneous cyclization prior to C9 reduction132. Earlier docking 

studies further supported this model, showing that in a C7–C12 cyclized intermediate, the C9 

carbonyl is optimally positioned relative to the nicotinamide ring for hydride transfer123. 
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Stereochemical preferences of ActKR and HedKR have been interrogated using α-tetralol 

oxidation assays, revealing a ~3:1 preference for S-(+)-tetralol in ActKR and strict S-(+)-

selectivity in HedKR120,133. Combining these experimental data with insights from type I PKS KR 

stereochemical motifs, extensive mutagenesis, and in vitro reconstitution produced a 

sophisticated mechanistic model describing ACP docking, substrate positioning, C7–C12 

cyclization, and C9 reduction133,134. In this model, the negatively charged ACP binds first to a 

positively charged patch near the active site, comprising residues R38, R65, and R93 (Figure 

1.5B). The linear intermediate then enters the active site beneath “gating” residues P94 and 

M194 and is oriented toward NADPH by hydrophobic steering residues V151, F189, and V198. 

Cyclization is enabled by hydrogen bonding between T145 and the C11 carbonyl, which 

depresses the C12 α-proton pKₐ and facilitates intramolecular aldol condensation. The resulting 

bicyclic intermediate positions the C9 carbonyl closest to NADPH, yielding an S-configured 

alcohol upon hydride transfer. 

In the actinorhodin pathway, the C9 alcohol is rapidly dehydrated to aromatize the 

first-ring system, precluding stereochemical assignment at C9. Disruption of the actinorhodin 

ARO/CYC enzymes prevents dehydration and yields mutactin; however, multiple analytical 

approaches have been unsuccessful in determining its absolute stereochemistry133,135. 

Uncertainty is further compounded by the lack of direct experimental evidence for ACP–KR 

binding orientation. Two competing models propose that ACP binds either to the positively 

charged “front” patch (R38/R65/R93) or to the “back” side, which includes residues near the lid 

helices or another polar cluster (Q149, R220, N260)123,129,136. The most comprehensive study to 

date combined protein–protein docking, NMR, and molecular dynamics using an ACP-bound 

C7–C12 cyclized intermediate, finding overwhelming preference for S-favored poses. 

Mutational analysis further demonstrated that perturbing front-patch residues weakened ACP 
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binding and altered stereochemical output toward S-(+)-tetralol, strongly supporting the front-

binding model²⁶⁴. Nonetheless, the transient nature of ACP–KR interactions and the instability 

of native substrates continue to impede direct structural characterization. 

A second major class of ketoreductases, distinct from the C9-reducing ACP-bound 

enzymes, acts on polyketide intermediates only after chain release and cyclization137. These 

tailoring KRs catalyze reductions at C15, C17, C19, or C21 and can be clearly distinguished 

from C9 KRs by sequence clustering138–141. Although they share the same Rossmann-fold core, 

these tailoring KRs possess a markedly shorter lid region 142–145. Owing to the reduced reactivity 

of their substrates, co-crystal structures with substrate analogs have been obtained and reveal 

active-site positioning similar to that observed in emodin-bound ActKR structures132,142,145. 

These structures have facilitated rational engineering attempts aimed at altering 

stereospecificity. For example, iterative region-swapping between LanV (producer of 11-

deoxylandomycinone) and CabV (producer of gaudimycin C) identified four regions—R1 

(residues 102–118), R2 (154–164), R3 (single residue S192), and R4 (residues 198–210)—as key 

contributors to stereochemical outcome138,146,147. Among these, swaps at R3 had the strongest 

individual impact, while simultaneous exchange of all four regions produced the greatest 

product shift143. Although these swaps inverted the stereochemical ratio of the native products, 

no truly non-native stereochemical outcomes were observed, likely reflecting conformational 

differences caused by differential A-ring aromatization during substrate processing. 

Additional mutational studies in both DpsE and ActKR further demonstrate the 

malleability of KR stereochemistry. In ActKR, comparison with type I KRs identified a PGG 

motif (residues 94–96) analogous to the LDD motif in B-type KRs133,148. Mutagenesis revealed 

that P94L shifts selectivity from a 3:1 mixture of S-(+)- to R-(-)-tetralol to exclusive S-(+)-

tetralol production without impairing catalytic efficiency134, while V151L produces strict R-(-)-
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tetralol selectivity with improved catalytic efficiency134. Attempts to confirm these 

stereochemical swaps using native poly-β-ketone substrates were inconclusive due to 

limitations in chiral HPLC and NMR analyses134. Engineering of DpsE, motivated by its 

inability to reduce actinorhodin-derived octaketides, identified the lid region as a major 

determinant of substrate recognition. A lid-swap chimera and a more extensive chimera 

incorporating additional point mutations (G94P, A152V, L153H) both enabled mutactin 

formation in the actinorhodin minimal PKS system, with the lid swap contributing most 

strongly to functional rescue149. 

Collectively, studies of type II PKS KRs—both C9-reducing and tailoring classes—

demonstrate that ketoreduction is governed by a finely tuned interplay of substrate 

architecture, ring-formation dynamics, ACP–enzyme interactions, and active-site 

conformational plasticity. While KR stereochemistry can be altered through mutagenesis and 

domain swapping, achieving predictable and generalizable changes remains challenging due to 

the dynamic, multistep nature of substrate processing within the polyketide assembly line. 

 

1.2.3 Biosynthetic Logic in Type I Fungal PKS: Product Template Domain 

The product template (PT) domain is a defining and functionally indispensable feature 

of fungal iterative, nonreducing type I polyketide synthases (NR-PKSs).150 Although PT 

domains occupy a single, compact region within the multidomain megasynthase, they exert 

disproportionate control over the architecture of the final product by dictating the 

regioselective aldol cyclization of the highly reactive poly-β-ketone intermediate.75 Given that 

NR-PKSs operate iteratively and do not follow the colinearity rules characteristic of bacterial 

modular PKSs150, the PT domain serves as a major determinant of structural programming. 

Consequently, deciphering PT domain classification and understanding sequence–function 
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relationships has become a critical step toward predicting polyketide scaffolds from genomic 

data and enabling rational biosynthetic engineering151. 

Early biochemical and structural studies established that PT domains catalyze the first 

cyclization event following full chain extension152,153. Their characterized activities show that 

PTs suppress spontaneous cyclizations and enforce specific aldol condensations—typically C2–

C7, C4–C9/C2–C11, or C6–C11—resulting in the canonical F-folding patterns observed in 

fungal aromatic polyketides151,154. Despite these insights, the diversity of cyclization modes and 

the rapidly growing number of uncharacterized NR-PKSs underscored the need for a broader, 

sequence-based classification framework. 
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Figure 1.6. Phylogenetic analysis of PT domains from 40 NRPKSs that have been related to known 
aromatic polyketides. The NRPKSs have been classified into five major groups: group I, C2-C7 monocyclic 
PKSs; group II, THN synthases(C2-C7 bicyclic PKSs); group III, C2-C7 multicyclic PKSs; group IV, C4-C9 
PKSs; and group V, C6-C11 PKSs. The evolutionary distances are in the units of the number of amino 
acid substitutions per site. The tree is drawn to scale, with branch lengths in the same units as those of 
the evolutionary distances used to infer the phylogenetic tree. 

 

A major advance came from the work of Li, Xu, and Tang, who performed the first 

large-scale phylogenetic analysis of PT domain sequences151. By assembling PTs from NR-PKSs 

with known product structures and comparing their evolutionary relationships, they showed 

that PT domains cluster into five robust groups, each corresponding to a distinct cyclization 

pattern and product length class (Figure 1.6). Groups I and II encompass PTs responsible for 

monocyclic and bicyclic aromatic polyketides synthesized from tetraketide and pentaketide 

intermediates, respectively. Group III comprises PTs involved in C2–C7 cyclization of longer 

polyketide chains, while Group IV contains the C4–C9/C2–C11 cyclases typified by the 
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aflatoxin pathway. Group V PT domains form a distinct clade associated with the C6–C11 

cyclization mode and the biosynthesis of emodin-, asperthecin-, and atrochrysone-like 

scaffolds. 

Beyond phylogenetics, Li et al. verified predictive accuracy by excising uncharacterized 

PT domains from native NR-PKSs and combining them with a heterologous minimal PKS to 

reconstruct early steps in cyclization154. These experiments demonstrated that the phylogenetic 

grouping correlates strongly with the regioselectivity observed in vitro, solidifying the use of 

sequence-based classification as a practical predictive tool for annotating the growing number 

of cryptic fungal biosynthetic gene clusters. 

Subsequent research refined this classification framework by integrating structural 

comparisons and domain architecture analyses. A subtle sequence variation within conserved 

PT folds that influence active-site shape and substrate positioning was highlighted. By 

analyzing a broader distribution of PTs across sequenced fungal genomes, they confirmed that 

the five-group classification is stable even when hundreds of uncharacterized PTs are added.154 

Their work also demonstrated that PT domain evolution aligns strongly with ketide chain 

length, predicted folding mode, and the presence or absence of terminal off-loading domains 

such as TE/CLC modules. The resulting classification not only recapitulates known 

biochemical categories but also identifies outlier PT domains that may represent unexplored 

cyclization chemistries. 
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Figure 1.7. Side view of product template domain crystal structure of PksA.  

 

Structural studies have greatly expanded understanding of how PT domains impose 

regioselectivity (Figure 1.7). The crystal structures of the PksA PT domain, solved in complex 

with palmitate, a bicyclic substrate mimic, and a bis-isoxazole heptaketide analog, revealed that 

PTs adopt a double hot-dog fold similar to the dehydratase domains of modular PKSs and 

fungal megasynthases65,151–153,155. In PksA, the two monomers dimerize via their C-terminal hot-

dog folds rather than the N-terminal interface typical of DH domains. The resulting ~30 Å 

substrate tunnel is divided into three functional regions: a linear ~14 Å segment 

accommodating the phosphopantetheine arm; a central cyclization chamber containing the 

catalytic His1345–Asp1543 dyad; and a distal hydrophobic pocket that binds the hexyl starter 

unit. Structural analysis showed that substrate mimics bind in an extended conformation, with 

the pPant arm stabilized by R1623, while hydrophobic interactions with Y1492, L1508, and 

F1551 orient the polyketide chain such that C4 is positioned ~3 Å from His1345, enabling the 

regiospecific C4–C9 aldol cyclization152,153. These structures confirmed that PT domains use a 
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rigid tunnel architecture and strategically placed catalytic residues to enforce precise folding 

patterns, thereby controlling both chain length and cyclization regiochemistry. 

More recently, the structure of the bacterial PT domain AviM revealed that not all PTs 

conform to the fungal canonical architecture155. Although AviM catalyzes a C2–C7 cyclization 

analogous to Group III fungal PTs, its overall fold, dimeric interface, and catalytic dyad more 

closely resemble those of modular PKS DH domains than fungal PTs. Phylogenetic analysis 

suggests that AviM represents an evolutionary intermediate linking ancestral dehydratases to 

the specialized PT domains of NR-PKSs. These structural comparisons indicate that 

regioselective aldol cyclization has arisen multiple times during polyketide evolution through 

repurposing and diversification of DH-like folds. The existence of this bacterial intermediate 

also suggests that active-site cavity geometry—not the broader domain scaffold—is the primary 

driver of cyclization regiochemistry. 

Together, these studies have transformed the understanding of PT domain biology. The 

combination of phylogenetic grouping, structure-based analysis, and functional reconstitution 

has emerged as a powerful strategy for predicting NR-PKS product structures. As fungal 

genome sequencing continues to accelerate, PT domain classification provides one of the most 

reliable means of connecting uncharacterized NR-PKSs to putative metabolite scaffolds. This 

sequence-informed framework has already begun to influence genome mining efforts, enabling 

the prioritization of biosynthetic clusters likely to yield new aromatic polyketides and offering 

a rational foundation for future domain swapping and pathway engineering experiments. 
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1.3 Remaining Challenge 
 
Polyketide synthase (PKS) research has progressed dramatically since the actinorhodin 

biosynthetic gene cluster was first cloned into a heterologous host and shown to produce 

actinorhodin8. The late 1980s and 1990s were dominated by gene-by-gene dissection of PKS 

clusters to define enzymatic roles, accompanied by early attempts at combinatorial 

biosynthesis through mixing modules from different systems. A major shift occurred in the 

early 2000s, when advances in recombinant DNA technology enabled a transition from 

predominantly in vivo studies to robust in vitro reconstitution of PKS components. Sequencing 

of the Streptomyces coelicolor A3 genome revealed far more biosynthetic gene clusters than 

previously anticipated38, catalyzing a deeper appreciation of the metabolic potential encoded in 

actinomycetes. During this period, key structural breakthroughs were achieved for the 

malonyl-CoA:ACP transacylase (MAT), priming ketosynthase, elongating KS/CLF heterodimer, 

C9-reducing ketoreductase, first-ring cyclase, and fourth-ring cyclases76,90,116,123,129,156–159. The first 

high-resolution structures of mammalian and bacterial type I fatty acid synthases further 

provided unprecedented insight into the architecture and conformational logic of 

megasynthases48,49. As sequencing costs fell, the number of available bacterial genomes—

including those generated through metagenomic efforts—increased rapidly, driving the 

development of bioinformatic tools for biosynthetic gene cluster (BGC) prediction and 

comprehensive databases to store annotated clusters31,32,36,37. These resources transformed 

discovery pipelines by enabling researchers to identify unusual gene clusters with potentially 

novel enzymatic chemistry, make initial predictions about product structures, and 

heterologously express entire pathways in well-characterized hosts to access new natural 
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products. Today, the field benefits from a robust ecosystem of genetic, biochemical, structural, 

and computational tools that support PKS research at every level. 

Despite these advances, a major challenge that remains unresolved is deciphering the 

molecular principles that govern carbon chain–length control within KS/CLF complexes. 

Although the CLF is known to set the elongation limit of the growing polyketide chain50,57 and 

decades of biochemical work have established the importance of the KS/CLF tunnel in 

determining chain accommodation17,109, the specific sequence and structural features that 

encode programmed chain length remain elusive. Existing mutational studies have produced 

only modest or inconsistent shifts in product length, underscoring the fact that chain-length 

determination arises from a complex interplay of steric constraints, electrostatic environment, 

acyl-chain positioning, and ACP–KS dynamics rather than from any single residue or motif. 

Furthermore, the small number of KS/CLF systems with experimentally validated chain lengths 

stands in stark contrast to the vast genomic diversity of type II PKS sequences now available, 

making it difficult to generalize insights gained from individual systems or manually align 

sequence variations with functional outcomes. As a result, efforts to rationally redesign 

KS/CLF pairs for custom chain lengths have been largely unsuccessful, and a comprehensive 

mechanistic model capable of predicting elongation limits across diverse PKS families remains 

beyond reach. Addressing this challenge requires methods capable of extracting high-

dimensional sequence–function relationships from sparse and unevenly annotated datasets—

motivating the need for machine learning approaches that transcend traditional sequence 

alignment and structural intuition.  

A second enduring challenge lies in the fundamental problem of predicting and 

engineering ACP–KR compatibility in type II PKSs. Although ACPs and KRs often share high 

structural conservation and similar catalytic architectures, their productive interaction is 
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highly specific and not reliably interchangeable across pathways.3–6 Decades of combinatorial 

biosynthesis demonstrate that simply transplanting a KR into a heterologous minimal PKS 

rarely results in efficient C9 reduction, as exemplified by the persistent inactivity of DpsKR 

outside its native doxorubicin context.23,160 These failures underscore a deeper issue: the field 

still lacks a quantitative or predictive framework for determining which ACP–KR pairs will 

form productive complexes. Even with high-resolution structures of KRs and detailed 

biochemical characterizations of ACPs, the transient and dynamic nature of ACP–enzyme 

contacts have rendered systematic mapping of these interaction surfaces difficult. This 

limitation hampers rational pathway engineering, constrains modular swapping strategies, and 

restricts our ability to design type II PKSs with predictable tailoring outcomes. Overcoming 

this challenge will require the integration of structural modeling, big data approach, 

mutational scanning, and in vitro reconstitution to define the molecular rules that govern 

selective KR engagement and productive reduction. 

A third major challenge is the persistent lack of a unified structural and mechanistic 

framework to explain how PT domains encode cyclization selectivity across the full diversity 

of fungal NR-PKSs. Although the PksA PT crystal structure provided the first glimpse of the 

double–hot-dog fold and its tripartite internal cavity75, it remains unclear how generalizable 

this architecture is across the eight phylogenetic groups identified by Liu et al.154. Homology 

models generated prior to modern deep-learning methods offered valuable hypotheses 

regarding cavity-lining residues, loop rearrangements, and pocket volume differences154, yet 

their limited accuracy has prevented definitive conclusions about how these features sculpt 

substrate conformations or regulate access to the catalytic Asp–His dyad. More fundamentally, 

the dynamic interplay between PT pocket geometry, polyketide chain length, and early folding 

trajectories is almost entirely uncharacterized. Most studies have inferred cyclization behavior 
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solely from final product structures or phylogenetic clustering151,154 rather than through direct 

evaluation of linear versus pre-cyclized intermediates within accurate PT structural models. 

Compounding this problem is the near absence of experimental information on ACP–PT 

interactions, which likely influence substrate delivery and positioning but remain inaccessible 

due to the transient and flexible nature of ACP docking161. As a result, current mechanistic 

models of PT selectivity rely heavily on isolated case studies and cannot yet account for the 

full range of regioselectivities observed across fungal clades. Developing a rigorous, predictive 

understanding of how PT structural features encode cyclization logic will require integrating 

high-accuracy structural prediction, quantitative docking, and comparative modeling across 

large PT datasets—an effort only recently made feasible by tools such as AlphaFold3. 
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1.4 Dissertation Overview 
 

Polyketides represent one of the most structurally diverse and pharmacologically 

valuable classes of natural products, encompassing antibiotics, anticancer agents, and other 

therapeutically relevant compounds. Their remarkable chemical diversity arises from the 

highly controlled and iterative enzymatic processes mediated by polyketide synthases (PKSs). 

Understanding the molecular determinants that govern chain elongation, cyclization, and 

tailoring of polyketide intermediates is essential for both elucidating natural biosynthetic logic 

and enabling rational engineering of novel bioactive molecules. This dissertation investigates 

three interconnected aspects of polyketide biosynthesis: chain-length specificity, 

ketoreductase–acyl carrier protein (KR–ACP) interactions, and cyclization regioselectivity of 

the product template(PT) domain, employing a combination of biochemical reconstitution, 

structural modeling, and machine learning approaches. 

Chapter 2 focuses on the determinants of polyketide chain-length control in type II PKSs. 

Aromatic polyketide diversity is largely dictated by the ketosynthase/chain-length factor 

(KS/CLF) heterodimer, yet the specific sequence features that govern chain-length selection 

remain poorly understood. We employed a hybrid experimental and computational strategy, 

combining in vitro reconstitution of KS/CLF complexes with modern machine learning 

techniques. Classical sequence encodings and simple neural networks proved insufficient for 

capturing the subtle biochemical signals underlying chain-length specificity, whereas 

embeddings derived from the protein language model ESM-2 improved predictive accuracy. 

Nevertheless, unsupervised clustering and large-scale sequences analysis revealed that KS/CLF 

sequences are highly conserved, and that chain-length control likely depends on subtle 

residue-level and structural features that are not easily inferred from sequence alone. This 
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work highlights both the potential and the limitations of sequence-based machine learning for 

predicting PKS function, underscoring the need for integrative approaches incorporating 

structural and biochemical data. 

Chapter 3 addresses the molecular basis of substrate specificity in type II PKS tailoring 

enzymes, focusing on the C9 ketoreductase (DpsKR) from the doxorubicin pathway. Type II 

KRs rely on transient, highly specific protein–protein interactions with ACPs to recognize and 

modify polyketide intermediates. Through in vitro reconstitution and structural modeling, we 

demonstrated that DpsKR activity depends critically on the structural features of the so-called 

“lid helices” (α6–α7) and on ACP identity. Swapping lid helices from ActKR into DpsKR 

restored productive C9 reduction, and ACP-swapping experiments further confirmed that 

compatibility between KR and ACP partners dictates enzymatic activity. These findings reveal 

that protein–protein interfaces, rather than active-site chemistry alone, govern substrate 

specificity in type II PKSs and provide a mechanistic framework for engineering combinatorial 

biosynthesis with improved fidelity. 

Chapter 4 investigates the structural and mechanistic determinants of cyclization 

regioselectivity in fungal non-reducing PKSs (NR-PKSs). The product template (PT) domain 

directs the initial aromatization of polyketide intermediates, thereby establishing the core ring-

connectivity patterns of fungal aromatic natural products. By integrating AlphaFold3-based 

structural predictions, extensive docking simulations, statistical modeling, and ACP–PT 

complex analysis, we identified three primary factors controlling regioselectivity: (i) the 

geometry of the catalytic dyad, (ii) pocket volume and polarity, and (iii) the orientation of a 

finger-like loop that modulates substrate accessibility. Moreover, PT–ACP interactions 

influence effective chain length during substrate delivery, highlighting the importance of 

protein context in determining cyclization outcomes. Collectively, these findings provide a 
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unified model for predicting fungal aromatic scaffolds from sequence and structure and offer 

insight into the evolutionary diversification of NR-PKS catalytic logic. 

Taken together, the studies presented in this dissertation elucidate fundamental principles 

governing polyketide chain elongation, tailoring, and cyclization. By integrating biochemical, 

structural, and computational approaches, this work advances our understanding of PKS 

specificity at multiple levels, laying a foundation for rational engineering of polyketides with 

tailored structures and enhanced therapeutic potential. 
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Chapter 2 
 

Machine Learning–Driven Exploration of KS/CLF Chain-Length 
Specificity: Insights and Limitations from Protein Language 

Models 
 
2.1 Summary 
 

Aromatic polyketides derive their structural diversity and biological activity from 

precise control over carbon chain length during biosynthesis by type II polyketide synthases 

(PKSs). Although the ketosynthase/chain-length factor (KS/CLF) heterodimer is known to 

dictate the length of the poly-β-ketone intermediate, the sequence determinants underlying 

this specificity remain poorly understood, limiting efforts to rationally engineer novel 

polyketide scaffolds. Here, we combined biochemical reconstitution with machine learning 

(ML) and large-scale bioinformatics to evaluate whether KS/CLF chain-length specificity can be 

predicted directly from primary sequence. Act and Dps KS/CLF complexes were successfully 

expressed, purified, and reconstituted in vitro; however, structural studies remained 

challenging due to poor crystallizability, motivating a computational approach. Initial 

classification models built using one-hot encodings and simple neural networks performed 

poorly, reflecting the inadequacy of classical representations for capturing subtle functional 

signals. Transformer architectures modestly improved accuracy, but the most significant gains 

were achieved using ESM-2, a protein language model trained on tens of millions of sequences. 

ESM-2 embeddings increased prediction accuracy to ~70% (training) and ~50% (validation), 

demonstrating that modern language models capture meaningful biochemical features relevant 

to chain-length control. 
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To assess whether functional groupings could be discovered without labels, we 

collected 2,315 additional KS/CLF sequences and applied unsupervised clustering using ESM-2 

embeddings, with and without Partial Least Squares (PLS)–derived functional latent spaces. 

However, clustering consistently failed to separate sequences by chain-length class. Together, 

these outcomes reveal that KS/CLF sequences are exceptionally conserved and that chain-

length control is governed by extremely subtle residue-level and structural variations not 

easily recoverable from global sequence patterns. 

Overall, this work demonstrates both the promise and the limitations of sequence-based 

ML for predicting KS/CLF chain-length specificity. While protein language models offer 

substantial advantages over classical encodings, sequence information alone does not fully 

capture the fine structural determinants that regulate polyketide chain elongation. Future 

integration of structural modeling, coevolutionary analysis, and high-resolution biochemical 

data will be essential for building predictive frameworks capable of guiding rational 

engineering of aromatic polyketides with customized chain lengths and improved therapeutic 

potential. 
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2.2 Introduction 
 

Polyketides constitute one of the most structurally diverse and therapeutically valuable 

classes of natural products, giving rise to numerous clinically important antibiotics, anticancer 

agents, antifungal agents, and antiviral compounds.8,50 Their biosynthesis is carried out by 

polyketide synthases (PKSs), large multidomain enzyme systems that assemble complex 

molecules from simple acyl-CoA precursors. PKSs share a deep evolutionary relationship with 

fatty acid synthases (FASs) and utilize similar chemistries and domain architectures to elongate 

carbon chains and introduce tailored structural modifications.162 Based on their organization 

and catalytic logic, PKSs are classified into three groups: type I, type II, and type III.163 Among 

these, the iterative type II PKSs—found predominantly in bacteria—produce aromatic 

polyketides through repeated cycles of condensation, reduction, and cyclization reactions.57 

A defining and mechanistically crucial step in type II PKS biosynthesis is the 

determination of carbon chain length. The minimal PKS, consisting of the ketosynthase (KS), 

chain length factor (CLF), and acyl carrier protein (ACP), initiates the construction of the poly-

β-ketone intermediate by combining a starter unit with malonyl-ACP and elongating the chain 

through multiple rounds of decarboxylative condensation.17,164 The KS/CLF heterodimer acts as 

the central catalytic hub in this process, and the CLF is known to be the primary determinant 

of the final chain length.50,57 Variations in chain length lead to structurally distinct 

polyketides—for example, doxorubicin, steffimycin, and BE-7585A all originate from 20-carbon 

decaketides, whereas WhiE pigments derive from 24-carbon dodecaketides.57 Despite the 

fundamental importance of chain length control, the molecular features within KS/CLF that 

dictate substrate accommodation and termination remain poorly understood. Sequence–
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function relationships are particularly obscure, and rational engineering aimed at producing 

polyketides of custom lengths has been largely unsuccessful. 

A major barrier to resolving chain length specificity is the scarcity of structural 

information and the lack of predictable sequence patterns that correlate KS/CLF variants to 

defined chain lengths. Traditional approaches—such as structure-guided mutagenesis and 

comparative sequence analysis—have offered valuable insights but have not yielded a 

generalizable model capable of predicting chain length across diverse PKS systems. This 

challenge is amplified by the vast number of KS and CLF sequences available in genomic 

databases versus the relatively small number of experimentally characterized chain lengths. 

The resulting imbalance makes chain-length prediction a problem uniquely suited for modern 

computational and machine learning approaches. 

Figure 2.1. Examples of polyketides of type II PKS with various chain length, showing the starter unit 
(red), first-ring cyclization (numbered), and its corresponding PKS (parentheses). 

Recent advances in protein language models, particularly transformer-based 

architectures such as ESM-2, provide a powerful opportunity to address this knowledge gap.165 

These models learn rich, evolutionarily informed representations of protein sequences from 

massive databases without requirement of structural or functional annotations. Such 
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embeddings capture subtle biochemical and structural properties that may not be apparent 

from sequence alignment alone. Leveraging these models, it is now possible to build predictive 

frameworks that map KS/CLF sequence information to polyketide chain length with 

unprecedented accuracy. This approach has the potential to uncover previously hidden 

determinants of substrate accommodation within the KS active site and the CLF chain-length 

tunnel, thereby enabling systematic engineering of chain-length control for the first time. 

This chapter focuses on elucidating the molecular basis of carbon chain length control 

in KS/CLF complexes through an integrated machine learning and structural biology strategy. 

To achieve this goal, a transformer-based model leveraging ESM-2 embeddings will be trained 

on curated KS/CLF sequences paired with experimentally validated chain-length outputs, thus 

enabling a predictive link between sequence features and programmed elongation limits. This 

approach will facilitate the identification of key residues, co-evolving motifs, and structural 

determinants that govern chain-length specificity. Because experimentally annotated datasets 

remain limited, a complementary unsupervised workflow will be implemented in which 

unlabelled CLF sequences are embedded using the same ESM-2 representation and 

subsequently clustered via K-means. This analysis will allow classification of CLF homologs 

into chain-length groups and help infer their likely product profiles based on evolutionary and 

structural proximity. Together, these supervised and unsupervised efforts will establish the 

first data-driven and mechanistically informed framework for understanding, predicting, and 

ultimately engineering polyketide chain-length control—advancing the rational design of 

aromatic polyketides with novel or improved therapeutic properties. 
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2.3 Results 
2.3.1 Expression, Purification, and Reconstitution of KS/CLF Complexes 

Both actinorhodin(Act) and daunorubicin(Dps) KS/CLF complexes were successfully 

overexpressed and purified using Ni-NTA affinity chromatography followed by size-exclusion 

chromatography. SDS-PAGE analysis confirmed the expected band patterns corresponding to 

the KS and CLF subunits, demonstrating high purity of both complexes. In vitro reconstitution 

assays further verified the functional assembly of the heterodimers. Despite the successful 

purification, obtaining sufficient quantities required approximately one month per construct 

due to slow expression and the need for repeated optimization cycles. Crystallization trials of 

Dps KS/CLF were performed extensively under a variety of screening conditions; however, no 

diffracting crystals were obtained, and most trials yielded only amorphous precipitate or 

poorly formed microcrystals. These results support the need for alternative structural 

approaches, such as computation-guided analysis, to investigate chain-length determinants in 

KS/CLF systems. 

Figure 2.2. Dps KS/CLF fractions after purification with nickel resin 
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2.3.2 Initial Machine Learning Classification Using One-Hot Encoding 

To establish a computational framework for predicting polyketide chain length, KS/CLF 

sequences with known product lengths were collected from the MIBiG database and encoded 

using one-hot representation. A simple fully connected neural network was trained on this 

dataset as an initial baseline model. This architecture performed poorly, achieving only ~50% 

accuracy on the training set and 0% accuracy on the validation set, with a high cross-entropy 

loss exceeding 5 after training. These results indicated substantial overfitting and suggested 

that one-hot encoding fails to capture the complex evolutionary and biochemical relationships 

embedded in KS/CLF sequences. 

 

Figure 2.3. Diagram of workflow to collect KS/CLF sequence data and encoding it to matrix. Sequence 
and chain length data were obtained from MIBiG and the sequences are encoded with one-hot encode.  

 

2.3.3 Improved Performance Using Transformer-Based Representations 

To better capture long-range dependencies and subtle sequence features, a transformer-

based sequence model was next applied. Using a transformer trained directly on the one-hot 

sequences, training accuracy modestly improved to ~50%, while validation accuracy increased 

to ~30%. However, the loss remained high (approximately 3), reflecting limited ability of the 
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model to generalize. These results suggested that while transformers provide a more expressive 

architecture than simple fully connected networks, meaningful improvements would require a 

more informative sequence embedding. 

 

Figure 2.4. Train and validation loss curve of A) fully connected model, B)one-hot transformer model 
and C) ESM-2 embedded transformer model. Each model was run with 33 training squences and 10 

validation sequences. The epochs = 1000 and batch size =8. 
 

2.3.4 Application of ESM-2 Embeddings 

Substantial performance improvement was achieved by using the ESM-2 model, a state-

of-the-art protein language model developed by Meta AI. ESM-2 is trained on hundreds of 

millions of protein sequences in a masked language modeling framework, enabling it to learn 

biochemical, structural, and evolutionary features without alignment or supervision. 

Embedding KS/CLF sequences with ESM-2 before classification significantly enhanced 

predictive performance: training accuracy increased to ~70%, and validation accuracy reached 

~50%. Despite this improvement, the performance plateau suggested that the limited size of the 

labeled dataset and the high sequence similarity among KS/CLF homologs constrained the 

discriminative power of the model. 

2.3.5 Unsupervised Clustering of 2315 Unlabeled KS/CLF Sequences 
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To expand the sequence space and explore whether evolutionary clustering could reveal 

natural chain-length groupings, an additional 2315 unlabeled KS/CLF sequences were collected 

from the NCBI database. These sequences were embedded using the same ESM-2 

representation and subjected to various clustering approaches. Initial direct K-means clustering 

on the raw embeddings failed to produce meaningful separation corresponding to known chain 

lengths. Visualizations and cluster metrics indicated that sequences clustered primarily by 

phylogenetic origin rather than functional properties. 

Figure 2.5 UMAP projection of KS/CLF protein sequences clusters. Two-dimensional UMAP embedding 
of 2315 KS/CLF protein sequences based on embeddings generated ESM-2 with chain-length-relevant 

latent space created by PLS Points are colored by cluster ID.  
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2.3.6 Partial Least Squares (PLS) Regression to Create a Chain-Length–Relevant 

Latent Space 

To shift clustering toward functional features rather than general evolutionary similarity, 

Partial Least Squares (PLS) regression was applied to the labeled ESM-2 embeddings. PLS 

constructs a new latent space by identifying components that maximize covariance between 

the sequence embedding and chain-length output. Using ten PLS components, the model 

successfully emphasized patterns previously linked to chain-length differences while reducing 

irrelevant noise within the embedding. 

The unlabeled dataset was then projected into this PLS-derived latent space and clustered 

using K-means. However, the resulting clusters exhibited substantial overlap among known 

chain-length classes. Silhouette scores and PCA/UMAP visualizations confirmed that no strong 

functional grouping emerged even in the PLS-filtered space. 

 

2.3.7 Overall Assessment of Clustering Performance 

Across all supervised and unsupervised attempts, clustering KS/CLF sequences into distinct 

chain-length classes remained challenging. The primary limitation appears to be the extremely 

high sequence conservation within the KS/CLF family, especially at functionally critical 

positions. Many KS/CLF pairs differ by only a few residues, and chain-length specificity often 

arises from subtle local features rather than domain-level or evolutionary separation. As a 

result, the sequence space lacks the clear functional boundaries required for robust clustering, 

even when using advanced embeddings and latent-space techniques.
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2.4 Discussion: 
 

Understanding how type II ketosynthase/chain-length factor (KS/CLF) complexes 

control polyketide chain length remains one of the central unresolved questions in aromatic 

polyketide biosynthesis. Although decades of biochemical and structural studies have 

established that chain length is dictated primarily by the geometry of the KS–CLF active-site 

tunnel,66,90,166 translating primary sequence into predictable chain-length output remains 

fundamentally challenging. The present study sought to address this gap by developing 

machine-learning approaches capable of predicting chain-length control directly from KS/CLF 

sequence, while also probing whether unsupervised clustering of large unlabeled datasets can 

reveal new functional groupings. Collectively, the results reveal both the promise and 

limitations of sequence-based prediction for KS/CLF function, ultimately underscoring the 

exceptionally high evolutionary conservation within the minimal PKS and the structural 

subtlety underlying chain-length determination. 

Our initial attempts using one-hot encoded sequences and a fully connected neural 

network yielded extremely poor performance, with high loss values and near-zero validation 

accuracy. This result is consistent with the well-known limitation that one-hot encodings do 

not capture long-range evolutionary constraints or structural context in enzyme families 

whose functional residues are sparse and highly interdependent.167 Replacing this approach 

with a transformer-based sequence model modestly improved accuracy, suggesting that 

contextual embeddings better represent the distributed sequence signals governing chain 

length. 

The most substantial improvement came from applying ESM-2, a state-of-the-art 

transformer model trained on ~65 million protein sequences.165,168 ESM-2 embeddings increased 
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training accuracy to ~70% and validation accuracy to ~50%, demonstrating that large protein 

language models indeed capture richer structural and evolutionary information relevant to 

KS/CLF function. Comparable improvements in functional annotation using ESM-2 have been 

reported for enzyme commission prediction and protein engineering,169 supporting its utility 

for biosynthetic enzyme prediction. 

Nevertheless, despite these advances, performance remained insufficient for reliable 

annotation of unknown KS/CLFs. These limitations likely stem from the underlying biology 

rather than the model architecture. Structural work has repeatedly shown that chain-length 

control is dictated by very subtle geometric differences—often involving only a small set of 

residues at the “floor” of the acyl-binding tunnel or steric gatekeepers in CLF.66,90,166 Such 

minimal sequence variation produces significant functional consequences, but these differences 

can be easily overwhelmed in large alignments dominated by highly conserved residues. Thus, 

even highly expressive language models may struggle to detect signals that are not strongly 

encoded at the sequence level. 

To expand the searchable sequence space, we incorporated an additional 2,315 unlabeled 

KS/CLF sequences from NCBI and used ESM-2 embeddings followed by Partial Least Squares 

(PLS) regression to construct a latent space emphasizing chain-length features before 

clustering. However, clustering again failed to produce meaningful segregation by chain 

length. This outcome mirrors observations from evolutionary analyses showing that KS/CLF 

sequences across taxa share remarkably high identity, and that chain-length variation is often 

driven by only one or two residue changes.126,170 

This result aligns with experimental exceptions such as the fdm minimal PKS, which 

unexpectedly produces both 11- and 12-unit chains despite being almost indistinguishable in 

sequence from related systems.164 Collectively, these findings reinforce the idea that KS/CLF 
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function is not easily recoverable from global sequence similarity, and that clustering is 

inherently limited in enzyme families where the functional signal is carried by only a handful 

of residues. 

A major obstacle to building accurate predictive models is the lack of high-quality 

labeled data. Experimental assignment of chain length is difficult because poly-β-ketone 

intermediates are chemically unstable and undergo spontaneous cyclization171, making direct 

biochemical validation of elongation limits difficult. Historically, many mechanistic studies 

relied on indirect or truncated substrate analogs, such as diketide SNACs or isoxazole-based 

probes 172, which differ structurally from natural intermediates. Only recently have oxetane-

based isosteres enabled more faithful stabilization of polyketide intermediates 172, but these 

tools have not yet been widely applied to large-scale annotation of KS/CLFs. As a result, 

training datasets remain small, skewed, and occasionally inconsistent. 

The strong conservation of KS/CLF sequences reflects their position at the center of 

aromatic polyketide biosynthesis. KS and CLF must form an obligate heterodimer capable of 

binding ACP, stabilizing the growing chain, preventing premature cyclization, and enabling 

precise iteration of Claisen condensations163,166. Any mutations that interfere with dimerization 

or ACP binding are strongly selected against. Thus, evolution tolerates only minimal variation 

in the regions surrounding the active site, which in turn means that chain-length differences 

arise from extremely fine geometric modulations rather than broad sequence divergence. 

These constraints help explain why our machine-learning and clustering approaches 

produced only modest predictive power: the functional signal is present but faint, encoded in 

only a small number of residues that collectively contribute to tunnel depth, shape, and 

electrostatics. Ultimately, the interplay between protein-protein interactions between KS/CLF-
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ACP and substrate pocket shape will both contribute to the observed chain lengths in type II 

PKSs. 

Although our models did not achieve high predictive accuracy, the study reveals 

important insights guiding future engineering efforts. First, ESM-2 embeddings clearly 

outperform classical encodings for KS/CLF prediction tasks, suggesting that future models 

trained on domain-specific datasets—perhaps incorporating structure-based embeddings or 

tunnel-shape descriptors—could further improve accuracy. Structural prediction tools such as 

AlphaFold3173 and RoseTTAFold may enable generation of predicted KS/CLF tunnels that could 

be quantitatively analyzed using cavity-volume metrics that have proven predictive for chain 

length in modular PKSs.167 

Second, combining ML with high-resolution structural biology—including cryo-EM of 

ACP–KS–CLF complexes or co-crystals with oxetane mimics—may provide the missing 

geometric labels needed to build more powerful predictive models. Recent advances in cryo-

EM resolution for PKS systems make these approaches increasingly feasible. 

Finally, more accurate prediction of chain-length control would have substantial 

implications for natural product engineering. Tailored manipulation of chain length has 

already yielded novel anthracyclines and polycyclic antibiotics with improved biological 

properties66,163. Improved predictive models could accelerate discovery of new polyketides with 

enhanced or diversified therapeutic activity, including derivatives of clinically important 

molecules such as doxorubicin and tetracycline.
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2.5 Conclusion  
In summary, our study highlights both the promise and the current limitations of 

sequence-based machine learning approaches for predicting KS/CLF chain-length specificity. 

Although progressively more expressive models—from simple fully connected networks to 

transformer architectures and finally ESM-2—yielded stepwise improvements in predictive 

performance, accuracy remained insufficient for confident functional assignment. 

Unsupervised clustering of >2,300 unlabeled KS/CLFs, even after embedding with ESM-2 and 

projection into a PLS-defined latent space, similarly failed to resolve chain-length–specific 

groups, underscoring the profound evolutionary conservation and restricted sequence 

divergence within this enzyme family. Together, these findings emphasize that sequence 

information alone captures only part of the determinants underlying KS/CLF specificity and 

that catalytic behavior is likely governed by subtle structural features, dynamic protein–

protein interactions, and ACP-mediated substrate presentation. Moving forward, integrating 

structural modeling, coevolutionary analysis, and experimental biochemistry will be essential 

for building predictive frameworks that bridge the gap between sequence and function in 

aromatic polyketide biosynthesis. 
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2.6 Method 
 
2.6.1 Expression and Purification of KS/CLF Protein 

Act KS/CLF and Dps KS/CLF was expressed in Streptomyces coelicolor CH999 

harboring the pRJC006 expression vector, following previously described methods with minor 

modifications (REF). Fresh spores were used to inoculate 50 mL of Super YEME medium 

supplemented with 50 μg/mL kanamycin. Seed cultures were incubated for 3 days at 30 °C with 

shaking at 250 rpm, then transferred into 2.5 L baffled flasks containing 500 mL of Super YEME 

with 50 μg/mL kanamycin. Cultures were grown for an additional 2 days under the same 

conditions before induction with 10 μg/mL thiostrepton. 

Cells were harvested 24 h after induction by centrifugation (20 min, 5100 rpm), and 

pellets were stored at −80 °C. For purification, pellets from 2 L of culture were resuspended in 

200 mL of lysis buffer (100 mM potassium phosphate, 15% glycerol, 300 mM NaCl, pH 7.5) 

supplemented with two tablets of EDTA-free protease inhibitor cocktail (Roche). Cells were 

lysed by sonication on ice (10 cycles × 1 min). Insoluble material was removed by 

centrifugation (1 h, 14,000 rpm). Streptomycin sulfate was added to the clarified lysate to a 

final concentration of 2% (w/v) to precipitate nucleic acids, followed by centrifugation (45 min, 

14,000 rpm). The resulting supernatant was filtered through a 0.45 μm membrane. 

Protein was precipitated by adding ammonium sulfate to 30–50% saturation and 

incubating overnight at 4 °C. The precipitated protein was collected by centrifugation (30 min, 

14,000 rpm) and resuspended in Ni-binding buffer (50 mM potassium phosphate, 10% glycerol, 

500 mM NaCl, 5 mM imidazole, pH 7.5). The solution was filtered again (0.45 μm) and 

incubated with 2 mL of Ni-IMAC resin (Bio-Rad) pre-equilibrated in binding buffer, with gentle 

stirring at 4 °C for 1 h. 
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Bound protein was eluted using binding buffer containing increasing concentrations of 

imidazole. Fractions (2.5 mL) containing 375–750 mM imidazole were pooled and individually 

buffer-exchanged into storage buffer (100 mM potassium phosphate, 10% glycerol, pH 7.5) 

using PD-10 desalting columns (GE Healthcare). The purified protein was flash frozen and 

stored at −80 °C until use. 

2.6.2 Sequence Encoding 

The gene sequences in this study were from the MIBIG174 and Integrated Microbial Genomes & 

Microbiomes system (IMG/M)175; their accession numbers or the source organisms are listed in 

SI Tables 1 and 2. Amino acid sequences were numerically encoded using a fixed vocabulary of 

22 tokens consisting of the 20 canonical amino acids, a gap character (“–”), and a stop character 

(“*”). Each character was mapped to a unique integer index, and variable-length sequences 

were converted to integer tensors after padding. The encoding procedure was implemented in 

a custom function (pep2num). 

Encoded and padded sequences were stored in a PyTorch Dataset subclass (FeatureDataset), 

which returned integer-encoded tensors paired with their corresponding chain-length labels. 

Data loading during training was handled by PyTorch DataLoader objects with shuffling 

enabled for training batches. 

2.6.3 Transformer-Based Classification Model 

Model Architecture 

A transformer encoder architecture was implemented using PyTorch to classify KS/CLF 

sequences by predicted chain-length specificity. The model consisted of the following 

components: 

1. Input Embedding Layer: 

Each integer-encoded residue token was mapped to a 512-dimensional dense vector 
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using a learnable embedding layer. The embeddings were scaled by the square root of 

the model dimension, following the original transformer formulation. 

2. Positional Encoding: 

Because amino acid sequences lack intrinsic positional representation, sinusoidal 

positional encodings (Vaswani et al., 2017) were added to the token embeddings. These 

encodings used alternating sine and cosine functions across dimensions and were 

registered as non-trainable buffers. 

3. Transformer Encoder: 

The classifier used a stack of three transformer encoder layers (n_layers = 3), each 

consisting of: 

o Multi-head self-attention with eight heads (n_head = 8) 

o A position-wise feedforward network of dimension 128 

o Dropout (0.1) between attention and feedforward blocks 

4. Sequence Pooling: 

The encoder produced contextual embeddings for each residue position. These were 

averaged across sequence length (mean-pooling) to produce a single fixed-length 

representation per protein. 

5. Output Layer: 

A fully connected linear layer projected the pooled embedding into trg_vocab_size 

dimensions, corresponding to the number of chain-length classes + 1. Predictions were 

obtained via Softmax during training through the cross-entropy loss. 
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Hyperparameters 

• Embedding dimension: 512 

• Number of transformer layers: 3 

• Attention heads: 8 

• Feedforward dimension: 128 

• Dropout: 0.1 

• Batch size: 3 

• Learning rate: 0.001 

• Number of epochs: 1000 

• Loss function: Cross-entropy 

• Optimizer: Adam 

• Training device: NVIDIA GPU (CUDA), with fallback to CPU 

2.6.4 Training Procedure 

The model was trained for up to 1000 epochs using batches of integer-encoded sequences. For 

each batch: 

1. Input tensors were reshaped to match transformer input format (sequence length × 

batch size). 

2. Predictions were computed via the forward pass of the transformer classifier. 

3. Cross-entropy loss between predicted chain-length class and ground-truth label was 

calculated. 
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4. Gradients were backpropagated, and model parameters were updated using Adam. 

To reduce memory usage, GPU cache clearing (torch.cuda.empty_cache()) and Python garbage 

collection (gc.collect()) were performed once per epoch. 

Training and validation losses were recorded for each epoch and stored in lists (losslist_tr and 

losslist_val). Loss curves were plotted using Matplotlib and exported as PNG files. 

A minimal early-stopping logic was used to track the best-performing epoch: the model with 

the lowest validation loss was copied and stored in memory via copy.deepcopy(). 

2.6.5 Model Evaluation 

After completing training, classification accuracy was computed on both the training and 

independent test datasets. Accuracy was calculated by comparing the argmax of the model 

logits to the true chain-length labels over all samples. 

2.6.6 ESM-2 Model for Protein Representation 

We employed the ESM-2 protein language model (ESM2-T33-650M-UR50D), a transformer-

based model trained on 65 million unique protein sequences, which has demonstrated state-of-

the-art performance in zero-shot prediction and structural representation tasks (Lin et al., 2023; 

Rives et al., 2021). The model was loaded in PyTorch and executed on GPU when available, 

with a batch converter provided by the ESM-2 library for formatting sequences into tokenized 

inputs. 

Embedding Extraction 

Protein sequences were converted into fixed-length numerical embeddings by mean-pooling 

the per-residue representations from layer 33 of the transformer. Specifically: 

1. Sequences were batched (batch size = 16) for efficient GPU computation. 

2. Each batch was passed through the ESM-2 model to obtain per-residue embeddings. 
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3. For each sequence, embeddings of non-padding tokens were averaged to generate a 

single 650-dimensional vector representing the full protein sequence. 

This procedure was applied to both the labeled reference sequences and the unlabeled 

sequences. 

2.6.7 PLS Regression for Chain-Length-Aware Latent Space 

To incorporate chain-length information from the reference dataset, Partial Least Squares (PLS) 

Regression was used. PLS finds a latent space that maximally correlates the input features with 

output variables (Wold et al., 2001). The reference embeddings and their corresponding chain-

length labels were used to fit a PLS model with 10 components, which emphasized patterns in 

the embedding space most relevant to chain-length determination. The fitted PLS model was 

then used to transform the embeddings of the unlabeled sequences into this latent space. 

Unsupervised Clustering and Visualization 

K-Means Clustering 

The latent embeddings were clustered using K-Means (k = 10) to group sequences with similar 

chain-length-associated features. Cluster assignments were appended to the unlabeled dataset 

for subsequent analysis. Cluster sizes were visualized as a bar chart to evaluate the distribution 

of sequences among clusters. 

2.6.8 UMAP Dimensionality Reduction 

To visualize high-dimensional relationships, Uniform Manifold Approximation and Projection 

(UMAP) was applied to the PLS-transformed embeddings, reducing them to two dimensions 

while preserving local structure (McInnes et al., 2018). The resulting 2D coordinates were 

plotted, with points colored by K-Means cluster assignment, providing an interpretable 

representation of sequence similarity and clustering patterns. 
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2.6.9 Software and Libraries 

• PyTorch (v1.13) for model inference and tensor operations 

• ESM library for pretrained transformer models 

• scikit-learn for PLS regression and K-Means clustering 

• UMAP-learn for dimensionality reduction 

• Matplotlib / Seaborn for visualization 
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Chapter 3 
 

Lid Helices and ACP Identity as Determinants of 
Ketoreductase Specificity in Type II Polyketide Synthases 

 
3.1 Summary 

  Type II polyketide synthases (PKSs) rely on highly specific protein–protein 

interactions to control the regiospecific tailoring of their polyketide intermediates. In this 

chapter, we investigate the C9 ketoreductase (DpsKR) from the doxorubicin PKS and 

uncover how structural features of the lid helices and the identity of the acyl carrier 

protein (ACP) govern substrate reduction. In vitro reconstitution assays showed that 

wild-type DpsKR failed to catalyze C9 reduction in the actinorhodin minimal PKS, 

whereas a chimeric DpsKR containing the ActKR lid helices restored its activity. ACP-

swapping experiments further revealed that productive reduction requires compatibility 

between KR and ACP partners. Structural modeling of wild-type and chimeric KRs 

demonstrated that residues within the lid region (α6–α7) establish critical ACP–KR 

contacts that define docking orientation and substrate positioning. Together, these results 

highlight the lid helices as key molecular determinants of KR–ACP compatibility, 

providing a structural basis for how protein–protein interactions shape specificity in type 

II PKSs. 
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3.2 Introduction 
 

Polyketide synthases (PKSs) are a rich source of bioactive natural products, 

including many clinically important antibiotics and anticancer agents. Type II PKSs, in 

particular, are responsible for the biosynthesis of aromatic polyketides such as 

doxorubicin, anthracyclines, tetracyclines, and actinorhodin. A hallmark of type II PKSs is 

their distinct enzymology: rather than being fused into a large multidomain protein, as in 

type I PKSs, the individual catalytic functions are encoded on discrete polypeptides that 

rely on specific protein–protein interactions with the acyl carrier protein (ACP).176 The 

ACP tethers and shuttles the growing polyketide intermediate to the catalytic partners 

that tailor its structure.100 Despite decades of studies, the rules governing how ACPs 

achieve selective recognition of partner enzymes remain poorly understood. 

The ketoreductases (KRs) are central tailoring enzymes in type II PKSs. These 

NADPH-dependent enzymes reduce specific carbonyl groups on the polyketide backbone, 

and in many cases, they also influence the regiospecific cyclization of the nascent chain. 

Among the best studied are the C9-reducing KRs of the anthracycline pathways(Figure 

3.1): the ActKR from the actinorhodin PKS123 and the DpsKR from the doxorubicin PKS160. 

While ActKR has been shown to catalyze productive C9 reduction in vitro, DpsKR 

exhibits a puzzling lack of activity in heterologous reconstitutions, often yielding only 

unreduced products.177 This raises fundamental questions about what determines KR 

activity and substrate specificity in type II systems. 
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Figure 3.1. Early stages of actinorhodin and daunorubicin biosynthesis. Both the ActKR and 
DpsKR function in the same role in their respective pathways, reducing the C9 carbonyl and 
facilitating first ring cyclization. Importantly, the DpsKR has been shown, both in vivo and in 
vitro, to be unable to replace the ActKR in the Act PKS, while the reverse is possible (ActKR can 
replace DpsKR in the Dps PKS). But DpsKR can replace TcmKR in TcmPKS. 

 

Previous structural studies of type II KRs have established that the overall fold and 

catalytic residues are conserved across families, suggesting that factors beyond active-site 

chemistry must account for differences in activity.123,178 One candidate determinant is the 

so-called “lid region,” formed by helices α6 and α7. In ActKR, this lid has been implicated 

in both substrate positioning and interactions with the ACP. However, whether the lid 

helices also dictate ACP compatibility in other type II KRs has remained unclear. 

In this work, we dissect the contribution of the lid helices and ACP identity to KR 

activity using a combination of in vitro reconstitution and structural modeling. By 

systematically testing wild-type and chimeric KRs in minimal PKS systems, we show that 

lid swapping between DpsKR and ActKR reprograms reduction activity, highlighting the 

critical role of this structural element. Complementary ACP-swapping experiments 

further reveal that ACP identity strongly influences whether a KR can productively 
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engage and reduce its substrate. Structural predictions provide mechanistic insight, 

demonstrating that residues within the lid region mediate ACP docking and define the 

extent of productive binding interfaces. 

Together, these findings establish the lid helices as molecular determinants of KR–

ACP compatibility and illuminate how protein–protein interactions, rather than active-

site chemistry alone, govern substrate reduction in type II PKSs. These insights help 

explain why combinatorial biosynthesis often fails when KRs are exchanged between 

pathways and underscore the importance of engineering protein–protein interfaces in 

future efforts to generate novel polyketide derivatives. 
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3.3 Results 
 
3.3.1 Role of Lid Helices and ACP Identity in DpsKR Activity 

To investigate the role of the lid helices in DpsKR activity, the Act minimal PKS 

was reconstituted with WT DpsKR. As shown in Figure3.2 A, only the unreduced 

products Sek4 and Sek4b were detected, indicating that WT DpsKR is unable to perform 

C9 ketoreduction in this context. In contrast, when the lid region of DpsKR was replaced 

with that of WT ActKR, the resulting chimeric KR enabled the production of reduced 

product (Figure3.2 B), demonstrating that the lid helices are critical for productive 

reduction. 

We next asked whether the ACP partner contributes to reduction. When the Act 

minimal PKS was reconstituted with DpsACP and WT ActKR, the reduced product 

mutactin was formed (Figure3.2 B). Similarly, the Dps minimal PKS containing ActACP 

and WT DpsKR also produced mutactin (Figure3.2 C). These results indicate that ACP 

identity plays a key role in enabling KR activity. However, when the Act minimal PKS 

was assembled with DpsACP and WT DpsKR, only Sek4 and Sek4b were observed 

(Figure3.2 B). Together, these data show that both the lid helices and ACP partner 

identity contribute to KR-dependent reduction, underscoring the importance of protein–

protein interactions in type II PKS biosynthesis. 
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Figure 3.2. HPLC product profile of the Act minimal PKS (ActminPKS) and Dps minimal PKS (Dps 
minPKS) when reconstituted with the ActKR, DpsKR, DpsActKR Lid Chimera and DpsActKR Full 
Pocket Chimera. A)ActminPKS with ActACP and ActKR, DpsKR, DpsActKR Lid Chimera and 
DpsActKR Full Pocket Chimera as legend shows. B)ActminPKS with DpsACP and ActKR, DpsKR, 
DpsActKR Lid Chimera and DpsActKR Full Pocket Chimera as legend shows. C) DpsminPKS with 
ActACP and ActKR, DpsKR, DpsActKR Lid Chimera and DpsActKR Full Pocket Chimera as 
legend shows. D) The products peaks are: 1) sek4, 2) sek4b, 3) mutactin and 4) SEK15. Product 
peaks were identified by typical published retention times. 
 
3.3.2 Structural Predictions Reveal Lid Region Residues Mediate ACP–KR 

Interactions 

To further investigate the molecular basis of substrate specificity, structural 

predictions of the chimeric KRs were generated. The models suggest that key residues 
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within the lid region (residues 194–221) play a central role in ACP binding and substrate 

positioning. 

 

Figure 3.3. Predicted ACP-KR structures with Alphafold3 A) DpsACP and DpsKR WT, B)ActACP 
and ActKR WT C)DpsACP and DpsKR Chimera and D)ActACP and DpsKR Chimera 
 

The predicted positions of DpsACP and ActACP relative to their partner KRs 

mirrored the in vitro reconstitution results. Specifically, DpsACP aligned similarly to 

ActACP when paired with the full DpsKR–ActKR lid chimera (Figure 3.3A–B). By 

contrast, the orientation of DpsACP was markedly different when bound to WT DpsKR 

(Figure 3.3C), consistent with the inability of WT DpsKR to reduce substrates in the Act 

minimal PKS system. 
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Figure 3.4. Sequence alignment of ActKR, DpsKR WT, DpsKR Chimera, DpsKR Full Chimera and 
Hedamycin KR with the highlight of ACP binding sites. 
 

Residue mapping further highlighted differences in ACP–KR contacts. DpsACP 

was predicted to bind WT DpsKR primarily through residues V98, E101, A203, A204, 

F205, W206, G207, and I208. In contrast, DpsACP bound the full DpsKR–ActKR chimera 

at a broader interface, including R38, D39, R93, P94, G95–G97, V98, E101, I102, T103, 
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D104–D105, L106, H153, P193, S197, V198, H201, D204, I205, and E207 (Figure 3.4). 

Notably, this binding pattern strongly resembled the interaction of ActACP with WT 

ActKR, which involved R38, G39, E40, G42, R65, G92, R93, P94, G95–G97, E101, L102, 

A103, D104, E105, L106, P193, M194, S197, V198, E200, H201, and Y202 (Figure 3.4). 

The largest differences between WT DpsKR and the chimera–ActKR systems 

localized to the lid region (residues 194–221). These structural distinctions correlate with 

the functional results of the in vitro reconstitution assays, demonstrating that ACP 

binding is modulated by the lid helices and, in turn, alters KR substrate specificity. 
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3.4 Discussion: 
The results presented here demonstrate that the activity and substrate specificity 

of type II KRs are determined not only by active-site chemistry but also by structural 

features within the lid helices that mediate productive ACP binding. In vitro 

reconstitution assays showed that WT DpsKR cannot catalyze C9 reduction in the Act 

minimal PKS, yielding only unreduced products. Strikingly, replacing the DpsKR lid with 

that of ActKR restored reduction, underscoring the critical role of the lid region in 

enabling catalysis. This functional dependence on lid identity was reinforced by ACP-

swapping experiments, which revealed that ACP identity strongly influences whether 

reduced product is formed. 

Structural modeling provided a mechanistic rationale for these observations. The 

predicted structures indicated that the lid region (residues 194–221) defines ACP docking 

orientation and the interaction network. DpsACP-bound WT DpsKR through a narrow 

set of residues, whereas the DpsKR–ActKR lid chimera engaged DpsACP across an 

expanded interface that closely resembled the ActACP–ActKR interaction. These 

differences were localized to the lid helices and correlated precisely with the outcomes of 

the reconstitution assays. Together, these data suggest that the lid helices govern KR–

ACP compatibility and, by shaping ACP docking, dictate the likelihood of substrate 

reduction. 

Our docking results are consistent with the integrative models of ActKR reported 

by Serapian et al. 179, who combined BUDE docking, MD simulations, and NMR titrations 

to identify productive ACP binding modes. In their study, the most plausible models 

(notably from the M14 family) positioned the actACP α3 helix across the KR surface, 
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engaging an arginine patch (R38/R65/R93) that directs PPant entry into the KR channel. 

Similarly, we find that the DpsKR–ActKR lid chimera establishes an expanded interface 

overlapping this ActKR contact network, incorporating residues such as R38, R93, and the 

G95–G97 motif. By contrast, WT DpsKR presents only a restricted, non-productive 

surface lacking PPant-patch engagement. Thus, while ActKR achieves catalysis through 

arginine patch interactions and docking plasticity, our results show that lid swapping 

reconfigures DpsKR to recapitulate these critical contacts. This demonstrates that lid-

mediated interface compatibility is a key determinant of productive ACP docking and 

substrate reduction. 

These findings align with and extend previous work on type II PKSs. Crystal 

structures of ActKR and related KRs have revealed overall conservation of fold and 

active-site residues, but the contribution of ACP binding to regiospecificity has remained 

unclear.123,180,181 Our results suggest that lid helices act as molecular determinants of ACP 

recognition, providing a structural explanation for why KR swapping in combinatorial 

biosynthesis often fails: mismatched lid–ACP interfaces can block productive reduction 

even when catalytic residues are conserved.182  

More broadly, this study underscores the importance of protein–protein 

interactions in type II PKSs. Unlike type I systems, where domains are covalently linked, 

type II PKSs rely on transient yet highly specific contacts between discrete enzymes and 

ACPs. Our findings indicate that KR specificity arises from the interplay between lid 

helices, conserved docking motifs such as the arginine patch, and the ACP surface. Future 

structural studies, including co-crystallization or cryo-EM of ACP–KR complexes, will be 



 

95 
 

critical to validate these predicted binding modes. Ultimately, understanding and 

engineering lid–ACP compatibility may enable the rational design of type II PKS 

pathways to generate novel anthracycline derivatives with improved therapeutic 

potential. 
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3.5 Conclusion  
 

Together, our biochemical reconstitution assays and structural predictions 

demonstrate that substrate reduction by type II ketoreductases is governed not only by 

active-site chemistry but by precise protein–protein interactions mediated through the lid 

helices and ACP surface. WT DpsKR was incapable of reducing substrates in the Act 

minimal PKS, yet introduction of the ActKR lid region restored full activity, revealing that 

the lid helices dictate KR–ACP compatibility. ACP swapping further showed that ACP 

identity is equally critical, as productive reduction occurred only when the ACP docking 

geometry matched the preferred lid configuration. Structural modeling supported these 

observations by showing that the chimeric KR establishes a binding interface with 

DpsACP that closely resembles the natural ActACP–ActKR complex, while WT DpsKR 

aligns ActACP in a nonproductive orientation. These findings establish the lid region as a 

key molecular determinant that reshapes ACP binding surfaces, thereby controlling 

substrate positioning and reaction outcome. More broadly, this work highlights that 

specificity in type II PKSs emerges from cooperative structural features rather than 

isolated catalytic motifs, offering a mechanistic basis for the historical difficulty of 

engineering functional KR swaps. Understanding and manipulating lid–ACP 

compatibility will be essential for future efforts to reprogram type II PKS pathways for 

anthracycline diversification and natural product engineering. 
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3.6 Method 
 
3.6.1 Expression and purification of DpsKR 

The recombinant N-terminal histidine tagged Act/DpsKR chimeric proteins were 

expressed, grown, and harvested in BL21(DE3) E. coli cells. The E. coli cells containing the 

KR plasmids were grown to OD600 0.6 at 37°C in LB medium, 50 µg/mL of kanamycin, 

and induced at 18°C with 1mM IPTG. 

The cell culture was first incubated for 16 hours at 18°C. Then it was harvested 

with centrifugation at 5,525 r.c.f. for 15 minutes. The cell pellets were resuspended in the 

lysis buffer of 50 mM Tris-HCl, pH 7.5, 10% glycerol, 10 mM imidazole, and 300 mM NaCl. 

Resuspended cells were sonicated, and cell debris were separated by centrifugation at 

21,036 r.c.f. for 1 hour. The collected supernatant was combined with HisPurTM Nickel 

Resin (Thermo Scientific) following the manufacturer’s instructions to purify the desired 

his-tagged Act/DpsKR chimeric protein with imidazole step-gradient. The purified 

proteins were collected and verified through SDS-PAGE. The purified protein was 

concentrated to 7 mg/mL and stored in the dialysis buffer of 50 mM Tris-HCl, pH 7.5, 10% 

glycerol, 100 mM NaCl, and water.  

 

3.6.2 Crystallization and data collection 

Utilizing Hampton Research Crystallization kits, the Act/DpsKR chimeric purified 

protein were set up in 24-well VDX plates and Cryschem plates. The purified proteins 

were plated and screened with Crystal Screens from Hampton Research and 3 mM 

NADPH at both room temperature and 4 °C conditions. Diffraction data for quality 
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protein crystals were optimized and seeded for better growth. The optimized protein 

crystals were washed and flash frozen in liquid nitrogen, with diffraction data collected at 

UC Berkeley Advanced Light Source using monochromatic X-rays (1.0000 Å)  

 

3.6.3 Actinorhodin and daunorubicin KSCLF expression and purification 

ActKS/CLF was expressed in Streptomyces coelicolor CH999 containing the 

pRJC006 expression vector. Fresh spores were prepared by spreading 100 ul spore stock 

onto a mannitol soy agar plate containing 50 ug/ml kanamycin. This plate was incubated 

at 30 C for 5-7days. The fresh spores were then collected and used to inoculate 50 mL of 

Super YEME containing 50 μg/mL kanamycin. The 50 mL cultures were grown for 3 days 

at 30 °C with shaking at 250 rpm. The 50 mL cultures were transferred to 2.5 L baffled 

flasks containing 500 ml of Super YEME and 50 μg/mL kanamycin. The cultures were 

grown for an additional 2 days under the same conditions. Protein expression was 

induced with 10 μg/mL thiostrepton. Cells were harvested 24 hours after induction by 

centrifugation (20 minutes at 5100 rpm) and the cell pellets were stored at -80 °C. Cell 

pellets from 2 L of cell culture were resuspended in 200 mL of lysis buffer (100 mM KPi, 

15 % glycerol, 300 mM NaCl, pH 7.5, with 2 EDTA-free protease inhibitor cocktail (Roche) 

tablets). The cell suspension was lysed by sonication on ice (10 x 1-minute cycles). Cell 

debris was pelleted by centrifugation (1 hour at 14000 rpm) and DNA was precipitated 

using streptomycin sulfate (2 % final concentration) followed by centrifugation (45 min at 

14000 rpm). The supernatant was filtered using a 0.45 μM filter and 30 % – 50 % 

(NH4)2SO4 was used to precipitate ActKS/CLF overnight. Precipitated protein was 
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pelleted by centrifugation (30 min at 14000 rpm) and redissolved in Ni-binding buffer (50 

mM KPi, 10 % glycerol, 500 mM NaCl, 5 mM imidazole, pH 7.5). After resuspension, the 

solution was filtered using a 0.45 μM filter then bound to 2 ml of Ni-IMAC resin (Bio-Rad) 

pre-equilibrated with Ni-binding buffer and stirred at 4 °C for 1 hour. ActKS/CLF was 

eluted using Ni-binding buffer containing increasing amounts of imidazole. Fractions (2.5 

mL each) containing between 375 mM and 750 mM imidazole were individually buffer 

exchanged into storage buffer(100 mM KPi, 10 % glycerol, pH 7.5) using a PD-10 column 

(GE Healthcare) and flash frozen at -80 °C. 

 

3.6.4 In vitro reconstitution assays 

DpsKR and DpsKR chimera activity were measured relative to the ActKR using an 

in vitro assay based on the actinorhodin minimal PKS. Minimal PKS activity is 

reconstituted in vitro by combining the KS/CLF (7.5 μM) (responsible for chain extension), 

ActACP/DpsG (40 μM) (responsible for shuttling of the intermediates), and MCAT (5 μM) 

(responsible for extension unit selection). MatB (20 μM) is added in order to generate the 

activated extension unit, malonyl-CoA, from malonate and CoA. The reaction volume 

was 250 μL and contained 30 μM KR, 2.6 mM NADPH (Sigma) (when KR is present), 100 

mM malonate, 7.5 mM CoA, 10 mM ATP, and 5 mM MgCl2 in 100 mM Tris, pH 7.5. The 

reactions were carried out at room temperature for 24 hours. The reaction mixtures were 

extracted three times with 300 μL of 94: 5: 1 of ethyl acetate: methanol : acetic acid and 

the organic layer was dried using Speed Vac Concentrator. The residual oil was 

resuspended in DMSO (Sigma) and subject to reverse-phase HPLC analysis using a 
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Synergi Hydro-RP column (Phenomenex). The HPLC gradient was from 5 to 50 % MeCN 

in a H2O/0.1 % formic acid mixture over 15 minutes followed by 50 to 95 % MeCN in a 

H2O/0.1 % formic acid mixture over 5 min. SEK4, SEK4B, and mutactin were identified 

using relative retention times.
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Chapter 4 
 

Structural Informatics of Product Template Domain 
Regioselectivity in Fungal NR-PKSs 

 
4.1 Summary 
 

Fungal non-reducing polyketide synthases (NR-PKSs) rely on the product template (PT) 

domain to control the first aromatization step of polyketide biosynthesis, thereby establishing 

the core ring-connectivity patterns that define fungal aromatic natural products. Although PT 

domains have long been recognized as key determinants of cyclization regioselectivity, the 

structural basis by which they program C2–C7, C4–C9, and C6–C11 aldol condensations 

remains poorly understood. In this study, we integrate high-accuracy AlphaFold3 structural 

predictions, extensive docking of linear and pre-cyclized polyketides, ANOVA-based statistical 

modeling, and ACP–PT complex simulations to elucidate the mechanistic foundations of PT 

specificity. Across forty PT domains representing five phylogenetic clades, docking energies 

were significantly shaped by PT clade, ketide chain length, and their interaction, thus revealing 

clade-specific substrate-length preferences. Structural analysis identified three key 

determinants of regioselectivity: (i) catalytic dyad geometry, which correlates with cyclization 

mode; (ii) pocket volume and polarity, which govern substrate accommodation and chain-

length compatibility; and (iii) the orientation of a finger-like loop that modulates pocket 

accessibility and folding trajectories. ACP–PT multimer modeling further showed that 

substrate delivery can constrain effective chain length, particularly in PTs with deep but poorly 

aligned cavities. Together, these findings support a unified model in which regioselectivity 

emerges from the interplay between catalytic dyad positioning, pocket architecture, and ACP-

mediated substrate presentation. This framework enables improved prediction of fungal 
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aromatic scaffolds from PT sequence or structure and offers new mechanistic insight into the 

evolution and functional diversification of fungal NR-PKS biosynthetic logic. 
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4.2 Introduction 
 

Fungal non-reducing polyketide synthases (NR-PKSs) are iterative megasynthases 

responsible for producing a vast array of aromatic natural products with roles in pigmentation, 

pathogenicity, chemical defense, and pharmaceutical activity.183 These multidomain enzymes 

build highly reactive poly-β-keto chains that must be precisely folded to generate chemically 

diverse scaffolds such as anthraquinones, naphthalenes, resorcinols, and pyran derivatives. 

Because these linear intermediates are unstable and prone to spontaneous cyclization, NR-PKSs 

exert strict control over the first aromatization step—the F-mode aldol condensation—typically 

occurring in a C2–C7, C4–C9, or C6–C11 manner.184 This early folding event dictates the global 

architecture of the final metabolite. 

Central to this control is the product template (PT) domain, located between the AT and 

ACP domains of the PKS megasynthase. The PT domain selectively folds the nascent 

polyketide and catalyzes the regiospecific aldol cyclization that forms the first aromatic ring, 

thereby programming the fundamental ring-connectivity pattern of fungal aromatic 

scaffolds.151 Genetic dissection of systems such as PKS4 and PksA demonstrated that removing 

the PT domain abolishes directed cyclization, producing aberrantly folded products, whereas 

providing a PT in trans restores the correct C2–C7 or C4–C9/C2–C11 regioselectivity.151 These 

findings established the PT domain as the “cyclization logic gate” for NR-PKSs. 

Phylogenetic analysis has shown that PT domains can be classified into several 

functional clades that correlate strongly with cyclization modes and product sizes.151 Li et al. 

(2010) demonstrated that PT domains from NR-PKSs of known function fall into five clades, 

each encoding C2–C7, C4–C9, or C6–C11 regioselectivity, and experimentally validated that 

Group V PTs catalyze C6–C11/C4–C13 cyclizations by transplanting them into the PKS4 



 

119 
 

minimal system.151 This work established that cyclization specificity is embedded within PT 

sequence and can be predicted phylogenetically. 

However, despite their central biosynthetic role, the structural and mechanistic basis of 

PT selectivity remains poorly understood. To date, only one fungal PT crystal structure (PksA-

PT) has been solved, revealing a “double hot-dog” fold with a multi-region internal cavity 

consisting of a phosphopantetheine-binding region, a cyclization chamber, and a hydrophobic 

hexyl-binding region.152 The catalytic Asp–His dyad resides within the cyclization chamber, 

suggesting that the shape and orientation of the pocket govern substrate folding trajectories.152 

Yet most PT domains lack experimental structures, and the generality of this architectural 

framework across fungal clades remains unclear. 

Liu et al. (2015) expanded the PT phylogeny to 661 NR-PKSs and identified eight groups 

with distinct structural features and cyclization modes (C2–C7, C4–C9, C6–C11).154 Their 

modeling showed that differences in cavity volume, cavity-lining residues (CLRs), catalytic 

dyad positioning, and the presence of finger-like loops correlate with the length of the 

accommodated polyketide and the preferred aldol condensation mode. These analyses 

suggested that subtle evolutionary modifications in pocket geometry and CLR composition can 

reprogram cyclization specificity.154 However, their conclusions were limited by the accuracy 

of homology models available prior to modern structure prediction tools. 

Meanwhile, genome sequencing has revealed hundreds of cryptic NR-PKS clusters, 

many of which produce unknown metabolites.161 Because full PKS reconstitution is 

experimentally challenging, computational prediction of PT regioselectivity has become vital 

for natural product discovery and genome mining. Yet no study has systematically investigated 

PT domains using high-accuracy structural predictions (e.g., AlphaFold3) combined with 

quantitative ligand docking or explored how PT pocket geometry interacts with chain length, 
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pre-cyclized versus post-cyclized intermediates, or ACP–PT protein–protein interactions, 

which may influence substrate delivery. This knowledge gap has prevented effective directed 

biosynthesis of new fungal polyketides via the engineering of PT domains. 

In this chapter, we address these knowledge gaps by analyzing 40 fungal PT domains 

across five phylogenetic groups. Using AlphaFold3 structural modeling, docking simulations of 

linear and pre-cyclized polyketides across multiple chain lengths, ANOVA-based statistical 

modeling, and ACP–PT complex prediction, we investigate: 

1. How structural features of PT domains—catalytic dyad orientation, pocket 

depth/volume, and loop architecture—correlate with cyclization selectivity; 

2. How substrate length and pre-cyclized conformation influence PT binding energetics 

across different clades; 

3. How ACP–PT interactions may contribute to substrate positioning in clades with 

atypical or restrictive chain-length preferences. 

Together, this work provides new mechanistic insight into the basis of fungal aromatic ring 

formation and offers an updated framework for predicting PT cyclization specificity from 

sequence or structure. 
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Figure 4.1. Structural Informatic workflow of Type I Iterative PKS PT. 
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4.3 Results 
 
4.3.1 Statistical Analysis of Docking Energies 

Analysis of variance (ANOVA) revealed that docking energies were significantly 

influenced by PT domain category, ketide chain length, and cyclization type (p < 0.01 for all 

factors)(Table 4.1). The interaction between category and ketide length was also significant, 

indicating that the effect of chain elongation on binding affinity varied among PT clades. In 

contrast, the influence of cyclization pattern (C2–C7, C4–C9, and C6–C11) was generally 

consistent across all groups, suggesting that PTs within different clades share similar energetic 

preferences toward specific cyclization modes(Figure 4.1). 

Figure 4.2. Mean Docking Energy by Cyclization and Ketide across Categories. Rows represent 
individual ligand (None=linear, CXCX=cyclization pattern), and columns represent length of 
polyketides. Color intensity indicates the binding energy of ligand and receptor. Red indicates lower 
binding energy, while blue indicates higher binding energy. 
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Source Df Sum 
Sq 

Mean 
Sq F value Pr(>F) 

category 4 20.1 5.015 5.351 0.000308 
*** 

ketide_length 1 7.2 7.167 7.647 0.005866 
** 

cyclization 3 26.9 8.966 9.567 3.55e-06 
*** 

category:ketide_length 4 11.9 2.972 3.171 0.013567 * 
category:cyclization 12 2.9 0.24 0.256 0.994829 
ketide_length:cyclization 3 0.7 0.218 0.233 0.873739 
category:ketide_length:cyclization 12 0.6 0.054 0.057 0.999998 
Residuals 589 552 0.937     

Table 4.1. One-way ANOVA analysis of Docking Energy treated with Cyclization, Ketide length and 
Categories. Data are presented as mean square (MS), degrees of freedom (df), and F-values. Significant 
differences were determined using a one-way ANOVA followed by Tukey’s HSD post-hoc test for 
multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group. 
 
 

4.3.2 Structural and Docking Characteristics Across Clades 

Clade I PTs displayed a deep and extended binding pocket but showed favorable 

docking energies only with tetraketide substrates(Figure 4.3A). The narrow substrate range, 

despite the large pocket size, suggests that ACP–PT interactions may play a major role in 

substrate positioning. AlphaFold3-based ACP–PT docking further supported this hypothesis: 

the ACP docked correctly at the pocket entrance, but the tethered ligand remained distant from 

the catalytic center, indicating that ACP orientation and protein dynamics likely influences 

substrate delivery and positioning. 

Clades II and III(Figure 4.3BC), both associated with C2–C7 cyclization, exhibited 

comparable overall architecture but distinct pocket depths. Clade III PTs possessed deeper 

catalytic cavities, consistent with the ability to accommodate longer ketide intermediates. 

Docking analyses supported this observation: Clade III PTs showed stronger binding affinities 
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for extended substrates such as nonaketides, while Clade II PTs preferred shorter 

intermediates. 

In contrast, Clade IV PTs demonstrated lower average binding energies across all ligand 

types. Structural examination revealed the presence of a non-polar region near the pocket 

entrance, consistent with their known utilization of hexanoyl starter units in corresponding 

PKSs(Figure 4.3D). This hydrophobic feature likely stabilizes early intermediates and 

contributes to the observed lower docking energies. 

Finally, Clade V PTs possessed the smallest and most restricted binding pockets, 

resulting in weak binding affinities for longer ketides (e.g., nonaketides). The pocket geometry 

suggests a preference for shorter intermediates and early cyclization events, in line with their 

proposed functional role in compact aromatic ring formation(Figure 4.3E). 
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Figure 4.3. Predicted PT structures of Clade I-V(A-E) with side view of docked pocket. Ligands are 
tetraketide, pentaketide, hexaketide, octaketide and nonaketide.   
 

4.3.3 Structural Correlation Analysis 

To identify structural determinants underlying the observed docking and energetic 

trends, all predicted PT domain models were analyzed for variations in catalytic dyad 

geometry, pocket volume, and finger-like loop orientation. 
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Across clades, the distance and relative orientation between the catalytic histidine and 

aspartate residues were found to correlate with cyclization regioselectivity. PTs favoring C2–

C7 cyclization (Clades II and III) displayed a compact catalytic dyad (average His–Asp distance 

of ~3.2 Å), which positions the reactive carbonyl groups for intramolecular aldol condensation 

near the C2 and C7 atoms. In contrast, C4–C9 and C6–C11-type PTs (Clades IV and V) showed 

more open dyad geometries (3.8–4.2 Å), potentially accommodating different folding 

trajectories of the polyketide chain before ring closure. 

Pocket volume was another strong predictor of substrate length preference. Larger 

cavities in Clades I and III correlated with stronger binding to longer intermediates (up to 

nonaketides), whereas smaller pockets in Clade V constrained the accommodation of extended 

chains, explaining their weaker affinities for long substrates. These structural differences are 

consistent with functional specialization toward polyketide products of varying chain lengths. 

Finally, the finger-like loop—a flexible structural motif near the pocket entrance—

exhibited distinct orientations among clades. In Clades II and III, the loop formed a partially 

enclosed lid that may stabilize the substrate conformation required for C2–C7 cyclization. By 

contrast, in Clades IV and V, the loop was rotated outward, leaving the pocket more open and 

accessible, a configuration that may favor alternative cyclization modes such as C4–C9 or C6–

C11. 

Together, these analyses highlight that cyclization regioselectivity is encoded by subtle 

structural variations in the PT active site architecture, integrating catalytic dyad geometry, 

pocket topology, and loop flexibility to control substrate folding and ring formation. 
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4.4 Discussion: 
 

The goal of this study was to understand how fungal product template (PT) domains 

encode cyclization regioselectivity, and how differences in active-site geometry shape 

preferences for C2–C7, C4–C9, and C6–C11 aldol cyclizations. By combining AlphaFold3 

structural predictions, extensive ligand docking, statistical modeling, and ACP–PT complex 

simulations, the results provide new mechanistic insights that refine and extend the major 

conclusions from previous PT domain studies. Because the ACP-PT docking for Clade I PT is 

distinctly different from those for Clades II-V, here we focus on comparisons between Clades 

II-V. 

 

4.4.1 Catalytic Dyad Geometry and Cyclization Outcome 

One of the clearest trends emerging from both previous studies and our modeling is the 

importance of the His–Asp catalytic dyad in defining cyclization regioselectivity. Liu et al. 

(2015) reported that PTs catalyzing C2–C7 cyclization typically possess a shallow pocket with 

the dyad positioned near the base154, whereas C4–C9 and C6–C11 PTs contain elongated 

pockets with the dyad located deeper within the cavity. Our AlphaFold3 predictions 

corroborate this structural organization: C2–C7 PTs (Clades II and III) exhibit compact, bottom-

positioned dyads that constrain the substrate into an early folding trajectory, while C4–C9 and 

C6–C11 PTs (Clades IV and V) display mid-pocket dyads situated in a more extended cavity, 

consistent with their ability to accommodate longer polyketide chains before cyclization. The 

convergence of our results with prior structural analyses supports the view that dyad 

placement is a central architectural feature governing regioselectivity. 
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4.4.2 Pocket size, shape and polarity 

The differences in pocket volume across clades strongly correlate with substrate-length 

preferences observed in docking experiments. Clade III PTs contain relatively deep cavities that 

accommodate longer chains and show improved affinity for nonaketides, whereas Clade II PTs 

possess smaller pockets more compatible with pentaketide intermediates. Clade V PTs, 

although associated with C6–C11 cyclization, contain pockets that are elongated but tightly 

contoured, limiting their capacity to bind very long chains such as nonaketides. These findings 

align with Liu et al.’s conclusion that PT cavity size is a major determinant of final product 

chain length. 

Pocket polarity also contributes to substrate behavior. In Clade IV, the uniformly low 

docking energies observed for hexaketide-like intermediates correspond with the hydrophobic 

“hexyl-binding” region identified in earlier structural models. This niche is optimized for 

hexanoyl starter units, thus stabilizing early intermediates but potentially reducing affinity for 

substrates lacking hydrophobic substituents. This adds a second layer of specificity—beyond 

chain length—by linking pocket composition to starter-unit recognition. 

 

4.4.3 Role of Finger-Like Loop Orientation in Substrate Positioning 

Another structural element influencing PT function is the finger-like loop near the 

pocket entrance. Prior work identified these loops as present in PTs that catalyze later-folding 

mechanisms (C4–C9 and C6–C11) and absent or compressed in early-folding C2–C7 systems. 

Our models reproduce these features and reveal a functional consequence: outward-facing 

loops in Clades IV and V create an expanded entrance that allows longer polyketides to align 

properly near the catalytic dyad, whereas inward or minimal loops in Clades II and III produce 
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a narrower channel, restricting the substrate and favoring early folding. This suggests that the 

loop acts as a flexible gating mechanism controlling substrate trajectory. 

 

4.4.4 Influence of ACP–PT Interactions on Substrate Delivery 

The ACP–PT interface adds a critical layer of control beyond static pocket architecture. 

Our observation that Clade I PTs have very deep cavities yet strongly favor only tetraketide 

substrates finds a compelling mechanistic explanation in light of the research from our 

previous member Dr. Barajas.185 In our earlier study, we used mechanism-based crosslinkers, in 

vitro assays, in silico docking, and structure-directed mutagenesis to map the transient 

interactions between ACP and PT in fungal NR-PKSs. We identified specific surface residues of 

ACP and PT that mediate recognition, and showed that enhancing compatibility at this 

interface (even with non-cognate partners) improves functional coupling.185 These data suggest 

that productive cyclization depends not only on a suitable pocket but also on optimal ACP 

docking geometry. In our Clade I models, ACP docking placed the phosphopantetheinyl-

tethered ligand far from the dyad, consistent with a suboptimal orientation. This misalignment 

could effectively shorten the “functional” substrate length in catalytically relevant contexts — 

even when the cavity is physically large. In other words, poor ACP positioning can act as a 

gatekeeper, limiting the chain length that is actually presented to the PT active site. Clearly, 

extensive protein dynamics is involved when PT and ACP is docked with the optimal 

orientation for C2-C7 cyclization to take place. Alteranatively, C2-C7 cyclization may also 

occur spontaneously for the tetraketide at the entrance of the PT pocket (as opposed to the 

catalytic dyad). 
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4.4.5 Evolutionary Interpretation of Structural Divergence 

The phylogenetic patterns described by Liu et al. identify cavity-lining residues (CLRs) 

as major contributors to PT evolution.154 Our structural comparisons support this model: clades 

with larger or more specialized pocket shapes (IV and V) display the highest number of CLR 

substitutions, whereas C2–C7 clades preserve most conserved residues, corresponding with 

their narrower substrate and cyclization profiles. The presence or absence of finger-like 

regions also appears to stem from small residue changes or short insertions, illustrating how 

modest structural modifications allow PT domains to diversify cyclization outcomes while 

retaining a conserved catalytic core. 

 

4.4.6 Methodological Considerations 

While docking captures energetic preferences and steric compatibility, it cannot fully 

model the dynamic substrate movement inside PT pockets, ACP-driven conformational 

changes, or transition-state stabilization during aldol condensation. 

Nonetheless, the strong agreement between structural modeling, docking ANOVA, and 

known biochemical trends suggests that our computational pipeline captures core mechanistic 

features with high reliability. 

Future molecular dynamics and experimental validation will be valuable for refining 

these mechanistic models. 
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4.5 Conclusion  
 

This chapter provides a comprehensive structural and mechanistic analysis of fungal 

product template (PT) domains, revealing how variations in catalytic geometry, pocket 

architecture, and ACP-mediated substrate delivery collectively program cyclization 

regioselectivity in non-reducing polyketide synthases (NR-PKSs). By integrating AlphaFold3 

structural predictions with systematic docking of linear and pre-cyclized intermediates, 

statistical modeling, and ACP–PT interaction analysis, we uncover a set of architectural 

principles that unify and extend previous models of PT function. 

Our results demonstrate that three structural elements—catalytic dyad placement, 

pocket volume and polarity, and finger-like loop orientation—consistently correlate with the 

observed preferences for C2–C7, C4–C9, and C6–C11 aldol cyclizations across PT clades. 

Compact dyad geometries in C2–C7-type PTs constrain substrates into early-folding 

trajectories, whereas more open dyads in C4–C9 and C6–C11 PTs allow deeper substrate 

penetration before cyclization. Differences in pocket depth, contour, and hydrophobicity 

further define each clade’s preferred substrate chain length and starter-unit compatibility. The 

finger-like loop acts as a dynamic regulatory feature, gating substrate access and guiding 

folding paths in a manner consistent with the required cyclization mode. 

Importantly, ACP–PT multimer modeling highlights that regioselectivity cannot be 

attributed solely to static pocket architecture. In clades such as Clade I, misalignment at the 

ACP–PT interface limits the effective chain length delivered to the catalytic center, offering a 

mechanistic explanation for narrow substrate preferences despite large cavity dimensions. This 

finding emphasizes that PT domains operate as part of a coordinated catalytic module, in 
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which interdomain orientation and substrate channeling are integral to programming final 

product outcomes. 

Together, these analyses support a refined conceptual framework in which PT 

evolution is driven by subtle modifications in cavity-lining residues, loop insertions, and dyad 

positioning—structural changes that allow PTs to diversify aldehyde condensation modes while 

retaining a conserved catalytic core. By combining modern structural prediction tools with 

quantitative energetic analysis, this chapter establishes new foundations for predicting fungal 

aromatic scaffolds from PT sequence or structure and advances our understanding of how NR-

PKSs encode the logic of aromatic ring formation. This work also provides a roadmap for 

future studies incorporating molecular dynamics, engineered ACP–PT interfaces, and 

experimental reconstitution to further dissect the dynamics of polyketide cyclization. 
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4.6 Method 
 
4.6.1 Selection and Classification of PT Domains 

A total of forty product template (PT) domain sequences were collected from 

representative fungal non-reducing polyketide synthases (NR-PKSs) spanning five 

phylogenetically and functionally distinct categories. Sequence classification was based on 

previously reported NR-PKS domain architectures and cyclization modes (C2–C7, C4–C9, and 

C6–C11). Each PT sequence was curated to ensure the presence of conserved catalytic residues 

(typically His–Asp dyad) and verified for completeness of the domain boundary. 

4.6.2 Structural Prediction of PT Domains 

Three-dimensional structures of all PT domains were predicted using AlphaFold3 via 

the web server.173 Default model parameters were used, and the highest-confidence models 

(based on pLDDT and predicted TM-score) were selected for downstream analysis. Structural 

quality was assessed by visual inspection. 

4.6.3 Ligand Preparation and Docking Setup 

Model substrates representing tetraketide, pentaketide, hexaketide, octaketide, and 

nonaketide intermediates were constructed based on known NR-PKS polyketide elongation 

intermediates. For each chain length, both linear forms and pre-cyclized variants 

corresponding to C2–C7, C4–C9, and C6–C11 cyclization modes were included.  

4.6.4 Docking Simulations 

Docking simulations were performed with AutoDock Vina to predict PT–substrate 

binding conformations.186 For each PT domain, all ligand types (five chain lengths × three 

cyclization modes) were docked independently using an exhaustiveness value of 32 and 

num_modes = 10. 
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Docking grids were centered on the catalytic cavity predicted by the P2Rank package, 

which identifies potential ligand-binding pockets based on geometric and physicochemical 

features. The grid box dimensions were adjusted to fully encompass the predicted cavity and 

the surrounding substrate-binding channel. The lowest binding energy pose for each ligand–

PT pair was used for subsequent statistical analyses. 

4.6.5 Statistical Analysis 

Binding energy data were analyzed using ANOVA to assess the effects of (1) PT 

category, (2) ketide chain length, and (3) cyclization pattern on docking affinity. Post-hoc 

comparisons were conducted using Tukey’s HSD test to determine significant pairwise 

differences among categories. Statistical analyses were performed in R (v4.3.0), and results 

were visualized with ggplot2. 

4.6.6 ACP–PT Interaction Modeling 

To assess potential domain–domain interfaces, ACP–PT complex models were 

generated for representative Category I PTs using AlphaFold3 multimer prediction mode. 

Models were evaluated for interface confidence scores (ipTM) and analyzed for orientation 

consistency with previously characterized PKS ACP–PT complexes. The predicted interface 

residues were further mapped onto PT pocket structures to examine possible gating or 

substrate-channeling effects. 
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Chapter 5 
 

Conclusions and future directions 
5.1 Conclusions 
 

Polyketide synthases (PKSs) exhibit three major architectural classes—type I, type II, 

and type III—distinguished by their organizational and mechanistic features. Type I PKSs are 

multifunctional megasynthases composed of covalently linked catalytic domains and 

subdivided into modular and iterative forms, with modular systems employing each domain 

once per extension cycle and iterative systems reusing a single module multiple times45–49. Type 

II PKSs are dissociated systems of mono- or didomain enzymes that assemble transiently 

during biosynthesis65, whereas type III PKSs are homodimeric ketosynthases capable of 

priming, chain extension, and cyclization within a single active site51,52. Polyketide biosynthesis 

begins with chain initiation via a decarboxylative Claisen condensation, typically between 

acetate and malonyl-derived extender units53–59, with initiation strategies varying among PKS 

types9,53,56,60–62,132. Following initiation, core reactions of chain extension, β-keto reduction, 

aromatization, and cyclization generate structural diversity, with reducing and nonreducing 

type I iterative PKSs, type I modular PKSs, and type II PKSs employing distinct 

mechanisms26,46,63–71,76–79,152. Cyclization fidelity is enforced by product template (PT) domains in 

fungal nonreducing type I iterative PKSs65,151,152,152,154,155,187 and by discrete aromatase/cyclase 

enzymes in type II systems20,65,76–79, while tailoring reactions such as glycosylation, methylation, 

halogenation, and oxidative modifications further diversify polyketide scaffolds80–84. Structural 

and biochemical studies of type II minimal PKS components, including KS/CLF, ACP, and 

MAT, along with C9-reducing and tailoring KRs, reveal that chain-length determination, 

stereochemistry, and substrate specificity are governed by tightly integrated structural, 
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electrostatic, and kinetic parameters66,85–117,118–149. Similarly, PT domain phylogenetics and 

structural analyses demonstrate that regioselective cyclization arises from precise active-site 

geometry, controlling both folding and product architecture151–155. Together, these studies 

highlight that the mechanistic logic of PKS elongation, reduction, and cyclization underpins 

the remarkable structural diversity of polyketides and provides a foundation for future 

predictive and engineering efforts. 

Despite the tremendous efforts to identify genes and several crystal structures available 

for different type II PKS systems, there is still a serious knowledge gap of how chain-length 

control is molecularly encoded within KS/CLF complexes, as existing studies have shown that 

although the CLF sets the elongation limit50,57 and the KS/CLF tunnel influences chain 

accommodation17,109, the specific sequence and structural features that program control carbon-

chain length remain unclear. Mutational studies across KS/CLF systems have produced only 

modest or inconsistent shifts in chain length, demonstrating that programmed elongation 

arises from a complex interplay of steric constraints, electrostatics, acyl-chain positioning, and 

ACP–KS dynamics rather than any single residue or motif, and this challenge is intensified by 

the small number of KS/CLF systems with experimentally validated chain lengths relative to 

the vast genomic diversity of type II PKSs now available. A second major knowledge gap lies in 

the inability to predict or engineer ACP–KR compatibility, as decades of combinatorial 

biosynthesis have shown that even structurally similar ACPs and KRs are not reliably 

interchangeable3–6, exemplified by the persistent inactivity of DpsKR outside its native 

doxorubicin context23,160. The transient and dynamic nature of ACP–KR interactions has 

prevented the establishment of quantitative rules governing productive docking, severely 

limiting rational pathway engineering and constraining modular swapping strategies. 

Together, these unresolved problems—deciphering how KS/CLF complexes encode chain-
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length determination and defining the molecular logic governing ACP–KR specificity—

constitute the core mechanistic knowledge gaps that this thesis aims to address. 

In this thesis, Chapter 2 establishes that sequence-based machine learning models, even 

at their most advanced, capture only a fraction of the determinants governing KS/CLF chain-

length specificity, highlighting the necessity of integrating structural and biochemical 

information for accurate functional prediction. Chapter 3 demonstrates that KR activity and 

ACP compatibility are dictated by cooperative structural features—particularly the KR lid 

helices—that shape protein–protein interfaces and govern productive substrate positioning. 

Chapter 4 reveals that PT-catalyzed cyclization specificity in fungal NR-PKSs arises from 

coordinated variations in catalytic geometry, pocket architecture, and ACP-mediated substrate 

delivery, providing a unified framework for predicting aromatic scaffold formation. Together, 

conclusions of these chapters show that the logic of polyketide biosynthesis is encoded not by 

isolated motifs but by distributed, dynamically coordinated structural features, and they 

collectively highlight the need for integrated informatic, structural, and biochemical 

approaches to decipher and engineer PKS enzymatic specificity. 

 

5.1.1 Machine Learning–Driven Exploration of KS/CLF Chain-Length Specificity: 

Insights and Limitations from Protein Language Models 

Chapter 2 addresses one of the central unresolved questions in aromatic polyketide 

biosynthesis: how type II KS/CLF complexes encode and enforce programmed chain-length 

specificity. Despite decades of biochemical and structural work showing that elongation limits 

arise from subtle geometric features within the KS–CLF tunnel66,90,166, translating primary 

sequence into predictable chain-length output remains challenging. By applying machine-

learning methods ranging from fully connected networks to transformer architectures and 
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finally ESM-2 embeddings165,168, this chapter demonstrates both the promise and the limitations 

of sequence-based inference. Although progressively more expressive models improved 

performance—consistent with reports that transformer embeddings capture evolutionarily and 

structurally relevant features167,169—accuracy remained insufficient for confident annotation, 

reflecting the exceptionally high conservation of KS/CLF sequences and the minimal sequence 

differences that underlie functional divergence. Unsupervised clustering of >2,300 additional 

unlabeled KS/CLFs, even after projection into a PLS-derived latent space, likewise failed to 

resolve chain-length groups, reinforcing findings from evolutionary studies showing that 

KS/CLFs often differ at only one or two residues despite functional differences126,164,170. 

A major recurring theme in this chapter is the constraint imposed by limited high-

quality training data. Because poly-β-ketone intermediates are chemically unstable and prone 

to spontaneous cyclization188, experimental chain-length determination has historically relied 

on imperfect substrate analogs such as diketide SNACs or isoxazole probes189. Although recent 

oxetane-based polyketide isosteres offer more faithful stabilization18, these tools have not yet 

enabled large-scale annotation. As a result, datasets remain small and uneven, making it 

difficult for machine-learning models to detect the faint sequence signals that contribute to 

tunnel shape, steric gating, and ACP-mediated chain positioning. 

Together, these findings emphasize that sequence alone captures only a fraction of the 

determinants governing KS/CLF specificity, and that predictive frameworks must integrate 

structural modeling, coevolutionary analysis, and experimental biochemistry. Advances in 

structural prediction173, along with emerging cryo-EM studies of PKS complexes present 

promising opportunities to incorporate tunnel geometries, ACP–KS–CLF interfaces, and 

stabilized intermediates into future datasets. Ultimately, the insights from Chapter 2 highlight 

both the constraints and the potential of informatics-driven approaches, offering a foundation 
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for next-generation models that more effectively bridge sequence to function and support 

rational engineering of chain-length control in aromatic polyketide biosynthesis66,163. 

 

5.1.2 Lid Helices and ACP Identity as Determinants of Ketoreductase Specificity in 

Type II Polyketide Synthases 

Chapter 3 investigates the longstanding question of how type II ketoreductases (KRs) 

achieve substrate specificity and regiospecific reduction within minimal PKS systems, 

revealing that catalytic outcome is governed not solely by active-site chemistry but by 

structurally encoded protein–protein interactions mediated through the KR lid helices and the 

ACP surface. Through in vitro reconstitution assays, this chapter demonstrates that WT 

DpsKR is unable to perform C9 reduction in the Act minimal PKS, producing only unreduced 

products, whereas replacing the DpsKR lid with that of ActKR restores full reductive activity. 

This striking functional rescue, reinforced by ACP-swapping experiments, establishes that both 

lid identity and ACP identity are critical determinants of productive catalysis. Structural 

modeling provides a mechanistic foundation for these observations by showing that the lid 

region (residues 194–221) dictates ACP docking orientation and interaction networks, with the 

DpsKR–ActKR lid chimera engaging DpsACP through an expanded interface that closely 

mirrors the natural ActACP–ActKR complex, whereas WT DpsKR binds DpsACP in a 

restricted and nonproductive orientation. 

These results resonate with integrative models of ActKR from Serapian et al.179, in 

which productive ACP binding involves interaction with the KR arginine patch (R38/R65/R93) 

and α3 helix positioning that guides PPant entry into the active-site channel. The DpsKR–

ActKR chimera reproduces these critical contacts, while WT DpsKR does not—linking activity 

directly to lid-mediated interface compatibility. This chapter further contextualizes these 
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findings within prior structural work on type II KRs129,180,190, highlighting that while catalytic 

residues and global folds are conserved, ACP binding has remained a major unexplained 

contributor to regiospecificity. The data here provide a structural rationale for the frequent 

failure of KR swaps in combinatorial biosynthesis182: mismatched lid–ACP interfaces prevent 

productive reduction even when catalytic motifs are preserved. 

More broadly, the conclusions of Chapter 3 underscore the central role of protein–

protein interactions in type II PKSs, where discrete enzymes must form precise and transient 

interactions with ACP to enable functional substrate delivery. The collective evidence 

demonstrates that specificity arises from coordinated structural features—including lid-helix 

architecture, conserved KR docking motifs, and ACP surface chemistry—rather than isolated 

catalytic residues. As such, engineered modifications that do not account for lid–ACP 

complementarity will likely fail to produce desired outcomes. Future structural studies, 

including co-crystallization or cryo-EM of ACP–KR complexes, will be essential to validate 

these predicted interfaces and guide rational engineering. Ultimately, the insights from this 

chapter establish the lid helices as key molecular determinants of KR–ACP compatibility and 

lay the foundation for reprogramming type II PKS pathways toward the generation of novel 

anthracycline derivatives with improved therapeutic potential. 

 

5.1.3 Structural Informatics of Product Template Domain Regioselectivity in 

Fungal NR-PKSs 

Chapter 4 examined how fungal product template (PT) domains encode cyclization 

regioselectivity in non-reducing polyketide synthases (NR-PKSs). By integrating AlphaFold3 

structural models with systematic docking, statistical analyses, and ACP–PT complex 

simulations, this chapter established a unified mechanistic framework that explains how PT 
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architecture programs C2–C7, C4–C9, and C6–C11 aldol cyclizations. Three major conclusions 

emerged. 

Firstly, the spatial organization of the His–Asp catalytic dyad is a principal determinant 

of cyclization outcome, consistent with earlier structural work by Liu et al.154 PTs that catalyze 

C2–C7 cyclization contain compact, bottom-positioned dyads that enforce early substrate 

folding, whereas PTs responsible for C4–C9 and C6–C11 reactions feature dyads located 

deeper within more elongated cavities, allowing later folding events. The correspondence 

between our structural predictions and previous crystallographic analyses highlights dyad 

placement as a conserved architectural pivot controlling the timing of aldol condensation. 

Secondly, pocket architecture, including volume, contour, and polarity—provides an 

additional layer of substrate and starter-unit specificity. Variations in cavity depth and shape 

correlate strongly with chain-length preferences observed in docking, in agreement with 

earlier analyses of PT pocket dimensions.154 Hydrophobic patches such as the previously 

described “hexyl-binding” region help explain the uniformly favorable docking energies of 

hexaketide intermediates in certain clades. Finger-like loop orientation also emerged as a 

consistent structural discriminator: outward-facing loops in later-folding PTs (C4–C9 and C6–

C11) expand the pocket entrance and facilitate deeper substrate penetration, whereas 

compressed loops in C2–C7 PTs create a narrow channel that favors early folding trajectories. 

Thirdly, the geometry of the ACP–PT interface strongly influences effective substrate 

delivery, extending insights from the ACP–PT interaction study of Barajas et al.7 Even when 

the intrinsic pocket is large, misalignment between ACP and PT can position the 

phosphopantetheinyl-tethered substrate too far from the catalytic dyad, effectively shortening 

the chain length available for productive cyclization. This mechanism helps explain why some 

PT clades (e.g., Clade I) exhibit narrow substrate preferences despite possessing deep cavities. 
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These results show that regioselectivity is not dictated solely by static pocket architecture but 

also by dynamic interdomain interactions that modulate substrate presentation. 

Together, the findings from Chapter 4 demonstrate that regioselectivity in fungal PT 

domains emerges from the integrated effects of catalytic dyad geometry, cavity architecture, 

loop-mediated gating, and ACP-guided substrate delivery. Structural variation across PT clades 

reflects evolutionary tuning of key cavity-lining residues, small loop insertions, and dyad 

positioning—modifications that diversify cyclization modes while retaining a conserved 

catalytic core. The principles defined in this chapter establish a predictive framework for 

inferring cyclization specificity from PT sequence or structure and provide a foundation for 

future engineering of PT domains with redesigned regioselectivity. 
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