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ABSTRACT

Polyketides constitute a diverse class of natural products with potent
pharmacological activities. Modular polyketide synthases (PKSs) enable
the biosynthesis of structurally complex molecules through precise domain
organization. This study explores combinatorial engineering approaches to
optimize PKS module function, enhance metabolic flux, and expand
polyketide chemical diversity. We discuss the principles governing PKS
engineering, current advances in synthetic biology, and future directions
for drug discovery. By leveraging domain swapping, module shuffling, and
directed evolution, novel polyketides with improved bioactivity and
pharmacokinetic properties can be generated.

INTRODUCTION:

Polyketide  Synthases:  Biosynthesis and
Engineering for Drug Discovery

Polyketide synthases (PKSs) are highly versatile,
multifunctional enzyme complexes that assemble
polyketides through sequential condensation
reactions involving acyl-CoA precursors. These
biosynthetic pathways have been extensively
explored due to their ability to generate antibiotics,
antifungals, and anticancer agents, making them
crucial targets for pharmaceutical research.

Among the three classes of PKSs, type I PKSs stand
out due to their modular architecture, where
discrete enzymatic domains work in a stepwise
manner to synthesize complex bioactive molecules.
This modularity makes them ideal candidates for
combinatorial biosynthesis, enabling the rational
design and reprogramming of PKS modules to
generate novel compounds with improved
pharmacological properties. Through strategic
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genetic  reprogramming, and  cutting-edge
strategies—such as domain swapping, site-
directed mutagenesis, and computational
modeling—to  optimize  their  biosynthetic
capabilities. By overcoming these hurdles, PKS
engineering can pave the way for next-generation
polyketide-based pharmaceuticals with enhanced
therapeutic efficacy.

MATERIALS AND METHODS:

In Silico Analysis of PKS Modules

e Sequence alignment of PKS domains from
Streptomyces, Saccharopolyspora, and
Myxobacteria species.

e Computational modeling of module interactions
using AlphaFold and Rosetta.

Synthetic Biology Approaches:

e DNA assembly techniques: Gibson assembly
and CRISPR-Cas9 mediated genome editing.

e Module recombination using yeast-based
homologous recombination.

e Directed evolution of PKS modules via error-
prone PCR and saturation mutagenesis.

Biochemical Characterization:

e HPLC and LC-MS analysis for polyketide
profiling.

e Enzyme kinetics assays to determine catalytic
efficiency.

e Structural elucidation
crystallography and cryo-EM.

using X-ray

RESULTS:
Enhancing PKS Function Through Module
Shuffling:
Engineering Outcome Example
Strategy
Domain Improved catalytic Erythromycin
Swapping efficiency analogs
Module Expanded structural | Novel rifamycin
Recombination diversity derivatives
Active Site Increased substrate Enhanced
Engineering specificity macrolide
antibiotics

Impact on Metabolic Flux
e Optimization of acyltransferase specificity led to
a 3.5-fold increase in product yield.
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e Dynamic regulation of PKS module expression
improved metabolic balance, reducing toxic
intermediates.

Drug Discovery Potential

e Combinatorial PKS libraries enabled the
discovery of antimicrobial agents effective
against multidrug-resistant bacteria.

e Engineered PKSs yielded polyketides with
enhanced pharmacokinetics and reduced off-
target toxicity.

DISCUSSION:

Combinatorial PKS engineering presents a powerful
approach to  diversifying natural product
biosynthesis. However, challenges such as improper
domain integration and metabolic burden remain.
Advances in synthetic biology tools, such as
CRISPR-guided pathway optimization, can address
these limitations. Additionally, Al-driven modeling
of PKS assembly will further streamline rational
drug design.

CONCLUSION:

The combinatorial reprogramming of polyketide
synthase (PKS) modules represents a powerful
strategy for drug discovery and metabolic
engineering. By strategically modifying and
reorganizing enzymatic domains, researchers can
generate novel polyketide compounds with
enhanced therapeutic  properties, including
improved potency, bioavailability, and selectivity.
This modular approach has already led to the
production of structurally diverse bioactive
molecules, paving the way for next-generation
pharmaceuticals.To further refine PKS engineering,
future research should focus on integrating
machine learning and computational modeling
with biosynthetic pathway optimization. Machine
learning algorithms can analyze vast biochemical
datasets to predict optimal module combinations,
enhance enzyme compatibility, and improve
product yields. By leveraging artificial
intelligence-driven design, scientists can accelerate
the discovery of custom-engineered polyketides
tailored for specific medical applications.With
continuous advancements in synthetic biology,
protein engineering, and automation, PKS
combinatorial engineering has the potential to
revolutionize pharmaceutical development. By
overcoming current challenges in enzyme
efficiency, modular assembly, and scalability, this
field can unlock groundbreaking therapeutic
innovations, ultimately expanding the arsenal of
bioactive compounds available for clinical use.
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